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Preface 

Feed additives are products, such as microorganisms or non-nutritive substances, 
which are added to animal diets to improve the quality of feed and animal products. 
Feed additives are expected to result directly or indirectly in feed digestion and 
nutrient utilization, as well as animal performance and health. Feed additives is a 
vast subject. Therefore, an effort was made to limit the topics presented in this book 
to those principles and concepts that are pertinent to the practice of both ruminant 
and monogastric animals nutrition. The idea was that a new book was needed to 
cover all aspects of feed additives considering up-to-date information of novel 
products and their applicable options in practice. Hence, this book was created. 

This book provides a collection of the most recent knowledge regarding natural 
feed additives, both in vitro and in vivo. It can be used by researchers, nutrition 
specialists, animal science and veterinary students, livestock consultants and all 
other experts and stakeholders in different livestock sectors. The topics covered in 
this book span over 33 chapters delivered by experts in the fields of animal and 
poultry nutrition as well as animal and veterinary science. All contributors take a 
comprehensive approach to show the principles governing production and uses of 
both natural and industrialized feed additives focusing on animal performance and 
health issues. All major monogastric and ruminant animal species are covered in the 
book. Some chapters were created specifically to deal with aqua culture, rabbit and 
horse nutrition. There are also chapters covering insect production and its role in 
animal nutrition either as feed additive or as novel feedstuff. Other chapters highlight 
the value of herbal plants, their extracts and derivatives, cold-pressed and essential 
oils, by-products of fruits, immunomodulators, organic acids, probiotics and 
nanoparticles that are used as alternatives to antibiotic growth promoters in animal 
nutrition. Across chapters, the unique characteristics of feed additives and their use 
towards environmental enrichment and sustainability are explored. 

As editors of this book, we are very grateful to all authors who contributed their 
time and expert knowledge towards the common goal of delivering a valuable book. 
We are also indebted to all those experts who reviewed chapters and offered 
guidance and constructive advice; Thank you. 

Thessaloniki, Greece Georgios Arsenos 
Ilias Giannenas
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Part I 

Introductory Chapters and Historical Abstract



Feed Additives to Ensure Sustainability 

Georgios Arsenos and Sotiria Vouraki 

Abstract 

Farm animals (and animals in general) require many nutrients, in various amounts 
and proportions, to fulfil their needs for maintenance, growth, and reproduction. 
The main objective of this chapter is to discuss how feed additives contribute to 
balancing the diet of farm animals and hence ensure sustainability in livestock 
production systems. The latter is crucial for the future of such systems and hence 
balanced nutrition is a key component of success. The notion is that the dietary 
choices and food intake of animals are the outcome of the animal’s internal state 
and knowledge of its feeding environment. Balanced feed formulation including 
feed additives provides farm animals with necessary nutrients while minimizing 
nutrient excretion and greenhouse gas emissions. The underlying hypothesis of 
using feed additives in animal nutrition is that they can improve animal efficiency 
and profitability as well as environmental sustainability. Feed additives can 
support animal health and particularly in ruminants can also contribute to the 
reduction of enteric methane production. There is a plethora of experimental 
studies dealing with many components that are considered feed additives. How-
ever, the role of feed additives in the sustainability of livestock systems is a 
question that merits further investigation. The issue of sustainability is certainly 
much more complicated than efficiency and profitability in livestock production 
system that is related with the nutritional content of food alone. A large body of 
experimental evidence generally acknowledges that feed additives involve a 
broad category of substances that can affect to a large extent animal productivity 
as well as animal health and welfare, and hence food security and consumer 
safety. 

G. Arsenos (✉) · S. Vouraki 
Laboratory of Animal Husbandry, Department of Veterinary Medicine, School of Health Sciences, 
Aristotle University, Thessaloniki, Greece 
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Keywords 
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1 Introduction 

The use of feed additives in animal diets spans thousands of years. The addition of 
different substances to animal feeds for technological or organoleptic purposes is a 
practice traced back over millennia. The use of additives in animal feeds increased 
considerably during the end of the last century because of intense research and 
increased knowledge regarding their technological and organoleptic properties. The 
notion is that feed additives are substances that affect or are expected to affect 
directly or indirectly the characteristics of feeds used in animal nutrition. Farm 
animals (and animals in general) require many nutrients, in various amounts and 
proportions, to fulfil their needs for maintenance, growth, and reproduction. Of the 
many materials, which serve as food for animals, few can supply all the required 
nutrients. Most consist of several, often numerous, different chemical compounds, 
the relative levels of which can vary substantially even among different items of the 
same food type. Similarly, many materials are toxic or harmful if eaten, or eaten in 
large quantities. If the animal is to meet its nutrient requirements, and avoid toxicity, 
it must make a choice or choices from the available foods. The nutritional choices 
available to farm animals relate to one of the following two questions: (i) how much 
to eat, and (ii) what to eat over a particular time period. The first question applies 
mainly to the simple feeding situation where animals are given free and continuous 
access to a single homogeneous food. In this system the only way available to the 
animal to regulate its diet is to eat more or less of the food. The second question 
applies to situations where animals are given access to two or more foods as a choice 
or in extensive systems. Irrespective of whether animals have a limited degree of 
choice or unlimited choices, their dietary choice is then a description of what an 
animal does when it encounters food (Kyriazakis 1997; Arsenos 2001). 

The difficulties in describing adequately the feeding requirements of animals 
have led animal feed industries to direct efforts toward additives with intrinsic 
sustainability properties. The first hypothesis stems from the idea of “responsible 
consumption and production” set forward by the United Nations. It implies that the 
feed industry should seek additives making the most out of available feed sources 
while improving feed conversion, maintaining feed quality, and using alternative 
ingredients. A common paradigm is that ingredients used as additives are those 
preserving the environment by reducing ammonia and methane emissions and 
fulfilling energy requirements, as well as those reducing antibiotics usage to main-
tain their efficacy for future generations. A second hypothesis assumes that feed 
additives optimize food conversion ratio of available feeds consumed and hence are 
a sustainable option considering the outputs produced, such as growth, milk, meat, 
or eggs. The notion is that additives that improve feed conversion can directly save 
resources subject to gut health of animals in question but also reduce ammonia



production by improved protein digestion in animals. Hence, additives that improve 
feed conversion also indirectly improve gut health. Furthermore, another idea is that 
feed additives save resources by preventing downgrading of feed quality and feed 
spoilage (Johnson and Johnson 1995; Pearlin et al. 2020; Ku-Vera et al. 2020). 
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The idea behind this chapter is that proper user of feed additives in animal 
nutrition can contribute to sustainability by enhancing animal’s ability to balance 
its diet. While large amount of research effort over many years has been aimed at 
identifying the nutrient requirements of farm animals and investigating whether they 
are able to select a diet that meets their requirements, there has been less effort put 
into understanding how farm animals reach decisions related to their feeding behav-
ior both in terms of food intake and diet selection. Studies using various feed 
additives in different production systems and animal species concentrate on describ-
ing the outcomes in terms of performance, efficiency, and health. 

2 Feed Additives to Increase Environmental Sustainability 

The agricultural sector is currently considered responsible for one-third of global 
greenhouse gas emissions (GHGs). Specifically, the sector accounts for 82% of 
nitrous oxide, 44% of methane, and 13% of carbon dioxide produced from anthro-
pogenic activities (IPCC 2019). Among agricultural GHG emissions, ca. 15% is 
attributed to livestock farming, 44% accounts for enteric methane, and 29% for 
nitrous oxide and ammonia (Ahmed et al. 2020). Moreover, the livestock sector 
contributes significantly to water pollution through animal waste, especially nitrogen 
and phosphorus excretions (Wang et al. 2020). 

European Commission is working toward tackling the above environment-related 
challenges. According to the European Green Deal, all actors across the food chain, 
including livestock farmers, will need to adjust to new standards under the “Farm to 
Fork” strategy with special emphasis on reducing GHG emissions and improving 
water quality (European Commission 2019). Toward this end, measures related to 
animal nutritional management are warranted. 

Among nutritional strategies, feed additives have been widely studied during the 
last decade and considered a viable solution for improving farm environmental 
performance. Certain feed additives and their compounds (Scheme 1) can improve 
digestion and modulate microbial populations, thus reducing methane and ammonia 
emissions as well as phosphorus and nitrogen excretions (Lewis et al. 2015). This 
section of the present chapter discusses the state-of-the-art knowledge on the use of 
feed additives in animal nutrition toward improved environmental sustainability. 

2.1 Plant Extracts 

2.1.1 Plant Oils: Lipid Supplementation 
In ruminants, plant oils have been reported to effectively mitigate methane emissions 
given that lipids reduce the activity of rumen methanogenic and protozoan



populations (McCauley et al. 2020; Prathap et al. 2021). In Swiss Brown Hill cattle, 
diet supplementation with coconut oil at 3.5% and 7% of dry matter reduced 
methane emissions by 28% and 73%, respectively (Machmüller and Kreuzer 
1999). In Brahman cattle, the use of cottonseeds, sunflower seeds, and coconut 
kernels resulted in methane reduction by up to 50% (Chuntrakort et al. 2014). 
Additionally, methane mitigation by 18% was reported in Hereford × Friesian cattle 
that grazed on pasture sprayed with canola oil (Pinares-Patiño et al. 2016). Similar 
effects of lipid supplementation on reduction of methane emissions have been also 
indicated in sheep. Machmüller et al. (2000) investigated the inclusion of coconut 
oil, sunflower seed, rapeseed, and linseed in the diet of Swiss White Hill lambs that 
resulted in methane reduction by 26%, 27%, 19%, and 10%, respectively. Moreover, 
Mao et al. (2010) found that Huzhou lambs supplemented with soybean oil at 3% of 
dry matter produced ca. 14% less methane compared to those fed a control diet. It 
should be noted that in the latter study, soybean oil supplementation also signifi-
cantly reduced ammonia emissions. 
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Methane emissions 

• Plant oils 

• Essential oils

• Plant secondary 
metabolites

• Algae

• Probiotics

• Ionophores

• Organic acids

• Exogenous enzymes

• Synthetic anti-
methanogenic 
compounds

• Biochar 

Ammonia emissions

• Plant oils

• Plant secondary 
metabolites

• Organic acids

• Bentonite

• Biochar 

Nitrogen and 
phosphorus excretions

• Essential oils

• Ionophores

• Exogenous enzymes 

Scheme 1 Feed additives with the potential to mitigate methane and ammonia emissions, and 
nitrogen and phosphorus excretions from livestock 

2.1.2 Essential Oils 
Essential oils and their compounds (isoprenes, terpenes, diterpenes, etc.) can inhibit 
rumen protozoa and bacteria and the deamination of amino acids (McCauley et al. 
2020; Prathap et al. 2021). These properties could help toward reducing GHG 
emissions, especially of methane and ammonia. Several studies have investigated 
the potential of essential oils to reduce such emissions from ruminants and promising 
results have been obtained. 

In dairy cows, supplementation with a commercial blend of coriander seed oil, 
eugenol, and geranyl acetate (Agolin Ruminant; 1 g/head/day) resulted in signifi-
cantly less methane and ammonia intensity (Hart et al. 2019; Carrazco et al. 2020). 
Moreover, in the in vitro study of Rossi et al. (2022), total gas and methane 
emissions were significantly reduced in dairy cows supplemented with a blend of



the aforementioned essential oils combined with bioflavonoids and tannins. In Hu 
sheep, Wu et al. (2018) suggested that intermittent supplementation with citrus 
essential oils could help mitigate methane emissions by reducing microbial adapta-
tion. Additionally, in the study of Soltan et al. (2018), supplementation of Santa Inês 
sheep with a microencapsulated blend of cinnamaldehyde, carvacrol, capsicum 
oleoresin, and eugenol (400 mg/kg of dry matter) reduced methane emissions and 
nitrogen excretion by ca. 28% and 10%, respectively; however, no significant effects 
on ammonia emissions were observed. Lewis et al. (2015) also reported the potential 
of thymol and eucalyptus oils to mitigate both methane and ammonia emissions in 
sheep (Lewis et al. 2015). Finally, controversial results have been obtained regarding 
oregano and garlic oil supplementation in ruminants with some studies (reviewed by 
Honan et al. 2021) reporting reduced methane emissions and others observing no 
significant differences compared to control diets. 
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2.2 Plant Secondary Metabolites 

Plant secondary metabolites, especially tannins and saponins, modulate rumen 
microbial populations and can effectively mitigate GHG emissions. In beef cattle, 
condensed tannins from Acacia mimosa extract were found to significantly reduce 
methane emissions (Fagundes et al. 2020). Moreover, in dairy cattle, a blend of 
tannins with essential oils and bioflavonoids reduced methane emissions and overall 
GHG emissions (Rossi et al. 2022). In Mandya sheep, Baruah et al. (2019) reported 
lower methane production following diet supplementation with tanniferous leaves 
(Syzygium cumini and Machilus bombycina). Likewise, Santa Inês sheep 
supplemented with tanniferous legumes (Leucaena leucocephala) had decreased 
methane emissions (Moreira et al. 2013). Moreover, in the study of Liu et al. 
(2011), Rideau Arcott sheep supplemented with chestnut tannins (30 g/kg of dry 
matter) produced less methane and ammonia (ca. 27% in both cases) compared to 
those fed a conventional diet. Furthermore, tannins from Castanea sativa wood 
extract at a level of 2% in lambs’ diet reduced ammonia emissions by 56% 
(Śliwiński et al. 2002). 

The potential of saponins to mitigate GHG emissions has been also widely 
studied. Saponins from Pennisetum purpureum at a dose of 0.30–0.45 kg/day 
reduced methane emissions from Pelibuey lambs (Albores-Moreno et al. 2017). 
Yucca schidigera extracts, which are also rich in saponins, have been found to 
mitigate methane and ammonia production when studied in vitro (Narvaez et al. 
2013; Guyader et al. 2017). Similar results were obtained from some in vivo studies 
involving beef cattle (Hristov et al. 1999) and lambs (Śliwiński et al. 2002). 
However, other similar literature in ruminants reported no significant effects 
(Zúñiga-Serrano et al. 2022). Finally, Yucca schidigera extracts are considered a 
successful strategy for mitigating ammonia emissions in aquaculture ponds. Specifi-
cally, ammonia concentration in the water was reduced in studies with Nile tilapia, 
striped catfish, mirror carp, and seabass juveniles (Paray et al. 2021).
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2.3 Algae 

Macroalgae contain compounds such as haloforms and dihalomethanes that have 
anti-methanogenic properties (Prathap et al. 2021; Ahmed et al. 2022). Although the 
effect of several macroalgae species on methane mitigation has been investigated in 
ruminants, the most promising results have been obtained for Asparagopsis spp. 
(McCauley et al. 2020). In dairy cows, inclusion of Asparagopsis armata at a 0.5% 
level in the total mixed ratio reduced methane production, yield, and intensity by 
ca. 26%, 20%, and 27%, respectively. At an inclusion level of 1%, the latter methane 
metrics were reduced by ca. 67%, 42%, and 60%, respectively (Roque et al. 2019). 
In Merino-cross sheep, methane production was reduced following diet supplemen-
tation with Asparagopsis taxiformis at 0.5%, 1%, 2%, and 3% levels; the highest 
reduction (ca. 80%) was observed at the 3% inclusion level (Li et al. 2016). 
Favorable effects of Asparagopsis taxiformis on methane mitigation have also 
been reported in vitro at an inclusion level >2% of organic dry matter (Kinley 
et al. 2016). Finally, several microalgae species have been investigated regarding 
their potential to reduce methane emissions in ruminants; however, results were less 
promising compared to macroalgae (McCauley et al. 2020). 

2.4 Probiotics 

Several studies have suggested the potential of probiotics to mitigate methane 
emissions from ruminants. This is attributed to their ability to influence microbial 
activity and stabilize rumen pH (McCauley et al. 2020). Specifically, methane 
production was found to be significantly reduced (ca. 6%) in rams and lambs 
supplemented with Bacillus licheniformis and Ruminococcus flavefaciens, respec-
tively (Deng et al. 2018; Hassan et al. 2020). Moreover, in Simmental cattle, 
Saccharomyces cerevisiae and gambier leaves waste supplementation decreased 
methane production by 57% (Ningrat et al. 2020). The latter probiotic and its 
combination with Bacillus amyloliquefaciens have also been reported to mitigate 
methane emissions in Bali cattle due to competition with methanogenic bacteria in 
the rumen (Prathap et al. 2021). Likewise, Latham et al. (2019) reported reduced 
methane production from Holstein steers supplemented with Paenibacillus 79R4. 
Moreover, an in vitro study of rumen fluid in dairy cattle suggested the potential of 
propionic acid bacteria, especially Propionibacterium thoenii, to reduce methane 
production by ca. 20% (Chen et al. 2020). Although relevant research is limited, 
probiotics have also been suggested to help reduce ammonia emissions in swine 
(Wang et al. 2020). 

2.5 Ionophores 

Ionophores promote the growth of Gram-positive bacteria in the rumen, which 
increases propionic acid compared to acetic and butyric acid. This change in the



ratio of fermentation acids inhibits methane production (McCauley et al. 2020; 
Honan et al. 2021). Specifically, in Holstein cows (Perna Junior et al. 2020) and 
Angus steers (Guan et al. 2006), diet supplementation with monensin resulted in 
ca. 26% and 30% reduction in methane production, respectively. Similar favorable 
effects of monensin on methane mitigation have been reported in dairy goats 
(Li et al. 2018) and buffaloes (Gupta et al. 2019). Besides methane mitigation, 
inclusion of monensin in the diet of ruminants has been associated with lower 
ammonia, carbon dioxide, and nitrogen excretions (Lewis et al. 2015). Reduced 
ammonia emissions have also been reported following supplementation with 
salinomycin (Lewis et al. 2015). 
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2.6 Organic Acids 

In ruminants, organic acids have been found to inhibit methanogenesis by promoting 
propionate production. Supplementation of malic acid (7.5% of dry matter) in 
Charolais cattle (Foley et al. 2009) and allicin (2 g/head/day) in Dorper × thin-tailed 
Han crossbred ewes (Ma et al. 2016) reduced methane emissions by 16% and 8%, 
respectively. In Holstein steers, supplementation with fumaric acid (2% of dry 
matter) resulted in reduced methane production by 23% (Bayaru et al. 2001). 
Moreover, in Welsh Mule cross lambs, methane production was reduced by 75% 
following the use of encapsulated fumaric acid (Wallace et al. 2006). 

In monogastrics, organic acids could help to mitigate ammonia emissions and 
phosphorus excretions. Specifically, in pigs, supplementation with adipic, benzoic, 
and fumaric acids resulted in ca. 25%, 23%, and 12% reduction in ammonia 
production, respectively (Lewis et al. 2015). Moreover, inclusion of citric acid in 
the diet of poultry reduced phosphorus excretion by ca. 16% (Lewis et al. 2015). 

2.7 Exogenous Enzymes 

In ruminants, exogenous enzymes are known to improve fiber digestibility, which 
could help toward reducing methane production (Beauchemin et al. 2008; Prathap 
et al. 2021). However, studies regarding the association of exogenous enzymes with 
methane mitigation are limited. In vitro evidence suggests the possibility of reducing 
methane production by including cellulase and xylanase in ruminant nutrition (Zhao 
et al. 2015). Moreover, Arriola et al. (2011) reported that Holstein cows fed low- and 
high-concentrate diets supplemented with fibrolytic enzymes produced less methane 
compared to the ones with the respective conventional diets. However, in the study 
of Oh et al. (2019), where dairy cows were supplemented with a commercial enzyme 
extract from Aspergillus oryzae and Aspergillus niger, no significant effects on 
methane production were reported. Likewise, addition of xylanase or cellulase in 
the diets of goats did not affect rumen fermentation, digestibility, and methane 
emissions (Lu et al. 2015). Based on the above, further research is needed to evaluate



the suitability of exogenous enzymes to mitigate methane emissions in ruminants 
(Prathap et al. 2021). 
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In swine, dietary inclusion of phytase and protease has been associated with 
reduced environmental pollution from animal waste (Lei et al. 2013; Wang et al. 
2020). Phytase improves digestion of phytate and, hence, reduces phosphorus 
excretion. Specifically, in the study of Lei et al. (2013) a decrease in fecal phospho-
rus up to 50% was reported in pigs supplemented with phytase. Moreover, a global 
meta-analysis in swine showed that protease could help minimize nitrogen excretion 
by ca. 18% (Wang et al. 2020). Although relevant literature in poultry and fish is 
scarce, similar benefits could be expected by phytase and protease supplementation. 

2.8 Synthetic Anti-Methanogenic Compounds 

Although the use of chemical anti-methanogenic compounds is prohibited in some 
countries due to anti-nutritional effects, it has been reported to drastically reduce 
methane emissions from ruminants. Among the most widely studied synthetic anti-
methanogenic compounds is bromochloromethane, which has been found to reduce 
methane production by ca. 95% and 90% in steers and rams, respectively (Matsui 
et al. 2020; Prathap et al. 2021). Another such synthetic compound is 
3-nitrooxypropanol (3-NOP). The inclusion of 3-NOP in the diet of Angus cattle 
at 4.5 mg/kg of body weight and 2 g/day reduced methane production by 33% and 
60%, respectively (Romero-Perez et al. 2015). Similar results were reported in dairy 
cows following supplementation with 3-NOP at 60 mg/kg dry matter (Lopes et al. 
2016). Finally, in Segureña ewes, 3-NOP and ethyl-3-nitrooxy propionate reduced 
methane production by 25% and 14%, respectively (Martínez-Fernández et al. 
2014). 

2.9 Other Feed Additives 

Bentonite, an additive currently used for its anticoagulant properties, has been 
suggested to reduce ammonia emissions by ca. 41% in poultry (Lewis et al. 2015). 
In the latter species, favorable effects on ammonia mitigation (by up to 17%) have 
also been reported by supplementation with biochar (2–6%), the solid residue of 
biomass following decomposition with pyrolysis (Kalus et al. 2020). 

In ruminants, however, biochar has been studied for its potential to reduce 
methane emissions. The latter is thought to be linked to its ability to act as an 
electron acceptor in the rumen (Schmidt et al. 2019). In vitro studies have indicated 
that inclusion of biochar at 0.5%, 1%, and 2% could reduce methane production by 
up to 10%, 13%, and 22%, respectively (Leng et al. 2012a; Saleem et al. 2018). 
Moreover, in the study of Leng et al. (2012b), cattle supplemented with biochar at 
0.6% of dry matter produced 20% less methane compared to those fed a conven-
tional diet. A lower methane reduction of ca. 7% was reported in the study of 
Phanthavong et al. (2015) following the inclusion of biochar in cattle diet at 1% of



dry matter. According to Schmidt et al. (2019), differences in obtained results could 
be related to pyrolysis feedstock and temperature as well as to post-pyrolytic 
treatments. Hence, future research under different conditions could help to investi-
gate the potential of biochar to mitigate GHG emissions. 
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3 Conclusion 

Overall, literature suggests that a plethora of feed additives could be included in the 
diet of livestock to increase the sustainability of the sector. Farm environmental 
performance could be substantially improved with the use of certain plant extracts, 
algae, probiotics, organic acids, exogenous enzymes, and synthetic compounds. 
Such feed additives reduce methane and ammonia emissions as well as phosphorus 
and nitrogen excretions by improving digestion and modulating microbial 
populations. Future research on the economic viability of diet supplementation 
with different feed additives could help to increase their adoption by livestock 
farmers. 
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Abstract 

The main objectives of precision feeding are maximum production results and 
maintaining animal health. It is of great importance for large production systems 
that depend on high investments. Nowadays, the feed industry uses significant 
number of components of different origins to meet all requirements. Feed 
additives are substances used in animal nutrition to improve the quality of feed 
and food of animal origin. They are intended to improve animal performance and 
health (e.g., improving feed digestibility). To produce high-quality and safe feed, 
it is necessary to take into account the physical and chemical characteristics of the 
ingredients and additives. Mode of action and effect is the main criterion for 
component selection, and it serves as the foundation for feed formulation and 
nutrient value achievement. The choice of additives in relation to their market 
price is vital to comprehend the similarities, differences, and restrictions as well 
as the specifics of the technological procedure. Environmentally acceptable feed 
additives that can replace currently employed chemotherapeutic drugs or the 
previously added antibiotics to feed that have been discontinued are being sought. 
Probiotics, prebiotics, symbiotics, organic acids, herbs, and plant extracts are 
among these supplements that have the highest impact. 
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1 Types of Additives 

Maximizing production and preserving animal health are the main goals of precision 
feeding. It is crucial for large production systems that rely on significant financial 
investments. To meet these requirements, the feed business now uses a variety of 
components from different origins. Animal nutrition uses feed additives to enhance 
the quality of the feed and foods of animal origin. They are intended to enhance the 
health and performance of animals (e.g., improving feed digestibility). Usually 
incorporated in feed, feed additives may influence feed composition, feed effective-
ness, feed intake, and animal products (milk, meat, egg, wool) (Innocenti 2017). To 
reduce feed losses and environmental emissions, it may be possible to improve feed 
preservation during handling and storage (FAO Guidelines 2019). 

According to the European Union (EU) systematization (https://food.ec.europa. 
eu/safety/animal-feed/feed-additives/legislation-feed-additives_en), there are a few 
categories of additives. The regulation covers the following feed additive categories 
(Fig. 1): 

1. Technological additives—e.g., preservatives, antioxidants, emulsifiers, acidity 
regulators, silage additives. They do not have a direct impact on the feed’s 
nutritional value, but may have an indirect effect by making feed easier to handle 
or more hygienic. An example of such an addition is an organic acid used to 
preserve feed. 

2. Sensory additives—e.g., flavors, colorants. It increases the palatability of a diet 
by provoking appetite. For instance, vanilla extract might help piglets consume 
their food better. 

3. Nutritional additives—offers the exact nutrient(s) that the animal needs for best 
growth. Examples include additives like vitamins, amino acids (AAs), or trace 
minerals necessary for the animal growth. 

4. Zootechnical additives—e.g., digestibility enhancers. It enhances the animal’s 
performance causing more effective utilization of the nutrients already present in 
the feed rather than supplying specific nutrients. An example would be enzymes 
or microorganisms, which improve the circumstances of the digestive tract and 

Fig. 1 Categories of additives

https://food.ec.europa.eu/safety/animal-feed/feed-additives/legislation-feed-additives_en
https://food.ec.europa.eu/safety/animal-feed/feed-additives/legislation-feed-additives_en


Type Function Reference source
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Table 1 Types of additives according to action 

Name of 
additive group 

Probiotics Different types of 
microorganisms 

Improvement of digestion; 
stimulator of growth 

Brzóska and Stecka 
(2007), Janocha 
et al. (2022) 

Prebiotics Different types of 
oligosaccharides 

Improvement of digestion; 
stimulator of growth 

Brzóska and Stecka 
(2007), Janocha 
et al. (2022) 

Phytogenic 
additives 

Herbs and essential 
oils 

Improvement of digestion; 
antimicrobial effects; gut 
health 

Puvača et al. 
(2018), Janocha 
et al. (2022) 

Organic acids Carboxyl acids 
(citric, propionic, 
ascorbic) 

Increasing feed efficiency; 
improvement of digestion; 
feed preservation 

Brzóska and Stecka 
(2007), Lević et al. 
(2007) 

Enzymes and 
amino acids 

Plant enzymes and 
essential amino acids 

Antibacterial; improvement 
of digestion; antioxidative 

Velázquez-De et al. 
(2021) 

Functional 
elements and 
nanoparticles 

Different metal 
oxides; different 
clays and minerals 

Improvement of digestion; 
antimicrobial effects 

Bąkowski et al. 
(2018), Yusof et al. 
(2019) 

make it possible for nutrients to assimilate more efficiently. They are frequently 
pro-nutrients or probiotics. 

5. Coccidiostats and histomonostats—the compounds known as coccidiostats and 
histomonostats can be made synthetically or by microorganisms. The role is to 
prevent or eliminate the protozoan parasites that infect animals and cause coccid-
iosis and histomoniasis. 

According to the active ingredients and mode of the action, additives could be 
categorized as presented in Table 1: 

To produce high-quality and safe feed, it is necessary to take into account the 
physical and chemical characteristics of the ingredients and additives. Mode of 
action and effect is the main criterion for component selection, and it serves as the 
foundation for feed formulation and nutrient value achievement. The choice of 
additives in relation to their market price is vital to comprehend the similarities, 
differences, and restrictions as well as the specifics of the technological procedure. 

Some of the physical characteristics of powder feed additives that are frequently 
utilized in the production of feed, such as bulk density, mean particle diameter, angle 
of repose, and dusting potential, are very important (Đuragić et al. 2007; Mubeen 
et al. 2021). 

Using recognized techniques, dusting potential should be evaluated. The amount 
of the active substance in the dust should be measured when an occupational 
exposure limit is established or when there is a known or suspected toxicity 
following inhalation exposure (Regulation [EC] No 1831/2003). 

If the nature of the additive allows the possibility of the presence of nanoparticles, 
initially a particle size analysis of the additive by laser diffraction should be made. If



the particle size analysis of the additive indicates that more than 1% of particles 
below 1 μm are present, this fraction should be further characterized by scanning 
electronic microscopy (wet method). Results should be expressed as a percentage of 
the total number of particles. It should be indicated if the product is a nanomaterial as 
defined by European legislation (Regulation [EC] No 1831/2003). 

20 O. Djuragic et al.

Data on vapor pressure, viscosity, specific weight, and (pH dependent) solubility 
or dispersibility should be included for liquid additives if the additive is meant to be 
used in water (Đuragić et al. 2007; Regulation [EC] No 1831/2003). The label must 
contain the name of the animal food additive made of nanomaterials as well as all 
relevant details, such as its chemical identity and composition; physical, chemical, 
and biological characteristics; as well as specifications defining the minimum 
concentrations of the desired component(s) and identifying and limiting reaction 
byproducts and other impurities (Rychen et al. 2017). 

2 Probiotics 

Increasing interest in probiotics has been accompanied by many research studies and 
the use of different definitions. The working group experts of the Food and Agricul-
ture Organization of the United Nations and the World Health Organization define 
probiotics as “live microorganisms which when administered in adequate amounts 
confer a health benefit on the host” (FAO/WHO 2002). In addition to a set of major 
safety and functionality criteria in the selection process for defining probiotic species 
(Hill et al. 2014; Markowiak and Slizewska 2017), the probiotic activity undergoes 
numerous clinical trials against gastric or enterovirulent bacterial pathogens, which 
constitute a major problem for human and animal health. The majority of probiotics 
in use today include species of lactic acid bacteria of genus Lactobacillus and 
Bifidobacterium, the most used and tested probiotic bacteria, as well as Escherichia 
coli, bacilli, and the best known probiotic yeast Saccharomyces boulardii (Tiago 
et al. 2012; Tomičić et al. 2016a). For many decades, antibiotics have been widely 
used as growth promoters in the poultry industry. However, overuse of antibiotics 
for veterinary purposes leads to harmful consequences, including the emergence of 
antibiotic-resistant bacteria and the development of microbiota disorders—such 
infections are responsible for productivity loss and increased mortality—as well as 
the presence of antibiotic residues in poultry products that pose the health hazard to 
the consumer, which is why they are now prohibited in many countries (Al-Fatah 
2020; Wu et al. 2019a, b). Therefore, controlling pathogenic bacteria without 
antibiotics has become a big challenge. For this reason, there is an urgent demand 
for new antibiotic alternatives in livestock production. The scientific and clinical 
evidence indicates that the use of probiotics shows therapeutic potential in the 
maintenance of health treatment of various intestinal disorders by enhancing the 
beneficial components of the intestinal microbiota (O’Hara and Shanahan 2007). 
They improve the health status, production performances, feed conversion rate, and 
immune response of poultry and farm animals (Getachew 2016).
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2.1 Mode of Action 

The primary action of probiotics is toward pathogenic bacteria relating to their 
abilities to: produce antimicrobial substances that inhibit their development as 
bacteriocins, compete with pathogens for adhesion to the epithelium and nutrients, 
modulate the host immune system, and inhibit bacterial toxin production 
(Markowiak and Slizewska 2017; Tomičić et al. 2016b). The beneficial effects of 
probiotics are lowering the pH of the intestine through the production of primary 
metabolites such as organic acids and hydrogen peroxide, and later found volatile 
fatty acids that suppress the colonization of pathogens in the digestive tract (Ayalew 
et al. 2022; Khan and Naz 2013). Various primary and secondary metabolites lower 
intestinal pH to inhibit the growth of pathogens such as E. coli and Salmonella 
(Marteau et al. 2004). 

Probiotics adhere to and colonize the epithelial surface of the gut and compete 
with the pathogen to the adhesion site forming the enterocyte’s complexity. A 
previous study reported that spent culture supernatants of Bifidobacterium strains 
can antagonize the growth and the adhesion of Clostridium difficile to cultured 
enterocytes (Al-Fatah 2020; Trejo et al. 2006). Probiotics have positive effects on 
health and growth and have beneficial nutritional effects; they improve health and 
growth of animals by inducing immune responses and possess the ability to limit 
inflammation and infection in the gastrointestinal tract, increasing fiber digestion and 
enzyme activity to be efficient in the use of nutrients in feed. Furthermore, they help 
in utilization of nutrients such as digestible protein, vitamins, minerals, and 
enzymes, and have important role in proper growth and metabolism (Al-Fatah 
2020). It has been proven that probiotic yeast S. boulardii is effective in the context 
of many infectious and inflammatory gastrointestinal disorders. It possesses a wide 
range of beneficial effects against bacterial infections, such as modulating the 
immune system, degrading C. difficile toxins A and B and their respective receptors 
on colonic mucosa, inhibiting cholera toxin action, modulating the transduction 
pathway when activated by enteropathogenic bacteria, downregulating production 
of inflammatory molecules (such as interleukin [IL]-8 and tumor necrosis factor 
[TNF]-α), or increasing the levels of secretory IgA (Douradinha et al. 2014; Tiago 
et al. 2012). Physicochemical properties of meat are also important because they 
largely determine the possibilities for its storage or further processing. The color of 
the meat is determined by measuring its lightness, redness, and yellowness and is 
important for the consumer’s perception of the freshness and quality of the meat 
(Droval et al. 2012; Prommachart et al. 2021). Probiotics exhibit good potential for 
improving the quality of poultry meat by affecting the protein and fat contents 
(Popova 2017). Higher protein content and lower fat content were reported in the 
treatment with probiotic Bacillus subtilis (Hossain et al. 2012;  Král et al. 2013). The 
use of probiotics in water broilers supplemented with Lactobacillus fermentum 
significantly increased redness in the breast (Hačik et al. 2015), while improvement 
in color characteristics in breast meat in terms of lightness and yellowness was found 
in a study of Abdurrahman et al. (2016). In addition, pH and meat color are important



indicators of meat quality, which should be used especially for further storage 
(Abdulla et al. 2015). 
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Probiotics have beneficial nutritional effects, and recent research indicated that 
the use of probiotics as feed supplements shows potential as a natural way to 
improve animal health and growth, and in that context they are a good alternative 
to antibiotics. Moreover, supplementation of livestock diets with probiotics signifi-
cantly appears to improve characteristics and meat quality. 

3 Prebiotics 

Prebiotics are beneficial non-digestible feed ingredients that affect the host animal by 
promoting the growth and/or activity of bacteria within a colon (Gaggìa et al. 2010). 

Prebiotics can be found in a variety of foods, including oats, barley, dandelion 
greens, chicory, chia seeds, flax seeds, onion, garlic, almonds, and artichoke 
(Davani-Davari et al. 2019). Containing water-soluble sulfated polysaccharides, 
Green algae (Chlorophyta) are also regarded as prebiotics because they modulate 
the gut microbiota and the immune system as well as possess antioxidant, 
antibacterial, anti-hyperlipidemia, and anti-diabetic properties. 

Carbohydrates and oligosaccharides with different molecular structures make up 
the majority of prebiotics that have been identified. Dietary carbohydrates like fibers 
are a candidate for both human and animal diets. However, non-digestible 
oligosaccharides (NDOs) show the greatest potential as prebiotics. The recent 
development of the prebiotic industry may benefit from the use of novel 
carbohydrates like resistant starch from a variety of starch sources (Milašinović 
et al. 2010). 

Currently, in the prebiotic category, two major groups are dominant: (1) Fructans 
(fructooligosaccharides [FOS] and inulin), and (2) Galactans 
(galactooligosaccharides or GOS). 

Their influence is manifested through the enrichment of Lactobacillus and/or 
Bifidobacterium spp. (“healthier” microbiota) activity resulting in the increased 
growth rate and improved feed efficiency. 

The following potential prebiotics can be used in feed formulations: fructan, 
oligofructose, inulin, fructooligosaccharides, galactan, galactooligosaccharides, 
xylooligosaccharides (XOS), pectin, fiber components, and milk oligosaccharides. 
β-glucan, D-mannose, and other mannanoligosaccharides (MOSs), which are 
derived from Saccharomyces cerevisiae’s cell wall, are examples of refined func-
tional carbohydrates (RFCs) that are easily accessible as prebiotics for use by 
animals (Dallies et al. 1998). Among these, fructooligosaccharides and 
mannanoligosaccharides are the most widely used commercial feed ingredients in 
the production of poultry feed. 

Prebiotics generally alter gut microorganisms, allowing for an increase in their 
population, increased digestibility, a decrease in pathogenic bacteria, an increase in 
the absorbability of minerals and vitamins, the maintenance of optimal intestinal pH,



and the maximum utilization of nutrients (Kulshreshtha and Bhatnagar 2014; Murate 
et al. 2014). 
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3.1 Mode of Action 

Among other effects that can have an impact on host health, prebiotics have the 
potential to modify microbial metabolism, produce metabolites like lactic acid, and 
improve the integrity of epithelium cells (Yaqoob et al. 2022). Prebiotics are used to 
manage the interactions between the host and the gastrointestinal ecosystem, which 
includes altering the intestinal microbiota, supporting the immune system, enhanc-
ing the epithelium, and regulating the host–intestinal microbiota interaction. There 
are many references in the literature that pointed out prebiotics as a selective 
substrate for beneficial bacteria, changing the colon’s microflora in the direction of 
a more wholesome gastrointestinal environment (Gibson and Fuller 2000). 

As a result of the competitive exclusion of pathogenic microbes and the selective 
colonization by beneficial microbes, they act as a substrate for endogenous beneficial 
bacteria (Biggs et al. 2007). The prebiotic feed supplements have been shown to alter 
the pH of the intestine, which makes them unfavorable to pathogenic organisms 
(Mazanko et al. 2018). 

By increasing the abundance of Lactobacilli and Bifidobacteria and decreasing 
the titers of Coliform, it establishes a healthy microbial community in the intestine of 
broilers (Po Yun and Woo 2018). Manase enzymes are found in Bifidobacterium and 
Lactobacillus; they selectively bind mannan oligosaccharides only for harmful 
bacteria, which typically lack this enzyme. Broiler weight gain per day increases 
by 4–8% as a result of mannan oligosaccharides (Sinovec and Markovic 2005). 

Prebiotics are an exceptional tool to promote the growth of good gut microbes 
that ferment them, producing short-chain fatty acids (SCFAs), vitamins, and other 
fragmented molecules as well as some antibacterial substances like bacteriocin 
against pathogenic microorganisms (Bogusławska-Tryk et al. 2012). This mecha-
nism is attributed to the fact that prebiotics are sustained in acidic environments and 
remain resistant to specific digestive enzymes in the small intestine. The fermented 
products derived from the use of prebiotics and the act of beneficial microbes also 
strengthen intestinal epithelial cells, which increases nutrient absorption and boosts 
animal growth performance (Po Yun and Woo 2018). 

Some research indicate oligosaccharides have immunomodulatory beneficial 
effects on the gut, including altering the effectiveness with which pathogenic 
bacteria are cleared, activating T-cell-dependent immune responses, and suppressing 
pro-inflammatory cytokines (Troy and Kasper 2010). Pathogen-associated molecu-
lar patterns are generated by pathogenic microorganisms and can be reduced by 
preventing pathogen colonization with prebiotics (Tizard 2013).
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4 Phytogenic Feed Additives (PFAs) 

Phytogenic feed additives (PFAs) are plant-derived products used in animal feeding 
to improve the feed quality, performance, and health of agricultural livestock 
(Ayalew et al. 2022; Windisch et al. 2008). PFAs are becoming attractive by the 
ban on antibiotics as growth promoters in animal feed (Windisch et al. 2008). In 
addition, the ban on antibiotics as growth promoters has significantly increased the 
incidence of infections caused by pathogens and consequently negatively impacted 
livestock performance. Therefore, the use of alternative feed additives such as PFAs 
has become an important strategy to reduce the risk of infection and maintain animal 
health. The name “phytogenic compound” (PC) refers to plant materials such as 
seeds, fruits, vegetables, roots, and leaves (Čabarkapa et al. 2020; Steiner and Syed 
2015). PCs can be used in solid, dried, and ground forms or as extracts (crude or 
concentrated). According to the process used to derive the active ingredients, PCs 
can be classified as essential oils (EOs; volatile lipophilic substances obtained by 
cold extraction or by steam or alcohol distillation) and oleoresins (extracts derived 
by non-aqueous solvents) (Gadde et al. 2017). Biologically active PCs have been 
divided into three main groups: (1) terpenoids (plant volatiles, sterols, carotenoids, 
saponins, and glycosides); (2) phenolic compounds (flavonoids, phenolic acids, 
lignin, lignans, coumarins, stilbenes, and tannins); and (3) nitrogen-containing 
substances (alkaloids, glucosinolates, and cyanogenic glycosides) (Li et al. 2020). 
The composition and concentration of bioactive compounds in plants vary and 
depend on plant species, parts of the plant, geographical origin, harvesting season, 
environmental factors, storage conditions, and processing technique. These 
variations can greatly influence the bioactive potential of plant products, and this 
needs to be taken into account when selecting plants for therapeutic purposes (Gadde 
et al. 2017; Čabarkapa et al. 2019; Wu et al. 2021). According to European Union 
legislation (EC 1831/2003), PFAs are categorized as sensory and flavoring 
compounds derived from herbs or spices as antibiotic alternatives and recognized 
as “generally recognized as safe” (GRAS). 

4.1 Mode of Action 

A growing body of evidence has shown that supplementation of PCs in the form of 
PFAs in animal diets improves the flavor and palatability of feed, thus enhancing 
production performance (Windisch et al. 2008), increases digestibility (Syed et al. 
2021), reduces inflammation (Olfati and Hosseini 2022; Chang et al. 2022), 
modulates intestinal microbiota (Oetting et al. 2006; Yang et al. 2020), and improves 
antioxidative activities (Puvača et al. 2019). Since the feed industry has recognized 
the potential benefits of using plant-based substances for various animal species, PCs 
are being utilized more frequently, particularly in feeding programs for pigs (Liotta 
et al. 2015; Chang et al. 2022), poultry (Windisch et al. 2008;  Puvača et al. 2019; 
Wang et al. 2021), ruminants (Piran Filho et al. 2021), and fish (Bulfon et al. 2015). 
The modes of action of PCs are associated with their biological activities. Based on



their properties, PCs could be classified as antimicrobials, intestinal function 
modulators, antioxidants, anti-inflammatory agents, and growth promoters (Wang 
et al. 2021). Taking into account a large number of aromatic plants, herbs, and single 
compounds, the mode of their action is distinguished by diversity and will depend on 
their chemical composition, concentration, and particular combination. One of the 
remarkable properties of PCs is their antimicrobial activity. Antimicrobial properties 
of PCs derived from herbs and spices have been extensively researched (Burt 2004; 
Burt et al. 2005; Lee et al. 2011; Čabarkapa et al. 2019). The majority of published 
studies revealed that the largest antimicrobial effect was to exhibit phenols, which 
have been present in the highest percentage in the EOs (Čabarkapa et al. 2016, 
2019), followed by alcohols, aldehydes, ketones, ethers, and hydrocarbons (Burt 
2004). Studies conducted until now related to the antimicrobial activity of PCs 
proposed several target positions and their modes of antimicrobial action: degrada-
tion of the cell wall, alteration of membrane proteins, alteration of the permeability 
cytoplasmic membrane, leakage of cell contents, coagulation of the cytoplasm, and 
depletion of the proton motive force (Ultee et al. 2000; Burt 2004). Other 
mechanisms of action may be related to the inhibition of nutrient absorption, 
enzymatic inhibition, and synthesis of DNA, RNA, and proteins by bacterial cells 
(Lambert et al. 2001). Considering that PCs have well-documented antimicrobial 
activity in vitro, it is expected that the dietary application of PCs in animal feed 
influences the composition of the gastrointestinal microbiota. Du et al. (2016) have 
shown that PCs can effectively combat harmful microorganisms such as Escherichia 
coli and Clostridium perfringens, indicating a decreased risk of developing 
colibacillosis and necrotic enteritis in broiler chickens. Published results are, how-
ever, inconsistent. While most conducted studies showed that dietary PFA supple-
mentation was effective on the selected intestinal microbial populations (Oetting 
et al. 2006; Manafi et al. 2016; Yang et al. 2020), some studies reported no impact, or 
a negative impact on intestinal microbiota (Vukic-Vrajnes et al. 2013; Ahsan et al. 
2018). Similar conclusions were drawn by Ahsan et al. (2018). These authors 
investigated the influence of different levels of PFAs on growth performance, 
cecal microbiota, and intestinal morphology in broilers. According to these authors, 
the main reason for the reduced effect of PFAs on intestinal microbiota was the low 
levels of applied essential oils in the phytogenic product used in this study. However, 
in addition to the applied concentration, interactions between different classes of 
compounds incorporated in PFA should be taken into account, considering that 
certain mixtures can exhibit antagonistic effects (Čabarkapa et al. 2020). Antioxidant 
activity is another biological characteristic of phytogenic compounds, which may 
play an important role in preventing some diseases caused by free radicals, such as 
cancer and heart diseases (Gheisar and Kim 2018). Antioxidative properties of herbs 
and plants are based mainly on phenolic compounds (Čabarkapa et al. 2020), 
flavonoids, or anthocyanins (Dias et al. 2021). The primary role of antioxidants is 
to neutralize harmful free radical activity, helping protect the body from diseases 
caused by oxidative stress. Among the various plants containing antioxidants, the 
EOs from the Lamiaceae family have been attracting the greatest interest, especially 
products from oregano and thyme (Ultee et al. 2002; Marinelli et al. 2018). Their
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antioxidative activity arises from phenolic terpenes, such as monoterpenes thymol 
and carvacrol (Čabarkapa et al. 2019; Gholami-Ahangaran et al. 2022). Other 
Lamiaceae species with significant antioxidative properties are rosemary and sage. 
The most abundant components with antioxidant activity in these plants primarily 
represent diterpenes such as carnosic acid and carnosol. Their content depends on the 
species, variety, plant growth conditions, sample treatment, and type of extract 
preparation (Tounekti and Munné-Bosch 2012), and their content increases with 
aging (Abreu et al. 2008). Herbs and bioactive components of herbs added to 
chicken diets can improve the quality of broiler chicken meat by altering the content 
of fatty acids. Previous studies indicate that dietary supplementation with sage, 
oregano, and rosemary positively affected the fatty acid profile, improved meat 
tenderness, and reduced lipid oxidation in broiler breast and thigh meat (Pisarski et al. 
2007). Lobo et al. (2010) have proposed two modes of action for antioxidants. The 
first is a chain-breaking mechanism in which the primary antioxidant donates an 
electron to the free radical present in the system. The second mechanism involves the 
removal of reactive oxygen species (ROS)/reactive nitrogen species initiators (sec-
ondary antioxidants) by quenching a chain-initiating catalyst. The antioxidants act as 
part of an organism’s defense system by preventing, radical scavenging, repairing, 
and de novo, the fourth line of defense, by adaptation (Lobo et al. 2010). The anti-
inflammatory activity of PCs is well documented. As a result, many researchers have 
been drawn to PCs in order to learn more about their roles in various disease 
processes such as inflammatory diseases, tumorigenesis, and neurodegeneration. 
These studies have shown that the health-promoting activities of PCs are attributed 
to their ability to improve host defense against microbial infection (Lillehoj et al. 
2018; Chang et al. 2022). PCs play a significant role in human and animal health, in 
the prevention and treatment of inflammatory conditions. Widely is known that the 
inflammation process involves a cascade of dynamic responses, including cellular 
and vascular actions with specific humoral secretions (Abdulkhaleq et al. 2018). 
Inflammation processes are commonly followed by the overproduction of 
pro-inflammatory cytokines and other inflammatory mediators (IL-1, IL-6, TNF-α, 
nitric oxide [NO], and prostaglandin E2) (Kim et al. 2020). The attention of most 
researchers was directed to nuclear factor-κB (NF-κB) as a central transcription 
factor that regulates pro-inflammatory genes’ expression during inflammation and 
has become an interesting target for the development of new anti-inflammatory 
drugs (Kim et al. 2020). Next to the antimicrobial, antioxidant, and anti-
inflammatory properties of PCs, comprehensively reviewed reports indicated that 
PCs are distinguished by proven palatability, a stimulating effect on digestive 
activity, an overall improvement of feed intake, and growth performance (Windisch 
et al. 2008; Ahmed et al. 2013; Gadde et al. 2017; Gholami-Ahangaran et al. 2022). 
The addition of PCs in animals’ diets improves the palatability of the diet through 
enhanced flavor and odor, which results in increased feed intake and consequently 
leads to improved growth performance (Ahmed et al. 2013; Steiner and Syed 2015). 
However, improving feed palatability cannot be applied to poultry due to their 
insensitivity to odor (Steiner and Syed 2015). It has been hypothesized that the 
antioxidant properties of PCs are linked to improved feed palatability owing to their
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preservative function and ability to prevent the release of undesirable odors (Franz 
et al. 2010). Moreover, the addition of PCs improves feed digestibility, which leads 
to better nutrient absorption (Ahmed et al. 2013). In addition, the results of some 
studies have demonstrated that phytogenic products may be able to stimulate 
intestinal mucus production, which may further contribute to the relief from patho-
gen pressure by inhibiting adherence to the mucosa (Gheisar and Kim 2018). PCs 
exhibited effects on egg and meat quality (Liotta et al. 2015; Kikusato 2021). 
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5 Organic Acids 

Organic acids have been used in the animal feed industry for many years as an 
effective alternative to antibiotics because of their ability to prevent undesirable 
bacterial and fungal growth in feed, and improve gastrointestinal health and nutrient 
utilization that may further contribute to enhanced animal performance (Ayalew 
et al. 2022). Use of organic acids has been permitted in the diets of all the livestock 
species and according to EU legislations on the feed additives, they belong to the 
group of preservatives (Adil et al. 2010). Various organic acids used in animal 
diets are: acetic, butyric, citric, formic, propionic, malic, tartaric, lactic, benzoic, 
fumaric, and sorbic acids. Organic acids are weak acids containing a carboxylic acid 
group (R-COOH) (Costa et al. 2013; Ayalew et al. 2022). Commercial organic acids 
can be usually found in the form of their salts (sodium, potassium, calcium salts), 
because they are solid, odorless, less volatile, less corrosive, and more soluble in 
water and therefore more convenient for the use in feed manufacturing than free 
acids (Huyghebaert et al. 2011; Vukmirović et al. 2017). The application of organic 
acids in animal feed varies among the countries due to the different regulations and 
other factors. In some countries they are added before any thermal treatment, while 
in others acids are added directly to drinking water or produced feed (Costa et al. 
2013). Organic acids can be effectively used in combination with other feed 
additives (Suiryanrayna and Ramana 2015). Despite that some hypotheses have 
been suggested, the mechanisms of action of organic acids have been still unclear. 
The effectiveness of organic acids to inhibit the growth of a microorganism depends 
on the concentration, the type of acid, time of exposure, pKa, type of microorganism 
control, the composition of the feed, and the age of the animal (Costa et al. 2013). 

5.1 Mode of Action 

The addition of organic acids inhibits the growth of pathogenic bacteria through the 
reduction of pH and buffering capacity of the diet and reduction of pH in the 
gastrointestinal tract of animals. Acidic conditions limit the survival of undesirable 
microorganisms in the stomach and hence prevent passage to the intestines. Only 
undissociated form of organic acid delivers antimicrobial effect as these molecules 
can diffuse freely through the bacterial cell membrane and reach the cytoplasm 
(Pearlin et al. 2020). Inside the bacterial cell, the acid tends to dissociate into ions



and protons, decrease cytoplasmic pH, and disrupt the normal physiology of the 
bacteria by suppressing enzymatic reactions and protein and DNA denaturation 
(Mani-Lopez et al. 2012). That results in the inhibition of bacterial growth and the 
death of harmful pH-sensitive bacteria including Salmonella, Clostridia, E. coli, 
Listeria, Campylobacter, and some coliforms that cause gastrointestinal distress. 
These bacteria are not able to tolerate the variation between internal pH in the 
bacteria and pH in the stomach (Suiryanrayna and Ramana 2015; Vukmirović 
et al. 2017; Kumar et al. 2022). 
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The effectiveness of organic acids to suppress the growth of microorganisms 
depends on its pKa value, which is the pH value at which the acid is half dissociated. 
Organic acids with higher pKa value (the higher proportion of undissociated form) 
are weaker acids and thus are more effective in preventing the growth of undesirable 
microorganisms. On the other hand, organic acids with lower pKa have greater effect 
on the reduction of pH by acidifying the feed and the stomach, but have less 
antimicrobial efficiency in the digestive tract (Costa et al. 2013; Suiryanrayna and 
Ramana 2015). Organic acids are more effective toward the inhibition of Gram-
positive bacteria. This is associated to the structural differences between Gram-
negative and Gram-positive bacteria. Namely, Gram-negative bacteria have the 
additional outer layer surrounding the cytoplasmic membrane, which consists of 
lipopolysaccharides. This layer provides the bacteria with immanent antimicrobial 
resistance (Suiryanrayna and Ramana 2015). Gómez-García (2019) observed that 
formic acid followed by propionic acid was the most effective against E. coli and 
Salmonella spp. in pigs. Hassan et al. (2010) observed a decrease in E. coli and 
Salmonella spp. in the intestinal microflora of broilers fed diet supplemented with 
combination of organic acids or salts. 

Organic acids are able to improve gut health by promoting the beneficial bacterial 
growth in the intestines. It was found that acidic conditions in the stomach are 
suitable environment for the growth of Lactobacilli, which prevent the colonization 
and proliferation of pathogens by obstructing the adhesion site or by producing lactic 
acid that reduces gastric pH and suppresses the pathogen growth (Partanen and Mroz 
1999; Suiryanrayna and Ramana 2015). Akyurek et al. (2011) reported that broiler 
chickens fed diet supplemented with blends of organic acids had greater number of 
Lactobacilli and less pathogenic bacteria such as Clostridia and E. coli in ileum than 
chickens fed diet with antibiotic growth promoters. 

The inclusion of organic acids in animal diet has been shown to enhance the diet 
digestibility and nutrient retention (Costa et al. 2013). In general, organic acid 
acidify the gut environment and enhance gastric retention time and the activity of 
proteolytic enzymes. Because of the lower gastric emptying rate, acidic digesta is 
retained longer in gastrointestinal tract, and proteins are hydrolyzed more efficiently, 
which stimulate apparent ileal digestibilities of proteins and amino acid (Partanen 
and Mroz 1999; Suiryanrayna and Ramana 2015). Some authors reported that 
dietary administration of organic acids supports the protein digestion in the gastro-
intestinal tract by converting inactive pepsinogen into active pepsin (Suiryanrayna 
and Ramana 2015). By providing acidic gastric conditions, organic acids improve 
pepsin activity and digestibility of minerals (Christian and Mellor 2011;



Letlhogonolo et al. 2020). Generally, dietary supplementation of organic acid in 
animal diets showed to have beneficial effect on the apparent digestibility of protein, 
amino acids, fat, and nitrogen in gastrointestinal tract and consequently increasing 
the energy digestibility (Partanen and Mroz 1999, Costa et al. 2013). 
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Organic acids can improve digestion of diets with poor protein quality. Diets with 
poor protein quality cause more indigestible proteins in gastrointestinal tract, intense 
protein fermentation, and production of volatile fatty acids, ammonia, and other 
gases, which may cause discomfort in the animal and thus adversely affect growth 
rate (Ikker et al. 2007; Diether and Willing 2019). Organic acids can form complexes 
with phosphorus, calcium, magnesium, and zinc and enhance digestion of these 
minerals, which results in the lower excretion of minerals and nitrogen and lower 
environmental pollution (Partanen and Mroz 1999; Suiryanrayna and Ramana 
2015). It was also documented that organic acids have stimulative effect on exocrine 
pancreatic secretion and biliary secretion (Partanen and Mroz 1999; Costa et al. 
2013). 

Organic acids are a powerful tool to improve overall production performance by 
reducing pathogenic bacterial growth and bacterial competition with the animal for 
nutrients, while promoting beneficial bacteria and nutrient availability (Suiryanrayna 
and Ramana 2015). This leads to maximized nutrient utilization efficiency, enhanced 
feed conversion rate and body weight gain (Bafundo et al. 2002; Hassan et al. 2010; 
Qaisrani et al. 2015; Lan et al. 2005). Further, the organic acids prevent diarrhea and 
enhance growth performance in piglets (Sutton et al. 1991). However, later it was 
found that organic acids also have beneficial effect on the performance of fattening 
pigs and sows. Partanen and Mroz (1999) reported that dietary supplementation of 
organic acids can improve growth performance and modify intestinal microbiota in 
pigs. Furthermore, Hassan et al. (2010) demonstrated that mixtures of organic acids 
supplemented to the broiler diet were more efficient than antibiotic growth promoter 
in improving broiler growth, feed conversion rate, and nutrient utilization. 

It has been documented that feeding ruminants with organic acids can ameliorate 
methanogenesis in the rumen. Organic acids act as an alternative sink for metabolic 
hydrogen in the rumen, thereby decreasing the amount of hydrogen used in methane 
production (Lila et al. 2004; Newbold et al. 2005). Dicarboxylic organic acids 
(fumarate and malate) stimulate production of propionic acid in the rumen, which 
improves hydrogen utilization (Song et al. 2011). Lopez et al. (1999) concluded that 
sodium fumarate is convenient feed additive as it redirects hydrogen from methane 
formation and increases the number of cellulolytic bacteria and stimulates fiber 
breakdown. An increasing dietary inclusion of malic acid in beef cattle diets resulted 
in a decrease of total daily emission of methane (Foley et al. 2009). It has been 
proposed that supplementation of fumarate and malate can diminish the risk of lactic 
acidosis through an enhanced utilization of lactic acid in the rumen and prevention of 
large decline in pH (Carro and Ungerfeld 2015).
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6 Enzymes 

Structurally, enzymes are mostly proteins capable of catalyzation of specific bio-
chemical reactions. Each enzyme disintegrates very specific substrates for very 
specific reaction sites. The stability of enzymes during high-temperature feed pro-
duction and transit through the gastrointestinal tract is significantly impacted by their 
protein nature. In order to achieve the most advantages from enzyme addition, it is 
important to make sure the enzymes are selected based on the substrates that are part 
of the specific composition of feed formulations. Furthermore, for optimal enzyme 
activity there must be a number of reaction conditions such as moisture content, 
temperature, pH, and enzyme and substrate concentration (Bedford and Schulze 
1998). 

In the feed industry, enzymes are the most important and useful additives. They 
can be obtained from various plants, animals, and microorganisms (Ojha et al. 2019). 
Enzymes are produced by the fermentation of fungi and bacteria and used as feed 
additives in the broiler industry to increase feed conversion efficiency (FCE) 
(Letlhogonolo et al. 2020). Exogenous enzymes are added to feed to improve animal 
performance despite the fact that animals naturally produce endogenous enzymes 
involved in digestion; they are unable to fully break down and utilize all of the 
nutritional components of feed (Ravindran 2013; Ojha et al. 2019). The most 
abundant exogenous enzymes in feed formulations are pectinases, amylases, 
cellulases, galactosidases, β-glucanases, xylanases, associated enzyme phytases, 
proteases, and lipases. Mostly, monogastric animals like pigs and chickens use 
these exogenous enzymes (Velázquez-De et al. 2021). 

In broilers, xylanase has been shown to increase crude protein (CP) digestibility, 
feed intake, nitrogen and fiber absorption, and weight gain (Babalola et al. 2006). 
Phytases improve the utilization of phytate phosphorus in feeds (Khattak et al. 
2006). Avizyme, a multi-enzyme complex made up of xylanases, proteases, and 
amylases, is used to increase net energy, increase body weight, decrease mortality, 
and improve nutritional quality (Café et al. 2002). Furthermore, it enhances animal 
intestinal health (Ohimain and Ofongo 2014). 

According to numerous studies, exogenous feed enzymes are increasingly used in 
poultry diets to counteract the negative effects of anti-nutritional factors, enhance 
dietary component digestion, and enhance bird performance. 

6.1 Mode of Action 

Varieties of feed enzymes have different pathways or mechanisms. The following 
mechanisms are thought to be involved in at least some of the observed benefits 
(Bedford and Schulze 1998; Adeola and Cowieson 2011):

• Decomposition of specific bonds in the feed that typically do not hydrolyze by 
digestive enzymes existing in the body.



• Decomposition of anti-nutritional factors that directly restrict nutrient digestion 
and/or raise indirect viscosity of intestinal digestion.

• Breaking endosperm integrity resulting in the release of nutrients bound or 
contained by the cell wall.

• Changing digestion that is more effective.
• Decrease in endogenous secretions and protein losses from the gut.
• Decrease in the intestinal tract weight and modification of the intestinal 

morphology.
• Alterations in the microflora profile of the small intestine. Utilization of enzymes 

directly affects the gut having a significant impact on the bacteria that comprise 
communities of microflora.

• Enhance the internal digestive enzymes that are either not enough or lacking in 
the bird, leading to an improvement in digestion. This will be particularly 
accurate for young chickens with immature digestive systems. 
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Increased digesta viscosity and subsequent growth performance depression are 
caused by broiler diets high in non-starch polysaccharide (NSP) (Jia et al. 2009). To 
solve this problem carbohydrase enzymes are added to broiler diets, which enhances 
nutrient uptake and boosts their productivity. For instance, encapsulated nutrients are 
released when non-starch polysaccharides (NSPs) are hydrolyzed by carbohydrase 
into smaller oligosaccharides. 

The advantages of prebiotics may also be present in the small oligosaccharides 
that are produced during NSP hydrolysis (Courtin et al. 2008). Prebiotic-like 
properties are produced when using enzymes to partially hydrolyze the hemicellu-
lose found in agro-industrial byproducts, particularly Palm kernel expeller (PKE) 
and oligosaccharides (DP-6). 

The enzymes start biological reactions and regulate how quickly substrates are 
transformed into useful products. Beneficial bacteria like Bifidobacterium and 
Lactobacilli spp. ferment the NSP hydrolysis products resulting in generation of 
short-chain fatty acids (SCFAs). Increased SCFA concentration is frequently 
correlated with an increase in the population of beneficial bacteria and a decrease 
in the population of pathogenic bacteria. Some SCFAs are also utilized by the host as 
a growth-supportive energy source (Lee et al. 2017). 

Supplementing broilers with glucose oxidase (GOD) has been shown to increase 
daily body weight gain, enhance meat quality, and improve their ability to digest 
feed as evidenced by the nutrients’ apparent digestibility and digestive enzyme 
levels. Principally, dietary GOD supplements may boost broiler growth performance 
in two ways: (1) by enhancing gut digestion, as evidenced by increased nutrient 
apparent digestibility and digestive enzyme, and (2) by boosting the population of 
good bacteria like Faecalibacterium prausnitzii, Ruminococcaceae, and Firmicutes 
(Wu et al. 2019a, b).
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7 Amino Acids 

Dietary amino acids (AAs) are essential for animal nutrition. They are crucial for 
building protein and represent ingredients necessary for desirable animal 
performances and profitability. Depending on whether an amino acid is synthesized 
in the body, it is traditionally classified as nutritionally essential amino acids (EAAs) 
or non-essential amino acids (NEAAs) (Han and Lee 2000). 

Due to its favorable amino acid (AA) profile and high digestibility, soybean meal 
is the most commonly used protein source in the diets of monogastric farm animals 
like pigs and poultry (Cromwell 2000). Additionally, a significant part of the protein 
consumed by monogastric farm animals comes from cereals (e.g., maize, wheat, and 
barley) (Milašinović-Šeremešić et al. 2019; Milašinović-Šeremešić et al. 2021; Han 
and Lee 2000; Zilic et al. 2011). To meet the AA requirement, however, the AA 
composition of cereals and other plant protein sources like rapeseed meal is not as 
good as the AA composition of soybean meal (Milašinović-Šeremešić et al. 2021). 
Besides, the decrease in crude protein (CP) can lead to use of free AA (e.g., Lys, 
Met, Thr, Trp, and Val) to guarantee a sufficient supply of AA while making the 
animal diet more cost-effective and simple to prepare. L-lysine and DL-methionine 
are two of the crystalline amino acids that are produced in large quantities and are 
frequently used to replace or supplement natural protein sources that are deficient in 
lysine and methionine (Han and Lee 2000). 

Dietary AA can be given as intact proteins, peptides, or free AA to farm animals 
with monogastric gastrointestinal systems. Free amino acids and small peptides can 
be absorbed by the gut directly, but intact proteins and larger peptides must first be 
hydrolyzed through digestion in the gastrointestinal tract (Wu 1998; Krehbiel and 
Matthews 2003). As a result, different dietary forms of AA are absorbed at various 
rates, which may have an impact on how AA is metabolized after eating (postpran-
dial metabolism of AA). 

Synthetic amino acid additions to animal diets are crucial not only from a 
nutritional and economic standpoint, but also from an environmental standpoint. 
Utilizing a highly utilizable source for animal feeds to reduce the nitrogen excretion 
in animal manure is the primary solution to the ecological problem (Garcia-Launay 
et al. 2014). Synthetic amino acids, as is well known, increase the digestibility of 
amino acids (nitrogen) and encourage high lean growth. It is just one of the crucial 
functions that synthetic amino acids play in animal nutrition. Animals’ production of 
antibodies is also impacted by amino acids. 

Commercial animal diets frequently include free AA in the form of pure, crystal-
line L-lysine, DL-methionine, L-threonine, L-tryptophan, and L-valine. 

7.1 Mode of Action 

Several studies have shown that certain AAs (e.g., Asn, Thr, Ser, and Val) have 
effects on many metabolic parameters; they modulate metabolic pathways 
(Wu 2010, 2013), regulate protein synthesis and turnover, maintain carbohydrate



and AA metabolism (Dai et al. 2013; Wu  2010), and manage feed intake (Trevisi 
et al. 2018). Further, other AAs (e.g., Arg, Gln, Glu, Gly, and Trp) contribute to 
signaling, immunity, and antioxidative responses (Wu 2010). Gln supplementation 
in the diet of young broiler chickens has shown beneficial effects on the intestinal 
health with longer villi, higher intestinal IgG and IgA concentrations, and improved 
growth performance (Chalvon-Demersay et al. 2021; Bartell and Batal 2007). Some 
authors found that the diet supplementation with Ala, Ser, and Pro resulted in the 
decrease in stress hormones and stress-related behavior in young chicks (Kurauchi 
et al. 2009). 
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Recently, the research on the roles of AA in immune function has gotten more 
attention. Methionine acts as a methyl donor for vital synthesis of polyamines, DNA 
methylation, and is a precursor to form Cys, which is required to generate glutathi-
one as a crucial antioxidant (Ruan et al. 2017). Tryptophan participates in numerous 
metabolic pathways including immune response and the synthesis of serotonin, a 
neurotransmitter involved in controlling appetite (Li et al. 2007). Further, threonine 
can be incorporated into immunoglobulins and preferentially utilized by the gut in 
pigs for the formation of mucosal proteins (Tang et al. 2021). Le Floc’h et al. (2018) 
found the health of growing pigs can be supported by the utilization of AAs such as 
Trp, Gln, Leu, and Ala as feed ingredients. 

There is little data on the long-term effects on metabolism and physiology of 
dietary forms of AA because most recent studies focus on their short-term effects. 

8 Functional Elements and Nanoparticles 

Nanotechnology is obtaining nano-sized materials for medicinal, antimicrobial, 
medication, electronics, cosmetic, food packaging, and encapsulation purposes 
with increased efficiency. It uses organic and inorganic matter in trace amounts, 
typically between 1 and 100 nm (Gangadoo et al. 2016). Nanoparticles are increas-
ingly being used in animal nutrition, particularly as feed additives, health boosters, 
and antimicrobials for animals. A small item known as a nanoparticle is one that 
functions as a single unit throughout transit and has a high level of bioavailability 
and biodegradability. Nano-feed additives can increase feed output and quality while 
lowering feed costs and boosting feed efficiency (El Sabry et al. 2018). Nano-
biosensors could be used to find toxin-producing insects or fungi in bulk grain 
storage silos, which would help to increase feed quality and safety (Mathivanan 
2021). They serve a variety of technological (binding, fluidifying, and anti-caking), 
nutritional (increasing nutrient digestibility, slowing transit speed), and hygienic 
(gastric and intestinal) purposes in animal feed. According to the available scientific 
evidence, materials that have undergone nano-scale manipulation through the appli-
cation of nanotechnology may end up with novel physicochemical properties. The 
biological activity of a substance is the result of its physical properties, such as 
surface area, volume ratio, shape, surface features, and charge. Furthermore, 
biodistribution, biocompatibility, or toxicity of a material could be changed as a 
result of nanotechnology manipulation. For instance, altering a substance’s particle



size may have an impact on how it is absorbed and transported inside the body. The 
bioavailability of an animal food ingredient in a nanomaterial range may differ from 
larger-scaled material with the same chemical composition (Swain et al. 2015). For 
instance, while some tea polyphenols act as antioxidants in their bulk form, they act 
as pro-oxidants at the nano scale (Alotaibi et al. 2013). It may change the minimum 
amount of the animal food ingredient required to achieve the intended technical or 
nutritional effect (CVM GFI #220 Use of Nanomaterials in Food for Animals 
(2018)). 

34 O. Djuragic et al.

8.1 Mode of Action 

Additionally, nanoparticles developed to safeguard fats in ruminant diets, to reduce 
rumen fermentation disruption, to protect amino acids, and increase their availability 
for the host animal, may be useful in the future (El Sabry et al. 2018). 

There are successful and encouraging examples of application of various 
nanomaterials in poultry and cattle nutrition (Moyosore et al. 2019). 

The principal application of nanotechnology in animal nutrition is the creation of 
nano-minerals, particularly trace minerals with limited bioavailability (Hill and Li 
2017). 

Minerals in nanoparticle form also lessen intestinal mineral antagonism, which 
lowers excretion and minimizes environmental contamination. According to studies, 
feeding livestock and poultry nanoparticles enhanced their performance by 
strengthening their immune and digestive system (Janocha et al. 2022; Gopi et al. 
2017). Nano-forms of micro and macro elements most frequently increase the body 
weight, and daily weight gain, and improve the feed conversion ratio (FCR) 
(Bąkowski et al. 2018; Yusof et al. 2019). For instance, silver nanoparticles have a 
potent antibacterial action (Fondevila et al. 2009). However, use of nano-minerals, 
such as nano-selenium, nano-chromium, or nano-zinc, may improve animal produc-
tion, health, and quality of animal products. Research has shown that nanomaterials 
can be used more effectively than the chelates and inorganic salts of these elements, 
widely used in the feed industry (Konkol and Wojnarowski 2018). 

For example, nano-Zn can be a good substitute for traditional Zn sources in cattle 
feeding. Nano-Zn has shown several positive benefits, including encouraging 
growth and acting as an antimicrobial and immunomodulator. It supports all physio-
logical processes and fulfils the same functions as traditional Zn sources. As a result, 
nano-Zn can be utilized in livestock feed at lower dosages than conventional Zn 
sources to produce superior results, indirectly preventing environmental damage 
(Partha et al. 2016). According to Prokhorova et al. (2016), feed additives containing 
microelements have shown a positive impact on the body of broiler chickens. Some 
surface-functionalized nano-components and nano-minerals can bind and eliminate 
viruses and poisons. For many years, as structural elements of soil, clays have been 
used for different purposes. Kaolinites, smectites, and sepiolites are the most fre-
quent, due to their high surface area, cation exchange capability, and physical and 
chemical stability (Papaioannou et al. 2005). Among other qualities, clays have a



high metal sorption capacity (Abad-Álvaro et al. 2019; Kumari and Mohan 2021). In 
recent years, mycotoxins have been frequent contaminant of animal feed and cereal 
grains (Kos et al. 2014, 2018; Čolović et al. 2019). The use of nutritionally inert 
adsorbents in the animal diet that bind mycotoxins is one of the most recent solutions 
of this global problem. It reduces intestinal absorption preventing toxic effects on 
cattle and the transfer of toxin compounds to animal products (Čolović et al. 2019). 
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9 Conclusions 

Feed additives are utilized on a global scale for a variety of purposes. Due to the feed 
manufacturer’s increased emphasis on extending the feed’s shelf life and satisfying 
all of the nutritional needs of animals, the need for feed additives permanently 
increases. They may have a favorable impact on technological capabilities and 
product quality. Nevertheless, the health of animals with high growth rates is a 
key consideration when choosing feed additives. 

It should be mentioned that there are numerous additives on the market today, all 
of varied quality and cost. Additionally, a lot of products could not share the same 
manufacturing and processing characteristics. In terms of business, it is crucial that 
the feed additive genuinely helps with enhancing production parameters or resolving 
particular issues. Today, the market for feed additives includes two types of 
products: dry and liquid. Because they are simple to mix with feed, easy to store, 
and simple to handle, the dry form is more favorable among feed producers. 
Customers now have more alternatives for mixing because of its availability in 
pellet and mash forms, which should assist the segment’s growth. However, high 
reactivity of PFAs (EOs), interruption of their mode of action, degradation, oxida-
tion, mixing with the basic feed constituents, and organoleptic properties are the 
main limits on the application and incorporation of PFAs into feed. Temperature, 
light, metals, and the availability of water and oxygen in the production processes 
can affect the stability and bioactivity of EOs. To overcome these constraints, 
cutting-edge technologies such as encapsulation and microencapsulation seem to 
be the best approaches to preserving the biological activities of EOs and minimizing 
their effects on feed sensory qualities. 

Additionally, production costs should be in relation to the social responsibility of 
feed processing, which may include energy consumption, carbon footprint, water 
resource use, and life cycle assessment. Feed technology is a crucial component of 
animal production system that produces high-quality, nutrient-rich feed by 
processing components and creating animal feeds. Finally, the main goal is to 
improve nutrient use of compound feeds and conversion of poor ingredients into 
higher-value feed components. Therefore, animal feed producers have a social 
responsibility to support more environmentally friendly food production methods.
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Food Additives as Functional Ingredients 
in Food Products 

Sonia A. Socaci, Liana Salanţă, Anca C. Fărcaş, Silvia Amalia Nemeş, 
and Mădălina Medeleanu 

Abstract 

In recent years, there has been a notable advancement in the field of food science 
and technology, with a growing emphasis on adopting sustainable practices in 
food production. This includes a focus on the selection and sourcing of food 
additives. Food additives are widely acknowledged for their significant contribu-
tion to enhancing the overall quality and stability of food products. These 
additives serve various purposes, such as imparting color, flavor, and texture, as 
well as preserving the food and enhancing its resistance to transportation and 
handling. The utilization of additives is deemed acceptable solely when they 
contribute to enhancing the overall quality and organoleptic characteristics of 
food while posing no threats to humans’ health. The physicochemical and sensory 
properties of food products may undergo changes due to various deterioration 
processes, including microbiological, enzymatic, physical, and chemical factors. 
These processes can lead to a decline in both the nutritional quality and food 
safety of the products. In order to safeguard the well-being of consumers, 
preservatives (antimicrobials, and anti-browning agents), antioxidants from
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natural sources, natural pigments as food colorants (anthocyanins, carotenoids, 
betalains, and chlorophyll), and hydrocolloids (carboxymethylcellulose, xanthan, 
β-glucans) are included in the food. Unfortunately, depending on the dosage, 
there is a fine line between safe and hazardous. However, regulatory agencies and 
law enforcement organizations are responsible for overseeing the development of 
the food industry and have implemented rigorous laws to regulate the licensing 
and supervision of food additives.
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1 Introduction 

The global food system is kept under control by the national and international 
authorities responsible for food quality, safety, and security (those from the USA 
and Europe being the most important) (Wu et al. 2022b). One of the most significant 
roles of European legislation is laying down the rules on food additives used in the 
food industry, ensuring a high level of consumer protection, including human health. 
Even though there are some inconsistencies regarding the approval and use of certain 
food additives between the European Union (EU) and the USA (e.g., additives 
permitted in some countries are banned in others such as sodium sorbate, fast 
green, and fluorescein, which are permitted in the USA but prohibited in the EU, 
or amaranth and carmoisine dyes, which are prohibited in the USA but allowed in the 
EU [M’Arcio Carocho et al. 2014]), the responsible authorities have a common 
principle: to ensure a clean and safe alimentation for consumers worldwide. The 
European Food Safety Authority (EFSA) and the European Commission, based on 
EFSA assessment and regulations (Cox et al. 2021), define a food additive as a 
“substance not normally consumed as a food in itself and not normally used as a 
characteristic ingredient of food, whether or not it has nutritive value, the intentional 
addition of which to food for a technological purpose in the manufacture, processing, 
preparation, treatment, packaging, transport, or storage of such food results, or may 
be reasonably expected to result, in it or its by-products becoming directly or 
indirectly a component of such foods” (https://eur-lex.europa.eu/legal-content/EN/ 
TXT/?uri=celex%3A32008R1333 (EU), C. R. Regulation (EC) No 1333/2008 of the 
European Parliament and of the Council of 16 December 2008 on Food Additives). 

The use of food additives has had ancient roots in history; in the time of Homer, 
Greeks used a mixture of salt and sodium nitrite to preserve meat, while, 3000 years 
ago, Egyptians used sulfur dioxide for wine preservation (Saltmarsh 2013). For 
preservation and to improve the look of meals, the Romans utilized potassium 
nitrate, spices, and colors (EUFIC 2021). Due to social, scientific, and technological 
evolution, nowadays food additives gained interest in society and the population is 
increasingly concerned about the composition of the food. Currently, in Europe over 
330 authorized additives are used to increase the food’s quality and shelf life (40 are 
colors, 19 are sweeteners, and 275 are other than colors and sweeteners) (Eloi 
Chazelas et al. 2020).

https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=celex%3A32008R1333
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=celex%3A32008R1333
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Food additives are recognized for their role in enhancing quality and stability, 
being used to color, flavor, preserve, or improve the texture of food, or conferring 
resistance to transportation and handling. Their use is justified only when they bring 
a benefit to the quality of the food and/or its organoleptic properties without 
presenting risks to public health. 

Firstly, an additive can be considered suitable to be placed on the market and used 
in food only if it passes the approval process for new additives (Wu et al. 2022b). 
EFSA Panel on Food Additives and Nutrient Sources added to Food (ANS) from 
March 7, 2021, refers to the application for the authorization or re-authorization of a 
new additive, and of an already authorized additive, respectively. This document is 
built on four sections (European Food Safety Authority [EFSA] 2021): 

(A) Chemistry and specifications: the section aims to identify the food additive, and 
potential hazards from its manufacturing, and to define the material tested 
through specifications. 

(B) Existing authorizations and evaluation: the purpose of this section is to provide 
an overview of previous risk assessments on the additive and their conclusions. 

(C) Proposed uses and exposure assessment: the section aims to estimate dietary 
exposure based on the proposed uses and use levels, as well as the consumption 
of the proposed foods by various age groups in the EU population. 

(D) Toxicological studies: the purpose of this section is to describe the methods that 
can be used to identify and characterize hazards. 

Notable is the fact that food additives permitted prior to January 20, 2009, are 
undergoing a risk assessment re-evaluation by the European Food Safety Authority 
(EFSA). This procedure was executed in three distinct phases, each with its own 
completion date. The first group, colorants and additives, must be evaluated by 2015; 
the second group, texturizing agents, must be evaluated by 2018; and, finally, the 
compliance of sweeteners must be evaluated by 2020 (EU; Claudia Pașca and Socaci 
2018). 

Depending on the dosage of additives used, there is a fine line between safe and 
hazardous, with the minimum dose required to achieve the desired effect being used 
the majority of the time (GA Blekas 2016). The “Acceptable Daily Intake” (ADI) 
represents the amount that can be safely consumed every day, throughout the entire 
life, without putting the consumer’s health at risk. The ADI and acceptance rate of 
the additive are adjusted by EFSA’s and World Health Organization-Food and 
Agriculture Organization (WHO–FAO) Joint FAO/WHO Expert Committee on 
Food Additives (JECFA) scientific panels (Saltmarsh 2013). This procedure can 
be applied to determine the maximum authorized amount of a specific additive or a 
chemically related group of additives. These concentrations are usually expressed in 
milligrams of additive per kilogram of body weight; ADI can also be unspecified at 
quantum satis, which is a Latin word that can be associated with the use of the 
additive in a suitable concentration to achieve the desired effect, but according to the 
Good Manufacturing Practice (Authority). 

According to their properties, the approved food additives are included in 
Annexes to Regulation EC No. 1333/2008. As such, Annex I contains classifications



of food additives based on their functionality (27 functional classes): sweeteners, 
colors, preservatives, antioxidants, carriers, acids, acidity regulators, anti-caking 
agents, anti-foaming agents, bulking agents, emulsifiers, emulsifying salts, firming 
agents, flavor enhancers, foaming agents, gelling agents, glazing agents, humectants, 
stabilizers, and so on (Fig. 1). Also, the same regulation stipulates the Union list of 
food additives approved for use in foods and conditions of use (Annex II; EU). 
Additionally, food additives can be divided according to their origin as natural (as a 
result of plant or animal substrate purifying) and synthetic additives (as a result of 
chemical synthesis) (Wu et al. 2022b). Natural additives are an important future tool 
for food preservation due to their health benefits and synergistic properties (Márcio 
Carocho and Ferreira 2015). 
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Fig. 1 Food additives classification based on their functionality 

In Europe, a scheme in which each additive receives a unique number called an 
“E-number” is used for the individualization and easiest classification of food 
additives. The label of each commercialized food product must include the



E-number or the name of the food additive and a specific reference for food use (e.g., 
acidulants and preservatives). Nowadays, numbering and coding additives is a key 
step in gaining consumers’ trust, but this has not always been so. There was a 
campaign against “E-numbers” in the 1980s due to their irresponsible use; foods 
containing additives were considered dangerous, which is why they were as much to 
be avoided as foods containing genetically modified ingredients. The public’s view 
of the relationship between “food additives” and “chemicals” has compounded 
matters. The focus on additives in the 1980s was prompted by a 1986 change in 
labeling laws that mandated the listing of each additive in the ingredient list of the 
majority of pre-packaged products. Prior to that, the use of additives was denoted by 
generic functional groups, such as “preservatives,” “antioxidants,” and “colors.” As 
a consequence of the new labeling requirements, some food labels now contain 
lengthy inventories of additives, including lengthy chemical names. Some products 
appeared to be nothing more than a few basic constituents held together by a 
chemical dictionary. The “E” number system, which was intended as a short code 
for some of the longer chemical names and to indicate common European safety 
approval, became the focal point of the criticism against the use of additives, and 
consumers voted with their feet by abandoning products with lengthy “E” number 
lists. The anti-additives campaign and subsequent consumer pressure to eliminate or 
reduce the use of additives resulted in inevitable changes to manufacturing and 
marketing practices. It is therefore time to re-evaluate the role and application of 
additives in the food supply, keeping in mind that they will always be necessary for 
food preparation, quality, and preservation (M’Arcio Carocho et al. 2014). 
According to the EFSA’s scientific forum, the introduction of government bodies 
that examine potential consumer dangers has caused these issues to dissipate and 
people’s trust to rise (M’Arcio Carocho et al. 2014). 
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2 Preservatives 

Food products’ physicochemical and sensory properties can alter as a result of 
deterioration processes (microbiological, enzymatic, physical, and chemical), 
which also reduces the nutritional quality and food safety. To ensure the safety of 
food products for consumers, several methods (biological, physical, and chemical) 
have been developed to extend the shelf life of food products without changing any 
of the sensory properties. One of the most frequent conservation methods that 
sustains the quality of food items and decreases the incidence of foodborne diseases 
is the incorporation of preservatives into the technological processes of food pro-
duction (Novais et al. 2022). Preservatives are one of the most important families of 
additives, with E values ranging from E200 to E399. The preservatives are classified 
into three functional groups: antioxidants, antimicrobials, and anti-browning agents 
(Carocho et al. 2018). Antimicrobials are substances that preserve food for a longer 
period of time by preventing natural spoilage and inhibiting spoilage caused by 
fungi, bacteria, and other microorganisms (Carocho et al. 2018; Wu et al. 2022a). 
Enzymatic and non-enzymatic food browning is often prevented by using



anti-browning chemicals when handling, processing, and storing food products 
(Carocho et al. 2018). Compounds with an antioxidant action are a type of preserva-
tive used to extend the shelf life of food products by preventing oxidative processes 
such as rancidity, color and texture deterioration, and odor change (Carocho et al. 
2018). In this book chapter, a special section is devoted to discuss the preservatives 
with antioxidant properties in more detail. 
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Fig. 2 Classification of natural food preservatives 

Based on their origin, food preservatives are divided into two groups: artificial 
preservatives and natural preservatives. Food preservatives are most commonly 
found in synthetic forms in food products, such as sorbates, nitrates, and sulfites 
(Novais et al. 2022). However, the impact of artificial preservatives on the human 
body can produce an intestinal microbiota imbalance that may have consequences 
for human health (Ruiz-Rico et al. 2023). Improving food quality and safety is 
critical for human well-being, therefore, previous research articles have focused on 
finding alternatives to conventional food preservatives, such as plant-based and 
animal- or microbial-based antimicrobial compounds (Ruiz-Rico et al. 2023; 
Gokoglu 2019). A classification of natural preservatives is illustrated in Fig. 2.
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Various plant parts, including the leaves, stems, flowers, fruits, and roots, are 
used to produce plant extracts that are rich in compounds with preserved functions. 
Herbs and spices extracts are significant examples of plant-based preservatives; 
depending on the species, habitat, and concentration, they may be used as natural 
preservatives (Gokoglu 2019). Polyphenols, flavonoids, tannins, alkaloids, 
terpenoids, isothiocyanates, lectins, and polypeptides are the main plant-based 
phytochemicals utilized as natural preservatives alongside essential oils (EOs) 
(Gokoglu 2019). Polyphenols represent a large class of natural compounds abun-
dantly distributed in many plant sources, with more than 8000 phenolic structures 
known up to now. The primary industrial application of polyphenolic compounds is 
to prevent oxidative processes in food products, although studies demonstrate that 
polyphenolic compounds can also have an antibacterial effect on foods. The antimi-
crobial effect’s mechanism of action is based on polyphenols’ ability to change the 
permeability of the cell membrane, modify intracellular functions via links formed 
between phenolic compounds and enzymes, or degrade the cell wall via interactions 
between polyphenols and the cell membrane (Olszewska et al. 2020). The 
antibacterial potential of pomegranate extract, vanillin, and geraniol, which were 
utilized as food preservatives in strawberry juice, was examined by Tomadoni and 
colleagues (2016). Each antimicrobial preservative was used in two concentrations: 
pomegranate extract at 180 and 360 μg/mL; vanillin at 2.5 and 5 mg/mL; and 
geraniol at 0.6 and 1.2 μL/mL. The native microflora on strawberry juice was 
significantly reduced by more than three log cycles by geraniol and vanillin at 
both concentrations tested, increasing the product’s microbiological shelf life. Addi-
tionally, both antimicrobials increased the security of the product by lowering 
inoculated Escherichia coli O157:H7. The highest concentration of pomegranate 
extract lowered the concentrations of mesophilic and psychrophilic bacteria, 
whereas it had no effect on yeasts, molds, and the inoculated E. coli bacterium 
(Tomadoni et al. 2016). Moreover, the leaf extract of Basilicum polystachyon rich in 
phenolic compounds (gallic acid, trans-cinnamic acid, ellagic acid, quercetin, 
vanillic acid, caffeic acid, p-coumaric acid, and rosmarinic acid) expressed antimi-
crobial activities against Bacillus subtilis, Staphylococcus aureus, Mycobacterium 
smegmatis, E. coli, and Candida albicans investigated through disk diffusion assay 
and minimum inhibitory concentration assay (Das et al. 2022). Furthermore, 
solvents such as methanol, ethanol, and acetone were utilized to extract bioactive 
chemicals having biological activity (antioxidant, antibacterial, and antimutagenic) 
from brewers’ spent grain. All of the phenolic extracts have been found to have 
antibacterial properties on bacterial and fungal strains, particularly the Candida 
albicans fungus (Socaci et al. 2018). Natural food preservatives, on the other 
hand, such as phenolic extracts with antibacterial effects, may have a functional 
role in the human body due to their potential to reduce cellular damage or cellular 
death, lowering the incidence risk of chronic disease (Nemes et al. 2022). However, 
the bioavailability and bioaccessibility of phenolic compounds determine their 
efficiency in reaching target areas and performing any protective functionality on 
the human body (Nemes et al. 2022). Ferulic acid, one of the most abundant phenolic 
compounds in plant-based sources, is a high-value bioactive compound due to its



preservation effects on food products and functional potential in the human body, 
such as anti-hyperlipidemic, anti-oxidative, and anti-inflammatory activities (Nemes 
et al. 2022; Bumrungpert et al. 2018). A recent study examined the impact of ferulic 
acid supplementation on lipid profiles, oxidative stress, and inflammation in hyper-
lipidemia patients, and found that it has the potential to lower cardiovascular diseases 
risk factors like total cholesterol, low-density lipoprotein (LDL)-cholesterol, 
triglycerides, oxidative stress biomarkers, and inflammatory markers (Bumrungpert 
et al. 2018). 
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Essential oils (EOs) are volatile oils with strong aromatic properties that provide a 
characteristic aroma and odor to aromatic plants (Pavela 2015). EOs are among the 
plant-based components that have been utilized since ancient times in fields such as 
medicine, flavoring agents, and food preservatives (Tiwari and Dubey 2022). More 
than 17,500 plant species, primarily from the angiospermic families Myrtaceae, 
Lamiaceae, Asteraceae, Rutaceae, and Zingiberaceae, have been identified to pro-
duce EO metabolites (Pavela 2015). Because of their antioxidant, antifungal, and 
antibacterial activities, EOs and their bioactive components are now widely used as 
novel green preservatives in the food industry. Aromatic phytoproducts are 
synthesized from many plant parts, including seeds, flowers, bark, rhizomes, roots, 
buds, fruits, and leaves (Tiwari and Dubey 2022). EOs contain a complex mix of 
bioactive chemical components such as terpenes, terpenoids, and phenolic 
compounds (Falleh et al. 2020). Terpenes, represented by pinene, myrcene, limo-
nene, terpinene, or p-cymene, are hydrocarbons with a simple structure. Terpenoids 
are hydrocarbons that contain oxygen molecules and are derived from the structure 
of terpenes, by binding functional groups and methyl oxylated groups in various 
positions (Masyita et al. 2022). Mustard essential oil with allyl isothiocyanate 
(98.4%), thyme with linalool (14.6%), and Mexican oregano with carvacrol and p-
cymene (26.9% and 20.0%, respectively) were found to have effective antibacterial 
properties against Salmonella typhimurium with minimum inhibitory concentration 
values ranging from 0.025 to >5 μg/mL (Meenu et al. 2023). Avocado leaf EOs 
indicated antibacterial activity against Staphylococcus epidermidis and Staphylococ-
cus aureus (Nasri et al. 2022). Moreover, the bioactive components in EOs provide 
beneficial functional effects on the human body, including anti-inflammatory and 
antinociceptive effects (Huang et al. 2019), antibacterial and immunomodulatory 
activities (Valdivieso-Ugarte et al. 2021), and antioxidative and mucolytic effects on 
respiratory diseases (Li et al. 2023). Table 1 summarizes the plant-based, and animal 
and microbial-based food preservatives that provide a functional role in human 
health. 

Another class of compounds with biological activity that can act as natural 
preservatives for food products are those derived from plants and microbial sources. 
Antimicrobial peptides, which are effective against bacteria, fungi, protozoa, and 
some viruses, are one of the animal-based natural preservatives (Novais et al. 2022). 
Specific bioactive peptides, such as Sesquin, are already in use in the food additives 
sector due to their ability to inhibit unwanted microorganisms’ growth while pre-
serving product quality and nutritional benefits. Botrytis cinerea and Fusarium 
oxysporum, which have the capacity to affect common products such as wheat and 
grapes, are the most critical microorganisms for which scientists are looking for
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bio-preservative alternatives. Fungi’s capacity to affect every part of the plant, such 
as grapes, tomatoes, and strawberries, at any stage of development limits the use of 
synthetic fungicides (Ramos-Martín et al. 2022). Brisha Arulrajah and colleagues 
created a microbial-based preservative with antifungal activity by fermenting kenaf 
seeds to produce a mixture of antifungal peptides (Arulrajah et al. 2021). The peptide 
mixture produced during lacto-fermentation with Lactobacillus pentosus RK3 
presented fungicidal effects against Aspergillus niger and Fusarium sp. when tested 
on tomato puree (Arulrajah et al. 2021).
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3 Antioxidants from Natural Sources 

Plants or plant extracts rich in polyphenols can be used as antimicrobial and 
antioxidant food additives, as flavoring agents, or as natural sources of antioxidants 
with health benefits. With the ability to interact with free radicals and antimicrobial 
effect, phenolic compounds have antibacterial, antioxidant, anti-hyperlipidemic, 
antitumoral, antidiabetic, cardioprotective, and neuroprotective properties (Zeb 
2020). Antioxidants of natural origin are “generally recognized as safe” (GRAS) 
by regulatory bodies, but they need to meet some criteria: low-concentration effi-
cacy, maintaining stability during food preparation and storage, compatibility with 
food, and consumer safety regarding mutagenicity, carcinogenicity, teratogenicity, 
and toxicity due to higher amounts used than synthetic antioxidants (Lourenço et al. 
2019). Table 2 presents examples of natural sources of antioxidants with 
applications in food products, along with their biological activities. 

A method to assure stability and bioavailability of phenolic compounds in 
functional food products (bread, butter, yogurt, cake, biscuits) or beverages (milk, 
juice) is nano-formulation using various matrices and carriers that are non-toxic for 
consumers (Jampilek et al. 2019). Phenolic compounds with antioxidant properties 
like phenolic acids, flavonoids, stilbenes, coumarins, lignans, and tannins may be 
found in all parts of the plant: fruits, roots, leaves, seeds, and barks (Shahidi and 
Ambigaipalan 2015). Alasalvar et al. (2021) reviewed eight specialty seeds—black 
cumin, chia, hemp, flax, perilla, pumpkin, quinoa, and sesame—to assess nutrients, 
bioactive compounds, health benefits, and consumer safety. Rich in essential 
nutrients like amino acids, minerals, and vitamins, specialty seeds contain bioactive 
ingredients such as tocopherols, carotenoids, phytosterols, and polyphenols 
(flavonoids, phenolic acids, lignans, and isoflavones) that have anti-inflammatory, 
hypoglycemic, blood pressure and lipid metabolism regulation, antioxidant, and 
antimicrobial activities with multiple health benefits (Alasalvar et al. 2021). 

Functional foods enriched with plant antioxidants may contribute to dementia and 
Alzheimer’s disease treatment as well as maintaining a proper renal, hepatic, cardio-
vascular, and digestive status in older patients (Wilson et al. 2017). Red raspberries 
possess anthocyanins and ellagitannins, polyphenol compounds that can reduce the 
risk of metabolism or oxidative-related diseases, increasing cardiovascular and brain 
health (Burton-Freeman et al. 2016). Green coffee and tea antioxidants (chlorogenic 
and caffeic acids, caffeine, and trigonelline) can be incorporated in various
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matrices—muffins, bread, and donuts—offering increased antioxidant levels and 
lower levels of acrylamide formed during the frying process of donuts. Sensory 
acceptability and polyphenol bioavailability are increased when the extracts are 
micro- or nano-encapsulated (Aguiar et al. 2016). Epicatechin derivatives found in 
green tea may increase bone mineral density due to the inhibition of bone resorption 
and apoptosis of the osteoclasts, and it can represent a good source of antioxidants 
for osteoporosis prevention (Arnold et al. 2021).
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Several plants used as traditional herbal medicines can be included in functional 
foods with human health benefits. Angelica dahurica root contains coumarins and 
furanocoumarins with in vitro antioxidant and antiproliferative activities (Bai et al. 
2016). Moringa oleifera leaves contain ascorbic acid, flavonoids, phenolics, 
carotenoids with antioxidant properties, and calcium, iron, copper, potassium, and 
folate with good bioavailability (Peñalver et al. 2022). Powdered fruits and 
vegetables like mango, apple, carrot, pumpkin, jaboticaba, guava, pomegranate, 
blueberry, grape, orange, mushroom, and grapefruit can be added to biscuits as 
functional ingredients, increasing mineral and fiber content but also carotenoids and 
polyphenols levels, with human health benefits (Salehi 2020). Antioxidant additives 
also contribute to an efficient production process. The addition of pollen to 
beverages or dairy products as a fermentation activator, natural antioxidant, or 
fermentation feedstock improved the final product, with an increase in polyphenols 
and flavonoids content, an improvement in sensory and textural or rheological 
properties, and increased alcohol formation (Kostić et al. 2020). The incorporation 
of plant antioxidants into meat products increased shelf life and inhibited the 
formation of chemical toxins produced during preparation (Jiang and Xiong 2016). 

4 Natural Pigments as Food Colorants 

Colorants are used in the food industry to increase consumer acceptability (Solymosi 
et al. 2015). Plants, especially fruits, are good sources of natural colorants. The main 
natural pigments in the plant kingdom are anthocyanins, carotenoids, betalains, and 
chlorophyll, and their use in the food industry is challenged by low stability, which 
can be increased by micro- and nano-encapsulation (Rodriguez-Amaya 2019). 
Anthocyanins are a family of natural pigments responsible for the purple, red, 
blue, and orange colors of fruits, vegetables, and flowers (Zhang et al. 2014). The 
most common anthocyanidins are pelargonidin, cyanidin, peonidin, delphinidin, 
petunidin, and malvidin. 

Fortified food with anthocyanins has multiple health benefits: anticancer, anti-
inflammatory, neuroprotective, cardioprotective, anti-obesity, and antidiabetic 
activities (Li et al. 2017). The selection of a specific colorant is made considering 
its solubility and the matrix that needs to incorporate it: anthocyanins, which offer 
the red-blue-purple color, and betalains, which offer the red color, are water soluble, 
while carotenoids, which offer the yellow-orange-red color, and chlorophylls, which 
offer the green color, are lipid soluble (Sharma et al. 2021). Most natural origin 
colorants also have antioxidant effects. García-Cruz et al. (2017) compared two



different species of pitaya fruit, one with white pulp and one with red pulp, and 
found different amounts of betalains and phenolic compounds, with similar antioxi-
dant capacities. Carotenoids are also colorants with antioxidant properties and can be 
found in mango, pumpkin, carrots (β-carotene), tomatoes (lycopene), green leafy 
vegetables, or algae (lutein and zeaxanthin) (Xu et al. 2017). Flavonoids and 
anthocyanins are added to bakery products, biscuits, dairy products, or beverages 
for increasing antioxidant properties and stability, or improving the final product 
color (like yellow or orange-colored cheeses) (Neri-Numa et al. 2020). In the process 
of making naturally colored foods, other beneficial compounds are made. Red yeast 
rice receives its red color after rice fermentation by the Monascus purpureus fungus. 
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During the fermentation, a series of molecules that inhibit cholesterol (monacolin 
A and KA) are formed, and their effect is identical to that of lovastatin, a drug that 
inhibits 3-hydroxy-3-methyl-glutaryl-coenzyme A (HMG-CoA)-CoA reductase and 
lowers serum cholesterol levels, especially LDL-cholesterol (Poli et al. 2018). 
Bioactive compounds may also be found in by-products, and their use is encouraged 
to contribute to sustainable production. Veneziani et al. (2017) reviewed the appli-
cation of recovered bioactive compounds in food products with a focus on olive oil 
production wastes. Olive mill wastewater is rich in phenolic compounds such as 
phenolic acids, comselogoside, secoiridoids, flavonoids, and verbascoside and can 
be used as a fortifier in oil, milk beverages, and meat products with antioxidant and 
antimicrobial activities (Veneziani et al. 2017). Anthocyanins, carotenoids, 
anthoxanthins, and chlorophyll can be extracted from wine pomace, rice bran, 
tomato by-products, berries, potatoes, citrus peels, or green leafy vegetables, and 
used as natural-source colorants in the food industry (Faustino et al. 2019). 
Lombardelli et al. (2021) efficiently extracted betalains from unsold red beets, 
which can be further used as a food colorant in desserts and confectioneries, dry 
mixes, and dairy and meat products (Lombardelli et al. 2021). Bagasse, skin, and 
seeds of kiwi are wasted, which are rich in bioactive compounds such as flavonoids, 
tocopherols, phenolic compounds, and anthocyanins, with antioxidant, antitumoral, 
and anti-inflammatory activities and gastrointestinal benefits (Chamorro et al. 2022). 
Ooi et al. (2021) analyzed the carotenoids and phenolic compounds content of the 
skin of various sweet potato species. The orange peel had the highest carotenoid 
content while the purple peel had the highest phenolic compounds content, both with 
high antioxidant capacity, being a sustainable option for food colorant or antioxidant 
(Ooi et al. 2021). Table 3 presents examples of natural sources of colorants with 
applications in food products, along with their biological activities. 

5 Hydrocolloids’ Functionality in Foods 

Hydrocolloids are high-molecular-weight, long-chain hydrophilic polymers having 
amino and carbonyl functional groups. They are used in the food industry to thicken, 
gel, replace fat, and produce films (Zhang et al. 2021). Starch, xanthan gum, agar, 
pectin, gellan gum, alginate, inulin, carob bean gum, gum Arabic, and carrageenan 
are some of the most well-known hydrocolloids (Zhang et al. 2021; Pirsa and Hafezi
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2023). Furthermore, because of their preservation properties, several hydrocolloids 
are used in the food additives industry.
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Fig. 3 Structure of functional hydrocolloids 

Carboxymethylcellulose (Fig. 3a) is nowadays one of the most commonly used 
food additives in foods such as ice cream, sweets, biscuits, cakes, cookies, candies, 
juices, liquid beverages, dairy and meat products, frozen foods, instant pasta, and 
fruit compotes (Pirsa and Hafezi 2023). Carboxymethylcellulose can perform 
numerous roles in food products, including thickening, emulsification, water reten-
tion, and stabilization. Carboxymethylcellulose also has rheological properties, 
which makes it a viable alternative for gelatins. Therefore, carboxymethylcellulose 
is economical, improves the sensory properties of foods, and increases their shelf life 
(Pirsa and Hafezi 2023). 

Xanthan (Fig. 3b) is another potential additive hydrocolloid. Xanthan is an 
anionic bacterial heteropolysaccharide derived from Xanthomonas campestris fer-
mentation. It has a linear cellulose backbone consisting of β-d-glucose substituted on 
every two units with a pendant trisaccharidic side chain containing a β-d-glucuronic 
acid between an inner α-d-mannose and a terminal β-d-mannose (Abou Dib et al. 
2023). The antimicrobial properties of xanthan gum-based edible coatings on fresh-
cut lotus root were recently analyzed (Lara et al. 2020). The findings of the 
experiments indicated that the spray-coating treatments with xanthan gum solutions 
successfully reduced the enzymatic browning of fresh-cut lotus root during storage, 
and potentially improved its market shelf life. Throughout the first 24 hours of 
incubation, the xanthan gum-based spray-coating significantly inhibited the growth 
of Bacillus subtilis (Lara et al. 2020). 

β-glucans (Fig. 3c) are polymers of glucose that are found in numerous bacteria, 
fungi, algae, and higher plants. One of the largest amounts of β-glucans is found in 
Saccharomyces sp., where the cell walls contain 55–65% of β-glucan (Caruso et al. 
2022). The beer industry is one of the richest sources of yeasts. Moreover, brewer’s 
spent yeast is one of the main by-products of the technological process of beer 
manufacturing, accounting for around 1.5–2.5% of total beer produced annually 
(1.82 billion hL in 2020) (Caruso et al. 2022). Regarding their functional role, the 
European Food Safety Authority has recognized β-glucans as safe food additives 
since 2011. Also, the Food and Drug Administration (FDA) classifies β-glucans as 
nutritional supplements and food additives in the USA, and there is precedent in



Argentina for the inclusion of the first beer by-product in the Argentinian Codex 
Alimentarius CAA (Caruso et al. 2022). Therefore, many research works are 
underlining the use of β-glucans as a thickener or stabilizer in food products, such 
as salad dressing, soups, sauces, and dairy products (Kayanna et al. 2022). In a recent 
study performed by Shuya Xu and colleagues, various concentrations (0%, 1%, 3%, 
and 5%) of oat β-glucan were added to Chinese steamed bread as food additives, and 
the effect on water mobility, starch retrogradation characteristics, and product 
quality was investigated (Xu et al. 2021). The properties of β-glucan slow the staling 
processes of bread by inhibiting the migration of water and the retrogradation of 
starch, sustaining its use as a natural food additive (Xu et al. 2021). Another study 
investigated the effect of carboxymethylcellulose, locust bean gum, and psyllium 
husk powder on wheat dough rheological behavior and bread quality (Sim et al. 
2015). A 0.2% concentration of psyllium husk powder ensured the strength and 
extensibility of the dough, creating a balanced ratio between bread stretch and 
volume. The study’s findings highlighted that the addition of non-starch 
polysaccharides, such as hydrocolloids, in the dough production process, improves 
the quality of the resulting bread, slows the aging process, and extends the shelf life 
(Sim et al. 2015). 
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In addition to the role of natural food additives, hydrocolloids have many 
beneficial effects on the human body, such as lowering blood cholesterol, regulating 
blood lipids and blood sugar (Xu et al. 2021), and prebiotic, immunomodulatory 
(Nemes et al. 2022), antitumoral, anti-inflammatory, and antioxidant effects (Caruso 
et al. 2022). A meta-analysis conducted in the USA, Canada, and Europe included 
15 randomized controlled studies on human subjects that attempted to measure the 
effect of consuming β-glucan-rich oatmeal in individuals in the early stages of 
diabetes. Following the analysis, it was revealed that consuming 3 mg of oat 
β-glucans for at least eight weeks can considerably reduce insulin, blood sugar, 
and glycosylated hemoglobin (Bao et al. 2014). The health benefits of beta-glucans, 
including their ability to reduce serum LDL-cholesterol in humans, were also 
highlighted in a randomized clinical trial conducted by Wolever Thomas and 
colleagues. The physicochemical properties of β-glucans influence their effects on 
lowering cholesterol. An extruded breakfast cereal containing 3 g oat-glucan, con-
sumed daily, with a high molecular weight (2,210,000 g/mol) or a medium molecu-
lar weight (530,000 g/mol), similarly reduced LDL-cholesterol (Wolever et al. 
2010). However, hydrocolloids represent a valuable class of bioactive compounds 
that can act as both natural food additives and functional compounds with a benefi-
cial role for the human body. 

6 Conclusions 

Over the last decades, food science and technology have progressed toward greener 
and environmentally friendly ways of producing foods, thus including the types of 
food additives and their sources of origin. The current trend is focused on finding 
new sources of natural compounds that can be used in foods and feed due to their



bioactive properties. Besides their protective role in products, they also have benefi-
cial effects on human health. The large number of chemicals in nature, the biological 
activities of natural extracts, and the synergies with other compounds provide 
limitless sources of novel compounds with potential uses in foods and feeds. 
Nonetheless, the development in the food industry is being overseen by regulatory 
agencies and law enforcement organizations that have developed stringent laws 
controlling the licensing and supervision of all food additives. 
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Abstract 

Feed additives have been used in animal nutrition for centuries, with the earliest 
recorded use dating back to ancient civilizations. Initially, farmers and 
nutritionists relied on natural products such as plants, minerals, and waste 
products to supplement animal diets. Over time, with advancements in technol-
ogy and scientific understanding, the use of feed additives evolved to include 
synthesized vitamins, minerals, and growth promoters. The twentieth century saw 
significant growth in feed additive industry, driven by increased demand for 
animal protein as a source of food for a rapidly growing human population. In 
the latter part of the twentieth century, the industry continued to expand, with the 
introduction of new products such as antioxidants, antibiotics, and enzymes. The 
use of antibiotics as feed additives was especially popular, with farmers and 
nutritionists relying on them to prevent and treat bacterial infections in livestock 
and poultry. In recent decades, there has been increasing concern about the use of 
antibiotics as feed additives, with evidence suggesting that the widespread use of 
antibiotics has contributed to the development of antibiotic-resistant bacteria. 
This has led to stricter regulations, with many countries now limiting or banning, 
i.e., the EU, the use of antibiotics as feed additives. In response, the industry has 
shifted toward the use of alternative feed additives such as probiotics, prebiotics, 
and essential oils, which seem to have a positive impact on animal health and 
performance. 
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1 Introduction 

Feed additives are substances added to animal feeds to improve the nutritional value 
and confer health benefits to animals and further improve the quality of produced 
products of animal origin. The notion is that feed additives can enhance growth, 
improve feed efficiency, prevent disease, and improve overall animal performance. 
Marketing of feed additives is highly regulated subject to rigorous scientific evi-
dence regarding their impact on animal health and the environment as well as the 
health of consumers of animal products. Hence, authorizations are for designated use 
in feed of certain animal species or groups, as well as under specified circumstances. 
Due to the large variety of additives, they are divided into the following groups:

• Technological additives (preservatives, antioxidants, emulsifiers, stabilizing 
agents, acidity regulators, silage additives)

• Sensory additives (flavorings, colorants)
• Nutritional additives (vitamins, minerals, amino acids, trace elements)
• Zootechnical additives (digestibility enhancers, gut flora stabilizers)
• Coccidiostats and histomonostats 

These categories are further subdivided into functional groupings according to 
additive’s primary functions. Antibiotics other than coccidiostats and histomonostats 
are not permitted as feed additives in Europe. Authorization of feed additives has 
become an important issue, especially in current century. In the previous era, and 
soon after the Second World War, growth rate of animal production was continuous 
and constantly positive. Simultaneously, development and usage of different feed 
additives was easy and easily applied. However, since the establishment of resistant 
strains of bacteria to antibiotics, the idea of using antimicrobial feed additives has 
been under thorough scientific scrutiny. Today, there are two kinds of licensing 
permitting the use of specific feed additives:

• Licenses issued to a holder of authorization. Those are granted for additives 
characterized as “zootechnical additives” and “coccidiostats and histomonostats,” 
as well as those that consist of, contain, or are produced from genetically modified 
organisms (GMOs).

• Licenses not issued to a holder of authorization for substances characterized as 
“technological additives” and “sensory additives.” The terms “additional 
ingredients” and “nutritional additives” are used interchangeably.
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Both types of licensing authorizations are valid for ten years throughout the EU 
and the European Economic Area (EEA). Those authorizations are renewable for 
ten-year period. Generally, the Feed Additives Regulation (Regulation [EC] No 
1831/2003 of September 2003) establishes a common procedure for authorizing 
feed additives and lays down rules for their marketing, labeling, and use. The 
regulation applies to all feed additives and premixtures except the following:

• Processing aids
• Veterinary medicinal products (VMPs) that are regulated by “Regulation 

(EU) 2019/6 on veterinary medicinal products that repeals Directive 2001/82/ 
EC” (Regulation EU 2019, 2018) 

The European Commission is now reassessing existing regulations on Feed 
Additives. The aim is to assess if the current legislation framework catered to the 
needs of citizens, businesses, and public authorities as expected and also to identify 
any gaps. The whole process is being carried out according to Better Regulation 
Guidelines (2021). 

As stated above, there is a large variety of feed additives that are commonly used 
in animal nutrition. The major categories are the following (Fig. 1): 

1. Antibiotics: Antibiotics are used to prevent and treat bacterial infections in 
animals. They are classified either as growth promoters, or as therapeutic agents 
to treat specific diseases. Their use in animal feeds has been a controversial issue, 
as there are concerns about the development of antibiotic-resistant bacteria. 

2. Probiotics and Prebiotics: Probiotics are live microorganisms that are added to 
animal feed to improve the health of the digestive system and boost immune 
status. They can also reduce the risk of infection and improve feed efficiency. 
Some common probiotics used in animal nutrition include lactic acid bacteria, 
yeast, and bifidobacteria. Prebiotics on the other hand are compounds that 
promote the well-being of microflora of the gut. Common prebiotics are 
fructooligosaccharides, galactooligosaccharides, and xylooligosaccharides. 

3. Enzymes: Enzymes are proteins contributing to breakdown of complex molecules 
into simpler components and hence facilitating their absorbance in the digestive 
tract. Their addition to animal feed improves digestibility, nutrient utilization, and 
feed efficiency. 

4. Vitamins and Minerals: Vitamins and minerals are essential nutrients that are 
necessary for optimal animal health and performance. They are added to animal 
feed to ensure a balanced and complete diet, especially in cases where feedstuffs 
are deficient in certain nutrients. 

5. Acidifiers: Acidifiers can lower pH of the digestive tract and hence reduce the risk 
of digestive problems and improve feed efficiency. Some common acidifiers used 
in animal nutrition include organic acids such as propionic acid and formic acid, 
as well as inorganic acids such as hydrochloric acid. 

6. Antioxidants: Antioxidants protect against oxidative damage, which can occur 
because of normal metabolic processes. They improve overall health and
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Fig. 1 Types of feed additives 

performance of animals by reducing the risk of disease and improving feed 
efficiency. Some common antioxidants are vitamin E, selenium, and beta-
carotene. 

7. Essential Oils: Essential oils are highly concentrated liquids extracted from plants 
that contain volatile aromatic compounds. These compounds have various thera-
peutic and nutritional benefits, including antimicrobial and antioxidant properties. 
In animal nutrition, essential oils are often used as feed additives to enhance gut 
health, improve feed efficiency and growth performance, and promote overall 
health and wellness in livestock and poultry. 

8. Amino Acids: Amino acids are the building blocks of proteins and are essential 
for growth and maintenance in animals. Their addition ensures that animals 
receive a balanced and complete diet, especially in cases where feedstuffs are 
deficient in certain amino acids (Kim and Kim 2017; D'Mello 2015).
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The use of feed additives in animal nutrition can have a significant impact on 
animal performance and overall health. For example, the addition of antibiotics to 
animal feed has been shown to improve growth rates, feed efficiency, and overall 
health, while the addition of probiotics reduces the risk of digestive problems and 
improves gut health. However, it is important to use feed additives responsibly and 
only as directed by a veterinarian, as the overuse of certain additives can lead to the 
development of resistance, which can reduce their effectiveness over time (D'Mello 
2015). 

The history of feed additives in animal nutrition can be traced back to the early 
twentieth century, when the discovery of vitamins and minerals revolutionized the 
field of animal nutrition. Prior to this time, farmers relied on natural feed sources, 
such as grass and grain, to provide the necessary nutrients for their animals. 
However, the lack of knowledge about the specific nutritional requirements of 
different species of animals, as well as the variability in the quality of natural feed 
sources, led to poor performance and health outcomes for many animals (Grimble 
1998). After the discovery of vitamins and minerals, farmers were able to supple-
ment the diets of their animals with specific nutrients to improve their health and 
performance. This marked the beginning of the use of feed additives in animal 
nutrition. Over the following decades, advances in the field of animal nutrition, 
such as the discovery of antibiotics, probiotics, and enzymes, led to the development 
of a wide range of feed additives that could be used to improve the health and 
performance of animals. 

One of the earliest uses of feed additives in animal nutrition was the addition of 
antibiotics to animal feed. Antibiotics were first introduced into animal feed in the 
1950s, and quickly became a popular tool for improving growth and preventing 
disease in livestock. Antibiotics are still widely used in animal nutrition today, 
although their use has become controversial due to concerns about the development 
of antibiotic-resistant bacteria (Hornitzky and Rawnsley 2015). Another important 
development in the history of feed additives was the introduction of probiotics. 
Probiotics are live microorganisms that can improve digestive health and boost the 
immune system in animals. They were first introduced into animal feed in the 1980s 
and have since become a popular tool for improving gut health and preventing 
digestive problems in livestock (Gaur and Singh 2020). The use of enzymes in 
animal nutrition also has a long history, with the first commercial enzyme products 
being introduced into animal feed in the 1970s. Enzymes are proteins that help to 
break down complex molecules into simpler components that can be more easily 
absorbed by the animal, and they can be added to animal feed to improve digestibil-
ity and nutrient utilization (Zhou et al. 2021). The use of vitamins and minerals in 
animal nutrition has a similarly long history, with farmers having been 
supplementing the diets of their animals with these essential nutrients for over a 
century. Vitamins and minerals are still widely used in animal feed today, as they 
play a crucial role in maintaining the health and performance of animals (Bai et al. 
2021). 

Despite the long history of feed additives in animal nutrition, their use remains a 
subject of debate, with some experts arguing that the overuse of certain additives can



lead to the development of resistance, reducing their effectiveness over time. How-
ever, there is also a growing body of research demonstrating the benefits of feed 
additives, such as improved growth, feed efficiency, and overall health in animals, 
leading many experts to conclude that their use is important for the sustainability of 
animal production. 
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2 History of Antibiotics as Feed Additives 

Back in the 1930s, antibiotics’ use, not only in human medicine but also in food and 
animal production, began to get established with the ultimate goal of effective 
disease prevention and rapid enhancement of animal growth. The first antibiotic 
for animal use was none other than synthetic sulfonamides that present antibacterial 
activity against Gram-positive and certain Gram-negative bacteria (White and Coo-
per 2005). The first sulfonamide drug was inaugurated by Bayer AG pharmaceutical 
company under the brand name Prontosil in 1935. 

Thenceforth, because of World War II, drug manufacturing in Europe 
deteriorated in comparison to US pharmaceutical companies such as Merck and 
Pfizer that proceeded toward production of many synthetic and biological 
antibiotics. Meanwhile, researchers trialed mass-medication of entire herds and 
flocks. In 1948 Merck entered the animal health market with sulfaquinoxaline, the 
first antibiotic officially licensed to be used as a food or water additive in poultry. 
Sulfaquinoxaline in final concentration of 0.0125% in feed produces anticoccidiotic 
effects (Campbell 2008). After this, the use of antibiotics expanded to other animal 
species such as beehives, farmed fish, and cattle. 

Vitamin B12 was then known as the main growth promoter in farm animal, but 
later studies revealed that dried mycelia of fungi caused better growth in chicks 
(Stokstad and Jukes 1949). Given the fact that antibiotics were growth-promoting 
substance in fungal mycelia, the idea of using antibiotics in animals’ diets as growth-
promoting factors prevailed, as, among others, they were also inexpensive in 
comparison to B12. Moore et al. (1946) first proved that addition of antibiotics in 
chickens’ diet contributed to weight gain. A few years later, many researchers found 
similar effects on pigs and chicks (Groschke and Evans 1950; Stokstad and Jukes 
1951; Oleson et al. 1950). 

The use of antibiotics in low doses as animal feed additives seemed very 
promising for both farmers and pharmaceutical companies. The benefits of prophy-
lactic protection against bacterial diseases, growth promotion along with faster paces 
in weight gain, and therapeutic results of antibiotics were profound. Thereafter, in 
Midwest antibiotic growth promoters (AGP) feeds were officially licensed in 1951. 
After the prevalence of AGPs in the United States, European countries one after 
another began to adopt the idea and license AGPs without veterinary prescription in 
early 1950s (Thoms 2012; Kirchhelle 2018a, b). Penicillin, oxytetracycline, and 
chlortetracycline growth promoters were among the most commonly used AGPs in 
Europe during this decade. Contrary to US market situation, European farmers were 
only allowed to purchase premixed antibiotic solution and feeds (Jones 2003; Smith-



Howard 2017), thus avoiding the unrestrained use of antibiotics. According to 
researchers, some interesting facts are that in 1958 up to 50% of British pigs were 
fed antibiotics (Smith 1958) and by 1966 West Germany’s Ministry of Agriculture’s 
estimation was that 80% of mixed feeds for young pigs, veal calves, and poultry 
contained antibiotic additives (Kirchhelle 2016). Japan also licensed its own antimi-
crobial additives since 1953 (Morita 1997), both in livestock and fish production. In 
a need of modernization of their agriculture methods, Africa, South America, and 
Southeast Asia imported antibiotic additives for their livestock from the United 
States. 

History of Feed Additives 85

In the scenario of population increase and emerging economic development, there 
was intense need for a fast-paced agricultural production that resulted in a global 
outspread of the use of antibiotics as feed additives. However, concerns by experts 
about antimicrobial resistance (AMR) did not take long to arise. Thus, in late 1960s, 
national regulatory organizations and governments started to establish monitoring 
programs for antibiotics use and set certain limitations on their usage. 

Scandinavian countries were the first to take precautions concerning AGPs. 
Sweden banned all AGPs’ use in 1986. Norway started to adopt vaccinations instead 
of antibiotics in aquaculture since 1987. In Denmark, due to the association between 
the occurrence of resistance to vancomycin Enterococcus faecium (VREF) in 
healthy pigs and poultry (Bager et al. 1997) and use of avoparcin, the latter antibiotic 
was banned in 1995 and general AGP consumption decreased by 103,503 kg when 
producers decided to voluntarily give up on AGPs (Aarestrup and Engberg 2001; 
Kahn 2016). 

Following Scandinavian countries’ measures, EU’s Scientific Committee on 
Animal Nutrition (SCAN) member states banned four AGPs and established the 
European Resistance Surveillance System (EARSS) in 1998 (Kirchhelle 2018a, b). 
Japan banned avoparcin and orienticin as feed additives in 1997 and South Korea 
restricted 45 different antimicrobial additives to only be administered after veteri-
nary prescription. 

However despite the partial restrictions, the use of AGPs still remains even in 
higher levels in most high-income countries than in 1960s (Kirchhelle 2018a, b). For 
example, there is significant difference in consumption of antibiotics between 
countries of Southwest Europe like Italy and Spain and Northern countries that 
have limited their use. In 2017, several Indian pharmaceutical businesses promoted 
colistin growth enhancers (Davies and Walsh 2018). By 2010, China surpassed the 
United States as the world’s largest consumer of agricultural antimicrobials (about 
23% of worldwide consumption) (Van Boeckel et al. 2015). 

3 History of Probiotics 

The use of probiotics in animal nutrition can be traced back to the early twentieth 
century, when scientists first began to study the role of microorganisms in the 
digestive system of animals. In the late nineteenth and early twentieth centuries, 
researchers such as Elie Metchnikoff began to study the role of microorganisms in



the gut and their impact on health. Metchnikoff was particularly interested in the role 
of lactic acid bacteria, which he believed were responsible for the longevity of 
Bulgarian peasants. This early work laid the foundation for the development of 
probiotics as a tool for improving animal health and performance (Bengmark 1998). 
In the mid-twentieth century, scientists made significant advances in the production 
and formulation of probiotics. In 1958, the first probiotic product, Lactobacillus 
acidophilus, was commercialized by Yakult, a Japanese company (Fuller 1989). 
Over the following decades, the use of probiotics in animal nutrition grew rapidly, as 
researchers and farmers alike recognized the potential benefits of these beneficial 
bacteria. One of the first studies to demonstrate the efficacy of probiotics in animal 
nutrition was conducted by Fullers and Bradley in the 1980s. The study found that 
supplementing the diet of chickens with a mixture of Lactobacillus and 
Bifidobacterium species improved growth performance, feed efficiency, and overall 
health (Fuller and Bradley 1985). This work helped to establish the role of probiotics 
in animal nutrition and sparked a wave of research into the use of probiotics in 
livestock and aquaculture. 
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The use of probiotics in animal nutrition has continued to evolve and expand over 
the past few decades. Today, probiotics are widely used in the production of 
livestock and aquaculture species, including chickens, pigs, cows, fish, and shellfish 
(Bari and Roy 2016). The benefits of probiotics in animal nutrition are well-
established, and include improved growth performance, feed efficiency, disease 
resistance, and gut health (Rao et al. 2018). In recent years, the use of probiotics 
in animal nutrition has become increasingly sophisticated, with the development of 
novel probiotic strains and delivery systems. For example, researchers have devel-
oped probiotic products that are specifically formulated for different species of 
animals, based on their unique digestive physiology (Kim et al. 2019). Additionally, 
advances in genomics and microbial ecology have allowed scientists to better 
understand the complex relationships between probiotics, the gut microbiota, and 
animal health (Rao et al. 2020). 

In conclusion, the use of probiotics in animal nutrition has a long and rich history, 
dating back to the early twentieth century. Today, probiotics are widely used in the 
production of livestock and aquaculture species, and their benefits in animal health 
and performance are well-established. With continued advancements in our under-
standing of probiotics and their mechanisms of action, the use of probiotics in animal 
nutrition is poised to play an increasingly important role in sustainable and respon-
sible animal production in the coming years. 

4 History of Prebiotics 

The concept of prebiotics is relatively new and has only been established in the last 
few decades. However, the history of prebiotics can be traced back to the early 
twentieth century when a Russian scientist named Élie Metchnikoff first proposed 
the idea that consuming fermented foods could promote longevity and improve 
health (Mackowiak 2013).
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The term “prebiotics” was first used in the late 1990s and early 2000s to describe 
non-digestible food ingredients that selectively stimulate the growth and activity of 
beneficial bacteria in the gut (G. R. Gibson and Roberfroid 1995). This definition 
may correlate with the definition of dietary fiber (De Vrese 2001). Later on, 
prebiotics were defined as “selectively fermented ingredients that allow specific 
changes, both in composition and/or activity in the GI microflora that confer benefits 
upon host wellbeing and health” (Gibson et al. 2004, p. 269). Finally, Roberfroid 
et al. (2011) updated the definition of prebiotics based on International Life Sciences 
Institute (ILSI) Europe task force. 

It is likely that prebiotics have been consumed in some form since prehistoric 
times, as they are naturally occurring in many foods. Archaeological evidence from 
dry cave deposits in the northern Chihuahuan Desert shows that desert plants high in 
inulin were extensively used (Slavin 2013). While the concept of prebiotics and their 
specific definition as non-digestible food ingredients is a relatively recent develop-
ment, it is possible that our ancestors consumed prebiotic-rich foods as part of their 
diets. For example, fermented foods, such as yogurt, kefir, and sauerkraut, contain 
both prebiotics and probiotics, and have been consumed for thousands of years in 
various cultures (Jew et al. 2009). It is important to note, however, that the human 
gut microbiome has changed significantly over the course of human evolution, and 
our diets today are quite different from those of our prehistoric ancestors. Despite 
this, consuming prebiotic-rich foods is still considered important for maintaining gut 
health and promoting overall well-being (Moran et al. 2019). 

Prebiotics have received increased scientific attention, and several studies have 
been conducted to determine the potential health benefits of consuming prebiotics. 
Today, prebiotics are considered an important component of a healthy diet and are 
often used in functional foods and dietary supplements to promote gut health 
(Roberfroid 2000). While research in this field is ongoing, there is growing evidence 
to suggest that consuming prebiotics can support the growth of beneficial bacteria in 
the gut, which can have a positive impact on overall health and well-being (Moran 
et al. 2019). 

Prebiotics are commonly used as feed additives in human and animal nutrition. 
The use of prebiotics as feed additives is based on the idea that they can improve gut 
health by promoting the growth of beneficial bacteria in the gut and reducing the 
growth of harmful bacteria (Dahiya and Nigam 2022). The use of prebiotics as feed 
additives in animal nutrition is a relatively recent development, with the first 
commercial products appearing in the market in the late 1990s and early 2000s 
(Davani-Davari et al. 2019). Since then, the use of prebiotics in animal feed has 
grown rapidly, and they are now widely used in various livestock and poultry species 
(Alloui et al. 2013). Figure 2 shows a timeline of the use of prebiotics as feed 
additives. It is important to note that this timeline is a rough approximation and that 
the specific timeline of the use of prebiotics as feed additives may vary in different 
regions and countries. However, the overall trend has been one of steady growth in 
the use of prebiotics as feed additives in animal nutrition.
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Late 1990s to early 2000s 
commercial prebiotic products for 

animal feed are introduced, based 

on inulin and fructooligosaccharides 

(FOS) 

Early 2000s 
The use of prebiotics as feed additives continues to 

grow, with a wider variety of prebiotic products 

becoming available and an increasing number of 

studies investigating their effects on animal health 

and performance 

Present 
Prebiotics are widely used as feed additives in animal nutrition, and their use is expected to 

continue to grow in the future as more research is conducted to understand their 

mechanisms of action and optimal use in different species 

2010s 
The use of prebiotics in aquaculture becomes more widespread, 

with several studies showing that prebiotics can improve growth, 

feed efficiency, and gut health in fish species 

Fig. 2 The use of prebiotics in time 

5 History of Essential Oils 

The use of essential oils as feed additives in animal nutrition has a long history dating 
back to the early 1900s. Essential oils composed of a complex mixture of volatile 
compounds, including terpenoids, phenols, and aldehydes, which give essential oils 
their distinctive odor and flavor (Alfermann and Njardvik 1998). One of the earliest 
uses of essential oils in animal nutrition was for their antimicrobial properties, which 
were thought to improve animal health and growth by controlling gut pathogens. For 
example, the use of oregano and thyme essential oils as feed additives was shown to 
have potent antimicrobial effects against various bacteria and parasites, such as 
Escherichia coli, Salmonella, and Ascaris suum (Burt 2004). These findings paved 
the way for the widespread use of essential oils as feed additives in animal nutrition, 
especially in poultry and swine production. Over time, the use of essential oils as 
feed additives has expanded to include a wide range of applications, including 
improved growth performance, feed efficiency, and gut health. For example, the 
addition of peppermint oil to pig diets was shown to improve weight gain and feed



efficiency, while also reducing the incidence of diarrhea (Wang et al. 2010). Simi-
larly, the use of rosemary and eucalyptus essential oils in poultry diets was shown to 
improve growth performance, feed efficiency, and gut health by modulating the gut 
microbiota (Abdelqader et al. 2013). More recently, the use of essential oils as feed 
additives has expanded to include their potential as natural growth promoters, 
immunomodulators, and antioxidants. For example, the addition of clove and cinna-
mon essential oils to broiler chicken diets was shown to improve growth perfor-
mance, feed efficiency, and immune function (Hossain et al. 2016). Additionally, the 
use of lemon and ginger essential oils was found to have potent antioxidant effects in 
pig diets, which could improve animal health and prevent oxidative stress (Sari et al. 
2019). 
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Despite the long history and growing body of research on the use of essential oils 
in animal nutrition, there is still much to be learned about the mechanisms of action 
and optimal usage of these feed additives. For example, the complex composition of 
essential oils, including their volatile and highly reactive compounds, poses 
challenges for their safe and effective use in animal nutrition (Alfermann and 
Njardvik 1998). Additionally, there is a need for more research to determine the 
optimal dose and form of essential oils for different species and production systems. 

In conclusion, the use of essential oils as feed additives in animal nutrition has a 
long history and a growing body of research to support its benefits for animal health 
and performance. While there are still challenges to overcome and much to be 
learned about their optimal usage, essential oils have the potential to be a valuable 
tool for improving animal nutrition and sustainability (Giannenas et al. 2013). 

6 History of Minerals and Vitamins 

The incorporation of supplemented minerals and vitamins in animal diets was a 
milestone for the increment in their productivity. Although they make up a small part 
of an animal’s diet, vitamins and minerals are vital to maintaining their health, 
comfort, and performance. These nutrients perform crucial roles in metabolic pro-
cess. The scarcity of vitamins and minerals in animal nutrition can negatively affect 
growth and performance yields (McDowell 1996). 

The mineral content in animal tissues and feeds varies widely. Before the 
mid-nineteenth century, there was limited understanding of the mineral constituents 
in plant and animal tissues and their role. The first evidence of the importance of 
minerals in nutrition came from Fordyce (1791), who indicated the need of a 
supplement “calcareous earth” for canaries to stay healthy and produce eggs. 
References on the importance of salt in cattle nutrition were made in 1850 
(Boussingault 1847) along with the consideration of iodine as significant for 
maintaining a healthy organism (Chatin 1854). Later on, during the second quarter 
of the twentieth century, several researchers focused on mineral investigation 
regarding deficiencies, imbalances, or toxicities, and basic studies with laboratory 
animals fed specialized diets were performed. Sodium, potassium, calcium, magne-
sium, phosphorus, chlorine, sulfur, iron, coper, cobalt, iodine, and zing were



recognized as essential minerals and efforts took place to meet their requirements 
when formulating diets (Haag 1951). Great knowledge regarding mineral metabo-
lism was provided by Underwood and Suttle (1999) in all livestock species. Changes 
in animal husbandry and immense intensification of livestock sector have led to the 
substantial need of balancing trace elements to maintain both production and health 
status. Currently, mineral supplementation in concentrate feed is an indispensable 
practice. New technological and biomedical applications, for example providing 
minerals in the form of nanoparticles, are adopted to increase bioavailability and 
absorption (Bhagat and Singh 2022). 
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Vitamins are a group of organic compounds, essential for normal growth and 
production processes. Dietary supplementation provides the small quantities of 
vitamins required, due to their inability of being directly synthesized through animal 
metabolic pathways. The term vitamin was first introduced by the biochemist 
Casimur Funk in 1912, originating from the Latin word vita (life) and amine, 
based on the original perception that vitamins contained an amino acid (Halver 
2003). In the early 1900s, vitamins research began to rise in the effort to treat several 
disorders identified in humans, such as scurvy, night blindness, beriberi, and pella-
gra. Experiments with animals including rats, mice, chickens, pigeons, guinea pigs, 
and dogs contributed significantly to the advances made in vitamin research 
(McDowell 2006). 

Monogastric animals depend solely on external sources to meet their vitamin 
requirements, while in the rumen symbiotic processes lead to the production of 
vitamin B complex (McDonald et al. 2011). Livestock animals’ optimal performance 
is the ultimate goal under commercial conditions. Their requirements cannot be met 
only by providing raw materials such as forage and cereal grains, hence additional 
supplementation is needed (McDowell 2006). 

7 History of Enzymes 

Proteins called enzymes operate as biological catalysts by quickening chemical 
reactions. Enzyme catalysts are required for the majority of metabolic processes in 
the cell to proceed at speeds quick enough to maintain life (Stryer et al. 2002). 
Enzymes serve a plethora of an organism’s functions including signal transduction, 
cell regulation, transportation of cargos, and of course metabolic activity. 

Enzymes that are aftereffect of the metabolic activity of animal’s system or of the 
microorganisms that constitute their natural microflora are so called endogenous 
enzymes. The main activity of endogenous enzymes is to promote the digestion of 
animal feed and therefore the weight gain and animal growth. However, despite their 
beneficial results, endogenous enzymes do not sufficiently contribute to their goal, 
thus rendering necessary their supplementation in animal’s feed with exogenous 
enzymes (Velázquez-De Lucio et al. 2021). 

The most significant and practical additives in the animal feed sector are enzymes 
(Ojha et al. 2019). Although its usage in the livestock feed business was modest a 
few years ago (Walsh et al. 1993), the poultry sector was the first to express interest



in it in the 1980s, and, over time, their use in animal feed increased significantly, 
with an estimated commercial value of $1280 million in 2019 (Brufau 2014). 
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Exogenous enzymes are zootechnical additions that enhance the uniformity and 
nutritional value of animal feed, increase digestibility, especially of carbohydrates, 
and animal performance, decrease the effect of antinutrients, maintain intestinal 
health, and reduce the viscosity that would otherwise have a negative impact on 
energy intake by generating unstirred layers on the epithelium’s surface (Rainbird 
et al. 1984). Celluloses, β-glucanases, xylanases, and associated enzymes phytases, 
proteases, lipases, and galactosidases are the most widely utilized exogenous 
enzymes in the animal feed business. Exogenous enzymes are largely used in 
monogastrics in the animal feed sector, like poultry and swine, to counteract the 
negative effects of cereals’ viscous, non-starchy polysaccharides (NSPs). In the 
livestock feed industry, other enzyme products are being tested. These include 
proteases to enhance protein digestion, lipases to enhance fat digestion, 
galactosidases to mitigate certain antinutritional elements in non-cereal feedstuffs, 
and amylases to facilitate starch digestion in young animals (Adeola and Cowieson 
2011). 

In poultry supplementation, the most commonly used enzymes are xylanases, 
glucanases, pectinases, cellulases, proteases, amylases, phytases, and galactosidases. 
The use of enzymes has grown to the point where the majority of intensively raised 
poultry diets now include carbohydrases to improve nutrient bioavailability and 
assimilation and to alleviate digestive issues caused by viscosity issues (Ojha et al. 
2019). Because phytases aid in the absorption of metals like Ca, Mg, and Zn as well 
as amino acids during the past few decades, they are now widely employed as broiler 
additives in Europe and the United States (Acosta 2006). Exogenous enzymes are 
utilized in swine feeding to shorten the maturation and fattening stage of piglets. Pigs 
need phytases because their endogenous counterparts have almost minimal action, 
which results in the complete excretion of phosphorus. Amylolytic enzymes are a 
necessary component of high-starch forages for ruminants, and using phytases has 
been shown to minimize phosphorus in feces from the perspective of the environ-
ment (Pariza and Cook 2010). Due to their capacity to hydrolyze the polysaccharides 
found in plant diet, phytases and carbohydrases are the enzymes most frequently 
used in aquaculture. Concerning the use of exogenous enzymes in companionship 
animals, it is far well known about the administration of amylases, lipases, and 
proteases in dogs with exocrine pancreatic insufficiency (EPI). Furthermore, some 
vets propose the use of exogenous enzymes in all pets for digestibility promotion and 
enhancement of immune system. 

Traditionally, the enzymes were isolated from animals, plants, and 
microorganisms. Recombinant DNA technology facilitated enzyme production for 
industrial use with expression of single enzyme genes of certain microorganisms by 
bacterial expression systems in large volumes and with low cost. The search for 
alternate sources of enzymes, such as ruminal fluid from slaughterhouses, which is 
rich in cellulases and xylanases but also contains toxic ammonia and phosphorus, 
has also been prompted by the current environmental crisis (Sarteshnizi et al. 2018a, 
b). The design of thermostable enzymes with better, particular features and their



incorporation in granulated meals are future issues regarding research and develop-
ment in new enzyme systems (Ravindran 2013). This will enable the manufacturing 
of high-value products at cheaper costs. 
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8 History of Antioxidants 

The use of antioxidants in animal nutrition, as the most of feed additives, dates back 
to the early twentieth century, when scientists first discovered the role of vitamins in 
maintaining animal health. Since then, the field of animal nutrition has made 
tremendous progress in understanding the specific nutritional requirements of differ-
ent species of animals, and the role that antioxidants play in maintaining animal 
health. 

One of the earliest uses of antioxidants in animal nutrition was the addition of 
vitamin E to animal feed. Vitamin E is a fat-soluble vitamin that plays an important 
role in maintaining the integrity of cell membranes and protecting against oxidative 
damage. In the 1950s, it was discovered that supplementing animal diets with 
vitamin E could improve growth, health, and fertility in livestock (Bogden et al. 
1987). In addition to vitamin E, other antioxidants, such as vitamin C, carotenoids, 
and selenium, have also been shown to play important roles in animal nutrition. 
Carotenoids, for example, are pigments that are found in plant-based diets and have 
been shown to have antioxidant and immune-boosting properties. Selenium is an 
essential trace mineral that is required for proper immune function and has been 
shown to play a role in reducing oxidative stress in animals (Goff and Horst 1997). 

In recent years, the use of antioxidants in animal nutrition has become increas-
ingly important as the global demand for animal products continues to rise. The 
increased demand for animal products has led to increased production pressures and 
has resulted in animals being exposed to a variety of stressors, such as high-density 
housing, transportation, and disease challenges. These stressors can lead to oxidative 
stress and reduced performance and health outcomes for animals (Wang et al. 2018). 
In response to these challenges, the use of antioxidants in animal nutrition has 
become a major area of research and development. Scientists are working to develop 
new and innovative methods for delivering antioxidants to animals, such as 
encapsulated antioxidants, which can protect the antioxidants from degradation 
and improve their efficacy in the gut (Niu et al. 2017). Lately, extracts and essential 
oils of aromatic and so called medicinal plants have been largely exploited as 
excellent sources of food or diet antioxidants, among which oregano can be regarded 
as one of the most efficient (Giannenas et al. 2018). 

In conclusion, the history of antioxidants in animal nutrition dates back to the 
early twentieth century, and the use of antioxidants has become increasingly impor-
tant as the global demand for animal products continues to rise. Antioxidants play a 
critical role in maintaining animal health and protecting against oxidative stress, and 
the field of animal nutrition continues to make important advancements in the 
development of new and innovative methods for delivering antioxidants to animals.
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9 History of Amino Acids 

Amino acids are essential nutrients for animals, and their importance in animal 
nutrition has long been recognized. They are the building blocks of proteins and 
play a crucial role in many physiological processes, including growth, reproduction, 
and immune function. The use of amino acids as feed additives in animal nutrition 
has therefore become an important area of research and development, with scientists 
seeking to optimize their use to improve the health, performance, and efficiency of 
livestock and poultry. 

The amino acids as feed additives in animal nutrition have a hundred-year history, 
when scientists first began to understand the role of amino acids in animal growth 
and development. Amino acids are the building blocks of proteins, and are essential 
for many physiological processes, including muscle growth, immune function, and 
tissue repair. The discovery of individual amino acids and their specific functions, 
combined with advances in feed technology, led to the development of amino-acid-
based feed additives for animals. 

One of the earliest uses of amino acids in animal nutrition was the addition of 
methionine to poultry diets. Methionine is an essential amino acid that is required for 
the synthesis of proteins but is often limiting in poultry diets due to its low 
availability in plant-based feed ingredients. The addition of methionine to poultry 
diets has been shown to improve growth performance, egg production, and feed 
efficiency (Wang et al. 2016). In addition to methionine, other essential and 
non-essential amino acids, such as lysine, threonine, and tryptophan, have been 
used as feed additives in animal nutrition. These amino acids are added to animal 
diets to address specific nutritional deficiencies, and to improve the balance of amino 
acids in the diet. For example, lysine supplementation has been shown to improve 
growth performance, feed efficiency, and meat quality in pigs (Yao et al. 2015). 
More recently, advances in animal nutrition research have led to the development of 
new and innovative amino-acid-based feed additives, such as peptides and 
nucleotides. Peptides are short chains of amino acids that are rapidly absorbed and 
utilized by animals, and have been shown to improve growth performance, immune 
function, and gut health in various species of animals (Geng et al. 2018). Nucleotides 
are the building blocks of DNA and RNA, and have been shown to improve immune 
function, tissue repair, and gut health in animals (Xie et al. 2019). 

In conclusion, the use of amino acids as feed additives in animal nutrition has a 
long and rich history. Today, advances in animal nutrition research have led to the 
development of new and innovative amino-acid-based feed additives, such as 
peptides and nucleotides, which offer new opportunities for improving animal 
performance and health.
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10 History of Acidifiers 

Acidifiers have been used as feed additives in animal nutrition for several decades. 
Their primary function is to regulate the pH of the digestive system, which can have 
a profound impact on the health and performance of animals. Acidifiers work by 
lowering the pH in the digestive tract, creating a more acidic environment that is less 
hospitable to harmful bacteria and other pathogens. This can help to reduce the risk 
of disease, improve nutrient absorption, and enhance overall health and 
performance. 

One of the earliest uses of acidifiers in animal nutrition was the addition of 
organic acids, such as formic and propionic acid, to animal feed (Kirsch et al. 
2006). These organic acids have been shown to have a number of benefits for animal 
health and performance, including improved gut health, enhanced feed utilization, 
and increased weight gain. In addition to organic acids, other types of acidifiers have 
been developed and used in animal nutrition, such as mineral acids and feed-grade 
enzymes. Mineral acids, such as sulfuric and hydrochloric acids, have been shown to 
be effective in reducing the pH level of the digestive tract, which can help to control 
harmful bacteria and improve feed utilization (Flesner et al. 2011). Feed-grade 
enzymes, such as phytases, can also help to improve the efficiency of feed utilization 
by breaking down plant fibers and releasing the nutrients for absorption (Shan et al. 
2016). 

Despite the long history and widespread use of acidifiers in animal nutrition, their 
use is not without controversy. Some research has suggested that excessive use of 
acidifiers may lead to nutrient imbalances, digestive disorders, and reduced feed 
utilization (Kirsch et al. 2006). Therefore, it is important to use acidifiers in animal 
nutrition with caution and only under the guidance of a veterinarian or nutritionist. 

In conclusion, acidifiers have played a significant role in the development of 
modern animal nutrition, providing a means to improve the health and performance 
of livestock through the manipulation of the digestive environment. However, the 
use of acidifiers should be approached with caution and only used under the 
guidance of a professional in order to ensure that their benefits are realized without 
any adverse effects (Fig. 3). 

Fig. 3 Common type of 
acidifiers used in animal 
nutrition
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Enzymes as Feed Additives 
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Abstract 

Enzyme dietary supplementation in monogastric diets has been implemented 
widely in the last decade. Starting from phytase, enzymes have been used to 
assist in the utilization of essential minerals such as calcium (Ca) and phosphorus 
(P). Nevertheless, new opportunities have arisen by introduction of up-to-date 
enzymatic technology. As most diets for poultry and swine contain plant grains as 
basic ingredients, the fundamental issue to combat was the efficient breakdown of 
cell walls and the liberation of entrapped nutrients. Therefore, supplementation of 
specific enzymes has led to improved utilization of nutrients, while it had 
generated positive effects on gastrointestinal environment. Apparently, the evo-
lution of feed enzyme technology has led to production of single- or multi-
enzymes, which are now considered as indispensable in feed formulation for 
monogastric species. Yet, majority of the related studies have focused either on 
improving digestibility of major nutrients or on enhancing performance indexes. 
However, few studies have addressed the effects of enzyme supplementation on 
improving the properties of meat and eggs. The chapter covers the main effects of 
single enzymes, with emphasis on the use of xylanase enzymes, on the efficient 
breakdown of polysaccharides and their potential effects on derived products’ 
quality. 
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1 Introduction 

Efficient breakdown of non-starch polysaccharides (NSPs) has been under debate in 
monogastric diets, because the enzymes needed for their digestion are not among 
those secreted by the organism. Therefore, it was hypothesized that addition of 
enzymes could be beneficial in multiple ways. Firstly by reducing viscosity in the 
gut, as undigested NSPs accumulating in the gut can provoke such conditions. When 
present in excess, soluble NSP causes increased digesta viscosity due to its strong 
capacity to store water. Secondly, by improving nutrient digestibility. This effect 
could be mediated either by the reduction of viscosity or by liberation of nutrients 
that were encircled by vegetable cell walls. Thirdly, by exerting the so-called 
prebiotic effect, mainly by the products of polysaccharide breakdown, such as the 
oligosaccharides or the xylooligosaccharides. On the other hand, the beneficial 
microbiota may decompose a large part of soluble NSP, which leads to the synthesis 
of short chain fatty acids, enhanced gut microflora, and less conflict between the host 
and microbiome for important nutrients (Bedford 2000). Meanwhile, substantial 
quantities of soluble NSP also guarantee that the digesta passage rate is not exces-
sively rapid, allowing for the absorption of nutrients (Mateos et al. 2012). Especially 
in broilers, it could preserve motility and digesta transit in the gastrointestinal system 
by water retention, while it can increase the activity of the gizzard and proventricu-
lus, boosting feed grinding and peptic digestion in the gizzard (Yokhana et al. 2016). 
Mostly, the use of enzymes such as xylanase has been formulated to target specific 
dietary ingredients with high NSP content such as wheat and barley. However, in 
soybean, arabinogalactans, galactans, and galactomannans occur primarily over 
arabinoxylans and glucans, which are the primary NSPs in cereal grains like maize 
(Slominski 2011). In this direction, multi-enzyme compounds with various NSP 
breakdown abilities have received much interest in an effort to boost enzyme 
efficiency (Waititu et al. 2018). Interestingly, recent studies have shown improve-
ment in egg quality characteristics, which indicate a further potential use for the 
enzymes to improve quality of the end product. 

2 Enzyme Supplementation in Monogastric Diets: 
An Unavoidable Necessity 

Exogenous enzymes have been widely utilized in poultry diets to increase produc-
tivity and decrease feed costs. This is one of the most significant nutritional 
developments of the last 50 years. Due to the complexity of plant cell walls, 
monogastric animals, such as pigs and poultry, lack the required enzymes to break 
down certain plant chemicals prevalent in animal diets (Khattak et al. 2006; Adeola 
and Cowieson 2011). Additionally, poultry diets may contain antinutritional 
substances that negatively impact poultry performance. Antinutritional substances, 
such as non-starch polysaccharides (NSP), are present in varying concentrations in 
cereal grains, which are the primary source of energy for poultry (Raza et al. 2019). 
Enzymes are utilized to raise the digestibility of foods, diminish the effect of



antinutritional factors, and enhance nutrient availability (Acamovic 2001; Cowieson 
et al. 2006; Costa et al. 2008), either by substituting enzymes that are not released in 
the gastrointestinal system at all, or by quantitatively supporting enzymes that are 
produced in modest amounts. 
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Protein molecules called enzymes catalyze certain reactions by functioning on a 
single or a small number of chemicals, also referred to as substrates (Khattak et al. 
2006). Every organism produces them; however the majority of the enzymes utilized 
in the food business are made by microbes like bacteria, fungi, and yeast (Khattak 
et al. 2006). The following modes of action may be responsible for the favorable 
effects of enzymes on the utilization of poultry feed: (a) phytate hydrolysis releases 
phosphorus (P); (b) nutrients contained in elaborate structures are released; (c) NSP 
deterioration; and (d) hydrolysis of certain protein–carbohydrate bonds. Plants store 
P in phytate, also referred to as phytic acid (Naghshbandi and Moghimi 2020). 
Because poultry species lack the necessary enzymes to break down phytate, P 
bioavailability is decreased and P excretion is increased. These effects lead to 
environmental problems including eutrophication. Moreover, it is known that 
phytate chelates with essential minerals, and therefore reduces the bioavailability 
of important cations (Kumar et al. 2019; Zhu et al. 2019). 

Plant byproducts often include bioactive substances that could improve the health 
and performance of birds, but they also frequently contain antinutritional elements 
that restrict their use. Enzymes could therefore be added to improve the nutritional 
content of alternative feed byproducts. It is well established that NSPs decrease 
nutrient digestibility, feed effectiveness, and ultimately growth performance by 
making intestinal digesta more viscous and promoting small intestine fermentation 
(Bedford and Classen 1991; Choct and Annison 1992a, b; Friesen et al. 1992; Bhat 
2000; Nian et al. 2011; Van Hoeck et al. 2021). Additionally, sticky droppings are a 
result of the high water-holding ability of glucans and arabinoxylans (Slominski 
2011). There are no endogenous carbohydrases produced by poultry and swine that 
can hydrolyze NSPs. By removing the nutrient-encapsulating effect and lowering 
digesta viscosity, the enzymes that hydrolyze NSPs increase the digestibility and 
utilization of nutrients (Chesson 2001; Slominski 2011; Van Hoeck et al. 2021). 

Finally, Slominski (2011) asserts that hydrolysis of particular carbohydrate– 
protein connections enhances amino acid bioavailability. 

The type of the enzymes and their inclusion level, the type of the microflora 
present, the type of the birds’ physiology, whether or not the diets have been 
processed, the species and age of the birds, etc. will all affect how much benefit 
using enzymes in poultry diets will have (Acamovic 2001; Khattak et al. 2006). In 
the poultry feed industry, the most often employed enzymes include glucanases, 
xylanases, phytases, proteases, lipases, and galactosidases (Khattak et al. 2006). In 
order to be more efficient across a variety of substrates, enzyme combinations or 
preparations are frequently utilized in the poultry business. This is because the 
majority of feed ingredients contain a number of chemicals that can have negative 
impacts on bird performance. For instance, wheat mostly contains arabinoxylans, 
barley primarily contains β-glucans, and corn has lectins, phytate, and resistant 
starch (Acamovic 2001). Additionally, potential synergistic interactions between



enzymes in combinations can further increase their performance. For instance, 
supplementing phytase with NSP-degrading enzymes increases its potency 
(Slominski 2011). The main substrates in which each category of enzymes is more 
effective is shown in Table 1. 
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Table 1 Enzymes used in 
poultry feeds and substrates 
that are more effective 

Enzymes Substrates 

β-Glucanases Barley, oats 

Xylanases Wheat, rye, triticale, rice bran 

β-Galactosidases Grain legumes, lupins 

Phytases Plant feedstuffs 

Proteases Proteins 

Lipases Lipids 

Amylases Starch 

Adapted/Modified from Khattak et al. (2006) 

Altogether, the use of enzymes in poultry diets enhances the availability of 
nutrients and lessens the impact of antinutritional factors utilizing the previously 
stated processes, which improves the performance of the birds. Economic benefits of 
using enzymes in poultry include lower feeding costs, the ability to develop alterna-
tive diets, and improved performance, health, and litter quality (Costa et al. 2008; 
Zakaria et al. 2010). Minimizing feeding costs is one of the key issues facing the 
poultry business, particularly in developing nations. According to Acamovic (2001), 
Alagawany et al. (2018), and Raza et al. (2019), feeding costs account for roughly 
70–75% of the total production costs in the poultry sector. The cost of conventional 
feed ingredients is rising, which has generated interest in less expensive options as 
fruit and vegetable waste. As has already been mentioned, the use of enzymes in 
these processes is crucial for both the economy and environmental protection since 
without them, plant byproducts would be left in the environment to decay. Addi-
tionally, according to Alagawany et al. (2018), enzyme supplementation reduces the 
excretion of nitrogen (N) and P in poultry manure, which is crucial for environmen-
tal conservation. 

3 Use of Enzymes in Broilers 

Compared to other animal species, broilers have had more comprehensive enzyme 
research since it is more affordable and yields findings more quickly (Dosković et al. 
2013). This in turn accelerates the production of additional enzyme products. 
Furthermore, broilers are susceptible to digestive problems, which can be avoided 
by using particular feed enzymes (Annison 1997). In general, broiler studies have 
found that adding enzymes exerts positive impacts on digestible energy, energy use 
efficacy, body weight increase, and Feed Conversion Ratio (FCR) (Zanella et al. 
1999; Douglas et al. 2000; Kocher et al. 2001; Brufau et al. 2002; Olukosi et al. 
2007; Zhou et al. 2009). However, other research studies did not demonstrate any



beneficial effects of dietary enzyme supplementation in broilers (Iji et al. 2003; 
Günal et al. 2004; Sayyazadeh et al. 2006). 
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One of the key methods for enhancing broiler growth and nutrient digestion is the 
addition of NSP-degrading enzymes to cereal-based diets. Increasing levels of 
β-glucanase in broilers offered barley-based diets resulted in higher feed intake 
and live weight, enhanced feed efficiency, and decreased excreta dry matter content, 
based on a study by Hesselman et al. (1982). According to Shirmohammad and 
Mehri (2011), using a multi-enzyme preparation that contained β-glucanase and 
protease decreased broiler belly fat and increased the nutritional content of a corn– 
soybean diet. Santos et al. (2013) exhibited improved growth outcomes in broilers 
fed rye-based diets when xylanase was added as a supplement in their initial growth 
stages. Elsewhere, broilers’ ability to metabolize hemicelluloses, neutral detergent 
fibers, and crude proteins was improved by an enzyme complex composed of endo-
1,4-β-glucanase, endo-1,4-β-xylanase, and endo-1,3(4)-β-glucanase (Glamočić et al. 
2011). Diets with less metabolizable energy showed these effects more overtly. In 
the study by Gao et al. (2008), adding xylanase to broilers fed a wheat-based regimen 
increased production performance, and changed the digesta’s viscosity and pH after 
21 days of age. In the study by Esmaeilipour et al. (2012), xylanase supplementation 
in broilers’ wheat-based diet increased nutrient availability and enhanced perfor-
mance. This resulted in a reduction in the viscosity of the digestive tract. In their 
investigation, Van Hoeck et al. (2021) presented data that were similar. In the latter 
study, a novel intrinsically thermostable xylanase altered the viscosity of the intesti-
nal tract in broilers, positively impacted their performance and carcass 
characteristics, and also modified intestinal pH. In broilers fed diets including 
various types of wheat, xylanase caused also a decrease in pH in the duodenum, 
jejunum, and cecum, as demonstrated by Engberg et al. (2004). Changes in intestinal 
microbiota may be responsible for the effect of xylanase on intestinal pH. More 
particular, it was demonstrated that xylanase supplementation enhanced the number 
of Lactobacillus spp. and Ruminococcaceae in the colon of broilers (Vahjen et al. 
1998; Singh et al. 2021). Intestinal pH is decreased by lactic acid, which is produced 
by Lactobacillus spp. and other helpful gut bacteria. An increase in pancreatic 
production of digestive enzymes and the segregation of bile acid for lipid emulsifi-
cation are afterward thought to result from a decrease in intestinal pH. These results 
enhance nutrient digestion and absorption even more (Panda et al. 2009; Martínez 
et al. 2021). When broilers were infected with Salmonella typhimurium, the negative 
effects could be reduced by mixing xylanase and a probiotic called Lactobacillus 
plantarum (Vandeplas et al. 2009). Supplementing broilers with xylanase also 
lessened the negative effects of Clostridium perfringens on the intestinal mucosal 
barrier (Liu et al. 2012). The Van Hoeck et al. (2021) study highlighted the prebiotic 
effect of xylanase. More specifically, xylanase supplementation at the dose of 
30,000 U/kg (10 g/t) increased Lactobacilli development in the intestinal tract in 
addition to enhancing broiler performance, nutritional digestibility, and gut health. 
The xylanase-mediated variations in the cecal temperature of broilers suggested a 
potential modification in the distal gastrointestinal tract’s fermentative activity 
(Cowieson and Masey O'Neill 2013).
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For optimum growth, broilers need elevated dietary protein levels. In general, for 
the stages of bird development, not only the appropriate amino acid profile but also 
an appropriate supply of total proteins is required (Dosković et al. 2013). Soybean 
meal, one of the most popular ingredients in poultry feed, has a comparatively high 
protein level and a well-balanced amino acid profile (Dosković et al. 2013). How-
ever, because it contains antinutritional elements including trypsin inhibitors, lectins, 
and NSP, it may not be totally absorbed by poultry (Marsman et al. 1997; Pack and 
Bedford 1997). Traditional corn–soybean diets for broilers include a variety of 
protein molecules that are difficult for young broilers to digest because they lack 
the necessary enzymes in the early stages of life and the feed passes through the 
digestive system quickly (Uni et al. 1999). Amylase and protease supplementation 
had no appreciable impact on broiler development and feed intake during the course 
of the trial, according to Mahagna et al. (1995), but it had an impact on FCR from the 
first to the seventh day of life. When protease is added to broiler diets, protein 
hydrolysis can be improved when there are antinutritional factors present (Huo et al. 
1993; Ghazi et al. 2002). Additionally, protease supplementation decreased the 
requirement for the meal to contain both amino acids and energy (Dosković et al. 
2013). Due to the comparatively high cost of protein and amino acids, such solutions 
could minimize both nitrogen excretion in the environment and feed costs (Aletor 
et al. 2000; Bregendahl et al. 2002). Supplementing with protease increased body 
weights and Apparent Metabolizable Energy (AME) in broilers fed diets including 
soybean meal (Ghazi et al. 1997). A commercial carbohydrase and protease prepa-
ration increased the energy value of feed in broilers fed a corn/soybean diet in the 
Douglas et al. (2000) trial. Numerous studies on broilers demonstrated the 
advantages of including protease in multi-enzyme complexes for the animals 
(Ranade and Rajmane 1992; Morgan and Bedford 1995; Simbaya et al. 1996). 
Irrespective of the nutritional value of the diets, an enzyme complex combining 
protease, amylase, β-glucanase, xylanase, pectinase, cellulose, and phytase increased 
growth performance and FCR (Perić et al. 2008). By providing broilers a mixture of 
xylanase, amylase, and protease, researchers were able to increase the ileal digest-
ibility of N, amino acids, and energy (Zanella et al. 1999; Douglas et al. 2000). The 
addition of combined protease and amylase to broiler diets has a positive impact on 
growing performance (Café et al. 2002; Odetallah et al. 2005). Another study using 
broilers found that the combination of xylanase, amylase, and protease had a dose-
dependent impact (Cowieson and Ravindran 2008). 

4 Use of Enzymes in Laying Hens 

Research about the use of enzymes in laying hens is not so extensive in comparison 
with the research in broilers. The mechanism of action of the main enzymes used in 
poultry has already been discussed in detail previously, so this section will focus 
mainly on their effects on birds’ health, performance, and product quality. The 
NSP-degrading enzymes in laying hens increase the efficiency of the hens overall 
by releasing nutrients that have been encased and decreasing the viscosity of digesta



and levels of cecal ammonia (Lima et al. 2019; Chesson 2001). Compared to older 
birds, the impact of enzymes is more on younger ones as xylanase is more pro-
nounced during the early phases of growth. It has been proposed that the benefits of 
xylanase diminish with age in hens because layers have larger and more developed 
digestive systems (Annison et al. 1968; Salih et al. 1991; Campbell and Bedford 
1992). In the study by Hahn-Didde and Purdum (2014), laying hens fed diets with 
moderate and low AME levels received a supplement of an enzyme complex 
composed of xylanase, amylase, and protease. The findings revealed greater AME 
retention values for the initial phase of the production cycle as well as higher 
retention values for calcium (Ca), P, and Crude Protein (CP) in later phases. In a 
recent study, laying hens were fed a wheat–corn diet with the addition of rye, and 
xylanase supplementation generated positive effects such as enhanced eggshell 
calcium content and thickness (Muszyński et al. 2022). Regardless of the dietary 
addition of the type of rye, xylanase supplementation was also observed to increase 
bone strength. Xylanase improved the nutritional value of wheat–rye-based diets, as 
evidenced by the increased weight of the birds and the color of their yolks in laying 
hens (Pirgozliev et al. 2010). The beneficial effect of dietary xylanase on egg yolk 
coloration was also presented in the recent studies of Nguyen et al. (2021), 
Papadopoulos et al. (2022), and Lioliopoulou et al. (2023) (Fig. 1). A possible 
explanation for these findings is that NSP-degrading enzymes enhance the release 
of encapsulated nutrients such as carotenoids, which are the main pigments that 
define egg yolk coloration. It is conceivable that any enhancement in xylanase-
mediated fatty acid digestion and absorption potentially indirectly impacted the 
absorption of carotenoids (Papadopoulos et al. 2022). Yolk carotenoids exist as 
lipid-dissolved compounds and may be linked to big membrane lipoproteins
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Fig. 1 Changes in egg yolk coloration due to xylanase supplementation at increasing levels in 
laying hens fed wheat-based diets. (Modified from Papadopoulos et al. 2022)



(Papadopoulos et al. 2022). The latter results might be explained by the fact that 
xylanase enzymes improved the availability of lipids and other components by 
reducing intestinal viscosity. Additionally, by minimizing bile salt deconjugation, 
xylanase improves fat digestion. These findings are of importance, particularly for 
the animal feed industry, since alternative feed ingredients may be used to replace 
partially or fully conventional feed ingredients for laying hens such as corn, without 
a detrimental effect on the properties of the egg yolk coloration.
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Besides improved nutrient digestion and absorption, the changes in digesta 
viscosity caused by NSP-degrading enzymes also can affect birds’ droppings, 
resulting in a reduction in the numbers of dirty eggs (Chesson 2001). Similar 
findings have been demonstrated in an early study in laying hens, where high 
doses of a commercial enzyme complex containing β-glucanases, hemicellulases, 
and pectinases improved excreta quality (Francesch et al. 1995). Egg weight was 
also increased in this study by the high enzyme dose of 1 g/t. However, this effect on 
excreta quality is not consistent. For instance, in the study conducted by Pirgozliev 
et al. (2010), the addition of xylanase had no effect on the quantity of dirty eggs. In 
the study by Bobeck et al. (2014), xylanase supplementation boosted egg produc-
tion, egg mass, and feed efficiency in first-cycle laying hens fed corn–soybean meal-
dried distiller’s grain. Increased body weight of hens was observed during the entire 
12-week experiment in second-cycle laying hens supplemented with an enzyme 
mixture that included xylanases, β-glucanases, mannanases, pectinases, and 
proteases (Gunawardana et al. 2009). The performance of laying hens in the second 
production cycle can be enhanced by a multi-carbohydrase complex containing 
phytase, which can offset the detrimental effects of diets with less nutrients (Lima 
et al. 2019). Abreu et al. (2018) noted higher egg weight in laying hens fed 
nutritionally reduced diets supplemented with 100 g/t of xylanase, β-glucanase, 
and phytase and found similar results in laying hen performance. In laying hens 
fed corn–oat–wheat middling-based diets, Jaroni et al. (1999) found that 
supplementing with both xylanase and protease enhanced egg weight and improved 
feed conversion. Xylanase enhanced AME and N retention when added to the 
“wheat distiller’s dried grains with solubles” diets of laying hens in the study by 
Whiting et al. (2019). According to studies by Lei et al. (2018), Sun and Kim (2019), 
Roberts and Choct (2006), and Lioliopoulou et al. (2023), eggshell color was 
lightened by xylanase supplementation alone or in combination with other enzymes. 
Last but not least, investigations by Jia et al. (2008), Westbrook and Cherian (2019), 
and Papadopoulos et al. (2022) have demonstrated that enzyme supplementation can 
modify the lipid profile of egg yolk. Lipid profile of egg yolk has been indispensably 
associated with the egg functional properties and further research is needed toward 
improvement of egg yolk profile concurrently with xylanase supplementation. The 
addition of protease to laying hen diets can optimize nutrient absorption, enhance 
feed conversion efficiency, increase eggshell thickness, and reduce production costs 
(Dosković et al. 2013). It was suggested that including protease in the diets of laying 
hens could lower the amount of dietary crude protein by 1% (Yadav and Sah 2006). 
The addition of protease to a multi-enzyme complex increased laying hens’ egg yield 
(Adams 1989). There is very little information regarding protease in laying hen diets



when used alone; in the majority of research, protease has been combined with other 
enzymes. 
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5 Use of Enzymes in Swine: Need for Research Beyond 
the Thresholds 

Unexpected health benefits and discrepancies in performance indicators urge for a 
deeper comprehension of xylanase’s in vivo mode of action (Petry and Patience 
2020). All across the world, pig diets frequently include corn as an energy source; 
when financially feasible, industrial corn byproducts are also used. Starch makes up 
the majority of the energy in corn, with smaller amounts coming from protein, fat, 
and non-starch polysaccharides (NSPs) (Petry and Patience 2020). The majority of 
NSP in corn and its coproducts is made up of arabinoxylans (Petry and Patience 
2020). In spite of diet composition, xylanase enhanced the digestibility of dry matter, 
gross energy, and crude protein, according to a meta-analysis of 67 trials that 
included a diversity of ingredients in growing finishing pigs by Torres-Pitarch 
et al. (2019). However, growth performance responses were less commonly noticed. 
Pigs fed diets based primarily on corn still exhibited less digestibility reactions 
(Torres-Pitarch et al. 2019). It is frequently assumed that corn Arabinoxylan (AX) 
is resistant to enzymatic breakdown because of its complicated makeup and resultant 
insolubility when xylanase is unsuccessful (Petry and Patience 2020). However, the 
quantity of studies reporting increased fiber digestibility as well as the size of those 
improvements undoubtedly suggest that xylanase is hydrolyzing fiber either directly 
or indirectly through microbiota modification (Petry and Patience 2020). Recent 
research indicates that xylanase likely affects gut health through pathways that 
enhance gut barrier integrity, ameliorate oxidative stress, and modify immune 
response (Li et al. 2018; Duarte et al. 2019; Petry et al. 2020). The interaction 
between xylanase and the gut flora is most likely what caused these benefits in the 
pig’s overall and digestive health (Petry and Patience 2020). 

It has been suggested that supplementing swine diets with ingredients such as 
emulsifiers and enzymes is another approach that might be used to increase nutrient 
usage by enhancing nutrient bioavailability (Papadopoulos et al. 2014). In particular, 
the weaned pig’s largely milk-oriented enzymatic system suggests that adding extra 
enzymes to the feed may help young pigs develop in ways that are favorable to them 
(Kyriazakis and Whittemore 2006). Li et al. (1996) found that adding β-glucanase to 
pig diets increased the amounts of nutrients and energy that were digested and 
absorbed in the small intestine and decreased the amount of bacteria that fermented 
them in the large intestine. The small intestine’s ability to digest fat specifically 
increased. The efficiency of energy use increased as a result of this change in the 
energy’s disappearance from the large to the small intestine. Additionally, a multi-
carbohydrase supplement improved the digestibility of non-starch polysaccharides 
and ileal dry matter (Kiarie et al. 2007). Moreover, adding enzymes to weaned piglet 
diet dramatically increased the digestibility of total amino acids in the intestine 
(Vahjen et al. 2007; Ayoade et al. 2012). Elsewhere, it has been suggested that the



use of emulsifiers, which can assist with nutrient digestion and absorption from the 
small intestine, could be an additional strategy for increasing nutritional use in 
weaned pigs. This concept is based on previous findings that the NSP level of the 
diets may have an effect on fat digestion (Freire et al. 1998). In particular, the 
digestibility of fat and energy was decreased when the NSP concentration was 
increased (Freire et al. 1998). Based on this concept, it was shown that the addition 
of lysolecithin in combination with a multi-NSP-enzyme in barley–wheat-based 
diets can improve feed efficiency in weaned piglets (Fig. 2; Papadopoulos et al. 
2014). 
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Fig. 2 Effects on weaned piglets’ performance after supplementation of weaned piglet diets (Con) 
with extra fat content at 7.0 g/kg (Con+fat), lysolecithin at 0.5 g/kg (Con+lys), or both with 
lysolecithin and an enzyme mixture at 0.5 g/kg (Con+lys+enz). (Adapted from Papadopoulos 
et al. [2014]; *mean values are significantly different at p < 0.05) 

In order to employ enzymes in swine, it would appear that more research is 
required. It is necessary to create clear recommendations on how to use enzymes in 
pigs and distinguish between piglets and sows. Less fibrous diets are offered to 
piglets than to sows. In the meanwhile, piglets need to use their fat and energy 
efficiently in the first few days after being weaned. Given the contradictions in the 
available data and the predominance of corn in weaned piglet diets, it may initially 
appear that enzyme supplementation is of no added value. Despite being less than 
other viscous cereals, corn nevertheless has a significant amount of NSP. 
Co-supplementation of commercially available absorption enhancers could also 
generate benefits in this crucial growth phase. On the other hand, sow diets are 
richer in fibrous content, and its efficient utilization has been under debate in the 
recent years. The modern sow has increased considerably in size and weight, gives 
birth to more than 15 live-born piglets, and has a stressful and prolonged farrowing 
duration, while its metabolic needs to support lactation are high. Therefore, it is now 
crucial to use dietary fiber effectively in order to maximize available energy and 
prevent constipation-related problems. According to this perspective, recent research 
demonstrated that supplementing with xylanase enhanced breastfeeding sow



performance and altered the microbiome’s composition in their feces (Vermeulen 
et al. 2022). Especially noteworthy, the xylanase-supplemented sows lost less 
backfat throughout lactation than the control sows, showing an enhanced nutrient 
utilization irrespective of the diet’s fiber level (Vermeulen et al. 2022). Overall, it is 
anticipated that the use of enzymes in swine will receive major attention in the 
upcoming years, and that they will play a key role in the adoption of feed sources 
other than maize. 
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Abstract 

In the last decades, the use of medicinal and aromatic plants (MAPs) shows an 
increase in both animal and human nutrition and demonstrates a plethora of 
beneficial properties attributed to the bioactive compounds that have been 
investigated in their extracts and essential oils, which are considered as a great 
source of antioxidant and antimicrobial constituents. Specifically, the antioxidant 
capacity of MAPs and their inhibitory effects against pathogens have been 
evaluated for their use as natural food and feed additives. In feeds, they are 
used for improving their flavor, as colorants, as nutritional additives and for other 
livestock production parameters. The processing of MAPs from the food and feed 
industries has as derivatives several by-products that are not commercially 
accepted. These by-products are rich in bioactive natural compounds with anti-
oxidant and antimicrobial properties. A number of plants have been evaluated for 
their antioxidant activity and their phenolic and flavonoid content so as for their 
extracts to be used in the development of products with health benefits. Moreover, 
MAPs are used in food products for the enhancement of color, taste, odor, and 
texture. Due to their antioxidant properties, aromatic plants and their derivatives 
are used instead of synthetic preservatives and antioxidants. 
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1 Introduction 

Medicinal aromatic plants (MAPs) have many properties and their use is becoming 
more extensive and widespread. Especially, the Mediterranean basin is rich in many 
indigenous aromatic species, known for their medicinal properties that derive from 
secondary metabolites produced in the plants. Terpenes (or isoprenoids), phenolic 
compounds (phenylpropanoids and flavonoids), and nitrogen-containing 
compounds (alkaloids, cyanogenic glycosides, and glucosinolates) are the main 
categories of plant secondary metabolites (PSMs), which are important for the 
adaptation of plants to their environment, as they demonstrate multiple roles 
(Bourgaud et al. 2001). They have defensive and protective roles to abiotic stresses 
that are related to changes in environmental parameters (temperature, light levels, 
water status, etc.) (Wink and Schimmer 1999; Khan et al. 2011) and they also act as 
plant growth regulators or modulators in signal transduction (Kaufman et al. 1999; 
Zhao et al. 2005). 

Several studies have been made for the investigation of the content of their 
compounds, in dry extracts and essential oils. Rosemary (Rosmarinus officinalis) 
contains various compounds such as carnosol, carnosic acid, rosmanol, camphor, 
and α-pinene, valuable as feed supplements as well. The essential oil of Origanum 
vulgare shows antimicrobial, antifungal, and antiparasitic activities (Adam et al. 
1998; Karagouni et al. 2005; Viuda-Martos et al. 2007). Τhe majority of the 
substances of the essential oil of O. vulgare subsp. hirtum are phenolic antioxidants, 
containing carvacrol, p-cymene, and γ-terpinene (Anastasiou et al. 2019; Tsitlakidou 
et al. 2022). Another plant with various properties is Crocus sativus, which has 
antidepressant, hypolipidemic, anti-inflammatory, nervo-stimulation, antitumor, 
antistress, and free radical scavenging activities. Different parts of C. sativus contain 
various compounds, such as flavonoids, vitamins, volatile compounds, and fatty 
acids (Assimopoulou et al. 2005; Moshiri et al. 2015; Mzabri et al. 2019). The genus 
Thymus is, also, well known for their biological and pharmacological properties, as 
the various species are rich in thymol and carvacrol that provide antifungal, 
antibacterial, and antioxidant activities (Miguel et al. 2004; Ebrahimi et al. 2008; 
Kontogiorgis et al. 2016). 

Essential oils are extracted from parts of the plants, such as seeds, flowers, leaves, 
buds, fruit, bark, twigs, and roots, and are volatile natural complex compounds with 
strong odor usually obtained by steam or hydrodistillation (Bakkali et al. 2008; Seow 
et al. 2014) (Fig. 1a). Each oil can be composed from a few substances to a complex 
of more than 100 single constituents (Blitzke 2009). In addition, the chemical 
composition may vary in the raw material as it is influenced by plant health, habitat, 
growth stage, and harvest time (Figueiredo et al. 2008; Schmidt 2010). Essential oils 
include antioxidants, such as terpenoid and phenolic components, and some oils 
present differences of cytotoxicity due to various PSM compounds, contents, and 
phenolic substances (Bakkali et al. 2005). Their composition is mainly investigated 
through chromatographic methods coupled to spectroscopic techniques—gas 
chromatography-mass spectrometry (GC-MS), high-performance liquid
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Fig. 1 Distillation (a), essential oil (b), and by-products (c) after distillation of Origanum vulgare 
subsp. hirtum, (d) broiler chicken feed with Tenebrio molitor,  (e) larvas grown in substrate with 
postdistillation residues, (f) lavender fields in Provence, France, (g) distillation of Rosa damascena 
in Bulgaria, and (h) by-products after distillation of R. damascena in Bulgaria



chromatography (HPLC), and liquid chromatography-mass spectrometry (LC-MS) 
(Turek and Stintzing 2013).
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As the essential oils of MAPs contain many different secondary metabolites with 
medicinal properties, their application is known in medical microbiology, pharma-
ceutical botany, and in food industry, as food flavors and preservatives (Svoboda 
et al. 2006; Oroojalian et al. 2010). For this reason, MAPs play a significant role as 
food and feed additives. Τheir use is widespread as the demand for natural 
preservatives, as safer alternatives, is becoming more and more increased. Also, 
natural products have better biodegradability and wide availability. Essential oils 
are, also, used in livestock feeds for animals (Burt 2004). The complex mixture of 
components can interact with multiple molecular sites, and for this reason essential 
oils, in many cases, show better beneficial effects than a chemically synthesized 
compound (Svoboda et al. 2006), but some substances of essential oils may affect 
the bioavailability of other components (Seow et al. 2014). Thus, their uses can be 
extended to many sectors of food and feed industry for the production of novel 
products with environmentally friendly substances. 

2 Use of MAPs as Feed Additives 

In the last decades, due to regulations related to human health, many antibiotics and 
hormones used in animals are banned, as since 2006 the use of antimicrobial growth 
promoters has been banned in European Union due to the developed antibiotic 
resistance (Giannenas et al. 2016a). As a result, there is need for herbal products 
to replace antibiotics in animal feed. Some probiotics, organic acids, enzymes, 
symbiotics, and plant essential oils, which are nonantibiotic additives, have been 
tested for their use instead of conventional antibiotics. Essential oils and extracts 
from MAPs are used to replace synthetic chemicals in animals’ antibiotics and 
medicines (Franz et al. 2010). In general, as feed additives, aromatic and medicinal 
plants, their essential oils, and their extracts are used. Especially, essential oils are 
widely spread for their use but also extracts and by-products of MAPs play an 
important role in animal feed. 

Different methods of extraction and solvents determine the composition of 
extracts, as certain molecules are extracted with certain solvents. Plant extracts 
comprise a plethora of molecules with more than one active substance. Often, 
extracts are processed to be enriched in a selected category of substances or bioactive 
molecules are purified and used otherwise (FrankIc et al. 2009). Feeds are 
supplemented with herbs and their extracts in order to activate appetite in animals 
and to accelerate the time of digestion (Platel and Srinivasan 2001; Suresh and 
Srinivasan 2007; FrankIc et al. 2009). A study on rats with the use of extracts of 
curcuma, red and black pepper, cumin, nutmeg, and ginger showed anti-
inflammatory effects (Srinivasan 2005; Manjunatha and Srinivasan 2006). Lippens 
et al. (2005) studied the effect of supplementation of chicken feed with plant extracts 
(cinnamon, oregano, thyme, cayenne, and citrus). The supplementation enhanced the 
body weight of chickens as a result of increased feed consumption. Cardozo et al.



(2005) found that among different plant extracts (garlic, cinnamon, anise, yucca, 
oregano, and capsicum extract) and three secondary plant metabolites 
(cinnamaldehyde, eugenol, and anethole), and garlic, capsicum, yucca, and 
cinnamaldehyde altered ruminal fermentation in favor of propionate, which provides 
more energy. 
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Essential oils contain antimicrobial, antioxidative, anticoccidial, and antifungal 
properties and stimulate the immune response (Vidanarachchi et al. 2005; Wang 
et al. 2007; Giannenas et al. 2016a). They also promote nitrogen absorption (Gill 
2001) and inhibition of ammonia control (Varel 2002). All these elements are 
important for the optimization of animal diet and the improvement of some feed 
characteristics. Antioxidant compounds from essential oils can control lipid quality 
deterioration and, therefore, the meat industry can take advantage of such 
possibilities so as microbiological and sensory properties to be evaluated. Research 
has been made for the use of MAPs in the diet of chickens and piglets. 

The benefits of essential oils have been reported for their use in broiler diet. 
Essential oils from MAPs improve the oxidative stability of chicken meat (Jiménez-
Colmenero et al. 2001; Zhang et al. 2010; Giannenas et al. 2013). The supplementa-
tion of oregano essential oil to their feed or water showed an increase in broilers’ 
body weight and feed conversion ratio (Bassett 2000; Alçiçek et al. 2003). 
Giannenas et al. (2016a) refer that broiler chickens fed with oregano or a mixture 
of oregano and laurel showed better body weight and feed to gain ratio compared to 
those of control. Also, groups of broilers supplemented with oregano presented 
higher antioxidant capacity of breast and thigh meat, but no changes were noted in 
mineral content between the two groups. A study, where the essential oils of 
O. vulgare subsp. hirtum and Salvia fruticosa were used as dietary supplements in 
chicken diet, showed that the feed mixture was well accepted by broiler chickens and 
the oxidative status was improved compared to control. In cooked breast and thigh 
meat samples, a similar profile was found (Giannenas et al. 2016b). 

Most studies, in poultry, show enhanced growth and improved feed conversion 
rate by essential oil additives, but no significant change in feed intake. The enrich-
ment of feed with oregano herb in 2–20 g/kg feed resulted in better performance 
(Halle et al. 2004). The use of carvacrol (50 mg/kg), p-cymene, and γ-terpinene 
(25 mg/kg) showed no significant effects (Westendarp et al. 2006). Dried oregano 
leaves (1.25–3.75 g/kg) added to turkeys’ feed, showed an improvement in feed 
conversion rate (Bampidis et al. 2005). Also, the addition of 60 ppm thyme oil rich in 
carvacrol resulted in higher body weight, better feed efficiency, and lower abdominal 
fat weight (Denli et al. 2004). Papageorgiou et al. (2003) studied the diet of turkeys 
supplemented with certain quantities of α-tocopherol or oregano oil or oregano oil 
plus α-tocopherol and their effect on iron-induced lipid oxidation of turkey breast, 
thigh, liver, and heart tissues. The diet with oregano oil delayed the lipid oxidation 
better than with α-tocopherol, followed by the combination of α-tocopherol and 
oregano oil. Thigh tissue was more susceptible to oxidation than breast tissue, and 
lipid oxidation in heart was high. The results present that tissue α-tocopherol is an 
important factor that influences the level of lipid oxidation. Breast, thigh, and heart



tissues from oregano groups showed higher levels of α-tocopherol compared to 
control, and the increase is positive correlated with the supplementation level. 
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There are also studies for piglets, where different essential oils such as thyme and 
oregano were used as feed additives containing bioactive compounds. A rise in feed 
intake is observed with growth-promoting additives and reflects the higher consump-
tion capacity of larger animals, but not always an enhancement of voluntary feed 
consumption due to improved palatability. The results for each case are influenced 
by the type and the origin of the essential oil, the quantity added to the feed, and the 
environmental conditions (Franz et al. 2010). As in large-scale piggeries, feed 
improvements with 250–500 mg oregano oil/kg on zootechnical parameters of up 
to 20% and a decrease in mortality of weaners and piglets could be obtained (Tsinas 
et al. 1998). In an investigation of acceptance of thyme and oregano herbs, animals 
freely selected between control feed, two concentrations of herbs (0.12 and 1.2%, 
respectively) or mixtures of herbs (0.06 and 0.6%, respectively), corresponding to 
20 and 200 mg essential oil/kg feed, respectively. Piglets preferred more the control 
feed, and between treatments with herbs, the preference was higher for thyme 
compared to oregano, maybe because of the stronger flavor and taste of oregano. 
In general, no better palatability was achieved with the addition of herbs. 

Shell eggs are stable against oxidation, but processed eggs can be oxidized during 
refrigerated storage. Synthetic antioxidants are used for increasing their oxidative 
stability, although natural antioxidants that can replace the synthetics could be more 
attractive to consumers and the poultry industry would satisfy the demands of 
consumers for products without harmful substances (Botsoglou et al. 2010). Studies 
have suggested feed supplementation with herbs, such as rosemary, oregano, and 
thyme, as an effective way for the improvement of oxidative stability of egg yolk and 
meat (Radwan Nadia et al. 2008; Botsoglou et al. 2010). Crocus sativus has been 
researched among other spices, as crocins and crocetins exhibit antioxidant activity 
(Pham et al. 2000; Martinez-Tome et al. 2001). An inhibitory factor for its use as a 
feed additive could be its cost, as it is the most expensive cultivated spice. At least 
30% of the saffron samples do not have adequate specifications and are considered 
as waste. These by-products have the same composition as the rest of the spice and 
are discarded for aesthetic reasons. For this reason, saffron can be investigated as a 
promising feed additive for its antioxidant and coloring properties (Botsoglou et al. 
2010). 

The references are very limited about the use of saffron as a feed additive and are 
limited to layers and broiler chickens. Botsoglou et al. (2005a) investigated the effect 
of feed supplementation with red stigmas of Greek saffron on the oxidative stability 
of shell eggs and yolks during refrigerated storage. Laying hens had a supplemented 
diet with 10 or 20 mg saffron or 200 mg α-tocopherol acetate/kg feed. The two 
treatments differed significantly concerning the extent of lipid oxidation in shell 
eggs. The enrichment of eggs with antioxidant constituents of saffron may inhibit the 
chain reaction in oxidation of the consumed lipids, decreasing oxidation products 
into yolk. Botsoglou et al. (2005b) studied the effect of rosemary, oregano, saffron, 
or α-tocopherol acetate included in feed on egg quality. The extent of lipid oxidation 
in shell eggs differed among the treatments but did not change with storage time.



Yolk color was improved in the group of saffron and the oregano group presented 
higher oxidation rate than the saffron group. Another study about crocins, which are 
the main active constituents of saffron, showed that they can prevent the oxidation of 
linoleic acid due to their antioxidative activity (Pham et al. 2000). 
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During the procedure of MAPs, a great number of by-products are produced, such 
as solid residues from the essential oil process, and for some plant species the 
production of by-products can be more than 60% (Grigoriadou et al. 2018) 
(Fig. 1c). These products were treated as waste, but they can be used as they contain 
bioactive compounds with biological properties and can add value to the final 
products (Saha and Basak 2020). 

The distillation of MAPs produces a quantity of by-products that is often 
discharged (Fig. 1h). These by-products can be exploited and can be used as feed 
additives, and this use has been studied in the substrate on which insect species are 
developed (Fig. 1). Insects are consumed in many countries of Asia, Africa, and 
Central and South America, as they provide energy and protein and are a good 
source of micronutrients (Yen 2009; Chiet al. 2019). They exhibit high feed conver-
sion efficiency, a fact that implies that their body temperature depends on the 
environment rather than the feed energy (Dobermann et al. 2017; Van Huis and 
Oonincx 2017). Thus, insects can grow on different types of substrates (organic, 
industrial, and agricultural waste streams) and they convert them into protein of high 
quality (Van Huis and Oonincx 2017). 

Tenebrio molitor, one of the most commercial edible insect species high in 
protein content (Adámková et al. 2020), has been researched for its nutritional 
value after its growth on different substrates and the supplementation of the substrate 
with postdistillation residues of MAPs (lavender, Greek oregano, rosemary, and 
olive; 1:1:1:1 ratio) (Fig. 1d, e). The results showed that MAPs had a positive effect 
on the total phenolic content and antioxidant activity of each substrate, with the 
substrate with rice bran to be the highest in content and capacity. This study indicates 
the use of alternative substrate and their enrichment with natural phenolics influence 
T. molitor growth (Andreadis et al. 2021). 

3 Use of MAPs as Food Additives 

MAPs and their by-products, as a source of several bioactive compounds, such as 
terpenes, phenolic compounds, and flavonoids, can have an extend use as food 
antimicrobial and antioxidant additives for the production of high added-value 
products, such as aromatic edible oils, herbal teas and instant beverages. 
By-products of four different Greek cultivated species (Matricaria recutita, Origa-
num vulgare subsp. hirtum, Sideritis scardica, and Thymus vulgaris) were deter-
mined for their content in bioactive compounds through high-performance thin layer 
chromatography (HPTLC) and liquid chromatography-mass spectrometry (LC-MS) 
techniques. It was proved that the residues of the process, after the analyses carried 
out, contained a similar chemical profile and a high phenolic content mainly in 
thyme, oregano, and Greek mountain tea. Also, GC-MS analyses of essential oils of



oregano and thyme by-products revealed the existence of carvacrol, thymol, γ
-terpinene, and p-cymene (Dina et al. 2022). 
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Essential oils are used as flavoring agents in the food industry, and they are 
preferred for their antimicrobial properties against foodborne pathogens and as a 
source of natural preservatives. Interactions between essential oils and food 
characteristics may affect their antimicrobial properties. The antimicrobial effect of 
essential oils of oregano and garlic against Salmonella spp. and Listeria 
monocytogenes was studied on fat, protein, pH, aw, and food additives. Protein, 
pH, aw, presence of beef extract, sodium lactate, and nitrates did not influence their 
antimicrobial effect. Pork fat had a negative effect against essential oils of both 
species associated with their dilution of the lipid content and also food phosphates 
had a negative influence probably because of their emulsification properties (García-
Díez et al. 2017). 

MAPs are known for their nutritional role and the benefits to health from long-
term use as foods (Franz et al. 2010). Foodborne illnesses constitute a major problem 
all over the world and food safety is of great importance. There are many bacteria 
that develop antibiotic resistance because of the extensive use of antibiotics. Food 
industries are looking for safer alternatives and natural preservatives as they exhibit 
wide availability and better biodegradability. For this reason, in recent years, the use 
of natural antimicrobials in food systems is of great interest (Seow et al. 2014). 

The activity of antimicrobial essential oils has been researched in natural and 
synthetic food matrices or packaging in order to eliminate food spoilage pathogens 
in food manufacturing. Antimicrobial activities of essential oils were studied in 
apple juice and were increased with juice clarity, incubation temperature, and time 
and were dependent on the miscibility of antimicrobial components in the juice 
(Friedman et al. 2004). Wang et al. (2007), after the coverage of strawberries with 
eugenol, menthol, and thymol, successfully delayed the rate of berry decay and 
promoted decay resistance through an increase in phenolic compounds, 
anthocyanins, flavonoids, and antioxidant capabilities. 

Essential oils have been used for the reduction of microbial contents into food 
additives. In an instant soup containing broccoli and white flour, the addition of 
essential oils of Pelargonium sp. was used to improve shelf-life against Staphylo-
coccus aureus (Lis-Balchin et al. 2003), while Gutierrez et al. (2009) studied the 
effect of lemon balm, marjoram, oregano, and thyme essential oils using model 
systems of meat, milk, and lettuce against Listeria spp. Both studies revealed that 
several factors could affect antimicrobial activities of PSMs presented and their 
actions are dependent on the existence of simple sugars, high protein concentrations, 
and the pH of the media. It was observed also that certain essential oils’ combination 
showed synergistic activity and they reduced undesirable side effects while they 
improved organoleptic characteristics (Gutierrez et al. 2009). Bakery products have, 
also, been investigated for the improvement of their nutrient profile. Supplementa-
tion with turmeric (Curcuma longa), cilantro, fennel, ginger (Zingiber officinale), 
oregano, and black and green tea (Camellia spp.) extracts leads to a better antioxi-
dant activity (Dziki et al. 2014). Si et al. (2006) studied the antimicrobial activity of 
66 essential oils and compounds against Salmonella typhimurium DT104 and



Escherichia coli O157:H. Most of the oils showed high efficacy against the two 
bacterial pathogens and E. coli with K88 pili, with a simultaneous tolerance to the 
low pH. 
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Apart from the use of essential oils into food, there is also an increasing interest 
for their use into food packaging. This practice aims to extend shelf-life and improve 
consumer safety of products by decreasing pathogens in packed foods and packaging 
materials (Seydim and Sarikus 2006). The advantage of essential oils for their use in 
food packaging is their highly volatile and antimicrobial nature, as oils do not require 
direct contact with food, reducing possible sensory changes and provide an alterna-
tive way to undesirable synthetic additives (Becerril et al. 2007). In general, the 
literature is limited on active food packaging with essential oils. Packaging with 
oregano and cinnamon essential oils affected the action of E. coli and S. aureus, and 
their death time curves showed shorter optimum time of exposure against bacteria 
than that of pure essential oils in vapor phase (Becerril et al. 2007). Beef slices and 
fish were preserved with active packaging using protein-based and gelatin–chitosan 
films incorporated with essential oils. Milk protein- based film with a mix of 
essential oils successfully reduced E. coli O157:H7 and Pseudomonas spp. microbial 
load after seven days of storage at 4 °C (Oussalah et al. 2004; Gómez-Estaca et al. 
2010). 

The simultaneous and synergistic effect between essential oils, food 
preservatives, and antibiotics has also been extensively studied. Synergistic action 
occurs when two or more factors can give an improved result greater than the sum of 
each separately. However, combined use should be done carefully and after research 
on the concentrations, as essential oils when used together can cause unpleasant 
changes in organoleptic properties (Seow et al. 2014). The synergistic action of 
essential oils has been used in different combinations and concentrations, as in the 
case of the inactivation of Listeria monocytogenes in salads, which was achieved 
using a mixture of thyme verbena, thyme red, Spanish oregano, ajowan, tea tree, 
clove, sage, and rosemary oils (Molinos et al. 2009). Also, an additive effect 
occurred when a mixture of carvacrol and thymol was used in Pseudomonas 
aeruginosa and S. aureus (Lambert et al. 2001). Specific compounds contained in 
the essential oil of thyme (linalool, thymol, or carvacrol) showed synergistic antimi-
crobial activity against six stains (Iten et al. 2009) while total inhibition was achieved 
when carvacrol and thymol mixed at certain concentrations (Lambert et al. 2001; 
Iten et al. 2009). 

4 MAPs By-Products 

The processing of MAPs generates a significant amount of by-products that are 
typically considered waste and discarded. These by-products come not only from 
food and feed industries, but also from post-harvest materials, such as branches and 
low-quality leaves, as well as hydrolates and solid residues from the essential oil 
(EO) process. These materials are not commercially accepted, even though they can 
make up more than 60% of production, and are often burned or discarded in the



fields, polluting the environment. Despite being considered waste, these by-products 
are rich in bioactive secondary metabolites with antioxidant and antimicrobial 
properties and are increasingly being studied as valuable sources of phenolic 
compounds (Dina et al. 2022). Research studies show evidence that these residual 
by-products are potential sources of bioactive compounds, as they contain the same 
ingredients and properties as the final product (Navarrete et al. 2011; Redondo et al. 
2017). Five plant species that are considered among the most important MAPs of the 
Mediterranean region are cultivated for commercial use for culinary purposes or for 
the production of their EOs. 
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Rose oil is produced on industrial scale from the petals of Rosa damascena Mill 
(Rosaceae) by hydrodistillation and is often referred to as “liquid gold.” Rose petals 
are rich in flavonoids such as quercetin, kaempferol, and respective glycoside 
derivatives. In addition, their extracts contain anthocyanins, gallic acid derivatives, 
and other phenolic compounds (Velioglu and Mazza 1991). In parallel, the waste-
water (i.e., aqueous extract of petals) produced from the hydrodistillation and the 
solid petal residue remain unexploited. It is worth noting that rose water, which 
contains less than 1% essential oil, was also considered waste in the past. The yield 
of rose hydrodistillation is very low, as it takes about 3000 kg of rose petals to 
produce 1 kg of rose oil, resulting in tons of waste (Zhu et al. 2012). In Bulgaria, 
R. damascena is an important commercial MAP, and the country is responsible for 
about 50% of the world’s production of rose oil (about 870–2000 kg annually) 
(Fig. 1g). The chemical composition of the wastewater as well as the aqueous and 
hydroalcoholic extracts from the rose petals remaining after hydrodistillation has 
been studied, and they have been found to be rich in phenolic compounds including 
flavonoids (Kumar et al. 2008; Rusanov et al. 2014; Schieber et al. 2005). Moreover, 
these extracts have been studied for their tyrosinase inhibition activity due to the 
presence of quercetin, kaempferol and ellagic acid suggesting their potential use for 
bleaching purpose (Solimine et al. 2016). Furthermore, it has been suggested that the 
presence of these compounds may make the extracts useful for treating acute or 
chronic inflammation (Wedler et al. 2016a; Wedler et al. 2016b). In addition, 
enriched polyphenols extracts after processing with adsorption resins have been 
found to have antioxidant activity and to activate proteostatic modules, exhibiting 
potential antiaging properties (Dina et al. 2021). 

The stigmas of Crocus sativus, commonly known as saffron, are often used in the 
production of food and medicine, but the remaining parts of the plant, including the 
styles, the tepals, and the petals, are typically discarded as waste. The cultivation of 
the plant is found principally in Iran, India, and Morocco but also in the eponymous 
region Crocos (Kozani) of central Macedonia, Greece. During collection, only a 
small part of the plant is used (stigmas), while the rest is discarded and hence is 
considered one of the most expensive crops of medicinal plant products in the world, 
earning it the nickname “red gold” (Abdullaev and Espinosa-Aguirre 2004; Mzabri 
et al. 2021). Due to the considerable annual production of tepals and petals, the 
utilization of by-products for the preparation of extracts with significant antioxidant 
and possibly anti-aging properties is an attractive alternative for the saffron industry. 
Tepals are rich in flavonoids (kaempferol, rutin, quercetin, luteolin, etc.),



carotenoids, phenolic acids, tannins, and anthocyanins and have shown significant 
radical scavenging activity (Mykhailenko et al. 2019). Pharmacological properties of 
C. sativus products have been reviewed extensively, and aqueous extracts have 
shown very high content of phenolic compounds, antioxidant, and antibacterial 
activity, as well as good activity in in vitro and ex vivo models of inflammation 
and oxidative stress. Moreover, antitumor properties as well as antiproliferative 
activity of hydroalcoholic extracts have been exhibited (Chichiriccò et al. 2019; 
Mykhailenko et al. 2019). Beside the potential applications in the cosmetic and 
pharmaceutical industries, by-products of C. sativus contain carotenoids, which can 
be used as natural colorants in food products (Rubio Moraga et al. 2013). 
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The lavender (Lavandula angustifolia Mill) essential oil has a great commercial 
interest due to its widespread use in perfumery, aromatherapy, and pharmaceutical 
products (Fig. 1f). It is produced on an industrial scale from aerial parts of the plant 
by steam distillation and is rich in monoterpenes, sesquiterpenes, and their oxidized 
derivatives. The essential oil of L. angustifolia has shown remarkable bacteriostatic 
and bactericidal properties against several strains of Staphylococcus and Proteus 
species as well as the antifungal properties of the essential oil have been tested 
against yeasts, dermatophytes, and mucosal strains. Given that the biological activity 
of essential oils is often attributed to their main constituents, the bacteriostatic and 
antifungal activity of pure linalool appears to be responsible for the observed result, 
while the synergistic action of other components of the oil is noteworthy. Leaf 
extracts have a noteworthy content of secondary metabolites, including flavonoids 
(flavones, anthocyanins, and flavonoid glycosides), phenolic acids, hydroxybenzoic 
acids and derivatives, hydroxycinnamic acids and derivatives, coumarins, 
benzofuran derivatives, and others with significant pharmacological properties 
(Héral et al. 2021). Although there are few data on the composition of lavender 
by-products from distillation, research results show that they contain compounds 
with significant antimicrobial, anti-inflammatory, and antioxidant properties 
(Ciocarlan et al. 2021; Méndez-Tovar et al. 2015; Moon et al. 2006; Turrini et al. 
2021). The main applications of lavender by-products in the pharmaceutical and 
cosmetic industry are as raw materials for the synthesis of derivatives or as active 
ingredients in final products. However, their potential use as natural pesticides in 
agriculture and their biological activity against pests and diseases have not yet been 
fully exploited. 

Thymus vulgaris is a native plant of southern Europe and has a widespread 
distribution in all Mediterranean countries as well as in the temperate zones of 
Asia and America. The essential oil of thyme, whose main constituent is thymol, 
is used in cosmetology and the food industry for its antimicrobial, antifungal, and 
antioxidant properties (Patil et al. 2021). Commercially, it is used as a spice or with 
the form of paste as a condiment, while the main components of essential oil such as 
thymol and carvacrol have been incorporated, beside cosmetics, and in many dental 
products. There have been numerous studies supporting the potential future use of 
both essential oil and extracts in the food industry as natural preservatives, replacing 
synthetic ones (Pesavento et al. 2015). T. vulgaris has a notable content of secondary 
metabolites such as flavonoids (rutin and caffeic acid), terpenoids (thymol and



carvacrol), flavones (apigenin and luteolin), sterols, alkaloids, and saponins (Patil 
et al. 2021). The extracts of thyme have shown antispasmodic, antiparasitic, and 
anti-inflammatory activities (Begrow et al. 2010; Braga et al. 2006). By-products of 
thyme’s EO distillation have been studied and can be potentially exploited in the 
polymers industry as they can provide stability to thermo-oxidative processes. 
Studies have been conducted for the incorporation of thyme by-products in food, 
showing that they can significantly improve fatty acid profile of lamb meat, retarding 
lipid oxidation in raw and cooked meat of turkey thighs, and are useful as natural 
antioxidants and antimicrobial agents in pork meat processing (Mielnik et al. 2008; 
Nieto 2013; Šojić et al. 2020). Finally, the presence of bioactive secondary 
metabolites in thyme by-products underlies their potent use not only as food 
antimicrobial and antioxidant additives, but also in the preparation of high added-
value products, such as enriched aromatic edible oils or herbal preparations such as 
instant beverages (Dina et al. 2022). 
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Oregano (Origanum vulgare) is a perennial aromatic plant, widely distributed as a 
wild plant and one of the most cultivated herbs in the Mediterranean basin. Its EO 
contains significant amounts of the antimicrobial substances thymol and carvacrol, 
which are transferred to the hydrosol in a percentage, while the water extract 
contains flavonoids and other antioxidants. In particular, the major constituents 
include terpenoids (monoterpenes, sesquiterpenes, diterpenes, and triterpenes), 
phenols, phenolic acids, and flavonoids, and as minors can be found alkaloids and 
saponins (Fig. 1b). Due to the presence of these metabolites, oregano extracts exhibit 
a broad spectrum of pharmacological properties including anticancer activities in 
adrenocortical tumor, hepatocellular carcinoma, HeLa, human breast adenocarci-
noma, and human colon adenocarcinoma cell lines (Begnini et al. 2014; Elshafie 
et al. 2017; Rubin et al. 2018). In addition, several studies show the anti-
inflammatory properties of extracts and EOs (Bukovská et al. 2007; Ocaña-Fuentes 
et al. 2010; Paur et al. 2010). Oregano EO has been tested against several microbial 
strains, exhibiting antimicrobial activity against pathogens including Malassezia 
furfur, Trichophyton rubrum, Trichosporon beigelii, and Helicobacter pylori 
(Adam et al. 1998; Stamatis et al. 2003). The oregano oil finds applications in the 
food industry and is also an ingredient in cosmetic products. Specifically, it is used in 
alcoholic beverages, in baking, in meat products, as a seasoning, in dairy products, in 
processed vegetables, and in butter and oils. Research studies on oregano 
by-products prove their antioxidant and antimicrobial properties and indicate their 
use as food and feed additives as well as for the production of high added-value 
products (Bouloumpasi et al. 2021; Dina et al. 2022). 

To conclude, despite the potential value of these by-products, their utilization is 
still limited, and most of them are discarded or burned. However, some research has 
been done on the potential uses of these materials, and several studies have shown 
that they can be used as ingredients in functional foods, nutraceuticals, and natural 
cosmetics. For example, solid residues (petals, leaves, and stems) of MAPs, which 
are commonly used in the production of EOs, can be used to extract antioxidants and 
other bioactive compounds, which can be incorporated into food products or dietary 
supplements. Similarly, wastewaters, which are rich in polyphenols, can be



appropriately processing (e.g., adsorption resins) and used as ingredients in func-
tional foods. Finally, by valorizing these by-products, it is possible to reduce waste 
and pollution, and to create new opportunities for the food and feed industries. 
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The Role of Insects in Novel Sustainable 
Animal Production Systems 

T. Veldkamp, I. Belghit, S. Chatzfiotis, M. Mastoraki, A. J. M. Jansman, 
G. Radhakrishnan, A. Schiavone, S. Smetana, and L. Gasco 

Abstract 

Insects are a natural component of animal diets. They contain a high amount of 
digestible protein and fat and are also rich in micronutrients such as copper, iron, 
magnesium, selenium and zinc, as well as riboflavin, pantothenic acid and biotin. 
In addition, insects contain bioactive and immunostimulatory constituents such as 
lauric acid, antimicrobial peptides and chitin. These nutritional and functional 
properties make insects a promising feed ingredient to replace conventional feed 
ingredients and as such sustainability in animal production may be improved. In 
the European Union (EU), since 2017 eight insect species are authorized for
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aquafeed. Recent relaxation of the EU feed ban rules and animal by-products 
legislation on September 7, 2021, also allowed the use of insect proteins in 
poultry and pig diets. Among the authorized insect species, some are more 
promising for feed purposes as they can be theoretically mass produced. More-
over, these species apply the circular economy concept by bioconverting organic 
substrates, which find minor applications for other purposes. Advances in the 
development of the European insect industry are often associated with more 
favourable sustainability potentials of insects, compared to traditional protein 
sources. For the EU there is a significant overlap in ingredient use in diets for pigs 
and poultry. Despite multiple studies on economic feasibility, social acceptance 
and environmental impact, many open questions are left for the industry to deal 
with. Life Cycle Assessment (LCA), relying on a modular modelling approach to 
cover the complete spectrum of insect production and processing parameters, is a 
methodology which can provide viable answers and recommendations on envi-
ronmental sustainability performance. For different livestock animal species, the 
current animal production systems, volumes of feed and composition of conven-
tional diets are presented. The digestibility of insect meals and effects of their use 
on growth performance, product quality and health at different dietary inclusion 
levels are reviewed. Finally, the contribution of dietary inclusion of insect protein 
in animal production systems to sustainability is discussed.
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1 Introduction 

The Food and Agriculture Organization (FAO) calculated that increasing global food 
production by 60% from 2005–2007 to 2050 would be necessary to feed the world’s 
estimated 9.1 billion people (Alexandratos and Bruinsma 2012). Such significant 
changes can only be effectively accomplished in a circular economy that takes 
resource constraints into account (Raworth 2017). The European Commission 
(EC) has adopted an ambitious new Circular Economy Package to assist European 
businesses and consumers in making the transition to a stronger and more circular 
economy, in which resources are utilized in a more sustainable way (EC 2018). With 
long-term goals to decrease landfilling and boost recycling and reuse, this collection 
of legislative measures on waste (reduction) comprises those. The package also 
contains an action plan to promote the circular economy at every stage of the 
value chain, from production to consumption, repair and manufacturing, waste 
management and feedback of secondary raw materials, in order to close loops in 
product lifecycles. The by-products of food production can be greatly improved by 
insects in a productive way. The very effective use of insects in the food chain 
urgently has to be developed and expanded in order to contribute to the circular 
economy anticipated by the EC and to create more sustainable, resilient supply



chains with high consumer acceptability and appealing business potential. The most 
potential alternative protein sources for the feed and food markets in Europe are 
insects. Insects are the “missing link” that can close the loops in the product 
lifecycle; therefore, they help ensure the sustainability of the food chain (Van Huis 
et al. 2013). Insects can effectively transform low-grade biomass into important feed 
and food ingredients, whereas human food production necessitates the direct utiliza-
tion of high-grade resources. Therefore, insects are increasingly being explored as a 
new or alternative source for producing protein, either directly for human consump-
tion or indirectly via reconstituted foods (including extracted protein from insects), 
as well as a good source of protein for feed. Edible insect production offers unique 
advantages such as insects can be grown on organic side streams, and its conversion 
is highly efficient (Van Huis et al. 2013), insects emit less greenhouse gases and 
ammonia than conventional livestock (Halloran et al. 2017; Oonincx et al. 2010; 
Van Huis and Oonincx 2017), and edible insects contain high-quality protein, amino 
acids and vitamins for animal and human health (Nowak et al. 2016; Rumpold and 
Schlüter 2013). 
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Since the effect of dietary insects protein may differ between animal species, 
different levels of insect meal inclusion in commercial feed are performed to assess 
the animal performance, health and product quality in feeding trials with rainbow 
trout, sea bass, salmon, laying hens, broilers and piglets. Effects of insect products 
on growth performance will be largely affected by the way of exchange of 
ingredients in diets and differences in nutritional value for which either or not has 
been properly corrected for. So the response to a diet is mostly not towards a specific 
feed ingredient but towards the entire feed. For different livestock animal species, 
the current animal production systems, volumes of feed and composition of conven-
tional diets are presented for the respective animal species. The digestibility of insect 
meals and effects of their use as feed ingredient on the growth performance, product 
quality and health at different dietary inclusion levels are reviewed as well as the 
contribution of dietary inclusion of insect protein in animal production systems to 
sustainability is discussed. 

As a basis for the animal species targeted in the next paragraphs, the chemical 
nutritional composition of (common) insect-based feed ingredients is presented in 
Table 1. 

2 Fish Species 

2.1 Rainbow Trout 

The rainbow trout (Oncorhynchus mykiss) is a freshwater carnivorous fish belonging 
to the Salmonidae family. It originated from North America and is now introduced 
worldwide (Stanković et al. 2015). The first record of its presence in Europe dates at 
the end of the nineteenth century (Stanković et al. 2015). 

Reproduction naturally occurs during the winter period (from November to 
March), but in captivity and to obtain eggs all over the year, the reproductive



behaviour can be altered through photoperiod manipulation. To reach sexual matu-
rity, normally 2 and 3 years is needed for males and females, respectively. Each 
mature female produces about 2000 eggs per kg of somatic mass and fertilization is 
external. In captivity, artificial reproduction is performed collecting gametes (ova 
and sperm) by stripping (abdominal massage) (Beirão et al. 2019). Eggs have a 
diameter of about 0.5 cm. The incubation time is temperature dependent and, at a 
constant temperature of 10 °C, eggs hatch in about 30 days. 
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Table 1 Chemical composition of common insect-based feed ingredients (adapted from Shah et al. 
(2022)) 

Insect species 
Percentage (% DM) 

DM CP CF Ash Ca P Mg K Na 

Black soldier fly 
larvaea 

27.40 56.10 23.20 9.85 2.14 1.15 0.39 1.35 0.13 

Mealworm larvaeb 38.10 55.83 25.19 4.84 0.21 1.06 0.30 1.12 0.21 

Housefly larvaec 29.00 62.19 19.20 7.73 0.49 1.09 0.23 1.27 0.54 

DM, dry matter; CP, crude protein; CF, crude fat; Ash; Ca, calcium; P, phosphorus; Mg, 
magnesium; K, potassium; Na, sodium. 
a (Cullere et al. 2016; De Marco et al. 2015; Jayanegara et al. 2017; St-Hilaire et al. 2007) 
b (Gugołek et al. 2020; Marono et al. 2015) 
c (Hussein et al. 2017; Khan 2018; Makkar et al. 2014) 

Rainbow trout is commercially farmed in over 90 countries, with a global 
production of more than 848,000 tonnes. The top producers are Iran, Turkey, 
Chile, Norway and Peru. The first two account for 42% of the global production 
(Kamalam et al. 2020; Seafish 2022b). In 2019, the European Union (EU) member 
states produced 192,450 tonnes of trout (mostly rainbow trout) for a market value of 
more than €650 million. More than half of the production takes place in France 
(35,097 tonnes), Italy (34,460 tonnes) and Denmark (30,904 tonnes) (EUFOMA 
2021). Considering a feed efficiency of 0.8–1 for the whole cycle, the global feed 
produced for rainbow trout can be estimated at 0.8–1.06 million tonnes (Kamalam 
et al. 2020). Applying the same estimation, in the EU, the feed used for this species 
accounts for 0.19–0.24 million tonnes. 

Rainbow trout is a carnivorous fish with a protein requirement, varying from 40 to 
50% crude protein. When formulating diets, particular attention is taken not only to 
reach the recommended dietary levels for essential amino acids (EAAs) but also on 
the optimal ratio between EAAs and non-EAAs, which is reported to be 57:43 
(Kamalam et al. 2020). Covering the requirements and considering the whole 
EAA contribution of ingredients, a reduction in the dietary crude protein content 
enables to optimize protein deposition and therefore to avoid nitrogen losses and 
optimize feed costs. 

Extrusion technology is widely used to prepare feeds, and in the past, fishmeal 
(FM) and fish oil (FO) were the main ingredients of a trout diet. However, to 
decrease reliance on such finite unsustainable resources, nowadays feeds contain 
large quantities of plant ingredients (oilseed meals, plant protein concentrates and 
cereal by-products) and processed animal proteins (PAPs; poultry by-products, meat



and bone meals and blood meal) (Gaylord et al. 2017). Paying attention to properly 
supply of limiting EAAs, vitamins and minerals, nowadays diets without FM or FO 
are used (Kamalam et al. 2020). However, in particular when using high levels of 
plant proteins, gastrointestinal tract inflammations are often reported mainly because 
of unbalanced nutrient profile or the presence of antinutritional factors (Colombo 
2020; Venold et al. 2012). 
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Since some years, there is a growing concern about the food-feed competition 
(Breewood and Garnett 2020). Moreover, in the EU, restrictions on the use of PAPs 
apply as a consequence of the bovine spongiform encephalopathy issue (EC 2001, 
2022). Innovative and more sustainable ingredients are therefore tested to develop 
alternative aquafeeds. Among them, the most promising are insects-derived 
products. 

Insect-derived proteins, mainly from black soldier fly (Hermetia illucens, HI) and 
yellow mealworm (Tenebrio molitor, TM), have been proven to be efficient in partial 
or total substitution of FM in rainbow trout feeding. Inclusion levels up to 32% 
resulted in an increase or no impact on performances parameters (Biasato et al. 
2022b; Caimi et al. 2021; Chemello et al. 2021; Józefiak et al. 2019; Kumar et al. 
2021; Melenchón et al. 2022; Rema et al. 2019). However, in some cases, reduced 
performances are reported (Cardinaletti et al. 2019; Dumas et al. 2018). Impaired 
performances are ascribed to insect meal form (full-fat, defat), nature of the produc-
tion process or related nutrient imbalances in diets as well as related to fish age (Hua 
2021; Weththasinghe et al. 2022). 

As for other animal species, the formulation of diets based on digestible values is 
fundamental to avoid nutritional unbalances that could lead to a poor growth and 
welfare of fish, as well as environmental issues. So far, only one paper deals with the 
digestibility of different insect meals as test ingredients in rainbow trout (Gasco et al. 
2022). In this paper, authors investigated the apparent digestibility coefficient (ADC) 
of dry matter, crude protein, ether extract, gross energy, amino acids, and the main 
fatty acids of one Hermetia illucens, one Alphitobius diaperinus, and two Tenebrio 
molitor defatted meals. Differences in ADCs of dry matter (from 66 to 89%), crude 
protein (from 75 to 91%) and gross energy (from 75 to 86%) were reported, with 
Alphitobius diaperinus showing the lowest values. No differences appeared for ether 
extract digestibility that was above 96% in all treatments. Alphitobius diaperinus 
meal also reported the lowest ADC values for methionine, cysteine and tyrosine. The 
ADCs of the main fatty acids (C12:0, C14:0, C16:0, C18:1 c9, C18:2 n-6 and C18:3 
n-3) were higher than 85% and did not differ significantly in insect meals. Another 
recent paper investigated the digestibility of black soldier fly meals with different 
chitin contents (Eggink et al. 2022). Authors reported a decrease in the ADC of dry 
matter, crude protein, nitrogen-free extract and chitin with the increase in the level of 
chitin supporting the hypothesis that chitin might act as an antinutrient. In the 
proximal and distal intestine, an increase in exochitinase (β-N-
acetylglucosaminidase) activity was reported, with increasing inclusion of chitin 
suggesting that exochitinase production can be upregulated depending on the dietary 
chitin intake (Eggink et al. 2022).



142 T. Veldkamp et al.

When feeds containing insect meals are concerned, digestibility is often reported 
as high and supports the performance parameters (Biasato et al. 2022b; Caimi et al. 
2021; Chemello et al. 2021). However, due to indigestible chitin, in general high 
levels of inclusion reduce ADC values (Hua 2021; Weththasinghe et al. 2022). 

Concerning product quality, and the impact of insect meals on rainbow trout fillet, 
some trials describe small differences in crude protein or lipid content among 
treatments while others do not report differences (Borgogno et al. 2017; Dumas 
et al. 2018; Melenchón et al. 2022; Melenchón et al. 2021). 

An important effect to consider is the impact that insect meal inclusion in feeds 
can have on sensory properties (Borgogno et al. 2017; Sealey et al. 2011). This 
parameter is fundamental, together with psychological aspects for consumers, in the 
acceptance of fish fed insect meals (Baldi et al. 2021; Mancuso et al. 2016). In this 
context, insects perceived as protein sources to produce more sustainable food 
products are of major importance. 

Insect-derived products also receive attention because of bioactive compounds 
they contain, which seems able to exert positive health effects (Aragão et al. 2022; 
Gasco et al. 2021; Palomba et al. 2022). Recently, Kumar et al. (2021) reported how 
inclusion of 8 or 16% of black soldier fly larvae (BSFL) is able to prevent intestinal 
enteritis caused by soybean meal in a low-FM diet. A positive effect on the stimula-
tion of the immune system based on the gene expression and some innate immunity 
parameters was also reported when using BSFL oil (Kumar et al. 2021). Moreover, a 
positive impact on gut microbiota, i.e. in terms of selection of short-chain fatty acids-
producing bacteria and reduction of foodborne disease-causing pathogens (Biasato 
et al. 2022b; Rimoldi et al. 2021; Rimoldi et al. 2019; Terova et al. 2021), and a 
small increase in villi and enterocyte height (Melenchón et al. 2022) have been 
shown. 

Considering the importance of using new feedstuff to contribute to a sustainable 
growth of the aquaculture sector supporting not only the fish growth but also welfare, 
health and high-quality products, further research on the effects of these alternative 
sources is recommended. 

2.2 Sea Bass 

European sea bass (Dicentrarchus labrax) is a coastal, marine, carnivorous fish, 
which belongs to the Moronidae family. Its distribution spreads from the Black Sea 
and the Mediterranean to the north-eastern Atlantic Ocean (Vandeputte et al. 2019). 
Wild sea bass spawns naturally in the winter, between November and March. 
However, in aquaculture conditions, the manipulation of the photoperiod and 
water temperature allows the reproduction to take place throughout the year (Kissil 
et al. 2000). Sea bass is gonochoristic and can reach sexual maturity at one or three 
years for males and females, respectively (Kissil et al. 2000). Females can produce 
200,000 eggs/kg, the fertilization is external, and eggs hatch in three to five days 
(Vandeputte et al. 2019).
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European sea bass is of major importance for the Mediterranean aquaculture, and 
88% of the global 2020 production was produced in Turkey, Greece, Egypt and 
Spain. Turkey and Greece produced about 67% of the global production (FAO 
2022). In the EU, the total production of sea bass in 2020 was 81,404 tonnes valued 
for €552 million (FAO 2022). Greece produced 50% of the total EU production 
(40,763 tonnes), followed by Spain with 25% (22,764 tonnes) (FAO 2022). The 
reported average feed conversion ratio for the whole production cycle is 2:1 (Pulina 
et al. 2018a; Seafish 2022a). Using this feed conversion ratio, the 2020 production of 
feed for European sea bass can be estimated to 0.55 million tonnes and 0.16 million 
tonnes at a global level and the EU, respectively. 

European sea bass is a carnivorous fish and has a protein requirement of about 
33–60% depending on the life stage. A ratio 50/50 between essential amino acids to 
nonessential amino acids has been reported for enhanced growth performance and 
60/40 for efficient protein and energy utilization (Kousoulaki et al. 2015). Levels of 
fishmeal up to 70% are used in diet formulations, which use fishmeal as the only 
protein source (Gasco et al. 2016; Pulina et al. 2018b). However, due to the global 
initiative to reduce the use of finite resources, the use of fishmeal in the commercial 
diets has dropped to 15–20% over the last 10 years (Seafish 2022a). 

To replace the widely used fishmeal, alternative ingredients must be used and 
plant proteins are most commonly included in diets of European sea bass (wheat and 
corn gluten, soybean meal and oilseed meals (Kousoulaki et al. 2015)). However, 
plant ingredients possess dietary fibre, antinutritional factors, an imbalanced amino 
acid profile and low phosphorus availability (Delgado and Reyes-Jaquez 2018; Hajra 
et al. 2013; Jannathulla et al. 2019; Jobling 2016). In European sea bass the 
replacement of fishmeal by plant proteins has been associated with the disruption 
of several metabolic and physiological processes (Dias et al. 2005; Geay et al. 2011). 
A shift to more novel ingredients is therefore needed and insect meals are great 
candidates for the substitution of fishmeal. 

Insect meals that have mostly been studied for the incorporation in diets of 
European sea bass are the ones originated from Tenebrio molitor and Hermetia 
illucens. Inclusion of these insect meals at a level up to 25% did not adversely affect 
the growth performance of sea bass (Abdel-Tawwab et al. 2020; Gasco et al. 2016; 
Magalhães et al. 2017; Mastoraki et al. 2020). Nevertheless, a reduced growth 
performance and/or feed efficiency was observed at higher inclusion levels (Gasco 
et al. 2016; Reyes et al. 2020). In diets devoid of fishmeal, inclusion of 15% 
Hermetia illucens meal, as a plant protein substitute, acted beneficially and improved 
the growth performance as well as feed efficiency and nutrient digestibility (Pérez-
Pascual et al. 2020). 

The documented results on the digestibility of insect meals in European sea bass 
are very encouraging. Inclusion of 19.5% Tenebrio molitor, Musca domestica 
(Mastoraki et al. 2022)  or  Hermetia illucens (Magalhães et al. 2017) meals did not 
have any effect on nutrient digestibility coefficients. Moreover, dietary incorporation 
of 25% Tenebrio molitor meal or 19.5% Zophobas morio meal even improved 
protein digestibility (Gasco et al. 2016; Mastoraki et al. 2022). Chitin, the 
N-acetylglucosamine polymer of the insect exoskeleton, appears to act as an



antinutrient reducing the insect meal digestibility in many reported cases. Reduced 
digestibility coefficients, observed when fishmeal was substituted by Hermetia 
illucens or Alphitobius diaperinus meals (19.5% inclusion), were attributed to the 
dietary presence of chitin, indigestible fibre and ash (Mastoraki et al. 2022). Addi-
tionally, when comparing different insect meals, better apparent digestibility 
coefficients (ADCs) were reported in Tenebrio molitor meal (79% dry matter 
ADC, 92% protein ADC and 85% energy ADC), followed by Hermetia illucens 
meal (71% dry matter ADC, 89% protein ADC and 83% energy ADC) and lastly 
locust meal (70% dry matter ADC, 91% protein ADC and 80% energy ADC) due to 
a higher presence of fibre, chitin and ash in the last two insect meals (Basto et al. 
2020). 
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As regards product quality, the fillet composition of European sea bass was not 
affected by dietary insect meals (Moutinho et al. 2020; Reyes et al. 2020). In 
addition, Moutinho et al. (2020) did not report any differences in the skin or fillet 
colour following a Hermetia illucens dietary incorporation. They even observed a 
reduced fillet pH after three days of refrigeration, which indicates prolonged shelf-
life of the product (Moutinho et al. 2020). A consequence that may occur from 
dietary insect meals is the alteration of fillet fatty acid profile. When full-fat insect 
meals are used, fish lose some amount of their essential fatty acids (omega-3 poly-
unsaturated fatty acids, eicosapentaenoic acid-EPA and docosahexaenoic acid-
DHA) due to the lower fish oil dietary inclusion (Gasco et al. 2016; Mastoraki 
et al. 2020). Hence, the use of defatted Hermetia illucens did not reduce the omega-
3, EPA and DHA content of the fillet or the whole body (Mastoraki et al. 2020; 
Moutinho et al. 2021). 

Despite adverse effects of the chitin content on nutrient digestibility, the major 
advantage of chitin and its derivative, chitosan, is their antioxidant, anti-
inflammatory and bacteriostatic activity (Abdel-Ghany and Salem 2020). Indeed, 
even a low level of inclusion (7.25%) of Hermetia illucens meal in diets of European 
sea bass strengthened the phagocytic capacity of leukocytes, enhanced the immune 
response and increased the survival after a Vibrio alginolyticus challenge (Abdel-
Latif et al. 2021). In addition, Tenebrio molitor meal (24.8% inclusion) acted as an 
immunostimulant, resulted in increased serum lysozyme and trypsin-inhibition 
activities and strengthened the antiparasitic defence of European sea bass (Henry 
et al. 2018). Regarding the antioxidant properties of insect meals, incorporation of 
Hermetia illucens (up to 19.5%) enhanced the activity of antioxidant enzymes 
(Abdel-Latif et al. 2021) and reduced lipid peroxidation (Moutinho et al. 2020). 
However, presumably only small doses of insect meals or insect chitin can act 
beneficially because it has been found that higher levels of insect meals (50% 
Tenebrio molitor) can lead to cellular damage due to oxidative stress, which triggers 
hepatic autophagy (Mente et al. 2022). The intolerance of European sea bass to high 
levels of insect meals is also evident in the gut microbiome, in which incorporation 
of 19.5% of insect meals from Tenebrio molitor, Hermetia illucens or Musca 
domestica laid the foundation for beneficial bacterial species to grow (Panteli et al. 
2021), but higher inclusions (50% Tenebrio molitor) resulted in an abundance of



Firmicutes and Proteobacteria in the gut bacterial communities (Antonopoulou et al. 
2019). 
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A partial fishmeal substitution will allow the aquaculture sector to continue to 
grow more sustainably. In addition, more interest in insect meals will drive the insect 
farming sector to achieve industrialization and large-scale production to cover the 
needs for aquaculture. Further research is needed to assess the effects of insect meals 
on fish growth as well as fish welfare and overall health. 

2.3 Atlantic Salmon 

Atlantic salmon (Salmo salar) are anadromous fish, found throughout the North 
Atlantic Ocean, belonging to family Salmonidae. The whole production of Atlantic 
salmon lasts for about 3 years. In autumn, selected broodstocks are stripped for eggs 
and fertilized in freshwater facilities. A mature female can lay up to 1500–1800 eggs 
per kg of body weight. After 10–16 months, smolt fish are grown to approximately 
80–120 g and are then transferred to open seawater cages, where they grow till a 
harvestable size of 4–5 kg over a period of 12–24 months. 

Atlantic salmon are typically fed on high-energy diets, containing large amounts 
of protein and lipid (~40 and ~ 20% of the diet, respectively), and low levels of 
carbohydrates (NRC 2011). Salmon are among the most efficient animals since the 
feed conversion ratio is low and ranges from 1.15 to 1.5 kg of feed per 1 kg salmon 
body weight. Thus, to cover 2.6 metric tons of global salmon production, the 
industry needs around 3–4 metric tons of feed per year. Traditionally, major sources 
of protein and lipid in salmon feeds have been fishmeal and fish oil obtained from 
wild-caught fish. The use of these marine ingredients in aquafeed has been gradually 
reduced and replaced with plant-based ingredients such as soy, wheat, corn, beans, 
peas, sunflower and rapeseed oil. For example, in 2020, the Norwegian farmed 
salmon, which dominates the global production, produced a total of 1.5 metric tons 
using 2 metric tons of ingredients (wet weight), consisting of 12.1% fishmeal, 10.3% 
fish oil, 40.5% vegetable protein sources, 20.1% vegetable oils, 12.5% carbohydrate 
sources and 4.1% microingredients (Aas et al. 2022). However, the choice of 
ingredients and formulation of fish diets are critical due to the rapid expansion of 
aquaculture. Therefore, there are continuous improvements in this sector to develop 
alternative ingredients since the replacement of marine ingredients with plant-based 
ingredients shifted resource demand from oceans to lands, adding pressure to the 
environment and food production systems destined to human consumption. 

Despite the approval of eight insect species in aquafeed (EC 2017), black soldier 
fly larvae (BSFL) meal is the only insect meal used in diets of Atlantic salmon so far, 
probably due to upscaling production and cost. Dietary inclusion of processed BSFL 
meal and/or oil up to 60% in salmon diets has shown improved (Weththasinghe et al. 
2021) or similar growth performance as the control group (Belghit et al. 2019a; 
Belghit et al. 2018; Leeper et al. 2022; Weththasinghe et al. 2021). However, two 
feeding trials showed a decrease in growth rate (25–55% of relative specific growth) 
compared to the control group with an inclusion between 25 and 30% in salmon diets



(Fisher et al. 2020; Lock et al. 2016). Presumably some of this difference is due to 
the source and/or processing of BSFL meal (Hua 2021; Liland et al. 2021; 
Weththasinghe et al. 2022). 
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Until today, there are limited data on nutrient apparent digestibility coefficients 
(ADCs) of BSFL meal in Atlantic salmon. Two studies only reported the ADC of 
BSFL meal, which varied between 90–100 and 96–100% for protein and lipid 
digestibility, respectively (Fisher et al. 2020; Radhakrishnan et al. 2022). Further-
more, digestibility values of diets containing black soldier fly (BSF) larvae meal 
were generally above 80%, ranging from 82 to 98% and 84 to 99% for protein and 
lipid digestibility, respectively (Belghit et al. 2019a; Belghit et al. 2018; Belghit et al. 
2019b; Weththasinghe et al. 2022; Weththasinghe et al. 2021). Also, higher ADCs 
were reported for amino acids, such as arginine (91%), suggesting that BSF larvae 
meal is a valuable source of this essential amino acid (AA) compared to plant protein 
ingredients, where arginine is a limiting AA (Belghit et al. 2018). Similarly, ADCs 
and fatty acids were highly digestible and were efficiently utilised by Atlantic 
salmon (ADC >95%) (Belghit et al. 2019b). 

Dietary inclusion of BSFL meal at 15% did not impair the physicochemical 
properties of the fillet from Atlantic salmon post-smolt (Bruni et al. 2020). The 
results demonstrated that moisture, ash and total lipids were not affected, but the 
crude protein was found to be higher when 10% of BSFL meal was included in the 
diet of salmon. Furthermore, Atlantic salmon fed BSFL meal-based diet did not alter 
the flavour, odour or texture in the fillet (Lock et al. 2018). However, in the study 
conducted by (Belghit et al. 2019a), it was found that the baked fillet produced 
rancid flavour when fishmeal was completely replaced with BSFL meal. Also, the 
intensity of the colour of the cooked fillet with 10% of BSFL meal was lower in post-
smolt salmon. 

Insects contain bioactive substances such as chitin, lauric acid and antimicrobial 
peptides. These compounds improve the health of Atlantic salmon pre-smolts when 
fed with insect-based diets. It was shown that inclusion of 20% full-fat BSFL meal in 
Atlantic salmon pre-smolts positively modulates the gut microbiota enhancing better 
response against invading pathogens, and improves the overall immune response 
(Weththasinghe et al. 2022). Also Leeper et al. (2022) in their study revealed that 
inclusion of 10% BSF larvae meal in salmon diets had a potentially prebiotic impact 
on the gut microbiome community alpha diversity compared with conventional 
protein sources alone. In the study conducted by Li et al. (2020), it was found that 
15% of defatted BSFL meal reduced enterocyte steatosis in the proximal intestine of 
seawater-phase Atlantic salmon. Moreover, partial or complete replacement of 
fishmeal with BSFL meal downregulated the expression of oxidative stress genes 
from leukocytes of Atlantic salmon head kidney under a bacterial challenge 
(Stenberg et al. 2019). 

The aquaculture feed industry needs new sources of feed ingredients, and insects 
are on their way to become one of these novel sources of proteins and fats. When 
overcoming the obstacle of production quantities, both insect protein and lipid 
should have a natural place in aquafeeds determined by the balance between price 
and nutritional value. In general, dietary inclusion of BSFL meal shows promising



effects on the growth performance, nutrient digestibility and general health in 
Atlantic salmon. However, most of these studies were performed as small-scale 
feeding trials with mostly juvenile salmon. This was mainly due to limitations in cost 
and availability in producing large quantities of insect meal. Therefore, further 
research is needed on a large scale, to study inclusion of insect-derived proteins in 
salmon diets under semicommercial conditions. 
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3 Poultry 

The animals that fall in this category are domesticated fowls and are used for the 
production of both meat and eggs. The term “poultry” regroups different species 
such as chicken, turkey, duck, goose, ostrich, pheasant, quail, guinea fowl and 
peafowl. Chickens are the largest part of this group of animals worldwide and 
represent the major source of protein (meat and egg) for humans due to the absence 
of economic, social and religious obstacles. Over the last century, intensive poultry 
farming selected two different chicken strains: the laying hen, specialized in egg 
production, and the broiler chicken (or broiler), characterized by fast growth and 
specialized in meat production. 

The laying hen and broiler chicken (Gallus gallus domesticus) originate from the 
red junglefowl (Gallus gallus). Domestication probably occurred 7000–10,000 years 
ago in Southeast Asia and Oceania. Chickens (Gallus domesticus) have a long 
history and exhibit differences when one traces their ancestry. It was used through-
out the Roman Empire, which is associated with the development of breeds, 
particularly for egg production (Elson et al. 2011). In the first part of the nineteenth 
century, new varieties of chicken were created for exhibitions across Europe 
(Yamada 1988). Some breeds have contributed to those used in current chicken 
production. By carefully combining the most productive strains of pure-bred layers, 
hybrid chickens have been created in the latter part of the twentieth century. Hybrid 
laying hens are specifically designed to be docile, not go broody, and to produce a lot 
of eggs in their first year. Some traits of the original parent stock may still be present 
in some hybrid hens. The best of them can produce an egg almost every day. Due to 
improved health and disease prevention, nutrition, genetics, and flock management, 
each laying hen produces almost 300 eggs per year (Mavromati et al. 2017). The egg 
weight varies between 50 and 70 g. 

At the same time, the poultry industry started an intense selection activity in order 
to obtain fast-growing chickens, suitable for intensive breeding. Broiler chicken 
differs considerably from the production of the so-called traditional chicken, both 
from a morphophysiological and production point of view. Broilers have been 
genetically selected to gain weight exponentially, to have high consumption effi-
ciency, an optimal growth rate and considerable breast and thigh yields (Wang et al. 
2012). Separate rearing of broiler breeder males and females is the preferred method 
to control the growth of the skeletal structure and body weight, as it allows animals 
to grow at specific and separate body weights throughout life (Garmon and Hogan 
2010). Broilers have become heavier than ever before, and this necessity is dictated



by the need to shorten breeding time to reach a certain commercial weight. Nowa-
days, a broiler is slaughtered at the age of 42 days at an average weight of 2.650 kg. 
In 1976, the weight reached at the same age was around 1.050 kg (Zuidhof et al. 
2014). 
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3.1 Poultry Feeds: Production Volume, Ingredients and Nutrient 
Composition 

In the next decades, a continuous increase in poultry product (meat and eggs) 
demand for human consumption is expected (OECD 2022). Over 90% of poultry 
production comes from specialized broiler or laying hen systems where diets are 
mainly constituted by cereal grains and oilseed cakes, having a high environmental 
impact (in terms of land, energy and water uses) (Mottet and Tempio 2017). 

Over the past decade, global egg production has grown impressively. According 
to data from the FAO (2020), global hen egg production reached 77 million tonnes in 
2018, a 50% increase from the 2000 level. Asia is by far the main producing region, 
accounting for 60% of the global production in 2018, followed by the Americas 
(21%), Europe (14%), Africa (4%) and Oceania (0.4%). European egg production 
(in billion eggs) according to Statista (2021) is dominated by six countries: France 
(14.4), Italy (13.4), Germany (13.0), Spain (12.3), the United Kingdom (11.3) and 
the Netherlands (10.5). 

In 2018, the world’s meat production was close to 350 million tons and 
represented by pigs (35%), chickens (33%), cattle (20%) and others (12%). The 
United States was the first region in the world for chicken meat production, followed 
by China and Brazil (FAO 2020). Growth in global consumption of meat proteins 
over the next decade is projected to increase by 14% by 2030 compared to the base 
period average of 2018–2020, driven largely by income and population growth. 
Protein availability from beef, pork, poultry, and sheep meat is projected to grow 
5.9%, 13.1%, 17.8% and 15.7%, respectively, by 2030. Meat consumption has been 
shifting towards poultry. In lower-income developing countries this reflects the 
lower price of poultry as compared to other meats, while in high-income countries 
this indicates an increased preference for white meats, which are more convenient to 
prepare and perceived as a healthier food choice. Globally, poultry meat is expected 
to represent 41% of all the protein from meat sources in 2030 (OECD 2022). 

The global feed production for broilers according to Alltech (2022) was 350,921 
million metric tons and the feed production in the EU for broilers was 54,727 million 
metric tons in 2021. The global feed production for layers according to Alltech 
(2022) was 158,789 million metric tons in 2021 and the feed production for laying 
hens in the EU was estimated at 22,200 million metric tons in 2021. 

Feed for both broilers and laying hens is formulated based on least cost formula-
tion matching the nutritional requirements. On average the crude protein concentra-
tion in layer feed is about 16.0–16.5%, while in broiler chickens this is about 
20.0–23.0%. Poultry feed, however, is most formulated based on standardized 
ileal digestible (SID) amino acids to reach maximum production results (egg



production and feed conversion). Requirements are based on a laying hen with an 
egg production rate of 95%, producing an egg with a weight of 60 g. Based on a daily 
feed intake of 115 and 128 g per laying hen, corresponding with body weights of 1.5 
and 2.0 kg, respectively, the estimated requirements for SID amino acids (in g/kg) in 
laying hens are: lysine (6.9–6.2), methionine (3.8–3.4), methionine + cysteine 
(6.1–5.5), threonine (4.8–4.3), tryptophan (1.5–1.3), valine (5.4–4.8) and isoleucine 
(5.5–4.9) (CVB 2018). In broilers, on average, the daily feed intake varies from 
10–20 g at day 1 to 150–160 g at day 30 and 230–240 g at day 55. The estimated 
requirements for SID amino acids (in g/kg) in broilers vary depending on the age, 
being the highest for the starter period and the lowest for the finishing period. The 
lysine requirement decreases from 12.0–12.3 g/kg during the growing period to 
9.7–10.3 g/kg for the finishing period (CVB 2018). Similarly, other essential amino 
acids follow the same pattern over age, as methionine (from 5.3 to 4.3 g/kg), 
methionine + cysteine (from 9.6 to 7.8 g/kg), threonine (from 8.4 to 6.6 g/kg), 
tryptophan (from 2.0 to 1.6 g/kg), valine (from 9.6 to 7.6 g/kg) and isoleucine (from 
8.4 to 6.8 g/kg) (Aviagen 2022). 
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The demand for eggs and poultry meat is anticipated to grow quickly on a global 
scale. As a result, there will be a rise in the demand for vegetable proteins for use in 
poultry feed, such as soybean meal (Alexandratos and Bruinsma 2012). In Europe, 
self-sufficiency for soybean meal is only 5% (EU 2017). Due to its high dependence 
on this crucial protein source for poultry diets and its low level of self-sufficiency, 
the EU livestock sector is susceptible to fluctuations in price and trade distortions. In 
addition, there are concerns on deforestation of tropical rainforest to provide suffi-
cient arable land for soybean cultivation (Van Gelder and Kuepper 2012; WNF 
2011). Biodiversity loss (the proportion of extinct species) grows as a result of the 
conversion of natural ecosystems into agricultural, even if the current situation has 
already surpassed the planned boundary by more than ten times (Rockström et al. 
2009). Large-scale soybean cultivation may also worsen water and soil contamina-
tion, put small farmers out of business, and displace native populations (WNF 2011). 
This is the driving force to discover substitutes for imported soybean meal in poultry 
diets. Additionally, the environmental impact of poultry production is influenced by 
the emission of nutrients like nitrogen and phosphorus through poultry manure 
(Kumari et al. 2016). 

A lower inclusion of soybean protein in both laying hen and broiler diets is one 
way to reduce the use and import of soybeans and soybean meal. This can be done by 
partially replacing soybean products with other protein commodities such as peas, 
rapeseed/rapeseed meal, sunflower meal, corn gluten meal and/or potato protein or 
novel proteins such as insect protein. In this context, the use of insects as substitutes 
for traditional protein sources in feed is recognized as one of the potential solutions, 
helping in the achievement of a more sustainable production system. Recently, the 
European Union has authorized seven insect species for poultry feed (Commission 
Regulation (EU) 2021/1372 of 17 August 2021): Hermetia illucens (black soldier 
fly), Musca domestica (common housefly), Tenebrio molitor (yellow mealworm), 
Alphitobius diaperinus (lesser mealworm), Acheta domesticus (house cricket), 
Gryllodes sigillatus (banded cricket), and Gryllus assimilis (field cricket). In poultry



nutrition the black soldier fly and yellow mealworm larvae have been mostly 
studied. Dried larvae meal of these species can be provided as is or it can be further 
processed to obtain oil-extracted meal (partially or totally defatted) (Dörper et al. 
2021). In the last decades, a large number of studies have been published regarding 
the effects of inclusion of insect meal in poultry diets, which were recently reviewed 
by Dörper et al. (2021) and Elahi et al. (2022) and focused mainly on black soldier 
fly, mealworm and housefly larva meal, considering their effects on growth perfor-
mance and product (meat and egg) quality. Studies showed variable and sometimes 
conflicting results but, as a whole, the inclusion level of up to 15% for BSF meal and 
housefly meal is considered to be applicable. 
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3.2 Use of Insects in Broiler Chicken Diets 

Only few studies have been performed on the digestibility of insects-derived 
products in poultry species, being broiler chicken, the most animal model studied. 
The available studies focused on either full-fat or partially defatted insect meal, 
being BSFL meal the most studied ingredient, followed by mealworm meal. The dry 
matter digestibility for BSFL meal has been reported to be between 59% (De Marco 
et al. 2015) and 63% (Schiavone et al. 2017b). The crude protein digestibility for 
BSFL meal has been reported to be between 51% (De Marco et al. 2015) and 62% 
(Schiavone et al. 2017b), being lysine and methionine digestibility around 80% 
(Schiavone et al. 2017a). The BSFL meal lipid digestibility is always more than 90% 
(De Marco et al. 2015; Schiavone et al. 2017b). The apparent metabolizable energy 
(AME) and nitrogen-corrected apparent metabolizable energy (AMEn) values vary 
depending on the amount of BSFL meal lipid content, being 17.4 and 16.6 MJ/kg for 
full-fat meal (De Marco et al. 2015), and 16.2 and 9.9 MJ/kg for partially defatted 
meal (Schiavone et al. 2017b), respectively. De Marco et al. (2015) reported the 
nutritional value of full-fat mealworm meal including the following data: dry matter 
digestibility (60%), crude protein digestibility (60%), lysine and methionine digest-
ibility (85% and 80%, respectively), lipid digestibility (88%), AME and AMEn 

(16.9 MJ/kg and 16.0 MJ/kg, respectively). Matin et al. (2021) described the 
AMEn in a rooster assay, being 14.9 and 21.8 MJ/kg for full-fat mealworm and 
partially defatted BSLF meal, respectively. When mealworm meal or BSFL meal is 
included in complete diets, the digestibility of the whole diet may be negatively 
affected, even if at a low extent. Some authors reported reduced crude protein 
digestibility in the starter period of Muscovy duck (Gariglio et al. 2019), while 
this negative effect was not observed in quail (Cullere et al. 2016) and adult 
Muscovy duck (Gariglio et al. 2019). 

A substantial number of studies showed that black soldier fly meal (BSFM) and 
mealworm are valuable insect protein sources to improve growth performance, 
carcass composition, and meat quality in broiler chickens, and those aspects have 
been recently reviewed by Elahi et al. (2022). Briefly, insect meal can replace 
conventional protein sources, like soybean meal, without affecting broiler perfor-
mance, or, in some cases, with slight negative effect when included in the diet over



10–15%. The meat fatty acid composition is linearly influenced by the fatty acid 
composition of insect meal (Elahi et al. 2022) or insect fat (Schiavone et al. 2017a; 
Schiavone et al. 2019), being the saturated fatty acid the most represented group. 
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The broiler welfare cannot be preserved without considering their gut health, 
which is a complex, multifactorial concept that takes into account several intestinal 
features (such as the histology traits, the microbiota, and the mucin dynamics). The 
gut health of broilers may be influenced by both intrinsic (i.e. age, sex, breed) and 
extrinsic (i.e. diet, environment) factors, thus, in turn, influencing the growth 
performance of birds. Dietary insect meal inclusion in broiler diets produced 
conflicting results. In the majority of the studies, the histology traits, in terms of 
villus height and crypt depth, have been preserved as well as the proximodistal 
gradient from duodenum to ileum. The caecal microbiota was positively influenced 
in slow-growing free-range chickens fed a diet in which Tenebrio molitor was 
included at 7.5% (Biasato et al. 2018). However Tenebrio molitor meal inclusion 
in broiler chicken produced positive effects when included at low levels (5%), while 
negative effects were displayed at higher-level inclusion (10% and 15%) in terms of 
partial alteration of the physiological microbial population and reduction of the 
potential beneficial bacteria (Biasato et al. 2019, 2020b). A similar trend was 
observed for BSFL meal supplementation in broiler diets. In fact, dietary BSFL 
meal utilization at low inclusion levels (i.e. 5%) positively influenced either the 
caecal microbiota or the gut mucin dynamics in terms of selection of potentially 
beneficial bacteria and increase in villi mucins. However, high inclusion levels 
(in particular 15%) exerted a negative influence in terms of partial reduction of 
microbial complexity, reduction of potentially beneficial bacteria, selection of bac-
teria with mucolytic activity, and decrease in villi mucins (Biasato et al. 2020a). 

The use of whole insect’s larvae (both live and dried) in poultry has been recently 
proposed as a dietary supplementation to promote bird’s welfare. Indeed, live insects 
can be considered as an environmental enrichment, as they are able to stimulate the 
curiosity of poultry as a result of their motility (Star et al. 2020). Biasato et al. 
(2022a) have recently reported an improvement in the welfare of broilers fed diets 
supplemented with 5% yellow mealworm (Tenebrio molitor) or 5% live black 
soldier fly larvae (Hermetia illucens) (BSFL), as well as an increase in physical 
activity. Furthermore, insects are a natural feed source for poultry, and are capable of 
promoting the foraging behaviour of birds, as they capture their attention and reduce 
the aggressiveness of chickens towards conspecifics (Clara et al. 2009; Star et al. 
2020). Nevertheless, the provision of live larvae to broilers has been poorly 
investigated. The few published papers about the use of live insect larvae in poultry 
nutrition have mainly focused on the provision of live black soldier fly larvae to 
turkeys (Veldkamp and Van Niekerk 2019), broiler chickens (Bellezza Oddon et al. 
2021) and laying hens (Ipema et al. 2020; Tahamtani et al. 2021), and have evaluated 
the effects on the growth, health status, and slaughtering performance of birds. 
Veldkamp and Van Niekerk (2019) revealed a higher daily feed intake, and body 
weight gain in turkeys fed 10% live BSFL (on an as-fed basis) than control groups. 
The physical exertion of broilers, as well as their hock burn score, can be improved 
by the administration of live larvae (supplemented as feeds of 5% or 10% live BSFL,



twice or four times/day), as reported by Ipema et al. (2020). Dietary supplementation 
with live yellow mealworm (at 5% in the feed) further improved the feed conversion 
ratio of broilers in a trial conducted by Bellezza Oddon et al. (2021). In addition to 
these parameters, the recording of the larva consumption time could be useful, and 
this method has already been experimented by Veldkamp and Van Niekerk (2019) 
and Bellezza Oddon et al. (2021) to evaluate the appreciation of larvae by birds, as 
well as to monitor their level of confidence in larva consumption over time. 
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3.3 Use of Insects in Laying Hen Diets 

Literature on nutrient digestibility of insect-based products in laying hen diets is 
scarce. It was found that chitin can hinder the digestion of protein by the presence of 
chitin-protein matrixes in insect-based products. Dry matter, organic matter and 
crude protein digestibility decreased, as the percentage of BSFL meal in hen diet 
increased, due to chitin’s negative effect, which was more remarkable in the diet, 
which was 50% of the protein content replaced by BSFL meal (inclusion level 
14.6%) (Bovera et al. 2018). In another study also a reduced nutrient digestibility 
was found by inclusion of BSFM. Apparent ileal digestibility of protein, but also 
organic matter digestibility, was reduced due to inclusion of 17% defatted BSFL 
meal (Cutrignelli et al. 2018). 

Variable outcomes in production performance were noted in studies that were 
conducted on the effects of black soldier fly larvae (BSFL) meal in laying hens. The 
growth performance, apparent digestibility of crude protein and crude fat were 
improved and immunoglobulin A and glutathione peroxidase in blood plasma of 
Hy-Line Brown laying hens fed on 3% BSFL meal were higher than in control diets 
without insect meal (Chu et al. 2020). Egg weight, albumin weight, egg shell 
thickness, albumin height and plasma calcium were all enhanced in laying hens 
(Julia; 168 days old) fed a diet containing 10% BSFL meal, and additionally, a diet 
containing 10% BSFL meal significantly increased the egg yolk colour score 
(Kawasaki et al. 2019). Egg weight, egg mass, nitrogen and metabolizable energy 
were all increased in Lohman brown classic laying hens fed a diet comprising 15% 
defatted BSFL meal and fat (Heuel et al. 2021). Xuefeng black-bone laying hens fed 
a diet with 3% BSFL meal increased egg weight, Haugh unit, egg shell weight, yolk 
C14:00, C17:00, C20:2 fatty acids, yolk amino acids (glutamic acid, methionine, 
phenylalanine and leucine), plasma total superoxide dismutase and plasma avian 
influenza virus antibody, but decreased egg shell thickness and plasma interleukin-
2 (Liu et al. 2021). In general terms, this means that most product quality and 
immunity parameters were improved but also some quality and immunity parameters 
were adversely affected by inclusion of BSFL meal, which needs to be studied 
further. While 5% BSFL meal inclusion in the diet increased body weight (23 weeks) 
and shank breaking strength but decreased hen day egg production, egg weight, egg 
mass and feed intake, 7.5% BSFL meal inclusion in the diet increased body weight 
(27 weeks), yolk colour score and shell thickness in Shaver white leghorn hens 
(Mwaniki et al. 2018). Lohman Brown Classic laying hens fed a diet containing 17%



BSFL meal, to completely replace soybean meal, resulted in poor growth and laying 
rate percentage, and decreased blood lipids, blood chloride and blood creatine. 
However, percentage of small, medium and extra-large size eggs, blood globulin 
and blood calcium were increased by the dietary inclusion of BSFL meal (Marono 
et al. 2017). These results were most related to the lower feed intake of hens fed diets 
with BSFL meal. In comparison to a control diet, the performance of laying hens fed 
diets containing 12 or 24% BSFL meal to replace 50 or 100% soybean meal was 
unaffected (egg production, feed consumption). Faecal dry matter was increased in 
the diet in which soybean meal was substituted by 24% BSFL meal (Maurer et al. 
2016). Similar productive performance with no negative effects on the nutritional 
and physical quality of eggs was observed when laying hens were fed microwave-
dried BSFL meal at two different substitution levels (2% and 4%) of soybean meal 
(Park et al. 2021). Feed intake, weight gain, Haugh unit and hatchability were not 
affected by dietary treatments at 1 and 5% inclusion of BSFL meal in Arabic strain 
laying hens. However, there was a significant improvement in hen day egg produc-
tion and hen house egg production due to dietary treatments of BSFL meal. In 
addition, a significant improvement was observed in appearance, texture, taste and 
acceptance of eggs of hens fed 5% BSFL meal. The odour was not affected by 
dietary treatments (Al-Qazzaz et al. 2016). Egg shell percentage and thickness were 
significantly reduced in eggs laid by Hy-line Brown hens fed a diet with 50% 
substitution of vegetable proteins by BSFL meal (Secci et al. 2020). Commercial 
Single Comb White Leghorn hens were fed isocaloric, isonitrogenous diets with 
three treatment levels of BSFL meal (8, 16 and 24%). Dietary amino acid balance at 
the highest level of inclusion (24% BSFL meal) indicated that arginine and trypto-
phan were limiting and average daily feed intake, body weight and egg production 
were reduced. However, 8 and 16% BSFL meal levels had no negative impact on 
performance and were not significantly different from controls. Yolk colour was 
again higher among BSFL meal treatments compared to the control. The authors 
concluded that BSFL meal can be used as dietary energy, protein and amino acids for 
hen maintenance, egg production and yolk coloration, although there may be upper 
limits of dietary inclusion (Patterson et al. 2021). 
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There is little information on the effects of mealworm meal (Tenebrio molitor; 
TM) on the relative organ weights, caecum microbiota, ileum morphology and 
digesta viscosity in laying hens. All of these factors may have an impact on an 
animal’s performance, including egg production and quality. The use of 2 to 5% of 
TM meal in a hen’s diet may be used as a sustainable and applicable protein feed 
(Stastnik et al. 2021). Hy-Line Brown laying hens were fed diets without TM meal 
and three inclusion levels of 1, 2, and 3% TM meal. Dietary TM meal supplementa-
tion induced no improvement in egg production but positively affected the egg 
quality by improving the yolk colour and increasing the yolk content of linolenic 
acid and unsaturated fatty acid (Ko et al. 2020). 

Next to BSFL meal, black soldier fly larvae have also been fed as dried larvae or 
as live larvae to reduce production costs or to improve the welfare of laying hens. 
ISA brown laying hens were fed ad libitum indoors with a wheat-soy-based diet 
formulated according to breed requirements. Black soldier fly-fed hens were offered



dried BSF larvae ad libitum on the range. Black soldier fly-fed hens consumed on 
average 15 ± 1.7 g BSF larvae/hen per day. There were no differences between BSF 
and control hens for any of the performance parameters obtained. Egg weight, shell 
weight and shell thickness of eggs from BSF hens were significantly lower than 
those of eggs from control hens. The authors conclude that feed formulation should 
be adjusted for the intake of the choice fed source (Ruhnke et al. 2018). Replacing 
soya with live black soldier fly larvae and local protein sources had no adverse effect 
on production performance and egg quality. Additionally, random and steady 
provision of larvae to older laying hens with intact beaks had a positive effect on 
feather condition (Star et al. 2020). Voluntary intake of live BSF larvae was studied 
in Bovan White laying hens provided with 0, 10 and 20% or ad libitum portions of 
live larvae from 18 to 30 weeks of age. Ad libitum-fed hens, consumed 163 ± 41 g 
larvae/hen/day, consumed less compound feed and gained more weight than all other 
treatments. They also had an overall higher consumption of protein, fat and energy. 
There was no effect of larvae consumption on egg production, egg weight, shell 
thickness, shell breaking strength or Haugh unit (Tahamtani et al. 2021). 

154 T. Veldkamp et al.

In general, it can be stated that at high inclusion levels (>10%) of insect-based 
products, the nutrient digestibility of a diet can be adversely affected by chitin 
present in the exoskeleton of insects. However, partial replacement of soybean 
meal by insect-based products in feed with inclusion levels between 10 and 15% 
seems to be applicable for poultry and therefore these products can be used as a 
valuable replacement for conventional protein sources. Research on providing live 
larvae to laying hens as welfare enhancement is currently ongoing. 

4 Pigs 

Pig production in many parts of the world is an important contributor to the total 
volume of animal sourced food (ASF) produced. China, the EU and the United 
States are the top three producers. The world volume, currently being 112 million 
metric tons per year, is expected to grow in the coming decade (Shahbandeh 2022). 
For feeding pigs the sector relies on diets containing a variety of ingredients ranging 
from cereals, cereal by-products, oil seeds and their extracted meals, legume seeds 
and fishmeal to a variety of mainly other by-products and rest products from the food 
processing industry. EU compound feed production (EU27) for farmed animals in 
2021 was estimated at 150 million metric tons, of which one third was pig feed 
(FEFAC 2022). To decrease the feed-to-food competition and increase the applica-
tion of more circular feeding concepts, increasing amounts of rest and by-products 
are considered feed ingredients for pigs. To cover the animal’s requirements for 
adequate and efficient growth, the focus is on matching nutrient requirements, 
including requirements for protein and essential amino acids, of different categories 
of pigs (piglets, growing finishing pigs and gestating and lactating sows) by using 
precision feeding concepts. In search for novel and more sustainable protein sources 
as feed ingredients for pigs, interest in using insects as protein and energy sources 
has grown with particular focus on mealworm (Tenebrio molitor L.) and black



soldier fly larvae (Hermetia illucens), either or not after processing to separate the fat 
and protein fraction for specific applications. These sources have a crude protein 
content of 46–54 and 34–42%, respectively, and a fat content of 25–36 and 25–58% 
both on dry matter basis, respectively (Hawkey et al. 2021). Partly defatting by 
chemical or mechanical extraction increases the protein content and reduces the fat 
and energy content. As protein and amino acid requirements are relatively high in 
young piglets, most focus in research has been given to using insects in diets for this 
category of pigs. 
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Various studies evaluated the effects of inclusion of insect products in diets for 
piglets on the growth performance. In such studies insect products are included at the 
expense of other protein and energy sources using a 1:1 exchange approach or via an 
exchange in which diets are fully nutritionally balanced on contents of energy and 
ileal digestible essential amino acids. In such studies, assumed rather than in vivo 
determined nutritional values for the insect-derived ingredients are used. The former 
might imply a risk for using diets, which are not entirely nutritionally balanced, 
which could affect the performance response of animals and conclusions drawn from 
such studies. Protein and energy digestibility of insects-based products could vary 
rather largely depending on the species, nature of the substrate on which insects were 
grown and the processing (grinding, defatting, heat and/or enzyme treatment) and 
fineness of grinding applied. Hawkey et al. (2021) and Hong and Kim (2022) 
summarized studies with piglets in which the growth performance of pigs fed diets 
with insect-based ingredients was evaluated. Full soybean replacement with either 
full-fat or partially defatted black soldier fly prepupae showed no differences in body 
weight gain and feed intake (Spranghers et al. 2018). Inclusion of partially defatted 
black soldier fly larvae meal, up to 10% of the diet, did not affect growth perfor-
mance in weaned piglets (Biasato et al. 2019) while partial replacement (50%) of 
dried plasma in the diet (5% during phase 1 and 2.5% during phase 2), with black 
soldier fly prepupae improved performance in early-weaned pigs in nonadditionally 
amino acid-supplemented diets but tended to reduce performance when diets were 
balanced for essential amino acids and at 100% replacement (Newton et al. 2005). 
Similarly, in weaned pigs, partial replacement of soybean meal with mealworms was 
found to increase feed intake and body weight gain (Jin et al. 2016). Generally, it can 
be concluded that the growth performance is maintained in piglets when insect-based 
protein-rich products are included at the expense of other protein sources such as 
soybean meal, fishmeal or plasma proteins when the nutritional value, based on 
digestible nutrients, is adequately taken into account. Limited studies in growing 
pigs come to the same conclusion (Yu et al. 2019). 

Only a few studies have been performed on the digestibility of insect products in 
pigs. Crosbie et al. (2020) determined the digestibility of full-fat and partially 
defatted BSFL meal in growing pigs. Standardized ileal digestibility (SID) of protein 
was determined at 80 and 81%, respectively, and corresponding values for essential 
amino acids ranged from 80 to 95% and 79 to 96%, for the two respective 
ingredients. A lower digestibility value for protein, relative to amino acids, could 
be related to the presence of chitin and the low digestible nitrogen in N-
acetylglucosamine subunits of chitin and to protein encapsulated by chitin structures.



Tan et al. (2020) evaluated the SID of essential amino acids of nondefatted housefly 
and BSFL meal in growing pigs on average at 92% and 81%, respectively. These 
data show that protein and amino acid digestibility of insect-derived ingredients in 
pigs seems relatively high. However, more information on nutrient digestibility in 
pigs is required for a wider range of insect-based ingredients of different origins and 
on the effects of processing of such ingredients. 
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Information on the effects of feeding insect-based ingredients on carcass and meat 
quality is scarce. If insect oil or high-fat insect products are included, fatty acid 
composition in carcass fat can be affected related to fatty acid profile of insect oil. Yu 
et al. (2019) found that inclusion of 4% BSFL meal in the diet improved carcass 
traits and muscle chemical composition of finishing pigs and affected the meat 
quality via upregulating the expression of genes related to retention of lipid in 
the body. 

Håkenåsen et al. (2021) indicated that insect-based products, besides as a protein 
and energy source, are also considered as potential functional ingredients in relation 
to gut health of pigs and other animal species, including post-weaning piglets. If not 
largely defatted, BSF and other insect species are high in fat, with lauric acid (C12:0) 
being high in such triglycerides. Such medium-chain fatty acids (MCFAs) have 
antimicrobial properties, especially against Gram-positive bacteria (Zentek et al. 
2011). Spranghers et al. (2018) found that extracted fat of BSF larvae at 0.6 g 
C12:0 per 100 mL in vitro suppressed growth of lactobacilli and D-streptococci. 
Insects and insect larvae also contain chitin, a polysaccharide that can function as a 
prebiotic and an immunostimulant (Elieh Ali Komi et al. 2018). Also antimicrobial 
peptides, e.g. cecropins, defensins and drosomycins (Brady et al. 2019; Jozefiak and 
Engberg 2017), which are part of the insect immune system, can be identified in 
insect-based products as potential antimicrobial agents with low risk of development 
of bacteria resistance (Lewies et al. 2019). For the former reasons, over the last 
decade attention has also been given to identify the functional properties of insect-
based ingredients in piglets. Håkenåsen et al. (2021) fed diets with full-fat BSFL 
meal at 5, 10, and 20% to post-weaning piglets. Feed intake and body weight gain 
tended to be reduced in the 5% inclusion compared to the control group, while feed 
efficiency was not affected by BSF inclusion. Intestinal morphometry, fatty acid 
composition in colon digesta and colonic microbiome composition were not 
affected, except for a lower abundance of the Lactobacillus genus when BSF was 
included in the diet. Overall, gut health and function were not affected in this study. 
Meyer et al. (2020) concluded that Tenebrio molitor meal can be used as a dietary 
source of protein at a level of 10% in weaned pigs without causing adverse effects on 
intermediary metabolism when considering the plasma metabolome and muscle 
transcriptome of these animals. Biasato et al. (2019) studied haematological, bio-
chemical, morphometric and histopathological parameters in weaned piglets fed 0, 5 
or 10% partially defatted BSFL meal at the expense of soybean meal. They neither 
observed effects of feeding diets containing BSFL meal as protein sources on the 
growth performance nor on any of the gut and systemic health-related parameters. In 
contrast, Kar et al. (2021) reported that dietary BSFL meal included at the expense of 
soybean meal influenced intestinal microbiome composition, increased microbial



diversity in the jejunum and ileum and changed the amine metabolite profile in 
blood. Sarcosine and methionine sulfoxide were increased in blood of BSFL meal-
fed piglets, and α-aminobutyric acid, a precursor of glutathione, and taurine, an 
amino acid derivative involved in regulating immune responses and restoring tight 
junctions in the gut mucosa, were also higher. Feeding BSFL meal did not cause 
systemic inflammatory responses in healthy animals based on analysis of pro- and 
anti-inflammatory cytokines and chemokines in blood. The former provides some 
indications that BSFL could have functional effects in relation to gut and animal 
health. 
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A study with growing pigs showed that inclusion of partially defatted BSFL meal 
at the expense of soybean meal in adult pig feeds had no impact on meat quality but 
the concentration of lauric acid levels in backfat was increased, reflecting the high 
concentration of lauric acid in insect oils. 

It can be concluded that, in line with observations of (Veldkamp and Vernooij 
2021), insects-based ingredients are suitable protein, and depending on their fat 
content, energy sources in diets for piglets and growing pigs. They can be used for at 
least partly replacing more common and traditionally used dietary protein sources. 
As the origin, conditions and substrates used for culture of insects vary rather largely 
and processing techniques applied to defat or purify the protein fraction differ as 
well, more attention should be given to further characterization of the nutritional 
value of a variety of insect-based ingredients for pigs. Although functional effects of 
insect-based ingredients in relation to gut health and function in pigs have been 
suggested, their nature and options for application should be further explored. 

5 Contribution of Animal Production Systems 
to Sustainability by Dietary Inclusion of Insect Protein 

Animal production is often related to having a large share of environmental impacts 
(e.g. livestock emits 65 TgN yr.-1 , equivalent to one-third of current human-induced 
N emissions) (Uwizeye et al. 2020). Moreover, it is expected that by 2050 there will 
be a need to nourish 10 billion people. Such an increase in food demand should fulfil 
additional calorific energy supply in 15 exajoules (increase from 30 to 45 exajoules) 
(Bodirsky et al. 2020). It will trigger an additional pressure on farming systems to 
supply animals and people with required crops for feed and food. Currently, the farm 
stage is responsible for 61–81% of greenhouse gas emissions (GHGEs), 79% of 
acidification and 95% of eutrophication of food-related impacts (Poore and Nemecek 
2018). 

In order to deal with the issues of increased environmental impact of food systems 
and specifically animal production chains, specific measures are proposed. One of 
the strategies aims for the elimination or reduction by at least 50% of meat and 
animal-derived products in diets; however, such an approach will trigger the increase 
in plant food consumption at least by 100% (Willet 2019). Complete elimination of 
animal-derived products is also associated with negative social and economic 
consequences. Meat products play an important cultural and social role for societies



and deliver valuable nutrients such as proteins, essential amino acids and 
microelements (Bohrer 2017). Animal-derived products supply around 17% of 
global food and around 40–58% of proteins (González et al. 2020). According to 
market analysis data, the value of meat industry on a global market is expected to 
grow 20% more till 2025. Other strategies of sustainability improvement of animal-
derived products are associated with the potential to rely on underutilized or recycled 
nutrients, often derived from waste or underutilized side streams. 
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Direct utilization of food wastes and organic side streams is not feasible from 
many perspectives. Direct use of wastes for food or livestock feed is associated with 
high sanitary risks and has clear legislation barriers (Gasco et al. 2020; Varelas 
2019). Transformation of valuable nutrients, available in wastes or underutilized 
biomass, on the other hand, is possible if different transforming agents are used. 
Bacteria, fungi, insects and microalgae are among such successful agents (Pleissner 
and Smetana 2020; Salomone et al. 2017; Smetana et al. 2022). Their efficiency, 
performance and suitability are quite different if considered in the scope of various 
animal production chains. They should be thoroughly analysed to define the rele-
vance of their application. 

Inclusion of insects in the animal feeding from a sustainability perspective will 
depend on a number of factors. It is quite obvious that different animal species react 
differently to the provision of insect-based feeds (Table 2). Moreover, not only the 
type of insect species, but also a type of processing (fresh, frozen, meal and fat) 
influences the growth performance and other potential effects in the target animal. 
The analysis of the available studies indicates that feeding animals completely on 
insects is not feasible and would result in negative consequences on performance, 
health and survival. Partial substitution of more common feed ingredients mostly 
results in a growth performance equivalent to the control treatment. At the same 
time, sustainable benefits are maximized only if high-impacting feed ingredients are 
substituted. The impact in this case can refer to the biodiversity, emissions, eco-
nomic or other impacts. The highest sustainability benefits can be highlighted for the 
cases of fishmeal substitution in fish feeding, when inclusion of a small amount of 
insect biomass or insect fractions results in considerable improvements in terms of 
growth performance or health. It is also indicated in a few studies that substitution of 
a larger part of the feed with insect meal or fat results in negative effects on growth 
performance and health and thus also negatively impacts sustainability indicators. 

It should be kept in mind that there are several sustainability trade-offs within the 
insect production chains, when higher impacts upstream (higher-quality feed 
associated with higher environmental impacts) offset the impacts associated with 
insect production (e.g. shorter production time, higher survival rates and more 
beneficial feed conversion rates) (Spykman et al. 2021). Sustainability trade-offs, 
indicated for insect production chains, transfer into more complex trade-offs, when 
the feeding and farming type of insects used for feed affects the development and 
performance of animal production chains. 

Despite the complexity of the feed-insects-animals chain trade-offs, it is possible 
to draw some connections. First of all, the impact of biomass available and fed to 
insects would, to a large extent, determine the environmental performance and



Sources

(continued)
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Table 2 Sustainability relevance of insect inclusion in the diet of fish, poultry and pigs 

Animal 
species 

Insect 
species 

Inclusion 
rates 

Observed 
effects 

Sustainability 
relevance 

Rainbow 
trout 

Black 
soldier fly 
(HI), yellow 
mealworm 
(TM) 

Up to 32% Increased 
performance or 
no change. 

Potential 
reduced 
reliance on the 
global protein 
chains, 
potential for 
the 
environmental 
impact 
reduction. 

Multiple, see 
in text. 

Rainbow 
trout 

Defatted 
meals HI, 
TM, and 
Alphitobius 
diaperinus 

30% Alphitobius 
diaperinus 
shows the 
lowest 
apparent 
digestibility 
coefficient. The 
digestibility is 
reduced with 
higher chitin 
content. 

Separation of 
fat from the 
meal increases 
the content of 
chitin in the 
meal, which 
partially 
diminished the 
benefits of high 
protein 
content. 

Eggink et al. 
(2022), Gasco 
et al. (2022) 

Rainbow 
trout 

HI 8–16% 
larvae or 
oil 

Prevention of 
intestinal 
enteritis, 
stimulation of 
the immune 
system, 
positive impact 
on gut 
microbiota. 

Inclusion of 
low levels of 
insect biomass 
or derived 
fractions could 
improve the 
animal well-
being and 
reduce the 
environmental 
impact. 

Multiple, see 
in text. 

Sea bass HI, TM Up to 25% 
insect 
meal 

No negative 
effect on 
growth 
performance. 
Higher 
inclusions rates 
decreased the 
growth rate. 

Sustainability 
performance 
depends on the 
differences of 
impacts 
between 
fishmeal and 
insect meal. 
Currently no 
negative 
sustainable 
effects are 
observed. 

Multiple, see 
in text. 

Sea bass HI 15% meal Positive effect 
and improved 
growth in diets 

Minor 
improvements 
in 
sustainability 

Pérez-Pascual 
et al. (2020)



limiting
fishmeal.

indicators can
be assumed.

(continued)
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Table 2 (continued)

Animal 
species 

Insect 
species 

Inclusion 
rates 

Observed 
effects 

Sustainability 
relevance Sources 

Sea bass TM, MD, 
HI, ZM 

19.5–25% 
meals 

Digestibility is 
not affected; a 
slight 
improvement 
of protein 
digestibility 
might be 
observed. High 
amount of 
chitin—anti-
nutrient and 
not improving 
the 
digestibility. 

Minor 
improvements 
in 
sustainability 
indicators can 
be assumed. 

Gasco et al. 
(2016), 
Magalhães 
et al. (2017), 
Mastoraki 
et al. (2020), 
Mastoraki 
et al. (2022) 

Sea bass HI, TM 7.25–50% 
meal 

Low inclusion 
levels improve 
immune and 
antioxidant 
properties of 
feed. High 
doses (around 
50%) cause 
nutritional 
stress and 
imbalances of 
gut 
microbiome. 

Moderate 
improvements 
in 
sustainability 
indicators can 
be assumed, 
connected with 
low inclusion 
rates and 
observed 
beneficial 
effects. 

Multiple, see 
in text. 

Atlantic 
salmon 

HI Up to 60% 
meal or oil 

Improved or 
similar growth 
rates. In some 
cases, a 
decrease is 
observed. 
Positive health 
effects are 
observed. 

Sustainable 
benefits or 
impacts may 
vary depending 
on the growth 
performance. 

Multiple, see 
in text. 

Broiler 
chickens 

HI or TM 5–15% 
larvae 
meal 

Improved or 
similar growth 
rates. In some 
cases, a 
decrease is 
observed. 

Potential 
reduced 
reliance on the 
global protein 
chains, 
potential for 
environmental 
impact 
reduction. 

Multiple, see 
in text.



Sources

sustainability of insect biomass. More processed and more fractionated insect 
biomass would have a higher impact than living, fresh or frozen whole insects. 
From sustainability point of view, it is most feasible to include relatively low levels 
of insect biomass (especially nonprocessed or minimally processed) into the feed of 
animals, considering that the ingredients positively influence animal health or 
performance. In this case insect feed acts as a valuable feed ingredient. However, 
other ways of application of insect meals and fat are possible, but it requires a holistic 
assessment in each specific case.
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Table 2 (continued)

Animal 
species 

Insect 
species 

Inclusion 
rates 

Observed 
effects 

Sustainability 
relevance 

Broiler 
chickens 

HI or TM Up to 10% 
live larvae 

Improved or 
similar growth 
rates. 
Beneficial 
effects on 
bird’s welfare. 

Potential 
reduced 
reliance on the 
global protein 
chains, 
potential for 
environmental 
impact 
reduction. 

Multiple, see 
in text. 

Laying 
hens 

HI or TM 5–15% 
larvae 
meal 

Improved or 
similar 
production 
performance. 
At high 
inclusion levels 
sometimes a 
decrease is 
observed. 

Reduced 
reliance on 
global protein 
chains. 

Multiple, see 
in text. 

Laying 
hens 

HI or TM Up to 10% 
live larvae 

Improved or 
similar 
production 
performance. 
Beneficial 
effect on bird’s 
welfare. 

Reduced 
reliance on 
global protein 
chains. 

Multiple, see 
in text. 

Pig HI or TM Up to 10% 
larvae 
meal 

Improved or 
similar 
production 
performance. 

Reduced 
reliance on 
global protein 
chains. 

Multiple, see 
in text. 
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Abstract 

Antibiotics have long been used to preserve animal health, improve growth, and 
increase efficiency in animal industries, but the overuse of antibiotics as growth 
promoters led to the development of resistant bacteria. As a result of this 
predicament, researchers investigated safer alternative biotechnological 
breakthroughs, which led notably to the use of probiotics (bacteria and yeast) 
and prebiotics as feed additives in livestock. Since then, the focus of research 
teams has shifted to more varied fields of application of probiotics and prebiotics, 
in animal nutrition. Nowadays, these additives are commonly included in feeds 
for various species of production animals (swine, poultry, ruminants, and aqua-
culture). Recently, paraprobiotics and postbiotics are also being studied. The 
reason for the inclusion of these “biotics” in animal feeds is wide: promotes 
animal health and productivity by enhancing gut health, nutrient utilization, as 
well as boosting immune system functionality and reducing foodborne pathogen 
carriage. In more recent years, an increased concern of the consumer on the 
sustainability of animal production has been recorded. This chapter aims at 
reviewing research findings on the potential application of “biotics” into an 
integrated approach of sustainable farming practices, which is not only limited 
in terms of environmental concerns but also about of combining profitability with 
an increase in animal welfare. 
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1 Introduction 

Since their discovery, antibiotics have been used to increase growth in a variety of 
animal species by adding them to their meals, to cure infectious diseases, or prevent 
them when given in sub-therapeutic levels. However, besides killing the vulnerable 
bacteria, the administration of antibiotics results in the development of some resis-
tant strains. These resistant strains grow in number over time and may spread 
resistant genes to other bacteria. These resistant bacteria may spread from one host 
to another, either directly or indirectly, reduce the potency of medications, and lead 
to antibiotic resistance (Palma et al. 2020). Such gene transfer can occur horizontally 
between bacteria or vertically during reproduction of the bacteria, from one ecosys-
tem to another (animal to human, environment to human but also human to animal, 
e.g., (Beukers et al. 2018) in intensively reared cattle, (Hedman et al. 2020) i  
poultry farming systems with the risk of sharing at once the multiple resistance 
genes hosted by one microorganism to another bacterial species (Sun et al. 2019; 
Lerminiaux and Cameron 2019). As a result, a global movement to reduce the use of 
antibiotics in animals has been applied, and many countries have outlawed their 
usage (Castanon 2007; FDA 2012). 

Several microbes have developed resistance as a result of improper antibiotic 
treatment: Pseudomonas aeruginosa has developed resistance to carbapenems, 
quinolones, aminoglycosides, cephalosporins, penicillins, and monobactam (Odoi 
2016); Resistance to β-lactams has evolved in Staphylococcus species (Mamza et al. 
2010); Ampicillin, tetracycline, trimethoprim, ciprofloxacin, and sulfamethoxazole 
are no longer effective against Salmonella spp. and Escherichia coli (Medeiros et al. 
2011; Van den Bogaard and Stobberingh 2000). More bacteria have already 
emerged or may do so in the near future if the current epidemic of antibiotic 
resistance does not end. 

In order to prevent the reduction in animal production performance and financial 
losses, alternatives are more in demand as a result of the limited use or ban of 
antibiotics in feed. Since the late 1990s up until the present, nutritionists and 
pharmacists have been working on producing various replacements to preserve or 
enhance animal health and performance. The use of probiotics and prebiotics, which 
have demonstrated their effectiveness for both humans and animals, is one alterna-
tive with high expectations. Additionally, during the past 10 years, studies on 
paraprobiotics and postbiotics have produced encouraging results that justify 
their use. 

In terms of definition, probiotics are living bacteria that benefit their host when 
given in sufficient quantities (Arora and Baldi 2015). Regarding prebiotics, the sixth 
Meeting of the International Scientific Association of Probiotics and Prebiotics 
(ISAPP) defined them as “a selectively fermented ingredient that results in specific



changes in the composition and/or activity of the gastrointestinal microbiota, thus 
conferring benefit(s) upon host health” (Gibson et al. 2010). Paraprobiotics are 
characterized as non-viable, inactivated microbial cells that provide the host with 
health benefits (Siciliano et al. 2021). Last but not least, postbiotics are the complex 
mixture of metabolic products secreted by probiotics in cell-free supernatants such as 
enzymes, secreted proteins, short chain fatty acids, vitamins, secreted biosurfactants, 
amino acids, peptides, organic acids, etc. (Nataraj et al. 2020). 
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Probiotics and prebiotics have the potential to reduce the environmental impact of 
meat, milk, egg, and fish production. By improving feed efficiency, probiotics can 
contribute to a better utilization of the feed, hereby reducing the carbon footprint per 
unit of food produced. Their potential effect on digestibility allows the farmers to 
have more flexibility on the feed stuffs they provide to the animals. This can also 
allow for more locally grown raw materials to be included in feed rations. In 
addition, better utilization of the feed by the animal should result in lower losses 
on N and P into the environment via the animal excretions. The positive effects 
probiotics and prebiotics can have on animals’ immunity and disease resistance, can 
contribute to an improved animal welfare. In addition to probiotics, postbiotics have 
also been gaining attention as a potential solution for improving animal health and 
productivity. Postbiotics refer to the metabolic by-products of probiotics, such as 
organic acids and peptides, that have been shown to have health-promoting effects. 
Unlike probiotics, which are live microorganisms, postbiotics are non-viable and 
therefore do not carry the risk of pathogen contamination. The use of postbiotics in 
animal nutrition has the potential to have all the benefits of probiotics without their 
side-effects, making it a promising area of research. However, the research is still in 
its early stages, and there are many new things to learn for all the type of “biotics” 
and their potential applications. This review will attempt to explain all the recent 
advances in the field of probiotics, prebiotics, paraprobiotics, and postbiotics, along 
with what the most recent research has revealed about how they function in various 
organs and how they improve animal health. 

2 Probiotics 

History The phrase “probiotic” is contrasted to the term “antibiotic” and is derived 
from the Greek words “pro” and “bios,” that together mean “for life.” Elie 
Metchnikoff, a researcher at the Pasteur Institute in Paris, was the pioneer in the 
field of probiotics. In 1907, as he was working in Bulgaria, he discovered that 
Bulgarian peasants who consumed a lot of spoiled milk lived longer than average. 
This confirmed Metchnikoff’s hypothesis that bacteria from the sour milk would 
have an impact on the lower gut and general health. From there, Metchinkoff made 
the decision to continue his research and his findings encouraged other researchers 
from around the world to start their own research on probiotics. Later in 1965 
Probiotics were redefined by Lilley and Stillwell. They defined probiotics as 
microbes that would promote the growth of other beneficial microbes in the 
intestines (Lilly and Stillwell 1965). Probiotics were more clearly described by



Fuller in 1992 as “a live microbial feed additive that benefits the host animal by 
enhancing its gut microbial balance” (McFarland 2015). Since the discovery of 
Lactobacillus acidophilus in 1890 and Henry Tissier’s discovery of the species of 
Bifidobacteria later that same decade, scientists have been able to isolate numerous 
strains of good bacteria for the digestive tract. After that, Henri Boulard discovered 
the probiotic yeast Saccharomyces boulardii in 1923 and Minoru Shirota identified a 
novel strain of Lactobacillus casei in the 1930s. Since then, other helpful bacteria 
have been discovered, and there will undoubtedly be many more in the future. 

176 I. Panitsidis et al.

The most frequently used probiotics in animal feed are the genera 
Bifidobacterium (thermophilum, pseudolongum, longum) (Mattarelli and Biavati 
2018), Bacillus (subtilis) (Cutting 2011), Lactobacillus (acidophilus, bulgaricus, 
plantarum), Lactococcus (lactis), Enterococcus ( faecalis, faecium), and Saccharo-
myces (cerevisiae, boulardii) (Muzaffar et al. 2021). Probiotics can be given in feed 
or water as a single strain, a multi-strain mixture, or as an addition to other feed 
additives. It is generally agreed upon that probiotics containing multiple strains are 
more beneficial than those containing a single strain due to their synergistic effects 
(Bhogoju and Nahashon 2022). 

For their use to be optimized, probiotics must first be evaluated for their safety, 
and this is a challenging process. Probiotic organisms that adhere to the digestive 
tract must endure harsh conditions and must have a positive impact on the stability 
and security of the intestinal environment. Additionally, they should affect the way 
digestion, metabolism, and the immune system respond (Patel et al. 2015). The 
selection of novel probiotic organisms entails choosing the strains and even genera 
of microbes that have the most advantageous or targeted effects. The evaluation 
mainly focuses on security and the benefit-to-risk ratio connected with the use of a 
specific probiotic strain. Furthermore, probiotic strains added to feed should be 
resistant to pelleting temperatures and pressures, humidity, and the effects of harmful 
compounds during feed handling and storage, such as heavy metals or mycotoxins. 
The probiotics’ peak duration of activity in feed and premixes cannot be less than 
4 months. Encapsulating formulas allows for a longer survival time for strains, 
extending that time frame (Hollister et al. 1989) (Fig. 1). 

Mechanism of Action The mechanisms of action of probiotics are still not entirely 
understood because they are numerous, diversified, and strain-specific. Some known 
mechanisms include pathogen exclusion and bacteriocin production, modulation of 
fecal enzymatic activities, production of short-chain and branched-chain fatty acids, 
cell adhesion and mucin production, immune system modulation, and interaction 
with the brain-gut axis via regulation of endocrine and neurologic functions. 

Competitive exclusion occurs when one species of bacteria outcompetes other 
species for receptor sites in the intestinal tract (Bermudez-Brito et al. 2012). These 
events can occur as a result of a decrease in the pH of the surrounding environment, 
competition for nutritional sources, and the production of bacteriocin or bacteriocin-
like substances (Collado et al. 2010). Moreover, probiotics can change the metabo-
lism of bile acids in the gut lumen, which in turn affects how much cholesterol is 
absorbed. Most known probiotics and bacterial species from numerous genera



associated with the digestive tract generate bile salt hydrolase, an enzyme that may 
take part in the initial reaction of the deconjugation of biliary salts (Pavlovic et al. 
2012). The immune system is modulated by the gut microbiota through the synthesis 
of chemicals that have anti-inflammatory and immunomodulatory properties and can 
activate immune cells. Probiotic bacteria interact with epithelial cells and DCs, as 
well as macrophages and lymphocytes, to provide these immunomodulatory effects 
(D’Amelio and Sassi 2017). The imbalance of the gut microbiota can influence the 
brain-gut axis and may be directly related to stress brought on by either physical or 
environmental reasons (Dinan et al. 2006). Overall, the neurological, endocrine, and 
immunologic mechanisms underlying the impacts of the gut intestinal microbiota on 
the central nervous system are complex, although these effects are thought to 
primarily occur via the creation of bacterial metabolites (Ong et al. 2018). Gut 
bacteria produce a wide range of neuroactive substances, including dopamine, 
γ-aminobutyric acid, histamine, acetylcholine, and tryptophan, which is a precursor 
in the production of serotonin (Fig. 2). 
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Fig. 1 Shape of different probiotic bacteria 

Probiotics on Performance Although more research is needed to determine the 
exact mechanism by which probiotics improve growth performance, research 
findings have shown that they are growth promoters, they decrease the impact of 
stress and mitigate the severity of disease by altering the gut environment and 
enhancing gut barrier function through the strengthening of useful gut microflora, 
competitive exclusion of pathogens, and immune system stimulation.
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Fig. 2 Mechanism of action 

Lactobacillus has demonstrated to be quite powerful in broiler development 
performance, according to numerous studies (Gao et al. 2017). When Lactobacillus 
was added to the diet of layer chickens, the egg weight increased (Pambuka et al. 
2014). The same results were observed in terms of growth, performance, and 
survival rate when fish were supplemented with Lactobacillus (Selvaraj and Bogar 
2019; Rahman et al. 2019). In ruminants, Lactobacillus is used in young calves, 
where it has been observed to improve weight gain (Al-Saiady 2010). Lactobacillus 
increased the rate of weight gain in pigs weaned at 21 days because the synthesis of 
digestive enzymes improved meal conversion (Tian et al. 2020). A substantial 
portion of the animal microbiota is made up of the genus Lactobacillus, which is 
composed of Gram-positive, anaerobe, non-spore producing bacteria. There are 
44 species of Lactobacillus presently (Zheng et al. 2020). 

Bifidobacterium greatly boosts production effectiveness, feed conversion, and 
weight gain in poultry (Palamidi et al. 2016). Similar outcomes Bifidobacterium 
generates in the fish affecting the overall health and the growth performance 
(Khalafalla et al. 2020). The genus Bifidobacterium is a Gram-positive, non-motile, 
and frequently branched anaerobic bacteria. One of the most important bacterial 
genera that contributes to the microbiota of the gastrointestinal tract in mammals is 
the Bifidobacteria. 

Another probiotic strain that has been used as a growth promoter is Bacillus 
sp. which have been shown to improve broiler overall body weight gain (Wang et al. 
2016a). Moreover, Bacillus has been shown to boost egg production, egg produc-
tion, eggshell calcium content, thickness, and weight in laying hens (Wang et al. 
2021; Li et al. 2006). A more recent study found that Bacillus pumilus increased final 
weight and weight gain, and improved feed conversion ratio when administered in 
broilers. It also increased counts of Lactobacillus and Bacillus spp. in the ileum and 
the ceca (Bonos et al. 2021). In fish, Bacillus improved the growth rate, survival, and 
weight gain (Sadat Hoseini Madani et al. 2018) and when administered in rainbow 
trout improved the growth rate and the feed efficiency (Giannenas et al. 2014). In 
Holstein calves the intake of dry matter and average daily gain were both enhanced



by Bacillus (Zhang et al. 2016). Finally, in swine production inclusion of Bacillus 
complex to the diet increased daily average gains and feed consumption (Ahmed 
et al. 2014). Additionally, Cai et al. (2015) found that adding dietary probiotics 
based on the Bacillus strain enhanced average daily gain during days 0–14 following 
weaning and had a beneficial impact on raising gain/feed ratios between days 
0 and 42. 
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Lastly, Saccharomyces cerevisiae, a probiotic yeast that is frequently employed, 
has been demonstrated in studies to dramatically boost the body weight gain of 
broilers feed consumption and feed conversion efficiency (Shareef and Al-Dabbagh 
2009). Additionally, a study revealed that layers treated with Saccharomyces 
cerevisiae produced noticeably more eggs (Hassanein and Soliman 2010). The 
same outcomes were observed in terms of improved feed consumption and growth 
performance when Saccharomyces were administered to fish (Jahan et al. 2021). 
Moreover, supplementing horses with yeast can enhance dietary digestion and 
assimilation of food nutrients which results in better equine performance (Julliand 
et al. 2006). Saccharomyces cerevisiae has been also shown to enhance performance 
in dairy ruminants, with the most recurrent benefits being an increase in dry matter 
intake and milk output (Poppy et al. 2012). Furthermore, it has been demonstrated 
that probiotic yeast increases some beef cattle productivity indicators which includes 
the ability to digest their food and improved growth performance (Batista 
et al. 2022). In swine industry supplementing sows with S. cerevisiae increased 
the number of piglets born and the percentage of live births. Another study found no 
difference in growth performance between pigs fed diets supplemented with yeast 
and pigs fed antibiotic growth boosters (Agazzi et al. 2015; Shen et al. 2009). 

Probiotics on Immune Response An organism must be healthy and have a strong 
immune system in order to thrive and prosper. Because of this, antibiotics have been 
used for a long time to encourage growth or act as a prophylactic against potentially 
hazardous microorganisms. However, due to excessive antibiotic use, the emergence 
of novel pathogens that are resistant to antibiotics is something that veterinarians 
frequently discover in livestock. For this reason, probiotics are currently regarded as 
the best antibiotic alternative that secures health and encourages growth. 

It has been demonstrated that Lactobacillus affected the chemokine gene expres-
sion and cytokine production in the intestinal epithelium of broiler chickens. A 
further way that Lactobacillus affects the immune system is through boosting 
β-lymphocytes production of antibodies, increased the blood CD4+ lymphocyte 
count as well as interferon and tumor necrosis factor expression in the ileum 
(Haghighi et al. 2008). According to another study, vaccination and Lactobacillus 
together with probiotic mix may have worked synergistically to reduce the amount 
of Salmonella enteritidis in broilers (Praharaj et al. 2015). The same outcomes 
against salmonella were reported in laying hens following vaccination and Lactoba-
cillus supplementation (Groves et al. 2021). Except Salmonella, Lactobacillus has 
shown good results against Eimeria sp. by lowering the quantity of oocysts in the 
feces and raising the levels of CD3, CD4, and CD8 lymphocytes as well as IL-2 
interleukin in the intestines of poultry with Eimeria acervulina infection (Dalloul



et al. 2003). The same results against Eimeria were reported by Giannenas et al. 
(2012) who administered a combination of Lactobacillus, Bacillus, and 
Bifidobacterium in broiler chickens challenged with Eimeria spp. In fish, Lactoba-
cillus boosted lysozyme and IgM, enhanced immunological responses, and 
increased disease resistance (Hassani et al. 2020). Additionally, Lactobacillus spp. 
led to a significant improvement in immune responses as well as a reduction in the 
overall mortality rate after challenged with Vibrio harveyi infection (Geng et al. 
2012]). A similar type of animal response on reduced mortality was reported by 
Castex et al. (2008, 2010) in Vibrio challenged shrimps supplemented with a strain 
of Pediococcus acidilactici. 
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In horses, Lactobacillus in combination with Enterococcus lowered the fre-
quency of diarrhea in newborn foals and reduced the incidence of Salmonella 
shedding by about 65% in probiotic-treated horses (Ward et al. 2004). Furthermore, 
in another study, strains of Lactobacillus reduced pathological score in inflammatory 
bowel disease, increased colon length, and controlled the cytokine release (Qin et al. 
2022). In ruminants, the administration of a mixture consisting of various Lactoba-
cillus species to dairy calves resulted in an improvement of the animals’ overall 
health. The mortality and morbidity rates tended to be lower (Maldonado et al. 
2017). In young calves, Lactobacillus bacteria are most frequently employed 
because they lower the number of Gram-positive bacteria present. Early Lactobacil-
lus administration to calves is particularly advantageous as it enhances immunocom-
petence, lowers the occurrence of diarrhea cases by more than 70%, and speeds up 
T-cell transformation (Zhang et al. 2016; Al-Saiady 2010). Lactobacillus raises 
insulin and blood sugar levels in dairy cows and stimulates macrophages to generate 
cytokines (Matsuguchi et al. 2003; Oetzel et al. 2007). In pregnant cows, Lactoba-
cillus reduced the incidence of metritis, uterine infections, and laminitis (Deng et al. 
2015). Finally, Lactobacillus altered the gut microbiota of goats by decreasing 
Salmonella/Shigella-like enterobacteria and by increasing other lactic bacteria 
(Apas et al. 2010). 

Supplementing neonatal pigs with Lactobacilli aids in the early establishment of a 
stable gut flora, boosts the immune system, and stops diarrhea. In neonatal pigs, oral 
treatment of Lactobacillus enhanced intestinal health, increased Lactobacilli and 
Bifidobacterium, and decreased the number of possible entero-pathogens such as 
E. coli and Clostridia (Liu et al. 2014; Chiang et al. 2015). Similar outcomes were 
observed earlier when Lactobacillus was administered to piglets that had been 
exposed to E. coli; Lactobacillus improved T-cell differentiation and triggered 
cytokine production in the ileum (Wang et al. 2009). Lactobacillus exhibited similar 
advantages when administered to grower-finisher pigs (Giang et al. 2011). In 
companion animals, Lactobacillus administration to puppies prevented gastrointes-
tinal infection (Fernández et al. 2019). When administered to dogs with gastrointes-
tinal disorders, lactic acid bacteria populations increased, clostridia populations 
declined, and some Gram-negative bacterial genera were also reduced. Blood 
samples also showed improvement in total protein, cholesterol, and ALT levels 
(Strompfová et al. 2017). Similar results were shown in cats, where Lactobacillus 
increased the beneficial bacteria and decreased the harmful bacteria Clostridium spp.



and Enterococcus faecalis. Additionally, it reduced plasma endotoxin levels, caus-
ing systemic and immunomodulatory modifications in the treated cats (Marshall-
Jones et al. 2006). 
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Despite not being as popular as Lactobacillus, using Lactococcus has 
demonstrated some positive effects on the regulation of the immune system. In 
broilers, Lactococcus and inulin administration affected the development of central 
and peripheral lymphatic organs and improved immune responses related to stimu-
lation of Peyer’s patch and cecal tonsil colonization by T-cells (Madej et al. 2015). 
The administration of Lactococcus in fish increased lysosomal activities and pro-
duction of IL-12 and IFN-g. Additionally, it demonstrated potent antibacterial 
properties against the dangerous pathogens Streptococcus and Enterococcus. Only 
5.7% of the control group survived at 20 days after being challenged with Strepto-
coccus iniae, compared to 65.7% of those who consumed Lactococcus, 
demonstrating a considerable level of protection (Kim et al. 2013). Similar findings 
were made in a different study that suggested Lactococcus regulated innate immune 
parameters and provided protection against Streptococcosis (Hasan et al. 2018). 
According to results of another study, Lactococcus can be employed as a vaccine 
carrier that may provide protection against multiple Vibrio species and can enhance 
T-cell numbers, cytokine production, and innate immune responses (Lee et al. 2021). 
In ruminants, Lactococcus effects have been studied extensively as a therapy for 
mastitis in dairy cows. All studies have concluded that it is a promising candidate 
strain for either mastitis prevention or therapy (Bouchard et al. 2015; Malvisi et al. 
2016). In swine, Lactococcus is frequently administered to weaning piglets to lessen 
the likelihood of diarrhea and to regulate intestinal immunity. According to a study, 
Lactococcus increased the expression of the genes for the anti-inflammatory 
cytokines while suppressing the expression of interleukin-g in the jejunum and 
interleukin-22 in the ileum (Yu et al. 2021). 

Bifidobacterium is another useful probiotic for the immune system. 
Bifidobacterium, in particular, it has typically been viewed as an anti-inflammatory, 
it has been shown to interact with immune cells, and modify immunological 
pathways. Bifidobacterium treatment improved IFN levels in chickens with Clos-
tridium infections, had an anti-Campylobacter effect, and increased the production 
of antibodies against the Newcastle disease virus in layers (Kim et al. 2007; Santini 
et al. 2010; Hatab et al. 2016). Additionally, in broilers, Bifidobacterium and lactic 
acid bacteria increased systemic immunity and local antibody production (Haghighi 
et al. 2006). Finally, it has been shown that Bifidobacterium probiotic strains raised 
the levels of immunoglobulin (Ig) A, G, and M in broilers and turkeys, which 
improves the disease resistance (Abdel-Moneim et al. 2019). The same outcomes 
were observed in fish, where Bifidobacteria were used to stimulate the creation of 
immunostimulants in the fish intestines that prevented the growth of several patho-
genic bacteria (Mussatto and Mancilha 2007). These conclusions are supported by 
two further studies, where Bifidobacterium use led to an enhanced overall fish health 
(Hassani et al. 2020; Khalafalla et al. 2020). 

In ruminants, Bifidobacterium usage is more prevalent in young calves. Young 
calves given Bifidobacterium and Lactobacillus throughout the early stages of life



gained more weight and experienced fewer diarrheal episodes. Likewise, giving 
probiotic Bifidobacteria to calves reduced the levels of E. coli and total coliforms 
while raising the relative abundance of Lactobacilli (Shehta et al. 2019; Geigerova 
et al. 2016). Another study found that the administration of Bifidobacterium was able 
to raise interferon (IFN) levels. This could have a major impact on intestinal viral 
defense because of IFN’s ability to boost the expression of antiviral proteins that can 
reduce or inhibit viral replication (Kobayashi et al. 2017). In weaned pigs, 
Bifidobacterium improved gut health and immunity, and decreased the pathogen 
number after the Salmonella challenge (Herfel et al. 2013; Barba-Vidal et al. 2017). 
Similar to this, a recent study discovered that taking Bifidobacterium orally can 
prevent Salmonella infection (Splichalova et al. 2021). Additionally, another study 
suggests that Bifidobacterium modifies gut microbiota, enhances intestinal barrier 
function, and regulates inflammatory cytokines (Arenas-Padilla et al. 2018). Finally, 
a microbiota analysis revealed that a diet supplemented with Bifidobacterium 
animalis significantly increased the relative abundances of beneficial bacteria. This 
study also demonstrated that using Bifidobacterium significantly improved growth 
performance and reduced diarrhea incidence (Pang et al. 2022). 
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Another probiotic that stimulates immunity is Bacillus. Their capacity to naturally 
generate spores that resume viability under favorable conditions gives them a 
significant edge over other probiotic species. Bacillus species frequently have the 
ability to activate the host immune system in chickens. According to research by 
(Mingmongkolchai and Panbangred 2018), B. subtilis may be involved in the 
enhancement of the IgA response, which is essential for protection against mucosal 
infections. In addition, Lee et al. (2015b) displayed immunological responses to 
Eimera spp. and Clostridium perfringens, the causal agents of necrotic enteritis. 
Khaksefidi and Ghoorchi (2006) showed that feeding B. subtilis to broiler chicks had 
a favorable effect on antibody generation against Newcastle disease. By boosting the 
number of intraepithelial lymphocytes and immunoglobulin-producing cells, Bacil-
lus spores are said to aid in the development of the gut-associated lymphoid tissues 
(Molnár et al. 2011). According to a study by (Wang et al. 2018b), B. subtilis was 
able to reduce inflammation brought on by heat stress by producing more anti-
inflammatory cytokines. 

The use of Bacillus in aquaculture resulted in an improvement in immunological 
function overall, a rise in survival rates, and an increase in phagocytic, respiratory 
burst, catalase, nitric oxide synthase, acid phosphatase, amylase, and protease 
activities (Zhao et al. 2019). According to another report, adding Bacillus subtilis 
as a probiotic to a diet improved fertility, viability, and the quantity of normal fry 
generated (Ghosh et al. 2007). Finally, but certainly not least, the use of bacillus in 
fish has shown that it can reduce Vibrio populations and defend against Aeromonas 
hydrophila (Hostins et al. 2017; Devi et al. 2019). In horses, despite not being able to 
colonize the equine intestinal system, Bacillus organisms can survive in the large 
intestines of horses for up to two days and may even have positive effects by 
preventing the proliferation of harmful bacteria. Therefore, bacillus research on 
this species is not as frequent. According to research, bacillus has been effective 
against Clostridium spp., E. coli, Salmonella spp., Rhodococcus equi, and



Streptococcus equi. Moreover, horses are susceptible to developing intestinal bacte-
rial overgrowth, enterocolitis, and diarrhea. Considering this, researchers looked into 
how Bacillus subtilis affects pathogenic elements in the equine digestive tract that 
frequently thrive despite antibiotic treatment (Burke and Morre 2017). 
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In ruminants, bacillus has been utilized in dairy cows where it enhanced milk IgA 
and lowered serum haptoglobin (Luan et al. 2015). According to a recent study, a 
combination of Lactobacillus plantarum and Bacillus subtilis used in Holstein 
calves as dietary supplements has been shown to have positive effects on the 
immune system because they boost the rate of T-cell transformation and decrease 
cortisol levels (Zhang et al. 2016). Last but not least, a study that was done to 
manage mastitis problem in dairy cows revealed that bacillus genera can limit the 
growth of mastitis pathogens more effectively against Gram-positive S. aureus, 
S. epidermidis, or  Trueperella pyogenes than against Gram-negative E. coli or 
Klebsiella (Woodward et al. 1987). The use of Bacillus in swine revealed that piglets 
exposed to Escherichia coli had considerably higher serum IgG levels (Ahmed et al. 
2014). Another study discovered that the use of a Bacillus subtilis mixture in sows 
before and throughout lactation could increase the number of piglets born overall 
and born alive, improve beneficial bacteria counts, and reduce the concentration of 
dangerous bacteria in the piglets’ small intestine after birth (Baker et al. 2013). (Link 
et al. 2016) found that adding Bacillus to a breastfeeding piglet’s diet decreased the 
diarrhea score. 

Enterococci are common in the environment as commensal and pathogenic 
microorganisms, as well as gut symbiotic organisms. The Enterococcus spp. strains 
are well adapted to various food systems because of their tolerance to salts and acids. 
Additionally, a variety of Enterococcus strains have been found to produce 
bacteriocins and other antimicrobial substances. Enterococcus is a genus that has 
not yet been given the classification of “generally recognized as safe,” although 
some of its species are employed as probiotics and feed additives to stop diarrhea or 
boost animal development (Franz et al. 2011). In chicken, Enterococcus was 
employed, and the outcome was an increase in IgA production (Beirão et al. 
2018). In all other studies, Enterococcus was combined with various beneficial 
bacteria, and the results included a notable increase in the weight of immunological 
organs and antibody production, an improvement in antibody levels against the virus 
that causes Newcastle disease, and the induction of an anti-inflammatory response 
(Kabir et al. 2004; Hatab et al. 2016; Palamidi et al. 2016). A combination of 
Enterococcus and Lactobacillus strains had good effects in vitro, according to 
(Chaveerach et al. 2004), but only native bacteria obtained from adult chickens 
could protect young broilers from Campylobacter colonization. A more recent study 
found that the use of Enterococcus faecium can improve intestinal barrier damage 
caused by necrotic enteritis (Wu et al. 2019). Comparable results were observed in 
fish once Enterococcus was applied to their meal. All the studies found enhanced 
immunity and an increased survival rate. Particularly, Chang and Liu (2002) found 
that the administration of Enterococcus enhanced disease resistance against 
Edwardsiella tarda a well-known cause of hemorrhagic septicemia in fish. Later 
Wang et al. (2008) concluded that the use of Enterococcus influenced the immune



system by increasing blood phagocyte respiratory burst activity. Lastly, Talpur et al. 
(2014) found that Enterococcus can enhance immunity and defense against infection 
by Aeromonas hydrophila. 
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In horses, Enterococcus is used in combination with other probiotics or 
prebiotics. Results from research by (Ward et al. 2004) on the decrease of Salmo-
nella fecal shedding were encouraging. An oral gel product comprising Lactobacil-
lus and Enterococcus faecium was given to the horses during the trial. The incidence 
of Salmonella shedding decreased as a consequence. On another study the use of 
Enterococcus in combination with Fructooligosaccharides triglyceride and choles-
terol levels dropped, HDL and LDL concentrations in the treated horses were highest 
and lowest, respectively, and IgM levels were higher (Saeidi et al. 2021). In 
ruminants, the usage of Enterococcus is not so common. In a 2014 study conducted 
on dairy cows, it was shown that using Enterococcus and Saccharomyces together 
reduced the illness incidence of retained placenta, milk fever, metritis, endometritis, 
mastitis, ketosis, lameness, and other conditions (AlZahal et al. 2014). In several 
studies on pigs, it was discovered that adding Enterococcus faecium to the diet or 
feeding piglets a diet containing both E. faecium and other Lactobacillus strains 
greatly reduced postweaning diarrhea (Büsing and Zeyner 2015; Szabo et al. 2009; 
Vrotniakienė and Jatkauskas 2013). Enterococcus faecium treatment also shortens 
and decreases rotavirus shedding in pigs (Kreuzer et al. 2012). Other studies in pigs 
treated with E. faecium and challenged with Salmonella typhimurium DT104 
showed that, despite the treated pigs’ earlier and more intense development of 
humoral immunity, the excretion of Salmonella in feces and the colonization of 
organs increase without the presence of severe clinical signs of salmonellosis (Simon 
2010; Szabo et al. 2009). 

According to research on the yeast Saccharomyces, adding it to a diet can raise 
feed effectiveness, improve feed digestibility, boost animal performance, lower the 
quantity of harmful microorganisms, improve animal health, and lessen the negative 
environmental effects of farming animals. According to Bai et al. (2013), Saccharo-
myces cerevisiae and Lactobacillus probiotics increased the mRNA expression of 
TLR-2 and TLR-4 in the chicken’s foregut. On another study made by Ajiguna et al. 
(2021) Salmonella-challenged broilers who received Saccharomyces cerevisiae as a 
dietary supplement gained weight and maintained their immune response. The same 
outcome found (Gingerich et al. 2021) where Saccharomyces reduced Salmonella 
enteritidis concentrations in the ceca. According to Paryad and Mahmoudi (2008), 
broiler chicks’ blood cholesterol and heterophils/lymphocytes ratio both signifi-
cantly decreased when Saccharomyces cerevisiae was introduced to their diet. 
Smialek et al. (2018) showed that a multispecies probiotic containing a mixture of 
Lactic Acid Bacteria and Saccharomyces cerevisiae, given to Campylobacter-
challenged birds with as a supplement in their feed for the duration of the production 
cycle, was capable of lowering the Campylobacter population count in broiler ceca 
and feces. In this instance, the experimental birds’ Campylobacter spp. count was 
around ten times lower than that of the control chickens. 

Administration of Saccharomyces cerevisiae to fish enhanced development, 
improved immunological and antioxidant function, and improved disease resistance



(Abdel-Tawwab et al. 2008; El-Nobi et al. 2021). Another study found that 
administering Saccharomyces cerevisiae and Bacillus spp. reduced plasma cortisol 
levels, indicating improved stress tolerance and consequently better immunological 
function (Sutthi and van Doan 2020). Last but not least, a study on Saccharomyces 
cerevisiae found that some strains had potential as probiotics and aflatoxin B1 
adsorbents when utilized in simulated fish digestive system settings (Pinheiro et al. 
2020). In a study on the immunological response in horses, Pediococcus and 
Saccharomyces boulardii were mixed to examine their combined product. The 
study’s findings demonstrated that the probiotic utilized raised neutrophil and 
immunoglobulin G concentrations. The outcomes showed that the probiotic 
administered had a positive impact on the system’s immunity (Furr 2014). Another 
investigation on the administration of Saccharomyces boulardii in horses with acute 
enterocolitis revealed a substantial reduction in the severity of diarrheal sickness 
(Desrochers et al. 2005). 
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In ruminants, the administration of Saccharomyces to veal calves decreased 
occurrences of diarrhea and preserved a robust microbiota with Fecalibacterium as 
a dominant strain (Villot et al. 2019). In a different trial on calf rearing, providing 
calves with a synbiotic combination containing saccharomyces and prebiotics 
increased average daily growth and decreased the amount of Escherichia coli in 
the feces (Roodposhti and Dabiri 2012). Finally, Spaniol et al. (2014) discovered 
increased blood levels of TNF-α, IL-4, INF-γ, and serum globulins in dairy cows. A 
probiotic yeast applied to piglets has been shown in the majority of studies to have 
positive health effects. Saccharomyces cerevisiae may enhance mucosal immunity 
by increasing IgM and IgA activities against pathogens, promote intestinal develop-
ment and function, adsorb mycotoxins, modulate gut microbiota, and lessen post-
weaning diarrhea (Kogan and Kocher 2007;  Shen  et al.  2009; Jiang et al. 2015). 
Additionally, a live yeast supplement may boost the proliferation of gut cells in the 
mucus of pigs that have received it, enhancing their resistance to pathogenic invasion 
(Bontempo et al. 2006). Because the beta-D-glucans in yeast cell walls boost the 
activity of neutrophils and macrophages by attaching to their receptors and trigger-
ing cytokines, as well as raising the generation of antibodies, many positive benefits 
of yeast are proposed to stimulate immune-modulation (Kogan and Kocher 2007; 
Kim et al. 2017). 

Probiotics on Intestinal Morphology and Digestibility Gut health and microbiota 
have a direct impact on an animal’s ability to develop and function. In addition to 
becoming more effective at absorbing nutrients, a healthy gut is better resistant 
against harmful microbes. The animals benefit from a healthy microflora in a variety 
of ways, including by preventing the invasion of infections through bacterial com-
petition or by occupying the attachment site in the gut and obstructing bacterial 
activity. Although the gut microflora is rather stable, several external conditions and 
an animal’s state of health can affect it. Diet is the main element that influences the 
gut microbiota. Typically, probiotics are used to control the gut flora. Animal health 
and performance also depend on gut morphological factors since increased absorp-
tion area and nutrient absorption are strongly correlated with greater villus length to



crypt depth ratios and higher villus height. Another indicator of better digestion is 
the number of goblet cells in the intestinal villi, since these cells decrease the 
likelihood of harmful bacteria adhering to the intestinal epithelium and increase 
mucin synthesis. Probiotics improve gut histomorphology. 
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Gao et al. (2017) fed Lactobacillus plantarum strain to broilers and found 
increased the proliferation of several intestinal Lactobacillus species and sped up 
the maturation of the intestinal microbiota. Earlier, similar findings were made by 
Lan et al. (2003), who discovered that Lactobacillus species maintained the natural 
balance of gut microorganisms and boosted the population of beneficial microflora. 
Palamidi et al. (2016) used Lactobacillus strains to examine the effect on digestibil-
ity and found significant improvement in the apparent total tract digestibility of 
lipids, crude protein, and ileal dry matter. In fish, Lactobacillus usage promoted 
intestinal microvilli length and growth (Pirarat et al. 2006). In another study, feeding 
fish exposed to cadmium with Lactobacillus reversed the alterations in their intesti-
nal microbiota’s composition and decreased the amount of flavobacterium and 
pseudomonas (Zhai et al. 2017). In two more investigations, L. plantarum signifi-
cantly increased food intake, food absorption, and food conversion (Seenivasan et al. 
2014; Sivagami and Ronald 2016). According to Suo et al. (2012), Lactobacillus 
caused an increase in the villus height of the ileum, jejunum, and duodenum in pigs. 
Another study on weaned pigs found that the villus height of the ileum was 
increased, the crypt depth in the duodenum was decreased, and the villus height to 
crypt depth ratio of the jejunum and ileum was also improved (Yi et al. 2018). Later, 
a different research came to the conclusion that the jejunum and ileum had a 
considerably higher ratio of the villus height to the crypt depth following 
L. plantarum treatment. The L. plantarum administration raised the mRNA abun-
dance of pBD2 and pBD3 in the jejunum and ileum. The colonic microbiota’s 
structure was also considerably altered by the L. plantarum therapy, with an increase 
in the phyla Firmicutes, Actinobacteria, and Lactobacillus (Wang et al. 2019b). 

Bacillus species have same results as Lactobacillus on the intestinal morphology 
and digestibility. Hayashi et al. (2018) gave B. subtilis to broilers and discovered that 
better histologic modification was linked to the development of the defensive 
response in the ileum. Broilers’ intestinal histology and microbiota are considerably 
improved by supplementing with B. subtilis alone or in conjunction with 
S. boulardii. Intestinal villus height, length, and goblet cell count all showed 
substantial improvements, with reduced crypt depth and much lower numbers of 
Salmonella, coliforms, and E. coli in the cecum (Rajput et al. 2013; Manafi et al. 
2017). According to research made by Haque et al. (2021), the treatment of two 
strains of Bacillus resulted in a significantly greater amount of gut microbiota. 
According to histological data, probiotic administration throughout the nursing 
stages resulted in a favorable alteration in the gut morphological structures. Another 
study found that after 6 weeks of feeding, B. cereus and B. subtilis significantly 
improved the autochthonous gut microflora populations and stimulated a wide range 
of potential probiotics (Xia et al. 2020). Bacillus was administered to pigs, and Cai 
et al. (2015) found that this lengthened the villi of the duodenum and jejunum. In the 
ileum, Deng et al. (2020) discovered a rise in villus height and the villus height:crypt



depth ratio. Piglets fed B. subtilis changed the composition of their gut microbiota by 
having more Firmicutes and less Escherichia coli. The effects of food supplementa-
tion with Bacillus subtilis and xylo-oligosaccharides in weaned pigs were also 
studied by Ding et al. (2021). By raising villus height and the ratio of villus height 
to crypt depth in the ileum, as well as colonic concentrations of butyrate, tryptamine, 
and cadaverine while lowering those of skatole, dietary supplementation with 
B. subtilis enhanced the intestinal morphology of weaned pigs. 
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Supplementing feed with Saccharomyces cerevisiae has been shown to increase 
feed digestibility and efficiency. Moreover, it has been demonstrated that adding 
yeast to meals can alter the intestinal microbiota of animals and prevent bacterial 
infections from colonizing the gastrointestinal system. After supplementation with 
Saccharomyces, Wang et al. (2016b) discovered a reduced ileal myeloperoxidase 
activity and a greater ratio of villus height to crypt depth in the ileum of broiler 
chickens. According to a different study by Muthusamy et al. (2011), adding 
saccharomyces to broiler chicken feed enhanced villus height in the jejunum, villus 
width in the ileum, and the number of goblet cells in the villi of the jejunum and 
ileum. 

Probiotics on Sustainability Animal nutrition with probiotics has been recognized 
as a potential contributor to sustainability in the livestock industry. The use of 
probiotics in animal feed can help improve the overall health and productivity of 
livestock, reduce the use of antibiotics, and reduce greenhouse gas emissions from 
manure. Probiotics, as already noted, are live microorganisms that, when consumed, 
provide a health benefit to the host. In the context of animal nutrition, probiotics are 
added to feed in order to improve digestive health and overall gut function. This can 
lead to improved feed efficiency, reduced incidences of diseases, and better growth 
performance. For example, a study by Kim et al. (2015b) found that supplementing 
the diets of pigs with a probiotic improved their growth performance and reduced the 
incidence of diarrhea. One of the biggest challenges facing the livestock industry 
today is the increasing use of antibiotics in animal feed, due to the threat of diseases 
and other health issues. The overuse of antibiotics in animal feed has led to the 
development of antibiotic-resistant bacteria, which pose a serious threat to human 
health. By improving gut health and reducing the incidence of diseases, the use of 
probiotics in animal feed can help reduce the need for antibiotics. Another study by 
Pérez-Maldonado et al. (2017) found that supplementing broiler chicken diets with a 
probiotic reduced the need for antibiotics and improved the birds’ overall health and 
growth performance. Another benefit of using probiotics in animal feed is the 
reduction of greenhouse gas emissions from manure. The use of probiotics can 
improve the overall digestive function of livestock, leading to better nutrient utiliza-
tion and reduced waste. This, in turn, can lead to lower methane emissions from 
manure, as less feed is excreted in the feces. A study by Ying et al. (2017) found that 
supplementing the diets of dairy cows with a probiotic reduced methane emissions 
from manure by 11%. In conclusion, the use of probiotics in animal feed can play a 
significant role in improving the sustainability of the livestock industry. By improv-
ing animal health and reducing the use of antibiotics, as well as reducing greenhouse



gas emissions from manure, the use of probiotics can help create a more sustainable 
and responsible industry. 
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3 Prebiotics 

History Glenn Gibson and Marcel Roberfroid initially presented the idea of 
prebiotics in 1995. The first definition of prebiotic was given as “a non-digestible 
food ingredient that beneficially affects the host by selectively stimulating the 
growth and/or activity of one or a limited number of bacteria in the colon and thus 
improves host health.” This criterion limits the substances that may be categorized as 
prebiotics in the carbohydrate class to a select few, including lactulose, GOS, and the 
short and long-chain fructans (FOS and inulin). So, 15 years later, at the sixth 
Meeting of the International Scientific Association of Probiotics and Prebiotics 
(ISAPP), prebiotics were defined as “a selectively fermented ingredient that results 
in specific changes in the composition and/or activity of the gastrointestinal 
microbiota, thus conferring benefit(s) upon host health” (Gibson et al. 2010). 

Prebiotics can be divided into several groups based on their chemical structure 
and their target bacterial groups in the gut. Some common groups of prebiotics 
include:

• Fructooligosaccharides (FOSs)
• Galactooligosaccharides (GOSs)
• Xylooligosaccharides (XOSs)
• Mannooligosaccharides (MOSs)
• Other Oligosaccharides: Pectic oligosaccharide (POS) and trans-

galactooligosaccharides (TOSs) 

Mechanism of Action The majority of prebiotics are not digested or absorbed in the 
small intestine but instead are rapidly and efficiently fermented by bacteria in other 
sections of the alimentary canal, encouraging the growth of beneficial bacteria like 
Lactobacillus and Bifidobacterium. It is also noteworthy to note that a process 
known as “cross-feeding” occurs when the metabolism of dietary fibers, mostly 
prebiotics, from certain microorganisms indirectly promotes the growth of others, 
and the byproducts of fermentation serve as a fuel for the development of more 
bacteria. For instance, Bifidobacteria and Lactobacilli, which are the main fructan 
consumers, produce lactate and acetate during fermentation, which can be utilized by 
other bacteria as an energy source. 

Fructooligosaccharide (FOS) A fructooligosaccharide is a special type of water-
soluble carbohydrate. They include short fructose chains that the body is unable to 
break down. FOS is commonly used as a prebiotic in the animal diet. Some plants, 
such asparagus, onions, leeks, soybeans, wheat, tomatoes, and garlic, naturally 
contain FOS. It can provide food for probiotic microorganisms when included in a 
probiotic formula. According to studies, hazardous bacteria including Salmonella,



Clostridium perfringens, and other food-borne diseases can be suppressed with the 
use of FOS. Prebiotics like FOS can indirectly aid in preventing the growth of 
dangerous bacteria by promoting the growth of probiotic bacteria, maintaining a 
healthy balance of bacteria in the gut. FOS can also improve the body’s absorption of 
calcium, which is good for bone health. Inulin is the most well-known 
fructooligosaccharide. Prebiotic additives like inulin are frequently utilized in the 
diets of farm animals and pets. This fructooligosaccharide promotes the growth and 
development of friendly bacterial species that live in the large intestine, 
demonstrating a positive impact on host health. 
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Research on the effects of inulin and fructooligosaccharide on the microbiota of 
the gastrointestinal tract, as well as the health and productivity of animals, has 
increased in recent years. FOS affect the intestinal bacterial microflora of chickens, 
which results in an increase in Lactobacillus populations and a decrease in the 
colonies of the following bacterial species: Salmonella, Campylobacter, and 
Escherichia coli (Xu et al. 2003). Recently, similar results were discovered when 
FOS was utilized in broiler chicken feeds. Pathogenic bacteria including 
Helicobacter and Desulfovibrio were shown to be greatly decreased (Shang et al. 
2018). The shape of the intestines can be positively impacted by the inclusion of 
inulin and fructooligosaccharide in poultry diets. The small intestine has undergone 
positive alterations that have enhanced its growth and improved the intestinal villus 
system. Inulin supplementation of formulated broiler chicken feed resulted in an 
increased intestinal villus length and crypt depth (Rehman et al. 2007). According to 
Xu et al. (2003), fructooligosaccharide supplementation significantly improved 
intestinal morphology, particularly where there was a higher villus-to-crypts ratio. 
The same type of modification was seen by Shang et al. (2015), where 
fructooligosaccharide (FOS) supplementation resulted in a considerable increase in 
villus height, crypt depth, and total mucosa thickness in the ileum of broiler 
chickens. 

Furthermore, studies have indicated that adding fructooligosaccharide to complex 
chicken diets can increase production and have an impact on the chickens’ overall 
performance. Rebolé et al. (2010) investigated the impact of inulin on broiler 
chicken growth performance and reported that animals fed inulin-containing diets 
showed noticeably better final body weight gain. Supplementing laying hens with 
inulin and oligofructose has also been shown to have positive effects. Increased egg 
production and weekly increases in total egg weight were the results of this treatment 
(Chen et al. 2005). 

Since the commencement of aquaculture industry, one of the key goals has been 
to enhance fish growth and feed efficiency, which might be accomplished by 
improving fish nutrition and metabolism. Improvements in fish nutrition will result 
in improved fish health and productivity, as well as a decrease in the environmental 
impact of aquaculture. The use of FOS as a feed supplement in aquaculture nutrition 
yields good results. Fish research has mostly focused on the effects of FOS on 
growth performance, immunological response, and illness resistance (Grisdale-
Helland et al. 2008; Ye et al. 2011; Ortiz et al. 2013). There are several studies 
that indicate that administering FOS produces excellent results. Hu et al. (2019)



investigated the use of FOS in the shrimp nutrition and found that FOS increased 
microbial diversity and reduced various potential infections in shrimp intestines, 
including Vibrio tubiashii, Vibrio parahaemolyticus, and Photobacterium damselae 
like strains. Paz et al. (2019) reported similar findings in which FOS boosted 
circulating white blood cells and accelerated phagocytosis in fish infected with 
Aeromonas hydrophila. The addition of FOS resulted in not only a stronger immune 
response, but also improved performance parameters such as growth rate, ultimate 
body mass, weight gain, and feed efficiency. In two more trials, FOS supplementa-
tion was found to increase growth, nutritional utilization, immunological and anti-
oxidant parameters, digestive enzyme activity, gut health, and disease resistance 
against Aeromonas hydrophila (Poolsawat et al. 2020; de Campos et al. 2022). All in 
all, the use of FOS has produced positive outcomes in aquaculture performance and 
immunological measures, particularly against Aeromonas hydrophila. 
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The use of FOS in swine diet has shown excellent results. Le Bourgot et al. (2016) 
discovered that FOS diet boosted anti-influenza IgA levels in postweaning pig 
serum, indicating that it can improve vaccination response and promote growth. 
Schokker et al. (2018) later discovered that daily oral treatment of FOS to suckling 
pigs had a distinct “bifidogenic” impact, with considerable changes in microbiota 
composition and diversity. With these data, Le Bourgot et al. (2019) showed that 
FOS generated a lasting alteration of the makeup of the fecal microbiota and elevated 
the Prevotella genus. More recent research has focused on the use of FOS in piglet 
diarrhea occurrences, and the results revealed that FOS reduced the incidence of pig 
diarrhea, which linked favorably with an increase in the abundance of Lactobacillus 
and Bifidobacterium in the gut (Zhang et al. 2022). 

The use of FOS in companion animals is being studied for the benefits it can 
provide to the immune system and digestive health. Nowadays, it is critical to 
establish dietary methods targeted at positively affecting the intestinal health of 
companion animals. In one research, FOS was shown to reduce insulin resistance 
in obese dogs, which may aid in the prevention of type 2 diabetes (Respondek et al. 
2008). In another study, FOS was found to lower blood cholesterol in dogs (Jeusette 
et al. 2004). Pinna et al. (2016) evaluated the effect of FOS on canine fecal 
microbiota metabolism and discovered that FOS reduced ammonia and resulted in 
greater concentrations of total volatile fatty acids. The study concluded that FOS 
may enhance canine intestinal microbiota metabolism. 

Galactooligosaccharides (GOS) GOS are a type of prebiotic fiber, composed of 
short chains of galactose sugars. They are not digestible by animal digestive 
enzymes, but they serve as food for beneficial gut bacteria, specifically 
Bifidobacteria, promoting their growth and improving gut health. GOS are com-
monly used as a food ingredient and can be found in some dietary supplements. In 
animal nutrition, galactooligosaccharides (GOS) have been shown to have several 
potential benefits, including:



• Improved gut health: As prebiotics, GOS can help promote the growth of benefi-
cial gut bacteria, which can improve gut health and reduce the risk of gastrointes-
tinal disorders.

• Enhanced immune function: By promoting the growth of beneficial gut bacteria, 
GOS can also help boost the immune system, helping animals to better resist 
infections and other diseases.

• Improved nutrient absorption: By improving gut health and reducing inflamma-
tion, GOS may also enhance the absorption of nutrients from the diet, leading to 
improved growth and overall health in animals.

• Reduced risk of obesity: Some studies have suggested that GOS may help 
regulate metabolism and reduce the risk of obesity in animals. A study published 
in the British Journal of Nutrition in 2009 found that GOS supplementation 
reduced body weight gain and improved insulin sensitivity in rats, suggesting a 
potential role in preventing obesity and related metabolic disorders (Kim et al. 
2009). 
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It is important to note that more research is needed to fully understand the impact 
of GOS on animal nutrition and health, and the effects may vary depending on the 
species and individual animal. 

Galactooligosaccharides have been used in broiler nutrition to enhance gut health 
and improve performance. Supplementing the diets of broiler chickens with GOS 
has been shown to reduce gut inflammation, improve gut health, and enhance growth 
performance in several studies. For example, a study published by Ma et al. (2010) 
found that broiler chickens that were fed diets supplemented with GOS showed 
improved gut health and reduced gut inflammation and had better growth perfor-
mance compared to a control group that did not receive GOS. Another study found 
that supplementing the diets of layer hens with GOS improved egg quality, reduced 
gut inflammation, and enhanced gut health compared to a control group that did not 
receive GOS. The GOS-supplemented hens had higher eggshell thickness and 
eggshell strength and lower levels of gut inflammation markers (Yang et al. 2014). 
Furthermore, Wang et al. (2012) discovered that supplementing broiler chicken diets 
with GOS improved gut health, decreased gut inflammation, and increased growth 
performance when compared to a control group that did not receive GOS. GOS 
supplementation was also observed to modify the gut microbiota, boosting the 
number of good bacteria such as Lactobacillus and Bifidobacterium. Zhang et al. 
(2013) discovered the same results, namely that supplementing broiler chicken diets 
with GOS improved gut health, decreased gut inflammation, and boosted growth 
performance when compared to a control group that did not receive GOS. These 
studies provide additional evidence of the potential benefits of GOS in chicken 
nutrition, but more research is needed to fully understand the effects and determine 
the most effective dosages for different species and conditions. 

In aquaculture nutrition, they can be used as a prebiotic to promote the growth of 
beneficial gut bacteria in fish and shellfish. This can improve the digestive health and 
overall immunity of the cultured species, leading to better growth performance and 
survival rates. However, it is important to note that the nutritional requirements of



different species of fish and shellfish may vary and the use of GOS in aquaculture 
diets should be carefully evaluated for each species based on its nutritional 
requirements and potential for interactions with other dietary components. In gen-
eral, research has shown that the supplementation of GOS in the diets of fish and 
shellfish can have positive effects on gut health, digestion, and immunity. Studies on 
rainbow trout, for example, have demonstrated that adding GOS to the diet can 
improve gut microbiota, increase nutrient utilization and growth performance, and 
lower disease susceptibility. Similarly, GOS supplementation has been shown in 
experiments on Pacific white shrimp to improve the gut flora, increase growth and 
survival, and reduce illness incidence (Kim et al. 2016). Other studies have shown 
that GOS can be a beneficial supplement in the diets of other aquaculture species 
such as Atlantic salmon and tilapia. Particularly, Chen et al. (2017) found that the 
supplementation of GOS in the diet of Nile tilapia improved growth performance, 
increased the abundance of beneficial gut bacteria, and enhanced the non-specific 
immune responses of the fish. Specifically, the tilapia fed a diet containing GOS 
showed a significant increase in weight gain and feed efficiency compared to those 
fed a control diet without GOS. The study also found that GOS supplementation 
significantly altered the gut microbiota composition, increasing the relative abun-
dance of beneficial bacteria such as Lactobacillus and Bifidobacterium, and reducing 
the relative abundance of potentially pathogenic bacteria. Furthermore, the study 
found that GOS supplementation improved the non-specific immune responses of 
Nile tilapia, as indicated by increased levels of lysozyme activity and phagocytic 
activity. Overall, the results of this study suggest that GOS can be a beneficial 
supplement for Nile tilapia, improving growth performance, gut health, and immu-
nity. Same results were reported by Lee et al. (2015a) which showed that supple-
mentation of GOS in the diet improved the growth performance of Atlantic salmon, 
with fish fed a diet containing GOS exhibiting a significant increase in weight gain 
and feed efficiency compared to those fed a control diet without GOS. The study also 
found that GOS supplementation led to an increase in the activity of digestive 
enzymes such as amylase, lipase, and protease, indicating improved digestive health 
in the fish. Furthermore, the study found that GOS supplementation altered the gut 
microbiota of Atlantic salmon, with the relative abundance of beneficial bacteria 
such as Lactobacillus and Bifidobacterium increased, while the relative abundance 
of potentially pathogenic bacteria was reduced. 
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Galactooligosaccharides have been studied for their potential benefits in swine 
nutrition. Some research has shown that GOS can improve gut health by promoting 
the growth of beneficial bacteria, leading to improved feed efficiency, weight gain, 
and overall health in swine. Other studies have also reported improved gut barrier 
function, reduced diarrhea and improved nutrient digestibility in swine fed diets 
containing GOS. However, the results of these studies are mixed, and more research 
is needed to fully understand the effects of GOS in swine nutrition and determine the 
optimal levels for use in pig diets. More specifically, a study conducted by Zhang 
et al. (2015) revealed that supplementing the diets of weanling pigs with 
galactooligosaccharides had effects on growth performance, with pigs fed diets 
containing GOS having improved average daily gain and feed conversion ratio



compared to control pigs; nutrient digestibility, with pigs fed diets containing GOS 
having increased digestibility of crude protein, crude fat, and dry matter and in fecal 
bacterial populations, where the researchers found changes in the populations of 
fecal bacteria, with an increase in the numbers of Bifidobacteria and Lactobacilli. 
Sun et al. (2016) later explored the effects of supplementing weaned pig diets with 
galactooligosaccharides (GOS) on gut health and gut microbiota in pigs challenged 
with E. coli. Pigs fed GOS-containing diets demonstrated improved indicators of gut 
health, including lower diarrhea scores, improved intestinal morphology, and lower 
levels of pro-inflammatory cytokines in the gut. Furthermore, there was evidence 
that feeding GOS to pigs changed the makeup of their gut microbiota, with an 
increase in the numbers of helpful bacteria like Lactobacilli and Bifidobacteria and a 
decrease in the numbers of harmful bacteria like E. coli. Another study investigated 
the effects of GOS supplementation on growth performance, nutrient digestibility, 
and gut microbiota of growing pigs. The results showed that GOS supplementation 
improved the average daily gain and average daily feed intake of the pigs. The 
apparent total tract digestibility of dry matter and crude protein was also increased. 
In terms of gut microbiota, the study found that GOS supplementation led to an 
increase in the population of beneficial bacteria such as Lactobacillus and a decrease 
in the population of harmful bacteria such as Escherichia coli (Cui et al. 2019). Same 
results were found by Ma et al. (2020) on the gut environment and gut microbiota of 
growing-finishing pigs. The results showed that GOS supplementation increased the 
populations of beneficial bacteria such as Lactobacillus and Bifidobacterium in the 
gut of the pigs and decreased the population of harmful bacteria such as Escherichia 
coli. In terms of gut environment, the study found that GOS supplementation 
reduced the pH of the hindgut and increased the concentrations of short-chain fatty 
acids, particularly acetate and propionate. Overall, the results of this study suggest 
that GOS supplementation has the potential to improve the gut environment and 
modulate the gut microbiota in a beneficial direction in growing-finishing pigs. To 
sum up, galactooligosaccharides (GOS) can improve gut health and modulate gut 
microbiota in swine. GOS supplementation has resulted in improved feed efficiency, 
weight gain, and gut health in weanling and growing pigs, with increased growth 
performance and nutrient digestibility, and changes in the populations of fecal 
bacteria, such as an increase in the numbers of Bifidobacteria and Lactobacilli and 
a decrease in harmful bacteria like E. coli. The gut environment was also improved, 
with decreased pH of the hindgut and increased concentrations of short-chain fatty 
acids. More research is needed to fully understand the effects of GOS in swine 
nutrition. 
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Several studies have explored the use of galactooligosaccharides as a supplement 
in ruminant nutrition. The results of these studies have been mixed, with some 
finding positive effects on growth performance, feed efficiency, and gut health in 
ruminants, while others have found no significant effects. Rondina et al. (2017) 
investigated the use of GOS in dairy heifers’ nutrition. The results of this study 
showed that dietary supplementation with GOS improved growth performance and 
feed efficiency in dairy heifers, as well as increased total tract digestibility of dry 
matter, organic matter, and neutral detergent fiber. Ma et al. (2017) used



galactooligosaccharides in lambs’ nutrition. In this study, lambs showed improved 
growth performance and feed efficiency, as well as increased nutrient digestibility. 
The researchers also found changes in ruminal fermentation, with an increase in the 
populations of beneficial bacteria such as Lactobacillus and a decrease in the 
populations of harmful bacteria such as Escherichia coli. Last, Lu et al. (2017) 
investigated the effects of GOS in sheep nutrition. The results of this study showed 
that dietary supplementation with GOS improved growth performance and feed 
efficiency in sheep, as well as increased nutrient digestibility and rumen pH. These 
studies suggest that GOS supplementation may have potential benefits for ruminants, 
such as improved growth performance, feed efficiency, and gut health. However, 
more research is needed to fully understand the effects of GOS in ruminant nutrition 
and determine the optimal levels for use in ruminant diets. 
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Xylooligosaccharides (XOS) Xylooligosaccharides are short chains of xylose 
sugars that can act as prebiotics in the gut. They are a type of oligosaccharide, 
which are carbohydrates made up of a small number of sugar units, typically two to 
ten. XOS are fermented by certain strains of bacteria in the gut, producing short-
chain fatty acids (SCFAs) that can have beneficial effects on the host. XOS have 
been shown to increase the populations of beneficial bacteria such as Bifidobacteria 
and Lactobacilli in the gut, which can help to maintain gut health and improve 
overall gut microbiome diversity. They have also been reported to improve gut 
health and digestive function, boost the immune system, and promote mineral 
absorption. XOS supplementation has been shown to improve growth performance 
and nutrient digestibility in livestock animals and has potential applications in 
companion animal diets (Van Laere et al. 2010). Overall, XOS is a promising 
prebiotic with multiple potential health benefits. However, more research is needed 
to fully understand the effects of XOS on gut health and the optimal levels for use in 
animal diets. 

Xylooligosaccharides are a type of prebiotic that have been studied for their 
potential benefits in chicken nutrition. XOS are derived from xylose, a sugar 
found in many plant materials and have been shown to promote the growth of 
beneficial bacteria in the gut. This can lead to improved gut health, which can 
have a positive impact on a chicken’s overall health and performance. Studies 
have investigated the effects of XOS supplementation on various aspects of chicken 
nutrition, including growth performance, nutrient digestibility, and gut health. In one 
study, XOS supplementation was found to improve the growth performance and 
feed conversion efficiency of broiler chickens (Wang et al. 2019c). Another study 
found that XOS supplementation improved the digestibility of nutrients, such as 
crude protein and crude fat, in chickens (Zhao et al. 2018). In addition to improving 
growth performance and nutrient digestibility, XOS supplementation has also been 
found to improve gut health in chickens. For example, one study found that XOS 
supplementation reduced the levels of harmful bacteria in the gut of broiler chickens, 
while promoting the growth of beneficial bacteria (Ren et al. 2018). This can lead to 
improved gut barrier function, which can help to reduce the risk of enteric infections, 
such as Escherichia coli and Salmonella spp. Overall, these findings suggest that



XOS may be a useful addition to chicken diets for improving growth performance, 
nutrient digestibility, and gut health. 
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In aquaculture feeding XOS can improve gut health and growth performance in 
fish. XOS are oligosaccharides, which are short-chain carbohydrates digested by gut 
bacteria to create short-chain fatty acids (SCFAs). SCFAs have been proven to 
improve gut health by increasing the abundance of beneficial gut bacteria, decreas-
ing the quantity of potentially pathogenic bacteria, and enhancing gut barrier func-
tion. One study investigated the effects of XOS supplementation on growth 
performance and gut microbiota of Pacific white shrimp (Litopenaeus vannamei). 
The results showed that XOS supplementation significantly improved the weight 
gain and feed efficiency of the shrimp compared to the control group. Additionally, 
XOS supplementation altered the gut microbiota composition, increasing the relative 
abundance of beneficial bacteria such as Lactobacillus and Bifidobacterium, and 
reducing the relative abundance of potentially pathogenic bacteria (Zhang et al. 
2019). Another study investigated the effects of XOS supplementation on the growth 
performance, non-specific immunity, and gut microbiota of Pacific white shrimp. 
The results showed that XOS supplementation significantly improved weight gain 
and feed efficiency, and enhanced non-specific immune responses, as indicated by 
increased levels of hemolymph phenoloxidase activity and superoxide dismutase 
activity. Furthermore, XOS supplementation altered the gut microbiota composition, 
increasing the relative abundance of beneficial bacteria such as Lactobacillus and 
Bifidobacterium, and reducing the relative abundance of potentially pathogenic 
bacteria (Liu et al. 2019). One more study on the use of XOS in aquaculture nutrition 
is made by Chen et al. (2018) showed that xylooligosaccharides supplementation 
improved the growth performance, increased the activities of digestive enzymes and 
altered the gut microbiota composition of Nile tilapia. Specifically, the study found 
that supplementing the diet with XOS increased the weight gain, specific growth 
rate, and feed efficiency of Nile tilapia. The activities of digestive enzymes, such as 
trypsin, lipase, and amylase, were also enhanced in tilapia fed with 
xylooligosaccharides. The study also observed that the gut microbiota of tilapia 
fed with XOS was more diverse and had a higher proportion of beneficial bacteria, 
such as Lactobacillus. In conclusion, XOS have shown potential as a beneficial 
supplement for aquaculture, improving growth performance and gut health in fish 
and shrimp species. Further research is needed to fully understand the optimal 
concentration and effects of XOS in aquaculture, and to determine if the benefits 
observed in laboratory studies can be replicated in commercial-scale aquaculture 
systems. However, the results of the studies suggest that XOS have potential as a 
prebiotic for the promotion of gut health and growth performance in aquaculture. 

Xylooligosaccharides have been proven in studies to increase swine growth 
performance, nutritional digestibility, and gut health. XOS supplementation can 
enhance the number of helpful gut bacteria like Lactobacillus and Bifidobacterium 
while decreasing the number of dangerous bacteria like E. coli and Salmonella spp. 
This can result in better gut health and a lower risk of enteric infections. One study 
conducted by Li et al. (2017b) found that XOS supplementation significantly 
improved the average daily gain and feed conversion efficiency of growing-finishing



pigs. In addition, XOS supplementation was found to improve nutrient digestibility, 
including crude protein and gross energy. Another study by Chen et al. (2017) found 
that XOS supplementation improved gut health by reducing gut inflammation and 
increasing the number of beneficial bacteria. This was associated with improved 
growth performance, including higher average daily gain and improved feed con-
version efficiency. These findings suggest that XOS can play an important role in 
improving the health and performance of swine. Last Zeng et al. (2018) found that 
supplementation of xylooligosaccharides improved the growth performance and 
nutrient digestibility of weaning pigs. The authors also found that 
xylooligosaccharides supplementation had a positive effect on the intestinal health 
of the pigs, as indicated by improved gut barrier function and reduced oxidative 
stress. From all these information, it can be deduced that Xylooligosaccharides 
(XOS) supplementation has a positive effect on the growth performance and gut 
health of swine. XOS supplementation can also be associated with improved gut 
barrier function and reduced oxidative stress in weaning pigs. 
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In ruminants, studies have shown that supplementing their diet with XOS can 
improve the growth performance and feed efficiency of the animals. For example, a 
study by Sun et al. (2017) showed that supplementation of XOS in the diet of beef 
cattle increased average daily gain and feed efficiency. Another study by Li et al. 
(2019a) found that adding XOS to the diet of dairy cows increased milk yield and 
improved feed conversion efficiency. XOS also have positive effects on gut health in 
ruminants. By selectively promoting the growth of beneficial bacteria, such as 
Lactobacillus and Bifidobacterium, XOS can help to maintain a healthy gut 
microbiota, reduce the risk of digestive disorders and improve animal health. A 
study by Liu et al. (2018) found that supplementing the diet of dairy cows with XOS 
reduced the incidence of subacute ruminal acidosis and improved feed digestibility. 
To sum up, xylooligosaccharides have been found to have positive effects on the 
growth performance and gut health of ruminants. 

In companion animals, several studies have investigated the effects of XOS 
supplementation in their diets. In one study, the addition of XOS to the diets of 
dogs was found to increase the population of Bifidobacteria and Lactobacilli in the 
gut, which are considered to be beneficial bacteria (Couturier et al. 2011). In another 
study, the addition of XOS to the diets of cats was shown to improve gut health, as 
measured by an increased population of beneficial bacteria and a reduction in gut pH 
(Chou et al. 2018). XOS supplementation has also been shown to improve nutrient 
utilization in companion animals. In the same studies as before, the addition of XOS 
to the diets of dogs was found to increase the digestibility of protein and fat 
(Couturier et al. 2011). In the other study, the addition of XOS to the diets of cats 
was shown to improve the digestibility of starch and dietary fiber (Chou et al. 2018). 
In conclusion, Xylooligosaccharides are a promising nutritional supplement for 
companion animals, as they have been shown to improve gut health, support the 
immune system, and increase nutrient utilization. 

Mannooligosaccharides (MOS) Are a type of prebiotic that are made up of short 
chains of mannose, a type of sugar. They are naturally found in some plants and have



been found to have a number of health benefits when consumed. They are composed 
of short chains of mannose sugars and have a molecular weight of less than 1000 
Daltons, which makes them highly soluble in water. The chain length of MOS varies 
and ranges from two to six mannose residues. MOS is attracting increasing attention 
as a dietary ingredient for animals because of its potential to improve gut health and 
overall performance. MOS works by selectively promoting the growth and activity 
of beneficial bacteria in the gut, thereby helping to maintain a healthy gut 
microbiome. This is important in animal nutrition, as the gut microbiome has been 
found to play a key role in many aspects of animal health and performance, including 
the digestion and absorption of nutrients, the immune response, and the prevention 
of disease. In addition to their prebiotic effects, MOS has also been found to have a 
number of other benefits in animal nutrition, including improved growth perfor-
mance, increased nutrient digestibility, and reduced incidence of gut-related 
diseases. As a result, MOS is being increasingly used as a dietary ingredient in 
animal feed, particularly for poultry and swine. These findings suggest that MOS has 
the potential to play an important role in improving the health and performance of 
animals and may provide a promising alternative to other types of prebiotics and 
antibiotics. 
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Mannooligosaccharides (MOSs) are a type of prebiotic that are used in chicken 
nutrition to improve gut health and performance. MOS is a type of oligosaccharide 
derived from mannan, a naturally occurring polysaccharide found in the cell walls of 
yeast and other fungi. MOS is known to have several beneficial effects on gut health 
and function, including promoting the growth of beneficial bacteria and reducing the 
growth of pathogenic bacteria. Studies have shown that MOS supplementation in 
chickens can improve growth performance, feed conversion efficiency, and immune 
function. For example, a study conducted by Hong et al. (2017) found that 
supplementing chicken diets with MOS improved average daily gain and feed 
conversion efficiency compared to control groups. The authors also found that 
MOS supplementation improved immune function, as indicated by increased anti-
body production, and improved disease resistance. Another study by Tan et al. 
(2015) found that MOS supplementation in chickens was associated with an 
increased population of beneficial bacteria in the gut, including Lactobacillus and 
Bifidobacterium species. The authors also found that MOS supplementation reduced 
the presence of harmful bacteria, including Escherichia coli and Salmonella spp. 
These findings suggest that MOS can play an important role in maintaining gut 
health and reducing the risk of disease in chickens. In addition to improving gut 
health and performance, MOS supplementation has also been shown to have positive 
effects on nutrient digestibility and utilization in chickens. For example, a study 
conducted by Wang et al. (2017a) found that MOS supplementation improved 
nutrient digestibility, including crude protein and gross energy. The authors also 
found that MOS supplementation was associated with improved gut function, 
including increased intestinal villi length and reduced gut inflammation. These 
findings suggest that MOS can play an important role in optimizing nutrient utiliza-
tion and improving overall health and performance in chickens.
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In the nutrition of aquaculture MOS have been widely studied for their benefits to 
gut microbiota and digestive health, leading to better growth performance, feed 
utilization, and disease resistance in aquaculture species. Studies have shown that 
MOS supplementation in aquaculture diets can improve growth performance and 
feed utilization in fish and crustaceans. For example, a study by Wang et al. (2017b) 
found that MOS supplementation in the diet of grass carp improved growth perfor-
mance and nutrient utilization. Another study by Zhang et al. (2019c) reported that 
MOS supplementation in the diet of white shrimp improved feed utilization and 
growth performance. Gut health is critical for the overall health and performance of 
aquaculture species, and MOS supplementation has been shown to improve gut 
health and reduce the risk of disease in fish and crustaceans. For instance, a study by 
Li et al. (2018a) found that MOS supplementation in the diet of black carp improved 
gut health and reduced the risk of disease. Another study by Chen et al. (2019b) 
reported that MOS supplementation in the diet of common carp improved gut 
microbiota, leading to improved gut health and disease resistance. In conclusion, 
MOS supplementation in aquaculture diets has been shown to improve growth 
performance, feed utilization, and gut health in fish and crustaceans. The benefits 
of MOS supplementation in aquaculture nutrition have been demonstrated in multi-
ple studies, providing evidence for its use in the aquaculture industry. 

In swine nutrition MOS can improve gut health and performance including 
promoting the growth of beneficial bacteria and reducing the growth of pathogenic 
bacteria. Studies have shown that MOS supplementation in swine can improve 
growth performance, feed conversion efficiency, and nutrient digestibility. For 
example, a study conducted by Li et al. (2018b) found that supplementing swine 
diets with MOS improved average daily gain and feed conversion efficiency com-
pared to control groups. The authors also found that MOS supplementation 
improved nutrient digestibility, including crude protein and gross energy. Another 
study by Chen et al. (2019a) found that MOS supplementation in swine was 
associated with an increased population of beneficial bacteria in the gut, including 
Lactobacillus and Bifidobacterium species. The authors also found that MOS sup-
plementation reduced the presence of harmful bacteria, including Clostridium and 
Escherichia coli. These findings suggest that MOS can play an important role in 
maintaining gut health and reducing the risk of disease in swine. In addition to 
improving gut health and performance, MOS supplementation has also been shown 
to have positive effects on gut morphology and function in swine. For example, a 
study conducted by Zeng et al. (2019) found that MOS supplementation improved 
gut barrier function and reduced oxidative stress. The authors also found that MOS 
supplementation was associated with improved gut morphology, including increased 
intestinal villi length and reduced gut inflammation. These findings suggest that 
MOS can play an important role in optimizing gut function and improving overall 
health and performance in swine. 

MOS has been also shown to have a number of potential benefits in ruminant 
nutrition, including improved gut health, increased feed efficiency, and enhanced 
animal performance. One of the key mechanisms by which MOS works is by 
supporting the growth of beneficial gut bacteria and inhibiting the growth of harmful



bacteria. This helps to maintain a healthy gut microflora and reduce the risk of 
digestive disorders, such as diarrhea, that can impact animal performance. MOS has 
also been shown to improve feed efficiency in ruminants by reducing the amount of 
feed that is passed undigested through the gut, thus increasing the overall nutrient 
utilization. Several studies have investigated the effects of MOS on ruminant 
performance, and the results have been generally positive. In one study, the effect 
of mannanoligosaccharides on performance, fecal characteristics, and cecal volatile 
fatty acid concentrations in young bulls was investigated. The results showed that 
mannanoligosaccharide supplementation improved feed efficiency, had a positive 
effect on fecal characteristics, and increased the concentration of propionic acid in 
the cecum (Rodehutscord et al. 2001). Furthermore, De Boever et al. (2005) discov-
ered that feeding MOS to lambs enhanced feed conversion rates and boosted live 
weight growth. Another study, by Bélanger et al. (2010), found that MOS supple-
mentation enhanced feed efficiency and milk output in dairy cows. In conclusion, the 
use of Mannooligosaccharides in ruminant nutrition has shown promising results in 
terms of improved gut health, increased feed efficiency, and enhanced animal 
performance. 
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Other Oligosaccharides Pectic-oligosaccharides and trans-galactooligosaccharides 
are two types of dietary oligosaccharides that have received attention for their 
potential use in animal nutrition. These oligosaccharides are non-digestible by the 
host animal and thus they can reach the gut microbiome where they may provide 
various benefits. Pectic-oligosaccharides (POSs) are oligomers derived from the 
breakdown of pectin; a type of polysaccharide found in plant cell walls. These 
oligosaccharides are known for their prebiotic properties, meaning that they selec-
tively promote the growth and activity of beneficial gut microbes. They have been 
shown to improve gut health by increasing the populations of Bifidobacteria and 
Lactobacilli, and by reducing the populations of harmful bacteria such as E. coli and 
Salmonella. For example, a study by Pan et al. (2012) investigated the effects of 
pectic-oligosaccharides supplementation in weanling pigs and found that they 
improved gut health and reduced the populations of harmful bacteria in the gut. 

Similarly, trans-galactooligosaccharides (TOSs) are prebiotic compounds derived 
from lactose. They have been shown to increase the populations of Bifidobacteria 
and Lactobacilli in the gut and to reduce the populations of harmful bacteria. In 
addition, they have been shown to improve gut health by improving the gut barrier 
function and reducing gut inflammation. Fan et al. (2017) investigated the effects of 
TOS supplementation in broiler chickens and found that it improved gut health and 
increased the populations of beneficial bacteria in the gut. All in all, POS and TOS 
have shown promise as potential dietary supplements in animal nutrition. However, 
more research is needed to fully understand their effects and to determine the optimal 
levels of supplementation for different species and production systems. 

Prebiotics on Sustainability The use of prebiotics in animal nutrition has been 
shown to have a positive impact on animal health, productivity, and sustainability in 
animal production. One of the benefits of using prebiotics in animal nutrition is the



improvement of gut health and digestive function. The growth of beneficial bacteria 
in the gut helps to maintain a healthy gut environment and to support the digestion 
and absorption of nutrients. This can lead to improved feed efficiency, which in turn 
can reduce the amount of feed required to produce a unit of animal product, and 
ultimately reduce the environmental impact of animal production. For example, a 
study by O'Doherty et al. (2017) found that supplementing the diets of dairy cows 
with a prebiotic improved feed efficiency and reduced the amount of nitrogen 
excreted in manure. Another benefit of using prebiotics in animal nutrition is the 
reduction of the use of antibiotics. Antibiotics are often used in animal production to 
prevent and treat diseases, but the overuse of antibiotics can lead to the development 
of antibiotic-resistant bacteria, which pose a serious threat to human health. The use 
of prebiotics in animal feed has been shown to improve gut health and reduce the 
incidence of diseases, which can help to reduce the need for antibiotics. For example, 
a study by Kumprecht et al. (2015) found that supplementing the diets of broiler 
chickens with a prebiotic reduced the need for antibiotics and improved the birds’ 
overall health. The use of prebiotics can also have a positive impact on the environ-
ment by reducing greenhouse gas emissions from manure. The growth of beneficial 
bacteria in the gut can lead to improved nutrient utilization, reducing the amount of 
waste excreted in feces, and ultimately reducing the amount of methane produced 
from manure. A study by Wang et al. (2017) found that supplementing the diets of 
beef cattle with a prebiotic reduced methane emissions from manure by 9%. To sum 
up, the use of prebiotics in animal nutrition can contribute significantly to 
sustainability in animal production. By improving animal health and reducing the 
use of antibiotics, as well as reducing greenhouse gas emissions from manure, the 
use of prebiotics can help create a more sustainable and responsible industry. 
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4 Paraprobiotics and Postbiotics 

History The concept of paraprobiotics and postbiotics as a means of promoting 
health in the gut is relatively new, but the use of probiotics and other gut-microbe-
related interventions is a long-standing field of study. The terms “paraprobiotics” 
and “postbiotics” have been introduced to describe new approaches to gut health. 
Paraprobiotics are a class of functional food ingredients that are similar to probiotics 
but lack the capacity to colonize the host gut. They are typically derived from 
prebiotic compounds or inactivated probiotics and act by selectively promoting the 
growth and activity of beneficial gut bacteria, thereby modulating the gut 
microbiome and improving gut health. Unlike probiotics, paraprobiotics are not 
living organisms, making them more stable and easier to handle during storage 
and processing. These compounds have been shown to enhance gut health by 
increasing the abundance of beneficial bacteria and reducing the growth of harmful 
bacteria, thereby improving gut functionality and overall animal health (Wang et al. 
2019a). 

Postbiotics refer to the metabolic by-products of probiotics, some examples of 
postbiotics include short-chain fatty acids (SCFAs) such as acetate, propionate, and



butyrate, bacteriocins, lipopolysaccharides, and host-derived peptides that are pro-
duced during the fermentation of probiotics. They play a crucial role in maintaining 
gut health by regulating the balance of gut microbiota and influencing the host’s 
immune system. Unlike probiotics, postbiotics do not require live bacteria to be 
present for their benefits to be realized. Postbiotics have been shown to have a range 
of health benefits, including improved gut health, reduced inflammation, and 
improved immune function. They are also being investigated for their potential 
use in the treatment of a variety of diseases, including inflammatory bowel disease, 
irritable bowel syndrome, and colorectal cancer. Moreover, postbiotics are consid-
ered to be a promising new area of research in the field of gut health, as they offer 
many potential benefits without the concerns associated with live probiotics. How-
ever, more research is needed to fully understand the mechanisms by which 
postbiotics work and to determine the best methods for producing and delivering 
them in supplement form (Kim et al. 2015a) (Fig. 3). 
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Fig. 3 Types of postbiotics 

Mechanism of Action Paraprobiotics work by altering the gut microbiota and 
leading to various health benefits. The mode of action of paraprobiotics can vary 
depending on the specific microorganism and the targeted animal species. However, 
some of the common mechanisms of action include stimulation of the immune 
system and inhibition of inflammation. Additionally, paraprobiotics can also modu-
late the gut environment, by producing organic acids and other metabolic 
by-products that can improve gut pH and affect gut permeability. These changes 
can enhance the stability and diversity of the gut microbiome, leading to improved 
gut health and animal performance (Siciliano et al. 2021).
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The mechanism of action of postbiotics can vary depending on the specific 
substance produced, but some of the common ways that postbiotics can influence 
the host include: 

1. Modulation of the gut environment: Certain metabolic by-products produced by 
gut bacteria, such as short-chain fatty acids (SCFAs) and lactic acid, can change 
the pH of the gut and modulate the gut environment. This can lead to improved 
gut health and prevent the growth of harmful bacteria. 

2. Stimulation of the immune system: Some postbiotics have been shown to activate 
the host’s immune system, leading to an increase in the production of cytokines 
and other immune system components. This can enhance the body’s ability to 
fight off infections and prevent disease. 

3. Antimicrobial activity: Some postbiotics have antimicrobial properties and can 
prevent the growth of harmful bacteria in the gut. This can improve gut health and 
prevent the development of digestive disorders. 

4. Regulation of gene expression: Some postbiotics have been shown to influence 
gene expression in the host, leading to changes in metabolism and other physio-
logical processes. This can lead to improved health and performance in animals. 

5. Modulation of the gut microbiome: Postbiotics can influence the composition of 
the gut microbiome, leading to increased diversity and stability of gut bacteria. 
This can have a positive impact on gut health and animal performance. 

The exact mechanism of action of postbiotics can depend on the specific sub-
stance produced, the dose and duration of treatment, and the target animal species. 
Additionally, further research is needed to fully understand the mechanisms by 
which postbiotics exert their effects (Żółkiewicz et al. 2020; Wegh et al. 2019) 
(Fig. 4). 

Use of Para-postbiotics in the Poultry Nutrition The use of paraprobiotics and 
postbiotics in poultry nutrition has been a growing area of research in recent years 
due to their potential to improve the health and performance of poultry birds, as well 
as their promised ability to replace antibiotics (Abd El-Ghany 2020). In the study by 
Shu et al. (2018), the effects of non-viable yeast on growth performance, digestive 
enzyme activity, and gut microbiota of broilers were evaluated. The study found that 
the supplementation of non-viable yeast in the diet of broilers significantly improved 
their average daily gain and feed conversion ratio. The supplementation also 
increased the activity of digestive enzymes such as amylase, trypsin, and lipase, 
indicating improved digestion and nutrient utilization. Furthermore, the gut 
microbiota of broilers fed the non-viable yeast-supplemented diet showed increased 
abundance of beneficial bacteria, such as Lactobacillus and Bifidobacterium, and 
reduced abundance of pathogenic bacteria, such as Escherichia coli. These results 
suggest that the supplementation of non-viable yeast in the diet of broilers has 
beneficial effects on their growth performance, digestive function, and gut health. 
In another study, the authors investigated the effects of feeding broiler chickens with 
non-viable yeast cell wall on growth performance, gut health, and immune function.



They found that the supplementation of non-viable yeast cell wall improved feed 
conversion ratio, enhanced gut health (by reducing the levels of harmful bacteria and 
increasing the populations of beneficial bacteria in the gut) and boosted the immune 
function of the broilers. The results of this study suggest that non-viable yeast cell 
wall may have potential as a nutritional supplement for improving the growth 
performance and gut health of broiler chickens (Liu et al. 2020). Furthermore, 
Lallemand Animal Nutrition (2022) made a hydrolyzed yeast that has been specifi-
cally designed to support animal performance, digestive care, and feed palatability 
while contributing to the feed protein balance. This hydrolized yeast can be used as a 
functional protein source due to its superior kinetics of protein digestibility, which 
starts at 77% at the beginning of the intestinal phase and increases to 94% after 
48 hours. Last, a study that investigated the use of paraprobiotics in layer hen 
nutrition found that supplementing the diet of layer hens with non-viable yeast 
improved egg production and egg quality, while positively altering the gut 
microbiota. The authors concluded that non-viable yeast has potential as a dietary 
supplement in layer hen nutrition (Yong et al. 2019). 
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The same results were seen when postbiotics were delivered to layer chickens. As 
an example, consider the research by Zhang et al. (2019b). The scientists gave layer 
hens a meal enriched with postbiotics generated from lactic acid bacteria and 
discovered that the hens outperformed control birds in terms of growth performance, 
egg quality, and gut microbiome. The findings of this study imply that postbiotics 
may benefit the health and performance of layer hens. On another study made by 
Abd El-Ghany et al. (2022) found that the use of a postbiotic compound produced by 
stabilized non-viable Lactobacilli in the feed and drinking water of broiler chickens



can have a positive impact on their health, growth performance, immunity, and 
resistance to Escherichia coli challenge. The study found that feed and water 
treatments with the postbiotic compound improved the disease picture, growth 
performance, immune response, bursa of Fabricius/body weight ratio, and reduced 
the intestinal coliform count in challenged chickens when compared to non-treated 
chickens. These results suggest that the use of the postbiotic compound in either dry 
or aqueous form is effective in improving the health and performance of broiler 
chickens and may help reduce the risk of colisepticemic disease in these birds. 
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Use of Para-postbiotics in the Swine Nutrition The use of paraprobiotics in swine 
nutrition has received increasing attention in recent years, as they offer a promising 
alternative to traditional antibiotic growth promoters. In one study made by Zhou 
et al. (2015) the authors aimed to evaluate the effects of non-viable yeast cell 
products on the gut microflora and growth performance of weaning pigs. The results 
showed that the supplementation of non-viable yeast cell products significantly 
increased the population of Lactobacillus and reduced the population of coliform 
bacteria in the gut of the pigs. The pigs fed the diet supplemented with high levels of 
non-viable yeast cell products had the highest average daily gain (ADG) and the best 
feed conversion ratio (FCR) compared to the control group. The authors concluded 
that the supplementation of non-viable yeast cell products improved the gut micro-
flora and enhanced the growth performance of weaning pigs. Same findings were 
reported by Wang et al. 2018a who investigated the effects of a non-viable 
yeast-based product on the gut health and performance of weaning pigs. The results 
showed that supplementing the pigs’ diet with the non-viable yeast-based product 
improved their weight gain and feed efficiency, as well as reduced the incidence of 
diarrhea. The study also demonstrated that the supplementation of the non-viable 
yeast-based product modulated the gut microbiota, leading to an increased abun-
dance of beneficial bacteria and a reduced abundance of pathogenic bacteria. Finally, 
a study (Kim et al. 2019) evaluated the effects of a non-viable yeast product on the 
growth performance and gut microbiota of growing-finishing pigs. The results 
showed that supplementing the pigs’ diet with the non-viable yeast product 
improved their average daily gain and feed efficiency, compared to the control 
group. Furthermore, the gut microbiota of the pigs fed with the non-viable yeast 
was found to be more diverse and had a higher proportion of beneficial bacteria 
compared to the control group. 

As a relatively new area of research, there have not been many studies on the use 
of postbiotics in swine nutrition. One study that investigated the use of postbiotics, 
evaluated the effects of Bacillus-derived postbiotics on growth performance, gut 
morphology, and gut microbiota in growing pigs. The results showed that supple-
mentation of postbiotics improved the average daily gain and feed efficiency of the 
pigs. In addition, the study found that the postbiotics treatment improved gut 
morphology, including villus height and crypt depth, and positively influenced the 
gut microbiota by increasing the abundance of beneficial bacteria and decreasing the 
abundance of pathogenic bacteria. The authors concluded that postbiotics could be a



Use of Para-postbiotics in the Aquaculture Nutrition Paraprobiotics are increas-
ingly being studied and used in aquaculture nutrition. The goal of using
paraprobiotics in aquaculture is to promote the growth and health of fish and other
aquatic species, while also reducing the use of antibiotics and other harmful
chemicals. Paraprobiotics work by selectively promoting the growth of beneficial
bacteria in the gut of aquatic animals, thereby modulating the gut microbiome and
improving gut health. Studies have shown that the use of paraprobiotics in aquacul-
ture can lead to improved growth performance, feed efficiency, and disease resis-
tance in fish and other aquatic species. One study, for example, found that
supplementing the diets of juvenile sea bass with a paraprobiotic mixture led to
improved growth performance and feed efficiency, as well as a reduction in mortality
rates (Ozkoc et al. ). Another study investigated the effect of a paraprobiotic
containing Lactobacillus reuteri on the growth performance, gut microbiota, and
immune response of tilapia. The results showed that the fish fed with the
paraprobiotic had higher weight gain, improved feed conversion rate, and better
gut microbiota compared to the control group. Additionally, the fish fed with the
paraprobiotic showed an enhanced immune response, as indicated by higher levels
of IgM and lysozyme activity. The authors concluded that the use of the L. reuteri-
containing paraprobiotic has the potential to improve the growth performance, gut
health, and immunity of tilapia in aquaculture (Li et al. ). A third study looked
at the effect of a paraprobiotic containing Bacillus subtilis on the growth perfor-
mance, gut microbiota, and disease resistance of rainbow trout. The results showed
that the dietary supplementation of the paraprobiotic significantly improved the
weight gain, feed conversion ratio, and specific growth rate of the rainbow trout.
Additionally, the paraprobiotic supplementation altered the gut microbiota compo-
sition, leading to an increase in the abundance of beneficial bacteria and a decrease in
the abundance of harmful bacteria. Furthermore, the paraprobiotic supplementation
increased the total antioxidant capacity, lysozyme activity, and interleukin-1β levels,
indicating an improvement in the immune response of the rainbow trout. In conclu-
sion, the results of the study suggest that the supplementation of a paraprobiotic
containing Bacillus subtilis can improve the growth performance, gut microbiota,
and disease resistance in rainbow trout. Zhou et al. ( ) to sum up, the use of
paraprobiotics in aquaculture is a promising approach for promoting the growth and
health of fish and other aquatic species, while also reducing the use of antibiotics and
other harmful chemicals. Further research is needed to fully understand the
mechanisms of action and optimal use of paraprobiotics in aquaculture.

2019a

2019b

2016

promising alternative to antibiotics for improving gut health and performance in 
growing pigs (Zhou et al. 2019b). 
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While there is a growing body of research on the use of postbiotics in other fields 
such as human and animal health, the use of postbiotics in aquaculture nutrition is 
still an emerging area of research with limited data available. Further studies are 
needed to establish the efficacy of postbiotics in enhancing the health and growth of 
aquaculture species. There is one study by Dong et al. (2020) who aimed to evaluate 
the effects of probiotic byproducts on growth performance, immune response, and



gut microbiota of tilapia (Oreochromis niloticus). The study used four groups of 
tilapias, a control group and three treatment groups that were fed diets supplemented 
with different levels of postbiotics for 56 days. The results showed that the growth 
performance of tilapia fed diets containing postbiotics was significantly higher than 
the control group. The feed utilization efficiency of tilapia was also improved with 
increasing levels of postbiotics in the diet. The results also indicated that the 
postbiotics had a positive effect on the immune response of tilapia, as the serum 
lysozyme activity and phagocytic rate of the fish were significantly increased. In 
terms of gut microbiota, the results showed that the postbiotics significantly affected 
the abundance of certain bacteria in the gut of tilapia. The study found that the 
abundance of beneficial bacteria, such as Lactobacillus and Bifidobacterium, was 
increased, while the abundance of harmful bacteria, such as Aeromonas and 
Escherichia coli, was reduced. Overall, the results of this study suggest that the 
use of postbiotics in tilapia diets can improve growth performance, enhance immune 
response, and positively affect gut microbiota composition. 
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Use of Para-postbiotics in the Ruminant Nutrition The use of paraprobiotics in 
ruminant nutrition has gained considerable interest in recent years due to their 
potential to enhance animal performance, improve gut health, and modulate the 
rumen microbiome. A study by Cai et al. (2020) investigated the effects of a 
non-viable yeast cell product on growth performance, rumen fermentation and 
antioxidant capacity in beef cattle. The results showed that the beef cattle fed the 
yeast cell product had improved average daily gain, feed conversion ratio, and rumen 
pH compared to the control group. The study also showed that the antioxidant 
capacity of the beef cattle fed the yeast cell product was increased, indicating 
improved rumen health, and reduced oxidative stress. Another study by Moura 
et al. (2017) investigated the effects of supplementing non-viable yeast cell wall 
extracts on performance and ruminal acidosis in dairy cows. The results showed that 
supplementation with non-viable yeast cell wall extracts improved dry matter intake 
and milk yield, increased rumen pH, and decreased lactate concentration. The study 
also found that supplementation with non-viable yeast cell wall extracts reduced the 
occurrence of subacute ruminal acidosis (SARA), a common metabolic disorder in 
dairy cattle. These results suggest that the use of non-viable yeast cell wall extracts 
can improve the performance and health of dairy cattle by maintaining ruminal pH 
and reducing the risk of SARA. Prior to this study van der Meijden et al. (2015) also 
reported that non-viable yeast cell wall extracts supplementation reduced the risk of 
ruminal acidosis and improved health status in dairy cows. Furthermore, non-viable 
yeast cell wall extracts supplementation had no negative effect on production 
performance. 

In ruminants, postbiotics have been shown to have positive effects on feed 
utilization, digestion, and gut health. One study conducted by Tian et al. (2019) 
investigated the effect of a fermented product containing Bacillus subtilis on dairy 
cows (a type of postbiotic). The study found that feeding the fermented product to 
the cows improved feed utilization, leading to increased milk production. Addition-
ally, the fermented product was found to improve the health of the rumen, leading to



a reduction in subacute ruminal acidosis (SARA), which is a common issue in dairy 
cattle. Another study conducted by Rauch et al. (2017) looked at the effect of feeding 
a yeast extract product to dairy cattle. The study found that feeding the yeast extract 
improved feed utilization and led to a reduction in the production of methane, which 
is a significant contributor to greenhouse gas emissions. In addition, feeding the 
yeast extract improved gut health, leading to a reduction in the occurrence of 
digestive issues. Finally, a study by Liu et al. (2017) investigated the effects of 
dietary supplementation with a Bacillus subtilis fermented product on the growth 
performance, blood characteristics, and gut microbiota in lambs. The results showed 
that lambs fed the Bacillus subtilis fermented product had improved average daily 
weight gain and feed conversion efficiency compared to the control group. The study 
also observed changes in the gut microbiota, with increased levels of beneficial 
bacteria such as Lactobacillus and Bifidobacterium. These findings suggest that 
postbiotics have potential to enhance growth performance and improve gut health 
in ruminants. 
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Use of Para-postbiotics in the Equine Nutrition In equine, the use of 
paraprobiotics is a new area of researching. One study that investigated the use of 
non-viable paraprobiotics in horse nutrition is “Effects of dietary non-viable yeast 
cell wall product on the digestive function, faecal parameters and gut microbiota of 
horses.” This study was carried out to evaluate the effects of a non-viable yeast cell 
wall product on the digestive function, fecal parameters and gut microbiota of 
horses. The results showed that the dietary supplementation of the non-viable 
yeast cell wall product led to an improvement in fecal parameters and increased 
numbers of beneficial gut bacteria. The authors concluded that the use of non-viable 
yeast cell wall product as a dietary supplement may have positive effects on the gut 
health and digestive function of horses (Rousseau et al. 2018). 

Unfortunately, there is a limited amount of research on the use of postbiotics in 
equine nutrition. The is one study by Flaminio et al. (2019), who investigated the 
effects of a postbiotic mixture (containing lactic acid bacteria byproducts) on the gut 
microbiota, digestive functions, and performance of horses. The study found that 
supplementation with the postbiotic mixture improved gut microbiota diversity and 
reduced the abundance of potential pathogenic bacteria. Additionally, horses 
supplemented with the postbiotic mixture had improved feed utilization and better 
performance compared to the control group. This study suggests that postbiotic 
supplementation can have positive effects on the gut microbiota, digestive function, 
and performance of horses. However, more research is needed to fully understand 
the potential benefits of postbiotics in equine nutrition. 

Use of Para-postbiotics in the Companion Animal Nutrition The use of 
paraprobiotics in companion animal nutrition is an area of ongoing research. The 
aim is to utilize the by-products of probiotic bacteria to improve the digestive health 
and overall wellness of pet animals. The use of these paraprobiotics may help to 
enhance the gut microbiota, reduce digestive disorders, and improve the nutrient 
utilization in companion animals. One study that investigated the use of



paraprobiotics in companion animal nutrition is made by Li et al. (2017a). The study 
was conducted on dogs with idiopathic chronic diarrhea and aimed to evaluate the 
effects of a non-viable yeast extract on the gut microbiota, antioxidant status, and 
clinical signs. The results showed that the supplementation of non-viable yeast 
extract significantly improved the gut microbiota diversity and reduced the severity 
of clinical signs in dogs with idiopathic chronic diarrhea. This study demonstrates 
the potential benefits of using non-viable paraprobiotics in companion animal 
nutrition and highlights the importance of further research in this field. By utilizing 
the paraprobiotics, pet owners may be able to improve the health and wellness of 
their animals and reduce the incidence of digestive disorders. 
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Postbiotics, the metabolites produced by probiotics, have gained increasing 
attention in companion animal nutrition for their potential benefits to animal health 
and well-being. The use of postbiotics in companion animal nutrition has been 
evaluated in several studies, showing promising results in terms of improving gut 
health, boosting the immune system, and enhancing nutrient utilization. One study 
evaluated the effects of postbiotics on dogs’ gut health and found that supplementing 
with postbiotics can lead to an improvement in gut microbiota diversity and a 
reduction in harmful bacteria populations. This results in a more balanced gut 
microbiome, which can have a positive impact on digestive health, immune system 
function, and overall well-being (Kim et al. 2017a). Another study investigated the 
use of postbiotics in cats and found that supplementing with postbiotics can improve 
digestive health and reduce the risk of digestive disorders, such as diarrhea and 
vomiting. Additionally, the study reported a positive effect of postbiotics on cats’ 
immune system, as well as improved nutrient utilization, which can result in better 
weight management and overall health (Kim et al. 2017b). In conclusion, the use of 
postbiotics in companion animal nutrition has shown promising results in terms of 
improving gut health, boosting the immune system, and enhancing nutrient utiliza-
tion. Further research is needed to fully understand the potential benefits of 
postbiotics in companion animal nutrition and to develop more effective and safer 
postbiotic-based products for companion animals. 

Para-postbiotics on Sustainability Paraprobiotics and postbiotics are two alterna-
tive approaches to traditional probiotics that have been shown to have a positive 
impact on sustainability in animal production. Paraprobiotics are defined as 
inactivated cells or cell fractions that have health-promoting effects. By using 
paraprobiotics in animal feed, it is possible to improve gut health and reduce the 
need for antibiotics in animal production, leading to a more sustainable industry. For 
example, a study by Duranti et al. (2015) found that supplementing the diets of 
broiler chickens with a paraprobiotic reduced the need for antibiotics and improved 
gut health. Postbiotics, on the other hand, are metabolic by-products of probiotic 
bacteria that have health-promoting effects. They are also non-viable and are 
produced by the fermentation of probiotic bacteria in food or feed. Like 
paraprobiotics, postbiotics can improve gut health and reduce the need for antibiotics 
in animal production, leading to a more sustainable industry. For example, a study 
by Zebeli et al. (2017) found that supplementing the diets of dairy cows with a



postbiotic improved feed efficiency and reduced the amount of nitrogen excreted in 
manure. The use of non-viable paraprobiotics and postbiotics in animal production 
can also have a positive impact on the environment. By improving gut health and 
reducing the need for antibiotics, these compounds can reduce the amount of waste 
excreted in feces and the amount of greenhouse gas emissions produced from 
manure. This can help to reduce the environmental impact of animal production 
and create a more sustainable industry. In conclusion, the use of paraprobiotics and 
postbiotics in animal production has the potential to contribute significantly to 
sustainability. By improving gut health, reducing the need for antibiotics, and 
reducing the environmental impact of animal production, these compounds can 
help create a more sustainable livestock industry (Fig. 4). 
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5 Genetically Modified Microorganisms 

Genetically modified microorganisms (GMOs) are microorganisms, such as bacte-
ria, yeasts, or fungi, whose genetic material has been altered through genetic 
engineering techniques. This can be done to modify their properties, such as their 
growth rate, metabolism, or resistance to antibiotics or other environmental stressors. 
GMOs have a wide range of applications, including the production of industrial 
chemicals, the degradation of toxic waste, and the production of vaccines and other 
medical products. The use of GMOs in biotechnology has also led to the develop-
ment of new crops with improved traits, such as increased yield or resistance to pests 
and diseases. One reference on the subject of GMOs is the book edited by Stemke 
(2004). This book provides a comprehensive overview of the science and technology 
of GMOs, as well as the regulatory and ethical issues surrounding their use. It covers 
topics such as the safety and risk assessment of GMOs, the social and economic 
implications of GMO technology, and the role of GMOs in sustainable agriculture 
and bioremediation. 

The history of genetically modified microorganisms (GMOs) dates back to the 
1970s, when scientists first developed the tools and techniques necessary to manip-
ulate the genetic material of microorganisms. One of the key milestones in this 
history was the discovery of restriction enzymes, which allowed scientists to cut 
DNA at specific points and recombine it with DNA from other organisms. In 1973, 
Herbert Boyer and Stanley Cohen used restriction enzymes to create the first 
recombinant DNA molecule, which marked the birth of genetic engineering. In the 
following years, scientists made rapid progress in this field and developed 
techniques for introducing foreign genes into bacteria and other microorganism 
(Cohen et al. 1973). One of the earliest applications of GMOs was in the production 
of human insulin for medical use. In 1978, Genentech and Eli Lilly announced the 
successful production of human insulin in bacteria, which represented a major 
breakthrough in the treatment of diabetes. This was followed by the production of 
other medical products, such as human growth hormone and interferon, using GMOs 
(Baeshen et al. 2014). Another important application of GMOs was in the field of 
bioremediation, where microorganisms were used to clean up toxic waste and



pollutants in the environment. This led to the development of new strains of bacteria 
with improved degradation capabilities, which could be used to clean up 
contaminated sites and reduce environmental damage. In conclusion, the history of 
GMOs spans several decades and encompasses a wide range of scientific and 
technological advances. GMOs have played a significant role in the development 
of new medical products and the cleanup of contaminated environments, and they 
continue to be an important tool for advancing biotechnology and improving health 
and well-being. 
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The administration of GMOs in animal nutrition has gained increasing attention 
in recent years, as scientists seek new ways to improve the efficiency and 
sustainability of animal production. GMOs have the potential to enhance animal 
health and productivity by providing new sources of vitamins, minerals, and other 
essential nutrients, as well as improving the digestibility of feed and reducing the 
impact of animal waste on the environment. One of the key applications of GMOs in 
animal nutrition is the production of transgenic crops and feeds, which can be 
enriched with essential nutrients and other beneficial compounds. For example, 
researchers have developed genetically modified soybeans that produce higher levels 
of essential amino acids, such as lysine and methionine, which are critical for the 
growth and development of livestock. This can help to reduce the need for 
supplementing feed with synthetic additives and improve the overall quality of the 
feed. Another important application of GMOs in animal nutrition is the production of 
probiotics. The administration of genetically modified probiotics in animal nutrition 
has become a promising approach in the effort to improve the health and productiv-
ity of livestock. One of the main benefits of genetically modified probiotics is that 
they can be designed to produce specific compounds or enzymes that can enhance 
animal health and performance. For example, a study by Kudriavtsev et al. (2015) 
found that supplementing pig diets with a genetically modified probiotic strain of 
Lactobacillus plantarum that produces high levels of lactic acid significantly 
improved growth performance and reduced the incidence of diarrhea in piglets. 
Another important benefit of genetically modified probiotics is that they can be 
designed to be more stable and effective in the harsh conditions of the gut. This can 
help to ensure that the probiotic strains are able to survive and thrive in the gut, 
leading to improved gut health and better performance outcomes. A study by Fan 
et al. (2020) found that supplementing broiler chicken diets with a genetically 
modified probiotic strain of Bacillus subtilis improved gut health and feed efficiency, 
resulting in improved growth performance and reduced manure production. Last, a 
very promising study made by Ritter et al. (2018) used a genetically modified 
antimicrobial peptide called “Microcin J25.” The study results suggest that certain 
mutants of microcin J25 have increased specificity for pathogenic Salmonella 
species compared to human commensal Escherichia coli, meaning that these 
mutants may be more effective in treating infections caused by Salmonella while 
having less impact on the normal bacteria in the human gut. In conclusion, the 
administration of genetically modified probiotics in animal nutrition has the potential 
to play a significant role in improving the efficiency and sustainability of animal 
production. By improving gut health and boosting the immune system, genetically



modified probiotics can help to promote sustainable and responsible animal agricul-
ture that meets the needs of farmers, consumers, and the environment. 
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6 Conclusion 

In conclusion, the use of probiotics, prebiotics, paraprobiotics, postbiotics, and 
genetically modified microorganisms (GMOs) in animal nutrition has the potential 
to greatly improve the health and productivity of farm animals. However, it is 
important to note that the effects of these additives on animal health and performance 
can vary depending on various factors, such as the type and dose of the additive, the 
age and health status of the animal, and the composition of the diet. Therefore, it is 
important to carefully evaluate the potential benefits and risks of each additive, and 
to use them in a responsible and sustainable manner. 

The use of probiotics, prebiotics, paraprobiotics, postbiotics, and GMOs in 
animal nutrition can contribute to sustainability in several ways. Firstly, the admin-
istration of probiotics and prebiotics can improve gut health, reduce the incidence of 
diseases, and increase feed efficiency in farm animals. This can result in better 
utilization of feed resources, and reduced waste and emissions, thereby contributing 
to sustainability. Furthermore, the use of paraprobiotics and postbiotics can improve 
gut health, enhance nutrient utilization, and reduce inflammation in farm animals. 
This can lead to improved growth performance and feed efficiency, as well as 
reduced reliance on antibiotics and other drugs, which can contribute to 
sustainability by reducing the environmental impact of animal production and 
promoting animal welfare. In addition, the use of GMOs in animal nutrition can 
produce medical products and feed additives that can improve the growth perfor-
mance and feed efficiency of farm animals. This can reduce the amount of feed 
resources required to produce a given amount of meat, eggs, or dairy products, and 
contribute to sustainability by reducing the environmental impact of animal produc-
tion. Overall, the use of probiotics, prebiotics, paraprobiotics, postbiotics, and 
GMOs in animal nutrition has the potential to contribute to sustainability in animal 
production, but careful evaluation and responsible use are necessary to ensure that 
the benefits are realized, and the risks are minimized. 
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Abstract 

Concerns and potential health risks related to the use of synthetic food additives 
have renewed the interest of the scientific community, food industry, and 
consumers toward replacing them with natural alternatives. Plant extracts repre-
sent an interesting approach based on their natural origin. Different plant 
materials as well as by-products and wastes from the agro-industrial sector 
constitute rich sources of valuable phytochemicals, including polyphenols, 
flavonoids, tannins, alkaloids, and terpenoids. A variety of extraction techniques 
can be employed for the recovery of these valuable compounds. During the last 
decades, emphasis is given on “green” techniques including ultrasound- and 
microwave- assisted extraction as well as supercritical fluid extraction and 
pressurized fluid extraction, along with the use of alternative solvents such as 
hydrophilic and hydrophobic deep eutectic solvents and aqueous solutions of 
cyclodextrins, which can reduce the negative health and environmental impact. 
The obtained extracts, either after purification or as such, could find applications 
as natural food antioxidants, preservatives, colorants, flavorings, etc., or for the 
fortification of active packaging materials, extending the shelf-life, maintaining 
the overall quality and add value to the food product. All the above are 
summarized in Fig. 1. The chapter covers the major recent analytical 
achievements in the light of which challenges and applications of plant extracts 
in the food industry are critically discussed. 
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Fig. 1 Graphical representation of the main steps involved in the preparation of plant extracts as 
well as their applications in food products and/or active packaging materials as natural additives 

Keywords 

Plant materials · Food products · Food packaging · Active materials · Extraction 
techniques · Solvents 

1 Plant Materials Used for the Preparation of Extracts 
for Food Applications 

1.1 Incorporation of Plant Extracts in Food Products 

A variety of plant materials such as fruits, vegetables, herbs, spices, and flowers, as 
well as by-products and wastes derived from the agrifood sector (e.g., peels, leaves, 
seeds, and pomace) that constitute rich sources of phenolic compounds, flavonoids, 
carotenoids, stilbenes, tannins, etc., are currently utilized for the preparation of novel 
extracts for applications by the food industry (Mir et al. 2022). It is worth mentioning 
that certain natural extracts, such as those obtained from rosemary, grape seed, and 
skin as well as olive pulp, are generally recognized as safe (GRAS) and can be 
applied in food products as antioxidants (EFSA 2008, FDA Notices 
No. 446, 93, 459). Below there is an overview of the plant materials that have 
been used for the preparation of extracts with potential applications in the food 
industry as natural additives. Emphasis is given on studies that have been published 
during the last decade.
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Fruits constitute rich sources of various functional compounds such as phenolic 
acids, flavonoids, tannins, and proanthocyanidins. Extracts from different fruits have 
been used in various food products as natural antioxidants, antimicrobials, color 
enhancers, etc. More specifically, a lyophilized aqueous extract from Nitraria retusa 
fruits was used in beef patties (Mariem et al. 2014). Its addition was found to inhibit 
lipid oxidation and to improve microbiological stability during storage of the patties 
at 4 °C for 9 days. Bellucci et al. (2021) used a lyophilized aqueous red pitaya (or red 
dragon) extract in pork patties that were stored at 2 °C for 18 days. The authors 
suggested that the addition of this extract resulted in the delay of oxidative and color 
deterioration. A lyophilized aqueous black mulberry extract was used in beef patties 
stored under aerobic and vacuum packaging conditions for 15 days of chilled storage 
(Turan and Şimşek 2021). The addition of this extract resulted in the extension of the 
shelf-life of the patties by inhibiting lipid oxidation, discoloration, and microbial 
growth. Abdel-Naeem et al. (2022) used kiwi and pineapple extracts as well as their 
combination, in spent hen meat patties. The authors suggested that the incorporation 
of these extracts into the patties resulted in an enhancement in tenderness as well as 
in an improvement to all sensory attributes. 

Vegetables, that are rich in phenolic compounds, carotenoids, tannins, and 
vitamins C and E, are also used for the preparation of extracts. In particular, the 
antioxidant effects of broccoli extracts were evaluated on goat meat nuggets 
(Banerjee et al. 2012) as well as on fresh ground beef (Kim et al. 2013). A dry 
potato extract was added in fresh and pre-cooked beef patties (Colle et al. 2019). Its 
addition resulted in improved water holding capacity, shelf life, and sensory 
characteristics of the patties during retail storage. 

Extracts from various herbs and spices also find applications in the food industry. 
For example, rosemary and cloves extracts as well as their combination were found 
to inhibit microbial growth and lipid oxidation of raw chicken meat during storage at 
4 °C for 15 days (Zhang et al. 2016). The addition of a powder sage extract on turkey 
meatballs that were packed in a cold modified atmosphere and stored at 4 °C for 
9 days was found to delay the formation of lipid-derived products of oxidation 
(Gantner et al. 2018). Moreover, the addition of rosemary and oregano extracts on 
precooked meat hamburgers was found to inhibit lipid oxidation without altering 
their organoleptic traits (color, taste, aroma) (Manhani et al. 2018). Park et al. (2018) 
found that the fortification of milk and yogurt with a red ginseng powder increased 
its radical-scavenging activity whereas a reduction in the H2O2-induced DNA 
damage was observed. The effects of lyophilized rosemary and sage extracts on 
the oxidative stability of poultry pátê stored at 4 °C have been also examined 
(Bianchin et al. 2020). 

Considering the European Union’s (EU) action plan for the circular economy 
toward reducing food waste through the reuse, recovery, and recycling of materials 
and energy, the exploitation of agroindustrial by-products and wastes as sources of 
functional ingredients that could be used as natural food additives is a promising 
approach (Galanakis 2012). In this frame, peels, which are considered one of the 
main by-products of food processing, constitute a rich source of valuable bioactive 
compounds. They are reported to often possess increased antioxidant potential



compared to the pulp. Various peel extracts have found applications as antioxidant 
and antimicrobial agents in food products. For example, an aqueous pomegranate 
peel extract has been used to grind goat meat and nuggets in order to examine its 
effect on its shelf-life (Devatkal et al. 2014). A concentrated lyophilized aqueous 
pomegranate peel extract has been applied to beef meatballs and was found to exhibit 
a lipid and protein retarding capacity (Turgut et al. 2016). The effect of a pomegran-
ate peel extract on the phenolic content, fatty acid composition, and meat quality of 
broiler chickens has been investigated (Saleh et al. 2017). A tomato peel extract has 
been found to retard lipid peroxidation of lamp meat upon refrigerator storage (Alaa 
et al. 2019). Vasilopoulos et al. (2022) examined the effect of dietary supplementa-
tion with aqueous and cyclodextrin pomegranate peel extracts on broilers’ perfor-
mance parameters, welfare, and meat characteristics. An aqueous pomegranate peel 
extract has been also used in ground buffalo (Bubalus bubalis) meat to examine its 
storage stability at 4 °C for 20 days (Ghimire et al. 2022). Moreover, aqueous 
extracts of almond skins were used to examine their effect on the shelf-life of pork 
patties, however, only pH, weight loss and L* values were found to be affected 
(Timón et al. 2022). 
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Leaves constitute important parts of the plants since they are responsible for the 
photosynthesis and oxygen production. Apart from chlorophyll, which is responsible 
for the green color of the leaves, they also contain carotenoids and anthocyanins that 
exert yellow to red colors during autumn. Various studies report the use of leaf 
extracts in different food products. In particular, an aqueous-ethanolic olive leaf 
extract was added in minced pork meat which was then stored at-18 °C under white 
fluorescent light to simulate retail display conditions, for 180 days (Botsoglou et al. 
2014). The authors concluded that the addition of the extract was found to delay 
lipids and protein oxidation. The incorporation of methanolic extracts of oregano 
and sweet basil leaves was found to enhance the oxidative stability of ravioli with a 
dairy-based padding when stored at -18 °C for 4 months (Chinprahast et al. 2018). 

Seeds constitute an inedible part of various fruits and vegetables and are consid-
ered as wastes by the food industry. Being rich in various bioactive compounds, seed 
extracts are widely used as a source of natural ingredients for the food industry. In 
particular, aqueous-ethanolic extracts from defatted grape seeds derived from two 
Greek grape varieties, namely “Moschofilero” and “Agiorgitiko,” were used for the 
fortification of yogurts, which were found to exhibit higher antiradical and antioxi-
dant activity compared to control ones, even after 3–4 weeks of cold storage 
(Chouchouli et al. 2013). Pateiro et al. (2018) added guarana seed extracts to pork 
patties that were stored at 2 °C for 18 days. These extracts were found to enhance the 
color of the patties, to protect meat against oxidation but were not found to have 
antimicrobial activity. The incorporation of a lyophilized Bordeaux grape seed 
extract in a Petit Suisse cheese did not affect its sensorial characteristics compared 
to the cheese manufactured without the grape seed extract and presented higher 
inhibition activity against angiotensin-converting enzyme, which controls blood 
pressure by regulating the volume of fluids in the body (Deolindo et al. 2019). The 
addition of a grape seed extract in ground meat patties (85% beef and 15% pork back



fat) packaged under a high-oxygen modified atmosphere improved fresh meat color 
and minimized premature browning (Yang et al. 2022). 
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The spreading of a tomato pomace extract, a major by-product during tomato 
processing, on lamp meat, was found to inhibit redness decrease upon modified 
atmosphere packaging (Andres et al. 2017). Dried olive pomace, a by-product of 
olive oil separation, was incorporated into the conventional diet of dairy cows and 
was found to improve the nutritional and nutraceutical properties as well as to 
modify the aroma of milk and derived cheese (Castellani et al. 2017). No adverse 
effects were observed on the shelf-life of lamp meat during storage in retail sale 
conditions after the incorporation of dried red grape pomace, the main by-product 
generated by the wine industry, in the lamp diet (Guerra-Rivas et al. 2016). Demirkol 
and Tarakci (2018) suggested that an Isabella grape (Vitis labrusa L.) pomace extract 
could be used as a functional ingredient in yogurt. The addition of an aqueous-
ethanolic blueberry pomace extract on pork patties was found to delay lipid oxida-
tion during chilled storage (Peiretti et al. 2020). 

1.2 Incorporation of Plant Extracts in Food Active Packaging 
Materials 

Phytochemicals derived from plant materials can be used not only directly in food 
products but also in packaging materials in order to increase their shelf-life and 
quality. Taking into consideration that lately, there is an increased consumer’s 
demand for slightly processed foods, the interest of the scientific community has 
turned to innovative food packaging technologies. The development of active 
packaging materials through their reinforcement with antioxidant and/or antimicro-
bial agents is a promising approach to improve food quality and increase the stability 
of sensitive food products. Considering that the use of synthetic additives has been 
linked to potential toxicological risks, the use of natural food additives derived from 
a variety of plant materials as well as agricultural by-products and wastes is a 
promising alternative and constitutes one of the current emerging trends in food 
packaging research field (Valdés et al. 2014). 

In this view, extracts from various fruits, vegetables, herbs, and spices as well as 
flowers find also applications for the reinforcement of active packaging materials, 
e.g. edible films. In particular, an anthocyanin-rich red raspberry (Rubus strigosus) 
aqueous-ethanolic extract was incorporated in edible soy protein isolate films (Wang 
et al. 2012). The authors suggested that the obtained film had enhanced tensile 
strength and elongation at break, increased water swelling ratio as well as lower 
water solubility and water vapor permeability. Moreover, multifunctional 
bio-nanocomposite films based on konjac glucomannan/chitosan enriched with a 
mulberry anthocyanin extract for active food packaging showed UV–vis light barrier 
and pH-sensitive properties as well as antioxidant and antibacterial bioactivity (Sun 
et al. 2020). Alizadeh-Sani et al. (2021) prepared pH-responsive color indicator films 
by blending barberry anthocyanins with methylcellulose/chitosan nanofiber for real-
time monitoring of meat freshness. The color indicator film showed color changes in



response to pH alterations and ammonia gas, being suitable for indicating variations 
in food pH and the formation of volatile nitrogen compounds. An aqueous-ethanolic 
extract rich in anthocyanins derived from Phyllanthus reticulatus fruit was used for 
the preparation of smart biodegradable films based on chitosan/methylcellulose for 
monitoring the freshness of fish fillet (Gasti et al. 2021). The water solubility, 
moisture retention capacity, and water vapor transmission rate of the films were 
found to be enhanced along with an increase in the anthocyanin content. Moreover, 
the prepared films showed a pink color in acidic pH while yellowish in basic pH 
solution and exhibited strong antioxidant activity as well as antibacterial activity 
against Staphylococcus aureus, Pseudomonas aeruginosa, and Escherichia coli. 
Extracts from various vegetables have been also incorporated into active food 
packaging films. More specifically, active chitosan/PVA films loaded with 
anthocyanins from Brassica oleracea (red cabbage) as time–temperature indicators 
were prepared for intelligent food packaging (Pereira et al. 2015). The obtained films 
were applied on pasteurized milk exhibiting changes in the coloration of the film 
indicating alterations in its chemical composition. Koosha and Hamedi (2019) 
reported the preparation of intelligent chitosan/PVA nanocomposite films containing 
black carrot anthocyanins as pH indicators, with improved mechanical, thermal, and 
antibacterial properties. A purple-fleshed sweet potato extract was incorporated into 
a chitosan matrix for the development of antioxidant and intelligent pH-sensing 
packaging films (Yong et al. 2019). The authors suggested that the obtained films 
exhibited reduced elongation at break and were pH-sensitive due to the presence of 
anthocyanins. An anthocyanin-rich extract derived also from purple potato was used 
for the development of an intelligent/active food packaging film based on 2,2,6,6-
tetramethylpiperidine-1-oxyl radical-oxidized bacterial cellulose for shelf-life exten-
sion of shrimp (Wen et al. 2021). Ma et al. (2017) reported the design of Tara 
gum/polyvinyl alcohol-based colorimetric NH3 indicator films with the 
incorporation of curcumin for intelligent packaging in order to monitor shrimp 
spoilage. The obtained films exhibited a visible color change in an NH3 environment 
whereas higher relative humidity in the environment accelerated the color change. 
Roselle anthocyanins have been used for the reinforcement of an intelligent pH film 
based on biodegradable polymers (i.e., starch, polyvinyl alcohol) in order to monitor 
pork freshness (Zhang et al. 2019a). The design of a colorimetric film by 
incorporating anthocyanins from fresh red rose (Rosa rugosa) petals in polyvinyl 
alcohol/okra mucilage polysaccharide (PVA/OMP) was designed for shrimp fresh-
ness monitoring (Kang et al. 2020). The prepared film exhibited improved mechani-
cal and barrier properties, showed distinguishable color changes at pH 2–12, and was 
highly sensitive to volatile ammonia. 
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Additionally, a variety of agro-industrial by-products have been incorporated into 
edible films. More specifically, an anthocyanin-rich black plum peel extract was 
used for the development of multifunctional food packaging films (Zhang et al. 
2019b). The prepared film was found to have antioxidant, ethylene scavenging, 
antimicrobial, and pH-sensitive properties. A banana peel extract prepared using 
80% (v/v) aqueous ethanol was incorporated in chitosan films for the coating of 
apples in order to maintain their storage quality (Zhang et al. 2020). Extracts



prepared from plant leaves have been also used for the fortification of edible films. 
Rambabu et al. (2019) incorporated a mango leaf extract in a chitosan-based film. 
The obtained film showed enhanced tensile strength and antioxidant activity. An 
aqueous amaranthus leaf extract, rich in phenolic compounds and betalains, was 
incorporated in an intelligent food packaging film developed with polyvinyl alcohol 
(PVA) and gelatin in order to monitor the freshness of fish and chicken meat (Kanatt 
2020). This was accomplished by the color change of the extract under basic pH due 
to the presence of betalains. Martiny et al. (2020) reinforced a carrageenan-based 
active packaging film with an olive leaf extract for lamp meat preservation. Results 
showed that the addition of this extract increased the thickness and elongation at the 
break of the film whereas it was found to exhibit an antimicrobial capacity during the 
storage of the lamp meat at 7 °C for 2 days. Edible coating and films enriched with 
grape seed extract (0.1%) were applied on whole-grain cookies with grape and 
Aronia pomace (Molnar et al. 2023). The authors postulated that the addition of 
this extract to the film increased its thickness, its resistance to water vapor as well as 
its phenolic content resulting in improvement of the freshness degree, the posthar-
vest quality, and sensory properties during six months of storage. A black rice bran 
extract rich in anthocyanins was used for the preparation of an intelligent film based 
on chitosan/oxidized chitin nanocrystals for seafood spoilage monitoring (Wu et al. 
2019). The prepared films exhibited UV-barrier and antioxidant properties and were 
found to be pH dependent. Santos et al. (2022) reported the preparation of an edible 
active film based on gelatin and Malpighia emarginata (Acerola cherry) waste 
aqueous-ethanolic (34%, v/v) extract and its application in beef patties. It was 
shown that the active film reinforced with 4% of the extract, showed adequate 
physical and barrier properties, and it was protective in color changes and oxidation 
of lipids and proteins in frozen beef patties during storage (-18 °C, 60 days). A 
grape pomace extract along with guar gum was used for the dip coating treatment of 
minimally processed pomegranate arils to increase their shelf-life (Saurabh et al. 
2022). A sea buckthorn pomace extract was added to a potato starch film in order to 
study its effect on the quality and spoilage bacteria of beef jerky sold in supermarkets 
(Guo et al. 2020). The authors suggested that the addition of this extract inhibited the 
growth of common spoilage microorganisms in beef jerky. A pectin-fish gelatin film 
containing olive antioxidants, namely hydroxytyrosol and 
3,4-dihydroxyphenylglycol, which were extracted and purified from a by-product 
obtained from producing olive oil was used to study its effect on the preservation of 
raw beef meat during refrigerated storage (Bermúdez-Oria et al. 2019). Results 
showed that lipid oxidation, in terms of TBARS, was reduced in the meat samples 
that were wrapped with the prepared film.
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2 Novel Extraction Techniques of High-Added Value 
Compounds from Plant Materials 

Extraction yield of the targeted compound(s) is crucial for the selection of the 
extraction method. It usually depends on various factors such as the solvent, the 
apparatus used for the extraction, the solid:solvent ratio, the temperature, the dura-
tion, etc. Conventional extraction approaches, e.g., maceration, even though are still 
commonly used, they present certain disadvantages, including prolonged extraction 
duration, and low extraction yield. Novel extraction techniques, such as ultrasound-
and microwave-assisted extraction as well as supercritical fluid extraction, that use 
lower amounts of solvents, are environmentally friendly, and result in high extrac-
tion yields (Farooq et al. 2022), have emerged. 

2.1 Ultrasound-Assisted Extraction 

Ultrasounds constitute a special type of sound wave beyond human hearing, usually 
between 20 kHz and 100 MHz. Ultrasound waves pass through a medium causing 
compression and expansion that create a phenomenon known as cavitation. The 
latter one describes the production, growth, and collapse of air bubbles. The 
advantages of ultrasound-assisted extraction (UAE) involve faster energy transfer, 
reduced extraction temperature, and equipment size (Chemat et al. 2017). UAE is an 
effective extraction technique for valuable compounds from plant materials. For 
example, Sharma et al. (2020) employed ultrasounds for the preparation of a defatted 
Moringa oleifera seed meal extract that was used as a natural antimicrobial coating, 
against E. coli and Bacillus cereus, for raw chicken sausages. UAE of polyphenols 
from the seeds of Allium senescens L. using water, as well as their application as 
natural antioxidants in Harbin dry sausages, was also reported (Qin et al. 2021). 
Moreover, phenolic compounds from pomegranate peels were extracted with UAE 
using water as a solvent and were added to chicken burgers as antioxidants (Ordaz-
Rodríguez et al. 2022). The authors suggested that this extract was found to delay 
meat oxidation more efficiently than ascorbic acid. In the same frame, extracts rich in 
bioactive compounds obtained from pomegranate peels using UAE with 70% 
ethanol, were also employed as antioxidant agents to improve the shelf life of 
soybean and mustard edible oils (Rashid et al. 2022). Pollini et al. (2022) employed 
UAE for the extraction of polyphenols from apple pomace to be used as fortifying 
agents for beef burgers. 

2.2 Microwave-Assisted Extraction 

Microwave-assisted extraction (MAE) is also considered as an advanced technique 
for the extraction of phytochemicals from a variety of plant materials exploiting 
microwave energy. Microwaves are electromagnetic fields in the frequency range 
between 300 mHZ and 300 GHz. Electromagnetic energy is transformed to heat



following ionic conduction and dipole rotation phenomena. MAE offers several 
advantages compared to conventional extraction techniques, including reduced 
extraction duration, and increased extraction efficiency and yield (Azmir et al. 
2013). Microwaves were employed for the preparation of extracts from sea buck-
thorn pomace and seeds as antioxidants to stabilize canola oil (Patra et al. 2022). The 
use of microwaves was also reported for the extraction of polyphenols from 
blackcurrant by-products for possible uses of the extracts in active packaging 
(Alchera et al. 2022). The authors applied the prepared maltodextrin pad reinforced 
with the obtained extract to raspberries and reported an extension of their shelf life 
during storage at 4 °C for 13 days. 
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2.3 Supercritical Fluid Extraction 

A supercritical state is a distinctive state, besides solid, liquid, and gas, that can be 
attained if a substance is subjected to temperature and pressure conditions beyond its 
critical point. The latter one is defined as the characteristic temperature and pressure 
above which distinctive gas and liquid phases do not exist. The obtained supercriti-
cal fluid possesses physicochemical properties (e.g., viscosity, surface tension) that 
make it suitable as an extraction solvent with reduced duration and higher yields. 
Carbon dioxide (CO2), with a critical temperature close to room temperature (31 °C) 
and a low critical pressure (74 bars), is considered an ideal solvent for supercritical 
fluid extraction (SFE). Its only disadvantage is its low polarity, which makes it ideal 
for extracting lipids and non-polar compounds but unsuitable for extracting polar 
ones. This limitation can be tackled using a chemical modifier (cosolvent) to enhance 
its polarity (Azmir et al. 2013). Wild thyme (Thymus serpyllum L.) by-product 
extracts prepared using SFE were applied as natural antioxidants in ground pork 
patties (Šojić et al. 2020). The authors postulated that the prepared extracts were 
found to prevent color degradation and lipid and protein oxidation in the pork patties 
as well as to prolong their shelf-life. Moreover, extracts from tamarillo (Solanum 
betaceum Sendtn) epicarp obtained using SFE with CO2 and ethanol as cosolvent 
were applied as antioxidants in cooked beef meat (Castro-Vargas et al. 2013). 

3 Novel Solvents for the Extraction of High-Added Value 
Compounds from Plant Materials 

3.1 Deep Eutectic Solvents 

Apart from novel extraction techniques, the use of environmentally friendly, easily 
available, non-toxic, biodegradable, recyclable, economic, and nonflammable 
solvents is of utmost importance for the recovery of valuable compounds from 
plant materials for industrial applications (Socas-Rodríguez et al. 2021). In this 
frame, deep eutectic solvents (DESs), which can be defined as mixtures consisting 
of at least two components, one as the hydrogen bond donor (HBD) and another one



as the hydrogen bond acceptor (HBA), are a promising alternative. The individual 
components of such mixtures interact with each other through the formation of a 
network of hydrogen bonds to create a system that exists in liquid form under 
ambient conditions. DESs present certain advantages such as biodegradability, 
biocompatibility, low cost, and easy preparation, simply by mixing the ingredients 
in different molar ratios upon heating and stirring. DESs that are synthesized by 
components of natural origin, such as organic acids (e.g., acetic acid, malic acid, and 
citric acid) and sugars (e.g., glucose, fructose, and sucrose) are called natural deep 
eutectic solvents (NADESs) (Sekharan et al. 2021). Moreover, except for hydro-
philic NADESs that are used for the extraction of polar compounds (e.g., phenolic 
compounds), the use of hydrophobic natural deep eutectic solvents (HNADESs) has 
recently emerged for the extraction of non-polar compounds (e.g., carotenoids) (Cao 
and Su 2021). Since NADESs are prepared using starting materials of natural origin 
(e.g., sugars, organic acids, and amino acids), the obtained extracts could be used 
directly in food applications as ready-to-use extracts, eliminating the need for 
solvent removal (Rente et al. 2022). Selected examples of the use of DESs for the 
extraction of phytochemicals from different plant materials are given below. In 
particular, Kyriakidou et al. (2021) prepared pomegranate peel extracts using choline 
chloride- and glycerol-based DESs and incorporated them in chitosan films. 
Velásquez et al. (2021) used NADESs composed of different ratios of lactic acid, 
glycerol, tartaric acid, glucose, choline chloride, and citric acid, combined with 
ultrasounds, in order to extract anthocyanins from Chilean berries and incorporate 
them in edible films. Choline chloride- and acetic acid-based DESs coupled to 
ultrasounds were also employed for the extraction of phenolic compounds from 
Pistacia lentiscus L. fruits (Tebbi et al. 2023). A green extraction approach, using 
different hydrophobic natural deep eutectic solvents based on terpenes (i.e., menthol 
and thymol) and fatty acids (i.e., decanoic acid and dodecanoic acid) at different 
molar ratios, was also reported by Kyriakoudi et al. (2022) for the recovery of 
lycopene from tomato fruits for potential food industrial applications. 
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3.2 Aqueous Solutions of Cyclodextrins 

Apart from DESs, another novel environmentally friendly system for the extraction 
of valuable compounds from plant materials is the aqueous solutions of 
cyclodextrins (CDs). The latter ones are cyclic oligosaccharides composed of six 
to eight glucopyranose molecules linked by α-1,4-glycosidic bonds. Cyclodextrins 
are relatively inexpensive substances that with their hydrophobic cavity can be used 
for the extraction of hydrophilic and hydrophobic compounds through the formation 
of inclusion complexes. In each case, the selection of the appropriate type of 
cyclodextrin is a critical parameter toward increasing the extraction efficiency. 
More specifically, α-CDs are more suitable for smaller molecules. The most com-
monly used β-CDs are suitable for medium-molecular weight compounds whereas 
γ-CDs are suitable for high-molecular weight compounds. The use of different types 
of CDs has been reported in literature for the extraction of various types of plant



materials. For example, the formation of an inclusion complex between an olive leaf 
extract, an agricultural by-product rich in oleuropein, and with β-CD upon mixing of 
the components in aqueous media and subsequent freeze-drying, was reported in 
literature (Mourtzinos et al. 2007). The authors concluded that the obtained solid 
complex of olive leaf extract/β-CD could be used either to fortify foods or as a food 
supplement due to its increased stability. Moreover, Mourtzinos et al. (2016) 
employed ecofriendly extraction solvents based on water and glycerol along with 
2-hydroxypropyl-β-cyclodextrin as an enhancer of the extraction for the extraction 
of polyphenols from olive leaves. The authors postulated that the obtained aqueous 
extract containing glycerol and cyclodextrins could be used as raw material/ingredi-
ent for several end users in the food, cosmetic, and pharmaceutical industries. In the 
same frame, Mourtzinos et al. (2018) prepared extracts rich in polyphenols from the 
onion (Allium cepa) solid wastes using ecofriendly solvents, such as water and 
glycerol as well as 2-hydroxypropyl-β-cyclodextrin as a cosolvent for the increase 
of the extraction yield. The authors added this extract as a food colorant in a yogurt 
matrix and concluded that it was found to be a stable natural colorant and that it 
could replace synthetic coloring agents. The simultaneous extraction and encapsula-
tion of cornelian cherry polyphenols and iridoids using β-CD in order to enhance the 
ultrasound-assisted extraction efficiency of cornelian cherry bioactives were also 
reported in the literature (Popović et al. 2021). The authors suggested that due to the 
polyphenol encapsulation within β-CD, the obtained extract exhibited increased 
solubility in water, higher antioxidant activity, and prolonged release of 
anthocyanins from the dried powder making it suitable for various applications in 
food and pharmaceutical industries. Additionally, the use of aqueous solutions of 
β-cyclodextrin for the recovery of bioactive compounds (e.g., caffeine and 
chlorogenic acid) from coffee pulp, a by-product of coffee production was also 
reported by Loukri et al. (2020). 
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4 Overview 

Nowadays, there is a continuously increasing demand both from consumers and 
industries for “clean label” foodstuffs. In this view, plant extracts prepared using 
novel extraction techniques and solvents, from different plant materials, constitute a 
promising and sustainable approach. Various parts of plants, as well as extracts 
obtained from agro-industrial by-products and wastes, are of particular interest as 
sources of natural antioxidants, antimicrobial, coloring, and flavoring agents. Such 
extracts can be either added directly in food products or they can be incorporated into 
active packaging materials in order to increase the shelf-life and improve the quality 
of food products, avoiding the use of synthetic additives. 
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Additives are used for flavor and appeal, preparation, processing, freshness as

The United States Food Additives Market is expected to grow at a CAGR of

Feed additives may be classified as nutritional, zootechnical, sensory,
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Abstract 

The feed additives market in the United States is a large and dynamic industry that 
plays a crucial role in supporting animal health, welfare, and productivity. 

well as safety and some additives have been in use for centuries for preservation, 
such as salt and sugar. 

3.5% during 2023–2028 as per a study by Mordor Intelligence. The market size of 
feed additives varies by livestock species, with poultry and swine being the 
largest consumers of feed additives. The use of feed additives is subject to 
regulations by the FDA and AAFCO, which help to ensure the safety and efficacy 
of these products. 

coccidiostat or histomonostats, mycotoxin binders, and detoxifiers or other feed 
additives like antioxidants, enzymes, and binders which are used for a variety of 
purposes in animal nutrition. Some novel additives are being developed based on 
robust research and safety backgrounds for animal and human supplementation to 
serve the much-needed market demand such as Advanced Digestion Enhancing 
Protein Plus Technology (ADEPPT), which is ovoceutin and transferrin patented 
complex, CurCos-Zn for animals and patents have been applied for the same as 
well. These additives are used to supplement animal diets and address specific 
nutritional deficiencies or health challenges. Understanding the specific 
nutritional needs of different animal species, as well as the various feed additive 
options available, is critical for animal producers and nutritionists to maximize 
animal health and performance while also ensuring product quality and safety. 
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1 Food and Feed Additive 

Food and feed additives in the United States are defined by the FDA as substances 
added to food or animal feed for a specific purpose, such as to improve their 
nutritional value, taste, texture, or shelf life. The FDA regulates the use of these 
additives and has established guidelines and regulations for their safe and 
effective use. 

In the United States, food and feed additives are defined by the Food and Drug 
Administration (FDA) as substances that are added to food or animal feed for a 
specific purpose, such as to improve the nutritional value, taste, texture, or shelf life 
of the product. The FDA defines food additives as “any substance, the intended use 
of which results or may reasonably be expected to result, directly or indirectly, in its 
becoming a component or otherwise affecting the characteristics of any food” (FDA 
2021a). Feed additives are defined as “any substance, the intended use of which 
results or may reasonably be expected to result, directly or indirectly, in its becom-
ing a component or otherwise affecting the characteristics of any animal food” 
(FDA 2021b). 

Feed additive may be one ingredient or combination of ingredients added to a 
basic feed mix to fulfill a specific need. 

Usually, feed additive is used in microquantities and requires careful handling 
and mixing. 

The regulation of feed additives in the United States is overseen by several federal 
and state agencies, including the Food and Drug Administration (FDA) and the 
Association of American Feed Control Officials (AAFCO). 

The FDA is responsible for the approval and regulation of food and feed additives 
in the United States. The agency has established regulations and guidelines for the 
use of feed additives, including the generally recognized as safe (GRAS) list, which 
outlines substances that are considered safe for use in animal feed based on scientific 
evidence and expert opinion. The FDA also regulates the use of veterinary drugs in 
animal feed, including the approval of new drugs and the establishment of tolerance 
levels for residues in animal products. 

The AAFCO is a nongovernmental organization that works with state and federal 
regulatory agencies to establish and maintain standards for animal feed and feed 
ingredients. The AAFCO provides guidance and recommendations on the use of 
feed additives, including the establishment of feed additive definitions, labeling 
requirements, and model regulations. The AAFCO also works with the FDA and 
other agencies to review and approve new feed additives and to establish guidelines 
for the safe and effective use of these substances in animal feed. 

In summary, the FDA and AAFCO play important roles in the regulation of feed 
additives in the United States. The FDA is responsible for the approval and



regulation of feed additives and veterinary drugs, while the AAFCO provides 
guidance and recommendations on the use of feed additives and works with regu-
latory agencies to establish and maintain standards for animal feed and feed 
ingredients. 
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2 Types of Feed Additives in United States 

Feed additives are classified based on their intended use and mode of action. The 
following are the broad categories (Fig.1) of feed additives: 

(a) Nutritional feed additives: These are additives that are used to supplement or 
enhance the nutrient content of animal diets, such as vitamins, minerals, and 
amino acids. 

(b) Zootechnical feed additives: These are additives that are used to improve 
animal performance, such as growth promotion, feed efficiency, and disease 
prevention. Examples include probiotics, prebiotics, and acidifiers. 

(c) Sensory feed additives: These are additives that are used to enhance the visual 
appeal or palatability of animal feed, such as flavors, sweeteners, and pigments. 

(d) Coccidiostats and histomonostats: These are feed additives that are used to 
control specific diseases in poultry, such as coccidiosis and histomoniasis. 

(e) Mycotoxin binders and detoxifiers: These are feed additives that are used to 
mitigate the harmful effects of mycotoxins in animal feed. 

(f) Other feed additives: These include antioxidants, enzymes, and binders, which 
are used for a variety of purposes in animal nutrition. 

Fig. 1 Types of feed additives
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The classification of feed additives is important for both regulatory purposes and 
for animal producers and nutritionists to select the appropriate additives to meet 
specific animal nutrition and health needs (Fig. 1). 

3 Feed Additive Regulation in United States 

Feed additives are regulated in the United States by the FDA. It has primary legal 
responsibility for determining their safe use in dogs, cats, horses, chickens, turkeys, 
pigs, sheep, and fish. The Food and Drug Administration’s (FDA) Center of Veteri-
nary Medicine monitors and establishes standards for feed contaminants, approves 
safe food additives, and manages the FDA’s medicated feed and pet food programs. 
The approval process for feed additives involves a scientific evaluation of safety and 
efficacy data submitted by the manufacturer. The use of certain antibiotics as growth 
promoters in animal feed has been restricted in recent years due to concerns over the 
development of antibiotic-resistant bacteria. 

Anything that can be added to food or not, its safety has to be assessed through a 
stringent approval process. The Food Safety and Inspection Service (FSIS) of the US 
Department of Agriculture shares responsibility with FDA for the safety and food 
additives used in meat, poultry, and egg products. 

Labeling guidelines for all feed additives are given by AAFCO, which is the 
Association of American Feed Control Officials. AAFCO is a nonprofit organization 
that provides a forum for developing and implementing uniform and equitable laws, 
regulations, standards, definitions, and enforcement policies related to animal feeds 
in the United States. AAFCO does not have direct regulatory authority over feed 
additives in the United States. However, AAFCO provides guidance and 
recommendations on the use of feed additives and the labeling of animal feed, 
which are often used as the basis for regulation by state feed control agencies. 
AAFCO's primary role is to serve as a resource for state feed regulatory agencies 
and to provide guidance on the regulation of animal feed ingredients and pet food. 
The organization does not have regulatory authority but its standards and guidelines 
are widely recognized and adopted by state feed control agencies. AAFCO also 
develops and publishes an Official Publication, which contains definitions for feed 
ingredients and model regulations for the labeling and composition of animal feed 
and pet food. 

4 Feed Additive Market in United States 

In the United States, the market for feed additives is driven by the growing demand 
for animal protein, the need for higher feed efficiency, and the increasing focus on 
animal health and welfare. 

According to a market research report by Mordor Intelligence, the US feed 
additives market is expected to grow at a compound annual growth rate (CAGR) 
of 3.5% from 2023 to 2028 (Mordor Intelligence 2021). The major factors driving



the growth of the market include the increasing demand for meat and dairy products, 
the growing awareness about animal health and welfare, and the need to reduce the 
use of antibiotics in animal production. 
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The US feed additives market is highly competitive, with a large number of 
domestic and international players operating in the market. Some of the key players 
in the market include Archer Daniels Midland Company, Cargill, BASF, and Evonik 
Industries. 

The feed additives market size in the United States varies depending on the 
livestock sector. Feed additives are used in different amounts and for different 
purposes depending on the specific needs of each livestock sector. The major 
livestock sectors in the United States include poultry, swine, cattle, and aquaculture. 

(a) Poultry: The poultry sector is the largest consumer of feed additives in the 
United States. Poultry feed additives are used to improve feed efficiency, 
increase growth rate, and enhance the overall health of the birds. According to 
a market research report by Global Market Insights, the United States poultry 
feed additives market was valued at over $1.5 billion in 2018 and is projected to 
grow at a compound annual growth rate (CAGR) of 4.5% from 2019 to 2025 
(Global Market Insights 2019). 

(b) Pigs: The pig sector is another major consumer of feed additives in the United 
States. Pig feed additives are used to improve feed efficiency, promote growth 
and development, and enhance the immune system of the animals. According to 
the same report by Global Market Insights, the US pig feed additives market was 
valued at over $900 million in 2018 and is projected to grow at a CAGR of 3.5% 
from 2019 to 2025 (Global Market Insights 2019). 

(c) Cattle: The cattle sector is also a significant consumer of feed additives in the 
United States. Cattle feed additives are used to improve feed efficiency, increase 
growth rate, and enhance the overall health of the animals. According to the 
same report by Global Market Insights, the US cattle feed additives market was 
valued at over $750 million in 2018 and is projected to grow at a CAGR of 3% 
from 2019 to 2025 (Global Market Insights 2019). 

(d) Aquaculture: The aquaculture sector is a smaller but growing consumer of feed 
additives in the United States. Aquaculture feed additives are used to improve 
feed efficiency, increase growth rate, and enhance the overall health of fish and 
other aquatic animals. According to the same report by Global Market Insights, 
the US aquaculture feed additives market was valued at over $80 million in 2018 
and is projected to grow at a CAGR of 5% from 2019 to 2025 (Global Market 
Insights 2019). 

The US feed additives market is expected to grow in the coming years, driven by 
the increasing demand for animal protein, the need for higher feed efficiency, and the 
focus on animal health and welfare. Amino acids and enzymes are among the most 
widely used feed additives in the United States, and the market is highly competitive, 
with several major players operating in the market.
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The feed additives market size in the United States varies depending on the 
livestock sector. The poultry sector is the largest consumer of feed additives, 
followed by swine, cattle, and aquaculture. 

5 Nutritional Feed Additives 

5.1 Vitamins 

Vitamins are organic molecules that are needed in minute amounts for various 
physiological functions. The name vitamin originated from the term vital amine 
and refers to a group of compounds having a specific role in metabolism. Vitamins 
function as enzyme precursors, or co-enzymes, in different metabolic processes. 
Most vitamins need to be provided to the animal through diet. 

Vitamins may be classified based on their solubility as fat or water-soluble 
vitamins 

5.1.1 Fat-Soluble Vitamins 
In animals, the fat-soluble vitamins are the same as in humans. These include: 

(a) Vitamin A: This vitamin is important for vision, immune function, and cell 
growth. It is found in animal products such as liver, fish, and dairy products. 
Vitamin A supplementation is considered as a viable option to strengthen the 
immune system in neonates 

(b) Vitamin D: This vitamin is important for bone health and helps the body absorb 
calcium and phosphorus. It is produced in the skin of animals when exposed to 
sunlight and is also found in some animal products such as fatty fish. 

(c) Vitamin E: This vitamin is an antioxidant that helps protect cells from damage. It 
is found in vegetable oils and some animal products such as eggs and liver. 

(d) Vitamin K: This vitamin is important for blood clotting and bone health. It is 
synthesized by gut bacteria in some animals and is also found in some animal 
products such as liver and egg yolks. 

Since fat-soluble vitamins are stored in the body’s fatty tissues, excess intake can 
lead to toxicity. Therefore, it is important for animals to receive adequate amounts of 
these vitamins through their diet, but not excessive amount as excessive storage can 
be toxic for some vitamins like vitamin A and vitamin D. 

5.1.2 Water-Soluble Vitamins 
Water-soluble vitamins are a group of vitamins that dissolve in water and are not 
stored in the body to the same extent as fat-soluble vitamins. They are absorbed in 
the small intestine and are transported to tissues throughout the body, where they are 
used for various functions. The water-soluble vitamins that are important for animals 
include:
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Fig. 2 Types of vitamins 

(a) Vitamin B1 (thiamine): This vitamin is important for energy metabolism and 
nerve function. 

(b) Vitamin B2 (riboflavin): This vitamin is important for energy metabolism and 
growth. 

(c) Vitamin B3 (niacin): This vitamin is important for energy metabolism and skin 
health. 

(d) Vitamin B5 (pantothenic acid): This vitamin is important for energy 
metabolism. 

(e) Vitamin B6 (pyridoxine): This vitamin is important for protein metabolism and 
nerve function. 

(f) Vitamin B7 (biotin): This vitamin is important for energy metabolism and skin 
health. 

(g) Vitamin B9 (folic acid): This vitamin is important for DNA synthesis and cell 
growth. 

(h) Vitamin B12 (cobalamin): This vitamin is important for red blood cell 
production. 

(i) Vitamin C (ascorbic acid): This vitamin is an antioxidant that helps protect cells 
from damage and is important for collagen synthesis (Fig. 2 and Table 1). 

5.2 Amino Acids 

These are molecules that combine to form protein. Amino acids are the building 
block of protein. When proteins are broken or digested, amino acids are left. Amino 
acids play a great role in growth to production in animals. There are 20 unique amino 
acids, which are made from carbon, nitrogen, oxygen, hydrogen, and sometimes



sulfur in different configurations. These amino acids combine in different chains to 
create single protein in the animal body. 
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Table 1 Vitamin functions and their maximum safe level in United States 

Vitamin Function Maximum safe level (mg/kg) 

Vitamin A Vision, immune 
function, cell growth 

Beef cattle: 500–2500; dairy cattle: 100–500; swine: 
1500-3000; sheep: 50–400; poultry: 4–10 

Vitamin D Bone health, calcium 
absorption 

Beef cattle: 10–100; dairy cattle: 10–100; swine: 50–80; 
sheep: 10–50; poultry: 1–2 

Vitamin E Antioxidant, protect 
cells 

Beef cattle: 100–1000; dairy cattle: 100–1000; swine: 
50–200; sheep: 10–50; poultry: 20–200 

Vitamin K Blood clotting, bone 
health 

Beef cattle: 0.5–8; dairy cattle: 0.5–8; swine: 0.3–3; 
sheep: 0.5–5; poultry: 0.5–5 

Thiamin Energy metabolism, 
nerve function 

Beef cattle: 1–10; dairy cattle: 1–10; swine: 1–10; 
sheep: 1–10; poultry: 1–3 

Riboflavin Energy metabolism, 
growth 

Beef cattle: 4–60; dairy cattle: 4–60; swine: 2–30; 
sheep: 0.5–5; poultry: 3–6 

Niacin Energy metabolism, 
skin health 

Beef cattle: 10–200; dairy cattle: 10–200; swine: 
20–200; sheep: 10–50; poultry: 30–100 

Pantothenic 
acid 

Energy metabolism Beef cattle: 10–100; dairy cattle: 10–100; swine: 
10–100; sheep: 5–50; poultry: 3–10 

Pyridoxine Protein metabolism, 
nerve function 

Beef cattle: 2–20; dairy cattle: 2–20; swine: 1–10; 
sheep: 1–10; poultry: 2–20 

Biotin Energy metabolism, 
skin health 

Beef cattle: 0.1–1; dairy cattle: 0.1–1; swine: 0.05–0.2; 
sheep: 0.1–1; poultry: 0.02–0.1 

Folic acid DNA synthesis, cell 
growth 

Beef cattle: 0.5–5; dairy cattle: 0.5–5; swine: 0.5–5; 
sheep: 0.5–5; poultry: 0.5–5 

Vitamin 
B12 

Red blood cell 
production 

Beef cattle: 0.01–0.1; dairy cattle: 0.01–0.1; swine: 
0.01–0.1; sheep: 0.01–0.1; poultry: 0.02–0.1 

Guidance for Industry #235: Current Good Manufacturing Practice Requirements for Food for 
Animals. AAFCO (2021). Official Publication. Association of American Feed Control Officials. 

Amino acids are classified as essential or nonessential amino acids based on 
animals’ ability to synthesize them in the body. 

(a) Nonessential amino acids—Can be synthesized by the animal, so no need to be 
provided by the diet. 

(b) Essential amino acids—Cannot be synthesized by the animal so it is mandatory 
to supply in the diet. 

Whether essential or nonessential, animals need a sufficient amount of amino 
acids to meet their metabolic requirements. Industrial amino acids can be made 
through fermentation (L form of amino acid) or through chemical synthesis 
(DL form or racemic mixture of amino acids). However, pharmaceutical grade of 
amino acids can be manufactured through an enzymatic process. All amino acids 
used in protein synthesis in the body must be in L-configuration (Table 2).
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Table 2 Nutritional classification of amino acids 

Essential Non-essential 

Additional species related 
requirement 

Conditionally 
nonessential 

Lysine Arginine(cats, poultry, fish) Cysteine Glutamine 

Histidine Taurine (cats) Tyrosine Glycine 

Leucine Arginine Serine 

Isoleucine Proline Alanine 

Valine Asparagine 

Methionine Aspartate 

Threonine 

Tryptophan 

Phenylalanine 

Amino acids for ruminants—Ruminants are able to synthesize many amino 
acids on their own through microbial fermentation in the rumen, but some essential 
amino acids must be provided in the diet in order to support optimal growth and 
production. The essential amino acids for ruminants include: 

Essential amino acids for ruminants—methionine, lysine, histidine, phenylala-
nine, threonine, tryptophan, valine, isoleucine, and leucine. 

Nonessential amino acids for ruminants—alanine, arginine, aspartic acid, cyste-
ine, glutamic acid, glycine, proline, serine, and tyrosine (Licitra, G., Hernandez, 
T. M., & Van Soest, P. J. 1996) 

Amino acids for pigs—Pigs require a balanced supply of essential and nones-
sential amino acids for optimal growth and production. 

The essential amino acids for pigs include lysine, methionine, methionine + 
cystine, threonine, tryptophan, valine, isoleucine, leucine, arginine, and phenylala-
nine + tyrosine. 

Lysine is considered the most limiting amino acid in swine diets and is often 
supplemented to ensure adequate amino acid balance. 

In addition to these essential amino acids, pigs also have specific requirements for 
nonessential amino acids such as alanine, arginine, aspartic acid, cysteine, glutamic 
acid, glycine, proline, serine, and tyrosine, which are important for the synthesis of 
structural proteins and other physiological functions. 

Amino acids for poultry—Poultry require a balanced supply of essential and 
nonessential amino acids for optimal growth and production. 

The essential amino acids for poultry include arginine, histidine, isoleucine, 
leucine, lysine, methionine, methionine + cystine, phenylalanine + tyrosine, threo-
nine, tryptophan, and valine. 

Lysine is often considered the most limiting amino acid in poultry diets and is 
often supplemented to ensure adequate amino acid balance. Methionine is another 
important amino acid for poultry, as it is a precursor to cysteine and is important for 
feather growth.
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Table 3 Amino acids and related products allowed as feed additives in United States 

Additives Remarks 

L-methionine Product should contain a minimum of 98.5% L-isomer of a-amino-
4-(methylthio)butanoic acid. L-methionine is produced by 
Escherichia coli followed by enzymatic conversion to 
L-methionine. 

DL-methionine hydroxy 
analog calcium 

Product should contain a minimum 97% of a racemic mixture of 
2-hydroxy-4-(methylthio)butanoic acid calcium salt. 

DL-methionine Product should contain a minimum of 99% racemic 2-amino-4-
(methylthio)butanoic acid. 

Glycine Product should contain a minimum 97% amino acetic acid. 

L-lysine Product should contain minimum of 95% L-2, 
6-diaminohexanoic acid. 

L-threonine Product contains a minimum of 95% of L-2-amino-
3hydroxybutanoic acid. 

DL-tryptophan Product should contain a minimum of 97% racemic 2 amino-3-
(3indolyl)-propionic acid. 

L-tryptophan Product should contain a minimum of 97% L-2-amino-3(3′ 
indolyl)-propionic acid. 

Taurine Product should contain minimum 97% 
2-aminoethanesulfonic acid. 

L-arginine Product should contain a minimum of 98% L-2-amino-5-guanidyl-
valeric acid 

DL arginine Product should contain a minimum of 98% racemic 2-amino-5-
guanidyl-valeric acid 

L-tyrosine Product should contain a minimum of 98% L-2-amino-3-
(4-hydroxyphenyl) propionic acid. 

L-lysine liquid Product should contain minimum of 50% L-2, 6-diaminohexanoic 
acid by weight in water solution. 

AAFCO (2021) 

In addition to these essential amino acids, poultry also have specific requirements 
for nonessential amino acids such as alanine, aspartic acid, glutamic acid, glycine, 
proline, serine, tyrosine, and cysteine (conditionally essential), which are important 
for the synthesis of structural proteins and other physiological functions. 

It is important to note that the optimal amino acid requirements for poultry may 
vary depending on the specific animal breed, age, sex, and production stage 
(Table 3). 

5.3 Minerals 

These are inorganic elements that are important for the animal body, and their 
physiological and metabolic function. Minerals constitute about 4% of animal 
body. The functions of minerals are varied and range to regulate cellular function, 
immunity, acid-base balance, structural support, and expression and regulation of



genes and enzymes. Minerals may be classified into two groups based on the 
amounts needed in the diet. 
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5.3.1 Macro Minerals 
Macrominerals are essential minerals required in relatively large amounts by farm 
animals. Those minerals are required in large quantities in the diet (>0.01%). 

They play a variety of important roles in the animal’s body, including: 

(a) Calcium: Calcium is an essential component of bones and teeth and is important 
for muscle function, nerve transmission, blood clotting, and enzyme activity. 

(b) Phosphorus: Phosphorus is also an important component of bones and teeth, and 
is involved in energy metabolism, cell signaling, and DNA synthesis. 

(c) Sodium: Sodium is involved in regulating fluid balance and acid-base balance in 
the body and is important for nerve and muscle function. 

(d) Chloride: Chloride is involved in regulating fluid and electrolyte balance and is 
important for acid–base balance in the body. 

(e) Magnesium: Magnesium is involved in enzyme activity, muscle function, and 
bone development. 

(f) Potassium: Potassium is involved in regulating fluid balance, nerve function, 
and muscle function. 

(g) Sulfur: Sulfur is important for the synthesis of amino acids and proteins (Fig. 3). 

5.3.2 Micro Minerals 
Microminerals, also known as trace minerals, are essential minerals required in 
relatively small amounts by farm animals. Required in trace amounts (<0.01%). 

Fig. 3 Macrominerals
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Fig. 4 Microminerals 

They play a variety of important roles in the animal’s body, including: 

(a) Iron: Iron is an essential component of hemoglobin, which is the protein in red 
blood cells that carries oxygen throughout the body. Iron is also important for 
enzyme function and immune system function. 

(b) Copper: Copper is involved in the formation of connective tissue and is impor-
tant for enzyme function, iron metabolism, and immune system function. 

(c) Zinc: Zinc is important for enzyme function, immune system function, and skin 
and hoof health. 

(d) Manganese: Manganese is important for bone development, enzyme function, 
and reproductive health. 

(e) Selenium: Selenium is important for antioxidant function and is involved in 
immune system function and reproductive health. 

(f) Iodine: Iodine is important for the synthesis of thyroid hormones, which regulate 
metabolism and growth. 

(g) Cobalt: Cobalt is important for the synthesis of vitamin B12, which is essential 
for red blood cell production and nerve function. 

(h) Chromium: Chromium is involved in carbohydrate metabolism and may play a 
role in improving insulin sensitivity. 

(i) Molybdenum: Molybdenum is important for enzyme function and is involved in 
the metabolism of sulfur-containing amino acids (Fig. 4). 

These microminerals must be provided in the animal’s diet to support their health 
and well-being, and to ensure optimal growth and productivity.



Chicory root: One of the most commonly used sources of FOS, as it is a
rich source of inulin, which can be hydrolyzed to produce FOS.
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Minerals cannot be added to the diet in their elemental forms and to be added as 
salts that are combined with other minerals (Table 4). 

6 Zootechnical Feed Additives 

6.1 Prebiotics 

Prebiotics are nondigestible food ingredients that selectively promote the growth of 
beneficial microorganisms in the gut, such as bifidobacteria and lactobacilli. They 
serve as a substrate for the gut microbiota, promoting their growth and activity. 
Some examples of prebiotics include inulin, fructo-oligosaccharides (FOS), and 
galacto-oligosaccharides (GOS). 

Prebiotics are often added to functional foods and dietary supplements and they 
have been shown to have health benefits such as improving gut health, boosting the 
immune system, and preventing certain diseases. 

(a) Inulin—Inulin is one of the most commonly used and most effective prebiotics 
It is a soluble fiber. In farm animals, inulin is used as a feed additive for its 
prebiotic effects on the gut microbiota. Inulin supplementation in animal feed 
can improve gut health by promoting the growth of beneficial bacteria, such as 
bifidobacteria and lactobacilli, which can improve digestion and absorption of 
nutrients. This, in turn, can lead to improved feed efficiency, growth perfor-
mance, and overall health of the animals. 
Inulin can also be used to replace added sugars in animal feed, as it can have a 
sweetening effect and enhance palatability. Additionally, it can help to increase 
the viscosity of feed and reduce dustiness, improving handling and storage 
characteristics. 

A common source of inulin is inulin is chicory root: one of the richest sources 
of inulin, with up to 60% inulin content, artichokes, garlic, onions, 
asparagus, etc. 

It is intended as a source of soluble, fermentable fiber. It must not contain less 
than 90% of inulin on a dry matter basis (AAFCO 2021). 

(b) Fructo-oligosaccharides (FOS)—FOS (fructo-oligosaccharides) are a type of 
prebiotic fiber derived from the breakdown of naturally occurring sugars such as 
fructose and glucose. 
FOS (fructooligosaccharides) can be derived from a variety of sources, 
including: 
(i). 

(ii). Fruits: Some fruits, such as bananas, contain small amounts of FOS. 
(iii). Vegetables: Some vegetables, such as onions and garlic, also contain 

small amounts of FOS. 
(iv). Grains: Some grains, such as barley and wheat, can be used as a source 

of FOS.
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Synthesis: FOS can also be synthesized from fructose and glucose through 
chemical or enzymatic means. 

The final product for FOS must contain a minimum of 80% fructo-
ligosaccharide on a dry basis (AAFCO 2021) 

(c) Galacto-oligosaccharides (GOS)—Galacto-oligosaccharides are a type of pre-
biotic fiber that is similar in structure to human milk oligosaccharides (HMOs). 
They are composed of short chains of galactose and glucose molecules and are 
naturally found in small amounts in some plant-based foods, such as legumes, 
lentils, and chickpeas. 
GOS (galacto-oligosaccharides) are used in animal feed as a prebiotic ingredient 
to promote gut health and enhance overall health and performance. Some 
potential benefits of using GOS in animal feed include: 

Improved gut health, enhanced digestion, reduced risk of disease: By promoting 
gut health, GOS can help to reduce the risk of digestive and other diseases in farm 
animals and improve immune functions. 

6.2 Probiotics 

Probiotics are live microorganisms that, when administered in adequate amounts, 
confer a health benefit to the host animal. Probiotics are often used in farm animal 
production to improve gut health and overall performance. Some of the commonly 
used probiotics in the United States for farm animals include: 

(a) Lactobacillus acidophilus 
(b) Bifidobacterium spp. 
(c) Streptococcus spp. 
(d) Enterococcus spp. 
(e) Bacillus subtilis 
(f) Bacillus licheniformis 
(g) Saccharomyces cerevisiae 
(h) Aspergillus oryzae 

Each of these probiotics has been shown to have different beneficial effects on the 
animal’s health and performance. For example, Lactobacillus acidophilus and 
Bifidobacterium spp. are commonly used to promote gut health and improve 
immune function, while Saccharomyces cerevisiae has been shown to improve 
feed efficiency and reduce the incidence of digestive disorders (Table 5). 

6.3 Acidifiers 

Acidifiers are a type of feed additive that are commonly used in animal nutrition to 
promote animal health and performance. They are organic acids or inorganic salts



that are added to feed or drinking water to lower the pH of the animal’s gastrointes-
tinal tract, thereby creating an environment that is more conducive to beneficial 
microorganisms and less favorable to harmful bacteria. Some of the commonly used 
acidifiers in feed additives in the United States include: 
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Table 5 Probiotics, uses and its mechanism of action 

Probiotic Species Use Mechanism of action 

Lactobacillus 
acidophilus 

Poultry, 
swine, 
ruminants, 
equine 

Promotes gut health and 
nutrient absorption, 
supports immune function, 
reduces pathogen 
colonization 

Competitive exclusion, 
production of lactic acid and 
antimicrobial compounds, 
modulation of host immune 
response 

Bifidobacterium 
spp. 

Swine, 
ruminants 

Improves gut health and 
nutrient absorption, reduces 
inflammation, and enhances 
immune function 

Competitive exclusion, 
production of antimicrobial 
and anti-inflammatory 
compounds, modulation of 
host immune response 

Streptococcus 
spp. 

Poultry, 
swine, 
ruminants 

Improves growth 
performance, supports 
immune function, reduces 
pathogen colonization 

Competitive exclusion, 
production of lactic acid and 
antimicrobial compounds, 
modulation of host immune 
response 

Enterococcus 
spp. 

Poultry, 
swine 

Improves growth 
performance, supports 
immune function, reduces 
pathogen colonization 

Production of antimicrobial 
compounds, modulation of 
host immune response 

Bacillus subtilis Poultry, 
swine, 
ruminants 

Improves growth 
performance, enhances 
immune function, reduces 
pathogen colonization 

Production of antimicrobial 
compounds, modulation of 
host immune response, 
stimulation of digestive 
enzymes 

Bacillus 
licheniformis 

Poultry, 
swine 

Improves growth 
performance, enhances 
immune function, reduces 
pathogen colonization 

Production of antimicrobial 
compounds, stimulation of 
digestive enzymes 

Saccharomyces 
cerevisiae 

Poultry 
Swine 
Ruminants 

Improves gut health and 
nutrient absorption, 
enhances immune function, 
improves rumen 
fermentation 

Production of organic acids 
and B vitamins, stimulation of 
digestive enzymes, 
modulation of host immune 
response 

Aspergillus 
oryzae 

Cattle 
Poultry 

Improves gut health and 
nutrient absorption, 
enhances immune function, 
improves rumen 
fermentation 

Production of digestive 
enzymes and organic acids, 
modulation of host immune 
response 

(a) Formic acid 
(b) Acetic acid 
(c) Propionic acid
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Table 6 Acidifiers, mechanism of action, and usage in species 

Animal 
species 

Formic 
acid 

Preservation of feed, reduction 
of pathogen load, and 
improvement of growth 
performance 

Poultry, 
swine, 
ruminants 

Acidification of feed, reduction 
of bacterial load, improvement 
of gut health, and nutrient 
absorption 

Acetic 
acid 

Preservation of feed, reduction 
of pathogen load, and 
improvement of growth 
performance 

Poultry, 
swine, 
ruminants 

Acidification of feed, reduction 
of bacterial load, improvement 
of gut health, and nutrient 
absorption 

Propionic 
acid 

Preservation of feed, reduction 
of pathogen load, and 
improvement of growth 
performance 

Ruminants, 
swine 

Acidification of feed, reduction 
of bacterial load, improvement 
of rumen fermentation, and gut 
health 

Butyric 
acid 

Improvement of gut health and 
nutrient absorption, reduction 
of pathogen load, and 
enhancement of immune 
function 

Poultry, 
swine 

Stimulation of gut 
development, modulation of gut 
microflora, and improvement of 
gut barrier function 

Lactic 
acid 

Improvement of gut health and 
nutrient absorption, reduction 
of pathogen load, enhancement 
of immune function 

Poultry, 
swine, 
ruminants 

Acidification of feed, reduction 
of bacterial load, stimulation of 
digestive enzymes, and 
modulation of gut microflora 

Citric acid Preservation of feed, reduction 
of pathogen load, and 
improvement of growth 
performance 

Poultry, 
swine 

Acidification of feed, reduction 
of bacterial load, stimulation of 
digestive enzymes, 
improvement of gut health, and 
nutrient absorption 

(d) Citric acid 
(e) Lactic acid 
(f) Fumaric acid 
(g) Benzoic acid 
(h) Phosphoric acid (Table 6) 

Following are usage guidelines for some common acidifiers in the United States 
by AAFCO (2021). 

Ammonium formate—Food additive ammonium formate may be safely used in 
the manufacture of complete pig feeds in the United States. It is intended for use as a 
feed acidifying agent to lower the pH in complete pig feed at levels not to exceed 
1.2% of the complete feed. 

To ensure safe use of the feed additive, formic acid, formate salts from all added 
sources cannot exceed 1.2% of complete feed when multiple sources of formic acid 
and its salts are used in combination.
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Benzoic acid—This feed additive is used as a feed acidifying agent in complete 
pig feed at levels not to exceed 0.5% of the complete feed. 

Formic acid—Formic acid is manufactured by heating carbon dioxide with 
sodium hydroxide under pressure and decomposing the resulting sodium formate 
with sulfuric acid. The additive is used as a feed acidifier to lower the pH in complete 
swine and poultry feed at levels not to exceed 1.2% of the complete feed. The 
additive should be free from methyl alcohol not to exceed 1000 ppm and moisture 
not to exceed 15%. 

Feed grade sodium formate—The food additive feed grade sodium formate may 
be safely used in the manufacturing of complete swine and poultry feed in the United 
States. The additive is manufactured by the reaction of 99% formic acid with 50% 
sodium hydroxide in water to produce a solution made up of at least 20.5% sodium 
salt of formic acid and not more than 61% formic acid. The additive is used as an 
acidifying agent to lower the pH, in complete swine and poultry feed at levels not to 
exceed 1.2% of the complete feed. 

6.4 Mycotoxin Detoxifier 

Mycotoxins are toxic secondary metabolites produced by certain fungi, and they can 
contaminate food and feed, posing a risk to human and animal health. Mycotoxin 
detoxifiers are substances or compounds that can bind, degrade, or transform 
mycotoxins to reduce their toxic effects. In the United States, mycotoxin detoxifiers 
are classified as either feed additives or drugs, depending on their intended use and 
regulatory approval. 

Mycotoxin binders are substances added to animal feed to reduce the toxic effects 
of mycotoxins. Mycotoxins are toxic secondary metabolites produced by certain 
fungi, and they can contaminate food and feed, posing a risk to human and animal 
health. Binder decontaminates mycotoxins in the feed by binding them strongly 
enough to prevent toxic interaction with consuming animals and to prevent myco-
toxin absorption across the digestive tract. In the United States, mycotoxin binders 
are classified as feed additives and are regulated by the FDA. 

There are several types of mycotoxin binders available in the United States, 
including clays, activated carbon, and yeast cell walls. Clays, such as bentonite 
and montmorillonite, are natural mineral products that can bind mycotoxins by 
electrostatic forces and hydrogen bonding. Activated carbon, also known as 
activated charcoal, is a form of carbon that has been treated with oxygen to make 
it more porous and increase its surface area. Activated carbon can bind mycotoxins 
by adsorption, which is the process of attracting and holding molecules to a surface. 
Yeast cell walls, such as those derived from Saccharomyces cerevisiae, can bind 
mycotoxins by ion exchange and physical adsorption. 

They work by binding the mycotoxins in the animal’s gastrointestinal tract, 
preventing their absorption and reducing their toxic effects. Mycotoxin binders are 
classified into different categories based on their chemical nature and mode of 
action.
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Some of the common types of mycotoxin binders include clays, activated carbons 
(charcoal), and yeast cell walls. 

Clays are natural mineral products that can bind mycotoxins by electrostatic 
forces and hydrogen bonding. They can be further classified as smectites or 
nonsmectites based on their crystal structure. Smectite clays, such as bentonite and 
montmorillonite, have a layered structure that allows them to expand and contract, 
which makes them more effective at binding mycotoxins. Nonsmectite clays, such as 
kaolin and zeolite, have a different crystal structure and are less effective at binding 
mycotoxins (Diaz et al. 2003). 

Activated carbons are forms of carbon that have been treated with oxygen to 
make them more porous and increase their surface area. They can bind mycotoxins 
by adsorption, which is the process of attracting and holding molecules to a surface. 
Activated carbons can be further classified as nonpolar or polar based on their 
surface chemistry. Nonpolar-activated carbons are more effective at binding nonpo-
lar mycotoxins, while polar-activated carbons are more effective at binding polar 
mycotoxins (Kumar and Singh 2015). 

Yeast cell walls, such as those derived from Saccharomyces cerevisiae, can bind 
mycotoxins by ion exchange and physical adsorption. They contain various active 
components, such as mannans and beta-glucans, which can bind different types of 
mycotoxins (Magnoli et al. 2011). 

In conclusion, mycotoxin binders are an important tool in reducing the toxic 
effects of mycotoxins in animal feed. Mycotoxin binders can be classified into 
different categories based on their chemical nature and mode of action. In the United 
States, mycotoxin binders are regulated by the FDA and are classified as feed 
additives. The types of mycotoxin binders available include clays, activated carbon, 
and yeast cell walls. 

7 Sensory Feed Additives 

7.1 Flavors and Sweeteners 

Here are a wide variety of flavors and sweeteners available in the United States for 
use in food and beverage products. Flavors are substances that impart taste and 
aroma to food and beverages, while sweeteners are substances that provide a sweet 
taste. Some of the common flavors and sweeteners available in the United States 
include: 

7.1.1 Flavors 
(a) Natural flavors: derived from natural sources, such as fruits, vegetables, and 

herbs. 
(b) Artificial flavors: created through chemical processes to mimic the taste and 

aroma of natural flavors. 
(c) Organic flavors: made from organic ingredients and processed according to 

organic standards (USDA 2019).
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(d) Non-GMO flavors: made from ingredients that have not been genetically 
modified. 

7.1.2 Sweeteners 
(a) Sugar: the most common sweetener, derived from sugar cane or sugar beets. 
(b) High fructose corn syrup (HFCS): a corn-based sweetener that is widely used 

in processed foods and beverages. 
(c) Artificial sweeteners: low-calorie or zero-calorie sweeteners that are used as 

sugar substitutes, such as aspartame, sucralose, and stevia (FDA 2018). 
(d) Natural sweeteners: derived from natural sources, such as honey, agave, and 

maple syrup. 
(e) Sugar alcohols: low-calorie sweeteners that occur naturally in some fruits and 

vegetables, such as xylitol and erythritol. 
(f) The choice of flavor and sweetener depends on the specific application, con-

sumer preferences, and regulatory requirements (Table 7). 

7.2 Color Additives 

In the United States, the use of coloring agents as feed additives in livestock and 
poultry diets is regulated by the Food and Drug Administration (FDA) under the 
Federal Food, Drug, and Cosmetic Act. The FDA allows the use of certain approved 
coloring agents in animal feed, but only for the purpose of improving the appearance 
of animal products, such as meat and eggs. The use of coloring agents for any other 
purpose, such as for nutritional benefits or for growth promotion, is not allowed. 
Additionally, the FDA requires that all coloring agents used in animal feed are safe 
for consumption and properly labeled (Table 8). 

7.3 Pigments 

Pigment feed additives are a type of feed additive that are used in animal nutrition to 
enhance the color of meat, egg yolks, and skin or feathers. They are commonly used 
in poultry and swine diets to improve the visual appeal and market value of animal 
products. 

Some of the commonly used pigment feed additives in the United States include: 

(a) Carotenoids (e.g., astaxanthin, lutein, and zeaxanthin) 
(b) Canthaxanthin 
(c) Riboflavin 
(d) Turmeric 
(e) Paprika 

Carotenoids are the most commonly used pigments in animal nutrition and can be 
found naturally in many plant-based foods. Canthaxanthin, on the other hand, is a
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Table 7 Common flavoring agents for feed in United States (AAFCO 2021) 

Common name Botanical name Limitation 

Aloe Aloe perryi, Aloe barbadensis, Aloe ferox, Aloe 
africana, Aloe spicata 

Althea root and 
flowers 

Althea officinalis 

Amyris (West Indian 
sandalwood) 

Amyris balsamifera L. 

Artemisia 
(wormwood) 

Artemisia spp. Finished food 
thujone freea 

Benzoin resin Styrax bezoin Dryander, Styrax paralleloneurus, 
Styrax tonkinensis 

Blackberry bark Rubus, section Eubatus 

Boronia flowers Barosma betulina Bartl et Wendl. Barosma 
crenulata (L.) Hook. Or Barosma serratifolia wild 

Cajeput Melaleuca leucadendron L 

Camphor tree Cinnamomum camphora Safrole free 

Cascara sagrada Rhamnus purshiana DC 

Cassie flowers Acacia farnesiana(L.) wild 

Castor oil Ricinus communis L. 

Catechu, black Acacia catechu wild 

Cedar, white 
(Arborvitae), leaves 
and twigs 

Thuja occidentalis L. Finished food 
thujone free 

Cherry pits Prunus avium L or  Prunus cerasus L. Not to exceed 
25 ppm prussic 
acid 

Cherry-laurel leaves Prunus laurocerasus L. Not to exceed 
25 ppm prussic 
acid 

Chestnut leaves Castanea dentata 

Dill, Indian Anethum sowa Roxb. 

Dragon’s blood Daemonorops spp. 

Eucalyptus globulus 
leaves 

Eucalyptus globulus Labill 

Fir “Pine” needles and 
twigs 

Abies sibirica Ledeb. Abies alba, 
A. sachalinensis, A. mayrina 

Gambir Uncaria gambir Roxb 

Genet flowers Spartium junceum 

Gentian rhizome Gentiana lutea L. 

Hyacinth flowers Hyacinthus orientalis L. 

Lungmoss (lungwort) Sticta pulmonacea ach 

Maple, mountain Acer spicatum Lam 

Mimosa (black wattle) Acacia decurrens Wild.var. dealbata 

Oak, white, chips Quercus alba L. 

Passion flower Passiflora incarnata L. 

Pennyroyal, American Hedeoma pulegioides L



synthetic pigment that is commonly used in salmonid diets to improve the color of 
salmon flesh.
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Table 7 (continued)

Common name Botanical name Limitation 

Pennyroyal, European Mentha pulegium 

Pine dwarf, needles, 
and twigs 

Pinus mugo 

Quassia Picrasma excelsa 

Rhubarb root Rheum officinale 

Sandalwood, white, 
yellow, or East Indian 

Santalum album L. 

Tagetes (Marigold) Tagetes patula and other spp. 

Turpentine Pinus palustris mill other pinus spp 

Walnut husks, hulls, 
leaves, and green nuts 

Juglans nigra L. 

Yucca santa Eriodictyon californicum 

Yucca Joshua tree Yucca brevifolia 

Yucca, Mohave Yucca schidigera Roezl 

Table 8 Some common color additives in United States 

Additive Classification Limitation 

FD&C blue no – 1, 2, green no – 
3, red no – 3, 40, yellow no – 5, 6 

Color additive As per GMP 

Astaxanthin Color additive for 
orange to red color 

As per GMP, for fish use. Not 
exceed 72 gm per ton of finished 
feed 

Caramel Color additive for 
brown color 

As per GMP 

Carrot oil Color additive for 
orange color 

As per GMP, carrot oil should not 
contain more than 25 ppm of hexane. 

Cochineal extract Color additive As per GMP 

Corn endosperm oil Color additive Chicken feed 

Dehydrated beets Color additive As per GMP 

Paprika Color additive As per GMP 

Saffron Color additive As per GMP 

Synthetic iron oxide Color additive As per GMP 

Tagetes (Aztec Marigold) Color additive As per GMP 

Titanium Dioxide Color additive As per GMP 

Tomato lycopene Color additive As per GMP 

Turmeric Color additive As per GMP 

Ultramarine blue Color additive As per GMP 

Beta carotene Color additive As per GMP 

It is important to note that the use of pigment feed additives in animal feed is 
subject to regulations by the Food and Drug Administration (FDA) and the



Association of American Feed Control Officials (AAFCO), and should be used in 
accordance with approved labeling and dosage guidelines. 
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Table 9 Pigment and their limit in various animal species 

Pigment Approved usage Maximum limit Animal species 

Beta-carotene Coloration 15 mg/kg Poultry 

Canthaxanthin Coloration 8 mg/kg Poultry 

Capsanthin Coloration 10 mg/kg Poultry 

Lutein Coloration 40 mg/kg Poultry 

Xanthophylls Coloration 40 mg/kg Poultry 

Astaxanthin Coloration 25 mg/kg Salmonid fish 

Canthaxanthin Coloration 50 mg/kg Salmonid fish 

Lutein coloration Coloration 30 mg/kg Salmonid fish 

Zeaxanthin Coloration 20 mg/kg Salmonid fish 

Apo-ester Coloration 100 mg/kg Egg-laying chicken 

Following are some pigment and their limit in few animal species (Table 9). 
Overall, pigment feed additives are a valuable tool in animal nutrition that can 

help to improve the visual appeal and market value of animal products, while also 
supporting animal health and performance. 

8 Coccidiostats and Histomonostats 

Coccidiostats and histomonostats are feed additives that are used to control specific 
diseases in poultry, such as coccidiosis and histomoniasis. 

Some common coccidiostats and histomonostats feed additives in the United 
States include: 

(a) Amprolium: A coccidiostat that acts by interfering with the uptake of thiamine 
by the coccidian parasite. 

(b) Decoquinate: A coccidiostat that works by blocking the electron transport 
system in the coccidian parasite. 

(c) Lasalocid: A coccidiostat that affects the transport of ions across the cell 
membrane of the coccidian parasite. 

(d) Monensin: A coccidiostat that interferes with the coccidian parasite’s ability to 
transport ions across cell membranes. 

(e) Narasin: A coccidiostat that affects the coccidian parasite’s ability to produce 
energy by disrupting the electron transport system. 

(f) Nitarsone: A histomonostat that is used to control histomoniasis in poultry by 
killing the causative agent, Histomonas meleagridis. 

The use of coccidiostats and histomonostats is regulated by the FDA, and these 
additives are subject to strict withdrawal times to ensure that residues do not persist



in animal products. Proper management and biosecurity practices are also important 
for controlling coccidiosis and histomoniasis in poultry. 
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Table 10 Common coccidiostats and histomonostats used in United States 

Additives Mode of action Use Withdrawal time 

Amprolium Thiamine uptake Coccidiosis 24 hours 

Decoquinate Electron transport Coccidiosis 5 days 

Lasalocid Ion transport Coccidiosis 5 days 

Monensin Ion transport Coccidiosis 5 days 

Narasin Electron transport Coccidiosis 5 days 

Nitarsone Histomonas meleagridis Histomoniasis 5 days for meat 

Here is a table of some common coccidiostats and histomonostats used in the 
United States, along with their withdrawal times (Table 10): 

It is important to note that withdrawal times may vary depending on factors such 
as dosage and the specific animal species being treated. It is essential for animal 
producers and veterinarians to adhere to withdrawal times to prevent residues from 
these additives in animal products and ensure food safety. 

9 Other Feed Additives 

9.1 Anti-Oxidants 

Antioxidants are natural or synthetic compounds that can prevent or repair damage 
to cells and tissues caused by free radicals, which are unstable molecules that can 
harm cells and contribute to the development of various diseases. Some common 
antioxidants found in animals include vitamin C, vitamin E, beta-carotene, selenium, 
and polyphenols. These antioxidants can be obtained through a variety of foods, 
including fruits, vegetables, and grains, as well as through dietary supplements 
formulated for animals. Antioxidants are believed to play an important role in 
promoting the health and longevity of animals. 

Antioxidants can be classified into several groups based on their chemical 
structure and properties. 

The following is a brief overview of some of the major classes of antioxidants: 
Vitamins: Vitamins such as vitamin C (ascorbic acid), vitamin E (tocopherols 

and tocotrienols), and vitamin A (beta-carotene) are important antioxidants that can 
be obtained through diet. They help protect cells from oxidative damage by scav-
enging free radicals and reactive oxygen species (ROS) in the body (Foyer and 
Noctor 2005). 

Carotenoids: Carotenoids are a class of pigments found in plants, algae, and 
some bacteria. Some examples of carotenoids include lycopene, zeaxanthin, and 
astaxanthin. Carotenoids act as antioxidants by neutralizing ROS and protecting 
cells from oxidative damage (Biesalski et al. 2009).
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Flavonoids: Flavonoids are a group of polyphenolic compounds found in many 
fruits, vegetables, and herbs. Some common flavonoids include quercetin, 
kaempferol, and catechins. Flavonoids have been shown to exhibit antioxidant, 
anti-inflammatory, and anti-cancer properties (Zafra-Stone et al. 2007). 

Enzymatic antioxidants: Enzymatic antioxidants are naturally occurring 
enzymes in the body that can neutralize ROS and prevent oxidative damage. 
Examples include superoxide dismutase, catalase, and glutathione peroxidase 
(Foyer and Noctor 2005). 

Synthetic antioxidants: Synthetic antioxidants are compounds that are not 
naturally occurring in the body and are added to food or supplements to prevent 
oxidation. Some common synthetic antioxidants include butylated hydroxyanisole 
(BHA) and butylated hydroxytoluene (BHT) (Biesalski et al. 2009). 

These are just a few examples of the many different types of antioxidants. The 
classification of antioxidants can be complex and there is ongoing research to better 
understand their mechanisms of action and potential health benefits. 

Antioxidants offer several potential benefits to farm animals. Some of these 
benefits include: 

Improved immune function: Antioxidants can help support the immune system 
by neutralizing harmful free radicals and reducing oxidative stress. This can improve 
the animal’s ability to fight off infections and diseases (Mumpton and Hanninen 
2011). 

Reduced oxidative stress: Antioxidants can reduce the level of oxidative stress 
in farm animals, which can help prevent or mitigate the negative effects of various 
stressors such as heat stress, transportation, and weaning (Gupta and Sharma 2014). 

Better growth performance: Antioxidants can improve growth performance in 
farm animals, which can lead to better meat or milk production. For example, studies 
have shown that supplementing with vitamin E and selenium can improve weight 
gain and feed conversion efficiency in pigs (Kim et al. 2011) and lambs, 
respectively. 

Improved reproductive performance: Antioxidants can also improve repro-
ductive performance in farm animals. For example, supplementing with vitamin E 
and selenium has been shown to improve semen quality and fertility in boars 
(Brouwer et al. 2002) and bulls (Ganaie et al. 2017), respectively. 

One powerful synthetic antioxidant is made from chelated zinc and curcumin for 
use in animal feed. CurCos-Zn is a proprietary complex developed by RDL. 
Chelated zinc is a highly bioavailable form of zinc that is easily absorbed and 
utilized by animals. Zinc is an essential mineral that plays a critical role in numerous 
physiological processes, including immune function, skin and coat health, and 
digestive health. 

The combination of chelated zinc and curcumin in CurCos-Zn provides a power-
ful tool for supporting animal health and well-being. The chelated zinc ensures that 
animals receive an optimal level of bioavailable zinc, while the curcumin provides 
additional health benefits through its antioxidant and anti-inflammatory properties. 
This makes CurCos-Zn an excellent choice for use in animal feed, particularly for 
supporting immune function and reducing inflammation.
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Similarly, there is one novel antioxidant, which is made from chitosan and 
ovo-transferrin to help support a healthy gut, ADEPPT. It supports antioxidant 
mechanisms and offers additional prebiotic support to good bacteria in the gut. 

Overall, antioxidants can play an important role in promoting the health and 
productivity of companion and farm animals. 

9.2 Enzymes 

Enzymes are proteins made up of amino acids or their derivatives, which catalyzes a 
defined chemical reaction. Enzymes are widely used in to animal food industry. It 
helps to improve animal performance and production economics through a variety of 
mechanisms. It breaks down substrates in feed and reduces the antinutritional 
substances, such as hydrolysis of phytic acids to improve phosphorus availability 
to reduce the antinutritional factors that cause performance losses in the structure of 
feed raw materials, and to improve performance. In the United States, feed enzymes 
are regulated at both the federal and state levels. At the federal level US Food and 
Drug Administration (FDA) Canter for Veterinary Medicine (CVM) Division on 
Animal Feed regulates animal food and each US state maintains and upholds its own 
state feed law and regulation unless the enzyme is generally recognized as safe 
(GRAS) for an intended use in accordance of federal law. The American Feed 
Control Officials (AAFCO) maintains a list of enzymes and source organisms that 
CVM accepts for use in animal feed. 

Enzymes may be classified as per substrate they hydrolyze. 

9.2.1 Carbohydrases 
Carbohydrases are enzymes that catalyze the breakdown of carbohydrates into 
simpler sugars or other carbohydrates. They are commonly used in various industrial 
applications, including food and feed processing, biofuel production, and 
pharmaceuticals. The classification of carbohydrases is based on the type of reaction 
they catalyze and the substrate they act upon. Some of the major classes of 
carbohydrases include: 

(a) Amylases: catalyze the hydrolysis of starch and glycogen into simpler sugars, 
such as glucose, maltose, and maltotriose (Garg et al. 2016). 

(b) Cellulases: catalyze the hydrolysis of cellulose into glucose and other simple 
sugars (Bhat 2000). 

(c) Xylanases: catalyze the hydrolysis of xylan, a major component of plant cell 
walls, into xylose and other simple sugars (Bhat 2000). 

(d) Pectinases: catalyze the hydrolysis of pectin, a component of plant cell walls, 
into simple sugars and other by-products (Bhat 2000). 

(e) Lactases: catalyze the hydrolysis of lactose, a disaccharide found in milk, into 
glucose and galactose (Bhatia et al. 2002). 

(f) Invertases: catalyze the hydrolysis of sucrose into glucose and fructose (Bhatia 
et al. 2002).
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Carbohydrases are widely used in the food and feed industry to improve the 
nutritional value and processing characteristics of various products. They are 
also used in biofuel production to break down complex carbohydrates into 
simple sugars that can be fermented into ethanol or other biofuels. 

9.2.2 Lipases 
Lipases are a group of enzymes that catalyze the hydrolysis of fats and oils into 
glycerol and fatty acids. They are widely used in various industrial applications, 
including food and feed processing, biofuel production, and pharmaceuticals. The 
classification of lipases is based on the type of reaction they catalyze and the 
substrate they act upon. Some of the major classes of lipases include: 

(a) Carboxyl ester lipases (CEL) catalyze the hydrolysis of carboxylic ester bonds, 
such as those found in triglycerides and phospholipids (Hussain et al. 2016). 

(b) Secretory lipases catalyze the hydrolysis of dietary fats and oils in the stomach 
and small intestine (Lowe 2002). 

(c) Extracellular lipases catalyze the hydrolysis of fats and oils in the extracellular 
environment, such as in soil and aquatic ecosystems (Bornscheuer 2002). 

(d) Intracellular lipases catalyze the hydrolysis of fats and oils within cells, such as 
in adipose tissue and liver cells (Bornscheuer 2002). 

(e) Fungal lipases catalyze the hydrolysis of fats and oils, and are widely used in 
various industrial applications (Bhange et al. 2011). 

Lipases are widely used in the food and feed industry to improve the nutritional 
value and processing characteristics of various products. They are also used in 
biofuel production to break down complex lipids into simpler fatty acids that can 
be converted into biodiesel or other biofuels. 

9.2.3 Proteases 
Proteases, also known as peptidases or proteolytic enzymes, are a group of enzymes 
that catalyze the hydrolysis of peptide bonds in proteins, leading to their breakdown 
into smaller peptides or amino acids. They are widely used in various industrial 
applications, including food and feed processing, biofuel production, and 
pharmaceuticals. The classification of proteases is based on the type of reaction 
they catalyze and the substrate they act upon. Some of the major classes of proteases 
include: 

(f) Serine proteases catalyze the hydrolysis of peptide bonds using a serine residue 
in the active site, and include enzymes such as trypsin and chymotrypsin 
(Rawlings et al. 2018). 

(g) Cysteine proteases catalyze the hydrolysis of peptide bonds using a cysteine 
residue in the active site, and include enzymes such as papain and bromelain 
(García-Carreño et al. 1993).
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(h) Aspartic proteases catalyze the hydrolysis of peptide bonds using an aspartic 
acid residue in the active site, and include enzymes such as pepsin and renin 
(Rawlings et al. 2018). 

(i) Metalloproteases catalyze the hydrolysis of peptide bonds using a metal ion, 
such as zinc or calcium, in the active site, and include enzymes such as matrix 
metalloproteases and carboxypeptidases (Rawlings et al. 2018). 

Proteases are widely used in the food and feed industry to improve the nutritional 
value and processing characteristics of various products. They are also used in 
biofuel production to break down proteins into smaller peptides and amino acids 
that can be used as a nutrient source for microorganisms. 

9.2.4 Oxidoreductase 
Oxidoreductases are a class of enzymes that catalyze oxidation-reduction reactions, 
involving the transfer of electrons between molecules or ions. They are involved in 
many metabolic processes, including energy production, biosynthesis, and detoxifi-
cation. The classification of oxidoreductases is based on the type of reaction they 
catalyze and the electron donor and acceptor molecules involved. Some of the major 
classes of oxidoreductases include: 

(j) Dehydrogenases catalyze the transfer of hydride ions (H-) from a substrate to an 
electron acceptor, such as NAD+ or FAD. Examples of dehydrogenases include 
lactate dehydrogenase and alcohol dehydrogenase (Stryer 1995). 

(k) Oxidases catalyze the transfer of electrons from a substrate to an oxygen 
molecule, producing hydrogen peroxide or water as a by-product. Examples of 
oxidases include cytochrome c oxidase and xanthine oxidase (Stryer 1995). 

(l) Peroxidases catalyze the transfer of electrons from a substrate to a peroxide 
molecule, producing water or a different peroxide as a by-product. Examples 
of peroxidases include catalase and glutathione peroxidase (Stryer 1995). 

(m) Reductases catalyze the transfer of electrons from an electron donor, such as 
NADH or FADH2, to a substrate. Examples of reductases include succinate 
dehydrogenase and NADPH-cytochrome P450 reductase (Stryer 1995). 

(n) Oxidoreductases are widely used in various industrial applications, including 
food and feed processing, biofuel production, and pharmaceuticals. They are 
also involved in various physiological processes, including metabolism and 
energy production. 

9.2.5 Phosphatases 
Phosphatases are a class of enzymes that catalyze the hydrolysis of phosphoric acid 
ester bonds, leading to the removal of a phosphate group from a substrate molecule. 
They play a crucial role in various physiological processes, including signal trans-
duction, energy metabolism, and nucleic acid synthesis. The classification of 
phosphatases is based on the type of substrate they act upon and the specific 
mechanism of action. Some of the major classes of phosphatases include:
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(o) Acid phosphatases catalyze the hydrolysis of phosphate ester bonds in acidic 
environments, such as lysosomes and endosomes. Examples of acid 
phosphatases include tartrate-resistant acid phosphatase and prostatic acid phos-
phatase (Van Etten 1990). 

(p) Alkaline phosphatases catalyze the hydrolysis of phosphate ester bonds in 
alkaline environments, such as the small intestine and bone tissue. Examples 
of alkaline phosphatases include intestinal alkaline phosphatase and tissue-
nonspecific alkaline phosphatase (Millán 2013). 

(q) Protein tyrosine phosphatases catalyze the dephosphorylation of tyrosine 
residues in proteins and play a crucial role in signal transduction pathways. 
Examples of protein tyrosine phosphatases include receptor protein tyrosine 
phosphatases and nonreceptor protein tyrosine phosphatases (Tonks 2006). 

(r) Phosphatases are widely used in various industrial and medical applications, 
including enzyme assays, diagnostics, and therapeutics. They are also involved 
in various physiological processes, including metabolism and energy production. 

Microbial enzymes are produced from nonpathogenic and nontoxicogenic strains 
(Table 11). 

Novel Enzyme Blends: Novel enzyme blends are a type of enzyme formulation 
that is designed to address specific challenges in animal nutrition, such as improving 
feed efficiency, increasing nutrient availability, and enhancing overall animal health. 
These blends are typically made up of a combination of various enzymes, each with 
a specific function, and are used in the production of animal feed. One example of a 
novel enzyme blend is RDL’s Zymace, which is designed to improve the digestibility 
of feed in dairy cows. R&D Lifesciences is a leading manufacturer of science-driven 
ingredients for the animal feed industry. Zymace contains a blend of enzymes, 
produced from direct-fed Aspergillus oryzae fermentation extract including 
proteases, amylases, xylanases, and cellulases, as well as prebiotics that support 
gut health. Studies have shown that adding Zymace to dairy cow feed can improve 
milk production by up to 4.4 pounds per day per cow, while also reducing feed costs 
and improving feed efficiency. 

The enzymes in Zymace are derived from natural sources and are carefully 
selected and blended to provide a targeted effect on specific feed components. 

Zymace is just one example of the innovative and science-driven products offered 
by RDL, a company committed to developing high-quality, evidence-based 
ingredients to support the animal feed industry. 

9.3 Binders 

Binders are a type of feed additive that are commonly used in animal nutrition to 
improve the quality and consistency of feed pellets or granules. They are generally 
made from natural or synthetic materials that have a high binding capacity, such as 
clays, starches, and proteins.
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Table 11 Allowed list of some enzymes and their typical substrate in the United States 

Classification/ 
name 

Carbohydrases 

Alpha-amylase Animal pancreatic 
tissue, Aspergillus niger 
Aspergillus oryzae, 
Bacillus 
amyloliquefaciens, 
Bacillus licheniformis, 
Bacillus subtilis, 
Rhizopus neveus 

Corn silage, corn, corn 
feed meal, corn gluten 
feed, soybean meal, 
wheat, wheat 
middlings, barley, 
grain sorghum, pea, 
oat, tapioca, millet, 
rice 

Hydrolyzes starch 

Maltogenic 
alpha-amylase 

Bacillus subtilis 
containing a Bacillus 
stearothermophilus 
gene for maltogenic 
alpha-amylase 

See alpha-amylase Hydrolyzes starch 
with production of 
maltose 

Beta-amylase Barley malt See alpha-amylase Hydrolyzes starch 
with production of 
maltose 

Cellulase Aspergillus niger, var. 
Humicola insolens 
Trichoderma 
longibrachiatum (also 
known as T. reesei or 
T. viride) 

Corn, barley, wheat, 
wheat bran, rye, grain 
sorghum 

Break down cellulose 

Alpha 
galactosidase 

Aspergillus niger, 
Mortierella vinacea, 
Saccharomyces sp. 

Sweet lupin, soybean 
meal 

Hydrolyzes 
oligosaccharides 

Beta-glucanase Aspergillus niger, 
Aspergillus aculeatus, 
Bacillus lentus, Bacillus 
subtilis, Humicola 
insolens, Paenibacillus 
lentus, Talaromyces 
funiculosus 

Wheat, barley, canola 
meal, wheat 
by-product, oat groats, 
rye, triticale, grain 
sorghum. 

Hydrolyzes beta-
glucans, a type of 
nonstarch 
polysaccharide 

Beta-
glucosidase 

Aspergillus niger, var. Plant cell wall 
constituents 

Hydrolyzes cellulose 
starch with production 
of glucose 

Hemicellulase Aspergillus aculeatus, 
Aspergillus niger, 
Bacillus lentus, Bacillus 
subtilis, Paenibacillus 
lentus 

Corn, soybean meal, 
guar meal, barley, rye, 
grain, sorghum, wheat, 
oats, peas, lentils 

Break down 
hemicellulose 

Invertase Aspergillus niger var. 
Saccharomyces sp. 

Sucrose-containing 
products and 
by-products 

Hydrolyzes sucrose to 
glucose and fructose 

Lactase Aspergillus niger, var. 
Aspergillus oryzae, var. 
Candida 
pseudotropicalis 
kluyveromyces 

Lactose-containing 
products and 
by-products 

Hydrolyzes lactose to 
glucose and galactose
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Table 11 (continued)

Classification/ 
name 

Beta-mannanase Aspergillus niger, var. 
Bacillus lentus, 
Paenibacillus lentus 

Corn, soybean meal, 
guar, meal, copra meal 

Hydrolyzes beta-
mannans, a 
component of 
hemicellulose 

Bacillus subtilis Distillers dried grains 
with solubles 

Hydrolyzes beta-
mannans, a 
component of 
hemicellulose 

Pectinase Aspergillus aculeatus, 
Aspergillus niger, 
Rhizopus oryzae 

Corn, wheat Break down pectin 

Xylanase Aspergillus niger, var. 
Aspergillus oryaze 
expressing a 
Thermomyces 
lanuginosus xylanase 
gene, Bacillus lentus, 
Bacillus subtilis var. 
Humicola insolens, 
Paenibacillus lentus, 
Talaromyces 
funiculosus, 
Trichoderma 
longibrachiatum 

Corn, barley, rye, 
wheat, grain sorghum, 
triticale, oats 

Hydrolyzes xylans, a 
component of 
hemicellulose 

Oxidoreductases 

Catalases Aspergillus niger, var. 
Micrococcus 
lysodeikticus 

Hydrogen peroxide Produces water and 
oxygen from 
hydrogen peroxide 

Glucose oxidase Aspergillus niger, var. Glucose Degrades glucose to 
hydrogen peroxide 
and gluconic acid 

Phosphatases Aspergillus niger, var. 
Aspergillus oryzae, var. 
expressing the 
Peniophora lycii 
phytase gene phytase 
canola (Brassica napus 
expressing the 
Aspergillus niger 
phytase gene) 
Pichia pastoris 
expressing a phytase 
from a risk group 
1 Escherichia coli 
Schizosaccharomyces 
pombe expressing an 
Escherichia coli strain 
B phytase gene 

Hydrolyzes phytate 
and increase the 
digestibility of phytin 
bound phosphorus in 
poultry and swine 
diets.
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Trichoderma reesei
expressing an altered
phytase gene from a risk
group 1 Escherichia
coli
Trichoderma reesei
expressing an altered
phytase gene from a
Buttiauxella sp.
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Table 11 (continued)

Classification/ 
name Function 

Talaromyces 
funiculosus 

Hydrolyzes phytate 
and increases the 
digestibility of phytin-
bound phosphorus in 
poultry and swine 
diets. 

Some of the commonly used binders in feed additives in the United States 
include: 

(a) Bentonite clay 
(b) Lignin sulfonate 
(c) Guar gum 
(d) Soy protein concentrate 
(e) Corn gluten meal 
(f) Wheat gluten 
(g) Pectin 

Binders can help to reduce feed waste and improve animal performance by 
promoting better feed intake and digestibility. They can also help to minimize the 
presence of fine particles or dust in the feed, which can lead to respiratory issues in 
animals. 

Overall, binders are a useful tool in animal nutrition that can help to improve feed 
quality, reduce waste, and support animal health and performance. 

Some of the common binders and anti-caking agents given by AAFCO are listed 
here. 

(a) Lignin sulfonate—it is either one or a combination of ammonium calcium, 
magnesium, or sodium salt of the extract of spent sulfite liquor derived from the 
sulfite digestion of wood of abaca (Musa textilis) or Sisal (Agave sisalana) either 
liquid or dry form. It is being used as a pelleting aid in an amount not to exceed 
4% of the finished pellet. It can also be used as a binding aid in liquid form in the
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flaking of feed used in feeds as liquid lignin sulfonate, in an amount not 
exceeding 11% of the molasses. 

(b) Sodium salt of fatty acids—It is obtained by the neutralization of feed grade 
vegetable origin free fatty acids, or saponification of vegetable oil, or combina-
tion. Sodium hydroxide is used in the neutralization or saponification reactions. 
The resulting sodium salt is used as binder and/or lubricant in the pelleted and 
flaked feed as is basis not to exceed 5.5 lb./ton. 

(c) Potassium salt of fatty acids—Here potassium hydroxide is used in the 
neutralization or saponification reactions. Potassium salt is used as a binder or 
lubricant in the pelleted feed and flaked feed. It has to be used in as-is basis not 
to exceed 15.5 lb./ton in animal feed. 

(d) Bentonite—It is a naturally occurring mineral consisting of aluminum silicate 
and montmorillonite. It may contain calcium or sodium as the predominant 
available or exchange ion. It can be used as an anti-caking agent and pelleting 
aid in the amount not to exceed 2% of the total ration. It is not prohibited in 
medicated animal feed for the same purposes and at the same levels when it can 
be demonstrated that it does not interfere with the bioavailability of the medica-
ment to animals and the analysis of feed. 

(e) Sodium bentonite—It is a naturally occurring mineral consisting primarily of 
the trilayered hydrous aluminum silicate, montmorillonite characterized by a 
sodium exchange or available ion content of not less than 1% and not more than 
2% of the air-dried material. It is intended to be used in nonmedicated animal 
feed as an anticaking agent and pelleting aid in an amount not exceeding 2% of 
the total ration. To reduce seepage in silage amount would not exceed 1% 
sodium bentonite. 

(f) Castor oil—It is triglyceride obtained by extraction of oils from seeds of the 
castor bean plant, Ricinus communis. It consists predominantly of triglyceride 
ester of fatty acids. Ricinoleic acid should be guaranteed for not less than 87%. 
Castor oil may be safely used as an anti-caking agent, a releasing agent, and as a 
diluent in animal feeds at levels not exceeding 250 ppm in complete feed. 

(g) Pyrophyllite—It is an aluminum silicate monohydrate and may be safely used 
as the sole anti-caking aid, blending agent, pelleting aid, and carrier in animal 
feed in an amount not to exceed 2% in complete animal feed. 

(h) Silicon dioxide—The food additive silicon dioxide is intended to be used in 
feed components as an anti-caking agent and/or grinding aid as well. In no case, 
the amount should be exceeded by 2% by the weight of the finished feed. 

(i) Perlite—It is a powdered form of a glassy volcanic rock, consisting essentially 
fused sodium potassium aluminum silicate. It is used as a filter aid or pressing 
aid in the processing of food and feed ingredients and may also use as an anti-
caking agent. It may not exceed 4% by weight of the product in which it is 
present as a processing aid (Table 12).
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Table 12 Some common binders their approved usage, and limits in animal species in United 
States (AAFCO 2021) 

Maximum 
limit 

Agar Thickener Not 
specified 

Poultry, swine, 
ruminants 

Alfalfa meal Binder Not 
specified 

Poultry, swine 

Bentonite Anti-caking agent, 
mycotoxin binder 

2% Poultry, swine, 
ruminants 

Calcium alginate Pelleting aid, feed binder Not 
specified 

Poultry, swine, 
ruminants 

Calcium carbonate Anti-caking agent, pellet 
binder 

Not 
specified 

Poultry, swine, 
ruminants 

Calcium lignosulfonate Pelleting aid, feed binder Not 
specified 

Poultry, swine, 
ruminants 

Carboxymethylcellulose 
(CMC) 

Pelleting aid, feed binder 1.5% Poultry, swine, 
ruminants 

Carrageenan Thickener Not 
specified 

Poultry, swine, 
ruminants 

Gelatin Binder, emulsifier Not 
specified 

Poultry, swine, 
ruminants 

Guar gum Thickener, binder Not 
specified 

Poultry, swine, 
ruminants 

Lignin sulfonate Pelleting aid, feed binder Not 
specified 

Poultry, swine, 
ruminants 

Magnesium silicate Anti-caking agent, 
mycotoxin binder 

2% Poultry, swine, 
ruminants 

Maltodextrin Binder, energy source Not 
specified 

Poultry, swine, 
ruminants 

Molasses Binder, energy source Not 
specified 

Poultry, swine, 
ruminants 

Pectin Thickener Not 
specified 

Poultry, swine, 
ruminants 

Soy protein concentrate Pellet binder, emulsifier Not 
specified 

Poultry, swine, 
ruminants 

Wheat flour Binder Not 
specified 

Poultry, swine 

10 Conclusion 

Feed additives are an important component of animal nutrition in the United States. 
They serve a variety of purposes, including improving feed efficiency, promoting 
growth and development, maintaining good health, and enhancing animal perfor-
mance. From prebiotics and probiotics to enzymes and amino acids, there are a wide 
variety of feed additives available to meet the specific nutritional needs of different



species and production systems. Amino acids, enzymes, mycotoxin binders, and 
color additives are also essential feed additives that play a significant role in 
enhancing animal nutrition and health in the United States. Amino acids are the 
building blocks of protein and must be supplemented in animal diets to meet their 
nutritional requirements. Enzymes improve nutrient absorption and utilization, par-
ticularly in nonruminant animals. Mycotoxin binders help reduce the negative 
effects of mycotoxins on animal health and productivity, while color additives 
improve the visual appeal of animal feed. Flavor additives play a crucial role in 
the feed industry by enhancing the palatability and acceptance of animal feed, 
thereby promoting better feed intake and improving animal performance. With the 
increasing demand for high-quality feed and the need for better animal nutrition, the 
use of flavor additives has become more important than ever before. The 
incorporation of flavors can mask unpleasant tastes and smells, encourage feed 
intake, and reduce stress in animals. As a result, they can contribute to better health 
and well-being of animals, as well as higher productivity and profitability for 
producers. 
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These additives can help maintain optimal animal health, growth, and productiv-
ity, leading to better quality animal products and overall profitability in the animal 
production industry. 

Through ongoing research and development, the industry continues to innovate 
and improve the effectiveness and sustainability of feed additives, ultimately 
contributing to the production of safe, affordable, and high-quality animal protein 
for consumers. 
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Biochemistry and General Effects



The Effects of Feed Additives on Farm 
Animals Under Heat Stress Conditions 

Panagiotis Sakkas 

Abstract 

Heat stress (HS) challenges animal productivity, welfare, product quality, and 
reproductive success. Upon exposure to temperatures above their thermoneutral 
zone, animals’ thermoregulatory mechanisms are activated to facilitate heat loss, 
which disrupt the acid balance causing alkalosis and acidosis in pigs and poultry. 
In ruminant species, the reduction of dry matter intake in combination with 
altered feeding patterns, increased respiration rates, and reduced volatile fatty 
acid absorption may lead to rumen acidosis. Feed intake declines to reduce the 
heat load, and feed efficiency is impaired, primarily due to the induction of 
oxidative stress and inflammation, especially in the gastrointestinal tract. Con-
currently, HS increases the production of reactive oxygen species (ROS), leading 
to the formation of oxidized products of lipid and protein metabolism, 
which damages enterocytes reducing nutrient digestion and absorption. Local 
inflammation, which may become systemic due to increased gut permeability, 
alters post-absorptive nutrient utilization and penalizes anabolic functions. Offer-
ing certain feed additives, isolated or in combination, incorporated in feed or 
water, may partly mitigate the adverse effects of HS in livestock and poultry 
species. These include (1) phytogenics, (2) vitamins, (3) microminerals, 
(4) electrolytes. Other additive solutions which do not fall within these categories 
are also assessed. 
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Abbreviations 

FI Feed intake 
HSP Heat shock protein 
HS Heat stress 
PSM Plant secondary metabolite 
ROS Reactive oxygen species 
TJ Tight junction 

1 Introduction 

There is a consensus that climate change is leading to global warming, and rising 
temperatures are expected to increase heat waves' intensity, duration, and frequency. 
Exposure to high temperatures causes substantial economic losses in all livestock 
production systems (St-Pierre et al. 2003; Key et al. 2014), which are difficult to 
estimate and include losses attributed to (1) reduced product yield, (2) deteriorated 
product quality (meat, milk, and eggs), (3) reduced reproductive success, 
(4) increased morbidity and mortality and veterinary costs associated directly with 
HS and indirectly due to increased susceptibility to clinical and subclinical diseases, 
especially those affecting the gastrointestinal tract, (5) epigenetic effects as offspring 
of heat-stressed animals might express altered productive potential, and (6) lifelong 
penalties in performance persisting beyond the period of HS exposure in animals 
with a long production cycle. The expectation is that with increasing global 
temperatures, economic losses in the livestock sector will be more pronounced in 
the future, further necessitating the implementation of appropriate measures against 
its deleterious effects on livestock farming sustainability and animal welfare. Feed 
additives may improve the animal’s thermal tolerance, i.e., capacity to produce 
under HS conditions, along with appropriate feed and husbandry strategies and 
adaptation of feed formulation standards. These additives may be incorporated in 
feed premixes, top dressed, or offered in water-soluble forms during heat exposure, 
offered during the whole production period in warm climates, or preventively when 
heat waves occur in temperate regions. Commercially available additives primarily 
aim at counteracting the two principal effects of HS, namely the disruption of acid– 
base balance and oxidative stress and inflammation, particularly in the intestinal 
tract. Over the course of this chapter, it will become apparent that there is no single 
additive solution against the harmful effects of HS. Often, cost-effective additive 
strategies incorporate multiple additive components, which display synergistic 
and/or additive effects owing to their complementary activities. The most prominent 
additive components include (a) phytogenic products consisting of plant extracts, 
oleoresins, and their containing plant secondary metabolites (PSMs), which may 
either directly affect thermal nociception and/or act as potent upregulators of endog-
enous antioxidant enzyme production and as inhibitors of pro-inflammatory
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Effects of 
heat stress on 

GUT-BRAIN-LIVER 
AXIS 

Intestinal 
Tract:

. Reduced blood flow
. Altered motility, digesta viscosity 

and pH 

06 

Rumen:
. Altered Rumen fuction 

leading to acidosis 

05 

Intestinal 
mucosa:

. Mucosal damage due to oxidative 
stress and pro-inflammatory 

immune responses
. Increased intestinal permeability 
leading to the  passage of luminal 

endotoxins and bacteria
. Dysbiosis

. Nutrient digestion and absorption 

07 

HPA axis:
. Activation of thermoregulatory 

mechanisms
. Anorexinogenic response linked to 

neuropeptide signalling
. Hormonal adaptations e.g. 

glucocorticoid production 

01 

Passage of 
endotoxins 

AND bacteria 
03 

Pancreas:
. Hyperinsulinemia 

04 

Thyroid 
gland:
. Reduced function 

Organ and tissue effects underlying reduced productivity 

02 

Liver:
. Hepatic/systemic Inflammation
. Altered nutrient metabolism 

Reproductive tract:  

Steroidal hormone deregulation and embryonic 
effects (in females) leading to reduced reproductive 
success 

Muscle: 

Oxidative damage and reduced anabolic potential 
(protein) leading to inferior meat yield and quality 

Mammary gland: 

Development, health and epithelial cell synthetic 
capacity impacting lactational performance and 
milk quality

. Increased carcass fatness and reduced meat 
quality

. Reduced fertility and post-natal performance

. Reduced egg production in laying birds and egg 
quality

. Reduced lactational performance during and after 
the heat stress period

. Reduced milk quality 

 Overview of heat stress effects 

Fig. 1 Heat stress (HS) reduces feed intake in order to reduce internal heat load. The activation of 
thermoregulatory mechanisms may lead to respiratory alkalosis and acidosis and reduce the blood 
flow to internal organs to facilitate heat dissipation via convection. Oxidative stress, inflammation and 
dysbiosis occur in the intestine due to hypoxia, affecting nutrient digestion and absorption. Increased 
gut permeability leads to the increased passage of luminal endotoxins and bacteria. Both local and 
systemic pro-inflammatory immune responses alter nutrient metabolism via altered hormonal signal-
ling (such as reduced thyroid function, increased glucocorticoid production, hyperinsulinemia). 
Metabolic adaptations penalise anabolic processes to meet the increased nutrient requirements of 
the activated immune system and to reduce heat load. As a result, product yield is reduced, product 
quality is compromised(meat, milk and eggs) and reproductive functions are penalised



responses, (b) vitamins, which neutralize radical species, notably vitamins E and C, 
(c) microminerals, which act as co-factors in the production of endogenous antioxi-
dant enzymes such as Se and Zn, and (d) salts and their consisting electrolytes, which 
aim at correcting acid–base balance. Since HS insults intestinal health and function, 
the use of other additives may confer some benefits owing to their effect on the 
stabilization of the microbiota composition or the improvement in gut barrier 
function and amelioration of intestinal inflammation. Although amino acids and 
their intermediate metabolites are considered additives, it is beyond the scope of this 
chapter to review the effects of their dietary supplementation or other dietary 
nutrients modified during macronutrient formulation to support the productivity of 
heat-stressed animals. However, betaine will be assessed due to the extensive body 
of research on its utilization in HS conditions. In the following sections, some 
common key aspects of HS across species, accounting for the compromised produc-
tive efficiency will be presented (summarised in Fig. 1). Afterward, the effects and 
the efficacy of some of the most well-known, commercialized additives targeting HS 
across livestock species will be assessed.
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2 Thermoregulatory Mechanisms 

Farm animals are homeotherms as they can keep relatively constant body core 
temperature within narrow limits despite variations in ambient conditions 
(Renaudeau et al. 2012). The thermal comfort zone is a range in ambient temperature 
in which maintaining body temperature is possible, and an animal does not need to 
change its metabolic rate (Sejian et al. 2013). In terms of heat dissipation, animals are 
panting and sweating. Dairy cows are primarily sweating, while pigs have few 
functional sweat glands, and their thick subcutaneous adipose tissue layer further 
hinders heat dissipation. As a result, pigs mainly depend on panting for heat 
dissipation. Poultry are truly relying on panting. In addition, at higher temperatures, 
animals increase their blood flow towards the skin to dissipate heat via convection 
(Collier and Gebremedhin 2015). Across livestock species and productive stages, 
when climatic conditions are above the animal’s thermal comfort zone, animals fail 
to dissipate heat efficiently to the environment, and physiological and metabolic 
adaptation mechanisms are initiated, which always compromise their productive 
potential (Renaudeau et al. 2012). Assessment of thermoregulatory responses, such 
as modifications in core and surface temperature, respiration rates, and species-
specific behavioral adaptations related to feeding frequency, locomotion patterns, 
activity levels, etc., may serve as indicators of the relative impact of HS (Huynh et al. 
2005; Wang et al. 2018; Tao et al. 2020) and may be used to assess the capacity of 
additive solutions to improve thermal tolerance. The effects of HS are more pro-
nounced when high ambient temperatures are accompanied by elevated humidity 
levels as the physiological capacity to dissipate heat by evaporative heat losses is 
compromised (Beale et al. 2018). Indices used for characterizing the climatic 
environment may include some combination of temperature, humidity, radiation, 
air velocity, and convection, and responses to high ambient temperature can be



modified by a variation in these other external parameters according to the different 
species, their productive stage, and the husbandry system. Thermal indexes were 
first used to assess the severity of HS in livestock animals and may serve as a forecast 
system to determine the possible threat or danger to the animals due to climatic 
conditions and implement appropriate interventions, such as strategic additive sup-
plementation. Thermal indexes are a well-developed concept for dairy cattle, while 
for other animal species, relative humidity is often taken into account when defining 
the optimum temperature ranges, effectively being adjusted to lower desirable ranges 
at higher relative humidity values (Sejian et al. 2018b). 
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3 Upper Critical Temperatures and Losses in Production 
Performance 

All livestock species at all productive stages are affected by HS. However, the effects 
are less important at earlier stages of ontogenic development in growing animals due 
to their lower upper critical temperature thresholds. The range and magnitude of 
production losses to HS depend on its (1) intensity, (2) duration ranging from hours 
to the overall production period in tropical and subtropical conditions, (3) whether 
temperatures approach the thermoneutral conditions over part of the day or not 
(cyclic vs. constant), (4) the age and/or weight of the animal upon HS exposure, 
(5) the genetic background, particularly in relation to the productive potential (within 
the same genetic line and between different genetic lines), and (6) the diet it is 
offered. Although HS effects may differ according to intrinsic and extrinsic factors, 
one of the first responses across species to HS exposure, which accounts for most 
losses in performance, is a reduction in voluntary FI. Modifications in feeding 
behavior aim to reduce the internal heat production deriving from exothermic 
processes such as nutrient ingestion, digestion, and metabolism (dietary-induced 
thermogenesis), compromising productive processes (growth, gestation, lactation, 
and egg production) and facilitating heat dissipation. As presented in later parts of 
this chapter, production losses are also partially attributed to poor feed efficiency. A 
meta-analysis in broilers suggests that wet bulb temperatures above 25.5 or 25.7° C, 
and a dry bulb temperature of 32.0° C were considered the threshold conditions for 
potential production losses of 36.5% in the weight gain of broiler chickens (Moura 
et al. 2015). In growing-finishing pigs, FI is reduced at an accelerating rate above the 
pigs’ thermoneutral zone, which varies according to pig weight; larger pigs have a 
lower capacity to dissipate heat due to a lower surface area-to-mass ratio and higher 
backfat thickness (Renaudeau et al. 2011; Mayorga et al. 2019). In the case of 
finishing beef and if the stressful thermal conditions last for a relatively short period, 
the compensatory gain may be observed after the end of this period. However, it has 
been demonstrated that beef cattle under HS show slower growth rates (Summer 
et al. 2019). In dairy cows, FI begins to decline at temperatures of 25–26°C and 
reduces more rapidly above 30°C in temperate climatic conditions (Tao et al. 2020). 
Sows in the lactation stage are particularly sensitive to HS owing to their high FI and 
increased internal heat production to support lactation; respiration rates increase



significantly even when comparing sows exposed at 18°C and 22°C, while rectal 
temperatures significantly rise above 27°C (Quiniou et al. 2000). Layers are vulner-
able to HS as they must maintain a long production cycle (50 to 70 weeks). A meta-
analysis indicated that FI decreases by approximately 10% from temperatures as low 
as 24°C, and production traits such as egg mass, egg production rate, egg weight, and 
shell strength are reduced by 5% in temperatures ranging between 24 and 30 °C 
along with increases in mortality and body weight loss (Mignon-Grasteau et al. 
2014). 
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4 Acid–Base Balance 

The activation of thermoregulatory mechanisms disturbs the animal’s acid–base 
balance, leading to respiratory alkalosis and acidosis in poultry and pigs, and 
acidosis in ruminants. Disruptions of acid–base balance impact both FI and feed 
efficiency. In poultry and pigs, the events that undermine the acid–base balance 
disruption are initiated by increased panting to dissipate heat, which results in 
increased clearance of blood CO2. As a result, partial CO2 pressure is decreased, 
which in turn causes a decrease in the concentration of carbonic acids (H2CO3) and 
hydrogen ions (H+ ). To counteract alkalosis, the kidneys increase bicarbonate ion 
(HCO3

-) excretion and reduce H+ excretion, thus increasing blood pH, leading to 
alkalosis (Teeter et al. 1985; Patience et al. 2005; Liu et al. 2018a). 

On the other hand, continuous depletion of HCO3
- ions along with renal Cl-

reabsorption as a metabolic compensation for blood alkalosis might lead to meta-
bolic acidosis. Metabolic acidosis leads to the replacement of K+ anions by hydrogen 
ions (H+ ) intracellularly leading to increased plasma K+ concentrations 
(hyperkalemia) (Borges et al. 2007; Liu et al. 2018a). Reduced blood levels of 
Na+ and K+ due to their increased excretion via the kidney have been consistently 
reported in heat-stressed broilers (Borges et al. 2007; Beckford et al. 2020; 
Livingston et al. 2022). Increased HCO3

- losses, along with reduced carbonic 
anhydrase activity, which is an enzyme responsible for the formation of HCO3

- , 
renders HCO3

- unavailable for eggshell mineralization, negatively affecting egg-
shell quality (Mack et al. 2013; Barrett et al. 2019; Kim et al. 2020). In pigs, the 
concentration of Cl+ has been reported to decrease (Ortega et al. 2022) or not. 

A particular problem caused by decreased DM intake in dairy cows is the 
increased risk of acidosis. Essentially, rumination time is decreased under HS, 
leading to reduced DM intake. Due to the redistribution of blood to the periphery, 
digestion products such as volatile fatty acids are absorbed less efficiently, and their 
total rumen content may increase, reducing the pH. The reduced saliva production 
due to decreased rumination means that HCO3- production and the buffering 
capacity are also reduced, while the increased respiration due to panting increases 
CO2 production. Collectively these events, along with altered feeding behavior, 
increase the risk of acidosis. The reduction in rumen pH impairs fiber digestion 
efficiency; rumen fibrolytic bacteria are the most affected when rumen pH drops



below 6.0. The culmination of these events contributes to decreasing feed utilization 
during HS (Conte et al. 2018). 

The Effects of Feed Additives on Farm Animals Under Heat Stress Conditions 291

5 Oxidative Stress and Inflammation 

Apart from reduced productivity due to decreased FI, feed efficiency is also typically 
impaired primarily due to HS-induced oxidative stress and inflammation. Upon HS 
exposure, there is an increase in mitochondrial energy generation (Akbarian et al. 
2016), causing an imbalance between pro-oxidant and antioxidant systems, defined 
as the presence of reactive species, in excess of the available antioxidant capacity of 
animal cells. Increased production of reactive oxygen species (ROS) leads to an 
impairment of mitochondrial function, which is responsible for the production of 
most cellular energy via oxidative phosphorylation (Surai et al. 2019b). Mitochon-
drial dysfunction caused by HS is the basis of oxidative stress. ROS overproduction 
can damage proteins, lipids, and DNA, reducing energy generation efficiency and 
increasing ROS production in the mitochondria (Hu et al. 2019). The NF-E2-related 
factor 2 (Nrf-2 /Keap1) and nuclear factor kappa-light-chain-enhancer of activated B 
cells/inhibitory κB protein (Nf-κB/IkB) systems are considered to be the two major 
master regulators of the stress response (Surai et al. 2019b). To counteract increased 
ROS production, Nrf-2 is activated, which drives the production of endogenous 
antioxidant enzymes, such as superoxide dismutase (SOD), catalase (CAT), and 
glutathione peroxidase (GPx), improving cell survival under stress conditions. The 
upregulation of Nrf-2 pathway and its target gene HO-1 expression enhances barrier 
function, increasing the expression of tight junctions (TJ) proteins under hypoxic 
conditions (Liu et al. 2017c). In addition, heat shock factors (HSF) are activated, and 
in particular, HSF1, which induces the production of heat shock proteins (HSP). It is 
believed that the Nrf-2 and HSP represent two molecular responses with some 
overlapping and protective functions. Their activation downregulates 
pro-inflammatory type of responses by inhibiting Nf-κB activation, which is respon-
sible for the transcriptional induction of pro-inflammatory cytokines, chemokines, 
and other inflammatory mediators (Ahmed et al. 2017; Liu et al. 2017a; Lian et al. 
2020). Although in the short term, HS may increase Nrf-2 encoded endogenous 
antioxidants in an attempt to neutralize increasing ROS production, a subsequent 
decrease may occur in multiple tissues compromising the antioxidant system’s 
capacity in poultry (Akbarian et al. 2016; Surai et al. 2019b), pigs (Cui et al. 
2019), and ruminants (Abdelnour et al. 2019). Endogenous and exogenous nonen-
zymatic antioxidants such as glutathione and vitamin E provide an additional level of 
defense, which is nonetheless insufficient in HS conditions. The increased concen-
tration of oxidation products of protein and lipid metabolism in various tissues, 
organs, and animal products and a proinflammatory immune profile reflects the 
prevailing pro-oxidant inflammatory milieu. Oxidative inflammation is detrimental 
to intestinal health and function but also affects multiple organs, such as the liver, 
spleen, reproductive tract, mammary gland, and tissues with high anabolic potential, 
such as muscles. Oxidative inflammation induces metabolic changes underscored by



an altered immune and hormonal milieu. The upregulation of Nrf-2 antioxidant 
enzyme production, the limitation of protein and lipid oxidation, and the direct or 
indirect inhibition of the NF-kb pathways are targets of multiple additive solutions 
across species and livestock production systems. The efficacy of additive solutions 
in this respect is often evaluated by their effects on endogenous antioxidant enzyme 
activities, and oxidative and inflammatory status systemically and in tissues. 
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6 Intestinal Tract Effects 

The effects of HS on the gastrointestinal tract of livestock and poultry species are of 
particular importance in terms of production losses and, as such is, the primary target 
of numerous additive solutions. As previously mentioned, during HS, there is a 
redistribution of blood to the periphery to facilitate heat dissipation (Lambert 2009). 
The shift of visceral blood flow toward the peripheral circulation during HS induces 
hypoxic conditions in the intestine and renders it particularly susceptible to oxidative 
stress and damages the mucosal tight junction (TJ) barrier (Rostagno 2020; Ortega 
and Szabó 2021). Altered protein expression of TJ proteins such as claudin and 
reducing occludin and zonula occludens 1 (ZO-1) leads to intestinal 
hyperpermeability in poultry (Ruff et al. 2020), pigs (Pearce et al. 2013; Gabler 
et al. 2018), and ruminants (Fontoura et al. 2022). As a result, intestinal antigens may 
infiltrate via the intestinal lumen to the systemic circulation and stimulate a local 
immune reaction causing a "leaky gut syndrome" leading to an increased endotoxin 
concentration which in turn elicits systemic inflammation and an acute phase protein 
response (Quinteiro-Filho et al. 2012; Pearce et al. 2012; Cui et al. 2019). In poultry, 
HS-induced intestinal inflammation is characterized by lymphoplasmacytic infiltra-
tion across segments of the small intestine (Quinteiro-Filho et al. 2010). Increased 
pathogen translocation due to increased intestinal permeability in the spleen and 
liver of broilers has also been observed (Alhenaky et al. 2017; Quinteiro-Filho et al. 
2017). Intestinal inflammation impacts intestinal morphology and is accompanied by 
reduced villus length, increased crypt depth, and decreased mucosal absorptive 
surface area (Mitchell and Carlisle 1992; Garriga et al. 2006; Cui et al. 2018), 
although this effect appears less prominent in ruminants (Koch et al. 2019). 
Alterations in digestive enzyme activities (Pearce et al. 2012; Al-Zghoul et al. 
2019) and nutrient transporter functions (Pearce et al. 2013; Sun et al. 2015) disturb 
nutrient digestion and absorption in monogastric (Morales et al. 2016; de Souza et al. 
2016; Kim et al. 2020). Furthermore, changes in the intestinal environment, such as 
pH, transit time, digesta viscosity, and internal temperature, may further affect 
nutrient digestibility (Bonnet et al. 1997; Morales et al. 2016; de Souza et al. 
2016; Kim et al. 2020). The insult to gut health and function also deregulates 
intestinal microbiota composition in pigs and poultry, increasing pathogenic while 
reducing beneficial bacterial populations (He et al. 2019; Cao et al. 2021; Patra and 
Kar 2021; Xia et al. 2022). In broilers, it may increase birds' predisposition to 
diseases detrimental for poultry farming, such as necrotic enteritis (Tsiouris et al. 
2018).
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7 Endocrine and Metabolic Effects 

HS-induced oxidative inflammation is accompanied by hormonal alterations, which 
drive metabolic adaptations to ensure the animal’s survival to the detriment of 
productive efficiency. In order to reduce internal heat production under high 
temperatures, lipogenesis is favored, and lipolysis is hindered, while protein break-
down is increased and protein synthesis is decreased (Belhadj Slimen et al. 2016). 
The energetic efficiency for lipid deposition is greater than that for protein deposi-
tion, and lipolysis generates more metabolic heat than carbohydrates and protein. 
Due to reduced fatty acid oxidation in HS conditions (Zhao et al. 2018b), glucose 
becomes the favored fuel for maintenance and growth functions. The increased 
protein breakdown facilitates glucose production via gluconeogenesis (Belhadj 
Slimen et al. 2016) to satisfy the increased energetic requirements of the immune 
system (Calder et al. 2007) as well as the production of immune system mediators 
(Iseri and Klasing 2013) and proteinaceous molecules such as acute phase proteins 
(Gruys et al. 2005; Kampman-van De Hoek et al. 2015) and HSP (Zulkifli et al. 
2018). As a result, besides the obvious reduction of carcass yield due to reduced 
growth rates, growing livestock and poultry species have increased carcass fatness 
(Gonzalez-Rivas et al. 2020). In lactating sows and cows, the blunted lipolytic 
response hinders adipose tissue mobilization despite their weight loss, and they 
rely more on glucose to cover their energy requirements (Rhoads et al. 2013). The 
fact that heat-stressed lactating mammals fail to enlist this "shift" in post-absorptive 
energetic metabolism, even though they eat below requirements and are in a state of 
negative energy balance, directly impacts feed efficiency (Conte et al. 2018). 

The previous metabolic adaptations to HS are orchestrated by a series of neuro-
endocrine responses (Smith and Vale 2006). In particular, HS activates the 
hypothalamic–pituitary–adrenal axis (HPA), elevating the levels of glucocorticoids 
hormones cortisol and corticosterone in livestock and avian species, respectively 
(Star et al. 2008; Hao et al. 2014; Quinteiro-Filho et al. 2017; Sejian et al. 2018a, 
2018b). Glucocorticoids improve vasodilation and therefore heat loss, but also cause 
proteolysis and antagonize insulin and insulin growth factor while favoring lipogen-
esis by upregulating lipoprotein synthase activity (Scanes 2016; Gonzalez-Rivas 
et al. 2020). In reproducing livestock and poultry species increased glucocorticoid 
production increases energy deposition at the expense of reproductive functions as it 
may lead to decreased steroidogenesis and, as a result, impaired ovarian develop-
ment and function (Shini et al. 2009; Oguntunji and Alabi 2010; Ross et al. 2017; 
Wang et al. 2017; Wolfenson and Roth 2019). Importantly, chronically elevated 
levels of glucocorticoids mediate pro-oxidative functions leading to increased mito-
chondrial metabolism (Spiers et al. 2015). Moreover, they suppress adaptive 
immune responses by causing the involution of immune organs (e.g., bursa of 
Fabricius, thymus, and spleen) and reducing B cell production and T-cell prolifera-
tion and function in poultry (Shini et al. 2010; Honda et al. 2015; He et al. 2018) and 
compromise immunocompetence in mammalian species (Bagath et al. 2019; Dahl 
et al. 2020). HS also affects thyroid function, causing principally a reduction in 
circulating thyroid hormone triiodothyronine (T3), which aims at reducing metabolic



rate and, therefore, heat production to facilitate the animal’s adaptation to the stressor 
(Star et al. 2008; Mullur et al. 2014; Beckford et al. 2020; Li et al. 2021). Reduced 
T3 further redirects the available energy toward fat deposition while sparing protein 
anabolism. Finally, increased circulating insulin levels commonly observed under 
chronic HS conditions may also account for the decreased circulating glucose 
concentration to satisfy the increased immune system requirements, the blunted 
lipolytic activity, and the increased lipogenesis observed in pigs and ruminants 
(Belhadj Slimen et al. 2016). Paradoxically, despite the increased insulin levels, 
which are typically observed during HS, there is reduced mammary protein synthesis 
(Rhoads et al. 2013). It has been suggested that hyperinsulinemia, along with 
increased endotoxin levels severely compromise sow ovarian function and fertility 
(Mayorga et al. 2020). 
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8 Product Quality 

Besides lower carcass yields and increased carcass fatness, meat quality is also 
affected. In pigs and broilers, there is a greater incidence of pale color, lower 
water-holding capacity (WHC), and increased cook and drip losses and may lead 
to a higher frequency of pale soft exudative meat and increased lipid peroxidation 
may lead to shorter half-life (Zaboli et al. 2019; Gonzalez-Rivas et al. 2020). Broilers 
breast tissue, which has a high anabolic capacity, is affected the most by HS, and 
decreases in the proportion of breast muscle have been previously recorded (Zhang 
et al. 2012). Pectoral muscles have a high mitochondrial content and, consequently, 
more elevated ROS-producing potential and susceptibility to oxidative stress 
(Kikusato and Toyomizu 2019). Under HS conditions, a greater incidence of breast 
myopathies such as white stripping (Aslam et al. 2021) and decreased breast muscle 
protein synthesis and amino acid uptake (Ma et al. 2018) have been reported. 
Furthermore, meat safety issues arise as an increased frequency of carcass contami-
nation by Escherichia coli and Salmonella has been reported during the hot season in 
pigs and poultry (Gregory 2010). In beef cattle, if they are slaughtered during or 
shortly after the end of the HS period, they have lower carcass weight, lower fat 
thickness, and worse meat quality in terms of pH, tenderness, and color (Summer 
et al. 2019) while increased development of a dark firm and dry meat (DFD) is 
typically observed across meat producing ruminants species (Gregory 2010). As 
previously stated, eggshell quality is also severely affected primarily due to blood 
alkalosis. In addition to defective egg mineralization, egg weight, and egg mass, 
Haugh units, yolk color are impacted by HS due to reduced FI, endocrine changes 
such as increased corticosterone secretion and reduced steroidogenesis (Franco-
Jimenez et al. 2007; Oguntunji and Alabi 2010). Besides the reduced FI and reduced 
milk yield in dairy ruminants, there are effects on milk composition. In general, the 
lactose content is not considered to be affected (Cowley et al. 2015). However, a 
decrease in milk fat has been reported during summer (Bernabucci et al. 2015). The 
effects of HS are particularly pronounced on the protein fraction of the milk, which is 
independent of the parallel reduction in FI (Cowley et al. 2015), and primarily affect



the casein fraction with adverse effects on cheese-producing properties (Bernabucci 
et al. 2015; Cowley et al. 2015). Increased mastitis incidence and somatic cell counts 
(Summer et al. 1999; Bernabucci et al. 2015), along with changes in mineral content, 
pH, and coagulation properties, further deteriorate cheese processing properties and 
yield (Summer et al. 2019). 
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9 Reproductive Success and Offspring Performance 

HS affects sow and gilt reproductive performance and is typically manifested as 
seasonal infertility (Prunier et al. 1997). Increased temperatures have been shown to 
decrease farrowing rates, extend the weaning to estrus interval, and delay the onset 
of puberty (Bertoldo et al. 2009). Overall, HS exposure in gestating sows negatively 
affects early embryo development and reduces embryo viability and the number of 
piglets born alive (Ross et al. 2015). It has been suggested that intestinal 
hyperpermeability drives endotoxemia and alters insulin signaling, which affects 
ovarian function (Mayorga et al. 2020). In cows, the reproductive tract, and in 
particular, the ovarian components (i.e., follicles, oocytes, CL), and preimplantation 
embryos are susceptible to elevated temperatures. During HS, multiple reproductive 
processes are impaired, including oocyte competence, embryonic growth, gonado-
tropin secretion, ovarian follicular growth, steroidogenesis, development of the 
corpus luteum, and uterine endometrial responses. As a result, conception rates are 
severely compromised (Wolfenson and Roth 2019). Broiler male breeder and boar 
fertility are also affected by HS, primarily affecting sperm fertility and quality 
(Wettemann et al. 1976; Fouad et al. 2016). In laying hens, besides the direct effects 
on eggshell quality due to reduced ionized Ca and bicarbonate availability which 
affect the eggshell formation, there are direct effects of oxidative stress on inflam-
matory pathways, which in turn affect follicular cell apoptosis and reduce follicle 
numbers, decreasing the egg laying rate (Li et al. 2020). In both ruminant species and 
in sows, maternal HS during gestation affects the growth and physiology of the 
developing offspring. In dairy cattle, male calves born to heat-stressed mothers 
increased morbidity associated with impaired immunocompetence, and female 
calves produce less milk during their first lactation (2 years after the HS exposure) 
(Tao et al. 2012, 2014; Monteiro et al. 2016). It has been demonstrated that exposure 
to HS in gestating sows results in offspring that tend to accrete more body fat during 
later stages of growth (60 kg<), which in turn affects their feed efficiency and 
carcass quality (Johnson et al. 2015). Mammary development of multiparous dry 
cows exposed to HS is also affected, causing depressed mammary epithelial cell 
proliferation, potentially reducing the total number of cells in the mammary gland 
capable of producing milk (Tao et al. 2011).



296 P. Sakkas

10 Phytogenic Additives 

Phytogenic feed additives, also known as phytobiotics or phytochemicals, may refer 
to plant extracts, essential oils, oleoresins, or dried plant material that contain plant 
secondary metabolites (PSMs), which generate biological activities. PSMs belong to 
a wide range of organic compounds, including polyphenols, carotenoids, lignans, 
coumarins, phytosterols, and S-containing compounds (Crozier et al. 2007). Their 
pharmacokinetics depend on the chemical structure and molecular weight but in 
general terms, upon ingestion, they exert local effects in the intestinal tract 
modulating epithelial, endocrine, and immune cell function. Certain PSM notably 
belong to polyphenols, interact with intestinal microbiota changing their profile, 
benefiting the growth of beneficial bacteria (Mithul Aravind et al. 2021). Further-
more, ingested PSM (parent metabolites) undergo metabolism by large intestinal and 
colonic microflora leading to the production of smaller molecules (Phase II 
metabolites) that can be absorbed and enter the circulation reaching distal organs 
where they can exert their biological activities (Oteiza et al. 2018; Kawabata et al. 
2019). Phase II, PSM metabolites may possess additional biological activities in 
comparison to parent metabolites (Oteiza et al. 2018). As a result, it is often 
challenging to disassociate observed biological effects following PSM ingestion 
between parent and phase II metabolites (Ozdal et al. 2016; Williamson et al. 
2018). Since phytogenic additives, even when based on a single plant, often contain 
a multitude of PSMs, observed effects may be derived primarily from the principal 
component but also from secondary PSMs existing in the product in lower 
concentrations. In general, commercially available phytogenic additives consist of 
combinations of extracts from different plants to exploit potential synergistic 
activities of PSMs when offered in combination, although antagonistic effects are 
known to exist (Chen et al. 2022b). Finally, to obtain desired effects the optimum 
doses of phytogenics need to be identified in vitro and in vivo trials, while the form 
(i.e., protected vs nonprotected) and phytochemical profile (flavonoids, saponins, 
alkaloids, etc.) may impact their bioavailability in target tissues. 

Since there are multiple plant species containing PSMs (Abd El-Hack et al. 2020), 
the focus here will be on some of the most researched PSMs in the context of HS. 
Because of their efficacy in mediating relevant bioactivities, they represent the 
principal component of several HS-specific commercialized phytogenic additive 
solutions. There are numerous articles published over the last 15 years assessing 
the efficacy of phytogenic additives in poultry species, while evidence is 
accumulating in pigs and ruminants. One of the most essential aspects of phytogenic 
feed additive formulation is the capacity of the principal active components to 
modulate Nrf-2 and Nf-kb pathways, effectively re-enforcing endogenous antioxi-
dant systems and downregulating inflammatory responses (Wu et al. 2014; Li et al. 
2018; Alharbi et al. 2022). Among PSM, polyphenols, which include both flavonoid 
and non-flavonoid compounds, display potent antioxidant activities (Da Silveira 
et al. 2014; Gessner et al. 2017; Oteiza et al. 2018) and are present in the majority 
of HS targeted commercial phytogenic additives. Beyond their antioxidant and anti-
inflammatory functions, PSMs also possess secondary activities that are also



considered when formulating additive solutions. These include their ability to 
modulate gut transit time (Mendel et al. 2017), to increase digestive enzyme 
secretion (Kalpana and Srinivasan 2004; Yilmazer-Musa et al. 2012), to mitigate 
HS in target tissues other than the intestine according to their pharmacokinetics and 
relevant biological activities (Gupta and Pandey 2019), to modify microbiota com-
position (Feng et al. 2018; Dingeo et al. 2020), to alter thermal nociception and 
increase thermal tolerance (Zmrhal et al. 2018; Inagaki et al. 2019), and to alter 
metabolic responses (Cottrell et al. 2020). 
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10.1 Poultry 

There are numerous studies that have investigated the effects of various phytogenic 
additives in broilers and laying hens, displaying their potency for mitigating the 
impact of HS. Certain polyphenols such as curcumin, resveratrol, and catechins have 
attracted considerable attention owing to their potent antioxidant and anti-
inflammatory activities (Hu et al. 2019). Curcumin has a limited distribution in 
plant species and is the principal polyphenol found in the rhizome Turmeric 
(Curcuma longa L.). On the other hand, resveratrol is widely distributed among 
plants and is mainly extracted from red grapes (Tian and Liu 2020). Catechins are 
typically found in great tea extracts from Camellia sinensis and C. assamica, notably 
epigallocatechin gallate (EGCG) and epigallocatechin (EGC) (Cai et al. 2018). In 
heat-stressed broilers, the consumption of these polyphenols mainly improves feed 
efficiency and meat quality (drip loss, pH), while increases in FI have also been 
reported. Upon dietary intake, they have been shown to exert antioxidant activities in 
heat-sensitive tissues and organs as well as systemically, as indicated by increased 
endogenous antioxidant enzyme activities and reduced lipid peroxidation (Sahin 
et al. 2010b; Liu et al. 2014; Zhang et al. 2015a, 2015b, 2017a, 2018b; Luo et al. 
2018). They have immunomodulatory effects, counteracting the immunosuppressive 
effects of HS on the bursa, thymus, and spleen weight (Liu et al. 2014; Zhang et al. 
2018b). HS increases the expression of both HSP70 and HSP90, while supplemen-
tation with resveratrol, EGCG, and curcumin downregulates their expression in a 
variety of tissues including bursa, thymus, spleen, breast muscle, and the jejunum 
which is indicative of increased thermal tolerance (Orhan et al. 2013; Liu et al. 2014, 
2016; Zhang et al. 2015a, 2015b; Yang et al. 2019). Curcumin supplementation has 
been shown to increase mitochondrial biogenesis–related genes in the liver and 
intestine (Zhang et al. 2015a, 2018a). Their dietary intake may alter neuroendocrine 
responses as reflected by reduced corticosterone levels (Park et al. 2016; Zhang et al. 
2017a, 2018b; Yang et al. 2019). Their supplementation may improve intestinal 
histological features (Rajput et al. 2013; Liu et al. 2016; Zhang et al. 2017b) and 
intestinal epithelial barrier function via modifications in the mRNA expression of 
TJ-related genes (Zhang et al. 2017b). Finally, the dietary intake of all three 
metabolites has been shown to improve meat oxidative stability under conditions 
of HS (Zhang et al. 2015a; Zhao et al. 2021, 2022).
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In laying hens, phytogenic consumption may result in reduced body weight loss 
and/or increased weight gain, higher egg laying rate, improved feed efficiency, and 
egg oxidative stability and quality (eggshell characteristics such as breaking force 
and thickness, Haugh units, yolk color). In addition to their intestinal tract effects, 
PSMs may improve liver oxidative status, which is of particular importance consid-
ering its importance in fat synthesis and metabolism (Zaefarian et al. 2019; Emami 
et al. 2021). In heat-stressed laying hens, curcumin supplementation, in particular, 
has been shown to reduce inflammatory responses in the liver by downregulating 
proinflammatory cytokine gene expression levels and protein expression of NF-κB 
(Nawab et al. 2019), possibly via reduced translocation of intestinal endotoxins in 
the circulation. Furthermore, dietary curcumin supplementation has recently been 
shown to reduce laying hen corticosterone levels in HS conditions, while increasing 
steroidal hormone production, positively influencing follicular development and 
ovulation (Liu et al. 2020). Effects extend to egg quality characteristics with 
supplemented birds producing eggs with increased eggshell thickness, eggshell 
strength, and albumen height (Liu et al. 2020). A well-known synergism exists 
between curcumin and baicalin, a potent antioxidant polyphenol found in Scutellaria 
baicalensis which attenuates inflammatory pathways under conditions that challenge 
liver health and function (Xu et al. 2021; Yang et al. 2021). Their combined 
supplementation may exert superior hepatoprotective effects, in comparison to 
monotherapy with the respective metabolites (Wang et al. 2021), owing to their 
synergistic actions on multiple signaling pathways regulating the pro-inflammatory 
response and antioxidant transcription factors (Wang et al. 2021). Plant extract 
associations of C. longa and S. baicalensis have also been shown to downregulate 
intestinal inflammatory response in heat-stressed broilers (Varmuzova et al. 2015) 
and improve multiple aspects of thermal tolerance in laying hens, including liver 
health (Giannenas et al. 2022). Other phytogenics, rich in catechins such as EGCG 
has been shown to improve oxidative stress biomarkers in the liver and intestine due 
to their effects on transcription factors (Sahin et al. 2010b; Orhan et al. 2013) in  
addition to improving egg oxidative status (Wang et al. 2020). Dietary supplemen-
tation with resveratrol did not improve performance in heat-stressed quails (Sahin 
et al. 2010a) despite reducing the degree of oxidative stress, assessed by measuring 
vitamin E blood concentration levels. 

10.2 Livestock 

Unlike poultry, where there is abundant evidence, fewer studies have investigated 
the effects of phytogenic additive supplementation in heat-stressed pigs. Dietary 
supplementation with essential oils to heat-stressed Chinese mini-pigs improved 
growth performance and increased glucose absorption (Song et al. 2009, 2010). In 
another study, dietary supplementation with oregano essential oil reduced cortisol 
and norepinephrine concentrations and improved the performance of growing-
finishing pigs to a greater degree than betaine supplementation in HS conditions 
and resulted in improved DM, nitrogen, and gross energy digestibility (Lan and Kim



2018). Cinnamon supplementation improved insulin sensitivity in HS pigs, although 
there were no other effects on the physiological, metabolic, or biochemical responses 
to HS (Cottrell et al. 2020). Dietary supplementation with alkaloids may yield 
benefits in thermoregulatory responses of heat-stressed growing pigs independently 
of anti-inflammatory and antioxidant effects; their dietary supplementation has been 
shown to reduce respiration rates and core temperature and colonic permeability 
(Le et al. 2020). Of particular interest in terms of its thermoregulatory activities in 
pigs and ruminants (see below) is capsaicin, an alkaloid found in chili peppers and 
responsible for their burning and irritant effect (Fattori et al. 2016). Capsaicin is a 
prototypical transient receptor potential cation channel subfamily V member 
1 (TRVP-1) agonist, which serves as one of the principal thermosensors for the 
thermoregulatory system being conserved across mammalian species (Garami et al. 
2020). Activation of TRPV-1 by capsaicin lowers body temperature and induces 
hypothermia via peripheral vasodilation (Inagaki et al. 2019) and may increase the 
animal’s upper critical temperature threshold levels and therefore it is thermal 
tolerance. Studies in growing-finishing pigs have shown that capsaicin-containing 
additives may improve feed efficiency in short- and long-term HS exposure although 
effects on respiration rates were limited under short-term HS exposure (Biggs et al. 
2020; Kroscher et al. 2022). 
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Although phytogenic additive supplementation has multiple beneficial effects in 
gestating and lactating sows (Chen et al. 2022a) there have only been a few 
investigations in an HS context. Results confirm their potent effects at improving 
oxidative stress status, and reproductive and lactational performance. Supplementa-
tion of lactating sows has been shown to improve FI, DM digestibility, piglet 
weaning weight, and ADG, while decreasing backfat loss, serum cortisol level, as 
well piglet diarrhea (Liu et al. 2017b). Phytogenic supplementation of primiparous 
sows during gestation and lactation has been shown to alleviate oxidative stress by 
reducing the concentration of protein and lipid oxidation products decreasing still-
birth rates, weaning to estrous intervals, and back fat losses (Papatsiros et al. 2022). 
Importantly, phytogenic additive administration during late gestation and lactation 
may alleviate the oxidative stress in both sows and their offspring, increasing 
colostrum yield and milk fat content, while improving offspring intestinal barrier 
integrity and increasing weaning weight (Zhang et al. 2020). 

Studies investigating the effects of capsaicin-containing additives in HS 
conditions in dairy cows have consistently shown increased milk production 
(Oh et al. 2015; Abulaiti et al. 2021; An et al. 2022). On the other hand, FI and 
rectal temperatures have not been consistently affected by their supplementation 
(Oh et al. 2015; An et al. 2022), which may be related to the dose of capsaicin, the 
timing of its administration, and the modalities of the different HS models employed 
across studies. In addition to lactational performance, supplementation with capsai-
cin has been shown to improve reproductive performance in estrous synchronized 
cows during summer; supplementation increased the estrus response, ovulatory 
follicle size, ovulation rate, and pregnancy rates (Abulaiti et al. 2021). In ruminants, 
flavonoids have attracted a lot of attention in mitigating the effects of stressors on 
ruminant health (Olagaray and Bradford 2019). Citrus extract supplementation in HS



cows has generally been associated with improved mammary health, somatic cell 
counts, and altered locomotory activity patterns indicative of greater thermal toler-
ance (Havlin and Robinson 2015). Radix bupleuri extract supplementation has been 
shown to reduce increase FI, reduce body temperature, and improve production 
variables such as milk, protein, and fat yield (Pan et al. 2014). Offering a polyherbal 
phytogenic additive formulation improved productive performance while mediating 
immunomodulatory effects (Shan et al. 2018). Dietary supplementation with 
phytogenic additives has been also demonstrated as an efficient method to enhance 
the thermal tolerance of growing ruminants. Dietary supplementation of heat-
stressed calves with resveratrol-rich grape seed extract has been shown to improve 
performance. In addition, supplemented calves had reduced respiratory rates and 
improved antioxidant activities, endocrine function, pro-inflammatory status, and 
hematological parameters compared to control calves (Urkmez and Biricik 2022a, 
2022b). Results obtained in heat-stressed lambs investigating the use of phytogenic 
additives are promising; offering a polyherbal phytogenic additive improved perfor-
mance, oxidative status, and carcass quality (Hashemzadeh et al. 2022) while dietary 
supplementation with the flavonoid naringenin simutaneously improved growth 
rates, feed efficiency, and antioxidant status and heightened humoral immune 
responses (Alhidary and Abdelrahman 2016). 
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11 Microminerals and Vitamins 

11.1 Micromineral Supplementation 

Sufficient dietary supplementation with microminerals is critical for farm animal 
thermal tolerance. The initial levels of the antioxidant defense system involve the 
production of water-soluble antioxidant enzymes, which requires the presence of 
selenium (Se), manganese (Mn), copper (Cu), and zinc (Zn); Se is a precursor of 
GP-x and other selenoproteins, while Mn, Cu, and Zn are essential parts of SOD 
(Surai 2014; Lauridsen 2019). These may be supplemented in organic forms or 
inorganic forms. A general increase in the supplementation levels of microminerals 
is not sustainable from an ecological standpoint, mainly due to their low retention 
and increased excretion leading to environmental pollution and is often confounded 
with regulations in regard to their maximum dietary incorporation levels 
(Gebreeyessus and Zewge 2019; Vats et al. 2022). On the other hand, offering 
them in organic forms may confer superior biological activities in comparison to 
inorganic forms, offered either isolated or in combination, at levels well below 
EU-regulated maximum incorporation limits. 

Se acts as cofactor to antioxidant enzymes through its incorporation in 
selenoproteins, notably GPx. The latter is a component of glutathione pathways, 
which detoxify lipid peroxides protecting cellular and subcellular membranes 
against ROS damage (Pecoraro et al. 2022). In addition, Se intake affects thyroid 
function as it converts thyroxin (T4) into active T3 regulating metabolism (Shakeri 
et al. 2020), which is penalized under HS conditions as previously described. Both



inorganic selenium, such as selenite or selenate, and more recently sources of 
organic selenium, such as yeast selenium, selenomethionine, selenocysteine, 
hydroxy-selenomethionine, are routinely incorporated into premixes to satisfy Se 
requirements as its concentration levels in natural ingredients are insufficient to 
cover nutrient requirements. Organic forms are more bioavailable than inorganic 
forms, conferring superior biological activities and allowing for better tissue distri-
bution and accumulation as well as maternal transfer to the progeny via the eggs or 
milk (Surai and Fisinin 2014; Chen et al. 2016; Sun et al. 2021; Wang et al. 2022). 
The maximum supplementation doses of selenium currently permitted in the EU are 
0.5 mg/kg for inorganic Se and 0.2 mg/kg for organic Se sources. Multiple studies in 
heat-stressed poultry have shown that Se supplementation at a range of 0.2–0.5 
mg/kg with inorganic forms, well within the legal levels of dietary supplementation, 
improves the performance of layers, broilers, and egg quality characteristics 
(Habibian et al. 2015). In the case of ruminants, the absorption of inorganic forms 
is influenced by rumen conditions, while organic forms undergo considerably less 
alteration in the rumen, resulting in better availability (Surai et al. 2019a; Arshad 
et al. 2021). In dairy cows, supplementation with organic forms has been shown to 
be more effective than inorganic forms at improving their antioxidant status and 
performance in heat-stress conditions (Calamari et al. 2011; Sun et al. 2019). A study 
investigating maternal Se supply in heat-stressed sows showed that short-term 
supplementation during late gestation and lactation did not affect fetal growth 
regardless of environmental conditions. On the other hand, it improved piglet 
pre-weaning survival, colostrum, and milk composition, as well as maternal sele-
nium antioxidant status and immunoglobulin transfer were observed at both 
thermoneutral and hot ambient conditions (Chen et al. 2019b). Supplementation of 
heat-stressed growing pigs with Se reduced proinflammatory gene expression, in the 
jejunum protecting against intestinal barrier disruption (He et al. 2022). Nonetheless, 
short-term supranutritional doses (1 mg/kg of feed) do not seem efficient in 
re-enforcing antioxidant defenses or attenuating other physiological HS responses 
besides a reduction in rectal temperatures (Liu et al. 2018b). 
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Zinc (Zn) is an essential mineral with a wide array of biological functions in 
addition to its role in free radicals suppression by activating endogenous 
antioxidative enzymes, including GSH-Px, SOD, glutathione S-transferase, and 
HO-1. Maximum dietary inclusion levels are regulated in the European Union 
(150 mg/kg and 120 mg/kg feed for pigs and poultry). There are several commer-
cially available organic zinc sources (e.g., Zn protein, Zn amino acid, or Zn 
picolinate) or inorganic zinc sources (ZnCl2, ZnSO4, or ZnO). Dietary inclusion 
levels in the range of 40–60 mg/kg of feed have been shown to exert beneficial 
effects on poultry thermal tolerance. Studies in broilers, laying hens, and quails 
demonstrate improved antioxidant status by increasing SOD and GSP-Px activities 
and reduced levels of lipid peroxidation (Sahin and Kucuk 2003; Rao et al. 2016; 
Saleh et al. 2018). Zhu et al. found that high-level Zn supplementation in maternal 
breeder diets (110 mg/kg of feed), regardless of Zn sources, alleviated the negative 
effect of maternal heat stress on hatch chick quality and survivability, subsequent 
performance during the starter period and meat quality in comparison to



nonsupplemented diets (Zhu et al. 2017). Greater biological antioxidant activities 
and immunomodulatory effects have been observed following organic in compari-
son to inorganic forms in heat-stressed broilers with a concentration (Akhavan-
Salamat and Ghasemi 2019). Commercially available amino acid complexed Zn 
(120 mg/kg of feed) has been shown to improve intestinal barrier function and villi 
architecture in pigs following exposure to acute short-term (12h) HS (Pearce et al. 
2015). In a separate study, dietary supplementation of the same product at the same 
level reduced inflammatory cytokine levels in heat-stressed pigs, which may be 
linked to its effect on intestinal barrier function (Mayorga et al. 2018). In steers, 
effects on intestinal morphology were more pronounced following partial substitu-
tion of ZnSO4 by Zn AA complex at a total supplementation level of 75 mg/kg 
(Opgenorth et al. 2021). In cows, the same dose of this Zn complex improved 
mammary epithelium integrity (Weng et al. 2018). 
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In addition to Zn and Se, other microminerals may have higher physiological 
requirements in HS conditions. Studies have shown that dietary levels of Cu 
(El-Kassas et al. 2018) and Mg (El-Kassas et al. 2018; Estevez and Petracci 2019) 
may also influence thermal tolerance. Commercially available chelated-trace ele-
ment additives may include multiple microminerals and their supplementation has 
been shown to mitigate some of the effects of HS (Saleh et al. 2020; Baxter et al. 
2020). The effects of chromium (Cr) supplementation in HS conditions have been 
extensively reviewed elsewhere (Bin-Jumah et al. 2020). Although positive effects 
surrounding its use have been observed, Cr additive supplementation has not been 
yet authorized for use in the EU, and its utilization is tightly regulated in the USA by 
the Food and Drug Administration (FDA) (Spears 2019). 

11.2 Vitamin Supplementation 

Vitamin E (a-tocopherol) is a nonenzymatic lipid-soluble, chain-breaking exogenous 
antioxidant that protects cellular membranes against lipid peroxyl radicals. In the 
presence of vitamin E, peroxyl radicals react with α-tocopherol instead of lipid 
hydroperoxide, stopping peroxyl radical production, and preventing further oxida-
tion of polyunsaturated fatty acids in cell membranes (Lee and Han 2018). It has 
been argued that antioxidant activities may in fact account for the majority of the 
observed effects following its dietary supplementation (Traber and Atkinson 2007). 
Its potent immunomodulatory functions are related to its antioxidant functions in 
immune cell membranes, which are rich in polyunsaturated fatty acids and display 
high metabolic activities, and are thus susceptible to oxidative damage under 
conditions of chronic inflammation (Lewis et al. 2019), as in the case of chronic 
HS exposure. Vitamin E is routinely included in all premixes, commercialized as 
α-tocopheryl-acetate or α-tocopheryl-succinate, as it is insufficiently and variably 
present in feed ingredients. Across livestock species, dietary vitamin E inclusion 
levels may vary significantly. There is a wide discrepancy between what is 
recommended by the NRC, breeders, and vitamin suppliers and what is applied in 
commercial practice. Herein, we will assess the efficacy of offering supranutritional



vitamin E supplementation levels, i.e. levels way beyond what is considered as the 
requirement according to different sources. It is noteworthy that vitamin E supple-
mentation represents a significant cost in animal premixes; therefore, administration 
of supranutritional doses is challenging from an economic standpoint. Recent litera-
ture reviews in heat-stressed poultry indicate that supranutritional levels between 
150 and 500 mg/kg of feed have exerted positive effects on feed efficiency, an 
endogenous antioxidant enzyme, and lipid peroxidation status, with effects 
extending on egg mass, quality, and oxidative status in laying hens (Horváth and 
Babinszky 2018; Shakeri et al. 2020; Abdel-Moneim et al. 2021). Studies on the 
effects of supranutritional levels of vitamin E in isolation that is, without 
manipulating the inclusion level of other additive components, in heat-stressed 
mammalian species are scarce. The addition of 200 IU of vitamin E/kg of feed 
over 14 days did not alleviate oxidative stress in growing pigs under HS and did not 
impact rectal temperature and respiration rate (Liu et al. 2018a). 
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Another vitamin that has been shown to be efficient in mitigating HS in poultry is 
vitamin C (l-ascorbic acid). Among its multiple biological roles, including hormone 
biosynthesis (Shakeri et al. 2020), vitamin C functions act as a water-soluble 
antioxidant acting as a scavenger of ROS. Importantly, it works in conjunction 
with vitamin E as it regenerates membrane-bound α-tocopherol from its oxidized 
form of α-tocopheroxyl radicals, improving vitamin E recycling and utilization 
efficiency (Idamokoro et al. 2020). It has been argued that vitamin C synthesis, 
especially in poultry, may be inadequate to cover requirements in conditions that 
generate oxidative stress, and its circulating concentrations have been shown to be 
substantially decreased under HS conditions. Previous literature reviews have 
established that dietary supplementation with vitamin C at doses ranging from 
150 to 250 mg/kg in broilers and 250–500 mg/kg in laying hens across studies 
improved HS responses (Horváth and Babinszky 2018; Shakeri et al. 2020). 
Although physiological requirements for vitamin C seem to be sufficiently covered 
by endogenous synthesis in mammalian species, decreases in plasma vitamin C 
concentration have been observed in lactating cows (Padilla et al. 2006) and its 
supplementation may be beneficial under stressful situations (Akinmoladun 2022). 
Nonetheless, there is scarce evidence of dietary vitamin C efficacy in heat-stressed 
ruminants and pigs, and further research is required (Akinmoladun 2022; Li et al. 
2022). 

Of particular interest for heat stressed ruminants is nicotinic acid (niacin; B3). It 
has long been known to cause intense skin flushing, which increases peripheral heat 
loss (Chen et al. 2019a). Rungruang et al. (2014) demonstrated that the blood niacin 
concentration of dairy cows is decreased by HS, which suggests that a greater dietary 
supplementation level may be required. Overall, in the majority of performed 
studies, niacin seems to effectively reduce dairy cow body temperature. Feeding 
12 g/d of rumen-protected niacin increased free plasma niacin levels and evaporative 
heat loss during peak thermal load and was associated with a small but detectable 
reduction in rectal and vaginal temperatures in dairy cows experiencing a mild 
thermal load (Zimbelman et al. 2010). The trial was repeated under commercial 
farm conditions and similarly, reduced vaginal temperatures in lactating dairy cows



supplemented with 12 g/d of rumen-protected niacin (Zimbelman et al. 2013). These 
results were not validated in a subsequent dose-response study (Rungruang et al. 
2014), which nonetheless demonstrated an increase in water intake, which is known 
to be limiting for high-producing dairy cows experiencing heat stress (Collier et al. 
2019). The study of Pineda et al. (2016) observed a decrease in vaginal temperatures 
upon supplementing 15 g/d to heat-stressed cows, having no effect in cows raised 
under thermoneutral conditions. Although milk yield seems to be relatively unaf-
fected by niacin supplementation, increased milk fat percentage (Zimbelman et al. 
2010; Pineda et al. 2016) and total fat yield (Lohölter et al. 2013) have been 
observed. 
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Although supplementation of other vitamins belonging to the B complex may be 
of interest due to their relevant biological roles, more research is required to 
determine their optimum supplementation levels under stress conditions (Akinyemi 
and Adewole 2021), not to mention under HS conditions. 

12 Electrolytes and Dietary Electrolyte Balance 

The efficacy of dietary supplementation with electrolytes to alleviate HS in poultry 
has long been investigated. In broilers, to compensate for the increased excretion via 
the kidney of minerals during alkalosis, it is beneficial to include increased electro-
lyte levels containing K+ , Na+ , and Cl-, while maintaining an increased dietary 
electrolyte balance (DEB), which is expressed as DEB = (K+ +Na+ - Cl-) (Mongin 
1981; Borges et al. 2007; Sayed and Downing 2015). Providing increased levels of 
individual or multiple electrolytes such as sodium bicarbonate (NaHCO3), sodium 
chloride (NaCl), ammonium chloride (NH4Cl), potassium chloride (KCl), potassium 
sulfate (K2SO4), especially in the form of water-soluble additives is a commonly 
employed strategy during HS exposure in poultry (Mushtaq et al. 2013). As a result 
of their efficacy, several commercial additive solutions contain electrolytes. Their 
supplementation is crucial to increase water intake and consequently FI and growth 
rates and promotes body water retention, assisting heat dissipation and limiting 
dehydration (Ahmad et al. 2005). The comparative efficacy of dietary electrolytes 
is not equal; higher growth rates have been recorded in heat-stressed broilers 
provided with NaHCO3 compared to those provided with Na2CO3 when the DEB 
was identical (Balnave and Muheereza 1997). 

Similarly, dietary supplementation with NaHCO3 was the most effective among 
different Na salts in improving performance and reducing mortality in diets with a 
constant DEB value (Ahmad et al. 2005, 2006). There are implications arising from 
maintaining a higher electrolyte balance, and the dietary supplementation levels with 
different electrolytes containing Na and K may differentially affect water intake 
responses in growing broilers and turkeys (Mushtaq et al. 2013) and, as a conse-
quence, adversely impact litter quality parameters and footpad dermatitis develop-
ment (Mushtaq et al. 2013; Swiatkiewicz et al. 2017). As a result, targeted electrolyte 
supplementation in water-soluble additive solutions during the period of heat stress 
exposure is advisable, especially in temperate climates faced with heat waves. In



heat-stressed laying hens, dietary supplementation with NaHCO3 is considered 
important as it partially restores defective eggshell quality due to improved eggshell 
mineralization (Balnave and Muheereza 1997). The majority of studies investigating 
electrolyte supplementation in the form of NaHCO3 and KCl have been shown to 
improve dairy cow thermotolerance as indicated by restored acid-base balance, and 
lowered core temperature, while increasing FI and milk yield (Coppock et al. 1982; 
Tucker et al. 1988; West et al. 1991, 1992). Although there are numerous studies 
manipulating DEB in pigs, only a few have investigated the application of 
electrolytes in HS conditions. In growing-finishing pigs raised in heat stress 
conditions, feed intake (FI) and weight gain increased linearly with increasing 
dietary energy balance (DEB) up to 400, and this was accompanied by concomitant 
increases in blood pH, HCO3, total CO2, and Na concentration (Haydon et al. 1990). 
Although feeding sows diets with an increased DEB levels resulted in increased 
weaning piglet weight, effects were independent of season (warm vs cold) and DEB 
levels were inconsequential in relation to other sow performance parameters (Dove 
and Haydon 1994). 
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13 Betaine 

It is beyond the scope of this paper to review macronutrient formulation approaches 
in HS conditions, such as modifications in protein and energy density, EAA profile, 
fat, and fiber levels, etc., as it is an active field of research in its own right. However, 
particular attention has to be drawn to the dietary levels of methionine, choline, and 
betaine, which are the primary sources of methyl donors in animals, and of B 
complex vitamins which act as cofactors in one-carbon metabolism (McFadden 
et al. 2020; Fu et al. 2022). Although there are studies that have investigated the 
effects of dietary supplementation of methionine in heat-stressed broilers (Brake 
et al. 1998; Del Vesco et al. 2015) and dairy cows (Pate et al. 2020) and choline in 
lactating and growing ruminants (Habeeb et al. 2017; Holdorf and White 2021) 
recording positive effects, the vast majority of research across farm animals has 
focused on betaine supplementation. 

Betaine is a modified amino acid consisting of glycine with three methyl groups 
(trimethylglycine). It is present in various dietary ingredients and is also endoge-
nously produced by choline (Eklund et al. 2005). Betaine, as a dietary additive, may 
be offered in feed but also in water due to its high solubility as betaine 
monophosphate, anhydrous betaine, and betaine hydrochloride (Alagawany et al. 
2022). Upon dietary intake, it is readily absorbed by the small intestine of monogas-
tric (Kettunen et al. 2001) and ruminants (Nakai et al. 2013) and enters hepatic cells. 
Its main functions are (1) to serve as a source of methyl groups in one-carbon 
metabolism and (2) to act as an organic osmolyte and chemical chaperone regulating 
cell volume and protecting cells from stress (Day and Kempson 2016). 

Its methyl donor function relates to the re-methylation of homocysteine to 
methionine. Briefly, the transmethylation of betaine in the methionine cycle 
catalyzes homocysteine to form methionine principally in the mitochondria of



liver and kidney cells (Obeid 2013). This reaction replenishes the pool of methio-
nine, rendering it available to exert its functions related to protein synthesis and for 
methyl group transfer to synthesize numerous substances such as creatine, phospha-
tidylcholine, carnitine, adrenaline, methyl purines as well as methylated amino acids 
(Eklund et al. 2005). Via the transsulfuration pathway, homocysteine is irreversibly 
converted to cysteine, which in turn leads to the formation of the endogenous 
antioxidant glutathione (GSH) the non-protein amino acid taurine, and other 
metabolites which are increasingly required in oxidative stress conditions 
(McFadden et al. 2020; Rakhshandeh et al. 2020; Uyanga et al. 2022). Under 
increased oxidative stress, betaine’s contribution to the detoxification of homocyste-
ine is significant as hyperhomocysteinemia induces oxidative stress and apoptosis 
(Zhao et al. 2018a) with pronounced impacts on reproductive function (Rizzo and 
Sciorsci 2019). Effects related to its methyl donor functions have to be considered in 
tandem with the supplementation levels of other metabolites participating in 
one-carbon metabolism. At least in broilers offering adequate methionine and 
choline levels may limit some of the expected beneficial effects attributed to betaine 
supplementation (Sakomura et al. 2013; Mahmoudi et al. 2018; Park and Kim 2019; 
Sahebi Ala et al. 2019; Sahebi-Ala et al. 2021). Its second role relates to its osmolytic 
activity, as intact betaine inhibits cellular dehydration during heat stress conditions 
by minimizing water loss against the prevailing osmotic gradient maintaining 
cellular integrity, and protecting proteins against heat denaturation (Lever and 
Slow 2010; Day and Kempson 2016). Importantly, accumulation of intact betaine 
intracellularly occurs in the intestine and liver, which are majorly affected by HS 
(Kettunen et al. 2001; Clow et al. 2008; Le et al. 2020). 
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There is a large body of scientific studies addressing the effects of betaine 
administration in heat-stressed broilers and laying hens and is an active field of 
research. Beneficial effects of betaine administration in broilers and laying hens are 
not consistently observed across studies likely due to differences in their dietary 
supplementation levels, basal diet nutrient characteristics such as protein level and 
methyl donor supply, and the modality of the HS models used. In reviewing the 
literature, Ratriyanto and Mosethin (2018) demonstrated that dietary supplementa-
tion between 500 and 2000 mg/kg of feed may improve multiple parameters such as: 
(1) broiler and hen performance, (2) broiler carcasses characteristics such as 
increased breast meat yield and reduced abdominal fat composition, (3) eggshell 
and egg quality, (4) improved cockerel breeder semen quality and egg hatchability, 
(5) decreased respiration rates and rectal temperatures, (6) improved nutrient digest-
ibility, (7) decreased rectal temperatures and respiration rates, and maintenance of 
electrolyte levels and blood gas concentrations, (8), improved gut barrier integrity 
and antioxidant status, and (9) hormonal function reflected by decreased corticoste-
rone concentration and increased thyroid function (Ratriyanto and Mosenthin 2018). 

Although results from studies in broilers generally support its utilization in HS 
conditions, results in growing-finishing pigs are conflicting. In a study investigating 
short-term effects of betaine supplementation (1250 mg/kg of feed) in heat-stressed 
growing pigs, reduced respiration rates, gut permeability, and decreased rates of 
intestinal associated injury were reported (Kellner et al. 2016). In late-finishing pigs



housed in high environmental temperatures, dietary betaine supplementation 
(2000 mg/kg of feed) did not alter carcass composition but significantly reduced 
FI and ADG, whereas betaine supplemented at 625, 1250, and 1875 mg/kg of feed, 
elicited a quadratic decrease in carcass yield and did not improve pig performance 
(Mendoza et al. 2017b). In a companion study, although betaine (1000 mg/kg of 
feed) apparently alleviated some of the effects of HS, performance remained unaf-
fected (Mendoza et al. 2017a). Beneficial effects have been observed when offering 
1000 mg/kg of betaine although essential oil supplementation was more effective in 
alleviating HS effects (Lan and Kim 2018). In gestating sows, betaine supplementa-
tion has been shown to yield positive results. This is likely related to its ability to 
reduce homocysteine concentrations and its activities as a methyl donor, 
thereby sparing the conversion of methionine to homocysteine. The concentration 
of homocysteine is linked with reduced reproductive outcomes in multiple species 
(Rizzo and Sciorsci 2019). Adding betaine to summer gestation diets in a large field 
study increased litter size, especially in sows with more parities (van Wettere et al. 
2012). In pigs, the homocysteine concentration is age-dependent. In fact, plasma 
homocysteine levels are lower in nulliparous than in multiparous sows, which may 
explain these results. It has been illustrated that betaine supplementation (3000 
mg/kg of feed) in lactating sows during the summer months from 2d before 
farrowing until weaning d21 of lactation over the hot summer increased FI and 
reduced weaning to estrous intervals (Cabezón et al. 2016). A subsequent study 
offering betaine (2200 mg/kg of feed) reduced weaning to estrous intervals and was 
associated with a larger follicle size (Cabezón et al. 2017). 
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Dietary rumen unprotected betaine largely escapes microbial degradation and is 
available for uptake in the small intestine (McFadden et al. 2020). A lower efficacy 
of dietary betaine supplementation in HS conditions compared to thermoneutral 
conditions has been previously observed in dairy cows. Milk production and com-
position were similar between mid-lactation cows that had consumed betaine 
supplements to the control group (Hall et al. 2016), although feeding the same 
quantities improved performance in thermoneutral conditions. In stark contrast, 
Zhang et al. (2014) offered 15 g/day to heat-stressed dairy cows for 8 weeks 
which increased FI, milk production, lactose, and milk protein content (Zhang 
et al. 2014). Moreover, antioxidant capacity was improved based on the increase 
of plasma cortisol, GPx, SOD, and malondialdehyde levels. A similar improvement 
in milk yield by feeding rumen unprotected betaine (15 g/d) was also observed in 
heat-stressed lactating cows under a partial grazing system (Dunshea et al. 2019). 
Finally, a recent study (Shah et al. 2020) showed improved milk yield, protein, and 
fat content and digestibility at a dose of 15 g/d but not at 30 g/d. From the 
aforementioned results, it is evident that heat-stressed dairy cows may benefit from 
lower levels of betaine supplementation than in thermoneutral conditions, but the 
biological reason behind this phenomenon warrants further investigation.
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14 Probiotics, Prebiotics, and Postbiotics 

Both in monogastric and ruminant species, the utilization of probiotics, prebiotics, or 
postbiotics may yield positive effects. As previously described, HS impairs intestinal 
health and function and leads to the development of dysbiosis, which is defined as a 
deregulation of gut microbiota composition. It is typically characterized by the 
proliferation of pathogenic genera and decreased intestinal abundance of beneficial 
species. In both broilers and pigs beneficial species as Lactobacillus and 
Bifidobacterium are reduced (Song et al. 2014; Zhang et al. 2017b; Xia et al. 
2022), while increased viable counts of opportunistic pathogens are observed 
(Ringseis and Eder 2022 for a recent review). The use of probiotics and prebiotics, 
which are covered in detail in Chapter 8, has been shown to partially restore the 
effects of HS on microbiota composition and intestinal barrier function and integrity 
in heat-stressed broilers. The readers are referred to the recent reviews for further 
information on the topic (Patra and Kar 2021; Ringseis and Eder 2022). Overall, they 
benefit intestinal health by promoting the growth of beneficial commensal bacteria, 
inhibiting the growth of pathogens, degrading bacterial antigens, strengthening the 
gut barrier, downregulating inflammatory processes, and stimulating gut immunity 
(Cristofori et al. 2021). Observed effects mediated by probiotic strains may extend to 
alterations of feeding behavior and expression of thermoregulatory mechanisms 
(e.g., rises in skin temperature) by affecting the microbiota-gut-brain axis (Serviento 
et al. 2022). Postbiotics, which consist of the metabolites and bioactive compounds 
produced from live probiotic organisms that have been inactivated by different 
methods (Zhong et al. 2022), may also mediate some of the effects of probiotics 
and promote heat stress tolerance (Humam et al. 2020). Their application consists of 
a relatively novel field of research in the context of animal feed additives in HS 
conditions and further research is required. 

In ruminants, yeast products are commercially available and have been long 
researched in the context of HS. These may be yeast cultures that consist of 
fermentation by-products, which contain compounds that affect the growth of 
various types of rumen bacteria and protozoa. In contrast, active live dry yeast are 
products that, by definition, must contain >15 billion live yeast cells/g. The most 
common source is Saccharomyces cerevisiae. Their effect is assumed dependent on 
the yeast cell being alive in the rumen to mediate its effects (Poppy et al. 2012). The 
activities of live yeast or yeast cultures are strongly linked to subclinical rumen 
acidosis conditions (rumen pH <6.25), with feeding high-concentrate diets being a 
predisposing factor. Low rumen pH is known to inhibit FI and cell wall digestion, 
reducing the diet's energy value, especially that of the forage component. Typical 
symptoms include alterations of the volatile fatty acid profile in rumen fluid with low 
acetate-to-propionate ratios and accumulation of lactic acid. Since ruminal acidosis 
is one of the hallmarks of HS in dairy cows’ studies with supplementation of yeast 
cultures and dry yeast in HS conditions have been carried. The favorable effects are 
associated with the growth stimulation of cellulolytic bacteria (capacity to remove 
oxygen from the ruminal environment) thereby increasing the potential to enhance 
fiber digestion, enhancing the growth of lactic acid utilizing bacteria decreasing its



concentration in ruminal fluid and, therefore, improve the ability to mitigate a 
decline of rumen pH after feeding (Kumprechtová et al. 2019). Bach et al. (2007) 
suggested that one of the mechanisms by which live yeast increases the ruminal pH 
and reduces the risk of subacute ruminal acidosis is by altering feeding patterns; 
yeast-supplemented cows show increased meal frequency, which is thought to 
alleviate the acid load in the rumen. DeVries and Chevaux (2014) showed that 
offering live yeast indeed resulted in longer rumination time, smaller meal sizes, and 
more meals per day. In a more recent study (Dias et al. 2018a), it has been shown that 
supplemented cows had 1.2 more meals per day with the same meal duration. Rumen 
modifiers such as yeast products may result in a more consistent fermentation pattern 
that improves volatile fatty acid production and fiber digestibility, and allow a 
quicker return to eating. Although, an amelioration of rumen acidosis would allow 
for an increased FI and milk yield, these effects are not consistently observed. In the 
majority of trials, an increased efficiency of feed conversion to milk has been 
reported, likely related to improved rumen function and altered feeding patterns. 
An increase in rumen pH (Moallem et al. 2009; Perdomo et al. 2020) and an 
alteration of feeding behavior patterns have been confirmed in HS conditions 
(Perdomo et al. 2020). Increased rumen acetate concentration (Perdomo et al. 
2020) and reduced concentrations of lactate and butyrate proportions have been 
observed (Salvati et al. 2015). One study has demonstrated improved digestibility 
(Perdomo et al. 2020) of both NDF and CP, likely due to improved rumen fermen-
tation and microbial protein synthesis and increased nutrient flow to the small 
intestine and dairy cow performance. However, this was not the case in other studies 
assessing nutrient digestibility (Moallem et al. 2009; Dias et al. 2018b). The greater 
plasma niacin concentration in yeast-fed animals is a plausible explanation for the 
reduced rectal and skin temperatures and respiration rate. The vasodilatory effects of 
niacin support the increased sweating rate or reduced rectal temperatures observed 
(Salvati et al. 2015; Dias et al. 2018b). A lower acute phase protein response 
(Perdomo et al. 2020) and increased glucose concentrations have also been 
observed in response to feeding yeast cultures, which may be attributed to a 
reduction of elevated immune system requirements caused by acidosis (Dias et al. 
2018b), or greater synthesis of propionate, a precursor for glucose synthesis (Nasiri 
et al. 2018). 
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15 Concluding Remarks and Perspectives 

The effects of HS on animal biology is a field of rigorous investigation due to the 
magnitude of economic losses expected to increase further in the future, challenging 
the sustainability of animal production. Along with our increased understanding of 
its consequences, there has been extensive research on the application of additive 
solutions to mitigate its deleterious effects. In this chapter, I have provided a brief 
overview of the research conducted on some of the most widely used commercially 
available additives authorized for global use, which mitigate the effects of heat stress 
(HS) in various farm animal species at different stages of production. Since different



additives act on different levels, specific dietary combinations may confer a multi-
layered protection against the myriad insults of HS. Although there are studies 
investigating combined supplementation of additives, these usually consist of 
combinations between vitamins and microminerals. It is arguably difficult to capture 
the optimum combinations and doses of feed additives simultaneously, not to 
mention establishing appropriate levels of co-supplementation, due to experimental 
limitations. Regardless of the approach taken, successful additive solutions should 
limit oxidative stress and inflammation and safeguard intestinal health and function. 
Currently, there are multiple cost-effective additive solutions tailored to different 
species exposed to different modalities of HS. Technological developments and 
research advances in the field will inevitably lead to the formulation of even more 
efficient feed additive solutions. 
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Abstract 

Viral infection is a major devastating challenge in the livestock industry. Hardy to 
completely eradicate the virus, the emergence of new variants accompanied by 
high morbidity and mortality further substantiates the problems in poultry, 
ruminant, and swine farms. Notifiable diseases caused by virus infection such 
as avian influenza (AI), infectious bursal disease (IBD), Newcastle disease (ND), 
foot and mouth disease (FMD), Aujeszky’s disease, classical swine fever (CSF),
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and other viral diseases are controlled by vaccination, proper husbandry, and 
strict biosecurity. The nutritional factors also play a pivotal role in ensuring 
optimum growth and immunity of the livestock as well as safeguarding sustain-
able food security as a protein source to human. Continuous global demand 
requires crucial maintenance of the good quality and value of livestock-based 
protein. It could be achieved by keeping the livestock in constant good health and 
by receiving proper and adequate nutrition. In order to fulfill the needs, feed 
additives are designed to be supplemented to animal feeds to improve the feed 
taste, stabilize gut microbes and to compensate nutritional deficiencies. In addi-
tion, feed additives function as antiviral, antioxidant, anticancer and exert 
immunostimulatory effects in combating pathogen. In this chapter, antiviral 
effects of feed additives are discussed by categories, namely, nutritional 
additives, zootechnical additives, natural additives, technological additives, and 
sensory additives. Most of the antiviral effects of the additives are studied for the 
usage in livestock, while some examples of additives are based on human virus 
studies, which could be potentially utilized for further usage in future in livestock.
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1 Introduction 

Feed additives are an important product that contains chemical or natural substances, 
microorganisms, or mixtures that function to improve the feed taste, increase 
consumption, stabilize gut microbes, and to enhance the supplementation of nutrient 
deficiencies in livestock (Górniak et al. 2018). The usage of feed additives is pivotal 
in the supplementation of good nutrition to the livestock, thus enhancing the 
immunity of the livestock in combating pathogens particularly caused by viral 
infection (Thirumdas et al. 2021). Notifiable viral diseases such as avian influenza 
(AI), infectious bursal disease (IBD), Newcastle disease (NDV), foot and mouth 
disease (FMD), Aujeszky’s disease and classical swine fever (CSF), and other viral 
diseases are major problems in farms (WOAH 2020). Combined effects of proper 
husbandry, herd health program includes vaccination, strict biosecurity together with 
supplementation of nutrition with good quality feed additives will ensure optimum 
health of the livestock. Antiviral effects of feed additives are discussed based on 
categorical value, namely, nutritional additives, zootechnical additives, natural 
additives, technological additives, and sensory additives as shown in Table 1. 

1.1 Nutritional Additives 

Nutritional additives are macronutrients and micronutrients that are required in 
livestock feed to enrich the nutrients and restore the loss of nutrients or prevent



nutrient deficiencies. Therapeutic antiviral and immune booster functions of 
micronutrients such as vitamins and minerals as well as macronutrients such as 
polysaccharides, peptides, and fatty acids will be discussed in this section. 
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Table 1 Categories of 
feed additives and their 
examples 

Categories of feed additives Examples 

Nutritional additives • Vitamins and minerals
• Polysaccharide
• Peptide/amino acid
• Fatty acid 

Zootechnical additives • Probiotics
• Prebiotics
• Synbiotics 

Natural additives • Essential oils
• Algae 

Technological additives • Preservatives
• Antioxidant
• Emulsifiers 

Sensory additives • Flavorings
• Colorings 

Note: These feed additives exert antiviral properties and immuno-
modulatory effects following several viral infections 

1.1.1 Vitamins and Minerals 
In poultry production, diseases like Newcastle diseases, avian influenza, and infec-
tious bursal disease virus (IBDV) are controlled by vaccination. Studies have shown 
that the addition of nutritional additives such as vitamins and minerals inhibits viral 
activity and promotes the immune system in combating viral infection. 

Vitamin E or tocopherol is a potent antioxidant that is also capable of enhancing 
immunity. In Newcastle disease virus (NDV), vitamin E has been shown to amelio-
rate the oxidative stress effects evidenced by histopathological changes in the 
gastrointestinal tract of the experimental chicken (Rehman et al. 2018). 

Vitamin D is a fat-soluble secosteroid that is important for supporting the immune 
system and increasing certain minerals’ intestinal absorption such as magnesium, 
calcium, and phosphate. In infectious bursal disease virus (IBDV) infection, a strong 
innate response was shown following vitamin D supplementation by the production 
of proinflammatory cytokines and several toll-like receptors that generate a good 
antiviral activity of the supplement (Jaime et al. 2020). 

Selenium is a trace mineral and essential for metabolism, production, immune 
response, and improved cognition. Deficiency of selenium in livestock leads to 
immunosuppression, infertile, low milk yields, and reduced weight gains (Hefnawy 
and Tórtora-Pérez 2010). Supplementation of broiler chicken with selenium has 
increased serum antibody titer following highly pathogenic avian influenza infec-
tion, H5N1 suggestive of protective immunity against the infection (Liao et al. 
2012). 

In the swine industry, the usages of nutritional additives such as vitamins and 
minerals also have shown a positive effect in combating viral infection.



Supplementation of vitamin D to weaned pigs has reduced intestinal damage caused 
by porcine epidemic diarrhea (PEDV) and protected further inflammatory lesions on 
the gastrointestinal tract of the pigs (Yang et al. 2019). 
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Supplementation of selenium minerals also has shown antiviral effects against 
porcine circovirus type 2 (PCV2), a causative agent of postweaning multisystemic 
wasting syndrome (PMWS). PCV2 replication was inhibited and anti-oxidant effects 
of selenium were demonstrated following in vitro study (Pecoraro et al. 2022). 

Moreover, the usage of vitamins and minerals as antiviral and immune boosters 
has also been demonstrated in many human in vitro and murine models. Vitamin A 
exerts antiviral properties and has been shown in influenza A virus, measles, SARS-
CoV2, and HIV (Semba et al. 2005; Mullin 2011; Sarohan (2020)). While vitamin D 
has been shown to have positive effects in inhibiting viral infection of HIV, hepatitis 
C virus, SARS-CoV2, and influenza virus (Abu-Mouch et al. 2011; Grant et al. 
2020; Akimbekov et al. 2020). Similarly, Mitchell et al. (2017), Reboul (2017) and 
Colunga Biancatelli et al. (2020) reported that vitamin E has antiviral effects on the 
influenza virus, hepatitis B virus, and RSV. Supplementation of vitamin C also had 
shown antiviral properties following infection with influenza virus, SARS-CoV 
2, and HIV (Banerjee and Kaul 2010; Brinkevich et al. 2012; Carr 2020). 
Combinations of vitamin A and E have been shown to have substantial antioxidant 
effects and enhance the immune system in the influenza virus (Tantcheva et al. 
2003). In addition, the administration of minerals like zinc and copper also has 
demonstrated antiviral effects in HIV, HSV, hepatitis C virus, human papillomavi-
rus, influenza, and measles [(Lazarczyk et al. 2008; Awotiwon et al. 2017; Alpert 
2017; Gupta et al. 2019; Vincent et al. 2018; Shah et al. 2019; Read et al. 2019). 

1.1.2 Polysaccharide (Carbohydrate Origin) 
Polysaccharide or glycan is a large and polymeric carbohydrate nutrient such as 
fructan, glycogen, starch, chitin, hyaluronic acid, and cellulose that contain a long 
chain of small sugar molecules or monosaccharide units. The chain is linked by a 
glycosidic bond with a formula known as (C6H10O5). Functionally, this macromol-
ecule is essential for energy storage as well as structural organization for plant and 
animals. In addition to that, therapeutic effects such as antiviral, antineoplastic, and 
antioxidants of polysaccharides have been demonstrated together with immunomod-
ulatory effects (Chang et al. 2015). 

Fructans such as inulin originated from natural resources such as garlic, onion, 
and herbal plants (Dobrange et al. 2019) exert great antiviral effects in highly 
pathogenic avian influenza virus (HPAI from H5- and H-7 subtypes), swine-origin 
influenza (S-OIV), and human influenza type H1N1-type IV studies (Pleschka et al. 
2009). Fructans from inulin were able to inactivate all of these viruses in cell culture 
assays. It also interferes with these viruses to bind in red blood cells (RBCs) in 
hemagglutination assay, thus inhibiting the viral entry into the cells by interfering 
with the viral HN proteins to bind with the cellular receptors on the RBCS (Hayashi 
et al. 2012). In another study, fruit-origin resveratrol oligosaccharides demonstrated 
antiviral properties by inhibiting SARS-COV2 infection in human lung cells in vitro 
study. In vitro and in vivo murine model studies inoculated with herpes simplex



virus type 2 (HSV-2), fructan demonstrated a strong immunomodulatory effect by 
inducing productions of immunostimulatory cytokines and viral replication inhibitor 
(Lee et al. 2011). Moreover, fructan is able to produce anti-influenza A neutralizing 
antibodies following influenza A inoculation in mice in vivo. In another study by He 
et al. (2020), polysaccharide is able to promote viral clearance and interfere with the 
viral replication process. 
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Meanwhile, other polysaccharide such as sulfated polysaccharides has been 
shown to exert antiviral properties. Sulfated polysaccharides such as galactan, 
galactofucan, fucoid, and ulvan that could be acquired from herbal plants could 
interfere with the viral replication process. Interaction of sulfated polysaccharide 
with herpes simplex virus, hepatitis virus, influenza virus, coxsackievirus B3, 
rotavirus, HIV, and enterovirus causes failure of viral adsorption into the target 
cells (Chen and Huang 2018; He et al. 2020). Induction of T cells and cytokines 
following sulfated polysaccharide administration following infection with herpes 
simplex virus, SARS-COV2, and HIV clearly indicates that sulfated polysaccharide 
could enhance immune response and combat viral infections (Tuvaanjav et al. 2016; 
Lee and Han 2018). 

1.1.3 Peptide 
Peptides or proteins are macromolecules that contain a chain of amino acids that 
serve for defense, organization, development, and transportation. Proteins such as 
lactoferrin (originated from milk) and lectin exert antiviral effects and activate innate 
immunity as an initial defense mechanism. In HIV and herpesvirus infection, 
lactoferrin is able to inhibit viral attachment in the susceptible cells and cease the 
viral replication (Jenssen 2005; Macan et al. 2019). In review paper by Wakabayashi 
et al. (2014), lactoferrin is demonstrated as a competent antiviral against several 
human and animal viruses that lead to respiratory illness (respiratory syncytia virus, 
parainfluenza, influenza A, and avian influenza) such as common cold or gastroin-
testinal illness (rotavirus, feline calicivirus, and murine norovirus) such as diarrhea 
as well as in herpes virus infection. In this virus infection, lactoferrin serves as an 
antiviral by preventing attachment and entry to the target cells. 

Lectin, on the other hand, could bind to the envelope of the virus and alter the 
conformational structure which further inhibits viral attachment into the cells has 
been shown in HIV, SARS-CoV, and hepatitis C virus (Tuvaanjav et al.,2016; 
Keyaerts et al. 2007; Mazalovska and Kouokam 2018). The immunomodulatory 
effect of lectin also has been shown in herpesvirus infection by increasing the 
division of natural killer lymphocytes and inhibiting the infection (Wetprasit et al. 
2000). 

1.1.4 Fatty Acid 
Fatty acids or lipids such as phospholipids, monoglycerides, waxes, fats, and others 
are important for cell membranes’ structural components, signaling, and storing 
energy. Lipid is also beneficial to a pathogen such as a virus as lipid is needed to 
support their infection. While some fatty acids also exert antiviral effects and 
enhance the host immune system. Unsaturated fatty acids, namely, linoleic, oleic,



or arachidonic were shown to promote the loss of infectivity ability of several 
envelope viruses such as arbovirus, paramyxovirus, and herpesviruses in animal 
cells. The disruption of these viruses’ envelope evidenced by electron microscope is 
believed to be the mechanism of fatty acids as antiviral (Kohn et al. 1980). Other 
than that, other types of fatty acids (such as PUFA, lipoxin, palmitate, lauric acid, 
arachidonic acid, and others) have been demonstrated to have antiviral effects and 
induce immune defense system in the interaction with several viruses such as SARS-
CoV-2, MERS-CoV, SARS-CoV, arenavirus, herpes simplex virus, respiratory 
syncytia virus, influenza A and hepatitis C virus (Bartolotta et al. 2001; Hilmarsson 
et al. 2007; Martín-Acebes et al. 2012; Schönfeldt et al. 2016). PUFA or polyunsat-
urated fatty acids such as omega 3 or 6 are able to cause release of prostaglandins, an 
inhibitory of viral replication. PUFA also inhibits and prevents the expression 
of nuclear export factors, thus impairing the viral activity during the early stage of 
infection. Cytokines produced by macrophages and the synergistic interaction of 
PUFA with interferon suggest the role of PUFA in the enhancement of immunity 
(Sheridan et al. 2014). 
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1.2 Zootechnical Additives 

Probiotics have been defined as living nonpathogenic microbes that beneficially 
affect the host either from bacteria or fungi (Fuller 1992). The probiotics can be 
classified into colonizing species such as Lactobacillus and Enterococcus spp. and 
free-flowing non-colonizing species, such as Bacillus spp. (spores) and Saccharo-
myces cerevisiae (Huyghebaert et al. 2011). The mode of action depends on the 
probiotic strain, which involves the production of specific metabolites either in the 
form of short organic fatty acids, lactic acid, hydrogen peroxide (H2O2), or interme-
diary metabolites with antimicrobial activity, interaction with receptor sites and 
stimulation of the immune system (Madsen et al. 2001; Sherman et al. 2009). 

The majority of probiotics belong to the lactic acid bacteria (LAB) group and are 
highly abundant in several fermented foods of plant-based or animal-based origins 
(Zhao et al. 2019; Muhialdin et al. 2021). Probiotics include bacteria such as 
Lactobacillus acidophilus, L. amylovorus, L. brevis, L. bulgaricus, L. casei, 
L. cellobiosus, L. crispatus, L. curvatus, L. delbrueckii spp. bulgaris, 
L. fermentum, L. gallinarum, L. helveticus, L. johnsonii, L. lactis, L. paracasei, 
L. plantarum, L. reuteri, L. rhamnosus; Streptococcus thermophilus, Lactococcus 
lactis, Leuconostoc mesenteroides, Pediococcus pentosaceus, P. acidilactici, 
Bifidobacterium adolescentis, B. animalis, B. bifidum, B. breve, B. essensis, 
B. infantis, B. laterosporum, B. thermophilum, B. longum, Propionibacterium 
acidipropionici, P. freudenreichii, P. jensenii, P. thoenii, Enterococcus fecalis, 
E. faecium, Bacillus alcalophilus, B. cereus, B. clausii, B. coagulans, B. subtilis, 
Escherichia coli, Sporolactobacillus inulinus; as well as yeast such as Saccharomy-
ces boulardii and S. cerevisiae (Bron et al. 2012; Saad et al. 2013). 

Several studies reported that probiotics isolated from different fermented foods 
are effectively used as antiviral against virus infection by improving the immune cell



function of the host (Muhialdin et al. 2021). Briefly, the mechanism of action was 
reported to be due to the stimulation of the immune system function via enhancing 
natural killers cell toxicity, enhancing the production of pro-inflammatory cytokines, 
and increasing the cytotoxic of T lymphocytes (CD3+ , CD16+ , CD56+ ) (Muhialdin 
et al. 2021). 
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1.2.1 Probiotics 
Probiotics utilize carbohydrates in the host to synthesize antiviral metabolites, which 
subsequently inhibit viral infections since these metabolites form a micro-
environment that is not favorable to viral replication (Wang et al. 2022). In addition, 
this pathway exerts antiviral effects by preventing the virus attachment to host cells 
or directly inactivating the viruses. Probiotics form a defensive barrier against the 
invasion of viruses by enhancing the tight junctions (TJs) between intestinal epithe-
lial cells (IECs). 

Probiotics can also inhibit viruses directly by interacting with viruses or compet-
ing for the cellular receptors to inhibit virus entry into host cells (Lievin-Le and 
Servin 2014). In other studies, probiotics enhance the chemical barrier to maintain 
host health by producing antiviral metabolites or stimulating goblet cells to produce 
mucin (Wang et al. 2022). Recent studies have confirmed that probiotics secrete 
extracellular proteins, weaken the virus attachment, and protect the intestinal cells as 
reported by Liu et al. (2020). 

1.2.1.1 Transmissible Gastroenteritis Virus (TGEV) 
Probiotic Bacillus subtilis OKB105 inhibits the entry of transmissible gastroenteritis 
virus (TGEV) into the intestinal porcine epithelial cell line (IPEC-J2) by competing 
for the entry receptors (Wang et al. 2013; Wang et al. 2017). 

1.2.1.2 Vesicular Stomatitis Virus (VSV) 
Previous studies have revealed that probiotics can inhibit the infection of vesicular 
stomatitis virus (VSV) in vitro with a reduction of viral titer in cell monolayer (Botic 
et al. 2007). A possible mechanism of inhibiting VSV replication is that probiotics 
compete with the virus for cell binding and interference with virus attachment or 
entry. Another possible mechanism is that probiotics can trap VSV specifically or 
nonspecifically. 

1.2.1.3 Human Immunodeficiency Virus (HIV) 
The Lactobacillus genus is a probiotic that plays protective roles in the vaginal 
mucosa. Few studies have demonstrated that metabolites released by Lactobacillus 
acidophilus that is H2O2 are toxic to HIV agents (Knezevic et al. 2005). 

1.2.1.4 Swine Influenza Virus 
Another study revealed that Enterococcus faecium NCIMB 10415 was efficient to 
inhibit swine influenza virus (SIV) infection by the direct interaction between the 
SIV and probiotics (Wang et al. 2013).
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1.2.1.5 Influenza A Virus 
Probiotic bacteria obtained from fermented foods were tested in vitro and in vivo 
methods for analysis of antiviral activity. Lactic acid bacteria (LAB) as probiotics 
have been mostly studied using live bacteria that improve survival rates or partial 
protection against influenza virus (Jung et al. 2017). Enterococcus faecium L3 from 
dairy product is effective against influenza A virus for subtype H3N2 and H1N1 by 
stimulation of interferon production and enhance humoral immune response based 
on testing in MDCK cell line and in female Balb/c mice (Ermolenko et al. 2019). 

In previous work, kimchi known as Korean fermented cabbage was also produced 
in Lactobacillus casei DK128 probiotic, which confers broad protection against 
influenza A virus with 100% survival in treated mice. Alveolar macrophages were 
increased in the lung and bronchoalveolar lavage fluid (BALF) cells and maintained 
in the lungs of the treated mice whereas naïve mice showed a significantly lower 
level of macrophages in the lungs after viral infection (Jung et al. 2017). Alveolar 
macrophages appear to play a critical role in conferring protection mediated by prior 
treatment with heat-killed LAB. Upon influenza virus infection, alveolar 
macrophages were depleted to lower levels correlating with disease and mortality 
(Smith and Smith 2016). In addition, previous studies demonstrated that alveolar 
macrophages play a critical role in controlling lung viral loads and protecting against 
influenza virus infections (Tumpey et al. 2005; Fleming-Dutra et al. 2013). The 
immune pathway was performed by stimulation of rapid induction of IgG1 and 
IgG2a antibodies, induction of innate immune cells, and cytokines from infected 
mice (Jung et al. 2017). 

Furthermore, heat-killed E. faecalis protected mice suppress influenza virus and 
enterovirus infections (Chen et al. 2017). It involves the activation of MCP-1/CCR2 
pathway, which might act as a key mediator in the improved antiviral immune 
response. In another study, the mice treated with Bifidobacterium bifidum produced 
antibodies, IL-4, IL-12, and IFN-γ, and protected from the challenge of H1N1 
influenza virus (Mahooti et al. 2019). IL-4 can induce Th2 immune responses, 
while IFN-γ modulates Th1 immune responses. The balance between Th1 and Th2 
is important for the homeostasis of the host immune system. 

1.2.1.6 Low Pathogenic Avian Influenza 
The probiotics, L. salivarius, L. johnsonii, and L. reuteri were effectively used for 
antiviral and immunostimulatory effects against the LPAIV subtype H9N2 
(Alqazlan et al. 2020). Studies in chickens revealed Leuconostoc mesenteroides 
YML003 showed antiviral activity against H9N2 LPAIV in vitro and in vivo (Seo 
et al. 2012). Another probiotic originated from camel milk Lactiplantibacillus 
plantarum KAU007 is highly effective against the LPAI (H9N2). As confirmed by 
the hemagglutination assay, KAU007 showed potent antiviral activity against H9N2 
and vigorous antioxidant activity. The cell free culture supernatant (CFCS) showed a 
dose-dependent reduction in the levels of IL-6 and IFN-γ (Rather et al. 2022).



Feed Additives as Antiviral Agents 335

1.2.1.7 Rotavirus 
Previous study demonstrated that Lacticaseibacillus rhamnosus GG (LGG) activates 
the TLR3 signaling pathway and effectively treat diarrhea induced by rotavirus 
infection (Aoki-Yoshida et al. 2016). This mechanism was induced by other 
probiotics such as Ligilactobacillus (Lg.) salivarius FFIG35 and FFIG58, which 
displayed antiviral effects (Indo et al. 2021). 

In human cases, the underlying mechanism against rotavirus infections is an 
immune enhancement, as certain strains of lactobacilli promote immunological 
responses (Steyer et al. 2022). Increased anti-rotavirus-specific IgA caused a reduced 
intestinal microbiota imbalance, enhanced colonization of probiotics, and reduced 
the incidence of diarrhea (Binns et al. 2007). 

1.2.1.8 Newcastle Disease Virus 
The utilization of probiotics as feed additives caused the destruction of virus 
particles, blocking the virus infection into the cells and inhibiting viral proliferation 
in the cells (Wang et al. 2010). It was demonstrated that five probiotics and their 
metabolites could reduce the viral titer of NDV with inhibition of the replication rate 
of NDV significantly in a dose-dependent manner (P < 0.01). In another study, 
chicken fed with probiotics containing Lactobacillus reuteri PIA16 (L. reuteri 
PIA16) induced high antibody titer in broilers following immunization (Gonmei 
et al. 2019). The most likely reasons for Lactobacillus to increase the antibody titer 
in the present study might be due to the competitive exclusion of pathogens through 
competition of receptor sites, production of volatile fatty acids that are inhibitory of 
certain enteric pathogens, production of bacteriocins or competition with pathogens, 
and native flora for limiting nutrients or stimulation of a host innate immune 
response (Waititu et al. 2014). 

1.2.2 Prebiotics 
Prebiotics can be defined as non-digestible feed ingredients with selective effects on 
the intestinal microbiota. Prebiotics include fructans, oligosaccharides, arabino 
oligosaccharides, isomaltooligosaccharides, xylooligosaccharides, resistant starch, 
lactosucrose, lactobionic acid, galactomannan, psyllium, polyphenols, and polyun-
saturated fatty acids (Olaimat et al. 2020; Gibson et al. 2017; Guarino et al. 2020; 
Davani-Davari et al. 2019). The health benefits of prebiotics to the GI tract including 
inhibition of pathogens and stimulation of the immune system are due to their ability 
to modulate the composition and activity of human microbiota (Davani-Davari et al. 
2019). 

1.2.2.1 SARS-COV-2 
Prebiotics have a good potential effect against COVID-19 by enhancing probiotics 
growth and survivability. It has a direct effect on gastrointestinal symptoms via ACE 
enzyme blockage (Yeh et al. 2018).
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1.2.2.2 Influenza A Virus 
Mice fed with inulin or high fiber, HFD showed prolonged survival and exhibited 
reduced pulmonary resistance, mild airway constriction, and enhanced elasticity 
with better lung function (Trompette et al. 2018). In addition, dietary fiber influences 
antiviral immunity by alteration of CD8+ T cell metabolism to accelerate and 
enhance effector function. 

In another work, the Houttuynia cordata polysaccharide (HCP) was tested in 
mice and induced antiviral activity against the influenza A virus. HCP given orally 
alleviated lung injury and intestinal dysfunction caused by H1N1 infection. It is 
shown that HCP relieved the intestinal barrier damage and restored intestinal 
microbiota homeostasis by regulating the composition, diversity, and relative 
abundances of functional genes of intestinal microbiota. The decrease of TLRs 
and IL-1β levels and the increase of IL-10 concentration after HCP treatment 
contributed to inhibiting the inflammation (Chen et al. 2019). 

Feed supplemented with mushroom-derived active hexose correlated compound 
(AHCC) modulates immunity and increases survival in response to a broad spectrum 
of acute infections, including influenza virus infection (Nogusa et al. 2009). The 
mice exhibited virus clearance and low weight loss compared to controls. 

1.2.3 Synbiotic 
Synbiotic is a mixture of probiotics and prebiotics that beneficially affects the host 
by activating the metabolism of one or a limited number of health-promoting 
bacteria and/or stimulating their growth selectively, improving the host’s welfare 
(Ghahri et al. 2013). The synergistic effects of prebiotics and probiotics can be useful 
in stimulating beneficial bacteria and improving the health of the gut. In order to 
preserve gut microbiota and to promote host innate defenses, the administration of 
synbiotics (combinations of prebiotics, probiotics, and immunomodulators 
elements) as an alternative approach for promoting performance and immune 
responses in modern poultry husbandry is widely accepted (Talebi et al. 2015). 

1.2.3.1 Newcastle Disease Virus 
Application of synbiotin containing both probiotic (Enterococcus faecium) and 
prebiotic (fructo-oligosaccharides) in chickens enhances antibody responses follow-
ing vaccination against ND, AI, IB, and IBD but it is more effective in live than 
killed vaccines and could be used as a feed additive adjuvant for improving innate 
and acquired immune responses in chickens (Khan et al. 2014). 

1.3 Natural Feed Additives 

Natural additives in animal feed are able to improve productivity and performance 
by enhancing digestibility, maintaining and stabilizing beneficial microflora in the 
gut, and finally can improve the quality of animal products and positively influence 
the environment (Arowolo and He 2018; Steiner and Syed 2015). Natural feed 
additives come from a variety of natural sources including plants, minerals, animals,



and microorganisms. Another term used referring to the compounds obtained natu-
rally from the environment is phytogenic. These feed additives originate from plants 
and algae, consisting of essential oils, extracted from different plant parts which 
include many different bioactive ingredients (Singh and Gaikwad 2020). 
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1.3.1 Essential Oil 
Essential oils (EOs) are a complex mixture of different volatile and nonvolatile 
compounds produced by plants or algae dependent on environmental conditions. 
They are secondary metabolites produced at various parts of the plant including 
roots, stems, leaves, flowers, and seeds. Generally, EOs play an important role in 
protecting the plant in response to external agents, such as herbivores, pathogens, 
pollinators, climate changes, and environmental stresses (for example drought, high 
temperature, and UV radiation) (Bakkali et al. 2008; Regnault-Roger et al. 2012). 
The use of essential oil as feed additives was reviewed extensively by Stevanović 
et al. (2018). The main advantage of using essential oils as an antiviral agent gives 
the synergistic effect that would enhance and amplify their activity (Stevanović et al. 
2018). The presence of various compounds in the essential oil can target different 
parts of the virus and its replication cycle which results in a more potent antiviral 
effect than if the individual compounds were used alone. 

Essential oils have been studied for their potential antiviral activity against 
various animal viruses, including avian influenza, porcine reproductive and respira-
tory syndrome virus (PRRSV), and equine arteritis virus (EAV). Avian influenza 
virus (AVI) causes avian-flu or bird-flu and has been found in all of Eurasia among 
land birds, such as chicken, turkeys, ducks, geese, and wild waterfowl. Several EOs 
from plants such as Melissa officinalis (Pourghanbari et al. 2016), eucalyptus, 
peppermint (Kumosani et al. 2017), and Zataria multiflora Boiss (Shayeganmehr 
et al. 2018) showed strong antiviral activity against the avian influenza virus when 
tested on different land birds. The antiviral properties of these oils have been 
attributed to their high concentration of monoterpenoids. Melissa officinalis or 
lemon balm EO showed inhibition of AVI through different virus replication phases 
(pre- and post-infection), with the highest antiviral activity at the early phase of 
infection; during direct interaction or entry phase with the host cells (Pourghanbari 
et al. 2016). Meanwhile, a blend of EOs between eucalyptus and peppermint could 
prevent the direct interaction of the virus with host cells which later prevents the 
infection. In the study, 84.6% reduction in viral titer at 1.5 min contact time 
compared to the control virus deprived of contact with vaporized EOs (Kumosani 
et al. 2017). This implies the application of safe EOs in the reduction of 
air-suspended influenza viruses in closed systems harboring domestic animals as 
well as humans. 

Another mechanism of EOs is shown by Zataria multiflora Boiss. EOs reduced 
viral replication in the trachea of broiler chickens when supplemented with EOs 
either before or after the H9N2 challenge (Shayeganmehr et al. 2018). 

Several in vivo and in vitro studies reported the effectiveness of essential oils in 
reducing and preventing the infectivity of PPRSV on swine. EOs that are identified 
to have antiviral activity against PPRSV are eucalyptus, thyme, lemongrass,



oregano, clove, cinnamon, and rosemary (Wani et al. 2021). Based on in vitro 
studies done by Fabros et al. (2018), cinnamon essential oil showed inhibition of 
PPRSV replication by more than 40% in post-infection assay. Furthermore, research 
by Kaewprom et al. (2017) demonstrated that hydrosols of Thymus vulgaris and 
Nepeta cataria have antiviral activities against PRRSV by blocking viral attachment, 
adsorption, replication, and release. They also reported that the oils were not only 
effective against PPRSV but also proven effective against feline coronavirus, which 
caused Feline infectious peritonitis (FIP) (Catella et al. 2021; Kaewprom et al. 
2017). 
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Next, an in vivo study done on African swine fever virus (ASFV) of pig 
supplemented with a blend formulation of equal quantity of essential oil Eucalyptus 
globulus, Pinus sylvestris (pine), and Lavandula latifolia (lavender) showed deacti-
vation of ASFV in a challenged group of pigs. No symptoms appeared when the pigs 
were given a blend of essential oil through their drinking water. The improvement of 
pig humoral immune system was also shown by enhancement of IgG level and 
reduction of IgM level. This study also confirmed that essential oils were well-
tolerated and safe for use in animals (Babikian et al. 2021). 

In the case of equine arteritis virus (EAV), an in vitro study was done on several 
essential oils such as Origanum vulgare (oregano), and Thymus vulgaris for EAV 
and the results showed a promising effect in reducing the virus titer with longer 
incubation period produced a significant effect (Blank et al. 2017; Pensel et al. 
2014). They reported that the compounds mainly from the phenolic group of 
essential oils such as caffeic acid, p-coumaric acid, rosmarinic acid, quercetin, 
carnosic acid, kaempferol, and apigenin might interact with molecules on the viral 
surface, preventing the adsorption and penetration into cells, which caused the 
disintegration of the EAV (Blank et al. 2019). 

Apart from the effect of essential oil in animals, essential oils also had been 
proven for their antiviral properties against human viruses. For example, tea tree oil 
has been found to have antiviral activity against herpes simplex virus type 1 (HSV-1) 
in vitro, and eucalyptus oil has been shown to have activity against influenza A virus 
in vitro (Schnitzler et al. 2001). 

Lastly, it is important to note that while essential oils have shown promising 
results in laboratory studies and animal models, their effectiveness as antiviral 
additives for livestock has not been extensively studied and more research is needed 
to fully understand their potential. Additionally, the safety and efficacy of essential 
oils as antiviral additives for livestock can vary depending on the specific oil and the 
method of application. 

1.3.2 Algae 
Macro- and microalgae have been investigated for their potential as a source of 
antiviral agents for animal and human viruses. The antiviral component of algae is 
derived from a single extracted compound or whole cell extract. Microalgae 
compounds known to have antiviral activity are lectin, polysaccharides, pigments, 
flavonoids, polyphenols, and glycolipids (Carbone et al. 2021). Each of these 
compounds exhibits antiviral activity through various mechanisms. For example,



lectin is known as a carbohydrate-binding protein that binds to the high glucan 
structure of the viral envelope and prevents the viral binding on human glycoprotein 
at the surface of the membrane (Botos and Wlodawer 2003). This microalgae 
compound found in Oscillatoria agardhii, Nostoc ellipsosporum, Scytonema 
varium, and Microcystis sp. was demonstrated could prevent HIV infection when 
tested in vitro (T. Sato and Hori 2009; Y. Sato et al. 2007). 

Feed Additives as Antiviral Agents 339

Another compound such as polysaccharide has been tested for the prevention of 
human cytomegalovirus (HCMV) and mumps virus (MuV). HCMV causes an 
infected person to have a compromised immune system, pneumonitis, and possible 
liver failure. The use of polysaccharides from microalgae was to block the sites for 
virus attachment on the cells by interacting with the positively charged domains of 
the virus glycoprotein envelope and creating a non-reversible complex. 
Porphyridium sp., Chlorella sp., Spirulina sp., and Nostoc sp. are strains frequently 
studied to produce polysaccharides (Costa et al. 2021). The sulfate polysaccharide 
from Spirulina platensis was proven to reduce the replication of two animal viruses, 
Vaccinia virus (VV) and Ectromelia virus (ECTV) that caused smallpox in cattle 
(Huleihel et al. 2001). 

Pigments from microalgae are one the most extensively studied for their potential 
of bioactivities to be used in both the industrial and pharmaceutical industries 
(Christaki et al. 2015; Pangestuti et al. 2020; Pignolet et al. 2013). The main pigment 
substances that showed the most interesting results are astaxanthin, carotenoids, 
phycobiliproteins, and Pheophorbide a. In a study on Herpes simplex virus type 1 
(HSV-1), it was found that D. salina extract and H. pluvialis extract can reduce its 
activity ranging from 50% to 85%. The content D. salina extract might have higher 
carotenoid content (Santoyo et al. 2012). The mechanism of antiviral activity by 
carotenoids from microalgae is likely to be multifactorial, involving a combination 
of direct antiviral effects and modulation of host immune responses (Reynolds et al. 
2021; Schnitzler et al. 2001). 

Other microalgae compounds that showed antiviral activity include flavonoids, 
polyphenols, protein, and peptides. In a study, flavonoids from methanolic extract of 
microalgae cyanobacterium Geitlerinema sp. showed potent antivirals against hepa-
titis C virus by reducing the ATPase activity and consequently RNA helicase and 
virus replication (Agrawal 2011; Mustopa et al. 2016). A study done using HPLC on 
Spirulina platensis protein showed the antiviral effect against nuclear polyhedrosis 
virus (NPV), a double-stranded DNA-enveloped virus from the Baculoviridae fam-
ily that causes hemodynamic septic disease in silkworms (Babu et al. 2005). 

Besides producing compounds with anti-viral activity, microalgae also can be 
used as a bioreactor to develop a vaccine for animals. For example, a study attempted 
to create a vaccine by using microalgae against infectious bursal disease virus 
(IBDV), a non-enveloped RNA virus of the Birnaviridae family causing an immuno-
suppressive disease in poultry using a transformation technique. In the study, the 
protein VP2 of IBDV was expressed in Chlorella pyrenoidosa via Agrobacterium 
tumefaciens, which induced neutralizing antibodies, and conferred protection in 
young chickens against the action of the virus (Reddy et al. (2017) (Fig. 1).
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Fig. 1 Chlorella sp. produce 
various pigment content under 
different culture condition. (a) 
Pigment extracted from 
microalgae Chlorella cultured 
at different light intensity. (b) 
Chlorella sp. under normal 
condition, (c) Chlorella 
sp. under stress condition 

It is worth noting that the specific mechanisms by which microalgal metabolites 
exhibit their antiviral activity can vary depending on the type of virus, the microalgal 
species, and the concentration and form of the metabolites used. Further research is 
needed to better understand the precise mechanisms involved and to optimize their 
antiviral efficacy. 

1.4 Technological Additives 

A technological additive is any substance added to feed for a technological purpose, 
it favorably affects the characteristics of feed. Technological additives such as 
preservatives are substances that allow feeds to be stored for a long time without 
spoiling. They are used to improve or stabilize the physical structure of the feed 
during feed production without a direct biological effect on animal production. 
Preservatives are listed as sodium benzoate, erythorbic acid, sodium benzoate, and 
nitrite oxide. 

1.4.1 Preservatives 

1.4.1.1 Sodium Benzoate 
Sodium benzoate is a salt of benzoic acid that is well soluble in water, tasteless, and 
odorless. It is a widely used food preservative due to its bacteriostatic, fungistatic, 
and virustatic properties with immunomodulatory potential (Yadav et al. 2016). 
Benzoic acid derivatives have been reported to possess anti-influenza virus 
activities. Benzoic acid, termed NC-5, has potent anti-influenza activity in vivo 
and in vitro that is able to inhibit influenza A viruses by suppressing the nucleopro-
tein (NP) and matrix protein 1 (M1) expression levels during the late stages of viral 
biosynthesis and inhibit neuraminidase (NA) activity, which may influence virus 
release (Guo et al. 2019). Green tea extract with supplements of 2% citric acid, 0.1%



sodium benzoate, and 0.2% ascorbic acid as anti-oxidant demonstrated potent viral 
inactivating activity that could be formulated as safe and environmentally friendly 
personal hygiene against viral infections. Besides human use, it could also be used 
for protecting animals and livestock from viral infections and reducing zoonotic 
transmissions (Lee et al. 2018). Dietary supplements of bovine lactoferrin have 
antibacterial, antiviral, and antioxidant properties and enhance the immune system 
response (Duran et al. 2002). 

Feed Additives as Antiviral Agents 341

1.4.1.2 Erythorbic Acid 
Erythorbic acid is a stereoisomer of ascorbic acid (Vitamin C) that use as an 
antioxidant has potent enhancer of nonheme-iron absorption. It is also known as 
isoascorbic acid; erythorbic acid is a natural product, vegetable-derived food addi-
tive produced from sucrose. Dehydroascorbic acid, an oxidized form of ascorbic acid 
exhibits strong antiviral activity by inhibiting herpes simplex virus type 1 (HSV-1) 
multiplication probably at the assembly process of progeny virus particles after the 
completion of viral DNA replication (Furuya et al. 2008). Ascorbic acid decreases 
susceptibility genes expression, including mitochondrial antiviral signaling (MAVS) 
and interferon regulatory factor 3 (IRF3), and increases expression of NF-κB. These 
in conjunction induce type I interferons (IFNs) and elicit innate antiviral response in 
H1N1 virus-induced mice (Cai et al. 2015). 

1.4.1.3 Nitrite Oxide 
Nitric oxide composed of nitrogen (N) and oxygen (O) is a gas that increases blood 
flow by relaxing blood vessels. Antiviral effect of NO was demonstrated by inhibi-
tion of reovirus replication due to macrophage priming following virus infection for 
protection of cells against virus-induced replication and cytopathic effects. This 
protection is possibly mediated by the cytostatic effects of NO on the host cell 
(Pertile et al. 1996). Recent advances in life science involve usage of gaseous NO in 
the development of antiviral therapies was demonstrated by inhibiting viral enzymes 
through nitrosylation and disrupt the viral DNA during replication in the host. 
(Garren et al. 2021). 

1.5 Sensory Additives 

The term of sensory feed additives defines additives that improve or modify the 
visual properties of food obtained from animals. The additives should not adversely 
affect the product stability or organoleptic and nutritional properties of the food. 

1.5.1 Colorings and Flavorings 
Coloring additives include both synthetic substances and substances derived from 
natural sources while flavoring substance contains desired and pleasant aroma to 
mask unpleasant odors in such a way that the animals show a preference for their 
feed. Flavonoids are types of natural substances with phenolic structures isolated 
from a variety of plants. Flavonoids have antioxidant, anti-inflammatory, anticancer,



and antiviral activities. Although most of the research or applications of flavonoids 
are focused on human diseases, flavonoids also show potential applicability against 
porcine virus infection (Zhang et al. 2022). Naturally occurring plant flavonoids are 
a promising class of antiviral agents to inhibit the African swine fever virus (ASFV), 
which causes highly fatal disease in pigs and is a major threat to the swine industry. 
Several flavonoids were able to significantly inhibit ASFV infection in vitro by 
targeting different stages of the viral life cycle (Hakobyan et al. 2016, 2019; Arabyan 
et al. 2018). Furthermore, kaempferol is a promising anti-ASFV agent and has a 
distinct antiviral mechanism compared to other anti-ASFV flavonoids (Arabyan 
et al. 2021). 
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Phytogenic feed additives are plant-based feed additives or botanicals that are 
derived from herbs, spices, and other plants and their extracts that are used in poultry 
nutrition. They have antimicrobial, antifungal, antiviral, antioxygenic, antiparasitic, 
and insecticidal properties. Their benefits include increased feed intake, stimulation 
of digestion, increased growth performance, reduced incidence of disease, improved 
reproductive parameters, feed efficiency, profitability, and reduced poultry house 
emissions (Murugesan et al. 2015). Polyphenols are active substances against 
various types of viral infections, against common viral infections of influenza, 
herpes, hepatitis, rotavirus, and coronavirus (Chojnacka et al. 2021). Essential oils 
(EOs) and aromatic plants are well known to exert antibacterial, antifungal, and 
antiviral activity in swine and poultry (Windisch et al. 2008). 

Flavoring of essential oils (EOs) and extracts of rose geranium (Pelargonium 
graveolens) and petals of rose (Rosa damascena) have beneficial antimicrobial and 
antiviral properties and they can be used as natural preservatives (Androutsopoulou 
et al. 2021). Plant phytochemicals, in particular flavonoids and polyphenols, contain 
an abundant pool of potent antiviral molecules (e.g., vitexin), a flavonoid isolated 
from pink coral tree Erythrina speciosa leaves, demonstrated antiviral activity 
against herpes simplex virus type 1 (HSV-1) and hepatitis A virus-H10 (HAV 
H10) (Fahmy et al. 2020). 

Tangeretin is a polymethoxylated flavone found in citrus fruit peels that inhibits 
viral entry into cells by blocking viral fusion (Tang et al. 2018), and citrus extracts 
are active against avian influenza virus (AIV), Newcastle disease virus (NDV), 
infectious bursal disease virus (IBDV) in different environments (Komura et al. 
2019). The efficacy of tangeretin against seven other VHF-causing arenaviruses 
suggests that this compound could be used to develop an effective therapeutic to 
treat infection and disease caused by the Lassa virus and related viruses (Tang et al. 
2018). Moreover, vaccines containing citrus-derived molecules were more efficient 
in stimulating the immune system with fewer side effects (Pennisi et al. 2017). 
Maltodextrins are plant polysaccharides that has been used as vaccine by using 
nanoparticles technology in influenza virus infection. Lactic acid also inhibited 
influenza A infection replication (Miyazaki 2017). Citric acid is another potent 
natural antimicrobial with antiviral activity that inhibits the foot and mouth disease 
virus (FMDV) (Hong et al. 2015).
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To date, nutritional approaches used for adsorption, inactivation, or reduction

A large number of dietary nutrients (proteins, fats, vitamins, and minerals) but
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1 Introduction 

Mycotoxins are secondary metabolites of fungi that frequently contaminate a broad 
category of substrates such as cereals, cereal products, medicinal plants, legumes, 
fruits, and spices (Taranu et al. 2005). They are among the most common and 
increasingly well-known natural contaminants with proven toxic effects (hepatotox-
icity, nephrotoxicity, immunotoxicity, carcinogenesis, teratogenesis, etc.) in both 
animals and humans (Marin et al. 2016). 

The elimination of mycotoxins from contaminated food and feed is an unresolved 
issue and once the contamination has occurred, there are few strategies that can be 
adopted to limit the adverse effects on human and farm animals. The use of physical 
(sorting, dehulling, extrusion, milling, washing, heating, irradiation, and use of 
adsorbents) and chemical (ammonia, sodium hydroxide, hydrochloric acid, butyl-
ated hydroxytoluene, butylated hydroxy-anisole, and oltipraz) methods to decon-
taminate mycotoxins should be limited due to the apparition of toxic residual 
products, health and environmental concerns (Meng et al. 2020) as well as 
interactions with food/feed nutrients or/and interference with the organoleptic 
properties of food and feed (Çelik 2020). 

Biological decontamination methods, such as biodegradation and transformation 
of mycotoxins by either microorganisms, or agro-industrial by-products containing 
bioactive compounds efficient in adsorption and mitigating/alleviation of mycotoxin 
effects are the most promising, given their ability to meet safety standards, 
nutritional efficacy, on the one hand, and lower cost on the other (Adebo et al. 
2017; Palade et al. 2020). 

Recently, the use of botanicals as a natural alternative in reducing mycotoxin 
contamination has gained an increasing interest, as they are generally considered as 
natural, safe, and environmentally friendly alternative sources of bioactive 
compounds (Makhuvele et al. 2020). 

Many studies have shown that diets rich in vegetables and fruits contain in 
addition vitamins and pro-vitamins, a large number of phytochemical compounds, 
such as polyphenols, flavonoids, terpenoids, and plant pigments with important 
antimycotic properties (Jideani et al. 2021). 

The use of botanicals in the mitigation of mycotoxins effects targets: (i) to prevent 
the growth of mycotoxigenic fungi, mycotoxin synthesis, and mycotoxin contami-
nation of food and feed; (ii) to be efficient in mycotoxin detoxification without any 
alteration of the nutritional value of food and feed; (iii) to counteract toxic effects of 
mycotoxins into the animal body, by stimulating the organism self-defence. 
According to EFSA, these substances called "interaction agents” which are different 
from “detoxifying agents (bio-transforming or adsorbing agents)” do not interact 
directly with mycotoxins, such as antioxidants which interact with the action of



mycotoxins, but they are especially immunostimulants and their role in the mitiga-
tion of the toxic effects of mycotoxins cannot be neglected. 

Food and Feed Additives to Counteract Mycotoxin Toxicity in Human and Animals 353

This review aimed to gather the literature studies that have investigated the 
capacity of botanicals to mitigate the mycotoxin effect in animals and humans 
both in vivo and in vitro. Although many plant extracts have been shown to be 
effective in detoxifying mycotoxins in vitro in abiotic systems, these results have 
rarely been validated by in vitro and in vivo exposure. 

2 Use of Bioactive Compounds from Botanicals 
for Reduction of the Mycotoxins Effect in Animals 

Phytobiotics are often included in animal diets as detoxifying/mitigating mycotoxin 
agents due to their antioxidant, anti-inflammatory, and immunostimulatory potential 
(Holanda and Kim 2021). Tables 1, 2, and 3 present several examples of different 
active phytocompounds tested for their capacity to alleviate the toxic effects of 
mycotoxins, especially on liver. For example, polyphenols from tea have important 
health benefits being immunostimulants, antioxidant, and anti-inflammatory. Thus, 
tea polyphenols administered to shrimp intoxicated for 20 days with 1.2 mg aflatoxin 
B1 (AFB1)/kg feed restored the muscle structure and chemical composition affected 
by the exposure to the toxin; also, they decreased the concentration of AFB1-
albumin-adducts and reduced the liver AFB1 induced liver injury (Divakaran and 
Tacon 2000). A decrease in the concentration of the AFB1-albumin-adducts, 
accompanied by a decrease in AFM1 levels in urine or faeces was also observed 
in human volunteers accidentally exposed to AFB1 natural contaminated food (Tang 
et al. 2008) or in rats exposed to 100 μg AFB1/kg b.w after administration of tea 
polyphenols (Lu et al. 2017). Another polyphenol, curcumin (turmeric) derived from 
the rhizome of Curcuma longa with also hepatoprotective properties had the capac-
ity to modulate the activity of the hepatic enzyme of phase-I and phase-II and to 
reduce AFB1-induced oxidative stress in chickens (Muhammad et al. 2018). In the 
same line, it worth mentioning phillygenin (PHI) a lignan derived primarily from 
Forsythia suspensa with medicinal properties which exert its hepatoprotective, 
antioxidant, and anti-inflammatory effect by inhibiting NF-κB and activating the 
Nrf2 signalling pathway in chickens intoxicated with AFB1 (Guo et al. 2022). 

Cyanidin-3-O-glucoside (Cy3G) is the most known anthocyanin belonging to the 
flavonoids family and it is found mainly in red to blue fruits (Olivas-Aguirre et al. 
2016). In vitro studies carried out either on hepatocytes cells (HepG2) or epithelial 
intestinal cells (CaCO2) treated with AFB1 and ochratoxin A (OTA) have shown 
that Cy3G inhibits the toxic effects induced by the mycotoxins as cytotoxicity, DNA 
fragmentation, inhibition of DNA and protein synthesis (Guerra et al. 2005). In vivo 
studies performed in rats showed that Cy3G reduced the nitrosative stress induced by 
OTA by decreasing the expression of nitric oxide synthases (iNOS and eNOS), the 
concentration of nitric oxide as well as the activity of dimethyl arginine dimethyl-
amino-hydrolase (DDAH) (Sorrenti et al. 2012; Pauletto et al. 2021). Resveratrol, a 
powerful antioxidant found in grapes is responsible for the reduction of expression
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and activity of CYP1A1, CYP1A2, and CYP3A cytochromes in vitro and in vivo 
experiments (Pauletto et al. 2021; Yang et al. 2022). Resveratrol has an important 
antioxidant effect via Nrf2/Keap1 signalling pathway (Yang et al. 2022). Other 
bioactive compounds such as curcumin, gingerol, or lycopene have also a role in 
reducing the oxidative stress induced by mycotoxins by increasing the activity of 
antioxidant enzymes (e.g. GPx) and glutathione levels, suppressing mycotoxin-
induced intracellular ROS formation and 8-OHdG level and reducing GSH depletion 
((Yang et al. 2011; Poapolathep et al. 2015; Palabiyik et al. 2013). Besides cyanidin-
3-o-glucoside, red and blue fruits contained another important anthocyanin cyanidin 
3-O-galactoside (Cy3Gal) with the same capacity in counteracting the induced 
cytotoxicity of AFB1 (Liang et al. 2021). Cy3Gal reduces DNA fragmentation and 
restores the DNA and protein synthesis decreased by the exposure to mycotoxins 
(Guerra et al. 2005). In rats exposed to ochratoxin, administration of a diet 
containing Cy3Gal for 4 weeks had a protective effect on mycotoxin toxicity by 
decreasing the expression of iNOS, eNOS, and dimethyl-arginine dimethyl-amino-
hydrolase (DDAH), the nitrite concentration and DDAH activity (Sorrenti et al. 
2012).
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Lycopene is a red carotenoid found in tomatoes and other red fruits and 
vegetables (Imran et al. 2020). Lycopene protects rats against DNA damage induced 
by Ochratoxin A by decreasing the tail length, tail moment, and tail intensity in the 
kidney and liver cells as assessed using the alkaline comet assay (Aydin et al. 2013) 
decreased apoptotic cell death in the kidney and restore the antioxidant response by 
increasing the GPx activity and GSH levels (Palabiyik et al. 2013). 

Berberine derived from Berberis sp., Mahonia aquifolium, etc., and piperine 
derived from black pepper (Piper nigrum Linn.) are alkaloids with multiple pharma-
cological functions (Malekinezhad et al. 2021; Umaya et al. 2021). Different 
concentrations of barberine (200 mg/kg, 400 mg/kg, and 600 mg/kg) were analysed 
for their capacity to reduce the toxic effects of aflatoxin B1 (AFB) and ochratoxon 
(OTA) in broilers. The dose of 600 mg berberine/kg proved to be the most effective 
in counteracting the toxicity of AFB1 and OTA by improving growth performance, 
liver function, and antioxidant status of broilers fed diets contaminated with AFB 
and OTA, while piperine in concentration of 60 ppm inhibited subacute toxicity of 
AFB1 in broiler (da Silva et al. 2016). It was shown that Zataria multiflora Boiss. 
containing a complex of bioactive compounds (alpha-pinene, alpha-thujene, thymol, 
cis-sabinene hydrate, paracymene, cineole, myrcene, sabinene, and carvacrol) was 
able to improve performance and liver architecture in birds exposed to aflatoxins due 
to the antioxidant and free radical scavenging properties (Umaya et al. 2021). 

Ethanolic extracts of cabbage, garlic, or onion administered to rats significantly 
improved growth rate as well as the parameters of the oxidative stress (glutathione, 
malondialdehyde, and superoxide dismutase) in both kidney and liver of intoxicated 
animals (Abdel-Wahhab and Aly 2003; Ewuola and Emerue 2021). From cereals, 
sorghum and rice extracts were tested as counteracting agents for mycotoxin toxicity 
showing important antioxidant, anti-inflammatory, and anti-apoptotic activities 
(Nilnumkhum et al. 2017; Owumi et al. 2022), maintaining at the same time the 
normal histological structure of liver and kidney in rats (Owumi et al. 2022).
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Medicinal plants are used in traditional medicine as an alternative to conventional 
therapy, representing safer choices, and sometimes, the only effective treatment. The 
medicinal plants, their extracts or chemical compounds (polyphenols, carotenoids, 
sterols and terpenoids, quinoid compounds, tannins, vitamins, and minerals) have 
important therapeutic anti-inflammatory, antioxidant, anti-microbial, immunomodu-
latory effects that recommend their use in different pathologies. Medicinal or 
aromatic plants were used also as natural alternatives for the mitigation of the 
mycotoxin toxic effects on animal performances, biochemistry, oxidative stress, 
and immune or histopathological parameters affected by the exposure to 
mycotoxins. These bioactive compounds can provide protection against cell destruc-
tion due to their ability to bind free radicals by electron donation, metal chelation, 
and inhibition of lipoxygenases(Łuczaj and Skrzydlewska 2005). An important 
number of studies have analysed the anti-mycotoxin role of silymarin, a bioactive 
compound from Silybum marianum (milk thistle) known for its important antioxi-
dant properties, which protects the cell membrane from radical-induced damage 
(Wellington and Jarvis 2001). Studies using milk thistle plant (powder or seeds) 
showed its ability to counteract the toxic effect of AFB, as a contaminant of broilers 
diet (Afshin et al. 2017; Amiridumari et al. 2013; Amiri Dumari et al. 2014; Chand 
et al. 2011; Jahanian et al. 2017; Muhammad et al. 2012; Fani et al. 2014; Fani makki 
et al. 2013; Tedesco et al. 2004). Milk thistle improved the performances (body 
weight gain and feed intake), (Fani makki et al. 2013; Muhammad et al. 2012; 
Tedesco et al. 2004) and the biochemistry parameters, by decreasing the activity of 
hepatic enzymes alkaline phosphatase, aspartate aminotransferase, and alanine 
transaminase in aflatoxin-challenged chicks (Jahanian et al. 2017; Amiri Dumari 
et al. 2014). Administration of milk thistle was able to counteract the effects of the 
aflatoxin on the immune response by decreasing inflammation and increasing the 
antibody titre against different diseases (e.g. Newcastle disease, infectious bronchi-
tis, infectious bursal diseases) (Chand et al. 2011; Afshin et al. 2017; Amiri Dumari 
et al. 2014). 

A very recent study by Masouri and col. demonstrated that Mentha piperita and 
its derivatives can be used to suppress aflatoxin effects on the liver, bone, and meat 
quality and to improve the performance of Japanese quails. Similar results were 
obtained from in vitro tests. AFB1 incubated for 72 h with medicinal plants was 
eliminated in the highest percentage by peppermint (81%) (Masouri et al. 2022). 

Powder leaves of Moringa oleifera and Eclipta prostata are used traditionaly as 
hepatoprotective agents due to their high contents in bioactive compounds as 
wedelolactone, dimethyl wedelolactone, triterpenes and flovonoids. Suplimentation 
of poultry feed with these powders resulted in liver protection against AFB1 through 
the stimulation of hepatocytes regeneration, of the regulation of the hepatic micro-
somal drug-metabolizing enzyme levels, and of the antioxidant capacity (Umaya 
et al. 2021). 

As shown in Table 1, a large variety of extracts, essential oils, or bioactive 
compounds from medicinal and aromatic plants (Calendula officinalis, Chamomile, 
Berberine, Aloe vera, Licorice, Ginseng, Boswellia, Salvia, Thyme, etc.), spices 
(Cinnamomum, cacao, etc.) were used in order to assess their anti-mycotoxin effects



in vitro on bacteria (Salmonella), eukaryote cell cultures (hepatic cells-HepG2, lung 
adenocarcinoma cell line (A549), or in vivo on laboratory animals (rats) or farm 
animals (broilers, hens, and piglets). The main effect of medicinal plant extracts was 
to protect cells from the consequences of oxidative and nitrosative stress by 
inhibiting the formation of reactive intracellular oxygen species, decreasing lipid 
peroxidation, increased glutathione concentration, increased activity of antioxidant 
enzymes catalase, and superoxide dismutase (Soni et al. 1993; Atef et al. 2012; 
Mohamed and Metwally 2009). Some extracts were responsible for the significant 
improvement of histological lesions of the liver and kidney (Baptiste et al. 2017; 
Hamzawy et al. 2013; Makhuvele et al. 2022; Zidan et al. 2015). Furthermore, some 
essential oils from medicinal plants (fennel, cardamom, anise, chamomile, celery, 
cinnamon, thyme, taramira, oregano, and rosemary) were investigated in the attempt 
to reduce the occurrence of mycotoxins (e.g. OTA). The results showed their 
efficacy in reducing the fungus and OTA production as well as the expression levels 
of the genes responsible for the OTA biosynthesis (El Khoury et al. 2016). Astraga-
lus polysaccharide, the major bioactive compound from Astragalus, a medicinal 
plant, used for over 2000 years in traditional Chinese medicine, reduced significantly 
cytotoxicity, apoptosis, and pro-inflammatory cytokine expressions induced by OTA 
(1.5 μg/ml) in porcine alveolar macrophages at a concentration of 20 μg/ml (Li et al. 
2021). 
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3 Use of Bioactive Compounds from Agro-Industrial Wastes 
(by-Products) for Reduction of the Mycotoxins Effect 
in Animals 

Agro-industry generates every year through plant processing a wide range of waste/ 
by-products rich in biologically active compounds (antioxidants, polyunsaturated 
fatty acids, vitamins, minerals, polyphenols, etc.), whose concentration is sometimes 
higher than in the original raw material. These residues are worth to be used 
successfully in animal nutrition rather than being discarded on land and represent 
a harmful issue for the environment. 

An interesting study carried out in the Laboratory of Animal Biology from 
INCDBNA-IBNA Balotesti scanned in vitro a series of agro-industrial waste/by-
products in order to evaluate their potential to adsorb mycotoxins (Palade et al. 
2020). Eight food by-products (grape seed meal, seabuckthorn meal, white and red 
skin potatoes, apple, carrot, beetroot, and celery) were assessed for their capacity to 
bind mycotoxins aflatoxin B1 and zearalenone (ZEA). Grape seed (GSM) and 
seabuckthorn (SBM) meals proved the highest mycotoxin binding capacity. The 
affinity of GSM and SBM for the two by-products was dependent on different 
factors such as time, concentration, temperature, or pH as well as their content in 
bioactive compounds. Both are rich in polyphenols, vitamins, minerals, and fatty 
acids with important anti-inflammatory and antioxidant properties at different levels 
(Shah et al. 2021). GSM had a higher affinity towards AFB1, while SBM for ZEA.



Overall, our study showed that these two by-products represent a natural, organic 
alternative to commercial mycotoxin adsorbents. 
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Winery industry produces an enormous amount of waste by-products that are 
currently under-used (Fabbri et al. 2015); grape seed meal (GSM), the residue left 
after oil extraction, is the second waste derived from grape after grape pomace 
(Dwyer et al. 2014). Due to their high content of bioactive compounds, grape 
pomace, grape seed meal, or other wine by-products have been used lately as food 
antioxidants (Ozvural and Vural 2014) or dietary supplements for cancer and 
cardiovascular disease prevention (Lamuela-Raventos and de la Torre-Boronat 
1999; Veskoukis et al. 2012). Many studies have shown recently that grape waste 
can be used successfully in animal feeding. Besides its potential, as an alternative in 
case of feed shortages, the rich content in bioactive compounds can bring added 
value. 

Recent studies performed in the Laboratory of Animal Biology from INCDBA-
IBNA Balotești reported that grape waste (GSM) has a high potential to reduce the 
toxic effects of mycotoxins, acting both as a mycotoxin binder as well as a mitigating 
agent in AFB1 toxicity. Inclusion of 8% GSM in the diet of weaned piglets exposed 
to 320 ppm AFB1 increased the total antioxidant status as well as the activity of the 
enzymes involved in the antioxidant defence: catalase, superoxide dismutase, and 
glutathione peroxidase in mesenteric lymph nodes, responsible for gut immunity of 
intoxicated animals (Marin et al. 2020). Also, GSM was able to improve the 
inflammatory response, compromised by the exposure to the toxin, by decreasing 
the inflammatory markers increased by AFB1 (MAP kinases, metalloproteinases, 
and inflammatory cytokines). Furthermore, GSM has shown an important potential 
to modulate the piglet’s microbiome, through a shift of colonic bacterial populations 
affected by the exposure to AFB1 (Grosu et al. 2019) as compared with the 
individual AFB1 or GSM treatments. The sequencing of colon-content microbiota 
using the Illumina MiSeq platform has shown that the relative abundance of 
Bacteroidetes and Proteobacteria was observed in animals receiving a diet 
containing GSM and contaminated with AFB1, accompanied by a decrease of 
abundance Firmicutes phylum in a synergic manner. AFB1 and GSM have a 
synergistic action on Prevotella, Campylobacter, and Lactobacillus bacteria, while 
an antagonistic effect was observed on Lachnospira (Grosu et al. 2019). 

Liver is the main target for AFB1 in humans and animals. Feeding piglets with a 
diet contaminated with 320 ppm AFB1 led to a decrease of animal performance and 
liver histological damage. The addition of 8% GSM by-products into the AFB1 
contaminated diet ameliorates histological liver injury and oxidative stress by 
decreasing MAPK (mitogen-activated protein kinase) and NF-kB (nuclear factor 
kB) signalling pathway and inhibiting of NF-kB signalling pathway overexpressed 
by AFB1 contaminated diet (Taranu et al. 2020). The capacity of GSM to reduce the 
excessive ROS production and oxidative stress comes from its high content in 
bioactive compounds, especially the polyphenols, rich in hydroxyl groups which 
together with the aromatic rings to which they are linked, confer their antioxidant 
potential (Chuang and McIntosh 2011).
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Based on the in vitro results showing different affinity of GSM and SB for 
mycotoxins binding (Palade et al. 2020), a nutritional trial was carried out on piglets 
in order to investigate if a mix between the two by-products (GSM + SB) get 
supplementary efficacy in counteracting the toxic effect induced by dietary 
ochratoxin A (479 ppb) and aflatoxin B1 (62 ppb) than each individually both at 
the kidney and liver level (Popescu et al. 2021). The results showed that the mixture 
of mycotoxins induced an upregulation of cytochromes concentrations CYP2E1 and 
CYP3A29 in the liver, while a downregulation of cytochromes CYP1A2, CYP2E1, 
and CYP3A29 was observed in kidney. When the enzymatic activities of different 
cytochromes were analysed, it was observed that the exposure to mycotoxins 
induced a significant increase in the activity of CYP1A2, CYP2E1, and CYP3A29 
in the kidney, while their activity was decreased in the liver. The diet containing the 
mix of waste (GSM + SB) tended to normalize these parameters to the control 
values, which suggests that this waste could represent valuable alternatives to 
inorganic or synthetic additives for counteracting mycotoxins effects (Popescu 
et al. 2021). In the same context, it is worth mentioning the study of Gutzwiller 
and collaborators who proved that dried apple pomace, a waste from apple juice 
production rich in pectin and other bioactive compounds added in a diet of pig (8%) 
contaminated with 3100 ppb DON and 65 ppb ZEA had the potential to restore the 
pig performance (Gutzwiller et al. 2007). Also, the dietary supplementation with 
glucomannan polymer (0.1, 0.2%) was effective in reversing the changes in serum 
biochemistry parameters, haematology and biliary IgA concentrations in broiler 
chicken (Swamy et al. 2002) fed with Fusarium contaminated diet. 

Another important issue related to the contamination of food or feed with 
mycotoxins is represented by the possible transfer of mycotoxins in organs and 
meat. Indeed, many studies have shown that the chronic consumption of feed 
contaminated with mycotoxin can result into the accumulation of mycotoxins in 
organs, especially in organs involved in toxins metabolization and excretion (Pleadin 
et al. 2021). In order to analyse if a combination of agro-industrial wastes can 
decrease the concentration of mycotoxins in the liver of piglets exposed to 
zearalenone, 24 weanling piglets were randomly distributed into four groups 
(6 piglets/group): 1) control group, 2) ZEA group (piglets fed a diet contaminated 
with 290 μg/kg ZEA), 3) by-product group (piglets fed a diet supplemented with 5% 
flaxseed meal and 5% mixture of grapeseed meal and sea buckthorn meal in a ratio of 
3:1), 4) ZEA + by-product group (piglets fed a diet supplemented with 5% flaxseed 
meal and 5% mixture of grapeseed meal and sea buckthorn meal in a ratio of 3:1 and 
contaminated with 290 μg/kg ZEA). Diets were administered ad libitum for 
1 months. After the experimental period, piglets were euthanized, and samples of 
liver and intestinal content were collected for mycotoxin analysis. The results 
showed that exposure to a diet contaminated with zearalenone of piglets for 
11 months resulted into an increase of concentration of ZEA in the liver 
(140.47 ± 15.4 ppb) vs control (0.92 ± 0.2 ppb) and in intestinal content 
(111.3 ± 20 ppb) vs control (0.91 ± 0.4 ppb). Feeding piglets with a diet that 
included the mix of waste resulted in a decrease of ZEA concentration in the liver of 
intoxicated piglets from 140.47 ± 15.4 ppb in the ZEA group to 70.7 ± 20 ppb in the



liver of piglets from ZEA+ mix of the waste group. Also, ZEA concentration in 
intestinal content decreased from 111.3 ± 20 ppb in the ZEA group to 44.4 ± 14 ppb 
in piglets from ZEA+ mix of waste group. These results represent additional 
evidence that these by-products can represent a valuable alternative to adsorbents 
used for counteracting the mycotoxin effects. A schematic presentation of some 
effects of agro-industrial wastes in alleviating the toxic effect of different 
mycotoxins is presented in Fig. 1. 
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Fig. 1 Schematic presentation of some effects of agro-industrial wastes in alleviating the toxic 
effect of different mycotoxins 

4 Conclusion 

Many literature studies investigated the capacity of different plants (medicinal 
plants, spices, fruits, legumes, cereals, etc.) to reduce the toxicity induced by 
mycotoxins. The results have shown that they can improve animal performance 
and health due to their rich content in bioactive compounds such as polyphenols, 
triterpene, vitamins, minerals, and unsaturated fatty acids with important anti-
oxidant and anti-inflammatory properties. 

However, other studies concerning their anti-mycotoxic properties are needed as 
not all plant bioactive compounds are suitable as food/feed additives due to concerns 
related to their flavours or colour (grapes, pepper, coffee, tea, or herbs) anti-
nutritional factors. Another important aspect is related to the possible contamination 
of plants themselves with mycotoxins, as indicated by various studies. Also, due to 
the toxic properties of some bioactive compounds as coumarin, precautions should 
be taken before their use as an anti-mycotoxic agent.
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Plant-Based Feed Additives for Livestock 
and Poultry in Southern Africa 

Lyndy J. McGaw 

Abstract 

Southern Africa has a wealth of plant species, many with beneficial properties. In 
rural areas in particular, smallholder farmers have a strong tradition of using 
plants to support animal production as well as health. Such plants, as well as 
others still to be investigated, need to be evaluated for their ability to be used as 
feed additives in livestock and poultry production. Feed additives for production 
animals and poultry may be defined as compounds incorporated into the diet for 
specified purposes, including improvement of animal wellbeing, enhancement of 
the culture environment, improvement of quality of the animal as a final product, 
and enhancement of chemical and physical characteristics of the feed. A growing 
body of research has provided evidence on the beneficial effects of feed additives 
on growth performance, immune responses, feed utilization ability, and final 
product quality, including feed additives derived from plants. The global search 
for alternative feed additives for ruminants has become essential due to 
restrictions on the use of antibiotics and synthetic growth promoters in the 
livestock industry, as well as extensive pressure on farmers to reduce methane 
emissions while concomitantly maintaining production levels. Increasing interest 
in the use of plants as feed additives in southern Africa has led to a rising number 
of studies being conducted in recent years, providing interesting leads for further 
research and development. 
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1 Introduction 

Southern Africa is host to an extraordinary level of plant diversity, with well over 
30,000 species of higher plants (Van Wyk et al. 2009). Coupled with this is a rich 
cultural heritage demonstrated by an array of different cultures in the region. In 
common with global trends, there is a growing need in southern Africa for enhanced 
livestock productivity to meet the food requirements of the expanding population. 

Global concerns are mounting concerning the levels of greenhouse gas (GHG) 
emissions from farm animals, particularly ruminants. Sub-Saharan Africa is not 
presently considered a major emitter of greenhouse gases (GHGs), but it is consid-
ered a possible future ‘hotspot’ for such emissions owing to the large livestock 
population spread over extensive dry areas characterized by feeds of low digestibil-
ity (Seketeme et al. 2022). One mitigation strategy is to research the use of enhanc-
ing feed digestibility by providing feed additives that improve quality of the diet and 
alter the rumen microbiome using specific forages containing plant secondary 
metabolites that decrease populations of methanogens, or methanogenesis 
(Seketeme et al. 2022). 

Antimicrobial resistance (AMR) is another major concern relevant to animal 
production. The extensive use of antibiotics in animals as both therapeutic veterinary 
drugs and growth promoters is believed to be a significant factor contributing to 
emergence and spread of AMR (Gnanou and Sanders 2000). Although the use of 
in-feed antibiotics is not yet banned in southern Africa, as is the case in several other 
regions of the world, there remains a need to find alternative feed additives to replace 
antibiotics in the animal industry to enhance productivity and utilize natural 
resources for improved farming. 

Ethnoveterinary medicine is widely used in rural areas of South Africa and 
neighbouring countries, and the use of plants as treatments for various ailments 
and to support growth features prominently in such practices (McGaw and Eloff 
2008; McGaw et al. 2020). Additionally, there are many southern African plants 
known to have beneficial nutritional qualities as well as biological activity that may 
support livestock and poultry growth. A recent review highlighted the use of tannin-
rich plants in particular as alternative supplementation for ruminants (Gxasheka et al. 
2015). It was cautioned that the potential adverse effects of this class of compounds 
need to be balanced with the beneficial properties (Gxasheka et al. 2015). 

Several research groups in South Africa target the investigation of plant extracts 
as additives to animal feed to enhance growth and nutritional status of production 
animals and poultry. This chapter provides an outline of work undertaken in this field 
to optimize use of the country’s biodiversity in enhancing livestock and poultry 
production, whether it is on a commercial scale or for the benefit of small-scale rural 
farmers.
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2 Plant-Based Feed Additives in Livestock Species 

2.1 Cattle 

In southern Africa, communal beef production is reliant on natural pasture, where 
environmental conditions are ideal for survival of pre-parasitic stages of gastrointes-
tinal (GI) nematodes (Marufu et al. 2008). Various nematode species, particularly 
Haemonchus contortus, commonly affect cattle in communal farming areas of 
South Africa. The effects of high nematode infections, together with minimal 
management of cattle in communal areas, effectively result in considerable eco-
nomic losses (Van Wyk et al. 1999). Nematode infections in the gastrointestinal tract 
reduce feed consumption and utilization, growth, meat yield and quality, resulting in 
blood loss and sometimes death. 

Indigenous Nguni and non-descript crossbred cattle dominate communal beef 
production in South Africa. The Nguni breed is becoming more important interna-
tionally owing to its resistance to ticks, tick-borne diseases and nematodes, with 
meat quality comparable to those of Continental and British breeds (Strydom et al. 
2008). As they are largely reliant on natural pasture, Nguni cattle often are not able to 
meet their nutritional requirements and they may lose condition in the dry season, 
becoming more susceptible to nematode infections and tick infestations, especially 
during the warmer, wetter seasons (Marufu et al. 2008). 

Communal cattle farmers are often not able to afford or gain access to commercial 
anthelmintics. Supplementation with tannin-rich feeds can be a cost-effective com-
plementary or alternative control strategy to reduce worm burdens in cattle in the 
communal areas. In 2009, Xhomfulana et al. compared nematode worm burdens in 
Nguni and crossbred cattle supplemented with leaf meal of Acacia karroo (Vachellia 
karroo), which has a high protein and condensed tannin content. In this study, 
nematode worm burdens in Nguni and crossbred cattle supplemented with 
A. karroo leaf meal were compared. Results indicated that Nguni cattle fed 
A. karroo leaf meal had the lowest egg loads and worm burdens (Xhomfulana 
et al. 2009). It was concluded that supplementing cattle with A. karroo could reduce 
nematode burdens in addition to improving the nutritional status, growth perfor-
mance and carcass traits of Nguni steers reared on natural pasture. 
Recommendations for further studies referred to the potential for development of a 
commercial anthelmintic product based on A. karroo foliage, which could be used in 
areas where cattle are farmed on high roughage diets, and where nematodes are 
endemic (Xhomfulana et al. 2009). 

In another cattle study, it was noted that, although other studies have explored the 
possibility of using indigenous leguminous browse legume tree leaf meals and seed 
cakes as easily available and affordable supplements, the use of invasive alien 
legume plant leaf meals has not been investigated and this warrants further investi-
gation (Dezah et al. 2021). Black wattle (Acacia mearnsii) is one of the most 
widespread and abundant invasive alien trees in South Africa. Although their leaves 
contain a rich diversity of phytonutrients, the utilization of Acacia leaf meals is 
limited by the presence of polyphenolic compounds. Polyphenolic compounds can



be reduced to acceptable levels that do not affect nutrient utilization and growth 
performance of animals by mixing them with non-polyphenolic feeds. Dezah et al. 
(2021) explored the potential of Acacia mearnsii leaf meal (AMLM) as a ruminant 
feed to elucidate its efficacy in enhancing beef production and quality in smallholder 
areas. This complements the efforts by the National Agricultural Marketing Council 
of South Africa to intensify smallholder beef through the use of locally available and 
often underutilized browse legume species (Marandure et al. 2017). The objective of 
the study was to compare the effect of feeding finishing diets to crossbred steers 
containing either Medicago sativa hay or A. mearnsii leaf meals as substitutes for 
Glycine max on growth performance, carcass traits, and beef quality. Replacement of 
G. max with M. sativa did not affect growth performance or meat quality. (Dezah 
et al. 2021). In contrast, replacement with A. mearnsii resulted in low growth 
performance of the steers. Medicago sativa can be recommended as an alternative 
protein source for beef production in smallholder farming, but further research on 
optimum inclusion levels of A. mearnsii is needed (Dezah et al. 2021). 
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In 2009, Mapiye et al. reported on a study aiming to determine the effect of 
supplementing the diet of Nguni steers with Acacia karroo leaf meal on growth 
performance, blood chemistry, and carcass characteristics. It was reported that 
A. karroo supplementation improved the growth performance, nutritional status, 
and carcass traits of Nguni steers raised on natural pasture (Mapiye et al. 2009). 
The authors were of the opinion that A. karroo could be an economically viable 
alternative to commercial protein supplements for resource-poor beef cattle farmers 
in semi-arid areas. It was recommended that further studies should evaluate the meat 
quality of Nguni steers supplemented with A. karroo (Mapiye et al. 2009). 

This suggested study was conducted by the same research group (Mapiye et al. 
2010) when the meat quality of Nguni steers supplemented with Acacia karroo leaf 
meal was investigated. Based on the fat and cholesterol analysis of meat in this 
study, supplementing grazing steers with A. karroo could produce beef with similar 
health advantages to those finished on natural pasture. Supplementing natural 
pasture with A. karroo was reported to produce beef of similar quality to natural 
pasture but with a higher protein content and fresher appearance (Mapiye et al. 
2010). Beef consumers require safe, healthier, and palatable meat, and thus research 
on fatty acid (FA) profiles and sensory quality attributes of beef produced from 
Nguni cattle supplemented with A. karroo leaf meal could be valuable (Mapiye et al. 
2010). 

A further study conducted by Mapiye et al. (2011a) investigated the fatty acid 
composition of beef derived from Nguni cattle supplemented with A. karroo leaf 
meal. The study was motivated by the recommendations of nutritionists who suggest 
that a reduction in total fat intake, especially saturated fatty acids (SFA) and trans 
fatty acids, may decrease risk of cardio-vascular diseases and some cancers (USDA 
and HHS 2010). In addition to reducing fat intake, nutritionists recommend the 
increased intake of polyunsaturated fatty acids (PUFA), particularly n-3 PUFA 
rather than n-6 PUFA (Griffin 2008). Beef from Nguni steers supplemented with 
A. karroo leaf meal had significantly higher alpha-linolenic acid content and an 
enhanced n-6/n-3 ratio than beef from steers receiving sunflower cake and control



diets (Mapiye et al. 2011a). It was concluded that beef from cattle supplemented with 
A. karroo could provide health benefits to consumers (Mapiye et al. 2011a). 
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Mapiye et al. (2011b) went on to review the value of utilizing Acacia karroo in 
animal feed, as it is one of the most widespread and abundant indigenous tree legume 
species in southern Africa. A. karroo has positive attributes such as drought toler-
ance, high growth rates, ability to grow in infertile soils and resistance to large 
temperature variations. It has been considered to be a severe encroacher, adversely 
affecting land utilization and rangeland productivity (Nyamukanza and Scogings 
2008). A. karroo leaves have desirable fatty acid profiles, and high nitrogen (N) and 
mineral concentrations. It was concluded by Mapiye et al. 2011b) that A. karroo leaf 
meal is a low-cost crude protein supplement that reduces worm burdens (most likely 
owing to the content of condensed tannins) and improves growth performance, 
protein status, carcass attributes, meat protein levels and appearance, as well as the 
proportion of desirable fatty acids in beef derived from cattle raised on rangeland. 

Agricultural waste products have also been investigated by South African 
researchers in terms of their potential application as animal feed supplements. In a 
review article, Tayengwa and Mapiye (2018) explored the sustainable utilization of 
citrus and winery by-products as dietary supplements in ruminant production in low-
to middle-income countries producing these by-products. These by-products have 
the potential to improve various indicators such as health and welfare, nutrient 
digestibility, rumen fermentation parameters, and growth performance, as well as 
carcass and meat quality attributes of ruminant animals (Tayengwa and Mapiye 
2018). It was envisaged that a sustainable food production system could be attained 
through utilizing citrus and winery by-products to improve food, nutrition, and 
income security for resource-poor, vulnerable populations in low- to middle-income 
countries. Future studies were recommended to determine the effects of feeding 
citrus and winery by-products on various parameters in ruminants including meat 
fatty acid profiles, shelf life, and microbiological quality (Tayengwa and Mapiye 
2018). 

As a follow-up to the earlier review, Tayengwa et al. (2020) compared the growth 
performance, carcass, and meat quality effects of feeding 150 g/kg dry matter 
(DM) of dried citrus pulp (DCP) or dried grape pomace (DGP) as alternative dietary 
fibre sources to steers. Feeding the DGP and DCP diets resulted in better ( p ≤ 0.05) 
average daily gain and live weight compared to the control diet. The findings 
suggested that DGP is a better fibre source than DCP, causing enhanced growth 
performance, carcass attributes, and economic viability of feedlot steers (Tayengwa 
et al. 2020). 

Another study by the same group compared the nutrient intake, digestibility, and 
utilization effects of feeding either 150 g/kg of dried citrus pulp (DCP) or grape 
pomace (DGP) as alternative dietary fibre sources to steers under feedlot conditions 
(Tayengwa et al. 2021a). Feeding DGP as an alternative fibre source to wheat bran 
improved nutrient intake, retention, and efficiency of N utilization but also reduced 
apparent nutrient digestibility compared to DCP. It was suggested that DGP may be 
a better fibre substitute for wheat bran than DCP in beef diets (Tayengwa et al. 
2021a). It was also reported that finishing steers on diets containing DGP or DCP,



compared to the control, increased proportions of total conjugated linoleic acid, n-3 
and n-6 PUFA, and reduced concentrations of alcohols, aldehydes, and ketones, but 
did not affect the sensory attributes of the beef except for a slight reduction in 
tenderness (Tayengwa et al. 2021b). 
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In a valuable review of the potential of invasive Australian Acacia (IAA) species 
whose leaves are rich in nutrients and bioactive phytochemicals, Uushona et al. 
(2022) recommended a paradigm shift. It was suggested that Acacia could be 
valorised as feeds, rumen modifiers, nematode control agents, and biopreservatives 
in ruminant meat production. The authors noted that supplementing IAA leaf meals 
in grain ruminant diets either has neutral or positive effects on growth performance 
and carcass traits, as well as storing and eating quality of meat (Uushona et al. 2022). 
Generally, polyphenol-rich feeds are also capable of reducing bloat, and nitrogen 
and methane (CH4) emissions to the environment. More work is required to deter-
mine inclusion rates of IAA leaves in forage diets for optimum ruminant health and 
production, meat shelf-life enhancement, and reductions in greenhouse gas 
emissions (Uushona et al. 2022). 

Nyambali et al. (2022) conducted a study in Nguni cattle heifers to explore the 
economic viability of utilizing the invasive alien plant Opuntia ficus-indica (spine-
less cactus) cladodes as a supplementary feed. The impact of including cactus in the 
diet on animal growth performance and carcass characteristics was investigated. 
Carcass traits of heifers fed cactus diets and those fed non-cactus diets were 
comparable, and the higher economic returns from cactus inclusion supports the 
use of cactus-supplemented diets, especially during times of drought when commer-
cial feed prices rise (Nyambali et al. 2022). 

In a project undertaken by Chingala and co-workers, the effects of feeding 
Malawi Zebu steers with diets containing baobab (Adansonia digitata) seed meal 
and white thorn tree (Vachellia polyacantha) leaf meal as alternative protein sources 
to soybean meal on various parameters were investigated. It was reported that steers 
fed the baobab diet had higher microbial nitrogen supply, comparable feed conver-
sion ratio (FCR) and nutrient digestibility (amongst other factors) to the soybean 
diet, indicating that baobab seed meal could be an alternative protein source to 
soybean meal for beef production (Chingala et al. 2019a). Additionally, steers fed 
the baobab diet resulted in the highest gross profits, followed by those fed the 
Vachellia and soybean diets, respectively (Chingala et al. 2019b). In total, feeding 
baobab and Vachellia diets improved gross profit and also produced beef compara-
ble to the soybean diet (Chingala et al. 2019b). 

In 2009, Hassen et al. investigated the nutritive value of Ziziphus mucronata,  a  
valuable fodder tree in the drier parts of Africa, which is known to have nutritious 
leaves and edible fruit. New leaves of Z. mucronata were collected from tips of 
branches of the current season’s growth in autumn, spring, and summer. In spring, 
the concentrations of Ca and Mn tended to be low but Ca, K, Zn, and Mn levels were 
generally sufficient to meet maintenance requirements of ruminants, regardless of 
the season. It appeared that P was generally deficient in Z. mucronata foliage in 
summer and autumn samples, and Cu was deficient throughout the year. It was



concluded that Z. mucronata leaves have a relatively high nutritive value, with 
spring foliage having the best nutritive value (Hassen et al. 2009). 
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Several studies have also been undertaken to investigate the impact of southern 
African plant species on reducing gas and methane production. Hassen et al. (2016) 
researched the potential of six browse species (high, medium, and low condensed 
tannin concentrations) collected from the Kalahari Desert as anti-methanogenic 
additives to an Eragrostis trichophora-based substrate. The plant species studied 
were Acacia luederitzii, Acacia erioloba, Acacia haematoxylon, Acacia mellifera, 
Monechma incanum, and Olea europaea. The dry forage matter of the selected 
species was incubated with Eragrostis trichophora in a 30:70 (w/w) ratio together 
with buffered rumen fluid at 39°C for 48 h. Gas and methane production were 
determined at different time intervals and the volatile fatty acids concentration was 
tested after 48 h. Acacia luederitzii and M. incanum foliage decreased methane 
production by more than 50%, but also decreased rumen fermentation parameters 
such as volatile fatty acids concentration, and digestibility. It was concluded that 
tannin extracts from A. luederitzii could perhaps be used as a dietary alternative to 
reduce methane production, but optimum levels of inclusion that do not compromise 
rumen fermentation efficiency and overall digestibility of the diet need to be 
determined (Hassen et al. 2016). 

In a similar study, Akanmu and Hassen (2017) determined the effect of selected 
medicinal plant extracts to reduce in vitro methane production while enhancing 
in vitro organic matter digestibility. The anti-methanogenic activities of leaf extracts 
of Azadirachta indica, Aloe vera, Carica papaya, Moringa oleifera, Piper betle, 
Tithonia diversifolia, Jatropha curcas, and Moringa oleifera pods were studied at 
different doses. It was concluded that methanol extracts of A. indica, C. papaya, 
J. curcas, M. oleifera (leaves and pods), and T. diversifolia reduced methane 
production, and may potentially manipulate rumen conditions, improve feed digest-
ibility, and reduce enteric methane emission from ruminants, but results need to be 
confirmed in vivo (Akanmu and Hassen 2017). 

In an MSc dissertation, Davis (2019) tested seven South African plant species for 
their ability to modify rumen fermentation characteristics in vitro. The plant species 
were Combretum erythrophyllum, Dodonaea viscosa, Erythrina lysistemon, 
Heteropyxis natalensis, Sclerocarya birrea, Searsia chirindensis, and Halleria 
lucida. Results indicated that plant extracts from C. erythrophyllum and H. lucida 
when used at 50 mg/kg, and plant extract from S. chirindensis at 50 or 300 mg/kg 
had promising potential as ruminant diet additives to improve the rate of gas 
production of poor-quality roughage-based diets (Davis 2019). This may in turn 
improve energy availability to the ruminant, but further studies were recommended 
to refine the optimal dose rate of these plant extracts for reducing methane produc-
tion without negatively altering digestibility and volume of gas produced (Davis 
2019).
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2.2 Small Ruminants 

Goats are a major source of meat, milk, manure and income for resource-poor 
smallholder farmers in southern Africa. The animals are predominantly reared in 
smallholder areas and commonly rely on natural pastures and crop residues, but 
availability of this feed is seasonally limited, compromising feed quantity and 
quality (Smith et al. 2005). Supplementation of the goat diet, particularly doelings 
and pregnant does, is highly useful to improve their condition during dry seasons. 
Smallholder farmers may include soya bean meal, sunflower cake, and cotton seed 
meal (CSM) as conventional supplements but these may be expensive or unavailable 
(Madzimure et al. 2011). The velvet bean (Mucuna pruriens) is a drought-tolerant, 
high-yielding legume and may be useful as a potential cheap protein supplement for 
small ruminants (Mapiye et al. 2007). Madzimure et al. (2014) evaluated supple-
mentation of different levels of velvet bean seed meal (VBM; 0, 12, 24, and 36%) to 
Mashona goat doelings in terms of their feed intake (FI) and growth. The results of 
the study indicated that high inclusion levels of VBM negatively affected growth of 
young goats, which is most likely due to the presence of anti-nutritional factors. 

Dietary protein sources in animal nutrition are becoming increasingly expensive 
and challenging to access (Gebregiorgis et al. 2011). Moringa oleifera grows 
throughout the tropics and has nutritious properties with a crude protein range of 
23–40% (Mendieta-Araica et al. 2011), making it an ideal protein supplement. Moyo 
et al. (2012) investigated the effect of supplementing crossbred Xhosa lop-eared goat 
castrates with M. oleifera leaves in terms of the growth performance, as well as 
carcass and non-carcass characteristics. Feeding M. oleifera leaves or sunflower seed 
cake improved the growth performance and carcass characteristics of goats in an 
almost similar way, indicating that M. oleifera could be used as an alternative protein 
supplement to sunflower seed cake in goats. However, in South Africa the cost of 
M. oleifera leaves is higher than that of sunflower cake seed, which has been 
attributed to its scarcity and claims of its promising medicinal and nutritive 
properties (Moyo et al. 2012). Research on improving cultivation of M. oleifera is 
needed to increase production of the leaf meal, which will lower the cost for more 
economic and readily available animal feed supplementation. 

In another study in goats, Gumede et al. (2022) ascertained the immunomodula-
tory effect of Moringa oleifera leaves supplementing the diets of BaPedi goats 
following vaccination with blanthrax vaccine. In this study, goats were subcutane-
ously vaccinated with blanthrax vaccine, a combined vaccine protecting against 
anthrax and blackleg. Three experimental diets were formulated by replacing a 
conventional supplement of lucerne with 0–50% of M. oleifera. Results indicated 
that only monocyte counts, platelet counts, and mean corpuscular volume (MCV) 
were significantly different (p < 0.05) amongst the 11 blood profiles observed 
(Moyo et al. 2012). Significant differences ( p < 0.05) were noted in terms of 
body weight gain (BWG), growth rate (GR), and metabolic weight gain (MWG), 
but differences were not significant (p > 0.05) for feed intake (FI) and feed 
conversion ratio (FCR) (Moyo et al. 2012). It was suggested that M. oleifera leaves



can be used as a feed supplement at 20 and 50% inclusion levels without adversely 
affecting growth performance and blood parameters. 
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Marume et al. (2012a) determined the effect of dietary supplementation with 
fresh Acacia karroo on experimental haemonchosis in four-month-old Xhosa 
lop-eared goats. The results demonstrated that consumption of fresh A. karroo leaves 
modulated infection level by reducing the establishment of H. contortus in the goats. 
In an associated study, supplementation of goat feed with A. karroo positively 
influenced fatty acid composition and sensory attributes of chevon derived from 
goats infected with H. contortus (Marume et al. 2012b). 

A recent study published by Uushona et al. (2023) reported on the effects of 
substituting increasing levels of Acacia mearnsii leaf meal (AMLM) for Triticum 
aestivum bran in lamb finishing diets on growth, carcass, and meat quality attributes. 
It was found that AMLM could replace up to 100 g/kg dry matter of T. aestivum bran 
in lamb finisher diets without negatively affecting meat production and quality 
(Uushona et al. 2023). 

Mahachi et al. (2020) contributed a useful review on the possibility of using the 
well-known plant sericea lespedeza (SL; Lespedeza juncea var. sericea) as a natural 
helminth suppressant, feed component, and meat preservative for the improvement 
of small ruminant health, meat production, and shelf life. Sericea lespedeza contains 
crude protein, minerals, vitamins, fibre amino acids, and diverse physiologically 
active substances including sterols, flavanols, and condensed tannins, which con-
tribute nutritional, antimicrobial, antioxidant, anti-bloat, and helminth-suppressing 
properties. The review highlighted the potential of feeding SL to small ruminants as 
a sustainable mechanism to control nematode infections, and to enhance meat 
production and shelf life, while concomitantly reducing greenhouse gas emissions 
(Mahachi et al. 2020). However, it was cautioned that further research is necessary to 
determine optimal feeding strategies and doses (Mahachi et al. 2020). 

The same research group went on to evaluate the effects of feeding incremental 
levels of sericea lespedeza (SL; 0, 62.5, 125, 187.5, and 250 g/kg diet) instead of 
lucerne on meat production and quality, and oxidative shelf life of meat from feedlot 
lambs infected or non-infected with Haemonchus contortus (Mahachi et al. 2023). It 
was reported that feeding SL did not affect meat physico-chemical, fatty acid, 
colour, and protein shelf-life profiles (p > 0.05). It appeared that substituting lucerne 
with SL up to 187.5 g/kg in lamb feedlot diets therefore had no effect on meat 
production and quality but it was able to enhance lipid stability regardless of 
nematode infection (Mahachi et al. 2023). 

Du Toit et al. (2020) investigated the efficacy of Lespedeza cuneata in terms of 
helping to reduce ruminant methane (CH4) emissions. The effect of feeding different 
levels of L. cuneata hay on the feed intake and enteric methane emissions of sheep 
fed a basal diet of subtropical Eragrostis curvula hay was investigated. It was 
determined that inclusion of L. cuneata improved diet digestibility, and led to 
increased concentrations of crude protein, non-fibre carbohydrates, and neutral 
detergent fibre (Du Toit et al. 2020). Substituting E. curvula hay with 60% 
L. cuneata (on a dry matter basis) resulted in the greatest reduction in CH4 produc-
tion of 21.4%, compared with a diet of 100% E. curvula, indicating that L. cuneata



has promising potential to reduce CH4 yield, and also to possibly increase produc-
tion from sheep by improving diet digestibility and through improved dry matter 
intake (Du Toit et al. 2020). 
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2.3 Pigs 

Smallholder pig production in southern Africa is constrained by feed shortages 
(D’Mello 1995). The demand for cereals to feed the ever-growing human population 
in southern Africa makes it imperative to identify alternative feedstuffs for feeding 
pigs. In a study conducted in pigs, Khanyile et al. (2014) proposed that leguminous 
leaf meals are potential substitutes for protein ingredients, and that inclusion of these 
forages also increases the dietary fibre content in pig feed. Inclusion levels of tannin-
rich leaf meals should, however, not occur to such an extent that the pigs are 
prevented from consuming enough nutrients needed for growth (Khanyile et al. 
2014). Tannins have several negative effects in animals, including depressing feed 
intake and reducing nutrient digestibility, and these factors need to be taken into 
account. Khanyile et al. (2014) assessed the nutritive value of leaf meals of selected 
leguminous Acacia species leaf meals. Leaves of five dominant species, namely 
Acacia nilotica, Acacia nigrescens, Acacia tortilis, Acacia robusta, and Acacia 
xanthophloea, were harvested and analysed for chemical and physical properties. 
Although the crude protein content of A. xanthophloea and A. tortilis was similar, the 
latter species was the most abundant in the area and had the lowest water holding and 
swelling capacity, as well as moderate levels of condensed tannins (Khanyile et al. 
2014). In determining the optimum inclusion level of A. tortilis leaf meal in finishing 
pigs, animals were randomly allocated to six diets comprising 0, 50, 100, 150, 
200, and 250 g/kg inclusion of A. tortilis leaf meal. Using piece-wise regression 
(broken-stick analyses), it was observed that A. tortilis leaf meal can be included up 
to 129 g/kg DM in finishing pig feeds, without negatively affecting the gain:feed 
(G:F) ratio, which was calculated by dividing average daily gain by average daily 
feed intake. Interestingly, it was found that the ability of pigs to utilize leaf-meal-
based diets improved with duration of exposure to such diets (Khanyile et al. 2014). 

A follow-up study to that conducted by Khanyile et al. (2014) was initiated by 
Ndou et al. (2015) from the same research group. In this investigation, the response 
of metabolites to increasing levels of A. tortilis leaf meal in growing pigs was 
assessed, as there was postulated to be a difference in supplementing leaf meals in 
growing and finishing pigs. The potential of using nutritionally related blood 
metabolites to estimate optimum levels of A. tortilis leaf meal inclusion was assessed 
(Ndou et al. 2015). It was found that inclusion of leaf meal of A. tortilis did not 
influence blood uric acid concentrations. Feed intake and average daily gain were 
constrained once levels of A. tortilis in diets of grower pigs exceeded 66.9 and 
64.8 g/kg dry matter (DM), respectively. Optimum levels of leaf meals at which 
serum iron and total protein reached threshold values were at 60.0 and 63.2 g/kg 
DM, respectively.
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The use of Vachellia (previously known as Acacia) leaves in the diets of pigs in 
the southern parts of Africa has been explored, but most such studies have focused 
on growth performance (Khanyile et al. 2014; Ndou et al. 2015), not paying attention 
to the quality attributes of the pork. Khanyile et al. (2020) determined growth 
performance, and carcass characteristics as well as fatty acid composition of pigs 
fed diets containing graded levels of Vachellia (Acacia) tortilis leaf meal (VTLM) in 
finishing pigs. It was reported that the inclusion of the leaf meal reduced the total 
SFA and total n-6 PUFA but increased the proportion of total monounsaturated fatty 
acid (MUFA) and n-3 PUFA of pork meat. The optimum MUFA and total n-3 fatty 
acid were obtained at approximately 70 g/kg DM of V. tortilis leaf meal inclusion 
level. 

The effect of dietary inclusion of Moringa oleifera leaf meal (MOLM) on feed 
conversion ratio (FCR) of finisher pigs, as well as physico-chemical meat quality, 
fatty acid (FA) composition, and pork shelf life was investigated by Mukumbo et al. 
(2014). Pigs were allocated to one of four dietary treatments, containing 0, 2.5, 5, or 
7.5% MOLM. A significant reduction in intramuscular fat and stearic acid content 
was recorded as levels of MOLM increased. However, the other fatty acid profiles, 
ratios, and health lipid indices were not significantly different across treatments. 
Including 2.5 and 5% of MOLM in finisher pig feed had no detrimental effects on the 
feed conversion efficiency, carcass characteristics or physico-chemical meat quality, 
and interestingly significantly prolonged acceptability of pork odour and colour over 
ten days of refrigerated storage. Inclusion of 7.5% MOLM, however, resulted in 
poorer feed conversion efficiency. While including MOLM in finisher pig feed 
significantly improved n-3 content and n-6:n-3 feed ratio, these improvements 
were not shown in fatty acid composition of meat and subcutaneous fat. This may 
be a result of reduced levels of dietary fatty acid incorporation in favour of saturated 
and monounsaturated fatty acids incorporation from de novo lipogenesis, which 
becomes more dominant as growth progresses. Therefore, Mukumbo et al. (2014) 
advised that inclusion of MOLM in feed from an earlier age may have a more 
pronounced effect and thus be worth investigating. 

Marula (Sclerocarya birrea subsp. caffra) nut cake is a by-product of oil extrac-
tion from marula fruits (Mdziniso et al. 2016) in southern Africa. Hlongwana et al. 
(2021) surmised that pig production systems could benefit from utilizing the 
discarded marula nut cake. The study aimed to determine the response in nitrogen 
(N) balance in slow-growing pigs supplemented with incremental levels of marula 
nut cake. It was concluded that the nut cake reduced nitrogen excretion, potentially 
minimizing ammonia volatilization, and thus it could be used as an alternative 
protein source for slow-growing pigs (Hlongwana et al. 2021). 

Mabena et al. (2022) evaluated the effects of varying levels of marula 
(Sclerocarya birrea A. Rich) nut cake (ANC) on nutrient digestibility, growth 
performance, and carcass characteristics in pigs. It was concluded that ANC could 
replace soybean meal in the diet of growing pigs at less than 150 g/kg inclusion level 
(Mabena et al. 2022).
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3 Poultry 

The poultry industry is globally the most rapidly growing agricultural subsector 
(Mottet and Tempio 2017). In sub-Saharan Africa, as is the case in most developing 
countries, poultry demand is high as a major source of protein (Steinfeld et al. 2006). 
Antibiotic growth promoters are employed for disease preventative purposes and to 
improve growth rate and feed conversion rates in poultry production. However, 
although they are useful in preventing subclinical infections and promoting growth 
as in-feed antibiotics, they are also responsible in part for the worldwide scourge of 
antimicrobial resistance. The banning of antibiotic growth promoters has stimulated 
research on alternatives to antibiotic feed additives, including the use of phytogenic 
feed additives. These are considered to be safer compared to synthetic antibiotic 
growth promoters as they are natural products and commonly residue free although 
verification in each case is required (Dhama et al. 2014). There is a need to evaluate 
the use of plants that may be used in intensive poultry production to enable farmers 
to meet the demand for poultry products, given current restrictions on antibiotic 
growth promoters. Additionally, low-cost plant-based additives for chicken raising 
in rural areas may be developed and recommended for use to enhance food security 
for local people. 

In a project investigating the potential of plants used in avian ethnomedicine for 
development of phytogenic feed additives, Jambwa et al. (2022a) conducted an 
ethnoveterinary survey in three districts of Zimbabwe. After surveying 
146 smallholder farmers, 36 plant species belonging to 22 families were documented 
to be used in treating and managing various poultry ailments (Jambwa et al. 2022a). 
This project went on to investigate the antibacterial, antioxidant, and anti-
lipoxygenase activities, and the cytotoxicity of selected plant species identified in 
the preliminary survey (Jambwa et al. 2023). Three reference American Type 
Culture Collection (ATCC) strains (Staphylococcus aureus, Escherichia coli, Sal-
monella Enteritidis) as well as two clinical strains isolated from chickens 
(Escherichia coli and Salmonella Gallinarum) were included in the antibacterial 
assays. The study concluded that Senna singueana had a variety of useful 
bioactivities, supporting further investigation of this plant species for development 
of phytogenic poultry feed additives. Other plant species with interesting biological 
activities include Erythrina abyssinica, Bobgunnia madagascariensis, and Aloe 
greatheadii (Jambwa et al. 2023). 

Jambwa et al. (2022b) focussed on Senna singueana to assess the antibacterial, 
anti-lipoxygenase (anti-inflammatory) and antioxidant activities, and in vitro safety 
of fractions and isolated compounds from the leaf material. Bioassay-guided frac-
tionation led to the isolation and identification of a known bioactive compound, 
luteolin (Jambwa et al. 2022b). Identification of chemical compounds in bioactive 
plant species, particularly those constituents with useful biological activity, is 
valuable for potential future use of these compounds as chemical markers in 
commercial preparations developed as antibiotic feed additive alternatives. 

In a project investigating the value of selected African plants as potential poultry 
feed additives, Olawuwo et al. (2022a) assessed the mineral content and other useful



properties of selected plants. Macro- and micro-mineral concentrations in Morinda 
lucida, Acalypha wilkesiana, and Ficus exasperata compared to standard broiler 
feed were determined using inductively coupled plasma mass spectrometry 
(ICP-MS), and inductively coupled plasma optical emission spectroscopy 
(ICP-OES). Degradation of nitrogen (N) and carbon (C) over specific intervals 
were evaluated by Dumas dry oxidation. Antioxidant efficacy in terms of radical 
scavenging activities was investigated using chemical assays and levels of phyto-
chemical constituents were evaluated using standard methods. The research revealed 
that leaves of F. exasperata, M. lucida, and A. wilkesiana have significant amounts 
of macro- and micro-minerals, sugars, organic acids and anions, all nutritional 
requirements of poultry (Olawuwo et al. 2022a). Organic acids decrease intestinal 
loads of Escherichia coli and Salmonella species in broilers. Minerals and organic 
acids are essential antimicrobial and antioxidant constituents of poultry diets for the 
maintenance of gut flora health, and their body metabolic, enzymatic and antioxidant 
defence. High antioxidant activity was correlated with high total C and C/N ratio of 
the plant powders. Appreciable levels of total phenolics and flavonoids were present 
in the extracts, and these compounds are commonly associated with useful biological 
activities. 
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Further research targeted antibacterial and anti-biofilm activities as well as 
in vitro toxicity of the chosen medicinal plant leaf extracts against pathogens 
implicated in poultry diseases (Olawuwo et al. 2022b). Contamination of poultry 
products with a range of zoonotic pathogens is concerning to food safety and public 
health. Additionally, there is increased consumer demand for organic poultry 
products, further motivating studies in the area of phytogenic poultry feed additives. 
Many pathogens such as Salmonella spp. and Campylobacter spp. form biofilms, 
which further exacerbate diseases in poultry as well as contributing to resistance to 
antimicrobial treatment. Biofilms are generally complex biological structures that 
comprise many bacterial cells surrounded by layers of substances produced by the 
bacteria to form a protective barrier. The selected plant extracts had varying degrees 
of antimicrobial activity against bacteria and fungi relevant to poultry disease, 
further supporting the potential value of the plant species as candidates for future 
research as natural feed additives with protective attributes against relevant poultry 
pathogens. 

Most poultry feed available to scavenging birds is of poor quality and mostly in 
short supply during dry seasons (Mwale et al. 2008). This, together with price 
increases of conventional poultry feed resources, especially protein sources, has 
spurred research on low-cost and locally available indigenous feed resources. A 
potential locally available feed resource may be derived from the multipurpose 
baobab (Adansonia digitata) tree, which is native to semi-arid areas in Zimbabwe 
and seeds are mostly available throughout the dry season. The seeds are known to be 
rich in protein, energy, amino acids (lysine and thiamine), vitamin C, calcium, and 
iron (Mwale et al. 2008). Baobab seed cake is also known to contain anti-nutritional 
factors including saponins, tannins, oxalate, and phytate, but levels of these 
compounds are generally assumed to be below established toxic levels in poultry 
(Nkafamiya et al. 2007). The effect on growth performance of guinea fowl keets



after feeding graded levels of baobab seed cake (0, 5, 10, and 15%) was subsequently 
investigated by Mwale et al. (2008). Feed intake and body weight gain of keets were 
high in birds fed control and 5% baobab seed cake diets, and it was concluded that 
further research should evaluate the effects of high baobab seed cake inclusion levels 
in adult guinea fowl diets and other poultry species, including assessing yield and 
quality of meat and eggs of adult birds (Mwale et al. 2008). 
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The effects of increasing dietary inclusion levels of baobab (Adansonia digitata) 
seed oilcake (BSOC) on the growth performance, yield, and carcass characteristics 
in broiler chicks were assessed by Chisoro et al. (2018). It was concluded that 
including 5% BSOC could improve growth performance, as well as reducing feed 
costs, along with a reduction in the gross margin in the grower stage of broilers 
(Chisoro et al. 2018). 

A series of studies on the effects of using Moringa oleifera leaf meal (MOLM) as 
an additive to broiler feed have been undertaken in southern Africa. Wapi et al. 
(2013) investigated physico-chemical shelf-life indicators of meat from broilers and 
found that including MOLM as an additive affected colour and pH of broiler meat, 
and also stability of these parameters during storage. The pH and colour (lightness) 
of the meat were stable during storage until Day 6 when a decrease was noted, while 
drip loss increased with storage time (Wapi et al. 2013). Nkukwana et al. (2014a) 
examined the effects of dietary supplementation of MOLM as a growth promoter in 
broiler chickens on the growth performance, digestibility, digestive organ size, and 
carcass yield. The results supported supplementation of MOLM up to 25 g per kg of 
feed as this did not alter efficiency of nutrient utilization, but enhanced growth 
performance (Nkukwana et al. 2014a). It was also found that supplementation of 
MOLM up to 5% of the bird’s dry matter intake improved the fatty acid profile in 
addition to reducing lipid oxidation in broiler breast meat (Nkukwana et al. 2014b). 
In a related study, it was reported that ground M. oleifera leaves may be incorporated 
in the broiler diet as a phytogenic feed additive up to concentrations of 25 g/kg with 
significant positive effects on intestinal morphology, digesta pH, and digestive organ 
size (Nkukwana et al. 2015). Broiler dietary supplementation of MOLM also had 
positive effects on proximate composition and shelf-life quality indicators of broiler 
breast meat (Nkukwana et al. 2016). In comparing the effects of MOLM, a probiotic 
and an organic acid on growth, weights of digestive organs, and meat quality, Nduku 
et al. (2020) concluded that MOLM induced effects comparable with the probiotic 
and organic acid. All of the treatments improved growth performance, digestive 
organ size and meat quality characteristics when included in broiler diets as 
alternatives to antibiotic growth promoters (Nduku et al. 2020). 

Mabusela et al. (2018) set out to determine how the partial supplementation of 
Moringa oleifera whole seed meal (MOWSM) would affect layer performance, egg 
quality, and egg fatty acid profile. Although MOWSM inclusion improved yolk 
colour, improved the fatty acid profile, and maintained external egg quality, the 
deleterious effect that it had on layer performance indicated that it may not be fed to 
early-lay hens at 1, 3, and 5% MOWSM (Mabusela et al. 2018).
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4 Conclusion 

With its rich plant and cultural diversity, southern Africa has much potential to 
utilize natural resources to enhance animal health and production. In recent years, a 
proliferation of studies has emerged from the region, reporting on results of 
evaluating various plant species for beneficial effects as feed additives in livestock 
and poultry. Many of these have been addressed in this chapter but more still remain 
to be evaluated and compared with one another in terms of methods used and 
outcomes reported. A variety of factors were assessed in the reported studies, 
including effects on growth performance, feed conversion ratios, nematode burden, 
and emission of greenhouse gases to name a few. The most common plant species 
investigated as feed supplements were those belonging to the Acacia (Vachellia) 
genus, including A. karroo and A. tortilis. A common thread noted in many of the 
studies was that further work was recommended to be done on a larger scale, with 
assessment of more parameters as a means of confirming in vivo practicality, 
efficacy, and safety of the plant-based feed additives. The growing interest in this 
field ensures that much future research will be undertaken in this area in the southern 
African region. 
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Abstract 

For many farm animal diseases natural compounds are emerging as alternatives to 
classical drugs and antibiotics. In this chapter, we provide a brief overview of 
coccidiosis in chickens caused by protozoan parasites from the genus Eimeria, 
outline the measures used to assess anticoccidial drug efficacy and summarise 
progress towards validation of natural alternatives. It is important to understand 
current measures of anticoccidial control and their limitations in order to design 
better, more environment-friendly and antimicrobial-free approaches. 
Recognising the optimal parameters required to evaluate anticoccidial efficacy 
in animal trials will encourage better and more consistent experimental design, 
improving comparison between studies and optimising animal use. Once these 
concepts have been developed, the chapter provides an extensive review of 
natural compounds with potential to reduce the occurrence of coccidiosis in 
chickens, including plant extracts, herbal formulations, essential oils and 
probiotics. Finally, a compilation of studies using in vitro models as alternatives 
to animals is summarised. In vitro studies cannot directly evaluate anticoccidial 
efficacy, but they can become important tools for pre-screening of novel alterna-
tive compounds, replacing and reducing animal use. 
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1 Eimeria Species Parasites: The Cause of Coccidiosis 
in Poultry 

The enteric disease coccidiosis, caused by protozoan parasites of the genus Eimeria, 
is recognised as one of the principal intestinal disorders within poultry posing a 
significant risk to animal welfare and economic productivity. Until recently, it was 
believed only seven species of Eimeria could infect chickens, namely Eimeria 
acervulina, Eimeria brunetti, Eimeria maxima, Eimeria mitis, Eimeria necatrix, 
Eimeria praecox and Eimeria tenella, with names such as Eimeria hagani and 
Eimeria mivati considered nomina dubia (Vrba et al. 2011). All seven species 
have a global distribution and can be found wherever chickens are farmed (Clark 
et al. 2016). However, the recent identification of three new species named Eimeria 
lata, Eimeria nagambi and Eimeria zaria (previously Operational Taxonomic Units 
[OTUs] X, Y and Z) has required the taxonomy of the genus to be revisited (Blake 
et al. 2021b). Each Eimeria species replicates within restricted region(s) of the 
intestinal tract during the endogenous phase of the lifecycle, featuring multiple 
rounds of asexual replication (schizogony) followed by a single round of sexual 
replication (Fig. 1). The enteric site(s) of replication defines each species, although 
overlap between species limits value as a pathognomonic diagnostic (Johnson and 
Reid 1970). Following replication in the gut, unsporulated oocysts are shed into the

Fig. 1 The Eimeria lifecycle in chickens



environment initiating the exogenous phase of the lifecycle. Sporulation occurs in 
the environment where oocysts persist as a source of infection via faecal–oral 
transmission (Williams 1995; Velkers et al. 2012). Clinical coccidiosis can be 
characterised by malabsorption, enteritis and, in severe cases, mortality, translating 
to limited bird growth, increased intra-flock variation and reduced feed conversion 
efficiency.
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Ingestion of a sporulated Eimeria oocyst initiates the endogenous phase of the 
lifecycle. The tough oocyst wall is disrupted mechanically during transit through the 
crop and gizzard, releasing four sporocysts. Two sporozoites are released from each 
sporocyst in the intestine following exposure to digestive enzymes and bile, after 
which each sporozoite continues to pass through the intestinal lumen until it attaches 
to and invades the epithelial cell layer. The location of invasion and subsequent 
replication varies for each Eimeria species (Blake et al. 2021b). After invasion the 
sporozoite develops into a trophozoite then undergoes schizogony (asexual multiple 
fission), producing multiple first-generation merozoites. Once mature, the 
merozoites rupture the schizont and leave the host cell before invading another 
epithelial cell and entering a second round of schizogony. Eimeria that infect 
chickens commonly undergo three or four rounds of schizogony in total prior to 
differentiating into gametes as sexual replication begins. Macrogametocytes, which 
develop into uninucleate macrogametes, are fertilised by motile, biflagellated 
microgametes produced in microgametocytes by multiple fission, resulting in the 
formation of diploid zygotes. Once fertilised the developing zygote forms a resistant 
wall and transforms into an unsporulated oocyst that escapes from the host cell to be 
excreted into the environment, starting the exogenous phase. The unsporulated 
oocyst sporulates in the environment, requiring warmth, oxygen and moisture to 
become a sporulated oocyst. The sporulated oocyst contains four sporocysts, each of 
which contains two sporozoites. 

2 Why Is Coccidiosis a Problem? 

Distinct Eimeria species can cause coccidiosis in all livestock and many 
non-production species but chickens are most economically important, representing 
a third of all meat produced globally with an estimated 68 billion chickens farmed in 
2018 (Blake et al. 2020). The combined cost of control (prophylaxis and treatment), 
morbidity and mortality attributed to coccidiosis in chickens has recently been 
estimated to exceed £99 million in the UK alone, rising from £38 million in 1995 
(Williams 1999). The economic burden of coccidiosis in chickens based on data 
from countries representing six continents indicated a global cost in excess of £10.4 
billion in 2016 (Blake et al. 2020). Morbidity factors including poor bodyweight 
gain (BWG) and feed conversion ratio (FCR) represent the biggest cost components, 
but the wider effects of subclinical infections are hard to quantify (Blake et al. 
2021a). Such consequences include increased intra-flock variation during poultry 
production and reduced welfare, commonly leading to increased culling, condemna-
tion, and quality downgrades, in addition to increased risk factors to public health



and food security (Blake and Tomley 2014). Rapid flock cycle schedules, 
introducing multiple batches of immunologically naïve and immature chickens to 
environments contaminated with Eimeria oocysts, ensure an ongoing threat of 
coccidiosis. 
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Indirect consequences of coccidiosis can include enteric dysbiosis, characterised 
by altered microbiome diversity and structure resulting in an imbalance in intestinal 
homeostasis. Dysbiosis associated with Eimeria infection can predispose towards 
successful incursion or exacerbation of other pathogens such as Clostridium 
perfringens and Campylobacter jejuni, posing additional risks to overall health 
and productivity (Madlala et al. 2021). Specifically, necrotic enteritis (NE) resulting 
from C. perfringens infection develops during concurrent Eimeria infection, 
influenced by the intestinal damage and change in enteric environment caused by 
coccidiosis (Macdonald et al. 2019). Similarly, the increased proclivity for opportu-
nistic infections by naturally occurring gut bacteria can pose an increased risk to 
public health, influencing the carriage of foodborne zoonotic pathogens such as 
Salmonella Typhimurium and C. jejuni (Baba et al. 1982; Macdonald et al. 2019). 
Furthermore, wet litter resulting from dysbiosis poses a significant risk for 
pododermatitis, a leading cause of quality downgrades, culling and condemnation 
resulting from reduced BWG and locomotion (De Jong et al. 2014). Thus, the true 
cost of Eimeria infection and coccidiosis is likely to be far higher than current 
estimates suggest. 

3 Current Measures to Control Eimeria and Prevent 
Coccidiosis 

3.1 Husbandry 

Good husbandry within poultry houses is an essential and economical means of 
reducing the threat of coccidiosis. Hygiene measures including restricting bird 
access to faeces, maintaining good (dry) litter quality and cleaning between flocks 
are key, while environmental measures controlling house temperature, ventilation 
and moisture levels are also beneficial (Blake and Tomley 2014; Stayer et al. 1995). 
Additional husbandry considerations aimed at reducing exposure to stressors, 
including overcrowding, overheating and debeaking, coupled with reducing dietary 
deficiencies and feed restriction, contribute to good overall immune health and 
support effective responses to Eimeria infection (Williams 1998). 

3.2 Chemoprophylaxis 

Good husbandry alone is not sufficient to effectively prevent the occurrence of 
coccidiosis. Routine chemoprophylaxis using anticoccidial compounds such as 
chemical anticoccidials and ionophores is necessary for sufficient control of Eimeria 
infection. Two broad categories of anticoccidial drugs are available, namely organic



ionophores (derived from fermentation products) and synthetic chemicals (produced 
by chemical synthesis) (Chapman 1997). Ionophores such as monensin dominate the 
market (Blake et al. 2020), working by increasing the ion permeability of cell 
membranes to inhibit the parasite (Bakker 1979). From a regulatory standpoint 
there are notable distinctions in the classification of anticoccidial drugs under 
different governing bodies. Ionophores are classified as zootechnical feed additives 
in Europe, while they are regarded as polyether ionophorous antibiotics in the USA, 
meaning they are tightly regulated under legislation restricting the use of antibiotics 
in livestock feed (Chapman 2001; Noack et al. 2019; Shirley and Chapman 2005). 
The difference in regulation has increased pressure to reduce drug use in poultry 
production. 
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Benefits of using anticoccidial drugs include ease of administration, since most 
can be incorporated into feed or dispensed in drinking water (Attree et al. 2021). 
Ionophores have also been shown to possess antibacterial properties against Gram-
positive bacteria including C. perfringens, offering protection against not only 
coccidiosis, but also the risk of necrotic enteritis (Lanckriet et al. 2010). However, 
routine chemoprophylaxis is not without drawbacks. Most importantly, anticoccidial 
drug resistance develops rapidly and is now ubiquitous within all Eimeria species. 
Reduced efficacy has been reported for all current anticoccidial drugs (Braunius 
1982; Chapman 1997; Joyner 1970). It has also been suggested that routine use of 
ionophores such as salinomycin might co-select bacteria including Enterococcus 
faecalis and Enterococcus faecium for resistance to other medically relevant drugs 
such as erythromycin, tetracycline and ampicillin (Pikkemaat et al. 2022). Similarly, 
concerns regarding the risk of environmental contamination and selection for resis-
tance, as well as risks of accidental ingestion and toxicity to non-target organisms, 
have been highlighted (Dorne et al. 2013; Mooney et al. 2020). 

The longstanding use and ease of administration of chemoprophylactic drugs are 
a testament to their success within the poultry industry, but the rate of development 
of drug resistance coupled with legislative restrictions and consumer concern for 
chemical residues has discouraged the development of new anticoccidials (Chapman 
2001, Chapman et al. 2005). The requirement for withdrawal periods prior to 
slaughter also leaves animals vulnerable to uncontrolled coccidiosis infections, 
posing significant health and welfare risks (Kadykalo et al. 2018; Peek and Landman 
2011; Williams 1998). Consequently, these pressures have resulted in calls for 
alternative measures for the control of coccidiosis. 

3.3 Vaccination 

Anticoccidial vaccination is currently achieved by controlled administration of 
varied formulations of live wild-type (i.e. virulent) or attenuated Eimeria species 
parasites, inducing an immune response equivalent to that stimulated by a natural 
eimerian infection. A transmission blocking subunit vaccine containing affinity-
purified gametocyte antigens extracted from E. maxima named CoxAbic is available 
in some parts of the world, although uptake has been limited (Sharman et al. 2010).



Considerable efforts have been applied to development of effective and scalable 
subunit or recombinant anticoccidial vaccines, but at the time of writing none have 
reached the market (Blake et al. 2021a; Shirley et al. 2005; Soutter et al. 2020, 2022). 
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Developed in the 1950s, the first generation of anticoccidial vaccines comprised 
live, wild-type, sporulated Eimeria oocysts dosed at low levels over several days in 
order to induce protective immunity comparable to natural exposure to the parasite 
(Williams 2002). Due to their ease of administration via spraying onto newly 
hatched chicks or onto their feed, supplementation into drinking water or via gels, 
coupled with their relatively low cost of production, live virulent vaccines are widely 
used within the global poultry industry (Blake et al. 2021a; Soutter et al. 2020). 
Nonetheless, correct administration requires uniform dosage across a flock and 
effective cycling to limit the occurrence of clinical disease and compromised flock 
performance (Blake et al. 2020, 2021a; Shirley et al. 2005). 

Recognising the limitations surrounding live virulent vaccines, a second genera-
tion of anticoccidial vaccines was developed in the 1980s based upon live-attenuated 
Eimeria lines. These attenuated lines were mostly developed by selection for 
‘precocious’ development, reducing the duration of the lifecycle, fecundity and 
pathogenicity while retaining immunogenicity (Jeffers 1975; Shirley et al. 2005). 
Although safer than their virulent predecessors, live-attenuated vaccines incur rela-
tively high production costs and can be difficult to scale up due to their reduced 
fecundity, supporting uptake by much of the egg-laying and breeding sectors but 
more rarely in broilers (Blake et al. 2021a). 

The use of live virulent and attenuated vaccines presents additional benefits by 
introducing drug-susceptible parasites into flocks and permitting decreased use of 
anticoccidial drugs, reducing selective pressures towards resistance and supporting 
the restoration of drug susceptibility (Chapman and Jeffers 2015). Nonetheless, 
several drawbacks are associated with the production and use of live anticoccidial 
vaccines. Production of parasites for use in vaccine formulations requires use of live 
chickens since Eimeria cannot productively replicate in vitro, raising production 
costs and ethical considerations. Further to this, as natural immunity to Eimeria is 
parasite species- or (in the case of E. maxima in some examples) strain-specific, 
multiple lines are required in each vaccine to provide comprehensive immune 
protection (Blake et al. 2021a). Consequently, vaccine development has taken a 
new direction in recent decades attempting to develop recombinant anticoccidial 
vaccines. Although numerous antigens have been defined and tested as potential 
vaccine candidates, the search for immunoprotective targets has been met with 
several frustrations. In particular, the complex nature of apicomplexan lifecycles 
coupled with the multitude of protein-coding genes within each Eimeria species 
genome has made it difficult for scientists to pinpoint specific antigens with the 
ability to stimulate a sufficient immunoprotective response (Lee et al. 2022).
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4 Measures of Anticoccidial Efficacy 

Efficacy of anticoccidial drugs, vaccines and alternative products for control of 
Eimeria in chickens can be assessed using a variety of parasitological, immunologi-
cal, pathological and/or production measures. The choice of measure can be 
influenced by the scale of the study and proximity to market. Combining measures 
from two or more categories is preferred, offering a more robust assessment. 
Assessment of anticoccidial activity has traditionally been done using controlled 
or environmental infection of live chickens. Here, the chicken is the target system 
and not simply a model, offering directly relevant data. However, assessment of the 
outcomes of infection requires controlled conditions, excluding or controlling for 
inadvertent exposure to Eimeria or other pathogens. 

4.1 Parasitological Measures 

Eimeria follow host species-specific monoxenous lifecycles with faecal–oral trans-
mission via the environment. Infection by ingestion of one or more sporulated 
Eimeria oocysts initiates multiple sequential rounds of asexual replication (schizog-
ony), followed by a single round of sexual reproduction (gametogony), after which 
the in vivo phase is completed when unsporulated oocysts are shed with faeces 
(Blake and Tomley 2014). Eimerian lifecycles do not include dormant or long-lived 
encysted forms, unlike close relatives such as Neospora caninum, Toxoplasma 
gondii or Sarcocystis species (Dubey 2019). Understanding the lifecycle offers 
opportunities to quantify Eimeria replication. Oocysts shed in faeces are most easily 
accessible and can be quantified by microscopy. Oocysts can be enumerated directly 
from faeces, litter or other environmental substrates by counting in a smear or similar 
wet preparation (Lawal et al. 2016). Greater sensitivity can be achieved by flotation, 
either directly in a counting chamber such as a modified McMaster or mini-
FLOTAC chamber, or by employing pre-count enrichment by flotation of a larger 
volume of faeces/substrate and sub-sampling into a counting chamber (Long et al. 
1976; Bortoluzzi et al. 2018). Saturated sodium chloride solution (specific gravity [s. 
g.] 1.18–1.20) is most commonly used for oocyst flotation in samples collected from 
chickens, achieving an optimum balance between oocyst flotation and separation 
from faecal debris, although alternatives such as sugar (s.g. 1.28) can also be used 
and are often preferred in studies with ruminants (e.g. Ruiz et al. 2013). Measures of 
oocyst output include oocysts per gram (OPG) in faeces or litter, or total output over 
a  defined period of time such as a day or the full patent period (Blake et al. 2005). 
OPG is most easily calculated, requiring collection of a small sample that can 
illustrate oocyst numbers at a single fixed time. However, OPG figures can vary 
due to faecal volume and time of sampling within the patent period. Collecting faecal 
material over a longer period of time is more robust, but requires suitable experi-
mental accommodation such as individual cages on wire gridded floors. Microscopic 
enumeration of oocysts offers an easily accessible and cost-effective method to 
define Eimeria replication, but figures can be difficult to interpret if the time of



infection is unknown (i.e. oocyst output varies between early, peak and late patent 
periods). Variation in oocyst output has also been noted between strains of some 
Eimeria species (Blake et al. 2005). Mixed infections with more than one Eimeria 
species can be challenging, with overlapping oocyst morphology and considerable 
variation in fecundity between some species (Long et al. 1976). Detection and 
diagnosis of Eimeria infection can also be achieved by microscopy using wet smears 
or tissue samples collected directly from the intestine during post-mortem (Long 
et al. 1976), but quantitation can be challenging if samples are not representative. 
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More recently, development of quantitative polymerase chain reaction (qPCR) 
assays targeting the Eimeria genus or each individual Eimeria species that infects 
chickens created tools to improve quantification (Blake et al. 2006; Vrba et al. 2010). 
Using qPCR to enumerate Eimeria genomes in intestinal contents, faeces, tissue or 
environmental samples reduces the requirement for specialist parasitological knowl-
edge and can be less subjective than microscopy, but does require relatively expen-
sive equipment that currently precludes routine use in the field. Samples preserved 
by freezing (as collected, or in 70% v/v + ethanol) or in storage buffers such as RNA 
later permit delayed analysis and support medium throughput screening. Key steps 
include normalisation to compare between samples, with examples including com-
parison to host reference genes (e.g. in tissue) or standardisation of input genomic 
DNA template (e.g. from faeces or litter). Quantitative PCR can be highly sensitive, 
capable of detecting as few as 10-1 (Eimeria genus specific, targeting the multicopy 
5S rRNA gene) or 101 (individual species; Blake et al. 2006; Vrba et al. 2010) 
genome copies. Quantitative PCR can also be highly reproducible, requiring smaller 
group sizes for statistical power than methods such as oocyst microscopy (Nolan 
et al. 2015). 

4.2 Immunological Measures 

Eimeria infections induce a robust inflammatory immune response that features 
T-helper (Th) 1, Th17 and T-regulatory cells (Kim et al. 2019; Lee et al. 2022). 
For species such as Eimeria maxima a complex balance has been described between 
interferon gamma (IFNƴ) and interleukin (IL)-10 (Bremner et al. 2021), but the 
timing and magnitude of response can be highly variable. At the time of writing no 
immune parameter has been described as a reliable biomarker for Eimeria infection 
or replication, despite considerable effort (e.g. Bremner et al. 2021; Lee et al. 2022). 

4.3 Pathological Measures 

In the absence of an easily quantifiable measure to assess parasite replication or 
protective immune response on farm, alternative measures have included assessment 
of gross pathology at post-mortem. Consideration of intestinal pathology associated 
with eimerian infection in chickens found dead or sacrificed as sentinels of flock 
health has been standardised following description of a lesion scoring system for six



of the seven established Eimeria species that infect chickens (Johnson and Reid 
1970). All three of the most economically relevant Eimeria species were considered 
(E. acervulina, E. maxima and E. tenella), together with E. brunetti and E. necatrix. 
Eimeria mivati was included, but is now recognised to be E. mitis (Vrba et al. 2011), 
leaving E. praecox unrepresented. The situation has become more complex with the 
recent description of three new species (E. lata, E. nagambi and E. zaria), although 
lesions and gross pathology have now been reported (Blake et al. 2021a). The 
Johnson & Reid scoring system is used widely, providing a standardised and 
semi-quantitative protocol for assessment of pathognomonic pathology and lesions 
where a score of ‘0’ indicates a healthy, apparently uninfected chicken, and ‘+4’ 
represents heavy infection or dead due to coccidiosis (Johnson and Reid 1970). The 
protocol is straightforward to apply, permitting description of the infecting species 
and severity of infection, but can be subjective and requires consistent support from 
an experienced operator. Drawbacks to the use of lesion scoring to assess 
anticoccidial efficacy include the absence of opportunity for repeat measures and 
inconsistencies between operators undermining comparison between studies. It is 
also difficult to assess oocyst output or production parameters in chickens sampled 
for lesion scoring given that the scoring should be completed five to seven days post 
infection, early in or even before the patent period of oocyst excretion (Long et al. 
1976; Blake et al. 2021b). Within small groups of chickens it has been suggested that 
lesion score is a poor proxy for pathogenicity (Johnson and Reid 1970), although 
larger cohort studies have described clear and significant associations between lesion 
scores and production parameters such as BWG (Boulton et al. 2018). Blood plasma 
colouration has been assessed in chickens fed maize-based diets as a proxy for gut 
leakage, linking intestinal damage and lesions to elevated plasma colouration due to 
leakage of carotenoids as measured by optical density between 450 and 490 nm 
(Hamzic et al. 2015), but the assay is not appropriate with non-maize (sometimes 
termed ‘corn’) diets. 
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4.4 Production Measures 

Coccidiosis is primarily a disease of production animals, with the costs attributed to 
lost performance estimated to represent between 51 and 90% of the total cost of 
coccidiosis (e.g. £82.4 million in the UK in 2016; Blake et al. 2020). Thus, 
assessment of anticoccidial efficacy usually requires one or more measure of pro-
duction performance to convince academics, poultry producers and industry 
professionals since this is directly relevant to profit. 

4.4.1 Bodyweight Gain (BWG) 
Assessment of bodyweight gain (BWG) requires two or more paired measurements 
of chicken weight, a key performance indicator for broiler chickens. The measure is 
easy to assess, but does require the same individuals to be weighed on each occasion. 
Unless the disease caused by infection is severe it can be difficult to detect a 
statistically significant difference within five to seven days of infection (i.e. the



period targeted for lesion scoring), incurring a requirement for additional chickens to 
be tested over ten or more days if BWG and lesion scoring are to be considered 
(e.g. Soutter et al. 2022). A considerable difference in weight gain is expected 
between male and female chickens. Analysing weight gain separately in male and 
female chickens can reduce experimental variation, improving statistical power, but 
it is helpful to test both sexes to ensure the absence of a sex-linked effect. 
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4.4.2 Feed Conversion Ratio (FCR) 
Feed conversion ratio (FCR) can be a sensitive measure of subclinical coccidiosis, 
sometimes referred to as coccidiasis (Williams 1986). Chickens that show no clinical 
signs of coccidiosis but fail to thrive, or require additional feed to match performance 
shown by uninfected contemporaries, can be identified by variation in FCR. FCR is a 
standard performance measure tracked by most commercial broiler producers, but 
requires accurate recording of feed consumed and minimal loss of feed to other 
sources (spillage, rodents, etc.). 

4.4.3 Egg Production 
Coccidiosis is primarily a disease of young, growing chickens, with greatest impact 
on fast-growing broiler breeds reared for meat, although species such as E. brunetti 
and E. necatrix can affect older chickens (McDougald et al. 1990). Nonetheless, 
egg-laying is rarely significantly affected by coccidiosis (Mayhew 1934), although 
modest losses can be attributed to layer and breeding stock (Blake et al. 2020). 
Greater losses in flock-level egg production can be attributed to mortality of replace-
ment layer and breeding stock. 

4.4.4 Mortality 
Severe outbreaks of coccidiosis can feature extensive mortality, a measure that has 
historically been assessed in studies of anticoccidial efficacy (e.g. the Morehouse-
Baron Method of evaluating anticoccidial activity; Morehouse and Baron 1970). 
However, mortality in experimental animals is now rarely assessed, becoming 
unnecessary given the range of alternatives available and ethical considerations of 
welfare and suffering. 

4.4.5 Combined Measures 
Attempts to assess multiple measures of anticoccidial efficacy and combine into a 
single composite score have included the anticoccidial index (ACI). The components 
included have varied between studies, but percentage survival, percentage relative 
weight gain, lesion score and oocyst count are common (Jeffers 1974; Chapman 
1989). Use of an ACI can be informative, providing a global overview of parasito-
logical, pathological and performance measures, but it is worth noting that oocyst 
counts performed during the five- to seven-day window for lesion scoring post 
infection are unlikely to be representative for Eimeria species with longer 
pre-patent periods such as E. maxima or E. tenella.
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4.4.6 Novel Measures of Anticoccidial Effects 
Eimeria infections have been associated with significant variation in colonisation by 
bacterial pathogens such as Salmonella Typhimurium, C. jejuni and C. perfringens 
(Arakawa et al. 1981; Macdonald et al. 2019; Ringenier et al. 2021), as well as 
disruption of enteric microbiomes (Macdonald et al. 2017). In the future testing of 
novel anticoccidial controls is likely to include microbiome analysis, assessing 
impact on the occurrence of specific bacterial pathogens and contribution to enteric 
dysbiosis. 

4.5 Recommendations on Best Practices to Assess Anticoccidial 
Efficacy 

The complex nature of coccidiosis highlights that a single measure of efficacy is 
unlikely to be reliable in evaluation of anticoccidial products. Instead, it is preferred 
to include measures of parasite replication, pathology induced by clinical challenge 
and performance under industry conditions. The use of such a combination can 
illustrate efficacy of parasite control, reduction in disease and protection of economic 
margin and welfare. Studies of performance under industry conditions commonly 
require large cohort sizes, incurring financial and ethical costs. For this reason, 
small-scale studies of parasite replication can provide a valuable primary measure 
that can be supplemented by assessment of pathology before large group size studies 
are required. The recent development of improved quantitative in vitro assays for 
parasite replication under anticoccidial selection can now provide a valuable 
pre-screening step for many antimicrobial and phytobiotic products before in vivo 
studies are initiated (Marugan-Hernandez et al. 2020; Sidiropoulou et al. 2020), as 
outlined below. 

5 Phytochemicals and Essential Oils: New Opportunities 
for Anticoccidial Control in Poultry 

Challenges faced in the routine application of anticoccidial drugs and vaccines in 
chickens have encouraged investigation of a range of natural alternatives, 
highlighting a selection of phytobiotics and other natural products. There is now 
increasing public and legislative pressure in many countries to replace established 
anticoccidial drugs with new, more socially acceptable alternatives. Opportunities 
include increased use of a range of ‘natural’ treatments including phytochemicals 
(plant extracts, herbal formulations and essential oils [EOs]) or probiotics as pro-
phylactic or therapeutic options to control coccidiosis in poultry. In some examples 
these alternatives are already used widely to treat animals in developing countries, 
often driven by economic cost or cultural habits (Abbas et al. 2017). In most 
examples the mechanism of anticoccidial action is not known, but extensive studies 
have served to document the efficacy of several species of plants, probiotics and
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Table 1 Examples of natural products tested to control Eimeria in chickens 

Chickens 
used 

Baron et al. 
(2022) 

Eimeria mivati, Eimeria maxima, 
Eimeria acervulina and Eimeria 
tenella 

70 broilers Toltrazuril 

MessaÏ and 
Redouane-
Salah (2022) 

Eimeria tenella 120 
Hubbard-
ISA 
broilers 

Artemisia herba alba Asso 

EzeC et al. 
(2022) 

Eimeria tenella and Eimeria 
maxima 

119 broilers Sacoglottis gabonensis 
(Magnoliophyta, 
Humiriaceae) 

Qaid et al. 
(2022a) 

Eimeria tenella 150 Ross 
308 broilers 

Cinnamon bark 
(Cinnamomum verum) 

Qaid et al. 
(2022b) 

Eimeria tenella 225 broilers Cinnamomum verum bark 
and Rumex nervosus 
leaves 

Khorrami 
et al. (2022) 

Eimeria necatrix, Eimeria 
maxima, Eimeria acervulina and 
Eimeria tenella 

300 broilers Pomegranate peel extract 

Yadav et al. 
(2022) 

Eimeria maxima 576 broilers Brassica spp. rapeseed, 
canola meal and 
isothiocyanate 

Pham et al. 
(2022) 

Eimeria maxima and Eimeria 
necatrix 

432 Arbor 
Acres 
broilers 

Essential oils (carvacrol, 
thyme, hexanoic, benzoic 
and butyric acid. 

Yang et al. 
(2022) 

Eimeria mivati, Eimeria maxima, 
Eimeria acervulina and Eimeria 
tenella 

105 broilers Akkermansia muciniphila 

Lima et al. 
(2021) 

E. acervulina, E. maxima and 
E. tenella 

900 broilers Mushrooms Agaricus 
subrufescens and 
Pleurotus ostreatus 

Fu et al. 
(2021) 

E. tenella 630 broilers Ethanamizuril 

Nguyen et al. 
(2021) 

E. acervulina, E. maxima, 
E. tenella, Eimeria mitis and 
Eimeria praecox 

120 broilers Berberine 

Herrero-
Encinas et al. 
(2021) 

Eimeria maxima, E. maxima MF, 
Eimeria acervulina, Eimeria 
tenella and Eimeria mivati 

400 broilers Olea europaea 

Abdelhady 
et al. (2021) 

Eimeria tenella, E. brunetti, 
E. hagani, E. mivati, 
E. acervulina, E. maxima, 
E. necatrix and E. praecox 

750 broilers Atomonsin, Madramycin, 
Atozuril and Maxiban 

Galli et al. 
(2021) 

Eimeria: E. acervulina, 
E. brunetti, E. maxima, 
E. necatrix, E. praecox, E. tenella 
and E. mitis 

480 broilers Phytogenic blend 
(curcuminoids, 
cinnamaldehyde and 
glycerol monolaurate) 

E. tenella 150 broilers Cinnamomum verum
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Table 1 (continued)

Chickens 
used 

Qaid et al. 
(2021) 

Cheng et al. 
(2021) 

E. tenella, E. maxima, E. necatrix 
and E. acervulina 

108 broilers Bacillus licheniformis 

Akhter et al. 
(2021) 

Eimeria spp. 80 Sonali 
chickens 

Papaya (Carica papaya) 
leaves extract 

Sharma et al. 
(2021) 

E. tenella 25 Cobb 
chicks 

Extract of Indian 
Gooseberry (Phyllanthus 
emblica) 

Qaid et al. 
(2021) 

E. tenella 150 broilers Rumex nervosus leaf 
powder 

Sidiropoulou 
et al. (2020) 

E. tenella and Eimeria acervulina 180 broilers Oregano and garlic 
essential oil 

Song et al. 
(2020) 

E. tenella 200 broilers Herbal powder ‘Shi Ying 
Zi’ 

Bo et al. 
(2020) 

E. tenella 84 broilers Decoquinate 
nanoliposome 

Yong et al. 
(2020) 

E. tenella 180 broilers Fructus Meliae toosendan 
extract 

Wang et al. 
(2020) 

E. tenella 90 broilers Radix dichroae 

Hamilton 
et al. (2019) 

E. acervulina, E. maxima and 
E. tenella 

240 broilers Green tea, apple cider 
vinegar and amprolium 

El-Shazly 
et al. (2020) 

E. tenella 90 broilers Fluoroquinolone 
lomefloxacin 

El-Sawah 
et al. (2020) 

E. tenella, E. necatrix, E. maxima 
and E. acervulina 

240 broilers Enterococcus faecium and 
diclazuril 

Vereecken 
et al. (2020) 

E. acervulina, E. maxima and 
E. tenella, 

150 broilers Nicarbazin and Monensin 

Granstad 
et al. (2020) 

E. acervulina, E. mitis, E. tenella 
and E. maxima 

308 broilers Bacillus subtilis and 
Saccharomyces cerevisiae 

Muraina et al. 
(2020) 

E. tenella, E. necatrix and 
E. brunetti 

25 broilers Khaya senegalensis 
aqueous stem bark extract 

Srinivasu 
et al. (2019) 

Eimeria spp. 420 broilers Cocciban herbal 

Rasheed et al. 
(2020) 

E. acervulina and E. tenella 1028 
broilers 

IL-10 antibody 

Talghari et al. 
(2020) 

E. tenella, E. maxima, E. necatrix 
and E. acervulina 

300 broilers Sodium bisulphate, 
Monensin 

Pop et al. 
(2019) 

E. acervulina, E. tenella and 
E. maxima 

100 broilers Herbal formula 

Zhang et al. 
(2019) 

Eimeria spp. 440 broilers Triazine 

Yang et al. 
(2019) 

E. tenella 200 layers Bidens pilosa
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trace elements reporting effects on BWG, lesions scores and/or oocyst outputs 
(Table 1).
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Table 1 (continued)

Chickens 
used 

Upadhaya 
et al. (2019) 

E. tenella and E. maxima. 800 broilers Vitamin D 

Nabian et al. 
(2018) 

E. acervulina, E. maxima, 
E. tenella and E. necatrix 

54 broiler Salinomycin and 
amprolium + ethopabate 

Jarujareet 
et al. (2018) 

E. tenella 85 broilers Riboflavin supplement 

Preetam et al. 
(2019) 

E. tenella 420 broilers Cocciban herbal 

Ademola 
et al. (2019) 

Eimeria spp. 96 broilers Pleurotus ostreatus extract 

Hernandez-
Patlan et al. 
(2019) 

Eimeria maxima 120 broilers Bacillus 

Wang et al. 
(2018a) 

E. acervulina, E. maxima and 
E. tenella 

1344 
broilers 

Bacillus subtilis and zinc 

Hayajneh 
et al. (2018) 

Eimeria spp. 450 broilers Apple cider vinegar 

Lai et al. 
(2018) 

E. tenella 2000 
broilers 

Methionine 

Hong et al. 
(2018) 

E. tenella 30 broilers Ethanol extract of Tribulus 
terrestris 

Galli et al. 
(2018) 

E. necatrix, E. acervulina and 
E. maxima 

60 layers Curcumin 

Ahad et al. 
(2018) 

E. tenella 70 broilers Fruit peel Punica 
granatum 

Awais et al. 
(2018) 

E. tenella, E. acervulina, 
E. necatrix and E. maxima 

200 broilers L. bagasse-derived 
polysaccharides 

Wang et al. 
(2018b) 

E. tenella 270 broilers Areca nut 

Plant-based compounds are the natural products most commonly tested for 
control of coccidiosis. It has been suggested that plant components can constrain 
the disease through three mechanisms: directly targeting, inhibiting or killing one or 
more stages of the eimerian lifecycle, regulating the host immune response, or 
indirectly by regulation of the enteric microbiome (Muthamilselvan et al. 2016). 
Plants or their secondary metabolites with anti-parasitic properties are already well-
known sources of drugs for treatment of humans; in some cases, these botanicals 
have been used as an alternative to treat animal diseases, including coccidiosis. 
Examples include artemisinin, derived from extracts of sweet wormwood (Artemisia 
annua) and used to treat malaria, but also shown to be effective against Eimeria. 
When tested in birds infected with E. tenella, artemisinin improved BWG and



reduced lesion scores, although the same effect was not observed in chickens 
infected with E. acervulina (Allen et al. 1997). 
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Approximately 400,000 species of plants exist in the world; however, only 10% 
of these have been explored as medicines, prompting considerable interest in the 
potential of the remaining 90% for drug discovery (Volenzo and Odiyo 2020). 
Bioactive components can be extracted or purified using a range of techniques, 
highlighting that standardisation of the active ingredients in phytotherapy remains a 
challenge. Variation can arise due to differences in plant genetics, climatic and 
growing factors, the time of harvesting, and the extraction methods (Miliauskas 
et al. 2004). Extraction of active plant materials or secondary metabolites commonly 
requires an appropriate solvent and standard extraction procedure, but the choice of 
method is influenced by the type of plant, the solvents used, pH of the solvent, 
temperature, and the intended use of the final product (Abubakar and Haque 2020). 
While derivatives of several plants have been shown to influence the outcome of 
coccidiosis, the extraction methods required were often expensive or the plant itself 
was not widely available (Awais et al. 2018). In other examples, the correct dosage 
may not be known or incidental negative clinical parameters might constrain com-
mercial use of certain plants. Other challenges include international divergence in 
regulations, terminologies and classification of herbal medicines, limiting dissemi-
nation and application around the world (Alostad et al. 2018). Nonetheless, consid-
erable efforts have been expended searching for botanical products that can be used 
to control coccidiosis, as discussed here. 

5.1 Plant Extracts 

‘Plant extract’ is a general term used to describe the extracted product of a solid/ 
liquid separation operation: the solid material (plant) is submitted to a fluid (solvent), 
where the active component of interest is solubilised in the solvent. Optionally, this 
solution can pass through a second step of separation to obtain a more solid extract 
(Abubakar and Haque 2020). Plant extracts are relatively easy to manipulate and are 
commonly included in poultry diets to improve health (Akyildiz and Muzaffer 
2016). Several plant extracts have been explored as sources of control for Eimeria, 
with some examples discussed below. 

5.1.1 Rumex nervosus 
Rumex nervosus, commonly known as Othrob, is a shrub belonging to the 
Polygonaceae family; it is native to some Eastern African countries and the Arabian 
Peninsula. Different parts of this plant have been explored as natural medicines with 
diverse pharmacological properties. However, leaf extracts have attracted most 
attention in the poultry industry due to anticoccidial and anti-inflammatory activities. 
Challenge studies have shown a limited anticoccidial effect, reducing lesion scores 
and oocyst output while improving weight gain (Qaid et al. 2021). Rumex nervosus 
is common in many developing countries where coccidiosis incurs a notable



economic impact, encouraging its application as a cheap alternative to supress the 
effects of Eimeria infection. 
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5.1.2 Punica granatum 
Pomegranate peel is a rarely explored by-product from the pomegranate (Punica 
granatum) industry. It is rich in phenolic compounds and has been associated with 
strong antioxidant, anti-inflammatory and anti-parasitic activities, including against 
Eimeria parasites. Extracts of pomegranate peel have been tested in a range of 
animals including mice, rabbits and poultry, demonstrating varied levels of efficacy 
for treatment of coccidiosis (Dkhil 2013). Multiple divergent methods of extraction 
and manipulation have been described, possibly explaining the variation between 
reports. In chickens, pomegranate extract has shown anticoccidial activity, lowering 
oocyst counts and reducing intestinal lesions; however, the dose of extract required 
has been associated with negative side effects on growth indices (Khorrami et al. 
2022). 

5.1.3 Carica papaya 
Carica papaya belongs to the family Caricaceae. It grows widely in tropical and 
subtropical lowland regions around the world, being the third most cultivated 
tropical crop worldwide (Chávez-Pesqueira and Núñez-Farfán 2017). The leaf of 
the plant is rich in saponins and papain, both of which can be used to treat intestinal 
parasites (Rahmasari and Wibowo 2019). Saponin is known to bind cholesterol, 
altering the integrity of parasite surface membranes and eventually resulting in death 
(Wang et al. 1998). It has also been shown that an extract of this plant can reduce 
sporozoite invasion of intestinal epithelial cells, possibly due to proteolytic destruc-
tion by papain (El-Shall et al. 2022). Challenge studies have revealed potential using 
the leaf of the plant to boost growth, reduce oocyst output and improve 
haematological parameters in Sonali chickens, although the outcome was not equiv-
alent to the synthetic drug toltrazuril (Akhter et al. 2021). 

5.1.4 Bidens pilosa 
Bidens pilosa is an Asteraceae plant that originated from South America but is now 
widely distributed around the world. This herb has been attributed with a range of 
therapeutic properties, being rich in several polyacetylene, polyacetylene glycoside, 
flavonoid, flavone glycoside, aurone, chalcone, okanin glycoside, phenolic acid, 
terpene, pheophytin and fatty acid compounds (Xuan and Khanh 2016). 
Phytochemicals derived from B. pilosa have been reported to modulate gastrointes-
tinal diseases, immunity and bacteria in humans (Bartolome et al. 2013). More 
recently, the plant has gained attention for control of coccidiosis. The extract of 
the plant can inhibit the occurrence of disease and decrease the severity of Eimeria 
infection in chickens. It has been suggested that regulation of the gut microbiota 
during Eimeria infection might be the main contribution of this herbal product. 
Treatment using B. pilosa has been reported to reduce villus destruction during 
Eimeria infection and support a healthy enteric microbiota (Memon et al. 2021; 
Chang et al. 2016).
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5.1.5 Phyllanthus emblica 
Phyllanthus emblica, commonly called the Indian gooseberry, is native to tropical 
and southern Asia. Extracts of P. emblica leaves and fruit have been described as 
treatment for a diverse range of diseases such as cancer, osteoporosis, neurological 
disorders, hypertension, parasitic and other infectious disorders (Variya et al. 2016). 
Treatment of chickens during eimerian infection has been shown to inhibit 
subsequent oocyst sporulation, reducing infectivity and improving weight gain in 
other members of the flock. The identity of the active compound(s) remains 
unknown (Sharma et al. 2021). Another plant from the same family, Emblica 
officinalis, had previously been shown to enhance BWG and offer 
immunostimulatory properties in broiler chickens (Kaleem et al. 2014). 

5.1.6 Sacoglottis gabonensis 
Sacoglottis gabonensis is a large tree from the Humiriaceae family, common in 
tropical countries around the world. Extracts of the stem bark from this tree are rich 
in flavonoids, alkaloids, saponins, tannins, glycosides, terpenoids and phenolic 
compounds (Ejikeme et al. 2014). A recent study in chickens infected with 
E. tenella and E. maxima indicated that continuous use of S. gabonensis stem bark 
extract can improve haemato-biochemical indices, clinical signs and significantly 
improve survivability (EzeC et al. 2022). Toxicity tests in this same study suggest 
that the extract is a relatively safe product that could be included in livestock and 
poultry diets to control coccidiosis. 

5.2 Herbal Formulations and Derivatives 

Herbal formulations can be prepared by several extraction methods and may include 
one or more plants containing one or more active substances. The beneficial, and 
often synergistic, properties of different herbs are widely recognised in traditional 
Asian medicine. 

5.2.1 Shi Ying Zi 
Shi Ying Zi powder is a traditional Chinese herbal medicine containing Cnidium 
monnieri, Taraxacum mongolicum, and sodium chloride. These herbs are commonly 
used in combination to treat infectious diseases. A recent study comparing the effect 
of this medicine with the ionophore monensin and sulfamlopyrazine (also known as 
sulfachloropyrazine sodium) found comparable efficacy in the prevention and treat-
ment of E. tenella infection in broiler chickens, reducing the occurrence of 
haemorrhage and total oocyst output in faeces (Song et al. 2020). 

5.2.2 Fructus Meliae toosendan 
Also known as Chuan Lian Zi in Chinese medicine, Fructus Meliae toosendan is the 
mature fruit of Melia toosendan, a plant found primarily in the southwest region of 
China. This traditional Chinese herbal medicine has been tested for diverse uses in 
human treatment including anti-cancer therapy, but has only recently been tested to



control coccidiosis in chickens. Fructus Meliae toosendan extract was tested during 
E. tenella challenge, inhibiting oocyst sporulation and improving the enteric 
microbiota of chickens as well as improving some clinical signs. Although 
M. toosendan cytotoxic and deeper clinical parameters were not fully assessed yet 
in chickens, it seemed to prevent coccidial infection in broilers (Yong et al. 2020). 
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5.2.3 Berberine 
Berberine is a compound that can be extracted from several plants, especially 
Berberis (Berberis vulgaris). It is a traditional Chinese medicine with antimicrobial 
activities against several infectious agents including viruses, bacteria, fungi, parasitic 
protozoans and helminths (Dkhil 2013). Recently, berberine has received more 
attention due to its anti-parasitic potential against coccidiosis. A diet supplemented 
with this medicine reduced faecal oocyst shedding in chickens infected with various 
Eimeria species (E. acervulina, E. maxima, E. mitis, E. praecox and E. tenella) 
(Nguyen et al. 2021). It is suggested that berberine can regulate access to important 
trace elements during Eimeria replication, reducing oocyst output and clinical signs 
(Huang et al. 2022). 

5.3 Current Herbal Commercial Products 

Several formulations of herbal products are currently marketed to control or treat 
coccidiosis. Examples include Cocciban® (Indian Herbs Specialities Pvt. Ltd), a 
herbal formula containing Azadirachta indica leaves, Nicotiana tabacum leaves, 
Calotropis procera flowers and Trachyspermum ammi seeds. One study has 
suggested Cocciban® exhibits efficacy comparable to synthetic anticoccidial drugs 
as salinomycin and dinitolmide, reducing oocyst excretion and improving health in 
terms of haemato-biochemical, faecal and histopathological parameters (Srinivasu 
et al. 2019). Another recent commercial formula, Norponin XO2®, has also been 
shown to control coccidiosis at a level equivalent to an ionophore. Produced from a 
blend of Yucca schidigera and Trigonella foenum-graecum, plants rich in several 
steroidal saponins, a recent evaluation of this product revealed that supplementation 
during infection with E. tenella performed at a level equivalent to monensin 
(Benarbia et al. 2022). 

5.4 Essential Oils 

Essential oils (EOs) are obtained from different species of aromatic plants following 
a wide range of methods of extraction (Aziz et al. 2018). EOs can contain over 
200 substances of volatile and non-volatile nature. They have applications in 
multiple industries and have been investigated for their efficacy as antimicrobial, 
anti-inflammatory and anti-viral agents. The first study evaluating effects of EOs 
after infection with Eimeria tenella was reported by (Giannenas et al. 2003). Here, 
oregano EO (300 mg/kg) supported BWG and feed intake at levels comparable to the



unchallenged group, higher than the infected group but lower than the group treated 
with lasalocid (75 mg/kg). More recently, oregano and citrus EOs (500 mg/kg) did 
not improve performance in chickens experimentally infected with Eimeria spp. 
(challenge using a Coccivac® at 25× the recommended dose) (Gordillo Jaramillo 
et al. 2021). Similarly, oregano EO (50, 24 or 12 mg/kg) also failed to improve BWG 
and did not reduce oocyst output compared to uninfected controls (Bozkurt et al. 
2016). However, intestinal morphology was improved and total antioxidant status 
was increased. In the same experiment monensin sodium (50 mg/kg) did improve 
these parameters. In a similar experiment published by Mohiti-Asli and 
Ghanaatparast-Rashti (2015), supplementation with oregano EO (500 ppm) 
increased bodyweight and improved FCR during Eimeria challenge (50× Livacox® 
vaccine recommended dose), and reduced lesion scores and oocyst outputs, similar 
to those observed with diclazuril supplementation (200 ppm). Further support has 
been published describing supplementation with Colombian oregano EO (100 ppm) 
resulting in improved bodyweight and reduced FCR when compared with 
challenged as well as unchallenged controls (Betancourt et al. 2019). 
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In other studies Psidium guajava EO (1 and 5 mg/kg) was shown to exert a 
beneficial effect against chicken coccidiosis supporting increased antioxidant 
enzyme activities (i.e. glutathione peroxidase), although the OPG was lower in 
chickens receiving diclazuril (1 mg/kg) and challenged with mixed Eimeria spp. 
compared to chickens that received EO at any of the doses. No differences were 
observed in FCR between treated groups (Langerudi et al. 2022). Chang et al. (2021) 
showed that continuous supplementation with garlic EO could significantly reduce 
clinical signs of coccidiosis, including caecal lesions and shed oocysts, while also 
increasing BWG and exhibiting an anticoccidial index similar to chickens 
supplemented with diclazuril (0.06 mL/L). In this study, garlic EO (0.06 mL/L) 
also improved immune function in chickens, showing an increase on the biochemical 
index for IgM, IgG and IgA. Feed supplementation with encapsulated thymol and 
carvacrol EO (60–120 mg/kg) improved production parameters such as BWG and 
FCR after challenge with Eimeria spp. (25× Coccivac® vaccine recommended dose) 
at a level comparable to chickens treated with salinomycin (60 mg/kg) (Lee et al. 
2020), also reducing volatile fatty acids and increasing catalase activity. 

Blends of EOs have also been tested for efficacy in control of coccidiosis. A feed 
additive composed of eugenol, thymol and piperine blends of EOs (CRINA Poultry 
DSM [Dutch State Mines]: 15, 30 or 50 mg/kg) and vitamin D3 (50, 69 or 138 ug/kg; 
respectively) improved BWG during the broiler growing phase in comparison to 
controls. Groups with higher doses of CRINA and vitamin D3 showed increased 
BWG and reduced FCR. All treatments reduced intestinal pathology caused by 
Eimeria challenge (300–500 purified sporulated oocysts of E. tenella and 
E. maxima) (Upadhaya et al. 2019). A blend of eucalyptus and peppermint EOs 
(Chemist Werner Krull) improved weight gain after challenge with eight Eimeria 
spp. (a total of 1.76 × 105 oocysts per bird of equal number of sporulated oocysts of 
E. acervulina, E. brunetti, E. hagani, E. maxima, E. mivati, E. necatrix, E. praecox 
and E. tenella) and provided a growth promotion effect in unchallenged groups; FCR 
was also improved when challenged chickens were supplemented with EO,



preventing mortality and reducing intestinal lesions and output oocysts (Barbour 
et al. 2015). A mixture of essential oils (Essential – Oligo Basics Agroind – 
1.5–2 kg/ton) reduced intestinal lesions after challenge with Eimeria spp. Feed 
efficiency and growth rate were also improved before challenge and during the 
initial seven days post challenge. Supplementation increased the apparent 
metabolisable energy (AME) as well as villi height (Murakami et al. 2014). A 
blend of EOs containing carvacrol, cineole, camphor and thymol (Herba) did not 
improve performance in a study where other treatments including salinomycin, a 
multienzyme, probiotics and prebiotics all showed good results (Bozkurt et al. 
2014). A blend of three EOs (oregano, laurel leaf and lavender; 50 mg/kg) signifi-
cantly improved performance of chickens challenged with a mixture of Eimeria 
species (35 × 104 sporulated oocysts from field isolates of E. acervulina, E. maxima, 
E. tenella, E. mitis, E. brunetti and E. praecox), as well as reducing oocyst outputs; 
however, this was lower than in groups supplemented with monensin (100 mg/kg) 
(Bozkurt et al. 2012). 
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6 Probiotics 

Probiotics can enhance intestinal health by favouring beneficial bacteria, with the 
host benefitting from their immunostimulatory and antioxidant properties. However, 
specific mechanisms of action of probiotics remain unknown. There are several 
publications describing the use of probiotics (live microorganisms) to reduce the 
impact of chicken coccidiosis. 

Giannenas et al. (2012) evaluated different probiotics individually (Enterococcus 
faecium, Bifidobacterium animalis, Lactobacillus reuteri, Bacillus subtilis) and a 
multi-species probiotic mix PoultryStar® (BIOMIN GmbH, Austria) for their ability 
to reduce the effects of coccidiosis. All the groups exhibited better (lower) FCR in 
comparison to the un-supplemented infected control. At day 21, seven days after 
challenge with E. tenella (4000 oocysts by oral gavage), all supplemented groups 
showed a significant increase in body weight compared to the un-supplemented 
infected group. However, at day 42, only the uninfected control, the anticoccidial-
treated control (lasalocid) and PoultryStar® remained significantly heavier. In a 
similar experiment (Giannenas et al. 2014), E. faecium, B. animalis and Lactobacil-
lus salivarius (at a 6:3:1 ratio) were added via drinking water or via feed. Seven days 
after challenge with E. acervulina (5000 oocysts), E. maxima (2000 oocysts) and 
E. tenella (2000 oocysts), the un-supplemented infected group showed the lowest 
BWG values, with all the probiotic-treated chickens showing similar levels to the 
anticoccidial-treated control (lasalocid), although the latter exhibited lower lesion 
scores and oocyst numbers than the probiotic-treated groups. 

Some of these probiotics have been evaluated in further studies. Addition of 
B. subtilis to the chicken diet improved feed efficiency, reduced lesions and 
enhanced intestinal immunity and epithelial barrier integrity seven days after infec-
tion with E. maxima (1000 oocysts) at a level comparable or better than 
antimicrobials (virginiamycin or bacitracin methylene disalicylate) (Park et al.



2020). The probiotic E. faecium also supported higher bodyweights, and lower 
lesion scores and oocyst counts than un-supplemented infected controls (El-Sawah 
et al. 2020) when chickens were challenged with 25,000 mixed species oocysts 
including E. tenella (80%), E. necatrix (10%), E. maxima (5%) and E. acervulina 
(5%). A synergetic effect was found when combined with the anticoccidial 
diclazuril; nevertheless, the probiotic did not ease clinical signs when used as a 
therapeutic after coccidiosis had been detected. 
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Probiotic mixtures are becoming popular in the poultry industry. Protexin, a 
probiotic preparation containing Bifidobacterium bifidum, E. faecium, Lactobacillus 
acidophilus, Lactobacillus delbrueckii, Lactobacillus plantarum, Lactobacillus 
rhamnosus and Streptococcus thermophiles (Hilton Pharmaceutical (Pvt) Ltd., 
Pakistan) supported increased bodyweight gain and lower FCR, and reduced oocyst 
shedding, caecal lesions and mortality after challenge with 25,000 E. tenella oocysts, 
alone or in combination with the anticoccidial diclazuril, compared with the 
un-supplemented control (Memon et al. 2022). Other probiotic combinations such 
as Antox® (Saccharomyces cerevisiae) and En-florax® (E. faecium, Lactobacillus 
casei, L. plantarum and Pediococcus acidilactici) were also evaluated. After a 
challenge with 2000 E. tenella oocysts, both probiotic combinations supported 
similar feed intake, FCR and BWG than chickens supplemented with amprolium. 
Lesion scores and oocyst outputs were lower than for un-supplemented controls, but 
not as good as the amprolium-supplemented group (Ogwiji et al. 2022). 

7 In Vitro Studies 

As discussed, there has been a significant recent increase in research intended to 
discover new extracts, compounds or products effective against coccidiosis in 
chickens, but commercialisation requires extensive assessments of testing and vali-
dation. Safety and efficacy studies for new anticoccidial drugs are commonly 
designed using large numbers of chickens to determine parasitological and patho-
logical parameters (e.g. parasite replication, enteric lesion score, serum carotenoids 
as a measure of gut leakage), with complementary studies to evaluate commercial 
parameters such as BWG and FCR. The World Association for Advancement of 
Veterinary Parasitology published guidance for evaluating efficacy of anticoccidial 
drugs in chickens and other poultry nearly 20 years ago (Holdsworth, Conway et al. 
2004), and the U.S. Food and Drug Administration periodically releases revised 
guidelines for industry anticoccidial investigations with standards and specific 
protocols (https://www.fda.gov/media/81837/download), although meeting these 
are not a legal requirement. In these guidelines there are three different levels of 
studies in experimental animals:

• Battery studies (cages): to evaluate the efficacy of new compounds under 
investigation. Effects are assessed under controlled laboratory conditions, usually 
in White Leghorn (layer) chickens.

https://www.fda.gov/media/81837/download


• Floor-pen studies: simulated conditions representative of genetic stock used in 
contemporary poultry production (e.g. Cobb500™, broilers).

• Multi-location commercial-scale field studies: to confirm the feeding level 
selected for the compound is effective under commercial production conditions. 
This type of study is conducted under industrial conditions using commercial-
scale facilities with a variety of production systems, conditions and chicken 
breeds. 
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Such studies are expensive, time consuming and ethically challenging. The 
availability of in vitro models to pre-screen novel anticoccidial compounds would 
allow the evaluation of larger numbers of compounds in a more time- and cost-
effective way. Several studies using in vitro evaluation of potential compounds for 
effects in the parasite itself have been published. However, many are semi-
quantitative, time consuming or subjective to the person performing the experiment. 

7.1 Evaluation of Oocyst Destruction 

Rahmani et al. (2021)) evaluated the destructive effects of Pistacia lentiscus vegeta-
ble oil or diclazuril on a mixture of oocysts of Eimeria species isolated from field 
samples. Oocysts (15,000/well in triplicate) were incubated in 96 well plates at room 
temperature (RT) for 24 hours with different concentrations of the oil. After incuba-
tion, the percentage of oocysts destroyed was estimated visually and by measuring 
absorbance at 273 nm. A dose-dependent effect was observed (Lethal Dose 
[LD]50 = 5.86 and 3.79 mg/mL for each substance). Similarly, secreted compounds 
of the yeast Meyerozyma guilliermondii were assessed for damage caused in oocyst 
walls. Here, batches of 100,000 E. tenella oocysts were exposed to yeast extracts and 
incubated at 30°C with mixing at 200 rpm for 24 and 48 hours, after which damage 
was observed microscopically. Integrity was retained in 61% of oocysts at 24 hours 
and decreased 1.3-fold by 48 hours (Dantan-Gonzalez et al. 2015). In another study, 
sporulated oocysts (4 × 105 with approximately 32.05% E. acervulina, 26.92% 
E. tenella, 15.35% E. mitis and 14.10% and 11.53% E. maxima) from a field isolate 
were incubated with olive pulp at ambient temperature for 24 hours. Destruction 
(LC50) was estimated and absorbance measured at 273 nm (Debbou-Iouknane et al. 
2019). Remmal et al. (2011)) evaluated oocyst destruction caused by EOs (pur-
chased from Seema International) by microscopic counting at 273 nm absorbance. 
Oocysts (3×105 ) were incubated with different EO concentrations for 24 hours. 
Lethal concentration (LC)50 was less than 1 mg/mL for EOs from artemisia, tea 
tree, thyme and clove. 

7.2 Evaluation of Effects in Oocyst Sporulation 

Desalegn and Ahmed (2020) evaluated the effects of Aloe debrana and Aloe 
pulcherrima leaf gel infusions on oocyst sporulation in a mixed species Eimeria



isolate. Batches of 1500 oocysts/mL were incubated with 10, 15, 25 or 30% w/v gel 
infusions in 1% potassium dichromate. The highest doses inhibited sporulation by 
>79% and >69% for each of the substances, respectively. Gadelhaq et al. (2018) 
evaluated the effects of two herbal extracts of garlic and Moringa oleifera on 
sporulation in comparison with diclazuril. Non-characterised oocysts from a field 
isolate propagated in chickens were incubated with either extract for 48 hours at 
25–19°C, but neither showed any effect on oocyst sporulation. Habibi et al. (2016) 
evaluated the influence of extracts from Biarum bovei, Nectaroscordum tripedale, 
Dorema aucheri, Cichorium intybu or Prangos ferulaceae leaves, with sporulation 
inhibited from 8.51 to 29.69%. 
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7.3 Evaluation of Effects on Free Sporozoites 

Daneshmand et al. (2021) evaluated effects of sugarcane extract (Polygain) on free 
sporozoites after incubation at 37°C for 14 hours, finding a significant decrease in 
sporozoite numbers of different species (E. acervulina, E. maxima, E. brunetti, 
E. tenella, E. necatrix and E. mitis) after the treatment. 

7.4 Evaluation of Effects on Sporozoite Invasion 

In 2011, Khalafalla et al. (2011) evaluated the effects of curcumin 
(diferuloymethane) on sporozoite morphology, viability (using trypan blue) and 
ability to invade in Madin-Darby bovine kidney (MDBK) cells. Exposure resulted 
in deformation, swelling and loss of viability at concentrations in excess of >25 μM. 
Infectivity of fluorescent-labelled sporozoites with 10 μM 5(6)-carboxyfluorescein 
diacetate N-succinimidyl ester measured by flow cytometry showed reductions of 
41.6% and 72.8% for 100 and 200 μM concentrations, respectively. Burt et al. 
(2013) evaluated the effects of 4 phytochemicals (betaine, carvacrol, curcumin and 
Echinacea purpurea extract) on sporozoites added to treated MDBK cell 
monolayers and incubated for 2, 4 or 20 hours at 37°C, then stained with 
haematoxylin-eosin to calculate the number of invaded cells. Carvacrol, curcumin 
and E. purpurea extract only showed a reduced invasion percentage after 2 hours of 
incubation, but not after 4 and 20 hours. Ten EOs extracted from Thai indigenous 
plants were evaluated for oocysticidal properties, assessing levels of sporulation and 
oocyst degeneration. Inhibition of invasion in MDBK cells was also assessed after 
1 hour pre-incubation in each EO followed by cells fixing 24 hours after infection 
with Bouin solution and staining with Periodic Acid Schiff. Boesenbergia pandurata 
and Ocimum basilicum EOs reduced sporulation as well as cell invasion by 70% 
(Jitviriyanon et al. 2016). Effects of probiotics have been also evaluated in vitro by 
comparing efficacy of sporozoite invasion. Sporozoites of E. tenella were labelled 
with 5(6)-carboxyfluorescein diacetate N-succinimidyl ester to evaluate invasion 
levels by microscopy. Invasion levels in MDBK cells were reduced up to 80% 
after treatment with different bacterial strains (Bifidobacterium animalis,



Enterococcus faecium, Lactobacillus reuteri, L. salivarius and Bacillus subtilis) 
(Hessenberger et al. 2016). Teng et al. (2020) evaluated the effects of nitro 
compounds on sporozoite invasion. Infected cells were incubated at 40°C for 
72 hours, then monolayers were fixed with iced methanol and labelled with a 
mouse anti-sporozoite antibody. Quantification was done by microscopy. Balta 
et al. (2021) evaluated the effects of an organic acid mixture on inhibition of invasion 
of MDBK and chicken lung epithelial cells (CLEC213). Invasion levels were 
estimated by DAPI (4′,6-diamidino-2-phenylindole) staining and microscopy, 
finding inhibition of 50–80%. 
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7.5 Quantitative Methods 

In 2014, Jenkins et al. (2014) used quantitative polymerase chain reaction (qPCR) 
and semi-qPCR to quantify inhibition of E. tenella sporozoite invasion in MDBK 
cell monolayers using classical anticoccidial compounds (salinomycin and 
monensin). Thabet et al. (2015) used similar protocols to evaluate the efficacy of 
different classical anticoccidials (monensin, maduramicin, slainomycin and 
lasalocid). This same technique was used to evaluate the effects of allicin (Alnassan 
et al. 2015) with further refinement in 2017 by Thabet et al. (2017). Tests of natural 
compounds using this approach illustrated a range of levels of inhibition for nutmeg 
oil (35.5–49.5%), cinnamon oil (none) and glabridin (14.1–81.7%) (Thabet et al. 
2022). Felici et al. (2020) used qPCR to define significant levels of inhibition of 
sporozoite invasion (>20%) when sporozoites were exposed to thymol and carva-
crol blends and more in particular when these were combined with saponins. 
Marugan-Hernandez et al. (2020) have compared qPCR and florescent methods to 
evaluate inhibition of sporozoite invasion and also endogenous development in 
MDBK. This study provided detailed microscopical studies to evaluate the quality 
of the schizonts and merozoites generated by in vitro methods as well as protein 
expression profiles along the development. 

8 Conclusions 

A range of prophylactic and therapeutic measures are currently available to control 
coccidiosis in chickens, but gaps in our knowledge of each product are emphasised 
by the host of challenges associated with each approach. While it is unlikely that a 
single all-purpose solution will suffice to control coccidiosis across all poultry 
sectors, alternatives that can be upscaled for mass application and aimed at working 
within current and possible future legislative restrictions and consumer concerns are 
required to support future food security and agro-economy. The drive towards 
natural prophylactics and remedies for use in livestock and poultry production is 
not limited to coccidiosis, gaining considerable traction across much of the farming 
sector to address ‘drug-free’ requirements from consumers. Many naturally existing 
therapies can also boast the benefits of affordable manufacture, ease of



administration and scalability while providing efficacious alternatives to drugs, 
facilitating the reduction of drug-resistant parasite populations. 
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Feed Additives to Combat Intestinal 
Diseases in Antibiotic-Free Poultry Farming 

Vasileios Tsiouris, Tilemachos Mantzios, Konstantinos Kiskinis, 
and Paschalis Fortomaris 

Abstract 

A rapid rise in the world population has led to an increased demand for animal 
protein, a large amount of which is covered by the poultry industry. However, 
poultry protein must be produced in a way that promotes birds’ health and welfare 
and simultaneously is ethical and environmentally friendly. Traditionally, anti-
microbial growth promoters (AGPs) have been widely used to improve perfor-
mance, health, and welfare, modulate the intestinal microbiota, and control 
enteric pathogens in birds. Nevertheless, widespread scientific concern for the 
risk of developing cross-resistance pathogens to antibiotics has resulted in the 
restriction and even complete ban of AGPs for therapeutic and prophylactic 
purposes in poultry. In addition, the augmented consumer demand for “organic” 
poultry products further compels the poultry industry to avoid the use of AGPs 
and to apply more environmental and poultry-friendly management practices, 
such as free-range, all vegetable feeding, outdoor grassing, and slow-growth 
hybrids. Considering all the above, the prohibition or voluntary exclusion of 
AGPs in poultry feed and the change of management practices disturbed the 
ecosystem of the gastrointestinal tract and dramatically increased the incidence of 
economically important intestinal diseases. The intestinal tract is not only respon-
sible for digestion and absorption of nutrients but also acts as a metabolic, 
endocrinal, and immunological organ. Digestive tract infections are a major 
concern in the poultry industry and result in growth retardation, increased
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mortality, deterioration of birds’ health and welfare, and increased risk of con-
tamination of poultry products intended for human consumption. All these 
adaptations in poultry farming bring new challenges and demand a holistic 
approach through novel feed strategies in order to minimize the impact of 
digestive tract infections on poultry health and welfare as well as to guarantee 
food safety and security for a growing human population. A wide range of feed 
additives have been suggested, including eco-friendly compounds, such as 
polyphenols in herbal extracts, essential oils, phytogenic feed additives, organic 
and/or inorganic acids, prebiotics, probiotics, competitive exclusion products, 
hen egg antibodies, and exogenous enzymes. The aim of this chapter is to provide 
the current knowledge of novel feed additives with the potential to combat 
intestinal diseases in antibiotic-free poultry farming.
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1 Introduction 

The global human population is estimated to reach 9.6 billion by 2050 (Kiarie et al. 
2019). Rapid global population growth and rising incomes in developing countries 
have led to increased demand for protein, which is one of the most expensive and 
limiting feed ingredients (Kim et al. 2019a). The poultry industry can play a key role 
in alleviating poverty as well as food scarcity as it can provide high-quality protein 
and nutrients for human consumption through meat and eggs (Raza et al. 2019). 
Global poultry production has tripled to an annual production of 90 million tons of 
chicken meat and 1.1 trillion eggs (http://www.fao.org/faostat/) over the past two 
decades (Kiarie et al. 2019).

http://www.fao.org/faostat/
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However, poultry protein must be produced in a way that promotes the health and 
welfare of birds while being ethical and environmentally friendly. The poultry 
industry faces an ongoing challenge to develop management strategies to optimize 
chicken performance while minimizing food safety concerns. For example, the 
poultry industry has widely used significant amounts of antibiotic growth promoters 
(AGPs) to improve performance, health, and welfare, regulate gut microbiota, and 
control enteric pathogens in poultry. However, the misuse of antibiotics has led to an 
increase in the development of antibiotic resistance and antibiotic residues in meat, 
with serious concerns for human and animal health and the environment. Public and 
consumer concerns have necessitated consumer discontinuation and legislative 
regulation and/or restrictions on the use of antibiotics for therapeutic and prophylac-
tic uses in poultry production and livestock in general (Kiarie et al. 2019; Zhu et al. 
2021). 

Taking all of the above into account, banning or voluntarily excluding AGPs 
from poultry feed and changing management practices have disrupted the gastroin-
testinal tract ecosystem and dramatically increased the incidence of economically 
important enteric diseases. Gastrointestinal infections, such as necrotic enteritis, 
coccidiosis, campylobacteriosis, salmonellosis, and colibacillosis, are a major con-
cern in the poultry industry and result in growth retardation, poor feed conversion 
efficiency, increased mortality, deterioration of birds’ health and welfare, and 
increased risk of contamination in poultry products intended for human consumption 
(Kiarie et al. 2019). 

The shift away from antibiotic use in poultry has led industry and academia to 
find alternatives to AGPs to improve bird health, welfare, and performance as well as 
prevent and control enteric pathogens in poultry. In addition, increased consumer 
demand for “organic” poultry products is further forcing the poultry industry to 
avoid the use of AGPs and to implement more environmentally and poultry-friendly 
management practices (Abdelli et al. 2021). 

Considering the shift away from the use of antibiotics in poultry feed and the 
impact of the aforementioned diseases on poultry, public, and environmental health, 
a “One Health” approach should be adopted by the scientific international commu-
nity and poultry industry in order to promote performance, health, and welfare of 
poultry and to minimize public health issues. For this reason, a wide range of 
alternative environmental-friendly feed additives have been proposed, such as 
probiotics, prebiotics, organic and/or inorganic acids, and phytogenic feed additives 
(Abdelli et al. 2021; Zhu et al. 2021). The aim of this chapter is to provide current 
knowledge on new feed additives with the potential to combat intestinal diseases and 
improve intestinal health in poultry. 

2 Necrotic Enteritis 

Necrotic enteritis (NE) is a disease of high economic impact (Van der Sluis 2000), 
which affects the health and welfare of broilers and also poses a threat to public 
health (Van Immerseel et al. 2004a, b). Worldwide losses from this disease were



estimated at $6 billion in 2015, and thus it is commonly described as a $6 billion 
disease (Wade and Keyburn 2015). The ban of AGPs in diets of poultry significantly 
affected the intestinal ecosystem and disrupted its homeostasis, allowing the over-
growth of Clostridium perfringens, leading to the outbreak of the disease (Williams 
2005; McDevitt et al. 2006). NE represents a typical example of disease syndrome, 
which is considered a gut health issue and depends on interactions between host, 
infectious, nutritional, and managerial factors (Williams 2005; McDevitt et al. 
2006). Particularly, factors such as higher intestinal viscosity increase the average 
retention time of the intestinal content and the amount of undigested material in the 
intestinal tract, which gives the C. perfringens more time and substrate to colonize 
the small intestine, to proliferate and to produce toxins (Waldenstedt et al. 2000). 
Conversely, high concentrations of lactic acid produced by bacteria can reduce the 
pH to levels that are low enough to inhibit the growth of C. perfringens 
(McReynolds et al. 2007). 
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Despite our present understanding of the disease, and identification of 
C. perfringens as the etiological agent, the predisposing factors, which are essential 
for the outbreak of the disease, are numerous, but many are ill-defined and experi-
mental results have been contradictory (Williams 2005; McDevitt et al. 2006; 
Dahiya 2007). The best-known predisposing factor for NE is the mucosal damage, 
caused by coccidian infection (Williams 2005; Timbermont et al. 2011). On the 
contrary, attenuated anticoccidial vaccination, which also causes mild intestinal 
lesions, showed a significant protective effect against subclinical experimental NE 
in broiler chicks (Tsiouris et al. 2013). The protective effect of anticoccidial vaccine 
against NE was attributed to the stimulation of nonspecific and specific immunity 
mechanisms, as a result of local inflammation. In addition, the reduction of severe 
coccidiosis lesions in the mucosa limits the mucus secretion and the available 
nutrients for C. perfringens proliferation in the gastrointestinal tract. Finally, the 
control of coccidiosis discourages the attachment of C. perfringens to the intestinal 
mucosa (Timbermont et al. 2011). 

A thorough understanding of the pathogenesis and interaction between nutrients, 
intestinal mucosa, intestinal microbiota, and C. perfringens is essential to prevent 
and reduce the incidence of NE in poultry. Several alternatives to in-feed antibiotics 
such as probiotics, prebiotics, organic and/or inorganic acids, and phytogenic feed 
additives have been employed to control the incidence of NE in poultry. These 
approaches rely on the positive modulation of host immune response, nutritional 
manipulation, intestinal microbiota interaction, and pathogen reduction (Fathima 
et al. 2022a; Revington 2002). The following section provides an update on feed 
additives that could contribute to combat NE in poultry. 

2.1 Probiotics 

Probiotics are feed additives that have attained popularity in livestock nutrition after 
the ban of antibiotic growth promoters. In particular, probiotics are portrayed as live 
microorganisms that benefit the host when fed in adequate amounts (Shehata et al.



2022). Among others, probiotics are considered one of the most promising alterna-
tive approaches, to combat the withdrawal of AGPs in poultry, since they can 
enhance nutrient digestibility and counteract the growth of pathogenic bacteria 
such as Escherichia coli, Salmonella spp., Clostridium spp., and Campylobacter 
spp. (Shehata et al. 2022; Fathima et al. 2022b; Kulkarni et al. 2022). To that end, 
lactic acid-producing bacteria such as Lactobacillus spp., Bifidobacterium spp., 
Enterococcus faecalis, and Streptococcus thermophilus are gaining popularity 
since they have been found to be highly efficient in positively modulating host 
immune fractions, exclude the colonization of pathogenetic bacteria in the intestine, 
and are also resistant to gastric and bile salts (Shehata et al. 2022). In particular, 
Wang et al. (2017a, b) reported that dietary Lactobacillus johnsonii BS15 improved 
the performance (in terms of body weight [BW] gain and feed conversion ratio 
[FCR]) and intestinal immunity in Cobb 500 broiler chicks, which were experimen-
tally induced in an NE model. In a second study, in an effort to better understand the 
immune regulatory mechanism of L. johnsonii BS15, Wang et al. (2018) 
demonstrated that the addition of this probiotic strain may prevent subclinical NE 
in broilers, by stimulating intestinal immunity as well as by boosting blood 
parameters related to the immunity. In another study, Shojadoost et al. (2022) also 
demonstrated immunomodulatory effects of four different species of Lactobacilli 
(L. johnsonii, Ligilactobacillus salivarius, Limosilactobacillus reuteri, and 
L. crispatus) in experimentally challenged broilers. In particular, researchers 
revealed that the application of the above probiotic mixture accompanied by signifi-
cant alterations in interferon (IFN)-γ, interleukin (IL)-1β, IL-2, IL-12, IL-17, and 
transforming growth factor-beta (TGF-β) gene transcription in the duodenum and 
jejunum as well as to subtle changes in the frequency of CD8+ T cells and B cells in 
the cecal tonsil of the treated chickens (Shojadoost et al. 2022). On the other hand, 
Zhao et al. (2022) investigated the effect of dietary Bacillus licheniformis H2 in 
NE-challenged Ross 308 male broiler chicks, through RNA and 16S rDNA 
amplicon sequencing. Researchers demonstrated that the application of 
B. licheniformis H2 significantly reduced the relative abundance of C. perfringens 
in the intestine and ameliorated the adverse effects induced by NE in the liver and the 
ileum of the challenged birds. Furthermore, probiotic application enhanced the 
function of the intestinal barrier and the epithelial renewal, whereas it also 
ameliorated the inflammatory response and increased the immunity in broilers 
with subclinical NE (Zhao et al. 2022). Furthermore, dietary Butyricicoccus 
pullicaecorum during NE challenge significantly reduced the number of birds with 
necrotic lesions in their intestines (Eeckhaut et al. 2016). Currently, several 
approaches have been utilized for the delivery of probiotics in poultry, including 
in ovo application (Beck et al. 2019; Pender et al. 2017), inclusion in feed and/or 
water, as well as chick spraying with a probiotic solution (Luan et al. 2019). 
However, to prevent failures and obtain practical advantages, it is essential to choose 
probiotics carefully in terms of dose and type (Shehata et al. 2022).
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2.2 Prebiotics 

Prebiotics are defined as “selectively fermented feed ingredients that cause specific 
changes in the composition and activity of the gastrointestinal microbiota, thus 
conferring benefits upon host health” (Gibson et al. 2010). Indigestible compounds, 
such as mannan-oligosaccharides (MOS), β-glucans, galactooligosaccharides, and 
fructooligosaccharides (FOS), are widely used in poultry diets, since they resist 
exposure to gastric acid, support the growth of beneficial gut microbiota, enhance the 
intestinal structure, and improve the feed conversion and efficiency, through the 
synthesis of metabolites from their fermentation in the intestine. These metabolites 
include short-chain fatty acids, primarily acetate, propionate, and butyrate, which are 
directly absorbed from the hindgut and used as an energy source, thereby promoting 
weight gain and performance (Fathima et al. 2022a, b). 

A good source of MOS, D-mannose, glucans, and methyl-D-mannose is the yeast 
cell wall. In chickens, supplementation with yeast cell wall extract promotes the 
development of the beneficial gut microbiome and controls the activation of 
proinflammatory pathways, and to that end seems a promising approach in 
ameliorating the adverse effects of NE in poultry. In particular, M’Sadeq et al. 
(2015) reported that adding yeast cell wall extract (derived from Saccharomyces 
cerevisiae) in the diet of experimentally challenged broilers ameliorated the adverse 
effects of NE, in terms of the improved feed intake, weight gain, livability, and 
lesion score in the intestine. Similarly, Tian et al. (2016) reported the high capacity 
of yeast-derived β-glucans in improving the body weight, feed efficiency, and 
antibody levels against C. perfringens, as well as villus height and villus height/ 
crypt depth ratio, in experimentally challenged Arbor Acres male broilers. Finally, 
researchers reported that dietary β-glucans reduced C. perfringens counts and 
NE-lesions in the intestine of birds (Tian et al. 2016). 

2.3 Organic Acids 

Acidifiers are feed additives used in the poultry industry to lower the pH of feed or 
water and to stimulate the function and physiology of the gastrointestinal tract of 
birds. Organic acids, such as acetic, propionic, and lactic acid, are commonly used in 
poultry feed as a means of controlling the growth of harmful bacteria, thus promot-
ing gut health and improving feed efficiency (Yang et al. 2018; Pearlin et al. 2020; 
Ebeid et al. 2022). For microorganisms, organic acids can act either as a source of 
carbon and energy or as antimicrobial agents, depending on the concentration of the 
acid, its ability to enter the cell, and the capacity of the organism to metabolize the 
acid (Pearlin et al. 2020; Yang et al. 2018). Organic acids have antimicrobial activity 
against various microorganisms, including bacteria, fungi, viruses, and parasites, 
making them useful for food preservation and for controlling the growth of patho-
genic microorganisms (Mantzios et al. 2023; Ebeid et al. 2022; Nguyen et al. 2020; 
Pearlin et al. 2020; Yang et al. 2018; Emami et al. 2017). The mechanism of the 
antibacterial action of organic acids involves several key steps. Organic acids lower



the pH of the surrounding environment, thus creating an acidic environment that is 
hostile to bacteria (Dibner and Buttin 2002). In addition, organic acids can penetrate 
the bacterial cell membrane and disrupt its integrity, leading to loss of essential 
nutrients, while it can also interfere with cellular metabolic processes, such as 
respiration and energy production, leading to inhibition of the activity of specific 
enzymes and eventual to cell death (Scicutella et al. 2021; Khan and Iqbal 2016; 
Dibner and Buttin 2002). 
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In poultry species, dietary organic acids and their salts demonstrate high effi-
ciency in counteracting pathogens such as C. perfringens and Eimeria spp., and to 
that end could be promising alternatives for the control of NE. In particular, dietary 
addition of various combinations of short-chain fatty acids (SCFAs) with medium-
chain fatty acids (MCFAs) and/or phenolic compounds effectively ameliorated the 
adverse effects of NE in male Ross 308 broilers that were exposed under a subclini-
cal NE challenge (Kumar et al. 2022). More specifically, challenged birds that fed 
organic acid blends had significantly reduced intestinal permeability (decreased 
fluorescein isothiocyanate-dextran (FITC-d) from gut to serum), pathogenetic 
Bacteroides spp. counts, and numerically reduced C. perfringens loads in the ceca 
(Kumar et al. 2022). Additionally, Pham et al. (2022) showed that a blend of 
encapsulated organic acids and essential oils improved the FCR, reduced FITC-d 
levels in the serum, minimized gross lesions in the gut, and C. perfringens loads in 
the ceca and livers in experimentally challenged broiler chicks (Pham et al. 2022). 
Furthermore, dietary supplementation with benzoic acid, Enterococcus faecium, and 
an essential oil complex modulated the gut health and supported the recovery 
(by reducing gross lesion score and modulating microbial composition) of laying 
hens that were experimentally challenged by Eimeria spp. and C. perfringens 
(Zhang et al. 2023). Furthermore, a blend of microencapsulated organic acids and 
botanicals (citric, sorbic acids, thymol, and vanillin) reduced NE via specific signal-
ing pathways (by modulating the T-cell receptor, tumor necrosis factor [TNF], and 
nuclear factor-κB [NF-κB] signaling) in experimentally challenged broilers 
(Swaggerty et al. 2022). 

2.4 Phytogenic Feed Additives 

Phytogenic feed additives (PFAs) or phytobiotics are natural bioactive compounds 
derived from plants. Based on their origin, they can generally be classified as herbs 
(flowering, non-woody, and nonpersistent plants) or spices (nonleaf parts of plants 
with intensive taste or smell including seeds, fruits, bark, or root). Based on their 
form and the process used to produce active compounds, PFAs can further be 
classified into essential oils (EOs) (extracted by steam distillation, hydrodistillation, 
hydrodiffusion, or solvent extraction) and oleoresins (extracted by nonaqueous 
solvents). Polyphenols, the main active compound of PFAs, vary in composition 
and concentration, depending on the type and the part of the plant, the geographical 
origin, the harvesting season, environmental factors, storage conditions, and 
processing techniques (extraction, distillation, and stabilization) (Windisch et al.



2008). PFAs have been used since ancient times and even today in aromatherapy, 
cosmetics, and analgesics as well as therapeutic approaches to various diseases in 
humans and animals (Bilia et al. 2014). Currently, PFAs, as well as their derivatives 
EOs, have gained rising interest from the scientific community as natural growth 
promoters in the poultry industry, imitating the action of AGPs, and thus proving 
various beneficial effects such as antimicrobial, antioxidant, anti-inflammatory, 
immunomodulatory, and digestion-stimulating activities (Omonijo et al. 2018; 
Suresh et al. 2018; Zhai et al. 2018). 
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Numerous studies have reported the antimicrobial activity of PFAs, which is not 
the result of a specific mode of action but a combinational effect of their bioactive 
compounds on different cell targets. The antimicrobial actions of EOs are attributed 
to their hydrophobic nature, which is responsible for their ability to penetrate 
through the cell wall, disrupting the bacterial structures and increasing the bacterial 
cell membrane permeability. Specifically, the main key steps of the PFA activity 
include: (a) destruction of the cell wall, (b) damage to membrane proteins or/and the 
cytoplasmic membrane, (c) coagulation of the cytoplasm, (d) increased permeability, 
which leads to leakage of cell contents, (e) reduction of the proton motive force, 
(f) decrease in ATP synthesis and hydrolysis of the ATP leading to reduction in the 
intracellular ATP pool (Bhavaniramya et al. 2019). 

The antibacterial efficacy of thymol and carvacrol was supported by the results of 
a study when these natural compounds were used as feed additives in broiler 
chickens challenged by C. perfringens. Additionally, the above-mentioned 
phytogenics promoted birds’ gut health, by supporting the abundance of Lactobacil-
lus spp. in the gut (Du et al. 2015). The dietary commercial blend comprised 5% 
carvacrol, 3% cinnamaldehyde, and 2% capsicum oleoresin downregulated IFN- and 
IL-6 cytokines in broilers that were reared under nonchallenging conditions 
(Pirgozliev et al. 2019). In broilers under challenging conditions such as NE, Lee 
et al. 2013 showed that a mixture of capsicum and turmeric oleoresins reduced 
intestinal IL-8, lipopolysaccharide-induced TNF-α factor, IL-17A, and IL-17F 
mRNA levels (Lee et al. 2013). Similarly, the expression of pro-inflammatory 
cytokines was reduced by the supplementation of Allium hookeri in 
lipopolysaccharide (LPS)-induced young broiler chickens (Lee et al. 2017) and 
thyme powder in broilers without any challenge (Hassan and Awad 2017). The 
dietary inclusion of Capsicum and Curcuma longa oleoresins in the basal diet of 
three commercial broiler breeds reduced the negative impact of the NE challenge 
model, in terms of improved performance and intestinal lesions (Kim et al. 2015). In 
another study, the supplementation of a PFA blend (thyme and anise) improved the 
feed efficiency and reduced pathogenetic bacteria in the intestines of birds, such as 
C. perfringens and E. coli. Additionally, the PFA blend significantly reduced the 
gross lesions induced by NE in the intestines of birds (Cho et al. 2014). 
Microcapsules of a blend of EOs (thyme, peppermint, savory, and black pepper) 
were also demonstrated to improve growth parameters and the body’s antioxidant 
status. Histologically, birds in the EO group revealed enhanced villus height, crypt 
depth, and villous height and crypt depth (VH:CD) ratio compared to those in the 
untreated challenged group (Moharreri et al. 2021). Similar histological findings



were recorded with the supplementation of another EO blend (thyme, anise, oregano, 
carvacrol, yucca extracts, and cinnamaldehyde) in the basal diet of broiler chicks. 
This blend also elevated the blood protein and globulin concentration in the serum of 
broilers (Abudabos et al. 2018). Finally, in a current study, Ibrahim et al. (2021b) 
noted an increase in the expression levels of occludin and Jam-2 tight-junction 
proteins, in the intestine of broilers, that received garlic nanohydrogel in their 
basal diet during an NE challenge model (Table 1). 
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3 Coccidiosis 

Coccidiosis is considered the most significant parasitic disease of poultry, caused by 
coccidian of the genus Eimeria spp. Several stages of the coccidian life cycle are 
evolving in the intestinal tract and cause severe damage to the intestinal mucosa, and 
subsequently diarrhea, growth retardation, mortality, wet litter, reduced egg produc-
tion, and predisposition to other diseases such as salmonellosis, campylobacteriosis, 
and necrotic enteritis (Noack et al. 2019; Williams 2005). It is globally recognized as 
a major pathogen for the poultry industry, infecting annually over 60 billion 
chickens (Shirley et al. 2005), with significant health, welfare, and financial 
consequences. The annual global cost of coccidiosis in the poultry industry has 
been estimated at over US $3 billion (Noack et al. 2019). However, a recent 
recalculation of annual global cost of coccidiosis catapulted to the amount of 
10.36 billion Great Britain pounds (GBP) (Chapman et al. 2013; Blake et al. 
2020). This economic impact of coccidiosis in the poultry industry is attributed to 
the impaired digestion of nutrients, growth retardation, and increased mortality, 
along with the cost of control of coccidiosis by the use of anticoccidials or 
coccidiostatic drugs, vaccines, and herbs (Blake et al. 2020). Moreover, it is 
recognized as a major welfare concern for birds since it can significantly affect 
health status and cause diarrhea and mortality. Therefore, both poultry industry and 
consumer organizations are trying to alleviate its impact (Giannenas et al. 2023; 
Taylor et al. 2022; Tsiouris et al. 2021). 

The control of poultry coccidiosis has been successfully achieved by the use of 
anticoccidial drugs for almost a century. However, the poultry industry is facing 
several challenges regarding legislative restrictions to limit chemoprophylaxis of 
coccidiosis (Tsiouris et al. 2021). Almost simultaneously with the discovery of 
anticoccidial drugs, the occurrence of resistance or decreased sensitivity to 
anticoccidial drugs by Eimeria spp. was observed (Noack et al. 2019; Chapman 
et al. 2013; Abbas et al. 2011a). In addition, anticoccidial residues in poultry meat, 
eggs, and their by-products have been reported and raise a public health concern and 
an increasing consumers preference for “zero” use of anticoccidial drugs in poultry. 
Thus, there is an urgent need for the poultry industry to look for alternative 
anticoccidial compounds, which should be more environmentally friendly and 
acceptable by consumers compared to conventional anticoccidial drugs (Giannenas 
et al. 2023; Taylor et al. 2022; Tsiouris et al. 2021). Feed additives such as 
probiotics, prebiotics, (in)organic acids, and phytogenic feed additives (PFAs) can
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play a critical role to control coccidiosis and promote performance, health, and 
welfare of poultry.
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3.1 Probiotics 

Probiotics, such as Lactobacillus spp., Pediococcus spp., Enterococcus spp., Bacil-
lus spp., and yeast Saccharomyces cerevisiae, are currently used in poultry ratios. 
The mode of action of probiotics may include the production of antibacterial 
compounds (short-chain fatty acids, hydrogen peroxide, bacteriocins, etc.), compe-
tition for nutrients and adhesion sites on host cells, interaction with the intestinal 
microbiome, enhancement of the digestive enzyme’s activity, and stimulation of the 
host cellular and humoral immunity (El-Sawah et al. 2020; Pajarillo et al. 2015). In 
recent decades, many reports have proved that probiotic bacteria were effective 
anticoccidiosis candidates either in vitro or in vivo (Giannenas et al. 2023; Tierney 
et al. 2004; Dalloul et al. 2003; Kasornpikul et al. 2009; Giannenas et al. 2014a; 
Hessenberger et al. 2016). In particular, the supplementation of poultry diets with 
Lactobacillus plantarum P8 ameliorated the adverse effect of coccidiosis, by reduc-
ing mortality, oocyst shedding, oxidative stress, inflammation, and intestinal perme-
ability in broilers experimentally challenged with multiple Eimeria species 
(E. tenella, E. necatrix, E. maxima, and E. acervulina). Metagenomic analysis 
revealed that L. plantarum P8 reduced the abundance of E. tenella, highlighting its 
role in the regulation of gut microbiota in challenged birds (Wang et al. 2021). 
Similarly, Mohsin et al. (2022) demonstrated the potential of L. plantarum to combat 
E. tenella infection, by enhancing the cell-mediated and humoral immune response, 
performance, antioxidant enzymes, tight junction proteins, and serum chemistry in 
experimentally challenged broiler chicks (Mohsin et al. 2022). In another study, the 
combination of probiotic blend (90% Bifidobacterium species and remaining Lacto-
bacillus spp., Saccharomyces spp., Streptococcus spp., and Enterococcus spp.) and 
organic zinc ameliorated the adverse effects of E. tenella in experimentally 
challenged Japanese quails, in terms of mortality, growth performance, lesion 
score in the intestine, oocyst shedding, gross, and histological lesions (Saeeda 
et al. 2023). Additionally, the supplementation of a host-specific probiotic, 
containing Bifidobacterium bifidum, E. faecium, Lactobacillus acidophilus, Lacto-
bacillus delbrueckii, L. plantarum, Lactobacillus rhamnosus, and Streptococcus. 
thermophiles, enhanced the immune status of chickens and inhibited the negative 
effects of Eimeria spp. infection by improving the BW and FCR, reducing the oocyst 
shedding, cecal lesions, and mortality while in combination with diclazuril exhibited 
a synergistic effect by improving growth performance (Memon et al. 2022). Hence, 
it can be concluded that the competitive exclusion between Eimeria spp. and 
bacterial probiotics for adhesion sites/receptors negatively affects the penetration, 
replication, and shedding of oocysts, and therefore probiotics could act as efficient 
and safe alternatives for the control of coccidiosis in poultry (El-Sawah et al. 2020; 
Dalloul et al. 2003).
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Another very interesting research topic is the investigation of the combination of 
a probiotic with a coccidiosis vaccine. In particular, the combination of a single 
probiotic Bacillus subtilis or a multibacteria commercial probiotic product 
(PoultryStar, BIOMIN GmbH, Austria) containing Enterococcus spp., 
Bifidobacterium spp., Pediococcus spp., and Lactobacillus spp., with coccidiosis 
vaccines, decreased the intestinal lesion score and oocyst per gram (OPG) after 
Eimeria spp. infection and resulted in a significant improvement in the production 
performance in experimentally challenged broiler chicks. These protective effects 
may be closely related to the effect on the intestinal microbiota, such as Romboutsia, 
Blautia, and Butyricicoccus (Cai et al. 2022; Ritzi et al. 2016). 

3.2 Prebiotics 

The use of prebiotics for the control of coccidiosis in broiler chicks showed 
promising results since they improved their performance and reduced the coccidiosis 
lesions (Giannenas et al. 2023). In a recent study by Giannenas et al. (2023), a 
multistrain yeast fraction (Cyberlindnera jadinii and Saccharomyces cerevisiae) 
prebiotic product plus ionophore anticoccidial drug (salinomycin) resulted in a 
significant reduction in oocyst excretion and coccidiosis lesions in the intestinal 
mucosa alongside with an improvement in body weight, feed conversion ratio, and 
intestinal microbiota. The positive effect against coccidiosis could be attributed to 
the interaction of the multistrain yeast fraction prebiotic product with the intestinal 
microbiota, depending on the severity of coccidiosis lesions. In particular, the more 
severe the coccidiosis lesions, the more significant the effect on the intestinal 
microbiota (Giannenas et al. 2023). In addition, mannan-oligosaccharide (MOS), a 
starch material extracted from the cell component of the yeast, Saccharomyces 
cerevisiae, improved the growth performance, reduced the oocyst count per gram 
of feces, and ameliorated the coccidian lesions in broiler chicks challenged with 
E. tenella (Chand et al. 2016). 

The application of prebiotics xylo-oligosaccharides (XOS) in poultry diets 
improves growth performance and birds’ gut health, by stimulating the intestinal 
microbiome and altering its composition (Craig et al. 2020), and specifically by 
increasing the beneficial bacteria and their metabolites such as SCFA (Shokryazdan 
et al. 2017). Lin et al. (2022) reported that the addition of XOS in diets of broilers 
alleviated the depression in growth performance and nutrient utilization, caused by 
Eimeria spp. challenge. In addition, by changes in the gene expression of claudin-1, 
supplemental XOS showed their potential to alleviate the negative impact of Eimeria 
spp. in the cecal fermentation pattern (Lin et al. 2022). Similarly, Craig et al. (2020) 
showed the prebiotic potential of XOS, in broilers experimentally challenged by 12× 
the recommended dose of the Paracox 8 vaccine. In particular, the supplementation 
of XOS increased the feed intake, nitrogen digestibility, digestibility of several 
amino acids, and the concentration of arabinose and xylose in experimentally 
challenged birds (Craig et al. 2020). In conclusion, all the above responses are



speculated as modes of action by which prebiotics alleviated Eimeria spp. infections 
in poultry. 
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3.3 Organic and Inorganic Acids 

In previous experimental studies, adding organic acids to poultry feed effectively 
controlled coccidiosis, through mechanisms that reduced the virulence of coccidian 
and ameliorated the host inflammatory response (Balta et al. 2021). Balta et al. 
(2021) reported that feeding a blend of citric acid, sodium citrate, maltodextrin, 
silica, malic acid, sodium chloride, citrus extract, and olive extract in broilers 
challenged by Eimeria spp. significantly reduced the number of E. tenella oocysts 
in ceca and excreted feces. The acidic blend also increased the manganese superox-
ide dismutase (Mn-SOD) and SCFA levels, and affected the immune response by 
reducing the reactive oxygen species and ameliorating the inflammatory oxidative 
stress in experimentally challenged birds. Researchers demonstrated that improved 
gross lesion scores were associated with significantly increased levels of immuno-
globulin M (IgM) and immunoglobulin A (IgA) in the intestinal mucosa of birds that 
received the organic acid blend, revealing thus the potential of organic acids to 
stimulate the immune system of birds (Balta et al. 2021). Additionally, individual 
acids, mainly SCFA (butyric, acetic, and benzoic), have shown preventive effects 
against coccidiosis and demonstrated a reduction in the severity of lesion scores 
caused by the parasite in intestines, a fact that may be attributed to the lowering of 
pH in intestines, that negatively affect the virulence of oocysts (Mustafa et al. 2021; 
Adhikari et al. 2020; Aristimunha et al. 2016). Abbas et al. (2011b) reported that 
acetic acid exhibited almost equivalent results with amprolium, in ameliorating the 
adverse effects of E. tenella in growth performance and gross lesions of experimen-
tally challenged broiler chicks. In another study, Nouri (2022) reported the potential 
of a blend of encapsulated organic acids (mainly lactic, acetic, benzoic, formic, and 
citric acids) as a safe alternative for the control of Eimeria spp. infection in broilers, 
especially in combination with diclazuril treatment. In particular, the blend of 
encapsulated organic acids improved the European production efficiency factor, 
survival rate, oocyst output per gram feces, sporulation percentage, cecal lesion 
score, immunity, and bloody diarrhea score, highlighting its anticoccidial and 
immunogenic properties (Nouri 2022). Considering the high capacity of organic 
acids in modulating the gastrointestinal environment and improving gut health in 
birds, further in vivo and in-field studies are proposed, in order to determine the 
possible maximum safe levels of individual organic acids or blends, to be used as an 
alternative to chemotherapeutic drugs for coccidian infections in poultry. 

3.4 Phytogenic Feed Additives 

A promising group of natural dietary alternatives to anticoccidial drugs is aromatic 
plant-derived substances, the so-called PFAs. Giannenas et al. (2003) in an effort to



investigate the effect of dietary supplementation of oregano essential oil in broiler 
chicks challenged by E. tenella observed an improvement in the performance and a 
partial protection against coccidiosis, since the phytogenic product reduced both the 
oocyst excretion and coccidiosis lesions in the intestinal mucosa (Giannenas et al. 
2003). In addition, Ali et al. (2019) observed that Hubbard broilers infected by 
Eimeria spp. exhibited higher feed intake (FI) and BW when ginger and/or garlic 
were supplemented to their diets. Both phytogenics lowered the overall oocyst 
number, mortality rates, and moderated the lesion score in the intestines of 
challenged birds (Ali et al. 2019). Similarly, Fatemi et al. (2017) noted that dietary 
Artemisia annua ethanolic extract improved the growth performance and decreased 
the number of oocysts per gram in fecal samples in broilers challenged by Eimeria 
spp. (Fatemi et al. 2017). Furthermore, the inclusion of artemisinin or Artemisia 
annua leaves in the diet of Chinese yellow broilers challenged by E. tenella reduced 
diarrhea and lesions in the ceca of birds (Jiao et al. 2018). Finally, both treatments 
promoted apoptosis and decreased the inflammatory response in experimentally 
challenged birds. In another study, the inclusion of oregano and garlic essential 
oils in the diet of birds improved the BW, FCR, reduced fecal oocyst excretion, and 
lowered the count of C. perfringens (Sidiropoulou et al. 2020). The possible 
synergistic anticoccidial effect of a polyherbal extract product was investigated by 
Tsiouris et al. (2021). In particular, a polyherbal extract consisted Berberis aristata, 
Polygonum aviculare, Syzygiumaromaticum, Holarrhena antidysenterica, and 
Allium sativum improved the performance, reduced the number of oocyst and 
coliform counts, and ameliorated coccidiosis lesions in Ross 308 female broiler 
chicks that were experimentally challenged by Eimeria spp. Additionally, the 
polyherbal extract improved the intestinal mucosal architecture in terms of jejunum 
villus height, crypt depth, and the number of villus goblet cells, while also improved 
the antioxidant capacity and increased the storage duration of poultry breast and 
thigh meat (Tsiouris et al. 2021). In conclusion, the dietary inclusion of curcumin 
extract in the basal diet of Cobb 500 broilers challenged by Eimeria spp. improved 
the FCR but decreased the lesion score and oocyst shedding in the intestine (Yadav 
et al. 2020) (Table 2). 
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4 Campylobacteriosis 

Bacteria of the genus Campylobacter spp., mainly C. jejuni, rank first among the 
causative agents of human bacterial gastroenteritis worldwide and pose a severe 
health and economic burden (Taha-Abdelaziz et al. 2023; Al Hakeem et al. 2022). 
Campylobacter spp. are commensal (or non)microorganisms found in poultry, cows, 
pigs, sheep, pets, and wildlife. However, poultry species represent the main reservoir 
and therefore handling and consumption of raw and/or undercooked poultry meat is 
one of the most important routes for human infection (EFSA 2021; Kozu Clarke and 
Ajlouni 2021; Thames and Sukumaran 2020). It is reported that the higher body 
temperature of chicks is favorable for thermotolerant Campylobacter spp., which 
rapidly transmitted in the flock and colonizes the intestinal tract of birds resulting in
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high populations, approximately 1 × 109 CFU/g in the ceca (Awad et al. 2018; 
Hansson et al. 2018).
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Despite the early connection of Campylobacter spp. with clinical manifestations 
in ostriches (pathological lesions in the liver and intestines) and laying hens (Vibri-
onic hepatitis), in general, microorganisms are not associated with clinical signs in 
poultry under natural conditions (Awad et al. 2018). However, in the last decades, an 
increased number of reports linked Campylobacter hepaticus infection with diar-
rhea, increased mortality, reduced egg production, and spotty lesions in the liver in 
free-ranged layers (spotty liver disease/syndrome) (Phung et al. 2019). Additionally, 
current studies elucidate the ability of Campylobacter spp., especially C. jejuni, to  
induce a robust inflammatory response and clinical disease, including diarrhea, 
mortality, reduced performance, and uniformity in experimentally challenged broiler 
chicks (Awad et al. 2018). Campylobacter spp. infection is also linked with 
increased footpad lesions and hock burns due to degraded gut health, which leads 
to diarrhea and increased moisture in the litter. It is evident that all the above 
compromises poultry’s health and welfare status, whereas the even frequent isolation 
of antibiotic-resistant C. jejuni strains from both humans and poultry highlights the 
interventions that should be applied in a “One Health” approach (Schiaffino et al. 
2019). 

For Campylobacter spp., there are many recommendations for the control 
measures that should be applied to reduce the incidence of the microorganism in 
the poultry production chain (Koutsoumanis et al. 2020; Hansson et al. 2018; Awad 
et al. 2018). However, implementing control strategies at the farm level is 
recognized as a vital intervention for controlling poultry and human infection. It is 
reported that lowering by 3 log10 the Campylobacter spp. counts in the ceca of 
broilers could reduce the incidence of human infection that is attributable to broiler 
meat by 58% (Koutsoumanis et al. 2020). In addition, the high consumer demand for 
organic products and additional rules of production that the European Union 
(EU) bounds for this product type category highlight the urgent demand for alterna-
tive biocides that could control bacterial infections in poultry and simultaneously be 
safe for the consumer and the environment (Lassen et al. 2022). To that end, feed 
additives could support the effort of other interventions, like biosecurity measures, 
vaccination, and improved hygiene in slaughter, in reducing Campylobacter spp. 
counts in the final product for human consumption. The inclusion of dietary 
additives, such as probiotics, prebiotics, (in)organic acids, and phytogenic feed 
additives (PFAs), is getting attention, as they can effectively stimulate the immune 
system, modify the physicochemical properties of intestinal content, and improve the 
structure of and the abundance of the beneficial intestinal microbiome (Ismail et al. 
2023; Jahan et al. 2022; Al Hakeem et al. 2022; Aljazzar et al. 2022; Helmy et al. 
2022; Lassen et al. 2022; Ibrahim et al. 2020; Kim et al. 2019a, b; Chacher et al. 
2017; Eeckhaut et al. 2016). However, until now, none of these strategies, by 
themselves, can provide an effective, reliable, and practical intervention measure 
to prevent Campylobacter spp. colonization in broiler chicks (Tsiouris et al. 2019). 
The following section provides an update on feed additives that could contribute to 
the control of Campylobacter spp. in poultry.
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4.1 Probiotics 

The mechanisms underlying the beneficial effects of the probiotic application in 
poultry are not fully elucidated. It is generally reported that, after colonization, a 
probiotic strain interacts with the host’s intestinal microbiome by producing biocide 
compounds (such as organic acids and bacteriocins) and by stimulating the gut 
immune system (Abd El-Hack et al. 2020; Park et al. 2016). Additionally, probiotic 
accumulation alters physicochemical characteristics of the gut contents (pH and 
viscosity), thus promoting the absorption of nutrients and creating an unfavorable 
microenvironment for the growth of pathogenetic bacteria such as Salmonella spp. 
and Campylobacter spp. (Abd El-Hack et al. 2020; Saint-Cyr et al. 2016). In 
particular, for Campylobacter spp., substantial advancements have been recently 
achieved (Ismail et al. 2023; Šimunović et al. 2022; Helmy et al. 2022; Abd El-Hack 
et al. 2020). However, the efficacy of probiotics on C. jejuni loads in broilers varied 
in degree, and more research is needed to improve this approach. 

Lactobacilli probiotics have shown a high capacity to stimulate immunity and 
induce competitive exclusion in C. jejuni colonization in broilers. Saint-Cyr et al. 
(2017) reported that the oral ingestion of Lactobacillus salivarius every 2 days 
significantly reduced (2.81 log CFU/g) C. jejuni loads in experimentally challenged 
broiler chicks. In addition, taxonomic analysis suggests that the application of 
L. salivarius limited the impact of C. jejuni infection on Anaerotruncus 
sp. decrease and Subdoligranulum sp. increase (Saint-Cyr et al. 2017). Similarly, 
Nishiyama et al. (2014) reported that oral administration of Lactobacillus gasseri 
SBT2055 for over 14 days significantly reduced C. jejuni counts (8 log CFU/g) in 
the ceca of experimentally challenged to white leghorn chicks. 

Other probiotic microorganisms such as species of Butyricicoccus spp., Bacillus 
spp., and E. coli Nissle 1917 have also shown a potential to combat Campylobacter 
spp. infections in poultry. Ismail et al. (2023) reported the preventive potential of 
dietary Bacillus amyloliquefaciens in encapsulated nanoparticles in terms of 
improved performance, reduced cecal colonization, and fecal shedding of C. jejuni 
and beneficial alterations in the gut microbiome of experimentally challenged broiler 
chicks. In addition, researchers reported that applying the probiotic 
B. amyloliquefaciens increased mRNA expression levels of digestive enzymes 
encoding genes (AMY2a, PNLIP, CELA1, and CCK) and the expression of barrier 
functions-linked genes, including DEFB1, FABP-2, and MUC-2. In another study, 
dietary Butyricicoccus pullicaecorum, a butyrate-producing probiotic strain, also 
effectively reduced the abundance of Campylobacter spp. by 1.5 log10 gene copies/ 
g cecal content in Ross 308 broiler chicks aged 40 days (Eeckhaut et al. 2016). In 
addition, Šimunović et al. (2022) reported that oral administration of probiotic 
Bacillus subtilis PS-216 significantly reduced the colonization of C. jejuni and 
improved the weight gain in experimentally challenged broiler chicks. Helmy 
et al. (2022) reported the high capacity of probiotic E. coli Nissle 1917, when 
supplemented in an encapsulated form in drinking water, in reducing C. jejuni counts 
(approximately 2.0 log) in the ceca of experimentally challenged specific pathogen-
free (SPF) chickens. In addition, researchers reported the high capacity of the



probiotic strain in experimentally challenged birds in terms of improved gut 
histomorphology (increased villous height, crypt depth, and villous height/crypt 
depth ratio in the jejunum and ileum), enhanced immunity (increased C. jejuni-
specific and total IgA and IgY antibodies in serum), as well as the expression of 
several cytokines and chemokines, which activate the Th1, Th2, and Th17 pathways 
(Helmy et al. 2022). 
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Multispecies probiotics have shown increased potential than individuals in 
controlling and decreasing C. jejuni loads in poultry (Al Hakeem et al. 2022). The 
daily oral administration of an avian-specific commercial probiotic mixture (Entero-
coccus faecium, Pediococcus acidilactici, Bifidobacterium animalis, Lactobacillus 
salivarius, and Lactobacillus reuteri) resulted in an extreme reduction in C. jejuni 
counts (6 log CFU/g) in the cecal content in experimentally challenged broiler 
chicks, at 35 days of age (Ghareeb et al. 2012). Furthermore, Ştef et al. (2015) 
reported that the administration of four probiotic strains (Lactobacillus paracasei 
JR, L. rhamnosus 15b, Y L. lactis, and L. lactis FOA) in different combinations and 
different periods induced significant changes in the intestinal mucosa histology 
(smaller goblet cells and reduced presence of leukocyte infiltration in the chorion) 
and effectively inhibited the development of C. jejuni (Ştef et al. 2015). In an in-field 
study, Smialek et al. (2018) tested the efficiency of a commercial probiotic mixture 
(L. lactis, Carnobacterium divergens, Lactobacillus casei, Lactobacillus plantarum, 
and Saccharomyces cerevisiae) on intestinal counts and carcass contamination of 
broilers with Campylobacter spp. Researchers showed that using the probiotic 
mixture might decrease the pollution level in the birds’ environment and the extent 
of Campylobacter spp. invasion in the gastrointestinal tract of birds. Thus, it can be 
supported that probiotic beneficial effects are not only limited to lowering Campylo-
bacter spp. counts in the gastrointestinal tract of birds but also to reducing the spread 
of the pathogen in the environment (farm, slaughterhouse, vehicles, and personnel) 
(Smialek et al. 2018). 

In conclusion, it is essential to note that various parameters should be considered 
when evaluating the efficiency of a single probiotic bacterial strain or mixture 
against C. jejuni. In particular, the probiotic dose, age, feed composition, sex, hybrid 
of birds, and experimental protocol, as well as the host-microbiome composition, 
could significantly affect the activity of a probiotic and are considered important 
factors for the variability of the results among previous investigations. 

4.2 Prebiotics 

Prebiotics, such as mannan-oligosaccharides, β-glucans, and fructans, are widely 
used in the poultry industry as they have been found to beneficially influence the gut 
microbiome and the host. At the same time, prebiotics expresses high synergy when 
combined with probiotics, essential oils, and other alternatives (Taha-Abdelaziz 
et al. 2023; Jahan et al. 2022; Chacher et al. 2017). 

Mannan-oligosaccharides (MOSs: primarily derived from outer cell membranes 
of Saccharomyces cerevisiae yeast) are widely applied in poultry feed. They are



resistant to hydrolysis by digestive enzymes, and can reduce the growth of pathoge-
netic bacteria, mainly by enhancing the growth of beneficial bacteria such as 
Lactobacilli and Bifidobacterium spp. (Jahan et al. 2022; Kim et al. 2019a, b; 
Chacher et al. 2017). In addition, MOSs are rich in mannoproteins, mannan, and 
glucan and can inhibit gastrointestinal colonization of pathogens by obstructing their 
attachment to epithelial cells of the intestine. In particular, it is reported that by 
binding the type-1 fimbriae and inhibiting lectin of Gram-negatives such as Salmo-
nella spp., E. coli, and C. jejuni, MOSs allows the movement of the pathogen 
through the intestinal tract without permitting its colonization (Jahan et al. 2022; 
Kim et al. 2019a, b; Chacher et al. 2017). Additionally, by increasing the mucin 
secretion in the intestine, MOSs provide an additional barrier for pathogenic bacteria 
to interact and attach to intestinal epithelial cells (Jahan et al. 2022; Chacher et al. 
2017). Rostami et al. (2021) reported that adding MOS to the poultry diet restored 
the performance, mortality rate, cecal coliform counts, and blood IL-6 and IFN-γ 
concentrations that is induced by C. jejuni infection in experimentally challenged 
male broiler chicks. Additionally, the MOS supplementation reduced the ileal and 
cecal counts of C. jejuni but resulted in significantly higher concentrations of IgG 
and IgA in the serum of birds (Rostami et al. 2021). On the other hand, Munoz et al. 
(2023) reported that the dietary yeast cell wall did not have any impact on growth 
performance, innate immune response, cecal colonization, carcass yield, or C. jejuni 
prevalence after processing, in broilers experimentally challenged at day 21 (Munoz 
et al. 2023). Similarly, Froebel et al. (2019) and Baurhoo et al. (2007) demonstrated 
that including Saccharomyces-derived prebiotics in the diet of broiler chicks reduced 
the colonization of C. jejuni by <1 log. In addition, Tsiouris et al. (2019) reported 
that adding 1% whey to broiler diets did not affect the performance, welfare, and 
cecal C. jejuni counts after the experimental challenge. Thus, for Campylobacter 
spp., it may be concluded that the supplementation of prebiotics alone does not 
appear to offer the best protection. In this context, previous investigations have 
shown promising results in combining prebiotics with other active ingredients such 
as probiotics, essential oils, and organic acids. However, further in vivo studies are 
proposed to elucidate their synergies against C. jejuni colonization in experimentally 
challenged poultry species (Shehata et al. 2022). 
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4.3 Organic and Inorganic Acids 

According to the scientific opinion published by EFSA 2020, “Update and review of 
control options for Campylobacter in broilers at primary production,” adding organic 
acids, chlorine-based biocides, or hydrogen peroxide to the drinking water of 
broilers could reduce the risk of Campylobacter-positive flocks up to 55% 
(Koutsoumanis et al. 2020). This recommendation is fully supported by previous 
epidemiological investigations in Great Britain, France, and Spain, which reveal that 
the sanitation of drinking water by organic or inorganic acids is strongly correlated 
with a reduced percentage of Campylobacter-positive flocks (Allain et al. 2014; 
Torralbo et al. 2014; Ellis-Iversen et al. 2009). In this context, Mantzios et al. (2023)



demonstrated the in vitro anti-Campylobacter capacity of nine commercial water 
acidifiers, organic acid, and glycerides blended with EU approval for application in 
the drinking water of poultry. Among the tested products, researchers highlighted the 
high capacity of hydrogen peroxide-based products in inhibiting the growth of the 
tested C. jejuni and C. coli strains under extremely low concentrations (Mantzios 
et al. 2023). 
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Despite the promising results of the in vitro and field data, the application of 
organic and/or inorganic acids to experimentally challenged birds seems to have 
limited effect on the colonization of C. jejuni in the ceca of birds at slaughter age 
(Szott et al. 2022; Mortada et al. 2020). In particular, Szott et al. (2022) tested a blend 
of sorbic acid, benzoic acid, propionic acid, and acetic acid in broilers, which were 
challenged by C. jejuni. Researchers reported that adding organic acids consistently 
reduced significant C. jejuni loads in cloacal swabs during the early stage of 
infection, whereas at the end of the study, there were no significant differences in 
C. jejuni loads of cecal and colon contents compared to the positive control group 
(Szott et al. 2022). Similarly, Mortada et al. (2020) reported that an organic acid-
based commercial product (formic acid, cinnamaldehyde) significantly reduced the 
proliferation of C. jejuni under the in vitro tests but did not alter C. jejuni loads in 
ceca or on the carcass of birds at 42 days of age (Mortada et al. 2020). On the other 
hand, Lassen et al. (2022) in a systematic literature review of products with potential 
application for use in the control of Campylobacter spp. in organic and free-range 
broilers concluded that a blend of organic acids could be a potential candidate for 
reducing Campylobacter spp. in broilers. In the same context, Ebrahimi et al. (2016) 
demonstrated that combining butyric acid (salts and esters of butyric acid) glycerides 
with protected organic acids in the feed could reduce C. jejuni counts in the cecum at 
42 days of age (Ebrahimi et al. 2016). In addition, Skoufos et al. (2019) reported that 
dietary ferric tyrosine significantly reduced C. jejuni counts (2 log CFU/g) in the 
ceca of broilers that were experimentally challenged after exposure to contaminated 
litter. Wagle et al. (2017) observed reductions of 2.5 log CFU/g of a four-strain 
mixture of C. jejuni when β-resorcylic acid were orally given to chickens for the first 
14 days of life. Finally, Skånseng et al. (2010) reported that the supplementation of 
broiler diets with formic acid and sorbate could prevent the colonization of C. jejuni, 
whereas adding formic acid alone was insufficient to prevent C. jejuni colonization 
(Skånseng et al. 2010). 

In summary, it can be reported that the efficacy of organic and inorganic acids in 
broilers can be affected by several factors, such as the type of organic acid, 
concentration, growth stage, feed ingredients, microbial population, and environ-
mental factors. These factors may explain the recorded variations in the previous 
investigations. 

4.4 Phytogenic Feed Additives 

The anti-Campylobacter activity of PFAs is early evident by previous in vivo 
investigations, although the effectiveness of treatments varies considerably. Ibrahim



et al. (2020) demonstrated that the supplementation of Glycyrrhiza glabra extract in 
the basal diet of broiler chicks under C. jejuni challenge improved the body weight 
gain, the FCR, and reduced the mortality rates. The tight junction expression of 
occludin and JAM-2, as well as the expression of mucin-2, was increased compared 
to the control group. Finally, C. jejuni counts in the fecal samples on the seventh day 
post-infection were significantly reduced in the phytogenic product group. Reduced 
C. jejuni counts were also reported when thymol and carvacrol were added in the diet 
of broiler chickens (Arsi et al. 2014; Szott et al. 2020). Nooreh et al. (2021) stated 
that dietary Ferulago angulata extract in C. jejuni-challenged broilers improved the 
FCR, the mortality rates, and decreased the C. jejuni counts as well as coliforms in 
the ileum and cecum. Finally, this extract boosted the immune response, by enhanc-
ing the IgG, IgA, IL-6, and gamma-interferon concentrations under Campylobacter 
spp. challenge. Aljazzar et al. (2022) reported that dietary eugenol and trans-
cinnamaldehyde downregulated mRNA expression levels of flaA, virB11, and 
WlaN virulence genes of C. jejuni, at the 7th and 14th days post-infection, in 
experimentally challenged Ross 308 broiler chicks. Finally, in Hy-Line laying 
hens experimentally challenged by C. hepaticus strain HV10, dietary sanguinarine 
and chelerythrine extracts reduced miliary lesions on the liver, the lesion score, and 
improved the growth performance (Quinteros et al. 2021) (Table 3). 
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5 Salmonellosis 

Salmonella spp. belong to the Enterobacteriaceae family, which are known intracel-
lular, gram-negative motile bacilli with peritrichous flagella. The name “Salmonella” 
is derives from an American scientist, Daniel E. Salmon, who isolated the enteric 
pathogen from the pig’s intestine. Salmonella spp. cause localized or systemic 
infections and can cause devastating damage to the poultry industry, and simulta-
neously pose a significant public health issue. Each year, approximately 48 million 
people contract a foodborne disease, costing the US economy around $90 billion in 
healthcare expenses. According to the Centers for Disease Control and Prevention, 
Salmonella causes 1.35 million infections per year in the USA (CDC 2021), whereas 
Salmonella spp. in poultry products causes $2.8 billion in financial losses to the US 
poultry industry (Egg-STAT-Ic; Scharff 2020). In particular, salmonellosis is a 
major zoonotic pathogen, with poultry meat and eggs being the primary source of 
infection (Ruvalcaba-Gómez et al. 2022; El-Saadony et al. 2022). It is estimated that 
41% of chicken meat and one in 20,000 eggs are contaminated by Salmonella spp. 
(Park et al. 2015; Thames and Sukumaran 2020). 

Salmonellosis causes significant losses to poultry, and thus several strategies to 
control and reduce its spread at the farm level have been attempted. For several years 
the use of antibiotics has been the main strategy for the control of Salmonella spp. 
However, the use of antibiotics has been questioned since antibiotic resistance or 
decreased sensitivity of Salmonella spp. has been observed and poses a threat to 
public health. Over the last years, the use of feeding-based strategies as an alternative 
to antibiotics for Salmonella prophylaxis in poultry has been recommended. Among
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feeding-based strategies, the use of probiotics, prebiotics, (in)organic acids, and 
phytogenic feed additives (PFAs) is an essential approach to combat Salmonella 
spp. in poultry (Ruvalcaba-Gómez et al. 2022; El-Saadony et al. 2022).
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5.1 Probiotics 

Probiotics seem an attractive alternative for the control of salmonellosis in poultry 
since they have been successfully used to inhibit the growth of pathogenic bacteria, 
are safe for consumption by birds, are bile-resistant, and can perhaps be modified to 
produce a variety of antimicrobial peptides that are now recognized. The 
mechanisms underlying the probiotic’s  efficacy are related to the strengthening of 
the intestinal microbiota and the production of antimicrobial factors such as 
bacteriocins, hydrogen peroxide, lactic acid, and short-chain fatty acids 
(Ruvalcaba-Gómez et al. 2022). Wang et al. (2023) reported the probiotic potential 
of Lactobacillus fermentum 1.2133, both in vitro and in vivo, in broiler chicks that 
were experimentally challenged by Salmonella pullorum CVCC533 at the 14th day 
of age. The dietary application of L. fermentum significantly regulated the intestinal 
flora of challenged birds by reducing the number of Salmonella and aerobic bacteria 
in the chicks’ intestinal content, and by improving the abundance of Lactobacilli 
species. Additionally, L. fermentum resulted in increased expression of avian 
β-defensin-2 (AvBD2) mRNA in the small intestine of chickens. It is reported that 
defensins, a class of the host endogenous antimicrobial peptides, play a key role in 
innate immunity and the cellular barrier (Yi et al. 2014), and their expression in birds 
that received probiotics, could be an additional mechanism of probiotic action 
(Wang et al. 2023). Forkus et al. (2017) engineered probiotic E. coli Nissle 1917 
to express and secrete the antimicrobial peptide, microcin J25. When researchers 
tested E. coli Nissle 1917, under in vitro experiments and in an animal model of 
300 turkeys, they reported that Salmonella enterica carriage was 97% lower in the 
treated group than in the positive control. Additionally, Shao et al. (2022) reported 
the high capacity of Enterococcus faecium NCIMB 11181, in ameliorating the 
adverse effects of Salmonella typhimurium when added to diets of Arbor Acres 
male broilers that were experimentally challenged. In particular, E. faecium NCIMB 
11181 reduced the intestinal colonization of S. typhimurium and its translocation to 
visceral organs, whereas diminished the damage in the gut morphological structure 
as well as the dysbiosis, which is caused by S. typhimurium infection. In another 
study, the administration of the probiotic C. butyricum HJCB998 reduced counts of 
Salmonella spp., C. perfringens, and E. coli in the ceca of broiler chicks (Yang et al. 
2012). Additionally, the supplementation of broilers fed with C. butyricum 
HJCB998 resulted in increased IgA, IgG, and complement component-3 
concentrations in the serum, indicating its promoting effect on birds’ immune 
function (Yang et al. 2012).
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5.2 Prebiotics 

Another promising feeding-based strategy for the control of salmonellosis is the use 
of prebiotics (Micciche et al. 2018). There are several categories of prebiotics, such 
as fructooligosaccharides (FOS), mannan-oligosaccharides (MOS), and 
galactooligosaccharides (Ruvalcaba-Gómez et al. 2022), and some of them have 
effectively ameliorated the adverse effects of Salmonella infection in previous 
in vivo investigations. In particular, Adhikari et al. (2018) reported the supplemen-
tation of poultry diets with FOS could impair the pathogenesis of Salmonella 
enteritidis, in experimentally challenged white leghorn laying hens, by modulating 
humoral immunity. Specifically, birds that were challenged and received FOS by 
their diet had reduced S. enteritidis cecal counts and upregulation of TLR-4, IFN-γ, 
and IgA compared to birds that were only challenged (Adhikari et al. 2018). 
Similarly, Wu et al. (2020) reported that supplementing the diet with prebiotic 
trehalose alleviated the adverse effects of S. typhimurium in experimentally 
challenged Arbor Acres male broiler chicks. More specifically, the prebiotic treha-
lose increased the abundance of Lactobacilli and decreased S. typhimurium counts in 
ceca, whereas exhibited anti-inflammatory effects by downregulation of IL-1β and 
lipopolysaccharide-induced tumor necrosis factor-α (LITAF), and upregulation of 
IL-10 and IFN-α (Wu et al. 2020). In another study, Santana et al. (2020) reported 
the beneficial effect of lactulose in the intestinal development of turkeys in an 
S. enteritidis challenge model. In conclusion, possible explanations for the protective 
effect of prebiotics against salmonellosis, apart from enhancing the growth of 
beneficial bacteria of intestinal microbiota, could be the immune-stimulative effect 
on the gut-associated lymphoid tissue and increased levels of secretory IgA in the 
intestinal mucosa (Ruvalcaba-Gómez et al. 2022; El-Saadony et al. 2022). 

The addition of whey in poultry diets has been used for the control of intestinal 
pathogens, such as Salmonella spp. and C. perfringens in poultry, although chicks’ 
digestive system is not able to degrade its main component, lactose (Corrier et al. 
1990; De Loach et al. 1990; McReynolds et al. 2007). In particular, the use of whey 
in poultry diets decreased the number of Salmonella-positive birds by 90%, and the 
intestinal carriage of S. typhimurium by more than 2 log10 in chicks fed with whey 
compared to controls (De Loach et al. 1990). The proposed mechanism is that 
lactose acts as a growth substrate for beneficial bacteria of intestinal microbiota, 
such as Lactobacillus spp. and Bifidobacterium spp., which ferment it to lactic acid 
and volatile fatty acids. Possible mechanisms for the effect of lactic acid bacteria on 
intestinal pathogens include the production of bacteriocins, the stimulation of adap-
tive immunity, the alteration of the cecal microbiome, and the antimicrobial activity 
of the produced lactic acid (Gülşen et al. 2002; Neal-McKinney et al. 2012). Finally, 
in another study, El-Shall et al. (2020) reported the high efficiency of a commercial 
prebiotic product containing 2.6 Beta LevaFructan alongside with Salmonella vac-
cine, in ameliorating the adverse effects of Salmonella in terms of mortality rate, 
fecal shedding, and S. enteritidis translocation in liver, spleen, heart, and cecum in 
experimentally challenged birds.
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5.3 Organic Acids 

Commercial products, blends of organic and/or inorganic acids, exhibit promising 
efficiency in counteracting the growth of critical zoonotic bacteria, such as Salmo-
nella spp. under in vitro tests (Mantzios et al. 2023; Kovanda et al. 2019). In 
particular, the anti-Salmonella activity of organic acids is not fully elucidated; 
however, it is mainly attributed to the nonionized form of organic acids, that can 
pass through the Salmonella cell wall and express their hazardous effects. Addition-
ally, it is reported that the application of organic acids may decrease pH of the upper 
gastrointestinal tract, thus forming a barrier for the invasion and the colonization of 
Salmonella spp. in the intestine (El-Saadony et al. 2022; Lawhon et al. 2002; Van 
Immerseel et al. 2004a, b). The potential of organic acids as alternatives to combat 
Salmonella spp. infections in poultry is early evident in previous in vivo 
investigations (Wang et al. 2019; Bourassa et al. 2018; Milbradt et al. 2014). In 
particular, Bourassa et al. (2018) investigated the effect of various concentrations of 
formic and propionic acids, in both feed and water, in different periods, in broilers 
experimentally challenged by S. typhimurium at the early stage of life. Researchers 
concluded that the addition of formic acid from the sixth week resulted in no 
recovery of S. typhimurium from the ceca of birds. In contrast, Adhikari et al. 
(2020) found that the addition of a buffered formic acid and sodium formate mixture 
in the feed of broilers had no significant effect on the colonization of S. typhimurium 
in broiler chickens (Adhikari et al. 2020). Furthermore, Aljumaah et al. (2020) 
reported that a commercial organic acid-based product (a blend of short- and 
medium-chain fatty acids and a low dose of β1-4 mannobiose) marginally influenced 
the overall performance of broiler chicks challenged by S. typhimurium ATCC 
14028. However, the acidic blend significantly increased cecal acetic and butyric 
acid concentrations and resulted in alterations in bacterial communities in the 
intestine (Aljumaah et al. 2020). In addition, Wang et al. (2019) conducted a study 
to determine the ameliorative potential of organic acids when added to the drinking 
water of broiler chicks, which were experimentally challenged by S. pullorum. The 
supplementation of the commercial organic acid blend promoted the performance of 
birds. Following metabolomic analysis, researchers showed a possible metabolic 
mechanism of organic acids, to alleviate stress responses mediated by steroid 
hormones. Finally, Milbradt et al. (2014) documented that a dietary mixture of 
short- and medium-chain fatty acids (acetic acid, formic acid, propionic acid, sorbic 
acid, polysorbate, silicon dioxide, coconut oil, and ammonium hydroxide) reduced 
Salmonella spp. and Enterobacteriaceae and increased Lactobacillus spp. in both 
crop and cecum and increased butyric acid concentration in cecal contents in 
commercial turkeys challenged with S. enteritidis. 

5.4 Phytogenic Feed Additives 

PFAs and their derivatives, especially essential oils, have gained rising interest from 
the scientific community as natural growth promoters in the poultry industry. They



are natural plant-derived compounds or plant extracts with antimicrobial, antioxi-
dant, anti-inflammatory, immunomodulatory, and digestion-stimulating activities 
(Omonijo et al. 2018; Zhai et al. 2018). Several essential oils, such as 
cinnamaldehyde, eugenol, thymol, and carvacrol, have been successfully used for 
the control of Salmonella spp. since they can significantly reduce the colonization 
and counts of Salmonella spp. in the intestinal tract of broiler chicks and layer hens 
(El-Saadony et al. 2022; Kollanoor-Johny et al. 2012). Moharreri et al. (2022) 
reported that the supplementation of diets with a microencapsulated blend of essen-
tial oil (thyme, summery savory, peppermint, and black pepper seed) improved the 
BW, FI, and FCR in broilers, which were experimentally challenged by 
S. enteritidis. The phytogenic blend also reduced the lipid peroxidation and 
enhanced the antioxidant capacity in the serum, breast meat, and total phenolic 
contents of birds’ breast. Additionally, the gene expression analysis in samples 
from infected birds that received the phytogenic blend showed increased expression 
of occludin and SOD and decreased expression of inducible nitric oxide synthase 
(iNOS). The phytogenic blend also improved the histological structure of the ileum, 
by increasing the villus height, villus width, villus-to-crypt (V:C) ratio, and the 
number of goblet cells. Finally, the blend reduced S. enteritidis counts in the ileum 
and cecum of birds. A similar trial was performed by using Cobb broiler chicks, 
which were infected by S. enteritidis and received dietary supplements with a 
commercial phytogenic product (blend of fennel, melissa balm, peppermint, anise, 
oak, clove, and thyme). The microbiota analysis of the cecal content revealed that the 
inclusion of the phytogenic blend in broiler diets decreased the number of Salmo-
nella spp., E. coli, and C. perfringens and increased the number of total Lactobacil-
lus spp. in the ceca of birds (Wati et al. 2015). In another study, laying hens infected 
by Salmonella gallinarum in a fowl typhoid model showed lower mortality rates in 
the group that received a chestnut extract in the basal diet compared to the positive 
control group (Casanova et al. 2021). Ibrahim et al. (2021a, b) noted that broilers 
infected by S. typhimurium and fed a diet that was supplemented with encapsulated 
thymol upregulated the expression of digestive enzymes AMY2A, PNLIP, and  CCK, 
the expression of biomarkers Muc-2, FABP2, IL-10, and downregulated the expres-
sion of IL-2 and IL-6. Finally, thymol increased total Lactobacillus spp. counts and 
decreased S. typhimurium counts in broilers experimentally challenged by 
S. typhimurium. Recently, garlic and onion extract chitosan nanoparticles inhibited 
the colonization of S. typhimurium and simultaneously improved the synthesis of 
intestinal microbiota in birds (Enoka et al. 2021) (Table 4). 
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6 Colibacillosis 

Avian pathogenic Escherichia coli (APEC) infections in poultry cause several 
pathological conditions collectively known as “colibacillosis” and are characterized 
by a triad of lesions of “perihepatitis, pericarditis and airsacculitis,” accompanied by 
septicemia and increased mortality (Fancher et al. 2020). APEC infections are 
associated with major economic losses due to mortality, meat and egg production
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losses, carcass condemnation at slaughter, costs associated with treatment, and 
prophylaxis as well as compromised animal welfare in industrial poultry production 
(Tarabees et al. 2019). Young birds are more susceptible to severe infections 
compared to adult birds. Bacteria can be transferred among humans, animals, and 
the environment (Kathayat et al. 2021; Christensen et al. 2021; Hu et al. 2022).
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APEC is a member of chickens’ intestinal microbiota and resident of the upper 
respiratory tract, mainly in the pharynx and trachea. For several years, APEC has 
been considered a secondary pathogen requiring predisposing factors such as poor 
ventilation and hygiene, high ammonia levels, extreme house temperatures, immu-
nosuppression, and other infections, to result in pathological conditions (Nolan et al. 
2013). However, according to Nolan et al. (2019), APEC could have a primary role 
since E. coli was isolated from colibacillosis without obvious predisposing factors. 
In addition, several APEC outbreaks have been related to single clones such as 
E. coli ST95 and E. coli ST117 (Christensen et al. 2021; Ronco et al. 2017). 

For several years the control of APEC infections has relied on antibiotics, which 
led to the emergence of antibiotic-resistant E. coli and resurgence of the public and 
food safety authorities’ concerns. In particular, concerns have been raised that 
resistant strains or plasmids could be transferred to humans via the food chain and 
could increase the risk for extraintestinal infections and impaired their treatment. 
Therefore, there is a huge need to consider the “One Health” perspective (Kathayat 
et al. 2021; Christensen et al. 2021; Hu et al. 2022). The adaption of vaccination 
strategies, strict biosecurity measures, and the control of immunosuppressive agents 
and/or stress factors could be preventative to the odds of APEC infections (Kathayat 
et al. 2021). However, feed additives such as probiotics, prebiotics, organic acids, 
and phytogenics have been widely studied during the last decade (Wang et al. 
2017a, b; Emami et al. 2017; Hashem et al. 2022; Ibrahim et al. 2022) aiming to 
develop an alternative to antibiotics for the control of infectious agents, such as 
APEC, in poultry. 

6.1 Probiotic 

The supplementation of probiotic mixtures in poultry diets influences the intestinal 
microbiota structure, including counts of APEC, leading to increased production, 
health, and welfare (Kathayat et al. 2021). Probiotics such as Lactobacillus spp. 
produce lactic acid, an organic acid that is known for its inhibitory action against 
pathogenic E. coli (Watkins et al. 1982). The enrichment of poultry microbiome with 
Lactobacilli species could be a promising approach to reducing the incidence of 
APEC colonization. Wang et al. (2017a, b) reported that dietary Lactobacillus 
plantarum B1 significantly increased the BW and significantly decreased E. coli 
counts in the cecal content of broiler chicks that were experimentally challenged by 
E. coli K88. In addition, researchers stated that L. plantarum B1 increases the 
population of cecal lactic acid bacteria, as well as improves intestinal mucosal 
immunity by increasing the ileal mucosal secretory IgA concentration and reducing 
the IFN-γ, IL-2, IL-4, and TNF-α levels in the ileum (Wang et al. 2017a, b).



Similarly, Ding et al. (2019) demonstrated that the dietary addition of L. plantarum 
15-1 improved intestinal health by increasing the levels of SCFAs and mitigating the 
damage caused by E. coli O78 in experimentally challenged broilers. In a current 
study, Ye et al. (2021) investigated the effects of a probiotic mixture, including both 
oxybiotic and anaerobic microbes, on growth performance and intestinal microbiota 
of partridge shank broiler chicks. Researchers reported that the supplementation of 
the probiotic mixture in the feed improved the growth performance by increasing the 
BW, average daily weight gain (ADWG), and FCR and positively influencing the 
intestine’s morphological characteristics. Researchers noted that the abundance of 
harmful bacteria in the phyla of Firmicutes, Euryarchaeota, and Ruminococcus was 
dramatically decreased in the chicks that received the probiotic mixture, while the 
abundance of beneficial bacteria in the phyla of Actinobacteria and Eremiobacterota 
was significantly increased (Ye et al. 2021). In another study, the administration of a 
multistrain probiotic containing Bacillus subtilis, Clostridium butyricum, and Lac-
tobacillus plantarum improved the performance, affected the synthesis of cecal 
microbiota, and reduced the APEC O78 translocation to visceral organs in experi-
mentally challenged broiler chicks (Tarabees et al. 2019). Furthermore, Tarabees 
et al. (2020) demonstrated that the addition of Enterococcus faecalis-1 significantly 
improved immunological response and growth performance, and increased the total 
Enterococcus counts in the ceca, while significantly decreased the mortality, and 
E. coli O78 visceral invasion in experimentally challenged broilers. In another study, 
Kathayat et al. (2022) investigated in vitro and in vivo effects of Lacticaseibacillus 
rhamnosus GG against APEC infection in broiler chicks. The oral administration of 
L. rhamnosus GG reduced the colonization (~1.6 logs) of APEC and moderated the 
APEC-induced alterations in the microbial community in the ceca of experimentally 
challenged broilers. In particular, L. rhamnosus GG decreased the abundance of 
Proteobacteria, particularly those belonging to Enterobacteriaceae (Escherichia-
Shigella) family. Applying a different approach, Li et al. (2021) investigated the 
effect of the in ovo inoculation of a single probiotic strain (Lactobacillus animalis, 
Lactobacillus reuteri, or  Lactobacillus rhamnosus) on the incidence of APEC 
infection in broilers, and evaluated the virulence and antimicrobial resistance 
properties of APEC isolates. There were no significant differences between the 
control and treatments when screening isolates for APEC-related genes (iroN, 
ompT, hlyF, iss, and iutA) by polymerase chain reaction (PCR). Consequently, 
researchers concluded that the in ovo inoculation of a single probiotic strain did 
not confer protection against APEC strains in broilers. 
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However, the in ovo probiotic ingestion is an up-and-coming technique that suits 
modern poultry production requirements and was previously effective in combatting 
S. enteritidis in experimentally challenged broilers that received E. faecium, both in 
ovo and through the diet (De Oliveira et al. 2014). However, to better understand the 
potential of in ovo probiotic ingestion, to combat APEC infection in poultry, 
additional trials using individual probiotics or combinations of probiotics should 
be conducted.
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6.2 Competitive Exclusion 

The use of competitive exclusion cultures may significantly reduce intestinal colo-
nization with challenge strains of APEC, as well as the excretion and transmission of 
APEC. In particular, a commercial competitive exclusion product (Aviguard®, 
Microbial Developments Ltd.) reduced the excretion and transmission of an 
extended-spectrum cephalosporin-resistant strain, in the absence of antimicrobial 
treatment (Ceccarelli et al. 2017). Similarly, Chantziaras et al. (2018) found that the 
E. coli population originating from Aviguard® was predominant and largely 
prevented the colonization and transmission of both the bacteriologically fit and 
the bacteriologically nonfit enrofloxacin-resistant strains. Furthermore, the adminis-
tration of Aviguard® resulted in a substantial decrease in cecal extended-spectrum 
β-lactamases and AmpC-producing E. coli counts in young chickens (Methner and 
Rösler 2020). 

6.3 Prebiotics 

Prebiotics, such as fructooligosaccharides (FOS), inulin, galactooligosaccharides 
(GOS), and other undigested starches, are frequently added in poultry diets, for 
their beneficial effect on gut microbiome populations, as they serve as nutrients’ 
source for beneficial bacteria in the intestine. Indeed, bacteria such 
as Bifidobacterium utilize prebiotics by fermentation that produces short-chain 
fatty acids (SCFAs), which are known for their inhibitory effect against E. coli 
(Shastak et al. 2015). β-Mannan is a nonstarch polysaccharide (NSP), usually found 
in soybean meal, sesame meal, palm kernel meal, copra meal, and guar meal 
(Dhawan and Kaur, 2007). It is reported that β-1,4-mannan-oligosaccharides poten-
tially limit pathogenic bacteria to adherence to the gut as a result of saturation of 
binding sites (a mannose-specific binding site) on the bacterial surface. Thus, 
bacteria such as APEC that have a mannose-specific binding site on their surface 
and create bonds by β-1-4-MOS or D-mannose in the intestinal lumen are expelled 
by the bird’s physiological mechanical defense mechanisms such as mucus secretion 
and peristalsis (Oyofo et al. 1989). The reason for the prebiotic effect of β-1-4-MOS 
is that it can be used as nutrients by Bifidobacteria and Lactobacilli but not, for 
example, by C. perfringens and E. coli, thereby promoting healthful intestinal 
microflora (Asano et al. 2001). Tarabees et al. (2019) reported that the dietary 
addition of the prebiotic isomaltooligosaccharide significantly improved the growth 
performance and modulated the intestinal microbiota of broiler chickens challenged 
with APEC O78. In particular, the addition of isomaltooligosaccharide in diets of 
birds reduced mortality percentage and E. coli recovery rates from the liver and 
spleen, while increased the carcass weight as well as the total lactobacilli and total 
lactobacilli-enterococci populations in the ceca of challenged birds (Tarabees et al. 
2019). In addition, Ding et al. (2019) reported that dietary FOS improved growth 
performance and increased valeric acid and total SCFAs in ceca, of male Arbor 
Acres broilers, which were experimentally challenged by E. coli O78.
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6.4 Organic Acids 

The capacity of individual organic acids or commercial blends to inhibit E. coli 
under in vitro tests was previously reported (Kovanda et al. 2019) and could be a 
strong indication for their potential application as alternatives to control APEC 
infections in poultry (Mantzios et al. 2023). The ability of the undissociated form 
of organic acids to diffuse across E. coli cellular membranes is theorized to be the 
main factor contributing to their toxicity, whereas their power to modify the gastro-
intestinal environment and to stimulate the immune system and gut microbiome in 
birds has indirect beneficial effects, detailed in previous in vivo investigations (Pham 
et al. 2022; Warsito et al. 2021; Emami et al. 2017; Giannenas et al. 2014b). In 
particular, Giannenas et al. (2014b) showed that 0.03 or 0.1% dietary benzoic acid 
decreased the total coliforms and increased lactic acid bacteria in the ceca of turkey 
poults. Additionally, organic acid blends effectively decreased mortality and bacte-
rial counts in the gut of turkeys suffering from poult enteritis and mortality syndrome 
(Roy et al. 2002). Warsito et al. (2021) reported that a combination of acidifier-
dextrose can increase hen day production and decrease FCR in laying hens infected 
with APEC. In another study, Emami et al. (2017) investigated the effect of 
commercial organic acid blends on male broilers challenged with E. coli K88. 
Similarly, researchers noted that the addition of organic acids to diets of ETEC-
challenged birds improved growth performance, ileal morphology, immune 
responses, and increased cecal Lactobacilli counts (Emami et al. 2017). Surprisingly, 
Hassan et al. (2010) reported that the dietary addition of two commercial mixtures of 
organic acids (Galliacid® and Biacid®) in Ross 308 broiler chicks was more 
efficient than the antibiotic growth promoter (Enramycin) in decreasing intestinal 
E. coli and Salmonella spp. counts. Pham et al. (2022) reported that dietary coated 
essential oil and organic acid mixture (benzoic, butyric, hexanoic acid, thyme, and 
carvacrol) supplementation could mildly alleviate induced gut injury and inflamma-
tion by E. coli O78 in experimentally challenged broiler chicks. Researchers stated 
that dietary coated essential oil and organic acid mixture improved feed conversion 
efficiency, reduced gross lesion scores and cecal E. coli counts, and increased 
intestinal goblet cells and serum IgG concentration in experimentally challenged 
birds (Pham et al. 2022). 

6.5 Phytogenic Feed Additives 

Previous in vitro investigations have observed the high capacity of individual or 
blends of PFAs against several APEC strains, and to that end could be promising 
alternatives for the control of APEC infections in the field (Wan et al. 2016; Shen 
et al. 2020). However, further in vivo challenge studies are proposed in order to 
elucidate the pharmacokinetics of these bioactive compounds and their role in 
combating APEC infections in various poultry species. Khishtan and Beski (2020) 
stated that adding chamomile flower in the diet of broilers under the E. coli challenge 
improved the FCR, the protein digestibility, the histological profile (longer villi and



lower crypt depth), and the serum protein profile including total serum proteins, 
albumin, globulin, and aspartate aminotransferase (AST) in contrast with the control 
group of the trial. Similarly, the inclusion of encapsulated eugenol displayed 
improved performance parameters in broilers infected by E. coli O78. Additionally, 
the eugenol-supplemented group performed enhanced gut barrier integrity by the 
upexpression of cathelicidins-2, β-defensin-1, MUC-2, JAM-2, occludin, CLDN-1, 
and FABP-2 genes and modulation of cytokine genes (IL-1β, TNF-α, IL-6, IL-8, and 
IL-10) expression (Ibrahim et al. 2022). Elmowalid et al. (2019) concluded that 
extracts of garlic and ginger in the basal diet of Sasso broiler chickens infected by 
E. coli O78 resulted in the reduction of NO production and in increased expression 
of cytogenes IL-1β, IL-6, and IFN-γ in both groups compared with the positive 
control group. Additionally, protection percentages against E. coli 078 infection 
were very high in both supplemented groups, especially in the garlic-supplemented 
group in which E. coli counts were not detected in the vital organs of birds compared 
to the nonsupplemented group where high CFU counts of E. coli were detected in the 
vital organs of birds with high mortality rates (Elmowalid et al. 2019). In another 
study, the dietary lemongrass improved performance parameters, increased IgM, 
IgG, and IgA levels, lysozyme values, and superoxide dismutase activities in 
Japanese quails. Additionally, lemongrass supplementation led to lower E. coli 
and Salmonella spp. counts but higher Lactobacillus spp. counts in the ceca of 
birds (Alagawany et al. 2021). Finally, the inclusion of propolis in the basal diet of 
layers infected by E. coli reduced the inflammation markers TNF-α, IL-1β, and the 
plasma corticosterone concentration in the blood as well as the apoptotic factor 
(Foxo3) and the MDA concentration. The treated group showed improved perfor-
mance parameters, immune response, and total antioxidant capacity concentrations 
(Abbas et al. 2020) (Table 5). 
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7 Conclusions and Perspectives 

Optimal gut health is an increasingly important topic in poultry and involves a 
number of physiological, microbiological, and physical functions that work together 
to maintain intestinal homeostasis and resistance to environmental and infectious 
stresses (Kogut 2022). The intestine is a vital organ and is not only responsible for 
the digestion and absorption of nutrients. In addition, the gut is responsible for the 
interface with the outside world and acts as a metabolic, endocrine, and immune 
organ. 

The implementation of the new legislation on the use of antibiotics is a factor that 
has had a huge impact on the performance, gut health, and welfare of birds as well as 
the profit of poultry farmers and the hygiene status of poultry products. In addition, 
increased consumer demand for organic poultry products has forced the poultry 
industry to seek more environmentally and poultry-friendly management practices, 
e.g., free-range farming, cage-free farming, and access to pasture. However, these 
management practices increase the risk of poultry and human pathogens and could 
disturb the balance of the intestinal ecosystem.
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Therefore, the poultry industry should adopt a holistic approach through innova-
tive strategies to control gut health disorders and infectious diseases in order to 
guarantee food safety for a growing human population, to minimize their impact on 
health and welfare of poultry, and to enhance the sustainability of the poultry 
industry. The manipulation of gut microflora, mucosa, and immunity using 
alternatives to antibiotic feed additives, such as phytogenic feed additives, competi-
tive exclusion products, probiotics, prebiotics, organic/inorganic acids, and 
enzymes, is a very promising strategy. These additives have growth-promoting, 
antimicrobial, antioxidant and immunostimulating effects and can partially compen-
sate the use of antibiotics. Despite their beneficial effect on the poultry, human, and 
environmental health, none of them can completely replace the use of antibiotics. 
For this reason, it is necessary to find the appropriate combination so that a 
synergistic action is observed, which will contribute to gut homeostasis and 
improved poultry meat quality. 

Therefore, there is an urgent need for further research to scientifically elucidate 
their mechanisms of action and to establish safe, economic, and effective supple-
mentation programs, such as dosage regimen, optimal combination, duration, and 
timing of administration as well as possible toxicity effect and antagonism between 
product categories. Finally, it would be of great value to evaluate them both in 
intensive and organic farming systems as well as in fast- and slow-growing breeds of 
birds. 
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The Effects of Feed Additives 
on the Immune System of Poultry 

Alireza Seidavi, Babak Hosseintabar-Ghasemabad, 
and Ambra Rita Di Rosa 

Abstract 

The immune system is considered one of the most important influencing factors 
in improving the performance and health of poultry, and nutrition, in turn, plays 
an important role in balancing and strengthening the immune system. On the 
other hand, poultry diets are mainly formulated based on the minimum cost in 
order to achieve targeted performance goals, and attention to the criteria neces-
sary to achieve ideal responses in the immune system is ignored. The increase in 
the world’s population and the growth in the demand for quality and healthy food 
have led to the fact that a 2% increase in the annual production of food is 
necessary, and in parallel with this increase in production, the least pressure 
should be placed on the environment. To achieve such goals, it is absolutely 
necessary to optimize feedstuff with the help of various feed additives in order to 
improve health, increase the bioavailability of nutrients, and improve animal 
performance. The main key to achieving these goals is only by having productive 
birds in terms of innate and acquired immunity during the breeding period. The 
use of feed additives in poultry nutrition can be considered as an effective 
solution to strengthen body immunity and a reassuring and economical proposal. 
Knowledge and proper understanding of the characteristics and use of additives 
and their effects in poultry nutrition are the goals of many researchers’ studies in 
recent years. Many researches have shown that feed additives can increase the 
bioavailability and digestibility of nutrients without negatively affecting the 
nutrient balance of poultry diets, and at the same time leading to the improvement
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of the health of the digestive system, and the quality and quantity of manufactured 
products have positive and promising effects. One of the beneficial and special 
effects that recently made the importance of a series of additives important in 
poultry research is their effect on the poultry immune system. The bird’s immune 
system is a complex network of biological structures and processes, and a 
decrease in performance or a slight change in any of its aspects can affect the 
performance and health of the bird and increase the risk of contracting various 
diseases. Therefore, any nutritional solution with the approach of improving 
physiological and immunological function can help strengthen the immune 
system and at the same time lead to an increase in the production capacity of 
poultry flocks, which can be of interest to researchers and poultry industry 
activists. Functional additives in poultry nutrition have many varieties. This 
chapter provides readers with the latest and most recent information with the 
aim and focus on the types of additives that were able to be effective on the 
poultry immune system and subsequently improve the performance and other 
health parameters of the poultry flock. In this chapter, an introduction is men-
tioned about the poultry immune system and its importance on the production 
performance and health of the bird. Then, the review and introduction of additives 
in the nutrition of poultry models and their effects on parameters related to bird 
health have been discussed. The feed additives investigated and effective on the 
body’s immune system in this season include all kinds of probiotics, prebiotics, 
synbiotics, medicinal plants, and phytogenic compounds, all of which are among 
the most valid additives. They are considered useful in poultry nutrition, which 
can directly or indirectly affect the poultry’s immune system.
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1 Introduction 

The global pattern in most industries has shifted from production efficiency to public 
health (Ferket 2004). From a technical point of view, the use of feed additives has 
never been mandatory and does not always guarantee maximum productivity and 
economic profit, but the increase in consumer awareness and production standards 
has led to the growth of demand for healthy food products of animal origin, and 
subsequently, more pressure on activists. The poultry production industry was 
created to use feed additives (Pandey et al. 2019). On the other hand, intensive 
poultry farming always leads to the growth of a wide range of microorganisms that 
are constantly competing with and affecting the immune system (Seidavi et al. 
2020). The use of growth-promoting antibiotics, which were very useful in the 
past in order to improve performance and protect animals against pathogenic 
microorganisms, today, due to bacterial resistance and disturbance in the health of 
poultry, the environment, and its consequences on human health faced a serious



challenge. Therefore, in the first step in order to strengthen and balance the immune 
system and respond to the aforementioned concerns and challenges, the European 
Union banned the use of antibiotics to prevent diseases and also as growth 
promoters, and subsequently the ground was prepared for the use of alternative 
additives (Ferket 2004). 
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In general, using nutritional knowledge to improve health is a preventive and 
logical scientific solution that can help to balance and strengthen the immune system. 
Therefore, in the first step, providing sufficient amounts of nutrients and creating a 
balance in nutrients should be prioritized to achieve improved health and safety 
(Klasing 2007). In line with this goal, the use of feed additives to improve the 
bioavailability of nutrients can be very effective and helpful, because many 
researches have shown that nutrients have a great impact on the development of 
the immune system and the number of antibodies produced. On the other hand, 
poultry feed formulations are mainly adjusted based on production indicators such as 
the improvement of growth status, eggs and feed efficiency, and not much attention 
paid to the criteria necessary for responses of the immune system. In addition, it has 
been found that in conditions of illness, stress, and the acute stage of the immune 
system, the requirement for nutrients increase, and the proper functioning of the 
immune system is dependent on the improvement of metabolizable energy and 
amino acids, and any disturbance in the supply of nutrients and failure to comply 
with the ratio of nutrients can lead to a disturbance in the normal state of the bird’s 
natural physiology and subsequently have a negative effect on the functioning of the 
immune system. A review of the scientific literature indicates that feed additives can 
play a constructive role in improving the availability of nutrients and animal health 
in acute conditions. However, the strategy and provision of auxiliary solutions 
through dietary supplements play a very important role in protecting the bird’s 
health against the invasion of pathogenic agents, and any deficiency and disturbance 
in the absorption of nutrients can have irreparable effects on normal performance— 
leave the immune system (Klasing 2007; Olgun et al. 2021). In recent years, 
nutritionists have reported poultry nutritional requirement tables focusing on the 
effect of nutrients on the performance of the poultry’s immune system, such as 
observing the ratio of amino acids, the ratio of omega-6 to omega-3, and the ratio of 
calcium to phosphorus and other nutrients, which all play a significant role, and they 
are safe in balancing. Using feed additives to help absorb and balance nutrients can 
play a positive role in improving the immune system. Because the nutrient is 
considered the food of the cell, better access to nutrients with the help of various 
feed additives plays an important role in the balance and improving immunity 
(Prabakar et al. 2016; Olgun et al. 2021). 

All over the world, feed additives are widely used in the poultry industry for 
various purposes. A great variety of feed additives and, on the other hand, the 
different goals of manufacturers, have caused several classifications of these 
compounds to be presented by experts in recent years (Pirgozliev et al. 2019). It is 
certain that a number of additives undertake several tasks and approaches that can 
directly and indirectly affect the animal’s immune system and health (Pandey et al. 
2019). In general, the role of nutrients in the body’s immune system is undeniable,



and any use of feed additives to improve the absorption of nutrients and subsequent 
improvement and balance of immunity with the approach of nutrition knowledge is 
one of the goals of this chapter. In fact, this is an approach that can have a positive 
effect on improving the condition of the microbiota and microflora of the digestive 
system and also strengthen the vital signaling pathways in cells and immune-
stimulating organs. 
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2 Probiotics and Immunity 

The US National Food Association identifies probiotics as a source of living 
microorganisms, including bacteria, fungi, and yeasts. Probiotics are defined by 
the Food and Agriculture Organization (FAO) as living microorganisms whose 
consumption in sufficient quantities promotes the health of the host body. 

Probiotics work in poultry by preserving natural intestinal microorganisms by 
competitive replacement mechanisms and antagonism, altering metabolism by 
increasing the activity of digestive enzymes and reducing the activity of bacterial 
enzymes and ammonia production, and improving feed intake and digestion, and 
immune system stimulation occurs (Abd El-Hack et al. 2020; Krysiak et al. 2021). 

The effect of probiotics on increasing the production of antibodies in broilers has 
been reported in several studies (Lutful Kabir 2009). Khaksefidi and Ghoorchi 
(2006) reported an increase in antibody titers in response to injection of sheep red 
blood cells (SRBCs) at 7 and 14 days of age when consuming 50 mg of probiotics 
per kg of feed in broilers. In addition, Haghighi et al. (2005) showed an increase in 
antibodies in response to seven antigens in broilers. Dalloul et al. (2005) observed 
the effects of lactobacilli-based probiotics on the intestinal immune response during 
infection with Imeriaacerolna. The researchers observed positive effects of 
probiotics on the stimulation of some of the primary immune responses, such as 
the secretion of interferon-γ and interleukin-2 against Eimeria acervulina, which 
improved local defense against coccidiosis. Probiotics have been suggested as 
immunomodulators to reduce the expression of proinflammatory cytokines in the 
intestine and to increase IgA secretion and the integrity of the intestinal epithelial 
barrier and serum antibody levels to specific antigens (Haghighi et al. 2005; Hasted 
et al. 2021). Koenen et al. (2004) also reported an increase in antibody production 
using probiotics, suggesting that several probiotics may stimulate an adequate 
protective immune response to enhance resistance to pathogenic bacteria. Some 
strains of probiotics such as Lactobacillus, Lactobacillus acidophilus, 
Bifidobacterium lactis have been shown to be able to stimulate macrophages and 
neutrophil populations. Lactobacillus increases the efficiency of the population of 
helper T lymphocytes in mice (O’mahony et al. 2001). Kabir et al. (2004) observed 
high levels of antibody production in broilers receiving 2 mg of the probiotic 
protoxin in 10 liters of water. Some probiotics can stimulate a protective immune 
response by increasing resistance to microbial pathogens. 

Khaksefidi and Ghoorchi (2006) using 50 mg of probiotic Bacillus subtilis per kg 
of diet observed improvements in antibody production against sheep red blood cells



and Newcastle disease vaccine 10 days after injection. Increased antibody produc-
tion due to probiotic consumption may be due to the accumulation of essential 
nutrients in stimulating immune cells to produce antibodies by probiotic 
microorganisms. Nahashon (1994) reported that feeding Lactobacillus culture 
media to laying hens increases the number of lymph follicles scattered in the 
ileum, which stimulates the mucosal immune system to produce antibody-stimulated 
immunoglobulin A. Lactic acid-producing bacteria activate a nonspecific immune 
response by increasing the activity of macrophages. Multiple strains produce live 
bacteria, and lactic acid induces the release of pro-inflammatory cytokines, tumor 
necrosis factor-α, and interleukin-6 in vitro, indicating nonspecific immune stimula-
tion. Shoeib (1997) observed an increase in erythrocytes and leukocytes as well as a 
significant increase in the percentage of lymphocytes and monocytes with the 
addition of probiotics to the diet in broilers. Probiotics improve the immune system 
by stimulating lymphatic tissues (Kabir et al. 2004) and by altering the microbial 
population of the gastrointestinal tract (Jin et al. 1998). The role of probiotic bacterial 
strains, primarily lactobacilli, is to maintain a balance in the population of the 
intestinal microbial flora that prevents the spread of pathogenic microorganisms 
(Kiczorowska et al. 2017). This effect is due to the increased concentration of lactic 
acid and volatile fatty acids (VFAs) (Kiczorowska et al. 2017). Lactobacillus 
bacteria can increase the proportion of mucous membrane proteins involved in 
energy metabolism and their availability in the animal jejunum (Kiczorowska et al. 
2017). Increasing the concentration of intestinal VFA and lactic acid bacteria (LAB) 
reduces the incidence of diarrhea (Kiczorowska et al. 2017). In addition, LAB 
fermentation leads to the production of higher amounts of lactic and acetic acids in 
the ileum and colon, which has an indirect effect on the concentration of propionic 
and butyric acids (Kiczorowska et al. 2017). Their presence lowers the intestinal pH 
and thus prevents the proliferation of pathogenic bacteria (Wang et al. 2016). 
Colonization of intestinal probiotic bacteria can contribute to various mucosal 
immune responses, including increased expression of TLR2, TLR9, and amplitude 
of nucleotide-binding oligomerization domain (NOD), as well as increased cytokine 
secretion and increased levels of IgG-producing slow cells (IgG). Lactobacillus can 
increase the number of intraepithelial lymphocytes (IELs) and IgA-producing cells 
in the gastrointestinal tract (Salah et al. 2012; Kiczorowska et al. 2017). These events 
lead to the development of intestinal mucosal resistance, which is favorably affected 
by increased interleukin (IL-6) secretion. It has now been well established that the 
observed beneficial effects of probiotics are exerted by lowering the pH through the 
production of VFAs and inhibiting the growth of harmful pathogenic bacteria (Khan 
and Naz 2013). Another mechanism is through competition for sites of adhesion to 
the intestinal epithelium that prevents the formation of colonies of pathogenic 
bacteria (Khan and Naz 2013). The protective effect of probiotics is associated 
with increased humoral and cellular immune responses through increased production 
of T lymphocytes, CD+ cells, and antibody-secreting cells, expression of pro- and 
anti-inflammatory cytokines, interleukins, and production of natural interferon-γ 
(IFN-γ) cells. Antibody and macrophage activation increases (Chichlowski et al. 
2007; Khan and Naz 2013). Another method of action of probiotics is to reduce the
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activity of intestinal and fecal β-glucosidase and β-glucuronidase bacterial enzymes 
(Khan and Naz 2013). These enzymes are involved in the formation of toxins in the 
body (Khan and Naz 2013). 
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Culture of Lactobacillus may reduce β-glucosidase and β -glucuronidase 
activities by attaching itself along the intestine of poultry, thus preventing the 
colonization of bacteria with toxin-stimulating enzymes (Chichlowski et al. 2007; 
Khan and Naz 2013). Probiotics produce antimicrobials that prevent the localization 
of pathogenic bacteria in the animal’s gut. These small antimicrobial molecules, 
known as bacteriocins, defensins, and cathelicidins, work to fight or prevent coloni-
zation by pathogenic bacteria. These protein complexes have an antagonistic effect 
against pathogenic bacteria (Chichlowski et al. 2007; Khan and Naz 2013). 

Polyamine-derived piperidine, which is produced by the intestinal microflora as a 
result of amino acid degradation, has been shown to prevent the attachment of 
Salmonella and Shigella to intestinal epithelial cells (Chichlowski et al. 2007; 
Khan and Naz 2013). In general, in order to stimulate immunity, the intestine and 
its resident microflora play an important role in shaping the immune system (Khan 
and Naz 2013). Supplementation of probiotics additives in laying hens increases the 
cellularity of Payer’s patches in the ileum, a sign of stimulation of the mucosal 
immune system that responds to antigenic stimuli and secretes immunoglobulin 
(IgA). Oral administration of probiotics mainly stimulates splenic natural killer 
(NK) cell activity and phagocytic activity (Khan and Naz 2013). Antibody titers in 
Newcastle, bronchitis, and influenza infections increase with probiotics alone or in 
combination (Khan and Naz 2013). The higher antibody titer seen in probiotic-
treated birds has been attributed to the beneficial effect of microflora on the gut to 
maintain a healthy balance of immune cells (Khan and Naz 2013). Higgins et al. 
(2007) reported that Lactobacillus-based probiotic cultures improved the number of 
macrophages in the cecum as well as increased phagocytic activity against Salmo-
nella enteritidis, indicating that probiotics have the ability to modulate the innate 
immunity of broilers. 

3 Prebiotics and Immunity 

Prebiotics increase digestion and absorption of nutrients by limiting the growth of 
pathogenic bacteria and stimulating the growth of beneficial bacteria, improving 
intestinal health and integrity, improving intestinal morphological parameters, and 
strengthening the intestinal immune system and lead to improved poultry perfor-
mance and health (Yang et al. 2009). Prebiotics used against pathogens include 
fructooligosaccharides (FOS), xylooligosaccharides (XOS), mannan-
oligosaccharides (MOS), galactooligosaccharides (GOS). Prebiotic compounds by 
agaro-oligosaccharides (AOS), arabinoxylans, cyclodextrins, FOS, inulin, 
isomaltose, lactose (for poultry), lactulose, MOS oligofructose, raffinose, stachyose, 
xylooligosaccharides (XOS), and β-galactooligosaccharides (GOS) the main 
prebiotics used in feeding poultry and pigs (Pirgozliev et al. 2019; Hasted et al. 
2021; Ricke et al. 2020). The advantage of prebiotics over probiotics is that they



stimulate the growth of beneficial bacteria that are already present in the host 
organism and adapt to all environmental conditions. Prebiotics are an indigestible 
compound that can selectively grow one or a number of bacteria at the end of the 
gastrointestinal tract (cecum and colon), stimulates, and thus improves host perfor-
mance (McFarlane et al. 2019, 2022). Certain carbohydrates can have very specific 
activities. For example, sugars (monosaccharides) have been shown to regulate 
hormones, regulate fetal development, direct the movement of proteins and cells 
from tissues, and regulate the immune system (Ricke et al. 2020). It has been 
suggested that the regulation of immune mechanisms may be affected by the type 
of carbohydrate in the diet because dietary carbohydrates interact in the gastrointes-
tinal tract with intestinal cells, bacteria, and the immune system (Ferket 2004; 
Al-Khalaifah 2018; Ricke et al. 2020). Mannan-oligosaccharides have beneficial 
effects on humoral immunity and immunoglobulin status. The humoral immune 
response is a nutritionally useful tool for disease resistance and is more active than 
the inflammatory response (Chacher et al. 2017). Savage (1996) showed an increase 
in blood immunoglobulin G and bile IgA in prebiotic-fed chickens. The increase in 
antibody response following the consumption of mannan-oligosaccharides is due to 
the improvement of the immune system’s ability to resist antimicrobials of foreign 
microbes. Parts of the Saccharomyces cerevisiae cell wall are oligosaccharide-like 
and have strong antigenic properties. However, mannan-oligosaccharides increase 
humoral immunity against specific pathogenic bacteria by preventing the coloniza-
tion of pathogenic bacteria, and of course, the possibility of these bacteria being 
detected by the cell provides immunity as an antigen. 
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In fact, fructooligosaccharides facilitate the secretion of immunoglobulin A into 
the intestinal mucosa, and as a result, pathogens become very unstable against the 
phagocytic action of intestinal lymphocytes. Mannan-oligosaccharides have been 
reported to stimulate the production of mannose-bonded lectins (an acute phase 
protein that promotes phagocytosis). It has been suggested that mannose in the 
superficial part of mannan-oligosaccharides stimulates the production of mannose-
binding lectins by stimulating Toll-like receptor systems (Ferket 2004; Muhammad 
et al. 2020; Ricke et al. 2020; Rostami et al. 2022). It has also been suggested that 
mannan-oligosaccharides have a direct effect on intestinal immune cells by entering 
mast cells in intestinal surface glands. As a result, the synthesis of specific 
immunoglobulins in response to antigen in plasma and bile increases (Ferket 
2004). MOS and FOS have been used to increase the body weight of farmed animals, 
feed efficiency, energy digestible, and intestinal microbiota population as well as 
reduce serum cholesterol levels (Nabizadeh 2012; Yaqoob et al. 2021). MOS, 
derived from the yeast cell wall of Saccharomyces cerevisiae, has been shown to 
be indigestible to nonruminant animals and to improve animal performance and 
health through a diversity of mechanisms such as preventing pathogen binding to the 
gastrointestinal tract (GIT), changing microbial populations and digestion, and 
helping boost immune function (Chee et al. 2010). Several mechanisms are respon-
sible for the beneficial effects of MOS. They are also associated with improved 
intestinal health and enhanced mucosal immunity by increasing the number of goblet 
cells and villi length, increasing the population of beneficial bacteria such as



lactobacilli and bifidobacteria in the intestines of monogastric animals, and decreas-
ing the population of Escherichia coli and Salmonella (Spring et al. 2015). Various 
studies show that lactobacilli and bifidobacteria can increase mucin synthesis and 
secretion in the intestine (Smirnov et al. 2005). The immunomodulatory effects of 
yeast cell wall polysaccharides are related to the ability of macrophages to stimulate 
cytokine production as well as to improve the humoral immune parameter (immu-
noglobulin) and intrinsic (nonspecific) immune factors (lysozyme and complement) 
(Spring et al. 2015). 
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The immunosuppressive effect of prebiotics may be due to the direct interaction 
between prebiotics and intestinal immune cells, as well as the indirect effect of 
prebiotics through preferential microbial colonization—useful and microbial 
products that interact with immune cells. Administration of MOS to the feed mixture 
increases mucosal IgA secretion and humoral and cellular immune responses in 
chickens. 

Inulin is another health-enhancing feed additive in the diet of monogastric 
animals, which is a hydrolysis and fermentation medium for beneficial intestinal 
microbiomes and increases the abundance of beneficial bacteria (Song et al. 2020). 
Long-chain fructan has been shown to improve serum lipid profile, stimulating the 
immune system and enhancing the productivity and bioavailability of minerals such 
as zinc, iron, and copper that can have a positive effect on immune system function. 
These fructans have a positive effect on the immune system by stimulating the 
production of cytokines, mononuclear cells, and phagocytic macrophages and by 
inducing the synthesis of immunoglobulin, especially IgA (Siwek et al. 2018; Abd 
El-Hack et al. 2021; Khomayezi and Adewole 2022). Research by Huang et al. 
(2015) has confirmed that dietary inulin at levels of 5–10 g/kg can enhance the 
intestinal immune function of young broilers when intestinal function is not fully 
developed. Increased intestinal acidity due to the use of prebiotics may help reduce 
infection in the intestines of chickens (Shehata et al. 2022). Chitosan, as a natural 
source of prebiotics, is a natural biopolymer that is formed by deacetylated chitin, a 
major component of fungal cell walls and the exoskeleton of arthropods. Chitosan 
has several benefits including antimicrobial and antioxidant properties (Shehata et al. 
2022). In agriculture, horticulture, environmental sciences, industry, microbiology, 
and medicine, chitosan has also shown promising applications (Shehata et al. 2022). 
In addition, many studies have used chitosan as a mucosal adjuvant that increases 
IgA levels (Kumar 2000; Shehata et al. 2022). Yalçın et al. (2014) reported that 
baker’s yeast-derived yeast cell wall was an effective prebiotic feed additive in 
broiler feed due to increased growth function, increased humoral immune response, 
and decreased abdominal fat. In another study of laying hens, Yalçın et al. (2014) 
concluded that the yeast cell wall has beneficial effects on the production of 
low-cholesterol eggs and improves the humoral immune response. Prebiotics 
improve the immune system by blocking the binding site of bacteria. That is, 
pathogenic bacteria can be supplied to the immune system as attenuated antigens.
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4 Synbiotics and Immunity 

When probiotics are used in combination with prebiotics, they are called synbiotics, 
which lead to the ability to further improve the survival of probiotics (Shehata et al. 
2022). In fact, synbiotics are a mixture of both probiotics and prebiotics, which have 
more benefits than taking either alone. Probiotics, prebiotics, and synbiotics are now 
widely used worldwide (Scherezenmeir and De Verse 2001; Shehata et al. 2022). 
Recent research has shown that synbiotics improve the microbial environment of the 
gut, activate host immunity, and ultimately prevent the replacement of harmful 
bacteria (Bandyopadhyay and Mandal 2014). Basically, the intestinal microbiota 
as a hidden metabolic organ for the body’s immunology can play an important role 
in the immune system, and the use of feed additives such as synbiotics as effective 
compounds in improving the intestinal microbiota can indirectly play an important 
role in improving the immune system (Shehata et al. 2022). Further research into the 
effectiveness of prebiotics and synbiotics, as well as how these products work, 
reveals that manufacturers’ concern is to find suitable, reliable, and cost-effective 
prebiotics and synbiotics as feed additives that can be used successfully and contin-
uously in animal husbandry in the future. These additives can improve the epithelial 
barrier by affecting the intestinal microbiota and also improve the integrity of strong 
bonds by controlling tight junction proteins and inflammatory signaling pathways in 
host animals (Shehata et al. 2022). In this regard, a product containing oligofructose 
and Bifidobacterium probiotic is a good example of an active synbiotic, whereas a 
mixture of oligofructose and Lactobacillus case probiotic does not have this ability 
(Scherezenmeir and De Verse 2001). Dibaji et al. (2014) stated that the addition of 
synbiotics reduced Escherichia coli and the total coliform population in intestines of 
broilers. In contrast, different levels of probiotics increased the number of 
lactobacilli in intestines of broilers. Concentrations of synbiotics higher than the 
recommended levels in the diet also increased the population of lactic acid bacteria 
in intestines of broilers. Because the body’s beneficial microbes help develop a 
strong immune system, reduce morbidity and mortality, and improve digestion and 
feed conversion ratio (FCR), the use of this synbiotic improves bird performance and 
thus reduces production costs. However, in the final summary of the above report, 
the researchers believe that the use of prebiotics and synbiotics can be used as a 
useful tool in altering the intestinal microflora, interacting with the immune system, 
and ultimately improving the growth and efficiency of substances to be used orally in 
farm animals (Dibaji et al. 2014). The role of synbiotics in gastrointestinal physiol-
ogy is to enhance avian health and safety, e.g., competitive exclusion, antimicrobial 
activity, ammonia reduction, production of vitamins and maintain intestinal pH, 
immune modulation (stimulation/tolerance), epithelial barrier integrity, enzyme 
production, and microbial diversity and balance. However, many of the mechanisms 
of effects of probiotics and prebiotics on the immune system can apply to synbiotics 
(Tayeri et al. 2018; Shehata et al. 2022). Tayeri et al. (2018) in their research studies 
compared the effects of antibiotics, probiotics, synbiotics, and prebiotics on the 
performance and carcass characteristics of broiler chickens. The results showed that 
prebiotics had the most beneficial effect on cecum microbiota, stimulating lactic and



aerobic acid-producing bacteria and reducing Escherichia coli. Synbiotic supple-
mentation feeding in broiler diets had the most beneficial effects compared to other 
treatments containing prebiotics, probiotics, antibiotics, and controls. The final 
conclusion indicated that the use looks for prebiotics, probiotics, and synbiotics 
instead of antibiotics, significant performance, and health benefits for broiler. 

506 A. Seidavi et al.

5 Phytogenics and Immunity 

Phytogenics are a group of natural growth stimulators (NGPs) or nonantibiotic 
growth stimulators of plant origin, which can play an effective role in improving 
health and immunity due to their bioactive and antioxidant compounds (Windisch 
et al. 2008; Alloui et al. 2014; Kiczorowska et al. 2017). One of the factors that 
reduces the immunity of poultry is stress. This is due to technological, environmen-
tal, heat, cold, high ammonia, nutritional, mycotoxins, imbalance of vitamins, 
mineral, and bacterial and viral challenges, which can cause the production of free 
radicals and defects in antioxidant protection at the cellular level and ultimately lead 
to oxidative stress and severe immunological decline (Surai et al. 2017). Therefore, it 
is important to strengthen the body’s antioxidant system, which is responsible for 
preventing damage caused by free radicals to biological molecules such as proteins, 
fats, and DNA and can maintain the immunity of poultry (Surai et al. 2019). In 
different plants, a wide range of active phytochemical compounds including 
flavonoids, terpenoids, lignans, sulfides, polyphenols, carotenoids, coumarins, 
saponins, plant sterols, curcumins, and phthalides have been identified. Some of 
these phytochemicals either inhibit nitrosation or the formation of DNA adducts or 
stimulate the activity of protective enzymes such as the phase II enzyme glutathione 
transferase (EC 2.5.1.18) (Craig 1999). For example, carotenoid pigments are 
effective antioxidants that quench free radicals and protect against cells from oxida-
tive damage, as well as stimulate the immune system. It has also been proven that the 
mentioned compounds can strengthen the activity of lymphocytes, increase phago-
cytosis, and induce interferon production, and the combination of these events plays 
an important role in improving the body’s immune function (Van den Biggelaar et al. 
2020; Abdelli et al. 2021). Antioxidant activity is one of the important properties of 
phytogenic products, and it is very important in strengthening the immune system. 
Antioxidant ability destroys free radicals and plays an important role in preventing 
some diseases caused by free radicals (Miguel 2010; Pandey et al. 2019). Previous 
research has shown that the antioxidant activity is due to their ability to donate 
hydrogen or electrons to free radicals and to transfer unpaired electrons, which are 
the main mechanisms of protecting other biological molecules against oxidation 
(Pandey et al. 2019). Phytogenics can directly eliminate stress-related reactive 
oxygen species (ROS) production through inhibition of enzymes or trace metals 
chelating (Abd El-Hack et al. 2020). Likewise, they have the ability to activate 
antioxidant enzymes and inhibit pro-oxidant enzymes such as lipoxygenase and 
NADPH oxidase (Pandey et al. 2019; Makala 2022).
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As a result, phytogenics help host animals from immune defense stress in critical 
situations and increase intestinal access to essential nutrients for absorption, thus 
helping animals to grow within the framework of genetic potential. By strengthening 
their immunity and improving their health, they can have better growth (Yitbarek 
2015). Some medicinal plants that contain molecules with immune-stimulating 
properties are: echinacea (Echinacea spp.), licorice (Glycyrrhiza L.), and garlic 
(Allium sativum L.) (Kiczorowska et al. 2017). It has been proven that these plants 
can improve the activity of lymphocytes, macrophages, and natural killer (NK) cells. 
They increase phagocytosis or stimulate interferon synthesis and are effective in 
strengthening the immune system (Kiczorowska et al. 2017). Garlic is one of the 
phytogenics that is often used in feeding animals. This plant shows very strong 
antiviral, bactericidal, antifungal, and antiparasitic properties (Kiczorowska et al. 
2017). Kumar et al. (2014) showed that the use of garlic oil (Allium sativum) leads to 
strengthening the immunity and improving the antioxidant properties of the host 
animal. It is effective in combating fungal infections of the skin and mucosa of the 
digestive and respiratory systems, and strengthens and coordinates the immune 
system in birds (Kiczorowska et al. 2017). Many researches in this field show that 
supplementing the feed mixture with 0.5–3% garlic can be used to improve intestinal 
health, increase energy and nutrient consumption, and stimulate the growth of broiler 
chickens (Kiczorowska et al. 2017). 

Glycyrrhizin, a triterpenoid saponin with a sweet taste, is the main bioactive 
component of licorice radix (Glycyrrhiza glabra L) (Craig 1999; Alagawany et al. 
2019; Reda et al. 2021). It has been reported that glycyrrhizin and its aglycone, 
glycyrrhetinic acid, induce interferon activity and increase the activity of natural 
killer cells (Gowthaman et al. 2021). Hatano et al. (1988) reported that chalcones in 
licorice have antiviral activity against HIV. The popular spice turmeric (Curcuma 
longa L.) is also used as a feed additive in livestock production to strengthen the 
immune system (Khan et al. 2012a; Kiczorowska et al. 2017). Its activity in reducing 
intestinal inflammation and its strong antiviral, antibacterial, and antifungal activity 
are successfully used in large-scale production because it can improve the health 
status of animals and stimulate more production efficiency (Kanani et al. 2016; 
Kiczorowska et al. 2017; Shohe et al. 2019; Mitra et al. 2022). Turmeric oleoresin 
increased the expression of genes related to the recruitment of neutrophils, the 
complement system and its regulatory proteins, chemokines, cytokines, and the 
processing and presentation of antigens (Kiczorowska et al. 2017; Olarotimi 
2018). Similarly, ginger rhizome (Zingiber officinalis) used in broiler diets has 
been reported to stimulate growth performance and health (Kiczorowska et al. 
2017; Asghar et al. 2021). The use of ginger and cinnamon at the level of 0.8% of 
the feed mixture significantly improved health parameters in birds and increased the 
level of hemoglobin and the number of red blood cells (RBCs) (Ademola et al. 2009; 
Khan et al. 2012b; Kiczorowska et al. 2017; Adekiya et al. 2020). Cinnamon 
(Cinnamon zeylanicum), as a phytogenic option, has a stimulating effect on the 
immune system, which can be attributed to the antioxidant property of the plant’s 
active compounds (El-Hack et al. 2020; Ali et al. 2021). Cinnamon strengthens the 
phagocytic activity of macrophages and plays an important role in the body’s



immune defense system. Cinnamon oils have antioxidant activity in broilers and its 
extract can have protective effects on diseases caused by oxidative stress. Cinnamon 
has cinnamaldehyde and diterpenes, which have the anti-inflammatory and antioxi-
dant potential along with modulating activity on the body’s immune system. In 
addition, thyme (Thymus vulgaris), black seed (Nigella sativa), and anise 
(Pimpinella anisum), which are used as spices, increase the production and resis-
tance of poultry to diseases and strengthen the immune system (Al-Beitawi et al. 
2010). This issue was confirmed in the studies conducted by Yazdi et al. (2014) on  
broiler chickens, in which the addition of anise seeds at a level of 10 g/kg of diet 
increased the antibody titer against avian influenza virus. Soltan et al. (2008) found 
that supplementing poultry diet with anise seeds improved blood parameters and 
increased phagocytic activity and the number of lymphocytes. Purple coneflower 
(Echinacea purpurea) is one of the most important and popular medicinal plants, 
which can be a phytogenic immune enhancer due to its stimulating effect on the 
immune system (Kiczorowska et al. 2017; Saeed et al. 2018; Daryin et al. 2019). The 
Dehkordi and Fallah (2011) research shows that feeding Echinacea purpura, espe-
cially for a long time, may improve performance and increase the immune response 
in broilers. Daryin et al. (2019) also pointed out that repeated short-term use of water 
extract of Echinacea plant has stimulating effects on the immune system in laying 
hens. 
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Pepper (Capsicum spp.) is an important plant species and a good source with 
various phytochemical compounds, including vitamin C, phenolic compounds, 
flavonoids, and carotenoids, which have significant antioxidant activity (Shehata 
et al. 2022). Capsaicin is the main bioactive component of red pepper (Capsicum), 
which gives a spicy taste to food. Capsaicin has been associated with many 
biological effects, including reducing body fat, anti-inflammatory, anticancer, anti-
oxidant, and intestinal motility modulation (Shehata et al. 2022; Abd El-Hack et al. 
2020a, b). These actions are mostly due to its role as an agonist of the transient 
receptor potential vanilloid 1 (TRPV1), which is expressed in the mesenteric ner-
vous system and colon epithelial cells. The anti-inflammatory effect of capsaicin is 
also related to its role in activating the peroxisome proliferator-activated receptor 
gamma (PPARγ). Experimental studies showed that capsaicin can reduce intestinal 
inflammation, which can involve not only the TRPV1 receptor but also PPARγ 
(Santos and Alvarez-Leite 2019; Shehata et al. 2022). Next, another plant that is 
considered as an immunogenic phytogenic is the flower extract of Calendula 
officinalis L. (marigold), which is antibacterial, anti-antitumor-promoting, and 
cicatrizing effects, in vitro anti-HIV activity, hypoglycemic effects, gastric emptying 
inhibitory activity, and gastroprotective effects (Muley et al. 2009; Shehata et al. 
2022). Calendula officinalis triterpenoids are considered as the most important anti-
inflammatory principles of its extract (Muley et al. 2009; Shehata et al. 2022). 
Considering that marigold contains triterpenoids, taraxasterol-3-O-myristate, and 
arnidiol-3-O-myristate, it was shown that it can moderate the stress damage caused 
by H2O2 and INF-γ + tumor necrosis factor-alpha (TNF-α) and be effective against 
intestinal inflammations and strengthening immunity (Dall'Acqua et al. 2016; 
Shehata et al. 2022). Rajput et al. (2012) reported that dietary supplementation



with marigold flower extract increased antibody titer against Newcastle disease virus 
(NDV) and avian influenza virus (AIV) and improved growth performance of broiler 
chickens. Eugenol is a volatile phenolic compound of clove essential oil that is 
obtained from the buds and leaves of Eugenia caryophyllata (Shehata et al. 2022; 
Gürbüz and Korkmaz 2022). 1,2-Eugenol is the main component (70–90%) of clove 
oil and is responsible for clove aroma (Shehata et al. 2022). Clove (Syzygium 
aromaticum) oil has antimicrobial, antifungal, antiviral, antioxidant, anti-
inflammatory, and anticancer properties (Han and Parker 2017; Shehata et al. 
2022). The authors found that clove essential oil significantly modulated global 
gene expression and altered signaling pathways critical for inflammation, tissue 
regeneration, and cancer cell signaling processes (Suliman et al. 2021; Shehata 
et al. 2022). Research studies for poultry also showed that clove essential oil is an 
anti-inflammatory agent, modulating the immune system and tissue regeneration of 
birds. Birds fed with eugenol and garlic reduce the CLDN5 expression in birds and 
lead to improved intestinal health, reduced effects of necrotizing enteritis, and 
enhanced immunity (Shehata et al. 2022). 
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Quercetin is the most common flavonoid in nature (Saeed et al. 2017; Shehata 
et al. 2022). It is also found in fruits and vegetables such as onions, cabbage, and 
apples. Quercetin in onion peel has a higher bioavailability than in apple peel 
(Shehata et al. 2022). This compound is one of the most studied polyphenols that 
has various health-promoting properties; for example, antimicrobial, antioxidant, 
anti-inflammatory, and metabolic effects have been confirmed in many studies and 
research (Erlund 2004; Saeed et al. 2017). Quercetin induces its antibacterial activity 
as a DNA gyrase on various cellular targets, bacterial membrane and motility, type II 
fatty acid biosynthesis pathway, and D-alanine:D-alanine ligase enzyme inhibitor 
(Wu et al. 2008; Shehata et al. 2022). Abdel-Latif et al. (2021) reported that total 
coliforms and Clostridium perfringens were reduced in groups fed with quercetin 
supplementation (200–800 ppm). On the contrary, the number of lactobacilli 
increased due to the improvement of the intestinal microbiota environment in the 
groups supplemented with quercetin, and following this event, the health and 
immunity of birds were maintained. Suzuki and Hara (2009) reported that quercetin 
enhances intestinal barrier function through the accumulation of zonula occludens 
(ZO)-2, occludin, and claudin-1 by inhibiting protein kinase Cδ (PKCδ). The 
analysis of intestinal permeability in the colon of laboratory mice showed that 
quercetin partially inhibits the effects of TNF-α and IFN-γ and reduces the total 
resistance of the intestinal barrier (Amasheh et al. 2009; Shehata et al. 2022). 
Carrasco-Pozo et al. (2013) evaluated the protective effect of quercetin on ZO-1 
and occludin in Caco-2 cells treated with indomethacin and rotenone 
(an environmental toxin). Quercetin treatment protected the translocation of ZO-1 
and prevented the downregulation of ZO-1 and occludin expression. The authors 
hypothesized that the effects of quercetin may be due to its mitochondrial protective 
properties. Quercetin inhibited isoform-mixed protein kinase C (PKC) and 
phosphoinositide 3-kinase (P13K). Summarizing the results showed that quercetin 
had a modulating effect on the activity of different intracellular signaling molecules,



which can regulate the integrity of tight junction (TJ) and play a positive role in 
improving and strengthening the body’s immune system (Shehata et al. 2022). 
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Curcumin is the main active component of turmeric with a concentration of about 
1–5% and as a food flavoring, which is extracted and isolated from the dry powdered 
rhizome of Curcuma longa Linn (Shehata et al. 2022). According to the Food and 
Drug Administration (FDA) and the World Health Organization (WHO), oral 
administration is safe for adults and 0–0.3 mg/kg is also based on acceptable daily 
intake (ADI) recommendation. Curcumin is very resistant to low pH and is not 
metabolized in the stomach. It is absorbed from the large intestine and is identified in 
the form of glucuronide conjugate and sulfate conjugate in the blood. In enterocytes 
and hepatocytes, it is metabolized to di-, tetra-, and hexahydrocurcumin by reductase 
enzyme (Shehata et al. 2022). Curcumin shows poor gastrointestinal absorption and 
low bioavailability, which is mainly attributed to insolubility in water and rapid 
metabolism and excretion (Stohs et al. 2020). In rats, about 75% of curcumin was 
excreted in feces, and very little was found in urine (Shehzad et al. 2010). Natural 
products such as piperine, in addition to nanoformulations, increased the bioavail-
ability of curcumin (Han 2011). It is said that curcumin has various types of 
medicinal activities, including antioxidant, anti-inflammatory, anticancer, 
antidiabetic, and anti-HIV effects (Shehata et al. 2022). It was shown that curcumin 
induces several endogenous antioxidants in intestinal disorders and reduces mucosal 
damage in trinitrobenzene sulfonic acid-induced colitis in vivo. Some studies 
reported that curcumin has cell protective properties by inducing heme oxygenase 
protective protein (HO-1). Curcumin prevents TNF-α-induced decrease in zonula 
and occluden-1 (ZO-1) protein levels in Caco-2 cell layers (Shehata et al. 2022). The 
interaction between curcumin and gut microbiota is bidirectional (Shehata et al. 
2022). On the one hand, intestinal microbiota enzymes play a role in curcumin 
metabolism through reduction, acetylation, hydroxylation, demethylation, and 
demethoxylation. On the other hand, curcumin modulates the intestinal microbiota, 
improves intestinal barrier models, and counteracts pro-inflammatory mediators, and 
the set of these events aims to improve the immune system (Jiang et al. 2006; 
Scazzocchio et al. 2020). Curcumin has its anticoccidial effect through its antioxi-
dant effect on the immune system. Therefore, curcumin can be useful for the 
treatment of intestinal disorders through the following effects: It protects intestinal 
epithelial cells against H2O2-induced tight junction (TJ) disruption and barrier 
dysfunction through the HO-1 pathway (Shehata et al. 2022). It restores occludin 
enzyme and ZO-1 protein levels after H2O2 treatment (Shehata et al. 2022). 
Curcumin can also reduce the release of IL-1β secreted by lipopolysaccharides 
(LPS), induce intestinal epithelial cells (IECs) and macrophages and prevent the 
disintegration of tight junction proteins such as ZO-1, claudin-1, claudin-7, and actin 
filaments. In specific pathogen-free (SPF) chickens experimentally infected with 
Eimeria maxima, curcumin reduced intestinal isoprostane 8-iso-PGF2 and prosta-
glandin GF2 (Shehata et al. 2022). 

Zaker-Esteghamati et al. (2020) in a review report on the effect of Silybum 
marianum and its derivatives stated that silymarin is part of polyphenols and has 
the ability to absorb and neutralize oxygen-free radicals. One of the main functions



of hemoglobin is to carry oxygen throughout the body and remove carbon dioxide. 
Therefore, by increasing hemoglobin, oxygen delivery to different tissues was done 
by feeding thistle, and as a result, the metabolic process and immunity level 
improved, and probably the bird’s health will be more stable with the consumption 
of thistle and its derivatives (Fig. 1). 
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Fig. 1 Silybum marianum farms in the country of Iran and Gilan province in 2022 

Khazaei et al. (2022) in their review report in connection with Silybum marianum 
stated that the seeds of this plant contain about 70–80% of silymarin flavonolignans 
and about 20–30% of polymeric and polyphenol compounds are oxidized (such as 
tannins). The use of different levels of milk thistle (0.5% and 1.5%) significantly 
improved the total antioxidant values of bird blood. Consumption of silymarin in 
quail diet increased the number of white blood cells, calcium, vitamin D3, and 
albumin. Silymarin also reduced the relative weight of the bursa of fabricius and 
the spleen. Also, the increase in blood hemoglobin is one of the important 
characteristics of iron storage in red blood cells (Khazaei et al. 2022). The antioxi-
dant function of silymarin is to prevent the formation of free radicals by specifically 
inhibiting enzymes that produce reactive oxygen species and improve the integrity of 
mitochondria in stress conditions and strengthen the immune system (Surai 2015). 
Silymarin reduces liver glutathione and plays an important role in liver protein 
production and cell repair. The antioxidant properties of silymarin are due to the 
polyphenolic structure with the methoxy group in one of the phenolic rings, which 
can reduce oxidative stress and protect cells from apoptosis. Also, silymarin



increases the activity of pancreatic antioxidant enzymes, glutathione peroxidase, 
superoxide dismutase, and catalase. Aldose reductase inhibitors such as silymarin 
can reduce oxidative stress by inhibiting the protein kinase C enzyme (Khazaei et al. 
2022). Gazak et al. (2007) reported that silymarin in milk thistle reduces free radicals 
caused by aflatoxin and increases cellular activity for protein synthesis and antibody 
production. By acting on transcription enzymes, silymarin accelerates the process of 
protein synthesis, which by entering the nucleus and acting on RNA polymerase 
1 and rRNA transcription enzymes leads to an increase in ribosome formation. This 
event, in turn, accelerates the synthesis of protein and DNA and increases the 
construction process in the cytoplasm and as a result, the synthesis of structural 
and functional proteins increases. At least conceptually, this stimulation may enable 
the cell to cope with the reduction of transporters and enzymes that occur in many 
pathological conditions. Silymarin, together with silibinin, can increase the regener-
ation of liver cells and increase the production of enzymes needed for DNA 
synthesis. Silymarin can also increase the release of acetylcholine (Zaker-
Esteghamati et al. 2020). Silybin has antibacterial activity against gram-positive 
bacteria, which is much stronger than silymarin, while it has no effect on gram-
negative bacteria (Zaker-Esteghamati et al. 2020) (Fig. 2). 
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Feshanghchi et al. (2022) investigated the effects of milk thistle (Silybum 
marianum; MT), toxin binder (TB), and marine algae (Spirulina platensis; SP) on 
the performance, blood parameters, humoral immunity, and cecum microbiota of 
broilers exposed to aflatoxin-B1 (AFB1). Feeding diets contaminated with AFB1 led 
to a significant increase in AST and ALT activity. MT, TB, and SP powders 
significantly reduced AST and ALT blood activity in broilers. When diets infected 
with AFB1 were fed by adding MT, TB, and SP compounds to the diet, growth 
performance, immunological performance, and serum biochemical parameters of 
broiler chickens improved significantly and promisingly. Previous research also 
showed that marine algae have a wide range of therapeutic properties and biological 
activities, including immunomodulatory, antioxidant, and anti-inflammatory 
capabilities. Broilers fed with SP supplemented diet reduced the levels of oxidative 
stress leading to better antioxidant capacity. These researchers believe that the active 
combination of milk thistle and spirulina algae has the ability to protect the supply of 
glutathione and reduce oxidation, as well as have a direct effect on immune cells, and 
can increase the level of immunoglobulin, leading to the strengthening of the 
immune system (Feshanghchi et al. 2022). 

Cynara scolymus is a medicinal plant containing quality antioxidants and the 
research showed that feeding the powder and extract of C. scolymus in broilers leads 
to an increase in Newcastle antibody titer and a decrease in blood pressure, and 
subsequently, the bird’s immunity is strengthened (Zaker-Esteghamati et al. 2021a). 
In addition, diets containing C. scolymus increased the titer of antisheep red blood 
cells (SRBCs) in chickens under conditions of heat stress (Effati et al. 2014). 
Feeding C. scolymus in Japanese quail led to reduction of oxidative stress and 
improvement of safety and health-related parameters (Kh 2015). Tajodini et al. 
(2015) showed that feeding C. scolymus (1.5% powder) increased the antibody 
titer against Newcastle virus at the age of 42 days. Rouzmehr et al. (2014) also



reported that, with the consumption of 150 g per ton of C. scolymus powder on days 
28 and 42, an increase in the antibody titer against Gumboro and Newcastle disease 
was observed (Fig. 3). 
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Fig. 2 Capitol and seeds of Silybum marianum in the country of Iran and Gilan province in 2022 

Zaker-Esteghamati et al. (2021b) investigated the effects of adding a dry extract 
of Cynara scolymus (CS) and Silybum marianum (SM) in the diet of broilers. They



showed that feeding 250 and 500 mg/kg of dry extract of CS and SM in the diet may 
have positive effects on the studied traits. The results of the present study showed 
that CS and SM supplements in aflatoxin-free diets had no effect on immune organs, 
but improved the antibody titer against influenza virus and SRBC. Also, dietary 
supplementation with CS and SM improved blood lipid profile and liver enzymes. 
There are reports that plant flavonoid compounds, including silymarin in SM, can 
strengthen the immune system and increase antibody production in animals due to 
their antibacterial properties and vitamin C-enhancing activity (Zaker-Esteghamati 
et al. 2021b). Cynara scolymus was also effective in strengthening the immune 
system of broilers due to its phenolic compounds and high antioxidant properties. 
Fallah Huseini et al. (2012) investigated the effect of 1.5% Cynara scolymus leaf 
meal and oregano extract (200 mg/kg in drinking water) on Ross strain broilers 
(Zaker-Esteghamati et al. 2021a). The results showed that the effect of these 
treatments on the antibody titer against NDV and heterophile on the lymphocyte 
was not significant. However, the percentage of heterophiles increased significantly 
with the application of the treatments, so that the control treatment and Cynara 
scolymus leaf meal 1.5% had the lowest and highest percentages of heterophile, 
respectively. The percentage of lymphocytes decreased with the use of 1.5% Cynara 
scolymus leaf meal in the diet (83.54%) compared to the control (84.65%). There-
fore, it can be concluded that the use of Cynara scolymus is quite effective in 
correcting stress conditions and improving the immune system of broilers. But the
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Fig. 3 Cynara scolymus plant in the country of Iran and Gilan province in 2022



use of these compounds in normal conditions has no adverse effect on the immune 
system and can be used as a harmless food supplement in the diet of broilers (Zaker-
Esteghamati et al. 2021a, b) (Fig. 4).
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Fig. 4 Capitol of Cynara scolymus in the country of Iran and Gilan province in 2022 

Green tea (Camellia sinensis L.) as a valuable medical plant contains polypheno-
lic compounds such as epi-phenolate gallate, tannin, caffeine, theophylline, and 
theobromine. Green tea as an antioxidant feed additive can be used in poultry 
nutrition in order to improve blood antioxidant status, poultry health, and strengthen 
immunity, but it is necessary to pay attention to the use of appropriate levels in order 
to prevent weight loss and performance (Pliego et al. 2022) (Fig. 5). 

Several studies have shown that dietary green tea powder affects immunological 
parameters of broilers. Green tea catechins have many biological and biochemical 
effects, which are mainly attributed to their high antioxidant capacity. 
Epigallocatechin-3-gallate is the most biologically active substance in green tea 
(Seidavi et al. 2017). The effects of diet containing fish oil (1.5% and 2%) and 
green tea powder 1% and 1.5% as supplements on the immunity of broilers showed 
that the hemorrhagic response to influenza and Newcastle disease improved. If the 
powder (1 and 1.5% by weight) is used as a supplement for 42 days, it effectively 
prevents the growth of pathogens, improves performance, and reduces mortality. 
Investigating immunological parameters of broiler chickens fed with green tea 
powder showed that it led to increased resistance against influenza. Another study 
investigated the effect of green tea extract (GTE; 125, 250, 500, 1000, and 2000 mg/ 
kg) on growth performance, serum lipid profile, and liver glutathione. The results of



this research confirmed the reduction of malondialdehyde in thigh muscle and the 
humoral immune response against Newcastle disease virus vaccines of broiler 
chickens. In addition, green tea supplementation increased the specific antibody 
titer against Newcastle virus vaccines at the age of 28 and 35 days in broilers. In 
another study, the effect of green tea (0.5 and 1 g per kg of diet) on growth 
performance, carcass characteristics, blood biochemical parameters, oxidative sta-
bility of meat, and the expression of interleukin-6 and interferon-γ genes in broilers 
was determined, and green tea extract showed a significant effect on liver enzymes 
and a decrease in malondialdehyde content. In broiler chickens, these plant 
compounds increased the expression of interleukin-6 and γ-interferon liver genes 
and the findings showed that green tea can be used not only to reduce abdominal fat 
and lipid metabolites, but also act as antioxidants. Green tea can greatly affect the 
intestinal microbiota of chickens by changing their composition. Green tea dietary 
supplement caused the proliferation of Lactobacillus and prevented the proliferation 
of Escherichia coli in the ileum and cecum (Seidavi et al. 2017). Seidavi et al. (2014) 
investigated the effect of fish oil supplements and green tea powder on the immunity 
of broiler chickens. They showed that the group fed with 2% fish oil plus 1% green 
tea showed a significant increase in total immunoglobulin production, particularly 
IgM production. Abbas et al. (2017) investigated the effect of green tea against 
coccidiosis in chickens and showed that the cellular and humoral immunity against 
coccidiosis increased and the reason was the increase in immune response and the
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Fig. 5 Tea (Camellia sinensis L.) gardens in Iran and Gilan province



level of total immunoglobulin, IgG, and IgM. Zarezadeh et al. (2013) reported that 
the addition of green tea and fish oil in the diet of broilers with the addition of 1.5% 
fish oil and 1.5% green tea stimulated the humoral immune response. Song et al. 
(2016) investigated the effects of nutritional supplements including Enterococcus 
faecalis and green tea extract on growth performance, immune system, and serum 
biochemical parameters of broiler chickens. The results of that experiment showed 
that the increase in IgG and IgA levels leads to the improvement in the immune 
system, the reduction in total cholesterol, and the increase in serum biochemical 
parameters. Polyphenols, especially catechins, which have antibacterial and antioxi-
dant properties, are a valuable option for a variety of chronic immune disorders and 
for improving hemorrhoidal responses to influenza and Newcastle disease (Song 
et al. 2016; Seidavi et al. 2020).
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Baghban-Kanani et al. (2019) showed that supplementing the diet of laying hens 
with Artemisia annua leaf powder increased glutathione peroxidase (GSH-Px) 
concentration and decreased malondialdehyde (MDA). It was previously shown 
that Artemisia annua extract increases GSH-Px activity and decreases MDA pro-
duction in the liver of rats (Ryu et al. 1998). By supplementing the diet with 
Artemisia annua, Wan et al. (2016) showed an increase in GSH-Px activity and a 
decrease in MDA levels in the serum and liver of birds and proved that the plant has 
a good potential to improve the antioxidant status of poultry, which can corroborate 
the strengthening of the immune system. Artemisia annua contains phenolic 
compounds and flavonoids with superior antioxidant activity (Brisibe et al. 2009; 
Iqbal et al. 2012). However, Artemisia annua is one of the most important species 
among plants of the Artemisia family, which is well known for its antimalarial 
properties. This plant was used as a medicine with the support of the United Nations 
in all countries to save human from malaria (Han et al. 2005) (Fig. 6). 

It was proved that artemisinin present in this plant, in addition to its antimalarial 
effect, can also be effective against various cancer cells such as leukemia and colon 
cancer (Baldi and Dixit 2008). The literature review indicates that Artemisia annua 
as a potential anticoccidial in the poultry industry can have an important role (Nahed 
et al. 2022). Reports show that the hydroalcoholic extract of Artemisia annua causes 
the destruction of the cystic stage of the Giardia lamblia parasite (Bahman et al. 
2012). Artemisia annua can strengthen the body’s immune system due to its 
artemisinin composition. Also, due to the antiparasitic effects of artemisinin base 
compounds and the high antioxidant capacity of crude extracts of this plant, its use in 
nutritional programs is expanding. Published research shows that artemisinin drugs 
have been effective against Leishmania, Trypanosoma, and some viruses that affect 
humans and animals. In animals, the antiparasitic activity of Artemisia spp. and 
artemisinin has been proven effective against several known parasites including 
Fasciola, Eimeria, Trichostrongylus, and Haemonchus. Apart from the nutritional 
value of Artemisia annua leaves, the benefits associated with other antioxidant 
compounds in the diet, such as vitamin E and other phenolic compounds, make 
this plant a natural additive with high potential, which can be effective in stimulation 
and balance of immunity (Cherian et al. 2013), because improving the antioxidant



status of broiler blood occurs through the removal of free radicals and hydrogen 
supply by flavonoids and phenolic compounds (Wan et al. 2016). 
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Fig. 6 Artemisia annua 
plants in the country of Iran 
and Gilan province in 2022 

Reviewing the literature of the last few years shows that the use of Astragalus in 
nutrition of poultry can play an important role in improving the safety and health of 
birds (Liang et al. 2021; Liao et al. 2021; Qiao and Kyselov 2021). Xi et al. (2014) 
investigated the effects of stems and leaves in ultra-fined powder of Astragalus 
(SLASUP) and reported that SLASUP at the level of 1.5% can improve the immune 
function of chickens by increasing the antibody titer, content IL-2 and IFN-γ 
significantly. Stems and leaves of the mentioned source are clinically useful to 
strengthen the immune response and to prevent various infections such as Newcastle 
disease in the poultry farm. 

Farag and Alagawany (2019) announced that Astragalus membranaceus is a 
member of the Leguminosae family and is widely used as an immune-modulating 
agent. It has been proven that Astragalus polysaccharides (APS) have impressive 
and promising biological activities that can improve immune system, antioxidant,
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antiviral, antimicrobial, and antiparasitic activities in poultry. These researchers 
studied the immune system-enhancing activities of Astragalus membranaceus in 
birds and reported that its feeding leads to the development of immune-modulating 
effects in broiler chickens and increased the weight of immune organs and increased 
IgG levels and improved liver function and antioxidant status (Awadallah 2019; 
Farag and Alagawany 2019). 
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Also, Shan et al. (2019) showed that the oral administration of the plant can 
increase the immune function of the intestinal mucosa of chickens and as a vaccine 
booster it can play a significant role in improving the health of the flock. Jiang et al. 
(2010) also believed that the immune function of chicken erythrocytes after being 
infected with infectious bursal disease virus (IBDV) was significantly reduced by the 
consumption of Astragalus plant powder and clearly increased the immune function 
of chicken erythrocytes. These researchers showed that probiotics together with the 
oral administration of the plant powder showed synergistic modulation effects on the 
body’s immunity and intestinal microbiota. 

6 Conclusion 

In order to control and prevent all kinds of diseases, strengthening the poultry’s 
immune system through the feeding of feed additives can be considered as a low-risk 
solution and an alternative to antibiotics. The review of the scientific literature in this 
chapter showed that additives such as probiotics, prebiotics, synbiotics, and 
phytogenics can increase the health and performance of poultry while stimulating 
the immune system. Probiotics, prebiotics, and synbiotics investigated through their 
effect on gut microbiota and microflora were able to balance and strengthen the 
immune system and subsequently improve the health of the herd. Due to the 
presence of bioactive compounds, the investigated phytogenics were able to affect 
the vital cell signaling pathways and lead to balance, stimulation, and strengthening 
of the poultry’s immunity. In general, the formulation and use of natural additives 
using useful microbial and plant compounds as immune system stimulants can be a 
sustainable and environmentally friendly solution in the poultry industry, which 
improves performance and health and strengthens the system so that poultry flock 
safety is effective and accepted by activists of this sector. 
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Abstract 

Phytobiotic feed additives can be defined as plants/herbs derived products added 
to the feed in order to improve performance of animals. The most intensive use of 
such additives is being used in broiler chickens. The improvement of broiler 
performance and product quality may be due to phytobiotics’ multi-directional 
effects, such as decreasing the gastrointestinal tract (GIT) microbial population 
through direct antimicrobial effects or indirectly through increasing mucous 
secretion in the gut and inhibiting bacterial adhesion to cell membranes, 
modifying the GIT bacterial population through the competitive exclusion of 
certain types of population, and making the environment favorable. Secondly, 
phytobiotic feed additives have great antioxidant, anti-inflammatory, and immu-
nomodulatory effects. Those medicinal actions and their aromatic components 
justify their names as medicinal and aromatic plants. Different parts of aromatic 
and medicinal plants (flowers, fruits, roots, leaves, seeds, bark, and berries) or 
whole plants are utilized as sources of therapeutic compounds. For more than 
30 centuries, Greeks, Egyptians, Indians, Sumerians, and Chinese were aware of 
the benefits of herbs, and today, a large portion of the world’s population relies on 
indigenous traditional medicine. This chapter highlights the description of some
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selected herbs and the potential application and health benefits of phytobiotics 
and their derived products in broiler chicken nutrition.
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1 Introduction 

The use of aromatic plants, their extracts, and essential oils as functional components 
in the pharmaceutical, food, and feed sectors is a result of rising consumer interest in 
products with natural origins as well as rising public concern over antibiotic growth 
promoters (Khodaei et al. 2021). In recent years, the use of essential oils in livestock 
and food industries has gained attention as a natural alternative to synthetic 
chemicals. Consumers are concerned about the use of synthetic additives in foods, 
and this has forced food processors to find ways to produce food products without 
the use of these additives. Therefore, there is a need in the food industry to find 
“clean label” products. In this context, the inclusion of medicinal plants into food 
products is an excellent strategy to produce functional foods, because plant-based 
extracts are rich in phytochemicals, with particular importance due to the health-
beneficial effects. Therefore, it is reasonable to imagine that, over the next few 
decades, the uses of natural extracts from medicinal plants will rapidly increase 
(Soyadı and El-Ghany 2020). 

Medicinal plants or medicinal herbs have been identified and used since ancient 
times to improve the sensory characteristics of food. The main compounds found in 
plants correspond to four major biochemical classes: Polyphenols, terpenes, 
glycosides and alkaloids. Plants synthesize these compounds for a variety of 
purposes, including protection of the plant against fungi and bacteria, defense 
against insects and attraction of pollinators and dispersal agents to favor the disper-
sion of seeds and pollens. Nowadays, there is also a growing interest in medicinal 
plants as natural alternatives to synthetic additives in foods because herbs and spices 
are generally recognized as safe (GRAS) and are excellent substitutes for chemical 
additives. The major activities of extracts and herbs from medicinal plants are 
antimicrobial, anti-inflammatory, bactericidal, antiviral, antifungal, and preservative 
for foods. The use of natural preservatives to increase the shelf life of food systems is 
a promising technology since many vegetal substances show antioxidant and anti-
microbial properties. Taking into account all these considerations, recent changes in 
legislation controlling the use of animal feed additives and increased demand by 
consumers for healthier food products, if possible free of chemical additives, have 
stimulated interest in bioactive secondary metabolites from medicinal plants as 
alternative performance enhancers. 

The plant extracts market consists of sales of plant extracts by entities 
(organizations, sole traders, and partnerships) that are used in natural pigments, 
traditional Chinese medicine, food additives, daily chemicals, medicines, and



cosmetics. Plant extracts are screened through an extraction and separation process 
in which plants are used as raw materials. They can be solid, liquid, or soft extracts. 
The main types of plant extracts are spices, essential oils and natural extracts, flavors 
and fragrance, phytomedicines and herbal extracts, phytochemicals, and others. 
Phytochemicals refer to bioactive nutrient plant chemicals in fruits, vegetables, 
grains, and other plant foods that will provide desirable health benefits beyond 
basic nutrition to reduce the risk of major chronic diseases. 
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The global natural extracts market size to be valued at USD 18.95 billion by 2028 
and is expected to grow at a compound annual growth rate (CAGR) of 8.9% during 
the forecast period. Factors such as consumer awareness, changing lifestyles, 
increasing adoption of natural ingredient-based products, and biotechnological 
advancements are driving the market. Moreover, macroeconomic factors such as 
growing consumer disposable incomes, R&D, imports and exports, growth of the 
agriculture industry, aging population, and population growth have positively 
influenced the demand for natural extracts over the past years. Natural extracts are 
gaining popularity in various industries, such as food and beverage, cosmetics, 
perfumery, pharmaceuticals, and nutraceuticals. 

Increasing technological advancements have emerged as the key trend gaining 
popularity in the plant extract market. Companies operating in the plant extract 
sector are focused on developing new technological solutions to reinforce their 
position. Natural extracts have no detrimental side effects unlike most of the 
chemical-based ingredients used in personal care and cosmetics, pharmaceuticals, 
and food and beverage products. In addition, the matter of ecological and natural 
sourcing of ingredients has gained top priority among manufacturers, especially in 
North America and Europe. Numerous overall health benefits associated with natural 
extracts are anticipated to drive the product demand in pharmaceutical and nutraceu-
tical applications. These factors are likely to significantly impact the demands for the 
product in the near future. 

Essential oils have been shown to have a variety of effects on livestock, including 
improving their health, reducing stress, and increasing feed efficiency (Du et al. 
2017). The food sectors attempt to avoid using potentially dangerous synthetic 
chemicals, while the livestock industry is urged to utilize natural growth promoters. 
These sectors are now searching for effective, safe, and affordable compounds with 
well-defined mechanisms of action and documented advantages. 

The use of essential oils in livestock and food industries is a relatively new field of 
research, but it is rapidly growing due to increasing interest in natural alternatives to 
synthetic chemicals. Essential oils have been used in the food industry as a natural 
preservative to improve the shelf life of food products and as a natural flavor 
enhancer to replace synthetic flavorings. In livestock, essential oils have been used 
as a natural alternative to antibiotics and other synthetic chemicals to promote health 
and prevent disease (Florou-Paneri et al. 2019). Numerous active substances, 
including alkaloids, tannins, steroids, glycosides, resins, phenols, volatile oils, and 
flavonoids, are found in essential oils (EOs) (Amirifar et al. 2022). Therefore, 
components generated from plants have a great potential to meet such needs and



contribute significantly to a wide range of industries by enhancing the productivity 
and health of livestock or by creating better products for human consumption. 
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In animal nutrition, the use of essential oils has a long history, dating back to 
ancient times. People have used various plants and herbs for their medicinal and 
aromatic properties to improve the health and well-being of livestock. For example, 
in ancient Greece and Rome, essential oils were used to treat various ailments in 
animals and to promote their health. Similarly, in traditional Chinese medicine, 
essential oils have been used for centuries to treat various diseases in animals and 
to enhance their performance. The exact essential oils used by ancient Greece and 
Rome in animal nutrition are not well documented. However, some of the most 
commonly used essential oils in ancient times included lavender, rosemary, thyme, 
fennel, and chamomile. These essential oils were used for their medicinal and 
aromatic properties to promote the health and well-being of livestock (Florou-Paneri 
et al. 2019). 

Two of the most researched compounds of essential oils are carvacrol and thymol. 
Giannenas et al. (2018) have been found that these compounds have several func-
tional properties. These properties include antibacterial, antioxidant, anti-
inflammatory, and anticancer effects. The authors also mention that carvacrol and 
thymol have been shown to improve gut health and performance in livestock, 
making oregano oil which consists of these compounds, a potentially valuable 
feed additive for animal production. 

2 Essential Oils 

Essential oils are highly concentrated, volatile, odorous chemicals found in aromatic 
plants. These come from a variety of plant components, including the flowers, buds, 
seeds, leaves, twigs, bark, wood, fruits, and roots (Negi 2012). More than 17,000 
plant species with EOs may be found in roughly 60 different plant families, with the 
Alliaceae, Apiaceae, Asteraceae, Lamiaceae, Myrtaceae, Poaceae, and Rutaceae 
being the most noteworthy (Hammer and Carson 2011). The secondary metabolites 
that make up the essential oils are intricate combinations of phenylpropenes and 
terpenes with low boiling points. Terpenes can be linear or cyclic, and various 
compounds, such as terpenes (with 10 carbon atoms), terpenes (with 15 carbon 
atoms), and diterpenes (with 20 carbon atoms), are produced based on the quantity 
and arrangement of the carbon atoms (Franz and Novak 2020; Asgari Lajayer et al. 
2017). Eugenol, carvacrol, cinnamic acid, thymol, cinnamaldehyde, citral, and 
geraniol are some of the most vital EO components (Burt 2004) (Fig. 1). 

All these compounds can be found in many common herbs, including those listed 
below. 

Oregano (Origanum vulgare L.) is a rich source of various bioactive compounds 
including phenolic compounds, terpenes, and terpenoids. These compounds contrib-
ute to the antioxidant, antimicrobial, anti-inflammatory, and anticancer properties of 
oregano essential oil. Additionally, oregano essential oil has been used as a natural 
preservative in food industries due to its antimicrobial activity against a wide range



of microorganisms. Overall, the oregano essential oil has promising potential for use 
in the food, pharmaceutical, and cosmetic industries as a natural source of bioactive 
compounds (Liu et al. 2017). 
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Fig. 1 Chemical composition of EOs compounds 

Turmeric oil is a well-known ingredient with antibacterial, anti-allergic, antimi-
crobial, antiparasitic, antifungal, anti-worm, and antiviral properties. It is gaining 
attention for its anticancer effects and thus is primarily used in food and beverage 
and healthcare applications (Goudarzi et al. 2020). 

Rota et al. (2008) investigated the chemical composition and antimicrobial 
activity of essential oils derived from three Thymus species: Thymus vulgaris, 
Thymus zygis, and Thymus hyemalis. The results showed that all three essential 
oils had strong antimicrobial activity against several strains of bacteria and fungi, 
with Thymus vulgaris oil being the most effective. The authors attributed the 
antimicrobial activity to the presence of thymol and carvacrol, two major 
components found in all three oils. The study suggests that thyme essential oils 
could be potentially useful as natural antimicrobial agents in animal nutrition. 

Ginger oil is an essential oil extracted from ginger rhizome at high concentrations 
after distillation. It has a distinct aroma described as warm and spicy and is often 
used in aromatherapy. Ginger oil finds wide applications in hair care and skin care 
products. For instance, in skincare, ginger oil inhibits cellular oxidation and helps 
soothe redness, reduce skin damage and aging, and restore skin color and radiance. 
Furthermore, it is widely used as a flavoring agent in beverages, confectionery, and 
bakery products, such as cookies, cakes, ginger snaps, and biscuits (Wang et al. 
2019). 

Nieto et al. (2018a, b) reviewed the antioxidant and antimicrobial properties of 
rosemary. This review gives an overview on the use of natural extract from rosemary 
as a preservative in foods. Their use is limited due to their negative organoleptic 
properties, such as odor and taste. However, different new extraction methods have



been developed in order to get colorless and odorless rosemary extracts. Several 
studies have reported that bioactive compounds, present in rosemary extracts and 
essential oils, delay lipid oxidation and microbiological spoilage, extending the shelf 
life of food. Taking into account all these aspects, rosemary extracts could be used in 
functional foods, pharmaceutical products, plant products, and food preservation. 
The application of this natural extract can be complimented in different food systems 
such as meat, oils, and dressing. 
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As an alternative to synthetic antioxidants, natural extracts can be used, from 
plants such as grape, olive, sesame seed, tea, and soybean, with antioxidant 
properties. Antioxidant compounds are usually added at a moderate dosage level 
since high levels of inclusion may mechanistically cause adverse effects through 
pro-oxidative action. 

EOs are produced by plants via secondary metabolic processes as signaling and 
defense chemicals. In general, EOs contribute significantly to a plant’s defense 
against outside forces, such as direct and indirect plant responses to pathogens, 
herbivores, and pollinators, as well as responses to climatic effects and stress factors 
like drought, high temperatures, and ultraviolet (UV) light (Bakkali et al. 2008; 
Seow et al. 2014; El Asbahani et al. 2015). Terpenoids are generated by several 
biosynthetic routes, with two primary precursors, isopentenyl diphosphate (IPP) and 
its isomer, dimethylallyl diphosphate (DMAPP), synthesized by two distinct reac-
tion chains in a plant cell. Sesquiterpenoids are produced by the cytoplasmic acetate-
mevalonate route, which begins with the condensation of acetyl-CoA, whereas 
isoprene, monoterpenes, and diterpenes are produced by the plastidial 
methylerythritol phosphate (MEP) system, which requires pyruvate and 
glyceraldehydes 3-phosphate (Gershenzon and Dudareva 2007; Champagne and 
Boutry 2016). The monoterpenes and sesquiterpenes that are produced mainly 
have cyclic structures. Although a terpene synthase-independent mechanism also 
exists, it has been reported that a complicated pathway that arose for terpene 
biosynthesis in plants, where monoterpenes are generated in plastids and the cytosol 
by canonical monoterpene synthases, has emerged (Sun et al. 2016). The wide 
variety of terpene synthases, which may transform a phenyl diphosphate into various 
products through a variety of reaction cycles, is a result of the high heterogeneity in 
the chemical structure of terpenoid molecules. Essential oil aromatic molecules, 
which are less well-reported than terpenoids, are created via a different synthesis 
route (Degenhardt et al. 2009; Pavela and Benelli 2016). 

3 Extraction and Determination of Essential Oils 

The oils are usually extracted by two main processes: steam distillation and super-
critical carbon dioxide extraction. In the first process, the plant material is combined 
with steam in a sizable container, which is often constructed of stainless steel. The 
plant material containing the required oils is infused with steam through an input, 
which causes the plant’s aromatic molecules to release and transform into vapor. The 
condenser or condensation flask receives the vaporized plant components. Here, two



distinct pipelines allow hot water to leave and cold water to enter the condenser, 
respectively. This causes the vapor to return to liquid form and cool. The separator, a 
container beneath the condenser where the aromatic liquid by-product gathers, is 
where it falls from the condenser. The essential oil floats on top of the water since 
water and oil do not mix. From here, it is siphoned off. Similar to oils obtained by 
distillation, essential oils from the supercritical CO2 extraction of plants are created. 
Thus, unlike the steam distillation method, the CO2 extraction procedure may result 
in oils of greater quality since they were not damaged by the application of high heat. 
Heat doesn’t affect any of the oil’s components during CO2 extraction. Pressurized 
carbon dioxide undergoes the following process, which results in it being liquid 
while still being in a gaseous form and becoming “supercritical.” It is then pumped 
into a chamber that contains plant materials in this condition. The CO2 acts as a 
solvent on the natural plant matter, drawing the oils and other compounds like 
pigment and resin from it because of the gas’s liquid qualities. The liquid CO2 

then dissolves the essential oil component. The resultant oil is what remains when 
the CO2 is returned to its normal pressure and returns to a gaseous condition. 
Following extraction, spectroscopic techniques such as UV and visible spectros-
copy, infrared spectroscopy, mass spectroscopy, isotope-ratio mass spectrometry, 
nuclear magnetic resonance (NMR), Fourier transform infrared (FTIR), and Raman 
spectroscopy, as well as separation techniques such as gas chromatography (GC), 
chiral GC, liquid chromatography, thin layer chromatography, and thin layer chro-
matography, are used to determine the chemical composition of essential oils 
(Do et al. 2015) (Fig. 2). 
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Fig. 2 Schematic representation of the extraction methods of essential oils
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4 Modes of Action 

4.1 Immunomodulatory Action 

Over the years, studies have shown that numerous compounds contained in essential 
oils, such as aldehydes, phenylpropanoid, and terpenes, have antimicrobial effects 
against a variety of pathogens. The major factor influencing different essential oils’ 
potential usage in diverse applications is their antimicrobial effectiveness (Fokou 
et al. 2020). Because of this, the paragraphs below have been compiled with some of 
the main antibacterial, antifungal, and antiviral potentials of essential oils. 

Numerous essential oils contain antibacterial activity among their diverse antimi-
crobial characteristics. The limitation of microbial growth is caused by a variety of 
modes of action. The capacity of EO to prevent or stop bacterial development is 
referred to as its antibacterial activity (Raut and Karuppayil 2014). Numerous studies 
have revealed that some herbs and essential oils, including cinnamon, clove, thyme, 
oregano, and rosemary, have potent antibacterial qualities (Dutra et al. 2019; 
Lorenzo-Leal et al. 2019). According to studies, the phenolic compounds in essential 
oils, such eugenol, carvacrol, and thymol, are primarily responsible for the 
antibacterial effects of EO on a variety of bacteria, including Escherichia coli, 
Staphylococcus aureus, Bacillus cereus, and  Staphylococcus pneumoniae (Lopez-
Romero et al. 2015; Marchese et al. 2016). 

Essential oils have been shown to be beneficial in maintaining gut health in 
animal nutrition. They can stimulate the growth of beneficial gut microorganisms, 
inhibit the growth of pathogenic bacteria, and improve the absorption of nutrients in 
the gut. According to a study by Li et al. (2020), the use of essential oils as feed 
additives in piglets resulted in reduced inflammation and improved gut health. The 
study found that the addition of thymol, cinnamaldehyde, and their combination to 
the diet of weaned piglets improved intestinal morphology, increased the population 
of beneficial gut bacteria, and decreased the population of harmful bacteria. Further-
more, the essential oil treatments were found to enhance the immune response of the 
piglets. These results suggest that essential oils can be a useful tool in maintaining 
gut health and improving the overall health and performance of animals in animal 
production. 

Furthermore, essential oils have been found to possess anti-inflammatory 
properties that can benefit animal nutrition. A study conducted by Hassan et al. 
(2020) found that the essential oil of oregano had anti-inflammatory effects on the 
small intestine of broiler chickens. The study showed that oregano essential oil 
reduced the levels of pro-inflammatory cytokines and increased the levels of anti-
inflammatory cytokines in the intestine. This indicates that the essential oil of 
oregano can reduce inflammation in the small intestine of broiler chickens. The 
anti-inflammatory effect of essential oils can benefit animals by improving their gut 
health and reducing the risk of inflammation-related diseases. The use of essential 
oils as feed additives has become increasingly popular due to their many beneficial 
effects on animal health and performance.
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Two of the most used techniques for determining the minimum inhibitory activity 
of essential oils are the Kirby-Bauer and broth microdilution procedures. By mea-
suring the inhibitory zone created, the Kirby-Bauer test employs disks infused with a 
predetermined quantity of a possible antibacterial to identify bacterial resistance. In 
contrast, broth microdilution injects varied quantities of possible antimicrobials into 
the microculture while resazurin is used to assess bacterial viability, allowing a 
minimum inhibitory concentration (MIC) to be established (Yang et al. 2017). 
Oregano, basil, and rosemary from the Lamiaceae family as well as parsley, corian-
der, and anise from the Apiaceae family all showed notable antimicrobial efficacy 
against harmful microorganisms. According to the findings of one study, oregano 
essential oil is efficient against Salmonella typhimurium, Yersinia enterocolitica, and 
Escherichia coli (Liu et al. 2017). The same outcomes were observed with lavender 
essential oil, which has been extensively studied for its antimicrobial properties. 
According to the findings, lavender-based essential oil is effective against a variety 
of bacteria, including Pseudomonas aeruginosa, Klebsiella pneumoniae, 
Aeromonas, Citrobacter, and Proteus (Hossain et al. 2017; Yang et al. 2017). 
Additionally, research indicates that cinnamon bark essential oil has high 
antibacterial action against Pseudomonas aeruginosa, Staphylococcus aureus, 
Escherichia coli, Klebsiella pneumoniae, and Staphylococcus aureus (Firmino 
et al. 2018; Yang et al. 2019). Similar findings were made for peppermint essential 
oil, which was shown to be efficient and effective against a range of 
Enterobacteriaceae, S. aureus, and Listeria monocytogenes (Saeed et al. 2006; 
Liang et al. 2012). 

Similar to antibacterial activity, determining the species of fungi is typically done 
using the Kirby-Bauer technique. Oral pills or topically applied lotions are the major 
treatments for fungal infections. Because animal and fungal cells are both eukary-
otic, treating fungal infections is considerably more challenging than treating bacte-
rial infections. The fungal cell must thus be the target of any antifungal medication, 
not the animal cell. As a result, several essential oils and each of their unique 
constituents have been thoroughly tested against a variety of fungi (Schroder et al. 
2017; Nazzaro et al. 2017). It has been discovered that EO possesses antifungal 
action that plays a part in preventing cell-to-cell contact, reducing fungal growth, and 
obstructing the synthesis of mycotoxin (Prakash et al. 2012; Nazzaro et al. 2017). 
Numerous EOs have been investigated for their anti-C. albicans fungal action. Plants 
with powerful inhibitory effects included thyme, rosemary, and oregano (Liu et al. 
2017; Ksouri et al. 2017). Moreover, various Ocimum EO species have been tested 
against various Candida species (Vieira et al. 2014). Another research tested 
60 commercially available essential oils against Aspergillus niger, Candida 
albicans, and Candida neoformans with excellent results. These oils included 
cinnamon bark essential oil, lemon essential oil, peppermint essential oil, and others 
(Powers et al. 2018). By rupturing the fungal cell membrane, the essential oils of 
oregano and thyme, which were the subject of a different investigation, significantly 
inhibited the growth of fungal infections (Swamy et al. 2016). In general, it has been 
discovered that oregano affects spore development and breaks down the membranes 
of fungal cells. Additionally, it has been found that the action of cinnamon and clove



essential oils dramatically reduced the mycelial development of three different 
fungal Aspergillus species (Hu et al. 2019) (Table 1). 

536 L. Jin et al.

Antivirals are drugs that treat viral infections by focusing on viral replication 
events, which inhibits viral replication, however they frequently aren’t very success-
ful (Gelzleichter 2013). Alternative therapeutic substances, such as essential oils, 
have been researched in addition to the small number of effective antiviral 
medications because several studies have demonstrated that they can have substan-
tial antiviral activity against several RNA and DNA viruses by preventing viral 
replication (Tariq et al. 2019). Some chemical compounds detected in essential oils 
have demonstrated potent antiviral action, inhibiting viral reproduction and virus 
adsorption to host cells. It has been discovered that the essential oils from ginger, 
thyme, and hyssop are bioactive against the HSV (Schnitzler 2019). Additionally, a 
distinct investigation revealed that the H1N1 influenza A virus viral particles are 
highly resistant to essential oils extracted from the cinnamon bark, eucalyptus, 
carrot, and rosemary (Brochot et al. 2017). Nonetheless, various EOs will operate 
against viruses in different ways; typically, they target the nucleic acid polymerases. 
Thymol and phenylpropanoids have generally been found to be the chemicals 
primarily responsible for the antiviral action in HSV. As further studies must be 
carried out to give more confirming data in terms of efficacy and safety, EOs’ 
antiviral characteristics may be a potential option in the future (Table 2). 

4.2 Antioxidant Activity 

Aromatic herbs and their essential oils are rich sources of phenolic compounds, such 
as eugenol, thymol, and carvacrol, which are natural antioxidants (Franz et al. 2010). 
Although the bioactivity is linked to aglycon structures, particularly catechol in 
aglycons, polyphenols often exist as glycosides (Sakakibara et al. 2003). It is 
believed that the high redox properties and chemical structure of these compounds, 
which can be accountable for the neutralization of free radicals, chelating transitional 
metals, and quenching singlet and triplet oxygen by delocalization or decomposing 
peroxides, are the reasons for their antioxidant activity (Chun et al. 2005). The 
phenolic antioxidants’ favorable health functioning is linked to the aforementioned 
characteristics since they help to postpone the onset of a number of oxidative stress-
related disorders, including cancer, diabetes, Alzheimer’s, and cardiovascular 
conditions (Miron et al. 2010). In addition, plant phenols can operate as chain-
breaking peroxyl radical scavengers, shielding highly unsaturated lipids in feed from 
oxidation process. One of the primary issues limiting the quality and acceptance of 
food products is lipid oxidation (Miguel 2010). 

Recent studies suggest that EOs can also modulate the immune system through 
their antioxidant effects, which reduce oxidative stress and inflammation, and 
enhance the animal’s ability to fight infections. This effect is attributed to the EOs’ 
ability to scavenge free radicals and activate antioxidant enzymes, such as superox-
ide dismutase and catalase. Moreover, EOs can stimulate the production of 
cytokines, such as interleukin-1β and tumor necrosis factor-α, which play an



(continued)
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Table 1 Chemical composition of various essential oils and their antibacterial-antifungal activity 
against pathogens 

Plant Chemical compound Inhibited microorganisms References 

Origanum 
vulgare 

Carvacrol, thymol, 
γ-terpinene 

L. monocytogens, E. coli, 
adeno virus, polio virus 

Ultee and 
Smid (2001) 

Origanum 
vulgare 

Carvacrol Candida spp. Tampieri et al. 
(2005) 

Origanum 
vulgare 

Carvacrol, p-cymene, 
γ-terpinene 

Clostridium botulinum, 
C. perfringens, Listeria 
monocytogenes, E. coli, 
S. choleraesuis, 
S. typhimurium, S. aureus, 
B. subtilis, Pseudomonas 
aeruginosa, Shigella sonnei, 
Sarcina lutea, M. flavus, 
K. pneumoniae 

Amatiste et al. 
(2014) 
Béjaoui et al. 
(2013) 

Cinnamomum 
zelancium 

Cinnamaldehyde S. aureus, Streptococcus 
pyogenes, S. pneumoniae, 
B. cereus, E. coli, Klebsiella 
pneumoniae, Proteus 
mirabilis, P. aeruginosa, 
S. typhimurium, 
C. perfringens, 
Mycobacterium smegmatis 

Unlu et al. 
(2010) 

Cinnamomum 
zelancium 

Cinnamaldehyde Enterobacteriaceae Hood et al. 
(2003) 

Coriandrum 
sativum 

2E-Decenal, decanal, 
2E-decen-1-ol, n-decanol 

S. aureus, Bacillus spp., 
E. coli, Salmonella typhi, 
K. pneumonia, P. mirabilis, 
P. aeruginosa 

Matasyoh 
et al. (2009) 
Begnami et al. 
(2010) 

Thymus 
vulgaris 

Thymol, linalool, carvacrol, 
1,8-cineole, eugenol, 
camphor, camphene, 
α-pinene, borneol, β-pinene 

L. monocytogenes, E. coli, 
S. typhimurium, S. aureus, 
C. botulinum, 
C. perfringens, S. sonnei, 
S. lutea, M. flavus, 
C. albicans, 
L. monocytogenes, 
P. putida, S. putrefaciens 

Giordani et al. 
(2004) 
Amatiste et al. 
(2014) 
Béjaoui et al. 
(2013) 
Santurio et al. 
(2014) 

Thymus 
mastichina 

m-thymol, carvacrol, trans-
caryophyllene 

B. thermosphacta, E. coli, 
L. innocua, 
L. monocytogenes, 
P. putida, S. typhimurium, 
S. putrefaciens 

Teixeira et al. 
(2013) 

Allium 
sativum 

Isothiocynate, Ethanolic 
compounds 

S. aureus, 
Enteriobacteriaceae, 
Candida albicans 

Grohs and 
Kunz (2000) 

Ocimum 
basilicum 

Estragole Aspergillus spp., 
F. moniliforme, Candida 
spp. 

Sakkas et al. 
(2016) 
Soliman and 
Badeaa (2002)



important role in immune responses. A study conducted by Cheng et al. (2020) 
showed that feeding broilers with a mixture of EOs improved their antioxidant 
capacity and immunity, as evidenced by increased levels of cytokines and antibody 
titers. Thus, EOs can be a valuable tool in animal nutrition to support immune 
function and overall health.
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Table 1 (continued)

Plant Chemical compound Inhibited microorganisms References 

Salvia 
officinalis 

α-Thujone, camphor, 
1,8-cineole, α-pinene 

S. aureus, P. stuartii, 
P. stuartii, E. coli, Shigella 
sonnei, Sarcina lutea, 
M. flavus, B. thermosphacta, 
E. coli, L. innocua, 
L. monocytogenes, Candida 
spp. 

Mulyaningsih 
et al. (2010) 
Jirovetz et al. 
(2007) 

Salvia sclarea Linalool, linalyl acetate, 
geranyl acetate, - ocimene 
acetate, caryophyllene 
oxide 

S. aureus, S. agalactiae, 
S. epidermis, E. coli, 
Proteus vulgaris, 
P. aeruginosa, 
K. pneumonia, E. faecalis, 
B. pumilus, B. subtilis, 
S. typhimurium, Candida 
spp. 

Jirovetz et al. 
(2007) 
Fraternale 
et al. (2005) 
Cui et al. 
(2015) 

Rosmarinus 
officinalis 

Camphor, camphene, 
limonene, geraniol, 
myrcene, linalool 
benzoylacetate, linalool, 
α-pinene, α-terpinolene, 
bornyl acetate, borneol 

E. coli, S. typhimurium, 
B. cereus, Bacillus subtilis, 
S. aureus, S. agalactiae, 
S. epidermidis, S. aureus, 
P. vulgaris, P. aeruginosa, 
K. pneumonia, E. faecalis, 
B. thermosphacta, 
L. innocua, 
L. monocytogenes, 
P. putida, S. typhimurium, 
S. putrefaciens, 
M. smegmatis 

Fu et al. 
(2007) 
Teixeira et al. 
(2013) 
Rodriguez 
Flores et al. 
(2014) 

5 Use of Essential Oils in Food Preservation 

By generating natural preservatives, essential oils can prolong the shelf life of food 
(Holley and Patel 2005). Microbes often impact all food items. Only a small 
percentage of these bacteria, nevertheless, have a positive impact on enhancing 
food flavor. Most of them produce toxins that cause food to deteriorate and lower 
the product’s organoleptic quality. Therefore, a variety of food preservation 
techniques are utilized to prevent or manage food degradation. These techniques 
include pasteurization, cooling, nutritional limitation, acidification, fermentation, 
and chemical preservatives. These techniques are typically linked to lowering the 
organoleptic characteristics of meals and lowering consumer acceptance (Negi



2012). Numerous bioactive chemicals found in EOs, including terpinol, eugenol, 
myrtenol, thymol, camphor, and carvacrol, suggest substantial activity. Gram-
positive bacteria seem to be more susceptible to essential oils than Gram-negative 
bacteria. In some circumstances, the combination of two or more chemicals causes 
higher activity than when they are used separately to have synergistic effects, 
resulting in a greater effect against pathogens (Burt 2004). Lipid oxidation, a 
complicated process that can impact the composition and behavior of meat during 
food processing, is one of the key elements in meat products that lowers meat quality 
(Domínguez et al. 2019). Several metabolites that are produced as a result of lipid 
oxidation have a significant impact on the quality of meat. Essential oils offer 
superior antioxidant properties to synthetic antioxidants, which can also benefit 
customers’ overall health (Jayawardana et al. 2019). The creation of healthier meat 
products has been the industry’s major emphasis in recent years. Two methods were 
used to achieve this goal: lowering the levels of unwanted compounds and raising 
the concentrations of the desired bioactive molecules (Domínguez et al. 2020) 
(Table 3). 
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Table 2 Chemical composition of various essential oils and their activity against viruses 

Virus Plant Chemical compound References 

H1N1 Cinnamomum zeylanicum, 
Citrus bergamia, 
Cymbopogon flexuosus, 
Thymus vulgaris, Lavandula 
ocinalis, Eucalyptus globulus, 
Pelargonium graveolens 

Carvacrol, eugenol, Santalol Paulpandi 
et al. (2012) 
Vimalanathan 
and Hudson 
(2014) 
Brochot et al. 
(2017) 

HSV Star Anise, Mentha 
suaveolens, Sinapis arvensis, 
Pulicaria vulgaris, Zataria 
multiflora, Eucalyptus caesia, 
Artemisia kermanensis, 
Rosmarinus ocinalis, Thymus 
capitatus 

β-Caryophyllene, Farnesol, 
trans-anethole, thymol, 
p-cymene, β-Pinene, 
limonene 

Astani et al. 
(2011) 
Civitelli et al. 
(2014) 
Gavanji et al. 
(2015) 
Sharifi-Rad 
et al. (2017) 

BVDV Mexican oregano (Lippia 
graveolens), Ocimum 
basilicum 

1, 8-cineole, camphor, 
carvacrol, thymol 

Pilau et al. 
(2011) 
Kubiça et al. 
(2014) 

Coxsackie 
virus 

Dysphania ambrosioides, 
Eucalyptus globulus bicostata 

– Elaissi et al. 
(2012) 
El Mokni et al. 
(2019) 

Respiratory 
syncytial 
virus 

Patchouli, Mexican oregano 
(Lippia graveolens) 

Carvacrol Wei et al. 
(2012) 
Pilau et al. 
(2011) 

Zika Ayapana triplinervis Thymohydroquinone 
dimethyl ether 

Haddad et al. 
(2019)
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Table 3 List of uses of essential oils as natural antioxidants in meat 

Essential oil Food Result References 

Green tea Chopped cooked 
ham 

Reduction of color 
oxidation 

Šojić et al. (2018) 

Black pepper Meat Reduction of color 
oxidation 
Lipoprotein oxidation 
reduction 

Heck et al. (2019) 

Oregano 
vulgare 

Lamb meat 
Chopped cooked 
ham 

Reduction of color 
oxidation 
Lipid oxidation reduction 
Decrease 
Sensory degradation 

Šojić et al. (2018) 
Fernandes et al. (2017) 

Oregano 
vulgare 

Egg Improve egg shell and 
freshness 
Reduction of yolk lipid 
oxidation 

Feng et al. (2021, 12:72) 
Radwan et al. (2008) 

Oregano 
vulgare 

Pork Reduction of drip loss 
Lipid oxidation reduction 

Cheng et al. (2017, 
103–109) 

6 Essential Oil Properties in Livestock Nutrition 

6.1 Poultry 

As a consequence of years of study, today’s poultry performance factors are 
adjusted, resulting in quickly developing chickens with reduced feed intake and 
improved health. The livestock sector therefore works to improve the quality of the 
finished product after obtaining quantity since there is a significant demand for the 
final product to be healthier for the consumers’ overall health, have better bioactive 
compounds, and be produced in a more sustainable manner. For this reason, 
nowadays, adding essential oils to feed or drinking water is a common practice in 
the production of chickens. Most EOs used in poultry are extracted from onion 
(Allium cepa), cinnamon (Cinnamomum zeylanicum), oregano (Origanum vulgare), 
garlic (Allium sativum), sage (Salvia officinalis), rosemary (Rosmarinus officinalis), 
turmeric (Curcuma longa), thyme (Thymus vulgaris), and clove (Syzygium 
aromaticum), among others (Gopi et al. 2014; Feizi et al. 2014). 

The biggest concern to the chicken business is infection, and a number of 
potential risks might make it much more dangerous. One of the risks is immunosup-
pression, which can be brought on by a variety of factors, including mycotoxin, viral 
infections with immunosuppressive effects, failed vaccinations, and the overuse of 
antibiotics (Galal et al. 2016). Studies have demonstrated that herbal essential oils 
can boost IFN-γ, promote the generation of immunoglobulin, and enhance lympho-
cyte activity (Faramarzi et al. 2013; Gopi et al. 2014; Adaszyńska-Skwirzyńska and 
Szczerbińska 2017). With the addition of thyme oil to diet, significant levels of IgA 
were seen in another trial (Placha et al. 2014). Higher globulin levels also suggest
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superior resistance to the disease and the immunological response of birds, and 
significantly higher antibody titers against infectious bursa disease are further 
evidence of improved health brought on by thyme oil (Bovera et al. 2015). 
According to the results of another study, a combination of essential oils from 
Oreganum aetheroleum is superior to ciprofloxacin for the treatment of Escherichia 
coli in broiler chickens. Signs, fatalities, postmortem lesions, humoral and cell-
mediated immune responses, as well as bacterial re-isolation, all decreased (Abd 
El-Ghany and Ismail 2014). 

Application of Aromatic Plants and Their Extracts in Livestock 541

Table 4 Summary of studies with Origanum vulgare essential oil on FCR in broilers 

Animal 
breed 

Experimental 
period (day) 

FCR improvement comparing with 
control (%) 

Ross 307 42 4.6% Calislar et al. 
(2009) 

AA 44 4.3% Hu et al. (2010) 

AA 21 1.5% SFR (2009) 

Three-
yellow 

49 14.8% Liu et al. (2008) 

Cobb-500 35 3.5% Giannenas (2004) 

Cobb-500 42 2.6% Giannenas et al. 
(2003) 

Ross 41 4.5% Waldenstedt et al. 
(2003) 

Cobb 35 2% Saini et al. (2003a) 

Cobb 45 4.9% Saini et al. (2003b) 

Due to their ability to stimulate growth, essential oils are regarded as growth 
enhancers in chicken feed. Origanum spp. contains a variety of potent chemical 
substances, including phenols. According to research that looked at the effect of 
oregano essential oil on chickens, groups fed the oregano oil grew more quickly and 
better FCR (Table 4) than birds fed a standard diet (Nieto et al. 2018a, b). Oregano 
essential oil effect on broilers’ FCR, evaluated in various experimental studies, is 
presented in Table 4. Another potent essential oil is obtained from Cinnamomum 
zeylanicum. In order to determine the effects of clove bud oil, cinnamon bark oil, and 
ajwain seed oil in broilers, a study was carried out in India. The findings of this study 
demonstrated that adding cinnamon bark oil to the feed had more advantages for 
broiler chicks’ intestinal health, antioxidant status, blood cholesterol, and immunol-
ogy than utilizing antibiotic growth boosters (Chowdhury et al. 2018). 

The gastrointestinal system is another area that essential oils have a favorable 
impact because they help the system restoration of the balance of bacteria and boost 
nutrient absorption, which is mostly attributed to terpenoids (Barbour et al. 2010). 
The effects of thyme oil, which has thymol and carvacrol among its principal 
ingredients, were investigated in an experiment on broiler chicks. In the broiler 
production system, the results showed that feeding thyme oil caused considerable 
weight growth, an improved feed conversion ratio, enhanced livability, and higher 
turnover (Wade et al. 2018). Additionally, it has also been speculated that thymol oil 
can safeguard the intestinal microvilli responsible for nutritional absorption while



simultaneously encouraging the release of consumable endogenous enzymes and 
blood components (Hashemipour et al. 2013a). 
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Essential oils can benefit poultry nutrition in numerous areas besides their 
primary uses. They could be successful in combating parasites. In instance, lice, 
mites, and ticks are among the many ectoparasites that different essential oils are 
highly effective against. Different exposure methods, including immersion and 
direct physical contact with surfaces treated with essential oils, have demonstrated 
their effectiveness (Bakkali et al. 2008). The anti-inflammatory qualities of 
terpenoids and flavonoids, which are part of essential oils, decrease the absorption 
of prostaglandins (Krishan and Narang 2014). 

6.2 Swine 

The use of antibiotics has been banned or restricted in many countries of the western 
world due to spread of antimicrobial-resistant bacteria in both pigs and humans 
presenting a serious public health risk (Yang et al. 2015). Essential oils are a 
promising option as an alternative solution. When compared to antibiotics, essential 
oils are said to be more natural, less harmful, and devoid of residues (Gong et al. 
2014). 

Most of the studies focused on the growth-promoting features, such as feed 
intake, weight gain, and feed conversion ratio. The effects of essential oils on feed 
intake of pigs showed promising results. In the review by Franz et al. (2010), the 
change in feed intake compared to control ranged from 9% to 12%, while a recent 
analysis by Zeng et al. (2015) revealed a range of 3–19%. The growth-promoting 
property of Essential oils is primarily connected with actions on the gastrointestinal 
tract to raise feed palatability, promote digestive fluid production, improve intestinal 
shape, stabilize intestinal flora, and reduce inflammation (Steiner and Syed 2015). 
Improved palatability of animal feed stimulates appetite and enhances feed intake in 
many different ways. Cinnamaldehyde and thymol increased piglet apparent total 
tract digestibility of dry matter, crude protein, and energy (Li et al. 2012). Platel and 
Srinivasan (2004) proposed that the improved apparent digestibility of fat and 
nutrients could be attributed to increased bile and enzyme secretion, which was 
proposed as the primary mode for the digestive stimulant action of spices. Carvacrol, 
thymol, eugenol, and cinnamaldehyde were shown to be virtually entirely absorbed 
in the gut and small intestine of pigs within 2 hours (Michiels et al. 2008). Some 
essential oils may have a selective effect on the gut microbiota. A combination of 
carvacrol, cinnamaldehyde, and capsicum oleoresin enhanced the population of 
Lactobacilli and the ratio of Lactobacilli to Enterobacteria of early-weaned piglets 
(Manzanilla et al. 2006; Castillo et al. 2006). Lastly, essential oils may enhance 
immunological responses. Piglets’ blood lymphocyte proliferation rate, phagocyto-
sis rate, immunoglobulin IgG, IgA, IgM, C3, and C4 levels were enhanced by 
supplementing essential oils (Li et al. 2012). The addition of essential oils to weaned 
pigs improved both non-specific cellular and humoral immune responses, according 
to Halas et al. (2011).
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6.3 Aquaculture 

Aquaculture is one of the most promising industries because it offers nutritious and 
healthy protein sources to human consumers. It is also a profitable business and has 
become a popular activity for many farmers and aquaculturists around the world. 
However, in recent years aquaculture is facing a lot of challenges, including water 
elimination and pollution, high feed costs, deterioration of animal health and others 
that create a negative impact on production and economy (Abdel-Latif et al. 2022; 
Dawood et al. 2021). As a result of these stressful situations that aquaculture farming 
is facing, there has been a disease outbreak on fish population. Since recently, 
antibiotics and other chemical drugs were used widely to prevent these fish diseases 
resulting to pathogen resistance, microbial population imbalance, and environmental 
pollution (Zhang et al. 2022). The urge for safer and environmentally friendly 
alternatives in combination with the growing consumer demand for high-quality 
aquatic products has led to the investigation of herbal medicines and their 
derivatives, such as essential oils. 

Essential oils (EOs) have become very popular and are known as natural 
antioxidants and immunostimulants. Their chemical structure is resistant to gastric 
acid and are also known to improve palatability by controlling appetite genes in fish. 
EOs have a powerful antibacterial effect against pathogenic bacteria which permit 
the beneficial bacteria to act and improve food digestion, gut health, and resistance to 
pathogens (Dawood et al. 2021). They are also known for their antiparasitic and 
antifungus activities. As a result, due to their therapeutic properties, low toxicity, 
minor side effects, and low risk of developing drug resistance, EOs have become a 
great alternative to antibiotics and chemical drugs in fish aquaculture (Zhang et al. 
2022). 

Because of all these beneficial properties of EOs in aquaculture, more and more 
researchers have focused on the application of EOs and their impact on fish perfor-
mance and health. For example, Abdel-Latif et al. (2020) found that dietary supple-
mentation with oregano essential oil common carp (Cyprinus carpio L.), improved 
growth performance indices and feed utilization parameters. In another study, Aanyu 
et al. (2018) showed that dietary limonene, which is the major component in the oil 
of citrus fruit peels, enhanced the growth of Nile tilapia. As mentioned before EOs 
oils are also known for their antibacterial, antiparasitic and antifungal effects. 
Giannenas et al. (2012) studied the effects of dietary supplementation with carvacrol 
or thymol derived from T. vulgaris EO on the intestinal microbiota of rainbow trout 
and discovered a significant decrease in gut’s total anaerobic bacteria. Moreover, 
Ferreira et al. (2019) showed that the EO of Mentha piperita (peppermint) was 
effective enough to reduce the number of dinoflagellate Piscinoodinium pillulare in 
tambaqui juveniles. Finally, Madrid et al. (2015) discovered that the anti-oomycete 
activity of Laureliopsis philippianna EO against Saprolegnia spp. was satisfying, 
proving that it can be used as a remedy for this aquatic fungus. 

All in all, EOs are a good alternative remedy against fish diseases. Its action 
mechanisms are primarily linked to their immunoenhancement and antioxidation 
effects on fish, as well as direct pathogen killing efficacies. However, additional



research is required to fill the gaps and to enhance the knowledge that we have so far 
in practical applications (Zhang et al. 2022). 
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6.4 Ruminants 

In accordance with all major livestock sectors, in ruminant farming the use of 
antibiotics for purposes of enhancing animal growth performance was banned, yet 
significant amounts are used therapeutically and for prophylaxis and metaphylaxis as 
well (Rochfort et al. 2008). Concurrently, consumers are correlating product higher 
quality with milk and meat originating from animals deprived of antibiotics, thus 
furtherly decreasing the use of antibiotics is under public demand (Centner 2016). 
Essential oils as plant-derive products can offer support to this collective action with 
possible economic and environmental benefits. Various essential oils were 
investigated with promising results in animal performance and health, rumen fer-
mentation as well as product quality characteristics (Giannenas et al. 2011; Elcoso 
et al. 2019; Westphalen et al. 2021). 

Essential oils have been reported to support milk and meat production resulting in 
higher production yields both in small and large ruminants (Dorantes-Iturbide et al. 
2022; Orzuna-Orzuna et al. 2022). These effects could be attributed to several 
mechanisms. Various essential oils have been recorded to increase dry matter intake 
(DMI), although they transfuse different aroma and can affect feed palatability 
(Mucha and Witkowska, 2021). This increase could be attributed to the higher rate 
of fiber degradation resulting from the increased population of fiber-degrading 
microorganisms, such as Fibrobacter succinogenes and Ruminococcus albus 
(Zhou et al. 2019). Rumen pH was found unaltered by essential oils’ bioactive 
compounds while ammonia-N and methane concentrations were found decreased 
(Khiaosa-Ard and Zebeli 2013). Bioactive compounds have also the ability to alter 
rumen epithelium by increasing villus length in the small intestine that can lead to 
nutrient absorption enhancement (Patra et al. 2019). At the same time studies have 
linked essential oils with increased serum immunoglobulins, suggesting immune 
system invigoration (Wu et al. 2021). All these chemical and structural alterations 
attributed to EOs result in increased animal productivity. Essential oils can also act 
as natural antioxidants supporting milk and meat oxidative stability (Kalaitsidis et al. 
2021; Rivaroli et al. 2016). 

Although the potential beneficial effects of ruminant supplementation with EOs 
are plenty, the available studies investigating their incorporation are significantly 
lower compared to monogastric animal sector and high variability of the results is 
present in the existing literature (Dorantes-Iturbide et al. 2022). A possible explana-
tion is due to the difference in animals’ production phase, the duration of supple-
mentation and the application of in vitro experiments that can display different 
results in vivo (Dorantes-Iturbide et al. 2022) (Table 5).
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7 Conclusion 

The essential oils have been used for their medicinal and aromatic properties in the 
food industry and animal nutrition for centuries. These natural compounds are 
derived from various plants and herbs and have been shown to have a number of 
functional properties, including antimicrobial, antioxidant, and anti-inflammatory 
effects. The use of essential oils as feed additives in animal nutrition has the potential 
to improve growth performance, digestive health, and disease resistance in livestock. 
However, it is important to note that the efficacy of essential oils as feed additives 
can vary depending on the type of oil, the dose, and the animal species. The use of 
essential oils in the food industry is also gaining popularity due to their potential to 
improve the sensory quality, safety, and shelf life of food products. Essential oils can 
be used as natural preservatives, flavorings, and fragrances in food products, and 
have been shown to have antimicrobial properties that can help prevent spoilage. 
Additionally, essential oils can also provide a source of antioxidants and other 
health-promoting compounds in food products (Florou-Paneri et al. 2019). While 
the use of essential oils in the food industry and animal nutrition is promising, it is 
important to conduct further research to fully understand their effects and to deter-
mine the optimal doses and combinations for various applications. This will help 
ensure the safe and effective use of essential oils in food and animal nutrition and 
help maximize their potential benefits. 

To sum up, the use of essential oils as feed additives in animal production has 
been studied for several decades and has shown promising results. In poultry 
production, the use of essential oils has been shown to improve growth performance, 
feed efficiency, and gut health. For example, a study found that the addition of 
oregano essential oil to broiler chicken diets increased weight gain, improved feed 
efficiency, and reduced harmful bacteria in the gut (Bozkurt et al. 2007). In addition, 
the use of essential oils such as cinnamon, clove, and ginger has been shown to 
improve egg production and egg quality in laying hens (Ezenduka et al. 2015). In 
ruminant production, essential oils have also been shown to have positive effects on 
growth performance, feed efficiency, and gut health. A study found that the addition 
of cinnamon essential oil to the diets of dairy cows increased milk production and 
improved feed efficiency (Khanal et al. 2015). In addition, the use of essential oils 
such as oregano and thyme has been shown to reduce the incidence of ruminal 
acidosis and improve rumen function in cattle (Christie et al. 2013). The use of 
essential oils in animal production is also associated with various health benefits. For 
example, the use of essential oils such as oregano and cinnamon has been shown to 
have antibacterial, antifungal, and antiviral properties that can help improve the 
immunity and disease resistance of livestock (Abd El-Hack et al. 2015). In addition, 
the use of essential oils has been shown to have anti-inflammatory effects that can 
help reduce the incidence of various inflammatory diseases in livestock, such as 
mastitis in dairy cows (Caneschi et al. 2023). All in all, the use of essential oils as 
feed additives in animal production has shown promising results, with the potential 
to improve growth performance, feed efficiency, gut health, and immunity, and 
reduce the incidence of various diseases in livestock.
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Improving the Sustainability of Laying Hen 
Production Using Plant-Based Feed 
Additives 

David Harrington, Matthew Leach, and Jan Dirk Van Der Klis 

Abstract 

Eggs are an affordable source of proteins, amino acids, minerals and vitamins. 
They contain an optimal balance of saturated and unsaturated fatty acids. Eggs 
provide a relatively inexpensive nutritious food source for a growing world 
population. Global egg production has increased from 50 to 85 million tonnes 
in the last 20 years and continues to increase. Increased number of rearing and 
laying facilities, bird selection to improve hen productivity under variable envi-
ronmental conditions and the necessary increase in inputs like feed, energy, and 
water create challenges to meeting the burgeoning demand for sustainable pro-
duction practices to help minimise environmental impact. While eggs have a 
relatively low environmental impact per kg of protein, compared to other live-
stock production, there is a continuous need to further reduce the environmental 
footprint. To this end, several factors need to be considered including economics, 
energy usage, global feedstuff transports, manure management, housing, length 
of laying cycle, production efficiency, sexing and good intestinal health, and 
disease management. Especially good intestinal health is essential to support 
sustainability measures, because it is central to nutrient utilisation, product quality 
and disease resistance of the hen, with feed additives having a key role to play. 
Amongst the variety of feed additives available for hens are plant-based additives 
that offer a potential advantage given their production is often rooted in sustain-
able practices. Documented effects of plant additives include enhancement of
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feed digestion and nutrient utilisation, enhanced antioxidant and immune status, 
improved liveability, mineral utilisation, egg quality and production and reduced 
greenhouse gas emissions. Feed additives as a tool must have a clear benefit to  
improve efficiency/reduce environmental contaminants, while delivering a posi-
tive economic return. Of course, a return on investment is essential to ensure 
environmental sustainability of egg production.
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1 Introduction 

Eggs are a highly nutritious and affordable food source that deliver both essential 
macro- and micronutrients and are amongst the lowest-cost animal source for 
proteins, vitamins and minerals (Nys and Sauveur 2004; Drewnowski 2010). This 
makes eggs an important food source for a growing global population which is 
predicted to reach 9.8 billion people by 2050, with the significant population growth 
occurring in the developing countries of South Asia and sub-Saharan Africa 
(Searchinger et al. 2018). Eggs are particularly important for developing nations 
where the selection of affordable protein can be limited. 

1.1 Global Egg Production and Future Trends 

Global egg production has increased during the last two decades almost twofold 
(Fig. 1) and continues to increase. Regionally, Asia has seen a 5% increase in 
production during this period, while EU-28 production contracted by a similar
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amount; Asia now accounts for approximately 62% of global shell-egg production, 
and Americas and EU-28 both account for 21% of global shell-egg (FAO 2022).
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Estimates have suggested approximately 50 million additional laying chickens 
would have to go into production each year to meet the growing demand for eggs 
(Preisinger 2013), delivering approximately 1 million tonnes of additional eggs/year. 
Of course, this requires the construction of more rearing and laying facilities, genetic 
selection to improve hen productivity under variable environmental conditions and 
increased inputs of feed, energy, and water. In many countries, hen housing is 
moving towards non-cage systems, driven by a combination of societal, animal 
welfare and environmental concerns, as well as legislation to meet sustainability 
targets (Mench et al. 2011; EC  2021). For example, by 2025 it is estimated that 51% 
of egg production in the USA will be cage-free, an increase of 46% from 2011 
(Mench et al. 2011; O’Keefe 2022), while the EU is intending to phase out cages 
from 2027 (EC 2021). However, the sustainability benefits of non-cage systems are 
still open to question, with concerns over air quality, economics, emissions and 
environmental footprint, while access to outdoor areas in some systems increases the 
risk to animal health (Xin et al. 2011; Molnár and Szőllősi 2020; de Olde et al.  2020). 
Alternative systems with access to orchards or increased backyard production have 
also been suggested as highly sustainable egg production systems, particularly for 
developing countries, although the economics of doing so are still considered 
challenging (Morris et al. 2018; Rocchi et al. 2019; Rajkumar et al. 2021; Soares 
et al. 2022). While there are differences between Northern and Southern 
hemispheres, urbanisation impacts on the development of new laying facilities 
with complaints of fine dust, emissions, and smell. This creates challenges to 
meeting the burgeoning demand for sustainable production practices. 

It is also important to recognise that within the four dimensions of sustainability 
(societal, environmental, economic, enforcement (FAO 2012)), the relative impor-
tance of parameters can differ between developing and developed countries. For 
example, in Europe experts prioritise greenhouse gas (GHG) emissions and water 
usage as the most important environmental impact; in South America land-related 
impacts are the most important; and in Africa, it is also soil and land degradation, 
followed by land use and water usage (Paul et al. 2020). Consequently, when 
considering the environmental footprint, and potential solutions to reduce that 
footprint, regionality and stage of development are significant factors. 

1.2 Egg Production and Its Environmental Footprint 

Hen genotypes are capable of producing 500 eggs in a 100-week production cycle 
without comprising skeletal calcium, bone strength or welfare (Bain et al. 2016; 
Preisinger 2018; Anderson 2019; Dunn et al. 2021), with moulting practiced in some 
countries. End of lay or spent hens have traditionally been considered to have 
minimal value, either being rendered into protein meal for feed or turned into pet 
food There is a growing trend to use spent hens for human consumption or other 
valorised products (Fan and Wu 2022) and to add value to male chicks that are



o

Production

currently of limited use (Giersberg and Kemper 2018; Gautron et al. 2021) t  
enhance the sustainability profile of egg production. While a shift to hybrid strains 
that exhibit both strong laying characteristics and good carcass characteristics could 
bring added value, they produce less eggs and are less feed efficient which would 
likely adversely impact the environmental footprint of egg production and be 
economically unviable (Gautron et al. 2021). 
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1.2.1 GHG Emissions from Egg Production 
Improved efficiencies in supply chain activities, changes in feed composition for 
both pullet laying hens and improvements in resource efficiencies, animal health, 
and productivity at the level of pullet and egg production have led to a substantial 
reduction in the environmental impact of cage egg production (Pelletier 2018). For 
example, in Canada, despite egg production increasing approximately 51% from 
1962 to 2012, the total life GHG emissions were 57% lower. 

While comparing life cycle assessments (LCA) of production systems is chal-
lenging (Costantini et al. 2021), egg production has lower GHG per kg protein 
versus beef, pork or chicken (Table 1), although GHG estimates have the potential to 
be skewed by geographical location or datapoints from producers with large impacts 
(Poore and Nemecek 2018). Furthermore, terrestrial acidification and eutrophication 
potential are also lower for egg production than other livestock production systems 
(Table 1). Within the egg production process, egg laying has by far the biggest 
environmental impact (79.0%) compared to rearing (19.1%) or packaging of eggs 
(1.9%) (Estrada-González et al. 2020). Countries are increasingly legislating for 
management of emissions. For example, in the European Union, Directive 2016/ 
2284/EU requires the reduction in ammonia emissions by 19% per year from 2030, 
using 2005 as a reference (EC 2016). 

1.2.2 Energy and Water Usage 
Maintaining the optimum environment for the birds is crucial for efficient perfor-
mance and egg laying while pullet rearing facilities require significant inputs of 
water, gas and energy to run (Estrada-González et al. 2020). While egg production 
has become more energy efficient, e.g. the Canadian egg industry saw reductions of 
10%, 71% and 53% in energy land and water use, respectively, over 50 years 
(Pelletier 2018), the environmental impact from primary energy is still a

Table 1 Estimated global variation in GHG emissions, land use, terrestrial acidification and 
eutrophication potential for selected terrestrial livestock production systems per 1 kg/protein 
(adapted from Poore and Nemecek (2018)) 

GHG (CO2 

eq kg-1 ) 
Acidifying 
(SO2 eq g

-1 ) 
Eutrophying 
(PO4 

3- eq g-1 ) 
Freshwater 
(1000 L) 

Land 
use (m2 ) 

Beef 498.9 1598.9 1511.6 174.2 1636.0 

Pork 76.1 881.7 472.1 413.2 107.3 

Poultry 
meat 

56.9 591.3 281.1 81.9 70.6 

Eggs 42.1 48.0 196.1 162.1 56.5



consideration. LCA of on-farm energy inputs suggest anywhere from 1.05 to 15% 
are from electricity (Leinonen and Kyriazakis 2016; Sasanya and Olaifa 2022). 
Despite improvements in efficiencies, concerns over the impact of energy generation 
on the climate and supply chain vulnerability to shock events (e.g. disease outbreaks 
or geopolitical events) (Hamilton et al. 2020) push for both further efficiency and a 
reduced reliance on single energy sources. Direct energy inputs in net zero energy 
barns (NZEB) (buildings incorporate renewable energy generation to offset 
non-renewable energy used) were found to be 25% lower than conventional houses, 
while environmental payback varied from approximately 1.4–20.7 years, depending 
on renewable energy sources (Li et al. 2021). Compared to chicken meat production, 
egg production has nearly twice the water requirement (and therefore greater envi-
ronmental impact for water usage) due to the water requirement of the egg (Poore 
and Nemecek 2018).
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1.2.3 Manure Management 
The principal source of GHGs and environmental emissions in egg production are 
predominantly nitrogen and phosphorus-based, rather than carbon; hens contribute 
little to methane outputs (MacLeod 2011). Poultry house design and management 
are two key factors that affect ammonia emissions and efficiency of reduction (Hayes 
et al. 2013; Wang-Li et al. 2013). While on-farm manure mitigation strategies such 
as manure storage, air scrubbers or increase mechanical ventilation are considered 
amongst the most effective to reduce emissions (Ershadi et al. 2021), their economic 
feasibility and potential energy use have been questioned (de Olde et al. 2020). 

1.2.4 Feed 
Feeding hens has the greatest cost and environmental impact and is dependent on the 
origin of energy and protein sources (land use, deforestation and transport) and on 
the efficiency of nutrient utilisation (Pelletier 2018). There are several strategies to 
improve the sustainability of feed: (1) optimisation of nutrient balance; (2) maximise 
nutrient availability; (3) reduce nutrient excess or safety margin; and (4) alternative 
ingredients (MacLeod 2011; Leinonen and Kyriazakis 2016). Optimising the nutri-
ent balance of the feed is actively undertaken in laying hens and diets are formulated 
to meet the needs of the hen at least cost and to maximise egg output (Bryden et al. 
2021); excess nutrients and safety margins are substantially reduced (MacLeod 
2011). Feed enzymes are routinely used to improve nutrient availability, while 
balancing the ration with synthetic amino acids is common practise. Alternative 
crops to soya meal such as beans, peas or rapeseed can be used where the environ-
mental footprint is lower (Leinonen and Kyriazakis 2016) or the cereal is more cost 
effective. Dekker et al. (2013) suggested that using locally procured ingredients, 
even if a slight decrease in performance was observed, led to substantial reductions 
in the ecological impact of egg production through reductions in global warming 
potential, nitrogen deficit and occupation and energy use.
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1.2.5 Disease Management 
Good disease management and intestinal health are essential to support sustainability 
measures because it is central to the overall efficiency of egg production by the hen, 
with feed additives having a key role, particularly in alternative systems (Jeni et al. 
2021). A wide selection of additives has been used in laying hens including 
enzymes, prebiotics, e.g. yeast, probiotics, organic acids and plant-based feed 
additives (Świątkiewicz et al. 2013). The application of feed additives based on 
either terrestrial or aquatic plants is a growing field in animal production, including 
laying egg production (Karásková et al. 2016). 

2 Plant-Based Feed Additives 

Approximately 60% of the plants used for medicinal or aromatic purposes are 
cultivated via agroforestry or controlled cultivation (science-based, specifically 
controlled and designed to optimise active phytocompounds), while approximately 
20% are wild-harvested (Brinckmann et al. 2022). Seaweed is the only biomass that 
can be cultivated and harvested daily all year round (van den Burg et al. 2013); 
harvesting and cultivation are often seasonal. Controlled cultivation can challenge 
the ethos of sustainability by potentially disrupting ecosystems, despite the require-
ment of several regulatory authorities that wild species should be cultivated 
(Giannenas et al. 2020). Sustainable harvesting should be the most important 
conservation strategy for wild-harvested plant species as it contributes to the econ-
omy and long-term stability of local communities (Giannenas et al. 2020). Plant-
based additives can also be manufactured by extraction of agricultural by-products, 
e.g., fruit pomace, and artichoke leaves and bracts (Sosnówka-Czajka and 
Skomorucha 2021; Ligas et al. 2021; Brunetti et al. 2022). Using by-products rich 
in phytocompounds of interest would both reduce the total amount of waste biomass 
produced by the agricultural industry (Brunetti et al. 2022) and contribute to 
sustainability and development of the circular economy. 

There has been a significant focus on aromatic herbs for feed additives (Franz 
et al. 2020), but aquatic plants such as seaweeds and other non-aromatic plants have 
also been considered (Karásková et al. 2016; Mohammadi Gheisar and Kim 2018; 
Kulshreshtha et al. 2020; Michalak and Mahrose 2020) (Table 2). Plant-based 
additives can comprise the whole plant or sections of plant, e.g. seeds or leaves or 
plant extracts. Extracts, including essential oils, oleoresins and liquid extracts, can be 
prepared via several methods including distillation, supercritical CO2 extraction and 
maceration. Essential oils and distillation extracts from aromatic plants, are one of 
the more predominant, complex mixtures of phytocompounds used in agriculture 
(Reddy 2019).
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2.1 Plants Are Complex 

Plants and plant extracts (phytocompounds) are compositionally complex and typi-
cally comprise bioactive compounds including secondary plant metabolites, as well 
as vitamins, and polyunsaturated fatty acids (Franz et al. 2020). Secondary 
metabolites are produced for several reasons: response to environmental stressors, 
protection against pathogens or predators or attraction of pollinators. The composi-
tion of secondary metabolites can vary according to several parameters including 
time of year, location and soil condition (Reddy 2019). While secondary plant 
metabolites are often the focus of biological activity of plants, other compounds 
such as carbohydrates, e.g. carageens from red algae are also important (Menaa et al. 
2021) and require further investigation in hens. 

Phytocompounds generally exhibit broad range of activities in the hen including 
antifungal, antibacterial, antioxidant, antiviral and anti-inflammatory (Bakkali et al. 
2008; de Armas-Ricard et al. 2019; Cueva et al. 2020). The diversity of all 
compounds in plant-based feed additives is high, especially if taking into consider-
ation the inter- and infraspecific variation (Franz et al. 2020; Ligas et al. 2021). 

2.1.1 Categorisation of Secondary Metabolites 
The biologically active phytocompounds can be broadly categorised as follows: 

Phenols are the largest group of secondary plant metabolites and range from 
simple compounds with a single aromatic ring to complex compounds, polyphenols. 
(Teoh 2015). Herbs and spices typically have the highest polyphenol content by 
weight (Pérez-Jiménez et al. 2010). Phenolics can be divided into soluble 
compounds, e.g. flavonoids, phenolic acids and insoluble compounds, 
e.g. condensed tannins and lignins. Oxygenated phenolics include alcohols 
(e.g. borneal), aldehydes (e.g. cinnamaldehyde) and ketones (e.g. carvone) 
(Christaki et al. 2020). In algae, the polyphenols are classified as phloroglucinols 
and phlorotannins, based on an aromatic phenyl ring with three hydroxyl groups 
(Menaa et al. 2021). 

Flavonoids comprise an aromatic ring that absorbs ultraviolet radiation giving 
rise to plant pigments. Flavonoids are known for the antioxidant activity, 
e.g. quercetin, but they have several other activities including antimicrobial, anti-
inflammatory, antitumour, and both oestrogenic and anti-oestrogenic activities 
(Teoh 2015). 

Stilbenoids are a group of phenolic compounds that have a stilbene as a backbone 
but differ in the constituents on the carbon ring. Examples include resveratrol and 
gnetol, used in folk medicine for arthritis (Akinwumi et al. 2018). 

Terpenes comprise a five-carbon isoprene ring and the number of rings 
determines their classification: 1–6 and 8 rings, hemiterpenes, monoterpenes, 
sesquiterpenes, diterpenes, sesterpenes, triterpenes and tetraterpenes (Christaki 
et al. 2020). Linalool is a monoterpene and is the major component in the scent of 
orchids, artemisinin is a sesquiterpene (3 rings) and has antiprotozoal activity; 
carotenoids are tetraterpenes (Teoh 2015).
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Triterpenoid and steroidal glycosides are similar in structure but synthesised 
through different pathways and are collectively known as saponins. Saponins con-
tain both lipophilic (either a triterpenoid or steroidal moiety known as the aglycone) 
and hydrophilic groups (sugars). Examples include ginsenosides from ginseng or 
digitalis from foxglove (Digitalis purpurea) (Teoh 2015). 

Alkaloids contain one or more nitrogen atoms, usually in a heterocyclic ring and 
are derived from amino acids. They are bitter in taste and many alkaloids act on the 
nervous system and are stimulants, e.g. morphine or cocaine (Teoh 2015). 

3 The Role of Plants in Laying Hen Production 

Authors have been circumspect in drawing over-arching conclusions on the benefits 
of plants in laying hen production (Bozkurt et al. 2014; Harrington et al. 2020). Inter-
study comparisons can be confounded by numerous parameters including duration 
of study, age of birds, breed of bird, feed, source of plant, whole plant or extract 
thereof, extract type, composition, geographical location and housing. The challenge 
is to define a robust methodology that can facilitate reliable inter- and intra- study 
comparison to fully evaluate plant-based additives in hen production (Harrington 
et al. 2020). Nonetheless, a meta-analysis by Darmawan et al. (2022) concluded that 
phytocompounds (water, ethanol and petroleum ether extracts of leaf, bulb, seed, or 
peel) fed to 19–74-week-old laying hens favourably influenced productivity, egg 
quality, blood constituents, antioxidant and immunological parameters in laying 
hens. 

Considering the potential benefits of phytocompounds from the perspective of 
sustainable egg production can shed new light on how these compounds might be 
used strategically. In the following sections, selected examples of plants or 
phytocompounds and their potential role in sustainable egg production will be 
given within the broad context of microbiota management; feed digestion and 
nutrient utilisation; mineral utilisation; egg quality and production; antioxidant and 
immune status; and reduced GHG emissions. 

3.1 Gut Microbiota Management and Gut Health 

The birds’ microbiome includes the gut, skin, oral cavity, respiratory tract and 
reproductive tract (which differs between the upper and lower tract) (Kropáčková 
et al. 2017; Lee et al. 2019; Engel et al. 2020; Su et al. 2021; Wen et al. 2021; Kursa 
et al. 2022), but the gut microbiome is the most studied. The gut microbiota and its 
interaction with the host is essential for bird health, digestion and absorption of 
nutrients, pathogen exclusion and development of the immune system (Shang et al. 
2018; Broom and Kogut 2018). The normal gut microbiota of the laying hen 
stabilizes in the mid- and late-phase of lay and is generally dominated by the 
phyla Proteobacteria, Firmicutes, Bacteroidetes, Fusobacteria and Actinobacteria. 
The microbial composition differs with intestinal location, bird genotype, age, stage



of production and production system (Seidlerova et al. 2020; Khan et al. 2020; 
Wiersema et al. 2021; Joat et al. 2021) and can be influenced by several factors 
including diet, pathogens, antimicrobials, feed restriction, mycotoxins and vaccina-
tion (Kers et al. 2018; Artdita et al. 2021; Borey et al. 2022; Yuan et al. 2022). The 
composition of the gut microbiota can also affect the composition of the odour of 
poultry manure, for example hydrogen sulphide concentration (Huang et al. 2019). 
An unbalanced gut microbiota can induce inflammation, poor nutrient digestion, 
leaky gut or other gut-related pathologies, while early insults on the developing gut 
microbiota, e.g. from antibiotic use during rearing can affect later antibody responses 
during lay (Simon et al. 2016). In older hens, follicular degradation is partly 
associated with an unbalanced gut microbiota and increased oxidative stress 
(Wang et al. 2021). Forced moulting can lead to an increase in Clostridium 
perfringens and coliform counts with a concurrent drop in Lactobacillus spp. 
(Bozkurt et al. 2016). 
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3.1.1 Modulating the Gut Microbiota 
Powdered extracts of leaves from Bilberry (Vaccinium myrtillus) and Walnut 
(Juglans regia L.) (rich in antioxidant and phenolic compounds, respectively) fed 
to 32-week-old hens for 4 weeks, reduced the level of Bacteroidetes and 
Enterobacteriaceae and increased the abundance of firmicutes and lactobacilli 
(Popescu et al. 2020). In breeder hens fed grape seed extract rich in procyanidin 
flavonoids, the relative abundance of Bifidobacteriaceae, Lactobacilliaceae and 
Lachnospiraceae were shown to increase after only 2 weeks (Grandhaye et al. 
2020). Oregano oil fed to hens over a 7-week period was shown to increase numbers 
of lactobacilli and bifidobacteria while lowering levels of Escherichia coli and 
Salmonella (He et al. 2017). Hens fed thyme or curcumin (Curcuma longa) have 
also been reported to have lower intestinal coliform, enterococci, yeasts and fungi 
counts (Arpášová et al. 2013; da Rosa et al. 2020). Bolukbasi and Erhan (2007) saw 
no difference in coliform counts after feeding thyme to hens for 12 weeks, and nor 
did Boka et al. (2014) when hens were fed black cumin seeds (Nigella sativa L.). 
While Kim and Kang (2015) saw no change in E. coli counts in 28-week-old hens 
fed chlorella by-products, the authors did observe an increase in Lactobacillus in 
ileal contents. Abad et al. (2021) reported an increase in lactobacilli numbers in 
laying hens fed garlic extract. While feeding oregano essential oil to post-moult hens 
did not significantly alter the caecal microbiota, a trend in decreasing numbers of 
coliforms and increasing Lactobacillus spp. was observed (Bozkurt et al. 2016). 

3.1.2 Reducing the Impact of Pathogens 
Food borne pathogens: Salmonella Enteritidis infected hens fed feed supplemented 
with the red seaweeds Chondrus crispus or Sarcodiotheca gaudichaudii, had a 
significant reduction in caecal colonisation by Salmonella Enteritidis with concur-
rent increased levels of Lactobacillus acidophilus (Kulshreshtha et al. 2017). The 
reduction in Salmonellae could be related to interference with motility and virulence 
of S. Enteritidis, thereby blocking epithelial attachment or a probiotic effect 
(Kulshreshtha et al. 2017). A reduction in the number of Salmonella-positive tissue



samples from Salmonella-infected hens fed trans-cinnamaldehyde, oregano or euge-
nol has also been reported, with birds remaining clear of salmonella for 30 days post 
inoculation (Ordonez et al. 2008; Upadhyaya et al. 2015; He et al. 2017). Zhao et al. 
(2022) suggested that eugenol could lessen Salmonella infections through the relief 
of inflammatory stress, stabilisation of the mucosal barrier and inhibition of bacterial 
adhesion and invasion. 
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Intestinal infections: Muthamilselvan et al. (2016) reviewed over 68 plants and 
phytocompounds reported to control protozoal infections in birds. Examples 
included artemisinin from Artemisia annua; condensed tannins from pine bark; 
papain from papaya (Carica papaya); essential oils extracted from oregano (Origa-
num compactum), rosemary (Rosmarinus officinalis), curcumin, Madeira vine 
(Anredera cordifolia); and blue evergreen hydrangea (Dichroa febrifuga); and 
saponins from Yucca schidigera and Quillaja saponaria. Several modes of action 
have been proposed to explain the mitigation of Eimeria infection in poultry 
including modulating host immunity, prebiotic activity, improving intestinal integ-
rity and direct antiprotozoal activity via inhibition or impairment of parasite inva-
sion, replication or development (Muthamilselvan et al. 2016; El-Shall et al. 2022). 
Cinnamaldehyde has been shown to significantly lower Brachyspira intermedia 
counts in hens (Verlinden et al. 2013), while tea tree (Melaleuca alternifolia) 
essential oil (TTO) has been suggested as an alternative to antibiotics. When used 
at 100 mg/kg feed, hens fed TTO had the same level of recovery from Mycoplasma 
synoviae infection as hens given tetracycline, oxytetracycline or chlortetracycline 
(Puvača et al. 2020). 

3.1.3 Improving Intestinal Integrity 
Numerous plant extracts and phytocompounds including crushed cumin seeds, sea 
buckthorn (Hippophae rhamnoides), oregano (Origanum spp.), red seaweed 
(Chondrus crispus), curcumin, polysaccharides from the seaweed Enteromorpha 
have been documented to improve intestinal morphology in birds such as increased 
villus height, increased goblet cell numbers or proliferation of lamina propria 
lymphatic follicles (Boka et al. 2014; He et al. 2017; Kulshreshtha et al. 2017; 
Dalal et al. 2018; Guo et al. 2020; Feng et al. 2021; Panaite et al. 2022). Polyphenols 
(magnolol and its isomer honokiol) from the root and bark of Magnolia officinalis 
were shown by Chen et al. (2022) to increase jejenul and ileal villus height and 
increase expression of genes associated with tight junction proteins such as occludin 
and zonula occludens (ZO)-1 and maintenance of the intestinal barrier. However, 
Lokaewmanee et al. (2014) found no significant change in intestinal morphology in 
hens fed 0.1% extracts from red clover (Trifolium pratense) and garlic (Allium 
sativa), while Mousa et al. (2019) also found no evidence of change in intestinal 
morphology after feeding up to 1% garlic or thyme. 

3.1.4 Without Good Gut Health and Balanced Microbiota, Egg 
Production Is Unsustainable 

Good gut health and the microbiota is the key to success of many initiatives for 
sustainability, and the evidence suggests plant-based additives are a useful tool to



support the hen’s microbiota. Reducing mortality has a significant impact on the 
environmental footprint of egg production; a 5% reduction in overall mortality can 
reduce energy demands and GHG emissions by 6–7% (Weeks et al. 2016). Improved 
gut health and a balanced gut microbiota can reduce disease susceptibility, lower the 
risk of infection from zoonotic pathogens, improve vaccination response, maintain 
or improve feed efficiency and lower the need for antibiotics. Increase in zoonotic 
infections such as Salmonella have been associated with environmental extremes 
such as heat or extreme rainfall (Morgado et al. 2021) and the changing global 
climate would suggest extreme weather events and therefore increased zoonotic 
outbreaks are more likely. Balancing the hens’ microbiota to reduce pathogen load 
using phytocompounds, particularly when phytocompounds have been shown to 
boost antioxidant status during environmental stress, would seem a sensible 
approach. 
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There are some indications that hens in cage free systems with outdoor access 
have less a diverse gut microbiota and poorer intestinal morphology versus caged 
birds (Wiersema et al. 2021). Birds in conventional cages receive optimum nutrient 
balance and higher substrate availability versus cage-free, outdoor birds, 
contributing to a more diverse gut microbiota (Seidlerova et al. 2020). Furthermore, 
birds are transferred from rearing to laying accommodation around 16–18 weeks 
during a period when the microbiota also changes (Joat et al. 2021). Strategies for 
sustainable egg production should include phytocompounds to support a balanced, 
diverse microbiota in cage-free systems or at critical times, e.g. transfer or moulting. 

Dai et al. (2022) proposed that focusing on intestinal microbiota could be a useful 
tool for managing egg quality and safety in the future. Certainly, as our understand-
ing of the interaction between phytocompounds and the hen microbiota increases, 
this would be a promising strategy. It will also be essential to help reduce use of 
antibiotics and to use phytocompounds preventatively rather than therapeutically as 
antibiotics are used now. 

3.2 Feed Digestion and Nutrient Utilisation 

Herbs and spices can affect feed digestion and nutrient utilisation in multiple ways, 
e.g. via stimulation of: (1) the pancreas to produce lipase, amylase or proteases; 
(2) the liver to produce bile acids, which are important for fat digestion; (3) the 
differentiation of the enterocytes, resulting in a higher brush border enzyme activity; 
or (4) changing the rate of passage of feed through the intestinal tract, increasing the 
time available for digestion and absorption. The utilisation of absorbed nutrients is 
dependent on the health status of the hen. Stress and intestinal or systemic infections 
will reduce the efficiency of nutrient utilisation. Moreover, the egg production cycle 
causes a diurnal variation in nutrient requirements. Effects of herbs and spices as 
antioxidant, anti-inflammatory and immunomodulatory actives are dealt with in the 
following paragraphs. 

Platel and Srinivasan (2004) reviewed the effects of spices on nutrient digestion 
in animals. They showed that capsaicin, curcumin, ginger and piperine stimulated



the production of pancreatic enzymes, whereas bile flow was increased by fenugreek 
and mustard and brush border enzymes by coriander and onion. Unfortunately, to 
our knowledge, no systematic studies of phytocompounds on digestibility have been 
carried out with laying hens. Scientific publications on the effect of phytocompounds 
on digestibility in laying hens are mostly based on commercial products, not 
allowing to conclude on the effect of single actives. 
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Yu et al. (2019) showed in a dose response study of star anise (Illicium verum) oil 
(SAO) using 29-week-old Hyline brown laying hens that 400 mg SAO/kg was the 
optimal inclusion level to maximise the apparent digestibility of crude protein and 
first limiting amino acids lysine, methionine and threonine. They showed a signifi-
cant quadratic effect of the SAO inclusion level on nutrient digestibility. Although 
the digestibility of fat reached a maximum at the same SAO inclusion level, this 
effect was only numerical. Abdel-Wareth and Lohakare (2020) tested the effect of 
peppermint (Mentha piperit L.) oil (PO) on nutrient digestibility in 32-week-old 
Bovans hens. They used increasing dose levels from 0 to 296 mg PO/kg, and showed 
a linear increase in the digestibility of crude protein and fat with PO inclusion level. 
Dietary supplementation of 100 mg/kg oregano oil (OA) stimulated the activity of 
amylase and trypsin in the small intestinal contents of 30-week-old Hyline laying 
hens, being significantly higher than 50 mg OA/kg and numerically higher than 
150 mg OA/kg (He et al. 2017). They also observed a significantly higher GLUT2, 
SGLT1 and PepT1 gene expression in duodenal and jejunal tissue, indicating 
increased levels of intestinal transporters stimulating nutrient absorption. Dietary 
Moringa oleifera leaves supplementation in 64-week-old Hyline Brown laying hens 
decreased excreta ammonia concentration and improved feed efficiency (Abdel-
Wareth and Lohakare 2021) with increasing dose levels up to an inclusion level of 
6 g/kg. The maximum Moringa oleifera leaves inclusion was 9 g/kg. 

The polyphenols magnolol and honokiol from Magnolia officinalis work syner-
gistically in the hen to regulate hepatic lipid metabolism leading to lower liver 
triglyceride levels (Chen et al. 2022), important to help manage fatty liver syndrome 
in hens When nettle (Urtica cannabina) was fed to laying hens, the total n-3 PUFA 
concentration in the yolk was increased, while the ratio of n-6/n-3 was reduced in the 
nettle group (Zhang et al. 2020). Supplementing 29-week-old hens diet with the 
algae Spirulina platensis or turmeric at 0.3 and 0.6%, respectively, improved feed 
efficiency (Mobarez Samia et al. 2018), although in older hens (60 weeks) Spirulina 
platensis at up to 2% had no effect on FCR (Curabay et al. 2021). 

3.2.1 Improving Feed Utilisation Can Reduce the Environmental 
Footprint 

Feed has the largest impact on the environmental footprint of egg production, A 
laying hen at 90% production produces 0.05 Phosphorus, 0.3 Nitrogen and 3 kg CO2 

eq kg-1 protein (Flachowsky et al. 2018); as egg production decreases, so emissions 
increase. Improving nitrogen utilisation, for example, can help to lower the inevita-
ble emissions increase as production drops. Increased feed use efficiency could have 
significant impact on lowering emissions (Turner et al. 2022). Alternative protein 
and energy sources are increasingly considered in egg production to both lower



environmental footprint and economic reasons. Abín et al. (2018) suggested the 
replacement of palm oil with cottonseed could reduce the carbon footprint by 2.3 kg 
CO2 eq kg

-1 eggs. Using phytocompounds to stimulate enzyme production and 
intestinal nutrient transporters could facilitate the use of alternative ingredients in 
layer feed. Stimulating improved nutrient digestion and improved feed conversion 
can lower reduce many aspects of the environmental footprint (Fig. 2). Where hybrid 
strains are used, some genotypes preferentially select lower protein diets, suggesting 
there is scope for phytocompounds to possibly improve feed efficiency in these 
genotypes. 
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Fig. 2 Potential sustainability benefits deriving from feed efficiency improvements in laying hens 
(adapted from Zampiga et al. 2021) 

3.3 Mineral Utilisation 

Calcium for eggshell formation is obtained from the diet via absorption and 
mobilisation from the medullary bone. Compromises in calcium balance leads to 
bone weakness, low egg production, poor eggshell quality and reduced bird welfare. 
Abe et al. (1982) showed that the efficacy of 1-alpha hydroxylase in kidney 
homogenates from aged laying hens is reduced, resulting in reduced calcium absorp-
tion and eggshell quality. These observations were recently confirmed by 
Pampouille et al. (2022), who demonstrated that the serum content of 1,25 
(OH)2D3 was reduced in laying hens with poor shell quality compared to hens 
with good shall quality, whereas the intermediate metabolite 25(OH)D3 was not 
different between both groups. This indicated impaired activation of 25(OH)D3 in 
the metabolically active form of vitamin D3. Dietary supplementation with 1,25 
(OH)2D3 as glycosides from Solanum glaucophyllum leaves, a plant that naturally 
contains this active substance, effectively improved calcium metabolism and shell 
quality in aged laying hens (Van der Klis and Pedrosa 2022). Abdel-Wareth and 
Lohakare (2020) showed that peppermint oil increased eggshell strength and thick-
ness, while dietary Moringa oleifera leaves supplementation improved eggshell



thickness between 64 and 72 weeks of age in Hyline Brown laying hens up to an 
inclusion level of 6 g/kg (Abdel-Wareth and Lohakare 2021). 
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Essential oils Ferulago campestris and marine extracts from the algae Padina 
pavonica increased osteoblast proliferation by increasing alkaline phosphatase, 
mitogen-activated protein kinase and stimulating mineralisation activity. This 
resulted in increased bone mineral density and bone strength (Sabbieti et al. 2011; 
Minetti et al. 2019). Maltanedienol in P. pavonica exerts a phytooestrogenic effect; it 
is similar in structure to oestradiol-17β and is thought to stimulate oestrogen 
receptors, thereby promoting calcium fixation (Cassar et al. 2013). Other plants 
and extracts, e.g. essential oils from fennel, garlic, oregano rosemary, sage, echina-
cea and Drynaria roosii have also been shown to increase bone strength, although 
there may be a threshold above which these essential oils become detrimental to 
bone health (Olgun 2016; Świątkiewicz et al. 2018; Huang et al. 2020), as indicated 
also for nutrient utilisation. Betaine, found in many plants including spinach and 
sugar beets, has been shown to improve bone strength and density by reducing 
plasma homocysteine concentrations; high homocysteine levels have been shown to 
increase bone resorption leading to lower bone strength (Maidin et al. 2021). 

Horsetail (Equisetum arvense) is a plant rich in silica and flavonoids (Law and 
Exley 2011; Gründemann et al. 2014). When combined with Spirulina platensis (0.5 
and 2% respectively) eggshell thickness, strength and yolk colour were significantly 
improved in 63-week-old hens (Tufarelli et al. 2021). Silica accelerates the process 
of calcification and deposition in bone and shell, improving bone matrix quality and 
facilitating bone mineralisation (Jugdaohsingh et al. 2004), and therefore shell 
quality. Spirulina has been shown to improve eggshell quality, also likely due to 
its mineral content (Selim et al. 2018). 

3.3.1 Enhancing Mineral Utilisation Is a Key Tool for Sustainable 
Production 

Improving mineral utilisation, and thereby bone strength and eggshell strength, is 
crucial for animal welfare and egg production, especially towards the end of the 
laying cycle where eggshell quality tends to decline. A reduction in wasted egg eggs 
due to cracked shells would contribute to overall increased production, reduced farm 
environmental footprint and potentially to reduced losses due to breakage during 
transport. On-farm egg wastage (due to grading and predominantly eggshell defects) 
has been estimated up to 0.5% (Singh et al. 2009; Redlingshöfer et al. 2017), while 
wastage due to distribution/packaging accounts for 1% of the total waste from 
primary production to consumption (Birney et al. 2017). The environmental impacts 
estimated for food wastage vary, but for example, in Turkey, national on-farm egg 
wastage was estimated at 3.57 Mt. CO2 eq/year (Cakar et al. 2020), approximately 
1.5 CO2 eq kg

-1 protein. Even a 10% reduction in egg wastage through eggshell 
improvements could yield a reduction of 0.15 CO2 eq kg

-1 per kg/protein based on 
these calculations. 

Declining egg production and egg quality are the main drivers to replace laying 
flocks. Ensuring efficient mineral utilisation, and therefore skeletal integrity and 
eggshell quality, helps to keep birds in production longer, reducing the overall



number of hens in the system and the need to rear more pullets. Pullet rearing 
contributes approximately 19% to the environmental impact of egg production 
(Estrada-González et al. 2020), and thus reduction in overall pullet numbers would 
contribute to a reduction in environmental footprint of this stage of production. 
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3.4 Egg Quality and Production 

Egg quality and egg production tend to decline with age of bird, associated with 
reduced endocrine and liver function, yolk precursor, reduced synthesis of 1,25 
(OH)2D3 by the kidney, aged shell glands and poor digestive function (Joyner 
et al. 1987; Wistedt et al. 2019; Gu et al. 2021a, b). Moulting also leads to atrophy 
of the reproductive organs and reduction in endocrine secretions (Gongruttananun 
et al. 2017; Socha et al. 2017). At a minimum, mitigating declining egg production 
rates and egg quality through production should be a target for the use of plant-based 
feed additives. 

3.4.1 Egg Production 
Essential oil from the chaste tree (Vitex agnus-castus), a tree common to the 
Mediterranean, is rich in 1,8-cineole, sabinene and beta-caryophyllene 
(a sesquiterpene) and has been used for human female reproductive health for 
centuries as a source of phytoestrogens (Daniele et al. 2005). The supplementation 
of Vitex agnus-castus to laying hen feed led to a 19% increase in egg production, 5% 
increase in eggshell weight and an increase in oestradiol-17β hormone from 222 to 
435 pg/mL, in control and treated group respectively (El-Saadany et al. 2022). 
Rather than stimulating oestrogen receptors (flax seed, for example, contains phenols 
which act as oestrogenic alternatives (Rubilar et al. 2010)), it is suggested V. agnus-
castus decreases levels of prolactin and rebalances endocrine hormone (van Die et al. 
2012), leading to increased oestradiol-17β. Red pepper (Capsicum frutescens) and 
anise (Pimpinella Anisum L.) have been shown to increase oestrogen levels in 
60-week-old hens (El-Maaty and Sherif 2016). Forty-seven-week-old hens fed a 
commercial preparation using sanguinarine and chelerythrine (alkaloid extracts from 
the poppy Macleaya cordata) for 12 weeks were determined to have increased serum 
concentrations of luteinising hormone, progesterone, follicle stimulating hormone 
and oestradiol, although egg production did not differ from controls (Guo et al. 
2021). Flavonoid extracts from Epimedium (a group of plants used in Chinese 
medicine) have been demonstrated to restore egg production and improve develop-
ment of fallopian tubes and follicles post-moulting, via the stimulation of oestrogen 
synthesis (Huo et al. 2020). Turmeric has also been shown to improve egg produc-
tion (Laganá et al. 2011; Rahardja et al. 2015; Widjastuti et al. 2017; Mobarez Samia 
et al. 2018), although there might be threshold above which performance no longer 
benefits (Fawaz et al. 2022). Interestingly, Hassan (2016) reported no benefits of 
turmeric on egg production. 

Tea and tea extracts have shown positive effects on egg production (Rizk 2017; 
Xia et al. 2018, 2022). While Wang et al. (2018) found no effect of 1% green tea



powder on egg production, 2% green tea powder inclusion led to a negative impact 
on egg production, Zhu et al. (2020) reported that the type of tea extract (polyphenol 
or catechin) was significant for its effect on egg production; polyphenols increased 
egg production, while catechins had no effect. A combination of peppermint and 
thyme essential oil improved performance (increased egg production and egg mass 
and reduced FCR) in hens reared under low temperature conditions (6.8 ± 3 °C) 
(Akbari et al. 2016). Crushed black cumin seeds have been shown to increase egg 
production and eggshell thickness (Akhtar et al. 2003; Aydin et al. 2008; 
Mohammed and Al-Hameed 2021), although the effect is inconsistent (Hassan and 
Ragab 2007). 
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3.4.2 Egg Quality 
Egg quality characteristics, other than flavour and odour include yolk quality (height 
and diameter), albumen height, Haugh units, egg mass and eggshell thickness are 
influence by phytocompounds. In their review of polyphenols used in the poultry 
industry, Abd El-Hack et al. (2022) concluded that when administered in accurate 
doses, polyphenols:

• Improved egg size and numbers
• Improved egg weight
• Improved egg colour intensity
• Improved eggshell quality
• Improved egg yolk colour intensity and fatty acid contents
• Increased yolk and albumen weights 

A variety of plants and their extracts such as peppermint oil, Moringa oleifera 
leaves, black cumin, rosemary, clove bud powder, river saltbush (Atriplex amnicola) 
and Yucca schidigera extract increased eggshell thickness, and in some cases egg 
yolk colour (Aydin et al. 2008; Taheri Gandomani et al. 2014; Alagawany et al. 
2018; Çufadar 2018; de Koning et al. 2019; Abdel-Wareth and Lohakare 2020, 
2021). Leaves of Artemisia annua (a medicinal plant known to have antiprotozoal 
activity (Remmal et al. 2011; Fatemi et al. 2015) fed to hens was also shown to 
increase shell thickness (Baghban-Kanani et al. 2019). However, other authors 
report no benefits of some of these plants, e.g. peppermint oil or Yucca schidigera 
on improving eggshell thickness, although egg yolk cholesterol was reduced (Wang 
and Kim 2011; Dilawar et al. 2021). Similarly, Spirulina platensis did not influence 
eggshell thickness but did enhance yolk colour (Zahroojian et al. 2013). Peppermint 
oil as well as combinations of extracts from pomegranate (Punica granatum), 
Thymus vulgaris, and Allium sativum, and a combination of magnolia vine 
(Schisandra. chinensis) pomace, fermented pine needle (Pinus densiflora) extract 
and Chinese chive (Allium tuberosum) powder also increased egg quality in terms of 
Haugh units (Abou-Elkhair et al. 2018; Sharma et al. 2020; Abdel-Wareth and 
Lohakare 2020; Moon et al. 2021). 

Rosemary or thyme/thymol have been shown to increase Haugh units (Abdel-
Wareth 2016), while echinacea and oregano influence yolk colour and yolk index



respectively (Radwan et al. 2008; Jahanian et al. 2017; Alagawany et al. 2017). 
However, other studies report no effect on egg composition with the same herbs or 
other such eucalyptus or Pudina (Mentha spicata) (Botsoglou et al. 2005; Florou-
Paneri et al. 2005; Abd et al. 2008; Bozkurt et al. 2016; Devi et al. 2017). 
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3.4.3 Enhancing Egg Quality and Production Meets a Key 
Sustainability Objective: Efficiency 

The potential for plants and plant extracts to improve outputs from egg production 
systems is especially interesting in those markets, e.g. developing countries, which 
might use native breeds with low production; phytocompounds with phytoestrogenic 
properties could help boost production, and thereby efficiency. A 10% increase in 
egg production could lead to a reduction of 0.24 kg CO2 eq kg

-1 (Weeks et al. 2016). 
Similarly, an increase of 10 weeks of production could preserve approximately 14 of 
potentially polluting nitrogen per kg egg protein from entering the environment 
based on Bain et al. (2016). Where moulting is practiced, phytoestrogens could help 
restore productivity. El-Laithy (2009) suggested parenteral administration of 
oestradiol-17β to restore egg production after moulting, a function that could 
potentially be fulfilled by flax seed or Vitex agnus-castus, for example. Replacement 
of hens at the end of production can contribute up to 24% of the environmental 
impact of egg production, hence extension of the laying cycle has been suggested as 
a key factor to lessen the environmental footprint (Abín et al. 2018). 

Enhancing egg quality has a clear role in sustainability. The storage temperature 
of eggs and storage time as well as age of bird influence egg quality (de Menezes 
et al. 2012). Refrigerated (8 °C) eggs have better long-term quality than eggs stored 
at room temperature (25 °C) but egg quality still declines with storage duration, 
irrespective of temperature. Similarly, eggs from older hens tend to have poorer 
quality than those from younger hens. In addition to improving the egg antioxidant 
status and shelf-life, phytocompounds could also improve other measures of egg 
quality such as yolk quality and colour, characteristics that can enhance customer 
buying power. Improved eggshell strength can reduce egg losses both in the house 
and at later stages in the supply chain. As mentioned earlier, increased saleable eggs 
can lower the environmental footprint of egg production on farm and in the later 
stages of the supply chain, e.g. retail. 

3.5 Antioxidant Status 

The antioxidant status of the hen is a key factor in bird health and production. 
Stresses in commercial poultry result from environmental, nutritional, 
microbiological and management factors which negatively impact poultry health 
and production (Mishra and Jha 2019). For example, heat stress increases the rate of 
oxidative stress (Nidamanuri et al. 2017). In hens, the production of corticosterone in 
response to stress suppresses follicular development. This in turn increases energy 
intake and available energy is increased by decreasing the availability of the 
circulating yolk precursor preventing yolk deposition in follicles leading to lower



egg production (Odihambo Mumma et al. 2006; Wang et al. 2017). Acute oxidative 
stress has been shown to directly reduce egg production (Abbas et al. 2022). The 
gastrointestinal tract (GIT) is continuously exposed to a plethora of challenges from 
feed ingredients, pathogens, mycotoxins etc. and is under constant stress (Mishra 
and Jha 2019) Given the critical role of the GIT in nutrient absorption and immune 
response and as a selective barrier, supporting a balanced antioxidant status in the 
GIT is essential. 
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Oxidative stress is a consequence of these stresses; an imbalance between reactive 
oxygen species (ROS) and antioxidants leading to elevated ROS (Schieber and 
Chandel 2014). ROS are by-products of aerobic metabolism, including immune 
system processes, and are chemically reactive for different biological targets. An 
excess of ROS can lead to damage of cell membranes, proteins and DNA. However, 
ROS are also important for signalling in physiological processes as well as cell 
growth regulation, synthesis of biological products, and energy production. ROS are 
also important in the immune system acting as cell signals and in phagocytosis; the 
immune system produces ROS to kill pathogens acting as cell signals and 
compounds. Oxidative stress can limit the immune system, leading to comprised 
immune defences (Biller-Takahashi et al. 2015). The nuclear factor (erythroid-
derived 2)-like 2/Kelch-like ECH-associated protein 1 (Nrf2/Keap1) system plays 
a major role in maintaining the balance of ROS via antioxidant response elements 
which regulate a series of detoxifying and antioxidant enzymes (Qin and Hou 2017). 

3.5.1 Affecting Antioxidant Status in the Bird 
Many phytocompounds evaluated for inclusion as feed additives demonstrate anti-
oxidant activity predominantly associated with the presence of polyphenols Essen-
tial oils from plant families such Lamiaceae have well documented antioxidant 
activity in vitro and in vivo in birds (Matkowski and Piotrowska 2006). Clove bud 
essential oil has been shown to have more than ten-fold higher antioxidant activity to 
inhibit 2–2-diphenyl-1-picric hydrazyl (DPPH) free radical than vitamin E (Taheri 
Gandomani et al. 2014). Supplementation of hen diets with combinations of thyme, 
mint, rosemary or dill, resulted in lower serum and liver glutathione peroxidase 
(GSH) activity malondialdehyde (MDA) concentrations and elevated serum super 
oxide dismutase (SOD) activity (El-Hack and Alagawany 2015; Alagawany and 
El-Hack 2015; Alagawany et al. 2017; Mousavi et al. 2017), while the algae 
Spirulina platensis and star anise (Illicium verum Hook. f.) also improved overall 
antioxidant capacity (Yu et al. 2018; Tufarelli et al. 2021). Wang et al. (2018) 
observed that hens fed tea polyphenols had improved magnum morphology, 
attributed to improved magnum health due to increased antioxidant activity; 
increases in albumen height and haugh units were also observed. Astaxanthin 
(ASTA), from the algae Haematococcus pluvialis, has been shown to increase 
total antioxidant capacity, SOD and GSH levels in the plasma, livers and egg 
yolks of hens under both normal and heat-stressed conditions, likely via upregulation 
of enzymes in the Nrf2 pathway (Magnuson et al. 2018; Gao et al. 2020; Heng et al. 
2021). Generally, phytocompounds have low absorption in the small intestine, 
suggesting their effect on the animal is via indirect pro-oxidant properties,



biotransformation, signalling transduction and gene expression regulation rather 
than direct antioxidant properties (Qin and Hou 2017). 
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Impact of external stressors: External stressors, e.g. temperature can induce 
oxidative stress. Chen et al. (2018) demonstrated that supplementation of eucalyptus 
leaves to feed did not significantly affect hen’s total antioxidant capacity under 
normal conditions, yet when hens were exposed to ethanol-induced oxidative dam-
age, serum antioxidant status was significantly improved, resulting in lower live 
damage. Akbarian et al. (2016) also observed in their review of dietary 
phytochemicals used in heat-stress birds, that many of the whole plants or extracts 
that contained polyphenols (flavonoids and lignans) only demonstrated a benefit 
when birds were heat-stressed, i.e. the plants were less, or ineffective, in non-heat 
stressed birds. Hens fed bitter apple fruit (Citrullus colocynthis) seeds had improved 
overall antioxidant capacity under both non-stressed and oxidative stressed 
conditions using the herbicide paraquat (paraquat toxicity leads to excessive super-
oxide radical production, triggering inflammation responses and oxidative stress) 
(Abbas et al. 2022). 

Meat quality: Enhancement of meat quality in hens using plant extracts is 
unclear. In 50-week hens fed microalgae (Aurantiochytrium sp.), there was no 
significant change in meat quality (Liu et al. 2020a), while no improvement in 
carcass yield was recorded in 101-week old hens fed Sea Buckthorn (Kang et al. 
2015). However, in 36-week-old hens fed polyphenolic extracts from hybrid Euca-
lyptus, meat pH was increased and drip loss decreased (Chen et al. 2018). 

Mycotoxins: Mycotoxins such as zearalenone or aflatoxin B1 have been shown 
to lower gut microbiota diversity, impact ovarian function and compromise immu-
nity and antioxidant status (Azzam and Gabal 1998; Rizzi et al. 2003; Nakade et al. 
2016; Yuan et al. 2022). Oregano essential oil (400 mg/kg) has been shown to 
counter the reduction in antioxidant status (increased MDA and reduced SOD) 
observed in Japanese quail fed aflatoxin B1 2.5 mg/kg diet (Abdelrazek et al. 
2015). Silymarin (a flavonoid isolated from milk thistle (Silybum marianum)) fed 
to hens at 100 mg/kg feed simultaneously with 0.05 ppm aflatoxin and 20 ppm 
fumonisin significantly reduced glutathione S-transferase activity and numerically 
increased thiobarbituric acid reactive substances (TBARS) compared to birds only 
receiving mycotoxins (Armanini et al. 2021). 

Protozoal infections: The antioxidant properties of plants have been suggested 
as one reason for their apparent efficacy to reduce protozoal infections in birds 
(Naidoo et al. 2008). Over 68 plants and phytocompounds have shown efficacy 
against protozoa including plants from the Lamiaceae (e.g. Origanum spp. and 
Mentha spp.), Artemisia spp. (Asteraceae), Moringa spp. (Moringaceae), Melia 
azadirachta (Meliaceae) (Muthamilselvan et al. 2016). Allium tripedale, a species 
of wild onion, has been shown to produce similar results to the anticoccidial drug 
diclazuril in birds for both coccidial control and performance (Habibi et al. 2016). 

3.5.2 Affecting Antioxidant Status in the Egg 
Signs of oxidation in eggs include changes in colour and flavour and off-odour, 
i.e. indicators of reduced palatability and quality. In 78-week-old hens fed dried sage



total tocopherol in egg yolk was observed to increase 2.3-fold versus control eggs 
from birds fed a basal diet containing 40 IU vitamin E. Loetscher et al. (2014) 
hypothesised that the improved antioxidant status in the study using natural 
antioxidants was related to a vitamin E sparing effect in the gut. Layers fed 
eucalyptus leaves, green tea water extracts, echinacea, oregano, rosemary or skullcap 
mushroom have shown evidence of reduced lipid oxidation in fresh egg yolks or 
prolonged storage (Botsoglou et al. 2005; Florou-Paneri et al. 2005; Radwan et al. 
2008; Jahanian et al. 2017; Alagawany et al. 2017; Batista et al. 2017; Chen et al. 
2018; Xia et al. 2022). Egg shelf-life was improved in eggs kept at both 5 °C and 21 ° 
C for 28 days from 50-week hens fed pumpkin seed meal (Vlaicu and Panaite, 2022). 
The authors attributed this improvement in shelf life to delayed lipid oxidation and 
protein degradation. 
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Torki et al. (2018) reported a synergistic effect between chicory, rosemary and 
dill on egg yolk oxidative capacity when fed to hens, both in non-stressed and heat-
stressed birds. Conversely, (Galobart et al. 2001) saw no improvement in markers of 
lipid oxidation in eggs from hens fed rosemary powder. Aqueous-alcoholic extract 
of roselle (Hibiscus sabdariffa) leaves also had no effect on antioxidant status of 
eggs from 35-week-old hens (Sarvestani et al. 2020). 

3.5.3 Maintaining Antioxidant Status Is a Significant Contributor 
to Sustainable Egg Production 

The antioxidant status of the hen is the basis for a healthy bird. It is crucial for the 
efficiency of the GIT, for immunity and therefore performance of the hen. The Nrf2/ 
Keap1 system is linked to many other functions including antioxidant and anti-
inflammatory, hence the modulation of this system by phytocompounds likely plays 
a role in the broad biological activity of phytocompounds (Qin and Hou 2017). 
Maintaining feed intake, health and production in the face of disease and enteric 
challenge will help maintain the low GHG emissions (less than 0.5 CO2 eq kg

-1 ) per 
average daily feed intake reported for egg production (de Vries and de Boer 2010). 

Improving egg quality and potentially egg shelf life via slower lipid oxidation 
using phytocompounds is important for the supply chain; eggs can be stored longer 
reducing wastage or there is potentially less adverse impact of variation in storage 
temperature. However, it cannot be assumed that elevated antioxidant capacity in the 
hen translates to improved antioxidant status in the egg (Harrington et al. 2020); 
older hens preferentially deposit antioxidants in the egg not body (Loetscher et al. 
2014). Consequently, antioxidant status of the hen and egg should be considered 
separately when evaluating potential plant-based feed additives for both egg quality 
and using spent hens in the food-chain. Improving carcass quality of spent hens can 
further reduce GHG emissions footprint (Taylor et al. 2014). 

Thermal stress can adversely impact hen oxidative status and performance, 
leading to reduced feed efficiency and egg production (Nidamanuri et al. 2017; 
Barrett et al. 2019; Li et al. 2020). Improving the thermotolerance of birds using 
phytocompounds (Samarasinghe et al. 2003; Radwan et al. 2008; Rajput et al. 2013; 
Fawaz et al. 2022) could reduce primary energy inputs for heating/cooling or counter 
the effects of climate are more pronounced, improved bird thermotolerance by



maintaining hen feed and production efficiency. Some estimates suggest maintaining 
the house environment using primary energy contributes 5.14 × 10-3 CO2 eq kg

-1 

due to primary energy usage to support birds (Estrada-González et al. 2020); using 
phytocompounds to improve hen thermotolerance could reduce this impact. 
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Feed insecurity associated with high feed cost and compromised feed safety, 
e.g. from mycotoxins, is a challenge for the poultry industry, particularly in devel-
oping countries (Ochieng et al. 2021) and is compounded by climatic extremes. The 
supplementation of hen diets with phytocompounds could help to counter the 
detrimental impact of mycotoxins on production, particularly where poor-quality 
cereals are used. 

3.6 Immune Status 

The energy demands of mounting an immune response requires a potential trade-off 
between body condition, egg-laying/egg composition and immune function if 
resources are limited (Hanssen et al. 2004; Cucco et al. 2010). Some nutrients can 
be considered essential for the immune system and their deficiency can influence 
immunocompetence and be deleterious for those tissues that are sensitive to nutrient 
levels. Other nutrients could be considered immunomodulatory whereby the inten-
sity of immune response can be influenced by their supplementation rather than the 
absence of such nutrients comprising immune status (Koutsos and Klasing 2014). 
Laying activity in hens appears to bias the immune system toward long-term 
humoral response with strong innate responses (Koenen et al. 2002; Schmucker 
et al. 2021). Forced moulting, typically stimulated by a reduction in nutrient density, 
is practised to restore higher egg production and can negatively affect both innate 
and acquired immunity, with a decrease in the functional immune response of 
leucocytes (Nathan et al. 1977; Holt 1992a, b; Kogut 2009). Moulting can also 
increase entry of enteric foodborne pathogens into the reproductive tract, leading to 
contaminated eggs (Cogan and Humphrey 2003). 

3.6.1 Phytocompounds Can Have Broad Ranging Effects 
on the Immune System 

Antibody responses: Circulating immunoglobulin levels increase in hens given 
Fenugreek (Trigonella foenum-graecum L.), and red, blue-green algae powder 
(SPP) in water (Zadeh et al. 2015; Kulshreshtha et al. 2017; Nia et al. 2021). 
Humoral immunoglobulins also increase in hens fed dried rosemary, thyme, or 
clove bud or their corresponding essential oils (Radwan et al. 2008; Taheri 
Gandomani et al. 2014; Alagawany et al. 2017). (Gultepe et al. 2020) report that 
myrtle (Myrtus communis L.) increased IgY levels in older hens. Yucca schidigera 
extract and curcumin have also been shown to increase circulating IgY levels in hens 
(Liu et al. 2020b). Powders of the Chinese herbal medicine plants Ligustrum lucidum 
and Schisandra chinensis and blue-green algae Spirulina platensis have been shown 
to increase Newcastle Disease virus (NDV) vaccinal titres, including under heat 
stress (Ma et al. 2005; Nia et al. 2021). Conversely, when specific antibody titres



were measured, e.g. to infectious bronchitis virus, NDV or infectious bursal disease, 
essential oils from oregano, laurel, sage, myrtle, fennel and citrus peel had no effect 
in hens 36–68 weeks of age (Özek 2012; Bozkurt et al. 2012). Dried Egyptian clover 
(Trifolium alexandrinum), a forage crop grown in sub-tropical regions, or seeds of 
Nigella sativa have shown no demonstrable effect on the immune system of the 
laying hen (Hassan and Ragab 2007; Ragab and Hassan 2007), despite reports of 
increased egg production (Akhtar et al. 2003). 

586 D. Harrington et al.

Cellular immunity: Hens fed eucalyptus powder had significantly higher wattle 
swelling 24–72 h after injection with phytohemagglutinin compared to control hens, 
indicative of an elevated cell-mediated response (Abd et al. 2008). Eucalyptus, 
fennel, garlic and thyme have been shown to increase monocyte levels in hens 
(Abd et al. 2008; Ghasemi et al. 2010; Nasiroleslami and Torki 2010; Bozkurt 
et al. 2012). Eugenol (from clove oil), gingerol (from ginger), quercetin (found in 
many fruits, vegetables and tea) and capsaicin have also been indicated to have anti-
inflammatory activity by, for example, lowering expression of pro-inflammatory 
cytokines or modulation of the Nf-ĸB pathway (Yang et al. 2020; Feng et al. 2021). 
Curcumin powder increased complement activity and reduce proinflammatory cyto-
kine expression (IL-1β, IL-6 and TNF-α) and subsequently lower TLR4 protein 
expression in thermally stressed birds, perhaps as a dose response (Nawab et al. 
2019, 2020; Mosayyeb Zadeh et al. 2020; Liu et al. 2020b; da Rosa et al. 2020). 
Interestingly, while Spirulina platensis stimulated an increase in humoral antibody 
response, there was no increase in cell mediated responses to phytohemagglutinin 
injection (Nia et al. 2021). The apparent heterogeneity in response to 
phytocompounds could relate to the type, route and level of immune stressor. 

3.6.2 The Importance of Hen Immunity for Sustainability 
Enhancing protective immune responses to pathogens in the absence of antibiotics 
for example, is important to maintain efficient, and therefore sustainable production. 
Vaccination is essential for maintaining animal health, particularly where reliance on 
chemical and antimicrobial tools is reduced. Boosting vaccinal antibody titres can 
help protect hens during production, reducing the impact of pathogen challenges 
including zoonotic organisms will ensure efficient and uninterrupted egg production. 
Similarly, bolstering immune responses in older hens using phytocompounds is 
important when longer laying cycles are considered or birds are moulted leading 
to comprise immunity. 

As described earlier, modulating the gut and other microbiota either directly or 
indirectly, can reduce pathogen load. Modulating inflammatory responses to infec-
tion, e.g. coccidiosis or colibacillosis, is a key component of mitigating the impact of 
the pathogen on the host, either directly or via reduction in the impact of secondary 
infections. There is also mitigation of the energy cost of mounting immune 
responses, particularly if an infection is chronic. Plant-based additives can facilitate 
the hen into diverting resources back into egg laying. 

Adoption of extensive poultry housing increases the risk of exposure of birds to a 
broader range of potential pathogen challenges requiring a more robust protective 
immune response either via natural immunity or vaccination. The challenge is to



identify the specific immunomodulating properties of the plant of interest and use it 
strategically, given the potential other additives in use in the feed and immune 
stressors to be experienced. 
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3.7 Ammonia Reduction 

While Swelum et al. (2021) proposed that plant feed additives be used for GHG 
mitigation due to their ability to increase ‘birds’ intestinal dignity’, reduce unab-
sorbed and undigested nutrients and modulate microflora, some phytocompounds 
can have direct activity on ammonia. Yucca schidigera, a plant native to Southwest-
ern USA and Mexico, has been shown to lower ammonia emissions from poultry 
manure by up to 73%, while supplementation in poultry diets can lower ammonia by 
to 40%, without adversely affecting performance (Gurbuz et al. 2011; Chepete et al. 
2012; Matusiak et al. 2016; Alagawany et al. 2018). Y. schidigera contains steroidal 
saponins and glycoproteins which physically bind ammonia, thereby reducing free 
ammonia (Wu et al. 1994; Cheeke 2000). The saponins may also reduce urease 
activity during microbial decomposition in manure which would result in slow 
ammonia release (Saeed et al. 2018), although it is questionable how much yucca 
inhibits microbial degradation of urea is unclear (Makkar et al. 1999). There are 
other plants rich in saponins including fenugreek (Trigonella foenum-graecum L), a 
source of steroidal saponins, that warrant further investigation for ammonia reduc-
tion (Petit et al. 1995; Wina 2018). Recent work by Park et al. (2018) showed that 
laying hens fed fenugreek seed extract emitted 38% less ammonia than control birds. 
However, the authors attributed this reduction in ammonia to modification of the gut 
microbiota rather than binding of ammonia per se. A source of triterpenoid saponins, 
Quillaja saponaria Molina (a tree endemic to Chile) has also been evaluated for the 
reduction in ammonia in animal production, either alone or in combination with 
Y. schidigera (Güroy et al. 2016; Bartoš et al. 2016; Dang and Kim 2020; Abozeid 
et al. 2021; Bafundo et al. 2021), lowering ammonia production in commercial egg 
laying facilities by up to 63% (Harrington and Decap 2021). 

3.7.1 Plant Extracts Can Be a Tool for Direct Reduction in GHGs 
to Lower Environmental Footprint 

While GHG emissions can be reduced via modulation of the gut microbiota and 
nutrition, studies would support the case for saponin sources as potential in-feed 
mitigants to lower ammonia emissions (Adegbeye et al. 2020). Plants such as yucca 
and quillaja do not negatively impact performance, and indeed, in some instances 
have been shown to enhance performance. Saponins have other well-documented 
properties including anti-inflammatory and anti-protozoal activity (Cheeke 2000; 
Hristov et al. 2003). Consequently, they have benefits for sustainable production in 
addition to reducing GHG emissions, with the potential to modulate gut health and 
protozoal infections and reduce reliance on drugs.
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4 Sustainability Requires a Multifaceted Approach 

The discussion of what is sustainable in egg production has changed dramatically 
over the last 20 years; in 2002 cages were considered the most sustainable option; 
current thinking suggests hens should be reared cage-free (de Boer and Cornelissen 
2002; EC  2021). Undoubtedly, the discussion of what comprises sustainable egg 
production will continue and evolve. The stakeholder groups are diverse and differ-
ent perspectives, e.g. extremist views from activist groups, can often inform the 
debate without prudence to underlying science or fact (de Olde et al. 2020; Leroy 
et al. 2022); although under the societal pillar of sustainability (FAO 2012), it could 
be argued the extremist view has as much validity as mainstream. LCA of egg 
production is complex and the outcome can be influenced by numerous factors 
including location and the underlying data assumptions (Dekker et al. 2013; Abín 
et al. 2018; Estrada-González et al. 2020; Costantini et al. 2021). 

4.1 The Phytocompound Cascade in Sustainability 

The on-farm sustainability considerations for egg production are diverse and include 
energy usage, manure management, housing, feed, length of laying cycle, genetics, 
production efficiency, sexing and good intestinal health and disease management 
and require a multifaceted approach. Guillaume et al. (2022) identified feed conver-
sion ratio (FCR), feed composition and manure management to be the most impor-
tant factors influencing the total environmental impacts of egg production. LCA 
show a clear relationship between environmental footprint and feed and production 
efficiency of the hen. If the hen can produce more saleable eggs for lower inputs, the 
overall environment footprint (from primary production to household consumption) 
will lower. Feed additives based on phytocompounds offer the potential to influence 
the physiological efficiency of the hen and therefore positively influence the 
considerations of sustainability either directly or indirectly, via:

• enhancing gut health
• improving feed and mineral utilisation
• bolstering immune status
• improving production and egg quality
• reducing faecal ammonia
• enhancing food safety 

Plant-based additives could be useful tools to help meet the demands of sustain-
able egg production if used strategically. For example:

• Intestinal health – grape seed or Bilberry leaves could support gut microbiota
• Disease management – red seaweed to reduce Salmonella and ensure food safety; 

blue-green algae Spirulina platensis to enhance immune responses and vaccinal 
titres; Artemisia spp. for protozoal challenges



• Production efficiency – Solanum glaucophyllum as a natural vitamin-D source 
throughout the cycle; pumpkin seed meal to improve egg quality and shelf-life

• Length of laying cycle – Padina pavonica to increase bone strength and 
mineralisation in older layers; Anise (Pimpinella Anisum L.) to maintain hormone 
levels

• Manure management – Yucca schidigera or Quillaja saponaria for ammonia 
reduction from manure

• Feed efficiency – Origanum vulgare to increase enzyme activity and intestinal 
nutrient transporters; Illicium verum to increase protein digestibility; Magnolia 
officinalis to support hepatic lipid metabolism and lower risk of fatty liver. 
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Fig. 3 The multiplying effect of impact of phytocompounds in the laying hen on dimensions of 
sustainability for egg production 

The ability to combine plants and their extracts to achieve specific outcomes is an 
exciting prospect. An example of the potential cascade of benefits from physiologi-
cal effect in the hen to the influence on the four dimensions of sustainability (FAO 
2012) is shown in Fig. 3.
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4.2 Understanding Current Limitations and Nature Identical 
Compounds 

The lack of consistency of efficacy can still present a barrier for commercial adoption 
of many interesting ingredients (Bozkurt et al. 2014; Harrington et al. 2020). 
Karásková et al. (2016) summarised the challenge well, ‘. . .long term studies will 
be crucial, proving mainly the efficacy of these additives, their safety with regard to 
animal health, the quality of animal products and environment, and, subsequently, 
their availability in terms of their anticipated regular use’. The potential to combine 
plants and their extracts to achieve specific performance or environmental outcomes 
is an exciting prospect but not all phytocompounds will act synergistically when 
used contemporaneously or at high inclusions, while other phytocompounds can be 
toxic. 

Consideration of the plants as a biological resource to manufacture the feed 
additive is as important as the output for LCA; resource replenishment needs to 
exceed depletion. Questions often arise concerning manufacturing costs of plant-
based additives; can they be manufactured in a cost-efficient, ethical and sustainable 
way that it is still economically viable to be used by the farmer? The impact of 
harvesting wild plants or the impact of cultivating plant species on the environment 
and local ecosystem also needs to be considered. Combining multiple plant extracts 
or natural phytocompounds to deliver a highly efficacious product can also poten-
tially be cost prohibitive if production costs are high. Cost is one of the major 
concerns for sustainable egg production (de Olde et al. 2020). 

Synthetic production of phytocompounds or nature identical (NI) is a growing 
area (Braga et al. 2019) enabling the production of fully synthetic plant-based feed 
additives. While NI phytocompounds appear to be as efficacious as their naturally 
derived counterparts, the larger diversity of phytocompounds in natural products is 
more effective for the target animal and environment (Reddy 2019; Rossi et al. 
2020). However, the concept of ‘natural’ products and associated ‘natural produc-
tion’ is strong and important to consumers (Grigoriadou et al. 2020) and how 
synthetic products would fit within this scenario needs further exploration. 

5 Conclusions 

A multifactorial, multistakeholder approach is needed to ensure eggs are produced 
sustainably, which includes the rearing phase. Big steps have been made by 
introducing hens that can produce over 500 eggs per hen housed. Although it is 
recognised that plant-based additives have a wide variety of functions that support 
sustainable egg production, the modes of action on single components and of 
synergies between them are currently only partly understood. To fully use their 
potential, additional research is needed in pullets and laying hens. Plant-based feed 
additives must have a clear benefit to improve efficiency/reduce environmental 
contaminants, while delivering a positive economic return.
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Application of Feed Additives in the Diets 
of Turkeys 
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and Metin Çabuk 

Abstract 

Over the last half-century, the poultry production industry witnessed a great 
dependency on the in-feed use of antimicrobials to promote health and produc-
tivity. However, the continuous and uncontrolled use led to the ban of growth-
promoting antibiotics (AGPs) due to resistance and residue concerns. In addition, 
intensive farm management procedures of modern turkey rearing systems also 
result in physiological, biochemical and metabolic changes that are difficult to 
address. Consequently, turkey growers are faced with the challenge of 
maintaining productivity and preventing diseases on their farms. These 
challenges facilitated the development and evaluation of novel antibiotic 
alternatives, such as probiotics, prebiotics, synbiotics, organic acids, enzymes, 
yeast-based products, phytogenics, bacteriophages and algal derivates. The main 
purported mode of action of these feed additives was to manipulate gut 
microbiota to achieve optimal gut function and integrity along with balanced 
microbiota for better growth and improved health status of turkeys. However, 
reports of the effect of dietary supplementation with these additives on turkey 
performance traits are contradictory and inconclusive. In addition, a vast number 
of studies with broiler chickens have revealed distinctive characteristics of these 
additives under intestinal health challenges or any other management stressor, but
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experiments with turkeys under such circumstances are considerably limited and 
still require elucidation. It is apparent that for a deeper understanding of the 
effectiveness of these additives purported to maintain gut health and production 
efficiency in turkey production, a more comprehensive approach is needed 
beyond the mere use of the additives. Therefore, the current review aims to 
compile results published with turkeys and suggest how the use of these novel 
feed additives may improve the overall health status of turkeys and production 
efficiency in a sustainable, economic, environmental- and animal welfare-friendly 
way while enabling safe food for consumers.
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1 Introduction 

Commercial turkey production practices have evolved considerably over the last 
half-century. This has resulted from improvements in poultry genetics, nutrition, 
management and health maintenance, among other factors (Scott 1987; Grashorn 
and Bessei 2004; Huff et al. 2007; Chiang et al. 2008; Hafez and Awad 2021; Gous 
et al. 2022; Krautwald-Junghannsa and Janja 2022). Modern hybrid male and female 
turkeys weighing almost 18 kg and 14 kg, respectively, after a 112 days fattening 
period are the result of an intensive and continuous artificial selective process for 
commercial objectives, which has led to increased productivity (Huff et al. 2008; 
Hocking 2014). However, this continuous selection process also brought physio-
logic, biochemical and metabolic changes and immunodepression associated with 
the intensive farm management procedures of modern turkey production rearing 
systems (Hocking 2014; Huff et al. 2014; Erasmus 2018). For almost a half-century, 
turkey producers have achieved great success in addressing certain challenges, such 
as those hampering optimal bird health and productive output, by supplementation 
with AGPs (Leeson 1984; Firman and Kirn 1989; Waibel et al. 1991; Ferket 2013). 

However, the emergence of antibiotic-resistant bacteria and the rise in antibiotic 
residue in edible meat have led to consumer concerns over their use in feed and have 
resulted in a move away from the use of antibiotics in livestock production world-
wide (Neveling and Dicks 2021). The consideration of strict antimicrobial 
restrictions on their use in animal agriculture also led the turkey industry to seek 
efficient, cost-effective, sustainable and environmentally friendly alternatives to 
AGPs with no residue or resistant properties (Ferket 2013). 

Consequently, a vast number of new feed additives have become continuously 
available in the market, with the purpose of manipulating the functionality, structure, 
integrity and microbial composition of the intestinal tract to manage intestinal health 
challenges and maintain optimal growth performance. Strategies to accomplish these 
crucial mechanisms of the digestive system through organic acids, probiotics, 
prebiotics, synbiotics, phytochemicals, yeast-based products and enzymes are



showing promise in enhancing general health status and production efficiency in 
turkeys. Although this list includes the most researched alternatives, there are 
exceptional alternatives to antibiotics that have been discussed by other authors. 
Bacteriocins (Cole et al. 2006), antimicrobial peptides (Forkus et al. 2017), clays 
(Denli et al. 2009), and several trace minerals (Flores et al. 2021) have also been 
reviewed as antibiotic alternatives, but only organic acids, probiotics, prebiotics, 
yeast-based products, phytogenics and enzyme alternatives are discussed in the 
current literature review. These principal control strategies are likely to include 
combinations of products as replacements for AGPs such as synbiotics (Omidiwura 
et al. 2018; Czech et al. 2020). Thus, there is a great opportunity to demonstrate the 
efficacy of six kinds of alternative strategies to feed antibiotics in the turkey 
production chain, but adequate information on the use of exceptional strategies is 
significantly lacking. 
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Altogether, the available information indicates that these compounds could be 
used as dietary supplements with various applications, including antimicrobial, 
immune system stimulation, antiparasitic, anti-inflammatory and antioxidant actions 
(Hollister et al. 1994; Hafez and Hauck 2006; Dutta et al. 2008; Loeffler 2014), as 
well as several beneficial reflections on meat quality traits, including microbial and 
sensory actions (Botsoglou et al. 2003; Dewi et al. 2021). Furthermore, positive 
implications regarding environmental and turkey welfare outcomes through supple-
mentation of these feed additives were demonstrated (Odetallah et al. 2002; Huff 
et al. 2011). Meeting these demands while still being profitable and successful is 
often a great challenge for turkey producers. This review provides a brief overview 
of performance-enhancing feed additive use in turkey production and introduces 
some examples of how dietary and other management factors interact with their 
mechanism of action. 

2 Organic Acids 

In the feeding of poultry, organic acids, known to have strong antibacterial effects, 
have been used as control agents to reduce the intraluminal concentration of coliform 
bacteria and other acid-intolerant organisms, such as Campylobacter and Salmo-
nella, known to be involved in digestive disorders (Izat et al. 1990; Ricke 2003; 
Immerseel et al. 2006). Organic acids, so-called acidifiers, also have several addi-
tional effects on gastrointestinal tract (GIT) health and productive performance. 
These include a reduction in digesta pH, increased pancreatic secretion, and 
enhanced feed utilization, thereby increasing the digestion and absorption of 
nutrients (Patten and Waldroup 1988; Yang et al. 2018). 

The majority of research studies related to the use of organic acids have been 
conducted on broiler chickens, often with inconsistent results (Günal et al. 2006; 
Hernández et al. 2006; Adewole et al. 2021). There are a limited number of studies 
with hybrid turkey toms; scant information is available on organic acids as feed 
additives in turkey diets, reporting antibacterial activity in the gut with some success



but failure to promote body weight (BW), body weight gain (BWG), feed conversion 
rate (FCR) or meat yield. 
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In the study by Wajda et al. (2010), formic acid, mostly used as an acidifying 
agent in poultry and pig production, was administered to Big 6 turkey toms via the 
drinking water route over the entire experimental growth period (from 1 to 4 weeks 
of age—5 l/tonne, from 5 to 8 weeks of age—4 l/tonne, from 9 to 18 weeks of age— 
3 l/tonne). Body weight gain, FCR and mortality rate determined at 4, 8, 12 and 
18 weeks of age were not affected by formic acid (Acidum formicum) intake. 
Slaughter characteristics (the percentage rate of carcass yield, breast muscles, thigh 
muscles, drumstick muscles, total leg muscles and abdominal fat), chemical compo-
sition (percentage of dry matter, total crude protein, fat and ash) and sensory 
properties (pH 24, brightness, water-holding capacity, palatability, juiciness and 
tenderness) of meat from turkeys determined at the end of the trial were comparable 
between birds treated with and without formic acid. 

One strategy is to increase the effectiveness of organic acids by means of an 
antimicrobial in-feed preparation by combining them with phytogenic compounds 
with certain antibacterial activities (Basmacioğlu-Malayoğlu et al. 2016; Stefanello 
et al. 2020). Such a combination strategy showed benefits in broiler chickens in 
terms of growth performance indices, villus structure and absorptive surface area and 
reduced the pathogenic bacteria count in the intestines (Bozkurt et al. 2012; Weber 
et al. 2012; Gheisar et al. 2015). This synergistic mechanism of action between 
organic acids and plant essential oils, formerly demonstrated in broiler chickens, was 
tested on 400 male turkeys (Large White Big 6) from one day of age to 140 days of 
age (Mikulski et al. 2008). For this purpose, a four-phase basal feed mixture without 
any performance-enhancing feed additives was initially prepared and then 
supplemented with either a blend of organic acids (formic acid and propionic acid) 
or a mixture of organic acids (citric acid, fumaric acid, orthophosphoric acid and 
malic acid) and an essential oil blend from citrus fruits, cinnamon, oregano and 
thyme. Such a combination of specific plant bioactives with diverse antimicrobial 
and enzymatic activities and organic acids with strong antimicrobial properties, 
either alone or in combination, showed no notable effect on BWG or FCR in turkeys 
after a 140-day feeding period. When compared to the unsupplemented treatment, 
significant reductions were determined in crop pH with dietary supplementation of 
organic acids and blends of essential oils, but no such effect was observed for gizzard 
and caecal pH levels. The enzymatic activities of α-glucosidase, β-glucosidase, 
α-galactosidase, β-galactosidase and β-glucuronidase in the caecal content were 
significantly higher in birds fed the tested supplements than in those fed the 
unsupplemented control, while only α-glucosidase responded positively to the 
organic acid blend in ileal digesta. These improvements in enzymatic activities 
derived from the organic acid and essential oil supplementation do not seem to be 
reflected in nutrient utilization and, ultimately, the final growth performance of the 
turkeys. 

In contrast to observations on the performance of hybrid turkeys reared under 
standard management conditions, organic acids demonstrated some beneficial 
effects in improving the performance of turkey poults at risk for potentially



pathogenic bacteria. In this regard, successful results were illustrated by Roy et al. 
(2002), who used a commercial organic acid blend (primarily propionic acid; Myco 
Curb) to control poult enteritis and mortality syndrome (PEMS), which describes 
potentially lethal enteritis of young turkeys (Yu et al. 2000). Myco Curb, a mould 
inhibitor for processed feed ingredients and animal feeds, was maintained in the feed 
for the duration of the 3-week periods. At 6 days post-hatch, BUT Big 9 poults were 
given a 1-mL oral gavage of a 10% suspension of faeces from coronavirus-negative 
PEMS-positive poults. Myco Curb was supplemented into the diet at levels of 1.25 
and 2.5%. Myco Curb delayed the onset of the initial mortality spike associated with 
the disease and reduced the cumulative mortality by more than 50%. The marked 
reduction in mortality in the poults treated with Myco Curb was attributed to 
decreased bacterial content of the gut and the maintenance of packed cell volume 
and haemoglobin content. However, the beneficial attributes to gut health and 
liveability generated by fortification of the diet with Myco Curb were not reflected 
in the growth performance indices of turkeys. Male and female poults had a signifi-
cantly lower BW and higher FCR when they were given 2.5% Myco Curb in their 
feed, while no significant changes were observed at dietary inclusion levels of 0.625 
and 1.25%. 
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Effects similar to those in the abovementioned work were reported in a study 
(Milbradt et al. 2014a) in which 1-day-old female commercial cross turkey poults 
(BUT Big 9) were fed diets supplemented with a mixture of short- and medium-
chain fatty acids (acetic acid, formic acid, propionic acid, sorbic acid and vegetal 
fatty acids). Although the organic acid blends had no significant effects on the 
intestinal villus height, crypt depth, or villus: crypt ratio, negative effects on the 
early gain or feed intake were observed throughout the study. The same failure was 
witnessed in another experiment conducted for a 60-day period using white 
California turkey toms (Çelik et al. 2003). No significant effect of 2% dietary 
supplementation with a commercial organic acid blend (Biotronic® SE) comprised 
of formic acid (17%), ammonium format (14.1%), propionic acid (12.4%), ammo-
nium propionate (%8.4) and carrier material (47.7%) on the BWG and FCR of 
turkeys was found. 

Incompetence in improving BWG and FCR in turkey toms between 0 and 28 days 
of age with dietary organic acid administration was also reported in a more recent 
study (Milbradt et al. 2017), while a significant reduction in caecal numbers of 
Salmonella enteritis was observed. In a former study (Milbradt et al. 2014b), 
in-water treatment with a blend of organic acids (formic acid, acetic acid, ammonium 
format, mono- and diglyceride of unsaturated fatty acids and copper acetate) elicited 
significant reductions in the number of Salmonella enteritidis colony forming units 
in the caecum and crop of turkeys (BUT Big 9) that were challenged 72 and 24 hours 
prior to slaughter. However, it was noted that only constant treatment of organic 
acids in drinking water resulted in antibacterial activity, while the transient adminis-
tration regimen failed to do so. 

As demonstrated in a very recent study (Makowski et al. 2022), significant levels 
of decreases in faecal populations of Escherichia coli and Clostridium perfringens 
accompanying an increase in the gizzard pH were a manifestation of antimicrobial



activity generated by butyric acid glycerides or coated sodium butyrate when added 
to turkey diets. The addition of butyric acid in different forms to turkey diets 
increased the butyric acid concentration in the caecal digesta and ileal protein 
digestibility and in turn improved FCR. 

614 M. Bozkurt et al.

In brief, as presented in Table 1, almost all the published studies have unani-
mously concluded that organic acids, irrespective of their chemical characteristics 
and application procedures, may have the potential to be more effective in the field, 
where poults are subjected to repeated challenges regarding disease pressure, stock-
ing density, litter quality, diet characteristics and management practices. The lack of 
reflection of the certain antimicrobial activity posed by organic acids in the growth 
performance of turkeys is noticeable. 

3 Enzymes 

The use of exogenous microbial enzymes as feed additives is a well-established 
practice in food-producing animal production, and their application is ubiquitous in 
commercial broiler and laying hen diets as a tool to enhance depolymerization of 
nonstarch polysaccharides (NSP), reduce digesta viscosity and modulate bird intes-
tinal health (Bedford and Schulze 1998; Adeola and Cowieson 2011; Mahmood and 
Guo 2020). In particular, the application of phytase and, to a lesser extent, xylanases 
and ß-glucanases has been widely adopted, but many other enzyme classes can 
significantly improve the utilization of feed, such as proteases, pectinases, amylases, 
pentosanases, beta-mannanase, galactosidases, or cellulase. Evidently, supplemen-
tation with these different enzymes in poultry gives a wide range of effects on 
growth performance, nutrient digestibility and health (Slomonski 2011). However, 
in turkey feeding, there has been a lack of studies examining exogenous enzyme 
efficacy for over three decades (Ferket 1993, 2013; Nguyen et al. 2022). 

In a study by Odetallah et al. (2002), two endoxylanase enzyme preparations 
(Natugrain and Lyxasan forte), with apparently different modes of action, were fed 
to turkey toms aged between 8 and 140 days, either alone or in combination 
(Natugrain Blend). Cumulative feed consumption was higher by 2 kg or more in 
birds treated with Natugrain Blend than in other treatments. Accordingly, Natugrain 
Blend markedly improved body weight at 84 and 112 days of age in comparison to 
the unsupplemented control diet. Lyxasan forte had the best feed/gain ratio through-
out the experiment. The liveability and feather scores of birds were significantly 
improved in all three enzyme treatments compared to the control. 

Ritz et al. (1995) found that pancreatic organ weight and pancreatic amylase 
activity were not consistently affected by diet in an experimental schedule in which 
male turkeys were administered commercial preparations of amylase (Avizyme 
TK0492-1® ) and xylanase (TK0492-1® ) from hatch to 8 weeks of age. Amylase 
activity within the intestinal chyme increased sporadically with dietary amylase 
supplementation compared to the control and xylanase-supplemented diets. The 
authors concluded that increased supplemental amylase activity levels may provide
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more conclusive evidence of an additive effect of dietary amylase and endogenous 
amylase activity.
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Findings determined from several studies indicated that the age and metabolic 
needs of the turkey influence enzyme activity levels within the pancreas and small 
intestine. In a study by Ritz et al. (1995), pancreatic amylase activity seemed to 
increase in a linear fashion with age and continued to follow this progressive rise 
throughout the 8-week period. This continued increase in activity contradicts the 
results reported by Krogdahl and Sell (1989), who observed a stabilization in 
pancreatic amylase after 21 days. The observations of McKnight (1997) are parallel 
to earlier establishments that exogenous xylanase supplementation in a wheat-based 
diet was only effective at a young age (up to 70 days of age). 

The rearing system of turkeys was found to intervene in the efficacy of in-feed 
enzymes in a study by García-López et al. (2011). Addition of a commercial enzyme 
preparation (Allzyme-Vegpro; mixture of protease, amylase, cellulase, beta-
galactosidase and pentosanases) to the diet resulted in a lack of bird response in a 
semi-confinement rearing system with daily access for 4 hours to grassland 
meadows, whereas enzyme supplementation improved the BWG and FCR of 
turkeys kept in conventional confinements. 

Zduńczyk et al. (2013) examined the relationship between dietary fibre status and 
supplementation with an enzyme premix containing pectinase, cellulase, xylanase, 
glucanase, mannanase, galactanase, amylase and protease on endogenous intestinal 
enzyme secretion of Big 6 male turkeys. From 1 to 56 days of age, the enzyme 
premix was added to a soybean-based control diet and an experimental diet in which 
rapeseed meal was gradually replaced with soybean up to 180 g/kg level. The results 
indicated that, regardless of the diet type, enzyme supplementation tended to reduce 
ileal viscosity, decrease ammonia concentration, increase the glycolytic activities of 
the intestinal microflora enzymes α-glucosidase, α-galactosidase and 
β-galactosidase, decrease the activity of β-glucuronidase and increase BWG in 
turkeys. The authors suggested that supplementation with the NSP-degrading 
enzyme could maintain adequate endogenous glucosidase and galactosidase activity 
levels for digestion in the high fibre-containing diets with rapeseed meal inclusion 
while maintaining gut physiology parameters of turkeys similar to those fed the 
SBM-based diet. However, in the previous work by the same research team 
(Juśkiewicz et al. 2010), significant decreases were observed in the final body 
weight, small intestine and caecal tissue mass, caecal digesta mass and production 
of volatile fatty acids in the caeca when the same enzyme preparation was used. Of 
note, the experimental protocol was similar between the two studies except that 
sunflower meal was replaced with soybean meal instead of rapeseed meal. 

Within the framework of this thesis, the magnitude of the response to frost 
damage during seed development and dietary energy density was examined in turkey 
toms by dietary supplementation with a natural blend of enzymes (Natugrain 
Blend® ) containing endoxylanases and other enzymes (β-glucanase, hemicellulase, 
cellulase and protease) (Santos 2002). The results from two consecutive trials 
demonstrated that enzyme supplementation had positive effects on the nutrient 
utilization of different wheat sources and cultivation conditions. In addition,



different sources of supplemental enzymes had variable effects according to the age 
of the birds. Phospholipase alleviated the adverse effect of dietary NSP by improving 
fat digestion and absorption in young turkeys, whereas endoxylanase was more 
effective in older birds, which have greater digestive capacity and a more mature gut 
microbial ecosystem. 
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Ayoola et al. (2015) carried out two trials to examine the effects of dietary 
supplementation with either β-mannanase, a commercial blend of xylanase, amylase 
and protease, or direct-fed microbes on the gut health of turkeys. The research results 
demonstrated that supplements can improve gut health in 42-day-old Nicholas 
turkey poults, as indicated by improved morphological development of the enteric 
mucosa and reduction in adherent ileal mucin secretion. Similarly, in a more recent 
comprehensive thesis study, interactive effects between enzyme supplementation 
and the NSP profile of the diet and particle size distribution were assessed by feeding 
toms from 1 to 21 days of age (Flores Maldonado 2018). It was determined that 
supplementation with a commercial enzyme cocktail (Rovabio Advance, Adisseo) 
containing arabinofuranosidases and xylanases may improve the digestibility of feed 
formulated with a low crude protein soybean meal and screened feeds by reducing 
the negative effects of NSP in the intestinal tract. 

Accumulated research over the past three decades has shown that phytase 
enzymes have profound effects on health, performance and skeletal development, 
as they influence phosphorus utilization and retention and bone mineralization in 
poultry. Today, nearly all broiler and layer hen feed now contain phytase enzyme 
products formulated in place of inorganic phosphorus preparations such as mono-
and dicalcium phosphate (Selle and Ravindran 2007; Cowieson et al. 2011). The 
application of phytase has been widely adopted in other poultry species but has been 
much less investigated in turkeys. In one of the two available studies with turkeys 
(Brodacki et al. 2009), phytase supplementation in diets (Ronozyme P; provides 
750 FTU phytase enzyme per g feed) from 6 to 16 weeks of age did not influence the 
BWG and FCR of female turkeys. The lack of significant effects due to phytase 
(regardless of source) on the performance criteria of turkey toms aged between 
10 and 21 days was reported by Applegate et al. (2003). The tibia and toe ash, 
however, were significantly affected by the phytase source (Escherichia coli-
derived vs. Aspergillus-or Peniophora-derived phytases) and concentration 
(0, 250, 500,750 and 1000 U/kg), indicating significant increases in ash content 
with heightened supplemental phytase levels over 250 U/kg feed. 

Barbour et al. (2002) demonstrated that digestion of pressed turkey feathers with 
an enzyme mixture (protease, lipase and amylase) prior to autoclaving can improve 
the protein and amino acid nutritional values. Responsiveness of growing turkeys to 
exogenous in-feed enzyme preparations in terms of productive performance is 
illustrated in Table 1. 

In general, the available scientific literature has demonstrated that supplementa-
tion with appropriate enzymes in poultry diets is an effective way to overcome 
antinutritional effects that mostly stem from the high NSP content in grains. 
Although relatively limited data are available, turkey poults appear to respond in 
the same manner as broilers and layer hens. The addition of enzyme products



containing xylanase, mostly in combination with other carbohydrases, allows for the 
inclusion of greater amounts of wheat in diets without loss of performance (Leeson 
et al. 1996). In addition, glucanases and galactosidase in combination with protein-
ase and pectinases may work synergistically to improve the nutritive value of diets 
containing significant levels of soybean meal. Of note, the effect appears to be 
age-related, with the greatest response generally shown by young birds at 0 to 
7–10 weeks. 
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4 Probiotics 

The concept of probiotic microorganisms as in-feed preparations has become an area 
of much interest in poultry production, particularly for broiler and layer chickens 
(Rojman and Deborah 2022). However, relatively few reports have been published 
concerning the use of probiotics in turkey production. The favourable effects of 
probiotics are thought to be attributed to their ability to regulate gut microbiota 
balance, which in turn plays a critical role in maintaining host health (Sekirov et al. 
2010). Probiotics, which are viable microorganisms with no pathogenic properties, 
consisting of yeast or bacteria, have also been reported to be useful under several 
circumstances for proper maintenance of the structure and function of the turkey gut 
(Marteau et al. 2001; Soccol et al. 2013). 

In one of the pioneer studies, Jiraphocakul et al. (1990) compared the effective-
ness of dried Bacillus subtilis culture with feed-grade antibiotics in two consecutive 
trials using female and male turkeys grown for 16 and 20 weeks, respectively. In the 
former experiment, the dietary B. subtilis culture significantly increased B. subtilis 
counts in the crop and caecum but failed to influence intestinal Lactobacillus or 
Escherichia coli counts. BW and FCR were not significantly affected by feeding the 
B. subtilis culture in this experiment. In the latter experiment, significant 
improvements in BWG at 12 weeks and FCR at 20 weeks were observed in male 
birds receiving the B. subtilis culture. The authors concluded that the results of the 
two experiments differ somewhat with respect to BWG or FCR, probably due to the 
bird gender difference. 

Unbeneficial results from the addition of probiotic preparation [a mixture of 
Lactobacillus bulgaricus, Lactobacillus acidophilus, Streptococcus thermophilus, 
Lactococcus lactis and Propionibacterium (0.1 × 109 CFU/per gram)] at 0.05% in 
the diets of hybrid commercial female turkeys were reported in a recent study by 
Lalev et al. (2020). Supplementation of the basal diet containing 10% silkworm meal 
as soybean meal replacement with these probiotics did not affect the performance 
and meat yield characteristics of the turkeys after a 74-day feeding period (from 56 to 
130 days of age). However, fortification of basal turkey grower and finisher diets 
with a blend of probiotic microorganisms significantly decreased serum glucose and 
uric acid concentrations at the end of the grow-out period. 

Supplemental levels of commercial Bacillus cereus var. Bacillus toyoi strain 
(Toyocerin® ) were the subject of another study using male middle-heavy Big 
9 turkey poults (Grela et al. 2009). Addition of Toyocerin probiotic preparation to



the diet increased overall BWG (0 to 16 weeks), but significant enhancements in 
FCR in the initial 12-week growing period disappeared thereafter. The results 
regarding BWG and FCR indicated that the higher the supplemental probiotic 
dose (0.2 × 109 versus 1 × 109 B. toyoi CFU per kg of diet), the greater the benefit, 
suggesting a dose-dependent effectiveness. A similar pattern in the performance 
traits to that observed in the study of Grela et al. (2009) was described in a later study 
by Batkowska et al. (2015) in which Big 9 turkey males were fed diets supplemented 
with 1 × 109 B. toyoi CFU/kg instead of the 0.2 × 109 level. In partial agreement with 
these earlier determinations, in a more recent study (Dobrowolski et al. 2019), mixed 
probiotic preparations at three different supplemental levels exerted a beneficial 
effect on the histological structure of the small intestine; however, the observed 
effects were dose- and region dependent. The improvements determined in absorp-
tion surface area with probiotic treatment were not reflected in turkey growth 
performance at market age. Similarly, significant enhancements of intestinal micro-
bial populations and gut morphology derived from probiotic supplementation were 
not paired with food utilization in turkeys, although the final BW increased with 
probiotics (Agboola et al. 2014). 

620 M. Bozkurt et al.

The effects of adding a microbial preparation or zinc bacitracin, either alone or in 
combination, to the diet were studied in an initial study by Francis et al. (1978). The 
addition of either Lactobacillus or zinc bacitracin to the diet resulted in poults with 
numerically increased BW over poults fed the control diet. The authors noticed that 
the improvement in growth from the combination of the two supplements was not as 
great as when either was administered alone. Nevertheless, probiotics have been 
shown to be more effective as antimicrobial agents than zinc bacitracin, as evidenced 
by significantly decreased coliform and total aerobe counts in the feed and the 
digestive system of turkey poults. 

Recently, probable synergism between probiotics and prebiotic preparations, 
so-called synbiotics, has been the subject of several studies. In one study 
(Omidiwura et al. 2018), turkeys receiving a bacterial culture (B. subtilis), either 
alone or in combination with a prebiotic preparation, for an 8-week period showed 
comparable BWG and FCR to untreated control birds. In later work, Czech et al. 
(2020) found that Big 6 turkeys experienced limited changes in plasma 
biochemicals, including pro- and antioxidant compounds, enzymes, minerals and 
hormones, when fed a diet supplemented with fodder yeast (Yarrowia lipolytica or 
Saccharomyces cerevisiae; 30 g/kg diet) and probiotics after a 112-day feeding 
period. In this study, the addition of probiotic (a mixture of Bacillus 
licheniformis-1.6 × 109 CFU/g and Bacillus subtilis-1.6 × 109 CFU/g; 0.5 g/kg 
diet) alone to a diet generally resulted in a lack of bird response. 

In a subsequent study, the effectiveness of two commercial probiotic preparations 
[(3.2 × 1010 CFU/g Bacillus spp. (BioPlus, Biochem) and 1.0 × 1010 CFU/g 
Enterococcus faecium (Cylactin, DSM)] and a synbiotic preparation [(containing 
2.0 × 109 CFU/g of Lactobacillus spp., 2.0 × 107 CFU/g of Saccharomyces 
cerevisiae yeast and 2% inulin)] was evaluated using Big 6 turkey toms challenged 
with dietary mycotoxin (Śliżewska et al. 2020). The basal feed contained wheat that 
was naturally contaminated with mycotoxin (ochratoxin, OTA), resulting in OTA



concentrations in the phase diets ranging from 198 to 462 mg/kg, and was fed for a 
15-week grow-out period. The synbiotic preparation modulated the intestinal 
microbiota, increasing beneficial bacteria while reducing the number of potential 
pathogens. However, the benefits obtained from both probiotic preparations were 
markedly inferior to those of synbiotic application. The benefits in intestinal health 
resulting from these preparations did not translate into productivity in toms as 
measured by BWG and FCR at 6 and 14 weeks of age. This means that 
mycotoxin-induced performance failures could not be ameliorated by probiotic 
and synbiotic preparations. 
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In a study comprising two consecutive experiments carried out by Torres-
Rodriguez et al. (2007), the effects of a commercially available lactic acid bacterium 
as a probiotic alone and supplemented with lactose as a prebiotic were evaluated to 
determine its effects on turkey BW during the brooding and grow-out phases under 
commercial conditions. Regardless of whether the probiotic was administered in 
drinking water or feed, the combination of pro- and prebiotic caused increased BW 
at days 26 and 28 in the first experiment and at market age in the later trial compared 
with the control group. However, treatment with probiotic microorganisms alone 
was ineffective in significantly changing the growth rate of hybrid turkeys at 
any age. 

In terms of intestinal development, it was determined that poults differed in the 
response to different commercial probiotic preparations incorporated at the 
recommended commercial dosage (Loeffler 2014). Supplementation with one of 
two commercial probiotic preparations between 0 and 11 days of age increased both 
the villus length and area as well as the crypt depth, but the remaining treatment 
failed to do so. The beneficial effects of dietary supplementation with commercial 
direct-fed microbes (Primalac, Star Labs Inc., containing primarily Lactobacillus 
acidophilus and Lactobacillus casei) were reported in an earlier study by Rahimi 
et al. (2009). In a factorial experimental design, female one-day-old turkey poults 
were fed mash or crumbled feed and were subjected to a Salmonella spp. challenge 
by oral gavage or not. According to measurements performed at day 21, regardless 
of the feed form and experimental Salmonella infection, the probiotic-fed birds 
showed increased goblet cell numbers, total goblet cell area, goblet cell mean size, 
and mucosal thickness and a greater number of segmented filamentous bacteria 
compared with the controls. The authors postulated that changes in intestinal mor-
phology, as observed in their study, support the optimum gut health and function 
concept. 

Tomaszewska et al. (2016) revealed that bone characteristics and mineralization 
in meat-type female turkeys interact with the supplementation dose of probiotics. 
They found that the influence of probiotic administration on bone mineral density, 
bone mineral concentration, bone tissue density and bone ash was dose-dependent. 
The investigated properties of long bones in female turkeys were positively affected 
by probiotic-supplemented diets in a dose-dependent manner. In general, a review of 
the available data on turkeys supports the concept that poultry gut health, structure 
and function can be improved by probiotics, but these amendments were barely



coupled with growth performance. Different components of probiotics under various 
methods of administration are discussed in this section and summarized in Table 2. 
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5 Prebiotics 

Many of the yeast products prepared from the yeast Saccharomyces cerevisiae are 
classified as prebiotics, and were proven to be a good option as alternatives to AGPs 
in broiler chickens (Rosen 2007a; Hooge and Connolly 2011), turkeys (Hooge 2004; 
Rosen 2007b) and laying hens (Salami et al. 2022). Prebiotics are expected to 
decrease the pH of intestinal contents, thus inhibiting the growth of harmful bacteria 
such as Clostridium and Salmonella and promoting the growth of Lactobacillus spp. 
and Bifidobacterium spp. found in the intestines (Ofek et al. 1977; Spring et al. 2000; 
Rehman et al. 2007). The above specific mechanism of action has been well 
documented with respect to short-chain fructo oligosaccharides (FOS) and the 
fructose polymer inulin (Rehman et al. 2009). In contrast to the mode of action of 
antibiotics, which limit or suppress the growth of common gram-positive microflora, 
mannan oligosaccharides (MOS) and other oligosaccharides can serve as decoy 
attachment sites for gram-negative pathogens, thereby preventing attachment onto 
enterocytes and subsequent enteric refection (Oyofo et al. 1989; Newman 1994; 
Parks et al. 2001). Moreover, over the past three decades, a great amount of 
information has been gathered on the antimicrobial potential of yeast-based 
products, particularly for MOS, FOS and the fructose polymer inulin to a lesser 
extent, with reflections on overall health status and productivity in poultry 
(Al-Khalaifah 2018; Al-Khalaifah et al. 2019; Reuben et al. 2021; Khomayezi and 
Adewole 2021; Salami et al. 2022). However, the data on the use of yeast cell 
derivates as natural feed additives as alternatives to AGPs in turkey diets published 
to date are inconsistent. 

Firman et al. (2013) reported improved FCR and increased pectoralis major yield 
in turkey toms fed a diet containing yeast culture from 15 to 18 weeks. Bradley and 
Savage (1995) and Hayat et al. (1993) demonstrated that dietary supplementation 
with a yeast fermentation product improved the reproductive performance of some 
turkey breeder hens. They concluded that yeast culture inclusion in turkey breeder 
hen diets could improve productive efficiency, such as the hatchability of 
fertile eggs. 

Based on the results of a study with a commercial strain of large white turkeys 
(Nicholas Turkeys), Fritts and Waldroup (2003) concluded that a yeast fermentation 
product (Bio-Mos® ) might be considered as part of an overall feeding program to aid 
in overcoming the potential loss of AGPs. Data from this study indicated that FCR 
from 0 to 20 weeks of age was significantly improved by 0.10% Bio-Mos® com-
pared to the negative control diet without performance enhancer feed additive, 
whereas BW, mortality, and breast meat yield were not significantly (P < 0.05) 
influenced by either Bio-Mos® or the AGPs. This was in agreement with previously 
published studies (Olsen 1996; Savage and Zakrzewska 1997), which reported that 
turkeys fed diets provisioned with Bio-Mos® had significantly improved FCR in the
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absence of increased BWG. Significantly improved BWG and FCR in turkey poults 
fed to 8 weeks of age were reported in another study (Savage and Zakrzewska 1996).
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In an early feeding study conducted at 3 weeks of age, Fairchild et al. (2001) 
reported that both Bio-Mos® and bambermycin significantly improved the BWG of 
turkey poults. Similarly, Parks et al. (2001) observed an improvement in early FCR 
(0–3 weeks) with the addition of Bio-Mos® , bambermycin, virginamycin and 
Bio-Mos® and bambermycin used in combination. The addition of Bio-Mos® , as  
well as the virginiamycin treatments, increased the overall BWG compared to the 
unsupplemented dietary treatments. 

It is noteworthy that antibiotics and MOS improved the FCR of poults from 0 to 
3 weeks of age, a period when gut microflora are not fully developed and stabilized. 
Therefore, these feed additives may provide advantages by stabilizing the gut 
microflora and limiting colonization by pathogens through the early stages of life. 

Based on a meta-analysis of several trials, Hooge (2004) reported that dietary 
MOS can improve BWG and decrease mortality in turkeys compared to negative 
control diets, but dietary MOS supplementation does not always improve FCR. 
Based on the statistical similarity of the bird performance response to either MOS 
supplementation or antibiotic supplementation, Hooge (2004) suggested that MOS, 
a polysaccharide-protein complex derived from yeast, could replace AGPs. 

In contrast to earlier studies reporting benefits on BWG and FCR of turkey toms, 
Valancony et al. (2001) observed no difference in slaughter weight or carcass yield 
of turkeys fed diets with added avilamycin antibiotic and Bio-Mos® ; no mention was 
made regarding FCR. Final BW, feed intake and FCR in turkey toms at 56 days of 
age were comparable when treated with control, inulin, and MOS at 4 g/kg supple-
mentation level (Zduńczyk et al. 2004a). Similarly, no significant effect of 0.1, 0.25 
and 0.5% dietary inclusion of Bio-Mos® was observed on poult performance after an 
8-week feeding experiment (Zduńczyk et al. 2004b). In the previous work of this 
research team (Juśkiewicz et al. 2003), feeding turkeys with diets supplemented with 
the same levels of Bio-Mos® for a 4-week period did not affect the productivity of 
the birds as measured by BWG, feed intake and FCR. In their following related study 
(Juśkiewicz et al. 2005), insignificant effects of fortifying prebiotic (inulin) in turkey 
diets with different supplementation levels on growth performance were determined 
though main indicators of gut health have remarkably enhanced. 

Unbeneficial effects of feeding diets supplemented with Bio-Mos® and live yeast 
from 10 to 20 weeks of age on the growth performance of Big 6 male turkeys were 
reported by Konca et al. (2009). Likewise, Barasch (2012) reported that the inclusion 
of a yeast fermentation product (Original XPC™, Diamond V Mills) in the breeder 
hen diet during the first 2 weeks of laying did not have a carry-over effect on the 
performance of the male progeny compared to the unsupplemented control breeder 
hens. Another study provided evidence that supplementation with prebiotics 
containing the same amount of MOS and beta-glucans from Saccharomyces 
cerevisiae yeast in turkey diets with different levels of protein did not lead to any 
significant changes in performance, blood biochemistry, serum immunoglobulin 
concentrations, or haemagglutination-inhibition titres (Vahabi-Asil et al. 2017).
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A similar response was seen in a study by Paiva et al. (2010), where turkey hens 
raised to 9 weeks of age were fed a diet with different levels of the yeast fermentation 
product. The birds receiving the prebiotic-supplemented diets had higher BWG at 
four and 6 weeks of age than the control birds. By 9 weeks of age, a significant 
difference was no longer observed. Likewise, supplementation with lactose as a 
prebiotic, either alone or in combination with lactic acid bacteria-based probiotics, 
was demonstrated to increase the BWG of poults by 15% and 17% after 26 and 
28 days of treatment, respectively, regardless of the administration route via feed or 
drinking water (Torres-Rodriguez et al. 2007). 

Scrutinization of the available literature on turkey toms reveals that the benefits 
reaped from the dietary treatment of yeast-cell wall products were notably ahead of 
improvements in growth performance in terms of mitigating the stress generated by 
management and health challenges (Juśkiewicz et al. (2006). This phenomenon was 
supported by two battery experiments conducted by Huff et al. (2007), where 
1-week-old male poults and progeny of 33- and 40-week-old hens were subjected 
to cold stress and respiratory E. coli challenge. Poults were administered a commer-
cial yeast extract feed supplement (Alphamune) for a 3-week period at 504 or 
1008 g/t inclusion levels. Immunostimulation using yeast extract supplements 
protected poults from some of the production loss due to cold stress and E. coli. 

Turkeys fed MOS during a specific challenge from Salmonella typhimurium had 
a decreased incidence of faecal contamination, whereas broilers fed MOS had 
reduced faecal counts of Salmonella dublin and E. coli (Spring 1996). Schoeni and 
Wong (1994) also reported a reduction in Campylobacter jejuni colonization when 
birds were fed MOS. As previously mentioned, Fairchild et al. (1999) observed 
improved performance of poults challenged with field isolates of E. coli and fed 
MOS. In agreement, dietary lactose, as a putative prebiotic, was found to be 
beneficial to intestinal health, as manifested in decreased caecal Salmonella coloni-
zation in turkey poults (Corrier et al. 1991; Hollister et al. 1994). 

The success of feed supplementation with commercial yeast extract 
(Alphamune™) in improving the protection of turkeys against the development of 
Clostridial dermatitis, a production disease of commercial turkeys that is 
characterized by sudden mortality in market-aged male birds, was also demonstrated 
in another study (Huff et al. 2014). The results indicated that the addition of 
Alphamune™ to the feed at 1008 g/tonne may decrease the mortality rate in male 
poults at 2, 7 and 12 weeks of age, whereas there were no significant differences in 
mortality at week 16. The antimicrobial activity of another yeast cell derivate, inulin, 
was shown in a study by Juśkiewicz et al. (2005). They demonstrated that the 
supplementation of turkey diets with 1.0% inulin led to a significant reduction in 
E. coli populations, an insignificant but noticeable increase in Bifidobacterium and 
Lactobacillus counts, and the greatest SCFA production. However, the final BW of 
turkeys fed inulin was inferior to that of their untreated counterparts. 

The association between the stress incurred due to management practice (i.e., 
moving birds to larger facilities three times per grow-out period and an increase in 
the turkey disease osteomyelitis complex) and increased colonization with 
foodborne pathogens was noted in several studies (Dutta et al. 2008; Huff et al.



2009, 2010). By means of healing this stress-induced health problem, it was 
demonstrated that Alphamune™ effectively protected turkeys from the immunosup-
pressive effects of incurred transport stress, as evidenced by decreased serum 
heterophil oxidative burst activity and increased serum corticosterone levels (Huff 
et al. 2011). The authors suggested that yeast derivates could be used as nutritional 
immunomodulators that may be applied prior to the transport of turkeys. However, 
the greater protective response to Alphamune™ in female turkeys than in males is 
noticeable. 
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Yeast derivates have also been shown to modulate caecal fermentation 
metabolites, which are accepted as reliable indicators of gut health, and the proper 
function and integrity of intestines (Juśkiewicz et al. 2003). As determined by 
Zduńczyk et al. (2004b), dietary supplementation with commercial yeast derivate 
(Bio-Mos® , 5 g/kg) reduced ammonia concentrations and enhanced volatile fatty 
acid concentrations, especially acetate and butyrate, in the caecal digesta. However, 
a significant enhancement of propionate, isobutyrate and isovalerate concentrations 
in the digesta was observed when the supplemental dosage of Bio-Mos® was halved 
(i.e., 2.5 g/kg). A similar MOS product (Bio-Mos® , 1.8 g/kg) showed a positive 
effect on early intestinal development in poults aged 9 and 11 days, increasing the 
villus height, villus surface area and crypt depth at both ages (Loeffler 2014). 

Overall, a review of the available information stresses that management factors, 
including the brooding temperature during the starter period, challenge with enteric 
pathogens and litter quality and production stressors during the later stages of turkey 
production (e.g., social and psychological stress due to crowding and transportation 
stress), as well as hen and bird age and gender, should be considered when designing 
studies to evaluate the antimicrobial potential of yeast-based products as alternatives 
to AGPs. Table 2 also shows the growth performance responses of turkeys fed to 
various prebiotic preparations at different concentrations. 

6 Phytogenics 

Over the past two decades, plant-derived extracts have garnered interest for feed 
industry applications, with particular interest for pigs and poultry, along with the 
increase in popularity of the search for natural alternatives to in-feed antibiotics that 
are free from residue and resistant effects (Mountzouris et al. 2009; Wallace et al. 
2010; Diaz-Sanchez et al. 2015; Giannenas et al. 2020). This is similar to the food 
industry’s prioritization of high-quality, clean-label meat products for consumers 
(Botsoglou et al. 2003; Keokamnerd et al. 2008; Dewi et al. 2021). Scientific studies 
with poultry are mostly devoted to broiler chickens and, to a lesser extent, layer hens 
and findings obtained from studies over the last two decades have been summarized 
in comprehensive reviews (Bozkurt et al. 2014; Harrington et al. 2020; Jin et al. 
2020). However, in turkey diets, the magnitude of the response to dietary supple-
mentation with aromatic plants and their extracts has rarely been compiled. Fortu-
nately, the recent review of Bozkurt and Tüzün (2020) provided excellent coverage 
of early research appreciating metabolic, physiologic and morphologic changes



along with the growth performance traits, gut function, general health status, meat 
yield and meat quality aspects in response to dietary consumption of plant-derived 
chemicals. This pioneering review also provides background information for the 
present review paper. The results obtained from several studies conducted after the 
publication of the above review are presented below. 
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The objectives of a recent study carried out by Zumbaugh et al. (2020) were to 
determine the effect of commercially available plant bioactives (Digestarom® , 
Biomin) on the performance of turkey poults fed a reduced protein and amino acid 
diet over a 6-week brooding period. Digestarom® is a proprietary phytogenic feed 
additive consisting of a unique blend of herbs, essential oils and functional flavours. 
The results showed that formulating starter and grower diets to be nutrient-deficient 
negatively affected the growth of poults. However, as the birds fed Digestarom® 

showed significantly higher (3.5%) BWG than those fed the nonsupplemented and 
protein-deficient diets, its addition is thought to have helped compensate for the 
reduced protein and limiting amino acids. However, it had minimal effect on FCR 
and nutrient digestion parameters, including digestive enzyme activity, pancreatic 
enzyme gene expression and nutrient transporter gene expression. 

Salmonella Heidelberg, an invasive pathogen in humans, is the leading cause of 
foodborne illness in ground and processed turkey meat (Bearson et al. 2017; CDC 
2019). Therefore, continued efforts have been made to mitigate the threat induced by 
this enteropathogen in poultry products (Antunes et al. 2016; Dewi et al. 2021). For 
this concept, the antimicrobial efficacy of three plant-derived antimicrobials, lemon-
grass essential oil, citral and trans-cinnamaldehyde, against S. Heidelberg in ground 
turkeys was evaluated in a very recent study (Dewi et al. 2021). The results of this 
study indicated that the three tested plant-derived chemicals are effective against S. 
Heidelberg in ground turkey during refrigerated storage, indicating their potential 
use as interventions to mitigate Salmonella contamination in comminuted turkeys. 
However, the beneficial effects of these phytogenic compounds on the flavour and 
appearance of the raw turkey patties were not as great as the antimicrobial activity 
against S. Heidelberg. 

The application of oregano products as a feed additive on the performance, health 
and quality of turkey meat was outlined in a very recent review by Bozakova and 
Ivanov (2022). The efficiency of ground oregano and its main active compounds in 
the prevention and treatment of protozoal diseases in turkeys was suggested by the 
authors. 

According to the available results from a limited number of studies, it can be 
stated that phytogenic compounds have the potential to be considered as feed 
additives to promote growth, health and meat quality in turkeys, and render nutrients 
more available for digestion as well. However, the underlying mechanism and 
reasons for these improvements still require clarification.
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7 Mycotoxin-Counteracting Strategies 

The contamination of feed with mycotoxins is a problem of critical importance in 
continuing feed safety issues leading to economic losses in animal production 
(Wu 2007). Mycotoxins are secondary metabolites produced by toxigenic fungal 
species. The mycotoxins produced (mostly trichothecenes, zearalenone, 
deoxynivalenol, aflatoxins and fumonisins) can cause deleterious effects on animal 
and consequently human health after oral intake (Murugesan et al. 2015; Haquea 
et al. 2020). Mycotoxin-detoxifying agents supplemented as feed additives are still 
the most promising and are therefore most commonly used in turkey feed, as is the 
case in other poultry species (Kolosova and Stroka 2011; Murugesan et al. 2015). 
These detoxifiers can be classified as mycotoxin binders and mycotoxin modifiers 
(EFSA 2009). Mycotoxin binders can suppress or reduce the absorption of 
mycotoxins in the gut, resulting in the excretion of toxin-binder complexes in faeces, 
whereas mycotoxin modifiers modify their mode of action and transform the toxin 
into nontoxic metabolites (EFSA 2010; Devreese et al. 2013, 2014). Of note, 
evidence from previous studies has demonstrated that poults are rather tolerant to 
selected mycotoxins because infected birds show comparable performance traits and 
biochemical, histological and immunological measurements, which are regarded as 
indicators of mycotoxicosis, compared to uninfected healthy birds (Giambrone et al. 
1985; Olsen et al. 1986; Morris et al. 1999; Quist et al. 2000; Rauber et al. 2007; 
Girish et al. 2008; Grimes et al. 2010; Xu et al. 2011). 

Although a range of research studies show promising results for toxin binders and 
toxin modifier agents in broilers, layer hens and ducks (Murugesan et al. 2015), there 
is a dearth of research on turkey toms. The efficacy of bentonite clay, proven to be a 
mycotoxin-detoxifying agent, was tested in an in vitro model using a drug interac-
tion model (Devreese et al. 2013). In the study, based on field observations and 
suggestions made by other authors that mycotoxin-detoxifying agents decrease or 
enhance the oral absorption of drugs, the interaction between the macrolide antibi-
otic tylosin and a bentonite toxin binder was investigated. The results indicated that 
bentonite significantly reduced tylosin passage and thus bound tylosin. Therefore, 
the authors suggested that the combined use of bentonite in the feed with tylosin in 
the feed or drinking water should be avoided, as this could lead to therapy failure and 
eventually enhance antibiotic resistance towards tylosin due to subtherapeutic 
plasma concentrations. On the other hand, the modified glucomannan binder did 
not alter the passage of tylosin significantly, indicating safe combined use. 

In their follow-up study, Devreese et al. (2014) evaluated the effect of a commer-
cial yeast-derived glucomannan mycotoxin binder agent (Mycosorb® , Alltech Inc.) 
on selected nonspecific parameters and specific toxicokinetic markers after feeding 
hybrid turkeys a diet naturally contaminated with Fusarium mycotoxins, mainly 
deoxynivalenol. The mycotoxin-detoxifying agent, Mycosorb, was supplemented at 
2 kg/tonne in each rearing phase diet, including starter (0–3 weeks), grower 
(4–6 weeks), developer (7–9 weeks) and finisher (10–12 weeks). Except for the 
starter phase, no significant differences in BW, BWG, feed intake, or FCR were 
observed. The feeding of contaminated diets reduced the duodenal villus height and



apparent villus surface area. This mycotoxin-induced negative effect was prevented 
by glucomannan supplementation. However, the feeding of contaminated diets 
elevated the total duodenal CD8+ T-lymphocyte counts, but this effect was not 
ameliorated by Mycosorb. Thus, the provision of a diet with glucomannan was able 
to counteract the negative effects of Fusarium mycotoxins on duodenal morphome-
try but was ineffective to counter the influx of specific toxicokinetic markers and 
decrease deoxynivalenol absorption after naturally occurring oral toxin intake for a 
3-week period. Nonetheless, in terms of the growth performance parameters, the lack 
of response to mycotoxicosis or mycotoxin-detoxifier agents used is noticeable. 
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In a more recent study, the effectiveness of in-feed mycotoxin-binder agents in 
turkey poult diets containing low to moderate levels of mycotoxins (aflatoxin, 
deoxynivalenol and zearalenone) was determined by Tilley et al. (2017). Corn, 
wheat and barley with the naturally occurring mycotoxins mentioned above were 
used to make rations for feeding turkey hen poults to 6 weeks of age. The commer-
cial mycotoxin-detoxifier agents used in this study were Biomin BioFix (2 lb/tonne), 
Kemin Kallsil (4 lb/tonne) and Nutriad UNIKE (3 lb/tonne). The feed additives 
lessened the detrimental effect of mycotoxicosis on nutrient utilization, which 
manifested as improvements in FCR. The physiological effect of feeding the 
additives was observed as reduced relative gizzard weight for both groups and a 
smaller increase in the relative kidney weight for the birds fed the mycotoxin feed. 
The authors considered that the feed additives used in the study alleviated the 
harmful effect of dietary mycotoxins to some degree. 

Review of the above studies shows that feed additives with mycotoxin-binding 
and mycotoxin-modifying activities could detoxify some mycotoxins or provide a 
direct benefit to poults. Considering that turkey poults are rather tolerant to different 
mycotoxins, it was tentatively concluded by almost all the researchers that markedly 
higher naturally occurring or artificially infected levels of mycotoxins, compared to 
those applied in the turkey trials, are warranted to establish the actual potential of 
mycotoxin-detoxifier agents used. 

8 Conclusion 

The ban on nontherapeutic antibiotics adds to the challenge of maintaining flock 
health, productive output and welfare in modern turkey production. Scrutiny of 
results from available studies indicated that, in the absence of AGPs, using various 
alternative feed additives with antimicrobial activity could open up options to 
improve nutrient utilization, absorption, metabolism and modulation of host immu-
nity, which in turn affect the gut health of turkeys. In this sense, prebiotics, 
probiotics, phytogenics, organic acids, yeast-based products and enzymes appear 
to be regarded as practical and sustainable tools to be utilized. However, such 
improvements in the function and health status of the digestive system barely 
coincided with improved production efficiency. In general, either no differences or 
somewhat beneficial trends can be found in the literature on the influence of feed 
additives on growth performance traits, including BW, BWG, FCR and mortality



rate. The same is the case for digestive organ weight and length, meat yield and 
processed parts with economic importance. The mechanisms of the improvement of 
gut health and bird resilience due to these additives may also include improvement of 
intestinal health and utilization of nutrients by maintaining gut integrity and enhanc-
ing antioxidant capacity. However, as far as growth performance is concerned, the 
feed additives evaluated herein mostly resulted in a lack of bird response, probably 
due to their longer grow-out period (12–20 weeks) than broilers (5–7 weeks), 
allowing the turkeys more time to encounter pathogens and thus perform under 
less stressful conditions. In addition, the relative age and bird gender may play a role, 
although sufficient data are not available to validate this. Taken together, a review of 
the current studies provides supporting evidence that performance-enhancing feed 
additives can help modulate the immune system and improve intestinal development 
in young turkeys without compromising growth performance during times of disease 
challenge. The figure also provides an overview of the results from a large body of 
research and allows the reader to glean more effective conclusions on the usefulness 
of these performance enhancer feed additives (Fig. 1). 
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Fig. 1 The experiments cited 
in this chapter in which 
organic acids, enzymes, 
probiotics, and prebiotics 
significantly improved growth 
performance characteristics in 
growing turkeys 

9 Further Directives 

Microbiota modulation by using feed additives, particularly exogenous carbohy-
drase enzymes and protease, is of particular importance when feeding poults on 
starter diets when the young birds have an immature microbiota. Thus, controlling 
the antinutritional effects of NSP and detrimental effects of fermentative organisms 
proliferating in the small intestine due to dietary supplementation of soybean meal 
(almost 40%) could have significantly positive impacts in antibiotic-free and no-
antibiotic-ever production systems. 

On the other hand, late feeding programs with low protein levels using alternative 
protein sources to soybean, such as sunflower meal, rapeseed cake, cotton seed cake 
and DDGS, may gain relevance in physiology, microbiology, metabolic function



and nutrient utilization, mainly because of their high fibre content, poor nutrient 
digestibility, unbalanced amino acid profile and anti-nutritional factors that limit 
their use in rations. Certain benefits of exogenous enzymes in overcoming these 
nutritional issues and their contributions to economic, environmental and sustainable 
agriculture practices remain to be elucidated for this late growth phase, where almost 
half of the cumulative feed is consumed. 
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While these issues are relatively straightforward, the control of bacterial and 
protozoan diseases, including Histomonas meleagridis, Salmonella, Campylobacter, 
Listeria monocytogenes and coccidiosis, remains challenging in turkey production. 
Due to the ban on AGPs, which have been successively used to control these 
diseases over decades, turkey growers now face the challenge of maintaining 
productivity and preventing diseases on their farms. Thus, whether these additive 
alternatives to AGPs are likely to be highly influential in coping with these 
enteropathogens merits further investigation through further studies. 
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Effect of Phytochemical Feed Additives 
on Health Status, Milk Yield, and Quality 
Characteristics in Ruminants 

E. Tsiplakou, A. Mavrommatis, A. I. Gelasakis, A. I. Kalogianni, 
and P. E. Simitzis 

Abstract 

Milk and dairy products possess remarkable nutritive and sensory properties 
retaining a prominent position in consumer preferences. However, the raising 
consumer demands for safe dairy products of high nutritional value has reshaped 
the direction of livestock production and food industry. Currently, research 
efforts are focused on the development of niche functional dairy products that 
fortify human health and are in harmony with the concept of sustainable produc-
tion, green economy, environmental protection, and proper health and welfare 
status of farm animals. Innovative feeding strategies are therefore evaluated on an 
evidential basis and accordingly adapted to dairy ruminant production systems to 
improve milk yield and quality traits, without impairing their health and well-
being. Incorporation of natural feed ingredients, such as essential oils, plant 
extracts, and agro-industrial by-products, into ruminants’ diets can greatly
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improve the intrinsic milk quality, and enhance ruminants’ gastrointestinal func-
tion, resistance against nematode infections, and their overall antioxidant and 
immunological status. A desirable manipulation of bacteria involved in the 
ruminal bio-hydrogenation and a decrease on the methane emissions are also 
evident, associated with the optimization of ruminal function and feeding effi-
ciency, the minimization of environmental burden, and the reinforcement of 
productivity and profitability. However, the commercialization and widespread 
exploitation of natural feed additives in ruminants is a rather complicated task 
demanding further research to elucidate possible adverse effects on productivity 
and health status and standardize their use.

642 E. Tsiplakou et al.

Keywords 

Phytobiotics · Essential oils · Tannins · Saponins · Milk production · Milk 
composition · Methane mitigation 

1 Introduction 

Phytobiotics constitute a large group of secondary compounds with a remarkable 
diversity in their chemical structure and properties. Parameters, such as the utilized 
part of the plant (seeds, leaf, root, or bark), the harvesting period, geographical 
location, and method of isolation (cold expression, steam distillation, extraction with 
non-aqueous solvents, etc.) modify their activity (Dudareva et al. 2004). These 
natural compounds belong to diverse categories; however, in this chapter three 
main groups that are regularly added in the diets ruminants’ diets are reviewed: 
(1) essential oils (EOs) typically composed of (mono- and sesqui-) terpenoids and 
phenylpropanoids, (2) tannins, and (3) saponins (Jouany and Morgavi 2007). 

EOs include a mixture of phenolic compounds such as terpenes, terpenoids, and 
phenylpropanoids, which are responsible for their intense aroma. The most com-
monly used EOs in animals’ diets are derived from oregano (carvacrol, thymol, 
p-cymene, γ-terpinene), clove (eugenol), coriander (linalool), ginger (α-pinene, 
cineole, borneol, geraniol, α-curcumene, camphene, and eucalyptol), rosemary 
(carnosic acid, carnosol, rosmadial, genkwanin, rosmarinic acid, 1,8-cineole, 
α-pinene, limonene, and camphor), mint (menthol), and thyme (thymol, carvacrol, 
p-cymene, γ-terpinene, linalool). Monoterpenes, such as carvacrol, thymol, linalool, 
and limonene, represent the most common metabolites of EOs (ca. 90%) and 
originate from an isoprene unit through the mevalonate pathway (Zwenger and 
Basu 2008). On the other hand, phenylpropanoids (cinnamaldehyde, eugenol, 
anethole, etc.) are compounds with a chain of three carbons bound to an aromatic 
ring of six carbons and are mainly derived from the phenylalanine that is synthetized 
by the shikimate metabolic pathway (De Cássia da Silveira e Sá et al. 2014). The 
hydrophobicity of EOs enables them to disrupt the structure of bacterial cell mem-
brane, resulting in the leakage of ions and other cell components (Burt 2004).
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Tannins are water-soluble polymeric polyphenols formed by quinones or 
flavonoids and bearing at least one hydroxyl substituent. They are divided into 
condensed (CT) and hydrolysable (HT) tannins and can be both found in shrubs, 
legumes, cereals, grains, and fruits (Patra and Saxena 2011; Tong et al. 2022). 
Tannins demonstrate antioxidant, antimicrobial, antiparasitic, and anti-inflammatory 
activity; however, their mode of action has not been sufficiently clarified yet (Tong 
et al. 2022). The main characteristic of these bioactive compounds is their capacity to 
bind with proteins, due to the presence of phenolic hydroxyl groups, and the 
formation of complexes. These complexes remain undigested in rumen, since 
necessary nutrients become inaccessible to fibrolytic bacteria which disrupt their 
metabolism (Frutos et al. 2004). As a result, dietary protein degradation in the rumen 
is delayed, amino acid bioavailability in the small intestine is increased and nitrogen 
excretion in urine is reduced (Jouany and Morgavi 2007). For years, tannins were 
considered as antinutritional compounds; however, the perspective of their applica-
tion as rumen regulating factors and beneficial biological substances has currently 
gained ground. 

Saponins are steroid or triterpenoid glycosides of high molecular weight that 
possess the ability to form stable foam in aqueous solutions (Hart et al. 2008). 
Steroid saponins are mainly found in wild plants (e.g., oats, capsicum peppers, 
tomato seeds), whereas triterpenoid saponins dominate in cultivated crops (e.g., 
alfalfa, soybean, chickpeas, beans, peanuts, lentils, ginseng roots, sunflower seeds, 
spinach, and tea leaves). Saponins exhibit various biological effects; among their 
beneficial effects is the regulation of permeability of cell membranes, the stimulation 
of the immune system, their hypocholesterolemic and anticarcinogenic properties, 
the antiprotozoal, antifungal, antiparasitic, and antiviral effects, and the improve-
ment of feed efficiency. Nevertheless, they may have adverse effect on protein 
digestibility and on the reproduction in ruminants (Francis et al. 2002; Oleszek 
and Oleszek 2020). 

2 Plant Feed Additives: Are the Allies Against the Livestock 
Environmental Impact? 

The Paris Agreement’s aim of limiting the increase in global temperature to 1.5 °C 
above pre-industrial levels demands the implementation of efficient and sustainable 
mitigation strategies with the intention to reduce global greenhouse gas (GHG) 
emissions mainly by suppressing methane (CH4) produced by the agriculture sector 
(IPCC 2021). Mitigation of GHG emissions is a challenging task due to the predicted 
raised demand for meat and milk during the next decades (Beauchemin et al. 2020). 
To meet the challenge of reducing the GHG emissions in the livestock sector without 
jeopardizing digestive and metabolic processes and the ruminants’ high production, 
research efforts have been focused on the in-depth understanding of the rumen 
function and compounds that could reinforce it. 

The rumen microbiome constitutes a community of microorganisms that inhabit 
the rumen and is characterized by its high population density, extensive diversity



(encompassing bacteria, archaea, protozoa, and fungi), and complexity of 
interactions (Huws et al. 2018). The unique habitat in the rumen promotes assem-
bling a community of archaea; nearly all of these being methanogens (Patra et al. 
2017). Rumen methanogens form CH4 by utilizing H2 and CO2 produced by other 
fermentative rumen microbes as a result of complex carbohydrate degradation. 
Rumen CH4 emission accounts not only about 17% of the global CH4 emission 
(Knapp et al. 2014) but also for a loss of about 2–12% of the ingested feed energy 
(Johnson and Johnson 1995) reminding that CH4 formation produced by ruminant 
sector compromise both the environment and the feed efficiency in ruminants. 
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Diets of ruminants are mainly based on cereal grains and other easily degradable 
by-products of high nutritional value to efficiently meet the nutritional demands of 
high-yielding animals in energy and protein. However, these practices lead to an 
impaired rumen ecosystem associated with a high prevalence of rumen acidosis, 
intestinal inflammation, and diarrhea (Zebeli et al. 2010). Till 2006, antibiotics were 
used to overcome these problems in the European Union. The ban of their dietary 
application has led to the continuous seeking on efficient, safe, and cost-effective 
substances with similar properties. At the same time, synthetic additives are nowa-
days questioned due to their suspected carcinogenic potential and the consumers’ 
preference for natural, healthy, safe, and nutritious meat and dairy products. As a 
result, natural phytobiotics have been emerged as candidate substances in ruminant 
diets for improving their health status, growth performance, and the quality traits of 
the derived products (Simitzis 2017). 

A wide variety of plant feed additives have been investigated as rumen habitat 
modifiers primarily focusing on methanogens suppression. EOs are secondary 
metabolites which are extracted from the volatile fraction of plants’ distillation 
process. EOs have been reported to possess bioactive compounds which can inhibit 
rumen deamination and methanogenesis through the inhibition of hyper-ammonia-
producing (HAP) bacteria (Prevotella spp., Ruminobacter amylophilus, etc.) and 
protozoa-methanogens at the stages of attachment and colonization, respectively, 
resulting in lower levels of ammonia, methane and acetate and higher concentrations 
of butyrate and propionate. Thus, the effect of EOs on rumen methanogenesis has 
been extensively assessed (Benchaar and Greathead 2011). In a study by Benetel 
et al. (2022), a variety of EOs (star anise, citronella, clove bud, staigeriana eucalyp-
tus, globulus eucalyptus, ginger, ho wood, melaleuca, oregano, and white thyme) 
were in vitro assessed for their methano-inhibitory potential in the rumen. Among 
the aforementioned EOs, only oregano and white thyme EOs reduced methane 
production when included in the semi-automated gas production system at a level 
of 250 mg/L, without negatively affecting feed degradation. Similarly, Rofiq et al. 
(2021) investigated the potential of garlic, thyme, clove, orange peel, mint, and 
cinnamon EOs in rumen fermentation and methane production in vitro. The experi-
ment resulted in a significant reduction of methane formation by ingesting orange 
peel and cinnamon oils (300 ppm) after 6 h incubation, while administration of clove 
oils (300 ppm) had the highest in vitro true digestibility of dry matter; in summary, 
all tested essential oils reduced in vitro rumen methane production and there was no 
negative effect on in vitro digestibility.
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Jiménez-Ocampo et al. (2022) assessed the potential of orange EOs (OEO) on 
in vitro and in vivo beef heifers’ rumen fermentation. In the in vitro trial, the addition 
of 0.25% OEO resulted in a significant reduction in CH4 production, while no 
changes were observed in pH, and the proportions of volatile fatty acids (VFAs). 
In the in vivo trial, the gross energy consumption, apparent total tract digestibility, 
CH4 emissions, and rumen valerate concentration were decreased by supplementa-
tion with 0.5% OEO in the heifers’ diet. These outcomes suggest that EOs may 
negatively affect animal performance through the reduction of nutrients digestibility 
in vivo. These controversial attributes of EOs between in vitro and in vivo trials were 
confirmed in a recent study by Sari et al. (2022), who summarized the effect of garlic 
on rumen microbiome and methane formation. In that study, in 9 out of 13 in vitro 
experiments, garlic acid reduced the yield of methane emissions by 47% (range 
9.8–96%), while in 11 out of 14 in vivo experiments the methane yield was 
suppressed by 12.8% (range 5–33%). The latter finding further supports the persis-
tence mechanisms of rumen biochemistry in radical changes driven by a complex 
host-microbiome interplay which is neglected in in vitro studies. Moreover, it should 
be underlined that although the bioactive compounds of garlic appear to suppress 
methane formation, the in vivo trials provided conflicting results regarding animal 
performance, since in many cases the DM and/or neutral detergent fiber (NDF) 
digestibility were compromised (Sari et al. 2022). It can be concluded that in vitro 
approaches cannot always generate reliable data, while in vivo studies provide 
inconclusive and often controversial results due to discrepancies in dosage, chemical 
structure, diet or the form in which an agent is introduced into the animal nutrition 
(Cardozo et al. 2004, 2005). 

Oregano essential oil is rich in carvacrol and thymol that exert a general antimi-
crobial activity in the rumen (Kolling et al. 2018). However, only two in vivo studies 
(Tekippe et al. 2011; Hristov et al. 2013) have shown a reduction of CH4 formation 
of up to 40% in dairy cattle. In addition, Hristov et al. (2013) did not find any adverse 
effect of oregano leaves dietary inclusion (8.7, 18.9, and 28.2 g/kg DM) on feed 
efficiency and rumen pH or VFAs being accompanied by the methane reduction in 
dairy cows. Similarly, Kolling et al. (2018) reported a decrease in CH4 production 
(g/kg digestible DMI) by using 560 g oregano extract/kg DM in lactating dairy 
cattle. In contrast, several other studies have not shown any significant effect of 
dietary supplementation with oregano on CH4 production; for instance, lactating 
dairy cattle supplemented with oregano oil and carvacrol at 50 mg/kg DM did not 
express any anti-methanogenic effect (Benchaar 2020). 

Although the main anti-methanogenic action mode of EOs lies on the disruption 
of bacterial membranes (i.e., alteration of permeability), it has been reported that 
their broad antimicrobial spectrum is likely attributed to synergistic mechanisms 
(Helander et al. 1998), which though remain unclear. This hypothesis justifies the 
concerns regarding potential adverse effects on the fibrolytic rumen microbes and 
the rumen degradative capacity. Considering methane mitigation through EOs 
inclusion, Cobellis et al. (2016) pointed out that the in vivo reduction of methane 
yield as an effect of EOs seems to be fictitious since it is more likely to be associated 
with the overall degradative suppression in the rumen due to their antimicrobial



action. Inconsistencies in the available literature due to inter-studies variation 
regarding the experimental designs render impossible the suggestion of universally 
applicable protocols for the most effective integration of EOs in ruminants’ diets. 
Thus, a network meta-analysis could holistically benchmark and synthetize the 
obtained literature outcomes regarding EOs and their prevailing compounds’ effects 
on both in vivo methane formation and feed efficiency, to assess their realistic value 
for the reduction of ruminants’ methane emissions. 
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The anti-methanogenic activity of plant feed additives is often accompanied by a 
reduction in organic matter (OM) digestibility and/or DMI, compromising animal 
performance as previously reported by Correddu et al. (2020), who reported lower 
VFAs production and digestibility when polyphenols-rich by-products were used in 
small ruminants’ diets. In general, the reduction of ruminal methane yield by plant 
bioactive compounds, namely EOs, tannins, saponins, and other secondary 
metabolites is undoubtable; however, there is ample evidence suggesting that this 
CH4 reduction is attributed to an overall suppression of rumen activity which can 
negatively affect animal performance. These natural rumen modifiers demonstrate 
strong potential for future eco-friendly dietary approaches; however, the current 
understanding of rumen biochemistry is inadequate to successfully implement such 
strategies at the farm level. At last but not least, holistic models should be developed 
for the assessment of the environmental footprint of the aforementioned strategies 
considering simultaneously the actual methane emissions and nitrogen excretion and 
the environmental decongestion impact due to the agro-industrial by-products 
valorization. 

When the environmental impact of livestock production is concerned, nitrogen 
excretion is usually overlooked, despite its great contribution to the GHG. Over 70% 
of the ingested feed protein is degraded in the rumen to ammonia, while only a minor 
fraction of this ammonia is utilized by rumen microorganisms to produce microbial 
protein (Bach et al. 2005). Ammonia production constitutes not only a waste of 
dietary nitrogen but also an important environmental issue (Bach et al. 2005). EOs 
are able to suppress protein degradation in the rumen and increase by-pass protein 
flow to the gut of the host animal, therefore improving nitrogen efficiency. In this 
context, Zhou et al. (2020) reported that oregano EOs decreased the nitrogen 
ammonia concentration during in vitro trials, while the microbial protein synthesis 
was also improved. Cobellis et al. (2016) reported that the effects of EOs on rumen 
ammonia suppression were more consistent compared to those on methane 
emissions. 

Although EOs and other bioactive compounds derivatives of plant materials have 
been extensively investigated as rumen modifiers, mostly focused on their anti-
methanogenic properties, their on-farm scale implementation is accompanied by 
crucial limitations. The financial burden of their inclusion in animal diets, their 
questionable long-term effects on animal performance, and the competition between 
food-feed-nutraceutical industries are the main factors that obstruct their extensive 
application in farm animals. Thus, research is now focusing on the valorization of 
raw plant materials, agro-industrial by-products and leftovers, rich in bioactive 
compounds with a potential to favorably modify rumen functionality. Currently,

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/environmental-pollution


the increasing availability of agro-industrial by-products (e.g., grape, olive, tomato, 
citrus, and myrtle residues) appears to serve the efforts for i) reduction of competi-
tion with human edible foods, ii) lowering of the feedstuffs cost, and iii) suppressing 
the environmental footprint and the water waste associated with crop cultivation 
(Correddu et al. 2020). Other bioactive compounds, such as polyphenols, flavonoids, 
and various secondary plant metabolites have also been reported as potential rumen 
function manipulators similar to the abovementioned EOs. Some of them are 
summarized in the study of Correddu et al. (2020), who estimated the effects of 
agro-industrial by-products on dairy small ruminants feeding efficiency. In that 
study it was found that pistachio hull, grape pomace, and exhausted myrtle berries 
reduced the ammonia concentration in the rumen indicating lower nitrogen excretion 
to the environment, while tomato silage supplementation in the goats’ diet reduced 
the methane formation and emission. 
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3 Can Plant Feed Additives Promote Ruminants’ Feed 
Efficiency Through Rumen Orchestration? 

Considering that methane formation constitutes a significant energy loss in the 
rumen, it could be assumed that methane mitigation strategies could be simulta-
neously considered as the roadmap for higher feed efficiency. However, since the 
in vivo assessment of plant feed additives aiming to reduce methane emission often 
led to lower digestibility because of their non-specific antimicrobial effect in the 
rumen microbiomes, this section will strictly focus on the impact of plant bioactive 
compounds as feed efficiency promoters through advantageous changes in rumen 
fermentation. 

In the study of Jiao et al. (2021), the inclusion of 4 g/day oregano EOs resulted in 
higher hemicellulose digestibility of corn silage in rams without significant improve-
ment of DM, CP, and NDF digestibilities. Similarly, oregano EOs increased nutrient 
digestibility in dairy cows (Yuan and Tong 2005). Rosemary and lemongrass dietary 
supplementation in goats increased the OM digestibility and the concentration of 
propionate and glucose (Kholif et al. 2017). The study by Zhang et al. (2021) 
estimated the effect of dietary supplementation with EOs on cattle’s rumen degrada-
tion potential. In that study, the morphology of rumen altered since the high EOs 
(260 mg/head/day) inclusion level increased the rumen papillae length. Under a 
functional perspective, amylase activity was decreased, whereas β-glucosidase and 
cellulase activities, and propionate and butyrate concentrations were significantly 
increased in the high inclusion level (Zhang et al. 2021). In summary, EOs supple-
mentation increased the rumen digestive ability by modulating epithelial develop-
ment and enzymatic degradative potential in beef cattle (Zhang et al. 2021). In a 
study by Yang et al. (2007), the inclusion of 5 g/kg DM of garlic EO in cows’ total 
mixed ration (TMR) increased the total feed digestibility. Similarly, the dietary 
supplementation with 20–35 g garlic oil per goat per day improved acid detergent 
fiber (ADF) and lignin digestibility, total VFA, and feed conversion rate (FCR) 
(Okoruwa and Edoror 2019). Moreover, 5 g garlic oil in sheep diet increased feed



digestibility and consequently feed efficiency by promoting the growth of anaerobic 
rumen fungi which promoted fiber digestion (Klevenhusen et al. 2011). 
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However, the aforementioned constitutes almost the majority of the limited 
positive outcomes of EOs on feed digestibility and rumen fermentation parameters 
in the existing literature. The antimicrobial properties of plant bioactive compounds 
and especially the secondary metabolites make difficult the improvement of feed 
efficiency since this is firmly linked to rumen microbiome structure and bacterial 
viability. Nevertheless, it has been evidenced that under rumen dysbiosis, EOs show 
promising results by rebalancing the rumen microbiome and sustaining its 
metabolism. 

More specifically, in a study by Rivera-Chacon et al. (2022), the dietary supple-
mentation of a phytogenic feed additive based on L-menthol, thymol, eugenol, mint 
oil, and cloves powder amended the ruminal fermentation profile and modulated the 
risk of subacute ruminal acidosis (SARA) in cattle. The phytogenic feed additive 
group had an increased ruminal pH compared to the control one, reduced time to 
pH < 5.8, decreased ruminal concentration of D-lactate, and tended to lower total 
lactate. Additionally, phytogenic feed additive group presented increased acetate, 
butyrate, isobutyrate, isovalerate, and the acetate to propionate ratio compared to the 
control. In the same context, Ahmed et al. (2022) assessed the potential of selected 
plant extracts to control severe subacute ruminal acidosis (SARA) in vitro. Cinna-
mon, grape seeds, orange, pomegranate peels, propolis, and guava extracts signifi-
cantly increased ruminal pH. Furthermore, the addition of cinnamon extract and 
monensin decreased lactic acid concentration and VFA at 24 h incubation. The 
cinnamon extract significantly increased the acetate–propionate ratio, while 
monensin reduced it. Both cinnamon extract and monensin significantly increased 
ruminal pH at 6 and 24 h of incubation and reduced lactic acid concentration at 24 h 
compared to control, with corn used as substrate. The authors concluded that 
cinnamon extract can be used effectively as an alternative to antibiotics for the 
control of ruminal acidosis when corn is used as a basal diet. 

Polyphenols and particularly condensed tannins activate the route of “bypass” 
protein; this is achieved through (i) the binding with proteins in the rumen, (ii) the 
reduction of protein fermentation rate to ammonia, (iii) the balance between nitrogen 
rumen absorption and urine excretion, and (iv) the increase on both the synthesis of 
microbial protein and the absorption of amino acids in abomasum and small intes-
tine, where the pH values enable the separation of tannin–protein complexes 
(Ahmed et al. 2020; Correddu et al. 2020; Jouany and Morgavi 2007; Lillehoj 
et al. 2018; Mahachi et al. 2020; Piluzza et al. 2014; Tayengwa and Mapiye 2018; 
Theodorou et al. 2006). Likewise, saponins deteriorate protozoa (defaunation) 
and/or methanogenic archaea by forming complexes with sterols in the protozoal 
membrane surface leading to an increased microbial protein synthesis in the rumen 
that is associated with nitrogen and methane mitigation (Newbold et al. 2015). This 
effect is more profound when saponins are added into high-concentrate rather than 
high-forage diets, since their activity is strongly associated with rumen pH (5.5 
instead of 7.0, respectively) (Poungchompu et al. 2009).
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These bioactive compounds can therefore offer a natural means to support the 
more effective exploitation of dietary proteins, thus leading to improved feed 
efficiency and increased weight gain in ruminants (Lillehoj et al. 2018; Tayengwa 
and Mapiye 2018). However, tannins included in specific forages (i.e., Lotus 
corniculatus) exhibit antimicrobial action against rumen proteolytic bacteria through 
the binding with bacterial extracellular enzymes which impairs the synthesis of 
bacterial proteins (Jouany and Morgavi 2007; Min et al. 2003). Except for proteins, 
polyphenols also present secondarily affinity for carbohydrates, polysaccharides, 
nucleic acids, and minerals, forming complex substances which escape from the 
rapid fermentation in the rumen (Correddu et al. 2020; Min and Solaiman 2018; 
Piluzza et al. 2014). Condensed tannins reduce carbohydrates digestion by inhibiting 
the responsible enzymes and altering the nitrogen availability for the carbohydrates’ 
fermentation processes (Kelln et al. 2021). 

4 What About Phytobiotics and Animal Performance? 

According to the existing literature, no effect of eugenol (Benchaar et al. 2012), 
cinnamaldehyde and eugenol (Tager and Krause 2011), cinnamaldehyde and garlic 
oil (Blanch et al. 2016), garlic or juniper berry EO (Yang et al. 2007), oregano leaves 
(Hristov et al. 2013; Tekippe et al. 2011), EO components mixture (thymol, eugenol, 
vanillin, guaiacol, and limonene) (Benchaar et al. 2006, 2007; Kung et al. 2008; Joch 
et al. 2019), blend of oregano, cinnamon, thyme, and orange peel EOs (Spanghero 
et al. 2009) and mixture of eugenol, geranyl acetate, and coriander oil (Santos et al. 
2010) on milk yield and composition of dairy cattle is observed. However, according 
to the meta-analysis by Belanche et al. (2020), long-term exposure to a commercial 
blend of EOs (Agolin) resulted in a slight increase in milk yield at the level of 4%, 
while no effects on feed intake and milk composition were evident. Braun et al. 
(2019) suggested that the aforementioned effects of EOs on milk production in dairy 
cattle is related with an improved feed efficiency, nutrients absorption, and increased 
uptake of cations like calcium and ammonium as a result of EOs dietary 
supplementation. 

In dairy ewes, orange peel EO (Kotsampasi et al. 2018), cornus extract, enriched 
with EOs of oregano and thyme (Kalaitsidis et al. 2021), thyme and celery seed 
mixture (Khattab et al. 2020), and EO components mixture (thymol, eugenol, 
vanillin, guaiacol, and limonene) (Giannenas et al. 2011) resulted in an increase in 
milk yield. However, no effect of anise, clove, and thyme EO (El-Essawy et al. 
2021) or citral oil (Canaes et al. 2017) on milk yield was observed, while an increase 
in milk yield, protein, and fat levels was observed in dairy goats as a result of 
Boswellia sacra resin (Soltan et al. 2021) and rosemary or lemon grass (Kholif et al. 
2017) dietary supplementation. 

Polyphenols have been found to decrease feed intake in sheep in a type- or dose-
dependent manner, whereas, in goats this adverse effect may be hindered by the 
proline-rich saliva enzymes, which inactivate the action of bioactive compounds 
such as the tannins, and the physiological ruminal differences (increased rumen



volume and digestive rate) (Correddu et al. 2020; Kelln et al. 2021; Mahachi et al. 
2020). High content of polyphenols in the feedstuffs, especially of 
proanthocyanidins and tannins, has undesirable effect in feed intake of ruminants 
due to their astringent taste and reduced palatability (Mahachi et al. 2020; Tayengwa 
and Mapiye 2018). This unfavorable effect of polyphenols is limited when 
polyphenol-rich feedstuffs are used in moderate levels or in the form of pellet and 
hay (Mahachi et al. 2020). In that case, the addition of polyethylene glycol (PEG) 
has been suggested as a countermeasure to neutralize the antinutritional effect of 
tannins. 

650 E. Tsiplakou et al.

In general, high tannin intake (>50 g/kg DM) has a clear negative effect on 
productivity as a result of the reduction in diet palatability, voluntary feed intake, and 
nutrients digestibility and alteration of the animal physiology (higher salivation rate, 
mucosal perturbations, etc.) (Serrano et al. 2009). At the same time, no significant 
effects on milk yield or milk composition is generally observed in dairy cattle as a 
result of tannin ingestion (Broderick et al. 2004; Benchaar et al. 2008; Dschaak et al. 
2011; Aguerre et al. 2016; Focant et al. 2019), although a decrease in milk urea N 
and plasma urea N is reported (Tiemann et al. 2008; Aboagye et al. 2019). Tannin-
containing forages may contribute to improved sheep wool quality associated with 
the increased protein absorption (Min and Solaiman 2018; Ramírez-Restrepo et al. 
2005). Moreover, mimosine found in Leucaena leucocephala may act as a 
defleecing agent in wool sheep breeds, though it should be carefully used due to 
its high toxicity (Rochfort et al. 2008). 

Effect of saponins on animal performance is generally inconsistent. Recent 
studies did not find any significant effects of dietary saponins on milk yield and 
composition in dairy cattle (Holtshausen et al. 2009), while the application of 
composite plant extract (CPE) rich in polyphenolics and saponins improved milk 
production in goats (Shilwant et al. 2022). In general, defaunation caused by 
saponins decreases fiber degradation leading to an improved nitrogen metabolism, 
especially in animals fed low protein diets (Firkins et al. 2007), although this 
improvement is not associated with enhanced animal productivity. 

As already mentioned, there is an increasing interest over the secondary bioactive 
compounds of agro-industrial by-products as agents for improving animal products 
quality with minimal cost. In cows, substitution up to 30% of the diet by ensiled 
mixed tomato and apple pomace leads to a slight increase in milk yield without any 
other adverse effects (Abdollahzadeh et al. 2010). On the other hand, olive 
by-products dietary supplementation generally does not have a significant effect 
on milk yield and composition in dairy cattle, sheep, and goats, although fatty acid 
profile is positively modified, since an increase of monounsaturated fatty acids and a 
decrease of saturated fatty acids are observed (Tzamaloukas et al. 2021). Moreover, 
data concerning pomegranate by-products indicate that incorporation at the level of 
8% is probably too high for lactating cows and should be lowered to the half with the 
intention to improve milk yield and composition (Shaani et al. 2015; Jami et al. 
2012; Abarghuei et al. 2013).
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5 Improvement of Ruminant’s Product Characteristics 
Through Changes in Rumen Functional Routes: The Case 
of Biohydrogenation 

Ruminant milk contains prominent proportions of saturated fatty acids (SFA), which 
have been related with increased risk of coronary heart disease incidence (CHD) in 
human. Conversely, polyunsaturated fatty acids (PUFA) which are also found in 
ruminants’ milk in low concentrations, have been extensively investigated for their 
beneficial properties for human health. Consequently, it is of utmost importance for 
nutritionists to find novel and sustainable ways to produce animal products with high 
PUFA content (Kliem and Shingfield 2016). Although ruminants’ diets are rich in 
unsaturated fatty acids (USFAs), the lipids leaving the rumen and insert the blood 
stream are in majority SFA. The former biotransformation is performed by rumen 
microbes via two main routes, lipolysis, and biohydrogenation (BH). Lipids passing 
into the rumen are firstly transformed by microbial lipases in a process called 
lipolysis. The microbial lipases hydrolyze the ester linkages in complex lipids, 
causing the release of FA. After lipolysis, USFAs go through BH by ruminal 
microbes. This process converts the USFA to SFA with the parallel formation of 
variable trans intermediates (Lashkari et al. 2019). Among these trans FAs pro-
duced, conjugated linoleic acids also known as rumenic acids (c9t11 CLA) have 
been reported to have anti-carcinogenic and other health-promoting properties in 
animal models and cell cultures (Crumb 2011). The c9t11 CLA is produced either in 
the rumen during the BH of C18:2n6 (LA; linoleic acid) or in the animal tissues by 
Δ9-desaturase using vaccenic acid (VA; C18:1 t11), an intermediate of ruminal BH 
of C18 USFA (Gunal et al. 2014). However, the principal route of c9t11 CLA 
formation is through the Δ9-desaturase action mainly in mammary gland using as a 
precursor molecule the VA escaping the rumen BH (Bichi et al. 2012). Hence, 
modulating rumen fermentation and the BH process to increase the ruminal flow of 
VA through dietary manipulations has received considerable attention in recent 
years. 

In their study, Gunal et al. (2014) assessed the effect of anise oil, cedar wood oil, 
cinnamon oil, eucalyptus oil, and tea tree oil on rumen fermentation and BH in vitro. 
The inclusion of EOs reduced the concentrations of rumen C18:0 regardless of the 
dose level, while LA was substantially accumulated when EOs added at 500 mg/L. 
EOs tested in this study had no effects on VFA profile and consequently on the 
fermentation potential, but significantly inhibited the BH process which is related to 
higher levels of USFA reaching the ruminants tissues. Another study assessed the 
effect of dietary supplementation with Coleus amboinicus Lour. (CAL), a semi-
succulent perennial plant in the family Lamiaceae with a pungent oregano-like flavor 
and odor rich in polyphenols on modulate ruminal BH of USFA (Yanza et al. 2022). 
CAL increased the PUFA proportion in the rumen of lambs, which was mainly 
attributable to the increase in C18:3n3 (LNA; linolenic acid) proportion since it 
would be able to escape from the rumen BH process. In the study of Zhu et al. (2012) 
the effect of ruminal infusion with 0.8 g garlic oil per day per goat on rumen 
fermentation and microbial populations was investigated. The infusion of garlic oil



in goats’ rumen increased the proportions of VA, CLA, and PUFA, while SFAs were 
significantly decreased (Zhu et al. 2012). Although the results of FAs indicated a 
severe inhibition of rumen BH, the relative abundance of Butyrivibrio group was not 
significantly suppressed. Thus, a low correlation was found between 
B. proteoclasticus abundance and C18:0 accumulation in the rumen (Zhu et al. 
2012). The involvement of Butyrivibrio species on rumen biohydrogenation 
constitutes one of the oldest discoveries in the field of rumen microbiome-
biochemistry interplay (Polan et al. 1964). More specifically, the rumen BH of 
dietary PUFAs to SFAs is discriminated in two steps. During the first step, 
Butyrivibrio fibrisolvens converts LA to trans C18:1 isomers (including the VA), 
while, within the second step, Butyrivibrio proteoclasticus further hydrogenate 18:1 
isomers to stearic acid (C18:0) (McKain et al. 2010). However, the paradox in many 
relative studies is that Butyrivibrio species rarely correlated with the extent of 
accumulated biohydrogenation intermediates in the rumen. Indeed, in the study of 
Mavrommatis et al. (2021), Flintibacter, Intestinimonas, Sporobacter, and Blautia 
species in the rumen were more tightly correlated with milk ω3, PUFA, and CLA 
content than Butyrivibrio species, indicating a direct or indirect involvement of other 
species on rumen BH. 

652 E. Tsiplakou et al.

Based on the existing literature about the potential of EOs to manipulate the 
rumen BH, there were no consistent results or substantial changes in fatty acid 
profile especially under in vivo conditions indicating that although EOs have an 
impact on biohydrogenating microbes, they cannot be considered as a promising and 
reliable strategy to enrich ruminants’ products with beneficial FAs. On the other 
hand, plant feed additives rich in tannins have a strong effect on rumen BH as 
indicated by both in vitro and in vivo trials (Vasta et al. 2019). More specifically in 
the review of Vasta et al. (2019), polyphenol-rich feedstuffs decrease the accumula-
tion of C18:0 and increase that of VA and CLA in rumen digesta in vitro. These 
outcomes reflect the promising aspects of polyphenols/tannins on modulating rumen 
microbiome aiming to produce functional animal-food rich in bioactive fatty acids 
beneficial for human health. However, in these studies, analysis of the microbiota 
composition did not provide clear indications about which changes in the bacterial 
population were responsible for the effects on rumen BH. This could be attributed 
mainly to two reasons; firstly, the genomic footprint of microorganisms is not always 
strictly related to the metabolic activity of the microbes, and secondly, the research 
may be focused on well-known species involved in the BH process overlooking 
other species that may be also implicated. 

Data about the effect of pure non-tannic polyphenols on BH and rumen 
microbiota composition are still scarce. However, some indications may be obtained 
by considering results obtained in studies adopting agro-industrial by-products such 
as those from the olive oil which are rich in both non-tannic and tannic compounds. 
A modulating effect on rumen BH has been reported for stoned olive pomace rich in 
olive polyphenols in vitro (Pallara et al. 2014). The general effect of HT and CT on 
the BH process is quite consistent with results observed in in vitro trials: an increase 
of BH intermediates (especially VA) at the expense of SA. Buccioni et al. (2015) 
reported that feeding ewes a diet supplemented with quebracho tannins (as a source



of CT) or chestnut tannins (as a source of HT) increased the ruminal relative 
abundance of B. fibrisolvens and reduced B. proteoclasticus compared to control 
animals, and this effect was more evident with quebracho tannins. Considering the 
outcomes of Vasta et al. (2019) study, the inclusion of polyphenols through the 
valorization of agro-industrial by-products appears to be a promising strategy for 
rumen biohydrogenation manipulation toward the enrichment of dairy products with 
unsaturated FAs. As it can be concluded, tannins induce a decrease in rumen 
methanogenesis due to their effect on methanogens but also the indirect decrease 
in H2 production as a result of decreased fiber digestion and protozoal population in 
the rumen (Patra et al. 2017). 
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6 Can Plant Feed Additives Fortify Ruminants Health Status 
and Benefit Immunocompetence? 

Anthelmintic resistance is an emerging threat for ruminants’ health, adversely 
affecting their productivity, health and welfare status and increasing the production 
cost (Papadopoulos et al. 2012). Anthelmintic resistance and the consumer-driven 
demands for safe, sustainable, and environmentally friendly livestock production 
with a minimal use of pharmaceuticals, have highlighted the necessity for alternative 
treatment/prevention strategies to mitigate gastrointestinal nematodes in ruminants. 
Among these strategies, the addition of natural feed additives with bioactive 
compounds in ruminants’ diets constitutes an emerging and promising alternative 
to reduce the parasitic burden. 

Several bioactive compounds have been studied for their nematocidal activity in 
ruminants; among them, lipids, phenolics, alkaloids, terpenes, and essential oils have 
been extensively reviewed (Githiori et al. 2006; Hoste and Torres-Acosta 2011; 
Hoste et al. 2022; Mahachi et al. 2020; Piluzza et al. 2014; Rochfort et al. 2008; 
Tayengwa and Mapiye 2018). Alkaloids, glycosides, sequiterpenes, kosotoxins, 
anthraquinones, terpenoids, resins, tannins, and lactones have demonstrated a nem-
atocidal effect against mixed gastrointestinal nematode infections in ruminants, 
whereas various plants and agro-industrial by-products containing thiosulfonates, 
anthraquinones, terpenes, terpenoids, anthocyanins, alkaloids, and tannins have 
shown an in vivo nematocidal activity against Haemonchus contortus (Githiori 
et al. 2006; Hoste et al. 2022; Tayengwa and Mapiye 2018). Similarly, tannin-rich 
forages such as Hedysarum coronarium, Lotus pedunculatus, L. corniculatus, Les-
pedeza cuneata, Acalia nilotica, Onobrychis viciiofolia, and tannins derived from 
quebracho, mimosa, and chestnut, reduced fecal egg counts (FECs) and improved 
small ruminants’ resistance against nematode infections (Huang et al. 2018; Niezen 
et al. 2002; Piluzza et al. 2014). Silage and hay of sainfoin (Onobrychis viciifolia) 
reduced adult H. contortus and the FEC of Cooperia curticei in lambs (Heckendorn 
et al. 2006) and FEC of H. contortus, Teladorsagia circumcincta, and 
Trichostrongylus colubriformis in goats (Paolini et al. 2005). Also, pellet of sainfoin 
(On. alba subsp. laconica and On. peloponnesiaca) reduced the female worm 
fecundity of H. contortus and FEC in lambs, whereas carob pod (Ceratonia siliqua)



exerted activity against eggs and adult worms of H. contortus attributed to its 
condensed tannins content (Saratsi 2021). Furthermore, the tannin-rich Sericea 
lespedeza hay and pellets exhibited time- and dose-dependent nematocidal activity 
against H. contortus, T. colubriformis, T. circumcincta, and Eimeria species in small 
ruminants (Mahachi et al. 2020). Chicory (Cichorium intybus L.) silage, containing 
sequiterpene lactones significantly reduced Ostertagia ostertagi in experimentally 
infected calves (Peña-Espinoza et al. 2016), whereas, limonene and eugenol effi-
ciently reduced the FEC in sheep and goats (Tayengwa and Mapiye 2018). 
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Nematocidal activity of specific natural bioactive compounds is universally 
acceptable; however, the mode of action has not been fully understood. Moreover, 
their nematocidal efficiency varies both between the ruminant species (e.g., the 
proline-rich saliva enzymes of goats inactivate the tannins) and the nematode species 
(Huang et al. 2018; Quijada et al. 2015). It is suggested that bioactive compounds in 
phytochemicals either act directly via the inhibition of larvae development and egg 
hatching, or indirectly, via the upregulation of immunological response of animals 
associated with the improvement of protein efficiency (Ahmed et al. 2020; Jouany 
and Morgavi 2007; Mahachi et al. 2020; Waghorn and McNabb 2003). Condensed 
tannins and phenols impair the mechanism of oxidative phosphorylation, therefore 
resulting in the energy drain and the collapse of parasites. Also, tannins bind with 
glycoproteins around the epicuticle of worms leading to their malnourishment and 
death, whereas saponins and condensed tannins can cause structural changes in the 
cell membranes of the worm cuticles, adversely affecting their mobility, feed intake, 
and fecundity (Ahmed et al. 2020; Hoste et al. 2012; Jouany and Morgavi 2007; 
Mahachi et al. 2020; Martin et al. 2001; Waghorn and McNabb 2003). On the other 
hand, alkaloids hinder the glycose absorption from the gastrointestinal tract of 
parasites and impair their central nervous system function, thus leading to paralysis, 
while they reduce the nitrate generation and challenge the parasites’ homeostasis due 
to their antioxidant effect (Martin et al. 2001). At last but not least, essential oils 
interfere with the mechanism of nematodes’ embryogenesis inhibiting their egg 
hatching (Tayengwa and Mapiye 2018). Nevertheless, the applicability and system-
atic use of bioactive compounds as nematicides is hindered by the remarkably 
divergent results among the different ruminant species, the unstandardized concen-
tration of bioactive compounds in different forages and feedstuffs, the incomplete 
neutralization of worm burdens, and the non-reproducible or controversial results 
between in vivo and in vitro studies (Rochfort et al. 2008; Waghorn and McNabb 
2003). In the case of ectoparasites, the ectoparasiticide mode of action of natural 
bioactive compounds is not sufficiently documented; however, it is likely that they 
may exhibit a repellency effect via the odor or an acaricide effect via the inhibition of 
the mites egg hatching (Martin et al. 2001). 

Part of the molecular multifunctionality of the natural bioactive compounds is 
their antioxidant capacity which improves the immune status and reduces oxidative 
stress of animals (Salem et al. 2012; Tayengwa and Mapiye 2018). Phenolic 
compounds have been found to in vitro modify immune status via the 
downregulation of the inflammatory response, since they reduce the production of 
cytokines and reactive oxygen species, as well as the functionality of cytotoxic



T-lymphocytes and natural killer cells (Provenza and Villalba 2010). The anti-
inflammatory and antioxidant activity of polyphenols has been confirmed by 
in vivo studies in dairy cows, goats, and ewes (Correddu et al. 2020; Niderkorn 
and Jayanegara 2021; Salem et al. 2012). The aforementioned properties are 
attributed to their ability to chelate with free radicals, inhibit the enzyme actions 
associated with the mechanisms of oxidative stress, reinforce the functionality of 
antioxidant mechanisms, and prevent the lipid oxidation (Correddu et al. 2020; 
Niderkorn and Jayanegara 2021; Soldado et al. 2021; Tayengwa and Mapiye 
2018). Tannins and proanthocyanidins increase the bioavailability of by-pass 
proteins favoring the adequate supply of arginine, glutamine, and cysteine which 
are critical amino acids for the biosynthesis of cell-mediated and humoral immune 
response elements in ruminants. In growing calves, a combination of essential oils, 
tannins, and saponins had beneficial effects on their health, reducing the levels of 
cortisol and glucose and increasing the concentration of total proteins, albumin, 
globulins, aspartate transaminase, and alanine transaminase, as well as the immune 
response (Lakhani et al. 2019). In dairy cows, the consumption of condensed tannins 
resulted in lower serum urea, increased values of antioxidant enzymes, and 
decreased lipid peroxidation, while it exhibited a probiotic effect in the rumen and 
the gastrointestinal tract, increasing the commensal bacteria and inhibiting the 
harmful ones (Provenza and Villalba 2010, Dey and De 2014). In lambs, condensed 
tannins increased the production of specific antibodies against Ostertagia 
circumcincta and Trichostrongylus colubriformis (Provenza and Villalba 2010). 
Finally, a significant reduction of Escherichia coli and E. coli O157:H7 bacteria 
(Huang et al. 2018) and in the number of flies (Waghorn and McNabb 2003) in the 
ruminants fed tannin-rich feedstuffs has been observed. 
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Finally, condensed tannins exhibit a favorable action against bloat in ruminants at 
a rate of 5–50 g/kg dry matter (Ahmed et al. 2020; Rochfort et al. 2008; Tayengwa 
and Mapiye 2018; Waghorn and McNabb 2003). They restrict the formation of 
rumen foam through the formation of complexes with proteins which elude the 
ruminal degradation. Subsequently, the production of fermentation gases, which are 
entrapped in polysaccharide slime forming the rumen foam, decreases (Mahachi 
et al. 2020; O’Connell and Fox 2001; Tayengwa and Mapiye 2018; Waghorn and 
McNabb 2003). 

7 Conclusion 

Phytobiotics have the potential to positively manipulate gut microbiota and rumen 
fermentation. However, their effectiveness in ruminants has not yet been proved to 
be consistent and conclusive and some issues need to be addressed before their 
regular application. Although phytogenic feed supplements are generally recognized 
as safe (GRAS) for use and their accumulation in the body is not probable due to 
their exhalation (carbon dioxide) and rapid elimination (glucuronides by the 
kidneys), their use at high concentrations could induce cytotoxic effects on the 
living cells. At the same time, their beneficial effects should justify the additional



cost of their use. Finally, our knowledge regarding their activities in animal organism 
is still rather limited and there is a strong need for research to better understand their 
absorption, distribution, bioavailability, metabolism, and excretion and establish 
appropriate protocols for their integration in ruminants’ diets. 
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Thus, it leads, indirectly, to an improvement in the overall well-being of

Feeding behavior affects nutritional costs, which in turn generate significant
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animals. 

repercussions on total production expenses. Consequently, improving production 
efficiency can have a considerable impact on the profitability of ruminant indus-
try, where alternative nutritional strategies are constantly pursued and 
implemented, in compliance to consumer desire for animal products that are 
produced in an ethical aspect and within the One Welfare concept. 
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1 Introduction 

Animal welfare is intrinsically associated with animal health and productivity and 
has been established as an important public awareness subject, leading to a rigorous 
demand for high welfare standards by all relevant professionals and consumers alike. 
This chapter will discuss the interconnection of animal welfare with another funda-
mental aspect of animal production, nutrition, and especially the potential capacity 
of feed additives to improve the welfare status of ruminants. 

Nutrition is recognized as the most fundamental welfare need for all animals, 
regardless of health status, productive state, breed, and on-farm conditions. Even 
though significant advances in nutritional practices have been achieved in recent 
years, nutrition is still perceived as the most critical welfare issue in most cattle, 
sheep, and goat farms. 

For ruminant livestock, food preference and behavior, that indicates the level of 
their welfare, is developed through an intricate process combining taste, smell, sight, 
and satisfaction of physiological requirements. Additionally, the interplay between 
flavor and postingestive feedback affects nutritional behavior dynamically. Diversity 
of feed sources and feed choice, in association with grazing behavior, should also be 
considered as a critical aspect of animal welfare. 

Feeding behavior affects nutritional costs, which in turn exhibit significant 
repercussions on total production expenses. Consequently, improving production 
efficiency can have a considerable impact on the profitability of ruminant industry, 
where alternative nutritional strategies are constantly pursued and implemented, in 
compliance to consumer desire for animal products that are produced in an ethical 
aspect and within the One Welfare concept. 

Feed additives are ingredients that are applied in small amounts in animal 
nutrition. They have been reported to enhance the efficacy of feed acceptance, 
nutrient utilization, growth, and health status, and thus indirectly the overall well-
being of the animals. Different types of feed additives will be discussed in this 
chapter, such as probiotics, prebiotics, essential oils, toxin binders, enzymes, and



phytogenics, all of them reported to modify the digestion kinetics and immune 
function in ruminant animals leading to accelerated production efficiency, health, 
and welfare. 
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To conclude, this chapter will provide an overview of the current knowledge, 
limitation, and prospects for feed additives applied to ruminant enterprise as dietary 
tools to improve welfare status. 

2 Feed Additives 

The ruminal microbiome, i.e., the community of prokaryotic and eukaryotic 
microorganisms that inhabits the rumen, is characterized as a complex and dynamic 
ecosystem, comprised of a collection of bacteria, archaea, protozoa, and fungi, in 
high population density and diversity. The rumen microbiome plays a crucial role in 
digestive processes of complex fibrous ingredients by producing enzymes 
(fibrolytic, glycolytic, lipolytic, and proteolytic) that facilitate volatile fatty acids 
as a main product of feed metabolism and fermentation. Lately, it is gradually 
acknowledged that the microorganisms colonizing the host’s digestive system can 
directly or indirectly impact brain operation and cognitive behavior (Kraimi et al. 
2019). Kelsey and Colpoys (2018) suggest that calves provided with probiotic 
bacteria showed a reduced stress-related behavior. The main driver of modulating 
rumen microbiome, and thus impacting animal production and wellbeing is diet. 
Even though feed additives (probiotics, yeast cell walls, prebiotics, essential oils, 
toxin binders, enzymes, and phytogenics) are not considered as dietary essential to 
ruminants, they have been reported to modify digestion kinetics in the rumen and 
enhance the efficacy of feed acceptance, nutrient utilization, growth, and health 
status, and thus indirectly the overall well-being of animals. 

3 Probiotics: Mode of Actions—Effects on Ruminants 

In 2013, the International Scientific Association for Probiotics and Prebiotics 
(ISAPP) reviewed the term “probiotic,” defined in 2001 by an Expert Consultation 
of the Food and Agricultural Organization of the United Nations and the World 
Health Organization (FAO/WHO), and the scientific literature related to the topic, 
and it reiterated, actually, the proposed definition of the term “probiotic” as “Live 
microorganisms that, when administered in adequate amounts, confer a health 
benefit on the host.” 

Probiotics have been extensively applied in the livestock industry as one of the 
antimicrobial substitutes owing to the banned or rigorously restricted preventative 
and growth promoting usage of antibiotics. As for the ruminant nutrition, 
incorporation of probiotics is not as extensive as in monogastric animals’ nutrition 
due mainly to aspects such as viability in the rumen and interactions with ruminal 
microbiota and the host. Considering that, mode of action of probiotics can be faced 
as two distinct general mechanisms, one occurring in the rumen and the other in the
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Table 1 Some of the most commonly used probiotics for ruminants 

Probiotic 
microorganisms 

Saccharomyces 
cerevisiae 

Chaucheyras-Durand et al. (2008), Elghandour et al. (2020), Marden et al. 
(2008), Maamouri and Ben Salem (2021) 

Lactic acid bacteria Chiquette et al. (2008), Weimer (2015) 

Aspergillus oryzae Jouany et al. (1998), Mathieu et al. (1996) 

Bacillus Uyeno et al. (2015) 

Enterococcus Ma et al. (2020) 

The majority of probiotic bacteria in animal nutrition are classified as lactic acid-
producing or lactic acid-utilizing bacteria, including species of Lactobacillus, 
Bifidobacterium, Streptococcus, Enterococcus, Megasphaera, and 
Propionibacterium. Fungal species of Saccharomyces and Aspergillus are also 
widely applied as probiotics in ruminant diets. Commercial probiotic products 
may be composed of either single- or multispecies microorganisms. Table 1 presents 
some of the most commonly used probiotics for ruminants, such as Saccharomyces 
cerevisiae (Chaucheyras-Durand et al. 2008; Elghandour et al. 2020), lactic acid 
bacteria (LAB) (Chiquette et al. 2008; Weimer 2015); Aspergillus oryzae (Jouany 
et al. 1998; Mathieu et al. 1996); and Bacillus and Enterococcus (Uyeno et al. 2015), 
all of which found to confer a substantial impact on ruminant health. 

4 Proposed Mode of Action in the Lower Gut 

The probiotic mode of action proposed in scientific literature (Anee et al. 2021; Ban 
and Guan 2021) includes:

• Inhibition of pathogenic adhesion and competition for nutrients in the gastroin-
testinal tract, positively impacting beneficial bacteria in the gut

• Secretion of defensins/bacteriocins that negatively affect pathogenic bacteria
• Competitive exclusion of pathogenic microorganisms, by binding with receptors 

in the intestinal epithelium cell (IEC) or mucus layer
• Enhancement of gut barrier function by structuring a dense mucus layer through 

mucin glycoprotein secretion by mucus-producing cells that facilitate to reduce 
intracellular permeability to pathogens

• Decrease of luminal pH, by activating lactic and acetic acid production, toxic to 
pathogenic bacteria

• Stimulation of host immunity by activating T- and antibody-producing B-cells 
through the dendritic cell, found in the mucosal lamina propria, surface epithe-
lium, and Peyer’s patches



• Stimulation of expression and turnover of neurotransmitters (e.g., serotonin), 
modulating enteric nervous and central nervous system bidirectional communi-
cation and interaction and thus, decreasing stress and improving animal behavior 
(Kraimi et al. 2019) 
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5 Proposed Mode of Action in the Rumen 

Probiotic bacteria have been found to beneficially influence rumen fermentation and 
prevent subacute ruminal acidosis (Kumprechtová et al. 2019; Philippeau et al. 
2017), a metabolic disorder of ruminants fed high-concentrate diets, where a depres-
sion of ruminal pH below 5.6 at least 3 h/day is observed, with most common 
symptoms being lethargy, elevated respiratory and pulse rate, increased temperature, 
diarrhea, weight loss, and decreased feed intake. Lactic acid bacteria (Lactobacillus 
and Enterococcus) have been found to boost beneficial ruminal microorganisms 
adjusting to the presence of lactic acid in the rumen (Yoon and Stern 1995), and 
stimulating lactic acid-utilizing bacteria, exerting a probiotic effect. 

6 Proposed Mode of Action of Yeast Probiotics 

The inclusion of fungal probiotic microorganisms, especially yeast products (e.g., 
Saccharomyces cerevisiae and Saccharomyces boulardii) in the diet, is related to the 
stimulation of rumen microbial flora, in particular of the beneficial cellulolytic 
microorganisms, which compete with lactic acid bacteria for substrate and enhance 
anaerobiosis by sifting oxygen present in the rumen (Khan et al. 2016; Vibhute et al. 
2011; Chiquette 2009; Marden et al. 2008), as well as to the increase in fiber 
degradation and microbial protein flow to the small intestine and to modification 
of rumen fermentation and volatile fatty acid (VFA) production (Pinloche et al. 
2013; Jiang et al. 2017). 

7 Effects of Probiotics on Ruminants 

Improved zootechnical performance parameters such as daily weight gain, feed 
efficiency, and milk production are some of the well-documented effects of 
probiotics on ruminants (Kirankumar et al. 2022). Enhanced daily weight gain has 
been reported in several studies, for example, when a probiotic mixture of Lactoba-
cillus reuteri DDL 19, Lactobacillus alimentarius DDL 48, Enterococcus faecium 
DDE 39, and Bifidobacterium bifidum DDBA provided to goats increased their 
standard body weight by 9% (Apás et al. 2010). Du et al. 2018 suggest that 
stimulation of growth hormone/insulin-like growth factor-1 (GH/IGF-1) by probi-
otic Bacillus amyloliquefaciens C-1 is responsible for improved growth performance 
and regulation of gut microbiota in beef calves. Higher milk production in lactating 
ruminants provided with probiotics was also reported. Specifically, enhanced milk



production was reported when a probiotic mixture of Bacillus subtilis, Saccharomy-
ces cerevisiae, and Enterococcus faecalis (5 × 1011 CFU/day) was delivered to dairy 
goats (Ma et al. 2020), when a mixture of Bacillus licheniformis and Bacillus subtilis 
(2.56 × 109 CFU/day) was administered (Kritas et al. 2006), and when a mixture of 
Enterococcus faecium (5 × 109 CFU) and Saccharomyces cerevisiae (2× 109 CFU) 
was provided to dairy cattle (by 2.3 L per cow each day; Nocek and Kautz 2006). 
Increased milk yield was also reported when lactating dairy cows (AlZahal et al. 
2014a, b; Kumprechtová et al. 2019), lactating dairy goats (Stella et al. 2007), and 
lactating dairy sheep (Mavrommatis et al. 2020) were provided with Saccharomyces 
cerevisiae. However, some studies reported no impact on production parameters 
after yeast addition in diets of dairy cows (Poppy et al. 2012; Elghandour et al. 
2022). 
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Crucial for the health performance, rumen fermentation can be reinforced by 
probiotics, mainly through regulation of the rumen microbial ecosystem and the 
production of antimicrobial substances that can eliminate zoonotic pathogenic 
bacteria and control ammonia production. Rhodopseudomonas palustris has been 
applied as a potential probiotic on lactating cows’ nutrition, and proved to positively 
impact the viability and growth of rumen microorganisms and boost microbial 
fermentation towards nonglucogenic energy supply (Chen et al. 2020). Administra-
tion of Megasphaera elsdenii, a lactate-utilizing bacterium, was reported to enhance 
ruminal butyrate production and feed intake in neonatal calves (Muya et al. 2015). 
Addition of yeasts in steers’ diet enhanced the population of both carbohydrate-
digesting bacteria (Ruminococcus albus, Ruminococcus champanellensis, 
Ruminococcus bromii, and Ruminococcus obeum) and lactate-utilizing bacteria 
(Megasphaera elsdenii, Desulfovibrio desulfuricans, and Desulfovibrio vulgaris), 
and the ability to scavenge oxygen within the rumen (Ogunade et al. 2019). 
However, there is an inconsistency in the probiotic bacteria effects on ruminal 
fermentation ability. For instance, when dairy calves were administered with Lacto-
bacillus plantarum and Bacillus subtilis, they did not change any ruminal fermenta-
tion characteristics (Zhang et al. 2017). Strain, dose, frequency, and time/duration of 
supplementation are some of the factors that may affect the response of ruminants to 
probiotics (Buntyn et al. 2016; Amin and Mao 2021). 

Health performance is directly related to the immune system in ruminants and can 
also be affected by probiotic use. Health issues could be overcome through admin-
istration of probiotics. Incidence of diarrhea, a very common problem faced by 
calves, has been reduced by administration of a mixture of lactic acid bacteria 
(Lactobacillus acidophilus, Lactobacillus salivarius, and Lactobacillus plantarum) 
(Signorini et al. 2012). A compound probiotic (consisting of Lactobacillus 
plantarum, Pediococcus acidilactici, Pediococcus pentosaceus, and Bacillus 
subtilis) decreased fecal scores and consequently medicine treatments and improved 
the health status of newborn calves (Wang et al. 2022). According to Cao et al. 
(2007), mastitis, a very challenging problem in dairy cows, can be treated by 
Staphylococcus aureus, and more recently Alawneh et al. (2020) proposed an 
alternative treatment or prevention strategy, a Lactobacillus-based, post-milking 
teat spray that has been found to potentially improve teat end sphincter functions



and udder health. A mixture of Saccharomyces cerevisiae and Lactococcus species 
has been also found to lower the mastitis-related inflammation by a mechanism of 
decreasing serum concentration of tumor necrosis factor-α (TNF-α), interleukin-6 
(IL-6), and IL-1β in dairy cows (Gao et al. 2020). Ruminal acidosis, as mentioned 
above, could be also prevented via administration of probiotic bacteria that are 
capable of utilizing lactic acid in the rumen, either in calves (Krehbiel et al. 2003) 
or in dairy cows (Aikman et al. 2011; Mazon et al. 2020). Saccharomyces cerevisiae 
is popular for its probiotic effect yeast, can stabilize rumen pH, and reduce suscepti-
bility to acidosis in dairy animals (Chaucheyras-Durand et al. 2008; Marden et al. 
2008; Maamouri and Ben Salem 2021). 
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Lifecycle of ruminants can be very demanding due to stressful events encoun-
tered, i.e., pathogenic bacteria and disease, environmental factors, handling anxiety, 
nutritional stress, relocation actions, and novel environments. Mitigation of some of 
these negative effects associated with stress is faced by supplementation of 
probiotics (Broadway et al. 2015). Supplemented Saccharomyces cerevisiae to 
ruminants showed to alleviate some negative effects associated heat stress (Burdick 
Sanchez et al. 2015), acute inflammatory stress induced by lipopolysaccharide 
(Finck et al. 2014), diarrheal symptoms of colostrum-deprived dairy calves 
challenged with Escherichia coli (Galvão et al. 2005). 

8 Prebiotics’ Mode of Actions: Effects on Ruminants 

Prebiotics are defined as nondigestible, nonviable substrates that selectively stimu-
late the growth and/or activity of bacteria in the gastrointestinal tract, and conse-
quently enable the host organism to defend against pathogens and modulate the 
immune system, conferring a health benefit to the host (Gibson and Roberfroid 1995; 
Markowiak and Śliżewska 2017). 

The most used prebiotics fed to ruminants belong to the group of the 
carbohydrate-based oligosaccharides: 

Fructooligosaccharides (FOS): They consist of one glucose molecule connected to 
numerous fructose molecules via β-(2-1) or β-(2-6) bonds. 

Galactooligosaccharides (GOS): They are created from lactose and connect to 
several galactose molecules via β-(1-3) and β-(1-4) linkages. 

Xylooligosaccharides (XOS). 
Mannooligosaccharides (MOS): They are products of cell walls of S. cerevisiae and 

contain repeating mannose units via α-(1-2) and α-(1-3) linkages. 
Other oligosaccharides: Pectic oligosaccharides (POS) and 

transgalactooligosaccharides (TOS) 

Lately, noncarbohydrate compounds (e.g., polyphenols and polyunsaturated fatty 
acids) and polysaccharides (e.g., xylans, pectins, inulins, and β-glucans that are 
polysaccharides of glucose that differ in their arrangement of β-glycosidic bonds)



have also been characterized and used as prebiotic feed additives in ruminants’ 
nutrition (Moorthy et al. 2020; Costantini et al. 2017; Scott et al. 2020). 
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Prebiotics have been applied to calves’ nutrition, especially during the 
preweaning period in order to improve their health and performance (Ghosh and 
Mehla 2012). Both MOS and FOS are found to enhance the nutrient absorption and 
consequently the feed efficiency and yields (Cangiano et al. 2020). Supplementing 
MOS and polysaccharides to preweaning calves increased their average daily gain, 
feed efficiency (Heinrichs et al. 2003; Ghosh and Mehla 2012; Roodposhti and 
Dabiri 2012; Heinrichs et al. 2013), and growth (He et al. 2017), which according to 
Michalak et al. (2021) is attributed to the fact that MOS have the ability to improve 
the epithelium of ruminants (Alves Costa et al. 2019) by increasing the length of the 
rumen papillae and the height of the jejunum villi, which is possibly associated to the 
increase in substrate availability by MOS-utilizing bacteria. Similarly, inclusion of 
short-chain FOS in the calf milk replacer enhanced the growth performance of 
preruminant calves (Grand et al. 2013), and as for a commercial product Bio-Mos®, 
when added in milk or milk replacer fed to dairy calves also improved daily weight 
gain and body weight in the preweaning period. 

As stated by Chang et al. (2022), application of oligosaccharides in ruminant 
nutrition might also be accountable for the positive manipulation of rumen fermen-
tation by increasing concentrations of volatile fatty acids (VFAs) and bacterial 
protein and reducing that of ammonia nitrogen (NH3–N) (Li et al. 2011, 2018), as 
well as by specifically promoting the proliferation of particular bacterial species. 
Additionally, Cangiano et al. (2020) suggested that prebiotic supplementation 
stimulates the growth of ciliated protozoa and cellulolytic bacteria that stabilize 
the rumen pH. Li et al. (2011) showed that nondigestible oligosaccharides (isomalto-
oligosaccharides, MOS and FOS) enhanced rumen fermentation in sheep possibly 
through boosting the proliferation of some beneficial bacteria. 

FOS have been reported to positively impact the health status of ruminants, by 
supporting their immune system and by reducing intensity of diarrhea and mortality 
rates, especially in calves (Cangiano et al. 2020; Michalak et al. 2021). The high-risk 
preweaning period that is characterized by gastrointestinal infections, microbial 
dysbiosis, diarrhea, dehydration, and eventually early calf mortality might be 
prevented or even treated by prebiotic supplementation. Lower fecal scores and 
low diarrhea incidence were reported after weaning when calves were provided with 
GOS, and it was attributed by Senevirathne et al. (2019) to the improved intestinal 
microbial community, which was able to prevent pathogens. Likewise, and more 
consistently, lower mean fecal scores were found in MOS-supplemented Holstein 
calves (Hill et al. 2009; Morrison et al. 2010; Ghosh and Mehla 2012; Heinrichs 
et al. 2013). Immune response to a potential infection was promoted in calves fed 
β-glucans; Kim et al. (2021) noted an increased production of total serum immuno-
globulin A (IgA) (both bacterial-specific and viral-specific IgA) as well as increased 
neutrophils, neutrophil:lymphocyte ratio, and serum lactoferrin when challenged 
with a live bacterial and viral vaccine. In addition, Eicher et al. (2011) increased 
gene expression of toll-like receptor-4 (TLR4) and interleukin-12 (IL12) in the lung. 
MOS are also reported to enhance health traits, and when supplemented in



ruminants’ nutrition are found to have an immune-boosting effect (Wismar et al. 
2010; Raza et al. 2022). 
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However, the results for the efficacy of prebiotic supplementation in ruminants’ 
nutrition in the literature seem to be inconsistent and even contradictory as there are 
studies (da Silva et al. 2012; Froehlich et al. 2017; Tóth et al. 2020) suggesting that 
prebiotic supplementation has no effect on calves’ growth performance and health. 
Definitely, further studies are needed to investigate the potential role of prebiotics in 
ruminant health. 

9 Essential Oils 

Essential oils (EOs) are naturally produced by several plants that are generally 
localized in temperate to warm countries, like the Mediterranean and tropical 
countries, representing an important part of the traditional pharmacopeia (Bakkali 
et al. 2008). They are aromatic oily liquids obtained from various plant materials 
(flowers, buds, seeds, leaves, twigs, bark, herbs, wood, fruits, and roots) (Burt 2004) 
by hydrodistillation or steam distillation (Bakkali et al. 2008; Shaaban et al. 2012). 
An estimated 3,000 EOs are known, of which about 300 are commercially important 
as flavor and fragrance agents (Van de Braak and Leijten 1999). EOs are a mixture of 
low-molecular-weight molecules that include terpenes (monoterpenes and 
sesquiterpenes), alcohols, aldehydes, and ketones, which, in addition to their bioac-
tive molecules, are also responsible for the aromatic fragrance that these materials 
frequently exhibit (Jean 2008). Essential oils are considered safe for human and 
animal consumption and are categorized as generally recognized as safe (GRAS; 
FDA 2004). 

Some examples of EOs from aerial parts (leaves and flowers) include oregano oil 
(Origanum vulgare) and thyme oil (Thymus vulgaris), which both contain thymol at 
proportions of 63.3% and 19.5–54.1%, respectively. Other EOs derived from leaves 
and flowers are basil oil (Ocimum basilicum L.), with an estragole content, dill oil 
(Anethum graveolens L.), which contains phellandrene. EOs can also be obtained 
from fruit parts, such as anise oil (Pimpinella anisum L.), coriander oil (Coriandrum 
sativum L.), lemon oil (Citrus limon), mountain pride oil (Heracleum persicum), and 
nutmeg oil (Myristica fragrans), with the main content of each EO in the form of 
trans-anethole, at 76.9–93.7%, linalool, at 72.2–87.5%, limonene, at 65.6–69.9%, 
hexyl butyrate, at 56.6%, and α-pinene, at 22.2%. EOs can also be obtained from 
other parts of plants such as seeds, rhizomes, tree bark, tubers, and buds. Nigella 
sativa L. and Carum carvi L. are examples of medicinal plants where EOs are 
extracted from seeds as black cumin seed oil and caraway oil, respectively. The 
primary active compound in black cumin seed oil is para-cymene, while caraway oil 
contains carvone. Other EOs such as turmeric oil (1,8-cineole) are taken from the 
rhizome Curcuma longa L. Cinnamon oil (E-cinnamaldehyde, 97.7%) is derived 
from the bark of the Cinnamomum zeylanicum tree, while clove oil (eugenol 88.6%) 
was extracted from buds of Eugenia caryophyllata, and garlic oil (diallyl disulphide, 
53%) was extracted from Allium sativum tubers (Ramdani et al. 2023).
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10 EO Effects on Ruminants’ Fermentation and Production 

EOs and their bioactive metabolites have been reported to exert various biological 
effects, when given to animals with the diet, such as antimicrobial, anti-
inflammatory, antioxidant, and antiparasitic effects, whereas they are also known 
to modulate ruminal fermentation in ruminants (Pessoa et al. 2002; Evangelista et al. 
2022; Akram et al. 2021; Zhang et al. 2022; Štrbac et al. 2022). The effect of dietary 
EO supplementation has been mostly studied on monogastric animals, while recent 
research has been developed in ruminants, with the majority of them conducted 
in vitro. 

Many studies both in vitro and in vivo have revealed that EOs and their 
metabolites, due to their antimicrobial activity, manly inhibiting methanogenic 
archaea responsible for methane production, can affect ruminal microbiota, thus 
altering ruminal fermentation process towards better utilization of energy and protein 
of the feed. Since inefficiency in rumen fermentation leads to energy and protein 
losses in the form of methane and ammonia gas production, dietary supplementation 
of EOs could decrease in methane and ammonia emissions that would favor both for 
the animals and the environment. 

EOs possess a significant influence on protein metabolism and reduce ammonia 
production by inhibiting the deamination of amino acids (AAs), possibly through the 
suppression of hyperammonia-producing (HAP) bacteria at the level of adhesion and 
colonization (Benchaar and Greathead 2011; McIntosh et al. 2003). Several EOs 
(oregano, cinnamon, eucalyptus, rosemary, clove oil, garlic oil, and peppermint oil) 
have already been tried in vitro and in vivo in animals to reduce methane and 
ammonia production (Baraz et al. 2018; Cobellis et al. 2015, 2016a, b; Hamdani 
et al. 2019; Tomkins et al. 2015; Zhou et al. 2020; Patra and Yu 2012). These effects 
are highly dependent on EO type, source, applied dose, and the mixture of EOs. 
Effects can also be transient due to an adaptation of the microbiota to survive EOs’ 
antimicrobial effects. Considering the multiple effects of EOs on rumen microbiota, 
it has been proposed that EOs could improve the feed efficiency and nutrient 
utilization in ruminants. 

In small ruminants, a meta-analysis was conducted by Dorantes-Iturbide et al. 
(2022) using 74 peer-reviewed publications in the data set so as to evaluate the 
effects of dietary supplementation with essential oils on productive performance, 
carcass characteristics, nutrient digestibility, ruminal parameters, serum metabolites, 
and meat and milk quality. The results of the study revealed that EOs can be used as 
natural growth promoters in small ruminants, while at the same time, they improve 
feed intake and feed efficiency, and nutrient digestibility, as well as milk production 
and quality, meat quality, and shelf-life. Furthermore, dietary supplementation with 
EOs improves ruminal fermentation and reduces environmental impact by increas-
ing ruminal propionate concentration and by reducing methane emissions, ruminal 
ammonia nitrogen concentration, and the number of total protozoa and 
methanogens. However, these results depend on the EO dosage rate and type and 
duration of animal feeding.



Feed Additives as Dietary Tools to Improve Welfare Status in Ruminants 675

The effects of inclusion of various EOs in ruminants’ diets on animal perfor-
mance and health have also been well reviewed by Akram et al. (2021). In sheep, 
dietary inclusion of essential oil from thyme, clove, orange peel, rosemary, garlic, or 
EO mixtures increased rumen fermentation and N metabolism, decreased ruminal 
ammonia nitrogen, improved protein digestibility and total digestibility of nutrients, 
increased milk yield and milk fat, and improved animal antioxidant status. However, 
no effects on dry matter intake, average growth rate, and performance were 
observed. In goats, Callistemon viminalis oil supplementation improved dry matter 
intake, nutrient digestibility, and nitrogen utilization, whereas no effects were 
observed when given rosemary EOs, other than increased immunity status. Juniper 
oil addition in goats’ diet, although did not affect feed intake and performance, 
increased feed efficiency and improved their antioxidant status. 

In bovines, inclusion of EOs of oregano, thyme, and coriander or blends and 
mixtures of EOs increased nutrients digestibility, nitrogen utilization, and microbial 
protein synthesis and decreased methane production, as well as ammonium nitrogen. 
Moreover, it improved milk yield in cows and growth rate in calves, as well as feed 
efficiency. Positive effects were also observed in animal health status regarding 
immunity improvement, amelioration of calves’ diarrhea incidents, and improve-
ment of udder health and immunity (Akram et al. 2021). 

However, other in vivo studies on ruminants have shown controversial effects. 
Chaves et al. (2008) observed no change in ruminal ammonia concentration in lambs 
supplemented with cinnamaldehyde or carvacrol. Likewise, Yang et al. (2010a, b) 
observed no change in ruminal ammonia concentration in feedlot cattle 
supplemented with various levels of either eugenol or cinnamaldehyde. Feeding 
cinnamon oil, or its metabolite cinnamaldehyde, or eugenol to dairy cows had no 
effect on ruminal protein degradation and ammonia concentration (Βenchaar et al. 
2008, 2012, 2015; Benchaar 2016), whereas Tekippe et al. (2011) reported that pulse 
dosing 500 g/day of oregano leaves (90.8% carvacrol of total essential oil) in the 
rumen of dairy cows increased ruminal ammonia concentration. Thus, although 
results may suggest some tendencies and beneficial effects, inconsistencies regard-
ing the efficacy of EOs, which are probably linked to the nature of compounds and 
other factors, such as infection, nutritional status, environment, and diet composi-
tion, must be evaluated with caution. 

11 Health-Promoting Effects 

Meta-analysis of Dorantes-Iturbide et al. (2022) revealed that dietary supplementa-
tion with EOs reduces oxidative stress in small ruminants, as indicated by the 
increase in total antioxidant capacity (TAC), catalase (CAT), and sodium dismutase 
(SOD) activity. According to authors, EOs reduce reactive oxygen species (ROS) in 
blood serum due to the negative correlation between TAC and blood, as well as due 
to the reported effect that CAT, SOD, and glutathione peroxidase (GPx) antioxidant 
enzymes can reduce oxidative stress because they convert ROS into other 
compounds less harmful to biological macromolecules in the organism.
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Regarding EO control of pathogens, according to Βenchaar et al. (2008), EOs and 
its main constituents can inhibit several foodborne pathogens including E. coli 
O157:H7, S. aureus, Listeria monocytogenes, and Salmonella spp. EOs that exhibit 
the highest antimicrobial activity against ruminal bacteria are also generally most 
potent against pathogens. However, the broad-spectrum antimicrobial activity of 
these compounds may make it difficult to use them to specifically target pathogens 
within the ruminant digestive tract and even more may also increase the sensitivity of 
bacteria to other antimicrobials. EOs from peppermint were shown to exhibit activity 
against Giardia (Vidal et al. 2007), a protozoan parasite that is highly prevalent in 
cattle (Olson et al. 2004). It is possible that EOs, or their active components, may 
also have activity against other parasites that reside in the intestine such as Crypto-
sporidium, coccidia or nematodes. Effects of EOs on parasites in the lower digestive 
tract would be dependent on the ability of the antimicrobial components that they 
contain to remain active after passage through the rumen. The extent to which EOs 
escape from the rumen and flow to the lower digestive tract is under investigation. 
The effects of EOs as anthelmintics are related to the interaction of these compounds 
with the structure of the parasite. This occurs when lipophilic compounds, such as 
essential oil constituents, can break or damage the cell membrane of the parasite, 
thus affecting membrane permeability and leading to some enzyme and nutrient 
losses. It is also possible that these EOs inhibit cell growth and differentiation, a very 
rapid process of worm egg embryogenesis (Ramdani et al. 2023). 

Although the conventional therapy against mastitis still includes treatment with 
antibiotics, their use is under criticism, due to the development of antimicrobial 
resistance, as shown for Streptococcus agalactiae and S. aureus, causing antibiotic 
resistance in humans, as well. An alternative complementary approach could be EO 
use. In vitro studies have demonstrated the antibacterial activity of EOs against 
several pathogens that can cause mastitis, such as, among the others, 
L. monocytogenes, Salmonella typhimurium, E.coli, and S. aureus (Burt 2004). 
Their natural origin, coupled with lower side effects and the limited development 
of resistance after prolonged use, has identified EOs as promising therapeutic agents 
against mastitis, both in vitro and in vivo (Kher et al. 2019). Limited research has 
been conducted in vivo to study the effectiveness of EOs in treating mastitis. The 
intramammary infusion and external application on the quarter of 10% of a mixture 
of Thymus vulgaris and Lavandula angustifolia caused a substantial decrease in the 
bacterial colony count, after four days of treatment. The most potent antibacterial 
activity was achieved by massaging the udder with the mixture of EOs (Abboud 
et al. 2015). Another study was conducted to evaluate the effect of Origanum 
vulgare by intra-mammary infusion of 0.9 mL of EO applied twice a day for three 
days. S. aureus and E. coli were not detected in milk after the treatment (Chao et al. 
2015). The intramammary infusion of sage EO to ewes affected with subclinical 
mastitis resulted in a significant decrease in somatic cell count 24 and 48 h 
post-treatment. On the other hand, Lefevre et al. treated 55 cases of mastitis with a 
mixture of EOs containing Thymus vulgaris, Rosmarinus verbenone, and Laurus 
nobilis (1.5% each in 10 mL of sunflower oil), and 45 mastitis with a combination of



Thymus vulgaris and Rosmarinus verbenone (6% of each in sunflower oil or water). 
The results showed that the recovery rate was only 40% (Kammerer et al. 2009). 
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12 Toxin Binders and Modifiers 

Toxin binders or mycotoxin binders and modifiers refer to feed additives added to 
monogastric feeds or ruminant rations that are able to bind or modify harmful 
substances, mostly mycotoxins or endotoxins (lipopolysaccharides), within animals’ 
gastrointestinal tracts. 

13 Mycotoxins and Their Effect on Ruminants 

Mycotoxins are secondary metabolic products from molds belonging to the Asper-
gillus, Penicillium, and Fusarium genera. Mycotoxin contamination represents a 
worldwide problem for various agricultural commodities both pre- and post-harvest. 
More than 300 secondary metabolites have been identified although only around 
30 have true toxic properties, which are of some concern. Two groups of toxinogenic 
(mycotoxin-producing) fungi can be distinguished. The first one consists of fungi 
(such as Fusarium), which invade their substrate and produce mycotoxins on 
growing plants before harvesting: this is the category of field (pre-harvest) toxins. 
Aflatoxins and Fusarium toxins are included in this group. The other group contains 
fungi, which produce toxins after harvesting and during crop storage and transporta-
tion. These toxins are named storage (or post-harvest) toxins and ochratoxin A 
belongs to this group. The mycotoxins that are of some concern for the safety of 
animal feed in the European Union include aflatoxin B1 (AFB1), ergot sclerotia, 
zearalenone (ZEN), deoxynivalenol (DON), ochratoxin A (OTA), fumonisins (espe-
cially fumonisin B1, FB1), T-2 and HT-2 toxins, the maximum levels of which have 
been recommended by European Union (Commission recommendation 2006/576/ 
EC3) (Boudergue et al. 2009). 

Since ruminant diets depend mostly on cereals, protein feeds, their by-products as 
well as hay and grass, grass/legume, and silages, the risk of mycotoxin exposure is 
higher compared to swine and poultry that have less varied diets. Evidence suggests 
the greatest exposure for ruminants to some regulated mycotoxins (aflatoxins, 
trichothecenes, ochratoxin A, fumonisins, and zearalenone) and to many other 
secondary metabolites (Gallo et al. 2015). 

When livestock ingest one or more mycotoxins, the effect on health could be 
acute, meaning evident signs of disease are present or even causing death. However, 
acute manifestation of mycotoxicosis is rare under farm conditions. The effects of 
mycotoxin ingestion are mainly chronic, implying hidden disorders with reduced 
ingestion, productivity, and fertility. Ruminants are considered less susceptible to 
mycotoxins than monogastrics. This is based on the assumption that the rumen 
microbiota degrades and inactivates mycotoxins and is regarded to be the first line 
of defense against mycotoxins such as ZEN, OTA, and T-2 toxin, thus protecting the



animal. However, a number of mycotoxins resist rumen degradation, such as AFB1, 
fumonisin, and patulin, causing distinct clinical signs of intoxication. Moreover, due 
to their complex diet, dairy cows may be exposed to a varying number of 
mycotoxins, originating from different feed materials such as roughage and 
concentrates. Exposure to these complex mixtures of mycotoxins may result in 
unexpected health risks (Gallo et al. 2015; Fink-Gremmels 2008; Phuong 2015). 
Effects of mycotoxins on animals are diverse and range from carcinogenicity, 
hepatoxicity, and neurotoxicity to impaired reproduction, digestive disorders, 
changes in animal growth, feed intake reduction or feed refusal, alteration in nutrient 
absorption and metabolism, decrease in productive performance, increased risk of 
mastitis, and effects on the endocrine system, as well as inflammatory and immuno-
logical suppression, all of which impair animal health status and wellbeing. Clinical 
signs can be seen at high levels of mycotoxin contamination but more frequently we 
observe subclinical effects. Already moderate levels of mycotoxins, especially 
during chronic exposure, can negatively affect animals. Mycotoxins influence the 
immune system, the integrity of the gut barrier, and act as predisposing factors for 
disease. Hepatic enzymes are typically increased and prothrombin time can be 
prolonged. Particular attention should be given to young animals, as their rumen is 
not yet fully developed, so they are more susceptible to liver damage caused by 
mycotoxins. Next to preruminating calves, cows in the transition period are particu-
larly susceptible, as the negative energy balance is exacerbated by the presence of 
molds and mycotoxins in their diet. In both cases, typically, these animals are also 
given the lowest quality feedstuffs in the farm, as they are not in production (Gallo 
et al. 2015; Fink-Gremmels 2008; Mostrom and Jacobsen 2011; Rodrigues 2014). 
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The presence of mycotoxins in feeds could pose a risk to consumers if these 
toxins and/or their metabolites are excreted and accumulated in animal products such 
as milk and meat, and for this reason their presence especially in milk must be 
regularly monitored. The majority of mycotoxins found in feeds do not cause 
problems either because they are not excreted into milk or because they are excreted 
as a less toxic metabolite. However, aflatoxin M1 (AFM1) is most prevalent in 
feedstuffs and recognized as the most hazardous due to its genotoxic and carcino-
genic potential. Ruminants, after consuming feed contaminated with AFB1, 
transformed AFB1 mainly into AFM1, which is then excreted into milk. The amount 
of AFM1 found in milk represents normally 1–2% of the ingested AFB1. However, 
it can reach 6% in high-producing cows. AFM1 is toxic and carcinogenic and it is 
classified by the International Agency of Research on Cancer as class 2B, possible 
human carcinogens. Because of this concern, the AFM1 level in milk is regulated in 
several countries; the European Union limit of 0.05 g/kg is one of the lowest in the 
world (EFSA 2004).
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14 Definition of Toxin Binders and Modifiers 

The Commission regulation (EC) No 386/2009 defines these groups of feed 
additives as “substances for reduction of the contamination of feed by mycotoxins: 
substances that can suppress or reduce the absorption or promote the excretion of 
mycotoxins or modify their mode of action.”. These feed additives may act by 
reducing the bioavailability of the mycotoxins or by degrading them or transforming 
them into less toxic metabolites (Boudergue et al. 2009). Therefore, according to 
their mode of action, these feed additives are classified to adsorbing agents (binders) 
and biotransforming agents (modifiers). 

Toxin-absorbing agents are compounds that have the capacity to bind the 
mycotoxins in contaminated feed without dissociating in the gastrointestinal tract 
of the animal. In this way the toxin-adsorbing agent complex passes through the 
animal and is eliminated via feces. This prevents or minimizes exposure of animals 
to mycotoxins. Mycotoxin-adsorbing agents can be silica-based inorganic 
compounds or carbon-based organic polymers (Boudergue et al. 2009). 

The inorganic adsorbing agents include natural clay products as well as synthetic 
polymers. These agents include aluminosilicates, the largest class of mycotoxin-
sequestering agents. Within this group, there are two important subclasses: the 
phyllosilicate subclass and the tectosilicate subclass. The phyllosilicate subclass 
includes bentonites, montmorillonites, smectites, kaolinites, and illites and the 
tectosilicate subclass includes zeolites. Bentonites are generally impure clay 
consisting mostly of montmorillonite. Montmorillonite is a layered silicate, which 
adsorbs organic substances either on its external surfaces or within its interlaminar 
spaces, whereas the modified montmorillonite nanocomposite (MMN) is a new 
absorptive additive, developed with nanomodification techniques. Zeolites have 
large pores that provide space for large cations such as sodium, potassium, and 
calcium of which clinoptilolite is a natural zeolite whose main application is the 
adsorption of heavy metals from aqueous solutions. Moreover, the hydrated sodium 
calcium aluminosilicate (HSCAS) is perhaps the most studied mycotoxin-
sequestering agent among the mineral clays. It is a naturally occurring and heat-
processed calcium montmorillonite that is commonly used as an anticaking additive 
in animal feed. Other categories of toxins binders are activated carbon, yeast cell 
walls (derived from Saccharomyces cerevisiae), which are also used as a dietary 
mycotoxin-adsorbing agent, bacteria (strains of lactic acid bacteria such as Lactoba-
cillus rhamnosus strain GG and Lactobacillus rhamnosus strain LC-705 that are 
used to remove mycotoxins), micronized fibers, obtained from different plant 
materials such as cereals (wheat, barley, and oat), pea hulls, apple, and bamboo. 
They are constituted mainly of cellulose, hemicelluloses and lignin, polymers 
(cholestyramine and polyvinylpyrrolidone), and additives resulting from the modifi-
cation and activation of diatomaceous earth, which is a natural material extracted 
from a quarry with a maximum of 70% silicon dioxide (Boudergue et al. 2009). 

Biotransforming agents (mycotoxin modifiers), such as bacteria/fungi or 
enzymes, are another strategy to control mycotoxicosis in animals (Boudergue 
et al. 2009). These agents biodegrade or biotransform mycotoxins into less toxic



metabolites. They can be divided into four classes: bacteria, yeasts, fungi, and 
enzymes (Boudergue et al. 2009). They act in the intestinal tract of animals prior 
to the absorption of mycotoxins (Devreese et al. 2013). 
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15 Effects of Dietary Toxin Binders and Modifiers 
on Ruminants 

Various studies on ruminants have been contacted to evaluate the effects of toxin 
binders on animals. Most of them consider bentonite and zeolite clay effects on 
performance and health of both sheep and cows. According to studies these clays 
increase feed intake, nutrient digestibility, protein and carbohydrate metabolism and 
digestion, rumen pH, and volatile fatty acids in the rumen, whereas decrease 
ammonia concentration (Mehany and Hegazy 2020; Saleh et al. 1999; Salem et al. 
2001; Colling et al. 1979; May and Barker 1988; Osman and Soliman 2021; Marrero 
et al. 1987; Ivan et al. 2001; Nikkhah et al. 2000; Khachlouf et al. 2018; Mohsen 
et al. 2017). Feed conversion ratio improved in most cases of clay inclusion in the 
feed of lactating cows and sheep, as well as of lambs and calves (Mehany and 
Hegazy 2020; Mohsen et al. 2017; Nowar et al. 1993). On the other hand, Buldo and 
Fehring (2004) found no effect of dietary inclusion of zeolites on feed efficiency. 
Moreover, the addition of clays in ruminants’ diet could increase milk yield and in 
some cases improve milk chemical composition (Mehany and Hegazy 2020; Salem 
et al. 2001; Khachlouf et al. 2018; Abd El-Baki et al. 2001; Ella 2007; Bampidis 
et al. 2014; Osman and Soliman 2021; Pooyan et al. 2020). 

Moreover, Pooyan et al. (2020) have shown that dietary bi-partial toxin binder 
improved the health of lactating cows, when the feed was exposed to multiple 
mycotoxin contamination, as suggested by the lower rectal temperature, respiratory 
rate, and heartbeat. Subacute ruminal acidosis (SARA) is a serious metabolic disease 
of cows as a result of consuming diets high in grain and other highly fermentable 
carbohydrates that although increases milk production, it increases the risk of 
subacute ruminal acidosis. Even without clinical symptoms, this metabolic disorder 
is dangerous and can have many detrimental effects. SARA is defined as periods of 
moderately depressed ruminal pH, from about 5.5 to 5.0. SARA may be associated 
with laminitis and other health problems resulting in decreased production (Krause 
and Oetzel 2006). Supplementation with toxin bidders has been proved to protect 
animals from this metabolic syndrome and alleviate symptoms. Clay mineral-based 
supplementation of cattle has been proved to have beneficial effects on liver func-
tion, even during stress conditions of subacute ruminal acidosis (Humer and Kröger 
2019). According to Lean (2007) and Sulzburger (2016), clay supplementation as an 
additive to cereal grains for lactating cows buffers rumen pH and reduces the time of 
rumen pH below 5.6 after grain feeding. Cows fed clay tended to have higher milk 
yield and higher 3.5% fat-corrected milk (FCM), which confirmed that clays could 
alleviate symptoms of gastrointestinal stress caused by changes in pH levels. Also, 
Valpotic and Gracner (2017) concluded that zeolite used as a feed additive improved 
health and economical parameters in cattle production.
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Several binders/adsorbents have been proved to be effective on mycotoxins in 
terms of reducing the carryover of AFM1 in milk and the effect on animal health. 
Summing up the results of various studies in dairy ruminants, it could be concluded 
that the inclusion in the feed of several types of clay binders (bentonite, aluminosili-
cate, montmorillonite, vermiculite, and nontronite) with or without live yeast, yeast 
culture, has the potential to reduced transfer of dietary AFB1 as AFM1 in milk, when 
animal consumed AFB1-contaminated feeds (Pietri et al. 2009; Kissell et al. 2013; 
Kutz et al. 2009; Xiong et al. 2015; Jiang et al. 2018; Sulzberger et al. 2017; 
Mugerwa et al. 2015). 

However, it seems that the efficacy of these adsorbents to bind aflatoxin (AF) can 
be affected by the ratio of adsorbent to mycotoxin, pH, and temperature. Sumantri 
et al. (2012) reported no effect of inclusion of bentonite in the diet of cows fed with 
AFB1-contaminated feed. Ogunade et al. (2016), despite no reduction in AFM1 
concentration after feeding a diet containing sodium bentonite and S. cerevisiae 
fermentation product, reported a reduction of the time required to reduce AFM1 in 
milk to safe levels after AFB1-contaminated feed withdrawal. 

In contrast to inorganic and organic binders, studies on in vivo efficacy of 
modifiers or detoxifiers (i.e., probiotics and enzymes) are scarce and are limited in 
broilers. The application of probiotics and enzymes in mycotoxin mitigation in farm 
animals is limited because microbes/enzymes are mostly active in their own envi-
ronment. Moreover, it is very difficult to evaluate the mechanism of biotransforma-
tion and the identification of metabolites and their toxicities (Boudergue et al. 2009). 
Nevertheless, they offer an alternative environmentally friendly strategy for 
minimizing livestock exposure to aflatoxins, to be in practice. 

16 Enzymes 

Exogenous fibrolytic enzymes (EFEs) have been widely and successfully applied in 
monogastric animal nutrition, yet for ruminants’ production, exogenous enzyme 
supplementation in diets has recently gained acknowledgment and challenged the 
scientific community to further study enzymes as feed additives in ruminants’ 
nutrition. Fiber digestibility is limited in the rumen ecosystem, and applying EFEs 
in ruminant diets can potentially improve cell wall digestion and the efficiency of 
feed utilization (Reddy et al. 2016). 

EFEs used in ruminants’ nutrition can be categorized into three primary 
categories based on the specific substrates on which their enzyme activity occurs: 
fibrolytic, amylolytic, and proteolytic enzymes (Durge et al. 2022). Exogenous 
fibrolytic enzymes can be further classified according to their ability to act as 
cellulase, which hydrolyze the fiber of plant cell wall to glucose, cellobiose, or 
cellooligosaccharides with simultaneous action of three enzymes: endoglucanases, 
exoglucanases, and β-glucosidases (Zhang and Lynd 2004). EFEs may hydrolyze 
feed directly, and act synergistically with ruminal microbes to enhance feed diges-
tion (McAllister et al. 2001), indirectly boost the attachment and numbers of



cellobiose- and glucose-utilizing bacteria in the rumen (Nsereko et al. 2002), and 
work synergistically with the large intestine microflora (Beauchemin et al. 2004). 
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The most common EFEs, used in ruminants’ nutrition are xylanase (X), cellulase-
xylanase (C-X), ferulic acid esterase (FAE), cellulase-FAE (C-FAE), 
endoglucanase-xylanase (En-X), and amylase-exogenous proteolytic enzyme 
(A-EPE), and some nonfibrolytic activity EFE such as amylase and protease or 
bacteria. Ruminant enzyme additives are derived primarily from four bacterial 
(Bacillus subtilis, Lactobacillus acidophilus, Lactobacillus plantarum, and Strepto-
coccus faecium) and three fungal (Aspergillus oryzae, Trichoderma reesei, and 
Saccharomyces cerevisiae) species (McAllister et al. 2001) 

A meta-analysis on the impact of dietary application of exogenous fibrolytic 
enzymes on the performance of dairy cows (Arriola et al. 2017) showed that 
application of EFEs did not impact dry matter intake and feed efficiency but had a 
tendency to enhance the total-tract dry matter digestibility and neutral detergent fiber 
digestibility (NDFD) by quite small amounts (1.36 and 2.30%, respectively, or 
<0.31 standard deviation units). Also, application of EFEs increased yields of 
milk (0.83 kg/day), 3.5% fat-corrected milk (0.55 kg/day), milk protein (0.03 
kg/day), and milk lactose (0.05 kg/day) by moderate to small amounts (<0.30 
standard deviation units). The authors also suggest that there is a superiority of the 
C-X enzymes as for their beneficial effects, compared to the rest enzymes examined. 
Another related meta-analysis (Tirado-González Tirado-González et al. 2018) 
suggests that although EFEs may enhance the performance parameters (average 
daily gain, feed conversion, feed intake, in vivo dry matter, and digestibility in 
low-forage (F:C < 50%) grass-based diets) of dairy cows and beef cattle, the 
reaction varies according to the appropriate dosage mixture of cellulases and 
xylanases to the diet. There are unknown interactions between supplements of 
exogenous fibrolytic enzymes (EFEs) and cell walls of feedstuff in ruminal 
conditions. A commercial product, Viscozyme®, containing a GH74 
endoglucanase, GH71 α-1,3-glucanase, GH5 mannanase, GH7 cellobiohydrolase, 
GH28 pectinase, and esterases, enhanced ruminal saccharification of barley straw 
(Badhan et al. 2018). 

In a cycle of in vitro fermentation tests, Eun and Beauchemin (2007) found that 
four feed enzyme products (FE), endoglucanase, exoglucanase, xylanase, and prote-
ase, that varied in enzymatic activities on the degradation of alfalfa hay and corn 
silage may increase in vitro neutral detergent fiber (NDF) digestibility and might be 
capable of improving lactational performance of dairy cows. When lactating cows 
were provided with an exogenous phytase plus cellulase formulation, a reduction of 
the fecal nutrient excretion was observed, as well as increase of the fiber and dry 
matter (DM) digestibility (Knowlton et al. 2007). A recombinant fibrolytic enzyme 
(RFE; xylanase XYL10C) selected specifically for forage-fed ruminants on ruminal 
pH did not improve fiber digestion, but increased ruminal NH3–N concentration, 
which might suggest that it increased ruminal proteolytic activity (Ran et al. 2019). 

Understanding the complexity of the rumen microbial ecosystem and the nature 
of its interactions with plant cell walls is crucial to exogenous enzyme usage for 
improving plant cell wall digestibility and thus the efficiency of feed utilization in



ruminants. The inconsistency of the results might be attributed to the variability of 
the enzyme formulations available, their different mode of action, the synergism 
between exogenous enzyme and rumen microflora, the supplementation dosage, the 
suitable mode and time of delivery, and the substrate feed specificity, as well as the 
host itself (for example, stage of lactation of dairy cows). 
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17 Phytogenics 

Phytogenics, also referred to as phytobiotics, are defined as natural bioactive 
compounds that are extracted from various plants and incorporated into animal 
feed as plant feed additives (PFAs), alternative to the controversial chemical 
additives. They have been considered to have positive effects on animal growth 
and health due to their antimicrobial, antiviral, antifungal, and antioxidative 
properties. They have been used traditionally as complementary or alternative 
medicines to improve human health or cure human diseases (Gadde et al. 2017; 
Yang et al. 2015). 

This category of natural additives includes essential oils (EOs), saponins, 
flavonoids, and tannins as the main biologically active compounds obtained from 
various parts of plants (Bodas et al. 2012; Salem et al. 2014; Ebeid et al. 2020). 
These bioactive compounds are referred to as phytochemicals or plant secondary 
metabolites (PSMs). Except essential oils that have already been discussed previ-
ously, there are numerous plant extracts that can be fed to livestock reared under both 
conventional and organic conditions (Hrelia and Angeloni 2020; Bampidis and 
Robinson 2006; Brenes et al. 2016). Furthermore, these PFAs are considered natural, 
harmless, and residue-free; hence, they could meet both consumer expectations and 
the need of the feed industry to find valid alternatives to synthetic agents. 

Several PFAs such as flavonoids (e.g., polyphenolics), phenolic acids, terpenoids 
(e.g., terpenes), alkaloids, stilbenoids, epicatechin, hesperidin, and quercetin have 
been recognized in various plants, which have been demonstrated to exert antioxi-
dant, anti-inflammatory, antiparasitic activities and improve rumen fermentation 
(Tohge et al. 2013). 

Flavonoids are polyphenolic compounds and, although nearly 5000 flavonoids 
have been identified, the most significant ones are divided into 12 subclasses and 
include the following: anthocyanidins, aurone, chalcone, coumarin, 
dihydrochalcone, dihydroflavonol, flavan-3,4-diol, flavan-3-ol, flavanones, 
flavones, flavonols, and isoflavones (Hahlbrock 1981; Harborne 1984). Tannins 
are an important group of flavonoids (polyphenolics compounds) in terrestrial plants, 
broadly categorized into two major compounds, condensed tannins (CTs) and 
hydrolyzable tannins (HTs). CTs have been used extensively in ruminants due to 
their abilities to decrease methane (CH4) emissions, shift protein digestion from the 
rumen to the small intestine, improve the maternal environment and reproductive 
efficiency (i.e., ovulation, scanning, pregnancy, and fecundity rates), support early 
embryonic survival, enhance embryo and fetal development, lambing rates, and 
lamb survival from birth to weaning, among other numerous applications. Similar



to this, the ability of CT to lower gastrointestinal parasite burdens is particularly 
intriguing given growing worries about pharmaceutical antiparasitic resistance in 
grazing ruminants as a result of their ongoing, sometimes unnecessary, treatment 
with the macrocyclic lactone ivermectin (Tedeschi et al. 2021). 
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Due to their propensity to be broken down in the rumen and ingested by 
ruminants, hydrolyzable tannins have frequently been thought of as potentially 
harmful, antinutritional plant secondary metabolites (Tedeschi et al. 2021). How-
ever, recently studies have reported that HTs exert beneficial effects on ruminants. 
The inclusion in cattle diet of HTs from various sources (chestnut, tannic acid, and 
gallic acid) decreases environmental impact of ruminants (lower CH4 and ammonia 
emissions), without decreasing animal performance (Aboagye et al. 2019). More-
over, HT extracted from chestnut could be considered as an alternative for parasitic 
control in cattle, since it was found that it causes a decrement in motility with the 
subsequent death of larvae 3 (L3) of  Haemonchus contortus (Acevedo-Ramírez et al. 
2020). 

The antiparasitic effect of tannins relies on reducing gastrointestinal nematodes 
by increasing the host response to parasites. The capability of tannins to bind to 
proteins is able to protect them from rumen degradation and improve protein flow 
and amino acid absorption in the small intestine. Increased protein supply in the 
small intestine has been seen to enhance host homeostasis and immune response to 
helminths (Ramdani et al. 2023). 

Many in vitro studies have indicated the potential of tannins to exert antioxidant 
effects. The in vivo antioxidant activities of tannins were also demonstrated in 
different animal tissues. Inclusion of forage containing CT improved the antioxidant 
status of both cattle and sheep by increasing serum antioxidant activity. Quebracho 
tannins in lamb diets improved the antioxidant status of muscle, liver, and plasma 
(Huang et al. 2018). López-Andrés et al. (2013) found that quebracho tannins were 
not degraded or absorbed in the gastrointestinal tract but increased the antioxidant 
capacity of liver and plasma in sheep, which demonstrated that CT may indirectly 
affect antioxidant status in animal tissues. It has been speculated that dietary tannins 
may spare other nutritive antioxidants during the digestive process, or they may 
protect proteins, carbohydrates, and lipids in the digestive tract from oxidative 
damage during digestion. However, the antioxidant mechanism of tannins in animal 
tissues is unknown (Huang et al. 2018). 

Approximately 30,000 terpenoids compounds have been identified. Among 
these, saponins are classified into triterpene or steroidal glycosides, which are 
found in many plant species, having many different biophysicochemical properties. 
Most studies in ruminants have focused only on saponins’ nutritional aspects to 
prevent digestive disorders when used as feed additives. Plant extract is the typical 
form adopted to achieve the desired phytochemical compound, and five saponin-rich 
plants have been consistently examined: Camellia sinensis L., Quillaja saponaria, 
and Sapindus rarak DC.—lerak and Sapindus saponaria L.—soapberry with a 
triterpenoid structure; and Yucca schidigera with a steroidal nucleus (Tedeschi 
et al. 2021). According to Patra and Saxena (2009), saponins appear to have a 
major antiprotozoal (defaunation) action in the rumen, which may improve the



efficiency of microbial protein production and protein flow to the duodenum. 
Moreover, saponins may reduce methane generation directly by lowering 
methanogen populations and activities (such as the rate of methanogenesis or 
expression of methane-producing genes). The rumen metabolism may be altered 
favorably or unfavorably by saponins’ selective effects on particular rumen bacteria 
and fungus. While saponins’ ammonia adsorption and modification of digesta transit 
in the rumen have also been linked to altered rumen metabolism, their physiological 
effects are probably insignificant in comparison to microbiological ones. It has been 
discovered that saponins’ effects on rumen fermentation are inconsistent. These 
differences seem to be connected to the chemical makeup and dosage of saponins, 
diets, and microbial populations. 
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Depending on the diets and the saponins involved, the antiprotozoal properties of 
saponins would be anticipated to have a mixed influence on ruminant productivity. It 
is commonly accepted that eliminating or suppressing protozoa will improve rumi-
nant performances, especially when fed a low-protein diet, despite the possibility 
that defaunation would reduce fiber digestibility in the rumen. The effect of 
defaunation depends on the balance between the energy and protein requirements 
of animals and nutrients supplied by diets. Therefore, the impact of saponins is 
influenced by feed composition (Patra and Saxena 2009). Furthermore, Rochfort 
et al. (2008) in their review have indicated the immunostimulant and antivirus 
potential of saponins. 

18 Feed Additives as a Tool Towards Ruminant Welfare 

Animal welfare has been defined in different ways, but a concise approach that 
encompasses all aspects is that it characterizes animals that are healthy, while having 
their needs met. This definition emphasizes the significance of maintaining good 
health and fulfilling the physical and emotional needs of animals in order to attain 
high standards of welfare. In a society that is increasingly demanding ethical and 
sustainable livestock production practices, with consumers who are rejecting 
products made under unacceptable conditions, it is essential to integrate animal 
welfare into sustainable livestock production practices. 

Any effort to increase the efficiency of production must prioritize animal welfare, 
along with other measures of sustainability. While there are various strategies to 
improve animal health, implement novel management practices and feeding 
protocols, decrease greenhouse emissions and highlight product quality in ruminant 
production, some of these strategies may come at the expense of animal welfare. 
Therefore, it is crucial to adopt approaches that not only promote sustainable 
productivity but also enhance animal welfare, such as feed supplementation and 
improving animal health (Llonch et al. 2017). Within that concept, the inclusion of 
the abovementioned feed additives in ruminant nutrition has been proven to be a 
functional dietary tool towards ruminant welfare boost (Fig. 1). 

The gut microbiota is an essential factor for animal welfare, although there is still 
limited evidence of its direct influence on ruminants. However, probiotics are
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frequently used to manipulate the microbiota in order to improve productivity by 
impacting physiological processes. These processes can affect behavioral functions 
related to animal welfare, such as stress, anxiety, and changes in memory, cognition, 
and social behavior.
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In ruminants that suffer from acidosis, the microbiota-gut-brain axis is suspected 
to modify feeding behavior, through rumen microbiota affecting impact on appetite 
during pathological states. In cattle with subacute acidosis, ruminal microbiota is 
altered, leading to a drop in feed intake and rumination time. The probiotic Saccha-
romyces cerevisiae, commonly used in ruminants, has been shown to protect against 
physiological changes induced by acidosis and also instigate behavioral changes, 
such as reducing the minimum interval between meals and increasing time spent 
ruminating. While there is limited information about the impact of the microbiota-
gut-brain axis on behavior in ruminants, it indicates that it could have significant 
effects on their welfare status that are not yet fully recognized. The influence of the 
gut microbiota on behavior can be added to its influence on health through its role in 
the immune response, making it a crucial factor in achieving animal welfare. 

A possible alternative approach for manipulating the microbiota is to incorporate 
prebiotics into the diet. Research involving germ-free animals, as well as 
interventions such as the provision of pro- or prebiotics, and alterations of their 
diet, has shown that conversions to the gut microbiota (GUT-M) are associated with 
changes in various behavioral patterns that affect animal welfare directly in a rather 
distinct manner. Providing prebiotic supplementation can be beneficial before or 
during stressful events, such as handling or transport of ruminants, to prevent 
activation of the hypothalamic-pituitary-adrenal axis and associated anxiety-like 
behaviors that depress the welfare level of animals (Kraimi et al. 2019). 

The host-protecting function of most prebiotics in ruminants can be inhibited due 
to their degradation in the rumen, yet their activity towards promoting gut health 
especially, during the stressful period of weaning in young animals, must be noted 
(Gaggìa et al. 2010). Keeping welfare at satisfying levels during this time is a 
significant assistance towards calves, lambs, and kids for reaching their future full 
productive potential (Cangiano et al. 2020). Apart from their beneficial effects on 
health and growth, pro- and prebiotic prophylactic action is correlated with a 
reduction in mortality and morbidity in ruminants, which are two of the main 
markers of welfare (Ortiz-Pelaez et al. 2008; Radzikowski 2017). 

By promoting the growth of beneficial bacteria in the gut, eubiotics such as 
probiotics, prebiotics, and essential oils can help improve nutrient absorption, reduce 
inflammation, and support immune function. This, in turn, can help reduce the 
incidence of gastrointestinal disorders and infections, thereby reducing the need 
for antibiotics in cattle, sheep, and goats (Gupta et al. 2019; Pulina et al. 2017). 

In addition to their potential to improve rumen fermentation, increase feed 
digestibility, and enhance animal performance, essential oils have also been shown 
to reduce methane and ammonia production (Arteaga-Wences et al. 2021). These 
effects may be attributed to the antimicrobial and antioxidant properties of essential 
oils, which can improve gut health and nutrient absorption (Cobellis et al. 2016a, b). 
Results on methane production reduction can be characterized as varied, depending



on the type and dosage of essential oil used, as well as the composition of the 
animal’s diet (Belanche et al. 2020; Torres et al. 2020; Giannenas et al. 2013). 
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Apart from nutrient absorption enhancement, essential oils appear to also act as 
appetizers and flavoring agents, improving diet acceptance and preference for 
ruminants, thus promoting the manifestation of natural feeding behavior and respect-
ing animal welfare (Durmic and Blache 2012). Some essential oils exhibit a signifi-
cant antibacterial effect against bacteria isolated from small ruminant mastitis, 
showing promising therapeutic properties towards subclinical and clinical mastitis 
and a path towards related stress alleviation (Abdalhamed et al. 2018). 

Within the scope of alleviating climate change effects on ruminants, the supple-
mentation of dairy cattle rations with toxin binders such as bentonite and zeolite has 
shown promising results against heat stress. Through the incorporation of toxin 
binders in their nutrition, heat-stressed cows maintain their feed intake and repro-
ductive parameters at optimal level, thus safeguarding their welfare (Devreese et al. 
2013; Kihal et al. 2022; Mehany and Hegazy 2020). 

Moreover, the use of toxin binders towards the reduction of aflatoxins in milk and 
mycotoxins in animal feed, both as regulatory and preventive measures, can ensure 
animal health and nutrition, further translating into impacts relevant to ruminant 
welfare (Katsoulos et al. 2016; Mantovani et al. 2022). 

Improving the efficiency of ruminant production is essential for its future success, 
particularly in light of the price volatility that often affects both dairy and meat 
markets. Rather than focusing on increasing milk production, it may be beneficial to 
explore alternative approaches that enable the production of the same amount of 
milk using fewer cows. This could significantly increase herd efficiency, farm 
profitability, and animal health and welfare. 

A promising approach for improving ruminant production efficiency is the use of 
feed enzymes, which can enhance feed degradation and maximize starch digestibil-
ity. By increasing the availability of energy and nutrients from feed, feed enzymes 
can help to match the requirements of high-yielding dairy cows and fast-growing 
beef cattle, leading to increased milk production and growth rates without increasing 
the number of cows or total feed consumption. Improved feed efficiency using feed 
enzymes can help reduce feed costs and improve profitability for farmers, while also 
reducing the environmental impact of ruminant production by reducing greenhouse 
gas emissions and nutrient excretion. The utilization of essential oil compounds can 
provide further advantages such as enhancing the taste and increasing feed intake, 
promoting the secretion of digestive enzymes, and providing antioxidant, antimicro-
bial, antifungal, and antiparasitic effects. Overall, feed enzymes are a promising 
ecofriendly tool for improving animal welfare, efficiency, and sustainability of 
ruminant production (Bonneau and Laarveld 1999; McGrath et al. 2018). 

Regarding the wider group of phytogenics or phytochemicals, it is widely 
accepted and supported by research that herbal bioactive compounds have been 
found effective in improving ruminant health and productivity, especially in stressful 
situations that compromise animal welfare. Supplementing lambs under heat stress 
with tannin or naringin can enhance performance, antioxidant status, and immune 
responses. The same herbal extracts have been reported to improve feed intake and



mitigate the adverse effects of heat stress on performance in transition dairy cows 
and cows suffering from subclinical mastitis. In heat-stressed cows, phytogenics and 
phytochemicals reduce body core temperature and modulate heat stress conditions of 
lactating dairy cows, as evidenced by lower rectal temperature and respiration rate 
due to the induction of oxidative stress (Flachowsky and Lebzien 2012; 
Hashemzadeh et al. 2022; Karásková et al. 2015). 
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Sheep feeding behavior can also be modulated through administration of phyto-
chemical mixtures. In particular, animals appear to be devoting more time to eating 
and therefore having less available time to exhibit abnormal behaviors and oral 
nonnutritive behaviors, which are indicators of poor welfare (Ahmed et al. 2021). 

19 Limitations, Prospects, and Conclusions 

Any diet supplementation of feed additives in ruminants’ nutrition towards promot-
ing health, welfare, and production could yield profits. Studies have clearly 
demonstrated that dietary interventions applied in neonatal ruminants, rather than 
in later development stages, can effectively manipulate gut microbiota and subse-
quently boost the metabolism and the immune response. Weaning period is similarly 
very critical for the lasting effects on rumen microbiota establishment. A better 
understanding of host genetics and physiology, the molecular mechanisms 
associated with microbial populations, and the interactions between them would 
better elucidate the mechanism of action of feed additives on gastrointestinal devel-
opment and microbial colonization. Current research on the host specificity of feed 
additives is still considered limited. Apparently, these dietary supplements have 
potential to develop and improve in terms of their host specificity and effectiveness. 
Yet again, metabolic and toxicological studies will be required for evaluating their 
favorable consequences for the animals in ruminant farming and consumers. 

As an increasing public awareness trend, high welfare standards in animal 
husbandry practices are persistently demanded by animal scientists, veterinarians, 
farmers, and consumers. Animal welfare is conventionally associated with animal 
health and production, though there is also an association of animal welfare with 
other fundamental aspects of animal production, such as nutrition, and especially 
feed additives, which are reported to have the capacity to improve welfare status of 
ruminants. So, several critical aspects of animal welfare, directly or indirectly, affect 
production efficiency and may have a considerable impact on the profitability of 
ruminant industry, which constantly pursue and implement alternative nutritional 
strategies, which comply with consumer desire for animal products that are produced 
in an ethical approach.
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Abstract 

Every aspect of pork production has an impact on meat quality, including genetic 
selection, nutritional control and pre-slaughter stress. Pre-slaughter transport is 
one of the major stress sources in pigs. Transport stress affects the animal’s 
neuroendocrine system and blood biochemical parameters, and also has a serious 
impact on meat quality. The decrease in meat quality induced by transport stress 
may be due to the fact that transport stress increases hypothalamo-pituitary-
adrenal (HPA) axis activity; promotes the release of glucocorticoid; disrupts 
intracellular calcium ion homeostasis affecting the energy metabolism level of 
muscle, rapid accumulation of lactic acid in muscle and changes in pH; as well as 
causes the destruction of the body’s antioxidant system leading to oxidative stress 
in muscle tissue, ultimately resulting in oxidative damage to muscle tissue. 
Measures for alleviating transport stress to improve meat quality include breeding 
stress-resistant varieties, improving transport conditions and nutrient regulation 
strategies. Nutrition regulation strategy is the most critical. Oregano essential oils 
(OEOs) improve meat quality and prolong the shelf life of pork of finishing pigs 
under transport stress. Supplementation of OEOs in the low-protein and amino-
acid-supplemental diets increased tenderness, overall acceptance, intramuscular 
fat content, percentage of n-3 polyunsaturated fatty acids (n-3 PUFAs) and 
percentage of monounsaturated fatty acids of longissimus thoracis muscles, and 
reduced drip loss of longissimus thoracis muscles. 
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1 Factors Affecting Pork Quality 

Every aspect of pork production has an impact on meat quality, with genetic 
selection, nutritional control and pre-slaughter stress reduction playing an important 
role in regulating meat quality. Pre-slaughter transport is one of the major sources of 
stress in pigs. Reducing the stimulation of pigs during pre-slaughter transport and 
regulating pre-slaughter transport procedures can not only improve meat quality but 
also meet animal welfare requirements. 

1.1 Genetic Factors 

With the application of molecular biology in genetic breeding and the construction 
of high-density genetic maps of pigs, it is possible to search for master and candidate 
genes that regulate meat quality traits at the molecular level. It has been shown that 
the halothane gene and the sour meat gene are the two main effect genes for meat 
quality traits and have been used as marker genes for genetic selection (Larzul et al. 
1997). 

The recessive pure gene for halothane causes porcine stress syndrome (PSS), 
hence the name, and is an important marker gene for meat quality. Lawrie showed 
that pigs recessive and purely homozygous for the halothane gene had calmodulin in 
the mitochondria that facilitates the release of Ca2+ and stimulates glycogenolysis, 
which in turn affects tethered hydration (Lawrie 2006). De Smet slaughtered 
transport-stressed pigs and found significant differences in pork pH and drip loss 
between pure and heterozygous genotypes 40 min after slaughter (De Smet et al. 
1996). GisPert used different transport densities and rest periods before slaughter 
and did a fasting treatment before slaughter and found that the dominant pure 
heterozygous genotype for the halothane gene had the highest final pH in the muscle 
and the recessive pure heterozygous genotype had the highest lactate content 
(GisPert et al. 2000). 

The Rendement Napole gene (RN-gene), also known as the acid meat gene, is 
found in Hampshire and Hampshire pedigree pig populations and is also known as 
the Hampshire gene, another master effect gene affecting meat quality, located on 
chromosome 15 of the pig (Monin and Sellier 1985). Studies have confirmed that the 
muscle glycogen content of RN-dominant pigs is more than 70% higher than normal 
pigs, probably due to an increase in glycogen synthesis as a result of the suppressed 
activity of adenosine monophosphate (AMP)-activated protein kinase (AMPK) 
(Le Roy et al. 1990). This results in a higher amount of post-slaughter lactic acid 
production, a decrease in muscle pH and an increase in muscle acidity, causing a



reduction in tethering power. The acid meat gene often determines the final pH of 
pork to be lower than normal muscle, resulting in altered meat flavour and reduced 
palatability (Rosenvold and Andersen 2003). Therefore, the acid meat gene is also 
one of the main factors affecting the marketing and processing of meat products. 
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1.2 Nutritional Factors 

The nutritional level of the diet affects meat quality to a certain extent, and meat 
quality can be improved by regulating the nutritional level of the diet (D’Souza et al. 
2003). Protein levels have a strong influence on meat tenderness. It was found that 
increasing the protein level of the diet increased leanness, reduced carcass backfat 
and reduced intramuscular fat levels, but meat tenderness was reduced (Davey et al. 
1976). Low-protein diets, on the other hand, increase intramuscular fat content and 
the rate of protein metabolism in the body, the amount of collagen synthesis is 
reduced and collagen is unable to form cross-linked structures, thus improving meat 
tenderness (Goerl et al. 1995). Energy levels affect the degree of collagen cross-
linking, with low energy levels increasing the degree of collagen cross-linking and 
thus leading to reduced meat tenderness (Aberle et al. 1981). The source of fatty 
acids in the diet affects the fatty acid composition of the carcass. High levels of 
unsaturated fatty acids result in soft carcasses and oxidative rancidity of fat, resulting 
in off-flavours and reduced meat quality, and Dverlan showed that the long-term 
addition of fish oil to the diet significantly increased the polyunsaturated fatty acid 
(PUFA) content of fat and increased fat off-flavours and odours, more significantly 
with increasing amounts of fish oil (Irie and Sakimoto 1992). Mg plays an important 
role in energy and protein metabolism and is a Ca2+ antagonist that reduces neuro-
muscular excitability, decreases glycolysis, raises muscle endpoint pH, improves 
tethering and reduces pale soft exudative (PSE) meat production (Cernak et al. 
2000). The addition of Mg to the diet reduced muscle overstrain in pigs, reduced 
extravasation of sarcoplasm from myogenic fibres and reduced dark, firm and dry 
(DFD) meat production (Kietzman 1985). Vitamin E (VE) significantly reduces lipid 
peroxidation, prevents the oxidation of Fe2+ to Fe3+ in haemoglobin, enhances the 
stability of oxyhaemoglobin and prolongs the retention of natural meat colour in 
fresh meat (Swaran 2011). Therefore, in pig production, the provision of appropriate 
dietary protein and energy levels, fat sources, and vitamin and mineral content plays 
an important role in the regulation of meat quality. 

1.3 Pre-Slaughter Transport Stress 

Due to the increased scale and intensification of farm production, animals need to be 
transported from the farm to the slaughterhouse. The transport process can affect the 
animal’s performance, hormone levels, blood biochemical indicators, immune levels 
and the quality of livestock products due to crushing, bumps and changes in ambient 
temperature. Dairy cows lose up to 2% of their milk production and weight after



transport. Goats lose up to 10% of their body weight (Kannan et al. 2000), laying 
hens lose egg production (Arthington et al. 2003) and pigs experience a reduction in 
feed intake (Del Barrio et al. 1993). Transport can increase serum levels of creatine 
kinase (CK) and lactate dehydrogenase (LDH) in pigs (Warriss et al. 1998) and can 
affect both the humoral and cellular immune systems (Buckham Sporer et al. 2007). 
In pigs, serum cortisol concentrations increased significantly at transport densities 
less than 0.5 m2 /100 kg (Blackshaw et al. 1997). Rempel further demonstrated that 
pre-slaughter transport increased muscle contraction and diastole frequency, 
disrupted Ca2+ homeostasis, and increased glycolysis, resulting in increased lactate 
production, gradual accumulation of H+ , decreased muscle pH and increased energy 
metabolism (Rempel et al. 1995). Hambrech found that prolonged transport had a 
serious impact on muscle, increasing the glycolytic potential of the animal and the 
concentration of lactate in the muscle, resulting in a decrease in pH and tethering 
power of the longest dorsal muscle, which is predominantly glycolytic, for 24 h after 
slaughter, reducing muscle brightness and muscle tenderness, increasing electrical 
conductivity (EC) and predisposing the animal to PSE meat (Hambrecht et al. 2005). 
Warriss found that prolonged transport resulted in an increased probability of DFD 
meat in pigs (Warriss et al. 1998). Therefore, improving pre-slaughter transport is 
one of the important factors in improving pork quality. 
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2 The Concept of Transport Stress and Its Hazards 

Animals are subjected to a variety of external factors during transfer or transport to 
the slaughterhouse, including loading and unloading, shaking of transport vehicles, 
wet and crowded spaces, mixing, high temperatures and unfamiliar environments. 
The effects of these stressors, singly or in combination, on the animals are often 
referred to as transport stress (Fazio and Ferlazzo 2003). 

Transport stress affects the animal’s neuroendocrine system and blood biochemi-
cal parameters (Fazio and Ferlazzo 2003). It also has a serious impact on meat 
quality (Warriss 2003). Short periods of stress tend to produce PSE meat and long 
periods of stress tend to produce DFD meat (Guardia et al. 2005). Transport stress 
leads to an increase in mortality and weight loss and suggests that transport causes 
weight loss of 40–60 g/kg and increases mortality to 0.1–0.4% (Lambooij 2000; 
Odore et al. 2004). Therefore, weight loss, mortality and the production of poor-
quality meat due to transport stress can cause significant economic losses to animal 
production. 

2.1 Effects of Transport Stress on the HPA Axis 
and Glucocorticoids 

Transport stress affects the neuroendocrine system. The hypothalamo-pituitary-
adrenal (HPA) axis and the sympathetic adreno-medullary axis (SAM) are the 
most important endocrine axes in the body’s response to stress. The HPA axis has



a response centre in the paraventricular nucleus of the hypothalamus, while the SAM 
axis belongs to the noradrenergic system and has a response centre in the hypotha-
lamic basket (Freeman 2008). Stress induces excitation of the endocrine axis and 
promotes the secretion of adrenaline and corticotropin-releasing factor (CRF) 
(Elenkov et al. 2000). CRF activates the pituitary gland to release 
adrenocorticotropic hormone (ACTH) into the peripheral circulation, which is 
transported to the adrenal glands via the bloodstream to promote the synthesis and 
release of glucocorticoids, which ultimately activate the systemic adaptive stress 
response (Vanitallie 2002). In turn, the activity of the HPA axis is regulated by 
negative feedback from glucocorticoids, which bind to either the mineralocorticoid 
receptor (MR) or the glucocorticoid receptor (GR) and inhibit the over-activation of 
the HPA axis caused by excessive release of CRF from the hypothalamus (Kapoor 
and Winn 2006). 
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The various stressors are converted into nerve impulses by peripheral receptors, 
which project upwards to the nociceptors via the basket spot-norepinephrine neurons 
(locus coeruleus-norepinephrine, LC-NE), causing an emotional response, and 
downwards to the sympathetic-adrenal medulla, causing the release of catechol-
amine hormones into the blood. At the same time, LC-NE connects to CRF neurons, 
initiating the HPA axis stress response (Stratakis and Chrousos 1995). Pérez found 
that serum glucocorticoid concentrations in pigs arriving at the slaughterhouse after 
transport were significantly altered by the duration of rest before slaughter, with pigs 
resting for 3 h before slaughter having significantly lower glucocorticoid levels than 
those slaughtered directly without rest (Pérez-Campo et al. 1998). However, as the 
transport time was extended, the body slowly adapted to the transport environment 
through its own adjustment, and the levels of glucocorticoids and ACTH tended to 
decrease, but this trend was related to the intensity of stress suffered by the pigs 
during the transport process. Chai showed that high-density transport could activate 
the HPA axis, and plasma glucocorticoid concentrations increased dramatically. 

2.2 Effect of Transport Stress on the Redox Status of the Animal 
Organism 

Oxidative stress (OS) refers to the excessive production of free radicals in the body 
when the living organism is exposed to external stimuli, which exceeds the body’s 
ability to scavenge free radicals and causes oxidative damage to the body with an 
excess of free radicals and their oxidation end products. The main manifestation of 
this is the massive production of free radicals, which react with the unsaturated 
structures of cellular phospholipid membranes to produce large amounts of lipid 
peroxides such as malondialdehyde (MDA), damaging cell structure and function 
(Onmaz et al. 2011). It has been reported that after prolonged (12 h) transport of 
horses, oxidative stress occurs in vivo, with a decrease in the activity of antioxidant 
enzymes such as GSH-Px in serum and a significant increase in MDA levels (Onmaz 
et al. 2011). The results showed that transport stress had an effect on the antioxidant 
capacity of animal serum. The above results suggest that the transport process



promotes oxidative stress in the animal organism and reduces the antioxidant 
capacity of the organism, resulting in oxidative damage to tissues and organs. 
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2.3 Effects of Transport Stress on the Animal’s Intestinal Tract 

2.3.1 Effect of Transport Stress on Morphological Characteristics 
of the Intestinal Tract 

The intestine is an organ for the digestion and absorption of nutrients, as well as an 
important immune organ. When animals are exposed to stress, the intestine is 
damaged due to ischaemia (Radwan et al. 2010), oedema of the intestinal mucosa 
and loss of mucosal epithelium (Boros et al. 1995). Studies have shown that the gut 
is the earliest to experience ischaemia and the latest to recover than other tissues and 
organs (Secchi et al. 2000), making it the initiating organ in the animal’s response to 
stress. 

2.3.2 Alteration of Intestinal Flora by Transport Stress 
A large number of hygienic communities exist in the gut, which provides 
colonisation sites and nutrition for microorganisms. It has been found that transport 
stress alters the balance of intestinal flora and increases the number of pathogenic 
bacteria in animals (Eisenhofer et al. 1997). It may be that stressful conditions 
release catecholamines from the enteric nervous system that affect the status and 
behaviour of beneficial intestinal bacteria fixation and pathogenic microorganisms 
(Monnikes et al. 2001). Stress reduces the ability of gastric acid production (Tache 
1999) and increases the pH of gastric juice, which does not effectively kill patho-
genic microorganisms such as Escherichia coli, Salmonella and Campylobacter 
from food sources, leading to pathogen colonisation in the gut and disruption of 
the flora balance. The pathogens multiply and release enterotoxins and reactive 
oxygen species (ROS), causing a series of adverse reactions in the gastrointestinal 
tract (Ferguson and Warner 2008). Thus, transport stress is an important factor in the 
disruption of the intestinal flora. 

2.3.3 Transport Stress Induced Oxidative Stress in the Intestine 
In addition, the cellular ATP supply is reduced, the cellular membrane Ca2+ pump is 
dysfunctional and the intracellular Ca2+ content is elevated, activating Ca2+-depen-
dent proteins that catalyse the conversion of xanthine dehydrogenase to xanthine 
oxidase. During blood reperfusion, oxygen molecules enter in large quantities with 
the blood, and xanthine is oxidised to uric acid under the action of xanthine oxidase, 
and a large number of free radicals are generated (Nilsson et al. 1994). Free radicals 
react with unsaturated fatty acids on phospholipid membranes to produce peroxida-
tion products such as MDA, causing peroxidative chain reactions that cause oxida-
tive damage to the intestine (Zimmerman and Granger 1994). Thus, when transport 
stress occurs, it is also accompanied by oxidative damage to intestinal tissues.
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2.3.4 Transport Stress Disrupts Intestinal Barrier Function 
and Induces an Inflammatory Response in the Intestine 

The intestinal barrier function is a combination of mechanical, immune, chemical 
and biological barriers. Free radicals generated during transport stress act on the 
intestinal epithelial mucosa and cause damage to the intestinal barrier function. Free 
radicals attack sulfhydryl groups in proteins and DNA, resulting in inactivation of 
functional proteins and reduced protein expression (Tanida et al. 2011). Tight 
junctions are the most important type of connection between epithelial cells (Turner 
2009; Marchiando et al. 2010). Tests have shown that lipid oxidants can induce 
depolymerisation of tight junction proteins in vitro (Musch et al. 2006), disrupting 
intercellular tight junctions (Chen-Quay et al. 2009). In animals, oxidative stress has 
been found to phosphorylate the tyrosines of tight junction proteins and impair tight 
junction function (Yao et al. 2010). When the tight junctions are impaired, harmful 
substances in the gut (e.g. endotoxins secreted by Gram-negative bacteria) enter the 
bloodstream via the intestinal paracellular pathway and bind to specific receptors to 
activate the intestinal immune system, prompting the immune system to release 
inflammatory factors such as tumour necrosis factor-α (TNF-α), interleukin-6 (IL-6) 
and other inflammatory factors, causing an inflammatory response in the intestine 
(Suzuki 2013). Thus, transport stress induces an inflammatory response in the 
intestine, mainly through free radicals that damage intestinal tight junctions, which 
in turn affects the barrier function of the intestine. 

3 Mechanisms of Transport Stress on Meat Quality 

Stressors during animal transport are an important factor in causing physiological 
abnormalities and a decline in meat quality. The decrease in meat quality is mainly 
manifested in the rapid decrease in pH and the high incidence of PSE in meat after 
slaughter. Analysis of the causes reveals the fact that transport stress increases HPA 
axis activity; promotes the release of glucocorticoid; disrupts intracellular calcium 
ion homeostasis, affecting the energy metabolism level of muscle, rapid accumula-
tion of lactic acid in muscle and changes in pH; as well as causes the destruction of 
the body’s antioxidant system leading to oxidative stress in muscle tissue. In 
addition, stress may increase the inflammatory response and promote the release of 
free radicals, ultimately resulting in oxidative damage to muscle tissue. The possible 
causes are detailed below. 

3.1 Effects of Transport Stress and Intestinal Inflammation 
on the Activity of the Endocrine System 

TNF-α, produced by macrophages, T-cells and monocytes, is the first inflammatory 
factor to appear in the inflammatory response and induces the production and release 
of other inflammatory factors (e.g. IL-1, lL-6, IL-8) with a half-life of only 2 min in 
serum (Rubenfeld et al. 2005). It has a variety of biological effects, such as



mediating immune responses, inhibiting polymorphonuclear (PMN) apoptosis, 
inducing PMN to produce endogenous platelet-activating factor, stimulating acute-
phase protein secretion by hepatocytes, activating B-lymphocytes etc. (Forman and 
Torres 2003). It was found that in the intestine, the production of inflammatory 
factors TNF-α and IL-6 can damage the endoplasmic reticulum and mitochondria of 
enterocytes, causing apoptosis of intestinal epithelial cells and further disrupting the 
barrier function of the intestine (Suzuki et al. 2011; Forman and Torres 2003). At the 
same time inflammatory factors act on phagocytic neutrophils, inducing further 
oxidative stress (Sugino et al. 1987). Thus, oxidative stress causes inflammation in 
the intestine, further exacerbating intestinal oxidative stress. 
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CRF is expressed in both neurocentral and peripheral tissues, mainly by neurons 
in the paraventricular nucleus of the hypothalamus and synthesised and released by 
intestinal mast cells, intestinal chromophores and macrophages in peripheral tissues. 
corticotropin-releasing factor receptors (CRFRs) are found in the central nervous 
system as well as in many peripheral tissues (Grammatopoulos and Chrousos 2002) 
and in response to stressors, HPA axis function is activated and CRF neurons in the 
paraventricular nucleus of the hypothalamus are activated. The CRF neurons in the 
paraventricular nucleus increase the secretion of CRF, which reaches the pituitary 
via the pituitary portal circulation. CRF binding to CRFRs in the anterior pituitary 
activates the adenylate cyclase system, stimulating the pituitary to release ATCH, 
which enters the bloodstream and activates ATCH receptors in the adrenal cortex, 
ultimately leading to the synthesis and release of glucocorticoids and regulating the 
effects of stress on the body (Lightman 2008). 

Both exogenous and endogenous cytokines have a regulatory effect on the HPA 
axis. The administration of IL-6 to rats stimulates the secretion of CRF and 
glucocorticoids (John and Buckingham 2003). And a variety of cytokines can 
stimulate HPA axis activity (Rivier 1993). Glucocorticoids were elevated in rats 
injected with lipopolysaccharides (LPS), but glucocorticoid levels did not change 
significantly in cytokine-deficient rats, suggesting that cytokines have an important 
regulatory role in stress hormones (Shixuya et al. 1997). Rats were restrained for 
24 h and elevated plasma CRF was found to be accompanied by elevated levels of 
hypothalamic IL-6 mRNA expression (Mastorakos et al. 1994). When oxidative 
stress occurs in the gut, tight junction protein function is impaired and large toxic 
substances enter the bloodstream, stimulating the immune system and causing an 
inflammatory response in the gut and elevated levels of inflammatory cytokines such 
as TNF-α and IL-6 in the blood. TNF-α and IL-6 can activate the HPA axis by acting 
at CRF sites in the hypothalamus (Haddad et al. 2003), promoting the release of 
ACTH from the pituitary. This in turn increases the release of adrenal 
glucocorticoids, which reduce the release of inflammatory factors, control intestinal 
inflammation and restore intestinal homeostasis through immunosuppression 
(Borovikova et al. 2000; Gay et al. 2008). Thus, in stressful situations, the gut 
undergoes oxidative stress and releases inflammatory factors, which activate the 
HPA axis and increase circulating hormone levels. 

It has been shown that transport stress activates the HPA axis and increases the 
release of glucocorticoids, which promote muscle degradation. Yoshioka and Guzik



found that transport stress increased blood and saliva cortisol levels and increased 
pH in meat (45 min) (Yoshioka et al. 2004; Guzik et al. 2006). Subsequent studies 
also found that transport stress increased blood cortisol levels and PSE meat by 40%. 
More recent studies have found that cortisol affects carcass quality, with high levels 
of cortisol increasing hot carcass weight and carcass fat thickness but reducing meat 
flavour (Dokmanovic et al. 2015). However, it remains to be further confirmed 
whether, in the case of transport stress, it introduces increased inflammation by 
affecting intestinal stress, which in turn affects the HPA axis and the release of 
glucocorticoids, ultimately leading to a reduction in meat quality. 
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3.2 Effect of Glucocorticoids on Meat Quality 

3.2.1 Effect of Glucocorticoids on Intracellular Ca2+ Concentrations 
Intracellular Ca2+ is involved in the regulation of most intracellular physiological 
functions, including muscle contraction, energy metabolism, gene expression and 
apoptosis. The balance of intracellular Ca2+ concentration relies on a complex and 
elaborate Ca2+ transport and clearance mechanism. The intracellular Ca2+ concen-
tration is maintained at the nM level in the resting state and at the mM level in the 
extracellular environment. 

Calcium ions play an important role in mediating apoptotic signalling (Lee et al. 
2002). When cells are stimulated by the external environment, the influx of calcium 
ions from the extracellular environment or the efflux of calcium from the endoplas-
mic reticulum via the IP3 receptor on the endoplasmic reticulum membrane will 
increase the intracellular calcium content, and the mitochondria will take up the 
excess calcium ions and redistribute them, resulting in mitochondrial calcium 
overload, leading to mitochondrial damage, release of cytochrome C, activation of 
the calcium-dependent protein caspase and induction of apoptosis (Breckenridge 
et al. 2003). The addition of the calcium-dependent nucleic acid endonuclease 
blocker zinc or the Ca2+ /K+ ion channel blocker verapamil was found to inhibit 
apoptosis in a cadmium-induced apoptosis model. The above studies suggest that an 
increase in intracellular Ca2+ may be a cause of apoptosis. 

Glucocorticoids are steroidal substances that have good cell membrane perme-
ability and can freely enter and exit the cell membrane and cytoplasm, where they 
bind to the glucocorticoid receptor (GR) and participate in a variety of life activities 
and maintain life stability (Chrousos and Kino 2007). In hippocampal cells, activated 
GR dimers bind to DNA and regulate the release of Ca2+ from L-type calcium 
channels (Chameau et al. 2007). In a rat restraint stress model, blood levels of 
glucocorticoids are elevated and promote binding to GR and upregulate the endo-
plasmic reticulum calcium release channel proteins IP3R1 and IP3R2, thereby 
regulating changes in cytoplasmic calcium ion concentrations (Lencesova et al. 
2004). The ability of glucocorticoids to promote increased calcium ion 
concentrations has also been observed in C2C12 myogenic cells and mouse dorsal 
root ganglion cells (Passaquin et al. 1998). In pork production it has also been found 
that apoptosis and poor pork quality due to transport stress are associated with



intracellular Ca2+ overload, with excess Ca2+ not being cleared in time, resulting in 
disturbed endoplasmic reticulum Ca2+ concentrations, not only in live pigs but also 
in post-slaughter pork, and the more lean the pork, the more severe the situation 
(Mclennan and Phillips 1992). It can be hypothesised that transport stress activates 
the HPA axis and promotes the secretion of glucocorticoids, which penetrate the cell 
membrane via the blood circulation and, by binding to GR, form activated receptor 
complexes that upregulate IP3R or downregulate SarcoEndoplasmic Reticulum 
Calcium ATPase (SERCA) through transcriptional activation, resulting in the influx 
of calcium ions from the endoplasmic reticulum calcium pool into the cytoplasm. 
And it cannot be absorbed de novo into the endoplasmic reticulum, resulting in 
elevated intracellular calcium ion levels, mitochondrial uptake of intracytoplasmic 
calcium ions, mitochondrial calcium ion overload, release of cytochrome C, activa-
tion of calcium-ion-dependent nucleic acid endonucleases, and induction of apopto-
sis, tissue damage and spillage of cell contents, leading to the production of poor-
quality meat. 
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3.2.2 Effect of Glucocorticoids on Muscle Energy Metabolism 
Glucocorticoids and insulin are two important hormones in the regulation of energy 
in the body and play opposite regulatory roles. Glucocorticoids act mainly in the 
liver, muscle and adipose tissue. Excessive secretion of glucocorticoids can interfere 
with the action of insulin (Rosmond 2003). Studies have shown that glucocorticoids 
cause insulin resistance in the liver and skeletal muscle by directly inhibiting insulin 
secretion from pancreatic beta-cells or by interfering with the binding of insulin to its 
receptors and by attenuating the insulin activity of the bound receptors (Lambillotte 
et al. 1997). Stress-induced elevation of glucocorticoids diminished insulin action, 
compromised myoglycogen synthesis, enhanced gluconeogenesis in the liver and 
increased glycolytic rate in muscle tissue supplied mainly through the glycolytic 
pathway (Hambrecht et al. 2005). 

In order to maintain the stability of the body’s internal environment and increase 
the chances of individual survival, HPA axis activity is enhanced and glucocorticoid 
secretion is increased under stress (Sapolsky et al. 2000). Rempel further 
demonstrated that transport stress increases the frequency of muscle contraction 
and diastole in animals, disrupting Ca2+ homeostasis (Rempel et al. 1995). 
Hambrech found that prolonged transport increased muscle glycolytic potential 
and lactate concentration, reduced muscle tenderness and muscle brightness, and 
increased electrical conductivity, resulting in a decrease in pH and tethering power in 
the longest dorsal muscles, which are predominantly glycolytic fibres, for 24 h after 
slaughter, making them susceptible to PSE meat being produced (Hambrecht et al. 
2005). The regulation of gluconeogenesis by glucocorticoids in response to stress 
causes pH abnormalities that are a major cause of reduced meat quality (Geers et al. 
1994), with lower pH producing PSE meat and higher pH producing DFD meat 
(Warriss et al. 1998; Pérez et al. 2002). Thus, glucocorticoids can influence meat 
quality by modulating the way muscle energy is supplied, controlling the accumula-
tion of muscle lactate and the rate of pH reduction.
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3.3 Effect of Oxidative Stress on Meat Quality in Animal Muscle 

Transport stress increases the number of free radicals in the blood, liver, muscle and 
other tissues and organs of the body, which attack cell membranes and produce large 
amounts of MDA, a lipid peroxidation product, and affect the normal levels of SOD, 
CAT and GSH-Px in the tissues and organs. This leads to oxidative damage in all 
tissues and organs. 

3.3.1 Effect of Muscle Oxidative Stress on Muscle Tethered 
Hydrodynamics 

Myocyte membranes and subcellular membranes are rich in polyunsaturated fatty 
acids, and their phospholipid structure is susceptible to attack by free radicals; once 
the reaction is initiated, a chain reaction occurs, resulting in the production of a large 
number of lipid peroxidation end products such as MDA and acrolein, the normal 
structure of the cell membrane is disrupted and the cell contents are exuded (Nakaya 
et al. 1987). The water content of muscle is about 75%, of which 4–5% is in the 
bound state, with free-state water present in the sarcoplasm and intercellular spaces. 
Free radical attack on the myocyte membrane causes rupture and damage to the cell 
membrane, resulting in loss of free-state water from the sarcoplasm and intercellular 
spaces, which leads to a reduction in muscle tethering and increased drip loss 
(Simitzis et al. 2010). Therefore, the attack on myocyte membranes by free radicals 
generated by muscle oxidation is an important cause of reduced muscle tethering 
power, which affects meat quality. 

3.3.2 Effect of Muscle Oxidative Stress on Meat Colour 
The colour of pork is mainly determined by the status of myoglobin. Ferrous 
haemoglobin in myoglobin plays a major role in colour rendering. Oxygen has a 
strong affinity for ferrous haemoglobin and when oxygen is not bound to it, 
myoglobin is dark red, and when bound to oxygen, myoglobin is bright red (Pisula 
1996). It has been found that the oxidation of pigmentsPigments in muscle is 
positively correlated with the degree of lipid oxidation , due to free radicals 
generated during fat oxidation either directly promoting pigmentPigments oxidation 
or indirectly acting by damaging pigmentPigments degradation systems (Faustman 
et al. 1989), thus affecting the colour of the meat. When muscle is under oxidative 
stress, Fe2+ in ferrous haemoglobin is oxidised to Fe3+ , myoglobin becomes dena-
tured myoglobin (methemoglobin) and the meat colour appears dark brown (Daiwen 
et al. 2002). 

In addition, some of the light absorbed by the muscle is absorbed by myosin and 
becomes coloured, while much of the rest is reflected back. The more the light is 
reflected back, the paler the muscle appears (Daiwen et al. 2002). In contrast, PSE 
meat is produced when oxidative stress occurs, and because more water leaks from 
the surface of PSE pork, and because the contraction of muscle fibres compresses the 
water storage space, most of the light that hits the surface of the muscle is reflected 
back, so the meat appears pale (Daiwen et al. 2002). The above studies suggest that



oxidation of myocyte ferrous haemoglobin and water exudation due to oxidative 
stress are the factors responsible for the change in meat colour. 
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3.3.3 Interaction of Muscle Oxidative Stress with Intracellular Ca2+ 

Reactive oxygen species (ROS) can be produced by a variety of pathways within 
cells. It has been found that mitochondria are the organelles that produce ROS in the 
cell. During the electron transfer process of the mitochondrial respiratory chain, 
some electrons are leaked to oxygen molecules, resulting in the univalent reduction 
of oxygen molecules and the continuous production of free radicals. The regulation 
of intracytoplasmic Ca2+ concentration by ROS is related to the concentration of 
ROS, which does not work at low concentrations and can increase cytoplasmic Ca2+ 

concentration when a certain concentration is reached (Gen et al. 2001). These 
studies suggest that ROS and calcium ions simultaneously determine cellular physi-
ological functions and that there may be an interactive relationship between the two. 

It has been found that the amount of ROS production is related to the efficiency of 
cellular energy metabolism (Pérez-Campo et al. 1998). Ca2+ in mitochondria 
increases ROS production by stimulating ATP synthase, adenine nucleoside trans-
porter enzymes, and also activates the triphosphate cycle to accelerate energy 
metabolism (Mildaziene et al. 1995). In addition, Ca2+ activates nitric oxide 
(NO) synthase to promote NO synthesis, which is oxidative in nature, and increases 
the amount of electron leakage from the respiratory chain, increasing ROS produc-
tion (Cleeter et al. 1994). Membrane potential is altered and mitochondrial oxidative 
phosphorylation is uncoupled, resulting in high ROS production. These studies 
suggest that the concentration of calcium ions is one of the important factors 
influencing ROS production. 

Under the influence of stress, ROS are not effectively cleared from the organism’s 
organs and accumulate in the body, which may damage the organism’s function and 
the lipid structure of cell membranes, resulting in the overflow of cell contents and 
apoptosis, while in muscle tissue may result in the production of poor-quality meat. 

4 Measures to Alleviate Transport Stress and Improve Meat 
Quality 

4.1 Breeding Stress-Resistant Varieties 

Different animals and different species of animals of the same species have different 
tolerances to stress. For breeding animals, genetic selection to eliminate stress-
resistant breeds can be effective in slowing down the level of response to stress. In 
pig breeding it has been found that the halothane gene causes the production of PSE 
meat in pigs, so genetic selection to eliminate the halothane gene can reduce PSE 
meat production. Pigs that are dominantly pure also produce PSE meat, suggesting 
that there are still other important genetic factors besides the halothane gene such as 
obesity genes, melanocortin receptor genes, Leptin genes, hormone-sensitive lipase 
genes, lipoprotein lipase genes and other candidate genes that influence the



development of PSE meat (Pommier et al. 1993). The acid meat gene is also a master 
effector gene, and pigs carrying the RN-genes have higher than normal glycogen 
content in their muscles, resulting in excessive lactic acid production from glycolysis 
and rapid pH reduction after slaughter (Rosenvold and Houde 2001). Molecular 
genetic marker methods were used to isolate meat-harming genes and select new 
stress-resistant strains to improve the stress resistance of livestock and poultry and 
fundamentally improve the quality of pork after slaughter. 
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4.2 Improving Transport Conditions 

Livestock are subjected to a variety of transport conditions during transport, such as 
loading and unloading tools, the condition of the vehicle, road conditions, as well as 
transport time and transport temperature, all of which can have a significant impact 
on the performance of livestock and meat quality (Hambrecht et al. 2005). Prolonged 
fasting and water deprivation can lead to metabolic disturbances and disruption of 
the acid–base balance, making animals susceptible to dehydration and acidosis. 
Noise during transport can alter the physiological and biochemical parameters of 
the animal’s blood and hormone levels (Agnes et al. 1990). The high temperature 
and humidity in the transport carriage and the outside temperature, especially in 
summer, can cause increased mortality during transport (Drain et al. 2007). Herding, 
herd transfer and up-downloading can all cause nervous tension and induce stress in 
animals (Broom 2005). Therefore, the physiological characteristics of livestock need 
to be taken into account to improve mid-transport management and to screen for 
appropriate transport methods to minimise stressful stimuli. The main measures 
include choosing the time of transport in the hot summer, reducing transport density, 
improving ventilation, ensuring water supply, avoiding mixing herds to reduce the 
occurrence of fighting and using tools wisely when loading and downloading to 
avoid jerking and catching. 

4.3 Nutrient Regulation Strategies 

The non-enzymatic antioxidant system plays a complementary role, preventing 
reactive oxygen species from reacting with highly unsaturated phospholipids on 
subcellular membranes (microsomes, mitochondria) to produce free radicals; 
preventing the occurrence of lipid peroxidation chain reactions; protecting pork 
from loss of flavour, colour and nutritional value (Arai et al. 1999). The addition 
of certain antioxidant substances to animal diets has received increasing attention 
from researchers as a means of improving meat quality by reducing systemic stress, 
increasing antioxidant capacity, reducing the release of reactive oxygen species from 
cell membranes and protecting tissues from free radical attack (Simitzis et al. 2010; 
Wolfgang et al. 2009).
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4.3.1 Nutritional Strategies for Modulating the HPA Axis Through Gut 
Health 

The gastrointestinal tract of animals is colonised by a large number of bacteria, the 
ratio of which maintains a dynamic balance and acts as a biological barrier, the first 
barrier to pathogen invasion in the gastrointestinal tract. The gut nervous and 
immune systems influence the central nervous system through electrophysiological 
stimulation, cytokines and neuropeptides (Riether et al. 2008), and CRF are impor-
tant for the transmission of messages from the gut to the central nervous system 
(Fekete and Zorrilla 2007). Probiotics are beneficial bacteria that live in the intestinal 
tract and act to balance the microecological environment in the gut and can colonise 
the gastrointestinal tract through exogenous addition (Mack et al. 1999). Lactoba-
cillus and Bifidobacterium are important beneficial bacteria in the intestinal tract and 
were the first probiotics to be used to maintain intestinal flora balance, inhibit 
colonisation by harmful pathogenic microorganisms and enhance the barrier func-
tion of the intestine (Zareie et al. 2006). Bifidobacterium can regulate the expression 
of intestinal inflammatory cytokines by affecting tight junction proteins (Fasano and 
Nataro 2004), as well as affecting intestinal cell Ca2+-dependent ion channels to 
enhance or diminish vagal excitability, which in turn affects the CRF and central 
nervous HPA axis (Wolfgang et al. 2009). 

Plant extracts have antimicrobial properties both in vivo and in vitro, extending 
the shelf life of meat in vitro by killing harmful microorganisms and in vivo by 
selectively inhibiting a wide range of harmful bacteria (Skandamis et al. 2002; 
Djenane et al. 2003; Chouliara et al. 2007). Active packaging (AP) based on oregano 
extract reduces the number of total bacteria and Pseudomonas in beef and is effective 
against Salmonella typhimurium and E. coli O157:H7 (Oussalah et al. 2006). 
Skandamis and Nychas suggest that the reason why oregano extract inhibits the 
growth of microorganisms is mainly due to the fact that its components can affect the 
glucose and lactate consumption of microbial growth and metabolic processes 
(Skandamis and Nychas 2001). Therefore, the antibacterial and bactericidal 
properties of plant extracts may affect the number and homeostasis of intestinal 
microorganisms, which in turn affects the central nervous system. 

4.3.2 Nutritional Strategies to Improve the Antioxidant Capacity 
of the Body 

An increase in the body’s antioxidant capacity is essential to protect the body and 
tissues from free radical attack. It has been found that magnesium has the ability to 
resist cellular lipid oxidation. In vivo and in vitro studies in rats have demonstrated 
that magnesium has the effect of reducing MDA, a product of cellular lipid peroxi-
dation (Güther et al. 1992). It is possible that magnesium has many binding sites on 
the surface of the cell membrane and acts as a stabiliser of the lipid bilayer structure. 
Magnesium is a cofactor required for the synthesis of the antioxidant enzyme 
glutathione in the body and plays an important role in stabilising the redox state in 
the body (Shivakumar and Kumar 1997). Magnesium is an antagonist of calcium, 
maintaining mitochondrial integrity and reducing apoptosis due to intracellular



calcium ion overload. It also competes for the calcium-binding site of troponin, 
inhibiting muscle contraction and reducing PSE occurrence (Heaton and Elie 1984). 
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Selenium is a component of GSH-Px, an important antioxidant enzyme in the 
body, and works synergistically with vitamin E to scavenge peroxides formed in 
cells. The addition of selenium to the diet reduces the MDA content in the body, 
increases the activity of GSH-Px, reduces the level of free radicals, enhances the 
antioxidant capacity of the body and effectively protects the quality of the meat 
during storage (Homma et al. 1993). Excessive additions of inorganic selenium can 
produce cytotoxicity, and the addition of organic selenium to broiler diets can more 
effectively reduce drip losses in chicken meat. Edens (1997) found that the combi-
nation of vitamin E and selenium in feed improved the ability of chicken meat to 
resist free radical attack during refrigeration, delayed meat oxidation and fatty acid 
decay, and effectively extended the shelf life of meat. Therefore, minerals and 
vitamins with antioxidant properties are now widely used in feed production as 
important antioxidant components. 

4.3.3 Nutritional Strategies to Mitigate Oxidative Damage to Myocyte 
Membranes 

Free radicals are a key factor in breaking down cell membranes and causing loss to 
occur in the body or tissues. For this reason, a number of substances with the ability 
to scavenge free production are also used. The molecular structure of vitamin E 
contains phenolic hydroxyl groups, which react with oxidation groups through 
electron transfer to produce stable tocopherol peroxide groups. Studies have con-
firmed that vitamin E is an important antioxidant in the body (Kamal-Eldin and 
Appelqvist 1996). Due to its lipid solubility, vitamin E can be embedded in the 
phospholipid layer of biofilms containing unsaturated fatty acids, scavenging free 
radical damage to biofilm unsaturated fatty acids and preventing lipid peroxidation 
from occurring, forming the first line of antioxidant defence for cell membranes. 
Vitamin E is oxidised by free radicals to tocopherol quinone or tocopherol hydro-
quinone, which is then metabolised to alpha-tocopheric acid or alpha-tocopherol 
lactone and excreted from the body. Long-term supplementation of vitamin E in feed 
can increase the cell membrane vitamin E (VE) content and enhance the oxidative 
stability of mitochondrial membrane lipids (Asghar et al. 1991; Buckley et al. 1996). 
It was found that VE could reduce the body’s sensitivity to stress, reduce the loss of 
immunoglobulins and thus improve the body’s immunity to transport stress. Vitamin 
C (VC) is a water-soluble antioxidant, found in the cytosol, and is the most important 
antioxidant in the cytosol, working together with the enzymatic antioxidant system 
to reduce damage to the body from oxidative stress by limiting the increase in 
reactive oxygen radicals (Stocker and Frei 1991). Vitamin C is also an electron 
donor and is oxidised by free radicals to dehydrovitamin C, which protects proteins 
and DNA, the large molecules within biological membranes, from oxidation by free 
radicals. Vitamin C and vitamin E work synergistically to maintain the antioxidant 
capacity of cells and the integrity of cell membrane function. Peeters showed that the 
addition of vitamin C to feed significantly improved the ability of farrowing pigs to 
resist transport stress and improved the quality of pork (Peeters and Geers 2006). Bai



reported that vitamin C could scavenge free radicals and improve the antioxidant and 
repair capacity of nerve cells. 
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Certain plant extracts have a similar phenolic hydroxyl structure to VE and 
improve meat quality by retarding cell membrane lipid peroxidation (Chaves et al. 
2008), which can inhibit meat rancidity and meat colour changes (Djenane et al. 
2003). The addition of oregano and sage extracts to beef and pork (Fasseas et al. 
2008) and the spraying of rosemary and VC solutions on the surface of the meat 
(Djenane et al. 2003) both reduced the oxidation of the meat during the chilling 
process. In addition, the addition of oregano, rosemary and sage extracts to the diet 
can also retard the formation of MDA in meat (Botsoglou et al. 2003; Simitzis et al. 
2010). Numerous studies have shown that oregano extracts exert the strongest 
antioxidant effect at doses of 100 mg/kg for broilers (Botsoglou et al. 2003) and 
200 mg/kg for turkeys (Botsoglou et al. 2003). Janz is the only report comparing the 
effects of oregano extract with other plant extracts (rosemary, garlic and ginger) in 
pigs (Janz et al. 2007). The results showed the lowest MDA values in the oregano 
plant extract group, probably because the antioxidants in the oregano plant extract 
were absorbed into the circulatory system and eventually reached and were retained 
in the muscle and other tissues. 

Some researchers have reported that natural plant extracts can prevent loss of 
flesh colour by increasing redness and delaying the formation of myohaemoglobin 
(MMG). Djenane reported that spraying rosemary and VC on the surface of fresh 
steaks also reduced the production of MMG and increased the redness of the meat 
(Djenane et al. 2003). The above studies suggest that vitamin-based or natural plant 
extracts are good at scavenging the production of free radicals in muscle cells and 
have a good effect on improving meat quality, and may serve as an important 
nutritional regulator to alleviate the production of free radicals under stressful 
conditions and protect the high quality of meat. 

5 Effects of Supplying Oregano Essential Oil on Pork Quality 

5.1 Effects of Supplying Oregano Essential Oils on Meat Quality 

Effects of supplying oregano essential oils (OEOs) on meat quality of finishing pigs 
under transport stress has been reported (Zou et al. 2016). The results of the electrical 
conductivity, pH value and Opto-star value (meat colour) measurements in the 
longissimus thoracis et lumborum (LTL) are presented in Table 1. Compared with 
the control group, the average pH at 45-min postmortem and Opto-star values at 24-h 
postmortem increased in the vit E, OEO or quercetin groups ( p < 0.05). The pH 
values at 24-h postmortem of the vit E or quercetin groups increased (p < 0.05) 
compared with the control group, with no difference between the vit E and quercetin 
groups. Compared with pigs fed the control diet, the drip loss at 24-h postmortem 
from the LTL of the vit E group was no different, but those of the OEO or quercetin 
groups decreased (p < 0.05). No main effects ( p > 0.05) were observed in EC45 min, 
EC24 h and Opto-star45 min of pig meat between the four diets.
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Table 1 Effects of dietary vitamin E, oregano essential oil or quercetin supplementation on carcass 
characteristics and meat quality in transported pigs 

Measures Control Vit E Quercetin OEO SEM p-value 

Number of pigs 12 12 12 12 

Pre-slaughter BW (kg) 101.3 100.9 100.1 99.5 0.42 0.56 

Hot carcass weights (kg) 67.9b 68.6b 71.0a,b 73.5 0.71 0.04 

Carcass straight length (cm) 100.0 99.9 99.9 99.8 0.49 0.87 

Carcass slanting length (cm) 86.1 85.7 85.7 84.9 0.34 0.42 

Back-fat thickness (mm) 18.2 17.3 17.8 18.1 0.44 0.90 

Dressing out (%) 67.4b 68.2b 70.5a,b 72.9 0.74 0.03 

pHi (45 min) 6.12b 6.33a 6.42a 6.46a 0.04 < 0.01 
pHu (24 h) 5.67b 5.81a 5.85a 5.73a,b 0.02 0.03 

EC (45 min) mS cm-1 4.65 4.64 4.63 4.66 0.02 0.98 

EC (24 h) mS cm-1 4.51 4.50 4.67 4.59 0.03 0.18 

Opto-star (45 min) 74.3 76.9 76.2 76.2 0.51 0.30 

Opto-star (24 h) 45.3b 51.9a 50.2a 52.9a 0.80 < 0.01 
Drip loss (24 h, %) 1.70a 1.40a,b 1.09b 1.10b 0.08 0.01 

BW, bodyweight; EC, electrical conductivity; OEO, oregano essential oil; SEM, standard error of 
mean; vit E, vitamin E. The pre-slaughter BW was used as a covariate for hot carcass weights and 
dressing out. a,b Letters within a row denote statistical differences between means 
Source: Zou et al. (2016) 

5.2 Meat Quality Parameters and Fatty Acid Profile 
of Intramuscular Fat 

Effects of dietary treatments on the physical parameters, chemical parameters and 
fatty acid composition (%) of longissimus thoracis (LT) muscle in growing-finishing 
pigs have been reported (Cheng et al. 2017). 

The meat quality parameters, pH values, incarnadine score (subjective LT colour 
scores), marbling score, colour indices (objective colour measurements), cooking 
loss and shear force are shown in Table 2. Compared with the reduced protein, 
amino-acid-supplemented treatment (normal protein treatment [NPD]), the OEO 
treatment showed a greater (p < 0.05) yellowness. No effects of dietary treatments 
were detected on incarnadine score, marbling scores, pH values, lightness, redness, 
cooking loss and shear force. 

For chemical parameters, pigs fed with RPD or OEO had greater ( p < 0.05) 
intramuscular fat (IMF) and lower (p < 0.05) crude protein in LT muscle compared 
with pigs fed with the NPD diet (Table 2). Dietary treatments did not affect muscle 
moisture and ash content. 

The fatty acid profile of total fat in LT muscle is shown in Table 2. Pigs fed with 
RPD or OEO had lower (p < 0.05) percentage of the total SFAs in LT muscle 
compared with pigs fed with the NPD diet. In addition, the concentration of myristic 
acid (C14:0) in pigs fed with the RPD diet showed no significant difference
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Table 2 Effects of dietary treatments on the meat quality parameters and fatty acid profile of 
intramuscular fat of longissimus thoracis (LT) muscle in growing-finishing pigs 

Item NPD RPD OEO SEM p-value 

Physical parameters 

pH, 45 min 6.50 6.48 6.41 0.04 0.775 

pH, 24 h 5.94 5.74 5.76 0.04 0.117 

Incarnadine score (subjective LT colour scores) 3.58 3.50 3.58 0.06 0.799 

Marbling score 2.00 2.25 2.33 0.14 0.631 

Colour indices, 45 min 

Lightness 39.10 40.13 39.14 0.38 0.482 

Redness 4.04 4.31 4.72 0.28 0.632 

Yellowness 10.78b 11.51a,b 12.02a 0.21 0.036 

Cooking loss, % 24.80 25.22 25.14 0.41 0.915 

Shear force, N/cm2 43.00 41.23 42.96 1.59 0.899 

Chemical parameters 

Moisture, % 74.43 74.46 74.67 0.20 0.874 

Crude protein, % 22.88a 22.06b 22.02b 0.14 0.012 

Ash, % 1.91 1.85 2.04 0.08 0.607 

Intramuscular fat, % 1.67b 2.13a 2.00a 0.08 0.049 

Fatty acid composition (%) 

C14:0 1.44a 1.19a,b 1.05b 0.06 0.046 

C16:0 25.28 24.38 24.20 0.50 0.663 

C16:1n-9 3.20 3.11 2.71 0.11 0.155 

C17:0 0.19 0.21 0.23 0.01 0.394 

C18:0 12.17 11.48 11.99 0.23 0.468 

C18:1n-9 38.14b 40.62a 38.67b 0.41 0.019 

C18:2n-6 11.34 10.48 11.71 0.37 0.417 

C18:3n-3 0.26a 0.10b 0.27a 0.03 0.016 

C20:0 0.18 0.13 0.16 0.02 0.750 

C20:2n-6 0.28 0.31 0.28 0.01 0.355 

C20:3n-3 0.23 0.27 0.31 0.02 0.170 

C20:4n-6 2.54 2.41 2.80 0.16 0.638 

C22:5n-3 0.34 0.43 0.47 0.03 0.334 

n-6 PUFAs1 14.44 13.13 14.79 0.47 0.334 

n-3 PUFAs2 0.83a,b 0.75b 1.10a 0.06 0.037 

SFAs3 39.99a 37.18b 37.55b 0.54 0.025 

MUFAs4 41.60b 44.54a 41.67b 0.51 0.015 

PUFAs5 15.14 13.80 15.89 0.49 0.214 

NPD, normal protein treatment; OEO, 250 mg/kg oregano essential oil treatment; RPD, reduced 
protein, amino-acid-supplemented treatment 
Samples from six barrows were measured per treatment. The fatty acid results were presented as 
g/100 g fatty acids (wt %). Within a row, means with different superscript letters are significantly 
different ( p < 0.05). 
1 n-6 polyunsaturated fatty acids (n-6 PUFAs) percentage is the sum of 18:2n-6, 20:2n-6 and 20:4n-6 
2 n-3 polyunsaturated fatty acids (n-3 PUFAs) percentage is the sum of 18:3n-3, 20:3n-3 and 22:5n-3 
3 Saturated fatty acids (SFAs) percentage is the sum of 14:0, 16:0, 17:0, 18:0 and 20:0 
4 Monounsaturated fatty acids (MUFAs) percentage was calculated as the sum of c16:1n-9 and c18: 
1n-9 
5 Polyunsaturated fatty acids (PUFAs) percentage was calculated as the sum of n-3 PUFAs and n-6 
PUFAs 
Source: Cheng et al. (2017)



*

(p > 0.05), whereas those of the OEO treatment significantly decreased (p < 0.05) 
compared with pigs fed with the NPD diet. Compared with the RPD treatment, the 
NPD or OEO treatment contained a lower percentage of oleic acid (C18:1n-9) and 
monounsaturated fatty acids (MUFAs) and a higher percentage of α-linolenic acid 
(C18:3n-3). A higher (p < 0.05) percentage of total n-3 PUFAs in the OEO 
treatment was detected compared with the RPD treatment.
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Fig. 1 Longissimus thoracis muscle drip loss in relation to storage time at 4 °C. NPD, normal 
protein treatment; OEO, 250 mg/kg oregano essential oil treatment; RPD, reduced protein, amino-
acid-supplemented treatment. Samples from six barrows were measured per treatment. Effects of 
treatment, p < 0.001; time, p < 0.01; time treatment, p = 0.112. (Source: Cheng et al. 2017) 

The changes of drip loss of pork LT muscle in relation to dietary treatment (NPD, 
RPD and OEO) and storage time at 4 °C are shown in Fig. 1. Drip loss was 
significantly affected by storage time (p < 0.01) and dietary treatment 
(p < 0.001). No interaction between time and treatment was observed. 

6 Conclusions 

In the present study, pre-slaughter transport is one of the major sources of stress in 
pigs. OEO can act as an efficient dietary supplement to alleviate transport stress in 
finishing pigs, which can improve pork meat quality of finishing pigs. OEO was 
superior to vitamin E in increasing antioxidant enzyme activity, thereby reducing 
transportation-induced oxidative stress and improving meat quality. OEO supple-
mentation to a reduced protein, amino-acid-supplemented diet can improve the 
content of intramuscular fat and change the fatty acid composition towards a higher 
percentage of n-3 PUFAs in longissimus thoracis muscle, which have a higher 
overall sensory acceptance score. In addition, long-term supplementation with 
OEO has the potential to prevent lipid oxidation, and to delay lipid oxidation, 
without affecting other meat quality parameters.
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Abstract 

Both thymol and rosmarinic acid are polyphenolic compounds that have 
antibacterial, anti-inflammatory, and antioxidant functions, and can be rapidly 
absorbed and metabolized in the body, thereby exerting a variety of physiological 
functions. In this chapter, the research on and application of thymol and 
rosmarinic acid as feed additives in weaned pigs are reviewed, and the role of 
thymol and rosmarinic acid in improving animal growth performance, regulating 
the intestinal microbiota, and improving intestinal health is expounded, which 
provides a reference for further improving the application of thymol and 
rosmarinic acid as feed additives in livestock and poultry health breeding. 

Keywords 

Plant extracts · Thymol · Rosmarinic acid · Weaned piglets · Feed additives · 
Growth performance · Intestinal microbiota · Intestinal health 

List of Abbreviations 

DPPH 1,1-diphenyl-2-picryl-hydrazyl radical 
E. coli Escherichia coli 
EO Essential oil 
GPX Glutathione peroxidase 
IL-1β Interleukin 1β 

R. Li · J. Wu · X. Ding · J. Wang (✉) 
National Center for International Research on Animal Gut Nutrition, Jiangsu Key Laboratory of 
Gastrointestinal Nutrition and Animal Health, Laboratory of Gastrointestinal Microbiology, 
College of Animal Science and Technology, Nanjing Agricultural University, Nanjing, China 
e-mail: 2019205031@njau.edu.cn; jwang8@njau.edu.cn 

# The Author(s), under exclusive license to Springer Nature Switzerland AG 2023 
G. Arsenos, I. Giannenas (eds.), Sustainable Use of Feed Additives in Livestock, 
https://doi.org/10.1007/978-3-031-42855-5_24

729

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-42855-5_24&domain=pdf
mailto:2019205031@njau.edu.cn
mailto:jwang8@njau.edu.cn
https://doi.org/10.1007/978-3-031-42855-5_24#DOI


730 R. Li et al.

IL-6 Interleukin 6 
LPS Lipopolysaccharide 
MIC Minimum inhibitory concentration 
NF-κB Nuclear factor kappa-B 
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1 Introduction 

Feed additives are generally divided into essential substances (amino acids, major 
and trace elements, vitamins) and non-essential feed additives (e.g., antibiotics, 
enzymes, organic acids, probiotics and plant extracts) (Flachowsky and Schulz 
1997). In recent years, plant extracts as a kind of important non-essential feed 
additives play a variety of prebiotic functions, such as modulating intestinal 
microbiota, improving animal immunity, and prolonging the shelf life of feed 
(Zeng et al. 2020). And the results of animal experiments show that they can be 
used as substitutes for antibiotics to promote the growth of piglets, enhance disease 
resistance, and improve pork quality (Silva et al. 2020; Li et al. 2012). 

In the modern pig breeding system, the adoption of pre-weaning technology 
improves the reproductive efficiency of sows, shortens the slaughter cycle of pigs, 
and also makes the breeding process of sows more standardized and periodic, thus 
increasing the economic benefits of the entire pig industry. Although early weaning 
can help improve the reproductive efficiency of sows, due to the imperfect develop-
ment of the gastrointestinal tract of early weaned piglets and the immature intestinal 
immune system, weaned piglets are very vulnerable to the invasion of pathogenic 
bacteria in the environment leading to the damaged intestinal barrier and immune 
imbalance, which in turn causes diarrhea, growth retardation, and even death in 
piglets (Lin et al. 2020). Yellow and white diarrhea and edema disease caused by 
enterotoxin-producing Escherichia coli during the nursery stage are the main causes 
of diarrhea in weaned piglets (Okello et al. 2015), which seriously restricts their 
survival rate. The use of antibiotics can inhibit the influence of pathogenic bacteria 
on the health of piglets and promote the growth of piglets (Hofer 2014), but a large 
number of antibiotic products will cause a series of hazards, affecting human health 
and undermining the stability of the living environment. China has banned the use of 
all growth-promoting drug feed additives from January 1, 2020. Plant extracts are 
widely used in livestock and poultry breeding as feed additives because of their 
green and pollution-free nature, and because they can regulate intestinal microbiota 
and its metabolites, improve body immunity, etc., thus playing a role in promoting 
intestinal health (Nour et al. 2017; Sood et al. 2009). Thymol is a monoterpene



phenolic compound found mainly in the Lamiaceae family plants and has the effect 
of reducing inflammatory cell infiltration and intestinal permeability (Xiaona et al. 
2019; Yeh et al. 2007). Rosmarinic acid (RA) is a water-soluble phenolic acid 
compound found in the Lamiaceae family plants, which can reduce tissue ulceration 
to a certain extent and has antioxidant and antibacterial effects (Formiga et al. 2020; 
Zdarilová et al. 2009). In this chapter, the role of thymol and rosmarinic acid as feed 
additives in improving animal growth performance, regulating the intestinal 
microbiota, and improving intestinal health is clarified through literature review, 
which provides a reference for further improving the application of thymol and 
rosmarinic acid as feed additives in livestock and poultry health breeding. 
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2 Thymol and Rosmarinic Acid 

2.1 Source and Properties of Thymol and Rosmarinic Acid 

Thymol is widely found in the Lamiaceae family plants (thyme, oregano, basil, and 
peppermint) and in the Scropholariaceae, Verbenaceae, Apiaceae, and 
Ranunculaceae, and belongs to the monoterpene phenol family. Thymol has a 
variety of pharmacological effects such as antibacterial, antioxidant, and anti-
inflammatory (Salehi et al. 2018), and is widely used in cosmetics, food, and 
pharmaceutical industries. Rosmarinic acid is a water-soluble polyphenolic com-
pound, widely found in the Lamiaceae and Comfrey families, in Cucurbitaceae, 
Apiaceae, and linden plants. Rosmarinic acid and its derivatives have antibacterial, 
anti-inflammatory, antioxidant, antitumor, and antidepressant functions, making it to 
have broad development prospects in the fields of pharmaceuticals, cosmetics, and 
food. Both thymol and rosmarinic acid can be prepared by biosynthesis, of which 
rosmarinic acid can be synthesized by L-phenylalanine and L-tyrosine (Sundaram 
et al. 2010), while thymol is mainly extracted from thyme oil and oregano oil treated 
with alkaline solutions such as sodium hydroxide (Lagouri et al. 2011). At present, 
thymol synthesis through catalyzing m-cresol with metal oxides has a high conver-
sion rate and a low cost, and is expected to achieve an industrial production 
(Lazarevic et al. 2017). 

2.2 Metabolism of Thymol and Rosmarinic Acid in the Body 

Studies have shown that polyphenols can be degraded in the intestine and 
metabolized in the liver (Rechner et al. 2002). Seigo Baba et al. administered 
50 mg/kg body weight (BW) of rosmarinic acid orally to rats and measured the 
concentration of relevant metabolites in plasma and urine at 0.5, 1, 2, 3, 5, 8, 12, and 
18 hours after ingestion. It was found that the concentration of total rosmarinic acid 
(including free and conjugated forms) in the blood plasma reached its highest 
concentration after 0.5 hour of administration, the total methylated rosmarinic acid 
reached its concentration peak after 1 hour, and its metabolite conjugated form of



mesavin reached its concentration peak after 8 hours. It shows that rosmarinic acid is 
rapidly absorbed by the intestine after oral administration, and most of rosmarinic 
acid is present in plasma in the form of binding or methylation. Within 8–18 hours of 
administration, free, glucuronylated, and methylated forms of rosmarinic acid were 
found in urine (Baba et al. 2004). Nakazawa and Ohsawa (1998) gave rats 200 mg/ 
kg rosmarinic acid by gavage to explore its metabolic process, and rosmarinic acid 
metabolites were found in plasma and urine, but no rosmarinic acid metabolites were 
found in bile. Rosmarinic acid was mainly changed to m-hydroxyphenylpropionic 
acid, trans-m-coumaric acid, 3-O-sulfate, and other degraded forms that excreted 
from the urine. The metabolism of thymol in rats and humans was mainly based on 
liver and kidney metabolism (Ocel'ova et al. 2016), and its metabolites were excreted 
with urine. After oral administration of thymol, it can quickly enter the bloodstream 
and is almost completely absorbed in the small intestine. Thymol was detected in the 
blood after 1.35–1.39 hours, when an oral administration of 13.2 mg/kg BW of 
thymol was carried out in weaned piglets. A full digestive tract half-life of thymol is 
approximately 1.84–2.05 hours (Michiels et al. 2008). The metabolites of thymol are 
mainly excreted in the form of thymol glucuronide and thymol sulfate, but salts in 
the form of thymol hydroquinone sulfate appear in the human body (Kohlert et al. 
2002; Austgulen et al. 1987). Studies have also found that thymol is not metabolized 
by small intestinal microorganisms after the ingestion by animals under in vitro 
mimicking in vivo conditions, but is partially degraded in the cecum (Michiels et al. 
2008; Varel 2002). The above studies show that thymol mainly plays a role in the 
small intestine and can be quickly absorbed into the blood circulation, while 
rosmarinic acid can also be rapidly absorbed into the blood, both of which reach 
the highest concentration in the blood after about one hour of ingestion and are 
excreted through urine; so thymol and rosmarinic acid are conditionally able to be 
used as a combination for a better application. 
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3 The Biological Function of Thymol and Rosmarinic Acid 

3.1 Broad-Spectrum Bacteriostatic Effect of Thymol 
and Rosmarinic Acid 

During weaning piglets’ breeding process, diseases such as diarrhea caused by 
pathogenic bacterial infections seriously affect the health of piglets, including 
enterotoxin-producing E. coli, Salmonella, Shigella, Staphylococcus aureus, and 
Clostridia, which cause diarrhea, slow growth, and even death in piglets (Fairbrother 
2015; Vanbeersschreurs et al. 1992). Therefore, the added plant extracts with 
antibacterial activity can effectively prevent diseases caused by pathogenic bacterial 
infections during weaning piglet breeding. Thymol mainly damages the cell mem-
brane lipid layer of pathogenic bacteria, such as Escherichia coli and Listeria, so that 
the cell membrane permeability is increased and intracellular substances are exuded, 
resulting in the death of bacteria (Trombetta et al. 2005). In addition, thymol can 
restrain telomerase activity by inhibiting the transcription of telomerase reverse



transcriptase, thereby accelerating the rate of bacterial aging and death (Emad et al. 
2013). Thymol has a broad-spectrum bacteriostatic effect, and studies showed that it 
significantly inhibited the growth of pathogenic bacteria such as Escherichia coli, 
Clostridium perfringens, and Salmonella, and has the strongest antibacterial effect 
on E. coli, with a minimum inhibitory concentration (MIC) of 187.5 μg/mL (El et al. 
2011). Rosmarinic acid can significantly inhibit the growth of Escherichia coli and 
Staphylococcus aureus, which mainly affects bacterial cell metabolism, protein 
metabolism, and DNA replication by increasing the permeability of bacterial cell 
membranes to leak sugars and proteins (Sun et al. 2005; Ellis and Towers 1970). 
Studies have shown that 6% rosmarinic acid has an inhibitory effect on both 
Escherichia coli and Staphylococcus aureus, and has a stronger inhibitory effect 
on Staphylococcus aureus (Sun et al. 2005). In addition, the esterification of 
rosmarinic acid significantly inhibits the growth of Bacillus cereus (Zhu et al. 
2018), and rosmarinic acid has a synergistic effect with vancomycin, ofloxacin, 
and amoxicillin in inhibiting Staphylococcus aureus (Ekambaram et al. 2016). The 
above studies have shown that both thymol and rosmarinic acid have broad-
spectrum bacteriostatic effects, and there are differences in the inhibitory effect 
and bacteriostatic mode of these two plant extracts on pathogenic bacteria; so the 
combination of them may increase antibacterial effects of pathogenic bacteria. 
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3.2 Antioxidant Effects of Thymol and Rosmarinic Acid 

The stress caused by early weaning can lead to redox imbalance in the intestines and 
livers of piglets, resulting in oxidative damage, which in turn causes diarrhea in 
piglets and increases the risk of organ damage in piglets. Both thymol and rosmarinic 
acid have good antioxidant functions, and, within a certain concentration range, the 
ability of thyme essential oil (EO) to scavenge 1,1-diphenyl-2-picryl-hydrazyl 
(DPPH) free radicals is proportional to the concentration and free radical scavenging 
rate of thyme essential oil under in vitro conditions (Beena et al. 2013). In 
isoprenaline-induced oxidative stress tests in mice, 7.5 mg/kg thymol reduced lipid 
peroxide production, increased plasma concentrations of reducing glutathione 
(GSH) and vitamin C, and enhanced the activity of antioxidant enzymes such as 
superoxide dismutase (SOD), glutathione peroxidase (GPX), and catalase in 
cardiomyocyte mitochondria (Nagoor Meeran et al. 2016; Meeran and Prince 
2012). Rosmarinic acid relieved the oxidative stress response induced by 
lipopolysaccharide (LPS) in human gingival fibroblasts, reduced the concentration 
of intracellular reactive oxygen species (ROS), and increased the concentration of 
GSH (Zdarilová et al. 2009). More studies have also found that the antioxidant 
activity of rosmarinic acid is higher than that of flavonoids, which may be due to the 
fact that the hydrogen atoms of the ortho-hydroxyl groups on the A and B rings in the 
molecular structure of rosmarinic acid are easily lost, and for rosmarinic acid it is 
easy to form a semiquinone structure, or even a quinone structure (Cao et al. 2005). 
The above studies show that thymol and rosmarinic acid can improve the antioxidant 
function of animals, and thymol mainly plays a role by affecting the activity of



antioxidant enzymes, while rosmarinic acid reduces the probability of peroxidation 
by reducing the production of ROS in the body; so the combination of them may 
better exert their antioxidant functions, which are conducive to improving the ability 
of weaned piglets to resist oxidative damage. 
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3.3 Anti-Inflammatory Effects of Thymol and Rosmarinic Acid 

The infection of pathogenic bacteria and the loss of balance in redox reaction during 
the feeding process of weaned piglets cause inflammation in the body, which in turn 
leads to diarrhea and decreased resistance of piglets (Lauridsen 2019; Melin et al. 
2004). Both thymol and rosmarinic acid inhibited the process of inflammation in the 
animal body and improved the body’s immunity (Chang et al. 2022; Omonijo et al. 
2019). The anti-inflammatory effect of thymol has been verified in animal models 
and cell tests, in that thymol inhibited the toll-like receptor 4 (TLR-4) signaling 
pathway induced by LPS to exert anti-inflammatory effects and alleviated the 
inflammatory response by reducing the concentrations of inflammatory factors 
TNF-α (tumor necrosis factor-alpha) and interleukin (IL)-6 in mouse mammary 
epithelial cells and blocking the phosphorylation pathway of p38MAPK (Dejie 
et al. 2014). Thymol reduced the secretion of inflammatory factors TNF-α, IL-6, 
and IL-1β in lung tissue of rats with lung injury by inhibiting the nuclear factor 
kappa-B (NF-κB) signaling pathway, and upregulated the expression of erythroid-
derived nuclear factor Nrf2 (Lan et al. 2018). Rosmarinic acid also has anti-
inflammatory effects. Sonia Marinho et al. constructed an experimental acute colitis 
model in mice, giving rats 5, 10, and 20 mg/kg/d of nanovesicle rosmarinic acid per 
day, and found that rosmarinic acid reduced Dextran Sulfate Sodium Salt (DSS)-
induced colitis in mice, relieved inflammatory cell infiltration, and decreased the 
concentrations of TNF-α (tumor necrosis factor-alpha) and IL-1β (interleukin-1beta) 
and reduced inflammation and oxidative stress by modulating the Nrf2/HO-1 signal-
ing pathway (Marinho et al. 2021). Further studies have found that rosmarinic acid 
could be used to treat mouse models of acute lung injury, exerting anti-inflammatory 
effects by modulating Extracellular regulated protein kinases/Mitogen-activated 
protein kinases (ERK/MAPK) signaling pathways and reducing the concentration 
of inflammatory factors TNF-α, IL-6, and IL-1β (Chu et al. 2012). Moreover, 
rosmarinic acid inhibited the activation of the NF-κB pathway by inhibiting the 
phosphorylation of IκB, thereby reducing the inflammatory response (Moon et al. 
2010). The above results show that there are differences in the way that thymol and 
rosmarinic acid exert anti-inflammatory effects, but both of them can reduce the 
concentration of inflammatory factors to reduce the body’s  inflammatory response; 
so the combination of them may increase their anti-inflammatory effects by 
inhibiting different inflammatory pathways.
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3.4 Other Effects of Thymol and Rosmarinic Acid 

Plant extracts often have a variety of physiological effects, among which the 
anticancer effect is particularly pronounced. Studies have shown that thymol 
induced phospholipase-dependent Ca2+ release in human prostate cancer cells and 
entered the cytoplasm through other channels, increasing Ca2+ concentration and 
causing prostate cancer cell death (Jeng-Hsien et al. 2017). In addition, thymol 
exhibited other properties such as growth, pro-growth, genotoxicity, anthelmintic, 
antitumor, and vasorelaxant (Nordin et al. 2020; Aanyu et al. 2018). Rosmarinic acid 
affected the Warburg effect in the tumor microenvironment by inhibiting the IL-6/ 
STAT3 and miR-155 pathways in cancer cells (Xu et al. 2016). Furthermore, 
rosmarinic acid attenuated the expression of mRNA of fatty acid synthase in 
ethanol-induced hepatocyte lines and reduced the content of glycine and succinic 
acid associated with carnitine synthesis, helping to improve ethanol-induced lipid 
synthesis in cells (Guo et al. 2020). 

4 Application of Thymol and Rosmarinic Acid in Pig 
Production 

4.1 Effects of Thymol and Rosmarinic Acid on Growth 
Performance 

Thymol has been found to improve the performance of weaned piglets and fattening 
pigs in many studies, and the addition of 50 mg/kg thymol to the diet of weaned 
piglets increased the average daily weight gain of piglets, but this diet treatment had 
no significant effect on feed conversion and diarrhea rate (Jiang et al. 2017). 
However, the addition of 500 mg/kg of thymol to the diet not only increased the 
daily weight gain and feed conversion rate of weaned piglets, but also significantly 
reduced the diarrhea rate of weaned piglets (Van Noten et al. 2020). A higher dosage 
of thymol added to the diet of weaned piglets also promoted the growth performance, 
while adding 1% thymol to the diet of weaned piglets could also improve the daily 
feed intake and average daily gain of piglets, but had no significant effect on the feed 
conversion rate (Trevisi et al. 2007). This result suggests that the effect of adding 1% 
(10 g/kg) to the diet of weaned piglets on the growth performance is lower than that 
of adding 500 mg/kg group. There are few studies on the application of thymol in 
fattening pig breeding. Luo et al. (2020) showed that the addition of 0.01% thymol to 
fattening pig feed increased the daily weight gain of fattening pigs, but had no 
significant effect on feed conversion rate. The use of 200 mg/kg rosmarinic acid 
extract as a feed additive has been reported to significantly improve the growth 
performance of weaned piglets and significantly reduce the rate of diarrhea in 
weaned piglets (Yang et al. 2021; Cullen et al. 2005). The above studies have 
shown that both thymol and rosmarinic acid can promote the growth performance 
of pigs, especially weaned piglets, and reduce diarrhea in piglets (Table 1).
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4.2 Effects of Thymol and Rosmarinic Acid on the Intestinal 
Microbiota 

Both thymol and rosmarinic acid have a bacteriostatic effect, which affects the 
composition of the animal’s intestinal microbiota. Studies showed that the addition 
of 500 mg/kg of thymol to the feed of weaned piglets reduced the gene copy 
numbers of E. coli in the intestines of piglets and significantly increased the gene 
copy numbers of Lactobacilli (Van Noten et al. 2020). Similarly, the addition of 
0.01% essential oils blend (thymol 18%) to the diet of weaned piglets also signifi-
cantly reduced the number of Escherichia coli in ileum and colon contents, and 
significantly increased the number of Lactobacilli (Li et al. 2012). And it was also 
found that 50 mg/kg essential oil addition can also increase the number of 
Lactobacilli in ileum contents, and reduce the number of Escherichia coli (Jiang 
et al. 2015). Wei et al. study found that 50 mg carvacrol and 50 mg thymol/kg could 
significantly increase the relative abundance of Lactobacilli in jejunum contents of 
weaned piglets, and significantly reduce the relative abundance of Escherichia coli 
and Enterococcus (Wei et al. 2017). These results indicate that the addition of 
thymol (18 mg/kg) at a lower level can also change the gene copy numbers of 
Lactobacillus and Escherichia coli in the intestinal tract of weaned piglets and play a 
prebiotic role in both the small intestine and the large intestine. The addition of 
different doses of rosemary extract such as 100, 200, and 400 mg/kg to weaned 
piglet diets had similar results, and the relative abundance of E. coli in the ileum of 
piglets was significantly reduced, but the addition of 100 mg/kg rosemary extract did 
not have a significant effect on the relative abundance of Lactobacilli and 
Bifidobacteria, and the addition of 200 mg/kg and 400 mg/kg of rosemary extracts 
significantly increased the relative abundance of Lactobacilli and Bifidobacteria 
(Yang et al. 2021). In addition, in vitro studies showed that the Chao1 index of 
microorganisms in the rumen juice fermentation system was significantly increased 
by adding 200 mg/L thymol to the system, which indicated that the richness of 
microorganisms in the fermentation system was improved. In addition, the relative 
abundance of Lactobacilli in the treatment group with 200 mg/L thymol was higher 
than that in the control group, and the concentration of isobutyric acid and valeric 
acid produced by fermentation in the treatment group was also significantly 
increased. However, when 400 mg/L of thymol was added to the rumen juice 
fermentation system in vitro, the Chao1 index of the microbiota and the abundance 
of Bifidobacteria were significantly lower than those of 200 mg/L of thymol 
treatment. The concentrations of short-chain fatty acids and ammonia nitrogen in 
the 400 mg/L thymol rumen juice fermentation system were significantly lower than 
those in the 200 mg/L thymol treatment, suggesting that excessive concentrations of 
thymol may adversely affect the microbiota of the digestive tract (Yu et al. 2020) 
(Table 2).
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4.3 Effects of Thymol and Rosmarinic Acid on Intestinal Health 

Plant extracts have a variety of biological functions such as anti-inflammatory and 
antioxidant, and the addition of plant extracts to feed grains shows beneficial effects 
on animal intestinal health. Previous studies have shown that 0.01% essential oils 
blend (thymol 18%) added to the diet of weaning piglets can significantly improve 
the digestibility of dry matter and crude protein in the ileum of weaning piglets 
(Li et al. 2012), and adding 50 mg/kg essential oil in the diet of weaning piglets can 
improve the digestibility of lipid, crude protein, and neutral detergent fiber (NDF, 
internal factor fiber) in the feces of piglets (Jiang et al. 2015). Several studies have 
shown that thymol can significantly increase the villus height and the ratio of villus 
to crypt of jejunum in weaned piglets (Wei et al. 2017; Li et al. 2012), and the 
addition of 200 mg/kg and 400 mg/kg rosmarinic acid extracts can also significantly 
increase the villus height and the ratio of villus to crypt of jejunum and ileum in 
weaned piglets (Yang et al. 2021). Thymol can also improve the intestinal barrier 
function of weaned piglets; a study found that the dietary addition of 500 mg/kg 
thymol can significantly reduce intestinal permeability and the concentration of 
Fluorescein isothiocyanate-labeled dextran 4 (FD4) (Jiang et al. 2017). Thymol 
and rosmarinic acid both have anti-inflammatory effects, and studies have found 
that different concentrations of thymol and rosmarinic acid can alleviate intestinal 
inflammation in weaned piglets and reduce the expression of inflammatory factors 
(Luo et al. 2020; Van Noten et al. 2020; Wei et al. 2017; Jiang et al. 2015; Li et al. 
2012). In addition, the cell experiment found that the treatment of small intestinal 
epithelial cells (IPEC-J2) with thymol and rosmarinic acid significantly increased the 
expression of small intestinal cell tight junction proteins and enhanced the intestinal 
tight junction functions (Pomothy et al. 2020). In alleviating intestinal inflammation, 
the addition of thymol and rosmarinic acid improved intestinal inflammatory 
response, increased the content of immunoglobulins in the blood, inhibited the 
expression of NF-κB pathway proteins, and reduced the expression of inflammatory 
factors in the intestinal mucosa (Cai et al. 2019; Hashemipour et al. 2013). 

5 The Effect of Thymol and Rosmarinic Acid When Used 
in Combination with Other Substances 

Both thymol and rosmarinic acid are polyphenols that contain a variety of functional 
groups, which give them a variety of biochemical properties, and when used in 
conjunction with some other substances, may increase their biological activity or 
increase their bioavailability. However, there have been few previous studies on this, 
and the existing results show that the combination of thymol, carvacrol, and acids 
such as benzoic acid can enhance their effect. The study by Diao et al. (2015) found 
that adding 1000 mg/kg benzoic acid + 100 mg/kg thymol, 1000 mg/kg benzoic acid 
+ 200 mg/kg thymol, and 2000 mg/kg benzoic acid + 100 mg/kg thymol signifi-
cantly improved the digestibility of crude protein and crude fat in weaned piglets, but 
the 2000 mg/kg benzoic acid + 100 mg/kg thymol treatment significantly improved



the growth performance of piglets, significantly increased the villi height and villi 
ratio of height to crypt in the jejunum and ileum of piglets, significantly increased the 
activities of digestive enzymes such as lactase, lipase, and maltase in the jejunum 
and ileum of piglets, significantly reduced the relative abundance of E. coli in the 
ileum of piglets, and significantly increased the relative abundance of Lactobacilli 
and Bifidobacteria, which indicates that thymol has a better effect when combined 
with higher concentrations of organic acids. Wei et al. (2017) also found that 50 mg/ 
kg thymol + 50 mg/kg carvacrol relieved weaning stress in piglets, significantly 
increased the villi height and villi ratio of height to crypt in the jejunum of weaned 
piglets, improved the antioxidant function of the jejunum, reduced the 
concentrations of TNF-α and IL-1β in the jejunal mucosa, significantly reduced 
the relative abundance of E. coli in the jejunum, and significantly increased the 
relative abundance of Lactobacilli. Studies on the combination of thymol and 
rosmarinic acid have not been reported, but the combination of oregano oil and 
rosemary suggests a synergistic effect. Jiang et al. (2015) study found that thymol 
combined with enzymes had a combination effect, and the results showed that the 
combined use of 50 mg/kg thymol and 100 mg/kg enzymes (xylanase and 
β-glucanase) significantly reduced the villus height/crypt depth in ileum, and signifi-
cantly reduced the gene expression of IL-1β in ileum’s mucosa; the numbers of 
Escherichia coli were significantly decreased and Lactobacillus were significantly 
increased in ileum of piglet. There was no report on the combination of rosmarinic 
acid with thymol, but, as important active ingredients in oregano oil and rosemary 
extract, studies have confirmed that oregano oil (2 mg /kg) and rosemary extract 
(2 mg /kg) can exert the same effect of enrofloxacin, reduce diarrhea of newborn 
piglets, and significantly reduce the counts of Escherichia coli and Clostridium 
perfringens in ileum (Rossi et al. 2015). The above research shows that thymol 
has a good composite effect, which can cause a combined effect with a variety of 
phenolic acids and enzymes, and the combination of thymol and rosmarinic acid 
may have a synergistic effect. 

740 R. Li et al.

Thymol and rosmarinic acid have a variety of biological functions, and animal 
experiments have also shown that thymol and rosmarinic acid as feed additives have 
the effects of improving the growth performance, reducing diarrhea, modulating 
intestinal microbiota, and improving intestinal health. 
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Glossary 

Feed additives Feed additive refers to a small amount or trace number of 
substances added in the process of feed production, processing, and use; the 
amount of feed additive is small but the effect is significant. 

Weaned piglets The stage of piglets from delivery room to nursery has a great 
impact on the stress of weaned piglets.
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Intestinal microbiota There are a large number of microorganisms in the intestines 
of animals, which help the host to complete a variety of physiological and 
biochemical functions. 

Intestinal health Intestinal health is a very important part of the body. It can affect 
many factors such as weight, disease, immunity, and even mood. 

Metabolism Molecules are absorbed by the body, hence a series of chemical 
reactions occur under the action of body enzymes, also known as biological 
transformation. 

Broad-spectrum bacteriostatic Drugs that can inhibit or kill a variety of different 
kinds of bacteria and have a wide range of antibacterial effects are called broad-
spectrum antibacterial drugs. They not only have antibacterial effects on Gram-
positive and Gram-negative bacteria, but also have inhibitory effects on myco-
plasma, chlamydia, rickettsia, etc. 

Antioxidant effects Antioxidation is any substance that can effectively inhibit the 
oxidation reaction of free radicals in low concentration, and its mechanism of 
action can be direct action on free radicals or indirect consumption of substances 
that are easy to generate free radicals to prevent further reactions. 

Inflammatory It is a kind of defense response of the body to stimulation, 
manifested as redness, swelling, heat, pain, and dysfunction. Inflammation can 
be infectious inflammation caused by infection or non-infectious inflammation 
not caused by infection. 

Minimum inhibitory concentration The sensitivity of bacteria to drugs is deter-
mined by tube dilution method. Thus, minimum inhibitory concentration is the 
amount of drug contained in 1 mL of the maximum dilution tube that completely 
inhibits the growth of bacteria. 
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Previous research data suggested the beneficial effects of basic feed

Feed Additives as Immune-Boosting Factors 
in Swine Health 
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Abstract 

Modern swine production systems globally are evolving, and the swine industry 
should adapt to new circumstances that include reduced antibiotics usage, 
reduced environmental impact, enhanced welfare requirements, increased 
sustainability under the scope of climate change, as well as exclusion of formerly 
used substances in pig feed, such as zinc oxide. The role of novel feed additives in 
health and productivity of pigs is gaining increased interest, as a factor that can 
improve response to the health challenges that pigs are facing in intensive units. 
The immune system is the major tool in combating diseases and disorders of the 
pigs and the vaccination scheme is the key component of a disease prevention 
program on farm. However, novel feed additives supporting or boosting the 
immune system, either at the organ/system level or at the total adaptive immune 
system level, are gradually becoming significant parts of swine health manage-
ment programs on farm. Critical points of such immune support with feed 
additives are the intestinal immune response and intestinal homeostasis of the 
newly weaned pigs, as well as the proper immune preparation of sows, for 
improved passive immunity through colostrum in piglets. 

ingredients and nutrients (amino acids, fatty acids, carbohydrates, etc.), as well 
as vitamins and mineral complexes, on the proper development and function of 
pigs’ immune system. Recent advances provide evidence that eubiotics such as 
phytogenic feed additives and respective products of botanical origin, as well as 
other feed additives (probiotics, prebiotics, enzymes, etc.), could have anti-
inflammatory, antioxidative, or antibacterial effects, or/and can support an
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improved immune response after antigenic exposure. The present chapter will 
focus on recent data, developments, and modes of action of novel feed additives 
that can improve the immune response of pigs.
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1 The Immune System of the Pig and Intestinal Homeostasis 

The immune system of the pig is the predominant defense mechanism against 
infectious and other agents. Basic aspects of the immune response are inflammation, 
and cellular and humoral response (Oswald et al. 2005). Briefly, after engagement of 
the immune system (e.g., after contact with an infectious agent) a first defense 
mechanism takes action. This mechanism includes the innate immune response 
with phagocytic cells and production of various cytokines, chemokines, and proteins 
that provide antimicrobial protection, recruit T-cells through the inflammatory 
process, and further activate the adaptive, or acquired, immune response. Part of 
the innate system are also the natural killer (NK) cells that present a dual function 
including an innate response to attack infectious-agent-infected cells and production 
of cytokines for assisting in the activation of acquired immunity (Gerner et al. 2009; 
Mair et al. 2014; Chase and Lunney 2019). Thus, NK cells and other parts of the 
innate immune system such as defensins (host defense peptides), complement 
system, toll-like receptors (TLRs), type I interferons (IFNs), tumor necrosis factor-
α (TNF-α), interleukin (IL)-6, and IL-8 (pro-inflammatory cytokines) defend against 
pathogens, control infection, and activate the cascade of events of inflammation and 
adaptive immunity response (Chase and Lunney 2019). As previously demonstrated, 
toll-like receptors (TLRs) act as pattern-recognition receptors binding microbial 
ligands present in the lumen and determine the host-immune defense reaction, 
immune cell recruitment, and induction of mucosal inflammation, aiming at the 
preservation of intestinal homeostasis (Aderem and Ulevitch 2000). 

The adaptive immune system utilizes B-cells, T-cells, cytokines, and antibodies, 
in order to provide pathogen-specific memory for protection from subsequent 
infections with the same pathogen. Lymphocyte populations (B- and 
T-lymphocytes) and antibody production reach optimal functional capacity two to 
three weeks after the first exposure to the pathogen. Immunoglobulins (Igs) show 
differences among each type, therefore IgG is the predominant Ig class (>80%) in 
the serum and colostrum of the pig, whereas IgM accounts for approximately 5–10% 
of total Igs in serum and colostrum. On the other hand, IgA is considered as mucosal 
Ig for swine. Mucosa epithelial cells secrete IgA, which assists to neutralize 
microbes in the lumen of respiratory and gastrointestinal (GIT) tracts (Kaetzel 
2014). T-cell subsets express certain polarizing cytokines, the interleukins (ILs) or 
IFNs, as the immune response matures. Furthermore, cell-mediated immunity



includes antigen-presenting cells such as macrophages and dendritic cells that 
phagocytize and process antigens and then present these antigenic fragments 
bound to swine leukocyte antigen (SLA) molecules as they contact 
T-lymphocytes, while also release cytokines (Chase and Lunney 2019). Taken 
together interactions with macrophages, T-cells and B-cells determine the balance 
between immune activation and tolerance induction, affecting the mucosal immune 
system in the GIT and consequently the overall health status of the animals 
(Bouwens and Savelkoul 2019). 
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It should be pointed out that piglets have limited ability in terms of T- and B-cell 
responses during the first few weeks of life, since it takes weeks after birth before B-
and T-cell areas are formed in the bronchus-associated lymphoid tissue (BALT); 
thus they are heavily reliant on innate immunity given the maturity of this system at 
that time period (Lalles et al. 2007; Humphrey et al. 2019). Moreover, TLR-induced 
antiviral responses of plasmacytoid dendritic cells are reduced at birth in pigs but 
develop to a full response within weeks after birth (Jamin et al. 2006). Taken 
together, the innate defense mechanisms that neither require previous exposure to 
antigen nor have an immunological “memory” provide a first almost immediate 
response to the infectious agent and control infection, while at the same time assist in 
the activation of the adaptive immune system. The latter has immunological “mem-
ory” and will produce antibody- and cell-mediated immune responses (Chase and 
Lunney 2019). However, according to Netea and Van der Meer (2017), the adaptive 
immune response and the innate immune system can adapt to previous infections and 
develop memory, thus providing better protection against the same or heterologous 
infection. 

Significant parts of the immune defense system in pigs are the mucosal epithelium 
(e.g., intestinal and respiratory tract), the microbiome (intestinal microbial ecosys-
tem), and the lymphoid system consisting of the lymph nodes, lymphoid follicles, 
tonsils, thymus, and spleen (Rothkötter 2009; Wilson and Obradovic 2015). Thus, 
the first line of defense includes epithelial cells (epithelial layer is rapidly 
regenerating once every two to three days in pigs), bactericidal fatty acids, normal 
flora, and the mucus layer that is continuously produced, as well as cells with 
phagocytic abilities such as granular leukocytes (neutrophils, basophils, mast cells, 
and eosinophils), and mononuclear phagocytes (circulating blood monocytes and 
tissue macrophages), providing a mucosal immune system underneath the mucus-
covered epithelial cell layer (Uni et al. 2001; Kelly and Mulder 2012; Williams et al. 
2015). Furthermore, macrophage-mediated immunity, the activation of aryl hydro-
carbon receptor (AHR), and the heat-shock protein (HSP)70 chaperone gene expres-
sion are well connected with the modulation of gut-associated immune response 
(Bouwens and Savelkoul 2019). The mucosal immune system prevents the uptake of 
pathogens and coordinates immune response, functioning as a defense tool with 
innate and adaptive cells that are accumulated in, or in transit between, various 
mucosa-associated lymphoid tissues (MALT) (Bouwens and Savelkoul 2019). The 
Peyer’s patches, mesenteric lymph node, solitary follicles in the intestine, and the 
tonsils are points of immune response initiation and are included in MALT (Bailey 
2009). Each mucosal tissue has its own associated lymphoid tissue resulting in



NALT (nasal cavity), BALT (bronchus/lower airways), GENALT (urogenital tract), 
and GALT (gut; GIT) (Bouwens and Savelkoul 2019). 
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An optimal intestinal microbiota prevents colonization of the intestinal epithe-
lium by pathogens and penetration of the gut barrier, modulates the gut-associated 
lymphoid tissue (GALT) and systemic immunity, and influences gastrointestinal 
development (Broom 2015). The intestinal microbiota is a dynamic and complex 
environment and the interactions between the immune system and nutritional sig-
naling at the intestinal level play a significant role in proper immune function. 
Immune reactions are generated from microbiota signals that direct responses with 
effector T-cells against pathogens or, in the case of commensals, induce a state of 
tolerance via modulation of regulatory T-cells (Tregs) and release of immunosup-
pressive cytokines such as interleukin-10 (IL-10) and transforming growth factor-β 
(TGF-β; Bouwens and Savelkoul 2019). According to Gresse et al. (2017), weaning 
age alterations include a reduction in obligate anaerobic bacteria (e.g., Clostridia and 
Bacteroidia) and an increase in facultative anaerobic bacteria (e.g., 
Enterobacteriaceae), which translate to decreased microbial diversity and a 
pro-inflammatory state within the intestine. Factors such as nutrition and manage-
ment/husbandry approaches have a significant role in the microbiota alterations. 
Previous studies have presented facts that suggest differences among microbial 
communities and intestinal immune responses among piglets raised with the sow 
or fed with milk replacers (Lewis et al. 2012). Moreover, the age of weaning and the 
contact with solid feed affect the microbiota significantly (Bian et al. 2016). Taken 
together, various findings suggest that weaning is a predominant event in pigs’ life 
that has multiple effects on gastrointestinal function and immune response, including 
activation of pathways related to inflammatory responses; alterations in hormonal 
activity; reduction in gastric motility; reduced villous height; reduction in nutrient, 
fluid, and electrolyte absorption; and increased permeability to antigens and toxins 
(Gresse et al. 2017). 

2 Challenges for the Immune System and Gastrointestinal 
Eubiosis of Pigs 

As described in the previous part, the intestinal immune system provides protection 
along the intestinal tract and balances the host response to microflora alterations and 
intestinal pathogens (Humphrey et al. 2019). However, there are plenty of challenges 
for the intestinal integrity and homeostasis during all stages of pig production. Diet 
alterations and stressful conditions, the transfer between units, and mixing of 
animals are benchmarks during these stages, which could affect proper intestinal 
function. On the other hand, interactions between the sows, embryos, and suckling 
piglets affect the intestinal microbiota development in early life and the intestinal 
immune response. As reported by Everaert et al. (2017), interventions through the 
maternal diet or direct to piglets in the pre-weaning period may have a beneficial 
effect on intestinal structural and functional aspects. Such modulations of the



intestinal microbiota of sows can affect bacterial populations of the suckling piglets’ 
GIT due to their contact with sow’s feces. 

Feed Additives as Immune-Boosting Factors in Swine Health 751

The evaluation of the underlying mechanisms associated with intestinal function 
and immunity during the weaning transition is critical since successful weaning 
transition can result to an improved final body weight (BW) and reduced production 
days in total (Tokach et al. 1992). Efforts during that period include provision of 
highly digestible diets that will assist piglets’ transition from milk to solid feed. 
Findings demonstrated by Main et al. (2004) suggested that an improvement of 
increasing weaning age by 1 day between days 12 and 21 would result in an extra 
0.93 kg of day 42 BW and up to 0.47% reduction in wean-to-finish mortality. On the 
other hand, a transient anorexia at weaning leads to compromised intestinal barrier 
function and localized inflammatory response, as well as to an increase of reactive 
oxygen species (ROS) (Humphrey et al. 2019). The absence of feed stimuli in the 
intestinal tract at weaning affects immune cells’ activity and balance of cytokines, 
chemokines, and other immune markers (e.g., IL-4, IL-10, and IFN-γ), thus decrease 
IgA content in intestinal and mucosal tissues and alters intestinal microbiota 
(Anastasilakis et al. 2013; Demehri et al. 2013). Therefore, it is crucial to establish 
a steady feed intake at weaning and a smooth transition to solid feed, in order to 
avoid inflammatory responses at the intestinal level or disruption of the intestinal 
barrier function. 

Challenges from various pathogens such as enterotoxigenic Escherichia coli 
affect the nitrogen flow to the distal ileum, as well as the intestinal structure (e.g., 
villous height) and intestinal pH, with respective consequences on nutrient digestion 
and absorption processes (Heo et al. 2009, 2010). Effects of bacterial toxins on 
mineral and water intestinal absorption can contribute to the induction of post-
weaning diarrhea in piglets (Sun and Kim 2017). Parasitic infections such as Ascaris 
suum alone, as well as their possible interactions with enteric bacterial pathogens 
such as Lawsonia intracellularis, can also contribute as disrupting factors to the 
intestinal function (Boes et al. 2010; Tassis et al. 2022). Viral challenges at the 
intestinal level such as Porcine deltacoronavirus, leading to intestinal microbiota 
alterations toward dysbiosis conditions (Li et al. 2020a), as well as particular 
mycotoxins affecting the intestinal barrier integrity and function (e.g., 
deoxynivalenol or fumonisins), are significant factors that affect intestinal health 
(Bracarense et al. 2012). Furthermore, reactive oxygen species (ROS), nitric oxide, 
hydrogen peroxide, or thiobarbituric acid-reactive substances are increased after 
weaning, due to weaning and weaning-associated intestinal inflammation (Zhu 
et al. 2012; Wei et al. 2017). Such substances have been associated with overgrowth 
of E. coli populations, whereas they could also result in reduction of natural 
antioxidants such as vitamin E, thus affect intestinal immune status (Kim et al. 
2016; Wei et al. 2017). 

Taken together, it is obvious that a variety of infectious and non-infectious 
challenges affect immune response of pigs during their life (Fig. 1). Furthermore, 
the antibiotics usage in intensive pig production is also a significant factor adding up 
to the above-mentioned challenges to intestinal eubiosis. Recent legal requirements 
for reduction of antibiotics usage and the ban of ZnO in pig feeds create a novel



environment for sustainable and welfare-friendly pig production. Therefore, the aim 
of optimizing gut health and immune responses is of major significance for the health 
and performance of the animals with reduced antibiotic usage. 
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Fig. 1 Challenges for the 
immune system of the pig at 
weaning 

3 Nutrition Interventions for the Improvement of Immune 
Response in Pigs 

Nutritional interventions can affect the immune system at the intestinal as well as at 
the airways level in response to viral (e.g., porcine reproductive and respiratory 
syndrome virus) and bacterial (e.g., Bordetella bronchiseptica) infections, affecting 
pig health and performance (Opriessnig et al. 2011; Bouwens and Savelkoul 2019). 
Long-term overuse of antimicrobials in global pig production resulted in increased



interest as regards the administration of alternative substances such as 
immunomodulators like cytokines, pharmaceuticals, microbial products, traditional 
medicinal plants, and nutraceuticals (Hardy et al. 2013; Bouwens and Savelkoul 
2019). 
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According to the meta-analysis of Vanrolleghem et al. (2019), many studies have 
focused on potential dietary feed additives with antibacterial effects on weaned 
piglets, such as: 

I. Antimicrobial peptides (small molecules [<10 kDa] with a broad-spectrum 
activity against bacteria, fungi, protozoa, and some viruses (Lai and Gallo 
2009)) 

II. Chitosan (obtained from the shell water of industries processing crab, shrimp, 
and crawfish, with possible antimicrobial property (Singla and Chawla 2001)) 

III. Lysozyme (naturally occurring enzyme, with ability to cleave the glycosidic 
linkage of bacterial cell walls peptidoglycan (Ellison and Giehl 1991)) 

IV. Medium-chain fatty acids (MCFAs)/triglycerides (organic acids [OAs] with 
6–12 carbon atoms acting as non-ionic surfactants, which are incorporated 
into the bacterial cell membrane (Desbois and Smith 2010)) 

V. Plant extracts and essential oils (with bacteriostatic and/or bactericidal and 
antioxidant effects (Franz et al. 2010)) 

The aforementioned analysis findings supported the possibility of antibiotics 
replacement with the above-mentioned feed additives, especially at the weaning 
period. In addition to those antibiotic alternatives, major interventions that could 
affect immune response and defense predominantly against intestinal pathogens, 
thus supporting eubiosis and proper intestinal function in pigs, will be demonstrated 
in the present chapter (Fig. 2). 

4 Low-Protein Diets and Amino Acids Supplementation 

Several studies have presented evidence between diets with increased protein levels 
and detrimental effects on the gut health of pigs, and a special relationship has been 
presented between feeding high levels of proteins and the incidence of post-weaning 
diarrhea in pigs, as reviewed by Rodrigues et al. (2022). On the other hand, it has 
been reported that diets with lower levels of proteins could improve gut health by 
suppressing the proliferation of pathogenic bacteria and increasing beneficial micro-
bial populations (Wellock et al. 2008; Heo et al. 2009; Rist et al. 2013). Thus, since 
many years, a lower protein diet supplemented with crystalline amino acids (AAs) to 
meet requirements for essential AAs has been recommended, especially post-
weaning, since through that intervention reduced undigested protein and harmful 
metabolites are available for the overgrowth of pathogenic bacteria populations in 
the gut lumen (Nyachoti et al. 2006). Nevertheless, it should be noted that additional 
factors, other than simply total dietary protein content, such as indigestible content,



754 P. D. Tassis

Fi
g
. 2

 
M
aj
or
 g
ro
up

s 
of
 n
ut
ri
tio

n 
in
te
rv
en
tio

ns
 a
nd

 t
he
ir
 m

od
e 
of
 a
ct
io
n 
th
at
 a
ff
ec
ts
 i
m
m
un

e 
re
sp
on

se
 o
f 
pi
gs



or protein type, could be also involved in the worsening of post-weaning diarrhea 
(Rodrigues et al. 2022).
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A prioritization of AA utilization for the immune response at the expense of 
growth has been demonstrated (Reeds et al. 1994). It should be noted that a 
significant expenditure of AAs is present during inflammation, due to the need of 
AAs for endogenous antioxidants syntheses to cope with oxidative stress, as well as 
the necessity to support the activated immune system under such circumstances 
(Rodrigues et al. 2022). The circulating acute-phase proteins (e.g., C-reactive pro-
tein, serum amyloid A, haptoglobin, pig-major acute phase protein (MAP)) as well 
as the proliferation of immune cells (e.g., clonal lymphocyte and monocyte differ-
entiation) and lymphoid tissue hyperplasia, along with the secretion of molecules 
such as cytokines and immunoglobulins by immune cells, are major points of AA 
expenditure during inflammation (Le Floc’h et al. 2004; Parra et al. 2006). There-
fore, the AA needs in pigs are not stable and differ between physiological and 
inflammatory status. Evidence suggests a positive boost on immune response after 
AA supplementation, through the reduction of body protein loss and acceleration of 
recovery procedures (Le Floc’h et al. 2018). The “functional” roles of AAs beyond 
their role as constituents of lean gain are a major point of ongoing research. 

As previously demonstrated, excess nitrogen available for fermentation in the 
distal ileum and colon can negatively affect the intestinal barrier function and 
immunity and contribute to post-weaning diarrhea at weaning (Kim et al. 2012). 
Tryptophan (Trp) has gained significant attention due to its metabolism to functional 
metabolites that possess immune regulatory properties (regulation of T-cell function 
and response) (Humphrey et al. 2019). Gao et al. (2018) reported that endogenous 
(kynurenine, serotonin, and melatonin) and bacterial (indole, indolic acid, skatole, 
and tryptamine) Trp metabolites can affect gut microbial composition and metabo-
lism, immune response of the host, and host–microbiome interaction. Findings from 
other studies support the beneficial outcome of increased Trp intake in piglets, 
through the improvement of intestinal microbiome diversity, decreased abundance 
of opportunistic bacteria, and increased mucosal IL-8 mRNA level and zonula 
occludens (ZO)-1 (Liang et al. 2018). Based on a study by Wang et al. (2010), an 
optimal ratio of Trp:Lys of 0.89% for weanling piglets tofto support intestinal barrier 
function was concluded. Other amino acids of importance include glutamine, gluta-
mate, proline, aspartate, ornithine, and citrulline. As regards lysine in nursery pigs, 
an average total lysine:crude protein (CP) ratio of 6.8% is often suggested (total Lys: 
CP ratio should not exceed 7.1%) (Nemechek et al. 2011; Humphrey et al. 2019). 

Glutamic acid (GLU) is a non-essential amino acid, present in the body, which is 
a precursor of protein synthesis associated with cellular metabolism and immune 
responses. According to Kyoung et al. (2021), supplementation of weaners’ diet with 
GLU provides benefits in terms of immune response and intestinal microbiota and 
function, since increased villus height to crypt depth ratio, number of goblet cells, 
and ileal gene expression of claudin family and occludin, and decreased serum 
TNF-α and IL-6 and ileal gene expression of TNF-α, were observed. Moreover, 
increased relative composition of bacterial communities of genus Prevotella and 
Anaerovibrio and decreased populations of the Clostridium and Terrisporobacter



genera were reported for the GLU-supplemented groups. Additionally, findings from 
the study of Koo et al. (2020) demonstrated an increased villus height and goblet cell 
density, along with increased expression of jejunal occludens and downregulation of 
IL-6 in pigs fed 115% standardized ileal digestible (SID) requirements of L-
threonine. 
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5 Phenolic Antioxidants 

Several agricultural by-products could be suggested as excellent sources of phenolic 
and antioxidant compounds that can be administered as functional ingredients in 
livestock feeding (Castrica et al. 2019). Up today, about 8000 phenolic compound 
structures have been identified (Vuolo et al. 2019), whereas the most widely tested 
are phenolic acid, flavonoids, tannins, avenanthramides, alkylresorcinols, oligomeric 
proanthocyanidins, and lignans (Dykes and Rooney 2007; Christaki et al. 2020) 
originating from plant tissues like grains, vegetables, fruits, trees, and their extract 
(Dykes and Rooney 2007; Jamwal et al. 2018; Rosa et al. 2019). Natural phenolic 
antioxidants include the following (Shahidi and Ambigaipalan 2015): 

I. Phenolic acids (e.g., benzoic acid, ferulic acid, gallic acid, vanillin) 
II. Flavonoids (flavonols, flavononols, flavones, flavanones, anthocyanidins, 

isoflavonoids) 
III. Stilbenes (resveratrol) 
IV. Coumarins 
V. Lignans 
VI. Tannins 

Phenols have naturally antioxidant properties; thus, they are capable of protecting 
biomolecules (proteins, nucleic acids, polyunsaturated lipids, and sugars) from 
oxidative damage via free radical-mediated reactions (Heleno et al. 2015). Reactive 
oxygen radicals could disrupt nutrient absorption after affecting the intestinal 
mucosa, whereas antioxidants can neutralize reactive oxygen radicals and improve 
intestinal function (Valenzuela-Grijalva et al. 2017). The increase of reactive oxygen 
species (ROS) around weaning and disturbance of cellular antioxidant systems 
balance, as demonstrated by reduced superoxide dismutase (SOD) and glutathione 
peroxidase (GPX), are related to disruption of intestinal function (Humphrey et al. 
2019). Substances with antioxidant properties could enhance immunocompetence or 
through their co-enzymatic activity could affect cell-to-cell communication, thereby 
modulating immune system reactions (Catoni et al. 2008). 

Polyphenols and, in some cases, flavonoids have been shown to reduce the effect 
of the above-mentioned phenomena supporting immune and inflammatory cell 
functions (Shi et al. 2003; Xu et al. 2014). Carotenoids, vitamin C, and vitamin E 
have been also suggested as substances that can improve both specific and 
non-specific immune responses in several species (Catoni et al. 2008). Furthermore, 
in a study with piglets, dietary supplementation of a polyphenol mixture (from



n

apples, grape seeds, green tea leaves, and olive leaves) resulted in reduced plasma 
malondialdehyde (Zhang et al. 2014), whereas supplementation of grape seed 
procyanidins as phenolic compounds increased resistance to weaning stress through 
the enhancement of glutathione peroxidase (GSH-Px), SOD, and catalase (CAT) 
genes expression (Fang et al. 2020). 
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Anti-inflammatory properties of phenolic compounds are based on the suppres-
sion of inflammatory prostaglandins and nitric oxide production (Valenzuela-
Grijalva et al. 2017). Phenolic compounds support, through their mode of action, 
the production of immunoglobulins and secretion of cytokines, increase of phago-
cytosis by influencing mitogen-activated protein kinase (MAPK) and nuclear factor 
κB (NF-κB) signaling pathways (Artuso-Ponte et al. 2020), as well as release of 
IFN-γ (Christaki et al. 2020). Polyphenol-rich diets in piglets have shown to reduce 
the expression of different pro-inflammatory genes in duodenum, ileum, and colon 
(Fiesel et al. 2014), whereas reduced inflammatory mediators NF-κB and Nrf2 
(nuclear factor erythroid 2–related factor 2) have been detected in duodenal mucosa 
of pigs fed with phenol-rich supplemented diets containing grape seed and grape 
pomace extract (Gessner et al. 2013). Findings from Coddens et al. (2017) o  
cranberry extracts (rich in proanthocyanin) supported its efficacy on the inhibition 
of F4+ and F18+ E. coli adhesion to the ileum in vitro. Grape by-products have been 
reported as a beneficial polyphenol source for pigs (Brenes et al. 2016), since 
the introduction of fermented grape pomace (48.5% dietary inclusion) to 20 days 
old piglets feed for 30 days (Kafantaris et al. 2018) resulted in the enhancement of 
the antioxidant defense system along with the increase of Bifidobacterium and lactic 
acid bacteria counts and the reduction of Enterobacteriaceae counts. Additionally, 
tea polyphenols have showed multiple effects on immune response in pigs, since 
they could influence the activities of T-lymphocyte, increase the ratio of CD4+ / 
CD8+ , and reduce the outcome of oxidative stress. Furthermore, they could improve 
cell-mediated immune response and the secretion of pro-inflammatory cytokines 
such as IFN-γ (Deng et al. 2010). They can also improve intestinal mucosal 
immunity via increasing the content of IL-2, IL-10 in jejunum and ileum and activate 
the Notch2 signaling pathway in small intestine (Dong et al. 2019). 

Antimicrobial and bactericidal properties of phenolic compounds have been also 
reported. The latter is attributed to their hydroxyl (–OH) groups (Park et al. 2002), 
whereas antimicrobial effects are based on their structural and lipophilic properties 
that negatively affect the cellular membrane function of bacteria and can cause cell 
death (Mahfuz et al. 2021). Findings from trials with supplementation of pig diets 
with benzoic acid and thyme (Diao et al. 2015), or chestnut wood tannins and 
organic acids (Brus et al. 2013), or polyphenol-rich grape extract or hop (Fiesel 
et al. 2014), provided evidence of an improved outcome in terms of reduction of 
harmful bacteria and improvement of intestinal microbiota. 

Significant research findings have been demonstrated from the evaluation of 
resveratrol (trans-3,5,4′-trihydroxystilbene), which is a stilbenoid, a type of natural 
polyphenol and aromatic phytoalexin found predominantly in grapes, berries 
(mulberries), and Japanese knotweed (Ahmed et al. 2013). As reviewed recently 
by Meng et al. (2023), dietary resveratrol has therapeutic effects on the oxidative



stress and inflammation, as well as beneficial effects on growth and meat quality. 
Significant findings have been described as regards its capability to modulate 
immune response and inflammation processes. Such effects include stimulation of 
peripheral blood and splenic lymphocytes proliferation, and improved immune 
responses to vaccination against classical swine fever and foot-and-mouth disease, 
whereas it was also found to promote IgG production, regulate the release of IFN-γ, 
and downregulate the release of TNF-α (Fu et al. 2018). The capability of resveratrol 
to regulate various signaling pathways such as sirtuin 1, NF-κB, and Nrf enhances 
the expression of various antioxidant defensive enzymes such as heme oxygenase 
1, catalase, GPX, and SOD, and induces glutathione levels responsible for 
maintaining the cellular redox balance (Truong et al. 2018). 
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The dietary supplementation of resveratrol alone or with essential oils (oregano, 
anise, orange peel, and chicory essential oils) in weaned piglets challenged with 
E. Coli and Salmonella typhimurium resulted in improved IgG content in the group 
fed resveratrol only, as well as reduced fecal Salmonella and E. coli counts in all 
treatment groups and increased fecal Lactobacillus spp. count in the group that 
received both phytogenic products. The aforementioned results were considered as 
strong indication of the potential of resveratrol to be used as an antibiotic alternative 
under the conditions described in that particular study (Ahmed et al. 2013). 

Antiviral activity of resveratrol has been reported in various species, whereas its 
capability to modulate immune response has been reported in rotavirus (RV) and 
pseudorabies virus (PRV) studies with pigs (Cui et al. 2018; Zhao et al. 2018). A 
challenge study in piglets suggested that it can be considered as a possible RV 
infection control measure. It was able to reduce inflammation response by inhibiting 
the TNF-α production whereas the immune function in RV-infected piglets was 
maintained by enhancing the IFN-γ content and CD4+ /CD8+ ratio (Cui et al. 2018). 
Zhao et al. (2018) suggested resveratrol as alternative control measure for PRV 
infection, since it showed an inhibitory effect on viral reproduction, alleviated 
PRV-induced inflammation, and enhanced animal immunity (increased the levels 
of serum TNF-α, IFN-α, IFN-γ, and IL-12). Furthermore, an in vitro study suggested 
that resveratrol could alleviate E. coli K88 infection-induced damage in the porcine 
intestinal epithelial cell by activating sirtuin 1 signaling pathway (Luo et al. 2022). 

6 Eubiotics: Phytobiotics Probiotics, Prebiotics, Postbiotics 

According to Wiemann (2013), eubiotics are feed additives that include direct acting 
gut flora modulators, probiotics, prebiotics, and immune modulators to stimulate a 
healthy microbiota. Probiotics as beneficial microbes in combination with prebiotics 
(indigestible dietary fiber/carbohydrate, e.g., inulin) provide health benefits to the 
animal, through several pathways such as normalization of the microbiota due to 
probiotics addition, or via products resulting from prebiotics anaerobic fermentation, 
or through their immunomodulatory role (Hardy et al. 2013). Postbiotics are 
metabolites and cell contents extracted from probiotics (Teame et al. 2020).
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Probiotics, prebiotics, and postbiotics could act as anti-inflammatory factors 
(Cheng and Kim 2022) since they can stimulate TLR to inhibit NF-κB and activate 
an anti-inflammatory response (Suda et al. 2014; Poulsen et al. 2018). Selected 
Bacillus species (Taras et al. 2005), as well as Lactic acid bacteria (LAB), including 
Enterococcus species (e.g., Enterococcus faecium) and Lactobacillus species, have 
shown promising results as functional feed additives for improved immune 
responses in nursery pigs (Pessione 2012; Suda et al. 2014). Research findings 
have demonstrated that Enterococcus faecium could reduce newborns’ mortality 
and post-weaning diarrhea when fed to sows (Taras et al. 2006) or decrease serum 
IgG (Broom et al. 2006) and chlamydial infection in newborn piglets from infected 
sows (Pollmann et al. 2005). 

Effects of feeding mannan oligosaccharide (MOS) and Lactobacillus mucosae 
(LM) as prebiotic and probiotic sources in weanling pigs have been previously tested 
under Escherichia coli lipopolysaccharide (LPS) challenge conditions (Li et al. 
2021a). Results demonstrated an increase of circulating but not secretory IgG 
antibodies in MOS-fed groups, as well as a mild increase in both secretory and 
circulating IgA concentrations in pigs fed LM. In another study by Yu et al. (2021), 
MOS supplementation in E. coli-challenged pigs resulted in reduced IL-1β 
concentration. Decreased pro-inflammatory cytokines were observed also in pigs 
fed levan-type fructan (Li and Kim 2013). The prebiotic lactulose has showed 
immune-boosting effects in pigs (Liu et al. 2018), as it was able to induce greater 
concentrations of serum IgM and IgA and improved immunity against Salmonella 
typhimurium (Naqid et al. 2015). Moreover, increased cell-mediated immune 
response, IL-1β gene expression, and serum levels of IL-1β, IL-2, and IL-6 were 
observed after supplementation of weaned pigs’ diets with chitosan and galacto-
mannan oligosaccharides (Yin et al. 2008). 

Previous studies with E. coli-challenged pigs reported increased secretory IgA in 
animals receiving Lactobacillus rhamnosus (Zhang et al. 2010) or  Lactobacillus 
acidophilus with increased concentration of IgA in the jejunum (Li et al. 2018). 
Other studies further supported Lactobacillus species’ beneficial effects, such as 
their ability to alleviate gut inflammation, improve intestinal barrier function, and 
decrease pro-inflammatory cytokines (L. rhamnosus) according to Mao et al. (2020) 
and downregulate IL-1β (L. fermentum) based on Wang et al. (2019) findings. 

A connection between modulation of sow’s intestinal microbiota and suckling 
piglets’ bacterial colonization of the GIT has been reported. Supplementations of 
probiotics such as Enterococcus faecium or Bacillus subtilis (Macha et al. 2004; 
Baker et al. 2013; Starke et al. 2013) and prebiotics such as inulin (Paßlack et al. 
2015) in sows diets were able to induce such microbiota alterations. As regards 
immune response, enrichment of sows’ diets with oligosaccharides such as short-
chain fructooligosaccharides (scFOS), MOS, or a seaweed extract containing lami-
narin could be related with an increase of colostral immunity (IgA, IgG, or TGFß) 
(Czech et al. 2010; Leonard et al. 2012; Le Bourgot et al. 2014). 

Beta-glucans, mannoprotein, and chitin are the main cell wall components of 
yeasts. Beta-glucans derived from yeast cell walls bind to the TLR2 and C-type 
lectin receptors (CLR) family and dectin-1 receptor on enterocytes and immune cells



(monocyte-macrophage cell lineage and other antigen-presenting immunocompetent 
cells) (Akira et al. 2006; Li et al. 2019a). Through their mode of action, they result in 
the increase of pro-inflammatory cytokines and chemokines inducing antigen pre-
sentation and improvement of humoral and cellular immunity (Vetvicka et al. 2014). 
Supplementation of sows’ gestation and lactation diets with yeasts (e.g., Saccharo-
myces cerevisiae fermentation product) improved growth performance of piglets 
(Kim et al. 2008, 2010; Shen et al. 2011) and improved beneficial microbiota status 
in the GIT (Lu et al. 2019). 
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Moreover, Li et al. (2006) evaluated whether supplementation of pig diet with 
β-glucan could affect immune response, and presented results of increased plasma 
IL-6, IL-10, and TNF-α, hours after LPS challenge. Ryan et al. (2012) provided 
evidence that glucan incorporation in pig feeds results in decreased Th-related 
cytokine production (reduction of the Th17 signature molecule IL-17a in the porcine 
colon), whereas increased IgA levels in serum were observed at lower glucan doses 
provided as yeast (Saccharomyces cerevisiae) cell wall extract (Sauerwein et al. 
2007). Proportion of CD4+ T-cell subpopulations has been found greater in 
mesenteric lymph nodes and Peyer’s patches, as well as CD8+ T-cells in peripheral 
blood in pigs fed glucan (Vetvicka et al. 2014). Moreover, stimulation of IL-2 and 
phagocytosis as well as suppression of TNF-α due to glucan administration in pigs’ 
feed has been reported (Vetvicka and Oliveira 2014). 

Fibers include a broad spectrum of oligosaccharides and starch resistant to 
proximal intestine hydrolysis, as well as non-starch polysaccharides such as pectin, 
cellulose, hemicellulose, β-glucans, and fructans (Rodrigues et al. 2022). Digestion 
process of dietary fiber in pigs includes their fermentation primarily in the colon 
producing gases and several physiologically active by-products. On the other hand, 
insoluble fiber increases diet bulkiness due to its metabolic inert characteristic 
(Jarrett and Ashworth 2018). It has been demonstrated that supplementation of a 
diet with 25% sugar beet pulp in pregnant gilts resulted in increased white blood 
cells, without affecting natural killer cell cytotoxicity, neutrophil chemotaxis and 
chemokinesis, mitogen-induced lymphocyte proliferation, and differential counts 
(McGlone and Fullwood 2001). Moreover, feeding diets rich in crude fibers (differ-
ent roughage sources, i.e., straw, hay, clover grass silage, maize silage, or Jerusalem 
artichoke) during pregnancy, but not lactation, resulted in a decrease of C-reactive 
protein levels in colostrum, suggesting a possible reduction of inflammatory pro-
cesses (Werner et al. 2014). In growing pigs, it was reported that pigs fed soluble 
fiber (sugar beet fiber) had reduced fecal egg counts following Oesophagostomum 
dentatum challenge (Petkeviius et al. 2003). 

The positive effects of fermentable fibers on immune response and intestinal 
function are various: the improvement in colonic barrier function and immune/ 
metabolism-related gene expression (Che et al. 2014), the maintenance of microbial 
community homeostasis, the improvement in microbiota diversity, proliferation of 
potentially beneficial microorganisms (Li et al. 2020b), as well as the attenuation of 
the release of inflammatory intermediates (Li et al. 2019b) are among those effects. 
Moreover, it has been demonstrated that through the promotion of the growth of 
lactic acid bacteria, the prebiotic inulin has an indirect beneficial immune effect,



since it can affect the production of anti-inflammatory cytokines, mononuclear cells, 
and phagocytic macrophages (Grela et al. 2021). Additionally, it has been associated 
with the induction of immunoglobulins synthesis, in particular IgA (Macfarlane and 
Cummings 1999). Thus, it seems that inulin has a positive effect on the intestinal 
immune system, blood flow through the mucosa, and the activity of the local nervous 
system (Grela et al. 2021). 
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7 Phytogenics and Essential Oils 

Phytogenics or plant secondary metabolites (Rodrigues et al. 2022) can be 
classified into: 

I. Terpenes (e.g., carvacrol, thymol) 
II. Phenolics (e.g., eugenol, resveratrol, quercetin, tannins), which are emphasized 

for their antioxidant capabilities in a previous part of this chapter 
III. N-containing compounds 
IV. S-containing compounds (e.g., alliin and allicin) 

Novel technologies allow us to chemically synthesize some of the above-
mentioned substances and these products can be called nature-identical compounds 
(Rossi et al. 2020). Such compounds (e.g., thymol and vanillin) can act synergically 
in combination with other feed additives in pigs’ diets (Rodrigues et al. 2022). 
Essential oils are either terpenes or phenolics and are usually extracted from plants, 
whereas their antimicrobial, anti-inflammatory, and antioxidative properties are 
attributed mainly to their phenolic ring, or capacity to disturb microbial membranes 
and intracellular homeostasis (Omonijo et al. 2018). 

Plants from the Echinacea family are known to modulate immune functions, 
stimulating the innate immune system, and increasing the resistance to infection 
(Bauer et al. 1999), whereas improved immune response after vaccination against 
Erysipelothrix rhusiopathiae was observed after inclusion of Echinacea purpurea 
into the diet of finishers (Maass et al. 2005). On the other hand, Taranu et al. (2012) 
provided further evidence that introduction of Chlorella vulgaris powder (eukaryotic 
freshwater green microalga), Na-alginate, inulin, and a mixture of essential oils into 
diets of weaned piglets resulted in increased IgG in the plasma, modulation of 
cytokine production, and mineral retention (increased liver concentrations of 
IL-1β, IL-8, TNF-α, IFN-γ, Cu, and Fe). A possible interaction of active molecules 
from the test products (polyphenols, vitamins, minerals, etc.) as additional ligands 
with Fc-gamma receptors for IgG (FcgammaRs) and their further influence on the 
immune system could be supported as an explanation for the observed increased IgG 
levels (Nimmerjahn and Ravetch 2010). 

Plant extracts like cinnamon, thyme, oregano (Namkung et al. 2004), and saponin 
(Ilsley et al. 2005) were able to increase IgG concentration in pigs. On the other 
hand, studies from Ilsley et al. (2005) and Ariza-Nieto et al. (2011) suggested 
absence of IgG levels increase after dietary curcumin or oregano essential oil



supplementation. As regards modes of action of the plant extracts on cellular 
immunity and cytokine production, a possible potentiation of the immune reaction 
through the increase of IFN-γ production, and the involvement of a Th1 rather than 
Th2 type of cellular immunity, as well as their anti-inflammatory properties (activa-
tion of the NF-κB pathway), have been reported (Taranu et al. 2012). Novel herbal 
feed additives (Guizhi Li-Zhong Tang extract granules) have been tested with 
encouraging results on alleviating or preventing pneumonia in weaned piglets, 
through the inhibition of angiotensin-converting enzyme 2 expression along with 
increased IgA and IgG, but reduced IgE levels (Lu et al. 2021). A greater antioxidant 
capacity and lower cytotoxicity of those herbal feed additives was based on findings 
of enhanced expression of antioxidant-related SOD2 and lower expression of 
oxidative-stress-related 3-nitrotyrosine (NT), inflammation-related TNF-α and 
NF-κB, and apoptosis-related caspase-3 in lung tissue (Wang et al. 2021). 
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Thymol and carvacrol, active components of plant essential oils, can increase the 
percentage of CD4+ , CD8+ , major histocompatibility complex (MHC class II, and 
non-T/non-B-cells in peripheral blood, and CD4+ , CD8+ double-positive 
T-lymphocytes in peripheral blood and mesenteric lymph nodes in pigs (Walter 
and Bilkei 2004). Moreover, thymol enhances total IgA and IgM serum levels, and 
exhibits particular local anti-inflammatory properties, as demonstrated with the 
reduction of TNF-α mRNA in the stomach of post-weaned pigs (Trevisi et al. 
2007). Additional evidence provided by Li et al. (2012) after the introduction of 
an essential oil product, which contained 18% thymol and cinnamaldehyde in 
weaned pigs’ diets, suggested immune-modulating beneficial properties that could 
position such products as antibiotic replacements in pigs’ diets. Results included 
reduced IL-6 concentration and increased TNF-α and total antioxidant capacity 
levels in plasma, as well as greater villus height to crypt depth ratio and reduced 
E. coli populations in cecum, colon, and rectum. Quite similarly, Nofrarías et al. 
(2006) supported the capability of essential oils to induce an improved immune 
response, as demonstrated in immune cell subsets of gut tissues and blood after the 
introduction of a plant extracts mixture with 5% carvacrol, 3% cinnamaldehyde, and 
2% capsicum oleoresin (CAP) in weaned pigs’ diets. Essential oil compounds from 
oregano, clove, and cinnamon were also tested by Halas et al. (2011) and results 
suggested enhancement of the non-specific immunocompetence of 28-days-old pigs. 

As regards viral challenges, capsicum oleoresin (CAP), garlic botanical (GAR), 
or turmeric oleoresin (TUR) were tested in vivo under porcine reproductive and 
respiratory syndrome virus (PRRSV) challenge conditions (Liu et al. 2013). 
Findings suggested various effects on the immune response of animals fed the 
plant extracts. Feeding GAR increased B-cells and CD8+ T-cells of PRRSV-infected 
pigs, suggesting an improvement of immune response. Anti-inflammatory effects of 
the extracts were suggested due to suppressed serum TNF-α and IL-1β production in 
PRRSV-challenged animals that received the test products. Quite similarly, Kim 
et al. (2020) provided evidence that the aforementioned substances (i.e., CAP, GAR, 
TUR) altered the expression of 46 genes (24 up, 22 down), 134 genes (59 up, 
75 down), or 98 genes (55 up, 43 down) in alveolar macrophages of PRRSV-
infected pigs. Supplementation of diets with TUR or GAR reduced the expression



of genes associated with antigen processing and presentation, whereas introduction 
of CAP upregulated the expression of genes involved in those processes. 
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As reviewed by Li et al. (2021b), sugar cane extracts can enhance immune 
response in PRV-challenged pigs, through the increase of natural killer cytotoxicity, 
lymphocyte proliferation, phagocytosis by monocytes, and IFN-γ production of 
CD4+ and γδ T-cells (Lo et al. 2006). Studies on porcine epidemic diarrhea virus 
(PEDV) suggested isoflavonoid (major component of puerarin from the Chinese 
herb Gegen) could regulate the interferon and NF-κB signaling pathways and 
provide antiviral and anti-inflammatory functions in PEDV-infected piglets 
(Wu et al. 2020), whereas tomatidine can inhibit the virus replication mainly by 
targeting 3-chymotrypsin-like (3CL) protease (Wang et al. 2020). Recent data on the 
devastating African swine fever virus (ASFV) suggested that the introduction of a 
formulation with three essential oils, i.e., Eucalyptus globulus, Pinus sylvestris, and 
Lavandula latifolia, can improve immune response resulting in enhanced IgG levels 
and reduced IgM levels and minimize ASFV transmission in pigs in vivo (Babikian 
et al. 2021). 

Taken together, immune-boosting functions of phytogenic products could 
include the modulation of leukocyte and neutrophil activation processes of the innate 
immune system (Firmino et al. 2021). They improve the activity of various immune 
cells such as lymphocytes, macrophages, and NK cells, thus enhancing phagocytosis 
and IFN synthesis (Kuralkar and Kuralkar 2021). The enhancement of the immune 
activities of polymorphonuclear leucocytes (PMNs), alteration of the lymphocyte 
proportion and the ratio of CD4+ and CD8+ T-cells, downregulation of NF-κB (and 
p38 pathway) on peripheral blood mononuclear cells (PBMCs), which is responsible 
for gene transcription, thus of encoding many pro-inflammatory cytokines and 
chemokines, are among the major immune-modulating actions provoked by 
phytogenics (Oeckinghaus et al. 2011; Huang et al. 2012; Stelter et al. 2013; 
Cappelli et al. 2021). Furthermore, alterations on blood percentages of Th 
lymphocytes, γδ T-lymphocytes, and B-lymphocytes could be observed (Lo Verso 
et al. 2020). Depending on each essential oil mode of action, they could increase 
serum concentrations of IL-1, IL-2, IL-4, IL-6, TNF-α, soluble surface antigen CD8 
(sCD8), immunoglobulins IgA, IgG, and IgM, the activities of antioxidant enzymes, 
and total antioxidative capacity, and decrease concentrations of malondialdehyde 
(e.g., water extract of Artemisia ordosica) (Xing et al. 2019). Other cases (e.g., 
anethole) could result in reduced expression of TLR5, TLR9, MyD88, IL-1β, 
TNF-α, IL-6, and IL-10 in the jejunum (Yi et al. 2021). Additional anti-
inflammatory properties have been attributed to the inhibition of the NF-κB and 
P38 signaling pathways, which result in decrease of inflammatory cytokine expres-
sion (e.g., Scutellaria baicalensis extracts) (Huang et al. 2019). In addition to the 
NF-κB pathway, the antioxidative, anti-apoptotic, and anti-inflammatory effects of 
essential oils (e.g., Tagetes erecta flowers essential oils) may rely on Nrf2/HO-1 
since Nrf2 has a significant role in protection of cells against oxidative damage as 
well as in cell survival (Shaw and Chattopadhyay 2020). The increased expression of 
antioxidant-related genes could also explain the antioxidant capabilities of essential 
oils as observed for cinnamaldehyde and thymol in pigs (Su et al. 2018).
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8 Organic Acids (OAs) 

Classification of OAs includes three categories based on the carbon chain: 

I. Short-chain fatty acids (SCFAs; e.g., formic acid, acetic acid, propionic acid, 
butyric acid) 

II. Medium-chain fatty acids (MCFAs; e.g., caproic acid, caprylic acid, capric acid, 
lauric acid) 

III. Tricarboxylic acids (e.g., citric acid, fumaric acid, and malic acid) (Rodrigues 
et al. 2022) 

OAs possess bacteriostatic and bactericidal actions, since they can diffuse across 
the bacterial cell membranes, release H+ ions intracellularly, and disrupt the acid– 
base balance and particular metabolic pathways of microbes (Nguyen et al. 2020). 

A combination of OA utilization may be significantly beneficial for pigs, since 
SCFAs have been proven efficacious against Gram (-) bacteria, including E. coli 
and Salmonella spp., whereas MCFAs were efficacious against Gram (+) bacteria, 
such as C. perfringens and Streptococcus spp. (Zentek et al. 2011; Gómez-García 
et al. 2019). Furthermore, particular immunomodulatory effects of OAs have been 
demonstrated in enterotoxic Escherichia coli (ETEC)-challenged pigs. Among 
those, decreased concentration of pro-inflammatory cytokines (IL-1β, IL-6, 
TNF-α, and IFN-γ in plasma) was observed at levels comparable to antibiotics 
supplementation (Ren et al. 2019). According to Jiménez et al. (2020), feed supple-
mentation with an organic acid-based feed additive reduced the number of inflam-
matory cells in the jejunal and ileal lamina propria, which were elevated due to 
inoculation with an enterotoxic strain of E. coli (K88) in weaned pigs. Moreover, it 
has been demonstrated that conjugated linoleic acid fed in late gestation and 
(or) lactation to sows could induce positive immunomodulatory effects on colos-
trum, milk, and progeny serum IgG concentrations (Craig et al. 2019). 

Immunomodulatory properties have been also reported for certain MCFAs and 
monoglycerides, such as the C12 monoglyceride (glycerol monolaurate, GML), 
which is known to affect T-cell lymphocytes, due to membrane interactions linked 
to cell signaling pathways (Jackman et al. 2020; Zhang et al. 2018). GML supple-
mentation can also decrease cytokine production in vitro, thus inducing immuno-
suppressive effects that can be useful for anti-inflammatory applications (Zhang 
et al. 2016). Oral administration of GML could reduce intestinal inflammation 
in vivo (Zhang et al. 2018). Findings from an in vitro study demonstrated that 
caprylic (C8), capric (C10), and lauric (C12) acids could enhance immune response 
at a porcine intestinal cell line (Martínez-Vallespín et al. 2016). 

9 Concluding Remarks 

A significant number of feed additives that could improve the immune response of 
pigs and act as anti-inflammatory and antioxidant agents have been investigated and 
the list will continue to expand as novel research findings are presented. As observed



from the above-mentioned studies, a combination of the beneficial feed additives is 
expected to result in improvement of the pig’s response against pathogens and 
provide solutions as alternative to antibiotics substances. However, the addition of 
the additives should take into account the observed health challenges at the farm, as 
well as restrictions on the use of particular feed additives either alone or in combi-
nation with others. It is possible that the target of eubiosis and improved health status 
of pigs could be achieved or assisted through appropriate feed interventions with the 
administration of more “natural” substances, which enhance immune response 
in pigs. 
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Recent research results have shown that the supplementation of monogastric

Probiotics as Feed Additives in Monogastric 
Animals 
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Abstract 

Persistent demand of animal and food industries for both high production perfor-
mance and reduction in production cost, immense regulatory pressure for safe 
food supply systems and increasing consumer awareness of healthy animals and 
animal products regarding the antibiotic resistance arising from excessive admin-
istration of antibiotics as growth promoters led to the investigation for safer 
alternative biotechnological advancements and consequently to the usage of 
probiotics as feed and food additives in livestock. 

“live micro-organisms which when administered in adequate amounts confer a 
health benefit on the host” (FAO/WHO 2001). Their main mode of action focuses 
on the maintenance of the microbial equilibrium in the gastrointestinal tract, the 
increase of beneficial microbial population, and the competitive exclusion of 
potentially pathogenic bacteria as well as the generation of antimicrobial 
substances and toxin reduction. Moreover, it includes several biological 
mechanisms, such as the alteration of metabolism by increasing digestive enzyme 
activity, the decreasing of bacterial enzyme activity and ammonia production, the 
alteration in gene expression in pathogenic microorganisms as well as the 
immunomodulation and histological alterations of the gastrointestinal tract. 

(poultry and swine) diets with probiotics significantly enhances their health and 
immunity, increases nutritional digestibility and growth performance, and 
improves the animal products’ quantity and quality. Nevertheless, there is still
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an ongoing discussion among scientists with respect to the selected microorgan-
ism, the suitable doses, as well as the administration methods and techniques for 
obtaining the optimal results.
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1 Introduction 

As the antibiotic over-use and misuse in animal production contributed to the 
emerging threat of antibiotic resistance, the World Health Organization was led to 
announce a warning of a post-antibiotic era arrival. Nowadays, more than ever, 
animal nutrition scientists have been challenged by the prohibition of antibiotics 
used as growth promoters and impelled to studying innovating alternatives, such as 
probiotics. 

Among numerous definitions, probiotics have recently defined as “live micro-
organisms which when administered in adequate amounts confer a health benefit on  
the host” (FAO/WHO 2001). Their main mode of action focuses on the maintenance 
of the microbial equilibrium in the gastrointestinal tract, the increase of beneficial 
microbial population and the competitive exclusion of potentially pathogenic bacte-
ria as well as the generation of antimicrobial substances and toxin reduction. 

Recent research results have shown that the supplementation of monogastric diets 
with probiotics significantly enhances their health and immunity, increases 
nutritional digestibility and growth performance, and improves the animal products’ 
quantity and quality. Nevertheless, there is still an ongoing discussion among 
scientists with respect to the selected microorganism as well as the administration 
methods and techniques for obtaining the optimal results. 

This chapter will review the scientific literature related to the use of probiotics as 
feed additives in monogastric animal feeding (poultry and pigs and rabbits). It will 
provide an overview of the current situation, limitations and prospects for probiotic 
formulations applied to monogastric animals and will focus on their mode of action 
and their effects on animal well-being, production performance, and the quality of 
animal products. 

2 Definitions 

The potential role of intestinal bacteria in the maintenance of health and conse-
quently longevity of humans consuming milk products fermented by lactic acid 
bacteria was first reported by Metchnikoff (1907). Later in (1965), the term “probi-
otic” was introduced by Lilly and Stillwell and referred to unknown growth promot-
ing substances produced by microorganisms. The term “probiotic” consists of two



words of the Greek language, “pro” and “bios” meaning “for” and “life,” respec-
tively. It is actually the opposite of the term “antibiotic” which means “against life” 
(Ghadban 2002). Parker (1974), included broader group of organisms and defined 
probiotics as microorganisms or substances that contribute to intestinal microbial 
balance. Fuller (1989) narrowed the definition of “probiotics” by Parker (1974), 
excluded antibiotic preparations, and he refined “probiotic” as a live microbial feed 
supplement, with a favorable effect on the host animal by improving its intestinal 
microbial balance. Fuller’s (1989)  definition was restricted to feed supplements, 
animals, and their intestinal tract, but later Havenaar and Huis In′t Veld (1992) 
extended it and redefined “probiotic” as “a mono or mixed culture of living 
microorganisms which applied to animal or man, beneficially affects the host by 
improving the properties of the indigenous microflora”. In  2005, Curbelo et al. 
indicated that the majority of researchers considered probiotics as feed additives, 
formed by live microbes that beneficially affect the health of the host. In recent years, 
however, due to an increase in interest and research into probiotics, this definition 
has been broadened to include microbial products as well as fermentation products. 
Therefore, probiotics have been defined as “concoctions of known viable microbes 
in adequate numbers that modify the host microflora to confer health benefits” 
(Callaway et al. 2008). 
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In 2001, FAO/WHO proposed a widely accepted definition of probiotics, that of 
the joint Food and Agriculture Organization of the United Nations (FAO) and World 
Health Organization (WHO) Working Group, as “live micro-organisms that, when 
administered in adequate amounts, confer a health benefit on the host,” which is also 
approved by the International Scientific Association for Probiotics and Prebiotics 
(Hill et al. 2014). The most recent definition of probiotics suggested by FAO (2016) 
though is “live microorganisms that confer health benefits on the host once ingested 
in the correct amounts.” 

3 Classification 

A probiotic preparation for livestock consists mainly of one species of a microor-
ganism or a mixture of species, such as lactic acid bacteria (LAB), yeasts, 
Bifidobacterium, Enterococcus, and Bacillus (Callaway et al. 2008). 

According to FAO (2016), probiotic microorganisms are categorized as follows: 

1. Bacterial (species of Lactobacillus, Bifidobacterium, Bacillus, Enterococcus) vs 
Non-bacterial probiotics (Aspergillus oryzae, Candida pintolopesii, Saccharomy-
ces boulardii, Saccharomyces cerevisiae). 

2. Spore-forming (Bacillus subtilis, Bacillus amyloliquefaciens) vs Non-spore-
forming probiotics (Lactobacillus and Bifidobacterium). 

3. Multi-species or multi-strain probiotics (PoultryStar ME, which contains Entero-
coccus faecium, Lactobacillus reuteri, Lactobacillus salivarius and Pediococcus 
acidilactici; PrimaLac, which contains Lactobacillus spp., E. faecium, and 
Bifidobacterium thermophilum; Microguard, which contains various species of



778 S. Savvidou et al.

Lactobacillus, Bacillus, Streptococcus, Bifidobacterium, and Saccharomyces) vs 
Single-species or single-strain probiotics (Species of Lactobacillus, 
Bifidobacterium, Bacillus, Aspergillus, Streptococcus, Saccharomyces, 
Pediococcus, Enterococcus, etc., and commercial products such as Bro-bio-
fair—Saccharomyces cerevisiae and Anta Pro EF—E. faecium). 

4. Allochthonous probiotics (not present in the GIT of animals, like yeasts) vs 
Autochthonous probiotics (natural indigenous microorganisms of the gastrointes-
tinal tract (e.g., Lactobacillus and Bifidobacterium). 

For a microorganism to be selected as a probiotic, it must possess certain 
attributes like the tolerance to gastrointestinal conditions, the ability to adhere to 
the gastrointestinal mucosa, and the competitive exclusion of pathogens (Gadde 
et al. 2017). Moreover, from a technical point of view, the microorganism should be 
able to maintain viability and desirable characteristics through manufacturing, trans-
portation, storage, and application processes (Bajagai et al. 2016). 

4 Mechanisms of Probiotic Action 

The mode of action of probiotics seems to be multifactorial and their efficacy is 
characterized by strain specificity. Probiotics exert their beneficial effects through 
diverse mechanisms either in the gastrointestinal lumen or the wall of the gastroin-
testinal tract. Figure 1 summarizes schematically the basic mechanisms of probiotic 
action (adapted by Anee et al. 2021). 

Probiotic mode of action includes several biological mechanisms, such as the 
modification of the microbial population of the gastrointestinal tract and promotion 
of the favorable gastrointestinal microflora, the alteration of metabolism by increas-
ing digestive enzyme activity, the decreasing bacterial enzyme activity and ammonia 
production, the alteration in gene expression in pathogenic microorganisms, 
immunomodulation and histological alterations of the gastrointestinal tract. 

5 Modification of the Microbial Population of the GIT 
and Promotion of the Favorable Gastrointestinal 
Microflora 

Probiotics can affect the microbial population dynamics in the gastrointestinal tract, 
by maintaining mainly the beneficial bacteria, such as Lactobacillus and 
Bifidobacteria and suppressing viable numbers of specific harmful ones, such as 
Escherichia coli and Clostridium spp. (Mountzouris et al. 2007; An et al. 2008). 

The decrease of pathogenic microorganisms in the gastrointestinal tract may be 
attributable to mechanisms such as antagonistic activity, competitive exclusion, 
adhesion to epithelial cells, autoaggregation and coaggregation with pathogens, 
competition for essential nutrients.
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Fig. 1 Mechanism of probiotic action (adapted by Anee et al. 2021) 

5.1 Αntagonistic Activity 

Probiotic bacteria are able to produce antibacterial substances such as defensives/ 
bacteriocins (acidolin, bulgaricin, nisin, reuterin), bacteriocin-like substances 
(Mahajan and Sahoo 1998), short chain volatile fatty acids (lactic, propionic, butyric, 
and acetic), and hydrogen peroxides (Fuller 1989; Jin et al. 1997; Mahajan and 
Sahoo 1998; Ghadban 2002; Curbelo et al. 2005), which have been reported to be 
inhibitory to pathogenic microorganisms (Chaucheyras-Durand and Durand 2010). 
Plaza-Diaz et al. (2019) suggest that such probiotic metabolic elements can regulate 
various metabolic pathways in cells (apoptosis, cell proliferation, inflammation, and 
differentiation). Lact. acidophilus has been reported to produce a large number of 
bacteriocins with an inhibitory effect on pathogenic bacteria such as Salmonella, 
Coliforms, and Campylobacter (Tahara and Kanatani 1997; Curbelo et al. 2005). 
Additionally, hydrogen peroxide due to its intense oxidizing effect on the bacterial 
cells or through the destruction of basic molecular structures of nucleic acid and cell 
proteins manages to prevent the growth of pathogens (Jin et al. 1996). The bacteri-
cidal effect of organic acids (lactic, acetic, butyric and propionic), which are major 
end products of the metabolism of lactic acid bacteria such as Lactobacillus, 
Enterococcus, and Bifidobacterium strains, is attributed to their ability to decrease 
intestinal pH (Jin et al. 1997) in the gastrointestinal tract and thus making it less 
favorable for pathogen growth. Though, the EU Council Regulations 429/2008 
(Paragaraph 2.2) prohibits the use of microorganisms as additives or as production



strains that are capable of producing antibiotic substances that are relevant as 
antibiotics in humans and animal, for example reuterin (European Patent 
EP0357673). 
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5.2 Competitive Exclusion 

Probiotics enhance resistance to intestinal pathogens through competitive coloniza-
tion of intestinal adhesion sites and nutrients (Parvez et al. 2006; Boirivant and 
Strober 2007), by strengthening this intestinal communication system (Mookiah 
et al. 2014). Ghadban (2002) demonstrated the efficiency of competitive exclusion 
mechanisms for the control of pathogens such as Salmonella, Esch. coli, and 
Campylobacter. Undefined cultures were found to be more effective than defined 
cultures against pathogens and in vivo studies were more variable than in vitro 
(Stavric and D'aoust 1993). 

5.3 Adhesion to Epithelial Cells 

Ability to compete pathogens for same receptors and adhere to the gut epithelial 
cells, is an ambiguous requirement for the potential probiotic strains in order to exert 
their probiotic effect in the gastrointestinal tract, with a lot of reporting that it is a 
desirable prerequisite researchers (Neeser et al. 2000; Lorca et al. 2002) and less 
suggesting that is not essential (Bezkorovainy 2001). The presence of adhesion-
promoting proteins on the surface of Lact. fermentum and Lact. brevis (Lorca et al. 
2002 and Rojas et al. 2002) or lectinlike protein structures on the surface of Lact. 
animalis, Lact. fermentum and particularly Lact. fermentum spp. (Gusils et al. 2002) 
suggests mechanism via which probiotic bacteria engage their potential binding sites 
in the gut, inhibiting pathogenic microorganisms such as E. coli O157:H7, Salmo-
nella, etc., to attach to the epithelium (Bernet et al. 1994; Hudault et al. 1997; 
Johnson-Henry et al. 2007). 

5.4 Autoaggregation and Coaggregation with Pathogens 

Autoaggregation or “clumping” of lactic acid bacteria may also be necessary for 
adhesion to intestinal epithelial cells and with the addition of their potential 
coaggregation ability with enteropathogens, may form a barrier that prevents colo-
nization or even more, entirely exclude enteropathogens from the gastrointestinal 
tract (Kos et al. 2003; Ghadban 2002).
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5.5 Competition for Essential Nutrients 

According to Mahajan and Sahoo (1998) glucose and amino acids and other 
nutrients that might be otherwise utilized by pathogens for their proliferation are 
preferably accessible and consequently are used by lactic acid bacteria in the gut. 
This hypothetical competition between gut bacteria and pathogens for nutrients as a 
competitive exclusion defense mechanism requires much more evidence to be 
confirmed though. 

6 Alteration of Metabolism by Increasing Digestive Enzyme 
Activity, Decreasing Bacterial Enzyme Activity 
and Ammonia Production 

Improved feed intake and feed conversion of monogastric animals provided with 
probiotics have been reported extensively, both for poultry (Bai et al. 2017; Gao 
et al. 2022; Palamidi et al. 2016; He et al. 2019; Zaghari et al. 2020) and pigs 
(Konstantinov et al. 2008; Yirga 2015). Probiotics may alter the digestive enzyme 
activity in the gastrointestinal tract of poultry and pigs either by producing the 
enzymes or by altering the microbial population and consequently enzyme produc-
tion, and as digestibility of nutrients is inextricably linked with the enzyme activity 
in the intestine affects positively the metabolism of dietary carbohydrates, protein, 
lipids and minerals and the synthesis of vitamins and thence feed conversion. 

Probiotics such as Aspergillus oryzae (Lee et al. 2006) and Lact. casei (Yeo and 
Kim 1997) have also found to significantly (P < 0.05) decrease ammonia production 
and urease activity, when fed to poultry, which may be linked with an improvement 
of animal health and enhanced growth (Jin et al. 1997), as ammonia produced by 
ureolysis and urea’s activity in the intestinal mucosa can be toxic to the cell wall. 

7 Alteration in Gene Expression in Pathogenic 
Microorganisms 

Medellin-Peña et al. (2007) suggested that fermentation products from 
L. acidophilus La-5 significantly reduced secretion of autoinducer-2, a chemical 
signal, by human enterohemorrhagic E. coli serotype O157:H7, which resulted in the 
in vitro suppression of the virulence gene (LEE—locus of enterocyte effacement) 
expression. The disruption of quorum sensing and finally the prevention by E. coli 
serotype O157:H7 colonization in the gastrointestinal tract was reported.
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8 Immunomodulation 

The immunostimulatory effect of probiotics was reported in several studies. 
Probiotics exert an essential role in either stimulating or suppressing the immune 
system. 

On the one hand, probiotics are reported to enhance disease resistance and reduce 
metabolic stress and mortality (Ezema 2013; Casas and Dobrogosz 2000). A 
suggested mechanism might be by increasing expression of toll-like receptors 
(TLRs), which causes the production of cytokines such as tumor necrosis factor-α 
(TNF-α), interleukin-4 (IL-4), and interferon-γ (IFN-γ) (Ashraf and Shah 2014). 
Anee et al. (2021) suggest that probiotics can regulate both the innate immunity and 
adaptive immunity by T- and B-cell stimulation through the dendritic cell in the 
lamina propria, surface epithelium, and Peyer’s patches in the mucosa. Another 
proposed method might be increasing serum immunoglobulin levels (IgA and IgM) 
(Zhang and Kim 2014). A probiotic comprising by L. fermentum and S. cerevisiae 
increased the intestinal T-cell immune system (CD3+, CD4+ and CD8+ 
T-lymphocytes) in the gastrointestinal tract of broiler chickens. Probiotic B. cereus 
var. toyoi likewise increased significantly the intraepithelial population of CD8+ T 
cells in intestine of piglets (Scharek et al. 2007). Asgari et al. (2016) reported 
increased amounts of CD8+, CD4+, TCR1 + T cell in the gastrointestinal tract as 
well as in the peripheral blood system of poultry, when provided with supplementa-
tion with 1 × 109 CFU/kg of Lactobacillus acidophilus. 

On the other hand, some studies have demonstrated immunosuppressive activity 
of probiotics in the host, for example Siepert et al. (2014) reported that E. faecium 
NCIMB 10415 delayed early immune response to antigens in post-weaning piglets. 
Dose-dependency and specificity of certain probiotic bacteria, or the gastrointestinal 
microbial profile of the host might provide justification for the variable results 
(Borchers et al. 2009). 

9 Histological Alterations of the Gastrointestinal Tract 

Histological alteration of the gastrointestinal tract and hence intestinal mucosa 
development as a mode of action of probiotics has been reported as well. Broilers 
fed Bacillus subtilis-based probiotic showed significantly (P < 0.01) greater villus 
height in jejunum and ileum and greater crypt depths in the duodenum, jejunum, and 
ileum, compared with control, according to Pelicano et al. (2005). Afsharmanesh and 
Sadaghi (2014) reported enhanced villus height and villus-to-crypt ratio of intestinal 
mucus layer, as well as increased absorption of nutrients due to a greater surface 
area, when Bacillus subtilis was provided to poultry. Wang et al. (2018) reached in 
similar conclusions and also reported improved intestinal homeostasis when 
probiotics were provided to weaned piglets. 

There is a diversity in the proposed mechanisms of action of probiotics reported 
by the scientific community, either associated with an improvement of the animal 
performance or the inhibition of enteric pathogenic microorganisms. Although



several probiotics microorganisms appeared to have similar mode(s) of action, 
closely related ones appear to have different modes of action, while at the same 
time a specific strain might function through multiple mechanisms. The exact 
mechanisms of certain probiotics need to be studied on a case-by-case basis. The 
application of molecular methods and DNA sequencing used to study microbial 
ecology will greatly facilitate our understanding of the way probiotics work. 
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10 Probiotic Application in Different Monogastric Livestock 
Production Systems 

10.1 Probiotics in Poultry Nutrition 

10.1.1 Introduction 
The use of probiotics in the poultry industry rose when, in 2006, the European Union 
decided to ban the use of antibiotics as growth promoters (AGP) in farm animals’ 
diets, in an attempt to reduce the emergence of microbial resistance to antibiotics 
(Turnidge 2004). This marked a turning point for the poultry industry since, till then, 
the use of growth promoters had improved growth of broilers by 4–8% and feed 
utilization by 2–5%, while it had also reduced the incidence of subclinical intestinal 
infections (Ajuwon 2016). Nevertheless, the use of probiotics has produced some 
very promising results, making them, among other feed additives, significant 
candidates for the replacement of AGPs (Lutful Kabir 2009). 

The most commonly used probiotic microorganisms in poultry nutrition (Table 1) 
are bacteria belonging to the genera Bifidobacterium, Bacillus, Enterococcus, 
Lactococcus, Lactobacillus, and Streptococcus (Jha et al. 2020), but certain yeasts 
and fungal probiotics are also used; e.g., Aspergillus oryzae, Candida pintolopesii, 
Saccharomyces, and Saccharomyces cerevisiae (Bajagai et al. 2016). 

Table 1 The most widely used microorganisms as probiotics in poultry production 

Genus Species References 

Bacillus B. subtilis Ramlucken et al. (2020); Zaghari et al. (2020); Zhu et al. 
(2020) 

B. licheniformis Balamuralikrishnan et al. (2017); Flores et al. (2016); He 
et al. (2019) 

Lactobacillus L. acidophilus de Souza et al. (2018); Pourakbari et al. (2016); Tayeri 
et al. (2018) 

L. plantarum Gao et al. (2022); Meyer et al. (2020) 

Bifidobacterium B. bifidum Stęczny and Kokoszynski (2019); Zhang et al. (2021) 

B. animalis Palamidi et al. (2016) 

Enterococcus E. faecium Park et al. (2016); Peralta-Sánchez et al. (2019); Z. F. 
Zhang and Kim (2014) 

Candida C. utilis Chang et al. (2020) 

Saccharomyces S. cerevisiae He et al. (2019); Stęczny and Kokoszynski (2019)
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The alleged benefits of the use of probiotics in poultry production, i.e., increased 
growth rates, higher laying performance, and improved gut histomorphology, have 
led to a constant increase of their use and the respective market was estimated at 
80 million USD in 2018. In fact, the probiotics market in poultry feed is projected to 
reach 125 million USD by 2025, accomplishing an annual growth rate of 7.7% (Jha 
et al. 2020). For the scopes of this review, the benefits of the use of probiotics in 
poultry production will be evaluated for each production direction separately, e.g., 
meat and egg production. 

10.2 Probiotics in Poultry Meat Production 

10.2.1 Growth Performance and Carcass Traits 
There have been many reports in the late years which confirm that the dietary 
supplementation of broilers with probiotics has a beneficial effect on growth perfor-
mance. Those results have been obtained either by using probiotics of the Bacillus 
strain (Ramlucken et al. 2020; Zaghari et al. 2020), or probiotics of the Lactobacillus 
strain (Wang et al. 2017; Gao et al. 2022). Moreover, the similar positive results have 
also been obtained by the use of mixtures of the above-mentioned strains, with or 
without the addition of fungi species (He et al. 2019; Chang et al. 2020), as well as 
by using commercial mixtures like Protexin (Pourakbari et al. 2016; Tayeri et al. 
2018) or PoultryStar (Palamidi et al. 2016). 

In terms of which growth parameter is most influenced, body weight and body 
weight gain are most prominently elevated by the use of probiotics in poultry diets 
(Zhang and Kim 2014; Zhang et al. 2021). Feed intake, on the other hand, is not 
commonly affected by the dietary inclusion of probiotics (Balamuralikrishnan et al. 
2017; Tayeri et al. 2018) but there have been reports where feed intake was also 
increased (Zhang et al. 2021; Gao et al. 2022). When both increase in body weight 
and decrease in feed intake are reported simultaneously, it is concluded that the feed 
conversion ratio declines, which might be very promising since it affects directly the 
economic output of the production (Bai et al. 2017; Gao et al. 2022). The mode of 
action of probiotics for the production of such results is the apparent improvement of 
the digestibility of the feed nutrients, especially crude protein, dry matter, and 
organic matter (Palamidi et al. 2016; He et al. 2019; Zaghari et al. 2020). 

There have been works, though, where the use of probiotics did not affect 
significantly the growth performance of broilers. Fathi et al. (2017), as well as 
Flores et al. (2016) who used Bacillus strains in different concentrations did not 
observe any effects and the same applies for works that used the Lactobacillus 
strains (Gheorghe et al. 2018; Meyer et al. 2020) or mixtures of bacteria with the 
addition or not of fungi (de Souza et al. 2018; Al-Khalaifa et al. 2019). Nevertheless, 
the majority of papers reports the beneficial effects of the probiotic use, more 
eminently in recent works like the one from Sjofjan et al. (2021a). The authors in 
this paper performed a meta-analysis of 49 papers that used Lactobacillus spp. as 
probiotics in the years 2008–2020 and concluded that body weight and body weight 
gain are positively, and feed conversion ratio and mortality negatively affected by



the dietary inclusion of the bacteria. Therefore, the variation observed in the efficacy 
or not of the probiotics in the literature could be attributed to differences in the 
probiotic used (one strain or a mixture), the dosage as well as to the different 
management conditions of each flock. 
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The results in the literature are much more homogeneous when the carcass traits 
are concerned. Most authors conclude that the use of probiotics in poultry feeding 
has none or a very minimum impact on the carcass traits. For example, Wang et al. 
(2016), who used a probiotic based on Bacillus strains, reported that the proportional 
weight of neither of the commercial parts (breast, leg, wing) or the abdominal fat pad 
has been affected. Comparable results are also reported by Pourakbari et al. (2016), 
Pournazari et al. (2017) as well as Zhang et al. (2021). On the other hand, Wang et al. 
(2017)) reported that the use of Lactobacillus johnsonii BS15 in the concentration of 
1 × 106 cloning-forming units [cfu]/g as fed reduced that proportion of the abdomi-
nal fat pad in the carcass, but this is not a common finding. The same overall image is 
also reported for the weights of the edible internal organs of broilers, where the 
weight is not affected by the dietary inclusion of probiotics (Olnood et al. 2015; 
Balamuralikrishnan et al. 2017; Tayeri et al. 2018; Gao et al. 2022). 

10.2.2 Meat Quality 
Meat quality is a critical attribute since it determines to a great extent the possibilities 
for its storage or further processing and affects the consumer acceptance of the 
product. Therefore, a successful feed additive should improve meat quality indices 
or, at the very least, not affect them negatively. On the other hand, most meat quality 
parameters are intercorrelated, and slight changes on one of them often affect the 
whole product. 

With respect to meat quality, the effect of probiotics seems to be minor. Most 
researchers agree that meat pH, either 45 min or 24 h after slaughter, is not affected 
by the dietary inclusion of probiotics (Kim et al. 2016; Balamuralikrishnan et al. 
2017) and the same applies also for meat color (Pelicano et al. 2003; Stęczny and 
Kokoszynski 2019), irrespective of the type of probiotic. Nevertheless, Bai et al. 
(2017) reported some minor changes on meat color (L, a*, b*) after the inclusion of a 
probiotic based on the Bacillus strain, but it is questionable if these changes could be 
detected by the consumer. Likewise, Ivanovic et al. (2012) reported some minor 
changes on meat pH after using a Streptococcus-based probiotic. 

As far as the water holding capacity of meat is concerned, the results from the 
literature are controversial. Some authors found that the dietary supplementation of 
broilers with probiotics does not affect drip or cook loss (Pelicano et al. 2003; Kim 
et al. 2016; Stęczny and Kokoszynski 2019) while others reported an improvement 
on drip loss (Bai et al. 2017; Balamuralikrishnan et al. 2017) or even a negative 
effect (Kim et al. 2016). The same applies also for the shear values of meat (Alfaig 
et al. 2013-no effect; Bai et al. 2017-positive effect; Stęczny and Kokoszynski 2019-
negative effect). As with pH and color though, it is questionable if any effects that 
exist could be identified by the consumers and at what extent. 

Another important aspect of meat quality is lipid composition and oxidation of 
meat. Popova (2017) reviewed papers where the supplementation of poultry feed



with probiotics reduced the saturated and increased the mono and poly unsaturated 
fatty acids in poultry meat, which is a very positive result. The increase in the mono-
and polyunsaturated fatty acids in poultry meat indicates that the meat is more 
susceptible to oxidation however, interestingly, the use of Aspergillus awamori 
decreased significantly the content of TBARS in broiler breast (Saleh et al. 2011, 
2012). Other researchers also reported that the use of probiotics reduced the produc-
tion of malondialdehyde in broilers’ muscle tissues (Hossain et al. 2012a, b; Bobko 
et al. 2015). The above findings could be very promising, but due to the many 
parameters involved (type of probiotic, dosage, diets, management conditions, etc.), 
further confirmation from the literature is needed if they are to be taken into account, 
since there are also contradictory results, e.g. Hossain et al. (Hossain et al. 2012b), 
who reported a reduction in the n-6 PUFA in both breast and thigh. 
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10.2.3 Health Status 
In terms of overall health, it seems to be a clear benefit for the broilers receiving 
dietary probiotics. In most cases, there were an improvement of homeostasis and 
health of gut ecosystem (de Souza et al. 2018; Ramlucken et al. 2020; Zhu et al. 
2020; Gao et al. 2022) and a reduction in the presence of E. coli and Salmonella 
(Zhang and Kim 2014; Pourakbari et al. 2016; Gheorghe et al. 2018; Zhang et al. 
2021). The general immune system of broilers is also positively affected by the 
dietary inclusion of probiotics (Palamidi et al. 2016; Fathi et al. 2017; Meyer et al. 
2020; Sjofjan et al. 2021b). In terms of blood constituents, the probiotics seem to 
reduce the concentrations of blood cholesterol, triglycerides, and LDL (Wang et al. 
2016; Zhu et al. 2020) and increase the concentration of HDL (Pourakbari et al. 
2016; Tayeri et al. 2018). There have been works, however, that did not report any 
beneficial effects of probiotics on the heath profile of broilers (Balamuralikrishnan 
et al. 2017; Pournazari et al. 2017; Zaghari et al. 2020), but these differences could 
be attributed to the numerous variable factors among studies (type of probiotic, 
dosage, diets, etc.). 

10.3 Probiotics in Egg Production 

There has been extensive research on the effects of the dietary inclusion of probiotics 
in hen’s diets and, similarly with broilers, there are inconsistent results. It is well 
established that the addition of probiotics improves the digestibility of dry matter, 
crude protein, and energy (Park et al. 2016) and has a beneficial effect on the gut 
morphology (Xiang et al. 2019; Obianwuna et al. 2022). In most cases, feed intake is 
not affected (Fathi et al. 2018; Sjofjan et al. 2021a; Ray et al. 2022) but there have 
also been reports where feed intake was reduced after the probiotic dietary supple-
mentation (Lokapirnasari et al. 2019; Xiang et al. 2019). 

In terms of productivity, most authors agree that egg production is enhanced by 
the use of probiotics (Abdelqader et al. 2013; Mazanko et al. 2018; Peralta-Sánchez 
et al. 2019) but the same doesn’t apply for egg weight, which is not affected 
(Mikulski et al. 2012; Chung et al. 2015; Carvalho et al. 2022). Nevertheless, the



combination of increased productivity and unaffected feed intake produces an 
improvement of feed conversion ratio (Panda et al. 2008; Xiang et al. 2019; Sjofjan 
et al. 2021a), resulting thus in better productivity of the farm. 
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With respect to egg quality, the effects of probiotic dietary supplementation are 
moderate. The most prominent effect is an increase of eggshell weight and thickness 
(Panda et al. 2008; Abdelqader et al. 2013; Sjofjan et al. 2021a) which in turn results 
in higher eggshell strength (Fathi et al. 2018; Obianwuna et al. 2022). Yolk weight is 
not affected by the probiotic inclusion (Mohebbifar et al. 2013; Aalaei et al. 2018; 
Carvalho et al. 2022) and the same applies also for yolk color (Chung et al. 2015; 
Aalaei et al. 2018) and Haugh units (Mikulski et al. 2012; Gnanadesigan et al. 2014). 

Despite the minimum effects on egg quality, there is a significant beneficial effect 
of probiotic dietary supplementation on the overall hen health status. Most authors 
report a reduction of plasma cholesterol concentration (Zhang and Kim 2014; 
Sjofjan et al. 2021a) as well as an elevation of the immune system of hens (Panda 
et al. 2008; Obianwuna et al. 2022). Moreover, the presence of E. coli in hens’ feces 
is reduced after the inclusion of probiotics in the diets (Aalaei et al. 2018; Upadhaya 
et al. 2019). Overall, the combination of increased productivity and better health 
mark the probiotics as very favorable supplements for commercial egg production. 

10.4 Probiotics in Pig Nutrition 

10.4.1 Introduction 
It is estimated that 109.8 million tons of pork are produced worldwide, which 
accounts for about 33% of the global meat production (FAO 2020). Pig farming 
for commercial purposes is primarily focused on increasing the proportion of carcass 
meat in growing-finishing pigs (Cameron 1990). It has been documented that stress 
following weaning adversely affects piglets, resulting in major economic losses for 
pig farmers (Dowarah et al. 2017). The symptoms after weaning can be devastating, 
including diarrhea, weight loss, and death in extreme cases (Kreuzer-Redmer et al. 
2016). For the above reasons antibiotics have been used as standard practice by 
modern pig production methods for a long time. Table 2 presents microorganisms 
commonly used as probiotics in swine nutrition. The use of antibiotics as feed 
additives in swine production has been reported to promote growth, feed conversion 
efficiency, and reduced morbidity and mortality, particularly in piglets (Cromwell 
2002). The use of probiotics has been shown to have a significant impact on the 
stimulation of the immune system in animals (Kiczorowska et al. 2017), improving 
health status and production indices in fatteners, and reducing post-weaning diarrhea 
incidences and mortality rates in piglets (Yan and Kim 2013; Zimmermann et al. 
2016).
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Table 2 Microorganisms commonly used as probiotics in swine nutrition 

Genus Species Reference 

Lactobacillus L. plantarum Suo et al. (2012); Barszcz et al. (2016); Shin et al. (2019); 
Rybarczyk et al. (2020) 

L. casei Barszcz et al. (2016); Rybarczyk et al. (2020) 

L. acidophilus Joysowal et al. (2018) 

Bacillus B. subtilis Meng et al. (2010); Balasubramanian et al. (2017) 

B. licheniformis Balasubramanian et al. (2017) 

Bifidobacterium B. lactis Merrifield et al. (2013) 

Enterococcus E. faecium Kreuzer-Redmer et al. (2016) 

Saccharomyces S. cerevisiae Suo et al. (2012); Barszcz et al. (2016); Rybarczyk et al. 
(2020) 

10.5 Growth Performance and Carcass Traits 

The use of probiotics is beneficial to animal growth, due to improvements in 
digestion, absorption, and utilization of nutrients (Konstantinov et al. 2008; Yirga 
2015). The results of studies conducted on the efficacy of probiotics in pigs have 
been inconclusive. In the majority of studies, supplementation with LAB and yeast 
(S. cerevisiae) results in improved growth in weaned piglets, mainly by preventing 
diarrhea (Suo et al. 2012). LAB administration, on the other hand, proved to have no 
effect on improving growth efficiency in older pigs because they already have a 
balanced population of microorganisms (Shon et al. 2005). Some studies have, 
however, demonstrated that probiotics may be beneficial to the health and growth 
performance of grown pigs (Meng et al. 2010; Tufarelli et al. 2017). 

An experiment conducted by Dowarah et al. (2018) with 36 weaning piglets 
found no significant differences between the control group and those receiving 
probiotics with their diets in terms of pre-slaughter weight, carcass weight, dressing 
percentage, carcass length, total back-fat thickness, and fat free index. Similarly, 
Anna et al. (2005) reported that back-fat thickness and carcass percentage did not 
change between probiotic-treated and non-treated animals. According to Barszcz 
et al. (2016), the weight gain of piglets receiving probiotics (0.5 g/kg diet) was 
similar to that of those not receiving any probiotics from the day of weaning through 
to the end of the experiment. 

On the other hand, Kumar et al. (2009) reported significant improvement 
(P < 0.01) in carcass weight, dressing percentage, back-fat thickness, and meat 
percentage when a commercial probiotic (5 g/pig/day) was given. In the study 
conducted by Balasubramanian et al. (2017), 150 pigs were allocated to three 
diets, each supplemented with 0, 0.1, or 0.2 g/kg of multi-species probiotic (MSP). 
Inclusion of dietary MSP resulted in an increase (P < 0.05) in body weight, average 
daily gain, and gain/feed ratio, with no effect on average daily feed intake throughout 
the overall experiment and on apparent total tract digestibility of dry matter and 
nitrogen at week 16. Joysowal et al. (2018) conducted a trial with 27 crossbred 
grower pigs (3 groups with 3 replicates) that were supplemented with a basal diet



either without probiotics or with a dairy-based or swine-based probiotic and 
concluded that supplementation of both probiotics significantly improved 
(P < 0.05) final body weight, average daily gain (g/d), and feed conversion ratio 
in pigs. 
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10.6 Meat Quality 

The effects of different treatments with probiotics affect not only pig health directly, 
but also the properties of the meat produced. This is of rising importance to 
consumers who are concerned about the quality and safety of their food. Some 
studies have shown that probiotics improve meat quality (Alexopoulos et al. 2004; 
Česlovas et al. 2005), while others have found the opposite (Quadros et al. 2001). 
These discrepancies could be attributed to differences in the animals and probiotics 
used in their research. 

Tian et al. (2021) concluded that long-term dietary probiotic Lactobacillus reuteri 
1 enhanced meat quality compared to antibiotics by decreasing drip loss and shear 
force and increasing inosinic acid and glutamic acid, factors that may improve flavor 
and modify muscle fiber characteristics, in 144 crossbred male piglets randomly 
assigned to control, antibiotic, and probiotic treatments. Dowarah et al. (2018) 
reported that meat from pigs fed with swine-origin probiotics displayed improved 
water holding capacity and TBARS as compared to control meat. It was further 
found that ether extract, pH, and some sensory attributes (juiciness and appearance) 
were also improved (P < 0.05) with the probiotic, suggesting that the specific 
probiotic could contribute to improving pork carcass quality and physicochemical 
properties without negatively affecting blood metabolites. A dietary MSP supple-
mentation led to an increase (P < 0.05) in sensory evaluation of color and back-fat 
thickness at week 16 in pigs as determined by Balamuralikrishnan et al. (2017). 
Furthermore, the tendency for increased firmness and reduced cooking and drip loss 
(P < 0.1) was observed. MSP inclusion in the diet has the potential to improve meat 
quality in pigs, as indicated by these findings. As a result of probiotic supplementa-
tion, Meng et al. (2010) found that pigs fed with probiotic-supplemented diets had 
significantly greater scores on meat color, marbling, and redness (P < 0.01). 

Conversely, Rybarczyk et al. (2020) conducted an experiment with supplemen-
tation of two dosages (0.3 and 0.5%) of probiotic preparation and concluded that 
meat from pigs that were given probiotics had a higher electrical conductivity, a 
greater cooking loss, and a lower degree of juiciness of the longissimus lumborum 
muscle when compared to pigs that did not receive any probiotics. Additionally, the 
0.5% supplemented group scored lower on color assessment of cooked meat when 
compared to the 0.3% and control groups, along with the highest redness (a*) and 
yellowness (b*) scores. 

Clearly, probiotics have several beneficial effects on the sensory evaluation of 
meat. However, further research is needed to determine the effects of supplementa-
tion on all meat quality traits in growing and finishing pigs.
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10.7 Health Status 

The effects of dietary probiotics on animal performance have been firmly established 
by studies that show that they produce antibacterial substances in the intestine of 
animals, which compete with harmful gut microbes and stimulate the immune 
system (Hossain et al. 2015; Lan et al. 2017). Bacteria must have the ability to 
tolerate acidic conditions in the stomach and bile acids in the small intestine in order 
to function as a probiotic in the gastrointestinal tract (Erkkilä and Petaja 2000). 

There has been considerable research showing that probiotics supplementation 
can improve growth performance, feed conversion efficiency, intestinal microbiota 
modulation, nutrient utilization, gut health, and immune system regulation in swine 
diets (Iournals 2011; Merrifield et al. 2013; Dowarah et al. 2018). A number of anti-
infectious properties of probiotics have also been demonstrated, including the 
reduction of colonization and shedding of Salmonella, and the reduction of post-
weaning Colibacillosis caused by Enterotoxigenic Escherichia coli (ETEC) 
(Fairbrother et al. 2005; Callaway et al. 2008). It has been recognized that probiotics 
have a variety of mechanisms of action through which they affect their hosts, such as 
manipulating gut microbial populations, competing for adhesion sites on the 
mucosa, strengthening the gut epithelial barrier function, and regulating immune 
responses (Corcionivoschi et al. 2010; Brown 2011). 

Based on a study conducted by Balasubramanian et al. (2017), the inclusion of 
MSP in growing-finishing pig diets increased the number of fecal Lactobacilli and 
decreased the number of Escherichia coli (P < 0.05). Compared to pigs fed the 
control diet, pigs fed the MSP diet had a lower diarrhea score (P < 0.05). There may 
have been an improvement in the utilization of nutrients and a reduction in diarrhea 
scores as a result of optimization of the microbiota balance in the gut. The probiotic 
properties of two strains of Lactobacillus species were studied by Zhang et al. (2019) 
in an experiment involving 120 crossbred (Landrace x Large White) growing pigs. 
Both strains showed tolerance to acid and heat, as well as antimicrobial properties 
in vitro. Furthermore, the two Lactobacillus treatments elevated fecal Lactobacillus 
populations at the end of the experiment. In addition, both Escherichia coli and 
Staphylococcus aureus populations in feces decreased in comparison with the 
control. In a similar study, Shin et al. (2019) reported that Lactobacillus plantarum 
JDFM LP11 can increase lactic acid bacteria populations in pig feces and 
contributing to the development of villi in the small intestine. L. plantarum JDFM 
LP11 exhibited a higher diversity and richness in the microbial community and a 
decreased expression of the gut inflammation-related genes in weaned piglets, 
promoting intestinal development. Probiotics have also been demonstrated to 
increase metabolic pathways related to branched chain amino acids biosynthesis 
and butyrate metabolism, which indicates their beneficial effects on gut health.
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11 Conclusion 

Considering the threat to human and animal health, as well as the environment, 
efforts were made to restrict the use of antibiotics in animal feed due to the 
emergence of microbes resistant to antibiotics (Gonzalez Ronquillo and Angeles 
Hernandez 2017; Liu et al. 2019). A ban was eventually imposed by the European 
Union in 2006 on the use of antimicrobial growth promoters in livestock for 
subtherapeutic purposes. 

The use of probiotics has generally been shown to be an excellent alternative to 
antibiotics for improving animal health and biological performance, as well as 
promoting economic sustainability of production. However, supplementation 
protocols should be standardized based on the dosage, onset, and duration of 
treatment for each probiotic strain. In order to augment the literature related to 
using probiotics as alternatives to antibiotics, more field studies should be conducted 
in natural and commercial farm settings. 
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Feed Additives for Insect Production 

Christos I. Rumbos and Christos G. Athanassiou 

Abstract 

Insect production has attracted a lot of scientific and business interest during the 
last decade. Insects are a well-promising nutrient source for food and feed, 
whereas they have a great exploitation potential in industrial and technological 
applications, e.g., cosmetics, pharmaceuticals, or bioplastics. As in most tradi-
tional livestock production systems, the optimization of insect production is 
calling for diets of high nutritional value to generate large quantities of nutritious 
insect biomass. Therefore, several studies have focused on the supplementation of 
insect diets with feed additives in order to increase larval growth and perfor-
mance. In this context, several mineral elements, amino acids, vitamins, or 
probiotics have been evaluated as feeding substrate supplements to improve the 
diet properties and correct nutrient deficiencies and subsequently enhance insect 
development, in terms of total insect biomass production, growth rate, feed 
conversion efficiency, or even insect health. Apart from affecting the growth 
and development, insect diet greatly impacts also the nutritional composition of 
the insects produced, thus a considerable amount of research has been directed to 
the evaluation of the diet effect on insect composition. Several recent studies have 
focused on how the dietary enrichment with specific feed additives can alter the 
composition of the insects, conferring specific nutritional traits to the insects 
produced. For instance, the enrichment of insect feeding substrate with small 
amounts of specific lipids, carbohydrates, or other micronutrients has resulted in 
the production of insects with functional properties and desired characteristics, 
e.g., improved amino acid and fatty acid profile or increased content of specific 
nutrients. Based on the above, the aim of this chapter is to review the use of feed
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additives in insect production in order to promote insect growth and attribute 
specific nutritional properties to the produced insects.
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1 Introduction 

The human population expands and is expected to reach approximately 10 billion by 
2050 (UN 2022). Along with the global population increase, the demand for animal 
protein is also expected to rise as the annual meat consumption will further increase 
to reach 52 kg per capita by 2050 (FAO 2009). Driven by the population growth and 
the increased demand for livestock products, the animal production is expected to 
further grow to meet the augmented protein needs (FAO 2018; OECD/FAO 2022). 
Concerns have been raised though that the production of traditional feedstocks may 
not suffice to cover the nutritional needs of the farmed animals in the near future. 
Moreover, the production of several feedstocks, such as the soybean meal, is 
associated with serious environmental and social impacts, e.g., deforestation, biodi-
versity loss, farmers displacement, etc. (Herrero et al. 2015; Song et al. 2021). In this 
context, the livestock sector is in search of alternative, more sustainable nutrient 
sources as feedstocks for the produced animals. 

Among the alternatives proposed, insects have several advantages which render 
their use as animal feed ingredients truly promising. Insects are highly nutritious 
(Van Huis et al. 2021) and very efficient feed converters (Van Huis 2013), they can 
be fed on low economic value side-streams and by-products being aligned with 
circular economy strategies (Varelas 2019; Van Peer et al. 2021), whereas their 
production has low environmental footprint, i.e., low GHG emissions, reduced water 
and land needs, etc. (Van Huis and Oonincx 2017). Due to these advantages, there 
are currently several applications for insects as animal feed (Hawkey et al. 2021). For 
instance, in July 2017 EU authorized the use of insects in aquafeeds (Commission 
Regulation 2017/893; EU 2017), whereas more recently, in September 2021, the use 
of insects as ingredients of poultry and swine feeds was also approved (Commission 
Regulation 2021/1372; EU 2021a). 

2 Insect Feedstocks 

A broad spectrum of organic substrates can be utilized as feedstocks for insect 
production, depending on the legislation in the different regions, the availability 
and seasonality of the substrates, and of course their market price (Pinotti and 
Ottoboni 2022). For instance, in the European Union, due to the feed ban regulation 
that prohibits the use of animal proteins in farmed animal feeds, insects can be fed, 
with few exceptions, mainly with substrates of vegetal origin, whereas materials



containing meat and fish, e.g., former foodstuffs, kitchen and catering waste, are 
banned (EU 2001, 2011). In contrast, in African countries with less strict legislative 
framework, a wider range of organic wastes of different origin, such as municipal 
biowastes, etc., can be used for insect production (Münke-Svendsen et al. 2017; 
Vernooij et al. 2019). The insect feedstocks have been recently extensively reviewed 
by other researchers (Van Peer et al. 2021; Pinotti and Ottoboni 2022), therefore, 
they will not be the focus of this chapter. In the present chapter we will emphasize on 
the materials that have been tested and used as insect feed additives, in order to 
improve the quality of the feed and subsequently to enhance the animals’ perfor-
mance and health. 
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3 Feed Additives 

Feed additives are substances, microorganisms, enzymes, or other preparations that 
are in purpose supplemented to the bulk feed material to improve the characteristics 
of the feed itself (e.g., flavor, smell, etc.) and enhance its nutritional quality in order 
to meet the certain nutritional requirements of the farmed animals (McCartney 
2018). In this way, feed additives aim to favorably affect animal production, 
performance or welfare, e.g., improving the digestibility of the feed. Moreover, 
feed additives may be used to enhance the quality of food products that derive 
from the farmed animals or even alleviate the environmental consequences of animal 
production (McCartney 2018). In EU, according to the Feed Additives Regulation 
(EC Regulation 1831/2003), feed additives have to be authorized prior to being put 
on the market following a scientific evaluation carried out by EFSA (EU 2003). To 
the best of the authors’ knowledge, no feed additives have been officially registered 
for use in insect production. However, there are several research works reporting the 
ability of specific substances and materials to act as feed additives, i.e., to promote 
insect growth and performance and improve insect composition. Therefore, in the 
present chapter we will summarize recent published data on the use of specific 
compounds or materials as feed additives in insect feeds. 

3.1 Feed Additives to Manipulate Insect Composition 

It has been extensively shown that the diet can affect insect composition (Oonincx 
and Finke 2021). Several studies have investigated the possibility to alter the 
composition and improve the nutritional quality of insects by the addition of 
functional additives to the insect diets. For instance, Oonincx et al. (2020) fed larvae 
of the lesser mealworm, Alphitobius diaperinus (Panzer) (Coleoptera: 
Tenebrionidae), and the black soldier fly, Hermetia illucens (L.) (Diptera: 
Stratiomyidae), as well as nymphs of the house cricket, Acheta domesticus (L.) 
(Orthoptera: Gryllidae), with diets enriched with flaxseed oil, which is known to be 
rich in omega-3 fatty acids, at rates between 1 and 4%. Based on their results, the 
enrichment of the diet with flaxseed oil as feed additive increased the omega-3



polyunsaturated fatty acids (PUFA) concentrations particularly that of alpha-
linolenic acid and decreased the omega-6/omega-3 ratios to levels close to the 
ones considered optimal for human health. A similar effect was shown for larvae 
of the yellow mealworm, Tenebrio molitor L. (Coleoptera: Tenebrionidae), grown 
on four basal diets supplemented with 10% linseed flour (Francardi et al. 2017). The 
addition of linseed resulted in a higher PUFA content for all enriched diets. Particu-
larly, in these diets there was a 20- to 30-fold increase of the α-linolenic acid content 
compared to the basal diet used and a subsequent decrease of the omega-6/omega-3 
ratio. Along the same lines, when a standard diet consisting of wheat bran and 
soybean meal was supplemented with 7.5% of sunflower, linseed, or fish oil, the 
omega-3 level of the PUFAs of T. molitor larvae, mainly the alpha-linolenic acid and 
the eicosapentaenoic acid, was positively correlated with the respective level in the 
feeding substrates (Rossi et al. 2022). However, in the same study, the addition of the 
edible oils resulted in all cases in slower larval development compared to the control, 
indicating that the dietary influence on the fatty acid profile of T. molitor larvae may 
also affect larval performance and should be always taken into consideration in 
mass-rearing scenarios. The ability to change the fatty acid composition profiles of 
edible insects by manipulating the diet has also been shown by other studies. For 
instance, Lawal et al. (2021) supplemented a basal diet with various levels of seed 
meals (flax seed, chia seed, hemp seed, and rapeseed) and observed higher levels of 
PUFA and monounsaturated fatty acids (MUFA) for T. molitor and H. illucens 
larvae fed the seed meal supplemented diets compared to the control. The authors 
suggested that the concentration of beneficial fatty acids, particularly omega-3 
PUFA, and subsequently the omega-6 to omega-3 ratio can be improved by feeding. 
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Feed additives are also used for the fortification of edible insects with specific 
elements. In this context, Keil et al. (2020) spiked wheat bran with ZnSO4 at 
different concentrations (84–3577.5 mg/kg bran) in order to fortify the larvae of 
T. molitor with Zn, which is an essential trace element for human and animal 
nutrition. Based on their results, Zn-enrichment of the T. molitor diet resulted in 
higher Zn content of the larvae and lower Cd content, and proposed the use of 
Zn-enriched feeding substrates as a means to decrease the bioaccumulation of the 
toxic heavy metal Cd. Similarly, Dong et al. (2021) fed T. molitor larvae with 
sodium selenite and reported a significant increase of the total selenium content of 
larvae, the organic form of which accounting for over 97%, and suggested that the 
selenium-enriched larvae could be used as a dietary selenium supplementation 
source. In this framework, insects enriched with nutrients could be used for specific 
food and feed applications for the targeted delivery of nutrients to humans, as well as 
farmed animals. 

Natural feed additives have also been tested with success for insect rearing. Brai 
et al. (2022) added distillery by-products, e.g., fresh grape pomace obtained after 
wine production, exhausted grape marcs, grape skin pulp, grape seeds and winery 
waste sludge, as feed supplements (10%) to a standard diet fed to T. molitor larvae. 
All feed supplements were found to have high content of antioxidant compounds, in 
particular phenols, flavonols, flavonoids, and condensed tannins, and subsequently 
the phenol content, antioxidant activity, and radical scavenging activity of larvae fed



the diets supplemented with the distillery by-products was in most cases increased 
compared to larvae fed the standard diet. Apart from the increase of the antioxidant 
activity, in the case of the winery waste sludge, larval growth was also significantly 
enhanced compared to control. Essential oils of aromatic plants are also considered 
to be a natural source of feed additives that are widely used due to their known 
antimicrobial activity (Stevanović et al. 2018). The post-distillation residues of 
aromatic plants though, which are produced at large volumes during essential oil 
production, are also considered as a source of valuable compounds, e.g., phenols 
(De Elguea-Culebras et al. 2022), and could be potentially used in insect production. 
Recently, Andreadis et al. (2022) investigated the inclusion of essential oils distilla-
tion residues of medicinal and aromatic plants, i.e., lavender (Lavandula angustifolia 
Mill.), rosemary (Salvia rosmarinus Spenn.), Greek oregano (Origanum vulgare 
L. subsp. hirtum), and olive-cake (Olea europaea L. subsp. europaea), as feed 
additives at 10 and 20% ratio in agri-by-products-based diets. In that study, the 
high total phenolic content and the increased antioxidant activity of the tested 
substrates had a respective impact on the T. molitor larvae composition, namely 
larvae fed the diets with the essential oils post-distillation residues had in most cases 
a higher total flavonoid content. 
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The inclusion of the brown algae Ascophyllum nodosum (L.) Le Jolis in the 
substrate of H. illucens larvae up to a level of 50% resulted in larvae with high 
eicosapentaenoic acid (EPA), iodine, and vitamin E content, without negatively 
affecting larval growth and survival (Liland et al. 2017). However, this is not always 
the case. The addition of baker’s yeast, Saccharomyces cerevisiae Meyen ex. E. C. 
Hansen, which is known to produce the unsaturated oleic acid, to the feeding 
substrate of H. illucens larvae, did not significantly affect their fatty acid composi-
tion (Opatovsky et al. 2021). Therefore, it becomes evident that the effect of the 
different feed additives on the growth and composition of edible insects is case- and 
species-specific and should be exhaustingly evaluated. 

3.2 Feed Additives to Enhance Insect Growth 

One of the major roles of feed additives is to serve as growth promoters. For 
example, Martynov and Brygadyrenko (2017) tested the effect of 18 food additives 
on the growth of T. molitor larvae and reported that three of them, namely sodium 
glutamate, sodium cyclamate, and sodium benzoate, significantly increased the 
larval weight. Similarly, supplementation of wheat bran with milled whole carob 
pods at 25% inclusion level enhanced the survival growth rate of T. molitor larvae 
resulting in shorter development times compared to the wheat bran that served as 
control (Antonopoulou et al. 2022). For the same species, enhanced larval growth 
was reported following the enrichment of T. molitor diet with winery and distillery 
residues (Brai et al. 2022). For a not so extensively studied species, the Mediterra-
nean field cricket, Gryllus bimaculatus (L.) (Orthoptera: Gryllidae), the 
incorporation of Jew weeds, Commelina sinensis (L.) Kuntze, into its diet led to



the increase of insect body weight, as well as to improved microbial quality 
(Ng’ang’a et al. 2020). 
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However, the addition of feed additives does not always lead to improved larval 
growth. The supplementation of coconut endosperm and soybean curd residue-based 
diets with a mixture of macro- and micro-minerals, vitamins, and amino acids did not 
have a positive effect on the growth performance and waste reduction efficiency of 
H. illucens larvae; however, it resulted into an almost three-fold increase of ash 
content of both produced larvae and prepupae (Pliantiangtam et al. 2021). Thus, it is 
suggested that an increase in the mineral content of the feeding substrate could be 
reflected to a respective rise of these minerals in H. illucens larvae and prepupae, as it 
has been shown previously for A. domesticus and T. molitor (Anderson 2000). 
Similarly, when crystalline lysine was added to different percentages (0.5–3.0%) 
to a basal diet mimicking household and restaurant food waste, larval growth, 
development time, and nutritional value of H. illucens larvae were not improved 
due to the lysine addition (Koethe et al. 2022). In contrast, when high amounts of the 
amino acid were provided to the larvae, larval size, survival and prepupation rates 
were reduced. In a similar study with H. illucens larvae, Cohn et al. (2022) 
supplemented a chicken feed-based diet with ten carbohydrates at a 20% inclusion 
level, larval survival, bioconversion, waste reduction, and conversion efficiency 
were in several cases reduced. The authors used these results to understand the 
preferences of H. illucens larvae in dietary carbohydrates, and subsequently to 
design suitable waste-based diets that will favor larval growth. 

3.3 Probiotics as Insect Feed Additives 

According to the most widely adopted definition, probiotics are non-pathogenic 
“live microorganisms which when administered in adequate amounts confer a health 
benefit on the host” (FAO/WHO 2001; Hill et al. 2014). These microorganisms are 
added in the animals’ diet as supplements in order to improve the animal growth and 
performance and promote their health. Probiotics have already been extensively 
investigated as growth promoters for poultry (Abd El-Hack et al. 2020), aquaculture 
(Kuebutornye et al. 2019), ruminants (Nalla et al. 2022), and other livestock animals. 
The addition of probiotics in insect diets has also been proposed as a means to 
enhance insect performance. Using the red flour beetle, Tribolium castaneum 
(Herbst) (Coleoptera: Tenebrionidae), as a model species, Grau et al. (2017a) 
showed the protective effect of an Enterococcus mundtii Collins et al. isolate for 
T. castaneum larvae against Bacillus thuringiensis infection and suggested that this 
approach could also be adopted for edible insects, e.g., T. molitor (Grau et al. 
2017b). However, current information about the use of probiotics as insect dietary 
supplement is still limited compared to other livestock animals. A recent review 
summarized all available data on the use of probiotics for insect mass-rearing (Savio 
et al. 2022). Although from another perspective, that of silk production, several 
researchers have studied the impact of various probiotic bacteria (Lactobacillaceae, 
Staphylococcaceae, etc.), yeasts (Saccharomyces spp.), and fungi (Trichoderma sp.)



on the performance of the silkworm, Bombyx mori (L.) (Lepidoptera: Bombycidae), 
as indicated by survival, larval growth, improved cocoon characteristics, etc. (Savio 
et al. 2022 and references therein). For instance, when B. mori larvae were 
supplemented with Lactobacillus casei (Orla-Jensen) Zheng et al., they could better 
tolerate Nosema bombycis Näegeli infection resulting in higher larval and cocoon 
weight and improved cocooning and pupation ratio compared to the control 
(Suraporn and Terenius 2021). Apart from its significance for silk production, 
B. mori has been recently authorized as ingredient of animal feed in the EU 
(EU Regulation 2021/1925; EU 2021b), therefore the already acquired knowledge 
on the use of probiotics as dietary supplement for B. mori reared for silk production 
could also be of significance for its mass-rearing as food and feed. 
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Regarding T. molitor, the individual inclusion of three probiotic bacteria, i.e., 
Bacillus subtilis (Ehrenberg) Kohn, Bacillus toyonensis Jimenez et al. and Entero-
coccus faecalis (Andrewes and Horder) Schleifer and Kilpper-Balz, into the wet feed 
had in most of the cases a positive result on larval growth, in terms of larval weight 
and length, as well as on development time and nutritional value (Rizou et al. 2022). 
Specifically, probiotic treatment with E. faecalis resulted in significantly higher 
larval weight and length compared to the control, whereas larvae provided with 
carrots inoculated with each one of the bacterial strains tested had significantly 
higher protein levels than the control. In a similar study with a mixture of probiotic 
bacteria, T. molitor larval growth and weight gain were also positively affected when 
larvae were provided with a mixed culture of Bifidobacterium bifidum (Tissier) Orla-
Jensen, Clostridium butyricum Prazmowski, Bacillus licheniformis (Weigmann) 
Chester and B. subtilis on a solid-state medium (Zhong et al. 2017). Lecocq et al. 
(2022) isolated a strain of Pediococcus pentosaceus Mees from the gut of T. molitor 
larvae and showed that this strain was able to inhibit the growth of selected insect 
pathogens, e.g., Bacillus, Serratia, and Pseudomonas spp. in vitro. Moreover, when 
a powdered formulation of live or autoclaved lactic acid bacteria was provided to 
T. molitor larvae in in vivo bioassays, larval survival and growth rate were signifi-
cantly enhanced with both dietary supplements compared to the control. 

Several studies have also investigated the effect of probiotics inclusion in the 
diets of H. illucens. Kooienga et al. (2020) supplemented the diet of H. illucens 
larvae with either two oleaginous bacterial species, e.g. Arthrobacter AK19 and 
Rhodococcus rhodochrous 21,198, or Bifidobacterium breve Reuter, a well-studied 
human probiotic. The first hypothesis tested, i.e., that the dietary inclusion of the two 
high lipid bacteria can boost larval growth, was verified by their results. Surpris-
ingly, the B. breve supplementation negatively affected larval growth and resulted in 
smaller and less active larvae, indicating that the probiotic effect is species-specific. 
In a similar study with R. rhodochrous, the supplementation of the probiotics 
resulted in higher growth rate, improved feed conversion ratio, and subsequently 
larger H. illucens larvae (Franks et al. 2021). When H. illucens larvae were fed with 
poultry manure inoculated individually with four B. subtilis strains isolated from 
H. illucens larvae or their feed, increased larval weight has been reported for the 
treated larvae compared to control (Yu et al. 2011). For another dipteran species, the 
housefly, Musca domestica L. (Diptera: Muscidae), which has been already



authorized for feed use in the EU, the dietary inclusion of the intestinal symbiotic 
bacterium Enterobacter hormaechei O’Hara et al. increased larval and pupal weight, 
as well as the larval growth rate, and this effect was mainly attributed to changes in 
the housefly larvae intestinal flora (Zhang et al. 2021). 
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4 Conclusions 

Edible insects have recently gained soaring interest as an alternative source of 
nutrients for the food and feed industry. However, as far as insect nutrition is 
concerned, there is still room for optimization in many aspects. The inclusion of 
feed additives, which is a common practice and well-studied and documented in 
conventional livestock farming, e.g., poultry and swine production, as well as 
aquaculture, is still a new field of investigation for the insect sector. In the present 
chapter, we aimed to summarize the results of relevant studies on the effect of dietary 
supplementation with functional ingredients on insect performance. Several 
materials, compounds, or substrates could serve as feed additives, in order to 
enhance insect growth and improve the nutritional quality of the insects; some of 
them have already been successfully tested as analyzed above. However, further 
research is warranted to design not only species-specific, but also application-
specific feed additives that could promote insect growth and provide edible insects 
with desirable functional traits. 
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The research carried out on this subject in recent decades has allowed the
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Aquaculture is an important sector within animal production worldwide. Despite 
its rapid growth in recent decades, it has encountered certain challenges in the 
availability of raw materials for feed production, the appearance of epidemic 
outbreaks, and the overall environmental sustainability of the sector. One 
emerging strategy for addressing these challenges is the development and use 
of feed additives. These additives are products, not raw materials or premixes, 
intentionally added to feed to achieve an effect on the feed itself, on animals, on 
food products obtained from animals, or on the environment. 
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In accordance with the safety demands of consumers and with the strategies

812 Á. Hernández-Contreras et al.

developed worldwide to reduce the climate and environmental footprint of food 
production, the current trend is toward the development of increasingly sustain-
able feed additives, of natural origin and not toxic. Its effects on aquaculture 
species are being studied through physiology, immunology, and different –omics 
using cutting-edge techniques. In order to analyze all these advances in feed 
additives, this chapter gathers the main research in this regard, emphasizing 
natural additives or those that favor sustainability. In addition, recent changes 
in legislation concerning development and use of feed additives are analyzed, as 
well as future perspectives on their use as key tools to increase the sustainability 
of the food sector. 

Keywords 

Aquaculture · Functional additives · Feed additives · Sustainability · Growth 
promotion · Health · Immunostimulation 

1 Introduction 

One of the main FAO messages is that aquaculture has great potential to feed and 
nourish the world’s growing population, but growth must be sustainable (The State 
of World Fisheries and Aquaculture 2022 2022). Global aquaculture reached the 
record of 122.6 million tons (Mt) in 2020 and continues growing (another 14% has 
been estimated by 2030) while fisheries production has remained stable since the 
90s. This growth has often occurred at the expense of the environment, but current 
European Union strategies as “Blue Transformation” and “Farm-to-Fork” can turn 
the tide through environmental-friendly policies in aquaculture and technological 
innovations. 

Despite the rapid growth, and partly because of it, aquaculture faces new 
challenges that threaten environmental-friendly and sustainable growth, as the 
availability of raw materials, biosecurity and disease control, food quality and 
security, and environmental sustainability. These challenges are still being addressed 
from food science, biology, genetics and agricultural engineering with green and 
sustainable solutions gaining more and more prominence. Feed additives are among 
these types of solutions, especially those of natural origin and from a sustainable 
source. Feed additives have been defined by the European Food Safety Authority 
(EFSA) as “products used in animal nutrition to achieve an effect on the feed itself, 
the animals, food products obtained from the animals consuming the feed additive or 
the environment” (https://www.efsa.europa.eu/en/topics/topic/feed-additives). 
Plenty of examples are available of how feed additives can address the aquaculture 
challenges previously mentioned and how successful they have been. Innovative 
feed additives to improve digestibility and nutrient bioavailability or probiotics to 
increase animal resistance to pathogen challenges are examples exposed within the

https://www.efsa.europa.eu/en/topics/topic/feed-additives


priority areas for the blue transformation of Asian aquaculture (The State of World 
Fisheries and Aquaculture 2022 2022). 
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One of the main challenges facing aquaculture is the sustainability of aquafeeds, 
because it depends on raw materials, such as fish oil and fish meal, ingredients that 
are increasingly scarce and call into question the environmental sustainability of the 
aquafeed sector. Currently, the percentage of fish meal in aquaculture feed has been 
greatly reduced (Ytrestøyl et al. 2015), and commercial diets free of it already exist 
for the main cultured species. However, its substitution with plant protein-rich 
ingredients has negative effects as reduced ingestion, low nutrient and energy 
digestibility, and a poorer physical and organoleptic quality of fillets, which, on 
the other hand, can be counteracted by feed additives (Zarantoniello et al. 2022). In 
addition, the lack of certain nutrients found in fish meal or fish oil can be supplied 
with the addition of extracts from micro and macroalgae (Bélanger et al. 2021). 
Other challenges of crucial importance in an intensified industry as finfish aquacul-
ture are animal well-being, health, and disease control that are perhaps the aspects 
that have been more widely addressed in the design and evaluation of feed additives 
where an abundant scientific bibliography in this regard exists. These additives are 
often used as immunostimulants to improve the general health status of aquatic 
animals that prevent or hold back infectious outbreaks. Moreover, some of these 
substances have been found to possess anti-stress or anti-choleretic properties, for 
example, improving well-being of animals. All these properties—along with the 
current trend toward natural additives—can increase the consumer confidence of 
farmed fish (Dawood et al. 2018). Finally, interest is growing in additives that are 
capable of reducing the production of organic waste that can harm the environment. 
In aquaculture, this aspect is usually approached from two perspectives: the control 
of waste production from unconsumed or chewed feed (technological additives) and 
the control of the waste production by the animal at a physiological level (Alcaraz 
et al. 2021; Ballester-Moltó et al. 2016; Bureau and Hua 2010). All the variety of 
additives with different functions related to aquaculture production sustainability, 
jointly with the current trend toward the use of exclusively natural additives, may be 
the key to developing a safety, sustainable, and environmentally friendly aquaculture 
whose growth does not imply a deterioration of ecosystems or human health. 

The European legislation Regulation (EC) No 1831/2003 classifies feed additives 
into the following categories: Technological, Sensorial, Nutritional, Zootechnical, 
Coccidiostat, and histomonostat additives. Most of them are described in this chapter 
but from a different point of view: their sustainable sources and contribution to 
aquaculture sustainability, paying special attention to those that represent original 
and innovative solutions to the challenges facing aquaculture today.
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2 Feed Additives in Aquaculture 

2.1 New Approaches in Probiotic Bacteria 

Bacteria are present in culture systems and can be beneficial or malignant (patho-
genic) to cultured organisms. In the first case, they are bacteria that have been studied 
and used as probiotics in aquaculture, given that they can promote the intestinal 
microbial balance, inhibit the growth of pathogens, and improve the immune 
response and digestion through enzymatic activities of the host, among others 
(Saravanan et al. 2021). Several reports of favorable effects exist on growth, immune 
response, and resistance to diseases of various species of fish and crustaceans, 
among others because of the effect of probiotic bacteria (i.e., Bacillus spp., Lacto-
bacillus sp., Pediococcus, Enterococcus, Lactococcus, Aeromonas, Alteromonas, 
Arthrobacter, Bifidobacterium, Brochothrix, Clostridium, Kocuria, 
Microbacterium, Micrococcus, Paenibacillus, Phaeobacter, Pseudoalteromonas, 
Pseudomonas, Rhodococcus, Rhodopseudomonas, Rhodosporidium, Roseobacter, 
Shewanella and Vibrio) (Ringø et al. 2022; Saravanan et al. 2021; Van Doan et al. 
2021; Yilmaz et al. 2022). The study of probiotic bacteria in aquaculture began more 
than 30 years ago with the use of Toyocerin (Bacillus toyoi) (Kozasa 1986) and has a 
very broad state of development in knowledge. However, most studies have focused 
on the use of “pure” bacterial monocultures (one probiotic bacterial population) and 
little is known about the use of bacterial consortia (two or more probiotic bacterial 
populations) (Puvanasundram et al. 2021). 

Probiotic bacterial consortia (PBC) can be a natural or artificial association of two 
or more strains (multi-strain) or microbial populations of different species (multi-
species), acting together as a community in a complex system where all of them 
benefit from the activities of others (Festa et al. 2017). Although recently terms that 
can be adjusted to such a definition have been used, such as multi-strain probiotics 
(MSP) (Melo-Bolívar et al. 2021; Puvanasundram et al. 2021) or a combination of 
probiotic strains (Barman et al. 2017), PCBs are not simple mixtures of probiotic 
bacteria, since knowledge of the ecological relationships/social interactions between 
strains (commensalism, amensalism, neutralism, cooperation, competition, and pre-
dation) in PBC is ideal for achieving the desired purpose(s). (Kong et al. 2018; 
Pascual et al. 2018). In a current literature review, we observed that the most tested 
strains for probiotic consortia in shrimp and farmed fish are the genera Bacillus, 
Lactobacillus, and Lactococcus (Table 1). 

Probiotic bacterial consortia and a single-strain probiotics (SPB) have the ability 
to modulate the gut microbiota through (i) colonization of the intestinal mucosa; 
(ii) competitive adherence and exclusion; and (iii) production of beneficial 
substances and signals to the host, leading to modulation and regulation of allergic 
responses by the immune system, reduction of virulence through manipulation of 
quorum sensing, among other mechanisms (El-Saadony et al. 2021; Kwoji et al. 
2021; McFarland 2021; Ningtyas et al. 2020; Vargas-Albores et al. 2021). However, 
PBC have been reported to be more effective and broad spectrum than an SPB 
(Chapman et al. 2011; Ningtyas et al. 2020; Wang et al. 2019), although it remains
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controversial (Korada et al. 2018; McFarland 2021) mainly because in several 
studies the physiological effects of each PBC strain/species are not evaluated 
separately. Therefore, it is not possible to know if synergistic effects will take 
place (Table 1). In this sense, the synergy between the strains/species that constitute 
PBC results in the enhancement of probiotic mechanisms and additive metabolic 
effects (Kwoji et al. 2021). Some researchers recommend the use of PBC when they 
are polyculture-type farming systems since in this way they could cover a range of 
hosts (Ghosh et al. 2021). It is important to mention that in single-strain bacterial 
probiotics, as well as in PBC, the kind of strain(s), the concentration (i.e., colony 
forming units, CFU/ml), and handling (i.e., administration) are determining factors 
for success in aquaculture (El-Saadony et al. 2021).
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2.2 Probiotic Yeasts 

Although much less studied than other probiotics (Staniszewski and Kordowska-
Wiater 2021), yeasts are gaining interest in aquaculture because of certain 
advantages they present, such as the production of a wide range of bioactive 
substances (glucans, glutathione, toxins, enzymes, phytase, nucleotides, and 
vitamins) or the possibility of being used for bioremediation of water quality 
(Ceseña et al. 2021). Yeasts are unicellular fungus with budding or fission reproduc-
tion widely distributed in several natural environments, such as soil, freshwater, and 
seawater, which are part of the normal microbiota of fish and other cultured 
organisms. Probiotic yeast has been identified and isolated from both wild and 
farmed individuals, and their role in health and nutrition has been addressed in the 
literature: the effects of yeast administration can be observed either alive, their cell 
components or after processing as a feed ingredient (Navarrete et al. 2014). Regard-
ing advantages as probiotics, yeast can be a hundred times larger than bacterial cells, 
which may explain the fact that the introduction of a low yeast population (104 

CFU/g) through feed can induce beneficial effects in the host (Navarrete et al. 2014). 
In addition, yeast releases very interesting bioactive compounds, such as polyamines 
that enhance cell proliferation and differentiation or extracellular enzymes that help 
in the digestive process (Ceseña et al. 2021). 

Probably the most studied yeast as a probiotics in aquaculture is Saccharomyces 
cerevisiae, in part because of its high availability as a by-product of the brewing 
industry. However, other species, which are halotolerant and naturally present in 
marine organisms, are currently more studied because they can be administered alive 
and grow inside the intestine of the animal producing bioactive compounds. 
Debaryomyces hansenii in finfish aquaculture or several species from the genera 
Debaryomyces, Candida, Phaffia, Rhodosporidium and Yarrowia in shrimp have 
been tested for several years (Ceseña et al. 2021; Navarrete et al. 2014). 

In fish, such as the olive flounder Paralichthys olivaceus, rainbow trout 
Oncorhynchus mykiss, grouper Epinephelus coioides, Nile tilapia Oreochromis 
niloticus, and channel catfish Ictalurus punctatus, diet supplementation with 
S. cerevisiae has shown to be an effective tool. Growth promotion and improved



survival against challenges with pathogens or up-regulation of cellular and humoral 
immune responses are some of the main effects of this yeast with optimal doses 
ranging from 106 to 108 CFU/kg. (Abdel-Tawwab et al. 2008; Chiu et al. 2010; 
Harikrishnan et al. 2011; Lara-Flores et al. 2003; P. Li and Gatlin 2005; Tukmechi 
et al. 2011). In addition, derivatives of this yeast as mannan oligosaccharide (MOS) 
have also improved growth and the immune response in several species of farmed 
fish (Torrecillas et al. 2014), which is the suggested mode of action to reinforce the 
intestinal integrity and functionality, together with the stimulation of the innate 
immune system. Several studies have also demonstrated the effectiveness of live 
S. cerevisiae or its bioactive compounds on immunostimulant and growth promotion 
in shrimp and other crustaceans (Ceseña et al. 2021). 
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Relative to yeast species naturally present in marine organisms, D. hansenii has 
been one of the most studied. Its ability to colonize the intestine of rainbow trout and 
turbot was demonstrated (Andlid et al. 1995) some decades ago. After that, reduced 
spinal malformation and increased survival and gastrointestinal enzymatic activity 
were observed in European seabass Dicentrarchus labrax larvae fed with 
D. hansenii compared to the S. cerevisiae group (Tovar et al. 2002). Additionally, 
enhanced growth and oxidative status during larval stages was demonstrated in the 
same fish species (Tovar-Ramírez et al. 2010). Several studies regarding the probi-
otic effects of D. hansenii have been carried out in fish in previous years, revealing 
properties as growth promotion, humoral and cellular immune stimulation, and 
improved resistance to pathogens as Amyloodinium ocellatum and Aeromonas 
hydrophila (Angulo et al. 2020). In a recent study, a new approach to functional 
feed design was studied, combining probiotics and phytogenics (D. hansenii with 
oregano essential oil) (Hernández-Contreras et al. 2021). These authors observed an 
up-regulation of TNF-α expression and increase of humoral immune response on the 
skin mucus of Longfin yellowtail Seriola rivoliana juveniles fed D. hansenii. How-
ever, an antagonistic effect was found with the combination of both additives, 
probably due to reduced yeast growth and adhesion in fish gut (Hernández-Contreras 
et al. 2021). The probiotic effects of D. hansenii on shrimp have been evaluated in 
several studies, often in comparison with S. cerevisiae and showing a greater effect 
on the immune status and resistance to common diseases as the white spot syndrome. 
Those differences have been attributed to physicochemical characteristics of 
D. hansenii glucans, such as higher molecular weight and lower level of branching 
than those of S. cerevisiae (Angulo et al. 2020). 

The need for sustainable production of juvenile fish for the industry makes an 
eco-friendly strategy necessary, and the use of probiotics to promote larval quality 
enhancement is a way to reach it. Recently, a holistic study (Teles et al. 2022) 
revealed that live yeast (D. hansenii) administration promoted higher growth and 
survival, a precocious maturation of the digestive tract, a higher degree of bone 
mineralization, and a reduction in skeletal deformities, demonstrating their probiotic 
effect at the whole organism. 

Certainly, yeast can be used in an ample range of cultured organisms (favoring 
those belonging to fish and crustacean) not only as probiotics, but also as single cell



protein in aquafeeds or for eco-friendly ammonia removal from aquaculture ponds 
(Yun et al. 2021). 
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2.3 Prebiotics and Synbiotics 

Intensive animal husbandry made extensive use of industrialized feed, and antimi-
crobial substances were added to conventional feed with the aim of promoting 
growth. However, at present, the interest of consumers for safe products without 
drugs and the need for a sustainable aquaculture have encouraged researchers to seek 
alternatives to carry out studies and develop technologies that allow profitability and 
safety in crops. In this sense, the use of functional additives, such as prebiotics and 
synbiotics, is an environmentally friendly health strategy to improve animal nutrition 
(Carnevali et al. 2017; Dawood et al. 2020; Márquez-Couturier 2015). 

The current prebiotics definition is “a selectively fermented ingredient that results 
in specific changes in the composition and/or activity of the gastrointestinal 
microbiota, thus conferring benefit(s) upon host health” (Gibson et al. 2017). 
Currently established prebiotics are non-digestible carbohydrates (NDC), composed 
by simple carbohydrate polymers with three or more monomeric units. These 
polymers are neither digested nor absorbed in the intestine and have importance 
for gut health since they are fermented in the intestine by the intestinal microbiota. 
Health-promoting compounds are subsequently produced enhancing growth perfor-
mance, feed utilization, immunity, disease resistance, and fish survival against 
pathogens and environmental stress (Figueroa-Lozano et al. 2020; Ganguly et al. 
2013; Gibson et al. 2017; Mugwanya et al. 2022). It is worth to mention that not all 
fibers can be classified as prebiotic. In contrast, most prebiotics can be classified as 
dietary fibers, which to fit at the concept of prebiotics have to meet three criteria: 
(1) be resistant to gastric acidity and hydrolysis by enzymes and gastrointestinal 
absorption; (2) be fermented by intestinal microbiota; and (3) selectively stimulate 
growth and/or activity of intestinal bacteria associated with health and well-being 
(Gibson et al. 2017; Guerreiro et al. 2018; Holscher 2017). In terms of their 
production, the prebiotics are obtained by extraction from plants; for example, inulin 
is extracted from chicory by enzymatic or chemical hydrolysis of plant 
polysaccharides or by enzymatic synthesis using disaccharides or other substrates, 
as done for Galactooligosaccharide (GOS) and Fructooligosaccharides (FOS) 
(Cunningham et al. 2021). 

Several studies were performed on the use of prebiotics in aquaculture from the 
class of oligosaccharides, such as FOS, Mannan oligosaccharide (MOS), GOS, 
Arabinoxylan-oligosaccharide (AXOS), Xylo-oligosaccharide (XOS), and some 
from the class of polysaccharides, such as Inulin and β-glucan (W.-L. Chen et al. 
2022; Y. Li et al. 2021; Munir et al. 2018; Poolsawat et al. 2020; Sepúlveda-Quiroz 
et al. 2021). These prebiotics were reported to promote growth performance, 
increase feed utilization efficiency, enhance immune system, and stimulate disease 
resistance of aquaculture species (Wee et al. 2022).
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Some organic acids are principal end products of non-digestible carbohydrate 
fermentation by host microorganisms (Gibson et al. 2017). Prebiotics are not 
digested by the host itself but are fermented by bacteria present in the host gut. 
For example, Bifidobacterium and Lactobacillus lead to the production of short-
chain fatty acids (SCFAs), namely acetic, propionic, and butyric acids cause a pH 
drop in the gut and lead to colonic and systemic health effects, which might be 
absorbed by the host and used as energy sources (Guerreiro et al. 2018). Moreover, 
prebiotics regulate local cytokine and antibodies to increase intestinal SCFA pro-
duction and improve the binding capability of SCFAs to G-protein coupled receptors 
on leukocytes and carbohydrate receptors on intestinal epithelium (Butt et al. 2021). 

To improve the positive effects of prebiotics and probiotics in the host organisms, 
these additives can be added together. The term synbiotics denotes a dietary supple-
ment that includes both prebiotics and probiotics in a synergistic relationship (Butt 
et al. 2021). Nonetheless, the current definition for synbiotics by The International 
Scientific Association for Probiotics and Prebiotics (ISAPP) is “a mixture compris-
ing live microorganisms and substrate(s) selectively utilized by the host 
microorganisms that confers a health benefit on the host” (Swanson et al. 2020). 

The composition of synbiotics depends mainly on the mechanism of action of 
prebiotics in the host species. However, prebiotics with low degree of polymeriza-
tion is better suited for the development of synbiotics than the ones with higher 
degree of polymerization, since they hydrolyze the grown beneficial strains and 
produce primary and secondary metabolites that may have beneficial effects on the 
host (Butt et al. 2021). Different bacterial strains, such as Bacillus sp. Lactobacillus 
sp., Pediococcus sp., are broadly used combined with prebiotics as synbiotics in 
aquaculture (Huynh et al. 2018; Khosravi-Katuli et al. 2021; Sewaka et al. 2019; 
Torrecillas et al. 2018; Yao et al. 2021). The use of synbiotics has been previously 
proposed to treat fish dysbiosis and a potential strategy to move toward more 
sustainable land-based aquaculture. Since its administration has been proven to be 
more effective than the use of probiotics alone, a better survival of probiotics has 
been observed when they are used in combination with prebiotics and vice versa 
(Butt et al. 2021; Vargas-Albores et al. 2021). 

Increasing evidence exists that the microbial community of the intestinal tract 
provides both nutritional benefits and protection against pathogens in aquatic 
organisms. Therefore, manipulation of the gut microbiota is an important mechanism 
to achieve increased feed efficiency, growth, and health of fish and shellfish in 
aquaculture (Sutriana et al. 2021). 

2.4 Phytogenic or Phytobiotic Compounds 

The use of phytogenic compounds as feed additives has been extensively studied, 
most of them coming from aromatic plants and their essential oils (Citarasu 2010). 
Phytogenics are a heterogeneous group of feed additives originating from plants that 
have a wide range of activities including antimicrobial, anti-helminthic, antioxidant, 
growth enhancer, and immune modulator (Karásková et al. 2015). Aromatic plants



are the source of many of these active compounds, of which the vast majority are 
fat-soluble and integrated into essential oils. These oils contain mostly terpenes and 
other molecules derived from them, such as terpenoids, aldehydes, ketones, acids, 
phenols, lactones, ethers, and esters (Tongnuanchan and Benjakul 2014). The use of 
phytogenic additives in aquaculture has shown promising results and is supported by 
a large number of scientific studies (Reverter et al. 2014; Sutili et al. 2018). In 
addition, these additives have economic and marketing advantages, since they 
address the current demands of society in terms of food safety and the production 
of animals in a way that respects the environment and their welfare. 

822 Á. Hernández-Contreras et al.

One of the most widely used phytogenic compounds in aquaculture is allicin and 
its derivatives, present in garlic and onion. Garlic has been used for decades as 
antiparasitic in fish with good results (Boxaspen and Holm 1991; Peña et al. 1988). 
Subsequently, its use in aquaculture as an extract, essential oil, or fresh product has 
been studied. For example, an improvement in general aspects of O. niloticus 
physiology has been observed, not only in growth, hematology, and apparent health 
(Diab et al. 2008; Metwally 2009; Shalaby et al. 2006) but also in specific 
mechanisms of the innate immune system (Ndong and Fall 2011). Moreover, in 
Asian sea bass, an important growth promotion effect was reported for garlic, as well 
as positive effects on immunological and survival aspects (Talpur and Ikhwanuddin 
2012). This growth-promoting effect was also observed in juvenile specimens of 
D. labrax with garlic and onion, of which the optimal doses were 30 g/kg for garlic 
and 10 g/kg for onion. Regarding salmonids, studies with this compound in Atlantic 
salmon Salmo salar have not been found. However, in O. mykiss, garlic (Nya and 
Austin 2009, 2011) or allicin, its bioactive compound (Nya et al. 2010) has 
demonstrated a protective effect against A. hydrophila, in addition to improvements 
in specific mechanisms of the innate immune system; also noteworthy is that harmful 
effects have been observed at high doses (2%) of stabilized allicin extract in rainbow 
trout (Breyer et al. 2015). Garlic has also been occasionally tested in crustaceans and 
shown to be effective in Macrobrachium rosenbergii (Poongodi et al. 2012) and 
Litopenaeus vannamei (Javadzadeh et al. 2012). 

Other compounds from aromatic plants widely studied and known to have growth
-promotion and immunoregulatory properties are the monoterpene phenols, thymol 
and carvacrol. These compounds are not only present in aromatic plants of the 
Lamiaceae family like thyme, oregano, or satureja but also found in other families, 
such as Chenopodiaceae, Plantaginaceae, Umbelliferae, Verbenaceae, etc. (Kirimer 
et al. 1995). They also have been used as technological additives to improve feed 
oxidative stability and fillet quality (Hernández et al. 2014a, b, 2015). The first 
complete study to achieve the use of these additives in fish feed was carried out by 
Zheng et al. (2009)) adding thymol, carvacrol, the combination of both and an 
essential oil of oregano Origanum heracleoticum to the diets of I. punctatus. 
These authors observed an improvement in the activity of enzymes related to the 
immune system, such as lysozyme, superoxide dismutase, and catalase besides a 
better resistance to A. hydrophila infection and increased growth with essential oil of 
oregano, which was the most effective in general. Subsequently, isolated 
compounds, as carvacrol (E. Yilmaz et al. 2015) or complete essential oils such as



those from oregano (Diler et al. 2017; Hernández-Contreras et al. 2021), rosemary 
Rosmarinus officinalis, Shirazi thyme Zataria multiflora, dill Anethum graveolens, 
and blue gum Eucalyptus globulus have been studied (Roomiani et al. 2013), finding 
beneficial effects in all the cases related to antibacterial, immunological, or health 
status and eventually in growth performance. In the last decade, most research on the 
effects of extracts and essential oils from aromatic plants has been company-driven 
studies carried out with commercial additives based on a combination of different 
plant-based products and even probiotics (Table 2), which implies a new tendency in 
fish additives research. 
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2.5 Microalgae and Their Derivatives 

In the last decades, microalgae have raised interest since they easily grow in land 
structure, and huge biomass is feasible to be reached in a well-controlled culture. 
This issue, together with the fact that they are a source of compounds with multiple 
properties, has led to several biotechnological applications from food derivative for 
human and animals to energy production, including cosmetic industries amongst 
others (Balasubramaniam et al. 2021). Regarding aquaculture, microalgae have 
traditionally been used as live feeds; however, multiple different applications of 
microalgae and their derivatives have recently been raised. 

Microalgae are a wide diverse group of living organism; until now, more than 
10,000 species of freshwater and marine microalgae have been identified 
(Charoonnart et al. 2018). They are the basis of aquatic food chains and adapted to 
multiple habitats (Camacho et al. 2019). Thus, they are the natural source of food for 
different animals with aquaculture importance, such as zooplankton, bivalves, larval 
shrimp, or fish fry. Several microalgal species cultures had been developed accord-
ingly with their profile of nutrients and pigments for different aims in aquaculture 
(Hemaiswarya et al. 2011). In consequence, a small group of microalgal species 
(Chorella, Tetraselmis, Isochrysis, Diacronema, Phaeodactylum, Chaetoceros, 
Nannochloropsis, Skeletonema or Thalassiosira) has been characterized in terms 
of nutrient compositions and pigments (reviewed in Hemaiswarya et al. 2011). Apart 
from the well-known nutrients, such as proteins, polysaccharides, polyunsaturated 
fatty acids, pigments, vitamins, and minerals, they also produce oligosaccharides 
and a wide range of secondary metabolic compounds, many of which have 
biological functions (reviewed in (Cannell 1993; F. Chen et al. 2021)). The potential 
use of all these compounds in different biotechnological applications has contributed 
to an increase in bioprospecting different microalgal species from different seas 
(Grubišić et al. 2022; Guzmán et al. 2001). The ability of microalgae to produce 
bioactive compounds together with their microorganism growth characteristics 
allows the control of secondary metabolite production, which depends on tempera-
ture, salinity, osmotic pressure, light changes, or nutrient availability (Camacho et al. 
2019) and favors their biotechnological use. Interestingly, those secondary 
metabolites are also secreted, which is one of the reasons for growth enhancement 
and the survival observed in the green- and pseudo-green-water techniques normally



species Dosage Duration Major findings Reference

(continued)
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Table 2 Effects of commercial additives based on a combination of different plant-based products 
on shrimp and fish performance and immunity 

Commercial 
additive/ 
composition 

Aquaculture 

AROTEC-G®, 
TECNOVIT-
FARMFAES, S. 
L., Spain/garlic, 
carvacrol, and 
thymol 

Sparus aurata 0.5% 65 days Transcriptional 
regulation of 
factors of the 
skin innate 
immunity and 
stimulation of 
the secretory 
pathway. 
Decrease of 
bacterial growth 
capacity in 
mucus. Lower 
glucose, lactate, 
and cortisol 
levels 

Firmino 
et al. 
(2021) 

HERB; Delacon, 
Austria / garlic 
and labiatae 
herbal extracts 

Seriola 
dumerili 

0.02% 70 days Plasmatic 
cortisol 
reduction after 
stress challenge, 
higher skin 
mucus protease 
and lysozyme 
activities. 
Up-regulation of 
genes related to 
skin immune 
response: muc-2, 
piscidin, tnf-α, 
il1-β, hep, c3, 
cd8 and casp3. 

Fernández-
Montero 
et al. 
(2021) 

PHYTO, 
Delacon, Austria 
/ garlic and 
labiatae 
essential oils 

Dicentrarchus 
labrax 

0.02% 63 days Reduction of 
circulating 
plasma cortisol 
concentration 
during 
confinement 
challenge. 
Reinforced fish 
capacity of stress 
response via 
protection of 
head kidney 
leucocytes from 
stress-related 
apoptotic 
processes. 

Serradell 
et al. 
(2020)



species Dosage Duration Major findings

Increased fish
serum lysozyme.

(continued)
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Table 2 (continued)

Commercial 
additive/ 
composition 

Aquaculture 
Reference 

Next Enhance® 
150, Novus 
International, 
Inc., Missouri, 
USA/thymol and 
carvacrol (1:1) 

Sparus aurata 0, 
0.005%, 
0.01%, 
0.02%, 
0.03% 

63 days Improved feed 
gain ratio and 
reduced feed 
intake in a dose-
dependent 
manner. 
Induction of an 
anti-
inflammatory 
and 
antiproliferative 
transcriptomic 
profile. Most 
changes in the 
transcriptome of 
posterior 
intestine. Higher 
number of 
mucosal 
foldings. 

Pérez-
Sánchez 
et al. 
(2015) 

Biomin® 
P.E.P. 1000, 
Biomin GmbH, 
Herzogenburg, 
Austria / Blend 
of EOs rich in 
carvacrol 

Oncorhynchus 
mykiss 

0.1% 56 days Improved feed 
efficiency, lower 
total anaerobe 
counts, less lipid 
oxidation during 
cold storage of 
fish fillet. Higher 
lysozyme and 
catalase activity 
and total 
complement 
concentrations. 

Giannenas 
et al. 
(2012) 

Biomin® 
P.E.P. MGE 
1000, Biomin 
GmbH, 
Herzogenburg, 
Austria / Blend 
of EOs rich in 
thymol 

O. mykiss 0.1% 56 days Improved feed 
efficiency, lower 
lactobacillus 
total anaerobe 
counts in gut, 
less lipid 
oxidation during 
cold storage of 
fish fillet. Higher 
lysozyme and 
catalase activity 
and total 
complement 
concentrations. 

Giannenas 
et al. 
(2012)



species Dosage Duration Major findings

Reduction of
serum nitric
oxide levels.

used in larval rearing of several fish species (Papandroulakis et al. 2001; Planas and 
Cunha 1999). In fact, recent studies have demonstrated that the presence of several 
microalgal species in the larval rearing water decreases the horizontal transmission 
of betanodavirus (Hernandez-Corona et al. 2002; Vázquez-Salgado et al. 2020).
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Table 2 (continued)

Commercial 
additive/ 
composition 

Aquaculture 
Reference 

Digestarom® 
PEP MGE 
150, Biomin 
GmbH, 
Herzogenburg, 
Austria / Blend 
of anise, citrus, 
and oregano 
EOs 

D. labrax 0.02% 60 days Improved 
performance and 
nutrient 
utilization, 
increased protein 
and energy 
retention. 
Compensation of 
intestinal 
changes 
produced by low 
fish meal diet. 
Increase in 
lysozyme 
activity, 

Gonçalves 
et al. 
(2019) 

Digestarom® 
PEP MGE, 
Biomin GmbH, 
Herzogenburg, 
Austria/ 
carvacrol, 
thymol, anethol, 
and limonene 

Ictalurus 
punctatus 

0.02% 42 days No effect on 
growth 
performance. 
Higher survival 
and 
up-regulation of 
mannose binding 
lectin gene 
expression after 
Edwardsiella 
ictaluri 
challenge. 

Peterson 
et al. 
(2015) 

Other culture technology where the microalgae are a key element is the bio-floc 
technology (BFT), in which bacteria and microalgae are cultured within the shrimp 
or fish ponds for helping in water quality control since they are able to grow on 
animal excreta compounds (De Schryver et al. 2008). However, BFT is not suitable 
for all aquaculture species since bio-floc culture species have to tolerate high levels 
of solids, poor water quality, and be able to digest microbial protein to take 
advantage of bio-floc as a food resource (reviewed in Hargreaves 2013). 

The use of microalgae as an aquaculture feed ingredient has focused on a high 
interest in the last decades (Chauton et al. 2015; Shah et al. 2018) not only because 
they represent a more complete, sustainable, and cheaper alternative for replacing



fish meal and fish oil in aquafeeds (F. Chen et al. 2021) but also to their cell wall 
components and secondary metabolites that are known to have biological functions, 
such as antimicrobial, antitumoral, antiviral, anti-inflammatory, anticoagulant, anti-
oxidant, or even hormonal activities (Amaro et al. 2011; Cakmak et al. 2014; Cannell 
1993). However, the cell wall of microalgae hampers the digestibility of the feed. In 
fact, the direct dietary administration of microalgae enhances the inflammatory 
process in the fish gut (Cerezuela et al. 2012; Reyes-Becerril et al. 2013), although 
they can improve the immunoglobulin serum levels (Zhang et al. 2014). In that sense 
and to avoid the main disadvantage, several strategies for increasing microalgae 
digestibility have been studied (Teuling et al. 2019; Tibbetts 2018), although a 
simple, economical, and cost-effective method has not been reached yet. Anyway, 
benefits on growth, welfare, or immune activities of marine fish feed with aquafeed 
containing different levels of microalgae have been described (Ayala et al. 2020; 
Galafat et al. 2022; Sáez et al. 2022; Villar-Navarro et al. 2022). 
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Focusing on the antimicrobial properties of microalgae, they could also be used 
for inhibition of biofilm formation or bacterial load control in culture systems 
(Charoonnart et al. 2018). In fact, certain molecules of microalgae interfere with 
bacterial cell-to-cell communication (quorum sensing) that plays a key role in 
bacterial virulence (Natrah et al. 2011). 

Genetic engineering has focused on microalgae because they represent a simpler 
system for genetic manipulation than plant model systems. In the last decade, several 
strategies have been developed to introduce new genes into microalga cells 
(Hallmann 2016; Spicer and Molnar 2018). However, no more than 20 different 
microalga species have been genetically modified (Spicer and Molnar 2018). The 
changes cope with inhibition or activation of specific genes that impact the metabolic 
output including oil, protein, pigments, or cell wall components or other factors 
related to microalgae growth for making the genetically modified strain more 
suitable for massive production (Spicer and Molnar 2018). It is worthy to note that 
genetic engineering of microalgae is still a very young strategy, and transgenic 
microalgae might be negatively affected in cellular metabolism, which might repre-
sent a significant threat to the ecosystem if their manipulation would not cope with 
the right constraints measures (reviewed in Hallmann 2016; Pulz and Gross 2004). 
However, genetically engineered microalgae can be used to increase the industrial 
production of essential nutrients, such as polyunsaturated fatty acids, pigments, or 
other functional molecules for aquafeed formulation (reviewed in Osmond and 
Colombo 2019; Sprague et al. 2017), so their potential should not be underestimated. 

2.6 Additives from Seaweeds 

Seaweeds or macroalgae have been part of the animal feed in coastal areas from 
ancient times (Morais et al. 2020), although their main uses have been in human 
food, medicine, or as a fertilizer in agriculture. Seaweeds have low amount of lipids, 
but most of them are polyunsaturated fatty acids (PUFA) with high percentage of 20: 
5 n-3 eicosapentaenoic acid (EPA) and 20:4 n-5 arachidonic acid (ARA), especially



in brown and red algae (Mišurcová 2011). These characteristics make them very 
attractive to be used as aquafeed ingredient or to extract PUFAs as an additive. Their 
protein content can be up to 50% in dry weight in some Rhodophyta species and vary 
depending on the alga genus, species, season, and environmental factors (Wan et al. 
2019). This protein has an excellent amino acid profile comparable to the other 
conventional protein sources (Thiviya et al. 2022). They contain high levels of 
minerals, thanks to their capacity to absorb inorganic substances from seawater 
with concentration factors for some metals 10 to 20 times more than land plants 
(Mišurcová et al. 2011). In addition to all, macroalgae can be a great source of 
bioactive compounds. They produce a variety of secondary metabolites, commonly 
attributed to their challenging habitat and physical stressors, such as free amino 
acids, peptides, lectins, phycobiliproteins, carotenoids, phenolics, vitamins, and 
functional carbohydrates (Wan et al. 2019). Thanks to these bioactive components, 
their extracts have antihypertensive, antidiabetic, antioxidant, anti-inflammatory, 
antitumoral, antiviral, antimicrobial, and many other beneficial functional properties 
(Dagnino-Leone et al. 2022; Safavi et al. 2019; Wan et al. 2019). 
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Among the most extracted and used functional compounds from seaweeds are 
sulfated polysaccharides (alginate, fucoidan, carrageenan, laminarin, ulvan, 
galactan, agar). They have antiviral, antibacterial, anti-inflammatory, anthelmintic, 
antioxidant, immunomodulatory, and anticoagulant activities in terms of physiolog-
ical activities (Safavi et al. 2019). However, they are also used as technological 
additives, since they have gelling properties and can be used in the production of 
microencapsulated, semi-moist, or extruded aquafeed (Borgogna et al. 2011; 
Rodríguez-Miranda et al. 2012). Alginate is the most studied functional compound 
in brown seaweed, which has proven its immunostimulant activity in cultured 
crustaceans, fish, and mollusks. The improvement of the immune response and 
disease resistance may be attributed to the presence of β-glucan that stimulates the 
nonspecific immune response through direct activation of the macrophages (Van 
Doan et al. 2019). Alginate has also been studied as a technological additive to 
improve aquafeed stability and reduce nutrient leaching in extruded fish feed 
(Rodríguez-Miranda et al. 2012) or in semi-moist diets for mollusks (Knauer et al. 
1993). Fucoidan is also in the spotlight because it has proven to improve growth, 
intestinal health, antioxidant capacity, and immune responses of several finfish and 
shellfish species (Abdel-Latif et al. 2022). It has also been used to counteract the 
adverse effects of low fishmeal diets, enhancing growth, immunity, hematological 
indices, and resistance to oxidative stress in red sea bream Pagrus major with a 
0.3–0.4% dose (Sony et al. 2020). As growth promoter, doses of 1% fucoidan 
improve growth performance in Asian seabass juveniles and 3% doses do in striped 
catfish, but its mechanism of action is still unknown (Abdel-Latif et al. 2022). In 
shellfish (L. vannamei, M. rosenbergii, Penaeus monodon) dozens of studies have 
demonstrated a growth promoter effect, apart from its immunostimulatory effect and 
improved resistance to infections. This improved growth has often been attributed to 
improved digestion, assimilation, and gut health; in fact, some studies have found 
improved enzyme activities and changes in histomorphology and bacterial 
communities (Cui et al. 2020; Ikeda-Ohtsubo et al. 2020; Mahgoub et al. 2020).
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Carotenoids have several functional properties as growth promoter, antioxidant, 
free radical scavenger, singlet oxygen quencher, anti-inflammatory activity, 
antitumor activity, and immunostimulant activity (Wan et al. 2019). Despite all 
these physiological and immunological properties, carotenoids are currently of 
greater interest as technological additives. Some of them as astaxanthin and fuco-
xanthin have a high demand in aquafeed production, since they can substitute 
synthetic colorants that are commonly used in the aquaculture industry, for example, 
in organically certified salmon production. Other fish or shellfish species have been 
objective of studies that demonstrate the effectiveness of carotenoids in skin colora-
tion enhancement (Rajauria 2015). Vitamins are other of the many forms of 
antioxidants present in seaweed, which make them an attractive source for sustain-
able feed additives for aquaculture. Both water- and fat-soluble vitamins are present 
including vitamins A, B, C, and E, with relatively high levels compared to land 
vegetables. In addition, seaweeds are one of the few vegetable sources of vitamin 
B12 (MacArtain et al. 2007). 

Phycobiliproteins are one of the major pigments produced by algae, and they are 
light harvesting proteins found in seaweeds (Rhodophytes). They have multiple 
biological activities, including antioxidant, antibacterial, and antitumor (Dagnino-
Leone et al. 2022), thus they have recently been studied as feed additives in fish. 
Phycocyanin (50 mg/kg) increased growth performance, feed utilization, and sur-
vival rate of O. niloticus, apart from increasing digestive enzyme secretion and 
immune response and reducing oxidative stress; all of these in a greater magnitude 
than beta carotene (Hassaan et al. 2021). Phycoerythrin and allophycocyanin have 
not yet been studied at this level as an additive in fish, although similar properties are 
attributed to them. 

2.7 Additives from Mushrooms 

Mushrooms are rich sources of prebiotic compounds as hemicellulose, chitin, α- and 
β-glucans, mannans, xylans, and galactans (Mohan et al. 2022). Some of them are 
also rich in phenolic compounds as melanins and lanostane-type triterpenoids, which 
are responsible for the antioxidant, antitumor, antiviral, anticancer, antimicrobial, 
and immunomodulatory effects on those species (Wold et al. 2020). Although the 
use of mushrooms as an ingredient in fish diets (as a substitute for fishmeal) has been 
studied by several authors, this chapter focuses on their use as a feed additive, 
looking at especially sustainable solutions. The species that have attracted the 
attention of researchers have been those that are useful in traditional medicine or 
have demonstrated functional properties in mammals, as described below. 

Ganoderma lucidum is a basidiomycete fungus with a limited native distribution 
in Europe and some parts of China. The genus Ganoderma has been used in 
traditional Asian medicine for 2000 years and is currently cultivated for commercial 
use, whose name reishi in Japanese has become popular. It contains various bioac-
tive compounds that have been studied, including polysaccharides as ganoderan A 
and B, triterpenes or bioactive proteins as ganodermin. In aquaculture,



polysaccharides, extracts, and powders of G. lucidum have been tested in different 
species of crustaceans and fish, improving several innate immune parameters and, in 
most cases, growth performance (Mohan et al. 2022). 
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The genus Pleurotus sp. includes several edible mushroom species, ranking third 
in the commercial production of edible mushrooms in the world, which have been 
reported to have antitumor, antiviral, immunostimulants, antioxidant, antimicrobial, 
antimitogenic, and antiproliferative activities (Sartori et al. 2015). Based on these 
known properties, many studies have been carried out on different fish species 
(Mohan et al. 2022) and recently in white leg shrimp (Prabawati et al. 2022). 
These studies have shown the improvement of digestive enzymes activity in carp 
and a general immunostimulants effect in many fish species. It is also noticeable that 
enhancement in growth performance is achieved with powder, extract, or mushroom 
stalk meal of Pleurotus sp. but not with polysaccharides. 

Other mushroom highly commercialized for culinary and medicinal use is 
Lentinula edodes. It is called Shitake and is very common in Asian food. 
L. edodes is rich in bioactive compounds with demonstrated effects against hyper-
tension, hyperlipidemia, cardiovascular irregularities, depressed immunity, hepatic 
disorders, and cancer (Van Doan et al. 2019). Lentinan, a polysaccharide extracted 
from L. edodes, has shown immunomodulation properties in cultured fish 
(Djordjevic et al. 2009; Ren et al. 2019) while extract or whole mycelium also 
improved growth performance (Chitsaz et al. 2018; Pascual et al. 2018). 

Coriolus versicolor is a well-known mushroom used in Asian traditional medi-
cine to treat cancer and immune deficiency-related diseases (Van Doan et al. 2019). 
Its main properties are antioxidant, antibacterial, antitumor, immunomodulatory, and 
anticancer. The few reports on its activity in cultured fish shows a general immuno-
modulatory activity and, exceptionally, an improvement in growth performance in 
P. olivaceus (Mohan et al. 2022). 

Other medicinal mushrooms as Cordyceps sinensis, Schizophyllum commune, or 
Inonotus obliquus are being tested as fish feed additives in a lesser extent, showing 
also beneficial effects on immunological parameters, growth, or stress, among 
others. 

Given the large commercial production of some of these edible mushrooms, 
sustainable solutions are currently being sought as by-products of this industry, 
which is where feed additives for aquafeed can play an important role as scientific 
studies show in this regard. In the last decade, several authors have valued the 
functional properties of mushroom stalk waste and mushroom spent substrate as feed 
additives, since it is a sustainable solution for the use of by-products of mushroom 
cultivation through its incorporation into fish feed. The promising results of research 
on this kind of feed additive are gathered in Table 3.



species Dosage Duration Major findings Reference

(continued)
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Table 3 Effects of diets supplemented with mushroom cultivation by-products on fish perfor-
mance and immunity 

Mushroom 
cultivation 
by-product 

Aquaculture 

Agaricus blazei 
spent 
mushroom 
substrate 

Oreochromis 
niloticus 

0, 1, 5% 7/14 
days 

In vitro promotion 
of the phagocytic 
activity of 
macrophages and 
tilapia head kidney 
cells. Higher 
expression of four 
cytokine genes. 
S. agalactiae 
growth inhibition 
in disc diffusion 
test. Higher 
survival rate after 
challenge with 
S. agalactiae. 
Protective effects 
were sustained at 
day 7 after the feed 
was switched. (1% 
diet). 

Lee et al. 
(2022) 

Cordyceps 
militaris spent 
mushroom 
substrate 

O. niloticus 0, 0.5, 
1, 2, 4 % 

60 days Increased skin 
mucus lysozyme 
and peroxidase 
activities and serum 
immune 
parameters. Higher 
resistance to 
S. agalactiae and 
better SGR, WG, 
FW, and FCR (10 g 
kg-1 diet). 

Van Doan 
et al. 
(2017) 

Pleurotus 
pulmonarius 
stalk waste 
E-HWE 

O. niloticus 0, 1% 30 days Improved feed 
conversion ratio, 
protein efficiency 
ratio, and 
hepatosomatic 
index but no effect 
on growth. After 
PAMPs challenge 
on fish: 
1. Increased 
phagocytic activity 
and respiratory 
burst activity of 
blood leukocytes. 
2. Increased serum 
hemolytic and 

Ching 
et al. 
(2022)



species Dosage Duration Major findings

bactericidal
activity.
3. Up-regulation of
immune-related
genes.
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Table 3 (continued)

Mushroom 
cultivation 
by-product 

Aquaculture 
Reference 

Pleurotus 
pulmonarius 
stalk waste 
HWE 

O. niloticus 0, 0.5, 
1 %  

30 days Hot water 
extraction process 
optimization: 
higher nutrient and 
β-glucan content 
after 5 hours of 
extraction. Better 
fish growth and 
higher antioxidant 
enzyme activities 
(5 g kg-1 ). 

Ahmed 
et al. 
(2017) 

Raw 
polysaccharide 
from 
mushroom 
stalk waste 

O. niloticus 0, 0.5, 
1% 

30 days Higher SGR, post 
stress improved 
SOD and CAT 
activity (5 g kg-1 ). 
Better WG and HSI 
(10 g kg-1 ). 

Ahmed 
et al. 
(2017) 

Mushroom 
stalk meal 

Clarias 
gariepinus 

0, 2.5, 
5, 7.5,10 
% 

56 days No differences in 
growth 
performance but 
higher protein 
efficiency ratio (5 g 
x 100g-1 diet). 
Favorable gut 
microflora and gut 
histomorphology 
changes in fish fed 
supplemented 
diets. 

Adejonwo 
et al. 
(2020) 

SGR specific growth rate, WG weight gain, FW final weight; FCR feed conversion rate, PAMP 
pathogen-associated molecular pattern, HWE hot water extract, E-HWE ethanol-pretreated hot 
water extract 

3 Current Regulation, Future Perspectives, 
and Research Gaps 

Europe has taken the lead in recent times through the Farm-to-Fork strategy 
(European Commission 2020) to accelerate the transition toward sustainable food 
systems. The main goals of this strategy are “to reduce the environmental and 
climate footprint of the EU food system and strengthen its resilience, ensure food



security in the face of climate change and biodiversity loss and lead a global 
transition towards competitive sustainability from farm to fork and tapping into 
new opportunities.” In this framework, natural or organic feed additives can be a key 
tool in this transition as they achieve the mentioned goals that are generally safe 
and sustainable. They can reduce antimicrobial resistance, improve animal welfare, 
and mitigate the effects of climate change and environmental degradation (Angelis 
and Carreño 2021). 
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Although the increase and diversification of natural additives in aquaculture feed 
is palpable, the growth of this industry could largely depend on the success of 
organic aquaculture. The fostering of this type of aquaculture by the EU is expressly 
contemplated in the Farm-to-Fork strategy and already has a specific regulation since 
2007 (Council Regulation (EC) No. 834/2007), which was improved by Regulation 
(EU) 2018/848. This regulation establishes priorities in the design of fish feed, such 
as animal health and welfare, high product quality, and low environmental impact, 
many of which can be addressed through feed additives. In addition, in the treatment 
of diseases, it specifically establishes that the use of allopathic veterinary medicinal 
products are only be carried out where the use of phytotherapeutic, homeopathic, and 
other products is inappropriate and establishes the following order of preference 
when a health problem arises: (i) substances from plants, animals, or minerals in a 
homeopathic dilution; (ii) plants and their extracts not having anesthetic effects; and 
(iii) substances such as trace elements, metals, natural immunostimulants, or 
authorized probiotics. 

The placing on the European Union market, labeling and using feed additives is 
regulated by Regulation (EC) 1831/2003 of the European Parliament and of the 
Council of 22 September 2003 on additives for use in animal nutrition. As 
established in Regulation (EC) 1831/2003, the commission created the European 
Union Register of Feed Additives, which is updated regularly and contains all the 
additives with current authorization. Many additives described in this chapter are 
represented in this register of nearly 1000 compounds, especially probiotic bacteria 
and phytogenic (https://food.ec.europa.eu/safety/animal-feed/feed-additives/eu-
registered). Some newer compounds as mushroom extracts have not been registered 
for authorization yet, although it may not be long. Similarly, in the USA, the FDA is 
the organization responsible for the authorization for the sale and use of food 
additives and they maintain an updated register where current authorizations can 
be reviewed (https://www.fda.gov/food/ food-additives-petitions/food-additive-sta-
tus-list). In this case, mentioned register contains both food additives for humans and 
feed additives for animals. Generally, food additives of natural origin such as those 
discussed in this chapter are classified as “Generally Recognized as Safe” (GRAS) 
and have very light restrictions. Such restrictions include, for example, not exceed-
ing the amount reasonably required to accomplish its intended effect in food by 
reducing to the extent reasonably possible substances coming from manufacturing, 
processing or packaging, or preparing and handling it as a food ingredient (https:// 
www.ecfr.gov/current/title-21/chapter-I/subchapter-B/part-182). In the case of 
probiotics, they are not even considered within such register, since they can be

https://food.ec.europa.eu/safety/animal-feed/feed-additives/eu-
https://www.fda.gov/food/
https://www.ecfr.gov/current/title-21/chapter-I/subchapter-B/part-182
https://www.ecfr.gov/current/title-21/chapter-I/subchapter-B/part-182


regulated as foods, food supplements, cosmetics, or drugs. Their regulation is 
complex and depends largely on the claims made toward the product (Degnan 2008). 

834 Á. Hernández-Contreras et al.

The diversity of legislation to be taken into account when using feed additives 
and the procedures for obtaining new authorizations, it is feared that it could be an 
impediment to the development of the natural feed additives industry within the 
framework of organic production. To avoid this problem, the European Commission 
(EC) is carrying out an evaluation of the current EU rules on feed additives, with 
which they foresee to make it easier to produce sustainable and innovative additives, 
speeding up the authorization process without compromising health & food safety 
(https://ec.europa.eu/info/law/better-regulation/have-your-say/initiatives/12624-Ani 
mal-nutrition-modernisation-of-EU-rules-on-feed-additives_en). The preliminary 
results of the evaluation suggest some potential areas for improvement as efficacy 
criteria more focused on animal well-being or the environment, more flexibility to 
promote technical and scientific innovation, and the dependence on imports due to 
the high cost of authorization and production. 

In addition to a better regulation and more agile authorization process for the use 
and manufacture of feed additives, research gaps still need to be filled. To improve 
the design of natural feed additives, knowing the mechanism of action of separate 
bioactive compounds is essential, which has been addressed in common additives 
such as garlic but needs more research in others, such as those derived from 
seaweeds or mushrooms, commonly used as extracts or powders. Furthermore, 
given that the industry is committed to the combined use of several functional 
compounds, it would be interesting to study the potential interactions among or 
between them when they have the possibility of being used together (Hernández-
Contreras et al. 2021). Nevertheless, more studies focused on optimal dosage and 
duration of treatment are needed, since they can be essential aspects in the effective-
ness and profitability of the product. 

Some aspects with less interest for researchers in decades but very important for 
the industry are the technological aspects, such as the physical quality of the pellet or 
stability and interactions of the additives during feed conservation. A new trend in 
this sense is appearing in fish feed research as it is closely related to profitability but 
also to sustainability of the activity through the reduction of waste production 
(Alcaraz et al. 2021; Hernández et al. 2014b). 

Moreover, related to sustainability, additives from the food industry by-products 
are a promising research field that can boost natural and sustainable feed additives 
for the industry to get the objectives of EU strategies as Green Deal or Farm-to-Fork. 
Finally, a multidisciplinary approach in feed additives for aquafeeds achieving 
technological, nutritional, and immunological aspects is needed to foster the devel-
opment of multipurpose, safe, and sustainable additives. 
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Certain Major Diseases Having Nutritional 
Disorders in their Etiology and Economic 
Importance in Horses 

C. Ayvazoğlu and P. A. Demir 

Abstract 

Nutrition is the foundation of health and well-being that goes hand in hand with 
horse breeding. Improper nutrition plays an important role in the development of 
various diseases in horses. Changes in feed type and quality can vary greatly and 
predispose horses to a range of problems. The rations to be applied to horses in 
breeding enterprises are the main element of animal welfare and business profit-
ability. This chapter aims to contribute positively to the existing literature by 
evaluating some important diseases (equine metabolic syndrome, laminitis, para-
lytic myoglobinuria, and colic) in horses with malnutrition in their etiology. 
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1 Introduction 

Horses were used in agriculture and transportation services and played important 
roles in wars. Having provided great services to humanity throughout history, horses 
have lost their former importance with the increase in mechanization over time. 
Today, horses are raised for sports and racing purposes in parallel with the economic 
power of the society (Çelik et al. 2015). 
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Nutrition is the foundation of health and welfare, which goes hand in hand with 
horse breeding. Without proper nutrition, all of the horse’s body systems are 
compromised, thus negatively affecting the horse’s health and welfare. In this 
case, speed, endurance, growth, fertility, and body shape, which are very important 
for horses, cannot be achieved. In order to raise a healthy horse, horses should be fed 
with adequate and balanced rations in terms of essential amino acids, fats, vitamins, 
and minerals in accordance with their development periods from fertilized eggs until 
they reach adult weight (Noble 2023). 

Improper nutrition in horses plays an important role in the development of 
various diseases. Changes in feed type and quality can vary greatly and predispose 
horses to a range of problems. Modern nutritional practices applied in horse breeding 
today are often associated with problems of the gastrointestinal tract. For example, 
sudden changes in diet have been identified as the most important risk factor for the 
development of abdominal pain (colic) in horses (Archer and Proudman 2006). The 
risk appears to increase up to 14 days after a dietary change (Cohen et al. 1999). 
Furthermore, continuous access to pasture is considered protective and there is a 
lower incidence of colic in this population than in horses kept predominantly in 
stables (Hudson et al. 2001). The sudden and typically incidental consumption of 
large amounts of starch, usually grain, has long been identified as a cause of colic, 
abdominal distension, diarrhea, toxemia, and laminitis. Indeed, the presence of 
diseases caused by feeding errors can cause significant economic losses. In addition 
to mortality and yield losses, high treatment costs, lost time, and labor bring high 
costs to the business (Köseman and Şeker 2016). 

The rations to be applied to horses in breeding enterprises are the basic element of 
animal welfare and business profitability. In this section, it is aimed to contribute 
positively to the existing literature knowledge by evaluating some important diseases 
(equine metabolic syndrome, laminitis, paralytic myoglobinuria, and colic) in horses 
with malnutrition in their etiology. 

1.1 Equine Metabolic Syndrome 

Equine metabolic syndrome refers to a constellation of clinical abnormalities 
associated with an increased risk of laminitis (Frank et al. 2010). Although the 
presence of laminitis has historically or currently been recognized as a characteristic 
feature of equine metabolic syndrome (EMS) (Treiber et al. 2006), our understand-
ing of the pathophysiology of EMS and the risk factors associated with laminitis is 
still in its infancy (McCue et al. 2015). It has also been reported that metabolic 
syndrome (MetS) in humans is similar to EMS and that obesity and insulin resistance 
are factors shared by both syndromes (Johnson et al. 2007). 

The diagnosis of EMS requires physical examination and laboratory analysis 
such as body condition score (BCS) or crest of neck measurement in horses between 
5–15 years of age. Radiographic evaluation of the feet is also important for diagnosis 
(McCue et al. 2015). The European College of Equine Internal Medicine (ECEIM) 
reported that ungulates affected with EMS should include symptoms of regional



adiposity or obesity, insulin resistance, and susceptibility to laminitis (Durham et al. 
2019). 
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Fig. 1 Cresty neck scores (Carter et al. 2009) 

Laboratory diagnosis of EMS is based on measurement of blood insulin and 
glucose concentrations after a 6-hour fast (Frank 2009). Horses with EMS tend to 
have a resting blood glucose concentration that is usually at the upper end of the 
normal range rather than hyperglycemic (Secombe and Lester 2012). A serum 
insulin concentration greater than 20 μU/mL is consistent with insulin resistance 
(Frank et al. 2010). Conditions such as stress and pain can affect test specificity. 
Laboratory tests should only be performed when the animal is acclimatized to the 
environment and free of other diseases such as lameness. It has also been reported 
that the sensitivity of laboratory tests is affected in the early stages of the disease or 
when pancreatic insufficiency occurs with type 2 diabetes mellitus (Frank 2009; 
Frank et al. 2010). 

Adipose tissue is hormonally active and produces adipokines and adipocytokines 
(Rasouli and Kern 2008). Studies have identified more than 100 different adipokines 
(Hutley and Prins 2005; Secombe and Lester 2012). Inappropriate secretion of 
adipokines leads to the pathophysiological consequences of obesity (Hutley and 
Prins 2005). Specific adipokines involved in the EMS include leptin, adiponectin, 
and resistin. Adipocytokines released by adipose tissue or from macrophages within 
fat are proinflammatory and lead to a state of chronic, low-level inflammation 
(Rasouli and Kern 2008). A cresty neck scoring system (cresty neck score) has 
been developed to help differentiate horses that develop regional obesity rather than 
generalized obesity. The scoring is between 0–5, with scores of 3 and above 
frequently reported in horses with EMS. Accordingly, 0: No palpable crest; 5: 
Extremely large crest area (Carter et al. 2009; Fig. 1). 

The most common clinical signs in EMS are laminitis and obesity. Studies have 
reported that physiologic hyperinsulinemia can cause laminitis in horses (Asplin 
et al. 2007). The effect of high insulin levels on the sensitive laminated tissues of the 
hoof has not yet been fully explained (Frank et al. 2010; Secombe and Lester 2012). 

The mainstay of EMS treatment is ration modification and increased physical 
activity. Pharmacological intervention can be used to enhance the response to ration 
changes, but is unlikely to result in a successful response when used alone. Horses 
should be fed low amounts of non-structural carbohydrates to reduce the insulinemic 
response to meals.
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Weight loss is essential for successful treatment of EMS, but horses should not be 
completely starved. Starvation can worsen insulin resistance or cause pathological 
mobilization of fat stores (Secombe and Lester 2012). Horses should be fed hay at a 
rate of 1.5% of body weight daily for the first 30 days of treatment and then this rate 
should be reduced to 1% daily. In addition, horses exhibiting insulin resistance and 
regional adiposity rather than obesity are more difficult to treat (Frank et al. 2010). 

Exercise has been reported to be effective in improving insulin sensitivity in 
people with insulin resistance (Goodyear and Kahn 1998; Crandall et al. 2008). 
Similar results were reported in horses with insulin resistance (Pratt et al. 2006). 
Although the amount of exercise required to improve insulin sensitivity in humans 
has been determined, this is not the case in horses (Bajpeyi et al. 2009). However, 
Frank et al. (2010) reported that 2–3 exercises of 20–30 minutes per week are 
beneficial in horses without laminitis. 

Pharmacological treatment of EMS includes levothyroxine sodium, insulin 
sensitizing drugs such as metformin, or mineral supplements such as magnesium/ 
chromium. In one study, levothyroxine was found to cause weight loss and improve 
insulin sensitivity in horses in the short term (Frank et al. 2005). 

The earlier the EMS disease is diagnosed, the lower the economic loss can 
be. However, in interviews with veterinary specialists, it was reported that the total 
cost of diagnosis and treatment in Turkey is approximately $123.56/horse (min:83-
max:178), including an average of $48.80/horse for the diagnosis of the disease and 
$65.25/horse for hoof care and medication costs per horse in cases of EMS laminitis. 
However, it can be said that this cost is even higher when additional maintenance 
costs and economic loss due to poor performance are taken into account. 

1.2 Laminitis (Pododermatitis aseptica diffusa-Furbür) 

Laminitis is a musculoskeletal disease that causes inflammation, degeneration, and 
necrosis of the dermal and epidermal laminae of the nail wall (Hunt 1993; Linford 
2002). Laminitis is a local manifestation of a general metabolic disorder, such as 
digestive disorders and diseases causing endotoxemia, and often occurs as a reflec-
tion of diseases that produce gram-negative bacteria (Linford 2002; Stashak 2002). If 
preventive measures are not taken, laminitis is often seen after cases such as colonic 
torsion, enteritis, pleurapneumonia, metritis and excessive grain feed consumption 
(Hunt 1993; Linford 2002). In addition, past hoof trauma, irregular overweight, 
pasture grazing, excessive grain feeding, housing/working on hard surfaces and long 
walks predispose horses to laminitis (de Laat et al. 2019). Furthermore, infectious 
diseases such as pneumonia, metritis, retention of plecenta, kidney diseases, castra-
tion, Cushing’s (hyperadrenocortism), hypothyroidism, intensive use of glucocorti-
coid type drugs and irregularities in the immune system can also cause laminitis 
(Stashak 2002). In addition, it has been reported that horses that have had laminitis 
are more likely to get laminitis again than other horses (Linford 2002; Stashak 2002; 
Johnson et al. 2004).
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Fig. 2 Position of the 
forefoot in laminitis 

Fever in the hoof, increased pulse rate in the foot arteries, pain in the feet, 
reluctance to move and deterioration in the general condition of the animal help in 
the diagnosis of the disease. Although laminitis can be confused with tetanus, 
azoturia, gastric/bladder rupture, and colic, it is differentiated from these diseases 
by local pain on palpation of the feet (Linford 2002; Stashak 2002). Clinically, the 
pulsation of the arteries in the leg is high. Serum infiltration occurs between the nail 
and the soft layer. In the later stages, lamina enlargement and separation may be 
observed (Auer 2006). In general, the anterior legs are more severely affected than 
the posterior legs (Fig. 2). In cases where all hooves are affected, the horse is 
reluctant to walk and tends to lie down (Auer 2006; Sundra et al. 2022). It can be 
acute or chronic depending on the diet (de Laat et al. 2019). 

The important thing in the treatment is to regulate the ration and then medical 
treatment, soft litter and hoof treatment should be applied (Auer 2006; Parsons et al. 
2007). Ration energy and carbohydrate levels should be adjusted according to the 
horse’s age and lifestyle. Hoof treatment should be corrected by cutting and filing 
according to the anatomical shape and appropriate shoeing should be done. The aim 
here is to reduce the pressure on the damaged lamellae by minimizing the tensile 
forces that cause rotation of the distal phalanx (Harris et al. 2006; Auer 2006). 

Laminitis is one of the leading diseases that cause significant economic loss as 
well as pain and welfare loss in horses. In a study conducted to determine the 
economic loss caused by laminitis, it was reported that the total loss ranged between 
$678 million and $1 billion and that 66% of this value was due to loss of use of 
horses, 29% to veterinary services, medication, and additional care costs, and 5% to 
deaths of horses (Seitzinger et al. 2000). 

In a study conducted in the USA, it was reported that 13% of equine facilities had 
one or more horses affected by laminitis annually (Kane et al. 2000). Eades et al.



(2002) reported that the cost of diagnosis and treatment for laminitis is approxi-
mately $eight million per year and if 75% of horses affected by this disease are 
euthanized, the loss of these horses is $five million per year. 
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1.3 Paralytic Myoglobinuria/Azoturia 

Paralytic myoglobinuria (PM) in horses is a metabolic muscle disease observed in 
horses of all age groups that are suddenly exercised after feeding with feeds high in 
carbohydrates, ration, and rest (Baran and Alkan 2014). PM is also known as 
azoturia and Monday’s disease because it is expressed in different ways 
physiopathologically. This is due to the fact that the disease cannot be explained 
by a single physiopathological event (Demirtaş et al. 2019). 

Excessive carbohydrate consumption, local hypoxia, metabolic changes, repro-
duction, electrolyte imbalance, vitamin E and selenium deficiency are the main 
etiological causes of the disease (Bilal 2003). PM causes destruction especially in 
type II muscle fibers (Başoğlu and Sevinç 2004). In muscles, glucose is stored as 
glycogen and glycogen is first aerobically and then anaerobically broken down as a 
result of exercise. Pyruvates released as a result of anaerobic breakdown of glucose 
cannot enter the aerobic breakdown cycle due to lack of oxygen and are reduced to 
pyruvic acid, causing excessive production of lactic acid. Lactic acid causes necrosis 
in muscle cells and myoglobinemia occurs when myoglobin enters the blood (Baran 
and Alkan 2014). Myoglobinuria also occurs when myoglobin is excreted from the 
body through urine. Increased creatine kinase (CK) and aspartate aminotransferase 
(AST) enzyme levels have been reported in clinically healthy horses after racing and 
exercise (Nollet and Deprez 2005). It has been reported that muscle injuries com-
monly occur following repetitive exercise and subclinical muscle injuries are the 
primary underlying cause of the disease (Bilal 2003). 

Moderate PM can be confused with laminitis. However, the typical animal does 
not want to move even if it is forced or takes small steps. Sick animals are completely 
immobilized and lie down (Demirtaş et al. 2019). Pain and stiffness are felt on 
palpation of the affected muscles (Harris and Rivero 2017). It shows visible clinical 
signs such as intense sweating, stiffness in muscles, increased respiration and pulse 
rate, and pain (EL-Deeb and El-Bahr 2014). Urine is dark brown in color and is 
characteristic for this disease. The muscle groups most affected by PM are those with 
large volumes such as m. semitendinosus and m. semimembranaceus. Although 
clinical symptoms vary according to the intensity of exercise, they are much more 
severe in the acute period. The occurrence of musculoskeletal disorders as a result of 
intense exercise is considered important anamnestic information. A match between 
anamnesis and clinical symptoms is sufficient to suspect the disease (Demirtaş et al. 
2019). 

Treatment of paralytic myoglobinuria may vary according to the degree of 
clinical signs (Başoğlu and Sevinç 2004). The first task is to rest the horse and the 
animals should not be allowed to work or walk. Sodium bicarbonate should be given 
I.V. and orally as soon as possible to eliminate the acidosis that occurs in horses with



PM. Vitamins B1, E, selenium, and calcium gluconate can be given. In addition, the 
animal should be relieved with cortisone or tranquilizer injections. Dimethylglycine 
(DMG), Methylsulfonylmethane (MSM), Acepromazine can be used to prevent 
paralytic myoglobinuria (Bilal 2003). In addition, reducing the carbohydrate ratio 
in the ration is an important prophylactic measure in horses with PM. Feeding rations 
with high protein levels instead of a carbohydrate-rich ration reduces the risk of 
developing PM disease. This is because muscle atrophy and cachexia are caused by 
decreased utilization of amino acids, which are necessary for muscle energy. For this 
reason, high protein level helps to maintain and recycle muscle volume in horses 
with PM (Bilal 2003; Başoğlu and Sevinç 2004). 
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Paralytic myoglobinuria is a metabolic disease caused by malnutrition and the 
economic loss varies according to the severity of the disease. In line with the 
interviews with specialized veterinarians, it was reported that the average cost of 
veterinary services for the diagnosis and treatment of the disease in Turkey is 
$38.77/horse, and the cost of serum, vitamin, and mineral injections and cortisone 
treatment is $46.45/horse, for a total of $85.22/horse. However, other costs related to 
the disease (additional maintenance costs and loss of performance) were not taken 
into account. 

1.4 Colic 

Colic is a common problem in equine clinics (Onmaz and Van Den Hoven 2012) and 
its incidence in a normal population ranges from 10% to 36% each year (Uhlinger 
1990; Tinker et al. 1997). In another study, it was reported that 10 out of every 
100 horses followed up within a year showed signs of colic (Tinker et al. 1997). 
Equine colic is a term used to describe pain of abdominal origin (Abutarbush et al. 
2005; Curtis et al. 2019; Dybkjær et al. 2022) and is reported as the leading cause of 
death in horses (Egenvall et al. 2006; Scantlebury et al. 2011). 

Colic in horses can be categorized as gastrointestinal and non-gastrointestinal 
(Hillyer et al. 2002; Onmaz and Van Den Hoven 2012). Non-gastrointestinal pain 
cases usually originate from the kidney, biliary tract, uterus, nervous system, and 
urinary system (Hillyer et al. 2002; Kızıl 2007). Gastrointestinal pain cases originate 
from gastrointestinal problems and are characterized by gastrointestinal ulcer, peri-
toneal pain, ischemia, and mesenteric ischemia (Onmaz and Van Den Hoven 2012). 

The symptoms vary according to the cause and severity of the pain. Very few 
horses exhibit all symptoms at once. Although there are many different causes of 
pain, it is stated that the real cause is motility disorder in the gastrointestinal system 
(Onmaz and Van Den Hoven 2012). Horses are sensitive to pain due to the 
anatomical structure of the gastrointestinal system (Kızıl 2007). Poor care 
conditions, abdominal operations, climatic conditions, sudden environmental 
changes, malnutrition, excessive physical activity, bacterial, viral, or parasitic 
infections create predisposition for labor (Onmaz and Van Den Hoven 2012). In 
addition, it has been reported that horses younger than 2 years of age and older than



10 years of age have a low risk of developing labor, but this risk is higher in middle-
aged horses (Tinker et al. 1997). 
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It is stated that anamnesis, physical examinations, rectal examination, 
abdominocentesis (punctate examination), abdominal chirurgy, blood examinations, 
biochemical analyses, ultrasonography-radiography, and fecal examination findings 
should be taken into consideration in order to make a definitive diagnosis and 
effective treatment in a horse with pain (Furr et al. 1995). In mild pain, animals 
are observed to dig the ground with their forelimbs, sweating, restlessness, fre-
quently looking at the abdomen and keeping their hind legs tense in the lying 
position (Singer and Smith 2002; Onmaz and Van Den Hoven 2012). In cases of 
severe pain, the clinical picture is characterized by abdominal distension, muscle 
tremors or straining, severe sweating, dog sitting, hypothermia or hyperthermia, 
increased heart and respiratory frequency, decreased or absent bowel sounds 
(Reeves et al. 1996; Singer and Smith 2002). 

The treatment of pain is done in two categories: medical and surgical treatment. 
Although it has been reported that as high as 93% of labor pain cases can be 
managed without the need for surgical intervention (Proudman 1992), it is reported 
that medication or surgery should be decided as early as possible (Van der Linden 
et al. 2003). If the pain is caused by intestinal compression, parasites, or inflamma-
tion, medical treatment is usually applied, while surgical intervention is required in 
cases of obstruction or torsion. Some pain conditions that cannot be corrected with 
medical treatment require surgical intervention. Surgical interventions are some-
times applied to remove gastrointestinal or secum contents and gas in the stomach 
and intestines, and sometimes in cases of intestinal obstruction and displacement 
(Colic 2008; Onmaz and Van Den Hoven 2012). 

In the treatment of pain, pain relief is the first priority. Metamizole 50% 
(Novalgin®) can be used to relieve pain (Huskamp et al. 1999). Wintzer (1999) 
reported that Atropine can be administered at a dose of 0.02–0.1 g S.C. in intestinal 
transit disorders (Obstipatio caeci). Besides, Keller (1978) reported that 
butylscopolamine-metamizole combination (Busc. comp.®) should be used at a 
dose of 20–25 ml/500 kg body weight (VA) in all cases of labor. Among the 
non-steroidal anti-inflammatory drugs (NSAIDs), flunixin-meglumine (Finadyne®) 
is one of the most commonly used drugs in labor (Johnson 2003). In addition to these 
parenteral applications in the treatment of labor, laxative salts such as sodium sulfate 
(50 g sodium sulfate/1 L water) and mineral oils such as paraffin liquid (2–3 L) can 
be given orally through a nasal catheter. It is also important to administer 40–80 L of 
solutions such as Ringerlactate or Ringeracetate every 24 hours as supportive fluid 
therapy in cases of obstruction (Wintzer 1999). 

Colic, which is one of the most common diseases in horse breeding, is one of the 
most common diseases that cause both horse loss and economic loss among equine 
diseases. In a study conducted in Turkey, the average incidence rate of colic cases 
was reported as 16.36%. In the study, it was determined that the average veterinarian 
and medication cost of colic cases for a horse was $215.60/horse, while the eutha-
nasia application rate in colicky animals was 11.80% and the euthanasia cost was 
approximately $212/horse per animal.
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In the interviews with veterinarians, it was also stated that surgical intervention is 
generally not preferred by horse owners due to the low recovery rate in the treatment 
of colicky horses, the occurrence of significant complications after the operation and 
the high cost of the operation (min: $ 620; max: $ 4500). As a matter of fact, it was 
reported that the rate of recurrence of colic within one year after treatment was 
48.2% and the rate of development of laminitis after colic was 11.9%. For this 
reason, depending on the severity of colic horses, the value of horses decreases due 
to the difficulty of returning to its former state after treatment and/or operation. In 
this context, it can be said that the loss will increase even more when the loss of 
performance value is taken into account when calculating the economic loss due to 
colic. 

In another study, it was reported that the cost of veterinary services, medication, 
and additional care in colic cases was $35 million (30%), the loss due to death was 
$115 million (66%), and the loss of utilization was $four million (4%) (Seitzinger 
et al. 2000). 

As a result, due to the high economic return in the equine sector and the high 
economic value of horses used in every field of equestrian sports, it is necessary to 
establish a mechanism for disease prevention and control before the disease occurs. 
Because in addition to the productivity and performance losses that may occur due to 
a disease that may occur in horses used in races, high treatment costs, time and labor 
costs, and deaths can cause high costs to the business and the sector. In this context, 
feeding horses with appropriate rations under the control of a veterinarian is one of 
the most important measures against diseases. 
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Feed Additives in Rabbit Nutrition 
to Ensure Sustainability 

Takwa Belhassen 

Abstract 

Consumers nowadays are interested in natural, healthy foods made from animals, 
and they often even want to pay more for them. Also, the European Union’s 
restriction on the non-therapeutic use of antibiotic growth promoters in animal 
nutrition has stoked interest in using natural alternatives as dietary components in 
animal nutrition. This ban is intended to limit the development of antibiotic-
resistant bacteria. The discovery of antibiotic substitutes to preserve or enhance 
animal health and performance has been the subject of much investigations. 
Prebiotics, probiotics, organic acids, bacteriocins, and phytobiotics are examples 
of natural feed additives that can meet these needs and fulfill the growing demand 
for natural products among customers. The most researched and advanced 
compounds that are often employed as dietary antibiotic alternatives in rabbit 
nutrition are the topic of this chapter. 

Keywords 
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1 Introduction 

The weaning period is one of the most crucial times in rabbit breeding since the kits 
are under a lot of stress from being separated from their mothers and their owns’ 
habitat and milk is substituted with solid feed. Significant changes occur, in fact, in 
the intestine with a progressive installation of a digestive flora. The kit is unable to 
handle this stress well, which causes raised cortisol levels, greater susceptibility to
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illness, and increased digestive disturbances. These latter cause substantial economic 
losses (stunting and mortality) (Dalle Zotte et al. 2016).
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In order to prevent these digestive disturbances, antibiotics have been used in 
animal nutrition. Unfortunately, widespread use of antibiotics over a long period of 
time has increased bacterial drug resistance, raising concerns about food residues 
that might be harmful to human health (Chen et al. 2017). However, the use of 
antibiotics as growth promoters in animal feed has been banned due to the problem 
of antibiotic resistance (European Union Commission 2005). 

To deal with this problem, researchers and feed companies have increased their 
efforts to develop safer and more natural feed additives, improving both the intesti-
nal health and productivity of rabbits in the meantime. Probiotics, prebiotics, 
enzymes, phytobiotics, and organic acids are the different categories of these natural 
additives (Gibson and Roberfroid 1995; Guarner and Schaafsma 1998; García-Ruiz 
et al. 2006; Choct 2006). 

These alternatives benefit the animal’s performance and wellbeing, especially 
since they regulate the intestinal flora, which is crucial for preserving the host’s 
digestive health (Tuohy et al. 2005). A healthy gut microbiota acts as an immune 
system booster and an efficient barrier against infections colonizing the digestive 
tract. 

1.1 Probiotics 

Metchnikoff’s research, which was included in the book “Optimistic Essays,” where 
he hypothesized that consuming live lactic acid bacteria lengthens life by reducing 
the number of bacteria in the digestive system, is where the idea for probiotics 
originated. Probiotics have been defined differently over time based on 
advancements in science and technology, but it is generally accepted that a probiotic 
is a live microbial feed supplement which beneficially affects the host animal by 
improving its intestinal microbial balance (Falcão-e-Cunha et al. 2007). 

In general, probiotic properties are often assessed in vitro by examining their 
antibacterial potential, capacity to stick to the host’s intestinal mucin, and tolerance 
to the gastrointestinal environment. Some probiotic properties manifested in vivo, 
however, are more challenging to assess. Examples include their capacity to promote 
gut immune system development and control intestinal innate immunological and 
inflammatory homeostasis (Mancini and Paci 2021). 

Numerous reviews (Ziermer and Gibson 1998; Ouwehand et al. 1999; Simon 
et al. 2003) have proposed a variety of potential mechanisms of action for probiotics, 
including a decrease in metabolic reactions that produce toxic substances, stimula-
tion of host enzymes, production of vitamins or antimicrobial substances, competi-
tion for adhesion to epithelial cells, an increase in resistance to colonization, and 
stimulation of the host immune system (Fig. 1). Several probiotics have been utilized 
to assist the digestive system in rabbits, increase feed conversion and digestibility, 
and enhance animal health. The effects of several probiotic microorganisms in 
rabbit’s performances and health are summarized in Table 1.
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Fig. 1 Modes of action of probiotics. (A) Competitive exclusion of pathogenic microorganisms. 
(B) Production of antimicrobial substances. (C) Increased adhesion to the intestinal mucosa and 
improvement of the epithelial barrier. (D) Stimulation of the immune system (Silvaa et al. 2020) 

Probiotics may contribute to the weight increase of rabbits as well as the animals’ 
ability to digest the nutrients in their feed and successfully convert them to body 
mass. The results of the various studies on the effects of probiotics on reproductive 
and growth performances in rabbits show that the responses to probiotics probably 
depend on the nature of the probiotic (the strain, the dose, and means of administra-
tion), the individual animal (breeds, sex, ages), type of basal diets, and the environ-
mental conditions (rearing climate). 

1.2 Prebiotics 

A prebiotic is described as a selectively fermented food component that modifies the 
gastrointestinal microbiota’s composition and/or activity in a specific way to pro-
mote the health of the host (Fig. 2) (Ducatelle et al. 2015). 

Prebiotics can be produced via transglycosylation processes, partial acid or 
enzymatic hydrolysis of polysaccharides, or direct extraction from natural sources 
(plants, yeasts, milk) (Oku 1996). Fructo-oligosaccharides (FOS), galacto-
oligosaccharides (GOS), trans-galacto-oligosaccharides (TOS), mannan-
oligosaccharides (MOS), and xilo-oligosaccharides are now the primary commercial 
oligosaccharides (XOS). 

Oligosaccharides are intended to selectively activate the beneficial 
microorganisms already present in the gut, whereas probiotics are intended to 
introduce beneficial microbes there. In comparison with probiotics, they offer two 
distinct advantages: one technological, as there are no significant issues with the 
thermal processing of the feed and the acid conditions of the stomach, and one
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Table 1 Effect of some probiotics in rabbit’s performances 

Strain Dose Results Trial 

Bacillus subtilis (200 and 400) g/t 
feed

• A significant improvement in 
percentage of dressed carcass, 
mid and hind parts was recorded 
for rabbits fed a diet containing 
400 g probiotic/t feed
• A significant improvement in 

cell-mediated immunity for 
rabbits fed probiotic
• Final weight and body 

weight gain were not 
significantly affected by dietary 
probiotic levels 

Fathi et al. 
(2017) 

AmPhi-Bacta (150, 300, 450) 
mg/kg diet

• Positive effect on FCR and a 
higher digestibility of crude 
protein.
• An increased weight gain in 

the final part of the trial in the 
rabbits fed with higher 
concentrations of probiotics
• A negative effect on the 

carcass yield percentage 

Abdel-
Wareth 
et al. 
(2021) 

Dry live yeast (RUMI 
YEAST 
Saccharomyces 
cerevisiae Sc 
47-NeoviaFrance) 

0.5, 1.0, 1.5, and 
2.0%

• Any statistical differences to 
the control in the FCR and 
digestibility coefficient 

Tag El Din 
(2019) 

Saccharomyces 
cerevisiae 

0.12 g/kg diet • A lack of variations in FCR, 
final body weight, and average 
daily weight gain 

Emmanuel 
et al. 
(2019) 

Saccharomyces 
cerevisiae 
(Actisaf Sc 
47, S.I. LESAFFRE, 
France) 

1 g/kg of feed • The fertility rate of rabbits 
does and the viability rate of kits 
at birth have significantly 
improved 

Belhassen 
et al. 
(2016) 

Enterococcus 
faecium EF9a 
bacteriocin-
producing strain 

Ringer solution 
with Enterococcus 
faecium EF9a 1.0 
x109 

CFU/mL, in a dose 
500 μL/animal/day 
into drinking water

• A significant decrease in the 
coliforms, coagulase-positive 
staphylococci, pseudomonads, 
and coagulase-negative 
staphylococci in the rabbit feces.
• An antimicrobial effects in 

the cecum against coliforms, 
coagulase-negative 
staphylococci and 
pseudomonads.
• Any modification in jejunal 

morphometry or morphological 
parameters in the ileum 

Pogány 
Simonová 
et al. 
(2020)



safety-related, as they do not introduce alien microbial species into the gut. If 
encouraged, beneficial microorganisms will be better able to compete with harmful 
ones (Falcão-e-Cunha et al. 2007). The majority of published investigations on the 
subject of prebiotics’ mechanisms of action have been conducted on laboratory 
animals and in vitro. Improvements in daily weight gain, (FCR), and/or health status 
have all been seen in farm animals; however, the benefits have been shown to differ 
depending on the oligosaccharide and the usage circumstances.
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Table 1 (continued)

Strain Dose Results Trial 

Lactobacillus 
plantarum 

Lactobacillus 
plantarum 1x _106 

CFU/g 
(0.25 and 0.5) g/kg 
of feed

• No significant effect of 
probiotics on total protein, 
immunoglobulins, and IgG.
• An improvement in goblet 

cells and crypts in the base of the 
tissue or surface and production 
of mucus. 

El-Shafei 
et al. 
(2019) 

a American Pharmaceutical Innovations Company®, containing a mix of lactic acid bacteria culture, 
Lactobacillus acidophilus, Lactobacillus plantarum, Bifidobacterium bifidum, Bacillus subtilis 
fermentation extract, and Aspergillus niger fermentation extract 

Fig. 2 Effect of prebiotics on the innate immune response and health of the host (Pujari and 
Banerjee 2021) 

Prebiotics have already been studied in rabbits. Most recent research has focused 
on their impacts on gut morphology. The majority of papers published so far address 
their effects on cecal microbiota and/or production performances. Abdel-Aziz et al. 
(2022) found that fructooligosaccharide supplementation enhanced growth and 
carcass traits by improving the hematobiochemical parameters and antioxidant status 
and reducing cecal pathogenic bacteria in two rabbit breeds. Moreover, the inclusion 
of Inmunair17.5® (Propionibacterium acnes and coli lipopolysaccharides) as a



prebiotic to the water consumed by NZW fattening rabbits improved body weight 
(BW) at marketing, body weight gain (BWG), and FCR (Mousa et al. 2018). In 
addition, Iser et al. (2016) indicate that Agave fourcroydes powder, as a prebiotic 
supplement, had beneficial effects on increasing the growth performance and serum 
concentration of IgG, as well as improving the gut morphology without affecting the 
hematology parameters in broiler rabbits. On the contrary, Lebas (1996) did not get 
any effect on growth rate and FCR, whereas Gidenne (1995) got a significant 
negative effect of GOS on morbidity and mortality. 
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It should not be overlooked that rabbit diets naturally contain a variety of fibrous 
feedstuffs, some of which contain large levels of oligosaccharides. Choosing the 
feedstuffs having the most desired oligosaccharides at each stage of the rabbit’s life 
would be a potential substitute for commercial prebiotics. 

1.3 Phytobiotics 

Research on plant extracts, essential oils (EO), and by-products of plant origin as 
alternatives to synthetic vitamins in livestock nutrition is on the rise in the recent 
decades due to a growing interest in natural plant feed additives (PFA) for their 
potential benefits on animal health and productivity (Ognik et al. 2016). Phytobiotics 
are renowned for their biological properties, including their antibacterial, antifungal, 
antioxidant, anti-inflammatory, and antiviral effects. These properties are exhibited 
by many plant components like alkaloids, terpenes, flavonoids, and glucosinolates 
(Fig. 3) (Koné et al. 2018). 

However, each plant has a unique combination of these phytochemicals, and 
therefore their biological effects are expected to be different. Regardless of the field 
of application, factors linked to plant species, growth circumstances, harvest time, 
and plant chemotype affect the bioactivity of phytobiotics (Figueiredo et al. 2008). 
Phytobiotics’s biological activities result in better production in poultry, pigs, 
ruminant and aquaculture animals as well as feed palatability, digestive processes, 
and intestinal microbiota structure. 

In fact, phytobiotics have a variety of uses in animal production, including 
sensory phytogenic additives, technological additives to improve feed quality and 
safety, and additives promoting animal health and welfare by acting as 
immunomodulators, antioxidants, digestive stimulants, and substances that can 
improve the performance and quality of animal products (Karásková et al. 2015). 

In rabbits, phytobiotics has been shown to significantly affect an animal’s feed 
intake, growth, and productivity in several investigations. Effects of plant extracts 
may result from improved feed consumption, which boosts growth. In addition, 
Cardinali et al. (2015) reported that the BW and ADG of rabbits were increased by 
an average of 2.87 and 5.1%, respectively, after 50 days of dietary supplementation 
with oregano extract (OE, at 2.0% of the diet) or oregano (Origanum vulgare) and 
rosemary extract (Rosmarinus officinalis), both at a concentration of 0.1%. The 
findings imply that OO supplementation may be more beneficial than VitE for 
enhancing growth and several indices of productive performance. Thymol and



carvacrol (polyphenols) are the primary components of OO, while p- cymene and 
γ-terpinene, their predecessors, are the two most common monoterpenes. The ability 
of polyphenols to exert antioxidant effects within the gastrointestinal tract, where 
they come into direct contact with the cells without being absorbed and metabolized 
(Surai et al. 2004) with a potential protective action on the gut mucosal cell 
membranes, could be the explanation for these findings. In other study, Abou-
Kassema et al. (2021) discovered that adding different levels of a herbal mixture 
(30%, 0.50% and 0.70%) to the diet of growing NZW rabbits had a significant 
impact on their growth and carcass traits as well as a favorable impact on the 
population of lactic acid bacteria and a decrease in the number of pathogenic 
microorganisms. 
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Fig. 3 The most important biological activities of phytobiotics (Hemmami et al. 2023) 

It has been demonstrated that a number of phytobiotics have an impact on the 
metabolic and hematological parameters, as well as the health, fertility, and oxida-
tive state in rabbits. Hashem et al. (2017) reported that 150 or 300 mg propolis/kg 
and 150 or 300 mg/kg moringa roots added to the diet of rabbits for five weeks did 
not affect hematological parameters which were in the physiological ranges and 
were comparable to those in the control animals. On the other hand, they observed 
that adding propolis and moringa roots to one’s diet enhanced the blood reducing



capacity (TAC). Nevertheless, these improvements in TAC were accompanied by 
significantly smaller decreases in LDL and MDA (lipid peroxidation indicator). 
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1.4 Enzymes 

Despite the fact that enzymes have been utilized as feed additives for more than 
50 years, their use has only significantly increased in the last 10 years (Tuoying 
2005). Enzymes are considered as a natural alternative to some growth promoters as 
hormones and antibiotics. They increase animal production by enhancing their 
endogenous enzymes’ activity (Cachaldora et al. 2010). In fact, exogenous enzymes 
such as cellulases, α-amylases, β-glucanases, and β-xylanases are utilized in the 
process of polysaccharides prehydrolyzation. The majority of enzymatic extracts 
used in industry come from filamentous fungus and bacteria (Mounsey 2006). 

Recent years have seen an increase in the use of enzymes in non-ruminant animal 
diets, notably poultry (Campbell and Bedford 1992). The digestibility of starch and 
non-starch polysaccharides in cereals is one of the most recent advancements in this 
field. Exogenous enzyme supplements have a strong body of research behind them. 
These enzymes can increase nutritional absorption, partly hydrolyze non-soluble 
protein (NSP), and lower the viscosity of gastrointestinal contents (Attia et al. 2012). 

Exogenous enzymes have been included into rabbit diets in several studies to 
increase the availability of nutrients; however in majority of these experiments, the 
rabbits showed less responsiveness, and different impacts were seen on their perfor-
mance. García-Ruiz et al. (2006) who tested supplementation of protease and 
xylanase in 35-day-old rabbits for 5 weeks reported a positive effect on ileal apparent 
digestibility and fattening mortality, whereas growth traits were unaffected. Simi-
larly, Eiben et al. (2004) found that the use of cellulase improved the FCR and 
mortality of rabbits weaned at 23 days of age, but had no effect on ADG. Likewise, 
Oloruntola (2018) recorded a significantly higher total BW and total WG in rabbits 
fed 0.35 g/kg of multi-enzyme. 

1.5 Organic Acids 

Organic acids have a long history in the food and feed sectors, where they are 
frequently used as preservatives due to their antifungal action. All organic carboxylic 
acids with the generic structural formula R-COOH are regarded as organic acids 
(including fatty acids and amino acids) (Papatsiros and Christodoulopoulos 2011). 
Organic acids such as lactic, citric, formic, and fumaric and their salts are routinely 
included in diets for animals in order to replace antibiotics as growth promoters. 
When added to non-ruminant diets, organic acids have been shown to enhance 
growth performance (such as enhanced palatability, feed efficiency, mineral absorp-
tion, and phytate-P utilization), to reduce the incidence of diarrhea, feed costs and 
time to market, subsequently, it enhances economic return (Liu et al. 2018). Recent



studies have highlighted additional advantages of organic acids that might result 
from an immediate stimulation of gastrointestinal mucosa growth. 
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Table 2 Some results of trials with organic acids in rabbits 

Trial Organic acids Results 

Abdel-Kader 
and Emam 
(2020) 

0.5 and 0.25% citric 
acid 
0.5 and 0.25% lactic 
acid

• Any significant differences for the carcass 
characteristics and blood parameters

• Great effect on the growth characteristics and 
feeding efficiency 

Sherif (2018) Organic acids mixture 
(Fordex)a (1.0 g/kg)

• Positive effects on live body weight, daily 
weight gain, and feed conversion of growing 
rabbits

• No significant effects on blood parameters or 
carcass traits 

Romero et al. 
(2011) 

0.4% and 0.2% formic 
and citric acids

• Improvements in weight gain in the 56–77 
period

• A trophic effect on the jejunal mucosa at 56 d 

Dorra et al. 
(2013) 

0.4% formic and 
propionic acids

• No positive effects on either growth 
performance or economic efficiency of rabbit 
production 

a propionic acid (99.5%) 192.50 g; formic acid (99.5%) 92.35 g; ammonium propionate (99%) 
9.30 g; ammonium formate (99%) 55.70 g; ascorbic acid (98%) 80 g; silicon dioxide 50 g and 
calcium carbonate up to 1 kg 

The most prominent mechanisms through which dietary organic acids may 
produce beneficial effects on health status and growth performance are the follow-
ing: reduction of gastric pH, increase of proteolytic enzymes activity, reduced 
survival of pathogens through the stomach, balancing the microbial population, 
stimulating the activity of digestive enzymes, depolarization of the bacterial mem-
brane and promotion of beneficial bacterial growth (Diebold and Eidelsburger 2006; 
Tung and Pettigrew 2006). 

Young rabbit’s small intestine mucosa represents an important region of defense 
against antigenic aggressions and plays a significant function in the digestion and 
absorption of nutrients (Gallois et al. 2005). The use of organic acids seems 
intriguing, despite the fact that there are few and sometimes contradicting scientific 
studies on how they affect rabbit microbiota populations, mucosal immunity, and 
growth performance (Falcão-e-Cunha et al. 2007). Table 2 shows the effect of 
several organic acids on rabbit performance. Considerable variations in the results 
of their response due to possible dietary and other factors such as: inclusion rate and 
dose of supplemented acids, intrinsic acid activity, hygiene and welfare standards, 
age of animals, type/composition of diets and their acid–base or buffering capacity 
and feed palatability.
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2 Conclusion 

According to some research, alternatives to antibiotics, previously mentioned, can 
play a variety of functions in rabbit farming, from biological control against patho-
genic bacteria to growth promoters, or active substances to boost the amount and 
quality of the finished product. The ability of these alternatives to interact with the 
host and with all the microbiota present in the various regions or organs of the GIT, 
altering the overall production process, is often attributed to the favorable benefits 
observed in rabbits fed the experimental diets. The study of the many research papers 
reveals that feed additives have various mechanisms of action and that a wide range 
of factors might affect the responses. This kind of research is particularly crucial for 
minimizing the therapeutic use of antibiotics by preventing disease in animals 
through diet. 

It is important to pay attention to the proper dosage, feed additives activity, and 
timing of administration. By boosting digestive efficiency, directly improving nutri-
ent digestibility, and activating immunological mechanisms, the composition of the 
microbiota may be optimized to maximize production profitability. In order to 
ensure that these alternatives to antibiotics will reach the target site of action in 
large numbers, future research must also concentrate on the administration methods 
(microencapsulation, cell immobilization, and continuous fermentation). 
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Modern Applications in the Determination 
of Food and Feed Additives 

Christos Papaneophytou 

Abstract 

The constant growth of the human population has led to increasing demand for 
food of animal and plant origin. Additionally, consumers demand foods of animal 
origin with high safety standards and quality obtained via animal-friendly and 
environmental practices. To this end, food industries have employed various 
natural food- and feed-additives to increase the quality of foods and improve 
the health of animals, respectively. Food additives are added to food to improve 
eating quality, preserve flavor, enhance its texture and appearance, or for other 
technological functions, for example, to facilitate industrial processing and 
improve its organoleptic properties. However, using chemical compounds as 
food additives and preservatives is a sensitive issue because of health concerns. 
Moreover, feed additives have been used in animal agriculture to improve animal 
health and welfare. In previous years, medicinal products, including antibiotics, 
have been widely used as feed additives to prevent and/or treat infectious diseases 
and as growth promoters. However, the overuse of antibiotics resulted in the 
development of drug-resistant bacteria, posing a threat to consumers’ health and 
negatively affecting the environment. Therefore, using both food and 
feed additives requires safety policies and regulations because some compounds 
have been implicated in the development of diseases, making regulation and 
control vital for food safety and public health. Agriculture and food industries 
must follow national and international quality standards that establish the 
conditions under which food and feed additives may be used. Therefore, 
industries and authorities must monitor the safety of food- and feed-additives 
while their use must be closely controlled. This chapter discusses the most current
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analytical methods used in detecting and quantifying food and feed additives, as 
well as their advantages and disadvantages.
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1 Introduction 

It is estimated that by 2050 the world’s population will exceed 9 billion (Markowiak 
and Śliżewska 2018). The increase in human population has created a demand to 
provide more animal- and plant-origin food. At the same time, it has also enhanced 
food production, which must be cheaper and meet high-quality standards (Carocho 
et al. 2014). Moreover, globally, consumers increasingly demand animal products 
with high nutritional value, safety standards, and sensory quality, which must be 
obtained using environmental- and animal-friendly methods (Minchin et al. 2010; 
Prache et al. 2020). In addition to the increase in the human population, lifestyle 
changes promoted significant modifications in the composition of foods (Martins 
et al. 2019). Thus, food scientists are looking for solutions to allow food production 
intensification, reduction of production costs, and compliance with high standards of 
safety and quality and for both people and the environment (Markowiak and 
Śliżewska 2018). To this end, a variety of natural and synthetic food additives 
(i.e., natural or synthetic chemicals added to food) have been employed to preserve 
flavor, improve the quality or appearance of a food, improve eating characteristics or 
appeal to the consumer, or for other technological functions(Martins et al. 2019). 

Today, humanity depends on food additives. The term food additive (additional 
substance) means “any substance the intended use of which results or may 
reasonably be expected to result, directly or indirectly, in its becoming a component 
or otherwise affecting the characteristics of any food” (Hoadley 2011). Overall, 
more than 2500 permitted compounds are used as food additives worldwide to 
maintain specific properties, including taste, smell, and texture, and/or to extend 
the shelf-life of the food [see Partridge et al. (2019) and references cited therein]. A 
food additive may be a natural product, e.g., beeswax, a chemical identical to one 
found in nature, e.g., citric acid, or an entirely new compound, e.g., saccharin 
(Emerton and Choi 2008). In the European Union (EU), all food additives are 
labeled with the letter “E” (i.e., Europe) and a specific number (e.g., E901 stands 
for beeswax). The “E” nomenclature was extended to the Codex Alimentarius 
Commission to identify food additives worldwide quickly (https://www. 
foodchemicalscodex.org/). In the EU, food additives are divided into 26 functional 
groups, depending on their function in food (Wiley and Yen Nee 2020): 
Preservatives, sweeteners, colorants, antioxidants, carriers, acidity regulators, 
acids, anticaking agents, antifoaming agents, flavor enhancers, bulking agents, 
emulsifiers, emulsifying salts, firming agents, foaming agents, gelling agents, glaz-
ing agents, humectants, modified starches, packaging gases, fuels, raising agents,

https://www.foodchemicalscodex.org/
https://www.foodchemicalscodex.org/


sequestrants, stabilizers, thickeners, and flour treatment agents. More than 3000 food 
additives are used in the United States (US), which are distributed into six groups: 
Preservatives, nutritional additives, coloring agents, flavoring agents, texturizing 
agents, and miscellaneous agents [reviewed in Carocho et al. (2014)]. A list of the 
chemical additives used in food industries based on their function purposes is 
available at https://food.ec.europa.eu/safety/food-improvement-agents/additives/ 
database_en. The US Food and Drug Administration (FDA) has also developed a 
food and color additives database, which is available at https://www.fda.gov/food/ 
food-ingredients-packaging/food-additive-listings. The use of food additives must 
be in compliance with the i) specific legislation of each country and ii) food safety 
policy proposed by the Codex Alimentarius (https://www.fao.org/gsfaonline/docs/ 
CXS_192e.pdf). However, several additives were banned throughout the years, 
some at a global level and others in specific countries (Carocho et al. 2014). For 
example, potassium bromate (E924) is widely used as a flour improver in the US, but 
its use has been banned in the EU. 
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The increase in the human population has led to the rise of animal agriculture due 
to a higher demand for animal-derived products (such as milk, eggs, and meat) 
(Bradford 1999; Vranken et al. 2014). However, farming seriously affects animal 
health and welfare (Silbergeld 2019) due to chronic stress and infectious and 
inflammatory diseases, which affect animal health and performance (Blokhuis 
et al. 1998). Thus, various feed additives have been employed to improve animal 
performance and well-being. For example, amino acids and vitamins provide essen-
tial nutrients and micro-components (Karau and Grayson 2014). Other additives, 
such as coccidiostats, have been employed to prevent invasive diseases (e.g., 
coccidiosis), and antioxidants are used to reduce the oxidation processes of feed 
components. Furthermore, other additives, such as carotenoids, enhance the dietary 
value and quality of food products of animal origin (e.g., egg yolk coloration) (Rubaj 
et al. 2012). Antibiotics have also been used as feed additives, while the employment 
of synthetic non-steroidal anti-inflammatory drugs and antibiotics is a common 
practice in farms for disease treatment. However, the use of antibiotics in animal 
feed as growth promoters appears to promote the emergence of antibiotic-resistant 
strains (Markowiak and Śliżewska 2018). Moreover, using chemical reagents as 
food and feed additives and preservatives is a sensitive issue because of health 
concerns (Mursalat et al. 2013). In several countries, chemical preservatives and 
food additives are regulated and monitored by various acts, rules, and government 
authorities (Amit et al. 2017). Official feed control is implemented to monitor the fair 
and safe use of feed additives in animal nutrition. Moreover, controlling feed 
production improves the quality and safety of animal products for consumers. 
Food industries must follow both national and international quality standards and 
regulations on how to use food additives, while food safety is warranted by strict 
quality control. Notably, in recent years, intense market pressure has been applied on 
livestock to become clean, green, and ethical (CGE). The CGE approach involves 
the reduction of synthetic drugs, the reduction of the impact of animal industries on 
the environment, and the improvement of animal welfare (Martin and Ferasyi 2016). 
Furthermore, in 2006, the European Union banned the employment of antibiotic

https://food.ec.europa.eu/safety/food-improvement-agents/additives/database_en
https://food.ec.europa.eu/safety/food-improvement-agents/additives/database_en
https://www.fda.gov/food/food-ingredients-packaging/food-additive-listings
https://www.fda.gov/food/food-ingredients-packaging/food-additive-listings
https://www.fao.org/gsfaonline/docs/CXS_192e.pdf
https://www.fao.org/gsfaonline/docs/CXS_192e.pdf


growth promoters in animal nutrition to fight the emergence of antibiotic-resistant 
bacteria (Parliament 2003). 
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To this end, regulatory agencies and industries require rigorous quality control in 
identifying the class and quantities of food and feed additives to avoid any illegal 
additives. This chapter describes the analytical methods routinely employed to 
analyze these compounds. Each technique’s main advantages and disadvantages 
are discussed—perspectives of chemical analysis in the food industry and the 
analysis of additives in animal feed are also provided. 

2 General Concepts on Chemical Analysis of Food and Feed 
Additives 

Food additives should be used with a strict food safety policy because some 
compounds have been implicated in the development of diseases, including diabetes, 
obesity, and metabolic disorders (Martins et al. 2019). Food additives are widely 
used to improve the organoleptic characteristics of food, increase its shelf-life or 
facilitate industrial processing. Additives in the food industry are not used without 
controversy; their use is monitored by specific regulations and controls to maintain 
food safety and public health (Palacios-Jordan et al. 2022). There are various 
methods for determining and quantifying the food additives; the choice depends 
on the nature of the product (i.e., food) and expected levels of the additive(s). 

Likewise, feed additives must be used with strict regulations. Several feed 
additives, such as antibiotics and coccidiostats, have been used in animal agriculture 
to control the colonization of pathogens in animals’ guts. Some organic acids, e.g., 
propionic and formic acids, have been added to broiler birds’ feed to eliminate feed-
borne pathogens from their intestines and inhibit the shedding of these 
microorganisms. However, their administration is essential for livestock health and 
productivity, and the widespread use of these substances represents a risk for 
consumers (Sanz et al. 2015). Recent reports have highlighted the presence of 
drug residues in animal-derived products, such as milk, eggs, and meat (Rana 
et al. 2019). Animal feed and feed additives must follow strict criteria without 
increasing the cost of animal breeding. In the past, medicinal products, including 
antibiotics, had been widely used to modify the dietary microbiota and facilitate 
animal growth and productivity. However, the uncontrolled and overuse of 
antibiotics and other medicinal products led to the development of drug-resistant 
bacterial strains, posing a public health issue worldwide and a negative effect on the 
environment (Markowiak and Śliżewska 2018). Animal feed is an essential part of 
the food supply chain and is vital to the efficient and profitable production of quality 
and safe food (Malomo and Ihegwuagu 2017). Therefore, feed safety is essential to 
food safety, and stakeholders interested in producing safe foods must provide animal 
feeds of high quality. Research evidence highlights the risks associated with con-
suming contaminated feeds. Several epidemics detectable to animal feeds in differ-
ent countries have made the demands for safe feed even more severe (Alkhalaf et al. 
2010).
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Fig. 1 A schematic diagram of the food and feed additives analysis workflow showing the four key 
steps followed and indicating the consideration point(s) (marked with warning signs) during each 
stage. Homogenous food or animal feed samples should be obtained and stored at conditions that 
minimize degradation (step 1). Subsequently, samples undergo a pretreatment step to eliminate the 
factors affecting the downstream applications (step 2). The selection of the method for analyzing 
and quantifying additives in food or feed is based on the number of samples, the available 
instrumentation, and whether the technique has been validated based on specific regulations (step 
3). Various methods are employed to interpret the results (step 4) and quantify food and feed 
additives based on the analytical technique 

Based on the above, food and feed additives should be continuously monitored 
and controlled. Over the past years, several analytical methods have been developed 
to analyze food and feed additives. Regardless of the analytical process and instru-
mentation, determining and quantifying food and feed additives involves common 
steps (Fig. 1), i.e., i) sample collection, ii) pretreatment, iii) analysis, and iv) 
interpretation of the results (Mitra and Brukh 2003). 

These main steps followed during the analysis of food and feed additives are 
discussed further in the following paragraphs. 

Step 1: Sample Collection This step must assure the representativeness of the food/ 
feed sample, and the sampling process depends on the sample size (Nielsen 2014). In 
brief, a sample would be identical to the food/feed from which it has been obtained. 
Importantly, food or feed samples must be collected without contamination and 
handled adequately for the analytical results to be reliable. Samples must be pre-
served to prevent deterioration if the analysis is not carried out immediately. 
Containers must be dry, sterile, and unbreakable. Codex code has also set specific 
guidelines for sample collection (https://www.fao.org/uploads/media/Codex_2004_ 
sampling_CAC_GL_50.pdf). 

Step 2: Pretreatment The pretreatment of samples is usually carried out because 
some substances, such as fats, lipids, oils, proteins, etc., may interfere with down-
stream processes (chemical analysis). Microwave-assisted extraction, which 
enhances the recovery yield of food- or feed-additives and minimizes extraction 
duration and volume of solvents, has been successfully used as a pretreatment step in 
liquid chromatography (LC) and infrared (IR) spectrometric analysis (Nescatelli 
et al. 2017). Other techniques, including centrifugation, simple solvent extraction, 
Soxhlet extraction, supercritical fluid extraction, pressurized-fluid extraction distil-
lation, and more straightforward methods such as mixing, homogenization, and 
dilution, have been used as a pretreatment step in food analysis (Raina-Fulton 
2021). The pretreatment method must be simple, fast, cheap, and environmentally

https://www.fao.org/uploads/media/Codex_2004_sampling_CAC_GL_50.pdf
https://www.fao.org/uploads/media/Codex_2004_sampling_CAC_GL_50.pdf


friendly (Wrolstad et al. 2005). Modern pretreatment techniques have been reviewed 
elsewhere (Buldini et al. 2002; Smith 2003) and will not be discussed in this chapter. 
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Table 1 Frequency of 
analytical methods used in 
the detection of food 
and feed additives 

Method Food additives Feed additives 

Spectrometric 
UV-Visa Moderate Moderate 

IRb Moderate Moderate 

NIRc /MIRd Moderate High 

FTIRe High High 

Raman High High 

NMRf Low/Moderate Low 

Chromatographic 
HPLCg High High 

GCh High High 

Electroanalytic 
Voltammetry Moderate Low 
a UV-Vis Ultraviolet-Visible, b IR Infrared, c NIR Near infrared, d MIR 
Mid-infrared spectroscopy, e FTIR Fourier transform infrared, f NMR 
Nuclear magnetic resonance, g HPLC High-performance liquid chro-
matography, h GC Gas chromatography 

Step 3: Analysis The choice of the analytical technique depends on many factors, 
including the sample’s nature (gas, liquid, solid) expected concentration of the 
additive, the reagents and the equipment available, the number of samples, and 
notably, the presence and levels of substances, that may interfere with the method 
(Martins et al. 2019). Official methods for determining food and feed additives have 
been developed by AOAC International (2019) and Food Chemical Codex (https:// 
www.foodchemicalscodex.org/). 

Overall, an ideal method for the characterization and quantification of additives in 
foods and animal feeds should be characterized by (Martins et al. 2019; Tunick 
2005): 

I. Ease of identification and quantification. 
II. The number of additives that can be determined in a single experiment which is 

a prerequisite for automation and high throughput. 
III. Short analytical time and low cost per analysis. 
IV. Ability to store and retrieve data and results. 

Therefore, it is essential to employ analytical techniques that provide high 
selectivity and sensitivity reliability, speed, and operational security. The methods 
should also be environmentally friendly and cheap (Wrolstad et al. 2005). 

Traditional and modern analytical methods are usually employed to analyze food 
and feed additives. The methods are spectroscopic, chromatographic, and electroan-
alytical (Table 1). Various titrimetric, gravimetric, volumetric, physical, and 
biological methods have also been developed to analyze food and feed additives

http://0.0.7.227
https://www.foodchemicalscodex.org/
https://www.foodchemicalscodex.org/


(Martins et al. 2019; Malomo and Ihegwuagu 2017). However, these methods are 
beyond the scope of this chapter and will not be discussed. The analytical techniques 
routinely used for analyzing food and feed additives are discussed in the following 
paragraphs. 
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Step 4: Interpretation of the Results The raw data in food/feed analysis are 
analyzed and validated using statistical methods to ensure specific legislation’s 
repeatability, reliability, robustness, and adequacy. All analytical techniques should 
be validated, while their performance and detection limits must be determined before 
use. The analytical validation parameters include accuracy, precision, sensitivity, 
quantification limits, and robustness (Wrolstad et al. 2005). Other techniques require 
more sophisticated methods of analysis of results (discussed further below). 

3 Analytical Methods for the Determination of Food 
Additives 

In the following paragraphs, the basic principles of each of the analytical techniques 
employed in food analysis are presented. The advantages and limitations of each 
method are discussed, while some examples where analytical methods are routinely 
used for monitoring food additives are provided. 

3.1 Spectrometric Methods 

Spectrometric techniques offer a rapid and full screenshot of foods’ composition and 
properties by determining specific biomolecules, including organic acids, amino 
acids, minerals, sugars, minerals, polyphenols, volatile compounds, additives, etc. 
(Karabagias 2020). The spectrometric techniques study the interaction of different 
frequency components of electromagnetic radiation (EMR) with matter (Akash and 
Rehman 2020). Thus, spectroscopic methods are widely used to detect food 
additives that absorb or emit light (radiation) in a specific region of the electromag-
netic spectrum. The main spectroscopic methods are based on two fundamental 
concepts, i.e., vibrational and spin-based spectroscopy. The most common spectro-
metric methods used for the analysis of food use ultraviolet (UV), visible (Vis), 
infrared (IR), radio (nuclear magnetic resonance, NMR), and microwave (electron 
spin resonance, ESR) regions of the spectrum (Table 2). Spectrometric techniques, 
including Fourier transform infrared spectroscopy (i.e., mid-infrared; MIR and near-
infrared; NIR) and Raman spectroscopy (Table 2), have also successfully monitored 
food quality (Hassoun et al. 2020). 

Spectroscopic techniques are sensitive, have reasonable precision and accuracy, 
robustness, and a high linear range, and permit automation that decreases the 
analysis time and minimizes systematic errors. Despite their numerous advantages, 
some spectroscopic techniques require skilled labor due to the increased risk 
associated with their operation in the sample preparation steps, have poor selectivity,



Technique It measures Advantages Disadvantages

and require sample preparation steps to minimize the interferences (Lohumi et al. 
2015). 
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Table 2 An overview of the most common techniques used in the analysis of food additives 

Wavelength 
(nm) 

UV-Visa 100–390 
(UV) 
400–750 
(Vis) 

The amount of 
UV or Vis light 
absorbed by a 
sample 

Low-cost, fast, 
suitable for color 
determination 

High background 
noise, requirement 
of standard curves 

NIRb 750–2500 Vibrational 
overtones of 
biochemical bonds 

High sensitivity Low specificity 

MIRc 2500–25,000 Vibrations of 
common functional 
groups 

High sensitivity Water interference 

FTIRd 2500–25,000 Full spectrum High sensitivity, 
fast, and easy 

Expensive 
equipment, water 
interference 

Raman 750–1060 Vibrational 
transitions 

Quantitative 
results 

Low sensitivity 

NMR 
e (MHz) 

Low field: 
10–50 
High field: 
>300 

Nuclei orientation 
into a magnetic 
field 

High accuracy, 
determination of 
precise structures 

Expensive 
equipment 

a UV-Vis Ultraviolet-Visible, b NIR Near infrared, c MIR Mid-infrared spectroscopy, d FTIR Fourier 
transform infrared, e NMR Nuclear magnetic resonance 

3.1.1 UV-Vis Spectroscopy 
UV–Vis spectrophotometry is the most commonly used detection method of food 
additives because of its simplicity, high efficiency, low cost, and good reliability. 
Food industries use UV/Vis spectroscopy (200–800 nm) to determine the chemical 
composition, textural parameters, and quality-related of several food samples, 
including processed foods, dairy products, meat, oils, fresh and processed fruits, 
and vegetables, beverages, wine, spices, and flavors. Using the Beers-Lambert law, 
UV–Vis spectroscopy can give high accuracy and precision (Haque et al. 2021). 
However, UV–Vis spectroscopy’s application in food analysis can be limited due to 
low-concentration target additives in foods and high detection limits. Furthermore, 
using food samples with complex matrices in UV–Vis spectrophotometry is chal-
lenging due to the low concentration of some additives in food samples. Hence, a 
sample preparation step is commonly used before an instrumental analysis to reduce 
interference from the sample matrix and enrich the analyte (Liu et al. 2016). Sample 
preparation for UV–Vis spectroscopy is usually non-destructive, low cost, fast, and 
straightforward (Haque et al. 2021). 

The visual spectrum (400 to 800 nm) facilitates analysis of the samples’ color and 
any changes (see Hassoun et al. 2020) and references cited therein); thus, UV-Vis



spectroscopy is routinely used to monitor color additives in food. In addition to smell 
and taste, color is probably the first parameter determining food quality, affecting 
consumers’ acceptance and selection (Silva et al. 2022). Notably, the choice of 
analytical method depends not only upon whether the color is artificial or natural 
but also on its production method and, thus, on its physicochemical properties 
(Scotter 2015). For example, Altınöz and Toptan (2003) developed a simple UV-
spectrophotometry-based method for determining Indigotin and Ponceau-4R in food 
samples. This straightforward method was accurate, precise, reproducible, and easily 
applicable for analyzing Ponceau-4R, and Indigotin in food samples. Importantly the 
results obtained with the UV method were comparable (p > 0.05) with data from 
HPLC methods. In general, synthetic indigotin dyes, synthetic azo dye, and 
Ponceau-4R are colorants in foods including ice cream, drinks, and sweets. The 
analytical control of these dyes is essential in the food industry because they are 
toxic and have been implicated in cancer development (Altınöz and Toptan 2003). 
UV-VIS spectroscopy has been used to determine other color additives and 
preservatives, as shown in Table 3. 
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Table 3 Example of analysis of food additives using UV-Vis spectroscopy 

Additive Category Sample Reference 

Indigotin & 
Ponceau-4R 

Color Powdered drinks, sweets, and jelly 
beans 

Altınöz and 
Toptan (2003) 

Curcumin Color Ginger and curry powder Liu et al. (2016) 

Carotenoids Color Carrot Lawaetz et al. 
(2016) 

Nitrite Preservatives Meats Noor et al. (2016) 

Nitrate and 
nitrite 

Preservatives Meats, vegetables, dairy products, 
vegetables, fruits 

Bahadoran et al. 
(2016) 

3.1.2 Infrared Spectroscopy 
Infrared (IR) radiation is the region of the electromagnetic spectrum between the 
visible and the microwave wavelengths. IR spectroscopy is one of the most com-
monly used analytic techniques in the food industry to assess food quality. The range 
of wavelengths for near-infrared (NIR) and mid-infrared (MIR) is 750–2500 nm 
(13,400 to 4000 cm- 1 ), 2500–25,000 nm (4000 to 400 cm- 1 ), respectively. 
Gaseous, liquid, or solid samples can absorb IR radiation at specific wavelengths 
resulting in a “fingerprint” or spectrum (Cozzolino 2011). Therefore, several molec-
ular groups absorb IR light at specific wavelengths in an infrared spectrum, with the 
fingerprint region identifying compounds (Davies 2004). NIR spectra of foods 
include broad bands arising from overlapping absorptions corresponding mainly to 
overtones and combinations of vibrational modes involving C–H, O–H, and N–H 
chemical bonds (Huang et al. 2008). This long-standing technique has been 
expanded upon in recent years. The main steps in the NIR technique include the 
pretreatment of spectral data, the partition of sample sets, the extraction of character 
bands, and the establishment of the model. However, the collected information is 
sometimes affected by external interference, which impacts the accuracy of the



prediction model. Therefore, it is necessary to preprocess spectra data before 
finalizing the model. 
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IR provides quantitative and qualitative information quickly, cost-effectively, and 
non-destructive. Importantly it does not require polluting solvents and can be carried 
by a novice analyst (Capuano and van Ruth 2016). The absorption of radiation in the 
NIR (800 to 2500 nm), which used detectors approximately 100 times more sensitive 
than other IR detectors, is helpful for qualitative analysis, such as identifying specific 
functional groups in substances in a fast and straightforward way. In NIR spectros-
copy, multivariate statistical techniques and calibration steps are employed to 
quantify food additives in various foods. However, the high initial cost of the 
instrumentation and the necessity of the particular calibrations for each product 
measured are the main drawbacks of NIR spectroscopy in the food industries 
(Martins et al. 2019). 

On the other hand, MID-IR (2500 to 25,000 nm) is used in quantitative research, 
and it has attracted significant interest mainly due to technical and instrumental 
advantages compared with NIR (Pizarro et al. 2013). In contrast to NIR, which 
provides a unique “fingerprint” in sample peaks and peak intensities, the spectra 
generated by MIR are characterized by high quality, selectivity, and sensitivity 
(Castritius et al. 2012). 

NIR has been widely used to analyze food additives in processed meat products, 
biscuits, muesli bars, ready-to-eat breakfast products, butter, and margarine [see 
Martins et al. (2019) and references cited therein]. Recently, Zhang et al. (2017) used 
a modern IR-based spectrometric method (Terahertz radiation) to determine 
glutamic acid, a flavor enhancer, in cereals. Terahertz radiation ranges from 0.1 to 
10 THz (1 THz = 1012 Hz, 0.03 mm to 3 mm in wavelength) and lies between the 
microwave and infrared portions of the electromagnetic spectrum. In addition to 
additives, IR spectroscopy has been used to detect harmful substances in food, 
including melamine and the “Sudan red duck egg” (Qi et al. 2022). IR-based 
methods have also been used to monitor changes in food quality by applying natural 
additives, including preservatives (Hassoun et al. 2020). In their study, Che et al. 
(2017) proposed a straightforward/noninvasive NIR-based method for determining 
azodicarbonamide (ADA) concentration in wheat flour. Notably, ADA has been 
widely used as a flour gluten fortifier; however, its use has been banned or limited in 
several countries as it has been implicated in the development of diseases (Lopez-
Gonzalez et al. 2019). IR-based spectrometric methods have been developed for the 
detection of harmful substances. Yazici et al. (2020) established a method for rapid, 
non-destructive detection of pesticide residues in strawberries based on near-infrared 
spectroscopy. Guo et al. (2016a) reported a quantitative approach to determine the 
levels of Dextrin in Danshen (Salvia miltiorrhiza) granules using mid-infrared 
spectroscopy (MIR) coupled with chemometrics. 

In addition to IR spectroscopy, Raman spectroscopy and Fourier transform 
infrared (FTIR) spectroscopy have been widely used for the analysis of food samples 
[reviewed in Li-Chan (1996)]. The principles of Raman and FTIR spectroscopy are 
described in the following paragraphs.
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3.1.2.1 Fourier Transform Infrared Spectroscopy 
FTIR is widely used for the quantitative and qualitative analysis of organic and 
inorganic molecules, including food additives (Rodriguez-Saona and Allendorf 
2011; Baker et al. 2014). FTIR collects spectrochemical information on the absorp-
tion intensities for each wavenumber of the MIR region of the spectrum. The IR 
bands provide vibrational details to identify the molecular components and their 
respective structures. Therefore, the spectra produce a characteristic molecular 
fingerprint to screen and scan samples in various segments. The fingerprint spectrum 
for biological samples (1800 to 900 cm-1 ), or the “bio-fingerprint” region, provides 
information about the key biomolecules, including proteins, carbohydrates, and 
nucleic acids (Baker et al. 2014). The modern FTIR spectrometers do not split 
light into individual wavelengths for measurements; every interferogram has infor-
mation from each wavelength of the light being measured (Duraipandian et al. 
2013). Advances in FTIR instrumentation combined with powerful multivariate 
data analysis methods make this technique ideal for large volume, rapid screening, 
and characterization of minor food components at low concentrations. FTIR 
spectrometers are used on production lines to determine fat, protein, and moisture 
concentrations. Notably, Luna et al. (2015) combined FT-MIR and chemometrics to 
discriminate transgenic from non-transgenic soybean oil. 

3.1.2.2 Raman Spectroscopy 
In 1928 Sir Chandrasekhara Venkata Raman introduced and explained the effects of 
light changing its wavelength when it passes through a transparent object (Rodríguez 
Vera et al. 2022). Like FTIR, Raman spectroscopy obtains a sample’s vibrational 
spectrochemical information (molecular polarizability changes). The Raman 
bio-fingerprint region (2000 and 500 cm-1 ) comprises mainly molecules’ stretching 
vibrations. Raman scattering is based on changes in the polarizability of functional 
groups; thus, nonpolar groups produce intense responses. 

Overall, IR-based techniques (Raman, NIR, MIR) are the primary fingerprinting 
techniques that collect signals from all chemicals in a sample. Raman and IR 
spectroscopies have been extensively used to monitor food composition due to 
their simple instrumentation, increased accessibility, and rapid and non-destructive 
features (Jawaid et al. 2013; Rodrigues Júnior et al. 2016). However, because of the 
low sensitivity, these two spectroscopic techniques are not ideal for determining 
chemicals at low concentrations in food samples. Raman spectroscopy is now being 
used to define and quantify food additives. For example, Raman techniques have 
been successfully employed for the vibrational characterization of the food additive 
carmoisine (E122) (Snehalatha et al. 2009). Howes et al. (2019) used Raman 
spectroscopy to examine the effects of several antimicrobial and antioxidant 
additives, such as ascorbic acid (E300), sodium ascorbate (E301), sodium citrate 
tribasic (E331), and on meat drip from defrosted yellowfin tuna fish loins. Table 4 
summarizes some applications of IR-based techniques in analyzing food additives.
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Table 4 Examples of analysis of food additives using IR-based spectrometric methods 

Additive Category Sample Method Reference 

Glutamic acid Flavor enhancer Cereals IRa Zhang et al. 
(2017) 

Sodium alginate (E401) Thickener, 
stabilizer, and 
gelling agent 

Seaweed IR Fertah et al. 
(2017) 

Azodicarbonamide Flour quality 
improver 

Flour NIRb Che et al. 
(2017) 

Mineral oil Glazing agent Oil FTIRc Polansky et al. 
(2017) 

Benzoyl peroxide Bleaching agent Flour FTIR Guo et al. 
(2016b) 

Dextrin Stabilizer, 
emulsifier 

Danshen FT-
MIRd 

Guo et al. 
(2016a) 

Guar gum Thickener, 
stabilizer, and 
emulsifier 

Various gums Raman Srivastava 
et al. (2016) 

Aspartame, cyclamate, 
Saccharin, acesulfame-K 

Sweeteners Powder 
tabletop 
sweeteners 

FT-
Ramane 

Duarte et al. 
(2017) 

β-carotene Color Oil/water 
emulsions 

Raman Wan 
Mohamad 
et al. (2017) 

a IR infrared, b NIR near-infrared, c FTIR Fourier transform infrared, d FT-MIR Fourier transform 
infrared, e FT-Raman Fourier transform Raman 

3.1.3 Nuclear Magnetic Resonance and Electron Spin Resonance 
Nuclear magnetic resonance (NMR) is based on nuclei spin with a magnetic 
momentum. Nuclei (1 H, 13 C, 23 Na, and 31 P) are excited at energy states created by 
an external magnetic field; i.e., electromagnetic pulse trains excite and change the 
spin direction of the nuclei. The nuclei return to their fundamental spin state after 
turning off the pulses. The time the nucleic needs to return to the ground state is 
characteristic of the molecule and its environment (Hatzakis 2019). NMR methods 
are classified according to the external magnetic field strength: i) Low-field NMR 
(10–50 MHz), which is used for the analysis of foods and determines food 
characteristics (Ezeanaka et al. 2019), and ii) High-field NMR (>300 MHz) widely 
used in pharmaceutical and organic chemistry applications. Notably, high-field 
NMR has been used in the food industry for the structural analysis of complex 
biomolecules, such as carbohydrates, lipids, and proteins (Belton 1993). 

Although IR-based techniques have been extensively used to analyze food 
additives, these techniques measure the vibration of functional groups in chemicals, 
and the variety of functional groups in chemicals (including food additives) is 
limited. On the contrary, NMR spectroscopy identifies different compounds because 
even slight differences in the electron cloud of nuclei can be precisely determined by 
NMR spectra (Hu et al. 2017).
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Table 5 Examples of analysis of food additives using NMR 

Additive Category Sample Reference 

Polydimethylsiloxanes 
(E900) 

Antifoaming agent Various 
types of 
food 

Palacios-
Jordan et al. 
(2022) 

Acesulfame potassium Sweetener Various 
types of 
food 

Ohtsuki 
et al. (2015) 

Alginate and 
carrageenan 

Antifoaming agent, gelling agent, 
glazing agent, bulking agent, foaming 
agent, stabilizer and thickener, and 
emulsifier 

Seaweeds Youssouf 
et al. (2017) 

Sodium alginate 
(E401) 

Thickener, stabilizer, and gelling agent Seaweeds Fertah et al. 
(2017) 

A significant advantage of NMR spectroscopy over IR-based techniques is that it 
measures intact biomaterials and foods with little or no sample preparation. NMR is 
a straightforward method for analyzing food additives (Table 5) because it can 
determine molecular structure relatively quickly, is a non-destructive analysis, and 
can quantify multiple compounds (Palacios-Jordan et al. 2022). However, its low 
sensitivity limits the determination of trace compounds in complex samples, includ-
ing foods. Nevertheless, in recent years, NMR-based methods have been employed 
to detect food additives. NMR is a quantitative tool in food analysis with excellent 
repeatability and reproducibility (Dais et al. 2007). NMR-based methods have been 
successfully used to determine silicone-based antifoaming agents 
(polydimethylsiloxanes -PDMS or E900) (Palacios-Jordan et al. 2022). Ohtsuki 
et al. (2015) reported an NMR-based method that couples quantitative 1 H NMR  
with solvent extraction for quantifying acesulfame potassium, an artificial sweetener, 
in various food samples. 

In contrast to other analytical techniques, e.g., HPLC, the NMR method does not 
require an authentic analyte standard. Although GC remains the standard method for 
analyzing fish oils, 1 H NMR spectroscopy has been successfully used to determine 
fish oil quality and composition(Giese et al. 2018). NMR-based methods have also 
been employed to determine illegal additives in various food additives. Hu et al. 
(2017) used 1 H NMR spectroscopy to determine Sudan dye I, a carcinogenic dye 
(used industrial dye for coloring clothes and wax) that is added illegally into spices 
in paprika powder. Notably, Sudan I has been categorized as a third-group genotoxic 
carcinogen by the International Agency for Research on Cancer. All countries have 
banned it as a food dye (Ertaş et al. 2007). 

3.2 Chromatographic Methods 

Chromatographic techniques facilitate the separation, identification, and quantifica-
tion of organic and inorganic compounds using the distribution of samples between a



mobile phase (gas, liquid, or supercritical fluid) and a stationary phase (solid or 
liquid absorbed on a solid matrix). Based on the physicochemical principles used to 
separate the component of the mixture, chromatographic techniques are categorized 
into i) adsorption chromatography, which uses a solid stationary phase on which the 
sample components from the mobile phase are adsorbed, ii) partition chromatogra-
phy, which uses a liquid conjugated on a solid support as a stationary phase, iii) 
ion-exchange chromatography (IEC) in which an ion-exchange solid matrix is used 
as the stationary phase (Coskun 2016), iv) exclusion chromatography which 
separates molecules based on their size. These separation methods are employed, 
in gas chromatography (GC) and liquid chromatography (LC), which are the two 
primary chromatography techniques used to analyze food additives (Martins et al. 
2019). 
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3.2.1 High-Performance Liquid Chromatography 
High-performance liquid chromatography (HPLC) with UV detection is widely 
employed for the simultaneous detection and quantitation of food additives [see 
De Girolamo et al. (2022) and references cited therein]. In normal-phase HPLC, the 
stationary phase is a polar adsorbent, and the mobile phase is a nonpolar solvent. In 
reversed-phase HPLC, a nonpolar stationary phase and a polar mobile phase are 
used. Reverse-phase HPLC is more popular. A functionalized organic resin is the 
stationary phase in ion-exchange HPLC. HPLC is the most popular food analysis 
technique, followed by GC, and has been successfully used to analyze food additives 
(Nie and Nie 2019). For example, HPLC is frequently used with mass spectrometry 
(LC-MS) to quantify color additives and preservatives in foods (Bajkacz and Kycia-
Słocka 2020). Notably, several food additives are unstable at high temperatures and 
polar and, therefore, cannot be analyzed by gas chromatography and mass spectrom-
etry (Bajkacz and Kycia-Słocka 2020). 

However, chromatographic data have some difficulties, such as background 
effects, noise, overlapping peaks, and elution time shifts, which significantly affect 
obtained results (Ghafghazi et al. 2017). To this end, chemometric algorithms, which 
are based on collecting multidimensional chromatographic data without separating 
the analyte peaks, have been used in the quantitative analysis by HPLC (Mortera 
et al. 2018). Overall, chemometrics methods have been introduced in LC with diode-
array detection (DAD), where spectra are recorded at several retention times for each 
sample. The most popular multiway analysis methods are the generalized rank 
annihilation method (GRAM), parallel factor analysis (PARAFAC), and multivari-
ate curve resolution alternating least square (MCR-ALS) [reviewed in Escandar and 
Olivieri (2019)]. Other methodologies use latent variables for processing second-
order data, such as principal component regression (PCR) and partial least squares 
(PLS) (Dinç et al. 2017). 

Nevertheless, HPLC-based methods have been successfully used to detect and 
quantify various food additives. Recently Riman et al. (2019) described a novel 
electrochemical detector for HPLC using pencil graphite as a disposable working 
electrode to detect tocopherols. The electrochemical sensor, in combination with 
HPLC, exhibited nanomolar concentrations of tocopherols. Aksu Dönmez et al.



(2020) determined sodium benzoate, potassium sorbate, Ponceau-4R, and 
carmoisine in a beverage using a novel fast HPLC-diode array detection (HPLC-
DAD) analytical approach. The average recoveries for all target analytes were 
98.27–101.37%, with average relative prediction errors of less than 3%. Ma et al. 
(2012) reported a method that combines HPLC with a photodiode array detector 
(PDA) for the simultaneous determination of 20 synthetic food additives at low 
concentrations (0.005–0.150 μg/mL), including seven food colorants, three 
sweeteners, nine artificial preservatives, and caffeine. In their study, Ertaş et al. 
(2007) developed a rapid HPLC with a UV–VIS detector to separate and determine 
Sudan dyes (I, II, III, and IV) and Para Red in red chili peppers. Interestingly, all 
dyes were separated in less than 9 min while the limit of ditection (LOD) and limit of 
quantitation (LOQ) ranged from 1.2 to 5.4 μg/kg and 4 to 18 μg/kg, respectively, 
depending on the dye. Gao et al. (2013) detected simultaneously 30 synthetic food 
additives, including preservatives, artificial colorants, and sweeteners in soft drinks, 
by combining SPE with HPLC/electrospray ionization-MS/MS. All additives were 
efficiently separated in a single run within 18 min and with LODs ranging from 0.01 
to 20 mg/kg, which are acceptable. Further validation of the methods revealed 
recoveries ranging from 80.8 to 106.4%. Petigara Harp et al. (2013) proposed a 
new approach for the determination of seven color additives, namely, FD&C Blue 
No. 1, FD&C Blue No. 2, FD&C Green No. 3, FD&C Red No. 3, FD&C Red 
No. 40, FD&C Yellow No. 5, and FD&C Yellow No. 6 in food products. The color 
additives are extracted from a product using one of two procedures developed for 
various product types, isolated from the noncolored components, and analyzed by 
liquid chromatography with photodiode array detection. Depending on the color 
additive, and the food sample, the LOD and LOQ of the method ranged from 13 to 
410 μg/kg and from 43 to 2370 μg/kg, respectively, depending on the dye. HPLC-
based methods have been successfully also used for the detection of preservatives 
(e.g., benzoate, sorbate) in beverages (Petanovska-Ilievska et al. 2017), cheese and 
yogurts (Zamani Mazdeh et al. 2017), color additives and preservatives in juices and 
energy drink (Aşçı et al. 2016), sweeteners in jams, yogurts, and other food 
(Bartholomees et al. 2016), color additives in intact formulas, and breakfast cereal 
(Lee et al. 2016), as well as in other types of foods [for a review on the topic, see 
Martins et al. (2019), Wu et al. (2021), and Di Stefano et al. (2012)]. 
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In addition to the traditional HPLC, Fast-LC is a significant trend in modern food 
analysis because there is a continuously increasing demand for the quality control of 
large samples in the minimum possible time (Fekete et al. 2014a). In the past years, 
ultra-high-performance (pressure) liquid chromatography (UHPLC) has been 
intruded, enhancing the separation and throughput capacities of LC (Fekete et al. 
2014b). UHPLC uses narrow-bore columns packed with microscopic particles 
(<2 μm) and mobile phase delivery systems operating at high back pressures. In 
contrast to the conventional HPLC, where the maximum back pressure ranges from 
35 to 40 MPa, in UHPLC, back pressures may reach up to 103.5 MPa (Nováková 
et al. 2006). Furthermore, the development of detectors has improved, and all of 
them can be coupled to UHPLC. Common detectors are ultraviolet (UV), refractive 
index (RI), evaporative light-scattering detector (ELSD), UV-diode-array detector



(UV-DAD), corona aerosol-discharge (CAD), fluorescence detector (FD), and mass 
spectrometry (MS). Recently, Han et al. (2016) developed an LC–ES-MS/MS 
method to determine four paraben-type preservatives in plant and animals seafood. 
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3.2.2 Gas Chromatography 
Gas chromatography (GC) is one of the most widely used techniques for analyzing 
(semi)volatile compounds. The high separation capacity of GC combined with a 
wide range of detectors makes this technique vital in determining various 
components in such complex matrices as food crops and products (Hajslova and 
Cajka 2008). GC mainly combines a mass spectrometer (MS), a powerful detector, 
and various multivariate data processing tools in the last few decades have been 
increasingly applied (Cordero et al. 2020). 

GC is widely used in the food industry because it provides high selectivity, 
sensitivity, and resolution, good accuracy and precision, and a wide dynamic 
concentration range. In GC, the carrier gas (mobile phase), which contains the 
analytes (sample), flows continuously to the column so that they can be separated 
and eluted. Subsequently, the carrier gas and sample pass through a detector that 
measures the sample’s quantity. An electrical signal is generated, giving rise to a 
chromatogram for sample qualitative/quantitative data collection and analysis (Feng 
et al. 2019). The detector signals are collected and displayed by a computer as a 
function of time. The area under the peak is proportional to the concentration. A 
calibration curve is used to determine the amount of substance (Wrolstad et al. 
2005). 

Furthermore, various detectors, such as MS , flame ionization, thermal conduc-
tivity, photoionization, electron capture, flame photometric, and electrolytic conduc-
tivity, are available and can be connected to GC. The detector’s choice depends on 
the sample’s nature and the desired sensitivity or selectivity in the analysis. Santos 
and Schug (2017) developed a vacuum UV spectrophotometer detector that 
measures the gas-phase absorption at 120–240 nm. All chemical compounds present 
unique absorption spectra at this range, permitting the determination of co-eluting 
food additives. 

However, despite the apparent advantages of GC over other analytical techniques, 
most (>80%) known compounds are not adequately volatile or stable to be separated 
by GC, as this method requires volatile and stable samples at operational 
temperatures ranging from 50 to 300 °C. Furthermore, analysis of food additives 
using GC involves laborious preparation steps, including liquid-liquid or solid-
phase, headspace analysis, and distillation. In addition, GC instrumentation is 
expensive, while the maintenance cost is relatively high. The analyst should have 
a strong background and expertise in the technique, limiting its use to small food 
industries (Martins et al. 2019). 

Nevertheless, GC has been widely used for the determination of food additives. In 
their study, Zheng et al. (2016) employed GC-MS to determine organic acids, 
sugars, aroma components, and carotenoids in grapefruit pulps. Cacho et al. 
(2016) optimized a GC-MS method using microvial insert large volume injection 
to detect three synthetic phenolic antioxidants, namely butylated hydroxytoluene



(BHT), butylated hydroxyanisole (BHA), and tert-butyl hydroquinone (TBHQ), in 
edible vegetable oils. The matrix-matched calibration method was used to quantify 
additives, while carvacrol was used as a standard. Depending on the additive, the 
LODs of the method ranged from 0.08 to 0.10 ng/g. In another study, Tang and Duan 
(2017) optimized an extraction method using porous ionic liquid polymer to analyze 
organic acids (acidity regulators), namely fumaric acid, lactic acid, and malic acid in 
grape wine, using GC-MS. The detection limits of the method were lower than 
0.07 ng/ml. The LODs ranged from 0.07 to 1.15 ng/ml, indicating good sensitivity 
for the organic acids. LOQs (0.40–3.85 ng/ml) also presented an excellent quantita-
tive analysis capability. 
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Furthermore, Fuller et al. (1964) developed an effective tool for discriminating 
relevant food flavor components by combining GC with olfactometry. The potential 
applications of gas chromatography-olfactometry (GC-O) in food flavor dairy 
products (milk and cheese), coffee, meat, and fruits have been reviewed elsewhere 
(d’Acampora Zellner et al. 2008). 

3.3 Electroanalytical Techniques 

The requirements for exact and fast quantification of many vital compounds by food 
analysis led to the rapid development of various electrochemical techniques 
(Brainina et al. 2000). Among the electrochemical techniques applied in food 
analysis, the principal ones are voltammetric and polarographic techniques, while 
the former is the most widely used. Electroanalytical methods require cheap instru-
mentation while they provide high sensitivity with wide linear concentration ranges 
for both inorganic and organic compounds, rapid analysis times (in seconds), and 
simultaneous determination of several analytes. 

In voltammetric techniques, the potential is altered to facilitate an electron 
transfer reaction. The resulting current is recorded, producing a voltammogram 
that is used to identify (peak location) and quantification (peak weight) of the target 
analyte; however, this method can detect only electroactive (reducible or oxidizable) 
compounds (Mendoza et al. 2015). Furthermore, various sensors have been devel-
oped, including graphite, carbon paste, thick film carbon/graphite, and thin film 
metallic electrodes modified in-situ or beforehand, hanging mercury drop electrodes 
and mercury-coated glassy carbon electrodes (Herzog et al. 2008). A subdivision of 
voltammetry is stripping voltammetry (SV), which has received much attention as it 
is the most sensitive electroanalytical technique (Alghamdi 2010). In SV-based 
methods, the analyte of interest is accumulated on a working electrode by controlled 
potential electrolysis. Following a short pause step, a stripping step is applied, which 
involves the dissolution of the deposit when a linear ramp is applied to the electrode 
resulting in the production of a detectable current at the electrode surface following 
the oxidation or reduction of the analyte at a characteristic potential. A peak shape 
current–potential voltammogram is obtained during the stripping step [see Alghamdi 
(2010) and references cited therein]. The main advantage of SV is its low detection 
limits (10-10 –10- 12 mol/L). At the same time, it offers multielement and speciation



capabilities that are suitable for automated online and in situ measurements and 
utilizes low-cost instrumentation. The two versions of SV are anodic stripping 
voltammetry (ASV) and cathodic stripping voltammetry (CSV). In the former 
method, a cathodic preconcentration step is undertaken, followed by a potential 
scan toward more positive potentials and the anodic (oxidative) currents are deter-
mined. In the latter method, an anodic preconcentration step is undertaken, which is 
followed by a potential scan toward more negative potentials and the cathodic 
(reductive) currents are determined (Achterberg et al. 2018). 
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Table 6 Examples of analysis of food additives using voltammetric methods 

Additive Category Sample Electrode Reference 

Mannitol Sweetener, 
stabilizer, 
anticaking agent 

Sugarcane 
vinasse 

AuNPa / 
RGO-GCEb 

Beluomini 
et al. (2017) 

Monosodium 
glutamate 

Flavor enhancer Beef OXO 
cube 

MBc-Screen 
printed 
carbon 

Hughes 
et al. (2015) 

tert-butylhydroquinone 
butylated 
hydroxyanisole 

Antioxidant Oil, margarine, 
and 
mayonnaise 

GCE-MIPd 

MWCNTe 
dos Santos 
et al. (2016) 

Indigo carmine Color Chocolate, 
jelly power 

CPE/NBE Arvand 
et al. (2017) 

Ascorbic acid Acidity regulator Orange juice Gold Kuss and 
Compton 
(2017) 

Butylated 
hydroxyanisole propyl 
gallate 

Antioxidant Oil, potato 
chips, and 
cookies 

Au-Pt 
nanotubes 

Wu et al. 
(2016) 

a AuNP gold nanoparticles, b RGO-GCE reduced graphene oxide-glassy carbon electrode, c MB 
Meldola’s Blue, d MIP molecularly imprinted polymers, e MWCNT multi-walled carbon nanotubes 

Voltammetric techniques are also categorized based on how the potential is 
imposed on the electrode. For example, in square wave voltammetry (SWV) and 
differential pulse voltammetry (DPV), the responses are based on the superior 
elimination of the capacitive/background current, exhibiting a sensitivity compara-
ble to chromatographic techniques (Spinola Machado and Cincotto 2022). Over the 
last years, a variety of voltammetry methods and electrodes have been developed for 
the determination and qualification of food additives such as preservatives 
(Schneider et al. 2014), color additives (Li et al. 2016), flavor enhancers (Dorozhko 
et al. 2015), and others as summarized in Table 6.
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4 Analytical Methods for the Determination of Feed 
Additives 

In contrast to food additives used to improve the quality, taste, and smell of the food, 
feed additives are mainly used to supplement the animals’ needs for nutrients (e.g., 
amino acids) and essential compounds (e.g., vitamins). Other additives prevent 
invasive diseases (e.g., coccidiostats), reduce oxidation of feed’s components 
(antioxidants), enhance the dietary value of feeds, or improve the quality of food 
products of animal origin (Rubaj et al. 2012). Feed additives currently authorized 
within the EU are summarized in the feed additive register (https://food.ec.europa. 
eu/safety/animal-feed_en) and represent an entirely different group of products, 
including pure substances, preparations, and microorganisms. Five classes of 
additives are identified: technological, organoleptic, nutritional, zoo-technical, 
coccidiostats, and histomonostatic. The main categories of feed additives examined 
in this chapter are illustrated in Table 7. 

Specific attention should be given to the feed sampling to determine additives. 
The sampling procedure is a multistage process involving sampling and sample 
preparation, and the sample should represent the whole material. As feed additives 
have various characteristics and physicochemical properties, the EURL-for feed 
additives (EURL-FA; https://joint-research-centre.ec.europa.eu/eurl-fa-eurl-feed-
additives_en) suggests the storage of the samples at three different temperature

Table 7 Examples of feed additives 

Additive Purpose Example(s) 

Antibioticsa • Treatment of infection
• Improvement of growth 

Bacitracin, colistin, 
virginiamycin 

Coccidiostats • Elimination of Coccidia parasites Amprolium, 
Roxarsone, 
Sulfadiazine 

Natural 
extracts

• Alternative to antibiotics
• Promote livestock performance 

Thymol, Oregano 
essential oils 

Vitamins • Regulators of key metabolic pathways Vitamin D, vitamin 
E 

Minerals • Components of various biomolecules (e.g., enzyme 
co-factors)
• Essential elements of the poultry immune system 

Zinc, manganese, 
and selenium 

Antioxidants • Prevent deterioration caused by oxidation
• Improve feed quality 

Ethoxyquin, BHAb , 
BHTc 

Color 
additives

• Improve the acceptance of the product by customers Carotenoids 

Enzymes • Improve animal performance by hydrolyzing feed 
substrates that are only partially degraded by the 
animal’s endogenous enzymes 

Proteases 
Xylanases 

a The use of antibiotics as growth promoters in animal farms has been banned as of 2003 
b BHA Butylated Hydroxyanisole 
c BHT Butylated hydroxytoluene

https://food.ec.europa.eu/safety/animal-feed_en
https://food.ec.europa.eu/safety/animal-feed_en
https://joint-research-centre.ec.europa.eu/eurl-fa-eurl-feed-additives_en
https://joint-research-centre.ec.europa.eu/eurl-fa-eurl-feed-additives_en


conditions, i.e., RT (~25 °C), fridge (4 °C), and freezer (-18 °C). A certificate of 
analysis and information about the product’s shelf-life is also required for 
transporting the samples. The EURL-FA repository contains about 2100 samples, 
corresponding to 700 feed additives (Omar et al. 2017).
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All feed evaluation techniques aim to identify the degree to which individual 
feedstuffs contribute to the animal’s nutritional requirements (Mould 2003). 
Although various analytical methods have been developed for determining and 
quantifying additives in animal feeds, the methods of choice are spectrophotometric 
and chromatographic methods. For example, spectrometric techniques have also 
been employed to identify feed additives. Since the ban on growth-promoting 
antibiotics throughout the EU, essential oils have been used increasingly as feed 
additives. Spectrometric methods were developed to ensure a reliable authenticity 
assessment of those oils (Greule et al. 2008). Spectrophotometric methods have also 
been used to determine the levels of water-soluble proteins, including B1, B2, and B6. 

HPLC-based methods have been widely used in detecting and quantifying vari-
ous feed additives, including antioxidants, amino vitamins, feed colorants, and acids, 
in animal feeds and premixes. HPLC methods have also been employed for detecting 
coccidiostats in feed preparations, premixes, and blends. Although IEC is the 
method of choice for determining amino acids in animal feeding, HPLC methods 
are becoming increasingly popular as they make the analyses shorter in time. As 
mentioned before, the main advantages of HPLC include a plethora of stationary 
phases, high sensitivity, and ease of identifying and quantifying multiple 
components in several sample types with a high resolution. 

Furthermore, the EURL-FA recommended that all feed additive samples be 
analyzed using two complementary vibrational spectroscopic techniques, i.e., NIR 
and Raman spectroscopy. These techniques can characterize the feed additives in a 
non-destructive manner without time-consuming pretreatment steps (Ambrose et al. 
2016; Graham et al. 2012). The evaluation of spectra often requires multivariate 
statistics, which is a handy tool when differentiating compounds considering all the 
information in the spectrum simultaneously (Cozzolino 2014). Omar et al. (2017) 
used an IR-based method to analyze feed additive samples from products containing 
(1) selenium (Se), (2) zinc (Zn) and manganese (Mn), (3) vitamins, (4) essential oils 
such as thyme and oregano. Chemometrics methods were used to analyze the 
samples, especially as spectra differentiation by visual inspection was challenging 
(Omar et al. 2017). In their study, Owens et al. (2009) used NIR to monitor additives 
in wheat for broiler chickens. This study highlighted that NIR is a valuable tool in 
accurately and rapidly determining wheat chemical parameters and nutritional value 
and could be highly beneficial to poultry and wheat industries. 

Laboratories performing official feed analyses must be accredited according to 
the ISO/IEC 17025:2005 standard, and the analytical methods used must be 
validated (Borràs et al. 2011). Optimization of analytical methodologies is essential 
in developing multi-residue methods because different additives exhibit different 
physicochemical characteristics. The following paragraphs discuss the main analyti-
cal techniques employed for analyzing the main categories of additives in animal 
feeds.
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4.1 Antibiotics 

Antibiotics in feed have been used in animal production in Europe since 1953. 
Antibiotics have been widely used as animal growth promoters (AGPs) to improve 
the health and well-being of animals. However, the misuse and overuse of nonthera-
peutic antibiotics in animals have contributed to the development of antimicrobial 
resistance strains (ABR) (Paulson et al. 2015). To this end, regulation EC 1831/2003 
(available at https://www.legislation.gov.uk/eur/2003/1831) banned all antibiotics, 
other than coccidiostats and histomonostats, as feed additives. Therefore, monitoring 
the presence of antibiotics in animal feed is of particular interest. Although various 
methods have been developed for detecting antibiotics in animal feed, such as 
column and thin layer chromatography (TLC), these methods lack specificity and 
sensitivity. Thus, novel methods for detecting antibiotic contamination in animal 
feed are sorely needed. To this end, various LC-based methods have been developed 
over the past years. For example, Macy and Loh (1983) reported a fast and simple 
HPLC method for determining monensin, a polyether antibiotic, in feed premixes. 
Cronly et al. (2010) developed and validated a rapid multi-class method to confirm 
virginiamycin and 13 prohibited medicinal additives in pig and poultry compound 
feed with HPLC-MS/MS. In their study, Van Poucke et al. (2005) used LC-MS to 
detect spiramycin, olaquindox, bacitracin, tylosin, and virginiamycin in animal 
feeds. Sin et al. (2004) employed a sensitive LC-ESI-MS method for determining 
lincomycin and virginiamycin M1 in swine muscle, liver, and kidney. De Alwis and 
Heller (2010)) used LC-ion trap tandem MS to detect virginiamycin M1 and another 
12 antibiotics residues in distillers grains. Tao et al. (2018) reported a quantitative 
LC-MS/MS based on matrix solid-phase dispersion for simultaneous determination 
of various antibiotics in animal feeds, including bacitracin A, bacitracin B, 
colistin A, colistin B, and virginiamycin M1. These additives have been extensively 
used as growth promoters to prevent/control diseases in farm animals (Smith and 
Weinberg 1962). 

Another example is the detection of Zn-Bacitracin (Zn-BC), one of the most 
common antibiotics used as additives in animal feeds due to its growth-promoting 
effects. However, the use of Zn-BC in animal feed has been banned since 1999 
(Phillips 1999). For the detection of Zn-BC, several microbiological methods have 
been developed [see Capitan-Vallvey et al. (2002) and references cited therein]. As 
investigating and determining the presence of banned substances in feedstuffs is 
essential, several chemical methods have been reported recently to determine BC in 
animal feeds. 

Capitan-Vallvey et al. (2002) reported a sensitive and selective method for 
determining Zn-BC in adulterated animal feed by reversed-phase ion-pair high-
performance liquid chromatography and post-column derivatization with o-
phthalaldehyde before fluorescence detection. The same group has proposed a 
method to determine Zn-BC in feedstuffs by HPLC with ultraviolet detection at 
levels from 5.0 to 200.0 mg kg-1 (Capitán-Vallvey et al. 2001). Webster (2020) 
developed an HPLC method to determine bacitracin methylene disalicylate, another 
stable form of BC also used as an additive in animal diets, in feedstuffs at 50.0 and

https://www.legislation.gov.uk/eur/2003/1831


250.0 mg kg-1 . Hormazábal and Yndestad (2000) reported a rapid assay for 
determining Zn-BC in chicken and swine feed by LC-MS. For the analysis of colistin 
(polymyxin E) in animal feed, Morales-Muñoz and de Castro (2005) used a dynamic 
ultrasound-assisted extraction (UAE) method, an online pre-column derivatization/ 
HPLC coupled with a fluorescence detector. Kaufmann and Widmer (2013) 
described an HPLC-MS/MS method to determine residual polymyxin B1, poly-
myxin B2, bacitracin, colistin A, and colistin B in muscle, liver, kidney, egg, and 
milk. Govaerts et al. (2002) investigated the major polymyxins of the B and E series 
by direct infusion in time of flight (TOF) and ion trap devices. Sniegocki et al. (2014) 
determined metabolites of carbadox (quinoxaline-2-carboxylic, desoxycarbadox) 
and olaquindox (3-methylquinoxaline-2-carboxylic acid) residues in pig muscle 
tissue using LC-MS/MS. Following a one-step preparation of samples by extraction 
and clean-up, they underwent LC separation using a C8 column with a gradient 
system consisting of isopropanol/water/acetic acid and methanol as the mobile 
phase. The decision limit of the method varied from 1.04 to 2.11 μg/kg. This method 
was validated based on the European Commission Decision 2002/657/EC. 

896 C. Papaneophytou

4.2 Coccidiostats 

Coccidiostats are often used to prevent poultry infections from the genus Eimeria 
that cause coccidiosis. Maximum levels of coccidiostats in food and feed have been 
determined by the European Union (EU) [reviewed in Martins et al. (2022)]. Several 
methods have been reported for determining coccidiostat residues in eggs, chicken, 
and feed, including LC coupled with UV or fluorescence detection systems and 
LC-MS [see Shao et al. (2009) and references cited therein]. Polyether antibiotics 
used to control coccidiosis exhibit low UV absorbance; thus, a time-consuming 
derivation is required when a UV or fluorescence detection system is used. There-
fore, LC-MS is the preferred method for the analysis of coccidiostats. 

Shao et al. (2009) developed a rapid LC–MS–MS method for multi-class deter-
mination of 14 coccidiostat residues in eggs and chicken. Bienenmann-Ploum et al. 
(2012) reported a multiplex flow cytometric immunoassay for detecting six 
coccidiostats (i.e., salinomycin, lasalocid, narasin, monensin, maduramicin, and 
nigericin residue) in feed and eggs. The method was subsequently validated 
according to the EURL guidelines (Bienenmann-Ploum et al. 2013). In the study 
by Olejnik et al. (2011), the samples were analyzed using a multi-residue LC-MS/ 
MS method, validated according to the 2002/657/EC, enabling the determination of 
12 coccidiostats. In a recent study, González-Rubio et al. (2020) used supramolecu-
lar solvents (SUPRAS) during the extraction step and dispersive SPE, to determine 
several coccidiostats, including monensin, narasin, lasalocid, salinomycin, 
maturemycin, and semduramicin, in swine fat, chicken muscle, bovine muscle 
eggs, and milk. Barreto et al. (2017) used a straightforward multi-residue method 
(LC–QqLIT-MS/MS) to detect 14 coccidiostats in chicken muscle samples and eggs. 
An extraction step was followed by a cleaning step at low temperatures before the 
analysis. In their study, Matus and Boison (2016) developed and validated a



sensitive multi-residue LC-MS/MS to determine 17 anticoccidials in poultry meat. 
Before the analysis, an extraction and clean-up step was performed using a solvent 
mixture with salts, followed by centrifugation, dilution, and filtration. Buiarelli et al. 
(2017) developed a sensitive and straightforward LC-MS/MS method for simulta-
neously detecting seven analytes (five additives and two metabolites) in eggs. 
Yoshikawa et al. (2017) proposed an LC-MS method to determine 37 compounds, 
including the coccidiostats lasalocid, maduramicin, diclazuril, and nicarbazin, in 
processed chicken samples. Extraction of additives was carried out with ethyl acetate 
followed by acetonitrile. Dasenaki and Thomaidis (2019) used hydrophilic interac-
tion LC with tandem MS detection (HILIC-MS/MS) to determine 16 coccidiostats in 
chicken muscle and eggs. The method exhibited high sensitivity (LOD <0.6 mg/kg 
for all analytes). Rusko et al. (2019) proposed a fast and selective method by 
combining LC and an Orbitrap high-resolution mass spectrometer as a detector 
(LC-Orbitrap-HRMS) to determine 17 coccidiostats in birds and eggs. Extraction 
of analytes was carried out using acetonitrile, followed by purification at 0 °C, 
preconcentration, reconstitution, and filtration. 
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4.3 Natural Extracts and Essential Oils 

As mentioned above, the EU has banned antibiotic use in animal farms. However, 
antibiotic removal has led to animal performance problems and a rise in the 
incidence of certain animal diseases, e.g., necrotic enteritis. Essential oils (EOs) 
and natural extracts have been considered an alternative to antibiotics in animal feed, 
possibly substituting antibiotics. The results of some studies demonstrated the 
efficacy of EOs as feed additives in animal breeding (Cheng et al. 2018). EOs 
have been shown as promising substitutes for antibiotics in calves (Santos et al. 
2015). Furthermore, specific essential oil blends and probiotics used as dietary 
supplementation have been shown to promote broiler growth (Giannenas et al. 
2014a; Oviedo-Rondón et al. 2010) and in combination with benzoic acid have 
improved gut integrity and intestinal microbiota in turkey poults (Giannenas et al. 
2014b). The potential of EOs as an alternative to antibiotics has been recently 
reviewed (Horky et al. 2019). However, the toxicity of EOs remains inconclusive; 
thus, the presence and levels of EOs in feeds should be monitored. Analysis of 
natural extracts in feeds is usually carried out using GC (Ching et al. 2012) and LC 
coupled to different detectors (Cantalapiedra et al. 2014), usually MS, but UV 
photometers (Ghiasvand et al. 2015), fluorimetric (Viñas et al. 2006), and electro-
chemical detectors (Cantalapiedra et al. 2014) have also been reported for liquid 
chromatography. Jiménez-Salcedo and Tena (2017) used a pressurized liquid extrac-
tion method and GC-MS to determine cinnamaldehyde, carvacrol, and thymol in 
feedstuff additives. Truzzi et al. (2021) reported the optimization and validation of 
an HPLC-based process with a UV detector to analyze hesperidin and carvacrol in 
animal feed.
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4.4 Vitamins 

Vitamins are low-molecular-weight organic chemicals participating in biochemical 
reactions and metabolism of the animal body. Vitamins are the most widely used 
additives in animal feeds. The official methods of the Association of Official 
Analytical Chemists (AOAC 2019) for vitamins A, D, and E are separate assays 
with detection based on colorimetry. The complexity and time-consuming assays 
make the AOAC methods challenging to use for routine analysis. Qian and Sheng 
(1998) reported a straightforward analytical method using one-step extraction and 
simultaneous determination of vitamins A, D, and E and pro-vitamin D2 in animal 
feeds by HPLC. The detection limit for the four vitamins was 10 ng/g of the feed 
sample. HPLC-based methods for determining nicotinic acid and nicotinamide 
vitamins B1, B2, and B6, in mineral preparations and mixtures and vitamin B1 in 
feed mixtures and premixes were published. Cohen and Lapointe (1979) described 
the separation and quantification of Vitamin D3 from different feeds and premixes 
using HPLC. Α liquid partition clean-up step was initially carried out, followed by 
chromatography on activated Silica gel 60. Subsequently, samples were analyzed on 
an HPLC using a LiChrosorb NH2 column in only 15 min. A variable wavelength 
UV detector was used and set at 264 nm. The HPLC methods for the determination 
of both soluble and insoluble vitamins have been previously reviewed (Rubaj et al. 
2012). 

4.5 Minerals 

Minerals are essential components of all cells, including soft tissue, nerves, blood, 
hormones, muscles, bones, and teeth (Bhagwat et al. 2021). Specific minerals are 
essential components of biocatalysts (enzymes) that catalyze biochemical reactions, 
including metabolism, energy production, muscle contraction, nerve-impulse trans-
mission, and cell permeability (Bhagwat et al. 2021). Among the nutrients in the 
chicken diet, the microminerals have received particular attention as they exert 
essential functions in the organism. Significantly, the immune function of all poultry 
species depends on trace minerals. These compounds can be provided in inorganic 
(traditional) and organic (chelate) forms (Aksu et al. 2012). However, the overuse of 
inorganic minerals in poultry farms has led to severe environmental contamination 
because they have lower inclusion rates and reduced excretion (Bao and Choct 
2009). 

Furthermore, copper sulfate and zinc oxide, which are used as sources of copper 
and zinc used in the poultry diet, are obtained from the steel industry. Thus, they 
contain high amounts of contaminants (e.g., fluorine and cadmium), which are 
transferred into the poultry diet (Lu et al. 2007). Recent evidence has highlighted 
the use of minerals in organic form to replace inorganic minerals (Ao and Pierce 
2013). The National Research Council (NRC) (Council NR 1994) has recommended 
specific nutrient requirements for poultry, including the levels of minerals such as 
Zinc (Zn), Manganese (Mn), Copper (Cu), Iron (Fe), Selenium (Se), and Iodine (I).



Thus, analytical methods for determining both inorganic and organic minerals and 
contaminants in poultry feed are required to monitor their levels. Wang et al. (2010) 
developed a novel high-performance liquid chromatography coupled to an induc-
tively coupled plasma mass spectrometer (HPLC-ICP-MS) method for determining 
organic arsenic feed additives and speciation of anionic arsenic in animal feed. 
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4.6 Antioxidants 

Production animals are often exposed to several oxidative stress conditions. 
Antioxidants are natural or synthetic substances that may prevent or delay some 
types of cell damage, and they are mainly added to diets containing high 
concentrations of lipids (Wang et al. 2022). Antioxidants should also be added in 
feeds susceptible to oxidation due to unfavorable storage conditions. Common 
antioxidants used in animal feed to protect them against lipid peroxidation are 
vitamin C, citric acid, ethoxyquin (EQ, 6-ethoxy-1,2-dihydro-2,2,4-
trimethylquinoline) (Błaszczyk et al. 2013), butylated hydroxyanisole (BHA), and 
butylated hydroxytoluene (BHT) (Babich 1982). However, vitamin C and citric acid 
are too expensive to be used as antioxidants in most piglet diets. Natural antioxidants 
are frequently marketed, but their effectiveness remains inconclusive. 

Some harmful effects in animals and people occupationally exposed to 
antioxidants were reported in the 1980s, resulting in new studies to reevaluate 
their toxicity. Thus, the maximum amount of antioxidants in feed mixtures for 
animals used for food production should be monitored and controlled (Wang et al. 
2022). The presence and levels of antioxidants in animal feed in routinely monitored 
with HPLC methods [reviewed in Rubaj et al. (2012)]. 

4.7 Color Additives 

Carotenoids are included in the feed as part of the nutrients that support animal 
health and product quality. Carotenoids have various biological effects on animals 
which are classified into functions, actions, and associations. The most common 
carotenoids used in animal nutrition are astaxanthin, capsanthin, β-carotene, 
β-apo-8′-carotenoic acid ethyl ester, lutein, zeaxanthin, and canthaxanthin. 
Carotenoids have been additives used in poultry feed for pigmentation of egg 
yolk, skin (and fat), legs, beak, comb, and feathers (Langi et al. 2018). 

Like other additives, the presence and levels of carotenoids and other color 
additives in animal feeds should be monitored and controlled. Vincent et al. 
(2021) developed a reversed-phase HPLC coupled to an optical detector for the 
detection and quantification of or the determination of the ten carotenoids authorized 
by European legislation as feed additives in fish and poultry feed, namely 
astaxanthin (AXN), canthaxanthin (CXN), adonirubin (ADR), astaxanthin dimethyl 
succinate (AXN DMDS), capsanthin (CSN), beta-carotene (BCAR), the ethyl ester 
of beta-apo-8′-carotenoic acid (BACARE), citranaxanthin (CIXN), lutein (LUT),



and zeaxanthin (ZEA). Notably, these additives are used as colorants under the 
category “sensory additives” (European Union 2003) to adapt the color of egg yolk 
and fish flesh to the consumer’s preferences. The relative standard deviations for 
repeatability (RSDr) varied from 2.2 to 16.2%, with a mean value of 6%. In 
comparison, the relative standard deviations for reproducibility (RSDR) ranged 
from 6.8 to 39%, with a mean value of 21%. 
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4.8 Enzymes 

Feed enzymes improve animal performance by hydrolyzing feed substrates that are 
only partially or not broken down by the animal’s endogenous enzymes, especially 
in the case of young animals whose gastrointestinal tract (GIT) is relatively imma-
ture and unable to produce adequate amounts of endogenous enzymes (Ravindran 
2013). For example, monogastric animals can only partially degrade and utilize 
non-starch polysaccharides (NSP), such as xylans, β-glucans, and cellulose. Thus, 
adding enzyme preparations containing xylanases, β-glucanases, and cellulases to 
the feed reduces the antinutritional effect of NSP (Kiarie et al. 2013). Furthermore, 
exogenous enzymes have been considered as alternatives to antibiotic growth 
promoters (Cheng et al. 2014). Enzymes used in animal nutrition (feed enzymes) 
are considered feed additives and thus regulated by Regulation 1831/2003 on feed 
additives (https://www.legislation.gov.uk/eur/2003/1831/contents). 

Since enzyme users must know the enzyme product’s activity to formulate their 
diets rationally, it is necessary to assay enzymes in the feed. Various classic 
biochemical methods are available to analyze enzymes in feed (Sabatier and Fish 
1996). For example, the NSP-hydrolyzing enzymes degrade the polysaccharide 
chains into more and increasingly smaller fragments. Some approaches for deter-
mining NSP-hydrolyzing activity monitor the decreasing degree of polymerization 
of the substrate by measuring the decrease in the assay solution’s viscosity. Other 
methods measure the increase in reducing equivalents in the assay solution using an 
oxidizing reagent. The cleavage of the glycosidic bond forms a hemiacetal group that 
is oxidized. Other methods utilize dye-labeled substrates. The NSP-hydrolyzing 
enzymes progressively produce water-soluble fragments, increasing the absorbance 
of the supernatant molecules linked randomly to the building blocks of the model 
substrates (König et al. 2002). Over the past years, alternative methods have been 
developed to detect feed enzyme activity. König et al. (2002) described a straight-
forward and accurate approach for determining xylanase, beta-glucanase, and cellu-
lase in animal feeds. The method is based on the measurement of reducing moieties 
released by the enzymes from arabinoxylan, beta-glucan, or carboxymethylcellulose 
(CMC) and is independent of enzyme standards. Wang et al. (1999) reported an 
enzyme-linked sorbent assay (ELSA) for determining beta-glucanase and xylanase 
activity by coating the wells of a micro-well plate with biotinylated beta-glucan and 
biotinylated arabinoxylan, respectively. The activity of the bound indicator enzyme, 
alkaline phosphatase, is proportionally related to the beta-glucanase activity in the 
sample. ELSA is a straightforward method which can be employed for the routine

https://www.legislation.gov.uk/eur/2003/1831/contents


analyses assay of a high number samples (~ 200 per analyst/day) with good precision 
and high sensitivity. 
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5 Analytical Trends in Determining Additives in Foods 
and Feeds 

The primary goals in analyzing food and feed additives, i.e., to achieve better 
accuracy, lower detection limits, and higher selectivity with more accessible, faster, 
and low-cost methods using more robust, highly versatile, and smaller instruments, 
have not changed the past years. Furthermore, lower detection limits and higher 
selectivity goals have developed into actual trends. Overall, many techniques today 
provide greater sample throughput with more ease due to automation. Still, they are 
rarely cheaper (Lehotay and Hajšlová 2002). 

Several novel methods have been developed to analyze food and feed additives. 
For example, Chen et al. (2021) reported a selective and sensitive sensor using 
Ag-NPs as a colorimetric probe to detect azodicarbonamide, a whitening agent of 
cereal flour. Well-dispersed Ag-NPs aggregated following reaction with glutathione 
via Ag-SH covalent bonding and electrostatic attraction. This reaction causes 
changes in the color of the mixture from bright yellow to red. In this work, the 
approximate concentration of azodicarbonamide was estimated by the naked eye, 
with a visual detection at 0.33 μM. This method exhibited good linearity from 
0.33 μM to 1.7 μM. In addition, Han et al. (2017) reported a rapid and sensitive 
detection of sodium saccharin in soft drinks by silver nanorod array SERS substrates. 
Sodium saccharin was detected with an excellent LOD and a broad linear range. A 
one-step liquid–liquid extraction procedure was applied to detect sodium saccharin 
from soft drinks. However, these methods should be validated for routine food and 
feed additives analysis. The critical requirement for this validation is to prevent 
false-negative results; therefore, the β-error at the level of interest should be lower 
than or equal to 5%. 

6 Conclusions 

This chapter highlights the importance of balancing cost, speed, and analytical 
quality for determining and quantifying food and feed additives. Various analytical 
methods have been developed to assess food and feed additives. The choice of the 
method depends on several factors, including the nature of the sample and additive 
and the legislation at national and international levels. The main drawback of the 
current state-of-the-art food/feed analysis technologies is the necessity of a 
pretreatment step such as filtration, dilution, pH adjustment, extraction, heating, 
etc. Thus, more advanced food and feed analysis tools are needed that can be used 
without expert knowledge or bulky/expensive instrumentation.
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Antimicrobials as Feed and Food Additives, 
their Technological Properties 
and Perspectives 

Nikola Puvača and Vincenzo Tufarelli 

Abstract 

As awareness and concerns about antibiotic residues in animal products have 
increased among consumers, the search for alternatives to antibiotic growth 
promoters has become more critical. In recent decades, efforts have been renewed 
to identify natural additives for use in the food industry as biopreservatives for 
fermented foods and in animal feeding as natural growth promoter additives. 
Essential oils are natural antimicrobials that have been highlighted for their 
numerous beneficial effects. When essential oils or medicinal plants with multiple 
modes of action are combined, their preservative properties are enhanced and the 
risk of antimicrobial resistance is reduced. Due to their ability to modulate gut 
microbiota, which is strongly related to animal and human wellbeing, essential 
oils are increasingly recognized as health modulators in addition to their benefits 
as food preservatives. As antibacterials, antivirals, antifungals, antioxidants, 
digestive stimulants, immunomodulators, hypolipidemic agents, and heat stress 
alleviators, essential oils have been utilized in animal feeding for centuries. It has 
been demonstrated that essential oils can act as a dietary antibiotic replacement 
without causing side effects. Additionally, essential oils play a role in the 
preservation of feed in which they are incorporated, as well as the meat that is 
obtained from animals fed with them. Essential oils not only reduce oxidative 
damage to the animal in vivo, but they also exert an anti-oxidative influence on 
feed that is incorporated with them. Researchers exploited essential oils as feed

N. Puvača (✉) 
Department of Engineering Management in Biotechnology, Faculty of Economics and Engineering 
Management, University Business Academy in Novi Sad, Novi Sad, Serbia 
e-mail: nikola.puvaca@fimek.edu.rs 

V. Tufarelli 
Department of Precision and Regenerative Medicine and Jonian Area, Section of Veterinary 
Science and Animal Production, University of Bari Aldo Moro, Valenzano, Italy 

# The Author(s), under exclusive license to Springer Nature Switzerland AG 2023 
G. Arsenos, I. Giannenas (eds.), Sustainable Use of Feed Additives in Livestock, 
https://doi.org/10.1007/978-3-031-42855-5_32

913

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-42855-5_32&domain=pdf
https://orcid.org/0000-0002-5500-7010
https://orcid.org/0000-0003-0089-4393
mailto:nikola.puvaca@fimek.edu.rs
https://doi.org/10.1007/978-3-031-42855-5_32#DOI


additives after obtaining favorable results as an alternative to antibiotics. The 
expanding research horizons in essential oils should bring an end to the extensive 
use of antibiotics as feed additives. Having in mind that the future is now, the role 
of essential oils as natural growth promoters and immunity enhancers in animal 
feeding is huge, but still more investigations are needed for the development of 
this part of the industry. Due to antimicrobial functions in animal and human 
health, this chapter reviews recent advancements in essential oil research that will 
contribute to the development of functional foods and feeds.
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1 Introduction 

In commercial poultry production, antibiotic use has been practiced for decades as a 
growth promoter in the daily diet. Antibiotics are increasingly used in animal 
production, both as a disease preventative and as growth enhancers. As a result of 
opportunistic pathogens inhabiting the intestinal tract and the microbial load in the 
animal’s environment, the growth rate may be slowed down. During the treatment of 
animals with antibiotics, pathogenic bacteria within their gut will produce toxins that 
will harm the animals’ livelihoods or production ability (Puvača et al.  2020b). It is 
most likely that antibiotics used in this manner will end up accumulating in the 
tissues, causing antibiotic resistance in humans via the food chain that leads ulti-
mately to therapeutic failure (Ljubojević et al. 2017). 

Antibiotics are no longer used as feed additives in many countries (Dawood et al. 
2018). As such, finding an alternative to antibiotics is of utmost importance. Hence, 
the World Health Organization has encouraged the development of alternatives to 
antibiotics to control enteric diseases. There have been many attempts by scientists 
to find antibiotic alternatives (Czaplewski et al. 2016; Joerger 2003; Roca et al. 
2015; Zorzet 2014). 

Plant parts are used to extract essential oils, which are oily mixtures of aromatic 
compounds. Steam distillation is the most commonly used method for commercially 
producing essential oils, along with expression, fermentation, and extraction. Essen-
tial oils are classified as “generally recognized as safe” (GRAS), as supported by the 
Flavor and Extract Manufacturers Association (FEMA) and the Food and Drug 
Administration (FDA) (Nieto 2017). As a growth and health promoter, essential 
oils can enhance productivity (Brenes and Roura 2010). Since essential oils are 
versatile, they can be used in animal production to promote growth with terpenes and 
phenylpropenes as the main constituents of essential oils. 

Each essential oil has its characteristic odor. Depending on the ambient tempera-
ture, they exist as liquids or volatiles. Benzene, ether, acetone, and other organic 
solvents readily dissolve essential oils (Castilho et al. 2012). There is a difference 
between the specific gravity of the clove and cinnamon oils and that of the essential



oils, with most being between 0.8 and 1.17. In Fig. 1, we summarize the activities of 
essential oils. 
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Fig. 1 Main activities of essential oils (Puvača et al. 2013; Puvača et al. 2022a) 

2 Properties of Essential Oils as Feed and Food 
Antimicrobials 

Essential oils have been exploited since ancient times for their antimicrobial 
properties, and researchers are interested in using them as an alternative to antibiotics 
because of their beneficial properties (Chouhan et al. 2017). Antimicrobial properties 
have been demonstrated in vitro for pure compounds. Clostridium perfringens and 
Bacteroides fragilis were strongly inhibited by cinnamaldehyde, while 
Bifidobacterium longum and Lactobacillus acidophilus were moderately inhibited. 
It is possible to balance the microbial population in the poultry intestine by



exploiting this property of selective inhibition of intestinal pathogenic bacteria. 
There is currently no clear understanding of the mechanism of antimicrobial action 
(Hyldgaard et al. 2012; Pelić et al. 2023). The main site of action is the cell 
membrane. Hydrogen and potassium ions may be able to pass through the cytoplas-
mic membrane more easily. Gram-positive bacteria are more susceptible to their 
hydrophobic properties, while Gram-negative bacteria are more susceptible to their 
small molecular weights. There is a positive effect of essential oils on the biological 
system as antioxidants. Free radicals are effectively scavenged by essential oils 
(Bhavaniramya et al. 2019). Several antioxidant defense systems are influenced by 
essential oils, including superoxide dismutase, glutathione peroxidase, and vitamin 
E (Kostadinović 2023; Mourente et al. 2002). Foods are flavored with essential oils. 
A maximum concentration of 26 ppm of carvacrol can be used in non-alcoholic 
beverages and 120 ppm can be used in baked goods. Ice cream products can contain 
as little as 8 ppm of cinnamaldehyde while chewing gum products can contain up to 
4900 ppm. It is possible to standardize piglet diets by utilizing the characteristic 
flavor of essential oils so that feed intake is not affected post-weaning (Middelkoop 
et al. 2018). Since poultry may not respond acutely to flavor, the effects of flavor on 
chicken performance have not been studied much (Puvača et al. 2015a). There is 
limited evidence that flavors can affect feed intake based on the limited literature 
available. However, flavors do not appear to affect poultry performance signifi-
cantly. In poultry nutrition, it is, therefore, necessary to assess the importance of 
essential oils as a flavoring agent. Spices and herbs in food are used to help digestion, 
which is why essential oils are added to diets (Popović et al. 2016). The enzymes 
trypsin and amylase are activated by them. Spices or their active ingredients have 
been shown to increase bile salt secretion (Platel et al. 2002). In addition to lowering 
cholesterol, herbs and essential oils also protect against cancer through their anti-
cancer properties. Garlic has hypocholesterolemic properties due to its inhibition of 
hepatic 3-hydroxy-3-methylglutaryl coenzyme A reductase, a key enzyme that 
regulates cholesterol synthesis (Puvača et al. 2015b). 
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3 Essential Oils’ Antibacterial Properties and Mode of Action 

It has been well-documented that essential oils and their components have antimi-
crobial properties, but their mechanisms of action have not been thoroughly exam-
ined. Fig. 2 shows possible antimicrobial mechanism of essential oil (Wang et al. 
2020). Essential oils contain a variety of chemical compounds, making it most likely 
that their antibacterial properties are not due to a single mechanism, but respond to 
multiple targets within the body (Dosoky and Setzer 2018; Tsai et al. 2013). A high 
percentage of phenolic compounds such as carvacrol, eugenol, and thymol can be 
found in essential oils that have the strongest antibacterial properties against food-
borne pathogens (Abbaszadeh et al. 2014). 

Antibacterial activity and the precise mode of action of essential oils are affected 
by the chemical structure of their constituents. Carvacrol and thymol, which contain 
hydroxyl groups, have been proven to be important phenolic compounds (Bassolé



and Juliani 2012). There does not seem to be a strong influence of the relative 
position of the hydroxyl group on the phenolic ring on thymol’s antibacterial 
activity; it appears to be comparable to carvacrol in its ability to kill B. cereus, 
Staphylococcus aureus, and Pseudomonas aeruginosa. There was, however, a 
difference between the effects of carvacrol and thymol against Gram-positive and 
Gram-negative bacteria. Carvacrol displays significantly greater activity than men-
thol, which demonstrates the importance of the phenolic ring. It has been found that 
the type of alkyl group influencing the activity of essential oils is alkenyl rather than 
alkyl for the non-phenolic components (Raei et al. 2017). There is greater activity in 
limonene than in p-cymene, for example. 
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Fig. 2 Possible antimicrobial mechanism of essential oil (Wang et al. 2020) 

Cell proteins embedded in the cytoplasm seem to also be affected by components 
of essential oils. The cytoplasmic membrane is known to contain enzymes like 
ATPase and to be surrounded by lipid molecules (Nazzaro et al. 2013). The action 
of cyclic hydrocarbons on these has been suggested by two possible mechanisms. 
Lipid–protein interactions can be affected by lipophilic hydrocarbon molecules 
accumulating in the lipid bilayer; else, lipophilic compounds can directly interact 
with hydrophobic parts of proteins. Certain yeasts can grow pseudo mycelia when 
some essential oils are applied. The synthesis of structural components or energy 
regulation appears to be controlled by essential oils (Mantzourani et al. 2022). 
Enterobacter aerogenes is inhibited by cinnamon oil and its components (Ooi 
et al. 2006), while it was thought that protein binding was the mechanism of action. 
A study using milk with different levels of protein also indicated that essential oil 
components might act on proteins (Burt 2004).



918 N. Puvača and V. Tufarelli

4 Essential Oils Constitute Synergism and Antagonism 

There is an expected correlation between oil activity and the configuration of its 
constituents, their proportions, and their interactions. A combined effect equals the 
sum of individual effects, resulting in an additive effect. It is possible to observe 
antagonistic effects when one or both compounds are applied simultaneously com-
pared to when they are applied separately (Cox et al. 2001). A synergistic effect 
occurs when two or more substances interact in a way that exceeds the sum of their 
actions (Williamson 2001). The minor components in essential oils have been found 
to have a synergistic effect or potentiate activity, which may account for the greater 
antibacterial activity of whole oils than mixed major components. When tested 
against S. aureus and P. aeruginosa, carvacrol, and thymol, two structurally similar 
major components of oregano essential oil, gave an additive effect (Lambert et al. 
2001). B. cereus vegetative cells respond synergistically to carvacrol and p-cymene. 
Carvacrol and p-cymene appear to have different effects on bacterial cell membrane 
swelling, as well. When used together with carvacrol, p-cymene likely facilitates 
more efficient transport of the drug into the cell, leading to a synergistic effect 
(Delgado et al. 2004). 

5 Essential Oils in Poultry Production 

The use of essential oils in poultry diets is regarded as a growth promoter. There are 
considerable variations in animal trial results, however. By introducing essential oils 
to chick diets, some studies indicate that feed intake was unchanged or slightly 
reduced (Lika et al. 2021; Mohamed et al. 2020; Puvača et al. 2020a). The lower feed 
consumption could be explained by the irritating smell of essential oils, which makes 
birds dislike the taste of their diet. Additionally, some studies found broilers’ daily 
feed intake was numerically decreased by supplementing their diets with thyme, star 
anise, and origanum leaves, and the essential oils within them (Reyer et al. 2017). In 
addition, the inclusion of essential oils in graded amounts significantly reduced the 
feed intake of broiler chickens (Amad et al. 2011). A limited amount of information 
was available regarding the feed preferences of poultry, in contrast to that of pigs. 
The bird is more tolerant to moderate levels of essential oils than the pig, and poultry 
might be less sensitive to flavor than pigs. A major observation was an improvement 
in weight gain and feed conversion ratio rather than feed intake (Zhai et al. 2018). 
Boosting digestible enzyme secretion and stabilizing the gut microbiome are two 
powerful mechanisms that improve feed utilization and reduce growth-depressing 
digestive and metabolic disorders. Many studies have shown that essential oils 
increase the secretion of digestive enzymes from the pancreas and mucosa of the 
intestines (Jang et al. 2004, 2007). Growth performance wasn’t improved, even 
though nutrient digestibility increased. A poor hygienic environment might have 
contributed to essential oils’ positive effects on broiler growth performance, and the 
environment in which these trials were conducted is not adequately described. Many 
in vitro studies have examined essential oils for their antimicrobial properties, which



have shown high antimicrobial activity against pathogenic bacteria like E. coli and 
S. typhimurium, which are both potential risk factors for enteric infections. Thymol, 
eugenol, and carvacrol have been demonstrated to have high antimicrobial activity 
(Abbaszadeh et al. 2014). The optimization of their formulation, therefore, requires 
the unraveling of the synergistic mechanism. Studies have demonstrated clear 
growth inhibition of C. perfringens and E. coli in the hindgut when essential oils 
were used both individually and in combination (Puvača et al. 2022a). These 
treatments improved intestinal lesions and weight loss compared to challenged 
control groups. It is well known that antibacterial activity originates from their 
hydrophobic behavior, which disrupts membrane permeability and cell homeostasis, 
causing cellular death or an influx of other substances. Gram-positive bacteria are 
generally resistant to essential oil action due to the presence of hydrophilic 
components in the outer membrane (Chao et al. 2000), while Gram-negative bacte-
ria, however, are more susceptible (Tavares et al. 2020). 
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6 Essential Oils in Pig Production 

There are many factors affecting voluntary feed intake, including housing, social 
environment, and dietary characteristics, one of which could become the dominant 
determinant under certain circumstances. Usually, essential oils have a pungent 
smell, so they might attract pigs to the feed more and thereby arouse their interest 
in exploring more (Franz et al. 2010). An ambiguous effect was observed on pig feed 
intake by essential oils. Supplementation with essential oils resulted in changes in 
feed intake ranging from -3% to 19%. Generally, growth-promoting additives 
improve the growth rate of animals, which may explain the improvement in feed 
intake (Yan et al. 2010). Pigs’ feeding preferences and growth performance are not 
consistent when influenced by essential oils. For this reason, it is important to take 
care when interpreting the results of different types of animal trials, and more 
detailed research is needed to reconcile the incongruent results (Omonijo et al. 
2018). Spices digestive stimulant action is primarily mediated by bile and enzyme 
secretion, which in part explains the increased apparent digestibility of fats and 
nutrients (Puvača 2018). 

The passage of digesta and the interaction between feed and endogenous enzymes 
in the gut can also be influenced by essential oils by relaxing and contracting the gut 
(Zhai et al. 2018). It has been shown that tea tree oil has spasmolytic properties and 
strong spasmogenic effects (Ali et al. 2015). Following oral administration, piglets 
absorbed nearly completely carvacrol, thymol, eugenol, and cinnamaldehyde in their 
stomachs and small intestines within two hours (Michiels et al. 2008). Therefore, 
essential oils need to be protected so that they are not absorbed in the foregut, which 
would compromise their antimicrobial properties. The gut microflora could be 
selectively influenced by some essential oils. As a green preservative, essential 
oils could also be used to prevent pathogen contamination in food (Singh et al. 
2021). Total coliform populations were reduced in Tuscan sausages treated with bay 
leaf essential oils (da Silveira et al. 2014). Essential oils must be used at ten to



hundred-fold higher concentrations in food to achieve the same antimicrobial effects 
in vitro. 
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7 Essential Oils in Meat Hygiene and Food Preservation 

During livestock rearing, the fatty acid content of meat and the oxidation of lipids 
can be affected by supplementing the diet with essential oils (Cheng et al. 2017). 
Plant compounds with antioxidant properties were found to enhance meat quality 
during storage (Al Jumayi et al. 2022). Meat and meat products can also be infused 
with essential oils. As antimicrobial and antioxidant additives, essential oils prevent 
the spoilage of meat and can be used as natural meat preservatives (Yu et al. 2021). 
The addition of essential oils to animal-based products, such as raw or thermally 
processed meat, can improve their quality and microbiological safety (Cutter 2006). 
In addition to improving meat products’ sensory attributes and overall acceptability, 
essential oils serve as natural taste enhancers. Nevertheless, essential oils must be 
dosed carefully, since at high concentrations they can cause toxicity or impart 
unfavorable tastes (Mucha and Witkowska 2021). 

In several studies, researchers have examined the effects of essential oils as food 
additives. A variety of proteins were analyzed, including those from meat and milk 
products. Some essential oils tested against pathogenic bacteria demonstrated strong 
antimicrobial activity (Puvača et al. 2021). Nevertheless, fermented milk products 
resulted in lower counts of beneficial microbiota as a consequence of their 
antibacterial effect. Bacteria and pathogens that cause food spoilage can be inhibited 
most effectively by some essential oils. Numerous studies have shown that essential 
oils can effectively prevent lipid oxidation in food products (Keshvari et al. 2013; 
Shahidi and Zhong 2010). Increasing the palatability of meat is one of the most 
popular uses for oregano essential oil, which has antioxidant properties. After five 
and ten days of storage, the addition of sage essential oil decreased Enterococcus 
counts and reduced lipid oxidation in pork (Botsoglou et al. 2004; Vital et al. 2016). 
Raw and thermally processed minced pork and beef, stored for 12 days at a 
temperature of 4 °C, had significantly lower lipid autoxidation when 3% sage 
essential oil was added. When meat is thermally processed, the sage essential oil is 
more effective as an antioxidant than when it is raw (Jaworska et al. 2021). 

As an alternative to conventional food packaging, edible films contain essential 
oils that can be consumed with food (Vapa Tankosić et al. 2022). Through their 
ability to inhibit biological, biochemical, and physicochemical changes inside the 
food matrix, they preserve the quality of food products and prolong their shelf lives. 
It is becoming increasingly popular to use edible films in place of plastic packaging 
as an environmentally friendly alternative (Gheorghita Puscaselu et al. 2020). 

Oxygen, light, temperature, and pH are physicochemical factors that affect 
essential oils (Dima and Dima 2015). When oxygen and light are present, unsatu-
rated compound oxidation occurs, causing free radical formation (Turek and 
Stintzing 2013). The poor solubility of essential oils also limits their use. In addition 
to encapsulation, the controlled release of essential oils is one of the new processing



techniques, essential oils can be encapsulated and released slowly for a controlled 
effect (Fig. 3). 
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Fig. 3 Essential oil encapsulation (Pontes-Quero et al. 2021) 

In dairy and meat products, polymer microcapsules and nanocapsules are 
encapsulated with essential oils. By slowly releasing essential oil components, 
microcapsules preserve flavor and extend shelf life. By encapsulating essential oils 
in zein nanoparticles, essential oils can be dispersed in water (Wu et al. 2012), which 
greatly enhances their potential to be used for food preservation and bacteria control 
(Alinaqi et al. 2021). 

A healthy diet and lifestyle have become consumers’ top priorities. Food choices 
have become more critical as consumers pay more attention to what is on their plates, 
becoming aware of different possibilities of using essential oils in animal production 
(Fig. 4) (Mucha and Witkowska 2021). 

Food manufacturers of animal-based products should strive to meet consumer 
expectations regarding food safety, sustainability, convenience, and the absence of 
veterinary drug residues (Puvača et al. 2022b) in products raised organically (Milić 
and Tomaš Simin 2023). Consumers who believe animals have sentient beings may 
have moral dilemmas when it comes to eating meat (Lin-Schilstra and Fischer 2020). 
Hence, improving the sustainability of the feed production chain is a challenge and a 
great opportunity for the industry. 

8 Conclusions and Future Perspectives 

Arguably the most interesting area of application for essential oils is the inhibition of 
growth and reduction in numbers of the more serious food-borne pathogens such as 
Salmonella spp., E. coli, and L. monocytogenes. The delay of spoilage and improve-
ment of organoleptic qualities in vacuum-packed meat or fish may also be interesting 
from a commercial point of view. Given their organoleptic properties, essential oils



could most readily be incorporated into manufactured foods that are traditionally 
associated with herbs or with spices. It may be possible to use essential oils in foods 
not previously associated with a herby or spicy flavor if the presence of one or more 
synergists can produce the desired antibacterial effect at a concentration that does not
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Fig. 4 Possibilities of using essential oils in animal production (Mucha and Witkowska 2021)



produce undesirable changes in the flavor or aroma. The use of essential oils in 
consumer goods is expected to increase in the future due to the rise of green 
consumerism, which stimulates the use and development of products derived from 
plants. This applies to the food and cosmetic sectors but also medicinal products. If 
essential oils were to be required in much greater volumes than at present, bioengi-
neering of their synthesis in plants could provide greater yields. International 
standardization of the composition of commercially available essential oils would 
be essential for reliable applications.
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Further on, research is necessary to identify the effect of essential oils on proteins 
and phospholipids embedded in the cytoplasmic membrane. It would be useful for 
technological applications if these mechanisms were further elucidated. It is particu-
larly relevant to study antibacterial activity against stationary bacterial cells. 
B. cereus has been shown to become less sensitive to carvacrol after growing in 
the presence of nonlethal concentrations of essential oils in foods. Furthermore, the 
extent to which bacteria can adapt to the presence of essential oils in foods will also 
need to be evaluated further. The decrease in sensitivity was achieved by changing 
the fatty acid and phospholipid head-group composition in the membrane, which 
reduced the fluidity and passive permeability of the cell membrane. Also, research is 
needed on the interaction between essential oils, their constituents, and other food 
ingredients and additives. When clove or oregano oils come into contact with iron, 
they can become darkly pigmented; this may limit their uses. Essential oils could be 
combined to maximize their antibacterial activity and minimize the concentration 
requirements for achieving a particular antibacterial effect through synergistic 
effects. Antagonism between essential oil and food ingredients is undesirable and 
research is needed so it can be avoided in practical applications. The stability of 
essential oils during food processing will also need to be studied. The heat stability 
of cinnamaldehyde has been investigated; it was found to decompose to benzalde-
hyde at temperatures approaching 60 °C when heated alone. When combined with 
eugenol or cinnamon leaf oil, however, cinnamaldehyde was stable even after 
30 min at 200 °C. Possible secondary or indirect consequences of the use of essential 
oils would need to be explored. L. monocytogenes has been shown to become more 
tolerant of mild heat (56 °C) after being stressed by the presence of ethanol, 
hydrogen peroxide, or low pH. In the past, there has been little standardization of 
test methods for testing antibacterials for use in food. This is a field where a selection 
of standard methods would accelerate the study of promising antibacterial 
components and their synergistic or antagonistic action with each other and with 
food ingredients. 

Additionally, the environment plays a crucial role in animal production besides 
essential oils. It would be beneficial to conduct more research on the interactions 
between the environment and essential oils. To interpret experimental results and 
variations correctly, a detailed description of hygienic conditions is necessary. 
Research on the anticoccidial and immunomodulatory properties of essential oils 
in poultry requires further exploration. To track the active compounds and their 
metabolites, it is necessary to investigate the metabolic fates of essential oils in 
animals. Identifying practical applications for essential oils requires research on their



interactions with other feed additives. Essential oils have not been extensively 
studied for their olfactory effects. There might be a significant link between essential 
oils and improved digestibility of energy and nutrients due to their direct physiologic 
effects on relaxation, contraction, resistance, and peristalsis in the gut. Because 
essential oils are easily absorbed, it is imperative to experiment with different 
methods of delivering them to the gastrointestinal tract. To determine which essen-
tial oils modulate the immune system specifically, different challenge models should 
be used in the perspectives. 
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Abstract 

From a strategic perspective, food security is one of the most important pillars of 
national security for human societies. Introduction of effective new feed additives 
in livestock and poultry nutrition can be a key to sustainable food security by 
increasing animal performance and improving animal health. Continuous 
research in this area is necessary because certain feed additives can also combat 
pathogens and ameliorate the use of antibiotics. Future studies on feed additives 
should be aimed at determining their optimal levels to maximize the goals of 
improved production efficiency and conversion ratio and consequently the quality 
and quantity of livestock products. By improving bioavailability, digestibility, 
and effectiveness of additives, we will be able to use them more accurately in 
animal diets without any worry about their side effects. Synthetic additives with 
new formulations along with bioactive compounds derived from plants can help 
attain this goal. Some of the known compounds include phenolic compounds, 
essential oils, terpenoids, phytosterols, polycosanols, and tocopherols, which can 
improve feed conversion ratio and production performance just like synthetic 
additives. The use of these compounds can also lead to the production of high-
quality organic products. Therefore, understanding the mechanism of action of 
bioactive compounds in the body physiology and biochemical status of domestic
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animals can be one of the goals of future studies. In this chapter, we provide 
information on the selection of additives by presenting the latest studies on the 
use of well-known and lesser-known additives as well as the simultaneous use of 
several additives in animal nutrition by discussing their mechanisms of action and 
beneficial physiological and biochemical effects. We also list a series of new plant 
supplements containing valuable bioactive compounds to encourage researchers 
to study the use of these new plants in various forms in livestock and poultry 
nutrition.

930 A. Seidavi et al.

Keywords 

Animal health · Animal performance · Bioactive compounds · Food security · 
Human demand · New plant supplements · Synthetic additives 

1 Introduction 

The main drivers of the global market for animal feed additives include increasing 
demand for animal products, increasing awareness of the quality and safety of 
animal products, capability for mass production, and the necessity of preventing 
the spread of various types of stresses and diseases in livestock (Pandey et al. 2019). 
Therefore, it is absolutely important to design a targeted strategy to draw successful 
health-oriented and economic perspectives. “Zero hunger” and “responsible con-
sumption and production” include the second and twelfth sustainable development 
goals in order to achieve food security, both of which are considered in the animal 
feed industry (Pandey et al. 2019). Poultry strains used in the industry have been 
subjected to intensive genetic selection for rapid growth and increased feed effi-
ciency along with high metabolic rate (Klasing 2007; Seidavi et al. 2014). However, 
the biggest challenge for the poultry producers and specialists is to achieve balanced 
rations at a minimum price (Pandey et al. 2019; Alagawany and Abd El-Hack 2020). 
Thus, appropriate feed additives can play an important role in achieving the impor-
tant and strategic goals of health and economy. 

2 Microencapsulations and Nanotechnology of Feed 
Additives and Future Perspective 

Despite the versatile uses of plants and their components as poultry feed 
supplements, it seems that their beneficial aspects face certain limitations. The 
sensitivity of bioactive components of plants to peroxidation and oxidation damage, 
hydrophobicity and volatile nature of the compounds are some of the important 
limitations of the direct use of these resources. In addition, some reports show that 
the supplementation of plant extracts in high doses reduces palatability and feed 
intake (Pliego et al. 2022).
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Recently, the application of microencapsulation and nanoencapsulations as a 
solution of utilizing the potential of plants in poultry nutrition has received increased 
scientific attention. Microencapsulation is a technique in which small particles or 
droplets are surrounded by a coating wall or are embedded in a homogeneous or 
heterogeneous matrix to form small capsules. In general, microcapsules are tiny 
particles between 1 and 1000 mm that contain a bioactive agent surrounded by a 
natural or synthetic polymer membrane (Calvo et al. 2011; Pliego et al. 2022). 
Reports show that microencapsulated organic acids and essential oils of medicinal 
plants, alone or mixed, as feed additives in broiler chickens improve the function and 
intestinal microflora, reduce intestinal pathogenic microbes, and strengthen health 
and improve safety (Scherer et al. 2014; Pliego et al. 2022). Nano materials are 
essentially different from their larger materials due to differences in surface effects 
and quantum effects and spatial arrangement allows them to have new and element-
specific properties, such as creating a magnetic environment in metals in the form of 
nanoparticles (Singh 2016; Abd El-Ghany 2019). 

Nanoparticles can generally be categorized into inorganic, organic, emulsions, 
dispersions, and nano clays. The use of inorganic and organic nanoparticles in 
poultry feed additives is a precedent (Singh 2016; Anwar et al. 2019). Micelles are 
organic nanoparticles that can assemble by a thermodynamic process called self-
assembly. It has been reported that Nano-sized Self-assembled Liquid Structures 
(NSLS) particles act as carriers for compounds that are more easily absorbed into the 
bloodstream from the intestine and increase their bioavailability. However, nano-
technology allows the feed additive to increase the parameters related to the health of 
chickens and also help to improve the bioavailability of nutrients with the optimal 
physiological function of the body (Singh 2016; Swain et al. 2021). 

Heydarian et al. (2020) also investigated the effects of dietary inclusion of 
encapsulated thyme essential oil (TEO), oregano essential oil (OEO) and probiotics 
on growth performance, immune response and intestinal morphology of broilers. 
They showed that dietary inclusion of TEO + OEO feed in an encapsulated form 
along with probiotics increases humoral immunity in broiler chickens. 

Ahmadi et al. (2020) studied the optimal level of nano-selenium supplement on 
broiler chickens with regard to performance, economic parameters, plasma compo-
sition, and safety. The results showed that Nano-S supplementation had a positive 
effect on body weight gain (BWG) and feed conversion ratio (FCR), without 
negatively affecting bird health status. Increase in productivity and reduction of 
the environmental hazards related to the additive source as an effect of nanotechnol-
ogy appear as a very promising finding. In the food industry, the use of liposomal 
nanovesicles for the encapsulation and delivery of nutrients and functional 
components such as proteins, enzymes, flavors, and antimicrobial compounds has 
precedent (Wen et al. 2006). In another study, the effects of nano-encapsulated 
extracts (0.02, 0.025 and 0.05% w/w) of aloe vera, dill and nettle root on perfor-
mance, carcass traits, and immunoglobulin serum concentration (IgM and IgY) in 
broiler chickens were investigated and the results indicated that nanoencapsulation 
of plant extracts can improve the growth performance of broiler chickens 
(Meimandipour et al. 2017).
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However, the challenges of using nano nutrients include changes in metabolism, 
toxicity, and environmental effects, which should be minimized. To accomplish this, 
more studies and efficient research by researchers and experts in the future are 
needed. Entering nanotechnology due to the change of molecular nature requires 
high precision and sensitivity in order to prevent its possible economic, social, 
ethical, and legal consequences (Singh 2016). It is hoped that using this technology 
in the future of animal nutrition (feed additive) can help to improve the bioavailabil-
ity of nutrients and production performance and meet the goals of the poultry 
industry (Ireland 2008; Radha et al. 2014; Singh 2016; Rani et al. 2018). 

3 Bacteriophage Additives and Future Perspective 

Bacteriophages are viruses that infect and destroy bacteria. Due to the fact that 
bacteriophages do not cause contamination of plant and animal cells, they can be 
used instead of antibiotics in the prevention and treatment of diseases in humans and 
animals, including poultry. Therefore, this type of additive can be suggested as a 
successful prospect due to its special properties (Evran et al. 2022). There are 
specific bacteriophages for different bacteria. After entering the bacterial cell, 
bacteriophages multiply and disrupt the normal activities of the bacteria, thereby 
facilitating their death. The mutual effects of the combination of bacteriophage and 
antibiotic therapy have increased their therapeutic aspect (Huff et al. 2006; 
Żbikowska et al. 2020; Evran et al. 2022). 

At the same time, due to the combined use of bacteriophages and therapeutic 
antibiotics, lower levels of antibiotics can be used. Bacteriophage can be used to treat 
and prevent Klebillus in poultry and this product can be an effective alternative to 
antibiotics. Bacteriophages were jointly discovered by Twort (1915) and De Hérelle 
(1917) in the early twentieth century. Bacteriophages are special viruses and their 
structure consists of a protein layer that surrounds nucleic acid (nucleic acid can be in 
the form of DNA or RNA). Bacteriophages are divided into two main groups, benign 
and malignant, whose life cycles are different. Malignant bacteriophages destroy 
bacteria in a multi-step process. That is, they attach themselves to the surface of the 
bacteria by finding specific binding sites (receptors). Then they inject their nucleic 
acid into the bacteria. In the next step, viruses multiply inside bacteria. The release of 
an average of 50 to 200 cells causes the bacteria to break down and finally the 
bacteria is destroyed. Benign bacteriophages do not reproduce so quickly in bacteria, 
but exist as prophages along with plant bacteria and reproduce with them and turn 
the bacteria into a lysogenic strain. When lysogenic bacteria are under stress, the 
prophages become active and cause the virus to multiply and eventually kill the 
bacteria. In general, malignant bacteria provide the highest probability of destruction 
of bacteria in different situations (Huff et al. 2006). As soon as bacteriophages were 
discovered, the tendency to use them as a tool for the prevention and treatment of 
bacterial infections was proposed and started. It is considered that with further 
studies and information updating by experts, the use of this additive will be devel-
oped without any worries and perspective a successful measure of this technique and



technology was envisioned (Huff et al. 2006; Lang 2006; Żbikowska et al. 2020; 
Islam et al. 2021; Olson et al. 2021; Han et al. 2022). 
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4 Phytogenic Additives and Future Perspective 

Plant feed additives (PFAs) are classified as sensory and flavor compounds 
according to the EU law (EC 1831/2003) (Regulation 2003; Shehata et al. 2022). 
It is estimated that among the 100,000 different compounds of natural origin, 
approximately 80,000 are derived from plants (Upadhaya and Kim 2017; Pirgozliev 
et al. 2019). 

However, Pandey et al. (2019) stated in their review report that the main reasons 
for using phytogenics as additives by researchers include antimicrobial effect, APG 
replacement strategy, growth promotion, anti-inflammatory, good past experience, 
better FCR, higher feed intake, used with AGPs and others, respectively. 

Phytogenic substances improve the performance and health of animals through: 
(1) improved digestibility, (2) antimicrobial activities, (3) anti-inflammatory and 
antioxidant effects, (4) stabilization of intestinal microbiota, (5) improvement of 
animal traits, and (6) reduction of environmental emissions (Shehata et al. 2022). 
Medicinal plants have a huge impact on the poultry industry by improving the 
performance and productivity of birds (Pliego et al. 2022). 

All assumptions related to the use of plant-based bioactive compounds have 
always been considered and supported by the “REPLACE” project in the framework 
of European Union programs (Alloui et al. 2014). Phytogenic products are claimed 
to positively affect palatability and gut function, thus promoting feed utilization and 
increasing production performance (Windisch et al. 2008). 

4.1 Phytogenics Additives Based on Cultivated Plants 

In the field of agricultural products, a cultivated plant is widespread and its con-
sumption market is safe and risk free. If specialized research related to phytogenic 
plants reaches a point where the producers of the poultry industry are convinced that 
these natural additives can be consumed with safety, while their health-enhancing 
effects are evident, a positive perspective of their use is expected. Therefore, by 
continuously studying the effects of phytogenic additives in poultry nutrition, the 
desired plants can be cultivated and produced in a practical way to achieve the 
strategic goals of additives and the successful perspective of the poultry industry. 
Because in the future, many of these plants can be cultivated based on production 
and mechanized principles and the final price can be greatly reduced. 

With the optimal and economical production of raw materials of plant origin in 
bulk and mass, the poultry industry can be a stable market and customer for 
phytogenic additives and the producers of medicinal plants and also develop 
phytogenic products with the support of governments and organizations and 
specialized centers that can put them in their agenda and priority. Therefore, it is



recommended that researchers with numerous and extensive studies related to 
phytogenics can prepare the ground for the development of valuable and health-
giving medicinal plants in poultry nutrition and industry. 
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Windisch et al. (2008) introduced the classification of different herbal compounds 
based on their origin and processing as follows: Plants (flowering, non-woody, and 
non-resistant plants), Spices are herbs with a strong smell or taste, essential oils 
(volatile lipophilic compounds) and oleoresins (extracts from non-aqueous 
solvents). It should be noted that the active compounds of a plant species might 
vary depending on different geographical regions and weather conditions. These 
changes are the results of genetic and environmental interaction and the manifesta-
tion of biodiversity in the same plant species (Zhang et al. 2011). Many medicinal 
plants and sources of phytogenics have been cultivated traditionally and industrially 
in many countries for many years and there is technical knowledge to produce them, 
such as tea, alfalfa, spices, etc. But if it is used in poultry feeding as an additive, the 
products of this sector can be developed and expanded quickly. Other medicinal 
plants, with a limited cultivation or that they are obtained from nature in a semi-
domestic and wild form, they will be mentioned in the next parts of the chapter. 

In their review report, Seidavi et al. (2020) examined the use of green tea 
(Camellia sinensis L) in poultry nutrition and reported that supplementing diets 
with green tea increased feed intake and final body weight. It improves FCR and can 
be used as a growth stimulant instead of antibiotics. In addition, green tea improved 
immunity against coccidiosis, Newcastle disease, reduced plasma low-density lipo-
protein, and reduced serum cholesterol. It improved the quality of animal products 
by reducing meat peroxidation, reducing abdominal fat, improving meat quality, and 
increasing the chemical composition of meat. Similarly, egg yolk cholesterol 
decreased, egg yolk color improved, and yolk alpha-tocopherol increased. In quails, 
green tea improved intestinal weight, decreased plasma low-density lipoprotein, egg 
yolk cholesterol, and improved feed intake and weight gain (Seidavi et al. 2020). 
Saraei et al. (2016) showed that the use of green tea powder (15 grams per kilogram) 
significantly reduced plasma low-density lipoprotein (LDL) without affecting high-
density lipoprotein (HDL). As a result, the ratio of LDL to HDL improved. In 
addition, the use of green tea improved the antioxidant status due to the increase 
of plasma uric acid. In general, green tea can be supplemented in the diet of broilers, 
laying hens and quails with numerous positive functional and health-giving results 
(Seidavi et al. 2020) (Fig. 1). 

Several commercial phytogenic products obtained from cultivated plants include 
Anise seeds (Pimpinella anisum), Caraway seeds (Carum carvi), Cinnamon bark 
(Cinnamomum verum), Chamomile flowers (Matricaria recutita), Citrus peel (Cit-
rus spp.), Clove buds (Syzygium aromaticum), Fennel seeds (Foeniculum vulgare), 
Garlic bulbs (Allium sativum), Ginger rhizome (Zingiber officinale), Melissa leaves 
(Melissa officinalis), Onion bulbs (Allium cepa), Oregano leaves (Origanum 
vulgare), Peppermint leaves (Mentha piperita), Rosemary leaves (Rosmarinus 
officinalis), Sage leaves (Salvia officinalis), Thyme leaves (Thymus vulgaris), and 
Valerian root/rhizome (Valeriana officinalis). These plants have a series of valuable



bioactive compounds that can have a promising effect on the health and performance 
of poultry (Máthé 2009; Shehata et al. 2022). 
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Fig. 1 Cultivated tea (Camellia sinensis L) gardens in Iran and Gilan province–GH. Hosseintabar 
an agricultural expert and manager of the Darvash Giah Khazar Medicinal Herbs Complex in 2022 

Alfalfa (Medicago sativa L.) is also a well-known plant for animal nutrition, 
which is widely cultivated in many countries. But due to the existence of various 
vitamins, minerals, and proteins and valuable and balanced active compounds, it is 
known as the king of medicinal plants. It has also been proven that this plant is an 
important source of various minerals and vitamins, flavonoids, phenolic acid, 
xanthophylls, xantophylls, carotenoids, and other nutrients. Also, other studies 
have found that alfalfa or Medicago sativa contains saponins, flavonoids, and 
phytoestrogens (Pliego et al. 2022). 

The active compounds of this plant can increase the secretion of neutral steroids 
and bile acids into feces. It has anti-fungal properties and can even reduce choles-
terol. In research, the nutritional effects of low-fiber alfalfa (15% by weight on ration 
weight) on production and egg characteristics were investigated. The results showed 
that supplementation of low-fiber alfalfa meal in the diet of laying hens can posi-
tively affect the yolk quality, without having a negative effect on production traits 
(Laudadio et al. 2014). The effect of polysavone, a natural extract from alfalfa, on the 
deposition of abdominal fat and immunity of broiler chickens was determined and 
the results showed that it reduced the weight of abdominal fat at 5 and 6 weeks of age 
and the relative weight of thymus and spleen and bursa weight improved compared 
to the control group. In addition, the proliferation of T and B lymphocytes in the



poly-sawn group was significantly higher than the control group. When the birds 
were 4 and 5 weeks old, polysavone led to a significant increase in serum antibody 
titer and inhibition of anti-Newcastle disease virus hemagglutination. In total, these 
results showed that polysavone reduced abdominal fat deposition and strengthened 
immunity without adversely affecting the performance of broiler chickens (Dong 
et al. 2007). However, many phytogenic resources are obtained from plants that have 
been widely cultivated in many regions of the world for many years, and according 
to the needs of the poultry industry, these phytogenic resources can be used as an 
alternative to antibiotics. Because of these plants, while having phytogenic 
properties, it is possible to mass- produce and access the raw material economically 
(Pliego et al. 2022). 

936 A. Seidavi et al.

4.2 Phytogenic Additives Based on Essential Oils 

Many studies show that the use of essential oils (EOs) can provide superior effects 
compared to the direct consumption of a series of plants. Therefore, a series of plants 
from which it is possible to economically extract essential oils can play an important 
role as a feed additive in the future. EOs are a mixture of aromatic oily liquids 
obtained from plant materials such as flowers, buds, seeds, leaves, branches, tree 
bark, herbs, wood, fruits, and roots (Craig 1999; Stevanović et al. 2018; Abdelli et al. 
2021). EOs are classified into two categories: Terpenes and phenylpropenes (Cooke 
et al. 1998; Gopi et al. 2014). Based on the 5-carbon isoprene unit (building block), 
terpenes are divided into mono, sesqui, and diterpenes, where the number of 
isoprene units is 2, 3, and 4, respectively, while phenylpropenes are composed of 
6-carbon aromatic ring with 3 rings (Gopi et al. 2014; Abdelli et al. 2021; Youssef 
et al. 2021). To date, more than 1000 monoterpenes and 3000 sesquiterpenes have 
been identified (Cooke et al. 1998; Gopi et al. 2014). Terpenes and phenylpropenes 
are synthesized by mevalonic and shichemic routes, respectively. Mevalonic acid 
(six carbons) is formed by the condensation of three acetate units by HMG-CoA 
reductase that is converted into 5-carbon isopentenyl pyrophosphate (IPP) and 
dimethylallyl pyrophosphate (DMAPP). Then, IPP and DMAPP are combined in a 
molar ratio of 1:1 to produce 10-carbon geranyl pyrophosphate (GPP), a precursor of 
monoterpenes. The conversion of IPP to GPP produces the 15-carbon sesquiterpene 
compound, farnesyl pyrophosphate (FPP) (Seigler 1998; Gopi et al. 2014). Thymol 
and carvacrol are derived from GPP and are classified as monoterpenoids or 
isoprenoids. β-Ionone is derived from FPP and is therefore classified as a sesquiter-
pene or isoprenoid. Eugenol, trans cinnamaldehyde, safrole, as well as capsaicin and 
piperine can be mentioned among the important compounds of phenylpropanoids 
(Gopi et al. 2014; Hundal et al. 2019). It has been found that after entering the 
bacteria, the essential oils block the cytosolic proteins and the release of the essential 
compounds inside the cells, along with the destruction of the bacteria. Essential oils 
and compounds derived from them act on the cytoplasm and change the shape of the 
cell wall by breaking down the membrane (Delaquis et al. 2002; Singh and Yadav 
2020). Essential oils destroy pathogenic bacteria by leaking cell contents, damaging



the cytoplasmic membrane, and reducing the proton force and destroying membrane 
proteins (Nazzaro et al. 2013; Singh and Yadav 2020). 
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Essential oils (eucalyptus, rosemary, lavender, millefolia) and other plants (pine, 
cloves, and myrrh) are also suggested and used as anti-inflammatory agents in mixed 
formulations (Miguel 2010). According to Yitbarek (2015), phytogenic essential oils 
have the ability to disrupt the cytoplasmic membrane of pathogens. It has also been 
found that plants and their essential oils play a role in lowering cholesterol and by 
doing so protect them against cancer (Craig 1999). The hypocholesterolemic effect 
of lemon balm oil has been proven due to the inhibition of hepatic 3-hydroxy-3-
methylglutaryl coenzyme A (HMG-CoA) reductase activity (key regulatory enzyme 
in cholesterol synthesis (Qureshi et al. 1988; Chung et al. 2010; Karimi et al. 2010). 
Case et al. (1995) reported that a 5% inhibition of HMC-CoA reductase activity 
would lead to a 2% reduction in serum cholesterol. The hypolipidemic and immune-
modulating properties of essential oils have always been of interest among poultry 
manufacturers and if these compounds are extracted, it is possible to take advantage 
of its beneficial effects in poultry feed additives and expand the use of medicinal 
plants and provide a successful perspective for phytogenics (Gopi et al. 2014). 

4.3 Phytogenic Additives Based on Neglected and Underutilized 
Species (NUS) Plants 

According to the World Health Organization (WHO) report in 2018, a number of 
plants are considered as Neglected and Underutilized Species (NUS) in the world, 
and their cultivation can lead to improved food security, increased production, and 
economic growth of communities and enhance coping mechanisms against climate 
change for mankind in the future (WHO 2018). 

Considering the importance and strategic characteristics of the plants defined in 
the NUS system, phytogenic additives can be selected and extracted from these 
sources. 

Neglected and underutilized species (NUS) constitute a large pool of plant 
genetic resources, including cultivated, semi-domesticated, or wild species 
cultivated using low-cost inputs (WHO 2018; Hosseintabar-Ghasemabad et al. 
2022). 

NUS plants play a key role in creating employment for communities and due to 
their ecological and environmental compatibility, they can be considered as low-risk 
options. Especially with the extreme consequences of climate change, these plants 
are considered as a safety net for producers and their promotion, production, and 
development will be welcomed by governments and organizations (WHO 2018; 
Janmohammadi et al. 2022). 

For example, in the Andes region of South America, the International University 
with the support of the International Fund for Agricultural Development (IFAD) 
placed the development of three types of NUS products on the agenda, including 
pseudo-cereals (such as quinoa and amaranth); partial millet (such as finger millet,



small millet, and barnyard millet); and medicinal and aromatic plants (such as argel, 
caper, oregano, and mint) (WHO 2018). 
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Due to the strategic features of NUS plants, which possess valuable nutritional 
and medicinal properties and have a good genetic contribution to the vast nature of 
the world, they can be used as a safe productive and economic network in production 
and health stable, therefore, the selection of plant feed additives from plants of the 
NUS system can be a bright prospect for the future in poultry nutrition (Baumhardt 
et al. 2009; Asfaw and Lipper 2016; Lipper et al. 2017; WHO 2018; FAO 2020). 

Some studies on phytogenic additives in poultry nutrition were based on plants of 
the NUS system. However, considering the wide range and variety of NUS system 
plants, the plants proposed in this report will be introduced as a perspective based on 
the characteristics of bioactive compounds and their possible effects in the poultry 
industry. 

Mint family is one of the most important suggested plants. Labiatae and 
Lamiaceae family plants have a great chance to be used as phytogenic additives in 
poultry nutrition. 

Brenes and Roura (2010) reported that a wide range of plants and their extracts 
have potential antioxidant functions, and especially those from the Labiatae plant 
family such as rosemary, oregano, and thyme. Ruberto et al. (2002) as well stated 
that plants of the Labiatae family (such as mints) have attracted a lot of attention. 
Their antioxidant activities are due to the presence of phenolic terpenes (Cuppett and 
Hall 1998). Mentha pulegium L. or Pennyroyal is a medicinal plant from the 
Lamiaceae family. The most important components of Pennyroyal essential oil are 
trans-caryophyllene, eucalyptol, germacrene-D, and viridiflorol (Faithful et al. 
2017). The effects of pennyroyal powder or Pennyroyal (1 to 3% by weight) as an 
alternative to antibiotics for broilers showed that the use of 2% by weight in the diet 
had a positive effect on performance and carcass characteristics (Goodarzi and 
Nanekarani 2014). In another study, the effects of Pennyroyal levels (0, 0.25, or 
0.5% w/w) on growth performance and bacterial count in the jejunum of broiler 
chickens were investigated. Supplementing the diet with Pennyroyal reduced the 
number of E. coli and increased the number of lactic acid bacteria in the jejunum, and 
subsequently, an improvement of the feed conversion ratio was observed (Erhan 
et al. 2012). The authors investigated the effects of different levels (0.5% to 2% by 
weight) of the extract of this plant on the immune response, so that the reduction of 
Newcastle disease was noticeable after feeding this plant (Nobakht et al. 2011). The 
supplement of pennyroyal extract at different levels (0, 32.5, 65, and 130 mg/kg 
extract) in the diets of laying hens improved feed conversion ratio, egg production, 
egg weight, and shell strength (Aydin and Bolukbasi 2020). In another report, 
Pennyroyal essential oil at different levels (200, 300 and 400 ppm/kg diet) signifi-
cantly improved the feed conversion ratio in Japanese quail. In addition, serum 
triglyceride level decreased in groups that received experimental diets containing 
different levels of essential oil (Dehghani et al. 2018). The findings indicate that the 
essential oils of the mentioned plant can be used as an ideal substitute for antibiotic 
growth parameters without negatively affecting quail health (Dehghani et al. 2018; 
Pliego et al. 2022). In another report, consuming different levels (0.5–1.5% w/w) of



pennyroyal extract led to a significant improvement in performance, egg traits, blood 
biochemical (triglyceride, albumin, total protein, and uric acid content) and immune 
(heterophil and lymphocyte) parameters of laying hens (Paymard et al. 2013). It has 
been determined that different doses of Pennyroyal powder and extract can improve 
egg traits, blood biochemical parameters, and immunity of laying hens (Arjomandi 
et al. 2011; Paymard et al. 2013; Pliego et al. 2022). In addition, other plant species 
with antioxidant properties such as thyme and oregano contain large amounts of 
monoterpenes, thymol, and carvacrol (Ruberto et al. 2002; Alloui et al. 2014). 
However, the valuable antioxidant properties of Labiatae plants in animal nutrition 
are very promising and encouraging (Cuppett and Hall 1998). The effects of 
phenolic compounds from plants of the Labiatae family also led to the stability of 
animal products in broilers, which has been shown by several researchers (Botsoglou 
et al. 2003; Basmacioglu et al. 2004; Giannenas et al. 2005). However, the use of 
PFAs as an antioxidant is important not only for the health of poultry, but also for the 
oxidative stability of their products (meat). For example, supplementation of turkey 
diet with 200 mg/kg of oregano extracts significantly reduced lipid peroxidation 
during refrigerated storage of fresh and cooked meat (Botsoglou et al. 2003). 
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Thymus vulgaris L. contains 1–2.5% essential oil consisting of monoterpenes, 
mainly thymol and its phenol isomer carvacrol. The phenols contain caffeic acid and 
p-cymene-2,3-diol, and some biphenylic and flavonoid compounds, including flavo-
noid glycosides and flavonoid aglycones, which have various beneficial effects in 
animals (Fachini-Queiroz et al. 2012; Hosseinzadeh et al. 2015; Yalcin et al. 2020). 

Placha et al. (2013) also reported that thyme oil may strengthen the intestinal 
barrier. Dietary supplementation with 0.5 g/kg dry matter thyme oil may improve 
intestinal integrity. Yalcin et al. (2020) showed the antioxidant effects and reduction 
of blood lipids by supplementing thyme in the nutrition of laying hens and further 
improving the humoral immune response without negative effects on egg perfor-
mance and quality characteristics. Yoshino et al. (2006) reported that oregano extract 
exhibited iron-reducing activity, although its potency was approximately one-fifth 
that of ascorbic acid. Administration of oregano extract prevented the gastritis of 
mice caused by cold restraint stress. It seems that the antioxidant activities of 
oregano extract contribute to its preventive effects against inflammatory diseases 
(Shehata et al. 2022). 

Rosemary (Rosmarinus officinalis) is a plant member of the Labiatae family with 
needle-like leaves that is widely cultivated in many regions with a Mediterranean 
climate (Abd El-Hack et al. 2020). Rosemary flowers may be pink, purple, white, or 
blue. Rosemary is accepted as one of the valuable plant species with the highest 
antioxidant activity (Peng et al. 2005). The analysis of the active compounds of 
rosemary showed that it has several types of antioxidants including flavonoids such 
as carnosol, carnosic and rosmarinic acid, and volatile oils (Okamura et al. 1994; 
Angelini et al. 2003). The main bioactive compounds of rosemary are rosmarinic 
acid, caffeic acid, betulinic acid, ursolic acid, and camphor in which carnosol and 
carnosic acid are the strongest antioxidants (Nakatani 2000; Jordán et al. 2014). It is 
interesting to note that the antioxidant activity of carnosic acid is three times higher 
than that of carnosol and seven times higher than the synthetic antioxidant



supplement butylated hydroxyanisole and butylated hydroxytoluene (Richheimer 
et al. 1996). 
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Lavandula stoechas L. lavender is also a perennial plant from the Lamiaceae 
family, with a pleasant smell, whose cultivation has many fans because of its various 
properties. The essential oil of this plant contains compounds such as linalyl acetate 
linalool, butyric acid, propionic acid, valeric acid, free linalool, and grambol 
(Barazandeh 2002). Lavender essential oil (LEO) feed supplement increased super-
oxide dismutase activity in serum and liver and glutathione peroxidase activity in 
serum, but decreased malondialdehyde concentration in serum of broilers 
(Barbarestani et al. 2020). In another study, Salarmoini et al. (2019) investigated 
the effects of lavender (Lavandula angustifolia) extract as a substitute for 
flavophospholipol on performance, carcass characteristics, antioxidant status, meat 
quality, intestinal morphology, and intestinal microflora of broilers. Coliform counts 
in the digestive tract of birds fed with 400 ppm of lavender extract decreased 
significantly. In addition, by supplementing the basal diet with 300 or 400 ppm 
lavender extract, level of thiobarbituric acids (TBARS) after cooking the meat was 
significantly reduced. In general, the results of this experiment showed that lavender 
extract, especially at the level of 400 ppm, can be used as a suitable substitute for 
antibiotic growth stimulants in broiler diets. 

Another plant mentioned in the NUS system is amaranth, which has been 
mentioned as a “Hidden treasure” due to its biological value and favorable protein 
quality according to the FAO report in 2018 (Li and Siddique 2018; WHO 2018). 
Amaranth is considered a pseudocereal, but due to its superior bioactive compounds, 
it can be used as an additive in ration formulation. For example, amaranth oil 
contains at a level of more than 5% a special compound called squalene (2, 6, 
10, 15, 19, 23-hexamethyl-2, 6, 10, 14, 18, 22-tetracozahexane), which is actually a 
valuable 3-carbon isoprenoid that plays a role in cholesterol biosynthesis. Its values 
are between 584–684 mg/kg (He et al. 2002; Cai et al. 2003; Ryan et al. 2007). 
Squalene can play an important antioxidant role in animal cells by scavenging 
individual O and protecting against Sister Chromatid Exchange (SCE) by H2O2 in 
V79 cells (O’Sullivan et al. 2002; Janmohammadi et al. 2023). Squalene leads to the 
stimulation of macrophages and evidence shows that biological membranes are 
preserved by squalene during phagocytosis and in fact, these membranes are 
protected against oxidative stress (Ronco and De Stéfani 2013). It has been proven 
that two precursors of squalene, including geranyl and farnesyl, play a significant 
role in the synthesis and secretion of cytokines (Ronco and De Stéfani 2013). 
However, due to its abundance in squalene and vitamin E complex, amaranth can 
have a good option in the future and perspective of poultry nutrition as an additive 
(Hosseintabar-Ghasemabad et al. 2022). 

Among other prominent plants of the Lamiaceae family, we can suggest the 
valuable Perilla frutescens plant. Perilla is a medicinal, aromatic, functional food 
and feed annual ornamental plant that belongs to the mint family. The perilla plant 
contains both valuable leaves and an excellent edible seed product. So far, 271 bio-
active compounds have been identified in the organs of the perilla plant, including 
phenolic acids, flavonoids, essential oils, triterpenes, carotenoids, phytosterols, fatty



acids, tocopherols, and policosanols and in fact, perilla is considered a rich source of 
active medicinal compounds (Ahmed 2018; Hou et al. 2022). In addition to its 
solvent extracts, it contains individual compounds (rosmarinic acid, perillaldehyde, 
luteolin, apigenin, tormentic acid, and isogumactone) that have attracted the atten-
tion of researchers due to its medicinal properties. Tian et al. (2014) were able to 
identify 119 compounds of perilla essential oil from 11 different regions and showed 
that their dominant compounds are 2-acetylfuran (maximum 82.17%), 
perillaldehyde (maximum 53.41%), caryophyllene (max. 38.34%), laurolene (max. 
40.6%), 2-hexanofuran (max. 33.03%), 2-butylamine (max. 22.22%), asarone (max. 
11.85%), farnesene (max. 9.25%), caryophyllene (max. 9.16%) %, and (Z, E)-
farnesene (max. 7.14%). 
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Perilla leaves are a rich source of carotenoids so that compared to products rich in 
carotene (carrots, spinach) and rich in lutein (spinach, broccoli, lettuce), the content 
of perilla carotenoids is up to 5 times higher (Müller-Waldeck et al. 2010). In 
addition, this plant contains rare triterpenes such as tormentic acid, oleanolic acid, 
and ursolic acid (Chen et al. 2003). Also, some phytosterol compounds including 
campestrol, stigmasterol, -sitosterol, -amyrin, oxalic acid, triglycerol have been 
found in perilla seeds. Perilla seed contains 30–40% oil and its oil contains 54–64% 
omega-3 in the form of alpha-linolenic acid (ALA). It was shown that the high 
content of beta-sitosterol is definitely related to the content of linolenic acid. In 
addition, the content of omega-6 (linoleic acid) and omega-9 (oleic acid) in perilla oil 
is reported to be about 14 and 9.9%, respectively. Perilla seeds contain various 
polyphenols and flavones, including rosmarinic acid, luteolin, chrysoeriol, quercetin, 
catechin, apigenin, and shikonin (Ahmed 2018). 

Perilla seed oil also contains important phenolic compounds including rosmarinic 
acid, luteolin, chrysoeriol, quercetin, catechin, and apigenin. Perilla seeds also 
contain the polyphenol luteolin, and research shows that this compound has the 
strongest antimicrobial properties and effects in the world compared to other known 
phenolic compounds (Yamamoto and Ogawa 2002; Ahmed 2018; Chen et al. 2022). 

Other studies show that the antibacterial activity of perilla leaf essential oil on 
Gram-negative bacteria indicates the effectiveness of this essential oil in inhibiting 
the growth of the tested bacteria. Cui et al. (2019) showed that supplementing broiler 
diets using perilla oil at a level of 1% led to the production of meat enriched with 
omega-3 with a higher content of ALA and also, docosahexaenoic acid (DHA) and 
in total the ratio of omega-6 to omega-3 was significantly improved compared to the 
control group. However, all groups of chickens consuming perilla oil as an additive 
showed a decrease in lipid-related indices and an improvement in the fatty acid 
profile of breast meat. There was no adverse effect on the antioxidant status and meat 
quality, and when perilla oil was mixed with anise oil and ginger oil, synergistic 
effects were shown and functional improvement was significantly increased. How-
ever, studies on the use of perilla (seeds and leaves) in poultry nutrition are limited, 
but it is hoped that with the economic and mass production of products extracted 
from the perilla plant (leaves and seeds), the valuable properties of this amazing 
plant can be used as a feed additive in the industry poultry.
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4.4 Phytogenic Additives Based on Good Agricultural 
and Collection Practices (GACP) Plants 

The production of many well-known medicinal and food plants, as well as NUS 
plants, due to their importance in the field of food and medicine, in many countries of 
the world, there is on the agenda based on agricultural programs, mass cultivation 
and mechanization. 

The possibility of agricultural development of some plants in countries is faced 
with climatic, economic, and social obstacles and limitations, therefore, their prepa-
ration is based on WHO recommendations for GACP system plants (WHO 2006). 
Plants of the GACP system refer to those plants that have valuable nutritional and 
medicinal properties, but it is possible to obtain them from the wild nature with 
proper scientific and technical methods. Plants of the GACP system refer to plants 
that have valuable nutritional and medicinal properties and are obtained from the 
wild with appropriate scientific and technical methods. In fact, the operation of 
preparing this plant is carried out by observing the basic methods of harvesting and 
post-harvest operations, with the priority of preserving the environment and not 
harming the genetic resources of the plant in its habitat, and the products obtained in 
the field of food and medicine are used (Pierce and Kathe 2004; WHO 2006; Andre 
et al. 2011; Hagels et al. 2013; Rastogi and Shukla 2013). 

The range of these plants is very wide and the diversity of their cover and 
abundance is different in different lands. If the plant is properly known in terms of 
its scientific name, distribution power, climatic compatibility, and knowledge of 
active compounds, it can be used as a valuable source of phytogenic additive and its 
production can be developed in poultry feeding and a successful prospect is 
envisioned. In this part, a number of plants that are mentioned in the form of 
GACP system are also introduced and scientific documents related to their role as 
additives in poultry nutrition will be mentioned. 

One of the prominent and valuable plants in the GACP system is the Artemisia 
annua, which can be considered a very important additive due to its valuable 
bioactive compounds (WHO 2006). The medicinal value of Artemisia annua 
became famous due to the presence of the active compound artemisinin in relation 
to the fight against malaria, but later in the field of nutrition, it was able to show other 
useful and significant effects (Delazar et al. 2007; Nahed et al. 2022). 

Cherian et al. (2013) reported that feeding broilers with Artemisia annua led to a 
significant decrease in the amount of TBARS in breast and thigh meat, which is due 
to the antioxidant properties of polyphenol compounds and vitamin E of Artemisia 
annua. In a report by Baghban-Kanani et al. (2019), it was shown that Artemisia 
annua at the levels of 5 and 7.5% led to improvement of feed conversion ratio, yolk 
color index, shell thickness, and subsequently reduced egg cholesterol in laying 
hens. Also, consumption of Artemisia led to a decrease in the atherogenic index of 
plasma and a significant improvement in the blood antioxidant status. Khalaji et al. 
(2011) reported that the inclusion of Artemisia annua leaves can have a positive 
effect on intestinal health and growth performance of broiler chickens. Previous 
studies showed that Artemisia annua extract increases GSH-Px activity and also



decreases MDA production in the liver of rats (Ryu et al. 1998). Wan et al. (2016) 
reported that Artemisia annua increases GSH-Px activity and decreases MDA levels 
in the serum and liver of poultry and can improve the antioxidant status of their 
blood. Artemisia annua contains phenolic compounds and flavonoids with superior 
antioxidant activity (Brisibe et al. 2009; Gouveia and Castilho 2013). The antioxi-
dant compounds of Artemisia annua, such as vitamin E and other phenolic 
compounds, are able to turn this plant into a natural herbal additive that could be 
recommended in poultry diets (Cherian et al. 2013). The same researchers stated that 
the main active compounds of Artemisia annua included essential oils (such as 
camphene, beta-camphene), phenolics, sesquiterpenoids, flavonoids, amino acids, 
minerals, and vitamins. In addition, in broilers, the use of Artemisia annua dietary 
supplement as an anti-parasitic drug was quite efficient and effective against coccid-
iosis (Brisibe et al. 2008; Dragan et al. 2010; Nahed et al. 2022). Feeding broilers 
under heat stress with Artemisia annua led to a decrease in serum levels of cortico-
sterone, MDA, aspartate aminotransferase (AST), and alanine aminotransferase 
(ALT) activity, while the serum levels of superoxide dismutase (SOD), triiodothy-
ronine (T3), and triiodothyronine/thyroxine (T3/T4) increased compared to broilers 
under heat stress (Wan et al. 2017). Therefore, Artemisia annua can be used as a 
promising phytogenic additive to reduce heat stress in poultry production and as a 
natural and valuable antioxidant (Wan et al. 2017; Wan et al. 2018). 
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Among other valuable plants that have the ability to grow in a great extent of heat 
stress conditions and have a favorable distribution in many regions is the milk thistle 
(Silybum marianum) plant. In some countries, its production is based on agricultural 
systems, but in many countries, this plant is prepared based on the GACP system. 

Zaker-Esteghamati et al. (2020) in a review report on the effect of Silybum 
marianum and its derivatives stated that the use of this plant and its compounds as 
a natural feed supplement could be quite valuable for improving performance and 
health of broilers. Khazaei et al. (2022) in their review report regarding the mecha-
nism of action of silymarin extracted from thistle plant (Silybum marianum) stated 
that its seeds contain about 70–80% flavonolignans of silymarin and about 20–30%, 
they are oxidized polymer and polyphenol compounds (such as tannins). Consump-
tion (0.5% and 1%) of milk thistle powder in Japanese quail diet improved perfor-
mance and parameters of blood and antioxidant health. The active ingredient 
silymarin is completely effective in regenerating and regulating the level of liver 
enzymes and can prevent cell growth and DNA synthesis of cancer cells 
(Feshanghchi et al. 2022). 

Astragalus is one of the other valuable plants that has a favorable and very 
compact distribution in the mountainous heights, and its aerial parts and herb can 
play a great role in improving the performance and health of poultry as a prominent 
phytogenic additive. Also, Astragalus is an important immune regulatory plant that 
increases the proliferation of B cells and antibody production and even strengthens 
the spleen and has protective effects against toxins in animal models. Having three 
strong and extraordinary compounds including saponins, various flavonoids, and 
polysaccharides has led to the creation of a huge potential for Astragalus to develop



pharmaceuticals and food additives to improve the health of the host (Qiao et al. 
2018; Qiao and Kyselov 2021; Liang et al. 2021; Liao et al. 2021). 
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Farag and Alagawany (2019) stated that Astragalus membranaceus (AM) is a 
member of the Leguminosae family and plays a very important role in regulating 
poultry immunity. 

Xi et al. (2014) investigated the effects of ultrafine powder from stem and leaves 
of Astragalus (SLASUP) on the immune system of hyaline brown chickens. They 
showed that 1.5% feeding could improve the immune function by increasing the 
antibody titer, IL-2, and IFN-γ content and it was found that the stem and leaf part of 
the powder can be clinically effective and useful for strengthening the immune 
response and preventing poultry farm infections. Farag and Alagawany (2019) by  
feeding Astragalus membranaceus (AM) in the diet of broilers at levels of 0, 100, 
200 and 300 mg/kg showed that all groups fed with Astragalus increased the weight 
of immune organs and IgG levels and improved liver and kidney function and blood 
antioxidant status. Several studies have shown that the oral administration of APS 
extracted from the plant is highly effective as a potentiator of poultry vaccine and the 
immune function of poultry significantly increased. It has been found that Astragalus 
polysaccharides (APS) have promising biological activities such as immune system 
strengthening, antioxidant, anti-viral, antimicrobial, and anti-parasitic (Wu 2018; 
Shan et al. 2019; Awadallah 2019; Qiao and Kyselov 2020). Jiang et al. (2010) 
believe that probiotics when prescribed (APS) can have a synergistic and positive 
effect on the balance of immunity and the improvement of intestinal microbiota, and 
they hope for the discovery and effectiveness of new prebiotics in future research. 
Horsetail plant (Equisetum arvense) is one of the other valuable and abundant plants 
with wide distribution in many countries and as a rich source of minerals, including 
silica (70% ash) which can be a valuable additive along with other phytogenic 
resources in the format of the GACP system is presented and obtained. 

Tufarelli et al. (2021) investigated the effects of horsetail (Equisetum arvense) 
and spirulina (Spirulina platensis) nutritional supplementation in laying hens. They 
showed that the groups fed with 0.5% of horsetail along with 2% of spirulina 
improved the thickness and strength of the shell and the color of the yolk of the 
produced eggs. It also reduced the cholesterol in the egg yolk as well as the serum 
concentration of aspartate aminotransferase (AST) and alanine aminotransferase 
(ALT), while total superoxide dismutase (TSOD) and antioxidant capacity (TAC) 
were significantly increased. In general, the findings indicated that the combination 
of horsetail plant and spirulina algae can be used as a valuable additive by improving 
the physical parameters of eggs and blood characteristics and the oxidative status of 
birds without any negative effect on production performance. 

Among other valuable plants with wide distribution and growth power, the 
licorice plant (Glycyrrhiza glabra L) is from the Leguminosae family, which has 
valuable nutritional and medicinal properties and antibacterial, antioxidant, antisep-
tic, antispasmodic, anti-inflammatory, and other properties. Its anti-viral, anti-
hepatic, and anti-fungal effects have been identified in numerous reports (Seidavi 
et al. 2021). Licorice radix has many compounds such as different sugars (up to 
18%), flavonoids, sterols, amino acids, gum and starch, essential oils, and saponins.



Its main saponin is glycyrrhizic acid or glycyrrhizin, which is 50 times sweeter than 
sucrose. It is used in pharmaceutical and food industries. In addition to the above-
mentioned compounds, licorice root contains glycyrrhetinic acid, tannic acid, resins, 
volatile oils, flavonoid compounds such as liquiritigenin, as well as coumarin 
compounds such as herniarin (Li et al. 2000; Al-Snafi 2018). Aoki et al. (2007) 
reported that the use of licorice essential oil in the feeding of rats causes a significant 
reduction of fat in the ventricular cavity. At first, it was thought that the reduction of 
intra-abdominal fat was due to decrease in feed intake, absorption of lipids, biosyn-
thesis of fatty acids, and increase in oxidation of these acids. However, Tominaga 
et al. (2006) observed no change in feed intake and this finding was confirmed by 
Nowakowska (2007). Also, the results of the reports showed that the blood triglyc-
eride level did not also change, which indicates a lack of change in the absorption of 
dietary fat. Therefore, the decrease in abdominal fat of chickens is probably due to 
the decrease in the synthesis of fatty acids and the increase in the oxidation of these 
acids. Fuhrman et al. (2002) showed that consumption of licorice extract in 
hypercholesterolemic patients reduced total cholesterol, LDL, cholesterol, and 
triglycerides. Licorice extract probably affects the metabolism of arachidonic acid 
through the flavonoids hispaglabridin B, hispaglabridin A, and formononetin present 
in it and causes a decrease in the production of free radicals. These compounds also 
have anti-platelet, anti-inflammatory, and antioxidant properties (Somjen et al. 
2004). Antioxidant compounds isolated from licorice root include isoprenyl 
chalcone, glabridin, and formononetin. Glabridin constitutes the major part of the 
extract (Tominaga et al. 2006). Glabridin prevents the oxidation of LDL cholesterol 
by reducing the activity of NADPH oxidase (Rosenblat et al. 1999). The reduction of 
oxidation of LDL cholesterol when consuming licorice extract may be due to reasons 
such as binding of its compounds to LDL cholesterol, elimination of free radicals, 
and protection of antioxidants related to cholesterol oxidation such as carotenoids 
(Fuhrman et al. 2002). Hussain et al. (2017) reported that the level of 300 mg/kg 
methanolic extract of licorice root led to an increase in humoral immunity of broiler 
chickens infected with coccidiosis. Also, lower levels of methanol extract of licorice 
radix (100 and 200 mg/kg) led to improved performance compared to the negative 
control group (infected with coccidiosis) and close to the positive control group 
(vitamin E). 
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4.5 Phytogenic Additives Based on New Plants 

Although bioactive compounds of many plants have not been extensively studied in 
the poultry model, many in vitro and in vivo evaluations have been performed in 
mice and humans, indicating that these compounds can have potential beneficial 
effects in strengthening immunity and improving the health and performance of 
poultry, without the need for antibiotic stimulants (Hasted et al. 2021). 

There are a number of plants that, due to their valuable bioactive compounds, can 
be promising as phytogenic additives and antibiotic substitutes in nutrition and 
poultry industry for future research.
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These plants, due to their high distribution in nature and their superior ecological 
adaptability in a number of climates, can be provided in the format and 
recommendations of the GACP system. But they can be widely applied and 
domesticated in the cultivation system in a controllable and manageable manner, 
on a large scale and with the views of the NUS system, so that they can meet the 
needs of the poultry industry in relation to alternative additives for the future will be 
responsive. 

For example, we can take Sambucus ebulus as an example, whose fruit is known 
as a valuable source of antioxidants, immune stimulants, anti-influenza, and an 
alternative to antibiotics and a strong anti-viral and has a great role in reducing 
various diseases. On the other hand, the high growth power, the significant abun-
dance of the mentioned source, and the distribution and availability of this plant in 
many countries are significant and valuable points of this food source, which can be 
added to poultry nutrition as an additive show its valuable place in the future of this 
industry (Shokrzadeh and Saravi 2010; Karimi et al. 2014). Tasinov et al. (2021) 
reported that among the phytochemical compounds identified in the aqueous extract 
of the fruit of the plant, 15 amino acids, 10 organic acids, 36 sugar acids and 
alcohols, 25 mono, di, and trisaccharides respectively. 13 cases of fatty acids 
(saturated and unsaturated) and their esters and 38 cases of phenolic compounds 
have been identified. However, the high diversity of bioactive and unique 
compounds in the fruit product of this plant has made it a preventive food additive 
against oxidative stress, strengthening the anti-inflammatory and antiseptic 
properties as well as significant power in eliminating free radicals, but the use of 
this source in poultry nutrition is very limited and requires more studies (Tasinov 
et al. 2021). 

Considering the diverse perspectives of using phytogenics as feed additives, new 
plants containing valuable bioactive compounds can be introduced so that the field 
of further research studies by researchers can be put on the agenda. 

The proposed plants as phytogenic additives have not yet been widely studied in 
relation to poultry nutrition, or they have been limited, and the need for more and 
more detailed studies is important. 

Among other valuable plants, we can mention the Stevia rebaudiana plant, which 
despite the availability of studies on the effects of consumption in poultry, its 
practical aspects still need more research. Stevia leaves contain a mixture of 
8 glycosides derived from the tetracyclic diterpene steviol. Stevioside, as the most 
abundant sweetening compound, contains 5 to 10% of the dry leaf weight. This leaf 
is 300 times sweeter than sugar (sucrose), which is due to the presence of Ent 
Kaurene Diterpene Glycosides, which is soluble in water (Ramesh et al. 2006). 
Other glycosides include ribodiozide A (2 to 4% of dry weight), ribodiozide B and C 
(up to 2%), ribodiozide D and E (0.4 to 0.7%), as well as dulcoside A and 
steviolbioside, which have the strength. Their sweetness is 250 to 300, 350 to 
450, 300 to 350, 50 to 120, 200 to 300, 250 to 300, 50 to 120, 100 to 125 times 
compared to sugar, respectively (Ramesh et al. 2006; Chatsudthipong and 
Muanprasat 2009). Stevia also contains protein, fiber, carbohydrates, phosphorus, 
iron, calcium, sodium, potassium, magnesium, zinc, vitamin A and C. Its other



effective compounds include sterols, flavonoids, triterpene, monoterpene, sesquiter-
pene, tannin, and chlorophyll (Gardana et al. 2010). Atteh et al. (2008) investigated 
the effects of stevia leaves and stevioside on the performance and blood parameters 
of broiler chickens in the form of experimental treatments including 1) a positive 
control group in the form of a basal diet without antibiotics but containing enzymes, 
2) a negative control group the basal diet without antibiotics and enzymes, 3) two 
percent stevia leaves in the negative control diet, and 4) 130 ppm stevioside in the 
negative control group showed that birds fed with stevia leaves and stevioside had 
more feed consumption than the positive control group. Weight gain was the highest 
in the positive control group and the stevioside receiving group in the starter period. 
The best FCR was in the positive control group and the stevioside receiving group 
compared to other experimental groups. Also, chickens fed with stevia leaves and 
stevioside decreased the concentration of short chain fatty acids (SCFA) in the 
cecum and a decrease in glucose, triglyceride, and triiodothyronine (T3) was 
observed in the blood. 
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Daneshyar et al. (2012) reported that after the injection of human serum albumin 
to broiler chickens fed with stevioside, they observed an increase in body weight and 
a decrease in alpha-glycoprotein and reported that the inclusion of stevioside in the 
diet of broilers can respond reduce primary inflammation after innate immune 
response stimulation. 

Takahashi et al. (2001) conducted an experiment to determine whether Stevia 
rebaudiana stem extract in the diet of broiler chickens can prevent calculus erosion 
and wound caused by histamine. The experimental treatments included control 
group, control diet with 0.4% histamine and control diet with 0.4% histamine 
+0.2% stevia stem extract (based on dry matter) for 14 days. Dietary histamine 
caused growth reduction and caused erosion and wound. The feeding of stevia 
extract in the diet partially prevents the reduction of growth and wound caused by 
histamine. These researchers reported that stevia stem extract contains active 
compounds that reduce histamine activity, and the antioxidant power of stevia 
stem is much higher than its leaf and even green tea extract. 

It is necessary for researchers to make additional efforts to replace antibiotic and 
synthetic additives by choosing new valuable plants and resources and dynamically 
update information on phytogenic additives, in order to provide a promising per-
spective for the future of additives (WHO 2006; Stevanović et al. 2018; WHO 2018; 
FAO 2020; Abdelli et al. 2021). 

In Table 1, a checklist of plants that contain valuable bioactive compounds is 
presented. These resources have the potential to be used as valuable phytogenic 
resources and in the form of the GACP and NUS system and that they can answer 
part of the needs of the poultry industry and strengthen the perspective of feed 
additives in the way of improving health, environment, performance, and economy 
(Figs. 2, 3, 4, 5, and 6).
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Table 1 A list of new and valuable proposed plants containing bioactive compounds to be used as 
a phytogenic feed additive 

Row Latin name Row Latin name Row Latin name 

1 Saturia spp 40 Lithospermum 
officinale 

79 Conium maculatum 

2 Sesbania spp 41 Anthemis cotula 80 Hibiscus spp 

3 Verbascum spp 42 Petasites hybridus 81 Lotus spp 

4 Xanthium 
strumarium 

43 Ephedra spp 82 Moringa oleifera 

5 Echinophora spp 44 Capparis spinosa 83 Suaeda physophora 

6 Sida spp 45 Abutilon theophrasti 84 Caccinia strigosa 

7 Tanacetum 
parthenium 

46 Salvia glutinosa 85 Lindelofia 
kandavanesis 

8 Crataegus spp 47 Anchusa italica 86 Lithospermum 
officinale 

9 Aesculus 
hippocastanum 

48 Juniperus communis 87 Nonnea longifolia 

10 Traxacum spp 49 Plantago lanceolata 88 Rindera regia 

11 Melissa officinalis 50 Malva sylvestris 89 Callicephalus nitens 

12 Rubus idaeus 51 Calendula officinalis 90 Centaurea elbursensis 

13 Vitex agnus castus 52 Heracleum persicum 91 Cousinia erinacea 

14 Phytolacca 
americana 

53 Diospyros 
piscatorial 

92 Cousinia hypochionea 

15 Suaeda physophora 54 Cymbaria 
mongolica 

93 Cousinia 
pinarocephala 

16 Sophora spp 55 Verbena litoralis 94 Iranecio elbursensis 

17 Centella asiatica 56 Nepeta cataria 95 Jurinella frigida 

18 Persicaria spp 57 Tribulus terrestris 96 Leontodon kotschyi 

19 Ammi visnaga 58 Bidens tripartite 97 Onopordum 
acanthium 

20 Origanum vulgar 59 Rhamnus frangula 98 Outrey acarduiformis 

21 Cynoglossum 
creticum 

60 Marrubium 
globosum 

99 Rhagadiolus stellatus 

22 Symphytum asperum 61 Scutellaria 
pinnatifida 

100 Rhaponticum 
pulchrum 

23 Artemisia 
absinthium 

62 Taxus baccata 101 Scorzonera spp 

24 Centaurea behen 63 Viscum album 102 Tragopogon 
longirostris 

25 Conyza canadensis 64 Cirsium spp 103 Camelina rumelica 

26 Calamintha 
officinalis 

65 Helichrysum 
globiferum 

104 Turritis glabra 

27 Lamium album 66 Carex spp 105 Ecballium elaterium 

28 Mentha aquatica 67 Impatiens Noli 
tangere 

106 Cyperus esculentus 

29 Phlomis herba venti 68 Prosopis farcta 107 Datisca cannabina 

30 Prunella vulgaris 69 108 Tamus communis
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Table 1 (continued)

Row Latin name Row Latin name Row Latin name 

Hypericum 
perforatum 

31 Stachys byzantina 70 Nasturtium 109 Aruncus vulgaris 

32 Teucrium polium 71 Lepidium sativum 110 Agriophyllum 
squarrosum 

33 Laurus nobilis 72 Ziziphus spp 111 Physalis alkekengi 

34 Laser trilobum 73 Myrtus communis 112 Physalis divaricata 

35 Lemna spp 74 Trapa natans 113 Typha latifolia 

36 Oenothera biennis 75 Eclipta prostrate 114 Sorghum halepense 

37 Salix spp 76 Smilax excelsa 115 Senecio vulgaris 

38 Cnicus benedictus 77 Inula helenium 116 Tussilago farfara 

39 Sumbucus ebulus 78 Stevia rebaudiana 117 Salicornia spp. 

Fig. 2 Sambucus ebulus plant in Iran country and Gilan province in 2021
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Fig. 3 Phlomis herba venti plant in Iran country and Gilan province in 2022 

5 Conclusion 

The future perspective of feed additives in poultry nutrition indicates the potential of 
this field in the development of the poultry industry in order to improve performance 
and health of the flock. On the other hand, reducing the use of antibiotics and 
producing organic poultry products is completely aligned with the consumer demand 
for healthy food in the perspective of health-oriented nutrition. The strategy of using 
microcapsule and nanotechnology in order to significantly improve the bioavailabil-
ity of active and effective feed additive compounds in the body shows the promising 
state of this knowledge in order to serve the poultry industry. The innovative point of 
view of using bacteriophage additive is a special proposal in order to take advantage 
of the potential of microorganisms in feed additives. The amazing, diverse, and 
complex potential of phytogenic effects in poultry nutrition as a feed additive in the 
form of using essential oils, cultivated plants, NUS plants and GACP plants shows 
that phytogenic sources and its natural derivatives can be a permanent and sustain-
able strategy for applied research in the future so that all the potentials of these 
resources can be used correctly and at the service of the poultry industry. However, 
the selection of these sources with the aim of the least pressure on the environment, 
in harmony with climate change and global warming, helping to reduce the



consumption and side effects of antibiotics and helping to increase the production of 
healthy products for the future perspective can be planned and suggested. A check-
list of new plants based on the mentioned reasons that high growth power and new 
bioactive compounds were proposed in the end of the chapter report that can be a 
transformation and an innovative idea for experts and researchers of different 
countries to use the potential of the vegetation power of their land for the optimal 
use of these resources be in feed additives. 
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Fig. 4 Stevia rebaudiana farms in Iran country and Mazandaran province—GH. Hosseintabar an 
agricultural expert and manager of the Darvash Giah Khazar Medicinal Herbs Complex in 2016
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Fig. 5 Salicornia plant that has grown in Iran country and Semnan province in 2022 under drought 
stress conditions 

Fig. 6 Suaeda physophora plants habitat in Iran country and Semnan province—GH. Hosseintabar 
an agricultural expert and manager of the Darvash Giah Khazar Medicinal Herbs Complex in 2022
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