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Preface

Plant-based nutrition has gained popularity in recent years due to its potential health
benefits. Plant-based foods are low in calories and high in nutrient density and
satiety, and nutrient supplementation makes them wholesome diets. Over the last
decade, research efforts have aimed at developing nutrient-dense crops. Further,
exploring the biodiversity and caring for soil health and their implications for plant-
derived human nutrition have attracted greater interest. Researchers have investi-
gated the ways and means of enrichment of micronutrients in grains through
biofortification, fortification, and supplementation. Recent findings have improved
our understanding of the role of food matrix and nutrient bioavailability, including
the utilization of prebiotic and probiotic microbes in enhancing the nutrient profile of
foods. Demand for functional foods (nutraceuticals), phytochemicals, and
bio-actives has witnessed a massive fillip led by the consumer awareness and the
efforts of researchers alike. An upward rise in consumer preference for nutritious
food derived from non-conventional and under-utilized crops has been observed.
Furthermore, it is pertinent to acknowledge the fact that food and health are
influenced by anti-nutritional factors, metabolic fate of the food, and genomics.
Finally, on the regulatory front, food safety issues are imperative to define the
concept of safe nutrition.

This book offers a comprehensive coverage on plant-based nutrition, starting with
the importance of biodiversity contributing towards nutrition and then delving into
the strategy of biofortification, food matrix and its implications for human nutrition.
Concepts such as plant-based nutraceuticals, inclusion of prebiotics and probiotics,
ways and means to utilize legumes to enhance the protein quality of the diet, and the
welcome addition of microgreens are presented thereafter. In addition, a chapter has
been dedicated to discussing the importance of anti-nutritional factors. Following the
repertoire of nutritional benefits of plant diet, a discussion on the metabolic fate of
food and its bioavailability along with the nutrigenomics and its implications for
human nutrition takes centre stage. As a follow-up, glimpses of developments in the
field of plant biotechnology in devising next-gen crops for human nutrition and the
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importance of food safety regulations are presented. To conclude, a chapter was
dedicated to providing a perspective view on the prospects of plant-based nutrition.

It has been a great privilege to collaborate with experts in the field of plant
biochemistry, nutrition science, plant and human genomics, policy makers, and food
regulatory authorities among others while crafting this book. We are greatly indebted
to the authors and peer reviewers who have contributed in shaping up this compi-
lation, and we are thankful for their time and expertise. We hope that this book serves
a one-stop reference for plant scientists, food technologists, and nutritionists looking
forward to understanding the concept of plant-based nutrition and its linkage with
human health.

Kasaragod, Kerala, India Ramesh S. V.
New Delhi, Delhi, India Shelly Praveen
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Chapter 1
Biodiversity for Nutritive Gains: Values,
Benefits, and Threats

Sundaravel Pandian Kalaipandian, Ramesh S. V.,
Fernanda Caro Beveridge, Zhihua Mu, and Steve Adkins

Abstract Intensive agriculture and reliance on few cultivated crops, to feed the
ever-growing population, have led to narrow genetic diversity and constricted
nutritional repertoire of plants. Despite having a huge biodiversity of around
50,000 edible plants, only 15 species (majorly rice, maize, and wheat) contribute
to almost 90% of food requirement of the population worldwide. It has led to the
prevalence of hidden hunger or mineral malnutrition and other diet-related disorders
among the masses worldwide. On the other hand, diverse plant species with nutritive
bioactive potential lay neglected or, where the nutritional information is known,
remain underutilized. This chapter discusses the nutritional importance of plant
biodiversity, its benefits and threats posed, conservation and sustainable use of
biodiversity for food and nutritional security, and glimpses of breeding strategies
required or being followed for enhancing the nutritional content of plants.

Keywords Biodiversity · Neglected and underutilized crops · Nutritional benefits ·
Orphan crops · Malnutrition

1.1 Introduction

Despite the mammoth and rapid steps forward in managing world hunger through
the green revolution, undertaken with a sole aim of enhancing food production, these
intensive crop production systems have now encountered new issues such as those to
do with food quality and human health and the impact of such production systems on
the environment. According to the FAO (2018), more than 800 million people
worldwide remain chronically undernourished in the past 10 years. Problems of
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malnutrition, protein–energy imbalances, and mineral nutrition deficiencies, such as
iron, have been estimated to affect around 30% of world population including
151 million children under the age of 5 who have stunted growth (WHO.
Available at: http://www.who.int/nutrition/topics/ida/en/). In addition, the current
global food production systems have become affected by climate change, environ-
mental degradation, and biodiversity loss (Vermeulen et al. 2012). All these prob-
lems have come about due to the pursuit of attaining homogeneity in the global food
supply by profoundly relying on narrow range of cereal and pulse crops and
neglecting food crop biodiversity (Jarvis et al. 2016). The world’s crop diversity
has witnessed a narrowing of the range planted over past 5 decades, and hence, the
food and dietary composition of the world’s foods has become uniform. Even though
around 7000 plant species have been identified as a potential source of food, only six
species (wheat (Triticum aestivum L.), soybean (Glycine max L.), maize (Zea mays
L.), rice (Oryza sativa L.), barley (Hordeum vulgare L.), and rapeseed (Brassica
napus L.) occupy more than half of the cultivated land area in the world. Regionally
important and diverse food crop species have become abandoned. Following a
mega-study conducted over 150 countries, some scientists believe that this consti-
tutes a new and severe threat to food security and human nutrition (Khoury et al.
2014). The over-reliance on the rice–wheat cropping systems in Southern Asia, to
meet their food requirements, has caused a resurgence of malnutrition especially for
deficiency of micronutrients (Kataki 2014). In some regions in Asia, South America,
and Africa, through biofortification, crop varieties of maize, beans, cowpea, other
legumes, pearl millet, rice, and wheat have been bred to supply pro-vitamin A,
mineral nutrients (Fe and Zn) (Saltzman et al. 2014), as well as cereals in Europe and
the American continents are enriched in phenylpropanoids. However, in all cases,
this has led to an overall reduction in crop biodiversity. Hence, there is an urgent
need for re-establishing food diversity by restoring old and incorporating new
diverse crop species into our food basket. The plethora of underutilized crops,
often only grown in their centers of origin, are not finding a place in other regions
due to agronomic, cultural, and/or economic reasons (Padulosi et al. 2002).

2 S. P. Kalaipandian et al.

1.2 Nutritional Value of Biodiversity

Currently, cereal and cereal-based foods (comprising both true and pseudo-cereals),
besides contributing to roughly two-thirds of the world’s food calories, serve as an
epitome of human culture through the annals of time. In the last four millennia,
major grain cereals have been domesticated and are now being genetically modified
to improve human nutrition (Das 2016; Doebley et al. 2006). Nevertheless, until
recently many underutilized crops (alternatively called orphan or neglected crops)
have received little genetic modification or improvement (Dansi et al. 2012). Chang-
ing human nutritional and health priorities have unearthed many new cereal species
that can produce gluten-free foods. Some of these gluten-free, underexplored cereal
species of nutritional importance include quinoa (Chenopodium quinoa Willd.), teff
(Eragrostis tef (Zucc.) Trotter), and amaranth (Amaranthus spp.) (Massawe et al.

http://www.who.int/nutrition/topics/ida/en/


2016; Jarvis et al. 2017). Similarly, to meet dietary protein requirements, a diverse
range of new tropical legume crops, such as winged bean (Psophocarpus
tetragonolobus (L.) DC.), lentil (Lens culinaris Medik.), lima bean (Phaseolus
lunatus L.), lablab (Lablab purpureus L.), and Bambara groundnut (Vigna subter-
ranean [L.] Verdc.), are now being considered as promising new dietary protein
sources (Messina 1999; Henchion et al. 2017). These underutilized legumes are not
only agronomically hardy but are endowed with flavorsome nutritional profiles
especially with a high content of essential amino acids (EAA), of a type that is
deficient in cereal-based diets (USDA Food Composition Database; Yao et al. 2015)
(Table 1.1). The major concern with new crops such as winged bean is the presence
of antinutritional factors, such as relatively high tannin content in the seed coat
(Singh et al. 2017). The diverse species of plants with nutritional potential are
presented in Fig. 1.1. (Hunter et al. 2019).

1 Biodiversity for Nutritive Gains: Values, Benefits, and Threats 3

Furthermore, the nutritional composition among varieties of the same species
may differ drastically. For instance, the orange-fleshed sweet potato (Ipomoea
batatas L.) varieties are known to have more than 200 times the content of
β-carotene than found in the white-fleshed varieties. Thus, the orange-fleshed variety
has a greater scope for the alleviation of vitamin A deficiency in sub-Saharan Africa
where consumption of the white-fleshed sweet potato variety is prevalent (Low et al.
2013). The role of the native, yellow-fleshed banana (Musa spp.) cultivar karat in
alleviating the pro-vitamin A deficiency in Federated States of Micronesia of Pacific
region is now well documented (Engelberger et al. 2013). In the same way, the
nutritional supremacy of the green leaf vegetable aibika (Abelmoschus manihot L.)
from Papua New Guinea is now well demonstrated (Rubiang-Yalambing et al.
2014). Similarly, the African leafy vegetables (e.g., spider plant (Gynandropsis
gynandra L. (Briq.)), roselle (Hibiscus sabdariffa L.) and hair lettuce, moringa
(Moringa oleifera Lam.), African nightshade (Solanum scabrum Mill.), and jute
mallow (Corchorus olitorius L.) are a rich source of the micronutrient iron and are
abound with other nutraceutical compounds such as allyl sulfides, flavonoids,
isothiocyanates, lycopene, and various phenolic acids (Ojiewo et al. 2013). These
nutritional interventions attain more significance when compared to the single
nutrient-focused biofortification and cost-intensive approaches to alleviate nutri-
tional imbalances of masses around the world. The nutritional benefits from several
other underutilized crop species [viz. African cabbage Cleome gynandra L.;
Schönfeldt and Pretorius 2011; rice bean (Vigna umbellate [Thunb.] Ohwiand
Ohashi; Katoch 2012), various roots and tubers (Olango et al. 2013) are now
beginning to be recognized (Chapman et al. 2015).

1.3 Benefits of Biodiversity

The use of biologically diverse crop species is invaluable for the agroecosystem
functions and services (FAO 2020). Biodiversity at the ecosystem and the species
level and then at genetic diversity within species level contributes to modern
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agriculture in numerous ways and supports the livelihoods of many millions of
farmers (Sunderland 2011). Most of the currently cultivated crops are domesticated
from their wild relatives, and it is clear that crop biodiversity contributes to the food
security for a growing world population (Sunderland 2011). Therefore, biodiversity
conservation is a most important facet to ensure long-term food security. It has been
estimated that around 80% of the population in developing countries depends upon
plant biodiversity present in their local ecosystems for their primary health care
(Herndon and Butler 2010), suggesting the importance of biodiversity to human
health. Forests often supply natural foods such as herbs, vegetables, and fruits. These
kinds of foods are rich in not only macronutrients but also act as an excellent source
of micronutrients (Sunderland et al. 2013). To date, more than 7000 natural plant
species have been domesticated for food, 13 of these that have become major crops
have also been improved with various traits by using genes obtained from about

1 Biodiversity for Nutritive Gains: Values, Benefits, and Threats 7

Fig. 1.1 Diverse species of food crops used under Biodiversity for Food and Nutrition (BFN)
Project are presented. Source (Hunter et al. 2019) https://doi.org/10.1007/s00425-019-03169-4

https://doi.org/10.1007/s00425-019-03169-4


60 wild relatives, and more than 70,000 plant species are being used as traditional or
modern medicines. As most of the human population still relies on these sources
for nutrition and medicines, the further loss in biodiversity would cause serious and
deleterious impacts on the human population. Nutritional diversity within species
or their varieties offers a diverse range of options for food combinations that
can provide a balanced human diet. van Niekerk et al. (2016) analyzed the
nutritional profile of potato (Solanum spp.) varieties that are cultivated in
sub-Saharan Africa. They found that there were intraspecific and varietal differences
in potato diversity, and this had a significant effect on the macronutrient and
micronutrient contents available to the consumers and played a major role in local
community health.

8 S. P. Kalaipandian et al.

The various organisms present in agricultural soil are essential for the mainte-
nance of soil ecosystem health and functioning. These soil microorganisms play an
essential role in symbiotic nitrogen fixation and the mobilization of phosphorus
for the uptake by plant roots (El Mujtar et al. 2019). Microbial biodiversity
contributes considerably to agricultural production, food security, and farmers liveli-
hoods, especially in the context of climate change (Pilling et al. 2020). Other
important biodiverse populations, such as those of insects and birds, affect the
pollination of plants, and several studies have shown that a reduction in the size
and biodiversity has a detrimental effect on plant populations. For example, insect-
mediated pollination, found to be essential for maintaining the sustainable produc-
tion in the agroecosystems to ensure the food security, can affect pollination (Koul
et al. 2018).

The presence of a wide range of genetic diversity within a species or population
will aid the adaptation of those species or populations to a changing climate, or deal
with any adverse environmental stresses, such as those caused by prolonged heat,
drought, or cold climates, and support the movement to different elevations, to
habitats with different soils, or deal with more dramatic seasonal change (Meisner
et al. 2018). The presence of diverse range of organisms in biological communities is
indispensable for the sustainable production of food, and the production of diverse
foods within these ecosystems will not only efficiently use the resources available
but also increase the recycling of materials naturally and increase the complemen-
tarities and synergies of the ecosystem (Montoyo et al. 2020; Pilling et al. 2020).
Biodiversity can be considered a form of security; if any abiotic or biotic event
threatens crop production, then high biodiversity can help reduce that deleterious
impact upon production loss. Certain natural foods are often found to complement
dietary requirements when such damage occurs to the cultivated crops. Hence, it is
important to conserve both the domesticated and wild relatives to maintain popula-
tion diversity which can help to manage challenges, such as those brought about by
climate change. In summary, food and agricultural production largely depends on
the availability of a wide range of biodiversity, firstly at the genetic level, then at the
species level, and finally at the ecosystem level. Biodiversity contributes invaluable
benefits toward the health of the people around the world.
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1.4 Threats to Biodiversity

Although biodiversity provides numerous benefits to humankind, serious threats to
biodiversity are inevitable due to the inappropriate usage of biological resources.
Changes in land and water use, increased pollution, and greenhouse gas emissions
all provide a significant threat to plant biodiversity. Recent evidence has indicated a
declining trend in plant community biodiversity. This biodiversity loss has been
impacting various essential services to food and agriculture production, including
those from forest and wetland ecosystems (Pilling et al. 2020). The conversion of
forested land area into agricultural fields is one of the most serious threats to
biodiversity. When a large, forested area is converted into intensive agriculture,
especially to monocropping, it will significantly reduce biodiversity which in turn
initiates a huge reduction in the supply of ecosystem goods and services in the longer
term (Sunderland et al. 2013). Intensive monocropping of rice in Asia, during the last
40 years, has dramatically increased the production and farmer income through the
use of elite varieties, hybrids, agrochemicals, and new irrigation technologies.
However, it has seriously negatively affected the biodiversity of the land and soil,
mainly because of the wide use of agrochemicals, the loss of well-adapted local rice
varieties, and the homogenization of the landscape (Fischer et al. 2017). In addition,
people now consume a large number of rice-based foods and this lacks dietary
diversity which in turn lacks balanced nutrition in their diets (Fischer et al. 2017).
Likewise, focusing on only a small number of crop species for food around the world
is likely to affect the biodiversity of the global food system (Khoury et al. 2014).
Several studies have shown intensive agriculture to pose a major threat to biodiver-
sity, and it is not only affecting the species diversity in cropping area but also in the
adjacent habitats (Zabel et al. 2019).

Climate change is another major threat to biodiversity. It affects plant populations
as well as soil biota, both in a spatial and temporal manner. For example, both plant
roots and litter provide input into the soil, which in turn interacts with soil organisms
such as decomposers and symbionts. These interactions are often species-specific
and are greatly influenced by environmental factors (viz. temperature, moisture, and
other factors; Pugnaire et al. 2019). Climate change drought events can directly
affect the composition of soil microbes including fungi and bacteria due to their
impact on root growth and leaf litter production. Climate change-induced higher
temperatures can affect certain physiological processes in plants, and the effects
include increased evaporation and transpiration. Plant litter and rhizodeposition
provide a huge amount of organic matter to the soil, and the changes in the climate
will influence this soil organic matter level. Further, the elevated atmospheric CO2

concentration, constantly increasing in the environment, affects all flora and fauna,
and the interactions among these climate change factors may even cause greater
deleterious effects to biodiversity (Pugnaire et al. 2019). Further, reactive nitrogen
and gaseous ammonia are other factors that can reduce biodiversity by directly
damaging the vegetation (Dise et al. 2011). Many ecosystems evolved in nitrogen-
limiting environments, when nitrogen is applied excessively; it causes the long-term



nitrogen deposition in the ecosystem by eutrophication and acidification. Several
studies have reported that long-term nitrogen deposition in the ecosystem reduced
the plant biodiversity. For example, a decline of biodiversity in Europe is directly
correlated with nitrogen deposition, and the reports warn that several plant species
will be extinct in Europe by 2050 if the nitrogen deposition will continue to increase
(Dise et al. 2011).
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In addition to the above-listed factors, human travel and human trade are increas-
ing around the world and that increase the introduction of invasive organisms, such
as insect pests, pathogens, and weeds, between countries which then pose threats to
local population biodiversity (Freer-Smith and Webber 2017). To stop this invasive
threat to new environments, it is important to better understand the pathways of
trade, rather than focusing on individual pest agents. Overall, it is clear that the
community biodiversity around the world is declining and immediate action needs to
take place to reduce this threat.

1.5 Conservation and Sustainable Use of Biodiversity
for Food and Nutrition Security

The global human population is expected to reach nine billion by the year 2050, and
food production will need to be increased, but this will need to be done with further
limited resources of cultivable land and water. Intensive agriculture via deforestation
may be a short-term solution; however, such practices will cause more deleterious
effects on the food production chain and will affect livelihoods in the longer term.
Crop improvement programs will need diverse genetic resources; hence, the conser-
vation of a wide range of genetic diversity within a species is a very important
consideration (Khoury et al. 2014). Biodiversity conservation is one of the para-
mount factors to achieving food security for the world’s growing population. It has
always been a trade-off between food production and biodiversity conservation.
Promoting agrobiodiversity could be an approach to securing food production and to
provide a balanced nutritive diet for the rural population across developing nations
(Ruiz et al. 2014). Diversification of food is the most likely way to achieve food and
nutrition security rather than depending solely on a few, dominant major agricultural
crops. Maintenance of diversity in all three levels including at the genetic, the
species, and the ecosystem level will create more resilient crops and can increase
their adaptation to climate change (Scherer et al. 2020). For example, the availability
of a diverse range of crops or varieties, which possess various levels of tolerance to
environmental stresses, could help avoid crop failure in certain seasons (FAO 2015).
Changes in crop management practices, such as varietal selection or irrigation
technologies to be used, could increase the adaptation of farming systems to climate
change (FAO 2015). Maintenance of a risk register to identify plant health threats
and the development of strict quarantine/biosecurity policies could help avoid the
spread of new biotic threats (Freer-Smith and Webber 2017).



1 Biodiversity for Nutritive Gains: Values, Benefits, and Threats 11

It has been estimated that the price of many agricultural commodities will
dramatically increase in the future (Zabel et al. 2019). Hence, intensive agricultural
production is expected to generate greater income and provide economic growth. It
will be extremely difficult to maintain biodiversity and sustainability while increas-
ing production. In addition, new policies must focus on both agricultural production
and biodiversity conservation, and the local authority and international organizations
will be required to insist on the implementation of sustainable agricultural produc-
tion strategies (Beltrame et al. 2019; Zabel et al. 2019).

As food security and conservation of biodiversity are interrelated challenges, it is
important to consider both to achieve reasonable outcomes. Fischer et al. (2017)
proposed a socioecological model to integrate both food security and biodiversity
conservation to achieve the best outcome. Smallholders traditionally produce diverse
crops within small land areas for the local consumption and sometimes to provide to
international markets. Such smallholder-based agroecological systems use some
inputs which have also been found to be resilient to climate change and market
fluctuations. The only risk is the uncertainty of supply to larger population (Fischer
et al. 2017). By employing an integrative approach to agricultural production, it may
be possible to meet production demands while maintaining the ecosystem like
implementing the best management practices locally or coordinating the sustainable
goals internationally which will complement biodiversity conservation and agricul-
tural production (Zabel et al. 2019). Also, it is important to identify the possible
future conflicts that may arise between biodiversity and agriculture while
implementing sustainability policies and conservation projects (Zabel et al. 2019).

Awareness among rural population must be created on the deforestation for
conversion of forest to agricultural land which may produce short-term income
only, and it will affect the ecosystems and livelihoods in the long term (Sunderland
et al. 2013). The loss of invaluable goods and services from the forest will affect the
food security in the world (Arnold et al. 2011). Identification of conflicts and
synergies between food security and conservation of biodiversity is impera-
tive. Including local biodiversity aspects in the global policies of food and nutrition
security-related schemes and promoting healthy, diversified, and sustainable diets
from biodiversity will increase the awareness among people to conserve the
biodiversity.

1.6 Breeding Strategies for Enhancing Nutritionally
Superior Plants

As stated above, modern breeding strategies have focused on parameters such as
economic yield, host plant resistance, and reduction of drudgery in cultivation rather
than nutritional composition of the crops or identification or exploitation of func-
tional biomolecules with potential impact on human nutrition. In addition, the
greatest bottleneck in exploring the plant systems for functional metabolites is our



inadequate understanding of plant metabolism and numerous biochemical pathways
that are contributing to it and the influence of environmental factors in these
processes. Moreover, the perception that a crop bred, through modern breeding,
for improved nutritional quality may lead to a significant yield penalty is not true
always. Instances of improved micronutrients contents (e.g., iron, zinc, and vitamin
A) in cereal crops have not witnessed any yield decline (Dwivedi et al. 2012). The
impending threat of climate change and its influence on agriculture in diverse
geographic regions such as Africa, Mesoamerica, the Andes, and South and Central
Asia poses a greater responsibility than ever for plant breeding approaches. In this
context, the concept of “evolutionary breeding” is suggested to improve the genetic
diversity in farmers’ field not only to enhance the crops’ resilience toward climate
change but also to harvest the potential nutritional gains. As the strategy involves
cultivating diverse genotypes of a crop in a field, the final harvested produce every
year differs in terms of genetic architecture and nutritional content owing to
increased natural pollination (Ceccarelli 2016). The strategy has been followed for
crops like rice, durum and bread wheat, maize, barley, common bean, Cucurbita
pepo, and tomato among others (Ceccarelli 2016). Besides the yield stability and
robustness, the quality and aroma profile of the crops have witnessed an improve-
ment suggesting the potential of this technique for nutritional security of masses
wherever possible (Rahmanian et al. 2014). Breeding for enrichment of
micronutrients is a sustainable, economical, and successful approach. Successful
instances are maize enriched with pro-vitamin A-, Fe-, and Zn-rich legume seeds,
bean, lentil and cowpea and cereals pearl millet, rice, and wheat. Further,
prospecting for crop genotypes with high bioavailability for micronutrients is
another complementary strategy to defeat the prevalence of malnutrition (Thomas
2007). The application of modern molecular breeding tools including genetic
manipulation has been a proven tactic to improve the nutritional status of crops
including enhancement of grain protein and developing quality protein maize (QPM)
(Prasanna et al. 2001; Kumar et al. 2011; Tabbita et al. 2013; Vishwakarma et al.
2014). Adoption of QPM over common maize has significantly improved the
nutritional status of human health especially in infants in terms of improved weight
and height growth rate and enhanced feed efficiency (Gupta et al. 2013; Tessema
et al. 2016). Beneficial effects of consumption of plant phenolics through diet have
led to the development of cultivars in diverse crops such as rice, maize, barley,
sorghum, soybean, and wheat that are rich in phenylpropanoids for cultivation in
America and Europe (Dwivedi et al. 2016). Exploration of nutritive potential of
nontraditional food crops such as plantation crops (coconut etc.) for greater nutra-
ceutical application is a feasible strategy (Ramesh et al. 2021; Hebbar et al. 2022).
Crop germplasm characterization approaches need to emphasize the development of
database for nutritional composition of the genotypes besides the morphological and
genetic marker traits. In this regard, the FAO International Network of Food Data
Systems (FAO/INFOODS) (https://www.fao.org/infoods/infoods/en/), a food com-
position database for biodiversity, which aims to achieve and advocate an interna-
tional harmonization and support for food composition activities is worth
mentioning (Charrondière et al. 2013).
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Inclusion of forest tree species in breeding strategies or agroforestry system is a
feasible plan to improve the dietary richness of the marginalized section. Studies
have proven the linkage between tree cover and dietary diversity of children in
21 African Countries (Black et al. 2013; Johnson et al. 2013; Ickowitz et al. 2014;
Ickowitz et al. 2016). Also, the traditional and culturally important foods around the
world in general are either wild or underutilized. Hence, it is mandatory to conserve
and preserve these “cultural keystone species” for their cultivation in home gardens,
etc. Biochemical characterization of traditional landraces has helped in unraveling
their potential in improving the nutritional quality of some of the widely cultivated
varieties and to counter the issues of climate change-induced abiotic stresses
(Massaretto et al. 2018).

1.7 Concluding Remarks

Research evidence has unequivocally proved the correlation between plant biodi-
versity and enhanced human nutrition. Biodiversity has supplied humans with food,
feed, drinks, and minerals and played a greater role in the reduction of malnutrition.
Further, the direct correlation between farm-level species diversity and improvement
in dietary quality warrants micro-level approaches to enhance the nutritional security
of masses. This in situ preservation of agrodiversity would go long way in ensuring
food and nutritional security and in providing benefits for ecosystem processes and
the environment. In the context of climate-change induced food security issues, and
the unexplored pool of resistance conferring genes of underutilized cereals and their
resilience towards biotic and abiotic stresses, exploitation of these new crop models
for the development of “future-ready” and nutritionally superior plants is imperative.
Considering the importance of protein–energy malnutrition promoting the cultiva-
tion of underutilized legumes would help in enhancing the consumption of plant-
based protein diets and assist in achieving Sustainable Development Goals. In the
research front, efforts should be prioritized to breed for palatable and high-yielding
cultivars of neglected and underutilized species (as in the case of winged bean and
others). Also, an institutional mechanism to share the genotypes among the research
organizations across the world is mandatory to accelerate the breeding efforts and to
harvest the nutritional benefits for diverse populations.
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Chapter 2
Biofortification of Crops: Novel Insights
and Approaches for Enhanced Nutrient
Accumulation

Eloy Navarro-León, Francisco Javier López-Moreno, Ali Ahmad,
Juan Manuel Ruiz, and Begoña Blasco

Abstract Hidden hunger is a worldwide problem that is characterized by insuffi-
cient intake of micronutrients, which are necessary for optimal human health.
Biofortification of food crops is an effective and efficient strategy to alleviate
human nutrient deficiencies. It has the ability to increase the nutrient content in the
edible parts of the plants. This potent agronomic tool is employed to increase the
accumulation of nutrients such as mineral elements, amino acids, and vitamins
among others. The main factors that determine the success of biofortification are
plant-/crop-dependent, such as the genotypes’ nutrient accumulation mechanisms,
and others, namely environmental conditions, and consumer or public acceptance. In
general, two complementary approaches of plant biofortification, the agronomic and
the biotechnological tools, are adopted. In the agronomic approach, the nutrients
accumulation is enhanced through the application of fertilizers and biostimulants or
the management of cultivation conditions. Alternatively, in the latter, crops with
higher nutrient concentration or bioavailability are developed using breeding
(including molecular) or genetic engineering techniques. Indeed, novel gene or
genome editing tools are gaining prominence in the generation of biofortified
crops. Application of these strategies has enabled enhancement of biosynthetic
pathway of organic nutrients or decreased the concentration of antinutrients or
increased nutrient transport to the edible parts. Thus, plant transporters are crucial
targets for attaining optimal nutrient movement to and within the plant. Also, it is
pertinent to continue to deepen our knowledge about the mechanisms of nutrients
accumulation in the plant and their bioavailability for humans and animals and
identifying ways and means to modify them to obtain plants with higher nutritional
quality.
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2.1 Introduction

In the worldwide scenario, besides calorie hunger, there is an important problem of
hidden hunger that is characterized by the insufficient intake of micronutrients that
are necessary for optimal human health. Therefore, it is not only necessary to
produce food in an adequate quantum but also it is essential to produce nutrient-
rich foods (Sharma and Verma 2019). Humans require at least 20 essential minerals
that can be obtained through the ingestion of a balanced diet; however, nutrient
deficiencies are serious human health concerns worldwide (White and Broadley
2009). Some of the major nutritional disorders and the main diseases caused are as
follows: iron (Fe) deficiency that causes anemia, calcium (Ca) deficiency that causes
osteoporosis, vitamin A deficiency that causes night blindness, vitamin C that causes
scurvy, zinc (Zn) deficiency that causes hypogonadism and dwarfism, and selenium
(Se) deficiency that causes weak joints (Prasad and Shivay 2020).

Biofortification of food crops is an effective and efficient strategy to alleviate the
problem of nutrient deficiencies due to its ability to increase the specific nutrient
content in the edible parts of the plants (White and Brown 2010). Biofortification has
been successfully employed to increase the accumulation of nutrients such as
mineral elements, amino acids, and vitamins. Biofortification aims to increase the
accumulation of nutrients in a cost-efficient and sustainable manner (Sharma and
Verma 2019). Biofortification may be achieved in two complementary ways by
following agronomic practices such as fertilization and through genetic approaches
(breeding or genetic engineering) with aid of biotechnological tools generating
varieties with enhanced nutrient accumulation or bioavailability (Table 2.1) (Sharma
and Verma 2019).

Biofortification is especially valuable in regions where people have limited access
to a varied diet and food supplements. Although biofortification field has attracted
the researchers worldwide, the upscaling or application of the knowledge thus
gained to improve the diets of common people is still in an early stage. The target
crops are generally the ones that are widely consumed by population that exhibit
more risk for malnutrition. Examples of target crops are wheat, rice, potato, legumes,
sorghum, and millet (Sharma and Verma 2019). A successful case study of
biofortification was demonstrated in children fed with an iron biofortified pearl
millet, thereby reducing the anemia cases (Finkelstein et al. 2015). Other fruitful
examples include the development of several zinc-biofortified rice and high-quality
maize varieties through breeding processes (Bouis and Saltzman 2017; Tandzi et al.
2017). Likewise, biofortification of sweet potato and cassava with provitamin A was
achieved and the vitamin was found to be effective even after cooking and storage
(De Moura et al. 2015). More successful instances of biofortified crops are presented
in Table 2.2.
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Table 2.1 Different biofortification approaches and their descriptions

Approaches Description

Agronomic Element fertilization Foliar or soil supplementation of the targeted element or
with others that improve the nutritional quality

Microorganisms Application of living microorganisms that increase nutri-
ent bioavailability or increase the root uptake surface

Biostimulants and
other compounds

Application of diverse compounds that stimulate natural
processes in plants to enhance the nutrient accumulation
regardless of their nutrient content

Environmental
management

Modification of environmental conditions such as CO2

concentrations, temperature, or water supply to increase
nutrient accumulation

Genetic Breeding Genotypes with useful characteristics for biofortification
are crossed with commercial genotypes to obtain new
biofortified varieties

Modification of bio-
synthetic pathways

Modification of gene expression to increase the nutrient
biosynthesis rate or decrease its degradation rate

Inhibition of
antinutrients

Modification of gene expression to decrease the presence
of compounds that hinder nutrient assimilation by ani-
mals and humans

Modification of
transporters

Modification of gene expression to enhancement the
activity of nutrient transport proteins

2.2 Factors Affecting the Success of Biofortification

The main factors associated with the success of biofortification are summarized in
Fig. 2.1.

2.2.1 Plant-Related Factors

Nutritional requirements vary among the plant species, and hence, similar
approaches of biofortification cannot be applied to genetically distant species.
Thus, the efficiency of an agronomic biofortification is very specific to a particular
nutrient–crop combination (Dixit et al. 2018). The biofortification performed utiliz-
ing biotechnology approaches is limited to species with a relatively good quality
genomic resources (Sharma and Verma 2019). Once the crop species has been
identified, it is recommended to know the mechanisms of nutrient accumulation,
the tissues where nutrients are accumulated, and the appropriate ligand compounds,
etc. (Cominelli et al. 2020a). Likewise, it is vital that the nutrients accumulate in the
edible portion of the crop because some nutrients are more easily transported to the
leaves than to the seeds or fruits and some nutrients remain in the root to a greater
extent (Connorton et al. 2017).

In the biotechnological approach, it is fundamental to take into account the
potentially deleterious off-target effects of an altered gene expression. For example,



reducing the phytate content of a crop significantly affects various other physiolog-
ical functions (Cominelli et al. 2020a), and the enhancement of carotenoid levels is
fraught with negative effects of reduced chlorophyll and tocopherol contents
(Simkin 2019). On the other hand, in the agronomic approach, it is important to
consider the antagonisms between nutrients. Thus, despite providing large quantum
of nutrients, accumulation of minerals in plant system is not sufficient due to
antagonisms in the culture medium or the effect of antagonism on the nutrient uptake
mechanism of plants (Lyons and Cakmak 2012). However, in some cases, the
elemental antagonisms are species-specific. For instance, sulfur (S) and sulfates
inhibit selenium (Se) accumulation because of the similarity between both elements,
but the appropriate combination of S and phosphorus (P) enhances Se accumulation
in rapeseed (Izydorczyk et al. 2021). Another undesirable effect of biofortification is
the induction of heavy metal accumulation. For instance, certain Zn and Fe trans-
porters can also transport cadmium (Cd) and other heavy metals. If these transporters
are overexpressed, it can lead to a overaccumulation of these heavy metals in the
edible parts and be toxic to animal and human consumption (Narayanan et al. 2019).
Therefore, it is very crucial to perform a detailed compositional analysis of the
biofortified crop before making the product available for public consumption (Dixit
et al. 2018).
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Table 2.2 Successful examples of biofortification in crops and the approaches followed

Nutrient Species Approach Reference

Ca Baby leaf vegetables Agronomic D’Imperio et al. (2016)

Ca Carrot Genetic
engineering

Morris et al. (2008)

Fe Pearl millet Breeding Finkelstein et al. (2015)

Fe Bean Breeding Haas et al. (2016)

Fe and Zn Rice Genetic
engineering

Trijatmiko et al. (2016)

Zn Wheat Breeding Rosado et al. (2009)

Zn Rice Breeding Bouis and Saltzman
(2017)

Se Wheat Agronomic Idrees et al. (2018)

I Cabbage Agronomic Ojok et al. (2019)

Tryptophan and
lysine

Maize Breeding Tandzi et al. (2017)

Lysine Maize Genetic
engineering

Tang et al. (2013)

Provitamin A Sweet potato and
cassava

Breeding De Moura et al. (2015)

Provitamin A Rice Genetic
engineering

Paine et al. (2005)

Provitamin A Maize Breeding Gannon et al. (2014)

B6 vitamin Cassava Genetic
engineering

Li et al. (2015)

Folate (B9 vitamin) Rice Genetic
engineering

Blancquaert et al. (2015)
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Fig. 2.1 Factors contributing to the success of biofortification process

2.2.2 Environmental Factors

The environmental conditions (soil, climate, localization) are crucial for successful
biofortification. For example, the soil pH may limit the availability of nutrients for
the plant. In addition, the rainfall frequency, the temperature, and the soil chemistry
may severely constrain the application of agronomic biofortification techniques
(Dixit et al. 2018). Moreover, a low impact on the environment and sustainability
over time are two crucial factors for the success of biofortification. In biofortification
approaches based on application of fertilizers, it is important to have knowledge



regarding the soil composition and its structure so as to avoid application of excess
quantum of fertilizers. In consequence, agronomic biofortification is not considered
a sustainable approach in soils having appreciably good crop growth conditions
(Menguer et al. 2018). In contrast, genetic biofortification is a more sustainable
approach because it reduces the application of fertilizers in the environment (Sharma
and Verma 2019).
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2.2.3 Factor Related to the Consumers

Once the biofortified plant has been developed, it is crucial to evaluate the amount of
the nutrient that is assimilated by animals and humans (D’Imperio et al. 2016). The
proportion of assimilated nutrients depends on the amount of antinutrients and
promoter substances in the food. Indeed, for biofortification purposes, it is key to
minimize the presence of antinutrients such as phytates, phenols, and oxalate and
maximize the promoter substances such as vitamins, choline, and cysteine (Sharma
et al. 2017). Furthermore, the food processing techniques followed are also crucial
since some of the processing operations, namely cutting and boiling, cause severe
nutrients loss. Hence, it is important to know the effects of different processing ways
to estimate the quantity of nutrients that are assimilated by animals or humans
(Sharma and Verma 2019).

The acceptance of a biofortified crop by potential consumers is a critical compo-
nent in assessing the success of a biofortification program. Despite the great effi-
ciency of accumulation of nutrients, the efforts can go vain if the product is not
accepted by the public (Dixit et al. 2018). An example of this case is golden rice
(Ye et al. 2000). Therefore, it is pertinent to carry out market studies and to consider
the opinion of approved panels that perform organoleptic changes such as appear-
ance, flavor, and texture that determine the ultimate public acceptance (Park et al.
2009). Besides, biofortification will not be viable if at the end of the process the
economic cost exceeds the benefits obtained. Regardless of the approach,
biofortification is more cost-effective than food supplementation (Sharma and
Verma 2019; Simkin 2019). However, in the short term, the agronomic approach
can be a viable option, but in the long term, the genetic approach is more profitable.
Indeed, the advantages of genetic biofortification are that is a one-time investment
and the germplasm can be distributed at international levels (Sharma and Verma
2019). Nevertheless, a major disadvantage could be the regulatory barriers for the
approval of genetically modified organisms (GMOs) in some countries (Bhambhani
et al. 2021).
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2.3 Agronomic Biofortification

In agronomic fertilization, the aim is to increase the accumulation of nutrients
through the application of fertilizers and biostimulants or the management of
cultivation conditions. The main advantages of this approach are its simplicity and
the low technical requirements, and it does not warrant any legislative barriers akin
to GMOs (Vlčko and Ohnoutková 2019).

2.3.1 Element Fertilization

In this approach, certain elemental nutrition is provided to plants to increase their
nutritional quality. Typically, plants are supplied with fertilizers enriched with the
target nutrients that are necessary to accumulate in the edible parts. The most
successful examples of agronomic biofortification have been achieved for elements
Zn and Se (Wakeel et al. 2018), iodine (Izydorczyk et al. 2021), and in baby leafy
vegetables biofortified with Ca (D’Imperio et al. 2016). Biofortification with other
elements such as Fe is more cumbersome due to limitations in its bioavailability for
the plant. Thus, this is one of the main factors that limit agronomic biofortification
together with the soil conditions and the retranslocation to edible parts (Wakeel et al.
2018). Fertilizers for plants are generally supplied through soil medium; however,
biofortification through the foliar application or the foliar and soil combination are
more effective and ensure the accurate localization of nutrients, especially for cereals
and leafy vegetables (Sharma and Verma 2019; Pradhan et al. 2020; Izydorczyk
et al. 2021). Furthermore, nutrient absorption can be enhanced by surfactants or
applying nutrients in the form of microparticles or nanoparticles such as Zn
nanoparticles (Vlčko and Ohnoutková 2019; Ponce-García et al. 2019). In addition,
the coating of seeds with nutrients is another possibility (Sharma and Verma 2019).

In some cases, fertilization is used with elements that are not the target of
biofortification but that induce a greater nutrient quality in plants. For instance,
biofortification with elements such as Fe, Zn, and Se enhances the concentration of
amino acids, glucosinolates, phenolic compounds, and flavonoids and increases
antioxidant properties (Bachiega et al. 2016; Barrameda-Medina et al. 2017; L
et al. 2018). Alternatively, silicon (Si) is not considered an essential element;
however, it is widely applied to improve the nutritional quality of crops (Dixit
et al. 2018; Sharma and Verma 2019). Furthermore, appropriate N fertilization,
besides determining the yield and the protein content, is a key factor in the accumu-
lation of elements such as Fe and Zn (Ricachenevsky et al. 2019). Hence, the most
suitable fertilization composition should be chosen considering the state of the soil,
the target nutrient for biofortification, the interactions between nutrients, and taking
into account sustainability (Prasad and Shivay 2020).

Nanofertilizers are recent potent addition to maximize the sustainability of ele-
ment fertilization. The application of elements as nanofertilizers ensures the gradual



release of nutrients easing nutrient availability to the plant. Nanofertilizers have a
large specific surface area, thereby improving the effective nutrient uptake by the
plant. It avoids the excessive application of fertilizers, thereby preventing eutrophi-
cation and pollution. Numerous nanofertilizers have been approved worldwide and
proved their efficacy for nutrient biofortification (Basavegowda and Baek 2021). For
instance, Se nanoparticles have better stability, plants absorb them faster, and they
are less toxic compared to the conventional ionic forms (García Márquez et al.
2020). Zn nanoparticles are more efficient for common bean fertilization than
conventional Zn fertilizers (Ponce-García et al. 2019). Furthermore, several P
nanofertilizers are being developed given the lower efficiency of traditional P
fertilizers that causes a significantly low P bioavailability for the plant
(Basavegowda and Baek 2021).
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2.3.2 Biostimulants and Other Compounds

Biostimulants are compounds applied externally to stimulate and enhance nutrient
accumulation, crop quality, or tolerance to stresses, regardless of their nutrient
content. The objective is that a biostimulant increases the biomass or the nutritional
quality of a crop without a great supply of fertilizers (Ricci et al. 2019). The use of
biostimulants with or without biological activity could be useful in biofortification
by directly influencing nutrient accumulation or increasing the root development
which in turn can increase nutrient uptake and enhance ion transport to the shoot.
Important ingredients of biostimulants are amino acids, silica, salicylic acid, and
humic acids. Thus, these compounds enhance nutrient uptake and the accumulation
of antioxidant compounds such as phenols (Vega et al. 2019; Vlčko and Ohnoutková
2019; Izydorczyk et al. 2021). Also, the use of extracts from leaves of
hyperaccumulator species was proven to be an effective strategy for the
biofortification of certain elements such as Se (Izydorczyk et al. 2021).

Biostimulants also encompass the use of beneficial microorganisms for
biofortification. Improving the interaction between soil microorganisms and root
systems is a way to enhance nutrient accumulation. Microorganisms contribute to
atmospheric N-fixation, the solubilization of nutrients, and the synthesis of phyto-
hormones (Khan et al. 2019). The siderophores secreted by microorganisms chelate
Fe and increase the uptake by the plant (Srivastava et al. 2013). Furthermore,
microorganisms reduce soil pH and enhance root growth increasing the root absorp-
tive area. The use of biofertilizers (bacteria and fungi) instead of synthetic com-
pounds is an environment-friendly approach. These biofertilizers reduce the loss of
nutrients and increase the bioavailability of the naturally present nutrients (Khan
et al. 2019). A flourishing biofertilizer-based fortification was documented in Se and
Zn biofortification. Bacteria such as Bacillus and other plant growth-promoting
rhizobacteria increase the solubilization of Se and Zn in the soil which enhances
the accumulation of these elements in the plant (Izydorczyk et al. 2021). Besides, the
inoculation of plant seeds with arbuscular mycorrhiza such as fungus Rhizopagus



irregularis improved plant biomass and its accumulation of organic acids, and
vitamin B1 and its analogs (Vlčko and Ohnoutková 2019).
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2.3.3 Environmental Factors

Another possibility for biofortification is the modification of environmental condi-
tions such as CO2 concentrations, temperature, or water supply. Thus, Se accumu-
lation was improved under heat stress in lettuce (Hawrylak-Nowak et al. 2018) and
drought stress in maize and wheat (Mathers et al. 2017; Bocchini et al. 2018).
Alternatively, growth of plants such as carrot and sour orange, under high CO2

conditions, showed an enhanced ascorbate accumulation; however, this effect is
species-specific (Simkin 2019). Usually, crops grown under elevated CO2 concen-
trations showed lower protein and micronutrient contents. The increment in crop
yields often leads to a dilution effect and reduces the nutrient concentration in edible
parts, so it is mandatory to develop crops that maintain or enhance the nutritional
quality (Wakeel et al. 2018). Therefore, it is anticipated that the current global
change scenario may negatively influence the nutritional quality of crops (Simkin
2019).

2.4 Genetic Biofortification

Genetic biofortification is the development of crops with enhanced nutrient concen-
tration using breeding or genetic engineering techniques (Garg et al. 2018). Devel-
opments in the field of genetic approach are crucial to alleviate nutrient hunger given
the multiple limitations of the agronomic methods. Furthermore, besides being more
efficient, genetic biofortification is more sustainable and environment-friendly than
the agronomic approach because it avoids the excessive fertilizer application that
pollutes soil and water (Garg et al. 2018; Gupta et al. 2021). Breeding techniques
allow the selection of varieties/genotypes with useful characteristics for
biofortification purposes. Breeding is supported by numerous DNA sequencing
and genetic screening techniques within the marker-assisted selection (MAS) and
genome selection approaches (Gupta et al. 2021). Complementarily, genetic engi-
neering techniques provide us the capacity to modify certain target gene sequences.
Some examples of these tools are heterologous gene expression, RNA interference
(RNAi), Targeting Induced Local Lesions in Genomes (TILLING), and Clustered
Regularly Interspaced Short Palindromic Repeats (CRISPR)/Cas-based gene or
genome editing (Till et al. 2018; Bhambhani et al. 2021). Application of these
techniques enables enhancement of the biosynthetic pathway, improves nutrient
transport to the edible parts resulting in nutrient density, or decreases the presence
of antinutrients (Fig. 2.2).
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Fig. 2.2 Overview of the main genetic techniques and approaches for the generation of biofortified
crops

2.4.1 Biofortification Using Breeding Techniques

In traditional breeding, genotypes with useful characteristics for biofortification are
hybridized with commercial genotypes to obtain new biofortified varieties. The
genotypic variations for differential nutrient accumulation exist within the same
species. Indeed, the first step in breeding is the identification and characterization of
genetic variability for nutrient uptake, transport, or accumulation in the target organ
(White and Broadley 2009). Numerous genotype selection and breeding techniques
have been developed to investigate and characterize the genetic variation in crops by
taking advantages in the field of quantitative trait locus (QTL) linked to higher
accumulation of nutrients followed by identification of molecular markers associated
with it. Currently, two main approaches are used to identify QTLs in crops: QTL
interval mapping (IM) and genome-wide association studies (GWAS). Once QTLs
are identified, they are used for marker-assisted selection (MAS) or marker-assisted
recurrent selection (MARS) to select the desired genotypes for breeding. In addition,
intron-targeted amplified polymorphism (ITAP) is a new approach to identify
makers with the aid of bioinformatic tools (Gupta et al. 2020). Using these tech-
niques, numerous QTL/traits associations have been identified, for example, those
that determine a greater accumulation of Zn and Fe in gramineous species (Vlčko



and Ohnoutková 2019; Pradhan et al. 2020). Diverse examples of crop
biofortification using breeding approaches are presented in Table 2.2.
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2.4.2 Genetic Engineering Techniques

Genetic engineering has proven its huge potential of increasing nutrient accumula-
tion in specific target plant organs and in a simple and rapid manner compared to
conventional or molecular breeding approaches. The classic techniques such as gene
overexpression or heterologous expression increase the transcription rate or the gene
copy number to achieve higher quantities of the final gene products causing an
increased nutrient accumulation. In addition, it is possible to introduce a
downregulated or knockout version of a gene to reduce the antinutrient synthesis
or to modify a metabolic pathway (Dutt et al. 2019). Alternatively, RNAi technique
also has also been successful in silencing a gene expression (Vlčko and Ohnoutková
2019).

A different approach, within the ambit of genetic engineering, directly seeks the
modification of a target gene sequence. For instance, in the TILLING technique,
different genotypes are generated through mutagenesis and are subsequently
screened to identify mutations in a target gene. Then, backcrosses are performed
to produce homozygotes for the selected mutation, and finally, the mutation is
correlated with its phenotype (Till et al. 2018). The TILLING process is long;
however, faster gene editing techniques have been developed in recent years.
Thus, these tools make possible effective targeted mutagenesis and site-specific
genome modifications (Jiang et al. 2021). The gene editing tools initially developed
were those based on nucleases such as meganucleases, zinc-finger nucleases (ZFN),
and transcription activator-like effector nuclease (TALEN). However, these tech-
niques are outperformed by the more versatile CRISPR/Cas systems which utilize an
endonuclease (Cas) and a guide RNA to effect appropriate genetic modification in
the target DNA sequence. The most used endonuclease is Cas9, of which multiple
variants have been developed, but other such as Cas12, Cas13, and Cas14 introduce
novel enhancements to the CRISPR/Cas system (Bhambhani et al. 2021).

Using the genetic engineering techniques described above following three differ-
ent approaches, it is possible to generate the biofortified plants. One of them is the
modification of specific genes for a specific metabolic pathway (Bhambhani et al.
2021). Hence, improved comprehension of different metabolic steps that are
involved in the production or degradation of target nutrient is vital. Another possi-
bility, although more complex, is to create a whole new biosynthetic pathway aimed
at inducing the accumulation of a specific compound inside the plant system. It is
necessary to know the gene sequences, their regulation, the enzyme biochemistry,
and the potential off-target consequences, for plant phenotype (Vlčko and
Ohnoutková 2019). Researchers have developed numerous plant biofortified geno-
types using this approach. For instance, by overexpressing the phytoene synthase
enzyme among others, Ye et al. (2000) generated golden rice, which accumulates



provitamin A. Sikdar et al. (2016) using RNAi technology have developed barley
plants that accumulate relatively high essential amino acids. Furthermore, Minhas
et al. (2018) generated rice plants with higher thiamine accumulations through the
overexpression of thi4 and thiC genes.
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Another approach, the genetic engineering techniques resort to, is to reduce the
presence of compounds that act as antinutrients in animals and humans. The most
important antinutrients in crops are phytic acid and certain polyphenolic compounds
(Cominelli et al. 2020a). Low phytic acid plants can be generated by creating genetic
mutations in transporters (that move phytic acid into vacuoles) or in key genes
involved in phytic acid biosynthesis such as SULTR and MRP. Some of these
mutants exhibit pleiotropic effects. However, genotypes without these off-target or
pleiotropic effects were obtained in common bean by modifying MRP1 gene and in
rice and barley with mutations in SLTR3 gene (Cominelli et al. 2020b). The low
phytic acid mutants should be combined with other modifications to produce plants
with a greater accumulation of nutrients while increasing their bioavailability
(Cominelli et al. 2020a). Finally, the third approach is to modify genes coding for
nutrient plant transporters to increase its accumulation in a target organ of the plant.

2.5 Biofortification Through Modification of Nutrient
Transporters

Plant transporters are crucial to the circulation of nutrients to and within plant
tissues. Transporters carry the ions inside the roots from the soils, and then, specific
transporters take the ions from the root to the xylem vessels. Other transporters
transport the nutrients from xylem to other distal parts, leaves, fruits, and seeds of
plants (Fig. 2.3). In cells, important transporter such as the cation exchangers (CAX)
transport ions inside the vacuoles for its storage (Pittman and Hirschi 2016). Based
on several scientific studies, it was proposed that the modification of any of these
types of transporters could be useful to improve nutrient accumulation in plants
(Table 2.3).

2.5.1 CAX Transporters and Ca Biofortification

There is a strong correlation between CAX1 expression and Ca accumulation (Conn
et al. 2011; Rios et al. 2012). Indeed, several experiments have shown the potential
of the CAX1 gene manipulation to increase Ca content in the edible part and
therefore its potential in biofortification programs (Table 2.3). Thus, experiments
were conducted in tomato and potato plants to constitutively overexpress a version
of CAX1. However, it resulted in damage in the fruits because of cytosolic Ca
deficiency (Gao et al. 2019; Zorrilla et al. 2019). On the other hand, there are similar



experiments with no negative (or off-target) effects in potato (Park et al. 2005), in
lettuce (Park et al. 2009), in carrot (Morris et al. 2008), and in rice (Yi et al. 2012).
Notably, a mutant with a single amino acid modification in CAX1 transporter was
obtained using TILLING approach in B. rapa (Graham et al. 2014). This mutant did
not exhibit any negative effects on plant growth, however, enhanced the accumula-
tion of Ca, Mg, and Fe (Navarro-León et al. 2018).
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Fig. 2.3 Main transporters and other proteins modified in biotechnological biofortification and
their localization in the plant

2.5.2 Other Ca Transporters and Ca-Related Proteins

Another possibility for Ca biofortification is the modification of other Ca trans-
porters such as two-pore channel (TPC), Ca channel proteins in plasma membrane or
low-affinity cation transporters (LCT), and other Ca-related proteins such as
calcineurin B-like interacting protein kinase (CIPK) and calmodulin (CAM). Ca
accumulation is correlated with the expression of TPC1, CAX3, and Ca sensor



proteins such as CIPKs and CAM in finger millet plants (Kumar et al. 2014).
Furthermore, the expression of LCT1 gene with a CAMV35S promoter was effective
in increasing Ca accumulation in wheat (Antosiewicz and Hennig 2004). Likewise,
the expression of other Ca-binding proteins such as calreticulin could be effective to
increase Ca accumulation (Sharma et al. 2017).
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Table 2.3 Modulation of plant transporters’ expression to enhance nutrient accumulation in crops

Transporter Elements Species Technique References

CAX1 Ca, Mg,
Fe

Brassica
rapa

TILLING Navarro-León et al.
(2018)

CAX1 Ca Potato,
carrot,
lettuce,
rice

Heterologous
expression

Park et al. (2005), Morris
et al. (2008), Park et al.
(2009), Yi et al. (2012)

CAX2 and CAX4 Ca Tomato Heterologous
expression

Chung et al. (2010), Park
et al. (2005)

HMA4 Zn, Fe Brassica
rapa

TILLING Blasco et al. (2019)

HMA4 Zn Tobacco Heterologous
expression

Siemianowski et al.
(2011), Barabasz et al.
(2012)

IRT1 Fe and
Zn

Rice Heterologous
expression

Tan et al. (2015)

IRT1 + FER1 Fe, Zn Cassava Heterologous
expression

Narayanan et al. (2019)

NAS1 + NAS1 Fe and
Zn

Rice Heterologous
expression

Banakar et al. (2017)

NAS2 Fe Rice and
chickpea

Gene
overexpression

Trijatmiko et al. (2016),
Tan et al. (2018)

YSL Fe Rice Gene
overexpression

Lee et al. (2012)

NRAMP1 Fe, Zn Rice and
tobacco

Heterologous
expression

Wang et al. (2019)

VIT2 Fe Wheat
and
barley

Gene
overexpression

Connorton et al. (2017)

MTP1 Zn Barley Gene
overexpression

Menguer et al. (2018)

ZIP5 Fe and
Zn

Maize Gene
overexpression

Li et al. (2019)

NRAMP3 + NAS1 + FER Fe and
Zn

Rice Heterologous
expression

Wu et al. (2019)

IRT1 + NAS1 + FER Fe Rice Heterologous
expression

Boonyaves et al. (2017)
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2.5.3 HMA4 Transporter and Zn Biofortification

The heavy metal-associated transporters (HMA) are a family of heavy metal trans-
porters that are essential for Zn homeostasis. For instance, HMA2 and HMA4 are
involved in the discharge of Zn into the xylem and thus in the transport from roots to
leaves (see Fig. 2.3) (Wong and Cobbett 2008). Several experiments have proven
that the increase in xylem loading through HMA4 modification increases Zn trans-
port to the shoot which seems a viable approach for Zn biofortification (Humayan
Kabir et al. 2014). Thus, Siemianowski et al. (2011) observed that the
overexpression of the AtHMA4 gene produces an increase in the concentration of
Zn in the roots and leaves of tobacco plants. Confirming these findings, Barabasz
et al. (2012) also showed that the expression of the HMA4 gene from the
hyperaccumulator Arabidopsis halleri (AhHMA4) results in an increase in Zn
accumulation in the leaves of tomato plants. Furthermore, a higher activity of
HMA4 transporter affected Fe accumulation and its root to shoot distribution in
tomato plants (Kendziorek et al. 2014). Likewise, a mutant characterized by a single
modification in HMA4 transporter of B. rapa derived from TILLING approach
showed higher Zn, Cu, Mg, and Fe concentrations (Blasco et al. 2019).

2.5.4 Fe and Zn Biofortification Through Transporter
Modifications

To increase the concentration of Fe and Zn in plants, researchers have generated
plants with enhanced activity of root transporters, higher presence of Fe accumulat-
ing proteins, or increased capacity for vacuole accumulation (Connorton et al. 2017).

2.5.4.1 IRT Transporters

Iron-regulated transporters (IRT) belong to the Zn and Fe permease family (ZIP) and
are the main transporters that carry Fe2+ and Zn2+ from the rhizosphere to the roots
(Pradhan et al. 2020). IRT1 and IRT3 are located in the plasma membrane and
transport Fe2+ to the cytosol and are upregulated under Fe deficiency conditions
(Narayanan et al. 2019). On the other hand, IRT2 is located in intracellular vesicles,
thereby functioning in Fe storage to prevent Fe toxicity. In Arabidopsis,
overexpression of AtIRT3 enhanced Fe accumulation in roots and Zn in shoots
(Li et al. 2019). In addition, Tan et al. (2015) described that exogenous expression
of MxIRT in rice increased Zn and Fe accumulations.
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2.5.4.2 Phytosiderophores

Plant-derived phytosiderophores (PS) that bind to Fe3+ are explored as an alternate
strategy for Fe uptake. The plants synthesized nicotianamine, in a reaction catalyzed
by nicotianamine synthase (NAS), forms a base for biosynthesis of PS (Tan et al.
2018). Then, PS is secreted to the rhizosphere where it binds Fe3+ to form PS-Fe3+

complex, which is taken up inside the root through yellow stripe-like (YSL) trans-
porters. NA and mugineic acids also chelate Zn, and these complexes are transported
into the plant through YSL transporters (Wu et al. 2019). Experiments that achieved
higher NAS activity showed high Fe and Zn accumulations in rice (Trijatmiko et al.
2016; Banakar et al. 2017) and higher Fe concentration in chickpea (Tan et al. 2018).
Similarly, activation of YSL gene in rice also resulted in a high Fe accumulation (Lee
et al. 2012). Furthermore, endosperm-specific promoters are quite useful to ensure
the accumulation of nutrients in that part of the seed. Thus, the expression of
OsNAS1 and HvNAS1 genes in rice increased Fe and Zn contents in the endosperm
(Banakar et al. 2017).

2.5.4.3 NRAMP Transporters

Natural resistance-associated macrophage protein (NRAMP) also transports Fe but
has a diverse cellular localization. Some NRAMP (AtNRAMP3 and AtNRAMP4)
are responsible for the efflux of Fe from the vacuole to cytosol, but others
(AtNRAMP1) are located in plasma membranes and transport Fe2+ from the rhizo-
sphere (Wu et al. 2019). Some NRAMP transporters also transport Mn and Zn, but it
varies depending on the species (Wang et al. 2019). An example of NRAMP1
modification was provided byWang et al. (2019) wherein expression of AhNRAMP1
in rice and tobacco increased their yields and Fe and Zn concentrations.

2.5.4.4 Other Fe and Zn Transporters

The vacuolar iron transporter 1 (VIT1) transports Fe into vacuoles (Wu et al. 2019).
Two VIT (VIT1 and VIT2) were characterized in rice and wheat (Zhang et al. 2012).
Higher activity of these transporters improved Fe accumulation in seeds. VIT2 is of
much interest in the field of biofortification because it is expressed in the endosperm.
Indeed, TaVIT2 overexpression in wheat and barley increased twice the Fe content in
flour (Connorton et al. 2017). Furthermore, metal tolerance proteins (MTPs) trans-
port Zn, Fe, and other metals out of the cytosol to the extracellular part or into
intracellular vesicles to prevent toxicities (Dixit et al. 2018). It highlights the
functional role of MTP1 that is located in tonoplast and transports Zn in barley.
Thus, Zn accumulation was enhanced through the expression of HvMTP1 trans-
porter in barley endosperm (Menguer et al. 2018). Besides, ZIP transporters are key
to transport divalent cations into the cell to maintain ion homeostasis. For instance,



maize ZmZIP5 is situated in the plasma membrane and the endoplasmic reticulum.
The overexpression of ZmZIP5 increases Fe and Zn in the endosperm without
detrimental effects (Li et al. 2019).
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2.5.4.5 Multigene Approaches

Several experiments have shown that modification of more than one gene related to
Fe or Zn accumulation is more effective in increasing their concentrations in the
plant system. Ferritin (FER) is a ubiquitous protein that serves as a Fe storage in cells
(Wu et al. 2019). Studies have modified the expression of previously characterized
transporters and ferritin (FER). Transgenic rice expressing nicotianamine synthase
(OsNAS2) and soybean ferritin (SferH-1) genes showed a sixfold greater Fe in rice
endosperm without any detrimental effects (Trijatmiko et al. 2016). In another study,
a cassette of AtIRT1, AtNAS1, and PvFER genes was expressed in rice to document
increased Fe accumulation under Fe deficiency conditions (Boonyaves et al. 2017).
Likewise, the overexpression of the iron assimilatory protein (FEA1) and VIT1 from
Arabidopsis increased Fe and Zn accumulation in cassava plants. These transgenic
plants provide food with greater ions contents after being cooked. Hence, these
plants could fulfill a remarkable percentage of the dietary Fe necessities in food
(Narayanan et al. 2019).

2.6 Food Fortification

Food fortification is a cost-effective, efficient alternative strategy to improve the
micronutrient and vitamin contents of the food, thereby alleviating the ill effects of
mineral deficiencies (micronutrient malnutrition) in middle- and low-income coun-
tries. One of the widely employed fortification strategy is to mix up the synthetic
micronutrients to the commonly consumed foods such as cereals (rice, wheat, maize
flour), lipids (oils and fats), and others such as milk, sugar, and salt. However, the
success of food fortification and its effect on population’s health depends on multiple
factors including the actual bioavailability of fortificants, quantum of fortified food
consumed, and the level of fortification (Verma 2015). Instances of classical food
fortification include rice meal flour fortified with iron (ferric pyrophosphate), wheat
flour and maize meal with iron (NaFeEDTA), soy sauce with iron, porridge cereals
with zinc, cereals flour with zinc (100 mg Zn/Kg), wheat flour bun fortified with
vitamin A, and staple condiments with multiple micronutrients (iron, folic acid, zinc,
vitamin A, iodine, vitamin D, and calcium) (Chadare et al. 2019). The challenges
encountered in classical food fortification have resulted in devising a novel food-to-
food fortification programs wherein locally available, and accessible food resource is
used to fortify another food. For example, tapioca (cassava tuber) is fortified with
soybean flour for carbohydrates and fiber; a maize-based fermented cereal dough is
fortified with baobab fruit powder (the latter is rich in vitamins A, C, E, and F;



proteins; fiber; carbohydrates; iron; zinc; calcium; and potassium) (Adejuyitan et al.
2012). Thus, food fortification is an essential strategy for achieving nutritional
security of masses and preventing many diseases associated with malnutrition in
both the developing and under-developed countries. However, the success of food
fortification program depends on multiple factors such as cultural aspects of food,
poverty reduction programs in vogue, and other socio-cultural dimensions.
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2.7 Concluding Remarks

Biofortification offers a great potential to alleviate the problems of nutritional
deficiencies around the world, especially in regions experiencing difficulties in
accessing varied diet. Research and application of biofortification should consider
all the factors that determine the success of this approach. Thus, it is crucial to know
the mechanisms of accumulation of nutrients in the plant, and the potential conse-
quences of the various approaches of biofortification and acceptance of biofortified
food crop by consumers. It is also necessary to take advantage of the different
approaches to biofortification (agronomic and genetic) according to the context
and the objectives to be achieved. Genetic engineering techniques offer a multitude
of possibilities for modifying transporters and other proteins in the plant that may be
involved in biofortification. We must continue to deepen our knowledge about the
mechanisms of nutrients accumulation in the plant and their bioavailability for
humans and animals and how to modify them to obtain plants with higher nutritional
quality.
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Chapter 3
Food Matrix: Implications for Nutritional
Quality

Veda Krishnan, Maharishi Tomar, Lovemore N. Malunga,
and Sijo Joseph Thandapilly

Abstract Evidence supporting diet–disease relationships has emphasized the devel-
opment of functional foods, i.e., foods which confer health benefits far beyond
hunger satisfaction and survival. Targeted nutrient-based characterization
approaches conducted since the genesis of nutritional sciences exposed that nutrient
behave functionally different in isolation compared to their behavior within their
inherent matrices. Hence, such studies were incapable of understanding the dynam-
ics of nutrients as well as their bioaccessibility/bioavailability. Thus, the concept of
“food matrix” evolved to describe the integrated physicochemical domain that
contains and/or interacts with nutrients providing unique functionalities and behav-
iors from those exhibited in isolation. The food matrix governs nutrient
bioaccessibility (fraction of released luminal nutrients from matrix after digestion
in the gastrointestinal tract) and bioavailability (fraction of nutrients absorbed by the
body through circulatory system), which act as the ultimate indicators of nutritional
quality. The state and type of nutrient being important, a few macronutrients like
carbohydrates, proteins, and lipids have been extensively studied to date, while other
bioactives and micronutrients have largely been ignored. Various in vitro and in vivo
studies have deciphered that other than nutrient dynamics, intrinsic properties like
pH, moisture, enzyme activity, particle size, processing type, food preparation, and
absorption and so on also have a significant role in nutrient bioavailability. In this
chapter, we briefly introduce the concept of food matrix and its relevance in fine-
tuning the nutritional spectrum of crops. We comprehensively elaborate and con-
ceptually explain the different approaches, which have unraveled the role of food
matrices as complex real food systems or as fundamental approaches to define the
underlying phenomenon. The implications of the food matrix with respect to food
processing, flavor perception, satiety, and gut microbiota are also discussed. The
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relevance of the food matrix in designing novel food prototypes with customized
nutrition addressing food allergies and intolerances is also discussed.
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3.1 Introduction

Dietary transition is leaving a notorious footprint on health and well-being, which
led to an unprecedented increase in lifestyle disorders. Effect of nutrients from diet
purely depends on its bioavailability, which in turn depends on its bioaccessibility.
The nutrients present in the food get digested, released, and further get bioavailable
(Fig. 3.1). During in vivo digestion process, nutrient gets liberated from the matrix,
known as bioaccessibility depending on the action of digestive enzymes as well as
the complexity of the matrix (in terms of other components as well as interactions
among them). Further, the released and solubilized nutrient gets transported to the
intestine, where binding and uptake occur at the intestinal mucosa and get transferred

Fig. 3.1 In vivo digestion process depicting nutrient bioavailability. Illustration representing
mechanism of in vivo digestion and nutrient bioavailability. After consuming food, it is digested
by oral, gastric, and intestinal digestion process involving salivary and pancreatic α-amylases, brush
border enzymes, i.e., glucogenic maltase–glucoamylase (MGAM) and sucrase–isomaltase (SI),
proteases and lipases. Finally, the released (bioaccessible) nutrient gets solubilized and get absorbed
in the small intestine into the bloodstream. The bioavailable form of nutrient either gets transformed
or in intact form reaches the target tissue of action



across the gut wall to the blood or lymphatic circulation. Even though the role of
nutrients highlighted their importance in food matrix as well as in pure forms toward
nutritional benefits, recent studies throw insights on the importance of food matrix
studies.
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3.2 Role of Food Matrix Toward Understanding
Nutritional Quality

The concept of food has evolved over the decades from a source of nutrition to an
intricate multicomponent system, where the macro- and microconstituents coexist in
an embedded physical state, known as the food matrix. As the macro- and
microconstituents along with accessory moieties of flavor, color, and functional
nature interact within the matrix, understanding their dynamics at the molecular
level is critical for assessing the ultimate indicators of nutritional quality. The
“matrix” is a three-dimensional physical space where macro- and micronutrients
are packaged to deliver the complex functionality. As the unique packaging pattern
affects the functionality in terms of digestibility, it is vital to determine the stability,
diffusivity, strength, and scaffolding pattern of the matrix.

With respect to nutrition and food science, foods are nutrient delivery medium
and that medium could be uniform or complex. Traditional matrices like dairy are
uniform, while nutrient blends for fortification like multigrain flours are complex
matrices. Complex matrices can either be naturally (millets) or artificially
(nutriblends) prepared (Mondal et al. 2022; Tomar et al. 2022). Not being a mature
dimension in nutritional sciences, food matrix is often confused with food micro-
structure; while former is organization and association of components in multiple
spatial length scales, latter is simply the structural organization (Capuano et al.
2018a, b). But the food matrix is a part of food microstructure that typically
corresponds to a spatial and physical domain that includes, interacts directly,
and/or imparts a specific functionality to a matrix component (nutrient) or food
element. Thus, the uniqueness of the food matrix depends on its components as
different structural elements in the same food which may interact differently in
different matrices. The complexity of specific foods at spatial scale due to their
inherent composition (carbohydrates, lipids, protein, and minerals) or added
processing constituents like colorants or flavoring molecules could be tagged
using visual markers for matrix characterization. Studies have identified that the
stability and complexity of food matrix depend on different types of molecular
interactions among the components (macro and micro) which includes hydrogen
bonding, coordination forces, electrostatic interactions, π–π stacking, and hydropho-
bic reactions. As the functional attributes like stability and solubility depend on such
interactions, it can cause either desirable or undesirable effects to the ultimate quality
of food. The impact of food matrix interaction was even highlighted over the
molecular assembly (at different length scales) by Ai et al. (2015) endorsing the



fact that food matrix alters the ultimate nutritional, functional, and textural aspects
of food.

3.3 Different Types of Food Matrices and Their
Interactions

Food matrices can be classified as liquid, emulsion, gel, cellular, fibrous, viscoelas-
tic, dense, and artificial (Fig. 3.2). Milk and beverages have been characterized to
understand their matrix dynamics in relation to their proximate composition.
Another complex liquid matrix well studied is wine, which has been characterized
for its components [polyphenolic compounds, polymeric pigments (tannins), minor
quantities of proteins, and carbohydrates] as well as their interactions toward color,
taste, and aroma. Interaction among flavoring agents, sugar, and phytochemicals
such as vitamin C, carotenoids, and flavonoids in fruit juices revealed various
dynamics like masking and synergistic effects (Caswell 2009). Retention of aromatic
compounds has been studied in emulsion matrices, and their type and composition
have been found to influence binding and adsorption ability. Nanoemulsions, mul-
tilayer emulsions, solid lipid particles, and filled hydrogel particles comprising
varied types of emulsion matrices composed of lipids and bioactives have been
initially used as good delivery systems. Later, such emulsion matrix carrier has also
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Fig. 3.2 Types of food matrices. Cartoon depicts the different types of food matrices like liquid,
gel-based, viscoelastic, emulsion, porous, and artificial



explored to delay digestion (e.g., starch), increase bioavailability (lipids/phenolics),
and induce satiety by activating gut–brain axis, targeting lipophilic bioactive com-
ponents in the gut and so on (McClements and Li 2010; Lim et al. 2021). Other than
emulsion matrices, dense matrices which are glassy, semi-crystalline or crystalline,
and of moist nature have been frequently used in pharmacology to contain drugs
(Baghel et al. 2016). Gel matrices using polymers like gelatin or agar are the major
texture providers in desserts and confectionery. Alginate-based gel matrices have
been used as suitable carrier systems for bioaccessibility and bioavailability studies.
Cellular matrices are another class of most studied food matrices, where fruits and
vegetables have been extensively studied for their inherent microstructure as well as
composition. It is a hydrated heterogeneous network of supramolecular structures
consisting of glucuronoxylans, xyloglucans, pectins, and some structural proteins,
reinforced with cellulose as well as hemicellulosic microfibrils (Cosgrove 2005;
Flutto 2003). Fibrous extracellular matrices composed of collagen or elastin which
primarily provides integrity and texture in food commodities like meat are another
matrix to worth explore. Protein, being in diverse nature, impart texture as well
as viscoelastic properties to food like in case of gluten. Formations of such visco-
elastic matrix, which result from a complex gluten work, assist in gas retention
during dough proofing and setting into final porous structure in baked products.
Similar viscoelastic network exists in rubber-like chewing gums which results from
a continuous matrix of sweeteners (sugars), glycerol, and flavorings dispersed in a
discontinuous aqueous phase. Advancement in encapsulation and entrapment led to
the development of artificial food matrices for inducing determinant fine-tuned
release of metabolites.
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Studies have reported that effect on the nutritional quality of food is not always
the sum of the effect of individual components or additive, and hence, simply
proximal composition analysis after extracting the components cannot deliver the
clear picture. It has been found that the component interactions could be synergistic
or neutralizing or even toxic against expectations. The presence of two positive
nutrients like Ca2+ and Mg2+ could deliver an added effect being cofactors of many
metabolically relevant enzymes and thus assist in nutrient bioavailability, while the
presence of an additional component phytic acid to the same matrix could neutralize
the effect and make them less bioaccessible. Similarly, if the total effect is higher
than the individual effect, it could be synergistic. In contrary to synergism, antago-
nism happens when the total sum of the effect is found to be less than predicted. The
presence of phenolics has been observed with masking effect also as its presence
affects the expression of only one component in the matrix. Moreover, based on
interactive components, food matrix interactions have also been investigated as
binary (like starch–protein or starch–lipid), ternary (starch–protein–lipid), quater-
nary (starch–protein–lipids–polyphenols) (Krishnan et al. 2020, 2021a, b, c, d), and
so on (Fig. 3.3).
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Fig. 3.3 Types of food matrix interactions. Based on the components involved in interaction, food
matrix interactions are classified as binary (two-way), ternary (three-way), and quaternary (four-
way)

3.4 Food Matrix Alters Nutrient Bioavailability

Nutritional quality of food has been believed to solely depend on the proximate
composition. But advances in understanding food matrix clarified that food is not an
ideal system with components distributed equally. It is a multicomponent,
multidimensional intricate system with various macro- and microcomponents.
Thus, the ultimate indicator of quality is nutrient bioavailability. It was also believed
that the efficacy of the food matrix is limited to its effect on food digestion which in
turn is influenced by the proximate composition. But the recent attention on the
nutritional content of foods has challenged this idea with the fact that several food
matrix components or nutrients do not act similarly when studied individually vs. as
a part of whole foods. Foods with comparable chemical structures and composition
differ significantly in the bioavailability of nutrients, physiological functions, gut
microbe influence, and overall health implications. This disparity arises from the
heterogeneity in interactions between nutrients, food matrix and components, and
other host-related effects, underlining the fact that food matrix ultimately governs
nutrient bioavailability (Krishnan et al. 2021a, b). Thus, bioaccessibility and



bioavailability are influenced by the dynamics with the diverse components more
than just their relative abundance in the food matrix (Parada and Aguilera 2007).
Hence, nutrient bioavailability is the ultimate determinant of nutritional quality
which depends on the type and complexity of the food matrix, discharge rate of
components from the matrix, their chemical changes during digestion and absorp-
tion, biodistribution, and metabolism.
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Decrease in nutrient bioavailability is caused by a variety of physiological events.
These processes include slower release due to cell wall integrity or complex nature
of special confinement in matrix or sparingly soluble nature or result in insoluble
complexes in (GIT) or limited due to low permeable nature through mucous layers
(Thakur et al. 2020). In vitro methods to evaluate bioavailability/bioaccessibility
have helped to decipher the molecular interactions between food components and
nutrients, and the influence of enzyme activity, pH, processing, and food preparation
on the absorption of nutrient or biomolecules (Sandberg 2005; Santos et al. 2019). A
plethora of in vitro and in vivo studies have discovered that other than the nutrient
dynamics, intrinsic components like pH, moisture, enzyme activity, particle size,
processing type, food preparation, and absorption also have significant roles in
nutrient bioavailability (Parada and Aguilera 2007). Other than the nutrient’s abun-
dance in the matrix, the shape, size, surface-to-weight ratio, and processing also
influence nutrient bioavailability as they all determine the accessibility of the
nutrient from the food matrix (Parada and Aguilera 2007).

The digestibility of protein from grains is dependent on the intactness of their cell
walls (Bhattarai et al. 2017). The cell wall prevents or reduces the access of digestive
enzymes to cellular proteins and limits protelysis. Many more, humans also lack
enzymes that hydrolyze cell wall polymers. Consequently, extracted proteins have a
higher digestibility index compared to same protein in its native matrix (Bhattarai
et al. 2017; Zahir et al. 2018). Exposing intact cells to gastrointestinal enzymes and
buffer causes a less than 3% protein and starch being digested. Thus, mechanical or
enzymatic breakdown of the cell wall is required to allow the digestive enzymes
access the intracellular proteins or starch. Milling is often used for food grains to
disrupt their structural matrix, and degree of milling is often reflected by their
particle size distribution. The digestibility of grain protein is inversely correlated
to its particle size (Tinus et al. 2012; Zahir et al. 2018). The digestibility of soy
protein ranged from 2 to 55% depending on their particle (70–2000 μM) (Zahir et al.
2018). Similarly, the digestibility of cowpea ranged from 58% to 72% depending on
milling condition and particle size (Tinus et al. 2012). The fragility of cell wall to
mechanical breakdown is dependent on grain species. Consequently, the protein
digestibility varies with grain type and cultivar (Nosworthy et al. 2018a). This
interspecies variation may be associated with differences in cell wall ligands.

Disruption of the cell wall structure is achieved by mechanical breakdown
(milling, grinding, homogenizing, and pureeing), thermal processing, or enzymatic
treatments or their combination. Mechanical processes fracture the cell wall integrity
and increase the surface area. When combination of these processes is required, the



order in which these processes are applied is important to achieve a desired food
matrix. Thermal process tends to open cell wall ligands, which restrict accessibility
of enzymes and help to unfold the protein structure making it susceptible to
enzymatic digestion. The extent of protein denaturation is dependent on primary
structure of protein, heat intensity (temperature and time), and intrinsic food prop-
erties (water activity and pH) (Capuano et al. 2018a, b). However, rate of heat
conduction or grain hydration is dependent on the particle size. Thus, cooking after a
milling step is more likely to have a higher protein digestion rate compared to
milling after milling step (Zahir et al. 2018). Heating of proteins in the presence
reducing sugars may lower protein digestibility due to the Maillard reaction
(Jiménez-Castaño et al. 2005; Wang and Ismail 2012). During this browning
reaction, Maillard-induced glycosylation of lysine and arginine residues renders
them unavailable to hydrolysis by trypsin. Also, Maillard reaction does promote
formation of insoluble protein aggregates which cannot be hydrolyzed by human
digestive enzymes.
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On the other hand, the porosity of the food matrix plays an important role in
protein digestion. Porous food matrix allows digestive enzymes access the substrate.
Consequently, extruded products tend to have protein digestibility rates compared to
similar product in compact format (Nosworthy et al. 2018a, b).

The presence of other macronutrients or cell wall polymers may reduce the rate of
protein hydrolysis. This is thought to be a consequent of slowed diffusion or
migration of enzymes and substrate in the reaction medium or due to nonspecific
binding enzymes to the cell wall polymer or other macromolecules. The nature of
compartmentalization of macronutrients (lipid, starch, and protein) in grain does
affect their bioaccessibility as tend to affect each other’s digestibility (Bhattarai et al.
2016). The discrepancies in results from in vitro digestion are partly because of the
order in which digestive enzymes are introduced as well as their enzyme concentra-
tions. For example, comparing protein digestion with pepsin without amylase
enzyme resulted in low digestibility of protein compared to when both enzymes
were used (Parada and Aguilera 2007).

The nonspecific binding of substrate by other grain compounds or other extrinsic
food matrix such as those from condiments and spices may alter the digestibility of
protein. For example, flavonoids, proanthocyanidins/anthocyanidins, phytic acid,
tannins, and saponins reduce protein digestibility by binding to the substrate (Butler
et al. 1984; Frazier et al. 2010; Świeca et al. 2013). The presence of polyphenols may
precipitate the protein via noncovalent (ionic or hydrophobic) or covalent interac-
tions. Phytic acid is evenly distributed in the most grain such that it is difficult to
reduce it through mechanical processes. Germination or pretreatment with phytase is
often used to reduce phytic acid content in grains. Hence, dense composition of food
matrix alters the nutrient accessibility and bioavailability which indeed complex but
a beneficial trait to explore.
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3.5 Implications of Food Matrix in Reference to Food
Processing

Understanding the effect of processing on the nutritional profile of the food has been
a challenge for food processors and nutritionists for many years. Therefore, how
processing strategies modulate food matrix and their downstream effects in func-
tional and nutritional quality along with digestibility of foods is subjects of great
interest (Parada and Aguilera 2007; Sensoy 2014). Food processing aims to either
prolong shelf life or add value to the diet that has found to have both beneficial and
deleterious effects. Positive impacts include microbial safety, better shelf life,
improvement (Dunn et al. 2015) in taste, and texture and also found to alter the
bioaccessibility and bioavailability of some nutrients (Capuano et al. 2018a, b).
Various extrinsic factors including irradiation, heat, and heat–moisture treatment
have found to alter not only the structure and functional properties of macronutrients
but even bioactives. On the other hand, negative consequences in terms of loss of
nutrients, aggregation of proteins, polymerization of oxidized lipids, and the forma-
tion of some toxic compounds have also been reported as postprocessing effects
(Hoffman and Gerber 2015; Capuano et al. 2018a, b). Such consequences have been
corroborated with alterations in the food matrices subjected during food processing.
Physical alterations like phase or state transitions along with chemical changes due
to thermal reactions have been reported to affect solubilization and further in the
state of aggregation or dispersion.

Many food components are released from their original matrices in plant tissues
and are converted into useful ingredients that are later combined and processed into
products. For instance, cooking of grains, tubers, and legumes increases the digest-
ibility due to the solubilization of the intercellular matrix-binding components and
the hydration and subsequent gelatinization of the starch granules (Petitot et al.
2009). Cooking and associated processing strategies involving heat in dry or moist
form have been shown to reduce the in vitro starch and protein digestibility in
various food matrices (Petitot et al. 2009; Lehmann and Robin 2007; Delcour
et al. 2010; Stamataki et al. 2017). This could be due to structural rearrangement
in protein forming a continuous matrix trapping starch granules. Thus, it impedes the
accessibility of starch granules to amylolytic enzymes in turn reduce digestibility.
Throughout the process of food production, heat, moisture, and pressure can signif-
icantly alter the digestibility of major macronutrients in the processed foods (Mishra
et al. 2012; Lovegrove et al. 2017). In case of starch, when heated in the presence of
high moisture, it undergoes substantial changes such as disruption of hydrogen
bonds between the starch chains and water absorption by granules, which leads to
the swelling of starch granule and subsequent amylose leaching. The change in the
molecular architecture of starch due to varying exposure of heat (gelatinization) or
cold (retrogradation) alters the digestibility profiles. Time-dependent kinetics thus
divides starch into rapid, slow, and resistant categories. It has been validated that the
type and degree of alterations that occur in starch are primarily determined by the



type of the starch, processing conditions, matrix components, and storage (Aguilera
2006).

Other than starch, protein (casein) and fat globules have known to become
“activated” through heating, shearing, and enzymatic treatments. Such processing
conditions have found to alter emulsion matrix in case of butter, foams in whipped
cream, powder in dried milk, and gels in case of soft cheese or yogurt (Aguilera
2006). Other than the emulsifying, foaming, and gelling properties, egg proteins
have also been studied for its potent allergenicity and found that processing practices
could alter their immune responses (Jenkins et al. 2007; Benedé et al. 2015).
Destruction of the intact microstructure by processing has also reported with liber-
ation of several functional components like isothiocyanates, polyphenols,
glucosinolates, carotenoids, and vitamins, improving their bioaccessibility and
physiological effect (Parada and Aguilera 2007). For example, even though it is
been known that isothiocyanates are anti-carcinogenic, the biological effect could
only observe if the microstructure breakdown happens resulting in the release of
myrosinase and glucosinolates. The release of precursor as well as the enzyme is
critical to generate the bioactive hydrolyzed form (i.e., isothiocyanates). Phenolic
compounds have also known to have similar effect like the release of carotenoids
which directly depend on the rate of disruption of matrix. On the contrary, in certain
cases, the disruption of matrix carrying decompartmentalization causing polyphenol
oxidase release leads to oxidative degradation of polyphenols.

Among the processing methods, microbial fermentation and germination
(or sprouting) have been found to induce favorable textures, flavors, and metabolite
profiles. A decrease in absorption inhibitors like phytates and protease inhibitors has
been found to improve mineral bioavailability as well as better protein digestibility
(Kumari et al. 2015; Krishnan et al. 2015). Marco et al. (2017) also highlighted the
beneficial health contributions of fermentative microorganisms such as probiotics,
which produce bioactive metabolites and improve the bioaccessibility of nutrients.
During parboiling, restricted migration of matrix components such as phenolics has
been found to translocate from the pericarp to the inner grain layers, which has
subsequently been found to affect the bioaccessibility of bound phenolics. The
presence of inherent phenolics in the food matrix has been reported to reduce zinc
uptake by the intestinal cells. The content of mineral-binding phenolics also varied
due to their tendency to bind organic compounds like proteins; also, a change in
these protein structures could reduce the mineral sequestering properties of pheno-
lics (Pandey and Rizvi 2009).

Foodmatrix and nutrient bioavailability triangle for consideration while designing
foods intended for different nutrient needs is presented in Fig. 3.4. In general, at
molecular level, macronutrients in their native form are less accessible to digestive
enzymes. At a cell or tissue level, less disruptive or processed foods resist penetra-
tion by gastrointestinal enzymes. If processing is necessary, it is important to realize
that dense low porous food structure are slows down the rate of digestion.
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Fig. 3.4 Food matrix and nutrient bioavailability triangle, critical in developing newer prototypes.
Native macronutrient structure or less disrupted cell/tissue structure or dense low porous food
secondary structures result in less bioaccessible/bioavailable nutrients

3.6 Implications of Food Matrix in Reference to Flavor
Perception, Satiety, and Gut Microbiota

Flavor retention and flavor perception are critical and depend on both the matrix and
the component. Perception can be defined as a way of understanding how the stimuli
in one sensory trait affect other stimuli. Flavor retention depends on flavor discharge,
which in turn depends on the affinity of flavor component with the matrix. The most
significant interaction with flavor ingredients has been observed with proteins like
soy protein, zein, and free amino acids (Plug and Haring 1994; Matheis 1993a). The
degrees of denaturation of protein, temperature, and pH have been mostly correlated
with protein–flavor component interactions. Proteins and fats have been found to
bind to flavor components (hydrocarbons, ketones, alcohols) reversibly through
hydrophobic interactions where latter has been found to have better retention. The
amino and carboxyl groups of free amino acids have been found to bind with a series
of volatile flavoring substances like ketones or alcohols in aqueous media. Among
hydrocolloids, starch and its component amylose have been shown to form com-
plexes, but seem to be limited in applications as it changes the viscosity. The helical
nature of amylose creates hydrophobic pockets where lipophilic flavors could be
easily retained. Other than starch and glycogen, agar, alginates, guar gum, and
cellulose have been studied toward flavor interaction and concluded that the type
and amount have major role (Plug and Haring 1994; Matheis 1993a).

In case of beverages, highly esterified pectin has been used as a matrix additive to
improve the mouth feel as well as viscosity. Further, cross-modal studies have found
that viscosity influences both taste and aroma, even when aroma release is not



majorly affected (Christensen 1980; Lethuaut et al. 2004). Three-component cross-
modal interaction studies between viscosity, aroma, and sweetness in beverages
have found that pectin could be used to improve mouth feel without compromising
other two traits. Even though fat (majorly di and triglycerides) has been known to
retain flavor components in a superior manner, their interactions are usually related
to partitioning phenomena based on the relative amount in lipid and water phases.
Compared to diglycerides, triglycerides have superior binding and solubilizing
ability in case of lipophilic flavoring components. Similarly, compared to oils, fats
have been found to have high binding capacity. Among the parameters which affect
fat–flavor interactions, fatty acid chain lengths and degree of unsaturation have been
found critical (Matheis 1993b). Thus far, flavor interaction studies attempted to
explore majorly with two (binary) or three (ternary) components considering the
complexity. Multicomponent studies like hexanal and 2-hexanone bound to soy
protein and guar gum have been found to have significant binding, while protein or
starch with monoglyceride as emulsifiers has been shown to bind fewer flavors in the
absence of emulsifier (Matheis 1993b). Clearly, more studies are warranted to
dissect such interactive systems through depletion and complementing assays in
future.
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Another major dimension in food product development is developing newer food
prototypes with matrices involving appetite control agents like proteins or fibers
having intrinsic satiating properties. Also, at an equivalent caloric value, solid food
matrices have stronger satiating effects than liquid ones, which could be due to the
low gastric emptying rate (Chambers et al. 2015). Compared to liquid matrices like
milk, solid dairy products like cheese and yogurt induce satiety, which highlights the
importance of locational digestion-induced ileal brake (Lim et al. 2021; Turgeon and
Rioux 2011). A possible explanation is the increased gastric volume induced both by
activating stretch receptors and by delaying gastric emptying (van Kleef et al. 2012).
This could also be activating the gut–brain axis, while studies to substantiate the fact
are still limiting (Fiszman and Varela 2013). In line with this, few examples have
shown that satiation could be managed by providing a complex architecture to the
matrix (Campbell et al. 2017). New prototypes to delay starch digestion to elicit ileal
brake stimulating gut–brain axis are also a promising dimension in food matrix
engineering.

Along with genetic component and evolution, the diverse food matrices we
consume in our diet also play a large role in shaping microbial communities in the
gut. The dietary components in the diet have proved to impact the growth, diversity,
and metabolic capacity of the gut microbiome, and consequently, it has been well
connected to the chronic metabolic syndromes. Diet induces a shift in the gut
microbiota, and such temporary or permanent changes could cause a havoc in the
metabolic landscape. Pioneering work on characterization of the obese microbiome
underlined an increased Firmicutes to Bacteroidetes ratio and reduced diversity and
metabolic capacity in response to high-energy diets (Ward et al. 2020). Although
many factors have been shown to affect the composition of the microbiota, a recent
study found that the food matrix acts as the primary factor. Semi-purified rodent
diets, having cellulose as a source of dietary fiber, promotes a microbiome that



degrades the mucin barrier, promotes intestinal inflammation, and thus alters the
microbiome profile. There have been very few carefully controlled studies examin-
ing oxidized fats on the microbiome. The highly complicated structures of fibers like
arabinoxylans as well as modified pectins have also been found to modify the gut
microbiome. In a large-scale population-based study, fried food consumption was
correlated with lowered α-diversity, whereas foods such as raw vegetables, eggs,
fish, and raw fruit were associated with higher α-diversity (Partula et al. 2019). Rats
treated with the control or deep-fried oils had distinct microbiomes as assessed by β
diversity analysis, but there were no differences in α-diversity. Whether prolonged
dietary changes can induce permanent alterations in the gut microbiota is unknown,
mainly due to a lack of long-term human dietary interventions or long-term follow-
ups of short-term dietary interventions.
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3.7 Role of Food Matrix in Designing Novel Food
Prototypes

Designing food matrices with customized nutrients addressing the existing chal-
lenges of food allergies, malnourishment, and intolerances is very relevant. Food
allergy is “an adverse health effect arising from a specific immune response that
occurs reproducibly on exposure to a given food.” World Health Organization
estimates that 250 million people have food allergy (Boye 2012). Incidences of
food allergies are on an increase over the past two decades in Western world
(Sicherer and Sampson 2014). In Canada, it is estimated that 8% of the population
is allergic to certain foods (Soller et al. 2012). In USA, the prevalence of food
allergies has increased by 18% from 1997 to 2013 (Keet 2014). It is estimated that
6, 9, 8, and 8.5% of the 0–2, 3–5, 11–13, and 14–18 years old, respectively, is
allergic to food in the USA. About 40% of these develop severe allergic reaction
upon consumption of allergens, and 30% had multiple food allergies. In general,
most common food allergens are peanuts, cow’s milk, eggs, soy, wheat, tree nut,
fish, shellfish, sesame, and fruits among others.

Food allergies can be classified as immunoglobulin E (IgE)-mediated or cell-
mediated. Both genetic and environmental factors are implicated in pathology of
food allergens (Lack 2012). For an allergy to happen, an individual must be
sensitized to a specific allergen during the first exposure which leads to development
of allergen-specific IgE. Allergic response only occurs during the second exposure to
the food. In sensitized individuals, allergen avoidance is the only existing remedy
and intravenous administration of epinephrine in case of accidental exposure. Food
allergens are majorly water-soluble glycoproteins with molecular size ranging from
10 to 70 kDa. Food allergens were found to share less than 35% sequence identity
when compared to their human homolog (Jenkins et al. 2007). These proteins resist
acidic and protease digestion of the gastrointestinal track and are possibly heat
stable. It is suggested that the carbohydrate moiety of the allergens acts as a ligand



of dendritic cell-specific intercellular adhesion molecule which stimulates type
2 helper T cells (Th2) response (Wills-Karp et al. 2010). Other than imparting
nutrition, molecules released from food matrices during digestion have also been
known to elicit adverse reactions like allergies in the body (Vissers et al. 2012). The
food allergy epitopes can be sequential or conformational in nature. Specifically, IgE
antibodies recognize a specific amino acid sequence in a sequential epitope, whereas
in conformational epitopes, amino acids from different regions of the protein are
brought together by folding of the protein. Thus, theoretically, disruption of protein
structure through processing may improve tolerance where IgE antibodies recognize
conformational epitopes. On the other hand, processes that increase the digestibility
of protein maybe beneficial in cases where sequential epitopes elicit IgE antibody
reaction.
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Verhoeckx et al. (2015) reported that inherent matrices and altered profiles during
food processing (mainly heating) could be responsible for allergies. The change
observed in the extent of allergenicity could be due to heating-induced denaturation.
The degree of allergenicity could be higher due to effect of resultant products (like in
case of Maillard reaction) or lower due to extensive denaturation. However, the
effect of processing induced alterations in the microstructure of matrix, which
release allergens that need to be studied in detail. Protein allergenicity has not
been significantly reduced by conventional food processing, while microbial fer-
mentation and enzymatic or acid hydrolysis diminished the allergenicity but could
not completely eliminate it (Verhoeckx et al. 2015).

Matrix components such as proteolytic or oxidative enzymes and fat content have
also reported to elicit or impact allergenicity (Vissers et al. 2012). Thus, a closer look
at the respective food matrix should be carried out in order to predict the potential
allergenicity or food intolerances.

It has been also shown in multiple research studies that the level of food
processing and its digestion could impact the way in which allergens are exposed
to immune system (Wal 2003; Maleki 2007; Mills and Mackie 2008). Allergenic
foods or proteins could react to physical, chemical, or biochemical changes differ-
ently during processing (Verhoeckx et al. 2015). For instance, certain protein
denaturation treatments (e.g., thermal processing treatments) could alter three-
dimensional epitope confirmation and its IgE binding capacity or it could also result
in generation of new epitopes. In addition, the Maillard reaction (most important
chemical modifications during thermal processing) may also impact the allergenicity
of foods as shown in several studies (Taheri-Kafrani et al. 2009; Nakamura et al.
2006; Ilchmann et al. 2010).

Overall, the nature of allergen, food matrix, and degree/type of thermal
processing may be of great significance when evaluating the impact of processing
on food allergenicity. Nevertheless, lack of literature on the influence of various food
processing approaches on different allergens and in different matrices makes it
challenging to predict the allergenicity of foods and offer adequate guidance to
allergic patients (Mills and Mackie 2008). In conclusion, each nutrient in food
performs differently in a whole food than in its isolated form. Physiologically, the
food matrix is a key factor that determines the bioaccessibility and bioavailability as



well as the modulation of a healthy microbiota in the gut. As reviewed in the text,
future research should focus on methodologies to the characterization of food
matrices and their interactions with each component to advance our knowledge on
food functionality and nutrient bioaccessibility during digestion. This will enable
nutritionists to design special food matrices with improved health attributes. Fur-
thermore, the ability to translate a specific food into the fine-tuned rheological,
structural, and functional properties will be also of great interest.
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3.8 Concluding Remarks

Dietary approaches addressing global macro- or micronutrient deficiencies call for a
better understanding of the relationship between food matrix and nutrient delivery in
the human body. In this book chapter, we have provided some evidence that the food
matrix alters nutrient bioavailability and organoleptic properties of food. In general,
food processing affects the food matrix apart from the inherent characteristics of a
food or ingredient. However, controlled studies with a focus on food matrices are
needed to provide more data on the association between food matrix and nutrient
bioavailability and sensory properties of food.
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Chapter 4
Plant-Based Nutraceuticals

Ramesh S. V. and Shelly Praveen

Abstract Nutraceuticals are a portmanteau of “nutrients” and “pharmaceuticals”
denoting substances that are rich in nutrients that confer immense health benefits.
Plants are rich source of nutraceuticals as studies have demonstrated the link
between the dietary intakes of plant-derived foods with that of abundant health
benefits. A wide array of phytochemicals such as glucosinolates and various poly-
phenols including anthocyanins, flavones, isoflavones, stilbenoids, ellagicacid, allyl
sulfides, anthocyanidins, catechins, and carotenoids provide diverse health benefits,
namely in the treatment of metabolic syndromes and diseases such as cancer and in
improving the brain health and the general immune system. Unlike the functional
foods, which are a component of regular diet that improves the overall health status
besides its primary nutritional function, nutraceuticals are concentrated forms of the
plant-derived compounds in an altered formulation. Nevertheless, nutraceuticals
display specific physiological benefits and confer protection against acute
and chronic diseases, etc. The role of plant-based nutraceuticals in the prevention
and treatment of cardiovascular diseases, obesity, cancer, diabetes and antiaging and
immune-boosting properties has been demonstrated. Besides the whole plants, the
fruit and vegetable residues are gaining much attention owing to their potential
richness in plant-based nutraceuticals. Furthermore, nutraceuticals interact with gut
microbiota leading to altered bioavailability and pharmacokinetics of the phyto-
chemicals. Different delivery vehicles, viz. liposomes, emulsion-based delivery,
and nanoencapsulation, have been devised to improve the bioavailability of
nutraceuticals. Also, a science-based food regulatory regimen exclusively for the
plant-based nutraceuticals is warranted. This chapter discusses the concept of plant-
based nutraceuticals enumerating our current understanding of biochemical features
of phytochemicals and their mode of action in improving the health and

R. S. V. (*)
Physiology, Biochemistry and Post-Harvest Technology Division, ICAR-Central Plantation
Crops Research Institute, Kasaragod, Kerala, India
e-mail: ramesh.sv@icar.gov.in

S. Praveen
Division of Biochemistry, ICAR-Indian Agricultural Research Institute, New Delhi, Delhi,
India

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022
R. S. V., S. Praveen (eds.), Conceptualizing Plant-Based Nutrition,
https://doi.org/10.1007/978-981-19-4590-8_4

61

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-4590-8_4&domain=pdf
mailto:ramesh.sv@icar.gov.in
https://doi.org/10.1007/978-981-19-4590-8_4#DOI


physiological well-being. Furthermore, the role of gut microbiota and its interaction
with nutraceuticals and various delivery vehicles to improve the bioavailability of
phytochemicals is discussed along with the need for the regulatory regime.
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Keywords Nutraceuticals · Functional foods · Dietary supplements · Food
residues · Antioxidants · Polyphenols · Phytotherapy

4.1 Introduction

Nutraceuticals refer to biologically active molecules present in food, and these
molecules share the characteristic features of both the nutrients and medicines.
Thus, nutraceuticals could be defined as naturally occurring bioactive molecule or
chemical compound which besides satisfying the nutritional requirement plays a
significant role in either overall health promotion or disease prevention or possess
novel therapeutic effects (Fig. 4.1). Further, the constructive effects of nutraceuticals
in the treatment of multiple ailments such as atherosclerosis, cardiovascular compli-
cations, diabetes, inflammation-related disorders, cancer, and neurodegenerative
diseases have been well demonstrated (Sachdeva et al. 2020).

World Health Organization (WHO)-based Global Health Expenditure database
reveals that United States spends 17% of its GDP and India spends 4% of its GDP on
health care alone suggesting the interests on the development of various food
products with potential health benefits. Further, the global nutraceutical market is
expected to grow into USD 722.49 billion in the year 2027 (https://www.
grandviewresearch.com/industry-analysis/nutraceuticals-market) (Accessed on
01/Sep/2021). This spurt in the growth of nutraceutical industry is due to the ever-
increasing demand for functional foods and the thriving food and beverage industry.
Additionally, the growth of old age population, increasing cost of health care,
changes in the lifestyles, and innovations in the food sector have contributed to
this demand for nutraceutical products. Asia-Pacific region alone has a market share
of a little over 30% in the nutraceutical products. Indian nutraceutical demand is
anticipated to touch a whopping USD 18 billion by 2025 from a modest USD 2.5
billion in the year 2015 (https://www.nuffoodsspectrum.in/news/46/5644/assocham-
all-set-to-organize-5th-edition-of-nutraceuticals-symposium-.html).

DrugBank database (http://www.drugbank.ca/) enlists a collection of 537 nutra-
ceutical products suggesting the wide range of these products in terms of applica-
tions and their characteristics features (Drug Bank database (http://www.drugbank.
ca/) (Accessed on Aug 31, 2021). The plant-based nutraceuticals are obtained from
different parts such as roots, bark, stem, leaves, flowers, pollen, fruits, and seeds.
Plant nutraceuticals systemically interact with diverse targets in various organs to
exert multiple health benefits including antioxidant, anti-inflammatory,
antiproliferative, antimicrobials, and hypocholesterolemic properties (Taroncher
et al. 2021). In this context, this chapter presents an overview of plant-based
nutraceuticals including their biochemical nature, mode of action providing nutra-
ceutical properties, treatment of various ailments, mode of delivery, and glimpses of
regulatory regimen.

https://www.grandviewresearch.com/industry-analysis/nutraceuticals-market
https://www.grandviewresearch.com/industry-analysis/nutraceuticals-market
https://www.nuffoodsspectrum.in/news/46/5644/assocham-all-set-to-organize-5th-edition-of-nutraceuticals-symposium-.html
https://www.nuffoodsspectrum.in/news/46/5644/assocham-all-set-to-organize-5th-edition-of-nutraceuticals-symposium-.html
http://www.drugbank.ca/
http://www.drugbank.ca/
http://www.drugbank.ca/
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a

b

Fig. 4.1 Plant-derived nutraceuticals and its functional roles. (a) Nutraceuticals share the charac-
teristic features of various dietary intakes such as fortified, functional, enriched foods, dietary
supplements, and herbal extracts. (b) Nutraceuticals possess diverse nutritional and functional roles
ranging from cardiovascular protection, neuroprotective effects, and immune-modulatory functions
among others in human body

4.2 Nature of Nutraceuticals

Nutraceuticals constitute a wide array of plant metabolites that are bioactive food
components providing immense health and medical benefits (Gul et al. 2016).
Besides the primary metabolites, viz. carbohydrates, proteins, lipids, and vitamins
which are mandatorily required for growth and maintenance of cellular functions,
plant-derived secondary metabolites such as polyphenols (their derivatives), flavo-
noids, stilbenes, lignans, isoprenoids, alkaloids, carotenoids, amino alcohols,
thiosulfinic acids, and phycobiliproteins form a major component of nutraceuticals
(Gupta et al. 2019). The biochemical nature of the potential and clinically proven



nutraceuticals, their sources, and biological implications is discussed below and also
presented in Table 4.1.

64 R. S. V. and S. Praveen

4.2.1 Primary Metabolites

4.2.1.1 Bioactive Peptides

Food-derived proteins not only provide nutrients to human body but also modulate
its physiological functions. The underlying basis for beneficial effect of food pro-
teins could be attributed to the bioactive peptides (BP). Thus, BPs exert positive
influences such as antihypertensive, antimicrobial, antioxidant, antithrombotic,
immunomodulatory, and mineral binding among others on body functions
(Chakrabarti et al. 2018). Despite poor understanding of structure–function relation-
ship of BPs, evidences reveal that they are generally 2–20 amino acids of length and
rich in hydrophobic amino acids among others such as arginine, lysine, and proline.
A critical feature, that BPs are resistant to the activities of digestion peptidases,
makes them potentially bioactive. Thus, amino acid sequence and composition of
BPs significantly determine their biological potency upon release from their precur-
sor proteins. Beneficial effects of BPs have garnered the interest of the biologists and
food engineers to develop nutraceutical products utilizing protein-rich underutilized
food products. For instance, plant-derived BPs exert potential health benefits. Of
greater interest are seed storage proteins that are readily available and are major
sources of BPs. Based on their solubility, seed storage proteins are classified into
albumins (water soluble); globulins (soluble in dilute salt solutions); glutelins
(soluble in dilute acid or alkali); and prolamins (soluble in water/alcohol mixtures).
Seed proteins of dicots such as legumes are rich in albumins and globulins, whereas
cereals or monocots predominantly have glutelins and prolamins. BPs of seed
storage proteins have antiviral, antimicrobial, antitumor, antithrombotic, antihyper-
tensive, antioxidant, and immune-modulatory characteristic features (Kumar et al.
2019).

4.2.1.2 Bioactive Lipids

Bioactive lipids (BLs) have widened the scope of dietary lipids from their conven-
tional roles such as components of cell membrane and as a source of energy reserve
to myriads of functions like cellular signaling and regulation. Thus, a critical factor
that distinguishes the role BLs from normal lipids is its ability to improve human
wellness besides serving as a source of energy. Various BLs, namely ceramides,
diacylglycerols (DAG), eicosanoids, steroid hormones, and LPAs, are potent bio-
chemicals that link the external stress signals to internal metabolism, having regu-
latory role and activating protein cascading pathways, acting as lipid-soluble
signaling molecule, and intercellular signals, respectively, etc. Consumption of
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certain BLs such as fat-soluble vitamins, carotenoids, phytosterols, monounsaturated
fatty acids (MUFAs), and polyunsaturated fatty acids (PUFAs) has greater implica-
tions for health and wellness. Though MUFAs (oleic acid, palmitoleic acid, etc.) are
not essential fatty acids, they have profound biological roles such as in improving
cardiovascular health and in reducing blood glucose and triglycerides in diabetics.
Fatty acids such as eicosapentaenoic acid (EPA, C20:5), docosahexaenoic acid
(DHA, C22:6), α-linolenic acid (ALA, C18:3), stearidonic acid, and arachidonic
acid tremendously reverse the health complications due to atherosclerosis, reduced
blood pressure, arrhythmias, immune response disorders, weight gain, and stroke
and improve the immune responses and infant visual and brain development (Decker
et al. 2012). Phytosterols, namely stigmasterol, β-sitosterol, and campesterol derived
from vegetable oils and algae, ameliorate the coronary heart diseases. Fat-soluble
vitamins (Vitamin A, D, E, and K) and phenolic lipids not only help in fighting
against coronary heart diseases but also in urinary tract diseases and cancer. Coen-
zyme Q10 (CoQ10) or ubiquinone is a naturally occurring quinone compound which
is a component of inner mitochondrial membrane, where it acts as a cofactor of
electron transport chain. CoQ10 has been found in leafy vegetables, e.g., Spinach. It
is a potent antioxidant widely used in the treatment of cardiovascular disease, and it
also possesses anti-inflammatory effects (Zhai et al. 2017).
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4.2.1.3 Bioactive Polysaccharides

Various classes of dietary fibers such as β-glucans, pectins, and gums found in
cereals such as rice, wheat, and oats accord immense health benefits such as
cholesterol-lowering properties and hence reduce risk of cardiovascular diseases
(CVDs) (Ho et al. 2016). Further, consumption of β-glucan derived from oats has
been correlated with the decrease in blood glucose levels. US-FDA (Food and Drug
Administration) also recommends the daily dietary intake of 3-g of glucan owing to
its potential health benefits. Arabinoxylans are non-starch polysaccharides with
antitumour and immune modulating properties (Cao et al. 2011)

4.2.2 Secondary Metabolites

4.2.2.1 Polyphenols

Polyphenols are class of secondary metabolites of plants that play pivotal role in
antioxidant mechanism, UV protection, and defense against phytopathogens, etc.
Whole plant foods such as cereals, whole grains, legumes, fruits and vegetables,
coffee, cocoa, extra virgin olive oils, tea, and wine are rich sources of dietary
polyphenols. As many as over 8000 polyphenol compounds have been identified
from plant-based dietary sources and are linked to conferring multiple health bene-
fits. Experimental evidences reveal that most of these properties of polyphenols are



correlated with their intrinsic antioxidant capabilities. In general, dietary intake of
polyphenols has been estimated to be around 1 g/day. Structurally, polyphenols are
characterized with aromatic rings with one or more hydroxyl moieties. Polyphenols
are classified into the following: (a) phenolic acids comprising derivatives of
hydroxycinnamic acids (caffeic acid, chlorogenic acid, ferulic acid, neochlorogenic
acid, P-coumaric acid, sinapic acid, caftaric acids sources from blueberry, cranberry,
pear, cherry (sweet), apple, orange, potato, lettuce, spinach, coffee beans, tea, coffee,
cider), and hydroxybenzoic acid (corilagin, ellagic acid, gallic acid) obtained from
strawberry, raspberry grape juice (black/green), longan seed, and pomegranate juice.
Although fruits and vegetables are rich sources of free phenolic acids, grains and
seeds/nuts are sources of bound phenolic acids which require the hydrolytic action of
acids, alkali, or enzymes to release their free forms; (b) flavonoids; (c) stilbenes and
(d) lignans (Table 4.1).
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4.2.2.2 Flavonoids

Flavonoids are large class of phenolic compounds occurring naturally in plant
products. Flavonoids are further categorized into various subclasses such as flavo-
nols, flavones, flavanols, flavanones, isoflavones, flavan-3-ols, and anthocyanidins.
Chemically, flavonoids remain either free (aglycones) or as glycosides. Some of the
commonly occurring plant-derived flavones, flavonols and flavanone are apigenin,
luteolin, velutin, quercetin, rutin, naringenin, whereas isoflavones are genistein,
daidzein, and puerarin. Apigenin is a commonly occurring flavone in wide range
of plant sources, and its dietary intake has been correlated with immune-boosting
properties. Its glycosidic counterparts, namely vitexin and isovitexin, contribute to
anti-inflammatory effects and are of considerable nutraceutical importance (Xiao
et al. 2016). Another flavone of common occurrence in edible plants such as Punica
granatum (pomegranate), Cynara scolymus (artichoke), and rosemary is luteolin.
Luteolin and its glycoside derivatives are known to possess anti-inflammatory
effects against neurodegenerative diseases (Xiao et al. 2016). Flavones of Euterpe
oleracea, of particular interest velutin, showed anti-inflammatory effects. Quercetin
is one of the commonly known flavonols from the fruits and vegetables (Malus x
domestica). Similarly, flavanones and flavones such as naringenin, naringin, and
hesperidin derived from citrus fruits have nutraceutical properties.

Isoflavones are natural phytoestrogens which exhibit wide range of beneficial
effects such as antioxidant, anticancer, antimicrobial, anti-inflammatory,
antiosteoporotic, and estrogenic properties. Isoflavones such as daidzin, genistin,
biochanin A, and formononetin are subclass of flavonoids found in legumes and are
generally available as glycosides. Soybean is considered to be rich source of
isoflavones (5–30 mg/100 g) (Thrane et al. 2017). Flavanols or flavan-3-ols are
generally called catechins. Structurally, the absence of double bond between C2 and
C3 and carbonyl group in ring C favors their existence as diastereoisomers. Tea and
cacao beans are major sources of monomeric flavanols and their derivatives. Dimeric
flavanols such as theaflavin are formed when tea flavanol is fermented. Similarly,



formation of polymers by monomeric flavanols such as catechin and epicatechin is
referred to as proanthocyanidins since acid hydrolysis of polymer produces
anthocyanidins. The red, blue, and purple pigments of flowers, vegetables, fruits,
and grains such as black rice are due to the presence of anthocyanidins. Cyanidin,
delphinidin, and pelargonidin and their methylated derivatives are the vast majority
of anthocyanidins of plant origin.
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4.2.2.3 Stilbenes and Lignans

Structurally stilbenes are characterized with 1,2-diphenylethylene nucleus having
hydroxyl groups on the phenolic rings. Stilbenes may exist as monomers or oligo-
mers, e.g., transresveratrol.

4.2.2.4 Terpenoids

Terpenoids, alternatively called as isoprenoids, are diverse class of organic com-
pounds derived from C5 precursor compound isopentenyl diphosphate (IPP) and its
isomer dimethylallyl diphosphate. The enormous structural variations of terpenoids
offer a huge functional complexity. Terpenoids are classified based on their number
of isoprene units. Monoterpenes are C10 compounds, that form main constituents of
both the volatile essences and essential oils of flowers (e.g., citral, geraniol, menthol,
limonene etc). Similarly, the sesquiterpenes (C15) comprise 3 isoprene units (e.g.,
farnesol). The diterpenes (C20) are composed of four isoprene units (e.g., taxol and
gibberellic acid). Noteworthy defensive compounds such as sesquiterpenoids and
diterpenoids derived from flowering plants act as phytoalexins and antimicrobial
compounds. Terpenoids of plant origin have antibacterial, antifungal, anti-
inflammatory, antioxidant, anticancer, and antitumor activities. The tocotrienols
and tocopherols induce apoptosis of human malignant cells and arrest the growth
of tumor cell lines (Yu et al. 1999).

4.2.2.5 Carotenoids

Carotenoids are class of terpene compounds that have been widely investigated in
fruits, vegetables, fungi, and flowers. Carotenoids are naturally occurring lipid-
soluble pigments exhibiting red, orange, and blue colors. The commonly known
carotenoids are lycopene found in tomato, watermelon, papaya, guava, β-carotene of
carrot, mango, apricot, α-carotene from carrot, pumpkin, and corn. Chemically,
carotenoids are classified into the following: (a) xanthophylls—carotenoids contain
one or more oxygen atoms substituted as hydroxy, keto, epoxy, and aldehyde groups
and (b) carotenes—containing hydrocarbons. Both these classes may exist as acyclic
(lycopene), monocyclic (γ-carotene), or dicyclic (β-carotene and α-carotene) forms.
The most striking structural feature of carotenoids is their long alternating double



and single bonds forming a conjugated system, wherein electrons are delocalized
providing the molecules with its biological functions. Lycopene and β-carotene have
anticancerous properties (Saini et al. 2020).
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4.2.2.6 Alkaloids

Alkaloids are nitrogen-containing secondary metabolites having potential pharma-
cological activities. Plant kingdom offers more than 12,000 alkaloids predominantly
found in dicots. Owing to their structural diversity, plant alkaloids have been utilized
as pharmaceuticals, narcotics, stimulants, and at times as poisons. Some of the
commonly known alkaloids of plant origin are as follows: morphine—Papaver
somniferum; camptothecin—Camptotheca acuminate; vinblastine—Catharanthus
roseus; caffeine—Coffea arabica; nicotine—Nicotiana tabacum, etc., having wide
repertoire of biological functions such as analgesic, anticancer, stimulant, natural
pesticide, and tranquilizer.

4.2.2.7 Omega-3 and Polyunsaturated Fatty Acids

Structurally fatty acids are long straight aliphatic chain, either saturated or unsatu-
rated, with a carboxylic group (-COOH). Omega-3 and omega-6 fatty acids are
considered as essential fatty acids since human body cannot synthesize these fatty
acids, and hence, dietary intake is the only source. Among the major omega-3 fatty
acids, viz. α-linolenic acid (ALA; 18:3 omega-3), eicosapentaenoic acid (EPA; 20:5
omega-3), and docosahexaenoic acid (DHA; 22:6 omega-3), plants are sources of
ALA, whereas EPA and DHA are obtained from marine fish oil and algal sources
(Amjad Khan et al. 2017). Among the plant sources of omega-3 fatty acids, flax
contains around 55% of fatty acids in the form of ALA. The other plant sources of
omega-3 fatty acids are perilla, walnut, and soy foods, especially edamame-steamed
and boiled young soybean and tofu, canola, pumpkin seeds, hemp seeds, pine
nuts, etc.

4.3 Mode of Action of Nutraceuticals

Epidemiological studies have demonstrated that diets rich in plant-derived bioactive
components have reduced the risk of chronic ailments such as CVDs, obesity, and
diabetes (Gul et al. 2016). Similarly, adequate dietary intake of whole grains, fruits,
and vegetables had been linked with the reduced risk of CVDs and cancers, the
major health issues of the world. In vivo animal model-based findings reveal that
plant-based diets rich in raw vegetables, allium, green, or crucifer vegetables provide
protection against diverse cancer ailments.
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4.3.1 Heart Disease

Strongest correlation was evinced between vegetable consumption and the diminu-
tion in chronic ailments, namely CVDs and age-related cataract. The high potassium
content in fruits and vegetables render proper endothelial function since the
improved potassium reabsorption by kidney triggers sodium urinary depletion and
circumventing the problem of hypertension. The plant diet-derived vitamins, poly-
phenols, and glucosinolates improve the redox status of cells, by preventing the
oxidation of LDL, thereby decreasing the risk of CVD-induced mortality (Alissa and
Ferns 2017). Polyphenols enhance the in vivo availability of nitric oxide and reduce
the endothelin-1 (a vasoconstrictor), hence averting the causes of thrombosis and
stroke. Similarly, polyphenols also diminish the inflammatory markers, C-reactive
protein (CRP), which are associated with the onset of CVD by modulating the
DNA-binding activity of nuclear factor kappa-light-chain-enhancer. Another major
component of plants, dietary fiber, provides the sense of satiety and decrease the
quantum of ingested food, which ultimately causes slow postprandial glycemic peak.
Further, the insoluble dietary fiber forms substrate for gut microbiota leading to the
production of short-chain fatty acids which potentially inhibits β-Hydroxy
β-methylglutaryl-CoA reductase activity having profound implications for choles-
terol biosynthesis (Angelino et al. 2019).

4.3.2 Cancer

Plant bioactives and natural products have the ability to prevent the cancer owing to
their antimutagenic and anticarcinogenic properties (Gul et al. 2016). The general
mode of action of plant biochemicals are antioxidant effects, enhancing the cellular
enzymatic components in the detoxification of carcinogens, inhibiting the produc-
tion of N-nitrosamine, DNA repair and cellular maintenance, apoptosis of cancerous
or malignant cells, upregulating noncoding RNAs that suppresses tumor, among
others (Gul et al. 2016). For instance, ginger-derived [6]-gingerol modulated the
proteins such as tumor necrosis factor alpha (TNF-α), extracellular signal-regulated
kinases (ERK1/2), caspases-3, caspases-9, and protein 53 (tumor)-p53 that are
involved in cell signaling processes to regulate the antioxidant and inflammatory
processes, thereby providing antitumorigenic effects (de Lima et al. 2018). Simi-
larly, apigenin—a naturally occurring plant-derived flavonoid—has multiple effects
such as targeting cell cycle proteins (cyclins, CDKs, etc.), proteins involved in
angiogenesis, metastasis, and invasion, modulating cell signaling pathways in
preventing the cancer. Dietary polyphenols, glucosinolates, and carotenoids detoxify
the carcinogenic compounds either by inhibiting the formation of DNA adducts or
by countering their oxidant effects. The proapoptotic activities of polyphenols and
glucosinolates release mitochondrial cytochrome C into cytosol ultimately activating
caspase family inducing cell suicide through the p53-dependent pathway.



Biologically inactive glucosinolates are converted by intracellular myrosinase
enzyme into isothiocyanates which in turn activates the enzymes involved in detox-
ification system. Isothiocyanates inhibit the cellular destruction of Kelch-like
ECH-associated protein-1 (KEAP-1) and enhance the transcription of erythroid
2 p45-related factor 2 (Nrf2) both of which together with other proteins improve
the activities of antioxidant responsive elements (Dinkova-Kostova et al. 2017).
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4.3.3 Diabetes

The activities of human enzymes α-amylase and α-glucosidase which are involved in
sequential breakdown of starch molecules into glucose units for energy production
are considered important targets for managing the type 2 diabetes mellitus (DM).
Limonoids extracted from Azadirachta indica and myricetin, a flavonoid, from
guava leaves have shown the α-amylase inhibitory activity in vitro (Sudha et al.
2015). Betulin derived from Ruellia tuberose L. non-competitively inhibited the
activity of α-amylase (Wulan et al. 2015), whereas diosgenin from Dioscorea
bulbifera exhibited similar non-competitive inhibition of the enzymes, viz.
α-amylase and α-glucosidase (Ghosh et al. 2014). Molecular docking studies reveal
that several plant-derived compounds such as rutin, myricetin, and quercetin have
comparable binding energies to that of acarbose—an antidiabetic drug. Human
aldose reductase (hALR2) is another potent target enzyme to manage type 2 diabetes;
hence, the organic solvent extracts of roots of Gentiana lutea were found to be
promising in inhibiting ALR2 activities. Further, peroxisome proliferator-activated
receptors-γ (PPAR-γ) agonists have been identified from plant origin so that the
activities of glucose transporters are (GLUT1, GLUT4) enhanced to utilize glucose
in liver and muscle cells. Catechins from green tea and sargahydroquinoic acid and
sargaquinoic acid from Sargassum yezoense are novel PPAR γ agonists with a
potential to treat diabetes (Wang et al. 2006). Investigations in type 2-induced
diabetic mice models have revealed that fructooligosaccharides (FOS) obtained
from Aureobasidium pullulans are effective inhibitors of dipeptidyl peptidase
(DPP)-4 enzymes which in turn regulates the activities of incretin hormones, namely
glucagon-like peptide-1 (GLP1) and glucose-dependent insulinotropic polypeptide
(GIP) suggesting the importance of plant-derived FOS in the treatment of diabetes.

4.3.4 Neurological Disorders

A total of sixteen plant-derived compounds exhibit neuroprotective functions (Dey
et al. 2020). Compounds such as apigenin, allicin, curcumin, capsaicin, kaempferol,
piperine, epigallocatechin, resveratrol, rosmarinic acid, quercetin, eugenol,
gambogic acid, carnosic acid, zingerone, and morin are some of the naturally
occurring nutraceuticals with a potential to treat neurological disorders (Ahmad



et al. 2015; Sun et al. 2016; Lee et al. 2018; Dey et al. 2020). In general, these
compounds significantly upregulate one or more physiological and biochemical
components such as p38MAPK/PKC pathway, BDNF/TrkB-dependent pathway,
Keap1/Nrf2 pathway, and MAPK pathways, alternatively improve the locomotor,
memory, and mitochondrial functions, or enhance the QR1 gene expression
and apoptosis to exert their neuroprotective roles (Salehi et al. 2019). Conversely,
these compounds downregulate certain cellular processes such as tau
hyperphosphorylation, convulsions, seizures, and spatial memory impairments.
Downregulation of cellular signaling molecules such as TLR2/4, NF-κB, MAPK
along with reduction of ROS, GSH, NADPHd/nNOS etc. confer neuroprotective
functions (Dey et al. 2020).
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4.4 Mode of Delivery of Nutraceuticals

The innate biochemical nature of plant bioactives is lost when exposed to extreme
conditions of temperature, oxidation, and sunlight consequently diminishing their
yield levels; hence, the active ingredient of a nutraceutical warrants protection by
appropriate techniques. Moreover, nutraceutical compounds, in their natural or
organic form, are characterized with poor aqueous solubility, hence poor membrane
permeability leading to very limited bioavailability. Further, the release features of
nutraceuticals are severely affected by the characteristics of parent food matrices.
Following release, nutraceuticals form insoluble complexes with the other sub-
stances in gastrointestinal tract or the process of biotransformation renders them
biologically unavailable. A greater proportion of biochemicals conferring anticancer
properties is lipophilic, hence warranting adjustment in pH, reduction of particle
size, and use of cosurfactants or solvents which are generally toxic causing signif-
icant damage to the healthy cells. Hence, the design and fabrication of suitable
delivery mechanisms to protect physicochemical, sensory, and nutritional attributes
of nutraceuticals are in vogue. Exploitation of nanodelivery carriers such as lipo-
somes, micelles and polymeric nanoparticles, solid lipid nanoparticles, and carbon
nanotubes is being explored.

4.4.1 Liposomes

Liposome-based encapsulation of curcumin was suggested to avert its biotransfor-
mation during oral administration or excreted as bile secretion when administered
intravenously or intraperitonealy. Liposomal curcumin was successfully shown to
inhibit the growth of cancerous pancreatic cells, human prostate cancer, colorectal
cancer, and human squamous cell carcinoma (Moses et al. 2019). Liposome-based
delivery of resveratrol, fisetin, crocin, cyanidin-3o-glucoside, genistein, β-glucan,



(�)-epigallocatechin-3-gallate, β-cryptoxanthin and berberine has shown exemplary
results in the treatment of various forms of human cancer (Moses et al. 2019)

Microencapsulation techniques are widely employed since 1980s not only to
improve the stability and bioactivity but also to ameliorate the volatility and toxicity
effects of plant bioactives. In general, microencapsulation technologies utilize phys-
ical and chemical processes such as spray drying, extrusion, coacervation, liposome-
based delivery, and other conventional emulsions (Assadpour and Jafari 2019).
However, the advent of nanotechnology and its application in food and pharmaceu-
tical industries have opened up avenues for the utilization of nano-sized materials or
nanocarriers (<1000 nM) in encapsulation processes. Nanocarriers enhance the
bioavailability of food bioactives due to increased surface area-to-volume ratios,
ability to penetrate target cells following improved mucoadhesiveness in the walls of
human intestines, controlled release of an active ingredient, and improved solubility
of hydrophobic nutraceuticals. It also protects the active ingredient from chemical
and biological degradation. The classification of nanocarriers is based on the kind of
nanomaterial used to produce the formulation.

4.4.2 Nanoemulsion

These are major lipid-based nanocarriers formed due to oil, water, and surfactants or
biopolymers in a single (O/W or W/O) or double (O/W/O or W/O/W) nanoemulsion
formats. The droplet sizes of the particles are of 200 nm and are relatively stable.
Based on the hydrophobicity or hydrophilicity of active ingredient, the bioactive
components can be trapped in oil or water layer, respectively. Hydrophobic pheno-
lics and antioxidants, namely carotenoids, tannins, lignins, and bound
hydroxycinnamic acids, are appropriate candidates (catechins, resveratrol, curcumin,
pterostilbene, and eugenol) for O/W nanoemulsion-based delivery and rutin and
anthocyanin for multiple nanoemulsions (Abbas et al. 2014).

4.4.3 Nanoliposomes

Nanoliposomes are form of lipid-based carriers formulated using oils, phospho-
lipids, and appropriate solvents so that lipid bilayer is formed with an aqueous
interior. It can cater to both the hydrophilic and hydrophobic active ingredients in
its cavities and as an encapsulation, respectively (Demirci et al. 2017), e.g.,
curcumin, quercetin and resveratrol, epigallocatechin-3-gallate (EGCG), and tea
polyphenol in nanoliposomes
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4.4.4 Nanolipid Carriers

Advanced lipid-based carriers formed by crystalline or semi-crystalline materials are
stabilized by surfactants. As name states, solid lipid nanoparticles (SLN) use solid
lipids, whereas nanostructured lipid carriers (NLCs) use combination of solid lipids
and oils. It offers advantages such as reduced leakage of entrapped nutraceuticals
and improved release properties (Katouzian and Jafari 2016), e.g., resveratrol in
SLN-based carriers following emulsification and evaporation, curcumin, quercetin,
and silymarin in NLC carriers.

4.4.5 Natural Nanovehicles

Naturally occurring materials such as caseins-forming self-assembled micellar struc-
ture, cyclodextrins, and amylase structures are utilized as nanoencapsulating carriers,
e.g., procyanidins in zein nanoparticles.

Furthermore, nanocarriers are produced employing sophisticated equipments
such as electrospinning/spraying, nanospray dryer, and micro- or nanofluidics sys-
tems. Naturally occurring biopolymers such as proteins (e.g., whey protein or zein)
or carbohydrates (e.g., cellulose, chitin, chitosan, gums, pectin, and starch) are used
in the processes of electrospinning or electrospraying to produce nanofibers and
nanoparticles for the delivery of phenolics and antioxidants of plant origin. Querce-
tin and ferulic acid were encapsulated in food-grade nanofibers generated from the
amaranth protein in an electrospinning process (Aceituno-Medina et al. 2015).

4.4.6 Solid Lipid Nanoparticles (SLNs)

Solid lipid nanoparticles (SLNs) have attained greater attention as an alternative for
carriers such as emulsions, liposomes, and polymeric nanoparticles. SLNs have been
widely employed to improve the bioavailability and pharmacokinetic potential of
phenolic compounds. SLNs are prepared utilizing lipid matrix, with final particle
sizes ranging between 50 and 1000 nm. SLNs have improved wide array of
properties of nutraceuticals such its water solubility, thermal stability, enhanced
oral bioavailability, and improved protection against the digestive process.

4.4.7 Biopolymer Particles

Biopolymer particles and their production involve assembly of multiple kinds of
biopolymer molecules to form colloidal structures to modify the stability, texture,
and optical properties of nutraceutical bioactives. Food-grade proteins,



polysaccharides, and associative complexes form excellent materials for the devel-
opment of biopolymer-based encapsulation of nutraceuticals.
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4.5 Regulations of Nutraceuticals

Food production system in emerging economies such as India and worldwide had
witnessed a rapid change in consumption pattern, due to rapid urbanization, changes
in demography, consumer awareness of nutraceuticals, dependence on processed
foods, social changes, nuclear families, etc. Nutraceuticals occupy a wobble position
between the regular foods and pharmaceuticals often blurring the differences warrant
statutory regulations in light of safety and health claims. Countries have made their
own legislative framework to assess and for safety use of nutraceuticals. In the USA,
FDA differentiates the nutraceuticals from other foods and hence requires the
manufacturer’s to ensure that their products are safe before marketing, and warrants
authoritative statement on health claims from the Academies of Sciences or appro-
priate bodies before the introduction of product to the market. On the other hand,
European Food Safety Standards Authority (EFSA) is mandated to approve the
health claim of a product before it is marketed in European Union. In Canada,
nutraceuticals are treated more like a drug than as foods; in contrast, Australia and
China categorize the nutraceuticals as a class of food. In India, regulation of
nutraceuticals and functional foods are brought under the ambit of Food Safety
Standards Authority of India (FSSAI), Food Safety and Standards Act, 2006, Rules
and Regulations, 2011, Food Product Approval System (May 2013), and Food
Safety and Standards Act, 2016. The section 22 of the Food Safety and Standards
Act, 2006, mandates a Central Government notification for the manufacture and
marketing of novel foods including nutraceuticals. Most importantly, these
nutraceuticals are prohibited to contain drugs and claims of treatment to disease,
or cure or mitigation of illness is strictly prohibited. Further, the advisory of FSSAI
dated May 2013 warrants submission of safety or toxicity data pertaining to risk
assessment for prior approval to release a product in the market. FSSAI notification
dated Dec 31, 2018, prohibits the use of 14 ingredients (raspberry ketone, silica,
chlorella growth factor, pine bark, tea tree oil, etc.) as nutraceuticals for the lack of
scientific evidence to prove their health promotion activities. Similarly, the regula-
tion called for discontinuation of “health supplements” claim for some other prod-
ucts including kale powder, fruit extracts of cashew, passion fruit, and kiwi, broccoli,
and enzymes pectinase and xylanase. Recently a Guidance Note on Food for Special
Medical Purpose of FSSAI (28/Aug/2020) categorizes the foods for medical pur-
poses as (a) health supplements, (b) nutraceuticals, (c) foods for special dietary uses
(FSDU), and (d) foods for special medical purposes (FSMP). Further, the note
delineates the applicable age groups, target population, format/matrix requirements,
requirements of medical supervision, formulations allowed, and relevant applicable
ingredient schedules, etc. (https://fssai.gov.in/upload/uploadfiles/files/Guidance_
Note_FSMP_28_08_2020.pdf). In light of these viewpoints, Santini et al. 2018 have

https://fssai.gov.in/upload/uploadfiles/files/Guidance_Note_FSMP_28_08_2020.pdf
https://fssai.gov.in/upload/uploadfiles/files/Guidance_Note_FSMP_28_08_2020.pdf


proposed a differentiation of nutraceuticals and food supplements based on the
availability of clinical evidences, however, stressing the needs of efficacy/safety of
these products. It further calls for necessary steps including prior identification of
target health condition to address, appropriate food matrix selection, biological and
functional activity assays, metabolic profiling, proper dose assessment, and safety in
clinical trials to consider while developing a novel nutraceutical product (Santini
et al. 2018). It is also reasonable for the national agencies to demand the suppliers or
manufacturers of nutraceuticals to provide data on safety, clinical trials, and data
supporting mechanisms of actions so that informed decision could be arrived
at. Further stricter guidelines are mandatory at the international level considering
the ramifications of large transnational movement of goods and services.

84 R. S. V. and S. Praveen

4.6 Concluding Remarks

Nutraceuticals are source of natural remedies which besides preventing the serious
diseases cure the life-threatening disorders. The physiological effects of some of the
nutraceuticals and their beneficial role in the field of human nutrition and disease
management warrant long-term investigations. In addition, the effect of
nutraceuticals on the pathogenesis, disease progression, or alternatively remission
requires scientific advances. It is also pertinent to assess the interaction effects of
food and nutraceuticals so as to improve the bioefficacy and bioavailability of the
latter in the context of our improved comprehension on food matrices and their
interactive physiological effects. As stated above, appropriate delivery mechanisms
have to be formulated to improve the efficiency of nutraceuticals along with physical
attributes such as flavor, color, and texture. The preclinical and clinical trials of
nutraceuticals should have adequate sample size, and information on toxicological
effect has to be generated. Lastly, the commerce and regulatory regimen pertaining
to nutraceuticals are required to be streamlined to ward off spurious products and to
promote the overall well-being of masses.
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Chapter 5
Plant-Based Milk Alternatives: Nutritional
Potential and Challenges

Ramesh S. V., P. P. Shameena Beegum, R. Pandiselvam, M. R. Manikantan,
and K. B. Hebbar

Abstract Beverage industry has significantly evolved in formulating diverse prod-
ucts to meet the requirements of nutraceutical or functional food category. In this
context, plant-based extracts from diverse sources such as soybean, almond, coco-
nut, oat, pulses, and rice called plant-based milk alternatives (PBMAs) or analogs
form an integral component of beverage industry. The growth in the PBMA industry
could be attributed to various reasons, namely, dietary preferences, and nutritional
needs. Additionally, the plant-based milk products are rich sources of health-
promoting bioactives and are devoid of cholesterol and ecologically require less
energy input per unit of milk production and thus are much appreciated. Neverthe-
less, there are technological bottlenecks in developing a wholesome substitute for
cow’s milk owing to different physicochemical properties of PBMAs. This chapter
discusses various sources of PBMAs, their nutritional composition, blending of
PBMAs for nutritional complementation effect and to improve the sensory profile
of the product and the need for post-harvest technological intervention, alternate
strategies, and challenges ahead in the production process of PBMAs.

Keywords Biochemical composition · Beverages · Food processing · Functional
foods · Milk analogs · Plant milk

5.1 Introduction

Plant-based milk alternatives (PBMAs) or analogs are water-soluble extracts of
diverse plants such as legumes, cereals, nuts, pseudocereals, and oil seeds that
mimic the physical and biochemical qualities of bovine milk (Yadav et al. 2017).
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These PBMAs are called as beverages, drinks, or dairy alternatives to distinguish it
from the widely consumed cow’s milk. Among these, the most common milk
alternatives include soybean, coconut, and almond (Cornucopia Institute 2019).
The ingredients of these milk alternatives include water extractants of nuts, cereals,
endosperm, and oilseeds of diverse plant sources, emulsifier, and additives. One of
the most widely consumed PBMA is soy milk, and the product was successfully
launched in Hong Kong in 1940 since then the market share of plant-based milk
analogs has grown rapidly due to technological improvements in the production of
soy milk. Despite the large share of soybean milk in this segment, the emerging milk
alternatives derived from other plants such as coconut, oats, almond, and peanut
have also witnessed a huge growth. The large-scale production and marketing of
plant-based milk analogs have led to its exponential growth worldwide (Sethi et al.
2016). Europe has witnessed a growth of 9% market share in these plant-based
beverages. In the United States, a remarkable increase in the demand for non-dairy
alternatives and concurrently a considerable decrease in dairy milk consumption are
documented (Singhal et al. 2017). However, the market for plant-based milk sub-
stitutes is still in infancy and soybean milk is greatest contributor to this segment due
to its nutrient profile (Vanga and Raghavan 2018).
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These plant-based milk substitutes are considered as food products that would
replace bovine milk for various reasons including lactose intolerance, allergic to
cow’s milk, or as a lifestyle choice (Mäkinen et al. 2015). Around 68% of the global
population suffers from lactose malabsorption (NIDDK 2022), and in Indian con-
text, almost 60–65% of population are lactose-intolerant (Economic Times 2020). In
addition, increased demand for non-dairy products also has come mainly due to
vegetarianism and the cholesterol content in bovine milk. It is also important to
observe that for lactose-intolerant individuals other alternatives such as products free
of lactose and utilization of lactase enzyme are available; however, for individuals
suffering from allergenicity and vegans, plant-based milk remains the only choice.
The controversy surrounding the β-casein variants of dairy milk (A1 and A2 milk)
and consumption of A1 dairy milk (which has A1 β-casein) potentially predisposes
humans to various diseases such as inflammation, type 1 diabetes, heart ailments,
and autism which warrants a healthy alternative (Kaskous 2020). The production
process of these beverages essentially remains the same. It involves the soaking of
raw materials followed by processing with water. The extract is filtered to remove
any insoluble residues; then, flavoring agents, sugar, emulsifier, or stabilizers may be
added depending upon the requirement. In general, processes such as improving the
stability, homogenization, and pasteurization to improve the shelf life are completed
at the end of production flow, so that the milk extracts remain a stable colloidal
suspension or emulsion (Jeske et al. 2017) (Fig. 5.1).
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Fig. 5.1 Processing steps involved in the development of plant-based milk alternatives. (Adapted
from McClements et al. 2019; Reyes-Jurado et al. 2021)
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5.2 Plant-Based Milk Analogs

Plant-based milk substitutes are obtained from multiple sources such as cereals
(corn, oats, rice, rye, spelt, etc.), legumes (Bambara groundnut, chickpea, cowpea,
kidney bean, lupin, peanut, soybean, pea), nuts (almond, cashew, coconut, pistachio,
tiger nut, walnut), oil seeds (sesame, flaxseed, hemp, sunflower), and pseudocereals
(amaranth, quinoa, and teff) (Reyes-Jurado et al. 2021). There are other sources of
plant milk such as sunflower, melon seed, hazel nut, and quinoa; however, research-
based literature on these aspects is very limited. The nutritional composition of
PBMAs in comparison with bovine milk is presented in Table 5.1.

5.2.1 Soymilk

Soybean (Glycine max L.) products have attained nutritional importance and pref-
erence among the vegetarians because of its relatively high content of protein
(~40%) and other phytochemicals. Soybean seed-derived milk, which is a refreshing
nutritional beverage, has ~7 g/236.6 mL of protein comparable to that of dairy milk
(Krans 2017). Soy milk is rich in isoflavones (daidzein, genistein, and glycitein) that
offer protective effect against multiple ailments such as cancer, cardiovascular
disease, and osteoporosis (Rizzo and Baroni 2018). The milk is also rich in fibers,
minerals (especially calcium, iron, and zinc), vitamin B, and heart-healthy fatty acids
(Rizzo and Baroni 2018). Other bioactives such as phytic acid (1.0–2.2%), sterols
(0.23–0.46%), and saponins (0.17–6.16%) offer added health benefits. Nevertheless,
the major constituent, isoflavone, mimics mild estrogens and could affect gestation
and infancy and other reproductive failures (Katz 2018). The oligosaccharides
remain indigestible in human gastrointestinal tract causing production of gas. Fur-
thermore, some degree of allergic reactions in humans was recorded for soy milk
(Jeske et al. 2017).

5.2.2 Almond Milk

Almonds (Prunus dulcis) are rich in vitamin E (25.87 mg α-tocopherol/100 g),
vitamin B-complex (B1, B2, B3, B5, and B6), protein (16–23 g/100 g), and
MUFA (31 g/100 g) and hence are considered brain foods (Grundy et al. 2016).
Almond milk, instead of soy milk, is suggested for people experiencing lactose
intolerance (Lee et al. 2018). Almonds, as foods, are known to offer anti-
inflammatory, lipid-lowering, tumor-suppressant, and antioxidant ingredients
(Barreira et al. 2008). The milk is also known to have prebiotics properties. Further,
the seed storage protein components of almonds [amandin, legumin (11S), prunin,
and conglutin γ] which cause allergenic reaction are to be removed either by using
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mechanical or fermentation treatments while preparing almond milk (Lee et al.
2018). The major bioactives of almond milk with nutritional potential are
α-tocopherol, sugar arabinose, flavonoids, and phytosterols (Makinde and Adebile
2018).
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5.2.3 Coconut Milk

Coconut milk is a natural oil-in-water emulsion, stabilized by proteins such as
globulins, albumins, and phospholipids (Manikantan et al. 2019). It is obtained
from the endosperm or kernel of the palm through mechanical means or Aqueous
Enzymatic Extraction Process (AEEP) Viscozyme L enzyme method (Agarwal and
Bosco 2014). Thus, coconut milk is prepared at home from the grated pieces of
endosperm or kernel by squeezing, whereas production on industrial scale involves
the use of screw press or hydraulic expeller (Patil and Benjakul 2018). Traditionally,
coconut milk is used for culinary purposes in the parts of southern India and other
Asian nations like Sri Lanka, Thailand, Indonesia, Malaysia etc. Coconut milk is
characteristically rich in medium-chain triglycerides (MCTs) and hence could be
easily absorbed and metabolized by the liver to produce ketone bodies which
provide neuroprotective functions. Consumption of coconut milk increases the
HDL (high-density lipoprotein) levels, which help in reducing the harmful LDL
(low-density lipoprotein) (Vanga and Raghavan 2018). Further, the relatively good
quantity of insoluble and soluble fiber content improves the nutritional value of
coconut milk (Fernando et al. 2015). The coconut milk is known to promote the
proper brain development besides boosting the immune system. It also helps in the
maintenance of elasticity of blood vessels and provides antiageing property due to
skin nourishment. Also, the medium-chain triglycerides are linked with weight loss
and neuroprotective effects (Ramesh et al. 2021). Comparison of nutrient profiles of
coconut milk alternative with bovine milk reveals that the former is rich in fiber
content, iron, potassium, and phosphorous contents and comparable energy and fat
content (Table 5.2) (Data compiled from Paul et al. 2020; McClements et al. 2019).
However, the amino acid profile (histidine, isoleucine, leucine, lysine, methionine,
phenylalanine, threonine, tryptophan, and valine) of coconut nondairy milk substi-
tute is found to be poor compared to that of dairy milk (Patil and Benjakul 2018).
Vitamin composition of coconut milk is also found to be deficient when compared to
cow milk. However, fat-soluble vitamins such as A, D, and folate were found to be in
appreciable quantity compared to bovine milk (Table 5.2).

5.2.4 Oat Milk

Oat (Avena sativa L.) is rich in antioxidant and nutritional contents having phenolics,
avenanthramides (2–289 mg/kg), and saponins (avenacoside A—290 mg/kg and



– –

avenacoside B—110 mg/kg) (Sang and Chu 2017), phytate and phytosterols, dietary
fibers (2.3–8.5), and calcium content (0.54%) (Rasane et al. 2015). The β-glucan of
oat is known to have anticancerous properties and also confers reduced blood
cholesterol and blood pressure levels in human. Also, the relatively balanced protein
composition of oats makes it more nutritious than other widely consumed cereals.
The aforesaid nutritional properties make the oats an important healthy milk alter-
native, and many products are available in the market “Oat Milk”® (Frolich 1996;
Onning et al. 1998) and “Pro Viva”® obtained from oat meal following fermentation
with Lactobacillus plantarum (Bekers et al. 2001). Fermentation process is consid-
ered a convenient method of preparation of oats milk which increases the plant
phenolics content and glucosamine content, thereby increasing the antioxidant
properties of the milk (Bei et al. 2017). However, oat milk is deficient in calcium,
and hence, Ca fortification is indispensable (Sethi et al. 2016).

5 Plant-Based Milk Alternatives: Nutritional Potential and Challenges 97

Table 5.2 Nutritional comparison of coconut milk and bovine milk

Nutritional ingredients Coconut milk Bovine milk

Carbohydrate (g/100 g) 3.75–9.41 3.20–5.40

Protein (g/100 g) 0.59–2.00 2.90–6.00

Fat (g/100 g) 4.12–6.00 3.40–6.40

Fiber (g/100 g) 5.30–5.98 Not reported

Energy (k cal) 50.00–92.00 69.0–118.0

Minerals (mg/100 g)

Fe 3.90–4.01 0.07–0.08

K 631.0–639.02 152.0–181.0

P 240.0–256.35 119.0–121.0

Vitamins

Vitamin C (mg/100 mL) 0.0 1.50

Thiamine (mg/100 mL) – 0.04

Riboflavin (mg/100 mL) – 0.16

Niacin (mg/100 mL) – 0.08

Vitamin B6 (mg/100 mL) – 0.04

Vitamin E (mg/100 mL)

Folate (μg/100 mL) 19.2 5.00

Vitamin B-12 (μg/100 mL) 0.75 0.36

Vitamin A (μg/100 mL) 60 33

Vitamin D (μg/100 mL) 2.92 –

5.2.5 Rice Milk

Rice (Oryza sativa L.) is a widely consumed cereal not only in Asia but also
worldwide. Rice has been utilized as a raw material for the production of milk
substituted product mimicking the quality features of bovine milk. The wide



acceptability of rice as a non-allergenic cereal ensured production of rice-based milk
comparable in physical and nutritional properties of soybean milk. Though rice is
rich in starch, its protein composition lacks threonine and lysine. Also, rice bran is
rich source of polyphenol, and hence, methodologies have been explored to utilize
the whole rice (including the bran) to produce rice bran milk. The processing
techniques such as soaking (which enhances mineral and vitamins) and fermentation
using lactic acid bacteria will improve the mineral contents (such as Ca, Mg, and Fe)
and significantly reduce the antinutritional factors (Sharma and Gayathri 2018).
Further, rice bran milk has been known to have low TSS and viscosity compared
to soy milk (Issara and Rawdkuen 2014).
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5.2.6 Cocoa Milk

Cocoa (Theobroma cacao L.) is rich in phytophenolics (18%) and flavonoids that
have cardio-protective, anticancer, and neuroprotective functions (Rodríguez-
Lagunas et al. 2019). Further cocoa and its products are known to have suppressive
effect on lactose intolerance making it a suitable PBMA. The cardiovascular health
benefits of consumption of cocoa and products include reduced blood pressure and
positive modulations in the metabolism of carbohydrates and lipids. Further, the
cocoa-derived flavanols significantly affect the carbohydrate digestion and absorp-
tion in the gut, thereby improving the secretion of insulin (Ramos et al. 2017). Also,
the bioactives theobromine and caffeine provide antiageing properties (Fonseca
Maciel et al. 2017).

5.2.7 Hemp Milk

The seeds of hemp (Cannabis sativa L.) are rich in PUFA such as α-linolenic acid
and linoleic acid, essential amino acids, insoluble fibers (~15%), vitamin E (90 mg/
100 g), and mineral constituents making it a good candidate alternative for dairy
milk and other plant-based milks such as soy or nut milk which are high in allergens
(Frassinetti et al. 2018). As with other plant-based milk analogs, the milk derived
from hemp is an oil-in-water emulsion that is very unstable and flocculates to
generate a layer of cream decreasing its shelf life to great extent. In industrial
scale, emulsifiers and stabilizers are used to counter this problem; nevertheless,
usage of these chemical agents is fraught with other health concerns and is not an
economically viable option.
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5.2.8 Kidney Bean Milk

The seeds of kidney bean (Phaseolus vulgaris L.) are soaked in water until it swells
and milk is extracted following boiling and grinding processes (Chen et al. 2019). In
order to reduce the antinutritional factors and allergen-causing ingredients, fermen-
tation process is followed which not only enhances antioxidant potential of the
product but also improves the production of isoflavone aglycones (Limón et al.
2015). In addition, different enzymatic or gaseous treatments along with fermenta-
tion processes enhance the content of gamma-aminobutyric acid (GABA) which has
many health-improving properties such as suppression of cancer cell proliferation
and reduction in blood pressure and blood cholesterol content (Nikmaram et al.
2017).

5.2.9 Peanut Milk

Peanut milk and its products are known to have immense health benefits because of
its rich protein content, minerals, and linoleic and oleic acids, the essential fatty
acids. Peanut milk is extensively consumed in developing nations characterized with
low-income starch diets, vegans, and lactose-intolerant children (Diarra et al. 2005).
Various methodologies and techniques have been developed to produce peanut milk.
In the grinding method, fat content is removed to yield a yellow liquid which is rich
in protein, or alternatively, it can be fermented (Arya et al. 2016). Various other
physical treatments such as soaking, defatting, steaming, roasting, and heating are
performed followed by filtration to obtain the milk with reduced content of
antinutritional factors (Adegoke and Falade 2016). Poor stability is one of the
main problems associated in the peanut milk production process due to its high-fat
content and hence emulsifiers (alginates, gelatin, or vegetable gums 1%) are used.

5.2.10 Tigernut Milk

Tigernut milk is obtained from the tigernut plant (Cyperus esculentus L.) o
Cyperaceae. The grass is cultivated for its small rhizome which is eaten raw or
roasted and pressed for its juice to make beverage or milk. It is a healthy and rich
source of nutrients such as carbohydrates, vegetable fat, protein, fiber, vitamins,
minerals, energy, and some digestive enzymes such as catalase, lipase, and amylase
(Adejuyitan 2011; Chima et al. 2013). It is devoid of sodium, lactose sugar, casein
protein, gluten, cholesterol, or any allergens and therefore ideal for people who are
hypertensive or do not tolerate gluten or lactose and its derivatives present in cow
milk (Belewu and Abodunrin 2006).
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5.3 Blending of Milk Analogs and Alternative Strategies

Considering the nutritional deficiencies of the individual plant-based milk alterna-
tives, it was proposed to blend two or more non-dairy milk alternatives to develop a
wholesome, nutritious beverage and to improve the sensorial properties. Blending of
diverse plant-derived milk products of soybean, almond, peanut, tiger nut, and
coconut has helped in avoiding or reducing the beany flavor and in improving the
nutritional profile of the end product in terms of protein quality, dietary fiber content,
etc. (Kundu et al. 2018; Ajala et al. 2013; Adedokun et al. 2014). Further, biochem-
ical and sensory properties of a probiotic beverage prepared from the blends of milks
of African yam bean, coconut, and soybean reveal that fermented product (utilizing
Lactobacillus delbrueckii) of this blend was acceptable in terms of sensory aspects
(Ikujenlola et al. 2020). Vegetable milks can act as composite milk to replace cow
milk without markedly affecting the quality of ice cream (AboulfAzli et al. 2014).

Pulse protein ingredients have found their application in the development of
plant-based milk alternatives. The developments in the field of extraction of high-
quality protein from pulses and processing methods have paved way for incorpora-
tion of pulse-derived proteins as an important functional and nutritive ingredient in
the formulation of superior plant-based milk alternatives. Various methodologies
such as dry fractionation techniques (air classification and tribo-electric separation)
and aqueous fractionation protocols (isoelectric precipitation, ultrafiltration and salt
extraction/micellization) to extract protein concentrates from pulses have been
standardized (Vogelsang-O’Dwyer et al. 2021). Several studies have explored the
possibility of formulating milk alternatives utilizing pulse protein ingredients.
Jacobs et al. (2016) and Jeske et al. (2019) have developed lupin and lentil
protein-based milk alternatives, respectively. Lentil-derived protein has shown
appreciable potential to develop milk substitutes with high protein content that is
similar to cow’s milk (Jeske et al. 2019). Rincon et al. (2020) formulated a chickpea
and coconut extract-based milk alternative as a potential substitute for cow’s milk.
Also, some of the pulse protein-based milk alternatives have become commercially
available (Vogelsang-O’Dwyer et al. 2021).

Multiple research approaches have been undertaken on plant-based non-dairy
products. Shameena Beegum et al. (2021) tapped the potential of utilizing coconut
products particularly coconut milk in developing a frozen coconut delicacy. Soy
milk and coconut milk (either alone or as blends with cow milk) were found to be a
good vehicle for the delivery of probiotic strains such as Lactobacillus acidophilus
and Bifidobacterium bifidum in ice cream (Aboulfazli et al. 2016). Ice creams made
of both the soy and coconut milk provide a richer growth medium of amino acids and
sugar content for both the microbial strains than cow’s milk ice cream. Similarly,
improved growth of probiotic bacteria was reported by Mridula and Sharma (2015),
while the sprouted wheat, barley, pearl millet, and green gram in combination with
oats, and soy milk were utilized in a probiotic drink. Coconut milk-based cottage
cheese/paneer which consists of 50:50 blend of cow’s milk and coconut milk was
developed (Sughanya and Ramaswamy (2017). Similarly, the potential of coconut



milk as a substitute for cow milk in cheese making was explored (Okon and
Ojimelukwe 2017). A European patent (17157951.9) by Iruthayathasan and
Lahousse (2018) claims a method of preparing a vegan cheese with various vege-
tarian sources including coconut milk and soy milk and using calcium chloride, a
beneficial bacterial culture and plant rennet. However, dairy alternative yogurts can
have structural disadvantages compared to dairy yogurts made with animal milks,
because of the nature of the proteins. Sridhar et al. (2015) developed coconut milk
and cow milk-based curd using Lactobacillus lactis and L. plantarum. Study on
supplemented milk with quinoa flour revealed that quinoa can be added to dairy
products to improve nutrition, while not affecting the probiotic quality (Casarotti
et al. 2014). Kheermade out of blends of buffalo milk and soy milk along with sugar
and rice resulted in sensorially acceptable product (Pariskar et al. 2015). Physico-
chemical and acid gelation properties of UHT-treated commercial soy, oat, quinoa,
rice, and lactose-free bovine milks revealed that particles of plant-based milk sub-
stitutes were significantly more polydispersed compared to those of bovine milk
(Mäkinen et al. 2015). Upon acidification with glucono-D-lactone (GDL), bovine,
soy, and quinoa milks formed structured gels, while oat and rice milks did not. Since
plant based milks are produced by disintegration of plant materials the resulting
particle sizes and composition are not as uniform as in bovine milk.
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5.4 Challenges in the Production of Milk Analogs

The major challenges encountered during the production of plant-based milk sub-
stitutes include nutrient imbalances (especially protein quality compared to bovine
milk), presence of antinutritional compounds, and physical properties such as its
appearance and texture profile (Pontonio and Rizzello 2021). From the nutrition
point of view, the presence of antinutritional factors severely affects the sensory
profile of the product and influences the bioavailability of other nutrients (Munekata
et al. 2020). Production of PBMAs encounters various technological problems
including poor stability as this feature is influenced by particle size (fat globules of
milk), emulsion formation, starch, and protein solubility. Hence, to overcome this
instability, emulsifiers, food stabilizers (oleosins, microgels, etc.), and processing
changes such as ultrahigh-pressure homogenization (UHPH) and ultrasonic homog-
enization high-intensity ultrasound irradiation are proposed. Further, plant-based
milk products are considered to have off-flavor which is due to the presence of
enzymes, lipoxygenases, and unsaturated fatty acids. To remove the off-flavor,
enzyme inactivation strategies, namely rapid hydration grinding, high-pressure
processing, ohmic heating, and cold plasma, are suggested. Also, artificial or natural
flavoring agents could be added to mask the off-flavor. Similarly, physical treat-
ments such as boiling, sprouting, soaking, steam treatment, blanching, and enzyme-
based bioprocessing biotechnology operations are suggested to remove or inactivate
the inhibitors. Combination of germination and fermentation is a successful way to
improve nutritional quality by reducing the content of sugars while enhancing the



levels of thiamine, niacin, lysine, and soluble dietary fiber of plant-based (wheat,
barley, soy, etc.) beverages, especially milk and fermented drink (Arora et al. 2010).
Since the shelf life of PBMA is very less due to high content of sugars and fatty
acids, physical treatment procedures such as UHPH, ultrasound processing, and
hurdle technology are proposed (Munekata et al. 2020; Paul et al. 2020).
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5.5 Concluding Remarks

One of the major advantages with plant-based milk substitutes compared to conven-
tional or bovine milk is its reduced carbon footprint (i.e., less energy input) to
produce per unit quantity. Further, market dynamics and forecast for dairy alterna-
tives state that at the global level the market for this segment is valued at 22.6 billion
USD in the year 2020 which is projected to scale 40.6 billion USD by 2026. Thus, a
compound annual growth rate of 10.3% in its value is forecasted owing to numerous
health benefits (Markets and Markets 2021) changing lifestyles and increasing health
awareness. In addition, diverse phytochemicals, absence of cholesterol, preference
for vegan foods, and limited milk availability are some of the factors contributing to
the expansion of nondairy, plant-based milk substitute industry. On the other hand,
major challenges include improving its sensory profile, removal of antinutritional
factors or undesirable beany flavor and poor protein quality. Among these, poor
protein quality could be manipulated by sourcing the proteins from pulses or other
legumes. To address other challenges, there is a need for concerted effort from the
researchers and industries to develop technologically feasible, functional, and nutri-
tionally superior beverage with an appreciable economics of operations. Conclusive
research evidences are also required to understand the complete health benefits of
plant-based milks in human nutrition so that it paves way for development of novel,
nutritionally superior products of plant sources. It can be safely concluded that this
arena of research offers ample scope for plant biochemists, nutritionists, and food
technologists to develop superior food products.
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Chapter 6
Legumes and Pulses: Ways and Means
to Enhance the Protein Quality
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Suneha Goswami, Gyan P. Mishra, and Chellapilla Bharadwaj

Abstract Leguminous crops such as peas, beans, pigeon pea, lentils, and chickpea
are also called as pulses. Pulses constitute one of the paramount sources of dietary
proteins for major parts of the world’s population, especially in those regions
wherein consumption of animal protein is limited due to higher cost,
nonaccessibility, and religious or cultural beliefs. In general, quality protein is
mostly derived from animal source. The essential amino acids can also be obtained
from plant proteins especially legume proteins by pairing them with cereal grains/
proteins. Since, pulses have twofold high-protein content, compared with cereal
grains, pulses can make an excellent complementary food source of protein for
infants, children, and adults. In order to cater to the consumer’s demand for plant
proteins, various processing techniques have been employed to enhance the protein
quality including protein digestibility. Thermal processing (cooking, autoclaving,
heating, and microwave), germination, irradiation, fermentation, extrusion, and
spray- and freeze-drying methods have been adopted for improving the protein
quality, especially protein digestibility, in pulses. Biofortification and genetic engi-
neering approaches could also contribute as viable options to enhance essential
amino acids or quality protein in mature seeds. Adoption of economically feasible
options like processing methods discussed in this chapter and genetic enhancement
of essential amino acids as well as protein quality in pulses and legumes can greatly
help in alleviating malnutrition.
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6.1 Introduction

Leguminous crops such as beans, peas, lentils, pigeon pea, and chickpea are also
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called as pulses. Pulses constitute one of the principal sources of dietary proteins for
major parts of the world, especially in those regions wherein utilization of animal
protein is limited due to higher cost, non-accessibility, and religious or cultural
beliefs. In general, pulses contain crude protein in the range of 21–40% by weight
and are excellent source of protein than cereals like wheat, rice, barley, and quinoa
(Nosworthy and House 2017). The amino acid composition of various pulses is
presented in Table 6.1. Proteins are indispensable component of human nutrition and
play an essential role in biological and cellular processes. These processes regulate
the structural and functional role in living systems right from building tissues,
muscles, immunity, synthesis of hormones, enzymes, and energy. Proteins are
made of amino acids—among them, nine amino acids (histidine, isoleucine, leucine,
lysine, methionine, phenylalanine, threonine, tryptophan, and valine) are considered
as essential and are indispensable. Humans including other vertebrates cannot
synthesize these amino acids in their body using metabolic intermediates and
hence are required from daily dietary sources. Fundamentally, these essential
amino acids can be obtained from single complete protein or quality protein which
is generally derived from animal source. Protein quality is determined by taking into
account of composition of essential amino acids, and its digestibility and bioavail-
ability, and those proteins which satisfy the metabolic demands of these three
components are called as quality food proteins. The essential amino acids can be
obtained from incomplete proteins, especially plant-based proteins, wherein they are
limited by one or two essential amino acids; for example, methionine and tryptophan
are limited in pulses and lysine in cereals. In general, plant protein have digestibility
rate of 75–80% compared to animal proteins (90–95%) (Sa et al. 2019). If pulses are
paired with cereal grains/proteins, plant proteins can fulfill the daily requirement of
essential amino acids at affordable price. Globally, plant-based proteins are in high
demand not only because of its affordability, but most plant-based proteins contain a
negligible amount of saturated fat, are cholesterol-free, and have heme iron and
higher fiber; above all, they are an excellent source of antioxidants and other
phytochemicals, which help in reducing risk of heart, and obesity related diseases.
Several other studies have shown the advantages of daily intake of plant-based
protein compared with animal proteins for minimizing the blood pressure (Elliott
et al. 2006; Altorf-van der Kuil et al. 2012) and the risk of type 2 diabetes (Pounis
et al. 2010; Sluijs et al. 2010). Pulses hold double the quantity of protein, compared
with cereals, and hence, pulses can make an excellent complementary food source of
protein for infants, children, and adults to meet their daily protein requirement in the
diet.

In order to cater the consumer’s demand for plant-based proteins, several
processing techniques have been employed to enhance the protein quality, especially
the trait protein digestibility. Thermal processing (cooking, autoclaving, heating, and
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6.2 Protein Quality Assessment

The protein quality depends on the types of amino acids particularly the dietary
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microwave) is adopted for improving the protein quality though other processing
techniques like germination, irradiation, fermentation, extrusion, spray-drying and
freeze-drying methods are in vogue. The major challenge in utilizing plant proteins
is to develop novel food processing techniques that could successfully blend two or
more plant proteins to yield a complete protein and simultaneously enhances the
protein quality and functional properties. Furthermore, the developed plant protein
products must satisfy consumer’s acceptance in terms of taste, texture, flavor,
nutrition, and affordability. Protein quality enhancement is also been addressed by
genetic manipulation of seed storage proteins and engineering of synthetic proteins
which are tailored to meet the market specifications and consumer’s demand (Young
and Pellet 1994; Jiang et al. 2016). This chapter majorly focuses on strategies like
supplementation, processing techniques, and genetic tools that help in improving the
quality of plant proteins.

indispensable amino acids, the physiological utilization of specific amino acids after
digestion (or protein digestibility), as well as their bioavailability (Friedman 1996;
Butts et al. 2012). The digestibility of protein starts with hydration and solubilization
in the mouth. Once the food reaches the stomach, HCl denatures the proteins and
enables proteolytic digestive enzymes to act upon the peptide bond. The pepsinogen
produced in the stomach is converted into the pepsin (a type of protease enzyme) by
HCl, which helps in cleavage of food-derived proteins into peptides. The proteolytic
enzymes such as trypsin, chymotrypsin, carboxypeptidases, collagenase, and elas-
tase secreted by pancreas enter into the duodenum and further catalyze cleavage of
peptides into smaller peptides. The aminopeptidases and tripeptidases present in the
small intestine further cleave shorter peptides into amino acids or dipeptides and
tripeptides, which facilitates its absorption by the mucosal cells of intestine.
Unabsorbed or undigested peptide/nitrogenous residues are transported to the large
intestine (colon), wherein possibility of exposure of these substances into microbial
modifications within the large intestine can occur, prior to fecal excretion.

The nutritional quality of the dietary proteins can be assessed using a variety of
different markers and approaches such as amino acid score (AAS), nitrogen balance
(NB), protein efficiency ratio (PER), net protein ratio (or retention) (NPR), net
protein utilization (NPU), protein digestibility, biological value (BV), and protein
digestibility corrected amino acid score (PDCAAS) (Boye et al. 2012). These bio-
assays (PER, NPR, NPU), mostly performed on animal models such as laboratory
mice, are questionable as the amino acid requirements of these animals are quite
different from humans and also entail time and are expensive (Schaafsma 2012). The
in vitro protein digestibility (IVPD) methodology can be adopted to quickly evaluate



6.3 Processing Techniques to Improve the Protein
Digestibility

Germination is also called as a bioprocess involving a series of biochemical reactions

protein digestibility as compared to in vivo methods. The in vitro assays are simple,
inexpensive, reliable, and rapid. In vitro methods also provide information on
protein stability and quality and can be used for quick profiling of large number of
samples (Coda et al. 2017). The PDCAAS method, which was approved and
recommended by Food and Agriculture Organization (FAO) in 1991 to determine
protein quality, is most widely used method which considers two factors into
account such as availability of essential (indispensable) amino acids and protein
digestibility (Butts et al. 2012; Tavano et al. 2016). In PDCAAS, amino acid profile
of a food protein is compared to a reference value, and an amino acid score is
determined by the ratio of the limiting amino acid content in the test protein to that of
the reference protein. The amino acid score is then corrected by multiplying with
digestibility (true digestibility, fecal digestibility or in vitro digestibility) of the
protein to generate a PDCAAS value (Schaafsma 2012; Hughes et al. 2011).
There are different recommended patterns given by FAO or World Health Organi-
zation (WHO). For infants under 1 year of age, the recommended reference protein is
human milk protein and the reference pattern used for other age groups is the amino
acid scoring pattern recommended by FAO/WHO (1991) for children in the age
group of 2–5 years, since at this age the requirement of the essential amino acids by
human body is the maximum, and further, it decreases slightly with advancing age
(Schaafsma 2012).
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6.3.1 Germination

that facilitates changes in protein content by activating the transcriptional machinery
of seeds (Ohanenye et al. 2020; Weitbrecht et al. 2011). Seed protein quality is
determined by seed structure, primary structure of proteins, and antinutritional
compounds (phytic acids, polyphenols, trypsin–chymotrypsin inhibitors, and tan-
nins). Therefore, germination helps in improving protein digestibility in legume
seeds by disintegrating cell wall, stored proteins in the seed, and antinutrients.
Germination of lentil and faba bean favored protein digestibility causing reduced
content of antinutrients (phytic acid and tannins) (Expósito et al. 2021). Enhanced
true protein digestibility (TPD) in cooked black bean products was reported by
Kannan et al. (2011), and they observed no correlation between TDS and PDCAAS
due to limiting amino acid score. However, highest TPD and PDCAAS values were
observed for cooked germinated beans in combination with rice. Little effect of
germination on amino acid profile of cowpea was documented; however, increased
in vitro starch and protein digestibility with higher PDCAAS score were documented



6.3.2 Infrared Heating and Wet/Heat Moisture Treatment

Depending on the degree of processing and its types, protein digestibility and

in germinated cowpea flour-based weaning food (Jirapa et al. 2001). Germinated
mung bean, chickpea, and cowpea not only showed increased IVPD in the order of
15–25, 6–17, and 6–17%, but also influenced the higher protein content in the order
of 9–11, 11–16, and 8–11% (Uppal and Bains 2012). A sixth day after germination
caused increased protein content in chickpea (Cicer aretinium L.), lentil (Lens
culinaris Merr.), and yellow pea (Pisum sativum L.) (Xu et al. 2019). Indian bean
(Dolichos lablab var. lignosus) was found to have increased IVPD and PER after
32 h of germination and was comparable with that of reference protein casein
(Ramakrishna et al. 2008). In addition to protein, germination of green gram
(Vigna radiata (L.) R. Wilczek), cowpea (Vigna unguiculata (L.) Walp.), lentil
(Lens culinaris Medik.), and chickpea (Cicer arietinum L.) caused a significant
increase in in vitro iron, calcium bioavailability, thiamine content, and in vitro
protein digestibility (Ghavide and Prakash 2007). Increased methionine content
was reported in germinated soybean and lupin seeds (Escobedo et al. 2014; Chilomer
et al. 2010; Martínez-Villaluenga et al. 2010). Enhanced digestibility of protein was
due to germination and is majorly attributed to increased enzymatic hydrolysis of
protein that causes compositional changes in the constituents like phytic acid, poly-
phenols, and protease inhibitors (Chitra et al. 1996; Mbithi-Mwikya et al. 2000; Bau
et al. 1997).

112 T. Vinutha et al.

compositions of amino acid can be modified to improve the protein quality or
nutritional value of the food grains/flours. Significant increase in the PDCAAS
value from 0.65 to 0.71 was only found in desi chickpea when the sample was
subjected to tempering (20% moisture) and heating at 135 �C (Bai et al. 2018).
Enrichment of protein quality and digestibility of starch in navy bean and chickpea
seeds was reported utilizing infrared heating with tempering (Guldiken et al. 2022).
Total essential amino acid content increased in cowpea, pea, and kidney beans
following soaking, boiling, microwave cooking, and autoclaving treatments
(Khattab et al. 2009). The sulfur-containing amino acids were also increased, and
the autoclaving was found to be highly efficient in improving the protein quality in
terms of PER and amino acid scores. IVPD and PER improved by all cooking
treatments from 84 to 90% and 2.3 to approximately 2.5, respectively. The
improved IVPD was due to decreased antinutritional compounds (phytic acid,
tannins, trypsin inhibitor, hemagglutinin activity, and saponins) in chickpea
(Saleh and El-Adawy 2006). Soaking followed by cooking was found to be highly
effective in reducing trypsin inhibitor activity in Dolichos lablab beans, and
improved IVPD was observed in mung bean, chickpea, and cowpea sprouts upon
pressure cooking and microwaving (Osman 2007; Uppal and Bains 2012). These
processing treatments cause partial denaturation of protein, thereby providing easy



6.3.3 Extrusion

Extrusion is thermomechanical process which involves subjecting the food ingredi-

6.3.4 Irradiation

Food irradiation is a kind of processing technique, wherein food is exposed to

accessibility to the action of protease digestive enzymes. It also destroys protease
inhibitors at different levels of seed moisture and surface temperatures which in turn
affects the protein quality, functional, physicochemical, and nutritional properties
of the flours.
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ent to high-temperature and high-shearing processes and is predominantly used in
food texturization, commercially being used for the production of various snacks. It
is effective in reducing the activity of antinutritive compounds (Cotacallapa-
Sucapuca et al. 2021). The high temperature and shear pressure in the process induce
chemical and structural changes and cause denaturation of protein which in turn
affects protein digestibility. The impact of extrusion process on the protein or amino
acid content of various pulses was documented (Batista et al. 2010; Kelkar et al.
2012; Simons et al. 2015). Although the process of extrusion does not facilitate
alteration in protein content in beans (Batista et al. 2010; Simons et al. 2015),
reduced sulfur-containing amino acid like cysteine and methionine was observed
due to high temperatures and disruptive forces of the extruding process (Arija et al.
2006). Increased IVPD was reported in faba bean, pea, chickpea, and kidney beans at
extrusion conditions of 140–180 �C (El-Hady and Habiba 2003; Nosworthy et al.
2018; Batista et al. 2010). Slight increase in protein recovery with decreased trypsin
inhibitory activity was observed in extruded pea seeds. Significant decrease in
valine, phenylalanine, and lysine content was reported at 129 �C, and decreased
trypsin content was observed at 142 �C (Frias et al. 2011). Enhanced protein
digestibility by 56% was observed in cooked cowpea flour subjected to extrusion
at 120 �C (Batista et al. 2010). It was reported that extrusion did not impact the
protein digestibility of soybean; however, it helped to reduce trypsin inhibitors
(Bertipaglia et al. 2008).

ionizing radiation (alpha, beta, gamma, X-ray, or energetic electrons), to destroy
pathogens of microbial origin and insects which influences food quality as well as
safety. Depending upon the purpose, different doses of irradiation are being used; for
instance, <1 kGy is used to achieve insect disinfection, delayed sprouting, and
ripening; 1–10 kGy is being employed to kill microorganisms and to change the



6.3.5 Fermentation

Fermentation is a type of processing technique, wherein desirable biochemical

functional properties of food, whereas 10–50 kGy is utilized for commercial steril-
ization like virus elimination (Ehlermann 2016; Lima et al. 2019). Food irradiation is
not allowed to employ for nutritional profile modification; nevertheless, its impact
on protein quality has been evaluated. The dry common beans showed improved
protein digestibility when irradiated with 1, 5, and 10 kGy doses of γ-radiation using
60Co as source (Lima et al. 2019). Electron beam-irradiated lotus seeds showed
higher content of essential amino acid like threonine, valine, leucine, tyrosine,
tryptophan, and lysine; however, decreased PDCAAS from 43 to 24% was reported
when the samples were subjected to 30 kGy irradiation (Bhat and Sridhar 2008).
Irradiation at 0.5–1 kGy improved protein digestibility (79.9%) and decreased phytic
acid in Sudanese faba bean (Osman et al. 2014).
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changes in food matrix are brought by microorganisms (bacteria, molds, and yeasts)
particularly through enzymatic action (Kahajdova and Karovicova 2007). It is being
adopted to improve the nutrient bioaccessibility as well as bioavailability from
various food sources (Hotz and Gibson 2007) and improves shelf life and organo-
leptic properties of food (Chaves‐Lopez et al. 2014). Fermentation aids in hydrolysis
process which could contribute to decreased antinutritional compounds and thus
helps in nutritional quality enhancement in the food. Fermented chickpea seeds
(soaked chickpeas subjected to cooking at 90 �C for 30 min and inoculated with
Rhizopus oligosporus and allowed for fermentation at 34.9 �C for 51.3 h followed by
drying at 52 �C for 12 h followed by milling) showed improved IVPD of 83%
compared to unfermented seeds (72%). Further, improved PER, NPR, and PDCAAS
from 1.6 to 2.3, 2.7 to 3, and 73 to 92%, respectively, were reported (Angulo-
Bejarano et al. 2008). A fermented product of common beans (tempeh-type) pre-
pared using R. oligosporus showed decreased trypsin inhibitor, phytic acid content,
and improved protein quality (Paredes-López and Harry 1989). Increased protein
digestibility was attributed to increased proteolytic enzymes, wherein fermentation
process not only degrades antinutritional compounds but also helps in breaking
down complex proteins into simpler and smaller peptides, thereby facilitating release
of peptides and amino acids (Nkhata et al. 2018). However, Kannan et al. (2011)
found no significant increase in PDCAAS scores in fermented black bean products.
The effects of physical processing methods on protein quality of pulses are summa-
rized in a Fig. 6.1.
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Fig. 6.1 Graphical representation showing the effect of physical processing methods on protein
quality of pulses

6.4 Genetic Approaches to Enhance Protein Quality
of Pulses

Biofortification of crops with quality protein or essential amino acids through
genetic engineering approach has both economic and nutritional significance. Appli-
cation of genetic approaches to improve protein quality of crop is predominantly
restricted to model plants with enhanced essential amino acid (like Lys, Trp, and
Met) synthesis. Due to lack of annotated crop genome sequences, this approach
has witnessed limited success in crop species. Nevertheless, enhanced methionine
content (11.11 mg/g protein) in soybean was reported by overexpressing de novo
synthetic protein—MB16 (Zhang et al. 2014). Overexpression of endogenous
Met-rich protein is one of the strategies to address the deficiency of sulfur-containing
amino acids (SAA) in plants. This approach was used to enhance total methionine
content in seeds by 6.8% in transgenic soybean (Yamada et al. 2008). Enrichment of
free SAA as well as increased SAA-rich seed proteins was successful in narbon bean
(Vicia narbonensis)—a close relative of faba bean (Demidov et al. 2003).
Overexpression of 2S albumin storage protein and bacterial aspartate kinase gene
resulted in enhanced seed methionine content up to 2.4-fold compared to that of wild
type. The impact of starch biosynthesis on seed protein content especially albumin
fraction (rich in SAA) was reported, wherein mutation in genetic loci of pea plants
showed lower levels of starch content and enhanced protein content with relatively
high content of the albumin fraction of seed protein (Casey et al. 1998; Hughes et al.
2001). Glycine max 2S-1 (post-translationally processed 2S-albumin) was reported
as a candidate gene for overexpression approach to enhance protein quality in
legumes including soybean (Galvez et al. 2008). Modification of nucleotide



sequence in an endogenous gene has also found to be promising approach to enhance
SAA; for instance, a part of gene (45 bp sequence) that encodes Met-rich region was
isolated from maize and incorporated into a β-phaseolin gene from Phaseolus
vulgaris for overexpression (Hoffman et al. 1988). Several Met-rich proteins were
detected in soybean which helps in utilizing these proteins in enhancing protein
quality (George and De Lumen 1991). Transgenic soybean and canola plants were
developed by overexpressing bacterial DHPS (dihydrodipicolinate synthase) gene
and observed elevated levels of free lysine in mature seeds (Falco et al. 1995).
Protein quality of rice was enhanced by overexpression of synthetically designed
fusion proteins and observed higher lysine and threonine content (Jiang et al. 2016).
Gibbon and Larkins (2005) developed “quality protein maize” and showed two fold
increase in lysine content in maize seeds, and it was achieved by using high lysine
maize mutant opaque2 (Mertz et al. 1964) as a parent line. Higher lysine content
(14%) in rice plants was achieved through regeneration from calli (Schaeffer and
Sharpe 1987). Through modification of biosynthetic and catabolic fluxes, increased
essential amino acid content, especially free lysine and methionine, was reported in
tobacco (Shaul and Galili 1992), canola (Falco et al. 1995), and Arabidopsis
(Ben-Tzvi Tzchori et al. 1996). Slight increase in free lysine was observed in rice
and barley through overexpression of bacterial DHPS (Lee et al. 2001; Brinch-
Pedersen et al. 1996). Improved amino acid contents like Lys and Thr in rice were
reported through silencing of LKR/SDH by RNA interference (RNAi) (Frizzi et al.
2008; Houmard et al. 2007). Increased free lysine (~60-fold) in rice seeds was
reported by overexpression of AK and DHPS as well as silencing LKR/SDH genes
by RNAi (Long et al. 2013). Transgenic maize and rice seeds with 10–65% and
20.6% lysine, respectively, were achieved through overexpression of 3 lysine-rich
genes in maize (Yue et al. 2014) and RLRH1 and RLRH2 in rice (Wong et al. 2015).
The salient achievements in the field of protein quality improvement in pulses and
other crops are summarized in Table 6.2.
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6.5 Concluding Remarks

As the world population, especially developing countries, is suffering from protein
malnutrition (hidden hunger), attaining nutritional security has become a major
challenge for the countries. The protein digestibility is determined by an amount
of protein absorbed by an organism relative to the total protein consumed; it depends
on the structure of proteins, processing methods, and the prevalence of
antinutritional compounds in the food that limit the digestion. Thus, the application
of suitable processing method to inactivate antinutritional factors and to modulate
the protein structure in favor of its digestibility can bring practical application of
plant protein as a animal protein substitution.



Crop Protein quality Genes involved References
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Table 6.2 The list of genes and proteins exploited for enhancing protein quality in pulses and other
crop plants using genetic engineering approach

Genetic
tools

Transgenic Soybean Enhanced
methionine
content

Synthetic protein (MB16) Zhang et al.
(2014)

Transgenic Soybean Methionine
enhanced by
6.8%

Gene encoding methionine-rich
protein

Yamada et al.
(2008)

Transgenic Narbon
bean

Enhanced SAA 2S Albumin storage protein and
bacterial aspartate kinase gene

Demidov et al.
(2003)

Transgenic Pea Enhanced
protein

Gene encoding albumin frac-
tion of seed protein

Casey et al.
(1998) and
Hughes et al.
(2001)

Transgenic Soybean Enhanced
methionine-
rich protein

Gm2S-1 (posttranslationally
processed 2S-albumin)

Galvez et al.
(2008)

Transgenic Common
bean

Enhanced SAA Fused protein of 45 bp
sequence encoding Met-rich
region from maize and gene
encoding β-phaseolin

Hoffman et al.
(1988)

Transgenic Soybean Elevated levels
of lysine

Bacterial DHPS Falco et al.
(1995)

Transgenic Rice Higher lysine
and methionine

Synthetic fusion proteins Jiang et al.
(2016)

Plant
breeding

Maize Higher lysine – Gibbon and
Larkins (2005)

Transgenic Tobacco High lysine
and methionine

Bacterial DHPS Shaul and
Galili (1992)

Transgenic Canola High lysine
and methionine

Bacterial DHPS Falco et al.
(1995)

Transgenic Arabidopsis High lysine
and methionine

Bacterial DHPS Ben-Tzvi
Tzchori et al.
(1996)

Transgenic Rice Slight increase
in lysine

Bacterial DHPS Lee et al.
(2001)

Transgenic Barley Slight increase
in lysine

Bacterial DHPS Brinch-
Pedersen et al.
(1996)

Transgenic Rice High lysine
and threonine

Silencing of LKR/SDH Frizzi et al.
(2008) and
Houmard et al.
(2007)

Transgenic Rice Higher lysine
(60-fold)

AK and DHPS Long et al.
(2013)
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Chapter 7
Microgreens: A Novel Food for Nutritional
Security

Gyan P. Mishra, Priti, H. K. Dikshit, Muraleedhar Aski, Seema Sangwan,
Tsering Stobdan, Ajeet Singh, Ranjeet Ranjan Kumar, and Shelly Praveen

Abstract Microgreens are 7–21-day-old seedlings of certain crop species which are
harvested at first true leave stage manually or mechanically cutting the seedlings
5–10 mm above the growing media surface. Microgreens are considered as high-
value functional foods as these are the storehouse of various antioxidants and certain
minerals like K, Ca, Fe, and Zn. Microgreens have gained a lot of attention and
popularity over last few years as a novel food, mainly due to their unique flavor,
color, texture, and nutritional profiles. Recent studies have revealed that microgreens
are richer than mature greens in some vitamins, sugars, and antioxidants, including
carotenoids. The consumption of microgreens also appears to be associated with
multiple health benefits like reduced risk of cardiovascular disease, possibly due to
prevention of hypercholesterolemia, and also provides protection against inflamma-
tory processes, oxidative stress, and chronic diseases. Until now, microgreens have
gained market mostly in the western countries; however, in other parts of the world,
this is gaining foothold, especially in the urban and peri-urban settings. Rapid
growth cycle, limited space requirement, rich flavor, diverse color, and highly
economic produce make microgreens a dietary alternative that may contribute to
the nutritional security of a large population. Success of microgreens technology will
largely depend on the collective and collaborative efforts from the industry and
researchers in the food chemistry, biochemistry, genetics, and human nutrition

G. P. Mishra (*) · Priti · H. K. Dikshit · M. Aski
Division of Genetics, Indian Agricultural Research Institute, New Delhi, India
e-mail: gyan_mishra@icar.gov.in

S. Sangwan
Division of Microbiology, Indian Agricultural Research Institute, New Delhi, India

T. Stobdan
Defence Institute of High Altitude Research, DRDO, Leh, Ladakh, India

A. Singh · R. R. Kumar
Division of Biochemistry, Indian Agricultural Research Institute, New Delhi, India

S. Praveen
Division of Biochemistry, ICAR-Indian Agricultural Research Institute, New Delhi, Delhi,
India

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022
R. S. V., S. Praveen (eds.), Conceptualizing Plant-Based Nutrition,
https://doi.org/10.1007/978-981-19-4590-8_7

123

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-4590-8_7&domain=pdf
mailto:gyan_mishra@icar.gov.in
https://doi.org/10.1007/978-981-19-4590-8_7#DOI


working to enhance the production of secondary metabolites. In this chapter, we
have comprehensively covered various functional and nutritional aspects of a num-
ber of microgreens which are popularly being grown and consumed across the globe.
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Keywords Biofortification · Functional foods · Lighting · Microgreens · Novel
foods

7.1 Introduction

In an era of fast-paced lifestyle, humans require easily available, and healthy food
options at affordable prices (Cohen and Garrett 2010). In this context, microgreens
are nutrient-rich food crops which can be produced from a number of crops like
vegetables, herbs, grains, or even some wild species. The term “microgreens” signify
the very small (“micro”) and delicate seedlings (mostly of “green” color) of certain
crop species which are consumed either raw or partially cooked. Microgreens are
also called “vegetable confetti” which are generally 7–21-day-old tender immature
greens of 5–10 cm height (Fig. 7.1) having three major parts, viz. stem, cotyledonary
leaf, and a pair of true leaves (Xiao et al. 2012; Sun et al. 2013). The global market of
microgreens can be segmented mainly into four broad categories, viz. (1) green types
like Brassicaceae (cabbage, broccoli, etc.), Asteraceae (lettuce, chicory, etc.),
Amaranthaceae (amaranth, spinach, etc.), Cucurbitaceae (cucumber, melons, etc.),
Lamiaceae (basil, mint, etc.), and others (lentils, mung bean, leeks, etc.); (2) farm

Fig. 7.1 Microgreens of (a) mungbean, (b) mustard, (c) red cabbage, and (d) lettuce



types (outdoor farming, greenhouse farming, vertical farming); (3) end uses (food
and beverages, cosmetics, etc.); and (4) geographical region-based (North America,
Latin America, Europe, Asia Pacific, Middle East, and Africa) (Globe Newswire
Europe 2018; Samuolienė et al. 2013a).
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The United States of America (U.S.A.) is a major producer of microgreens in the
global market which is followed by Canada and Mexico. In terms of geography,
North America is leading the microgreens market with a share of nearly 50% in
terms of dollar sales in 2019. The large-scale microgreens farming and consumption
(mostly in the restaurants) in the U.S.A. are supporting the microgreens market in
this region (https://www.datamintelligence.com). During the 5-year period of
2020–2025, the global microgreens market is anticipated to grow at a CAGR
(compound annual growth rate) of 7.5–8.0% (www.researchandmarkets.com),
while in U.S.A. it is projected to register a CAGR of 10.1% (www.reportlinker.
com). Overall, the market of indoor farming, including the hydroponic system kits
for microgreens, was assessed to have a worth of nearly 25.40 billion US dollars in
the year 2017 and is expected to reach the value of 40.25 billion US dollars (Globe
Newswire Europe 2018).

Microgreens, as a culinary delight, were first reported in late 1980s by the chefs of
some restaurants in San Francisco, California (USA), especially in imparting color
and flavor to the cuisines. It has then gained attention during last decade as an
innovative cooking constituent (Treadwell et al. 2010). The popularity of
microgreens is also due to their uniquely varied colors, delicate structures, textures,
and flavors, which are required for the garnishing of salads, sandwiches, soups, etc.
(www.agresearchmag.ars.usda.gov). In addition, microgreens are loaded with an
array of phytonutrient constituents possessing potential bioactive functions (Sun
et al. 2013; Mishra et al. 2022; Xiao et al. 2012).

Microgreens are sometimes misconstrued as sprouts and baby greens or baby
leaf. However, sprouts, microgreens, and baby leaf are of different food categories
which are of special interest due to their unique sensorial and nutritional properties.
According to definition of European Union (2013), “sprouts” are the “product
obtained from the germination of seeds and their development in water or another
medium, harvested before the development of true leaves and which is intended to be
eaten whole, including the seed” (EU/208/2013), while “baby leaf” is the “young
leaves and petioles of any crops (including Brassica) harvested up to 8 true leaf
stage” (EU 752/2014). However, till now there is no “legal definition” for
“microgreens,” and it is still a marketing or a commercial term (Treadwell et al.
2010). The fine differences between these terminologies are presented in the
Table 7.1.

Microgreens differ from sprouts as the former requires light, a growing medium
(both soil or soilless), more growth period, and shoots are the edible portion.
Nevertheless, compared to baby greens, microgreens need less growth period, do
not necessitate any agrochemicals, and may be marketed without cutting of the
seedlings (with growing media), which extends their shelf life window (www.
botanicalinterests.com). However, all the three are preferably consumed as raw
(Di Gioia et al. 2017a). When microgreens are grown in some solid medium (soil,

https://www.datamintelligence.com
http://www.researchandmarkets.com
http://www.reportlinker.com
http://www.reportlinker.com
http://www.agresearchmag.ars.usda.gov
http://www.botanicalinterests.com
http://www.botanicalinterests.com


Features Sprouts Microgreens

peat, vermiculite, etc.), they pose very little risk of microbial contamination com-
pared to that of sprouts (Di Gioia et al. 2017a).
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Table 7.1 Key characteristics of sprouts, microgreens, and baby leaf or baby greens

Baby leaf/baby
greens

Growth period
(day)

4–10 7–21 20–40

Edible portion Sprout Shoots (cotyledons and first
pair of true leaves, but no
roots)

True leaves
(no roots)

Growth system Soilless (only water) Mainly soilless (require some
growing medium)

Soil or soilless
(as growing
medium)

Light
requirement

No Yes Yes

Nutrient
requirement

No Yes (if growing medium is
devoid of nutrients)

Yes

Agrochemicals
requirements

No No Yes

Plant harvest
stage

After germination but
before full cotyledonary
leaves stage

Generally, between full coty-
ledonary leaf and first true
leaves stage

Between first to
eighth true
leaves stage

Harvesting
(cutting)

No Yes Yes

Adapted from Di Gioia et al. (2015, 2017a)

Microgreens can be comfortably grown either at home or at commercial scale
under controlled environmental conditions (greenhouses) or even under open con-
ditions, irrespective of the season (Ebert et al. 2015, 2017) in a variety of growing
medium (soil, soilless), depending on the scale of production. The growing media is
very crucial for the proper germination and growth of microgreens. The desired
physical properties of the solid growing media include nearly 85% porosity, water
holding capacity between 55 and 70% of the total volume, and aeration to the extent
of 20–30% of total volume for the roots (Abad et al. 2001). The growing media can
be organic (peat, coir, etc.) or inorganic (like perlite and vermiculite). The most
commonly used growing substrates for the microgreens production are vermiculite,
peat, sand, and perlite either individually or in combination depending on the species
grown (Di Gioia et al. 2015). Desired chemical properties of the media include a pH
range of 5.5–6.5 and electrical conductivity below 500 μS/cm and should be free of
any heavy metal and microbial contamination such as Salmonella and E. coli
(Di Gioia et al. 2015, 2017a). Microgreens are generally grown in the plastic trays,
of various sizes having depth of 3–5 cm, which is required for placing the ample
growing medium to support the microgreens till it reaches the harvesting stage.
Based on the type of microgreens grown, the base of the tray can be with or without
holes, more often with holes for facilitation of the drainage (Di Gioia et al. 2015).



The trays should be placed on a leveled surface on the benches (movable or static)
(Di Gioia et al. 2017a).

Special attention is required while harvesting the microgreens to avoid the
sticking of any growing media particles and seed integuments which in certain
species tend to remain attached (Di Gioia et al. 2015). Immediately after the harvest,
microgreens are washed and cooled (1–5 �C) (Kyriacou et al. 2016) or alternatively
marketed in trays or growing plants are packed with the growing media (Di Gioia
et al. 2017a). Thus, postharvest handling is very crucial for extending the shelf life of
the microgreens which otherwise are highly perishable. A method of shelf life
extension of microgreens, to at least 10 days, has been patented by Sasuga (2014).
The most important parameters for the storage of microgreens are temperature
(18–24 �C) and relative humidity (40–60%) (Hodges and Toivonen 2008) as these
factors significantly affect the tissue electrolytic leakage and influence microbial
contamination (Kou et al. 2013).

Phytonutrient content is reportedly varying with the changing growth stage of the
plants, and a decrease has been observed from the seedling (sprout/microgreen) to
the fully grown stage. Seed germination enhances the nutritive value of the plants by
activation of the enzymes which reduces or even eliminates the antinutritional
factors, especially in the legumes (Bau et al. 1997; Mubarak 2005). During germi-
nation, there is breakdown of fibrous components which are bound to vitamins,
minerals, and amino acids, and thus, the availability of these desired phytochemicals
including micronutrients like Fe and Zn increases. In addition, germination also
eliminates the flatulence-causing agents (Bird 2014).

Considering a few days of photosynthesis, microgreens are reported to contain
much higher contents of various antioxidants, vitamins, and minerals than the
sprouts. In general, microgreens contain nearly 4–6 times more nutrients than that
of their mature leaves. Microgreens contain relatively high phytonutrients (ascorbic
acid, β-carotene, α-tocopherol, and phylloquinone) and minerals (Ca, Mg, Fe, Mn,
Zn, Se, and Mo) and less nitrate contents than their mature counterparts (Pinto et al.
2015; Xiao et al. 2012). In this context, microgreens are one of the novel food
products which could also be considered as functional and nutraceutical foods for the
health-conscious consumers (Kyriacou et al. 2016). Microgreens offer a great
potential to become a food of choice to achieve nutritional security of a broad
range of settlements due to their ease in the cultivation under varied environmental
conditions.

7.2 Crop Species Suitable for Microgreens Cultivation

The crop species used for the production of microgreens are generally of intense
color and flavor and rich in various phytochemicals such as antioxidants and
vitamins. In addition, the selected crop species are of such type which can be
consumed raw as seedlings. A range of crops can be used for the production of
microgreens which include beet, broccoli, flax, kale, peas, and radish. The most
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commonly used species are from the crop families like Amaranthaceae,
Amaryllidaceae, Apiaceae, Asteraceae, Brassicaceae, Chenopodiaceae,
Cucurbitaceae, Fabaceae, and Lamiaceae.
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Table 7.2 List of commonly grown microgreens belonging to nine crop families

S. no. Family/species Species

1. Amaranthaceae Amaranth, beet, chard, quinoa, spinach

2. Amaryllidaceae Chive, garlic, leeks, onion

3. Apiaceae Carrot, celery, dill, fennel

4. Asteraceae Chicory, endive, lettuce, radicchio

5. Brassicaceae Arugula, broccoli, cabbage, cauliflower, Chinese cabbage, kale, mus-
tard, radish, radish, savoy cabbage, tatsoi, watercress

6. Cucurbitaceae Cucumber, melon, squash

7. Fabaceae Alfalfa, beans, chickpea, clover, fenugreek, fava bean, lentil, mung
bean, pea

8. Lamiaceae Mint, basil, rosemary, sage, oregano

9. Poaceae Barley, corn, rice, oat, pearl millet, wheatgrass

10. Aromatic
species

Basil, chives, cilantro, cumin

11. Wild edible
plants

Amaranth, Beta vulgaris, borage, common dandelion, Diplotaxis
erucoides, goatsbeard, Portulaca oleracea, prickly golden fleece,
pigweed, salicornia, sea fennel, wild chicory, wild fennel, wild radish,
white mustard

Source: https://grocycle.com/types-of-microgreens/; Turner et al. (2020) and Di Gioia et al. (2015)

Some members of the solanaceous family (tomato, brinjal, and pepper) are not
considered edible as they contain various antinutrients (Di Gioia et al. 2015) and thus
cannot be grown as the microgreens. Even among the edible species, there are
various other factors like palatability, flavor, smell, texture, and color that are key
traits for the consumer acceptability, while companies/producers of the microgreens
look for attractive colors, shapes, flavor, and shelf life (Di Gioia et al. 2015). From
the commercial perspective, the selection of microgreens species should be based on
the availability of good quality untreated seeds with high and homogeneous germi-
nation and have least unit cost of the seeds (Di Gioia et al. 2017a). A comprehensive
list of microgreens under cultivation across different countries is presented in
Tables 7.2 and 7.3.

7.3 Growth Conditions and Quality of Microgreens

A number of factors that regulate the overall quality of microgreens and phytochem-
ical contents are (1) genetic variability (between and within the taxa), (2) environ-
mental impact (temperature, light quality, and quantity, photoperiod, etc.), and
(3) genotype and environmental interaction. However, these factors have not yet
been investigated very critically for a large number of species used in the production

https://grocycle.com/types-of-microgreens/;
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of microgreens. Very high variations in the bioactive contents largely depend upon
both the genetics of the trait and also on the prevailing environmental conditions
(Kader 2008). Hitherto, the effect of light quality and quantity is one of the most
investigated parameters which is known to regulate the overall biochemical compo-
sition of the microgreens.
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7.3.1 Light Spectra and the Biochemical Composition
of Microgreens

The morphophysiology of microgreens is highly influenced by the light conditions
as it significantly regulates the biosynthesis and accumulation of various phyto-
chemicals (Delian et al. 2015). Light quality has more definite effects over light
intensity or photoperiod in the regulation of growth and physiology of the
microgreens (Bian et al. 2015). Instead of natural lighting, growers prefer to use
high-pressure sodium (HPS) lamps (~150 μmol/m2/s) (Vaštakaitė and Viršilė 2015).
However, research is exploring the utility of light-emitting diode (LED)-based
illumination for the optimal microgreens cultivation (Agarwal and Gupta 2016), as
these can be matched with the plant photoreceptors to optimize the production of
various phytochemicals (Morrow 2008). LED-based systems are environment
friendly over HPS, and they allow even light dispersal over any conventional
lighting systems (Agarwal and Gupta 2016; Morrow 2008).

Moreover, the light quality in terms of photon flux and photoperiod (wavelength)
can help in the improvement of some biochemicals, thereby regulating the functional
quality of microgreens (Kyriacou et al. 2016). Supplementation with green light and
standard LED illumination (blue/red/far-red) has shown the improvement in the
carotenoid content of the mustard microgreens and red pak choi/tatsoi microgreens,
respectively (Brazaitytė et al. 2015a). Three-day application of supplementary red
light (pre-harvest) has recorded better antioxidant levels in some microgreens
(Samuolienė et al. 2012). Red, blue, or mix of theses lights were found more
effective over white or yellow light alone in reducing the undesirable nitrates
contents in the microgreens (Ohashi-Kaneko et al. 2007; Qi et al. 2007). Neverthe-
less, the precise molecular or biochemical mechanisms regulating the spectral
quality-induced variations in the bioactive compounds of the microgreens have not
been uncovered yet (Kyriacou et al. 2017).

Light quality is known to affect various plant growth, color, flavor, and nutrition-
related parameters (Kyriacou et al. 2016). Alrifai et al. (2019) found red, blue, and
combined lights are more effective than the white light for better photosynthesis and
metabolism. Better antioxidant profile of lentil and wheat was recorded when
supplemented with green light (510 nm) (Samuolienė et al. 2011), while better
mineral profile was observed in beet microgreens (Brazaitytė et al. 2018). Green
LED lighting produced different anthocyanin levels in the microgreens produced
from the green and red genotypes of the same species (Carvalho and Folta 2016).



However, red and blue lights showed improved phenolic content and free radical
scavenging activity in the green and red ocimum cultivars, respectively (Lobiuc et al.
2017). Amber light (595 nm) supplementation enhanced antioxidants in radish
sprouts (Samuolienė et al. 2011), while supplementation of short-term red LED
lighting could alter the antioxidant composition in some of the microgreens includ-
ing ocimum, amaranth, brassica, spinach, broccoli, beetroot, and green peas
(Samuolienė et al. 2012). In general, supplemental light wavelengths are reported
to cause enhanced production of various bioactive compounds, which could play
protective role against mild photooxidative stress, in a number of microgreens
species.
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Vaštakaitė et al. (2015b) imposed photostress by both insufficient and an excess
of blue light, which has resulted in the biosynthesis of various protective antioxi-
dants. Differential synthesis of various phytochemicals and antioxidant activity
under similar supplemental lighting is dependent on genotype and the season of
cultivation (Turner et al. 2020). The presence of relative cloud cover, day length of
the microgreen growing period, and incident light angle are some of the key factors
affecting both light quality and quantity which suggests the importance of the
supplemental light while growing microgreens (Turner et al. 2020).

Ultraviolet (UV) spectra, which fall beyond the visible spectra, are also reported
to influence the physiological responses of the plants, and UV-A (320–400 nm)
spectrum is considered least harmful (Brazaitytė et al. 2015b). A number of studies
have shown that by changing the spectral composition, certain targeted phytochem-
icals content of the microgreens can be modified (Table 7.4).

Besides the wavelength, even changes in the light pulse frequency can also
influence the overall plant developmental and photosynthetic activities (Ani et al.
2014; Vaštakaitė et al. 2017, 2018). Same light quality with varying irradiance levels
may cause differential effects on overall nutritional quality of microgreens. High-
light conditions cause increased photosynthesis in the growing microgreens, which
in turn reduces the susceptibility to photodamage. However, low-light conditions
increase the number of light-harvesting complexes for the optimized light utilization
(Walters 2005).

Photoperiod also affects the accumulation of various phytochemicals in the
microgreens, and it interacts with both quality and intensity of the light used for
growth and development of microgreens. Effect of light intensity on the growth and
nutrition of microgreens is well known, but the effect of photoperiod has not been
thoroughly investigated. However, the effect of photoperiod on the nutrient compo-
sition of baby spinach was reported by Lester et al. (2010, 2013). In case of
pea-derived microgreens, Wu et al. (2007) studied the effects of 96-h continuous
illumination based on blue, red, and white LEDs on biosynthesis and accumulation
of various phytochemicals. In-depth research is required to unravel the mechanism
regulating the induction of secondary metabolites synthesis and light-associated
signal transduction pathways in different microgreens species (Kyriacou et al. 2016).

Environmental conditions of high-altitude regions (Leh, India), especially regions
having wide temperature amplitude, PAR, and UV-B content, cause differential
nutrient profile of the lentil and mung bean microgreens when compared to that of



(continued)
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Table 7.4 Effect of light quality and quantity on the growth and nutritional composition of various
microgreens

S. no.
Microgreens
species Lighting Effect References

1. Kale, broc-
coli, pea

Red (638 nm) Increased (ascorbic acid,
phenolics, anthocyanins)

Samuolienė
et al. (2012)

2. Mustard,
borage, beet,
parsley

Red (638 nm) Reduced (anthocyanins) Samuolienė
et al. (2012)

3. Mustard 463 μmol/m2/s Reduced (β-carotene)
Increased (zeaxanthin)

Kopsell et al.
(2012)

4. Purple mint
(Perilla
frutescens)

Red (638 nm) Increased (anthocyanins,
ascorbic acid)
Decreased (nitrate
content)

Brazaitytė
et al. (2013)

5. Broccoli Blue (470 nm; 41 μmol/
m2/s)

Increased (β-carotene,
violaxanthin,
glucoraphanin, K, Mg, Fe)

Kopsell and
Sams (2013)

6. Broccoli Red (627 nm;
88%) + blue (470 nm;
12%); 350 μmol/m2/s

Decreased (β-carotene,
violaxanthin,
glucoraphanin, K, Mg, Fe)

Kopsell and
Sams (2013)

7. Kohlrabi,
mustard, red
pak choi,
tatsoi

330–440 μmol/m2/s Increased (leaf area,
anthocyanins, phenolics,
DPPH activity)
Decreased (nitrate
content)

Samuolienė
et al. (2013b)

8. Tatsoi, red
pak choi

110–220 μmol/m2/s Increased (ascorbic acid,
α-tocopherol)

Samuolienė
et al. (2013b)

9. Lettuce Red + blue + white;
400–600 μmol/m2/s

Increased (biomass) Lin et al.
(2013)

10. Red pak
choi, tatsoi,
basil

Blue (447 nm) + red
(638, 665 nm) + far-red
(731 nm)

Increased (ascorbic acid,
phenols, anthocyanins,
flavanols, DPPH scaveng-
ing, leaf area)
Decreased (hypocotyl
length, plant height)

Vaštakaitė
et al. (2015a)

11. Mustard, red
pak choi

Basal light (447, 638,
665, 731 nm), green
(520 nm), yellow
(595 nm), or orange
(622 nm)

Increased (carotenoids in
mustard)
Decreased (carotenoids in
red pak choi)

Brazaitytė
et al. (2015a)

12. Tatsoi Supplemental yellow Increased (violaxanthin,
carotenoid)

Brazaitytė
et al. (2015a)

13. Basil, beet,
pak choi

UV-A + basal lighting
(12.4 μmol/m2/s)

Increased (antioxidants) Brazaitytė
et al. (2015b)

14. Pak choi UV-A Increased (leaf area, FW,
DPPH activity, phenols,
anthocyanins, ascorbic
acid, α-tocopherol)

Brazaitytė
et al. (2015b)
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Table 7.4 (continued)

Microgreens
species

15. Basil UV-A (1, 7 or 14 days
before harvest)

Increased (antioxidant
contents)

Vaštakaitė
et al. (2015a)

16. Mustard,
beet, parsley

Blue (33%) Increased (chlorophylls,
carotenoid)

Samuolienė
et al. (2017)

17. Mustard,
beet, parsley

Blue (16%) Increased (tocopherols) Samuolienė
et al. (2017)

18. Ocimum Blue Increased (growth, chlo-
rophyll a, anthocyanin)

Lobiuc et al.
(2017)

19. Pak choi,
tatsoi

32 Hz, 455 nm, 627 nm Increased (TPC in pak
choi, red pak choi, tatsoi)

Vaštakaitė
et al. (2017)

20. Mustard 256, 1024 Hz and
470, 590 nm

Increased (phenolics
content)

Vaštakaitė
et al. (2017)

21. Wild rocket 272 μmol/m2/s Increased (polyphenols,
resveratrol, catechin,
epicatechin)

Loedolff et al.
(2017)

22. Beet Blue (455 nm) Increased (P, K, Ca,
Mg, S, and Mn)
Decreased (Na, Fe, Zn,
Cu, and B)

Brazaitytė
et al. (2018)

23. Kohlrabi Blue (455 nm) Increased (P, K, Ca,
Mg, S, and Mn)
No effect (Fe, Zn, Cu, or
B)

Brazaitytė
et al. (2018)

24. Red pak
choi, mus-
tard, tatsoi,
basil

Pulse of LEDs at specific
frequencies or
supplementing HPS lights
of specific wavelength

Increased [phenols, antho-
cyanins, ascorbic acid
(in basil), antiradical
activity in all]

Vaštakaitė
et al. (2017,
2018)

25. Basil (1) Blue (470 nm) + red
(627 nm) at 1024 Hz
(2) Blue (455 nm) at
256 Hz

(1) Increased (TPC,
anthocyanins)
(2) Increased (TPC)

Vaštakaitė
et al. (2018)

26. Basil (1) 256 Hz for all wave-
lengths except 627 nm
(2) 32 and 256 Hz

(1) Increased (DPPH
activity)
(2) Increased (ascorbic
acid)

Vaštakaitė
et al. (2018)

27. Tatsoi Blue Decreased (nitrate,
ascorbic acid)

Simanavičius
and Viršilė
(2018)

28. Brassica
species

600 μmol/m2/s; blue: red
(15:85)

Increased (FW, DW) Jones-
Baumgardt
et al. (2019)

29. Cabbage Blue (15%) Increased (yield, visual
quality)

Ying et al.
(2020)

30. Kale, aru-
gula,
mustard

Blue (5%) Increased (yield, visual
quality)

Ying et al.
(2020)

FW fresh weight, DW dry weight, TPC total phenolics content



microgreens grown in plains (Delhi, India) (Priti et al. 2021). In general, better
antioxidant profiles were recorded from the samples grown in Leh. Various enter-
prises have entered into the venture of growing the microgreens under indoor
conditions, in a multilayer system, under artificial lighting having desired level of
radiation (nearly 100 μmol/m2/s of photosynthetically active radiation) for photo-
synthesis. At times, natural sunlight is integrated with supplemental lighting, with
control on light intensity and quality, for the production of microgreens having
enhanced nutritional composition (Kopsell and Sams 2013; Samuolienė et al.
2013b).
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7.4 Biochemical Composition of Microgreens

Different microgreens species have varied flavor and are also quite rich in different
bioactive contents, and hence, there is a need to identify the genotypes which can
fulfill both the taste and nutritional priorities (Xiao et al. 2015a). Sprouts and
microgreens are also used as dietary supplements (Kovacs 1996) and functional
foods which can minimize the risk of various diet-related diseases (Tang et al. 2014).
In this section, the details of biochemical composition of microgreens including
vitamins, carotenoids, total sugars, minerals, and antioxidants are presented
(Table 7.5).

7.4.1 Antioxidants and Vitamins

A study of 25 diverse microgreens species at USDA and University of Maryland
revealed nearly 10 times more antioxidant contents over their mature counterparts
(Xiao et al. 2012). The total antioxidant capacity (TAC) in radish microgreens
increased nearly 1.7 times under high light (HL) (4.6 � 0.6 mg/g DW) over normal
light (NL) (2.6 � 0.7 mg/g DW), while in kale the increase was nearly 2.5 times
under HL (9.2 � 1.8 mg/g DW) over NL (3.6 � 0.5 mg/g DW) (Goble 2018). A set
of 20 mung bean and lentil genotypes each, when grown as microgreens under plain-
altitude (Delhi) and high-altitude (Leh) conditions, showed significant genotypic
variations for ascorbic acid, tocopherol, carotenoids, flavonoid, total phenolics,
antioxidant activities (DPPH, FRAP), peroxide activity, proteins, enzymes (perox-
idase and catalase), micronutrients, and macronutrients contents (Priti et al. 2021).

The dark-green microgreens such as those derived from spinach, kale, and
broccoli are known to possess relatively high phylloquinone (or vitamin K1),
which is an essential component required for the coagulation of blood (Olson
1984). Xiao et al. (2012) have reported the phylloquinone content in the range of
0.6 (spinach) to 4.1 (amaranth) μg/g fresh weight (FW) among 25 microgreens
species. The phylloquinone content in the mature amaranth, basil, and red cabbage
was reported as 1.14, 0.41, and 0.04 μg/g FW, respectively (Haytowitz et al. 2002).
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Vitamin C (ascorbic acid) is considered as an essential nutrient (Machlin and
Bendich 1987), and the range of total ascorbic acid (TAA) was recorded from
20.4 (sorrel) to 147.0 (red cabbage) mg/100 g FW (Xiao et al. 2012). In mung
bean microgreens, the mean vitamin C content was recorded 2.7-fold higher (Ebert
et al. 2017) over their mature counterparts.
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The vitamin E family includes various isomers of tocopherols (Brigelius-Flohé
and Traber 1999) which are present in microgreens. Green daikon radish when
grown as microgreen showed maximum tocopherol (α:87.4 and γ:39.4 mg/100 g
FW), while golden pea tendrils exhibited minimum (α:4.9; γ:3.9 mg/100 g FW),
which are quite higher than those of fully grown spinach (α:2.0; γ:0.2 mg/100 g FW)
(USDA-ARS 2018b). β-Carotene acts as a precursor of vitamin A, having key role in
the vision (Mayne 1996), and is also having antioxidant function (Sies and Stahl
1995). The β-carotene content varied from 0.6 mg/100 g FW (golden pea tendrils
and popcorn shoots) to 12.1 mg/100 g FW (red sorrel), and hence, most of the
microgreens are considered as richer source of β-carotene (Choe et al. 2018). Other
carotenoids like lutein and zeaxanthin (Bone et al. 1997) act as antioxidants (Sujak
et al. 1999). Very high lutein/zeaxanthin content was recorded in cilantro (10.1 mg/
100 g FW), while lower values were observed for popcorn-derived microgreens
(1.3 mg/100 g FW). Similarly, cilantro microgreens showed higher violaxanthin
content (7.7 mg/100 g FW), while popcorn microgreens showed the lower values
(0.9 mg/100 g FW) (Xiao et al. 2012).

In red cabbage microgreens, the average vitamin C content was found six folds
more (147 and 23.5 mg/100 g FW), a 400-fold more vitamin E (24.1 and 0.06 mg/
100 g FW), and nearly 60-fold more vitamin K (2.4 vs 0.04 μg/g FW) over their
mature counterpart (Xiao et al. 2012). Thus, the recommended daily intake
(European Food Safety Authority) of vitamin C (60 mg), E (13 mg), and vitamin
K (70 μg) for a medium weight adult can be met from nearly 41 g red cabbage
microgreens, 15 g of green radish microgreens, and 17 g of garnet amaranth,
respectively (Di Gioia and Santamaria 2015).

7.4.2 Sugars

Relatively high sugar content (10.3 g/kg) was recorded for the microgreens of China
rose radish, while red amaranth recorded 1.7 g/kg of fresh microgreens (Xiao et al.
2012). However, mature vegetables recorded higher sugar content (red amaranth
recorded 17 g/kg (USDA-ARS 2018a). High light (HL)-induced biofortification
strategy was used for the kale and radish microgreens (Xonti et al. 2020). Radish
microgreens accumulated nearly 9 times more total starch under HL
(191.9 � 30.1 mg/g DW) over normal light (NL) conditions (20.9 � 5.2 mg/g
DW), whereas in kale the increase was nearly threefold under HL (106.2� 18.2 mg/
g DW) over NL (35.7 15.4 mg/g DW) (Goble 2018).
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7.4.3 Mineral Content

Microgreens are considered as an excellent source of minerals (Weber 2017;
Waterland et al. 2017). Broccoli microgreens have 1–2 times more minerals such
as P, K, Mg, Mn, Zn, Fe, Ca, Na, and Cu over their mature counterparts (Weber
2017). Similarly, Waterland et al. (2017) also found more dietary mineral content in
kale microgreens on a dry weight basis. Among various minerals, microgreens are
considered as a good source of K and Ca (Di Gioia et al. 2017a). Especially, the
brassica and basil microgreens contain very high nitrates (over 4000 mg/kg FW)
under low sunlight, while Na content is generally very low, which makes
microgreens as low-Na food (Di Gioia and Santamaria 2015).

Minerals in the microgreens are also directly related to their abundance in the
growth medium or the nutrient solution. Thus, the overall nutritional composition of
the microgreens can be enhanced through fortification of growing media with certain
micronutrients, while some undesirable elements such as Na and nitrates can be
reduced (Di Gioia and Santamaria 2015). The most abundant elements recorded
were in the order of K, P, and Ca in mung bean microgreens and K, Ca, and P in the
lentil microgreens (Priti et al. 2021).

Agronomic biofortification was attempted for Fe and Zn through enrichment of
nutrient media by iron sulfate (0, 10, 20, 40 mg/L) and zinc sulfate (0, 5, 10, 20 mg/
L) for Brassicaceae (arugula, red cabbage, and red mustard) microgreens. Applica-
tion of Zn (10 mg/L) through media had resulted in 281% increase in Zn content over
control, while Fe enrichment (20 mg/L) increased its content 278% over control.
Thus, for biofortification of microgreens, soilless system or hydroponics is consid-
ered the most suitable and handy (Di Gioia et al. 2019). Application of more than
20 mM calcium (as calcium chloride) was found toxic for the cultivation of radish
microgreens under hydroponic system. However, application of 5.0 and 10.0 mM Ca
gave maximum shoots (%), hypocotyl length and also an increase is observed for
the average fresh weight per plant and total Ca accumulation in radish
microgreens (Goble 2018). Przybysz et al. (2016) demonstrated that microgreens
may be enriched with Mg and Fe.

7.4.4 Others

Microgreens undergo the process of germination and hence are characterized with
low phytate levels and more mineral bioavailability (Liang et al. 2009). The bioac-
tive compounds such as polyphenols and glucosinolates which are known to have a
role in the prevention of various chronic diseases (Del Rio et al. 2013; Dinkova-
Kostova and Kostov 2012) are found more in red cabbage microgreens (71.01 and
17.15 μmol/g, respectively) than the mature ones (50.58 and 8.30 μmol/g, respec-
tively) (Huang et al. 2016a). Despite several studies confirming the superior nutri-
tional content of the microgreens over their mature counterparts, detailed



investigations are required to analyze the genotypic and environmental factors
regulating their nutritional composition (Choe et al. 2018).
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7.5 Diverse Scope of Microgreens

7.5.1 Microgreens as Functional Foods

Microgreens are being used as a functional food in the prevention of diseases like
obesity, cancer, cardiovascular diseases (CVD), and type 2 diabetes mellitus (Choe
et al. 2018). Health-promoting effect of red cabbage microgreens was reported by
Huang et al. (2016a). For the patients ailing with impaired kidney function, the
hydroponic nutrient solution (in which microgreens are grown) can be tailored to
have low or no potassium so that the resultant microgreens from such a system are
low in potassium (Renna et al. 2018). Similarly, Se-supplemented hydroponic
solution resulted in the Se fortified basil microgreens which are also having
increased antioxidant capacity (Puccinelli et al. 2019). Rocket microgreens are
known to be the excessive N accumulator; thus, they can be grown under hydroponic
system having limited N content so that their content can be regulated in their
produce (Bulgari et al. 2017).

The desulfoglucosinolate content in the red cabbage microgreens (17.15 μmol/g
DW) was much higher over their mature counterparts (8.30 μmol/g DW) (Huang
et al. 2016a), which can mediate NF-κB signaling pathway. The red cabbage
microgreens showed the ability to lower the liver lipids by attenuating the
C-reactive protein (CRP) and tumor necrosis factor (TNF-α) (Huang et al. 2016a).
NF-κB can induce the pro-inflammatory genes like TNF-α, IL-1β, IL-6, and IL-8
(Tak and Firestein 2001). Polyphenols can interfere with the NF-κB signaling
pathways by inhibiting phosphorylation or ubiquitination of kinases (Gupta et al.
2010), and they can also inhibit the interaction of NF-κB subunits with target DNA
(Ruiz and Haller 2006). Microgreens contain flavonoids such as kaempferol and
quercetin which can suppress the COX-2 activity (Mittal et al. 2014). Thus,
microgreens can regulate the process of ROS generation and scavenging, thereby
influencing NF-κB and other signaling pathways (Choe et al. 2018). Considerable
flavonoids contents are reported in the brassica-based microgreens which may
influence Nrf2 pathway and inflammation (Busbee et al. 2013). Microgreens ana-
lyses confirmed them as the rich sources of natural AhR ligands like quercetin and
I3C (indole-3-carbinol) which can regulate the AhR-mediated immune pathways.
Thus, microgreens do have a significant role in the regulation of inflammation-
associated pathways (Choe et al. 2018). Thus, the consumption of microgreens is
supposedly having beneficial effect in the prevention of diseases like obesity, CVD,
and diabetes via regulation of inflammation. The effects of microgreens could be due
to the presence of compounds like I3C and metabolites like β-carotene and retinoic
acid which can suppress the adipogenesis and lipid metabolism (Choi et al. 2013;
Berry et al. 2012). Microgreens also have the potential to modulate cancer



progression via regulation/inhibition of various pathways including modulation of
xenobiotic metabolisms (Choe et al. 2018).
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The gut microbiome is considered as a key component for the regulation of
human health. Flavonoids (kaempferol, quercetin, apigenin, quercetin, catechin,
puerarin, etc.) are known to regulate the gut microbiota composition and thus have
role in the prevention of disease development (Clemente et al. 2012; Huang et al.
2016b). Microgreens being rich in flavonoids are likely to regulate the gut
microbiome, which needs further in-depth studies. Microgreens rich in various
bioactive compounds like flavonoids, indoles, and isothiocyanates are known to
provide protection against inflammation and oxidative stress and thus prevent the
various chronic diseases including cancers through miRNA and/or DNA methyla-
tion and histone modification pathways (Choe et al. 2018). Brassica microgreens are
rich in compounds like sulforaphane, phenethyl isothiocyanate, and I3C which may
regulate promoter and histone methylation and also the activities of different
miRNAs (Wagner et al. 2013). Food-derived bioactive compounds like tocopherols,
quercetin, curcumin, resveratrol, and lycopene are also known to affect DNA
methylation and histone modification (Shankar et al. 2013; Simpkins et al. 1999;
Huang et al. 2012) and thereby restore Nrf2 expression, which impart the protection
against prostate cancer (Yu et al. 2010).

7.5.2 Microgreens as Space Food

The extended stay of humans in space requires proper diet to the space travelers with
least supply from the earth (Perchonok et al. 2012). A range of stress effects like
weight loss, change in the blood composition, and radiation-induced stress are
commonly encountered by the space travelers (Vergari et al. 2010; Cohu et al.
2014; Kyriacou et al. 2017). Prevention of such stress calls for the food-based
antioxidant supply (Wan et al. 2006), for which microgreens seems an excellent
option. Since, microgreens can be grown on board during the mission; therefore,
future space missions aim to produce carotenoid-rich food as a part of space life
support systems (SLSS) (Perchonok et al. 2012).

A major challenge for adapting agricultural practices in the space is reduced
gravity (or microgravity) that impacts fluid and gas distribution around the plants
(Kuang et al. 2000); transpiration rates tend to increase (under hypobaric condi-
tions); irradiance levels are low (�300 μmol/m2/s) requiring supplemental lighting
which is energy demanding for the space farm (Salisbury and Bugbee 1988). Fresh
microgreens can be directly harvested by crew members, and their production can be
done on any synthetic media with little or no nutrient supplementation (Perchonok
et al. 2012; Nyenhuis and Drelich 2015; Kyriacou et al. 2017). Microgreens in
general have a low photon flux requirement compared to long-cycle crops. Further,
the use of LED lights can reduce the overall power demand per unit of crop area
(Poulet et al. 2014, 2016).
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7.5.3 Microgreens for the Skin Care Formulation

Microgreens are also used in various skin care formulations due to the abundance
of antioxidants and vitamins. The microgreen-enriched formulations provide cleans-
ing, exfoliating and detoxification properties which help in the nourishment, repair,
and protection of the skin (https://magazine.lneonline.com/breaking-news-
microgreens/).

7.5.4 Microgreens for Nutritional Security

The trans-Himalayan part of cold-arid region covers nearly 80,000 km2 land area.
The Ladakh region of trans-Himalayas harbors more than 90% of the cold desert of
India. In such remote areas, due to extreme long winter, the agricultural season is
very short for a period from May to September months (Bhoyar et al. 2011a, 2012).
In addition, altitudinal variations, seasonal climate, and weather make it very
difficult to standardize the package of practices for the year-round cultivation of
different crops in such harsh conditions (Bhoyar et al. 2011b; Singh et al. 2009).
Among various climatic factors, temperature imposes serious restrictions on the
cropping pattern and production techniques of this region (Bhoyar et al. 2010;
Mishra et al. 2009). Human settlement in these far-flung areas is even up to
4200 m altitudes, which requires year-round healthy diets at affordable prices
(Cohen and Garrett 2010). For enhanced crop production and to ensure the nutri-
tional security in these harsh areas, various comprehensive research programs are
required (Bhoyar et al. 2018; Mishra and Singh 2010). One novel but potential
strategy is the optimization of nutrient-rich microgreen technology for such condi-
tions (Singh et al. 2020). Although a range of crops such as beet, broccoli, flax, kale,
peas, and radish can be used for microgreen lentil, brassica and mung bean may be
the cheapest and quickest among all. In addition, growing these crop species is
relatively easy for the microgreens purpose over many other crop species.

7.6 Food Safety of Microgreens

During germination, the seeds release a mix of carbohydrates and peptides which
attract a number of microbes present in the rhizosphere, thus making microgreens
more prone to the microbial contamination than their mature counterparts (Warriner
et al. 2003). Microbial load was generally found more for the sprouts over
microgreens (Xiao et al. 2014). However, more microbial contamination has been
recorded for the hydroponically grown microgreens over soil or media-grown ones
(Riggio et al. 2019), which could be due to the constant warm temperature and
humid conditions maintained for the hydroponic system. Although studies on the

https://magazine.lneonline.com/breaking-news-microgreens/
https://magazine.lneonline.com/breaking-news-microgreens/


S. no. Microgreens Inoculation/storage References

survival and growth of pathogens on microgreens are limited (Table 7.6), such
studies are abundant for sprouts (Turner et al. 2020).
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Table 7.6 Microbial contamination reported for some microgreens

Microbial
contamination

1. Radish E. coli (O157:H7 and
O104:H4)

– Xiao et al. (2014)

2. Eight different
species

Shiga toxin-
producing E. coli

Inoculated under
hydroponics

Wright and
Holden (2018)

3. Swiss chard Salmonella enterica Contaminated water
irrigation

Reed et al.
(2018)

4. Radish E. coli (O157:H7) Soil substitute and
hydroponics

Xiao et al.
(2015b)

5. Rapini Lower microbial
populations

Recycled fiber mats Di Gioia et al.
(2017b)

6. Radish Listeria
monocytogenes

Soil substitute and
hydroponics

Wang et al.
(2015)

7. Kale, mustard Murine norovirus
(MNV)

Hydroponics Wang and Kniel
(2016)

8. Arugula, kale, let-
tuce, mizuna

E. coli (O157:H7) Stored in a
refrigerator

Park et al. (2013)

Microbial contamination can be easily overcome by the use of good agricultural
practices like use of uninfected seeds, seed treatment, use of clean utensils, and use
of UV for the disinfection of hydroponic system (Riggio et al. 2019). Application of
Trichoderma harzianum Rifai (strain KRL-AG2 G41) and T. virens (strain G-41)
(ThTv) to either seed ball or to the growth media was found effective in reducing the
damping-off (Pythium aphanidermatum (Edson) Fitzp.) in the beet microgreens at
14 days after planting (Pill et al. 2011). Safer microgreens can also be produced
deploying blue and UV wavelength lights as these have the antimicrobial properties
(Kim et al. 2016; Maclean et al. 2009; McKenzie et al. 2014; Turner et al. 2020). As
microgreens are very delicate in nature, it is almost impossible to eliminate the
microbial contamination using any sanitization treatment. A recent study revealed
that the pathogenic bacteria like Salmonella spp. and Listeria spp. were not detected
in the mungbean, lentil and Indian mustard microgreens when stored for certain
duration under 4 �C conditions in the refrigerator. Similarly, total aerobic bacteria
(TAB), yeast and mould (Y&M), Shigella spp., and E. coli were recorded well
within the limit to cause any human illness in these microgreens. Washing of the
microgreens for 2 min with double distilled water showed some reduction microbial
load of these microgreens (Priti et al. 2022).

Although no food-borne outbreak associated with the microgreen consumption is
reported, still they are considered as the vehicle of bacterial pathogens (Xiao et al.
2015b). It also warrants more attention to study the survival and proliferation of
food-borne pathogens on the microgreens and stored under different conditions for
different periods (Di Gioia et al. 2017a).
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Fig. 7.2 Use of microgreens in various forms (a) with paapdi chaat (an Indian cuisine), (b) with
nachos, and (c) with garlic bread

7.7 Consumption of Microgreens

Fresh microgreens form an extraordinary ingredient of taste and aesthetics for all
kinds of energy drinks. Microgreens can invigorate any liquid creation, raising the
bar for freshness, flavor, and overall nutritional composition, especially the antiox-
idant level. Mung bean and lentil-based microgreens are assumed to be the viable
and cheapest option for the novel microgreens-based products. There are a number
of ways in which the microgreens can be consumed either raw or after cooking or
stir-frying (Fig. ). Some of the most common recipes in which microgreens are
used are as follows:

7.2

• Green salads: Microgreens are best when consumed raw as salads, since these are
loaded with antioxidants, minerals, and delicate flavor.

• Juices/smoothies: Any microgreen is considered good for juicing or smoothies,
but wheatgrass is considered the most used one in 1:3 ratio of microgreens:juice.
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• Sandwiches and wraps: These are another raw option for consumption (radish,
arugula microgreens).

• Burgers: Spring onion, radish, lentil, and mung bean microgreens.
• Pizza: Sprinkle of peppery microgreens.
• Pasta with raw or stir-fried microgreens.
• Omelette with microgreens: Any fresh microgreens will work.
• Dhokla with microgreens: Any fresh microgreens (preferably brassica) will work.
• Noodles: Flavored with microgreens.
• Cooking with microgreens: Some microgreens are good for cooking; while some

need to be tossed in at the very last second (radish microgreens), others can stand
up to a little heat.

The consumption of microgreens is not limited to any specific recipe, but can be
consumed in a number of ways as per the regional food preparations (Fig. 7.2).

Microgreens as dry formulation have the ability to contribute to the nutritional
security as they can be very easily made available at any part of the world (Ebert
et al. 2015, 2017). The dehydration may be performed following cold raw dehydra-
tion process to retain full nutritional content of microgreens, and thus, these can be
considered a raw food product. The dehydrated microgreens are unique because of
their nutritional qualities. It can be used in smoothies, soups, salads, salad dressings,
eggs, baked goods, etc. A number of products are now available in the market as
dried formulations like tea (broccoli microgreen-based) or dressing. Microgreen-
based energy drinks appear an easy way to add more healthy foods into our diet.
These dried microgreen-based products are claimed to be packed with nutrients with
added benefits of intense taste (https://drinkmicrotea.com).

7.8 Conclusions and Prospects

Balanced nutrition depends on the availability, accessibility, and utilization of
quality foods, including microgreens. In recent decades, the consumption of
calorie-rich diets which are high in fat and carbohydrates and low in protein has
led to increased rates of diabetes, hypertension, and obesity in developing countries,
prompting a call for serious changes in dietary patterns. Considering the burgeoning
nutritional needs of our population, novel approaches like microgreen-based formu-
lations seem a viable option for nutritional security. It has immense potential to be
used as energy drinks and food additives at commercial scale. Thus, enhancing the
quality of food using various microgreen-based formulations appears an option to
tackle the nutritional security of our population.

The microgreens cultivation is now attracting the greenhouse growers so that the
consumer need can be fulfilled especially in the urban settlements (Chandra et al.
2012). As a novel food crop, microgreens cultivation is still in infancy, especially in
the developing and underdeveloped countries. However, constantly expanding

https://drinkmicrotea.com


research data for a number of microgreens species is unfolding their immense
potential as superfood (Kyriacou et al. 2016; Xiao et al. 2012).

Currently, microgreens are mainly being used as a fresh flavor ingredient in the
cuisines of upscale restaurants. As per the National Restaurant Association,
microgreens are going to be considered as a culinary trend across the world. Nearly
51% of the chefs have predicted microgreens as a hot trend in the US eateries (Globe
Newswire Report 2020). A few species of microgreens have been explored, and its
cost of cultivation or the availability of untreated seeds has not yet been seriously
considered. In addition, studies on the varietal or genotypic differences for the
nutritional composition or for the shelf life studies have not been focused properly.

Research on postharvest storage should be intensified so as to have crop species-
specific storage strategies. Augmentation of phytonutrient content through fortifica-
tion of growth media should be explored as an alternative strategy of reaping more
from same microgreens. Optimization of sanitization and drying techniques should
be intensively studied which will help in the formulation of various novel storable
food products. In-depth fundamental research for ensuring the food safety of
microgreens and microgreens-based products should be done for their quick accep-
tance by the food industry.

Some of the key researchable areas include the following:
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1. Variations in the nutritional composition of microgreens under different altitudi-
nal and environmental conditions and under different drying conditions.

2. Identification of superior genotype(s) of microgreen when grown under different
growth conditions (e.g., light, altitude, temperature, photoperiod).

3. Identification of factors responsible for the variations in the nutritional profile of
microgreens when grown under different growth conditions using multiple
OMICs approaches.

4. Optimization of cold dehydration and raw dehydration process of various
microgreens for maximum nutrition retention.

5. Development of storable microgreen-based products such as microgreens powder
and microgreen-based energy drink and its nutritional and medicinal
characterization.

6. Region or country-specific selection and optimization of microgreens species
with added cost economics for their large-scale commercialization.

7. Studies on the bioactive compounds of microgreens for their health-promoting
effects in humans and estimation of bioavailability of microgreens bioactive
components.
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Chapter 8
Antinutritional Factors: Nutrient
Bioavailability and Health Beneficial Effects

Komal Soni, Mrinal Samtiya, Veda Krishnan, and Tejpal Dhewa

Abstract Antinutrients are naturally occurring substances in plants, well known to
block the absorption of beneficial or essential organic nutrients and inorganic
minerals. Major antinutrients such as enzymes (lipase, amylase, and protease),
trypsin inhibitors, phytate, polyphenols, lectins, glucosinolates, oxalates, and sapo-
nins have been characterized in different plant species. In general, these antinutrients
are reported to have bitter taste and are unpalatable with bad odor and have a role in
plant defenses. Antinutrients, which are known to bind the nutrients, severely affect
the latter’s bio-accessibility and ultimately bioavailability. The current chapter
briefly summarizes the various kinds of antinutrients and their role in limiting
bioavailability of nutrients. Eventually, these antinutrients cause mineral deficiency
and micronutrient malnutrition in humans. Hence, it is indispensable to reduce their
contents in foods to a safe level for human consumption. Further, various strategies
and concepts to tackle the deleterious effects of antinutrients are discussed. Many
processing methods namely decortication, roasting, boiling, microwave heating,
soaking, germination, autoclaving, fermentation, and extrusion technique are
reported to decrease the antinutrient content in food crops. Further, the current
understanding of the antinutrient’s health promoting effects such as reduction of
blood glucose, cholesterol levels, prevention of cardiovascular diseases and cancer
are also discussed.
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8.1 Introduction

A World Health Organization (WHO) report reveals that more than two billion
people are encountering the problem of micronutrient deficiency due to improper
nutrition leading to mass malnutrition. This condition is more specifically encoun-
tered in developing countries. Vitamin A, zinc, and iron are the most essential
micronutrients whose deficiencies cause serious health concerns (Gupta et al.
2015). Though nutrients and antinutrients both are naturally present in plants, former
has positive effects and latter pose deleterious effect on human body (Popova and
Mihaylova 2019). In order to improve the proper mineral intake, several countries
have endorsed dietary intake guidelines toward consumption of the whole grains, as
these plant foods are exceptional sources of almost all the essential nutrients.
However, the presence of several antinutritional factors (ANF) (for example phytic
acids) could severely hinder the immense nutritional benefits of plant-based foods
(Samtiya et al. 2021). Antinutrients are phytochemicals acquired or developed
during the process of plant evolution for their own defense with limited biological
functions. Upon consumption, antinutrients reduce the optimal utilization of food
nutrients especially proteins, vitamins, and minerals thereby decreasing the overall
nutritional value of foods (Ijeoma and Adeyemi 2020). Various antinutrients present
in plant foods are depicted in Fig. 8.1. ANFs inhibit the proper utilization of nutrients
by forming complexes with these compounds which eventually reduce their absorp-
tion in the gastrointestinal (GI) tract (Nikmaram et al. 2017). ANFs are found in
appreciable concentration in legumes, grains, beans, and nuts. However, they are
also known to occur in fruits, leaves, and roots of certain types of plants. The anti-
nutrients in plant foods are enzyme inhibitors, phytates, tannins, oxalates, saponins,
lectins, etc. (Popova and Mihaylova 2019). ANFs considerably affect the nutritional
values of foods; hence, reduction or elimination of these factors from plant foods is
now a major goal to improve human nutrition. There are several processing methods
such as dehulling, milling, soaking, germination, and fermentation that can be
employed to reduce these ANFs (Samtiya et al. 2020). This chapter aims to present
updated information about antinutrients, their positive and negative effects, and
existing strategies to reduce ANFs. Figure 8.2 depicts a brief overview of possible
health beneficial properties of antinutrients.

8.2 Types of Antinutritional Factors

8.2.1 Lipase Inhibitors

On the basis of chemical structures, plant lipase inhibitors can be grouped into the
following categories: phenols, saponins, alkaloids, terpenes, glycosides, carotenoids,
and polysaccharides (Singh et al. 2015). Lipase inhibitors reduce the biochemical
functioning of enzyme lipases, which hydrolyze the triglyceride to monoglycerides,
glycerol esters, fatty acids, and glycerol. Lipase inhibitors primarily affect fat



metabolism, which inhibits lipid hydrolysis by macromolecules, reducing the
absorption of small fat molecules and fat accumulation ultimately causing deficiency
of fat-soluble vitamins (Liu et al. 2020; Yun 2010).
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Fig. 8.1 Antinutrients present in plant food

8.2.2 Amylase Inhibitors

Amylase inhibitors are the phytocompounds which bind to enzyme α-amylase and
make them inactive. There are two main biological roles of α-amylase inhibitors in
plants: protect the seeds against pests and microorganisms and inhibit mammalian
α-amylases, insect α-amylases, and endogenous α-amylases (Popova and Mihaylova
2019; Wisessing and Choowongkomon 2012). Mammalian amylase enzyme is
secreted by the pancreas into the small intestine, whereas α-glucosidase enzymes



are located in the brush border of the small intestines. Further, amylases convert the
carbohydrates into oligosaccharides (Barrett and Udani 2011), and α-glucosidase
acts on starch to convert them into glucose molecules (Brás et al. 2018). Amylase
inhibitors impair the activity of salivary and pancreatic amylase and affect the
growth and metabolism of animals at appreciably high levels are ingested (Grant
et al. 2003). However, their ability to inhibit the action of α-amylase enzymes
resulting in reduction of starch hydrolysis shows positive effects on glycemic
index control in diabetics (Bhat et al. 2011). Phaseolus species (kidney beans)
have relatively high content of amylase inhibitors of about 4.3 g per kg (Grant
et al. 2003).
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Fig. 8.2 Presents brief overview of possible health beneficial properties of antinutrients

8.2.3 Protease Inhibitors

Proteases are important class of enzymes found in all cells and tissues that regulate
multiple cellular processes (Popova and Mihaylova 2019). Protease inhibitors are



relatively small proteins commonly found in raw cereals, legumes, specifically
soybeans, tubers, and also in aerial parts of some plants. The metabolic functioning
of protease, i.e., breaking down of hydrolytic cleavage of peptide bonds in proteins is
restricted by these inhibitors (Popova and Mihaylova 2019; Habib and Fazili 2007).
Protease inhibition occurs due to the formation of an enzyme–inhibitory molecule
complex thereby restricting the availability of enzyme to perform substrate hydro-
lysis (Paiva et al. 2013). This comprehension has led to the development of drugs;
for example, protease inhibitors play an effective role in treating AIDS in the
strategy of HAART, i.e., highly active antiretroviral therapy (Wang et al. 2015).
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8.2.4 Trypsin Inhibitors

These are found in a variety of foods such as potato, eggplant, millet, barley, wheat,
mung beans, soybeans, red kidney beans, chickpeas, and adzuki beans belonging to
diverse families Solanaceae, Gramineae, and Leguminosae. It inhibits the activity of
digestive enzymes (trypsin and chymotrypsin) by forming complexes and prevents
the absorption of nutrients and digestion of protein (Tibe and Amarteifio 2010;
Vanga et al. 2020). For example, their presence in human food causes improper
growth and impairs protein digestion, pancreatic hyperplasia and disturbance of
sulfur and amino acid utilization (Nikmaram et al. 2017). Peas, lentils, and soybean
contain Bowman–Birk-like trypsin inhibitors which have a low molecular weight,
i.e., 8–10 kDa and are double-headed to inhibit two enzyme molecules at a time
(Grant et al. 2003).

8.2.5 Phytates

Phytates are the salts of phytic acid, chemically known as myo-inositol
hexaphosphate and its general molecular formula is C6H18O24P6 (Diouf et al.
2019). Phytate chelates micronutrients (calcium, zinc, iron, copper, and magnesium)
and makes them less bioavailable to monogastric animals, including poultry and
humans, due to absence or low activity of phytase enzyme in their digestive tract
(Gupta et al. 2015). Based on the type of cation, the minerals may bind with one or
more phosphate groups of a phytate or may bridge with two or more phytate
molecules (Nikmaram et al. 2017). Phytates are also known as demineralizing agents
because they form insoluble salts with divalent and trivalent cationic metal ions.
Phytates also interact with protein residues to form phytate–protein and phytate–
mineral–protein complexes which inhibit many reactions of digestive enzymatic
(Betancur-Ancona et al. 2012). Plants synthesize phytate to store phosphorus and
phytate may represent approx. 50–85% of total phosphorous in some plants. It
occupies 1–5% weight in legumes, cereals, nuts, and oil seeds (Vats and Banerjee



2004; Reddy et al. 1982). Decortication, soaking, germination, and fermentation are
some of the traditional methods followed to reduce the antinutrients (Eltayeb et al.
2007).
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8.2.6 Polyphenols

Polyphenols are a group of secondary metabolites which abundantly occur in
vegetables, fruits, herbs, spices, tea, wine, chocolate, other cocoa products, and
extra virgin olive oil. Phenolics are classified into simple phenolics which include
phenolic acids, flavones, isoflavones, etc., and complex phenolics which include
catechins, tannins, lignans, etc. Dietary polyphenols show many beneficial effects,
such as protection against oxidative stress, and degenerative diseases like diabetes,
cancer, cardiovascular diseases (Han et al. 2007). Different classes of phenolic
compounds include tannins, flavonoids, phenolic acids, lignans, and stilbenes
(Shahidi et al. 2019). Tannins are the polyphenols known to form reversible or
irreversible complexes with proteins, reducing latter’s digestibility and amino acid
bioavailability (Lampart-Szczapa et al. 2003). Hydrolysable tannins mainly consist
of phenolic acids or their derivatives attached to central unit of pentagalloylglucose
with ester linkage. Gallotannins and ellagitanins are the two main classes of
hydrolysable tannins, which consist of gallic acid and ellagic acid, respectively
(Singh and Kumar 2019; Diouf et al. 2019). Condensed tannins are produced by
the condensation of two or more flavanols units and have structure similar to
flavonoids and they do not constitute sugar molecules (Hussain et al. 2019; Diouf
et al. 2019). Dietary polyphenols show beneficial effects in reducing cancer, CVDs,
diabetes, neurodegenerative diseases, and osteoporosis (Mattila et al. 2018; Vauzour
et al. 2010). Polyphenolics are attributed with regulation of lipoprotein plasma
concentrations and insulin resistance in a clinical trial involving men who have
high risk of developing CVD (Chiva-Blanch et al. 2013).

8.2.7 Lectins

Lectins, known as phytohemagglutinins, are a glycoprotein compound that binds
simple carbohydrates especially oligosaccharides and also agglutinates red blood
cells (RBCs) in vitro (Klupšaitė and Juodeikienė 2015; Santos et al. 2014). Alter-
natively, lectins are known as carbohydrate-binding proteins found in plant foods
like cereal grains and legumes (Van Buul and Brouns 2014). Lectins are synthesized
at the time of seed development and are utilized by the plants as an amino acid source
during germination as well as act as defensive compound against insects, fungi, and
nematodes attack (Betancur-Ancona et al. 2012). Lectins are highly resistant to
in vivo proteolytic degradation and survive while passing through the GI tract.
Only if appropriate carbohydrate receptors present on epithelial cells of intestine,



lectins can bind to them and are absorbed systematically. Thus, lectins can alter and
modify many aspects of intestinal and systemic metabolism. The quantum of lectins
in lentil and peas are comparable to that of soybean (2–4 g/kg) relatively low than
what is reported in kidney bean (15–30 g/kg) (Grant et al. 2003).
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8.2.8 Glucosinolates

Chemically, glucosinolates are S-β-thioglucoside N-hydroxysulfates which are
found abundantly in cruciferous (Brassicaceae) plants but are also reported in
other species like moringa, papaya, and capers. More than 120 different types of
glucosinolates have been found in plants (Dinkova-Kostova 2012). Glucosinolates
are water-soluble, nitrogen-containing compounds, having a glucopyranose moiety
bound with sulfur in its molecular structure (Lopez-Rodriguez et al. 2020).
Glucosinolates are the major secondary metabolites produced by plants, having
crucial role in the physiology and defense of plants against various environmental
stresses. Glucosinolates are enzymatically broken down by myrosinase
(a thioglucosidase) whenever a plant tissue is damaged, to form glucose, sulfate,
nitriles, indolic alcohols, isothiocyanates, thiocyanate, oxazolidinethions, amines,
and epithionitriles. Glucosinolates along with their catabolized products play a vital
role in plant defense (Miękus et al. 2020).

8.2.9 Oxalates

Oxalic acid forms potassium, sodium (soluble) or iron, calcium, magnesium (insol-
uble) salts, or esters called oxalates (Popova and Mihaylova 2019). By forming
esters with these minerals, oxalates make them less available (Savage and
Klunklin 2018). Compared to other ANFs, oxalates are found in less quantum in
plants such as wheat, rye, millet, and barley (Siener et al. 2006). Foods rich in
oxalate usually form a minor component of the human diet, but in some regions of
the world, oxalates form an important ingredient of the seasonal diet. Calcium
oxalate is responsible for the formation of kidney stones. People suffering from
enteric and primary hyperoxaluria are advised to decrease the intake of oxalates
because in the former more oxalates are absorbed and excreted via urine resulting
in increased risk of kidney stone formation. In the latter condition, either liver
does not produce adequate amount of enzymes to prevent the overproduction of
oxalate or enzymes do not function properly (Popova and Mihaylova 2019; Bhasin
et al. 2015).
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8.2.10 Saponins

Saponins are a diverse group of chemicals and are called so because of their ability to
form soap-like foams in aqueous solutions (Hill 2003). The structure of saponins
contains a steroidal or triterpenoid aglycone, and one or more oligosaccharide
moieties (Yildirım and Kutlu 2015). Saponins are found in broad beans, kidney
beans, and lentils imparting bitter taste to food if present in high concentration hence
low saponins foods are preferred (Shi et al. 2004). Saponins exhibit both the
hypoglycemic and hypocholesteremic effects (Ikewuchi 2012; Barky et al. 2017).

8.2.11 Exorphins

The prolamins, i.e., alcohol-soluble proteins found in dairy products and cereal
grains which are known as gliadins, can be degraded into opioid-like polypeptides
in GI tract which are called as exorphins (Tatham and Shewry 2008; Pruimboom and
de Punder 2015). Recent studies indicated that the epigenetic effects of opiate
peptides derived from milk protein alpha-casein may contribute to GI dysfunction
and inflammation in susceptible people (Trivedi et al. 2015). The bioactivity of food-
derived exorphins can affect behavioral characteristics i.e. memory, spontaneity, and
pain perception (Lister et al. 2015). On the basis of origin, opioid peptides are of two
types: endogenous and exogenous. Endogenous peptides are synthesized by the
organism which may function as hormones and neuromodulators (Garg et al.
2016) whereas exogenous peptides are formed when plant or animal precursor
proteins are hydrolyzed in the digestive tract (Janecka et al. 2004; Nyberg and
Hallberg 2013).

8.2.12 Contextual Antinutrients

Some food or food additives can also act as antinutrients depending on the context.
For example, foods rich in calcium can stop the absorption of iron. Also a mutual
antagonism exist between copper and zinc during the absorption process which
occurs in the intestinal epithelium (Van Campen 1969). Scientific literature states
that phospholipids and phytosterols can hinder cholesterol absorption when added to
low-fat or non-fat foods (Ostlund 2002; Cohn et al. 2010). It has been also noticed
that some foods can interfere with the absorption of medications (Genser 2008).
Food–drug interaction is also very common. For example, if a drug is taken along
with grapefruit, the latter inactivates the enzyme of drug metabolism as it contains
bergamottin-a natural furanocoumarin. Studies have also demonstrated that the
polyphenol compound resveratrol present in peanuts and red wine inhibits platelet
aggregation, thus when taken with anticoagulant drugs, it can increase the risk of



bleeding (Jin and Han 2010). Similarly, foods that contain tyramine (beer, wine,
chocolate, and avocados) are inhibitors of monoamine oxidase inhibitors (MAOIs).
Hence, the activity of MAOI drugs such as anti-depressant drugs is affected when
consumed with foods rich in tyramine (Vaquero et al. 2010). Likewise, foods rich in
coumadin and vitamin K such as broccoli and spinach exhibit antagonism with
anticoagulant drugs.
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8.3 Health Beneficial Properties of Antinutritional Factors

Various health and beneficial properties of antinutritional factors derived from plant-
based food are presented in Table 8.1. The health and beneficial effects of ANFs are
known especially in the treatment of obesity, diabetes, antiviral treatment,
neuroprotective effects, reduction in blood cholesterol levels, and inhibition of
cancer.

8.4 Adverse Effects of Antinutritional Factors Relevance
to Health

As stated below, the adverse effects of ANFs include reduced intestinal absorption of
diet-derived nutrients, impaired digestion and growth, mal-absorption of mineral
nutrients among others (Table 8.2).

8.5 Strategies for Reduction of Antinutrients
in Plant Foods

Multiple studies have proven that antinutrients have negative effects on nutritional
quality of food which eventually affect health. Several strategies are available to
reduce antinutritional factors to great extent so as to improve food quality. Elimina-
tion of the antinutrients would be essential for effective utilization of nutrients like
carbohydrates, proteins, and minerals in human nutrition (Ohiokpehai 2003; Tibe
and Amarteifio 2010). Many traditional and modern techniques which include
decortications, heating, soaking, germination, fermentation, and extrusion are avail-
able to reduce the concentration of antinutritional factors in food crops.
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Table 8.1 Health and beneficial properties of antinutritional factors

Antinutrients Health beneficial effects Mode of action References

Lipase
inhibitors

• In the treatment of
obesity

Prevents the absorption
of fat in the body

Sridhar et al. (2019)

Amylase
inhibitors

• In the treatment
of diabetes mellitus II
• Obesity treatment

Reduces starch hydroly-
sis which controls gly-
cemic index

Bhat et al. (2011),
Grant et al. (2003)

Protease
inhibitors

• Effective role in
HAART (highly active
antiretroviral therapy),
i.e., treatment method for
AIDS
• Effective in treating
hepatitis, thrombosis,
cancer, and cirrhosis

Alters the protease con-
figuration present in
proteolytic events linked
with the diseases

Wang et al. (2015),
Adhikari et al. (2020)

Trypsin
inhibitors

• In the treatment of
pancreatitis

Inhibits trypsin produc-
tion leads to no further
cell damage in pancreas

Brandl et al. (2016),
Ning et al. (2013)

Phytates • Reduces cholesterol
levels
• Prevents coronary
disease
• Prevents kidney stone
• Prevents cancer
• Potential in
the treatment of
Alzheimer’s disease,
Parkinson’s disease, and
multiple sclerosis

Binds to cholesterol and
calcium and makes them
unavailable

Coulibaly et al. (2011),
Vats and Banerjee
(2004), Nikmaram et al.
(2017), Oghbaei and
Prakash (2016)

Polyphenols • Antioxidant and
antimicrobial property
• Prevent cardiovascular
diseases
• In the treatment of
Alzheimer’s disease,
Parkinson’s disease, and
neuropsychiatric
disorders like depression
• Flavonoids protect
against heart diseases
and stroke

By reversing extracellu-
lar amyloid beta deposi-
tion and intracellular tau
hyperphosphorylation

Zhang et al. (2017),
Grant et al. (2003),
Hussain et al. (2019),
Tungmunnithum et al.
(2018), Hassan et al.
(2020), Malar and Devi
(2014)

Lectins • Inhibits tumor growth
• Probiotic
•Also increases antibody
production

Binds to membrane of
cancer cell or their
receptors, causing apo-
ptosis, cytotoxicity, and
inhibition of tumor
growth

Betancur-Ancona et al.
(2012), De Majia et al.
(2005)

Glucosinolates • Provides protection
against carcinogenesis
• Neuroprotective

• Hydrolyzed product of
glucosinolates phenethyl
isothiocyanate (PEITC),
benzyl isothiocyanate

Dinkova-Kostova
(2012), Tanito et al.
(2005), Possenti et al.
(2016), Soundararajan

(continued)



(BITC) and sulforaphane
(SFN) help in preventing
cancer
• Activates the Nrf2/
ARE pathway, which
enhances the functioning
of neuronal natural phase
2 enzyme and acts as a
powerful indirect
antioxidant
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Table 8.1 (continued)

Antinutrients Health beneficial effects Mode of action References

and Kim (2018),
Angeloni et al. (2017)

Saponins • Reduces blood choles-
terol levels
• Antioxidant
• Cancer inhibition
• Antidote against lead
poisoning

• Forms large micelles
with bile acids and cho-
lesterol
• Act as potent Ca2+-
activated K+channel
opener, helpful for
treating cardiovascular,
urological, respiratory,
neurological, and other
disorders

Hill (2003), Shi et al.
(2004), Gemede and
Ratta (2014), Mohan
et al. (2016)

8.5.1 Decortication

Decortication or dehulling involves the removal of outer covering (pericarp) of
grains. In the pre-mechanization era, dehulling was done using mortar and pestle
but currently automatic rice huller/rice milling machines are available for efficient
processing (Kulkarni et al. 2018). Decortication significantly reduces many
antinutrient components present in bran and also lowers the concentration of con-
densed tannins (Lestienne et al. 2007; Pal et al. 2015). Pal et al. (2016) observed that
around 52–56% reduction of phytic acid content in lentils is achieved by following
the decortication process. In different varieties of lentils, the combination of decor-
tication and germination techniques have shown appreciable reduction in
antinutritional factors including tannins, phytate, trypsin inhibitors, total polyphe-
nols, etc. (Pal et al. 2015). Ghavidel and Prakash (2007) found a reduction of
43–52% and 47–52% in tannin and phytic acid contents, respectively, in various
legume seeds such as green gram, cowpea, lentil, and chickpea. Himanshu et al.
(2018) reported that this method decreases phytic phosphorus content by 39% in
little millet, 23% in barnyard millet, 25% in kodo millet, and 12% in common millet.
The activity of antinutritional factors i.e. trypsin inhibitor, phytic acid, and tannins
was reported to be reduced by 7.59%, 20.7%, and 33.3%, respectively, after
dehulling of mung bean seed (Oghbaei and Prakash 2016).
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Table. 8.2 Adverse effects of antinutritional factors

Antinutrients Adverse effects References

Lipase
inhibitors

• Reduced absorption of fats and lipids
• Cause deficiency of fat-soluble vitamins
• Other effects include high blood pressure,
headache, dryness of mouth, insomnia, and
constipation

Lunagariya et al. (2014), Yun
(2010)

Amylase
inhibitors

• Impairs growth and metabolism
• Prevents starch digestion

Grant et al. (2003), Barrett
et al. (2011)

Protease
inhibitors

• Inhibits growth
• Poor utilization of food
• Pancreatic hypertrophy
• Interferes in blood clotting and cellular
apoptosis

Popova and Mihaylova (2019),
Paiva et al. (2013)

Trypsin
inhibitors

• Inhibit protein digestion
• Pancreatic hyperplasia
• Interference in sulfur and amino acid
utilization

Nikmaram et al. (2017)

Phytates • Cause mineral deficiency (Zn, Fe, Ca, Mg) Nikmaram et al. (2017)

Polyphenols • High concentration of tannin could be a
reason for throat and esophageal cancer

Hussain et al. (2019)

Lectins • Joint pain and migraine
• Acne and inflammation
• Agglutinate red blood cells (RBCs)

Popova and Mihaylova (2019),
Van Buul and Brouns (2014)

Glucosinolates • Enlargement of thyroid
• Reduce reproductive performance
• Damage GI tract

Prieto et al. (2019), Bischoff
(2016)

Oxalates • Prevent calcium absorption, i.e., hypocal-
cemia
• Kidney stone formation
• Urinary calculi

Savage and Klunklin (2018),
Nikmaram et al. (2017)

Saponins • Hinder absorption of vitamin A, E, and
lipids
• Effect epithelial lining of intestine

Samtiya et al. (2020)

Exorphins • Dizziness
• Physical tolerance
• Nausea and vomiting

Garg et al. (2016)

8.5.2 Milling

Milling is a processing method which removes the outer layer, i.e., pericarp of the
grain (Kulkarni et al. 2018). It is commonly employed to reduce phytic acid levels
from grains but it also has some demerits as it removes dietary fibers and minerals
from grains (Gupta et al. 2015). The process of milling can be of two types: (1) The
whole grain is ground into flour without separating any parts or, (2) Differential
milling to separate the grain into different parts (Oghbaei and Prakash 2016). Former
results into grain flour whereas latter provides many products such as germ, bran,



semolina, and refined wheat flour. Milled wheat flour is used to make chapattis
which on heating decrease the phytic acid and polyphenol content and improve
protein and starch digestion (Chowdhury and Punia 1997).
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8.5.3 Heating

Heat from different sources is applied as processing method in roasting, cooking,
boiling, and microwave heating. Adeyemo and Onilude (2013) found appreciable
reduction in tannin (74.6%), phytate (28.4%), trypsin inhibitor (98.3%), and protease
inhibitor (97.5%) after roasting soybean in comparison with cooking which elimi-
nated tannin (42%), phytate (75.8%), trypsin inhibitor (95.8%), and protease inhib-
itor (95.8%). Microwave processing degrades the bioavailability of glucosinolates
and significantly reduces the polyphenolic content in millets (Miękus et al. 2020;
Hithamani and Srinivasan 2014). Vanga et al. (2020) reported that microwave
heating can eliminate 70% of trypsin inhibitors in soy milk. Barba et al. (2016)
reported that boiling decreases glucosinolates level more significantly than steaming.
Ertop and Bektas (2018) stated that pressure cooking of black gram eliminates
tannins and increases its protein digestibility. A comparative analysis of the effect
of boiling and baking of taro leaves was conducted by Savage and Mårtensson
(2010) which showed that boiling taro leaves for 40 min reduced 47% oxalate
content whereas no such significant reduction of oxalate was obtained after baking.
Many studies have demonstrated that autoclaving is best suited method to reduce
levels of various antinutritional factors like tannin, phytic acid, and free phenolics
compared to other processing treatments (Samtiya et al. 2020; Vijayakumari et al.
1996). The findings of Kadam et al. (1987) concluded that the methods like boiling
and autoclaving improved the protein quality of winged beans by eliminating
antinutrients.

8.5.4 Soaking

Soaking is a widely used process which generally precedes other treatments like
germination, cooking, and fermentation. It is one of the easiest ways to reduce
antinutrients (Kumari et al. 2014). Soaking is effective to eliminate tannins, phytic
acid, total phenols, and trypsin inhibitor activity of many cereals, legumes, and
millets (Oghbaei and Prakash 2016). It is also effective in reducing saponins on
domestic as well as on industrial levels (Shi et al. 2004). Soaking for 12–18 h was
very effective for the reduction of phytic acid and enzyme inhibitors in legumes
(Handa et al. 2017). Phytate being water-soluble compound can be easily eliminated
by soaking and discarding the soaked water (Greiner and Konietzy 2006). Soaking at
room temperature for 24 h eliminated 16–21% of phytic acid levels in sorghum flour
(Mahgoub and Elhag 1998). The combination of dehulling and soaking reduced



25% and 57% amylase inhibitors in Lathyrus sativa and Lathyrus beans, respec-
tively (Srivastava 1994). Rehman and Shah (2001) found that soaking of black gram
at 30 �C removed 18.45% of the tannins in 3 h; whereas 22.14% of the tannins were
removed on soaking at 100 �C for 45 min.

170 K. Soni et al.

8.5.5 Germination

Germination is suitable for minimizing the antinutrient components present in plant-
based foods (Nkhata et al. 2018). During the process of germination, an increase in
phytate-degrading enzyme activity was observed by Greiner and Konietzy (2006).
About 40% of phytate content can be reduced by employing this technique (Masud
et al. 2007) and 40.00–59.38% reduction in phytic acid contents was observed in
lentils (Pal et al. 2016). Trypsin inhibitor content was eliminated to the range of
19.2–88.2% in different types of beans by germination (Avilés-Gaxiola et al. 2017).
Gupta et al. (2015) observed that longer duration of germination has caused greater
elimination of antinutrients. For instance, mungbean and kidney bean following
germination revealed continuous decrease of phytic acid for 6 days (Rasha
Mohamed et al. 2011).

8.5.6 Fermentation

Fermentation is a process where microorganisms effect some desirable biochemical
changes in food material with the aid of their enzymes (Admassie 2018). It increases
protein digestibility, reduces antinutritional factors, and enhances texture (Adewumi
and Odunfa 2009). During the process of fermentation, metabolic activities of
microorganisms modify the concentration of bioactive compounds present in the
food crops. The cell wall of cereal grain ruptures as a result of fermentation which
leads to production of several bioactive compounds. Some enzymes like amylases,
proteases, and xylanases derived from cereals along with microorganisms modify
the grain nutritional content (Đorđević et al. 2010). This process is really helpful in
reduction of phytic acid and trypsin inhibitor activity in legumes (Oghbaei and
Prakash 2016). Coulibaly et al. (2011) reported that 12- and 24-h fermentation of
millet grains eliminates significant amount of tannins, phytates, and protease inhib-
itors. Villacrés et al. (2020) concluded that fermentation utilizing Rhizopus
oligosporus significantly reduces the content of antinutrients such as phytic acid
(70.06%), tannins (82.10%), and trypsin inhibitors (76.76%). Mohapatra et al.
(2019) observed that fermentation eliminated 30% tannin from grain sorghum
whereas Dlamini et al. (2007) reported even more (49–68%) reduction. Fermentation
reduces antinutrients like oxalates and phytate content to a very large extent (Ijeoma
and Adeyemi 2020). Mohapatra et al. (2019) concluded that during fermentation of



whole-grain sorghum, the total phenolic content decreases by 28% and tannin
content decreases by 30–39%.

8.5.7 Extrusion Cooking Technique

It is a food processing technique that combines different steps including mixing,
kneading, cooking, shearing, shaping, and forming (Bordoloi and Ganguly 2014). It
is one of the most widely used technique and modern food unit operation that
converts plant-based foods, usually in a granular or powdered form, into partially
cooked, low moisture, and highly shelf-stable food products. It results in enhanced
functional properties of food (Ciudad-Mulero et al. 2020). Extrusion cooking tech-
nique is a high-temperature short-time (HTST) process that inactivates inher-
ent enzymes and mitigates microbial contamination (Bordoloi and Ganguly 2014).
This processing treatment shows significant reduction in antinutritional factors; for
example, about 30% phytates are eliminated through extrusion (Chai and Liebman
2005; Harland et al. 2004). This technique completely inactivates lectin and trypsin
inhibitors in peas and lentils (Grant et al. 2003).

8.5.8 Biotechnological Interventions

Several biotechnological approaches have been used to down-regulate or even
eliminate the genes engaged in the metabolic pathways for reducing the production,
aggregation, and/or inactivation of antinutrients. Low phytate rice and soybean with
about 40–50% reduction in phytate without detrimental effects on their nutrient
quality have been developed (Kumar et al. 2019; Punjabi et al. 2018; Larson et al.
2000). Single nucleotide substitution in rice Khira caused mutation in SPDT gene
coding sequence which inhibited the accumulation of phytic acid in plant (Kumar
et al. 2021). lpamutants of rice have 45–95% less phytic acid content than wild-type
seeds (Perera et al. 2018). To reduce phytic acid levels in rapeseed, ITPK gene
encoding an enzyme that stimulates the last step of phytate synthesis was blocked
using CRISPR/Cas9 (Liu et al. 2021). Shukla et al. (2009) utilized zinc-finger
nucleases to mutate the IPK1, one of the phytic acid biosynthesis gene in Zea
mays. Further, work has also been performed to reduce cyanogenic glycosides in
cassava through expression of hydroxynitrile lyase enzyme in cassava roots
(Siritunga et al. 2004). Likewise, the solanine content of potato has been reduced
significantly using an antisense RNA approach, and efforts are ongoing to reduce the
level of the other major potato glycoalkaloid and chaconine (McCue et al. 2003). In
oilseed rape, Shashidhar et al. (2020) reported 35% reduction phytic acid by
knocking out three essential BnITPK genes with an enhanced amount of phosphorus.
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8.6 Current Trends in Antinutritional Factors

In the current scenario, our comprehension of dietary requirements of human body
and associated complications has improved to great extent. Also, awareness regard-
ing ANF in pulses and cereals has grown. Even though these ANFs cannot be
detoxified by the human body, it can be diminished to an extent by adopting various
processing methods. On the other hand, phenolic compounds especially flavonoids
are added into beverages which make them more valuable to prevent early-stage
diseases (i.e., hypertension and diabetes). It has been found that tannin can be used as
therapeutic agent due to its laxative effect which helps in treating constipation (Youn
Hwang 2019). In recent researches, tannins are introduced into cellulose nanofibrils
to make a packaging material which has been proved to be sustainable, eco-friendly,
non-toxic packaging material for pharmaceuticals as well as food. In addition,
tannins showed antibacterial and antioxidant properties and are used as preservatives
in food industries (Singh and Kumar 2019). Total pomegranate tannin (TPT) extract
from Punica granatum L. when evaluated for anti-proliferative activity in vitro on
human oral (KB, CAL27), prostate (RWPE-1, 22Rv1), and colon (HT-29, HCT116,
SW480, SW620) tumor cells, and apoptotic effects suggest that it induces apoptosis
and decreases the viable cell number of human oral, prostate, and colon tumor cells
(Yildirım and Kutlu 2015). Flavonoids are associated with large number of
health-promoting effects and are essential components in pharmaceutical, medicinal,
nutraceutical, and cosmetic applications. Flavonoids have been shown to possess
anti-cholinesterase activity which reduces the level of acetylcholinesterase (AChE)
enzyme in the CNS and inhibition of it results in elevated levels of neural acetyl-
choline levels which is one of the therapeutic strategies to combat Alzheimer’s
disease (Panche et al. 2016). Glucosinolates present in moringa leaves are extracted
and used for decreasing the risk of developing non-communicable diseases (Lopez-
Rodriguez et al. 2020). Also, glucosinolates have been experimented in the preven-
tion of fungal and bacterial spoilage of food products by using advanced atmospheric
packaging technology (MAP) that improves the shelf-life of these products (Melrose
2019).

8.7 Conclusions

Plant contains both nutrients and antinutrients. Antinutrients are a major area of
concern for those whose diet predominantly comprises unprocessed plant-based
foods. Plant foods especially cereals and grains can be processed to diversify their
uses, and to enhance their nutritional value and consumer acceptability.
Antinutritional factors can be easily removed by using traditional and advanced
processing techniques. Traditional methods include soaking, boiling, germination,
and fermentation whereas modern technique includes autoclaving, microwave
heating, and extrusion technique. These techniques have been proved to reduce a



great amount of antinutrients like phytates, oxalates, saponins, enzyme inhibitors,
etc. Some antinutrients bind to different minerals and make them less bioavailable,
some inhibit digestive enzymes, and some can cause health problems. Exorphins and
contextual antinutrients are also present in foods. The former category of ANF is
present in milk and cereals whereas the latter category interacts with other food and
drugs resulting in its poor absorption in the digestive system which results in poor
functioning of medicines. Therefore, they have to be eliminated from plant-based
foods before consumption. Biotechnological interventions in plants by suppressing
the gene responsible for the antinutrient production form an integral component of
alternative strategies to reduce ANFs.
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Chapter 9
Metabolic Fate of Food and Its
Bioavailability

R. Sivaranjani, Ramesh S. V., and Shelly Praveen

Abstract Food bioactive components have garnered greater attention due to their
effect in the prevention and therapeutic value against diseases. In this context,
bioavailability of food bioactives refers to their prevalence in body fluids and
accessibility for the tissues so that beneficial effects are harnessed. Hence, the
metabolic processes that a food undergoes inside human system have greater
implications for its bioavailability. The ultimate aim of the research is to identify
factors responsible for improving the bioavailability of food so as to enhance the
utility of food-derived components in according multiple health benefits. This
chapter deliberates upon the metabolic processes of food-derived bioactive compo-
nents, and factors affecting their bioavailability. Also, the role of gut microbiome in
the process of food metabolism, the concept of food-derived modulations in host
epigenetics, disease progression, and wellness are discussed. Finally, the effect of
food on host epigenetic-based gene regulation, referred to as nutrigenomics, is also
discussed.
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9.1 Introduction

The nutrients derived from the food can be classified into primary metabolites
comprising carbohydrates, proteins, fats, and secondary metabolites namely pheno-
lics, flavonoids, tannins, saponins, lignin, alkaloids, etc. Each category of nutrients
has definite mode of metabolic processing due to the involvement of numerous
hydrolytic enzymes of human digestive system starting from mouth to large intes-
tines (Fig. 9.1). The digested nutrients are absorbed in small and large intestines and
are used in the biochemical processes of energy production or stored in liver,
adipose, and peripheral tissues for future energy needs or utilized in structural
process or exert functional role by having specific bioactivity like antioxidants,
anti-carcinogenic, and anti-inflammatory.

The digestive potential of nutrients present in each food constituent is assessed
based on their bioaccessibility and bioavailability. Bioaccessibility is defined as the
fraction or quantity of nutrients in the food which is accessible for the digestive
enzymes in the gastrointestinal (GI) tract and becomes available for absorption
through the intestinal cells (Hayes 2018). Bioaccessibility of a nutrient is decided
by many factors like food matrix, processing methods employed, presence of
antinutritional factors, etc. Likewise, the term bioavailability can be defined as the
fraction or quantity of the digested nutrients getting assimilated and utilized by cells/
tissues. The process includes digestion, absorption, metabolism, and bioactivities of
the nutrient. Bioavailability is a key term for functional foods containing health
beneficial bioactive metabolites. It addresses several phases of food metabolism such
as absorption, distribution, metabolism, and elimination (ADME). Evaluation of

Jejunum: 
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Stomach: 
Dueodenum: 

Ileum: 

Large intestine: 

Mouth: 

Fig. 9.1 Digestion and absorption of nutrients and minerals in our gastrointestinal (GI) tract.
(Adapted from Gropper and Smith 2018)
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ADME properties of individual nutrients throws light on its bioavailability and
several in vitro models are available to find out the bioaccessibility and bioavail-
ability of a particular nutrient from foods (Ting et al. 2015). Apart from them, several
in vivo models, utilizing laboratory animals, are also available to ascertain ADME of
foods.
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This chapter discusses the metabolic fate of major and minor nutrients from food
namely carbohydrates, proteins and peptides, fats (including sterols), vitamins, and
bioactive secondary metabolites from plants. It also deliberates about the role of
microbiota in food metabolism, their effect on host epigenetics, progression of
diseases, and human wellness.

9.2 Carbohydrates

Carbohydrates, comprising sugars and starches, contribute around 40–70% of total
energy requirements of human. The sources of sugar in our diet include fruits
(fructose), milk (lactose), table sugar (sucrose), and other foods containing five
carbon sugars (xylulose, arabinose, ribose, and ribulose). The process of digestion
of these sugars is initiated by the salivary enzyme amylase, which breaks down the
complex carbohydrates like starches into constituent sugars. Later enzymes like
lactase, sucrase, and maltase secreted by the epithelial cells of small intestine
degrade these complex sugars into its monomers namely glucose, galactose, or
fructose. These monomers are then absorbed by the epithelial cells by both active
and passive transport mechanisms in the circulatory system. Once inside the target
cells, these sugars are converted into glucose and are used in different metabolic
pathways for (i) energy production via glycolytic and electron transport chain,
(ii) synthesis of glycogen in the liver and skeletal muscle, and (iii) synthesis of
triglycerides and stored in the adipose tissue (Dashty 2013).

The starch derived from foods (grains, tubers, fruits, and vegetables) can be
classified into rapidly digestible starch (RDS), slowly digestible starch (SDS), and
resistant starch (RS) based on their ability to release free sugars during the process of
digestion. Starch is a homo-polysaccharide consisting of repeating unit of D-glucose
linked to one another via α-glycosidic linkages. The two types of polysaccharides
namely amylose and amylopectin constitute 98–99% of dry weight of starch. Some
classifications categorize starch-containing foods as ‘waxy’ (<15% amylose), ‘nor-
mal’ (20–35%), and ‘high’ amylose ( 40%) based on their content of amylose.

9.2.1 Metabolic Fate of Starch

The digestion of starch begins in the mouth where secretion of salivary amylases
(α-amylase) breaks them down into short-chain maltose (maltotriose and
maltotetraose), dextrins, and soluble sugars. The partially digested starch then passes



on to small intestine, where the pancreatic α-amylase and α-glucosidase hydrolyze
them to release sugars in the intestinal cavity where it gets absorbed by gut
epithelium and transported to different tissues and organs through circulatory sys-
tem. Small intestine is the place where more than 60% of starch hydrolysis happens.
The glucose produced in the process is metabolized in the same way as sugars as
mentioned above.
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Table 9.1 Classification of resistant starch (Birt et al. 2013; Yang et al. 2017)

Type of RS Structural features Food source(s)

Resistant
starch I

Physically remain inaccessible by entrapment
in non-digestible matrix

Coarsely ground or whole-kernel
grains

Resistant
starch II

Ungelatinized granular starch with the B or C
polymorph

High-amylose maize starch, raw
potato, raw banana starch

Resistant
starch III

Retrograded starch Cooked and cooled starchy foods

Resistant
starch IV

Chemically modified starched Cross-linked starch and octenyl
succinate starch

Resistant
starch V

Amylose–lipid complex Stearic acid complexed high-
amylose starch

Rapidly digestible starch (RDS) is the fraction of starch which is digested very
quickly (within 20 min) and they are commonly present in white rice, potato (freshly
cooked), and white bread. Upon consumption, RDS causes sudden increase in blood
glucose level. Slowly digestible starch (SDS) is the fraction of starch which is
digested slowly (120 min) and complete digestion happens in the small intestine.
They are common in whole-grain bread, pasta, potato (cooked and cooled), coarse
cereals like sorghum, maize, and legumes. Resistant starch (RS) is the portion of
starch that cannot be digested by amylases in the small intestine and is fermented by
the microbiota present in the large intestine. They do not release sugars within
120 min of ingestion. The common foods that contain resistant starches are beans,
unripened banana, and high-amylose maize. Not much structural differences were
noticed among the above-mentioned classification of starches. The difference in their
digestion depends on the physical accessibility of starch-degrading enzymes into the
polymers. The RS is further classified into five groups based on their structures and
interaction with other food components (Tables 9.1).

9.2.2 Dietary Fiber

American Association of Cereal Chemists (AACC) has defined dietary fiber as ‘the
edible parts of plant or analogous carbohydrates that are resistant to digestion and
absorption in the human small intestine with complete or partial fermentation in the
large intestine’. The dietary component of fiber includes polysaccharides like cellu-
lose, hemicellulose, pectins, chitin, gums, mucilages, and non-polysaccharides like
lignin and associated plant substances. Dietary fiber is classified into soluble and



insoluble fibers: wheat bran, cellulose, hemicellulose, and lignin are not soluble in
water whereas pectins, gums, and mucilages are soluble and become swollen in
water.
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Owing to its structural complexity and unavailability of digestive enzymes to
break down the β-glycosidic linkages prevalent in these components, most of the
dietary fibers pass on from small intestine to large intestine where some of them are
disintegrated by the microbes residing there. The assimilation of insoluble fiber in
the colon is sparse and they provide bulking to the stool. On the other hand, soluble
fiber is fermented in the colon to release physiologically active by-products such as
short-chain fatty acids which get absorbed by the colonic epithelial cells. The dietary
fibers increase the volume of food passage through the GI tract to colon which
provides satiety and reduce the appetite. The sugars accessible for digestive enzymes
from soluble fiber are released in the intestine and are processed in a manner similar
to that of sugars released from starch.

Consumption of dietary fiber is reported to reduce the α-amylase activity and
thereby arrests the sugar release from starch which in turn reduces the postprandial
glucose level. Moreover, the dietary fibers interact with other nutrients in the GI tract
and slow down the rate of their absorption by altering the viscosity and increasing
the solute diffusion coefficient. Regular intake of dietary fiber especially soluble
fibers like pectin has been reported to reduce the absorption of cholesterol present in
the food and also induces the synthesis of bile acids from cholesterol in liver thereby
reducing the risk of cardiovascular diseases. Small-chain fatty acids released from
the bacterial actions on dietary fiber in the colon are found to have profound health
benefits (Al-Lahham et al. 2010).

9.3 Proteins

Proteins are ubiquitous macromolecule in a cell/tissue/organ involved in various
biological activities. Proteins differ in their structures and functions based on the
sequence and composition of 20 amino acids. They are essential nutritional require-
ment to maintain body functions as structural, regulatory, enzymatic activities,
signaling protein, and transport proteins (Elango et al. 2009).

Optimal dietary protein intake will provide all the 20 amino acids including
essential, non-essential, and conditionally essential amino acids in appropriate pro-
portions. Human body can synthesize non-essential and some conditionally essential
amino acids, and dietary proteins are the only source of essential amino acids.
Quality of the proteins obtained from the diet is determined by its amino acid
composition especially its essential amino acid content and the digestibility of the
protein (Tome 2012).

The active digestion of proteins starts in the proximal end of small intestine by the
action of several proteolytic enzymes such as trypsin, chymotrypsin, and elastase,
and carboxypeptidases A and B. The resultant amino acids are absorbed by the brush
border epithelial cells which ultimately feed them to circulatory network for different



tissues. Amino acid composition and physiochemical properties of the protein decide
their kinetics of digestion and uptake. Proteins obtained from several sources were
compared, and it was found that whey protein digestion causes short but drastic
increase in amino acid concentration in plasma and is considered as ‘fast protein’
whereas casein digestion produced prolonged release of amino acids and was
designated as ‘slow protein’ (Bendtsen et al. 2013).
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The digestion of protein in the small intestines releases amino acids and peptides
in the lumen. Most of the peptides are also absorbed by the various transport proteins
located in the intestinal wall epithelium (Fernández-Tomé et al. 2017). Studies
suggest that bioactive peptides obtained from diet have diverse role as antimicrobial,
anti-diabetic, DNA stimulating, and antioxidants. These protective effects might act
on intestinal cells and microbiota and positively influence the proper development of
the gut (González-Montoya et al. 2018).

Amino acids derived from food are utilized in multiple catabolic and anabolic
pathways, and the resultant products include polyamines, long-chain and short-chain
fatty acids, urea, uric acid, nitric oxide, hydrogen sulfide, and non-amino acid
bioactive metabolites like gamma-aminobutyric acid (GABA), taurine, ornithine,
agmatine, etc. The catabolic products are also involved in the synthesis of various
nitrogen-containing compounds in the cellular pathways.

Like other classes of nutrients, the food processing methods like fermentation,
soaking, germination, milling, and protease treatments determine the digestibility
and amino acid availability in many protein-containing foods (Ketnawa and Ogawa
2021). Normally, protein is not utilized as the energy source but when the primary
calorie-rich food is not available and fat stored in the body is fully utilized, which is
the case in extreme fasting, proteins are taken up for energy production by synthe-
sizing glucose via glucogenic amino acids namely isoleucine, valine, threonine, and
methionine via gluconeogenesis pathway.

9.4 Fats and Oils

Around 35–40% of dietary energy requirements of human are met by fats and oils,
which are collectively termed as lipids. Their calorific value is higher than that of
carbohydrates and proteins. Apart from meeting out the energy requirements, lipids
play an important role in growth and development of brain and nervous system.

Fats and oils are obtained in the form of triacylglycerol from plants and animal
sources. In general, fats obtained from animal sources contain more saturated fatty
acids and are solid in room temperature whereas the oil obtained from plant sources
is rich in unsaturated fatty acid and is liquid in room temperature (Lichtenstein
2013). The digestion of fats starts in the mouth with the help of salivary lipase and
release fatty acids which are absorbed in the stomach. But, most of the digestion
process happens in the small intestine where fats form micelles with bile acids
secreted by the liver which are then digested to release free fatty acids and
monoacylglycerol by the action of pancreatic lipase. The released fatty acids are



carried in micelles and absorbed by the intestinal epithelium. In intestinal mucosal
cells, fatty acids are conjugated with monoacylglycerol to from triacylglycerol,
packed into lipoprotein complexes named chylomicron. They are transported via
lymphatic system which feeds them to circulatory system. These lipoprotein com-
plexes reach adipose tissues for storage and to muscles where they are again
degraded to fatty acids and monoacylglycerol for energy production through the
process of oxidation.
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Humans are capable of synthesizing variety of fatty acids from simple precursors
obtained from dietary nutrients and they are called non-essential fatty acids. On the
other hand, essential fatty acids must be obtained from dietary sources. They fall into
two categories: omega-3 (linolenic acid and docosahexaenoic acid) and omega-6
(linoleic and oleic) fatty acids. They are precursors for the synthesis of eicosanoid
hormones that control important body functions in nervous and immune systems.
The appropriate ratio of omega-3 and omega-6 fatty acids is a prerequisite for
maintaining good health.

9.4.1 Metabolic Fate of Cholesterol

Cholesterol falls in the major nutrient category of sterols. Sterol is classified into
phytosterol and cholesterol; the former is present in plants and latter is derived from
animal products. Normally, humans do not need sterols in our diet for nutrition
purpose which means they are not essential because human body can synthesize an
average 11 mg/kg body weight of cholesterol per day without an intake of external
cholesterol-containing food. The synthesis of cholesterol happens in liver and to
some extent in intestine too. Though cholesterol is non-essential, it has numerous
biological functions in our body. It is the precursor for the synthesis of bile acids,
which are secreted into small intestines and help in the digestion and absorption of
fats in our diet. It is also the precursor of the synthesis of hormones like estrogen and
progesterone. Another main function of the cholesterol is maintaining the fluidity of
the plasma membrane owing to its structural peculiarity of having both hydrophobic
and hydrophilic group and cyclic structures which helps the fatty acid present in the
plasma membrane to interact with and reduce the compactness of the plasma
membrane.

The cholesterol esters obtained from the diet are processed more like fats by the
enzyme esterase secreted by the pancreas. The de-esterified cholesterol is packed
into lipoprotein complexes namely chylomicron, very low-density lipoprotein
(VLDL), low-density lipoprotein (LDL), and high-density lipoprotein (HDL) in
the small intestine and enters into circulatory network. Among them, VLDL and
LDL carry substantial portion of cholesterol in the blood. Through various apolipo-
protein receptors, these circulating phospholipids enter liver, muscles, and adipose
tissues where lipid components are degraded and released inside the cell.

Phytosterols are structurally very similar to cholesterol except the substitution at
the C24 position on the sterol side chain. Phytosterols are reported to reduce the



dietary cholesterol absorption mainly by displacing cholesterol in the micelles and
LDLs (Lin et al. 2010) thereby found to reduce the cardiovascular disease risk.
Though poorly absorbed from the intestine, some phytosterols are metabolized in the
liver into bile acids. They are also reported to have anti-tumor properties especially
reduction in colon cancer development.
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9.5 Phenolics and Flavonoids

Growing epidemiological evidences state that consumption of phenolics and
flavonoid-rich foods decreases the risk of developing certain lifestyle diseases
such as diabetes, obesity, coronary heart diseases, and even certain cancers
(Hodgson and Kroft 2006; Scalbert et al. 2005). Plants synthesize variety of sec-
ondary metabolites which impart evolutionary advantage to withstand biotic and/or
abiotic stresses prevailing in their ecosystem. The secondary metabolite pool of plant
kingdom is enormously diverse and used in traditional medicinal preparations since
time immemorial. They do not participate in energy production but exert multiple
health benefits.

The bioaccessibility and bioavailability of many secondary metabolites from
unprocessed food products are restricted due to the digestive barrier posed by the
plant cell wall where most of these metabolites reside. Bioavailability of these
metabolites is functions of many factors like their structure, solubility, interactions
with other dietary nutrients, molecular transformations, cellular transportation, inter-
action with gut microbiota, etc. (Fernandez-Garcia et al. 2012). Nevertheless,
Cassidy et al. (2006) and Mateo-Anson et al. (2011) proved that processing of
food products like fermentation and milling increased the bioavailability of flavo-
noids and phenolics in soy and wheat products, respectively. After bypassing the
challenge of being released from the food matrix and becoming bioaccessible,
bioactive food compounds are processed in the GI tract.

9.5.1 Metabolic Fate of Bioactive Metabolites

In contrast to metabolic fate of carbohydrates, proteins, and fats, the metabolism of
plant secondary metabolites is complicated. They are processed like that of xenobi-
otics in our system. Most of the digestion process happen in colon and very little,
mainly of aglycone metabolites, are being absorbed in the small intestine and
transported to liver for biotransformation. Even though studies provide evidence
that simple glycosylation of some of the metabolites happens in the oral cavity by the
glycosidase enzymes secreted by the oral microorganisms (Velderrain-Rodríguez
et al. 2014), most of the glycosylated compounds and other conjugated metabolites
reach colon with little or no absorption in the small intestine. In colon, these
compounds are subjected to hydrolysis or fermentation by the enzymes secreted



by the gut microbiota. Some amount of enzymatic hydrolysis of conjugated poly-
phenols takes place at the brush border epithelial cells of small intestine. The
released aglycones then enter into liver where they are biotransformed.
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The metabolism of these compounds is divided into two phases of biotransfor-
mation: Phase I biotransformation reactions consist mainly of oxidation, reduction,
and hydrolysis. This phase is intended to change the structure of the exogenous
compounds by adding hydroxyl, carboxyl, and amino groups, etc., with the help of
enzymes like cytochrome P450-dependent mixed-function oxidases (CYPs) and
catechol-O-methyltransferase. This addition changes the polarity of these com-
pounds facilitating their absorption or excretion. These changes can also increase
or decrease the bioactivity of these compounds. Though liver is the main site of
transformation, fraction of phase I transformation also happens in small and large
intestine (Fig. 9.2).

Phase II biotransformation involves the incorporation of methyl, glucuronic acid,
and sulfate groups to phenolics/flavonoids by the action of methyl transferase,
uridine 50-diphosphate glucuronide transferase, and sulfonate transferase in the
small intestine, liver, and kidney and enters into systemic circulation or excretion.
Many studies have proved that the health benefits obtained from the consumption of
phenolic-rich foods are in fact due to the metabolically transformed compounds. The
structure, position of hydroxyl group, and type of conjugation reaction during
biotransformation reactions severely influence the biological activities of these
biotransformed compounds (Cosme et al. 2020).

For instance, retention properties of strawberry anthocyanins revealed that the bio-
chemicals are detected in plasma of the human subjects at both 45 and 90 days of
assessment period. Further, many metabolic processes like changes in gut microbiome,
upregulation of enzymes involved in phase I and phase II biotransformation, changes in
the activities of efflux transporters to maintain equilibrium, among others could
contribute to production of different metabolites derived from the anthocyanins.
Remarkable inter-individual variability in the concentration of urolithin metabolites
was also detected in the plasma (Sandhu et al. 2018).

Metabolomic approach was utilized to analyze the phenolic metabolites of
polyphenol-rich bur-erh tea and biotransformed metabolites excreted in the urine.
Such metabonomic approach could unravel the complex interactions between multi-
component nutraceuticals and the human metabolic system which could be utilized
in nutritional intervention (Xie et al. 2012). Table 9.2 lists out some of the major
food crop derived phenolics/flavonoids/carotenoids and their biotransformed
metabolites.

The importance of food matrix on the absorption and bioavailability of
isoflavones from soy-rich foods was reported. The pharmacokinetic profile of
these compounds is influenced by the food matrix as liquid matrix (soy milk) has
showed higher rate of absorption of isoflavone than solid matrix whereas the
fermented foods like tempeh which is rich in aglycones due to partial hydrolysis
of glycosides present are rapidly absorbed. The influence of gender on the absorption
profile of isoflavones was reported; however, age showed no influence on the
absorption profile (Cassidy et al. 2006) implying the multi-factorial nature of food
absorption.
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Table 9.2 Food sources with bioactive plant secondary metabolites

Polyphenols/flavonoids/
carotenoids

Biotransformed bioactive
metabolite

Tea Phenolics (theophylline, 1, 3
dimethyluric acid, theobro-
mine, caffeine, nicotinic acid,
epigallocatechin,
4-aminobutanoic acid, 3,5
dihydrobenzoic acid)

1, methyluric acid, 1,7 methyl
uric acid, 2-hydroxybenzoic
acid, paraxanthine, theophyl-
line, hippuric acid,
1-methylxanthine,
2-hydroxyphenylacetic acid

Xie et al.
(2012)

Strawberry Phenolics (ellagitannins,
pelargonidin-3-O-glucoside,
pelargonidin glucuronide,
pelargonidin-3-O-rutinoside,
urolithin A glucuronide,
isourolithin A glucuronide, and
urolithin B glucuronide)

3, 4-Dihydroxybenzaldehyde,
hippuric acid,
4-hydroxybenzaldehyde, p-
coumaric acid and
3-hydroxybenzoic acid, p-
coumaric acid and cinnamic
acid, vanillic acid glucuronide

Sandhu et al.
(2018)

Pomegranate Phenolics (Ellagitannins) Urolithin A glucuronide,
urolithin B glucuronide,
dimethyl ellagic acid

González-
Sarrías et al.
(2010)

Soybean Isoflavones (daidzein, glycitein,
and genistein)

Equol, O-
desmethylangolensin

Cassidy et al.
(2006),
Setchell et al.
(2001)

Olive oil Phenolics (tyrosol,
hydroxytyrosol, elenolic acid,
deacetoxy-ligstroside aglycon,
oleuropein aglycone)

Conjugated hydroxytyrosol,
oleuropein, homovanillic acid,
homovanillic alcohol

de Bock
et al. (2013),
Visioli et al.
(2008)

Fruits and
vegetables

Carotenoids (lycopene,
β-carotene, α-carotene,
β-cryptoxanthin, lutein,
zeaxanthin)

Astaxanthin, capsanthin,
violaxanthin, neoxanthin,
fucoxanthin

Nagao
(2011)

The compounds, which are not absorbed in the small intestines, reach colon
where they are catabolized into smaller phenolic acids by the action of microbiome
which may increase the bioavailability and getting absorbed by intestinal epithelia to
systemic circulation.

9.6 Carotenoids

Carotenoids are polyene hydrocarbon metabolites obtained from fruits and vegetables
rich in yellow, orange, and red pigments, egg yolk, and some marine products. The
most common carotenoids are carotenes (α-carotene and β-carotene) and xanthophylls
(β-cryptoxanthin, lutein, zeaxanthin, and lycopene). Among them, carotenes and



cryptoxanthin are called pro-vitamin A carotenoids as they serve as the precursor for
the synthesis of retinol, retinal, and retinaldehyde in human body. Though not directly
involved in the synthesis of vitamin A, carotenoids like lutein and zeaxanthin have
important role in filtering the blue light and protect eyes from light induced oxidative
damage. Since dietary intervention is the only source to obtain these nutrients, their
metabolism and bioavailability are the major determinants to avoid age-related mac-
ular degeneration and related diseases such as certain cancers, skin and bone diseases,
and cardiovascular diseases (Meléndez-Martínez et al. 2021).
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9.6.1 Metabolic Fate of Carotenoids

Carotenoids like α-carotene, β-carotene, and lycopene are highly hydrophobic
compounds and their absorption is inefficient in humans. Upon ingestion, when
released from the food matrix, they get mixed with phospholipids, free fatty acids,
and bile acids and are solubilized into mixed micelles. This composition of the
micelles is a major determining factor for their uptake by the intestinal epithelia by
simple diffusion as well as for its bioavailability. The uptake mechanism of caro-
tenes and xanthophylls varies due to their structural differences and hydrophilicity.
The metabolism and bioavailability of more polar epoxyxanthophyll compounds
such as neoxanthin and fucoxanthin in healthy human participants revealed that their
plasma concentration was very low even after one week intervention period com-
pared to less polar carotenoids such as luetin and β-carotene (Asai et al. 2008). It
suggests that the polar carotenoids have low bioavailability due to poor intestinal
absorption from micelles or rapid metabolism in the body.

The carotenoids absorbed through micelles into epithelial are packed into chylo-
micron for circulation and reach liver for biotransformation. Cytosolic β-carotene
oxygenase 1 (BCO1) and mitochondrial β-carotene oxygenase 2 (BCO2) are the two
carotenoid cleaving enzymes found in human. BCO1 catalyzes the formation of two
retinal molecules by cleaving on 15, 150 double bond site of one carotene molecule,
whereas BCO2 cleaves at the 9, 10 and/or 90, 100 double bonds of almost all
carotenes to yield various apocarotenoid products in the inner membrane of mito-
chondria (Amengual et al. 2013). The kinetics of β-carotene conversion to retinol in
healthy adults divulged that of total bioconversion, 82%, 17%, and 0.83% occurs in
the intestine, liver, and other tissues, respectively (Green et al. 2021).

In humans, the metabolism, genes, and enzymes involved in the biotransforma-
tion of carotene-derived compounds are very well understood; however, the process
of understanding the xanthophyll biotransformation and the biological activity of the
resultant metabolites in humans are gaining momentum and are yet to be deciphered
fully.
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9.7 Interaction of Major Nutrients and Bioavailability
of Secondary Metabolites

Food we consume often contains many nutrients in different proportions, thereby
influencing the process of digestion and bioavailability. Studying the biological
activity of the nutrients and their interaction with other nutrients provides valuable
information about the positive and negative health effects associated with those
nutrients which would help nutritionists take informed choices about the healthy
dietary meals. Here, we give few examples of interactions between different bio-
molecules and their nutritional importance.

Dietary polyphenols obtained from fruits, vegetables, and spices are often
associated with dietary fiber. Fiber-polyphenol complexes may be present as
soluble polymers or insoluble macromolecular assemblies or as swollen, hydrated
networks. Polyphenols from soluble polymer complex are readily available in the
GI tract whereas non-extractable polyphenol fractions, mainly tannins and
proanthocyanidins, are not readily available in the prevailing conditions of GI
tract. However, added dietary fiber can also negatively affect the absorption of
nutrients because of gel formation, increased viscosity, or binding and entrapment.
Other compounds, present in fruits and vegetables, like antinutritional factors such
as phytic acid, oxalates, protease inhibitors, lectins, and tannins also limit the
bioavailability of nutrients present in the food (Bohn 2014). The fats and proteins
present in the foods have positive effect on the bioavailability of bioactive metab-
olites. The bioavailability of isoflavonoids from foods rich in fat and protein is more
than that of extracted isoflavonoid supplements without these nutrients (Walsh et al.
2003). Likewise, the carotenoid absorption and bioavailability are higher when
consumed along with fat (Brown et al. 2004) and bioavailability is reduced when
co-ingested with soluble dietary fibers and phytosterols. The interaction between
different bioactive metabolites also affects their bioavailability as increased bioavail-
ability of curcumin was observed if ingested along with piperine (Shoba et al. 1998).

9.8 Role of Gut Microbiome in Metabolism
and Bioavailability

The human gut microbiota comprises a complex and diverse set of microorganisms
and not less than 1000 bacterial species were identified where most of them were
unculturable. Bacteria constitute one of the largest groups of microbiota that
occupies >99% of human gut along with archaea and viruses. In general, the gut
microbiome interacts with host resulting in diverse beneficial effects such as diges-
tion of dietary substrates, production of nutrients, and regulation of host immune
system and arresting the growth of harmful microorganisms. The colonic or gut
microbial organisms of human contribute extensively to the process of food metab-
olism by secreting enzymes that complement the repertoire of human digestive



enzymes (Rajilić-Stojanović and de Vos 2014). Microbe-derived enzymes in metab-
olism cover the catabolism of polysaccharides, polyphenols, and biosynthesis of
vitamins among others. Furthermore, the combined genetic repertoire of microbiota
would account for about three million genes way more than the genetic coding
potential of human genome (Zhang et al. 2010). Numerous studies have provided
evidence for the role of microbiota in metabolism of food components and its impact
on the health of an individual after analyzing human–microbiota association and
in vitro investigations. Additionally, alterations in the composition of gut
microbiome have been implicated in the development of diseases as diverse as
inflammatory bowel disease (IBD), irritable bowel syndrome (IBS), colon cancer,
and antibiotic-associated diarrhea and in the etiology of diseases like diabetes and
obesity (Marchesi et al. 2016).
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Dietary carbohydrates are acted upon by the gut microorganisms to produce
bacterial fermentation products, short-chain fatty acids (SCFAs) namely acetic
acid, propionic acid butyric acid, and gases (Rowland et al. 2018). These three
SCFAs are present in the molar ratio of 3:1:1–10:2:1. Butyric acid has anticancer
properties besides being the energy supplier of colonocytes. The anticancer proper-
ties of butyrate are due to its capacity to induce programmed cell death of colon
cancer cells and gene expressional changes due to its inhibitory activities on histone
deacetylases (De Vadder et al. 2014). Propionic acid, besides serving as an energy
source, is involved in the gluconeogenesis process in liver. Additionally, it acts as
satiety signaling molecule by binding to the intestinal G-protein-coupled receptors,
thereby promoting intestinal gluconeogenesis (Tazoe et al. 2008). Acetate acts as
co-factor that induces growth of other bacteria and plays a significant role in
lipogenesis and appetite regulation (Frost et al. 2014). This comprehension has led
to the devising of a diet low in fermentable oligo-saccharides, disaccharides, mono-
saccharides, and polyols (FODMAP) to ensure the reduced bacterial fermentation as
a viable treatment of IBS (Halmos et al. 2015).

Microorganisms of the colon exert tremendous proteolytic activities to convert
the dietary proteins, endogenous enzymes into short peptides, amino acids and their
derivatives, short-chain or branched-chain fatty acids, and gases such as hydrogen,
carbon dioxide, and hydrogen sulfide. The aromatic amino acids are converted into
phenylpropanoid metabolites, phenylacetic acid, etc. (Russell et al. 2013). Further, it
was also deduced that formation of polypeptides from free amino acids due to the
activity of microorganisms greatly influences the amino acid metabolism and bio-
availability in mammalian gut (Dai et al. 2013).

Gut microbiota are involved in the biosynthesis of vitamins including vitamin K
and vitamin B. It was estimated that gut microbiota could contribute a little over one
fourth of recommended dietary intake for some of the vitamins namely cobalamin,
folate, niacin, and pyridoxine (Magnúsdóttir et al. 2015). Also, the human colon
epithelial cells are adept at absorbing B vitamins (Said 2013).

Bile acids (cholic acid and chenodeoxycholic acid) biosynthesized from choles-
terol by the human liver cells are secreted into the small intestine to facilitate
digestion and absorption of lipids. The residual bile acids that escape the
enterohepatic circulation and reach colon are acted upon by the microbes residing



there to produce potent variants deoxycholic acid and ursodeoxycholic acid. These
variant bile acids have greater implications for gut microbial diversity, digestive
function of humans including absorption of dietary lipids, fat-soluble vitamins, etc.
These interactions, however, underscore the importance of bile acids in serving as a
mediator molecule that influences the gut microbiome and metabolic status of host.
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Polyphenols derived from fruits and vegetables are intensively researched owing
to their supposed health benefits and bioactive potential. The inherent structural
diversity, conjugated nature (remain as glycosides—e.g., flavonoids), and high
molecular weight polymeric nature (proanthocyanidins, ellagitannins, etc.) severely
affect their digestion and bioavailability. Hydrolytic activity of colon microbes (e.g.,
Bacteroides distasonis and Eubacterium cellulosolvens) ensures that the undigested
dietary polyphenols are converted into aglycones or monomers so that polyphenols
are converted into simpler counterparts for absorption (Marín et al. 2015). Further,
the inter-individual variations in the ability to metabolize certain dietary polyphenol
have been linked to the gut microbial diversity. For instance, to harvest the potential
health benefits of consumption of soy isoflavone daidzein or ellagitannins, conver-
sion of these compounds into bioactive superior derivatives such as equols or
urolithins, respectively, by the activity of microbial community is of paramount
importance (Landete et al. 2015; Tomas-Barberan et al. 2016).

It is apparent that gut microbiota-derived products are subsumed into the human
metabolic pathways consequently influencing the metabolic phenotype of an indi-
vidual. Conversely, host metabolites also serve as substrates for the gut microbial
activity. Collectively, it can be concluded that the metabolic cross talk between the
host and gut microbial community determines the metabolic phenotype of the host.

9.9 Nutrigenomics: Link of Nutrients and Epigenetics
for Well-Being

Dietary components have been shown to markedly influence the epigenetic-based
gene regulation in human and thereby modulate the gene expression patterns espe-
cially when the immunity of an individual is compromised. Even though the specific
mechanisms by which diet-derived components alter the epigenetics of humans
remain unclear, their potential in regulating the human health is evident. Molecular
interaction of dietary components and gene is recognized to play a direct and indirect
role in the well-being of humans. The advent of genomics-based revolution in
human medicine, especially the advancements made in the field of human genome
sequencing project, has greatly aided in unraveling the nexus of food, genes and
disease. Hence, nutrition research has encompassed the effects of food on our genes
or the response of an individual gene for a food in the field called nutrigenomics
(Nicastro et al. 2012). Food greatly influences the metabolic response and gene
expression pattern thereby affecting the health of an individual. Thus, the branch of
food science and nutrigenomics depends on two facets of food (a) effects of food-



derived nutrients on the gene expression (b) differential metabolism of food com-
ponents depending upon the genotype of an individual causing difference in the
health conditions (Nasir et al. 2020).
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The host enzymes namely DNA methyltransferases, histone acetyltransferases,
DNA hydroxylases, histone deacetylases, and histone demethylases are known to be
involved in these epigenetic changes as metabolites derived from dietary compo-
nents regulate these changes. For example, sirtuin deacetylases are controlled by
NAD+/NADH ratio, acetyl-CoA, O-acetyl-ADP-ribose, and nicotinamide (Ringel
et al. 2018).

Secondary plant metabolites such as polyphenols have potential beneficial effects
against diseases like cancer, GI disorders, and neurodegenerative diseases owing to
their inherent antioxidant potential. Research evidences have proven that the bene-
ficial effects of polyphenols are mediated through modulation of expression of
NF-κB, alteration of the activities of histone deacetylases, and DNA
methyltransferases consequently reversing the phenomenon of abnormal gene
expression patterns. Dietary components such as curcumin, epigallocatechin gallate,
genistein, resveratrol have been known to effect chromatin remodeling through
various epigenetic mechanisms (Remely et al. 2015). Daily administration of
soybean-derived genistein (a phytoestrogen) in premenopausal women increased
DNA demethylation and reversed the silencing effects of methylated genes, RARβ2
and CCND2 (Qin et al. 2009). Similarly, coffee and tea polyphenols inhibited the
DNA methylation in human breast cancer cell lines (Lee and Zhu 2006). Curcumin
has been known to decrease DNA methylation, inhibit the activity of acetyl trans-
ferase, and block histone hyperacetylation and also regulates miRNA expression in
the alleviation of effects of leukemia, prostate, and pancreatic cancers, respectively
(Remely et al. 2015). Curcumin from turmeric inactivates the active site of human
dinucleotide methylase transferase, and its epigenomic effect causes
hypomethylation of leukemia cells. Nutrition derived from the food serves as sub-
strates for the DNA methylation process and thus the precursors of one-carbon
metabolite (S-adenosylmethionine) namely folic acid, choline, vitamins B2, B12,
and B6, etc., have a significant influence on the DNA methylation phenomenon and
hence their role in epigenetic control is further emphasized (Anderson et al. 2012).

Various diet-derived plant bioactives with potential and proven epigenetic effects
in human are depicted in Table 9.3. Food-derived bioactives have anticancerous
properties owing to their epigenetic effects such as causing DNA demethylation,
DNA repair, inhibition of dinucleotide methylase transferase, inhibiting the activity
of histone deacetylases and activation of silenced tumor suppressor genes
(Table 9.3). Dietary polyphenols such as coumaric acid, cinnamic acid in cinnamon;
resveratrol from grapes, epigallocatechin from green tea; curcumin from turmeric
have capability to inhibit DNA methyltransferases and to modify the histone pro-
teins. Notably, green tea-derived epigallocatechin has been shown to reactivate the
silenced genes by interacting with dinucleotide methylase transferase. Apigenin—a
plant-derived flavone prevalent in parsley, celery, etc., has dinucleotide



Dietary bioactives Epigenetic effects

methyltransferase and histone deacetylase inhibitory activities. Besides the plant
bioactives, minerals and vitamins such as zinc and folate have proven effect in DNA
repair activities. Food-derived plant bioactives may also affect the epigenetic mech-
anism through various other processes. For instance, folate, B vitamins, etc., that act
as methyl donor in 1-carbon metabolism could affect the processes of DNA meth-
ylation and histone methylation (Montgomery and Srinivasan 2019).
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Table 9.3 Food components and their epigenetic effects (Adapted from Nasir et al. 2020)

Sl.
No

Source
plants

1 Phloretin Apple Demethylation, inhibition of histone
deacetylases (HDAC), and activation of
tumor suppressor gene (TSG)

2 Isothiocyantes Broccoli Chromatin remodeling and activation of
TSG, p21

3 Anacardic acid Cashew nut Involved in DNA repair and inhibits his-
tone acetyltransferase

4 Hesperidin Citrus Inhibits dinucleotide methylase transfer-
ase (DMTs)

5 Coumaric acid Cinnamon Inhibits dinucleotide methylase
transferase

6 Caffeic acid Coffee Inhibits dinucleotide methylase
transferase

7 Allyl mercaptan Garlic Inhibition of histone deacetylases, pro-
motes histone acetylation

8 Resveratrol Grapes Inhibits dinucleotide methylase
transferase

9 Genistein Soybean Inhibits dinucleotide methylase
transferase

10 Epigallocatechin gallate Tea Inhibits dinucleotide methylase
transferase

11 Lycopene Tomato –

12 Curcumin Turmeric Inhibits dinucleotide methylase
transferase

13 Phytosterols, phenolics Peanut,
extra virgin
olive oil

Enhanced methylation of cg01081346

14 β-glucan Rye, barley,
oats

Substrate for bacteroidetes producing
propionate which in turn acts as inhibitor
of histone deacetylases

15 Anthocyanins, quercetin, res-
veratrol, flavonoids

Wine, beer Inhibitor of DNA methyltransferase

16 Flavanols (epicatechin, cate-
chin, procyanidins), flavonols
(quercetin)

Cocoa Attenuates DNA methyltransferase and
promotes hypomethylation
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9.10 Food–Gut Microbiome and Epigenetic Linkage

Evidences from the epidemiological investigations have highlighted the significance
of exposure to microbes, especially the composition of gut microbes, in determining
the epigenetic response of human which in turn, albeit partly, explains the occur-
rence or disease progression in many instances. As stated above, microbial commu-
nity inhabiting human gut produces several low molecular weight bioactive
molecules including SCFAs, neurotransmitters (serotonin, etc.), and gases (H2S,
NO, NH3, etc.). These biomolecules not only function as signaling molecules of
digestion, neurotransmission, or inflammation but also as mediator of epigenetic
regulation (BerniCanani et al. 2012). Further, the influence of gut microbiota on
defining the metabolic disorders and phenotype (obese or lean) has led to consider-
ation of microbiota-based therapeutics to manage these health complications. The
variations in the gut microbiota and its link with obesity and other disorders have
been interconnected with the signature methylome patterns suggesting the potential
microbe–methylome–phenome linkage (Kumar et al. 2014). Though the molecular
mechanism of involvement of microbes in epigenetic changes remains subtle, the
role of microbial composition in effecting differential methylation of free fatty acid
receptors in obese and type 2 diabetic individuals had been proven (Remly et al.
2014). Butyric acid, a main product of gut Firmicutes, is known to inhibit human
histone deacetylases thereby offering protection against low-grade inflammation
(BerniCanani et al. 2012). It is certain that dysbiosis of human microbiota potentially
alters the levels of s-adenosyl methionine (SAM) and consequently affects the
methylation status of DNA and histone complexes. Also, it is worth exploring if
dysregulation of α-ketoglutarate and succinate levels could alter the epigenetic
profile of peripheral host tissues. Another epigenetic activity that is potentially
linked to microbial action is phosphorylation of histone protein mediated through
AMP-activated protein kinase (AMPK) in response to energy status of cells since
modulations in the activities of AMPK are observed during the physiological
conditions of type 2 diabetes, metabolic syndrome, cardiovascular disease, and
obese phenotype individuals. In summary, dysregulation of microbial community
potentially depletes the food-derived metabolites which act as regulators of histone
or DNA modification leading to aberrant phenotypes (Miro-Blanch and Yanes
2019).

Alterations in the composition of gut microbiota have been linked to the devel-
opment of many diseases in human. For instance, the composition of Firmicutes to
Bacteroidetes increases to cause irritable bowel syndrome whereas reduced ratio of
Bacteroidetes to Firmicutes causes obesity; abundance of Fusobacteria is associated
with colorectal cancer; production of trimethylamine-N-oxide from phospholipids
leads to atherosclerosis; and excess ammonia production by gut microbiota causes
Alzheimer’s disease (Paul et al. 2015). Evidences have started emerging from our
improved understanding of gut microbiota-dietary metabolism-host epigenetic axis
about various diseases such as cancer, diabetes, arthritis, irritable bowel syndrome
and the alteration in microbiota associated epigenetic changes in the disease devel-
opment (Table 9.4)
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Table 9.4 Gut microbiome and their epigenetic effects in human diseases

Disease/
physiological
disorder

Alterations in gut microbiome/
changes in metabolites due to
microbiota

Colon cancer High TNF-α expression Suppression of butyric acid-
induced differentiation and
potentiated cell death

Erdman
et al.
(2009)

Estrogen-
dependent
cancers

Bacterial-derived
β-glucuronidases and
β-glucuronides involved in
estrogen modulations

Hepatic conjugation reactions
of methylation and
glucuronidation

Mageroy
et al.
(2012)

Gastric cancer 128-kDa protein derived from
H. pylori

Acetylates promoter of p21
gene

Ding et al.
(2010)

Liver cancer Lipopolysaccharides from gut
bacteria

Epigenetic modification of
TLR4 gene expression in
intestinal epithelial cells

Dapito
et al.
(2012)

Lung cancer Short-chain fatty acids gener-
ated by gut bacteria modulate
GPCR43 thereby affecting
inflammatory responses

SCFAs inhibit histone
deacetylases

Maslowski
et al.
(2009)

Diabetes
mellitus 2

Increased number of
Bacteroides and Clostridium
and particularly increased
Firmicutes/Bacteroidetes ratio

Increases the intestinal perme-
ability causing low-grade
inflammation and epigenetic
modulation of Toll-like recep-
tors
Epigenetic regulation of free
fatty acid receptors; decreased
methylation in promoters of
genes

Remely
et al.
(2014)

Schizophrenia – Gut microflora produced low
molecular weight molecules
(namely folate, butyrate, biotin,
and acetate) interferes with
epigenetic processes

Zhuo et al.
(2019)

Depression – Gut microflora-derived buty-
rate, β-hydroxybutyrate, and
GABA epigenetically modulate
factors such as receptors or
mediators

Zalar et al.
(2018)

Obesity Increased proportion of
Firmicutes to Bacteroidetes

Aberrant methylation pattern of
metabolism, obesity-related
genes

Kumar
et al.
(2014)

9.11 Brain Health: Bioavailability Linkage

Though the link between GI comorbidities and brain disorders is known since time
immemorial, the biochemical basis involving the interaction of neural, immune,
endocrine, and metabolic pathways has started emerging. The human central



nervous system (CNS), of which brain is an important constituent, is immunologi-
cally privileged due to blood–brain barrier (BBB). This selective permeability due to
BBB leads to poor bioavailability of dietary nutrients warranting pharmacological
interventions to improve the bioavailability of biomolecules. Dietary polyphenols
derived from varied sources, such as tea, Gingko Biloba, cocoa, and blueberries,
have exerted beneficial effects on the memory and learning capabilities of humans
by suppressing neuroinflammation and protecting against neurotoxicity, etc. (Zhang
et al. 2021). Further, several dietary interventions have reiterated the role of poly-
phenols in providing improved cognitive performance. Despite the potential thera-
peutic and cognition enhancer roles of dietary polyphenols, their bioavailability in
brain tissues is a major concern. Bioavailability of important polyphenols, viz.,
resveratrol and curcumin or their metabolites, is found to be in traces in liver and
blood suggesting the need for research in identifying various factors associated in
this process (Garcea et al. 2004; Walle et al. 2004). Dietary folates and vitamin B12
are indispensable for one-carbon metabolism, and folate deficiency has been shown
to cause neural tube defects during fetal development. Hence, enhancing the bio-
availability of folates in expectant mothers during the early stages of pregnancy is a
major concern (Saini et al. 2016).
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The term ‘brain-gut axis’ has been coined to denote the interactions that occur
between the gut living microbes and the central nervous system and their implica-
tions for human wellness. The gut microbiota exerts significant influence on the
multiple brain processes such as activation of the stress responsiveness, neurotrans-
mission, neurogenesis, and neuroinflammation. Biochemicals produced by the gut
microbiota along with the metabolic products of host influence the gut–immune–
brain axis. The microbial products such as lipopolysaccharides trigger immune
responses and alter the levels of neurotransmitters thereby known to control several
neuropsychiatric disorders. Serotonin is a neurotransmitter or signal hormone with
profound influence on human metabolism. The relative proportion of neuron sero-
tonin and mucosa-derived serotonin has been implicated in the development of
diabetes mellitus as former is an inflammatory shield whereas the latter functions
as pro-inflammatory molecule.

9.12 Conclusions and Way Forward

The science of food bioavailability is even more challenging since the process
depends on number of factors and also the bioactive potential of a food-derived
biochemical component greatly relies on the process of bioavailability. Hence, there
are several major gaps in our comprehension of bioavailability ranging from the
effects of food processing, dynamics of food digestion, cellular components
involved in the influx or efflux of bioactives in the GI tract, colonic fermentation-
induced changes in biochemical composition, and their metabolism following the
process of absorption to highlight a few. Prior to this stage, our knowledge regarding
food matrix and its influence on the bioavailability or fate of food products are



limited due to deprived understanding of various facets including effect of interplay
of complex mixtures, effect of stabilization or protective effect from other food
components, process of micellarization, or its effects on the process of digestion, etc.
The diverse structural features of various food bioactive components and the resul-
tant absorption mechanism warrant novel tools to study their interaction effect and
tools to detect multiple bioactive forms (such as circulating forms) to portray the
complete picture.
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The science of nutrigenomics has thrown light upon the field of metabolic fate of
food, especially in the arena of interaction of food and its components in modifying
the host gene expression, influence of diet on the intestinal microbiota composition.
The molecular basis of epigenetic modifications in the process of disease progression
such as the missing links between the production of serotonin enterochromaffin cells
and its plausible role in the alleviation (or otherwise) of diabetes mellitus warrants
thorough investigation utilizing modern genomic tools. It would lead to develop-
ment of therapeutic models to treat human disorders. Further, the idea that nutritional
factors could effectively reverse the age-related epigenetic markers warrants
in-depth studies so that the underlying mechanisms of food-linked physiological
changes in aging process could be decoded.
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Chapter 10
Nutrigenomics: Insights and Implications
for Genome-Based Nutrition

S. Rajesh, S. Varanavasiappan, and Ramesh S. V.

Abstract Nutrigenomics encompasses crosstalk among nutrients, diet, and gene
expression. Recent advances in ‘Omics’ technologies have opened up platforms for
comprehensive analysis of how the intake of certain nutrients in diet would categor-
ically influence the gene expression consequently affecting the metabolic health of
an individual. Several genes that are linked to metabolic disorders are being char-
acterized which could pave way for designing therapeutic system on a case-by-case
basis of treating an individual and to have informed decision of administering
personalized nutrition. Nutrigenomics, amid offering several benefits in nutritional
guidance for human disease management, has also been implicated in ethical and
social issues associated with it. This chapter would briefly discuss the role of diet
supplementation and its influence on regulation of energy metabolism in individual,
nutrient-regulated gene expression, and its impact on metabolic disorders and
suggestions for genome-based nutritional guidance for better health.

Keywords Nutrients · Diet · Metabolic disorders · Gene expression · Omics

10.1 Introduction

Nutrigenomics is a rapidly emerging research field that studies the diet-induced
changes on the genome, and thus considers the intersection of three topics, namely,
health, diet, and genomics. Nutrigenomics can be mainly conducted through various
‘Omics’ techniques, which (among others) include microarrays or RNA-Seq analy-
sis (transcriptomics) for the measurement of changes in mRNAs expression;
proteomics that identify changes in polypeptides expression or in post-translational
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modifications; metabolomics that mainly focus on the study of metabolites; and also
epigenomics that measure the epigenetic changes in the genetic material.
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Unhealthy diet and resulting malnutrition are linked to several
non-communicable diseases (NCDs), including obesity, elevated blood pressure,
high cholesterol, diabetes, cardiovascular disease, stroke, cancers, and resistance to
the action of insulin. NCDs cause major deaths globally over the past two decades.
Thus, NCDs are a considerable burden on limited health budgets, particularly in
emerging economies. With the success of the human genome project and the
advances in molecular biology, nutrigenomics could unfold the molecular basis
underlying nutrition–gene interactions and may provide the strategies for developing
safe and effective nutri-therapies for individuals such as those who are under siege of
chronic diseases (Lau et al. 2008). Thus, the concept of nutrigenomics offers
promises for both developed and developing countries (Neeha and Kinth 2013).
The broad scope of nutrigenomics involves studying the effect of nutrition or dietary
components on the structure, integrity, and function of the genome. It is an offshoot
of the science of genomics and is being shaped by evolving and powerful genomic
technologies. In this chapter, the basics and applications of nutrigenomics, diet
supplementation, and genome-based nutrient guidance are discussed.

10.2 Nutrigenomics and Diet Supplementation

As stated above, nutrigenomics is defined as the effect of food on the gene expres-
sion. Consumption of unbalanced diet and adoption of unhealthy lifestyle lead to the
development of chronic illness such as heart diseases, cancer, and diabetes. Strong
interactions of genetic and epigenetic factors play a key role in determining indi-
vidual’s response to these illnesses. In this context, precision nutrition takes a lead
role in establishing nutritional guidelines and diet supplementation in prevention and
management of major illness and chronic diseases. Recent advancements in genome
sequencing and cohort studies enable us in understanding the interplay of multiple
factors in chronic disorders which opens up a field of customized intervention
strategies. Nutrigenomics helps us in identification of genetic variants associated
with disease susceptibility through interaction with dietary factors and diet
supplement plan.

The practice of plant-based medicine, in the form of diet supplementation, is in
existence since ancient times. And this forms the basis of Ayurvedic medicine too.
As a disease prevention strategy, many spices are added to our daily diet ever since
unknown. In recent times, the molecular pathways of the medicinal compounds from
these spices are studied extensively to prove their nutrigenomics effect of chronic
illnesses. Several natural products in the form of extracts or pure compounds have
been shown to lower the risk of chronic diseases, by modulating signaling path-
ways, in model organisms (Fig. 10.1; Ramos-Lopez et al. 2017). For instance,
curcumin an active ingredient of turmeric, has shown to prevent or treat diabetic
retinopathy (Mrudula et al. 2007). The expression of vascular endothelial growth



factor (VEGF) is inhibited in the retina of streptozotocin-induced diabetic rat. In
addition, turmeric has been proved to be a potent antioxidant, anti-inflammatory
agent, and chemoprotective agent (Yue et al. 2014; Huang et al. 2018; Elifani et al.
2019). Low energy fruit and vegetable-enriched diet along with specific diet sup-
plements are suggested for the management of obesity (Singh et al. 1994; He et al.
2004; Ello-Martin et al. 2007). A novel derivative from Garcinia cambogia,
hydroxycitric acid (HCA), is clinically proven to be three times more effective for
weight loss than diet and exercise alone. HCA-SX supplement is conditionally
effective in weight management and lowered abdominal fat leptin expression in
experimental animals and as well as in humans (Roy et al. 2003, 2007; Lau et al.
2008). In addition, it was reported that HCA and niacin bound chromium III (NBC)
is safe and effective for weight loss and recommended as diet supplement. The use of
novel bioactive foods and nutraceuticals in cardioprotection and management is
growing (Alissa et al. 2012; Barreca et al. 2021). Foods rich in omega 3 fatty acids,
antioxidant vitamins, and fibers are beneficial to cardiovascular health (Kris-
Etherton et al. 2002; Psota et al. 2006). Fish oils and nutraceuticals in vegetable
fat-free diet along with a healthy lifestyle enhance cardioprotection (Thompkinson
et al. 2014). A dialyzed aqueous extract of fenugreek seeds stimulates insulin
signaling pathways in adipocytes and liver cells and thereby possess hypoglycemic
properties (Vijayakumar et al. 2005, 2008). A novel thermo-stable extract of fenu-
greek seeds has a potential application in the management of dyslipidemia and its
associated metabolic disorders (Vijayakumar et al. 2010). Cumin is proved to
modulate the alpha-crystallin chaperone activity and delays development of diabetic
cataract in rat model system (Kumar et al. 2009).
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Fig. 10.1 Relationship
between diet
supplementation and disease
risk levels. At optimal
dietary dose of diet
supplements (plant/
microbes-based extracts or
pure compounds) reduces
the risk for chronic disease

Insect model systems are used to address the age-related disorders. Supplemen-
tation of rosemary extract, in a dose-dependent manner, increased the longevity
(Wang et al. 2017). Ginger extract regulates the expression of superoxide dismutase
(Sod) and catalase (Cat) genes in fruit flies (Zhou et al. 2018). This extract is found to
alter the metabolism of amino acids, carbohydrates, and lipids and this indicates that
anti-aging effect is achieved by protecting mitochondrial function, coordinating the



oxidant-antioxidant balance, and ameliorating metabolic dysfunction. The extracts
from Rhodiola rosea, Curcuma longa (rhizome), and Emblica officinalis (fruit) are
reported to extend the lifespan (Evangelakou et al. 2019). Supplementation of
resveratrol, a stress responsive polyphenol produced in plants, and epigallocatechin
gallate from green tea also proved to extend the longevity by increasing the activity
of SOD and CAT enzymes (Wang et al. 2013; Wagner et al. 2015). In addition to
plant-based compounds, fungal and marine-derived products are also reported as diet
supplements and regulate the immune system to inhibit tumor cell growth and
various chronic disorders. Extract from Ganoderma lucidum increased lifespan of
male flies by 42.32% and female flies by 29.24% by enhancing the antioxidant stress
responses through modulating nutrient signaling pathways (Huang et al. 2011). The
edible mushroom extracts aid in modifying nutrient signaling pathways through
enhancement of responses to antioxidant stress and the dosage of these extracts will
have positive impacts in promoting longevity and sex-dependent effects of
Drosophila.
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10.3 Nutritional Regulation of Gene Expression

Every living organisms exhibit varied responses depending on their ability to detect
changes in nutrient levels. Adaptations of organisms to this variability in nutrient
intake stipulate absolute regulation of metabolic pathways. Mammals display mech-
anisms that can reflect the abundance of nutrients such as sugars, lipids, amino acids
and can provide an integrated response to these changes at the level of transcription
to translation. Any alteration of these mechanisms may lead to the development of
metabolic diseases. Understanding the ‘cause’ and ‘effects’ of nutrients on gene
expression helps to enhance our knowledge of metabolic diseases and will provide
ways for personalized nutrition based on individual genetic makeup.

Metabolic homeostasis can be achieved by modulation of the gene expression
when energy sources such as carbohydrates, lipids, and amino acids are effectively
used, thus maintaining the homeostatic energy balance (Fig. 10.2). For instance,
sugars signal through the carbohydrate-responsive element binding protein
(ChREBP). Peroxisome proliferator-activated receptors (PPARs) sense the fat, and
the GCN2/activating transcription factor 4 (ATF4) and mTORC1 pathways regulate
amino acid concentrations.

10.3.1 Regulation of Sugar Metabolism

Due to increased levels of glucose in the liver, the metabolic pathways associated
with glucose homeostasis are regulated by key cellular enzymes involved in glycol-
ysis and lipogenesis. Diets rich in carbohydrate induce transcription of the genes
coding for enzymes of glycolysis (pyruvate kinase and glucokinase (GK)),



lipogenesis (fatty acid synthase (FASN), acetyl CoA carboxylase, ATP citrate lyase,
and stearoyl-CoA desaturase), and glucose 6-phosphate dehydrogenase involved in
pentose pathway which in turn enhances the storage of sugars in the form of
triglycerides (TGs).
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Fig. 10.2 Metabolic homeostasis in mammals through nutrient-regulated gene expression. Regu-
lation of gene expression induced through various nutrients modulating the transcriptional activity
in cells (Based on Haro et al. 2019)

The mechanism of regulation of sugar-induced lipogenesis was understood from
the discovery of the carbohydrate-responsive element binding protein (ChREBP).
ChREBP is structurally a basic helix–loop–helix (bHLH) leucine zipper transcrip-
tion factor (TF); the gene encoding the factor is localized in the chromosome
7q11.23 and is absent in patients with Williams–Beuren syndrome. ChREBP
forms a heterodimer with Mlx as a response to glucose and fructose which triggers



the enzymes of the genes possessing carbohydrate response element (ChoRE)
motifs.

ChREBP serves as glucose sensor and is reported to play key role in lipogenesis
induced by fructose in the liver and small intestine. Loss of function of this regulator
ChREBP causes drastic increase in the levels of FGF21 and absence of it causes liver
disease (Lee and Cha 2018; Herman and Samuel 2016). ChREBP has two isoforms,
ChREBP-α and ChREBP-β (Herman et al. 2012). Glucose-induced ChREBPα
transcriptional activity triggers expression of ChREBPβ. In pancreatic islets,
ChREBPα signaling is downregulated by ChREBPβ demonstrating the role of
ChREBPβ in glucose-regulated gene expression (Jing et al. 2016; Ortego-Preito
and Postic 2019; Katz et al. 2021). Glucose levels affect the post-translational
modifications of the key regulator, ChREBP which modulate the subcellular local-
ization, stability, and the transcriptional activity of ChREBP through the interaction
with the 14-3-3 proteins and importins (Tsatsos et al. 2008; Kawaguch et al. 2001;
Kawaguchi et al. 2002; Merla et al. 2004; Sakiyama et al. 2008; Kabashima et al.
2003). ChREBP recruits other partners like hepatic nuclear factor 4 (HNF-4), liver X
receptor (LXR), farnesoid X receptor (FXR), or the thyroid hormone receptor
(TR) for gene regulation. FXR represses ChoRE of glycolytic genes through inter-
action with ChREBP (Meng et al. 2016; Pupeau and Postic 2011; Caron et al. 2013).
Also, there exists a cross-talk between ChREBP and PPAR for the glucose-mediated
induction of FGF21 expression. In human beings, lower ChREBP activity along
with de novo lipogenesis represents insulin resistance whereas in mice it is attributed
to knockout of ChREBP in adipose tissues (Vijayakumar et al. 2017; Sanchez-
Gurmaches et al. 2018).

10.3.2 Regulation of Fat Metabolism

Anomalies in the lipid metabolism increase the risk of cardiovascular issues, obesity,
diabetes, and fatty liver problems. The discovery of pesticide-induced proliferation
of peroxisomes in rat liver led to recognition of peroxisome proliferator-activated
receptor (PPAR), a nuclear receptor that binds these pesticide molecules. It belongs
to ligand-activated nuclear receptor and steroid receptor super family which specif-
ically binds to the nuclear receptor responsive elements with a consensus of
AGGTCA recognized by its DNA binding domain (Feige et al. 2006; Sever and
Glass 2013).

Binding of the ligands (lipids) with PPAR triggers subsequent dimerization with
retinoic acid receptor (RXR) followed by the binding to PPAR responsive element
(PPRE) sequence that brings about change in chromatin structure and release of the
histone H1 (Monsalve et al. 2013). PPARs are lipid sensors that are activated by the
fatty acids and their derivatives and thus PPAR control lipid homeostasis. Three
different isoforms of PPARs are reported, viz., PPARα, PPARγ, and PPARδ.
PPARα is involved in fatty acid oxidation and is majorly expressed in liver and
lesser in heart, kidney, skeletal muscle, and brown adipose tissues (Hong et al.
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Organs

2019). Role of PPARs in various organs influencing the energy metabolism is
presented in Table 10.1. PPARγ is involved in adaptive response to fasting and
has implications in the energy homeostasis (Desvergne et al. 2006; Napal et al. 2005;
Rodriguez et al. 1994; Evans et al. 2004; Kersten et al. 1999) and is a master effector
of adipogenesis. This molecule has been reported for its clinical significance in
regulation of cardiovascular diseases, inflammation, and tumorogenesis (Kim et al.
2015). PPARδ is profoundly ubiquitous and is involved in fatty acid catabolism and
energy homeostasis. It has effect on reducing the triglyceride levels and improving
the cardiac contractility simultaneously increasing the HDL levels. In liver cells, it
functions as ameliorator of glucose homeostasis (Barish et al. 2006).
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Table 10.1 Role of PPARs in energy metabolism of organs

PPAR types

PPAR α PPARγ PPARβ/δ
Heart Increased fatty acid

oxidationa;
Increased glucose uptakea

Increased glucose uptakea

Intestine Higher levels of SCFA
productiona; fatty acid
oxidationa; ketogenesisa

Improved gut
microbiota
compositiona;
Irritable bowel
syndromea

Higher levels of SCFA
productiona; fatty acid oxidationa;
ketogenesisa; high level of glucose
transporta

Pancreas Increased fatty acid
oxidationa

Increased glucose
uptakea

High mitochondrial energy
metabolisma;
Elevated insulin secretiona

Skeletal
muscle

Increased fatty acid
oxidationa

Increased glucose
uptakea

Increased fatty acid oxidationa;
Increased glucose uptakea;
Increased glucose utilizationa

White
adipose
tissue

– Reduced de novo
lipogenesisb;
Increased adipo-
cyte
differentiationa

Increased fatty acid oxidationa;
Decreased lipogenesisa

Brown
adipose
tissue

Increased fatty acid
oxidationa;
Increased thermogenesisa

Increased de novo
lipogenesisa;
Increased adipo-
cyte
differentiationa

Increased thermogenesisa;
Increased fatty acid oxidationa

Brain – Active glucose
metabolisma

–

Liver Increased fatty acid
oxidationa; higher
ketogenesisa;
Decreased lipid storagea

Increased lipid
storageb

Gluconeogenesisb

Decreased lipogenesisa

aRepresents beneficial effect
bRepresents harmful effect (based on Hong et al. 2019)

Recently, a dual approach for strengthening the immune system using synthetic
and nutritional PPAR-γ ligands to check the cytokine storm in the wake of COVID-



19 infection has been presented (Ciavarella et al. 2020). The anti-inflammatory
drugs, thiazolidinediones (TZDs), like pioglitazone, agonist of PPAR-γ are reported
to have ameliorating effects on severe viral pneumonia. Also, the nutritional ligands
of PPAR-γ, like turmeric (Curcuma longa), lemongrass (Cymbopogon sp.), and
pomegranate (Punica granatum), possess anti-inflammatory properties through
PPAR-γ activation.
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Angiopoietin-like 4 (ANGPTL4) is a potent regulator of triacylglycerol metabo-
lism; however, the mechanisms underlying its transcription in response to fatty acids
are limited. Molecular characterization of ANGPTL4 in large yellow croaker
(Larimichthys crocea) demonstrated expression of angptl4 is positively regulated
by PPAR (α, β, and γ), and more particularly, the expression of PPARγ was found to
be significantly increased in response to oleic and palmitic acids (Xiang et al. 2021).

10.3.3 Regulation of Protein Metabolism

Protein turnover ensures appropriate protein functionality. In the event of protein
turnover imbalance, the transcriptome and metabolome are severely impaired caus-
ing more intakes of proteins and less synthesis affecting the amino acid pools. Cell
senses the amino acid pool for maintenance of amino acid homeostasis (Chou et al.
2012).

The essential amino acids are obtained only through the dietary protein intake.
The deficiency of the amino acid triggers amino acid response pathway. When
essential amino acid level decreases below a threshold limit in the cells,
deacetylation of corresponding tRNA takes place and these tRNAs can bind and
activate general control non-depressible 2 kinase thus switching on the cascade of
events in the amino acid response pathway (Qiu et al. 2001). Further, there is
increase in the mRNA levels of activating transcription factor 4 (ATF4) (Kilberg
et al. 2009; Vattem and Wek 2004), which subsequently triggers the specific target
genes that can adapt to dietary stress caused by low amino acid levels (Shan et al.
2009).

Apart from this canonical pathway, methionine restricted diet activates a
non-canonical pathway involving protein kinase R-like endoplasmic reticulum
kinase (PERK)/nuclear factor like 2 axis (Wanders et al. 2016) which triggers
increased energy expenditure and improved insulin sensitivity. Similar case is
observed with low protein diets involving the signal transduction pathway.

The amino acid restricted or deprived diets have serious implications of the
protein homeostasis and direct impact on lipid metabolism. Amino acid starvation
inflicts metabolic response which are linked to FGF21, a fibroblast growth factor
family, produced by liver, white and brown adipose tissues, skeletal muscles, etc.
(Domouzoglou and Maratos-Flier 2011; Johnson et al. 2009). The expression of
FGF21 is regulated, among other transcription factors (TFs), by ATF4 suggesting



that GCN2/eIF2α/ATF4 as the major pathway that induces FGF21 expression under
low-protein diets or leucine-deprived diet regimes (De Sousa-Coelho et al. 2012).
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Another signaling pathway that is activated by amino acid intake is mTOR
(mammalian target of rapamycin). mTOR is a serine/threonine kinase which is
expressed ubiquitously. mTOR is a multiprotein complex of TORC1 and TORC2,
of which TORC1 activation is by amino acids and some growth factors (Sancak et al.
2008, 2010). TORC1 complex controls cell growth and blocks catabolism and
autophagy. Subsequent induction of glycolysis and the reduction in oxidative
phosphorylation facilitate the incorporation of nutrients as biosynthetic precursors
instead of energy suppliers. There are several amino acid sensors that activate this
alternate pathway. Impairment of mTORC1 transduction pathway signals the devel-
opment of cancer, obesity, and cardiovascular disease (Düvel et al. 2010; Festuccia
2021). Understanding the gene regulatory control of metabolism during nutrient
intake helps to develop nutritional intervention-based new strategies to tackle met-
abolic pathologies.

10.4 Nutrients and Gene Expression in Metabolic
Pathologies

Nutrients and dietary factors elicit health implications by regulating the gene expres-
sion at molecular level through modulation of transcriptional activity involving the
TFs. Among various ill health effects, due to nutritional responses, obesity, diabetes,
and cancer are the major ones. Nutritional intervention impacting the health by
modulation of gene expression is presented in Table 10.2.

10.4.1 Obesity

Obesity is a lifestyle disorder and a chronic condition due to accumulation of
excessive fat in the body because of lack of balance between energy consumption
and expenditure. Obesity culminates as an interaction between various genetic,
epigenetic, environmental, and behavioral factors profoundly associated with
changes in dietary habit and sedentary life style.

Obesity is of majorly two types, monogenic obesity and common (or) polygenic
obesity. Monogenic obesity is relatively rare form and is associated with malfunction
in the endocrine glands. Mutation in genes that regulate and integrate signals in
controlling food intake is considered as a main reason associated with this malady.
Monogenic obesity is largely manifested as an altered phenotype. Common obesity
is polygenic and often has multifactorial origins and is associated with the environ-
mental and behavioral changes. Genome-wide association studies (GWAS) have



Nutritional intervention Target genes implications

allowed identification of novel genetic loci that regulate changes in dietary intake,
insulin signaling, inflammation, and muscle metabolism (Milagro et al. 2020).
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Table 10.2 Nutritional interventions and their effect on target genes impacting health

Gene
expression
changes

Potential health

High PUFA POMC, GALP Upregulated Anti-obesity

HCRT, MCH Downregulated Anti-obesity

Apple polyphenols LEP, SREBF1, PLIN,
PPARGC1A, AQP7,
AEBP1

Downregulated Anti-obesity

Energy-restricted diet with
eicosapentaenoic acid and
a-lipoic acid

Lipid catabolism genes Upregulated Antilipidemic

Lipid storage genes Downregulated Antilipidemic

High MUFA APOBR Downregulated Antilipidemic,
antiatherogenic

Curcumin MMP9, MMP13,
EMMPRIN

Downregulated Antiatherogenic

High protein PPARGC1A, PCK1,
GSTA, CPT1A

Upregulated Antisteatotic

FGF21, SCD1 Downregulated Antisteatotic

Resveratrol FASN Downregulated Antisteatotic

AEBP1, adipocyte enhancer binding protein 1; APOBR, apolipoprotein B receptor; AQP7,
aquaporin 7; CPT1A, carnitine palmitoyltransferase 1A; EMMPRIN, extracellular matrix
metalloproteinase inducer; FASN, fatty acid synthase; FGF21, fibroblast growth factor 21; GALP,
galanin-like peptide; GSTA, glutathione S-transferase cluster; HCRT, hypocretin neuropeptide
precursor; LEP, leptin; MCH, melanin-concentrating hormone; MMP13, matrix metallopeptidase
13; MMP9, matrix metallopeptidase 9; PCK1, phosphoenolpyruvate carboxykinase 1; PLIN,
perilipin; POMC, proopiomelanocortin; PPARGC1A, peroxisome proliferative activated receptor
g coactivator 1a; SCD1, stearoyl-coenzyme A desaturase 1; SREBF1, sterol regulatory element
binding transcription factor 1. (Adapted based on Ramos-Lopez et al. 2017)

Limited studies demonstrate the effect of diet on obesity as an influence of DNA
sequence variants regulating nutrient altered gene expression. Approaches for under-
standing the nutrient-regulated gene expression influencing obesity can be
performed by integrating GWAS with the gene expression profiles of specific
tissues.

Adipose tissues play vital roles in the development of obesity. There are two
types of adipose tissues, viz., white adipose tissue (WAT) and brown adipose tissue
(BAT) with contrasting functions of energy storage and energy dissipation, respec-
tively. Adipocytes are key regulators maintaining the daily influx of fat whereas the
WAT-derived factors exert auto, para, and endocrine signaling in the regulation of
adipogenesis and energy metabolism thus playing a major role in obesity-related
disorders. Acylation of histone causes changes in the chromatin structure and
regulates gene expression. Histone deacetylase (HDAC) catalyzes the removal of
acetyl groups in the histone proteins. Histone deacetylase inhibitors alter the expres-
sion of thermogenic gene encoding uncoupling protein 1, PPAR-γ, and also cause
browning of WAT thus increasing the energy expenditure. Among various classes of



HDACs, Class I, Class II, and Class IV HDAC are Zn+-dependent which increases
the incidence of obesity due to binding on the Zn+, whereas Class III HDAC, also
called as SIRT, is NAD+-dependent which reduces the incidence of obesity (Sharma
et al. 2021).
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Omics approaches like transcriptome profiling of adipose tissue in a low-calorie
diet regimen have identified predictors that would influence obesity in obese
non-diabetic responders and non-responders. Also, it is reported that the expansion
of adipose tissue during obesity is linked with altered expression of non-coding
RNAs (ncRNAs). Long ncRNAs possibly affect the gene expression in adipose
tissue and mediate changes in the adipocyte metabolism.

Presently, incidence of obesity and type 2 diabetes mellitus continues unabated
and the physicians recommend making lifestyle changes as a panacea have little to
do with the impact these metabolic disorder causes. More pertinent cause that
challenges the life style changes as a recommendation is the continued access to
the nutrient poor junk food without time limitations. Chrono-nutrition is
recommended in such cases to overcome these metabolic pathologies which shall
optimize metabolism that helps to improve insulin sensitivity and glycemic control
yielding metabolic health (Hawley et al. 2020).

Exercise-induced genes, that regulates mitochondrial biogenesis, oxidative phos-
phorylation, antioxidant defense, and the amelioration of insulin resistance, are
identified in the skeletal muscle transcriptomic analysis (Erlich et al. 2017;
Vainshtein et al. 2015; Wang et al. 2016; Hu et al. 2019). These findings would
suggest therapies for obesity-related disorders by linking the exercise benefits with
gene expression and mapping the effect of the molecular pathways that are signif-
icantly impacted due to exercise. This could help achieve metabolic healthy indi-
vidual and also have pharmacovigilance based on genetic profiling, which ultimately
aids in developing an exercise pill mimicking exercise (Ghanemi et al. 2020).

10.4.2 Diabetes

Among chronic diseases, type 2 diabetes poses serious concern and the cause is
attributed to the interaction between genetic and environmental factors. Unhealthy
lifestyle of individual is the prime reason that is aggravated by poor nutritional intake
and lack of physical activities in daily routine. Although environmental influence on
the susceptibility to the development of this disease is highly variable, genetic
susceptibility is high. Nutrigenomics may come handy through the personalized
nutrition based on the knowledge of food components in daily dietary intake and
how it modulates gene expression in an individual and the repercussions of the
response to nutrients in the individual can be addressed.

In recent years, GWAS have detected some of the common variants of this type
2 diabetes; however, the limitation of identification of low frequency alleles partic-
ularly in specific target groups is less interesting and may have lesser clinical
relevance (Fuchsberger et al. 2016).
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Studies on the evaluation of the complex traits have often met with limited
success. Exploration of the gene expression profile, gene � environment (GxE)
interaction through expression quantitative trait loci (eQTL) analysis, has linked the
genes of adipose tissue with the obesity and diabetes-related traits. GWAS has
showed involvement of the genetic component on the expression profile of the
adipose tissue (Emilsson et al. 2008). The pathogenesis of type 2 diabetes is directly
regulated at the transcriptional level by the dietary nutrients through modulation of
mechanisms, viz., glucotoxicity, lipotoxicity, oxidative stresses, and inflammation.
PPARs, most studied nutrient sensor, regulate metabolism and inflammation in
variety of tissues (Gross et al. 2017). Regulatory role of PPARs has been described
elsewhere in this chapter.

The pathway for de novo lipogenesis leading to fatty liver disease induced by the
ChREBP in adipose tissue is often associated with better insulin sensitivity, hence
could prevent the development of resistance to insulin and type 2 diabetes. In the
type 2 diabetes, a group of essential amino acids, the branched-chain amino acids
(BCAAs) serve as nutrient signals. Diets rich in BCCAs regulate body mass, muscle
protein synthesis, glucose homeostasis thus improving the overall metabolic health
of an individual (Bifari and Nisoli 2017). In metabolic processes, level of BCCAs
changes since in catabolic condition, they can be play energy substrate role whereas
under anabolic state, it can lead to induction of protein synthesis and effect cell
growth. Impaired catabolism of BCCAs gene expression may have different role in
increased risk of insulin resistance in humans. Insulin resistance has been reported to
be regulated by the enhancement of the inflammatory pathway by saturated fatty
acids mediated by Toll-like receptor (TLR) dependent and independent mechanisms
(Glass and Olefsky 2012).

Calorie restriction has often been advised for the management of obesity and type
2 diabetes, which is presumed to improve the metabolic health of obese individuals.
Omic approaches deployed for understanding the dietary intervention with low
calorie diets and its implication in adipose tissue gene expression profile has led to
draw key conclusions. There have been significant changes in the gene expression
profiles in candidates with very low to low dietary calorie intake, with reduction in
the level of metabolic genes in fat cells and increase or no changes in the expression
of immunity-associated genes in macrophages (Capel et al. 2009). Dietary restriction
with very low calorie diets, followed by weight maintenance diets, has shown
opposite regulation of gene expression between the two phases (Viguerie et al.
2012). These findings suggest that in dietary intervention measures, there are
differences in the adipose tissue gene expression and insulin sensitivity at different
phases of diet intakes.

10.4.3 Cancer

Vast scientific literature cites the hidden therapeutic values of the herbs that could be
panacea for treating number of diseases. Also, the natural products and the dietary



constituents in them have been proven to possess preventive role in carcinogenesis.
Recent advances demonstrate the role of phytochemicals in mediating gene expres-
sion regulation, whose impairment is the hallmark of cancer (Gonzalez-Vallinas
et al. 2013; Hardy and Tollefsbol 2011). Nutrients and its role on cancer have been
more comprehensively reviewed recently by Crujeiras and Lorenzo (2020). Gene
expression during carcinogenesis and tumor suppression could be prevented by the
effect of phytochemicals, some dietary nutrients through genetic or epigenetic
means.
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Extra virgin olive oil (EVOO), a Mediterranean source of lipids, is a classical
example of dietary pattern that could have significant effect on cancer risk preven-
tion, is worth mentioning in cancer therapy. The effect of EVOO has been demon-
strated in animal models for regulating the genes in pathogenesis of colorectal cancer
through epigenetic mechanisms (Di Francesco et al. 2015). Curcumin, a secondary
metabolite of turmeric (Curcuma longa), has been associated with induction of
methylation changes and regulates oncogenesis through modulation of miRNA
expression patterns. Similarly, an isoflavone derived from soybean (Glycine max),
genistein has active role in suppression of tumor and affecting the oncogenes by
modulation of chromatin configuration and DNA methylation (Hardy and Tollefsbol
2011). Antiproliferative activity of resveratrol from grapes, by regulation of signal-
ing pathways related to Akt, PI3K/Akt, and nuclear factor-kB, has been reported that
is attributed to the expression of sirtuin (SIRT1) protein which regulates energy
homeostasis (Gonzalez-Vallinas et al. 2013). Genome-wide transcriptomic analysis
during the course of dietary intervention on individuals could possibly throw
insights into therapeutic role of phytochemicals and helps identify biomarkers
associated with the disease progression (van Breda et al. 2015).

10.5 Omic Approaches for Nutrigenomics and Precision
Nutrition

Nutrigenomic methods warrant high-throughput techniques that analyze large
datasets of genes, gene expression profiles, or proteins/molecules either in a single
or as a combination of procedures. Recent developments in the field of bioinformat-
ics and ever-increasing volume of data generated across labs have paved way for
exploring the inter-individual differences as a result of genomic information and
their relationship with nutrient-related metabolic variations (Camp and Trujillo,
2014). Precision nutrition is a consequence of this development which helps scien-
tists understand the implications of dietary intake and prescribe personalized med-
ication procedures (Kohlmeier and Kohlmeier 2013). Nutrigenomics deploys several
methods, developed for nutritional and genomic sciences, including the multi-omics
approaches from genomics to metabolomics (Fig. 10.3). The integration of omic data
will definitely aid in designing the precision nutrition considering the anthropometric



measurements and other dietary assessments and life considerations that shall
optimize better response of individuals to dietary interventions.
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Fig. 10.3 Integration of Omics technologies as a measure of implementing precision nutrition.
Based on Chirita-Emandi and Niculescu (2020), Omics landscape at various levels of gene
expression influencing the metabolism is depicted

Genomic science detect genetic variations due to change in chromosome structure
and architecture (van Berkum et al. 2010); transcriptomic methods assess the levels
of gene expression, i.e., mRNA and other small RNAs. The methods include
microarrays, reverse-transcription polymerase chain reaction (RT-PCR), SAGE,
RNA-sequencing, etc. Proteomic approaches measure the amount of specific pro-
teins, protein-protein interactions and interactions among other structures like bind-
ing sites whereas the metabolomic approaches detect the level of known metabolites
or identification of unknown metabolites, biomarkers, or targets that are of clinical
significance. Epigenomic approaches focus on mechanisms that alter gene expres-
sion, by analyzing the gene expression rather than the changes in DNA sequence
itself. These methods include analyses of methylation patterns of DNA and histone
modifications by gene-specific analysis or genome-wide scans (Chirita-Emandi and
Niculescu 2020).

The hypothesized changes in a biological system although analyzed by various
omics approaches need the intervention of statistical methods that will imply the
changes to be significant or not; thus, the biological data can be interpreted mean-
ingfully. An offshoot of statistics is the bioinformatics that helps in analysis of
biological data using informatics tools like sequence alignment of NGS data,
annotation of the sequence, and also prediction of the biological implications as a
result of identified changes in genes/proteins through metabolic pathway and gene
ontology analysis. Despite the advantages and usage of bioinformatics, there are
limitations with respect to introducing technical artifacts in the software and



hardware that would most likely complicate the network. Further, normalization of
data representations is always not adopted and data quality variations lead to
complications in comparison of results from various experimental procedures
(Mayer 2011).
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Formulation of study designs in nutrigenomics should essentially consider
methods for answering the hypothesized questions like sampling (number of sam-
ples, homogeneity), design to be chosen for identifying the thresholds, how cost-
effective it would be, choice of tissues, and adequate use of bioinformatics tools to
integrate data among various platforms.

With current advancements in sciences, nutrigenomic assessments can integrate
the systems biology approach along with the high-throughput omics platforms for
identification of nutrient-sensitive metabolic processes. These platforms would
provide key information that can complement in understanding the mechanisms
underlying nutritional disorders.

10.6 Nutrigenomics of Food Pesticides

The food that we consume nowadays contains a lot of non-nutritive compounds
along with nutrients. These non-nutritive compounds include xenobiotics such as
pesticide molecules, food additives, packaging, and processing compounds. Pesti-
cides majorly can be divided into organochlorine, organophosphorus, and carbamate
compounds. Pesticide toxicity mainly affect the central nervous system and cause
psychomotor dysfunctions, mild cognitive dysfunctions, and neuro-degenerative
and neurodevelopment effects (Kamel et al. 2004; Kori et al. 2018). In addition,
these compounds are reported to affect the oxidation/detoxification enzymes such as
paraoxonase (PON1), glutathione S transferase (GST), and a member of cytochrome
P450 superfamily (CYP1A1) (Kaur et al. 2017). Individual’s response to pesticide
depends on their genetic difference in food tolerance, taste preference, nutrient
absorption, and metabolism. The genetic difference in the gene structure along
with the environmental exposure decides the individual variation risk to diseases.

The pesticide molecules modify the transcriptome of an individual by DNA
methylation, histone modifications, and chromatin remodeling which in turn triggers
the disease response (Bordoni et al. 2015; Shutoh et al. 2009; Song et al. 2011).
Whenever exposure to pesticide dieldrin is prolonged, it induces histone
hyperacetylation in the corpus striatum and substantia nigra in mice (Song et al.
2010; Bordoni and Gabbianelli 2020). Methylation in the DNA sequence of PON1
can lead to promoter polymorphism of PON1-108, suggesting its role in altered gene
expression. It is also reported that exposure to these chemicals at an early state can
trigger the onset of diseases at the later stage after a latency period. Pesticides such as
dieldrin, paraquat, maneb, and permethrin were shown to cause Parkinson-like
disease through dysfunction of the dopaminergic nigrostriatal neurons and/or abnor-
malities in motor response in animal studies, which prove that early-life exposure to



these chemicals can exert adverse effects during later stage (Baltazar et al. 2014;
Wang et al. 2020). Furthermore, Skinner (2016) demonstrated that exposure of
gestating rats to methoxychlor increases the incidence of kidney disease, ovary
disease, and obesity in offspring, spanning three generations. Pesticide toxicity
also plays a key role in epigenome modulation since it can influence gene expression
in a cell- and tissue-specific manner. As reported in mouse model system, epigenome
modulation of xenobiotic detoxification pathways may control the xenobiotic-
induced breast cancer susceptibility in mice (Mazambani et al. 2019).
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Polymorphism in detoxification enzymes such as PON1, GST, and a member of
cytochrome P450 superfamily (CYP1A1) is reported to increase the risk of xenobi-
otic toxicity in humans (Ginsberg et al. 2009; Araoud 2011; Kaur et al. 2017).
Several studies suggest the association between CYP1A1-PON 1 polymorphism and
occurrence of diseases in individuals exposed to organophosphates and
polychlorinated biphenyls (Kaur et al. 2017). PON 1 polymorphism with low PON
1 protein levels is linked to adverse developmental and cognitive behavior in
children. Prenatal mothers with PON1 and GST susceptible phenotypes, when
exposed to organophosphates, possess a higher risk of toxicity in their children
(Rossignol et al. 2014). Intake of cruciferous vegetables reduced the risk of cancer
caused by GST polymorphism (Tse and Eslick 2014). These instances further empha-
size the interactions between the xenobiotics and diet.

The consumption of organic food is associated with a lower occurrence of allergy
and atopic disease in children and adults (Miyake et al. 2010; Eras et al. 2021).
Organic food modulate gene expression favorably and also reduce the exposure to
pesticides. Bioactive food supplements can be recommended as alternative strategy
to surmount issues related to pesticidal exposure of foods. To partially counterbal-
ance adverse effects caused by pesticides, dietary agents with antioxidant and anti-
inflammatory properties and bioactive components which positively mediate epige-
netic modifications might be useful. In the near future, detailed studies are warranted
to address the pesticides/xenobiotic metabolism in biological system and individual
genetic capacity to metabolize the toxic compounds. Along with this, the efficacy of
organic food or diet supplements to protect the pesticide induced damage should also
be investigated.

10.7 Ethical and Social Implications of Nutrigenomics

In recent years, advancement in genome sequencing techniques has made available
‘big data’ of several organisms on a larger scale including those of human genomic
information. This raises few questions on whether this genetic information is
anything to be considered unique or merely a piece of information communicated
as a result of a routine bio-medical screening procedures. Considering the genetic
information of an individual to be sensitive and more of a personal choice, disclose



of it in public or too many data users in downstream pipeline who can access it for
provision of insurance or employment formalities may have far-reaching societal
implications due to in adequate data protection measures. Further, the disclosure of
such sensitive information may be brought into the ambit of the legislations of
a particular country, or under any other regulations involving international agree-
ments or conventions and must be adhered to scrupulously (Görman et al. 2020;
Castle and Ries 2007).

10 Nutrigenomics: Insights and Implications for Genome-Based Nutrition 223

Results of the genetic tests normally performed for an individual may be routine
and at times could be opening a Pandora’s box where an individual’s predisposition
to future diseases and health complications is revealed. This also adds up the fact that
the relatives of the tested individual may have similar complications owing to their
common ancestry. Hence, disclosure of this information to the relatives as a measure
of goodwill still is questionable considering the possibility of any misconception
arising out of it, which may have far-reaching complications. Hence, an informed
decision has to be taken about the disclosure of the issue to the relatives. The
receiver’s level of social awareness and mental health has to be ascertained and
his concern, if any, has to be respected.

Genomics-based counseling suits well when there is scientific evidence for the
interaction among genes-diet-health, which could categorically influence any diet-
based intervention for human ailments. On this note, health complications like
phenylketonuria, lactose intolerance for which genes linked to monogenic traits,
are better choice for intervention than those governed by polygenes. Often the
nutritional guidance for overcoming lifestyle disorders is cheaper alternative than
genomics-based counseling, considering the cost effectiveness and better outreach to
general public with lesser ethical implications.

Food, leave alone a source of nutrition, is a commodity that shapes the social,
cultural, and personal identity of individual to the society. Nutritional advice based
on provision of functional foods as a panacea for several problem has not been into
fruition and hence personalized nutrition has to be focused which can integrate all
the stigmas of cultural, emotional, ethical understandings of the food with the
nutrigenetic approaches (Nordström et al. 2013). Any increased attention on healthy
lifestyle as a result of personalized nutrition may have its own disadvantages due to
limited reach of this personalized nutrition recommendations.

Nutrition recommendations as a measure of ensuring the public health, more
particularly downscaling to the better health of individual patients, are often based
on the outcome of the epidemiological studies and food policy taken at the admin-
istrative levels. Nutrigenomics research will serve as advisory of how diet and
genomics are linked, and what a person could eat thus deciphering the implications
of the food nutrients on the pattern of gene expression could influence individual
health (McReynolds et al. 2022).



224 S. Rajesh et al.

10.8 Perspectives and Concluding Remarks

Nutrients from plant or animal sources supply vital elements needed for daily routine
of any organisms. These nutrients play various roles in regulating energy metabo-
lism by modulating gene expression thus implicating the metabolic health of an
individual. These changes have been studied at various levels using Omics landscape
which provides comprehensive information of role played by individual nutrients
and their interplay in general well-being of human health. These investigations help
understand molecular mechanism behind the nutrient-regulated gene expression and
can be useful to design new therapies for ameliorating metabolic pathologies.
However, these dietary interventions have been limited and less appreciated due to
ethical, legal, and social issues associated with genome-based nutrition guidance to
individual and shall have far-reaching consequences on human health.
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Chapter 11
Next-Gen Biotech Crops for Human
Nutrition

Kathleen L. Hefferon

Abstract The first and second generations of genetically modified crops have
played a significant role in conferring biotic and abiotic stress tolerances to crops
and thereby increased their yield levels to multiple fold. However, the present
context warrants development of nutritionally superior plant phenotypes so as to
alleviate nutrient deficiencies and to improve the nutritional security of many.
Genetic engineering techniques utilizing multiple approaches such as protein
overexpression, RNA-based gene silencing, and mutagenesis-based DNA modifica-
tion techniques such as genome/gene editing have enabled the development of
nutritionally superior plant types with a view to improve human health. This chapter
describes the application of these technologies in developing next-gen biotech crops
to address food and nutritional security of the world. The issues of consumer
acceptance and the road ahead are also discussed.

Keywords Crop biotechnology · Genetic modification · Transgenics · Human
nutrition

11.1 Introduction

Genetically modified (GM) organisms (GMOs) have been commercially made
available for over two decades, yet they remain as controversial as ever. The data
from the International Service for the Acquisition of Agri-biotech Applications
(ISAAA) state that around 200 million hectares of land area of the world are
currently occupied by crops that are generated through biotechnological approaches.
Interestingly, over one half of this landholding belongs to smallholder farmers
residing in developing nations (Fig. 11.1). The main aim of first-generation GM
crops was to enhance economic yields and reduce cost of cultivation by incorporat-
ing traits such as resistance to biotic stresses namely insect infestation, weeds, and
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pathogen infections. As a follow-up, second-generation GM crops have focused on
abiotic stresses namely drought, flooding, and elevated temperature in the wake of
global climate change. The developments in the field of GM crops, improved
comprehension of plant metabolism, and the significance of nutrition in human
lives have led to the development of third-generation GM crops that value nutritional
traits especially GM-based biofortification, enhancement in nutritional repertoire of
food crops, etc. This set of GM crops is highly valued by the end user consumer and
food processing industries owing to its advantages of nutritional value and reduction
in food waste. Also, the number of poor across the globe, who experience chronic
hunger, exceeds a billion. This situation warrants the development and adoption of
radical approaches and GM crops for nutritional improvement which is a potential
strategy to help alleviate hunger and malnutrition in the developing world.
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Fig. 11.1 Global area of biotech crops, 1996–2014

This chapter discusses the importance of development of GM and genome-edited
crops. The chapter then describes how these technologies have been used to address
food security and human nutrition. The chapter ends with a discussion of the
challenges that remain regarding consumer acceptance of these technologies.

11.2 Current Status of Agricultural Biotechnologies

The advancements in the field of conventional plant breeding techniques have led to
the routine utilization of molecular marker-based approaches such as marker-
assisted selection (MAS) in the development of improved phenotype of crops
(Barabaschi et al. 2016). On the other end of the spectrum lies agricultural biotech-
nology that exploits the advancements in recombinant DNA technology to



manipulate plant genome and incorporate a foreign trait of interest leading to the
development of transgenic crops. The trait of interest varies from nutritional
enhancement to imparting biotic or abiotic stress tolerance depending on the crops
(Kamthan et al. 2016) (Fig. 11.2).
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Fig. 11.2 Infographic depicting how crops are genetically modified. (Source: Genetic Literacy
Project)

In this context, it is pertinent to acknowledge that development of crop varieties
through alteration of genetic elements has existed long before the advent of recom-
binant DNA technology or genetic engineering. Many of the current crop varieties
are the consequence of systematic breeding efforts wherein the genomes of the crops
have been altered albeit without resorting to modern-day genetic modifications. For
instance, crop mutation breeding originated from mutation research in the 1930s
which entails the introduction of random mutations to plant genomes using chemical
mutagens or in the process of irradiation-based mutagenesis. Mutations induced in
seedlings or other propagules could be developed into novel crop varieties as the
genetic changes made are heritable (Barabaschi et al. 2016). The Mutant Variety
Database reveals that there are over 3000 different crop varieties, including the
popular ruby red grapefruit, that have been generated through mutagenesis breeding
(https://mvd.iaea.org).

Crop genetic engineering with an aim for enhanced nutritional and agronomic
traits is indispensable and critical for modern plant science (Ricroch and Hénard-
Damave 2015). These approaches may involve incorporation of a completely novel
trait by introducing a gene or set of genes or making a little change in the gene(s) that

https://mvd.iaea.org


forms part of genomic component of the crop. In general, novel gene(s) are intro-
duced into the crop utilizing Agrobacterium-mediated plant transformation tech-
niques aided with the developments in the field of in vitro regeneration potential of
the crop. Alternatively, introduction of foreign genes could be accomplished using
particle bombardment (gene gun). A well-characterized example of a transgenic crop
having wider implications for nutrition of masses is Golden Rice, which harbors
multiple genes derived from diverse species to reconstitute the β-carotene biosyn-
thesis pathway so as to express β-carotene (Al-Babili and Beyer 2005). On the other
hand, foreign genetic material could be derived from closely related plants belonging
to same species and development of genetically modified crops utilizing such genes
is called cisgenics. Cisgenics have advantages over transgenics as the former does
not involve incorporation of a completely foreign gene and it also allows the
cultivators to regain some of the agronomically important traits in crops that have
been lost due to selective breeding approaches followed over the years. One suc-
cessful example of cisgenic crop is wheat varieties harboring multiple resistance
genes against the devastating fungal pathogen Ugg99 under Wheat Stem Rust
Initiative (Singh et al. 2015).
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Application of RNA biology in the development of GM crops has gained
momentum with the advent of the phenomenon of RNA interference (RNAi). It is
another form of genetic engineering which has gained popularity as it allows for
suppression of gene expression so that an undesirable trait is eliminated. Plants are
genetically engineered to express double-stranded RNA, either small or long enough
to generate small non-coding RNAs (small interfering RNAs; siRNAs; microRNAs;
miRNAs) which ultimately downregulate the cognate mRNA so that the trait
expression is arrested. Small RNAs targeting genes of pest or pathogen-origin
cause failed establishment of pest or pathogen in plant system thereby enhancing
resistant status of the crops (Ramesh et al. 2007; Praveen et al. 2010; Ramesh 2013).
For example, GM papaya grown in Hawaii confers resistance to the viral pathogen
papaya ring spot virus by expressing an antisense RNA that targets the incoming
viral RNA molecule (Gonsalves 1998).

One of the most recent and potent additions to crop biotechnology is genome
editing approach. It does not warrant incorporation of novel gene sequences; rather,
it works to effect one or few nucleotide changes in the plant gene or specific genomic
region (Rani et al. 2016; Mao et al. 2016). Genome editing technologies exploit the
evolutionarily conserved cellular machinery comprising clustered regularly
interspaced short palindromic repeats (CRISPR) and Cas9, an RNA-guided nuclease
of bacteria, to target specific sequences of DNA and cleave them at these sites.
Following the site-specific cleavage, the inherent DNA repair mechanisms in the
cells of all organisms are utilized to repair the sites of cleavage to effect specialized
changes. The changes will then be carried forward to subsequent generations
through the genome of the ‘edited’ organism. Also, genome editing is more precise
than conventional crop breeding or other genetic engineering methodologies in
vogue. Hence, it is considered a powerful technology not only for the development
of nutritionally superior phenotypes but also in modifying complex traits such as



yield, tolerance to abiotic stresses, and traits that are governed by multiple genes
(Abdallah et al. 2015).

Taken together, these technologies can advance agriculture in ways that were
never believed possible, and at speeds unheard of a few decades ago. The following
section describes some recent innovations in genetic engineering to improve crops.

11.3 Resistance to Biotic Stresses

Application of GM crop technology was exemplified by the development of insect-
resistant crops that express Bt, a bacterial toxin from Bacillus thuringiensis. Bt toxin
is safe for mammals but creates pores in the alkaline digestive tract of insects,
making them susceptible to the protein if the insects feed on plants expressing the
toxin. Adoption of crops expressing Bt toxin in field conditions (cotton, maize, etc.,)
has significantly reduced (around 30%) pesticide consumption throughout the world
and offers improved health benefits for the farm workers. As a consequence of insect
resistance, the secondary microbial infections following the insect attacks in crops
have been reduced leading to the decreased levels of cancer-causing mycotoxins
from those secondary fungal infections. This in turn provides health and economic
benefits to farmers (Gressel and Polturak 2018). Another widely adopted GM
technology is incorporation of herbicide tolerance trait in crops. Cultivation of
herbicide tolerant GM crops (maize, canola, soybean, etc.) has not only helped
farmers manage weeds but the technology is also compatible with no-till methods
(Lombardo et al. 2016). For example, glyphosate is a broad-spectrum weed killer
that acts by inhibiting the synthesis of three amino acids in plants yet breaks down
easily and is less toxic than most previously used herbicides (Duke et al. 2012).
Development of glyphosate-resistant GM crops have greatly aided in the large-scale
cultivation of crops like soybean and maize.

Interestingly, traits herbicide and insect resistance constitute over 90% of GM
crops that are cultivated. The reasons underlying high adoption of these technologies
include the fact that farmers can practice conservation tillage, use considerably less
(up to 37%) plant protection chemicals, and that there are potential implications for
improving biodiversity by converting less wild space into farmland (James 2019).
Furthermore, adoption of GM crops in the lower income households of developing
nations, where the weed and insect pressure are high, will soon surpass the number
of adoptions in developed and industrialized nations (Qaim 2020). Transgenic plants
have been developed which exhibit resistance against a variety of other pathogens,
including fungi, bacteria, and viruses.

Another viable approach for developing disease-resistant plants is the application
of CRISPR–CAS9-based genome editing technology. There are ample opportunities
to develop pathogen-resistant genome-edited crops via altering the target–effector
interactions, downregulating the plant susceptibility factors, or suppressing the
protein factors that are involved in the uncoupling of defense hormones, etc.
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Genome editing may become the method of choice in the future due to its ease of
use, among other things.

11.4 Tolerance to Abiotic Stresses

Climate change has made farming more difficult and yield or production less stable.
For example, in the case of cereals such as wheat and barley, both drought and heat
stress have been found to reduce grain size and expression of genes involved in
starch production are downregulated (Thomas 2015). There are many reports of
transgenic approaches to improve drought tolerance. For example, expression of
dehydrins can have positive influences on plant various abiotic stresses such as
tolerance toward drought, salinity, and cold. Similarly, expression of transcription
factors (TFs) such as the dehydration responsive element binding (DREB) proteins
could confer multiple stress tolerance (Campbell and Close 1997). The
overexpression of DREB proteins can improve the survival of wheat and barley
under drought conditions. Besides, TFs such as WRKY2, HDG11 (of HDZip IV TF
subfamily), NAC, bZIP, etc., have been known to confer drought or abiotic stress
tolerance in wheat (Khan et al. 2019). Unfortunately, current restrictions on growing
transgenic plants in the field generally limit a test of the effectiveness of transgenic
approaches to improve drought tolerance (Agarwal et al. 2006).

Transgenic rice has also been developed for drought tolerance using a number of
strategies. For example, the TF OsERF71 was overexpressed in rice. The underlying
mechanism of tolerance toward drought suggests that these transgenics suppressed
the essential process of photosynthesis but diverted the internal energy for those
physiological mechanisms which ensured survival of the rice plants (Ahn et al.
2017). Alternatively, Gaudin et al. (2013) identified maize TF ZmPIF3 that has an
important role in stomatal closure and prevents the excess water loss. Ectopic
expression of ZnPIF3 in rice plants have demonstrated the utility of the gene in
providing improved drought tolerance to rice through reducing the size of the
stomatal aperture. Extensive field trials have not been completed for drought-tolerant
rice due to the lack of regulatory structure available. In maize, OSCA family is
comprised of hyperosmolality-gated calcium-permeable channel proteins, whose
promoter regions harbor the genetic elements that are responsive to abiotic stresses.
These gene families are up-regulated over 200-fold under drought conditions, and
transgenic plants exhibited improved resistance to drought. The authors speculated
that one of these genes, ZmOSCA2.4, was regulated by the microRNA miR5054.
These results could also be used to generate drought-resistant crops in the future.

Soil salinity and flooding due to climate change can seriously reduce the crop
productivity. Regulatory and transporter proteins can be used to enhance salt
tolerance in crop plants. Salt tolerance can also be regulated through the
overexpression of specific TFs or ion transporters. For example, Sun et al. (2020)
discovered that the brassinazole-resistant 1 (BZR1) family of TFs, which control
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plant growth and development, improved the salt and drought tolerance. The authors
found, using RNA-seq analysis, that this TF regulated salt tolerance by inducing the
expression of 84 downstream stress-related genes (Sun et al. 2020)
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Genetic engineering can be used to make plants more productive, under heat
stress situations anticipated by climate change and especially since improvements
using traditional breeding methods have reached their limits (Nowicka et al. 2018).
Photosynthesis is an important determinant of crop yield. A number of approaches
have been taken to increase the rate of photosynthesis in plants. These include using
the enzymes from cyanobacteria or green algae to increase carbon sequestration and
introducing the C4 pathway into C3 plants. Simkin et al. 2019) have found that
photosynthesis may be improved over 40% using genetic engineering approaches.
Overexpression of enzymes involved in photosynthesis, such as SBPase
(sedoheptulose-1,7-bisphosphatase), can increase both photosynthetic carbon assim-
ilation and biomass yield.

11.5 Improved Yield and Nutrition Using Genetic
Modification

Genetically engineered plants have been developed to improve crop yield. One
avenue to improve yield has been to make use of miRNAs, TFs, and proteins
involved in signaling cascades (Garcia 2008). Most miRNAs control TF expression
(Fu et al. 2012). Pan et al. (2018) showed that overexpression of the precursor of
miR408, one of the most conserved plant miRNAs, caused the induction of photo-
synthetic genes, an increase in grain yield, and higher vegetative growth in
Arabidopsis, tobacco, and rice. Other ways to increase grain width also exist. For
example, Shi et al. (2019) identified a ubiquitin-specific protease to increase rice
grain size.

Another way to improve plant yield is to increase levels of plant proteins
responsible for stimulating cell proliferation or expansion. Some of these result in
larger leaf size for biomass. Manipulating the levels of phytohormones, especially
cytokinins, auxins, and gibberellins, can improve plant growth (Ciura and Kruk
2018). For example, transgenic crops that express the iaaM gene encoding trypto-
phan monooxidase, derived from bacteria and involved in auxin synthesis, have been
developed to increase fruit size in berries (Mezzetti et al. 2004). Other approaches
have involved the regulation of senescence and thus cell proliferation in plants, using
changes in cytokinin metabolism (Kolachevskaya et al. 2015). For example,
Swartzberg et al. (2006) found that tomato, canola, and maize with increased
cytokinin synthesis through biotechnology resulted in greater fruit weight.

Improvements in nitrogen use efficiency in crops can be found in Good et al.
(2004), Li et al. (2017), and McAllister et al. (2012). One achievement would be to
generate microbial nitrogenase into higher plants to allow atmospheric nitrogen to be
fixed within the plants themselves. To this end, an active Fe subunit of nitrogenase



has been expressed in tobacco (Ivleva et al. 2016). Phosphorus is also critical for
plant growth. Overexpression of phosphatases has brought about faster growth in
plants and increased seed yield (Sun et al. 2012). Similar results were found for
Camelina sativa plants which overexpressed a phosphatase from Arabidopsis
(Chhikara et al. 2018). The authors were able to increase oil yield up to 13% higher
seed oil content and up to a 52% increase in seed mass in comparison with wild-type
plants.
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Improvements in yield have also been explored using CRISPR-Cas9 technologies
by selecting a variety of target genes (Ricroch 2019). Li et al. (2014) edited rice
(Zhonghua 11) genes responsible for grain number, panicle shape, grain size, and
plant architecture (Gn1a, DEP1, GS3, and IPA1). The first exon of Gn1a and GS3
and the third exon of DEP1 and IPA1 were chosen as targets for the sgRNAs because
mutations within these regions have been proven to result in higher yield. The DEP1
mutants increased the number of flowers per panicle (about 50% more than the
control). IPA1 mutations result in improved yield phenotypes as well.

Another way that yield can be increased is by reducing crop waste due to
browning. For example, the polyphenol oxidase (PPO) gene is responsible for
oxidative browning of a number of fruits and vegetables including potatoes and
apples. Genome editing has been used to block oxidation by polyphenols and reduce
browning in both of these crops (Waltz 2015; Mellidou et al. 2014).

11.6 Potential to Improve Human Health Via
the Biofortification and Nutritional Enhancement
of Food Crops

Micronutrient deficiencies in crops can be addressed through the direct fortification
of crops in the form of fertilizers and foliar sprays by the addition of dietary
supplements containing vitamins and minerals such as vitamin A, iron, zinc, and
folate, or via the biofortification of plant varieties using modern breeding techniques
(Ricroch and Hénard-Damave 2015). The production of genetically modified,
biofortified food crops is potentially advantageous for populations who find it
difficult to change their dietary habits or who lack access to nutritional programs.
Staple crops such as rice, banana, cassava, and maize are low in micronutrients and
sufficient quantities of each must also be bioavailable in order to contribute to a
healthy diet. In many cases, the rural poor have little access to the rich source of
micronutrients found in fresh fruits and vegetables and cannot afford to diversify
their diets. Biofortification using technology could represent a facile answer to their
challenges. Here are several examples of crops which have been biofortified by
genetic engineering.
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11.6.1 Golden Rice

Golden Rice is a biofortified carotenoid-rich variety developed with an aim to
improve the dietary value of this major food crop. Carotenoids are plant pigments
that also have cancer-fighting and anti-inflammatory properties. The carotenoids,
beta-carotene, is converted in the body to vitamin A, which is essential to vision,
normal growth, and development (Bollineni et al. 2014). Golden Rice is thus a well-
known example of using genetic engineering to address a public health problem.
Death and blindness of young children due to vitamin A deficiency (VAD) are
widespread in economically challenged populations where rice is a primary food
source. Natural rice does not express beta-carotene in the endosperm yet is the
primary staple of rural poor populations of Southeast Asia.

Primarily, Golden Rice was developed through the insertion of multiple
transgenes psy (phytoene synthase) derived from daffodil (Narcissus
pseudonarcissus) and the crtI (phytoene desaturase) from bacteria (Erwinia
uredovora) into the nuclei of rice variety BR29 under the transcriptional control of
the glutelin 1 (Gt1) promoter. Later, Golden Rice 2 was developed using psy gene
derived from maize. Golden Rice 2 produces significantly high amount of β-carotene
compared to the original Golden Rice. Bioavailability of carotene from Golden Rice
was confirmed in human trials, and the genetically modified rice variety Golden Rice
has now been approved for human food use in the United States, Canada, Australia,
and New Zealand (Coghlan 2018).

11.6.2 ‘Golden’ Bananas to Combat Vitamin A Deficiency

Banana, which is one of the world’s most important fruit crops, is a major staple in
many African countries, where vitamin A deficiency tends to be the greatest (Amah
et al. 2018). The inherent characteristic features of bananas, that they are slow
growers, and low fertility rates along with the hurdles encountered in fast breeding
of bananas, have made the improvement of its nutritional features a challenging task.
However, prospecting for variability in vitamin A levels in banana species has made
it amenable for biofortification through the application of GM technologies. The
East African highland banana (EAHB) (M. acuminata), that is consumed after
cooking in Uganda, is high in starch but has very low vitamin A levels, with serious
nutritional implications for both the infants as well as women of childbearing age. It
has led to the development of transgenic EAHB rich in vitamin A (20 μg/g dry
weight) by incorporating the gene phytoene synthase 2a (MtPsy2a) derived from Fe0i
banana (Paul et al. 2017). Thus, pro-vitamin A (PVA) biofortified Cavendish
bananas were generated and field trials have been conducted in Australia.
Biofortified Super bananas will improve the vitamin A status to some of the poorest
subsistence farmers of Africa (Waltz 2014).
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11.6.3 Biofortified Maize and Cassava

Maize germplasm has very wide variability for the production of β-carotene levels.
Both the conventional breeding and transgenic strategies are being employed to
increase the β-carotene content. Clinical trials conducted in North America and
Africa showed that genetically modified maize, biofortified with β-carotene, remark-
ably improved the health of the subjects (Li et al. 2010; Mugode et al. 2014).
Nevertheless, the modified maize, which is biofortified with β-carotene, is orange
in color warranting immense efforts to change the perception of public Africans
toward this product. Orange maize is traditionally associated with animal feed and
white maize is considered to be used for human consumption.

Cassava is a staple food crop of millions of sub-Saharan Africans; however, the
crop is deficient in iron and β-carotene (Sayre et al. 2011). In a randomized control
trial, consumption of biofortified yellow cassava, allocated to the children, signifi-
cantly enhanced the serum retinol and β-carotene contents (Talsma et al. 2016). It
thus suggests that enhancement in the vitamin A levels of masses, especially of
sub-Saharan Africa and Asia, where Cassava is consumed, is a viable strategy by
developing GM cassava with pro-vitamin A factors as demonstrated in other food
crops namely rice and maize (Talsma et al. 2016).

11.6.4 Nutritionally Enhanced Tomatoes

In addition to biofortification with vitamins and minerals, crops have also been
engineered with enhanced nutritional properties. Tomatoes can be grown world-
wide; they are also easily amenable for metabolic engineering for improved nutri-
tional properties as well as decrease the risk of chronic diseases, such as
hypertension, diabetes, and cancer. Many studies have been conducted to improve
the nutritional content of tomato through transgenic approaches. For instance,
suppression of fruit-specific gene DET1 (DE-ETIOLATED 1) has improved the
biochemicals carotenoids, tocopherols, flavonoids, phenylpropanoids, and
anthocyanidins. Elevated levels of β-carotene content via overexpression of CYC-
B/LCY-B/LCY-1 in tomato have been performed (Apel and Bock 2009). Similarly,
tomatoes with high β-carotene and xanthophylls contents, astaxanthin, etc., were
developed (Huang et al. 2013). Transcription factors derived from snapdragon have
been shown to increase anthocyanin content in tomato (Tohge et al. 2015). The
health benefits of plant-derived anthocyanins in suppressing the cancer pathways are
demonstrated in clinical trials. Another important biochemical compound whose
production in tomato plants is worth exploring is resveratrol. It is a plant bioactive,
found in red grapes and wine, with ample beneficial health effects. GM tomatoes that
express stilbene synthase gene derived from Vitis vinifera L. accumulated apprecia-
ble quantities of resveratrol (D'Introno et al. 2009; Giovinazzo et al. 2005).



Application of metabolic engineering tools to produce resveratrol in tomatoes would
go long way in supplying this bioactive compound to masses.
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11.6.5 Designer Oilseed Crops

Nutritional significance of long-chain polyunsaturated fatty acids, such as
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) (which are omega-
3 fatty acids) especially for dietary requirements and brain health, is recognized.
However, the rich sources of omega-3 fatty acids are fishes and marine sources
which cannot be made available for all in sufficient quantities. Hence, plant-derived
omega-3 fatty acid via the process of metabolic engineering has gained momentum.
Several ‘proof-of-concept’ studies and developments in the field of transgenic plants
yielding omega-3 fatty acids have been compiled (Napier et al. 2015; Haslam et al.
2016). In this context, development of ‘designer oilseed’ plants such as (Camelina
sativa L.) to synthesize omega-3 fatty acids (Ruiz-Lopez et al. 2014; Betancor et al.
2015) and its field testing will provide an alternative source of nutritionally impor-
tant omega-3 fish oils for the end users (Yuan and Li 2020). More such instances of
designer oil seed crops include the enhanced production of acetyl glyceride and
glucoraphanin contents (Liu et al. 2015; Augustine and Bisht 2015). Thus, metabolic
engineering of Brassica juncea-derived GSL-ALK gene family, which is involved in
the production of glucoraphanin, is a valuable strategy for the production of anti-
cancerous metabolites (Augustine and Bisht 2015).

11.7 Plant-Made Pharmaceuticals

Plants have also been designed as production platforms for vaccines, antibodies, and
therapeutic agents. Vaccines derived from plant sources could be effortlessly scaled
up, economical, secure, and remain effective. Initially, plant-derived vaccines have
targeted infectious diseases, viz., enterotoxigenic E. coli, rotavirus, and cholera
which remain the major reasons of infant mortality observed in developing countries
(Yu and Langridge 2001). Of late, plant-based vaccines are developed and
stockpiled to prepare for potential pandemics. The monoclonal antibody developed
by Mapp Pharmaceuticals using tobacco is meant for neutralizing the Ebola virus.
The clinical efficacy of this tobacco-derived anti-Ebola cocktail was demonstrated in
the USA during the Ebola outbreak of 2015 (Budzianowski 2015). Another model of
a plant-made vaccine, quadrivalent influenza vaccine (QIV) produced by the
Quebec-based company Medicago, is to neutralize the influenza virus (Chen and
Davis 2016; Lindsay et al. 2018). This model of vaccine production has several
advantages as it does not require long incubation in eggs as performed in conven-
tional vaccine production process. Along these lines, plant-based vaccine for the
management of current pandemic COVID-19 produced by Medicago has been



approved for use in Canada by Health Canada (https://www.reuters.com/business/
healthcare-pharmaceuticals/canada-approves-medicagos-plant-based-covid-19-vac
cine-adults-2022-02-24/). Furthermore, plant-derived vaccines have superior effi-
cacy over conventional vaccines developed from mammalian systems. For instance,
plant-made vaccine against Dengue fever virus did not evince any antibody-
dependent adverse effects (Chen 2015). The efficacy of plant-based microbicide
(a combination of monoclonal antibodies and plant-derived lectins) against the
transmission of HIV was demonstrated (Seber Kasinger et al. 2019). In addition,
plant-derived extraneous compounds could be employed in the treatment of rare
genetic diseases in a cost-effective manner. An example is the plant-made version of
glucocerebrosidase, made in carrot suspension cells by the Israeli company Protalix
(Shaaltiel et al. 2015). This plant-made version, known as Taliglucerase alfa, is
under one hundredth the cost of the conventional version of the drug.
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11.8 Consumer Acceptance of Plant Biotechnology

Concerns have been expressed regarding GM crops, both in industrialized and
in developing countries (Paarlberg 2008; Wesseler et al. 2017). Several of these
apprehensions focus on the potentially harmful effects of GM crops to human health
and/or the environment, as well as various ethical issues regarding the definition of
the terms ‘natural’ or ‘unnatural’. Also, global-scale application of intellectual
property rights (IPRs) concerned with the GM crops and the involvement of multi-
national corporations are the worries in adoption of transgenic technology. It is
pertinent to consider that technologies derived from conventional plant breeding
approaches also entail IPRs. The imbalance of GM crops commercialized by large
corporations is the end product of multiple regulations that many smaller corporate
entities and ‘not-for-profit’ institutes find impossible to overcome (Wesseler and
Zilberman 2014; Smyth 2017).

These problems facing the use of plant biotechnology in the food space continue
to impact policy, regulation, and development (Adenle et al. 2017). For example,
mandatory labeling practices now exist for GMOs in a number of countries. In the
USA, a ‘GMO-free’ label has been exploited to entice consumers to pay higher
prices for foods from which there is in reality no GMO equivalent.

The USA follows a ‘substantial equivalence’ policy toward regulating innova-
tions in crop biotechnology, whereas the EU follows the ‘precautionary principle’,
initially designed by the United Nations of the Convention on Biological Diversity
(CBD) under the Cartagena Protocol on Biosafety. These differences in regulatory
framework concerning ‘product’ vs ‘process’ have led to serious obstacles in terms
of food trade, particularly for those in developing countries. NGOs have collectively
spent over $10 billion USD in 2015 in an attempt to prevent the spread of use of GM
crops around the globe (Byrne 2015). This can be compared to $8.5 billion spent by
multinational companies on crop biotechnology. The result of this incentive has been

https://www.reuters.com/business/healthcare-pharmaceuticals/canada-approves-medicagos-plant-based-covid-19-vaccine-adults-2022-02-24/
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bleak for post-colonial Africa and Southeast Asia, where regulation of crops such as
BT cotton, GM eggplant, and Golden Rice has been prohibitively restrictive.

In the case of Golden Rice, for example, release has been hindered in countries
such as Bangladesh and the Philippines with field trials destroyed by anti-GMO
activists on more than one occasion in both countries (Potrykus 2010). Golden Rice
could make a world of difference by contributing to the reduction of malnutrition in
the developing world. After 20 years, Golden Rice has finally been approved in
several countries (Wesseler and Zilberman 2017). However, 1.4 billion life years
have been lost over the past 10 years in India, due to vitamin A deficiency. More
recently, a genome-edited version of Golden Rice has also been developed (Dong
et al. 2020). Whether anti-GM activists will block its release as well remains to
be seen.

11.9 Conclusion

Agricultural biotechnology can improve the yield and nutritional quality of crops.
Although GM and genome-edited plants can supply limited gene pools of a partic-
ular crop species with novel traits, policy controversies will remain a significant
hurdle to overcome. In spite of this, the acreage of GM crops continues to increase
with every new year, illustrating that farmers wish to take advantage of the new traits
that are offered. A study determined that 124 out of 168 farmers chose to adapt
GM. The fact that most of the farmers were from developing countries is consistent
with the data collected by ISAAA (Fig. 11.1). Agricultural biotechnology can
address hunger, nutrition, biodiversity, increase yield, and reduce the amount of
farmland required. GM and genome-edited crops can improve economic outcomes
for the rural poor, as well as environmental outcomes through decreased agricultural
inputs. These technologies will continue to improve over the years to come.
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Chapter 12
Food Safety: A Multidimensional Concept

Vinod Kotwal

Abstract Food is an indispensable part of daily life, and therefore, food safety is of
paramount importance. Food safety affects people across the globe as millions
around the world are severely affected and many lose their life due to consumption
of unsafe food. Besides the well-known microbial or chemical challenges of food
safety, personal and environmental hygiene also form an important constituent of
challenges in ensuring food safety worldwide. As standard and quality of living
improve, food safety concerns and potential health hazards continue to be an
important public health issue worldwide. Further, safe food warrants sound scientific
principles and equitable legislative enforcements. Safe food not only supports
nutrition security of the masses, but also helps the national economy to grow and
achieve sustainable development goals. This chapter discusses the concept of food
safety, multidimensionality of food safety, various sources of risks to food, working
principles of risk analysis, operationalizing the risk analysis, and appropriate stan-
dards to mitigate the food risks. It also presents view on international perspective in
food safety and holistic approaches to food safety.

Keywords Food security · Food trade · Foodborne disease · Codex Alimentarius ·
Risk analysis

12.1 Introduction

In recent years, food safety has become one of the core issues in the domain of public
health. The concept of food safety is closely interlinked to food and nutritional
security too. Poverty and inadequate diet cause chronic food insecurity whereas
transient food insecurity is the result of risks associated with food availability and the
issue of safety of food (Vemula et al. 2012). WHO report delineates that foodborne
diseases (FBDs) are a major reason of morbidity and mortality, and FBDs are a
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serious hindrance to the socio-economic development (WHO 2015). FBD can be
defined as “any disease usually either infectious or toxic in nature, caused by agents
that enter the body through ingestion of food” (Adams and Moss 2003). The FBD
could be attributed to the microbes, toxins produced by the microbial agents or any
other chemicals that might have gained entry into the food supply chain (Hall et al.
2008; Hui et al. 2001). Thus, the presence of disease-causing agents such as bacteria,
viruses, parasites, microbial toxins, or chemicals is responsible for more than
200 human diseases ranging from diarrhea to cancers. An estimate reveals that
around 600 million are affected due to FBDs and around 420,000 die annually
causing an irreparable loss of around 33 million healthy life years. This burden of
illness or disease on the lifespan is calculated based on disability-adjusted life years
(DALYs) (Cissé 2019). Furthermore, unsafe food is a contributory agent to the
vicious cycle of human disease and malnutrition, critically affecting the infants, and
the elderly alike.
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In view of some global changes, like rapid urbanization, relentless modifications
in microbial and other ecological systems and reduced supplies of food, feed, and
fresh water, food safety assumes important position in the twenty-first century
(Käferstein and Abdussalam 1999). The Second International Conference on Nutri-
tion (ICN2), held in Rome in November 2014, emphasized the significance of food
safety in providing improved human nutrition through healthy diets (Food and
Agriculture Organization 2014). It also reiterated the need to launch, implement,
and support appropriate food control systems, including the suitable national-level
food safety legislation and regulations so as to ensure that all the players of the food
chain right from producers and suppliers operate conscientiously. The critical
components of a food control system (FCS) are as follows: setting and maintaining
science-based standards; robust enforcement and surveillance mechanisms; ensuring
proper food safety management systems; and regular, transparent communications to
the stakeholders.

Food safety is a key principle to achieve United Nations Sustainable Develop-
ment Goals (SDGs). SDG 2, 3, 12, and 17 are closely linked to food safety
(UN 2020) (Table 12.1) and safe food is an important ingredient for improved
economic conditions, public prosperity, development in the field of agriculture,
improving the market access, and it ultimately aids tourism and sustainable devel-
opment. Today food safety is not only a public health priority (WHO 2020) but food
safety warranty forms a fundamental tenet of international trade (Carneiro and
Kaneene 2017) to guarantee that imported foods conform to prescribed national
guidelines (FAO and WHO 2003).

12.2 Multidimensionality of Food Safety

Food Safety and Standards Act of India (FSSAI) (2006) defines food safety as
“assurance that food is acceptable for human consumption according to its intended
use.” This is consistent with the Codex Alimentarius Commission (CAC), joint



FAO-WHO Food Standards program framework (Kotwal 2016). CAC, set-up in
1963, is the intergovernmental body mandated to develop code of food and related
texts that are part of the Codex Alimentarius, the Food Code.
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Table 12.1 Food safety and linkage to UN Sustainable Development Goals (SDGs)

Sustainable development goal (SDG) Linkage to food safety

SDG 2: zero hunger Food security cannot be achieved without food
safety. Hence zero hunger refers access to safe,
nutritious, and sufficient food to all people and all
year round

SDG 3: healthy lives and promotion of
well-being all at all stages

People’s health and nutritional intake are directly
linked to the food safety further FBDs are avertable

SDG 12: ensure sustainable consumption
and production patterns

In order to achieve the sustainable food production
and consumption by a country, it is imperative to
fortify the science and technology-based regulatory
regimen to ensure safe and quality food throughout
the food chain

SDG 17: rejuvenate the international
partnership for sustainable development

In an era of globalized food supply (food exports
valued at over USD 1.6 trillion), international
cooperation is imperative. Also, food safety is a
shared responsibility of all the stakeholders

Food safety and health are measurable indices of the incidence of foodborne
illnesses and quality of life or the alleviation from communicable (food poisoning,
acute diarrhea, etc.) and non-communicable (obesity, diabetes, hypertension, etc.)
diseases. Considering the impact of FBDs on the overall human health, it is
important that National Governments initiate public policy interventions and put in
place regulatory systems to coordinate effective food safety protocols so that the
entire food chains operate responsibly to ensure safe supply of food to the end users.
The food safety management protocols at international level have witnessed a shift
toward risk-based approach wherein the regulators are adopting risk analysis frame-
work as a major instrument for decision-making (Koutsoumanis and Aspridou
2016).

12.3 Risks from Various Sources to Food

A number of hazards have been associated with food and the process of food
consumption. Biological contaminants such as bacteria, viruses, and parasites are a
significant source of FBDs. Also, physical hazards like pieces of glass in pulses and
chemical hazards related to food that may either be natural chemical components of
food (Lathyrus toxin in Lathyrus sativus) or human-made (e.g., chemical preserva-
tives added to food) or residues of pesticides/insecticides/veterinary drugs or natural
toxins in food, etc., are documented. Food regulatory systems all over the world
therefore strive to manage the risk, i.e., the probability of something going wrong.



Various types of risks associated with food are from different sources (Fig. 12.1).
The details of common causes of biological contamination, chemicals and other
toxicants, and other hazards are presented in Table 12.2.
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Fig. 12.1 Risks from various sources to food

12.4 Principles of Risk Analysis

To determine the risk of a particular situation, one must know the hazard and
measure the exposure to it. Therefore, risk is represented as:

Risk ¼ Hazard� Exposure:

CAC has defined the concept of risk as “a function of the probability of an
adverse health effect and the severity of that effect, consequential to a hazard(s) in
food.”Hazard is defined as any agent (biological, chemical, or physical) or condition
of food that could potentially cause an ill health. Hence, risk analysis, with reference
to food, comprises three main activities such as risk assessment, risk management,
and risk communication. Based on the working principles for risk analysis adopted
by CAC in the year 2003, these activities are distinct, nevertheless closely
interlinked (Fig. 12.2). The main objectives of these principles are to serve as a
guide for the activities of CAC, the Joint FAO/WHO expert bodies, and other
consultations so that risk analysis forms the basis for food safety and health-related
operations of Codex. The characteristic feature of risk analysis used in Codex
suggests that the analysis has to be consistent, transparent with appropriate docu-
mentation, conducted in accordance with scientific principles governing Codex
decision-making process among others. Also, it should be amenable for modification
in light of future scientific discoveries.
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Table 12.2 Common causes of biological contamination, chemicals, other toxicants, and other
hazards

Risks Source

Biological
contamination

Bacteria Bacillus cereus, Campylobacter jejuni, Clostridium perfringens,
Escherichia coli, Listeria spp., Salmonella, Shigella spp.,
Staphylococcus aureus, Vibrio spp., Yersinia enterocolitica

Viruses Norovirus, Hepatitis A virus, Rotaviruses

Parasites Protozoa Entamoeba histolytica, Cryptosporidium
parvum, Giardia lamblia, Toxoplasma gondii

Roundworms,
nematodes

Anisakis simplex, Pseudoterranova decipiens,
Ascaris lumbricoides, Trichinella spiralis

Tapeworms,
Cestodes

Taenia saginata, Diphyllobothrium latum,
Taenia solium

Chemicals and
toxicants in food

Pesticides/insecticides

Veterinary drug residues

Food additives

Natural
toxins

Mycotoxins (secondary metabolites of fungi)
Aflatoxins from Aspergillus parasiticus and A. flavus
Ochratoxins produced by Aspergillus and Penicillium species
Trichothecenes are mainly produced by Fusarium species but
Trichoderma, Trichothecium, Myrothecium, Calonectria, and
Stachybotrys are also known as trichothecene producers
Ergot alkaloids from fungus Claviceps purpurea growing par-
asitically on some grasses and several cereal crops such as
wheat, barley, and rye
Fumonisins mainly produced by Fusarium moniliforme, plant
pathogen growing on maize

Inherent
plant
toxins

Glycoalkaloids: α-solanine and α-chaconine in potatoes
Glucosinolates: Occur mainly in family Cruciferae
Cyanogens: Occur widely in plants including cassava, sorghum,
almonds, bamboo, and legume seeds
Hydrazines: Mushroom hydrazines are considered plant toxins
Pyrrolizidine alkaloids: Occur in herbs, herbal teas, and comfrey
Antinutrients: Components of plants that interfere with meta-
bolic processes
Other plant toxins: Coumarins, furocoumarins, saponins, vicine,
lupin alkaloids, etc.

Marine phycotoxins or marine biotoxins: Shellfish poisons (produced by
dinoflagellates belonging to genus Alexandrium) and the ciguatera toxins
(harbored by finfish and toxins originate from benthic dinoflagellates
Gambierdiscus toxicus)

Environmental chemicals: Heavy metals like lead, calcium, mercury entering
the food chain

Other hazards Diets deficient in micronutrients like iodine, iron, niacin, vitamin A, niacin
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Fig. 12.2 Process of risk analysis

12.5 Operationalization of Risk Analysis Framework

Classical hazard-based approach of food safety relies heavily on the frequent
regulatory inspections followed by food sampling, which may not yield considerable
consumer protection. Moreover, in the classical hazard-based strategy, presence of a
potentially harmful agent at a detectable level warrants risk management activities.
Of late, regulatory bodies around the globe are moving toward establishing risk-
based approaches to food safety control wherein the criteria are to assess whether
any unacceptable risks to health exist or not (Barlow et al. 2015; Koutsoumanis and
Aspridou 2016).

A generic framework of a risk-based food safety management system comprises
four distinct stages (FAO 2006). First stage involves preliminary risk management
activities such as (1) food safety issue identification, (2) developing a risk profile,
(3) establishing risk management goals, (4) decision regarding the requirement for
the risk assessment, (5) establishing suitable policy, (6) developing risk ranking, and
(7) analysis of the results. In the second stage, various risk management options are
evaluated and suitable one is selected. Third stage comprises implementation of
measures to manage the risk. The measures could be mandatory through legislation
or voluntary followed by codes of practice and defined guidelines. In this step, role
of communication tools is also very crucial in order to implement consumer-related
risk management decisions. In the final stage, effective monitoring activities have to
be undertaken to ascertain the efficient implementation of risk management mea-
sures. Hence, activities such as surveillance of public health and collection of data
related to changes in rates of foodborne illness are conducted. Also, revamp of food
safety controls is required when the intended goals of food safety are not achieved



and this iterative process can be repeated depending upon the necessity
(Koutsoumanis and Aspridou 2016)

Thus, risk analysis has emerged as the cornerstone for developing food safety
systems and policies (Buchanan 2010) as a systematic approach for making deci-
sions related to food safety. It consists of a three-stage process as follows
(FAO/WHO 1995, 1997) (1) risk assessment: any risk posed by the foodborne
hazard to human health is ascertained. Thus, risk assessment involves
(a) identification of hazard; (b) characterization of hazard; (c) assessment of expo-
sure to hazard; and (d) characterization of risk (Fig. 12.3); (2) risk management:
appropriate decisions are made with respect to the threshold level of risk that is
acceptable and effective risk control measures that are required to be implemented;
and (3) risk communication: a major component wherein risk information and
selected control methods are communicated among the stakeholders. Though it is
recognized that risk analysis is an iterative process that warrants effective interaction
between the risk assessors and risk managers, a functional separation among these
two entities is obligatory to avoid conflict of interest and to uphold scientific
integrity.
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Fig. 12.3 Steps involved in risk assessment
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12.6 Setting Standards to Mitigate Risks Associated
with Food

The mandate of CAC is to not only protect the consumers’ health but also guarantee
fair food trade practices. It shall prepare the draft standards with the help of its
members based on its priorities (Kotwal 2016). In the process of development of
international standards and guidelines on foods, the risk assessment and risk man-
agement functions are separated by CAC. Risk managers include the general subject,
vertical committees, and other subsidiary bodies of the CAC. The risk assessment
bodies are the Joint FAO/WHO Expert Committee on Food Additives (JECFA), the
Joint Meeting on pesticide residues (JMPR), the Joint FAO/WHO Expert Meeting
on Microbiological Risk Assessment (JEMRA), the Joint FAO/WHO Expert Meet-
ing on Nutrition (JEMNU) other expert meetings, and ad hoc consultations
(Fig. 12.4). These risk assessment bodies offer scientific advice with regard to
evolving, emerging, and cross-cutting issues in the field of food safety upon request.

Thus, Codex Alimentarius is a compilation of globally adopted food standards
and related publications formulated by CAC. It encompasses international standards
for all kinds of foods (raw, processed, or semi-processed) meant for distribution to
the consumer. It also contains guidelines/codes of practices for food additives, food
hygiene, contaminants like pesticide residues and veterinary drugs in food, labeling
and presentation of food commodities, appropriate food analytical methods, export
import inspection, and certification. Codex standards are not alternatives for national
legislation; however, national legislations have freedom to include the Codex stan-
dards in their respective legislations/regulations.

Fig. 12.4 FAO/WHO framework for provision of scientific advice
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The General and Vertical Codex Committees are the risk managers. General
Subject Committees work is applicable to all the Commodity Committees and
hence is also referred to as “horizontal committees.” These Committees are involved
in developing appropriate concepts and principles applicable for foods in general.
On the other hand, Commodity Committees are responsible for formulating specific
food standards often called as “vertical standards.” As on February 2022, there are
ten and four active General subject and Vertical committees, respectively.

In addition, Commission may establish an Ad hoc Intergovernmental Task Force
(TF) for a specific purpose and specified period. Currently, only Task Force on
Antimicrobial Resistance (TFAM) remains active. The details of different risks
associated with food and the committee handling are given in Table 12.3. The
horizontal standards can be divided into broad three categories namely standards,
guidelines, and recommended codes of practices while vertical standards are pri-
marily standards.

12.7 Prevention and Control of Various Hazards

As elaborated in Sect. 12.1, foodborne diseases are caused by a wide range of agents
(Table 12.2) and three hazards associated with them are microbiological, chemical,
and physical. These hazards can be introduced in the supply chain during produc-
tion, harvesting, processing operations, storage and transportation, preparation of
food, and while serving of food. Biological contamination caused by bacteria,
viruses, and parasites is a major source of FBDs and a major source of microbio-
logical hazards. Similarly, it is important to ensure the chemical safety of food
supplies as chemicals and toxicants originate from residues of pesticides/insecti-
cides/veterinary drugs, food additives, environmental chemicals, or natural sources
(natural toxins, inherent plant toxins, and marine phycotoxins), which are major
chemical hazards. Physical hazards can result from accidental contamination/poor
food handling practices, and/or adulteration.

12.8 Microbiological Hazards

Depending upon geo-climate, type of crops produced, socio-economic development,
the health problems related to food contamination vary across the globe. However,
the basic principles for prevention and control of microbiological hazards are
available (Käferstein et al. 2019). Adoption of good agricultural practices and animal
husbandry activities including the appropriate environmental conditions, where
animals are reared, would result in hygienic quality raw food. The control of hazards
pertaining to contamination, recontamination, or continued existence of microbial
hazards during processing can be restricted by following strategies such as good
manufacturing practice (GMP), good hygiene practice (GHP), and hazard analysis
and critical control points (HACCP) program (Huss et al. 2000).
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Table 12.3 Codex Committees and their role in food safety

S. no. Subsidiary body Remarks

General subject committees

1. Codex Committee on contaminants in
foods

Responsible for establishment or endorsing
permitted maximum levels (MLs) or guideline
levels for contaminants and naturally occur-
ring toxicants in food and feed

2. Codex Committee on food additives Responsible for establishment or endorsing
permitted MLs for individual food additives

3. Codex Committee on food hygiene Responsible for drafting basic provisions on
food hygiene applicable to all food

4. Codex Committee on food import and
export certification and inspection
systems

To develop principles and guidelines for food
import and export inspection and certification
systems

5. Codex Committee on food labelling To draft provisions on labeling applicable to
all food

6. Codex Committee on general principles Deals with procedural and general matters
referred to it by CAC

7. Codex Committee on methods of anal-
ysis and sampling

To define the criteria appropriate to Codex
methods of analysis and sampling

8. Codex Committee on nutrition and
foods for special dietary uses

Looking at general nutritional issues

9. Codex Committee on pesticide residues To establish MLs for pesticide residues in
specific food or groups of food or animal feed

10. Codex Committee on residues of vet-
erinary drugs in foods

To recommend MLs of residues of veterinary
drugs in food and feed

Commodity Committeesa

1. Codex Committee on fish and fishery
products

To elaborate worldwide standards for fresh,
frozen (including quick frozen), or otherwise
processed fish, crustaceans, and mollusks

2. Codex Committee on fresh fruits and
vegetables

To elaborate worldwide standards and codes
of practices as may be appropriate for fresh
fruits and vegetables

3. Codex Committee on spices and culi-
nary herbs

To elaborate worldwide standards for fats and
oils of animal, vegetable, and marine origin
including margarine and olive oil

4. Codex Committee on fats and oils To elaborate worldwide standards for spices
and culinary herbs in their dried and
dehydrated state in whole, ground, cracked, or
crushed form

aFive committees were abolished and eight adjourned sine die

The Codex Committee on Food Hygiene (CCFH) had developed the first
Recommended Code of Practice (RCP) under Codex Alimentarius on the General
Principles of Food Hygiene in 1969. It was amended in 1999 and was further revised
in the years 1997, 2003, and 2020. These General Principles form a strong founda-
tion to ensure food hygiene. It traverses the entire food chain right from primary



S. no. Name of the guideline

production through final consumption, highlighting the salient hygiene controls at
each stage. It also recommended HACCP-based approach wherever possible to
enhance food safety including the seven principles of HACCP (Box 12.1) to be
followed. In addition, there are other RCPs too that recommend code of hygienic
practices for meat, milk and milk products, eggs and egg products, tree nuts, canned
fruits, vegetable products, etc. There are a number of guidelines established by
CCFH too that focus on various aspects of food safety (Table 12.4).
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Box 12.1: Seven principles of the HACCP system
Principle 1: Conduct hazard analysis.

Principle 2: Determine the critical control points (CCPs).
Principle 3: Establish critical limit(s).
Principle 4: Establish a system to monitor control of the CCP.
Principle 5: Establish the corrective action to be taken when monitoring

indicates that a particular CCP is not under control.
Principle 6: Establish procedures for verification to confirm that the

HACCP system is working effectively
Principle 7: Establish documentation concerning all procedures and records

appropriate to these principles and their application.

Table 12.4 Guidelines formulated by Codex Committee on Food Hygiene (CCFH)

Year of
adoption

1. Principles and guidelines for the establishment and application of micro-
biological criteria related to foods

2013

2. Principles and guidelines for the conduct of microbiological risk
assessment

2014

3. Guidelines on the application of general principles of food hygiene to the
control of Listeria monocytogenes in ready-to-eat foods

2009

4. Principles and guidelines for the conduct of microbiological risk
management

2008

5. Guideline for the validation of food safety control measures 2008

6. Guidelines on the application of general principles of food hygiene to the
control of pathogenic vibrio species in seafood

2010

7. Guidelines for the control of Campylobacter and Salmonella in chicken
meat

2011

8. Guidelines on the application of general principles of food hygiene to the
control of viruses in food

2012

9. Guidelines for the control of Taenia saginata in meat of domestic cattle 2014

10. Guidelines for the control of Trichinella spp. in meat of Suidae

11. Guidelines on the application of general principles of food hygiene to the
control of foodborne parasites

2016

12. Guidelines for the control of non typhoidal Salmonella spp. in beef and
pork meat

2016
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Second, application of processing technologies not only extends the shelf life of
the food and food products but also enhances their safety by decreasing or eliminat-
ing the pathogenic microorganisms. Pasteurization, sterilization, fermentation, irra-
diation, or thermal heating not only extends the shelf life of foods but also increases
their safety levels. However, consumers have started demanding fresh foods packed
with dense nutrients and antioxidants besides the appropriate food safety. Techno-
logical advancements in the field of food processing and application of thermal
sterilization/pasteurization approaches significantly reduce the content of microor-
ganisms; however, it also causes loss of thermo-labile nutrients and severely impairs
the food sensory and nutritional properties. Therefore, advancements and adoption
of many non-thermal treatments such as high hydrostatic pressure, pulsed electric
fields, pulsed light, ultraviolet light, and cold plasma have gained prominence
(Morales-de la Peña et al. 2019; Prithviraj et al. 2021; Kaavya et al. 2021). Appli-
cation of nanotechnology in the field of food safety is also increasing (Alfadul and
Elneshwy 2010).

Poor hygiene standards, while preparing the food and the lack of trained food
handlers in the field of food safety, are important causes of FBD (Greig et al. 2007).
Food handlers can transmit pathogens actively or passively (Fig. 12.5). To overcome
these problems, not only food handlers need to be trained in maintaining personal
hygiene and good hygienic practices at work, but attention also needs to be paid to
the occupational hazards and measures to prevent those (Dudeja and Singh 2017).
Codex Alimentarius also has a number of RCPs and GLs focusing on these aspects
of food safety. For example, Codex Code of Hygienic Practice for Precooked and
Cooked Foods in Mass Catering deals with the hygienic requirements for foods
meant for large masses of public including school children and elderly.

Food Handlers as 
source of pathogen 

transmission

Passive
Food Safety compromised through:

Cross-contamination in the food processing
premises

Inadequate cooking or reheating of food

Preparation of food several hours in advance
improperly stored

Use of contaminated raw material

Here, Food handler is not source of
infection

Active
Food Safety compromised
through:

Infected or colonized person
charged with preparaton of
meals, thus food handler who
may be symptomatic (case) or a
symptomatic (carrier)

Fig. 12.5 Food handlers as source of pathogen transmission
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12.9 Chemical Hazards

Wide range of health risks are posed by chemical hazards in food varying from
irritation to chronic diseases and cancer as certain chemicals are proven carcino-
genic. Chemical hazards can be prevented and controlled following a multi-pronged
approach. To begin with, during production of food, quantities of chemicals added
should lie within the limits prescribed by legislation. At the international level, CAC
has established these through its various committees. For example, Codex Commit-
tee on Food Additives (CCFA) establishes permissible MLs for individual food
additives. Codex Committee on Pesticide Residues (CCPR) establishes MLs for
pesticide residues in food items and for animal feeds. Similarly, Codex Committee
on Residues of Veterinary Drugs in Foods (CCRVDF) is involved in prioritizing the
deliberations on veterinary drugs-related residues in foods and fixes a maximum
permissible limit for the same. Codex Alimentarius has also laid down General
Standards for Contaminants and Toxins in food and feed. The Codex has defined the
maximum level (ML) for a chemical contaminant in a food or feed. It refers to the
highest permissible concentration of that contaminant in food as recommended by
the CAC that could be lawfully acceptable. For example, ML of total aflatoxins in
peanuts and hazelnuts is 15 μg/kg while it is 10 μg/kg for almonds, pistachios, and
dried figs. Similarly, ML of ochratoxin A allowed in wheat, barley, and rye is 5 μg/
kg. These limits are laid down based on the risk assessment done by JECFA.

Likewise, countries through legislations have prescribed limits for these
chemicals. For example, in India Food Safety and Standards (Contaminants, Toxins
and Residues) Regulation, 2011 lays down the limits for various types of contam-
inants, toxins, and residues allowed in foods. Apart from laying down standards for
various food products, Food Safety and Standards (Food Products Standards and
Food Additives) Regulation, 2011, also prescribes the list of permitted additives in
food along with their limits. However, adherence to these limits would require
implementation of good agricultural and animal husbandry practices along with
good manufacturing practices.

Another approach to prevent and control chemical hazards is to adopt technology.
For instance, application of suitable drying technology could avert the growth of
mold and mycotoxins production during storage. For instance, Codex Code of
Practice for the Prevention and Reduction of Mycotoxins Contamination in Cereals
provides recent updates regarding the prevention and reduction of contamination of
mycotoxin in foods derived from cereals and animal feeds. The Code clearly lays
down the importance of adoption of GAP (especially during post-harvest handling,
and storage) by the primary producers to avoid contamination due to mycotoxins
followed by implementation of GMP (during handling, grain sorting, cleaning, etc.)
by processing industries. Codex Code of Practice for the Prevention and Reduction
of Aflatoxin contamination in Tree nuts enumerates common principles for aflatoxins
reduction in tree nuts. It is mandatory for the National Authorities to instruct all the
stakeholders, viz., producers, transporters, and storage personnel in the processing



chain about the measures and environmental factors that hasten the process of fungal
infections in tree nuts leading to the production of aflatoxin. Food irradiation can be
used for insect disinfestations and also inhibits spoilage losses due to sprouting
(Loaharanu and Ahmed 1991).
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Monitoring, inspection, and surveillance activities of domestic as well as
imported foods through an efficient National Food Control System (NFCS) entail
the incorporation of regulatory approaches along with sound preventive and educa-
tional strategies to ensure safety of food from farm to table (FAO and WHO 2003).
Codex Alimentarius guidelines (CAC/GL 82-2013) on principles governing NFCS
have articulated 13 principles that are: Protection of consumers; Whole food chain
approach; Transparency, Defining specific roles and responsibilities in NFCS; Con-
sistency and impartiality; Risk-based, science-based and evidence-based decision
making; Cooperation and coordination between multiple competent authorities;
Preventive measures; Self-assessment and review procedure; Recognition of other
systems (including equivalence); Legal foundation; Harmonisation; and Sufficient
resources to meet the objectives of NFCS (Table 12.5). Thus, there is a need to

Table 12.5 Principles governing national food control system

S. no. Principles

1. Protection of consumers

2. Whole food chain approach: Should cover the entire food chain from production to
consumption

3. Transparency: All aspects of NFCS should be transparent and open to scrutiny by all
stakeholders while respecting legal requirement to protect confidentiality, wherever
applicable

4. Roles and responsibilities: Specific roles and responsibilities of participants in NFCS
should be clearly defined

5. Consistency and impartiality: All aspects of NFCS should be applied consistently and
impartially, free of improper or undue influence, or conflict of interest

6. Risk-based, science-based, and evidence-based decision-making: Decisions within
NFCS should be based on scientific information, evidence, and/or risk analysis principles
as appropriate

7. Cooperation and coordination between multiple competent authorities: Competent
authorities in NFCS should operate in a cooperative and coordinated manner

8. Preventive measures: To prevent and when necessary to respond to food safety incidents

9. Self-assessment and review procedures: NFCS should possess the capacity and capability
to undergo continuous improvement and review of its objectives

10. Recognition of other systems (including equivalence): Concept of recognition of systems,
including equivalence should be provided for in the NFCS

11. Legal foundation: Fundamental legal structures should be in place

12. Harmonization: Codex standards including international intergovernmental organiza-
tions to be considered

13. Resources: NFCS should have sufficient resources to meet its objectives



articulate a comprehensive, integrated approach for food safety in any country with
public health as an integral part.

12.10 International Perspective in Food Safety

The large-scale integration of global food industry, spread beyond the traditional
national boundaries, catering to food availability and food diversification at the
global level also raises concerns of food safety. In this context, measures to tackle
food safety concerns and nutritional measures for diverse geographical regions,
institutions, and development of international food standards based on sound scien-
tific principles are all the more important.1 Every year, millions of people suffer from
FBD causing great socio-economic loss to the society (WHO 2015) and this has
prompted countries across the globe to strengthen their food regulatory systems. The
attributes of latest food regulatory systems are based on the strong foundations of
responsiveness, being outcome oriented, predictability, proportionality, and inde-
pendence (Committee on Strengthening Core Elements of Regulatory Systems in
Developing Countries; Board on Global Health; Board on Health Sciences Policy;
Institute of Medicine, et al. 2012).

The Codex Standards, Guidelines, and Codes of practices formed the reference
for Agreement on Sanitary and Phytosanitary Measures (SPS agreement) under
WTO in 1995. Thus, Codex Alimentarius along with World Organization for
Animal Health (OIE) and the International Plant Protection Convention (IPPC) is
one of “the three sisters” for human, animal, and plant health, respectively. Conse-
quently, the Standards of Codex are considered as an international criterion for the
evaluation of national legislative measures with reference to food safety. Further,
these standards are evaluated for implementation under WTO Agreements and are
consistent with the WTO Technical barriers to trade.

Adoption of new regulations, such as WTO agreement on SPS, involves appli-
cations of risk analysis principles which warrant regulatory actions strictly based on
scientific risk assessment. Further, countries are expected to associate their targeted
level of protection with its regulatory goals which in turn are linked to the extant
systems of standards and inspection. All these measures are to be undertaken with
minimal possible restrictions on the international trade on food.2

12.11 Holistic Approach to Ensure Food Safety

Any country implementing risk analysis framework needs to put in place three
essential building blocks as given below:
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1http://www.who.int/bulletin/volumes/91/7/13-125518/en/
2http://ageconsearch.umn.edu/bitstream/16567/1/fo031004.pdf

http://www.who.int/bulletin/volumes/91/7/13-125518/en/
http://ageconsearch.umn.edu/bitstream/16567/1/fo031004.pdf
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12.11.1 Science-Based Food Quality and Safety Standards

Standards and regulations based on science and also to harmonize the domestic food
Standards with international Standards including the Codex Alimentarius Standards.

12.11.2 Food Safety Regulation, Quality Testing,
and Risk-Based Surveillance

Laboratories are an integral part of the food safety system. For efficient food safety
management, the food testing laboratories need to be strengthened; new ones’ set-up,
if required; and most importantly networked for the flow of information. These then
have to be integrated with a robust surveillance network active as well as passive,
which in turn will handshake with all the ports of entry of food into the country. This
will lead to the creation of integrated food risk assessment and surveillance network.

12.11.3 Support Services and Communication

An increasingly important role is the delivery of information; education, and advice
to the stakeholders across the value chain particularly the consumers. This would
involve undertaking mass awareness programs, conducting capacity-building activ-
ities and regular communication with all the stakeholders.

Many types of information are required to implement a modern, science-based
risk approach to food safety to prevent FBDs and assure the consumers about the
safety of the food they are consuming. The wide range of information that a modern
food safety regulatory system requires is illustrated in Table 12.6. The wide range of
information illustrated above comes from a wide range of sources, and there are
multiple users of this information, thus adding to the complexity.

12.12 Conclusion

It is apparent that adoption of food safety measures is a mutual responsibility of
multiple players (Jen 2017). Moreover, the industry, academia, government, con-
sumers, and media constitute the five pillars of food safety. The shared responsibil-
ities among these entities are imperative for successful implementation of food
safety programs. Nevertheless, broadening of stakeholder base and inducting food
testing laboratories within the fold would be quite valuable in the long run as they
play a significant role in risk analysis framework. Analysis and prevention of
untoward incidents with respect to food safety require a large quantum of



information regarding detection, regulation, supervision, and information on prior
cases. In addition, a common platform for discussion among the stakeholders such as
public health, veterinary and food safe experts, experts in epidemiology is warranted
to assess the trends in the established diseases and to detect novel emerging
pathogens. Also, it is pertinent to comprehend the relationship between these
pathogens and their respective environments in the process of transmission to
formulate prevention and control strategies in a proactive manner.
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Table 12.6 Categories and types of food safety information

Category Type of information

Human health Illness surveillance Attribution
Health valuationMedical/clinical

Host factors

Measurement of
contamination

Microbiological contamination Other contamination

Chemical contamination Contamination of imports

Indicators of
contamination

Animal health/disposition Sanitation and inspection

Recalls and violations

Hazard identification Pathogen subtyping Food toxicology

Pathogen biology

Modeling Predictive microbiology Risk assessment

Total diet study Hazard characterization based on food
consumed

Exposure assessment

Trade and industry Facilities and processes Intervention cost

FSMS Economic impacts

Trace back International trade

Intervention efficacy

Consumers and workers Food consumption Risk perception/
communication

Consumer and worker behavior Population and
demographics

Food and environment Food composition and characteristics Environmental
characteristics

Source: Modified from “Harnessing knowledge to ensure Food Safety: Opportunities to Improve
the Nation’s Food Safety Information Infrastructure”
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Chapter 13
Future Perspectives: Plant-Based Nutrition

Ramesh S. V. and Shelly Praveen

Abstract The concept of plant-based human nutrition deserves a major shift in
planning dietary requirements, identification of potential sources of nutrients, and to
unravel its impending effects on human health. It also requires collaborative research
approaches in the field of nutrition science, sociology, human medicine, plant
breeding among others. A glance at the huge leap of scientific literature in the field
of plant-based nutrition suggests that this concept has gained the status of ‘next-big
thing’ in the field of nutrition science. This chapter discusses the prospects and future
course of action in the context of wide acceptance and adoption of plant-based
human nutrition for the wellness of personal, societal, and planetary health.

Keywords Antioxidants · Human health · Metabolic fate · Nutrigenomics · Plant-
based diet · Plant-based meat substitutes

Accumulating scientific evidences have supported the concept of plant-based nutri-
tion and its health advantages. The whole food, plant-based nutrition, comprise a
wide repertoire of ingredients such as whole grains (brown rice, oats, quinoa, etc.),
fruits, vegetables, legumes (beans, lentils, soy-based), nuts (of both seed and tree),
seeds (flax, chia, hemp, etc.), herbs, leafy green vegetables (lettuce, cabbage,
broccoli, etc.), fortified plant milks (soybean, almond, coconut, rice), and spices,
individually or their infinite combinations. Further, advances in preventive medicine,
meta-analysis, cohort studies, and nutrition interventions have categorically proved
the convenience of plant-based nutrition in decreasing the overall mortality and
mortality linked to heart diseases, severe reduction in the medication needs, help in
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weight management, and in greatly reducing the high-risk situations namely obesity,
hyperglycemia, hyperlipidemia, hypertension, and even in the reversion of
non-communicable diseases such as cardiovascular complications and type 2 diabe-
tes (Hever and Cronise 2017).
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Plant-based diets are substantial sources of antioxidants including polyphenols
(phenolic acids, flavonoids, proanthocyanins, lignans, stilbenes), carotenoids (caro-
tenes and xanthophylls), co-enzymes (vitamin E, vitamin C), etc. Consumption of
antioxidant-rich diets lowers the risk of cancer, neurodegenerative, and cardiovas-
cular diseases and is known for reducing inflammation and improvement in cogni-
tive functions. Antioxidant-rich foods, as in plant-based, negate the ill effects of
reactive oxygen species and consequently arrests the process of cellular aging, etc.
(Loi and Paciolla 2021). Furthermore, consumption of plant-derived biochemicals
either raw or in concentrated forms provides immuno-modulatory effects and anti-
tumor benefits (Rodriguez-Casado 2016). It is pertinent to devise suitable and highly
efficient extraction procedures so that antioxidants and immunity conferring phyto-
chemicals could be exploited for greater health benefits of human.

Finding right combination of plant-based diet which mimics nutritional profile of
animal food for western countries not only requires nutritional intervention but also
development of legumes which can withstand cooler climates (Aschemann-Witzel
et al. 2021). Therefore, the opportunities for plant biochemists, nutritionists, and
breeders to devise suitable cereal–legume nutritional complementation strategies are
enormous. Consumer trends have highlighted the preference for ‘freedom foods’
(plant-based protein is considered ‘freedom foods’ since it does not carry environ-
mental concerns associated with animal foods) and ‘clean label’ foods-the tag plant-
based foods generally fulfill (Aschemann-Witzel et al. 2021).

Besides the perceived importance of protein quantity and quality in assessing the
appropriateness of alternative diet plans, nutritional shift in inorganic nutrient
contents also necessitates a thorough investigation. The case in point was exempli-
fied in comparative nutritive profiling study of novel plant-based diets and a refer-
ence omnivore diet which revealed that the former was below daily requirements for
inorganic nutrients such as Ca, Mg, Zn, and vitamin B12 however showed excessive
in saturated fat, sugar, and Na contents (Tso and Forde 2021). This nutritional
imbalance encountered due to the shift from animal diet to plant-based nutrition
offers massive prospects for designing novel, superior plant-based alternative diets
(Tso and Forde 2021).

A comprehensive review on the adoption of plant-based diet clearly points out the
objective and perceived barriers such as risk of low protein intake, excessive
commitment to consuming meat, the risk of low ingestion of essential micronutrients
(vitamin B12, vitamin D, riboflavin, iron, calcium, zinc, etc.), boring and tasteless,
among others to switch in to this endeavor (Fehér et al. 2020). Nevertheless,
complementation strategies to develop wholesome nutritious food, plant-based
meat alternatives (Estell et al. 2021), fermentation techniques to add flavor and
acceptability are suggested to overcome these barriers (Tangyu et al. 2019). In this
regard, application of advanced and innovative food processing techniques to
enhance the nutritional and functional properties of non-dairy, plant-based beverages
is also warranted (Munekata et al. 2020). Further, the state-of-the-art metabolomics



approaches offer opportunities to continue the process of food innovation, enhancing
the sensorial and nutritional attributes of plant-based food and would greatly aid
even in climate-smart food production processes (Jacobs et al. 2021).
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Multiple studies on human gut microbiota, gut–brain health axis, its role in
absorption of essential nutrients, and the microbiota dysbiosis-induced impact on
overall human health have necessitated further exploration of influence of individual
plant diet-derived components (polyphenols, fibers, etc.) on the gut microbiome
composition and their potential health effects. The functional significance of gut
microbiota in modulating the bioactivity and bioavailability of dietary components
and the microbial enzyme repertoire involved in these processes requires thorough
investigation (Marchesi et al. 2016). Even though the influence of vegan diet on the
microbial population and their metabolic pathways have been positive by enhancing
the beneficial microorganism, further studies are imperative to discover their indi-
vidualistic effect and devise suitable nutrition plan backed by medicinal science
(Sakkas et al. 2020).

Moving forward, the concept of precision nutrition is garnering more attention
which tailors the diet depending on the individual’s genome, microbiome,
metabolome, and epigenome in order to achieve the goal of personalized disease
management and prevention. Nevertheless, this arena of precision nutrition is still in
its infancy. It is also pertinent to scrutinize and document the local knowledge of
plant-based nutrition sources from the traditional foods. The role of relevant disci-
plines such as ethnobotany and social science techniques is crucial in this endeavor
to unearth the nutritional repertoire of forgotten foods (Afrianto et al. 2021). In this
framework, it is fundamental to incorporate the concepts of plant-based nutrition in
nutrition education in medical curriculum in those regions of the world where animal
nutrition is predominant (Mulpuri et al. 2021).

Adoption of novel biotechnological approaches such as ‘nutrigenomics’ is of
paramount importance in order to decipher the impact of diet-derived nutrients in the
expression of human genes especially when the diet is primarily derived from
non-conventional, neglected, and under-utilized plant sources such as buckwheat
(Fagopyrum esculentum Moench.), amaranth (Amaranthus spp.), quinoa
(Chenopodium quinoa Wild), and chia (Salvia hispanica L.) (Mir et al. 2022). It
not only aids in ascertaining the genetic basis of metabolic fate of food but also helps
in designing novel super foods to combat lifestyle-induced diseased conditions (Mir
et al. 2022). In addition, application of novel biotechnological tool—genome
editing—is expected to improve the nutritional and functional quality of cereals,
horticultural crops, and other non-conventional crops (Ku and Ha 2020).

Public health nutrition strategies have to be streamlined with renewed interven-
tions and policy framework to improve the overall health of population and the larger
goal of sustainable planetary health. The recent developments in the public policy
notifications emphasize the concept that healthy food is also more sustainable and
vice versa underscores the relevance of plant-based food over animal food (BCFN
Foundation 2020; FAO 2020). Food industry and entrepreneurs are required to be
aware of the road ahead and the challenges posed due to the increasing trend of
plant-based food.
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