Indian J Microbiol (Jan—Mar 2020) 60(1):2-11
https://doi.org/10.1007/s12088-019-00785-2

CrossMark

@

REVIEW ARTICLE

Chicken Gut Microbiome and Human Health: Past Scenarios,
Current Perspectives, and Futuristic Applications

Utkarsh Sood"? - Vipin Gupta'? - Roshan Kumar'~* - Sukanya Lal® -
Derek Fawcett® - Supriya Rattan® - Gerrard Eddy Jai Poinern® - Rup Lal’

Received: 16 January 2019/ Accepted: 28 January 2019 /Published online: 8 February 2019

© Association of Microbiologists of India 2019

Abstract Sustainable poultry practices are needed to
maintain an adequate supply of poultry products to the
increasing human population without compromising
human wellbeing. In order to achieve the understanding of
the core microbiome that assumes an imperative role in
digestion, absorption, and assimilation of feed as well as
restrict the growth of pathogenic strains, a proper meta-data
survey is required. The dysbiosis of the core microbiome or
any external infection in chickens leads to huge losses in
the poultry production worldwide. Along with this, the
consumption of infected meat also impacts on human
health as chicken meat is a regular staple in many diets as a
vital source of protein. To tackle these losses, sub-thera-
peutic doses of antibiotics are being used as a feed additive
along with other conventional approaches including
selective breeding and modulation in feed composition.
Altogether, these conventional approaches have improved
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the yield and quality of poultry products, however, the use
of antibiotics encompasses the risk of developing multi-
drug resistant pathogenic strains that can be harmful to
human beings. Thus, there is an urgent need to understand
the chicken microbiome in order to modulate chicken gut
microbiome and provide alternatives to the conventional
methods. Although there is now emerging literature
available on some of these important microbiome aspects,
in this article, we have analysed the relevant recent
developments in understanding the chicken gut micro-
biome including the establishment of integrated gene cat-
alogue for chicken microbiome. We have also focussed on
novel strategies for the development of a chicken microbial
library that can be used to develop novel microbial con-
sortia as novel probiotics to improve the poultry meat
production without compromising human health. Thus, it
can be an alternative and advanced step compared to other
conventional approaches to improve the gut milieu and
pathogen-mediated loss in the poultry industry.

Keywords Chicken gut microbiome - Integrated gene
catalogue - Probiotics - Co-culturing - Human health

Introduction

The major requirement of human consumption for protein
is directly met by the poultry industry in the form of
chicken meat. As of 2016, the overall global production of
poultry eggs and meat were approximately 74 and 119
million tons respectively [1, 2]. Poultry meat production
was expected to increase to 122 million tons by November
2018 [2]. However, it has been estimated that by 2050, the
global human populace is predicted to reach approximately
9.8 billion [3]. Hence, to maintain an adequate supply
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without compromising meat quality and human health, the
livestock production needs to be intensified by using
rational approaches.

On the basis of their productivity, there are three main
breeds of chicken livestock viz., broilers (meat productive
poultry breed), layers (egg productive poultry breed) and
backyard (dual-purpose poultry breed). The commercial
production of meat is majorly (92%) from the broiler breed
[4]. Due to continuous conventional techniques majorly by
extensive selective breeding programs, enhancement in
feed quality and by implementing antibiotics as feed
additives during the past several decades, the yield and
quality of meat have been improved substantially. In all
these approaches feed has been the most important input
for poultry production. So far, the diet ingredients mainly
consist of fish, fish oil, soybeans, corn, and animal prod-
ucts. To retain the high protein value and overcome the
high cost of protein diets, currently, insects are being used
as a sustainable alternative, as their amino acids content is
of much superior quality than conventional plant fed
poultry ingredients [5, 6]. The overall utilization of these
nutrient sources depends on the improved microbial
diversity present in the gut of chickens. It is pertinent to
mention, that the feed conversion ratio (FCR) is very
crucial in the poultry sector as it measures the quantity of
feed that can produce per kilogram of meat along with the
reduction in greenhouse gas (GHG) emission. Due to the
high rate of feed conversion (FCR = 1.4-2.8) in the com-
mercial broiler, it is the preferred breed for meat produc-
tion [7, 8]. There is nearly a saturation stage that has been
attained by conventional improvement methods and further
improvements without affecting the quality of meat and
human health are difficult. To feed the ever-increasing
world population and hence meet the increasing demand,
we have to devise new approaches to improve and sub-
stantially increase the quality and quantity of poultry
products. The study of chicken microbiome using
metagenomics and culturomics techniques can provide
possible remedies not only to tackle the problems of
infection and antibiotic resistance in chicken but also to
devise cost-effective production methods (Fig. 1).

Due to the recent advances in culturomics and
sequencing technologies, the current emphasis is shifting to
understand host-microbe interactions. A quick literature
survey revealed that these approaches have been emphati-
cally used in the past to study microbes inhabiting a wide
range of ecological niches including hot water springs
[9, 10], deep oceans [11], space [12], highly contaminated
niches [13, 14], human and animal gut [15]. While free-
living microbes play many important roles including the
production of antibiotics [16], degradation of xenobiotic
compounds [17] and production of several molecules
important for mankind [18, 19], the intestinal bacteria have

an important role in maintaining homeostasis and health in
various organisms and their dysbiosis have been linked
with various diseases [20-22].

There has been a rapid upsurge in the number of reports
that suggest the role of the microbiome in sustaining the
normal physiological functions and demonstrated the
impact of microbial imbalance (dysbiosis) [23]. Similarly,
studies have shown the impact of diet in shaping the gut
microbial community in humans as well as animals
[24-26]. As mentioned before in this context the chicken
gut microbiome is very important and it provided the spur
for further research in recent years and has engrossed on
the role of the microbiome present in the chicken gut
[27, 28]. More recently the establishment of an integrated
gene catalogue (IGC) for chicken microbiome [29] and
compilation of the taxonomical and microbial functional
hierarchy at different developmental stages and regions of
gastrointestinal tract (GIT) microbiota has provided impe-
tus to devise microbiome based tools for the improvement
of poultry production by using culturomics based microbial
consortia [30]. In addition, wild chicken breeds that are less
susceptible to diseases can also be used to raise specific
microbial consortia to develop probiotics in order to
improve global poultry health [31]. The selective data
analysis, encompassing the core microbiota, IGC, the role
of microbes in gut immunity and the new era culturomics
approach as presented below can now provide an insight
into the development of alternative methods to improve the
pathogen-mediated loss in the poultry industry. These
approaches aim to develop methods to improve the quality
and quantity of poultry products without affecting human
health (Fig. 1).

Core Microbiome and Co-evolution of Pathogens

The sum total of all the microbes (archaea, bacteria, viru-
ses, protozoa, and fungi) occupying a particular niche is
termed microbiome. In chicken, the microbiome is pre-
dominantly dominated by bacteria [32]. Initial studies on
the ecological diversity of the microbiome primarily based
on amplicon sequencing focussed on 16S rRNA gene
sequence have revealed that the chicken microbiome is
represented by at least 13 major bacterial phyla and out of
these Firmicutes, Bacteroidetes, and Proteobacteria are the
majority (> 90%) with relative proportion varying with
breed [33]. More than 900 species-equivalent operational
taxonomic units (OTUs) were identified in chicken, that
represented 117 established bacterial genera [34]. In
addition to these, the gut of chicken has also been occupied
by pathogens like Salmonella, Escherichia coli, and
Campylobacter that cause gastroenteritis in human [35]
(Table 1). While most of these studies are based on culture-
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independent approaches, the majority of the culturable
approaches have also identified that these bacteria inhabit
the gut of almost all birds up to 10’ CFU g~' (colony
forming unit per gram) and also reflected in the poultry
environment including litter [36, 37]. These bacteria are
either present as minor taxon or generally accepted to be
non-pathogenic in healthy avian host. Being minor taxon of
chicken intestinal microflora, Salmonella has been marked
with sporadic and transient colonization of its avian host
[37]. Whereas Campylobacter was thought to be a non-
pathogenic commensal of chicken, it has now been shown
to affect bird health [38] and is also a major foodborne
pathogen [39]. The infections caused by these pathogenic
bacteria lead to reduced meat production and present crit-
ical dangers to human wellbeing making poultry a note-
worthy vector of infection [40]. Several stains of
Campylobacter (C. concisus, C. ureolyticus C. lari, and C.
upsaliensis) [41], Listeria monocytogenes [42] Shiga toxin-
producing E. coli (STEC) [43], and non-typhoidal Sal-
monella [44] have been listed under the category of
emerging pathogens, primarily because of their new
emerging genotypes as well as the acquisition of antimi-
crobial resistance genes present in animal, environment and
human intestinal tract [45-48].

Recent studies have revealed the role of microbiome
interaction in empowering the host health to achieve the
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best possible fitness in a given environment [49]. The
major role of diet in shaping the microbiome structure
through the long-term symbiosis of host and the micro-
biome has been proved [50, 51]. The mapping of microbial
communities in the chicken GIT based on shotgun
sequencing revealed the spatial pattern, suggesting the
different functional aspects of microbiome at different
locations [52]. The major niche in ileum is occupied by
more of Lactobacillus, Streptococcus, Enterococcus than
Clostridiaceae (11%), while cecum is mostly dominated by
members of the Clostridiaceae (65%) family [53].
Although the cecum is mostly dominated by Clostridi-
aceae, still the diversity of cecum is significantly more
intricate than that of the small intestine and crop. Due to
the spatial difference in microbial composition, hindgut
harbouring healthy microbiota has been involved in con-
verting dietary fibres into short chain fatty acids (SCFAs),
that deliver more energy for the host and increases the FCR
[54]. In contrast to this, the dysbiosis of the healthy
microbiome leads to the passing of the excess nutrients to
the lower intestine. This in-turn provides substrates for the
growth of pathogenic bacteria which otherwise don’t
compete in that habitat [55]. All this reflects that chicken
microbiome plays a vital role in maintaining chicken health
(see details below).
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Table 1 List of different poultry pathogens present in chicken and its impact on human health
Bacterial pathogens  Phylum Disease Symptoms Antibiotics used for treatment References
Campylobacter Proteobacteria  Campylobacteriosis Bloody diarrhoea, stomach Levofloxacin, azithromycin, [93]
Jjejuni cramps, nausea, vomiting, ciprofloxacin
C. coli and fever
C. lari
C. upsaliensis
C. concisus
Salmonella enterica  Proteobacteria Salmonellosis Fever, bloody diarrhoea, loss intravenous fluids, loperamide [94]
serovars of appetite, headache,
Typhimurium, stomach cramps, nausea
Enteritidis, and vomiting
Newport,
Heidelberg, and
Kentucky
Listeria Firmicutes Listeriosis Sudden onset of fever, Ampicillin, gentamicin, [95]
monocytogenes headache, backache, trimethoprim/sulfamethoxazole,
L. innocua nausea, vomiting, neck erythromycin, vancomycin, and
L stiffness, gradual onset of the fluoroquinolones
L. welshimeri .
confusion, decreased
L. grayi alertness
L. ivanovii
Clostridium Firmicutes Food poisoning Dehydration, diarrhoea, and  Penicillin-G, chloramphenicol, [96]
perfringens abdominal cramps clindamycin
Aeromonas caviae Proteobacteria Traveller’s Diarrhoea and vomiting Chloramphenicol, ciprofloxacin, [97]
A. hydrophila diarrhoea co-trimoxazole and the
A. salmonicida- aminoglycosides
masoucida
A. schuberti
Shiga toxin- Proteobacteria Food poisoning Watery and bloody diarrhoea, Ciprofloxacin, kanamycin, [98]

producing strains
of E. coli

Staphylococcus
aureus

fever

Firmicutes Staphylococcosis

nausea, vomiting, and chill

nausea, vomiting, stomach
cramps, and diarrhoea

chloramphenicol

Penicillin, erythromycin, [99]
lincomycin, and spectinomycin

Chicken Gut Microbiome and Its Role
in Maintaining Chicken Health

In addition to providing nutrition, the gut microbiota also
attaches to the epithelial walls of the intestinal cells (en-
terocytes) forming a protective blockade and keep patho-
genic bacteria at bay by restricting their growth [56].
Presence of pathogenic bacteria like Salmonella, E. coli
and Campylobacter pose a stern risk to human health and
the poultry industry. They act as a reservoir for antibiotic
resistance and can easily disseminate to humans through
infected meat (Table 1). To suppress the growth of these
pathogenic strains, the feed is augmented with sub-thera-
peutic doses of antibiotics. The mechanism of growth
promotion by sub-therapeutic antibiotics is partially
known. But the microbiome has been made known to play
a key part in chicken’s growth by maintaining an optimum
immune system, physiology, and protection against
pathogens. On the other hand, germ-free chickens do not

gain weight even if subjected to feed additives thus high-
lighting the importance of the local microbiome [57].
There are however major losses that still occur as a result
of bacterial and viral infections. To prevent the negative
impact of bacterial pathogens on poultry, higher doses of
antibiotics like tetracycline, bacitracin, salinomycin, tylo-
sin etc. are very often used [58]. Tetracycline alone
accounts for more than 2/3rd of antimicrobials productivity
in poultry farms [59]. The studies have also shown a sig-
nificant reduction in probiotic Lactobacillus population and
post-antibiotic treatment [60, 61]. This can reduce the
intestinal activity of bile hydrolase salt as Lactobacillus is
known to produce the bile hydrolase salt [62]. The bile salt
hydrolase converts conjugated bile salts into unconjugated
bile salts i.e., more efficient to less efficient lipid emulsi-
fication and utilization form [62]. Thus, the reduction in
bile salt hydrolase promotes lipid metabolism and increases
the energy harvest leading to more weight gain. Further
long-term exposure to antibiotics leads to the development
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of antibiotic-resistant pathogenic strains. It is also becom-
ing increasingly clear that the gut provides a perfect
environment for the transfer of multidrug-resistant genes
via extra-chromosomal elements including plasmids and
transposons among the bacteria [63]. In addition to
antibiotics, the use of antibiotic growth promoters (AGPs)
to tackle the problem of antibiotic resistance and to
increase the muscle mass is also becoming popular in the
poultry industry [64, 65]. In fact, AGPs have a dual role to
play as while they increase muscle mass, these also act
against pathogens by altering the microbial community in
GIT of chicken [66]. However, AGPs are also not free from
side effects and have been reported to even affect the
beneficial microbes in the microbiome. However, AGPs
have also been banned in many countries mainly due to the
appearance of bacteria becoming resistant to antibiotics.
Further, the acquisition of antimicrobial resistance genes
leads to the emergence of novel strains, causing an aug-
mented microbial hazard and these can be further passed on
to humans.

Research on the ecology of chicken gut microbiome from
healthy and diseased individuals is being unraveled with the
increasing availability of literature in this field [57, 67].
Most of the studies have revealed that gut microbiome
assumes a vital role in nutrition, physiology, and growth of
chickens [56]. Lactobacillus and Bacillus have been iden-
tified as the major probiotic bacteria in chicken microbiome
[68]. These probiotic bacteria have been linked with
increasing the biosynthesis of vitamins majorly vitamin K
and vitamin B groups, bacteriocins, SCFAs particularly
butyric acid, acetic acid, and propionic acid, and organic
acids viz. lactic acid. They also decrease triglycerides and
induce non-pathogenic immune responses [67]. The con-
tribution of gut microbiota in supplementing the amino acids
such as glutamine and lysin is also observed [69]. The
assimilation of uric acid in the cloaca to yield amino acids is
one of the major roles played by the microbial community in
birds. Chicken gut inhabitants like Bifidobacterium [70],
Bacteroides [71] and Akkermansia muciniphila [72] are the
important providers of carbon and nitrogen sources by
degrading the available cell wall mucin. Thus, a two-way
host-microbe exchange of nutrients has evolved.

Attempts to minimize the use of antibiotics and AGPs
have been made by using probiotics, enzymes, organic
acids, prebiotics, immune-stimulants, essential oils, bacte-
riocins, bacteriophages, phytogenic feed additives, phy-
toncides, and nanoparticles [73], but these are not very
effective for maintaining the good health of chicken. These
can be regarded as the recent therapeutic approaches that
are being attempted for suppressing the use of antibiotics
but there is a need for generating healthy pathogen-free
inoculum to maintain the gut homeostasis and lessen the
use of antibiotics.
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Major Pathogens in Poultry and Use of Antibiotics

Due to the increasing consumption of poultry products, it is
important to ensure proper food safety and shelf-life. In
hatcheries, the newly hatched chickens have no contact with
the adult birds, so their initial microbial inoculum source is
the litter that shapes the development of gastrointestinal
microbiome [37]. The presence of several putative patho-
gens has been reported from these litter samples [37]
(Table 1). In the entire GIT, the cecum is the ideal habitat
for diverse and complex microbiota, harbouring as many as
10'°-10""/g of microbes [57]. The presence of pathogens in
the gut and in the slaughtering environment increases the
risk of contamination during and after slaughter. The
pathogens like Salmonella spp., Campylobacter spp.,
Clostridium perfringens, L. monocytogenes, Staphylococ-
cus aureus, and Aeromonas are the main contaminants in
the poultry industry. A recent survey in Europe revealed S.
aureus (38.5%) as the main pathogen, followed by
Campylobacter (33.3%), L. monocytogenes (19.3%) and
Salmonella (7.1%) [74]. In the USA, during 1998-2011, the
highest number of outbreaks were caused by Salmonella
(43%), followed by C. perfringens (26%), Campylobacter
spp. (7%), S. aureus (5%) and L. monocytogenes (3%) [75].
In Australia, there were approx. 4.1 million annual cases of
foodborne gastroenteritis and pathogenic E. coli, Campy-
lobacter spp. and non-typhoidal Salmonella spp. were the
most commonly known causative agents [76]. After China,
USA, and Brazil, India is the fourth largest producer of
chicken, while the third largest producers of eggs, just
behind China and USA [1]. In a developing country like
India, the microbial risk assessment system is not so robust,
therefore the data is limited. However, the presence of
pathogens like S. aureus, Salmonella spp. and Bacillus
cereus in poultry products has been reported [77] and
therefore, it is important that the management practices
should be improved to overcome the microbial hazard.

Chicken Gut Microbiome: A Panorama
of Immunity Interactions

In fact, most changes in the bacterial community in the
broiler chickens have been reported to impact the immunity
of the birds. As a result, Campylobacter (principally C.
jejuni and C. coli), Salmonella enterica, E. coli, and C.
perfringens pathogens frequently appear or overpopulate
[37]. Recently, the mechanism of microbiota in impacting
chicken immunity have been partly worked out. The
chicken immune system includes both innate and adaptive
responses. The gut of chicken has a robust mucosal layer
with a dense layer of intestinal epithelial cell (IEC),
secretory IgA and antimicrobial peptides (AMPs). Chicken
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gut microbiome has been reported to modulate the regu-
lation of both types of the immune mechanism via host-
microbial interactions. The innermost surface of the
chicken gut is composed of a specific glycoprotein called
mucin, secreted by epithelial cell linings [78]. Presence of
this glycoprotein is linked with the stimulation of the
production of antimicrobial peptides for preventing
pathogen invasion. The conventionally reared chicken
(mostly wild type) having diverse and healthy microbiota
were found to have an abundance of mucin and sulfates as
compared to chickens reared in protected or laboratory
conditions [28]. The microbial community assumes a vital
job in the production of antibacterial peptides present on
the linings of intestinal epithelial and have a potential
activity for killing or suppressing the activity of pathogens
[79]. Pan and Yu [57] have reviewed this characteristic in
chicken epithelial cells and confirmed the active role of the
gut community in chicken innate immunity. There is a
significant difference in count of lymphocytes and lym-
phoid cellular components in intestinal cell lines in germ-
free chickens to normal chickens.

The role of the gut community-based immunity in
chicken was analyzed in depth by Oakley et al., [37] where
T cell stimulation and control of immunity mediator
secretions were highlighted. Production of cytokines and B
cell responses have also been studied in addition to T cell
proliferation using chicken as a model [78, 80]. Secretory
immunoglobulins (IgA) which play a vital role in pathogen
elimination from the gut, was found dependent on the host
gut community in germ-free chickens [81]. The gut com-
munity also control the production of immunity effector
cells (IECs) such as angiopoietin 4 and S100, ribonucle-
ases, C-type lectins, which are the defense cells against
intruders [82]. Even defensins proteins have been reported
to be induced by microbial community of the gut [83].

Thus, homeostasis of the microbial community of
chicken gut is directly linked with the chicken immune
homeostasis. Along with the constitutive expression of
IECs, there is a significantly induced expression pattern
observed in correlation with the gut microbiota of the
chicken raised in germ-free or conventional conditions.
With common IECs found in the human system, a chicken
system can be used to study immune modeling for resident
phagocytes, immune cells and their regulation with bacte-
rial compositions.

Integrated Gene Catalogues: Identifying
the Functional Potential of Gut Microbiomes

The total number of genes in higher organisms including
humans, chicken, and mice is in the range of
19,000-55,000 [84—-86]. The myriad functions carried out

by the cells of these organisms cannot be justified with
such a low number of genes. Estimation has shown that
there are an almost similar number of bacterial cells
(3.8 x 10'%) as human cells (3.0 x 10'%) [87] and there are
10'! obligate anaerobe bacterial cells g~' chicken cecum
[53]. These bacteria contribute significantly to genes that
perform a specific function to maintain the daily life pro-
cesses in higher organisms. Apart from exploring the
microbiota, attempts are being made in identifying the
entire gene pool of these commensal gut bacteria in
chicken guts. The nearly complete set of genes for most gut
microbes of an organism is called an integrated gene cat-
alogue (IGC). Gene catalogues are generated after studying
gut microbiome of a large number of individuals of the
same species. The updated gene catalogue of human gas-
trointestinal (GI) microbiome had 9.87 million genes [88].
Recently a comprehensive microbial gene catalogue con-
sisting of 9.04 million genes from bacteria residing in
different compartments of the intestine of chicken has been
published by Huang et al. [29]. They also mapped the
overall functional potential of the GI microbiome and
demonstrated the impact of a plant alkaloid (Macleaya
cordata extract; MCE) on the diversity and health of the
chicken. The chickens that were raised on a diet supple-
mented with MCE and without the antibiotic, showed
increase abundance of probiotic bacteria predominantly
Lactobacillus and there was also a significant upregulation
of biosynthetic pathways involved in the formation of
amino acids, vitamins, and secondary bile acids. Interest-
ingly, antibiotic-resistant genes had a minimum presence in
the gene pool of the bacterial community. On the contrary,
the diet supplemented chlortetracycline showed similarly
enriched nutrient biosynthetic pathway in the foregut
microbiota that can suppress the pathogenic load and
increase the meat production but provoked an upsurge in
antibiotic-resistance genes and antibiotic-producing bacte-
ria [29]. In the future, these IGC will be expanded in order
to elucidate the mechanisms of growth promotion and help
us to identify strains that suppress the growth of harmful
pathogenic bacteria.

Co-culturing Probiotic Bacteria for Pathogen
Exclusion

Various bacterial communities start occupying the gut of
newly hatched birds as soon as they come in contact with
the environment. As discussed, these genera are sporadic
and hence the abundant genera compete with the coloniz-
ing pathogenic bacteria. This exclusion is perhaps due to
the physical occupation, competition for resources and
production of toxins compounds that interfere with the
colonizing process of pathogenic bacteria [28]. Successful
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attempts have been made for controlling Salmonella out-
spread using the probiotic model in broiler chickens [65].
Different species of Lactobacillus and Bacillus have been
already commercialized into products like Aviguard®,
Interbac® and Primalac® [89-91]. The usage of these
cultures as feed additives led to a reduction in colonization
of pathogens. Restriction of Salmonella is also correlated
with weight gain and improved FCR leading to increased
meat yield [92]. Although these findings using few bacte-
rial genera are promising, there are several improvements
that can be taken forward in the development and manu-
facture of more products from healthy microbiome with
better effectiveness and quality. The majority of the pro-
biotic compounds had strains that can be cultured sepa-
rately, but this limits our ability to use strains that have a
better probiotic effect and have limited culturing capacity.
Co-culturing or mix culturing can be adopted for generat-
ing bacterial mix with better effect. Currently, most of the
strains in probiotic mixes are facultative anaerobes.
Futuristic methods can implement obligatory anaerobes to
design the novel probiotic consortium using wild type
pathogen-free chickens. These methods will effectively
reduce the invasiveness of pathogenic bacteria.

Conclusions

In recent years, the core GI microbiome of chicken has
been primarily linked with the overall health and devel-
opment of the chicken. The GI tract of chicken harbour
probiotic Lactobacillus and Bacillus strains along with
various pathogenic strains of Salmonella, Campylobacter
and E. coli that can be present sporadically. Dysbiosis of
the core genome is linked to increased growth of patho-
genic strains leading to low quality and contaminated
poultry products. To restrict the growth of these pathogens,
the feed is supplemented with sub-therapeutic doses of
antibiotics in the poultry industry. Their use increases the
chance of the spread of antibiotic resistance not only
among chickens but also can be passed on to humans and
directly impacts on the One Health concept. This seeks the
immediate involvement and development of new tools to
further investigate chicken microbiome for their functional
contributions. The generation of IGC is a milestone
achievement that can provide the requisite knowledge for
designing the co-culture experiments for generating more
efficient probiotic mix. In particular, this can be used as a
forecasting tool to devise strategies for improving gut
healthiness in livestock industrial processes. Microbial
interaction in the chicken gut and its immunity modulations
can be predicted for better control of human pathogens and
management of poultry diseases, thus improving the
overall health of the poultry.
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