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The gut barrier is comprised of intestinal microbiota and their metabolites, mucins secreted by goblet cells, host-derived
antimicrobial peptides such as defensins, and cathelicidins, IgA, intestinal epithelium, microfold cells (M cells), Paneth
cells, tuft cells and lymphoid tissues in the sub-epithelium and lamina propria. The gut barrier serves to contain the gut
microbiota within the lumen while permitting the absorption of nutrients. Intestinal health, tolerance to food and microbial
antigens, and homeostasis are achieved through complex interactions between the multiple components in the gut.
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| 1. Introduction

The gut barrier is comprised of intestinal microbiota and their metabolites, mucins secreted by goblet cells, host-derived
antimicrobial peptides such as defensins, and cathelicidins, IgA, intestinal epithelium, microfold cells (M cells), Paneth
cells, tuft cells and lymphoid tissues in the sub-epithelium and lamina propria 2. The gut barrier serves to contain the
gut microbiota within the lumen while permitting the absorption of nutrients B!, Intestinal health, tolerance to food and
microbial antigens, and homeostasis are achieved through complex interactions between the multiple components in the
gut 12,

| 2. Probiotics in Broiler Production

With the ban on the use of antibiotics by the European Union (EU) and the limited use of antibiotics in the United States
(US) in chicken production, probiotics are emerging as a potential alternative. Probiotics or direct-fed microbials (DFM)
are defined as “live microorganisms which when administered in adequate amounts confer a health benefit on the host”,
by improving the gastrointestinal microbial balance and consequent enhancement in nutrient absorption, growth rate, feed
efficiency, and immune competence against potential pathogens MEIE. An ideal probiotic should be of host origin, have
demonstrated a beneficial effect on the host, should be able to alter the gut microflora advantageous to the host, should
be resistant to gastric acid and bile salts, should adhere to the gut mucosal epithelium, and should exhibit beneficial
effects. Probiotics should also be non-pathogenic, free of adverse side effects, sensitive to antibiotics, exhibit antimicrobial
properties against common pathogens, modulate intestinal functions, and immune responses of the host &l The
probiotic should also be able to withstand the processing and storage conditions [£.

Ideally, probiotics should be host-derived because 1. The microbes have evolved and adapted to the ecology of the host
gastrointestinal tract and hence, can readily proliferate and establish a stable population 2. Express beneficial effects
better than probiotic strains obtained from other species 19, It is therefore essential to develop host-specific probiotics for
achieving optimal health and production. Probiotic bacteria should be typically isolated from the gut of healthy animals.
Multiple species and strains of gut microbes must be evaluated for their probiotic potential and the one conferring
maximum benefit to the host must be selected 1. For example, only 6 out of 57 lactic acid bacteria (LAB) strains, isolated
from the crop and intestine of healthy broilers, possess probiotic properties that included the ability to adhere to ileal
epithelial cells, hydrophobicity, tolerance and survivability in gastric juice, bile salts, and phenol, susceptibility to
antibiotics, ability to auto-aggregate and co-aggregate 12,

Poultry is a major source of foodborne pathogens of zoonotic significance 23l and foodborne pathogen infection cause
economic loss to the poultry industry. Probiotics possess antimicrobial activity and can be applied to decrease the
incidence of foodborne pathogens in poultry 14, Probiotics secrete bacteriocins, hydrogen peroxide, alcohol, and organic
acids and exhibit broad spectrum antimicrobial activity 251, In a study conducted to evaluate the probiotic efficiency of LAB
isolated from poultry, it was demonstrated that 77 strains out of the 296 strains screened inhibited the proliferation of E.



coli and Salmonella enteritidis. Of the 77 strains, eight strains of their greater spectrum of pathogen antagonism and other
desirable properties of probiotics. The strain with maximum probiotic potential was identified as L. salivarius 18!,

The probiotic strains should be able to survive the acidic pH in the proventriculus and gizzard for the strains to
successfully colonize the intestine 2. The transit time of feed through the proventriculus and gizzard is approximately 2
h. L. acidophilus survives at pH 4 for 2 h 8. pH tolerance is strain specific. For example, L. plantarum VJI121 exhibit 80%
survivability whereas the isolate VJC1 exhibit only 64% survivability at low pH 12,

Potential probiotic strains should be able to withstand bile salts in the duodenum and cecum 22, Probiotics of host origin
will be able to tolerate the bile salt concentration of the host from which the probiotic strain was isolated. L. acidophilus
can survive for 15 h in 2% bile. Lactobacillus strains possess bile salt hydrolase activity and therefore neutralize the
antimicrobial activity of bile salts to survive in the gut 2],

The ability of probiotics to adhere to the intestinal epithelial cells and mucosal surfaces is essential for forming biofilms,
which prevents the detachment of bacteria during gut contraction and peristaltic movement. This property of biofilm
formation is termed auto-aggregation [21. Co-aggregation enables the probiotic species to displace pathogenic bacteria
(201 Hydrophobicity enables probiotics to adhere to the gut epithelium 8. Auto-aggregation, co-aggregation, and microbial
hydrophobicity enables the probiotics to competitively exclude pathogenic species from the host gut L9222
acidophilus decreases the adhesion of E. coli and S. typhimurium to Caco-2 cells 18],

Antibiotic susceptibility of potential probiotics should be evaluated to ensure no antibiotic resistant genes are transferred
from the probiotic species to the gut microbiota 1. In a study evaluating antibiotic susceptibility of Lactobacillus strains
isolated from chicken, 90% of the 88 isolates were resistant to tiamulin, 74% to tetracyclines, and 70% to lincomycin.
Multidrug resistance was detected in 79.5% of isolates [23, These results indicate that caution should be applied before
choosing a particular probiotic species as the probiotic species might carry antibiotic resistant genes.

Probiotic organisms should be consumed at adequate doses to confer a desired health benefit. A minimum viable cell
concentration of 1 x 108 CFU g! is essential for successful colonization of the gut by probiotics 24, Probiotic
supplementation at 1 x 108 to 1 x 10° CFU g1 is effective and can increase the number of beneficial bacteria 223, |n a
study conducted in broiler chickens by Mountzouris et al., 2010 23 it was demonstrated that there is a significant
increase in the concentration of Lactobacillus and Bifidobacterium and a decrease in coliform counts in the caeca of birds
fed probiotics. Microbiological factors such as the strain of the probiotic, water activity, pH, presence of salt, and molecular
oxygen determine the survivability of probiotics during storage. Feed processing parameters such as heat treatment,
cooling rate, storage length, and packaging materials also determine the survivability of probiotics (2827281 The
survivability of probiotic bacteria during the processing and storage of the product is dependent on the species and strain
of probiotics 29, Thermotolerance of Lactobacilli can be increased by subjecting the bacterium to heat shock at sublethal
temperatures, which is 10 °C above the optimum temperature for growth, before exposure to lethal temperatures B9,
Bacillus spores can survive at high temperatures and are stable during feed processing steps such as pelleting 241,

Probiotics can be a single strain or a combination of different microorganisms such as bacteria of the species
Lactobacillus, Bifidobacterium, Bacteroides, Bacillus, or Enterococcus. Saccharomyces spp., a yeast, is used as a
probiotic either alone or in combination with other bacterial strains 1. Probiotic preparations can also contain multiple
strains of the same species such as Lactobacillus casei, L. acidophilus, L. bulgaricus, L. reuteri, L. salivarius, and L.
animalis QB2 probiotics can also be categorized as ‘colonizing’ species which consists of Lactobacillus,
Streptococcus, and Enterococcus spp., and ‘non-colonizing’ species which consists of Bacillus spp. spores and the yeast
Saccharomyces cerevisiae 4. Bacteria of the colonizing species compete for potential binding sites on the intestinal
epithelium or mucosa while non-colonizing species though viable in the intestinal content, will not colonize the intestinal
epithelium B2, Colonizing species resist the growth of pathogens by competitive exclusion. In contrast to the requirement
for continuous administration of non-colonizing species, colonizing species requires to be administered once, though a
supplementary dosage at a later age can be beneficial B8, Gut microbiota is also classified as luminal and mucosal
associated microbiota. The expression of adhesion molecules on the intestinal epithelial cells, rate of mucus production,
and secretory immunoglobulins determine the composition of mucosal microbiota B4, The composition of luminal
microbiota is influenced by the presence of antimicrobial substances, feed passage rate, nutrient availability, and the
interaction between the microbiota and the host immune system 1311291,

Among the different probiotics that are available, three major microorganisms, namely Lactic acid bacteria, Bifidobacteria,
and Saccharomyces, dominate the probiotic market 8. Other probiotics that are available for the poultry industry include
Enterococcus, Pediococcus B2, Bacillus, E. coli, Aspergillus, Candida, and several other microbial species 407 Although



the probiotics industry is rapidly growing with several commercially available probiotics flooding the market, at any given
time it is customary to supplement birds with a combination of a limited number of four or five microbial species 44, It is
not clear how the supplemented four to five different strains can contribute to the bacterial diversity in healthy chickens or
even restore diversity in antibiotic treated birds. In humans treated with antibiotics, gut mucosal microbiome reconstitution
is impaired by probiotics suggesting that probiotics might prevent the original gut population from recovering to the pre-
antibiotic phase 42,

One alternative to applying limited numbers of probiotic species would be to transfer gut microbiota from healthy adult
chickens to young chicks. The poultry industry will benefit from transferring mixed cultures of gut microbiota from healthy
chickens rather than supplementing a limited number of probiotic species. Such an attempt has been extensively applied
to control Clostridium difficile infection in humans. Fecal microbiota transplantation is the transfer of fecal matter from
healthy donors into the gut of recipients to alter the gut microbiome of the recipient #3!. Fecal microbiota transplantation
increases gut microbiota diversity and restores the gut microbiome post-antibiotic therapy. Post-transplantation, the fecal
microbiota of fecal transplant recipients was more diverse and similar to that of the healthy donor ¥4, Such an approach
was attempted in early 1973, wherein transferring an undefined mixed culture from healthy chickens, but not a single
Lactobacillus probiotic species, successfully inhibited Salmonella colonization in chicks 2. This procedure was termed
the Nurmi competitive exclusion concept % and has since been applied to control salmonellosis and campylobacteriosis
in poultry 48],

It is necessary to understand the symbiotic relationship between the host and the microbiota. A nutrient-rich ambient
environment of the host facilitates the colonization and proliferation of microbiota while the microbiota stimulates the
digestive and immune systems of the host to improve the production performance 44, |n a meta-analysis study
conducted by Blajman et al. (2014) 48 it was identified that probiotic supplementation improves BWG by 661 g and
improves FCR with 281 g less feed consumed/kg of weight gain. The meta-analysis study also concluded that
administration of probiotics in drinking water is more efficacious compared to supplementation in feed. The major
limitations impeding the use of probiotics are the inconsistent effects and the incomplete understanding of the mode of
action of probiotics.

| 3. Routes of Administration

Probiotics should be administered as early in life as possible to achieve desired beneficial effects 2. Supplementation in
feed or water on the day of hatch is the most common and convenient method to apply probiotics in poultry production !,
Supplementation in feed or water is dependent on the individual consumption and thus the dose of probiotic consumed
varies depending on the quantity of feed or water consumed. Supplementing probiotics in feed and water provide a mean
for continuous supplementation of the probiotics to the bird, though the presence of antimicrobials in food or water can
affect the viability of the probiotic bacteria B4,

Several studies have reported higher efficiency of probiotics when supplemented in drinking water (48152 This can be due
to the shorter transit time of water, compared to the feed, in the upper gastrointestinal tract. A shorter transit time will
reduce the duration for which probiotics are exposed to lower pH and bile salts in the upper gut. Water dilutes the acid,
enzymes, and other digestive secretions and thereby reduces their negative effects on probiotics B1. Bacteria require a
period of acclimatization to the new environment. This period of time, termed the lag phase, will be longer when the
conditions are less optimal. Supplementing probiotics in water mimics the reconstitution of lyophilized products and
reduces the lag phase, thereby enabling the bacteria to adapt better and proliferate in the gut BL[B31(54],

Probiotics can be injected into the incubating egg to achieve early colonization of the beneficial bacteria 2. Delivery of
probiotics to chicken embryos in ovo establishes a healthy gut microbiome B857. |n ovo probiotic inoculation can be
applied either as in ovo stimulation B8 or in ovo feeding B2 which are inoculation on day 12 and day 17-18 of egg
incubation respectively. In in ovo stimulation, prebiotic species are deposited on the air cell on day 12 to stimulate the
development of innate gut microflora, which is ingested when the chicks start piping 2. In in ovo feeding, probiotic
species are injected into the amnion or embryo B2 |5 3 study conducted by Oliveira et al. B, it was demonstrated
that in ovo inoculation of probiotics significantly reduced mortality when challenged with Salmonella on day-4 post-hatch
compared to the control group. In ovo inoculation of probiotics facilitates early colonization of beneficial bacteria and
competitively excludes Salmonella. However, in ovo injection of one or a mixture containing only a few beneficial bacteria
will likely not be effective in establishing a diverse intestinal microbiome comparable to that of a healthy adult chicken. On
the other hand, inoculation of a mixed culture can introduce unknown species of bacteria that could be detrimental to the
embryonated egg 641,



Spraying is another method of probiotic administration wherein the undiluted culture is sprayed on chicks when they are
50—70% hatched 2, Cultures can also be sprayed in the environment or the litter material of the bird. Spraying eliminates
the water quality concerns and other variables associated with probiotic administration in feed or water. Spraying is a cost-
effective and suitable for mass applications B8I87 probiotics can also be delivered by oral gavage, but the high labor
requirement makes the route of delivery unfeasible 621,

| 4. Factors to Be Considered during Probiotics Supplementation

The survivability of the probiotic organisms in the upper gastrointestinal tract is of paramount importance for the probiotic
species to colonize the gut. Microencapsulation preserves the viability of probiotics in a feed matrix. However, in vitro tests
with simulated gastric juices are typically applied to study the efficiency of microencapsulation in maintaining the viability
of probiotics 8. The high complexity of the gastrointestinal tract of live animals with variable pH, gastric and intestinal
juices, peristalsis, and presence of gut microbiota makes in vitro studies to be of low predictive value for in vivo success.
L. casei failed to colonize mice’s gut when supplemented with sodium caseinate capsules 2. More studies have to be
conducted using in vivo chicken models to assess the protective effect of microencapsulation on probiotic survival.

Even if the commercial probiotics remain viable on reaching the poultry gut, direct evidence to show the colonization of
probiotic species post supplementation is lacking. The survival and colonization of a probiotic species are a function of
several factors including bile salts and pH. Considering that the pH of the chicken intestine ranges from 3.1 to 6.6 9, it is
possible that the supplemented probiotics may even fail to colonize the gut. The classic approach to identifying the
survival and colonization of the in-feed probiotic species is to isolate them by cultivation in species-specific agar plates
(71, But this technique has limitations in that the supplemented probiotic species have no antibiotic resistance genes and
species-specific media is not available for most of the probiotic species. Advanced genome-based techniques though
have been extensively used to determine the diversity and structure of the microbial population, they cannot quantify
individual bacterial species. Because of these constraints, very rarely attempts have been made to quantify the survival
and colonization of the supplemented probiotics. A recent article from the researchers' group identified that out of the five
supplemented probiotics, only four species successfully colonized the gut post supplementation and were identified at
levels ranging between 0.03 and 1.2% depending on the region of the intestine and the probiotic species studied 72,
Among the sparse articles that measured the survival of the supplemented probiotics in the poultry gut, it is not clear
whether it can be stated with certainty that the probiotics, in fact, colonized the gut considering the fact that humans
supplemented with probiotics only transiently increased the probiotic species concentration in their feces 23],

One of the major factors that can prevent the colonization of the gut by the supplemented probiotics is “Colonization
resistance”. Colonization resistance is loosely defined as a mechanism by which the resident microbiota prevents
colonization of exogenous microorganisms 4 where the existing microorganism prevents the probiotics from colonizing
the gut. In mice colonization of the gut was limited by the colonization resistance of the existing microbiome 28!, Humans
can be classified as “permissive” or “resistant” to the colonization of a particular strain of probiotics based on their genetic
makeup 22 and the probiotic colonization pattern of individual humans can be predicted using the microbiome features of
the individual (8], The poultry industry might benefit from probiotics that are designed for specific breeds of birds so that
the bacterial strains in the probiotics have a greater chance of colonization.

Another extension of these individualized breed-specific probiotics would be developing probiotics specific for age.
Although humans 8, mice X4, and poultry 8 show age-specific differences in their gut microbiota composition, it is
common to find that the same combination of four to five probiotic species is being fed to birds of all ages to counter all
disease conditions. Developing age-based probiotic supplements should be one of the future approaches for developing
new probiotics for the poultry industry.

Most probiotics are a normal inhabitants of the host gastrointestinal tract. The presence of antimicrobial resistance genes
in bacteria such as Bifidobacteria and Lactobacilli by itself is not a matter of concern because of their lack of infectivity.
Antibiotic resistance in probiotic bacteria is desirable to some extent as it can restore the gut microbiota after antibiotic
therapy (9. But the abundance of these bacteria in the gut presents the risk of transfer of antibiotic resistance genes from
these probiotic species to pathogenic bacteria 8. Transfer of these genes from animals or meat to humans through
feces, soil, water, or food can result in the development of antibiotic resistance in human pathogens and treatment failure
during infection 1, Consumption of raw or undercooked meat can also result in the transfer of antibiotic resistance genes
harboring zoonotic pathogens such as Salmonella and Campylobacter from poultry [21[83],

Generally, probiotic supplementation is associated with improved performance parameters including enhanced weight
gain, superior carcass quality, increased carcass yield, improved meat sensory characteristics, and increased egg size,



shell strength, shell thickness, and weight [B4I83l88] A commonly used bacterial species in probiotics is Lactobacillus spp.,
which is known to reduce gastrointestinal pathogen load, stimulate the immune system, and improve the growth and
performance of the bird. However, direct exposure of rooster semen to Lactobacillus acidophilus was observed to be
detrimental to semen quality. In a study conducted by Haines et al. 87, it was observed that exposure of rooster semen to
Lactobacillus and Bifidobacterium virtually rendered the sperm immotile. The pH of semen was also found to be
significantly reduced on exposure to these bacteria. This could be due to the direct attachment of the bacteria to the
sperm, obstructing the movement of sperm by the non-motile bacteria, or reduction in pH due to the production of lactic
acid. Therefore, long-term supplementation of Lactobacillus and Bifidobacterium containing probiotics to breeder stock
should be done with caution.

| 5. Postbiotics and Paraprobiotics

The efficacy of probiotics is associated with the viability of the microorganisms used. However, there is evidence that the
viability of the microbes is not a requisite for conferring the beneficial effects of probiotics to the host [8. The emergence
of terms such as ‘postbiotics’, ‘paraprobiotics’, ‘metabiotics’, ‘inactivated probiotics’, and ‘ghost probiotics’ indicates that
supplementing non-viable microbes or microbial products can also confer health benefits to the host. Postbiotics are low
molecular weight soluble factors that are either secreted by live bacteria or released after bacterial cell lysis and when
administered in sufficient amounts confer health benefits to the host 88, Postbiotics are obtained by disrupting the
microbial cell structure through heat treatment B9, enzymatic treatment 29, solvent extraction 21, or sonication 22,
Postbiotics are further purified through centrifugation, column purification, freeze-drying, microfiltration, and dialysis 231241,

Paraprobiotics also termed as “inactivated probiotics” or “ghost probiotics”, are non-viable probiotic or non-probiotic
microbial cells or cell fractions which when administered in sufficient amounts confer beneficial effects to the host [221[26],
Paraprobiotics are essentially non-culturable, but immunologically active microbial cells that benefit the host. Thermal
treatment, high pressure, irradiation, and sonication, which induce cell death without membrane degradation, are applied
in the production of paraprobiotics (2981971198199 Flow cytometry using fluorescent dyes is used to assess the functional
state of inactivated cells (109,

Postbiotics (Nonbiotics) are low molecular weight non-viable factors such as metabolic products, byproducts, or cell wall
components (metabiotics, cell-free supernatants, secretions, cell lysates, or biogenic metabolites) derived from probiotic
microorganisms which when administered in sufficient amounts confer health benefits to the consumer [B8l98] posthiotics
can be soluble substances secreted by the live bacteria or the products of bacterial cell lysis, as summarized in Figure 1.
This soluble fraction contains SCFAs, bacteriocins, vitamins, peptides, organic acids, hydrogen peroxide, enzymes, cell
surface proteins, plasmalogens, peptidoglycan-derived muropeptides, teichoic acids, exopolysaccharides and
endopolysaccharides [2820111102] The exact mechanism of action of postbiotics is not completely elucidated. In a study
conducted by Yan et al. 183 it was demonstrated that Lactobacillus rhamnosus derived protein p40 activates EGFR and
prevents the cytokine-induced apoptosis of intestinal epithelial cells in inflammatory conditions such as inflammatory
bowel disease (IBD). In a study conducted by Humam et al. 194 it was demonstrated that the birds fed postbiotics
derived from different strains of L. plantarum exhibited significantly improved FCR values compared to the control group.
Posthiotic supplementation increased the expression of IGF-1 and growth hormone receptors during heat stress 1041,
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Figure 1. Postbiotics are soluble low molecular weight metabolites or cell lysis products derived from live or inactivated
probiotic bacteria which when administered in adequate quantities demonstrate beneficial effects on host health. Created
with Biorender.com (4 April 2022).

Although the mechanism of postbiotic action is not completely explained, scientific data provide evidence for the role of
postbiotics in several physiological functions. Posthiotics can be classified based on their structural composition or their
physiological functions. Based on their role in host physiology, postbiotics can be 1. antimicrobials such as cell-free
supernatants of L. plantarum 193, 2. immunomodulatory substances such as cell wall components of Bifidobacterium and
Lactobacillus, lipoteichoic acid of L. plantarum B4, 3. anti-inflammatory factors such as cell free supernatant of L.
paracasei and L. rhamnosus 1931108 4 anti-proliferative substances such as sonicated cell suspension of L. casei 104, 5,
anti-obesogenic compounds such as fragmented cells of L. amylovorus 198 6. Hypocholesterolemic substances [28], 7.
anti-hypertensives such as polysaccharide glycopeptide complexes of L. casei 24, and 8. antioxidants such as
intracellular contents of Streptococcus salivarius, L. acidophilus, and L. casei 193207 sypplementation of bacteriocin
from L. plantarum improves growth rate, increases the fecal LAB population, and reduces the abundance of
Enterobacteriaceae in broilers 199, Thus, the concept of feeding live microbials is being replaced by postbiotics which
have been demonstrated to confer similar health benefits to the host.

Based on the composition, postbiotics can be 1. carbohydrates such as galactose-rich polysaccharides and teichoic acids
2. lipids such as propionate and butyrate 3. proteins such as p40 molecule and lactocepins 4. organic acids such as
propionic acid and 3-phenyl lactic acid 5. vitamins such as B-complex vitamins 6. complex molecules such as lipoteichoic
acids and peptidoglycan derived muropeptides OO |n 5 study conducted by Abd El-Ghany et al. 112 it was
reported that supplementation of inactivated Lactobacillus to chickens improved the immune response to Newcastle
disease virus vaccines. The improved immune response of the birds is due to the lipopolysaccharides, lipoteichoic acid,
and teichoic acid present in the bacterial cell wall which acts as adjuvants to stimulate the host immune response. Lysis of
the inactivated bacteria in the host gut releases nuclear antigens which might stimulate the host humoral and cell-
mediated immune responses.

One of the advantages of postbiotics and paraprobiotics over probiotics is the possibility of postbiotics and paraprobiotics
applications in immunocompromised patients. Administration of live microbes presents a risk to immunocompromised
patients because of the possibility of occurrence of opportunistic infections and metastasis of probiotic microbes. For
instance, translocation of the Streptococcus gallolyticus from the gut to the bloodstream has been implicated in colorectal
cancer in humans 13l paraprobiotics or posthiotics such as SCFA have antimutagenic activities and selectively target
cancer cells and can be applied to treat cancer patients X111, Posthiotics have a clear chemical structure, longer shelf life,
and safety dose parameters. In a study conducted by Shigwedha et al. 124 it was observed that probiotic cell fragments,
the structural components of probiotic cell lysates, exert a broad spectrum of immunomodulatory functions. The shelf
stability of probiotic cell fragments can be up to 5 years. The use of postbiotics can also eliminate the risk of prevalence
and transfer of antibiotic resistance genes from probiotic species to the consumer 113,
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