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Abstract

A large number of microorganisms colonize the poultry gut, and these microor-
ganisms along with their metabolites actively participate in poultry digestive
and immune response processes, exerting important regulatory effects on poul-
try health. With the global restriction or ban of antibiotics, poultry gut prob-
lems have become increasingly prominent, causing substantial economic losses
to producers. However, research on poultry gut microbiota remains at a rela-
tively preliminary stage. This paper first reviews the composition of poultry gut
microbiota and the current research status of nutritional regulation measures for
poultry gut health, and further explores in depth the regulatory effects of gut
microbial genomes and their metabolites on animal intestinal immune function,
as well as the potential mechanisms by which the intestinal mucosal immune sys-
tem regulates gut microbiota, aiming to provide references for further research
on nutritional measures to improve poultry gut health.
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Abstract

The avian gastrointestinal tract harbors a vast and diverse microbial community
that actively participates in digestion and immune responses, playing a crucial
regulatory role in poultry health. As antibiotics face global restrictions or com-
plete bans, intestinal disorders in poultry have become increasingly prominent,
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causing substantial economic losses to producers. However, research on poul-
try gut microbiota remains relatively nascent. This review first summarizes
the composition of poultry gut microbiota and current nutritional strategies for
modulating intestinal health, then delves into how microbial genomes and their
metabolites regulate intestinal immune function. We further explore potential
mechanisms through which the intestinal mucosal immune system modulates
gut microbiota, aiming to provide a foundation for developing nutritional inter-
ventions to improve poultry intestinal health.
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The intestine serves not only as a digestive organ but also as the body’ s largest
immune organ, playing vital roles in maintaining normal nutrient metabolism
and immune defense. The animal gut harbors a massive and complex microbial
community composed primarily of bacteria, along with fungi, yeasts, viruses,
and archaea. These microorganisms have co-evolved with their hosts in a mu-
tually dependent relationship, forming a microecosystem. This microecosystem
contains approximately 100 times more genes than the host’ s own genome, con-
ferring metabolic and immune functions that the host lacks. In humans, for
example, the normal adult gut contains up to 10" microbial cells comprising
approximately 4,000 bacterial strains that constitute the important intestinal
microbiota [?]. With advances in molecular biology, researchers have gradually
recognized that gut microbiota, as a complex microbial community, plays a criti-
cal regulatory role in host health and disease. Poultry serve as important animal
models in biological research and represent a significant component of the global
protein industry with substantial economic value. In poultry production, main-
taining intestinal health is essential for improving production efficiency. On
one hand, the intestine regulates nutrient digestion and absorption to provide
necessary nutrition for growth; on the other hand, it serves as a critical barrier
against environmental pathogens, effectively defending against invasive disease
agents [?]. As antibiotics become restricted or banned, poultry intestinal health
problems have become increasingly prominent, particularly in the layer industry.
In recent years, intestinal health has garnered growing attention from animal
scientists and poultry producers. This review focuses on the potential regula-
tory mechanisms between gut microbiota and the intestinal immune system and
the impact of gut microbiota on poultry immune regulation.

1 Composition of Poultry Gut Microbiota

Poultry gastrointestinal tissues harbor over one million microbial genes, equiva-
lent to 40-50 times the chicken’ s entire genome. Among these, 90-95% of cecal
microorganisms cannot be cultured in laboratories and can only be identified
through molecular biological methods. Nevertheless, these microbes play crucial
roles in dietary nutrient digestion, absorption, and poultry immune metabolism.
Gut microbiota diversity correlates with diet, sex, age, and individual conditions,
and microbial distribution varies across different intestinal segments. However,
numerous studies have shown that Lactobacillaceae, Streptococcaceae, Clostridi-
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aceae, and Enterobacteriaceae constitute the main components of gastrointesti-
nal microbiota across different sites in poultry. These microbial communities
colonize the intestine in a regular pattern, maintaining an “ecological balance”
with poultry immune metabolism [?].

The crop, the first organ for feed storage in poultry, harbors a large microbial
population dominated by lactic acid bacteria that produce substantial amounts
of lactic acid and short-chain fatty acids (SCFAs). Microbial fermentation in
the crop represents the first stage of feed digestion, and the formation of organic
acids provides effective protection against invading pathogens. The proventricu-
lus has relatively low pH and serves as an important site for nutrient digestion,
particularly protein hydrolysis, containing high concentrations of lactobacilli,
enterococci, and lactose-negative-regulating enterobacteria. Whether these bac-
teria originally colonize the intestine or originate from feed remains unclear.
Additionally, microbial density in the small intestine fluctuates considerably,
primarily comprising lactic acid bacteria, enterococci, E. coli, and Clostridium.
The relatively low microbial density in the small intestine facilitates nutrient
digestion and absorption by reducing competition between host and microbes.
Low pH in the duodenum, along with substantial bile and pancreatic secre-
tions, serves as an important regulatory factor reducing intestinal microbial
density. Studies have shown that in distal small intestine contents, total bac-
terial counts reach 7-9 log(CFU/g), dominated by lactobacilli, enterobacteria,
and enterococci [?]. The cecum represents the main colonization site for gut
microbiota and the primary region for anaerobic fermentation, with anaerobe
density significantly higher than in the upper digestive tract. Consequently,
feed fermentation capacity in the cecum substantially exceeds that of the small
intestine [?]. SCFA concentrations are highest in the cecum, primarily acetate,
propionate, and butyrate, with relatively low lactate levels [?]. This regular dis-
tribution of intestinal microorganisms constitutes the poultry gastrointestinal
digestive and immune system, maintaining intestinal health.

2 Factors Affecting Poultry Gut Health and Regulatory
Measures

Despite extensive research on gut health by medical and veterinary scientists
over the past decade, our understanding remains limited. In livestock and poul-
try research, gut health represents a major challenge, with necrotic enteritis and
bacterial enteritis characterized by intestinal dysbiosis being the most significant
clinical manifestations. Necrotic enteritis, primarily caused by Clostridium per-
fringens, Eimeria, and Salmonella enteritidis, induces intestinal inflammation
and necrosis, leading to poultry mortality. Intestinal dysbiosis results from
imbalance between commensal and pathogenic bacteria, typically without obvi-
ous clinical symptoms, and its etiology remains unclear. As antibiotic growth
promoters face global restrictions or bans, intestinal problems in livestock and
poultry have become increasingly prominent. Particularly under current condi-
tions of suboptimal poultry production environments and inadequate feed nutri-
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tional and raw material processing practices in China, the incidence of intestinal
diseases remains high, causing substantial economic losses.

2.1 Influencing Factors

Factors causing poultry intestinal problems are numerous and complex, primar-
ily including environmental stress (high temperature and humidity, rodents),
feed mold (mycotoxins), bacterial contamination of drinking water, feed nu-
trition (feed viscosity), bacterial infections (Campylobacter, Clostridium per-
fringens, Salmonella), coccidiosis, and viral infections (avian influenza, bron-
chitis, respiratory diseases). Studies have shown that heat stress reduces feed
intake, increases intestinal mucosal permeability, and induces intestinal inflam-
mation and decreased growth performance [?]. Moldy feed damages the liver
and immune system, affects intestinal mucosal integrity and permeability, im-
pairs intestinal barrier function, and reduces growth performance [?]. Infec-
tion with Clostridium perfringens, Fimeria, and Salmonella enteritidis alters
cecal microbiota structure and modulates expression of interleukin-8 (IL-8) and
interleukin-17 (IL-17) [?]. Furthermore, feed nutritional composition affects
intestinal health; increased digesta viscosity often correlates with increased pop-
ulations of Clostridium perfringens, Campylobacter, and spirochetes [?]. Replac-
ing corn with viscous wheat increases disease risk in poultry, and viscous feed
also increases susceptibility to parasitic infections. Recent research shows that
antibiotic administration to chicks significantly alters gut microbiota compo-
sition, with fecal microbiota dominated by Proteobacteria, particularly FE. coli,
whereas untreated chicks harbor primarily Firmicutes, including lactobacilli and
clostridia. Moreover, early-life gut microbiota disturbance affects adaptive im-
munity in later rearing and laying phases [?]. Thus, poultry intestinal health
represents a complex issue requiring comprehensive technical solutions.

2.2 Regulatory Technologies

Gut microbiota serves as an important health regulator in poultry, participating
in maintenance of intestinal mucosal structure integrity and functional perfor-
mance. The intestinal mucosal immune system specifically distinguishes com-
mensal microbiota from pathogens, defending against pathogen invasion and
protecting intestinal health. Therefore, modulating gut microbiota to maximize
beneficial bacterial populations represents a crucial measure for maintaining
poultry intestinal health.

Current research on poultry gut health modulation focuses primarily on nu-
tritional strategies, including prebiotics [?], probiotics [?] (Lactobacillus, Bi-
fidobacterium, Bacillus licheniformis, yeasts), enzymes (xylanase, glucanase,
mannanase) [?], microbial metabolites (butyrate, etc.) [?], and vitamins and
minerals [?]. These nutritional additives can modulate gut microbiota, increase
colonization of beneficial bacteria (lactobacilli and bifidobacteria), promote in-
testinal villus growth, reduce pathogen colonization on intestinal epithelial cells,
enhance immune capacity, and improve intestinal health. Additionally, studies
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show that dietary supplementation with mycotoxin binders, zeolite, and alu-
minosilicates [?] can improve growth performance and disease resistance, alter
gut microbiota, and promote intestinal health. In practical production, besides
nutritional modulation, attention must be paid to poultry rearing environment
and management practices, with establishment of robust biosecurity systems to
reduce disease risk.

3 Impact of Microbial Flora on Intestinal Immunity

To maximize the regulatory role of microbial flora in poultry intestinal health,
understanding the underlying mechanisms between gut microbiota and the in-
testinal immune system is essential. Similar to mammals, the avian intestinal
immune system is relatively complex, comprising intestinal mucosal layers, ep-
ithelial cells, commensal microorganisms, and immune cells that collectively
form the intestinal immune defense system [?]. Gut microbiota serves as a crit-
ical initiator and regulator of both innate and adaptive immunity in poultry.
When encountering pathogens, the host activates its innate immune system,
which relies primarily on pattern recognition receptors including Toll-like re-
ceptors (TLRs) and NOD-like receptors (NLRs). TLRs specifically recognize
pathogen-associated molecular patterns, initiate inflammatory responses, and
ultimately clear pathogens [?]. The mechanism involves the fact that commen-
sal and pathogenic microorganisms share similar pattern recognition molecular
structures, raising the question of how the host immune system distinguishes
commensal from pathogenic bacteria on the intestinal mucosal surface during
long-term microbial exposure. The specific mechanisms remain unclear, and
research on molecular mechanisms of poultry immune modulation by gut micro-
biota is limited. The following discussion primarily references human studies on
gut microbiota immune regulation.

3.1 Gut Microbe-Derived Nucleic Acids

Host cells initiate innate immunity primarily by recognizing pathogen-
associated molecular patterns, specifically conserved nucleic acid structures
from pathogenic microorganisms. These nucleic acid domains can be recognized
by host TLR receptors (TLR3, TLR7, TLR8, and TLR9) and intracellular
DNA sensors [?]. TLR3 is activated by double-stranded RNA, TLR7 and
TLRS8 by single-stranded RNA, and TLR9 by CpG motifs in single-stranded
DNA. When host-derived TLR3 and TLR7-9 detect pathogens, they activate
the innate immune system to clear pathogens automatically. When TLRs
encounter host-derived nucleic acids, they can bypass or modify self-nucleic
acids to provide immune protection [?].

Furthermore, gut microbiota DNA contains abundant unmethylated CpG dinu-
cleotides that can be recognized by TLR9Y, regulating gastrointestinal T cell func-
tion and demonstrating that gut microbiota DNA can serve as an immunomod-
ulator [?]. The mechanisms by which gut microbiota modulates host cellular
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immunity require further investigation. It is generally accepted that unmethy-
lated CpG in microorganisms can bypass antigen-presenting cells to stimulate
T cell differentiation. Studies have confirmed that bacterial DNA and synthetic
oligonucleotides (rich in unmethylated CpG) can effectively modulate innate
and adaptive immunity by regulating dendritic cell and macrophage functions
7).

Additionally, research shows that commensal bacterial DNA contains suppres-
sive DNA oligonucleotide fragments that participate in promoting intestinal
immune homeostasis. These DNA oligonucleotide fragments regulate host im-
mune responses in a species-specific manner, correlating with the frequency of
immunosuppressive DNA sequences in gut microbiota [?]. For example, Lacto-
bacillus DNA is rich in suppressive oligonucleotide fragments that can effectively
maintain regulatory T cell conversion under inflammatory conditions, suppress
pathogen-induced inflammatory responses, preserve immunosuppression in the
microbiota, promote balanced microbial DNA structure, and thereby effectively
regulate intestinal immune homeostasis [?].

3.2 Gut Microbial Metabolites

Mammalian studies have revealed that specific gut microorganisms play crucial
roles in the proliferation and differentiation of certain intestinal immune cells.
For instance, Bacteroides fragilis can promote IL-17 production and subsequent
T helper (Th) cell generation [?]. Lactobacillus can effectively stimulate pro-
duction of low-molecular-weight peptides that activate the intestinal immune
system and enhance disease defense [?]. Gut microbiota also produces large
amounts of SCFAs that directly or indirectly lower intestinal pH, produce bac-
teriocins capable of killing cells, and alter pathogen colonization receptors to
eliminate certain bacteria and defend against pathogen invasion [?]. Recent
studies have confirmed that microbial metabolites (primarily small molecules)
such as SCFAs (acetate, propionate, and butyrate) and quorum-sensing signal
molecules play important roles as chemical signals in microbe-host interactions
(Figure 1 [Figure 1: see original paper]).

Figure 1 Relationship between intestinal microbial metabolites and intesti-
nal mucosal immunity [?]. (Gut microbiota: gut microbiota; SCFA: short-
chain fatty acid; Acetate: acetate; Propionate: propionate; Butyrate: butyrate;
GPRA41: G protein-coupled receptor 41; GPR43: G protein-coupled receptor 43;
Epithelial cell: epithelial cell; Energy: energy; Neutrophils chemotaxis: neu-
trophil chemotaxis; NF- B: nuclear factor- B; IL-12: interleukin-12; TNF-a:
tumor necrosis factor «; IL-18: interleukin-18; Inflammasome activation: in-
flammasome activation; MAPK signaling: mitogen-activated protein kinase sig-
naling; IL-10: interleukin-10; GPR109A: G protein-coupled receptor 109A; Den-
dritic cell: dendritic cell; QS signal molecules: quorum sensing signal molecules;
AL-2: autoinducer 2; v-PGA: poly-y-glutamic acid; AHL: N-acylhomoserine
lactones; PQS: pseudomonas quinolone signal; TLRs: Toll-like receptors; IL-
8: interleukin-8; Inflammatory gene expression: inflammatory gene expression;
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NF- B signaling: nuclear factor- B signaling; Inhibit innate immunity: inhibit
innate immunity; Naive CD4+ T cell: naive CD4+ T cell; Treg differentiation:
Treg differentiation; IL-17: interleukin-17; IL-22: interleukin-22.)

3.2.1 Short-Chain Fatty Acids Acetate is primarily metabolized and ab-
sorbed by the liver, while propionate is released into peripheral tissues. In
the intestine, acetate and propionate are mainly produced by Bacteroidetes
metabolism, whereas butyrate is produced by Firmicutes metabolism [?]. Stud-
ies have found that butyrate can effectively modulate intestinal macrophage im-
mune responses by inhibiting histone deacetylase expression, thereby weakening
macrophage reactions to cecal microbiota [?]. Currently, butyrate is recognized
as an important regulator of host immune responses, acting as both a histone
deacetylase inhibitor and G protein-coupled receptor agonist [?]. Furthermore,
butyrate can inhibit nuclear factor- B (NF- B) expression [?], induce mucin syn-
thesis [?], alter mucosal layer composition, inhibit release of interleukin-12 (IL-
12) and tumor necrosis factor-a (TNF-«) [?], and exert anti-inflammatory ef-
fects. Under stress conditions, butyrate can reduce bacterial translocation and
enhance intestinal barrier function by strengthening tight junction assembly
[?]. Additionally, both butyrate and propionate can induce differentiation of
regulatory T cells in colonic mucosa and improve colitis symptoms [?].

Other studies have confirmed that SCFAs produced by gut microbiota can bind
G protein-coupled receptor 43 (GPR43) on neutrophils to inhibit inflammatory
responses [?], while also regulating glucagon-like peptide synthesis in enteroen-
docrine cells [?]. SCFAs activate GPR41 and GPR43 expression in intestinal
epithelial cells, further activating mitogen-activated protein kinase (MAPK) sig-
naling pathways and promoting release of inflammatory cytokines [?]. Butyrate
and propionate can also promote gluconeogenesis and regulate host carbohy-
drate and energy metabolism balance [?].

3.2.2 Quorum Sensing Signal Molecules Gut microbiota also metaboli-
cally produce quorum-sensing signal molecules such as autoinducers and poly-
~-glutamic acid (7-PGA) that participate in regulating host immune responses
(Figure 1). Quorum sensing is an important bacterial regulatory mechanism
whereby bacteria perceive surrounding population density through self-produced
autoinducers. When bacterial density reaches a certain threshold, a series of
genes are activated to regulate collective bacterial behavior [?]. This bacterial
communication plays crucial roles in various bacterial processes, including bi-
oluminescence, symbiosis, biofilm formation, antibiotic production, swarming
motility, sporulation, gene exchange, and pathogenesis.

Bacterial quorum-sensing autoinducers can be classified into four categories: (1)
Gram-negative bacterial signals, primarily N-acylhomoserine lactones (AHL),
also called autoinducer-1 (AI-1). These water-soluble, membrane-permeable
molecules can freely enter and exit cells, maintaining equal intra- and extracel-
lular concentrations. AHL is synthesized by LuxI-type enzymes that catalyze
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binding of acyl side chains from acyl-carrier proteins to homoserine moieties
from S-adenosylmethionine, followed by lactonization [?], regulating processes
such as bioluminescence, sporulation, conjugation, nutrient acquisition, biofilm
formation, biocorrosion, and antibiosis [?]; (2) Gram-positive bacterial signals,
primarily amino acids and short peptides; (3) Furanone boric acid diesters, also
called autoinducer-2 (AI-2), which together with the key biosynthetic enzyme
LuxS form the AI-2/LuxS system mediating intra- and interspecies communica-
tion in both Gram-positive and Gram-negative bacteria [?]; and (4) Diffusible
signal factors (DSF), such as quinolone and phenazine signals found in Pseu-
domonas aeruginosa [?] and indole from FEscherichia coli [?].

Pathogens can utilize quorum-sensing autoinducers to activate virulence factor
expression and promote biofilm formation, facilitating invasion and coloniza-
tion in hosts. For example, the opportunistic pathogen P. aeruginosa, which
causes cystic fibrosis, produces multiple quorum-sensing molecules such as AHL
and quinolone autoinducers to assist its pathogenic process [?, ?]. P. aeruginosa
AHL signal molecules can selectively reduce NF- B function, particularly inhibit-
ing NF- B-induced inflammatory cytokines and immune-related gene expression,
thereby facilitating bacterial colonization and infection [?]. Additionally, the P.
aeruginosa quorum-sensing signal molecule 4-hydroxy-2-alkylquinoline, a deriva-
tive of the pseudomonas quinolone signal (PQS), can inhibit NF- B binding to
its receptors, downregulate NF- B target genes, delay degradation of NF- B in-
hibitors (I B), and thereby activate NF- B signaling pathways to suppress host
innate immunity [?]. Furthermore, E. coli in the gut also produces the quorum-
sensing autoinducer AI-2, which can promote release of the inflammatory cy-
tokine IL-8, stimulate transcription of immune-related pathways in intestinal
epithelial cells, upregulate negative regulatory factors, and thereby suppress
host inflammatory responses [?].

Gut microbiota can also produce v-PGA, which exists primarily in Bacillus sub-
tilis but not in mammalian intestines, though it is produced during soybean
fermentation [?]. Studies have confirmed that B. subtilis-derived v-PGA can
regulate Th1/Th2 cell development, particularly favoring stimulation of den-
dritic cells to develop into Thl-type naive CD4+4 T cells, inducing release of
IL-12 and interleukin-6 (IL-6) [?], and stimulating natural killer cell anti-tumor
immune effects [?]. Additionally, 7-PGA can promote selective differentiation
of regulatory T cells and inhibit Th17 cell differentiation [?]. Dietary v-PGA
supplementation can increase intestinal lactobacilli populations, reduce Fusobac-
terium numbers [?], inhibit release of Th2-type cytokines in atopic dermatitis
mouse serum, and exert anti-inflammatory effects [?].

4 Regulation of Microbial Flora by Intestinal Mucosal Im-
mune System

The intestinal immune system comprises numerous immune cells and molecules
scattered throughout the intestinal mucosal epithelium and lamina propria,
as well as gut-associated lymphoid tissue. The intestinal mucosal epithelium
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forms the first line of defense against invading pathogens, consisting of at least
seven different cell types including enterocytes, goblet cells, endocrine cells, and
Paneth cells that constitute physical and chemical barriers. The physical bar-
rier comprises the mucosal layer, mucins, and cellular tight junctions, while the
chemical barrier consists of defensins secreted by intestinal epithelial cells, par-
ticularly Paneth cells, such as antimicrobial peptides, lysozyme, a-defensins, and
[-defensins. These defensins are encoded by homologous genes in the jejunum
and ileum, recognizing microbial-associated molecular patterns to identify bac-
terial colonization. Once abnormal colonization by pathogens or commensals is
detected, the intestinal mucosa secretes defensins to resist bacterial invasion [?].
Simultaneously, the host secretes immunoglobulins that can cross the intestinal
barrier to coat microbial surfaces, participating in regulation of bacterial translo-
cation and stimulating phagocytosis by intestinal immune cells [?]. Studies show
that mice with reduced immunoglobulin secretion exhibit impaired intestinal
barrier function, while polyphenol-rich foods can stimulate immunoglobulin A
(IgA) secretion, defend against high-fat diet-induced gut microbiota imbalance,
and restore intestinal function [?].

Immune cells in the intestinal mucosa (macrophages, dendritic cells, neutrophils)
are extremely sensitive to changes in gut microbiota. When intestinal microor-
ganisms translocate from the mucosal layer to Peyer’ s patches, these immune
cells can rapidly capture and phagocytose abnormal bacterial fragments or mi-
crobes [?]. Recent research shows that lymphocytes play important roles in
initiating inflammatory responses at the intestinal barrier surface, particularly
at the epithelial fence. Lymphocytes can stimulate secretion of intestinal mu-
cosal defensins to respond to pathogen infection and tissue damage [?], thereby
inducing release of inflammatory cytokines I1L-6, IL-17, interleukin-22 (IL-22),
macrophage-stimulating factors, and TNF-a. Among these, IL-22 is a direct
regulator of non-specific intestinal mucosal defense in metabolic diseases, induc-
ing secretion of intestinal mucosal defensins [?]. The nuclear hormone receptor
retinoic acid-related orphan receptor v can induce pro-inflammatory processes
in lymphocytes, promoting differentiation into type I, II, and IIT lymphocytes.
Type IIT lymphocytes are most abundant in the intestine and show the most
pronounced bacterial responses, primarily preventing translocation of commen-
sal bacteria. IL-22 and IL-17 secreted by type III lymphocytes act directly on
intestinal epithelial cells to stimulate antimicrobial peptide secretion, thereby
non-specifically targeting commensal bacteria. Lymphocytes can also regulate
Treg cells and exert anti-inflammatory effects by inducing interleukin-10 (IL-10)
production [?].

5 Summary

Compared with mammalian gut health research, studies on poultry intestinal
health are relatively limited, particularly in laying hens. Current research on
modulating poultry gut health through nutritional additives has made some
progress, but different additives affect different categories of gut microbiota.
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Moreover, due to variations in poultry physiology (short intestine), health sta-
tus, and rearing environment, the expected effects of additives are often incon-
sistent, resulting in variable practical outcomes. Given the significance of gut
health for poultry well-being, elucidating the specific types and regulatory mech-
anisms of different gut microorganisms, particularly the regulatory mechanisms
between gut microbiota and intestinal mucosal immunity, and investigating how
to modulate specific bacterial populations to maximize innate immune function
are crucial for maintaining livestock health, improving growth performance, and
ensuring product safety.
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