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The avian gut microbiota:
Diversity, influencing factors,
and future directions

Fengfei Sun, Junfeng Chen, Kai Liu, Meizhen Tang and
Yuewei Yang*

School of Life Sciences, Qufu Normal University, Qufu, China

The gut microbiota is viewed as the “second genome” of animals, sharing
intricate relationships with their respective hosts. Because the gut microbial
community and its diversity are affected by many intrinsic and extrinsic
factors, studying intestinal microbes has become an important research
topic. However, publications are dominated by studies on domestic or
captive birds, while research on the composition and response mechanism
of environmental changes in the gut microbiota of wild birds remains scarce.
Therefore, it is important to understand the co-evolution of host and intestinal
bacteria under natural conditions to elucidate the diversity, maintenance
mechanisms, and functions of gut microbes in wild birds. Here, the existing
knowledge of gut microbiota in captive and wild birds is summarized, along
with previous studies on the composition and function, research methods
employed, and factors influencing the avian gut microbial communities.
Furthermore, research hotspots and directions were also discussed to identify
the dynamics of the avian gut microbiota, aiming to contribute to studies of
avian microbiology in the future.

captive birds, wild birds, influencing factors, gut microbiota, gut microbiome

Introduction

The animal gut contains diverse intestinal microbes, achieving a dynamic balance
with the host through mutual symbiosis and co-evolution during the evolutionary
process (Costello et al., 2009; Mcfall-Ngai et al., 2013; Wang et al., 2019b). An increasing
number of studies has shown that gut microbial communities can regulate several
physiological functions, such as host digestion, absorption, metabolism, and immune
function, as well as maintain host health in a variety of animals (Cantarel et al., 2012;
Ezenwa et al., 2012; Cisek and Binek, 2014; Xu et al,, 2020). Elucidating the underlying
dynamics and regulatory mechanisms of animal intestinal microflora could further
deepen our understanding of animal health and survival status, which has important
guiding significance for animal protection and reproduction.
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Birds are essential indicator organisms in several ecosystems
with strong geographical dispersal ability and a wide
distribution range. Strict environmental selection pressure,
high energy consumption, contact with many intermediate
organisms, and shortage of food resources during migration give
birds unique intestinal microbial flora and complex immune
functions (Wang et al,, 2016a; Alexandra Garcia-Amado et al.,
2018). Research on avian gut microbial communities has
grown dramatically, owing to the increasing emphasis on
bird populations and rapid developments in high-throughput
sequencing (HTS) techniques (Waite and Taylor, 2015; Grond
et al,, 2018). The response and maintenance mechanisms of the
avian gut microbiota to environmental changes have become a
research hotspot for the sustainable survival and development
of wild animal health.

Birds occupy a vital niche in the ecosystem, playing
multiple ecological functions and possessing a complex gut
microbial composition (Waite and Taylor, 2015). The annual
number of publications of studies on avian gut microbes
is shown in Figure 1A. In the past 16 years, research on
the avian gut microbiota has markedly increased, especially
in 2021, when more than 200 studies have been published.
To gain a comprehensive understanding of previous research
on bird gut microbes, a keyword clustering time map was
created to visualize the research results on bird gut microbes
over the past 16 years (Figure 1B). Interspecific variation,
microbiome composition, infection alteration, and microbiota
diversity have been the recent research hotspots, highlighting
the direction for further in-depth research on these topics.
Owing to the limitations of complex sampling methods and
low DNA extraction yield under field conditions, the study of
the microbiome in the avian gut is relatively under-investigated
compared with many other vertebrates (Turnbaugh et al,
2007; Engel and Moran, 2013; Hildebrand et al., 2013). In
this review, starting with the current research status on gut
microbes in captive and wild birds, the research progress of gut
microbiota in birds was systematically summarized in terms of
composition and diversity, function, research methods used, and
the factors influencing the intestinal microorganisms found in
bird species. Research hotspots and future directions were also
put forward to provide primary data and theoretical support for
researchers in this field.

Avian gut microbiota in captive
and wild birds

As shown in Figure 2, avian gut microbial communities
have received increasing attention over the past few decades.
Accumulating evidence suggests that avian gut microbial
communities can be shaped by the living conditions of their
hosts. Species in captivity can have microbial community
structures that differ significantly from wild species through
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environmental and dietary differences. As migratory birds have
the habit of trans-regional migration, they can come into contact
with different habitats and intermediate organisms. This contact
makes the sources of their gut microbiota more diversified,
providing more opportunities for the mutual transmission of
gut microorganisms.

Literature review of gut microbiota in
captive birds

Studies on the gut microbiome of captive birds have
mainly focused on ornamental and economically significant
birds, such as broilers (Gong et al., 2007), turkeys (Wilkinson
et al, 2017), geese (Yang et al, 2018), ducks (Wang et al,
2018a), captive bar-headed geese (Wang et al., 2017), captive
red-crowned cranes (Zhao et al,, 2022), and pet birds (e.g.,
budgerigars and domestic canaries) (Garcia-Mazcorro et al.,
2017; Figure 3 and Table 1). Food resources under captive
conditions can have a significant impact on the avian gut
microbiota. The simple gut microbiota composition of captive
or domestic birds fed an immobilized diet has an insufficient
stress response to external stimuli, resulting in a significant
increase in the abundance of pathogenic groups in the bacterial
community in their gut. Research on the microbial community
of captive and domestic birds primarily focused on the effects
of rearing conditions and viral infection on the microbial
community (Wang et al., 2018a; Chen and Li, 2022), the
immune function of gut microbiota in the defense against
disease (Peng et al., 2021), and the influence of antibiotics and
probiotics on avian gut intestinal microbes (Figueroa et al., 2020;
Shi et al., 2020). In addition, the characteristics of the microbial
composition in different regions of the gastrointestinal tract of
poultry have also received significant attention (Gong et al.,
2007; Wilkinson et al., 2017; Yang et al., 2018). A previous
study investigated the gut microbial composition of Shaoxing
ducks reared under different conditions and found distinct
differences in their intestinal microflora composition (Wang
et al., 2018a). Since the 20th century, frequent outbreaks of
bird diseases (such as chicken colibacillosis and avian virus
infection) have caused massive social, economic, and ecological
problems (Massacci et al., 2018). For example, the avian leukosis
virus was deemed harmful to poultry as it could change
the gut microbial composition of Huiyang-bearing chickens
and disrupt host-microbial homeostasis (Chen and Li, 2022).
Additionally, the susceptibility of chickens to avian pathogenic
Escherichia coli stimulation was increased with the depletion of
gut microbiota, while acetate derived from the gut microbiota
played a protective role during avian pathogenic Escherichia
coli (APEC) stimulation (Peng et al., 2021). Supplementing
ducks with Lactobacillus can mitigate gut microbial dysbiosis
resulting from infection with duck E. coli 17 (Shi et al., 2020).
Simultaneously, after treatment with avian influenza vaccines
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FIGURE 1
(A) Number of articles published on avian gut microbiota from 2006 to 2022. (B) The evolution of avian gut microbiota over the years.
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FIGURE 2
The thematic map of keywords analysis from 2006 to 2022.

and anthelmintics in zoos, the gut microbiota of red-crowned
cranes (Grus japonensis) might be disturbed in a short time
but could recover to homeostasis over time (Zhao et al., 2022).
The intestinal microflora can also have a protective function in
the early life of chicks. The transfer of microbial communities
between offspring and parents promotes the establishment of an
early bacterial community balance and diversity in chicks and
improves the stability of the microbial communities in their gut
after HON2 stress (Li et al., 2022).

It is essential to protect biodiversity through the
Research

captive breeding of endangered wild birds.

on the gut microbiota of threatened or endangered

animals in captivity helps us understand their annual
life cycle, which has important implications for disease

prevention, control, and bird conservation. Surveying
six species of birds raised at the Wildlife Conservation
Center demonstrated that remarkable differences in

avian gut microbial communities and dominant bacterial
phyla exist, depending on the species (Gao et al, 2021).
Simultaneously, the diet and living environment may also
be important factors affecting the gut microbiota, and
short-term changes in these factors have a relatively small
influence on the avian gut microbial community. A higher
abundance of Bacteroidetes was noted in the artificially reared
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Bar-headed goose (Anser indicus) compared to the wild group
(Wang et al,, 2017).

Literature review of gut microbiota in
wild birds

In recent years, research on the gut microbiota of wild
birds has gained increasing attention. The gut microbiome of
the South American hoatzin (Opisthocomus hoazin) (Godoy-
Vitorino et al., 2012), the critically endangered kakapo (Strigops
habroptilus) (Waite et al., 2014; Perry et al,, 2017), the black
vulture (Coragyps atratus) and turkey vulture (Cathartes aura)
(Roggenbuck et al., 2014; Mendoza et al., 2018), passerine
bird species (Hird et al.,, 2014; Bodawatta et al., 2018; Gadau
et al., 2019; Chen et al, 2020), Anatidae birds (Wang et al,
2018b; Xiang et al, 2019), red-billed choughs (Pyrrhocorax
pyrrhocorax) (Wang et al., 2019b), some penguins (Dewar et al.,
2014b; Yew et al., 2018; Lee et al., 2019), and some water-
bird species (Dewar et al., 2014a; Grond et al., 2014) have been
reported (Table 1).

Wild birds have complex life-history characteristics, diverse
dietary habits, unique mating systems, and long-distance
migratory capacity, making their physiological activities face
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more substantial selective pressure, thereby contributing to
the complexity of their gut microbiota. For example, the gut
microbial development of short-tailed shearwater (Ardenna
tenuirostris) and little penguin (Eudyptula minor) differed. The
microbiota of short-tailed shearwater was relatively more stable
throughout the development than that of the little penguin,
2017).
Notably, the role of migratory behavior in the formation of

which showed noticeable fluctuations (Dewar et al.,

gut microbiota in barn swallows (Hirundo rustica) has been
investigated by sampling at the same location during autumn
migration, indicating that there existed divergence in the
intestinal microbe communities among migrant and resident
subspecies, which may be attributed to the different breeding
2020). Moreover, the effects of diet,
age, and sex on the intestinal microbes in wild birds have
2020; Gongora
2021). Compared to populations that

sites (Turjeman et al,

also attracted extensive attention (Liu et al.,
2021; Li et al.,
fed primarily on wild prey, the infection rates of Salmonella

et al.,

sp. were increased in the gut microbiota of red kites (Milvus
milvus), which were fed a mixed diet consisting of wild prey
and livestock carrion (Blanco, 2014). When comparing the gut
microbial community of 8- and 15-day-old chicks of the great
tits (Parus major), the gut microbial community diversity of
the 15-day-old chicks was significantly lower than that of 8-
day chicks, and the relative abundance of Firmicutes increased
(Teyssier et al., 2018).

Migratory birds can become agents of infection for many
diseases, transmitting antibiotic-resistant bacteria or as vectors
2017; Chung et al., 2018).
In addition, flocking accelerates the spread of pathogenic

of pathogens (Elmberg et al,

microorganisms among sympathetic birds (Jourdain et al., 2007;
2010). Therefore, it is beneficial to understand
the changes in the intestinal microflora upon direct or

Caron et al.,

indirect contact between the host and other bird species. This
information has important implications for the risk assessment
of intestinal pathogenic microorganism interactions between
wild birds and the conservation of endangered species.

Microbial composition and
functions

The avian gut core microbiota is generally very similar to
that of other vertebrates at higher taxonomic levels. It appears
to be generally predominated by Firmicutes and a small number
of other bacterial phyla, such as Actinobacteria, Bacteroidetes,
and Proteobacteria (Waite and Taylor, 2014; Grond et al., 2018;
Wang et al., 2019b). This dominance is not surprising; it implies
a relatively conservative group of microbial communities in the
avian gut that allows better adaptation to natural conditions
(Waite and Taylor, 2014). Contrary to the view that birds do
not possess unique bacterial phyla, accumulating evidence has
shown a noticeable difference in the gut microbes between birds
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FIGURE 3
The keyword analysis in the topic of avian gut microbiota
published manuscripts from 2006 to 2022

and other vertebrates (Hird et al., 2014), especially at lower
taxonomic levels (Godoy-Vitorino et al., 2008). The avian gut
bacterial composition clustered apart from humans, insects,
and fish and was closer to that of reptiles (Waite and Taylor,
2014). Furthermore, the diversity and composition of the gut
microbiota among bird species can vary considerably. For
example, the gut microbes of New Zealand kakapo consist of
only a handful of phylotypes, whereas those of hoatzins belong
to more than 40 phyla (Godoy-Vitorino et al., 2012). Therefore,
it is necessary to compare the diversity in as many wild birds as
possible for a more detailed description of the core microbiota
in avian species.

Gut microbiota seems to be a crucial determinant of host
health and physiology, as it serves as an “organ” that can
provide a variety of essential functions for their hosts, such
as vitamin synthesis, host metabolism, nutrient absorption,
immune function, and organ development (Qin et al., 2010;
Heijtza et al., 2011; Kohl, 2012; Al-Asmakh et al., 2014). Animal
gut microflora can contribute to the decomposition of organic
substances, such as carbohydrates and polysaccharides in the
digestive tract, allowing them to absorb nutrients and participate
in the metabolic processes in the host body (Bentley and
Meganathan, 1982; Carroll et al., 2011). Microorganisms that
provide enzymes have been isolated from chicken and turkey
crops by degrading starch and monosaccharides that provide
energy to the host (Bolton, 1965; Pinchasov and Noy, 1994;
Pacheco et al., 2004). In addition, many uric acid-degrading
microorganisms have been identified in the avian gut (Mead,
1989). Host nitrogen conservation has been shown to involve
microorganism-induced uric acid metabolism, particularly in
species that feed on a low-protein diet. Microorganisms
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TABLE 1 Influencing factors affecting avian gut microbiota in different living conditions.

Living condition Affecting factors Bird species

References

Captive Avian leukosis virus subgroup J infection Huiyang bearded chickens Chen and Li, 2022
Variation along the gastrointestinal tract Chicken Gong et al., 2007; Yan et al., 2019
Turkeys Wilkinson et al., 2017
Goose Yang et al., 2018
Duck Wang et al,, 2018a
Rearing conditions Shaoxing ducks Wang et al,, 2018a
Rearing conditions and age Kakapo Waite and Taylor, 2014
Probiotics Cherry Valley ducks Shi et al., 2020
Host Chicken Zhao et al., 2013
wild Age Little penguin and short-tailed shearwater Dewar et al., 2017
Eurasian Kestrel Zhou et al., 2020
Chinstrap penguins Barbosa et al., 2016
Fasting Little penguin and king penguins Dewar et al., 2014b
Sex and diet Great Bustard Liu et al., 2020; Gongora et al., 2021
Diet Great bustards and common cranes Lietal, 2021
Snow buntings, sanderlings, and pink-footed geese Cho and Lee, 2020
Nesting environment Great tits Teyssier et al.,, 2018
Diet, island, and age Kakapo Perry et al., 2017
Social interaction Zebra finch Chen et al., 2020
Wintering areas Black-necked crane Wang et al., 2020
Host King penguin, gentoo penguin, macaroni penguin, and little penguin Dewar et al., 2013
Captive vs Wild Bar-headed goose Wang et al., 2017
Barn swallows Turjeman et al., 2020
Capercaillie Wienemann et al., 2011
Swan goose Wang et al., 2016b

specializing in uric acid metabolism have been detected in
the guts of chickens, turkeys, common pheasants, and hermits
(Barnes, 1972; Preest et al., 2003). Birds that feed on plants
ingest toxic secondary metabolites, and the gut microbial
communities that break down these toxicants are primarily
concentrated in the crop and cecum. Microorganisms that can
detoxify secondary plant metabolites have been proposed in
the hoatzin crop (Opisthocomus hoazin) (Dearing et al., 2005).
Furthermore, the gut microbiota of chickens can metabolize
a variety of trichothecene mycotoxins (Young et al, 2007).
Microbes colonizing the gastrointestinal tract are also essential
for host immune system formation. The stable gut microflora is
beneficial for improving host resistance, thereby decreasing the
risk of infection by harmful foreign bacteria (Lee and Gemmell,
1972; Fuller, 1989; Umetsu et al., 2002).

Research methods

Sample collection

Several methods have been used to collect gut bacterial
community samples from hosts, such as destructive sampling

Frontiers in Microbiology

and non-invasive procedures. Destructive sampling involves
euthanizing live birds prepared as museum samples, which may
accurately reflect the composition of microorganisms in the
different gut regions of these animals. However, this approach
is not feasible when investigating the relationship of the gut
microbiota to the fitness indicators or strategies based on the
conservation of bird populations (Kohl et al., 2016). Currently,
cloacal, fecal, and other non-lethal samples are the primary
sources of samples for studying the gut microbiome in birds
(Grond et al,, 2018; Li et al., 2018; Youngblut et al., 2019). For
example, sterile swabs were applied to obtain microbial samples
from the cloaca of barn owls (Tyto alba) (Corl et al., 2020), and
fresh feces samples were directly collected from the wintering
area of the hooded crane (Grus monacha) and domestic geese
(Anser anser domesticus) for the analysis of their gut microbial
composition (Fu et al., 2020). Therefore, the method used to
collect microbial samples depends on the species studied. This
non-destructive method can be easily operated and has little
impact on individual birds; it has also been widely applied in the
research of intestinal microbes in wild birds. Multiple lines of
evidence have demonstrated that the fecal microbial community
is more reflective of the actual gut microbiota than cloacal
samples (Videvall et al., 2018), making fecal samples a surrogate
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for studying the gastrointestinal microbiota (Yan et al., 2019).
Recently, an innovative method for the non-invasive sampling
of feces has attracted extensive attention (Figure 4; Knutie and
Gotanda, 2018). With its advantages of low cost and ease of
use, it is expected to be used in ecological sampling conditions.
Notably, it can also be easily modified to suit various needs.

Sample preservation has always been a concern under field
conditions. Storing bird feces or cloacal swab samples in liquid
nitrogen or a —20°C refrigerator is widely used after sample
collection to accurately reflect the composition of bird gut
microbes (Corl et al., 2020). However, the need for liquid
nitrogen and refrigerator storage increases the difficulty of
working under field conditions. Recently, ethanol preservation
methods have gradually gained attention (Bodawatta et al,
2020). Furthermore, a recent study has shown that the gut
microbial composition of ethanol-preserved and frozen samples
was highly similar to that of fresh samples and is also relatively
stable over time (Hale et al., 2015).

Traditional cultural methods

Previous studies have used traditional culture methods
that rely on media to perform phenotypic analysis of
microorganisms by evaluating their morphological and
biochemical characteristics (Henao-Mejia et al., 2012; Figure 5).
Using conventional bacterial culture methods, the gut bacteria
of the Sao Tomé thrush (Turdus olivaceofuscus), which is
endemic on Sdo Tomé Island in Africa, and the African
thrush (Turdus pelios) found on the adjacent Gabon continent
were cultured, indicating no appreciable differences in the
diversity of culturable intestinal microflora between the two
thrushes (Lobato et al., 2017). However, owing to the different
growth characteristics of the host gut microbiota, the intestinal
microbiota cultivated via traditional methods are mainly
aerobic organisms that grow easily. At the same time, anaerobic
bacteria are not evaluated, and the diversity of the intestinal
microbial communities is underestimated. Therefore, there are
limitations to studying dynamic changes in the gut microbiota
(Pace, 1997; Stewart, 2012; Vocale et al., 2015).

Traditional molecular biology
techniques

With the development of bacterial genome research
technologies in the late 20th century, molecular methods
for identifying different microbial species based on 16S
ribosomal RNA (16S rRNA) gene sequences have emerged
(Wu et al,, 2013). PCR-based amplification and identification
of bacterial 16S
identification of bacteria, allowing a better understanding

rRNA maximized the classification and

of the composition and diversity of bacteria. For example,
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a 16S rRNA gene library was constructed to evaluate the
intestinal microbiota of turkeys (Lu and Domingo, 2008). In
long-term evolutionary history, the hypervariable regions of
bacterial 16S rRNA become mutated, resulting in significant
differences in 16S rRNA gene sequences between bacteria.
The difference in the length between these hypervariable
fragments, or other specific nucleotide sequences, can be used
for bacterial species identification (Muyzer, 1999; Inglis et al.,
2012). However, there are limitations to using this method
to discriminate between bacterial species (Muyzer, 1999). It
is challenging to distinguish between bacteria with relatively
small gene lengths and sequence differences. Simultaneously,
it easily ignores bacteria with low abundance. Therefore, these
methods have been eventually replaced with next-generation
sequencing technologies.

High-throughput sequencing

First-generation sequencing technology was invented by
Frederick Sanger in the 1970s, which is also known as
the dideoxy chain termination method (more popularly
known as Sanger sequencing). The human genome has been
sequenced using this technology, driving the development
of the field of genomics (Sanger et al, 1977). The high
cost and low sequencing volume of traditional Sanger
sequencing technology limit its application in large-scale
sequencing (Sanger et al., 1977). High-throughput sequencing
(HTS) is a “next-generation sequencing technology” based
on first-generation sequencing (Schuster, 2008). HTS can
complete massive parallel sequencing runs, which has the
advantages of low cost, high speed, and high throughput
(Wheeler et al., 2008). As a powerful technique for evaluating
intestinal microbiota, HTS can allow a more holistic study
of the composition and function of gut microbes (Diaz-
Sanchez et al,, 2013). The advancement of HTS technologies,
including the 454 pyrophosphate sequencing and Illumina
sequencing platforms, has enabled a more efficient analysis
of microbial communities (Swidsinski et al., 2002; Atarashi
et al, 2011). High-throughput sequencing technology is
widely used and has broad application prospects in studying
microorganisms. Metagenome sequencing technology also
has great potential for the functional prediction of avian
gut microbes. It can analyze the community structure,
gene function, and metabolic network of sample microbes
through high-throughput sequencing of the whole-genome
DNA (Garcovich et al., 2012). For instance, the composition,
diversity, and function of the gut intestinal microflora in
farmed and wild bar-headed geese have been analyzed
using this technology (Wang et al, 2017). Furthermore,
metatranscriptomic sequencing is commonly used to collect
the transcripts of microorganisms in avian fecal samples
and has received considerable attention. A recent study
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Schematic diagram for the non-invasive sample of feces using the collection kit [Reprinted from Knutie and Gotanda (2018)].

using metatranscriptomics demonstrated widespread antibiotic
resistance in birds found in remote locations, such as Australia
and Antarctica, and that exposure to human waste (even
after sewage treatment) appears to affect avian wildlife access
to ARGs (Marcelino et al, 2019). The rapid development
of HTS techniques has brought revolutionary changes to
microbial research and has extensively promoted the study of
bird gut microbes.

Influencing factors

Birds, the largest branch of flying vertebrates, can be linked
to geographically distant locations through migration and
dispersal (Bauer and Hoye, 2014). Therefore, their gut microbial
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assemblage patterns may be influenced by a combination of
intrinsic and extrinsic factors (Ruiz-Rodriguez et al., 2018).
Intrinsic factors are closely related to the host, including
host genetics, age, and sex, whereas extrinsic factors include
dietary differences, behaviors, social relationships, and external
environmental factors (Figure 6).

Intrinsic factors

Host genetics

The genetic composition also significantly affects the
microbial community of the animal gut, which the offspring
can inherit through vertical transmission and co-evolution
with the host (Baldo et al, 2017; Koskella et al., 2017).
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FIGURE 5

The evolution of commonly utilized techniques for studying the avian gut microbiome [the general strategy for the metagenomic approach was
reprinted from Song et al. (2016) and the schematic diagram of metatranscriptomic sequencing was reprinted from Abu-Ali et al. (2018)].
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Therefore, from an evolutionary point of view, closely related
species have high similarities in gut microbial community
composition. Notably, genetically intact parental microbial
communities are considered a critical reason for the phylogeny
of microbial communities (Grond et al.,, 2014). In addition,
differences in the species and evolutionary history also have
a significant impact on animal gut bacterial communities
(Ley et al, 2008). A study investigated the influence of
18 categorical variables concerning wild birds on their
gut microbiota and pointed out that the host taxonomic
category was the most crucial determinant, explaining the
most significant variation in avian intestinal microbes (Hird
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et al, 2015). Similar results were observed in four penguin
species (Dewar et al, 2013). The intestinal microflora of
different species could vary significantly even when living in
the same or similar environment (Lucas and Heeb, 2005).
In the red knot (Calidris canutus) and ruddy turnstone
(Arenaria interpres), only 10.87% of genera and 6.45%
of OTUs in their gut bacterial communities were shared
even if they lived in similar habitat in Delaware Bay,
United States (Grond et al., 2014). The habitats of these
water birds were similar, but the gut microbial community
structure showed species specificity. Simultaneously, nestlings of
magpies (Pica pica) and spotted cuckoos (Clamator glandarius)
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with shared environmental conditions during growth showed
evident differences in their cloacal microbial assemblages,
suggesting that phylogenetic components act as determining
factors in the formation of the intestinal microflora (Ruiz-
Rodriguez et al, 2018). Furthermore, host taxonomy has
been shown to be the most important determinant of
the gut microbial community in birds (Waite and Taylor,
2014). Overall, these studies suggest that host genetics
may outweigh environmental influences in determining gut
microbial colonization (Fraune and Bosch, 2007).

Age and sex

The age of the host also influences the gut microbiota,
contributing to significant differences among individuals (Bibbo
et al, 2016; Org et al, 2016). Microbial colonization in the
gut of birds occurs after egg hatching, and the colonization
process may occur through diverse pathways (Kohl, 2012;
Wang et al, 2019a). The composition of the intestinal
microbiota differs significantly between chicks and early adults
(Gonzalez-Braojos et al., 2012; Van Dongen et al, 2013).
The bacterial community in adulthood is more stable and
shows higher diversity than chicks in the early stages of life.
This may be due to the effects of reproductive hormones,
which could be implicated in the formation of bacterial
communities (Jiménez et al., 2008; Hamady and Knight,
2009; Leclaire et al, 2014). The gastrointestinal microbial
community of chinstrap penguins (Pygoscelis antarctica)
differed considerably between chicks and adults. Firmicutes
had a higher relative abundance in chicks than in adults. In
contrast, Bacteroidetes and Proteobacteria were comparatively
more abundant in adults; hence, the bacterial community
in adults is more diverse and affluent than that in chicks
(Barbosa et al., 2016).

Sex differences have a determining effect on the intestinal
microflora of wild birds; however, there are only a few
studies that documented the relationship between sex and
gut microbiota in wild birds, which require relatively more
data for detection (Kreisinger et al,, 2015; Capunitan et al,
2020). This may be due to the difficulty of sampling both
sexes in the wild (Liu et al, 2020). Compared to males,
female Great Bustards (which feed on rice and peanuts) were
colonized more by Firmicutes and less by Bacteroidetes, and
their microbial diversity and evenness were higher (Liu et al,
2020). The influence of sex on the gut microbiota has also been
illustrated in brown-headed cowbirds (Molothrus ater) (Hird
et al.,, 2014) and broiler chickens (Lumpkins et al., 2008; Lee
et al., 2017). Significant changes in gut microbes occurred after
the animals were paired, and these changes were sex-biased.
After pairing, male fecal samples contained more intestinal
microbiota than females. Intriguingly, females of these species
could transmit more microflora to their social partners than
males (Zhu et al., 2020).
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Extrinsic factors

Diet

Ingestion of different types of food may also be a pathway
for the colonization of host gut microbiota (Grond et al., 2017).
Dietary differences can lead to extensive changes in host gut
microbial richness and diversity, as significant differences in the
gut microbiota have been found between carnivores, omnivores,
and herbivores (Ley et al., 2008). As a striking example, there
is a low gut microbiome diversity in vultures, which could be
linked to their carrion-based diet (Roggenbuck et al.,, 2014).
The gut microbial community of three Arctic species of snow
buntings (Plectrophenax nivalis) residing in the same habitat
was previously compared. Their gut microbial community was
similar to sanderlings (Calidris alba) and quite different from
that of pink-footed geese (Anser brachyrhynchus). This was
probably because snow bunting and sanderlings shared the same
diet. The intestinal microbial structure of pink-footed geese,
which was associated with their herbivorous diet, was quite
distinct from those of the other two birds (Cho and Lee, 2020).
Furthermore, the diversity of gut microbial communities was
significantly reduced when birds were fed urban food compared
with individuals that were fed rural food (Teyssier et al.,
2020). Dietary differences are supposed to play an integral role
in shaping the gut microbial environment; hence, permanent
changes in the diet may induce the colonization of new gut
microbes, increasing the diversity and abundance of beneficial
microflora (Gubert et al., 2020).

Environmental factors

Environmental spatial heterogeneity has a strong impact
on avian microbial communities, which plays a dominant
role in shaping gut microflora, sometimes overweighing
genetic factors (Hird et al,, 2014). The geographic location
of the host and its accompanying changes in climate, flora,
fauna, and other habitats affect the microbial pool in the
local environment, thereby exerting a considerable influence
on the host gut microbes (Kropdekova et al, 2017; Song
et al., 2020). Swainson’s thrushes (Catharus ustulatus) and
gray catbirds (Dumetella carolinensis) are some of the most
striking examples of how environmental factors affect host
gut microbiota, particularly compared with host genetics.
There were distinct differences in the gut microbiome
between these two species during spring migration and before
crossing during fall (Lewis et al, 2016). A current study
investigated the gut microbes of eight shorebird species living
in the Arctic and sub-Arctic regions of North America.
It highlighted that the natural conditions of the local
environment played an indispensable role in shaping the
intestinal microbial community in wild birds compared with
phylogenetic factors (Grond et al, 2019). There were also
significant differences in the goose gut microbiota between
species grown in breeding and wintering areas affected by
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human activities. Compared to breeding areas with low
levels of human activity, swan samples from overwintering
areas have differences in species abundance and interaction
network topology, and the enrichment of pathogenic bacteria is
significantly different.

It has previously been confirmed that habitat disturbance
and exposure to humans can significantly influence the
microbes found in avian intestines (Phillips et al., 2018).
For example, compared with a breeding area with low levels
of human activity, the gut microbiota found in swan geese
(Anser cygnoides) sampled from wintering areas differed in
terms of species abundance and interaction network topologies
and showed a distinctive enrichment of pathogenic bacteria
(Wu et al, 2018). Additionally, a previous study pointed
out that urbanization significantly altered the composition of
intestinal microflora in house sparrows (Passer domesticus).
More microorganisms from the phylum Proteobacteria, which
are relevant in all types of mammalian intestinal and extra-
intestinal diseases, were present in the gut of urban house
sparrows (Gadau et al., 2019). Overall, the impact of human
activities on host habitats can disrupt host-gut microbial
community relationships.

Behavioral habits

Most birds can fly and migrate long distances, searching
for the most suitable habitat. Compared with resident birds,
migratory birds have a wider range of activities and can
come into contact with different environments; therefore, they
could obtain more microorganisms from their environment.
However, previous studies have shown that the microbial
diversity in the feathers of migratory birds was lower than
that of resident birds, emphasizing the critical influence of
a single environment on microbial diversity (Bisson et al,
2009). This may be because resident birds are exposed to
various microbial communities during foraging behavior on
the ground, whereas migratory birds use a single habitat
and space (Merkel et al., 2006; Ley et al, 2008; Johnson
et al, 2010). Furthermore, the persistence of gut microbes
in migratory birds is currently poorly studied. The changes
in the gut microbiota present across different times, and
geographic locations may not be reflected in the different
migratory stages of these birds. Owing to the constantly
changing dietary resources in migratory birds, they may ingest
various microorganisms associated with other food sources.
During migration, the host gut microbiota of migratory birds
become relatively similar within and between species, indicating
that food resources or environments in different regions
are essential factors in changing the host gut microbiota
(Lewis et al., 2017).

Social contact

Social contact can mediate the acquisition and exchange of
microflora between individuals of similar and different species,
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affecting the composition of their gut microbial community
(Moller et al, 2009; Levin et al, 2016). A wide variety of
bird social behaviors promote the mutual transmission of gut
microbes among different individuals, spreading pathogenic
microorganisms and providing a benefit by transferring
symbionts (Lombardo, 2008; Ezenwa and Williams, 2014;
Grond et al, 2014; Ryu et al, 2014). Additionally, to our
knowledge, parental care has a considerable influence on the
gut microbial community of their offspring, which can be
achieved by altering the bacterial pathogen loads in their eggs.
Notably, parental saliva also plays an essential role during
feeding, transmitting microbiota to chicks (Kyle and Kyle,
2004; Brandl et al, 2014). For example, the gut microbes
of zebra finch (Taeniopygia guttata) chicks are primarily
obtained from nests coated with parental microbes (Chen
et al., 2020). It has been reported that sexual contact can also
alter the animal gut microbial community. For example, in
red-winged blackbirds (Agelaius phoeniceus) and black-legged
kittiwakes (Rissa tridactyla), kittiwakes artificially deterred
from fertilization resulted in increasingly different cloacal
microbiota in mating partners, with females showing decreased
cloacal diversity and reduced numbers of bacteria shared with
males (Westneat and Birch Rambo, 2000; White et al., 2010).
In common lizards, polygamous females had a higher gut
microbiota richness than monogamous females. They also
had a more diverse microbiota composition, suggesting that
sexual behavior can transmit a greater diversity of bacteria
(White et al., 2011).

In conclusion, the establishment and maintenance of the
avian gut microflora result from complicated interactions
between host-specific and external factors. Based on the studies
summarized in this review, host-specific factors, such as age,
sex, and genetics, significantly influence the gut microbial
composition of different bird species. However, the extent to
which the host regulates the intestinal microbial community
and function and its underlying mechanisms require further
investigation. During evolution, investigating the continuous
trajectories of intestinal microbial communities in birds with
different life histories has practical implications in determining
whether and when birds acquire stable microbial communities.
Furthermore, maternal and environmental factors can be
separated by manipulating the prenatal environment or by
reciprocal transplantation experiments to distinguish the
effects of genetic and environmental factors on the intestinal
microflora community. Dietary differences in birds are
associated with local seasonal food resources, and relevant
studies should be performed to evaluate whether seasonal
changes in intestinal microbes in wild birds depend on
changes in their diet. Additionally, sex segregation outside
the breeding season in many birds exposes them to different
living conditions. The impact of differential migration on
microbial exposure between males and females, which can
be performed by sampling during non-breeding seasons,
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remains unclear. Regarding extrinsic factors, it is necessary to
understand how the gut microbiota promotes host adaptation
in birds. This requires monitoring the intestinal microbiota
of birds in the field and exploring the response mechanism
of their intestinal microbiota to the external environment.
More research is needed to evaluate the interaction between
host-specific and environmental factors in determining
the community, diversity, function, and importance of

intestinal microbes.

Conclusion and future prospects

With recent advancements in HTS techniques, more
publications are driven by the increased understanding of
the crucial determinants of intestinal microbes in wild birds.
Accumulating evidence implies that research on avian gut
microbes lags behind that on other vertebrates, and notably,
this gap is rapidly closing. As we have discussed, an increasing
number of wild birds are receiving considerable attention
from researchers, and more importantly, it is expected
that research on the bird microbiome will soon expand
to include more bird species. Birds are ideal subjects for
studying the co-evolution and adaptive evolution of animal
gut microbiota complexes. As a group of vertebrates with
strong adaptability to radiation, they have strong migratory
abilities, extremely diverse ecological niches, and are sensitive
to environmental changes, representing an evolutionarily
successful lineage. Based on the evidence presented regarding
avian gut microbiota, several prospects are proposed, as

follows:
First, a substantial body of evidence shows that
avian gut microbes contain core phyla similar to

mammalian intestinal microbes. However, many of the
actual functions of avian intestinal microbes are closely
related to evolutionary specialization. The development of
metagenome sequencing techniques and metatranscriptomic

sequencing  technology has provided unprecedented
insights into the community-level functions of the gut
microbiota and interactions between the environment

and the avian gut.

Second, migratory birds played a pivotal role in
spreading the avian influenza virus, causing substantial
economic losses and posing a threat to human safety.
The transmission of microorganisms among wild birds
and poultry has become an urgent concern that deserves
Strikingly,

of intestinal microflora is of great significance to the

attention. research on pathogenic species
conservation of birds.

Third, environmental threats, such as habitat degradation
and loss, interspecific competition and human disturbance, and
harsh climatic conditions, cause birds and their corresponding

gut microbiota to face immense survival pressure. Therefore,
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it is also essential to investigate the spatiotemporal changes
in the gut microbes of wild birds and their impact on their
respective hosts. Furthermore, more studies should investigate
how birds adjust their gut microbes to adapt to changing
living conditions.

the this
research on avian gut microbiota is essential
the of wild bird
populations, providing crucial information in protecting

Given current knowledge summarized in

review,

for understanding survival status

them, especially endangered species. It

basis

also provides

an  essential  theoretical for  epidemiological

research on pathogens.
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