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ABSTRACT Body weight at the onset of egg produc-
tion is a major factor influencing hen productivity, as
suitable body weight is crucial to laying performance in
laying hens. To better understand the association
between body weight and microbial community mem-
bership and structure in different sites of the digestive
and reproductive tracts in chickens, we performed 16S
rRNA sequencing surveys and focused on how the micro-
biota may interact to influence body weight. Our results
demonstrated that the microbial community and struc-
ture of the digestive and reproductive tracts differed
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between low and high body weight groups. In particular,
we found that the species Pseudomonas viridiflava was
negatively associated with body weight in the 3 digestive
tract sites, while Bacteroides salanitronis was negatively
associated with body weight in the 3 reproductive tract
sites; and further in-depth studies are needed to explore
their function. These findings will help extend our
understanding of the influence of the bird digestive and
reproductive tract microbiotas on body weight trait and
provide future directions regarding the control of body
weight in the production of laying hens.
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INTRODUCTION

Animal phenotypic variation is non-negligibly
affected not only by host genetics but also by numerous
complex microorganisms and the environment
(Nicholson et al., 2012; Martinez-Guryn et al., 2018).
Many studies have shown that animals harbor a broad
and complex microbiome that plays a vital role in nutri-
ent absorption (Subramanian et al., 2014), disease resis-
tance, environmental adaptation (Wang and Jia, 2016),
health, physiology, and subsequent productive perfor-
mance (Rosenberg and Zilber-Rosenberg, 2018). For
instance, several studies have revealed that the composi-
tion of microbial communities at various anatomical
locations in the animal body is influenced by diet, body
weight (BW), early microbial exposure, and antibiotic
use (Costello et al., 2009; Ottman et al., 2012;
Knight et al., 2017).

As agricultural animals, chickens are an important
type of domestic fowl that serve as both a major meat
(broilers) and an egg source (laying hens), as well as an
important animal model due to their small size and ana-
tomical similarities to most birds (Burt, 2007). The
digestive tract microbiota composition of chickens has
been conclusively shown to be closely related to both
host production and health (Yeoman et al., 2012;
Singh et al., 2014; Kers et al., 2018; Khan and
Moore, 2020; Yang et al., 2020). Numerous digestive
tract microbiota-related studies have been conducted to
investigate the relationship between the digestive tract
microbiota and BW in broilers (Meng et al., 2014;
Han et al., 2016; Lee et al., 2017; Johnson et al., 2018;
Ji et al., 2019; Wen et al., 2019). Additionally, Bacter-
oides is the most abundant bacterial genus in lean chick-
ens, but Clostridium is the most abundant bacterial
genus in fat chickens (Ding et al., 2016; Hou et al., 2016;
Xiang et al., 2021). However, most relevant published
studies are based on broiler chickens. Identification and
modulation of weight-related bacteria is one of the strat-
egies to modulate BW, and it can potentially be a useful
strategy to improve productive performance in the
layers industry. Moreover, BW at the onset of egg pro-
duction is a major factor influencing hen productivity,
and suitable BW is crucial to laying performance in lay-
ing hens (P�erez-Bonilla et al., 2012a,b). Given that
broilers and laying hens have major differences in their
physiology, husbandry, feeding practices, and life span
(Ocejo et al., 2019; Khan and Moore, 2020), it is

https://doi.org/10.1016/j.psj.2021.101422
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:diyanli@sicau.edu.cn


2 SU ET AL.
necessary to study the digestive tract microbiota in lay-
ing hens with different BWs.

Recently, Wen et al. (2021a) used 16S rDNA analysis
to characterize the microbial composition of 6 segments
throughout the reproductive tract, including the cloaca,
vagina, uterus, isthmus, magnum, and infundibulum.
The authors found a relatively high abundance of vagi-
nal Staphylococcus and Ralstonia that was significantly
associated with darker eggshells. In addition,
Lee et al. (2019) examined the microbial communities of
the chicken oviduct and found a correlation between the
maternal oviduct and chick gut microbiotas, suggesting
vertical transmission of microbial communities present
in the chicken oviduct during egg formation. The origin
of the microbiota in the chicken reproductive tract has
also been explored. Shterzer et al. (2020) found a large
overlap in the composition of the gut (jejunum and
cecum) and oviduct (infundibulum, magnum, and
uterus) microbiotas that suggests transfer of material
from the gut to the oviduct (Shterzer et al., 2020). These
results demonstrate that the chicken oviductal micro-
biota has a close relationship with the digestive tract.

In poultry, feed moistened, reducing the coarseness of
contents, nutrient digestion and absorption primarily
occur in the crop, gizzard, and small intestine (including
the duodenum, jejunum, and ileum), respectively
(Rodrigues and Choct, 2018). These upper digestive
tracts hold important digestive functions and play an
important role in the performance and health of chickens
(Rodrigues and Choct, 2018). The microbiome of the
female reproductive tract benefits the chicken host due
to the presence of antibacterial mechanisms, as previ-
ously suggested by Wen et al. (2021a). To further under-
stand the effects of the digestive (crop, gizzard, and
small intestine) and the reproductive (isthmus, uterus,
and vagina) tracts microbiotas on BW, it is necessary to
explore these mechanisms in laying hens.

In the current study, we performed 16S rRNA
sequencing surveys and focused on the association
between BW and microbial community membership
and structure. We analyzed different sites of the
digestive and reproductive tracts in chickens and
evaluated how the microbiota interacts to influence
BW. Using next-generation amplicon sequencing of
the V4 region of the 16S rRNA gene, we sought to 1)
characterize the microbiota of the crop, gizzard, small
intestine, isthmus, uterus, and vagina within chickens
with different BWs; 2) identify the contribution of
key microbiota constituents at specified sites to BW;
and 3) evaluate the microbiota at different sites posi-
tively/negatively associated with BW in chickens.
Finally, we addressed the BW-related microorganisms
and their correlations at the 6 sites.
Figure 1. Sampling sites and body weight in the chickens. (A) Spa-
tial structure of the digestive and reproductive tracts of chickens and
our six sampling sites. (B) Body weight comparison between low body
weight (LW, n = 37) and high body weight (HW, n = 38) chickens. �P
< 0.05.
MATERIALS AND METHODS

Ethics Statement

The complete procedure in this study was approved
by the Committee on the Care and Use of Laboratory
Animals of the State-Level Animal Experimental
Teaching Demonstration Center of Sichuan Agricul-
tural University.
Animals and Sample Collection

The Dongxiang Blue-shelled chicken is a Chinese
indigenous breed that lays blue-shelled eggs with low
egg productivity (Wang et al., 2007, 2009); this layer
is characterized by black feathers and excellent egg
quality that have a higher protein and lower choles-
terol amount compared to commercial eggs
(Wang et al., 2009). A total of 75 Dongxiang Blue-
shelled layers from the Poultry Breeding Farm of
Sichuan Agricultural University (Ya'an, China) were
used in the present study. All fertilized chicken eggs
hatched on the same day, and female chicks with sim-
ilar body weights were selected on the final day of egg
incubation. Subsequently, all hens were housed in
neighboring pens in the same environment under a
16L:8D schedule with access to food and water ad
libitum. No antibiotics were applied during the exper-
imental period. In addition, the egg weight was mea-
sured at first egg and 300 d of age. The healthy
chickens were sorted at the age of 300 d based on
body weight and divided into 2 experimental groups:
those with lower body weights (low body weight,
LW; n = 37), and those with higher body weights
(high body weight, HW; n = 38). Descriptive statis-
tics of the body weight and egg production traits at
first egg and 300 d of age in our experimental chick-
ens are shown in Supplementary Table S1.
Subsequently, the 75 birds were humanely euthanized

by cervical dislocation and all sample collection opera-
tions were aseptically performed on a clean bench. After
the abdomen was opened, the viscera were removed, and
the fresh tissues of the whole crop and gizzard were iso-
lated. In addition, we also collected a 12-cm-long fixed
midregion of the small intestine from each bird. For
reproductive tract samples, the isthmus section was cut
about 5-cm-long from the oviduct, and the whole uterus
and vagina were also immediately sampled (Figure 1A).
Next, the digestive segments were opened, the luminal
mucosa was scraped from the region closest to the pro-
ventriculus to the region closest to the cloaca; the repro-
ductive segments were opened, and the mucus was
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scraped with the back of a scalpel blade. All of the col-
lected bird samples were snap frozen in liquid nitrogen
and stored at �80°C prior to DNA extraction.
DNA Extraction, 16S rRNA Gene
Amplification and Sequencing

Microbial genomic DNA was extracted from the diges-
tive and reproductive tract samples of each individual
chicken using the commercially available TIANamp
Stool DNA Kit (cat# DP328, TIANGEN, Beijing,
China) in strict accordance with the manufacturer’s
instructions. The V4 region of the bacterial 16S rRNA
gene was amplified by using the forward primer 515 F
(50-GTGCCAGCMGCCGCGGTAA-30) and the reverse
primer 806 R (50-GGACTACHVGGGTWTCTAAT-30)
(Wen et al., 2021a). PCR amplifications were carried
out by using Phusion High-Fidelity PCR Master Mix
(New England Biolabs, Ipswich, MA). The PCR prod-
ucts were purified using a GeneJET Gel Extraction Kit
(Thermo Scientific, Schwerte, Germany). Library prepa-
ration was performed using an Ion Plus Fragment
Library Kit 48 Rxns (Thermo Scientific, Schwerte, Ger-
many) following the manufacturer’s recommendations.
Finally, sequencing was performed using an Ion S5 XL
platform to generate 400 bp single-end reads at Novo-
gene Bioinformatics Technology Co., Ltd. (Beijing,
China). The sequencing data have been deposited in the
National Genomics Data Center (https://bigd.big.ac.
cn/) (accession No. CRA002196).
Analysis of Sequencing Data

The raw reads were filtered to eliminate adapters and
low-quality reads to obtain clean reads. For all samples,
clean reads were clustered into operational taxonomic
units (OTUs) via Uparse software (Uparse v7.0.1001)
(http://drive5.com/uparse/) (Edgar, 2013) with a 97%
sequence identity cutoff value. Unique sequences with
≥97% sequence similarity were assigned to the same
OTUs. Subsequently, the Silva database (https://www.
arb-silva.de/) (Quast et al., 2013; Yilmaz et al., 2014;
Balvo�ciut _e and Huson, 2017) was used based on the
Mothur algorithm to annotate taxonomic information
for representative sequences. Subsequent analyses of
alpha diversity indices, including ACE, Chao1, Good’s
coverage, observed species, PD whole tree, Shannon,
and Simpson, were analyzed using the vegan package in
R (version 2.15.3). Principal coordinate analysis
(PCoA) and nonmetric multidimensional scaling
(NMDS) were applied using R to estimate the similar-
ity and discrepancies of bacterial communities among
different sites based on the Bray-Curtis distance matrix.
Linear discriminant analysis (LDA) effect size (LEfSe)
(Segata et al., 2011) was performed to identify the bacte-
rial taxa between LW and HW groups, with an LDA
score >4 considered significant.
Statistical Analysis

The relationship between the abundance of phyla and
BW was assessed by Pearson’s correlation coefficient (r)
and P values from simple linear regression. For the
detection of microorganisms that were significantly asso-
ciated with BW, we performed a statistical comparison
between the highest 30% and lowest 30% BW-ranked
chickens (2 distinct groups) using the Wilcoxon rank-
sum test, and the association was considered significant
if FDR <0.05. Subsequently, we calculated Pearson’s
and Spearman’s correlation analyses between BW and
the abundance of each microbiota at the genus and spe-
cies levels using the psych package in R. We adjusted
the P-value using the Benjamini-Hochberg (BH)
approach (Benjamini and Hochberg, 1995). Correlations
were considered significant if the adjusted P-value was
lower than 0.05 (P < 0.05). Finally, the overlapping
microorganisms obtained from the Wilcoxon rank-sum
test, Spearman’s and Pearson’s correlations were consid-
ered to have a potential relationship with BW.
RESULTS

Sequencing Data

A total of 35,682,802 raw reads were yielded after 16S
rRNA gene-based sequencing of all samples, and the data
sets were then subjected to quality filtration procedures,
which resulted in 33,646,292 clean reads for the subsequent
analysis. The average number of sequences per sample was
74,770, and the number of sequences per sample ranged
from 43,405 to 89,141 (Supplementary Table S2).
Microbiota Diversity According to BW and
Sampling Site

We used PCoA and NMDS plots based on Bray−Curtis
distances to compare the similarity between the composi-
tions of the microbial communities in digestive and repro-
ductive tracts. The digestive and reproductive tract
samples (except small intestine) showed obvious separa-
tion, which means that the microbial communities in the
digestive and reproductive tract samples have great differ-
ences (Supplementary Figure S1). To investigate the rela-
tionships between the digestive and reproductive tract
microbiotas and BW traits in chickens, 75 chickens at the
age of 300 d were divided into the LW and HW groups.
The BW of the 2 groups at the age of 300 d showed a sig-
nificant difference (P < 0.05; Figure 1B).
Next, various indices of alpha diversity were com-

pared between the 2 groups, including the ACE, Chao1,
Good’s coverage, observed species, PD whole tree, Shan-
non, and Simpson indices, using OTUs at 97% identity.
Interestingly, the comparison of ACE, Chao1, Good’s
coverage, observed species PD whole tree and Shannon
indices of the 2 groups showed significant differences in
the uterus (P < 0.05; Figures 2A−2F). Similarly, the
comparison of ACE, Chao1, observed species, and PD
whole tree of the 2 groups also showed significant
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Figure 2. Alpha diversity and microbial composition of digestive and reproductive tract microbiotas between LW and HW chickens. Alpha
diversity comparison based on the ACE (A), Chao1 (B), good’s coverage (C), observed species (D), PD whole tree (E), Shannon (F), and Simpson
(G) indices, using the Wilcoxon rank-sum test to determine significant differences. �P < 0.05. Microbial composition of different BW groups at 6 sam-
pling sites at the phylum (H), and genus (I) levels. Each bar represents the average relative abundance of each bacterial taxon within a group. Abbre-
viations: HW, high body weight; LW, low body weight.
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differences in the vagina (P < 0.05; Figures 2A−2B and
2D−2E). Furthermore, the LW group had higher values
for all indices than the HW group, although these indices
were not significantly different between the 2 groups at
the 6 sampling sites (P > 0.05; Figures 2A−2G). The
results revealed that LW chickens have higher alpha
diversity than HW chickens.
Bacterial Community Composition and BW-
Related Phyla

In the following work, we analyzed the bacterial com-
munity composition and structure of the digestive and
reproductive tracts at different taxonomic levels (phylum
and genus) using our sequencing data. At the phylum
level, the 6 segments of the most common taxa were prin-
cipally determined and belonged to Firmicutes, Proteo-
bacteria, Cyanobacteria, Fusobacteria, and Bacteroidetes
as the top 5 phyla. For instance, Firmicutes dominated
the crop, small intestine, and vaginal microbiota, and the
abundance of Firmicutes accounted for 78.93, 60.29, and
62.20% of the total abundance, respectively. However,
Cyanobacteria represented the major proportion of the
phyla in the gizzard microbiota, with a relative abun-
dance of 48.19%. Interestingly, we found that 2 segments
(uterus and isthmus) of the reproductive tract had similar
dominant microorganism communities, which included
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Firmicutes (»45%), Proteobacteria (»24%), and Bacter-
oidetes (»18%) (Figure 2H).

At the genus level, taxa unclassified below the
family level were the most abundant in the three
genital segments (vagina, uterus, and isthmus)
(»55%), followed by Lactobacillus, Fusobacterium,
Bacteroides, and Stenotrophomonas (Figure 2I). We
also found that 2 segments (uterus and isthmus) of
the reproductive tract had similar dominant microor-
ganism communities at the genus level, and such
similarity was shown at the phylum level. However,
Lactobacillus and unidentified Chloroplast were 2
dominant genera in the crop and gizzard, with a
total combined abundance of 86.82 and 72.93% of
the total abundance, respectively. Furthermore, Lac-
tobacillus, unidentified Chloroplast, and Helicobacter
represented the majority of the genera in the small
intestine microbiota, with relative abundances of
30.70, 4.20, and 5.08%, respectively (Figure 2I). Rel-
ative taxon abundance plots at the genus level
showed that the uterus and isthmus had similar
microbial compositions.

The dominant phylum Firmicutes was more abundant
in the HW group than in the LW group (P < 0.05), and
Firmicutes in the vagina was significantly positively cor-
related with BW (Pearson’s r = 0.27, P = 0.021;
Figure 3A). Meanwhile, Fusobacteria and Bacteroidetes
in the vagina, which were more abundant in the LW
Figure 3. BW-related phyla in the vagina of chickens. Regression plots
micutes, (B) Proteobacteria, (C) Fusobacteria, (D) Bacteroidetes, and (E) F
*P < 0.05. Abbreviation: BW, body weight.
group than in the HW group (P < 0.05), were signifi-
cantly negatively associated with BW (Fusobacteria:
Pearson’s r = �0.28, P = 0.015; Bacteroidetes: Pear-
son’s r = �0.29, P = 0.011; Figures 3C and 3D). The
abundance of Proteobacteria in the vagina did not differ
significantly between the HW and LW groups (P >
0.05) and was significantly positively correlated with
BW (Pearson’s r = 0.39, P = 0.001; Figure 3B). The Fir-
micutes/Bacteroidetes (F/B) ratio was significantly
higher in the HW group than in the LW group (P <
0.05), but the F/B ratio was not significantly associated
with BW (Pearson’s r = 0.21, P = 0.072; Figure 3E).
The BW-Specific Biomarkers in Six Sampling
Sites

LEfSe was performed to identify specific taxa that
varied in abundance between different BW groups and
thus could be used as biomarkers. Three, 5, 11, 27, 18,
and 29 bacterial taxa were significantly different
between the LW and HW groups in the crop, gizzard,
small intestine, vagina, uterus, and isthmus, respectively
(LDA score >4; Figures 4A−4F). The 2 digestive seg-
ments (crop and gizzard) were associated with broad
phylum-level changes in Firmicutes and Proteobacteria,
and small intestine was associated with broad phylum-
level changes in Firmicutes and Bacteroidetes. In
of BW against the relative abundance of the 4 dominant phyla. (A) Fir-
irmicutes/Bacteroidetes (F/B) ratio; r: Pearson’s correlation coefficient,



Figure 4. BW-specific biomarkers in 6 sampling sites of chickens. LEfSe shows differentially abundant taxa as biomarkers determined using the
Kruskal-Wallis test (P < 0.05), with an LDA score >4. Data presented were derived from (A) crop, (B) gizzard, (C) small intestine, (D) vagina, (E)
uterus, and (F) isthmus samples. Abbreviations: BW, body weight; LDA, linear discriminant analysis; LEfSe, linear discriminant analysis (LDA)
effect size.
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contrast, the vagina, uterus, and isthmus were most
prominently associated with broad phylum-level
changes in Proteobacteria and Bacteroidetes, all of
which were key phylotypes involved in the segregation
of different BW groups in accordance with the LEfSe.
BW-Related Microorganisms and Their
Correlations at the Six Sites

We further screened which microorganisms were
indeed associated with BW. Only microorganisms that
exhibited a significant correlation between BW and the
relative abundance of the microbiota were considered
causal. Subsequently, we found that 11 genera were sig-
nificantly associated with BW, and 12 species were also
associated with BW traits (P < 0.05). To visualize the
relationship between BW and the microorganisms, Pear-
son’s r values were calculated for BW with the relative
abundance of the 11 genera and 12 species at the 6 sites.
At the digestive tract sites, most microorganisms at the
genus level were negatively correlated with BW (nega-
tive/positive: 11/3), whereas, in the reproductive tract
sites, they were positively correlated with BW (nega-
tive/positive: 8/11) (Figure 5A). Notably, most species
present in the 6 sites were negatively correlated with
BW (negative/positive: 8/8 for the digestive tract sites;
12/7 for the reproductive tract sites) (Figure 5B).



Figure 5. Microorganisms associated with BW. Pearson’s r values between BW and BW-associated genera (11) (A) and species (12), (B) among
the six sites. Red and blue tiles indicate positive and negative correlations, respectively. Significant r values are filled numerically (P < 0.05). Abbre-
viation: BW, body weight.

THE MICROBIOTA ASSOCIATIONWITH BODYWEIGHT 7
At the genus level, unidentified Erysipelotrichaceae
and Exiguobacterium were negatively correlated with
BW in the 3 digestive tract sites but positively corre-
lated in the 3 reproductive tract sites (Figure 5A). Pseu-
domonas was negatively correlated with BW in the 3
digestive tract sites (Figure 5A and
Supplementary Figure S2A). At the species level, Firmi-
cutes bacterium ZOR0006 and Pseudomonas viridiflava
in the 3 digestive tract sites were negatively correlated
with BW (Figure 5B and Supplementary Figure S2B),
but Firmicutes bacterium ZOR0006 in the 3 reproduc-
tive tract sites was positively correlated with BW. Ficti-
bacillus arsenicus in the 3digestive tract sites had a
significantly positive correlation with BW, while Bacter-
oides salanitronis in the 3 reproductive tract sites had a
significantly negative correlation with BW (Figure 5B).
Moreover, the LW chickens have a significantly higher
abundance of Pseudomonas viridiflava and Bacteroides
salanitronis compared to HW chickens in the 3 digestive
and reproductive tract sites, respectively (P < 0.05;
Supplementary Figure S3).

We subsequently focused on the relationships between
these candidate microorganisms and each other at the
genus and species levels. We found that the microorgan-
isms in the uterus and isthmus were strongly correlated
with each other, which implied a strong symbiotic rela-
tionship (Figure 6 and Supplementary Figure S4).
Figure 6. BW-related microorganisms and their correlations. Pear-
son’s r values of candidate microbial genera (A) and species (B) at the
six sites. The intensity of the colors represents the degree of correlation,
and the circle size represents the P value. Red and blue indicate positive
and negative correlations, respectively; *P < 0.05. Abbreviations: BW,
body weight; CP, crop; GZ, gizzard; IS, isthmus; SI, small intestine;
UT, uterus; VA, vagina.
DISCUSSION

In this study, we observed that microbial communities
were clearly separated in the digestive and reproductive
tracts of laying hens. This result is consistent with previ-
ous reports that an obvious separation of community
composition was seen among the crop, ileum, and cecum
in chickens (Sekelja et al., 2012; Han et al., 2016). Grow-
ing evidence has confirmed that feed efficiency
(Wen et al., 2021b), fat deposition (Wen et al., 2019;
Xiang et al., 2021), and body weight (Han et al., 2016)
are affected by the cecum microbial activity and compo-
sition in chickens, whereby the scope of our study is lim-
ited by the absence of cecum microbiota analysis.
Importantly, there is clear evidence demonstrating that
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the microbial communities of the lower and upper repro-
ductive tract are separated in laying hens (Wen et al.,
2021a). In birds, given that the digestive and reproduc-
tive tracts share a common exit in the cloaca, the fre-
quently exchanged microbiome likely resulted in similar
microbiotas at the distal end of both tracts. Nonetheless,
the small intestine microbiota was partially indistin-
guishable from that of the vagina. Previous studies have
revealed that subjects with high BW have lower alpha
diversity than subjects with low BW (Clarke et al.,
2014; Han et al., 2016; Ramayo-Caldas et al., 2016;
Panasevich et al., 2018; Oh et al., 2020). In our study,
similar results were observed at the 6 sampling sites,
although some indices were not significantly different
between the LW and HW groups (P > 0.05). High alpha
diversity is generally considered beneficial to animals
(Reese and Dunn, 2018). However, a recent study has
confirmed that limited diversity is more desirable and
advantageous because not all microbes are beneficial
(Foster et al., 2017; Reese and Dunn, 2018). Indeed, as
described in previous studies, increasing diversity actu-
ally reduces stability in gut communities (Coyte et al.,
2015). Hence, the decreased diversity observed in HW
chickens might be due to an overabundance of a few
dominant microorganisms and the presence of highly
competitive microbial communities that may influence
the richness and evenness of microbial community diver-
sity (Bauer et al., 2018; Rodrigues et al., 2020).

Presently, it is well established that changes in
intestinal microbial composition are an important
causal factor in the development of obesity
(B€ackhed et al., 2004; Turnbaugh et al., 2006;
B€ackhed, 2009). In our study, we found that the rela-
tive abundance of Firmicutes gradually increased
while that of Bacteroidetes decreased with increasing
BW. This is in agreement with a previous study dem-
onstrating that the 2 major bacterial phyla were asso-
ciated with body weight in commercial chickens
(Yadav et al., 2021). In addition to analyzing the rel-
ative abundance of the major phyla, we also found
that vaginal samples from HW chickens had a signifi-
cantly higher F/B ratio than samples from LW chick-
ens. These observations are consistent with findings
on mice (Turnbaugh et al., 2006), pigs (Mach et al.,
2015; Han et al., 2017; Panasevich et al., 2018) and
broiler chickens (Han et al., 2016) obesity. In particu-
lar, Western diet-induced obesity also caused an
increase in the content of Fusobacteria and Proteo-
bacteria. Previous studies found increased fecal Fuso-
bacteria, which is a phylum that may be linked to
proinflammatory stimuli to host epithelial cells and
has been associated with colorectal carcinoma
(Kostic et al., 2012; Andoh et al., 2016); however,
the role of Fusobacteria in obesity is still largely
unknown (Panasevich et al., 2018). In addition, Fuso-
bacteria was more abundant in the LW group in our
study, which is inconsistent with the findings. Over-
all, changes at the phylum taxonomic level from vagi-
nal samples exhibited some consistency between
chickens and what has been reported in the animals’
obesity literature. Further studies about the relation-
ship between Fusobacteria and BW in various ani-
mals are needed to explain this result.
Lactobacillus and Exiguobacterium were found at 6

sites due to their broad adaptability or beneficial func-
tions. Lactobacillus are thought to play key protective
roles by lowering the environmental pH through lactic
acid production (Boskey et al., 2001), so the high abun-
dance of this genus in the digestive tracts corresponds to
the low pH value of this organ system (Mabelebele et al.,
2014). Lactobacillus or other lactic acid bacteria-domi-
nant communities were less abundant in the uterus and
isthmus, which is consistent with a recent study also per-
formed in chickens (Lee et al., 2019). This observation
may be related to the alkaline pH value of the chicken
reproductive tract that helps maintaining sperm motil-
ity (Fiser and Macpherson, 1974; Mishra et al., 2018).
Similar results also reported that the relative abundance
of Lactobacillus accounts for less than 1% of the total
microbiota community and that the pH of the vagina is
nearly neutral in nonhuman primates (Yildirim et al.,
2014), cows, pigs, and sheep (Miller et al., 2016). Exiguo-
bacterium is a genus of bacilli and a member of the low-
GC phylum Firmicutes; it has been found in areas cover-
ing a wide range of temperatures, pH values, salinity,
and other conditions (White et al., 2018), and it also
produces organic acids and hydrolytic enzymes
(Kulshreshtha et al., 2012), even some having potential
function in the degradation of toxic substances
(Kasana and Pandey, 2018).
This study also enabled us to address some important

biological questions regarding the chicken digestive and
reproductive tract microbiotas in the LW and HW
groups. BW-associated bacterial features in this study
were identified by using LEfSe at the 6 sites. Interest-
ingly, we observed phylum-level changes in Proteobacte-
ria in the digestive and reproductive tracts, which were
more abundant in the HW groups. In accordance with
our findings, clear evidence from high-fat diet-fed mice
(Zhang et al., 2010) demonstrated a strong association
between increased proinflammatory gram-negative Pro-
teobacteria and obesity, which may constitute a source
of LPS causing systemic inflammation. Notably, Bacter-
oidetes bacterial taxa were detected as BW associated in
the uterus and isthmus, and Bacteroides has an impor-
tant role in food digestion and host immune function
(Reeves et al., 1997). Therefore, these findings provide
insights into the roles of the digestive and reproductive
tract microbiota in chickens in improving protective
host immunity to further increase BW.
Pseudomonas viridiflava, a member of the P. syrin-

gae, is phenotypically largely homogenous. The strains
belonging to this species generally display a broad host
range and can live either as pathogens or as saprophytes,
playing an important role as animal and human patho-
gens (Bartoli et al., 2014; Samad et al., 2017). Thus, the
prevalence of this species in the gut may associate to the
observed decrease in the body weight of chickens. Our
results demonstrated that Bacteroides salanitronis was
negatively correlated with BW in reproductive tract
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sites. As an anaerobic bacterium in the gut, B. salanitro-
nis is vital for N-glycan production (Nihira et al., 2013)
and plays an important role in host obesity, immunodefi-
ciency and diabetes (Zhao et al., 2019; Donaldson et al.,
2020). Therefore, it is likely that B. salanitronis influen-
ces BW by regulating reproductive tract health in chick-
ens. Our findings indicate that candidate
microorganisms have a limited symbiotic relationship in
digestive tract sites. Thus, in the production of laying
hens, we could develop approaches to control BW by
inhibiting the gut-associated Pseudomonas viridiflava
abundance without altering the digestive and reproduc-
tive tract microbiota community.

In summary, our results demonstrated that the micro-
bial community and structure of the digestive and repro-
ductive tracts may affect BW traits through host-
microbe interactions in laying hens. In particular, we
found that the species Pseudomonas viridiflava was neg-
atively associated with BW in the three digestive tract
sites, while Bacteroides salanitronis was negatively asso-
ciated with BW in the 3 reproductive tract sites; and fur-
ther in-depth studies are needed to explore their
function. These findings will help extend our under-
standing of the effects of the bird digestive and repro-
ductive tract microbiotas on BW traits and provide
future directions regarding the control of BW in the pro-
duction of laying hens.
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