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genetics and egg formation
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ABSTRACT The microbiota of female reproductive
tract have attracted considerable attention in recent
years due to their effects on host fitness. However, the
microbiota throughout the chicken oviduct and its sym-
biotic relationships with the host have not been well
characterized. Here, we characterized the microbial com-
position of six segments of the reproductive tract,
including the infundibulum, magnum, isthmus, uterus,
vagina and cloaca, in pedigreed laying hens with pheno-
types of egg quality and quantity. We found that the
microbial diversity gradually increased along the repro-
ductive tract from the infundibulum to the cloaca, and
the microbial communities were distinct among the clo-
aca, vagina and four other oviductal segments. The mag-
num exhibited the lowest diversity, given that the
lysozyme and other antimicrobial proteins are secreted

at this location. The results of correlation estimated
showed that the relationship between host genetic kin-
ship and microbial distance was negligible. Additionally,
the genetically related pairwise individuals did not
exhibit a more similar microbial community than unre-
lated pairs. Although the egg might be directly contami-
nated with potential pathogenic bacteria during egg
formation and oviposition, some microorganisms pro-
vide long-term benefits to the host. Among these, we
observed that increased abundance of vaginal Staphylo-
coccus and Ralstonia was significantly associated with
darker eggshells. Meanwhile, vaginal Romboutsia could
be used as a predictor for egg number. These findings
provide insight into the nature of the chicken reproduc-
tive tract microbiota and highlight the effect of oviduc-
tal bacteria on the process of egg formation.
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INTRODUCTION

All animals host a diversity of microbial communi-
ties in and on their bodies (Ursell et al., 2012), and
these microbiota can significantly influence host biol-
ogy (Gill et al., 2006; Nicholson et al., 2012). Numer-
ous studies have focused on the gut microbiota
(Ussar et al., 2015; Gensollen et al., 2016), whereas
relatively little is known about the microbiota
throughout the reproductive tract. As the crucial com-
ponent of reproductive system, the genital tract of
female also harbours a mass of microorganisms in the
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endosomatic lumen surfaces, representing a finely bal-
anced mutualistic association.

In humans, the vaginal microbiota is dominated by
taxa of Lactobacillus or other lactic acid bacteria that
maintain a low pH and prevent pathogen infection
(Ravel et al., 2011). This characterization is largely dif-
ferent from other mammals including nonhuman pri-
mates (Yildirim et al., 2014), cows, pigs, and sheep, in
which the relative abundance of Lactobacillus accounts
for less than 1% and the pH of the vagina is near neutral
(Miller et al., 2016). Although the specific roles of the
microbiota in the reproductive tract have not been pre-
cisely illustrated, microbiota dysbiosis is related to bac-
terial vaginosis (Ma et al., 2012) and uterine-related
diseases (Chen et al., 2017). Several studies have indi-
cated that sex steroid hormones (Larsen et al., 1977;
Bezirtzoglou et al., 2008) and mucosal immunity
(Mehta et al., 2020) might play crucial roles in driving
the composition and abundance of the genital micro-
biota.
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The reproductive tract of female poultry is not the
site for embryo development but the formation of
each compartment of eggs, including egg yolk
(ovary), albumen (magnum), eggshell membrane
(isthmus) and eggshell (uterus) (Sah and Mis-
hra, 2018). Hence, the avian oviduct exhibits a close
relationship with egg internal and external qualities.
A detailed understanding of the oviductal microbiota
is important for the improvement of egg production.
However, limited studies have been performed on the
reproductive tract microbiota in avian species. Previ-
ous studies indicate that uterine proteins or metabo-
lites can affect the process of eggshell calcification
(Gautron et al., 1997) and determine eggshell quality
represented by its mechanical properties (eggshell
strength and thickness) (Sun et al., 2013) and
appearance (eggshell colour and gross) (Nys et al.,
1991). In addition, the microbiota colonizing the
reproductive tract also importantly impacts the pro-
cess of egg formation. The overgrowth of Gallibacte-
rium anatis has a causal role in salpingitis in egg-
laying chickens, resulting in reduced egg production
(Zhang et al., 2017).

Recently, Lee et al. (2019) characterized the micro-
bial communities of the chicken oviduct and found a
relatively high abundance of Pseudomonas and high
similarity between the embryo and egg white, sug-
gesting the transfer of maternal oviduct microbiota
to the embryo through the egg white, which is consis-
tent with one view in mammals that the foetus ini-
tially colonizes the microbiota from the placenta in
utero (Collado et al., 2016). Depending on the loca-
tion within the female reproductive tract, the micro-
biota could be directly transmitted into the yolk, egg
white, eggshell membrane and eggshell during egg
formation. Poultry egg are one of the major nutrient
sources for humans worldwide (Réhault-
Godbert et al., 2019), and their contamination with
microorganisms can lead to spoilage and pathogen
transmission, inducing food-borne infection in con-
sumers (Salihu et al., 2015). For instance, microor-
ganisms of  Escherichia  coli, Salmonella and
Campylobacter have been isolated from egg surfaces
and contents (Schoeni and Doyle, 1994; Hope et al.,
2002). In addition to horizontal transmission by pene-
tration through the eggshell, bacterial contamination
can also occur through the trans-oviduct route
(Gantois et al., 2009).

Hence, characterizing the microbiota along the avian
oviduct is crucial for the assessment of the production of
safe and good-quality eggs. In the current study, we per-
formed 16S rRNA sequencing on the chicken reproduc-
tive tract from six segments (including the cloaca,
vagina, uterus, isthmus, magnum and infundibulum) to
comprehensively characterize the microbial composition
of each segment, examine the host genetic contribution
to the microbial community, and further investigate the
contribution of the oviductal microbiota to chicken egg
quality traits.

MATERIALS AND METHODS
Ethics Statement

The protocol was approved by the Animal Care and
Use Committee of China Agricultural University.

Animals

A pure line derived from Rhode Island Red chicken
from Beijing Huadu Yukou Poultry Breeding Co., Ltd.
was used as the experimental animal. The breed had
been previously selected based on laying intensity and
persistency. This population comprised 705 individuals,
including 183 pairs of full siblings. All hens were housed
in individual cages and properly identified by their cage
number. All hens were kept in the same environment
under the 16L:8D lighting schedule and had access to
feed and water ad libitum. The process of artificial
insemination was conducted by using a sterile injector.
Artificial insemination was conducted on all of the hens
during the pedigree in chicken purebred reproduction.

Phenotype Measurements

The number of eggs produced from the age at the first
egg to 90 weeks of age was recorded daily. The egg qualities
were detected at 36, 56, 72, 80 and 90 weeks of age, which
was followed the breeding schedule. All eggs were identified
by the QR code. At each point of time, a total of three eggs
per hen were used to measure egg weight (EW), eggshell
colour (ESC), eggshell gloss (ESG) and eggshell strength
(ESS). All egg characteristics were measured within 24 h
after laying. In brief, EW was measured with an electronic
scale accurate to 0.01 g. ESC was measured with a CM-
2600D reflectometer (Konica Minolta, Tokyo, Japan) using
the three following parameters: L* represents lightness, a*
measures the balance of red and green, and b* describes
hue of blue-yellow scale. A commercial glossmeter (Konica
Minolta CM600, Tokyo, Japan) was used to measure the
ESG of fresh eggs. The gloss of each egg was evaluated by
the mean of three points: the blunt end, equator, and sharp
end. Then, ESS (i.e., breaking strength) of each egg was
measured vertically with the Eggshell Force Gauge (Model-
1T, Robotmation, Tokyo, Japan).

Sample Collection

To evaluate the microbial composition throughout the
reproductive tract and its relationship with host genetics
and egg formation, 28 full-sib pairs of laying hens from
21 paternal half-sib families were selected for micro-
biome analysis. These hens were euthanized by cervical
dislocation followed by decapitation at 90 weeks of age.
The mucosal surface of each compartment of the ovi-
duct, including the infundibulum, magnum, isthmus,
uterus and vagina was scraped with a small steel spoon.
The cloaca was sampled with sterile cotton swabs. All
sample collection operations were performed on a clean
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bench that was sterilized using 75% ethanol as an extra
precaution to prevent sample contamination. The
mucosa and swabs were collected in 2-ml swab tubes
(CY-98000, Shenzhen, China). All samples were stored
at 4 °C and then transported to the laboratory for DNA
extraction.

DNA Extraction and 16S rRNA Gene
Sequencing

Microbial DNA was extracted using the E.Z.N.A.®
soil DNA Kit (Omega Bio-tek, Norcross, GA) according
to the manufacturer’s instructions. The DNA extract
was checked on a 1% agarose gel, and DNA concentra-
tion and purity were determined with a NanoDrop 2000
UV-vis spectrophotometer (Thermo Scientific, Wilming-
ton, DE, USA). 40 samples were excluded due to poor
DNA quality. Finally, a total of 296 samples (including
43 cloaca, 55 vagina, 55 uterus, 55 isthmus, 38 magnum,
50 infundibulum) were used for subsequent sequencing.

The hypervariable region V4 of the bacterial 16S
rRNA gene was amplified with the primer pair 515F (5'-
GTGCCAGCMGCCGCGGTAA-3) and 806R (5-
GGACTACHVGGGTWTCTAAT-3') (Shterzer et al.,
2020) using an ABI GeneAmp® 9700 PCR thermocycler
(ABI, Foster City, CA, USA). PCR amplification of the
16S rRNA gene was performed as follows: 95°C for 3
min; 27 cycles at 95°C for 30 s, 55°C for 30 s and 72°C for
45 s; followed by a single extension at 72°C for 10 min.
Purified amplicons were pooled in equimolar amounts
and sequenced on an Illumina MiSeq PE300 platform to
generate 300-bp paired-end reads (Illumina, San Diego,
CA, USA).

Sequencing Processing

If the average quality score at the tail of the read with
50-bp window was less than 20, we cut off the back-end
bases from the window. Then, the low-quality reads that
met the following criteria were discarded: (1) reads con-
taining ambiguous characters and (2) read lengths
shorter than 200 bp. We also removed the sample with
fewer than 30,000 sequence reads. Four samples (one for
the uterus, one for the magnum and two for the infun-
dibulum) were excluded from the subsequent analysis.
The paired-end reads of the remaining samples were
assembled with FLASH (Magoc and Salzberg, 2011).
Sequences were processed and taxonomy assigned using
QIME2 (Bolyen et al., 2019). amplicon sequence var-
iants (ASVs) were determined with DADA2 using the
denoise-paired method. Afterward, singletons were fil-
tered from the dataset. The SILVA 138 release was used
as the reference database for the taxonomic assignment
(Quast et al., 2012). The taxonomic classification of
phyla, classes, orders, families, genera and species was
then obtained.

Statistical Analysis

Alpha and Beta diversity were calculated using
QIIME2 software. Bray-Curtis distance metrics were
obtained to generate principal coordinate analysis
(PCoA). To determine the relationships among each
microorganism in the six segments of the reproductive
tract, Spearman’s correlation for microbial genera that
were detected in greater than 40% of individuals was cal-
culated using the psych package in the R program, and
P-values were adjusted for FDRs using the BH method.
Correlations between detected genera in specific seg-
ments were also inferred. The correlation patterns were
further filtered to select only adjusted P-value <0.05.
Co-occurrence networks were then constructed by using
Cytoscape (Shannon et al., 2003).

The host genetic relationship was calculated based on
pedigree information. To explore the effects of host
genetics on the reproductive tract microbiota. We calcu-
lated the correlation between host genetic relationships
and microbial dissimilarity based on the weighted and
unweighted UniFrac distances in each segment. Pairs of
hens with an estimated genetic relationship less than
0.015 were considered genetically unrelated. We further
compared the difference in the weighted UniFrac dis-
tance among full sibs, half sibs, first cousins, and geneti-
cally unrelated individuals for each segment.

For the detection of taxa that were significantly associ-
ated with egg qualities and quantitative analysis,
ANOVA was used to test the difference in phenotypic
traits between chickens with the highest (N=10) and low-
est (N=10) abundances of specific taxa. Meanwhile, the
Wilcoxon rank-sum test was performed to determine the
relative abundance of each taxon between the highest
(N=10) and lowest (N=10) trait-ranked chickens.
Adjusted P-values < 0.05 were considered significant.

Data Availability

The raw data are available from the Sequence Read
Archive (https://www.ncbinlm.nih.gov/sra) with acces-
sion number SRP292828.

RESULTS

Descriptive Statistics for Host Phenotypes
and Sequencing Outputs

The descriptive statistics of phenotypic observations,
including EW, ESC, ESG, ESS and egg number (EN), at
5 age points from 36 to 90 wks of age are presented in
Table 1. The chicken reproductive tract from external to
internal can be divided into the cloaca, vagina,
uterus, isthmus, magnum, and infundibulum
(Figure 1A). To characterize the microbial composi-
tion of the chicken reproductive tract, we performed
16S rRNA sequencing on the abovementioned six seg-
ments. After quality control, up to 17,700,993 high-
quality reads were generated from 292 samples with
an average of 59,200 reads per sample
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Table 1. Descriptive statistics of egg quality traits.

Age (weeks) ESCL* ESCa* ESCb* EN EW (g) ESS (kg/ecm?)  ESG (GU)
36 58224256 18.04+1.17 25.6140.97 113.14+6.60 56.08 +3.09 3.72+0.46 2.91 + 0.69
56 59.46 +2.33 1845+ 0.97 29.144+1.68 244.95+8.33  59.71+3.63 3.89 £ 0.55 2.70 4 054
72 60.834+3.12 17.99+1.36 28354185 348.76+12.52 58.93+3.55 3.45+0.50 2.61 4 0.55
80 60.87 £2.69 17.36+£1.25 28124221 398.60+£15.11 59.04 +3.87 3.02£0.61 2.32 + 0.48
90 63.01£3.67 18.33+1.21 25584158 456.63+£17.84 61.26£4.55 2.90 % 0.55 2.49 + 0.46

Abbreviations: ESC, eggshell colour (L*, a*, b*); EN, egg numbers; EW, egg weight; ESS, eggshell strength; ESG, eggshell
gloss.

species. It should be noted that only 64.29% of the
magnum samples (36/56) could successfully detect
microbiota, which is consistent with hypotheses that
the magnum may be resistant to bacteria due to the
secretion of antimicrobial proteins such as lysozyme.

(Supplementary Table S1). The resulting sequences
were assigned by the DADA2 analysis pipelines in
QIIME2. A total of 892 ASVs were identified. These
ASVs were subsequently classified into 22 phyla, 39
classes, 91 orders, 155 families, 313 genera and 473
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Figure 1. Spatial variation in microbial diversity in the chicken I;EBroductive tract. (A) Sampling sites in the reproductive tract of chickens. (B)
Alpha-diversity comparison based on the Shannon diversity index. and * indicate adjusted P-value less than 0.001 and 0.05, respectively. (C)
Beta-diversity comparison based on the weighted UniFrac distance among six segments. The centre yellow triangle indicates the mean value in the
corresponding group. (D) Principal coordinate analysis based on Bray-Curtis distance. Each point represents a sample.
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Diversity of Microbiota in Various Segments
of the Chicken Reproductive Tract

As the shared site for the digestive, urinary and repro-
ductive tracts, the cloaca exhibits a more complicated
environment. Consistent with this notion, the cloaca
exhibited the highest Shannon index, which is commonly
used to measure microbial diversity (Figure 1B). Inter-
estingly, the alpha diversity of the microbiota gradually
decreased from the cloaca to the infundibulum
(Figure 1B). The microbial diversity observed in the
magnum and infundibulum was significantly reduced
compared with that in other segments. In addition, the
beta diversity based on the weighted UniFrac distance
between two segments increased with physical distance
(Figure 1C). We then performed principal coordinate
analysis to visualize the differences in microbial commu-
nities among the various segments. Although no signifi-
cant differences in the uterus, isthmus, magnum or
infundibulum were noted, obvious separation was
observed among the cloaca, vagina and other segments,
especially between the cloaca and the other oviductal
segments (Figure 1D).

Variations in Microbial Composition Along
the Reproductive Tract

The phyla Firmicutes, Proteobacteria, Actinobacteria,
Fusobacteria, and Bacteroidetes were the dominant
microbiota in the chicken reproductive tract, among
which Firmicutes and Proteobacteria were the two most
abundant. However, appreciable differences in microbial
compositions were noted among these segments
(Figure 2A and Supplementary Table S2). For instance,
the Firmicutes and Actinobacteria phyla reached 57.35%
and 17.11% in the cloaca, and less than 39% and 3%
in other segments, respectively. In contrast, Proteo-
bacteria accounted for 60~80% of the total in the
segment from the vagina to the infundibulum but
only reached 22.70% in the cloaca. In addition, the
abundance of Bacteroidetes which is typically highly
present in the digestive tract, was less than 4% in the
chicken reproductive tract.

At the genus level, a total of 239, 199, 98, 95, 144
and132 genera were identified in the cloaca, vagina,
uterus, isthmus, magnum, and infundibulum with a set of
37 genera present in all segments (Figure 2B). The top 10
abundant genera of each segment were then extracted,
and after omitting the overlapping genera, a list of 20 gen-
era was obtained (Figure 2C). Among them, four genera,
Escherichia-Shigella, Enterococcus, Staphylococcus and
Acinetobacter were simultaneously present in six seg-
ments but with varied abundances. Enterococcus, Galli-
cola, Corynebacterium and Escherichia-Shigella were the
four most abundant genera in the cloaca, whereas Escher-
ichia-Shigella, Enterococcus, Pseudomonas, Acineto-
bacter and Staphylococcus represented the majority of the
genera in the other five oviductal sections (Figure 2D and
Supplementary Table S3). Specifically, the potential

pathogenic bacteria of Fscherichia-Shigella exhibited
the highest abundance in the segments from the
vagina to the infundibulum, spanning from 24.53% to
43.79%, but the abundance was relatively low in the
cloaca at 13.34%. A similar pattern was also observed
in the genus Pseudomonas. However, the genus
FEnterococcus displayed the opposite pattern with rel-
atively higher abundance in the cloaca (28.61%) com-
pared to the others.

Correlation and Interaction of the Microbiota

We further calculated the Spearman correlations
between the same microbiota detected in any two of
the segments. The results showed that the genus
FEscherichia-Shigella, which has a detection rate close
to 100%, exhibited highly positive correlation coeffi-
cients among the oviduct segments except cloaca
(Figure 3A). In addition, the genus Staphylococcus dis-
played significant correlations between adjacent seg-
ments from cloaca to magnum. In addition,
Acinetobacter and Enterococcus also had positive cor-
relations between certain segment pairs.

A co-occurrence network of core genera was then con-
structed to explore the microbial interactions along with
the reproductive tract. Figure 3B-3G shows the interac-
tions of microbiota in the cloaca, vagina, uterus, isthmus
magnum and infundibulum, and the interaction com-
plexity decreased from the external to internal parts
(cloaca to infundibulum). Positive correlations were
mainly observed in the core genera of the cloaca and
vagina (Figure 3B-3C and Supplementary Tables S4-
S5). However, the highly abundant genus FEscheri-
chia-Shigella had negative associations with limited
microorganisms (Ralstonia in cloaca, Pseudomonas,
Acinetobacter and Enterobacteraceae in vagina) and
no interaction with most of the other microorganisms.
Consistent results were found in the uterus and isth-
mus for FEscherichia-Shigella, which was also nega-
tively associated with the Acinetobacter genus
(Figure 3D-3E). For the magnum and infundibulum,
the interaction was simple, but both exhibited inter-
actions between  Ralstonia and  Rhodococcus
(Figure 3F- 3G).

Effect of Genetic Kinship on Microbiota
Community

Since the abovementioned results indicated that the
microbial communities were distinct among the cloaca,
vagina and the other four segments, we further evalu-
ated the effects of host genetics on the microbial compo-
sition in diverse segments. We first calculated the
correlation coefficients between host genetic relation-
ships and weighted UniFrac distances in each segment,
and the correlations were very weak ranging from -0.007
to 0.045 (Figure 4A). Similar results were also observed
between host genetic relationships and unweighted Uni-
Frac distance (Supplementary Figure S1). Because most
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Figure 2. Community composition in diverse segments. (A) Relative abundance of the dominant microbial phyla in various segments. (B) The
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Screening of Microorganisms Related to Egg
Quality and Production Traits

pairs of chickens exhibited no or a low degree of genetic
relationship, we further compared the difference in the
weighted UniFrac distance among full sibs, half sibs,
first cousins, and genetically unrelated individuals for
each segment. Consistently, no significant difference was
observed among the four groups (Figure 4B).

We further screened the crucial microorganisms
related to egg quality and egg production traits, includ-
ing ESC, ESS, ESG, EW and EN. ANOVA and
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Figure 3. Correlation and interaction of the microbiota. (A) The detection rate and Spearman’s correlation for microbial genera that were
detected in more than 40% of individuals. * means the correlation was significant (P < 0.05). Microbial co-occurrence network in the (B) cloaca, (C)
vagina, (D) uterus, (E) isthmus (F) magnum and (G) infundibulum. The size of the nodes was proportional to the relative abundance of genera. The
colour of nodes represent the phylum. The gray lines and blue dashed lines represent positive and negative correlations, respectively.

Wilcoxon tests were used to detect the trait differen-
ces between divergent microbial groups and microbial
differences between divergent trait groups, respec-
tively. Only the microorganisms that were screened
by both methods were considered candidate microor-
ganisms. As shown in Figure 5A, two genera, Staphy-
lococcus and Ralstonia were found associated with
eggshell colour, i.e., eggshell brownness. The higher
abundances of Staphylococcus (Figure 5B and
Supplementary Table S6) and Ralstonia (Figure 5C
and Supplementary Table S7) was related to darker
brownness of the eggshell, and the results were con-
sistent along the life cycle at 36, 56, 72, 80 and 90
weeks of age. In addition, the genus Staphylococcus

exhibited a relatively high detection rate spanning
from 67.57 to 97.67% in various segments
(Figure 5D). However, for the genus Ralstonia, the
detection rate was relatively low, ranging from 24.07
to 86.49% (Figure 5E).

Regarding egg number, the genus Romboutsia in the
vagina was screened (Figure 6A). The high abundance
of Romboutsia was related to low egg number produc-
tion at different age points (Figure 6B and
Supplementary Table S8), and this genus exhibited a
relatively high detection rate (78.1%) in the vagina
(Figure 6C). For the other egg quality traits, including
ESS, ESG and EW, no microorganisms were consis-
tently related during along the laying period.
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Figure 4. Effect of genetic kinship on reproductive tract microbiota. (A) The association between host genetic relationships and microbial dis-
similarity based on weighted UniFrac distances. (B) Comparison of the weighted UniFrac distance among full sibs, half sibs, first cousins, and genet-
ically unrelated individuals in six segments. The centre red square indicates the mean value in the corresponding group.

DISCUSSION

Poultry eggs are valuable food source for humans
due to their high quality of nutrients and relatively
low cost. The quantity and quality of eggs are related
to poultry production efficiency and food safety. In
this study, we confirmed that chicken eggs are not
formed in a sterile environment. The microbiota of
the chicken reproductive tract spanned a continuum;
however, the microbial communities among the clo-
aca, vagina and other sections of the chicken oviduct
were obviously different. The reproductive tract of

chickens harbours a rich microbiota, including some
pathogenic bacteria. Eggs could be directly contami-
nated with microorganisms during egg formation and
oviposition. Moreover, part of the microorganisms
might be vertically transmitted to the embryo
through the egg and constitute the initial gut micro-
biota of chick. Although the microbial diversity
decreased from external to internal segments of the
chicken reproductive tract due to the presence of
antibacterial mechanisms, the correlation between
host genetic kinship and all microbial distance were
feeble. Of course, not all colonizers are pathogenic,
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Figure 5. Screening of microorganisms related to eggshell colour (ESC). (A) Significant P-values for Wilcoxon rank-sum test (left) and ANOVA
(right). Displayed from the inner to the outer circle are 36, 56, 72, 80 and 90 weeks of age. The P-values for the significance test are plotted as —logs
(P). The blue dashed line shows the significance threshold (P = 0.05). Each point represents a microorganism, and the red point indicates that the
adjusted P-value passed the significance threshold. (B, C) Difference in the eggshell colour L* value between the two groups with the highest and
lowest abundance of vaginal Staphylococcus and Ralstonia, respectively. ** * and ns represent adjusted P-values<0.01, <0.05 and >0.05, respec-
tively. The centre red point indicates the mean value in the corresponding group. (D, E) The detection rate of Staphylococcus and Ralstonia in the

six oviductal segments.

and some bacteria may have long-term benefits to the
host. Among these microorganisms, we identified sev-
eral that were significantly associated with eggshell
colour and egg number, highlighting that the notion
that oviductal bacteria play an important role in the
process of egg formation and might be useful to
improve egg quality in chickens.

The microbiota of the female reproductive tract in
humans has attracted considerable attention in recent
years due to its impacts on reproductive health
(Ravel et al., 2011; Chen et al., 2017). Indeed, the effects
of the reproductive microbiome on host ecology, evolu-
tion and fitness are widespread across the animal king-
dom, as previously alluded by Rowe et al. (2020). With
the  development  of  sequencing  technology,

demonstrating new roles of the microbial community in
the reproductive tract is becoming increasingly active.
To characterize the microbiota residing in the chicken
reproductive tract, we systematically collected samples
from six segments throughout the reproductive tract,
including the cloaca, vagina, uterus, isthmus, magnum
and infundibulum. Consistent with a previous report in
humans, where the microbiota in the upper reproductive
tract was significantly different from that in the lower
reproductive tract (Chen et al., 2017), we found distinct
microbial communities in the uterus, isthmus, magnum
and infundibulum compared to those of the cloaca and
vagina. A recent study in chickens also showed that the
oviductal microbiota was significantly distinct from
those in the cloaca (Lee et al., 2019). It is worthwhile to
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Figure 6. Screening of microorganisms related to egg number (EN). (A) Significant P-values for Wilcoxon rank-sum test (left) and ANOVA
(right). Displayed from the inner to the outer circle are 36, 56, 72, 80 and 90 weeks of age. The P-values for the significance test are plotted as —logs
(P). The blue dashed line shows the significance threshold (P = 0.05). Each point represents a microorganism and the red point indicates that the
adjusted P-value passed the significance threshold. (B) Difference in egg number between the two groups with the highest and lowest abundance of
vaginal Romboutsia. **, *, # and ns indicate adjusted P-values <0.01, 0.05, <0.10 and >0.1, respectively. The centre red point indicates the mean
value in the corresponding group. (C) The detection rate of Romboutsia in the six oviductal segments.

understand the origin of the microbiota in chicken repro-
ductive tract. Anatomically, the cloaca is the end of the
reproductive tract; moreover, it connects to the digestive
and urinary systems of birds. Therefore, the cloacal
microbiota is a mixture of bacteria from these sources
(Lee et al., 2020) as well as from the external environ-
ment (Escallon et al., 2019), resulting in a particularly
complex bacterial community. The vaginal microbiota is
partially derived from semen and contacts during artifi-
cial vaginal insemination (Kulkarni and Heeb, 2007;
Rowe et al., 2020).

In fact, the oviductal ecosystem is maintained through
mutualistic relationships between the host and micro-
biota. The host immune system can alter microbial colo-
nization due to  microbiota-host  interactions
(Pekmezovic et al., 2019; Al-Nasiry et al., 2020). Under
the protection of efficient host immune and antibacterial
system (Silphaduang et al., 2006), the diversity of micro-
biota incrementally decreased from the cloaca to the
infundibulum, indicating a microbiota continuum along
the reproductive tract. The lowest diversity was

observed in the magnum since lysozyme and other pro-
teins with antimicrobial activity are secreted and con-
centrated in this location (Edwards et al., 1976).
Recently, Mehta et al. (2020) revealed that genetic vari-
ation in the host innate immune system and cell signal-
lings have an important effect on the human vaginal
microbiota based on a genome-wide association study. A
twin study reported greater similarity of the vaginal
microbiota between monozygotic twins compared
with that between dizygotic twin pairs and identified
Prevotella as the most heritable vaginal bacteria
(Si et al., 2017). However, it has not been well illus-
trated whether host genetics shapes the chicken ovi-
ductal microbiota. Correlation estimation between
host genetic relationships and microbial similarity, as
well as microbial distance comparisons between
genetically related and unrelated individuals have
been used as efficient measures for determining the
influence of genetics on a population (Goodrich et al.,
2014; Si et al., 2017; Rothschild et al., 2018;
Wen et al., 2019). By utilizing the two analytical
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tools, we found that the correlation between host
genetic relationships and microbial distance was neg-
ligible. Meanwhile, the genetically related pairwise
individuals did not exhibit a more similar microbial
community than unrelated pairs. These results indi-
cated that the chicken oviductal microbiota is pre-
dominantly shaped by factors other than host
genetics. The present study only performed the corre-
lation analysis and microbial similarity comparison.
However, in the future the host genetic variants are
needed to explore the association between host genet-
ics and oviductal microbiota.

Greater than 99% of the oviductal microbiota of egg-
type chickens evaluated here comprised of Firmicutes,
Proteobacteria, Actinobacteria, Fusobacteria and Bac-
teroidetes. Similar results were also reported by
Shterzer et al. (2020) in meat-type chickens. The micro-
biota of the cloaca was dominated by the phylum Firmi-
cutes, which was similar to the faecal specimens
(Wen et al., 2019). At the lower phylogenetic levels, pre-
vious studies highlighted that Gallicola is a typical genus
in chicken faeces (Naphtali et al., 2019), and Pseudomo-
nas, Acinetobacter, FEnterococcus, Corynebacterium
and Staphylococcus are the core bacterial genera in the
mature hen reproductive tract (Lee et al., 2019). These
major genera were obviously different from those in
humans (Yildirim et al., 2014; Chen et al., 2017), where
the vagina was predominantly comprised of Lactobacil-
lus, whereas Acinetobacter and Pseudomonas consti-
tuted a notable fraction of the microbiota in the human
upper reproductive tract. In contrast to Lactobacillus in
the human vagina, which is thought to inhibit patho-
genic bacteria through lactic acid and hydrogen peroxide
production (Anahtar et al., 2018), explanations for the
prevalence of Acinetobacter and Pseudomonas in the
female reproductive tract have not been well docu-
mented. Based on previous and current studies, the
prevalence of these genera may be involved in protecting
the oviduct against inflammation and bacterial patho-
gens (Ligon et al., 2000; El-Fouly et al., 2015;
Bassols et al., 2016), such as inhibiting the production of
Escherichia-Shigella pathogens as noted in our results.

As oviparous animals, the chicken oviduct provides
the biological environment for egg formation. The bacte-
ria might be directly deposited into the yolk, albumen,
eggshell membrane and eggshell during egg formation
before oviposition as a result of microbial existence in
the reproductive tissue. In addition, some microorgan-
isms of the maternal oviduct could be vertically trans-
mitted to the embryo through the egg and constitute
the initial chick gut bacterial population. A recent study
detected as many as 21 shared genera in the maternal
oviduct, eggshell, egg white and intestinal tract of
embryo (Lee et al., 2019). Most surprisingly, egg white
and embryo gut exhibited similar microbial composi-
tions. Another study observed a moderate correlation
(0.52) between the microbiota of the embryo and chick
(Ding et al., 2017). In the present study, Escherichia-
Shigella and Enterococcus were two dominant genera in
the chicken reproductive tract and could also be

detected in freshly laid eggs (Schwaiger et al., 2010;
Trudeau et al., 2020). Furthermore,
Jurburg et al. (2019) reported that Escherichia-Shigella
accounted for 42.5% of the gut microbial community in
chicks on day 1 after hatching, but decreased gradually
with age. A similar result was also observed by
Sekelja et al. (2012), suggesting that FEscherichia-Shi-
gella might be vertically transmitted through eggs.
Additionally, the relative abundance of the genus
FEnterococcus was reduced in 19-day embryonic intes-
tines but increased in chicks (Ding et al., 2017). Most
FEnterococcus spp. detected in our study were unclassi-
fied below the genus level, but a small fraction of these
was FEnterococcus cecorum, which has emerged as an
emerging pathogen in the poultry industry worldwide
(Jung et al., 2018). Tt is largely unknown whether the
FEnterococcus that colonizes the chicken oviduct is path-
ogenic. However, zoonotic Fscherichia-Shigella infec-
tions acquired from contaminated chicken eggs are
possible (Shi et al., 2014).

As mentioned above, not all potential pathogen expo-
sure results in disease, and some colonized bacteria
might be beneficial and provide crucial physiological
functions for the host. The entire process of egg forma-
tion takes approximately 24 h, with most of the time
used for shell formation (~20 h), in which pigmentation
occurs to produce colour eggshells (Samiullah et al.,
2015). Previous studies have confirmed that various bac-
teria have pigment synthesis ability (Narsing Rao et al.,
2017). Therefore, investigating the effect of oviductal
microbiota on eggshell traits might represent a break-
through to explore the functions of inhabitant bacteria.
Fortunately, we observed that higher abundance of vagi-
nal Staphylococcus and Ralstonia was significantly asso-
ciated with darker brownness of eggshells (lower L
value). The major eggshell pigment in brown-egg laying
hens is protoporphyrin IX with traces of uroporphyrin
and coproporphyrin  (Samiullah et al., 2015).
Samiullah and Roberts (2013) demonstrated that the
majority of the pigment was located in the calcareous
part of the eggshell, and a small fraction (13~20%) was
noted within the cuticle. Previous studies have demon-
strated that Staphylococcus have a high biosynthesis
ability of porphyrins and pyrrole pigments, which were
mainly uroporphyrin and coproporphyrin (Fuente et al.,
1986). Staphylococcus could inhabit various segments of
the chicken reproductive tract, and correlations of
Staphylococcus abundances between adjacent sections
were significant and positive. A previous theory sug-
gested that pigments are secreted from the uterine epi-
thelium into the uterine fluid and hence onto the
eggshell during eggshell formation (Sparks, 2011). Here,
our results indicated that the oviductal microbiota is
also involved in the synthesis and deposition of eggshell
pigments, and vaginal Staphylococcus might affect the
content of pigments within the shell cuticle.

The success of identifying eggshell colour-related
bacteria led us to further investigate the effect of spe-
cific microbiota on egg production. We found that
chickens with a higher abundance of vaginal
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Romboutsia exhibited increased egg production com-
pared with chickens with a lower abundance of this
genus. The genus Romboutsia was identified by
Gerritsen et al. (2014) after the first isolation from a
digesta sample. In our study, Romboutsia was largely
detected in the cloaca and vagina, but its detection
rate in the uterus, isthmus, magnum and infundibu-
lum was less than 20%. Thus, Romboutsia might be
employed as a marker to predict egg number.
Although we noticed that specific microorganisms
were correlated with egg formation, further investiga-
tion should be performed to verify the specific role of
these microorganisms in the chicken oviduct.

In summary, our results confirmed that the micro-
bial communities are consecutive and exhibit moder-
ate spatial heterogeneity throughout the chicken
reproductive tract, and the association between host
genetic kinship and microbial similarity of each seg-
ment was weak. Egg form in nonsterile environment;
thus, microbial contamination may occur during egg
formation and oviposition. Meanwhile, some bacteria
have a favourable effect on their host. In particular,
the genera Staphylococcus and Ralstonia are signifi-
cantly associated with eggshell colour. In addition,
vaginal Romboutsia could be used as a predictor for
egg number. These findings highlight an important
contribution of oviductal bacteria in the process of egg
formation and provide a useful reference for investi-
gating the reproductive tract microbiota of avian and
other livestock species.
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