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ABSTRACT The gut microbiota is a complex ecolog-
ical community and widely recognized in many aspects of
research, but little is known on the relation between gut
microbiota and embryonic development in chickens. The
aim of this study was to explore the dynamic distribution
of gut microbiota in chickens’ embryos during stages of
developments (chicken embryos that had incubated until
day 3 [E3], day 12 [E12], and day 19 [E19]). Here, 16S
rRNA gene sequencing was performed on the gut micro-
biota in chicken embryos across different developmental
stages. Twenty-one phyla and 601 genera were present in
chicken embryos, and 96 genera such as Ochrobactrum,
Phyllobacterium, and Amycolatopsis were the core
microbiota in the 3 stages of development. Second, 94
genera of microbes were found to change significantly
between E3 and E12, and 143 genera significantly differed
between E12 and E19 in chicken embryos (P < 0.05).

Ochrobactrum and Amycolatopsis decreased with growth
changes: E3 (30.4%), E12 (25.1%), and E19 (13.6%) and
E3 (11.5%), E12 (7.4%), and E19 (5.6%), respectively.
Contrarily, Phyllobacterium increased to 47.9% at E19,
indicating the growing trend of microbial diversity among
the embryos’ development. Moreover, the principal
component analysis showed a high level of similarities
between E3 and E12 compared with E19, whereas the
alpha analysis showed more diversity of gut microbiota at
E19. Furthermore, the functional predictions showed that
metabolic pathways such as energy metabolism and ge-
netic information processing were significantly enriched
on day 3 and day 12 in our study, suggesting their strong
influence on growth, development, and immunity of
chicken embryos. Our findings provide insights into the
understanding of dynamic shifts of gut microbiota during
chicken embryonic growth.
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INTRODUCTION

The gut microbiota population is dynamic (Gong et al.,
2002; Wei et al., 2013), with widely recognized functions
ranging from resistance to pathogens, maintenance of ho-
meostasis (Thursby and Juge, 2017), intestinal physi-
ology and regulation (Rodriguez et al., 2015), carbon
and nitrogen metabolism (He et al., 2013), digestive per-
formance (Fontaine et al., 2018), and host development
and nutrition (Dominguez-Bello et al., 2019). Available
evidence suggests that gut microbiota could promote an-
imal health (Fouhse et al., 2016), and this has been
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demonstrated in adult mammals, wherein specific func-
tional bacteria enhance the development of preventive
and therapeutic strategies for chronic inflammation
(Wu et al., 2018) and immunity (Shreiner et al., 2016).
Although several studies focused on the functions of gut
microbiota in adults and neonates (Weng and Walker,
2013; Grond et al., 2018), gut microbiota has been under-
studied during embryonic development.

Embryonic development commences with the fertil-
ization of the female egg by a single male spermatozoon
forming a diploid zygote (Bellairs and Osmond, 2014). In
vertebrate embryos, it is formerly assumed that the fetus
develops and resides within a sterile environment, and
microbial colonization begins on the embryo’s surface af-
ter birth (Penders et al., 2006; Palmer et al., 2007;
Funkhouser and Bordenstein, 2013). However, this
traditional view has been challenged by modern
sequencing technology studies. These studies have
shown that neither the fetus and placenta nor the
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amniotic fluid are sterile, thereby confirming that the
colonization and establishment of the human gastroin-
testinal tract begins in the uterus (Aagaard et al.,
2014; Collado et al., 2016).

The fertilization of the avian embryo occurs in vivo,
whereas the reproduction and development occur in a
closed egg, which is formed from the external environ-
ment but not in utero. Cisek and Binek (2014) showed
that bacterial colonization of the avian gut begins imme-
diately after hatching under the influence of the environ-
mental microbe. Moreover, the inheritance of chicken
embryo microbiota has been suggested to originate
from the maternal cloaca, oviduct, or both (Lee et al.,
2019). In addition, our previous study showed that gut
microbiota inheritance in the chicken embryo is depen-
dent on maternal hen-derived factors, which are influ-
enced by environmental and host genetic variation
during development (Ding et al., 2017).

Several studies have been conducted focusing majorly
on the dynamic distribution and microbial composition
in chicks and chickens (Sergeant et al., 2014; Ballou
et al., 2016; Clavijo and Flérez, 2018; Thomas et al.,
2019). However, there are limited reports on gut micro-
biota in different developmental stages and breeds of
chicken embryos. It has been previously studied in
chicken embryos that developmental stages are classified
to early, middle, and late phases. The early and the mid-
dle stages control the formation of organs and systems,
whereas the growth of organs and system maturation
occur at the late phase (Hamburger and Hamilton,
1992).

In remedy, we investigated the microbial composition
in the chicken embryos of Beijing You (Y), Shiqiza (S),
and specific pathogen-free (SPF [B]) (from the breed of
Babcock) chickens and also examined the dynamic
changes of their gut microbiota across the stages of
development. The Beijing You and Shiqgiza breeds are
native Chinese breeds. Babcock is an imported breed
for free-range and commercial purposes. The hypothesis
outlined in this study is that the growth stages of the
chicken embryo affect gut microbiota composition.

MATERIALS AND METHODS

Ethical Considerations

All procedures used in this study were standardized by
the Ethics Committee for the Care and Use of Labora-
tory Animals in Shanghai Jiao Tong University, China,
approval number, 201812015 (December 17, 2018).

Study Design and Sampling

Fifty-four chicken eggs from 3 different breeds (Y, S,
and B) were incubated in an Ova-Easy Advance Series
11 Digital Cabinet Egg Incubator (Brinsea, Weston Su-
per Mare, UK) in the laboratory; on the same day, they
were subjected to the same condition within a sanitized
room at 38°C and 55 to 65% humidity. The Y and S
breeds have a similar environmental background and

AKINYEMI ET AL.

were from the Animal Husbandry and Veterinary
Research Institute Unit in Shanghai Academy of Agricul-
tural Sciences, whereas we got the B eggs from Sais
Poultry Co. Ltd., Jinan, China. To explore chicken em-
bryo gut microbiota, 18 whole embryos that had been
incubated until day 3 and 18 embryonic guts that had
been incubated until days 12 and 19 were collected from
the 54 chicken eggs of the 3 breeds (Supplementary
Table 1). The sample collection of embryos and guts
were performed inside a sterilized cabinet in a small
room. We successfully collected a total number of 54 em-
bryonic samples during the process of sample collection.
Besides, 3 embryo-free samples were used as control
groups to validate if there was contamination throughout
the experimental process.

DNA Extraction and 16S rRNA Sequencing

DNA extraction was carried out immediately from the
collected chicken embryo and intestinal samples using
the TTANGEN (TIANamp) stool DNA kit (cat#DP328;
TIANGEN Biotech Co., Ltd., Beijing, China). This pro-
cess was carried out following the order given by the
company. The DNA samples were stored at —20°C for
further analysis. In addition, to assess the quantity and
quality of the DNA, it was quantified using an UV Nano-
drop spectrophotometer (Thermo Fisher Scientific Co.,
Ltd., Waltham, MA). PCR was performed to amplify
the V4 hypervariable region of the 165 rRNA gene, using
forward 5-AYTGGGYDTAAAGNG-3' and reverse
5-TACNVGGGTATCTAATCC-3' as sample-specific
sequence barcoded fusion primers. The PCR was per-
formed under the following conditions: 94°C for 5 min;
94°C for 30 s, 50°C for 30 s, and 72°C (extension);
repeated for 27 cycles; and a final extension at 72°C for
7 min (Zhao et al., 2013). The PCR amplification prod-
uct was detected by 2% agarose gel electrophoresis, and
the target fragment was subjected to gelation recovery;
we used the gel recovery kit of Axygen (Union City,
CA) for recovery. PCR products were purified using
the QIAGEN Quick Gel Extraction Kit (cat#28730,
Qiagen, Hilden, Germany)

The purified PCR products from 57 samples were used
to construct a sequencing library using Illumina TruSeq
following the manufacturer’s instructions (Illumina, San
Diego, CA). 16S rRNA sequencing was carried out at
Shanghai Personal Biotechnology Limited Company,
Shanghai, China, using Illumina MiSeq (Illumina)
sequencing platform.

Bioinformatics Analysis

The sequence was identified using QIIME software
(Quantitative Insights into Microbial Ecology, version
1.8.0, http://qiime.org/) (Caporaso et al., 2010). We
first used sliding window method to screen the double-
end sequence of FASTQ format. The window size is
10 bp, step 1 from the 5’-end of the first base position
began to move, for window average quality acuity bases
in Q20 sequencing or greater accuracy by an average of
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99% (base), from the first value is lower than the average
quality Q20 window of truncated sequence, and require-
ments after the truncation of 150 bp sequence length or
greater, and do not allow the existing fuzzy bases
(Ambiguous base). Then, we used FLASH software
tool  (version 1.2.7, http://ccb.jhu.edu/software/
FLASH/) (Mago¢ and Salzberg, 2011), the quality by
the sieve double ended at the beginning of the sequence
according to the overlap base matching connection:
Read 1 and Read 2 2 sequences overlapping base length
of 10 or higher bp, and base mismatch number less than
10% of overlapping base length. Finally, based on the in-
dex information corresponding to each sample (i.e., bar-
code sequence, a small base sequence used to identify the
sample at the beginning of the sequence), the connected
sequence recognition is assigned to the corresponding
sample (index sequence is required to match exactly)
so as to obtain the valid sequence of each sample. The
trimmed sequences were only uploaded. We eliminated
the sequence with the mismatched base number of the
primer at the 5-end of >1; 2) and sequences with the
same base number of > and 8 successively. Then,
through the QIME software (version 1.8.0, http://
giime.org/) call USEARCH (version 5.2.236, http://
www.drive5.com /usearch/), the chimeric sequences
were checked and removed (Haas et al., 2011). A total
of 2,090,612 sequences that passed the quality screening
from the V4 region of the 16S rRNA sequence from 57
samples, including the chicken embryo guts and control,
were used for the study (Supplementary Table 2).

Microbial operational taxonomic unit (OTU) were
drawn from the approved sequence of the PCR amplicon
for the V4 hypervariable region of the 16S rRNA gene
and were also compared with the Greengenes
(DeSantis et al., 2006). For the representative sequence
of each OTU, the default parameters are used in QIIME
software to obtain taxonomic information corresponding
to each OTU by comparing the OTU representative
sequence with the template sequence of the correspond-
ing database. For sequences of different categories, spe-
cific databases were used as template sequences for
OTU classification status identification: a) 16S rRNA
gene database for bacteria and archaea. Greengenes
Database (Release 13.8, http://greengenes.
secondgenome.com/) (DeSantis et al., 2006) and the
RDP (Ribosomal Database Project) Database (Release
11.1, http://rdp.cme.msu.edu/) databases utilizing the
uclust and blast functions in QIIME (Caporaso et al.,
2010).

A total of 57,618 OTU were annotated from the
2,090612 amplicons and further divided at a specific tax-
onomical level known as phylum, class, order, family,
genus, and species levels (Supplementary Table 3).
The OTU whose abundance value was lower than
0.001% (1/100,000) of the total sequencing volume of
all samples was removed (Bokulich et al., 2013), and
the abundance matrix of the rare OTU was removed
for a subsequent series of analysis. The OTU of each
sample was arranged according to its abundance from
large to small, and the abundance value is converted
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by Log2 logarithmic transformation, and R software
(R Core Team, Vienna, Austria) was used to draw the
abundance grade curve of each sample. GraPhlAn
(Graphical Phylogenetic Analysis), a software tool
used in producing quality phylogenetic trees, showcased
abundant microbes at different taxa (Asnicar et al.,
2015). Microbiota compositions in the chicken embryo
at the third, 12th, and 19th day of developments were
further analyzed using the linear discriminant analysis
effect size method (Segata et al., 2011). Core microbiota
has been defined as a wide collection of shared microbial
genes among the sampled individuals (Turnbaugh et al.,
2009). Alpha diversity indices that include Shannon,
ACE, Chaol, and Simpson’s index were calculated using
QIIME software to measure the richness and diversity of
the microbial community (Shannon, 1948; Simpson,
1949; Chao, 1984; Chao and Shen, 2004). Beta diversity
analysis was conducted to investigate the similarity of
the community structure between different samples.
For beta diversity metrics, the nonmetric multidimen-
sional scaling analysis for unweighted and weighted Uni-
Frac distance matrices was also conducted using R
software. The principal component analysis (PCA) was
conducted using R software. Analysis of similarities
was also carried out to validate the differences in the mi-
crobial community structure (Clarke, 1993; Warton
et al., 2012) among the 3 developmental stages (third,
12th, and 19th day) and breeds (Y, S, and B) using
mothur software. PICRUSt was used to predict the mi-
crobial functional profile (Langille et al., 2013). At
97% similarity, the QIIME’s command (a general bioin-
formatics pipeline) was used to map the OTU to the
Greengenes 13.5 reference database (DeSantis et al.,
2006). The OTU abundance was regularized by 16S
rRNA gene copy numbers from known bacterial genomes
in the Integrated Microbial Genomes system. Kyoto
Encyclopedia of Genes and Genomes helped in the align-
ment of the predicted genes and their functions
(Kanehisa et al., 2014). The group differences and simi-
larities were compared using STAMP software (Parks
and Beiko, 2010). The Venn diagrams were obtained us-
ing Venny software (Oliveros, 2007). In the group anal-
ysis, the 2-sided Welch’s t-test (Welch, 1947) and
Benjamini-Hochberg false discovery rate correction
were used.

RESULTS

Composition of Microbiota in the Chicken
Embryo

Fifty-four samples, collected from all breeds, included
whole embryos that were incubated for 3 D and guts
from chicken embryos that were incubated for 12 and
19 D. The operational taxonomical unit was clustered
into 4,801 units in the chicken embryo. We used GraPh-
1An software to construct a phylogenetic tree that iden-
tifies the dominant microbial population from the
complex community data. The top abundant microbes
the GraPhlAn software detected at each classification


http://ccb.jhu.edu/software/FLASH/
http://ccb.jhu.edu/software/FLASH/
http://qiime.org/
http://qiime.org/
http://www.drive5.com/usearch/
http://www.drive5.com/usearch/
http://greengenes.secondgenome.com/
http://greengenes.secondgenome.com/
http://rdp.cme.msu.edu/

A:p__Firmicutes

B:c_Bacilli

C:p_Actinobacteria

D:c__Actinobacteria

E:g__Amycolatopsis

F:p_Cyanobacteria 100
G:c_Chloroplast & "
H:p__Bacteroidetes '
I:c__[Saprospirae] ©
J:g_Sediminibacterium e
:c_ Bacteroidia

p_Proteobacteria

:6__Enterobacteriales

:f _Enterobacteriaceae

Pseudomonadales
Acinetobacter
__Sphingomonas
‘Agrobacterium
Ochrobactrum
Phyllobacterium

@mﬁlﬂ"

40300022 A
0
[l

Q

Genus Family Order Class Phylum

0.00

[o_Others Jif_Others Jo_Rhizobi [ic-Alphap LK i
M9_Ochrobactrum  [f_Brucellaceae [o_Other [ic_Others [p_Actinobacteria
Ho_P! ium  [§f_P i Ho_Acti les [c_Acti [p_Firmicutes
[g_Amycolatopsis  [if_P: iaceaefio_Sphi Sic ialllp_Bacteroi
[g_Sphi [ _Sphi Hlo_Saprosp [ic_Saprosp Bp_Others
WMg_SediminibacteriumM f_Chiti Wo_Clostridi Hc_Clostridia [p_Cyanobacteria

Figure 1. Composition of gut microbiota in the chicken embryo. (A) Phylogenetic tree constructed from the taxa. Each classification unit is distin-
guished with different colors. Colored blocks in the outermost circle indicate phyla and in the inner circle indicate genera. (B) The abundant microbes

at each level (genus, family, order, class, and phylum).

level were Proteobacteria, Firmicutes, Bacteroidetes,
Actinobacteria, and Cyanobacteria (phylum); Amycola-
topsis, Sphingomonas, Agrobacterium, Acinetobacter,
Sediminibacterium, Ochrobactrum, and Phyllobacterium
(genus); Actinobacteria, Chloroplast, Bacteroidetes, Sap-
rospirae, and Bacilli (class); Enterobacteriales and Pseu-
domonadales (order); and Enterobacteriaceae (family)
(Figure 1A).

Further analysis was carried out to recognize the
composition of gut microbiota in specific taxon groups.
Twenty-one phyla, 95 classes, 184 orders, 330 families,
and 601 genera existed in the chicken embryo
(Supplementary Table 4). According to the phylum
assignment result, Proteobacteria (65.6%) was the pre-
dominant phylum in all the samples, and Actinobacteria
(16.6%) emerged as the second phylum, followed by Fir-
micutes (6.1%), Bacteroidetes (5.4%), and Cyanobacteria
(2.2%). The relative abundance of the phylum Proteobac-
teria was seen in the chicken embryo considering the age
and breeds (Figure 4D, Supplementary Figure 2). Apart
from phylum distribution, we analyzed the abundance
of microbiota at other taxonomic levels. At the class level,
Alphaproteobacteria appeared as the microbiota with the
highest proportion, followed by Actinobacteria. More-
over, the top abundant families were Phyllobacteriaceae,
Brucellaceae, Pseudonocardiaceae, Sphingomonadaceae,
Chitinophagaceae, Moraxellaceae, Rhizobiaceae, Micro-
coccaceae, Lactobacillaceae, Enterobacteriaceae, and
Methylobacteriaceae.  Interestingly, Ochrobactrum
(23.0%) and Phyllobacterium (17.8%) that emerged as
the most dominant at the genus level belong to the
phylum of Proteobacteria (Figure 1B). We also observed
a high proportion of Amycolatopsis, Sphingomonas, Sed-
iminibacterium, Acinetobacter, and Agrobacterium in all
the samples. These results affirmed the presence of

microbiota in the chicken embryo, although at different
proportions.

Chicken Embryonic Gut Microbial
Differences in Three Developmental Stages

To measure microbial composition in the chicken em-
bryo at different stages of development, chicken embryos
that had been incubated until day 3 (E3), day 12 (E12),
and day 19 (E19), we performed PCA. The PCA showed
a high level of similarities between E3 and E12 compared
with E19. In addition, the microbial composition at the
late phase of development displayed a low degree of
dissimilarity compared with the other early stages. It
was cleared that the microbial composition was so clus-
tered together at the early phase of the chicken embryo
development compared with the mature stage of develop-
ment (Figure 2A). Analysis of similarities displayed a sig-
nificant difference in the microbial community structure
among the 3 developmental stages (p-value < 0.05
[0.001]), and a higher p-value of more than 0.5
(r = 0.6059) specified that separation among different
ages was significant (Supplementary Table 5A). More-
over, Figure 2B shows a diversity index estimating micro-
bial richness and diversity. The alpha analysis showed the
diversity of gut microbiota across different growth stages,
which was verified by the Shannon index (P < 0.0001). We
later compared the abundance of gut microbiota in the
chicken embryo at different days. The most abundant
phylain all the 3 stages were Proteobacteria, Actinobacte-
ria, and Firmicutes, followed by Bacteroidetes and Cyano-
bacteria. As the chicken embryo developed with time, we
observed that the proportion of the phyla also changed. At
E3, the percentage of Proteobacteria was 65.5%, which
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Figure 3. Functional profiles of the microbial community at different developmental stages (A) Functional pathways that changed significantly
(P < 0.05) between E3 and E12. (B) Functional pathways that changed significantly (P < 0.05) between E12 and E19.

decreased to 54.8% at E12 and increased exponentially at
E19 (76.7%) (Supplementary Figure 1, Supplementary
Table 5B-D [P < 0.05]). The proportion of Actinobacteria
increased from 17.8% (E3) to 18.4% (E12), but the propor-
tion decreased at E19 (13.4%). The proportion of Firmi-
cutes increased from 5.3% (E3) to 10.6% (E12) and

reduced to 2.3% at E19. The rate at which the phyla
increased from E3 to E12 and then decreased at 19 corre-
sponded to the proportion of Bacteroidetes (E3 [5.8%)],
E12 [6.7%)], E19 [3.9%]) and Cyanobacteria (E3 [2.2%],
E12 [3.4%], E19 [1.0%]) (Supplementary Figure 2). Like-
wise, time altered the microbial populations of the genera.
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scaling; SPF, specific pathogen-free.

Populations of Ochrobactrum (E3 [30.4%], E12 [25.1%],
and E19 [13.6%]) and Amycolatopsis (E3 [11.5%], E12
[7.4%]. and E19 [5.6%]) reduced with growth changes
(Figure 2C). In contrast, we observed an increase in the
proportion of Phyllobacterium at the late phase (E19
[47.9%)]), whereas less proportion was present in the early
and middle stages (3.4% at E3 and 1.9% at E12)
(Figure 2C; Supplementary Figure 3). Furthermore, we
identified 96 genera as core microbes, which were present
at E3, E12, and E19 (Figure 2D, Table 1), such as Ochro-
bactrum, Phyllobacterium, Amycolatopsis, Prevotella,
Lactobacillus, Pseudomonas, and Sediminibacterium. Be-
sides, 94 genera of microbes were significantly different be-
tween E3 and E12, 129 genera significantly changed
between E3 and E19, and 143 genera significantly different
between E12 and E19 (P < 0.05) (Supplementary
Table 6A—C). Some of the genera that changed signifi-
cantly across all stages were Sphingomonas, Sedimibacte-
rium, A cinetobacter, Enterobacteriaceae, Agrobacterium,
Methylobacterium, Microbacterium, Halomonas, and

Aquicella. Furthermore, the linear discriminant analysis
effect size method showed significant different microbial
profiles at the 3 stages of the embryonic development
(Figure 2E). In general, our results showed a significant
and dynamic change in the gut microbiota of chicken em-
bryos as they developed with time (Supplementary
Figure 4).

Functional Predictions of Chicken
Embryonic Gut Microbiota

For further understanding of the metabolic profile of
the microbial community, we analyzed the metagenomic
functions of the bacteria. Comparing predicted microbial
function between E3 and E12, we detected significant
enrichment in the metabolism of cofactors, vitamins, en-
ergy, carbohydrates, nucleotides, membrane transport,
translation, replication, and repair (Figure 3A). Path-
ways assigned for genetic information processing, amino
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Table 1. Fifty core microbes that were common in all the 3 stages of chicken

embryo development (E3, E12, and E19).

Phylum Genus Phylum Genus
[Thermi| Thermus Proteobacteria Phyllobacterium
|Thermi| B-42 Proteobacteria Sphingomonas
|Thermi| Deinococcus Proteobacteria Acinetobacter
Actinobacteria Amycolatopsis Proteobacteria Agrobacterium
Actinobacteria Microbacterium Proteobacteria Methylobacterium
Actinobacteria Corynebacterium Proteobacteria Delftia
Actinobacteria Brevibacterium Proteobacteria Aminobacter
Actinobacteria Micrococcus Proteobacteria Pseudochrobactrum
Actinobacteria Propionibacterium Proteobacteria Achromobacter
Actinobacteria Rubrobacter Proteobacteria Pseudomonas
Actinobacteria Brachybacterium Proteobacteria Rhodoplanes
Actinobacteria Actinomyces Proteobacteria Bosea
Actinobacteria Bifidobacterium Proteobacteria Devosia
Actinobacteria Arthrobacter Proteobacteria Comamonas
Armatimonadetes Fimbriimonas Proteobacteria Shewanella
Bacteroidetes Sediminibacterium Proteobacteria Bdellovibrio
Bacteroidetes Prevotella Proteobacteria Brevundimonas
Bacteroidetes Bacteroides Proteobacteria Enhydrobacter
Firmicutes Lactobacillus Proteobacteria Novosphingobium
Firmicutes Staphylococcus Proteobacteria Nelumbo
Firmicutes Faecalibacterium Proteobacteria Serratia
Firmicutes [Ruminococcus| Proteobacteria Sphingobium
Firmicutes Streptococcus Proteobacteria Kaistobacter
Firmicutes Bacillus

Firmicutes Geobacillus

Fusobacteria Fusobacterium

Proteobacteria Ochrobactrum

The unclassified microbes are removed.

acid metabolism, replication, translation, xenobiotic
biodegradation, and metabolism were significantly
enriched between E12 and E19 of chicken embryo devel-
opment (Figure 3B). The abundance of functional capa-
bilities in the developmental stages of embryo is
presumed to be related to the growth of chicken em-
bryos. The prevalence of xenobiotic degradation was
impressive because this metabolic pathway links to
several gut health benefits, and it involves both aerobic
and anaerobic bacteria. The host’s metabolism changes
to promote excretion of many xenobiotics from the
body and to support growth through production of en-
ergy and nutrients (Fetzner, 2002; Koppel et al., 2017).

Other important functions that we detected in the
chicken embryo belong to categories such as lipid meta-
bolism, signal transduction, metabolism of terpenoids
and polyketides, enzymes families, folding, sorting, and
degradation. Notably, a significant increase in the mem-
brane transport pathway that falls under environmental
information processing metabolism dominated in the
chicken embryo in all stages of development
(Figures 3A, 3B). In addition, pathways related to
cellular processing and signaling were detected in the
chicken embryo. The functions of cellular processing
and signaling pathways help in the activation of macro-
phages and dendpritic cells in the presentation of antigens
to T cells, which are known to fight against endemic dis-
eases (Cella et al., 1997) that lead to embryonic death.
Interestingly, the functional analysis also showed that
the pathway allocated for genetic information processing
increased in functional capabilities as the embryo grew
from one stage to the other but decreased toward hatch-
ing. We also observed microbial functional pathways

that are linked with diseases such as cardiovascular dis-
eases, metabolic diseases, infectious diseases, and im-
mune system diseases.

Embryonic Gut Microbial Composition
Across Different Breeds

The microbial community diversity was also analyzed
in all 3 major breeds that we used for this experiment.
Both alpha and beta indices were examined. Surpris-
ingly, the beta analysis using nonmetric multidimen-
sional scaling—weighted analysis revealed that the
samples clustered at the same location, which denoted
that there were no differences between the microbiota
across different breeds (Figure 4A). Likewise, the
weighted and unweighted UniFrac distance from the
analysis of similarities test showed no significant differ-
ence among the 3 breeds, with P = 0.156, r = 0.0212,
and P = 0.275, r = 0.0106, respectively, affirming the
similarities of the relative taxon abundance in the
chicken embryo from different breeds (Supplementary
Table 7).

Correspondingly, the Chaol richness index, Simpson’s
index, and ACE index revealed no difference among the
groups (Supplementary Table 8). The Shannon index
showed a high level of similarities among the 3 groups
(Y, S, and B) despite the difference in the genetic back-
grounds (Figure 4B). In addition, we studied the compo-
sition and abundance of microbiota in the 3 breeds to
deeply understand the microbial community of each
breed. The results showed similar microbial populations
at different proportions in all the selected breeds. At the
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genus level, Ochrobactrum was the most dominant in
Beijing You, at the proportion of 24.8%, followed by
SPF (Babcock) at 22.9% and Shiqiza at 21.2%. Phyllo-
bacterium was the most dominant in Shiqgiza, whereas
it was almost of the same proportion in Beijing You
and SPF (Babcock) breeds. Amycolatopsis was most
dominant in the SPF (Babcock) breed, followed by Bei-
jing You, whereas the proportion was the lowest in the
Shigiza breed (Figure 4C). According to the general
phylum assignment result, phyla Proteobacteria and
Firmicutes were most dominant in the Shiqiza breed,
at the rate of 69.5 and 6.3%, respectively, whereas phyla
Actinobacteria and Cyanobacteria were seen as most
abundant in the SPF (Babcock) breed, at the rate of
20.9 and 2.8%, respectively. Bacteroidetes were observed
to be dominant in Beijing You, whereas its proportion
was lowest in the SPF (Babcock) breed (Figure 4D).
These findings indicated similar microbial colonization
in the chicken embryo among the 3 breeds.

DISCUSSION

Lots of researchers have emphasized developmental
stages from infancy to adulthood (Contreras et al.,
2012; Ballou et al., 2016; Tanaka and Nakayama,
2017). In mammals, evidence is accumulating that gut
microbiota change with age and stability could only be
feasible in adults (Wall et al., 2009; Yatsunenko et al.,
2012; Abrahamsson et al., 2014; Koleva et al., 2015;
Kashtanova et al., 2016). Pan and Yu (2014) perceived
similar phenomena in chickens, also stating that as
chicken age increases, the gut microbiome becomes
very diverse until it achieves stability, whereas few re-
ports have focused on how the gut microbiota in chicken
embryos developed and changed with time. Our study
bridges this gap by examining the dynamic distribution
of gut microbiota in the chicken embryo from 3 breeds at
different developmental stages.

Our results showed significant changes in the gut
microbiota population of the chicken embryo across
developmental stages. We observed an increase in the
gut microbial population as chicken embryos developed
from E3 to E12. Simultaneously, the increase in the
gut microbial population from E3 to E12 in the chicken
embryo could be associated with different organ and sys-
tem formation, which would have undergone in the
chicken embryo at the early stage (Hamburger and
Hamilton, 1992), which is associated with the endocrine,
immune, excretory system, and genetic information
pathway found in our study. Consistent with our previ-
ous study, we witnessed drastic reduction in the microbi-
al population at E19, whereas some microbes such as
those of the genus Thermogemmatisporaceae, Copro-
coccus, Planomicrobium, Aerococcus, Modestobacter,
and Dactylosporangium were eliminated. This result
supports the observation of Ding et al. (2017), who
showed that substantial decline in the microbial popula-
tion with the advancement in the growth stage is as a
result of the genetic and environmental factors, which
shortens the life span of these microbes, through
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continuous disappearance as chicken embryos attain
hatching. More so, research has proven that on the
19th day of embryonic development, there is increase
in the metabolic rate of the chicken embryo (Vleck and
Vleck, 1987), which may contribute to the low abun-
dance of microbiota species observed at this period. Be-
sides, as organisms attain higher development gradually,
the immune system becomes more complex and aggres-
sive, whereby keeping the microbiota in an extracellular
manner, making it out of reach (Rosenberg and Zilber-
Rosenberg, 2013). Further evidence held the view that
facultative aerobes colonized the chicken gut and later
were interchanged by anaerobes (Awad et al., 2016).
Possibly, the dominated gut microbiota at E3 and E12
are mainly facultative aerobes, which was substituted
at the late phase, and this could probably be one of the
striking reasons why most of the microbes faded away
in the late phase of chicken embryonic development. In
our study, it is noteworthy to mention that the 3rd
and 12th day of chicken embryo development is charac-
terized by a high proportion of gut microbiota. We envis-
aged that this stage in the chicken embryo is essential for
microbiota development as this early colonization may
contribute to the founding and maintenance of
nonpathogenic gut microbiota, which is likely to play a
prominent role in the growth and health of the chicken
embryo, reducing embryonic diseases and death (Wall
et al., 2009). However, future work is highly encouraged
to validate this. The paradigm shift in the abundance of
gut microbiota at different developmental stages in our
study corresponds to the hologenome concept, support-
ing that variability in microbiota should be counted as
a norm.

Across the different phases of development, the func-
tional profiles of the microbiota changed. Meanwhile,
metabolism such as energy, metabolism of vitamins,
and carbohydrate metabolism significantly increased at
E3 and E12 in the chicken embryo. Interestingly, we
found the proportion of the genus Fluviicola, an aerobic
microbe that is associated with using carbohydrates for
growth (O’Sullivan et al., 2005), increased significantly
at E3 and E12, which suggests that Fluviicola could be
involved in the carbohydrate and energy metabolism
pathway, which is significantly abundant at the early
phase of chicken embryo development in our study and
may be an indicator that Fluwviicola helps in the growth
and development of the chicken embryo. Moreover, Pre-
votella, a member of the core microbiota, which belongs
to the phylum Bacteroidetes, has been previously stud-
ied and is known for its cellulolytic activity (Ley, 2016)
and positive contribution to energy metabolism by
increasing the stored glycogen (Kovatcheva-Datchary
et al., 2015). Probably, the metabolic role played by Pre-
votella is related to the availability of glucose and amino
acid, which successively promote growth in chicken em-
bryos. Pseudomonas, another minute member of the
core microbes, are reported to be involved in cellulolytic
pathways mainly useful for breaking down cellulose
(Huang et al., 2012). In addition, various species of
Lactobacillus had been studied for its unique ability to
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induce differential cytokine expression in T cells of
chickens in the regulation and maintenance of homeosta-
sis in the gut (Brisbin et al., 2012; Parker et al., 2018),
which may also be involved in the cellular process
pathway found in our study. Further evidence revealed
the importance of Lactobacillus in longevity of the life
span (Ikeda et al., 2007).

In contrast to our findings, several reports showed
that in human embryos, the vitamin metabolism
pathway is significantly enriched in adult microbiomes
compared with the microbiomes of babies; it was also re-
ported that serum cobalamin decreased in the early stage
of the human embryo, whereas it increased in the latter
stage (Monsen et al., 2003; Yatsunenko et al., 2012). We
found out that the vitamin metabolism pathway at E3,
E12, and E19 was quite similar in its enrichment in the
chicken embryo. Together, the findings suggest that
most of the crucial functions are performed by the core
microbiota regardless of the minute proportion of each.
The richness of genetic information processing (transla-
tion) pathway at this early stage of development sup-
ports previous studies that pointed out that assurance
of early development in an animal is on reliance on trans-
lation and utilization of the stored mRNA for later devel-
opment (Curtis et al., 1995). The abundance of the core
microbes in our study specified that chicken gut health is
highly correlated to the homeostasis of its gut microbial
association (Yao et al., 2018). We supposed that the 3
distinct stages of the chicken embryonic growth and
development might be a major factor for the dominance
of specific genera within the chicken core microbiota.
Ochrobactrum, the most dominant genus in our study,
has been reported to be ubiquitous and has a distinct
ability to persist in the intestines under stressful condi-
tions (Dharne et al., 2008; Dirksen et al., 2016;
Kulkarni et al., 2017). A recent study emphasized the
salient role of Ochrobactrum, revealing its influence on
Caenorhabditis elegans energy metabolism, metabolism
of specific amino acids and fatty acids, and also folate
biosynthesis (Yang et al., 2019). We assumed that the
richness of Ochrobactrum in the chicken embryo is as a
result of its involvement in the active pathways such
as energy metabolism, metabolism of vitamins and
amino acids. Importantly, these functioning pathways
are critical nutritional requirements for the chicken em-
bryo; absence of these pathways might impede growth
and development.

Contrary to expectations, the microbial diversity
among the 3 breeds Beijing You, Shigiza, and SPF (Bab-
cock) used in this study was similar, although the pro-
portion of some gut microbiota changed over time. Our
most promising finding is the diverse gut microbiota
harbored in SPF (Babcock) eggs, which are similar to
those found in conventional eggs. Specifically, we found
out that Proteobacteria, Bacteroidetes, Firmicutes, and
Actinobacteria dominated the chicken embryo, which is
in accordance with previous studies (Ding et al., 2017;
Grond et al.,2018). Rosenberg and Zilber-Rosenberge
(2013) noted that this core microbiota could be supple-
mented with microorganisms from the environment
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throughout their life span. A study has justified that
nearly all avian embryos are influenced by external envi-
ronmental conditions and regulated by incubation con-
ditions (Reed and Clark, 2011). Notably, the eggs from
the 3 chicken breeds (Beijing you, Shiqiza, and SPF
[Babcock]) have different genetic backgrounds but
have similar microbial colonization. Regardless of the
host genetics and environmental variations, most of
the gut microbes harbored in the chick embryo are
core microbes, although in different proportions.

In conclusion, our results noted time as a strong
shaping factor in gut microbiota composition, and in
general, similar intestinal microbiota were noticed
among the 3 breeds with a significant change in the
gut microbiota population as they developed with
time. Our findings indicate the growing trend of microbi-
al diversity in the chicken embryo’s development and
also establish a background for understanding the distri-
bution of gut microbiota in the chicken embryo, across
different developmental stages.
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