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Abstract

Background: Rabbit can produce meat, fur and leather, and serves as an important biomedical animal model.
Understanding the microbial community of rabbits helps to raise rabbits healthily and better support their application
as animal models.

Results: In this study, we selected 4 healthy Belgium gray rabbits to collect the microbial samples from 12 body sites,
including skin, lung, uterus, mouth, stomach, duodenum, ileum, jejunum, colon, cecum, cecal appendix and rectum.
The microbiota across rabbit whole body was investigated via 16S rRNA gene amplicon sequencing. After quality
control, 46 samples were retained, and 3,148 qualified ASVs were obtained, representing 23 phyla and 264 genera.
Based on the weighted UniFrac distances, these samples were divided into the large intestine (Lin), stomach and small
intestine (SSin), uterus (Uter), and skin, mouth and lung (SML) groups. The diversity of Lin microbiota was the highest,
followed by those of the SSin, Uter and SML groups. In the whole body, Firmicutes (62.37%), Proteobacteria (13.44%)
and Bacteroidota (11.84%) were the most predominant phyla. The relative abundance of Firmicutes in the intestinal
tract was significantly higher than that in the non-intestinal site, while Proteobacteria was significantly higher in the
non-intestinal site. Among the 264 genera, 35 were the core microbiota distributed in all body sites. Sixty-one genera
were specific in the SML group, while 13, 8 and 1 were specifically found in the Lin, SSin and Uter groups, respec-
tively. The Lin group had the most difference with other groups, there were average 72 differential genera between
the Lin and other groups. The functional prediction analysis showed that microbial function within each group was
similar, but there was a big difference between the intestinal tracts and the non-intestinal group. Notably, the func-
tion of microorganism in uterus and mouth were the most different from those in the gastrointestinal sites; rabbit’s
coprophagy of consuming soft feces possibly resulted in little differences of microbial function between stomach and
large intestinal sites.

Conclusion: Our findings improve the knowledge about rabbit microbial communities throughout whole body and
give insights into the relationship of microbial communities among different body sites in health rabbits.
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Introduction

Rabbits are small mammals belonging to the family of

Leporidae of the order Lagomorpha, have a nearly world-

wide distribution [1]. The domestic rabbit is one of the
*Cormespondence: liyong29126163.com most recently domesticated species, which can pro-
College of Animal Science and Technology, Jiangxi Agricultural University, duce meat and/or fur as human food and the material of
Nanchang 330045, Jiangxi, China high-grade textiles or can be bred and raised as pets [2,
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3]. Also, rabbits are commonly used animal models for
human biomedical diseases due to their characteristics:
docile, non-aggressive, easy to handle, high reproductive
[4]. Additionally, rabbits have been used as bioreactors
for the production of pharmaceutical proteins such as
polyclonal antibodies [5]. As an important animal closely
related to human, the rabbit can not only provide human
a variety of animal products, but also serves as a useful
laboratory animal. The studies on rabbit genome and its
second genome (the genome of microbes living on and
in rabbit body) are helpful to apply rabbits as biomedical
animal models and to reveal the molecular mechanism
of genes related to rabbit diseases or economic traits.
Therefore, it is necessary for us to understand rabbit host
genome and its second genome.

With the rapid development of sequencing technolo-
gies, a mass of omics data on rabbit genome, transcrip-
tome and microbiome have been generated and analyzed.
Several remarkable progresses on the rabbit omics were
worth mentioning. In 2005, a rabbit reference genome
was first released from the NCBI genome database; and
then recently in 2019 and 2020, another two high-quality
reference genomes of rabbit were released (https://www.
ncbi.nlm.nih.gov/genome/browse#!/eukaryotes/316/). In
2014, whole-genome sequencing of wild and domestic
rabbits was performed to understand the genetic changes
during rabbit domestication [6]. In 2015, transcriptome
variations in peripheral blood mononuclear cells after
in vitro stimulation by LPS or PMA-Ionomycin were
investigated in the rabbit [7]. In 2016, hyperlipidemia-
associated gene variations and expression patterns were
revealed by whole-genome and transcriptome sequenc-
ing of three rabbit models [8]. In 2017, a transcriptome
atlas of rabbit was revealed by PacBio single-molecule
long-read sequencing, which provided a comprehen-
sive set of reference transcripts and contributed to the
improved annotation of rabbit genome [9]. And recently
in 2019, liver transcriptome changes of Hyla rabbit in
response to chronic heat stress were reported [10].

For rabbit microbiome, several works have been con-
ducted by amplicon-based surveys of gut microbial
communities in rabbits. Early in 2008, the bacterial com-
munity within the rabbit cecum was investigated [11].
In 2012, the cecal bacterial community of the rabbit was
again studied using high throughput 16S rRNA gene
V3-V4 amplicon sequencing [12]. In 2015, the gut micro-
biota of both hard and soft feces from Rex rabbits with
high and low body weight were characterized using the
[lumina MiSeq platform targeting the V4 region of the
16S rDNA [13]. In 2017, the impact of feed restriction
and housing hygiene conditions on the cecal bacterial
community of young rabbits was studied [14]. In 2018,
rabbit microbiota changes throughout the intestinal
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tract were investigated, mainly including the microbiota
of cecum and feces [15]. And in the same year, microbi-
ome of total versus live bacteria in the gut of Rex rabbits
was revealed [16]. In 2019, dynamic distribution of gall-
bladder microbiota in rabbit at different ages and health
states were investigated [17]. In 2020, the dynamic distri-
bution of gut microbiota in commercial Ira rabbits from
weaning to finishing was investigated [18] and the rela-
tionship between the microbiota and average daily gain
was uncovered via 16S rRNA gene sequencing [19]. More
recently, bacterial microbiota composition along the
gastrointestinal tract in New White Zealand rabbits was
comprehensively characterized using next generation 16S
rRNA gene sequencing [20].

However, previous rabbit microbial studies mostly
focused on gut microbiota, especially the microbiota
of cecum or feces. The microbiota in and around rabbit
body, containing rabbit second genome, have not been
all-round investigated. Here, we collected microbial sam-
ples from 12 body sites (skin, lung, uterus, mouth, stom-
ach, duodenum, ileum, jejunum, colon, cecum, cecal
appendix, rectum) of 4 healthy female adult Belgium
gray rabbits. PCR and sequencing of V3-V4 region of 16S
rRNA gene were carried out. The comparison of micro-
bial communities and predicted microbial functions
among rabbit whole body sites were performed. These
data and results lay a foundation for the basic research
of rabbit microbiome and further help to raise rabbits
healthily and better support the application of rabbits as
animal models.

Materials and methods

Experimental animals

The experimental animals were healthy female adult Bel-
gium gray rabbits (n=4) of 12 weeks old, raised at a rab-
bit farm in Nanchang (28°50'34”N, 115°48’46”E), Jiangxi
province, China. Rabbits were weaned at one month of
age. These rabbits were under the same feeding proce-
dures and management conditions. The rabbits were
reared in single cages (dimensions: 40cm width x 60cm
length x (45cm front height, 30cm back height)) of
12-cage with natural environmental conditions: the tem-
perature and relative humidity ranged between 22-30 °C
and 65-80%, respectively; the natural ventilation ranged
between about 0.1-0.4 m® s™! and the natural photoper-
iod was about 14 h light per day at 30-100 Ix. The rab-
bits were fed twice daily with regular adult rabbit pellets,
which mainly contains the following ingredients: ground
corn, alfalfa hay, barley malt root, soybean meal, calcium
hydrogen phosphate, calcium carbonate, salt, multiple
microelements, vitamins and amino acids, with 8.0%
minimum crude fiber, 18.0% maximum crude fiber, 13.0%
maximum crude ash, 16.0% minimum crude protein,
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0.5% minimum calcium, 1.6% maximum calcium, 0.4%
minimum phosphorus, 0.35% minimum methionine, and
14.0% maximum water (Table S1). Before slaughter, all
rabbits were fasted for 24 h with free access to water.

Sample collection
Rabbits were sacrificed by the method of cervical dislo-
cation. The carotid artery and jugular vein were imme-
diately cut off to allow complete bleeding. Then, the
microbial samples from 12 body sites were collected for
each rabbit, including skin, uterus, mouth, lung, stomach,
duodenum, ileum, jejunum, colon, cecum, cecal appendix
and rectum (Fig. 1A).

The microbial samples from skin and mouth were col-
lected using sterile swabs (Winner Medical, China).
Before sample collection, the swabs were wetted with
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sterile PBS buffer (137 mM sodium chloride, 2.7 mM
potassium chloride, 10 mM phosphate and 2 mM potas-
sium phosphate). When collecting the samples from skin
surface, the rabbit hair was pushed aside and the skin of
the abdomen and on the back of the rabbit was wiped
repeatedly with the wet swab; while collecting the mouth
samples, the rabbit mouth was kept open and the mouth
mucosa was wiped using the wet swab. The stem of the
sampling swab was cut off, its head with the collected
samples was placed into an antifreeze tube (LABSELECT,
China), and then transferred and stored at -80°C. The
microbial samples of uterus and lung were collected by
flushing sterile PBS buffer. We flushed 1-2 ml PBS buffer
into the uterus or lungs with a sterile syringe, and then
gently kneaded it repeatedly for 2 minutes. The lavage
fluid from uterus or lungs was collected into 15-ml sterile

Stomach

Skin Jejunum

Duodenum

Colon

phouth and lung

Axis 2 (32.29%)

W Uterus

M lleum

W Jejunum

B Duodenum

M Stomach

| Cecum

m Cecal appendix
Rectum

I Colon

M Lung

| Skin
Mouth

Uterus

Axis 1 (38.94%)

Fig. 1 Sampling sites of microbial flora in rabbits (A) and the PCoA plot for microbiota across rabbit whole body based on the weighted UniFrac
distances (B). These 46 samples roughly clustered into four groups: 1) the large intestine (Lin) group, 2) the stomach and small intestine (SSin) group,

3) the uterus (Uter) group and 4) the skin, mouth and lung (SML) group
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centrifuge tubes (LABSELECT, China), and refrigerated
at +4°C. For each sample, 5-10 ml of lavage fluid was col-
lected, and the pellet of lavage fluid was centrifuged at
4000 g for 30 min, 4°C and transferred into a 2 ml ster-
ile centrifuge tube (LABSELECT, China). Then, the pellet
was stored at -80°C until DNA extraction. Three sterile
PBS buffer samples served as the negative controls. For
the samples of stomach, small intestinal sites and large
intestinal sites, we collected them by the same method.
We first found the corresponding body sites and took a
careful screening, then cut a 1-1.5 cm hole at these body
sites, and collected their contents with sterilized spoons
and placed them into sterile Eppendorf tubes (LABSE-
LECT, China) marked by the body-site name. We used a
new sterilized spoon at each gastrointestinal site per rab-
bit. The contents of stomach, duodenum, ileum, jejunum,
colon, cecum, cecal appendix and rectum were stored at
-80°C until use.

DNA extraction, PCR amplification and sequencing
Microbial community genomic DNA was extracted from
all 48 samples using the E.Z.N.A.® soil DNA Kit (Omega
Bio-tek, Norcross, GA, U.S.) according to manufacturer’s
instructions. The DNA extract was checked on 1% aga-
rose gel, and DNA concentration and purity were deter-
mined with NanoDrop 2000 UV-vis spectrophotometer
(Thermo Scientific, Wilmington, USA). The hypervari-
able region V3-V4 of the bacterial 16S rRNA gene were
amplified with primer pairs 338F (5-ACTCCTACGGGA
GGCAGCAG-3) and 806R (5-GGACTACHVGGG
TWTCT AAT-3) (Sangon, China) by an ABI GeneAmp®
9700 PCR thermocycler (ABI, CA, USA).

The PCR amplification of 16S rRNA gene was per-
formed as follows: initial denaturation at 95 °C for 3 min,
followed by 29 cycles of denaturing at 95 °C for 30 sec,
annealing at 55 °C for 30 sec and extension at 72 °C for 45
sec, and single extension at 72 °C for 10 min, and end at
4 °C. The PCR mixtures contain 5 x TransStart FastPfu
buffer 4 puL, 2.5 mM dNTPs 2 pL, forward primer (5 pM)
0.8 pL, reverse primer (5 uM) 0.8 pL, TransStart FastPfu
DNA Polymerase 0.4 uL, template DNA 10 ng, and finally
ddH,O up to 20 pL. PCR reactions were performed in
triplicate. The PCR product was extracted from 2% aga-
rose gel and purified using the AxyPrep DNA Gel Extrac-
tion Kit (Axygen Biosciences, Union City, CA, USA)
according to manufacturer’s instructions and quantified
using Quantus”" Fluorometer (Promega, USA).

Purified amplicons were pooled in equimolar and
paired-end sequenced (2 x 300) on an Illumina MiSeq
platform (Illumina, San Diego, USA) according to the
standard protocols by Majorbio Bio-Pharm Technology
Co. Ltd. (Shanghai, China).
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Three negative controls were extracted same as the
above 48 samples following the same PCR and paired-
end sequencing procedures.

Bioinformatics analysis of sequencing data

The raw fastq files were filtered, denoised and merged
and chimeric sequences were removed from ampli-
con sequence variants (ASVs) using the dada2 pack-
age [21] implemented in Qiime2-2019.07 [22]. Based
on the sequence quality plots (Figure S1), forward and
reverse reads were trimmed to 281 and 206 bp, respec-
tively. The primer sequences were removed from all
reads. The detailed command line was as follows:
“giime dada2 denoise-paired --i-demultiplexed-seqs
paired-end-demux.qza --p-trim-left-f 20 --p-trim-left-
r 20 --p-trunc-len-f 281 --p-trunc-len-r 206 --o-table
table.qza  --o-representative-sequences  rep-seqs.qza
--o-denoising-stats denoising-stats. qza”. After the filtra-
tion step, 40.9-92.5% (mean 70.8%) of the reads were left
for further analysis (Table S2). Then the representative
sequences and their numbers were identified and sum-
marized using the feature-table function implemented
in Qiime2-2019.07 [22]. The total number of representa-
tive sequences for the individual taxa was converted to a
percentage, assuming the sum of all taxa in the individual
samples to be 100%. Richness indices were calculated
using the diversity function implemented in Qiime2-
2019.07 [22].

The taxonomy of each 16S rRNA gene representative
sequence was assigned by the SINA aligner and classifi-
cation system [23], against the SILVA SSU database 138.1
[24]. Functional capacity of microbial community and
function categorization based on the Kyoto encyclopedia
of genes and genomes (KEGG) pathways was predicted
using PICRUSt2 [25].

Statistical analysis

Pairwise PERMANOVA analyses were performed to
verify sample clustering in the PCoA using adonis.pair()
implemented in the R package of EcolUtils [26]; the P
values were adjusted by the method of Benjamini-Hoch-
berg FDR. The difference significance of alpha diversity
between pair-wise groups was tested by the Kruskal-
Wallis test implemented in Qiime2-2019.07 [22]; the
P values were corrected by the method of Benjamini-
Hochberg FDR. For difference analyses of microbial
abundance among the Lin, SSin, Uter and SML groups,
the abundance data were first transformed into the rlog
values using DESeq2 [27], then the ANOVA test with
bonferroni correction was conducted using the statisti-
cal functions implemented in R. Comparisons of micro-
bial abundances between pairwise different groups at the
phylum and genus levels and comparisons of predicted
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abundances of KEGG orthologies or KEGG pathways
between pairwise different body sites were performed
using STAMP software [28]. For multiple test correc-
tion, Welch’s t test P-values were adjusted by the Ben-
jamini-Hochberg FDR method. The 0.05 cutoff and the
0.01 cutoff were used as the significant threshold and the
extremely significant threshold, respectively.

For the clustering of microbial communities at the gen-
era level across rabbit whole body, the dendrograms of
both the samples and features were generated using the
“Heatmap plot” function implemented in STAMP soft-
ware [28] with the parameters: clustering methods of
“average neighbor (UPGMA)” and dendrogram cluster-
ing threshold of 0.75. While for difference of predicted
functional capacities of microbiome among rabbit differ-
ent body sites, the dendrograms were generated using the
function Heatmap() of the R package “ComplexHeatmap”
[29] with the default clustering parameters.

Results

Evaluation of the sequencing data quality

A summary of the sequencing data quality obtained
in the present study is shown in Table S2. A total of
2,700,017 raw sequences were obtained, of which 2,663
(0.099%) were from negative controls. After the prelimi-
nary quality filtering, 2,403,784 sequences remained.
Then, denoised quality filtering was conducted and
2,256,840 sequences were yielded, of which 2,041,066
sequences were the merged forward-reverse reads. Next,
chimera removal was performed, 1,813,527 sequences
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remained. Finally, the relative number of passed reads
after all the above steps was in the range of 40.9-92.5%.
As a result, the sequence number of 46 samples were
more than 20,000; two samples collected in rabbit uterus
and all three negative controls contained less than 2,650
sequences. These two samples and three negative con-
trols were excluded for the next analyses except where
noted. Rarefaction curves were generated for all 46 sam-
ples. The graphs of observed ASVs and Shannon’s indexes
showed each individual rarefaction curve reached a pla-
teau (Fig. S2), indicating that the sequencing depth was
close to saturation.

ASV:s identification and filtering

Based on the above qualified 1,813,527 sequences, we
detected a total of 8,070 ASVs. These ASVs were classi-
fied into microbial taxa, and a total of 38 phyla and 494
genera were identified. After removing the ASVs with an
average relative abundance of less than 0.025% and the
ASVs only detected in one sample, we obtained 3,148
qualified ASVs, which occupied 93.8% of the total clean
reads. In the next analyses of group comparison among
the microbiome of different body sites, we used these
3,148 qualified ASVs. The summary of sequencing data
and microbial structure identified in 12 rabbit body sites
was shown in Table 1.

Microbial diversity at rabbit different body sites
We performed a principal coordinate analysis using the
weighted UniFrac distances for these 46 samples at 12

Table 1 Summary of microbial communities across multiple Rabbit body sites at different phylogenetic level

Group Body site Phyla number Class number Order number Family number Genus number ASV number
Lin 15 21 38 62 130 2187
Rectum 15 21 37 59 118 1721
Cecum 15 20 36 57 116 1662
Cecal appendix 15 21 37 59 122 1818
Colon 15 21 37 57 115 1699
SSin 18 24 61 101 170 2049
Jejunum 16 20 46 62 83 886
lleum 16 22 49 78 133 1417
Duodenum 15 19 42 58 69 810
Stomach 14 20 47 76 119 893
SML 22 31 62 114 191 804
Skin 19 24 53 89 154 490
Mouth 10 16 30 47 64 165
Lung 19 27 51 81 119 396
Uter 16 20 45 70 93 332
Uterus 16 20 45 70 93 332
In total 23 37 74 140 264 3148

Note: 1, the number indicates the total number of micbrobial communities in each body site or each group
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different rabbit body sites. We found that these samples
roughly clustered into four groups (Fig. 1B): 1) the large
intestine (Lin) group, 2) the stomach and small intes-
tine (SSin) group, 3) the uterus (Uter) group, and 4) the
skin, mouth and lung (SML) group. The pairwise PER-
MANOVA analysis among these four groups verified
the rationality of the clustering (Table S3). The Lin group
included the microbial samples from colon, cecum, cecal
appendix and rectum, which gathered closely; the SSin
group contained the samples collected from stomach and
small intestine (duodenum, ileum and jejunum), which
was a loosely gathered group; the SML group consisted
of the samples from mouth, lung and skin, which were
separated from the above two groups of gastrointestinal
tract at PCoA; the Uter group only contained the samples
collected at the uterus, which formed a separate group
keeping apart from the other three groups in the top left
region of the PCoA plot. We merged Lin and SSin groups
into the intestinal group, SML and Uter groups into the
non-intestinal group. There were extremely significant
difference between the intestinal and non-intestinal
groups (Table S4).

We compared the alpha-diversity of microbiota sam-
pled from 12 rabbit body sites using the richness indi-
ces of observed species (Fig. 2A), the diversity index of
Shannon (Fig. 2B), and pielou’s evenness index (Fig. S3).
Among these 12 body sites, the diversity of microor-
ganisms in cecal appendix was the highest, and those in
mouth and lung were the smallest. If these samples were
divided into 4 groups according to the PCoA clustering,
the microbial diversity of the large intestine (Lin) was
significantly higher than those of other three groups (P
= 2.50 x 107, 2.95 x 102 and 2.50 x 10 when com-
pared to groups SSin, Uter and SML, respectively, for
observed ASVs; P = 2.50 x 10, 3.69 x 107 and 2.50 x
107 for Shannon’s index), and the one of small intestine
and stomach (SSin) was significantly higher than those of
uterus (Uter, P = 2.95 x 107 for observed ASVs and 4.21
x 10 for Shannon’s index) and skin, lung and mouth
(SML, P = 4.80 x 107 for observed ASVs and P = 1.59
x 10™* for Shannon’s index). If we divided the samples
into the intestinal group (including Lin and SSin groups)
and the non-intestinal group (including SML and Uter
groups) (Fig. S4), the microbial diversity of the intestinal-
group was significantly higher than that of the non-intes-
tinal group (P = 1.39 x 107 for observed ASVs and 9.27
x 107 for Shannon’s index).

Microbial community composition

Using the 3,148 qualified ASVs, a total of 23 phyla har-
boring 264 genera were detected. There were twelve
phyla with a relative abundance of more than 0.1%,
including Firmicutes, Proteobacteria, Bacteroidota,
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Campylobacterota, Actinobacteriota, Tenericutes, Aci-
dobacteriota, Cyanobacteria, Verrucomicrobiota, Desul-
fobacterota, Patescibacteria and Synergistota. The total
relative abundance of other phyla was less than 0.3%.
Among these twelve phyla with higher relative abun-
dance, Firmicutes (62.4%), Proteobacteria (13.4%), Bac-
teroidota (11.8%) and Campylobacterota (5.1%) were the
most predominant (Fig. 3A), and eight phyla of Firmi-
cutes (P = 6.42 x 1073, ANOVA test for the rlog-trans-
formed abundance values with bonferroni correction),
Proteobacteria (P = 2.29 x 10°°), Tenericutes (P = 4.99
x 10%), Acidobacteriota (P = 1.77 x 10°%), Cyanobacte-
ria (P = 5.82 x 10°%), Verrucomicrobia (P = 2.44 x 10™),
Desulfobacterota (P = 1.11 x 10?), and Patescibacteria
(P = 2.90 x 10) showed significant differences among
the Lin, SSin, SML and Uter groups (Fig. 3B).

We compared the microbial community composition
between different pairwise groups at the phylum level.
Interestingly, we observed that both the most abundant
phyla (Firmicutes and Proteobacteria) showed significant
differences between the intestinal group containing the
Lin and SSin groups and the non-intestinal group involv-
ing the SML and Uter groups (Fig. 3C). The relative abun-
dance of Firmicutes in the SSin (84.2%) and Lin (78.6%)
groups was far higher than that in the SML (17.9%) and
Uter (24.9%) groups. On the contrary, the relative abun-
dance of Proteobacteria in the SSin (4.9%) and Lin (1.0%)
groups was much lower than that in the SML (36.3%) and
Uter (43.6%) groups. In addition, two other phyla Acido-
bacteriota and Cyanobacteria with low abundance were
also significantly different between the intestinal and
non-intestinal groups (Fig. 3C).

When the SSin group was compared with the Lin
group, there was no difference in two phyla of Firmicutes
and Proteobacteria, which had high abundance, and also
no difference in 12 low-abundance phyla, but there were
significant differences in the phyla Bacteroidota, which
had high abundance, and seven phyla with medium
abundance including Actinobacteriota, Tenericutes,
Acidobacteriota, Verrucomicrobiota, Desulfobacterota,
Patescibacteria and Crenarchaeota (Fig. S5A). When
the SSin group was compared with the SML group,
the two phyla of Firmicutes and Proteobacteria with
high abundance and another phylum Acidobacteriota
with medium abundance existed significant differences
(Fig. S5B). These three phyla also showed significant dif-
ferences in the comparison between the SSin and Uter
groups (Fig. S5C) and the comparison between the Lin
and SML groups (Fig. S5D). Besides, two low-abundance
phyla Crenarchaeota and Chloroflexi existed differences
between the SSin and Uter groups, while two low-abun-
dance phyla Desulfobacterota and Verruco-microbiota
existed differences between the Lin and SML groups.
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Fig. 2 Differences in bacterial community diversity of observed ASVs (A) and Shannon's diversity (B) among 12 rabbit body sites. The difference
significance of alpha diversity between pair-wise groups was tested by the Kruskal-Wallis test implemented in Qiime2-2019.07. The P values were
corrected by the method of Benjamini-Hochberg FDR

When the Lin group was compared with the Uter group,
there was significant difference in the highest abundance
phylum Firmicutes. Besides, the two phyla Verrucomicro-
bia and Patesci-bacteria existed significant differences
(Fig. S5E). When the SML group was compared with the
Uter group, only one low-abundance phylum Crenar-
chaeota was significantly different (Fig. S5F).

We further examined the microbial communities at
the genus level. A total of 198 classified genera and 66
unclassified genera were detected in these 46 samples
from 12 body sites. The relative abundance of 198 clas-
sified genera was 47.6%, while the one of 66 unclassified

genera was 52.4%. There were 24 genera with relative
abundance more than 1.0%. Among them, the unclassi-
fied genera annotated to the order Clostridiales (belong-
ing to the Phyla Firmicutes) was the richest, accounting
for 29.0% and containing 733 ASVs; the second and third
highest genera was the unclassified genera belonging to
the family Eubacteriaceae (Firmicutes) with a relative
abundance of 4.6% and NK4A214 group (Firmicutes)
with a relative abundance of 4.1%. In the Lin group,
four genera of NK4A214 group (Firmicutes), Rumino-
coccus (Firmicutes), two unclassified genera belonging
to the order Clostridiales (Firmicutes) and the family
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Muribaculaceae (Bacteroidota) were the predominant
genera with relative abundance more than 5.0%; in the
SSin group, the genus of Faecalibaculum and two unclas-
sified genera belonging to the order Clostridiales and
the family Eubacteriaceae, which were all belonging to
the phyla Firmicutes, were the predominant genera with
relative abundance more than 5.0%; in the Uter group,
six genera of Stenotrophomonas (Proteobacteria), Ral-
stonia (Proteobacteria), Acineto-bacter (Proteobacteria),
Bacteroides (Bacteroidota), and the unclassified genera
belonging to the orders Clostridiales (Firmicutes) and
Bacteroidales (Bacteroidota), were the predominant gen-
era with relative abundance more than 5.0%; in the SML
group, seven genera of Actinobacillus (Proteobacteria),

Bordetella (Proteobacteria), Helicobacter (Campylobac-
terota), Aliarcobacter (Campylobacterota), Bacteroi-
dota (Filobacterium), Bergeyella (Bacteroidota) and the
unclassified genus belonging to the family Pasteurel-
laceae (Proteobacteria), were the predominant genera
with relative abundance more than 5.0%.

We also compared the microbial community compo-
sition between different pairwise groups at the genus
level (Table S5). We found that the number of different
genera of the Lin group were the most, when compared
to other three groups (SSin, SML and Uter groups).
There were 82, 70 and 64 different genera in the com-
parison of the Lin group with the SML, SSin and Uter
groups, respectively. While a few of different genera
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were observed in pairwise comparisons among the SML,
SSin and Uter groups. There were only 5 different gen-
era between the SSin and SML groups, 8 between the
SSin and Uter groups, and 5 between the SML and Uter
groups. Further, we found that the relative abundances
of 46 genera were higher in the Lin group than those in
the other groups (Table S5). The relative abundances of
Bacteroides (Bacteroidota), Acidovorax (Proteobacteria)
and an unclassified genus belonging to the order Bac-
teroidales (Bacteroidota) in the Uter group was higher
than those in other groups. Faecalibaculum (Firmicutes),
and three unclassified genera belonging to the fam-
ily Eubacteriaceae (Firmicutes), the orders Clostridiales
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(Firmicutes) and Acidimicrobiales (Acidobacteriota),
respectively, had higher relative abundance in the SSin
group than in other groups.

Using the top 50 genera with the highest relative
abundance, we built a hierarchical clustering heatmap
for the 46 samples (Fig. 4). Generally, these microbial
samples were also clustered into four groups, includ-
ing the SSin, Lin, SML and Uter groups. The clustering
results were consistent to those generated from their
OUTs, except one sample from the skin of individual
No. 5. This sample was gathered into the large intestine
group, indicating that this sample from skin might be
contaminated by feces.

abundance (%)

_.=l-._—‘.—E._'—|-.I-.-.__ i S :E;l—‘_!_l?ﬁ 0%7
| |

Lin SSin Uter SML

Acidovorax o

[ HENENNNENEEOEEEN Unclassified Clostridiales
QOOOOOOOOOOU QICC N U T E2S00VNS000SS SN
ommmmommooma?ﬁ?gjogagcEECE§§§C‘:§‘—°CE§86‘ SccP2P0 500
0232053885352 058 2535235 CCEE3REEQ O000ScSESSe
Scwcc 8wl =FESaa2a Q@IE550055633356663533335
23033600300 3350300 ~ TP 00T ECRBBECT S aS wag a]

PO WO BT B Hiho ol QW ~325553222 73 573

B Bo o o3ooan333 O w w

2 2a 2 o IN IR

> XX x

IN ow o

Fig. 4 Heatmap and clustering of microbial communities at the genera level across rabbit whole body. The used bacteria contain 54 top
abundance genera. This clustering results are generally consistent to the PCoA clustering using all ASVs. The samples were clustered into four
groups: large intestinal (Lin), stomach and small intestinal (SSin), uterus (Uter), and skin, mouth and lung (SML) groups. A skin microbial sample was
clustered into the large intestinal groups possibly due to fecal contamination of the individual's skin
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Core and unique microbiome

Among the 3,148 ASVs, we found only 40 ASVs were
shared by all the four groups of Lin, SSin, SML and Uter
(Fig. 5A). These 40 ASVs were defined as core microbi-
ome of rabbit bodies and were annotated to 4 phyla and
21 genera. Interestingly, the Lin and SSin groups shared
the greatest number of ASVs (1,323), far more than the
sharing number of ASVs in comparison of other pair-
wise groups (Lin vs SML: 412; SSin vs SML: 509; SSin
vs Uter: 277; SML vs Uter: 150); while the Lin and Uter
groups shared the lowest number of ASVs (82), far less
than the sharing number of ASVs in comparison of other
pair-wise groups. We defined the ASVs only detected in
one specific group as its unique microbiome. There were
787 unique ASVs (annotated to 11 phyla 73 genera) in
the Lin group, 427 (12 phyla 35 genera) in the Sin group,

A core and unique ASVs
SML

Lin 191 Uter

787 8

40

B core and unique genera
SML

Lin 61 Uter

13 1

35

Fig. 5 Venn graphs of core and unique ASVs (A) and genera (B)

among the Lin, SSin, SML and Uter groups
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191 (16 phyla 90 genera) in the SML group and only 8 (7
phyla 8 genera) in the Uter group. When we performed
the same analysis at the genus level, we found that 35
genera (annotated to 6 phyla) were shared among the
four groups (Fig. 5B), which were the core microbiome in
the whole body of rabbit. Only one genus was endemic in
the Uter group, 8 in the SSin group, 13 in the Lin group,
and the greatest number of unique genera in the SML
group, the genera number was 61. Among these 61 gen-
era, 27 genera were only found in skin, 4 were specific in
oral cavity and 4 were only detected in lung.

In summary, there were few sharing microbes among
all the rabbit different bodies. The SML group, espe-
cially the skin, contains the greatest number of unique
microbes.

Functional prediction and their differences

among different groups

To compare the potential functional capacities of micro-
biome among rabbit different body sites, functional pro-
files of microbiome were predicted based on 16S rRNA
gene sequencing data.

We detected 273 KEGG pathways showing signifi-
cant difference with FDR adjusted P < 0.05 between the
intestinal and non-intestinal groups (Table S6). 169 out
of 273 KEGG pathways were higher in the non-intesti-
nal groups, among which Superpathway of pyrimidine
deoxyribonucleotides de novo biosynthesis (PWY-7211),
fatty acid elongation -- saturated (FASYN-ELONG-
PWY), Superpathway of tetrahy- drofolate biosynthesis
and salvage (FOLSYN-PWY), Pyrimidine deoxyribonu-
cleo- tides de novo biosynthesis I (PWY-7184), Inosine-
5’-phosphate biosynthesis III (PWY-7234), superpathway
of guanosine nucleotides de novo biosynthesis I (PWY-
7228), polyisoprenoid biosynthesis (E. coli, POLYISO-
PRENSYN-PWY), anhydromuro- peptides recycling
(PWY0-1261), pyrimidine deoxyribonucleotide phos-
phorylation (PWY-7197), superpathway of tetrahydro-
folate biosynthesis (PWY-6612) were the top 10 pathways
with the most significant P values. While 104 KEGG
pathways were higher in the intestinal groups, among
which cob(Il)yrinate a,c-diamide biosynthesis I (early
cobalt insertion, PWY-7377), tRNA charging (TRNA-
CHARGING-PWY), purine ribonucleosides degradation
(PWY0-1296), superpathway of aromatic amino acid bio-
synthesis (COMPLETE-ARO-PWY), pentose phosphate
pathway (non-oxidative branch, NONOXIPENT-PWY),
chorismate biosynthesis I (ARO-PWY), superpathway of
pyrimidine deoxyribonucleosides degradation (PWYO-
1298), glycolysis III (from glucose, ANAGLYCOLYSIS-
PWY), superpathway of purine deoxyribonucleosides
degradation (PWY0-1297), chorismate biosynthesis from
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3-dehydroquinate (PWY-6163) were the top 10 pathways
with the most significant P values.

Moreover, we compared the potential functional capac-
ities of microbiome between the sample groups from
different body sites (Fig. 6 and Table S7). We found that
there was almost no difference in the comparison of the
potential microbial functional capacities of the samples
at each body sites within each Lin, SSin and SML group.
For examples, within the Lin group, the potential micro-
bial functional capacities of ceacal appendix, ceacum,
rectum and colon had no difference when compared
to each other; within the SSin group, those of stomach,
duodenum, jejunum and ileum had no difference when
compared to each other. However, there were many sig-
nificant differences in the microbial functional capaci-
ties when compared the samples among the Lin, SSin,
SML and Uter groups (Fig. 6A and B). The difference
number of KEGG Orthologies (KOs) between gastro-
intestinal tract (including stomach, small intestinal and
large intestinal sites) and uterus (1240.3 & 113.1) was the
largest, followed by the difference KO number between
gastrointestinal tract and mouth (933.6 £ 89.9) and that
between gastrointestinal tract and lung (526.9 + 41.7).
For the predicted KEGG pathways, the difference num-
ber between gastrointestinal tract and mouth (192.9 +
6.5) was the largest, followed by those between gastroin-
testinal tract and uterus (174.4 + 7.7) and between gas-
trointestinal tract and lung (84.4 £ 9.3). Notably, there
were almost no difference between ileum (belonging to
the SSin group) and large intestinal sites, possibly due to
ileum is the nearest site to the large intestine. And there
were little differences of KOs and no differences of KEGG
pathways between stomach and large intestinal sites, pos-
sibly due to rabbit coprophagy, the behaviour of consum-
ing soft feces.

The difference of predicted microbial functions
between uterus and mouth was small and both clustered
together, while the differences between lung and skin,
between duodenum and jejunum, and between stom-
ach and ileum were small, too. However, the function of
microorganism in uterus and mouth were much different
from those in the gastrointestinal sites. We further exam-
ined the differences comparing the microbial function
in uterus to those in the SSin and Lin groups, including
stomach, three small intestinal and four large intestinal
sites. A total of 1,757 KEGG orthologies and 207 KEGG
pathways showed significant difference between the
uterus and the large intestines, while comparing the
uterus to the SSin group, a total of 1,183 KEGG ortholo-
gies and 180 KEGG pathways with significant difference
were found. We further observed 947 common differen-
tial microbial KOs and 157 common differential KEGG
pathways when comparing uterus to the four large
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intestinal sites (Fig. 6C and D), and 901 common micro-
bial KOs and 152 common differential KEGG pathways
between uterus and the four SSin sites (Fig. 6E and F).

The top ten significant pathways in comparisons of
uterus to the large intestines were phosphatidylglycerol
biosynthesis II (non-plastidic), phosphatidylglycerol
biosynthesis I (plastidic), superpathway of adenosine
nucleotides de novo biosynthesis I, starch degradation V,
glycogen biosynthesis I (from ADP-D-Glucose), super-
pathway of L-aspartate and L-asparagine biosynthesis,
L-leucine degradation I, superpathway of L-methionine
biosynthesis (by sulfhydrylation), superpathway of gly-
colysis and Entner-Doudoroff, and superpathway of sul-
fate assimilation and cysteine biosynthesis. Among these
pathways, phosphatidylglycerol biosynthesis II (non-
plastidic), phosphatidylglycerol biosynthesis I (plastidic),
superpathway of adenosine nucleotides de novo biosyn-
thesis I, starch degradation V, glycogen biosynthesis I
(from ADP-D-Glucose), superpathway of L-aspartate and
L-asparagine biosynthesis were with higher abundance
in the large intestines than in the uterus; on the contrary,
L-leucine degradation I, superpathway of L-methionine
biosynthesis (by sulfhydrylation), superpathway of glyco-
lysis and Entner-Doudoroff, and superpathway of sulfate
assimilation and cysteine biosynthesis were with higher
abundance in the uterus.

Discussion

The human microbiome is composed of the microbes
living in and on the human body, which has been
treated as human second genome and is a source of
genetic diversity, a modifier of disease, an essential
component of immunity, and a functional entity that
influences metabolism and modulates drug interactions
[30]. Integration of microbial genomic data sets will be
helpful in analyzing genetic variation and risk of human
disease. The same is true of the microbiome of other
mammals, including commonly used experimental or
livestock animals such as rabbits. Therefore, it is neces-
sary performing a comprehensive survey of the micro-
biota living on and in mammal body. However, except
for the systematic investigation of human microbiome,
few comprehensive surveys of microbiome across mul-
tiple body sites were carried out on mammals. Most
studies have focused on local microbes in specific parts,
such as gut microbes [16, 20, 31] or respiratory tract
microbes [32, 33]. Rabbits share close relationship with
humans, which can produce useful animal products for
humans or serve as pets or biomedical animal models
[2, 3]. Here we employed 16S rRNA gene sequencing
technology to comprehensively investigate the rabbit
microbiome by surveying the microbial communities
across the whole bodies of 4 healthy female Belgium
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gray rabbits, including 12 body sites: skin, lung, uterus,
mouth, stomach, duodenum, ileum, jejunum, colon,
cecum, cecal appendix and rectum.

In our present study, the microbes across whole body
of healthy rabbit could roughly cluster into four groups:
Lin (large intestine), SSin (Stomach and small intestine),
Uter (uterus), and SML (skin, mouth, lung) groups.
In humans, the microbes across multiple body sites
of healthy individuals clustered into four major body
habitat groups [34], including oral, skin, gut and vagi-
nal groups. As for the diversity of microbiome across
whole body sites, we found that the phenomena similar
to those in humans [30]: the gut microbiome shows low
diversity at higher phylogenetic levels (for example, at
the phylum level) but contains great diversity at lower
phylogenetic levels (here at the ASV level) (Table 1). We
could observe that the phyla and class number of Lin
microbes are 15 and 21 respectively, which were smaller
than those (22 and 31) of SML microbes, while the num-
ber of ASVs (2187) in the Lin group was much larger
than that (804) of the SML group. We also found that
the microbiota of different groups in rabbits were quite
different. There were 40 shared ASVs, only account-
ing for 1.27% of the total ASVs. The huge differences of
microbial communities in different body sites were sim-
ilar as those in humans [35].

Although the microbial diversities in various parts
of the large intestine were all high, we found that the
microbial communities were relatively stable. On the
PCoA plot based on the weighted UniFrac distances
(Fig. 1B), the microbiota in cecum, cecal appendix, colon
and rectum were clustered in a very small area; in addi-
tion, the microbial prediction function analyses (Fig. 6A
and B) also showed there were little difference among
them in different parts of the large intestine. Both of the
results could reflect the stability of microbial commu-
nity in various parts of the large intestine. According to
the clustering degree of principal coordinates, we found
the microbial communities in ileum varies most largely
among four tested samples, followed by the microbiota in
jejunum and lung. The microbial composition in uterus
was significantly different from those in other body sites.

In the microbial communities of rabbit whole body,
Firmicutes, Proteobacteria and Bacteroidota are the most
abundant three phyla with relative abundance of more
than 10%. Their distribution in each part was also sig-
nificantly different. Firmicutes was significantly more in
the intestine (81.4%) than in the non-intestine (18.9%),
whereas Proteobacteria was significantly less in the
intestine (3.0%) than in the non-intestine (37.3%). Bac-
teroidota was smallest in the small intestine (5.3%) than
other groups including the large intestine (14.2%), SML
(15.8%), Uter (21.3%) groups. In the Firmicutes phylum,
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Clostridia was the most abundant microbial class fol-
lowed by Bacilli.

Previous studies on rabbit microbial communities
focused on gut microbiota mainly sampled from cecum
and/or feces [11, 12, 14, 15], which were equivalent to
our samples from large intestine. Thus, we compared
our results of rabbit microbiota in large intestine with
previous studies. We found that the main phyla (Firmi-
cutes and Bacteroidota) of large intestinal microorgan-
isms were the same as previously reported [11, 12, 14,
15], and Firmicutes shows a large dominance. However,
the relative abundance of the two phyla was different
from previous studies [11, 12] to some extent. In our
study, the abundance of Firmicutes in the large intestine
was 78.6%, Bacteroidota was 14.2%, followed by Actino-
bacteriata (2.0%) and Tenericute (1.4%). Our results are
very different from the two earliest studies [11, 12], which
reported that the abundance of Firmicutes was more
than 90% and that of Bacteroidota was about 4.0%. The
source of this difference may be due to the update of the
database. Previous analysis did not separate Tenericutes
from Firmicutes. Then in the study of Combes et al. [14],
Firmicutes represented 83% of the total DNA sequences,
Bacteroidota represented 5.8%, followed by Proteobacte-
ria (0.58%) and Actinobacteria (0.37%). Recently in 2018,
Velasco-Galilea et al. [15] found phyla Firmicutes (76.4%),
Tenericutes (7.8%), and Bacteroidota (7.4%) dominate the
microbial diversity of rabbit caecal and faecal microbiota.
At the phyla level, the relative abundance of Firmicutes is
very similar to our results, but large differences existed
for Bacteroidota and Tenericutes. The abundance of Bac-
teroidota was about two times as high as that of them,
and the abundance of Tenericutes was about one fifth of
them. The source of this difference may be related to the
feeding conditions of rabbits (such as nutrient composi-
tion of feed and living environment) or different rabbit
breeds. Our results of microbial abundance are far from
those of Zeng et al. [13]. They used feces as intestinal
microorganisms and found that the abundance of Fir-
micutes was 33.9-42.8%, Bacteroidota was 33.2-43.7%,
Tenericutes was 1.8-5.6%. This may be related to the dif-
ferent research methods, such as sequencing region of
16S rRNA gene and taxonomic annotation.

In our present study, we have collected 4 microbial
samples from the uterus of 4 female rabbits. However,
due to low biomass and small sequence data, two sam-
ples did not pass the quality control and were filtered
out. Therefore, only two replicates were included for the
uterus comparisons. Using these two retained samples,
we found that there were four dominant phyla in rabbit
uterus, from more to less: Proteobacteria (43.6%), Firmi-
cutes (24.9%), Bacteroidota (21.3%) and Actinobacterita
(7.7%). Similarly, a recent study on human endometrial
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microbiota showed that the most abundant phylum in
endometrium of the health infertile females without
intrauterine lesion was Proteobacteria, which accounted
for 68.11%, followed by Firmicutes (16.01%), Bacteroi-
dota (8.38%) and Actinobacteria (5.73%) [36]. Meanwhile,
we found that among the top 10 bacterial genera, three
genera were observed in both the human study and our
present rabbit study, including Stenotrophomonas, Aci-
netobacter and Pseudomonas. Early in 2016, Fang et al.
investigated the relation of endometrial polyps to local
microbiota by the 16S rRNA gene sequencing analysis
of transcervical uterine swabs [37]. They also found that
Proteobacteria (45.3%), Firmicutes (35.1%), Actinobac-
teria (8.9%) and Bacteroidota (~2.5%) were the top four
bacterial taxa in the intrauterine microbial communities
at the phylum level. In addition, Lactobacillus was often
detected as a predominant genus in the uterine microbial
community [38]. Here in our study, this genus was also
found with the relative abundance of 0.97% in the uterus
of health female rabbit.

In the prediction of the potential function of microbi-
ome, the microbial function of the large intestines had
little or no differences with those of stomach and ileum,
which was roughly consistent with the clustering results
of ASVs. We could observe that four stomach samples
and two ileum samples shared close distance with the
large intestines at the first axis of the PCoA plot (Fig. 1B).
However, in human [39] and other mammals like pig [40],
the microbial community of stomach is very different
compared to that of colon, cecum or feces due to the high
acidic environment of the gastric mucosa. It was possi-
bly explained by that: 1) since the ileum is closest to large
intestines, their microbial function was similar showing
no significant difference with the one of large intestines;
2) rabbit’s coprophagy of consuming soft feces resulted
in little differences of KOs and no differences of KEGG
pathways between stomach and large intestinal sites.
Rabbit coprophagy was first reported in the scientific lit-
erature in 1882 [41]. Rabbits produced 2 types of feces,
soft mucous-covered feces during the night and hard dry
pellet-like feces in the daytime; and rabbits took soft feces
directly from their anus and swallowed them like pills
[41, 42]. Coprophagy is of significance in rabbits because
soft-feces consumption is conducive to the establish-
ment of a nutritious intestinal microflora in rabbits and
the soft feces supply rabbits with nitrogen, protein, sul-
fur and vitamins. Previous study showed that rabbit soft
feces are similar in composition of cecal contents and
have had an extended period of time in the cecum [43].
The elimination of soft feces is preceded by an increased
activity of the distal part of the proximal colon, moving
its contents, in 2 to 3 hours, toward the rectum [44]. In
our present study, we found that there was less difference
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number of microbial KEGG orthologies between stom-
ach and cecum than those between stomach and other
large intestines, and the difference numbers of micro-
bial KEGG orthologies between stomach and cecum,
between stomach and colon, and between stomach and
rectum was gradually increasing along the large intesti-
nal tract (Fig. 6A and Table S7), which suggested that our
results were well consistent to the progresses of soft feces
formation and elimination.

It is worth mentioning that the microbial function of
the uterus and the large intestine is the most different. A
total of 1,757 KEGG orthologies and 207 KEGG pathways
showed significant difference between the uterus and the
large intestines. Notably, two top pathways of phosphati-
dylglycerol biosynthesis showed significant differences
between the uterus and the large intestines, and their
relative abundances were higher in the large intestines
than in the uterus. Phosphatidylglycerol is a ubiquitous
phospholipid in the biological membranes of prokary-
otes [45] and eukaryotes [46]. The phosphatidyl-glycerol
biosynthesis is required for the development of embryos
and normal membrane structures of chloroplasts and
mitochondria [47]. The phosphatidylglycerol biosynthesis
could be inhibited with sulfhydryl poisons [48]. Interest-
ingly, among the top different pathways, superpathway
of L-methionine biosynthesis (by sulfhydrylation) and
superpathway of sulfate assimilation and cysteine bio-
synthesis were with significantly higher abundance in
the uterus than in the large intestines. It is reported that
sulfur amino acid metabolism influences reproductive
physiology [49], and transsulfuration activity can sup-
port cell growth [50]. Recent study in mice showed that
myometrial sulfur amino acid metabolism might regulate
uterine redox homeostasis and contribute to the source
and metabolism of myometrial cysteine during estrus
and pregnancy [51]. Therefore, based on our findings, we
could make a hypothesis that the microbes in the uterus
might be helpful in the biosynthesis of L-methionine and
cysteine and play roles in keeping uterine redox homeo-
stasis in rabbit.

There were several major limitations in our present
study. First, we did not include microbial samples from
various body sites of male individuals. Our results could
not reflect the changes of microorganisms between rab-
bit sexes. Second, in this study only 16S rRNA gene
sequencing was applied. There was little information
annotated at the species level, and large part of genersa,
families or orders were not annotated and grouped into
unclassified microbes. This limitation would be solved
by the improvement of microbial annotation database or
application of metagenomic sequencing. Third, only two
uterine samples passed quality control and were used in
the subsequent comparisons. Although some previous
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studies in human or other mammalian uterine microbi-
ome supported the similar findings as found in our pre-
sent study; it is still necessary to collect more valid uterine
samples in our future research. So that we will gain more
reliable results. In addition, we used PICRUSt2 to predict
the function of microorganisms. These functions need to
be further verified by biological experiments.

Conclusions

In this study, the microbiota across rabbit whole body
was investigated via 16S rRNA gene amplicon sequenc-
ing. Firmicutes, Proteobacteria and Bacteroidota were
the most predominant phyla. The relative abundance of
Firmicutes in the intestinal tract was significantly higher
than that in the non-intestinal site, while Proteobacteria
was significantly higher in the non-intestinal site. The
function of microorganism in uterus and mouth were
the most different from those in the gastrointestinal
sites; rabbit’s coprophagy of consuming soft feces pos-
sibly resulted in little differences of microbial function
between stomach and large intestinal sites.
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