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Abstract Commensal microorganisms are essential to the
normal development and function of many aspects of ani-
mal biology. However, the dynamic shift patterns of the
microbiota of different gut segments in sheep and the
correlation between fat type large-tailed phenotype and
microbiota remain poorly unknown. This study therefore
sought to assess the composition and distribution of the
intestinal microbiome, and compared the difference of gut
microbiota from different gastrointestinal segments within
breeds and same intestinal sections between breeds. For
these analyses, 16S rRNA V4 regions from 4 gut sections
prepared from each of six individuals (3 from each breed)
were sequenced to detect the microbiome composition in
these samples. These analyses revealed the presence of
51,173 operational taxonomic units distributed across 24
phyla and 420 genera in these samples, with Firmicutes and
Bacteroidetes being the most prevalent phyla of microbes
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present in these samples. Moreover, the bacterial compo-
sition showed distinct microbial communities in different
gastrointestinal segments within breed, but showed similar
and relative fixed bacterial abundance in the same intestinal
segments from individuals of different breeds. We also
found that only a few bacterial species (Lachnospiraceae,
Akkermansia) were needed to distinguish between Small-
tailed Han sheep (STH) and Large-tailed Han sheep (LTH)
and their metabolic process maybe influence the fat type
large-tailed phenotype formation in sheep. The functional
profile analysis revealed that the environment information
processing, genetic information processing, and metabolic
pathways were enriched in all samples. The main func-
tional roles of the gut microbiota were amino acid meta-
bolism, replication and repair, carbohydrate metabolism,
and membrane transport. Finally, our findings suggested
that distinguished gut species between STH and LTH have
relative fixed and the potential correlation is existing
between the intestinal microorganisms and the large-tailed
phenotype trait formation of sheep, which may offer clues
for further investigation to detect the roles of intestinal
microbiota in the metabolism and fat deposition in the tail
of sheep.

Keywords Sheep - Gut microbiota - Fat type large-tailed
phenotype - Microbial diversity - Microbial structure

Introduction

Sheep (Ovis aries) are ruminants that belong to the sub-
order Ruminantia. They carry out the initial digestion of
plant material through a special rumen digestive system. As
one of the earliest domesticated livestock species, sheep
are distributed in many countries, especially China [1].
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Chinese indigenous sheep populations have distinct genetic
differentiation, which might have been caused by geo-
graphical isolation, cross-breeding, and inbreeding [2].
This also may be the reason for diverse phenotype for-
mation in Chinese indigenous breeds. All sheep worldwide
can be classified as one of five tail phenotypes: short-fat tail
(Mongolian, Small-tailed Han), short-thin tail (Tibetan),
fat-rumped (Kazakh), long-fat tail (Large-tailed Han), and
long-thin tail (Texel). Since wild sheep exhibit the thin tail
phenotype, it suggesting that the tail phenotypes diversity
was developed later on by natural and human selection.

The fat in the tail of the fat-tailed phenotype is regarded
as stored energy, which is mobilized during the winter and
migration and is considered as an adaptive response for the
sheep to harsh environmental conditions. Moradi et al. [3]
utilized Fg7 methods to determine seven genomic regions
in Iranian thin- and fat-tail breeds, and showed that the fat
type large-tailed phenotype trait in sheep is heritable, and
also provided principle evidence for the concept that
genetic variants are associated with the tail phenotype trait.
Moreover, Wang et al. [4] identified NELLI and FMO3
genes in adipose tissues from the Kazak and Tibetan sheep
breeds, which relevant to fat metabolism . Miao et al. [5, 6]
identified 54 differentially expressed miRNAs and 602
differentially expressed genes responsible for fat deposition
in the tail fat tissue from different sheep breeds. Xu et al.
[7] identified four significantly associated autosomal SNPs
and three approximately associated autosomal SNPs asso-
ciated with fat deposition using phenotypes and genotypes
of Small-tailed Han (STH) and Large-tailed Han (LTH)
sheep breeds via a genome-wide association study. These
findings provide novel insights into for the genetic mech-
anisms of fat type large-tailed phenotype trait formation in
sheep. However, the correlation between the intestinal
microbiota and the fat type large-tailed phenotype trait has
not been reported in sheep.

Commensal microorganisms are essential to the normal
development and function of many aspects of animal
biology. Moreover, the gut microorganisms have genetic
and metabolic functions, and some studies have shown that
they are associated with obesity in humans [8-13]. The
obesity-related changes of the intestinal microbiota were
found in pigs [14], and the gut microbiome may be a major
factor in regulating fat deposition [15, 16]. In Rex rabbits,
the bacterial compositions of the gut were associated with
fecal types and its body weight [17]. In chickens, the
quantitative trait genetic selection of the host affected by
the bacterial communities of the gut, e.g. the body weight
growth trait [18]. In mice, the gut microbiota as an
important environmental factor that affects diet digestion,
nutrient absorption, and energy storage [19-23]. Further-
more, the ratio of the Firmicutes to Bacteroidetes are
changing that influence microbiota obesity-related

alterations in mice [24]. The gut microbiota produces
metabolites in host circulation, including small organic
acids, vitamins, bile acids, and lipids [25]. Dietary poly-
and oligosaccharides as a source of carbon and energy for
gut bacteria, which were digested in the mammalian host
distal gut tract [26]. Wang et al. [27] showed that the body
composition was regulated by microbiota through the cir-
cadian transcription factor NFIL3; moreover, the altered fat
storage may be regulated by functional metabolites from
bacteria but is less likely due to global nutritional differ-
ences between bacteria [28].

Until now, Wang et al. [29] reported the composition
and diversity of the microbiota in the gastrointestinal tract
sections of sheep. Wang et al. [30] conducted 16 s rRNA
gene sequencing for studies on the age-related succession
of rumen microbial communities from 27 Tibetan lambs at
nine developmental stages. Using 16S rDNA genes Illu-
mina sequencing, Chang et al. [31] dissect the specificity of
gut microbiota among four breeds of sheep and find the
difference between Tibetan sheep and other three types of
sheep. However, for a long time, human and natural
selection have fixed the gut microbial populations and
shaped different tail phenotypes in sheep, moreover, the
dynamic shift patterns of the microbiota of different gut
segments in sheep and the relationship between the gut
microbiota and the fat type large-tailed phenotype forma-
tion in sheep is remained unknown. Thus, we collected
samples from different intestinal sections in LTH and STH
sheep breeds with extreme divergent tail phenotypes. Then,
we compared the microbial composition and community
structure from samples of the four gut segments within and
between the LTH and STH breeds by high-throughput
sequencing techniques in order to investigate the dynamic
shift patterns of the microbiota in different gut segments in
sheep, as well as to evaluate the underlying association
between the microbiota and the distinct large-tailed phe-
notype in sheep.

Materials and Methods
Animals and Sampling

In this study, a total of six unrelated adult individuals were
selected from LTH and STH breeds (3 from each breed)
located in Jia county in Henan province in China. All
experimental sheep individuals were 2-year-old rams.
Experimental animals of the same breeds were derived
from similar genetic backgrounds and subjected to com-
parable husbandry practices. The test individuals have not
shared a common ancestor for at least three generations
within same breed. In addition, the test sheep were fed
from weaning to slaughter daily with green hay and corn,
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which likely facilitated reductions in microbiota variability
relative to test populations. Animals had free access to
water, and all were healthy and not subjected to any
antibiotic treatments. After sacrificing these six animals,
the gastrointestinal tract was removed from each animal
within 30 min of death and luminal contents were collected
from each of the 4 indicated segments, including the rumen
(R), small intestine (S), ileum (I), and cecum (C). These
contents were specifically collected from the middle of
each sample, with full disinfection of the experimental
tools and work area being performed between samples to
prevent any microbial cross-contamination. The rumen
samples were fluid. The small intestine, ileum, and cecum
samples were solids. The samples were collected in sterile
cryopreservation tubes and quickly immersed in liquid
nitrogen, and then the tubes were transferred to —80 °C
until analysis. A total of 24 samples of fresh content were
obtained and stored in liquid nitrogen prior to DNA and
16S rRNA gene profiling analysis.

DNA Extraction

A TIANamp Stool DNA Kit (DP328) (Tiangen BioTech
Beijing, China) was used to isolate luminal bacterial DNA
based on provided directions, after which a NanoDrop One
Microvolume Spectrophotometer (Thermo Fisher Scien-
tific, DE, USA) was used to assess DNA concentrations,
while 0.8% agarose gel electrophoresis was used to assess
DNA quality and purity.

16S rRNA Gene PCR Amplification, Purification,
and Sequencing

All amplifications were performed on a T100™ thermal
cycler for PCR (Bio-Rad, Hercules, CA, USA). Briefly, the
bacterial 16S rRNA V4 region was amplified using a pri-
mer pair (16S V4: 515F: 5-GTGCCAGCMGCCGCGG-
TAA-3"; 806R: 5-GGACTACHVGGGTWTCTAAT-3').
To facilitate multiplexed sequencing, samples were bar-
coded with 7-bp tags that were specific for each sample.
All PCR reactions were performed with Phusion® High-
Fidelity PCR Master Mix (New England BioLabs Inc.,
Ipswich, MA, USA). The reaction was carried out in a total
volume of 30 pL containing 10 ng DNA template (1 ng/
pL), 15 pL Phusion Master Mix, 3 pL primer (2 uM), and
2 puL ddH,O. After denaturation at 95 °C for 1 min, 30
amplification cycles were performed comprising a denat-
uration step at 95 °C for 10 s, an annealing step at 50 °C
for 30 s, an extension at 72 °C for 30 s, followed by a last
extension at 72 °C for 5 min. Next, 2% agarose gel elec-
trophoresis was used to confirm that amplicon sizes were
consistent with expectations (~ 500 bp) and that samples
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were of good quality and purity. The ~ 500 bp sample
band was then subjected purification with a GeneJET Gel
Extraction Kit (Thermo Scientific, USA) based on provided
directions. A Next Ultra DNA Library Prep Kit for Illu-
mina (New England BioLabs) was then used for library
preparation based on provided directions, with a Qubit@
2.0 Fluorometer (Thermo Fischer Scientific) and an Agilent
Bioanalyzer 2100 machine used to evaluate library quality.
Sequencing of the resultant library was performed on an
INlumina MiSeq platform, generating 250-bp paired-end
reads.

Taxonomy Classification and Statistical Analysis

Sequencing data was processed using the Quantitative
Insights Into Microbial Ecology (QIIME, v1.8.0) pipeline
[32]. Briefly, any sequencing reads that exactly matched
barcodes were assigned as valid sequences to the corre-
sponding samples. Any low quality reads were then filtered
to remove reads meeting the following criteria: sequences
that were < 150 bp long, had average Phred scores < 20,
contained ambiguous bases, or mononucleotide repeats >
8 bp long. FLASH was used for paired-end read assembly
[33]. High-quality sequences that remained after chimera
detection were grouped using UCLUST into operational
taxonomic units (OTUs) at the 97% sequence identity level
[34]. For each OTU, a representative sequence was then
selected based on default parameters to facilitate BLAST-
mediated taxonomic classification with the Greengenes
Database [35]. The abundance of the OTUs in a given
sample were compiled in an OTU table. Subsequent anal-
yses were performed based on the compiled data.
Rarefaction and rank abundance curves were generated
based on these three metrics via R (Version 2.15.3) soft-
ware drawing.

QIIME [32] and R packages (v3.2.0) were used to
analyze sequencing data. We used the Observed Species,
Chaol, Abundance-based coverage estimator (ACE),
Shannon, Simpson, and Good’s Coverage alpha diversity
indices, which were calculated using QIIME [32], in order
to assess species diversity and complexity among samples.
The abundance of microbes at the different category levels
were compared between samples with Metastats analysis
[36]. In order to identify those OTUs differing significantly
among the four sample regions, we utilized the linear
discriminant analysis coupled with the effect size (LEfSe)
algorithm based upon relative OTU abundance [37].
Briefly, this algorithm first used a non-parametric factorial
Kruskal-Wallis (KW) sum-rank test to identify OTUs that
were present at significantly different levels, after which
pairwise Wilcoxon tests were used to assess biological
consistency between groups. Linear discriminant analysis
(LDA) scores were then used to yield an estimated effect
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size for each differentially abundant feature. UniFrac dis-
tance metrics were used to assess variations in beta
diversity among samples corresponding to structural dif-
ferences in microbial community composition, and were
calculated by QIIME software [38]. These metrics were
visualized using principal component analysis (PCA),
principal coordinate analysis (PCoA), and unweighted pair-
group method with arithmetic means (UPGMA) hierar-
chical clustering.

Microbial Function Prediction

PICRUSt was used to predict microbial function according
to high-quality sequences [39]. The OTUs were mapped to
databases by QIIME software [32]. The predicted genes
and their function were aligned to the KEGG database and
the differences between samples were identified by
STAMP (Statistical Analysis of Metagenomic Profiles)
software package [40]. The significant differences among
bacterial classes or KEGG functional groups were per-
formed using the Wilcoxon Signed-Ranks test with the
FDR correction [36].

Results
Sequencing Data Overview

We were able to successfully amplify the 16S rRNA
sequences from luminal samples collected from 4 different
gut regions from each of LTH and STH breeds (3 from
each breed). All 24 of the resultant samples were
sequenced, yielding 1,556,033 raw paired-end reads (S1
file). The sequenced raw data sets have been submitted in
the NCBI databases (SRP114799). Quality control was
performed. After reads containing incorrect primer or
barcode sequences were removed, the resultant raw tags,
clean tags, and effectives tags are shown in an additional
file (S1 file). The sequencing average length was 253 bp
for each sequence read. The average sequence reads were
61,480 for each sample (S1 file). Finally, a total of
1,475,539 validated sequence reads (712,774 for LTH and
760,765 for STH) were used for further investigation.
QIIME processing grouped these samples into 51,173
operational taxonomic units (OTUs) (S2 file). In order to
confirm whether all characterized 51,173 OTUs appeared
in the datasets, and we then performed the rarefaction and
rank-abundance curve analyses to confirm the presence of
these OTUs within each of all samples. The rarefaction and
rank-abundance curve patterns were similar across sam-
ples, suggesting that most detectable bacterial species were
present in most or all samples (Fig. 1).

Diversity Analysis

To explore the composition of microbial communities in
different regions of the intestinal tract of the two sheep
breeds, we initially assessed the alpha diversity of the
microbiome in the 4 tested regions (S3 file).We observed
significant differences in the Good’s coverage diversity
index among these sections, with the higher Good’s cov-
erage diversity index being present in Large-tailed Han
ileum (LI) relative to the Large-tailed Han rumen (LR) in
the LTH sheep breed (P < 0.05), in STH sheep breed, with
the higher Good’s coverage diversity index in the Small-
tailed Han small intestine (SS) relative to in Small-tailed
Han ileum (SI) (P < 0.05), and the Good’s coverage
diversity index in LI was also significantly higher than in
SS (P < 0.05) between different sheep breeds (Fig. 2). For
the other five alpha-diversity values, no significant differ-
ences (P > 0.05) in these index were detected among
regions of the intestinal tract within same sheep breed (SR
(Small-tailed Han rumen) and SS, SR and SI, SR and SC
(Small-tailed Han cecum), SS and SI, SS and SC, SI and
SC, or LR and LS (Large-tailed Han small intestine), LR
and LI, LR and LC (Large-tailed Han cecum), LS and LI,
LS and LC, LI and LC). Similarly, for all of the alpha-
diversity values in the same gut segments of the different
sheep breeds, no significant differences (P > 0.05) were
also detected between SR and LR, SS and LS, SI and LI, or
SC and LC.

The Analysis of Community Composition

At the phylum level, we assessed the taxonomic distribu-
tions of the most abundant bacterial OTUs in each sample
region, 24 phyla were observed; ten main phyla of the 24
phyla were detected (Fig. 3a). We compared the compo-
sitional structure of the microbiota in different gut seg-
ments of the same breed as well as the same gut segments
of different breeds (Fig. 3a). We found that the Firmicutes
was the most prevalent phylotype in the LR (51.2%), LS
(60.5%), LI (52.6%), and LC (57.3%) of the LTH, Bac-
teroidetes was the second most populous bacteria and was
observed in the LR (40.4%), LS (19.1%), LI (37.6%), and
LC (32.5%) microbiota content of the LTH. The proportion
of predominant phyla in the LR was varied among the
rumen, small intestine, ileum, and cecum samples. In the
LI, the composition of microbes was also more similar to
that of the LC at the phylum level than in the LR and LS.
However, Bacteroidetes was the richest phylum in the SR
of the STH, accounting for approximately 47.1%, followed
by Firmicutes, comprising approximately 41.5%. Con-
versely, in the SS, SI, and SC segments of the STH, a
higher percentage (65.2%, 49.3%, and 56.6%) of the
sequences belonged to Firmicutes, whereas Bacteroidetes
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Fig. 1 Rarefaction (left) and rank-abundance curve (right) analysis
of the different gastrointestinal tract samples at 97% sequences
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Fig. 2 Alpha diversity measures (using Good’s coverage diversity)
were compared between the different gastrointestinal tract micro-
biome samples of Large-tailed Han (LTH) and Small-tailed Han
(STH) breeds (Wilcoxon test *0.05, **0.001, ***0.0001)

was the second largest phylum in these intestinal segments,
comprising approximately 13.5%, 35.6%, and 31.8% in the
SS, SI, and SC segments, respectively. For all the intestinal
samples, Firmicutes and Bacteroidetes phyla were pro-
nounced and accounted for more than 86%. Moreover, the
combination of Firmicutes and Bacteroidetes phyla was
91.5% in the LR samples. Furthermore, we found that the
proportion of Firmicutes and Bacteroidetes showed
dynamic patterns by comparison to different gastrointesti-
nal samples. In some other phyla, there was a marked
difference in the proportion of Spirochaetes and
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Actinobacteria between the different gut segments for LTH
and STH; the proportion of Spirochaetes bacteria
increased, whereas the proportion of Actinobacteria bac-
teria decreased in the four gut segments of the STH as
compared to LTH. These results showed that the microbial
community structure was varied in different gut regions
along the sheep gastrointestinal tract.

By comparing microbes in samples from the same
intestinal segments of the different sheep breeds, we
observed that the microbe profiles of the gastrointestinal
segments of the LTH were quite different from those of the
STH. We found that the abundance of Firmicutes and
Bacteroidetes was not existing significant difference
(P > 0.05) in either the rumen and small intestine or the
ileum and cecum between LTH and STH breeds. However,
the SS microbiota of the STH (65.2%) contained higher
abundance of Firmicutes than the LS of the LTH (60.5%).
LTH and STH had a higher richness of Firmicutes and
lower richness of Bacteroidetes in the small intestine.
Overall, the LTH and STH displayed different microbial
abundances in the same sections of their intestines.

At the family level, a total of 168 families were char-
acterized in all the samples. The 19 most dominant families
(> 1%) of microbial contained 90.31% of all microbial,
including Lachnospiraceae, Ruminococcaceae, Prevotel-
laceae, Bacteroidales_S24-7 _group, Rikenellaceae,
Christensenellaceae, Bacteroidaceae, Erysipelotrichaceae,
Succinivibrionaceae,  Spirochaetaceae, Enterobacteri-
aceae, Peptostreptococcaceae, Bacteroidales_BS11_gut_-
group, Bifidobacteriaceae, Lactobacillaceae,
Clostridiaceae_1, and an unknown family belonging to the
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Fig. 3 Relative abundance of sequences belonging to different
bacterial phyla (a), families (b) and genera (c¢). Sequences that could
not be classified into any known group were assigned as ‘Unknown’

Bacteroidales and Mollicutes_ RF9 order, and the Len-
tisphaerae_RFP12_gut_group class (Fig. 3b). A higher
percentage of Peptococcaceae (P < 0.05) and Rhodospir-
illaceae (P < 0.05) was found in cecum samples from STH
than LTH (S4 file). Another abundance of Peptococcaceae
(P < 0.01) and Lachnospiraceae (P < 0.05) was also
found in ileum samples from STH which was greater than

that of LTH (S4 file). The relative proportion of Rikenel-
laceae and Peptococcaceae was clearly different in LS
than in the LI samples from LTH (S4 file). In contrast, the
relative abundance of the Bacteroidales_BSI11_gut _group
(belonging to Firmicutes) was significantly different in SS
than that in SI and SC samples from STH (P < 0.01) (S4
file).

Additionally, we identified 430 genera at the genus
level, and the distribution abundance and variation of the
genera was greater; the 99 genera accounted for 94.9% of
the total genera. The most dominant genera were unknown,
and these unknown genera were assigned to the orders
Bacteroidales and Clostridiales and families Bac-
teroidales_S24-7_group (8.33%) and Lachnospiraceae
(8.09%). The 32 most predominant genera (Fig. 3c),
comprising more than 84% of the entire sequences, were
Akkermansia, Alistipes, Alloprevotella, Anaerorhabdus,
Bacteroides, Bifidobacterium, Butyrivibrio, Clostridium,
Dialister, FEubacterium, Faecalibacterium, Fibrobacter,
Lachnoclostridium, Lactobacillus, Methanobrevibacter,
Moryella, Parabacteroides, Peptoclostridium, Prevotella,
Pseudoscardovia, Romboutsia, Roseburia, Ruminiclostrid-
ium, Ruminobacter, Ruminococcus, Saccharofermentans,
Selenomonas, Sharpea, Succiniclasticum, Succinivibrio,
Treponema, and Turicibacter. The bacterial abundance of
the 32 genera was different in the different gastrointestinal
segments of the sheep. The number of genera in the rumen,
small intestine, ileum, and cecum sites was respectively
254, 288, 250, and 258. Among the four different gut
segments, 183 genera were shared.

In some genera attributed to the phylum Firmicutes, they
were clearly higher in the STH small intestine microor-
ganisms, such as genera attributed to the families Lach-
nospiraceae and Ruminococcaceae. The STH had a higher
proportion of Ruminococcaceae_UCG-013 in the cecum
compared with the LTH (P < 0.05); the small intestine
microorganisms of STH had some higher proportion of
Bacteroides compared with the LTH, such as the Lach-
nospiraceae_NK4A136_group (P < 0.05), Ruminococ-
caceae_UCG-002 (P < 0.01), and Lachnoclostridium_10
(P < 0.01). One genus, Akkermansia, is a member of the
phylum Verrucomicrobia. The percentage of Akkermansia
was relative higher in the microbiota of the small intestine,
ileum, and cecum sites of STH as compared to the LTH
(2.04, 3.97, and 2.07, respectively), with the exception of
the rumen. Although there was no significantly statistical
difference between the same intestinal segments of
Akkermansia.

At the phylum, family, and genus levels, the samples
from the same intestinal segments were found to have
similar a microbial community structure; a pattern that was
consistent until the species level. In addition, microbial
diversity and proportions were also analyzed by class and
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order. A total of 32, 37, 33, and 32 classes and 52, 63, 50,
and 52 orders were identified in the rumen, small intestine,
ileum, and cecum sites, respectively. The most dominant
class and order shared in the four regions were Clostridia
(48.91%) and Bacteroidia (31.13%), respectively. More-
over, inter-sheep variations were found in the phylum of
the OTU levels; the observed results indicated that the
variation levels in the small intestinal and ileum samples
were higher compared with the rumen and cecum samples
of the inter-sheep. Although STH and LTH breeds origi-
nated from the same progenitor population, they underwent
long-term natural and human selection for the large- or
small-tailed phenotype. The quantitative genes may control
the tail fat deposition trait, further suggesting that the host
quantitative inheritance background also influences the
community structure and composition of intestinal micro-
biota in different classification levels.

To identify those bacterial species most characteristic of
the 4 tested gut regions with the same sheep breeds, we
conducted an LEfSe analysis of the taxa with LDA
scores > 4. In the STH breed, four bacterial taxa were
distinctly more abundant in the rumen samples of STH
(p_Bacteroidetes, o_Bacteroidetes, c_Bacteroidia, and f_
Bacteroidetes_BS11_gut_group. P < 0.05), while only one
taxa was represented in ileum samples of the STH
(g_Ruminococcaceae_UCG_005, P < 0.05) (Fig. 4a). We
also carried out LEfSe to identify bacterial taxa between
the same intestinal segments of different sheep breeds. Two
and one taxa were represented in ileum samples (s_Ru-
minococcus_bromii, g_Ruminococcus_2, and f Lach-
nospiraceae, P < 0.05) of STH and LTH, respectively
(Fig. 4b). Eight taxa were distinguished as having higher
abundance in the cecum samples (g_Ruminococcus_2,
s_Ruminococcus_bromii, _Spirochaetes,  _unidenti-
fied_Spirochaetes, f_Spirochaetaceae, o_Spirochaetes,
g_Treponema_2, _coprostanoligenes_group, P < 0.05) of
the STH group, which was not found in the cecum samples
of LTH (Fig. 4c).

The Analysis of PCA, PCoA, and UPGMA

Cluster analysis was preceded by principal component
analysis (PCA). The results indicated that the microbiota of
the rumen and small intestine were distinctly different from
the ileum and cecum samples at the four different segments
of the gastrointestinal tract within STH or LTH breeds
(Fig. 5). Cluster heatmap results further validated the PCA
results (S5 file). PCoA results illustrated the relationships
among the community structures of the sheep gut micro-
biota quite well (S6 file). The UPGMA trees further
showed that the Firmicutes, Bacteroidetes, Tenericutes, and
Proteobacteria were obviously dominant and significant in
clustering of the small intestine, rumen, ileum, and cecum
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Fig. 4 Bacterial taxa were significantly differentiated between the
same gastrointestinal sites with different sheep breeds and different
gastrointestinal tract sites with same sheep breeds, identified by linear
discriminant analysis coupled with effect size (LEfSe) using the
default parameters. a Shows different taxa within STH in the ileum
(I) and rumen (R) samples; b, ¢ show different taxa between STH and
LTH in the ileum (I) and cecum (C) samples, respectively

PCA plot
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PC1(10.58% )

Fig. 5 The principal component analysis plot of samples from
different gastrointestinal tracts in two sheep breeds
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Fig. 6 Differences in microbial
communities among different
gastrointestinal samples as
shown by weighted UniFrac
distances

Weighted Unifrac Distance

bbb bbb,
0 005 0.1 0.15

microbiota (Fig. 6). These results suggested that the
abundance and proportion of microbiota in different gas-
trointestinal segments have variation, whereas those
between the ileum and cecum samples were not signifi-
cantly different within breeds, and the microbial commu-
nity structures in the same intestinal segments (rumen and
small intestine) were similar from individuals of different
breeds.

OTU Overlap Across Different Gut Segments
Within and Between Breeds

Venn diagrams showed the numbers of OTUs shared
among different gastrointestinal segments within breed
were 1824 and 1854 (Fig. 7a, b), and the percentage of
shared OTUs in STH (57.56%) was higher than LTH
(55.36%), which suggested that the STH-correlated
microbiota have a relatively higher abundance compared
with LTH. Furthermore, 2222, 2173, 2150, and 2090 OTUs
were shared by the rumen, small intestine, ileum, and
cecum samples between breeds, respectively (Fig. 7c, d, e,
f). The percentage of shared OTUs between rumen samples
(74.16%) was higher than between small intestine
(73.36%), ileum (73.78%), and cecum (73.10%) samples,
which also suggested that the rumen-correlated microbiota
was also relatively higher abundance compared with that of
the small intestine, ileum, and cecum.

Analysis of Microbial Function

We next used PICRUSt in an effort to develop an under-
standing of the metagenomic activity of the identified
bacteria across our samples, as such functional assessments
of the microbiome may offer more meaningful insights into
the spatial distinctions in metabolic activity across the
length of the intestinal tract. These metagenomic infer-
ences were made based upon available annotations for the
detected OTUs in this study. The genes identified through
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[ Lentisphaerae
A [ Proteobacteria
[ Actinobacteria
[0 Tenericutes
[l Euryarchaeota
z4 [ Verrucomicrobia
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this metagenomic analysis were then aligned to the KEGG
database to gain functional insights. Through this
approach, we identified 5839 KEGG genes that were
assigned to 278 pathways (S7 file). In comparing between
groups with different segments of the gastrointestinal tract,
seven pathways were distinguished in the four gut seg-
ments. Genetic information processing, environmental
information processing, and metabolism were the most
enriched function modules at the KEGG A class in all
samples (S8 file). The prevalence of pathways at the KEGG
B class level was similar in the different samples (S8 file).
Interestingly, five metabolism pathways (nucleotide,
cofactors and vitamins, energy, carbohydrate, amino acid),
one environmental information processing pathway
(member transport), and two genetic information process-
ing pathways (translation, replication and repair) were
enriched and more abundant in all samples (Fig. 8, S7 file).
We identified 278 gene families in all samples, and these
families were predicted to be mainly involved in trans-
porters, general function prediction, ABC transporters,
DNA repair and recombination proteins, ribosome, purine
metabolism, peptidases, pyrimidine metabolism, and
biosynthesis of amino acids (Fig. 8, S7 file). The clustered
heatmap indicated that the rumen samples were well dis-
tinguished from the small intestinal, ileum, and cecum
samples (S9 file). Together these findings suggest that the
functional metabolic activity of the microbiome varies over
the length of the intestinal tract, with certain pathways
being preferentially engaged in a spatially-defined manner.

Discussion

Several studies have been conducted on the gut microbial
composition and its relation to obesity and fat deposition
based on high-throughput sequencing in humans [8—13],
pigs [14-16], and mice [19-24]. To our knowledge, the
features of distribution proportion and community structure
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d) (o)

Fig. 7 Venn diagrams demonstrating 97% OTU cluster overlap among different gastrointestinal sites within breed (a, b) and in the same

gastrointestinal tract sites between breeds (c, d, e, f)

along the gastrointestinal tract of sheep poorly reported.
Moreover, the correlation between the gut microbiota and
the fat type large-tailed phenotype trait in sheep has also
not been completely analyzed. In this study, we compared
the microbial composition and community structure in four
gut locations, characterized the functional profiles of
intestinal microbiota, and investigated the potential corre-
lation of gut microbiota with the large-tailed phenotype in
sheep.

First, a total of 1,475,539 validated read numbers were
acquired from 24 samples, and the average sequence reads
was 61,480 for each sample, and the read numbers were
greater than previously reported for gut microbes in sheep
[41, 42]. Since different parts of the mammalian gastroin-
testinal tract have different environmental conditions. The
stomach and small intestine have too harsh for microbes to
grow, the bacterial diversity was increased along the ani-
mal intestinal tract. In our results, based on the Good’s
coverage index values (Fig. 2), the microbiota diversity in
the LI and SI were obviously higher than in the LR and SS
(P < 0.05) in same sheep breed, and the microbiota in the
LI was also clearly higher than in the SS (P < 0.05)
between different sheep breeds. In other studies, changes in
microbial diversity were found in human and horse stom-
achs [43-45]. A more important phenomenon is that the gut
microbiota diversity varied in different gastrointestinal

@ Springer

segments, perhaps due to the transient microorganisms.
Due to the harsh environment conditions of the host
stomach, the transient microorganisms are easy to inacti-
vate by low pH stimulation. Only a few of the transient
microbiota quickly escapes from the stomach and reaches
other parts of the gastrointestinal tract (duodenum, small
intestine, ileum, and cecum). The ileum and cecum are far
from the stomach, and offer a better environment for
growing transient microbiota. These might be the reasons
that the ileum and cecum samples had higher and more
stable microbiota populations than those from the rumen
and small intestine; these results are consistent with the
results of Eckburg et al. [46] and Gu et al. [47].

The community structure and composition of the
intestinal microbiota had already been investigated in mice
[47], pigs [48], horse [49], donkey [50], zebrafish [51],
chickens [52], and camels [53]. In our study, the commu-
nity structure and composition distribution of gut
microorganisms was also varied along the sheep gastroin-
testinal tract. However, the entire taxonomic populations
represented within the sheep gastrointestinal tract were
similar in all samples. Ten main phyla were distributed in
the different gut segments of LTH and STH, respectively
(Fig. 3a). The abundances of the each bacterial differed in
the four intestinal segments at the phyla level. The highest
proportion of Firmicutes and Bacteroidetes were existing in
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all the samples. In the gut microbiota of other mammals,
the proportion of Firmicutes and Bacteroidetes were also
more than 98% [47, 54-57]. However, Bacteroidetes was
the most predominant phylum, and Firmicutes was the
second largest phylum in the SR. Conversely, in the SS, SI,
and SC segments, a higher percentage was belonged to
Firmicutes. Bacteroidetes was the second largest phylum in
the SS, SI, and SC segments, respectively. Furthermore, the
composition structure of microbiota displayed a significant
similarity between the ileum and cecum of LTH and STH.
The rumen and small intestine microbiome communities
were quite different from those of the ileum and cecum
samples (Figs. 5, 6, Fig S3). In pigs and cows, the similar
microbial composition and community structure were
found between swine jejunum and ileum [16], and between
bovine jejunum and ileum [58]. The different distribution
of small intestinal and ileum microbes in different species
was influenced by the many factors, such as species,
environment, and diets. The different gut segments had
physicochemical conditions, which is a prerequisite for the
presence of animal gut microorganisms, including pH,
intestinal motility, nutrient, and host secretions [59-61].
We observed major compositional shifts among gut
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segments within the same breeds when environment and
diet remained constant; it is likely that the different parts of
the sheep gastrointestinal tract have different environ-
mental conditions that is a major factor affecting microbial
flora changes.

Moreover, OTU overlap analyses revealed that the core
microbiota exists in different gut segments of the sheep
(Fig. 7). This finding also showed that the physicochemical
conditions and selective pressures of the gut microbes play
an important role in intestinal microorganism formation.
OTU overlap analyses also discovered that unique
microorganisms exist in different gastrointestinal segments
(Fig. 7a, b), and we thought that these unique microbial
could be markers for each different gut segments. How-
ever, it is well known that the majority of the gut microbes
influence animal physiology and nutrition, and some
research has been reported the microbial communities in
rumen of the sheep and cows [41, 42, 62—66]. In our study,
we found some overlap of OTUs among the different gut
samples (Fig. 7c—f). Furthermore, the rumen sample shared
more common OTUs compared with that of the ileum,
small intestine, and cecum samples. We thought that these
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shared microorganisms were the permanent residents;
moreover, were formed during the evolution of the host.

Until now, the correlation between fat type large-tailed
phenotype and microbiota in sheep remain poorly
unknown. In this study, we also tested the potential rela-
tionship of sheep gut microbiota with large-tailed pheno-
type trait, and that distinct microbial community variations
were found in same gut segments between STH and LTH.
This difference may be caused by sheep breed. Just as in
humans [8-13], pigs [14-16], and mice [19-24], and the
LTH showed a higher abundance of Firmicutes and a lower
abundance of Bacteroidetes than STH with small-tailed
phenotype in the rumen. We also identified that Lach-
nospiraceae was overrepresented in the ileum samples of
LTH (Fig. 4b), which is abundant in the gastrointestinal
tracts of many mammals. Members of this family have
been linked to obesity and protection from colon cancer in
humans [67]. Furthermore, Lachnospiraceae can induce
and significantly increases blood glucose levels, liver and
mesenteric adipose tissue weights in germ free mice [68].
At the genus level, a higher proportion of Akkermansia was
found in three gut segments of STH as compared to the
LTH, except for the rumen, although there is no significant
difference between the same intestinal segments.
Researchers have discovered Akkermansia to be a mucin-
degrading bacterium that is beneficial to the formation a
healthy gut microbiota environment [69]. Moreover,
Akkermansia muciniphila could reduce type 2 diabetes and
obesity by cross-talk with intestinal epithelium [70] and
was found to prevent type 1 diabetes incidence in mice
[71]. The Methanovibribacter species co-occurs with other
species and has been connected to a lean phenotype
[72, 73]. A. muciniphila was associated with metabolic
health; however, the interaction between gut microbiota
ecology and A. muciniphila evidences further investigation
[74]. Therefore, the higher abundance of Akkermansia
exists in the intestinal microbiota of the sheep, which may
influence the metabolism of sheep as well as the fat tissue
development in the sheep tail, but further study would be
needed to verify this theory. Overall, these findings sug-
gested that the potential correlation is existing between the
intestinal microorganisms (e.g. Lachnospiraceae, Akker-
mansia) and the large-tailed phenotype trait formation of
sheep.

The changes we observed in the community composi-
tion between breeds needs careful consideration as to the
tail phenotypic genetic context in studies of host-microbe
interactions. We used consistent breed and different
intestinal segments of the sampled hosts to make compar-
isons across studies, and found individuals of two breeds
for which only a few bacterial species were distinguished
between STH and LTH samples. These differences of
bacterial species in the gut anatomy and their metabolic
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process maybe involved in the tail phenotype trait forma-
tion of sheep. However, we observed the sheep tail phe-
notype difference in two sheep breeds is, in part, attributed
to changes in the microbiota. At present, in humans and
other animal hosts, the finding that abundance and com-
position of the gut microbiota influences host phenotype
formation processes has been reported [75-80]. Our iden-
tification of gut microbiota dynamics across different
intestinal segments in sheep and the genomes of repre-
sentative members provide an important information for
future studies.

We also conducted a metagenomic analysis of the
functional capacity of the intestinal microbiome in sheep,
leading us to identify several significantly differentially
enriched pathways across spatial regions within all the
samples (Fig. 8). The main metagenomic activities of the
rumen microbiome in sheep was related to metabolism,
including nucleotide metabolism, metabolism of cofactors
and vitamins, energy metabolism, carbohydrate metabo-
lism, and amino acid metabolism. These pathways in the
rumen confirm that the gut microorganisms in the rumen of
the sheep have important food digestion and nutrition
absorption functions. In contrast, microbiota function
involved in metabolic pathways in the small intestine of the
sheep have lower richness compared to those in the rumen.
However, the relevance of the application of PICRUSt to
predict bacterial activities needs further confirmation [16].
Furthermore, a majority of the OTUs were not matched to
the database, thus their functions were not well predicted
[16]. Nevertheless, PICRUSt provided an important basis
for identifying the gut bacterial community functions of the
sheep. These analysis results thus suggest that the gut
microbiome exhibits distinct functional and spatial orga-
nization that helps to facilitate the rapid degradation and
utilization of diverse nutrient sources by local bacterial
species that are able to proliferate and maintain gut
homeostasis. Further work, however, will be needed to
confirm our results which are largely predictive in nature.

Conclusions

Taken together, our study demonstrated a distinct microbial
composition and structure among the rumen, small intes-
tine, ileum, and cecum in LTH and STH with extreme
divergent tail phenotypes, and identified bacterial species
that were different in four segments of the gastrointestinal
tract within breed, and were similar and relatively fixed in
the same gastrointestinal segments from individuals of
different breeds. We also found that only a few bacterial
species (Lachnospiraceae, Akkermansia) were needed to
distinguish between STH and LTH, and their metabolic
process may be involved in the tail phenotype trait



Indian J Microbiol (Oct-Dec 2020) 60(4):436-450

447

formation of sheep, these results suggested that the
potential correlation is existing between the intestinal
microorganisms and the large-tailed phenotype trait for-
mation of sheep. In future work, we will integrate multi-
omics (metagenomic, metatranscriptomic and metapro-
teomic) approaches to resolve the association between the
microbiota and the distinct large-tailed phenotype in sheep.
These results may provide novel insight into the com-
plexity of the sheep intestinal microbial community and act
as an important target for further investigation to detect
their roles in the metabolism and fat tissue development in
the tail of sheep.
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