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Simple Summary: Wild Daurian ground squirrels (Spermophilus dauricus) breed only a few months
out of the year, a behavior known as seasonal breeding. Despite the gut microbiota being an essential
“organ” of animals, little is understood about how they relate to seasonal breeding. In the present
investigation, metagenomic sequencing techniques were employed to examine the diversity of
gut microbiota in wild Daurian ground squirrels across different breeding seasons. The findings
indicate notable variations in the gut microbiota’s structure and function among wild Daurian ground
squirrels during different seasons. This study may provide an in-depth discussion of how seasonal
reproduction affects gut microbes and aid in analyzing how changes in gut microbes act on the host.
This study could provide new insights into the seasonal reproductive behavior of animals as well as
a new theoretical basis for the study of gut microbiology.

Abstract: The Spermophilus dauricus, the wild Daurian ground squirrel, is known to exhibit seasonal
breeding behavior. Although the importance of gut microbiota in animal digestion, metabolism,
and immunity is well-established, the correlation between gut microbiota and seasonal breeding in
this species remains inadequately explored. In the present study, using metagenomic sequencing
technology, the compositions and functions of the gut microbiota of wild Daurian ground squirrels in
different breeding seasons were explored. The dominant gut microbial phyla were Firmicutes and
Bacteroidetes. The Firmicutes were predominant in the breeding season, whereas Bacteroidetes were
predominant in the non-breeding season. At the genus level, Lactobacillus accumulated during the
breeding season, whereas Odoribacter and Alistipes increased during the non-breeding season. GO
(Gene Ontology) and KEGG (Kyoto Encyclopedia of Genes and Genome) annotations indicated that
genes in gut samples were highly associated with metabolic functions. The differential expression
gene analysis showed that genes related to the phosphotransferase system, cysteine, and methionine
metabolism were highly expressed during the breeding season, whereas the non-breeding season
upregulated genes were enriched in starch and sucrose metabolism and bacterial chemotaxis path-
ways. In conclusion, this study could provide a reference for investigating gut microbiota in seasonal
breeding animals and offer new insight into gut microbial function.

Keywords: gut microbiota; wild Daurian ground squirrels; metagenome sequencing; seasonal breeding

1. Introduction

The gut microbiota is defined as all microorganisms in the gastrointestinal tract of
animals [1]. It comprises bacteria, viruses, fungi, and other microorganisms, with bacteria
being the most abundant [2]. The gut microbiota is essential for human health, affecting
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many physiological functions, including metabolism [3,4] and immune system modula-
tion [5]. One major function of the gut microbiota is to aid in the digestion of food. By
converting indigestible carbohydrates and fiber into short-chain fatty acids (SCFAs), it
provides the intestinal cells with a crucial source of energy [6]. The composition and abun-
dance of gut microbiota are influenced by a combination of endogenous factors related to
the host organism and exogenous environmental factors [7–9]. For example, gut microbiota
showed significant differences between people who consumed more protein and those who
consumed more carbohydrates [10]. In addition, the relationship between gut microbiota
and reproduction is gaining attention. Gut microbiota can affect the reproductive capacity
of animals by releasing hormones such as androgens [11–13] and estrogens [14,15]. A lack
of normal gut microbiota leads to abnormal formation of the blood–testis barrier (BTB)
in male mice [16]. It has also been suggested that polycystic ovary syndrome (PCOS)
in women has a significant relationship with gut microbiota [17]. In a nutshell, the gut
microbiota is vital for maintaining the health of the host and ensuring that the host can
properly carry out its reproductive activities.

The wild Daurian ground squirrel (Spermophilus dauricus) has been extensively studied
for their seasonal breeding behavior. During the breeding season (April to May), wild
Daurian ground squirrels conduct breeding activities, whereas, during the non-breeding
season (June to the following March), they do not [18]. Seasonal breeding is mainly influ-
enced by photoperiod [19,20]. The mammalian pineal gland senses photoperiodic changes
and translates such changes into chemical signals in the form of secreted melatonin [21].
Mammals use changes in the timing of melatonin secretion at night as a signal to regulate
reproductive cycle changes via the hypothalamic–pituitary–gonadal (HPG) axis [22]. The
gonadotropin-releasing hormone (GnRH) neurons in the hypothalamus secrete GnRH,
which in turn acts on the pituitary gland through the pituitary portal system, and the pitu-
itary gland responds to GnRH stimulation by secreting follicle-stimulating hormone (FSH)
and luteinizing hormone (LH) [23,24]. In addition, kisspeptin [25], thyroid hormone [26],
and gonadotropin inhibitory hormone (GnIH) [27] can also be involved in regulating the
seasonal reproduction of animals.

There are some studies on the seasonal breeding behavior of wild Daurian ground
squirrels. Our previous studies showed that the expression levels of sex hormone receptors
and other hormones were seasonally different in the hypothalamus, testes, ovaries, and
other HPG axis-related organs of wild Daurian ground squirrels [28–34]. Wild Daurian
ground squirrels also show some seasonal differences in their gut [35]. Previously, we
found that the important SCFA receptors G-protein-coupled receptor 41 (GPR41) and G-
protein-coupled receptor 43 (GPR43) in the wild Daurian ground squirrels were seasonally
expressed in the colon [36]. In prior research, we used 16s rRNA sequencing to initially
analyze the gut microbiota composition of wild Daurian ground squirrels [37], however, we
did not use metagenomic sequencing to examine this issue. Comparing with the 16S rRNA
sequencing method, metagenomic sequencing has higher resolution, can be identified at
the species level, and has the advantage of obtaining more genetic information through
gene prediction [38]. Therefore, metagenomic analysis of their gut microbiota is necessary
for providing more evidence that can explain the complex interaction between seasonal
breeding and gut microbiota.

Using metagenomic technology, this study investigated the variation between breeding
seasons in α-diversity, β-diversity, species composition, and functional gene expression in
the cecum microbiota of male wild Daurian ground squirrels. The primary objectives of
this research were to deepen our understanding of the changes occurring within the gut
microbiota of wild Daurian ground squirrels across different breeding seasons, to elucidate
the response mechanisms of the gut microbiota to seasonal change, and to identify potential
pathways by which the gut microbiota modulate seasonal breeding. By employing rigorous
analytical techniques and statistical methods, the present study provides valuable insights
into the intricate interplay between gut microbiota and seasonal breeding in wild Daurian
ground squirrels.
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2. Materials and Methods
2.1. Experimental Animal Acquisition and Sample Collection

We obtained adult male wild Daurian ground squirrels in April (breeding season, B,
n = 5) and June (non-breeding season, NB, n = 5). All experimental animals were captured in
the wild at Bashang Grassland, Guyuan County, Hebei Province, China (40.83◦ N 114.88◦ E).
When the animals were brought to the laboratory, they were directly anesthetized via in-
halation of CO2 and executed, and they were then immediately dissected using sterile
laboratory instruments to collect the cecum contents. Samples were collected in sterilized
5 mL centrifuge tubes and stored at −80 ◦C to carry out subsequent experimental inves-
tigations. All animal experiments were approved by the Institutional Review Board (or
Ethics Committee) of Beijing Forestry University and the Department of Agriculture of
Hebei Province, China (JNZF11/2007).

2.2. DNA Extraction and Metagenomic Sequencing

DNA was extracted according to the instructions of the TIANamp Stool DNA Kit
(TIANGEN Biotech Co., Ltd., Beijing, China). Samples were extracted and analyzed
individually (with samples of 100 ng used). DNA was quantified for purity using a
NanoDrop 8000 UV-Vis spectrophotometer (Thermo Scientific, Wilmington, DE, USA), and
DNA integrity was examined using 1.0% agarose gel electrophoresis. The DNA libraries
were constructed by sequentially fragmenting the DNA samples, PCR amplification, and
library fragment size screening according to the instructions of the Enzymic Universal
DNAseq Library Prep Kit (Kaitai Bio-Technology Co., Ltd., Hangzhou, China, more detailed
information on this kit is shown in the Supplementary Methods). Volumes of 5 µL of the
PCR products were taken for 1% agarose gel electrophoresis to determine whether the
PCR samples were qualified. Then, the PCR products were purified using the AMPure XP
system (Agencourt Bioscience Corporation, Beverly, MA, USA). The average library length
was evaluated using the Agilent 2100 Bioanalyzer system (Agilent, Santa Clara, CA, USA),
whereas the quality levels of the libraries were assessed using a Qubit fluorometer (Thermo
Fisher Scientific, Waltham, MA, USA). Finally, the qualified libraries were sequenced on the
Illumina Novaseq 6000 platform (Illumina, San Diego, CA, USA), and 150 bp paired-end
reads were generated for metagenomic sequencing.

2.3. Data Processing, Species Composition Analysis, and Database Annotation

Using raw sequencing data, low-quality regions were removed from the subsequent
analysis to ensure clean data. The specific data quality control steps are shown in the
Supplementary Methods. The species classification of the sequenced reads was performed
using MetaPhlAn V2.0 [39]. Based on high-quality sequences, the metagenomic sequences
were assembled using SOAPdenovo V2.04 [40], and then the shorter (<200 bp) sequences
were filtered out to obtain scaffold sequences. Gene prediction was performed using
MetaGeneMark V3.25 [41], and results with coding frames smaller than 100 bp were
filtered out. The sequences were then clustered using CD-HIT V4.8.1 [42], and if the
similarity between two sequences was greater than 95% and covered 90% of the region of
the shorter one [43], the sequences were clustered as one sequence. The clustering result is
the non-redundant (NR) gene set. Blastp V2.12.0 [44] was used for comparison with public
databases for the annotation of non-redundant genes (identity ≥ 30%, e-value ≤ 1 × 10−5).
Databases used include the Gene Ontology (GO) database [45] and the Kyoto Encyclopedia
of Genes and Genomes (KEGG) database [46].

2.4. Differentially Expressed Gene Analysis

Based on the counted numbers of genes, the differentially expressed genes (DEGs) of
the breeding and non-breeding seasons were analyzed using DESeq2 [47]. Genes satisfying
|log2(Fold change)| > 1 and Q value ≤ 0.05 were assigned as DEGs. To obtain the KEGG
terms significantly enriched in the differential genes, we used a hypergeometric test. The
pathways with P < 0.05 for the test were defined as the KEGG terms significantly enriched
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in differential genes. This process was implemented with the R package clusterProfiler
V3.12 [48].

2.5. Statistical Analysis

To examine whether there were seasonal differences in the diversity of gut microbial
communities, we analyzed their α-diversity and β-diversity. α-diversity was used to
illustrate the average species diversity of a sample, including the richness and evenness
of the species. β-diversity, on the other hand, was dedicated to the comparison between
different samples, and it used the change in abundance between different samples to
calculate the inter-sample distance, thereby reflecting whether there are significant microbial
community differences between samples. In this study, the Shannon index and Simpson
index were used to describing α-diversity, and the Bray–Curtis distance was used to
illustrate β-diversity. Mothur V1.41 [49] was used to calculate the Shannon index, Simpson
index, and Bray–Curtis distance. To test whether α-diversity was significant between
the two groups, we performed a t-test (p < 0.05). In addition, non-parametric analysis
of similarity (ANOSIM) was used to test whether there were statistical differences in β-
diversity between groups, and Principal Coordinate Analysis (PCoA) was used to present
the differences between groups based on the Bray–Curtis distance matrix. The t-test was
used to obtain gates and genera that differed significantly between groups, and the results
were visualized using an extended error bar plot. This process was performed using
STAMP V2.1.3 [50]. Linear Discriminant Analysis Effect Size (LEfSe) [51] was utilized to
find more significantly different biomarkers (LDAScore > 2, p < 0.05). This work was done
on the website (https://huttenhower.sph.harvard.edu/galaxy/, accessed on 19 July 2022.).
The statistics of KEGG and GO annotation results were achieved by relying on base R
V4.1.1. Species composition histograms, functional statistics plots, and bubble plots for
differential enrichment analysis were created using the R package ggplot2 V3.1.0 [52], and
species diversity analysis plots were created using the online website ImageGP [53]. This
section is written with reference to an article on writing methods [54].

3. Results

A total of 847.686 million raw reads were obtained from wild Daurian ground squirrel
cecum content samples, and 827.756 million clean reads were obtained after quality control,
with an average length of 149.31 bp (Table S1). The metagenomic sequences were assembled
based on high-quality sequences. The assembled genome size was 342,274,624 bp with
136,999 scaffold sequences (Table S2). Gene prediction obtained 549, 161 NR genes with
an average length of 385.9 bp. The species accumulation curve was generated based on
the identified species (Figure S1). Towards the end of the curve, a plateauing trend was
observed, indicating that the sample size was sufficient.

3.1. Species Composition and Variation of the Gut Microbiota

Species composition analysis was performed based on the species taxonomic informa-
tion obtained using MetaPhlAn2 (Table S3). The main species (relative abundance >1%) of
the phylum, order, and genus were presented (Figure 1). The phylum Firmicutes and the
phylum Bacteroidetes showed great dominance, with the sum of their relative abundances
accounting for more than 80% of the gut microbiota, in both B and NB squirrels. Other
dominant phyla were Proteobacteria and Verrucomicrobia. The main genera are Lactobacil-
lus, Alistipes, Streptococcus, Bacteroides, Subdoligranulum, Odoribacter, Escherichia, Akkermansia,
Oscillibacter, and Helicobacter, which accounted for more than 98% of the relative abundance
of all genera.

Meanwhile, the species information was used to explore the differences in the gut
microbial species composition of cecum samples from animals in different breeding seasons.
The variation analysis was performed for different taxonomic levels (Figure 2A,B). At
the phylum level, the two most represented phyla likewise showed significant seasonal
differences (p < 0.01). The phylum Firmicutes was dominant in the cecum samples collected

https://huttenhower.sph.harvard.edu/galaxy/
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from breeding-season males, whereas the phylum Bacteroidetes was dominant in the non-
breeding male cecum samples. In the case of differential genera (p < 0.05), Lactobacillus was
richer in samples from breeding season males, whereas Alistipes and Dorea showed higher
abundance in the non-breeding season samples.
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LEfSe analysis provided further information on differential species composition
(Figure 2C). The relative abundances of family Rikenellaceae, family Porphyromonadaceae,
and genus Odoribacter were high during the non-breeding season, the relative abundances
of class Bacilli and two species, Lactobacillus animalis, and Lactobacillus murinus, were high
during the non-breeding season.

3.2. Diversity of the Gut Microbiota

The results of alpha diversity analysis revealed no significant differences in the mi-
crobial communities of cecum samples collected during different breeding seasons, as
determined by using both the Shannon index and the Simpson index (Figure 3A,B). These
findings suggest that there is no remarkable variation in the abundance and distribution
of gut microbiota between these two seasons. As for β-diversity, the results of ANOSIM
showed an R-value greater than 0 (p < 0.05), indicating that the differences between the
different groupings were significant and that the groupings were meaningful (Figure 3C). In
addition, the confidence ellipses of the breeding season and non-breeding season samples
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were well-separated in the PCoA plot, demonstrating that the gut microbiota of these two
groups differed significantly in terms of composition and abundance (Figure 3D).

Animals 2023, 13, x FOR PEER REVIEW 6 of 15 
 

3.2. Diversity of the Gut Microbiota. 
The results of alpha diversity analysis revealed no significant differences in the 

microbial communities of cecum samples collected during different breeding seasons, as 
determined by using both the Shannon index and the Simpson index (Figure 3A,B). These 
findings suggest that there is no remarkable variation in the abundance and distribution 
of gut microbiota between these two seasons. As for β-diversity, the results of ANOSIM 
showed an R-value greater than 0 (P < 0.05), indicating that the differences between the 
different groupings were significant and that the groupings were meaningful (Figure 3C). 
In addition, the confidence ellipses of the breeding season and non-breeding season 
samples were well-separated in the PCoA plot, demonstrating that the gut microbiota of 
these two groups differed significantly in terms of composition and abundance (Figure 
3D). 

 
Figure 3. Analysis of gut microbial diversity during the breeding season (B) and the non-breeding 
season (NB). (A) The box plot of the Shannon index. (B) The box plot of the Simpson index. 
(Lowercase letters in the plots indicate the significant differences). (C) ANOSIM based on Bray–
Curtis distance. (D) In the PCoA plots using Bray–Curtis distances, PCoA1 explained 56.8% and 
PCoA2 explained 23.1% of the total variation of the samples. B, breeding season; NB, non-breeding 
season; ANOSIM, Analysis of Similarity; PCoA, Principal Coordinate Analysis. 

3.3. Functional Annotation of the Gut Microbiota 
The NR sequences obtained from gene prediction were annotated based on the GO 

and KEGG databases. A total of 255,215 genes were annotated based on the GO database, 
and 119,646 genes were annotated based on the KEGG pathway database. The annotation 
results were statistically analyzed to obtain functional enrichment in both databases 
(Figure 4).  

The statistical plot of the GO database is shown in Figure 4A. In terms of biological 
processes, the gut microbiota sequence of wild Daurian ground squirrels was annotated 
to the main functions of cellular processes, metabolic processes, biological regulation, 
rhythmic processes, responses to stimulus, reproductive processes, and single-organism 
processes. In terms of cellular components, the genes of the intestinal microbiota were 
mainly enriched in cells, membranes, and organelles. In molecular function, the genes of 
the gut microbiota were enriched in binding, catalytic activity, transcription factor activity 

Figure 3. Analysis of gut microbial diversity during the breeding season (B) and the non-breeding
season (NB). (A) The box plot of the Shannon index. (B) The box plot of the Simpson index. (Lowercase
letters in the plots indicate the significant differences). (C) ANOSIM based on Bray–Curtis distance.
(D) In the PCoA plots using Bray–Curtis distances, PCoA1 explained 56.8% and PCoA2 explained
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3.3. Functional Annotation of the Gut Microbiota

The NR sequences obtained from gene prediction were annotated based on the GO and
KEGG databases. A total of 255,215 genes were annotated based on the GO database, and
119,646 genes were annotated based on the KEGG pathway database. The annotation results
were statistically analyzed to obtain functional enrichment in both databases (Figure 4).

The statistical plot of the GO database is shown in Figure 4A. In terms of biological
processes, the gut microbiota sequence of wild Daurian ground squirrels was annotated
to the main functions of cellular processes, metabolic processes, biological regulation,
rhythmic processes, responses to stimulus, reproductive processes, and single-organism
processes. In terms of cellular components, the genes of the intestinal microbiota were
mainly enriched in cells, membranes, and organelles. In molecular function, the genes of
the gut microbiota were enriched in binding, catalytic activity, transcription factor activity
protein binding, transporter activity, molecule transducer activity, and transporter activity
functions.

Regarding the KEGG database, the pathway categories of genes of the wild ground
squirrel gut microbiota include metabolism, organismal systems, genetic information
processing, human diseases, cellular processes, and environmental information process-
ing, the most important of which is metabolism, including carbohydrate metabolism,
metabolism of cofactors and vitamins, amino acid metabolism, energy metabolism, and
nucleotide metabolism.
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3.4. Analysis and Enrichment of Differentially Expressed Genes

A total of 1574 differentially expressed genes satisfying |log2(fold change)| > 1 and
Q value ≤ 0.05 were found. Among them, 656 genes were upregulated and 918 genes
were downregulated in the non-breeding season in comparison to the breeding season
(Figure S2). Differentially expressed gene enrichment analysis was performed by applying
phyper to identify KEGG pathways that were significantly enriched in differential genes
compared to all gene backgrounds (p < 0.05). The results showed that there were three path-
ways with increased expression during the non-breeding season, namely RNA polymerase,
starch and sucrose metabolism, and bacterial chemotaxis (Figure 5A), whereas four path-
ways were upregulated during the breeding season, namely. phosphotransferase system
(PTS), biosynthesis of vancomycin group antibiotics, cysteine and methionine metabolism,
and mismatch repair (Figure 5B).
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4. Discussion

Gut microbiota is important for animals to maintain normal life activities. At the
phylum level, Firmicutes and Bacteroidetes dominated the gut content samples of breeding
and non-breeding wild Daurian ground squirrels, which is similar to other rodents such as
arctic ground squirrels (Urocitellus parryii) [55], wild wood mice (Apodemus sylvaticus) [56],
and North American red squirrels (Tamiasciurus hudsonicus) [57]. In fact, in many other
wild animals, such as the Indo-Pacific humpback dolphin (Sousa chinensis) [58], snub-nosed
monkey (Rhinopithecus spp.) [59], and other mammals [60], the dominant phyla in the
gut microbiota are also Firmicutes and Bacteroidetes. α-diversity and β-diversity are
both important metrics for describing community diversity. α-diversity is mainly used to
measure the richness and the evenness of species within a community, whereas β-diversity
measures the differences in the number and distribution of each species compared among
communities [61]. One study found that the α-diversity of gut microbiota in Siberian
chipmunks (Tamias sibiricus) increased significantly during hibernation [62]. However, the
α-diversity of wild Daurian ground squirrels’ gut microbiota did not show remarkable
changes associated with seasonal breeding, suggesting that the change in breeding status
did not affect the overall richness of their gut microbiota. In terms of β-diversity, there
were remarkable differences in microbial communities between the samples collected from
males in breeding and non-breeding seasons, indicating significant seasonal variation in
the gut microbial composition of wild Daurian ground squirrels. It has been shown that
the pineal gland of Siberian hamsters (Phodopus sungorus) regulates the composition of gut
microbiota [63] and that seasonal breeding behavior is similarly regulated by this organ.
Therefore, it is possible that changes observed in the gut microbial β-diversity in wild
Daurian ground squirrel samples collected from breeding and non-breeding individuals
were a response to reproductive activity.

The diet structure of wild Daurian ground squirrels changes from the breeding season
to the non-breeding season. Wild Daurian ground squirrels consume a greater proportion
of protein and fat during the breeding season, yet wild Daurian ground squirrels in the
non-breeding season consume a large total amount of food and weigh more to store fat and
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survive hibernation [64]. Analysis of the differences in gut microbiota showed that at the
phylum level, Firmicutes dominated during the breeding season, whereas Bacteroidetes
dominated during the non-breeding season. In a study of another animal with seasonal
breeding behavior, the plateau pika (Ochotona curzoniae), it was similarly shown that the rel-
ative abundance of Bacteroidetes in the gut microbiota was significantly higher during the
non-breeding season than during the breeding season [65]. The Firmicutes/Bacteroidetes
(F/B) ratio was significantly higher during the breeding season, which may indicate that
the gut microbiota of these two phyla is closely associated with the seasonal reproduction
of rodents. In previous studies on human gut microbiota, an elevated F/B ratio was often
highly correlated with the development of obesity [66,67]. The Firmicutes in the gut have
better efficiency in the breakdown of lipids as well as carbohydrates, which is more con-
ducive to the absorption of nutrients from the food by the host [68]. Similarly, it has been
shown that excessive energy intake leads to the proliferation of Firmicutes in the guts of
rodents [69], thereby demonstrating that an increase in the number of Firmicutes in the
gut facilitates energy uptake. In contrast, Bacteroidetes is widely considered to play an
important role in the digestion of dietary fiber due to the ability of Bacteroidetes to break
down a variety of phytoglycans, including cellulose, hemicellulose pectin, and other major
components of plant cell walls [70]. Hence, it is speculated that the elevated F/B ratio
observed during the breeding season may be to allow the host to better obtain nutrients
from the gut for the high energy consumption required for reproduction. The decrease in
the F/B ratio during the non-breeding season, on the other hand, maybe to better adapt to
the high-fiber diet structure of the non-breeding season, quickly acquire and store energy,
and prepare for hibernation.

At the genus level, the genus Lactobacillus was significantly elevated during the breed-
ing season, whereas the non-breeding season was enriched with Alistipes, Odoribacter, and
Dorea. Lactobacillus is an important member of the gut microbiota, which can ferment
carbohydrates to produce lactic acid, and it is a widely recognized probiotic [71]. LEfSe
analysis showed that two species, Lactobacillus murinus, and Lactobacillus animalis, were
more abundant in the breeding season. Many species in Lactobacillus can help their hosts
digest unmetabolizable nutrients by regulating the synthesis of B vitamins (B2, B9, and
B12) [72]. The dietary composition of breeding wild Daurian ground squirrels is more
complex than that of non-breeding squirrels, and reproductive activity requires an efficient
energy supply. The elevated level of Lactobacillus helps to increase the efficiency of energy
metabolism for the host. In addition, bacteria from Lactobacillus can attenuate testicular
dysfunction in male mice by affecting the secretion of hormones (e.g., GnRH) associated
with the HPG axis [73], which is critical for regulating seasonal breeding behavior. Several
studies have also shown that Lactobacillus can improve spermatogenesis and enhance sperm
quality in animals [74–76]. This is consistent with our previous findings that wild Daurian
ground squirrels produce large and active sperm during the breeding season and no sperm
during the non-breeding season [77,78]. In summary, it was hypothesized that Lactobacillus
may be implicated in the regulation of seasonal breeding of wild Daurian ground squirrels
by influencing their metabolism, HPG axis, and reproductive physiology. Among the
genera with high abundance during the non-breeding season, Alistipes and Odoribacter were
reported to be closely associated with the production of acetate and propionate [79]. One
study claimed that the acetic acid produced by gut microbiota increased brain stimulation
of the vagus nerve, promoting elevated appetite as well as fat gain [80]. It is possible that
the Alistipes and Odoribacter enriched in the non-breeding season could help wild Daurian
ground squirrels increase their appetite and store fat through this pathway.

The functional analysis involved showed that the gut microbiota of wild Daurian
ground squirrels was mainly enriched in metabolism-related pathways. The most impor-
tant function of gut microbiota is their metabolic function [81], which is well-verified by
the functional enrichment results. The differentially expressed genes KEGG enrichment
results revealed several pathways that were significantly altered during the breeding ver-
sus the non-breeding seasons. High expression in the pathways of PTS, biosynthesis of
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vancomycin group antibiotics, cysteine, and methionine metabolism was found during
the breeding season. The PTS is a complex device present in bacteria that is responsible
for the uptake and phosphorylation of large amounts of carbohydrates during bacterial
energy transport [82]. Bacteria of Lactobacillus can ferment carbohydrates into lactic acid
via the PTS [83] and provide sufficient energy for the breeding activities of wild Daurian
ground squirrels. Breeding wild Daurian ground squirrels consume more insects and
have increased protein intake, which may be associated with high expression of cysteine
and methionine metabolism. A study has shown that vancomycin treatment leads to an
increase in L. murinus in the intestine of mice [84]. The breeding season gut microbiota in
this study was exactly enriched with the enrichment of biosynthesis of the vancomycin
group antibiotics pathway and had a large amount of L. murinus, verifying this point.
The pathways enriched by non-reproductive upregulated genes are starch and sucrose
metabolism and bacterial chemotaxis. The enrichment of the starch and sucrose metabolism
pathway implies that gut microbiota may help non-breeding wild Daurian ground squirrels
metabolize large amounts of carbohydrates.

Before this study, we also performed a metagenomic analysis of the gut microbiota
of another seasonal breeding animal, the muskrat (Ondatra zibethicus) [85]. Comparing
these two results, we found that their gut microbiota had the opposite ratios of Firmicutes
to Bacteroidetes concerning the season. This result was mainly due to the difference in
their feeding habits and breeding season. However, we found that they showed similarity
in terms of KEGG pathway enrichment. All of them showed a high correlation with
starch and sucrose metabolism and bacterial chemotaxis during the non-breeding season,
whereas during the breeding season, they were both enriched for pathways associated with
amino acid metabolism. These pathways may have an important connection with seasonal
breeding behavior.

In a nutshell, in the present study, a metagenomic approach was used to explore
seasonal variation in gut microbiota in wild Daurian ground squirrels. This study explored
in greater depth how gut microbiota respond to changes in the reproductive state of animals
and how they in turn regulate seasonal breeding behavior. This study may provide new
references for researchers in related fields when studying the reproductive behavior of wild
Daurian ground squirrels or other seasonally breeding animals. Combined with previous
studies, it could provide a new reference and theoretical basis for researchers in related
fields when studying the reproductive behavior of wild Daurian ground squirrels or other
seasonal breeding animals, and gut microbiology could be considered as a new starting
point for explaining the mechanisms of seasonal breeding.

5. Conclusions

The present study provides a new metagenomic insight into the relationship between
gut microbiota and seasonal breeding. Significant seasonal variation was found in the
species composition and function of gut microbiota in wild Daurian ground squirrels. The
abundance of Firmicutes increased during the breeding season, whereas Bacteroidetes was
enriched during the non-breeding season. Genus Lactobacillus was enriched during the
breeding season, whereas the genus Odoribacter and genus Alistipes were enriched during
the non-breeding season. Wild Daurian ground squirrels’ gut microbiota were highly
enriched in metabolism-related pathways. Genes associated with the PTS, biosynthesis of
vancomycin group antibiotics, and cysteine and methionine metabolism pathways were
increased during the breeding season, whereas genes upregulated during the non-breeding
season were enriched in starch and sucrose metabolism and bacterial chemotaxis pathways.
Gut microbiota may modulate seasonal breeding in wild Daurian squirrels by affecting
their metabolism, HPG axis, and reproductive system functions.



Animals 2023, 13, 2235 11 of 14

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ani13132235/s1, Figure S1: The species accumulation curves.
Figure S2: The volcano map of gene expression between groups. Table S1: Raw data information from
sequencing and clean data information after quality control. Table S2: Statistical results of genome
assembly. Table S3: Abundance statistics for all taxonomic levels (phylum, class, order, family, genus,
and species). Supplementary Methods: Detailed information on the Library Prep kit and raw data
quality control procedure. References [86,87] are cited in the supplementary materials.

Author Contributions: Conceptualization, F.S., H.Z., Y.H., Y.L., F.G. and Z.Y.; investigation, F.S.;
resources, F.S., S.M., Y.Z. and X.Y.; supervision, Z.Y.; writing—original draft, F.S.; writing—review
and editing, F.S., S.M., Y.Z., X.Y., H.Z., Y.H., Y.L., F.G. and Z.Y. All authors have read and agreed to
the published version of the manuscript.

Funding: This research work was supported by the National Training Program of Innovation and
Entrepreneurship for Undergraduates (S202210022048, X202210022057).

Institutional Review Board Statement: The animal study protocol was approved by the Institutional
Review Board (or Ethics Committee) of Beijing Forestry University and the Department of Agriculture
of Hebei Province, China (JNZF11/2007). Approval Date: 1 November 2007.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ursell, L.K.; Metcalf, J.L.; Parfrey, L.W.; Knight, R. Defining the human microbiome. Nutr. Rev. 2012, 70 (Suppl. S1), S38–S44.

[CrossRef]
2. Durack, J.; Lynch, S.V. The gut microbiome: Relationships with disease and opportunities for therapy. J. Exp. Med. 2019, 216,

20–40. [CrossRef] [PubMed]
3. Cani, P.D.; Delzenne, N.M. The role of the gut microbiota in energy metabolism and metabolic disease. Curr. Pharm. Des. 2009, 15,

1546–1558. [CrossRef]
4. LeBlanc, J.G.; Milani, C.; de Giori, G.S.; Sesma, F.; van Sinderen, D.; Ventura, M. Bacteria as vitamin suppliers to their host: A gut

microbiota perspective. Curr. Opin. Biotechnol. 2013, 24, 160–168. [CrossRef] [PubMed]
5. Takiishi, T.; Fenero, C.I.M.; Câmara, N.O.S. Intestinal barrier and gut microbiota: Shaping our immune responses throughout life.

Tissue Barriers 2017, 5, e1373208. [CrossRef]
6. Heiss, C.N.; Olofsson, L.E. Gut Microbiota-Dependent Modulation of Energy Metabolism. J. Innate Immun. 2018, 10, 163–171.

[CrossRef] [PubMed]
7. Anwar, H.; Iftikhar, A.; Muzaffar, H.; Almatroudi, A.; Allemailem, K.S.; Navaid, S.; Saleem, S.; Khurshid, M. Biodiversity of Gut

Microbiota: Impact of Various Host and Environmental Factors. Biomed. Res. Int. 2021, 2021, 5575245. [CrossRef]
8. Lange, K.; Buerger, M.; Stallmach, A.; Bruns, T. Effects of Antibiotics on Gut Microbiota. Dig. Dis. 2016, 34, 260–268. [CrossRef]

[PubMed]
9. Bibbò, S.; Ianiro, G.; Giorgio, V.; Scaldaferri, F.; Masucci, L.; Gasbarrini, A.; Cammarota, G. The role of diet on gut microbiota

composition. Eur. Rev. Med. Pharmacol. Sci. 2016, 20, 4742–4749.
10. Yatsunenko, T.; Rey, F.E.; Manary, M.J.; Trehan, I.; Dominguez-Bello, M.G.; Contreras, M.; Magris, M.; Hidalgo, G.; Baldassano,

R.N.; Anokhin, A.P.; et al. Human gut microbiome viewed across age and geography. Nature 2012, 486, 222–227. [CrossRef]
11. Yuan, X.; Chen, R.; Zhang, Y.; Lin, X.; Yang, X. Gut microbiota: Effect of pubertal status. BMC Microbiol. 2020, 20, 334. [CrossRef]
12. Tremellen, K.; Pearce, K. Small intestinal bacterial overgrowth (SIBO) as a potential cause of impaired spermatogenesis. Gut 2020,

69, 2058–2059. [CrossRef]
13. Colldén, H.; Landin, A.; Wallenius, V.; Elebring, E.; Fändriks, L.; Nilsson, M.E.; Ryberg, H.; Poutanen, M.; Sjögren, K.;

Vandenput, L.; et al. The gut microbiota is a major regulator of androgen metabolism in intestinal contents. Am. J. Physiol.
Endocrinol. Metab. 2019, 317, E1182–E1192. [CrossRef] [PubMed]

14. Adlercreutz, H.; Pulkkinen, M.O.; Hämäläinen, E.K.; Korpela, J.T. Studies on the role of intestinal bacteria in metabolism of
synthetic and natural steroid hormones. J. Steroid Biochem. 1984, 20, 217–229. [CrossRef]

15. Fuhrman, B.J.; Feigelson, H.S.; Flores, R.; Gail, M.H.; Xu, X.; Ravel, J.; Goedert, J.J. Associations of the fecal microbiome with
urinary estrogens and estrogen metabolites in postmenopausal women. J. Clin. Endocrinol. Metab. 2014, 99, 4632–4640. [CrossRef]
[PubMed]

16. Al-Asmakh, M.; Stukenborg, J.B.; Reda, A.; Anuar, F.; Strand, M.L.; Hedin, L.; Pettersson, S.; Söder, O. The gut microbiota and
developmental programming of the testis in mice. PLoS ONE 2014, 9, e103809. [CrossRef]

https://www.mdpi.com/article/10.3390/ani13132235/s1
https://www.mdpi.com/article/10.3390/ani13132235/s1
https://doi.org/10.1111/j.1753-4887.2012.00493.x
https://doi.org/10.1084/jem.20180448
https://www.ncbi.nlm.nih.gov/pubmed/30322864
https://doi.org/10.2174/138161209788168164
https://doi.org/10.1016/j.copbio.2012.08.005
https://www.ncbi.nlm.nih.gov/pubmed/22940212
https://doi.org/10.1080/21688370.2017.1373208
https://doi.org/10.1159/000481519
https://www.ncbi.nlm.nih.gov/pubmed/29131106
https://doi.org/10.1155/2021/5575245
https://doi.org/10.1159/000443360
https://www.ncbi.nlm.nih.gov/pubmed/27028893
https://doi.org/10.1038/nature11053
https://doi.org/10.1186/s12866-020-02021-0
https://doi.org/10.1136/gutjnl-2020-320766
https://doi.org/10.1152/ajpendo.00338.2019
https://www.ncbi.nlm.nih.gov/pubmed/31689143
https://doi.org/10.1016/0022-4731(84)90208-5
https://doi.org/10.1210/jc.2014-2222
https://www.ncbi.nlm.nih.gov/pubmed/25211668
https://doi.org/10.1371/journal.pone.0103809


Animals 2023, 13, 2235 12 of 14

17. Guo, Y.; Qi, Y.; Yang, X.; Zhao, L.; Wen, S.; Liu, Y.; Tang, L. Association between Polycystic Ovary Syndrome and Gut Microbiota.
PLoS ONE 2016, 11, e0153196. [CrossRef]

18. Han, Y.; Zhan, J.; Xu, Y.; Zhang, F.; Yuan, Z.; Weng, Q. Proliferation and apoptosis processes in the seasonal testicular development
of the wild Daurian ground squirrel (Citellus dauricus Brandt, 1844). Reprod. Fertil. Dev. 2017, 29, 1680–1688. [CrossRef] [PubMed]

19. Rani, S.; Kumar, V. Photoperiodic regulation of seasonal reproduction in higher vertebrates. Indian J. Exp. Biol. 2014, 52, 413–419.
20. Anand, S.; Losee-Olson, S.; Turek, F.W.; Horton, T.H. Differential regulation of luteinizing hormone and follicle-stimulating

hormone in male siberian hamsters by exposure to females and photoperiod. Endocrinology 2002, 143, 2178–2188. [CrossRef]
21. Bartness, T.J.; Goldman, B.D. Mammalian pineal melatonin: A clock for all seasons. Experientia 1989, 45, 939–945. [CrossRef]

[PubMed]
22. Chen, J.; Okimura, K.; Yoshimura, T. Light and Hormones in Seasonal Regulation of Reproduction and Mood. Endocrinology 2020,

161, bqaa130. [CrossRef] [PubMed]
23. Meethal, S.V.; Liu, T.; Chan, H.W.; Ginsburg, E.; Wilson, A.C.; Gray, D.N.; Bowen, R.L.; Vonderhaar, B.K.; Atwood, C.S.

Identification of a regulatory loop for the synthesis of neurosteroids: A steroidogenic acute regulatory protein-dependent
mechanism involving hypothalamic-pituitary-gonadal axis receptors. J. Neurochem. 2009, 110, 1014–1027. [CrossRef] [PubMed]

24. Vadakkadath Meethal, S.; Atwood, C.S. Alzheimer’s disease: The impact of age-related changes in reproductive hormones. Cell.
Mol. Life Sci. CMLS 2005, 62, 257–270. [CrossRef]

25. Dardente, H.; Simonneaux, V. GnRH and the photoperiodic control of seasonal reproduction: Delegating the task to kisspeptin
and RFRP-3. J. Neuroendocrinol. 2022, 34, e13124. [CrossRef]

26. Dardente, H.; Migaud, M. Thyroid hormone and hypothalamic stem cells in seasonal functions. Vitam. Horm. 2021, 116, 91–131.
[CrossRef]

27. Kriegsfeld, L.J.; Ubuka, T.; Bentley, G.E.; Tsutsui, K. Seasonal control of gonadotropin-inhibitory hormone (GnIH) in birds and
mammals. Front. Neuroendocrinol. 2015, 37, 65–75. [CrossRef]

28. Zhang, F.; Wang, Y.; Han, W.; Wang, J.; Zhang, H.; Sheng, X.; Yuan, Z.; Weng, Q.; Han, Y. Seasonal changes of androgen receptor,
estrogen receptors and aromatase expression in the hippocampus of the wild male ground squirrels (Citellus dauricus Brandt).
Gen. Comp. Endocrinol. 2017, 249, 93–100. [CrossRef]

29. Li, Q.; Zhang, F.; Zhang, S.; Sheng, X.; Han, X.; Weng, Q.; Yuan, Z. Seasonal expression of androgen receptor, aromatase, and
estrogen receptor alpha and beta in the testis of the wild ground squirrel (Citellus dauricus Brandt). Eur. J. Histochem. 2015, 59,
2456. [CrossRef]

30. Fan, S.; Lu, W.; Zhang, H.; Yuan, Z.; Han, Y.; Weng, Q. Seasonal Change in Adiponectin Associated with Ovarian Morphology
and Function in Wild Ground Squirrels (Citellus dauricus Brandt). Int. J. Mol. Sci. 2022, 23, 14698. [CrossRef]

31. Yuan, Z.; Wang, Y.; Yu, W.; Xie, W.; Zhang, Z.; Wang, J.; Zhang, H.; Han, Y.; Weng, Q. Seasonal expressions of oxytocin and
oxytocin receptor in the epididymides in the wild ground squirrels (Citellus dauricus Brandt). Gen. Comp. Endocrinol. 2020,
289, 113391. [CrossRef] [PubMed]

32. Zhang, H.; Wang, Y.; Zhang, J.; Wang, L.; Li, Q.; Sheng, X.; Han, Y.; Yuan, Z.; Weng, Q. Testicular expression of NGF, TrkA and
p75 during seasonal spermatogenesis of the wild ground squirrel (Citellus dauricus Brandt). Eur. J. Histochem. 2015, 59, 2522.
[CrossRef] [PubMed]

33. Wang, J.; Liu, Q.; Wang, Z.; Sheng, X.; Zhang, H.; Han, Y.; Yuan, Z.; Weng, Q. Seasonal expressions of luteinising hormone receptor,
follicle-stimulating hormone receptor and prolactin receptor in the epididymis of the male wild ground squirrel (Spermophilus
dauricus). Reprod. Fertil. Dev. 2019, 31, 735–742. [CrossRef] [PubMed]

34. Zhang, F.; Wang, J.; Jiao, Y.; Zhang, L.; Zhang, H.; Sheng, X.; Han, Y.; Yuan, Z.; Weng, Q. Seasonal changes of androgen receptor,
estrogen receptors and aromatase expression in the medial preoptic area of the wild male ground squirrels (Citellus dauricus
Brandt). Eur. J. Histochem. 2016, 60, 2621. [CrossRef] [PubMed]

35. Song, Y.; Yang, X.; Zhang, X.; Zhu, J.; Chen, Y.; Gao, F.; Zhang, H.; Han, Y.; Weng, Q.; Yuan, Z. Seasonal expression of extracellular
signal regulated kinases in the colon of wild ground squirrels (Spermophilus dauricus). Mol. Biol. Rep. 2022, 49, 2209–2215.
[CrossRef]

36. Yang, X.; Liu, X.; Song, F.; Wei, H.; Gao, F.; Zhang, H.; Han, Y.; Weng, Q.; Yuan, Z. Seasonal expressions of GPR41 and GPR43 in
the colon of the wild ground squirrels (Spermophilus dauricus). Eur. J. Histochem. 2022, 66, 3351. [CrossRef]

37. Yang, X.; Yao, Y.; Zhang, X.; Zhong, J.; Gao, F.; Zhang, H.; Han, Y.; Weng, Q.; Yuan, Z. Seasonal Changes in the Distinct Taxonomy
and Function of the Gut Microbiota in the Wild Ground Squirrel (Spermophilus dauricus). Animals 2021, 11, 2685. [CrossRef]

38. Ranjan, R.; Rani, A.; Metwally, A.; McGee, H.S.; Perkins, D.L. Analysis of the microbiome: Advantages of whole genome shotgun
versus 16S amplicon sequencing. Biochem. Biophys. Res. Commun. 2016, 469, 967–977. [CrossRef]

39. Truong, D.T.; Franzosa, E.A.; Tickle, T.L.; Scholz, M.; Weingart, G.; Pasolli, E.; Tett, A.; Huttenhower, C.; Segata, N. MetaPhlAn2
for enhanced metagenomic taxonomic profiling. Nat. Methods 2015, 12, 902–903. [CrossRef]

40. Luo, R.; Liu, B.; Xie, Y.; Li, Z.; Huang, W.; Yuan, J.; He, G.; Chen, Y.; Pan, Q.; Liu, Y.; et al. SOAPdenovo2: An empirically improved
memory-efficient short-read de novo assembler. GigaScience 2012, 1, 2047–2217X-1-18. [CrossRef]

41. Zhu, W.; Lomsadze, A.; Borodovsky, M. Ab initio gene identification in metagenomic sequences. Nucleic Acids Res. 2010, 38, e132.
[CrossRef]

42. Fu, L.; Niu, B.; Zhu, Z.; Wu, S.; Li, W. CD-HIT: Accelerated for clustering the next-generation sequencing data. Bioinformatics 2012,
28, 3150–3152. [CrossRef]

https://doi.org/10.1371/journal.pone.0153196
https://doi.org/10.1071/RD16063
https://www.ncbi.nlm.nih.gov/pubmed/27679415
https://doi.org/10.1210/endo.143.6.8839
https://doi.org/10.1007/BF01953051
https://www.ncbi.nlm.nih.gov/pubmed/2680574
https://doi.org/10.1210/endocr/bqaa130
https://www.ncbi.nlm.nih.gov/pubmed/32738138
https://doi.org/10.1111/j.1471-4159.2009.06192.x
https://www.ncbi.nlm.nih.gov/pubmed/19493163
https://doi.org/10.1007/s00018-004-4381-3
https://doi.org/10.1111/jne.13124
https://doi.org/10.1016/bs.vh.2021.02.005
https://doi.org/10.1016/j.yfrne.2014.12.001
https://doi.org/10.1016/j.ygcen.2017.05.009
https://doi.org/10.4081/ejh.2015.2456
https://doi.org/10.3390/ijms232314698
https://doi.org/10.1016/j.ygcen.2020.113391
https://www.ncbi.nlm.nih.gov/pubmed/31917151
https://doi.org/10.4081/ejh.2015.2522
https://www.ncbi.nlm.nih.gov/pubmed/26428886
https://doi.org/10.1071/RD18262
https://www.ncbi.nlm.nih.gov/pubmed/30509341
https://doi.org/10.4081/ejh.2016.2621
https://www.ncbi.nlm.nih.gov/pubmed/27349316
https://doi.org/10.1007/s11033-021-07042-0
https://doi.org/10.4081/ejh.2022.3351
https://doi.org/10.3390/ani11092685
https://doi.org/10.1016/j.bbrc.2015.12.083
https://doi.org/10.1038/nmeth.3589
https://doi.org/10.1186/2047-217X-1-18
https://doi.org/10.1093/nar/gkq275
https://doi.org/10.1093/bioinformatics/bts565


Animals 2023, 13, 2235 13 of 14

43. Huttenhower, C.; Gevers, D.; Knight, R.; Abubucker, S.; Badger, J.H.; Chinwalla, A.T.; Creasy, H.H.; Earl, A.M.; FitzGerald, M.G.;
Fulton, R.S.; et al. Structure, function and diversity of the healthy human microbiome. Nature 2012, 486, 207–214. [CrossRef]

44. Altschul, S.F.; Gish, W.; Miller, W.; Myers, E.W.; Lipman, D.J. Basic local alignment search tool. J. Mol. Biol. 1990, 215, 403–410.
[CrossRef]

45. Ashburner, M.; Ball, C.A.; Blake, J.A.; Botstein, D.; Butler, H.; Cherry, J.M.; Davis, A.P.; Dolinski, K.; Dwight, S.S.; Eppig, J.T.;
et al. Gene ontology: Tool for the unification of biology. The Gene Ontology Consortium. Nat Genet. 2000, 25, 25–29. [CrossRef]
[PubMed]

46. Kanehisa, M.; Goto, S. KEGG: Kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 2000, 28, 27–30. [CrossRef]
47. Love, M.I.; Huber, W.; Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome

Biol. 2014, 15, 550. [CrossRef] [PubMed]
48. Yu, G.; Wang, L.G.; Han, Y.; He, Q.Y. clusterProfiler: An R package for comparing biological themes among gene clusters. Omics

2012, 16, 284–287. [CrossRef] [PubMed]
49. Schloss, P.D.; Westcott, S.L.; Ryabin, T.; Hall, J.R.; Hartmann, M.; Hollister, E.B.; Lesniewski, R.A.; Oakley, B.B.; Parks, D.H.;

Robinson, C.J.; et al. Introducing mothur: Open-Source, Platform-Independent, Community-Supported Software for Describing
and Comparing Microbial Communities. Appl. Environ. Microbiol. 2009, 75, 7537–7541. [CrossRef] [PubMed]

50. Parks, D.H.; Tyson, G.W.; Hugenholtz, P.; Beiko, R.G. STAMP: Statistical analysis of taxonomic and functional profiles. Bioinfor-
matics 2014, 30, 3123–3124. [CrossRef] [PubMed]

51. Segata, N.; Izard, J.; Waldron, L.; Gevers, D.; Miropolsky, L.; Garrett, W.S.; Huttenhower, C. Metagenomic biomarker discovery
and explanation. Genome Biol. 2011, 12, R60. [CrossRef] [PubMed]

52. Wickham, H. ggplot2: Elegant Graphics for Data Analysis; Springer: New York, NY, USA, 2016.
53. Chen, T.; Liu, Y.-X.; Huang, L. ImageGP: An easy-to-use data visualization web server for scientific researchers. iMeta 2022, 1, e5.

[CrossRef]
54. Davis, A.J.; Kay, S. Writing statistical methods for ecologists. Ecosphere 2023, 14, e4539. [CrossRef]
55. Stevenson, T.J.; Duddleston, K.N.; Buck, C.L. Effects of season and host physiological state on the diversity, density, and activity

of the arctic ground squirrel cecal microbiota. Appl. Environ. Microbiol. 2014, 80, 5611–5622. [CrossRef] [PubMed]
56. Maurice, C.F.; Knowles, S.C.; Ladau, J.; Pollard, K.S.; Fenton, A.; Pedersen, A.B.; Turnbaugh, P.J. Marked seasonal variation in the

wild mouse gut microbiota. ISME J. 2015, 9, 2423–2434. [CrossRef] [PubMed]
57. Ren, T.; Boutin, S.; Humphries, M.M.; Dantzer, B.; Gorrell, J.C.; Coltman, D.W.; McAdam, A.G.; Wu, M. Seasonal, spatial, and

maternal effects on gut microbiome in wild red squirrels. Microbiome 2017, 5, 163. [CrossRef]
58. Wan, X.; Li, J.; Cheng, Z.; Ao, M.; Tian, R.; Mclaughlin, R.W.; Zheng, J.; Wang, D. The intestinal microbiome of an Indo-Pacific

humpback dolphin (Sousa chinensis) stranded near the Pearl River Estuary, China. Integr. Zool. 2021, 16, 287–299. [CrossRef]
59. Li, H.; Xia, W.; Liu, X.; Wang, X.; Liu, G.; Chen, H.; Zhu, L.; Li, D. Food provisioning results in functional, but not compositional,

convergence of the gut microbiomes of two wild Rhinopithecus species: Evidence of functional redundancy in the gut microbiome.
Sci. Total Environ. 2023, 858, 159957. [CrossRef]

60. Ley, R.E.; Hamady, M.; Lozupone, C.; Turnbaugh, P.J.; Ramey, R.R.; Bircher, J.S.; Schlegel, M.L.; Tucker, T.A.; Schrenzel, M.D.;
Knight, R.; et al. Evolution of mammals and their gut microbes. Science 2008, 320, 1647–1651. [CrossRef]

61. Thackray, V.G. Sex, Microbes, and Polycystic Ovary Syndrome. Trends Endocrinol. Metab. 2019, 30, 54–65. [CrossRef]
62. Zhou, J.; Wang, M.; Yi, X. Alteration of Gut Microbiota of a Food-Storing Hibernator, Siberian Chipmunk Tamias sibiricus. Microb.

Ecol. 2022, 84, 603–612. [CrossRef]
63. Shor, E.K.; Brown, S.P.; Freeman, D.A. A novel role for the pineal gland: Regulating seasonal shifts in the gut microbiota of

Siberian hamsters. J. Pineal Res. 2020, 69, e12696. [CrossRef]
64. Tan, X.; Han, H.; Niu, P. Investigation on the food pattern of the Spermophilus dauricus in Bashang area of Chengde City. Chin. J.

Hyg. Insectic. Equip. 2017, 23, 538–540. (In Chinese) [CrossRef]
65. Fan, C.; Zhang, L.; Jia, S.; Tang, X.; Fu, H.; Li, W.; Liu, C.; Zhang, H.; Cheng, Q.; Zhang, Y. Seasonal variations in the composition

and functional profiles of gut microbiota reflect dietary changes in plateau pikas. Integr. Zool. 2022, 17, 379–395. [CrossRef]
[PubMed]

66. Grigor’eva, I.N. Gallstone Disease, Obesity and the Firmicutes/Bacteroidetes Ratio as a Possible Biomarker of Gut Dysbiosis.
J. Pers. Med. 2021, 11, 13. [CrossRef]

67. Stojanov, S.; Berlec, A.; Štrukelj, B. The Influence of Probiotics on the Firmicutes/Bacteroidetes Ratio in the Treatment of Obesity
and Inflammatory Bowel disease. Microorganisms 2020, 8, 1715. [CrossRef] [PubMed]

68. Magne, F.; Gotteland, M.; Gauthier, L.; Zazueta, A.; Pesoa, S.; Navarrete, P.; Balamurugan, R. The Firmicutes/Bacteroidetes Ratio:
A Relevant Marker of Gut Dysbiosis in Obese Patients? Nutrients 2020, 12, 1474. [CrossRef]

69. Lee, C.J.; Sears, C.L.; Maruthur, N. Gut microbiome and its role in obesity and insulin resistance. Ann. N. Y. Acad. Sci. 2020, 1461,
37–52. [CrossRef] [PubMed]

70. Hao, Z.; Wang, X.; Yang, H.; Tu, T.; Zhang, J.; Luo, H.; Huang, H.; Su, X. PUL-Mediated Plant Cell Wall Polysaccharide Utilization
in the Gut Bacteroidetes. Int. J. Mol. Sci. 2021, 22, 3077. [CrossRef]

71. Turpin, W.; Humblot, C.; Thomas, M.; Guyot, J.-P. Lactobacilli as multifaceted probiotics with poorly disclosed molecular
mechanisms. Int. J. Food Microbiol. 2010, 143, 87–102. [CrossRef]

https://doi.org/10.1038/nature11234
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1038/75556
https://www.ncbi.nlm.nih.gov/pubmed/10802651
https://doi.org/10.1093/nar/28.1.27
https://doi.org/10.1186/s13059-014-0550-8
https://www.ncbi.nlm.nih.gov/pubmed/25516281
https://doi.org/10.1089/omi.2011.0118
https://www.ncbi.nlm.nih.gov/pubmed/22455463
https://doi.org/10.1128/AEM.01541-09
https://www.ncbi.nlm.nih.gov/pubmed/19801464
https://doi.org/10.1093/bioinformatics/btu494
https://www.ncbi.nlm.nih.gov/pubmed/25061070
https://doi.org/10.1186/gb-2011-12-6-r60
https://www.ncbi.nlm.nih.gov/pubmed/21702898
https://doi.org/10.1002/imt2.5
https://doi.org/10.1002/ecs2.4539
https://doi.org/10.1128/AEM.01537-14
https://www.ncbi.nlm.nih.gov/pubmed/25002417
https://doi.org/10.1038/ismej.2015.53
https://www.ncbi.nlm.nih.gov/pubmed/26023870
https://doi.org/10.1186/s40168-017-0382-3
https://doi.org/10.1111/1749-4877.12477
https://doi.org/10.1016/j.scitotenv.2022.159957
https://doi.org/10.1126/science.1155725
https://doi.org/10.1016/j.tem.2018.11.001
https://doi.org/10.1007/s00248-021-01877-7
https://doi.org/10.1111/jpi.12696
https://doi.org/10.19821/j.1671-2781.2017.06.012
https://doi.org/10.1111/1749-4877.12630
https://www.ncbi.nlm.nih.gov/pubmed/35051309
https://doi.org/10.3390/jpm11010013
https://doi.org/10.3390/microorganisms8111715
https://www.ncbi.nlm.nih.gov/pubmed/33139627
https://doi.org/10.3390/nu12051474
https://doi.org/10.1111/nyas.14107
https://www.ncbi.nlm.nih.gov/pubmed/31087391
https://doi.org/10.3390/ijms22063077
https://doi.org/10.1016/j.ijfoodmicro.2010.07.032


Animals 2023, 13, 2235 14 of 14

72. Zhang, Z.; Lv, J.; Pan, L.; Zhang, Y. Roles and applications of probiotic Lactobacillus strains. Appl. Microbiol. Biotechnol. 2018, 102,
8135–8143. [CrossRef]

73. Joung, J.Y.; Lim, W.; Seo, Y.J.; Ham, J.; Oh, N.S.; Kim, S.H. A Synbiotic Combination of Lactobacillus gasseri 505 and Cudrania
tricuspidata Leaf Extract Prevents Stress-Induced Testicular Dysfunction in Mice. Front. Endocrinol. 2022, 13, 835033. [CrossRef]
[PubMed]

74. Mahiddine, F.Y.; You, I.; Park, H.; Kim, M.J. Management of dog sperm parameters and gut microbiota composition with
Lactobacillus rhamnosus supplementation. Vet. Res. Commun. 2023. [CrossRef] [PubMed]

75. Wang, Y.; Xie, Z. Exploring the role of gut microbiome in male reproduction. Andrology 2022, 10, 441–450. [CrossRef]
76. Vílchez, M.C.; Santangeli, S.; Maradonna, F.; Gioacchini, G.; Verdenelli, C.; Gallego, V.; Peñaranda, D.S.; Tveiten, H.; Pérez,

L.; Carnevali, O.; et al. Effect of the probiotic Lactobacillus rhamnosus on the expression of genes involved in European eel
spermatogenesis. Theriogenology 2015, 84, 1321–1331. [CrossRef] [PubMed]

77. Zhang, H.; Sheng, X.; Hu, X.; Li, X.; Xu, H.; Zhang, M.; Li, B.; Xu, M.; Weng, Q.; Zhang, Z.; et al. Seasonal changes in
spermatogenesis and immunolocalization of cytochrome P450 17alpha-hydroxylase/c17-20 lyase and cytochrome P450 aromatase
in the wild male ground squirrel (Citellus dauricus Brandt). J. Reprod. Dev. 2010, 56, 297–302. [CrossRef] [PubMed]

78. Sheng, X.; Zhang, H.; Zhang, W.; Song, M.; Zhang, M.; Li, B.; Weng, Q.; Watanabe, G.; Taya, K. Seasonal changes in spermatogene-
sis and immunolocalization of inhibin/activin subunits in the wild male ground squirrel (Citellus dauricus Brandt). J. Reprod. Dev.
2008, 54, 460–464. [CrossRef]

79. Guo, C.; Wang, Y.; Zhang, S.; Zhang, X.; Du, Z.; Li, M.; Ding, K. Crataegus pinnatifida polysaccharide alleviates colitis via
modulation of gut microbiota and SCFAs metabolism. Int. J. Biol. Macromol. 2021, 181, 357–368. [CrossRef]

80. Perry, R.J.; Peng, L.; Barry, N.A.; Cline, G.W.; Zhang, D.; Cardone, R.L.; Petersen, K.F.; Kibbey, R.G.; Goodman, A.L.; Shulman, G.I.
Acetate mediates a microbiome-brain-β-cell axis to promote metabolic syndrome. Nature 2016, 534, 213–217. [CrossRef]

81. Adak, A.; Khan, M.R. An insight into gut microbiota and its functionalities. Cell Mol. Life Sci. 2019, 76, 473–493. [CrossRef]
82. Deutscher, J.; Francke, C.; Postma, P.W. How phosphotransferase system-related protein phosphorylation regulates carbohydrate

metabolism in bacteria. Microbiol. Mol. Biol. Rev. 2006, 70, 939–1031. [CrossRef] [PubMed]
83. Shen, J.; Mu, C.; Wang, H.; Huang, Z.; Yu, K.; Zoetendal, E.G.; Zhu, W. Stimulation of Gastric Transit Function Driven by

Hydrolyzed Casein Increases Small Intestinal Carbohydrate Availability and Its Microbial Metabolism. Mol. Nutr. Food Res. 2020,
64, e2000250. [CrossRef]

84. Hayashi, A.; Mikami, Y.; Miyamoto, K.; Kamada, N.; Sato, T.; Mizuno, S.; Naganuma, M.; Teratani, T.; Aoki, R.; Fukuda, S.; et al.
Intestinal Dysbiosis and Biotin Deprivation Induce Alopecia through Overgrowth of Lactobacillus murinus in Mice. Cell Rep.
2017, 20, 1513–1524. [CrossRef]

85. Song, F.; Xu, Y.; Peng, P.; Li, H.; Zheng, R.; Zhang, H.; Han, Y.; Weng, Q.; Yuan, Z. Seasonal Changes in the Structure and Function
of Gut Microbiota in the Muskrat (Ondatra zibethicus). Metabolites 2023, 13, 248. [CrossRef] [PubMed]

86. Chen, S.; Zhou, Y.; Chen, Y.; Gu, J. fastp: An ultra-fast all-in-one FASTQ preprocessor. Bioinformatics 2018, 34, i884–i890. [CrossRef]
87. Langmead, B.; Salzberg, S.L. Fast gapped-read alignment with Bowtie 2. Nat. Methods 2012, 9, 357–359. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s00253-018-9217-9
https://doi.org/10.3389/fendo.2022.835033
https://www.ncbi.nlm.nih.gov/pubmed/35518925
https://doi.org/10.1007/s11259-023-10116-y
https://www.ncbi.nlm.nih.gov/pubmed/36977954
https://doi.org/10.1111/andr.13143
https://doi.org/10.1016/j.theriogenology.2015.07.011
https://www.ncbi.nlm.nih.gov/pubmed/26271165
https://doi.org/10.1262/jrd.09-078T
https://www.ncbi.nlm.nih.gov/pubmed/20197644
https://doi.org/10.1262/jrd.20032
https://doi.org/10.1016/j.ijbiomac.2021.03.137
https://doi.org/10.1038/nature18309
https://doi.org/10.1007/s00018-018-2943-4
https://doi.org/10.1128/MMBR.00024-06
https://www.ncbi.nlm.nih.gov/pubmed/17158705
https://doi.org/10.1002/mnfr.202000250
https://doi.org/10.1016/j.celrep.2017.07.057
https://doi.org/10.3390/metabo13020248
https://www.ncbi.nlm.nih.gov/pubmed/36837868
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1038/nmeth.1923
https://www.ncbi.nlm.nih.gov/pubmed/22388286

	Introduction 
	Materials and Methods 
	Experimental Animal Acquisition and Sample Collection 
	DNA Extraction and Metagenomic Sequencing 
	Data Processing, Species Composition Analysis, and Database Annotation 
	Differentially Expressed Gene Analysis 
	Statistical Analysis 

	Results 
	Species Composition and Variation of the Gut Microbiota 
	Diversity of the Gut Microbiota 
	Functional Annotation of the Gut Microbiota 
	Analysis and Enrichment of Differentially Expressed Genes 

	Discussion 
	Conclusions 
	References

