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Abstract

Background Seasonal behavioral divergence in zokors, driven primarily by their reproductive cycle, results in distinct
ecological strategies between breeding and non-breeding periods. To elucidate how intestinal microbes adapt to
these behavioral shifts, we used metagenomics to characterize the seasonal variations in the intestinal microbes of
Eospalax rothschildi, a subterranean zokor endemic to China.

Results Metagenomics revealed that summer samples showed an increased proportion of carbohydrate-degrading
bacteria. Moreover, a significant difference in taxonomic composition was observed between the samples collected

in the two seasons. Functional analysis based on the KEGG and CAZy databases revealed stronger carbohydrate
degradation capacities in summer samples, notably through enhanced galactose metabolism capabilities. The
enhanced galactose metabolism capabilities observed in summer were predominantly driven by increased
abundance of a-galactosidase and 3-galactosidase genes from enriched microbial populations, particularly
Bacteroides, unclassified_f_Lachnospiraceae, Roseburia, and Faecalibacterium. Furthermore, iCAMP analysis revealed that
deterministic and stochastic processes jointly governed intestinal microbial assembly in E. rothschildi during summer,
as elevated nutritional demands potentially intensified host selection in the breeding season. Conversely, stochastic
dominance in autumn may align with relaxed host selection.

Conclusions Collectively, these results demonstrated that season played a crucial role in modulating the
composition, function, and assembly process of the intestinal microbes of E. rothschildi.
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Background

Mammalian intestinal microbes and their hosts have
developed a mutually beneficial symbiotic relation-
ship over a long period of co-evolution. The genome of
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hosts and the microbiome can benefit from their inter-
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actions [2]. The host provides a stable and nutrient-rich
place that promotes the establishment of microbial com-
munities. It selectively facilitates the colonization of cer-
tain microbes by eliminating pathogenic bacteria while
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permitting the survival of beneficial ones [3]. Intestinal
microbes play a pivotal role in the intestinal nutritional
metabolism. They fulfill their function by supplementing
the digestive capacity of the host [4], which is necessary
for the host to efficiently digest food, maintain homeo-
stasis, and adapt to various environments [5-8]. More-
over, intestinal microbes and related metabolites possess
a multitude of physiological functions. Specifically, they
are involved in modulating host metabolism and immune
response, maintaining intestinal barrier, repairing the
intestinal epithelium, and exerting an influence on the
expression of host genes [9-11]. Therefore, a comprehen-
sive understanding of host-microbial interactions is of
great significance for exploring the ecology and evolution
of wildlife [12].

Increasing evidence indicates that, apart from host
factors such as host genotype, phylogeny, and ecology,
the composition and diversity of mammalian intestinal
microbes are considerably influenced by environmen-
tal factors [10, 13—-17]. These environmental variables
comprise dietary [18, 19], seasons [20], lifestyle, social
networks, environmental microbes [21], and geography
[22]. Previous studies have demonstrated that diet plays
an important role in shaping the gut microbiota [19, 23,
24]. It is common for wild animals to change their dietary
patterns across different seasons and habitats, an altera-
tion that potentially impacts their intestinal microbes.
For example, seasonal changes in the rumen microbes of
yaks facilitate their hosts’ survival during shortages and
exposure to cold stress in the spring and winter [25]. The
composition and diversity of the intestinal microbes in
wild Tibetan macaque also exhibited seasonal changes
to adapt to seasonal fluctuations in food availability [26].
Similarly, the gut microbial composition of plateau pika
demonstrated seasonal variations, which were correlated
with the shifts in food nutrition across different seasons
[27]. However, it remains uncertain whether seasonal
changes in gut microbial composition of the host are
concomitant with functional transformations. Addition-
ally, the relevant studies are relatively limited.

Eospalax rothschildi, a typical subterranean zokor
endemic to China, spends most of its life in underground
tunnel systems. This species inhabits the Qinba moun-
tains, a region characterized by warm-humid climate,
fertile soils, and abundant plant resources [28]. Stud-
ies have demonstrated that the behavioral patterns of
zokors exhibit seasonal differences, primarily driven by
their reproductive cycle and manifesting as distinct eco-
logical strategies between breeding and non-breeding
seasons [29-31]. To resolve how intestinal microbes
adapt to these seasonal transitions, we employed metage-
nomics to elucidate compositional and functional shifts
in the intestinal microbes of E. rothschildi across sea-
sonal transitions. Investigating the seasonal changes in
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the intestinal microbes of E. rothschildi is beneficial for
understanding its nutritional demands in different sea-
sons, thereby facilitating a more profound understanding
of its habitat and dietary strategies. This study is expected
to offer novel insights for the future development of eco-
logical control measures against rodent damage.

Methods

Sample collection

Adult wild zokors (E. rothschildi, ER) were captured from
Zhenba county (ZB, 32.5008°N, 108.0207°E), Shaanxi
Province, China. The sampling region is situated within
the Qinba mountains, where the mean annual tempera-
ture registers at 13.8 °C and the annual precipitation
amounts to 1300 mm. The sample information was shown
in Table S1. After being sedated with xylazine hydrochlo-
ride (5 mg/kg), the zokors were humanely euthanized by
an intravenous overdose of pentobarbital sodium (390
mg/mL). The cecal contents were collected within 5 min
and promptly transferred into cryogenic vials, frozen
with liquid nitrogen, and subsequently stored in a labora-
tory freezer at —80°C. A total of seven cecal samples were
collected, comprising four samples from the summer sea-
son (ER_S, n=4) and three samples from the autumn sea-
son (ER_A, n=3). Furthermore, the dominant plants in
the sampling area of E. rothschildi were identified based
on morphological characteristics. In both summer and
autumn, plants were dominated by Artemisia argyi, Plan-
tago depressa, and Fragaria nilgerrensis.

DNA extraction, PE library construction, and sequencing
Total genomic DNA was isolated from the cecal contents
of zokors following the protocol provided by the Stool
Genome DNA Extraction Kit (Tiangen Inc.). The DNA
concentration was quantified using the Nanodrop 2000
Spectrophotometer (Thermo Fisher Scientific, Wilming-
ton, NC, USA). Subsequently, DNA fragments were sepa-
rated by 1% agarose gel electrophoresis and stained with
ethidium bromide, and then visualized under UV light.
After purifying with a gel extraction kit (Takara Bio Inc.),
the DNA was submitted to Majorbio Bio-Pharm Tech-
nology Co. Ltd. (Shanghai, China) for sequencing.

To initiate the library construction process, the DNA
was fragmented to approximately 400 bp in length using
Covaris M220 instrument (Gene Company Limited,
China). Thereafter, paired-end library was assembled
with the NEXTFLEX Rapid DNA-Seq Kit (Bioo Scien-
tific, Austin, TX, USA). Adapters containing the full com-
plement of sequencing primer hybridization sites were
ligated to both ends of fragments. Paired-end sequencing
was carried out on the Illumina NovaSeq platform (Illu-
mina Inc., San Diego, CA, USA) at Majorbio Bio-Pharm
Technology Co., Ltd. (Shanghai, China) using NovaSeq



Zou et al. BMC Microbiology (2025) 25:693

Reagent Kits following the manufacturer’s instructions
(www.illumina.com).

Sequence quality control and genome assembly

The paired-end Illumina reads were performed using
Kneaddata v0.7.4. This involved performing quality fil-
tering with Trimmomatic v0.39 [32], and removing host-
derived sequences by aligning to the reference genome of
closely related species (E. fontanierii, GCA_035773235.1)
using Bowtie2 v2.3.5.1 [28, 33].

Metagenomic data assembly was carried out using
Megahit v1.2.9 [34]. Genome assembly evaluation using
QUAST v5.0.2 generated 6.85 million contigs span-
ning 7.29 Gbp total length, with an N50 value of 1,059
bp. Considering the balance of data quality and compu-
tational efficiency, we choose a length of 500 bp as the
filtering threshold. Contigs with a length of no less than
500 bp were chosen as the final assembled contigs and
subsequently utilized for further gene prediction and
functional annotation. Summary statistics on sequence
quality control and assembly of each sample were pre-
sented in Table S2.

Gene prediction, taxonomy, and functional annotation

The prodigal software v2.6.3 [35] was used to predict
open reading frames (ORFs) within each assembled con-
tig. Subsequently, CD-HIT v4.8.1 was utilized to con-
struct non-redundant gene sets with 95% identity based
on the predicted ORFs [36, 37]. Clean reads were then
mapped to the non-redundant gene sets to compute gene
abundance with Salmon v1.2.1 [38]. Furthermore, the
EMBOSS software v6.6.0.0 was engaged to translate the
non-redundant gene sequences into non-redundant pro-
tein sequences for the purpose of annotation.

Representative sequences of non-redundant gene sets
were mapped to the NR database with an e-value cutoff of
le™ by employing Diamond v0.8.22 for taxonomic anno-
tation purposes [39]. Subsequently, all valid sequences
for all samples were annotated via Kraken2 v2.0.7-beta
[40]. Moreover, the relative abundance of each sample at
the genus level was estimated using Bracken v2.0 [41].

Non-redundant gene sets were aligned to the KEGG
(http://www.genome.jp/kegg/) database and the CAZy
database (http://www.cazy.org/) with an e-value cutoff
of le™ using Diamond v0.8.22 for functional annota-
tions [42]. EggNOG-mapper v2.0.1 was used to compare
the non-redundant protein sequences with the EggNOG
database to obtain the functional annotations [43].

The abundance (TPM) of non - redundant genes anno-
tated to the same gene family was aggregated to gener-
ate a feature table in the database. Additionally, the alpha
diversity and the beta diversity were estimated at the
genus level. Moreover, the microbes encoding glycoside
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hydrolases (GHs) at the genus level were analyzed and
counted.

Metagenomic binning

Assembled contigs with a length of no less than 1000
bp were subjected to binning using Metabat v2.12.1
[44], Concoct v0.5.0 (https://github.com/BinPro/CON
COCT), and Maxbin v2.2.5 (https://sourceforge.net/pr
ojects/maxbin/). Subsequently, the obtained bins were
refined via RefineM v0.0.24 [45]. The completeness and
contamination levels of each bin were then evaluated by
CheckM v1.0.12 [46]. All the bins were aggregated and
subsequently dereplicated using dRep v2.2.9 [47]. These
bins were classified using GTDB-tk v2.3.0 [48], which
leverages 120 bacterial and 53 archaeal conserved marker
genes from GTDB database. A phylogenetic tree was sub-
sequently reconstructed based on these conserved genes.
Moreover, the relative abundance of the bins was esti-
mated by CoverM v0.6.1 (https://github.com/Ecogenom
ics/CheckM).

Microbial community assembly analysis

To infer the assembly processes of the microbial com-
munity across different seasons in E. rothschildi, we
employed a phylogenetic bin-based null model via the
“ICAMP” package in R to assess the relative contribu-
tions of ecological processes [49]. The Raup-Crick index
(RCI) and B-nearest taxon index (BNTI) were computed
to quantify the relative contributions of diverse processes
[50]. A |BNTI]| value of no less than 2 implies that deter-
ministic processes dominate in the community assembly.
Conversely, a |BNTI| value of no more than 2 suggests
that stochastic processes dominate in shaping microbial
communities. Subsequently, we integrated PNTI and RCI
to estimate the relative strengths of various processes,
namely homogeneous selection (BNTI < - 2), heteroge-
neous selection (BNTI > 2), drift (|[BNTI| < 2 and |RCI]|
< 0.95), homogeneous dispersal (|BNTI| < 2 and RCI
<-0.95) and dispersal limitation (|[BNTI| < 2 and RCI
>0.95), in driving the microbial community.

Statistical analysis and visualization

Differences in taxonomic composition and functional
pathway abundances between groups were analyzed
using two-tailed Wilcoxon rank-sum tests with signifi-
cance defined at p<0.05. The statistical results for each
database were visualized as bar plots using ggplot2 in R
v4.3.1. Based on genus-level abundance profiles, alpha
diversity (Shannon index and Simpson index) and beta
diversity (PCoA) were calculated using the vegan package
(v2.6-4) in R. Inter-group comparisons of alpha diversity
indexes were performed via two-tailed Wilcoxon rank
sum tests with a significance threshold of p <0.05. Micro-
bial community structure differentiation between groups
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was assessed through PERMANOVA (999 permutations)
based on Bray-Curtis dissimilarity matrices, with statisti-
cal significance defined at a =0.05.

Results

The composition and diversity of intestinal microbes of

E. rothschildi between the two seasons based on the NR
database

After quality control and host DNA removal, 70.77% of
raw reads per sample (mean sequencing depth=3.1x)
were retained across seven zokor samples for down-
stream taxonomic and functional annotation.

The annotations at the kingdom and family levels were
shown in Fig. S1 and Fig. S2, respectively. The intestinal
microbes of all zokor samples were dominated by bacte-
ria with a mean relative abundance of 99.11%, followed
by fungi (0.45%), and viruses (0.33%).

At phylum level, Bacillota and Bacteroidota were the
main phyla in the intestinal microbes of E. rothschildi
with a mean relative abundance of 66.91% and 16.35%
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respectively, followed by Pseudomonadota (10.39%) (Fig.
la). At genus level, Escherichia (7.93%), Dysosmobacter
(9.50%), unclassified_o_Eubacteriales (8.69%), Lactoba-
cillus (7.64%), Pseudoflavonifractor (5.49%), Streptococcus
(5.69%), unclassified_f Oscillibacter (4.90%) were domi-
nant microbes in zokor samples (Fig. 1b).

At phylum level (Fig. 1c), the proportions of Bacillota
in summer and autumn were 76.77% and 53.77%, respec-
tively, while the proportions of Bacteroidota were 5.84%
and 30.37%, respectively. The proportion of Bacillota
in E. rothschildi was significantly enriched in summer
(p<0.05). At genus level (Fig. 1d), the Pseudoflavoni-
fractor was significantly enriched in summer (p<0.05),
and its relative abundance in summer and autumn were
7.67% and 2.59%, respectively.

Shannon and Simpson indexes were estimated as alpha
diversity based on microbial relative abundance at genus
level. By comparing the difference in alpha diversity
between the two seasons, we have found that both the
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Fig. 1 Mean relative abundances of microbes (a) at phylum level and (b) at genus level across all zokor samples. Differences of intestinal microbial com-
position of E. rothschildi between the two seasons (c) at phylum level and (d) at genus level
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Shannon and Simpson index did not differ significantly
between the two seasons (Fig. S3a, p >0.05).

Principal coordinate analysis (PCoA) was performed
based on Bray-Curtis distance to visualize the difference
in taxonomic composition of zokor intestinal microbes
across different seasons. The result showed that the E.
rothschildi from summer and autumn had distinct com-
position of intestinal microbes (Fig. S3b). PERMANOVA
tests based on Bray-Curtis distance showed that sea-
son significantly explained 48.70% (F =4.74, R*=0.4870,
p<0.05) of the beta diversity among samples.

Intestinal microbial function of E. rothschildi between the
two seasons based on the KEGG database

In KEGG pathway, the metabolic pathway at the first level
was mainly divided into 6 categories (Fig. S4), including
metabolism, genetic information processing, cellular pro-
cesses, human diseases, environmental information pro-
cessing, and organismal systems. More than 60% of the
annotated genes were associated with metabolism (Fig.
S4). We mainly focused on the metabolism.

The relative abundance of intestinal microbial func-
tion between the two seasons at the second level of
KEGG pathway under metabolism was shown in Fig.
2a. Among them, the metabolic pathways mainly con-
tained 13 functions, while carbohydrate metabolism was
the most abundant with the mean relative abundance of
11.03%, followed by amino acid metabolism (9.52%), and
metabolism of cofactors and vitamins (9.00%). By com-
parison of differences in metabolic pathways between
the two seasons, carbohydrate metabolism was signifi-
cantly enriched in summer than that of autumn (Fig. S5,
p<0.05).

The relative abundance of intestinal microbial func-
tion between the two seasons at the third level of KEGG
pathway under carbohydrate metabolism was shown in
Fig. 2b. The dominant pathway of all zokor samples was
citrate cycle _TCA cycle, followed by pyruvate metabo-
lism, glycolysis/gluconeogenesis, starch and sucrose

a b
A 5 0.05

Carbohydrate metabolism
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metabolism, and galactose metabolism. The pathway of
starch and sucrose metabolism (ko00500), and galac-
tose metabolism (ko00052) in E. rothschildi were both
significantly enriched in summer (Fig. 2b, p<0.05). The
enrichment of genes related to carbohydrate metabo-
lism in summer was likely reflected through the enrich-
ment of starch and sucrose metabolism, and galactose
metabolism.

The metabolic pathway of galactose metabolism
(ko00052) involves a variety of carbohydrate metabolic
processes, and various enzymatic reactions (Fig. S6).
Based on the annotations in KEGG Enzyme, the top
eight abundant enzymes involved in galactose metabo-
lism were shown in Fig. 2c. Among them, a-galactosidase
(EC 3.2.1.22) was the most abundant enzyme in galactose
metabolism with the mean relative abundance of 0.16%.
By comparing the differences between the two seasons,
the results showed that «-galactosidase (EC 3.2.1.22),
B-galactosidase (EC 3.2.1.23), galactonate dehydratase
(EC 4.2.1.6), and tagatose 1, 6-diphosphate aldolase (EC
4.1.2.40) were significantly enriched in summer (Fig. 2c,
p<0.05). These results suggested that the enrichment of
galactose metabolism in summer was mainly reflected by
the enrichment of genes coding for a-galactosidase and
[-galactosidase.

Seasonal differences in the abundance of galactosidase-
encoding genes from various GH families based on the
CAZy database
As shown in Fig. S7, the genes were divided into 6 classes
based on CAZy database. The 6 classes include glyco-
side hydrolases (GH), glycosyl transferases (GT), carbo-
hydrate binding modules (CBM), polysaccharide lyases
(PL), carbohydrate esterases (CE), and auxiliary activities
(AA). Among them, GH was the most abundant function
(Fig. S7), and galactosidase belonged mostly to GH.

To verify intestinal microbial functions related to
galactose metabolism in E. rothschildi, we targeted
genes encoding a-galactosidase or B-galactosidase from

BIGiS ZBiGis ZBIGSI ZBING ZBIZM ZBINS ZBI2YT $

Fig. 2 The functional comparison of intestinal microbes of E. rothschildi between the two seasons based on KEGG pathway database. a Heatmap show-
ing the intestinal microbial function of E. rothschildi across all samples at the second level under KEGG metabolism pathway. b Differences of intestinal
microbial function of E. rothschildi between the two seasons at the third level under KEGG carbohydrate metabolism pathway. ¢ Differences of enzyme
genes of E. rothschildi in galactose metabolism pathway (ko00052) between the two seasons
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various GH families to assess changes in relative abun-
dance across seasons. Results indicated that the relative
abundance of a-galactosidase genes from GH31, GH4,
GH57, GH27, GH36, and GH97 families was higher in
summer samples, while only GH31 showed a signifi-
cant difference in abundance between seasons (Fig. 3a,
Wilcoxon rank sum test, p<0.05). Similarly, the relative
abundance of B-galactosidase genes from GHI1, GH2,
and GH42 families was increased in summer, although
only GH2 exhibited a significant difference in abun-
dance (Fig. 3b, Wilcoxon rank sum test, p <0.05). There-
fore, a-galactosidase genes of GH31 and p-galactosidase
genes of GH2 were identified as differentially abundant
galactosidase genes (Fig. 3). These results indicated
that the relative abundance of both a-galactosidase and
[B-galactosidase genes from some GH families was higher
in summer than in autumn.

Inference of dominant microbes encoding differentially

abundant galactosidase genes from various GH families

Through integrated annotation, we screened for
genes that were assigned to a genus-level taxonomy
in the NR database and were also identified as differ-
entially abundant galactosidase genes from various
GH families in the CAZy database. These genus-level
microbes were inferred to encode differentially abun-
dant galactosidase genes from various GH families.
Integration with gene abundance profiles enabled the
identification of dominant microbes encoding these
differentially abundant galactosidase genes in each
sample. Dominant microbes inferred to encode dif-
ferentially abundant a-galactosidase genes from the
GH31 family included Bacteroides, unclassified_f Lach-

nospiraceae, unclassified_c_Clostridia, Roseburia,
a a-galactosidase
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unclassified_f Bacteroidaceae, unclassified_o_Eubacteri-
ales, Lactobacillus, unclassified_f Muribaculaceae, Blau-
tia, and unclassified_o_Bacteroidales (Fig. 4a). Among
them, the proportion of Bacteroides, unclassified_f Lach-
nospiraceae, unclassified_c_Clostridia, Roseburia, and
unclassified_f Muribaculaceae was higher in summer,
while the proportion of Lactobacillus was higher in
autumn (Fig. 4a).

Moreover, dominant microbes inferred to encode
differentially abundant [-galactosidase genes from
the GH2 family included unclassified f Lachnospira-
ceae, Faecalibacterium, unclassified_o_Eubacteriales,
unclassified_c_Clostridia, unclassified_f Oscillospira-
ceae, Mediterraneibacter, unclassified_f Bacteroidaceae,
Bacteroides, Hungatella, and Roseburia (Fig. 4b). Among
them, the proportion of unclassified_f Lachnospiraceae,
Faecalibacterium,  unclassified_o_Eubacteriales, and
unclassified_f Oscillospiraceae was higher in summer,
while the proportion of Mediterraneibacter, and Hunga-
tella was higher in autumn (Fig. 4b).

Metagenomic binning

Using CheckM v1.0.12 for quality assessment, we
obtained 97 medium-quality genomic bins (>50% com-
pleteness, <10% contamination) with mean complete-
ness of 77.6% + 13.1% and contamination of 2.8% + 2.4%.
Using GTDB-tk v2.3.0 with the GTDB v214.1 reference
database, most bins were taxonomically assigned up
to the family-level resolution (Table S3). Only one bin
(MAGS5, 76.84% completeness, 1.4% contamination) was
annotated to species-level (Treponema_D sp017935745).
The phylogenetic relationships and family-level tax-
onomy of 97 bins from zokor gut were shown in Fig. S8.
The relative abundance of bin-based taxa of all zokors at

b B-galactosidase

B ER A B ERS

NS} [oS) w
W (==} W
°

EI]:
° |:I: °

g
o
:

Proportion (%)
O

—_
(=)

1T OB e

0.0

GHI GH2 GH42 GH35

Fig. 3 The relative abundance of (a) a-galactosidase and (b) 3-galactosidase genes from various GH families in E. rothschildi between the two seasons
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Fig.4 Distribution of the dominant bacterial genera encoding differentially abundant genes for (a) a-galactosidase and (b) -galactosidase from various

GH families

the family level was presented in Fig. S9. As shown in Fig.
S8 and Fig. S9, Muribaculaceae, Lachnospiraceae, and
Oscillospiraceae were the main families in the intestinal
microbes of E. rothschildi. Family-level taxonomic classi-
fication via Kraken?2 revealed these three families as dom-
inant families (Fig. S2). The bin-based taxonomic profiles
partially recapitulate the overall community structure
annotated by Kraken2, particularly for dominant micro-
bial taxa. PCoA based on the relative abundance of all
bins showed a clear separation between the two seasons
(Fig. S10, PERMANOVA, p<0.05).

Microbial community assembly analysis

Phylogenetic bin-based null model analysis was per-
formed to calculate pairwise PNTI and RCI across sam-
ples, which collectively assess the relative contribution
of deterministic versus stochastic processes in microbial
community assembly. Summer samples exhibited sig-
nificantly higher NTI values (1.50+0.92) than those in
autumn samples (0.54 +0.75; Fig. S11, p<0.05), with one
sample showing PNTI> 2. This pattern indicated intensi-
fied heterogeneous selection during summer. This sug-
gests the combined role of deterministic and stochastic
processes in microbial assemblages in summer samples,
and the dominant role of stochastic processes in autumn
samples. Moreover, the results showed that the bacterial
community pooled across the two seasons was shaped
primarily by dispersal limitation, and drift (Fig. S12).

Samples in autumn showed a higher relative contribu-
tion of drift compared to summer, implying that stochas-
tic processes play a greater role in shaping the structure
of the bacterial community in autumn. Additionally, the
relative contribution of dispersal limitation was higher in
autumn than summer, indicating a lower level of micro-
bial exchange or dispersal across individuals within
autumn. In addition, heterogeneous selection and homo-
geneous dispersal were just observed in summer samples.
These results also indicated that both deterministic and
stochastic processes played roles in microbial assem-
blages in summer samples.

Discussion

Comparison of composition and function of intestinal
microbes of E. rothschildi between the two seasons
Seasonal shifts in the intestinal microbial composition
of E. rothschildi indicated stronger carbohydrate-fer-
menting capacity in summer than autumn. As dominant
phyla in the gut of E. rothschildi (Fig. 1a), Bacillota and
Bacteroidota mediate carbohydrate fermentation [51]. In
summer, E. rothschildi harbored a higher Bacillota/Bacte-
roidota ratio (Fig. 1c), enhancing energy extraction from
dietary fibre in plants [52, 53]. At genus level, Pseudofla-
vonifractor was significantly more abundant in summer
(Fig. 1d). This butyrate-producing genus ferments com-
plex carbohydrates to energize the colonic mucosa and
exerts multiple regulatory functions in the host [54, 55].
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Alpha diversity showed no seasonal differences (Fig. S3a,
Wilcoxon rank sum test, p > 0.05), indicating that sta-
ble cellulose substrates in zokors’ root diet sustain core
microbiota (e.g., Firmicutes, Bacteroidetes) and alpha
diversity stability. Nevertheless, seasonal dietary adjust-
ments may alter functional microbiota ratios, causing
significant seasonal differences in beta diversity (Fig. S3b,
PERMANOVA, R? = 0.2870, p < 0.05).

KEGG pathway annotation revealed carbohydrate
metabolism as a core function of intestinal microbes
in E. rothschildi (Fig. 2a), aligning with the zokor’s her-
bivorous diet dependent on plant-derived polysaccha-
rides. Genes for carbohydrate metabolism increased in
summer (Fig. S5), indicating enhanced carbohydrate-
degradation capacity by the intestinal microbes in E.
rothschildi. Within carbohydrate metabolism pathway,
dominant galactose, starch and sucrose metabolism path-
ways were significantly enriched in E. rothschildi during
summer (Fig. 2b). Within galactose metabolism pathway
(ko00052), two most abundant enzymes, a-galactosidase
(EC 3.2.1.22) and pB-galactosidase (EC 3.2.1.23) were sig-
nificantly enriched in summer (Fig. 2c). These results
indicated enhanced carbohydrate degradation capacity in
the intestinal microbes of E. rothschildi during summer
versus autumn, particularly through galactose metabo-
lism driven by a-galactosidase and [3-galactosidase.

Habitat plant availability may drive functional adap-
tation in the intestinal microbes of E. rothschildi across
seasons. Despite stable plant composition in its habitat,
E. rothschildi may adjust foraging preferences to meet
seasonal nutritional demands. Previous studies demon-
strated that female plateau zokors forage aboveground
for high-fat plants for nursing their pups in summer,
suggesting elevated nutritional requirements during the
breeding season [56, 57]. Therefore, enhanced capacity
for galactose degradation in E. rothschildi during sum-
mer may represent an adaptation to special nutritional
demands in breeding seasons.

Comparison of mean relative abundance of genes capable
of encoding a-galactosidase or B-galactosidase

Carbohydrate-active enzymes (CAZymes) are cru-
cial for degrading, modifying, and forming glycosidic
bonds in carbohydrate metabolism [58]. As the pre-
dominant family among six protein families, glycoside
hydrolases (GH) specialize in degrading complex poly-
saccharides. The present study focuses on genes from
various GH families capable of encoding «-galactosidase
and [-galactosidase. a-galactosidase, an exoglycosi-
dase, hydrolyzes a-galactoside bonds to cleave terminal
a-galactose residues from polysaccharides, glycolipids,
and glycopeptides [59]. As the families capable of encod-
ing a-galactosidase in E. rothschildi (Fig. 3a), previous
studies confirmed that GH31 [60], GH4 [61, 62], GH57
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[63, 64], GH36 [65, 66], GH97 [67, 68], GH27 [69, 70],
and GH110 [71, 72] possessed a-galactosidase activi-
ties. Moreover, [-galactosidase is capable of hydrolyz-
ing B-D-galactose residues and transferring galactosides
[58]. Similarity, as the families capable of encoding
[-galactosidases (Fig. 3b), GH1 [73], GH2 [74, 75], GH42
[76, 77], and GH35 [78-80] have been confirmed to pos-
sessed B-galactosidase activities.

Galactosidase genes from various GH families showed
higher abundance in summer (Fig. 3), which is consistent
with the increase abundance of galactose metabolism
genes annotated in the KEGG database (Fig. 2c). These
findings indicated an enhanced capacity of intestinal
microbes in E. rothschildi to degrade galactose during
summer.

Inference of dominant microbes encoding differentially
abundant galactosidase genes from various GH families

In E. rothschildi, bacteria that were inferred to encode
a-galactosidase genes from the GH31 family, includ-
ing Bacteroides, unclassified_f Lachnospiraceae,
unclassified_c_Clostridia, Roseburia, were more abun-
dant in summer than in autumn (Fig. 4a). Furthermore,
bacteria inferred to encode (-galactosidase genes from
the GH2 family, such as unclassified f Lachnospira-
ceae, Faecalibacterium, and unclassified_o_Eubacteria-
les, also exhibited higher summer abundances (Fig. 4b).
Previous studies demonstrated that the genus Bacteroi-
des harbored genes encoding both «-galactosidase and
[B-galactosidase [81, 82]. Furthermore, species belonging
to Roseburia [83] and Lachnospiraceae [84] have been
reported to produce «-galactosidase, whereas Faeca-
libacterium was known to produce -galactosidase [85].
In summer, increased abundances of specific microbes,
including Bacteroides, unclassified_f Lachnospiraceae,
Roseburia, and Faecalibacterium, may promote galactose
degradation in the intestinal microbes of E. rothschildi,
given their galactose-degrading potential.

Microbial community assembly

Phylogenetic reconstruction was performed using 53
archaeal and 120 bacterial conserved marker genes from
GTDB release 214.1. Metagenome-assembled genomes
(MAGs) were aligned against the corresponding con-
served gene sets of bacteria or archaea to construct a
phylogenomic tree. GTDB-Tk enables classification
of the increasing number of microbial genomes from
metagenomic studies [48, 86]. Independent validations
confirm its accuracy in MAG taxonomic classification
[87]. Within this phylogenetic framework, we employed
null model analysis to quantify the relative contributions
of deterministic versus stochastic processes in microbial
community assembly.
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Previous studies have suggested that during the assem-
bly of microbial communities, deterministic and stochas-
tic processes interact synergistically rather than being
mutually exclusive [88, 89]. Null model analysis revealed
seasonal variation in the intestinal microbial assembly of
E. rothschildi. It was found that stochastic processes (e.g.,
ecological drift, dispersal limitation) govern the intes-
tinal microbial assembly of E. rothschildi across seasons
(Fig. S12). Seasonal variations significantly altered the
contributions of heterogeneous selection, homogeneous
dispersal, and dispersal limitation. Summer samples
experienced stronger heterogeneous selection, thereby
heightening combined effect of deterministic and sto-
chastic processes, as elevated nutritional demands may
have intensified host selection in the breeding season.
While dispersal limitation shaped microbial communities
in both seasons, its effect was stronger in autumn. Con-
versely, stochastic dominance in autumn may align with
relaxed host selection.

In this study, we investigated the intestinal microbes of
E. rothschildi across two different seasons. While these
data provide initial clues regarding temporal variations,
the interpretation of seasonal effects is subject to cer-
tain limitations. Sampling restricted to two time points
limits our ability to determine whether the observed dif-
ferences represent consistent seasonal dynamics versus
year-specific anomalies. Furthermore, the small sample
size may amplify the impact of individual heterogene-
ity on gut microbiome profiles. Thus, the causal linkage
between observed microbial shifts and seasonal adapta-
tion remains speculative.

To substantiate these preliminary observations, future
studies should prioritize longitudinal monitoring over
complete annual cycles, ideally extending across con-
secutive years. Increasing sample sizes (n> 10 per season)
would enhance statistical power to distinguish seasonal-
ity from individual-level variation. Concurrent measure-
ment of environmental covariates (e.g., food availability)
and host physiological states (e.g., hormone levels) could
further clarify the mechanisms underlying microbiome
fluctuations.

Conclusion

In summary, this metagenomic study systematically
investigated the seasonal dynamics of intestinal micro-
bial composition, functional profiles, and assembly
processes in Eospalax rothschildi. Our findings dem-
onstrated that seasonality exerts a profound influence
on both the intestinal microbial composition and func-
tion of E. rothschildi. Distinct shifts in microbial diver-
sity and community structure were observed between
seasons, with summer samples exhibiting a significant
enrichment of microbes specializing in carbohydrate
metabolism. Functional analyses further demonstrated
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enhanced carbohydrate degradation capacities during
summer, particularly through the increase in the rela-
tive abundance of galactose metabolism pathways. This
metabolic enhancement was mechanistically linked to
elevated activities of a-galactosidase and [-galactosidase
genes within these microbial populations, particularly
Bacteroides, unclassified_f Lachnospiraceae, Roseburia,
and Faecalibacterium. Notably, the ecological assem-
bly of intestinal microbes exhibited contrasting seasonal
drivers: deterministic processes and stochastic forces
jointly governed microbial community assembly in sum-
mer, whereas stochasticity emerged as the dominant fac-
tor in autumn. These results collectively establish season
as a pivotal regulator of intestinal microbial ecology in E.
rothschildi, shaping its taxonomic structure, metabolic
functions, and assembly mechanisms.
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