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Intestinal microorganisms assist the host in digesting complex and difficultly

decomposed foods; expand the host’s dietary ecological niche. In order

to investigate the effect of high-fiber food on intestinal microorganisms of

Eothenomys miletus at different altitudes, exploring the regional differences

of intestinal microorganisms and their roles in body mass regulation, we

collected E. miletus from Dali (DL) and Xianggelila (XGLL), which were divided

into control group, high-fiber group fed with high-fiber diet for 7 days, and

refeeding group fed with standard diet for 14 days after high-fiber diet. Using

16S rRNA gene sequencing technology combined with physiological methods,

we analyzed the gut microbial diversity, abundance, community structure and

related physiological indicators of each group, and explored the effects of

high-fiber foods and regions on the diversity, structure of gut microorganisms

and physiological indicators. The results showed that high-fiber food affected

the food intake and metabolic rate of E. miletus, which also showed regional

differences. The intestinal microorganisms of E. miletus obtained energy through

the enrichment of fiber degrading bacteria under the condition of high-fiber

food, while producing short-chain fatty acids, which participated in processes

such as energy metabolism or immune regulation. Moreover, it also affected

the colonization of intestinal microorganisms. High-fiber food promoted the

enrichment of probiotics in the intestinal microbiota of E. miletus, but pathogenic

bacteria also appeared. Therefore, the changes in the composition and diversity

of gut microbiota in E. miletus provided important guarantees for their adaptation

to high fiber food environments in winter.

KEYWORDS

Eothenomys miletus, intestinal microbiota, high-fiber foods, body mass regulation,
adaptation

1. Introduction

Gut microorganisms, which are numerous and diverse, are the main symbiotic taxa
of mammals, and they not only obtain nutrients from their hosts, but also have a
profound impact on individual’s development, nutrient acquisition, physiological functions,
immune regulation and other important activities (Dillon et al., 2005; Ezenwa et al., 2012;
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Sender et al., 2016). During the long-term evolutionary process,
stable mutual adaptation and collaboration relationships have
been formed between animals and their gut microbiota, and
co-evolution has been achieved (Zhang et al., 2016). The
animal gut microbiota possesses millions of evolutionarily distinct
gene families, some of which can assist the host in obtaining
indigestible food and expanding the hosts’ metabolic capacity
(Xiao et al., 2015; Moeller and Sanders, 2020). In herbivores,
the complex polysaccharides contained in plants could not be
digested by animal enzymes alone, but microorganisms in the
gut can ferment these compounds, Lactobacillus, for example,
Ruminococcus, Eubacterium, and Fusobacterium, amongst others,
can ferment different carbohydrates to produce short-chain fatty
acids (SCFAs) and other metabolites that were readily available
to the host (Salyers et al., 1977). SCFAs (such as acetate and
butyrate) provide much of the energy required to maintain high
turnover rates of colonocytes and intestinal epithelial cells in
the intestine, with oxidation of butyrate alone able to provide
70% of the energy required by colonocytes in rat (Roediger,
1982; Moeller and Sanders, 2020). Moreover, gut microbiota
also enhanced the digestion of plant secondary metabolites by
herbivorous animals. For example, Neotoma lepida feed on
juniper and leguminous shrubs rich in toxic creosote, and
experiments have demonstrated that gut microorganisms such
as Enterococcus, Clostridium, and Lactobacillus increased the
tolerance and digestibility of creosote secondary metabolites in
forest rats (Kohl and Dearing, 2016). It was found that when
Neotoma lepida was fed a diet containing creosote, microorganisms
with genes associated with aromatic compound metabolism were
selected for in the gut microbial community, and there was
an increase in the abundance of enzymes associated with the
metabolism of aromatic compounds, for instance, aryl-alcohol
dehydrogenase, which helps the host to degrade toxic components
of plant secondary metabolites like aromatic compounds (Kohl
et al., 2014). Intestinal microorganisms help the host digest
complex and difficultly decomposed food, expand the host’s dietary
ecological niche, affected its ability to compete for scarce resources,
and enhance its adaptation to the environment (Gilbert et al., 2015;
Alberdi et al., 2016).

Acquisition of energy from food and its energy distribution
is an important factor in the survival, abundance or distribution
in animals (Veloso and Bozinovic, 1993). However, wild small
mammals were likely to experience a decline in food quality
during their life cycle, such as immature seeds, winter or early
spring when vegetations were not abundant, forcing them to
feed on high-fiber foods, but the efficiency of obtaining energy
from high-fiber foods was relatively low (Bozinovic, 1995). The
host’s gut microbiota increased the proportion and diversity of
cellulose degrading microorganisms by altering their diversity and
composition, promoting the host’s utilization of high-fiber foods,
and thus maintaining the host’s energy balance (Varel and Dehority,
1989; Ni and Tokuda, 2013; Lindsay et al., 2020). For example,
pigs on a high-fiber diet for a short period of time had an altered
intestinal microbiota, in particular an increasing in the abundance
of dominant fiber-degrading bacteria, which digested more fiber
to provide energy, and an increasing in the proportion of fiber
in the diet lead to the fecal higher abundance of cellulose- and
starch-fermenting bacteria in Rhinopithecus roxellanae (Liu et al.,
2013; Pu et al., 2020). Meanwhile, the increasing of fiber content

in food contributes to the intestinal health of animals, such as the
production of volatile fatty acids and other metabolites, promoting
the production of probiotics such as Bacteroides, and maintaining
the micro balance of gut microbiota (Russell and Duthie, 2011;
Geirnaert et al., 2012; Scott et al., 2013). Researches results
also indicating that excessive dietary fiber lead to an increasing
in the abundance of pathogenic bacteria (Pu et al., 2023). At
present, there were various studies on the impact of high-fiber
foods on gut microbiota, and there was no consensus on the
changes in host physiology and gut microbiota under high-fiber
foods.

Hengduan Mountains are located in southwestern China,
in the southeastern part of the Qinghai-Tibetan Plateau, which
is characterized by decreasing temperatures and increasing
precipitation with increasing altitude, with distinct dry and wet
seasons, small annual temperature differences and large daily
temperature differences (Gong et al., 2001; Wang et al., 2017).
Eothenomys miletus is a native species of Hengduan Mountains
(Lou et al., 2000). E. miletus mainly feed on plants rich in
high-fiber, such as Poaceae, and the food diversity of E. miletus
at higher altitude was higher (Yan and Zhu, 2023). Previous
studies have shown that temperature, photoperiod and food were
important environmental factors affecting the energy metabolism
in E. miletus, and there were significant differences in their body
mass when facing different food treatments (Zhu et al., 2010,
2011; Mu et al., 2015). E. miletus in different regions adapts to
different environments by regulating body mass, liver, digestive
tract, other body composition and related hormone expressions
(Han et al., 2021). Moreover, our studies have confirmed that there
were differences in the structure and diversity of the intestinal
bacterial community of E. miletus in different regions, which was
a positive response to changes in food and environment (Yan
et al., 2022). The present study used 16S rRNA gene sequencing
technology, combined with relevant physiological indicators, to
investigate the differences in the effects of high-fiber food on gut
microorganisms and body mass regulation of E. miletus at different
altitudes (Dali, DL and Xianggelila, XGLL) in winter, and ultimately
to elucidate the relationship between gut microorganisms and
its body mass regulation. We hypothesized that high fiber foods
will affect the diversity and composition of gut microbiota, with
regional differences of regulation for gut microbiota in E. miletus.

2. Materials and methods

2.1. Collection of experimental animals

Samples were collected in DL and XGLL in winter of 2022.
E. miletus were all healthy adult individuals with non-reproductive
periods. The geographical location, climate characteristics, and
number of the sampling points were detailed in Table 1.

2.2. Treatment of experimental animals

After disinfection and flea killing, the captured E. miletus
from the two regions were taken back to the animal breeding
room of Yunnan Normal University, and were housed singly
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TABLE 1 Geographical locations and main conditions for two regions of Eothenomys miletus.

Regions Sample
number

Body mass
(mean ± SE)

Longitude
and

latitude

Altitude/m Mean winter
temperature/◦C

Precipitation/
mm

Vegetation
type

XGLL 20
(10♂/10♀)

36.45± 2.32 99◦83′16′′ E,
27◦90′73′′ N

3321 4.5 984.2 Subalpine
meadows

DL 21
(11♂/10♀)

32.70± 1.65 100◦42′49′′ E,
24◦90′30′′ N

2217 17.5 597.0 Savannah shrubs

XGLL, Xianggelila; DL, Dali.

in a mouse box (260 mm × 160 mm × 150 mm). After
4 days of laboratory adaptation, a two-factor (region × high-
fiber food) experimental design was used, and E. miletus were
divided into 0-day control group, 7-day high-fiber group, and 14-
day refeeding group after the high-fiber diet followed by refeeding
with standard diet. That is, Dali control group (DLC, n = 7),
Dali high-fiber group (DLHF, n = 7), Dali refeeding group (DLRe,
n = 7), Xianggelila control group (XGC, n = 7), Xianggelila high-
fiber group (XGHF, n = 7), Xianggelila refeeding group (XGRe,
n = 6). Room temperature was controlled at 25 ± 1◦C and
the photoperiod was 12L:12D (Light: Dark). Animals were fed
standard rat chow and high-fiber chow (produced by Kunming
Medical University), and the food composition is shown in Table 2.
Food and water were provided ad libitum. The experiment lasted
for 21 days, with body mass, food intake, and resting metabolic
rate (RMR) measured on day 0, 7, and 21. Body mass was
measured on an LT502 electronic balance (accurate to 0.01 g),
food intake was measured by the food balance method and RMR
was measured by a portable respirometer, as described by Zhu
et al. (2014) and Gong et al. (2022). After the determination of
relevant indicators, pentobarbital sodium (50 mg/kg) was used
for anesthesia and execution, and serum and rectal feces were
taken.

2.3. Determination of physiological
indicators

Blood was taken at the end of each group’s experiment
by execution, and the blood was rested in a refrigerator at
4◦C for 1 h, centrifuged at 4◦C (4000 r/min, 30 min), and
the serum was aspirated in a 2 mL centrifuge tube, stored in
a refrigerator (−80◦C). Enzyme-linked immunosorbent assay
(ELISA) was used to determine leptin, glucose (Glu), triglyceride
(Tg), total cholesterol (Tc), short-chain fatty acids (SCFAs),

TABLE 2 Different food components.

Contents Standard diet High-fiber
diet

Crude fat (%) 6.2 3.9

Crude protein (%) 20.8 19.4

Neutral detergent fiber (%) 21.5 35.5

Acid detergent fiber (%) 12.5 21.4

Ash (%) 10.0 10.5

Caloric value (kJ/g) 17.5 17.3

lipopolysaccharide binding protein (LBP), fasting inducible
adipocyte factor (FIAF) and tumor necrosis factor-α (TNF-α).
The test kits were leptin Assay Kit (JM-11498M1), Glu Assay Kit
(S0104F-1), Tg Assay Kit (S0104F-1) Tg Assay Kit (S0140O-1), Tc
Assay Kit (S05042-1), SCFAs Assay Kit (JM-11498M1), LBP Assay
Kit (JM-12488M1), FIAF Assay Kit (JM-12613M1), TNF-α Assay
Kit (JM-02415M1).

Animals were carefully separated from the liver and
interscapular brown adipose tissue (BAT) after execution, the
connective tissue and white adipose tissue (WAT) were removed,
weighed (accurate to 0.01 g) and placed in 5 mL and 2 mL
centrifuge tubes, respectively, placed in liquid nitrogen, then stored
in a refrigerator (−80◦C). The activity of uncoupling protein 1
(UCP1) was determined by ELISA Assay Kit (JM-12185M1).

2.4. Determination of body composition

Heart, lungs, spleen and kidneys were carefully separated and
the attached connective tissue and fat were removed. Blood was
blotted from the surface of the organs with filter paper and weighed
(accurate to 0.01 g). Digestive tract was removed and the stomach,
small intestine, large intestine and cecum were isolated separately,
the mesentery and connective tissue and fat of each organ were
carefully removed and weighed.

2.5. Determination of gut microbiota

2.5.1. DNA extraction
Take 0.1 g of rectal feces and total DNA enriched on the

filter membrane was extracted using a centrifugal column-type soil
genome extraction kit (DNeasy PowerSoil Kit, Germany).

2.5.2. High throughput sequencing
The concentration of the purified PCR product was determined

using a Nanodrop 2000 spectrophotometer, with a nucleic acid
concentration higher than 10 ng/uL and purity (A260/A180)
greater than 1.8 as valid samples. The purified DNA samples were
mixed in equal molarity and sequenced using the Illumina Miseq
platform (Illumina, San Diego, CA, USA).

2.6. Bioinformatics analysis

The 2 × 250 bp double end sequences were obtained by
sequencing on the Illumina Miseq platform (Illumina, San Diego,
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CA, USA) and these raw data were processed and analyzed using
the QIIME platform (version 1.8). The double-end sequences
were first spliced using Flash software (version 1.2.111) and then
matched to a unique barcode label for each sample. Low quality
sequences (sequence length less than 300 or base mass fraction
less than 30) were removed during the splicing process. Chimeras
were removed from the sequences using Use arch 7.0 software,
and all sequences were subsequently clustered into operational
taxonomic units (OTUs) with 97% similarity by the Uclust
algorithm. The sequence with the longest sequence length was
selected as the representative sequence and the Ribosomal Database
Project database was used to annotate the sequence classification
information. Finally, the sequences of all samples were normalized
using the “Daisy chopper” script code, with a standard of 5437
sequences per sample.

2.7. Data analysis

2.7.1. Microbial community composition
A percentage stacked bar chart was created using origin 2018 to

describe the bacterial community.

2.7.2. α and β diversity
α diversity was estimated by 2 diversity indicators: chao1

and shannon diversity and described by creating box plots using
Origin 2018, and Kruskal-Wallis H-test was used in SPSS 21 to
analysis if differences in diversity between the two groups. The
reason we chose the non-parametric test here was that these
two indicators did not conform to the homogeneity of variance.
β diversity: community structure was described using QIIME
and Origin 2018. Based on unweighted and weighted UniFrac
distance matrices, PERMANOVA (Permutational multivariate
analysis of variance) was used to calculate the difference
among the groups. The unweighted UniFrac distance depends
on phylogenetic relationships and OTU species abundance,
while species absence/presence and phylogenetic relationships are
considered by the weighted UniFrac distance. Then principal
co-ordinates analysis (PCoA) was used to visualize the β

diversity of all samples.

2.7.3. Venn diagram
Common and unique parameters between groups were

analyzed via Venn diagrams implemented online in Venn 2.1.1

2.7.4. Enrichment analysis
We used one-way of variance analysis to compare the

distribution differences of microbial abundance among groups,
and the variable was different treatment group. The genera
of microorganisms with significant differences in distribution
between groups were screened out, and the heatmap was drawn
by R packages “vegan,” “permute,” and “gplots” for visualization.
The prefixes “o” and “f” represented the order and family level of
unidentified genera, respectively.

1 https://bioinfogp.cnb.csic.es/tools/venny/index.html

2.7.5. Heat map of the correlation between
environmental physicochemical properties and
dominant microorganisms in the feces of
E. miletus in different regions

Pearson analysis using SPSS 21 and R3.6.2 were used to obtain
the correlation heat map.

2.7.6. RDA analysis
Redundancy analysis (RDA) was used to assess the correlation

between dominant genera (top 9) and physicochemical factors
using Canoco 5.0.

2.7.7. Network analysis
Use R3.6.2 and Gephiv.0.9.2 software to further analyze these

results to generate network analysis (P < 0.05, | r | > 0.4). R was
used to calculate the correlation between these microorganisms,
and the network analysis diagram was drawn based on the
correlation matrix. With the help of Gephi, we further calculated
the topological characteristics (namely modularity) of the network.

2.7.8. Physiological indicators analysis
The data was analyzed using SPSS 26.0 software, and

the differences in various indicators between the two regions
were analyzed using two-way ANOVA or two-way ANCOVA
(Region × Diet), with body mass as the covariate. The results
are expressed as mean ± SE, with P < 0.05 indicating
significant differences.

3. Results

The current study collected 41 samples to extract DNA and
amplify PCR products. After removing low-quality sequences,
chimeras, monomers, and chloroplasts, each sample was
standardized to 3147 sequences.

3.1. Microbial community composition

The dominant phyla of fecal microorganisms of E. miletus in
two regions were Firmicutes, Bacteroidetes and Spirochaetes, and
the average relative abundance in all groups were 67.99, 24.00,
and 5.78%, respectively (Figure 1). The dominant genera of fecal
microorganisms were Lactobacillus, Clostridiales (UG) and S24-7
(UG), and the average relative abundance in all groups were 40.51,
12.44, and 11.72%, respectively (Figure 2).

3.2. α and β diversity analysis

The correlation between the physiological indicators in DL
and the dominant genera of E. miletus feces (the top ten relative
abundance of all samples) was shown in Figure 9A.

Chao1 and Shannon diversity of fecal microorganisms in
E. miletus was shown in Figure 3. According to the results
of PERMANOVAs, there was an overall difference in the beta-
diversity (based on unweighted matrix) between groups, which
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FIGURE 1

Microbial phylum horizontal community composition in Eothenomys miletus.

FIGURE 2

Microbial compositions at the genus level in Eothenomys miletus.

was mainly contributed by the significant differences (P < 0.05)
between XGC and XGHF groups, as well as between XGRe and
DLRe groups (Figure 4 and Table 3).

3.3. Distribution of common and unique
microorganisms

There were 70 genera of fecal microorganisms of E. miletus
in DL. Among them, there were 24 genera unique to the DLC

group, 34 genera unique to the DLHF group, and 19 genera unique
to the DLRe group (Figure 5A). There were 76 genera of fecal
microorganisms of E. miletus in XGLL. There were 30 genera
unique to the XGC group, 34 genera unique to the XGHF group,
and 15 genera unique to the XGRe group (Figure 5B). There were
71 genera of fecal microorganisms of E. miletus in different regions
and periods. Among them, there were 52 genera unique to the DLC
group, 62 genera unique to the DLHF group, and 45 genera unique
to the DLRe group, 65 genera in the XGC group, 68 genera in the
XGHF group, and 50 genera in the XGRe group (Figure 5C).
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FIGURE 3

Alpha diversity of fecal microorganisms of Eothenomys miletus.

FIGURE 4

Beta diversity of fecal microorganisms of Eothenomys miletus.

TABLE 3 Permutational multivariate analysis of variance (PERMANOVA) test of fecal microorganisms of Eothenomys miletus.

PERMANOVA Unweighted UniFrac Weighted UniFrac

F R2 P F R2 P

DLC vs. DLHF 0.934 0.072 0.453 1.561 0.115 0.182

DLHF vs. DLRe 1.254 0.095 0.214 2.379 0.165 0.098

XGC vs. XGHF 3.268 0.229 0.010* 1.867 0.145 0.142

XGHF vs. XGRe 1.439 0.116 0.147 0.881 0.074 0.426

DLC vs. XGC 0.961 0.080 0.432 0.513 0.045 0.701

DLHF vs. XGHF 1.210 0.092 0.275 0.432 0.035 0.793

DLRe vs. XGRe 1.810 0.141 0.041* 1.441 0.116 0.206

*P < 0.05 indicates significant difference.

3.4. Analysis of microbial enrichment
differences

The relative abundance of microorganisms in the feces
of E. miletus in DL and XGLL were different (Figure 6). In
DL, Bacteroidales, Bacteroides, and Blautia were enriched in
the DLC group (P < 0.05). Compared to the DLC and DLRe

groups, Alistipes, Sporobacter, and Rikenellaceae were enriched
in the DLHF group (P < 0.05), while Blautia was significantly
enriched in DLRe group (P < 0.05). The distribution of enriched
microorganisms in XGLL was significantly different from that
in DL. Compared to the XGHF and XGRe groups, Bacteroides
and Clostridium genera were significantly enriched in XGC
group (P < 0.05), Anoxybacillus and Methylobacteriaceae
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FIGURE 5

Venn diagram of fecal microorganisms of Eothenomys miletus. (A) Comparison among different groups in DL. (B) Comparison among different
groups in XGLL. (C) Comparison among different groups between DL and XGLL.

FIGURE 6

Microbiological analyses of the feces of Eothenomys miletus.

were significantly enriched in XGHF group (P < 0.05),
and Bacteroidales, Rhizobiales, and Methylobacteriaceae were
significantly enriched in XGRe group (P < 0.05) (Figure 6).

3.5. Effects of high fiber foods on
physiological indicators

Body mass of E. miletus was significantly affected by the region
(F = 52.105, P< 0.001), which in XGLL was significantly lower than
that of DL. Food intake were significant influenced by region and
diet (Region: F = 47.894, P < 0.001; Diet: F = 8.609, P < 0.001;
Region× Diet: F = 8.609, P < 0.001). Food intake in DL was lower
than that in XGLL, and the food intake in the XGHF group was
higher than that in the XGC group and XGRe group. The effect
of region on the RMR was significant (F = 18.656, P < 0.001).
RMR of the XGC and XGHF group were higher than that of the
DLC and DLHF group. Liver mass of E. miletus in the XG group
was significantly higher than that in the DL group (F = 24.645,
P < 0.001). The lung mass and small intestine length of E. miletus
were significantly affected by the interaction of region and diet
(Lung weight: Region × Diet: F = 3.729, P = 0.034; Small intestine
length: Region× Diet: F = 5.781, P = 0.007). Small intestine length
of the DLC group was lower than that of other groups, which was
the longest in the XGHF group. Region had a significant effect
on the cecum length (F = 7.49, P = 0.01), and the XG group was
higher than the DL group. WAT mass of E. miletus was significantly
affected by diet (F = 3.336, P = 0.048). In the control group, WAT
weight of the DLC group was higher than that of the XGC group,

and the WAT weight of the XGRe group was higher than that of
the control group. Region also had a significant effect on the BAT
weight of E. miletus (F = 4.958, P = 0.033). BAT weight of the
XGC group was higher than that of the DLC group (Figure 7). The
influence of region and diet on other indexes of E. miletus were not
significant (Table 4).

Leptin and UCP1 of E. miletus were significantly affected by
region (Leptin: F = 49.832, P < 0.001; UCP1: F = 7.756, P = 0.009).
Leptin in DL was higher than that of XGLL, and UCP1 in XGLL was
higher than that of DL. The influence of the region on the SCFAs
was significant (F = 4.996, P = 0.032). The SCFAs of the DLC and
XGC group were significantly different, and the difference in DL
was higher than that in XGLL. Diet had a significant effect on LBP
in E. miletus [F(3.633), P = 0.037]. LBP in DLRe group was higher
than that in DLHF group (Figure 8). The influence of region and
diet on other indexes of E. miletus were not significant (Table 5).

3.6. Relationship between physiological
indicators and microorganisms in
E. miletus

The correlation between the physiological indicators in DL
and the dominant genera of E. miletus feces (the top ten relative
abundance of all samples) was shown in Figure 9A. From the graph,
it can be seen that liver weight is significantly negatively correlated
with the relative abundance of Bacteroides (P< 0.01), and positively
correlated with the relative abundance of Lachnospiraceae (UG)
(P < 0.05); the relative abundance of Lactobacillus was positively
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FIGURE 7

Effects of region and high-fiber food on morphological indicators of Eothenomys miletus. (A): Body mass, (B): food intake, (C) RMR, (D): liver weight,
(E): small intestine length, (F): cecum length, (G): WAT weight, (H): BAT weight. Data are mean ± SE. Different letters denote significant differences
among treatments in the same region, capital letters refer to the DL region, and lowercase letters refer to the XGLL region. ∗P < 0.05, ∗∗P < 0.01, DL
vs. XGLL on the same day.

correlated with spleen weight (P < 0.01) and negatively correlated
with kidney weight (P < 0.05). Moreover, there was a significant
negative correlation between WAT weight and relative abundance
of Ruminococcus (P < 0.05).

The correlation between the detection indicators in DL and the
dominant genera of E. miletus feces (the top ten relative abundance
of all samples) was shown in Figure 9B. From the graph, it can be
seen that there is a significant negative correlation between Tg and
LBP and the relative abundance of Rikenellaceae (UG) (P < 0.05);
There is a positive correlation between the relative abundance of
leptin and Prevotella (P < 0.05); FIAF is positively correlated with
the relative abundance of Lactobacillus (P < 0.05); There was a
significant positive correlation between the relative abundance of
TNF- α and Clostridiales (UG) (P < 0.05).

The correlation between the physiological indicators in XGLL
and the dominant genera of E. miletus feces (the top ten relative
abundance of all samples) was shown in Figure 9C. From
the graph, it can be seen that there is a significant negative
correlation (P < 0.05) between the relative abundance of BAT
mass and Prevotella, Oscillospira, and Rikenellaceae (UG); The
relative abundance of Bacteroides was negatively correlated with
food intake, kidney weight, and cecal length (P< 0.05), while spleen
weight was positively correlated (P < 0.05); The liver weight is
positively correlated with the relative abundance of Bacteroides, but
negatively correlated with the relative abundance of Clostridiales
(UG) and Lachnospiraceae (UG) (P < 0.05); The length of the
small intestine is negatively correlated with the relative abundance
of Treponema (P < 0.05); The relative abundance of Ruminococcus
was significantly negatively correlated with heart weight (P < 0.05);
The lung weight was significantly positively correlated with the
relative abundance of Lactobacillus (P < 0.01), but negatively
correlated with the relative abundance of Prevotella and Oscillospira
(P < 0.05).

The correlation between the detection indicators in XGLL
and the dominant genera of E. miletus feces (the top ten relative
abundance of all samples) was shown in Figure 9D. From the

graph, it can be seen that the relative abundance of Lachnospiraceae
(UG) and Clostridiales (UG) is significantly positively correlated
with FIAF (P < 0.05); UCP1 was significantly positively correlated
with the relative abundance of Prevotella (P < 0.05); There was a
significant negative correlation between the relative abundance of
SCFAs and Treponema (P < 0.05).

The correlation between the physiological indicators in
different regions and the dominant OTU in the feces of E. miletus
is shown in Figure 10. The physiological indicators that have a
major impact on the microbial community were TNF-α, Tg, UCP1,
SCFAs, and leptin. The RDA results showed that the explanatory
power of these physiological indicators on microorganisms with
main axes were 5.88 and 3.88%, respectively.

3.7. Co-occurrence network of fecal
microorganisms of E. miletus in different
regions

The dominant OTUs correlation network of E. miletus feces in
different regions was shown in Figure 11. The network analysis
included the top 200 OTUs with relative abundance, and based
on Gephi 0.9.2, a network with 200 nodes and 1149 edges was
constructed, including 1139 positive edges and 10 negative edges.
It means that the microorganisms in the advantage OTU co-
occurrence network were mainly cooperative.

4. Discussion

4.1. Intestinal microorganisms of
E. miletus

Animal species are abundant and their feeding habits are
complex, and these complex ecological characteristics also shape
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TABLE 4 Effects of region and high-fiber food on physiological indicators in Eothenomys miletus.

Para-
meter

DL XGLL Region Diet Region × Diet

Con
group
n = 7

HF group
n = 7

Re group
n = 7

Con
group
n = 7

HF group
n = 7

Re group
n = 6

F P F P F P

Body mass
(g)

36.441± 2.318 36.384± 1.152 36.391± 1.919 32.670± 1.652 32.661± 1.289 32.790± 1.023 52.105 <0.001 0.006 0.994 0.01 0.991

Food intake
(g/d)

7.677± 0.638 8.110± 0.984 8.043± 0.702 9.539± 1.150 12.781± 1.037 10.600± 0.900 47.894 <0.001 13.872 <0.001 8.609 <0.001

RMR
(mLO2/g.h)

2.009± 0.143 1.864± 0.313 2.014± 0.563 2.622± 0.389 2.687± 0.422 2.864± 0.422 18.656 <0.001 0.683 0.512 0.406 0.669

Heart
weight (g)

0.252± 0.073 0.242± 0.063 0.270± 0.033 0.252± 0.024 0.272± 0.029 0.254± 0.075 2.767 0.105 0.111 0.895 0.719 0.495

Liver weight
(g)

1.512± 0.203 1.703± 0.189 1.721± 0.162 2.142± 0.438 2.032± 0.184 2.151± 0.120 24.645 <0.001 0.669 0.519 1.399 0.261

Spleen
weight (g)

0.089± 0.195 0.109± 0.027 0.099± 0.307 0.104± 0.318 0.100± 0.015 0.099± 0.011 0.36 0.552 0.396 0.676 0.905 0.414

Kidney
weight (g)

0.528± 0.071 0.489± 0.065 0.478± 0.090 0.511± 0.083 0.586± 0.071 0.594± 0.063 1.557 0.221 0.24 0.788 3.181 0.054

Lung weight
(g)

0.266± 0.046 0.274± 0.043 0.252± 0.038 0.239± 0.361 0.254± 0.049 0.303± 0.017 0.016 0.807 1.279 0.291 3.729 0.034

Small
intestine
length (cm)

35.000± 2.930 39.143± 3.868 38.643± 2.607 40.871± 1.745 36.800± 5.128 42.733± 2.320 1.371 0.25 2.956 0.066 5.781 0.007

Cecal length
(cm)

8.814± 0.488 8.819± 0.562 8.857± 0.264 9.396± 0.532 9.657± 0.270 9.575± 0.649 7.49 0.01 0.301 0.742 0.249 0.781

WAT weight
(g)

0.392± 0.059 0.468± 0.046 0.435± 0.170 0.224± 0.024 0.276± 0.082 0.344± 0.086 3.357 0.076 3.336 0.048 1.186 0.318

BAT weight
(g)

0.171± 0.027 0.193± 0.039 0.203± 0.051 0.210± 0.024 0.224± 0.036 0.239± 0.040 4.958 0.033 2.314 0.114 0.042 0.958

Data are mean± SE. The differences in various indicators between the two regions were analyzed using two-way ANOVA or two-way ANCOVA, with body mass as the covariate.
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FIGURE 8

Effects of region and high-fiber food on physiological indices of Eothenomys miletus. (A): Leptin, (B): Glu, (C): Tg, (D): SCFAs, (E): LBP, (F): TNT-α.
Data are mean ± SE. Different letters denote significant differences among treatments in the same region, capital letters refer to the DL region, and
lowercase letters refer to the XGLL region. ∗P < 0.05, ∗∗P < 0.01, DL vs. XGLL on the same day.

the different gut microbiota characteristics. Previous researches
results have shown that gut microbiota in E. miletus were highly
adapted to their herbivorous habits (Yan and Zhu, 2023). In
the present study, the main dominant organisms in the gut
microflora of E. miletus at the facultative level were Firmicutes,
Bacteroidetes and Spirochaetes, and a high ratio of F/B is essential
for the digestion of cellulose and hemi fibre in phytophagous
animals, and also in the gut microflora of small mammals,
such as Ochotona curzoniae, Meriones unguiculatus, where the
ratio of F/B were also high (Ley et al., 2006; Steelman et al.,
2012; Li et al., 2016; Khakisahneh et al., 2020). The HF group
possessed higher F/B ratios compared to previous experiments
and the control group in this experiment, and Spirochaetes were
found to be associated with Xylan and Carboxymethyl cellulose
fermentation (Flint et al., 2008). The dominant organisms in
E. miletus gut microbiota at the genus level were the same as
in previous studies, Lactobacillus, Clostridiales (UG) and S24-7
(UG), but with different proportions. Lactobacillus had the highest
percentage of 40.51% in this experiment and S24-7 (UG) had
the highest percentage of 29.32% in the previous experiment.
It has been shown that Lactobacillus, Clostridiales (UG) and
S24-7 (UG) were associated with the digestive degradation of
cellulose, and Lactobacillus also assists the host in releasing
phytochemicals with potent antioxidant and anti-inflammatory
activities from ingested fiber, and from the results of the present
experiments, it is hypothesized that Lactobacillus may possess
a higher level of fitness for high-fiber foods (Van Dyke and
McCarthy, 2002; Russell and Duthie, 2011; Geirnaert et al., 2012;
Ormerod et al., 2016; Serena et al., 2018). The results of the
present experiment indicated that the high proportion of F/B and
the enrichment of cellulose degrading bacteria in the intestinal
microbiota of E. miletus enhanced their adaptability to high-fiber
foods.

4.2. Effects of high-fiber food on
intestinal microorganisms and
physiological indicators of E. miletus

Body mass directly reflects the energy balance in mammals
(Zhu et al., 2010). In the present study, high fiber food had no
significant effect on body mass of E. miletus, but it had a significant
effect on food intake, which was higher in the HF group than
in the other groups. For high-fiber food, which was difficult to
digest to obtain nutrients, E. miletus may regulate their body weight
homeostasis by increasing the amount of food intake so as to
obtain more energy. Compensating for decreased digestibility by
increasing food intake is a common strategy in small mammals,
such as the herbivorous Dicrostonyx groenlandicus and Meriones
unguiculatus, and has also been adopted by E. miletus for high-fiber
foods (Nagy and Negus, 1993; Zhao and Wang, 2007). Following
a high-fiber diet, small intestine grew in length, and the mass of
the digestive tract (except the stomach) also increased, E. miletus
showed similar responding to high-fiber foods (Kass et al., 1980).

Host food resources are the main factor affecting gut microbiota
diversity, and a high-fiber diet can increase gut microbiota diversity
(Hu et al., 2018). According to the results of PERMANOVA, it
was found that the differences in β-diversity between XGC group
and XGHF group, and between XGRe and DLRe groups were
significant, indicating that there were structural differences in
the gut microorganisms. Venn diagram results showed that HF
group contained the most species of gut microbiota, followed by
the control group, and the Re group had the smallest number.
The high-fiber food might increase the β-diversity of intestinal
microorganisms in E. miletus.

The gut microbiota can assist the host in digesting difficultly
decomposed food, providing nutrients that were originally
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TABLE 5 Effects of region and high-fiber food on serum physiological indicators in Eothenomys miletus.

Parameter DL XGLL Region Diet Region × Diet

Con
group
n = 7

HF group
n = 7

Re group
n = 7

Con
group
n = 7

HF group
n = 7

Re group
n = 6

F P F P F P

Tg (µg/g) 4344.103±
47.236

3990.627±
199.447

4446.074±
261.753

4003.2743±
238.226

3768.300±
126.118

4184.755±
329.208

11.487 0.002 10.002 <0.001 0.190 0.828

Tc (µg/g) 1838.876±
264.911

1869.644±
221.468

1786.769±
252.200

1701.406±
290.353

1727.321±
357.620

1733.683±
252.851

0.119 0.732 0.083 0.921 0.097 0.907

Glu (mg/ml) 0.639±
0.073

0.534±
0.099

0.677±
0.163

0.603±
0.115

0.606±
0.139

0.655±
0.137

0.294 0.591 2.027 0.147 0.757 0.477

Leptin (pg/ml) 1542.616±
68.808

1519.344±
171.092

1568.811±
159.398

1069.974±
206.603

1020.632±
160.576

1040.873±
113.865

49.832 <0.001 0.250 0.780 0.099 0.906

UCP1 (pg/ml) 1298.614±
290.171

1277.614±
214.712

1264.221±
314.209

1433.350±
234.681

1477.343±
163.719

1495.917±
90.224

7.756 0.009 0.014 0.986 0.140 0.870

SCFAss
(µmol/L)

34.600±
5.595

34.184±
6.788

36.910±
7.492

32.396±
6.223

31.527±
6.764

33.130±
2.355

4.996 0.032 0.480 0.623 0.048 0.954

FAIF (ng/L) 57.377±
11.125

54.710±
7.498

55.154±
8.742

58.894±
10.596

55.714±
14.516

58.312±
5.141

0.165 0.687 0.297 0.745 0.047 0.954

LBP (ng/ml) 11.769±
1.858

10.276±
0.955

12.413±
1.004

11.404±
1.596

10.659±
1.516

11.658±
2.088

0.001 0.977 3.633 0.037 0.472 0.628

TNT-α (ng/L) 1053.574±
109.626

1120.210±
122.758

1197.591±
95.090

1083.013±
107.601

984.707±
92.828

1085.007±
120.964

2.179 0.149 2.475 0.099 2.289 0.117

Data are mean± SE. The differences in various indicators between the two regions were analyzed using two-way ANCOVA, with body mass as the covariate.
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FIGURE 9

Correlation heat map between physiological indicators and dominant microorganisms of Eothenomys miletus. ∗P < 0.05, ∗∗P < 0.01, Pearson
correlation analysis were used by SPSS 21. (A): Physiological indicators in DL, (B): serum physiological indicators in DL, (C): physiological indicators in
XGLL, (D): serum physiological indicators in XGLL.

unavailable, and allowing the host to flexibly respond to constantly
changing environments (Salyers et al., 1977; Lindsay et al.,
2020). In the present study, through the enrichment of intestinal
microorganisms in each group of E. miletus, it was found that
Bacteroidales and Bacteroides were enriched among DLC, XGC
and XGRe groups. Studies have shown that Bacteroides could
supplement eukaryotic genome by degrading enzymes targeting
resistant dietary polymers, and it is believed that Bacteroidota
had the higher fiber degradation potential compared with other
phyla (Martínez et al., 2010; El Kaoutari et al., 2013). In
addition to typical cellulose degrading bacteria, some probiotics
capable of digesting cellulose were enriched in the intestinal
microorganisms of E. miletus. Between the DLC group and
the DLRe group, Blautia was enriched, which can prevent
pathogen colonization by producing bacteriocin, and exhibited
anti-inflammatory properties and maintained glucose homeostasis
by up-regulating the production of regulatory T cells and SCFAs
(Liu et al., 2021). Alistipes, Sporobacter and Rikenellaceae enriched
in the DLHF group were all probiotic bacteria, and studies have
shown that Alistipes, Rikenellaceae, and Sporobacter all produced
acetic acid and were involved in the uptake and metabolism of
SCFAs, and Rikenellaceae could degraded aromatic compounds
and produced SCFAs, SCFAs play an important role in appetite
regulation, energy metabolism, inflammation and disease as end
products of fermentation of dietary fiber and resistant starch,
moreover, Rikenellaceae were considered to be a key bacterium
for the control of intestinal infections or inflammation in the
treatment of non-infectious colitis (Morrison and Preston, 2016;

Parker et al., 2020; Qiu et al., 2022; Nishihara et al., 2023).
Anoxybacillus was enriched in the XGHF group, and research
suggested that it was beneficial for the proliferation of probiotics
such as fecal bacteria and Lactobacillus rosenbergii (Liu et al., 2011).
Current research suggested that high-fiber foods as prebiotics
can promote the growth of specific members of the resident gut
microbiota, stimulated the production of SCFAs, lower pH, and
maintain intestinal homeostasis (Scott et al., 2013). However, it is
worth noting that Methylobacteriaceae, which was enriched in the
XGHF and XGRe group, was an opportunistic pathogen that poses
a threat to human health and has been found to be able to enter the
silkworm gut through food (Consiglieri et al., 2020; Li et al., 2020).
In our study, the abundance of dominant fiber degrading bacteria
increased after the high-fiber diet in E. miletus, thus digesting more
fiber to provide energy for them. At the same time, it promoted
the proliferation of probiotics, participated in the regulation of
immunity and energy metabolism of E. miletus through SCFAs and
other metabolites, and maintained the energy balance and health of
E. miletus.

Through redundancy analysis, it was found that SCFAs,
leptin, UCP1, and Tg may have a major impact on the
microbial community. Studies have found that SCFAs not only
play an important role in maintaining energy balance and
increasing energy regulation such as insulin, but also promote
intestinal barrier function and intestinal immune homeostasis
through various mechanisms, thereby regulating the affinity
of fibers in the intestine through immune regulation and
increasing the proportion of beneficial bacteria in the gut
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FIGURE 10

Redundancy analyses (RDA) of the correlation between physiological indicators and dominant microbial communities in Eothenomys miletus. RDA
was used to assess the correlation between dominant genera (top 9) and physicochemical factors using Canoco 5.0.

microbiota (Chawla and Patil, 2010). Propionate and butyrate
can participate in the body’s energy metabolism, increase energy
consumption, and down regulate TNT-α gene expression and
release of inflammatory factors to maintain intestinal homeostasis
(Mattace Raso et al., 2013). In the current experiment, there was
a significant negative correlation between the WAT weight and
the relative abundance of Ruminococcus, and between Tg and the
relative abundance of Rikenellaceae (UG) in DL; There was a
significant negative correlation between BAT mass and the relative
abundance of Prevotella, Rikenellaceae (UG) and Oscillospira in
XGLL. Research showed that Ruminococcus, Rikenellaceae and
Prevotella were all fiber degrading bacteria, which can degrade
structural carbohydrates and starch, and can produce SCFAs
such as acetate and propionate (Bi et al., 2018; Qiu et al.,
2022). In this experiment, under the condition of high-fiber food,
it is speculated that the metabolites of E. miletus after their
intestinal microorganisms digested cellulose may participate in the
regulation of energy metabolism of E. miletus by inhibiting the
production of BAT and WAT. Moreover, the relative abundance
of LBP was significantly negatively correlated with the relative
abundance of Rikenellaceae and positively correlated with the
relative abundance of Lactobacillus in DL, while the relative
abundance of Lachnospiraceae (UG) and Clostridiales (UG) were

significantly positively correlated with the relative abundance of
Lactobacillus in XGLL. Research has shown that Lachnospiraceae
utilizes lactic acid and acetic acid to produce butyric acid;
Lactobacillus can improve intestinal integrity, reduce systemic LBP
level, regulate lipid metabolism, and regulate the composition of
gut microbiota and SCFAs (Lim et al., 2016; Mollica et al., 2017).
In our experiment, it showed that E. miletus can regulate body
immunity by inhibiting LBP by specific flora and promoting the
production of LBP inhibitory factor FIAF, so as to maintain body
health.

Liver is one of the thermogenic organs of small mammals (Zhu
et al., 2011). In the present study, after high-fiber diet acclimation,
the liver weight of DL increased, while that of XGLL decreased,
and increased after refeeding. Analyses of gut microorganisms
on related indicators revealed that liver weight of DL was
significantly negatively correlated with the relative abundance of
Bacteroides and positively correlated with the relative abundance
of Lachnospiraceae (UG), while liver weight of XGLL was
positively correlated with the relative abundance of Bacteroides, and
negatively correlated with the relative abundance of Clostridiales
(UG) and Lachnospiraceae (UG). Prevotella relative abundance is
positively correlated with leptin and UCP1 (Pfannenberg et al.,
2010), suggested that under high-fiber food conditions, Bacteroides,
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FIGURE 11

Dominant OTU co-occurrence network of Eothenomys miletus between two regions. Nodes were colored according to their modular
characteristics, and the same color represented a close correlation within the module. The colors of the edges were consistent with their
corresponding node. The size of a node was positively correlated with the degree, and the larger it was, the more connections it had in the network.

Lachnospiraceae (UG) may assist in thermogenesis in the liver of
E. miletus through metabolites, and Prevotella metabolites may be
involved in the regulation of thermogenesis by modulating the
contents of leptin and UCP1, and thus enhancing its adaptation to
the high-fiber food environment.

Specific flora had a preference for certain specific food
components in different environments, and the metabolites of
the flora would participate in the regulation of the intestinal
microenvironment and host homeostasis, and the intestinal
microenvironment will be more conducive to the reproduction and
growth of the relevant flora in large quantities and colonization,
so as to maintain the balance of the host homeostasis (Moeller
and Sanders, 2020). In the present study, under the condition
of high-fiber food, different bacterial groups participated in
food digestion or energy metabolism etc., of E. miletus. The co-
occurrence network results showed that intestinal microorganisms
were dominated by cooperation, and positive cooperation
played an important role in adaptation to high-fiber food
(Abbas et al., 2020).

4.3. Regional differences in body mass
regulation under high-fiber food

Under the condition of high-fiber diet, body mass, food intake,
RMR, liver weight, cecum length, BAT weight, leptin, UCP1 and
SCFAs of E. miletus were significantly different between DL group
and XGLL group. The elevation of XGLL was higher than that of
DL, and the winter temperature and food stress were greater in
XGLL. The higher metabolism in XGLL may related to heavier liver
and BAT mass, and higher UCP1 content was its adaptation to
low temperature environment and longer cecum is an adaptation
to the high-fiber food, which was similar to our previous results
(Scott et al., 2013). However, it is worth noting that the DL
E. miletus decreased its RMR while increased its intake of high-
fiber food, whereas the XGLL E. miletus adopted higher food
intake and RMR. It is assumed that the DL E. miletus was not
able to digest the high-fiber food fast enough to obtain energy,
and instead, it adopted a lower metabolism to maintain its energy
balance.
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The results of this experiment showed that the composition
of intestinal microorganisms in the XGLL group was more than
that in the DL group. After the high-fiber diet, the difference
between the two regions was reduced, and there was structural
difference in intestinal microorganisms in the refeeding groups.
It showed that the food diversity of the XGLL was higher than
that of Dali, and the high-fiber food increased the diversity of
intestinal microorganisms, indicating that food resources were
poorer and the food contains higher levels of indigestible cellulose
in the winter of XGLL, and that gut microorganisms assist the
XGLL E. miletus in facing the stress of winter food resources
by altering their structure and diversity (Varel and Dehority,
1989). The intestinal microorganisms in DL and XGLL were
also different in control groups. In addition to the dominant
bacteria for cellulose degradation, more probiotics appeared in
DL after the high-fiber diet, while pathogenic bacteria appeared
in XGLL. Therefore, for the herbivorous E. miletus, high-fiber
food may also enrich pathogenic bacteria in addition to reducing
the digestibility and increasing the stress for E. miletus in
winter.

In conclusion, the present study for the first time explored
the effects of high-fiber food on the intestinal microorganisms
of E. miletus at different altitudes. It was found that high-
fiber food affected the diversity and enrichment of intestinal
microorganisms, and there were similarities and differences
in the effects of high-fiber food on E. miletus at different
altitudes. Under the condition of high-fiber food, the intestinal
microorganisms assist E. miletus to obtain energy from indigestible
cellulose through the enrichment of fiber degrading bacteria,
produced SCFAs, participated in energy metabolism, immune
regulation, etc., in different forms, and also affected the
colonization of intestinal microorganisms, so as to maintain
the stability of the flora. High-fiber food also promoted
the enrichment of probiotics in the intestinal microbiota of
E. miletus, but pathogenic bacteria also appeared. A diverse
and responsive microbial community may be a key strategy
for living in extreme climates (Tsuji et al., 2013). Therefore,
the plasticity of the composition of the gut microbiota in
combination with the large metabolic reservoir of microorganisms
of E. miletus provided an important adaptation to a high-
altitude environment with low winter temperatures and scarce food
resources. Moreover, we found that there had relationships between
the physiological processes and the changes of relative intestinal
bacteria; however, further follow-up research is still needed on these
relationships.
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