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Abstract

Eothenomys miletus (E. miletus) is one of the rodent species found in Yunnan, and it has
caused significant harm to local agricultural production. In this study, we aimed to
investigate the differences in feeding habits and stomach fungi of E. miletus across different
areas in the Hengduan mountain regions. By exploring the main factors affecting the feeding
habits and fungi of E. miletus, this study provides a theoretical basis for the prevention and
control of this species. We collected E. miletus specimens from five regions, namely Deqin,
Xianggelila, Lijiang, Jianchuan, and Ailaoshan. We measured their feeding habits and the
types of fungi in their stomachs using high-throughput sequencing technology. The results
showed that E. miletus primarily fed on Poaceae, Oxalidaceae, Asteraceae, and Fabaceae.
Food diversity of E. miletus in Ailaoshan and Jianchuan was significantly lower than in the
other three regions. As for stomach fungi, Ascomycota and Basidiomycota were the absolute
dominant sectors. Changes in the diversity of fungi in different regions were consistent with
changes in food diversity. The diversity of fungi in Ailaoshan and Jianchuan regions was
lower than in the other three regions. These findings suggest that the feeding habits of E.
miletus in different regions were affected by plant species, which, in turn, affects the
diversity of fungi in their stomachs.
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Labeled objective

Understanding how animals interact with their environment and
conducting population ecology research require analysis of animal
feeding behavior [1]. The study of animal feeding behavior
encompasses several aspects, such as feeding habits, feeding time,
food composition, and food utilization [2]. Factors such as habitat
type, availability and quality of food resources, predation risk, and
interference from human activity can all influence an animal’s feeding
habits [3]. Feeding habits of sympatric rodents can also be influenced
by other related species. For instance, studies on two Eospalax species
in the same area revealed that Eospalax cansus can avoid competition
with its relatives by adopting a more diversified diet, while Eospalax
smithii can control more available food resources in the area due to
their larger population size [4]. Furthermore, the same species from
different environments may adapt to their surroundings by altering
their feeding strategies. Studies on Cryptomys hottentotus in various
environments have shown that the feeding habits of Cryptomys
hottentatus in arid areas with poor food resources are more complex
than those in areas with adequate humidity and abundant food
resources. They can compensate for the lack of food by broadening the
width of their food niche [5].

With the increasing development of gut microbiology research in
recent years, there has been a rise in studies on various rodent gut
microorganisms. However, most of these studies focus on prokaryotes
in animal gut microbiota, with relatively few majoring in eukaryotes,
such as fungi, in the animal digestive tract. Sun et al. found that fungi
play a crucial role in the intestinal tract of animals [6]. Fungi, as
decomposers in the ecosystem, have a powerful ability to break down
plant fibers and lignin and convert them into substances that can be
used directly by other flora in the stomach. This is as important for
phytophagous animals as the study of their gut microbes [7, 8]. In our
previous studies, we have investigated the physiology, morphology,
and microorganisms of the alimentary canal of Eothenomys miletus (E.
miletus) in different regions [9, 10]. However, there have been no
reports on the feeding habits and fungal diversity in the stomach of E.
miletus. Understanding the feeding habits and fungal diversity in the
stomach is of great significance in comprehending the energy
metabolism of E. miletus in its natural environment.

Since the Quaternary glaciation, the activities of glaciers have
resulted in the uplift of the Qinghai-Tibet Plateau and the formation of
the Hengduan Mountains, leading to the evolution of climate
characteristics from humid and warm to dry and cold. Furthermore,
the north-south direction of the mountains and altitude greatly
influence the region. As altitude increases, temperature decreases and
precipitation increases, resulting in distinct dry and wet seasons, small
annual temperature differences, large daily temperature fluctuations,
and a three-dimensional climate, which in turn contributes to the
diversity of vegetation and animal habitats [11]. E. miletus, belonging
to the genus Eothenomys in Arvicolinae, is an inherent species of the
Hengduan Mountains and an endemic species of China. Voles of this
species are predominantly nocturnal [12, 13]. Previous reports on the
feeding habits of rodents have utilized research methods such as direct
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observation, dissection, stool microscopic tissue analysis, and gastric
content analysis [1]. However, with the advancement of
high-throughput sequencing technology and the use of DNA barcodes,
it is now possible to combine DNA barcodes with high-throughput
sequencing, thereby allowing for species identification at the
taxonomic level, making it particularly suitable for studying feeding
habits of species that are challenging to observe or inhabit special
habitats [14]. In this study, we employed 16S rRNA to investigate the
feeding habits of E. miletus at the molecular level for the first time, and
combined it with 18S rRNA to explore the relationship between its
feeding habits and gastric fungi. This research can provide a
theoretical foundation for understanding the survival and adaptation
strategies of E. miletus.

Methods

Sample collection

E. miletus were captured in Deqin (DQ), Xianggelila (XGLL), Lijiang
(LJ), Jianchuan (JC), and Ailaoshan (ALS) during the winter of 2020.
All animals were healthy adult individuals in the non-reproductive
period, and all animal procedures were conducted in accordance with
the regulations of the Animals Care and Use Committee of the School
of Life Sciences at Yunnan Normal University. This study was
approved by the Committee (13-0901-011). Table 1 provides detailed
information on the geographic location, climatic characteristics, and
sample size of each sample point.

Measurement of morphological indicators

The morphological indicators were measured with reference to the
methods of Yang et al. and Xia et al. Including body mass (accurate to
0.01 cm), body length (accurate to 0.01 g) [15, 16].

DNA extraction

We collected the contents of the stomach and extracted the fecal DNA
using rapid purification kit (QIAamp Fast DNA Stool Mini Kit).
Amplification was performed using 16S and 18S primers, respectively.
The primers for 16S were rbcl and trnH-psbA, rbcL-F:
CTTACCAGYCTTGATCGTTACAAAGG, rbcL-R:
GTAAAATCAAGTCCACCRCG; trnH: ACTGCCTTGATCCACTTGGC,
psbA: CGAAGCTCCATCTACAAATGG; The primers for 18S were
SSUO817F, SSU1196R, SSU0817F: TTAGCATGGAATRAATAGGA,
SSU1196R: TCTGACCTGGAGTTCC [17, 18].

Bioinformatics analysis

The Illumina MiSeq/NovaSeq platform was utilized for performing
paired-end sequencing of community DNA fragments, and the QIIME
platform was employed for processing and analyzing the raw data.
Initially, the double-ended sequences were merged using Flash
software, and each sample was assigned a unique barcode label.
During the merging process, low-quality sequences (sequences with a
length less than 300 or a base mass fraction less than 30) were
removed. Next, the QIIME feature table rake function was applied to
normalize the sequencing depth to 95% of the minimum sample
sequence size.

Table 1 Geographical locations and main conditions for five populations of E. miletus

Regions  Sample number Longitude and Altitude/m Annual average Winter Precipitation/ Vegetation types
latitude temperature/°C temperature/°C  mm

DQ 9 99°03’75” E, 3459 4.7 3.0 633.7 Alpine meadows
28°35’14” N

XGLL 10 99°83’16” E, 3321 5.5 4.5 984.2 Subalpine meadows
27°90°73” N

LJ 10 100°22’90” E, 2478 12.6 10.5 975.0 Subalpine meadows
26°87°53” N and shrub lands

JC 11 99°75°03” E, 2590 13.9 11.0 987.3 Leafy bushes
26°4395” N

ALS 10 100°42’49” E, 2217 19.7 17.5 597.0 Savannah shrubs
24°90°30” N

E. Miletus, Eothenomys miletus; DQ, Deqin; XGLL, Xianggelila; LJ, Lijiang; JC, Jianchuan; ALS, Ailaoshan.
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Evaluation of the feeding habits

The dietary habits of E. miletus were assessed using the Relative
Abundance (%RA) and Frequency Of Occurrence (%FOO) methods.
Species with a %RA less than 0.01% and those with a lower %FOO
were considered incidental food during the analysis, as their inclusion
may introduce deviations [19]. Moreover, analyzing only the %FOO
size may overestimate the importance of rare food types. To evaluate
the food composition of E. miletus at the family and genus levels, the
%RA and %FOO methods were combined.

Prediction and analysis of fungal function

Using the PICRUSt2 software, we were able to predict the functional
metabolic pathways of gastric content fungi in E. miletus from the five
regions studied. The results were annotated using the KEGG database.

Data analyses

Calculation of Relative Abundance and Frequency Of Occurrence.
Relative Abundance (RA) = (N/ZIN;) X 100%, Frequency Of
Occurrence (FOO) = (N;/N) x 100%.

Feeding habits of E. miletus in different regions. The correlation
between regions and food is represented by a chord diagram.

a, B diversity. o diversity: estimate the diversity through three
diversity indicators: Chao 1, Shannon, and Simpson. (3 diversity: using
the ASV/OTU table flattened by QIIME2, call the “qiime diversity core
metrics physical” command to calculate four different distance
matrices, and perform a principal coordinate analysis of these distance
matrices. The community structure is described using unweighted and
weighted UniFrac distance matrices. The unweighted UniFrac distance
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depends on phylogenetic relationships and OTU species abundance,
while species deletion/presence and phylogenetic relationships are
considered by the weighted UniFrac. The figures were drawn in
https://www.genescloud.cn.

o correlation between diversity index and body weight and
length. The data were analyzed using SPSS 26.0 software, and the
correlation was analyzed using a bivariate method and ~ was
considered statistically significant, ~ was considered extremely
significant correlation.

Results

Food composition of E. miletus

At the family level, the %RA values for Poaceae, Oxalidaceae,
Asteraceae, and Fabaceae are 28.77%, 19.97%, 18.76%, and 14.79%,
respectively. The %FOO for these families is 100%, indicating that
they are important components of E. miletus’ diet. In fact, the sum of
these four families accounts for as much as 82.29% of the diet,
suggesting that they are major contributors to E. miletus’ food
composition (Figure 1).

At the genus level, E. miletus in all five regions was found to
consume plants from the genera Oxalis, Cenchrus, and an unknown
genus in the Asteraceae family, with %RA values of 19.97%, 19.44%,
and 18.30%, respectively, and a %FOO of 100% for all three genera.
Additionally, the %RA values for Lotus, an unknown genus in the
Poaceae family, and Oxyria were found to account for a certain
proportion, but their %FOO value was only 60%, indicating that E.
miletus feeds on these in only three of the five regions (Figure 2).

7 30.00%

%FOO
W %RA - 25.00%
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Figure 1 The family level food composition of the E. miletus (%RA and %FOO methods). E. Miletus, Eothenomys miletus; %RA, Relative

Abundance; %FOO, Frequency Of Occurrence.
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Figure 2 The genus level food composition of the E. miletus (%RA and %FOO methods). E. Miletus, Eothenomys miletus; %RA, Relative

Abundance; %FOO, Frequency Of Occurrence.
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Comparison of food composition types in E. miletus in different
regions

Figure 3 presents the correspondence analysis of the feeding habits of
E. miletus at the family level in five regions, and Figure 4 depicts the
correspondence analysis of the feeding habits of E. miletus at the genus
level in the same five regions. The results indicate that E. miletus
primarily relies on four families and five genera as their main food
sources, but owing to variances in vegetation across different regions,
there are discernible differences in their food preferences and
composition.

Analysis of food diversity in E. miletus in different regions

o analysis of feeding in five regions. Significant differences were
observed in the a diversity (Chao 1, Shannon, and Simpson) (P <
0.01, Figure 5) between E. miletus samples from different regions. The
results showed that E. miletus from LJ, XGLL, and DQ had higher food
diversity compared to ALS and JC, with E. miletus from JC displaying
the lowest food abundance. It can be speculated that the high altitude
and low temperature of XGLL, combined with the lack of vegetation
during winter sampling, may have forced E. miletus to seek more
complex food sources to meet its nutritional requirements. In contrast,
JC, with its relatively lower altitude and abundant rainfall throughout
the year, had a more diverse and abundant food supply, making it
easier for E. miletus to meet its dietary needs. This observation is
consistent with the sampling site conditions.

Correlation analysis between diversity indices and body weight and

length of E. miletus indicated a negative correlation between body size
and the Chao 1, Shannon, and Simpson indices, with the difference
being highly significant (P < 0.01) (Table 2). The results suggest that
larger E. miletus specimens had lower food diversity. Larger specimens
have better food gathering abilities, allowing them to occupy the main
food sources in their respective regions.
B analysis of feeding in five regions. The principal coordinate
analysis results show that (unweighted, Figure 6A, and weighted,
Figure 6B) only samples from JC and ALS are clustered together. This
result may indicate that the plant species diversity of ALS and JC is
relatively low, and the food of E. miletus in these two regions is
basically clustered together, while the plant differences between
different regions in the other three regions are significant, which is
also consistent with the a The results of diversity analysis correspond
to each other.

Gastric fungal composition of E. miletus

Fungal DNA was extracted using high throughput sequencing and PCR
products were amplified. After the removal of low-quality sequences,
chimeras, monomers, and chloroplasts, the remaining sequences were
standardized to 594131. The composition of the gastric fungal flora in
E. miletus was analyzed based on the classification results of OUT. At
the phylum level, the dominant fungi in the stomach of E. miletus in
the five regions are shown in Figure 7, mainly Ascomycota (62.13%)
and Basidiomycota (36.28%). At the genus level, the dominant genera
of fungi in the stomach of E. miletus in the five regions are mainly
Candida (8.54%) and Cladosporium (6.51%), except for unclassified
Ascomycota (28.81%) and unclassified Basidiomycota (26.54%), as
shown in Figure 8.
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Figure 3 Chord diagram of feeding habits of E. miletus in different
regions (Family Level). E. Miletus, Eothenomys miletus; DQ, Deqin;
XGLL, Xianggelila; LJ, Lijiang; JC, Jianchuan; ALS, Ailaoshan.

Figure 4 Chord diagram of feeding habits of E. miletus in different
regions (Genus Level). E. Miletus, Eothenomys miletus; DQ, Deqin;
XGLL, Xianggelila; LJ, Lijiang; JC, Jianchuan; ALS, Ailaoshan.
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Figure 5 a diversity of food of the E. miletus in different regions. A, Chaol Diversity; B, Shannon Diversity; C, Simpson Diversity. E. Miletus,
Eothenomys miletus; DQ, Deqin; XGLL, Xianggelila; LJ, Lijiang; JC, Jianchuan; ALS, Ailaoshan.
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Table 2 Food composition of E. miletus a diversity between diversity index and body weight and length

Alpha diversity indices Body weight Body length
Chao 1 -0.631" —0.429"
Shannon —0.655" —-0.528"
Simpson -0.625" -0.576"

", was considered statistically significant, ~, was considered extremely significant correlation. E. Miletus, Eothenomys miletus
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Figure 6 [ diversity of food for E. miletus in different regions. A, unweighted; B, weighted. E. Miletus, Eothenomys miletus; DQ, Deqin; XGLL,
Xianggelila; LJ, Lijiang; JC, Jianchuan; ALS, Ailaoshan.
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Figure 7 Level composition of fungus phyla in the stomach of E. miletus in different regions. E. Miletus, Eothenomys miletus; DQ, Deqin; XGLL,
Xianggelila; LJ, Lijiang; JC, Jianchuan; ALS, Ailaoshan.
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Figure 8 Level composition of fungus genus in the stomach of E. miletus in different regions. E. Miletus, Eothenomys miletus; DQ, Deqin; XGLL,
Xianggelila; LJ, Lijiang; JC, Jianchuan; ALS, Ailaoshan.
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Analysis of fungi diversity in gastric content of E. miletus

Fungi a diversity index. There were significant differences in o
diversity (Chao 1, Shannon, and Simpson) among the five regions (P
< 0.01) (Figure 9). The diversity of fungi in the stomach of E. miletus
was highest in LJ and XGLL, and lowest in the JC region, which
corresponds to the feeding habits of E. miletus in each region. The
diversity of fungi can affect the digestion of plant fibers by E. miletus.
The greater the number of plant species consumed by E. miletus, the
higher the diversity index of the fungi in its gut.

Fungi B diversity index. The principal coordinate analysis results
indicate that, in the unweighted graph (Figure 10A) of E. miletus
fungal flora, the DQ and LJ clusters are closely clustered together,
while in the weighted graph (Figure 10B), the clusters of ALS and JC
are more closely clustered. This pattern is similar to that observed in
the a diversity of regional feeding habits, where regions with higher
food diversity show closer clustering distances of fungi in the stomach
of E. miletus.

Prediction and analysis of fungi function

Among the top 20 pathways, the primary function of fungi in the
stomach of E. miletus is metabolism, constituting 91.13% of the total
pathways, with biosynthesis accounting for 48.90% and catabolism
accounting for 42.23%. Of these, only the lipoic acid metabolism
pathway (ko00785), fatty acid biosynthesis pathway (ko00061), sulfur
relay system (ko04122), and D-alanine metabolism pathway
(ko00473) exhibit the highest abundance in LJ, while the remaining
pathways exhibit the highest abundance in DQ (Table 3).
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Conclusions

Feeding habits of E. miletus

Most methods for studying the feeding habits of rodents are based on
microscopic tissue analysis, which, although allowing for quantitative
analysis of feeding habits without the need to track individual
animals, requires researchers to possess professional knowledge and
the ability to accurately analyze plant debris in the animal’s stomach.
Moreover, some fragments may not be accurately separated due to
excessive digestion time, which can significantly impact results and
require considerable effort from researchers [20]. In contrast, this
study used DNA barcode technology, a method for accurately and
rapidly identifying the species animals feed on through short,
standardized DNA sequence analysis [21]. This technology has
previously been used by Zhang et al. to study the feeding habits of two
zokors in Liupanshui, where they found that both zokors fed primarily
on roots of herbaceous plants at the family level [4]. Similarly, DNA
barcode technology was used to study the feeding habits of Marmota
caudata, where chloroplast gene fragments were used as molecular
markers [22]. In this study, DNA barcode technology was also used to
analyze the feeding habits of E. miletus in five regions. Results
indicated that E. miletus fed mainly on Poaceae, Oxalidaceae,
Asteraceae, and Fabaceae, suggesting that herbs were their primary
food source, consistent with other rodents [23]. Due to the low
lignification of herbaceous plants and their small size, which are easy
for rodents to ingest, the number of E. miletus captured near
herbaceous plants in the five regions was higher than that near other
plant species.
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Figure 9 Alpha diversity of stomach fungi in E. miletus from different regions. A, Chao 1 Diversity; B, Shannon Diversity; C, Simpson Diversity.
E. Miletus, Eothenomys miletus; DQ, Deqin; XGLL, Xianggelila; LJ, Lijiang; JC, Jianchuan; ALS, Ailaoshan.
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Figure 10 Beta diversity of gastric fungi in E. miletus in different regions.
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Table 3 Functions of PICRUSt2 of stomach contents fungi in E. miletus predicting the top 20 MetaCyc database abundance

Rank Pathway ID ALS JC LJ XGLL DQ

1 ko01051 17.00 27.50 22.33 16.50 51.00
2 ko00290 12.64 18.14 20.10 8.95 29.14
3 ko00660 12.00 17.92 19.00 7.58 28.50
4 ko00770 9.87 11.53 16.12 6.27 21.67
5 ko00785 13.00 10.00 19.17 5.00 16.50
6 ko00061 14.08 8.12 17.92 3.42 16.77
7 ko00030 10.27 9.48 13.87 4.95 18.64
8 ko00072 10.75 8.63 11.71 0.00 25.88
9 ko04122 10.09 10.27 16.33 3.82 15.59
10 ko00473 9.33 7.50 18.33 6.67 14.17
11 ko00471 9.00 8.00 15.16 5.00 18.50
12 ko02030 11.08 10.23 8.44 6.69 18.73
13 ko00250 9.44 9.76 11.87 2.96 19.91
14 ko00620 9.95 8.65 14.13 3.18 17.61
15 ko00970 7.66 10.38 13.02 4.36 17.91
16 ko00730 9.45 8.59 15.48 3.27 16.32
17 ko00550 9.74 7.82 14.27 4.42 16.82
18 ko00340 8.00 9.42 12.84 4.37 17.34
19 ko00300 8.20 9.18 11.14 5.80 16.50
20 ko00670 7.71 8.21 12.18 4.21 18.29

E. Miletus, Eothenomys miletus; DQ, Deqin; XGLL, Xianggelila; LJ, Lijiang; JC, Jianchuan; ALS, Ailaoshan.

Feeding habits of E. miletus in different regions

Based on the a and f3 diversity in the five regions, the food diversity of
E. miletus in LJ, XGLL, and DQ was significantly higher than that in
ALS and JC. Clustering analysis of the feeding habits of ALS and JC
showed that these two regions were grouped together, which was
consistent with the local sampling site observations. The higher winter
temperatures and more lush plant growth in JC and ALS meant that E.
miletus in these regions had less foraging pressure and did not need to
find a variety of plants to meet their needs, resulting in lower food
diversity compared to the other three regions.

Combining E. miletus’s body shape with a diversity, we found that
larger-sized individuals had lower food diversity. Previous research in
the laboratory on E. miletus body shape in different regions revealed
that individuals in ALS and JC were larger than those in LJ, XGLL, and
DQ [24]. The food composition of E. miletus in these regions was also
less diverse than that in LJ, XGLL, and DQ. Larger rodents occupy a
higher niche, which allows them to occupy more food resources [25].
As a result, they may not need to eat and search for a wide range of
food types to meet their needs, resulting in lower food diversity.
Conversely, smaller rodents occupy a lower niche and need to eat a
more diverse range of foods to meet their needs, resulting in higher
food diversity.

Fungi in the stomach of E. miletus from different regions
E. miletus is a burrowing rodent species that primarily resides in
shallow tunnels on the surface of the soil, which have relatively
complex structures. Soil harbors the highest concentration of fungi in
the natural environment, and the most suitable soil depth for fungal
survival is approximately 10 cm in the surface layer [26]. Therefore,
the type of fungi in the stomach of E. miletus is mainly influenced by
the fungi types present in the soil of its habitat. Studies on digestive
tract fungi in Lasiopodomys brandtii and zokor have shown that the
dominant phyla are Ascomycetes and Basidiomycetes, consistent with
the results of the present study [27, 28]. The use of 18S rRNA
technology to analyze fungi in the stomach of E. miletus revealed that
Ascomycetes and Basidiomycetes were also the predominant fungi.
Fungi possess a stronger ability to digest lignin than bacteria, and
the diversity of fungi in phytophagous animals is influenced by their
food diversity [29]. Combining food and fungi a diversity analysis, we
found that two types of diversity exhibit a clear consistency, namely,
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the greater the food diversity, the greater the number of fungal species
present in the stomach. This finding confirms that the diversity of
fungi in the stomach is indeed influenced by food diversity. During
functional prediction, it was observed that the primary functions of
gastric fungi are biosynthesis (48.90%) and catabolism (42.23%). This
indicates that metabolic pathways constitute the vast majority of
fungal functions, suggesting that fungal physiological activities are
robust, and that this biological activity promotes the digestive and
metabolic activities of E. miletus. However, presently, there are few
reports on the study of digestive tract fungi in rodents such as E.
miletus, and most of the research focuses on intestinal microorganisms,
leaving a gap in the research of digestive tract fungi in rodents.
Therefore, the study of digestive tract fungi in E. miletus in this article
lays the groundwork for future, more detailed research.

In conclusion, the feeding habits of E. miletus in various regions of
the Hengduan Mountains are affected by the local environment. Plant
growth is impacted by poor winter climate conditions. As a result, the
poorer the climate conditions, the greater the food diversity of E.
miletus, which in turn influences the diversity of fungi in its stomach.
This finding further supports that the plant species present in the
region where they reside are the primary factors affecting the feeding
habits and fungi in the stomach of E. miletus.
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