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Abstract 

Background  Predator‒prey interactions and their dynamic changes provide frequent opportunities for viruses 
to spread among organisms and thus affect their virus diversity. However, the connections between dietary diversity 
and virus diversity in predators have seldom been studied. The avivorous bats, Ia io, show a seasonal pattern of dietary 
diversity. Although most of them primarily prey on insects in summer, they mainly prey on nocturnally migrating birds 
in spring and autumn.

Results  In this study, we characterized the RNA virome of three populations of I. io in Southwest China during sum-
mer and autumn using viral metatranscriptomic sequencing. We also investigated the relationships between dietary 
diversity and RNA virus diversity by integrating DNA metabarcoding and viral metatranscriptomic sequencing 
techniques at the population level of I. io. We found 55 known genera belonging to 35 known families of RNA viruses. 
Besides detecting mammal-related viruses, which are the usual concern, we also found a high abundance of insect-
related viruses and some bird-related viruses. We found that insect-related viruses were more abundant in summer, 
while the bird-related viruses were predominantly detected in autumn, which might be caused by the seasonal 
differences in prey selection by I. io. Additionally, a significant positive correlation was identified between prey 
diversity and total virus diversity. The more similar the prey composition, the more similar the total virus composi-
tion and the higher the count of potential new viruses. We also found that the relative abundance of Picornaviridae 
increased with increasing prey diversity and body mass.

Conclusions  In this study, significant links were found between RNA virus diversity and dietary diversity of I. io. The 
results implied that dynamic changes in predator–prey interactions may facilitate frequent opportunities for viruses 
to spread among organisms.
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Background
Coronavirus disease (i.e., COVID-19) and numerous his-
torical outbreaks of emerging infectious diseases (EID) 
are a significant threat to human health and the economy 
[1–4]. Nearly 70% of these diseases originate from wild-
life [5, 6]. Metagenomic sequencing has revealed high 
virus diversity in wildlife [7–9], along with spatial–tem-
poral variations and their associations with host phy-
logeny, traits, and numerous ecological factors [10–16]. 
Initially, the virus diversity is impacted by host phylog-
eny, including the species level and broader taxonomic 
categories (orders or phyla) [10, 11]. A correlation might 
exist between the body size of wildlife and their virus 
diversity. For instance, larger body sizes are likely linked 
to larger home ranges or access to diverse food sources 
[17, 18], which could expose them to a broader array of 
viruses [19]. Alternatively, larger body sizes may indicate 
longer lifespans [20], potentially affecting the virus diver-
sity encountered throughout their lives [12, 19]. Cur-
rently, our understanding of ecological factors linked to 
virus diversity variations primarily comes from species-
level analyses. For example, by comparing the variations 
in virus diversity among species at a large geographical 
scale and exploring the associated ecological factors, 
the results revealed that the variations in diversity or 
prevalence of viruses were influenced mainly by climate 
change, land use, human activities, and the host dynam-
ics and functional traits [12, 21, 22]. Recently, some stud-
ies have explored ecological factors that may influence 
spatial–temporal variations in virus diversity in wildlife 
at the population level [13, 14, 23]. These studies showed 
that the virus diversity is influenced by environmen-
tal heterogeneity (e.g., temperature and humidity), age 
structure (proportion of juveniles), and colony size in 
wildlife populations [13, 14, 23]. While numerous studies 
have identified several ecological factors related to virus 
diversity variations in wildlife [10–14, 22–27], some criti-
cal aspects remain largely unexplored.

Interactions between predator and their prey, along 
with their dynamic changes, offer significant opportuni-
ties for the transmission of viruses and variations in their 
diversity due to the possible acquisition of prey-related 
viruses by predators from various sources [10]. Never-
theless, research on the relationship between the diet 
of wildlife and the virus diversity they harbor remains 
scarce. Few studies have explored the possibility of preda-
tors as recipients of viruses and established links between 
their diet and the variation in virus diversity. For exam-
ple, a study showed that simian foamy viruses (SFV) are 
transmitted to wild chimpanzees (Pantroglodytes verus) 
because they regularly hunt western red colobus mon-
keys (Piliocolobus badius) [28]. Another study showed 
that prey density may correlate with the virus richness 

in the common vampire bat (Desmodus rotundus) across 
sites [13]. Finally, a study revealed that mosquitoes carry 
several specific RNA viruses and there is a significant co-
occurrence relationship between these viruses and their 
corresponding food sources at the species level [15]. 
However, these studies focused only on the single virus 
of a species of interest and the effects of prey density on 
virus diversity. The connections between dietary diversity 
and the virus diversity in wildlife should be systemati-
cally investigated. In addition to spatial variation among 
populations, some species show considerable individual 
and/or temporal dietary variation [29–32], which may 
also influence the types of viruses they harbor [33]. Thus, 
changes in the virus communities of predators might be 
expected when they hunt different prey across various 
seasons. However, the connections between prey diver-
sity and the virus diversity in wildlife are infrequently 
examined within a population.

Bats are the second most diverse mammalian order, 
with more than 1400 species around the world [34]. 
Many unique biological, ecological, immunological, 
and genetic characteristics of bats enable them to carry 
a greater variety of viruses than most other mammals, 
including several emerging viruses that can cause infec-
tious diseases in humans [16, 35–37]. Virus diversity of 
bats is associated with variations in ecological factors, 
including local climate, food resource density, elevation, 
age structure, genetic distance, and population dynam-
ics [13, 16]. Most bat species mainly feed on arthropods, 
although some species also expand their diets with small 
vertebrates, such as fish, frogs, and birds [32]. Among 
them, avivorous bats are excellent natural models for 
investigating the links between prey diversity and virus 
diversity of bat predators at the population level for sev-
eral reasons. First, avivory in bats implies dietary expan-
sion (from insects to birds) relative to other insectivorous 
species. Like bats, birds act as hosts for many types of 
viruses. Thus, when bats eat birds, they also consume the 
viruses of birds. This may lead to variation in the virus 
composition of these bats due to the accumulation of 
viruses with various combinations. Second, three bat 
species, including Nyctalus lasiopterus, Nyctalus aviator, 
and I. io, mainly hunt insects in summer, but they mainly 
hunt nocturnally migrating birds in spring and autumn 
[32, 38–42]. Our previous studies also revealed that 
most individuals of I. io hunted insects in summer, but 
78% of individuals hunted nocturnally migrating birds (at 
least 22 passerine birds) in autumn [32]. Seasonal varia-
tions in dietary and spatial niches at the population and 
individual levels was also reported in our previous stud-
ies [31, 43]. This shift in the diet provides an opportunity 
to assess the differences in virus communities of preda-
tors across seasons, including total virus diversity and 
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composition. Moreover, the seasonal changes in prey 
diversity (i.e., insects and birds) of avivorous bats can 
facilitate the assessment of the relationships between 
prey diversity and virus diversity in predators.

In this study, three populations of the avivorous bat I. 
io were selected to investigate the links between dietary 
diversity and RNA virus diversity through conducting 
DNA metabarcoding sequencing and viral metatran-
scriptomic analysis. Here, we first hypothesized that 
there would be a significant link between the RNA virus 
diversity carried by I. io and the prey diversity it preys 
on. Then, we make three predictions. Firstly, the virus 
diversity harbored by I. io exhibits seasonal variations 
consistent with dietary diversity, with a higher rela-
tive abundance of insect prey and insect-related viruses 
in summer and bird prey and bird-related viruses in 
autumn. Secondly, the diversity of virus species would 
increase with the increase in prey species diversity; as the 
similarity in prey composition rises, so does the similar-
ity in virus composition. Finally, a positive correlation 
is expected between the relative abundance of prey and 
prey-related viruses in I. io. Additionally, it was hypoth-
esized that virus species diversity is correlated with the 
body size of I. io. It was predicted that virus species diver-
sity would increase with an increase in body mass in I.io.

Materials and methods
Sample collection and morphological measurements
We captured I. io using a mist net at cave entrances when 
bats returned from their foraging sites before sunrise. 
Feces, oral, and anal swabs of seemingly asymptomatic 
individuals were separately obtained from three loca-
tions in Southwest China, including Xingyi City, Guizhou 
Province (abbreviation: XY), Kaili City, Guizhou Province 
(abbreviation: KL), and Weishan County, Yunnan Prov-
ince (abbreviation: WS), in the summer (June–July) and 
autumn (September–December) of 2021. Each bat was 
placed in a clean and sterilized paper bag until they defe-
cated (less than 2 h). Fecal pellets were collected from the 
sterile paper bags and stored in 2 mL freeze-storage tubes 
(Corning, USA). Two fecal samples were collected from 
each individual for viral metatranscriptomic sequencing 
and DNA metabarcoding sequencing, respectively. After 
each bat defecated, we recorded their body mass using an 
electronic balance (ProScale LC-50, Accurate Technol-
ogy, Inc., Asheville, NC, USA) to the nearest 0.01 g and 
their forearm length using a digital caliper (TESA-CAL 
IP67, Tesa Technology, Renens, Switzerland) to the near-
est 0.01 mm. In this case, the body mass of the bats was 
not affected by their physiological condition (i.e., satia-
tion level). We used flocking swabs to collect oral and 
anal swab samples after recording the parameters above. 
The swab samples were also stored in 2 mL freeze-storage 

tubes (Corning, USA). We marked individuals by cutting 
their hair on the back to avoid collecting data from the 
same individual. We collected samples at approximately 
two-day intervals to avoid the negative effects of captur-
ing bats every day. Sample collection was performed at 
least thrice at each sampling location in each season to 
collect enough samples. We released the bats in their 
habitat after sampling. Each sample was frozen in liquid 
nitrogen immediately after collection. After all samples 
were collected, we transported them to the laboratory 
with dry ice and stored them at – 80 °C until use.

Viral metagenomic sequencing and analysis
Sample pre‑treatment
First, we combined the samples collected at each sam-
pling location during every season to obtain three pooled 
samples. Each pooled sample comprised fecal and corre-
sponding swab samples from 5 to 10 distinct bat individ-
uals. In total 18 pooled samples were obtained with half 
in the summer group and the other half in the autumn 
group. Each pooled sample was labeled on the basis of 
the “sampling location, sampling season, and sample 
number,” such as “XYsu1”. Before the nucleic acid and 
library construction, each pooled sample was pretreated 
as follows. First, eight volumes (w/v) of precooled ster-
ile SB buffer and zirconium beads were added to every 
pooled sample and vortexed for 5 min using a vortex 
oscillator (ST-0246, USA SI). Then, the treatment solu-
tion was frozen and thawed thrice to ensure adequate 
cell lysis. We centrifuged the treatment solution at 
12,000 × g for 5 min at normal atmospheric temperature 
(20 – 25 ℃) using a Thermo Legend Micro 21 centrifuge 
(Thermo) and collected the supernatant. Cell fragments 
and bacteria in the supernatant were removed using a 
0.45 µm + 0.22 µm filter membrane (JET BIOFIL). Then, 
1 mL of the filtrate was transferred into an ultracentri-
fuge tube containing 28% (w/w) sucrose, and centrifuged 
at 160,000 × g for 2 h at 4 °C using a HIMAC CP 100wx 
ultracentrifuge (Hitachi, Tokyo, Japan). After removing 
the supernatant, the pellet was resuspended in 200 µL of 
SB buffer. Then, EMB and EM were added proportionally 
to the resuspension, which was then incubated at 37  °C 
for 60 min to remove free DNA. We added 2 µL of SS to 
the DNA-free resuspension and mixed it well to deacti-
vate the DNA enzyme for 10 min at 65 – 75 °C. Then, the 
DNA-free resuspension was centrifuged at 2000 rpm for 
5 min at room temperature. Finally, 200 µL of the super-
natant was stored at – 20 °C for subsequent experiments.

Extraction and quality inspection of nucleic acid
We co-extracted DNA and RNA from the above 200 µL 
supernatant using TaKaRa MiniBEST Viral RNA/DNA 
Extraction Kit Ver.5.0 (Takara, Japan). Then, a DNA 
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digestion enzyme was used to digest the DNA in the 
total nucleic acid. The remaining whole transcriptome 
was amplified using the 150,054 REPLI-g Cell WGA & 
WTA Kit (Qiagen, Germany). Finally, the quality of the 
amplified products was evaluated using NanoDropOne 
(Thermo Scientific, USA), Qubit 4.0 (Life Technologies, 
USA), and 1.5% agarose gel electrophoresis before library 
construction and sequencing. All amplified products 
were stored at − 80 °C until the library was constructed.

Library preparation and sequencing
The ALFA-SEQ DNA Library Prep Kit (Finorop, China) 
was used for library preparation. The quantity and qual-
ity of the libraries were assessed based on the Qubit® 
dsDNA HS Assay Kit (Life Technologies, Grand Island, 
NY) and the Agilent 4200 System (Agilent, Santa Clara, 
CA). Finally, paired-end (150 bp reads) sequencing for 
each library was performed on the Illumina Novaseq 
6000 platform by Magigene.

Raw data preprocessing and virus identification
The quality of the raw reads of each library was first 
checked using FastQC version 0.11.7 [44] and trimmed 
using Trimmomatic version 0.38 [45] to obtain clean 
reads. Then, the reads of the host genome in the clean 
reads were removed using Bowtie2 version 2.4.1 [46]. 
We used the highly sensitive end-to-end mode to com-
pare clean reads of every library to the genome assem-
bly of I. io (GenBank accession no. GCA_025583905.1). 
Then, we removed the successfully aligned reads from 
the library. Fast taxonomic classification of bacteria, 
archaea, and fungi of the remaining reads was performed 
using Kraken2 version 2.0.9b [47] with a custom RefSeq-
based database. Unclassified reads of each library were 
assembled de novo using MEGAHIT version 1.1.3 [48] 
to get contigs. Contigs ≥ 500 bp were retained for anno-
tation. Briefly, all retained contigs were first compared 
to the EVRD [49] using BLASTn version 2.7.1 and DIA-
MOND version 0.9.25 [50] with an e-value threshold of 
1 × 10−5. Then, the BLASTn-classified and DIAMOND-
classified sequences were defined in the final viral contigs 
assemblage if they met the following criteria. First, these 
sequences did not match the false reference sequences 
identified in our refined EVRD-nt and EVRD-aa refer-
ence databases; the sequences may be contaminants 
related to host genomes, laboratory components, nonvi-
ral organisms, or artifacts [51]. Second, these sequences 
had no significant hits to non-virus nt and nr databases 
by BLASTn/x (e ≥ 1e−20 and identity ≤ 50%) [52]. Finally, 
we compared each alternative sequence to a non-redun-
dant nt/nr database for online validation by BLASTn/x. 
The sequences were considered to be virus contigs if 

they had the best hits with amino acids or nucleotide 
sequences of viruses.

Clustering of non‑redundant virus contigs and abundance 
statistics of virus cluster
The virus contigs were clustered based on the following 
conditions to obtain non-redundant virus contigs: (1) 
nucleotide similarity > 99% among contigs; (2) nucleo-
tide coverage > 90% among contigs. The genus is a com-
promising analytic level that can ensure the support of 
biologically and/or ecologically meaningful virological 
conclusions [53]. Therefore, non-redundant virus contigs 
were clustered based on 90% nucleotide identity and 80% 
nucleotide coverage [53]. Then, the optimal BLASTx hit 
and classified information of every cluster was obtained 
based on the virus nt/nr reference database. We argued 
that the term “host” cannot fully explain the role of 
bats and other organisms associated with such diverse 
viruses but that “carrier” is more appropriate to refer to 
the potential source of detected viruses from bats. We 
obtained the carrier information of invertebrate-related 
viruses based on ICTV [54] and NCBI [55] and con-
firmed the carrier information according to the refer-
ence virus sequence reported in other studies. The same 
methods were also used to preliminarily determine the 
bird-related viruses. The number of viruses present in 
bat and bird hosts is increasing. To determine the car-
rier information of bird-related viruses without confus-
ing them with bat-associated viruses, we constructed 
phylogenetic trees based on the contigs defined as RdRp. 
Briefly, we chose the longest sequence available to repre-
sent the approximately complete amino acid sequence of 
the RdRp protein. Then, these sequences were compared 
to those from the NCBI database [56] using blastx to 
select the reference sequences. We selected several rep-
resentative viruses from the genera that were distantly 
related to our sequences in the same families. The virus 
sequences were then aligned using MAFFT version 7.48 
[57]. We used IQ-TREE version 2.0 [58] and selected the 
-sc option to shear the ambiguous alignment region to 
ensure that the results were more accurate. Phylogenetic 
trees were then constructed using the maximum likeli-
hood (ML) approach implemented in IQ-TREE version 
2.0 [58]. We used the TESTMERGE method to select the 
best amino acid substitution model. This method can 
compare the performance of multiple models for model 
selection to optimize the accuracy of the phylogenetic 
tree. Finally, we used FigTree v1.4.3 [59] to visualize the 
phylogenetic tree.

To quantify the abundance of virus clusters, we first 
mapped clean reads back to the above virus clusters 
to get the read count. We excluded clusters with fewer 
than 10 reads to reduce false positives [60]. Then, we 
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calculated the relative abundance of each cluster as the 
number of viruses reads per million from the total reads 
in each library (RPM). We conducted RT-PCR valida-
tion assays to eliminate false positives due to assembly 
errors. Briefly, virus contigs representing 11 species were 
randomly selected to design nested primers (Additional 
file  1: Table  S1). Then, we performed nested RT-PCR 
(reverse transcription PCR) to obtain the positive rate 
of each virus in each library. Finally, the reliability of the 
viral metatranscriptomic sequencing results was verified 
based on the Pearson correlation (r = 0.83 – 1.0, P < 0.05; 
Additional file  2: Figure  S1A) between the positive rate 
and the relative abundance of each virus.

Determining the overview of the virome
To determine the distribution of viruses in the samples, 
we first visualized the relative abundance of each virus 
family in each sample by constructing a stacked bar plot. 
Then, an UpSet plot was used to visualize the distribu-
tion of virus clusters among samples. We also showed the 
relative abundance of virus clusters from different carri-
ers in each sample with a heatmap constructed using the 
function pheatmap in R [61]. All data were visualized 
using the ggplot2 package [62].

Dietary metagenomic sequencing and analysis
DNA extraction, PCR amplification, and sequencing
Fecal pellets (150 mg) of every individual were homog-
enized using a grinder (TL2010S, DHS Life Science & 
Technology Co., Ltd., Beijing, China) before extraction. 
Then, total DNA was extracted using a QIAamp® DNA 
Stool Mini Kit (QIAGEN Canada, Mississauga, ON, 
Canada) following the manufacturer’s protocol. The con-
tent and quality of the extracts were assessed using a 
NanoDrop 2000 UV–vis spectrophotometer (Thermo 
Fisher Scientific, Wilmington, DE, USA). We used univer-
sal primer sets to amplify a cytochrome oxidase I (COI) 
marker [63]. The primer sets were LCO-1490 (5′-GGT​C​A​
A​CAA​ATC​ATA​AAG​ATA​TTG​G-3′) [64] and ZBJ-ArtR2c 
(5′-WAC​TAA​TCA​ATT​WCC​AAA​TCC​TCC​-3′) [65, 66]. 
PCR amplification, purification of amplified products, 
and library construction were performed following pre-
viously described methods [67]. Finally, we performed 
next-generation sequencing (2 × 300  bp paired-ends) 
on the Illumina MiSeq platform (Illumina) following 
the standard protocols described by Majorbio BioPharm 
Technology Co., Ltd.

Sequence analysis and taxonomic identification
The paired-end reads in each library were first quality-fil-
tered and assembled using Trimmomatic [45] and FLASH 
[68]. The DNA sequences were clustered into operational 
taxonomic units (OTUs) based on 97% identity following 

previously described methods [63]. Taxonomic identi-
fication was performed by aligning the representative 
sequence from each OTU to reference sequences in the 
GenBank [56] and Barcode of Life databases [69]. Orders 
and families were assigned at > 95% and > 96.5% identity 
values, respectively [63]. We classified sequences at the 
species level when the identity was > 98% between the 
query and the reference sequences [63].

Analysis of variations in virus diversity between seasons
We investigated the temporal variations in virus diversity 
of I. io. First, we estimated the Shannon diversity indices 
(alpha diversity) of each library using the vegan package 
[70]. Hutcheson’s t-test was performed to evaluate sig-
nificant differences in Shannon diversity indices between 
seasons. Briefly, Hutcheson’s t-test was conducted sepa-
rately for samples from each sampling location to con-
trol for the potential impact of sampling location on 
the results. Seasonal variation in Shannon indices was 
assessed for each biological replicate sample within each 
sampling location using Hutcheson’s t-test. Hutcheson’s 
t-test was performed three times at each sampling loca-
tion. Second, we assessed the significant differences in 
the composition of viruses (beta diversity) between sea-
sons. Briefly, we first calculated Bray–Curtis distances 
between samples using the vegdist function in the vegan 
package [70]. Next, we used the Non-metric Multidimen-
sional Scaling (NMDS) technique to illustrate the differ-
ences in virus composition using the metaMDS function 
in the vegan package [70]. Then, significant seasonal dif-
ferences in the virus composition were tested by permu-
tational multivariate analysis of variance (PERMANOVA, 
9999 permutations) using the vegan package [70]. Then, 
in order to verify whether the significant seasonal differ-
ences in virus composition were affected by the sample 
dispersion within groups, we tested the significance of 
sample dispersion within the season using the Betadis-
per function in the vegan package [70]. Meanwhile, we 
also examined whether the differences between seasons 
were significantly larger than the differences within each 
season by performing ANOSIM (analysis of similari-
ties) using the vegan package [70]. Furthermore, PER-
MANOVA analysis was conducted using the adonis2() 
function with sampling location as a blocking factor, to 
examine seasonal variations in virus composition while 
accounting for the potential impact of sampling location.

We performed the Linear Discriminant Analysis Effect 
Size (LEfSe) analysis to identify biomarkers with signifi-
cant seasonal differences. First, we performed Student’s 
t-tests and Mann–Whitney U tests using the oneway-
tests package [71] to detect virus clusters with a signifi-
cant difference in relative abundance between seasons. 
Second, we performed Wilcoxon rank sum tests using 
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the onewaytests package [71] to determine the differ-
ences between seasons and corrected though FDR [72]. 
Finally, we performed a linear discriminant analysis 
(LDA) to evaluate the viruses with significant seasonal 
differences (|LDA score (log)|> 2) and obtained the bio-
markers between seasons using the MASS package [73]. 
The relative abundance of each biomarker was shown in a 
heatmap plotted using the pheatmap package [61]. Virus 
clusters associated with carriers indicated by biomark-
ers were selected, and t-tests were performed to evaluate 
seasonal differences in the relative abundance of these 
viruses using the onewaytests package [71].

We used the bipartite network implemented by the 
igraph package [74] to visualize the co-occurrence pat-
terns of prey and mammal-related virus species during 
summer and autumn. The presence of a virus was postu-
lated when any of the following criteria were fulfilled. (1) 
A certain virus was represented by more than two virus 
clusters with RPM values exceeding 10. (2) A certain 
virus was represented by two virus clusters with RPM 
values exceeding 10, and one of these virus clusters was 
identified as the RdRp gene. (3) A certain virus was repre-
sented by one virus cluster with RPM values exceeding 10 
and was identified as RdRp gene. We also selected genera 
containing multiple virus species, such as Arlivirus, Cri-
pavirus, Sobemovirus, Sopolycivirus, and investigated the 
phylogenetic relationships among virus species within 
these genera using phylogenetic trees based on a partial 
amino acid sequence of the RdRp protein. The specific 
methods used were as described previously.

Analysis of variation in prey diversity and body mass 
between seasons
We investigated the seasonal variation in prey diver-
sity and body size of I. io. First, the Shannon diversity 
index, calculated based on the sequencing results of 
each library, was used as a metric to quantify prey diver-
sity. The Shannon diversity indices were estimated at the 
species level of the prey using the vegan package [70]. 
Next, we determined differences in the Shannon indices 
between seasons by conducting Mann–Whitney U tests 
using the onewaytests package [71]. Second, we calcu-
lated Bray–Curtis distances between samples using the 
vegdist function in the vegan package [70]. We also con-
structed NMDS plots to display the differences in dietary 
composition between seasons based on the calculated 
Bray–Curtis distances using the metaMDS function in 
the vegan package [70]. Then, we determined the differ-
ences in beta diversity of diet by performing permuta-
tional multivariate analysis of variance (PERMANOVA) 
using the vegan package [70].

The differences in body mass between seasons were 
tested by conducting Mann–Whitney U tests using the 
onewaytests package [71].

Analysis of the links between prey diversity, body mass, 
and virus diversity
To investigate the links between prey diversity (Shannon 
diversity indices calculated on the basis of prey detected 
across all libraries), body mass, and total virus diversity, 
we first constructed a linear model (LM) via the lm func-
tion in the MASS package [73]. Total virus diversity was 
used as the response variable in the model, with three 
factors—prey diversity, body mass, and sampling loca-
tion—as explanatory variables. We initially constructed 
the full model via the lm () function and subsequently 
employed AICc for model selection using the dredge () 
function in MuMIn package [75]. During the process of 
model selection, if there exists one model with ΔAICc < 2, 
then this model will be regarded as our optimal model. 
However, if there are two or more models with ΔAICc < 2, 
we employ the model.avg () function in the MuMIn pack-
age [75] to conduct model averaging. The candidate mod-
els, including the null model, are presented in Additional 
file 3 (Table S2). Then, the variance inflation factor (VIF) 
was calculated between the predictor variables, revealing 
a VIF of < 5, which indicated that no multicollinearity was 
present among the predictor variables in these optimal 
models. Finally, we presented the results of these optimal 
models by constructing forest plots using the forestplot 
package [76]. The Mantel test was performed using the 
vegan package [70] to determine the influence of prey 
composition on the total virus composition.

Virus species with amino acid identity < 90% in the 
hallmark gene (RdRp) of the RNA virus were regarded 
as potential new viruses [16]. We counted the number 
of potential new viruses in each sample and assessed 
the effect of body mass and prey diversity on the num-
ber of potential new viruses. First, we used the LM model 
where the number of potential new viruses (transformed 
by log10) was the response variable, and two factors were 
explanatory variables, including prey diversity and body 
mass. The same methods of model selection (Additional 
file  4: Table  S3) and visualization were subsequently 
employed, following the approach used in the total virus 
diversity model. The Mantel test was conducted using 
the vegan package [70] to determine the influence of prey 
composition on the number of potential new viruses.

Analysis of the relationships between body mass, prey 
diversity, prey abundance, and the relative abundance 
of viruses
To explore the links between body mass, prey diversity, 
prey abundance, and the relative abundance of viruses, an 
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LM was constructed with the relative abundance of prey-
related viruses (including insect-related and bird-related 
viruses) as the response variable, and five factors—rela-
tive abundance of insect prey, relative abundance of 
bird prey, prey diversity, body mass, and sampling loca-
tion—as explanatory variables. We used the same meth-
ods as the total virus diversity for selecting (Additional 
file 5: Table S4) and visualizing this model. Additionally, 
we used linear regression to evaluate the relationships 
between the relative abundance of prey and prey-related 
viruses. An LM was also developed using the relative 
abundance of Picornaviridae, Coronaviridae, and Ia io 
picornavirus 1 (a biomarker in mammal-related viruses) 
as the response variable, and five factors—relative abun-
dance of insect prey, relative abundance of bird prey, prey 
diversity, body mass, and sampling location—as explana-
tory variables. The same method was used for model 
selection (Additional file  6: Table  S5–Additional file  8: 
Table S7) and visualization as that used for assessing total 
virus diversity.

Before constructing the LMs, attempts were made to 
build the LMMs using the AICc method with the sam-
pling location as a random effect. The same model selec-
tion methods (Additional file  3–8: Table  S2–S7) were 
then used. A comparison of AICc values and P-values 
between LMMs and LMs was conducted to ensure 
robustness. Similar results were observed for LMs and 
LMMs, with all LMs showing lower AICc values. Thus, 
the results of all LMs are presented in the main text, 
while detailed results of LMMs are available in Addi-
tional file 9: Table S8.

In this study, all statistical analyses were performed in 
R 4.2.2 [77]. All data were visualized using the ggplot2 
package [62] unless stated otherwise.

Results
Overview of the virome
In this study, feces, oral, and anal swabs of I. io were 
collected from 130 seemingly asymptomatic individu-
als from three locations in Southwest China (Fig.  1; 

Fig. 1  Overview of the samples used in this study. The sampling was conducted in Yunnan and Guizhou provinces of China, where feces and swab 
samples were collected. Inset (top-left): The details of the three sampling locations; circles in different colors represent different seasons in each 
sampling location. The pie chart shows the proportion of bats in each season at each sampling location; “n” represents the number of bats caught 
in each season at the corresponding sampling location
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Additional file  10: Table  S9). The 130 individual bats 
consisted of approximately 60% males and 40% females. 
In total, feces, oral swabs, and anal swabs from 64 indi-
vidual bats were collected from June to July (XY: n = 29; 
KL: n = 20; WS: n = 15), while feces, oral swabs, and 
anal swabs from 66 individual bats were collected from 
September to December (XY: n = 30; KL: n = 18; WS: 
n = 18) (Fig. 1; Additional file 10: Table S9). We obtained 
18 libraries following the method to establish librar-
ies described in the Methods section (Additional file 10: 
Table S9).

In total, 970,272,265 raw reads (291GB) were obtained 
from the 18 libraries by viral metatranscriptomic 
sequencing (Additional file 11: Figure S2). At least 10GB 
of raw reads were obtained from each library (Additional 
file  11: Figure  S2). Among the raw reads, 629,069,342 
clean reads remained after the quality check. A total of 
92,281 contigs were output by de novo assembly. Contigs 
longer than 500 bp were retained and used for reference-
based annotation (EVRD) after removing redundancy. 
In total, 4377 clusters were finally obtained after cluster-
ing contigs based on 90% nucleotide identity and 80% 
nucleotide coverage (Additional file  12: Table  S10). We 
randomly selected 11 contigs representing 11 virus spe-
cies to verify the sequencing results of viral metatran-
scriptomic sequencing by RT-PCR (Additional file  2: 
Figure S1B; Additional file 1: Table S1). We found a sig-
nificant and positive correlation between the positive rate 
of these viruses and their corresponding relative abun-
dance detected by viral metatranscriptomic sequencing 
in each sample (r = 0.83–1.0, P < 0.05; Additional file  2: 
Figure  S1A). Thus, the RT-PCR analysis confirmed that 
the results of viral metatranscriptomic sequencing can 
approximately represent the reality of the virus carried 
by I. io. The annotation was performed for 4377 clusters, 
which corresponded to 55 known genera of 35 known 
families of RNA viruses, excluding viruses of unknown 
classification (Fig.  2A; Additional file  12: Table  S10). 
Among them, most virus clusters were from Polycipiv-
iridae, Picornaviridae, Dicistroviridae, Solemoviridae, 
Coronaviridae, Permutotetraviridae, Iflaviridae, and 
Alphatetraviridae (number of virus clusters: 100  –  365; 
Fig. 2A; Additional file 12: Table S10).

We found that these virus clusters were associated 
with various carriers, including insects, mammals, birds, 
plants, blood-sucking arthropods, etc. (Fig.  2B). Thus, 
besides detecting mammal-related viruses, we found 
a high abundance of insect-related and plant-related 
viruses (Fig.  2B). We also found various bird-related 
viruses in I. io. The results of a phylogenetic analysis 
based on the partial amino acid sequence of the RdRp 
protein of Caliciviridae showed that our sequences 
clustered with caliciviruses from birds in several clades, 

including Ruddy turnstone calicivirus, Goose calicivirus, 
Temminck’s stint calicivirus, Trumpeter swan calicivirus, 
Grey teal calicivirus, Duck calicivirus 2, Chicken calici-
virus, Ruddy turnstone calicivirus B, Turkey calicivirus, 
Duck calicivirus 2, Pink-eared duck calicivirus, Ruddy 
turnstone calicivirus A, and members of Caliciviridae in 
wild birds (Additional file  13: Figure  S3). The results of 
a phylogenetic analysis based on the partial amino acid 
sequence of the RdRp protein of Astroviridae indicated 
that our sequences clustered with bird-related astro-
viruses in several clades and formed sister lineages of 
Turkey astrovirus, Chicken astrovirus, Avian astrovirus, 
Duck astrovirus, Passerine astrovirus in birds, and Astro-
viridae sp. from wild birds (Additional file 14: Figure S4). 
Finally, the results of a phylogenetic analysis of Picorna-
viridae using the partial amino acid sequence of the RdRp 
protein showed that our sequences were closely related 
to Duck hepatitis A virus, Avihepatovirus A, Blackbird 
arilivirus, and Picornaviridae sp. from birds (Additional 
file 15: Figure S5).

Seasonal differences in virus diversity
The differences in the relative abundance of virus fami-
lies between seasons are presented in the stacked plot 
(Fig. 2A). Virus clusters of Polyciviridae, Permutotetraviri-
dae, and Alphatetraviridae were predominantly present 
in samples from summer, while Picornaviridae was pre-
dominantly present in autumn (Fig. 2A; Additional file 12: 
Table S10). Solemoviviridae and Iflaviridae were present 
in samples from both seasons (Fig. 2A; Additional file 12: 
Table  S10). Viruses from the family Coronaviridae were 
found to be more prevalent in samples collected during 
the summer (Fig.  2A; t = − 4.75, P = 4.393e−06, Fig.  2H; 
Additional file 12: Table S10). The heatmap also showed 
differences in the relative abundance of viruses between 
seasons when we grouped virus clusters according to 
their carriers (Fig.  2B). For example, a higher relative 
abundance of insect-related and plant-related viruses was 
detected in summer (Fig. 2B). These virus contigs repre-
sented a variety of virus species from known virus fami-
lies. Among these, various virus species in each genus, 
such as Arlivirus, Cripavirus, Sobemovirus, and Sopolyci-
virus, are closely related to each other (Fig. 3). However, a 
higher relative abundance of various bird-related viruses 
was mainly detected in autumn (Fig. 2B). We also found 
that the number of clusters shared between seasons was 
lower than the number of clusters unique to each sea-
son (Fig.  2C). The number of virus clusters unique to 
samples accounted for about 61.32% of the total virus 
clusters, whereas the number of virus clusters shared 
between samples accounted for about 38.68% of the total 
virus clusters (Fig. 2C). Among the virus clusters unique 
to samples, about 83.68% were present in summer, and 
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about 16.32% were present in autumn (Fig.  2C). Among 
the virus clusters shared between samples, about 82.28% 
were shared within the same season, while about 17.72% 
were shared between different seasons (Fig.  2C). The 

UpSet plot in Fig.  2C presents a segment of the UpSet 
analysis, with the complete content available in Additional 
file 16 (Figure S6). However, the bar graph in Fig. 2C was 
calculated based on 4377 contigs.

Fig. 2  Overview and seasonal variation of the virome in Ia io. A The stacked bar plot shows the relative abundance of virus families as a proportion 
of each sample. Different colors represent different virus families. B The heat map shows the relative abundance of each carrier-related virus 
in each sample. The relative abundance of each virus cluster was calculated as log2 (RPM + 0.5) to balance the differences in the data. C The UpSet 
plot presents a segment of the analysis, with the entire content available in Additional file 6. The UpSet plot displays the number of virus clusters 
that are shared between libraries and those unique to each library. Horizontal bars (purple) represent the number of virus clusters unique to each 
library. Vertical bars (orange) indicate the number of virus clusters shared between libraries. Dots and lines (gray): identify the specific libraries 
involved in each intersection. The light green bars in the upper right corner show the proportion of shared and unique virus clusters, respectively. D 
Seasonal differences in total virus diversity (Shannon diversity index). E Non-metric multidimensional scaling analysis displays the variations in virus 
composition between seasons. In the NMDS plots, the circles represent the 95% normal probability ellipse. F Virus clusters (biomarkers) contributing 
to seasonal differences were identified by linear discriminant analysis effect size analysis. LDA score (log) > 2. G The heat map shows the relative 
abundance of virus clusters (biomarkers) in each sample. All virus clusters were classified according to their carriers. The relative abundance 
of each cluster was calculated as log2 (RPM + 0.5). H The violin plots show seasonal differences in the relative abundance of insect-related 
viruses, bird-related viruses, as well as Coronaviridae and Picornaviridae of mammal-related viruses. The relative abundance of each virus cluster 
was calculated as log2 (RPM + 1)
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No significant seasonal differences in total virus 
diversity were found within each sampling location (t = 
− 5.09–6.63, P > 0.05; Fig.  2D). In contrast, we found a 
significant seasonal variation in beta diversity, which 
indicated that the total virus composition signifi-
cantly differed between summer and autumn (R2 = 0.07, 
P = 0.002; Fig.  2E). We excluded the possibility that dif-
ferences between seasons were influenced by the degree 
of data dispersion within each season (P = 0.256; Addi-
tional file  17: Figure  S7A). The results of ANOSIM also 
showed that the differences between seasons were sig-
nificantly greater than the differences within each season 
(R = 0.465, P = 0.001; Additional file 17: Figure S7B). The 
results also showed that the seasonal variation in virus 
composition remained significant (R2 = 0.07, P = 0.004; 
Table 1) when sampling location was used as a blocking 
factor.

The LDA Effect Size (LEfSe) analysis was performed 
to further identify virus clusters (biomarkers) that were 
major contributors to the differences between seasons 
(Fig.  2F). We found that the virus clusters contributing 
to seasonal differences were mainly insect-, plant-, bird-, 
and mammal-related viruses (Fig. 2G). The relative abun-
dance of insect-related viruses was significantly higher 
in summer than in autumn (t = − 4.489, P = 7.328e−06; 
Fig. 2H). However, the relative abundance of bird-related 
viruses was significantly higher in autumn than in sum-
mer (t = 7.038, P = 2.542e−11; Fig.  2H). Although the 
differences in the relative abundance of total mammal-
related viruses were not significant between seasons 
(t = 1.78, P = 0.08; Additional file  18: Figure  S8), the dif-
ferences in the relative abundance of Coronaviridae and 
Picornaviridae in mammal-related viruses were signifi-
cant. The relative abundance of Coronaviridae was sig-
nificantly greater in summer than in autumn (t = − 4.75, 
P = 4.393e−06; Fig. 2H), most of which were MERS-related 
coronavirus (Additional file  12: Table  S10). While the 
relative abundance of Picornaviridae was significantly 
greater in autumn than in summer (t = 2.78, P = 0.006; 
Fig. 2H), most of them were Ia io picornavirus 1 (Addi-
tional file 12: Table S10).

Seasonal variation in dietary diversity and body mass
We obtained 1306 OTUs associated with insects and 
bird prey after clustering the DNA sequences (Additional 
file  19: Table  S11). These OTUs were annotated to 131 
known families belonging to 17 orders (Additional file 19: 
Table  S11). We found significant seasonal differences in 
prey diversity (W = 896, P = 0.006; Additional file 20: Fig-
ure S9A) and composition (R2 = 0.0249, P = 0.001; Addi-
tional file  20: Figure  S9B). In addition, a higher relative 
abundance of insect prey was found in summer and bird 
prey was predominantly present in autumn (Additional 
file  20: Figure  S9C). We also investigated the seasonal 
differences in body mass and found that there were sig-
nificant seasonal differences in body mass (W = 3395, 
P = 2.338e−9; Additional file 20: Figure S9D).

The relationships between virus diversity and prey 
diversity
The optimal linear model revealed a significant positive 
correlation between prey diversity and total virus diver-
sity, explaining 26.5% of the variation in total virus diver-
sity (R2 adjusted = 0.265, P = 0.017; Table  2; Fig.  4A). The 
result of the Mantel test suggested that the similarity in 
prey composition was significantly positively correlated 
with the similarity in total virus composition (R = 0.42, 
P = 1e−04; Fig. 5A).

We found that the average number of potential new 
viruses per library was approximately 59 in summer 
and approximately 14 in autumn (Additional file  21: 
Table S12). The optimal linear model explained 26.1% of 
the variation in the number of potential new viruses (R2 
adjusted = 0.261; Table 2). The results did not reveal a sig-
nificant positive correlation between prey diversity and 
the number of potential new viruses (P = 0.06; Table  2; 
Fig.  4B). However, a negative correlation was observed 
between body mass and the number of potential new 
viruses (P = 0.03; Table 2; Fig. 4B). The result of the Man-
tel test suggested that the similarity in prey composition 
was significantly positively correlated with the number of 
potential new viruses (R = 0.39, P = 0.002; Fig. 5B).

Fig. 3  The co-occurrence patterns and phylogenetic relationships of prey-related virus species. The virus-sharing network reveals co-occurrence 
patterns of prey-related virus species from 22 known families. In this network, each node represents a season or a virus species. An edge linking 
a season node and a virus node indicates the presence of that virus in that season. The nodes positioned within the central area of the network 
plot, encompassed by gray shading, represent virus species that are shared between seasons. The remaining nodes in the network plot indicate 
virus species that are unique to each season. Phylogenetic trees were estimated using a maximum likelihood method based on a partial amino acid 
sequence of the RdRp protein

(See figure on next page.)
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Fig. 3  (See legend on previous page.)
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The relationships between dietary diversity and virus 
abundance
The optimal linear model for prey-related viruses showed 
that the relative abundance of insects was significantly 
positively correlated with the relative abundance of 
prey-related viruses, explaining 61.3% of the variation 

in the relative abundance of prey-related viruses (R2 
adjusted = 0.613, P < 0.001; Table  2; Fig.  4C). The results 
of linear regression showed that prey abundance was 
positively correlated with the relative abundance of 
prey-related viruses in summer and autumn (summer: 
R2 = 0.4, P = 0.04; autumn: R2 = 0.63, P = 0.0002; Fig. 5C). 
There was no significant correlation between the rela-
tive abundances of Coronaviridae and Ia io picorna-
virus 1 and body mass, prey diversity, and the relative 
abundances of insect and bird prey (P > 0.05; Additional 
file  22: Table  S13). However, the optimal linear model 
of Picornaviridae revealed that prey diversity and the 
relative abundance of bird prey were significantly posi-
tively correlated with the relative abundance of Picor-
naviridae, and explained 43.4% of the variation in total 
(R2 adjusted = 0.434; prey diversity: P = 0.005, bird prey: 
P = 0.002; Table 2; Fig. 4D).

Discussion
In this study, we performed DNA metabarcoding 
sequencing and viral metatranscriptomic sequencing 
to characterize the seasonal variations in dietary diver-
sity and RNA virus diversity of three I. io populations in 
Southwest China and assess the relationships between 
dietary diversity and RNA virus diversity. First, seasonal 
differences in dietary diversity and RNA virus diversity in 
I. io were detected, with a relatively high relative abun-
dance of insect prey and insect-related viruses in summer 
and various bird prey and bird-related viruses predomi-
nantly present in autumn, supporting our first predic-
tion of the first hypothesis. Second, a significant positive 
correlation was identified between prey diversity and 
total viral diversity. The more similar the prey composi-
tion, the more similar the total viral composition and the 
greater the number of potential novel viruses, support-
ing our second prediction of the first hypothesis. Finally, 
the significant positive correlation between the relative 
abundance of insect prey and prey-related viruses of I. io, 
as well as between prey diversity and the relative abun-
dance of bird prey and Picornaviridae, supported our 
final prediction of the first hypothesis. Moreover, no 
connection between body mass and total virus diversity 
was observed, but a significant negative correlation with 

Table 1  The results of permutational multivariate analysis of variance

The bold font in the table is used to highlight significant P-values

Significant: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1

Df Sum of Sqs R2 F Pr (> F)

Season 1 0.58 0.07 1.23 0.004 **

Sample location 2 1.09 0.13 1.14 0.004 **

Residual 14 6.71 0.79

Total 17 8.39 1.00

Table 2  Summary of the optimal linear models

Prey diversity represents the diversity of prey hunted by I. io, which mainly 
includes insects and birds. Prey diversity was calculated as the Shannon index 
of each sample. Body mass represents the average weight of all I. io individuals 
included in each sample. Insect prey represents the relative abundance of insect 
prey in each sample. Bird prey represents the relative abundance of bird prey in 
each sample. The bold font in the table is used to highlight significant P-values

Significant: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1

Model 1: Total virus diversity model; AICc = 48.73

Predictors Estimate Std. error z value Pr( >|z|)

(Intercept) 1.86 0.47 3.97 0.001 **

Prey diversity 1.34 0.50 2.67 0.017 *

Observations 18

R2/R2 adjusted 0.308/0.265

Model 2: Number of potential new virus model; AICc = 13.73

Predictors Estimate Std. error z value Pr( >|z|)

(Intercept) 2.27 0.85 2.56 0.01 *

Body mass  − 0.02 0.01 2.06 0.03 *
Prey diversity 0.38 0.19 1.84 0.06

Observations 18

R2/R2 adjusted 0.326/0.261

Model 3: Relative abundance of prey-related virus model; AICc = 21.45

Predictors Estimate Std. error z value Pr( >|z|)

(Intercept) 2.72 0.63 4.03  < 0.001 ***

Bird prey  − 0.09 0.05 1.66 0.09

Insect prey 0.51 0.12 3.93  < 0.001 ***

Observations 18

R2/R2 adjusted 0.647/0.613

Model 4: Relative abundance of Picornaviridae model; AICc = 63.66

Predictors Estimate Std. error z value Pr( >|z|)

(Intercept)  − 1.63 1.24  − 1.32 0.206

Prey diversity 3.55 1.07 3.33 0.005 **

Bird prey 0.61 0.16 3.81 0.002 **

Observations 18

R2/R2 adjusted 0.501/0.434
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the number of potential new viruses was noted, pro-
viding partial support for our prediction of the second 
hypothesis.

Some studies found that insectivorous bats carry highly 
diverse RNA virus species, with a large number of insect-
related viruses, besides those associated with mammals 
[11, 78–80], such as Polyciviridae, Permutotetraviridae, 
Baculoviridae, Iflaviridae, Dicistroviridae, and Tetraviri-
dae. Similarly, we found that I. io carried various RNA 
viruses belonging to 55 genera and 35 known virus fami-
lies. Among them, the relative abundance of virus fami-
lies associated with insects was particularly prominent, 
such as Polyciviridae, Dicistroviridae, Permutotetra-
viridae, Iflaviridae, and Alphatetraviridae. Most carri-
ers of these viruses that we detected were from various 
insect orders, such as Lepidoptera, Diptera, Hymenop-
tera, and Hemiptera. We subsequently found that the 
relative abundance of insect-related viruses was higher in 

summer than in autumn. In contrast, we detected various 
bird-related viruses in bats during autumn, when they 
prey on birds, and the relative abundance of bird-related 
viruses was higher in autumn than in summer. We also 
confirmed that the carriers of these viruses included vari-
ous families in Passeriformes, such as Sylviidae, Ember-
izidae, Muscicapidae, Fringillidae, and Zosteropidae. This 
might be related to the changes in the dietary structure of 
I. io, which mainly feeds on insects in summer and pas-
serine birds in autumn. Overall, these results implied a 
significant link between the seasonal differences in the 
virus diversity and dietary diversity of I. io (insects in 
summer and mainly birds in autumn), possibly because I. 
io mainly prey on insects in summer and birds in autumn. 
Moreover, some viruses in I. io may persist across seasons 
because approximately 20% of the viral species are shared 
between populations across seasons. Thus, we showed 
that viruses may spread among organisms via dynamic 

Fig. 4  The forest plot for the optimal models. The regression coefficient is shown for each factor with 95% confidence intervals. Factors 
that remained significant in the optimal model are shown as a pentagram. Models were constructed for A the total virus diversity, B the number 
of potential new viruses, C the relative abundance of prey-related viruses, and D the relative abundance of Picornaviridae 
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changes in predator‒prey interactions within a season 
and among seasons. However, future studies are needed 
to find direct evidence of a biological interaction between 
these viruses and the predators.

Virus richness and abundance may be driven by host 
traits, including body mass, age, sex, behavior, host order, 
etc. [10–13, 19]. In this study, no significant association 
was found between total virus diversity and body mass of 
I. io. This finding appears to deviate from previous results 
at the species level, as prior studies have shown posi-
tive correlations between body mass and virus richness 
[12, 81, 82]. This can be attributed to larger species hav-
ing a greater surface area, wider geographical scope, and 
longer lifespan, which enables them to come into contact 
with and accumulate more viruses [12, 19]. In this case, 
changes in body mass may not have a substantial effect 
on the seasonal variation of total virus diversity in I. io at 
the population level. Instead, other ecological factors are 
more likely. The results of this study revealed a significant 
negative correlation between body mass and the number 
of potential new viruses. We formulated two hypotheses 
regarding the potential factors that might have influ-
enced this outcome. The first factor is that a lower body 
mass indicates compromised immunity, thereby increas-
ing susceptibility or adaptability to viruses and ultimately 
fostering the emergence of potential new viruses. How-
ever, we are inclined to the fact that bats with smaller 
body mass are concentrated in the summer, which 
is affected by greater total virus diversity and, there-
fore, increases the number of potential new viruses. Of 
course, confirmation of this relationship requires further 
research to gain a more comprehensive understanding of 
the impact of body mass on virus diversity.

The diversity of viruses shows phylogenetic, temporal, 
and spatial heterogeneity because of the influence of the 
ecological factors of carriers [10, 11, 13, 83]. For example, 
predator–prey interactions and diet may influence the 
virome composition, especially at higher taxonomic lev-
els [10]. The virus diversity of Desmodus rotundus shows 
an elevational gradient and decreases with local anthro-
pogenic food resources, as measured by livestock density 
[13]. Here we also found that high prey diversity signifi-
cantly increased total virus diversity. Additionally, similar 
dietary compositions indicated similar virus compositions. 
This finding was attributed mainly to the fact that inter-
actions mediated by predation between the predator and 
other animals occur widely and frequently throughout 
the lifespan of predators [28, 84–89]. We speculated that 
predation on diverse prey exposes predators to a greater 
number and variety of prey-related viruses. In this study, 
we provided evidence for this speculation by finding that 
the relative abundance of prey-related viruses increased 
significantly with increasing insect prey abundance. Addi-
tionally, consuming a greater variety and complexity of 
prey species may increase the chances of interactions 
among various viruses, and thus may further facilitate 
virus evolution [28, 90, 91], particularly for closely related 
virus species [92]. We also found that the more similar the 
prey composition, the greater the similarity of the number 
of potential new viruses in I. io. These results further imply 
the hypothesis of an association between predator-medi-
ated virus aggregation and virus diversity. Certainly, this 
needs to be focused and confirmed on in future studies.

The resource allocation hypothesis states that investing 
more resources into one activity may result in a decrease 
in resource allocation in other areas [93, 94]. We found 

Fig. 5  Effect of dietary diversity on virus diversity. A The Mantel test shows the relationship between prey species composition and virus species 
composition of I. io. Each black dot represents the similarity between the two samples. The similarity was calculated as “1-Bray_Curtis_ distance”. 
B The Mantel test shows the relationship between prey species composition and the number of potential new viruses. Each black dot represents 
the similarity between the libraries. The similarities in the prey species composition were calculated as “1-Bray_Curtis_distance”. The similarities 
in the number of potential new viruses were calculated as “1-euclidean_distance/max(euclidean_distance)”. C The relationship between the relative 
abundance of prey and the relative abundance of prey-related viruses. Different colors represent different seasons; black indicates summer, 
and purple indicates autumn



Page 15 of 19Huang et al. Microbiome          (2024) 12:246 	

a significant positive correlation between prey diversity 
and the relative abundance of Picornaviridae. Higher 
prey diversity may indirectly indicate that individuals of 
I. io spend more time and energy searching for prey. This 
occurs probably because different prey species may be dis-
tributed in different regions and habitats, or they may have 
different behavioral habits that require different hunting 
strategies by predators. In this case, predators that spend 
more time searching for prey may allocate fewer resources 
to the immune system [93]. This may increase their sus-
ceptibility to viruses, and thus, an increase in their relative 
abundance. However, further studies are needed to eluci-
date the mechanisms underlying the effects of prey diver-
sity on the relative abundance of different viruses.

Whether the presence of numerous insect-related and 
bird-related viruses in I. io increases their infection rates 
needs to be determined in the future. Two studies reported 
that the spread of viruses via predator‒prey interactions 
among distantly related species is transient, implying that 
these viruses may exist in the digestive system of predators 
for a short period of time [10, 33]. These viruses cannot 
lead to infections in predators. However, several studies 
have provided an alternative view. For example, western 
red colobus monkeys (P. badiussimian) can transfer foamy 
viruses (SFV) to wild chimpanzees (P. verus) because the 
monkeys are regularly hunted by the chimpanzees. Two 
new influenza A viruses (H17N10 and H18N11) were 
found in bats [95, 96]. However, the main natural res-
ervoir of influenza viruses is thought to be birds. The 
detection of influenza virus in bats suggests that any asso-
ciation between bats and birds (e.g., predation, living in the 
same habitat) may facilitate the transmission of influenza 
viruses. Additionally, a large number of viruses previously 
thought to be invertebrate-specific or invertebrate-asso-
ciated, which exhibit multiorgan distributions within the 
organs of shrews, bats, and rodents, have been identified 
[11]. These findings suggest that these viruses are likely 
to replicate efficiently within the wildlife. Various arthro-
pods are known to constitute a part of the diet of these 
wild animals, particularly shrews and bats. Thus, although 
most prey-related viruses are typically considered to not 
infect these predators owing to their host specificity and 
distant relatives, the possibility of cross-infection cannot 
be rejected if prey-related viruses achieve efficient evolu-
tion or recombination in predators [33, 91, 97]. Most argu-
ments supporting predation as a presumed transmission 
route are based on observations, experimental studies, 
and/or phylogenetic analysis of top predators [89, 98–101]. 
Future studies should conduct viral metagenomic analysis 
of the entire food web and test viral biological activity in 
wild animals to determine the patterns of the virus trans-
mission networks in communities and ecosystems [33].

Conclusions
To summarize, this investigation explored the variation 
in the RNA virus diversity of I. io across different sea-
sons and assessed the links between dietary diversity 
and RNA virus diversity. We found seasonal differences 
both in dietary diversity and RNA virus diversity in I. 
io, with a relatively high relative abundance of insect 
prey and insect-related viruses in summer and various 
bird prey and bird-related viruses predominantly pre-
sent in autumn. Our results also revealed a significant 
correlation between RNA virus diversity and dietary 
diversity of I. io. We found that the relative abundance 
of Picornaviridae increased with increasing prey diver-
sity and body mass. These results confirmed the evident 
relationships between virus diversity and prey diversity 
in bats and highlighted the potential roles of predator–
prey interactions in shaping virus diversity. However, 
this study had a major limitation. The direct separa-
tion of prey-related viruses from the organs of I. io was 
not achieved, although noninvasive viral metatran-
scriptomic sequencing indicated a high abundance of 
prey-related viruses. Consequently, direct evidence 
supporting effective biological interaction between 
prey-related viruses and I. io was lacking. Therefore, 
additional experiments should be conducted in future 
studies to investigate the potential biological processes 
underlying the association between prey diversity and 
virus diversity and to determine the infection rate asso-
ciated with virus transmission from prey to predator. 
This could include negative strand detection for posi-
tive-strand RNA viruses, laboratory experiments, and 
virus isolation.
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