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Simple Summary

We investigated the prevalence, risk factor and genetic evolution of rat hepatitis E virus (rat HEV) in
small mammals from southwestern China. A total of 818 animals from different habitats and
elevations were analyzed to understand how the virus circulates in wildlife, and which factors
contribute to its transmission. Rats living near human settlements, especially in residential and
farming areas, showed higher infection rates. Certain species, particularly Chevrier's field mouse and
the Asian house rat, were more likely to carry the virus. Genetic analysis indicated that rat HEV can
adapt to multiple hosts and may have the potential to infect humans. These findings underscore the
need for continued wildlife surveillance to reduce the risk of future zoonotic disease.

Abstract

Rat hepatitis E virus (rat HEV, Rocahepevirus genotype C1) represents a potential zoonotic threat, but
its epidemiological and evolutionary characteristics in small mammals remain poorly understood,
especially in regions with complex geography. Between 2022 to 2024, we collected 818 small
mammals from seven border counties and cities in Yunnan, China. Rat HEV RNA was detected by
RT-PCR, risk factors were assessed using binary logistic regression, and full genomes were sequenced
for phylogenetic and molecular clock analysis. The overall prevalence of rat HEV was 6.23% (51/818),
with significantly higher odds observed in Gengma and Heqing counties, in oriental house rat (Rattus
tanezumi) and Chevrieri's field mouse (Apodemus chevrieri), in residential habitats, and at mid-high
altitudes (all P < 0.001). The 51 genomic sequences obtained clustered within HEV-C1, forming two
distinct subclades associated with host species. Two complete genomes (GS188 and GS197) were
classified as subtypes Clb and C1d, closely related to strains detected in shrews from Guangdong
and in human cases from Hong Kong, with divergence times estimated around 1931 and 1998,
respectively. These findings reveal a relatively high prevalence and substantial genetic diversity of
HEV-C1 in southwestern Yunnan, suggesting human-influenced transmission dynamics and a
potential for cross-species infection.

Keywords: hepatitis E virus (HEV); rat HEV; HEV-C1; prevalence; risk factors; genetic evolution;
small mammals; Southwestern Yunan
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1. Introduction

Hepatitis E virus (HEV) is a single-stranded, positive-sense RNA virus and a major pathogen
responsible for acute viral hepatitis [1,2]. HEV infection has emerged as a significant global public
health challenge. A recent systematic review and meta-analysis estimated that approximately 12.47%
of the global population (around 939 million) have experienced a past HEV infection, while 15 to 110
million individuals are either currently or recently infected [3]. HEV can cause both outbreaks and
sporadic cases of hepatitis, typically manifesting as a self-limiting illness [4]. However, in
immunosuppressed individuals, HEV infection may progress rapidly to liver cirrhosis [5]. In the
general population, the mortality ranges from 0.2% to 1.0%, but it is significantly higher during
pregnancy, especially in developing countries [6,7]. Moreover, HEV-associated central nervous
system disorders have also been reported in infected patients [8].

HEV belongs to the family Hepeviridae, which the International Committee on Taxonomy of
Viruses (ICTV) divided into two subfamilies: Orthohepevirinae and Pisci-hepevirus. The subfamily
Orthohepevirinae includes four genera and nine species [9]: (1) Paslahepevirus (PASLHEV), two species
(Paslahepevirus alci and P. balayani); (2) Rocahepevirus (RCHEV), two species (Rocahepevirus eothenomi
and R. ratti); (3) Chirohepevirus (CHHEV), three species (Chirohepevirus desmodi, C. eptesici, C.
rhinolophi) [10,11]; and (4) Avihepevirus (AVHEV), two species (Avihepevirus egretti and A. magniiecur).
Human-pathogenic HEV strains are generally classified as P. balayani and subdivided into eight
genotypes (HEV-1 to HEV-8). HEV-1 and HEV-2 circulate mainly in developing countries via fecal-
oral transmission [12,13], whereas HEV-3 and HEV-4 are zoonotic, infecting domestic pigs, wild
boars, deer, rabbits, and humans [14]. Human infections typically occur through the consumption of
undercooked meat or blood transfusion, making these genotypes predominant strains in developed
countries [15].

Rat hepatitis E virus (rat HEV), a member of the genus Rocahepevirus, was long believed to infect
only rodents [16,17]. This view changed in 2018 when the first human case of rat HEV infection was
reported in Hong Kong, China [18]. The strain isolated from a liver transplant recipient shared 99.2%
genomic identity with local rat HEV strains from Norway rats (Raftus norvegicus). The patient's serum
reacted strongly to the rat HEV-specific capsid protein p241 but not to the human HEV antigen p239,
confirming that rat HEV represent a distinct lineage [19]. This discovery overturned the assumption
of species-restricted tropism of rat HEV and highlighted its potential for interspecies transmission.
Since then, chronic rat HEV infections have been reported in immunocompromised patients,
pediatric cases, and HIV-positive individuals in Spain, France, and other regions [20,21]. Despite its
growing recognition, rat HEV remains underdiagnosed due to limitations in diagnostic assays and
screening protocols, which likely contribute to the underestimation of acute hepatitis cases of
unknown origin [22].

Yunnan Province, located in China's southwestern border region adjoining Myanmar, Laos, and
Vietnam, is a global biodiversity hotspot and a critical hub for the cross-border spread of zoonotic
viruses [23]. Its unique tropical-subtropical climate gradient and complex topography sustain high
small mammal diversity (e.g., rodents and shrews). Frequent human-animal interactions (such as
mixed farming practices), active livestock trade, and transboundary wildlife movement elevate HEV
transmission risks for both humans and domestic animals (cattle, goats) [24]. HEV prevalence rates
of 7.79%—-22.70% have been reported in Yunnan's small mammals [25]. Infections are not limited to
domestic rats (Rattus tanezumi, R. norvegicus) but extend to tree shrews (Tupaia belangeri) and shrews
(Soricidae) [26], demonstrating broad viral adaptability across Rodentia, Scandentia, and Eulipotyphla.
Considerable genotypic diversity has also been observed, including emerging genotypes such HEV-
C3[27]. These ecological and virological features establish Yunnan as an important reservoir for HEV:
high densities sustain viral circulation, multiple host species facilitate cross-species transmission, and
genetic diversity enables continuous viral adaptation, creating hotspots for emerging infectious
disease [23].

To better understand the infection and evolution of rat HEV, we collected small mammals from
seven counties and cities in Southwestern Yunnan Province, China. Through molecular
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epidemiology, phylogenetic reconstruction, and evolutionary dating, this study aimed to (i)
characterize prevalence patterns, (ii) assess host adaptability and cross-species potential, and (iii)
elucidate genomic features and evolutionary history of rodent-derived HEV strains, thereby
providing scientific evidence to guide the prevention and control of small mammal-borne HEV.

2. Materials and Methods

2.1. Sample Collection and Viral RNA Extraction

From July 2022 to October 2024, small mammals were collected from residential areas, farms,
shrublands, and forests across seven counties and cities in Yunnan Province, including Gongshan,
Lushui, Heqing, Cangyuan, Gengma, Jiangcheng, and Maguan, spanning the province from west to
south (Figure 1). Animals were trapped using baited mouse cages (20 x 12 x 10.5 cm; Xiangyun Hong
Jin Mouse Cage Factory, Dali, Yunnan, China) with fresh fried dough as bait. Tissue samples (heart,
liver, spleen, lung, kidney, and rectum) were collected from all animals, aliquoted into pre-cooled 2
mL cryotubes (CORNING, Shanghai, China), stored in liquid nitrogen, and subsequently transferred
to a —80°C ultra-low temperature freezer until testing.

Species identification was performed using a morphology-molecular dual verification system.
First, taxonomic experts conducted morphological classification based on external characteristics.
This was followed by molecular identification through amplification and Sanger sequencing of the
mitochondrial cytochrome b gene (mf-Cytb) [28-30].

Under sterile conditions, approximately 1 gram of liver tissue was placed into a GeneReady
Animal PIII grinding tube (Life Real, Hangzhou, China) containing 600 pL of sterile phosphate-
buffered saline (PBS). Samples were homogenized using a GeneReady Ultimate homogenizer (Life
Real, Guangzhou, China). A total of 300 pL of the resulting supernatant was used for RNA extraction
with a commercial kit (TTANGEN, Beijing, China) on a fully automated nucleic acid extraction and
purification system (BIOER, Hangzhou, China). Extracted RNA was stored at —80°C for subsequent
analysis.

100°00" 4 1052007 %
L 1

Yunnan Province

et |

PN

>z

b
Gongshan

0475 950

3800
Miles

Myanm 3

25900 L

25:0;0" It

.::/gch h "/\\o‘\\f&gII
Vietnamese comar
iiaos B P :l ::nameac
— *f.’{': . Laos
/.j ) l\s‘ﬁ 7 l_l Sampling site
1007004 10500
0 70 140 280 420

560
K»

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202509.2262.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 September 2025 d0i:10.20944/preprints202509.2262.v1

4 of 17

Figure 1. Sampling sites for small mammal specimens in Southwestern Yunnan. The map (upper right) shows
the location of Yunnan Province in relation to neighboring countries (Myanmar, Laos, and Vietnam). The red-

highlighted areas (lower left) mark the seven sampling sites within Yunnan Province.

2.2. Detection of HEV RNA

Based on previous studies and high-throughput sequencing results, universal primers targeting
the conserved RdRp region of HEV were designed for viral detection. A semi-nested PCR was used
to screen liver tissue samples from small mammals for rat HEV [28,31]. Each PCR round was
performed in a 25 puL reaction mixture. In the first round, a one-step RT-PCR kit (TTANGEN, Beijing,
China) was used with 3 pL of RNA template. The thermal cycling conditions were as follows: reverse
transcription at 42.0°C for 30 min; initial denaturation at 94.0°C for 3 min; 35 cycles of 94.0°C for 30 s,
52.8°C for 30 s, and 72.0°C for 30 s; followed by a final extension at 72.0°C for 5 min and hold at 4.0°C.
The second round was performed with Master Mix (Vazyme, Nanjing, China) using 1 pL of the first-
round product as template. Cycling conditions were: 94°C for 3 min; 35 cycles of 94°C for 30 s, 55°C
for 30 s, and 72°C for 30 s; with a final extension at 72°C for 5 min [32].

Amplification products were examined by agarose gel electrophoresis. Bands of the expected
size were excised and purified using a gel extraction kit (OMEGA Bio-Tek, Norcross, GA, USA), and
bidirectional Sanger sequencing was conducted by Sangon Biotech (Shanghai) Co., Ltd. Samples
yielding overlapping peaks or sequencing failures were re-purified (OMEGA Bio-Tek, Norcross,
USA), cloned into the pGEM-T Easy Vector (TransGen Biotech, Beijing, China), and sequenced from
positive clones.

2.3. Statistical Analysis

The prevalence of rat HEV in small mammals was calculated as the number of positive samples
divided by the total number of animals tested. Associations between HEV infection status and
explanatory variables were initially assessed using Pearson’s chi-square test or Fisher’s exact test, as
appropriate. Variables with statistical significance (P < 0.05) in univariate analysis were subsequently
included in a binary multivariate logistic regression model to evaluate their independent effects while
controlling for potential confounders. Model fit was assessed using the Hosmer-Lemeshow test.
Results were reported as adjusted odds ratios (OR) with cooresponding 95% confidence intervals (CI).
All statistical analyses were conducted using SPSS version 24.0 (IBM Corp., Armonk, NY, USA).

2.4. High-throughput Sequencing and Whole Genome Acquisition

Viral RNA from positive samples was used to construct sequencing libraries, and paired-end
sequencing was performed on the MGISEQ-2000 platform. Raw data were processed through joint
quality control using Trimmomatic v0.39 and FastQC v0.11.9 to remove low-quality sequences.
Adapter contamination was eliminated using Cutadapt v3.4, yielding high-quality clean reads.

The processed data were aligned against a custom HEV reference database using the DIAMOND
v2.0.13 algorithm, and candidate sequences with =95% confidence were retained. De novo assembly
was performed in parallel with SOAPdenovo2 (1240) and MEGAHIT v1.2.9, and resulting contigs
were validated through BLASTn homology searches. Final sequence correction and open reading
frame (ORF) annotation were conducted in Geneious Prime, using the reference genome as a guide.

2.5. Bioinformatics Analysis

Representative HEV gene sequences were retrieved from NCBI GenBank database for
phylogenetic analysis. Multiple sequences alignment was performed using the MAFFT algorithm in
Geneious Prime, with manual correction for reading frame shifts. A maximum likelihood tree was
constructed under the GTR+I nucleotide substitution model with 1,000 bootstrap replicates to assess
the robustness of tree topology. Nucleotide and amino acid sequence identities were calculated in
Geneious Prime.
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Recombination analysis was conducted using RDP4. Six algorithms, including RDP, Chimaera,
BootScan, GENECONYV, MaxChi, and SiScan, were applied to detect potential recombination events,
and only events supported by at least four methods were retained. For each candidate event,
corresponding sequences were extracted, realigned with MAFFT, and further validated in SimPlot
(window size: 200 bp; step size: 20 bp).

The best-fit nucleotide substitution model was identified using IQ-Tree. Bayesian evolutionary
inference was performed with BEASTv1.10.4. Parameters, including sampling times, substitution
models, molecular clock models, Markov Chain Monte Carlo (MCMC) chain lengths, and priors were
configured using the BEAUti interface. MCMC runs were executed in BEAST to generate posterior
distributions of trees. TreeAnnotator was applied to discard burn-in and summarize tree statistics,
while FigTree v1.4.4 was used for visualization, annotation, and calibration of divergence times.

3. Results

3.1. Sample Collection and HEV Detection

A total of 818 small mammals were collected, representing 17 species, 7 families, and 4 orders.
Among these, oriental house rat (Rattus tanezumi) comprised 35.45% (290/818), Chevrieri's field
mouse (Apodemus chevrieri) 24.69% (202/818), and other species collectively 39.86% (326/818). The
samples included 399 females (48.78%) and 419 males (51.22%) (419/818). Age composition consisted
of 14 juveniles (1.71%), 87 sub-adults (10.64%), and 717 adults (87.65%). Samples were obtained from
four habitat types: residential areas (9.90%, 81/818), farming areas (31.42%, 257/818), shrublands
(26.04%, 267/818), and forest areas (26.04%, 213/818). By elevation, 46.09% (377/818) were collected at
0-1499 m, 27.87% (228/818) at 1500-2999 m, and 26.04% (213/818) above 3000 m. The overall
prevalence of rat HEV was 6.23% (51/818). Positive samples were detected in oriental house rat (R.
tanezumi), Chevrieri's field mouse (A. chevrieri), the large Chinese vole (Eothenomys miletus) and black-
toothedged rat (R. andamanensiss) (Table 1).

Table 1. Detection of hepatitis E virus in small mammals from Southwestern Yunnan.

Order Family Species Composition ratio (%) Infection rate (%)
Rattus tanezumi 35.45 (290/818) 7.93 (23/290)
Apodemus chevrieri 24.69 (202/818) 12.87 (26/202)
Apodemus draco 1.83 (15/818) 0.00 (0/15)
) Niviventer andersoni 1.71 (14/818) 0.00 (0/14)
Muridae )
) Rattus norvegicus 1.71 (14/818) 0.00 (0/14)
Rodentia
Rattus rattus 0.86 (7/818) 0.00 (0/7)
Rattus andanmanensis ~ 0.61 (5/818) 20.00 (1/5)
Rattus sikkimensis 0.61 (5/818) 0.00 (0/5)
Cricetidae Eothenomys miletus 14.67 (120/818) 0.83 (1/120)
Sciuridae Callosciurus erythraeus  0.37 (3/818) 0.00 (0/3)
Suncus murinus 4.89 (40/818) 0.00 (0/40)
o Anourosorex squamipes  4.16 (34/818) 0.00 (0/34)
) Soricidae )
Insectivora Crocidura attenuata 2.69 (22/818) 0.00 (0/22)
Episoriculus leucops 1.71 (14/818) 0.00 (0/14)
Erinaceidae Hylomys suillus 2.08 (17/818) 0.00 (0/17)
Scandentia  Tupaiidae Tupaia belangeri 0.86 (7/818) 0.00 (0/7)
Lagomorpha  Ochotonidae Ochotona thibetana 1.10 (9/818) 0.00 (0/9)
Total 100 (818/818) 6.23 (51/818)
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3.2. Analysis of Factors Influencing Rat HEV Infection in Small Mammals

Among the 818 collected small mammals tested, rat HEV prevalence varied significantly across
sampling locations (x2 = 90.29, P < 0.001). By host species, prevalence was highest in A. chevrieri
(12.87%, 26/202), followed by R. tanezumi (7.93%, 23/290), and other species (0.61%, 2/326), with
significant interspecies differences (x2=34.27, P <0.001). Age group analysis showed prevalence rates
of 14.29% (2/14) in juveniles, 3.45% (3/87) in sub-adults, and 6.42% (46/717) in adults; however, these
differences were not statistically significant (x2=2.75, P =0.25). Habitat distribution revealed marked
variation: 20.99% (17/81) in residential areas, 10.51% (27/257) in farming areas, 2.62% (7/267) in
shrublands, and 0.00% (0/213) in forest areas (x? = 58.30, P < 0.001). Pairwise comparisons confirmed
significant differences among habitat, with residential areas showing the highest prevalence.
Prevalence also differed by elevation: 5.31% (20/377) at 0-1499 m, 13.60% (31/228) at 1500-2999 m,
and 0.00% (0/213) at 23000 m (x2 = 38.85, P <0.001). The highest prevalence occurred at mid-elevation
(15002999 m) (Table 2).

Binary logistic regression, incorporating significant factors from univariate analysis (sampling
location, species, habitat, and elevation), identified the following independent associations: the
prevalence of rat HEV in small mammals from Gengma County and Heqing County was significantly
higher than that in the reference group (Cangyuan County), being 8.14 times higher (95% CI: 2.90—
22.87, P <0.001) and 4.93 times higher (95% CI: 1.97-12.32, P < 0.001), respectively; the prevalence of
rat HEV in R. fanezumiand and A. chevrieri were significantly higher, reaching 14.00 times (95% CI:
3.27-59.89, P < 0.001) and 24.14 times (95% CI: 5.67-102.88, P < 0.001), compared with other species;
the prevalence of rat HEV in residential areas was significantly higher than in shrublands, with an
odds ratio (OR) of 9.87 (95% CI: 3.93-24.80, P < 0.001); the prevalence of rat HEV at mid-elevation
(1500-2999 m) was significantly higher than at low elevation (0-1499 m), with an OR of 2.81 (95% CI:
1.56-5.06, P < 0.001) (Table 2).

Table 2. Logistic regression analysis of rat HEV prevalence in small mammals from Southwestern Yunnan.

Composition
Variable Category Infection rate (%)  x? p OR (95%CI) p
ratio (%)
1.00
Cangyuan 17.73 4.14
(Reference)
8.14 (2.90-
Genma 6.11 26.00 <0.001
22.87)
Gongshan 25.43 1.92 0.45(0.13-1.64)  0.228
Locations 90.29 <0.001
4.93 (1.97-
Heqing 18.83 17.53 <0.001
12.32)
Jiangcheng 6.36 1.92 0.45(0.05-3.87)  0.470
Lushui 6.36 0.00 0.00 0.991
Maguan 6.11 0.00 0.00 0.985
1.00
Others 39.85 0.61
(Reference)
14.00 (3.27-
Species Rattus tanezumi 35.45 7.93 35.27 <0.001 <0.001
59.89)
24.14 (5.67-
Apodemus chevrieri  24.69 12.87 <0.001
102.88)
Female 48.78 6.78
Sex 036 055 NA NA
Male 51.1 5.76
Age Childhood 1.71 14.29 275 025 NA NA
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Subadult 10.64 3.45
Adult 87.65 6.42
1.00
Shrubbery area 26.04 20.99
(Reference)
4.36 (1.86—
Cultivated area 31.42 10.51 <0.001
Landscape 58.3  <0.001 10.20)
9.87 (3.93—
Residential area 9.90 2.62 <0.001
24.80)
Forest area 26.04 0.00 0.00 0.983
1.00
0-1499 46.09 5.31
Altitude (Reference)
38.85 <0.001
(m) 1500-2999 27.87 4.88 2.81 (1.56-5.06)  <0.001
3000- 26.04 7.52 0.00 0.982

NA: Indicates that the factor was not included in the logistic regression analysis due to a P-value > 0.05 in

univariate analysis.

3.3. Phylogenetic Analysis and Co-Evolution with Hosts of Rat HEV

The 51 rat HEV strains obtained in this study (GenBank accession numbers: PX233014-PX233064)
exhibited nucleotide (nt) sequence homologies ranging from 64.69% to 100.00% (Figure S1).
Phylogenetic analysis revealed that all strains clustered within the HEV-C1 lineage (Figure 2). Further
subtyping showed that these sequences formed two distinct subclusters: Subcluster I comprised 27
sequences with nt identities of 72.41%-100.00%, including one strain from E. miletusand and 26 strains
from A. chevrieri, all detected in Heqging County. These clustered closely with rat HEV strains from A.
chevrieri in in Lijlang, Yunnan (GenBank accession no. MG020002). Subcluster II contained 24
sequences, among which were three strains (GS5197, G5202, and GS5203 from R. tanezumi) clustered
with strain JC22 from R. nitidus in Yunnan and a human HEV strain from Hong Kong (GenBank
accession no. MN450544). The remaining 19 strains from R. tanezumi were closely related to a shrew-
derived HEV strain from Guangdong (GenBank accession no. LC549186) and a human strain from
Canada (GenBank accession no. MK050105) [33].

Comparison of HEV and host phylogenetic trees demonstrated greater identity among strains
originating from the same host species. For example, the 27 A. chevrieri strains from Dali Prefecture
were closely related to A. chevrieri-derived strains from Lijiang City (GenBank accession nos.
MG020002 and MG019991). Similarly, strains GM10 from R. tanezumi in Gengma County, CY75 from
R. tanezumi in Cangyuan County, and GS188 from R. tanezumi in Gongshan County clustered tightly
together. Nevertheless, exceptions were observed among HEV strains from insectivorous hosts,
which did not fully align with virus-host co-clustering patterns (Figure 2).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 2. Phylogenetic analysis of rat HEV strains and their small mammal hosts. (A) Phylogenetic tree of 51 Rat
HEV strains obtained in this study, constructed using the neighbor-joining method based on partial RdRp
sequences. Strains highlighted in red indicate Rat HEV sequences from small mammals identified in this study.

(B) Phylogenetic tree of small mammal hosts based on the mitochondrial cytochrome b (mt-Cytb) gene.

3.4. Genomic Structure and Similarity Comparison of Two Full-Length Rat HEV Sequences from Rattus
tanezumi

Using high-throughput sequencing, we obtained two full-length rat HEV genomes from R.
tanezumi in Gongshan County, Yunnan Province: G5188 (GenBank accession no. PX233012, 7023 bp)
and GS5197 (GenBank accession no. PX233013, 6971 bp). Both genomes contained the canonical ORF1-
OREF3, with G5188 additionally harbored a complete ORF4 [16]. Genomic alignment revealed 76.94%
nt identity between GS188 and GS197. Phylogenetic analysis showed that GS188 shared 46.13%-83.20%
nt identity with HEV strains available in GenBank, with the highest identity (76.94%-83.20%)
observed with HEV-C1 strains. Likewise, G5197 exhibited 46.80%-94.40% nt identity with rat HEV
strains in GenBank, also showing its closest relationship (75.64%-94.40%) with HEV-C1.

For ORF identities, both genomes demonstrated higher nt and amino acid (aa) sequence identity
with HEV-C1 strains than with other HEV genotypes, supporting their classification within the HEV-
C1 lineage. Comparative analysis further revealed that, relative to other HEV-C1 strains, ORF2 of
both genomes exhibited greater nt conservation than ORF1 and ORFE3. Interestingly, ORF1 and ORF2
followed a pattern in which aa identity greater than nt identity, whereas ORF3 displayed the opposite
trend, with nt identity surpassing aa identity (Figure 3).
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Figure 3. Comparison of nucleotide and amino acid sequence identity between the rat HEV strains and reference
genomes. (A) Nucleotide and amino acid identity (%) of G5188 compared with representative HEV genomes. (B)
Nucleotide and amino acid identity (%) of GS197 compared with representative HEV genomes.

Recombination analysis using RDP4 did not reveal significant recombination events between
the two rat HEV strains obtained in this study and other HEV strains. A similarity comparison was
conducted using representative full-length genomes alongside the two R. tanezumi-derived rat HEV
strains from this study (Figure 4). GS5188 exhibited relatively low identity with other sequences in
ORF1. Beyond the reduced identity in the hypervariable region (HVR) [34], G5188 showed a marked
decrease in identity with two human-derived HEV strains from Hong Kong and the R. tanezumi-
derived GS197 within the 1500-2000 bp segment of ORF1. In contrast, no significant decrease in
identity was observed when compared to the R. norvegicus-derived strains from Sichuan, China
(GenBank accession no. MZ357113) and Germany (GenBank accession no. GU345042), or the shrew-
derived strain from Guangdong, China (GenBank accession no. LC549186).
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Figure 4. Genomic similarity and structural analysis of two rat HEV strains derived from Rattus tanezumi. (A)
SimPlot analysis using GS188 as the query strain. The y-axis indicates nucleotide similarity, and the x-axis
represents nucleotide position. (B) Full-length genomic structures and nucleotide sequences of GS188 and
GS197, showing the coding regions of ORF1, ORF2, ORF3, and ORF4.

3.5. Phylogenetic Analysis of Two Rat HEV Strains from R. tanezumi

Phylogenetic analysis based on the full-genome sequences confirmed that both G5197 and G5188
belong to HEV-C1. According to previous studies, HEV-C1 can be further divided into four subtypes
(HEV-Cla, C1b, Clc, and C1d), with GS5197 and GS188 falling into different subtypes (Figure 5).
GS197, derived from R. tanezumi in Gongshan County, Yunnan Province, formed a strongly
supported clade with rat HEV strain (GenBank accession no. PP533452) from R. rattus in China. This
clade, together with rat HEV strain (GenBank accession no. MT210621) isolated from R. norvegicus in
Wenzhou, Zhejiang, China and rat HEV strain (GenBank accession no. LC549185) isolated from from
R. losea in Zhanjiang, Guangdong, China), belongs to HEV-C1b. In contrast, BLASTn analysis of
(GS5188 showed the highest identity (83.51%) with HEV strain 51129 (GenBank accession no. LC549186)
from shrews in Guangdong of China. In the full-genome phylogenetic tree, GS188 clustered within
the HEV-C1d branch, together with the R. norvegicus-derived HEV strain from Sichuan (GenBank
accession no. MZ357113), the shrew-derived HEV strain from Guangdong (GenBank accession no.
LC549186), and a human-derived HEV strain from Canada (GenBank accession no. MK050105),
highlighting its close evolutionary relationship with strains from multiple host species.
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Figure 5. Phylogenetic analysis of Rattus tanezumi-derived HEV strains based on full genome sequences.

Sequences highlighted in red represent the full-length HEV strains obtained in this study.

3.6. Temporal Evolution of Two Rat HEV Strains from R. tanezumi

Under an uncorrelated log-normal relaxed molecular clock model, the Bayesian Skyline analysis
estimated the mean evolutionary rate of the ORF2 gene to be 9.60 x 10 nt substitutions per site per
year (95% Highest Posterior Density interval [HPD]: 7.68 x 10-4-1.13 x 10%). The divergence time
between GS197 and another R. fanezumi-derived strain from Yunnan (GenBank accession no.
PP533452) was estimated to be around 1998 (95% HPD: 1983-2003). In contrast, G5188 diverged
earlier from other HEV strains, with an estimated divergence of approximately 1931 (95% HPD: 1872-
1960) from HEV strain S1129 (GenBank accession no. LC549186) from the musk shrew (Suncus
murinus) in Guangdong of China and HEV strain 2PE-REP-1 (GenBank accession no. MZ375113) from
the red tail toad-headed lizard (Phrynocephalus erythrurus) in Qinghai-Tibetan Plateau of China.
Furthermore, the divergence of GS188 from HEV strain R63 (GenBank accession no. GU345042) from
R. norvegicus in German and a human-derived HEV strain 17/1683 (GenBank accession no. MK050105)
from Canada, was estimated at around 1902 (95% HPD: 1885-1935) (Figure 6). These findings indicate
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that GS188 represents a more ancient lineage of rat HEV, suggesting long-term evolution and
potential cross-species transmission over the past century.
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Figure 6. Bayesian maximum clade credibility tree of Rattus tanezumi-derived HEV strains based on ORF2 gene
sequences, showing estimated divergence times. The tree was generated using BEAST v1.10.4 under an
uncorrelated relaxed molecular clock model. Sequences highlighted in red correspond to strains obtained in this
study.

4. Discussion

In this study, the overall prevalence of rat HEV in small mammals was 6.23% (51/818), consistent
with detection rates previously reported in Yunnan and Hubei Provinces of China and Canada [25,33].
The prevalence was marked higher in A. chevrieri (12.87%) and R. tanezumi (7.93%) compared with
other species (0.61%, P <0.001). As a typical high-altitude species, A. chevrieri may provide favorable
ecological conditions for viral persistence, highlighting both host preference and habitat association.
Our results support the hypothesis of virus-host co-adaptation, in contrast with Eastern China’s
plains where R. norvegicus is the dominant host [35]. The complex topography and diverse habitats
of Yunnan appear to create unique ecological niches sustaining rat HEV circulation.

Prevalence patterns also showed a strong gradient by habitat and elevation. Rat HEV was most
frequent in residential areas (20.99%), followed by farming areas (10.51%), shrublands (2.62%), and
forests (0.00%, P < 0.001), indicating that human-associated environments drive viral amplification
[36]. This is consistent with previous work showing higher viral diversity in rodents habituating
disturbed or anthropogenically modified habitats [23]. Residential areas provide abundant food
sources (e.g., household waste), shelter (e.g., building crevices), and a stable microclimate, conditions
that support dense rodent populations and increase opportunities for viral transmission [37].
Surveillance studies have also shown high genetic similarity between HEV strains in sewage and
those detected in local rodents [38], suggesting ongoing circulation at the human-wildlife interface.
Moreover, pig farms frequently located near human settlements may facilitate cross-species
transmission, as experimental studies demonstrate that rat HEV can infect pigs [39], and rat HEV has
been detected in European pig farms [40]. Such a “pig-rat-human” transmission chain could serve
as a bridge for zoonotic spillover [41].
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Habitat-associated variation was paralleled by altitude-related differences: prevalence was
highest at mid-altitude regions (1500-2999 m, 13.60%). lower at low altitudes (0-1499 m, 5.31%), and
absent at = 3000 m (P < 0.001). Mid-altitude zones host the densest human settlements and most
farming activity, reinforcing the role of anthropogenic factors in shaping viral transmission risk. By
contrast, high-altitude regions are relatively pristine, likely limiting rodent-human contact and viral
circulation. While previous studies suggest altitude influences viral diversity in wildlife, the
mechanisms remain poorly understood and warrant further investigation [42,43]. Overall, the
elevated prevalence in residential and farming habitats underscores that small mammals adapting to
human-modified landscapes are key amplifiers of rat HEV, representing hotspots for zoonotic risk
[44].

Phylogenetic analysis confirmed that all 51 HEV sequences clustered within the rat HEV clade,
with clear evidence of genetic diversity, geographic clustering, and cross-species associations.
Twenty-seven strains from A. chevrieri in Heqing County, Dali Prefecture, clustered with strains from
A. chevrieri-derived strains from Lijiang, suggesting long-tern virus-host coexistence and lineage
stability [25]. By contrast, rat HEV strains GS197, G5202, and GS203 from R. tanezumi in Gongshan
County clustered JC22 from R. nitidus from the same location and formed a branch adjacent to a
human-derived strain from Hong Kong [19]. Notably, G5197 and GS188 from R. tanezumi also
showed close genetic affinity to strains from shrews in Guangdong and human cases in Canada, as
well as to R. norvegicus strains from Germany. These findings illustrate a broad host range,
intercontinental spread potential, and phylogenetic connections between rodent- and human-derived
HEV strains. Together, they provide molecular evidence that rat HEV is not restricted to a single host
or region but circulates across multiple mammalian species with clear zoonotic potential [45].

Molecular clock analysis based on the ORF2 gene provided preliminary insights into the
evolutionary history of RCHEV and its major lineages. Bayesian analysis estimated that the most
recent common ancestor of RCHEV emerged approximately 1,637 years ago (95% HPD: 1135-1537),
corresponding to roughly 4th to 16th centuries. This suggests a deep evolutionary history of RCHEV
within populations. The divergence of the lineage containing GS188 (along with related strains from
German rat and Canadian human case) from other related lineages occurred earlier, around 1902-
1931 (approximately 93 to 122 years ago). Our molecular clock estimates reveal a key trend: the major
HEV-C1 lineages currently circulating in R. tanezumi populations Yunnan, along with clades
genetically related to certain human-derived isolates, represent relatively recent divergence events
that likely occurred within the past one to two centuries. This time frame aligns with a period of
significant global socio-ecological transformation, including accelerated urbanization, agricultural
expansion, habitat fragmentation, and increased human mobility [44]. These anthropogenic changes
have disrupted natural habitats and altered host animal behaviors, likely facilitating the spatial
spread of the virus, increased interspecies contact, and an elevated viral evolutionary rate.

5. Conclusions

Our study demonstrates that human activities are the primary driver sustaining the high
prevalence of rat HEV in small mammal populations, particularly with residential areas and mid-
elevation zones of Southwestern Yunnan. Rat HEV in this region exhibits substantial genetic diversity
and establishes extensive cross-species and cross-regional phylogenetical connections, underscoring
its zoonotic potential. These findings highlight the importance of continuous rat HEV surveillance,
strengthened environmental hygiene management in human settlements, and targeted control of
specific reservoir host to mitigate the risk of viral emergence and spillover.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org, Figure S1: Identity comparison of nucleotide and amino acid sequences of the
Rat HEV RdRp fragment in small mammals from this study. The upper right triangle of the matrix represents

amino acid sequence identity (%); the lower left triangle represents nucleotide sequence identity (%).
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