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Abstract

Rosavirus is a newly discovered member of the family Picornaviridae that was initially detected in wild rodents

and subsequently in children with diarrhoea. Nevertheless, there is a significant gap in our understanding of the geo-
graphical distribution, phylogenetic relationships, evolutionary patterns, and transmission of rosaviruses. To address
these issues, we analysed 434 rodents and shrews from five different species that were collected in southern China.
Using PCR screening of faecal samples, we detected rosaviruses in Norway rats (Rattus norvegicus) and identified
two previously undocumented host species: tanezumi rats (Rattus tanezumi) and Asian house shrews (Suncus muri-
nus). Rosaviruses were particularly common in these animals, with an overall prevalence rate of 32.49% (141/434).
For genetic and evolutionary analyses, we selected six representative positive samples to amplify the complete
genomes of rosaviruses. Bayesian phylogenetic analysis suggested that our sequences clustered within the genus
Rosavirus, where genotype B sequences are the closest relatives. The elevated nonsynonymous-to-synonymous
ratios observed in rosavirus B may be attributed to relaxed selection pressures driven by virus spillover events. On
the basis of the available data, it is hypothesized that the genus Rosavirus may have originated from Norway rats
around the year 1339. In summary, these findings provide valuable insights into the complex evolutionary history
of rosaviruses and underscore the urgent need for ongoing surveillance of this virus.

Keywords Rosavirus, rodent, shrew, evolution, Cross-species transmission

Introduction

In recent years, the incidence of infectious diseases has
increased, posing significant risks to both global secu-
rity and public health. Notable examples include the
epidemic of the Ebola virus, severe acute respiratory
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syndrome coronavirus (SARS-CoV), Middle East res-
piratory syndrome coronavirus (MERS-CoV), and SARS-
CoV-2 [1, 2]. Most human epidemic viruses are zoonotic
or originate in nonhuman animals, making pathogens
prevalent in a variety of animals more likely to emerge
in human populations through cross-species transmis-
sion [3, 4]. Accordingly, surveillance of the incidence and
genetic characterization of potentially pathogenic viruses
in animal populations are highly important for mitigating
viral outbreaks.

Rosavirus has been identified as a recent member of
the family Picornaviridae. In accordance with the latest
report from the International Committee on Taxonomy
of Viruses (ICTV), the family Picornaviridae currently
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encompasses 158 known species differentiated into 68
genera (ICTV, 2023). Many of these species are associ-
ated with diseases of significance in both humans and
animals. The source for this information can be accessed
at Picornavirus Home [5]. Rosaviruses are small, nonen-
veloped viruses with positive-sense single-stranded RNA
genomes. Their genetic structure resembles that of other
picornaviruses, consisting of VPg, 5"UTR®RESIL 3 single
polyprotein encoding the structural protein P1 (VP4-
VP2-VP3-VP1) and non-structural proteins P2 (2AHPo¥/
NC.2B-2C) and P3 (3A-3B"P8-3CP-3DP°)), a 3'UTR, and
a poly (A) tail.

The name “rosavirus” originates from the identification
of a picornavirus, designated M-7, initially found in a fae-
cal sample from a canyon mouse (Peromyscus crinitus) in
the United States of America (USA) in 2010 [6, 7]. A sub-
sequent rosavirus, provisionally named rosavirus 2, was
subsequently discovered in stools and was linked to cases
of diarrhoea in children in Gambia [8]. Genomic analysis
revealed that the rosavirus strain M-7 was the closest rel-
ative to rosavirus 2, and both strains were grouped into
rosavirus A through a phylogenetic approach [8]. These
findings indicate that rosaviruses have the potential for
spillover from rodents to humans. There is consequently
growing interest in elucidating the evolutionary history
and assessing the cross-species transmission capacity of
this virus.

In 2016, Lau et al. identified two additional spe-
cies: rosavirus B from Norway rats (Rattus norvegicus)
and rosavirus C from five different wild rodent species
[greater bandicoot rat (Bandicota indica), coxing white-
bellied rat (Niviventer coxingi), chestnut white-bellied
rat (Niviventer fulvescens), Indochinese forest rat (Rat-
tus andamanensis), and roof rat (Rattus rattus)] in Hong
Kong, China [9]. These findings were linked to the devel-
opment of multisystemic diseases in mouse models [9].
Similarly, a recent investigation in Hungary provided
empirical support for the extraintestinal reproduction
ability of rosavirus B (designated rat08/rRoB/HUN) [10].
These results suggest that rosaviruses retain the capac-
ity to infect mammals and induce widespread illnesses
within their hosts. Notably, rosaviruses can be among the
pathogens that are routinely monitored in cases of diar-
rheal diseases. Previous studies have conducted molecu-
lar detection of rosaviruses in raw sewage samples and
the stools of children, alongside other prevalent diarrheal
viruses, such as rotavirus, norovirus, and astrovirus [11,
12].

Rodents represent the largest order of mammals glob-
ally, accounting for 43% of approximately 4800 living
mammalian species [9]. Similarly, shrews, despite being
small animals, have the potential to transmit pathogenic
viruses to humans, particularly certain species, such
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as the Asian house shrew (Suncus murinus), which fre-
quently inhabits areas in close proximity to human popu-
lations. The identification of hantaviruses in many shrew
species has increased our understanding of the complex
evolutionary dynamics involved in cross-species trans-
mission. However, previous research has not identified
any instances of rosaviruses in samples obtained from
shrews. The close proximity of urban rats and shrews to
humans and domestic animals increases the likelihood
of cross-species transmission [13]. This transmission can
occur through direct or indirect contact with the car-
casses, urine, faeces, and parasites of these animals [13].
While significant progress has been made in understand-
ing the tissue distribution, pathogenicity, and interspe-
cies transmission of rosavirus C [9], critical aspects of
rosavirus evolution and potential for emergence remain
unclear. These knowledge gaps pose challenges for effec-
tively preventing and controlling the spread of the virus
during outbreaks.

This work examined the presence of rosaviruses in fae-
cal samples collected from diverse species of rodents and
shrews across several areas of China. By utilizing current
data pertaining to rosaviruses, we ran a series of bioin-
formatics analyses to characterize their genetic diversity,
evolution and transmission dynamics comprehensively.

Materials and methods

Sample collection

In total, 434 faecal samples were collected from rodents
and shrews whose health status was undetermined. They
were captured close to human residences via live traps
between October 2015 and September 2017 in four
areas of China: Guangzhou (longitude 113°27°E, lati-
tude 23°13°N) in Guangdong Province, Yiyang (longitude
112°36°E, latitude 28°57°N) in Hunan Province, Xiamen
(longitude 118°04°E, latitude 24°26°N) in Fujian Prov-
ince, and Malipo (longitude 104°70°E, latitude 23°12°N)
in Yunnan Province. The procedures for sampling and
sample processing were reviewed and approved by the
Animal Ethics and Welfare Committee of the School of
Public Health, Southern Medical University, China. All
mammals were captured alive and maintained in full
adherence to the requirements outlined in the Rules for
the Implementation of Laboratory Animal Medicine
(1998) from the Ministry of Health, China. The classifica-
tion of animal species was first performed by experienced
field biologists on the basis of morphological charac-
teristics and then verified through sequence analysis of
the mitochondrial cytochrome b (cyth) gene from each
sample. Individual fresh stool samples were promptly
transferred into RNase-free tubes containing 700 uL of
phosphate-buffered saline (PBS) with a 0.3% homogenate
and stored at —80 °C before further processing.
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Nucleic acid extraction and reverse transcription

The thawed faecal samples were fully resuspended in
PBS and centrifuged at 10000 X g for 10 min. Viral nucleic
acid was extracted from 200 pL of each supernatant via
a MiniBEST Viral RNA/DNA Extraction Kit (TaKaRa,
Japan). The cDNA was subsequently reverse transcribed
into synthesized cDNA via a Transcriptor First Strand
c¢DNA Synthesis Kit (Roche, Switzerland) and random
hexamer primers following the manufacturer’s instruc-
tions. The synthetic cDNA was either utilized directly as
the template for PCR or kept frozen at —20 °C.

Detection of rosavirus

The presence of rosavirus was detected by using an estab-
lished PCR protocol based on a specific primer pair
designed for the conserved 3D RNA-dependent RNA
polymerase (3DR®P) gene (600 bp), in line with prior
research [10]. The PCR mixture for each sample had a
total volume of 25 pL, including 12.5 pL of Green Mas-
ter Mix (Promega, USA), 8.5 uL of sterilized H,O, 2 pL of
cDNA template, and 1.0 uM of each primer. The mixtures
were amplified according to the following protocol: an
initial denaturation step at 95 °C for 2 min, followed by 40
cycles of denaturation at 95 “C for 30 s, annealing at 56 ‘C
for 1 min, and extension at 72 °C for 1 min, together with
a final extension at 72 ‘C for 5 min. Amplicons were sub-
jected to 1.2% agarose gel electrophoresis and sequenced
using an ABI Prism 3730x] DNA Analyzer (Applied Bio-
systems, Foster City, CA, USA).

Acquisition of complete polyprotein sequences

Among the rosavirus-positive samples, we selected rep-
resentative samples to obtain complete polyprotein
sequences. The selection was based on a combination
of criteria, including representative geographic distri-
bution, host species, genetic diversity, and high-quality
RNA samples. Fifteen pairs of primers were designed to
amplify the complete polyprotein sequences of rosavirus
using the Benchling website [14], based on the Hungarian
sequence rat08/rRoB/HUN (accession no. MN116648).
The primer sequences are shown in Additional file 1.
After sequencing, contigs with overlaps were assembled
using the SeqMan program implemented in Lasergene
software (DNASTAR, Inc. Madison, W1, USA).

Genome and phylogenetic analyses

The nucleotide (nt) sequences of rosavirus identified in
the present study were compared with the corresponding
sequences of other rosavirus sequences available in Gen-
Bank using Basic Local Alignment Search Tool (BLAST)
provided by the National Center for Biotechnology
Information (NCBI) [15]. Multiple sequence alignment
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was accomplished using MAFFT algorithm [16], which
involves corresponding segments of rosavirus refer-
ence sequences in GenBank. The putative amino acid
(aa) of the open reading frame (ORF) was determined by
employing the ORF finder tool with default parameters
[17] for the identified sequences. The calculation of pair-
wise nt and aa identities was performed using BioAider
v1.527 [18]. Phylogenetic analyses were generated using
the Bayesian technique implemented in MrBayes v3.2
[19]. The most appropriate model of nt or aa substitu-
tion for each dataset was established using ModelFinder
v1.6.8 based on the Bayesian information criterion [20].
The plotting, annotation, and visualization of the trees
were achieved using ggtree package in R software v4.2.3
[21-23]. GenBank accession number, host species, geo-
graphical regions, and collection dates for all the rosavi-
rus sequences included in the present study are listed in
Additional file 2.

Coevolutionary analysis

Host species were collected, and their correspond-
ing sequences targeting the complete cyth gene were
retrieved from GenBank. The full-length P1 region of
rosaviruses was utilized for coevolutionary analysis.
Maximum likelihood phylogenetic trees were inferred
via RaxML v8.1.17. A distance-based global-fit approach
was employed to assess the congruence between viral
and host topologies on phylogenetic trees in ParaFit [24].
The event-based coevolutionary findings were generated
by processing the phylogenetic trees of both the virus and
the host using Jane v4.0 [25]. We assigned event costs=1
for duplications, host-switching, virus loss, and failure
to diverge following host cospeciation, whereas codiver-
gence events were assigned a cost of 0. The number of
generations and population size were both set at 100. The
cophylogenetic tree, which visually represents the con-
nections between each virus and its corresponding host
species, was constructed via the “cophylo” function of the
phytools package in R [26].

Recombination and mutation analyses

Using the RDP, GENECONYV, bootscan, maximum chi
square, Chimera, SISCAN, and 3SEQ scanning methods,
the Recombination Detection Program v3 (RDP3) was
utilized to recognize potential recombination events in
complete polyprotein sequences of rosaviruses [27]. All
analyses were performed with a Bonferroni correction
and the highest acceptable p value=0.05 to minimize
the possibility of Type I errors. Recombination events
detected by more than three methods were considered
reliable and were embedded in all the genomes. We sub-
sequently used Simplot v3.5.1 to generate a similarity plot
to validate the recombination breakpoints and visually
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inspect the similarities between our sequences and other
relevant reference sequences. A substitution muta-
tion analysis of rosaviruses was carried out via BioAider
v1.527 [18] to identify and characterize changes in the
viral genomes by comparison with the earliest reported
reference sequence (accession no. JF973686). Five distinct
mutation types, namely, synonymous, nonsynonymous,
insertion, deletion, and termination, were examined via a
codon-based methodology.

Selection pressure analyses

To perform a comparative analysis of the selection pres-
sures acting on rosavirus B and rosavirus C, all currently
available datasets were compiled for ten proteins (VP4,
VP2, VP3, VPI1, 2A, 2B, 2C, 3A, 3B, 3C, and 3D). The
analysis could not be performed for rosavirus A (n=2)
because of the necessity of including a minimum of
three distinct sequences for the selection techniques to
be applicable. The nonsynonymous to synonymous (dN/
dS) rate ratios were estimated using the single-likelihood
ancestor counting (SLAC) approach [28] on the Data-
monkey Webserver [29, 30]. Next, the dN/dS ratios of
the internal and external branches were compared using
both the two-ratio model and the one-ratio model using
CODEML available in PAML [31]. The likelihood ratio
test (LRT) was implemented to assess the presence of
positive selection pressure on the internal branch. Addi-
tionally, the mixed effects model of evolution (MEME)
approach in Datamonkey and the Bayes empirical Bayes
(M8 model + BEB) method [32] in PAML were utilized
to identify positively selected sites for each gene. All the
statistical tests were deemed statistically significant at a
significance level of P<0.05.

Time-scale evolutionary characterization

All available partial capsid coding P1 gene (VP1)
sequences of rosaviruses from GenBank, along with the
six samples amplified in this study, were obtained and
aligned using the MAFFT with the L-INS-i strategy [16].
The time-scale phylogeny of rosavirus was constructed
using the Bayesian Monte Carlo Markov chain (MCMC)
method as implemented in BEAST v1.10.4 [33]. A general
time-reversible (GTR) model with a gamma distribution
(Q) across sites was determined as the best-fitting substi-
tution model using ModelFinder [20]. We compared vari-
ous molecular clock models and coalescent models using
path sampling to estimate marginal likelihoods. The find-
ings revealed that the optimal tree prior for our dataset
was the combination of a strict clock and Bayesian sky-
line coalescent [34, 35], as shown in additional file 3. On
the basis of recent data regarding the evolution rate of the
VP1 gene in closely related picornaviruses, we adopted
an informative prior for the substitution rate parameter,
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using a normal distribution (mean rate=2x 103 substi-
tutions/site/year with SD=5x10"%) [36, 37]. The MCMC
chains were run for 100 million iterations with sampling
every 10 000 states and 10% burn-in. Estimates were
made for the mean substitution rate and the time to the
most recent common ancestor (tMRCA), along with the
highest posterior density (HPD) regions at a 95% confi-
dence level. MCMC convergence and the effective sam-
ple size (ESS) of all estimated parameters were assessed
using Tracer v1.7 [38]. The ultimate Bayesian maximum
clade credibility (MCC) tree was produced using the
TreeAnnotator program v2.6.3 and subsequently visual-
ized in Figtree software v1.4.4.

Discrete phylogeography analysis

Simultaneously, phylogeographic analysis was conducted
using BEAST to reconstruct the geographical distribu-
tion, diffusion rates, migration patterns, and zoonotic
origin, providing a comprehensive understanding of the
viral dissemination network. Seven geographical loca-
tions (USA, Gambia, Hungary, Hong Kong, Guangzhou,
Yiyang, and Fujian) and ten host species (human, Nor-
way rat, canyon mouse, Indochinese forest rat, chest-
nut white-bellied rat, roof rat, coxing white-bellied rat,
lesser ricefield rat, tanezumi rat, and Asian house shrew)
were treated as discrete states and hosts, respectively.
The asymmetric substitution model with Bayesian sto-
chastic search variable selection (BSSVS) was applied
in BEAST to infer statistically significant diffusion
rates between geographic areas and host species. Diffu-
sion rates between discrete traits were calculated using
SPREAD3 package, and the generated log files were then
used to determine the Bayes factor (BF) among discrete
locations and host species. Significant migration path-
ways were identified using both a BF>3 and a posterior
probability > 0.5.

Results

Prevalence of rosavirus in rodents and shrews

Using PCR targeting the partial 3D*®? of rosavirus, 434
faecal samples of rodents and shrews collected from
Guangzhou (n=213), Yiyang (n=108), Xiamen (n=61),
and Malipo (n=52) in southern China were screened for
the presence of rosavirus. Overall, 32.49% (141/434) of
the samples tested positive for rosavirus RNA. The prev-
alence was highest in Norway rats at 48.25% (124/257),
followed by 45.45% (15/33) in tanezumi rats (Rattus tan-
ezumi) and 1.77% (2/113) in Asian house shrews, as indi-
cated in Table 1. Notably, rosavirus was not detected in
either the lesser ricefield rat (Rattus losea) or the greater
bandicoot rat (Bandicota indica) in this study.
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Table 1 Prevalence of rosavirus in rodents and shrews from southern China

Scientific name Common name Guangzhou Yiyang Xiamen Malipo Total (%)
Rattus norvegicus Norway rat 51/105 54/89 2/12 17/51 124/257 (48.25)
Rattus tanezumi Tanezumi rat 2/3 13/19 0/10 0/1 15/33 (45.45)
Rattus losea Lesser ricefield rat - 0/30 - 0/30

Bandicota indica Greater bandicoot rat - 0/1 - 0/1

Suncus murinus Asian house shrew 2/105 0/8 - 2/113(1.77)
Total (%) 54/213 (25.35) 67/108 (62.04) 2/61 (3.28) 17/52 (32.69) 141/434 (32.49)

Rosavirus RNA-positive specimens/total specimens; “~” no animals were captured.

Genomic characterization
To elucidate the genetic characteristics and diversity
of rosaviruses, complete or nearly complete genome
sequences of the identified rosaviruses were obtained
through the utilization of fifteen primer pairs. Among
these, three sequences derived from Norway rats were
provisionally designated YY2 (accession no. PQ045667),
YY4 (PQO045668), and YY6 (PQ045669), with genome
sizes ranging from 7878 to 7925 nt. Two sequences, tem-
porarily named YY10 (PQ045670) and YY27 (PQ045671),
emerged in tanezumi rats with genome sizes of 7875 nt
and 7880 nt, respectively. Another sequence, denoted
SMU442 (PQ045672), was identified in an Asian house
shrew and had a length of 7875 nt. These sequences pre-
sented a G+ C content ranging from 50.72 to 51.14% and
contained a single complete ORF encoding a putative
polyprotein between 2491 and 2506 aa.

The genomic organization of our sequences was simi-
lar to that of previously known rosaviruses and featured
a typical gene order of 5’UTR, viral capsid proteins (P1),

nonstructural proteins (P2 and P3), and 3'UTR-poly
(A). The hypothesized protease cleavage sites of our
sequences were consistent with those of known rosavi-
ruses, except for a projected cleavage site of E/S located
between VP3 and VP1 in SMU442 (Table 2). Addition-
ally, the protease-cleavage sites located between 3A and
3B (E/G) and 3B and 3C (E/G), together with 3C and 3D
(G/L), were highly conserved with those typically found
throughout the genus.

Multiple sequence alignment revealed that our
sequences isolated from rodents and shrews shared 88.3—
98.1% nt and 93.2-99.0% aa identities with one another.
A comparative analysis indicated that these sequences
exhibited the closest relatedness to reference sequences
found in Norway rats but shared less than 60% aa iden-
tity with rosavirus strains in humans and other rodent
species (Figure 1A). The findings of mean pairwise iden-
tity among various coding regions indicated that 3A
had greater genetic diversity than the other segments
did at the aa level (Figure 1B). Compared with the other

Table 2 Protease cleavage sites of the rosavirus sequences in this study and other Rosavirus reference sequences from

different host species

Sequence Cleavage site in
VP4/VP2 VP2/VP3 VP3/VP1 VP1/2A 2A/2B 2B/2C  2C/3A 3A/3B 3B/3C 3C/3D VP4/VP2

YY2|Rattus norvegicus LN/SS FQ/ND KE/GV PQ/YG NW/IP QE/SP FE/NP  EE/GA  YE/GL PG/LK  LN/SS
YY4|Rattus norvegicus LN/SS FQ/ND KE/GV PQ/YG NW/IP- QE/SP YE/NP  EE/GA  YE/GL  PG/LK  LN/SS
YY6|Rattus norvegicus LN/SS FQ/ND KE/GV PQ/YG NW/IP QE/SP - FE/NP  EE/GA  YE/GL  PG/LK  LN/SS
YY10|Rattus tanezumi LN/SS FQ/ND KE/GV PQ/YG NW/IP QE/SP FE/NP  EE/GA  YE/GL PG/LK  LN/SS
YY27|Rattus tanezumi LN/SS FQ/ND KE/GV PQ/YG NW/IP- QE/SP FE/NP  EE/GA  YE/GL  PG/LK  LN/SS
SMU442|Suncus murinus LN/SS FQ/ND KE/SV PQ/YG NW/IP QE/SP FE/NP  EE/GA  YE/GL PG/LK  LN/SS
JF973686|Peromyscus crinitus LN/DS YE/SP KE/RV PE/LG HW/LP  QE/AP  YE/AP  EE/GA  YE/GL AG/LP  LN/DS
KJ158169|Homo sapiens LN/SS YE/SP KE/HV PQ/LG HW/IP QE/SP YE/AP  EE/GA  YE/GL  TG/LP  LN/SS
KX783423|Rattus norvegicus LN/SS FQ/ND KE/GV PQ/YG  NW/IP QE/SP  FE/NP  EE/GA YE/GL PG/LK  LN/SS
KX783425|Rattus andamanensis ~ LN/DS PE/GD EQ/SP PQ/LG HW/TK  ME/KG  FE/NS  AE/GA  FE/GL  KG/LR  LN/DS
KX783427|Niviventer fulvescens ~ LN/DS PE/GD EQ/AP PQ/LS HW/TK  ME/KG  FE/NS  TE/GA  FE/GL  EG/LR  LN/DS
KX783430|Rattus rattus LN/NS AE/GD EQ/AP PQ/MS  HW/TK  ME/KG FE/NS  AE/GA  FE/GL  KG/LR  LN/NS
KX783432|Niviventer coxingi LN/DS LE/GD EQ/VP PQ/LS HW/TR  LE/KG  FE/NS  SE/GA  FE/GL  KG/LK  LN/DS
KX156156|Rattus losea LN/DS PE/GD EQ/VP PQ/LS HW/TK  ME/KG  FE/NS  AE/GA FE/GL  KG/LK  LN/DS
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Figure 1 Pairwise amino acid identity of complete polyprotein sequences A and mean pairwise amino acid identity of each coding

region B of rosaviruses (%). The sequences identified in this study are marked with a blue font.

proteins, the P1 capsid protein, particularly the VP1 pro-
tein, exhibited greater diversity (ANOVA test, P<0.001;
Additional file 4). As expected, the highly conserved 3D
protein revealed a lower degree of diversity among the
nonstructural proteins (ANOVA test, P<0.001; Addi-
tional file 4).

Phylogenetic analyses

To elucidate the evolutionary relationships between the
rosaviruses identified in this study and other members
of the Picornaviridae family, we inferred Bayesian phy-
logenetic analyses on the basis of the amino acid (aa)
sequences of the 2C and 3CD proteins, which are used to
identify picornavirus members of a species. The phyloge-
netic trees based on the 2C and 3CD segments exhibited
identical clustering patterns, indicating that the viruses
identified here formed a distinct cluster within the genus
Rosavirus, where the sequences of the rosavirus B species
are the closest relatives (Figure 2).

An evolutionary tree incorporating genome alignment
visualization was subsequently constructed on the basis
of complete aa sequences of the rosavirus P1 gene. All
currently accessible P1 genes of rosaviruses can be cat-
egorized into three major phylogenetic clades accord-
ing to their genotypes (Figure 3): (1) the rosavirus A
clade, which encompasses a single rodent-borne rosavi-
rus originating from the USA and another from a child
with diarrhoea in Gambia; (2) the rosavirus B clade,
which includes rodent-borne rosaviruses from the USA,

China, and Hungary, as well as a virus carried by a pre-
viously unidentified host order, the Eulipotyphla; and
(3) the rosavirus C clade, comprising rodent-borne rosa-
viruses identified in multiple host species from Hong
Kong, China. Notably, the rodent-derived rosaviruses
were distributed across all three clades, demonstrating
considerable diversity. In this context, the viruses iden-
tified in this study grouped with sequences previously
reported from Norway rats located at the same branch as
rosavirus B. Specifically, our sequence YY4 showed a par-
ticularly close relationship with the rosavirus sequence
NrRV/NYC-A15 (accession no. KJ950906), which was
previously isolated from a Norway rat in the USA. Other
sequences examined in this study also exhibited close
connections to rosaviruses found in Hong Kong, China.
Additionally, our sequences, while closely related to
those of rosaviruses sampled from wild small mammals,
displayed greater evolutionary divergence from those
found in humans.

Coevolutionary analysis

The coevolutionary relationships between rosavi-
ruses and their hosts are illustrated in Figure 4. The
global fit test did not support substantial congru-
ence between the phylogenies of rosaviruses and their
hosts (P=0.063), demonstrating that cospeciation is
not the primary force driving pathogen diversity and
host distribution. Using an event-based approach,
we assembled the virus with its respective host at the
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The sequences identified in this study are marked with a blue font.

order level. As depicted in Figure 5, the reconstruction
identified six cospeciation events, ten host-switching
events, three duplication events, and two loss events.
Currently, rosaviruses have been found in three differ-
ent orders of host species: Eulipotyphla, Primates, and
Rodentia. Notably, SMU442 was discovered in Suncus
murinus, a member of the order Eulipotyphla, thereby
expanding the known range of hosts susceptible to
rosaviruses. Similarly, this study represents the first
detection of rosaviruses in tanezumi rats.

Recombination and mutation analyses

Recombination analysis based on full-length poly-
protein genes revealed that no recombination events
were detected for rosavirus. Nonetheless, the P1 cod-
ing region (895 aa) was referred to as having a greater
range of genetic variability than the other reference
sequences did (Figure 6). The P1 protein possibly medi-
ates attachment of the rosavirus to cell surface recep-
tors and fusion between the virus and cell membranes,
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Natural selection pressure

similar to other picornaviruses. Consequently, we fur-
ther scanned the mutation sites for the divergence of
the P1 genes via BioAider. Overall, the VP1 subunit
exhibited greater divergence than the other subunits
did, accounting for the majority of the aa insertion
and deletion mutants (Figure 7). Notably, the use of all
available P1 sequences might lead to an overestimation
of the number of synonymous and nonsynonymous
mutations, even in cases where five major mutant types
have been established. To address this, we restricted
the analysis to P1 nt sequences of rosavirus B and com-
pared them with the early virus strain RNYL1109081R
(accession no. KX783422) in the GenBank database,
with a total of 941 synonymous and nonsynonymous
mutations being recognized (data not shown). Among
these, 106 sites had both synonymous and nonsynony-
mous substitutions, with no termination mutation sites
found. Notably, 193 nonsynonymous substitution sites
resulted in alterations in the properties of the aa.

Both the MO and two-ratio models were applied to
determine whether individual branches were experienc-
ing positive selection. The analytical findings revealed
that positively selected pressures were more frequently
found in rosavirus B and rosavirus C, as confirmed by the
LRT (Table 3). A comparative analysis was performed to
assess the selection pressures acting on rosavirus geno-
types via the SLAC method. The results revealed that
rosavirus B and rosavirus C are subjected primarily to
negative selection, as indicated by the estimated dN/dS
ratios (Table 4). Specifically, the dN/dS estimates were
greater for the VP2-VP4, 2A, and 2C genes of rosavirus
B than for those of rosavirus C. Conversely, the estimates
of dN/dS values for the VP1, 2B, and 3A-3D segments of
rosavirus B were lower than the elevated values observed
for rosavirus C. Two sets of the M8 model and MEME
approach were subsequently utilized to identify specific
sites that were subjected to positive or relaxed selection.
Our findings indicated that a greater proportion of sites
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in most genes of rosavirus B than in those of rosavirus
C were likely under relaxed selection. However, the 2B,
3B, and 3D segments exhibited either an increase or no
change in the sites under relaxed selection (Table 4).

Moreover, the results of the MEME analysis suggested
a predominance of positively selected sites in all genes of
rosavirus C, apart from the VP4 gene. In this case, the 2A
genes of rosavirus B and rosavirus C included a total of 3
and 8 positively selected sites, respectively, with consid-
erable significance. The positive selection in rosavirus C
appears to have been driven predominantly by the pro-
cess of adapting to new host species.

Time-scale evolutionary characterization of the rosavirus
VP1 gene

A Bayesian MCMC approach was employed to construct
a time-scale phylogenetic tree, with the aim of investi-
gating the origin and evolutionary history of rosaviruses
(Figure 8). The best-fitting model for the VP1 gene was
GTR+ G, which incorporates a strict clock and a coales-
cent Bayesian skyline. The tMRCA of the rosavirus VP1
gene was estimated to be in the year 1339.67 (95% high-
est posterior density [HPD], 874.91-1607.84). Compared

with those of the other genotypes, the total number of
rosavirus C sequences presented greater divergence,
as evidenced by an estimated tMRCA of 1844.50 (95%
HPDs, 1739.07-1910.94). Conversely, the time-scaled
phylogeny of rosavirus A and rosavirus B predicted
a tMRCA for each genotype in 1861.39 (95% HPDs,
1760.45 to 1923.95) and 1921.12 (95% HPDs, 1856.04
to 1957.99), respectively. The overall evolutionary rate
of the VP1 gene was determined to be approximately
2.12x 1073 substitutions/site/year (95% HPDs, 1.09 x 1073
to 3.00x107* substitutions/site/year). Additionally, the
projected evolutionary rates of the three genotypes of
rosavirus were similar.

Phylogeographic inference and cross-species transmission
of rosaviruses

The BSSVS procedure for MCMC time-scaled phylog-
enies was subsequently utilized to elucidate the world-
wide spatial dissemination network and zoonotic origin
of the genus Rosavirus. Overall, seven discrete sampling
locations and five significant transmission pathways
for geographic distribution were identified (Figure 9A;
Additional file 5). This work provided robust evidence
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supporting migration routes from Fujian to Hungary
(BF>30) and to the USA (10<BF<30) in an east-west
direction. Similarly, a highly supported migration link
was identified from Guangzhou to Gambia (10 < BF < 30).
Definitively supported movement within China was
observed from Yiyang to Guangzhou (BF >100), with an
additional support transition for the spread from Yiyang
to Fujian (3<BF<10).

Given the dissemination networks of rosaviruses
throughout different regions, regions inside China were
more likely to export viruses to other sites than to import
them. However, this may be subject to bias due to differ-
ent migration rates and indicators, particularly result-
ing from disparities in sampling locations and varying
sample sizes. Hence, it is highly important to ascertain
additional rosavirus genome sequences to establish more
robust migration connections.

With respect to the host species, ten discrete sam-
pling host species and four notable transmission routes
were identified (Figure 9B and C; Additional file 6). The
Norway rat is considered the most likely ancestral host
species of rosavirus, although its posterior probabil-
ity is rather low at 0.231. Rosaviruses derived from tan-
ezumi rats (YY10 and YY27) and Asian house shrews
(SMU442) may be transmitted through roof rats, with

posterior probabilities of 0.909 and 0.993, respectively.
These findings support the occurrence of interspe-
cies and cross-species transmission of rosaviruses from
rodents. Rosavirus transmission from Indochinese forest
rats to Norway rats was observed with definitive support
(BF>100). In addition, there was evidence of transmis-
sion from lesserricefield rats to canyon mice with a
supported transition (3 <BF <10). Notably, there is a fre-
quent occurrence of host jumps of rosaviruses between
rodents and humans (Figure 9C). These findings suggest
an increased probability of cross-species transmission
for rodent-derived rosaviruses and a potential concern
regarding their spread to humans.

Discussion

This study offers a comprehensive view of the epidemiol-
ogy, genetic diversity, evolution, and potential transmis-
sion routes of rosaviruses. To the best of our knowledge,
we present the first evidence of the presence of rosa-
viruses in tanezumi rats and Asian house shrews, illus-
trating that virus spillover or host switching between
different host species may have occurred. Ongoing
monitoring of animals living in both wildlife and close
proximity to humans worldwide clearly remains highly
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important for understanding the evolutionary patterns of
rosaviruses.

We identified a significant prevalence of rosaviruses
among rodents and shrews in southern China, with an
overall prevalence rate of 32.49%, as detailed in Table 1.
This finding indicates substantial circulation of these
viruses within rodent and shrew populations. The preva-
lence observed in this study was notably higher than that
reported in previous research, where rosaviruses were
detected in 5.71% and 5.07% of the potential alimentary
and respiratory samples, respectively [9]. Specifically,
our findings demonstrated a detection rate of 48.25%
in Norway rats, 45.45% in tanezumi rats, and a mark-
edly lower rate of 1.77% in Asian house shrews (Table 1).
The absence of rosavirus detection in lesser ricefield rats
and greater bandicoot rats suggested potential host-spe-
cific restrictions or differences in virus exposure among
rodent species. This finding was restricted by the limited
sample size. These data highlight the variations in the
prevalence of rosaviruses among different host species
and suggest that Norway rats and tanezumi rats may play
a more critical role in the maintenance and transmis-
sion of rosaviruses. Ongoing epidemiological surveil-
lance needs to be performed in an augmented effort due
to the lack of data on infection rates of rosaviruses. Such
efforts are essential to enhance our understanding of the
epidemiology, host range, and transmission dynamics of

rosaviruses, ultimately contributing to better prevention
and control strategies for potential zoonotic threats.

To characterize genetic diversity and evolution fur-
ther, we amplified six complete or nearly complete
genome sequences of rosaviruses isolated from rodents
and shrews in southern China. The Picornaviridae Study
Group of ICTV officially determined that members of a
particular species within the genus Rosavirus possess an
identical genome structure, share more than 75% iden-
tity in the 2C and 3CD segments, and display less than
30% divergence in the P1 polyprotein aa sequences [39].
Accordingly, our sequences are classified within the same
species as NrRV/NYC-A15 (accession no. KJ950906),
RNCW1002091R (KX783421), and rat08/rRoB/HUN
(MN116648). To ensure a more detailed categorization,
Bayesian phylogenetic analyses were performed using
2C (Figure 2A) and 3CD (Figure 2B) aa sequences. The
results revealed that our sequences formed a distinct
cluster within the primary clade of rosaviruses, irrespec-
tive of their origin from different host species, and were
clearly separated from other picornaviruses. On the basis
of the phylogeny of P1 aa sequences, our sequences were
determined to belong to the rosavirus B genotype (Fig-
ure 3). Genomic analysis revealed that our sequences
were highly similar to those of rosavirus B and were sig-
nificantly different from those of other members of the
genus Rosavirus, with amino acid (aa) identities under
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Table 3 Comparison of selection pressure in favour of branches for all genes of rosaviruses

Gene Lineages Branch dN/dS by CODEML (two-ratio model) Mo LRT
dN/dS p value
Foreground clade Background clade Foreground clade/
Background clade
VP4 Rosavirus A 0.00244 0.02147 0.11365 0.01619 0.07298
Rosavirus B Inf 0.03237 - 0.08639
Rosavirus C 0.20905 0.02124 9.84228 0.04742
VP2 Rosavirus A 0.0602 0.06555 091838 0.06554 0.94953
Rosavirus B 0.01898 0.06603 0.28745 0.14109
Rosavirus C 0.09494 0.06556 144814 0.76846
VP3 Rosavirus A 0.02321 0.03146 0.73776 0.03131 0.77632
Rosavirus B 0.00199 0.03295 0.06039 0.00588
Rosavirus C 0.00579 0.03232 0.17915 0.05785
VPI1 Rosavirus A 0.0186 0.04235 0.43920 0.04214 0.66174
Rosavirus B 0.00342 0.04278 0.07994 0.20414
Rosavirus C 0.02652 0.04222 0.62814 0.75434
2A Rosavirus A 0.00395 0.09937 0.03975 0.09837 0.06250
Rosavirus B 0.00377 0.09857 0.03825 0.09902
Rosavirus C 0.00361 0.10052 0.03591 <0.001
2B Rosavirus A 0.03478 0.06264 0.55524 0.06243 0.64805
Rosavirus B 0.01216 0.06314 0.19259 0.17781
Rosavirus C 0.00445 0.06269 0.07098 0.07818
2C Rosavirus A 0.00698 0.03294 0.21190 0.03196 0.09941
Rosavirus B 0.00132 0.03292 0.04010 0.01318
Rosavirus C 0.00254 0.0326 0.07791 0.01976
3A Rosavirus A 0.00837 0.06161 0.13585 0.05891 0.07310
Rosavirus B 0.00595 0.05965 0.09975 0.30844
Rosavirus C 0.00676 0.05985 0.11295 0.60332
3B Rosavirus A Inf 0.04608 - 0.04333 0.01093
Rosavirus B 0.09585 0.03828 2.50392 0.27409
Rosavirus C 0.0001 0.04368 0.00229 0.73119
3C Rosavirus A 0.00272 0.04324 0.06290 0.04152 0.05516
Rosavirus B 0.19566 0.04039 4.84427 0.34093
Rosavirus C 0.07429 0.04082 1.81994 042575
3D Rosavirus A 0.00139 0.03851 0.03609 0.03686 <0.001
Rosavirus B 0.0016 0.03801 0.04209 <0.001
Rosavirus C 0.00153 0.03732 0.04100 0.18465

Inf indicates zero synonymous changes, and the value equals infinity.

60% in all genes of P1, P2, P3, and the polyprotein
(Figure 1).

The analysis of the rosavirus polyprotein sequences
from our study revealed several key insights into the pro-
tease-cleavage sites, which are crucial for understanding
the processing and maturation of viral proteins (Table 2).
A unique cleavage site (E/S) identified in SMU442
between VP3 and VP1 may indicate a potential adapta-
tion mechanism or evolutionary divergence. Notably,
the cleavage sites between 3A and 3B (E/G), 3B and 3C
(E/G), and 3C and 3D (G/L) are highly conserved across

the rosavirus sequences, regardless of the host species.
The conserved nature of these cleavage sites within the
P3 region suggests a critical role in maintaining the func-
tionality and stability of the viral replication machinery.
These findings highlight the importance of proteolytic
processing of the polyprotein into individual functional
units [40]. Further studies are needed to elucidate the
functional implications of these cleavage sites and their
role in viral pathogenicity and host adaptation.

The detection of viral genomes exhibiting substan-
tial homology in both rodents and shrews suggests the
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Table 4 Comparison of selection pressure for all genes of rosaviruses

Gene Lineages Global dN/  Number of positively selected sites by Number of positively selected sites by Number of sites
dS by SLAC M8+ BEB (amino-acid position) MEME (amino-acid position) under relaxed
selection

VP4 Rosavirus B 0.0906 1(22) 0 1
RosavirusC 0 0 0

VP2 RosavirusB  0.104 6(69,75,77,145,147,156) 2(152,212%) 6
Rosavirus C ~ 0.0907 2(87%,151) 3(10,40% 101%) 2

VP3 Rosavirus B 0.0705 8 (74*,178%,239, 256, 257, 258, 259, 267%) 2 (259*%, 267%) 6
Rosavirus C ~ 0.0599 3 (3%, 256%, 260%) 0

VPI1 RosavirusB 0.067 2(81,135) 3(10% 86, 246%) 2
Rosavirus C ~ 0.0751 4 (53%,234*, 238, 247) 0

2A RosavirusB 0.141 9(19,42,53,65,69, 74,95, 133,192) 3(28*,63%,192%) 8
Rosavirus C ~ 0.127 3(239, 250, 275) 8 (2%, 5%, 17%,95%,102%, 194%,212%,239%) 2

2B RosavirusB 0.0684 0 0 0
RosavirusC ~ 0.13 9(6,15,152,169,170%,171,172,175,177%) 3 (94*,152%,179) 8

2C RosavirusB ~ 0.0614 3(61,277,321) 20176, 204*) 3
Rosavirus C ~ 0.0437 0 4 (6, 203%, 270, 327%) 0

3A RosavirusB 0.0752 2(27%,62%) 1(25%) 2
Rosavirus C ~ 0.0845 0 2 (84*,87) 0

3B Rosavirus B 0.0385 0 0 0
RosavirusC ~ 0.121 0 0 0

3C RosavirusB 0.0273 1(192) 1(131%) 1
Rosavirus C 0.0631 0 7(37,45,60,75%, 177,192, 198%) 0

3D RosavirusB 0.0295 4 (41,50, 55, 466%) 1(50%) 3
Rosavirus C ~ 0.0679 4 (44,78, 145,370) 3 (134,194, 430%) 4

Sites with asterisks (*) indicate statistical significance.

probability of viral evolution and spillover between dif-
ferent species. This argument is supported by cophylo-
genetic analyses, indicating that a host switch is a more
appropriate interpretation for speciation within the
genus Rosavirus (Figures 4, 5). Additionally, the cophy-
logenetic tree revealed that closely clustered rosaviruses,
such as coxing white-bellied rats and chestnut white-
bellied rats, which belong to the same host genus as
Niviventer, are generally found in closely related rodent
species (Figure 4). More precisely, these rodent species
contain rosavirus sequences such as NFSM6F (accession
no. KX783428), NFWKT7F (KX783427), RATLC11A
(KX783425), NCHNO06IO (KX783431), and NCGX12IN
(KX783432). Comprehending the coevolutionary rela-
tionship between rosaviruses and their hosts provides
valuable insights into viral transmission between wild
small mammals and humans and serves as a reference for
monitoring efforts related to their spread [41].

Despite the absence of clear evidence for homolo-
gous recombination among rosaviruses in this study,
P1 proteins, which have relatively high genetic vari-
ability, contain the most diverse motif responsible for
encoding the viral capsid protein (Figure 6). This motif
likely plays a crucial role in determining the biology,

pathogenicity, and antigenicity of non-enveloped
viruses, similar to observations in other picornaviruses
[42-44]. Viral capsids, which are the primary focus of
the host’s immune system, undergo a constant pro-
cess of modification to evade detection by introducing
mutations into the genes encoding the viral capsid pro-
teins [45]. However, the comprehensive structure and
functions of capsids in rosaviruses remain inadequately
understood. In this study, we analysed twenty-three P1
genomes of rosaviruses and detected several insertion
and deletion mutants, primarily in the VP1 gene (Fig-
ure 7). Rodents and shrews act as the primary reservoir
for diverse picornaviruses that can cross species bound-
aries through recombination or mutation. The accumu-
lation of mutations in the P1 protein is likely linked to
alterations in host specificity, as this gene plays a cru-
cial role in the entry of picornaviruses. These traits may
facilitate the transmission of rosaviruses from animals
to humans, as evidenced by previous observations of
animal coronaviruses [46]. As a result, it is impera-
tive to closely monitor the genetic variations in these
viruses and conduct thorough screenings for sites with
functional mutations to effectively prevent and control
the spread of emerging infectious diseases.
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Figure 8 Maximum clade credibility (MCC) tree representing the time-scale phylogeny of rosaviruses on the basis of the VP1 gene. The
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are labelled in blue.

The heterogeneities in both the nt and aa sequences
were significant across rosaviruses, with rosavirus C spe-
cies exhibiting greater diversity than other genotypes
(Table 3). These findings suggest that rosavirus C has
undergone a distinct evolutionary process. A comprehen-
sive analysis of selection pressure was executed for each
viral gene by measuring the dN/dS ratio. Positive selec-
tion accelerates adaptive mutations that increase viral
survival and transmission [47]. Notably, we observed
more elevated dN/dS estimates in rosavirus B, which may
be a consequence of relaxed selective constraints follow-
ing cross-species transmission, which is consistent with
the wide range of host species for this genotype (Table 4).
The conserved domain (3D), which is responsible for
encoding RNA-dependent RNA polymerase (RdRp),
underwent an increase in positive selection pressure,
potentially increasing the replication capacity of viral
genomes [48]. However, further experimental research is

necessary to elucidate the precise biological function and
mechanism of these sites.

In our study, along with earlier ones, we identified rosa-
viruses that can be categorized into three primary geno-
types, which are found in humans, Asian house shrews,
and various rodent species. We determined that the VP1
sequences of rosaviruses originated around the year 1339
(Figure 8). The overall evolutionary rate was calculated to
be 2.12x 107 substitutions/site/year, similar to the evo-
lutionary rates recognized in related picornaviruses [36].
Furthermore, the origin of the rosavirus B clade approxi-
mately 1921 reflects its relative youth compared with
other clades (Figure 8). Notably, the analysed dataset
may have temporal bias due to its small size. To mitigate
this concern, we considered the previous distribution of
the evolutionary rate of relevant picornaviruses. Never-
theless, these estimations may still be influenced by the
number of sequences and the specific genomic region
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in different hosts. The different colours of the grid and arrows represent the Bayes factor values. The size of the circles represents the number

of transmission routes spread from each species. Arrows indicate the direction of transmission between species, and arrows of different widths

represent the migration rate.

analysed. Future studies should address these aspects to
provide more accurate and comprehensive evolutionary
insights.

Our study clarifies the movement of rosaviruses
throughout different regions and elucidates the possible

transmission network among diverse host species. These
findings reveal that rosaviruses tend to disseminate glob-
ally and facilitate a broad east—west distribution, includ-
ing pathways from Fujian to Hungary and to the USA
(Figure 9A; Additional file 5). Additionally, the presence
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of two prominent migration links from Yiyang to Guang-
zhou and to Fujian highlights a substantially greater
degree of gene flow within China (Figure 9A; Addi-
tional file 5). These data support the notion that rosavi-
ruses can transmit over both short and long distances.
Zeller et al. reported that international travel driven by
commerce and economic movement has resulted in the
dispersal of disease-causing agents across significant
distances between different locations [49]. However,
notably, a substantial proportion of viral sequences have
been identified in China. This may not accurately depict
the true global situation because of inadequate molecu-
lar investigations in many parts of the world. The sam-
ple imbalance creates ambiguities regarding the spatial
dispersion of the virus at the global level. Hence, obtain-
ing a more comprehensive dataset of rosaviruses from
various geographic regions and host species is essential
to strengthening the foundation for understanding virus
transmission dynamics.

In terms of the host origin of rosaviruses, although they
are believed to have originated from Norway rats with a
lower posterior probability, there is substantial evidence
of cross-species transmission events (Figure 9B and C;
Additional file 6). Among them, there was a notable host
jump from the Indochinese forest rat to the Norway rat
(BF >3 and posterior probability >0.5). The newly discov-
ered hosts of rosaviruses, tanezumi rats and Asian house
shrews, are most likely to have been infected by roof
rats (BF>30). This observation aligns with the fact that
viruses in rodents are remarkably more likely to be trans-
mitted to other host species than are viruses in other wild
small mammals, such as bats and shrews [50]. These data
substantiated the occurrence of interspecies and cross-
species transmission from rodents (Additional file 6).

Notably, several small mammals, specifically the Nor-
way rat, tanezumi rat, and Asian house shrew, are peri-
domestic or synanthropic species that commonly reside
alongside humans throughout Southeast Asia. Some of
these species are familiar with medically relevant patho-
gens that can be transmitted to humans via urine or fae-
ces [51]. Asian house shrews, in particular, have been
implicated as hosts for various viruses, including coro-
naviruses, hantaviruses, and hepatitis E virus, and serve
as important reservoirs for zoonotic infections [52]. Our
findings suggest that Asian house shrews contributed sig-
nificantly to the evolution and cross-species transmission
of rosaviruses. Conducting ongoing surveillance research
on shrews in various settings will enable a richer under-
standing of the precise role that Asian house shrews
play in the evolution of rosaviruses. Another notion is
that potential transmission links (BF >3) could connect
human populations from Indochinese forest rats, coxing
white-bellied rats, and chestnut white-bellied rats. This
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finding aligns with previous research indicating that a
rosavirus strain identified in a child with diarrhoea may
arise from a rodent species [8]. These data underscore
the zoonotic potential of rosaviruses and their ability to
cause human infections through spillover events [53, 54].

Our findings provide more evidence that rosaviruses
are transmitted between different hosts and subsequently
adapt to novel mammalian orders, suggesting that these
viruses can overcome host genetic barriers. As such,
this study underscores the necessity of broadening virus
monitoring efforts to include a wider range of geographic
regions and host species, which is crucial for comprehen-
sively understanding the transmission patterns and evo-
lutionary trajectories of rosaviruses.

In conclusion, this molecular epidemiology study
reveals the extensive presence of rosaviruses in rats and
shrews from southern China, providing valuable insight
into the occurrence of viral dispersal. The identification
of rosavirus B in tanezumi rats and Asian house shrews
enhances our understanding of its evolutionary history,
indicating a wider host spectrum than previously known.
Further genomic and evolutionary research is essential to
ascertain their geographical spread, genetic diversity, and
long-term population-level dynamics.
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