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A B S T R A C T   

Sapoviruses (SaVs) compose the Sapovirus genus in the Caliciviridae family. In the genome of SaVs, the junction of 
coding regions for the non-structural proteins (NSs) and the major structural protein (viral protein 1: VP1) is 
known as the recombination hotspot. SaVs have been divided into genogroups GI–GXIX based on the phyloge-
netic relationship of amino acid sequences for VP1. Here, phylogenetic analyses were conducted for NSs and VP1 
of 326 SaV strains retrieved from the International Nucleotide Sequence Database. Shared clusters were iden-
tified between the phylogenetic trees, and genogroups of SaVs were classified into 10 shared cluster groups, 
which may represent the monophyletic recombining groups of SaVs. All of human GI, GII, GIV, and GV strains 
were classified into the same shared cluster group. Continuous surveillance may be warranted for monitoring 
emergence of intra-genogroup and inter-genogroup recombinants in human SaVs.   

1. Introduction 

Sapoviruses (SaVs) infect mammals, and cause acute gastroenteritis 
(AGE) in humans and pigs of all ages (Madeley and Cosgrove, 1976). In 
humans, SaVs are responsible for ~5 % of AGE among children <5 years 
of age and becoming more prevalent after the introduction of rotavirus 
vaccines (Diez Valcarce et al., 2021; Okitsu et al., 2021; Hoque et al., 
2022). SaVs compose the Sapovirus genus in the Caliciviridae family (Oka 
et al., 2015). The genome of SaV is a single-stranded, positive-sense RNA 
of 7.1–7.7 kb, mainly containing ORF1 and ORF2. ORF1 encodes a 
polyprotein, which is cleaved into six non-structural proteins (NSs), 
NS1–NS5 and NS6/NS7, and the major structural protein, viral protein 1 
(VP1). ORF2 encodes the minor structural protein, VP2. ORF3 is occa-
sionally located within the coding region for VP1, encoding a protein 
with unknown function (Liu et al., 1995). 

SaVs mainly infect villous enterocytes of proximal small intestine 
through binding of VP1 to sialic acids and occludin, which serve as the 
attachment factor and the co-receptor, respectively, with the aid of 
claudin-1, which serves as the entry factor (Alfajaro et al., 2019). VP1 
also determines the antigenicity of SaVs. Based on the phylogenetic 

relationship of amino acid sequences for VP1, SaVs have been divided 
into genogroups GI–GXIX (Oka et al., 2016; Yinda et al., 2017). GI, GII, 
GIV, and GV have been identified in humans. Various genogroups have 
also been identified in other mammals, including pigs (GIII and 
GV–GXI), sea lions (GV), mink (GXII), dogs (GXIII), bats (GXIV and 
GXVI–GXIX), and rats (GXV). Genogroups have been further divided 
into at least 52 genotypes (Li et al., 2018; Diez Valcarce et al., 2019). 

During the replication cycle of SaVs within the cytoplasm, sub- 
genomic RNAs containing coding regions for VP1 and VP2 are gener-
ated in addition to genomic RNAs (Chang et al., 2004). The junction of 
coding regions for NSs and VP1 appears to contain the promoter for sub- 
genomic RNAs with similar nucleotide sequence and secondary struc-
ture as the promoter for genomic RNAs in the negative-sense RNA 
(Simmonds et al., 2008). Then, recombination may be induced through 
template switching at the junction of coding regions for NSs and VP1, 
which is known as the recombination hotspot (Kuroda et al., 2017). 
Occurrences of intra-genogroup and inter-genogroup recombinations 
upon co-infection of the same cells during evolution of SaVs have been 
inferred from the phylogenetic analyses, because recombinants may be 
located at different places in the phylogenetic trees constructed for the 5′ 
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and 3′ regions of recombination hotspot. Intra-genogroup re-
combinations have been identified within GI, GII, and GIII (Katayama 
et al., 2004; Wang et al., 2005; Wang et al., 2020), whereas inter- 
genogroup recombinations have been identified between GII and GIV, 
GVII and GXI, and GIX and GX (Hansman et al., 2005; Chanit et al., 
2009; Oka et al., 2015; Kuroda et al., 2017). 

Genogroups reflect the phylogenetic relationship for the 3′ region of 
recombination hotspot. However, as the relationship may vary between 
the 5′ and 3′ regions, both regions should be utilized for classifying SaVs. 
In noroviruses (NoVs), which possess similar genomic organization and 
recombination hotspot as SaVs, the 5′ and 3′ regions have been inde-
pendently classified into P-groups and genogroups, respectively 
(Katayama et al., 2002; Kroneman et al., 2013; Chhabra et al., 2019). 
Each NoV strain is characterized by a combination of P-group and 
genogroup, and thus the number of taxonomic groups increases when 
recombinants with novel combinations of P-group and genogroup are 
discovered. In contrast, the biological species concept asserts that in-
dividuals exchanging genetic materials should be classified into the 
same group (Bobay and Ochman, 2018). In this case, the number of 
taxonomic groups decreases when recombinants between different 
groups are newly discovered, because these groups would be merged. 
However, since recombinants may not necessarily be produced between 
monophyletic groups, there may be a possibility of merging paraphyletic 
groups. 

To reconcile classifications based on the phylogenetic relationship 
and the exchangeability of genetic materials, SaVs may be classified into 
the monophyletic recombining groups; i.e., monophyletic groups of 
strains that may recombine with strains from the same group but not 
with those from different groups. Such groups may form distinct clusters 
in both the phylogenetic trees for the 5′ and 3′ regions of recombination 
hotspot, called the shared clusters, although the phylogenetic relation-
ships among and within the groups may vary between the regions due to 
occurrences of recombinations in the ancestral population and each 
group, respectively (Suzuki et al., 2023). The purpose of the present 
study was to classify SaVs based on the shared clusters. 

2. Materials and methods 

2.1. Sequence data 

Genomic sequences for SaV strains ≥5 kb were retrieved from the 
International Nucleotide Sequence Database (INSD) on June 24, 2023. 
Nucleotide sequences for ORF1 were translated into amino acid se-
quences. Sequences were eliminated if they were identical to other se-
quences or contained ≥5 % ambiguous amino acids. The remaining 326 
sequences were separated into the regions of NSs and VP1, which rep-
resented the 5′ and 3′ regions of recombination hotspot, respectively 
(Supplementary Table S1). The numbers of amino acid sites included in 
326 sequences ranged from 1051 to 1763 for the 5′ region and from 529 
to 571 for the 3′ region. 

2.2. Data analysis 

Multiple alignments of 326 amino acid sequences for the 5′ and 3′ 
regions of recombination hotspot were made using the computer pro-
gram MAFFT (version 7.247) (Katoh et al., 2002). Amino acid positions 
containing gaps were eliminated from the alignments for the 5′ and 3′ 
regions, which finally included 896 sites and 406 sites, respectively. The 
best fit models of amino acid substitutions for the 5′ and 3′ regions were 
selected by the corrected Akaike information criterion (AICc) and the 
Bayesian information criterion (BIC) using MEGA (version 10.1.7) 
(Kumar et al., 2018). The same model was selected for the 5′ and 3′ re-
gions by AICc and BIC; the Le-Gascuel (LG) model (Le and Gascuel, 
2008) with gamma-distributed rate-heterogeneity among sites (Γ) 
including invariable sites (I) assuming equilibrium frequencies of amino 
acids as estimated from the data (F) (LG + Γ + I + F). 

The maximum likelihood (ML) method with the LG + Γ + I + F 
model was adopted to construct phylogenetic trees of 326 amino acid 
sequences for the 5′ and 3′ regions of recombination hotspot using MEGA 
(version 10.1.7) (Kumar et al., 2018). The neighbor-joining (NJ) method 
with the p distance, which has been reported to produce more reliable 
topologies than the ML method (Nei and Kumar, 2000; Yoshida and Nei, 
2016), was also adopted using MEGA (version 10.1.7) (Kumar et al., 
2018). Reliabilities of interior branches in the phylogenetic trees were 
examined by the bootstrap method with 1000 re-samplings. Phyloge-
netic trees were drawn using FigTree (version 1.4.4) (Rambaut, 2018). 

Shared clusters were identified as the clusters made by the same sets 
of SaV strains in the phylogenetic trees for the 5′ and 3′ regions of 
recombination hotspot. SaV strains were classified into as many shared 
clusters as possible, which were called the shared cluster groups. The 
shared cluster groups may represent the monophyletic recombining 
groups of SaVs (Suzuki et al., 2023). 

3. Results 

3.1. Phylogenetic trees 

SaVs have been divided into genogroups GI-GXIX based on the 
phylogenetic relationship of amino acid sequences for VP1, which rep-
resents the 3′ region of recombination hotspot (Oka et al., 2016; Yinda 
et al., 2017). Thus, the ML tree of 326 SaV strains was first constructed 
for the 3′ region (Supplementary Fig. S1). Although no GIX and only one 
GXIII strain was contained in the data (Nagai et al., 2020), SaV strains 
belonging to each of other genogroups formed an individual cluster, 
consistent with the genogroup classification (Oka et al., 2016; Yinda 
et al., 2017). Two rat and two bat strains that have not been assigned to 
GI–GXIX formed individual clusters distinct from GI–GXIX, and were 
tentatively designated as genogroups not assigned 1 (GNA1) and GNA2, 
respectively (Supplementary Table S1). Similar clustering patterns were 
also observed in the NJ tree constructed for the 3′ region (Supplementary 
Fig. S2). 

When the ML tree of 326 SaV strains was constructed for the 5′ region 
of recombination hotspot, GIV strains were included in the cluster of GII 
strains (Supplementary Fig. S3). GX and GXI strains were also included 
in the cluster of GVII strains. Two GXV strains did not form a cluster but 
diverged successively from the branch leading to the cluster composed 
of GVI, GVII, GX, and GXI strains. GXVIII and GXIX strains formed a 
mixed cluster. In addition, sea lion GV strain was separated from the 
cluster of human and pig GV strains. These observations were largely 
consistent with the previous findings that inter-genogroup re-
combinations occurred between GII and GIV (Hansman et al., 2005; 
Chanit et al., 2009) and GVII and GXI (Oka et al., 2016; Kuroda et al., 
2017) and that sea lion GV strain was an inter-genogroup recombinant 
(Oka et al., 2015). Similar clustering patterns were also observed in the 
NJ tree constructed for the 5′ region (Supplementary Fig. S4). 

3.2. Shared clusters 

There were 93 shared clusters identified between the ML trees con-
structed for the 5′ and 3′ regions of recombination hotspot (Table 1; 
Supplementary Figs. S1 and S3). Genogroups of SaVs were classified into 
10 shared cluster groups (Table 2). All of human GI, GII, GIV, and GV 
strains as well as pig and sea lion GV strains constituted a shared cluster 
group together with pig GVIII and dog GXIII strains. Pig GVI, GVII, GX, 
and GXI strains constituted a shared cluster group together with rat GXV 
strains. Reportedly, GVI, GVII, GX, and GXI strains demonstrated 
distinctive features in secondary structures at the 5′ end of the genome 
and the starting region of the recombination hotspot, which may facil-
itate recombinations among these genogroups (Sunaga et al., 2019). 
Although pig GIX strains were not contained in the data, these strains 
have been clustered with GVI, GX, and GXI strains in the phylogenetic 
analyses for VP1, NS7, and VP2, respectively (Nagai et al., 2020). In 
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addition, GIX strains appeared to have produced recombinants with GX 
strains (Kuroda et al., 2017). These observations suggested that GIX 
strains may be included in the shared cluster group of GVI, GVII, GX, 
GXI, and GXV strains. Bat GXVIII and GXIX strains also constituted a 
shared cluster group. Each of other genogroups, namely pig GIII strains, 
mink GXII strains, bat GXIV, GXVI, GXVII, and GNA2 strains, and rat 
GNA1 strains, constituted an individual shared cluster group. All shared 
cluster groups were supported with relatively high bootstrap probabil-
ities, especially in the phylogenetic tree constructed for the 5′ region, 
which included a greater number of amino acid sites than the 3′ region 
(Table 2; Supplementary Figs. S1 and S3). Similar number (92) of shared 
clusters as well as the same set of 10 shared cluster groups supported 
with similarly high bootstrap probabilities were also observed in the 
comparison of NJ trees constructed for the 5′ and 3′ regions (Tables 1 and 
2; Supplementary Figs. S2 and S4). The lowest pairwise amino acid 
sequence identity within each shared cluster group ranged from 0.453 to 

0.993 for the 3′ region and from 0.429 to 0.997 for the 5′ region 
(Table 2). On the other hand, the pairwise identity between shared 
cluster groups ranged from 0.305 to 0.557 for the 3′ region and from 
0.280 to 0.526 for the 5′ region.  

4. Discussion 

4.1. Classification of SaVs based on shared clusters 

In the present study, SaVs were classified taking into account the 
phylogenetic relationship and the exchangeability of genetic materials. 
The clustering patterns in the phylogenetic trees of 326 SaV strains 
constructed for the 3′ region of recombination hotspot were consistent 
with the genogroup classification (Oka et al., 2016; Yinda et al., 2017), 
and those constructed for the 5′ region were largely consistent with the 
previous findings for inter-genogroup recombinations (Hansman et al., 
2005; Chanit et al., 2009; Oka et al., 2015; Oka et al., 2016; Kuroda 
et al., 2017). Shared clusters were identified between the phylogenetic 
trees for the 5′ and 3′ regions, and genogroups of SaVs were classified 
into 10 shared cluster groups. Since the shared cluster groups were 
defined so as to satisfy the biological species concept (Bobay and Och-
man, 2018), they may be candidates for species in the Sapovirus genus. 
Notably, the lowest pairwise amino acid sequence identity within shared 
cluster groups was found to be smaller than the highest identity between 
shared cluster groups, suggesting that shared cluster groups may not be 
identified using cut-off values in the amino acid sequence identity. In 
practice, however, shared cluster groups were identified as the groups of 
strains without evidence for occurrences of recombinations with strains 
from different groups. Thus, some of the shared cluster groups identified 
in the present study may be divided or merged as more SaV strains are 
sampled for determining genomic sequences and included in the 
analysis. 

4.2. Implications from shared cluster groups 

The shared cluster groups may represent the monophyletic recom-
bining groups of SaVs (Suzuki et al., 2023). For the different shared 
cluster groups infecting different hosts, e.g., pig GIII and mink GXII 
strains, suppression of co-infection due to differentiation of host tro-
pisms may prevent recombinations. On the other hand, two, three, and 
five shared cluster groups appeared to co-circulate in rats, pigs, and bats, 
respectively, suggesting that the 5′ and 3′ regions of recombination 
hotspot may be incompatible between different groups within these 
hosts. In particular, bats appeared to harbor the largest number of 
shared cluster groups. Notably, bats are known to exhibit a unique 
ability to host diverse viruses without suffering from diseases, which is 
considered to be conferred by the balance between enhanced defense 
responses and immune tolerance (Irving et al., 2021). 

Although intra-genogroup recombinations within GI and GII 
(Katayama et al., 2004) and inter-genogroup recombinations between 
GII and GIV (Hansman et al., 2005; Chanit et al., 2009) have been 
identified in human SaVs, it has also been reported that recombination 
frequency may be low in human SaVs compared to human NoVs (Tohma 
et al., 2020; Doan et al., 2023). This may be caused by lower prevalence 
and thus less opportunity for co-infection in human SaVs than in human 

Table 1 
Relationship among genogroups of SaVs based on shared clusters.  

MLa NJb Relationshipc 

93 92 {{{[{GI},GII, {GIV},GV, {GVIII},GXIII] , [GXII]} , [GIII]} , {[{{GVI},GVII, {GX}, {GXI}} ,GXV] , [GNA1]} , {{[GXIV], [GXVI]} , [GXVII]} , [{GXVIII},GXIX] , [GNA2]}d  

a Number of shared clusters identified in the comparison of ML trees for the 5′ and 3′ regions of recombination hotspot. 
b Number of shared clusters identified in the comparison of NJ trees for the 5′ and 3′ regions of recombination hotspot. 
c The same relationship was observed in the comparisons of ML trees and NJ trees. 
d Genogroups included in shared cluster groups are listed in bold square brackets, whereas those included in other shared clusters are listed in plain curly brackets. 

Table 2 
Genogroups of SaVs in shared cluster groups.  

Genogroupa Hostc 3′ region 5′ region 

Bootstrap 
probabiityd 

Lowest 
identitye 

Bootstrap 
probabiityf 

Lowest 
identityg 

GI, GII, GIV, 
GV, GVIII, 
GXIII 

Humans, 
pigs, dogs, 
sea lions 

79.8, 74.5  0.453 100.0, 
100.0  

0.540 

GIII Pigs 100.0, 
100.0  

0.783 100.0, 
100.0  

0.814 

GVI, GVII, 
(GIX)b, 
GX, GXI, 
GXV 

Pigs, rats 93.0, 91.3  0.463 99.7, 99.6  0.429 

GXII Mink 100.0, 
100.0  

0.904 100.0, 
100.0  

0.958 

GXIV Bats 100.0, 
100.0  

0.993 100.0, 
100.0  

0.997 

GXVI Bats 100.0, 
100.0  

0.719 100.0, 
100.0  

0.661 

GXVII Bats 100.0, 
100.0  

0.761 100.0, 
100.0  

0.722 

GXVIII, 
GXIX 

Bats 100.0, 
100.0  

0.534 100.0, 
100.0  

0.606 

GNA1 Rats 100.0, 
100.0  

0.988 100.0, 
100.0  

0.994 

GNA2 Bats 99.9, 100.0  0.522 100.0, 
100.0  

0.619  

a Genogroups included in each shared cluster group are listed in each row. 
b Although GIX strains were not contained in the data, these strains were 

considered to be included in the shared cluster group of GVI, GVII, GX, GXI, and 
GXV strains. 

c Hosts for genogroups of SaVs included in each shared cluster group are listed 
in each row. 

d Bootstrap probabilities supporting the shared cluster group in the ML (left) 
and NJ (right) trees for the 3′ region of recombination hotspot. 

e The lowest pairwise amino acid sequence identity within the shared cluster 
group for the 3′ region of recombination hotspot. 

f Bootstrap probabilities supporting the shared cluster group in the ML (left) 
and NJ (right) trees for the 5′ region of recombination hotspot. 

g The lowest pairwise amino acid sequence identity within the shared cluster 
group for the 5′ region of recombination hotspot. 
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NoVs (Hassan et al., 2019). In addition, nucleotide sequence at the 
recombination hotspot in the SaV genome appeared to be less conserved 
than that in the NoV genome, which may limit template switching in 
SaVs compared to NoVs (Tohma et al., 2020). Differences in genomic 
organizations, e.g., NSs and VP1 are encoded by ORF1 and ORF2, 
respectively, in the NoV genome, whereas these proteins are encoded by 
ORF1 in the SaV genome, may also contribute to less recombinations in 
SaVs than in NoVs (Liu et al., 1995). In the present study, however, all of 
human GI, GII, GIV, and GV strains were classified into the same shared 
cluster group, implying that recombinants may be produced between 
these genogroups (Hansman et al., 2005; Chanit et al., 2009). Further-
more, prevalence of SaVs appears to be increasing in humans (Diez 
Valcarce et al., 2021; Okitsu et al., 2021; Hoque et al., 2022). It has also 
been reported that recombinations may be an adaptive mechanism in 
NoVs (Suzuki, 2021). Continuous surveillance may thus be warranted 
for monitoring emergence of intra-genogroup and inter-genogroup 
recombinants in human SaVs. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.genrep.2023.101875. 
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