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Abstract

Enteroviruses and rhinoviruses are highly diverse, with over 300 identified types. Reverse

transcription-polymerase chain reaction (RT-PCR) assays targeting their VP1, VP4, and

partial VP2 (VP4-pVP2) genomic regions are used for detection and identification. The VP4-

pVP2 region is particularly sensitive to RT-PCR detection, making it efficient for clinical

specimen analysis. However, a standard type identification method using this region is lack-

ing. This study aimed to establish such a method by examining the divergence of VP4-pVP2

amino acid sequences between enterovirus and rhinovirus prototypes. Pairwise analysis of

249 types indicated a 95% threshold for enterovirus intra-species identification but not for

rhinovirus prototypes. Protein BLAST search analyses of representative enterovirus proto-

types, including EV-A71, EV-D68, CVA6, CVA10, CVA16, and polioviruses (PVs), validated

the 95% threshold for typing, with a few exceptions such as PV1-PV2 and CVA6-CVA10, as

well as some EV-C types. This study proposes a criterion for typing based on VP4-pVP2

amino acids, which can aid in rapid enterovirus diagnosis during routine clinical or environ-

mental surveillance and emergency outbreaks. Our research confirms the reliability of the

suggested VP4-pVP2-based threshold for typing and its potential application in laboratory

settings.

Introduction

In the genus Enterovirus under the family Picornaviridae, human enteroviruses (EVs) are clas-

sified under four species (Enterovirus alphacoxsackie, E. betacoxsackie, E. coxsackiepol, and E.

deconjuncti formerly Enterovirus A—Enterovirus D) and human rhinoviruses (RVs) under

three species (E. alpharhino, E. betarhino, and E. cerhino formerly Rhinovirus A—Rhinovirus
C) (https://ictv.global/report/chapter/picornaviridae/picornaviridae/enterovirus). The single-

stranded RNA genomes of EVs and RVs contain a single open reading frame that encodes a

polyprotein comprising four structural proteins (VP1–VP4) and seven non-structural proteins

(2A–2C and 3A–3D). To date, more than 300 types of human EVs and RVs have been reported

[1]. In particular, polioviruses (PVs), classified as E. coxsackiepol, are well-known poliomyelitis

pathogens. Despite global efforts to eradicate them, PVs remain a public health concern [2].

Non-polio enteroviruses (NPEVs) include coxsackieviruses (CVs), echoviruses (Es), and nota-

ble EVs, such as EV-A71 and EV-D68. Although most EV infections are asymptomatic, EVs
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and RVs are associated with various clinical manifestations, such as respiratory, gastrointesti-

nal, and cutaneous symptoms, and occasionally cause severe diseases of the central nervous

system or the myocardium [1]. Some EVs are rarely associated with acute flaccid paralysis

(AFP), including poliomyelitis and acute flaccid myelitis (AFM) [3]. EV-A71 outbreaks typi-

cally affect infants and young children. In severe cases, complications such as encephalitis and

meningitis may develop, occasionally resulting in mortality. EV-A71 outbreaks have been fre-

quently reported in the Asia-Pacific region in the past and have been recently reported in

Europe [4, 5]. EV-D68 has been identified worldwide, with a major outbreak reported in

North America and Europe, affecting a large number of individuals, particularly those with

respiratory and neurological diseases, including AFM [3, 5]. Clinical and environmental sur-

veillance is necessary to monitor NPEVs that cause severe symptoms and PVs on the brink of

eradication.

Virus isolation in cell culture is the traditional method for the identification of EVs and

RVs. Numerous serotypes have been identified via serum cross-neutralization assays. How-

ever, since the neutralization assay is time-consuming and requires a considerable number of

antisera specific to each distinct serotype, molecular typing based on the capsid-coding region

is now routinely used to identify new types rather than serotypes. Various reverse transcrip-

tion-polymerase chain reaction (RT-PCR) methods targeting different regions of the viral

genome have been developed for the direct identification of EV and RV types from isolates or

clinical specimens [6–11]. The VP1 region, where the major neutralization determinants are

located, is highly divergent among types and is associated with serotyping using the neutraliza-

tion assay [6, 12]. Therefore, VP1 sequencing is considered the gold standard for molecular

typing and is recommended by the World Health Organization (WHO) enterovirus surveil-

lance guidelines [13, 14]. The thresholds of 75% nucleotide and 88% amino acid sequence

identity with the prototype are used for typing [12, 15]. Currently, Enterovirus Genotyping

Tool Version 0.1 (National Institute of Public Health and the Environment the Netherlands,

RIVM; https://www.rivm.nl/mpf/typingtool/enterovirus/), which is based on these thresholds,

is widely used for typing [16]. A partial VP1 sequence can be used for typing, whereas the com-

plete VP1 sequence (*900 nucleotides) is required for the assignment of new types without

serological confirmation [13, 14].

Complete VP4 and partial VP2 (VP4-pVP2) regions serve as alternative targets for identify-

ing EVs and RVs. Typically, the VP4 region is highly conserved, in contrast to the relatively

divergent VP2. A previous study indicated a correlation between EV typing based on the VP2

sequence and that based on the VP1 sequence, albeit with a limited number of analyzed EV

serotypes [17]. The VP4-pVP2 semi-nested RT-PCR, which employs a relatively short ampli-

con and highly conserved primer sequences (EVP2, EVP4, and OL68-1), exhibits higher detec-

tion sensitivity for many EV and RV types compared with VP1 RT-PCR [8]. Specifically,

VP4-pVP2 is commonly used for RV identification owing to the challenges associated with RV

detection using VP1 RT-PCR. In instances wherein VP1 sequencing proves unsuccessful in

EV typing, the use of the VP4-pVP2 region is recommended as an alternative [14]. However,

unlike VP1 typing, no standardized method for typing using the VP4-pVP2 sequence exists.

The Basic Local Alignment Search Tool (BLAST) [18] is commonly used for type identifica-

tion. There is a need for the establishment of a consensus on a standardized typing method

using VP4-pVP2 sequencing. Therefore, this study aimed to investigate the divergence of the

VP4-pVP2 amino acid sequence between EV and RV prototypes. We analyzed the pairwise

identities of 249 prototype sequences to identify the threshold for VP4-pVP2 typing. Addition-

ally, we performed a BLAST search using the selected prototype sequences to verify whether

the proposed threshold could be applied to type identification.
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Materials and methods

Virus sequences

The prototype genome sequences of EVs (E. alphacoxsackie, E. betacoxsackie, E. coxsackiepol,
and E. deconjuncti) and RVs (E. alpharhino, E. betarhino, and E. cerhino) were obtained from

GenBank using the National Center for Biotechnology Information (NCBI) Entrez retrieval

system according to the accession numbers listed by the International Committee on Taxon-

omy of Viruses (ICTV, https://ictv.global/report/chapter/picornaviridae/picornaviridae/

enterovirus) as of November 2022. Prototypes registered with partial sequences not contain-

ing the VP4-pVP2 region were excluded from the analyses. PV Sabin strains were also

excluded as they are 99–100% identical to the corresponding wild-type PVs with the

VP4-pVP2 amino acid sequence. CVA18 strain G13 (accession number: AF499640) in the

ICTV list, which is now reclassified as CVA13 [19], was omitted from this study because the

CVA13 prototype already contains the AF499637 strain. Finally, a total of 249 prototypes

were included in the analysis. A multi-FASTA file containing 249 deduced amino acid

sequences corresponding to the VP4-pVP2 amplicon, except reverse primer sequences, was

generated and aligned using Geneious Prime software version 2023 (Dotmatics, Boston, MA,

USA).

Prototype sequence analysis

The VP4-pVP2 amino acid sequences (corresponding to VP4 1–69 aa and VP2 1–76 aa in

PV1, accession number: V01149) of the 249 prototypes were aligned using the MUSCLE algo-

rithm in MEGA software (version 11) [20]. Phylogenetic analysis was performed using the Sai-

tou and Nei neighbor-joining algorithms in MEGA 11 [21]. Furthermore, pairwise identity

comparison with gap was performed using the GENETYX-Mac software (version 20; GENE-

TYX, Tokyo, Japan). A heatmap and histograms of the identity percentages were created using

GraphPad Prism software (Dotmatics, Boston, MA, USA).

Blastp analysis

The VP4-pVP2 amino acid sequences of the selected prototypes were used as queries for the

Protein BLAST search (blastp, version 2.13.0+) of the NCBI BLAST tool (https://blast.ncbi.

nlm.nih.gov). Query sequences were applied to the reference database of “non-redundant pro-

tein sequences (nr)” (update date:2023/01/12). Default values were used for the algorithm

parameters (matrix, BLOSUM62; gap existence cost, 11; and gap extension cost, 1). From the

results obtained for the top 100 hit references, the information on the assigned type (“Scientific

Name”) and identity score (“Per. ident") was obtained for each prototype. Reference sequences

that could only be assigned at the genus or species levels or were mislabeled (such as “Salmo-
nella” or “Campylobacter”) were excluded from the results. The potentially mislabeled strains

ADP20664 (PV2), AJO68285 (E9), ACX31093 (CVA9), BAD01622 (CVA9), AWD73908

(CVA9), and ACX31095 (CVA18) were also excluded. Types with spelling variants were

summarized.

Results

Pairwise identity comparison of the VP4-pVP2 amino acid sequences of EV

and RV prototypes

From the 249 prototype genome sequences (24 E. alphacoxsackie, 63 E. betacoxsackie, 22 E.

coxsackiepol, 3 E. deconjuncti, 77 E. alpharhino, 30 E. betarhino, and 30 E. cerhino), the
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deduced VP4-pVP2 amino acid sequences were used for phylogenetic analysis (Fig 1A). All

the prototypes showed a clear distinction, with seven clusters assigned to the species. Further-

more, the results of pairwise identity comparisons using the VP4-pVP2 amino acid sequences

of the 249 prototypes are shown in Fig 1B. The identity values between prototypes within spe-

cies tended to be high, whereas interspecies-based values tended to be low (Fig 1B). Low inter-

species identity values corresponded to the distances between clusters in the phylogenetic tree.

The basic statistics of the pairwise identities are summarized in Fig 1B (right panel) and S2

Table.

The maximum intra-species identities for some RV species were 100%, indicating identical

amino acid sequences in the VP4-pVP2 regions among some RV prototypes. The frequency of

the pairwise identity values of the EVs is shown as a histogram (Fig 2A). The identity values

were predominantly distributed as bimodal, namely, inter-species and intra-species identities

with an overlap of 70%–79%. In the histogram of intra-species identities, the peak was at bin

95% with five exceptions. Histograms of pairwise identities within species for EVs and RVs are

presented in Fig 2B. Among the EVs, one E. alphacoxsackie pair, one E. betacoxsackie pair, and

three E. coxsackiepol pairs showed>95% identity (Table 1), whereas several RV pairs, espe-

cially E. alpharhino and E. betarhino, showed>95% identity. These data suggest the use of

95% identity as the threshold for EV intra-species discrimination.

Fig 1. Relationship between 249 EV and RV prototypes based on the VP4-pVP2 amino acid sequence. The assigned species of Enterovirus alphacoxsackie, E.

betacoxsackie, E. coxsackiepol, E. deconjuncti, E. alpharhino, E. betarhino, and E. cerhino prototypes are labeled EV-A, -B, -C, -D, RV-A, -B, and -C, respectively.

(A) Phylogenetic analysis. Sequences were aligned using the MUSCLE algorithm. The phylogenetic tree was constructed using the neighbor-joining method with

Poisson correction. (B) (left) Matrix of pairwise identity comparison among 249 prototypes. Identity percent is indicated using color-coded boxes; (right) Mean,

min, and max values of identity percent for inter- and intra-species comparisons.

https://doi.org/10.1371/journal.pone.0311806.g001
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Blast search analyses using the VP4-pVP2 sequences of EV prototypes

To confirm the existence of a 95% threshold in intra-type pairwise identities, the VP4-pVP2

sequences of the selected prototypes were subjected to a BLAST search via blastp analysis

using the nr database. As the major EV types that cause hand-foot-mouth-disease (HFMD),

Fig 2. Histogram of pairwise identity frequency based on the VP4-pVP2 amino acid sequence. (A) Comparisons among total EV prototypes. (B) Intra-species

comparisons for EVs and RVs are separately presented (EV-A, -B, -C, -D, RV-A, -B, and -C). The proposed 95% threshold is indicated as a dotted line. EV pairs

showing>95% identity are listed in Table 1.

https://doi.org/10.1371/journal.pone.0311806.g002

Table 1. EV pairs with>95% identity.

Species Pair Identity% blastp result

E. alphacoxsackie EV-A91-EV-A121 96.62 -

E. betacoxsackie EV-B113-EV-B114 97.97 -

E. coxsackiepol PV1-PV2 95.27 Separated

E. coxsackiepol CVA20-EV-C102 96.62 Closely related

E. coxsackiepol EV-C105-EV-C109 95.94 Separated

https://doi.org/10.1371/journal.pone.0311806.t001
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the queries for EV-A71, CVA2, CVA4, CVA10, and CVA16 matched only the corresponding

reference types from the top 100 results (Fig 3A). Among them, only one isolate in EV-A71

(94.04%) and two isolates in CVA10 (94.63 and 94.04%) showed an identity below 95%. The

result of CVA6, which is also a major causative agent of HFMD, showed 91.67% identity on

average with the matched CVA6 isolates (Fig 3A). Furthermore, the results for E. betacoxsackie
species (E6, E9, E13, E18, E30, CVA9, CVB2, CVB4, and CVB5) showed the corresponding

type with >95% identity besides many other types under the threshold (Fig 3B). For PVs,

three types were discriminated from each other, although the identities of their PV1-PV2 pair-

wise comparisons were higher than 95% (PV1 prototype to PV2 references: 95.36%–96.69%)

(Fig 3C), as expected based on the prototype comparison (Table 1). Expectedly,

CVA20-EV-C102 and EV-C105-EV-C109 comparisons had >95% identities (Fig 3C). The

identity between CVA20 prototype and sole EV-C102 reference was 96.69%, and that between

EV-C102 prototype and CVA20 references was 95.36%–98.68%. Similarly, EV-C105 prototype

and EV-C109 references showed 94.66%–96.03% identities, and EV-C109 prototype and

EV-C105 references showed 94.70%–96.43% identities (Fig 3C), consistent with the prototype

comparisons (Table 1). Considering only one strain was registered as EV-C102 in the database,

its identity within the EV-C102 type could not be determined. The results for EV-D68 showed

only one different type, EV-D94, with 92.05% identity (Fig 3D). The results indicate that a 95%

threshold exists between inter- and intra-type pairwise identities, with a few exceptions.

Discussion

During pathogen surveillance, samples from patients with clinical manifestations, including

AFP, HFMD, herpangina, meningitis, or respiratory diseases, are generally subjected to EV

testing. EV molecular typing has been established based on the nucleotide/amino acid

sequence of the entire or partial VP1 region of EV genomes since this region is highly diverse

among serotypes [6, 12]. Species-specific VP1 primers are also used in national laboratories,

enhancing the sensitivity of detection [7, 10]. However, the efficacy of RT-PCR targeting the

VP1 region is not generally high owing to the absence of conserved nucleotide sequences

flanking the VP1 region or within it [9]. Although some sensitive RT-PCR assays targeting the

entire capsid region of EVs have been developed, methods for nucleotide sequencing of the

VP1 region that are applicable in routine surveillance have not been established [11, 22]. In EV

surveillance, RT-PCR assay targeting the VP4-pVP2 region is also used owing to its simplicity

as well as high sensitivity and specificity [8]. Despite the usefulness of the VP4-pVP2 region

for detection, its utility and limitations in identifying EVs remain to be established [17].

Several RVs have pairwise identity values greater than 95%, with some having a value of

100% (Fig 2B). For RVs, the 13% distance threshold for the VP1 nucleotide sequence has been

proposed for typing, while the amino acid sequence is not used [23]. Even in neutralization

assays, certain sets of RV serotypes show cross-reactivity with antisera [24]. Using the

VP4-pVP2 amino acid sequence for RV typing is challenging; however, it can be used for the

classification of RV species A, B, or C. In the case of EVs, the threshold for intra-species iden-

tity can be set to 95% based on the histogram of EV pairwise identities (Fig 2A), except for five

pairs (Table 1). PVs are generally identified using VP1 RT-PCR with either pan-PV or type-

specific primers but can also be detected through VP4-pVP2 RT-PCR with other EVs [25].

EV-A91 and -A121 have emerged, alongside EV-A76, -A89, and -A90 [26, 27]. The pair with

the highest identity was EV-B113 and EV-B114 (97.97%, three amino acids different), which

are known as non-human EVs [28]. The close similarity of the structural region between

CVA20–EV-C102 and EV-C96–EV-C99 has been previously demonstrated [15].
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In this study, we did not include intra-type comparison with non-prototypes in the distri-

bution analysis owing to sampling bias among types, which made it inappropriate to include

a comprehensive prototype analysis. Instead, as a practical strategy for VP4-pVP2 typing, a

BLAST search was performed separately for the selected EVs. Using this analysis, matched

sequences registered in the NCBI protein database were obtained and compared for each

prototype. The results demonstrated that the proposed 95% threshold could be used to accu-

rately identify EV types from the top 100 hit sequences in most of the tested prototypes, such

as PVs and the major pathogens of HFMD (EV-A71, CVA2, CVA4, CVA10, and CVA16),

Fig 3. Distribution of identities between prototype and matched strains. Box plots represent the identity percent between the indicated

prototypes as a query in the blastp analysis and the top 100 matched references with assigned types. (A) E. alphacoxsackie, (B) E.

betacoxsackie, (C) E. coxsackiepol, and (D) E. deconjuncti. Untyped or mislabeled references were excluded from the blastp analysis results.

https://doi.org/10.1371/journal.pone.0311806.g003
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meningitis (CVA9, CVB2, CVB4, CVB5, and E6, E9, E13, E18, and E30), and AFP

(EV-D68).

However, a few exceptions to the 95% threshold in the BLAST search results were identi-

fied. In the analysis with the CVA6 prototype as query, most of the matched CVA6 references

clustered at approximately 92% identity, indicating a relatively high divergence of major

strains from the prototype. Among the four CVA6 clades (A–D), the prototype of the Gdula

strain was the sole member of clade A whereas the predominant strains belonged to clade D

[29]. However, this aspect may not affect the relevance of the BLAST search results for CVA6

identification because a large number of CVA6 strains in the database still showed higher iden-

tities than other types. The CVA20 and EV-C102 pairs were also exceptions, as mentioned

above. When the CVA20 prototype was used as a query, the inter-type identities of matched

CAV20 strains were high (median: 98.01%, interquartile range: 97.35%–99.34%); however, the

lowest value was 95.36%, and the identity with EV-C102 was 96.69% (Fig 3). The pairs

EV-A91–EV-A121 and EV-B113–EV-B114, which has>95% identity based on prototype

comparisons, were not analyzed using BLAST search because only prototypes and one addi-

tional EV-A91 strain that was a 100% match to the prototype VP4-pVP2 were registered.

Recently, EV-C105 and EV-C109 were found to be associated with respiratory diseases [30].

From the nr database, 13 EV-C105 strains and 7 EV-C109 strains were obtained, and the maxi-

mum inter-type identity reached 96.03% but was still discriminable to EV-C105 intra-type

identities (100%–98.01%) and vice versa (Fig 3C).

Some currently circulating EV strains might be significantly divergent from old prototypes.

This study determined the distance between prototypes or between prototype and registered

strains in the nr database. As mentioned above, we did not compare between non-prototype

strains and we did not use non-prototypes as query for the BLAST search. Due to these limita-

tions, the BLAST search results require careful interpretation. Alternatively, a multi-FASTA

file containing the VP4-pVP2 amino acid sequences of the 249 prototypes (S1 Data) can be

used as an in-house database for type identification.

To maintain a polio-free status within the framework of the Global Polio Eradication Initia-

tive, various countries have implemented clinical and environmental surveillance measures

[31]. Recently, a novel oral polio vaccine type 2 (nOPV2) strain has been developed (accession

number: MZ245455) [32]. In regions where this novel live vaccine is deployed, there is a

potential for widespread detection through these surveillance measures. nOPV2 is modified

from Sabin 2, but the primer sites and amino acid sequence of the VP4-pVP2 region are not

changed (EVP2: nt 505–529, EVP4: nt 602–621, OL68-1: nt 1244–1263, amino acid sequence:

nt 809–1243). NPEVs are frequently identified through surveillance efforts [33–37]. Environ-

mental samples may contain mixtures of EVs. The application of high-throughput EV identifi-

cation using next-generation sequencing with VP4-pVP2-based typing may be a valuable tool

for environmental surveillance. Although VP1-based typing is still the gold standard as per the

WHO-recommended guidelines, the VP4-pVP2-based method can be used as a supplemental

method should the VP1 PCR not work. In addition to regular surveillance, rapid and sensitive

detection using the VP4-pVP2 RT-PCR assay and type identification may be beneficial in

emergency response situations.

Conclusion

A 95% threshold of pairwise identity for the VP4-pVP2 amino acid sequence of EVs exists

between intra-species and intra-type comparisons, with a few exceptions. More practically,

our results indicate that BLAST search analysis (blastp using the nr database) can be used for

molecular typing based on the VP4-pVP2 sequence. Regarding NCBI BLAST results, the
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default sorting parameter should be changed from the "E-value" (expectation value) to the

"Per. Ident" (Percent Identity) column, as the E-value can be influenced by sequence length

matching between the query and reference. Thus, adjusting this parameter is important for

accurate typing. The notable exceptions to the 95% threshold were PV1-PV2 inter-type iden-

tity (Table 1) and CVA6 intra-type identity (Fig 3A); however, they were still discriminable in

the blastp analysis. Despite a few limitations, this study shows that rapid diagnosis using

VP4-pVP2 typing may facilitate routine clinical or environmental surveillance, as well as emer-

gency outbreak responses. This study confirmed the reliability of VP4-pVP2-based typing and

proposes a threshold for typing. This threshold can be applied in laboratory settings where EV

testing is implemented.
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totypes.

(FASTA)

S1 Table. Original table for pairwise identity comparisons of EVs and RVs in Fig 1B.

(CSV)

S2 Table. Summary of pairwise identity comparisons of EVs and RVs.

(DOCX)

Acknowledgments

We thank Dr. Hiroyuki Shimizu for critically reading the manuscript. We also thank Editage

(www.editage.com) for English language editing.

Author Contributions

Conceptualization: Kouichi Kitamura, Minetaro Arita.

Formal analysis: Kouichi Kitamura.

Funding acquisition: Kouichi Kitamura, Minetaro Arita.

Investigation: Kouichi Kitamura.

Supervision: Minetaro Arita.

Visualization: Kouichi Kitamura.

Writing – original draft: Kouichi Kitamura.

Writing – review & editing: Minetaro Arita.

References
1. Simmonds P, Gorbalenya AE, Harvala H, Hovi T, Knowles NJ, Lindberg AM, et al. Recommendations

for the nomenclature of enteroviruses and rhinoviruses. Arch Virol. 2020; 165:793–797. https://doi.org/

10.1007/s00705-019-04520-6 PMID: 31980941

2. Link-Gelles R, Lutterloh E, Schnabel Ruppert P, Backenson PB, St George K, Rosenberg ES, et al.

Public Health Response to a Case of Paralytic Poliomyelitis in an Unvaccinated Person and Detection

of Poliovirus in Wastewater—New York, June-August 2022. MMWR Morb Mortal Wkly Rep. 2022;

71:1065–1068. https://doi.org/10.15585/mmwr.mm7133e2 PMID: 35980868

3. Suresh S, Forgie S, Robinson J. Non-polio Enterovirus detection with acute flaccid paralysis: A system-

atic review. J Med Virol. 2018; 90:3–7. https://doi.org/10.1002/jmv.24933 PMID: 28857219

PLOS ONE VP4-VP2 sequencing-based typing of human enteroviruses

PLOS ONE | https://doi.org/10.1371/journal.pone.0311806 December 10, 2024 9 / 11

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0311806.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0311806.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0311806.s003
http://www.editage.com/
https://doi.org/10.1007/s00705-019-04520-6
https://doi.org/10.1007/s00705-019-04520-6
http://www.ncbi.nlm.nih.gov/pubmed/31980941
https://doi.org/10.15585/mmwr.mm7133e2
http://www.ncbi.nlm.nih.gov/pubmed/35980868
https://doi.org/10.1002/jmv.24933
http://www.ncbi.nlm.nih.gov/pubmed/28857219
https://doi.org/10.1371/journal.pone.0311806


4. Solomon T, Lewthwaite P, Perera D, Cardosa MJ, McMinn P, Ooi MH. Virology, epidemiology, patho-

genesis, and control of enterovirus 71. Lancet Infect Dis. 2010; 10:778–790. https://doi.org/10.1016/

S1473-3099(10)70194-8 PMID: 20961813

5. Harvala H, Jasir A, Penttinen P, Pastore Celentano L, Greco D, Broberg E. Surveillance and laboratory

detection for non-polio enteroviruses in the European Union/European Economic Area, 2016. Euro Sur-

veill. 2017; 22. https://doi.org/10.2807/1560-7917.ES.2017.22.45.16-00807 PMID: 29162204

6. Oberste MS, Maher K, Kilpatrick DR, Flemister MR, Brown BA, Pallansch MA. Typing of human entero-

viruses by partial sequencing of VP1. J Clin Microbiol. 1999; 37:1288–1293. https://doi.org/10.1128/

JCM.37.5.1288-1293.1999 PMID: 10203472

7. Oberste MS, Maher K, Flemister MR, Marchetti G, Kilpatrick DR, Pallansch MA. Comparison of classic

and molecular approaches for the identification of untypeable enteroviruses. J Clin Microbiol. 2000;

38:1170–1174. https://doi.org/10.1128/JCM.38.3.1170-1174.2000 PMID: 10699015

8. Ishiko H, Shimada Y, Yonaha M, Hashimoto O, Hayashi A, Sakae K, et al. Molecular diagnosis of

human enteroviruses by phylogeny-based classification by use of the VP4 sequence. J Infect Dis.

2002; 185:744–754. https://doi.org/10.1086/339298 PMID: 11920292

9. Nix WA, Oberste MS, Pallansch MA. Sensitive, seminested PCR amplification of VP1 sequences for

direct identification of all enterovirus serotypes from original clinical specimens. J Clin Microbiol. 2006;

44:2698–2704. https://doi.org/10.1128/JCM.00542-06 PMID: 16891480

10. Oberste MS, Maher K, Williams AJ, Dybdahl-Sissoko N, Brown BA, Gookin MS, et al. Species-spe-

cific RT-PCR amplification of human enteroviruses: a tool for rapid species identification of uncharac-

terized enteroviruses. J Gen Virol. 2006; 87:119–128. https://doi.org/10.1099/vir.0.81179-0 PMID:

16361424

11. Arita M, Kilpatrick DR, Nakamura T, Burns CC, Bukbuk D, Oderinde SB, et al. Development of an effi-

cient entire-capsid-coding-region amplification method for direct detection of poliovirus from stool

extracts. J Clin Microbiol. 2015; 53:73–78. https://doi.org/10.1128/JCM.02384-14 PMID: 25339406

12. Oberste MS, Maher K, Kilpatrick DR, Pallansch MA. Molecular evolution of the human enteroviruses:

correlation of serotype with VP1 sequence and application to picornavirus classification. J Virol. 1999;

73:1941–1948. https://doi.org/10.1128/JVI.73.3.1941-1948.1999 PMID: 9971773

13. Centers for Disease Control and Prevention & World Health Organization. Regional Office for Europe.

Enterovirus Surveillance Guidelines. Guidelines for Enterovirus Surveillance in Support of the Polio

Eradication Initiative. 2015.

14. Harvala H, Broberg E, Benschop K, Berginc N, Ladhani S, Susi P, et al. Recommendations for enterovi-

rus diagnostics and characterisation within and beyond Europe. J Clin Virol. 2018; 101:11–17. https://

doi.org/10.1016/j.jcv.2018.01.008 PMID: 29414181

15. Brown BA, Maher K, Flemister MR, Naraghi-Arani P, Uddin M, Oberste MS, et al. Resolving ambiguities

in genetic typing of human enterovirus species C clinical isolates and identification of enterovirus 96, 99

and 102. J Gen Virol. 2009; 90:1713–1723. https://doi.org/10.1099/vir.0.008540-0 PMID: 19264596

16. Kroneman A, Vennema H, Deforche K, v d Avoort H, Penaranda S, Oberste MS, et al. An automated

genotyping tool for enteroviruses and noroviruses. J Clin Virol. 2011; 51:121–125. https://doi.org/10.

1016/j.jcv.2011.03.006 PMID: 21514213

17. Perera D, Shimizu H, Yoshida H, Tu PV, Ishiko H, McMinn PC, et al. A comparison of the VP1, VP2,

and VP4 regions for molecular typing of human enteroviruses. J Med Virol. 2010; 82:649–657. https://

doi.org/10.1002/jmv.21652 PMID: 20166171

18. Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. Basic local alignment search tool. J Mol Biol.

1990; 215:403–410. https://doi.org/10.1016/S0022-2836(05)80360-2 PMID: 2231712

19. Brown B, Oberste MS, Maher K, Pallansch MA. Complete genomic sequencing shows that polioviruses

and members of human enterovirus species C are closely related in the noncapsid coding region. J

Virol. 2003; 77:8973–8984. https://doi.org/10.1128/jvi.77.16.8973-8984.2003 PMID: 12885914

20. Tamura K, Stecher G, Kumar S. MEGA11: Molecular Evolutionary Genetics Analysis Version 11. Mol

Biol Evol. 2021; 38:3022–3027. https://doi.org/10.1093/molbev/msab120 PMID: 33892491

21. Saitou N, Nei M. The neighbor-joining method: a new method for reconstructing phylogenetic trees. Mol

Biol Evol. 1987; 4:406–425. https://doi.org/10.1093/oxfordjournals.molbev.a040454 PMID: 3447015

22. Shaw AG, Majumdar M, Troman C, O’Toole A, Benny B, Abraham D, et al. Rapid and Sensitive Direct

Detection and Identification of Poliovirus from Stool and Environmental Surveillance Samples by Use of

Nanopore Sequencing. J Clin Microbiol. 2020; 58. https://doi.org/10.1128/JCM.00920-20 PMID:

32611795

23. Simmonds P, McIntyre C, Savolainen-Kopra C, Tapparel C, Mackay IM, Hovi T. Proposals for the clas-

sification of human rhinovirus species C into genotypically assigned types. J Gen Virol. 2010; 91:2409–

2419. https://doi.org/10.1099/vir.0.023994-0 PMID: 20610666

PLOS ONE VP4-VP2 sequencing-based typing of human enteroviruses

PLOS ONE | https://doi.org/10.1371/journal.pone.0311806 December 10, 2024 10 / 11

https://doi.org/10.1016/S1473-3099%2810%2970194-8
https://doi.org/10.1016/S1473-3099%2810%2970194-8
http://www.ncbi.nlm.nih.gov/pubmed/20961813
https://doi.org/10.2807/1560-7917.ES.2017.22.45.16-00807
http://www.ncbi.nlm.nih.gov/pubmed/29162204
https://doi.org/10.1128/JCM.37.5.1288-1293.1999
https://doi.org/10.1128/JCM.37.5.1288-1293.1999
http://www.ncbi.nlm.nih.gov/pubmed/10203472
https://doi.org/10.1128/JCM.38.3.1170-1174.2000
http://www.ncbi.nlm.nih.gov/pubmed/10699015
https://doi.org/10.1086/339298
http://www.ncbi.nlm.nih.gov/pubmed/11920292
https://doi.org/10.1128/JCM.00542-06
http://www.ncbi.nlm.nih.gov/pubmed/16891480
https://doi.org/10.1099/vir.0.81179-0
http://www.ncbi.nlm.nih.gov/pubmed/16361424
https://doi.org/10.1128/JCM.02384-14
http://www.ncbi.nlm.nih.gov/pubmed/25339406
https://doi.org/10.1128/JVI.73.3.1941-1948.1999
http://www.ncbi.nlm.nih.gov/pubmed/9971773
https://doi.org/10.1016/j.jcv.2018.01.008
https://doi.org/10.1016/j.jcv.2018.01.008
http://www.ncbi.nlm.nih.gov/pubmed/29414181
https://doi.org/10.1099/vir.0.008540-0
http://www.ncbi.nlm.nih.gov/pubmed/19264596
https://doi.org/10.1016/j.jcv.2011.03.006
https://doi.org/10.1016/j.jcv.2011.03.006
http://www.ncbi.nlm.nih.gov/pubmed/21514213
https://doi.org/10.1002/jmv.21652
https://doi.org/10.1002/jmv.21652
http://www.ncbi.nlm.nih.gov/pubmed/20166171
https://doi.org/10.1016/S0022-2836%2805%2980360-2
http://www.ncbi.nlm.nih.gov/pubmed/2231712
https://doi.org/10.1128/jvi.77.16.8973-8984.2003
http://www.ncbi.nlm.nih.gov/pubmed/12885914
https://doi.org/10.1093/molbev/msab120
http://www.ncbi.nlm.nih.gov/pubmed/33892491
https://doi.org/10.1093/oxfordjournals.molbev.a040454
http://www.ncbi.nlm.nih.gov/pubmed/3447015
https://doi.org/10.1128/JCM.00920-20
http://www.ncbi.nlm.nih.gov/pubmed/32611795
https://doi.org/10.1099/vir.0.023994-0
http://www.ncbi.nlm.nih.gov/pubmed/20610666
https://doi.org/10.1371/journal.pone.0311806


24. Cooney MK, Fox JP, Kenny GE. Antigenic groupings of 90 rhinovirus serotypes. Infect Immun. 1982;

37:642–647. https://doi.org/10.1128/iai.37.2.642-647.1982 PMID: 6288568

25. Ueno MK, Kitamura K, Nishimura Y, Arita M. Evaluation of Direct Detection Protocols for Poliovirus

from Stool Samples of Acute Flaccid Paralysis Patients. Viruses. 2023; 15. https://doi.org/10.3390/

v15102113 PMID: 37896890

26. Oberste MS, Maher K, Michele SM, Belliot G, Uddin M, Pallansch MA. Enteroviruses 76, 89, 90 and 91

represent a novel group within the species Human enterovirus A. J Gen Virol. 2005; 86:445–451.

https://doi.org/10.1099/vir.0.80475-0 PMID: 15659764

27. Deshpande JM, Sharma DK, Saxena VK, Shetty SA, Qureshi T, Nalavade UP. Genomic characteriza-

tion of two new enterovirus types, EV-A114 and EV-A121. J Med Microbiol. 2016; 65:1465–1471.

https://doi.org/10.1099/jmm.0.000380 PMID: 27902407

28. Mombo IM, Lukashev AN, Bleicker T, Brunink S, Berthet N, Maganga GD, et al. African Non-Human Pri-

mates Host Diverse Enteroviruses. PLoS One. 2017; 12:e0169067. https://doi.org/10.1371/journal.

pone.0169067 PMID: 28081564

29. Yu F, Zhu R, Jia L, Song Q, Deng J, Liu L, et al. Sub-genotype change and recombination of coxsackie-

virus A6s may be the cause of it being the predominant pathogen for HFMD in children in Beijing, as

revealed by analysis of complete genome sequences. Int J Infect Dis. 2020; 99:156–162. https://doi.

org/10.1016/j.ijid.2020.07.010 PMID: 32663604

30. Piralla A, Daleno C, Girello A, Esposito S, Baldanti F. Circulation of two Enterovirus C105 (EV-C105) lin-

eages in Europe and Africa. J Gen Virol. 2015; 96:1374–1379. https://doi.org/10.1099/vir.0.000088

PMID: 25667329

31. World Health Organization. Sixty-eighth World Health Assembly. WHA.68.3: resolution, poliomyelitis.:

World Health Organization, Geneva, Switzerland; 2015 [15 Nov 2023]. https://apps.who.int/gb/or/e/e_

wha68r1.html.

32. Yeh MT, Bujaki E, Dolan PT, Smith M, Wahid R, Konz J, et al. Engineering the Live-Attenuated Polio

Vaccine to Prevent Reversion to Virulence. Cell Host Microbe. 2020; 27:736–751 e738. https://doi.org/

10.1016/j.chom.2020.04.003 PMID: 32330425

33. Iwai M, Yoshida H, Matsuura K, Fujimoto T, Shimizu H, Takizawa T, et al. Molecular epidemiology of

echoviruses 11 and 13, based on an environmental surveillance conducted in Toyama Prefecture,

2002–2003. Appl Environ Microbiol. 2006; 72:6381–6387. https://doi.org/10.1128/AEM.02621-05

PMID: 16957267

34. Tao Z, Wang H, Li Y, Xu A, Zhang Y, Song L, et al. Cocirculation of two transmission lineages of echovi-

rus 6 in jinan, china, as revealed by environmental surveillance and sequence analysis. Appl Environ

Microbiol. 2011; 77:3786–3792. https://doi.org/10.1128/AEM.03044-10 PMID: 21478313

35. Wang H, Tao Z, Li Y, Lin X, Yoshida H, Song L, et al. Environmental surveillance of human enterovi-

ruses in Shandong Province, China, 2008 to 2012: serotypes, temporal fluctuation, and molecular epi-

demiology. Appl Environ Microbiol. 2014; 80:4683–4691. https://doi.org/10.1128/AEM.00851-14 PMID:

24837389

36. Ozawa H, Yoshida H, Usuku S. Environmental Surveillance Can Dynamically Track Ecological

Changes in Enteroviruses. Appl Environ Microbiol. 2019; 85. https://doi.org/10.1128/AEM.01604-19

PMID: 31585989

37. Kitakawa K, Kitamura K, Yoshida H. Monitoring Enteroviruses and SARS-CoV-2 in Wastewater Using

the Polio Environmental Surveillance System in Japan. Appl Environ Microbiol. 2023; 89:e0185322.

https://doi.org/10.1128/aem.01853-22 PMID: 36975804

PLOS ONE VP4-VP2 sequencing-based typing of human enteroviruses

PLOS ONE | https://doi.org/10.1371/journal.pone.0311806 December 10, 2024 11 / 11

https://doi.org/10.1128/iai.37.2.642-647.1982
http://www.ncbi.nlm.nih.gov/pubmed/6288568
https://doi.org/10.3390/v15102113
https://doi.org/10.3390/v15102113
http://www.ncbi.nlm.nih.gov/pubmed/37896890
https://doi.org/10.1099/vir.0.80475-0
http://www.ncbi.nlm.nih.gov/pubmed/15659764
https://doi.org/10.1099/jmm.0.000380
http://www.ncbi.nlm.nih.gov/pubmed/27902407
https://doi.org/10.1371/journal.pone.0169067
https://doi.org/10.1371/journal.pone.0169067
http://www.ncbi.nlm.nih.gov/pubmed/28081564
https://doi.org/10.1016/j.ijid.2020.07.010
https://doi.org/10.1016/j.ijid.2020.07.010
http://www.ncbi.nlm.nih.gov/pubmed/32663604
https://doi.org/10.1099/vir.0.000088
http://www.ncbi.nlm.nih.gov/pubmed/25667329
https://apps.who.int/gb/or/e/e_wha68r1.html
https://apps.who.int/gb/or/e/e_wha68r1.html
https://doi.org/10.1016/j.chom.2020.04.003
https://doi.org/10.1016/j.chom.2020.04.003
http://www.ncbi.nlm.nih.gov/pubmed/32330425
https://doi.org/10.1128/AEM.02621-05
http://www.ncbi.nlm.nih.gov/pubmed/16957267
https://doi.org/10.1128/AEM.03044-10
http://www.ncbi.nlm.nih.gov/pubmed/21478313
https://doi.org/10.1128/AEM.00851-14
http://www.ncbi.nlm.nih.gov/pubmed/24837389
https://doi.org/10.1128/AEM.01604-19
http://www.ncbi.nlm.nih.gov/pubmed/31585989
https://doi.org/10.1128/aem.01853-22
http://www.ncbi.nlm.nih.gov/pubmed/36975804
https://doi.org/10.1371/journal.pone.0311806

