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ORIGINAL ARTICLE

Prevalence and molecular characterization of novel recombinant enterovirus G 

isolates in Jeju Province of South Korea

Ji Hyun Jeon, Changhee Lee*

Animal Virology Laboratory, School of Life Sciences, BK21 Plus KNU Creative BioResearch Group, 

Kyungpook National University, Daegu 41566, Korea

Abstract: Enterovirus species G (EV-G) is highly diverse, and is ubiquitous in pig populations, usually without diarrhea. The present
study aimed to investigate the presence of novel EV-G recombinants with the torovirus papain-like cysteine protease (PLCP) in Jeju
pig herds. EV-G1-PLCP mono-infections were most prevalent in diarrheic weaned piglets. The PLCP genes of the Jeju isolates varied
in size and junction sequences, and were greatly heterogeneous, with 77.0–90.7% homology amongst all recombinants. Our results
suggest that the exogenous PLCP gene has undergone continuous rapid mutation in the individual EV-G genomes following cross-
order recombination, thereby causing clinical disease in swine.

Keywords: cross-order recombination, EV-G, PLCP, porcine diarrhea, torovirus

Enteroviruses (EVs) are small, naked, single-strand, positive-sense RNA

viruses which are associated with numerous human and mammalian diseases.

They belong to the genus Enterovirus in the family Picornaviridae of the

order Picornavirales. The EV genus consists of 15 species including EV A–L

and rhinovirus A–C, and infect humans (species A–D), cows (species E and

F), swine (species G), and nonhuman primates (A, B, D, H, and J) [1]. The

EV genome is approximately 7.5-kb in length and contains a single open

reading frame, flanked by 5′- and 3′-untranslated regions and a 3′ poly (A)

tail, which encodes a large polyprotein that is proteolytically matured to

produce 4 structural (viral protein [VP] 1–4) and 7 nonstructural (2Apro, 2B,

2C, 3A, 3B, 3Cpro, and 3Dpol) viral proteins [2].

EV species G (EV-G) includes a heterogeneous group of 20 genotypes that

undergo continuous intratypic and intertypic recombination events [1,3,4].

EV-G infections have been frequently detected among the swine populations

in multiple pig-raising countries [3-5]. In spite of their genetic diversity and

high prevalence, EV-Gs are generally considered to be irrelevant to clinical

disease in pigs. However, recent studies have reported novel EV-G1, -G2, and

-G17 variants in fecal samples from porcine diarrheic diseases in the United

States, Belgium, and Japan. These recombinant viruses, namely type 1, are

identical in the insertion of a porcine torovirus (ToV)-derived papain-like cys-

teine protease (PLCP) gene at the 2C/3A junction region, as a result of a nat-

ural cross-order recombination between EV-G (order Picornavirales) and ToV

(order Nidovirales) [3,6-8]. More recently, the second class (type 2) of a

recombinant capsid-null EV-G strain, which carries the PLCP gene replacing

the entire viral capsid protein region, has been identified in Chinese pig farms

[9]. Since the ToV-PLCP gene inserted into the recombinant EV-G genome is

known to act as an innate immune antagonist, the horizontal acquisition of the

nidoviral gene plays an important role in viral pathogenesis [8].

In early 2018, the recombinant EV-G1-PLCP strain was discovered in

mainland South Korea to be a sole enteric viral pathogen in clinically diar-

rheic weaned piglets [10]. Genetic and phylogenetic analyses revealed that the

Korean EV-G1-PLCP strain is classified into the G1 genotype, but its inserted

PLCP is most closely related to that of the recombinant G17 genotype. More

interestingly, the size and junction sequence of the exogenous PLCP gene var-
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ies among recombinant strains, suggesting spatially indepen-

dent evolution in different geographical areas [10]. In this

study, we sought to further explore the prevalence of EV-G-

PLCP in clinical cases associated with diarrhea in swine

farms in Jeju Province, the largest island situated 130 km off

the southern coast of mainland South Korea, and to perform

full-length genome sequence analysis.

Small intestine or stool samples (n = 107) were independently

collected from pigs with diarrhea at 33 different farms

located on Jeju Island in the period from January through to

December 2018, and were tested for the detection of pig

scours-associated viruses including EV-G, swine enteric

coronaviruses, and rotavirus, using reverse transcription

polymerase chain reaction with virus-specific primers [10].

Of the 107 porcine fecal and intestinal samples used in our

EV-G-PLCP survey, 11 samples (10.3%) from 4 different

Fig. 1. Schematic representation of the genome organization of EV-G1-PLCP. (A) The Jeju EV-G1-PLCP genome contains a single

open reading frame flanked by a long 5′ UTR of 813-nt and a short 3′ UTR of 71-nt, followed by a poly (A) tail (An). Vertical lines

on top indicate the polyprotein processing sites which create the precursor polyproteins P1, P2, and P3 using EV-G 3Cpro. The porcine

ToV PLCP gene is presented as a shaded box at the 2C/3A cleavage junction. The 5′- and 3′-boundary sequences of the 3Cpro cleavage

sites are shown as enlarged, shaded boxes. (B) Multiple alignment of the aa sequences of the PLCP regions of the recombinant EV-

G and ToV strains. The Jeju recombinant EV-G1-PLCP strains identified in this study are marked with a red color. Dots denote amino

acids (aa) identical to the Texas1/USA sequence, and dashes indicate deleted sequences.

EV-G1, enterovirus species G1; UTR, untranslated region; ToV, torovirus; PLCP, papain-like cysteine protease; 3Cpro, 3C protease; nt,

nucleotide.
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farms tested positive. Ten samples were confirmed as EV-G-

PLCP mono-infections, while the remaining EV-G-PLCP-

detected sample was found to be positive for porcine epidemic

diarrhea virus (PEDV). All EV-G-PLCP recombinants were

identified from 21–60 day-old piglets on commercial farrow-

to-finish farms that have suffered from small-scale outbreaks

of post-weaning diarrhea. The four Jeju isolates representing

individual pig farms were designated as KNU-1822, -1828,

-1834, and -1835. Sequences of approximately 1,200-nucleotide

(nt) encompassing the inserted region flanked by the EV-G

2C and 3A genes from all of the isolates were determined

using by the traditional Sanger sequencing method.

Initial nucleotide sequencing identified the presence of

exogenous sequences with different lengths at the 2C/3A

junction of the enterovirus genome, and revealed genetic

diversity among the KNU strains with 9.3−17.1% sequence

variation (Fig. 1A, Supplementary Table 1). A BLAST search

against the GenBank nt sequence database found that these

distinctive foreign sequences are closely homologous to the

PLCP sequence variants in type 1 recombinant EV-G strains.

Fig. 2. Phylogenetic analysis based on the PLCP genes of EV-Gs and nidoviruses, including ToVs, arteriviruses, and coronaviruses

(A) and the VP1 genes of EV-G genotypes (B). Multiple sequence alignments were created using ClustalX 2.0, and the phylogenetic

trees were constructed from the aligned nucleotide (nt) sequences using the neighbor-joining method. Numbers at each branch rep-

resent bootstrap values greater than 50% of 1,000 replicates. Hosts of origin, geographical origins, names of the strains, years of iso-

lation, genotypes, and GenBank accession numbers are shown. The EV-G genotypes are indicated on the right-hand side in panel B.

Solid circles denote the Jeju recombinant EV-G1-PLCP strains identified in this study; a solid square indicates the mainland Korean

EV-G1-PLCP strain identified in a previous study; solid triangles denote global EV-G PLCP strains reported in previous studies. Scale

bars indicate nt substitutions per site.

EV-G, enterovirus species G; PLCP, papain-like cysteine protease; ToV, torovirus.
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The length of the inserted PLCP sequences differed among

the recombinant Jeju strains, with lengths of 633-nt in KNU-

1822, 651-nt in KNU-1828, 642-nt in KNU-1834, and 651-nt

in KNU-1835. These are also different from previously iden-

tified strains from a range of geographical areas: 582/669-nt

in the US; 636-nt in Belgium; 633/651-nt in Japan; and 594-

nt in mainland Korea (Fig. 1B). The PLCP sequences of the

Jeju EV-G strains only shared 77.0−88.0% amino acid (aa)

sequence identity with global recombinant EV-G1, -G2, and -

G17 strains, with the highest similarity being to the Japanese

EV-G1 strain JPN/Ishi-Ya-5/2015 [3]. The exogenous PLCP

gene serves as a functional viral component produced in cells

infected with the recombinant EV-G virus by trimming the

2C/3A junction of the polyprotein at cleavage sequences,

such as ALFQ↓GPPT, recognized by the viral 3Cpro protease

[8]. On the basis of sequence similarity, numerous putative

cleavage sequences have been identified in global strains,

which involve GPPT−ALFQ, GPPA−ALFQ, GPPE−ALPQ,

GPPV−AEFQ, and GPPV−AVFQ [3,6-8,10]. The PLCP

genes of the chimeric Jeju strains consistently contained their

own predicted 3Cpro cleavage sites, including GPPA−AMFQ,

GPPA−AVFQ, GPPV−AVFQ, and GPPT−AVFQ at the N-

and C-termini (Fig. 1A). Subsequent phylogenetic analysis

based on the PLCP genes of EV-Gs and nidoviruses showed

that the exogenous PLCP genes of the Jeju strains are most

closely related to those of other global recombinant EV-G

strains, forming a well-defined cluster, but are distantly

related to those of porcine, bovine, and equine ToVs with

lower aa sequence identities (42.6−55.1%) (Fig. 2A).

To investigate their genetic relatedness to previously

reported domestic and global strains, the complete genomes

of all Jeju chimeric EV-G isolates were sequenced using

Sanger sequencing as described previously [10]. The full-

length genomic sequences were assembled and deposited in

the GenBank database under the accession numbers listed in

Fig. 2B. The genomic and VP1 sequences of the Jeju strains

shared 72.1−72.9% nt and 84.0−86.1% aa identity with those

of the prototype EV-G strain PEV9/UKG/410/73. Compared

with other chimeric EV-G1, -G2, and -G17 strains, the Jeju

isolates showed relatively high sequence homology (83.8–

87.5% nt and 88.2–96.8% aa identity at the genome and VP1

gene levels) with the US, Belgium, Japanese, and mainland

Korean EV-G1 strains, but had lower identities (79.5–80.5%

nt and 55.3–63.2% aa) at the genome and VP1 levels with

the Japanese EV-G2 and US EV-G17 strains. Details of the

sequence similarities, at both nt and aa levels, between the

KNU isolates and prototypic or recombinant EV-G strains

are summarized in Supplementary Tables 2 and 3.

Phylogenetic analysis based on the EV-G VP1 sequences

revealed that the Jeju KNU strains grouped with other global

recombinant EV-G1-PLCP strains within the G1 genotype

(Fig. 2B). Whole-genome phylogeny also showed a distinct

clade composed exclusively of G1-PLCP recombinants (Fig.

3A). All of the G1-PLCP strains, including the Jeju isolates,

were phylogenetically distant from the original wild-type G1

strains, but were adjacent to the G3 and G10 genotypes,

implying that they may be derived from a common ancestor.

A phylogenetic tree constructed from whole-genome data,

Table 3. Comparison of the full-length genomes of the Jeju isolates and representative EV-G strains

Strain name 
(genotype)

Nucleotide identity (%) (No. of nucleotide difference)

UKG Texas1 15V010 MOI2-2-1 HgYa2-1 08_NC KNU-1811 KNU-1822 KNU-1828 KNU-1834 KNU-1835

UKG (G1)
71.4 

(2,303)
73.1 

(2,160)
73.1 

(2,154)
68.5 

(2,524)
69.4 

(2,439)
73.1 

(2,143)
73.2 

(2,151)
72.3 

(2,229)
72.7 

(2,192)
72.7 

(2,196)

Texas1 (G1)
82.6 

(1,399)
84.9 

(1,208)
78.9 

(1,698)
77.9 

(1,777)
85.0 

(1,200)
84.6 

(1,237)
84.3 

(1,263)
84.3 

(1,260)
84.6 

(1,236)

15V010 (G1)
83.9 

(1,290)
80.2 

(1,587)
79.5 

(1,647)
83.3 

(1,339)
84.1 

(1,273)
84.2 

(1,270)
84.4 

(1,252)
83.8 

(1,303)

MOI2-2-1 (G1)
82.9 

(1,366)
79.5 

(1,640)
86.5 

(1,076)
86.3 

(1,092)
86.7 

(1,062)
87.2 

(1,025)
85.8 

(1,134)

HgYa2-1 (G2)
81.3 

(1,499)
79.7 

(1,627)
80.2 

(1,586)
80.5 

(1,565)
80.4 

(1,574)
79.5 

(1,649)

08_NC (G17)
80.6 

(1,546)
80.3 

(1,577)
80.1 

(1,598)
80.4 

(1,569)
79.5 

(1,651)

KNU-1811 (G1)
85.9 

(1,127)
86.6 

(1,070)
87.5 

(1,004)
85.9 

(1,131)

KNU-1822 (G1)
86.4 

(1,093)
86.8 

(1,054)
87.8 
(974)

KNU-1828 (G1)
89.1 
(869)

88.2
(943)

KNU-1834 (G1)
87.5 
(998)

KNU-1835 (G1)

EV-G, enterovirus species G.
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excluding the PLCP sequence, in all chimeric strains also

showed the comparable grouping structure (Fig. 3B). These

data suggested that genetic alterations to EV-G, including

random mutations throughout the entire genome and a gene

insertion at a specific site, have simultaneously arisen, lead-

ing to independent evolution to the same genotype carrying

the foreign gene or other genotypes.

In summary, the prevalence of a type 1 recombinant EV-G-

PLCP virus characterized by the recombination of an exoge-

nous porcine ToV-like PLCP gene into the 2C/3A junction

region of the EV-G genome in diarrheal samples from pigs

was confirmed on Jeju Island, South Korea. To the best of

our knowledge, this is the first study to the molecular epide-

miology of EV-G recombinants in Jeju pig herds. Our study

revealed that all incidents occurred in weaned piglets and,

except for one co-infection with PEDV, all cases were type 1

EV-G1-PLCP mono-infections, indicating that there is an

association of this recombinant with post-weaning diarrhea.

Further study is need to expand our molecular-based survey,

in order to investigate the incidence of EV-G PLCP variants

and to identify the presence of type 2 recombinant EV-Gs in

Korean pig populations. VP1-based sequencing and phyloge-

netic analyses revealed that the Jeju recombinant G1 strains

are closely related to each other, having 92.5−95.7% homol-

ogy, and are also similar to previously reported recombinant

G1 strains, with 88.2−96.8% homology. However, the inserted

PLCP genes of the Jeju strains shared relatively low, vari-

able similarities with each other (82.9−90.7% homology) and

other recombinant strains (77.0−88.0% homology), indicat-

ing the heterogeneity of the foreign PLCP. These strains are

Fig. 3. Phylogenetic analysis based on the full-length genomic sequences: (A) including; (B) excluding the insertion PLCP sequences

of EV-G strains. Solid circles denote the Jeju recombinant EV-G1-PLCP strains; a solid square indicates the mainland Korean EV-

G1-PLCP strain; solid triangles denote global EV-G PLCP strains. Scale bars indicate nucleotide substitutions per site.

EV-G, enterovirus species G; PLCP, papain-like cysteine protease.
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distantly related to the mainland G1-PLCP strain KNU-1811,

which has previously been shown to have the highest PLCP

identity to the US G17-PLCP strain [10]. The sizes of the

recombinant EV-G PLCP sequences and their junction sequences

are highly heterogeneous between individual strains, suggest-

ing independent viral evolution. Collectively, these findings

indicate that genetic drift has more independently and quickly

proceeded in the exogenous PLCP sequence compared with

the endogenous viral sequence after its well-organized inser-

tion into the dominant EV-G genome. Although horizontal

viral gene transfer (e.g., cross-order recombination) occurs

infrequently, this event-derived EV-G-PLCP variants seem to

emerge frequently in the field. Furthermore, a growing body

of evidence suggests that the lateral acquisition of heterolo-

gous immune antagonist genes such as PLCP might serve as

a novel strategy for host immune evasion of EV-Gs, increas-

ing their pathogenic potential under various field situations.

Future work should be directed towards obtaining a recombi-

nant EV-G isolate that can grow efficiently in cell culture, in

order to evaluate it as a possible causative agent of porcine

diarrheal diseases. Our study advances the understanding of

the genetic evolution of EV-G driven by an extraordinary but

precise viral heterologous recombination, and supports the

notion that this uncommon event allows one of the most

prevalent but asymptomatic viruses in porcine feces to

crossly gain an exotic virus-encoded anti-immune compo-

nent from an entirely heterogeneous viral family, which con-

tinually experiences rapid genetic drift for viral fitness and

long-term survival in its natural host, ultimately transform-

ing non-diarrhea causing EV-G into clinical disease-causing

strains.
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