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A recent survey of pigs in Dong Thap province, Vietnam identified a high frequency of
enterovirus species G (EV-G) infection (144/198; 72.7 %). Amongst these was a plethora of
EV-G types (EV-G1, EV-G6 and four new types EV-G8-EV-G11). To better characterize the
genetic diversity of EV-G and investigate the possible existence of further circulating types, we
performed a larger-scale study on 484 pig and 45 farm-bred boar faecal samples collected in
2012 and 2014, respectively. All samples from the previous and current studies were also
screened for kobuviruses. The overall EV infection frequency remained extremely high (395/484;
81.6 %), but with comparable detection rates and viral loads between healthy and diarrhoeic
pigs; this contrasted with less frequent detection of EV-G in boars (4/45; 8.9 %). EV was most
frequently detected in pigs <14 weeks old (~95 %) and declined in older pigs. Infections with
EV-G1 and EV-G6 were most frequent, whilst less commonly detected types included EV-G3,
EV-G4 and EV-G8-EV-G11, and five new types (EV-G12-EV-G16). In contrast, kobuvirus
infection frequency was significantly higher in diarrhoeic pigs (40.9 versus 27.6 %; P=0.01).
Kobuviruses also showed contrasting epizootiologies and age associations; a higher prevalence
was found in boars (42 %) compared with domestic pigs (29 %), with the highest infection
frequency amongst pigs >52 weeks old. Although genetically diverse, all kobuviruses identified
belonged to the species Aichivirus C. In summary, this study confirms infection with EV-G

was endemic in Vietnamese domestic pigs and exhibits high genetic diversity and extensive
inter-type recombination.

(PEV-1-PEV-13). Further studies on their genetic related-

ness led to the reassignment of these viruses into three

Porcine enteroviruses (PEVs) are members of the family
Picornaviridae and originally consisted of 13 types

The GenBank/EMBL/DDBJ accession numbers for the sequences
obtained in this study are KT265880-KT266194.

One supplementary figure and three supplementary tables are available
with the online Supplementary Material.

separate picornavirus genera: Enterovirus, Sapelovirus and
Teschovirus (Kaku et al., 2001; Knowles, 2006; Krumbholz
et al., 2002; Zell et al., 2001). Of these, PEV-9 and PEV-
10 were classified as EV-G1 and EV-G2 serotypes in enter-
ovirus G, with the subsequently characterized EV-G types
EV-G3-EV-G6 reported in single publications from
Hungary and South Korea (Boros et al., 2011, 2012a, b;
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Moon et al., 2012). EV-G7 was subsequently discovered
from domestic sheep by A. Boros and N. J. Knowles
(unpublished). More recently, our molecular characteriz-
ation of EVs in a small number of PCR-positive faecal
samples from domestic pigs identified a further four
types (EV-G8-EV-11) within this species. The presence of
such a large amount of genetic diversity within such a
modest number of samples suggests that the full range of
EV-G types in this virus species has yet to be fully charac-
terized (Van Dung et al., 2014). In contrast to tescho-
viruses, infections with EV-G have not been linked to any
enteric or other disease presentations (Knowles, 2006)
except for skin lesions (Knowles, 1988) and flaccid paralysis
in an experimental infection of pigs in China (Yang et al,
2013). Viruses in this species have been reported from both
healthy and diarrhoeic pigs with no statistically significant
difference in infection rates between the two groups (Van
Dung et al., 2014).

Porcine kobuvirus (PKV) was first identified in 2008 in
Hungary (Reuter et al, 2008). Whilst screening 15 faecal
samples from pigs for calicivirus (norovirus and sapovirus)
using reverse transcription-PCR, Reuter et al. (2008)
detected, in addition to a band specific for sapovirus,
a non-specific, strong band of ~ 1.1 kb in all tested samples
visible on agarose gel. The nucleotide sequence of the non-
specific PCR product showed most similarity to the 3C/3D
region of bovine and human aichiviruses. Upon analysis of
the obtained complete nucleotide sequence, the new PKV
was assigned as a member of a new species (Aichivirus C)
in the genus Kobuvirus, which also includes the species Aichi-
virus A and Aichivirus B, originally detected in humans and
oxen, respectively. The species Aichivirus C consists of a
single type, PKV-1. The existence of PKV-1 in pigs has
been well documented in different countries worldwide
(Amimo et al., 2014; Barry et al, 2011; Chen et al., 2013;
Di Bartolo et al., 2015; Fan et al., 2013; Khamrin et al.,
2009, 2010; Okitsu et al., 2012; Park et al., 2010; Reuter
et al., 2013; Sisay et al., 2013); however, in Vietnam, PKV-1
has only been reported from river water (Inaba et al., 2014).

We have performed this larger-scale screening study to
better understand the prevalence, genetic diversity and

disease association of EVs and kobuviruses infecting pigs
and farm-bred boars (hereafter referred to as ‘boars’) in
Vietnam.

RESULTS

Detection of EVs

EV RNA was detected in all but one (103/104; 99 %) of
the farms containing domestic pigs and in three from six
(50 %) farms housing boars. In total, 395 of 484 (81.6 %)
samples from domestic pigs and four of 55 (8.9 %) boar
samples were PCR-positive (Table 1). Pigs <14 weeks
old were the most frequently infected with faecal detection
frequencies of nearly 95 %. Lower detection frequencies
were observed in older pigs with the lowest rate (50.5 %)
in pigs >1 year old. Combining screening data with that
of our previous samples, we found no significant difference
in the frequency of detection of EV infection between the
two groups in all age ranges (Table 1). The lack of any
direct causative role of EV-G in enteric disease in pigs
was further demonstrated by our observation that pigs
with diarrhoea showed slightly lower EV-G RNA viral
loads than found in healthy pigs (P=0.008, Mann—Whitney
test; Fig. 1).

Detection of kobuviruses

The overall detection frequencies of kobuviruses in dom-
estic pigs and boars were 29.3 (200/682) and 42.2 %
(19/45), respectively. In contrast to EV-G, kobuviruses
were significantly associated with diarrhoea in pigs, with
an infection frequency of 40.9 % (36/88) in diarrhoeic
pigs and an infection frequency of 27.6 % (164/594) in
asymptomatic pigs (P=0.01; y>-test). This positive associ-
ation was, however, most marked in pigs >52 weeks old in
which the highest prevalence (67.9 %) was recorded. For
pigs <23 weeks old, infection frequencies were highest in
sucklers and generally decreased with age.

In order to elucidate whether PKV viral loads were associ-
ated with the clinical status of pigs, a real-time PCR

Table 1. Detection of EVs and PKVs in pigs

Pigs Age (weeks) No. of EV prevalence  P-valuet PKV prevalence  P-valuet  EV/PKV co-infection  P-valuet
pigs tested* (%)* (%)* (%)*
Suckler <7 11/78 90.9/93.6 0.56 63.6/59 1 63.6/53.8 0.75
Weaner 7-14 32/147 93.8/94.6 1 18.8/25.9 0.4 18.8/24.5 0.49
Grower 15-23 8/117 75/82.9 0.63 25/16.2 0.62 25/13.7 0.32
Gilts 24-52 0/68 —/70.6 - —/26.5 - —/17.6 -
Matured >52 28/106 39.3/48.1 0.4 67.9/25.5 2.7x107° 28.6/13.2 0.08
Total - 79/516% 72.2/79.1 0.17 43/28.7 0.01 29.1/23.3 0.26
*Data are presented in pairs of diarrhoeic/non-diarrhoeic samples.
t+Fisher’s exact test or y *-test.
$Only samples from the previous and current studies with available data (age and clinical status) are included.
http://jgv.microbiologyresearch.org 379
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Fig. 1. Box plot of EV RNA viral load of EV-G screen-positive
sample suspensions from healthy and diarrhoeic pigs. Plots
represent median and interquartile range (with outliers). The
Mann—Whitney test was applied to compare medians between
groups.

protocol was developed. The assay had a detection limit
of 100 PKV RNA copies per reaction and an amplification
efficiency of 89 % (data not shown). It showed good speci-
ficity (no false positives in 20 samples negative by nested
PCR) and sensitivity (97/100 samples positive by nested
PCR were detected by real-time PCR). The median log;,
viralload (7.7 copies mI™") of PKV in 41 matured pig samples
was significantly higher than that (6.4 copies ml™') in
the group of 56 younger pig samples (P=0.0003, Mann—
Whitney test; Fig. 2a). However, there was no significant
difference in the viral loads (median log;o viral loads of
7.99 and 7.56 copies ml™', respectively) between matured
pigs with and without diarrhoea (P=0.22 by Mann—Whitney
test; Fig. 2b).

The differences in the co-infection rates were not signifi-
cant in any age categories between the two groups of diar-
rhoeic and non-diarrhoeic pigs (P> 0.05). Co-infection
with EV and PKV was most common in the youngest
pigs (Table 1).

Genetic characterization of porcine EVs

A range of EV variants in a subsample of 177 positive
samples representing all sampling districts, C; value

ranges, ages and clinical status of infected pigs, and four
boar positive samples were typed by sequencing of the
VP1I region. All VP1 sequences obtained from 130 samples
(including four from boars) clustered with the species G
EVs (Fig. 3). Phylogenetic and sequence distance analysis
of this region showed the most commonly identified pre-
viously described type was EV-G1 (n=57 sequences, three
boar-derived), followed by EV-G6 (n=29), EV-GIl1
(n=9), EV-G4, EV-G8 and EV-G9 (n=6 of each type),
EV-G3 (n=5) and EV-G10 (n=2). The other 10 VP1
nucleotide sequences were substantially divergent
(>25 %) from other EV-G types and have been assigned
as new types EV-G12-EV-G16 by the International Com-
mittee on Taxonomy of Viruses Picornavirus Study
Group (Fig. 3).

Analysis of data shows that young pigs were more fre-
quently infected with EV-G1 and EV-G6 compared
with other EV-G types, with median ages of 2 and
1.75 months, respectively. Meanwhile, other types
were generally found in older pigs (median age 4
months) (Table S1, available in the online Supplemen-
tary Material). These differences were statistically sig-
nificant (P<0.0001 and P=0.0001 by Mann—Whitney
test; Fig. 4).

Sequence and phylogenetic analysis of PKVs

In total, 184 VPI1 sequences were obtained from 173
positive samples, including 15 from boars (Fig. 5).
Co-infection with two kobuvirus variants was detected
in 11 samples by sequencing of VP1. All the VP1
sequences in the current study clustered within aichivirus
C with nucleotide and amino acid sequence distances
ranging from 0 to 22.3% (mean 14.3 %) and 0 to
17.6 % (mean 8.5 %), respectively. In comparison with
VP1 sequences of aichivirus C available in GenBank,
the novel sequences produced here showed 9.1-23.6
and 0.45-17.5 % nucleotide and amino acid distances,
respectively. In the resulting phylogeny, sequences from
Vietnam were segregated into six groups (groups 1-6)
with sequences from boars representing five distinct
lineages, whilst those from domestic pigs clustering in
three large groups. Groups 1-3 appeared to be most clo-
sely related to sequences from China (GenBank accession
numbers KJ452348, KF539763 and KF157926), whilst
groups 4-6 were most closely related to sequences
from the USA (GenBank accession number JX987506),
Hungary (GenBank accession number GQ249161.1)
and Thailand (GenBank accession number AB624490),
respectively. To test whether specific groups were associ-
ated with diarrhoea, association index values were
calculated using genetic groups 1, 3 and 6 for group
assignments and diarrhoea/non-diarrhoea as the associ-
ated variable. The calculated association index values of
0.45, 0.85 and 0.66 for the three groups, respectively,
provided no evidence for a difference in clinical out-
comes between groups.
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Fig. 2. PKV RNA viral load of pig sample suspensions in (a) different age groups and (b) healthy or diarrhoeic matured pigs.
Bars show median values. The Mann—Whitney test was applied to compare medians between groups.

Recombination of new types EV-G8 and EV-9

To perform a recombination analysis, complete coding
region sequences of two new types were obtained by over-
lapping PCR amplifications. Phylogenetic relationships
between EV-G8 and EV-G9 and other EV-G types for
which complete genome sequences were available were
inconsistent in several different regions of the genome (5’
UTR, VP4/VP2, VP1 and 3D), indicative of recombination
(Fig. 6). Most obviously, whilst sequences from the 5" UTR
and VP4/VP2 and VP1 regions of the two novel EV-G types
(EV-G8 and EV-G9) clustered separately from all other
known EV-G types, sequences from the 3D regions of
these novel viruses clustered together and formed a well-
supported monophyletic clade (Fig. 6). To identify sites
where recombination was likely to have occurred, a nucleo-
tide distance scan (Fig. 7a) and grouping scan (Fig. 7b)
were performed using EV-G9 as the reference sequence.
EV-G9 was equally divergent from EV-G8 in P1 as it was
from other types, but divergence values between EV-G8
and EV-G9 plunged at the boundary of P1/P2 to values
equal to or lower than the mean pairwise distance of
sequences within EV-G9. The analysis localized the break-
point to the middle of the 2A region.

DISCUSSION

This is the first large-scale study of the prevalence and gen-
etic diversity of EVs and kobuviruses in pigs and boars,

providing substantial new information on their high infec-
tion frequencies and co-circulation of multiple types and
lineages of both viruses in domestic pigs and boars in
Vietnam.

The overall detection frequency of EVs in domestic pigs
(81.6 %) was notably higher than those reported in Spain
(0 %), Italy (7.5 %), China (8.3 %) and the Czech Republic
(50.2 %) (Buitrago et al., 2010; Prodélalova, 2012; Sozzi
et al., 2010; Yang et al, 2013). In contrast, detection of
EV RNA in boars in this study was much lower than the
50 and 69.4 % prevalence reported in Hungary (Boros
et al, 2012a) and the Czech Republic (Prodelalova,
2012), respectively. High rates of EV infection in young
pigs (detection rate >90 %) suggested that these viruses
maintain endemic transmission in this population. Infec-
tion rates declined with the age of the pigs, to 50.5 % in
matured pigs, consistent with a limited period of active
infection by and faecal excretion of circulating EV-G
types, followed by clearance and likely immunity to reinfec-
tion. The greater likelihood of encountering the most
actively circulating EV-G types (EV-G1 and EV-G6) early
in life may account for their increased detection in younger
pigs (Fig. 4). As a result of the more limited circulation of
other EV-G types, first exposure may be delayed and there-
fore account for the increased age range of pigs in which
these types are detected.

Even though domestic pigs and boars are typically reared
separately, we found that EV-GI1 infected both animal

http://jgv.microbiologyresearch.org
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Fig. 3. Phylogenetic comparisons of VP1 sequences (nt 2469-3317) from study samples and available sequences of other
EV-G variants from GenBank. Maximum-likelihood phylogenetic trees were reconstructed using 1000 bootstrap resamples to
demonstrate the robustness of groupings; bootstrap support values of =70 % are shown. The tree was rooted using bovine
enterovirus (BEV; GenBank accession number AF123433) as outgroup. The tree was drawn to scale; bar, estimated number

of substitutions per site.

populations. Furthermore, variants were phylogenetically
interspersed, indicating transmission events between the
two populations. How this occurs is currently unclear as
the boars were sampled in farms without domestic pigs
and vice versa.

Our study provided no evidence that infections with EV-G
caused diarrhoea, with comparable detection frequencies in
pigs with and without symptoms (Table 1), consistent with
a previous study (Prodélalova, 2012). To date, only EV-G1
virus has been specifically associated with disease in pigs,
based on observations from the experimental infection of
pigs in China in which two of 12 specific pathogen-free
2-week-old pigs exhibited flaccid paralysis of the hind

limbs with EV RNA detected in plasma, spinal cord and
brain. In that experiment, the sample supernatant (not
EV isolate) was filtered through 0.22 pm microfilters
before inoculation (Yang et al., 2013; Zhang et al., 2012).
The sample was negative for a number of pathogens in
pigs (e.g. porcine teschoviruses, porcine circovirus type 2,
porcine reproductive and respiratory syndrome virus, clas-
sical swine fever virus, porcine epidemic diarrhoea virus,
porcine rotavirus, hepatitis E virus). However, findings
from our study indicate that this must be a rare outcome
of infection given the absence of any evident neurological
disease in pig farms where EV-G1 (and other EV types)
circulate extensively.
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Fig. 4. Box plot of EV types by pig ages. Note the y-axis is dis-
played in a logio format. Plots represent median and interquartile
range (with outliers). The Mann—Whitney test was applied to
compare medians between groups.

Genetic diversity and recombination in EV-G

Findings of four new types (EV-G8—EV-Gl11) from only 20
positive samples in our previous study suggested that the
genetic diversity of EV-G had not been characterized com-
pletely (Van Dung et al., 2014). This conclusion was
supported by the detection of five more novel types from
130 positive samples in the current study. There is no
doubt that more new EV-G types will continue to be
detected from pigs from different countries in the future.
To further characterize the genetic diversity of EV-G and
the potential occurrence of recombination between types,
almost complete genome sequences of EV-G8 and EV-G9
were obtained and compared with those of other EV-G
types. Collectively, EV-Gs show generic characteristics,
such as patterns of divergence, codon usage and non-
synonymous to synonymous substitutions that occur in
other picornaviruses prone to extensive recombination,
including EV-A-EV-C (Van Dung et al., 2014; Oberste
et al., 2004; Simmonds, 2006). Consistent with these pre-
dictions, recombination in the EV-G genome was detected,
with breakpoints located at the border of the 5' UTR and
VP4 of the EV-G5 prototype sequence (Boros et al.,
2012b). Our previous study additionally identified other

recombination occurring in the HM131607-G1 genome
and other EV sequences from domestic pigs in Vietnam
(Van Dung et al., 2014). In the current study, sequences
of EV-G8 and EV-G9 variants showed significant phyloge-
netic incongruence between 3D (in which EV-G8 and
EV-G9 sequences grouped together) and other regions (5
UTR, VP4/VP2 and VP1, where EV-G8 clustered separately
from EV-G9 sequences). This inconsistency in tree topology
is strongly suggestive of recombination. Fragments 3
(nt 2395-3390) and 4 (nt 2679-5419) of the EV-G9 var-
iants, both amplified by a single PCR (Fig. S1), had a long
identical overlapping region that was distinct from the
corresponding region of EV-G8. This helped rule out
the possibility of hybrid viruses formed by assembly error
from co-infection of individual pigs with two or more EV
variants. When comparing the EV-G8 and EV-G9 variants,
a nucleotide sequence divergence scan (Fig. 7a) showed
considerable divergence in P1; from the middle of 2B to
the end of the coding region, however, divergence declined
substantially to levels even lower than that observed within
EV-G9 sequences alone. The grouping scan (Fig. 7b), which
quantifies degrees of grouping with pre-defined groups
(types), similarly identified a recombination breakpoint in
the middle of the 2A region.

Infection frequencies, diversity and disease
associations of PKV

In accordance with previous studies (Chen et al., 2013;
Park et al., 2010), our study showed an association between
PKV detection and the presence of diarrhoea in matured
pigs (Table 1), indicating its potential aetiological role in
gastrointestinal disease, at least in older pigs. In marked
contrast to EV infections, however, the highest detection
rates were observed in diarrhoeic pigs >52 weeks old
(matured pigs). This contrasts with reports from other
countries where pigs <6 months old, particularly sucklers,
were most susceptible to PKV infection (Chen et al., 2013;
Park et al, 2010). Furthermore, we found viral loads of
PKV in matured pigs to be significantly higher than that
in the younger pigs.

This observation of increasing detection frequencies with
age may simply reflect the possibility that PKV circulates
less extensively than other enteric viruses, such as EV-G,
and that infections are skewed towards older age groups
with greater cumulative exposure. Another hypothesis to
explain increasing detection frequencies and greater viral
loads in older animals is that PKV infections are naturally
persistent, and pigs may sequentially acquire long-term
infections with one or more PKV variants over time.
Although frequencies of persistence in PKV and other
kobuviruses are poorly documented, genomes of all mem-
bers of this genus possess structured RNA genomes (Davis
et al., 2008; Simmonds et al, 2004) — a generic property
associated with persistence in several other picornavirus
genera and amongst other families of positive-stranded
RNA viruses. High rates of detection in older pigs and

http://jgv.microbiologyresearch.org
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boars without diarrhoea, and the lack of association
between viral load and symptomatic infection in matured
pigs, indeed questions a direct aetiological link between
PKV and gastrointestinal disease. It is possible, for
example, that the greater detection frequency of PKV in
cases of diarrhoea was secondary to altered mucosal immu-
nity and inflammatory processes consequent to bacterial or
other viral infections causing diarrhoea (Frémont et al,
2013). These processes may serve to reactivate normally
relatively quiescent infections with PKV. Consistent with
this possible incidental association with gastrointestinal
disease, comparison of the phylogeny of VP1 sequences
from diarrhoeic and non-diarrhoeic pigs provided no evi-
dence for the existence of specific lineages associated with
gastrointestinal disease. Formal testing of the association
of this trait with phylogenetic position by calculation of

association index values (Wang et al, 2001) confirmed
this lack of association.

VP1 sequences of PKV variants clustered in six genetically
diverse groups that showed the closest relatedness to
sequences from China, the USA, Hungary and Thailand.
VP1 contains a number of neutralization domains and
the gene encoding this protein has been extensively used
for (sero)type identification. The species Aichivirus C is
currently classified as a single type, PKV-1, which includes
variants with uncorrected VP1 nucleotide sequence dis-
tances ranging from 0 to 22.6 %. There is no information
on the extent of antigenic, neutralization or protective
immunity differences between variants of PKV, or whether
members of different genetic groups identified in VP1 cor-
respond to serotypes of other EVs. By analogy with other
EVs, EV-A-EV-D (sero)types show >25% nucleotide
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sequence distances from each other in VP1 (Oberste et al.,
1999), whilst different rhinovirus serotypes in the same
genus indeed show divergences of >12-13 % (Mclntyre
et al., 2013). As PKV VP1 sequence distances lie between
these two thresholds, prediction of their serological proper-
ties using this type of comparative approach is problematic.
However, the detection of different PKV variants in the
same samples is more consistent with them being antigeni-
cally distinct and lacking cross-protection, comparable to
what is observed with different serotypes of poliovirus
and foot-and-mouth disease virus (Alexandersen &
Donaldson, 2002; Alexandersen et al., 2002).

CONCLUSIONS

This large-scale study showed high prevalence and genetic
diversity of EV-G and PKV in pigs and boars in Vietnam.
These are clearly widely distributed, with endemic infec-
tions circulating in both domestic pigs and boars, and
demonstrate the ease with which enteric viruses likely
transmitted by faecal/oral routes can become established
in and transmit within farmed animal populations.
Whilst the pathogenicity of neither virus is clearly estab-
lished in either this or previous studies, further genetic
and epizootiological characterization of these viruses will
contribute to our understanding of their transmission

patterns and the farming practices that affect their
spread. Future studies may also provide new insights into
the factors that underlie the transmission and dissemina-
tion of more specifically pathogenic viruses, such as rota-
viruses, that present a much greater challenge to animal
welfare and productivity.

METHODS

Sampling. Faecal samples were collected from 104 farms in four
districts of Dong Thap province between February and May 2012.
At each farm, 10 freshly voided samples from randomly selected
healthy pigs and up to four samples from pigs with diarrhoea were
collected. From this collection, a subsample of 198 samples, including
70 diarrhoeic samples, were screened in a previous study (Van Dung
et al., 2014). In the current study, we extended the screening of EVs to
the 18 remaining diarrhoeic samples and 466 samples representing
three to five healthy pigs per farm. In addition, 45 faecal samples
collected in April 2014 from healthy farm-bred boars that were
housed in typical livestock pens on six farms in Dak Lak province
were also included. All 727 samples from pigs and boars were also
screened for kobuviruses.

Screening and typing of EVs. RNA was extracted from faecal
samples using a MagNA Pure 96 Viral NA small volume kit (Roche)
and an automated extractor (Roche) as described previously (Van
Dung et al., 2014). Reverse transcription using SuperScript III reverse
transcriptase (Invitrogen, UK) was performed according to the
manufacturer’s instruction. EVs were screened by a real-time PCR

http://jgv.microbiologyresearch.org

385



N. Van Dung and others

(@ w— | | | (550 [ [0 |
5"UTRVP4 VP2 VP3 VP1 2A ZB 2C SABB 3C 3D
0.50 Y PO AT YT | PR TP PSTY SYT PYVEY OO Lisaal N 1 AT PR I
) r—— thm G9
E —— 714418-G8 3

Pairwise distance

—— Y14459-G1/UK E
HM131607-G1/China |-

—— KF985175-G1/USA |
—— AF363455-G2 r
—— HQ702854.1-G3 |
—— INB07387.1-G4
JQ277724.1-G5

"l —— JQ818253.1-G6

O: i TEEEL] LRGSR | I

0 800 1600 2400 3200

aE RESEN REEAY T T (EALES LAES [}

4000 4800 5600 6400 7200 8000

Genome position (nt)

(b)

0.9
0.8 -
0.7 -
0.6 -

0.5 S

0.4

Grouping score

0.3

0.2 7 [(

0.1

\M’V **\,JJ‘ W W g

— 714418-G8
—— HQ702854-G3 H
AF363453-G1 -

—
0 800

T T T T
1600 2400 3200 4000 4800 5600 6400 7200 8000

Genome position (nt)

Fig. 7. (a) Nucleotide sequence divergence within EV-G9, and between EV-G9 sequences and other EV-G types. Y-axis
values show mean pairwise distances between 300-base windows across the genome, incrementing by 30 bases between
fragments. (b) Grouping scan analysis of the sequence 734087-G9. Sequence fragments of 300 bases incrementing by 30
bases, 100 bootstrap replicates, were compared with sequences from other types. To show gene boundaries, the P2 and P3
regions are shaded grey and a scale representation of gene positions in the EV polyprotein is shown above the graphs.

protocol (Beld et al., 2004). Typing of EVs from 177 positive samples,
including 10 from diarrhoeic pigs, representing ranges of geography,
C, values and ages of infected pigs, was performed by amplification
and sequencing of the VP1 region as described previously (Van Dung
et al., 2014). VP1 products of the nested PCR were sequenced on both
strands using BigDye Terminator version 3.1 (Applied Biosystems)
and primers for second-round PCR.

Screening and characterization of kobuviruses. Synthesized
cDNA was screened for kobuviruses by nested PCR using primers
targeting the 3D region of all known kobuviruses (Table S2). The

conditions for amplification (using GoTaq DNA polymerase; Pro-
mega) were 95 °C for 5 min, and 30 cycles of denaturation (94 °C,
30s), annealing (54 °C, 30s) and elongation (72 °C, 45s). Kobu-
viruses in positive samples were characterized by amplification and
sequencing of the VPI region with similar amplification conditions
for EV VP1 as described previously (Van Dung et al., 2014) but using
an annealing temperature of 58 °C in both rounds.

PKV viral load measurement. Using PKV sequences available from
GenBank, primers and a probe targeting the 5 UTR region were
designed to develop a real-time PCR protocol for measurement of
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PKV viral load. The 200 bp target region in the 5" UTR amplified
from a positive sample was cloned into pGEM-T Easy Vector (Pro-
mega). The linearized recombinant plasmid was used as template for
transcription using a MEGAscript T7 transcription kit (Ambion) as
previously described (McLeish et al., 2012). RNA transcripts were
used to assess the detection limit and efficiency of the assay before
application on a subsample of 100 positive samples. These samples
were selected to represent healthy and diarrhoeic pigs of all age
groups, with the focus on the group with disease association (matured
pigs). The specificity of the assay was checked with 20 randomly
selected negative pig samples that were negative for PKV, but positive
for EV. Each reaction of 20 pl total volume contained primers
(PKV_332s, PKV_533a) and probe (PKV_505a_probe) at final con-
centrations of 0.4 and 0.2 UM, respectively, cDNA (5 ul), and 10 pl of
SensiFAST Probe Hi-ROX kit (Bioline) Master Mix. After initial
denaturation at 95 °C (5 min), amplification was performed in 45
cycles of 95 °C for 10 s and 60 °C for 35 s (acquisition step). Primers
and probe used in this study for kobuviruses are listed in Table S2.

Complete genome sequencing of EVs. Primers were designed
using VP1 sequences available from this study and reference
sequences from GenBank to obtain nearly complete genomes of
viruses representing EV-G8 and EV-G9 (Fig. S1, Table S3). Nested
PCR amplifying regions from ~700bp to 2.5kb in length were
performed. For each reaction, 6 pl extracted RNA was used for cONA
synthesis in combination with first-round PCR using a Superscript III
One-Step RT-PCR System with Platinum Taq High Fidelity (Invi-
trogen). Then, 1 ul of the first-round reaction was used as template
for the second-round PCR with amplification (using GoTaq DNA
polymerase; Promega) conditions as follows: 95 °C for 5 min, and 30
cycles of denaturation (94 °C, 30s), annealing (50 °C, 30s) and
elongation (72 °C, 60 s) in a thermal cycler. A SequalPrep long PCR
kit (Life Technology) was used according to the manufacturer’s
instruction instead of GoTaq DNA polymerase to amplify fragments
>2 kb.

Sequence analysis. Sequences were imported into SSE (Simmonds,
2012) for alignment and calculation of sequence divergence values
from reference sequences of known EV types. Maximum-likelihood
phylogenetic trees were reconstructed as described in our previous
study (Van Dung et al., 2014) using the MEGA 5.2 software package
(Tamura et al., 2011) with 1000 bootstrap resamples and best-fitting
models (Tamura—Nei, gamma distribution for EV VP4/VP2 and VP1,
Tamura three-parameter model, gamma distribution for EV 5" UTR
and 3D, general time-reversible gamma distribution with invariant
sites for kobuvirus VP1). Nucleotide distance scans and grouping
scans (Simmonds & Midgley, 2005) implemented in SSE were applied
to identify recombination breakpoints. Analysis of phylogenetic
groupings was performed by determining association index values
(Wang et al., 2001) using the program in ssE with 100 bootstrap
replicates.

Statistical analyses. Fisher exact test, xz-test and Mann-Whitney

test incorporated in Minitab 17 were used to compare data between
groups of interest when appropriate as specified.
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