Arch Virol (2008) 153:1323-1334
DOI 10.1007/s00705-008-0098-6

ORIGINAL ARTICLE

Genetic polymorphism of the nsp2 gene in North American
type-Porcine reproductive and respiratory syndrome virus

Masaaki Yoshii - Tatsuyuki Okinaga -
Ayako Miyazaki - Kanako Kato *
Hidetoshi Ikeda - Hiroshi Tsunemitsu

Received: 22 November 2007 / Accepted: 23 March 2008 / Published online: 10 June 2008

© Springer-Verlag 2008

Abstract We determined the complete nucleotide
sequence of EDRD-1, a Japanese strain of the North
American type-Porcine reproductive and respiratory syn-
drome virus (PRRSV), and identified a novel 117-base
deletion and 108-base insertion previously reported in the
nsp2 gene of the SP strain, which contains the largest
genome among PRRSV strains. Based on genetic analysis
of the partial nsp2 gene in 30 additional Japanese isolates
and 50 strains from various countries, we classified North
American-type PRRSVs into three nsp2-types, represented

The GenBank/EMBL/DDBJ accession numbers of the sequences
reported in this paper are AB288110-AB288139 and AB288356.

Electronic supplementary material The online version of this
article (doi:10.1007/s00705-008-0098-6) contains supplementary
material, which is available to authorized users.

M. Yoshii (X)) - T. Okinaga - A. Miyazaki - H. Tsunemitsu
Research Team for Viral Diseases,

National Institute of Animal Health,

Tsukuba, Ibaraki 305-0856, Japan

e-mail: mnyoshii @yahoo.co.jp

K. Kato - H. Ikeda

Research Team for Zoonotic Diseases,
National Institute of Animal Health,
Tsukuba, Ibaraki, Japan

Present Address:

M. Yoshii

Himeji Elsa Animal Hospital,
Himeji, Hyogo 670-0811, Japan

Present Address:

H. Ikeda

Laboratory of Veterinary Public Health,

School of Veterinary Science,

Nippon Veterinary and Life Science University,
Musashino, Tokyo 180-8602, Japan

by EDRD-1, which contains the 117-base deletion and 108-
base insertion; prototypic VR-2332, which does not contain
the deletion and insertion; and SP, which contains only the
108-base insertion. The three nsp2-types were phyloge-
netically separated, suggesting that these structural changes
only occurred at earlier stages of viral evolution. In the
nsp2 genes, we identified an additional 19 deletions rang-
ing from 3 to 378 bases and 2 insertions of 3 and 21 bases
which were not common within each nsp2-type, suggesting
that these changes occurred at later stages of viral evolu-
tion. In addition, our results suggest that the three nsp2-
types can be rapidly differentiated by RT-PCR using their
polymorphisms as natural tags.

Introduction

Porcine reproductive and respiratory syndrome virus
(PRRSV) is the causative agent of porcine reproductive and
respiratory syndrome (PRRS), which is typically character-
ized by acute reproductive and chronic respiratory diseases
in sows and piglets, respectively [2]. PRRS emerged nearly
simultaneously on two different continents, with its initial
recognition in North America in 1987 [17], followed by
Europe in 1990 [32, 42]. The two PRRSV isolates, whose
evolutionary history remains unknown, show approximately
60% genome identity [1, 27] and are classified into two
distinct genotypes, namely the North American-type (NA-
type) and European-type (EU-type). PRRSV is characterized
by a high mutation rate [8, 15], with a potential risk of new
PRRSV strains emerging. Recently, a few reports indicate
the emergence of potentially high pathogenic variants of
PRRSV as the possible cause for large-scale outbreaks with
high mortality in China in 2006 [22, 41].
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PRRSV is a member of the order Nidovirales, family
Arteriviridae, genus Arterivirus [3, 38]. PRRSV is an
enveloped virus composed of a positive-sense, single-
stranded RNA genome [25]. The 5'-capped and 3’-poly-
adenylated viral genome is approximately 15 kb in length
and encodes nine open reading frames (ORFs), ORFla, 1b,
2a, 2b, 3, 4, 5, 6 and 7, which are transcribed into a nested
set of subgenomic mRNAs [5, 25, 43]. ORFla and ORF1b,
which cover the four-fifths of the 5'-terminal region of the
genome, encode nonstructural proteins (nsps), whereas the
remaining ORFs encode structural proteins. ORFla and
ORFlab are translated into two polyproteins which are
cleaved to produce nspl-nsp8 and nsp9-nspl2, respec-
tively. ORFla- and ORFlab-derived nsps possess protease
[36, 46] and replicase-related activities, respectively.

Nsp2 was previously suggested to possess cysteine pro-
tease activity for autocleavage [36]. Other studies reported
that nsp2 and nsp3 are involved in formation induction of
double-membrane vesicles associated with the Equine
arteritis virus replication complex, suggesting the creation
of a suitable microenvironment for viral RNA synthesis [33,
37]. Further, nsp2 was also reported to be highly antigenic
[4,29]. The nsp2 gene shows the highest genetic diversity in
the viral genome, as well as polymorphisms of considerable
sizes, including a 108-base insertion [35] and various 3- to
333-base deletions [6, 7, 11, 13, 22, 28, 34, 41]. In partic-
ular, in potentially high pathogenic Chinese isolates, a
discontinuous deletion of 90 bases was reported as an epi-
demiological genetic marker [22, 41].

PRRSYV genotypes also show considerable genetic vari-
ation and contain several phylogenetic clusters [9, 12, 16,
23, 34, 39, 45]. Our previous study on ORF5 gene showed
that the majority of Japanese isolates are classified into a
distinct cluster, tentatively named cluster III, which also
includes one Taiwanese and one Chinese isolate [45]. To
date, no cluster III isolate has been genetically characterized
in detail. Here, we genetically characterized the Japanese
EDRD-1 strain [26], which was isolated earlier in Japan and
belongs to ORFS5-cluster III. Based on further genetic
investigation of nsp2 gene polymorphisms, we provide a
novel classification of NA-type PRRSV into three nsp2-
types, which are suggested to be rapidly discriminated by
RT-PCR using polymorphisms as natural tags.

Methods

Cells and viruses

Porcine alveolar macrophages (PAM) were obtained from
approximately 4-week-old pigs, as previously described

[24], and cultured in RPMI-1640 medium supplemented
with 10% fetal bovine serum and antibiotics. Monkey kidney
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cell line MARC-145 [19] was cultured in Eagle’s minimum
essential medium supplemented with 5% fetal bovine serum.
The 31 Japanese PRRSV isolates used in this study are
listed in Table 1. The 2000-2001 isolates were passaged
twice in PAM, with the exception of Jtgl, which was
passaged three times in MARC-145 and twice in PAM,
whereas the 1992-1993 isolates had various passage-his-
tories. All viruses were used in a previous analysis on
genetic variation of the ORF5 gene [45], with ORF5-based
phylogenetic clusters listed in Table 1. The EDRD-1 strain
was cloned by three rounds of limiting dilution in PAM,
and the virus of the 14th passage on PAM was used for
sequencing analysis. The EDRD-1 strain, as well as the
lung homogenate from which it had been isolated, were
kindly provided by Dr. Y. Murakami, National Institute of
Animal Health. Two Japanese isolates, Gu922M [20] and
Jtgl, were previously provided by Dr. H. Kuwahara,
Nippon Institute for Biological Science, and Dr. T. Saito,
Tochigi Livestock Hygiene Service Center, respectively.
An attenuated vaccine strain, Ingelvac® MLV (Boehringer
Ingelheim Vetmedica), was propagated in MARC-145
cells, which were then used for nsp2-typing by RT-PCR.

RT-PCR and nucleotide sequencing

Primers used in this study are listed in Table 2. RNA was
extracted from 200 pl of lung homogenate or cell culture
supernatant of PRRSV-infected PAM or MARC-145 cells
using a High Pure Viral RNA kit (Roche). The EDRD-1
genome was reverse transcribed using ReverTra Ace-alpha
(Toyobo) and genome-specific primers, followed by
amplification into five fragments using high-fidelity DNA
polymerase KOD-plus (Toyobo) and primer pairs 153F/
4137R, 4037F/7793R, 7117F/10062R, 9669F/12148R and
12040F/15325R. PCR products were purified using a High
Pure PCR Product Purification Kit (Roche), and sequenced
using the primer-walking method with a BigDye Termi-
nator v3.1 Cycle Sequencing Kit (Applied Biosystems) on
an ABI 3100 genetic analyzer (Applied Biosystems). The
5'- and 3’-ends of the EDRD-1 genome were determined
using a 5 RACE kit version 2.0 (Invitrogen) and a 3’
RACE kit (Takara), respectively.

To determine the nucleotide sequence of the partial nsp2
genes from 30 additional Japanese isolates, amplification of
the complete nsp2 gene (expected size: 3,277 bp in the SP
strain, which possesses the largest genome among PRRSV
strains by including an 118-base insertion) was first per-
formed using the 1184F and 4343R primer pair, KOD-plus
polymerase, and cDNA synthesized with random hexamers,
followed by amplification of the partial nsp2 gene by nested
PCR (expected size: 1,485 bp in the SP strain) using the
2543F and 3910R primer pair. PCR conditions consisted of
preheating at 94°C for 2 min, followed by 35 cycles
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Table 1 NA-type PRRSV investigated and their genetic profiles
Isolate Isolation ~ Nsp2-  Typing RT-PCR Deletion (and insertion) B-cell ORF5-  Accession
year or type - - - - epitope?  cluster  no.
country Region  Region aa Possible range Direct .
A B size of aa positions repeats
in nsp2 of SP strain
Japanese isolates
EDRD-1 1992 E S L 39° 495-533 to 511-549* + + I AB288356
(36)"  (813-848)" - +
EDRD-8 1993 E S L — I AB288110
Gu922M 1992 E S L — I AB288111
Chiba 14 1993 E S L — I AB288112
Ibaraki 3 1993 E S L — III AB288113
Aomori 93-1 1993 E S L 1 814 — + I AB288114
Kagoshima-N14 1993 E S L — I AB288115
Jfs1 2000 E S L - I AB288116
Jigl 2000 E S S (1) (554-555) - + I AB288117
31 784-814 - +
Intl 2000 E - L 126" 304-429 — + I AB288118
Jiw2 2000 E S L 4 619-622 — + I AB288119
Jsz2 2000 E S L — III AB288120
Jsz3 2000 E S L 1 555 to 556 + + III AB288121
Jytl 2000 E S L — I AB288122
Jyt3 2000 E S L 1 555 to 556 + + I AB288123
7 (801-802) — —
Jstl 2000 E S L — I AB288124
Jehl 2000 E S L — I AB288125
Jiwl 2000 E S L — III AB288126
Jibl 2000 E S L — I AB288127
Jsal 2001 E S L 6 778-1783 + - I AB288128
Jynl 2000 E S L - I AB288129
Josl 2000 \% L S 3 594-596 + + v AB288138
Jam2 2000 \% L S 3 594-596 + + I AB288139
Kyoto 93-1 1993 \% L S — I AB288131
Nagasaki 93 1993 A\ L S — I AB288132
Jycl 2000 \% M¢ S 1 469 to 470 + + I AB288133
19 495-513 to 509-527  + +
Aichi-N20 1993 v L S — I AB288134
Jsil 2000 v L S 1 429 to 434 + + I AB288135
\% 1 469 to 470 + +
Jis2 2000 \% L — I AB288136
Jisl 2000 \% L — I AB288137
Jyt2 2000 S L (36)  (813-848) — I AB288130
Database isolate
VR-2332 USA v NT NT — I PRU87392
Ingelvac MLV Vaccine \% L S - I AF066183
16244B USA \% NT NT — I AF046869
BJ-4 China \% NT NT 1 694 - - I AF331831
HN1 China \% NT NT — I AY457635
S1 China \% NT NT — I DQ459471
CC-1 China v NT NT — I EF153486
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Table 1 continued

Isolate Isolation  Nsp2-  Typing RT-PCR Deletion (and insertion) B-cell ORF5- Accession
year or type - - - - epitope®  cluster”  no.
country Region  Region aa Possible range Direct .
A B size of aa positions repeats
in nsp2 of SP strain
17704A Denmark V NT NT - II AF303354
17738B Denmark V NT NT — I AF303355
19407B Denmark V NT NT 4 794-797 - + II AF303356
PL97-1 Korea v NT NT - I AY585241
LMY Korea \% NT NT \% DQ473474
PAS Canada v NT NT — II AF176348
0INP1.2 Thailand V NT NT — v DQO056373
Ingelvac ATP Vaccine v NT NT — I DQ988080
JA142 USA v NT NT — I AY424271
NVSL7895 USA v NT NT - I AY545985
NVSL7985 USA v NT NT — I AF325691
P129 USA \% NT NT 6 505-510 + + I AF494042
CH-1a China \% NT NT — I AY032626
HB-1 China v NT NT - I AY150312
HB-2 China v NT NT 12 469-480 to 470-481 + + I AY262352
IXA1¢ China v NT NT 1° 481° — + I EF112445
29¢ 532-560° — +
HUN1¢ China v NT NT I EF198112
LN¢ China v NT NT I EU109502
SHH® China \% NT NT I EU106888
HUN4¢ China \% NT NT I EF635006
HNsp? China \% NT NT NR EF471921
ix2¢ China v NT NT NR EF014222
TXwn06° China v NT NT I EF641008
sp¢ China v NT NT I AB359241
HEB1¢ China v NT NT I EF112447
HeN-LY* China \Y NT NT NR AB359239
HeN-LH‘ China \% NT NT NR AB360609
HeN-KF¢ China v NT NT NR AB359240
SY0608¢ China v NT NT I EU144079
BJsy06* China v NT NT I EU097707
NX06¢ China v NT NT I EU097706
Ls-4¢ China v NT NT I EU075304
HUB1¢ China v NT NT I EF075945
HUB2! China \% NT NT I EF112446
HuN* China \Y% NT NT I EF517962
HuNh1¢ China v NT NT NR EF537868
JX0612¢ China v NT NT I EF488048
1X14 China v NT NT I EF014221
HNXTI1¢ China v NT NT NR EF014223
GD! China v NT NT I EU109503
MNI184A USA \Y NT NT 111 323-433 — + 10Y DQ176019
1 482 to 483 + +
19 495-513 to 504-522  + +
MN184B USA \% NT NT 111 323433 — + v DQ176020
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Table 1 continued

Isolate Isolation  Nsp2-  Typing RT-PCR Deletion (and insertion) ORF5- Accession
year or type - - - - epitope®  cluster”  no.
country Region  Region aa Possible range Direct

A B size of aa positions repeats’
in nsp2 of SP strain
1 482 to 483 +
19 495-513 to 504-522  +
Sp Vaccine S NT NT (36)  (813-848) — I AF184212

4 The 117-base deletion and 108-base insertion in nsp2-type E are represented by the EDRD-1 strain

b

c

d

e

f

£ The “+” represents deletion or insertion positions in the B-cell epitope regions, identified in NVSL97-7895 [4] and BJ-4 strains [44], the

Deletion includes the 2543F primer-binding site
The “~” and “M” represent no amplification and middle-sized product (808 bp), respectively
Potentially high pathogenic Chinese isolates [22, 41]

The “4” and “—” represent the deletion containing and not containing the direct repeat, respectively

One and 29 aa deletions are conserved in all highly pathogenic Chinese isolates and represented by the JXA1 strain

“«

represents no correspondence with B-cell epitope regions, and the “+” represents ambiguous correspondence with the B-cell epitopes due to

undefined deletion position

" Phylogenetic clusters were determined according to a previous report [45]. “NR” represents the absence of reported strain ORF5 gene in the

DNA database

Table 2 Primers used in this study

Name Purpose Sequence (5'-3") Nt positions for EDRD-1
153F PCR and sequencing AGTTGCACTGCTTTACGGTCTCTCC 153-177

4137R RT, PCR and sequencing GACTGGGTCGGACACAGGCTTGAAC 4127-4103

4037F PCR and sequencing TGGGTGTGTTTTCTGGGTCTTCTCG 40274051

7793R RT, PCR and sequencing GGTGAAGGTCCGGTTGTGAAATTTGACTA 7783-7755

7117F PCR and sequencing GCCATTGAGACCAGAGTCCT 7107-7126

10062R PCR and sequencing CGATGATGAACCTGCTGCGCA 10052-10032

9669F PCR and sequencing ACTGCCTGTGGCCTCGACGTC 9659-9679

12148R RT, PCR and sequencing ACCAAGAACTCCGTGAAAGCATCCAC 12138-12113

12040F PCR and sequencing

15325R RT, PCR and sequencing

AAP PCR (5RACE)

742R PCR (5'RACE)

AUAP PCR (5'RACE)

372R PCR (5RACE)

Adaptor dT RT, PCR (3’'RACE and 5'RACE)
No. 21 PCR (3'RACE)

Adaptor PCR (3’RACE and 5’'RACE)

VORF7 PCR (3'RACE)

1184F PCR

4343R PCR

2543F PCR and sequencing
3910R PCR and sequencing
3147F Sequencing

3306R Sequencing

931R PCR

899F PCR

CTGTCATTGAACCAACTTTAGGCCTG
ATCAGTGCCATTCACCACACATTC
GGCCACGCGTCGACTAGTACGGGIIGGGIIGGGIIG
CATAGACGTCAGCCATAGCAC
GGCCACGCGTCGACTAGTAC
CAACGTCCACCGGAGTGGCTC

CTGATCTAGAGGTACCGGATCCTTTTTTTTTTTTTTT

GTACATTCTGGCCCCTGCCC
CTGATCTAGAGGTACCGGATCC

CTA TGG ATC CAT GCC AAA TAA CAA CGG CAA GCA G

TATGGAGAGTTGGATCCGCCA
CACRTAAGCTCCAGCCAAGAT
GGCAACTTCRGAMATGATGGC
GAGAAGAAAACAGGGAGATGG
ATCGACTCGGGCGGGCCCTG
TGCGCCAAGTCAGCATGTCCA
CATRTCCACCCKATCCCACAT
TGGCTYTCYCGCATGTGGGA

12030-12055
15315-15292
741-721

371-351

14685-14704

14869-14902
1184-1204
4343-4323
2543-2563
3910-3890
3147-3166
3306-3286
3293-3273
3261-3280
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composed of 15 sec denaturation at 94°C, 30 s annealing at
53°C, 3.5 min extension at 68°C, and a final 10-min incu-
bation at 68°C, whereas nested PCR conditions were similar
to those of PCR, but consisted instead of 30 cycles and
1.5 min extension periods. Nucleotide sequencing of the
partial nsp2 gene was then performed using the primers used
for PCR (2543F and 3910R), as well as additional internal
primers (3147F and 3306R). For nucleotide sequencing in
isolate Jntl, the full-size nsp2 PCR products were used as
templates due to a deletion in the 2543F primer-binding site.
The accession numbers for sequences of the complete
EDRD-1 strain genome and partial nsp2 gene from the
additional Japanese isolates are listed in Table 1.

Phylogenetic and statistical analysis

For comparative analysis with Japanese isolates, the partial
nucleotide sequences of the nsp2 gene from 50 strains of the
NA-type virus were used based on DDBJJEMBL/GenBank
DNA databases (Table 1). Amino acid alignment was per-
formed using the Clustal W program in MEGA 4.0 [40]
with default parameters for GAP opening and extension
penalties of 10 and 0.2, respectively, or with parameters
ranging from 1 to 30 and from 0.1 to 1, respectively.
Phylogenetic trees were constructed in MEGA 4.0 based
on the amino acid sequences using the neighbor-joining
method with the Kimura 2-parameter model. dN/dS ratios
were calculated in MEGA 4.0 using the Nei-Gojobori
method with the Jukes—Cantor model for the entire region
and B-cell epitope region of nsp2. To assess the presence of
a statistically higher frequency of deletions and insertions
in B-cell epitopes than would be expected by chance, a
binominal test was performed.

Typing RT-PCR

Based on the partial nsp2 sequences from Japanese isolates
and database strains, primers were designed at regions
which include either the 117-base deletion of nsp2-type E
or the 108-base insertion of nsp2-types E and S, named
regions A and B, respectively. Region A (corresponding to
nt 1,206-2,073 of the nsp2 gene in the SP strain) was
amplified using the 2543F and 931R primer pair, and
region B (nt 2,041-2,690) using the 899F and 3910R pri-
mer pair, as well as the KOD-plus polymerase from the
full-size PCR products. PCR conditions for both regions
consisted of preheating at 94°C for 2 min, followed by 30
cycles composed of 15 s denaturation at 94°C, 30 s
annealing at 53°C, 1 min extension at 68°C, and a final 10-
min incubation at 68°C. The expected sizes for region A
were 751 bp for EDRD-1 and 868 bp for SP and VR-2332,
and for region B 650 bp for EDRD-1 and SP and 542 bp
for VR-2332. The nsp2-type was determined based on the
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pattern of band sizes in regions A and B: short and long
(SL) for nsp2-type E, long and short (LS) for nsp2-type V,
and long and long (LL) for nsp2-type S.

Results
Genetic characterization of EDRD-1 strain

The complete genome sequence of the Japanese EDRD-1
strain was compared with that of the prototypic VR-2332
strain, as well as the SP strain, which possesses the largest
genome among NA-type PRRSV strains. Excluding the poly
A tail, the EDRD-1 genome was found to be 15,401 bases in
length, which is 10 and 119 bases shorter than the length of
the VR-2332 and SP sequences, respectively. Comparison
between EDRD-1 and both VR-2332 and SP showed 87.0
and 87.4% nucleotide identity, respectively, for the whole
genome and 78.7 and 81.2%, respectively, for the nsp2 gene.
Remarkably, compared to the VR-2332 strain, the nsp2 gene
of EDRD-1 contained a novel deletion of 117 bases (39 aa) in
addition to an insertion of 108 bases (36 aa), which was also
previously reported in the SP strain [35] (Supplemental
Fig. la, Fig. 1; Table 1). Because of the sensitivity to
varying parameters, namely opening and extension penal-
ties, the position of the 117-base deletion could not be
precisely determined, which is suggested to be due to the
presence of direct repeat sequences in surrounding regions of
the deletions, as described below. Further, these deletions are
possibly located in the region between these direct repeats.
To exclude the possibility that the deletion and insertion
occurred during cell-passage, the EDRD-1 sequence was
determined directly from the lung homogenate from which it
was isolated. Results showed that the original viral genome
also contained the 117-base deletion and 108-base insertion,
indicating that the structural changes in nsp2 were intrinsic.
In the partial nsp2 region of 1,216 bases in length, however,
only one non-synonymous substitution (aa 676 in the SP
strain) was found between original (proline) and PAM-pas-
saged viral genome (serine).

Polymorphism of nsp2 gene in NA-type PRRSV

To confirm whether the deletion and insertion found in
the nsp2 gene of the EDRD-1 strain were unique to this
strain or not, partial nsp2 sequences (approximately
1.3 kb) from 30 additional Japanese isolates (Table 1)
were determined and compared with 50 NA-type PRRSV
strain sequences available from DDBJ/EMBL/GenBank
DNA databases. The partial nsp2 region corresponds to nt
1,267-2,599 in the SP strain and covers the 117-base
deletion and 108-base insertion found in the EDRD-1
strain. The 31 Japanese isolates and 50 strains from
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1 Nsp2 of the SP strain 1,016
L ]
sp 297 495-533 to 511-549 813-848 866
(+36)
Nsp2-type E]
EDRD-1 495-53? ;(9))51 1-549 813-848
304-429 J
Jnt1t p— (-126) (-39) <
423 555-556
Jsz3 — (-39) —(_ 1———4)
: 801-802
[ 555-556
v (B0) gy eme——
I S 519-622 (+7)
Jiw2 > (-39) ) ——
< 778-783 P
Jsal » (-39) 6) ]
o 554-555 784-814
Jigt ’ (-39) (Aﬂ (-31)
+
814
Aomorig3 > 39) (:1)
VR-2332 J—
469-470
Jsit F‘E: :c; 434 p— —d
495-513 to 509-527
) 469-470
yet (-1) (-19) —
594-596
Jos1 > — ) —
» 594-596
Jam2 > (-3) —d
469-480 to 470-481
HB-2 12)
2l —
%) 694
BJ-4 — o
794-797
194078 — @ J—
481 532-560
JXA1 - N
(1) (-29)
495-513 to 504-522
MN184A 323-433 48210483
MN184B “111) _(_1) “19) —

Fig. 1 Schematic representation of amino acid positions of 20
deletions and 3 insertions in nsp2. Amino acid positions are shown
for the nsp2 of the SP strain. Lines between closed triangles represent
the partial amino acid sequences of Japanese isolates determined in
this study, except for EDRD-1, whose complete genome sequence
was determined. Gaps in lines, numbers above lines and negative
numbers in parenthesis represent deletions, possible sequence
position ranges and sizes, respectively. Open triangles numbers
above lines and positive numbers in parenthesis represent insertions,
sequence positions and sizes, respectively. Black boxes represent
regions corresponding to the 39-aa deletion in nsp2-type E and 36-aa
insertion in nsp2-type S

various countries were classified into three types and
tentatively termed nsp2-types E, V and S. Type E, rep-
resented by the EDRD-1 strain, contains both the 117-
base deletion and 108-base insertion and includes 21
Japanese isolates; type V, represented by the VR-2332
strain, does not contain the deletion or insertion and is
composed of 58 strains, including 9 Japanese isolates; and
type S, represented by the SP strain, contains only the
108-base insertion and is composed of 2 strains, including

1 Japanese isolate (Fig. 1a; Table 1). Approximately two-
thirds (21/31) of Japanese isolates were classified into
nsp2-type E, strains from various countries into nsp2-type
V, and the SP strain was classified into nsp2-type S. All
20 Japanese isolates of ORFS5-cluster III belonged to
nsp2-type E, which also unexpectedly included one
ORF5-cluster I isolate, Kagoshima-N14 (Table 1). This
remarkable inconsistency in the Kagoshima-N14 isolate is
possibly due to recombination occurring between nsp2
and ORF5 genes. In contrast, nsp2-types V and S con-
tained several ORF5-clusters.

To clarify the phylogenetic relationships among the
three nsp2-types, a phylogenetic tree was constructed using
the neighbor-joining method based on the partial nsp2 aa
sequences of the 31 Japanese isolates and the 50 NA-type
strains. Analysis showed phylogenetic separation among
the three nsp2-types, which are characterized by both or
either the 119-base deletion and the 108-base insertion
(Fig. 2). These results suggest that nsp2-type E diverged
from an ancestral gene containing the 117-base deletion
and the 108-base insertion. Two nsp2-type V strains,
MN184A and MN184B, which were characterized by the
absence of this deletion and insertion, were distantly and
fairly closely related to other nsp2-types V and to nsp2-
type S, respectively, which suggests a distinct evolutionary
history.

To exclude the possibility that nsp2-type S was a
recombinant between nsp2-types E and V, two phyloge-
netic trees were constructed and compared. One tree was
based on approximately half of the partial nsp2 sequence
from the 5’-terminal end covering the 117-base deletion (nt
1,206-2,073 in the SP strain), whereas the other on
approximately half from the 3’-terminal end covering the
108-base insertion (nt 2,041-2,690). Analysis showed that
nsp2-type S formed a distinct branch in both trees, with 80
and 60% bootstrap values in 5" and 3’ regions, respectively
(data not shown). These results suggest that nsp2-type S
is not a recent recombinant but instead an independent
lineage.

In addition to the deletion and insertion mentioned
above, the partial nsp2 sequences contained an additional
10 deletions ranging from 3 to 378 bases and 2 inser-
tions of 3 and 21 bases at various positions in Japanese
isolates, as well as 9 deletions previously reported in
HB-2 [11], P129, BJ-4, 19407B [28], MNI84A,
MNI184B [13], and potentially high pathogenic Chinese
strains [22, 41] (Fig. 1; Table 1). However, the position
of eight deletions could not be precisely determined.
Undefined positions for these deletions were therefore
represented as a possible position range. In addition,
analysis showed that Jntl possesses the largest deletion,
consisting of 378 bases (126 aa) (Supplemental Fig. 1b).
In contrast with the determined 117-base deletion and
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Fig. 2 Phylogenetic
relationships among 31
Japanese isolates and 50 strains
from various countries, based on
partial amino acid sequences
corresponding to aa 423-866 of

the nsp2 gene in the SP strain. NX06

HeN-LH

Bootstrap values on major BUSYOB HuN
HUB2 HuNht HB-1
nodes are shown as percentages HUBTLS

HeN-KF

HeN-LYGD
JX0612  jx1
HNXT1 HEB1
LNJXA1
SHH SD,~xp NS
HUNA1 uxw-0sHUN4

Jst1
Chiba14

Nsp2-type E

650 bpig  TEEREL -
- - - .-

S 8§ 8§ s s s s

ok e
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Fig. 3 Identification of the three nsp2-types by RT-PCR based on
sizes of two regions, which cover a 117-base deletion and a 108-base
insertion named region A and region B, respectively. Open triangles
indicate sizes of amplified products. “L”, “S”, “M” and “-” indicate
long, short and middle amplification sizes, and no amplification,
respectively. Asterisks indicate no amplification or the different sizes
in the four isolates. Asterisk Jntl has a 378-base deletion, including
the 2543F primer-binding site. Double asterisk Jycl has 3- and 57-
base deletions in region A. Triple asterisk Jyt3 has a 21-base insertion
in region B. Four asterisk Jtgl has a 93-base deletion in region B

108-base insertion, the additional deletions and insertions
were not common among sequences within each nsp2-

type.
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Development of RT-PCR-based genetic typing

To further distinguish the three nsp2-types, we performed
RT-PCR based on the sizes of two regions, respectively
composed of the 117-base deletion and 108-base insertion.
Based on the size pattern of the two products amplified
from the two regions, where nsp2-types E, V and S typi-
cally show the SL, LS and LL pattern, respectively, typing
was successfully performed for 27 out of 31 Japanese
isolates, as well as for Ingelvac® MLV vaccine strain
(Fig. 3; Table 1). For the other four Japanese isolates Jtgl,
Jycl, Jntl and Jyt3, no or differentially sized PCR products
were obtained due to an additional 93-, 57- and 378-base
deletion and 21-base insertion, respectively.

Repeated sequences in deletions and insertions

Areas containing the 117-base deletion in nsp2-type E and
19 additional deletions were investigated for repeated
sequences, which were previously shown to induce
nucleotide deletion by jumping over a target sequence
flanked by direct repeats or by skipping a stem structure
formed through inverted repeats [31]. Results in the SP
strain showed direct repeats of 18 bases flanking the 117-
base deletion of nsp2-type E (Fig. 4). Further, direct
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Fig. 4 Direct repeats found in 11 deletions in the nsp2 gene. Direct
repeat sequences are enclosed in shaded boxes. Dots and hyphens
represent identical nucleotides and gapped positions, respectively.

repeats were also found in an additional 10 deletions
(Fig. 4).

Deletions and insertions at B-cell epitopes in nsp2

Nsp2 is highly antigenic and contains a cluster of B-cell
epitopes [4, 29, 44]. B-cell epitope regions, which were
identified in the NVSL97-7895 [4] and BJ-4 strains [44] of
nsp2-type V, were examined by analyzing the 20 deletions
and 2 insertions found in nsp2. Results revealed 17 dele-
tions and 2 insertions positioned at B-cell epitopes
(Supplemental Fig. la, b; Table 1). A total of 19 indels
were found in a 205 aa-long B-cell epitope region, whereas
2 indels were found in a 365 aa-long non-epitopic region.
Statistical analysis showed that the frequency of indels is
significantly higher in B-cell epitopic than non-epitopic
regions (binominal test, P < 0.00001).

To determine the presence of positive or negative
selection in nsp2, dN/dS ratios were calculated for the
entire and B-cell epitope regions of nsp2. Results showed

Asterisks indicate matched nucleotides between direct repeats. Open
boxes represent the possible range of gapped positions

that ratios were 0.264 and 0.437, respectively, indicating
that both regions were subjected to negative selection.

Discussion

In the present study, we investigated polymorphisms in the
nsp2 gene of NA-type PRRSV. Based on polymorphisms
characterized by a 117-base deletion and 108-base inser-
tion, we have genetically classified NA-type PRRSV into
three nsp2-types, which we have tentatively termed nsp2-
types E, S and V. The 108-base sequence in nsp2-types E
and S was originally reported in the SP strain as a unique
insertion [35]. The present study, however, shows that this
sequence is also predominantly found in Japanese isolates.
The absence of the 117-base sequence in nsp2-type E,
which is commonly present in subtypes V and S, was also
observed. Consistent results from size polymorphism and
phylogenetic clustering suggest that structural changes in
each ancestral nsp2-type have only occurred at earlier
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stages of viral evolution. However, inconsistent results
between size polymorphism and phylogenetic clustering
were found for two isolates, namely MNI184A and
MN184B, which suggest that the 108-base insertion was
not a single event in the evolutionary history of these
viruses. Although we classified MN184 strains into nsp2-
type V based on our nsp2-typing definition, the phyloge-
netic relationship with other nsp2-type V strains was
distant. Further genetic investigation may reveal a fourth
nsp2-type, characterized by a 111-base deletion, as found
in MN184 strains. In contrast to the common 117-base
deletion and 108-base insertion, 19 and 2 additional dele-
tions and insertions, respectively, were occasionally found
within each nsp2-type, suggesting the emergence of poly-
morphisms at later stages of viral evolution.

Forsberg [10] reported that MRCA, the most recent
common ancestor of all PRRSV isolates, which includes
both NA and EU genotypes, existed near 1,880, approxi-
mately 100 years before the emergence of PRRSV in pigs.
During this period, PRRSV has possibly developed affinity
and pathogenicity in domestic pigs, leading to the evolu-
tion of three nsp2-types of NA-type PRRSV. Our previous
[45] and present studies show that in 1992-1993, when
PRRSV was initially recognized in Japan, nsp2-type E was
distributed in the eastern part of Japan, whereas nsp2-type
V was limited to the western part. These findings suggest
that the clear geographic separation of nsp2-types E and V
in Japan was possibly due to multiple introduction of the
virus into the country, rather than initial emergence.

We demonstrated that polymorphisms of the nsp2 gene
are natural genetic markers. The three nsp2-types were
typically defined by the pattern of two product sizes which
were amplified from two regions containing either the 117-
base deletion or 108-base insertion. The molecular typing
method developed in this study may facilitate the differ-
entiation of nsp2-type E field isolates, which are
predominant in Japan, from the nsp2-type V vaccine strain
of Ingelvac® MLV, which is widely used in Japan. In
addition, potentially high pathogenic nsp2-type V Chinese
isolates, in which primer-binding sites for nsp2-typing
were conserved, contain a 90-base deletion in region A and
no deletion or insertion in region B, and are expected to
show an SS pattern in RT-PCR typing. Confirmation of this
pattern would enable discrimination of these Chinese iso-
lates from other nsp2-type V isolates, as well as nsp2-types
E and S isolates. Further results, however, showed that the
molecular typing method cannot type all isolates. For
example, in four exceptional cases, no or differentially
sized PCR products were obtained due to additional dele-
tions or an insertion. In contrast, using these additional
deletions or the insertion as additional genetic markers may
facilitate discrimination of these isolates from other typical
isolates of the same nsp2-type.

@ Springer

Analysis showed that the majority of deletions and
insertions in nsp2 correspond to B-cell epitope regions,
which suggests that these antigenic regions are potential
serological markers. In particular, the 39-aa deletion in
nsp2-type E is a potential marker to distinguish pigs
infected with nsp2-type E from those vaccinated for nsp2-
type V. Better understanding of the antigenicity of these
regions requires further investigation.

The considerable flexibility of nsp2 was demonstrated
using reverse genetics. A previous deletion mutagenesis
analysis revealed that 403 and 86 aa in the central region of
nsp2, which corresponds to aa positions 324—726 and 727—-
813 in the VR-2332 strain, are not critical for viral repli-
cation [14]. Further, all deletions and insertions observed
in nsp2 were found to be contained in these regions. These
findings suggest that additional deletions can possibly
occur in the nsp2 region. Another study showed that nsp2
tolerates artificial insertions of several polyprotein tags,
including FLAG, enhanced green fluorescent protein and
luciferase [18], in large dispensable regions, providing the
opportunity to develop a marker vaccine. In the present
study, we showed that about a half of deletions are asso-
ciated with direct repeats, suggesting that the region
flanked by these repeats should be avoided for more stable
retention of a foreign gene. A previous report showed that
nucleotide deletions are induced by repeated sequences
which jump over a sequence flanked by direct repeats [31],
using a mechanism proposed to involve detachment of an
extending sense (or antisense) RNA strand from the RNA
template after completely or partially copying the 5’ (or 3')
direct repeat sequence, followed by jumping to the 3’ (or
5') direct repeat sequence on the same or different template
molecule and continuing extension. We speculate that
deletions in the nsp2 gene partially involves direct repeats
through this mechanism.

Although genetic markers have been identified, vaccine
efficacy against the three nsp2-types remains unknown.
One study reported low efficiency of an EU-type vaccine
of the Lelystad cluster against the challenge of an evolu-
tionarily distinct Italian isolate [21]. Another study
reported that genomic homology between a vaccine strain
and challenge NA-type PRRSV isolates was not a good
predictor of vaccine efficacy [30]. To date, for the NA-type
PRRSYV, live nsp2-type V (Ingelvac® MLV and Ingelvac®
ATP) and nsp2-type S (PrimePac®) vaccines are available,
but no nsp2-type E vaccine has yet been developed.
Assessment of the efficacy of vaccines against the evolu-
tionarily distinct nsp2-type E will be necessary.

In conclusion, our study suggests a novel classification
of NA-type PRRSV into three nsp2-types based on poly-
morphisms of the nsp2 gene. By using deletions and
insertions as natural tags, rapid discrimination among these
nsp2-types can be potentially facilitated. In addition, our
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findings provide new insight into the significant evolu-
tionary history of NA-type PRRSV.
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