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Abstract Porcine reproductive and respiratory syndrome
(PRRS) is an emerging disease that has caused serious
economic losses to the swine industry worldwide. In 2011,
a nation-wide surveillance program investigated the
prevalence of PRRS viruses (PRRSV) in Chinese breeding
swine farms, and four European genotype PRRSV
(PRRSV-Type 1) were successfully isolated. To explore
the genetic diversity of PRRSV-Type 1 in China, these 4
viral strains were subjected to genome sequencing and
analysis. The four isolates shared 87.4-90.7 % nucleotide
homology with the Lelystad strain (PRRSV-Type 1
stereotype strain). NSP2, ORF3, and ORF4 were the most
variable regions and contained discontinuous deletions or
insertions when compared to other PRRSV-Type 1 strains.
All isolates fell into separate branches of the subtype 1 of
PRRSV-Type 1 phylogenetic tree. This analysis of
emerging PRRSV-Type 1 strains revealed previously
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unrecorded genetic diversity. Close attention should be
paid to the prevention and control of this evolving virus.
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Introduction

Porcine reproductive and respiratory syndrome (PRRS) is
one of the most important swine infectious diseases and
causes great economic losses in the swine industry
worldwide [1, 2]. PRRS virus (PRRSV) is a member of the
Arterivirus genus, family Arteriviridae, order Nidovirales,
and is a small enveloped virus with a single-stranded
positive-sense RNA genome [3]. The genome of PRRSV is
approximately 15 kb and contains at least ten overlapping
open reading frames (ORFs), including ORFla, ORFlb,
ORF2a, ORF2b, ORF3, ORF4, ORF5a, ORF5, ORF6, and
ORF7 [4-6]. Of these, ORFla and ORF1b are located at
the 5’ terminal of the genome and encode viral nonstruc-
tural proteins (Nsp), while ORFs2-7 are located at the 3’
terminal region of the genome, and encode minor structural
proteins (GP2, GP3, and GP4) and major structural pro-
teins(GP5a, GP5, M, and N) [2, 4, 7].

PRRSV genome sequences are highly diverse and can
be divided into European genotype (PRRSV-Type 1) and
North American genotype (PRRSV-Type 2) [8, 9].
PRRSV-Type 1 first emerged in Europe, and the Lelystad
virus represents the prototypical Type 1 strain [1]. PRRSV-
Type 2 emerged in North America, and the ATCC VR-
2332 strain represents the prototype Type 2 virus [10].
Originally, PRRSV-Type 1 viruses were only detected in
European swine herds. However, PRRSV-Type 1 has
recently been reported in North America and Asian swine
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herds, and the coexistence of these two genotypes in swine
herds represents a huge challenge for PRRSV differential
diagnosis, and disease prevention and control [11-16].

In China, the emergence of the PRRSV-Type 1 strains
has been previously reported [17], but most PRRSV iso-
lates have been of the PRRSV-Type 2 genotype, and the
origin and molecular evolution of PRRSV-Type 1 in China
is currently unknown. To gain further insight into the
epidemic status and genetic divergence of PRRSV-Type 1
viruses in China, 4 PRRSV-Type 1 viruses were isolated in
2011, and subjected to genomic analysis.

Materials and methods
Ethics statement

The 4136 marginal ear vein blood samples were collected
from 80 breeding swine farms in China. Since this study
was carried out in private farms, the animals were sampled
with the permission of the farm managers. The animal field
trial was approved by the Animal Care and Ethics Com-
mittee of China Animal Disease Control Center and con-
ventional animal welfare regulations and standards were
adhered to.

Virus isolation

The serum samples were screened for both PRRSV geno-
types by conventional RT-PCR [12]. Samples that tested
positive for PRRSV were screened by a real-time RT-PCR
for PRRSV-Type 1 and PRRSV-Type 2 [18]. PRRSV-Type
1 positive serum samples were inoculated on primary
porcine alveolar macrophages (PAMs) and Marc-145 cells
for virus isolation as previously described [19, 20]. Inoc-
ulated cells were maintained at 37 °C in a 5 % CO,
atmosphere and were monitored daily for cytopathic effects
(CPE). When CPE were observed in 70 % of the cells,
cultures were harvested and the resultant virus stocks were
stored at —80 °C.

RNA extraction and genome sequencing

Total RNA was extracted from cell cultures using an
RNeasy Mini kit (Qiagen, Germany) according to the
manufacturer’s instructions. Whole genomes were
sequenced as previously described [17]. Briefly, 16 over-
lapping fragments covering the whole viral genome were
amplified by RT-PCR using the corresponding primers.
PCR products were purified with EZN.ATM Gel
Extraction Kit (Omega, USA) and were cloned into
pEASY-T1 (Transgen, China). The recombinant plasmids
were sequenced with an ABI Automatic DNA Sequencer
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(Invitrogen, China) and artificially spliced. Gene fragments
were sequenced in triplicate and were assembled with
ContigExpress in NTI Advance 11Vector [21].

Multiple sequence alignments and phylogenetic
analysis

Multiple alignments were performed for each ORF sepa-
rately using all available PRRSV-Type 1 virus whole
genome sequences in GenBank (Suppl. Table). Phyloge-
netic trees were constructed from aligned nucleotide
sequences using the neighbor-joining method, and were
subsequently subjected to bootstrap analysis with 1000
replicates to determine the percentage of reliabilities at
each internal node of the tree. The tree was produced using
the MEGAA4.1 program [22].

Results

Four PRRSV-Type 1 viruses were isolated
in a national epidemiological survey

To explore the prevalence of PRRSV-Type 1 virus infec-
tion in Chinese swine herds, 4136 serum samples were
collected from 80 breeding swine farms in different pro-
vinces. All samples were subjected to conventional RT-
PCR for both genotypes of PRRSV, and samples in which
PRRSV was detected underwent real-time RT-PCR for
PRRSV-Type 1 and PRRSV-Type 2 differentiation [12,
18]. PRRSV-Type 2 virus was detected in 18/80(22.5 %)
breeding swine farms and PRRSV-Type 1 virus was
detected in 8/80(10 %) farms in China. The PRRSV-Type
1 virus-positive serum samples were subsequently inocu-
lated on primary PAM and Marc-145 cells. After 3 days,
four inoculates exhibited a cytotoxic effect on PAMs but
not on Marc-145 cells. Moreover, these isolates were
labeled by PRRSV-specific monoclonal antibodies, further
confirming the presence of PRRSV, and excluding con-
tamination with other swine viruses (data not show). These
4 PRRSYV isolates were designated NVDC-NM1-2011,
NVDC-NM2, NVDC-NM3, and NVDC-FJ.

Genomic sequence analysis of 4 PRRSV-Type 1
isolates

The complete genomic sequences of four viral isolates were
assembled into contiguous sequences of 15081 (NVDC-
NM1-2011, GenBank accession no.JX187609), 15061
(NVDC-NM2, GenBank accession n0.KC492504),
15058(NVDC-NM3, GenBank accession no.KC492505),
and 15058(NVDC-FJ, GenBank accession no.KC492506)
nucleotides(nt) in length excluding the 3’ poly(A) tails. The
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complete genome nucleotide homology of these four isolates
was 85.6-95.5 %. They also shared 87.4-90.7 % nt homol-
ogy with Lelystad PRRSV (the PRRSV-Type 1 reference
strain), 86.9-88.8 % with the PRRSV-Type 1 live-attenu-
ated vaccine, 72.3-78.5 % with Lena PRRSV (highly
pathogenic PRRSV-Type 1 strain), and 53.2-54.5 % with
VR-2332 PRRSV (the PRRSV-Type 2 prototype strain). In
comparison to the genomic sequences of another two Chi-
nese PRRSV-Type 1 isolates BJEU06-1 and NMEUO09-1,
these isolates shared 86.5-93.7 % homology with BJEU06-1
and 84.3-87.6 % homology with NMEU09-1. To further
explore the genetic variety of these four isolates, the
sequence of NVDC-NM1-2011 was compared to that of
NVDC-NM2, NVDC-NM3, NVDC-FJ, LV, BJEU06-1,
NMEUO09-1, EuroPRRS, 01CB1, SDO01-08, KNU-07,
HKEU16, and Lena PRRSV (Table 1).

5-UTR and 3’-UTR sequence variations of 4
PRRSV-Type 1 isolates

The 5’ terminus of the PRRSV genome contains a con-
served start motif and the UUAACC transcription regula-
tory sequence (TRS) which are involved in transcription
and replication [23-25]. In this study, the 5'-UTR region of
all four isolates was 221 nucleotides in length. Moreover,
the 12-nt 5'-leader start motif and the leader TRS were
strictly conserved in the 5'-UTR of 4 PRRSV-Type 1 iso-
lates (Fig. la). The 5'-UTR region of LV and VR-2332
strains were previously shown to contain three invariant
nucleotide stretches just upstream of the leader TRS [24].
As expected, the nucleotide sequences of the three invari-
ant motifs (Fig. la, solid boxes) were well maintained in
NVDC-NM2, NVDC-NM3, and NVDC-FJ isolates.

Table 1 Detailed analysis of the complete genome for NVDC-NM1-2011 with 3 isolates in 2011 and other representative strains (%)

NVDC- NVDC- NVDC- NVDC- LV % Identity to NVDC-NM1-2011 SDO1- KNU- HKEU16 Lena VR-
NM1-2011 NM2 NM3 FJ 08 07 2332
BJEUO6- NMEUO09- EuroPRRSV 01CBI1
1 1

Nucleotides

Complete 85.6 85.8 85.9 90.7 93.7 84.3 88.7 89.8 88.2 86.2 86.4 78.5 545

5'UTR 95.0 95.0 95.0 972 97.6 95.3 91.0 n/a 95.8 94.8 94.8 90.1 422
ORFla 85.2 85.2 85.3 89.8 93.9 81.4 87.5 89.7 86.8 83.5 85.0 75.1  50.1

ORF1b 85.7 85.7 85.7 924 952 86.6 90.6 924 89.7 88.5 88.5 814 622
ORF2-7 86.9 87.1 87.5 912 91.7 87.2 89.9 91.1 90.1 88.4 87.4 842 65.0
3'UTR 89.5 93.0 93.0 95.6 95.6 95.6 93.9 n/a 95.6 93.9 93.9 89.5 743

Amino acid

NSPla 89.6 89.6 89.6 94.5 95.1 93.9 89.6 94.5 92.6 94.5 90.8 90.2 68.1

NSPIB 84.0 84.0 84.0 86.3 100 80.4 81.3 854 80.4 79.9 83.1 725 44.6
NSP2 83.4 83.6 83.7 854 925 72.7 82.0 854 82.0 79.4 78.6 65.9 30.2
NSP3 91.3 90.8 91.3 94.0 955 93.5 92.9 94.4 94.0 91.7 93.3 89.1 58.8
NSP4 84.7 85.1 84.7 90.6 89.6 83.7 91.1 90.1 88.1 88.1 88.1 82.7 58.7
NSP5 89.4 90.0 90.0 959 959 87.1 95.3 95.3 94.7 91.8 91.2 87.1 679
NSP6 100 100 100 100 100 100 100 95.2 95.2 95.2 95.2 90.5 81.3

NSP7 92.4 92.4 92.4 954 95.8 91.6 95.4 95.1 94.7 92.8 95.1 87.1 49.8
NSP8 93.3 93.3 93.3 97.8 100 93.3 97.8 97.8 95.6 93.3 91.1 93.3 63.0
NSP9 95.8 96.0 95.8 97.8 99.8 95.8 96.9 97.8 97.8 96.9 96.7 92.6 74.6
NSP10 93.0 92.5 92.5 95.5 96.1 93.7 94.6 95.2 94.3 94.1 914 89.5 643

NSP11 97.1 97.1 97.1 97.5 98.7 96.2 96.2 97.1 96.7 96.2 95.4 93.8 74.7
NSP12 91.0 91.0 91.0 96.3 94.0 90.3 94.8 95.5 95.5 91.8 91.0 86.6 42.7
ORF2a 88.8 88.8 88.8 94.4 98.0 88.0 92.8 94.0 92.0 89.2 90.0 90.0 622
ORF2b 81.9 81.9 81.9 91.7 95.8 80.6 90.3 93.1 88.9 81.9 81.9 819 644
ORF3 82.1 82.1 82.9 86.4 85.2 83.7 85.2 86.4 86.0 79.5 82.9 799 594
ORF4 89.7 89.7 90.8 874 90.2 86.8 89.0 874 89.6 84.1 87.9 86.8 713

ORF5a 90.7 90.7 90.7 953 93.0 95.3 93.0 90.7 97.7 97.7 93.0 88.4 4838
ORF5 84.2 84.2 84.2 90.8 91.3 88.3 86.7 89.8 89.3 87.2 89.8 82.1 57.1

ORF6 91.3 91.3 91.9 96.0 92.5 92.5 95.4 94.8 93.6 92.5 90.8 913 763

ORF7 88.3 89.8 89.8 922 914 88.3 91.4 914 93.0 89.1 86.7 86.3 632
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v [AUGAUGUGUAGHGUAUUCCCCCUACARUACACGACACUUCUAGUGUUUGUGUACCUUGGAGGCGUGGGUACAGCCCCGCCCCACCCCUUGGCCCCUGUUCUAGCCCAACAGE 111
NVDC-NM1-2011f...ccceveeeadieeeenennennnnnnnns A..... Cicevernncnnnn GeUiuieereeoeeoocsoosoosasossesssosssosssoscsscsscsnnss Cicevecnnane 111
NVDC-NM2 = J..eieeeeneedieaiiiiiiiaianns A..... Cicenconnnnnase Gicoaosoananne A..... Ueoouoonconaonnssnssnssssessssssssasscnnes 111
NVDC-NM3 = J..eceeeeeeedieeeiaeiienneennnns A..... Civeeernncnnen Geeveeoonnns A..... Ueeeeooeeoseossossosssosssosscossansassansannse 111
NVDC-FJ = Jecececeeneadieaeiiiiiiiaaaaann A..... Cicenennnnnnnse Gicoaasnanna A..... Ueooaoonaonacsnasnasnssssessssssssascsnnns 111
BJUEUO6-1 = Jieeeeeeeeeadieeeeneinenennnnnns Aiieceecensensannnns Geveeeroosoccrsocsossosscssesssassanse Coveennenne L0 111
NMEUO09-1 = J..eeeeeeneadeeeeiiiiiiiaanann A...... Uiseaoeaaoaas G.U.Civvecnaanaann Uieeaeoaannas Uiceeaonaasaaacaacasacsacsanne 111
EuroPRRSV ... iiiiiiiiiiiinns Ao Gttt ittt Uttt titieteenneeeosensasnssssananannnnns 111
SD01-08 l....iiieieaodfeen. Cicreasnannaanne A...... UUieeveannanna Ueeeeeoeooeasoasoasoaonsannasntsassaasaassassacsaascassannae 111
RNU-07  eeeeeennnnadan UU......G.G.G.A.....CU. ..ttt teennnnsnnnnnnnnns L 111
HKEU16 = Jeeeceececeadieeeeaiiiiiaaeannn A..... CU.coevnncnans Geceaaotacoacoccocsocnsensansna G.UU.eceeceonaonaasaaasaasaans 111
Lena = Jeeeiiiiiiiediiiiiiiiiaa, C.o. B .. .B..CG.Guvvnnnnn G.U.Gevevernnnennnns S U.U.C..B..vvnnnnn GA........ 111

12 nt start motif site
v UAUCCUUCUCUCUCGGGGCGAGUGCGCCGCCUGCUGCUCCCUUGCAGCGGGRAGGACCUCCCGAGUAUPUCCGGAGRGCHCCUGCUUUACGSEE] “CUCCACCCIJI}U_AZ;CSC_: 221
NVDC-NM1-2011l ccoccoccoccoccoscaosccoscasocssocssososossasosssesseassesssoscsocsosccnscsncsscsse o oo o b o 221
NVDC-NM2 Covann CivelCoivunonncnnnnnnncnns uc o o 221
NVDC-NM3 Covenn o oo df b o 221
NVDC-FJ Covann CieeCeitinenncnne o o 221
BUEUO6-1 = .. iieececccnccncnnnns o 221
NMEU09-1  .......... . b o 221
EuroPRRSV ~  .......... . o vl eGLUL L 221
SD01-08 = ....ceeen. o oo o .o 221
KNU=0T = cceccraesccccatcatcctccsoasocsnsensansnesnsassaasaastsacsacsaascascnne o o oo .. 221
HKEUl6 C.Coovvnnn . 221
Lena = L..eeieeann .o ..l 2 221
B

v UUUGACAGUCAGGUGARUGGCCGCGAUUGGCGUGUGGCCUCUGAGUCACCUAUUCARUUAGGGCGAUCACAUGGGGGUCAUACUUAAUCAGGCAGGARCCAUGUGACCGARAAUU 114
NVDC-NM1-2011 ....GU... 114
NVDC-NM2 = iiiieeeeecececcccccccasaancancns Biiiiiastactactccecsconccncassaasaassacsaccanse AUCCCU..... U..oun Aiierecsnsaanaanaanna 114
NVDC-NM3 114
NVDC-FJ 114
BJEUO6-1 114
NMEUO9-1 114
EuroPRRSV 114
SD01-08 114
KNU-07 114
HKEU16 114
Lena_virus 114

Fig. 1 Alignment of 5-UTR (A) and 3'-UTR (B) sequences of line box, and solid boxes, respectively. b Alignment of 3’-UTR
PRRSV-Type 1 viruses. a Thel2-nt start motif, leader TRS, and three sequence of PRRSV-Type 1 viruses
invariant nucleotide stretches were indicated by a black box, a dotted

However, in the NVDC-NM1-2011 isolate C was substi- deleted at residue 411, located in ES4 as not found in other
tuted with U in the third stretch, a mutation similar to the  viruses [27, 28]. In addition, a unique insertion of arginine
5'-UTR motifs changes observed in the BJEUO6-1 isolate. was found at residue 757 of NVDC-NM2 that was not
The 3’-UTR of four isolates was 114 nucleotides in length  present in all the other viruses.
and contained 5 or 9 nucleotide changes (Fig. 1b).

Genetic characteristics of structural ORFs of 4
Amino acid alteration in Nsp2 of 4 PRRSV-Type 1 PRRSV-Type 1 isolates
isolates

The structural ORF nucleotide sequences (ORFs 2-7) of
The highly variable PRRSV protein, Nsp2, is the least  four isolates shared 91.4 % (NVDC-NM1-2011), 88.5 %
conserved viral protein [2, 26]. In this study, several dif- (NVDC-NM2), 88.8 % (NVDC-NM3), and 88.7 %
ferences were found in the NSP2 aa sequence of all four =~ (NVDC-FJ) nucleotide homology with LV strain. The
isolates, when compared to the NSP2 sequence of the  amino acid sequences of four isolates shared 83.7-96.1 %
reference LV strain. Six aa deletions (deletion of 1 aa at identity with the LV strain (Table 2).The structural pro-
residue 277, 4 aa at residue 357-360, and 1 aa at residue teins GP3 and GP5 were next analyzed with other repre-
411) were observed within the NSP2 of the NVDC-NM2,  sentative PRRSV-Type 1 isolates from China and other
NVDC-NM3, and NVDC-F]J isolates, and five discontinu- countries.
ous deletions (4 aa deletions at residue 357-360 and 1 aa GP3, a minor structural protein contains a hypervariable
deletion at residue 411) were observed in the NVDC-NM1-  region (aa 237-252) in the overlap regions of ORF3 and
2011 isolate (Fig. 2). Notably, in four isolates, 1 aa was ORF4 in PRRSV-Type 1 viruses [29]. Consistent with
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Fig. 2 Alignment of NSP2
amino acid sequences of four
isolates with other PRRSV-
Type 1 strains. The amino acid
discontinuous deletions detected
in four isolates were indicated
with solid boxes. One amino
acid insertion at position 757
was indicated with a dotted line
box. The previously identified
B-cell epitope sites (ES) were
indicated with underlining
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Table 2 Structural protein

. L . Protein name
amino acid identity of four

% of identity to LV strain

isolates with LV strain

NVDC-NM1-2011 (%)

NVDC-NM2 (%) NVDC-NM3 (%) NVDC-FJ (%)

ORF2a/GP2 94.4

ORF2b/E 91.7
ORF3/GP3 86.4
ORF4/GP4 87.4
ORF5/GP5 90.8
ORF5a 95.3
ORF6/M 96.0
ORF7/N 922

91.6 91.6 91.6
87.5 87.5 87.5
85.2 85.2 85.2
90.3 90.3 914
83.7 83.7 83.7
90.7 90.7 90.7
93.6 93.6 91.9
94.5 96.1 96.1

previous studies, the GP3 hypervariable region of four
isolates contained multiple deletions and mutations. Con-
tinuous deletion of 8 aa (at positions 240-247 of GP3 or
60-67 of GP4) was observed in the hypervariable region of
NVDC-NM2, NVDC-NM3, and NVDC-FJ isolates
(Fig. 3a, b). In addition, 2 aa mutations (N27-T27 and S29-
N29) were detected in one of seven potential N-glycosy-
lation sites in GP3, indicated by the red boxes in Fig. 3a. In
contrast, only 1 aa deletion (at position 245 of GP3 and
position 65 of GP4) was detected in the GP3 hypervariable
region of NVDC-NM1-2011 and no glycosylation site
changes were found (Fig. 3a, b).

GP5, the most variable envelope glycoprotein, was
encoded by ORF5 and comprised 201 amino acids in
PRRSV-Type 1 viruses. This protein binds to M protein to
form a disulfide-linked heterodimer that contains multiple
primary neutralization sites [30, 31]. Previous studies indi-
cated that the hypervariable region of GPS5 includes the
signal peptide sequence (at residues 1-33) and two ectodo-
mains (at residues 33—-67 and 89-109). Variation in these
regions tends to affect the number of potential N-glycosy-
lation sites and is expected to confer sensitivity to selective
pressure from the porcine antibody response [32, 33]. In this
study, we detected 11 amino acid substitutions within the
ORF5 hypervariable region of NVDC-NM1-2011 (2 aa
substitutions were found in the signal peptide sequence and 9
aa substitutions in two ectodomains) when compared to the
LV PRRSV strain. 1 aa substitution (at residue 189) was
found in ES13 (Fig. 4). In contrast, 17 amino acid substitu-
tions were observed within the ORF5 hypervariable region of
the 3 other isolates including substitution of 6 aa in the signal
peptide sequence and 11 aa in two ectodomains. Notably, an
additional N-glycosylation site at position 37 was detected in
all four isolates (Fig. 4).

Phylogenetic analysis of 4 PRRSV-Type 1 isolates
and other PRRS viruses

To establish genetic relationships between the isolated
strains and previously characterized strains, phylogenetic

@ Springer

analysis was performed on the full-length genomic
sequences of the four isolates, 22 PRRSV strains including
5 PRRSV-Type 2 viral strains and 13 PRRSV-Type 1 viral
strains in the GenBank database (Suppl. Table). The four
isolates could be divided into different branches within the
PRRSV-Type 1 Subtype 1 that is predominant in Europe
[34]. NVDC-NM2, NVDC-NM3, and NVDC-FJ were
closely related within the same branch, and NVDC-NM1-
2011 fall into separate branch within Subtype 1 (Fig. 5). In
addition, further phylogenetic analysis based on ORF5 and
ORF7 nucleotide sequences also indicated that these iso-
lates could be divided into two branches within the
PRRSV-Type 1 Subtype 1 (data not shown).

Discussion

PRRS has now emerged as one of the most prevalent swine
diseases in China, particularly after the unparalleled out-
breaks of HP-PRRSV since 2006 [35, 36]. While PRRSV-
Type 2 strains have previously been detected most often in
China, the PRRSV-Type 1 has also been detected in China
since 2011 [17]. In this study, nation-wide PRRSV
surveillance of serum samples collected from 80 breeding
swine farms provided the opportunity to comprehensively
study the prevalence of PRRSV-Type 1 virus in China.

Four PRRSV-Type 1 viruses were successfully isolated
and were subjected to genomic sequencing. Genomic
sequence analysis confirmed the diversity of the PRRSV-
Type 1 virus in China. In comparison to the LV strain, the
complete genomic sequences of four isolates contained
mutations within the nonstructural and structural proteins.
NsplB, Nsp2, ORF3, ORF4, and ORF5 exhibited the
highest level of variation. PRRSV-Type 1 viruses were
previously reported to contain different deletions within
Nsp2 or ORF3 hypervariable regions than the LV strain
[29-33]. In this study, all four isolates also contained
deletions in these two hypervariable regions.

NSP2, the largest PRRSV protein, is crucial for the
proteolytic processing of proteins during virus replication
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Fig. 3 Amino acid variants in ORF3 and ORF4 of four isolates and
other PRRSV-Type 1 viruses. a The 1-aa deletion at position 245 of
ORF3 in NVDC-NM1-2011 and the 8-aa deletion at position 240-247
in ORF3 in the other three isolates were indicated by a solid box.

and modulation of immune responses [29, 30]. This protein
possesses a putative conserved cysteine protease domain
and contains six B-cell epitopes. ES2 is located in the
putative cysteine protease domain, a domain important for
viral survival and modulation of immune responses [28,
29]. In this study, ES2 was well conserved in the four
isolates, which is consistent with earlier findings. The most
variable region of NSP2 in these four isolates was located
between the ES3 and ES4. Four aa deletions were detected
in ES3 and 1 aa deletion was detected in ES4. Whether

Seven potential N-glycosylation sites in ORF3 were indicated by red
boxes. b The 1-aa deletion at position 65 of ORF4 in NVDC-NMI-
2011 and the 8-aa deletion at position 60—-67 in ORF4 of the other 3
isolates were indicated by a solid box (Color figure online)

such deletions influence the virulence of PRRSV strains
remains to be investigated.

The greatest amino acid variability in these isolates was
detected in GP3 and GP5 in accordance with previous
studies [31-33, 37, 38]. GP3 contains a hypervariable
region located in the carboxyl-terminal end overlapping
with ORF4. Previous studies indicated that this region may
be subject to more rapid changes than other regions during
immune selective pressure [29, 30, 38]. Moreover, the
ES12 of GP4 is also located in this overlap region, and may
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Fig. 4 Amino acid variants in ORF5 of four isolates, compared with
other PRRSV-Type 1 viruses. The functional domains were reported
according to Stadejek et al. [33]. The putative signal sequences
(dotted line boxes) and hypervariable domains (solid boxes) were

Fig. 5 Phylogenetic analysis of
four isolates with other PRRSV-
Type 1 strains based on the
complete genomic sequence.
Alignments were analyzed
using the neighbor-joining
method with the Kimura
2-parameter algorithm in
MEGAA4.1. Each isolate was
indicated by virus name,
GenBank accession no., and
country of origin. The four
isolates were indicated with
dark triangle symbols. The
reliability of the tree was

indicated. Potential N-glycosylation sites were shown in the red
boxes. The mutation at position 37 (D37 — N37) in all four isolates
as shown by the red box. One mutation observed at ES13 of NVDC-
NM1-2011 was indicated by the blue box (Color figure online)
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act as a decoy epitope and play an important role in
delaying the induction of PRRSV-neutralizing antibodies
[17, 29, 38, 39]. In this study, the 8-aa deletion in NVDC-
NM2, NVDC-NM3, and NVDC-FJ and 1 aa deletion of
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CH-1a\AY032626\China
92 HB-1 sh 2002\AY 150312\China
100 100 JXA\EF112445\China
VR-2332\PRU87392\USA

NVDC-NM1-2011 was located in ES12, which led to the
disruption of the ES12 conformation.

GP5 is the most variable PRRSV structural protein.
Amino acid variations in GP5 were mainly observed in the
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hypervariable region of the ectodomain, which possesses
many potential N-glycosylation sites. These potential
N-glycosylation sites are involved in viral immune evasion
and minimize the virus-neutralizing antibody response [17,
29, 30, 32]. All four strains isolated in this study differed
from LV at position 37 (D37-N37) and NVDC-NM1-2011
contained a 1 aa mutation in ES13. Whether the increase in
glycosylation sites or amino acid mutation in GP3 and GP5
immune-dominant epitopes are related to the sensitivity of
PRRSV to neutralization remains unknown.

To gain further insight into the genetic relationships
between these isolates and other PRRSV-Type 1 isolates,
phylogenetic analysis was performed on the whole genome
of the four isolates, in addition to 22 PRRSV strains
including 5 PRRSV-Type 2 viruses, and 13 PRRSV-Type 1
prototypic strains. We also performed phylogenetic anal-
ysis of the ORF5 of 100 strains and the ORF7 of 96 strains
listed in the GenBank database. The phylogenetic trees
revealed that all four isolates belonged to PRRSV-Type 1
Subtype 1, and could be further divided into two branches.
NVDC-NM1-2011 belongs to one branch, while the other
three strains were closely related within the other branch.
Remarkably, NVDC-NM1-2011, NVDC-NM2, and
NVDC-NM3 isolated from different breeding swine farms
in the same province were divided into different branches.
These results suggested that there was no clear geograph-
ical link between the four isolates, and suggested that
independent EU PRRSV evolution is currently occurring in
Chinese swine herds.

In summary, these results indicate that EU genotype
PRRSV underwent gradual variation and has accumulated
genomic changes since its introduction to Mainland China.
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