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A new recombined porcine reproductive and respiratory
syndrome virus virulent strain in China

Jian-guo Dongl‘z‘T, Lin-yang Yu'', Pei-pei Wangl, Le-yi Zhangl, Yan-ling Liu', Peng-shuai Liangl, Chang-xu Songl’*

! dnimal Science College & National Engineering Center for Swine Breeding Industry, South China Agriculture University, Guangzhou 510642, China
*School of Animal Husbandry and Medical Engineering, Xinyang Agriculture and Forestry University, Xinyang 464000, China

Porcine reproductive and respiratory syndrome (PRRS) is one of the most important swine diseases worldwide. In the present study, a new
virulent strain of PRRS virus (PRRSV), GDsg, was isolated in Guangdong province, China, and caused high fever, high morbidity, and high
mortality in sows and piglets. The genome of this new strain was 15,413 nucleotides (nt) long, and comparative analysis revealed that GDsg
shared 82.4% to 94% identity with type 2 PRRSV strains, but only 61.5% identity with type 1 PRRSV Lelystad virus strain. Phylogenetic
analysis indicated that type 2 PRRSV isolates include five subgenotypes (I, IL, III, IV, and V), which are represented by NADC30, VR-2332,
GM2, CH-1a, and HuN4, respectively. Moreover, GDsg belongs to a newly emerging type 2 PRRSV subgenotype III. More interestingly,
the newly isolated GDsg strain has multiple discontinuous nt deletions, 131 (19 + 18 + 94) at position 1404-1540 and a 107 nt insertion in
the NSP2 region. Most importantly, the GDsg strain was identified as a virus recombined between low pathogenic field strain QYYZ and
vaccine strain JXA1-P80. In conclusion, a new independent subgenotype and recombinant PRRSV strain has emerged in China and could
be a new threat to the swine industry of China.
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Introduction

Porcine reproductive and respiratory syndrome (PRRS)
includes reproductive diseases in sows including abortion,
mummified fetus, and stillbirth, and respiratory system diseases
in pigs of all ages [1]. Since it emerged in 1980s, the disease has
spread to most pig farms in the world and has led to huge
economic losses [9].

The PRRS pathogen is the porcine reproductive and
respiratory syndrome virus (PRRSV), which is a positive-strand
RNA virus belonging to the Arteriviridae family [21]. The
length of the PRRSV genome is about 15 kb and includes at
least eight open reading frames (ORF): ORF1la, ORF1b, and
ORFs 2-7[7]. ORF1a and ORF1b encode the polyproteins ppla
and pplb, respectively, which are further cleaved into
nonstructural proteins (NSPs): NSP1o, NSP1f3, and NSP2-12
[4]. ORFs 2-7 encode structural proteins GP2, GP3-5, M, and
N [3]. The PRRSV can be classified into two genotypes: type 1
(European type: representative strain Lelystad virus, LV) and
type2 (North American type: representative strain VR-2332)

[24]. The genomes of both genotypes have only 60% nucleotide
(nt) homology, but both types led to similar clinical symptoms
and pathological changes [10].

The first PRRSV was isolated in China in 1996, and, since
that time, the virus has undergone extensive evolution, and in
2006, there was an atypical PRRS outbreak in South China,
which was characterized by high fever, high morbidity, and
high mortality [17,23]. Further study indicated that the outbreak
was caused by a highly pathogenic PRRSV (HP-PRRSV) with
a characteristic 30 amino acid (aa) deletion in its NSP2 region
[36]. In 2015, some NADC30-like strains were isolated in
Northeast and Central China, and phylogenetic analyses
indicated that they had high identity similarity with the
moderately virulent NADC30 strains isolated in America in 2008
and belonged to a new subgroup; some NADC30 like strains
can result in high mortality in swine [33,35]. Interestingly, at the
end of 2015, we identified a novel PRRSV strain, GDsg, which
had been isolated from sick pigs at a PRRS-outbreak farm in
China. GDsg was observed to be different from all of the
aforementioned strains and exhibited large-scale nt deletions,
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insertions, and evidence of recombination. As this new strain
could spread widely, GDsg is considered a potential threat to the
swine industry. Herein, we report on the results of our
characterization of GDsg.

Materials and Methods

Clinical samples

In 2015, lung samples were collected from suspected PRRSV
positive sick pigs infected with PRRSV in Guangdong
province, South China. The lung samples were homogenized
and centrifuged and the supernatants were used for virus
isolation. All samples were collected according to the animal
ethical regulation of National Engineering Center for Swine
Breeding Industry (NECSBI 2015-16).

Virus isolation

Virus isolation was performed in porcine alveolar
macrophages (PAMs), which were maintained in RPMI-1640 at
37°C containing 10% fetal bovine serum (Thermo, USA), 100
mg/mL penicillin, and 100 units/mL of streptomycin. Initially,
the PAMs were seeded in 6-well cell culture plates (Corning,
USA) and incubated with supernatants from the homogenized
lung samples for 1 h. The supernatants were then discarded,
RPMI-1640 medium added to the 6-well culture plates, and the
PAMs maintained at 37°C with 5% CO,. The cultured cells and
supernatants were harvested when a cytopathic effect appeared
in 70% of the cells. The recovered virus was designated as strain
GDsg. The GDsg strain was passaged twice in PAMs and
purified by plaque assay. Viral cultures of the purified virus
were used for genomic sequence analysis.

Primers design

To determine the full genomic sequence of GDsg, primers
were designed based on the reference PRRSV sequences
available through the National Center for Biotechnology
Information (NCBI, USA). The primers used for GDsg genome
sequencing are described in Table 1.

RNA extraction and RT-PCR

Total RNA was extracted by using TRIzol reagent (Life
Technologies, USA) according to the manufacturer’s instructions.
Reverse transcription (RT) was performed in a total volume of
20 UL containing 10.5 uL total RNA, 4 uL 5x RT buffer, 2 uL.
deoxynucleoside triphosphate mixture (10 mM), 1 uL 9-mer
random primers (50 pM), 2 pL RT M-MLV (Takara
Biotechnology, China), and 0.5 pL RNase inhibitor (40 U/uL).
The reactants were mixed gently, placed in a water bath at 42°C
for 1 h, then incubated on ice for 2 min. The polymerase chain
reaction (PCR) was conducted by using PrimeSTAR HS DNA
Polymerase (Takara Biotechnology).
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Nucleotide cloning and sequencing

The PCR products were purified by using the Wizard SV Gel
and PCR Clean-Up system (Promega, USA), and then cloned
into pEASY Simple Blunt vector (TransGen Tech, China).
Plasmids were submitted to BGI (China) for sequencing, and
the complete PRRSV genome sequence was obtained by using
the SeqMan program within DNAstar 7.0 software (DNAstar,
USA). The complete genome sequence was named GDsg and
was submitted to GenBank wunder accession number
KX621003.

Sequence alignment and phylogenetic analysis

The nt and deduced aa sequences were aligned by using the
MegAlign program in DNAstar 7.0 software and used to
determine sequence homology. A phylogenetic tree was
constructed by using MEGA software (ver. 5.2) [28] and the

Table 1. Primers used for GDsg genome amplification

Primers

Sequence (5'-3’) Position ™
name

PRRSV1F  ATGACGTATAGGTGTTGGCT 1-20
PRRSVIR  GTCGCACCAGAGCGTGCTTTC 1357-1377
PRRSV1F CAGAATCAGGGTTGAGCCCAAT  1255-1276
PRRSVIR  CTGCCCAGGCCATCATTTCTGAA 2551-2573
PRRSV2F CCACTGGACTTGGCCCGCGAC 2451-2471
PRRSV2R  CTGAAGGCAGCAAATCAGTGA 3780-3800
PRRSV3F CCGGTCTGCGACCAACCTGCC 3680-2700
PRRSV3R  GAAAATACACCCAAGAGGGGAG 4029-4050
PRRSV4F CACACCTCTTCAAATCTGACAG 3921-3942
PRRSV4R  CGAAGGCATATTTACAGAAATC  5368-5389
PRRSV5F CCCTTACCTGGTTGCTTTGTGT 5280-5301
PRRSV5R  GTAACGGATGCCCTTGAGTTGC  6521-6542
PRRSV6F  GGATGTTTGTGCTATCTTGGCT 6378-6399
PRRSV6R  GCGGCTAGCAGTTTAAACACTGC 7684-7706
PRRSV7F GAGCAAGCCCTTGGTATGATGA  7583-7604
PRRSV7R  CAAGGCACCTGCCTAAAACCGGA 8844-8866
PRRSV8F CGTTGAGTGGTGTCACCCAGGG 87568777
PRRSVBR  TTCCCTCCTGGATGAAGCAGCG 10281-10302
PRRSVOF  GGCTTTGGGGACGTGCCGGTTC 10164-10185
PRRSVIOR  AACTGATTCCTTGGGAAGGAAG 11400-11421

PRRSV110F CTGAGTCCCTCCCACATGCCTT
PRRSV110R AAGTACTATTATACACTATG

11312-11333
12613-12632

PRRSV11F  TGGATGTGGTGGCTCATTTTC 12498-12518
PRRSVT1R CCCCAACATACTTGAACATTCA  13776-13797
PRRSV12F  CCAACATGTCAAGGAGTTTAC  13646-13666
PRRSV12R CTTTCGCTGCTTGCCGTTGTTA  14898-14919
PRRSV13F  TACGGTTAACGGCACATTGGTG 14798-14819

PRRSV13R  d(T)20AATTTCGGCCGCATGG 15395-15432

PRRSV, porcine reproductive and respiratory syndrome virus; F, forward;
R, reverse. *Numbers represents nucleotide position within the genome of
CH-1a (GenBank accession No. AY032626).



neighbor-joining method; bootstrap values were calculated for
1,000 replicates for alignment with multiple sequences of
representative PRRSV sequences available in GenBank (Table
2).

Recombinant analysis

To detect probable recombination events, the genomic
sequence was scanned for possible recombination event
indicators by using SimPlot (ver. 3.5.1) software according to
the methods described previously [19]. The parent virus
sequences were for QY'YZ and JXA1-P80 and the query was the

Table 2. Information on representative PRRSV strains

No. Strain Area Time Accession
No.
1 EDRD-1 Japan 1992 AB288356
2 Lelystad virus  Netherlands 1993 M96262
3 CH-1a Beijing, China 1996 AY032626
4 BJ-4 Beijing, China 1996 AF331831
5 PL97-1 South Korea 1997 AY585241
6 SP Singapore 1999 AF184212
7 Jam2 Japan 2000 AB811787
8 HB-1(sh)/2002 Hebei, China 2002 AY150312
9 VR-2332 America 2003 AY150564
10 NB/04 Zhejiang, China 2004 FJ536165
11 RespPRRS MLV America 2005 AF066183
12 SHB Guangdong, China 2005 EU864232
13 MNT184A America 2005 DQ176019
14 T Jilin, China 2006 EUB860248
15 JXA1 Jiangxi, China 2006 EF112445
16 JXwn06 Jiangxi, China 2006 EF641008
17 GD Guangdong, China 2006 EU825724
18 TP Guangdong, China 2006 EU864233
19 WUH1 Hubei, China 2007 EU187484
20 HuN4 Hunan, China 2007 EF635006
21 CG Guangdong, China 2007 EU864231
22 CH-1R Heilongjiang, China 2008 EU807840
23 JXA1-P80 Guangdong, China 2008 FJ548853
24 08HuN Hunan, China 2008 GU169411
25 GDBY1 Guangdong, China 2008 GQ374442
26 YN9 Guangdong, China 2008 GU232738
27 NADC30 America 2008 JN654459
28 TP P90 Guangdong, China 2009 GU232737
29 DC Guangdong, China 2010 JF748718
30 FS Guangdong, China 2010 JF796180
31 GM2 Guangdong, China 2011 JN662424
32 QYYZ Guangdong, China 2011 Q308798
33 JL580 Jilin, China 2013 KR706343
34 HENAN-HEB Henan, China 2014 KJj143621
35 CHsx1401 Beijing, China 2015 KP861625

PRRSV, porcine reproductive and respiratory syndrome virus.

Newly isolated Chinese PRRSV strain 91

GDsg genomic sequence. A window of 200 bp and a step size of
20 bp were applied.

Results

Genomic comparison between GDsg and other representative
PRRSYV strains

A PRRS outbreak happened in Shaoguan city in Guangdong
province, China on 30 December 2015, resulting in 70 sows
abortion and 3 sows death. The abortion rate among the
pregnant sows was 11.43% (120/1,050). The sows experiencing
abortion and death had high body temperatures (40.5°C-
41.5°C). The mortality rates among suckling and nursery piglets
were approximately 60% and 20%, respectively. The PCR
diagnostic test results indicated that the samples from the dead
sows were PRRSV positive, but negative for porcine circovirus2
(PCV2), porcine encephalomyocarditis virus (PEMCV), porcine
pseudorabies virus (PRV), classical swine fever (CSFV),
porcine parvovirus (PPV), porcine epidemic diarrhea virus
(PEDV), and transmissible gastroenteritis virus (TGEV). Lung
samples from the 3 dead sows were collected and a PRRSV
field strain, named GDsg, was isolated after culturing with
PAMs. The GDsg strain was passaged in PAMs twice and the
viral cultures of the third passage were used for genomic
sequence analysis. Total viral RNA was extracted from the viral
cultures and 13 genomic fragments were amplified by
performing RT-PCR with the relevant primers. The PCR
products were cloned into the pEASY Simple Blunt vector
(TransGen Tech) for sequencing. The whole genome sequence
was obtained by using the sequence splicing method in SeqMan
software. The GDsg genomic sequence was determined to be
15,413-nt long, including a 189-nt 5'UTR, a 151-nt 3'UTR, and
eight ORF. The genomic sequence of GDsg was compared with
other PRRSV reference strains (Table 3). Genetic and
evolutionary analyses showed that GDsg shared a high nt
homology with QYYZ (94%) and GM2 (93%), but a low nt
similarity with North American reference strain VR-2332
(86.4%). In addition, it had 89.5% and 90% genomic similarities
with the Chinese low pathogenic strain CH-1a and the Chinese
HP-PRRSYV strain JXAI, respectively. GDsg shared a much
lower nt similarity with NADC30 (83.3%) and the recently
isolated in China NADC30-like strain CHsx1401 (82.4%).
Interestingly, it had a very low genomic homology with the
European type LV strain (61.5%). Different ORFs had different
nt sequence identity, ranging from 78.9% to 98.2% when
compared to type 2 strains. The lowest sequence identities were
in ORF1a, while the highest identities were in ORF6.

The 189-nt 5’'UTR of GDsg had a 92.6% to 100% nt identity
with the type 2 reference strains, however, only a 59% nt
identity with the type 1 reference strain LV. The 3'UTR of GDsg
had 151 nt and was followed by a 26-nt poly(A) tail. The
sequence alignment indicated that the 3'UTR of GDsg

wWww.vetsci.org



92  Jian-guo Dong et al.

Table 3. Genomic comparison between GDsg and other representative PRRSV strains

QYYZ GM2 JXA1-P80 JXAT1 CH-1a VR-2332 NADC30 LV
Nucleotide identity to GDsg (%)
5'UTR 92.6 92.6 94.1 94.1 95.2 100 94.2 59
ORF1a 89.8 89.1 89.8 88.4 87.4 84.2 78.9 48.5
ORF1b 93.1 92.4 97.9 95.1 93.1 90.1 86.7 68.7
NSP1a 89.8 89.8 94.2 93.2 94 95.6 88.8 63
NSP1B3 85.7 84.9 97.8 97.2 92 87.4 81.3 50.2
NSP2 86.9 86.4 88.3 88.6 87.2 80.8 73.1 44.9
NSP3 90.3 90.2 81.8 81.7 82.5 84 80.4 58.8
NSP4 92.5 92 85 84.6 84.5 83.8 82.5 59.6
NSP5 97.4 97.3 82.4 81.8 82.9 83.9 81.8 63.3
NSP6 100 100 97.9 97.9 95.8 93.8 91.7 66.7
NSP7 95.4 92.5 93.7 93.4 91.4 85.7 80.8 53.6
NSP8 93.5 93.5 97.8 98.6 97.8 94.2 89.1 65.9
NSP9 90.8 92 99.1 98.7 95.9 92 87.2 67.1
NSP10 92.4 89.2 96.4 96.1 93.3 89.5 86.1 60.8
NSP11 97.8 96.4 88 88.5 88.6 87 87.1 67.3
NSP12 97.8 97.2 87.2 87.2 87.9 88.5 86.1 51.5
ORF2 98.2 97.7 88.7 88.7 88.6 89 86.5 67.2
ORF3 94 93.7 84.7 88.6 88.5 86.9 83.7 56.1
ORF4 94 94.2 90.5 90.9 91.8 89.6 87 69.8
ORF5 97.2 96.2 82.1 83.7 85.2 83.6 84.1 54.3
ORF6 97.9 97.7 96 91 91.6 91.6 90.1 80.5
ORF7 97.3 95.4 91.1 87.9 87.9 89.5 88.2 62
3'UTR 96.7 95.4 86 87.3 86.8 90.1 90.1 68.2
Completion* 94 93 90.1 90.0 89.5 86.4 83.3 61.5
Amino acid identity to GDsg (%)

NSP1o 95.2 95.2 97 97 97.6 97.6 95.8 66.9
NSP1B 83.9 82.9 96.8 96.3 88 85.7 77.9 42.7
NSP2 82 81.3 84.5 84.6 83 75.6 66.9 29.7
NSP3 95.3 95.3 89.2 89.2 89.2 90.8 88.1 58.7
NSP4 96.6 96.1 92.6 92.2 92.6 92.2 91.7 64
NSP5 98.8 99.4 90 90 89.4 89.4 88.8 70.6
NSP6 100 100 100 100 100 93.8 93.8 75
NSP7 94.2 90.3 94.2 94.6 92.7 86.5 84.9 41.6
NSP8 97.8 97.8 97.8 97.8 97.8 97.8 97.8 71.7
NSP9 97 97.2 99.5 99.4 98.8 97.7 97.3 74.8
NSP10 98 95.9 98.2 97.7 97 95.9 95 64.5
NSP11 99.6 98.7 94.6 94.6 94.6 95.1 94.2 76.7
NSP12 98.7 98.7 95.5 95.5 96.8 94.8 92.2 41.4
GP2 98.4 98.1 87.9 87.9 88.7 89.1 89.1 64.4
GP3 93.3 92.9 84.7 84.7 84.3 83.9 83.5 56.1
GP4 92.7 92.2 90.5 88.8 91.6 89.4 87.7 69.8
GP5 96.5 95 82.1 82.6 83.1 80.6 84.1 54.3
M 98.3 98.3 96 96.6 96.6 96.6 94.3 80.5
N 98.4 94.4 91.1 91.1 91.1 92.7 91.9 62

PRRSV, porcine reproductive and respiratory syndrome virus; ORF, open reading frame; NSP, nonstructural protein. *Complete genome of each PRRSV
strain.
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displayed 86.8% to 96.7% identity with other type 2 strains and
68.2% identity with the type 1 strain LV.

The GDsg ORF1a encoded a 2496 aa ppla which was further
cleaved into several NSPs: NSP1a, NSP1b, and NSP2 to NSPS.
NSP2 of GDsg showed low nt (72.4%-88.6%) and aa (66.9%—
86.4%) identities to other type 2 strains and only 44.9% and
29.7% nt and aa identities with type 1 strains LV.

ORFs 2 to 7 encoded the structural proteins of PRRSV.
Sequence alignment indicated that GDsg shared 83.7% to
97.9% and 82.6% to 98.4% nt and aa identities, respectively,
with other type 2 strains and only 62.9% to 71.6% nt and 54.3%
to 80.5% aa identities with the type 1 strain LV.

Phylogenetic analysis

To elucidate further the genetic relationship between GDsg
and other reference PRRSV strains, phylogenetic trees based on
the whole genomic sequence, the NSP2 nt sequence, and the
ORF5 nt sequence were constructed by using a neighbor-
joining method. As shown panel A in Fig. 1, the whole genomic
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sequences of the GDsg and reference strains was divided into
the type 1 (European type: EU type) and type 2 (North American
type: NA type) genotypes; moreover, the NA type was further
divided into five subgenotypes. The NADC30 and the recently
isolated NADC30-like strains in China belonged to subgenotype
I, while the earlier isolated strains including American strain
VR2332, Chinese strain BJ-4, Korea strain PL97-1, and Japan
strain Jam2 were clustered into subgenotype II. GDsg belonged
to subgenotype III along with GM2, QYYZ, and QY2010. The
other representative China strain CH-1a and its cell-attenuated
live virus vaccine strains CH-1R, HB-1, sh2002, and SHB,
which are low pathogenic PRRSV strains, belonged to
subgenotype IV. The JXA1 strain and its cell-attenuated live
vaccine strain JXA1-P80, which are HP-PRRSV strains,
belonged to subgenotype V. NSP2 and GP5 were two PRRSV
proteins exhibiting the most variation, and those gene
sequences had often been used as a target for analyzing genetic
mutations in PRRSV. GDsg and the reference PRRSV strains
formed a similar cluster when the phylogenetic tree was
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Fig. 1. Phylogenetic trees based on the complete genome,
NSP2, and ORF5 of PRRSV. (A) Complete genome-based tree.
(B) NSP2 nucleotide-based tree. (C) ORF5-based tree. The
isolate identified in this study is indicated by a black dot. NSP,
nonstructural protein; ORF, open reading frame; PRRSV,
porcine reproductive and respiratory syndrome virus; NA type,
North American type; EU type, European type.
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constructed based on NSP2 gene sequences with GDsg NSP2
belonging to subgroup III along with GM2, QYYZ, and
QY2010 (panel B in Fig. 1). However, the phylogenetic tree had
different branches when it was constructed based on the ORF5
gene sequences. As shown in panel C in Fig. 1, the GDsg ORFS5
formed cluster subgroup I with the GM2, QYYZ, and QY2010
strains, while the other strains were divided into four other
subgroups: 11, ITI, IV, and V.

Sequence alignment analysis

To describe further the characteristics of GDsg, the NSP2 and
GP5 sequences were aligned with those of the reference
PRRSV strains. As shown panel A in Fig. 2, NSP2 of GDsg had
a 19-nt deletion at position 1404-1422, an 18-nt deletion at
position 1426-1443, and a 94-nt deletion at position 1446-1540
when compared with VR2332, CH-1a, JXA1, JXA1-P80, and
HuN4, suggesting that the reference strains had less similarity
with GDsg than that of GM2, QYYZ, and QY2010, which had
close similarity with GDsg. However, GDsg had a deficiency
that was similar to that of NADC30 and the NADC30-like strain
CHsx1401; that is, a complete nt deletion at position 1404~
1540. In addition to such deletions, there were extensive
insertions in the NSP2 region of the GDsg genome. Compared
with the NA-type strain VR2332, the NSP2 of GDsg had a
108-nt insertion at position 2438-2545, which was the same as
those of GM2, QYYZ, QY2010, and SP. Compared to Chinese
strains CH-1a, HuN4, JXA1, and JXA1-P80, GDsg had a
107-nt insertion at position 2442-2549. Compared with
NADC30 and the NADC30-like strain CHsx1401, GDsg also
had a substantial nt insertion at positions 2454-2495 and 2498~
2536.

Residues R13 and R151 of GP5 are related to PRRSV
virulence [30], and, as shown panel B in Fig. 2, R13 and R151
of GDsg were substituted with Q13 and K151, in contrast to the
residues in VR2332, CH-1a, HuN4, JXA1, JXA1-P80, and SP.
The primary neutralizing epitope at position 37-44 of GP5 is
important for inducing immune responses, and GP5 of GDsg
had H38Y and L39S mutations, which differs from the
sequence in VR2332. There are four potential N-glycosylation
sites in the extravirion sequence of GP5 [2]. Compared with
VR2332, GP5 of GDsg had N30S and N33G mutations, the
same as the sequences in GM2, QYYZ, and QY2010. In
addition, GP5 of GDsg had S12L, D61N, and H103R mutations
in the signal peptide, extravirion, and intravirion regions,
respectively, differing from the sequences in the reference
strains.

Recombination analysis

The results from application of the NCBI’s Nucleotide Blast
software showed that the GDsg genome had the highest
similarity with QYYZ, whereas NSP1[3, NSP9, and NSP10 had
their highest similarities with JXA1-P80. To examine further
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the recombination status of GDsg, we used GDsg as a query
sequence and QYYZ and JXA1-P80 as the parent viruses in
SimPlot software. As shown panel A in Fig. 3, the results show
that GDsg was a recombinant strain between QYYZ and the
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CHsx1401 TCATCACTGATAACGCCAACCCCTGTGCCCGCATCACGA————-TGTG ———-——
SP GAGCCGGCATCTGTGTCCGCACCGCGACGCTCTTTTAGGCCGGTGAAGCCTTTGAGTGAACCAGTCCCAGTCCCTGCACCGCGCAAGACTGTGTCCCGAC
G2 GGGCCTACGCTCATGCCCGCATTGCAACATTTTCCTAAGTCAACGACACCTTTGAGTGGGCCGGCCCCGGTTCCTGCACCGCGTAGAACTGTGCCCAGAC
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Fig. 2. Alignment of the partial NSP2 nucleotide sequence and
the ORF5 translated amino acid sequence of GDsg with
representative PRRSV strains. (A) Alignment of the partial NSP2
nucleotide sequence. The deleted regions are indicated by a red
square and the inserted regions are indicated by an orange
square. (B) Alignment of the ORF5 translated amino acid
sequence. The signal peptide, transmembrane regions 1, 2, and
3 (TM1, TM2, and TM3) are indicated by a red square. NSP,
nonstructural protein; ORF, open reading frame; PRRSV, porcine
reproductive and respiratory syndrome virus.



cell-attenuated live virus vaccine strain JXAI1-P80. Five
recombination breakpoints were found at nt 161, 3021, 7459,
10601, and 13101 of the GDsg genome, which were located in
the 5’UTR, NSP2, NSP7, NSP10, and GP3 regions, respectively,
thus separating the genome into five regions. Two narrow zones
(the first and third regions, designated region A) of GDsg had
high similarity with JXA1-P80 and low similarity with QYYZ,
the others (the second, fourth, and fifth regions, designated
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region B) had high similarity with QYYZ and low similarity
with JXA1-P80. Phylogenetic analysis also indicated that region
A was closely related to JXA1-P80 (panel B in Fig. 3) and that
region B was closely related to QYYZ (panel C in Fig. 3).

Discussion

The first PRRSV strain (VR-2332) was isolated in 1992 in
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Fig. 3. Recombination analyses of the GDsg strain. (A) Similarity plot analysis using GDsg as the query sequence against those of
JXA1-P80 (red) and QYYZ (green). Recombination breakpoints are shown as blue dotted lines. The minor parental regions are identified
as region A, whereas that the major parental regions are identified as region B. (B) Phylogenies of parental regions A. (C) Phylogenies
of parental regions B. The minor parental group (i.e., HP-PRRSV and related vaccine virus) is marked by asterisks; the major parental
group (i.e., a new subgenotype in China) is marked by daggers. HP-PRRSV, highly pathogenic porcine reproductive and respiratory

syndrome virus.

www.vetsci.org



96 Jian-guo Dong et al.

North America and the first Chinese strain (CH-1a) was
reported in 1996, and, since those isolations, PRRS has become
one of the most troublesome swine diseases in the world and
has led to huge economic losses [25]. Because of the
immunosuppression caused by PRRSV and the host’s immune
system-induced selection pressure, it is difficult for the host to
fully clear the virus. Under such conditions, the viral genome
may mutate constantly in order to resist the host’s selection
pressure and more and more new mutated strains may emerge
[16,32,35]. In the present study, we isolated a new PRRSV
strain, GDsg, and its genome’s unique characteristics were
analyzed.

Recent research involving phylogenetic analysis of PRRSV
in China has shown that the isolated PRRSV strains commonly
form into three clusters: subgroup I represented by VR-2332,
subgroup II represented by CH-la, and subgroup III
represented by JAX1 [31,37]. In our investigation, phylogenetic
analysis indicated that the type 2 PRRSV isolates can be divided
in five subgenotypes (I, II, ITI, IV, and V) and the representatives
of these subgenotypes are NADC30, VR-2332, GM2, CH-1a,
and JXAI, respectively. We observed that GDsg belonged
within subgenotype Il along with GM2, QYYZ, and QY2010,
which were all isolated in South China in recent years. QY2010
is a HP-PRRSV that was isolated in 2010, while GM2 is a
recombinant strain between vaccine strain MLV RespPRRS/
Repro and a Chinese field strain QY YZ, which was isolated in
2012 [8,29]. Since 2006, a HP-PRRSV with a 30 aa deletion in
the NSP2 region has been reported widely in China [16]. Since
2015, more and more NADC30-like strains have been isolated
in China [12,35]. In our current research, we have isolated new
PRRSV strains with a high identity with GM2. Taken together,
these results indicate that PRRSV has been undergoing
continuous and extensive evolution. As a result, two new and
different subgenotypes (I and III) might now be present in
China.

The NSP2 gene is the most variable gene in the PRRSV
genome and often exhibits deletion, insertion, and/or mutation
[11]. In addition, the GP5 gene also has high genetic diversity
[22]. Thus, both the NSP2 and GPS5 genes can be used when
examining PRRSV evolution. Phylogenetic analysis based on
both the NSP2 and GPS5 genes showed that GDsg formed a
cluster with recombinant strain GM2, wild strain QY'YZ, and
QY2010, further supporting the observation that the GDsg
genome belonged to a new cluster and might be a new
recombined PRRSV strain.

In recent years, other atypical PRRSV strains have been
reported, with novel nt deletions and insertions in NSP2
[14,37]. In this study, sequence alignment indicated that NSP2
of GDsg had a 108-nt insertion at position 2438-2545, which
was the same as those in GM2, QYYZ, and QY2010. However,
in contrast to GM2, QYYZ, and QY2010, NSP2 of GDsg had a
19-nt deletion at position 1404-1422, an 18-nt deletion at
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position 1426-1443, and a 94-nt deletion at position1446-1540.
In addition, strains VR2332, CH-1a, JXAl, JXA1-P80 and
HuN4 do not exhibit those deletions. The GP5 gene alignment
in GDsg was different from the sequences in reference strains,
with GP5 of GDsg having S12L, D61N, and H103R mutations
in signal peptide, extravirion, and intravirion regions,
respectively. These results indicate that GDsg had undergone
large-scale mutation to become a novel PRRSV strain, and,
even though GDsg has a high homology with GM2, QYYZ, and
QY2010, those mutations might be the reason for its stronger
virulence. More research is needed to confirm this possibility.

Abundant genetic mutation in a virus may increase its
virulence and resistance to immune system-induced selection
pressure. Previous reports have indicated that random mutation
and intergenic recombination were two factors affecting
PRRSV evolution [6,13]. Such recombination could result in
large-scale mutation, resulting in new strains. A previous study
showed that two different strains could recombine in MA-104
cells with new viral particles emerging [32]. In vivo study has
indicated the presence of intragenic and intergenic
recombinations in pigs infected with two different virulent
PRRSV [18]. Shi et al. [26] reported that a recombination was
related to the outbreak of HP-PRRSV in China. Since that
outbreak, many actions have been taken to control the disease,
and the use of attenuated live virus vaccines was the first choice;
however, due to the extensive use of attenuated live virus
vaccines and the presence of constant immune system-induced
selection pressure, the probability of PRRSV recombination
has increased [34]. Our results indicate that GDsg is an
intragenic recombinant between wild strain QYYZ and
attenuated live virus vaccine strain JXA 1-P80, which is widely
used in swine herds. Recently, Wenhui ef al. [29] reported that
vaccine strain RespPRRS MLV was associated with the
emergence of recombinant PRRSV strain GM2. Furthermore,
animal experiment results have indicated that the pathogenicity
of recombinant GM2 is higher than that of the wild counterpart
QYYZ [20]. Recombination appears to be important in
PRRSV evolution; previously, Li ef al. [15] reported that
Chinese field strain Em2007 could recombine with vaccine
variant HB-1(sh) resulting in a virulence increase through
intragenic recombination. Our results indicate that the
recombinant part of the GDsg genome included NSPlo,
NSP1B, NSP9, and NSP10. Both NSPlo. and NSP1f can
suppress interferon and tumor necrosis factor-a production, and
they have an important role in immune responses [5,27]. NSP9
and NSP10 encode PRRSV polymerase and helicase,
respectively, which are involved in virus replication and RNA
synthesis [17]. It has also been shown that NSP9 and NSP10
contribute to pathogenicity and the increasing HP-PRRSV
virulence [17]. Recently, genomic variability in HP-PRRSV
has been frequently observed, and the continuing changes in the
genetics and antigenicity of field isolates are increasing the



level of difficulty for controlling and eradicating PRRS in China.
Therefore, further research into the pathogenic mechanism of
recombined GDsg will be of benefit to elucidating fully the
evolutionary characteristics of PRRSV in China.

In conclusion, a new PRRSV virulent strain, GDsg, was isolated
and its whole genome was sequenced and characterized. The
results indicate that GDsg belongs to a new subgenotype of
PRRSV and has extensive nt deletions and insertions.
Moreover, GDsg is a natural recombinant strain between a field
strain and a vaccine strain. Considering the recent increases in
the isolation of recombinant PRRSV strains, our results imply
that recombination might be the main reason for the emergence
of new virulent strains of PRRSV, and, importantly, the live
vaccine prevention strategy currently in use in China could
enhance this type of virus evolution, consequently threatening
the swine industry.
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