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Molecular characterization and phylogenetic analysis of
pseudorabies virus variants isolated from Guangdong
province of southern China during 2013-2014
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Outbreaks of pseudorabies (PR) have occurred in southern China since late 2011, resulting in significant economic impacts on the swine
industry. To identify the cause of PR outbreaks, especially among vaccinated pigs, 11 pseudorabies virus (PRV) field strains were isolated
from Guangdong province during 2013—-2014. Their major viral genes (gE, TK, gl, PK, gD, 11K, and 28K) were analyzed in this study.
Insertions or deletions were observed in gD, gE, gl and PK genes compared with other PRV isolates from all over the world. Furthermore,
sequence alignment showed that insertions in gD and gE were unique molecular characteristics of the new prevalent PRV strains in China.
Phylogenetic analysis showed that our isolates were clustered in an independent branch together with other strains isolated from China in
recent years, and that they showed a closer genetic relationship with earlier isolates from Asia. Our results suggest that these isolates are novel

PRV variants with unique molecular signatures.
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Introduction

Pseudorabies (PR), which is also known as Aujeszky’s
disease (AD), has resulted in significant impacts on the swine
industry since it was first identified by Aujeszky in 1902. This
disease is caused by the pseudorabies virus (PRV), a double-
stranded DNA virus that belongs to the Herpesviridae family
and the Alphaherpesvirinae subfamily. PRV infection is
characterized by respiratory, reproductive, and neurological
symptoms, varying according to the age of the pigs and the
virulence of the strain. While efforts to eradicate PRV in the
United States and Europe have shown great progress,
pseudorabies remains an endemic problem in many countries
[6,15].

Since late 2011, a few outbreaks of disease in pigs have
caused large economic losses to the swine industry in China. It
was been shown that the pathogenic PRV was one of the
etiologic agents of the epidemic, and PRV variants were
isolated from different region of China. New PRV isolates were
also reported to have significantly increased virulence and

significant differences in antigenicity compared to previous
isolates [1,12,17-19].

Therefore, to elucidate the cause of PR outbreaks among
Bartha-K61-vaccinated pigs, clinical samples from pigs with
suspected PRV infections were collected in Guangdong
province from 2013 to 2014 and 11 PRV strains were isolated in
our laboratory. A number of major viral genes were selected for
molecular characterization of the new prevalent PRV strains.
Conventional live attenuated vaccine strains, such as Bartha
and Norden, have a natural deletion of a large fragment in the
unique short region of the genome, including the gE, g/, /1K,
and 28K genes [7,13,14]. Moreover, deletion of a large
fragment in the 28K gene was also found in vaccine strain
BUK-TK900 [3]. Based on these findings, these deletions are
the likely cause of attenuated virulence since gF, 7K, gl and PK
are known to contribute greatly to the virulence of PRV in pigs
[4,5,8,17]. Furthermore, as a constituent of the viral envelope,
glycoprotein gD is essential for PRV replication and induces
neutralizing antibodies [16]. Thus, the gE, 7K, gI, gD, PK, 11K
and 28K genes of the isolated strains were selected for analysis
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in this study.

The goal of this study was to establish phylogenetic
relationships between PRVs circulating in southern China from
2013 to 2014 with other strains based on molecular
characterization, elucidate the prevalence of the virus, and
generate useful guidelines for the epidemiological control of
pseudorabies in China.

Materials and Methods

Virus strains

To investigate the cause of recent PR outbreaks, clinical
samples were collected from different pig farms in Guangdong
province from 2013 to 2014, where PRV Bartha-K61 vaccines
were used to protect their pigs against pseudorabies. Overall, 11
PRV strains were isolated in our laboratory and designated
GD-1-2013, GD-2-2013, GD-3-2013, GD-4-2013, GD-5-2014,
GD-6-2014, GD-7-2014, GD-8-2014, GD-9-2014, GD-10-2014,
and GD-11-2014 (Supplementary Table 1).

Viral genome extraction and PCR amplification

DNA extraction was performed using an AxyPrep Body Fluid
Viral DNA/RNA Miniprep Kit (Axygen, China) according to
the manufacturer’s instructions. For sequencing, the major viral
genes (gE, TK, gl, gD, PK, 11K and 28K) of these PRV strains
were amplified by PCR in a total reaction volume of 50 puL
containing 2.5 U of LA Taqg DNA polymerase (Takara Bio,
China), 25 uL of 2x GC buffer I (Takara Bio), 20 pmol of each

primer (Table 1), 2 mM of each deoxynucleoside triphosphate
(ANTP), and 2 pL of extracted DNA. The thermocycler
programs used are shown in Table 1. The PCR products were
visualized on 1.0% agarose gels stained with ethidium bromide
after running for 30 min at 110 volts. The PCR products were
sent to BGI Tech Solutions (China) for sequencing in both
directions.

Sequence analysis and alignment of nucleotide sequences

The sequencing results were edited and analyzed using the
DNAstar software (ver. 7.1.0). Clustal X 2.0 was used to compare
the nucleotide sequences of strains isolated in this study with
those of other representative PRV strains (Supplementary Table
2). The nucleotide sequence homologies were further assessed
using Clustal W (DNAstar software). Phylogenetic trees were
constructed using the neighbor-joining method with the MEGA
program (ver. 5.05) and bootstrap analyses were conducted
using 1,000 replicates.

Results

Homology analysis

Homology analysis was performed to compare the nucleotide
sequences of the viral genes of the 11 isolated strains with other
strains available in GenBank. The homologies of the nucleotide
sequences of gF, TK, gl, gD, PK, 11K and 28K among the PRV
isolates under investigation were 99.8%-100.0%, 99.9%-
100.0%, 100.0%, 99.9%-100.0%, 99.9%-100.0%, 100.0% and

Table 1. Thermocycler programs and primers used in this study for amplification of pseudoravies virus viral genes (11K, 28K, gl, gD,

TK, PK and gE)

Thermocycler program

Gene Initial 32 Cycles Final Primer (5-3) Amplicon
denatu- (denaturation, annealing lna. (bp)
. . extension
ration and extension )

11K 95°C, 95°C, 55°C, 72°C, 72°C, F: GACATGCCCACCGCCGC 324
5min 1 min Tmin 30 sec 10 min R: CTACACGTGCCGGGCGATG

28K 95°C, 95°C, 60°C, 72°C, 72°C, F: ATGGGGGTGACGGCCATCA 777
5min 1 min Tmin 1 min 10 min R: TGCCGTCTAGGAGATGGTACA

gl 95°C, 95°C, 54°C, 72°C, 72°C, F: ATGATGATGGTGGCGCG 1101
5min 1 min Tmin  Tmin30sec 10min R: TTATTGTTCCTCTGCGATGGT

gD 95°C, 95°C, 61°C, 72°C, 72°C, F: TTCATGCTGCTCGCAGCGCTATTGGC 1202
5min 1 min Tmin  Tmin40sec 10 min R: AATCTACGGACCGGGCTGCGCTTTTAG

TK 95°C, 95°C, 68°C, 72°C, 72°C, F: CGGAATTCGGAAGCGCGCCGGGATGCGC 1012
5min 1 min Tmin  2min 10 min R: GCTCTAGACGGGTGGGAGGGGCGAGGGTC

PK 95°C, 95°C, 61°C, 72°C, 72°C, F: ACAAAGCTTCATTCACACCGCACCCGTTC 1303
5min 1 min Tmin  Tmin40sec 10 min R: TAGGATCCAGCTGTGGAGATGCGCAAAGG

gk 95°C, 95°C, 68°C, 72°C, 72°C, F: GACGGATCCCCATGCGGCCCTTTCTGCTGCGCGCC 1791
5min  1Tmin  Tmin 2 min 10 min R: GCCAAGCTTCGGAATGCGGGCGGACCGGTTCTCCC
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100.0%, respectively. The gF, TK, gl, gD, PK, 11K and 28K
genes of the strains under investigation shared 99.7-99.9%,
99.9-100.0%, 99.9%, 99.9-100.0%, 99.9%-100.0%, 99.3%
and 100.0% nucleotide homology, respectively, with the TJ
strain (China, 2012), indicating a very close phylogenetic
relationship. The gE, TK, gI, gD, PK, 11K and 28K genes of the
PRV isolates under investigation shared identities of 99.5%~
99.7%, 99.7%-99.9%, 99.7%, 99.4%-99.5%, 98.9%-99.0%,
99.3%, and 99.7%, respectively, compared with the previously
isolated Ea strain (China, 1992), and identities of 97.7%—
98.1%, 99.5%-99.7%, 96.1%-96.3%, 98.9%-99.4%, 98.4%~

A
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99.6%, 98.0%, and 96.2%-97.4%, respectively, compared with
the occidental strains Becker (USA, 1967) and Kaplan
(Hungary, 1959).

Alignment of nucleotide sequences

Alignment of nucleotide sequences was conducted to identify
differences between strains isolated in the Western and Eastern
regions on a global scale. When compared with Kaplan and
Becker, there were two insertions of six discontinuous
nucleotides at positions 142-144 and 1,488-1,490 in the gF
gene of the strains under investigation, which was similar to

c

Majorty CGCCOABACS TCACCGAGGT CCCOAGTCCCT COBCCGAGGT CTBOOACBACCTCTCCACCBAGECCE Majory cTeACGBCCCTBET TCC- - - CCACGTCOCCBCCCRT o1 TceTCos
% 100 110 1 120 0 150 160 r) 50 510 20 0 00 550 500
012013 CGCCOABACE TCACCOAGGT CCCOAGT COCT COBCCOAGET CTO00ACBACIET CTCCACCOAGECCE 12013 CTGACGECCCT6OT T OO - JECACGT CACEGT &7 TCETCo0
022013 cac TCACCGAGGT CCOGAGTCCCT TCTGOGACBACCT CTCCACCOAGECCE  GD22013 CTGACGRCCCTGOT red - lecacer oc T ToaToos
032013 coc TCACCGAGGT CCCGAGTCCCT TCTGGGACBACCTCTCCACCOAGECCE  GDI201 CTGACGRCCCTGOT Ted - -lccacer ac i TeoTCo0
ap 42013 CGCCOABACG TCACCGAGGT CCCOAGTCCCT COBCCGAGGT CTBOOACBACCT CTCCACCBAGECCE QDA CTGACOBCCCTBRT Ted - -[ccAcaTCoCCaCCCae o1 TCaTCos
05201 cac TCACCGAGGT CCOGAGTCCCT TCTGGGACBACCT CTCCACCOAGECCE  GDS2014 CTGACGRCCCTGOT red - lecacer hos T TooToos
0201 coc TCACCGAGGT CCCGAGTCCCT TCTGOGACBACCT CTCCACCOAGECCE  GDA214 CTGACGRCOCTGOT Ted. - -lccacet ac i TeoTCo0
ap 72014 CGCCOABACG TCACCGAGGT CCCOAGTCCCT COBCCGAGGT CTBOOACBACCT CTCCACCBAGECCE QDI04 CTGACOBCCCTBRT Ted - -[ccAcaTCoCCaCCCae o1 TCaTCos
oD s 20t coc TCACCGAGGT CCOGAGTCCCT TCTGOGACBACCT CTCCACCOAGECCE  GDS2014 CTGACGRCCCTGOT red - lecacer hos T ToaToos
apo20ts cac TCACCGAGGT CCCGAGTCCCT TCTGOGACBACCT CTCCACCOAGECCE  GD-92014 CTGACGRECCCTGOT Ted. - -lccaceT ac i TeoTCo0
D020t CGCCOABACE TCACCGAGGT CCCOAGTCCCT COBCCGAGGT CTBBOACBACCTCTCCACCBAGECCE  GD-1020%4 CTGACGBCCCTBRT Ted - -[ccAcaTCoCCaCCCae o1 TCaTCOs
0112014 cac TCACCGAGGT CCOGAGTCCCT TCTGGGACBACCTCTCCACCBAGECCE  GD-11-2014 CTGACGRCCCTGOT red - lecacer hos T TeoToos
HeNt-China-2012 cac TCACCGAGGT CCCGAGTCCCT TCTGOGACBACCT CTCCACCOAGBCCG  YY-China 2014 CTGACGRCCCTGOT Ted - ecrcor ac i TCoTCo0
TUChina 2012 CGCCGABACG TCACCGAGGT CCCOAGTCCCT COBCCGAGGT CTGGOACIBACCT CTCCACCGAGECCG LY-China 2014 CTGACGECCCTGET TCd. - -[CCT COTCOCCECCCae o1 TCGTCOs
BUYT-China 2012 cac TCACCGAGGT CCOGAGTCCCT TCTGGGACBACCTCTCCACCGAGECCG  HeNT-China 2012 CTGACGRCCCTGOT red - -lecacer hos T ToaToos
Xiang A-China-2012 CGC TCACCGAGGT CCCGAGTCCCT TCTGGGAC|GACCTCTCCACCGAGGCCG TJ-China-2012 CTGACGGCCCTGGT TCC- - -[CCACGT! GC T TCGTCGG
QBACHNS 2013 CGCCGABACG TCACCGAGGT CCCOAGTCCCT COBCCGAGGT CTGGGACIBACCT CTCCACCGAGECCE  Xiang AChina 2012 CTGACGGECCCTBET TCd. - -[CCACGTCOCCGCCCRE o1 TCGTCOs
YY-China 2013 cac TCACCGAGGT CCOGAGTCCCT TCTGGGACBACCTCTCCACCGAGBCCG  BJYT-China 2012 CTGACGRCCCTGOT rod - -lecacer hos T ToaToos
BURD-China 2013 cec CACCGAGGT CCCOABTCCCT TCTGOGACBACCT CTCCACCOAGBCCG EaChina 1992 CTGACGRCOCTGOT Ted. - -lccacer ac i TeoTCo0
LA China 2002 CGCCGABACGACCCCAGGCCCCGTCACCBAGGT CCCGAGT CCCT CBBCCEAGGTCTCRGACACCTCTCCACCOAGBCCE  SC-China 1087 CTGACGECCCTBET TCd. - -[CCACGTCOCCGCCCRE o1 TCGTCOs
DSH.Chi coo TCACCGAGGT CCOGAGTCCCT TCTGOGACBACCTCTCCACCBAGECCE  RiceUSAIOTS CTGACGRCCCTGOT Shge TGOCGGOCTOTOOTCO0
Ea China- 1092 cac TCACCGAGGT CCCGAGTCCCT TCTGGGACBACCTCTCCACCOAGECCE  BeckerUSAEST CTGACGRCOCTGOT TeeT T TeoTCo0
SCChina 1997 CGCCGABACG TCACCGAGGT CCCOAGTCCCT COGCCGAGGT CTGOOACIBACCTCTCCACCBAGECCE Nie-I-heland 1962 CTGACGECCCTBET €6CCOTCOT o1 TCGTCOs
Pr-Mal coc TCACCGAGGT CCOGAGTCCCT TCTGOGACIBACCTCTCCACCAGBCCG  NSIABelgum 1971 CTGACGGCCCTGGT TeaT T ToaToos
SH.China-1999 cac TCACCGAGGT CCCOAGTCCCT COBCCBAGGTCTBOOACL - - CTCTCCACCGAGGCCG  TSViSBelgum 1975 CTGACGGCCCTGGT T CGTCCGCGGAT GAGT GCCGCCOCGT CGCCEE
BeckerUSA-106T CGCCGABACG TCACCGAGGT CCCOAGTCCCT COBCCGAGGT CTGOOAC] - - CTCTCCACCGAGGCCG  Kplanhungary1089  CTGACGGCCCTGGT lacdecaceccercet TCGTCOS
Koplan Hngary 1950 TG0 GTOACCOAGGT GOCGAGT OOOT COGCOGAAGT CTGBGACL - - 0T OTOOACCOAGEO0G
Nia--Ieland 1962 coc TCACCGABGT CCCOAGTCCCT COBCCBAGGT CTBOOAC] - - CTCTCCACCBAGECCG  Majorly e CoCCEACGETBACT cet TeeToCT oot
N 1071 CGCCGAGACG, TCACCGAGGT CCCOAGTCCCT CGBCCGAGGT CTGGAC] - - [CTCTCCACCGAGECCE BS o S BN m BN . s
00V72 Bl oo TCACCGABGT CCCOAGT CCCT COBCCGAGGT CTBOOACL - - (6T CTCCACCOAGECCE
T5VIS Begium 1975 COC GTCACCGAGGT CCCBAGTCCCT COGCCBAAGTCTGBOAC - - CTCTCCACCGAGOCCE  GD12013 & CGCCGATGUN GACE ceT TEETGeT TeaT
022013 GAGACGACGACGCCOACOOT GACT ceT TGOTGCT GAACGE CAGCGT COT
Msjorty AsceT GBACTACT 56 TeAT o203 e cocceAcoelGace cet TeeTeCT TeeT
pa2013 IS cocceAcaefrGace ceT TeeTeCT TooT
1450 1460 1470 1480 140 150 1510 620 psopis GAGACGACGACGCCOACOOT GACT ceT TGOTGCT GAACGE CAGCGT CGT
012013 RGCCT GGACTACT TCAT Do2n1s IS cocceAosel GACe cot TeoTGOT TooT
cD22013 Ascet GBACTACT D720 e cocceAcocl Gace ceT TeeTeCT TeeT
8032013 AsceT 8GACTACT G6CGBECGTCATCCRCC D814 GAGACGACGACGCCOACOCT GACT ceT TGGTGCTBAACGC CAGCOT COT
042013 AsceT GGACTACT Dot S cocceAosel GaCe oot TeeTeCT TooT
052014 Ascer GBACTACT D-102014 e cocceAcoel Gace cet TeeTeCT TeeT
082014 AsceT 8GACTACT G6CGBECGTCATCCRCC oD-112014 GAGACGACGACGCCOACOCT GACT ceT TGGTGCTGAACGC CAGCOT COT
072014 AsceT GGACTACT TCAT YY-Chins-2014 GAGACGACGACGCCEACATT GACT cot TGoTGOT TooT
a0 s20ts Ascet GBACTACT LY-China 2014 IS caocceAcaefrGace ceT TeeTGCT TooT
D920t AsceT GGACTACT G6CGGGCGTCATCCGCC HeN1-Crina-2012 I COCCOACGO BACC ccT TGGTGCT TCoT
D10-2014 AsceT GGACTACT TCAT TU.Chins-2012 G cocceAcoel Gace ceT TeeTeCT TeeT
oD-11-2014 Ascet GGACTACT Xiang A-China 2012 IS cocceAcsefrGace cot TGoTGOT TooT
HeNt China 2012 AsceT GGACTACT G6CGBGCOTCATCCBCC BUYT-China-2012 G CGCCGACGOT GACT oot TGOTGOT TeaT
U China 2012 AsceT GBACTACT Eo China- 1002 IS cocceAosel GACe cot TeoTGOT TooT
BUYT-China 2012 Ascet GGACTACT SC-China-1967 G cocceAcocl Gace ceT TeeTeCT TeeT
Xiang A_China 2012 AsceT GGACTACT G6CGGGCTCATCCGCC Rice-USA19 - -reAacCoCGeT oot TaeTECT ToeT
AsceT GGACTACT TCAT Becker-USA1967 _feaccccasT oot TeeTeCT TooT
YY-China 2013 Ascet GGACTACT Nis-T-reland-1962 ~_Jreacc ceT TeeTGCT TooT
BURD-China 2013 AsceT GGACTACT G6CGGCTCATCCBCC NS374Belgium-1971 - _[reace ceT TGGTGCT TooT
LA China 2002 AsceT GGACTACT TCAT 75V19-Belgum-1975 ~reace CCTOoACETS TeeTe TeeT
DSH.Cn AgoeT GOACTACT cace Kaplan Hungary-1950 L__lreacc TCTGGACGT GAACGACACGATGGT G- - - AACGCCAGCOT CBT
Ea China 1992 AsceT GGACTACT 6ACG 66CGEBCETCATCOBEC
SC.China 197 AsceT GGACTACT sAcG
D
SH.China 1999 AsceT GBACTACTACT. 6ACG 66COB6COTCATCCBCC ek s Acc
Becker-USA-1967 AsceT GGACTACT sAcG Tc
Kaplan-Hungary 1960 AGCCT GGACTACT sAce . Tc 510 2 a0 0 0 a0 B 860
Nia-ieland- 1652 AsceT GGACTACT GACG 66CGBGCETCECCCEEC TC pamis 3
T bopamoos  AGGOT SoAcTACT e # to  ovzaw o .
75V19- Belgium-1975 AsceT GGACTACT. GACG: GGCGGGEGTCBEOCGO o oo I
pa2013 s
D514 s sco co a0
B 052014 G
72014 s
Wsjorty GGACOACGAT T 6GCCOCGTCOCOCATCOCCACOBACCTGE  GD82M14 s acc! o aoc
Dot s
@ 10 10 1 120 0 150 B pnars .
012013 BIYeY GGACOACGAT TGACGC GGCAGBCCOCGTCOCOCATCOCCACOBACCTOE  GD-T-a014 s acc ot aoc
022013 -lheca AT T TCGCGCATCGCCACGGACCT GG QBAChina20l s
032013 -lheca AT T TCGCGCATCGCCACGGACCTGG  QXX-China201 s
042013 -hoca AT T TCOCGCATCGCCACGOACCTGG  BLRD-China20td s
05201 -heca AT T TCOCGCATCGCCACGGACCTGE  BLYT-China2012 G
o0s 20t -jheca AT T TCOCGCATCGCCACGGACCTGG  HeNT.China2012 e
072014 -hoca AT T TCOCGCATCOCCACGOACCTGG  Tu-China2ii2 G
a0 s20ts -heca AT T TCGCGCATCGCCACGGACCT GG FaChina 1980 e
a0 o0t -jheca AT T TCOCGCATCOCCACOBACCT 66 i Kores-1996. G cc:
D-10-2014 -hoca AT T TCOCGCATCOCCACGOACCT GG  BeckerUSA-1967 s scc
LY-China-2014 -lheca AT T TCGCGCATCGCCACGBACCT GG  PRVAFZ.Chins:2007 GAGGCCCAGBCCCCOECECCEECCCCTEC
YY-China 2014 -lheca AT T TCOCGCATCGCCACGGACCTGE  LA-China 2002 GAGGCCCAGBCCCAGGCE CAGGCCCCTEL
BUYT-China-2012 -hoca GAT T TCGCGCATCGCCACGBACCTGE  Min-AChina-1966 GABGCCCAGBCCCAGGCCCCBEECCCTET
TU-China 2012 -heca AT T TCGCGCATCGCCACGBACCTGE  Barhtungan-1961  GAGGCCCAGGCCCCGGCCCCGOCCCCOEE T oAC
HeNi1-China-2012 -jheca AT T TCOCGCATCGCCACGBACCTGE  KeplanHungary-1958  GAGGCCCAGGCCCCOOCCCCGECCCCECT. - - - - - BAAGCH T oAC
Xiang AChina2012 -hoca AT T TCOCGCATCGCCACGOACCT GG Namyangju-South Korea 19676 T GAG
HS-China 2008 -heca AT T TCOCGCATCOCCACGBACCT 66
SCZChina 2008 laeca s T TCGTCACGBACCT 66
EaChina-1992 -hoca GAT T TCOCGCATCOCCACGGACCT 66
FaChina-1989 -lheca AT T TCGTCACGGACCT GG
Kaplan-Hungary-1959 -lheca AT T TCGTCACGGACCT GG
Bartha-Hungary-1861 - -lsca AT T TCGTCACGGACCT 66
Becker USA-196T GCA AT T TCOCGCATCOCCACGBACCT 66
N 1971 aCA AT T TCOCGCATCOCCACGBACCT 66

Fig. 1. Alignment of gE (A), PK (B), gl (C) and gD (D) genes of pseudorabies virus at the nucleotide level. Black box indicates the region

of insertion or deletion.
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A
86| ¢ GD-8-2014 ] C QBA-China-2013 N
¢ GD-9-2014 # GD-3-2013
HeN1-China-2012 HeN1-China-2012
MZ1-China-2012 BJ/RD-China-2013
& GD-2-2013 4 GD-7-2014
& GD-6-2014 # GD-2-2013
60 [~ QBA-China-2013 4 GD-1-2013
["| ® GD-7-2014  GD-4-2013
& GD-4-2013 BJ/YT-China-2012
— ZJ01-China-2012 & GD-9-2014
4 GD-10-2014 TJ-China-2012
 GD-1-2013 QXX-China-2013
#GD-5-2014 *GD-6-2014 Cluster 1
4 GD-3-2013 4 GD-10-2014
68| ® GD-11-2014 & GD-11-2014
YY-China-2013 Cluster 1 & GD-5-2014
—HB/BD-China-2012 ¢ GD-8-2014
60| |Xiang A-China-2012 ZJ01-China-2012
HB/LF-China-2012 53 Becker-USA-1967
79! BJ/YT-China-2012 Yangsan-South Korea-1996
BJ/RD-China-2013 PRV-FZ-China-2007
5 L1y.china-2012 Min-A-China-1996
SC-China-1987 66|Fa-China-1989
93|Ea-China-1992 Ea-China-1992
GDSH-China-2007 _80|_—LA-China-2002 i
Guizhou-DY-China-2012 IKapIan-Hungaw-1959
50 Yangsan-South Korea-1996 99|_':Bar‘tha—Hungary—1961 ] Cluster 2
Min-A-China-1996 90 Namyangju-South Korea-1987
. LA-China-2002 m‘
P-PrV-Malaysia-2008
SH-China-1999 i
85 Becker-USA-1967 D
Nia-1-Ireland-1962 63 ¢ GD-9-2014 7]
,_%‘—NIA3-Spain-1971 4 GD-8-2014
99 99,89V87-Belgium-1989 Cluster 2 LY-China-2014
00V72-Belguim-2000 Xiang A-China-2012
60 75V19-Belgium-1975 BJ/YT-China-2012
Kaplan-Hungary-1959 4 GD-3-2013
NS374-Belgium-1971 TJ-China-2012
W HeN1-China-2012
’ YY-China-2014
B 4 GD-10-2014
— BJ/YT-China-2012 T 64 ZJ01-China-2012 Cluster 1
& GD-4-2013 ¢ GD-7-2014
¢ GD-11-2014 & GD-2-2013
¢ GD-10-2014 ¢ GD-1-2013
HeN1-China-2012 ¢ GD-6-2014
4 GD-6-2014 4 GD-5-2014
& GD-3-2013 4 GD-4-2013
Xiang A-China-2012 Ea-China-1992
& GD-8-2014 HS-China-2008
¢ GD-7-2014 NIA-3-Spain-1971
*GD-5-2014 Cluster 1 74— Becker-USA-1967 ]
56| & GD-9-2014 Bartha-Hungary-1961
YY-China-2014 100 Kaplan—Hungary—1959' Cluster 2
63/LY-China-2014 341—7 SCZ-China-2008
85!l o GD-2-2013 63 Fa-China-1989
ol ¢ GD-1-2013 . o002
ZJ01-China-2012
—TJ-China-2012
—Ea-China-1992
SC-China-1987 i
Nia-1-Ireland-1962
83 75V19-Belgium-1975
100 Kaplan-Hungary-1959
89V87-Belgium-1989
60 00V72-Belgium-2000 Cluster 2
NS374-Belgium-1971
Rice-USA-1975
94|Becker-USA-1967
—
0.002

Fig. 2. Phylogenetic trees for gE (A), gl (B), gD (C) and PK (D) genes. Only bootstrap values greater than 50 are shown. Strains marked
with black diamonds were isolated in our laboratory during 2013-2014.
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other strains isolated from China during 2012-2013 (panel A in
Fig. 1). There was a 6 nt deletion at position 82-87 in the PK
gene of the tested strains compared with Becker (panel B in Fig.
1). When compared with Kaplan and Becker, there was a 3 nt
insertion at position 737-739 and a 3 nt deletion at position 518~
520 in the g/ gene of the tested strains (panel C in Fig. 1). A6 nt
insertion was identified in the gD gene of our isolated strains at
nucleotide position 831-836 compared with Kaplan and Bartha
(panel D in Fig. 1). The rest of the genes investigated in this
study had no nucleotide insertions or deletions in common with
the other PRV isolates.

To provide a further understanding of the variations in
Chinese PRV isolates, differences among the 11 isolates under
investigation and previously isolated Chinese strains were
analyzed. We found that both our isolates and Ea (China, 1992)
had the same insertions or deletions in the g/ and PK genes
(panels B and C in Fig. 1). A 6 nt insertion was identified in the

ZJ01-China-2012
SC-China-1987
HeN1-China-2012
Ea-China-1992
Yangsan-South Korea-1996
BJ/YT-China-2012
TJ-China-2012

4 GD-2-2013

4 GD-4-2013

4 GD-10-2014

& GD-7-2014

4 GD-5-2014

& GD-6-2014

4 GD-1-2013

4 GD-3-2013

& GD-8-2014

& GD-9-2014 J

,—Kaplan—Hungary—1959
99 Rice-USA-1975 Cluster 2
69' Becker-USA-1967

Cluster 1

—
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gD gene in all the tested strains, as well as in Fa (China, 1989),
which was absent from PRV-FZ (China, 2007), LA (China,
2002) and Min-A (China, 1996) (panel D in Fig. 1). Furthermore,
two insertions were identified in the gE gene of the tested strains
when compared with Kaplan and Becker. The first insertion site
was found in all 11 isolates as well as in LA (China, 2002), Ea
(China, 1992), and GDSH (China, 2007), but was absent from
SH (China, 1999). With regard to the second insertion site, our
isolates shared the same characteristics with LA (China, 2002),
but were different from Ea (China, 1992), GDSH (China, 2007)
and SH (China, 1999) (panel A in Fig. 1).

In addition, compared with the other strains, the strains under
investigation shared the same nucleotide insertions or deletions
as the TJ strain.

Phylogenetic analysis
To determine the phylogenetic relationships between the
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¢ GD-7-2014
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Fig. 3. Phylogenetic trees for 17K (A), 28K (B) and TK (C) genes. Only bootstrap values greater than 50 are shown. Strains marked with

black diamonds were isolated in our laboratory during 2013-2014.
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PRV circulating in southern China from 2013 to 2014 and other
strains, phylogenetic trees were constructed based on the major
viral genes (gF, TK, gi, PK, gD, 11K, and 28K). Phylogenetic
analysis of multiple sequences generated trees with similar
profiles for all genes except PK and gD, which were classified
in two primary clusters. Cluster 1 comprised strains from
eastern countries (i.e., China, South Korea and Malaysia)
exclusively, while cluster 2 represented strains from western
countries and a small number of other Asian strains. Based on
the genes involved in this study, PRV strains isolated in China
from 2012 to 2014 were clustered into one group and also
formed a relatively independent branch. In addition, PRV strain
TJ (China, 2012) exhibited a marked genetic relationship with
the strains under investigation (Figs. 2 and 3).

Phylogenetic analysis of the genes in this study revealed that
our isolates were not only closely related to other strains
isolated in China in recent years, but also had a relatively close
genetic relationship with earlier isolates from Asia, including
Ea (China, 1992), Min-A (China, 1996), P-PrV (Malaysia,
2008), and Yangsan (South Korea, 1996). Moreover, it was
found that the 11 strains under investigation were relatively
distant in genetic terms from isolates of western countries,
including Becker (USA, 1967), Kaplan (Hungary, 1959) and
NIA-3 (Spain, 1971) (Figs. 2 and 3).

Discussion

Since late 2011, outbreaks of Aujeszky’s disease have
occurred in many Bartha-K61-vaccinated pig farms in China,
including those in Guangdong province, causing great
economic losses in the swine industry. These outbreaks suggest
that PRV strains have evolved new types of pathogenicity.
Furthermore, all 11 strains investigated in this study were
isolated from Bartha-K61-vaccinated pig herds, indicating that
this vaccine fails to provide effective protection against the new
prevalent PRV strains in China.

Based on these observations, we investigated the cause of this
increasing virulence and changes in the immunogenicity of the
new PRV isolates at the molecular level by analyzing the
sequences of the major viral genes (gE, TK, gl, PK, gD, 11K,
and 28K). Nucleotide sequence alignments revealed insertions
or deletions in the gD, gF, gl and PK genes of the newly isolated
PRV strains compared with other PRV isolates from all over the
world. When compared with previously isolated Chinese
strains, a 6 nt insertion in gD and two insertions in gF were
found to be unique molecular characteristics of the new
prevalent PRV strains in China. These changes could be
considered molecular markers of the variant PRVs prevailing in
China, and it is speculated that these genes play a role in the
variation of Chinese PRV strains.

PRV virions are coated with glycoproteins, which are crucial
for viral pathogenesis. These molecules are involved in the
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initiation of viral replication and spreading, mediating important
interactions between the virion and host cell; thus, the
glycoproteins are good candidates for the rational design of
vaccination strategies [10]. Although glycoprotein gE is not
essential for viral replication, the absence of this protein
reduces virulence [11]. Furthermore, glycoprotein gD, which is
essential for viral replication, is required for viral penetration
into the cell [16] and induces neutralizing antibodies [2]. Thus,
it can be assumed that variations in the gD and gE genes are
related to virulence alteration and immunogenic changes in
PRV strains. However, the potential relationship between the
insertions or deletions in viral genes identified in this study and
the virulence of PRV, which is thought to be determined by
multiple factors, remains to be clarified.

Phylogenetic analysis of the major viral genes in this study
showed that the newly isolated strains are closely related to the
strains isolated in China in recent years. These findings indicate
that the isolates from the outbreaks of PR occurring in China
from 2012 to 2014 share the same origin. However, the strains
under investigation exhibit a relatively closer phylogenetic
relationship with the Asian PRV strains than those from western
countries, indicating that these newly isolated strains may not
originate from virulent strains within China.

It should be noted that the strains under investigation share a
significantly high level of homology with the PRV strain TJ
(China, 2012), and also share the same nucleotide insertions or
deletions as other strains. Furthermore, our strains also formed
a tight cluster with TJ in all phylogenetic trees. When compared
with the classical PRV SC strain, which was isolated in China in
1987 and classified as a virulent strain [20], the TJ strain is
associated with higher mortality in pigs [9]. Together with the
results of experimental infections of pigs with the GD-1-2013
strain (a mortality of 60% to 120-day-old pigs) (unpublished
data), the high levels of identities between the isolates under
investigation and the TJ strain indicate that these newly
emerging strains are also highly virulent.

In summary, the results demonstrate that the newly emerging
strains are PRV variants with unique molecular signatures.
Further studies are required to explore the relevance of the
differences within sequences to the virulence alteration and
immunogenic characteristics of these PRV variants.
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