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Abstract

Porcine reproductive and respiratory syndrome virus (PRRSV) has continuously mutated since its first isolation in China in
1996, leading to difficulties in infection prevention and control. Infections caused by PRRSV-2 strains are the main epidemic
strains in China, as determined by phylogenetic analysis. In this study, we focused on the prevalence and genetic variations
of the non-structural protein 4 (NSP4) from PRRSV-2 over the past 20 years in China. The fundamental biological properties
of the NSP4 were predicted, and an analysis and comparison of NSP4 homology at the nucleotide and amino acid levels was
conducted using 123 PRRSV-2 strains. The predicted molecular weight of the NSP4 protein was determined to be 21.1 kDa,
and it was predicted to be a stable hydrophobic protein that lacks a signal peptide. NSP4 from different strains exhibited a
high degree of amino acid (85.8—-100%) and nucleotide sequence homology (81.0-100%). Multiple amino acid substitutions
were identified in NSP4 among 15 representative PRRSV-2 strains. Phylogenetic analysis showed that the lineage 8 and
1 strains, the most prevalent strains in China, were indifferent clades with a long genetic distance. This analysis will help
fully elucidate the parameters of the PRRSV NSP4 epidemic in China to lay a foundation for adequate understanding of the
function of NSP4. Genetic information results from the accumulation of conserved and non-conserved sequences. The high
conservation of the NSP4 gene determines the most basic life traits and functions of PRRSV. Analyzing the spatial structure
of NSP4 protein and studying the genetic evolution of NSP4 not only provide the theoretical basis for how NSP4 participates
in the regulation of the innate response of the host but also provide a target for genetic manipulation and a reasonable target
molecule and structure for new drug molecules.

Keywords Porcine reproductive and respiratory syndrome virus - NSP4 gene - Genetic variation - Amino acids sequence -
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Introduction

Porcine reproductive and respiratory syndrome virus
(PRRSV) can cause fever and anorexia in infected pigs, late
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PRRSV belongs to the order Nidovirale, family Arteri-
viridae, and is a single-stranded positive-strand RNA virus
with an envelope and no segments [3]. RNA synthesis of
PRRSYV includes the replication of genomic RNA and the
synthesis of subgenomic RNA, both of which are mediated
by the replication—transcription complex composed of non-
structural proteins (NSPs) encoded by the virus (possibly
including host factors) [4]. In 1990, PRRSV was success-
fully isolated in the Netherlands and named the Lelystad
Virus strain. The VR2332 strain was isolated in the United
States in 1991. There are vast and noticeable differences
in the nucleotide sequences of different PRRSV isolates.
According to their antigenicity, PRRSV strains are mainly
subdivided into PRRSV-1 and PRRSV-2, and most of
China's epidemic strains are PRRSV-2 [5]. The nucleotide
sequence homology between them is approximately 60%.

In 2010, Shi et al. [6] proposed a systematic PRRSV-2
classification based on the ORF5 gene, dividing PRRSV-2
into 9 lineages and 37 sub-lineages. Based on the global
PRRSV classification system, four lineages of the PRRSV-2
strains are prevalent in China. CHsx1401-2014, HNyc15-
2015, and NADC30-2008 are lineage 1 representative strains
[7]. Lineage 3 is a mutant strain group newly discovered in
China in 2010; however, the overall detection rate was not
high, and it was common in Fujian, Guangdong, and other
areas in southern China, with GM2-2011, QYYZ-2011,
and FJFS-2012 as its representative strains [5]. Lineage 5
appeared earlier in China, its representative strain BJ-4 was
reported in 1996, and the overall detection rate was not high,
which was similar to that of lineage 3. Other representative
strains were ATCC VR2332-1992 and RespPRRS MLV-
1994. Lineage 8 is similar to lineage 1, which had a high
detection rate in China and could be divided into different
subgroups, including the classic PRRSV (C-PRRSV) and
highly pathogenic (HP-PRRSV) subgroups [8]. The classic
type CH-1a-1996 was the first PRRSV strain reported in
China, and it was common in China until 2006 [5]. CH-1R-
2008 was its attenuated vaccine strain, and CH2002-2009
was its representative strain. Since the outbreak of the HP-
PRRSV-like group strain in 2006, this type of strain has been
exhibiting an epidemic trend in China, and its pathogenicity
is much higher than that of the classical strains. Its repre-
sentative strains were JXA1-2006, TJ-2006, and HuN4-2006
[9].

The NSPs of PRRSV play essential roles in viral replica-
tion and host immune response. During the processing of
NSPs precursors (polyproteins ppla and pplab), the PRRSV
NSP4 has been proposed to mediate nine cleavages in the
NSP3-12 region [10, 11]. Doland [12] reported that the crys-
tal structure of PRRSV 3C-like serine protease (3CLSP)
consists of three parts: two anti-parallel -folding buckets
(domain I and II) and a C-terminal o/ domain (domain
IIT). The active region of NSP4 3CLSP is located between
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domain I and II. A histidine (His) at amino acid position
39, an aspartic acid (Asp) at position 64, and a serine (Ser)
at position 118 constitute the His-Asp-Ser catalytic triad,
which is an important amino acid site for the 3CLSP activ-
ity of NSP4 [13, 14]. Any substitution of these three amino
acids will eliminate the protease activity of 3CLSP [15].
The overall primary structure of NSP4 is shown in Fig. Al.
The amino acids that form the active site of the enzyme are
at positions 39, 64, and 118, and amino acid substitutions at
positions 155, 180, and 185 can change the function of the
NSP4 protein.

The NSP4 gene is highly conserved, and the NSP4 anti-
body can be detected in the early stages of PRRSV infection
[16]. As an important protease encoded by PRRSV, NSP4
also participates in various immunosuppressive reactions
and plays an important role in antagonizing the natural
immune response of the host by mechanisms other than
antagonization of the type I interferon (IFN-I) signaling
pathway. For example, NSP4 can activate the Notch signal-
ing pathway, regulate the antigen presentation pathway, and
induce apoptosis and other cell responses to help the virus
escape host immunity [17-19]. 3CLSP plays an essential
role in regulation of PRRSV replication, inhibition of the
production of host IFN, and induction of host cell apoptosis.
It has, therefore, emerged as an important target protein for
further study of the pathogenesis of PRRSV [20-22]. NSP4
interacts with many types of host proteins, and it can cleave
host proteins, which may be one of the main mechanisms
by which PRRSV escapes detection by the host immune
response. As one of the main proteases, PRRSV NSP4
plays an important role in virus proliferation, and 3CLSP
has become an important target for drug design [23, 24].

In this study, to explore the role of NSP4 in viral immune
evasion from the perspective of genetic variation in PRRSV,
the structure and possible functions of NSP4 protein were
predicted. We analyzed the nucleotides and amino acids of
123 strains of PRRSV-2 NSP4 in general and constructed a
phylogenetic tree, and we carefully analyzed the nucleotide
and amino acid composition of representative strains of each
lineage, to better understand the genetic variation of NSP4,
it provides a theoretical basis and reference for the future
epidemic trend and prevention and control of PRRS.

Materials and methods
Sequence analysis of PRRSV NSP4

ExPASy (http://web.expasy.org/protparam/) was used to ana-
lyze the primary physical and chemical properties of NSP4,
and the SignalP 5.1 Server (http://www.cbs.dtu.dk/servi
ces/signalp/) was used to predict the signal peptide. Online
software SOPMA (https://npsa-prabi.ibcp.fr/cgi-bin/secpr
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ed_sopma.pl) was used to predict the secondary structure of
the NSP4 protein. Online software SWISS-MODEL (http://
www.swissmodel.expasy.org) was used to predict the ter-
tiary structure of the NSP4 protein. The HuN4-2006 strain
was selected for sequence analysis of PRRSV NSP4, a typi-
cal strain with high pathogenicity. The information on the
HuN4-2006 strain is shown in Table 1.

Nucleotide sequence alignment of NSP4

The Clustal W method in the MegAlign function of
DNASTAR package (version 7.0; DNASTAR, Madison, WI)
was used to analyze NSP4 nucleotide sequence similarities,
and information regarding the reference strains is provided
in Table 1.

Amino acids sequence alignment of NSP4

The Clustal W method in the MegAlign function of
DNASTAR software was used to analyze NSP4 amino
acid sequence similarities, and information regarding the
reference strains is provided in Table 1. The amino acid
sequences of representative strains of each lineage were
compared using BioEdit Sequence Alignment Editor (ver-
sion 7.2.6.1).

Phylogenetic tree analysis

The phylogenetic tree was constructed for the genetic evo-
lution analysis of the NSP4 gene using the maximum like-
lihood (ML) and Bayesian method (BI). The ML method
employed MEGA software (version 7.0; Center for Evolu-
tion and Informatics, Tempe, AZ). The ML value supports
using a general time-reversible model (GTR) with a gamma
distribution with invariant sites (G +1I) for two databases.
The Bayesian method was conducted with PhyloSuite
software, and Model Finder automatically configured the
optimal model. The Interactive Tree Of Life (https://itol.
embl.de) is an online software for the display, manipulation,
and annotation of phylogenetic trees [25], and information
regarding the reference strains is provided in Table 1.

Results

Sequence analysis

Distribution of bases

The total length of the NSP4 sequence of HuN4-2006 strain
was 612 bp, corresponding to 204 amino acids, with 133

adenines (A), accounting for 21.73% of the total number
of bases; 175 guanines (G), accounting for 28.59% of the

Table 1 The reference sequence of each PRRSV NSP4 strain

Year Aera Strain GenBank
Accession number
1992 USA ATCC VR2332 U87392
1994 USA RespPRRSMLV AF066183
1996 China CH-1a AY032626
1996 China BJ-4 AF331831
1999 USA MLV RespPRRS/Repro AF159149
2001 USA MNI184A DQ176019
2001 China HB-1(sh)/2002 AY150312
2001 China HB-2(sh)/2002 AY262352
2002 China HB-1/3.9¢ HQ233605
2003 USA JA142 AY424271
2003 China HNI1 AY457635
2003 China GS2003 EU880442
2004 China NVSL 97-7895 AY545985
2005 China GD3 GU269541
2006 China Ingelvac ATP DQ988080
2006 China Prime Pac DQ779791
2006 China HEBI1 EF112447
2006 China CC-1 EF153486
2006 China FZ06A MF370557
2006 China I EU860248
2006 China HUBI EF075945
2006 China HUB2 EF112446
2006 China X143 EU708726
2006 China JXAI EF112445
2006 China HuN4 EF635006
2006 USA MN184C EF488739
2007 China Em2007 EU262603
2007 China SHH EU106888
2007 China LN EU109502
2007 China HNO07-1 KX766378
2007 China GD EU825724
2006 USA MN184B DQ176020
2007 China SY0608 EU144079
2007 China PIX143 EF488048
2007 China Henan-1 EU200962
2007 China WUHI1 EU187484
2008 China XH-GD EU624117
2008 China YN2008 EU880435
2008 China YNO9 GU232738
2008 China JXA1-p80 FJ548853
2008 China PRRSVO01 FJ175687
2008 China JN-HS HMO016158
2008 China GDBY1 GQ374442
2008 China CH-1R EU807840
2008 USA NADC30 IN654459
2008 USA NADC31 IN660150
2009 China SY0909 HQ315837
2009 China ZP-1 HMO016159
2009 China SX-1 GQ857656
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Table 1 (continued)

Table 1 (continued)

Year Aera Strain GenBank Year Aera Strain GenBank
Accession number Accession number

2009 China WUH2 EU678352 2016 China JX/CH/2016 KY495780

2009 China JXAI1-P120 KC422727 2016 China SDbz16-2 MH588710

2009 China SD1-100 GQ914997 2017 China SD-YL1712 MT708500

2009 China GS2002 EU880441 2017 China SD17-36 MH121061

2009 China CH2002 EU880438 2017 China SD17-38 MHO068878

2009 China CH2003 EU880440 2017 China QHD2 MH167387

2009 China CH2004 EU880439 2017 China QHD3 MH167388

2010 China JX JX317649 2017 China JSTZ1712-12 MK906026

2010 China QY2010 JQ743666 2017 China XJ17-5 MK759853

2010 China GX1003 JX912249 2017 China FIWQl16 KX758249

2010 China 10FS-GD JX192634 2017 China SCN17 MHO078490

2011 China GM2 IN662424 2017 China SCcd17 MG914067

2011 China YN-2011 JX857698 2017 China FIM4 KY412888

2011 China HHO8 JX679179 2017 China GZgyl7 MK144542

2011 China QYYZ JQ308798 2018 China SCyal8 MK144543

2012 China NT1 KP179402 2018 China HBap4-2018 MZ579701

2012 China FIFS KP998476 2019 China JSYZ1909-16 MT780871

2012 China HZ-31 KC445138 2019 China SDRZ01 MZ322956

2012 China SH1211 KF678434 2020 China SD-QD-2101 MZ172971

2013 China JL580 KR706343 2020 China SXSZ-2020 MW880772

2013 China BJ-F150 KP890342 2020 China 152020 MZ342900

2013 China HeNan-A9 KJ546412 2020 China rJXA1-R MT163314

2013 China FIWO05 KP860911 2020 China SCcd2020 MW803134

2013 China HENAN-XINX KF611905 2021 China BJ2021 0K095299

2013 China HLIB1 KT351740 2021 China HY21 OL687155

2014 China CHsx 1401 KP861625

2014 China NMG2014 KMO000066

2014 China GD1404 MF669720 total bases; 151 thymines (T), accounting for 24.67% of the

2014 China ZJXS1412 MF669722 total number of bases; and 153 cytosines (C), accounting for

2014 China Tibd14-1 KP742986 25.00% of the total number of bases. Thus, the percentage

2014 China FJ1402 KX169191 of AT was 46.41%, and the percentage of CG was 53.59%.

2015 China XJzx1 KX689233

2015 China HNycl5 KT945018 Basic physicochemical properties

2015 China SC-d MF375261

2015 China HeN1501 MF766472 The DNASTAR software package predicted that the NSP4

2015 China HeN1502 MF766473 gene encodes 16 highly basic amino acids (K and R), 19

2015 China — SD-AIL9 ME375260 highly acidic amino acids (D and E), 73 hydrophobic amino

2015 China GDsg KX621003 acids (A, I, L, F, W, and V), and 51 polar amino acids (N,

2015 China TInh1501 KX510269 C,Q,S, T, and Y).

2015 China 15LY02-FJ KU215417

2015 China HZL1501 MF669721 Stability coefficient and signal peptide prediction

2015 China HNjZ15 KT945017

2015 China FIZ03 KP860909 ExPASy analysis showed that the predicted molecular weight

2016 China GDZS52016 MH046843 of the NSP4 protein of HuN4-2006 strain was 21.1 kDa. The

2016 China HNhx KX766379 instability coefficient was 20.78, indicating a stable protein.

2016 China HeN1601 MF766474 The average hydrophilicity was 0.081, demonstrating that

2016 China  JXwn06 EF641008 NSP4 was a hydrophobic protein. The SignalP 5.1 server

2016 China 15LN1 KX815423 program estimated that the encoded protein did not have a

2016 China SH/CH/2016 KY495781
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Secondary structure analysis

An online SOPMA program was used to predict the sec-
ondary structure of the PRRSV NSP4 protein. The results
show that alpha helix, beta turns, random coils, and extended
chain accounted for 11.27%, 10.78%, 45.59%, and 32.35%,
respectively (Figure S1C). The SWISS-MODEL was used to
construct the possible tertiary structure model of the NSP4
protein of PRRSV. The estimated quality of the global model
was 0.92, and the similarity with the template was 99.51%,
indicating that the model was reasonably accurate (Figure
S1D).

Nucleotide similarity

Comparison and analysis of the NSP4 nucleotides of 123
PRRSV-2 strains showed that the nucleotide homology
between NSP4 of 123 PRRSV-2 strains was 81.0%—100%, of
which the nucleotide homology between the NADC31-2008
and WUH2-2009 strains was the lowest (81.0%), and some
nucleotide sequences were highly similar, with homology
as high as 100%. For example, based on information for the
123 PRRSV-2 strains, the TJbd14-1-2014 and 10FS-GD-
2010 strains, the GX1003-2010 and SY0608 strains, and
the GS-2002-2009 and GS2003-2003 strains have identi-
cal nucleotide sequences. The nucleotide sequence of the
QY2010-2010 strain was identical to that of the QYYZ-
2011 strain, and the sequence of the FZ06-2006 strain
was identical to that of the SY0909-2009, JXwn06-2016,

Percent Identity

JXA1-p120-2009, and HEB1-2006 strains. The nucleotide
sequences of the ATCC VR2332-1992 and YN-2011-2011,
RespPRRS MLV-1994, SD1-100, PRRSV01-2008, Henan-
XIX-2013, BJ-4-1996, and CC-1-2006 strains were identical.

To further explore the genetic variation of NSP4 in
PRRSYV evolution, the selected representative strains of each
lineage were used to analyze nucleotide homology further to
understand the nucleotide evolution relationship among the
lineages, as shown in Fig. 1.

As shown in Fig. 1, the nucleotide homology in the line-
age 1 group was 93.3-96.1%; among the lineage 3 group, it
was 99.5-99.7%; among the lineages 5 group, it was 100%;
and among the lineage 8 group, it was 90.0-99.8%. The
homology of the C-PRRSV-like group was 99.0-99.8%, and
that of the HP-PRRSV-like group was 99.7-99.8%.

Amino acid sequence similarity

The amino acids of NSP4 of the 123 PRRSV-2 strains were
compared. The results showed that the amino acid homol-
ogy of each PRRSV-2 ranged from 85.8 to 100%, of which
the 15LY02-FJ-2015 strain had lower amino acid homology
than that of the SCyal8-2018 strain and was the same as
that of the FJFS-2012 and WUH2-20009 strains. To further
explore the genetic variation of amino acids in NSP4 dur-
ing PRRSV evolution, representative strains of each lineage
were selected to analyze the homology of the amino acid
to further elucidate the amino acid evolution relationship
among each lineage (Fig. 2).

Fig. 1 Nucleotide similarity analysis of NSP4 sequence of 15 rep-
resentative strains in lineages 1, 3, 5, and 8. The Clustal W method
in the MegAlign function of DNASTAR software was used to ana-
lyze the similarity of NSP4 nucleotides. The 15 representative strains
selected were CHsx1401-2014, HNyc15-2015, NADC30-2008 of

1 [ 2|3 [4[5]|6[7 |89 [1][1[12]13][14]15]
1[I 6.1 959 838 833 [835 [86.3 [86.3 [86.3 |856 |858 850 851 850 (848 | 1 NADC30-2008
2 | 41 [ 933 (830 (825 (827 [85.1 851 851 845 846 [838 [846 (845843 2 = CHsx1401-2014
3 |42 |71 (842 (837 838 (843 [84.3 843 (842 84.3 838 (838837 (835 3 HNyc15-2015
4 (188109 183 [l 995 [99.7 [848 848 848 |846 848|838 851|850 851| 4 = GM2:2011
5 195206100 05 I 995 [846 846 845 845 845 837 845 [848 (850 5 QYYZ-2011
6 [192(203]187 | 0.3 | 05 [l 846 846 [846 845|846 (837 848 [848(850| 6  FIFS2012
8 | 7 [157[172[183 175 [17.7 [ 17.7 [ 100.0/100.0[ 922 [ 92.3 [91.3 [90.0 [90.2 [90.0 | 7 ATCC-VR2332-1992
& | 8 |157[172[183[175[17.7 [17.7 | o0 [I100.0[922 923 [91.3 90,0 | 1902]900| 8  RespPRRS
2 [T9 [157[17.2[183175[17.7[177| 00 | 0.0 [ 922 (923|913 [90.0 (902 |90.0] 9 BJ-4-1996
10 [16.6 (181185 [17.7[17.9[17.9 | 85 | 85 | 85 | 99.8 [992 95.6v95.8.95.6. 10 CH-1a-1996
11 [16.4 [17.9 (183|175 [177[17.7 | 83 [ 83 | 83 [ 0.2 [l 99.0 [958 [959 [958 | 11 CH-1R-2008
12 [17.3[18.9 [18.9 (187 (189 189 9.4 [ 0.4 [ 94 | 0.8 | 1.0 [l 948 [949 048 | 12 CH2002-2009
13 [17.2[17.9[19.0 [17.0 [17.7 [17.4 [11.0 [11.0[11.0[ 46 | 44 | 55 [ 99.8 [99.7 | 13 JXA1-2006
14 [175[18.1[19.2[17.3 175 [17.4 [108 [108 (108 44 | 43 [ 53 | 02 [ 908 | 14  TJ-2006
15 [17.7 (183 (195 [17.0 [17.3[17.2[11.0 [11.0 [11.0 [ 46 | 44 [ 55 [ 03 | 02 [ 15 HuN4-2006
1 [2 | 3[a]5[6 7|89 [10][1[12][13][14]15]

lineage 1, GM2-2011, QYYZ-2011, FJFS-2012 of lineage 3, ATCC-
VR2332-1992, RespPRRS MLV-1994, BJ-4-1996 of lineage 5,
CH-1a-1996, CH-1R-2008, and CH2002-2009 of the C-PRRSV-like
group in lineage 8, and JXA1-2006, TJ-2006, and HuN4-2006 of the
HP-PRRSV-like group in lineage 8
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1 [ 2 [3]4[5[6 7 [8[09 1011 [12]13]14]15]
1 I 975 (971917 [91.2 (907 936 [936 (936 926 [93.1 912931931 [931] 1 NADC30-2008.pro
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4 |89 83|67 [ 995 990922922922 926 931907 926 926 926 4 GM2-2011.pro
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Fig.2 Amino acid similarity analysis of NSP4 sequence of 15 rep-
resentative strains in lineages 1, 3, 5, and 8. The Clustal W method
in the MegAlign function of DNASTAR software was used to ana-
lyze the similarity of NSP4 amino acids. The 15 representative strains
selected were CHsx1401-2014, HNyc15-2015, NADC30-2008 of

As shown in Fig. 2, the amino acid homology among the
lineage 1 group was 96.6-97.5%; among the lineage 3 group,
it was 99.0-99.5%; among the lineages 5 group, it was
100%; and among the lineage 8 group, it was 94.6—-100.0%,
among which the homology of the C-PRRSV-like group was
97.5-99.5% and the homology of the HP-PRRSV-like group
was 100%.

Amino acid sequence alignment

The amino acids of representative strains of each lineage
were compared using the software BioEdit Sequence Align-
ment Editor (Fig. 3).

Figure 3 shows that the amino acid sequence of NSP4 of
PRRSV-2 comprised 204 amino acid residues and that the
amino acid sequence of NSP4 is relatively conserved. How-
ever, there were amino acid substitutions at several sites. The
amino acid sequence between positions 74—86 and 178—-187
has a high frequency of amino acid substitution, whereas
amino acid substitutions are rare or absent at other positions.

Phylogenetic tree analysis

Referring to the reported genotyping study by Shi et al. [6],
all the previously identified lineage reference sequences
were also clustered in the same lineage in the phylogenetic
tree of this study. Phylogenetic tree analysis showed that the
lineage 3 strains represented by GM2-2011, QYYZ-2011,
and FJFS-2012, and the lineage 1 strains represented by
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lineage 1, GM2-2011, QYYZ-2011, FJIFS-2012 of lineage 3, ATCC-
VR2332-1992, RespPRRS MLV-1994, BJ-4-1996 of lineage 5,
CH-1a-1996, CH-1R-2008, and CH2002-2009 of the C-PRRSV-like
group in lineage 8, and JXA1-2006, TJ-2006, and HuN4-2006 of the
HP-PRRSV-like group in lineage 8

CHsx1401-2014, HNyc15-2015, and NADC30-2008 had
a close genetic distance. The strains of lineages 1 and 8,
including the classic CH-1a-like and the highly pathogenic
HP-PRRSV-like, had a long genetic distance (Figs. 4, 5).

Discussion

In 1996, the classic PRRSV CH-1a strain was first isolated
in China. From 2008 to 2015, HP-PRRSV was the epidemic
strain in China, whereas, after 2015, the NADC30-like strain
became the epidemic strain [26, 27]. PRRSV has been con-
tinuously transmitted and has undergone mutations for
more than 20 years since its discovery in 1996. In the past,
amino acid changes in highly variable regions (NSP2 and
ORFS5) have been the focus of attention. In recent years,
various strain recombination events have been identified,
with increasing recombination frequencies [28, 29]. Zhao
et al. [30] confirmed that JL580 (a NADC30-like strain),
HP-PRRSYV, and local strains have different mixed genetic
backgrounds and are highly pathogenic. Chen et al. [31]
experimentally demonstrated that HBap4-2018 is a new
PRRSV strain recombined with HP-PRRSV as the major
parent strain and NADC30-like PRRSV as the minor parent
strain, retaining most of the virulence-related regions in the
HP-PRRSV genome, which was highly pathogenic to pig-
lets. Li et al. [32] found that HNyc15 was formed by recom-
bining VR2332 and CH-1a gene fragments. Widespread use
of representative attenuated vaccine strains of PRRSV will
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Fig.3 Amino acid sequence alignment of NSP4 of 15 representative
strains in lineages 1, 3, 5, and 8. Sequence Alignment Editor software
was used to analyze the amino acids of NSP4. The 15 representative
strains selected were CHsx1401-2014, HNyc15-2015, NADC30-
2008 of lineage 1, GM2-2011, QYYZ-2011, FJFS-2012 of lineage 3,

also increase the diversity of PRRSV in this area [33]. These
genetic events indicate that gene recombination plays a criti-
cal role in the evolution of PRRSV.

During the evolution of PRRSV, the changes in NSP2
in the highly variable region are apparent. Compared with
classical PRRSV, HP-PRRSV (29 + 1 amino acids) and
NADC30-like strains have the characteristics of discon-
tinuous deletion (111 +5+ 1419 amino acids). To fully
understand the changes in NSP4 in genetic evolution, the
nucleotide and amino acid sequences of NSP4 of the PRRSV
reference strain were compared and analyzed using the
Clustal W method in the MegAlign function of DNASTAR
software. The amino acids of representative strains of each
lineage were compared using the software BioEdit Sequence
Alignment Editor, which was used for multisequence align-
ment analysis, and phylogenetic tree analysis of the NSP4
gene was performed using MEGA7.0 software.

NSP4 is a hydrophobic protein and does not have a
signal peptide. Its hydrophobicity is conducive to inter-
nal protein folding to form a helix secondary structure,
which ensures its protein stability. The absence of a signal
peptide can indicate that the NSP4 protein is located in
the cytoplasm or organelle matrices, but is not a mem-
brane protein or secreted protein. There has been limited
basic research to date on NSP4. Analysis of the second-
ary and tertiary structures of the NSP4 protein and iden-
tification of the functional units or domains can provide
a target for genetic manipulation and a reasonable tar-
get molecule and structure for new drug molecules. The
nucleotide and amino acid homology analysis of PRRSV-2
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ATCC-VR2332-1992, RespPRRS MLV-1994, BJ-4-1996 of lineage
5, CH-1a-1996, CH-1R-2008, and CH2002-2009 of the C-PRRSV-
like group in lineage 8, JXA1-2006, TJ-2006, and HuN4-2006 of the
HP-PRRSV-like group in lineage 8

NSP4 showed that the nucleotide homology among 123
PRRSV-2 NSP4 was 81.0-100%, and the amino acid
homology was 85.8-100%, thus showing that NSP4 has
a high degree of amino acid and nucleotide homology. In
Fig. 1, we speculated that the NSP4 sequence has under-
gone a series of corresponding changes during mutation
and recombination of different lineage 1 strains. There is
a high degree of nucleotide homology between lineage 3
and 5, and the detection rate for these two lineages has
been low in China. We speculated that PRRSV may exhibit
genetic variation, with a low probability for evolutionary
changes, thus preventing PRRSV from escaping the host
immune response. However, the specific reasons for this
require further research. Lineages 1 and 8 were the most
prevalent strains in China. The lineages 1 and 8 were prone
to recombination and adapted to enhance their survival
during long-term evolution and mutation. As shown in
Fig. 1, the nucleotide homology of the JL580-2013 and
the HP-PRRSV-like group strains in the NSP4 sequence
was as high as 98%, indicating that the NSP4 sequence
may participate in the recombination event and play an
important role. The specific events warrant further study.
As shown in Fig. 2, the amino acid homology within pedi-
grees was higher than that between pedigrees, but overall,
the amino acid homology of NSP4 was very high. There-
fore, we can conclude that although NSP4 has maintained
highly conserved characteristics, genetic variations none-
theless still occur in the process of PRRSV continuous
evolution. Based on data in Fig. 3 of the comparison and
analysis of amino acid sequences, it was concluded that,
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Fig.4 The phylogenetic tree was constructed based on the NSP4 of
123 PRRSV strains. Phylogenetic tree analysis of NSP4 gene con-
structed using MEGA software (version 7.0; Center for Evolutionary
Medicine and Informatics, Tempe, AZ). The maximum likelihood
value is supported using the general time-reversible model (GTR)

compared with NSP2 and ORFS5, which have extensive
genetic variations [34], NSP4 contained no areas of amino
acid insertions or deletions, with individual substitutions
only occurring at specific sites, and the substitution prob-
ability at other sites was very low. Overall, PRRSV NSP4
has been relatively conserved in the process of evolution in
China. Previous studies have shown that NSP4 inhibits the
production of IFN-f in the host cell's nucleus, and the sub-
stitution of NSP4 Thr155 by Lys can enhance the level of
NSP4 in the nucleus, which enhances inhibition of IFN-3
transcription in vitro [24]. Ser180 of NSP4 is required for
degradation of zinc-finger antiviral protein (ZAP) [35].
Thus, substitution of this amino acid at position180 down-
regulates the ability of PRRSV to degrade ZAP, thereby

@ Springer

with gamma distribution with invariable sites (G+1) for both data-
bases. The circles (filled circle) indicate the attenuated live vaccine
strains or vaccine derivatives. The triangles (filled triangle) refer to
the representative virus strains of each lineage in China

antagonizing its antiviral effect. Mutations resulting in
substitution of NSP4 Asp185 of HP-PRRSYV impair the
ability of NSP4 to cleave the essential regulatory pro-
tein of the nuclear transcription factor nuclear factor-
kappa B and mitochondrial localization antiviral protein
(MAVS, also known as IPS-I, VISA, or CARDIF), thereby
antagonizing the production of IFN-f [20]. In addition,
the sequence of the NSP4 catalytic triad His39-Asp64-
Ser118 was highly conserved, and there were no mutations
resulting in substitutions at amino acid position 39. There
was a very low probability of amino acid substitutions at
position 64 but no amino acid substitutions at position
118. Substitution of these amino acids may be related to
viral virulence, phagocytosis, and cleavage ability, but this
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structed by PhyloSuite software. After Model Finder automatically
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requires further validation. In Figs. 4 and 5, the phyloge-
netic tree analysis shows that lineages 1 and 8 have a long
genetic distance, but lineages 1 and 8 have always been
common strains in China, and gene recombination read-
ily occurs between them. Through recombination analysis,
Wang et al. [36] found that the HNhx-2016 strain was the
result of recombination between NADC30-like and HP-
PRRSV-like group strains from NSP4 (nt 5261) to NSP9
(nt 7911). This type of genetic event may also explain
why PRRSV constantly mutates and recombines to escape
the host immune response, which is conducive to higher
survival of PRRSV in the host.

Future perspective

Genetic information is the result of the accumulation of con-
served sequences and non-conserved sequences. Conserved
sequences determine species, and non-conserved sequences
determine intra-species differences. The high conserva-
tion of the NSP4 gene determines the most basic life traits
and functions of PRRSV, and mutation of the conserved
sequence usually leads to very serious consequences. As one
of the main proteases, PRRSV NSP4 plays an important role
in virus proliferation, and the characteristics of 3CLSP make
it a promising target for drug design. Shi et al. [37] screened
targeted NSP4 antiviral drugs and obtained two antiviral
candidate drugs with remarkable inhibitory activities. Ana-
lyzing the spatial structure of NSP4 protein and studying
the genetic evolution of NSP4 can help screen key amino
acid sites, thereby identifying important antiviral targets for
the design of new drug molecules [38], as well as providing
a theoretical basis for vaccine development or NSP4 gene
detection methods in future.

Whole-genome sequencing has been widely used in
pathogen analysis and promotes in-depth study of system
dynamics and comprehensive understanding of the diver-
sity of infectious diseases [39]. PRRSV exhibits high muta-
tion and recombination rates. Moreover, the transmission
mechanism of PRRSV can be explained from multiple per-
spectives, such as phylogenetic and evolutionary analysis of
specific genes (ORF5,NSP2) and varying rates of nucleo-
tide substitution among different sites [40]. NSP4 plays an
important role in antagonizing the innate immune response
of the host. Analysis of the genetic variation of NSP4 may
provide the theoretical basis for how NSP4 participates in
regulation of the innate response of the host. In future, more
research should be conducted to elucidate the role of NSP4
in the pathogenesis so as to prevent and control PRRS.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11262-022-01957-x.
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