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Abstract
Background Porcine reproductive and respiratory syndrome virus (PRRSV) is a major economic threat to the global 
swine industry. Currently, NADC30-like PRRSV has undergone complex recombination with local Chinese strains, 
which has exacerbated the evolution of PRRSV. Recently, new recombinant PRRSV-2 strains from four lineages 
(lineages 1, 3, 5, and 8) have emerged in China. However, information on the pathogenicity of the novel isolate 
in China remains limited. To further our knowledge about the isolate, FJLIUY2017 and PRRSV2/CN/G8/2018 were 
selected to analyze their pathogenicity for piglets.

Methods The PRRSV FJLIUY2017 and PRRSV2/CN/G8/2018 strains were isolated by porcine alveolar macrophages 
(PAMs) and MARC-145CD163. Complete genomic sequence analyses were conducted using the DNASTAR 7.0 software 
and the phylogenetic tree was constructed with MEGA 7.0. Recombination events were detected using RDP V4.10 
and SIMPLOT software 3.5.1. Five PRRSV-free per group were inoculated with 2 mL (2 × 105 TCID50) of the FJLIUY-2017 
and PRRSV2/CN/G8/2018. Clinical signs of disease were recorded daily after challenge. Blood samples were collected 
from all piglets on days 0, 4, 7, 11, and 14 dpi for analysis of viral load by IFA and PRRSV-specific antibody levels by 
ELISA kit. Lung gross and microscopic lesions of the inoculated piglets were examined by scoring system for lung 
lesion.

Results Full-length genome analysis revealed that FJLIUY2017 and PRRSV2/CN/G8/2018 share 89.2% identity with 
each other, and in particular, they had a low degree of homology (< 92%) with PRRSV sequences available in GenBank. 
Phylogenetic and recombination analyses revealed that the two strains were recombinant viruses from lineages 1, 3, 
5.1, and 8.7 strains. Animal studies indicated that FJLIUY-2017 resulted in the typical clinical signs of PRRSV, including 
persistent fever, higher viremia, severe lung lesions, and 20% mortality, whereas PRRSV2/CN/G8/2018 caused 
moderate clinical symptoms and no mortality during the challenge period. Hyper-immune sera against the major 
vaccine strains JXA1-R (lineage 8) and Ingelvac PRRS MLV (Lineage 5) failed to neutralize two strains.
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Background
Porcine reproductive and respiratory syndrome (PRRS) 
has resulted in severe economic losses in the swine 
industry since its first recognition in the United States 
in the late 1980s [1]. PRRS virus (PRRSV), the causative 
agent of PRRS, is an enveloped, single-stranded, positive-
sense RNA virus belonging to the genus Betaarterivirus, 
subfamily Variartevirinae family Arteriviridae ( h t t p  s : /  / 
t a l  k .  i c t  v o n  l i n e  . o  r g / t a x o n o m y). The genome of PRRSV is 
~ 15 kb in length and contains more than 11 open read-
ing frames (ORFs) designated as ORF1a, ORF1b, ORF2a, 
ORF2b, ORF3, ORF4, ORF5a, ORF5-ORF7 and NSP2 
(TF), which encode at least 14 non-structural proteins 
(NSP) and eight structural proteins [1, 2].

Based on the whole genome, PRRSV can be typically 
classified into two species Betaarterivirus suid 1 (for-
mer PRRSV-1, European type) and Betaarterivirus suid 
2 (former PRRSV-2, American type), PRRSV-2 is pre-
dominant in China since its initial recognition in 1996 
[3–5]. To date, based on the global PRRSV classification 
system, the majority of Chinese PRRSV-2 strains can be 
classified into four lineages/sublineages: lineage 1 (sub-
lineage 1.8/NADC30-like), lineage 3 (QYYZ-like), lineage 
5 (sublineage 5.1/VR2332-like), and lineage 8 (sublineage 
8.7/JXA1-like and CH-1a-like) [3, 4, 6]. Lineage 8 mainly 
contains the highly pathogenic PRRSV-2 (HP-PRRSV/
JXA1-like/sublineage 8.7), which emerged in China in 
2006 and caused at least one million pig deaths [7]. Lin-
eage 1, defined as NADC30-like PRRSV (sublineage 1.8) 
with the highest similarity to the American NADC30 
strain, was imported into China from the United States 
in 2012 and has spread rapidly throughout China [3, 4, 
8]. Lineage 3 (QYYZ-like) strains were first reported in 
China in 2010, while lineage 5 (VR-2332-like) strains first 
appeared in China in 1996 [9, 10]. Now, lineage 3 strains 
were mainly prevalent in southern China [3, 11, 12]. 
Recently, NADC34-like PRRSV belonging to sublineage 
1.5 has emerged in several provinces in China since 2017 
[13, 14].

Currently, multiple lineages/sublineages of PRRSV 
strains co-existed in Chinese swine herds, potentially 
facilitating virus recombination. In particular, the recom-
bination characteristics of NADC30-like PRRSV contrib-
ute to the emergence of novel variant viruses [15–17]. 
Indeed, numerous studies have found that novel PRRSV 
variants resulting from recombination between two 
(sublineage 1.8 and lineage 3, sublineage 1.8 and 5.1, or 

sublineage 1.8 and 8.7) or three (sublineages 1.8, 5.1, and 
8.7, or sublineage 1.8, 3 and lineage 8.7) lineages exhibit 
mild/high pathogenicity in pigs [18–26]. In the current 
study, two PRRSV-2 strains, FJLIUY-2017 and PRRSV2/
CN/G8/2018, were isolated from Fujian province of 
China during 2017–2018, which are natural recombi-
nant viruses from four lineages (lineages 1, 3, 5 and 8) 
of PRRSV-2 circulating in China. However, there is no 
information on the pathogenicity as well as growth prop-
erties of the newly-emerged PRRSV isolates; thus, we 
described the genome characteristics of the two new iso-
lates while also analyzing their pathogenicity in piglets.

Methods
Cells and virus isolation
Porcine pulmonary alveolar macrophages (PAMs) were 
cultured in RPMI 1640 medium (Fisher Scientific, USA) 
with 10% fetal bovine serum, 100 U/mL penicillin, and 
100 µg/mL streptomycin at 37 °C with 5% CO2. MARC-
145CD163 cells were cultured in Gibco DMEM (Fisher 
Scientific, USA) with 10% FBS at 37 °C with 5% CO2 [6].

The strain FJLIUY-2017 was isolated in 2017 from a 
pig herd experiencing 25% abortion of sows and 25% of 
piglets died in Fujian Province, China [27]. The strain 
PRRSV2/CN/G8/2018 was isolated in 2018 from a pig 
herd experiencing 35% abortion of sows in Fujian Prov-
ince, China. The strain PRRSV2/CN/G8/2018 was iso-
lated and identified from lung tissue using porcine 
pulmonary alveolar macrophages (PAMs) and MARC-
145CD163 cells as previously described [6, 27]. Then two 
PRRSV strains have been used for subsequent studies 
after being purified for three generations via plaque assay.

Growth curve analysis of the FJLIUY-2017 and 
PRRSV2/CN/G8/2018 viruses was assessed by measur-
ing the virus titers at different time points post-infection 
in porcine alveolar macrophages (PAMs) and MARC-145 
CD163 cells.

Genome sequencing and recombinant analysis
A nucleic extraction kit (Tiangen Biotech, Beijing, China) 
was used to extract total RNA from the cell culture and 
lung samples according to the manufacturer’s instruc-
tions. The genome of PRRSV2/CN/G8/2018 was ampli-
fied as previously described [27]. Meanwhile, the 5′-and 
3′-untranslated regions (UTR) of the PRRSV2/CN/
G8/2018 genome were amplified using the SMARTer® 
RACE 5′/3′ kit (TaKaRa) according to the manufacturer’s 

Conclusions FJLIUY-2017 caused persistent fever, higher viremia, 20% mortality and exhibited higher pathogenicity 
in piglets compared to PRRSV2/CN/G8/2018. Our results suggest that recombination between different PRRSV-2 
lineages can result in the development of PRRSV variants with increased pathogenicity.
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instructions. The PCR products were purified using a 
TIANquick Midi purification kit (Tiangen Biotech, Bei-
jing, China) and cloned into pEASY®-Blunt Simple Clon-
ing Kit (Transgen Tiangen Biotech, Beijing, China); at 
least three recombinant clones were sequenced by Ruibo 
Life Technologies Corporation (Beijing, China).

To analyze the evolutionary relationship of the two 
PRRSV field strains with representative PRRSV isolates 
of different lineages (Supplementary Table S1), phyloge-
netic analysis was performed using the neighbor-joining 
(NJ) method in MEGA 7.0, as previously described [28] 
and bootstrap values were evaluated on 1000 replicates. 
Recombination signals were detected using seven meth-
ods (RDP, BootScan, GENECONV, Chimaera, Maxchi, 
SiScan, and 3Seq) within the Recombination Detection 
Program version 4.10 (RDP V4.10) and were further con-
firmed in SIMPLOT software version 3.5.1 within a 200-
bp window sliding along the genome alignment (20-bp 
step size) [29]. To avoid false positive results, recombina-
tion events were confirmed in RDP 4.10 using at least five 
different methods, with the highest acceptable p-value 
being 0.01 [30].

Animal challenge experiment
Fifteen four-week-old piglets confirmed to be free of 
PRRSV, PRV, PCV2 and CSFV were purchased from a 
commercial pig farm (Supplementary Table S2, Table 
S3). All animals were randomly divided into three groups 
(n = 5), designated as control, FJLIUY-2017-inoculated 
group, and PRRSV2/CN/G8/2018-inoculated group. 
Each group was housed separately in different isolation 
rooms with feed and water provided ad libitum. Each 
piglet in the two infection groups (FJLIUY-2017 and 
PRRSV2/CN/G8/2018) was inoculated with 2 mL of 
virus containing 2 × 105 TCID50, 1 mL by the intranasal 
route and 1 mL by intramuscular route. Each piglet in the 
control group was mock-injected with the same dose of 
DMEM.

After inoculation, rectal temperatures were recorded 
twice daily from − 2 days post-inoculation (dpi), and the 
threshold of fever was set at 40.0  °C. Clinical signs of 
disease were recorded daily for each piglet according to 
a scoring system based on a previous study [31]. Blood 
samples were collected from all piglets on days 0, 4, 7, 11, 
and 14 dpi for analysis of viral load and PRRSV-specific 
antibody levels. Meanwhile, all piglets in this study were 
weighed at 0 and 14 dpi, and the average daily weight gain 
(ADWG) was calculated. All animals were euthanized at 
14 dpi for pathological examination. At death, individual 
lungs were collected and lung lesions were scored as pre-
viously described [31, 32].

Virus Titration and serology
The viral titers of PRRSV in sera from experimentally 
infected piglets were analyzed through immunofluores-
cence assay (IFA) as previously described [33] and then 
calculated as described by Reed and Muench (1938) [34] 
and expressed as TCID50/mL. Briefly, a 10-fold serial 
dilution of each serum sample was inoculated on MARC-
145 cells in 96-well plates and incubated for 90 min at 37 
℃. The cells were then washed with PBS and cultured in 
DMEM supplemented with 5% fetal bovine serum (FBS) 
for an additional 48 h. The virus titers were determined 
by indirect immunofluorescence assay (IFA) with anti-N 
protein monoclonal antibody (MAb) 1AC7 (INGENASA, 
Spain).

PRRSV-specific antibodies in serum samples col-
lected from all piglets were analyzed by the commercial 
PRRSV antibody ELISA kit (IDEXX Laboratories Inc., 
Westbrook, ME, USA) according to the manufacturer’s 
instructions. Samples were considered positive for the 
presence of PRRSV antibodies when their S/P is > 0.4.

Pathological examination
Lung gross pathological examination was performed 
immediately when the piglets died in the experiment. 
At 14 dpi of the experiment, the piglets were euthanized 
using deep anaesthesia by intravenous injection with 
an overdose of sodium pentobarbital (100  mg/kg body 
weight), followed by exsanguination [35]. All euthanasias 
in this study followed Chinese Laboratory animal-Guide-
lines for euthanasia. Gross lesions of the lung were scored 
by estimating the percentage of the lung surface affected 
as previously described [32]. Lung tissues of piglets were 
collected at necropsy, fixed in 10% buffered formalin, 
and then processed by routine histopathological proce-
dures. Sections of 5 μm were stained with haematoxylin 
and eosin (HE), and microscopic lesions were evaluated 
blindly and scored (from 0 to 4) to analyze the severity of 
interstitial pneumonia as previously described [32].

The distribution of PRRSV antigen in the lung samples 
was detected by immunohistochemistry (IHC) staining 
with the monoclonal antibody 1AC7 (Ingenasa, Madrid, 
Spain) specific for PRRSV N protein based on a previ-
ously published procedure [33]. The number of posi-
tive cells per section of lung taken from each piglet was 
evaluated through a ranked score of 0–4 as follows: 0 (no 
PRRSV-antigen cells), 1 (1–10 positive cells), 2 (11–30 
positive cells), 3 (31–100 positive cells), 4 (= or > 100 pos-
itive cells) [36].

Virus cross-neutralization assay
Seven live attenuated PRRSV-2 vaccines, including clas-
sical PRRSV-derived live vaccines (Ingelvac PRRS MLV, 
CH-1R, and R98) and HP-PRRSV-derived live vac-
cines (JXA1-R, HuN4-F112, TJM-F92, and GDr180) are 
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commercially available in China. In this study, two repre-
sentative MLV vaccines, Ingelvac PRRS MLV and JXA1-
R (MLV-derived HP-PRRSV), were selected to use for 
cross-neutralization assays. Hyper-immune sera (#1–3 
and #5–7) were collected from pigs vaccinated twice with 
two doses of JXA1-R and Ingelvac PRRS® MLV vaccine, 
respectively, and used for cross-neutralization assays as 
previously described [37]. Neutralizing antibody (NA) 
titers against FJLIUY-2017 and PRRSV2/CN/G8/2018 
were calculated according to the Reed-Muench method 
[34]. Serum samples were considered positive in neutral-
ization against two strains if a neutralization titer was ≥ 8.

Statistical analysis
The data are expressed as the mean ± standard deviations 
(SD). Data were evaluated with GraphPad Prism software 
6.0 (San Diego, CA, USA). The significance of differences 
among groups was determined by one-way or two-way 
analysis of variance. Results were considered statistically 
significant if p < 0.05.

Results
Virus isolation
FJLIUY-2017 and PRRSV2/CN/G8/2018 were isolated 
in PAM and MARC-145CD163 cells. The typical CPE 
was observed at 48 h post-infection in MARC-145CD163 
cells (Supplementary Figure S1). Multi-step growth curve 
showed that two viruses produced high titers in both 
MARC-145 CD163 cells and PAM cells, but FJLIUY-2017 
exhibited a faster and higher replication rate than 
PRRSV2/CN/G8/2018 from 36 to 72  h (Supplementary 
Figure S2).

Complete genomic analysis of PRRSV2/CN/G8/2018
The genome of PRRSV2/CN/G8/2018 (GenBank No. 
OQ357725) was 14,944 nt in length, excluding the poly 
(A) tails. BLASTn analysis of the PRRSV2/CN/G8/2018 
revealed that it had low nucleotide similarity (< 92%) to 
the closest available PRRSV sequences in the GenBank 
database and was classified as NADC30-like PRRSV 
based on the whole genome.

Genome alignments revealed that the PRRSV2/CN/
G8/2018 isolate shared 91.4%, 83.9%, 86.2%, 85.3%, 
and 89.2% homology with NADC30 (lineage 1), QYYZ 
(lineage 3), VR2332 (lineage 5), JXA1(lineage 8), and 
FJLIUY-2017, respectively (Table  1). ORF1a and ORF1b 
of PRRSV2/CN/G8/2018 shared high nucleotide homol-
ogy with the NADC30 strain (90.5%/95.5%), whereas 
ORF2a-7 shared high identity with those of VR-2332 
(91.2%) (Table  1). In addition, PRRSV2/CN/G8/2018 
and FJLIUY-2017 had extensive nucleotide sequence 
differences in every region of the genome (86.6-93.1%) 
(Table 1). In particular, PRRSV2/CN/G8/2018 has a char-
acteristic 131-amino acid deletion in the NSP2-coding Ta
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region, region, which is identical to the NADC30. Mean-
while, PRRSV2/CN/G8/2018 has an additional 25-aa 
deletion at the position aa471-495 of NADC30 (Fig. 1A).

Phylogenetic trees were constructed based on the 
ORF3 gene, ORF5 gene, and full-length genome using 
the sequences of 30 representative PRRSV isolates of dif-
ferent lineages including PRRSV-2 isolates (n = 29) and 
PRRSV-1 isolate (n = 1) (Supplementary Table S1). The 
results showed that PRRSV2/CN/G8/2018 clustered in 
lineage 1 of PRRSV-2 containing NADC30 and Chinese 
NADC30-like strains based on the full-length genome 
(Fig.  1B), however, PRRSV2/CN/G8/2018 clustered as 
lineage 5 of PRRSV-2 containing VR-2332 strain based 
on the ORF3 gene (Fig.  1C). In addition, PRRSV2/CN/
G8/2018 was more closely related to lineage 3 PRRSV 
strains based on the ORF5 gene (Fig. 1D). These results 
indicate that PRRSV2/CN/G8/2018 are recombinant 
viruses. The genomic characteristics and phylogenetic 
analysis of the FJLIUY-2017 isolate are described in detail 
in a previous study [27].

Recombination analysis
Recombination analysis of the full-length genome was 
performed using RDP4.10 (Table  2), and SIMPLOT 
3.51 software (Fig.  2). The results from molecular soft-
ware strongly supported that PRRSV2/CN/G8/2018 is 
a natural recombinant virus from four lineage viruses 
with NADC30-like virus serving as the major parental 
virus while JXA1-like, VR2332-like and QYYZ-like as 
the minor parental viruses (Table  2). Additionally, the 
multiple crossovers were further confirmed by Bootscan 
analysis in the SIMPLOT 3.5.1 software (Fig.  2). Six 
recombination breakpoints were identified in the genome 
of PRRSV2/CN/G8/2018 at nt 694, nt 2000, nt 12,317, nt 
13,614, nt 13,933 and nt 15,112, which were located in 
the NSP1, NSP2, NSP12, ORF4, ORF5 and ORF7 regions, 
respectively (Fig. 2; Table 2). Recombinant analysis of the 
FJLIUY-2017 isolate is described in detail in a previous 
study [27].

Fig. 1 Alignment of the NSP2 amino acids sequences and phylogenetic analysis of both strains with representative strains. (A) Alignment of the amino 
acid sequence of Nsp2. The discontinuous deletions highlighted in grey regions show the deletion signature of NADC30-like PRRSVs. Additional 25-aa 
deletion in PRRSV2/CN/G8/2018 is marked in the red box. (B-D) Phylogenetic trees based on the ORF3 (B), ORF5 (C), and complete genome of FJLIUY-2017 
and PRRSV2/CN/G8/2018 (D) with the reference PRRSV strains. The strains in this study were highlighted with a red circle (●). The representative strains 
from different lineages were labeled with black triangles (▴)
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Clinical signs
The group of piglets infected with FJLIUY-2017 displayed 
more severe symptoms compared to the PRRSV2/CN/G8/2018 
group
After PRRSV challenge, the piglets infected with 
FJLIUY-2017 developed a fever (40.3 ◦C) at 2 dpi, and 
hovered over 40.5  °C from day 4 to 12 dpi with a peak 
of 41.2  °C at 7 dpi. The temperatures of PRRSV2/CN/
G8/2018-inoculated piglets developed fever at 2 dpi 
and hovered over 40  °C at 2–6 dpi and 9–13 dpi, with 
a peak (40.6  °C) at 11 dpi (Fig.  3A). Piglets inoculated 
with FJLIUY-2017 had significantly higher tempera-
tures at 6, 7, 8, 9, and 14 dpi compared to the PRRSV2/
CN/G8/2018 group (p < 0.05) (Fig.  3A). Piglets infected 
with FJLIUY-2017 developed more severe clinical signs, 
including cough, lethargy, dyspepsia, and shivering from 
3 dpi to 14 dpi, with significantly higher clinical signs 
scores than the PRRSV2/CN/G8/2018 -inoculated group 

with moderate clinical signs from 7 to 14 dpi (p < 0.05) 
(Fig. 3B).

The body weights of the piglets were recorded at 0, 
7, and 14 dpi. As shown in Fig.  3C, the ADWG of the 
PRRSV2/CN/G8/2018 and control groups was signifi-
cantly higher than that of the FJLIUY-2017 group at 14 
dpi (p < 0.05). Notably, one piglet died at 8 dpi in the 
FJLIUY-2017 group, whereas all animals in the PRRSV2/
CN/G8/2018-inoculated and control groups survived 
throughout the experiment (Fig.  3D). In contrast, the 
negative control group maintained a normal rectal tem-
perature and behavior throughout the trial.

The FJLIUY-2017-inoculated group induced higher levels of 
viral loads and humoral immune response than the PRRSV2/
CN/G8/2018-inoculated group
Blood samples were collected at 0, 4, 7, 11, and 14 dpi in 
every PRRSV- inoculated group to detect viremia and 
PRRSV-specific antibodies in piglets. As illustrated in 

Table 2 Recombination breakpoints identified in PRRSV2/CN/G8/2018 and associated parental strains
Isolate Breakpoint 

position in 
alignment

Major 
Parent

Minor 
Parent

P-value

Begin-
ning

End-
ing

RDP GENECONV Bootscan MaxChi Chimaera SiScan 3Seq

PRRSV2/
CN/
G8/2018

694 2000 NADC30 JXA1 2.810 × 10− 107 2.693 × 10− 93 2.124 × 10− 106 2.491 × 10− 34 1.023 × 10− 23 8.159 × 10− 37 1.942 × 10− 14

12,317 13,614 NADC30 VR-
2332

3.222 × 10− 54 6.137 × 10− 36 4.256 × 10− 53 1.694 × 10− 22 1.031 × 10− 24 9.501 × 10− 21 3.885 × 10− 15

13,933 15,112 NADC30 QYYZ 4.634 × 10− 42 1.463 × 10− 5 2.053 × 10− 36 2.741 × 10− 15 1.070 × 10− 8 4.580 × 10− 10 1.094 × 10− 8

Fig. 2 The recombination regions in the PRRSV2/CN/G8/2018 genome were further confirmed using SimPlot 3.5.1 software. For the Bootscan analysis, 
the y-axis shows the percentage of permutated trees using a sliding window of 200 bases and a step size of 20 bases, while the X-axis showed the posi-
tion of PRRSV genome
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Fig.  4A, the virus titers in both infected groups started 
to increase at 4 dpi, reaching their peaks (106.4 TCID50/
mL) at 7 dpi in the FJLIUY-2017 group, and at 11 dpi 
(105.2 TCID50/mL) in the PRRSV2/CN/G8/2018 group 
(Fig.  4A). Compared with the PRRSV2/CN/G8/2018-
inoculated group, the virus titers of the FJLIUY-2017- 
inoculated group were significantly higher at DPIs 4, 7, 
and 11. No viremia was detected in the serum samples of 
control piglets (Fig. 4A).

Sera were detected for specific antibodies against the N 
protein of PRRSV using a commercial ELISA kit. All of 
the piglets challenged with FJLIUY-2017 had seroconver-
ted at 7 dpi, while the piglets in PRRSV2/CN/G8/2018-
inoculated groups were seropositive at 11 dpi (Fig.  4B). 
Meanwhile, antibody levels in the FJLIUY-2017-inoc-
ulated group were significantly higher than those in 
the PRRSV2/CN/G8/2018- inoculated group at 7, 11 
and 14 days (Fig.  4B). All animals in the control group 

were negative for PRRSV-specific antibodies during the 
experiment.

Piglets in the FJLIUY-2017-inoculated group demonstrated 
more severe interstitial pneumonia than those in the PRRSV2/
CN/G8/2018-inoculated group
At necropsy, lung tissues of the pigs infected with the two 
viral strains were characterized by interstitial pneumo-
nia and pulmonary consolidation, whereas no lung gross 
lesions were observed in the control group (Fig.  5A-
C). Compared with the PRRSV2/CN/G8/2018 group, 
the FJLIUY-2017-inoculated group had higher gross 
lung lesion scores with significant difference (p < 0.05) 
(Fig.  6A). In addition, histopathological examination 
showed FJLIUY-2017-inoculated piglets presented 
more severe lung lesions with lung structures dimly dis-
cernible, severe interstitial pneumonia, and alveolar 
walls markedly thickened compared with those in the 
PRRSV2/CN/G8/2018-inoculated group (Fig.  5D-E). 

Fig. 3 The rectal temperatures, clinical scores, and the mortality and weight gain of piglets in different groups during the study. (A) Rectal temperatures 
of piglets infected with FJLIUY-2017, PRRSV2/CN/G8/2018, and DMEM. The threshold of fever was set at 40.0 °C. (B) The scores of clinical signs of piglets in 
each group. (C) Average daily weight gain (ADWG) of the piglet during each week of the challenge study. (D) The survival curves of piglets in each group. 
Data are the mean ± SD (error bars) of every group. Asterisk indicates significant differences between the FJLIUY-2017-inoculated group and PRRSV2/CN/
G8/2018-inoculated group (*p < 0.05; **p < 0.01)
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FJLIUY-2017-inoculated piglets had statistically higher 
microscopic lung lesion scores than PRRSV2/CN/
G8/2018-infected group (p < 0.05) (Fig.  6B). Negative 
controls did not show any obvious microscopic patho-
logical lesions (Fig. 5F).

PRRSV antigens in the lungs of piglets were examined 
by immunohistochemistry (IHC). The PRRSV-positive 
signals could be seen in the macrophages, epithelial 
cells, and within the alveolar wall cells in the lung tissue 
of all challenged groups (Fig.  5G-H), but the FJLIUY-
2017-inoculated group had significantly higher scores of 
IHC than the PRRSV2/CN/G8/2018-inoculated group 
(p < 0.05) (Fig.  6C). No PRRSV-positive antigens were 
observed in the lungs of the control group (Fig. 5I).

Virus cross-neutralization assay of FJLIUY-2017 and PRRSV2/
CN/G8/2018
Hyper-immune sera (#1–3) generated from JXA1-R (lin-
eage 8) and hyper-immune sera (#5–7) generated from 
Ingelvac PRRS MLV (Lineage 5) were used for viral cross-
neutralization against FJLIUY-2017 and PRRSV2/CN/
G8/2018. Six hyper-immune sera presented high NA 
titers for FJZH (JXA1-R-like PRRSV, GenBank acces-
sion number: KP998478) and PRRSV2/CN/101,805/2018 
(RespPRRS MLV-like PRRSV, GenBank accession num-
ber: MT416548) (1:16 − 1:32), however, all these hyper-
immune sera showed low NA titers for two strains (< 1:8) 
and failed to neutralize FJLIUY-2017 and PRRSV2/CN/
G8/2018 (Supplementary Figure S3).

Discussion
Since it first emerged in China in 1995, PRRSV has 
spread widely, causing several outbreaks over the past 
two decades. Despite the widespread use of many domes-
tic and imported commercial modified live virus (MLV) 

vaccines, PRRS continues to plague the Chinese swine 
industry. To date, four distinct PRRSV-2 lineages (lin-
eages 1, 3, 5, and 8) have been identified in Chinese swine 
herds, promoting PRRSV recombination between differ-
ent lineages [3, 4, 6]. Recombination and mutation are 
important mechanisms for PRRSV evolution that con-
tribute to the continuous generation of novel strains with 
altered pathogenicity in pigs [15, 17, 38–42]. In recent 
years, various recombinant PRRSV strains from two 
(sublineage 1.8 and lineage 3, sublineage 1.8 and 5.1, or 
sublineage 1.8 and 8.7) or three (sublineage 1.8, 5.1, and 
8.7, or sublineage 1.8, 3, and lineage 8.7) lineages have 
exhibited varying degrees of pathogenicity in piglets 
and have also caused significant financial losses to swine 
herds [18–26]. However, no information is available on 
the pathogenicity of recombinant viruses derived from 
the four lineages of PRRSV-2. In this study, we describe 
two recombinant PRRSV-2 viruses from four different 
lineages and use piglets to assess the pathogenicity of the 
virus.

Since its initial identification in China in 2012, 
NADC30-like PRRSV has undergone complex recom-
bination with local Chinese strains, aggravating PRRSV 
evolution and making prevention and control of PRRS 
more difficult. Although two strains in this study are likely 
a product of complex genomic recombination between 
lineage 1, 3, 5, and 8 strains, FJLIUY-2017 and PRRSV2/
CN/G8/2018 differed extensively in all regions of the 
genome. Previous studies demonstrated that QYYZ-
like PRRSV strains (e.g. QYYZ and GM2), VR2332-like 
strains (VR-2332 and BJ-4), NADC30 and NADC30-like 
isolates (e.g. FJZ03, HNjz15, and CHsx1401) exhibited 
low or moderate pathogenicity in animal experiments [9, 
10, 21, 33, 43–45]. However, recombinant PRRSVs iso-
lated in recent years have shown increased pathogenicity 

Fig. 4 Virus load and PRRSV-special antibody levels of the infected piglets during the challenge experiment. (A) The dynamics of virus titers in sera were 
determined by the IFA-microtitration infectivity assay. Serum samples were collected at 0, 4, 7, 11, and 14 dpi and virus titers are expressed as 50% of the 
tissue culture infective dose per mL (TCID50/mL) of the sample. (D) PRRSV-specific N protein antibody levels in sera after challenge. Serum samples were 
collected at 0, 4, 7, 11, and 14 dpi and the threshold for seroconversion was set at a sample-to-positive (s/p) ratio of 0.4. sterisk indicates significant differ-
ences between the FJLIUY-2017-inoculated group and PRRSV2/CN/G8/2018-inoculated group (*p < 0.05)
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in pigs. For instance, virulent strains JL580, 14LY01-FJ, 
14LY02-FJ, 15LY01-FJ, and 15LY02-FJ, resulting from 
recombination between NADC30-like and JXA1-like 
PRRSV exhibited clinical symptoms in piglets similar to 
those caused by highly pathogenic PRRSV (HP-PRRSV) 
[21, 23]. In addition, the strains GD1404, and FJNP2017, 
which were derived from QYYZ-like PRRSV recom-
bined with JXA1-like PRRSV, were highly pathogenic to 
piglets and caused 20–40% mortality [11, 46]. The triple 
recombinant viruses SD17-38 (a recombinant isolate 
from lineages 1, 5, and 8), JS18-3 and GZgy17 (recom-
binant isolates from lineages 1, 3, and 8) caused 20–40% 
mortality in piglets, similar to HP-PRRSV [18, 19, 25]. 
The NADC34-like (lineage 1.5) and QYYZ-like (lineage 
3) recombinant strain TJnh2021 shows higher patho-
genicity in piglets compared to other lineage 1.5 strains 

[47]. Similarly, PRRSV/CN/FJGD01/2021, a product 
of recombination of NADC30-like, NADC34-like and 
JXA1-like viruses, displayed higher pathogenicity than 
the NADC30-like and NADC34-like strains [16]. Of note, 
several commercially available PRRS modified live virus 
(MLV) vaccines, such as Ingelvac PRRS MLV and certain 
HP-PRRS MLV vaccines, have been reported to undergo 
recombination with field strains. These recombinant 
strains exhibit increased virulence, raising significant 
concerns regarding their safety and efficacy in disease 
control. For instance, the TJnh1501 strain and FJXS15 
strains, which recombined with the low pathogenicity 
strains HP-PRRSV MLV (JXA1-P80) and NADC30-like 
PRRSV, exhibit moderate to high virulence for pigs [21, 
48]. Similarly, the GDsg strain, a recombinant of JXA1-
P80 MLV and QYYZ, has higher pathogenicity than 

Fig. 5 Gross pathology, microscopic lung lesions and lung IHE examination of the inoculated piglets. (A) Severe interstitial pneumonia with consolida-
tion was observed in FJLIUY-2017-challenged piglets. (B) Moderate interstitial pneumonia with consolidation were observed in PRRSV2/CN/G8/2018-
challenged piglets. (C) No obvious gross lung lesions were observed in control group. Microscopic lesions in the lungs of piglets inoculated with strains 
FJLIUY-2017 (D) and PRRSV2/CN/G8/2018 (E) showed significant lung lesions characterized by interstitial pneumonia compared to piglets inoculated 
with DMEM (F). Lung IHE examination in the inoculated piglets, PRRSV-positive signals in bronchial epithelial cells and macrophages of lung could be 
detected from piglets challenged with PRRSV strains FJLIUY-2017 (G) and PRRSV2/CN/G8/2018 (H), whereas no positive staining cells were detected in 
the control group (I)
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the QYYZ strain [49]. Additionally, the SCN17 strain, a 
recombinant of RespPRRS MLV, NADC30-like PRRSV, 
and JXA1-like PRRSV, has been shown to be a moderately 
virulent isolate [24]. In the current study, FJLIUY-2017 
exhibits higher pathogenicity than PRRSV2/CN/G8/2018 
in vivo: FJLIUY-2017 resulted in the typical clinical signs 
of PRRSV, including persistent fever, higher viremia, 
severe lung lesions, and 20% mortality, whereas PRRSV2/
CN/G8/2018 caused moderate clinical symptoms and no 
mortality during the challenge period. Taken together, 
this study combined with the recent report described 
above suggest that recombination among distinct lineages 
of PRRSV-2 may lead to the generation of novel strains 
with enhanced pathogenicity. In addition, a retrospec-
tive survey revealed that recombinant viruses from four 
strains (1, 3, 5, and 8) were detected in four pig farms in 
Fujian Province between 2017 and 2021 (Supplementary 
Figure S4). Given the complex nature of the virus strains 
and the potential serious threat to pig health, the affected 
pig farms implemented a PRRS eradication program, and 
these PRRSV have not been detected in these pig farms 
since 2022. Meanwhile, we carried out a detailed analysis 
of the PRRSV sequences in the NCBI database and com-
bined them with the results of previous research, showed 
that the main recombinant lineages were L1 + L3, L1 + L8 
or L1 + L3 + L8 in China [50–51].

ORF1a is associated with the primary determinants 
of virulence of PRRSV, in particular, Nsp9 and Nsp10 
are linked to the lethal virulence of HP-PRRSV [31]. In 
addition, a previous study suggests that the amino acids 
at positions 519 and 544 in Nsp9 are involved in the rep-
licative efficiency and increased virulence of HP-PRRSV 
[52]. In the present study, three non-structural protein 
regions (Nsp1 to Nsp2, Nsp6 to 9, and Nsp11 to Nsp12) 
of FJLIUY-2017 were provided by HP-PRRSVs, whereas 
only one (Nsp1 to Nsp2) of PRRSV2/CN/G8/2018 was 

provided by HP-PRRSVs. Interestingly, FJLIUY-2017 pos-
sesses a serine (S) at position 519 and a threonine (T) at 
position 544 in NSP9, which were consistent with HP-
PRRSVs. In contrast, PRRSV2/CN/G8/2018 features a 
serine and an alanine (A) at these two positions, which is 
distinct from HP-PRRSVs but consistent with NADC30 
or NADC30-like PRRSV. Recombinant strains GZgy17 
and SCya18, both classified within lineage 3, exhibited 
similar recombination patterns but differed markedly 
in pathogenicity, with GZgy17 causing 20% mortality in 
piglets, whereas SCya18 did not cause any deaths [25]. 
Similarly, FJNP2017 and GDZS2016, which shared 95.2% 
nucleotide homology and were classified within lineage 
8.7, exhibited different pathogenicity, with FJNP2017 
being more virulent in pigs [11]. Analysis of the Nsp9 
sequences revealed that GZgy17 and FJNP2017 possess 
identical amino acids at positions 519 (S) and 544 (T) 
with HP-PRRSV, whereas SCya18 (with S519 and A544) 
and GDZS2016 (with T519 and T544) shared only one posi-
tion with HP-PRRSV (Supplementary Figure S5). In addi-
tion, the triple recombinant SD17-38, classified within 
lineage 1 but with S519 and T544 in Nsp9 (Supplementary 
Figure S5), exhibited similar pathogenicity to the HP-
PRRSV, resulting in 100% morbidity and 40% mortality 
in piglets [18]. Lineage 3 recombinant strain GDsg, with 
S519 and T544 in Nsp9, exhibited higher pathogenicity 
than the parental strain QYYZ with T519 and A544 in Nsp9 
[49]. In support of these findings, recombinant PRRSVs 
generated by swapping Nsp9 between L1 (NADC30-like) 
and L8 (HP-PRRSV) backbones revealed that L1-based 
recombinants exhibited higher replication capacity in 
porcine primary alveolar macrophages than L8-based 
recombinants [50]. Taken together with the above results, 
this may partly explain why the pathogenicity of the two 
strains in this study differed in the animal experiment, 
despite the similarity of their recombination patterns.

Fig. 6 Scores of gross lung lesions, microscopic lung lesions and IHE of the infected piglets. (A) The mean scores of the gross lesions of the lungs in each 
group. Gross lesions were scored based on the percentage of lung area affected. (B) The mean scores of the microscopic lung lesions in each group. (C) 
Scores of IHC of piglets inoculated with PRRSV. Data are expressed as the Mean ± SD (error bars) of each group. Asterisk indicates significant differences 
between the FJLIUY-2017- inoculated group and PRRSV2/CN/G8/2018-inoculated group (*p < 0.05). Note: G8 denotes PRRSV2/CN/G8/2018
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Conclusions
The two isolates had similar recombination patterns, but 
FJLIUY-2017 was more virulent in piglets than PRRSV2/
CN/G8/2018. The different pathogenicity of the two 
recombinant viruses may be attributed to the different 
components provided by HP-PRRSV. Our study sug-
gests that novel PRRSV variants evolved through recom-
bination among distinct lineages of PRRSV-2 and the 
risk of these variants should be emphasized with much 
attention.
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