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Abstract A highly pathogenic swine disease designated
as ‘porcine high fever disease (PHFD)  appeared recently
in China. Porcine reproductive and respiratory syndrome
virus (PRRSV) was identified as an agent associated with
PHFD, and two discontiguous sequence deletions were
identified as a genetic marker in the Nsp2 region of the
viral genome. To examine PHFD in Shandong province, a
total of 10 PRRSV isolates were recovered from pig herds
that had never been vaccinated for PRRS. Sequence anal-
ysis of open reading frame 5 (ORFS5) showed that the level
of identity among the 10 isolates ranged between 88.2 and
99.2%. For the non-structural protein 2 (Nsp2) gene, three
isolates shared high sequence identity with VR-2332, the
prototype virus of the North American genotype, while the
remaining seven isolates exhibited two discontiguous
sequence deletions that were identical to those of PHFD: a
one-amino-acid (phenylalanine) deletion at position 482
and a 29-amino-acid deletion at positions 533-561 of
Nsp2. Experimental infection of pigs with SD-JN, which
was one of the seven isolates containing such deletions,
resulted in severe clinical symptoms characterized by red
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discoloration on the body and hemorrhages in the lungs,
kidneys, and inguinal lymph nodes, accompanied by higher
mortality and longer duration of viremia. These symptoms
were similar to those of PHFD observed in the field. Our
results show that VR2332-like PRRSV coexists with
PHFD-associated atypical PRRSV in pig herds in the
Shandong area, and different PRRSV isolates differ greatly
in their pathogenesis and virulence in pigs.

Introduction

Porcine reproductive and respiratory syndrome (PRRS)
emerged in Europe and North America almost simulta-
neously, but independently, in the late 1980s. PRRS is
characterized by reproductive failure in pregnant sows and
respiratory problems in sucking piglets [13, 14]. Since its
emergence, the disease has spread globally to most pig-
producing countries and has been the cause of significant
economic losses to the pork industry [1, 19]. The causative
agent of PRRS is PRRS virus (PRRSV), which is a member
of the family Arteriviridae in the order Nidovirales, toge-
ther with the families Coronaviridae and Roniviridae.
PRRSV is a small enveloped virus possessing a single-
stranded positive-sense RNA genome of approximately
15 kb in size and contains nine open reading frames
(ORFs): ORFla, ORFl1b, and ORFs 2 through 7, in order
starting from the 5’-end of the genome [11, 26]. Both
ORFla and ORF1b code for non-structural proteins (Nsp)
that are believed to be involved in genome replication and
transcription, and ORFs 2-7 code for viral structural pro-
teins GP2a, GP2b, GP3, GP4, GP5, membrane (M) protein,
and nucleocapsid (N) protein, respectively [18]. The
European-type PRRSV (prototype virus Lelystad) is only
about 60% similar to the North American-type PRRSV
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(prototype virus VR-2332) at the genomic sequence level.
Both types form two distinct genotypes, and the isolates in
each genotype exhibit significant sequence variation [4, 8].
Among the viral genes, ORF5 and Nsp2 are two of the
most variable genes, with sequence variability up to 17 and
30%, respectively, in isolates of the North American
genotype [2, 6, 9, 17, 22]. Thus, it appears that the viral
genome changes quickly and PRRSV evolves rapidly.

In China, PRRSV was first isolated in 1995 from a fetus
of an affected animal [12], and it was shown to belong to
the North American genotype [6]. Since then, PRRSV
circulating in China has been predominantly of the North
American type. In the spring of 2006, a highly pathogenic
PRRS broke out in the central region of China and quickly
spread throughout the country [23, 24, 29]. Unlike the
previous PRRS, the newly appearing PRRS caused high
morbidity of 50-100% and a mortality rate of 20—-100%.
The high mortality in grown pigs is unusual and led to a
countrywide epidemic of atypical PRRS. Subsequently, the
atypical PRRS that emerged in China was designated as
“porcine high fever disease (PHFD)”. The highly virulent
atypical PRRS occurred in many herds vaccinated with
commercial PRRS vaccines, suggesting that the commer-
cial vaccines were unable to protect pigs from PRRS.
Shandong province lies in the east of China and is one of
the major pig-producing provinces in China, with an annual
production of more than 60 million pigs. Recently, in the
Shandong area, increased incidence was observed in pigs
with high fever (40.5-42.0°C) accompanied with respira-
tory disorders and red discoloration of the ears and bodies,
which resulted in increased economic losses to the pork
industry in the province. Based on serological evidence, we
examined PRRS in the affected pigs during 2004—2007 and
recovered 10 PRRS virus isolates. The ORF5 and Nsp2
genes were sequenced from these isolates, and pigs were
experimentally inoculated with isolated viruses. The clin-
ical signs in the infected pigs were similar to those of
PHFD observed in the field, and here, we report the results
of the study.

Materials and methods
Cells and virus

MARC-145 cells were maintained in DMEM (Invitrogen,
Carlsbad, CA) supplemented with 8% fetal bovine serum
(Fisher Scientific, Pittsburgh, PA), 100 units/ml penicillin
G and 100 pg/ml streptomycin sulfate, and PRRS was
propagated in MARC-145 cells. A total of 10 virus isolates
were recovered from the lung and tonsil homogenates of
diseased pigs. These pigs had not been vaccinated against
PRRS. The virus isolates were plaque-purified in Marc-145
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cells and propagated for 10 passages. The 50% tissue
culture infective dose (TCIDso) was calculated by the
Reed-Muench method [21], based on the number of wells
showing typical cytopathic effect (CPE) for PRRSV.

Reverse transcription-polymerase chain reaction
(RT-PCR) for the ORF5 and Nsp2 genes

Two pairs of primers were designed for use in RT-PCR:
primer 1 (5-TGTGAATTCATGTTGGGGAAATGCTTG
ACC-3') and primer 2 (5-CCACTCGAGCCTTTTGTG
GAGCCGTGCTAT-3') for ORFS5; primer 3 (5'-TGGTCCT
AACGGTTCGGAAGAAAC-3') and primer 4 (5-GTGA
GCTGAGTATTTTGGGCGTGT-3') for the amplification
of a portion of Nsp2 gene. Total RNA was extracted from
100 pl of PRRSV using Trizol (Invitrogen) according to
the manufacturer’s instructions. One-step RT-PCR was
carried out as described previously using reagents pur-
chased from Takara Bio Inc. (Dalian, China) according to
the manufacturer’s instructions [5]. The first-strand cDNA
was synthesized at 50°C for 30 min, and the reaction was
heated at 94°C for 2 min, followed by amplification for 35
cycles of denaturation at 94°C for 1 min, annealing for 50 s
at 54°C for ORF?5, or 55°C for the Nsp2 gene, and exten-
sion at 72°C for 1 min. At the end of the last cycle, the
reaction was extended at 72°C for 10 min. PCR products
were resolved by 1% agarose gel electrophoresis.

Sequence analysis

PCR products were purified using a purification kit (Invit-
rogen) and subsequently cloned into a pMDI18-T (Takara
Bio Inc.) vector for sequencing. To obviate possible base
mismatches resulting from PCR, three clones were gener-
ated from each cDNA fragment and used for sequencing.
Nucleotide sequences were analyzed using sequence
analysis software (Hitachi DNAStar, version 7.1, Madison
WI). The sequences for Nsp2 and GP5 genes of individual
isolates were deposited in the GenBank database with the
following accession numbers: Shandong-3 (FJ422121),
SD-ZQ (FJ422122), SD-JZ (F1422123), SD1 (FJ422124),
SD2 (FJ422125), SD3 (FJ422126), SD4 (F1422127), SD5
(FJ422128), SD6 (FJ422129), SD7 (FJ422130).

Animal infection

Fifteen piglets of 6 weeks of age were purchased and
randomly allotted to three groups, each group consisting of
five pigs. These pigs were prescreened by serology and
shown to be free of antibody to PRRS, swine influenza, and
mycoplasma. Pigs in each group were inoculated intrana-
sally with 2 ml of PRRSV SDI isolate (10”' TCIDso/ml),
SD-JN isolate (10 TCIDsy/ml) or DMEM. Rectal
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temperatures and clinical signs were monitored daily, and
blood samples were collected at 0, 4, 7, 14, 21, 28 and
35 days post-inoculation (dpi) to determine viremia. The
animals were killed at 35 dpi, and autopsy was performed
for examination of pathological lesions. Antibody titers
were determined using the commercially available PRRSV
antibody detection kit (HerdCheck PRRS; IDEXX, West-
erbrook, Maine, USA) according to the manufacturer’s
instructions. ELISA results were expressed as a ratio of the
optical density to the positive control (S/P ratio). Accord-
ing to the assay, an S/P ratio greater than 0.4 is considered
positive for the presence of PRRSV antibodies. The animal
infection protocol was approved by the Shandong Province
Animal Ethics Committee and the study was conducted in
the animal isolation facility of the Shandong Provincial
Laboratory in accordance with the protocol.

Results

Isolation and characterization of PRRSV associated
with PHFD

Clinical specimens were collected from 10 different out-
breaks of PRRS in the Shandong area during the period of
2004-2007, and PRRS virus was isolated from each
specimen in MARC-145 cells. Typical CPE for PRRSV
was observed in MARC-145 cells by 3-5 days post-ino-
culation as shown by cell conglomeration, dissolution, or
desquamation of the monolayer. Cell culture fluids were
collected, and virus was purified by plaque assay. The
purified virus was amplified in MARC-145 cells and
titrated for TCIDso. The titers ranged between 10*° and
10”" TCIDsy/ml (Table 1). To confirm the specificity of
the virus, the ORFS5 sequence of PRRSV was amplified by
RT-PCR using the North American type PRRSV-specific
primers, and a 700-bp product was specifically amplified.
The sequencing confirmed the specificity for PRRSV.
Since ORFS5 is one of the most variable genes of PRRSV
[15], the full-length ORF5 gene was sequenced for all 10
isolates, and these were compared to each other (Fig. 1). It
has been postulated that amino acid residues at positions 13
and 151 of the GP5 protein are virulence-associated for
PRRSV [3]. For the Shandong isolates, the amino acid at
position 13 was arginine (R) for nine isolates, and only the
SD2 isolate had glutamic acid (Q). The amino acid at
position 151 was ‘R’ for isolates SD3, SD4, SDS5, SD7,

Table 1 Titers of PRRSV isolates (TCIDsy/ml)

Shandong-3, SD-JN and SD-ZQ, whereas that of SD1, SD2
and SD6 was substituted by glycine (G) (Fig. 1). PRRSV
SD1, SD2 and SD6 shared 99.3-99.5% nucleotide
sequence homology with VR-2332 for ORF5 and shared
64.9% with Lelystad virus. In contrast, the other isolates
SD3, SD4, SD5, SD7, Shandong-3, SD-JN, and SD-ZQ
exhibited only 87.6-88% and 63.9-64.9% homologies with
VR-2332 and Lelystad virus, respectively (Fig. 2). All
isolates in the Shandong area were more closely related to
the North American genotype than the European genotype
based on phylogenetic analysis of ORF5 (Fig. 3). In par-
ticular, isolates SD3, SD4, SD5, SD7, Shandong-3, SD-JN
and SD-ZQ were similar in their ORF5 sequences to the
JXAI1, Shanghai, and HEB1 isolates, which were identified
to be associated with porcine high fever disease (PHFD) in
China [23, 24, 29]. Isolates SD1, SD2, and SD6 belonged
to the main branch, closely related to the North American
prototype VR2332 (Fig. 3).

The Nsp2 gene is known to be variable in PRRSV
[9, 22], and thus the Nsp2 sequences of these isolates were
examined for genetic variation. A specific product of
494 bp in size was identified by RT-PCR from three iso-
lates (SD1, SD2 and SD6). For the remaining seven isolates
(SD3, SD4, SD5, SD7, Shandong-3, SD-JN and SD-ZQ), a
smaller-sized product of 404 bp was amplified. Both the
smaller and larger products were sequenced to examine the
genetic variation of the isolates. Two separate deletions
were identified for isolates SD3, SD4, SD5, SD7, Shan-
dong-3, SD-JN, and SD-ZQ in comparison to SD1, SD2,
and SD6 (Fig. 4). These deletions resulted in a single
amino acid deletion at position 483 of the Nsp2 protein
(position 5 in Fig. 4) and a continuous 29-amino-acid
deletion at positions 535-563 of Nsp2 (positions 55-83 in
Fig. 4). Both deletions were identical to those of PHFD-
associated PRRSV recently reported in China [23, 29, 30].
No deletion was found in isolates SD1, SD2 or SD6. This
finding suggests that an isolate containing two discontig-
uous deletions is likely to be an agent associated with the
highly pathogenic PRRS that recently emerged in China.

Pathogenesis and virulence of the atypical PRRSV
in pigs

To determine the virulence and pathogenesis of the isolated
PRRSV, an experimental infection was performed in pigs.
For this study, SD1 and SD-JN were chosen as represen-
tative viruses: SD1 as a strain without a deletion, and SD-JN

Isolate SD1 SD2 SD3 SD4 SD5 SD6 SD7 Shandong-3 SD-JN SD-ZQ
Isolation year 2004 2005 2006 2006 2006 2006 2006 2007 2007 2007
Virus titer/ml 107! 10%° 10°3 10*8 10°° 10%4 10°7 103 10> 10%°
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Fig. 1 Amino acid sequence alignments of the GP5 protein from 10
isolates recovered from PRRSV outbreaks during 2004-2007 in the
Shandong area. Boxes represent amino acid positions 13 and 151,
respectively. GenBank accession numbers: JXA1 (EF112445), MLV

as a strain containing the two discontiguous deletions in the
Nsp2 gene (Fig. 4). The viruses were plaque-purified once
in MARC-145 cells and amplified for preparation of an
inoculum. Fifteen 6-week-old pigs were obtained from a
PRRS-free herd and randomly divided into three groups.
Each group of five pigs was infected with SD1 or SD-JN, or
DMEM as placebo, and maintained for 5 weeks. Two pigs
in the SDIl-infected group showed a moderate level of
anorexia and depression at 7 dpi, and the symptoms per-
sisted for 4 days before they disappeared. Other pigs in this
group showed no obvious fever, and their rectal tempera-
tures ranged between 39.2 and 39.9°C. None of the pigs in
the SD1 group died during the experiment. For pigs in the
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SD-JN group, high fever of over 41°C was observed at 4—6
dpi, and the fever persisted for 5-10 days thereafter. One
pig in this group died at 4 dpi, and two additional pigs died
at 9 dpi. Only two pigs remained alive by 35 dpi. The dead
pigs all showed red discoloration (Fig. 5¢) and multiple
lesions in various organs, such as hyperplasia and hemor-
rhagic spots in the lungs (Fig. 5d), hemorrhagic spots in the
kidney (Fig. 5e), and hemorrhages and necrosis in the
inguinal lymph node (Fig. 5f). For SDl-infected pigs,
inguinal lymph nodes were swollen, and mild lung lesion
were observed upon autopsies at 35 dpi, but hemorrhages
were absent in the lungs, kidneys, and inguinal lymph
nodes. While mild interstitial pneumonia was observed in
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the pigs infected with SD1 (Fig. 6b), severe interstitial  the SD-JN-infected pigs. Pigs in the control group inocu-
pneumonia characterized by severe atrophy of alveoli and  lated with DMEM were normal in appearance, appetite, and
proliferation and soakage of lymphocytes was observed in  rectal temperature during the course of experiment, and no
the SD-JN-infected pigs (Fig. 6¢). Consolidation of alveoli ~ obvious pathological changes were observed in the organs.
and disappearance of septum alveoli were also identified in ~ The mock-infected pigs showed no histopathological
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Fig. 4 Amino acid sequence alignments of the partial Nsp2 gene.
Amino acid deletions are boxed. The deletion at amino acid position 5
in the figure corresponds to amino acid position 483 of the entire

changes in the alveoli and alveolar septa (Fig. 6a). To
examine the serologic profiles in PRRSV-infected pigs,
antibody detection, RT-PCR for viral genome detection,
and virus isolation were conducted from weekly serum
samples. In pigs infected with either the SD1 or the SD-JN
isolate, the N gene was amplifiable from sera taken at 4 dpi
(data not shown), and the corresponding virus was recov-
ered from the same sera by cell culture. The viremia caused
by the SD1 and SD-JN isolates persisted for 14 and 21 days,
respectively, in the infected pigs, (Table 2), and these pigs
seroconverted by 14 dpi. In SD1- and SD-JN-infected pigs,
specific antibody was detectable by 7 dpi, increased quickly
by 14 dpi and thereafter remained high for both groups
(Fig. 7). Taken together, the infection study shows that SD-
JN virus with two deletions in the Nsp2 gene was indeed an
agent associated with PHFD, and in the Shandong area, this
agent co-circulates with typical North American-type
PRRSV.

Discussion
In the present study, PRRSV isolates were obtained
between 2004 and 2007 from different herds experiencing

clinical symptoms of PRRS in the Shandong area. These
herds had never been vaccinated against PRRS. By cloning
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Nsp2 protein, and the 29-amino-acid deletion at positions 55-83 in
the figure corresponds to positions 535-563 of the Nsp2 protein

and sequencing the ORF5 and Nsp2 genes, three isolates
(SD1, SD2, and SD6) were found to be typical PRRSV,
and they shared high sequence homology with VR2332. Of
the three isolates, SD1 and SD2 were obtained prior to the
2006 epidemics of PHFD, and SD6 was obtained in 2006
(Table 1). The remaining seven isolates (SD3, SD4, SDS5,
SD7, Shandong-3, SD-JN, and SD-ZQ) were obtained
during the period of 2006-2007, and they contained two
discontiguous sequence deletions of 30 amino acids in
Nsp2. The Nsp2 gene of the seven isolates showed a high
degree of nucleotide sequence identity with PHFD-asso-
ciated PRRSV. These results indicate that the typical
PRRSYV and atypical PRRSV have coexisted in pig herds in
the Shandong area of China since 2006.

Different types of CPE were observed for different
PRRSV isolates that were obtained from the Shandong area
[27], and various titers of different PRRSV isolates were
also observed in that study, suggesting the co-existence of
phenotypically different PRRSV in this area. It is inter-
esting that the SDI isolate produced a high titer (107!
TCIDso/ml) of virus but showed relatively low pathoge-
nicity in pigs. SDI-infected pigs presented mild clinical
signs and shorter duration of viremia during the course of
infection. In contrast, SD-JN produced a lower titer (105 0
TCIDsp/ml) of virus but caused severe clinical signs and
pathological changes accompanied by a longer duration of
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Fig. 5 Pathological changes in
a pig that died at 4 days post-
infection from the SD-JN virus
infection (a—f) and the plaque
morphology of the SD-1 and
SD-JIN viruses (bottom panels).
The pig infected with the SD-1
virus showed normal skin color
(a), and no abnormal pathology
was observed in the lung (b). In
contrast, the pig infected with
SD-JN displayed red
discoloration of the skin (c),
hyperplasia and hemorrhagic
spots in the lung (d),
hemorrhagic spots in the kidney
(e), and hemorrhages and
necrosis in the inguinal lymph
node (f). The plaque
morphology of the SD-1 and
SD-JN viruses was similar
(bottom panels)

Fig. 6 Lymphocyte infiltration
in the lung of a pig that died
from SD-JN PRRSYV infection
(panel ¢). This pig died at

4 days post-infection.

a Placebo, b SD1-infected,

¢ SD-JN-infected

@ Springer
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Table 2 Viremia duration of different PRRSV isolates

PRRSV  Day post-infection(dpi)
isolate

4 7 14 21 28 35
SD1 e e o L e T SR A
SD-IN  —/— +4 A+ A+ - = -

—, PRRSV negative; +, PRRSV positive
4 RT-PCR
® Virus isolation

1.8 ’/‘N
1.6
o 12 4 SD1
IS —=— SD-JN
% 0.8 —A— DMEM ~— |
0.4
: n nd i 4
0 4 7 14 21 28 35

days post-infection (dpi)

Fig. 7 Serum antibody response for PRRSV in pigs infected with the
SD1 or SD-IN isolate. PRRSV-specific serum antibodies were
determined using the HerdCheck PRRS ELISA kit. S/P ratios greater
than 0.400 are considered positive

viremia in the pigs. No obvious difference in the plaque
morphology was observed between the two viruses
(Fig. 5), and the relationship between growth phenotype
and virulence is unknown at the present time.

The experimentally infected pigs were serologically
negative for porcine parvovirus, pseudorabies, swine
influenza, and Mycoplasma hyopneumoniae. The animals
were also negative by PCR for porcine circovirus type 2
(PCV2), Pasteurella multocida, and Actinobacillus pleu-
ropneumoniae. These animals however were not screened
for swine dysentery, atrophic rhinitis, transmissible gas-
troenteritis, and other bacterial pathogens of swine, and
thus it is possible that unidentified agents may have con-
tributed to the clinical severity during infection by SD-JN,
although it is unlikely.

GP5 is one of the major viral envelope proteins. It is
encoded by ORF5 and is an important viral component for
induction of neutralizing antibodies. Amino acid residues
at positions 13 and 151 of GP5 have been postulated to be
associated with viral virulence [5, 25]. PHFD-associated
PRRSYV isolates have been found to contain arginine (R) at
positions 13 and 151, while in low-pathogenic PRRSV
isolates and in the modified live vaccine virus, R at both

@ Springer

positions was replaced with glutamic acid (13Q) and gly-
cine (151G). In the present study, sequence variations were
also observed at the signal peptide (positions 1-31) and one
(positions 32-36) of the hypervariable regions. Except
SD2, all other isolates contained R at position 13, as
reported previously [15]. Nsp2 is one of the most variable
proteins in PRRSV, and a number of linearized B cell
epitopes have been reported [7]. Deletions have been
shown in the Nsp2 region of MN184B and SY0608 strains,
both of which are highly pathogenic [16]. Similar obser-
vations have been made with the atypical PRRSV isolates
described in the present study. Based on PepScan analysis,
18 B-cell epitopes were identified in Nsp2, and five of them
(431-445, 441-455, 476-490, 496-510, and 536-550)
were distributed in the region where the sequence deletions
were located in the PHFD-associated PRRSV [7]. The
deletion of amino acids may cause partial losses of B-cell
epitopes, possibly leading to an impaired immune response
and prolonged viremia [20]. It is consistent with our study
that SD-JN, which contained deletions in the Nsp2 region,
was associated with severe clinical signs with prolonged
viremia in infected pigs, whereas SDI1, which did not
contain the deletions, was associated with a mild clinical
outcome. A recent report, however, has shown that the
30-aa deletion in Nsp2 is not associated with the virulence
of PRRSV [29]. Thus, the deletions in Nsp2 may instead
serve as a genetic marker for atypical PRRSV and for
developing genetically modified marker vaccines to differ-
entiate infection from vaccination [10, 28]. In summary,
typical PRRSV and highly virulent atypical PRRSV have
coexisted in pig herds in the Shandong area since 2006. The
virulence of our atypical PRRSV was much higher than that
of typical PRRSV. Whether the emergence of atypical
PRRSV was due to the evolution from a typical North
American PRRSV in this area remains to be determined.
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