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Abstract

The objective of this study was to compare the virulence of 4 porcine circovirus type 2 (PCV-2) genotypes (2a, 2b, 2d, and 2e) in
pigs singly infected with 1 of these 4 PCV-2 genotypes and pigs dually infected with a combination of 1 of the 4 PCV-2 genotypes
and porcine reproductive and respiratory syndrome virus (PRRSV). Virulence was determined based on levels of PCV-2 loads
in the blood and lymph nodes and the severity of lymphoid lesion. Within the singly infected groups, PCV-2a, PCV-2b, and
PCV-2d resulted in a similar virulence to each other and all were more virulent than the PCV-2e groups. Within the dually
infected groups, the combination of PCV-2d and PRRSV was more virulent than the other 3 PCV-2 genotypes (2a, 2b, and 2e),
each in combination with PRRSV. Both PCV-2a+PRRSV and PCV-2b+PRRSV were more virulent than PCV-2e+PRRSV in dually
infected pigs. This increased virulence of PCV-2d compared to the other 3 PCV-2 genotypes (2a, 2b, and 2e) may be attributed
to an extra amino acid (lysine residue) found within open reading frame 2 (ORF2) of PCV-2d. In contrast, extra amino acids
in ORF2 may decrease the virulence of PCV-2e when compared to the other 3 PCV-2 genotypes (2a, 2b, and 2d). The results of
this study demonstrated that PCV-2d was the most virulent PCV-2 genotype in pigs co-infected with PRRSV. The results also
suggest that genetic differences in the ORF2 of PCV-2 may affect the virulence of PCV-2 genotypes.

Réesume

Lobjectif de cette étude était de comparer la virulence de quatre génotypes de circovirus porcin de type 2 (PCV-2) (2a, 2b,
2d et 2e) chez des porcs infectés individuellement par un de ces quatre génotypes de PCV-2 et des porcs doublement infectés
par une combinaison d'un des quatre génotypes PCV-2 et du virus du syndrome reproducteur et respiratoire porcin (PRRSV).
La virulence a été déterminée en fonction des niveaux de charges de PCV-2 dans le sang et les ganglions lymphatiques et de
la gravité des lésions lymphoides. Au sein des groupes infectés individuellement, PCV-2a, PCV-2b et PCV-2d ont entrainé une
virulence similaire les uns aux autres et tous étaient plus virulents que les groupes PCV-2e. Au sein des groupes doublement
infectés, la combinaison du PCV-2d et du PRRSV était plus virulente que les trois autres génotypes du PCV-2 (2a, 2b et 2e), chacun
en combinaison avec le PRRSV. Le PCV-2a+PRRSV et le PCV-2b+PRRSV étaient plus virulents que le PCV-2e+PRRSV chez les
porcs doublement infectés. Cette virulence accrue du PCV-2d par rapport aux trois autres génotypes du PCV-2 (2a, 2b et 2e) peut
étre attribuée a un acide aminé supplémentaire (résidu lysine) trouvé dans le cadre de lecture ouvert 2 (ORF2) de PCV-2d. En
revanche, des acides aminés supplémentaires dans ORF2 peuvent diminuer la virulence du PCV-2e par rapport aux trois autres
génotypes PCV-2 (2a, 2b et 2d). Les résultats de cette étude ont démontré que le PCV-2d était le génotype PCV-2 le plus virulent
chez les porcs co-infectés par le PRRSV. Les résultats suggerent également que des différences génétiques dans 'ORF2 du PCV-2
peuvent affecter la virulence des génotypes du PCV-2.
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Introduction

Porcine circovirus type 2 (PCV-2) is a nonenveloped, single-
stranded, circular DNA virus belonging to the genus Circovirus in
the family Circoviridae (1,2). PCV-2 contains 2 major open reading
frames (ORFs): ORF1 encodes 2 replication-associated proteins
(rep and rep’) and ORF2 encodes a viral capsid protein (cap), which
is the only structural protein (1).

Porcine circovirus type-2 (PCV-2) is the primary etiological
agent of several diseases and syndromes collectively referred to as
porcine circovirus-associated disease (PCVAD) (3). Porcine repro-
ductive and respiratory syndrome virus (PRRSV) is an enveloped,
single-stranded, positive-sense RNA virus belonging to the genus
Porarterivirus in the family Arteriviridae with 2 species, PRRSV-1
(formerly known as European genotype) and PRRSV-2 (formerly
known as North American genotype) (4).

Infection with PRRSV can cause reproductive failure (abortions,
weak and stillborn piglets, and infertility) in sows and respiratory
disease in weaned and growing pigs (5). Although PCV-2 is considered
the primary causative agent of PCVAD, it requires other pathogens to
reach its full expression. Coinfection of pigs with PCV-2 and PRRSV is
the most common combination that causes the full spectrum of clinical
signs and lesions associated with PCVAD (6,7).

At least 8 distinct PCV-2 genotypes (2a to 2h) have been identified
to date (8). Among these, PCV-2a, PCV-2b, and PCV-2d are considered
major genotypes, with PCV-2d currently being the most prevalent.
Another PCV-2 genotype, PCV-2e, was first detected in the USA
and Mexico in 2015, followed by China and Korea in 2017 and 2021,
respectively (9-12).

Capsid protein is generally encoded by ORF2, which determines
the antigenicity and virulence of PCV-2 (13,14). The capsid proteins
of PCV-2a and PCV-2b are considered the traditional forms. However,
PCV-2d and PCV-2e are both recently emerged genotypes with differ-
ent lengths of capsid protein (9,15). The biological function of extra
amino acids, particularly in relation to virulence, remains unknown.

The objective of this study was to compare the virulence of
4 PCV-2 genotypes. This was analyzed in both pigs singly infected
with 1 of 4 PCV-2 genotypes (PCV-2a, PCV-2b, PCV-2d, PCV-2e), as
well as in pigs dually infected with a combination of 1 of the 4 PCV-2
genotypes and PRRSV (PCV-2a/PRRSV, PCV-2b/PRRSV, PCV-2d/
PRRSYV, PCV-2e/PRRSV).

Materials and methods

Animals

All experimental protocols were approved before the study began
by the Seoul National University Institutional Animal Care and Use
Committee (SNU-210120-7).

A total of 60 clinically healthy, colostrum-fed conventional pigs
from sows not previously vaccinated against PCV-2 were purchased
at 38 d of age from a PRRSV-free commercial farm. The farm was
also free of Mycoplasma hyopneumoniae based on serological testing
and long-term clinical and slaughter history.

Pigs were confirmed seronegative for PRRSV, PCV-2, and
M. hyopneumoniae by use of commercial enzyme-linked immunosor-

bent assay (ELISA) kits (PRRSV: HerdChek PRRS X3 Ab test; IDEXX
Laboratories, Westbrook, Maine, USA; PCV-2: INgezim CIRCO IgG;
Ingenasa, Madrid, Spain; M. hyopneumoniae: M. hyo. Ab test; IDEXX
Laboratories). Piglets were also confirmed negative for PCV-2 (a, b, d,
and e) viremia, PRRSV viremia, and M. hyopneumoniae laryngeal shed-
ding by real-time polymerase chain reaction (PCR) testing upon arrival.

Experimental design

For the study, pigs were allocated to 10 groups (6 pigs per group)
using the random number generator function from Excel (Microsoft,
Redmond, Washington, USA). Pigs were randomly assigned into
10 separate rooms based on group. At 0 d post-inoculation (dpi), 42 d
of age, pigs in the PCV-2a, PCV-2b, PCV-2d, and PCV-2e groups were
inoculated intranasally with either 3 mL of PCV-2a (SNUVR100032
strain, GenBank no. KF871067); PCV-2b (SNUVR202155 strain,
GenBank no. MZ440696); PCV-2d (SNUVR202003 strain, GenBank no.
MZ440695); or PCV-2e (SNUVR199707strain, GenBank no. MN967003)
in their respective groups. Each inoculum contained 1.2 X 10° of 50%
tissue culture infective dose (TCID,,/mL) in the 5th passage in
PCV-free PK15 cell lines.

Pigs in the PCV-2a/PRRSV, PCV-2b/PRRSV, PCV-2d/PRRSY,
and PCV-2e/PRRSV groups were each inoculated intranasally with
a mixture of equal volumes of PCV-2 (PCV-2a, PCV-2b, PCV-2d,
and PCV-2e) and PRRSV. Each 3-mL PCV-2 administered challenge
contained 1.2 X 10° TCID,,/mL per dose, regardless of the PCV-2
genotype. Pigs that received the PRRSV co-challenge were also
concurrently administered 3 mL of PRRSV-2 (SNUVR090851 strain,
GenBank no. JN315685) inoculum (1.2 X 105 TCID,,/mL in the
5th passage in the MARC-145 cells lines).

Pigs in the PRRSV group were inoculated intranasally with
3 mL of PRRSV-2 (SNUVR090851 strain, GenBank no. JN315685)
inoculum (1.2 X 105 TCID,,/mL in the 5th passage in the MARC-145
cells lines). Pigs in the negative control group were inoculated
intranasally with 6 mL (3 mL/nostril) of uninfected cell culture
supernatant.

Blood samples were collected from each pig by jugular veni-
puncture at 0, 7, 14, and 21 dpi. At 21 dpi, pigs were sedated by an
intravenous injection of sodium pentobarbital and then euthanized
by electrocution as previously described (16). Tissues were collected
from each pig at necropsy.

Clinical observation

Pigs were monitored daily for clinical signs and scored weekly
using a score-ranking system that ranged from 0 (normal) to 6
(severe dyspnea and abdominal breathing) (17). All observers
involved in these processes were blinded to type of challenge virus.

Growth performance

The live weight of each pig was measured at 42 (0 dpi) and
63 (21 dpi) d of age. The average daily weight gain (ADWG; gram/
pig/day) was analyzed over the time period between 42 and 63 d of
age. The average daily weight gain during the different production
stages was calculated as the difference between the starting and
final weight divided by the duration of the stage. Data for dead or
removed pigs were included as well in the calculation. Body weight
and ADWG data are provided in Table I.
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Table 1. Body weight and average daily weight gain (ADWG) data (mean = standard
deviation) of pigs in single-infected and dual-infected groups at 42 d of age (0 d post-
inoculation, 0 dpi) and 63 d of age (21 dpi).

ADWG
Body weight (kg) (gram/pig/day)

Groups 42 d old (O dpi) 63 d old (21 dpi) 42 to 63 d old
Single-infection

PCV-2a 8.40 = 0.17 16.17 + 1.05 369.84 + 50.55

PCV-2h 8.56 = 0.29 16.22 + 0.61 364.84 + 18.22

PCV-2d 8.50 = 0.09 16.08 + 0.76 361.11 + 36.32

PCV-2e 8.33 = 0.53 16.02 + 0.88 365.87 + 56.38

Negative control 8.55 £ 0.30 16.37 = 1.19 372.22 + 48.23
Dual-infection

PCV-2a/PRRSV 8.37 = 0.53 13.08 = 0.862° 224.60 * 39.402°

PCV-2b/PRRSV 8.58 = 0.56 13.38 + 1.13%P 228.57 *+ 56.902°

PCV-2d/PRRSV 8.47 = 0.59 12.88 + 1.39° 210.32 £ 41.012

PCV-2e/PRRSV 8.18 = 0.70 14.08 = 0.69%P 280.95 * 9.042P

PRRSV 8.45 = 0.27 14.87 + 0.62°¢ 305.56 + 31.79b°

Negative control 8.55 = 0.30 16.37 £ 1.19¢ 372.22 * 48.23°

Different superscripts (a, b, and c) indicate significant (P < 0.05) difference among either

single-infected or dual-infected groups.

Serology

Serum samples were also tested for antibodies against PCV-2
(INgezim CIRCO IgG; Ingenasa) and PRRSV (HerdChek PRRS X3
Ab test; IDEXX Laboratories). Samples were considered positive
for PCV-2 antibodies if the optical density (OD) was > 0.3 and for
PRRSV antibodies if the sample-to-positive (S/P) ratio was = 0.4,
according to the manufacturer’s instructions.

Quantification of PCV-2 DNA

A commercial kit (QIAamp DNA Mini Kit; QIAGEN, Valencia,
California, USA) was used to extract DNA from serum samples for
PCV-2. The forward and reverse primer (5'-GGGCCAGAATTC
AACCTTAA-3' and 5'-CGCACCTTCGGATATACTATCA-3') and
probe (5'-FAM-GGGGACCAACAAAATCTCTATACCCTTT-TA
MRA-3") were used to detect PCV-2a (18). The forward and reverse
primer (5'-GGGCCAGAATTCAACCTTAA-3" and 5'-CGCACCTTC
GGATATACTATCA-3') and probe (5'-FAM- GGGCTCAAACCCCC
GCTCTGTGCCCTTT-TAMRA-3') were used to detect PCV-2b (18).
The forward and reverse primer (5'-GTATTCAAAGGGCACA
GTGAGG-3" and 5'-CACCATCGGTTATACTGTCAAGAAA-3') and
probe (5'-FAM-CATCATGTCCACATTCCAG-TAMRA-3') were used
to detect PCV-2d (19). The forward and reverse primer (5'-CTCTCCC
GCTCCTTTGTATATACTG-3" and 5'-TCCAATATTAAATCTCATC
ATGTCCAC-3") and probe (5'-FAM-TAACCTCCACAGTCACA
CCGCCATCAT-TAMRA-3") were used to detect PCV-2e (20).
Genomic DNA copy numbers for PCV-2a, PCV-2b, PCV-2d, and
PCV-2e were quantified by real-time PCR (18-20).

Quantification of PRRSV

RNA was extracted from serum samples using the QIAamp
Viral RNA Mini Kit (QIAGEN). The forward and reverse

primer (5'-GTGGTGAATGGCACTGATTG-3" and 5'-CCCCACA
CGGTCGCC-3') and probe (5'-FAM-TCCTCTAAGTCACCTAT
TCAATTAGGGCGA-TAMRA-3") were used to detect PRRSV-2.
Real-time PCR for PRRSV was carried out to quantify PRRSV
genomic cDNA copy (21).

Histopathology

For the morphometric analysis of histopathological changes in
lung and superficial inguinal lymph nodes, 3 sections of lung and
lymph node were stained with hematoxylin and eosin and exam-
ined blindly. Lung sections were selected based on lesional areas
and were evaluated for the severity of the interstitial pneumonia
and given a score ranging from 0 to 4 (0 = normal; 1 = mild inter-
stitial pneumonia; 2 = moderate multifocal interstitial pneumonia;
3 = moderate diffuse interstitial pneumonia; and 4 = severe intersti-
tial pneumonia) (17).

Lymph node sections were evaluated for the presence of lymphoid
depletion and inflammation and given a score ranging from 0 to 5
(0 = normal; 1 = mild lymphoid depletion; 2 = mild-to-moderate
lymphoid depletion and histiocytic replacement; 3 = moderate dif-
fuse lymphoid depletion and histiocytic replacement; 4 = moderate-
to-severe lymphoid depletion and histiocytic replacement; and
5 = severe lymphoid depletion and histiocytic replacement) (22).

Immunohistochemistry

Immunohistochemistry (IHC) using a polyclonal PCV-2a anti-
body (Veterinary Diagnostic Laboratory, Iowa State University,
Ames, Iowa, USA) and morphometric analysis of IHC was car-
ried out as described in a previous study (23). Positive signal was
quantified using the NIH Image J 1.45s Program, available from
http: /imagej.nih.gov/ij/download.html For each slide of lymph
node tissue, 10 fields were randomly selected and the number of
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Figure 1. A — Clinical signs of pigs from PCV-2a (@), PCV-2b (@), PCV-2d (®), PCV-2¢ (' ), and negative control
(@) groups. B — Clinical signs of pigs from PCV-2a/PRRSV (A), PCV-2b/PRRSV (A), PCV-2d/PRRSV (A), PCV-2e/
PRRSV (), PRRSV (4), and negative control (®) groups. Variation is expressed as the standard deviation.
Different superscripts (a and b) indicate significant (P < 0.05) difference among either single-infected or

dual-infected groups.

positive cells per unit area (0.25 mm?) was counted. The mean values
were also calculated (23).

Statistical analysis

Prior to statistical analysis, real-time PCR data were log-
transformed to reduce variance and positive skewness. Data were
tested for normal distribution using the Shapiro-Wilk test. The
linear mixed model (LMM) was employed to examine differences
in genomic copies of viral DNA and total antibodies against the
virus at each time point among groups. The LMM consisted of both
fixed and random effects to adjust non-independence in the data.
The fixed effects of the model included treatment and time point.
The random effects of the model included room and animal. The
Kruskal-Wallis test was used for variables without a normal distri-
bution, e.g., microscopic lymphoid and lung lesion scores. The test
results that showed a statistical significance were further evaluated
with a Dunn’s nonparametric comparison for post-hoc test.

Clinical signs

Pigs inoculated with 1 of 4 PCV-2 genotypes exhibited mild
tachypnea and sneezing, whereas pigs inoculated with PRRSV
showed moderate tachypnea and abdominal breathing. Pigs dually
inoculated with 1 of 4 PCV-2 genotypes and PRRSV exhibited
moderate-to-severe respiratory disease that was characterized mainly
by dyspnea, pronounced abdominal breathing, lethargy, coughing,
and occasional sneezing.

Respiratory sign scores in each of the 4 dually inoculated (PCV-2a,
-2b, -2d, and -2e/PRRSV) groups and PRRSV-inoculated group were
significantly greater (P < 0.05) than any of those from groups inocu-
lated with 1 PCV-2 genotype or the control groups at 14 and 21 dpi.
Respiratory sign scores in the 4 single-inoculated groups (PCV-2a,
-2b, -2d, and -2e) were significantly greater (P < 0.05) than those of
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the control group at 14 and 21 dpi (Figure 1). No respiratory signs
were observed in the control pigs throughout the entire experiment.

Growth performance

There was no statistical difference in average body weight among
the 10 groups at the start of the experiment (42-day-old pigs). At
21 dpi, pigs in the PCV-2d/PRRSV groups had significantly lower
(P < 0.05) average body weights than pigs in the PRRSV-inoculated
and control groups. At 21 dpi, pigs in the PCV-2a/PRRSV, PCV-2b/
PRRSV, and PCV-2e/PRRSV groups had significantly lower (P < 0.05)
average body weights than pigs in the control groups.

Pigs in the PCV-2d/PRRSV groups had significantly lower
(P < 0.05) average daily weight gain (ADWG) from 42 to 63 d of
age than pigs in the PRRSV-inoculated and control groups. Pigs in
the PCV-2a/PRRSV, PCV-2b/PRRSV, and PCV-2e/PRRSV groups
had significantly lower (P < 0.05) ADWG from 42 to 63 d of age than
pigs in the control groups (Table I).

PCV-2 serology

Prior to inoculation, all serum samples collected from the
10 groups were seronegative against PCV-2 and PRRSV. There was
no statistical difference in PCV-2 S/P ratios at 0, 7, 14, and 21 dpi in
pigs from the 4 single-inoculated groups (PCV-2a, -2b, -2d, and -2e)
(Figure 2 A) and 4 dually inoculated groups (PCV-2a, -2b, -2d,

and -2e/PRRSV) (Figure 2 B). PCV-2 antibodies were not detected
in pigs from the PRRSV and control groups at any time.

Quantification of PCV-2 DNA in blood

Prior to inoculation, all serum samples collected from the
10 groups were negative for PCV-2. At 21 dpi, pigs in the PCV-2a,
PCV-2b, and PCV-2d groups had a significantly higher (P < 0.05)
number of PCV-2 genomic copies than pigs in the PCV-2e group
(Figure 2 C). Pigs in the PCV-2d/PRRSV groups had a significantly
higher (P < 0.05) number of PCV-2 genomic copies than pigs in
the PCV-2a/PRRSV, PCV-2b/PRRSV, and PCV-2e/PRRSV groups
at 14 and 21 dpi. Pigs in the PCV-2a/PRRSV and PCV-2b/PRRSV
groups had a significantly higher (P < 0.05) number of PCV-2
genomic copies than pigs in the PCV-2e/PRRSV group at 14 and
21 dpi (Figure 2 D). PCV-2 genomic copies were not detected in pigs
from the PRRSV and control groups at any time.

PRRSV serology

There was no statistical difference in PRRSV S/P ratios at 7, 14,
and 21 dpi in pigs in the 4 dually inoculated (PCV-2a, -2b, -2d,
and -2e/PRRSV) and PRRSV-inoculated groups. PRRSV antibod-
ies were not detected in pigs from the control groups at any time
(Figure 3 A).
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Quantification of PRRSV cDNA in blood

Prior to inoculation, all serum samples collected from the
10 groups were negative for PRRSV. There were no statistical dif-
ferences in the number of PRRSV genomic copies in pigs from
the 4 dually inoculated (PCV-2a, -2b, -2d, and -2e/PRRSV) and
PRRSV-inoculated groups at any time. PRRSV genomic copies were
not detected in pigs from the control groups at any time (Figure 3 B).

Pathology

Pigs in the 4 single inoculated (PCV-2a, -2b, -2d, and -2e) groups
had minimal-to-mild lymphoid depletion in their lymph nodes. Pigs
in the dually inoculated (PCV-2a, -2b, -2d, and -2e/PRRSV) groups
had typical PCV-2-associated lymphoid lesions with moderate-to-

severe lymphoid depletion, moderate-to-severe granulomatous
inflammation, and prominent multinucleated giant cells (Figure 4).

At 21 dpi, pigs in the PCV-2d/PRRSV groups had significantly
higher (P < 0.05) microscopic lymphoid lesion scores than pigs in
the other 3 dually inoculated (PCV-2a, -2b, and -2e/PRRSV) groups
(Figure 5) (Table II).

Pigs in the dually inoculated (PCV-2a, -2b, -2d, and -2e/PRRSV)
groups developed typical interstitial pneumonia characterized by
septal thickening with mainly infiltrates of macrophages and accu-
mulation of macrophages and necrotic debris in alveolar space. Many
alveolar septa were entirely lined with hypertrophied type-2 pneu-
mocytes. At 21 dpi, pigs in the PCV-2b/PRRSV and PCV-2d /PRRSV
groups had significantly higher (P < 0.05) interstitial pneumonia
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D — Mild granulomatous inflammation characterized by infiltration with reactive histiocytes from pigs inoculated with PCV-2e and PRRSV. Hematoxylin
and eosin. x200.
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lesion scores than pigs in the PCV-2e/PRRSV or PRRSV inoculated antigen-positive cells per unit area (0.25 mm?) in their lymph nodes
groups (Figure 5) (Table II). at 21 dpi than those of pigs in the PCV-2e/PRRSV group. At 21 dpi,
. . PCV-2 antigen was not detected in the lymph nodes of pigs from
Immunohistochemistry PRRSV-inoculated and control groups (Table II).
All pigs inoculated with PCV-2, whether alone or in combina-

tion with PRRSV, were immunolabelled for PCV-2 antigen in their

lymph nodes. PCV-2 antigens were mainly detected in follicular m
macrophages in the lymphoid-depleted germinal center. At 21 dpi,

pigs in the PCV-2a, PCV-2b, and PCV-2d groups had a significantly The present study compared the virulence of 4 different PCV-2
higher (P < 0.05) number of PCV-2 antigen-positive cells per unit genotypes that are currently circulating in Korean pig herds. In
area (0.25 mm?) in their lymph nodes than those of pigs in the general, virulence was associated with the level of PCV-2 loads in
PCV-2e groups. blood and in lymph nodes, along with severity of lymphoid lesions.
Pigs in the PCV-2d/PRRSV group had a significantly higher The results of the present study demonstrated that PCV-2d infection
(P < 0.05) number of PCV-2 antigen-positive cells per unit was the most virulent of the PCV-2 genotypes, whereas PCV-2e was
area (0.25 mm?) in their lymph nodes at 21 dpi than those of pigs the least virulent.
in the other 3 dually inoculated (PCV-2a/PRRSV, -2b/PRRSV, and Although PCV-2a and PCV-2b typically fell between these

-2e/PRRSV) groups. Pigs in the PCV-2a/PRRSV and PCV-2b/ 2 extremities, there were subtle differences in virulence based on
PRRSV groups had a significantly higher (P < 0.05) number of PCV-2 the single- and dual-infection models. Within the single-infected
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Figure 5. A — Median values of the microscopic lymphoid lesion scores in pigs from PCV-2a (@), PCV-2b (@), PCV-2d (@),
PCV-2e (), and negative control (®) groups. B — Median values of the microscopic lung lesion scores in pigs from
PCV-2a (@), PCV-2h (@), PCV-2d (®), PCV-2¢ ( ), and negative control (®) groups. C — Median values of the microscopic
lymphoid lesion scores in pigs from PCV-2a/PRRSV (A), PCV-2b/PRRSV (A), PCV-2d/PRRSV (A), PCV-2¢/PRRSV (),
PRRSV (4), and negative control (®) groups. D — Median values of the microscopic lung lesion scores in pigs from
PCV-2a/PRRSV (A), PCV-2b/PRRSV (A), PCV-2d/PRRSV (A), PCV-2e/PRRSV (), PRRSV (4), and negative control (®)
groups. Variation is expressed as the interquartile range (IQR). Different superscripts (a, b, ¢, and d) indicate signifi-
cant (P < 0.05) difference among either single-infected or dual-infected groups.

groups, pigs singly infected with PCV-2a, PCV-2b, and PCV-2d were
more virulent than PCV-2e pigs, based on the level of PCV-2 loads in
the blood and lymph nodes, along with severity of lymphoid lesions.
These results were consistent with previous studies in which no
significant differences in the virulence were observed among PCV-2
genotypes 2a, 2b, and 2d (24,25).

In contrast to these findings, the Chinese PCV-2d strain produced
more serious symptoms of disease in pigs than the PCV-2a and
PCV-2b strains when pigs were singly infected with 1 of 3 PCV-2
genotypes (15). Since PCV-2 alone is not enough to induce PCVAD, it
is necessary to compare the virulence of the 4 main PCV-2 genotypes
with the dual-infection model. PCV-2d dually infected with PRRSV
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Table Il. Pathology data of 6 pigs in each of 10 groups at 21 d post-inoculation (dpi).

Microscopic Microscopic Number of
lymphoid lesion lung lesion PCV-2 antigen-
Groups scores scores positive cells
Single-infection
PCV-2a 1.50 + 0.352 0.80 = 0.30° 16.67 = 2.002
PCV-2b 1.50 = 0.35? 1.00 £ 0.152 18.44 + 3.532
PCV-2d 1.70 = 0.352 1.00 £ 0.302 17.89 = 4.172
PCV-2e 1.20 = 0.152 0.90 = 0.20° 12.39 = 1.41°
Negative control 0.00 = 0.00° 0.00 = 0.00° 0.00 = 0.00¢°
Dual-infection
PCV-2a/PRRSV 3.20 = 0.45° 2.60 = 1.00%P 31.17 = 3.422
PCV-2b/PRRSV 3.30 = 0.35° 2.90 = 0.20° 30.17 = 7.432
PCV-2d/PRRSV 3.60 + 0.15° 3.30 = 0.65° 41.72 + 5.20°
PCV-2e/PRRSV 2.70 = 0.20° 2.60 = 0.15° 14.17 + 4.04¢
PRRSV 1.00 = 0.45¢ 2.20 = 0.45P 0.00 + 0.00¢
Negative control 0.00 = 0.00¢ 0.00 = 0.00°¢ 0.00 + 0.00¢

Different superscripts (a, b, ¢, and d) indicate significant (P < 0.05) difference among
either single-infected or dual-infected groups. Microscopic lymphoid and lung lesion scores:
median * interquartile range (IQR) and number of PCV-2 antigen-positive cells: mean *+ standard

deviation (SD).

was more virulent in pigs than the other 3 dually infected PCV-2/
PRRSV combinations. Pigs dually infected with PCV-2a/PRRSV
and PCV-2b/PRRSV were more virulent that those dually infected
with PCV-2e/PRRSV.

The capsid protein encoded by ORF2 determines the antigenicity
and virulence of PCV-2 (13,14). The ORF2 of PCV-2d has 234 amino
acids (aa) and resulted in a mutation of the stop codon (from UAA
to AAG) in ORF2, which is only 1 lysine residue more than that of
the PCV-2a and PCV-2b genotypes, which have 233 aa (15). Mutation
of amino acids in the capsid protein may affect the virulence and
pathogenicity of PCV-2 (26,27).

Interestingly, PCV-2d produced similar virulence to that of PCV-2a
and PCV-2b in the single-infected pigs, whereas PCV-2d produced a
greater virulence than that of PCV-2a/PRRSV and PCV-2b/PRRSV in
dually infected pigs. The increased virulence is tentatively attributed
to an extra lysine residue in the capsid protein encoded by ORF2.
Our data suggest, however, that the increased virulence is also
dependent on the potentiation of PRRSV on PCV-2d. Even though
the potentiating effect of PRRSV on PCV-2 is well established (7),
the mechanism of this effect is not well-known. Since monocyte/
macrophage lineage is the same target cells for PCV-2 and PRRSY,
lymphoid and pulmonary environments induced by PRRSV infection
appear to enhance the replication of PCV-2, particularly PCV-2d.

In contrast to PCV-2d, extra amino acids in ORF2 of PCV-2e
may decrease the virulence compared to the other 3 PCV-2 geno-
types (2a, 2b, and 2d). The ORF2 of PCV-2e is 5 amino acids longer
than that of PCV-2a or PCV-2b and 4 amino acids longer than that
of PCV-2d (9). The functional role of extra amino acids in relation to
virulence is unknown. As PCV-2e was the least virulent compared
with the remaining 3 PCV-2 genotypes evaluated in both the single-
and dually infected groups, these extra amino acids may be related
to the decreased virulence of PCV-2e when compared to the other
3 PCV-2 genotypes (2a, 2b, and 2d).

The potentiating effect of PRRSV on PCV-2 was observed, but the
potentiation effect of PCV-2 on PRRSV was not observed in the pres-
ent study. Regardless of PCV-2 genotypes, PRRSV potentiated the
level of PCV-2 loads in blood and the severity of PCV-2-associated
lymphoid lesions in all dually infected groups compared to their
respective single-infected groups. By contrast, no significant
differences in levels of PRRSV loads in blood and severity of
PRRSV-induced lung lesions were measured in any dually infected
groups when compared to their counterpart (respective) single-
infected group.

To the authors” knowledge this was the first virulence comparison
of the currently circulating, dominant 4 PCV-2 genotypes. Despite
the fact that PCV-2d was the most virulent and PCV-2e was the least
virulent among the 4 PCV-2 genotypes, these data do not necessarily
mean that the specific genotype is more virulent or less virulent than
the other PCV-2 genotypes, as identifying virulence determinants
from genotypic comparison is complex. Alternatively, virulence may
almost certainly be strain-specific. Additional studies are needed to
elucidate the virulent determinants among PCV-2 genotypes.
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