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Abstract
Porcine circovirus type 2 (PCV2) is the primary causative agent for porcine circovirus-

associated disease (PCVAD). PCVAD has been the cause of considerable economic losses to the

pork industry worldwide. The disease is primarily characterized by wasting, enlarged lymph

nodes, jaundice and weight loss in affected weanling pigs. Several other complex syndromes

involving reproductive failure, enteritis, pneumonia and necrotizing dermatitis have also been

associated with PCV2 infection. Lymphoid depletion, which is the hallmark lesion of PCVAD,

predisposes the host to immunosuppression. Disease progression is further complicated by

co-infections with other bacterial and viral pathogens. Despite the availability of effective

vaccines for the last 2 years, newly emerging strains of the virus have been reported to cause

more severe outbreaks in parts of the USA and Canada. While knowledge of the biology and

pathogenesis of PCV2 has progressed considerably over the last 12 years since the disease was

recognized, many questions still remain to be answered.
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Introduction

During the last decade, the prevalence of porcine

circovirus type 2 (PCV2) has been recorded in several

parts of the world including North America, Europe,

Australia, Asia and South America. PCV2 has emerged

as an important cause of production losses to the pork

industry in all these geographical locations (Allan et al.,

1998b, 1999; Choi et al., 2000; Fenaux et al., 2000;

Rodriguez-Arrioja et al., 2003b; Castro et al., 2004; Banks

et al., 2006; Csagola et al., 2006).

Based on the characteristic clinical signs of wasting,

reduced weight gain, jaundice, respiratory complications

and lymphoid depletion in 8–15-week-old piglets, the

disease syndrome caused by PCV2 was first described as

post-weaning multisystemic wasting syndrome (PMWS)

(Clark, 1996; Harding and Clark, 1997; Ellis et al., 1998).

With the manifestations of other syndromes associated

with PCV2 infection such as reproductive disorders,

enteric signs and porcine dermatitis and nephropathy

syndrome (PDNS), PMWS was recently renamed as

porcine circovirus-associated disease (PCVAD) in the

USA and porcine circovirus disease (PCVD) in Europe

(Opriessnig et al., 2007b).

PCV2 is one of the smallest viruses that are known

to affect animals. Its single-stranded DNA genome of

1768 bp (or 1767 bp for PCV2b isolates) in length has a

simple, circular, genomic organization with two known

functional genes (Hamel et al., 1998). Several milestones

have been achieved in understanding the pathogenesis of

PCV2. Yet other aspects of PCV2 biology are complex and

even paradoxical in nature. For example, although the

first clinical cases of PCVAD emerged in the late 1990s,

retrospective studies showed that the virus had been

in circulation since the 1960s (Grierson et al., 2004).

The ensuing debate about whether PCV2 is a new

virus or an evolved form of an old virus has not been

resolved, probably because the minor changes in genetic

sequences that occur between strains do not appear to*Corresponding author. E-mail: xjmeng@vt.edu
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correlate with changes in pathogenicity (Cheung et al.,

2007; Olvera et al., 2007). While it is now known that

PCV2 is a ubiquitous virus and a primary pathogen of

pigs, not all pigs that are positive for PCV2 develop PMWS

(Balasch et al., 1999). Moreover, pigs that are co-infected

with other pathogens such as porcine reproductive and

respiratory syndrome virus (PRRSV), swine influenza

virus (SIV) and Mycoplasma hyopneumoniae experience

increased severity of PCVAD (Dorr et al., 2007). However,

it is not known whether the trigger for PCVAD mani-

festations in cases of co-infections with other pathogens

arises from PCV2 or the co-infecting pathogen. In the

same vein, it is known that PCV2 is immunosuppressive.

However, immunostimulation by other pathogens or

even certain vaccines and adjuvants has an exacerbatory

effect on PCV2 (Darwich et al., 2004). Although high

levels of PCV2-specific antibodies are found in both

PMWS- and non-PMWS-affected pigs, reduced T and B

lymphocyte populations are characteristic of PCVAD

(Larochelle et al., 2003). This review is a summary of

recent findings that have shed light on these and other

questions. Areas that require better understanding are

also identified.

PCVAD

Etiology

Porcine circovirus (PCV), a small, non-enveloped DNA

virus that belongs to the family Circoviridae, was

discovered as a contaminant of the porcine kidney PK-

15 cell line in the mid-1970s (Tischer et al., 1974).

Approximately 77–95% of pigs in Berlin were found to

have high levels of antibody titers to PCV but did not

show any signs of disease (Tischer et al., 1986). The virus

was later identified in Canada and Britain (Dulac and

Afshar, 1989; Edwards and Sands, 1994) leading to the

conclusion that it was ubiquitous in nature. PCV was

considered to be a non-pathogenic virus because

inoculation of pigs with the PK-15 cell contaminant virus

did not cause any disease (Tischer et al., 1986). The virus

could be easily cultured in PK-15 cells and Vero cells, and

was found to infect macrophages and monocytes of

porcine and bovine origins (Allan et al., 1994b). PCV had

a sedimentation coefficient of 57 s, and was found to be

resistant to disinfection at pH 3.0, chloroform, and 70�C

for 15 min (Allan et al., 1994c).

It was not until 1997 that a variant strain of PCV was

found to be associated with a wasting disease in piglets

(LeCann et al., 1997; Nayar et al., 1997; Saxena et al., 1997;

Allan et al., 1998a). Affected piglets experienced clinical

signs including weight loss, enlarged lymph nodes,

jaundice and un-thriftiness. On necropsy, characteristic

histopathological lesions were seen in lymphatic tissue,

where severe lymphoid depletion and infiltration with

histiocytes with basophilic inclusion bodies were found.

Subsequent isolation and characterization of the virus

from symptomatic pigs revealed that it was distinct from

the previously known type of PCV derived from the

PK-15 cells. Sequence analysis revealed that the newly

isolated virus had only about 68% nucleotide sequence

identity to the existing PCV strain (Hamel et al., 1998).

Reactivity of the new isolate to a panel of monoclonal

antibodies against PCV was negligible (Allan et al.,

1994a). The newly discovered pathogenic virus from

diseased pigs was designated as PCV2 and the non-

pathogenic virus from PK-15 cells was called PCV type 1

(PCV1) (Allan et al., 1998a, 1998b; Hamel et al., 1998;

Meehan et al., 1998).

Viruses of the family Circoviridae are small, non-

enveloped, single-stranded DNA viruses that affect birds,

swine and other mammals. The family Circoviridae is

divided into two genera: (i) the genus Gyrovirus, con-

sisting solely of the chicken anemia virus, and (ii) the

genus Circovirus, consisting of transfusion transmitted

virus (TTV) in humans, the psittacine beak and feather

disease virus, circoviruses of other avian species like

pigeon, duck and goose and PCV1 and PCV2 (Studdert,

1993).

A closely related family of plant viruses called

Nanoviridae has been implicated as the genetic ancestor

of PCV1 due to the similarity in the N-terminal regions of

their replicase proteins. It is believed that a recombination

event with a RNA virus, probably a picorna-like virus, in a

mammalian host gave rise to the functional replicase gene

(rep) of PCV1 and affected the host switch to a vertebrate

species (Gibbs and Weiller, 1999). However, it is not clear

how the pathogenic form of the virus, PCV2, evolved.

A genetic or antigenic correlation for the acquisition of

virulence has not yet been established (Larochelle et al.,

2002). It has also been shown that PCV is most closely

related to a bovine circovirus isolate and that it can

replicate well in bovine leukocytes. However, no further

analysis of the connection between bovine and PCVs

has been made (Allan et al., 1994b; Nayar et al., 1999).

Retrospective analysis of serum samples in Canada

(Magar et al., 2000b) and tissue samples with character-

istic PMWS lesions from Japan (Mori et al., 2000) indicated

that PMWS had been prevalent in pig populations for

several years before the first clinical case was diagnosed.

The reasons for the sudden emergence of PCV2 as an

important swine pathogen are still under speculation.

Molecular genetics of PCVs

The single-stranded DNA genomes of PCV1 and PCV2

share about 68–76% nucleotide sequence identity and are

1758 (Tischer et al., 1982; Fenaux et al., 2004c) and 1767

or 1768 nucleotides in length, respectively. PCV2 isolates

from Europe and the USA had greater than 96%

nucleotide sequence identity. The two major genes

encoded by the viral genome included the 942 bp rep
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gene on the positive strand and the 702 bp capsid gene

(cap) on the negative strand (Fig. 1). The rep gene is

highly conserved between PCV1 and PCV2 with about

83% nucleotide sequence identity, whereas the cap gene

has about 67–70% identity (Mankertz et al., 2004).

Transcriptional analysis

Based on initial computerized predictions, six open

reading frames (ORFs) were predicted for PCV2 and four

of them had sequence homology to the corresponding

ORFs in PCV1. A conserved stem–loop structure contain-

ing a nonanucleotide motif which was present in the

origin of replication of all the members of the Circovir-

idae family was also identified in PCV2 (Mankertz et al.,

1997; Meehan et al., 1997, 1998). Transcriptional analysis

of PCV1 revealed the presence of three functional mRNAs

(Mankertz et al., 1998b): two were splice variants of the

rep gene and one pertained to the cap gene. Further

characterization of ORF1 showed that it encoded a

replicase protein which was essential for viral replication.

The Rep protein was found to contain sequence motifs

that were characteristically associated with rolling circle

replication and a putative dNTP-binding box (Mankertz

et al., 1998a). However, subsequent transcriptional

analysis of PCV2 and PCV1 by Cheung revealed nine and

12 mRNA transcripts in each, respectively (Fig. 1). The

PCV2 transcripts consisted of one cap gene transcript,

five rep splice variants and three non-structural gene

transcripts (Cheung, 2003c). In contrast to the findings of

Mankertz et al. (1998a), PCV1 had eight rep-associated

transcripts besides the capsid and non-structural tran-

scripts (Cheung, 2003a). Mutational analysis helped us

to determine that rep and rep0 are the only transcripts

that were essential for DNA replication (Cheung, 2003b).

SDS-PAGE analysis of purified PCV2 virus indicated that

the virus was composed of three major proteins of 28 kDa

(Cap), 28.5 kDa (Rep0) and 35 kDa (Rep). The 38 kDa

band cross-reacted to PCV1-specific serum, while the

reactivity of the 28 kDa band remained specific to each

genotype (Pogranichniy et al., 2000) (Fig. 1).

It appears that rep, rep0 and cap genes are the only

major genes involved in completing the replicative cycle

of the virus. However, it has recently been reported that a

new protein encoded by the ORF3 is involved in host cell

apoptosis (Liu et al., 2005), although others could not

independently confirm this report. Carrying out a more

detailed, comparative antigenic and proteomic analysis of

PCV1 and PCV2 using advanced techniques that are now

available will go a long way in improving our under-

standing of the pathogenesis of PCVAD.

DNA replication

It has been proposed that PCV replicates via a rolling

circle melting-pot mechanism (Cheung, 2004b). A 111 bp

intergenic region between the cap and rep genes contains

the PCV origin of replication (Mankertz et al., 1997).

Sequence and secondary structure, which are critical for

replication initiation by binding of rep and rep0, include a

conserved nonamer at the proximal part of a stem–loop

structure, followed by four repeats of a hexameric

A  1 1768I

II III
IV

V

VI

B CAP     REP

REP'

REP3a

REP3b

REP3c

NS515

NS672

NS0

C CAP  REP
REP'

ORF3 ?

Fig. 1. Pictorial representation of the genomic, transcriptomic and proteomic organization of PCV2. (A) Putative ORFs of PCV2
as identified by computer algorithms. ORF I, Rep; ORF II, Cap; ORFs III–VI, unknown. The 1768 bp genome with the
conserved stem–loop structure is shown. (B) Experimentally identified transcripts of PCV2. The rep and rep0 along with other
smaller transcripts are indicated (with permission from Cheung, 2003c). (C). Identified proteins of PCV2. The known Cap, Rep
and Rep0 proteins are indicated. The existence of the ORF3 protein remains to be verified.
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sequence, both located in the origin of replication

(Steinfeldt et al., 2001). Mutational analysis showed that

one hexamer on the left of the stem–loop is sufficient

for supporting replication, but the presence of tandem

repeats confers stability on the interaction (Cheung,

2006). Similarly, it was determined that the conformation

of the stem–loop, but not the exact nucleotide sequence,

was important for binding for the Rep proteins (Steinfeldt

et al., 2001). The conserved octanucleotide sequence was

determined to be indispensable for replication although

some nucleotide substitutions were tolerated (Cheung,

2004a).

The promoter of the rep gene was negatively regulated

by the full-length Rep protein but not by Rep0, whereas

the cap gene did not appear to be regulated by any viral

protein. Rep and Rep0 co-localized to the nucleus and

formed homo- and heteromeric complexes (Mankertz

and Hillenbrand, 2002). Rep, rep0, cap and the origin of

replication were found to be interchangeable between

PCV1 and PCV2 (Mankertz et al., 2003; Fenaux et al.,

2004a). It was determined that Rep and Rep0 proteins

have nicking and resealing properties, and three con-

served amino acid motifs were found to be essential

for the execution of this function (Steinfeldt et al., 2006,

2007). Further analysis of transcriptional regulation of

PCV1 and PCV2 in the context of viral infectivity and host

cell responses to infection may shed more light on the

complex biology of PCV2.

Phylogenetic analysis and genetic determination
of virulence

Phylogenetic analyses of porcine, avian and plant

circoviruses demonstrated that PCV was most closely

related to the psittacine beak and feather disease virus

and other avian circoviruses, followed by the plant

nanoviruses and geminiviruses. The chicken anemia virus

was most distantly related to PCV (Bassami et al., 1998;

Niagro et al., 1998; Phenix et al., 2001). Porcine circovirus

isolates are grouped into two major genotypes: PCV1 and

PCV2. PCV2 is further divided into two major groups,

which are now designated as PCV2 group 1 or PCV2b and

PCV2 group 2 or PCV2a (Fig. 2). Group 1 viruses cluster

into three clades and group 2 into five clades. The PCV2b

isolates had a predominantly European origin, whereas

the PCV2a isolates had a North American origin (Fig. 2).

However, both types were closely related to each

other with about 93–100% nucleotide sequence identity

(Fenaux et al., 2000). Since the rep gene was highly

conserved and more sequence diversity was detected

in the cap gene, it is accepted that the cap gene is a

suitable candidate for phylogenetic analysis of PCV

(Olvera et al., 2007).

Examination of archived tissues in the UK suggested

that PCV2, rather than PCV1, was the predominant

circulating genotype at that time and that PCV2 had been

present in swine for nearly 30 years before the first clinical

case was recognized (Grierson et al., 2004). Subsequently,

several studies attempted to correlate genetic sequence

information with disease status by examination of PCV2

isolates recovered from pigs with or without PMWS

(Kim and Lyoo, 2002; Larochelle et al., 2002). The general

consensus was that no specific geographical or amino

acid sequence changes could be correlated with patho-

genicity. However, it was found that changes in the

immunogenic epitope regions of the Cap protein were

more frequent in pathogenic isolates. More recent analy-

sis of several hundred PCV2 isolates confirmed these

findings (Olvera et al., 2007). A recent study found that

PMWS-associated genotypes belonged to group 1a and

non-PMWS genotypes clustered in groups 2c and 2d as

classified by Olvera et al. (2007). PCV2 genotype 1a was

never detected in non-PMWS cases in this study. The

authors attribute the discrepancy between their study and

previous findings to the fact that they detected more than

one genotype in the same pig and that studies derived

from GenBank data may not be sufficiently annotated

with regard to disease status of the pigs from which the

isolates were derived (Grau-Roma and Segales, 2007).

The presence of more than one strain of PCV2 existing at

the same time in pigs has recently been confirmed. It

was also found that recombination in the rep gene can

occur between the coexisting strains (Hesse et al., 2008).

However, the biological implications of such a recombi-

nation have not been investigated.

Recent emergence of more severe PCVAD outbreaks in

certain areas in the USA and Canada has been attributed

to the emergence of the European-like PCV2b (or PCV2

group 1) isolates in these areas (Gagnon et al., 2007). It

has recently been shown that PCV2a and PCV2b isolates

are cross-protective. However, experimental reproduc-

tion of the virulence exhibited by these isolates in the

field was not possible (Lager et al., 2007; Opriessnig et al.,

2007a). Cheung et al. (2007) identified a unique amino

acid sequence motif which could be used to distinguish

between PCV2a and PCV2b isolates. Minor antigenic

differences have been demonstrated between PCV2

strains using a panel of monoclonal antibodies (Lefebvre

et al., 2008). However, an antibody that can consistently

distinguish between PCV2a and PCV2b has not been

identified so far. A recent analysis of archived tissue

samples in Denmark has revealed that a third PCV2

genotype existed before the appearance of clinical PMWS

(1980–1990). It was found that PCV2a isolates were in

circulation between 1993 and 1996 in Denmark, followed

by PCV2b isolates thereafter, suggesting that genotype

switching of PCV2 isolates occurs in a given geographical

area with time (Dupont et al., 2008).

It has previously been shown that small differences in

the amino acid sequence of PCV2 can result in major

changes in pathogenicity, as two amino acid changes

in the cap gene were sufficient for attenuating a virus

(Fenaux et al., 2004b; Opriessnig et al., 2006d). While
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phylogenetic analysis is useful in classification of new

strains, it is evident that a more functional genetic

approach is required to establish the relationship between

sequence changes and pathogenicity.

Epidemiology

Geographical distribution

Since the discovery of PCV1 as a contaminant of the PK-15

cells in 1974 (Tischer et al., 1974) and the subsequent

identification of PCV2 as the cause of PMWS in Canada in

1997 (Meehan et al., 1998), both viruses have been found

to have a worldwide distribution. The prevalence of PCV2

and PCVAD has been recorded in the USA, European

countries such as Ireland, Germany, the Netherlands,

Hungary, Spain, Switzerland, Greece and the UK, in

Japan, Korea, Taiwan, and in countries of South America,

and later in Australia (Allan et al., 1998b; Morozov et al.,

1998; Gresham et al., 2000; Kiss et al., 2000; Rosell et al.,

2000b; Kawashima et al., 2007; Olvera et al., 2007).

Therefore, PCV2 can be considered to be enzootic in

most parts of the world and to acquire epizootic status

whenever there is a significant increase in mortality when

compared with previous history.

Prevalence

Tischer et al. (1986) determined that 77–95% of pigs

in Berlin were seropositive to PCV in 1986. However,

subsequent studies that were conducted after the

emergence of PMWS indicated that PCV2, but not PCV1,

was the predominant circulating strain even a decade

earlier (Quintana et al., 2001). The rates of seroprevalence
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of PCV2 in affected countries like Canada (Magar et al.,

2000b), Spain (Rodriguez-Arrioja et al., 2003b), Taiwan

(Wang et al., 2004) and Australia (Finlaison et al., 2007)

have varied between 40 and 80%. However, the

prevalence of PCV2 as shown by the presence of PCV2

antigen or viral DNA in tissue ranged from about 23% in

Japan (Kawashima et al., 2007), 50% in Taiwan (Wang

et al., 2004), 8% in Korea (Kim and Lyoo, 2002), 30–40%

in archived tissue samples from 1970–1997 in Britain

(Grierson et al., 2004) and 10% in the USA (Pallares et al.,

2002) (Table 1). In several of these studies, co-infection

with other swine bacterial and viral agents was detected.

The difficulty in obtaining exact data on the incidence of

PCV2 may be due to the sensitivity of the detection

methods and cross-identification of PCV1 and PCV2 in

early studies. Although the morbidity rates of PCV2

infection are low, mortality rates are as high as 80% in

some affected herds (D’Allaire et al., 2007).

Transmission

PCV is a non-enveloped virus that is resistant to pH 3,

chloroform and temperatures of 70�C for 15 min (Allan

et al., 1994c). Therefore, PCV is environmentally very

stable, which plays an important role in promoting

transmission and hindering viral elimination. PCV2 is

transmitted predominantly by the oro-nasal route. In a

controlled study, it has been shown that point source

exposure of naïve pigs to PCV2-infected pigs resulted in

asymptomatic seroconversion of naïve pigs (Bolin et al.,

2001). The widespread distribution of the virus in the

lymphatic system, the respiratory system, the urogenital

system and the gastrointestinal system indicated that

the virus would be shed in most of the excretions

and secretions of the infected pigs (Rosell et al., 1999;

Okuda et al., 2003; Krakowka et al., 2005). Experimental

confirmation that the virus was present in oro-nasal

swabs, feces, urine and blood has been reported

(Shibata et al., 2003). Thereafter it has also been shown

that the virus is present in colostrum (Shibata et al.,

2006) and semen (Larochelle et al., 2000; Kim et al.,

2001; McIntosh et al., 2006b). However, experimental

proof that insemination or infection of piglets via

colostrum is a means of transmission is still lacking to

date.

The occurrence of reproductive failure in PCV2 cases

led to the investigation of vertical transmission of PCV2.

Experimental infection of intra-uterine fetuses through

maternal PCV2 inoculation has been demonstrated

(Pensaert et al., 2004; Park et al., 2005). However, it

appears that natural transmission via this route is rare

(Stevenson et al., 2001). It is known that, under both field

and experimental conditions, PCV2 can cause a persistent

infection characterized by viremia in blood, tissues and

semen that lasts for several weeks in carrier piglets,

regardless of whether they suffered from PCVAD or not

(Rodriguez-Arrioja et al., 2002; Larochelle et al., 2003).

The exact mechanism and cell types involved in viral

persistence are unknown.

PCV2 virus has also been detected in the wild boar.

Sequence analysis indicated that the boar isolates were

similar to the existing PCV2 strains (Schulze et al., 2003;

Vicente et al., 2004; Csagola et al., 2006). Antibodies to

PCV2 have not been detected in cattle, sheep, humans or

horses (Allan et al., 2000c; Ellis et al., 2001; Rodriguez-

Arrioja et al., 2003a). However, previous studies have

shown that PCV2 isolates from cattle were 99% similar to

existing PCV2 isolates and that PCV2 could infect swine

and bovine macrophages (Allan et al., 1994b; Nayar et al.,

1999). The presence of PCV2 in insects and other wild

animals has not been ascertained as yet; therefore,

Table 1. Prevalence of PCV2 in different geographic regions as determined by detection of PCV2 antibody, antigen or nucleic
acid.

Country Year
% PCV2
seroprevalencea

% PCV2 DNA or
antigen detectionb

References

Japan 2000–2003 – 23c Kawashima et al., 2007
Canada 2006 – – Harding, 2007
Mexico 2005 93 – Ramirez-Mendoza et al., 2007
China 2006 58 – Zhou et al., 2006

2006 69 49 Shuai et al., 2007
Australia 2005 30 – Raye et al., 2005

2002–2003 88 Finlaison et al., 2007
Taiwan 2000–2002 84 50 Wang et al., 2004
Spain 1985–1997 73 41 Rodriguez-Arrioja et al., 2003b
Korea 1999–2000 – 8 Kim et al., 2002

1998–2000 – 47 Lyoo et al., 2001
UK The 1990s 41 Grierson et al., 2004
USA 2000–2001 – 37 Pallares et al., 2002

aPCV2 antibody detected by serology methods.
bPCV2 DNA detected by restriction fragment length polymorphism (RFLP) or PCR.
cPCV2 antigen detected by immunohistochemistry (IHC).
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a sylvatic cycle has not been definitively ruled out.

However, given the high level of species specificity of

circoviruses, it is likely that prophylactic measures that

can achieve high levels of herd immunity should be

successful and the possibility of re-infection from un-

known sources will be unlikely, except perhaps in areas

with proximity to wild boars.

Host genetics and susceptibility

Host genetics is well known to influence susceptibility to

diseases. Genetic polymorphisms in outbred populations

are responsible for a large diversity in antigen presenting

molecules such as the MHC and T cell receptors; therefore

two individual animals may not mount a similar immune

response to a given antigen or infectious agent. In a

recent study conducted to identify T cell epitopes in

PCV2, it was found that the identified immunodominant

peptides were not uniformly reactive in all PCV2-exposed

animals (Stevenson et al., 2007), proving that pigs and

PCV2 are no exception to the influence of genetic

diversity. It has been shown that certain breeds of pigs

such as Landrace pigs appeared to be more susceptible to

PCV2 than Duroc or Large White pigs (Opriessnig et al.,

2006a). In another study which compared the suscepti-

bility of pigs derived from Pietrain, Duroc and Large

White lines, it was found that pigs that were a mixture of

Large White and Duroc were more susceptible to PCV2

infection than purebred Pietrain pigs (Lopez-Soria et al.,

2004). Therefore it is obvious that host genetics plays a

role in PCV2 pathogenesis. Further elucidation of this role

is important for devising improved prevention strategies

for PCV2.

Pathogenesis and clinical syndromes

PCV2 causes several varied clinical manifestations in

affected pigs, and the first of them to be recognized was

termed as PMWS. The official nomenclature for the

disease has recently been changed to PCVAD. Three

characteristic signs of wasting, microscopic lesions of

lymphoid depletion with histiocytic infiltration and the

presence of PCV2 antigen or DNA in the lesions, are

required for a definitive diagnosis of PCVAD in a herd

(Segales et al., 2005). However, it is known that not

all pigs that are infected with PCV2 will develop PMWS

and that the incidence of PMWS is higher when

co-infecting viral and bacterial pathogens are present

(Magar et al., 2000a; Albina et al., 2001). There is also an

obvious immune involvement in the pathogenesis of

PCVAD.

PCVAD is a disease that exclusively affects grower pigs;

it rarely occurs in 1–3-week-old piglets, probably because

of protection through maternal antibodies (McKeown

et al., 2005; McIntosh et al., 2006a). PCV2 appears to have

an incubation period of 7–28 days and early clinical signs

of PMWS include fever, lethargy, weight loss, lymph node

enlargement, dyspnea and jaundice (Harding and Clark,

1997; LeCann et al., 1997; Allan et al., 1998a; Allan and

Ellis, 2000; Chae, 2004). The primary lesions of PMWS are

associated with the lymphatic system. Microscopically,

enlarged lymph nodes show atrophic or necrotizing

lesions with lymphoid depletion, loss of architecture and

infiltration by large histiocytes and giant cells with

basophilic inclusion bodies. Lesions are present in the

superficial inguinal, mesenteric, mediastinal, submandi-

bular lymph nodes and in the Peyer’s patches, spleen,

liver, kidney and intestinal mucosa, resulting in general-

ized un-thriftiness and wasting (Fenaux et al., 2002).

Thymic atrophy is another characteristic feature of PMWS.

In the lungs, interstitial pneumonia and bronchiolitis with

mononuclear infiltration are seen. Liver tissues in affected

pigs may exhibit inflammatory and apoptotic changes

with mononuclear cell infiltration in the parenchyma

(Harding and Clark, 1997; LeCann et al., 1997; Allan et al.,

1998b; Allan and Ellis, 2000; Bolin et al., 2001; Harms

et al., 2001). The exact cell types that are involved in

replication and spread of the virus or the mechanisms by

which lymphoid depletion and the involvement of other

organs occur are as yet unknown.

Reproductive failure is another clinical manifestation

of PCV2 infection in affected herds. Mid-to-late-term

abortions or still-births with affected fetuses exhibiting

necrotizing myocarditis and the presence of PCV2 antigen

in cardiac tissues have been recorded. Such reproductive

failures have also been experimentally reproduced

(Bogdan et al., 2001; Bolin et al., 2001; Harms et al.,

2001; Ladekjaer-Mikkelsen et al., 2001; O’Connor et al.,

2001; Harding, 2004; Pensaert et al., 2004; Park et al., 2005).

PCV2 is also responsible for acute diarrheal outbreaks

in otherwise normal pigs. On histological examination,

enlarged mesenteric lymph nodes that are positive for

PCV2 antigen are characteristic of the enteric form of the

disease (Yang et al., 2003; Kim et al., 2004; Banks et al.,

2006). PDNS is the fourth manifestation of PCVAD.

Although at a very low incidence, piglets affected with

PDNS experience very high levels of mortality. Clinical

signs include coalescing red to purple skin lesions,

glomerular and interstitial nephritis, vasculitis and deposi-

tion of immune complexes in kidney tissue. While it is

believed that high levels of PCV2 antibodies may trigger a

type III hypersensitivity reaction in PDNS cases, experi-

mental proof is still lacking. A Th1 bias is reported to occur

in PDNS-affected pigs and it is believed that the resulting

pro-inflammatory status may predispose pigs to the disease

(Elbers et al., 2000; Rosell et al., 2000a; Thomson et al.,

2000; Choi et al., 2002a; Wellenberg et al., 2004b; Sipos

et al., 2005; Phaneuf et al., 2007). PCV2 has also been

associated with nervous symptoms manifested as con-

genital tremors and non-suppurative menigo-encephalitis

of the brain (Stevenson et al., 2001; Choi et al., 2002b;

Larochelle et al., 2002).
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Interaction of PCV2 with other pathogens

PCVAD rarely occurs in pigs infected with PCV2 alone.

The rates of occurrence of co-infecting pathogens in

PCVAD as consolidated values (Fig. 3) based on four

independent studies include PRRSV (41%), M. hyopneu-

moniae (27%), bacterial septicemia (10.0%), bacterial

pneumonia (6%) and SIV (4%). PCV2 alone caused

disease in only 1% of the cases (Ellis et al., 2000; Pallares

et al., 2002; Drolet et al., 2003; Grau-Roma et al., 2008)

(Fig. 3). Previous experimental and field studies that

included retrospective analyses have emphasized the

importance of co-infections in pathogenesis of PMWS

(Ellis et al., 2004) so much so that it was believed that

another agent was required for PCV2 to cause disease

until it was categorically shown that PCV2 alone could

independently cause PMWS (Magar et al., 2000a).

PRRSV is most frequently associated with PCV2 in

PMWS cases. It is believed that they act synergistically to

induce PMWS. PRRSV has been detected in 83% of the

PMWS cases in the Netherlands (Wellenberg et al., 2004a)

and about 52% of the cases in the USA. It has been shown

that while PCV2 had the strongest statistical association

with PMWS, co-infection with PRRSV increased the risk

of PCVAD by several folds (Pogranichniy et al., 2002;

Rose et al., 2003). PRRSV also has a strong association

with PDNS and necrotizing pneumonia, with a high with

co-infection rates of 42 and 45%, respectively (Drolet

et al., 2003; Grau-Roma et al., 2007). PCV2 infection has

been implicated in the reduction of PRRSV vaccine

efficacy (Opriessnig et al., 2006c). It has been shown

that there is a dramatic decrease in leukocyte counts

in experimental dual infections of PRRSV and PCV2

(D’Allaire et al., 2007).

Porcine parvovirus (PPV) is a common pathogen of

pigs that causes sporadic reproductive failure. Under

natural conditions, PPV and PCV2 have been co-isolated

in about 15% of PMWS cases (Ellis et al., 2000).

Experimental co-infection of PPV and PCV2 resulted in

reproduction of PMWS in gnotobiotic and colostrum-

deprived pigs (Ellis et al., 1999; Allan et al., 2000a).

Recently, it was determined that high levels of TNF-a are

induced by co-infection of PPV and PCV2. It is speculated

that the strong pro-inflammatory environment may lead

to precipitation of PMWS (Kim et al., 2006). PPV

vaccination, however, did not reduce the severity of

PMWS in co-infected pigs (Opriessnig et al., 2004a) but a

combined PPV and swine erysipelas vaccine appeared to

protect against PCV2-induced reproductive failure (Rose

et al., 2007).

M. hyopneumoniae is another important pathogen that

has been found to co-infect with PCV2 in a significant

percentage of PMWS cases. The observation that it was

easier to experimentally reproduce PMWS in immune-

stimulated pigs (Allan et al., 2000a, 2004; Krakowka et al.,

2001; Kyriakis et al., 2002) led to the speculation that

vaccination of piglets with M. hyopneumoniae vaccine or

other vaccines between 3 and 5 weeks according to the

recommended protocols may potentiate PMWS. It has

been shown that immune stimulation that occurs due

to Mycoplasma vaccination or infection does increase

the incidence of PMWS (Opriessnig et al., 2004b, 2006b;

Krakowka et al., 2007) and it has been suggested that the

timing of vaccination to 2 weeks before anticipated

exposure to PCV2 could prevent such an occurrence

(Opriessnig et al., 2006b).

Some of the other pathogens that have been associated

with PCVAD include Cryptosporidium in enteritis cases

PPV
(11%)

M. hyopneumoniae
(27%)

Bacterial septicemia
(10%)

Bacterial pneumonia
(6%)

SIV
(4%)

PRRSV
(41%)

PCV2 alone
(1%)

Fig. 3. Pie chart showing the average percentages of co-infections between PCV2 and various other pathogens in PCVAD
cases. Data were compiled from Pallares et al. (2002), Ellis et al. (2000), Drolet et al. (2003) and Grau-Roma et al. (2008).
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(Nunez et al., 2003), Aujeszky’s disease (Quintana et al.,

2001; Maldonado et al., 2005), swine influenza and

bacterial pneumonia (Pogranichniy et al., 2002; Kim

et al., 2003; Dorr et al., 2007; Gagnon et al., 2007; Grau-

Roma and Segales, 2007).

Based on these studies, no single co-infecting disease

agent can be considered indispensable for development

of PCVAD. It is possible that an unknown agent or agents

might be playing a role in the development of PCVAD. It

is also not known whether the immunosuppressive effect

of PCV2 infection facilitates co-infection or whether the

co-infecting pathogen aids in inducing PMWS. Clearly,

more research is required to understand the specific

interactions between these insidious swine pathogens.

Molecular pathogenesis

The molecular pathogenesis of PCV2 is still largely

unexplored, probably because of the difficulty in cor-

relating viral genetic information with pathogenicity. The

absence of a virally encoded DNA polymerase dictates a

heavy dependency of PCV on host cellular enzymes. It

has been determined that PCV replicates best in cells that

are in the S phase of the cell cycle (Tischer et al., 1987).

Indeed in PMWS cases, PCV2 antigen localizes to most

actively replicating cells. A conserved heparin-binding

motif has been identified in the Cap protein of PCV2, and

the glycosaminoglycans (GAGs), heparan sulfate and

chondroitin sulfate have been identified as molecules that

facilitate attachment of PCV2 to host cells (Misinzo et al.,

2006). GAGs are ubiquitously distributed in animal tissues

and while they may serve as the first point of attachment,

other fusion and internalization receptors are likely to be

involved in the internalization of viral particles. However,

considering the fact that PCV2 can infect both immune

and epithelial cells in a variety of tissues, it is probable

that PCV2 may not require a unique receptor that is

indispensable for viral entry.

Recently, a new protein encoded by the ORF3 has been

reported to be involved in host cell apoptosis (Liu et al.,

2005, 2006, 2007). However, independent confirmation of

the existence of the ORF3 protein is lacking to date, and

unpublished data from our laboratory contradict this

claim (Juhan, 2007).

It has been shown that inhibition of the endolysosomal

acidification, actin organization and clathrin-mediated

endocytosis in monocytes reduces PCV2 infection

(Misinzo et al., 2005, 2008a), whereas in epithelial cells,

inhibition of the endolysosomal acidification increases

PCV2 replication. It was also shown that a serine protease

mediated-event, probably uncoating of the capsid in the

endosome, was required for replication in epithelial cells

(Misinzo et al., 2008b). Recently, analyses of differentially

expressed lymph node transcripts in healthy and

PMWS-affected pigs showed that genes encoding an RNA

helicase, RNA splicing factor and a hyaluronan-mediated

motility receptor (RHAMM) were up-regulated in PMWS-

affected pigs. CD44 and RHAMM are receptors of

hyaluronan, an extracellular matrix protein, which is

involved in cell motility, adhesion and proliferation.

RHAMM is found to be up-regulated in disease processes

such as tissue injury, cancer cells and transformed cells. It

is speculated that PCV2 up-regulates RHAMM to arrest the

cell cycle at the G2/M phase to prevent host cell apoptosis

(Bratanich and Blanchetot, 2006).

Immunity to PCV2

The interaction of PCV2 with the host immune system

is probably the single most important factor in PCV2

pathogenesis. Unfortunately, the study of host immune

responses to infection and determination of responses

that are critical for protection are complicated by several

factors such as the limitations of the pig model in terms of

lack of knock-outs, cytokine panels, commercial anti-

bodies for swine cell surface markers or cytokines as well

as complications induced by coinfections with other

pathogens.

Immunostimulation by co-infections

While it is recognized that PCV2 is immunosuppressive,

an opposing school of thought is that extraneous

immunostimulation is required to trigger PCVAD. Initial

studies to reproduce PMWS in pigs did not result in full-

spectrum PMWS unless a co-infecting agent such as PPV,

PRRSV or adjuvants like Freund’s adjuvant and keyhole

limpet hemocyanin or immune stimulation by vaccination

were included in the protocol (Balasch et al., 1999;

Allan et al., 2000b, 2004; Harms et al., 2001; Ladekjaer-

Mikkelsen et al., 2002; Opriessnig et al., 2004b; Krakowka

et al., 2007). However, it was later shown that PCV2

alone can induce PMWS, thus confounding the hypo-

thesis (Magar et al., 2000a). This situation is not unlike

other multifactorial disease syndromes such as shipping

fever and kennel cough that affect domestic animals that

are under stressful conditions. In these syndromes, any

one of the participating organisms can also cause disease

by itself, but stressors and co-infections exacerbate

disease. In the case of PCV2 infections, no such unique

stressor or molecular mechanism of immune suppression

or stimulation has been identified so far.

Role of lymphoid depletion and immunosuppression

Infection with PCV2 is known to produce an immuno-

suppressive effect on the host. This finding is not

surprising, given the characteristic lesions of PCV2

that include lymphoid depletion and leucopenia. Typi-

cally, destruction of lymphoid follicles, depletion of
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lymphocytes associated with a reduction in the numbers

of interfollicular dendritic cells, interdigitating cells, B

cells, NK cells, g/d T cells, CD4+ and CD8+ T lymphocytes

and reduced expression of high endothelial venules along

with an increase in the number of monocytes and

granulocytes are seen in affected piglets. The degree of

depletion had a direct correlation with the amount of

PCV2 antigen in tissues (Sarli et al., 2001; Segales et al.,

2001; Darwich et al., 2002; Grierson et al., 2007).

Co-infection with PRRSV has been shown to further

exaggerate immune cell depletion (Shi et al., 2007). PCV2

is known to persist in dendritic cells without altering their

immune function. However, in natural interferon (IFN)-

producing cells it is known to impair IFN-a and TNF-a
production, thereby interfering with immune priming

(Vincent et al., 2003; Vincent et al., 2005). Examination of

the T lymphocyte surface markers in neonatal pigs with

and without PMWS revealed a state of activation with

higher level and earlier expression of MHC-II on T and B

cells and higher level of CD25 [interleukin-2 (IL-2)

receptor] expression in diseased pigs (Grierson et al.,

2007) (Fig. 4).

Lymphoid depletion can be a direct result of

viral replication in lymphoid tissues or the indirect

consequence of infection such as host cell apoptosis in

response to infection. Attempts to identify cells that

support PCV2 replication showed that, in vitro, PCV2

antigen was detected in cultured cells of the monocytic

lineage but not lymphocytes. However, monocytic cells

did not contain replicative intermediates, indicating that

they were not the primary sites of viral replication (Gilpin

et al., 2003). In contrast, a recent examination of cells

supporting viral replication by detection of cap gene

mRNA showed that viral replication occurred in tissues

derived from bronchial lymph nodes, inguinal lymph

nodes, tonsils, lungs, liver, kidneys, spleen and thymus

from infected pigs from day 14 post-infection. T and B

lymphocyte and monocyte populations from peripheral

blood mononuclear cells, and bronchial lymph nodes also

supported replication. However, replication was greater

in B cells of the bronchial lymph node than in peripheral

blood mononuclear cells (Yu et al., 2007a) and in

activated T cells than in the monocytes and macrophages

in peripheral blood mononuclear cells (Yu et al., 2007b)

Therefore, it would appear that both B and T cells are

important targets for PCV2.

The role of apoptosis in PCV2-induced lymphoid

depletion has been controversial. Some studies report

Asymptomatic state

Monocyte Dendritic cell

Persistent infection 
low replication

Th0

Th1 Th2
Balanced state

Imbalance trigger  

IL-10 ?
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IL-2
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Viral proliferation in T and B 
lymphocytes

Immune activation

MHCII and IL-2 receptor
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Fig. 4. A hypothesis for the possible mechanisms of immunopathogenesis of PCV2. (A) In the normal state, PCV2 may coexist
with the host with minimal replication and a limiting but balanced Th1/Th2 response. (B) A disturbance in the cytokine balance
with a probable influence of host genetics may trigger the onset of PCVAD. (C) Pathogenesis of PCV2 in the lymph nodes and
other organs. (D) An out-of-control inflammatory response and lymphoid depletion may lead to clinical manifestations of
PCVAD.
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an increase of pro-apoptotic gene expression and

markers (Shibahara et al., 2000; Bassaganya-Riera et al.,

2003; Krakowka et al., 2004; Chang et al., 2007; Liu et al.,

2007; Seeliger et al., 2007), whereas others contradict the

role of apoptosis in PCV2 pathogenesis (Krakowka et al.,

2004; Mandrioli et al., 2004; Resendes et al., 2004).

Therefore, the mechanism by which PCV2 causes lymph-

adenopathy in PMWS-affected pigs has yet to be ident-

ified.

Antibodies and PCVAD

Despite the pathology associated with the B cell popu-

lation, pigs infected with PCV2 appear to mount strong

PCV2-specific antibody responses. A typical response in

PCV2 seropositive pigs in the field is characterized by a

decrease in maternal antibody titers from 3 until 11 weeks

of age, increase in titers at 15 weeks and persisting PCV2

antibody titers thereafter. Experimental inoculation of

colostrum-deprived pigs with PCV2 elicited PCV2-specific

antibody responses within 14 days postinfection, and

neutralizing antibodies at about 21 days post-infection

(Pogranichniy et al., 2000; Rodriguez-Arrioja et al., 2002;

McKeown et al., 2005). Initial studies did not identify

significant differences in the antibody responses between

PMWS and non-PMWS pigs (Larochelle et al., 2003; Sibila

et al., 2004). More recently, it has been shown that the

levels of neutralizing antibodies and IgM isotype anti-

bodies were lower in pigs with PMWS, while the total

antibody levels remained the same in both PMWS and

non-PMWS pigs. It is believed that while IgM is not the

neutralizing isotype, it is indicative of an active infection

and functions by stearic interference with viral attachment

to host cells (Meerts et al., 2005b, 2006; Fort et al., 2007).

In subclinically infected pigs, it has been shown that

increased IL-10 levels lead to a high ratio of IgG to IgM

(Darwich et al., 2008).

Vaccination and in vitro neutralization studies have

shown that there is a direct correlation between antibody

titers and protection (Fan et al., 2007; Song et al., 2007).

The immunogenic epitopes of PCV2 capsid protein have

been identified (Mahe et al., 2000; Troung et al., 2001;

Lekcharoensuk et al., 2004), and it has been shown that

amino acid sequences 47–57 and 165–200 contain neutral-

izing epitopes. Whether antibodies to these two epitopes

are necessary and sufficient for protection against PCV2

is not known. However, considering that the strong

antibody response that is mounted is not always effective

in viral neutralization, it is possible that PCV2 may employ

a decoy mechanism to evade the host immunity. Such an

evasion is usually achieved by directing a strong antibody

response to immunogenic epitopes that are not protective

while masking the protective epitopes (Ostrowski et al.,

2002). Therefore, further work in characterizing the

neutralizing antibodies and their cognate antigens is

warranted.

Cytokines and PCVAD

Examinations of cytokine mRNA profiles in serum and

lymphoid organs of PMWS-affected and healthy pigs lend

further credence to the theory that PCV2 is immuno-

suppressive. Increased levels of IL-10 mRNA in thymus

were associated with the thymic depletion and atrophy

that is observed in PMWS pigs. IFN-g mRNA in tonsils was

up-regulated, and decreased mRNA expression of several

cytokines such as IL-2 and IL-12p40 in the spleen, IL-4 in

tonsils and IL-10, IL-12p40 and IL-4 in inguinal lymph

nodes were detected. Comparison of subclinically in-

fected and uninfected pigs showed that serum IL-10 levels

peaked transiently with peak viremia. A shift of isotype

from IgM to IgG occurred at the same time, following

which normalcy was restored (Darwich et al., 2003b;

Darwich et al., 2008). Recently, it has been shown that

increased levels of IL-10 in PCV2-infected pigs are

responsible for suppression of Th1 responses in the

PBMCs of the infected pigs. PCV2-induced IL-10 leads to

impaired IFN and antigen recall responses in psuedo-

rabies virus-immunized animals, thus lending a possible

explanation for the role of PCV2 in the pathogenesis by

co-infecting agents (Kekarainen et al., 2008a). It has also

been shown that modulation of host IL-10 levels is

not influenced by CpG oligodeoxynucleotides (ODNs)

present in the viral DNA and therefore are likely to be due

to viral proteins (Kekarainen et al., 2008b).

In vitro results obtained with PBMCs and macrophages

from PMWS pigs showed a reduced antiviral activity and

an increase in pro-inflammatory cytokines. In one study,

proliferation in response to mitogens in PBMCs from

PMWS-affected pigs was reduced (Darwich et al., 2003a).

However, their memory functions and ability to produce

IL-10 and IFN-g in response to stimulation by PCV2

antigens remained intact. PCV2 suppressed IL-4 and IL-2

production in PBMCs from both healthy and PMWS-

affected animals while increasing the pro-inflammatory

IL-1b and IL-8 expressions. Similarly, swine alveolar

macrophages that were experimentally infected with

PCV2 showed a reduced microbicidal activity with a

decrease in the production of O2 free radicals and H2O2,

and an increased production of TNF-a, IL-8, alveolar

macrophage-derived neutrophil chemotactic factors-II

(AMCF-II), granulocyte colony-stimulating factor (G-CSF)

and monocyte chemotactic protein-1 (MCP-1) (Chang

et al., 2006). Other studies have confirmed that pro-

inflammatory cytokines like TNF-a, macrophage chemo-

tactic proteins, macrophage inflammatory protein and C

reactive proteins are up-regulated during PCV2 infection

(Kim and Chae, 2004; Stevenson et al., 2006). Co-infection

with PPV was also found to substantially increase the

pro-inflammatory cytokine TNF-a (Kim et al., 2006).

However, cytokine profiles may vary based on the detec-

tion method used. In a study by Sipos et al. (2004), mRNA

measurements confirmed the findings of others in that

TNF-a mRNA levels were increased and IL-2 mRNA was
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down-regulated. However, when intracellular cytokine

levels were measured by flow cytometry it was found that

IL-2 was increased whereas TNF- a expression was not

affected.

Overall, notwithstanding a temporal and spatial influ-

ence, an increase in IL-10 and pro-inflammatory cytokines

and a decrease in general antiviral responses were

found in pigs affected with PMWS when compared with

non-PMWS pigs. Efforts to delineate those cell-mediated

immune responses that are protective and those res-

ponses that result in viral-induced pathology are impor-

tant in devising improved methods to strengthen the

immune system against PCV2 infections.

IFNs and PCV2

ODNs containing CpG motifs which are naturally present

in the DNA of pathogens are known to modulate host

IFN response. Five such ODNs have been identified in

PCV2 DNA. Although only 1 out of 5 ODNs had INF-a
inhibitory activity, the strength of the inhibition was

strong enough to suppress the stimulatory activity of the

other four ODNs (Hasslung et al., 2003). The immuno-

modulatory effect of the ODNs is believed to be

dependent on secondary structure and to involve Toll-

like receptor-7 (TLR-7) (Wikstrom et al., 2007). Most of

the Cpg-ODNs with inhibitory activity are located on the

rep gene and appear to induce INF-a in PBMCs, while

they did not influence INF-a levels in bone-marrow-

derived dendritic cells. Therefore, the immune response

induced by the many PCV2 viral components vary with

the cell type and may be important in host and viral gene

regulation in response to infection (Kekarainen et al.,

2008b).

It has recently been shown that infection of natural

IFN-producing cells by PCV2 inhibits their ability to

respond to ODNs, TLR-7 and TLR-9 agonists, as well as

viruses such as pseudorabies virus, transmissible gastro-

enteritis virus and classical swine fever virus, thereby

preventing maturation of dendritic cells (Vincent et al.,

2007). However, stimulation of PK-15 and 3D4/31 cells

with IFN-a and -g before and during infection with PCV2

has led to increased PCV2 titers (Meerts et al., 2005a;

Misinzo et al., 2008a). The accepted paradigm in viral

infections is that stimulation of a strong IFN response is

required for protection. There is no definitive study on

whether type 1 and 2 IFNs are protective or detrimental in

PCV2 infections and more research is required to clarify

the role of IFNs in the pathogenesis of PCV2.

Taken together, these findings indicate a complex and

multifactorial mechanism for the immuno-pathogenesis

for PCV2-induced PMWS (Fig. 4). In an infected but

asymptomatic animal, PCV2 may coexist with the host by

undergoing minimal replication and inducing a limiting

but balanced Th1/Th2 response (Fig 4). A potential

trigger or triggers, some of which could be unidentified,

may set disease progression in motion. The triggers could

include stress and exposure to other pathogens and

resistance could be influenced by host genetics (Fig. 4). At

the molecular level, the triggers may induce increased

viral proliferation, leading to clinical signs and a further

disturbance of the cytokine milieu. Identification of the

triggers and characterization of their interactions with

PCV2 at the immune and molecular levels will help in

better understanding PCV2 pathogenesis.

Prevention and control of PCV

Management practices

The common risk factors that increase the odds of PCVAD

in piglets have been identified as concomitant infections

with other pathogens, stress, vaccination, insemination

with semen from infected breeding stock, large weaning

pens, lack of treatment against external parasites, mixing

of batches, poor air and thermal control of pens,

crowding and lack of an all-in-and-all-out policy with

strict disinfection of pens (Rose et al., 2003; Dorr et al.,

2007; Kawashima et al., 2007; Woeste and Grosse Beilage,

2007). A 20-point plan has been proposed (Madec et al.,

2001) to help producers identify management practices

that can contain the disease. Important recommend-

ations include following an all-in-and-all-out system with

thorough disinfection, avoiding mixing of batches and

cross-fostering, maintaining appropriate temperature and

airflow conditions in pens and following recommended

de-worming, ectoparasite treatments and vaccinations.

Additionally, supplementing feed with antibiotics to re-

duce secondary bacterial infections and carrying out Myco-

plasma vaccinations 2 weeks prior to the anticipated ex-

posure to PCV2 may be useful in reducing the severity of

PCV2 infections (Opriessnig et al., 2006b).

Vaccination

Vaccination-induced antibodies against PCV2 are known

to be highly effective in controlling PCVAD. At least four

commercial vaccines are available against PCV2 infection

and PCVAD in piglets and sows. The Fort Dodge

Suvaxyn1 PCV2 One Dose2 vaccine contains inactivated

whole PCV1–2 chimeric viral particles (Fenaux et al.,

2003, 2004a). The Ingelvac CircoFLEX vaccine and the

Intervet vaccine both consist of PCV2 capsid protein

expressed in baculovirus. The Muriel Circovac vaccine

contains inactivated PCV2 viral particles. The vaccines

have been successful in reducing mortality caused by

PCV2 in Europe, Canada and the USA (Opriessnig et al.,

2007b). Several other experimental vaccines that include

an ORF2 baculovirus vaccine (Blanchard et al., 2003; Fan

et al., 2007), an ORF2 DNA vaccine (Kamstrup et al.,
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2004), a recombinant pseudorabies virus expressing an

ORF1 and ORF2 fusion protein ( Ju et al., 2005; Song

et al., 2007) and a recombinant adenovirus virus expres-

sing the ORF2 protein (Wang et al., 2006) have been

successful under experimental conditions in inducing

protection against PCV2. Therefore, it appears that

prevention and control of PCV2 infection are an achiev-

able goal if proper management and immunization

practices are adopted.

Summary

The emergence of new infectious diseases is usually

associated with infectious or environmental factors such

as genetic alterations leading to host switching or anti-

genic variation, changes in animal husbandry practices,

increase in animal movement and proximity to transmis-

sion vectors. PCV appears to have coexisted with their

hosts for a long time without any apparent ill effects.

Several studies have identified risk factors that are

associated with increased incidence of PCVAD. However,

the establishment of a definitive genetic or environmental

cause for the emergence of PCVAD may help in further

controlling the disease. The fact that PCV2 is one of the

smallest viruses in existence indicates that the virus is very

heavily dependent on the host cell machinery for survival.

Some of the viral and host factors that make this complex

association possible, such as the proteins associated with

replication, the capsid protein, viral transcripts that are

produced during viral infection, the kinetics of viral

replication, influence of acidification of endolysosomes

on viral replication, host antibody and cytokine res-

ponses, have been studied so far. It also appears that

PCV2 has evolved sophisticated mechanisms that allow it

to evade host immunity and coexist with the host and that

a probable imbalance in such mechanisms may culminate

in the disease condition (Fig. 4). As future research sheds

more light on these areas, an improved understanding

and control of PCVAD will be possible. A highly sig-

nificant recent achievement in this direction has been the

development of effective vaccines against PCV2. With

a combination of good management practices and ade-

quate prophylaxis, substantial reduction of economic

losses due to PCV2 could be a very achievable goal in the

near future. At this juncture, it is important to determine

the optimal levels of herd immunity required to avoid

co-evolution of the virus in response to selection pressure

that may be exerted by suboptimal immunization and to

make a co-ordinated, global effort to achieve such levels

of protection.

Acknowledgments

We acknowledge Dr Manoharan Seeralan for help with-

proofreading the citations and Dr Elankumaran Subbiah

for help with construction of the phylogenetic tree.

References

Albina E, Truong C, Hutet E, Blanchard P, Cariolet R,
L’Hospitalier R, Mahe D, Allee C, Morvan H, Amenna N,
Le Dimna M, Madec F and Jestin A (2001). An experimental
model for post-weaning multisystemic wasting syndrome
(PMWS) in growing piglets. Journal of Comparative
Pathology 125: 292–303.

Allan GM, Mackie DP, McNair J, Adair BM and McNulty MS
(1994a). Production, preliminary characterisation and
applications of monoclonal antibodies to porcine circo-
virus. Veterinary Immunology and Immunopathology 43:
357–371.

Allan GM, McNeilly F, Foster JC and Adair BM (1994b).
Infection of leucocyte cell cultures derived from different
species with pig circovirus. Veterinary Microbiology 41:
267–279.

Allan GM, Phenix KV, Todd D and McNulty MS (1994c). Some
biological and physico-chemical properties of porcine
circovirus. Zentralblatt fur Veterinarmedizin B 41: 17–26.

Allan G, Meehan B, Todd D, Kennedy S, McNeilly F, Ellis J, Clark
EG, Harding J, Espuna E, Botner A and Charreyre C (1998a).
Novel porcine circoviruses from pigs with wasting disease
syndromes. The Veterinary Record 142: 467–468.

Allan GM, McNeilly F, Kennedy S, McNeilly F, Ellis J, Clark EG,
Harding J, Espuna E, Botner A and Charreyre CE (1998b).
Isolation of porcine circovirus-like viruses from pigs with
a wasting disease in the USA and Europe. Journal of
Veterinary Diagnostic Investigation 10: 3–10.

Allan GM, Mc Neilly F, Meehan BM, Kennedy S, Mackie DP,
Ellis JA, Clark EG, Espuna E, Saubi N, Riera P, Botner A
and Charreyre CE (1999). Isolation and characterization of
circoviruses from pigs with wasting syndromes in Spain,
Denmark and Northern Ireland. Veterinary Microbiology
66: 115–123.

Allan GM and Ellis JA (2000). Porcine circoviruses: a review.
Journal of Veterinary Diagnostic Investigation 12: 3–14.

Allan GM, McNeilly F, Ellis J, Krakowka S, Meehan B, McNair I,
Walker I and Kennedy S (2000a). Experimental infection of
colostrum deprived piglets with porcine circovirus 2 (PCV2)
and porcine reproductive and respiratory syndrome virus
(PRRSV) potentiates PCV2 replication. Archives of Virology
145: 2421–2429.

Allan GM, McNeilly F, Kennedy S, Meehan B, Ellis J and
Krakowka S (2000b). Immunostimulation, PCV-2 and
PMWS. The Veterinary Record 147: 170–171.

Allan GM, McNeilly F, McNair I, Curran MD, Walker I, Ellis J,
Konoby C, Kennedy S and Meehan B (2000c). Absence of
evidence for porcine circovirus type 2 in cattle and humans,
and lack of seroconversion or lesions in experimentally
infected sheep. Archives of Virology 145: 853–857.

Allan GM, McNeilly F, Ellis J, Krakowka S, Botner A, McCullough
K, Nauwynck H, Kennedy S, Meehan B and Charreyre C
(2004). PMWS: experimental model and co-infections.
Veterinary Microbiology 98: 165–168.

Balasch M, Segales J, Rosell C, Domingo M, Mankertz A, Urniza A
and Plana-Duran J (1999). Experimental inoculation of
conventional pigs with tissue homogenates from pigs with
post-weaning multisystemic wasting syndrome. Journal of
Comparative Pathology 121: 139–148.

Banks M, Grierson S, Tucker D, Bailey M, Donadeau M,
Sargent C, King D and Mellencamp M (2006). Swine and
circovirus. Developmental Biology (Basel) 126: 107–113;
discussion 325–106.

Bassaganya-Riera J, Pogranichniy RM, Jobgen SC, Halbur PG,
Yoon KJ, O’Shea M, Mohede I and Hontecillas R (2003).
Conjugated linoleic acid ameliorates viral infectivity in a pig

Porcine circoviruses: a minuscule yet mammoth paradox 13

https://doi.org/10.1017/S1466252308001461 Published online by Cambridge University Press

https://doi.org/10.1017/S1466252308001461


model of virally induced immunosuppression. Journal of
Nutrition 133: 3204–3214.

Bassami MR, Berryman D, Wilcox GE and Raidal SR (1998).
Psittacine beak and feather disease virus nucleotide
sequence analysis and its relationship to porcine circovirus,
plant circoviruses, and chicken anaemia virus. Virology
249: 453–459.

Blanchard P, Mahe D, Cariolet R, Keranflec’h A, Baudouard M,
Cordioli P, Albina E and Jestin A (2003). Protection of swine
against post-weaning multisystemic wasting syndrome
(PMWS) by porcine circovirus type 2 (PCV2) proteins.
Vaccine 21: 4565–4575.

Bogdan J, West K, Clark E, Konoby C, Haines D, Allan G,
McNeilly F, Meehan B, Krakowka S and Ellis JA (2001).
Association of porcine circovirus 2 with reproductive
failure in pigs: a retrospective study, 1995–1998. Canadian
Veterinary Journal 42: 548–550.

Bolin SR, Stoffregen WC, Nayar GP and Hamel AL (2001).
Postweaning multisystemic wasting syndrome induced after
experimental inoculation of cesarean-derived, colostrum-
deprived piglets with type 2 porcine circovirus. Journal of
Veterinary Diagnostic Investigation 13: 185–194.

Bratanich A and Blanchetot A (2006). A gene similar to the
human hyaluronan-mediated motility receptor (RHAMM)
gene is upregulated during Porcine Circovirus type 2
infection. Virus Genes 32: 145–152.

Castro AM, Cortez A, Ruiz VL, Leomil H, Moreno AM, Doto DS
and Richtzenhain LJ (2004). Detection and differentiation
of porcine circoviruses in Brazilian pigs. The Veterinary
Record 154: 728–729.

Chae C (2004). Postweaning multisystemic wasting syndrome:
a review of aetiology, diagnosis and pathology. The
Veterinary Journal 168: 41–49.

Chang HW, Jeng CR, Lin TL, Liu JJ, Chia MY, Tsai YC, Chia MY
and Pang VF (2006). Immunopathological effects of porcine
circovirus type 2 (PCV2) on swine alveolar macrophages by
in vitro inoculation. Veterinary Immunology and Immuno-
pathology 110: 207–219.

Chang HW, Jeng CR, Lin CM, Liu JJ, Chang CC, Tsai YC, Chia MY
and Pang VF (2007). The involvement of Fas/FasL inter-
action in porcine circovirus type 2 and porcine reproductive
and respiratory syndrome virus co-inoculation-associated
lymphocyte apoptosis in vitro. Veterinary Microbiology
122: 72–82.

Cheung AK (2003a). Comparative analysis of the transcriptional
patterns of pathogenic and nonpathogenic porcine circo-
viruses. Virology 310: 41–49.

Cheung AK (2003b). The essential and nonessential transcription
units for viral protein synthesis and DNA replication of
porcine circovirus type 2. Virology 313: 452–459.

Cheung AK (2003c). Transcriptional analysis of porcine circo-
virus type 2. Virology 305: 168–180.

Cheung AK (2004a). Identification of an octanucleotide motif
sequence essential for viral protein, DNA, and progeny
virus biosynthesis at the origin of DNA replication of
porcine circovirus type 2. Virology 324: 28–36.

Cheung AK (2004b). Palindrome regeneration by template
strand-switching mechanism at the origin of DNA repli-
cation of porcine circovirus via the rolling-circle melting-
pot replication model. Journal of Virology 78: 9016–9029.

Cheung AK (2006). Regeneration of the replication-associated
proteins tandem direct repeat recognition nucleotide
sequence at the origin of DNA replication of porcine
circovirus type 1. Virology 346: 32–39.

Cheung AK, Lager KM, Kohutyuk OI, Vincent AL, Henry SC,
Baker RB, Rowland RR and Dunham AG (2007). Detection
of two porcine circovirus type 2 genotypic groups in United
States swine herds. Archives of Virology 152: 1035–1044.

Choi C, Chae C and Clark EG (2000). Porcine postweaning
multisystemic wasting syndrome in Korean pig: detection
of porcine circovirus 2 infection by immunohistochemistry
and polymerase chain reaction. Journal of Veterinary
Diagnostic Investigation 12: 151–153

Choi C, Kim J, Kang IJ and Chae C (2002a). Concurrent outbreak
of PMWS and PDNS in a herd of pigs in Korea. The
Veterinary Record 151: 484–485.

Choi J, Stevenson GW, Kiupel M, Harrach B, Anothayanontha L,
Kanitz CL and Mittal SK (2002b). Sequence analysis of old
and new strains of porcine circovirus associated with
congenital tremors in pigs and their comparison with
strains involved with postweaning multisystemic wasting
syndrome. Canadian Journal of Veterinary Research 66:
217–224.

Clark E (1996). Post-weaning multisystemic wasting syndrome.
Proceedings of the Western Canadian Association of Swine
Practitioners. pp. 19–20, Saskatoon, Canada.

Csagola A, Kecskemeti S, Kardos G, Kiss I and Tuboly T (2006).
Genetic characterization of type 2 porcine circoviruses
detected in Hungarian wild boars. Archives of Virology 151:
495–507.

D’Allaire S, Moore C and Cote G (2007). A survey on
finishing pig mortality associated with porcine circovirus
diseases in Quebec. Canadian Veterinary Journal 48:
145–146.

Darwich L, Segales J, Domingo M and Mateu E (2002). Changes
in CD4(+), CD8(+), CD4(+)/CD8(+), and immunoglobulin
M-positive peripheral blood mononuclear cells of post-
weaning multisystemic wasting syndrome-affected pigs and
age-matched uninfected wasted and healthy pigs correlate
with lesions and porcine circovirus type 2 load in lymphoid
tissues. Clinical and Diagnostic Laboratory Immunology 9:
236–242.

Darwich L, Balasch M, Plana-Duran J, Segales J, Domingo M
and Mateu E (2003a). Cytokine profiles of peripheral
blood mononuclear cells from pigs with postweaning
multisystemic wasting syndrome in response to mitogen,
superantigen or recall viral antigens. Journal of General
Virology 84: 3453–3457.

Darwich L, Pie S, Rovira A, Segales J, Domingo M, Oswald IP and
Mateu E (2003b). Cytokine mRNA expression profiles in
lymphoid tissues of pigs naturally affected by postweaning
multisystemic wasting syndrome. Journal of General
Virology 84: 2117–2125.

Darwich L, Segales J and Mateu E (2004). Pathogenesis of
postweaning multisystemic wasting syndrome caused by
porcine circovirus 2: an immune riddle. Archives of Virology
149: 857–874.

Darwich L, Segales J, Resendes A, Balasch M, Plana-Duran J and
Mateu E (2008). Transient correlation between viremia
levels and IL-10 expression in pigs subclinically infected
with porcine circovirus type 2 (PCV2). Research in
Veterinary Science 84: 194–198.

Dorr PM, Baker RB, Almond GW, Wayne SR and Gebreyes WA
(2007). Epidemiologic assessment of porcine circovirus
type 2 coinfection with other pathogens in swine. Journal
of the American Veterinary Medical Association 230:
244–250.

Drolet R, Larochelle R, Morin M, Delisle B and Magar R (2003).
Detection rates of porcine reproductive and respiratory
syndrome virus, porcine circovirus type 2, and swine
influenza virus in porcine proliferative and necrotizing
pneumonia. Veterinary Pathology 40: 143–148.

Dulac GC and Afshar A (1989). Porcine circovirus antigens in
PK-15 cell line (ATCC CCL-33) and evidence of antibodies
to circovirus in Canadian pigs. Canadian Journal of
Veterinary Research 53: 431–433.

14 S. Ramamoorthy and X.-J. Meng

https://doi.org/10.1017/S1466252308001461 Published online by Cambridge University Press

https://doi.org/10.1017/S1466252308001461


Dupont K, Nielsen EO, Baekbo P and Larsen LE (2008). Genomic
analysis of PCV2 isolates from Danish archives and a
current PMWS case-control study supports a shift in geno-
types with time. Veterinary Microbiology 128: 56–64.

Edwards S and Sands JJ (1994). Evidence of circovirus infection
in British pigs. The Veterinary Record 134: 680–681.

Elbers AR, Hunneman WA, Vos JH, Zeeuwen AA, Peperkamp
MT and van Exsel AC (2000). Increase in PDNS diagnoses in
the Netherlands. The Veterinary Record 147: 311.

Ellis J, Hassard L, Clark E, Harding J, Allan G, Willson P,
Strokappe J, Martin K, McNeilly F, Meehan B, Todd D and
Haines D (1998). Isolation of circovirus from lesions of
pigs with postweaning multisystemic wasting syndrome.
Canadian Veterinary Journal 39: 44–51.

Ellis J, Krakowka S, Lairmore M, Haines D, Bratanich A, Clark E,
Allan G, Konoby C, Hassard L, Meehan B, Martin K,
Harding J, Kennedy S and McNeilly F (1999). Reproduction
of lesions of postweaning multisystemic wasting syndrome
in gnotobiotic piglets. Journal of Veterinary Diagnostic
Investigation 11: 3–14.

Ellis JA, Bratanich A, Clark, EG, Allan G, Meehan B, Haines DM,
Harding J, West KH, Krakowka S, Konoby C, Hassard L,
Martin K and McNeilly F (2000). Coinfection by porcine
circoviruses and porcine parvovirus in pigs with naturally
acquired postweaning multisystemic wasting syndrome.
Journal of Veterinary Diagnostic Investigation 12: 21–27.

Ellis JA, Konoby C, West KH, Allan GM, Krakowka S, McNeilly F,
Meehan B and Walker I (2001). Lack of antibodies to
porcine circovirus type 2 virus in beef and dairy cattle and
horses in western Canada. The Canadian Veterinary
Journal 42: 461–464.

Ellis J, Clark E, Haines D, West K, Krakowka S, Kennedy S and
Allan GM (2004). Porcine circovirus-2 and concurrent
infections in the field. Veterinary Microbiology 98: 159–163.

Fan H, Ju C, Tong T, Huang H, Lv J and Chen H (2007).
Immunogenicity of empty capsids of porcine circovius
type 2 produced in insect cells. Veterinary Research
Communication 31: 487–496.

Fenaux M, Halbur PG, Gill M, Toth TE and Meng XJ (2000).
Genetic characterization of type 2 porcine circovirus
(PCV-2) from pigs with postweaning multisystemic wasting
syndrome in different geographic regions of North America
and development of a differential PCR-restriction fragment
length polymorphism assay to detect and differentiate
between infections with PCV-1 and PCV-2. Journal of
Clinical Microbiology 38: 2494–2503.

Fenaux M, Halbur PG, Haqshenas G, Royer R, Thomas P,
Nawagitgul P, Gill M, Toth TE and Meng XJ (2002). Cloned
genomic DNA of type 2 porcine circovirus is infectious
when injected directly into the liver and lymph nodes of
pigs: characterization of clinical disease, virus distribution,
and pathologic lesions. Journal of Virology 76: 541–551.

Fenaux M, Opriessnig T, Halbur PG and Meng XJ (2003).
Immunogenicity and pathogenicity of chimeric infectious
DNA clones of pathogenic porcine circovirus type 2 (PCV2)
and nonpathogenic PCV1 in weanling pigs. Journal of
Virology 77: 11232–11243.

Fenaux M, Opriessnig T, Halbur PG, Elvinger F and Meng XJ
(2004a). A chimeric porcine circovirus (PCV) with the
immunogenic capsid gene of the pathogenic PCV type
2 (PCV2) cloned into the genomic backbone of the non-
pathogenic PCV1 induces protective immunity against
PCV2 infection in pigs. Journal of Virology 78: 6297–6303.

Fenaux M, Opriessnig T, Halbur PG, Elvinger F and Meng XJ
(2004b). Two amino acid mutations in the capsid protein
of type 2 porcine circovirus (PCV2) enhanced PCV2 re-
plication in vitro and attenuated the virus in vivo. Journal of
Virology 78: 13440–13446.

Fenaux M, Opriessnig T, Halbur PG, Xu Y, Potts B and Meng XJ
(2004c). Detection and in vitro and in vivo characterization
of porcine circovirus DNA from a porcine-derived com-
mercial pepsin product. Journal of General Virology 85:
3377–3382.

Finlaison D, Kirkland P, Luong R and Ross A (2007). Survey of
porcine circovirus 2 and postweaning multisystemic wast-
ing syndrome in New South Wales piggeries. Australian
Veterinary Journal 85: 304–310.

Fort M, Olvera A, Sibila M, Segales J and Mateu E (2007).
Detection of neutralizing antibodies in postweaning multi-
systemic wasting syndrome (PMWS)-affected and non-
PMWS-affected pigs. Veterinary Microbiology 125: 244–255.

Gagnon CA, Tremblay D, Tijssen P, Venne MH, Houde A
and Elahi SM (2007). The emergence of porcine circovirus
2b genotype (PCV-2b) in swine in Canada. Canadian
Veterinary Journal 48: 811–819.

Gibbs MJ and Weiller GF (1999). Evidence that a plant
virus switched hosts to infect a vertebrate and then
recombined with a vertebrate-infecting virus. Proceedings
of the National Academy of Sciences of the United States of
America 96: 8022–8027.

Gilpin DF, McCullough K, Meehan M, McNeilly F, McNair I,
Stevenson LS, Foster JC, Ellis JA, Krakowka S, Adair B and
Allan GM (2003). In vitro studies on the infection and
replication of porcine circovirus type 2 in cells of the
porcine immune system. Veterinary Immunology and
Immunopathology 94: 149–161.

Grau-Roma L and Segales J (2007). Detection of porcine
reproductive and respiratory syndrome virus, porcine
circovirus type 2, swine influenza virus and Aujeszky’s
disease virus in cases of porcine proliferative and necrotiz-
ing pneumonia (PNP) in Spain. Veterinary Microbiology
119: 144–151.

Grau-Roma L, Crisci E, Sibila M, Lopez-Soria S, Nofrarias M,
Cortey M, Fraile L, Olvera A and Segales J (2008).
A proposal on porcine circovirus type 2 (PCV2) genotype
definition and their relation with postweaning multi-
systemic wasting syndrome (PMWS) occurrence. Veterinary
Microbiology 128: 23–35.

Gresham A, Jackson G, Giles N, Allan G, McNeilly F and
Kennedy S (2000). PMWS and porcine dermatitis nephro-
pathy syndrome in Great Britain. The Veterinary Record
146: 143.

Grierson SS, King DP, Sandvik T, Hicks D, Spencer Y, Drew TW
and Banks M (2004). Detection and genetic typing of type
2 porcine circoviruses in archived pig tissues from the UK.
Archives of Virology 149: 1171–1183.

Grierson SS, King DP, Tucker AW, Donadeu M, Mellencamp MA,
Haverson K, Banks M and Bailey M (2007). Ontogeny of
systemic cellular immunity in the neonatal pig: correlation
with the development of post-weaning multisystemic
wasting syndrome. Veterinary Immunology and Immuno-
pathology 119: 254–268.

Hamel AL, Lin LL and Nayar GP (1998). Nucleotide sequence of
porcine circovirus associated with postweaning multi-
systemic wasting syndrome in pigs. Journal of Virology
72: 5262–5267.

Harding JC (2004). The clinical expression and emergence of
porcine circovirus 2. Veterinary Microbiology 98: 131–135.

Harding, JC (2007). Status of Porcine circovirus diseases in
western Canada. Canadian Veterinary Journal 48: 267–268.

Harding J and Clark EG (1997). Recognizing and diagnosing
postweaning multisystemic wasting syndrome (PMWS).
Swine Health and Production 5: 201–203.

Harms PA, Sorden SD, Halbur PG, Bolin SR, Lager KM, Morozov
I and Paul PS (2001). Experimental reproduction of severe
disease in CD/CD pigs concurrently infected with type 2

Porcine circoviruses: a minuscule yet mammoth paradox 15

https://doi.org/10.1017/S1466252308001461 Published online by Cambridge University Press

https://doi.org/10.1017/S1466252308001461


porcine circovirus and porcine reproductive and respiratory
syndrome virus. Veterinary Pathology 38: 528–539.

Hasslung FC, Berg M, Allan GM, Meehan BM, McNeilly F and
Fossum C (2003). Identification of a sequence from the
genome of porcine circovirus type 2 with an inhibitory
effect on IFN-alpha production by porcine PBMCs. Journal
of General Virology 84: 2937–2945.

Hesse R, Kerrigan M and Rowland RR (2008). Evidence for
recombination between PCV2a and PCV2b in the field.
Virus Research 132: 201–207.

Ju C, Fan H, Tan Y, Liu Z, Xi X, Cao S, Wu B and Chen H (2005).
Immunogenicity of a recombinant pseudorabies virus
expressing ORF1-ORF2 fusion protein of porcine circovirus
type 2. Veterinary Microbiology 109: 179–190.

Juhan NM (2007). Molecular mechanisms of porcine circovirus 2
replication and pathogenesis. PhD Dissertation. Virginia
Polytechnic and State University, Blacksburg, VA.

Kamstrup S, Barfoed AM, Frimann TH, Ladekjaer-Mikkelsen AS
and Botner A (2004). Immunisation against PCV2 structural
protein by DNA vaccination of mice. Vaccine 22:
1358–1361.

Kawashima K, Katsuda K and Tsunemitsu H (2007). Epi-
demiological investigation of the prevalence and features
of postweaning multisystemic wasting syndrome in
Japan. Journal of Veterinary Diagnostic Investigation 19:
60–68.

Kekarainen T, Montoya M, Mateu E and Segales J (2008a).
Porcine circovirus type 2-induced interleukin-10 modulated
recall antigen responses. Journal of General Virology 89:
760–765.

Kekarainen T, Montoya M, Dominguez J, Mateu E and Segales J
(2008b). Porcine circovirus type 2 (PCV2) viral components
immunomodulate recall antigen responses. Veterinary
Immunology and Immunopathology 124: 41–49.

Kim J and Chae C (2004). Expression of monocyte chemoat-
tractant protein-1 and macrophage inflammatory protein-1
in porcine circovirus 2-induced granulomatous inflam-
mation. Journal of Comparative Pathology 131: 121–126.

Kim JH and Lyoo YS (2002). Genetic characterization of porcine
circovirus-2 field isolates from PMWS pigs. Journal of
Veterinary Science 3: 31–39.

Kim J, Han DU, Choi C and Chae C (2001). Differentiation of
porcine circovirus (PCV)-1 and PCV-2 in boar semen using
a multiplex nested polymerase chain reaction. Journal of
Virology Methods 98: 25–31.

Kim J, Chung HK, Jung T, Cho WS, Choi C and Chae C (2002).
Postweaning multisystemic wasting syndrome of pigs in
Korea: prevalence, microscopic lesions and coexisting
microorganisms. Journal of Veterinary Medical Sciences
64: 57–62.

Kim J, Chung HK and Chae C (2003). Association of porcine
circovirus 2 with porcine respiratory disease complex.
Veterinary Journal 166: 251–256.

Kim J, Ha Y, Jung K, Choi C and Chae C (2004). Enteritis
associated with porcine circovirus 2 in pigs. Canadian
Journal of Veterinary Research 68: 218–221.

Kim J, Ha Y and Chae C (2006). Potentiation of porcine
circovirus 2-induced postweaning multisystemic wasting
syndrome by porcine parvovirus is associated with exces-
sive production of tumor necrosis factor-alpha. Veterinary
Pathology 43: 718–725.

Kiss I, Kecskemeti S, Tuboly T, Bajmocy E and Tanyi J (2000).
New pig disease in Hungary: postweaning multisystemic
wasting syndrome caused by circovirus (Short Communi-
cation). Acta Veterinaria Hungarica 48: 469–475.

Krakowka S, Ellis JA, McNeilly F, Ringler S, Rings DM and Allan
G (2001). Activation of the immune system is the pivotal
event in the production of wasting disease in pigs infected

with porcine circovirus-2 (PCV-2). Veterinary Pathology 38:
31–42.

Krakowka S, Ellis J, McNeilly F, Meehan B, Oglesbee M,
Alldinger S and Allan G (2004). Features of cell degener-
ation and death in hepatic failure and systemic lymphoid
depletion characteristic of porcine circovirus-2-associated
postweaning multisystemic wasting disease. Veterinary
Pathology 41: 471–481.

Krakowka S, Ellis J, McNeilly F, Waldner C and Allan G (2005).
Features of porcine circovirus-2 disease: correlations
between lesions, amount and distribution of virus, and
clinical outcome. Journal of Veterinary Diagnostic Investi-
gation 17: 213–222.

Krakowka S, Ellis J, McNeilly F, Waldner C, Rings DM and
Allan G (2007). Mycoplasma hyopneumoniae bacterins and
porcine circovirus type 2 (PCV2) infection: induction of
postweaning multisystemic wasting syndrome (PMWS) in
the gnotobiotic swine model of PCV2-associated disease.
Canadian Veterinary Journal 48: 716–724.

Kyriakis SC, Saoulidis K, Lekkas S, Miliotis Ch C, Papoutsis PA
and Kennedy S (2002). The effects of immuno-modulation
on the clinical and pathological expression of postweaning
multisystemic wasting syndrome. Journal of Comparative
Pathology 126: 38–46.

Ladekjaer-Mikkelsen AS, Nielsen J, Storgaard T, Botner A,
Allan G and McNeilly F (2001). Transplacental infection
with PCV-2 associated with reproductive failure in a gilt.
The Veterinary Record 148: 759–760.

Ladekjaer-Mikkelsen AS, Nielsen J, Stadejek T, Storgaard T,
Krakowka S, Ellis J, McNeilly F, Allan G and Botner A
(2002). Reproduction of postweaning multisystemic wast-
ing syndrome (PMWS) in immunostimulated and non-
immunostimulated 3-week-old piglets experimentally in-
fected with porcine circovirus type 2 (PCV2). Veterinary
Microbiology 89: 97–114.

Lager KM, Gauger PC, Vincent AL, Opriessnig T, Kehrli Jr ME
and Cheung AK (2007). Mortality in pigs given porcine
circovirus type 2 subgroup 1 and 2 viruses derived from
DNA clones. The Veterinary Record 161: 428–429.

Larochelle R, Bielanski A, Muller P and Magar R (2000). PCR
detection and evidence of shedding of porcine circovirus
type 2 in boar semen. Journal of Clinical Microbiology 38:
4629–4632.

Larochelle R, Magar R and D’Allaire S (2002). Genetic character-
ization and phylogenetic analysis of porcine circovirus type
2 (PCV2) strains from cases presenting various clinical
conditions. Virus Research 90: 101–112.

Larochelle R, Magar R and D’Allaire S (2003). Comparative
serologic and virologic study of commercial swine herds
with and without postweaning multisystemic wasting syn-
drome. Canadian Journal of Veterinary Research 67:
114–120.

LeCann P, Albina E, Madec F, Cariolet R and Jestin A (1997).
Piglet wasting disease. The Veterinary Record 141: 660.

Lefebvre DJ, Costers S, Van Doorsselaere J, Misinzo G, Delputte
PL and Nauwynck HJ (2008). Antigenic differences among
porcine circovirus type 2 strains, as demonstrated by the
use of monoclonal antibodies. Journal of General Virology
89: 177–187.

Lekcharoensuk P, Morozov I, Paul PS, Thangthumniyom N,
Wajjawalku W and Meng XJ (2004). Epitope mapping of the
major capsid protein of type 2 porcine circovirus (PCV2) by
using chimeric PCV1 and PCV2. Journal of Virology 78:
8135–8145.

Liu J, Chen I and Kwang J (2005). Characterization of a
previously unidentified viral protein in porcine circovirus
type 2-infected cells and its role in virus-induced apoptosis.
Journal of Virology 79: 8262–8274.

16 S. Ramamoorthy and X.-J. Meng

https://doi.org/10.1017/S1466252308001461 Published online by Cambridge University Press

https://doi.org/10.1017/S1466252308001461


Liu J, Chen I, Du Q, Chua H and Kwang J (2006). The ORF3
protein of porcine circovirus type 2 is involved in viral
pathogenesis in vivo. Journal of Virology 80: 5065–5073.

Liu J, Zhu Y, Chen I, Lau J, He F, Lau A, Wang Z, Karuppannan
AK and Kwang J (2007). The ORF3 protein of porcine
circovirus type 2 interacts with porcine ubiquitin E3 ligase
Pirh2 and facilitates p53 expression in viral infection.
Journal of Virology 81: 9560–9567.

Lopez-Soria S, Segales J, Nofrarias M, Calsamiglia M, Ramirez H,
Minguez A, Serrano IM, Marin O and Callen A (2004).
Genetic influence on the expression of PCV disease. The
Veterinary Record 155: 504.

Lyoo KS, Park YH and Park BK (2001). Prevalence of porcine
reproductive and respiratory syndrome virus, porcine
circovirus type 2 and porcine parvovirus from aborted
fetuses and pigs with respiratory problems in Korea.
Journal of Veterinary Sciences 2: 201–207.

Madec FRN, Eveno E, Morvan P, Larour G, Jolly JP, Le Diguerher
G, Cariolet R, Blanchard P and Jestin A (2001). PMWS: on-
farm observations and preliminary analytic epidemiology.
Proceedings of the ssDNA Viruses Plants, Birds, Pigs and
Primates (ESVV) Meeting. pp. 86–87. Saint Malo, France.

Magar R, Larochelle R, Thibault S and Lamontagne L (2000a).
Experimental transmission of porcine circovirus type 2
(PCV2) in weaned pigs: a sequential study. Journal of
Comparative Pathology 123: 258–269.

Magar R, Muller P and Larochelle R (2000b). Retrospective
serological survey of antibodies to porcine circovirus type 1
and type 2. Canadian Journal of Veterinary Research 64:
184–186.

Mahe D, Blanchard P, Truong C, Arnauld C, Le Cann P, Cariolet
R, Madec F, Albina E and Jestin A (2000). Differential
recognition of ORF2 protein from type 1 and type 2 porcine
circoviruses and identification of immunorelevant epitopes.
Journal of General Virology 81: 1815–1824.

Maldonado J, Segales J, Martinez-Puig D, Calsamiglia M, Riera P,
Domingo M and Artigas C (2005). Identification of viral
pathogens in aborted fetuses and stillborn piglets from
cases of swine reproductive failure in Spain. Veterinary
Journal 169: 454–456.

Mandrioli L, Sarli G, Panarese S, Baldoni S and Marcato PS
(2004). Apoptosis and proliferative activity in lymph node
reaction in postweaning multisystemic wasting syndrome
(PMWS). Veterinary Immunology and Immunopathology
97: 25–37.

Mankertz A and Hillenbrand B (2002). Analysis of transcription
of porcine circovirus type 1. Journal of General Virology 83:
2743–2751.

Mankertz A, Persson F, Mankertz J, Blaess G and Buhk HJ (1997).
Mapping and characterization of the origin of DNA
replication of porcine circovirus. Journal of Virology 71:
2562–2566.

Mankertz A, Mankertz J, Wolf K and Buhk HJ (1998a).
Identification of a protein essential for replication
of porcine circovirus. Journal of General Virology 79:
381–384.

Mankertz J, Buhk HJ, Blaess G and Mankertz A (1998b).
Transcription analysis of porcine circovirus (PCV). Virus
Genes 16: 267–276.

Mankertz A, Mueller B, Steinfeldt T, Schmitt C and Finsterbusch T
(2003). New reporter gene-based replication assay reveals
exchangeability of replication factors of porcine circovirus
types 1 and 2. Journal of Virology 77: 9885–9893.

Mankertz A, Caliskan R, Hattermann K, Hillenbrand B,
Kurzendoerfer P, Mueller B, Schmitt C, Steinfeldt T and
Finsterbusch T (2004). Molecular biology of porcine
circovirus: analyses of gene expression and viral repli-
cation. Veterinary Microbiology 98: 81–88.

McIntosh KA, Harding JC, Ellis JA and Appleyard GD (2006a).
Detection of porcine circovirus type 2 viremia and
seroconversion in naturally infected pigs in a farrow-to-
finish barn. Canadian Journal of Veterinary Research 70:
58–61.

McIntosh KA, Harding JC, Parker S, Ellis JA and Appleyard GD
(2006b). Nested polymerase chain reaction detection
and duration of porcine circovirus type 2 in semen with
sperm morphological analysis from naturally infected
boars. Journal of Veterinary Diagnostic Investigation 18:
380–384.

McKeown NE, Opriessnig T, Thomas P, Guenette DK, Elvinger F,
Fenaux M, Halbur PG and Meng XJ (2005). Effects of
porcine circovirus type 2 (PCV2) maternal antibodies on
experimental infection of piglets with PCV2. Clinical and
Diagnostic Laboratory Immunology 12: 1347–1351.

Meehan BM, Creelan JL, McNulty MS and Todd D (1997).
Sequence of porcine circovirus DNA: affinities with plant
circoviruses. Journal of General Virology 78: 221–227.

Meehan BM, McNeilly F, Todd D, Kennedy S, Jewhurst VA,
Ellis JA, Hassard LE, Clark EG, Haines DM and Allan GM
(1998). Characterization of novel circovirus DNAs associ-
ated with wasting syndromes in pigs. Journal of General
Virology 79: 2171–2179.

Meerts P, Misinzo G and Nauwynck HJ (2005a). Enhancement
of porcine circovirus 2 replication in porcine cell lines by
IFN-gamma before and after treatment and by IFN-alpha
after treatment. Journal of Interferon Cytokine Research 25:
684–693.

Meerts P, Van Gucht S, Cox E, Vandebosch A and Nauwynck HJ
(2005b). Correlation between type of adaptive immune
response against porcine circovirus type 2 and level of virus
replication. Viral Immunology 18: 333–341.

Meerts P, Misinzo G, Lefebvre D, Nielsen J, Botner A, Kristensen
CS and Nauwynck HJ (2006). Correlation between the
presence of neutralizing antibodies against porcine circo-
virus 2 (PCV2) and protection against replication of the
virus and development of PCV2-associated disease. BMC
Veterinary Research 2: 6.

Misinzo G, Meerts P, Bublot M, Mast J, Weingartl HM and
Nauwynck HJ (2005). Binding and entry characteristics of
porcine circovirus 2 in cells of the porcine monocytic line
3D4/31. Journal of General Virology 86: 2057–2068.

Misinzo G, Delputte PL, Meerts P, Lefebvre DJ and Nauwynck HJ
(2006). Porcine circovirus 2 uses heparan sulfate and
chondroitin sulfate B glycosaminoglycans as receptors
for its attachment to host cells. Journal of Virology 80:
3487–3494.

Misinzo G, Delputte PL, Lefebvre DJ and Nauwynck HJ (2008a).
Increased yield of porcine circovirus-2 by a combined
treatment of PK-15 cells with interferon-gamma and
inhibitors of endosomal–lysosomal system acidification.
Archives of Virology 153: 337–342.

Misinzo G, Delputte PL and Nauwynck HJ (2008b). Inhibition
of Endosomal–Lysosomal System Acidification Enhances
Porcine Circovirus 2 Infection of Porcine Epithelial Cells.
Journal of Virology 82: 1128–1135.

Mori M, Sato K, Akachi S, Asahi S, Taniguchi S and Narita M
(2000). Retrospective study of porcine circovirus 2 infection
in Japan: seven cases in 1989. Veterinary Pathology 37:
667–669.

Morozov I, Sirinarumitr T, Sorden SD, Halbur PG, Morgan MK,
Yoon KJ and Paul PS (1998). Detection of a novel strain of
porcine circovirus in pigs with postweaning multisystemic
wasting syndrome. Journal of Clinical Microbiology 36:
2535–2541.

Nayar GP, Hamel A and Lin L (1997). Detection and character-
ization of porcine circovirus associated with postweaning

Porcine circoviruses: a minuscule yet mammoth paradox 17

https://doi.org/10.1017/S1466252308001461 Published online by Cambridge University Press

https://doi.org/10.1017/S1466252308001461


multisystemic wasting syndrome in pigs. Canadian Veter-
inary Journal 38: 385–386.

Nayar GP, Hamel AL, Lin L, Sachvie C, Grudeski E and Spearman
G (1999). Evidence for circovirus in cattle with respiratory
disease and from aborted bovine fetuses. Canadian
Veterinary Journal 40: 277–278.

Niagro FD, Forsthoefel AN, Lawther RP, Kamalanathan L, Ritchie
BW, Latimer KS and Lukert PD (1998). Beak and feather
disease virus and porcine circovirus genomes: intermedi-
ates between the geminiviruses and plant circoviruses.
Archives of Virology 143: 1723–1744.

Nunez A, McNeilly F, Perea A, Sanchez-Cordon PJ, Huerta B,
Allan G and Carrasco L (2003). Coinfection by Crypto-
sporidium parvum and porcine circovirus type 2 in weaned
pigs. Journal of Veterinary Medicine Series B. Infectious
Diseases and Veterinary Public Health 50: 255–258.

O’Connor B, Gauvreau H, West K, Bogdan J, Ayroud M, Clark
EG, Konoby C, Allan G and Ellis JA (2001). Multiple porcine
circovirus 2-associated abortions and reproductive failure in
a multisite swine production unit. Canadian Veterinary
Journal 42: 551–553.

Okuda Y, Ono M, Yazawa S and Shibata I (2003). Experimental
reproduction of postweaning multisystemic wasting
syndrome in cesarean-derived, colostrum-deprived piglets
inoculated with porcine circovirus type 2 (PCV2): investi-
gation of quantitative PCV2 distribution and antibody res-
ponses. Journal of Veterinary Diagnostic Investigation 15:
107–114.

Olvera A, Cortey M and Segales J (2007). Molecular evolution of
porcine circovirus type 2 genomes: phylogeny and clon-
ality. Virology 357: 175–185.

Opriessnig T, Fenaux M, Yu S, Evans RB, Cavanaugh D,
Gallup JM, Pallares FJ, Thacker EL, Lager KM, Meng XJ
and Halbur PG (2004a). Effect of porcine parvovirus
vaccination on the development of PMWS in segregated
early weaned pigs coinfected with type 2 porcine circovirus
and porcine parvovirus. Veterinary Microbiology 98:
209–220.

Opriessnig T, Thacker EL, Yu S, Fenaux M, Meng XJ and Halbur
PG (2004b). Experimental reproduction of postweaning
multisystemic wasting syndrome in pigs by dual infection
with Mycoplasma hyopneumoniae and porcine circovirus
type 2. Veterinary Pathology 41: 624–640.

Opriessnig T, Fenaux M, Thomas P, Hoogland MJ, Rothschild
MF, Meng XJ and Halbur PG (2006a). Evidence of breed-
dependent differences in susceptibility to porcine circovirus
type-2-associated disease and lesions. Veterinary Pathology
43: 281–29

Opriessnig T, Halbur PG, Yu S, Thacker EL, Fenaux M and Meng
XJ (2006b). Effects of the timing of the administration of
Mycoplasma hyopneumoniae bacterin on the development
of lesions associated with porcine circovirus type 2. The
Veterinary Record 158: 149–154.

Opriessnig T, McKeown NE, Harmon KL, Meng XJ and Halbur
PG (2006c). Porcine circovirus type 2 infection decreases
the efficacy of a modified live porcine reproductive and
respiratory syndrome virus vaccine. Clinical and Vaccine
Immunology 13: 923–929

Opriessnig T, McKeown NE, Zhou EM, Meng XJ and Halbur PG
(2006d). Genetic and experimental comparison of porcine
circovirus type 2 (PCV2) isolates from cases with and
without PCV2-associated lesions provides evidence for
differences in virulence. Journal of General Virology 87:
2923–2932.

Opriessnig T, Ramamoorthy S, Madson DM, Patterson AR, Pal N,
Meng XJ and Halbur PG (2007a). Experimental comparison
of the virulence of PCV2a and PCV2b isolates in a
conventional pigs model. Proceedings of the 88th Annual

Meeting of the Conference of Research Workers in Animal
Diseases. p. 145.Chicago, IL, USA.

Opriessnig T, Meng XJ and Halbur PG (2007b). Porcine
circovirus type 2 associated disease: update on current
terminology, clinical manifestations, pathogenesis, diag-
nosis, and intervention strategies. Journal of Veterinary
Diagnostic Investigation 19: 591–615.

Ostrowski M, Galeota JA, Jar AM, Platt KB, Osorio FA and Lopez
OJ (2002). Identification of neutralizing and nonneutralizing
epitopes in the porcine reproductive and respiratory
syndrome virus GP5 ectodomain. Journal of Virology 76:
4241–4250.

Pallares FJ, Halbur PG, Opriessnig T, Sorden SD, Villar D,
Janke BH, Yaeger MJ, Larson DJ, Schwartz KJ, Yoon KJ
and Hoffman LJ (2002). Porcine circovirus type 2 (PCV-2)
coinfections in US field cases of postweaning multisystemic
wasting syndrome (PMWS). Journal of Veterinary Diag-
nostic Investigation 14: 515–519.

Park JS, Kim J, Ha Y, Jung K, Choi C, Lim JK, Kim SH and Chae C
(2005). Birth abnormalities in pregnant sows infected
intranasally with porcine circovirus 2. Journal of Compara-
tive Pathology 132: 139–144.

Pensaert MB, Sanchez Jr RE, Ladekjaer-Mikkelsen AS, Allan GM
and Nauwynck HJ (2004). Viremia and effect of fetal
infection with porcine viruses with special reference to
porcine circovirus 2 infection. Veterinary Microbiology 98:
175–183.

Phaneuf LR, Ceccarelli A, Laing JR, Moloo B and Turner PV
(2007). Porcine dermatitis and nephropathy syndrome
associated with porcine circovirus 2 infection in a Yorkshire
pig. Journal of the American Association for Laboratory
Animal Science 46: 68–72.

Phenix KV, Weston JH, Ypelaar I, Lavazza A, Smyth JA, Todd D,
Wilcox GE and Raidal SR (2001). Nucleotide sequence
analysis of a novel circovirus of canaries and its relationship
to other members of the genus Circovirus of the family
Circoviridae. Journal of General Virology 82: 2805–2809.

Pogranichnyy RM, Yoon KJ, Harms PA, Swenson SL, Zimmerman
JJ and Sorden SD (2000). Characterization of immune
response of young pigs to porcine circovirus type 2
infection. Viral Immunology 13: 143–153.

Pogranichniy RM, Yoon KJ, Harms PA, Sorden SD and Daniels M
(2002). Case-control study on the association of porcine
circovirus type 2 and other swine viral pathogens with
postweaning multisystemic wasting syndrome. Journal of
Veterinary Diagnostic Investigation 14: 449–456.

Quintana J, Segales J, Rosell C, Calsamiglia M, Rodriguez-Arrioja
GM, Chianini F, Folch JM, Maldonado J, Canal M, Plana-
Duran J and Domingo M (2001). Clinical and pathological
observations on pigs with postweaning multisystemic
wasting syndrome. The Veterinary Record 149: 357–361.

Ramirez-Mendoza H, Martinez C, Mercado C, Castillo-Juarez H,
Hernandez J and Segales J (2007). Porcine circovirus type 2
antibody detection in backyard pigs from Mexico City.
Research in Veterinary Sciences 83: 130–132.

Raye W, Muhling J, Warfe L, Buddle JR Palmer C and Wilcox GE
(2005). The detection of porcine circovirus in the
Australian pig herd. Australian Veterinary Journal 83:
300–304.

Resendes AR, Majo N, Segales J, Mateu E, Calsamiglia M and
Domingo M (2004). Apoptosis in lymphoid organs of pigs
naturally infected by porcine circovirus type 2. Journal of
General Virology 85: 2837–2844.

Rodriguez-Arrioja GM, Segales J, Calsamiglia M, Resendes A,
Balasch M, Plana-Duran J, Casal J and Domingo M (2002).
Dynamics of porcine circovirus type 2 infection in a herd of
pigs with postweaning multisystemic wasting syndrome.
American Journal of Veterinary Research 63: 354–357.

18 S. Ramamoorthy and X.-J. Meng

https://doi.org/10.1017/S1466252308001461 Published online by Cambridge University Press

https://doi.org/10.1017/S1466252308001461


Rodriguez-Arrioja GM, Segales J, Domingo M and Plana-Duran J
(2003a). Lack of PCV-2 infection in non-porcine species in
Spain. The Veterinary Record 153: 371–372.

Rodriguez-Arrioja GM, Segales J, Rosell C, Rovira A, Pujols J,
Plana-Duran J and Domingo M (2003b). Retrospective
study on porcine circovirus type 2 infection in pigs from
1985 to 1997 in Spain. Journal of Veterinary Medicine
Series B. Infectious Diseases and Veterinary Public Health
50: 99–101.

Rose N, Larour G, Le Diguerher G, Eveno E, Jolly JP, Blanchard
P, Oger A, Le Dimna M, Jestin A and Madec F (2003). Risk
factors for porcine post-weaning multisystemic wasting
syndrome (PMWS) in 149 French farrow-to-finish herds.
Preventive Veterinary Medicine 61: 209–225.

Rose N, Blanchard P, Cariolet R, Grasland B, Amenna N, Oger A,
Durand B, Balasch M, Jestin A and Madec F (2007).
Vaccination of porcine circovirus type 2 (PCV2)-infected
sows against porcine Parvovirus (PPV) and Erysipelas:
effect on post-weaning multisystemic wasting syndrome
(PMWS) and on PCV2 genome load in the offspring.
Journal of Comparative Pathology 136: 133–144.

Rosell C, Segales J, Plana-Duran J, Balasch M, Rodriguez-Arrioja
GM, Kennedy S, Allan GM, McNeilly F, Latimer KS and
Domingo M (1999). Pathological, immunohistochemical,
and in-situ hybridization studies of natural cases of post-
weaning multisystemic wasting syndrome (PMWS) in pigs.
Journal of Comparative Pathology 120: 59–78.

Rosell C, Segales J, Ramos-Vara JA, Folch JM, Rodriguez-Arrioja
GM, Duran CO, Balasch M, Plana-Duran J and Domingo M
(2000a). Identification of porcine circovirus in tissues of
pigs with porcine dermatitis and nephropathy syndrome.
The Veterinary Record 146: 40–43.

Rosell C, Segales J, Rovira A and Domingo M (2000b). Porcine
circovirosis in Spain. The Veterinary Record 146: 591–592.

Sarli G, Mandrioli L, Laurenti M, Sidoli L, Cerati C, Rolla G and
Marcato PS (2001). Immunohistochemical characterisation
of the lymph node reaction in pig post-weaning multi-
systemic wasting syndrome (PMWS). Veterinary Immu-
nology and Immunopathology 83: 53–67.

Saxena N, Nayar D and Kapil U (1997). Prevalence of under-
weight, stunting and wasting. Indian Pediatrics 34: 627–
631.

Schulze C, Neumann G, Grutze I, Engelhardt A, Mirle C, Ehlert F
and Hlinak A (2003). [Case report: Porcine circovirus type 2
infection in an European wild boar (Sus scrofa) in the
state of Brandenburg, Germany]. Deutsche Tierarztliche
Wochenschrift 110: 426–428.

Seeliger FA, Brugmann ML, Kruger L, Greiser-Wilke I, Verspohl J,
Segales J and Baumgartner W (2007). Porcine circovirus
type 2-associated cerebellar vasculitis in postweaning
multisystemic wasting syndrome (PMWS)-affected pigs.
Veterinary Pathology 44: 621–634.

Segales J, Alonso F, Rosell C, Pastor J, Chianini F, Campos E,
Lopez-Fuertes L, Quintana J, Rodriguez-Arrioja G, Calsami-
glia M, Pujols J, Dominguez J and Domingo M (2001).
Changes in peripheral blood leukocyte populations in pigs
with natural postweaning multisystemic wasting syndrome
(PMWS). Veterinary Immunology and Immunopathology
81: 37–44.

Segales J, Allan GM and Domingo M (2005). Porcine circovirus
diseases. Animal Health Research Reviews 6: 119–142.

Shi K, Li H, Guo X, Ge X, Jia H, Zheng S and Yang H (2007).
Changes in peripheral blood leukocyte subpopulations in
piglets co-infected experimentally with porcine reproduc-
tive and respiratory syndrome virus and porcine circovirus
type 2. Veterinary Microbiology 129: 367–377.

Shibahara T, Sato K, Ishikawa Y and Kadota K (2000). Porcine
circovirus induces B lymphocyte depletion in pigs with

wasting disease syndrome. Journal of Veterinary Medical
Science 62: 1125–1131.

Shibata I, Okuda Y, Yazawa S, Ono M, Sasaki T, Itagaki M,
Nakajima N, Okabe Y and Hidejima I (2003). PCR detection
of porcine circovirus type 2 DNA in whole blood, serum,
oropharyngeal swab, nasal swab, and feces from experi-
mentally infected pigs and field cases. Journal of Veterinary
Medical Science 65: 405–408.

Shibata I, Okuda Y, Kitajima K and Asai T (2006). Shedding of
porcine circovirus into colostrum of sows. Journal of
Veterinary Medicine Series B. Infectious Diseases and
Veterinary Public Health 53: 278–280.

Shuai J, Wei W, Li X, Chen N, Zhang Z, Chen X and Fang W
(2007). Genetic characterization of porcine circovirus type 2
(PCV2) from pigs in high-seroprevalence areas in south-
eastern China. Virus Genes 35: 619–627.

Sibila M, Calsamiglia M, Segales J, Blanchard P, Badiella L,
Le Dimna M, Jestin A and Domingo M (2004). Use of a
polymerase chain reaction assay and an ELISA to monitor
porcine circovirus type 2 infection in pigs from farms
with and without postweaning multisystemic wasting
syndrome. American Journal of Veterinary Reseach 65:
88–92.

Sipos W, Duvigneau JC, Willheim M, Schilcher F, Hartl RT,
Hofbauer G, Exel B, Pietschmann P and Schmoll F (2004).
Systemic cytokine profile in feeder pigs suffering from
natural postweaning multisystemic wasting syndrome
(PMWS) as determined by semiquantitative RT-PCR and
flow cytometric intracellular cytokine detection. Veterinary
Immunology and Immunopathology 99: 63–71.

Sipos W, Duvigneau JC, Pietschmann P, Schilcher F, Hofbauer G,
Hartl RT and Schmoll F (2005). Porcine dermatitis and
nephropathy syndrome (PDNS) is associated with a sys-
temic cytokine expression profile indicative of proinflam-
mation and a Th1 bias. Veterinary Immunology and
Immunopathology 107: 303–313.

Song Y, Jin M, Zhang S, Xu X, Xiao S, Cao S and Chen H (2007).
Generation and immunogenicity of a recombinant pseudo-
rabies virus expressing cap protein of porcine circovirus
type 2. Veterinary Microbiology 119: 97–104.

Steinfeldt T, Finsterbusch T and Mankertz A (2001). Rep and
Rep0 protein of porcine circovirus type 1 bind to the origin
of replication in vitro. Virology 291: 152–160.

Steinfeldt T, Finsterbusch T and Mankertz A (2006). Demon-
stration of nicking/joining activity at the origin of DNA
replication associated with the rep and rep0 proteins
of porcine circovirus type 1. Journal of Virology 80:
6225–6234.

Steinfeldt T, Finsterbusch T and Mankertz A (2007). Functional
analysis of cis- and trans-acting replication factors
of porcine circovirus type 1. Journal of Virology 81:
5696–5704.

Stevenson GW, Kiupel M, Mittal SK, Choi J, Latimer KS and
Kanitz CL (2001). Tissue distribution and genetic typing
of porcine circoviruses in pigs with naturally occurring
congenital tremors. Journal of Veterinary Diagnostic
Investigation 13: 57–62.

Stevenson LS, McCullough K, Vincent I, Gilpin DF, Summerfield
A, Nielsen J, McNeilly F, Adair BM and Allan GM
(2006). Cytokine and C-reactive protein profiles induced
by porcine circovirus type 2 experimental infection in
3-week-old piglets. Viral Immunology 19: 189–195.

Stevenson LS, Gilpin DF, Douglas A, McNeilly F, McNair I,
Adair BM and Allan GM (2007). T lymphocyte epitope
mapping of porcine circovirus type 2. Viral Immunology
20: 389–398.

Studdert MJ (1993). Circoviridae: new viruses of pigs, parrots and
chickens. Australian Veterinary Journal 70: 121–122.

Porcine circoviruses: a minuscule yet mammoth paradox 19

https://doi.org/10.1017/S1466252308001461 Published online by Cambridge University Press

https://doi.org/10.1017/S1466252308001461


Thomson J, Smith B, Allan G, McNeilly F and McVicar C (2000).
PDNS, PMWS and porcine circovirus type 2 in Scotland.
Porcine dermatitis and nephropathy syndrome. Post-
weaning multisystemic wasting syndrome. The Veterinary
Record 146: 651–652.

Tischer I, Rasch R and Tochtermann G (1974). Characterization
of papovavirus- and picornavirus-like particles in perma-
nent pig kidney cell lines. Zentralblatt Fuer Bakteriologie
(Originale A) 226: 153–167.

Tischer I, Gelderblom H, Vettermann W and Koch MA (1982).
A very small porcine virus with circular single-stranded
DNA. Nature 295: 64–66.

Tischer I, Mields W, Wolff D, Vagt M and Griem W (1986).
Studies on epidemiology and pathogenicity of porcine
circovirus. Archives of Virology 91: 271–276.

Tischer I, Peters D, Rasch R and Pociuli S (1987). Replication of
porcine circovirus: induction by glucosamine and cell cycle
dependence. Archives of Virology 96: 39–57.

Truong C, Mahe D, Blanchard P, Le Dimna M, Madec F, Jestin A
and Albina E (2001). Identification of an immunorelevant
ORF2 epitope from porcine circovirus type 2 as a sero-
logical marker for experimental and natural infection.
Archives of Virology 146: 1197–1211.

Vincent IE, Carrasco CP, Herrmann B, Meehan BM, Allan GM,
Summerfield A and McCullough KC (2003). Dendritic cells
harbor infectious porcine circovirus type 2 in the absence of
apparent cell modulation or replication of the virus. Journal
of Virology 77: 13288–13300.

Vincent IE, Carrasco CP, Guzylack-Piriou L, Carrasco CP,
Guzylack-Piriou L, Herrmann B, McNeilly F, Allan GM,
Summerfield A and McCullough KC (2005). Subset-
dependent modulation of dendritic cell activity by circo-
virus type 2. Immunology 115: 388–398.

Vincent IE, Balmelli C, Meehan B, Allan G, Summerfield A and
McCullough KC (2007). Silencing of natural interferon
producing cell activation by porcine circovirus type 2 DNA.
Immunology 120: 47–56.

Vicente J, Segales J, Hofle U, Balasch M, Plana-Duran J,
Domingo M and Gortazar C (2004). Epidemiological study
on porcine circovirus type 2 (PCV2) infection in the
European wild boar (Sus scrofa). Veterinary Research 35:
243–253.

Wang C, Huang TS, Huang CC, Tu C, Jong MH, Lin SY and
Lai SS (2004). Characterization of porcine circovirus type 2

in Taiwan. Journal of Veterinary Medical Science 66: 469–
475.

Wang X, Jiang W, Jiang P, Li Y, Feng Z and Xu J (2006).
Construction and immunogenicity of recombinant adeno-
virus expressing the capsid protein of porcine circovirus 2
(PCV2) in mice. Vaccine 24: 3374–3380.

Wellenberg GJ, Stockhofe-Zurwieden N, Boersma WJ, De Jong
MF and Elbers AR (2004a). The presence of co-infections in
pigs with clinical signs of PMWS in The Netherlands: a case-
control study. Research in Veterinary Science 77: 177–184.

Wellenberg GJ, Stockhofe-Zurwieden N, de Jong MF, Boersma
WJ and Elbers AR (2004b). Excessive porcine circovirus
type 2 antibody titres may trigger the development of
porcine dermatitis and nephropathy syndrome: a case-
control study. Veterinary Microbiology 99: 203–214.

Wikstrom FH, Meehan BM, Berg M, Timmusk S, Elving J,
Fuxler L, Magnusson M, Allan GM, McNeilly F and Fossum
C (2007). Structure-dependent modulation of alpha inter-
feron production by porcine circovirus 2 oligodeoxyribo-
nucleotide and CpG DNAs in porcine peripheral blood
mononuclear cells. Journal of Virology 81: 4919–4927.

Woeste K and Grosse Beilage E (2007). [Transmission of
agents of the porcine respiratory disease complex (PRDC)
between swine herds: a review. Part 1 – Diagnosis, trans-
mission by animal contact]. Deutsche Tierarztliche
Wochenschrift 114: 324–326, 328–337.

Yang JS, Song DS, Kim SY, Lyoo KS and Park BK (2003).
Detection of porcine circovirus type 2 in feces of pigs with
or without enteric disease by polymerase chain reaction.
Journal of Veterinary Diagnostic Investigation 15: 369–373.

Yu S, Opriessnig T, Kitikoon P, Nilubol D, Halbur PG and
Thacker E (2007a). Porcine circovirus type 2 (PCV2)
distribution and replication in tissues and immune cells in
early infected pigs. Veterinary Immunology and Immu-
nopathology 115: 261–272.

Yu S, Vincent A, Opriessnig T, Carpenter S, Kitikoon Halbur PG
and Thacker E (2007b). Quantification of PCV2 capsid
transcript in peripheral blood mononuclear cells (PBMCs)
in vitro. Veterinary Microbiology 123: 34–42.

Zhou JY, Chen QX, Ye JX, Shen HG, Chen TF and Shang SB
(2006). Serological investigation and genomic characteriza-
tion of PCV2 isolates from different geographic regions of
Zhejiang province in China. Veterinary Research Commu-
nication 30: 205–220.

20 S. Ramamoorthy and X.-J. Meng

https://doi.org/10.1017/S1466252308001461 Published online by Cambridge University Press

https://doi.org/10.1017/S1466252308001461

