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Abstract

Porcine parvovirus (PPV) is considered the main cause of reproductive disorders in pigs,
which are summarized under the acronym SMEDI (stillbirth, mummification, embryonic
death, and infertility). In this chapter the biology of the virus and its structure, pathogenic
potential and strain variation, as well as the disease induced by the virus, are described.
Known aspects of pathogenesis, diagnosis and prevention, particularly by vaccination,
are summarized. Furthermore, in recent years ‘new’ parvoviruses (PPV2 to 7) have been
described in pigs. They have been detected in pigs from various parts of the world and their
association with clinical signs or disease will be discussed.

Introduction

Porcine parvovirus (PPV) is a small non-enveloped virus considered to be one of the major
causes of reproductive failure in swine worldwide. Historically, the reproductive losses in
commercial swine herds were high in the 1960s, and, at that time, they were associated with
environmental, nutritional, genetic and toxicological problems (Lawson, 1961; Rasbech,
1969). The first evidence of porcine parvovirus was obtained in primary cell cultures from
porcine kidney and testicle used to cultivate hog cholera virus, where persistent contami-
nant small particles (22-23 nm size) were found (Mayr and Mahnel, 1964). These particles
were similar to the Kilham rat virus (a parvovirus) (Mahnel, 1965). Due to the replication
ability of the virus in cell lines from swine, it was possible to isolate and classified as a por-
cine parvovirus (Siegl 1976).

The occurrence of PPV in pigs was first described by Cartwright and Huck (1967) and
was associated with abortions. In the following years, PPV was identified as the main agent
of recurring oestrus, abortion and the delivery of mummified or stillborn fetuses, commonly
described by the acronym SMEDI (stillbirth, mummification, embryonic death and infertil-
ity). The virus is considered to be endemic in most areas of the world and can be found in
all pig herd categories. Reproductive losses are typically low in vaccinated herds, but PPV
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can cause devastating abortion storms in unvaccinated herds, in situations in which the vac-
cine was administered incorrectly or in the emergence of new antigenic types (Truyen and
Streck, 2012).

Taxonomically, according to the last release of the International Committee on Tax-
onomy of Viruses (ICTV), the virus is a member of the family Parvoviridae, Parvovirinae
subfamily and Ungulate protoparvovirus 1 species.

Molecular biology of the virus

The genome all of parvoviruses represents a single stranded (ss) DNA molecule of about
5 kb. In both terminal sequences of the virus, a complex palindromic hairpin structure of
about 120-200 bases is located as requirement for DNA replication. The genome of PPV
encodes four proteins and uses alternative splicing to extend the coding capacity. Two non-
structural proteins, NS1 and NS2, operate in the replication of the virus, particularly for
DNA replication. Two structural proteins (VP1 and VP2) are transcribed and translated
from the parvovirus genome. The smaller protein (VP2) is produced by splicing from the
same RNA template as the larger protein (VP1), therefore VP1 has 729 amino acid residues,
of which 120 form an amino-terminal unique portion (absent in VP2). The third structural
protein, VP3, is a post-translational modification product of VP2 (Simpson et al., 2002;
Cotmore and Tattersall, 2006). Additionally, a late non-structural protein (SAT) expressed
from the same mRNA as VP2 is found seven nucleotides downstream of the VP2 start
codon (Zadori et al., 2005).

As shown in Fig. 6.1, PPV capsid is a spherical shell (with about 28 nm in diameter con-
sisting) of 60 identical copies of these viral proteins arranged in an icosahedral symmetry
(Chapman and Rosmann, 1993). The identical copies (called subunits) are built from about
90% of VP2 and 10% of VP1 molecules. (Simpson et al., 2002). The subunit consists of eight
antiparallel B-strands, a common structure for viral capsids, together with one a-helix and
four loops (Chapman and Rossmann, 1993). On the surface, a projection at the 3-fold axis,
a depression or canyon around the 5-fold axis and a dimple on the 2-fold axis of symmetry

Figure 6.1 The capsid structure of the PPV. Left figure: Surface representations of the capsid
calculated from X-ray coordinates with a low pass filter at 17 A in a temperature factor of
500 A. Right figure: 3D model of the PPV VP2 proteins using the cartoon technique, with a
rocket (a-helix) and arrows (B-strands) representing the secondary structure. The image was
generated with the software Cn3D version 4.1. The coordinates of both figures were retrieved
from the NCBI Structure Database (http://www.ncbi.nlm.nih.gov/Structure/index.shtmil).
Accession number: 1K3V (Simpson et al., 2002). The neighbouring 5- (in blue), 3- (in red) and
2-fold (in green) axes of the capsid subunit are shown.
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can be observed. The 2- and 3-fold axes consist mainly of amino acids located in the subunit
loops (Simpson et al., 2002).

Cellular biology of the virus (including cell tropism, virus—cell
interactions, cellular death, etc.)

The primary replication of the PPV occur in lymphoid tissues. After that, the virus is dis-
tributed systemically via viraemia (Paul et al., 1980). It is still not understood how the PPV
crosses this placental barrier and reaches the fetus, since six tissue layers completely separate
the sow and the fetal blood circulation and these cells are closely connected, not allowing
the passage of even small molecules as antibodies, (Mengeling, 2000). Probably, as the virus
is able to remain infectious after phagocytosis by macrophages, it can cross the porcine epi-
theliochorial placenta using macrophages to infect the fetus (Paul et al., 1979).

After fetal infection, the PPV has an environment particularly susceptible to infection and
to replication due to the high mitotic activities present in the fetuses’ tissues. PPV entrance
in a cell is still unclear, but include clathrin-mediated endocytosis, or micropinocytosis
transportation mediated by the endosomal pathway (Boisvert et al., 2010). Endosomal traf-
ficking and acidification are essential for PPV to enter in the nucleus (Boisvert et al., 2010),
due to reversible modifications of the capsid allowing the virus to escape from the endo-
some (Vihinen-Ranta et al., 2002; Farr et al., 2005). After the virus arrives in the nucleus,
PPV replicates using the cell’s own replication mechanism. The virus replicates in cells in
replication phase (S) using the cellular DNA polymerase. This explains the requirement for
cells with a higher replication index (Rhode, 1973). PPV replication decreased mitochon-
drial membrane potential and the subsequent oxidative damage also leads to the release of
cellular toxic proteins such as cytochrome ¢ from the mitochondria to the cytosol, trigger-
ing apoptosis and causing cell death and tissue damage in viral diseases (Zhao et al., 2016).

The virulence properties of the PPV appear to be related to the viral protein gene. In vitro
studies using recombinant viruses derived from pathogenic (Kresse) and non-pathogenic
(NADL-2) PPVs showed that single amino acids in the capsid protein affected an isolate’s
capacity to replicate in certain cell lines. Furthermore, a comparison between Kresse and
NADL-2 genomes showed that the non-coding regions were nearly identical. For the non-
structural gene region (NS1/NS2), all differences found are silent (synonymous), while in
the structural genes (VP1/VP2) six of eight differences led amino acid substitutions (non-
synonymous). Among the VP2 amino acids, five changes were consistent with comparisons
in field isolates (I-215-T, D-378-G, H-383-Q, S-436-P, and R-565-K) and three of these
(D-378-G, H-383-Q, and S-436-P) were considered responsible for differences in tissue
tropism (Bergeron et al. 1996). The amino acid position 436 is located right in the 3-fold
spike centre of the capsid subunit and the amino acid position 215 at its base. This location
in the 3-fold spike has been considered to be an important antigenic surface region in vari-
ous parvoviruses (Chapman and Rossmann 1993).

In the recent viral sequences obtained, it was found that substitutions were mainly
located in the capsid surface, therefore influencing the receptor binding and/or antigenicity
(Streck et al., 2015a). This could be evident observing the neutralization activities of sera
raised against two recent German field isolates by the experimental infection of pregnant
sows at day 40 of gestation. The post-infection sera of these sows were tested for their
homologous and heterologous neutralization activities. All the antisera demonstrated a
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high neutralization activity against the homologous viruses, but lower activity against the
prevalent field strain in Germany (27a) (Zeeuw et al., 2007). Thereafter, studies observed
strains closely related to the 27a strain in several countries and it was estimated that the
main divergences between the new isolates were probably introduced in the last 10-30 years
(Cadar et al.,, 2011; Streck et al., 2011). Those findings lead to the hypothesis that the emer-
gence and predominance of “27a-like’ strains could be a viral adaptation to the largely used
vaccines resulting in ‘escape mutants’ (Fig. 6.2).

Clinical and pathological observations
The major clinical sign of PPV infections is maternal reproductive failure reproductive fail-
ures. Diarrhoea and skin lesions were also linked to PPV; however, the aetiological role of
the virus remains to be fully established (Brown et al., 1980; Dea et al., 1985; Duhamel et
al., 1991). Subclinically, a moderate and transient lymphopenia, independent of sex and age,
can be observed between S and 10 days after initial infection (Joo et al., 1976; Mengeling
and Cutlip, 1976; Zeeuw et al., 2007).

Pathological sequela caused by PPV is related mainly to the gestational period in which
infection occurs. At the gestation beginning, the conceptus is protected by the zona pellucida
and is not susceptible to infection. Thereafter in the stage of embryo (until approximately day
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Figure 6.2 PPV sequences phylogenetic tree inferred using the Maximum Likelihood method
based on the Hasegawa-Kishino-Yano model. A discrete Gamma distribution was used to
model evolutionary rate differences among sites (5 categories). The tree is drawn to scale, with
branch lengths measured in the number of substitutions per site. Evolutionary analyses were
conducted in MEGA7 (Kumer et al., 2016). The reference strains NADL-2, Kresse and 27a are
indicated by black dots.
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3S of gestation) an infection with PPV results in embryonic death and maternal resorption
of fetal tissues. From the 35th day of gestation on, fetal organogenesis is mainly complete
and ossification of the fetal skeleton begins. PPV infection after this time typically results in
tetal death followed by mummification. Finally, after the 70th gestation day, the fetus is able
to build an effective immune response and eliminate the virus and fetal infection becomes
mainly subclinical. In this last case, the piglet is born with anti-PPV antibodies (Bachmann
etal., 1975; Joo et al., 1977; Lenghaus et al.,, 1978; Mengeling et al., 2000).

Lesions are only evident in embryos or fetuses. Even experimental PPV inoculation
in boars, gilts, and sows does not produce macroscopic lesions (Bachmann ef al., 1975;
Mengeling and Cutlip, 1976; Lenghaus et al., 1978; Mengeling, 1978; Thacker et al., 1987).
Macroscopically, the embryonic death followed by resorption of fluids and soft tissues is
the most common sequel to PPV infection. The lesions include a variable degree of conges-
tion, oedema and haemorrhage with accumulation of serosanguinous fluids in body cavities.
After the death of the fetus, a discoloration of the skin resulting from the bleeding occurs,
giving the fetus a dark tonality. Finally, progressive dehydration of tissues leads to the mum-
mification (Fig. 6.3). The placenta can be dehydrated and brown to grey in colour and the
extrafetal fluid volume reduced (Joo et al., 1977; Lenghaus et al., 1978).

Microscopic lesions in females include focal accumulation of mononuclear cells adjacent
to the endometrium and in deeper layers of the lamina propria and a marked perivascular
cuffing of plasma cells and lymphocytes in the brains, spinal cord, and choroid of the eye
(Hogg et al., 1977). Sows also had uterine lesions that included extensive cuffing of mono-
nuclear cells around myometrial and endometrial vessels (Lenghaus et al., 1978).

In the fetus, histopathological changes tend to be widespread in the different tissues
and the major lesions represent necrosis of cells in developing organ systems (Joo et al.,
1977; Lenghaus et al., 1978). Haemorrhages are present in subcutaneous tissues and muscle
masses. Necrosis and mineralization are common in the lungs, kidneys, and skeletal muscle,

Figure 6.3 Litters of inoculated pregnant sows [with 27a (A) and NADL-2 strains (B)] at the
90th gestational day displaying distinct levels of lesions. The fetuses’ position corresponds to
their position in the uterus (the most cervical-positioned fetuses at the top) (Zeeuw et al., 2007).
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particularly in the liver and heart (Lenghaus et al., 1978). After the fetuses become immuno-
competent, microscopic lesions are primarily endometrial hypertrophy and mononuclear
cell infiltration (Hogg et al.,, 1977; Joo et al., 1977). Meningoencephalitis characterized by
perivascular cuffing with proliferating adventitial cells, histiocytes, and a few plasma cells
in the grey and white matter of the cerebrum and leptomeninges were also seen in PPV-
infected live fetuses delivered late in gestation or in stillborn piglets (Narita et al., 1975;
Hogg et al., 1977; Joo et al., 1977).

Diagnostic procedures

Porcine parvovirus infection may not cause abortions and does not cause clinical signs in
adults (Mengeling and Cutlip, 1975). PPV can be strongly considered when females return
to oestrus with no apparent reasons or delays in parturition with increased numbers of
mummified fetuses and smaller litters, especially in first or second parity females. For these
clinical signs, the differential diagnosis should also include Aujeszky’s disease, brucellosis,
leptospirosis, porcine reproductive and respiratory syndrome (PRRS), toxoplasmosis, non-
specific bacterial uterine infection, and other metabolic and genetic problems.

The material to be submitted to the laboratory to perform the diagnostic should include
mummified fetuses and fetal remains. Detection of viral antigen in fetal tissues by immu-
nofluorescence (IF; Fig. 6.4) was a reliable procedure for the diagnosis of PPV (Mengeling
and Cutlip, 1975). In the past, the virus detection and titration can be performed by the
hemagglutination technique (HA), based on the hemagglutinating activity of PPV against
erythrocytes of certain species, e.g. chickens, humans, guinea pigs (Joo et al., 1976). Today,
since the virus has a high replication efficiency in renal or testicular swine cells, virus propa-
gation in cell-lines such as ESK (embryonic swine kidney), PK-15 (pig kidney), SK6 (swine
kidney), STE (swine testicular epithelioid) and SPEV (swine embryo kidney) is used.
Once in these cells, the PPV replication usually causes cytopathic effects, including granu-
lations, irregular shape, slow replication, intra-nuclear inclusions, pyknotic nucleus and
consequently cell death (Cartwright et al., 1969; Mengeling, 1972). Due to possible similar
cytopathic effects of other viruses or enzymatic effects, virus isolation and titration is often
associated with immunofluorescence microscopy (Cartwright et al., 1971; Johnson, 1973).

Figure 6.4 Indirect immunofluorescence of PK-15 cells infected with PPV. Positive nuclear
fluorescence (green) is evidenced five days post infection. Magnification of 400x.
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More recently, nucleic acid-based techniques can be used for viral detection in clinical
samples with a better sensitivity that the other direct techniques. The polymerase chain
reaction (PCR) is the most useful technique for the detection of PPV in fetal tissues, semen,
and other samples. Numerous PCR protocols (and quantitative PCR methods) have been
described (Molitor et al., 1991; Soares et al., 1999; Wilhelm et al., 2006; Chen et al., 2009;
Streck et al., 2015b; Yang et al., 2016). These methods are considered to possess higher
diagnostic sensitivity and specificity than hemagglutination or virus isolation and are better
suited for the detection of PPV in autolysed tissues. However, the likelihood of successful
recovery of virus or nucleic acid will depend on the condition of fetal tissues at the time of
collection.

Alternatively, serology may be useful for the diagnosis of PPV when fetal tissues are not
available or sample is autolysed; however, the high prevalence of PPV in populations often
present challenges to the interpretation of results. For these reasons, paired serum samples
should be evaluated. As standard method, the haemagglutination inhibition (HI) assay
is frequently used for the quantification of PPV specific antibodies. Usually, the serum to
be assayed in the HI test is usually pretreated by heat inactivation (56°C, for 30 minutes)
followed by adsorption with erythrocytes and kaolin (to remove or reduce non-specific
inhibitors of haemagglutination) (Mengeling, 1972; Morimoto et al., 1972). Importantly,
HI results may be affected by incubation temperature and the source of erythrocytes.
Another technique, the enzyme-linked immunosorbent assay (ELISA), can be standardized
more easily and is suited to automatization. Moreover, serum does not have to be pre-treated
before testing in the ELISA (Hohdatsu et al., 1988; Westenbrink ef al., 1989). The ELISA
can potentially differentiate vaccinated animals from animals having been infected with
PPV. As the currently used inactivated vaccines induce antibodies only against VP proteins
and not against the NS proteins, ELISAs that differentiate these two proteins could identify
antibodies raised from a natural infection (Madsen et al., 1997; Qing et al., 2006).

Epidemiology
PPV is considered to be endemic in most of the world. The virus can be found in all pig herd
categories, including in boars and fattening pigs. The epidemiology of porcine parvovirus
is primarily marked by the high stability of the virus in the environment. That is, PPV can
remain infectious for months, and contaminated instruments or stables may therefore be a
constant source of infection. The virus can be transported between herds via fomites, for
example the clothes, boots, equipment and clothing of farmers from one herd to another.
It is also speculated that infected boars can introduce the virus into new herds. There are
numerous reports on PPV in the semen of naturally infected boars (Cartwright and Huck,
1967; Ruckerbauer et al., 1978); however, whether PPV is shed in the semen of infected
boars or whether PPV in semen represents only a contamination is still unresolved. Impor-
tantly, introduction of PPV into a herd does not cause immediate problems if sows are
immune through vaccination or natural exposure. Disease occur when there is circulation
in a population with new mutants that cannot be completely prevented by vaccination or a
lack of vaccination.

Stability of PPV can be evidenced by its resistance to inactivation by ethanol (70%), qua-
ternary ammonium (0.05%) and low concentrations of sodium hypochlorite (2500 ppm)
and peracetic acid (0.2%). The virus is also heat stable and may resist dry (but not moist)
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heat at 90°C. The inactivation of PPV should be performed by aldehyde-based disinfect-
ants, higher concentrations of sodium hypochlorite (25,000 ppm) and hydrogen peroxide
(7.5%) (Eterpi et al., 2009).

Control of the virus (including vaccine and antiviral research)

There is no specific treatment for parvovirosis. General management measures aimed at
promoting good health status of the herd should be adopted (Mengeling, 1999). A more
practical goal in commercial herds is to maintain herd immunity against PPV. Before the
advent of vaccination, intentional infection of gilts to PPV by exposure to virus-contami-
nated tissues from affected litters before the first breeding was used to control parvovirus.
Approaches like this type are unreliable and dangerous because they can result in the dis-
semination of other pathogens in the population, for example, classical swine fever virus.

The first vaccines developed during the 1970s were made with inactivated virus (Suzuki
and Fujisaki, 1976, Joo and Johnson, 1977, Mengeling et al., 1979). A few years later,
regular vaccination of breeding sows with these vaccines became a worldwide practice.
Currently, PPV vaccines represent cell culture derived virus (usually the non-pathogenic
NADL-2 strain) which is chemically inactivated (by formalin, beta-propiolactone or binary
ethyleneimine), mixed with oil or aluminium hydroxide as adjuvants and administered
parenterally. The use of these vaccines induces antibody titres that can reduce clinical
manifestations, but cannot prevent infection (Jézwik et al., 2009, Foerster et al., 2016). The
vaccination schedules can be adjusted to the animal category. Gilts usually receive the first
dose at the age of 170-180 days, or 30 days before insemination. The second dose is usually
administered 15 days later. Sows are boosted usually 10-15 days after each farrowing. Boars
can be vaccinated as well and boosted yearly.

Modified-live virus vaccines (MLV) could be an alternative for PPV. The use of parvovi-
rus MLVs in carnivores induce a long-lasting immune response that provides protection for
several years. For PPV, the few reports on live-vaccines observed transplacental transmis-
sion was prevented, but viraemia and shedding of the vaccine strain after vaccination was
common (Paul and Mengeling, 1980, 1984). However, the attempts were mainly based on
NADL-2 virus as the vaccine virus. To our knowledge, there are no reports of vaccines based
on a modified strain.

Furthermore, the occurrence and distribution of new antigenic types have to be watched
very closely. It was observed that new mutations in the capsid protein can modify antigenic
properties, and may reduce the cross neutralization ability of sera raised against strains
commonly used in commercial vaccines (Zeeuw et al., 2007; Streck et al., 2013, 2015a).
New vaccines that induce a long-lasting immunity and cover all the dominant virus strains
circulating in pig populations are needed to overcome currently observed putative vaccina-
tion failures.

The emergence of novel parvoviruses

In other animal species, such as humans and canines, parvoviruses are represented by viruses
classified in two or more genera. In pigs, only in the genus protoparvovirus a parvovirus,
commonly known as porcine parvovirus (PPV) was established, however, in the last decade,
with the development of novel molecular techniques several new (proto)parvoviruses have



Porcine Parvovirus | 143

been identified. The first newly identified parvovirus was identified in sera during a hepa-
titis E virus investigation in Myanmar (Hijisaka et al., 2001), originally termed as porcine
parvovirus 2 (PPV2). More recently, a high prevalence of this virus could be obtained in
lung samples. Viral positivity could also be detected in faecal samples obtained from pigs of
different age groups, and in sera or thoracic fluids obtained from neonatal pigs (Xiao et al.,
2013).

In 2008, a virus closely related to the human parvovirus 4 was found in slaughtered
pigs in Hong Kong (Lau et al., 2008). Currently, several sequences with high homology
(>98% DNA similarity) exist in the DNA databanks under different names, including por-
cine hokovirus, PARV4-like and porcine parvovirus 4. The virus has already been detected
worldwide (Adlhoch et al., 2010; Cadar et al,, 2011; Pan et al., 2012; Xiao et al., 2012) and
its usually nominated porcine parvovirus 3 (PPV3).

In 2010, another parvovirus was found in the USA in porcine circovirus-associated
disease-affected pigs and designated as porcine parvovirus 4 (PPV4) (Cheung et al., 2010).
After that, PPV4 was already detected in several continents (Huang ef al., 2011, Zhang et al.,
2011; Cségola et al., 2012; Cadar et al., 2013; Ndze et al., 2013 ). Thereafter, during an initial
investigation of the PPV4 prevalence in U.S. pigs, a novel PPV, named PPVS, was identified
and showed the closest relationship to PPV4 (Fig. 6.5) (Xiau et al., 2013). Another clos-
est related parvovirus to PP4 and PPVS was initially identified from aborted pig fetuses in
China and termed PP6 (Ni et al., 2014).

Finally, in pigs with postweaning multisystemic wasting syndrome (PMWS), a porcine
bocavirus (PBoV, classified in the genus Bocaparvovirus) was identified in lymph nodes
(Blomstrdm et al., 2009) and subsequently other novel bocaviruses named PBoV2, PBoV3,

EU200677 Porcine parvovirus 3

EU874248 Human PARVA

JQO37763 Eidolon helvum parvovirus Tetraparvovirus
ABOT6669 Porcine parvovirus 2
GU938300 Porcine Cnvirus
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JF429836 Porcine bocavirus 4 —
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Figure 6.5 Phylogenetic tree of the porcine parvoviruses sequences inferred using the using
the Maximum Likelihood method. The confidence was measured using the bootstrap method
inferred from 1000 replicates and it is displayed with colour gradient (1 = red; 0 = blue). A
discrete Gamma distribution was used to model evolutionary rate differences among sites
(5 categories). The tree is drawn to scale, with branch lengths measured in the number of
substitutions per site. Evolutionary analyses were conducted in MEGA7 (Kumer et al., 2016).
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Table 6.1 The formerly used nomenclature for the species and the current classification based
upon the International Committee on Taxonomy of Viruses (ICTV)

Virus ICTV current classification

Porcine parvovirus 1 Ungulate protoparvovirus 1

Porcine parvovirus 2 Not yet classified

Porcine parvovirus 3, porcine hokovirus, PARV4-like Ungulate tetraparvovirus 2

Porcine Cnvirus Ungulate tetraparvovirus 3

Porcine parvovirus 4 Ungulate copiparvovirus 2

Porcine parvovirus 5 Not yet classified

Porcine parvovirus 6 Not yet classified

Porcine bocaviruses Porcine bocaparvovirus 2, 3, 4 and 5

Table adapted from Streck et al. (2015a).

PBoV4, 6V and 7V followed (Cheng et al., 2010; Zhai et al., 2010; Zeng et al., 2011; Yang et
al, 2012).

Despite the epidemiological studies, any possible association with clinical signs of these
newly identified PPV or PBoV remains unclear. Although, they may possess a potential
public health interest due to their genetic similarity with human parvoviruses. The current
classification based upon the International Committee on Taxonomy of Viruses for these
novel viruses is available in Table 6.1.
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