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Abstract: Pseudorabies (PR), also called Aujeszky’s disease (AD), is a highly infectious viral disease
which is caused by pseudorabies virus (PRV). It has been nearly 200 years since the first PR case
occurred. Currently, the virus can infect human beings and various mammals, including pigs,
sheep, dogs, rabbits, rodents, cattle and cats, and among them, pigs are the only natural host of
PRV infection. PRV is characterized by reproductive failure in pregnant sows, nervous disorders in
newborn piglets, and respiratory distress in growing pigs, resulting in serious economic losses to
the pig industry worldwide. Due to the extensive application of the attenuated vaccine containing
the Bartha-K61 strain, PR was well controlled. With the variation of PRV strain, PR re-emerged and
rapidly spread in some countries, especially China. Although researchers have been committed to
the design of diagnostic methods and the development of vaccines in recent years, PR is still an
important infectious disease and is widely prevalent in the global pig industry. In this review, we
introduce the structural composition and life cycle of PRV virions and then discuss the latest findings
on PRV pathogenesis, following the molecular characteristic of PRV and the summary of existing
diagnosis methods. Subsequently, we also focus on the latest clinical progress in the prevention and
control of PRV infection via the development of vaccines, traditional herbal medicines and novel
small RNAs. Lastly, we provide an outlook on PRV eradication.

Keywords: pseudorabies virus; pathogenesis; infection; prevention and control

1. Introduction

Pseudorabies (PR), as known as Aujeszky’s disease, was first described in America
as early as 1813 and has spread nearly globally since the early 1980s [1]. Its etiological
agent is pseudorabies virus (PRV), which has a wide range of hosts; among them, pigs
are the natural host and reservoir of the virus. It displays different symptoms at distinct
growth phases after being infected with PRV, including the reproductive failure of sows,
fatal encephalitis and 100% mortality of newborn pigs, and respiratory distress and growth
block of young pigs [2]. For other susceptible animals (ruminants, carnivores and rodents),
PRV generally ends with death [3]. In addition, PRV infection might cause endophthalmitis
and encephalitis in human beings. Some studies determined the specific sequences of
PRV in the patients’ tissues using metagenomic next-generation sequencing, and a human-
originated PRV strain hSD-1/2019 was isolated from the cerebrospinal fluid of a patient
with acute encephalitis [4–9]. Over the years, PRV infection has brought a huge economic
loss to the pig industry worldwide and is a serious threat to the health of humans. Although
the disease was transiently controlled globally as the result of the use of the glycoprotein
E (gE)-negative vaccine Bartha-K61 from Hungary in 1961, PR re-emerged and rapidly
spread with a variation of PRV, and the traditional vaccine only offers partial protection
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against the variant stains [10,11]. Several studies suggest that the PRV variant strains were
more virulent to animals and humans than the classical strains [3,5,12]. Moreover, PRV can
build a lifelong latent infection in the host’s peripheral nervous system, and infected pigs
can potentially be a source of reinfections once the latent viral genome is reactivated. The
infection characteristics of PRV variant strains have led to the fact that PR is once again
circulating in almost the whole world. It raised scientists’ awareness of the serious threat
posed by PRV and encouraged researchers to develop effective interventions.

PRV is an enveloped, linear double-stranded DNA herpes virus belonging to the
Varicellovirus genus of subfamily Alphaherpesvirinae in the family Herpesviridae [13]. Its
infection generally starts by viral replication in the epithelial cells of the nasal and oropha-
ryngeal mucosa and then spreads to the peripheral nervous system neurons innervating
the infected epithelium. Viral particles travel via retrograde transport to the sensory and
autonomic peripheral ganglia, where a latent lifelong infection is established [14–16]. Upon
reactivation, viral replication occurs, and particles spread in the anterograde direction
along the sensory nerves back to the mucosal surfaces where the infection initiated. This
makes adult pigs and piglets typically exhibit symptoms of respiratory disease and acute
neurological disease, respectively [17]. Additionally, PRV infection can also spread via a
cell-associated viremia in peripheral blood mononuclear cells from the primary replication
site to target organs such as the pregnant uterus, and then secondary replication ensues in
the endothelial cells of the pregnant uterus, which can result in vasculitis and multifocal
thrombosis, usually leading to abortion [18,19].

Currently, there are no effective means for eliminating PR in the pig population, so the
diagnosis, prevention and control of PR are particularly important for the pig industry. In
this review, we briefly describe the structure of PRV virions and the viral life cycle. Then,
we discuss recent advances in understanding the pathogenesis of PRV infection and its
molecular characteristics. Subsequently, the current PRV diagnosis methods are summed
up, and we also highlight the latest progress in the prevention and control of PRV infection,
including the development of vaccines, Chinese herbal medicines and novel small RNAs.
Finally, we look forward to the prospects of PRV eradication in the future.

2. The Virion Structure, Genome Structure and the Life Cycle
2.1. The Virion Structure

PRV mainly contains two subtypes (I and II). Similarly to other Herpes virions, PRV
virions (Figure 1) are approximately 225 nm in diameter and consist of four morphologically
distinct structural components, including a linear double-stranded DNA genome, an
icosahedral protein capsid, a protein tegument layer, and a lipid envelope containing viral
glycoproteins [2,20–22]. The double-stranded DNA genome of ~145 kb in length, which
can encode more than 70 proteins, is encapsulated in an icosahedral capsid. The tegument
is a collection of approximately 12 proteins organized into at least two layers, one of which
interacts with envelope proteins, while the other is closely associated with the capsid.
The envelope is a lipid bilayer infused with transmembrane proteins, many of which are
modified by glycosylation.

2.2. Genome, Gene Content and Role in Viral Replication

Alphaherpesvirus genomes have a partial colinear arrangement of genes encoding
similar functions. Based on the overall arrangement of repeat sequences and unique
regions, the herpesvirus genomes can be divided into six classes, designated by the letters
A to F [23]. The PRV genome belongs to the D class and is a linear, double-stranded
and sense viral DNA genome of approximately 145 kb, with a 74% content of G + C. It
is also characterized by two unique regions, which are the unique long region (UL) and
unique short region (US), and the US region is flanked by the internal and terminal repeat
sequences (IRS and TRS, respectively) of 15 kb in length (Figure 2) [2]. The sequence and
gene arrangement of the entire PRV genome are known, and a map of the likely transcript
organization, well supported by experimental data, has been established. Recombination
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between the inverted repeats can produce two possible isomers of the genome, with the
US region in opposite orientation, and two isomers are both infectious. PRV has three
origins of replication, with one of OriL located in the UL region and the others (OriS)
located in the inverted repeats [24,25]. In addition, the full-length genome of PRV contains
73 different genes encoding a total of 70~100 proteins, which are mainly the capsid proteins,
envelope proteins, tegument proteins and various enzymes. Half of them are nonessential
proteins for PRV replication [2]. The PRV genes can be divided into three types based on
their different functions: structural genes, virulence genes and regulatory genes. They can
also be divided into immediate-early genes, early genes and late genes according to the
transcription sequence of PRV invading host cells [26].
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Figure 2. A map of the PRV genome showing the location of PRV genes discussed in this review.
The PRV genome consists of the unique long region (UL) and unique short region (US), which is
flanked by the internal (IRS) and terminal (TRS) repeat sequences. The genes represented by gray
boxes locate in the UL, including gB, UL41, gC, TK, gH, UL21 and gL; the genes represented by white
boxes locate in the US, including gG, gD, gI and gE.

Some major genes are associated with the process of PRV infection. PRV thymidine
kinase (TK), namely the UL23 gene, plays a decisive role in the virulence of the virus. It
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was primarily described as being related to the replication and neuro-invasiveness of PRV
in the central nervous system and is also involved in re-activating the virus during the
latent infection period [27]. The lack of the TK gene significantly reduces the ability of
replication and transmission in nerve cells without affecting its immunogenicity [28]. As
one of the virulence genes, gE, located in the US region, is not essential for viral replication
and has no effect on viral immunogenicity. gE glycoprotein can promote the fusion of PRV
and cells and mediate the spread of the virus between cells. PRV without the gE gene can
only infect the primary trigeminal nerve and sympathetic nerve regulating nasal mucosa,
but not the secondary ganglion and sympathetic neurons [29]. In the processes of PRV
invading and spreading into the nervous system, gE and gI proteins generally exist in a
complex, which is often distributed in the cell membrane of infected cells and in the virus
envelope [30]. gI protein is a membrane protein that can not only promote the secretion
of gE protein in the endoplasmic reticulum to ensure its correct glycosylation, but also
facilitate the transmission of the virus between cells [31]. Furthermore, gI glycoprotein
can also cooperate with gC protein in the release process of the virus. The gC protein
plays a role in the first step of PRV replication, that is, the adhesion process to cells. It
can initiate virus attachment to cells by binding to heparan sulfate (HS) proteoglycans
and also participate in the process of virus release from cells [32,33]. The sequence of
the gB gene is more conservative than other genes, and gB glycoprotein is an important
structural protein of the virus envelope. Both gB glycoprotein and the gH/gL complex can
jointly promote the fusion of cell membrane and virus envelope when the virus invades
cells [34]. gB protein is a typical class III post-fusion trimer that binds membranes via its
fusion loops (FLs) in a cholesterol-dependent manner [35]. gD glycoprotein accelerates
the rapid fusion between the PRV capsule membrane and the cytoplasmic membrane of
target cells and boosts the fusion of gB/gH/gI complex [36]. Yet, it cannot participate in
virus spread between cells, which is not essential for viral replication. Compared with
herpes simplex virus (HSV), the gD protein of PRV can only bind to the cell surface receptor
Nectin-1 at sites N77, I80, M85 and F129, with a binding ratio of 1:1, and the binding site
F129 plays an important role in invading cells [37]. The gG gene locates in the US region.
The gG protein belongs to a larger complex, which is synthesized, secreted and released
by infected cells, but virus particles do not contain this glycoprotein [36]. Furthermore,
gG protein has very good immunogenicity and can effectively stimulate the organism to
produce antibodies [38]. At the same time, gG protein can bind to chemokines produced by
the organism, leading to the immune escape of the virus. IE180 gene encodes 1460 amino
acids with a protein of ~153 kDa in molecular mass, and it is the only immediate early
gene in PRV that can be transcribed independently. The accumulation of IE180 protein can
start the transcription of other genes, and it is highly similar to some regions of herpes
simplex virus type I ICP4 protein, which is complementary to both proteins in some of
their functions [39]. The IE180 3′UTR end sequence can form a G-quadruplex structure and
inhibit gene transcription [39]. The G-quadruplex ligand small molecule TmPyP4 (meso-
Tetrakis (N-methyl-4-pyridiniumyl) porphyrin) can stabilize this structure and further
inhibit the early proliferation of PRV [40]. Additionally, IE180 gene transcription locates at
the beginning of the PRV replication cycle, which is of great significance for PRV replication,
suggesting that the IE180 gene may also become an important target for the development
of anti-PRV drugs. As one of the non-essential genes for virus replication, the EP0 gene,
located in the UL region, can encode 1230 amino acids and has an early protein of about
45 ku. It can transactivate the immediate early gene IE180. The replication ability of PRV
without the EP0 gene in cells is weakened, but it does not affect the virulence. EP0 protein
can interact with IE180 protein to activate the transcription of the TK and gG genes; besides,
it is located in the nucleus, and the nuclear entry of EP0 protein is co-regulated by Ran
protein and input proteins α1, α3 and β1 [41]. The UL21 gene, located in the UL region, is
a non-essential gene for PRV replication, and the protein encoded by UL21 belongs to the
tegument proteins. The proliferation ability of PRV without the UL21 gene is reduced, but
can be restored on pUL21 compensatory cells [42]. Exogenous pUL21 can inhibit the NF-kB
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pathway, with a positive correlation, and its carboxyl end can interact with cytoplasmic
dynamic protein Roadblock-1, which further influences the nerve infectivity of PRV [42].
The UL41 gene is an essential gene for virus replication and encodes host closure protein
(named as vhs), with a molecular weight of about 40 ku. The vhs protein has ribonuclease
activity both in vivo and in vitro, and can degrade the mRNA of host cells and inhibit gene
expression. The vhs protein can also cleave the downstream region of internal ribosome
entry site (IRES), and the translation initiation factors eIF4H and eIF4B can significantly
increase the RNase activity of recombinant PRV vhs against capped RNA [43,44].

2.3. The Life Cycle of PRV

The process by which PRV virions enter host cells is primarily initiated by the binding
of virions to the surface molecules of host cells and the fusion of the virus and host cell
membranes (Figure 3). PRV virions first attach to cells by the interaction of gC with heparan
sulfate proteoglycans in the extracellular matrix. PRV gD then binds to specific cellular
receptors to stabilize the virion-cell interaction. Finally, PRV gB, gH and gL mediate the
fusion of the viral envelope and the cellular plasma membrane to allow penetration of
the viral capsid and tegument into the cell cytoplasm, and tegument proteins in the outer
layer quickly dissociate from the capsid following their fusion [45,46]. Then, the capsid
interacts with dynein for transport along microtubules from the cell periphery to the nuclear
pore [45,47]. After capsid docking at the nuclear pore, the PRV DNA is released into the
nucleus from intact capsids [45,47].

For the viral transcription and cascade, the immediate-early IE180 transcript is detected
within 40 min of infection, and its protein is synthesized up until 2.5 h post-infection (hpi).
The IE180 protein regulates the early gene expression related to replication. The early EP0
transcript is detected at 2 hpi, and its expression in vivo activates gene expression from
PRV promoters, such as IE180, TK and gG, which have the characteristics of transcription
activators. Other regulators of gene expression also participate in viral transcription,
including UL54, UL41, and UL48, and among them, UL54 and UL41 are likely to encode
potent regulators of both viral and cellular gene expression. UL41 encodes the vhs protein,
which is responsible for the virion host shut-off of cellular protein synthesis. UL48 encodes
the tegument protein VP16, which enhances the expression of viral immediate-early genes
in newly infected host cells [48].

Upon entry into the host nucleus, the linear viral DNA genomes assume a circular
form and are quickly repaired of nicks and misincorporated deoxyribonucleotides [2]. The
circular genomes serve as the template for DNA synthesis, and the initial theta replication
mechanism quickly switches towards a rolling-circle mechanism of DNA replication. The
latter process produces replicated DNA in the form of long linear concatemeric genomes
that serve as the substrate for genome encapsidation [49,50]. In this process, many of
the enzymes encoded by PRV also participate in viral DNA replication, such as UL52,
UL42, UL30, UL29, UL9, UL8, and UL5. Several enzymes encoded by PRV genomes can
be involved in nucleotide metabolism, for example, dUTPase (UL50), thymidine kinase
(UL23) and two-subunit ribonucleotide reductase (UL39/UL40). The viral genome also
encodes a uracil DNA glycosylase (UL2) as well as an alkaline nuclease (UL12), which
both serve in viral DNA repair, recombination and DNA concatemer resolution [27,51,52].
When the viral genome completes transcription, translation and DNA replication, the
capsid protein automatically enters the nucleus of the cell to form the basic assembly
unit of the capsid and assembles into the nucleocapsid in the nucleus of the cell. After
assembly, PRV nucleocapsids cross the inner and outer nuclear membrane by budding and
fusion, respectively, following release into the cytoplasm, and then are formed into the
mature enveloped virions and released to the outer cell by budding for the next round of
infection [53–55].
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Figure 3. The replication cycle of PRV. After adsorption (1) and penetration (2), capsids are transported
to the nucleus (3) via interaction with microtubules (MT) (4), docking at the nuclear pore (NP) (5)
where the viral genome is released into the nucleus. In the nucleus, DNA replications occur (6). The
capsid proteins are transported to the nucleus and are assembled around a scaffold (7), and then
are assembled into a nucleocapsid with the insertion of the genomic DNA (8). The nucleocapsid
leaves the nucleus by budding at the inner nuclear membrane (INM) (9), followed by fusion of
the envelope of these primary virions located in the perinuclear space (10) with the outer nuclear
membrane (11). Final maturation then occurs in the cytoplasm by the secondary envelopment of
intra-cytosolic capsids via budding into vesicles of the trans-Golgi network (TGN) (12) containing
viral glycoproteins, resulting in an enveloped virion within a cellular vesicle (13). After transport to
the cell surface (14), vesicle and plasma membranes fuse, releasing a mature, enveloped virion from
the cell (15).

3. Occurrence and Development of PRV Infection

PRV can cause respiratory disease, neurological disorders and abortion in pigs. Its
transmission mainly occurs through direct contact between oral and nasal secretions but
can also occur by aerosols, transplacental contact and blood [56,57]. In this work, we
reviewed the main steps in the pathogenesis of PRV in pigs (Figure 4).

3.1. PRV Primary Replication in the Upper Respiratory Tract

After PRV enters a natural host, it firstly replicates by an infection foci manner in
the epithelial cells lining the upper respiratory tract (URT), including nasal septa, tonsils,
nasopharynxes, trachea and lungs [14,17,58,59]. In vivo, viral DNA was detected in the
nasal mucosa, tonsils and lungs of 2-week-old piglets starting 24 hpi, and PRV-induced
plaques can be observed in the epithelium of porcine nasal mucosa explants after 24 hpi
in ex vivo experiments [17,60,61]. Primary PRV infection in multiple tissues of porcine
URT causes the destruction and erosion of epithelium, with slight respiratory symptoms
consisting of sneezing, coughing, dyspnea and nasal discharge after 3 to 6 days post-
inoculation (dpi), which normally disappear quickly [59,62]. Besides, viral shedding can be
detected in nasal secretions starting from 1 to 14 dpi [63].
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Figure 4. Schematic representation of the pathogenesis of PRV in pigs in different stages of growth.
(1) Primary viral replication in the epithelial cells (ECs) of the upper respiratory tract: PRV first
infects epithelial cells, with a viral spread and shedding, and then crosses the basement membrane
(BM) and lamina propria by using single infected leukocytes to reach the blood circulation and
draining lymph nodes. Lastly, PRV entry occurs at nerve endings of the peripheral nervous system
and diffuses retrogradely to trigeminal ganglia (TG). (2) PRV replication in the draining lymph nodes
and cell-associated viremia. (3) Establishment of PRV latency in the trigeminal ganglia (TG) neurons.
(4) Secondary replication in target organs (the pregnant uterus and the central nervous system (CNS)):
the secondary replication in the ECs of the pregnant uterus can lead to vasculitis and multifocal
thrombosis, with an abortion of sows, and in newborn piglets, sudden death usually occurs in the
absence of clinical signs.

3.2. PRV Replication in the Draining Lymph Nodes and Viremia

After respiratory epithelium infection, PRV can pass the basement membrane (BM) by
infected leukocytes to penetrate the connective tissues and further reach the bloodstream
and the draining lymph nodes [61,64]. The process of viral invasion into lamina propria
through BM is mediated by the activity of trypsin-like serine protease excreted by the
virus [65]. PRV antigens or DNA are both detected in the inguinal lymph nodes of pigs
starting from 24 hpi to 48 hpi, and the virus can persist for 35 days in pharyngeal lymph
nodes [66–69]. PRV infection is also amplified in the draining lymph nodes, and infected
leukocytes are discharged into the blood circulation through the efferent lymph. Hence,
PRV induces cell-associated viremia in peripheral blood monocytes and promotes its
transmission in pigs [18,70]. Meanwhile, viremia also occurs in cell-free form after PRV
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infection and can be regularly detected between 1 dpi and 14 dpi [18]. Cell-associated
viremia is considered a prerequisite for the dissemination of PRV to the pregnant uterus
in pigs.

3.3. PRV Entry into the Peripheral Nervous System (PNS) Neurons and Spread to the Central
Nervous System (CNS)

Upon primary replication of respiratory epithelium in adult pigs after PRV primary
infection, it enters PNS’ nerve endings, which contain those coming from the sensory
trigeminal ganglia (TG) and olfactory bulb, and other facial, parasympathetic, sympathetic
nerve neurons that innervate the epithelium [71,72]. PRV particles can be transported
retrogradely to sensory and autonomic peripheral ganglia. Generally, the herpesviruses
are able to establish a reactivable, latent infection in their hosts. PRV can also set up a
lifelong potential infection in PNS neurons of pigs, whereas the infected pigs cannot display
any clinical symptoms after recovering from the respiratory disease [15,16,63,73,74]. After
stress-induced reactivation, viral replication happens in the PNS ganglia, and virions spread
in the anterograde along the nerves to the mucosal surfaces where the infection initiated,
further causing mild respiratory signs in adult pigs upon viral reactivation [75]. In addition,
PRV barely propagates to the CNS in the retrograde direction to result in the encephalitis
of adult pigs, but its latent period and reactive cycles in pigs cause the infectious virus
to fall off and spread to uninfected pigs, which is conducive to viral accumulation in pig
populations. Intriguingly, the herpesviruses of human beings and other animals, such as
varicella-zoster virus (VZV) and bovine herpesvirus type 1 (BHV-1) have a similar way of
spreading to invade PNS neurons [76,77].

3.4. Secondary Replication in the Swine Pregnant Uterus

Once in the blood circulation, PRV-infected monocytes can cross the endothelial cells
(EC) barrier of the maternal blood vessels to reach the pregnant uterus of sows via adhesion
and fusion of these monocytes with EC, further transmitting PRV [78]. The adhesion
molecules on the surface of EC and leukocytes play a significant role in the infection of
the vascular endothelium, and the secondary replication in the EC of the pregnant uterus
can lead to vasculitis and multifocal thrombosis, with an abortion of a sow [18,79,80]. The
EC infection in the vasculature of the pregnant uterus is usually mediated by intercellular
contact between infected monocytes and EC [78]. The occurrence of abortion may depend
on the hormonal activity and immune status of sows during pregnancy. In fact, it has
been proved that the expression of adhesion molecules on EC is induced by cytokines
and hormones in the local environment during pregnancy [81–83]. These cytokines may
accelerate the adhesion of infected monocytes to the endothelial cells.

Upon the intranasal, intra-uterine, and intra-fetal inoculations of vaccinated pregnant
sows, PRV antigen can be detected in vaginal and sacral ganglia [84]. An extensive EC
infection can lead to the fetal membranes shedding in early pregnancy, resulting in a virus-
negative fetal abortion or fetal reabsorption in sows. Little uterine vascular pathology may
cause transplacental infection and the abortion of virus-positive fetuses in the second and
third trimester of gestation or a stillborn pig [59,85]. A fetus with viral abortion generally
displays several lesions, such as necrosis of the liver, spleen and lungs, and PRV strains can
be isolated from the above organs [19,86].

3.5. PRV Infection in Suckling and Weaned Piglets

PRV infection usually brings more severe lethality to piglets than to adult swine and
sows [59]. In newborn piglets, sudden death usually occurs in the absence of clinical signs.
Instead, before the death of suckling pigs, some signs are found in infected pigs, including
fever, vomiting and CNS symptoms, which consist of coordination problems, hindquarter
weakness, convulsions and paralysis. It is worth noting that the mortality rate of newborn
and suckling pigs is close to 100%. In weaner pigs, clinical signs are similar to those of
suckling pigs, with a mortality rate of 5% to 10%. Nevertheless, pigs of any age cannot have



Viruses 2022, 14, 1638 9 of 27

itching. Infectious viruses can be isolated from brain tissue samples of piglets naturally
infected with PRV [64]. The severity of symptoms diminishes with age, as adult pigs have
a more effective immunity than piglets.

3.6. PRV Infection in Humans

In the past century, the viewpoint of PRV infecting humans has been controversial due
to the absence of unequivocal etiology or serological diagnosis [87]. The first case of humans
with suspected PRV infections was reported in 1914, and they were previously in contact
with PRV-infected cats. Subsequently, several patients with PRV infection were reported
after long-term exposure to PRV-susceptible animals (pigs, cats, dogs). These patients
mainly displayed pruritus, headache, fever, swelling, sweating, dysphagia, aphthous
ulcer, altered mental status, seizure and coma [4–8]. Notably, Chinese patients mainly
showed encephalitis and endophthalmitis, and most of them were working on pig farms
and had injuries to their fingers or other places on their bodies. In addition, the first
human-originated PRV strain, designated hSD-1/2019, was isolated and identified from
the cerebrospinal fluid (CSF) of PRV-infected patients worldwide, which provided direct
evidence of PRV infection in human beings [5]. In terms of the PRV infectious pathway
in humans, it has yet been unclear. However, from the perspective of animal research,
it was supposed that PRV might not only affect the brain, but also affect other human
organ systems, further causing serious consequences. Although these patients all survived
until hospital discharge, and clinical symptoms disappeared, it was unclear whether the
recovered patients still carry PRV owing to the long-term latent period of PRV in pigs.
Therefore, it is necessary to ensure thorough skin protection in humans, particularly those
who have been in close contact with pigs.

4. Genetic Evolution of PRV

Currently, PRV strains in the world can be divided into two genotypes, I and II. The
genotype I strains are mainly prevalent in Europe, America and parts of China, while
the majority of genotype II strains are isolated from Asia, particularly China [88]. The
latter has undergone mutations caused by host immune pressure over a long period of
time and evolved into novel PRV variant strains, which then led to the co-prevalence of
both variant and classical strains, which again poses great threats to the swine industry in
China [89]. Because gB, gC and gD glycoproteins are major immune-related proteins and
gE is a significant virulence protein, these four gene sequences are often used to analyse
PRV’s genetic evolution [90,91]. To investigate the genetic characteristics of PRV strains
from various countries and species, phylogenetic trees based on the complete length of gE,
gC, gB and gD gene sequences were constructed using MEGA software (version 7.0) by the
neighbor-joining method with 1000 bootstrap replicates [92]. The results showed that these
PRV strains were grouped into two genotypes as expected (Figure 5). The genotype I group
is composed of European–American PRV strains, but the genotype II group is formed by
Asiatic strains (China and Japan), and among them, Chinese PRV variant strains were
clustered in one subgroup. Findings revealed that PRV genotype II strains had become
dominant prevalent strains instead of genotype I in China, which is in agreement with
previous studies [88,90,93]. This finding again explains why Bartha strains (genotype I)
did not provide full protection against variant PRV strains (genotype II). In addition, PRV
strains isolated from other animals are randomly distributed in two genotypes (Figure 5).
Combined with previous research [94], this suggests that PRV strains isolated from animals
and human beings may have a similar ancestor to those of pigs.
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15 April 2022). The hosts, countries, years, names and GenBank accession numbers of the reference
strains employed in this phylogenetic tree are labeled. Black circles and red triangles represent
vaccine strains and recombinant strains, respectively.

In mutation analysis of PRV variant strains, He et al. found that the average amino
acid (aa) differences of the Qihe547 variant strain are 4.94%, 1.16% and 0.46% compared
with PRV strains of genotype I and the classical and variant strains of genotype II, respec-
tively [88]. Compared with genotype I strains, PRV genotype II strains present high genetic
mutations in internal and terminal repeat regions, and nucleotide insertions, deletions and
mutations are commonly observed in the different PRV genes [95]. For example, there
are two insertions of discontinuous six nucleotides at sites 142–144 (GAC) and 1488–1490
(CGA) in the gE gene of PRV strains in genotype II [96,97]. In Sun’s study, PRV strains in
genotype II are found to have three aa deletions (75VPG77) in the gB protein and seven aa
insertions (63AASTPAA69) in the gC protein [98]. Interestingly, two aa deletions (288SP289)
have been identified in the gD protein of Chinese PRV variant strains by comparison
with classical Chinese strains [99]. Furthermore, inter-clade and intra-clade recombinant
events can accelerate the evolution of the PRV genome and alter viral virulence, which
has been demonstrated in several studies [88,90,100]. In Zhai’s study, two inter-clade
recombinant PRV strains (FJ-W2 and FJ-ZXF) were reported, and their gE, gC and gD
genes were assigned to genotype II, whereas gB genes belong to genotype I [90]. Subse-
quently, Huang et al. analyzed the genetic evolution of the primary immune-related gene

www.megasoftware.net
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sequences of PRV variants, and the results showed that the gB gene of the PRV variant
strain FJ62 isolated from piglets in Sichuan, China, is identical (100%) to the MY-1 strain
(No. AP018925) from a wild boar in Japan, with low sequence homologies (98.4–98.5%) of
Chinese PRV strains. However, its gC, gD and gE genes have high sequence similarities
of 99.5%, 99.9%, and 99.9%, respectively, demonstrating that PRV variant strain FJ62 may
appear from a recombinant event of PRV strains of genotypes I (Japan) and II (China)
spanning different countries [91]. In another report, PRV HLJ-2013 was isolated from pigs
in Heilongjiang province of China belonging to genotype II, and its genome sequences
are derived from three viruses (including a yet unknown parental virus, the European
viruses and the same ancestor of all Chinese strains) based on the phylogenetic trees of both
protein-coding genes and non-coding regions [100]. The recombination analysis showed
that there are six recombinant events in SC strains (No. KT809429) belonging to genotype
II, and among these events, HLJ-2013 is predicted to be the major parent of the SC strain,
with a minor parent of Bartha [100]. Additionally, Tan et al. also found that a naturally
recombinant event might occur in the genome of the HN-2019 strain isolated from a sick
piglet in Hunan of China, between the PRV classical strain and the HB-98 vaccine strain,
which again confirmed the presence of a recombinant event in PRV [101].

5. Diagnostic Methods

At present, serological technologies and molecular biology methods have become the
common diagnostic approaches for PRV detection (Figure 6) because traditional clinical and
pathological diagnostic methods cannot accurately diagnose PR. Two common methods
are used to verify the PRV infection based on PRV-specific antibodies and nucleic acids,
respectively, which have their own features (Table 1).

5.1. Serological Approaches for the Detection of PRV Antibodies

Due to the extensive use of PRV gE-deleted vaccines worldwide, gE as the marker anti-
gen has become widely used in serological approaches, and many PRV gE antibodies have
been developed to quickly and effectively differentiate infected from vaccinated animals
(DIVA). gB antibodies based on serological methods can also be used for monitoring the
immune level induced by vaccine immunization. Up to date, various serological methods
can be used for the detection of PRV antibodies, such as the direct-immunofluorescence
method (DFM), indirect immunofluorescence assay (IFA), serum neutralization test (SNT),
enzyme-linked immunosorbent assays (ELISA), blocking immunoperoxidase monolayer
assay (b-IPMA), latex agglutination test, agar diffusion test, particle concentration fluores-
cence immunoassay (PCFIA) and immunochromatographic strip [1,93,101–109]. Among
them, ELISA remains the most common method in the clinical detection of PRV antibodies
because it has high specificity and sensitivity compared with other screening assays. There
are three single commercial serum antibody ELISAs, including the gB blocking ELISA
(gB bELISA), gI blocking ELISA (gI bELISA) and gE indirect ELISA (gE iELISA) [110]. To
make detection more convenient, competitive ELISAs (cELISA) targeting the gB or gE
antibody have been developed and extensively applied in China [111–114]. Interestingly, a
novel serological technology based on the blocking fluorescent lateral flow immunoassay
takes less time for PRV detection and is sensitive to differentiate wild PRV-infected and
vaccinated pigs, whereas a commercial gE-ELISA kit is not [102]. Subsequently, another
new detection method, dual fluorescent microsphere immunological assay (FMIA), was
developed for detecting PRV gE and gB IgG antibodies simultaneously, and it also has
accuracy for gE detection with high sensitivity (92.3%) and specificity (99.26%) compared to
a commercial gE/gB ELISA kit, with less time and cost expenses [115]. Furthermore, both
the immunochromatographic assay and liquid chip technology methods also exhibit higher
sensitivity than that of cELISAs [116]. Hence, blocking fluorescent lateral flow immunoas-
say, FMIA, immunochromatogragphic assay and liquid chip technology are expected to
become new clinical laboratory diagnostic methods for detecting PRV antibodies, although
these methods are not universal thus far.
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Figure 6. Flowchart of common diagnostic methods for PRV infection. Two types of common
methods are used to verify the PRV infection based on the PRV-specific antibodies and nucleic acids.
Among them, serological approaches for the detection of PRV infection include the enzyme-linked
immunosorbent assays (ELISA), indirect immunofluorescence assay (IFA), serum neutralization
test (SNT), direct-immunofluorescence method (DFM) and blocking immunoperoxidase monolayer
assay (b-IPMA). Molecular biology approaches include polymerase chain reaction (PCR), real-time
PCR (RT-PCR), TaqMan real-time PCR (qPCR), nano PCR, droplet digital PCR (ddPCR), real-time
recombinase-aided amplification (RT RAA), loop-mediated isothermal amplification (LAMP), real-
time fluorescent detection (real-time RPA assay), duplex fluorescence melting curve analysis (FMCA),
next-generation sequencing (NGS), probe-based fluorescence melting curve analysis (FMCA), real-
time recombinase-aided amplification assay (RT RAA) and third-generation sequencing (TGS).

Table 1. Comparison of diagnostic methods of PRV infection.

Molecular Serology

Test type Viral Antibody

Description Nucleic acid amplification test to
detect viral DNA

Detects the presence of IgA,
IgM/IgG antibodies against PRV

Platform technology PCR, RT-PCR, LAMP, qPCR,
ddPCR, FMCA ELISA, SNT, IFA, IPMA, DFM

Sample type Brains, Hearts, livers, spleens,
lungs, kidneys and lymph nodes Plasma, serum, whole blood

Result turnaround time <5 h 15–30 min

5.2. Molecular Biology Approaches for the Detection of PRV Infection

To further improve the sensitivity and specificity of PRV detection, molecular biology
methods targeting the specific sequences of PRV genes, including the gE, gI, gC, gD, gB,
and gG genes, have been established (Table 2), such as polymerase chain reaction (PCR),
real-time PCR (RT-PCR), TaqMan real-time PCR (qPCR), nano PCR, droplet digital PCR



Viruses 2022, 14, 1638 13 of 27

(ddPCR), real-time recombinase-aided amplification (RT RAA), loop-mediated isothermal
amplification (LAMP), and duplex fluorescence melting curve analysis (FMCA) [117–131].
Generally, PCR and RT-PCR are the most frequently used approaches to quickly detect PRV
infection or distinguish between the PRV wild-type and vaccine strains [124]. In particular,
multiplex PCR assays have also been developed for simultaneously detecting PRV and
other pathogens, for example, porcine circovirus 3 (PCV3), porcine circovirus 2 (PCV2),
porcine parvovirus (PPV) and porcine cytomegalovirus (PCMV), and Torque teno sus
virus 1 and 2 [118,132–136]. In addition, the novel high-throughput sequencing, next- and
third-generation sequencing (NGS and TGS) methods are used to survey the transcriptome
of PRV, and the existence of PRV can be detected in patients by NGS, which is the most
powerful and supersensitive assay [6,137]. Nevertheless, high-throughput sequencing is
not suitable for wide-range clinical detection owing to its high cost [6]. Compared with
conventional PCR, the LAMP assay is more sensitive, specific, rapid and cost-effective, so
it is more suitable for PR diagnosis in the field, with a huge potential application in the
prevention and control of PRV [122].

Table 2. List of molecular diagnostic methods of PRV infection.

Name of Diagnostic Assay Sensitivity Target Gene Turnaround Time Samples Used References

Conventional polymerase chain
reaction (PCR) —— gE gene Result in <5 h Various tissue [119,121]

Duplex droplet digital PCR
(ddPCR) assary 4.75 copies/µL Both gE and gB genes Result in <2 h Lung, brain, liver

and spleen [124]

SYBR green I-based duplex
real-time PCR assay 37.8 copies/µL gE gene Result within

50 min

Hearts, livers, spleens,
lungs, kidneys, brains

and lymph nodes
[118]

Real-time recombinase-aided
amplification assay (RAA) Three 50% TCID50 gE gene Result in 75 min Lung, lymph node,

tonsil and spleen [125]

Triplex real-time PCR

0.5 TCID50 for classical
strains, 0.2 TCID50 for

variant strains and 0.05
TCID50 for

vaccine strains

gE and gI genes Result within 1 h PRV strains [127]

Probe-based fluorescence melting
curve analysis (FMCA)

1 × 100 copies
per reaction gC and gE genes Result in <2 h PRV strains [120]

Loop-mediated isothermal
amplification (LAMP) assay 10 copies per sample gE and gG genes Result in <2 h PRV strains and clinical

tissue samples [122]

Duplex nanoparticle-assisted
polymerase chain

reaction (nanoPCR)
6 copies/µL gE gene Result in 80 min

The recombinant
plasmids

pET30a-PRV-gE and
pUC57-PBoVNS1

[128]

Real-time quantitative
PCR (RT-qPCR)

Oral fluid of 53% and
nasal swab of 70% gB gene Result in <1 h Oral fluid and

nasal swab [129]

Metagenomic next-and
third-generation sequencing

(mNGS/TGS)
—— Short- and long-read

sequencing —— Brains [137]

Real-time fluorescent detection
(real-time RPA assay) 100 copies per reaction gD gene Result within

20 min Tissue [130]

Lateral flow dipstick (RPA
LFD assay) 160 copies per reaction gD gene Result within

20 min Tissue [130]

Magnetic beads-based
chemiluminescent assay 100 µmol/5 pM —— Result in 20 min Serum samples [131]

5.3. Other Approaches for the Detection of PRV Infection

In addition to the above methods, direct detection of pathogens is another effective
candidate, which also greatly facilitates the vaccine design to prevent PR. The methods
mainly include virus isolation and subsequent laboratory diagnosis, involving serology,
molecular biology and electron microscopy. Virus isolation (VI) is considered the “gold
standard” for pathogen diagnosis, and a large number of PRV strains from different hosts
have been successfully isolated, though this method is only applicable to professional
laboratories [138,139]. Because the traditional diagnostic methods (VI identification and
animal experiments), serological diagnostic approaches and molecular biological methods
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have some limitations, such as complicated operation and high technical requirements, and
are time-consuming, a paper biosensor doped with Fe3O4@SiO2–NH2 and multi-walled
carbon nanotubes (MWCNTs) for the rapid detection of PRV has been developed [140]. In
this assay, Fe3O4@SiO2–NH2 can provide magnetic response characteristics, and MWCNTs
are able to increase the electrical conductivity [140].

6. The Prevention of PR

To better prevent and control PR, numerous efforts have been made for the devel-
opment of effective means to control PRV infection, mainly including vaccines and other
novel viral inhibitors.

6.1. Main Vaccines against PRV Infection

As a great challenge, PRV has been prevalent in pig farms worldwide for nearly two
hundred years. Vaccination is one of the most effective ways to prevent disease and min-
imize the economic losses caused by PR [10]. Most PRV vaccines are live gene-modified
virus vaccines (Table 3). The initial live gene-modified vaccines (attenuated Bartha-K61
strain and PRV Bucharest strain) are usually obtained from extensive passaging of vir-
ulent field isolates in cell cultures from 1961, which, following the wide application in
pig herds, and effectively controlled PR worldwide [141]. In China, a live gene-modified
vaccine (attenuated Bartha-K61 strain) was imported from Hungary in the 1970s and
was widely inoculated in pig farms, with effective control of PR [12,142]. With further
understanding of PRV genetics and molecular biology, gE protein has become regarded
as the important swine neurovirulence factor [143]. TK is also essential for virus repli-
cation in nonmitotic tissues (neurons), and other proteins are considered the factors of
viral replication, such as gI, Us9, Us2, gC, gG and PK proteins [144]. Therefore, the genes
encoding these proteins can be deleted to mediate viral attenuation, especially the gE
gene. In fact, TK-negative stains (∆TK) is the first genetically modified live vaccine and
was licensed for application in 1985 [27]. Subsequently, other gene deletion vaccines also
generated by various technologies, such as gE gene deletion and double-gene gE/TK
deletion of the NIA3 strain, double-gene gD/gI deletion of the NIV-3 strain, double-gene
TK/gG deletion of the virus strain, triple-gene TK/gE/gI deletion of the BUK strain and Fa
strains, four-gene gD/gG/gI/gE deletion of the PrV(376) strain, and a triple-gene-deleted
(gE/gI/TK) vaccine generated based on the PRV Fa strain licensed in 2003, which was
regarded as the first genetically modified vaccine against PR in China [145–150]. However,
since 2011, PR outbreaks caused by emerging PRV variants have occurred in Chinese
pig herds which were immunized with the Bartha-K61 strain, indicating that the classi-
cal attenuated PRV vaccine cannot provide complete protection for swine [111,151–153].
With the rapid development of biotechnologies and in-depth understanding of the bio-
logical functions of PRV encoding genes, some gene-modified vaccines and other types
of vaccines have also been generated based on emerging virulent PRV strains. As ideal
target genes, the gE, gI, TK, Us9, Us2, gC, gG and PK genes can be deleted to develop
genetically engineered vaccines against re-emerging PR, particularly gE, gI and TK genes.
Therefore, similar to single- or multiple-genes deletion of classical PRV strains, some novel
gene-modified vaccines based on the variant PRV strains have been generated in recent
years, but only two types of vaccines have been licensed thus far, including the gE-gene-
deleted inactivated vaccine on the basis of the PRV HeN1201 strain isolated from 2019 and
another natural four-gene-deleted (gI/gE/Us9/Us2) vaccine based on the PRV C strain in
2017 [29,154,155]. There are other candidates, including killed and live attenuated vaccines
based on the variant PRV strains, and the latter can be generated by homologous DNA
recombination, clustered regularly interspaced palindromic repeats (CRISPR)/associated
(Cas9) system and bacterial artificial chromosome (BAC) [155–158]. Thus far, the gene-
modified vaccine of PRV based on the variant PRV strains contains a double-gene deletion
of the ZJ01 strain (vZJ01-∆gE/gI), the PRV-XJ strain (rPRVXJ-delgI/gE-EGFP), and the
AH02LA strain (PRV B-gD&gCS), three-gene deletion based on the HN1201 strain (vPRV
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HN1201 TK-/gE-/gI-), the TJ strain (rPRVTJ-delgE/gI/TK), the NY strains (rPRV NY-
gE-/gI-/TK-), the GX strain (rGX∆TK/gE/gI), the XJ5 strain (rPRV/XJ5-gE-/gI-/TK-)
and the ZJ01 strain (rZJ01-∆TK/gE/gI), four-gene deletion of the PRV-GDFS (PRV GDFS-
delgI/gE/US9/US2) and ZJ01 strains (rZJ01-∆gI/gE/TK/UL13), and five-gene deletion
of HN1201 (rHN1201TK−/gE−/gI−/11k−/28k−), which have been proved to be effective in
preventing PR caused by mutant strains [29,155–165]. Considering the safety of these
candidate strains in field applications, further clinical trials must be conducted.

Table 3. Overview of genetically modified live PRV strains for vaccination in pigs.

Gene-Deleted
Vaccines Vaccine Strains Progenitor Strains Deleted Gene Technology Used Authorization References

Single
gene-deleted

vaccine

Omnivac BUK TK gene Natural losses Licensed [27]
2.4N3A NIA-3 (field strain) gE gene HR Licensed [166]

PRV(LA-AB) AH02LA (field strain) gE gene BCA Not available [167]
HN1201∆gE
(inactivated) HN1201 (field strain) gE gene HR Licensed [154]

rPRVTJ-delgE TJ (field strain) gE gene HR Not available [11]

Double
gene-deleted

vaccine

Omnimark Omnivac (BUK) TK and gIII genes Natural losses Licensed [145]
Begonia 2.4N3A (NIA-3) TK and gE genes Natural losses Licensed [168]

NIA3-783 2.4N3A (NIA-3) TK and gE genes HR Licensed [146]
Tolvi field strain TK and gpX genes HR Licensed [169]

D1200/D560 NIA-3 gD and gI genes HR Not available [148]
AD-YS400 Yangsan (field strain) TK and gE genes HR Not available [170]

JS-2012-∆gE/gI JS-2012 (field strain) gE and gI genes HR Not available [171]
gE-TK-PRV TNL (field strain) TK and gE genes HR Not available [172]

vZJ01∆gE/gI (inactivated) ZJ01 (field strain) gE and gI genes BCA Not available [157]
PRV (PRV∆TK&gE-AH02) AH02LA (field strain) TK and gE genes HR Not available [173]

Triple
gene-deleted

vaccine

6C2 Field strain TK, gE and gI genes HR Not available [174]
SA215 Fa (classical strain) gE, gI and TK genes HR Licensed [175]

rSMX∆gI/gE∆TK Field strain TK, gE and gI genes HR Not available [176]
rPRVTJ-delgE/gI/TK- rPRVTJ-delgE (TJ strain) TK, gE and gI genes HR Not available [29]

vPRV HN1201 HN1201 (field strain) TK, gE and gI genes HR Not available [158]
gE-/gI-/TK- PRV HeN1 (field strain) TK, gE and gI genes CRISPR/Cas9 Not available [177]

rPRV NY-gE−/gI−/TK− NY (field strain) TK, gE and gI genes HR and
CRISPR/Cas9 Not available [155]

201715 (field strain) gE, gC and TK genes CRISPR/Cas9 Not available [178]
rPRV/XJ5-gE−/gI−/TK− XJ5 (field strain) gE, gI and TK genes HR Not available [159]

rGX∆TK/gE/gI GX (field strain) TK, gE and gI genes Not available [165]

Four
gene-deleted

vaccine

PrV (376) PrV (376) gD, gG, gI and gE genes Not available [147]
—— C (field strain) gI, gE, Us9 and Us2 genes Natura losses Licensed [179]
PRV

GDFS-delgI/gE/US9/US2 GDFS (field strain) gI, gE, Us9 and Us2 genes CRISPR/Cas9 Not available [161]

rZJ01-∆gI/gE/TK/UL13 ZJ01 gI, gE, TK and UL13 genes CRISPR/Cas9 Not available [29]

Five gene-deleted
vaccine

PRV
rHN1201TK−/gE−/gI−/11k−/28k− HN1201 (field strain)) TK, gI, gE, 11k and 28k

genes BCA Not available [164]

Note: HR is the homologous DNA recombination; BCA is the bacterial artificial chromosome; CRISPR/Cas9 is the
clustered regularly interspaced short palindromic repeats/Cas9.

Additionally, the large genome of PRV can serve as vaccine vectors for expressing
exogenous antigens without affecting its infectivity and immunogenicity [180]. Several
live PRV-based vector vaccines encoding significant antigens of other animal pathogens
have been generated and represented in the previous overview [181]. Similar to the
gene-modified vaccine, gG, gI, gE, and TK genes generally are used to insert exogenous
sequences [182–184]. At present, varied foreign genes encoding protective antigens of other
pathogens have been successfully inserted into the large genome of PRV, including the PPV
VP2 gene, classical swine fever virus (CSFV) E2 gene, the Brucella melitensis Bp26 gene, and
some genes of the African swine fever virus which include CP204L (p30), CP530R (pp62),
E183L (p54), B646L (p72) and EP402R (CD2v) [116,183–188]. Generally speaking, most
PRV recombinant vaccines have not yet been licensed so far, although these vaccines can
effectively prevent multiple infectious diseases simultaneously. Surprisingly, recombinant
targeted Bacillus subtilis vaccine expressing PRV gC and gD proteins can effectively induce a
mucosal immune response against this disease in recent study [189], and efficient protection
provided by a gD-based subunit vaccine against PRV variant infection in pig models was
also confirmed [190].

For China, many researchers have developed diverse types of anti-PRV vaccines,
mainly including inactivated vaccines, live attenuated vaccines and live PRV-based vector
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vaccines, and most of them can produce high levels of neutralizing and gB antibodies, with
effective protection against PRV. Furthermore, these candidate vaccines also follow the
distinction between the infected and vaccinated animals (DIVA), which is beneficial to PR
eradication in China. Different types of vaccines have different advantages. The inactivated
vaccine is highly safe for vaccinated animals without viral virulence reversion, but it is
generally less effective than both live vaccines [10]. Notably, two live vaccines display
disadvantages, for example, their safety in pigs and non-target animals. Some studies
reported that vaccination with a gene-modified PRV strain could lead to PR in sheep with
severe clinical signs, as well as adult red foxes, and also pose a potential threat to the health
of dogs [191–193]. In general, lengthy testing should be conducted on genetically modified
live vaccines [167].

6.2. Chinese Herbal Medicines as Potential Anti-PRV Drugs

Chinese herbal medicine has a history spanning thousands of years and has been
extensively applied in the treatment of various diseases of human beings, such as atheroscle-
rosis, sepsis, diabetes, cancers, chronic kidney disease and anti-SARS-CoV-2 (COVID-19)
infection [194–200]. Some researchers have also found that Chinese herbal medicine can
improve some animal diseases [201–204]. Sinomenine, a comment agent in Chinese herbal
medicines, can decrease the incidence and severity of certain LPS-induced toxicities, for ex-
ample, cell adhesion, systemic inflammation and multiple organ dysfunction [201]. Ginger
extracts can relax and vasoprotect porcine coronary arteries [203]. With the international
recognition of traditional Chinese herbal medicine in disease treatment, this medicine has
gradually gained comprehensive attention. In light of the tremendous impact of PR on
the swine industry, some scientists have also committed to looking for inhibitors against
PRV infection (Table 4) [205–209]. As a natural phenolic compound, resveratrol (trans-3, 4,
5-trihydroxystilbene; Res) has a variety of properties, such as immunomodulatory, anti-
inflammatory and antiviral activities, and especially, its antiviral activities against PRV
infection have been fully recognized in numerous examinations [209,210]. Based on these
bioactivities, it appears that Res can inhibit the proliferation in PRV-infected piglets and
protect rotavirus-infected piglets by reducing the inflammatory response and enhancing im-
mune function [211]. In vitro, Res effectively inhibits PRV replication in a dose-dependent
manner, with a 50% inhibition concentration of 17.17 µM, and its inhibition of PRV-induced
cell death and gene expression may be related to IκB kinase degradation [211]. The ability
of Res anti-PRV and immune-adjuvant was also corroborated in both mice and pigs, and
Res could inhibit the replication of ASFV in vitro [142,186,212]. Taken together, these tradi-
tional Chinese herbal medicines have great potential value on the inhibitive ability of PRV
infection, and they need to be further studied to be promoted to be an effective choice for
animals or human beings against PRV challenge.

In addition to Res, other types of compounds with anti-PRV activity have been identi-
fied to be effective in vitro, such as kaempferol, panax notoginseng polysaccharides, germa-
crone, plantago, quercetin, isatis indigotica, radix isatidis, marine Bacillus S-12–86 lysozyme,
diammonium glycyrrhizin, vanadium-substituted Heteropolytungstate, graphene Oxide,
ivermectin and phosphonoformate sodium, whereas some of them cannot be verified
for the inhibition of viral replication in vivo (Table 4) [99,213–221]. As a novel anti-PRV
drug, quercetin is a natural product that has anti-oxidant, anti-bacterial, anti-cancer and
anti-viral activities [216,222]. In the latest research, it was found that quercetin can indeed
reduce the extent of PRV infection in virus-infected cells in a concentration-dependent
manner, suggesting that quercetin mainly holds back the entry of PRV into the host cell by
preventing its adsorption to the cell surface [216]. In addition, it is important for a viral
infection that quercetin is able to insert into the substrate-binding pocket of PRV gD protein
on the PRV surface and connect the N-ring and spiral alpha3 by hydrogen bonding [216].
The anti-PRV activity of quercetin has been demonstrated in mice, indicating that mice
inoculated with quercetin can resist the lethal challenge of PRV and decrease the viral loads
in the brain [216]. Although quercetin has a powerful therapeutic property against PRV
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infection both in vitro and vivo, it still needs long-term validation before it can be widely
applied in veterinary clinics.

Table 4. Overview of compounds with anti-PRV infection activity.

Source Mechanism 50% Effective
Concentration

50% Cytotoxic
Concentration PRV Strain In Vitro In Vivo References

Resveratrol (Res)
The inhibition of viral
proliferation, IκB kinase
activation

17.17 ± 0.35 µM Above 262.87 µM Rong A strain Yes Yes [142,209,211]

Kaempferol The inhibition of
viral proliferation

25.57 µM of 50%
inhibited
concentration

No mention Ra strain Yes Yes [213]

Panax notoginseng
polysaccharides

The inhibition of viral
adsorption and replication No mention No mention PRV XJ5 strain Yes No [214]

Germacrone The inhibition of
viral proliferation

54.51 µM for Vero
cells and 88.78 µM
for LLC-PK-1 cells

233.5 µM for Vero
cells and 184.1 µM
for LLC-PK-1 cells

Variant PRV
and PRV
vaccine strain
Barth K61

Yes No [206]

Plantago

The inhibition of viral
attachment and penetration;
decreasing ROS (reactive
oxygen species) production

No mention No mention PRV XJ5 Yes No [215]

Quercetin The inhibition of
viral adsorption

2.618 ± 0.673 µM
of 50% inhibited
concentration

Above 599 µM HNX strain Yes Yes [216]

Isatis indigotica The inhibition of
viral proliferation 11 µg/mL 299 µg/mL TNL strain Yes No [217]

Radix isatidis
The inhibition of viral
proliferation; killing
virus directly

The inhibition rate
of viral replication
by 14.674–30.84%

No mention Min A strain Yes No [207]

Marine Bacillus
S-12–86 lysozyme

The inhibition of viral
proliferation; killing
virus directly

0.46 mg/L 100 mg/L Min A strain Yes No [218]

Diammonium
glycyrrhizin Killing virus directly No mention Above 1250

µg/mL Bartha K-61 Yes No [219]

Vanadium-
substituted
Heteropolytungstate

Killing virus directly 3.5–5.0 mg/L 400–420 mg/L Bartha strain Yes No [220]

Graphene Oxide Killing virus directly No mention No mention HNX strain Yes No [223]

Ivermectin
The inhibition of viral DNA
polymerase UL42 in entering
the nucleus

No mention No mention No mention Yes Yes [208]

Phosphonoformate
sodium

Inhibition of viral
DNA polymerase

Nearly 60 µg/mL
of 50% inhibited
concentration

No mention Kaplan Yes No [221]

6.3. Novel Small RNAs

Owing to the characteristic of targeting mRNA degradation, small RNAs are ex-
tensively used for searching gene functions and are also considered a novel therapeutic
approach that effectively inhibits viral replication and interferes in protein synthesis, includ-
ing small interfering RNAs (siRNAs) and microRNAs (miRNAs) [224–226]. In a previous
study, it was proved that the PRV processivity factor UL42 is critical for viral replication
and can improve the catalytic activity of the DNA polymerase, suggesting that it may be
a latent drug target for antiviral treatment against PRV infection [2]. To verify this guess,
three siRNAs (siR-386, siR-517, and siR-849) directed against UL42 were synthesized and
defined their anti-PRV activities in cell culture, and the results showed that these three
siRNAs induce great inhibitory effects on UL42 expression after PRV infection and impair
viral replication [227]. miR-21 is one of the earliest miRNAs to be discovered, and it is
associated with the immune response, viral replication, cell apoptosis and cancer [228–230].
In Huang’s study, it demonstrated that miR-21 plays a crucial role in the immune response
to PRV infection and can directly target interferon-γ inducible protein-10 (IP-10) to inhibit
PRV replication in PK15 cells [230]. Subsequently, the detailed function of a large latency
transcript (LLT) miRNA cluster was further studied, and PRV-encoded prv-miR-LLT11a
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appeared during initial downregulation and following upregulation in PK15 cells with
PRV-infection, suggesting that it may have obviously repressed viral replication [231].
However, their potential mechanism remains unclear so far, which needs deeper research.

7. Conclusions and Future Perspectives

It has been nearly 200 years since PR was first discovered in 1813 in America, and
PRV infection has become one of the most important pathogens leading to reproductive
failure of pregnant sows, nervous disorders in newborn piglets, and respiratory distress in
growing pigs [2]. Although few countries have eradicated PR from their swine populations
due to the application of gE-deleted PRV vaccines and the DIVA strategy, PR is still
prevalent in most countries, especially in China, which has resulted in huge economic
losses to the swine industry during the past several decades [157]. With continuous
exploration, the roles of the various components, pathogenesis, diagnosis method and
prevention of PRV are being developed in depth. In the past decades, the infected host
of PRV has ranged from various animals to human beings, including pigs, dogs, cats,
cattle, sheep, goats, captive mink, wild foxes, captive foxes, wolves and lynxes [232]. PRV
infection invades the peripheral nervous system in pigs with the occasional invasion of the
central nervous system after primary infection at mucosal surfaces [15]. For its diagnosis,
different types of detection technology have been generated, such as serological approaches,
molecular biology approaches, and other approaches (VI and the paper biosensor doped
with Fe3O4@SiO2–NH2 and MWCNTs). As one of the serological assays, ELISA is most
widely used in detecting the infection of PRV wild strains due to its sensitive and rapid
features [1]. It is worth nothing that PRV infection in humans is confirmed by high-
through sequencing technology, which is time-consuming and expensive [6,138]. Thus,
these problems should be the focus of future efforts.

In terms of the prevention and control of PR, vaccination with the Bartha-K61 strain is
the most common method, and PR is well controlled worldwide. However, PR re-emerged
at the end of 2011 in Chinese pig herds which were vaccinated with the Bartha-K61 strain,
and it was demonstrated that re-emerging PR is caused by variant PRV strains, suggesting
that the commercial vaccine containing the Bartha-K61 strain cannot provide full protection
against the variant PRV challenge [111]. With continuous research, various types of vaccine
candidates have been created, such as inactivated vaccines, live gene-deleted vaccines, live
attenuated recombinant vaccines, DNA vaccines and subunit vaccines, though the last two
types of vaccines are rarely used in the clinical prevention of PRV. At present, PRV vaccines
that are widely used in pig farms are mainly the licensed live attenuated gene-deleted
vaccines, but they may appear to cause viral virulence reversion and influence the safety
of vaccinated pigs. Another disadvantage is that these commercial attenuated vaccines
can lead to various susceptibility and immune responses in some species (goat, dog and
mink) [99]. Therefore, it is very necessary to develop safer vaccines with efficient protection
against PRV infection in the future.

In conclusion, the current study and clinical progress data on PR prevention and
control are optimistic, and we believe that we can achieve the goal of eradicating PR
worldwide in the near future.
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14. Masić, M.; Ercegan, M.; Petrović, M. The significance of the tonsils in the pathogenesis and diagnosis of Aujeszyk’s disease in
pigs. Zent. Fur Veterinarmedizin. Reihe B J. Vet. Medicine. Ser. B 1965, 12, 398–405.

15. Tirabassi, R.; Townley, R.; Eldridge, M.; Enquist, L. Molecular mechanisms of neurotropic herpesvirus invasion and spread in the
CNS. Neurosci. Biobehav. Rev. 1998, 22, 709–720. [CrossRef]

16. Gutekunst, D.; Pirtle, E.; Miller, L.; Stewart, W. Isolation of pseudorabies virus from trigeminal ganglia of a latently infected sow.
Am. J. Vet. Res. 1980, 41, 1315–1316.

17. Verpoest, S.; Cay, B.; Favoreel, H.; De Regge, N. Age-Dependent Differences in Pseudorabies Virus Neuropathogenesis and
Associated Cytokine Expression. J. Virol. 2017, 91, e02058-16. [CrossRef] [PubMed]

18. Nawynck, H.; Pensaert, M. Cell-free and cell-associated viremia in pigs after oronasal infection with Aujeszky’s disease virus. Vet.
Microbiol. 1995, 43, 307–314. [CrossRef]

19. Nauwynck, H.; Pensaert, M. Abortion induced by cell-associated pseudorabies virus in vaccinated sows. Am. J. Vet. Res. 1992, 53,
489–493. [PubMed]

20. Mettenleiter, T.C.; Klupp, B.G.; Granzow, H. Herpesvirus assembly: An update. Virus Res. 2009, 143, 222–234. [CrossRef] [PubMed]
21. Daniel, G.R.; Pegg, C.E.; Smith, G.A.; Sandri-Goldin, R.M. Dissecting the Herpesvirus Architecture by Targeted Proteolysis. J.

Virol. 2018, 92, e00738-18. [CrossRef] [PubMed]
22. Kramer, T.; Greco, T.M.; Enquist, L.W.; Cristea, I.M. Proteomic characterization of pseudorabies virus extracellular virions. J. Virol.

2011, 85, 6427–6441. [CrossRef] [PubMed]
23. Romero, C.H.; Meade, P.; Santagata, J.; Gillis, K.; Lollis, G.; Hahn, E.C.; Gibbs, E.P. Genital infection and transmission of

pseudorabies virus in feral swine in Florida, USA. Vet. Microbiol. 1997, 55, 131–139. [CrossRef]
24. Fuchs, W.; Ehrlich, C.; Klupp, B.; Mettenleiter, T. Characterization of the replication origin (Ori(S)) and adjoining parts of the

inverted repeat sequences of the pseudorabies virus genome. J. Gen. Virol. 2000, 81, 1539–1543. [CrossRef]
25. Wu, C.; Harper, L.; Ben-Porat, T. Molecular basis for interference of defective interfering particles of pseudorabies virus with

replication of standard virus. J. Virol. 1986, 59, 308–317. [CrossRef]
26. Wesley, R.D.; Cheung, A.K. A Pseudorabies Virus Mutant with Deletions in the Latency and Early Protein O Genes: Replication,

Virulence, and Immunity in Neonatal Piglets. J. Vet. Diagn. Investig. 1996, 8, 21–24. [CrossRef]

http://doi.org/10.1016/j.meegid.2021.104835
http://doi.org/10.1128/MMBR.69.3.462-500.2005
http://www.ncbi.nlm.nih.gov/pubmed/16148307
http://doi.org/10.1128/JVI.01614-18
http://doi.org/10.3389/fneur.2019.00534
http://www.ncbi.nlm.nih.gov/pubmed/31214104
http://doi.org/10.1093/cid/ciaa987
http://www.ncbi.nlm.nih.gov/pubmed/32667972
http://doi.org/10.3201/eid2406.171612
http://doi.org/10.3967/bes2020.059
http://doi.org/10.1016/j.ijid.2019.09.019
http://doi.org/10.1177/03000605211058990
http://doi.org/10.1016/j.vetmic.2016.11.019
http://www.ncbi.nlm.nih.gov/pubmed/27890448
http://doi.org/10.1016/j.vaccine.2014.04.035
http://www.ncbi.nlm.nih.gov/pubmed/24793946
http://doi.org/10.1016/j.vaccine.2017.01.003
http://doi.org/10.1051/vetres:2000110
http://www.ncbi.nlm.nih.gov/pubmed/10726640
http://doi.org/10.1016/S0149-7634(98)00009-8
http://doi.org/10.1128/JVI.02058-16
http://www.ncbi.nlm.nih.gov/pubmed/27852848
http://doi.org/10.1016/0378-1135(94)00103-4
http://www.ncbi.nlm.nih.gov/pubmed/1316724
http://doi.org/10.1016/j.virusres.2009.03.018
http://www.ncbi.nlm.nih.gov/pubmed/19651457
http://doi.org/10.1128/JVI.00738-18
http://www.ncbi.nlm.nih.gov/pubmed/29899099
http://doi.org/10.1128/JVI.02253-10
http://www.ncbi.nlm.nih.gov/pubmed/21525350
http://doi.org/10.1016/S0378-1135(96)01307-7
http://doi.org/10.1099/0022-1317-81-6-1539
http://doi.org/10.1128/jvi.59.2.308-317.1986
http://doi.org/10.1177/104063879600800104


Viruses 2022, 14, 1638 20 of 27

27. Kit, S.; Kit, M.; Pirtle, E. Attenuated properties of thymidine kinase-negative deletion mutant of pseudorabies virus. Am. J. Vet.
Res. 1985, 46, 1359–1367. [PubMed]

28. Xu, L.; Wei, J.; Zhao, J.; Xu, S.; Lee, F.; Nie, M.; Xu, Z.; Zhou, Y.; Zhu, L. The Immunity Protection of Central Nervous System
Induced by Pseudorabies Virus DelgI/gE/TK in Mice. Front. Microbiol. 2022, 13, 862907. [CrossRef] [PubMed]

29. Cong, X.; Lei, J.L.; Xia, S.L.; Wang, Y.M.; Li, Y.; Li, S.; Luo, Y.; Sun, Y.; Qiu, H.J. Pathogenicity and immunogenicity of a gE/gI/TK
gene-deleted pseudorabies virus variant in susceptible animals. Vet. Microbiol. 2016, 182, 170–177. [CrossRef]

30. Rauh, I.; Mettenleiter, T.C. Pseudorabies virus glycoproteins gII and gp50 are essential for virus penetration. J. Virol. 1991, 65,
5348–5356. [CrossRef] [PubMed]

31. Peeters, B.; de Wind, N.; Hooisma, M.; Wagenaar, F.; Gielkens, A.; Moormann, R. Pseudorabies virus envelope glycoproteins
gp50 and gII are essential for virus penetration, but only gII is involved in membrane fusion. J. Virol. 1992, 66, 894–905.
[CrossRef] [PubMed]

32. Maeda, K.; Hayashi, S.; Tanioka, Y.; Matsumoto, Y.; Otsuka, H. Pseudorabies virus (PRV) is protected from complement attack by
cellular factors and glycoprotein C (gC). Virus Res. 2002, 84, 79–87. [CrossRef]

33. Rue, C.A.; Ryan, P. Pseudorabies virus glycoprotein C attachment-proficient revertants isolated through a simple, targeted
mutagenesis scheme. J. Virol. Methods 2008, 151, 101–106. [CrossRef]

34. Sapir, A.; Avinoam, O.; Podbilewicz, B.; Chernomordik, L.V. Viral and developmental cell fusion mechanisms: Conservation and
divergence. Dev. Cell 2008, 14, 11–21. [CrossRef]

35. Vallbracht, M.; Brun, D.; Tassinari, M.; Vaney, M.C.; Pehau-Arnaudet, G.; Guardado-Calvo, P.; Haouz, A.; Klupp, B.G.; Mettenleiter,
T.C.; Rey, F.A.; et al. Structure-Function Dissection of Pseudorabies Virus Glycoprotein B Fusion Loops. J. Virol. 2018, 92,
e01203-17. [CrossRef]

36. Mettenleiter, T.C.; Lukàcs, N.; Rziha, H.J. Pseudorabies virus avirulent strains fail to express a major glycoprotein. J. Virol. 1985,
56, 307–311. [CrossRef] [PubMed]

37. Li, A.; Lu, G.; Qi, J.; Wu, L.; Tian, K.; Luo, T.; Shi, Y.; Yan, J.; Gao, G.F. Structural basis of nectin-1 recognition by pseudorabies
virus glycoprotein D. PLoS Pathog. 2017, 13, e1006314. [CrossRef]

38. Thomsen, D.R.; Marchioli, C.C.; Yancey, R.J., Jr.; Post, L.E. Replication and virulence of pseudorabies virus mutants lacking
glycoprotein gX. J. Virol. 1987, 61, 229–232. [CrossRef]

39. Lerma, L.; Muñoz, A.L.; García Utrilla, R.; Sainz, B., Jr.; Lim, F.; Tabarés, E.; Gómez-Sebastián, S. Partial complementation between
the immediate early proteins ICP4 of herpes simplex virus type 1 and IE180 of pseudorabies virus. Virus Res. 2020, 279, 197896.
[CrossRef] [PubMed]

40. Zhang, Y.; El Omari, K.; Duman, R.; Liu, S.; Haider, S.; Wagner, A.; Parkinson, G.N.; Wei, D. Native de novo structural
determinations of non-canonical nucleic acid motifs by X-ray crystallography at long wavelengths. Nucleic Acids Res. 2020, 48,
9886–9898. [CrossRef] [PubMed]

41. Cai, M.; Wang, P.; Wang, Y.; Chen, T.; Xu, Z.; Zou, X.; Ou, X.; Li, Y.; Chen, D.; Peng, T.; et al. Identification of the molecular
determinants for nuclear import of PRV EP0. Biol. Chem. 2019, 400, 1385–1394. [CrossRef] [PubMed]

42. Yan, K.; Liu, J.; Guan, X.; Yin, Y.X.; Peng, H.; Chen, H.C.; Liu, Z.F. The Carboxyl Terminus of Tegument Protein pUL21 Contributes
to Pseudorabies Virus Neuroinvasion. J. Virol. 2019, 93, e02052-18. [CrossRef]

43. Liu, Y.F.; Tsai, P.Y.; Chulakasian, S.; Lin, F.Y.; Hsu, W.L. The pseudorabies virus vhs protein cleaves RNA containing an IRES
sequence. FEBS J. 2016, 283, 899–911. [CrossRef]

44. Liu, Y.F.; Tsai, P.Y.; Lin, F.Y.; Lin, K.H.; Chang, T.J.; Lin, H.W.; Chulakasian, S.; Hsu, W.L. Roles of nucleic acid substrates and
cofactors in the vhs protein activity of pseudorabies virus. Vet. Res. 2015, 46, 141. [CrossRef]

45. Granzow, H.; Klupp, B.G.; Mettenleiter, T.C. Entry of pseudorabies virus: An immunogold-labeling study. J. Virol. 2005, 79,
3200–3205. [CrossRef] [PubMed]

46. Luxton, G.W.; Haverlock, S.; Coller, K.E.; Antinone, S.E.; Pincetic, A.; Smith, G.A. Targeting of herpesvirus capsid transport in
axons is coupled to association with specific sets of tegument proteins. Proc. Natl. Acad. Sci. USA 2005, 102, 5832–5837. [CrossRef]

47. Granzow, H.; Weiland, F.; Jöns, A.; Klupp, B.G.; Karger, A.; Mettenleiter, T.C. Ultrastructural analysis of the replication cycle of
pseudorabies virus in cell culture: A reassessment. J. Virol. 1997, 71, 2072–2082. [CrossRef] [PubMed]

48. Fuchs, W.; Granzow, H.; Klupp, B.G.; Kopp, M.; Mettenleiter, T.C. The UL48 tegument protein of pseudorabies virus is critical for
intracytoplasmic assembly of infectious virions. J. Virol. 2002, 76, 6729–6742. [CrossRef] [PubMed]

49. Ben-Porat, T.; Veach, R.A.; Ihara, S. Localization of the regions of homology between the genomes of herpes simplex virus, type 1,
and pseudorabies virus. Virology 1983, 127, 194–204. [CrossRef]

50. Lehman, I.; Boehmer, P. Replication of herpes simplex virus DNA. J. Biol. Chem. 1999, 274, 28059–28062. [CrossRef]
51. De Wind, N.; Peeters, B.P.; Zuderveld, A.; Gielkens, A.L.; Berns, A.J.; Kimman, T.G. Mutagenesis and characterization of a

41-kilobase-pair region of the pseudorabies virus genome: Transcription map, search for virulence genes, and comparison with
homologs of herpes simplex virus type 1. Virology 1994, 200, 784–790. [CrossRef]

52. Jöns, A.; Mettenleiter, T.C. Identification and characterization of pseudorabies virus dUTPase. J. Virol. 1996, 70, 1242–1245.
[CrossRef] [PubMed]

53. Fuchs, W.; Klupp, B.G.; Granzow, H.; Rziha, H.J.; Mettenleiter, T.C. Identification and characterization of the pseudorabies virus
UL3.5 protein, which is involved in virus egress. J. Virol. 1996, 70, 3517–3527. [CrossRef] [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/2992322
http://doi.org/10.3389/fmicb.2022.862907
http://www.ncbi.nlm.nih.gov/pubmed/35401481
http://doi.org/10.1016/j.vetmic.2015.11.022
http://doi.org/10.1128/jvi.65.10.5348-5356.1991
http://www.ncbi.nlm.nih.gov/pubmed/1654444
http://doi.org/10.1128/jvi.66.2.894-905.1992
http://www.ncbi.nlm.nih.gov/pubmed/1309919
http://doi.org/10.1016/S0168-1702(01)00417-8
http://doi.org/10.1016/j.jviromet.2008.03.015
http://doi.org/10.1016/j.devcel.2007.12.008
http://doi.org/10.1128/JVI.01203-17
http://doi.org/10.1128/jvi.56.1.307-311.1985
http://www.ncbi.nlm.nih.gov/pubmed/2411950
http://doi.org/10.1371/journal.ppat.1006314
http://doi.org/10.1128/jvi.61.1.229-232.1987
http://doi.org/10.1016/j.virusres.2020.197896
http://www.ncbi.nlm.nih.gov/pubmed/32045631
http://doi.org/10.1093/nar/gkaa439
http://www.ncbi.nlm.nih.gov/pubmed/32453431
http://doi.org/10.1515/hsz-2019-0201
http://www.ncbi.nlm.nih.gov/pubmed/31120855
http://doi.org/10.1128/JVI.02052-18
http://doi.org/10.1111/febs.13642
http://doi.org/10.1186/s13567-015-0284-y
http://doi.org/10.1128/JVI.79.5.3200-3205.2005
http://www.ncbi.nlm.nih.gov/pubmed/15709042
http://doi.org/10.1073/pnas.0500803102
http://doi.org/10.1128/jvi.71.3.2072-2082.1997
http://www.ncbi.nlm.nih.gov/pubmed/9032339
http://doi.org/10.1128/JVI.76.13.6729-6742.2002
http://www.ncbi.nlm.nih.gov/pubmed/12050386
http://doi.org/10.1016/0042-6822(83)90383-5
http://doi.org/10.1074/jbc.274.40.28059
http://doi.org/10.1006/viro.1994.1242
http://doi.org/10.1128/jvi.70.2.1242-1245.1996
http://www.ncbi.nlm.nih.gov/pubmed/8551588
http://doi.org/10.1128/jvi.70.6.3517-3527.1996
http://www.ncbi.nlm.nih.gov/pubmed/8648685


Viruses 2022, 14, 1638 21 of 27

54. Fuchs, W.; Klupp, B.G.; Granzow, H.; Osterrieder, N.; Mettenleiter, T.C. The interacting UL31 and UL34 gene products of
pseudorabies virus are involved in egress from the host-cell nucleus and represent components of primary enveloped but not
mature virions. J. Virol. 2002, 76, 364–378. [CrossRef] [PubMed]

55. Morrison, E.E.; Wang, Y.F.; Meredith, D.M. Phosphorylation of structural components promotes dissociation of the herpes simplex
virus type 1 tegument. J. Virol. 1998, 72, 7108–7114. [CrossRef]

56. Hahn, E.C.; Page, G.R.; Hahn, P.S.; Gillis, K.D.; Romero, C.; Annelli, J.A.; Gibbs, E.P. Mechanisms of transmission of Aujeszky’s
disease virus originating from feral swine in the USA. Vet. Microbiol. 1997, 55, 123–130. [CrossRef]

57. Romero, C.H.; Meade, P.N.; Shultz, J.E.; Chung, H.Y.; Gibbs, E.P.; Hahn, E.C.; Lollis, G. Venereal transmission of pseudorabies
viruses indigenous to feral swine. J. Wildl. Dis. 2001, 37, 289–296. [CrossRef]

58. Nauwynck, H.; Glorieux, S.; Favoreel, H.; Pensaert, M. Cell biological and molecular characteristics of pseudorabies virus
infections in cell cultures and in pigs with emphasis on the respiratory tract. Vet. Res. 2007, 38, 229–241. [CrossRef]

59. Crandell, R.A. Pseudorabies (Aujeszky’s disease). Vet. Clin. N. Am. Large Anim. Pract. 2014, 4, 321. [CrossRef]
60. Glorieux, S.; Van den Broeck, W.; van der Meulen, K.M.; Van Reeth, K.; Favoreel, H.W.; Nauwynck, H.J. In vitro culture of porcine

respiratory nasal mucosa explants for studying the interaction of porcine viruses with the respiratory tract. J. Virol. Methods 2007,
142, 105–112. [CrossRef]

61. Glorieux, S.; Favoreel, H.W.; Meesen, G.; de Vos, W.; Van den Broeck, W.; Nauwynck, H.J. Different replication characteristics
of historical pseudorabies virus strains in porcine respiratory nasal mucosa explants. Vet. Microbiol. 2009, 136, 341–346.
[CrossRef] [PubMed]

62. Narita, M.; Kawashima, K.; Matsuura, S.; Uchimura, A.; Miura, Y. Pneumonia in pigs infected with pseudorabies virus and
Haemophilus parasuis serovar 4. J. Comp. Pathol. 1994, 110, 329–339. [CrossRef]

63. Maes, R.K.; Kanitz, C.L.; Gustafson, D.P. Shedding patterns in swine of virulent and attenuated pseudorabies virus. Am. J. Vet.
Res. 1983, 44, 2083–2086. [PubMed]

64. Lamote, J.A.S.; Glorieux, S.; Nauwynck, H.J.; Favoreel, H.W. The US3 Protein of Pseudorabies Virus Drives Viral Passage across
the Basement Membrane in Porcine Respiratory Mucosa Explants. J. Virol. 2016, 90, 10945–10950. [CrossRef]

65. Glorieux, S.; Favoreel, H.W.; Steukers, L.; Vandekerckhove, A.P.; Nauwynck, H.J. A trypsin-like serine protease is involved
in pseudorabies virus invasion through the basement membrane barrier of porcine nasal respiratory mucosa. Vet. Res. 2011,
42, 58. [CrossRef]

66. Jamrichová, O.; Skoda, R. Multiplication of pseudorabies virus in the inguinal lymph nodes of pigs. Acta Virol. 1968, 12, 555.
67. Wittmann, G.; Ohlinger, V.; Rziha, H.J. Occurrence and reactivation of latent Aujeszky’s disease virus following challenge in

previously vaccinated pigs. Arch. Virol. 1983, 75, 29–41. [CrossRef]
68. Mulder, W.A.; Jacobs, L.; Priem, J.; Kok, G.L.; Wagenaar, F.; Kimman, T.G.; Pol, J.M. Glycoprotein gE-negative pseudorabies virus

has a reduced capability to infect second- and third-order neurons of the olfactory and trigeminal routes in the porcine central
nervous system. J. Gen. Virol. 1994, 75 Pt 11, 3095–3106. [CrossRef]

69. Sabó, A.; Rajcáni, J.; Blaskovic, D. Studies on the pathogenesis of Aujeszky’s disease. 3. The distribution of virulent virus in
piglets after intranasal infection. Acta Virol. 1969, 13, 407–414.

70. Nauwynck, H.J.; Pensaert, M.B. Interactions of Aujeszky’s disease virus and porcine blood mononuclear cells in vivo and in vitro.
Acta Vet. Hung. 1994, 42, 301–308.

71. Babic, N.; Mettenleiter, T.C.; Ugolini, G.; Flamand, A.; Coulon, P. Propagation of pseudorabies virus in the nervous system of the
mouse after intranasal inoculation. Virology 1994, 204, 616–625. [CrossRef] [PubMed]

72. Kramer, T.; Greco, T.M.; Taylor, M.P.; Ambrosini, A.E.; Cristea, I.M.; Enquist, L.W. Kinesin-3 mediates axonal sorting and
directional transport of alphaherpesvirus particles in neurons. Cell Host Microbe 2012, 12, 806–814. [CrossRef] [PubMed]

73. Grinde, B. Herpesviruses: Latency and reactivation—Viral strategies and host response. J. Oral Microbiol. 2013, 5, 22766.
[CrossRef] [PubMed]

74. Wheeler, J.G.; Osorio, F.A. Investigation of sites of pseudorabies virus latency, using polymerase chain reaction. Am. J. Vet. Res.
1991, 52, 1799–1803. [PubMed]

75. van Oirschot, J.T.; Gielkens, A.L. In vivo and in vitro reactivation of latent pseudorabies virus in pigs born to vaccinated sows.
Am. J. Vet. Res. 1984, 45, 567–571.

76. Wigdahl, B.; Rong, B.L.; Kinney-Thomas, E. Varicella-zoster virus infection of human sensory neurons. Virology 1986, 152,
384–399. [CrossRef]

77. Jones, C. Bovine Herpes Virus 1 (BHV-1) and Herpes Simplex Virus Type 1 (HSV-1) Promote Survival of Latently Infected Sensory
Neurons, in Part by Inhibiting Apoptosis. J. Cell Death 2013, 6, 1–16. [CrossRef]

78. Van de Walle, G.R.; Favoreel, H.W.; Nauwynck, H.J.; Mettenleiter, T.C.; Pensaert, M.B. Transmission of pseudorabies virus from
immune-masked blood monocytes to endothelial cells. J. Gen. Virol. 2003, 84 Pt 3, 629–637. [CrossRef]

79. Kluge, J.P.; Maré, C.J. Swine pseudorabies: Abortion, clinical disease, and lesions in pregnant gilts infected with pseudorabies
virus (Aujeszky’s disease). Am. J. Vet. Res. 1974, 35, 991–995.

80. Hsu, F.S.; Chu, R.M.; Lee, R.C.; Chu, S.H. Placental lesions caused by pseudorabies virus in pregnant sows. J. Am. Vet. Med. Assoc.
1980, 177, 636–641.

81. Ka, H.; Seo, H.; Choi, Y.; Yoo, I.; Han, J. Endometrial response to conceptus-derived estrogen and interleukin-1β at the time of
implantation in pigs. J. Anim. Sci. Biotechnol. 2018, 9, 44. [CrossRef] [PubMed]

http://doi.org/10.1128/JVI.76.1.364-378.2002
http://www.ncbi.nlm.nih.gov/pubmed/11739701
http://doi.org/10.1128/JVI.72.9.7108-7114.1998
http://doi.org/10.1016/S0378-1135(96)01309-0
http://doi.org/10.7589/0090-3558-37.2.289
http://doi.org/10.1051/vetres:200661
http://doi.org/10.1016/S0196-9846(17)30108-8
http://doi.org/10.1016/j.jviromet.2007.01.018
http://doi.org/10.1016/j.vetmic.2008.11.005
http://www.ncbi.nlm.nih.gov/pubmed/19111405
http://doi.org/10.1016/S0021-9975(08)80310-6
http://www.ncbi.nlm.nih.gov/pubmed/6316822
http://doi.org/10.1128/JVI.01577-16
http://doi.org/10.1186/1297-9716-42-58
http://doi.org/10.1007/BF01314125
http://doi.org/10.1099/0022-1317-75-11-3095
http://doi.org/10.1006/viro.1994.1576
http://www.ncbi.nlm.nih.gov/pubmed/7941329
http://doi.org/10.1016/j.chom.2012.10.013
http://www.ncbi.nlm.nih.gov/pubmed/23245325
http://doi.org/10.3402/jom.v5i0.22766
http://www.ncbi.nlm.nih.gov/pubmed/24167660
http://www.ncbi.nlm.nih.gov/pubmed/1664672
http://doi.org/10.1016/0042-6822(86)90141-8
http://doi.org/10.4137/JCD.S10803
http://doi.org/10.1099/vir.0.18796-0
http://doi.org/10.1186/s40104-018-0259-8
http://www.ncbi.nlm.nih.gov/pubmed/29928500


Viruses 2022, 14, 1638 22 of 27

82. Vélez, C.; Barbeito, C.; Koncurat, M. αvβ3 Integrin and fibronectin expressions and their relation to estrogen and progesterone
during placentation in swine. Biotech. Histochem. 2018, 93, 15–24. [CrossRef]

83. Bidarimath, M.; Tayade, C. Pregnancy and spontaneous fetal loss: A pig perspective. Mol. Reprod. Dev. 2017, 84, 856–869.
[CrossRef] [PubMed]

84. Dieuzy, I.; Vannier, P.; Jestin, A. Effects of experimental pseudorabies virus infection on vaccinated pregnant sows. Ann. De Rech.
Vet. Ann. Vet. Res. 1987, 18, 233–240.

85. Iglesias, J.G.; Harkness, J.W. Studies of transplacental and perinatal infection with two clones of a single Aujeszky’s disease
(pseudorabies) virus isolate. Vet. Microbiol. 1988, 16, 243–254. [CrossRef]

86. Ceriatti, F.S.; Sabini, L.I.; Bettera, S.G.; Zanón, S.M.; Ramos, B.A. Experimental infection of pregnant gilts with Aujeszky’s disease
virus strain RC/79. Rev. Argent. Microbiol. 1992, 24, 102–112. [PubMed]

87. Wong, G.; Lu, J.; Zhang, W.; Gao, G.F. Pseudorabies virus: A neglected zoonotic pathogen in humans? Emerg. Microbes Infect.
2019, 8, 150–154. [CrossRef]

88. He, W.; Auclert, L.Z.; Zhai, X.; Wong, G.; Zhang, C.; Zhu, H.; Xing, G.; Wang, S.; He, W.; Li, K.; et al. Interspecies Transmission,
Genetic Diversity, and Evolutionary Dynamics of Pseudorabies Virus. J. Infect. Dis. 2019, 219, 1705–1715. [CrossRef]

89. Wang, X.; Wu, C.X.; Song, X.R.; Chen, H.C.; Liu, Z.F. Comparison of pseudorabies virus China reference strain with emerging
variants reveals independent virus evolution within specific geographic regions. Virology 2017, 506, 92–98. [CrossRef]

90. Zhai, X.; Zhao, W.; Li, K.; Zhang, C.; Wang, C.; Su, S.; Zhou, J.; Lei, J.; Xing, G.; Sun, H.; et al. Genome Characteristics and
Evolution of Pseudorabies Virus Strains in Eastern China from 2017 to 2019. Virol. Sin. 2019, 34, 601–609. [CrossRef] [PubMed]

91. Huang, J.; Zhu, L.; Zhao, J.; Yin, X.; Feng, Y.; Wang, X.; Sun, X.; Zhou, Y.; Xu, Z. Genetic evolution analysis of novel recombinant
pseudorabies virus strain in Sichuan, China. Transbound. Emerg. Dis. 2020, 67, 1428–1432. [CrossRef] [PubMed]

92. Kumar, S.; Stecher, G.; Tamura, K. MEGA7: Molecular Evolutionary Genetics Analysis Version 7.0 for Bigger Datasets. Mol. Biol.
Evol. 2016, 33, 1870–1874. [CrossRef] [PubMed]

93. Lin, Y.; Tan, L.; Wang, C.; He, S.; Fang, L.; Wang, Z.; Zhong, Y.; Zhang, K.; Liu, D.; Yang, Q.; et al. Serological Investigation and
Genetic Characteristics of Pseudorabies Virus in Hunan Province of China From 2016 to 2020. Front. Vet. Sci. 2021, 8, 762326.
[CrossRef] [PubMed]

94. Liu, J.; Chen, C.; Li, X. Novel Chinese pseudorabies virus variants undergo extensive recombination and rapid interspecies
transmission. Transbound. Emerg. Dis. 2020, 67, 2274–2276. [CrossRef]

95. Ye, C.; Zhang, Q.; Tian, Z.; Zheng, H.; Zhao, K.; Liu, F.; Guo, J.; Tong, W.; Jiang, C.; Wang, S.; et al. Genomic characterization of
emergent pseudorabies virus in China reveals marked sequence divergence: Evidence for the existence of two major genotypes.
Virology 2015, 483, 32–43. [CrossRef]

96. Fan, J.; Zeng, X.; Zhang, G.; Wu, Q.; Niu, J.; Sun, B.; Xie, Q.; Ma, J. Molecular characterization and phylogenetic analysis of
pseudorabies virus variants isolated from Guangdong province of southern China during 2013-2014. J. Vet. Sci. 2016, 17, 369–375.
[CrossRef] [PubMed]

97. Ren, Q.; Ren, H.; Gu, J.; Wang, J.; Jiang, L.; Gao, S. The Epidemiological Analysis of Pseudorabies Virus and Pathogenicity of the
Variant Strain in Shandong Province. Front. Vet. Sci. 2022, 9, 806824. [CrossRef]

98. Sun, Y.; Liang, W.; Liu, Q.; Zhao, T.; Zhu, H.; Hua, L.; Peng, Z.; Tang, X.; Stratton, C.; Zhou, D.; et al. Epidemiological and genetic
characteristics of swine pseudorabies virus in mainland China between 2012 and 2017. PeerJ 2018, 6, e5785. [CrossRef]

99. Tan, L.; Yao, J.; Yang, Y.; Luo, W.; Yuan, X.; Yang, L.; Wang, A. Current Status and Challenge of Pseudorabies Virus Infection in
China. Virol. Sin. 2021, 36, 588–607. [CrossRef]

100. Liu, H.; Shi, Z.; Liu, C.; Wang, P.; Wang, M.; Wang, S.; Liu, Z.; Wei, L.; Sun, Z.; He, X.; et al. Implication of the Identification of an
Earlier Pseudorabies Virus (PRV) Strain HLJ-2013 to the Evolution of Chinese PRVs. Front. Microbiol. 2020, 11, 612474. [CrossRef]

101. Tan, L.; Yao, J.; Lei, L.; Xu, K.; Liao, F.; Yang, S.; Yang, L.; Shu, X.; Duan, D.; Wang, A. Emergence of a Novel Recombinant
Pseudorabies Virus Derived From the Field Virus and Its Attenuated Vaccine in China. Front. Vet. Sci. 2022, 9, 872002. [CrossRef]

102. Ma, Z.; Han, Z.; Liu, Z.; Meng, F.; Liu, M. Epidemiological investigation of porcine pseudorabies virus and its coinfection rate in
Shandong Province in China from 2015 to 2018. J. Vet. Sci. 2020, 21, e36. [CrossRef] [PubMed]

103. Kou, X.; Gao, F.; Guo, H.; Liu, J. Establishment of Indirect ELISA Antibody Detection Kit for gE Protein of Porcine Pseudorabies
Virus. China Anim. Health Insp. 2018, 35, 91–94.

104. Morenkov, O.S.; Sobko, Y.A.; Panchenko, O.A. Glycoprotein gE blocking ELISAs to differentiate between Aujeszky’s disease-
vaccinated and infected animals. J. Virol. Methods 1997, 65, 83–94. [CrossRef]

105. Xu, L.; Peng, Z.; Zhao, T.T.; Xu, S.; Chen, H.C.; Bin, W.U. Development and preliminary application of a direct immunofluorescence
method for the detection of pseudorabies virus. Chin. J. Prev. Vet. Med. 2017, 39, 993–997.

106. Zhang, P.; Lv, L.; Sun, H.; Li, S.; Fan, H.; Wang, X.; Bai, J.; Jiang, P. Identification of linear B cell epitope on gB, gC, and gE proteins
of porcine pseudorabies virus using monoclonal antibodies. Vet. Microbiol. 2019, 234, 83–91. [CrossRef] [PubMed]

107. Li, X.; Sun, Y.; Yang, S.; Wang, Y.; Yang, J.; Liu, Y.; Jin, Q.; Li, X.; Guo, C.; Zhang, G. Development of an immunochromatographic
strip for antibody detection of pseudorabies virus in swine. J. Vet. Diagn. Investig. 2015, 27, 739–742. [CrossRef]

108. Wang, Y.B.; Li, Y.H.; Li, Q.M.; Xie, W.T.; Guo, C.L.; Guo, J.Q.; Deng, R.G.; Zhang, G.P. Development of a blocking immunoperoxi-
dase monolayer assay for differentiation between pseudorabies virus-infected and vaccinated animalss. Pol. J. Vet. Sci. 2019, 22,
717–723. [CrossRef] [PubMed]

http://doi.org/10.1080/10520295.2017.1374465
http://doi.org/10.1002/mrd.22847
http://www.ncbi.nlm.nih.gov/pubmed/28661560
http://doi.org/10.1016/0378-1135(88)90028-4
http://www.ncbi.nlm.nih.gov/pubmed/1338479
http://doi.org/10.1080/22221751.2018.1563459
http://doi.org/10.1093/infdis/jiy731
http://doi.org/10.1016/j.virol.2017.03.013
http://doi.org/10.1007/s12250-019-00140-1
http://www.ncbi.nlm.nih.gov/pubmed/31278605
http://doi.org/10.1111/tbed.13484
http://www.ncbi.nlm.nih.gov/pubmed/31968152
http://doi.org/10.1093/molbev/msw054
http://www.ncbi.nlm.nih.gov/pubmed/27004904
http://doi.org/10.3389/fvets.2021.762326
http://www.ncbi.nlm.nih.gov/pubmed/34977207
http://doi.org/10.1111/tbed.13784
http://doi.org/10.1016/j.virol.2015.04.013
http://doi.org/10.4142/jvs.2016.17.3.369
http://www.ncbi.nlm.nih.gov/pubmed/26726029
http://doi.org/10.3389/fvets.2022.806824
http://doi.org/10.7717/peerj.5785
http://doi.org/10.1007/s12250-020-00340-0
http://doi.org/10.3389/fmicb.2020.612474
http://doi.org/10.3389/fvets.2022.872002
http://doi.org/10.4142/jvs.2020.21.e36
http://www.ncbi.nlm.nih.gov/pubmed/32476312
http://doi.org/10.1016/S0166-0934(96)02171-4
http://doi.org/10.1016/j.vetmic.2019.05.013
http://www.ncbi.nlm.nih.gov/pubmed/31213277
http://doi.org/10.1177/1040638715611442
http://doi.org/10.24425/pjvs.2019.129985
http://www.ncbi.nlm.nih.gov/pubmed/31867929


Viruses 2022, 14, 1638 23 of 27

109. Kinker, D.R.; Swenson, S.L.; Wu, L.L.; Zimmerman, J.J. Evaluation of serological tests for the detection of pseudorabies gE
antibodies during early infection. Vet. Microbiol. 1997, 55, 99–106. [CrossRef]

110. Panyasing, Y.; Kedkovid, R.; Kittawornrat, A.; Ji, J.; Zimmerman, J.; Thanawongnuwech, R. Detection of Aujeszky’s disease virus
DNA and antibody in swine oral fluid specimens. Transbound. Emerg. Dis. 2018, 65, 1828–1835. [CrossRef]

111. Hu, D.; Zhang, Z.; Lv, L.; Xiao, Y.; Qu, Y.; Ma, H.; Niu, Y.; Wang, G.; Liu, S. Outbreak of variant pseudorabies virus in
Bartha-K61-vaccinated piglets in central Shandong Province, China. J. Vet. Diagn. Investig. 2015, 27, 600–605. [CrossRef] [PubMed]

112. Liu, Y.; Zhang, S.; Xu, Q.; Wu, J.; Zhai, X.; Li, S.; Wang, J.; Ni, J.; Yuan, L.; Song, X.; et al. Investigation on pseudorabies prevalence
in Chinese swine breeding farms in 2013–2016. Trop. Anim. Health Prod. 2018, 50, 1279–1285. [CrossRef]

113. Wu, Q.; Zhang, H.; Dong, H.; Mehmood, K.; Chang, Z.; Li, K.; Liu, S.; Rehman, M.U.; Nabi, F.; Javed, M.T.; et al. Seroprevalence
and risk factors associated with Pseudorabies virus infection in Tibetan pigs in Tibet. BMC Vet. Res. 2018, 14, 25. [CrossRef]

114. Xia, L.; Sun, Q.; Wang, J.; Chen, Q.; Liu, P.; Shen, C.; Sun, J.; Tu, Y.; Shen, S.; Zhu, J.; et al. Epidemiology of pseudorabies in
intensive pig farms in Shanghai, China: Herd-level prevalence and risk factors. Prev. Vet. Med. 2018, 159, 51–56. [CrossRef]

115. Ji, C.; Wei, Y.; Wang, J.; Zeng, Y.; Pan, H.; Liang, G.; Ma, J.; Gong, L.; Zhang, W.; Zhang, G.; et al. Development of a Dual
Fluorescent Microsphere Immunological Assay for Detection of Pseudorabies Virus gE and gB IgG Antibodies. Viruses 2020, 12,
912. [CrossRef] [PubMed]

116. Lei, J.L.; Xia, S.L.; Wang, Y.; Du, M.; Xiang, G.T.; Cong, X.; Luo, Y.; Li, L.F.; Zhang, L.; Yu, J.; et al. Safety and immunogenicity of a
gE/gI/TK gene-deleted pseudorabies virus variant expressing the E2 protein of classical swine fever virus in pigs. Immunol. Lett.
2016, 174, 63–71. [CrossRef]

117. Aytogu, G.; Toker, E.B.; Yavas, O.; Kadiroglu, B.; Ates, O.; Ozyigit, M.O.; Yesilbag, K. First isolation and molecular characterization
of pseudorabies virus detected in Turkey. Mol. Biol. Rep. 2022, 49, 1679–1686. [CrossRef]

118. Tian, R.B.; Jin, Y.; Xu, T.; Zhao, Y.; Wang, Z.Y.; Chen, H.Y. Development of a SYBR green I-based duplex real-time PCR assay for
detection of pseudorabies virus and porcine circovirus 3. Mol. Cell. Probes 2020, 53, 101593. [CrossRef]

119. Song, C.; Gao, L.; Bai, W.; Zha, X.; Yin, G.; Shu, X. Molecular epidemiology of pseudorabies virus in Yunnan and the sequence
analysis of its gD gene. Virus Genes 2017, 53, 392–399. [CrossRef]

120. Liu, Z.; Zhang, C.; Shen, H.; Sun, J.; Zhang, J. Duplex fluorescence melting curve analysis as a new tool for rapid detection
and differentiation of genotype I, II and Bartha-K61 vaccine strains of pseudorabies virus. BMC Vet. Res. 2018, 14, 372.
[CrossRef] [PubMed]

121. Zheng, H.H.; Bai, Y.L.; Xu, T.; Zheng, L.L.; Li, X.S.; Chen, H.Y.; Wang, Z.Y. Isolation and Phylogenetic Analysis of Reemerging Pseu-
dorabies Virus Within Pig Populations in Central China During 2012 to 2019. Front. Vet. Sci. 2021, 8, 764982. [CrossRef] [PubMed]

122. Zhang, C.F.; Cui, S.J.; Zhu, C. Loop-mediated isothermal amplification for rapid detection and differentiation of wild-type
pseudorabies and gene-deleted virus vaccines. J. Virol. Methods 2010, 169, 239–243. [CrossRef] [PubMed]

123. Zhang, Y.; Nan, W.; Qin, L.; Gong, M.; Wu, F.; Hu, S.; Chen, Y. A NanoPCR Assay for Detection of Pseudorabies Virus. China
Anim. Health Insp. 2017, 34, 102–105.

124. Ren, M.; Lin, H.; Chen, S.; Yang, M.; An, W.; Wang, Y.; Xue, C.; Sun, Y.; Yan, Y.; Hu, J. Detection of pseudorabies virus by duplex
droplet digital PCR assay. J. Vet. Diagn. Investig. 2018, 30, 105–112. [CrossRef] [PubMed]

125. Tu, F.; Zhang, Y.; Xu, S.; Yang, X.; Zhou, L.; Ge, X.; Han, J.; Guo, X.; Yang, H. Detection of pseudorabies virus with a real-time
recombinase-aided amplification assay. Transbound. Emerg. Dis. 2022, 69, 2266–2274. [CrossRef] [PubMed]

126. Wang, J.; Han, H.; Liu, W.; Li, S.; Guo, D. Diagnosis and gI antibody dynamics of pseudorabies virus in an intensive pig farm in
Hei Longjiang Province. J. Vet. Sci. 2021, 22, e23. [CrossRef] [PubMed]

127. Meng, X.Y.; Luo, Y.; Liu, Y.; Shao, L.; Sun, Y.; Li, Y.; Li, S.; Ji, S.; Qiu, H.J. A triplex real-time PCR for differential detection of
classical, variant and Bartha-K61 vaccine strains of pseudorabies virus. Arch. Virol. 2016, 161, 2425–2430. [CrossRef] [PubMed]

128. Luo, Y.; Liang, L.; Zhou, L.; Zhao, K.; Cui, S. Concurrent infections of pseudorabies virus and porcine bocavirus in China detected
by duplex nanoPCR. J. Virol. Methods 2015, 219, 46–50. [CrossRef] [PubMed]

129. Cheng, T.Y.; Henao-Diaz, A.; Poonsuk, K.; Buckley, A.; van Geelen, A.; Lager, K.; Harmon, K.; Gauger, P.; Wang, C.; Ambagala, A.;
et al. Pseudorabies (Aujeszky’s disease) virus DNA detection in swine nasal swab and oral fluid specimens using a gB-based
real-time quantitative PCR. Prev. Vet. Med. 2021, 189, 105308. [CrossRef]

130. Yang, Y.; Qin, X.; Zhang, W.; Li, Z.; Zhang, S.; Li, Y.; Zhang, Z. Development of an isothermal recombinase polymerase
amplification assay for rapid detection of pseudorabies virus. Mol. Cell. Probes 2017, 33, 32–35. [CrossRef]

131. Yang, H.; Guo, Y.; Li, S.; Lan, G.; Jiang, Q.; Yang, X.; Fan, J.; Ali, Z.; Tang, Y.; Mou, X.; et al. Magnetic beads-based chemiluminescent
assay for ultrasensitive detection of pseudorabies virus. J. Nanosci. Nanotechnol. 2014, 14, 3337–3342. [CrossRef] [PubMed]

132. Li, H.; Wei, X.; Zhang, X.; Xu, H.; Zhao, X.; Zhou, S.; Huang, S.; Liu, X. Establishment of a multiplex RT-PCR assay for identification
of atmospheric virus contamination in pig farms. Environ. Pollut. (Barking Essex 1987) 2019, 253, 358–364. [CrossRef] [PubMed]

133. Sunaga, F.; Tsuchiaka, S.; Kishimoto, M.; Aoki, H.; Kakinoki, M.; Kure, K.; Okumura, H.; Okumura, M.; Okumura, A.; Nagai, M.;
et al. Development of a one-run real-time PCR detection system for pathogens associated with porcine respiratory diseases. J. Vet.
Med. Sci. 2020, 82, 217–223. [CrossRef]

134. Lee, C.-S.; Moon, H.-J.; Yang, J.-S.; Park, S.-J.; Song, D.-S.; Kang, B.-K.; Park, B.-K. Multiplex PCR for the simultaneous
detection of pseudorabies virus, porcine cytomegalovirus, and porcine circovirus in pigs. J. Virol. Methods 2007, 139, 39–43.
[CrossRef] [PubMed]

http://doi.org/10.1016/S0378-1135(96)01308-9
http://doi.org/10.1111/tbed.12961
http://doi.org/10.1177/1040638715593599
http://www.ncbi.nlm.nih.gov/pubmed/26179102
http://doi.org/10.1007/s11250-018-1555-1
http://doi.org/10.1186/s12917-018-1347-x
http://doi.org/10.1016/j.prevetmed.2018.08.013
http://doi.org/10.3390/v12090912
http://www.ncbi.nlm.nih.gov/pubmed/32825263
http://doi.org/10.1016/j.imlet.2016.04.014
http://doi.org/10.1007/s11033-021-06974-x
http://doi.org/10.1016/j.mcp.2020.101593
http://doi.org/10.1007/s11262-017-1429-z
http://doi.org/10.1186/s12917-018-1697-4
http://www.ncbi.nlm.nih.gov/pubmed/30486818
http://doi.org/10.3389/fvets.2021.764982
http://www.ncbi.nlm.nih.gov/pubmed/34869736
http://doi.org/10.1016/j.jviromet.2010.07.034
http://www.ncbi.nlm.nih.gov/pubmed/20691214
http://doi.org/10.1177/1040638717743281
http://www.ncbi.nlm.nih.gov/pubmed/29148297
http://doi.org/10.1111/tbed.14241
http://www.ncbi.nlm.nih.gov/pubmed/34273259
http://doi.org/10.4142/jvs.2021.22.e23
http://www.ncbi.nlm.nih.gov/pubmed/33774939
http://doi.org/10.1007/s00705-016-2925-5
http://www.ncbi.nlm.nih.gov/pubmed/27316441
http://doi.org/10.1016/j.jviromet.2015.03.016
http://www.ncbi.nlm.nih.gov/pubmed/25813598
http://doi.org/10.1016/j.prevetmed.2021.105308
http://doi.org/10.1016/j.mcp.2017.03.005
http://doi.org/10.1166/jnn.2014.8254
http://www.ncbi.nlm.nih.gov/pubmed/24734549
http://doi.org/10.1016/j.envpol.2019.07.028
http://www.ncbi.nlm.nih.gov/pubmed/31325880
http://doi.org/10.1292/jvms.19-0063
http://doi.org/10.1016/j.jviromet.2006.09.003
http://www.ncbi.nlm.nih.gov/pubmed/17034871


Viruses 2022, 14, 1638 24 of 27

135. Pérez, L.J.; Perera, C.L.; Frías, M.T.; Núñez, J.I.; Ganges, L.; de Arce, H.D. A multiple SYBR Green I-based real-time PCR system
for the simultaneous detection of porcine circovirus type 2, porcine parvovirus, pseudorabies virus and Torque teno sus virus 1
and 2 in pigs. J. Virol. Methods 2012, 179, 233–241. [CrossRef]

136. Huang, C.; Hung, J.J.; Wu, C.Y.; Chien, M.S. Multiplex PCR for rapid detection of pseudorabies virus, porcine parvovirus and
porcine circoviruses. Vet. Microbiol. 2004, 101, 209–214. [CrossRef] [PubMed]
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