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Pseudorabies (PR), an infectious disease caused by PR virus (PRV), has had a significant
impact the development of the swine industry in China. Moreover, the public threat posed by
PRV has raised widespread concern, with over 30 documented cases of PRV infection in
humans in China. Various vaccines have been developed to prevent and control PR in China,
primarily including inactivated vaccines and attenuated live vaccines. However, the extensive
use of attenuated live vaccines and the presence of the field PRV strain in pig farm may increase
the likelihood of recombination. In this study, we isolated a PRV variant strain (designated HuN-
YY) from a piglet that had been immunized with the HB-98 vaccine strain in Hunan province
and explored its genetic and biological features. The results showed that the gE, TK and gD
genes of HuN-YY exhibited the highest sequence similarity with those of PRV variants, while the
gC gene showed high homology with classical PRV strains. In addition, HuN-YY strain exhibited
similar replication features compared to those of HB-98 and variant strains. Its pathogenesis in
a mouse model was significantly lower than that of the variant strain. Collectively, these results
provide clear evidence of genomic recombination of the HuN-YY strain, which will offer
guidance for the future prevention and control of PR.

© 2025 Urmia University. All rights reserved.

Introduction

Pseudorabies (PR) virus (PRV),also known as Aujeszky’s
disease virus or Suid herpesvirus, belongs to the sub-
family Alphaherpesvirinae within the family Herpesviridae.l
Pigs and wild boars are the natural reservoirs for PRV, can
also infect various mammals, such as goats, cattle, dogs,
and foxes.2# Importantly, an increasing number of cases of
human encephalitis or endophthalmitis caused by PRV
infection have been documented in China,>¢ This indicates
that the prevalence of this pathogen not only impacts the
development of the pig industry but also poses a potential
threat to public health.

According to the genomic characteristics of PRV strains
prevalent worldwide, they can be divided into two
genotypes: genotype | and genotype II. Genotype II
consists of PRV classical and variant strains.* Among these,
genotype | strains were mainly isolated from America,
Europe, and some regions of Asia, while most genotype II
strains were identified in China.* Similar to other
herpesviruses, PRV has a large DNA genome with nearly
150 kbp in length that encodes more than 70 proteins.”

*Correspondence:

Zao-fu Deng. DVM
Hunan Biological and Electromechanical Polytechnic, Changsha, China
E-mail: dengzaofu@hnbemc.edu.cn

Some PRV protein-encoding genes are involved in viral
virulence, such as the glycoprotein I (gl), gE, and TK genes,
while deletions of these genes do not affect viral
replication.® Genome-modified PRV strains with multiple
gene deletions (including gE, gl, and TK genes) have been
created to develop live attenuated PRV vaccines.?10

Considering the significant threats of PRV to the global
pig industry, various types of vaccines have been
developed to prevent and control its spread. These
vaccines mainly include live attenuated and inactivated
PRV vaccines.!! Currently, live attenuated PRV vaccines,
such as Bartha-K61, HB-98, and SA215 strains, are widely
used in the Chinese pig population. The HB-98 (Ea-
AgG/TK) and SA215 (Fa-AgE/gl/TK) vaccine strains were
derived from classical PRV strains.1!

Due to the co-prevalence of different genotypes of
viruses, and the administration of their corresponding live
attenuated vaccines in the pig population, natural
recombination has been frequently documented in the
genomes of several swine viruses, including African Swine
Fever virus,'2 Porcine Reproductive and Respiratory
Syndrome Virus,!3 Porcine Circovirus (PCV) Type 2,* and
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Porcine Epidemic Diarrhea Virus.!> In recent years, natural
recombination in the PRV genome derived from different
genotypes or wild and live attenuated vaccines has been
documented in China, resulting in modified viral virulence
and accelerated genome evolution.16-18

In this study, a field PRV strain was isolated from a pig
farm vaccinated with the PRV HB-98 strain. The gC, gD, gE
and TK genes of this strain were amplified by polymerase
chain reaction (PCR), and their genetic characteristics
were further analyzed. Subsequently, it’s in vitro biological
features and pathogenicity in mice were explored in
comparison with other PRV strains. This study facilitates
our understanding of the evolution of PRV, which will
further guide the development of vaccines for PR control
and prevention in the future.

Materials and Methods

Cells, viruses, animals and ethics statement. Vero
cells and PK15 cells were cultured in Dulbecco’s Modified
Eagle Medium (Gibco, Grand Island, USA) supplemented
with 10.00% foetal bovine serum (Gibco), 100 U mL!
penicillin, and 100 pg mL-! streptomycin sulfate (Biosharp,
Hefei, China) at 37.00 °C under 5.00% CO2. HB-98 is a live
attenuated vaccine strain derived from the Ea strain with
two gene deletions (gG and TK). The field PRV strain (PRV-
HuN) was isolated from a pig farm in Hunan province.
Further investigation revealed that PRV-HuN was
genetically similar to PRV variant strains that are
prevalent in China. Specific-Pathogen-Free Kunming mice
were purchased from Hunan SJA Laboratory Animal Co.,
Ltd, Changsha, China.

Virus isolation and identification of filed PRV. The
brain and lymph node samples were obtained from a pig
farm in Hunan province, where piglets vaccinated with
HB-98 exhibited clinical symptoms suspected of PRV
infection, including severe diarrhea, vomiting and
neurological disorders, resulting in high mortality rates.
The tissue samples were cut into pieces, placed in
sterilized phosphate-buffered saline and subjected to three
freezing-thawing cycles. The supernatants were obtained
to extract the DNA/RNA genome using a commercial
DNA/RNA isolation kit (Hunan Aikuirui Biotechnology Co.
Ltd,, Changsha, China). RNA was transcribed into cDNA
using a Revert Aid First-Stranded cDNA Synthesis Kit

Table 1. Primers used in this study.

(Hunan Aikuirui Biotechnology Co. Ltd.). Real-time PCR
assays were performed to screen for the presence of
potential viral pathogens, including PRV, PCV2, PCV3,
Japanese encephalitis virus, Classical swine fever virus,
Porcine Reproductive and Respiratory Syndrome Virus,
and African Swine Fever virus using the corresponding
commercial viral detection kits (Wuhan Keqian Biology
Co., Ltd.,, Wuhan, China). The PRV-positive supernatants
were incubated with PK15 cells in a 6-well plate at 37.00
°C for 1 hr. Then, the supernatants were removed and
replaced with Dulbecco’s Modified Eagle Medium
supplemented with 2.00% foetal bovine serum. The
infected cells and supernatants were collected when cyto-
pathic effects were detected in 70.00 to 80.00% of infected
cells. The plaque formation assay was performed to select
single plaques for further molecular identification.1?

Polymerase chain reaction amplification,
sequencing, and genetic analysis. The viral genome of
PRV-infected cells was extracted using a commercial viral
DNA genome extraction kit (Hunan Aikuirui Biotechnology
Co.). The full-length gC, gD, TK, and gE genes of the isolated
PRV strain were amplified by PCR with corresponding
primers (Table 1). Each PCR reaction (50.00 pL) comprises
25.00 pL of 2.00X PCR mix, 1.00 pL of each primer, 0.50 pL
of dimethyl sulfoxide, 3.00 uL of DNA template, and 20.50
uL of nuclease-free water. The PCR reaction was subjected
to a temperature cycle of 98.00 °C for 1 min, followed by
35 cycles 0f 98.00 °C for 1 min, 58.00 °C for 15 sec, 72.00 °C
for 30 sec. This was followed by a 5-min incubation at
72.00 °C. The purified positive PCR fragments were then
sent to a commercial company for sequencing.

The gC, gD, TK, and gE genes of this novel PRV strain
along with the corresponding gene sequences of the
representative PRV strains obtained from the GenBank
database were aligned using DNAStar version 7.10
software (DNAStar, Inc, Wisconsin, USA). Phylogenetic
trees were reconstructed based on these gene sequences
using the neighbour-joining method in MEGA Software
(version 7.0; Biodesign Institute, Tempe, USA).

Virus growth. The growth characteristics of the
novel isolated virus (designated HuN-YY) were
investigated by infecting monolayer Vero cells and PK15
cells seeded in a 6-well plate with HuN-YY, HB-98, or PRV-
HuN strain at a multiplicity of infection of 0.05 for 1 hr. The
cells and supernatants were harvested at 12 hr post-

Primers Sequence (5'-3") Length (bp) Reference sequence
PRV-ZCR “TCTCGCAGATGATGTCCC 1791 Kp257591
v e
PRV-TICR AGGGTCACACCCCCATCTCE 1125 KP257591
PRV-gD-F ATTTGAATTCCCCAGGTTCCCATAC 1579 KP257501

PRV-gD-R

CTTGAAGCTTGGCAGAGGTCGTAC
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infection (hpi), 24 hpi, 36 hpi, and 48 hpi, respectively.
Following three rounds of freeze-thaw, the supernatants
were collected to determine the virus titer in Vero cells.

Animal experiment in mice. Seventy-eight female
Kunming mice (aged 6 weeks) were purchased from
Hunan SJA Laboratory Animal Co. Ltd. They were
randomly divided into 13 groups with six mice per group.
Each mouse was then challenged with 102, 103, 104, or 105
tissue culture infectious dose 50% (TCIDso) of the HuN-YY,
HB-98, or the PRV-HuN strain by hind footpad injection.
The mice in the placebo group were injected with an equal
volume of phosphate-buffered saline. The clinical
symptoms and mortality rate of the mice in each group
were monitored daily for 2 weeks. In addition, the viral
copies in the brain, lung, heart and liver tissues of mice
challenged with 10* TCIDso of different PRV strains were
quantified by real-time PCR.

Results

Isolation of HuN-YY and its Dbiological
characteristics. The results of PCR/ reverse transcription
-PCR assays showed that the tissue samples obtained from
PR-suspected piglets were positive for PRV-gE and PRV-gB
nucleic acids, but negative for other potential causative
pathogens, including Classical swine fever virus, African
Swine Fever virus, Japanese encephalitis virus, PCV2,
PCV3, and Porcine Reproductive and Respiratory
Syndrome Virus, and bacteria (data not shown). This
indicated that the issue in this pig industry was caused by
field PRV. As illustrated in Figure 1, typical PR-specific
cytopathic effects were observed in PK15 cells incubated
with the supernatants of PRV-positive tissue samples,
which exhibited similar characteristics to those of the HB-
98 vaccine and PRV-HuN strains (Fig. 1). Further one-step
growth assays demonstrated that the PRV-HuN and HuN-
YY strains exhibited similar growth characteristics in both
PK15 and Vero cells. However, they exhibited a faster
replication rate than that of the HB-98 vaccine strain, as
evidenced by the higher viral titers of the PRV-HuN and
HuN-YY strains at the 48 hpi time point (Fig. 2).

Genetic features and phylogenetic analysis of HuN-
YY strain. The full-length gC (1,464 bp), gD (1,209 bp), gE
(1,740 bp), and TK (963 bp) genes of HuN-YY strain were
successfully amplified by PCR (Fig. 3).

10007 - B9

8.00-4 - HuN-YY
- PRV-HuN

6.00 -

4.00

2.00

Virus titer perLog (TCID,, mL")

0t rrrrrrrrr T T T T T T T T T T T
] 20 40 60

A Infection time (hr)
z 10997 - mB-9g
& good = HuN-yYY
g — PRV-HuN
o0 6.00 4
Q
—
b
a 4.00
13
S
o 2.001
=
=
By
0 -frr e L e )
0 20 40 60
B Infection time (hr)

Fig. 2. One step growth curve of three the PRV strains in
A) PK15 cells and B) Vero cells. TCID50: Tissue culture
infectious dose 50.00%.
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Fig. 3. Gel electrophoresis of: A) gC (1,464 bp), B) gD (1,209 bp),
C) gE (1,740 bp), and D) TK (963 bp) gene products of HuN-YY
strain. M: DL2000 DNA marker; N: negative control; P: positive
control; HN: HuN-YY strain.

Fig. 1. The biological features of the HuN- strin in vitro, (100x). The cytopathic effects in A) PK15 cells infected with HuN-YY, B)

Pseudorabies virus (PRV)-HuN and C) HB-98 strains.
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The gD, gE, and TK genes of HuN-YY strain exhibited
the highest nucleotide sequence homologies with variant
PRV strains, including the HuN1 and ]JS-2012 strains. The
gC gene shared a higher degree of sequence similarity with
variant PRV strains (such as the Ea and Fa strains) than
with PRV variants. Further phylogenetic analysis
demonstrated that the gE, gD, and TK genes of the HuN-YY
strain and other representative PRV variants constituted a
single clade (Fig. 44, 4B, and 4D), whereas the gC gene of
this novel strain exhibited genetic proximity to classical
PRV strains previously isolated in China, including the Ea
and Fa strains (Fig. 4C).

The changed virulence of HuN-YY strain in mice. To
assess the virulence of the HuN-YY strain in vivo, six-week-
old Kunming mice were infected with different doses of
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PRV strains (HB-98, HuN-YY, and PRV-HuN) or an
equivalent volume of Dulbecoo’s Modified Eagle Medium.
As shown in Table 2, all mice (6/6) exhibited 100%
mortality following challenge with a high dose of the HuN-
YY or PRV-HuN strain (104 and 105 TCIDso). All mice died
within 96 hr after being challenged with 103 TCIDso of
PRV-HuN strain, while the mortality rate of mice was only
33.33% (2/6) when incubated with 103 TCIDso of HUN-YY
strain. However, all mice remained alive even when
infected with 105 TCIDso of HB-98 vaccine strain. Also, the
viral copy number in the brain, heart, lung and liver tissues
of PRV-HuN-infected mice was markedly higher than that
in HuN-YY-infected mice (Fig. 5). These findings suggest
that the virulence of the HuN-YY strain is less pronounced
than that of the PRV-HuN strain in the murine model.
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Fig. 4. Phylogenetic trees based on A) TK, B) gE, C) gC, and D) gD genes of pseudorabies virus strains, were generated by the neighbor-
joining method using the MEGA Software (version 7.0; Biodesign Institute, Tempe, USA).

Table 2. The pathogenicity of different PRV strains in mice.

Strains Dose (TCID50) Morbidity Mortality (Mean days of death) LDso
105 6/6 6/6 (~2.90)
104 6/6 6/6 (~3.50)

PRV-HuN 103 6/6 6/6 (~4.00) 1030
102 4/6 3/6 (~5.00)
101 2/6 0/6(0)
105 6/6 6/6 (~3.50)
104 6/6 6/6 (~4.00)

HuN-YY 103 4/6 2/6 (~4.60) 1037
102 1/6 1/6 (~5.80)
101 0/6 0/6 (0)
105 0/6 0/6 (0)
104 0/6 0/6 (0)

HB-98 103 0/6 0/6 (0) -
102 0/6 0/6 (0)
10t 0/6 0/6 (0)

DMEM - 0/6 0/6 (0) -
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Fig. 5. Virus copy number of three pseudorabies virus (PRV) strains in A) brain, B) liver, C) heart and D) lung tissue samples of mice.

DMEM: Dulbecco’s Modified Eagle Medium. * p < 0.05 and **p < 0.01.

Discussion

Since the first outbreak of variant PRV infection in
China in 2011, the prevalence of these novel strains has
attracted widespread attention. Traditional vaccines
derived from the Bartha-K61 strain could not provide
complete protection against variant PRV strains.2021 In
addition, the cross-species transmission ability of PRV
infecting other mammalian species, including humans, has
been reported in recent years.2? In light of this, several live
attenuated PRV vaccines derived from classical PRV
strains have been created and applied in the Chinese pig
industry for PRV eradication. In recent years, the
prevalence of novel PRV strains with inter- or intra-
genotype recombination has been monitored in China,
which is important for its genomic evolution.23

In this study, we isolated a field PRV strain from an HB-
98-vaccinated pig farm in China, and further investigated
its biological and genetic characteristics. The results
showed that the HuN-YY strain might be a natural
recombinant strain derived from variant and classical PRV
strains or from variant PRV strain and the HB-98 live
attenuated vaccine strain (Fig. 6). The supported evidence
is as follows: 1) The gC gene of the HuN-YY strain shared
nearly 100% sequence homology with Ea and Fa strains,
while its gD, gF and TK genes showed higher sequence
similarities to PRV variants. 2) Similarly, the gC gene of the
HuN-YY strain was classified within the group containing
classical PRV strains, while the gD and gE genes of this
novel strain had closer genetic relationships with variant
PRV strains than with other PRV strains. 3) The HuN-YY

strain displayed similar replication characteristics in Vero
and PK15 cells, while the virulence of the former was
lower than that of the latter.

iy

Classical strain

or
HB-98 strain

gB gC gD
Fig. 6. Model of recombinant event occurred at the gC gene of the
HuN-YY strain, which might be recombinant from the HB-98 and
variant pseudorabies virus (PRV) strain or from classical and
variant PRV strains.

The gC protein encoded by the PRV UL44 gene is
involved in viral attachment to the cell surface.*
Additionally, this protein acts as a major antigen that can
trigger the production of neutralizing antibodies against
PRV infection.2> Wu et al. discovered that replacing the gC
gene of a variant PRV strain with that of a classical PRV
strain led to a significant decrease in viral adsorption.2¢
Another study showed that a single substitution of the g€
gene of the Bartha-K61 strain with that of a PRV variant
strain HB1201 could provide complete protection against
the lethal challenge by PRV variant strain HB1201.27
Consistent with these findings, our study revealed that the
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mortality rate of mice exposed to103 TCIDso of PRV-HuN
strain was significantly higher than that of HuN-YY strain.
Further experiments will be performed to assess the
pathogenicity of this novel recombinant strain in the
porcine model.

In recent years, several novel recombinant PRV strains
have been documented in China,?3 the recombination sites
were mainly located in the TK;1118 gB728 and other
regions.2? Undoubtedly, the pathogenicity of these
recombinant strains has been altered compared to the
parental strains, the prevalence of these strains in swine
farms cannot be ignored.!! In view of this, the findings in
this study suggest that the use of live attenuated vaccines
or the co-prevalence of multiple genotypes could increase
the recombination frequency of the viral genome.!1

It should be noted that the biological and genetic
characteristics of the HuN-YY strain have not been fully
investigated. Firstly, we have only amplified the gC, gD, TK
and gE genes of this novel strain and analyzed their
genetic characteristics, further studies will be carried out
to explore its complete genomic features. Secondly, it can
be concluded that the HuN-YY strain is genetically
recombinant from variant and classical PRV strains, or
from a variant PRV strain and live attenuated strain
derived from classical PRV strains. Future efforts will focus
on the molecular epidemiology of PRV to confirm whether
classical PRV strain was prevalent in this pig farm.

In conclusion, a novel recombinant PRV strain was
isolated and identified in this study. It may have originated
from a recombination of classical and variant PRV strains
or from a combination of the HB-98 strain and PRV
variants. Furthermore, its pathogenicity in mice was found
to be different from that of the variant PRV strain. These
findings highlight that it is necessary to continuously
monitor the epidemiological characteristics, including
recombination events, of field PRV strains.
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