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Abstract
The UL24 homologous genes are conserved in alphaherpesviruses. However, the proximity of the UL24 gene and the UL23 
gene encoding for thymidine kinase (TK) in the genome of suid herpesvirus 1 (SuHV-1) makes it difficult to mutate UL24 
without affecting the expression of the TK gene, and thus functional studies of the UL24 gene have lagged behind. In this 
study, CRISPR/Cas9 and homologous recombination were adopted to generate UL24 and TK mutant viruses. Deletion of 
either the UL24 or the TK gene resulted in significantly reduced SuHV-1 replication and spread capacity in Vero cells. 
However, UL24-deleted virus still maintained a certain degree of lethality in mice, while TK-deleted viruses completely 
lost their lethality in mice. Similarly, neurovirulence of UL24-deleted virus in mice was not significantly affected compared 
to parental virus. In comparison, infection with the TK-deleted viruses resulted in significantly reduced neurovirulence and 
complete loss of lethality. In addition, and for the first time, viral UL24 protein was found to be expressed late during SuHV-1 
infection; enhanced green fluorescence protein (eGFP) labeled UL24 protein was shown to be localized in the nucleus via 
heterologous expression. In conclusion, the UL24 gene of SuHV-1 encodes a nuclear-localized viral protein and acts as a 
minor virulence-associated factor compared to the TK gene.
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Introduction

Suid herpesvirus 1 (SuHV-1) is the causative agent of 
Aujeszky’s disease, and belongs to Alphaherpesvirinae 
subfamily under the Herpesviridae family [1]. Its infection 
results in severe nervous system disorders and high mor-
tality in newborn piglets and reproductive failure in sows 
[2]. Since late 2011 in China, SuHV-1 variants emerged in 

Bartha-K61 vaccinated pig farms, showed enhanced viru-
lence to pigs, and thus caused huge economic losses [3–6].

The genome of SuHV-1 is composed of a linear double-
stranded DNA molecule, that is approximately 145 kb in 
length encoding more than 70 genes [7], and all identified 
genes are conserved among herpesviruses and have their 
homologs in one or more related alphaherpesviruses [8]. 
Among them the UL24 gene has been identified in all known 
Herpesvirales genomes with except for the channel catfish 
virus [9]. The high conservation suggests that UL24 gene 
may play an important role in the life cycle of herpesviruses.

Previous reports have demonstrated that UL24 is an 
important virulence-associated protein in several herpes-
viruses. For example, the UL24-deficient mutants of her-
pes simplex virus 1 (HSV-1) replicated less efficiently than 
wild-type in vitro and in vivo, and was severely impaired 
for reactivation from latency in a mouse model of ocular 
infection [10]; meanwhile UL24-deficient HSV-1 exhibited 
a syncytial plaque phenotype in cell culture, which was espe-
cially prominent at elevated temperature (39 °C) [11]. Study 
in equine herpesvirus 1 (EHV-1) indicated that the UL24 
homolog is a neuropathogenicity determinant of EHV-1 in 
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the mouse encephalitis model [12]. Other research with her-
pes simplex virus 2 has shown that UL24 gene is a virulence 
determinant in murine and guinea pig disease models [13]. 
However, understanding the role of SuHV-1 UL24 gene in 
viral pathogenesis has lagged behind the similar studies per-
formed on other herpesvirus counterparts.

As a novel genome editing tool, the CRISPR/Cas9 system 
was first applied to knockout target genes in cells and also 
animals [14, 15]. Recently, the CRISPR/Cas9 system has 
been further applied to engineering the genomes of different 
viruses, such as human immunodeficiency virus [16], HSV-1 
[17], and SuHV-1 [18, 19], and has shown to be very simple 
and efficient method for generating mutant virus.

Here, we generated a series of SuHV-1 UL24 mutants by 
CRISPR/Cas9 system and homologous recombination for 
the first time. We identified that UL24 protein was expressed 
late during SuHV-1 infection and strictly located in nucleus 
via heterologous expression. Moreover, either UL24 or TK 
deletion could significantly impair virus replication and 
spread capacity in Vero cells. In vivo studies showed that 
deletion of UL24 leaded to a delay of lethal time in mice 
but maintained a certain content of lethality in mice, by 
contrast TK-deleted viruses completely lost their lethality 
to mice. Further neurovirulence of UL24-deleted virus was 
not significantly affected compared to the parental virus. In 
comparison, infection with the TK-deleted viruses resulted 
in significantly reduced neurovirulence. Finally, we conclude 
that UL24 is a nuclear-localized viral protein and acts as 
a minor virulence-associated protein compared to the TK 
gene.

Materials and methods

Viruses and cells

African green monkey kidney (Vero) cells and HeLa 
cells were grown in Dulbecco’s modified Eagle’s medium 
(DMEM) supplemented with 10% fetal bovine serum. Cells 
infected with virus were grown in DMEM containing 2% 
fetal bovine serum. SuHV-1 JS-2012 (GenBank Accession 
No. KP257591) is a variant suid herpesvirus 1 isolated in 
China and maintained in our laboratory [20], which was 
propagated and titered on Vero cells and used as the paren-
tal virus for this study.

Construction of SuHV‑1 mutants

As shown in Fig. 1a, for construction of SuHV-1 ΔUL24 
virus, firstly the upstream and downstream regions flank-
ing the UL24 gene and the enhanced green fluorescence 
protein (eGFP) cassette were PCR amplified from SuHV-1 
JS-2012 genomic DNA and pEGFP-C3 vector using primers 

Up-UL24-F&R, Low-UL24-F&R and GFP-UL24-F&R 
(Table 1) respectively, and cloned into the pBluescript II SK 
(+) vector through Gibson assembly. Then the above recom-
binant plasmid (2 μg) and JS-2012 genomic DNA (3 μg) 
were co-transfected into Vero cells. At 3 days post transfec-
tion, the supernatants of transfected cells were harvested and 
prepared for viral plaque screening. The presence of recom-
binant virus was confirmed by the appearance of cytopathic 
effect (CPE) with expression of eGFP, and plaque purified 
three times from Vero cells and stored until required.

To obtain the SuHV-1 UL24-HA virus, the sequence 
containing UL24 ORF with an in-frame HA tag and UL24 
upstream and downstream region were PCR-amplified using 
primers UL24-upstream-HA-F&R and UL24-downstream-
HA-F&R, and further cloned into pBluescript II SK (+) by 
Gibson assembly, which was then co-transfected with the 
genome of SuHV-1 ΔUL24 virus and CRISPR/Cas9 vec-
tor targeting eGFP designed as previously described [21]. 
Plaques exhibiting no fluorescence were picked under a 
fluorescence microscope, and further validated by PCR and 
sequencing.

To construct the SuHV-1 ΔUL24:122 virus, we per-
formed viral genome editing using the CRISPR/Cas9 system 
(Fig. 1b). The oligos UL24-gRNA-1-F&R and UL24-gRNA-
2-F&R for generating guide RNAs (gRNA) were designed 
by Jack Lin’s CRISPR/Cas9 gRNA finder (http://spot.color​
ado.edu/~slin/cas9.html) and shown in Table 1. Then the 
oligos UL24-gRNA-1-F&R and UL24-gRNA-2-F&R were 
annealed and phosphorylated and then cloned into BsmBI 
digested plentiCRISPRv1 vector respectively. Vero cells 
were transfected with the above dual Cas9/gRNA plasmids 
and JS-2012 genomic DNA. At 3 days post-transfection, the 
supernatants of transfected cells were harvested and added 
to Vero cells for plaque screening. Then virus plaques were 
selected randomly and inoculated into newly plated Vero 
cells. One day later, viral genomic DNA was extracted by 
using TIANamp Virus DNA/RNA Kit (Tiangen Biotech, 
Beijing, China). Subsequently, PCR validation was per-
formed using specific primers UL24-F&R in Table 1. The 
validated UL24 mutant was then plaque purified five times 
on Vero cells and stored until required.

To obtain the SuHV-1 ΔTK:247 strain, the oligos 
sgRNA-TK-1-F&R and sgRNA-TK-2-F&R shown in 
Table 1 were designed as previous studies [18, 22], and 
generated two sgRNAs for cleaving TK gene via the 
CRISPR/Cas9 system (Fig.  1b). Then the constructed 
pLentiCRISPRv1-gRNA plasmids were co-transfected 
with JS-2012 DNA into Vero cells. The rescued viruses 
then were harvested and added to Vero cells for plaque 
screening. Viral genomic DNA of each plaque was 
extracted as above. PCR validation was performed using 
specific primers TK-F&R in Table 1. The validated TK 
mutant was then plaque purified five times on Vero cells 
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and stored until required. For double deletion of UL24 
and TK from SuHV-1 JS-2012, the Cas9/gRNA plasmids 
for constructing SuHV-1 ΔUL24:122 virus were co-trans-
fected with the genome of SuHV-1 ΔTK:247 (Fig. 1b), 
and UL24 and TK double deletion SuHV-1 (ΔUL24:TK) 
were obtained by plaque screening and PCR validation as 
described above.

Then all above constructed viruses and JS-2012 were 
inoculated into Vero cells at MOI = 1. After 12 h post infec-
tion (hpi), cells were harvested and lysed in RIPA lysis 
buffer (Beyotime, China) with 1 × protease inhibitor cock-
tail for 30 min on ice. The protein supernatants were then 
subjected to SDS–PAGE and Western blot. And the UL24 
protein was detected by a mouse polyclonal antibody against 
UL24 protein, the viral VP5 protein and cellular β-actin 
were detected by a mouse polyclonal antibody against VP5 
and a mouse monoclonal antibody (Sigma-Aldrich, Saint 
Louis, MO) against β-actin respectively and used for load-
ing controls.

TK activity examination

The confluent monolayer of Vero cells was treated with 
10 μM brivudin. Then 1 h later cells were infected with 
each virus at MOI = 1. Cell supernatants were collected at 
12 and 24 hpi for virus titer determination.

Animal experiments

To study the contribution of UL24 to the pathogenicity of 
SuHV-1 in mice, a total of 90 6-week-old female BALB/c 
mice were randomly divided into nine groups in average. In 
group 1–3 mice were inoculated intramuscularly with 100 μl 
104 50% tissue culture infective dose (TCID50) of SuHV-1 
JS-2012, ΔUL24:122, and DMEM (Control group) respec-
tively. While in group 4–8 mice were inoculated intrana-
sally with 10 μl 104 TCID50 of SuHV-1 JS-2012, UL24-HA, 
ΔUL24:122, ΔTK:247 and ΔUL24:TK under general ether 
anesthesia, respectively; mice in group 9 were inoculated 

Fig. 1   Schematic diagram of the strategies for the construction of 
each SuHV-1 mutant. a An overview of the construction of SuHV-1 
ΔUL24 and UL24-HA viruses by homologous recombination and 

homologous recombination/Cas9 respectively. b Diagram show-
ing the strategy of CRISPR/Cas9-induced deletion in UL24 gene 
(ΔUL24:122), TK gene (ΔTK:247) and both of them (ΔUL24:TK)
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with an equivalent volume of DMEM under anesthesia as 
above and constituted the control group. Clinical signs of 
mice and number of deaths of above groups were monitored 
daily after infection.

To analyze the viral replication and spread in the pro-
cess of acute infection, mice were inoculated intranasally 
with 10 μl 104 TCID50 of SuHV-1 JS-2012, ΔUL24:122, 
ΔTK:247 and ΔUL24:TK under anesthesia as above. Then 
mice were sacrificed at 3 days post infection. Mice nasal 
mucosa, trigeminal ganglia, brain stem, olfactory bulb, cer-
ebrum, and cerebel were harvested and frozen at − 80 °C. 
Tissues were then thawed, homogenized, and frozen again. 
Then homogenates were thawed, sonicated, centrifuged, and 
titered for infectious virus by TCID50 assay on Vero cell 
monolayers.

Meanwhile, viral DNA from the above homogenized 
trigeminal ganglion of each mice was extracted as above 
method and used for conventional PCR and qPCR detec-
tion. The primers IE-F&R in Table 1 were adopted here 
for conventional PCR detection. PCR reaction conditions 
were pre-denaturation at 95 °C for 2 min, denaturation at 

95 °C for 15 s, and annealing at 60 °C for 30 s for 35 cycles. 
And the primers gB-F&R in Table 1 were used for SYBR 
green qPCR. The reaction conditions were pre-denaturation 
at 95 °C for 2 min, denaturation at 95 °C for 5 s, annealing at 
60 °C for 30 s, and collection of fluorescence signals for 40 
cycles. Trigeminal ganglia from uninfected mice were used 
for DNA extraction and then PCR, and served as negative 
control.

UL24 protein detection and sub‑cellular location

To detect the expression of UL24 protein during SuHV-1 
infection, Vero cells were infected with SuHV-1 UL24-HA 
at MOI = 1 and the infected cells were lysed using RIPA 
lysate and protease inhibitor cocktail as above at 4, 8, and 
12 hpi. After shaking for 30 min on ice, the cell lysate was 
centrifuged at 4 °C 10, 000 rpm/min for 5 min. Protein 
supernatants were collected for Western blot assay. The 
UL24-HA protein was detected by an anti-HA tag mouse 
monoclonal antibody (Sigma-Aldrich, Saint Louis, MO), gE 
was detected by a mouse monoclonal antibody in our lab, 

Table 1   The oligos or primers 
used in this study

Name Sequence (5′-3′)

Up-UL24-F ACG​GTA​TCG​ATA​AGC​TTG​ATT​AGC​CCA​GGC​AGA​GAA​AGT​
Up-UL24-R CTA​ATG​CAT​GGC​GGT​ATG​ATC​GCG​ATC​GCG​GC
Low-UL24-F CGT​AAA​TTG​TAA​GCG​TTA​CCT​CCG​GAT​CTA​CCT​CGA​
Low-UL24-R CCG​GGC​TGC​AGG​AAT​TCG​ATG​CAC​GGC​AAA​CTT​TAT​TG
GFP-UL24-F GCC​GCG​ATC​GCG​ATC​ATA​CCG​CCA​TGC​ATT​AG
GFP-UL24-R GAG​GTA​GAT​CCG​GAG​GTA​ACG​CTT​ACA​ATT​TA
UL24-upstream-HA-F ACG​GTA​TCG​ATA​AGC​TTG​ATT​CCG​CTC​CAG​CAG​GTC​CAC​
UL24-upstream-HA-R TAC​CCA​TAC​GAC​GTC​CCA​GAC​TAC​GCT​TGA​TCG​CGA​TCGC​
UL24-downstream-HA-F TCT​GGG​ACG​TCG​TAT​GGG​TAC​CGC​CGC​GGC​CCG​GCG​ACG​TAC​
UL24-downstream-HA-R CCG​GGC​TGC​AGG​AAT​TCG​ATA​GGT​AGC​GCG​ACG​TGT​TGAC​
UL24-gRNA-1-F CAC​CGG​CAC​GTC​TTG​AGC​TCG​ATG​
UL24-gRNA-1-R AAA​CCA​TCG​AGC​TCA​AGA​CGT​GCC​
UL24-gRNA-2-F CAC​CGC​GTG​ATC​TCC​TCG​CCG​CCC​
UL24-gRNA-2-R AAA​CGG​GCG​GCG​AGG​AGA​TCA​CGC​
UL24-F GCC​GCG​ATC​GCG​ATC​ACC​G
UL24-R CTG​CGA​CGC​GAC​CCG​TCC​G
sgRNA-TK-1-F CAC​CGC​ATC​AGC​GCG​GCG​GCC​TTC​G
sgRNA-TK-1-R AAA​CCG​AAG​GCC​GCC​GCG​CTG​ATG​C
sgRNA-TK-2-F CAC​CGG​TCT​GCG​CAT​CGT​AAA​TAC​
sgRNA-TK-2-R AAA​CGT​ ATT​TAC​GAT​GCG​CAG​ACC​
TK-F TCT​GTT​CGA​CAC​GGA​CAC​
TK-R GGG​ATG​ACA​TAC​ACA​TGG​C
IE-F ATG​GCC​GAC​GAT​CTC​TTT​G
IE-R GTC​TAG​CAC​CAC​GAT​CTC​
gB-F ACT​ACG​AGG​ACT​ACA​GCT​ACG​TGC​G
gB-R GTC​ACC​CGC​GTG​CTG​ATC​
XhoI-UL24-F CCT​CGA​GAT​GCG​CAT​CCC​GGC​GCG​CTT​
Sal-UL24-R GCG​TCG​ACT​CAC​CGC​CGC​GGC​CCG​GCG​ACG​TAC​
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and β-actin was also detected by a mouse anti-β-actin mono-
clonal antibody (Sigma-Aldrich, Saint Louis, MO).

To investigate the sub-cellular localization of UL24, 
the UL24 gene was amplified using primers XhoI-UL24-F 
and Sal-UL24-R in Table 1 and ligated into the pEGFP-C3 
vector to obtain a plasmid expressing UL24 protein. The 
recombinant plasmid and pEGFP-C3 empty vector were 
transfected into HeLa cells for 24 h. After dyeing the nucleus 
of transfected HeLa cells with DAPI, the sub-cellular loca-
tion of UL24 protein and eGFP protein in the transfected 
cells was observed under a confocal microscope.

Results

Construction and identification of UL24‑related 
mutant viruses

To obtain UL24 and TK deletion strains, we designed 4 spe-
cific gRNAs to cleave the UL24 and TK genes as shown in 

Fig. 2a. After the cleavage of Cas9/gRNA targeting UL24 or 
TK, SuHV-1 JS-2012 was deleted 122 bp within UL24 gene 
or 247 bp within TK gene (Fig. 2b, c), thereby generating 
the SuHV-1 ΔUL24:122, ΔTK:247 and ΔUL24:TK virus, 
meanwhile RFLP analysis indicated that the RFLP patterns 
of the CRISPR/Cas9-generated viruses were similar to 
JS-2012 (Fig. 2d). In addition, the SuHV-1 ΔUL24 virus and 
SuHV-1 UL24-HA virus were confirmed by observing the 
presence or absence of green fluorescence in CPE produced 
by the viruses (Fig. 2e), and further the specific PCR assay 
(Fig. 2f). Moreover, Western blot analyses demonstrated that 
the UL24 protein could not be detected in the extracts from 
cells infected with SuHV-1 ΔUL24:122 or ΔTK:247 and 
ΔUL24:TK (Fig. 2g).

TK gene activity assay

Brivudin is a highly selective antiviral agent of herpes-
viruses. The selective activity of brivudin against her-
pesviruses depends on its specific phosphorylation by 

Fig. 2   CRISPR/Cas9 and homologous recombination mediated 
mutation of the corresponding genes in SuHV-1 JS-2012 genome. a 
The binding sites (Sequences in red box) of sgRNAs in the SuHV-1 
genome (GenBank accession No. of SuHV-1 JS-2012: KP257591.1). 
b The genomic DNA of JS-2012, UL24- or TK-deleted strains were 
extracted and analyzed by PCR for the identification of the dele-
tion of UL24 or TK respectively. c Sequence flanking the cleavage 
sites of SuHV-1 genome. The loci flanking the deleted sequence 
region was pointed by arrow and annotated with its location in the 
SuHV-1 genome. d BamHI-based RFLP analysis of SuHV-1 JS-2012, 

ΔUL24:122, ΔTK:247 and ΔUL24:TK. The genomic DNA of each 
virus were extracted respectively and digested with BamHI-HF 
(NEB) at 37 °C for 3 h. The digested mixtures were then resolved by 
agarose-gel electrophoresis and visualized under ultraviolet light. e 
Identification of SuHV-1 ΔUL24 and UL24-HA strains by visualiz-
ing CPE using a fluorescence microscope at a magnification of 200×. 
f Identification of SuHV-1 ΔUL24 and UL24-HA strains by specific 
PCR. g The identification of UL24 protein expression during each 
virus infection by Western blot
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virus-encoded thymidine kinase (TK), and thereby exert 
antiviral activity [23].

Here under the treatment of brivudin the titer of SuHV-1 
JS-2012 was not significantly affected at 12 hpi, but signifi-
cantly inhibited at 24 hpi (Fig. 3a). The titers of SuHV-1 
ΔUL24:122 and UL24-HA were also significantly sup-
pressed at 24 hpi under treatment of the drug (Fig. 3b, 
c). However, the virus titer of SuHV-1 ΔTK:247 was not 
significant changed at either timepoint under treatment of 
brivudin (Fig. 3d), which proved that TK protein activity 
during the period of SuHV-1 ΔTK:247 infection was sig-
nificantly impaired.

In vitro and in vivo characteristics of UL24 and TK 
mutant viruses

For in vitro analysis, one-step growth curve indicated that 
either UL24 or TK deletion from SuHV-1 could significantly 
decrease virus titer in Vero cells (Fig. 4a), as indicated also 
by a significantly smaller plaque size (Fig. 4b). By contrast, 
both the virus titer and plaque size of JS-2012 and UL24-HA 
were almost identical in Vero cells (Fig. 4a, b). In addition, 
the UL24 defective strains of HSV-1 can induce Vero cells 
to produce syncytia-like CPE. However, UL24-deleted strain 
of SuHV-1-infected Vero cells can not induce syncytia-like 
CPE either at higher temperature (39 °C) or at lower temper-
ature (37 °C). Instead of syncytia, it produced the same CPE 
as JS-2012 (Fig. 4c). For in vivo analysis, the survival curve 
of mice in intramuscular inoculation model showed that the 

mortality (4/10) of ΔUL24:122 inoculated group was sig-
nificantly reduced, decreasing by 60% compared to 100% 
(10/10) in the JS-2012 group (Fig. 4d). However in the intra-
nasal inoculation model all the mice infected with SuHV-1 
JS-2012, UL24-HA, and ΔUL24:122 died within 5 days of 
infection, with only the time to death of the ΔUL24:122-
infected mice being delayed by 1 day. In contrast the mice 
infected with SuHV-1 ΔTK:247 and ΔUL24:TK viruses 
survived and did not exhibited any clinical signs, indicating 
that UL24 is a minor virulence factor for PRV infection in 
mice compared to TK (Fig. 4e).

Comparison of acute infection capability of SuHV‑1 
JS‑2012 and mutant viruses

To study the acute infection capability of each virus, 
viral replication in nasal mucosa and brain tissues of 
mice infected with 104 TCID50 of SuHV-1 JS-2012, 
ΔUL24:122, ΔTK:247, and ΔUL24:TK viruses were 
assessed. The virus titer of JS-2012 and ΔUL24:122 could 
be detected in nasal mucosa, trigeminal ganglion, and cer-
ebel, and which of JS-2012 showed a little higher than that 
of ΔUL24:122 in all the three tissues (Fig. 5). Meanwhile 
the infectious virus of JS-2012 was also detected in brain 
stem, olfactory bulb, and cerebrum with a small amount, 
while infectious virus of ΔUL24:122 was not detectable 
in these tissues (Fig. 5). In contrast, infectious viruses of 
ΔTK:247 and ΔUL24:TK were not detected in all tested 
tissues (Fig. 5). Thus, the deletion of UL24 affects the 

Fig. 3   Effect of Brivudin 
against SuHV-1. Vero cells were 
treated with 10 μM Brivudin 
methanol solution and then were 
infected with each virus 1 h 
later. After 12 and 24 hpi, the 
supernatants were harvested and 
titrated. The average values of 
duplicates and standard devia-
tions were shown. All statistical 
analyses were performed using 
GraphPad Prism software with 
Student’s t-test, *p < 0.05, ns 
was referred to no significance
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replication of the virus in the epithelial tissue and the 
replication in the brain tissue, while the loss of TK can 
completely eliminate the ability of the virus to replicate 
and spread infection in animals.

To further explore whether SuHV-1 could enter the 
trigeminal ganglion after deletion of UL24 and TK genes, 
viral DNA of trigeminal ganglion samples infected with 
JS-2012, ΔUL24:122, ΔTK:247, and ΔUL24:TK were 
examined. It showed that all the trigeminal ganglia of 
mice infected with SuHV-1 JS-2012 and ΔUL24:122 were 
detected with large numbers of viral DNA (more than 108 
viral genome copies/μl) (Fig. 6a, b), and the DNA amount 
of JS-2012 showed slightly larger than that of ΔUL24:122 
(Fig. 6b). In addition, viral DNA was also detected in 
the trigeminal ganglia of mice infected with TK-deleted 
viruses (Fig. 6a), but their viral DNA amount (approxi-
mately 104 viral genome copies/μl) was shown quite sig-
nificantly smaller than those of JS-2012 and ΔUL24:122 
(Fig. 6b).

Analysis of the characteristics of UL24 protein

To investigate the characteristics of the encoded product 
of SuHV-1 UL24 gene, we first analyzed the expression 
of UL24 protein in Vero cells infected with SuHV-1. And 
the analysis of cellular proteins infected by UL24-HA virus 
showed that a low level of UL24 protein was expressed 
late (12 hpi) during virus infection (Fig. 7a). Meanwhile 
Transient transfection of plasmid expressing UL24 protein 
into HeLa cells indicated that UL24 protein of SuHV-1 was 
localized to the nucleus (Fig. 7b).

Discussion

Since 2011, in China SuHV-1 variants have emerged in 
many vaccinated pig farms and caused huge economic 
losses [3]. SuHV-1 encodes about 70 different genes, many 
of which have been studied in vitro and in vivo for their 

Fig. 4   Characterization of UL24 or TK mutants in vitro and in vivo. 
a One-step growth curves. Vero cells were infected with each virus 
at MOI = 1, then cell culture supernatants were harvested at 4, 8, 12, 
24, 36, and 48 hpi. Virus titers were determined by TCID50 assay. 
The mean titers corresponded to the averages of duplicates. Two-
way ANOVA was used for analyzing the data, **p < 0.01. b Plaque 
sizes of SuHV-1 JS-2012, UL24-HA, ΔTK:247, ΔUL24:122, and 
ΔUL24:TK viruses in Vero cells cultured at 37 °C for 4 days. Rela-
tive plaque diameter from 5 randomly selected plaques of each virus 
was calculated and compared to those of SuHV-1 JS-2012; the aver-
age plaque diameter of SuHV-1 JS-2012 was set as 1.0. And one-way 

ANOVA was used for analyzing the data, **p < 0.01, ns was referred 
to no significance. c Plaque morphology of each virus in Vero cells. 
Shown were images of Vero cells infected with SuHV-1 JS-2012, 
ΔUL24, and ΔUL24:122 grown at 37  °C (left), 39  °C (right). d 
Survival percentages of mice inoculated intramuscularly with 104 
TCID50 of SuHV-1 JS-2012 and ΔUL24:122 viruses. Statistical 
significance between survival curves was evaluated by the log-rank 
(Mantel-Cox) test. p value < 0.05 was considered statistically signifi-
cant, ***p < 0.001. e Survival percentages of mice intranasally inocu-
lated with 104 TCID50 of each virus
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Fig. 5   Acute infection in mice 
via intranasal inoculation of 
104 TCID50 SuHV-1 JS-2012, 
ΔUL24:122, ΔTK:247, and 
ΔUL24:TK viruses. The data 
represented means ± SD for five 
samples per data point. Statisti-
cal analyses were performed 
using GraphPad Prism software 
with Student’s t-test, ns was 
referred as no significance
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relavent functions [8]. However, the function of UL24 gene 
encoded by SuHV-1 has not been studied by researchers. In 
addition SuHV-1 UL24 gene is partially overlapped with 
TK gene. For analyzing function of UL24 gene, the expres-
sion and function of TK gene should not be affected, which 
makes the functional analysis of SuHV-1 UL24 gene much 
more complicated.

In this study, the specific Cas9/gRNA system was adopted 
to delete UL24 or TK gene from SuHV-1 JS-2012, and thus 
UL24 deleted SuHV-1 (ΔUL24:122), TK-deleted SuHV-1 
(ΔTK:247) and double genes deleted viruses (ΔUL24:TK) 
were soon obtained. Like other alphaherpesvirus, after dele-
tion of UL24 or TK gene SuHV-1 can still replicate in cells 
but significantly reduced the replication and spread capacity 
(Fig. 4a, b), indicating that UL24 is a non-essential gene of 
SuHV-1. However, unlike relevant studies on HSV-1, the 
absence of UL24 from SuHV-1 does not induce syncytia 
in Vero cells (Fig. 4c), by contrast deletion of which from 
HSV-1 often causes typical syncytia CPE in Vero cells [11]. 
This finding infers that the UL24 gene of SuHV-1 has lost 
some functional capacity compared to the HSV-1 homolog 
during SuHV-1 evolution.

In vivo studies showed that UL24-deleted virus exhib-
ited a certain degree of reduced virulence in mice, but still 
maintained lethality to mice; by contrast after TK dele-
tion, the virus is not pathogenic at all in mice (Fig. 4d, e). 
Furthermore, TK-deleted viruses could not be detected in 
virus-infected mice during acute infection phase (Fig. 5) and 
only low amounts of viral genomic DNA could be detected 
(Fig. 6), indicating that TK-deleted virus can infect the 

trigeminal ganglia but lose the ability to replicate or spread 
in trigeminal ganglia. In contrast, viruses with the UL24 
gene deletion could infect the nasal mucosa and trigemi-
nal ganglia, although the resulting viral titers and detected 
viral genome copy numbers were reduced compared to that 
of SuHV-1 JS-2012 (Figs. 5, 6). Therefore, the UL24 gene 
contributes to the virulence of the virus in mice to a certain 
extent; in comparison TK is the key virulence determinant 
of SuHV-1 in mice.

However, although the CRISPR/Cas9 system in our study 
is a very powerful genome-engineering tool and specificity 
of Cas9 is strictly controlled by gRNA and the PAM motif, 
it should be noted that potential off-target cleavage could 
still occur on viral DNA sequence with several base pair 
mismatches in the PAM-distal part of the gRNA-guiding 
sequence [24]. Therefore, strategies for minimizing off-tar-
get effects or setting of the appropriate control (revertant) 
group should also be considered in further studies that are 
related to manipulation of viral genomes by CRISPR/Cas9 
system.

Ultimately, we also investigated the properties and func-
tions of SuHV-1 UL24 protein. Western blot showed that 
UL24 protein can be expressed during viral infection, while 
the expression of which was late during SuHV-1 infection. 
Meanwhile heterologously expressed UL24 can be localized 
into the nucleus, indicating that UL24 gene of SuHV-1 can 
encode a viral nuclear protein.

In conclusion, SuHV-1 UL24 protein was expressed late 
during virus infection and localized in the nucleus. Deletion 
of UL24 gene resulted in significantly impaired replication 

Fig. 6   Detection of viral DNA 
in trigeminal ganglion by PCR. 
a Lanes 1–5 corresponded to 
5 trigeminal ganglion samples 
from JS-2012-infected mice; 
lanes 6–10 corresponded to 5 
trigeminal ganglion samples 
from ΔUL24:122-infected mice; 
lanes 11–15 corresponded to 
5 trigeminal ganglion samples 
from ΔTK:247-infected mice; 
lanes 16–20 corresponded to 
5 trigeminal ganglion samples 
from ΔUL24:TK virus-infected 
mice, and lane 21 corresponded 
to trigeminal ganglion sample 
from negative control mouse. 
b Specific absolute qPCR was 
performed for detection of viral 
genome copies/μl in the DNA 
extraction solution of each 
trigeminal ganglion. The data 
were analyzed by Student’s 
t-test, *p < 0.05, **p < 0.01
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and spread capacity in Vero cells but slightly reduced lethal-
ity in mice, by contrast deletion of TK gene completely 
loses lethality to mice. Further the neurovirulence of UL24-
deleted virus was not affected significantly compared to the 
parental virus, while which of TK-deleted viruses were 
significantly affected and completely lost. Hence, SuHV-1 
UL24 gene encodes a nuclear-localized viral protein and 
acts as a minor virulence-associated gene compared to the 
TK gene.
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