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A B S T R A C T

Herpes simplex virus type 1 (HSV-1) causes lifelong infections worldwide, and currently there is no efficient cure
or vaccine. HSV-1-derived tools, such as neuronal circuit tracers and oncolytic viruses, have been used exten-
sively; however, further genetic engineering of HSV-1 is hindered by its complex genome structure. In the present
study, we designed and constructed a synthetic platform for HSV-1 based on H129-G4. The complete genome was
constructed from 10 fragments through 3 rounds of synthesis using transformation-associated recombination
(TAR) in yeast, and was named H129-Syn-G2. The H129-Syn-G2 genome contained two copies of the gfp gene and
was transfected into cells to rescue the virus. According to growth curve assay and electron microscopy results, the
synthetic viruses exhibited more optimized growth properties and similar morphogenesis compared to the
parental virus. This synthetic platform will facilitate further manipulation of the HSV-1 genome for the devel-
opment of neuronal circuit tracers, oncolytic viruses, and vaccines.

1. Introduction

Herpes simplex virus type 1 (HSV-1) is a prevalent pathogen with se-
vere clinical manifestation, such as cold sores, herpes genitalis, keratitis,
and encephalitis (Bradshaw and Venkatesan, 2016; Ludlow et al., 2016).
HSV-1 establishes latency in ganglia after lytic infection, and exhibits pe-
riodic reactivation and recurrent infection, causing a worldwide epidemic
(Whitley and Roizman, 2001). HSV-1 has been extensively studied for
decades and HSV-1-derived tools have been applied in several fields. The
study of HSV-1-based neuronal circuit tracers are beneficial in neurosci-
ence (Nassi et al., 2015; Xu et al., 2020; Yang et al., 2020). Oncolytic HSV
(oHSV) is one of the most promising candidates for oncolytic therapy
(Abd-Aziz and Poh, 2021; Aldrak et al., 2021). Despite extensive applica-
tions of HSV-1 in life science and biomedicine, the complexity of the HSV-1
genome manipulation hinders further investigation and application of
HSV-1 (Szpara et al., 2010; Dogrammatzis et al., 2020).

HSV-1 has a large linear dsDNA genome of about 152 kb, with a high
G/C content of approximately 68%. The HSV-1 genome consists of two
unique regions: unique long (UL) and unique short (US), which are
flanked by inverted repeat regions (TRL, IRL, IRS and TRS). It encodes at
least 84 different open reading frames (ORFs) (Roizman, 1996).

Although most ORFs are distributed in the UL and US, some ORFs are
located in inverted repeat regions that have higher G/C content and
contain variable-number tandem repeats (Kuny and Szpara, 2022).
Because of the high G/C content and repeat sequences, cloning certain
regions in the HSV-1 genome is extremely difficult (Goldin et al., 1981;
Perng et al., 1994). Previous approaches to modification of HSV-1
genome mainly rely on homologous recombination in cells (Chou
et al., 1990; Mineta et al., 1995) or bacterial artificial chromosome (BAC)
technology (Messerle et al., 1997), however, the structural complexity
and high G/C content of HSV-1 genome limit the efficiency of genomic
engineering of HSV-1.

The development of synthetic biology provides novel approaches for
genome engineering of HSV-1. The first de novo synthesis of the KOS
strain of HSV-1 (HSV-1 KOS), was published in 2017 (Oldfield et al.,
2017). As a model strain, the HSV-1 KOS is less virulent than other HSV-1
strains (Perng et al., 2002). The synthesized HSV-1 KOS showed growth
properties similar to those of the wild-type HSV-1 KOS. The establish-
ment of synthetic platform could facilitate the virological studies
involving systematic analysis of multiple viral genes and complex se-
quences in viral genome (Vashee et al., 2017; Grzesik et al., 2018; Hu
et al., 2021).
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To date, many different HSV-1 strains have been reported and
showed different phenotypes (Szpara et al., 2014). The first genome
sequence of HSV-1 (HSV-1 strain 17) was published in 1988 (McGeoch
et al., 1988), and afterward, genome sequencing of other strains,
including F, H129, Mckrae and KOS were reported (Szpara et al.,
2010; Macdonald et al., 2012a, 2012b). Sequencing results of different
strains revealed single nucleotide polymorphisms, insertions, and de-
letions, which may contribute to different phenotypes, such as viru-
lence and spreading characteristics of the different strains. Strain
H129 was clinically isolated from a patient with herpes encephalitis
(Dix et al., 1983). The spreading characteristics of H129 differs from
other HSV-1 strains, showing an anterograde transneuronal phenotype
in the central nervous system (Sun et al., 1996). Genome sequencing
highlighted unique amino acid changes of H129 which were mainly
located in UL1 (gL), UL36, RL1 (ICP34.5), RL2 (ICP0) and US7 (gI).
Some of these proteins are involved in virus attachment and neuro-
virulence, suggesting that these changes may contribute to the unique
anterograde spread phenotype of H129 (Szpara et al., 2010). Owing to
its unique spread phenotype, H129 has been widely applied in
neuronal circuit tracing (Su et al., 2019, 2020; Yang et al., 2022).
H129-G4, for example, is an H129 derived anterograde neuronal cir-
cuit tracer that contains four copies of gfp genes in the genome
(Fig. 1A) (Zeng et al., 2017). The results of in vivo tracing in mouse
brains showed that H129-G4 is capable of visualizing the morpho-
logical details of neurons and projection pathways of correlated neu-
rons (Li et al., 2017; Yu et al., 2017).

In this study, we focused on developing a synthesized HSV-1 derived
from H129-G4. The genome was designed and built from 10 fragments
using transformation-associated recombination (TAR) (Kouprina and
Larionov, 2008) in yeast. The synthetic genomewas transfected into Vero
cell to rescue the virus, and the properties of the synthesized virus were
compared with those of the parental H129-G4.

2. Materials and methods

2.1. Cell culture, virus, strains and plasmid

Vero cells (ATCC#CCL-81) were purchased from ATCC and cultured
at 37 �C with 5% CO2 in Dulbecco's modified Eagle's medium with 10%

fetal bovine serum (Gibco, USA). The H129-G4 virus was amplified in
Vero cells, and the viral titer was measured using plaque assay (Zeng
et al., 2017). E. coli strain EPI300, S. cerevisiae strain VL6-48, and TAR
cloning vector pGF were initially provided by Prof. G.F. Xiao from the
Wuhan Institute of Virology, Chinese Academy of Sciences, and main-
tained in our laboratory (Shang et al., 2017).

2.2. Synthesis of H129-Syn-G2 genome

The H129-Syn-G2 genome was designed from 10 fragments
(H1–H10) using the H129-G4 genome as the template (Fig. 1A). The
synthesis of the H129-Syn-G2 genomic DNA was performed in three
steps, as shown in Fig. 2. In the first step, H4 and H10 DNA fragments
were amplified by PCR using H129-G4 DNA as the template; the primers
are presented in Supplementary Table S1. Other H-level fragments were
generated from sheared H129-G4 DNA using protocols similar to those
reported by (Oldfield et al., 2017). Vectors for synthesis were amplified
by PCR using 2� Phanta Master Mix (Vazyme, China) with pGF as the
template, and the primers are presented in Supplementary Table S1. The
DNA of each H fragment and the respective PCR-amplified vector were
co-transformed into spheroplasts of S. cerevisiae VL6-48, and TAR cloning
was performed according to a previously published protocol (Kouprina
and Larionov, 2008). The positive cloned plasmids from yeast were then
electroporated into E. coli EPI300 competent cells for maintenance and
large-scale amplification. In step 2, individual H fragments were digested
from pGF-H plasmids with PmeI, and three H fragments (H1, H2 and H3;
H5, H6 and H7; and H8, H9 and H10) were grouped together and
cotransformed with the PCR-amplified vector fragments into yeast to
synthesize the intermediate fragment. Finally, the three intermediate
fragments digested by PmeI and PmeI-linearized pGF-H4 were trans-
formed into yeast spheroplasts for TAR cloning of the complete genome
(step 3 in Fig. 2). At each step, positive clones were confirmed by PCR
and restriction enzyme assays. For the intermediate fragments and the
complete genome, the correct assembly of the junctions was also detected
by PCRs using the primers listed in Supplementary Table S2. Electro-
phoresis was simulated using SnapGene (version 4.2.4) (Shang et al.,
2017).

2.3. Genome sequencing of H129-Syn-G2

The DNA of H129-Syn-G2 was extracted from E. coli using the Plasmid
Mini Kit (QIAGEN, Germany) and processed for Illumina sequencing
following the standard protocol at the Sequencing Platform of Huazhong
Agricultural University (Wuhan, China). Quality control of raw data was
examined using FastQC (version 0.11.9), the reads were assembled using
Bowtie2 (version 2.3.5.1) with default settings, and the assembled se-
quences were analyzed using Tablet (version 1.21.02.08).

2.4. Transfection and infection assays of H129-Syn-G2

Purified H129-Syn-G2 (2.5 μg) was transfected into African green
monkey kidney Vero cells (8 � 105 in 6-wells plates) using Lipofect-
amine 3000 reagent (Thermo Fisher, USA). H129-G4 was also trans-
fected as a positive control. Culture supernatants were harvested at 96
h post-transfection (p.t.) and stored at �80 �C. For the infection assay,
50 μL supernatant was inoculated into 2 � 106 Vero cells, and the
culture supernatant was harvested at 48 h post infection (p.i.) and
stored at �80 �C. The fluorescence of both samples was observed at
48 h and 96 h p.t. for the transfection assay and at 24 h and 72 h p.i.
for the infection assay. The viral titer was detected by plaque assay as
previously described (Zeng et al., 2017). The plaques with fluores-
cence were captured by fluorescent microscopy and plaque size was
measured using imageJ (version 1.53t). Statistical difference between
the plaque size of H129-G4 and H129-Syn-G2 were analyzed by Stu-
dent t -test.

Fig. 1. Schematic diagram of H129-G4 and H129-Syn-G2 genomes. A Sche-
matic of the genome of parental virus H129-G4. It contains a copy of mGFP-2A-
eGFP cassette driving by CMV promoter (pCMV) inserted between UL22 and
UL23, and another copy of GFP cassette and a chloramphenicol resistance gene
(CmR) between US7 and US8. B Schematic of the synthetic genome H129-Syn-
G2. H1–H10 fragments were distributed on the top of the genome; the loca-
tion and details of the pGF vector and the GFP cassette were shown under
the genome.
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2.5. Growth curve assay

Vero cells (8� 105 in 6-wells plates) were infected with H129-G4 and
H129-Syn-G2 at multiplicity of infection (MOI) of 3 or 0.001 (PFU/cell).
The supernatants of the infection were harvested at different time points,
and the viral titer was detected using a plaque assay. Three independent
biological repeats were performed and growth curves were plotted using
GraphPad Prism 8.3.0 (GraphPad Software Inc., San Diego, CA, USA).
Statistical differences between the growth curves of H129-G4 and H129-
Syn-G2 were analyzed using a two-way ANOVA.

2.6. Transmission electron microscopy

Vero cells (1.2 � 106) were cultured in 60-mm dishes and separately
infected with H129-G4 or H129-Syn-G2 at an MOI of 1. Infected cells
were harvested at 12 and 18 h p.i. and processed for transmission elec-
tron microscopy using a method reported by Shang et al. (2017). The
samples were observed and photographed using an FEI Tecnai G2 20
TWIN (FEI, Carlsbad, California, USA) electron microscope at an accel-
erating voltage of 200 kV.

3. Result

3.1. Synthesis of H129-Syn-G2 genome

The synthetic HSV-1 genome was designed based on the H129-G4
genome, which contains a BAC cassette, four gfp genes (including
mGFP and eGFP), and a chloramphenicol resistance (CmR) gene (Fig. 1A)
(Zeng et al., 2017). The synthetic genomewas designed to be synthesized
from 10 overlapping genomic fragments (H1–H10), which were
approximately 17 kb on average (Fig. 1B). Among these 10 fragments, H1
encompasses TRL and TRS, H2 to H8 cover the UL region, H9 contains IRL

and IRS, and H10 covers the US region. Details of each genomic fragment
are presented in Supplementary Table S3. Compared to the parental
H129-G4 genome, two modifications were made to the synthetic genome
(Fig. 1B). First, the BAC and mGFP-2A-eGFP cassette between UL22 and
UL23 was replaced with the pGF vector sequence (Hou et al., 2016).
Second, the CmR located between US7 and US8 in H10 was removed
during synthesis of the H10 fragment. The synthetic genome, containing
two gfp genes (mGFP and eGFP), was named H129-Syn-G2.

The H129-Syn-G2 genome was synthesized following the three-step
strategy shown in Fig. 2. First, 10 H fragments were individually
cloned into the pGF vector using TAR cloning. Technically, H4 and H10
sequences were generated by PCR amplification as designed, whereas the
other fragments were obtained by shearing H129-G4 BAC DNA. These
fragments (H1–H10) were cloned individually into the pGF vector via
TAR in yeast. Second, the H fragments (except H4) were combined into
three groups to synthesize intermediate fragments (H1–H3, H5–H7 and
H8–H10) via TAR in yeast. Finally, linearized intermediate fragments and
H4 were co-transformed into yeasts to synthesize the complete genome.

During synthesis, quality control using PCR and restriction enzyme
digestion were performed at each step of cloning. Supplementary
Fig. S1 shows the restriction enzyme profiles of plasmid DNAs con-
taining individual H fragments (Supplementary Fig. S1A) or interme-
diate fragments (Supplementary Fig. S1B). The results of restriction
enzyme analysis of the complete genome were shown in Fig. 3. Physical
maps of H129-G4 (G4) and H129-Syn-G2 (Syn) digested with EcoRV,
KpnI, and HindIII are shown in Fig. 3A, and the predicted electropho-
resis profiles are shown in Fig. 3B. The experimental results demon-
strated that the H129-Syn-G2 displayed correct electrophoresis profiles,
as expected (Fig. 3C).

High-throughput sequencing of H129-Syn-G2 was performed, and the
results showed that there were three nucleotide (nt) point mutations
compared to the sequence of H129-G4 (Table 1). The C-T mutation at

Fig. 2. Schematic flowchart of the synthesis of H129-Syn-G2. The synthetic genome was generated in three steps. First, H4 and H10 fragments were constructed from
PCR-amplified genome fragments and pGF vector DNA, and other H fragments were constructed from the sheared genome of H129-G4 and PCR-amplified pGF vector
DNA. The DNA fragments were cotransformed into yeast for transformation-associated recombination (TAR) cloning to generate pGF-H plasmids. Second, all H
fragments, except H4, were recombined in sets of three to synthesize three intermediates: H1–H3, H5–H7, and H8–H10. Finally, three intermediate fragments and
linearized pGF-H4 were cotransformed into yeast, and the complete genome was synthesized. The circular map of H129-Syn-G2 in the right panel presents the relative
location of each level of genomic fragment among the genome and detailed information of the pGF vector cassette.
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57,713 nt resulted in amino acid (aa) substitutions of UL23 (R20H) and
UL24 (A3V), whereas the T-C mutation at 157,391 nt resulted in the I72V
mutation of US11. The G-A mutation at 147,391 nt resulted in a synon-
ymous aa mutation in the US6. No additional changes were observed
except for those in the design.

3.2. Rescued H129-Syn-G2 exhibited more optimized growth properties
than the parental virus

To rescue the synthetic virus, purified DNAs of H129-Syn-G2 and
H129-G4 were transfected into Vero cells for the experiment and positive
control, respectively. At 48 h p.t., green fluorescence was observed in
both cultures, and the fluorescence signal increased significantly at 96 h
p.t. The supernatants were harvested to infect Vero cells and the results
showed that H129-Syn-G2 could establish a successful infection similar
to that of H129-G4 (Fig. 4A).

Plaque assays were performed to investigate the cytopathogenic ef-
fects of these viruses. Both H129-G4 and H129-Syn-G2 produced visible
plaques on the cell monolayers, but the plaque size of H129-G4 appeared

to be smaller than that of H129-Syn-G2 (Fig. 4B). Because both viruses
contain gfp genes in their genomes, we examined the plaques under
fluorescent microscopy. The results confirmed that both viruses induced
visible cytopathic effects and fluorescence-forming units, but the plaque
size of H129-Syn-G2 was slightly larger than that of H129-G4 (Fig. 4C).
For further comparison, 30 plaques were randomly selected from each
virus, and the plaque sizes were measured. Statistical analysis confirmed
that the plaque size of H129-Syn-G2 were significantly larger than that of
H129-G4 (P < 0.0001) (Fig. 4D).

Fig. 3. Restriction enzyme analysis of the synthetic and parental genomes. A Physical maps of H129-G4 and H129-Syn-G2 genomes with EcoRV, KpnI, and HindIII
digestion. Digested genomic fragments were named alphabetically according to their length, from long to short. Fragments that were shared by both genomes are
shown in light blue, while the differential fragments are marked in pink. B Computational prediction of restriction enzyme profiles of H129-G4 and H129-Syn-G2.
C The experimental results of the restriction enzyme profiles of H129-G4 and H129-Syn-G2. In (B) and (C), the different fragments were indicated in red, G4,
H129-G4; Syn, H129-Syn-G2.

Table 1
The results of the genome sequencing of H129-Syn-G2a.

Location nt mutationb Amino acid mutationb

64,492 C→T R20H in UL23; A3V in UL24
154,714 G→A Synonymous in US6
163,441 T→C Synonymous in US10; I72V in US11

a The genome sequence of H129-Syn-G2 has been deposited in GenBank with
accession no OQ077661.

b Mutation refers to the change from H129-G4 to H129-Syn-G2.
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To compare the replication dynamics of H129-Syn-G2 and parental
virus, growth curve assay was conducted at MOI of 3 and MOI of 0.001,
respectively, and the results are shown in Fig. 4E. For the MOI of 3
groups, the viral titers of H129-Syn-G2 were consistently higher than
those of H129-G4 at different time points, and the titer was approxi-
mately 10 times higher than that of H129-G4 at 48 h p.i. Similar results
were obtained for low MOI (0.001) infection, and the titer of H129-Syn-
G2 was double that of H129-G4 at 96 h p.i. Statistical analyses showed
that H129-Syn-G2 had significantly more optimized growth properties
than the parental virus, H129-G4 at MOI levels of 3 (P < 0.0001) and
0.001 (P < 0.001).

3.3. The synthetic virus showed similar morphogenesis to that of the
parental virus

To compare the morphogenesis of H129-G4 and H129-Syn-G2 at
different infection stages, infected cells were observed through trans-
mission electron microscopy. At 12 h p.i., capsids (empty or filled) were

observed in the nucleus of both samples, and the egress of capsids was
observed in the margins of the nucleus (Fig. 5A and B). At 18 h p.i., in
addition to the capsids, enveloped virions were observed in the cyto-
plasm of both samples (Fig. 5C and D). These results suggested that the
morphogenesis of the synthetic virus was similar to that of the parental
virus.

4. Discussion

HSV-1 H129 shows a unique anterograde spreading phenotype,
making it a powerful tool for neuronal circuit tracing after proper
modifications (Li et al., 2017; Yu et al., 2017; Su et al., 2020; Yang et al.,
2020, 2022). In the present study, we designed and synthesized a
complete HSV-1 genome based on H129-G4, a neuronal circuit tracer
derived from H129 (Zeng et al., 2017). The H129-Syn-G2 genome was
synthesized using a three-step recombination strategy, and the rescued
virus showed similar cytopathic effects and morphogenesis to its
parental virus H129-G4. Interestingly, growth curves at both high and

Fig. 4. Growth properties of H129-Syn-G2 and its parental virus. A Transfection and infection assay. Vero cells were transfected with BAC DNA of H129-G4 or H129-
Syn-G2, and fluorescence was observed at 48 h and 96 h p.t. (upper panel). The supernatants harvested at 96 h p.t. were used to infect Vero cells, and fluorescence was
observed at 24 h and 72 h p.i. (lower panel). Scale bars, 400 μm. B Plaque assay. Infected Vero cell monolayers were strained by crystalline violet and plaque was
observed. C Microscopy of a representative plaque showing fluorescence and cytopathic effect. Vero cells were infected with H129-G4 or H129-Syn-G2 viruses. Images
of fluorescence forming units were obtained under the Invitrogen EVOS FL Auto imaging system (upper panel) and typical cytopathic effects were observed at
respective bright fields (lower panel). Scale bars, 1000 μm. D Statistical analysis of plaque size. Thirty plaques of each virus were randomly selected and the plaque size
was measured. Statistical significance was determined using Student t-test (****P < 0.0001). E Growth curve analysis. Vero cells were infected individually with
H129-G4 and H129-Syn-G2 at MOI levels of 3 and 0.001. Supernatants of infected cells were harvested at the indicated time point and titers were measured by plaque
assay. Titers at each time point were represented by mean value � standard deviation of three independent biological repeats. Statistical significance was determined
using the ordinary two-way ANOVA test (***P < 0.001, ****P < 0.0001).
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low MOIs showed that the infectious progeny production of the syn-
thetic virus was significantly more optimized than that of the parental
virus, H129-G4. The plaque size of the synthetic virus also appeared
larger than that of H129-G4. This might be due to mutations or modi-
fications in the synthetic virus. According to the results of Illumina
sequencing, three mutations were made during the synthesis, which
consequently impacted the viral proteins, UL23, UL24, and US11
(Table 1). The HSV-1 UL23 gene encodes thymidine kinase (TK), which
plays an important role in viral DNA synthesis (Munch-Petersen, 2010).
Previous research revealed that there were six highly conserved region
in UL23 (Sauerbrei et al., 2016), and the mutation we induced here
(R20H) was not located in the conserved regions. The viral protein
UL24 is important for replication and virulence (Dridi et al., 2018);
however, it is unknown whether the A3V mutation affects the function
of UL24. The viral protein US11 facilitates host shutdown (Charron
et al., 2019), and previous research has suggested that 91–121 aa is
essential for the RNA-binding function of US11 (Garzotti and Hamdan,
1998). The I72V mutation in the US11 of H129-Syn-G2 was not
detected in this region. Overall, mutations in H129-Syn-G2 might
contribute to the different properties of H129-G4 and H129-Syn-G2, but
this needs to be further investigated in the future. Furthermore, a copy
of the mGFP-2A-eGFP cassette and CmR were removed, and the BAC
cassette was replaced with the pGF cassette, resulting in a slightly
reduced genome size of H129-Syn-G2 (163,585 bp) compared to
H129-G4 (164,424 bp). These changes may account for the different
properties of the synthesized virus.

Previously, HSV-1 KOSYA was synthesized using a TAR-based strategy
with the HSV-1 KOS strain as the template (Oldfield et al., 2017).
Interestingly, when the BAC cassette remained in the synthetic genome,
the rescued virus showed reduced growth kinetics compared to the
wild-type KOS, and only when the BAC cassette was removed from the
genome did the rescued KOSYA ex show replication properties similar to
those of the wild-type KOS (Grzesik et al., 2018). In the present study,
H129-Syn-G2 showed more optimized replication properties than
H129-G4, although it retained the pGF vector cassette within the
genome. Therefore, the impact of the vector sequence in the genomemay
be different and needs to be investigated on a case-by-case basis.

Compared with traditional genome modification methods, the syn-
thetic platform could enhance the efficiency of multi-loci modifications
of HSV-1 genome, which provides a powerful tool for engineering HSV-1
for different purposes. For neural circuit tracing, the most significant
parameters of viral tracers include the labeling signal strength and
cytotoxicity. Currently, labeling signals can be enhanced by carrying

more fluorescent protein cassettes into the genome; however, high
cytotoxicity hinders further development of the H129-based tracer (Xu
et al., 2020; Yang et al., 2020). In the future, we plan to modify different
foci in the H129-Syn-G2 genome to generate neuronal tracer viruses with
attenuated toxicity. With the help of the synthetic platform, various
attenuation strategies could be constructed and tested simultaneously,
which may greatly improve the engineering efficiency. For oncolytic
virus development, manipulation of multiple loci in the HSV-1 genome is
needed for the deletion of virulence-associated genes, insertion of
tumor-specific target genes, and immune checkpoint genes (Kaufman
et al., 2015; Tian et al., 2022; Todo et al., 2022). With the help of a
synthetic platform, virulence-associated genes can be modified to syn-
thesize a series of attenuated recombinant viruses, and
antitumor-associated foreign genes can be inserted. Furthermore, the
development of the H129 synthetic platform can facilitate the evaluation
of antiviral drugs and development of HSV-1 vaccines.

5. Conclusions

In summary, a synthetic H129-Syn-G2 virus was generated based on
the parental virus H129-G4. The synthetic virus exhibited more opti-
mized growth than the parental virus, and normal morphogenesis. This
synthetic platform provides a useful tool for further manipulation of HSV-
1 genomes for applications such as the attenuation of virulence, vaccine
development, and oncolytic HSV modification.
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