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� Direct cloning of the isolated
herpesvirus genome by ExoCET
without the multiple rounds of
plaque purification.

� Cloning method avoiding the
potential for attenuating mutations to
occur during serial passage of the
virus in cells.

� Rapid reconstitution of genetically
indistinguishable virus upon
acquiring the intact viral genome by
restriction endonuclease digestion.

� Viral BAC being stable for genetic
manipulation in E. coli.

� A streamlined approach to develop
vector vaccines based on the
attenuated recombinant PRV.
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Introduction: The herpesviridae are DNA viruses with large and complicated genomes. The herpesvirus
bacterial artificial chromosomes (BACs) have been useful for generating recombinant viruses to study
the biology and pathogenesis. However, the conventional method using homologous recombination is
not only time consuming but also prone to accumulate attenuating mutations during serial passage of
the virus in cells. Elimination of the BAC vector from the recombinant viral genome requires additional
step for phenotypically consistence with the original strain.
Objectives: To generate a streamlined approach for generating infectious BAC clones of herpesvirus.
Methods: The 142-kb pseudorabies virus genome was directly cloned into a bacterial artificial chromo-
some (BAC) in Escherichia coli by Exonuclease Combined with RecET recombination (ExoCET).
Placement of the BAC vector at the terminus of the linear virus genome enabled excision of the BAC back-
bone from the viral genome by restriction endonuclease for delivery into mammalian cells, with the sub-
sequent rapid rescue of virus that was genetically identical to the original strain.
Results: This new approach for molecular cloning of the genome from a large DNA virus and isolation of
pure virus lacking the BAC vector from transfected mammalian cells bypass the tedious and time-
consuming method of multiple rounds of plaque purification. The viral BAC was stable in E. coli, allowing
further mutagenesis mediated by the Red system or various site-specific recombination methods.
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Conclusion: An efficient method for construction of infectious clones of herpesvirus was established. It is
expected to be potentially useful for other viruses with large double-stranded DNA genomes.
� 2022 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

The Herpesviridae is a large family of viruses with double-
stranded DNA genomes that range in size from 125 to 240 kilobase
pairs. Generating recombinant viruses to study the biology of these
viruses and to develop vaccines against them requires precise and
effective genetic manipulation methods. Since the construction of
the bacterial artificial chromosome (BAC) for murine cytomegalo-
virus (MCMV) as the first herpesvirus infectious clone [1], numer-
ous herpesvirus genomes have been cloned into BAC vectors. Viral
BACs have been established for every human herpesvirus except
HHV-7 [2]. More than a dozen animal herpesviruses that are often
used as models for studying viral pathogenesis or as vectors for
vaccine and gene therapy have been cloned as viral BACs, including
Marek’s disease virus (MDV), pseudorabies virus (PRV), turkey her-
pesvirus (HVT), feline herpesvirus type 1, murine gammaher-
pesvirus 68, rhesus rhadinovirus (RRV), and herpesvirus saimiri
[3]. BAC technology has been proven to be an invaluable tool for
functional delineation of these viral genomes.

The conventional method for constructing herpesvirus BACs
involves direct insertion of the BAC vector into the viral genome
via homologous recombination [1,4–7]. The linear BAC vector,
flanked on each side by 500–1000 base pairs of viral DNA homolo-
gous to the target genome, and the purified viral genomic DNA are
cotransfected into virus-permissive cells. Homologous recombina-
tion takes place in the cell, producing recombinant virus carrying
the BAC vector. Viral plaques are purified using selection based
on an antibiotic resistance gene, beta-galactosidase, green fluores-
cent protein (GFP) or a metabolic gene from the BAC vector. Since
the viral genome becomes circularized once during replication in
the nucleus, the recombinant viral DNA containing the BAC vector
is isolated from infected cells and transformed into Escherichia coli
for screening using the antibiotic marker of the BAC vector, usually
for chloramphenicol resistance. The DNA of the infectious clone is
prepared from E. coli for restriction enzyme analysis, and once the
integrity of the viral BAC is confirmed, the BAC DNA can be pre-
pared and transfected into mammalian cells for reconstitution of
the virus.

Other approaches for generating herpesvirus BACs have also
been used [8–11]. A critical factor in using infectious clones is
that the virus rescued after delivery of the BAC DNA into mam-
malian cells should be phenotypically consistent with the wild-
type parent. One approach to addressing this issue involves
insertion of the BAC vector into a gene dispensable for viral
growth and pathogenesis, for example the gG gene of PRV and
the US2 locus of MDV [12,13]. However, the presence of the
BAC vector backbone can cause instability of the PRV genome,
resulting in spontaneous deletion of the BAC vector together
with the surrounding viral sequences. This finding motivated
removal of BAC vector sequences from viral genomes, with three
approaches explored to achieve this goal. One approach incorpo-
rated duplicated viral sequences flanking both sides of the BAC
vector, which led to homologous recombination between the
viral sequences upon delivery to mammalian cells and resulted
in excision of the BAC vector for reconstitution of a genotypically
wild-type MCMV [14]. A slightly modified alternative involved
inserting the BAC vector into the terminal repeat (TR) region;
the BAC vector was excised upon reconstitution in cells through
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TR-mediated homologous recombination to rescue wild-type RRV
[15]. The second approach utilizes site-specific recombination,
with expression of Cre from the BAC vector as a good example
[16]. To avoid instability of the viral BAC in E. coli, the cre/loxP
recombination can be completely abolished by splitting the Cre
coding sequence with an artificial intron. After delivery of the
viral BAC into mammalian cells, the intron is spliced out to
restore Cre activity, and pure virus lacking the BAC vector back-
bone can be isolated [16]. The third approach involves deletion
of mini-F sequences with a repair vector or PCR product in
eukaryotic cells by homologous recombination [17]. To increase
the efficiency, the viral BAC, in this case HVT BAC, was linearized
by the homing endonuclease I-SceI cutting at one end of the vec-
tor backbone before transfection together with a repair plasmid.
Enhanced GFP (eGFP) expression from the BAC vector backbone
facilitated the screening [18].

Herpesvirus genomes are tightly packed in virions in a linear
form, a form that we exploited in our approach. Using PRV as an
example, we present here an efficient approach to construct infec-
tious herpesvirus clones by placing the BAC vector at the linear ter-
minus of the viral genome via Exonuclease Combined with RecET
recombination (ExoCET)-mediated direct cloning [19]. The Rac
prophage proteins RecE/RecT mediate highly efficient linear–linear
homologous recombination that is mechanistically distinct from
recombineering mediated by Reda/Redb from lambda phage. Using
RecET direct cloning, 50 kb fragment of bacterial genomic DNA
were captured with a linear plasmid vector [20]. However, the
capacity of RecET direct cloning has been limited by co-
transformation efficiency, i.e., the efficiency of obtaining the BAC
vector and target DNA in the same E. coli cell. Therefore, direct
cloning of DNA fragments larger than 50 kb by RecET is inefficient.
Incubation of linear DNA with T4 polymerase as the in vitro exonu-
clease enables annealing of some of the linear DNA partners at one
of their complementary ends. The BAC vector and target DNA has
joined in one piece, breaking the bottleneck of low co-
transformation efficiency of two DNA molecular entering in the
same E. coli cell. The other complementary end can be recombined
after pre-annealed linear DNA has been electroporated into the
E. coli expressing RecET. This ExoCET system was shown to be a
simple and efficient direct cloning method to obtain 106 kb of
DNA from a prokaryotic genome (4 � 106 bp) and 53 kb of DNA
from a more complex eukaryotic genome (3 � 109 bp) [19].

Unlike the methods previously described for viral clone con-
struction and BAC vector excision, direct cloning of the herpesvirus
genome via ExoCET offers several advantages. First, co-
transformation of the BAC vector backbone and the isolated viral
genome DNA into RecET-expressing E. coli directly yields the infec-
tious BAC clone, not only bypassing the need for multiple rounds of
plaque purification but also avoiding the attenuating mutations
that can occur during these rounds of purification. Additionally,
linear viral genome is acquired by removing the BAC vector with
a restriction endonuclease, followed by delivery into mammalian
cells for rapid rescue of the virus, which is genetically identical
to the wild-type parent, without any purification process. Finally,
the viral BAC, which has the BAC vector backbone incorporated
at the viral terminus, is stable in E. coli for mutagenesis using the
Red system or various site-specific recombinase-mediated
methods.

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Materials and methods

Ethics statement

All experiments were carried out in strict accordance with the
recommendations of the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health. The use of animals in
this study was approved by the South China Agricultural University
Committee of Animal Experiments (approval ID: SYXK2019-0136).

Cells and viruses

The PRV DCD-1 strain (GenBank accession no. OL639029),
which is highly pathogenic to pigs, was isolated in Guangzhou,
China, in March 2017. The highly pathogenic porcine reproductive
and respiratory syndrome virus (HP-PRRSV) and NADC30-like por-
cine reproductive and respiratory syndrome virus (NADC30-like
virus) were isolated in Guangzhou, China, in January 2019.

African green monkey kidney cells (Vero) and porcine kidney
epithelial cells (PK15) were cultured in Dulbecco’s modified Eagle’s
medium with 10% (vol/vol) fetal bovine serum and 1% (vol/vol)
penicillin–streptomycin. Vero cells were used to rescue PRV
DCD-1-derived recombinants and to propagate HP-PRRSV and
NADC30-like virus. PK15 cells were used to determine the titer of
PRV DCD-1-derived recombinants.

E. coli strains and plasmids

E. coli GB05-dir harboring the expression plasmid pSC101-BAD-
ETgA-tet was used for ExoCET direct cloning of the genomic DNA of
PRV DCD-1. E. coli GB08-red was used for deletion of the virulence
genes and insertion of genes for fluorescent reporters and immune
factors and antigen genes. E. coli GB2005 harboring pSC101-BAD-
Cre-tet, pSC101-Rha-Dre-tet or pSC101-BAD-Flp-tet was used to
remove the resistance genes after recombineering. pBeloBAC11-
cm-ccdB-hyg was used to amplify the linear pBeloBAC11-cm vec-
tor for construction of the intermediate plasmid pBeloBAC11-cm-
PRV-pBR322-amp-ccdB. The pBeloBAC11-cm-PRV-pBR322-amp-
ccdB was propagated in E. coli GBred-gyrA462. pR6K-kan-ccdB
was used as template to amplify the kanamycin resistance gene.
The plasmids and bacterial strains for ExoCET direct cloning and
Red recombineering can be freely requested from our laboratory
(Shandong University) for academic research.

Construction of PRV DCD-1 infectious clones and virus rescue

PRV genomic DNA was extracted from PK15 cells infected with
DCD-1 using a QIA-amp DNA Blood Mini Kit (Qiagen, Hilden, Ger-
many) according to the manufacturer’s instructions. The
pBeloBAC11-cm-pBR322-amp-ccdB plasmid was constructed by
linear plus linear recombination in GB05-dir (Table S1). The
pBeloBAC11-cm linear cloning vector was purified from a gel after
electrophoresis of the BamHI-digested pBeloBAC11-cm-pBR322-
amp-ccdB. The PRV genomic DNA and pBeloBAC11-cm linear vec-
tor were incubated with T4 polymerase according to the described
protocol for the ExoCET method [21]. The optimal ratio of the
amounts of genomic and vector DNA was titrated and was highly
dependent on the molarity and quality of the DNA. The 20 ll reac-
tions consisted of 2 ll of 10 � NEBuffer 2.1 and 0.13 ll of 3 U ll �1

T4 polymerase (NEB, cat. no. M0203). The in vitro assembly reac-
tions were prepared in PCR tubes and cycled in a thermocycler as
follows: 25�C for 1 h, 75�C for 20 min, 50�C for 30 min, and then held
at 4�C. After dialyzing, the DNA mixture was electroporated into L-
arabinose-induced E. coli GB05-dir harboring pSC101-BAD-ETgA-
tet. The infectious clone pBeloBAC11-cm-DCD1 was selected on
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LB plates containing 15 lg/ml chloramphenicol. The correct
recombinants were identified by PvuII restriction enzyme analysis.
Sequencing of BAC clones was conducted by PacBio. Two PmeI sites
were placed on both ends of the BAC backbone. The PmeI-digested
infectious clone was transfected into Vero cells using Lipofec-
tamine 3000 (Thermo Fisher Scientific, Shanghai, China) to rescue
the virus rDCD-1.
Knockout of the virulence genes

Using the infectious clone pBeloBAC11-cm-DCD1, the gE-gI,
thymidine kinase (TK) and gG genes were deleted by Redab recom-
bineering in E. coli GB08-red. The kanamycin resistance gene
flanked by flippase recognition target (FRT) sites was used to target
the gE-gI locus. The homologous arms were incorporated in the
oligonucleotides (Table S1). The recombinants were selected on
LB plates containing 15 lg/ml kanamycin, and after confirmation
by restriction enzyme analysis, the correct clones were trans-
formed into E. coli GB2005 harboring pSC101-BAD-Flp-tet for FLP
recombination. Removal of the selectable marker was validated
by double-streaking on a kanamycin-containing LB plate and a
chloramphenicol-containing LB plate.

Using the gE-gI-deleted recombinant pBeloBAC11-cm-DCD1-
DgEgI, the TK and gG genes were sequentially targeted with the
gentamicin resistance gene flanked by lox66 and lox71 sites. The
lox66 had mutation at the left inverted repeat and the lox71 had
the mutation at the right inverted repeat. Recombination between
the lox71 and lox66 sites resulted in a double-mutant lox72 site,
which could not be further catalyzed by Cre [22]. The recombi-
nants were selected on LB plates containing 2 lg/ml gentamicin.
Then the recombinant BACs were transformed into E. coli GB2005
harboring pSC101-BAD-Cre-tet for Cre recombination. Removal of
the selectable marker was validated by double-streaking on a
gentamicin-containing LB plate and a chloramphenicol-
containing LB plate. The modified BACs were named
pBeloBAC11-cm-DCD1-DgEgI-DTK and pBeloBAC11-cm-DCD1-Dg
EgI-DTK-DgG.

The above BACs were transfected into Vero cells using Lipofec-
tamine 3000 to rescue the attenuated mutants rDCD1-DgEgI,
rDCD1-DgEgI-DTK and rDCD1-DgEgI-DTK-DgG. The recombinant
virus was verified by PCR using primers flanking the FRT or lox
sites (Table S1).
Knockin of the fluorescent reporter and immune factor genes and
antigen genes

The cassettes mNeonGreen-lox66-genta-lox71, mCherry-FRT-
Kan-FRT and enhanced blue fluorescent protein (eBFP)-rox-Kan-
rox, flanked with the homologous arms to the TK, gG or gE locus,
respectively, were assembled by linear plus linear recombination
in E. coli GB05-dir to generate three intermediate plasmids
(Fig. S7). The cassette was released from its plasmid backbone
using the designed restriction enzyme recognition sites and elec-
troporated into E. coli GB08-red containing pBeloBAC11-cm-DC
D1-DgEgI-DTK-DgG. The recombinant BACs with gentamicin or
kanamycin resistance genes were transformed into E. coli GB2005
harboring pSC101-BAD-Cre-tet, pSC101-BAD-Flp-tet or pSC101-
BAD-Dre-tet for site-specific recombination to remove the select-
able markers. The final BACs with the fluorescent reporter genes
were pBeloBAC11-cm-DCD1-DTK-mNeonGreen, pBeloBAC11-cm-
DCD1-DgG-eBFP and pBeloBAC11-PRV-DCD1-DgEgI-mCherry.
The mNeonGreen, eBFP and mCherry coding regions were placed
under the endogenous promoters of TK, gG and gE respectively.
Additionally, pBeloBAC11-cm-DCD1-DTK-CMV-mNeonGreen and
pBeloBAC11-cm-DCD1-DTK-CAG-mNeonGreen were constructed
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to investigate the CMV and CAG (CMV early enhancer/chicken b
actin) promoter at the TK locus.

Using the same approach as the fluorescent reporter gene
knockin, the pBeloBAC11-cm-DCD1-DgG-IL18-c was constructed.
The construct contained a P2A sequence, which encodes a self-
cleaving peptide. Genes for the immune factors IL18 and IFN-c
were fused via the P2A sequence and placed under the gG pro-
moter. The antigen genes GP3, GP5 and M were knocked in at
the TK locus; the cDNA for these genes was obtained by RT-PCR
from the genome of HP-PRRSV or NADC30-like virus. The three
genes were fused via the P2A sequence and placed under the TK,
CMV or CAG promoters.
Analysis of exogenous gene expression

Fluorescent protein expression in the recombinant PRV DCD-1
was visualized by confocal microscopy. Vero cells were seeded
onto a slide in a six-well plate and then inoculated with the recom-
binant virus. After 12 h, the plate was examined using a confocal
laser scanning microscope.

For qRT-PCR analysis, total RNA was extracted with TRIzol
(Sigma), and reverse transcription was performed using the Pri-
meScriptTM RT Reagent Kit with gDNA Eraser (Takara China).
The quantity of cDNA was determined by SYBR Green I qRT-
PCR performed with a Light Cycler 1.5 (Roche, Basel, Switzer-
land). The primers for qRT-PCR are listed in Table S1. The reac-
tion mixture for qRT-PCR was as follows: 10.0 ml of 2 � SYBR
Green Premix ExTaq II (TaKaRa Biotech, Dalian, China); 0.4 ll
of each primer (25 lM); 2.0 ml 1 � cDNA template; and 7.6 ml
nuclease-free water, with a total volume per reaction of 20 ml.
The reaction procedure included pre-denaturation at 95 �C for
10 min, followed by 40 cycles of a melting step at 95 �C for
10 sec and annealing at 60 �C for 1 min. The fragments for quan-
tification were cloned into a pBR322 vector to prepare a stan-
dard plasmid. Serial standard plasmid dilutions (102 to 108

copies/ll) were used to optimize the qRT-PCR reaction and
determine the standard curve. Final concentrations were calcu-
lated per microliter of DNA.

For Western blots, Vero cells were inoculated with the
DCD-1 mutants for 16 h in a six-well plate. Twenty micro-
liters of each of the virus-infected cell lysates were separated
by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) followed
by transfer onto nitrocellulose membranes. Western blotting
was carried out using monoclonal anti-HA mouse antibody
(1:500 dilution, Shanghai, China) for IL18-c and monoclonal
anti-Flag mouse antibody (1:500 dilution, Shanghai, China)
for HP-PRRSV GP3-GP5-M as the primary antibodies, and then
horseradish peroxidase-conjugated goat anti-mouse IgG
(1:5000 dilution, Southern Biotechnology, USA) as the sec-
ondary antibody.
One-step growth curves (TCID50)

The in vitro replication capacity of the rescued viruses was
assessed in PK15 cells. Briefly, PK15 cell monolayers in 6-well
plates were infected with the fourth passage of wild-type PRV
DCD-1, the rescued DCD-1 and the various mutants at 1.5 � 103

TCID50 (multiplicity of infection � 0.01), and each virus was har-
vested at the indicated times post-infection (p.i.). The median tis-
sue culture infective dose (TCID50) of the harvested viruses was
determined using 96-well plates. Then, PK15 cells in 96-well plates
were inoculated with 10-fold diluted viral stocks and incubated at
37 ℃ with 5% CO2 for six days. The TCID50 values were calculated
by observing the cytopathic effect, according to the Reed and
Muench method [23].
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Animal experiments

To evaluate the virulence of the attenuated virus in vivo, three
groups (5 mice per group) of four-week-old BALB/c mice were
infected orally with 0.1 ml of 106 TCID50 of virus (DCD-1, rDCD-
1, or rDCD1-DgEgI-DTK-DgG). One group of mice was inoculated
with DMEM without virus as a negative control. The infected and
control groups were separately housed in different negative-
pressure isolators and monitored daily for 14 days while the mor-
bidity and mortality of the animals were recorded.
Statistical analysis

The data were shown as mean ± standard deviation (SD). Statis-
tical analysis was performed using the one-way ANOVA in the
GraphPad Prism package. Significant differences were determined
as *p < 0.05 (significant) or **p < 0.01 (highly significant).
Results

Generation of PRV infectious clone by direct cloning

The approach for constructing the PRV DCD-1 infectious clones
and mutants is illustrated in Fig. 1. To clone the entire PRV DCD-1
genome, we employed the ExoCET method to ensure successful
cloning of a double-stranded stretch of DNA larger than 100 kb into
a BAC vector [21]. The intermediate plasmid pBeloBAC11-cm-PRV-
pBR322-amp-ccdB was constructed by RecET-mediated linear plus
linear homologous recombination, incorporating 80 bp homology
arms (HA) from the termini of the linear PRV genome (Fig. S2).
The intermediate plasmid pBeloBAC11-cm-PRV-pBR322-amp-
ccdB was propagated in E. coli GBred-gyrA462, which has an
Arg462Cys mutation in gyrA that confers CcdB resistance [34].
However, the direct cloning was conducted in E. coli GB05-dir,
which has the wild-type GyrA that is sensitive to CcdB. The
toxin-encoding gene ccdB selected against background DNA of
the intermediate plasmid remaining due to incomplete BamHI
digestion. After BamHI digestion, the HA were exposed at the linear
BAC vector. The DCD-1 genomic DNA and the linear vector were
firstly incubated in the exonuclease reaction system for in vitro
assembly and then co-electroporated into RecET-expressing
E. coli strain to complete direct cloning. The optimal ratio of linear
vector to DCD-1 genomic DNA was titrated. In a 20 ml reaction,
0.5 lg or 1 lg of linear vector was tested with 1 lg, 2 lg, 5 lg,
or 10 lg of DCD-1 genomic DNA. With 0.5 lg linear vector and
2 lg or 5 lg of DCD-1 genomic DNA, three correct infectious clones
were identified from 72 colonies. With 1 lg linear vector and 2 lg
DCD-1 genomic DNA, two correct infectious clones were identified
from 72 colonies. However, results were suboptimal with 1 lg or
10 lg DCD-1 genomic DNA, leading to one or zero infectious clones
from 72 colonies. Incorrect clones were mainly empty vector
resulting from self-circularization. The correct infectious clones
of pBeloBAC11-cm-DCD1 were screened by restriction enzyme
analysis (Fig. 2A). Following the cloning experiments, which were
completed within one week, whole BAC sequencing was conducted
on four BAC clones with different restriction enzyme digestion pat-
terns. One clone was identical to the viral genome sequence, and
the other three clones had deletions in the Us region which is,
bracketed by the inverted repeats. After PmeI digestion, the BAC
DNA was transfected into Vero cells. Cytopathic effects were
observed at 2 to 4 days post transfection, suggesting that the infec-
tious clones gave rise to viable viruses (Fig. 2B and 2C). Absence of
the BAC vector backbone was confirmed by PCR (Fig. S6). The sta-
bility of the rescued DCD-1 was validated by PCR analysis after
three passages in PK15 cells (Fig. 2D).



Fig. 1. Construction of pseudorabies virus infectious clone. After amplification and purification of the highly pathogenic PRV isolate DCD-1, intact viral DNA was isolated. The
intermediate plasmid pBeloBAC11-cm-PRV-pBR322-amp-ccdB, which contained the 80 bp end sequences of the PRV genome, was constructed. BamHI digestion of the
intermediate plasmid released the linear vector pBeloBAC11-cm and exposed homology arms. The viral DNA and the linear vector were co-electroporated into a RecET-
expressing E. coli strain for direct cloning. The infectious clone was validated by restriction enzyme analysis, a rescue experiment and integrity check. Knockout of the
virulence gene (represented by the red box in the genome) and knockin of the immune factor genes and antigen genes were achieved by Redab-mediated deletion or insertion
followed by site-specific recombination to remove the selectable marker. The recombinant virus was rescued for in vitro and in vivo characterization.
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The recombinant attenuated DCD-1 was generated by deletion
of the virulence genes UL23 (TK) and US8 (gE)-US7 (gI), as well
as the dispensable gene US4 (gG) (Fig. S3). The kanamycin resis-
tance gene flanked by FRT sites was used for Redab-mediated dele-
tion of gE-gI, with the same region deleted as in the natural gE-gI
deletion in the attenuated PRV vaccine strain Bartha-k61 [24].
The selectable marker was removed by Flp recombination, and
the TK and gG genes were sequentially replaced by the lox66-
genta-lox77 cassette and Cre recombination to eliminate the gen-
tamicin resistance gene. BAC clones derived by site-specific recom-
bination were confirmed by restriction enzyme analysis and
sequencing (Fig. 2A, Fig. S4). After rescue of the recombinant virus,
the stability of the attenuated DCD-1 was characterized by PCR
analysis after multiple passages (Fig. 2D). The titers of wild-type
DCD-1, BAC-derived DCD-1 and various attenuated DCD-1 strains
showed no obvious differences (Fig. 2E). Immune factor and anti-
gen gene knockins were also conducted by BAC engineering.

The virulence of the attenuated recombinant PRV DCD-1 was
tested in SPF mice. Mice inoculated with the parental DCD-1 exhib-
ited 100% mortality. In contrast, mice inoculated with rDCD1-Dg
EgI-DTK-DgG exhibited no mortality (Fig. S8). This result is consis-
tent with a previous study showing that gE-gI and TK are vital for
viral virulence but dispensable for viral replication [25–27].

Promoter assessment at the TK, gG and gI loci

Attenuated DCD-1 has the potential to not only be a vaccine but
also to be a live vaccine vector for expressing foreign antigens.
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Since the deletion of the three virulence factors did not alter the
stability or the titer of the DCD-1, we examined the expression pro-
file of foreign genes at these three loci using various fluorescent
proteins. The mNeonGreen, eBFP and mCherry genes were
expressed from the endogenous promoters of the TK, gG and gI
genes, respectively. In addition, we also investigated CMV and
CAG promoters driving mNeonGreen expression at the TK locus
(Fig. 3A). Recombinant DCD-1 viruses expressing these fluorescent
proteins could be rescued from the infectious clones without any
difficulty. Expression of the fluorescent proteins did not change
the propagation properties when compared to the wild-type virus
(Fig. 3B). The gG promoter has been reported to be one of the stron-
gest promoters of PRV [28–30]. However, according to the qPCR
results, it was not stronger than the TK promoter or the CMV and
CAG promoters at the TK locus (Fig. 3C). At the TK locus, the CAG
promoter was slightly stronger than the other promoters. Based
on fluorescence intensity, live cell imaging of recombinant viruses
under the confocal microscope showed that the gI promoter was
not as strong as the others (Fig. 3D and 3E), which was consistent
with the qPCR data (Fig. 3C).

Expression of cytokines and antigen genes in recombinant DCD-1

To develop the attenuated DCD-1 strain as a viral vector vac-
cine, genes for the cytokines IL18 and IFN-c were inserted at the
gG locus, aiming to enhance the immune response to the virus.
The two cytokines were co-expressed from the gG promoter using
the 2A self-cleaving, peptide-based, multi-gene expression system.



Fig. 2. Validation and characterization of the infectious clones. (A) NotI restriction enzyme analysis of the wild-type DCD-1 BAC clone and the mutants. Left panel, pattern
from in silico prediction (SnapGene); right panel, agarose gel picture after electrophoresis. M, 1 kb DNA ladder (NEB); lanes 1–9, pBeloBAC11-cm-DCD1, pBeloBAC11-cm-
DCD1-DgEgI, pBeloBAC11-cm-DCD1-DgEgI-DTK-DgG-IL18-c, pBeloBAC11-cm-DCD1-DgEgI-DTK-HPPRRSV-DgG-IL18-c, pBeloBAC11-cm-DCD1-DgEgI-DTK-NADC30like-
DgG-IL18-c, pBeloBAC11-cm-DCD1-DgEgI-DTK-CMV-HPPRRSV-DgG-IL18-c, pBeloBAC11-cm-DCD1-DgEgI-DTK-CMV-NADC30like-DgG-IL18-c, pBeloBAC11-cm-DCD1-
DgEgI-DTK-CAG-HPPRRSV-DgG-IL18-c, and pBeloBAC11-cmDCD1-DgEgI-DTK-CAG-NADC30like-DgG-IL18-c (Fig. S4). (B) Rescue experiment. The linearized BAC DNA of
pBeloBAC11-cm-DCD1 was transfected into Vero cells, showing typical cytopathic effects (CPE) of PRV infection in cell culture. Left, mock infection; right, CPE of rescued
viruses in Vero cells. (C) Validation of the rescued DCD-1. The rescued DCD-1 was used to infect Vero cells, plates were fixed at 48 h post-infection and stained with crystal
violet. Left, mock infection; right, plaques formed in monolayer Vero cultures. (D) Stability of the rescued virus. After serial passages in PK15 cells, the cell lysates were
subjected to PCR analysis with primers listed in Table S1. F1, passage 1; F2, passage 2; F3, passage 3; CK, control using DCD-1 virus as template. (E) Titer comparison using the
wild-type DCD-1, BAC-derived DCD-1 and BAC-derived mutants. Vero cells were infected with rescued wild-type DCD-1 and the mutants at a multiplicity of infection (MOI)
of 0.01 PFU/cell. Each virus was harvested at the indicated time points and titrated as described. Total viral titers were determined in three technical replicates and expressed
as the median tissue culture infectious dose (TCID50/100 ll). wild, wild-type DCD-1; rDCD-1, BAC-derived DCD-1; rDCD1-DgEgI, gE/gI deletion mutant; rDCD1-DgEgI-DTK-
DgG, gE/gI, TK and gG deletion mutant.
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HP-PRRSV has become widely spread in China since 2006, and
there was an outbreak of the NADC30-like virus in 2015, with this
virus becoming locally dominant in some provinces. Although
NADC30-like virus is as not pathogenic as HP-RRRSV, it has a high
incidence of recombination with other virus strains, which can
result in changes in virulence. The current commercial PRRSV vac-
cines cannot provide complete protection against infection with
HP-PRRSV and NADC30-like virus. Using the IL18- and IFN-c-
expressing mutants, we cloned genes GP3, GP5 and M, which are
antigen genes of the HP-PRRSV and NADC30-like viruses, and
expressed them under the endogenous TK promoter, CMV
102
promoter or CAG promoter. The GP3, GP5 and M genes were co-
expressed using P2A peptide linkers (Fig. 4A). The titers of the
modified viruses containing the GP3, GP5 and M gene were deter-
mined with single-step growth curve analysis. All of the recombi-
nant viruses replicated to titers comparable to that of rDCD-1
(Fig. 4B).

To analyze the expression of cytokines and the antigen genes,
PK15 cells were infected with the rescued recombinant PRV
DCD-1 strains and harvested at 12 hpi. RNA in cell lysates was ana-
lyzed by qRT-PCR. The transcription of IL18 and IFN-c reached the
same level, because they were in the P2A system. Furthermore, the



Fig. 3. Fluorescent protein expression at the TK, gG and gI locus. (A) Schematic map of the PRV genome. The mNeonGreen, eBFP and mCherry genes were inserted at the TK
(UL23), gG (US4) and gI (US7) loci, respectively. The fluorescent protein coding genes were driven by the endogenous promoter, CMV promoter or CAG promoter. (B)
Propagation of the fluorescent protein expression mutants. Vero cells were infected at a MOI of 1 PFU per cell and harvested at 24 h postinfection (hpi). The titer of virus
produced from infected cells after a single cycle of growth was enumerated by plaque assay. The results were obtained from two independent infections. (C) Analysis of
mRNA. Cells were harvested at 12 hpi. The mRNA levels in cell lysates were quantified by SYBR Green I quantitative real-time PCR using the gB gene as an indicator for the
presence of viral DNA. (D) and (E) Live cell imaging of recombinant viruses expressing fluorescent proteins. Vero cell monolayers were infected at an MOI of 1. The images
were taken at 72 hpi with 20 � objective lenses by confocal microscopy.
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transcription of IL18 and IFN-c was not influenced by the different
expression cassettes at the TK locus (Fig. 4C). The transcription of
the three PRRSV antigen genes at the TK locus remained at similar
levels under the same promoter. The antigen genes were tran-
scribed at a higher level from the CAG promoter, which was consis-
tent with the previous fluorescent marker gene expression
experiment (Fig. 4D). The expression of the five foreign genes
was validated by Western blot, using anti-HA-tag antibody for
IL18 and IFN-c and anti-Flag-tag antibody for GP3, GP5 and M
(Fig. 4E and 4F, Fig. S5).
Biological stability of the recombinant virus in vitro

Total DNA was extracted from cytopathic Vero cells, and the
integrity of the recovered viral DNA was verified by PCR and
sequencing (sequence data are available upon request), demon-
strating the biological stability of replication (Table S1; Fig. 5A
and 5B). After 15 passages, fluorescent proteins were expressed
from the recombinant viruses (Fig. 5C). The results demonstrated
that the cloned foreign genes were biologically stable in the recom-
binant virus.
Discussion

Viral BACs provide a solution for maintenance and manipula-
tion of large DNA virus genomes as they can efficiently be modified
using well-established mutagenesis techniques in E. coli. Recombi-
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neering is a very popular method for generating recombinant DNA
using homologous recombination; the homologous recombinases
Reda/Redb of bacteriophage k can efficiently mediate recombina-
tion between homologous arms as short as 35–50 bp and precisely
modify circular DNA molecules of virtually any size [31–33]. Nega-
tive selection markers such as rpsL and ccdB are used to achieve
traceless modification and point mutations [34–36].

The RecET recombination system, derived from the E. coli Rac
prophage, is more efficient than Reda/Redb at mediating recombi-
nation between linear DNA substrates and has become a powerful
tool for direct cloning [20]. The first human adenoviral DNA library
covering 34 genotypes was constructed using full-length, RecET-
mediated direct cloning to incorporate viral genomes into a p15A
plasmid [37]. Adenoviruses are double-stranded DNA viruses with
genomes between 26 and 46 kb in length, which is within the clon-
ing capacity of the RecET system, i.e., around 50 kb. To directly
clone DNA with larger sizes or from complex genomes, the ExoCET
system was developed, which combines an in vitro exonuclease
and annealing with the in vivo RecET homologous recombination
method to break through the bottleneck of low co-
transformation efficiency [21].

In this study, we demonstrated a streamlined approach for cre-
ating infectious BAC clones of PRV by ExoCET. The linear BAC vec-
tor flanking the homologous sequences was released from an
intermediate plasmid containing a pBR322 replication origin and
the ccdB gene. The high-copy replicon ensured good yield and high
DNA quality for production of the linear BAC vector. The toxin-
encoding gene ccdB selected against background DNA of the



Fig. 4. Recombinant PRV DCD-1 expressing cytokine and antigen genes. (A) Schematic map of the recombinant DCD-1 genome. The HP-PRRSV or the NADC30-like virus
antigen proteins were inserted at the TK (UL23) locus. The IL18 & IFN-c genes were inserted at the gG (US4) locus. (B) Single-step growth curve analysis was performed for
each mutant virus expressing PRRSV antigens and compared with that of DCD-1 (WT). Vero cells were infected at a MOI of 1 PFU per cell and harvested at 24 hpi. The titer of
virus produced from infected cells after a single cycle of growth was enumerated by plaque assay, and the results were plotted on the graph. Data are an average of two
independent infections. Error bars represent the mean ± S.D. (C) and (D) Analysis of mRNA. PK15 cells were infected by the DCD-1 mutant at a MOI of 0.01 PFU/cell and
harvested at 24 hpi. To evaluate the transcription of GP3, GP5 and M at the TK locus and IL18 and IFN-c at the gG locus, the mRNA levels in cell lysates were quantified by
SYBR Green I quantitative real-time PCR. Relative threshold cycle (CT) values for each sample were calculated. The final concentration was calculated as copy numbers per
100 ml. Results are presented as the mean ± S.D. Asterisks represent significant differences between groups (P � 0.05). (E) and (F) Western blot of the foreign proteins
expressed from recombinant DCD-1. Western blot analysis was performed using anti-HA-tag antibody for IL18 and IFN-c and anti-Flag-tag antibody for GP3, GP5 and M.
Lanes 1–8, rDCD-1, rDCD1-DgG-IL18-c, rDCD1-DTK-HPPRRSV, rDCD1-DTK-CMV-HPPRRSV, rDCD1-DTK-CAG-HPPRRSV, rDCD1-DTK-NADC30like, rDCD1-DTK-CMV-
NADC30like, rDCD1-DTK-CAG-NADC30like.
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intermediate plasmid remaining due to incomplete digestion by
restriction enzymes. After the viral genomic DNA was isolated, it
was incubated with the linear BAC vector for exonuclease-
mediated in vitro assembly. The assembly products were then elec-
troporated into the RecET-expressing E. coli strain to finalize the
incorporation of the BAC vector backbone at the terminus of the
linear PRV genome. Generation of the PRV BAC is straightforward
and requires only several days to complete. Compared to the con-
ventional method of inserting the BAC vector into the viral genome
via rare recombination events in susceptible eukaryotic cells, the
direct cloning method completely bypasses the extremely tedious
purification method, which often requires several passages of the
virus. Constant selective pressure during serial virus passage can
often result in compensatory mutations in the viral genome. When
a mini-F sequence was introduced into the US2 locus of the Melea-
grid herpesvirus 1 (MeHV-1 or turkey herpesvirus) genome by
homologous recombination to obtain infectious MeHV-1 clones,
the in vitro properties of viruses recovered from these clones were
consistent with those of the parental MeHV-1. However, the
104
rescued MeHV-1 viruses were significantly attenuated in vivo.
Complete sequencing of the infectious clones identified eight miss-
ing or defective genes [38]. Accumulation of attenuating mutations
was systematically analyzed in a high passage of Gallid herpesvirus
type 2 [39].

In the infectious PRV BAC that we generated using ExoCET,
restriction endonuclease recognition sites were placed at the junc-
tion of the BAC vector backbone and the linear terminus of the viral
genome. Therefore, it was possible to extract the intact viral gen-
ome from the infectious clone by simply cutting off the BAC vector
backbone with the restriction enzymes. The virus, which was
genetically indistinguishable from the wild-type strain, was
directly reconstituted by delivery of the restriction endonuclease-
digested BAC DNA into mammalian cells without any selection
and purification. Other methods for BAC vector backbone excision,
such as homologous recombination between duplicated sequences
flanking the mini-F replicon, require multiple passages and plaque
purification in mammalian cells. The excision of the BAC vector
cassette via homologous recombination between the introduced



Fig. 5. Stability characterization of the recombinant viruses by PCR and laser confocal analysis. (A) PCR verification of the 1143 bp IL18-c fusion fragment after serial passages
of the virus in PK15 cells. (B) PCR verification of the 2010 bp GP3-GP5-M fusion fragment after serial passages of the virus in cells. (C) The rescued rDCD1-TK-NeonGreen,
rDCD1-TK-CMV-NeonGreen, rDCD1-TK-CAG-NeonGreen, rDCD1-gG-eBFP and rDCD1-gI-mCherry viruses were cultured by serial passages in PK15 cells, and the samples
were collected at passages 3, 5, 10 and 15. Images of the samples were obtained by confocal laser scanning microscopy.
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duplicated sequences or the terminal repeats required five virus
passages [14,15]. Moreover, the duplicated sequences flanking
the mini-F replicon can cause difficulties in creating mutations at
loci adjacent to the BAC vector backbone [10]. Although the com-
pletion of Cre-mediated excision of a BAC vector only needed one
round of viral growth in cultured cells [16], the remaining loxP
105
sequence was capable of causing phenotypic alterations to the
virus [40].

PRV, a member of the Alphaherpesvirinae, is a swine virus with
a linear DNA genome of approximately 143 kb [41]. Infections with
PRV cause nervous disorders, dyspnea, weight loss, abortion
and piglet death [27]. Many nonessential genes, including the
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well-studied virulence factor glycoprotein gE-gI complex and TK,
can be deleted without deleterious effects on virus propagation
[25,26]. Moreover, attenuated PRV strains, such as the TK and gly-
coprotein mutants, can be used to express heterologous antigens
for development of multivalent PRV vector vaccines [42]. In this
study, we used an infectious BAC clone that was generated from
the highly pathogenic PRV isolate DCD1, which emerged in several
pig farms in Guangdong, China, in 2010. We started by knocking
out the TK and glycoprotein virulence genes using Red system-
mediated recombineering. A systematic expression profile assess-
ment for optimal loci and exogenic promoters was then conducted
by insertion of fluorescent reporter genes. The selection markers
were removed by Cre, Flp or Dre recombination [43]. Our infectious
BAC, which has the mini-F cassette incorporated at the terminus of
the linear viral genome, was shown to be stable for highly efficient
mutagenesis in E. coli using the Red system and various site-
specific recombinases, including Cre, Flp and Dre.

Using the attenuated recombinant PRV DCD-1, our next goal is
to develop vector vaccines against PRRSV, which has been epi-
demic in China for more than 20 years and which causes tremen-
dous economic losses. Towards this goal, at one locus, we co-
expressed the cytokines IL18 and IFNc as vaccine adjuvants, given
that expression of these genes was shown to potentiate the
immune response to vaccination in various experimental models
[44]. At other loci, we co-expressed the GP5, GP3 and M proteins
from HP-PRRSV and NADC30-like virus, which are highly prevalent
strains in China [45–47]. The NADC30-like virus strains have been
prevalent in China since 2013 and reported in more than nine pro-
vinces. However, there are no vaccines available.

In summary, we established a novel methodology for the effi-
cient generation of infectious BAC clones of herpesviruses. Virus
that is genetically indistinguishable from the original strain can
be rapidly rescued upon acquiring the intact viral genome by
restriction endonuclease digestion. This new approach for con-
struction of infectious clones could potentially be used for other
viruses with large double-stranded DNA genomes, such as
Poxviridae.
Institutional Review Board Statement

Not applicable.
Data Availability Statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.
CRediT authorship contribution statement

Hengxing Yuan: Visualization, Investigation, Formal analysis,
Software, Validation, Data curation, Writing – original draft.
Yaoyao Zheng: Investigation, Formal analysis, Validation. Xiaoling
Yan: Investigation, Formal analysis. Hailong Wang: Methodology,
Funding acquisition. Youming Zhang: Conceptualization, Supervi-
sion, Funding acquisition. JingyunMa: Conceptualization, Method-
ology, Supervision, Funding acquisition. Jun Fu: Conceptualization,
Methodology, Data curation, Writing – original draft, Writing –
review & editing, Supervision, Funding acquisition.
Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.
106
Acknowledgement

We are very thankful for the support of the National Key R&D
Program of China (2019YFA0904000); the Shandong Provincial
Natural Science Foundation of China (ZR2019ZD22); the 111 Pro-
ject (B16030); and the Taishan Scholar Program of Shandong
Province.
Compliance with Ethics Requirements

All experiments were carried out in strict accordance with
the recommendations of the Guide for the Care and Use of Labora-
tory Animals of the National Institutes of Health. The use of ani-
mals in this study was approved by the South China Agricultural
University Committee of Animal Experiments (approval ID:
SYXK2019-0136)
Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jare.2022.02.012.
References

[1] Messerle M, Crnkovic I, Hammerschmidt W, Ziegler H, Koszinowski UH.
Cloning and mutagenesis of a herpesvirus genome as an infectious bacterial
artificial chromosome. Proc Natl Acad Sci U S A 1997;94(26):14759–63.

[2] Warden C, Tang Q, Zhu H. Herpesvirus BACs: past, present, and future. J
Biomed Biotechnol 2011;2011:124595.

[3] Tischer BK, Kaufer BB. Viral bacterial artificial chromosomes: generation,
mutagenesis, and removal of mini-F sequences. J Biomed Biotechnol
2012;2012:472537.

[4] Horsburgh BC, Hubinette MM, Qiang D, MacDonald MLE, Tufaro F. Allele
replacement: an application that permits rapid manipulation of herpes
simplex virus type 1 genomes. Gene Ther 1999;6(5):922–30.

[5] Delecluse H-J, Kost M, Feederle R, Wilson L, Hammerschmidt W. Spontaneous
activation of the lytic cycle in cells infected with a recombinant Kaposi’s
sarcoma-associated virus. J Virol 2001;75(6):2921–8.

[6] Borenstein R, Frenkel N. Cloning human herpes virus 6A genome into bacterial
artificial chromosomes and study of DNA replication intermediates. Proc Natl
Acad Sci U S A 2009;106(45):19138–43.

[7] Nagaike K et al. Cloning of the varicella-zoster virus genome as an infectious
bacterial artificial chromosome in Escherichia coli. Vaccine 2004;22(29–
30):4069–74.

[8] Saeki Y, Ichikawa T, Saeki A, Chiocca EA, Tobler K, Ackermann M, et al. Herpes
simplex virus type 1 DNA amplified as bacterial artificial chromosome in
Escherichia coli: rescue of replication-competent virus progeny and packaging
of amplicon vectors. Hum Gene Ther 1998;9(18):2787–94.

[9] Stavropoulos TA, Strathdee CA. An enhanced packaging system for helper-
dependent herpes simplex virus vectors. J Virol 1998;72(9):7137–43.

[10] Tischer BK, Kaufer BB, Sommer M, Wussow F, Arvin AM, Osterrieder N. A self-
excisable infectious bacterial artificial chromosome clone of varicella-zoster
virus allows analysis of the essential tegument protein encoded by ORF9. J
Virol 2007;81(23):13200–8.

[11] Zhou F, Li Q, Gao SJ. A sequence-independent in vitro transposon-based
strategy for efficient cloning of genomes of large DNA viruses as bacterial
artificial chromosomes. Nucleic Acids Res, 2009. 37(1): p. e2.

[12] Smith GA, Enquist LW. Construction and transposon mutagenesis in
Escherichia coli of a full-length infectious clone of pseudorabies virus, an
alphaherpesvirus. J Virol 1999;73(8):6405–14.

[13] Schumacher D, Tischer BK, Fuchs W, Osterrieder N. Reconstitution of Marek’s
disease virus serotype 1 (MDV-1) from DNA cloned as a bacterial artificial
chromosome and characterization of a glycoprotein B-negative MDV-1
mutant. J Virol 2000;74(23):11088–98.

[14] Wagner M, Jonjić S, Koszinowski UH, Messerle M. Systematic excision of vector
sequences from the BAC-cloned herpesvirus genome during virus
reconstitution. J Virol 1999;73(8):7056–60.

[15] Zhou F, Li Q, Wong SW, Gao S-J. Autoexcision of bacterial artificial
chromosome facilitated by terminal repeat-mediated homologous
recombination: a novel approach for generating traceless genetic mutants of
herpesviruses. J Virol 2010;84(6):2871–80.

[16] Smith GA, Enquist LW. A self-recombining bacterial artificial chromosome and
its application for analysis of herpesvirus pathogenesis. Proc Natl Acad Sci U S
A 2000;97(9):4873–8.

[17] Rudolph J, Osterrieder N. Equine herpesvirus type 1 devoid of gM and gp2 is
severely impaired in virus egress but not direct cell-to-cell spread. Virology
2002;293(2):356–67.

https://doi.org/10.1016/j.jare.2022.02.012
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0005
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0005
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0005
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0010
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0010
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0015
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0015
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0015
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0020
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0020
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0020
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0025
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0025
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0025
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0030
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0030
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0030
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0035
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0035
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0035
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0040
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0040
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0040
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0040
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0045
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0045
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0050
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0050
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0050
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0050
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0060
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0060
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0060
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0065
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0065
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0065
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0065
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0070
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0070
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0070
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0075
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0075
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0075
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0075
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0080
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0080
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0080
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0085
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0085
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0085


H. Yuan, Y. Zheng, X. Yan et al. Journal of Advanced Research 43 (2023) 97–107
[18] Ishihara Y, Esaki M, Yasuda A. Removal of Inserted BAC after linearizatiON
(RIBON)-a novel strategy to excise the mini-F sequences from viral BAC
vectors. J Vet Med Sci 2016;78(7):1129–36.

[19] Wang H, et al., ExoCET: exonuclease in vitro assembly combined with RecET
recombination for highly efficient direct DNA cloning from complex genomes.
Nucleic Acids Res, 2018. 46(5): p. 2697.

[20] Fu J, Bian X, Hu S, Wang H, Huang F, Seibert PM, et al. Full-length RecE
enhances linear-linear homologous recombination and facilitates direct
cloning for bioprospecting. Nat Biotechnol 2012;30(5):440–6.

[21] Wang H, et al., ExoCET: exonuclease in vitro assembly combined with RecET
recombination for highly efficient direct DNA cloning from complex genomes.
Nucleic Acids Res, 2018. 46(5): p. e28.

[22] Albert H, Dale EC, Lee E, Ow DW. Site-specific integration of DNA into wild-
type and mutant lox sites placed in the plant genome. Plant J 1995;7
(4):649–59.

[23] Reed LJ. A simple method of estimating fifty percent endpoints. Am J Hyg
1938;27.

[24] Szpara ML, et al., A wide extent of inter-strain diversity in virulent and vaccine
strains of alphaherpesviruses. PLoS Pathog, 2011. 7(10): p. e1002282

[25] Kopp M, Granzow H, Fuchs W, Klupp B, Mettenleiter TC. Simultaneous deletion
of pseudorabies virus tegument protein UL11 and glycoprotein M severely
impairs secondary envelopment. J Virol 2004;78(6):3024–34.

[26] Kimman TG, De Wind N, De Bruin T, De Visser Y, Voermans J. Inactivation of
glycoprotein gE and thymidine kinase or the US3-encoded protein kinase
synergistically decreases in vivo replication of pseudorabies virus and the
induction of protective immunity. Virology 1994;205(2):511–8.

[27] Mettenleiter TC. Aujeszky’s disease (pseudorabies) virus: the virus and
molecular pathogenesis–state of the art, June 1999. Vet Res 2000;31
(1):99–115.

[28] Deatly AM, Ben-Porat T. Relation between the levels of mRNA abundance and
kinetics of protein synthesis in pseudorabies virus-infected cells. Virology
1985;143(2):558–68.

[29] Rea TJ, Timmins JG, Long GW, Post LE. Mapping and sequence of the gene for
the pseudorabies virus glycoprotein which accumulates in the medium of
infected cells. J Virol 1985;54(1):21–9.

[30] Thomsen DR, Marotti KR, Palermo DP, Post LE. Pseudorabies virus as a live
virus vector for expression of foreign genes. Gene 1987;57(2-3):261–5.

[31] Zhang Y, Buchholz F, Muyrers JPP, Stewart AF. A new logic for DNA engineering
using recombination in Escherichia coli. Nat Genet 1998;20(2):123–8.

[32] Zhang Y, Muyrers JPP, Testa G, Stewart AF. DNA cloning by homologous
recombination in Escherichia coli. Nat Biotechnol 2000;18(12):1314–7.

[33] Muyrers JP et al. Rapid modification of bacterial artificial chromosomes by ET-
recombination. Nucleic Acids Res 1999;27(6):1555–7.
107
[34] Bird AW, Erler A, Fu J, Hériché J-K, Maresca M, Zhang Y, et al. High-efficiency
counterselection recombineering for site-directed mutagenesis in bacterial
artificial chromosomes. Nat Methods 2012;9(1):103–9.

[35] Wang H, et al., Improved seamless mutagenesis by recombineering using ccdB
for counterselection. Nucleic Acids Res, 2014. 42(5): p. e37.

[36] Song C, et al., RedEx: a method for seamless DNA insertion and deletion in
large multimodular polyketide synthase gene clusters. Nucleic Acids Res,
2020. 48(22): p. e130.

[37] Zhang W, Fu J, Liu J, Wang H, Schiwon M, Janz S, et al. An engineered virus
library as a resource for the spectrum-wide exploration of virus and vector
diversity. Cell Rep 2017;19(8):1698–709.

[38] Mahony TJ, Hall RN, Walkden-Brown S, Meers J, Gravel JL, West L, et al.
Genomic deletions and mutations resulting in the loss of eight genes reduce
the in vivo replication capacity of Meleagrid herpesvirus 1. Virus Genes
2015;51(1):85–95.

[39] Spatz SJ. Accumulation of attenuating mutations in varying proportions within
a high passage very virulent plus strain of Gallid herpesvirus type 2. Virus Res
2010;149(2):135–42.

[40] Zhao Y et al. Self-excision of the BAC sequences from the recombinant Marek’s
disease virus genome increases replication and pathogenicity. Virol J
2008;5:19.

[41] Klupp BG, Hengartner CJ, Mettenleiter TC, Enquist LW. Complete, annotated
sequence of the pseudorabies virus genome. J Virol 2004;78(1):424–40.

[42] Dong B, Zarlenga DS, Ren X. An overview of live attenuated recombinant
pseudorabies viruses for use as novel vaccines. J Immunol Res
2014;2014:824630.

[43] Anastassiadis K, Fu J, Patsch C, Hu S, Weidlich S, Duerschke K, et al. Dre
recombinase, like Cre, is a highly efficient site-specific recombinase in E. coli,
mammalian cells and mice. Dis Model Mech 2009;2(9-10):508–15.

[44] Tovey MG, Lallemand C. Adjuvant activity of cytokines. Methods Mol Biol
2010;626:287–309.

[45] Guo Z, Chen X-X, Li R, Qiao S, Zhang G. The prevalent status and genetic
diversity of porcine reproductive and respiratory syndrome virus in China: a
molecular epidemiological perspective. Virol J 2018;15(1). doi: https://doi.org/
10.1186/s12985-017-0910-6.

[46] Jiang Y, Fang L, Xiao S, Zhang H, Pan Y, Luo R, et al. Immunogenicity and
protective efficacy of recombinant pseudorabies virus expressing the two
major membrane-associated proteins of porcine reproductive and respiratory
syndrome virus. Vaccine 2007;25(3):547–60.

[47] Jiang W, Jiang P, Li Y, Wang X, Du Y. Analysis of immunogenicity of minor
envelope protein GP3 of porcine reproductive and respiratory syndrome virus
in mice. Virus Genes 2007;35(3):695–704.

http://refhub.elsevier.com/S2090-1232(22)00056-X/h0090
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0090
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0090
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0100
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0100
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0100
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0110
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0110
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0110
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0115
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0115
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0125
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0125
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0125
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0130
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0130
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0130
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0130
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0135
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0135
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0135
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0140
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0140
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0140
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0145
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0145
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0145
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0150
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0150
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0155
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0155
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0160
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0160
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0165
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0165
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0170
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0170
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0170
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0185
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0185
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0185
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0190
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0190
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0190
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0190
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0195
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0195
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0195
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0200
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0200
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0200
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0205
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0205
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0210
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0210
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0210
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0215
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0215
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0215
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0220
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0220
https://doi.org/10.1186/s12985-017-0910-6
https://doi.org/10.1186/s12985-017-0910-6
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0230
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0230
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0230
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0230
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0235
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0235
http://refhub.elsevier.com/S2090-1232(22)00056-X/h0235

	Direct cloning of a herpesvirus genome for rapid generation of infectious BAC clonesherpesvirus infectious BAC clones --
	Introduction
	Materials and methods
	Ethics statement
	Cells and viruses
	E.&blank;coli strains and plasmids
	Construction of PRV DCD-1 infectious clones and virus rescue
	Knockout of the virulence genes
	Knockin of the fluorescent reporter and immune factor genes and antigen genes
	Analysis of exogenous gene expression
	One-step growth curves (TCID50)
	Animal experiments
	Statistical analysis

	Results
	Generation of PRV infectious clone by direct cloning
	Promoter assessment at the TK, gG and gI loci
	Expression of cytokines and antigen genes in recombinant DCD-1
	Biological stability of the recombinant virus in&blank;vitro

	Discussion
	Institutional Review Board Statement
	Data Availability Statement
	CRediT authorship contribution statement
	Declaration of Competing Interest
	ack24
	Acknowledgement
	Compliance with Ethics Requirements
	Appendix A Supplementary data
	References


