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Abstract: Porcine reproductive and respiratory syndrome (PRRS) has been a persistent challenge
for the swine industry for over three decades due to the lack of effective treatments and vaccines.
Reverse genetics systems have been extensively employed to build rapid drug screening platforms
and develop genetically engineered vaccines. Herein, we rescued recombinant PRRS virus (rPRRSV)
WUH3 using an infectious cDNA clone of PRRSV WUH3 acquired through a BstXI-based one-
step-assembly approach. The rPRRSV WUH3 and its parental PRRSV WUH3 share similar plaque
sizes and multiple-step growth curves. Previously, gene-editing of viral genomes depends on
appropriate restrictive endonucleases, which are arduous to select in some specific viral genes. Thus,
we developed a restrictive endonucleases-free method based on CRISPR/Cas9 to edit the PRRSV
genome. Using this method, we successfully inserted the exogenous gene (EGFP gene as an example)
into the interval between ORF1b and ORF2a of the PRRSV genome to generate rPRRSV WUH3-EGFP,
or precisely mutated the lysine (K) at position 150 of PRRSV nsp1α to glutamine (Q) to acquire
rPRRSV WUH3 nsp1α-K150Q. Taken together, our study provides a rapid and convenient method for
the development of genetically engineered vaccines against PRRSV and the study on the functions of
PRRSV genes.

Keywords: PRRSV; reverse genetics system; CRISPR/Cas9; gene-editing

1. Introduction

Porcine reproductive and respiratory syndrome virus (PRRSV), which first emerged in
the United States in the late 1980s, has now spread worldwide [1]. PRRSV is an enveloped
RNA virus belonging to the family Arteriviridae of the order Nidovirales [2]. According to
the viral diversity of its antigenicity and genomes, PRRSV is classified into two genotypes,
European (EU)-type and North American (NA)-type, which only share approximately 65%
sequence identity in genome [3,4]. The PRRSV genome is a single-stranded, positive-sense
RNA of ~15 kb in length, comprising a 5’ cap structure, a 3’ poly (A) tail and 10 open
reading frames (ORFs). The ORF1a and ORF1b occupy the 5’-proximal 75% of the genome
and encode two polyproteins (pp1a and pp1ab), which are ultimately cleaved into at
least 16 nonstructural proteins (nsps) [5–7]. The remaining 3’-proximal 25% of the PRRSV
genome encodes viral structural proteins, including glycoprotein 2 (GP2), envelope protein
(E), GP3, GP4, GP5, ORF5a protein, membrane protein (M), and nucleocapsid protein
(N) [8–12].

PRRSV primarily causes abortion in pregnant sows and respiratory distress in pigs of
all ages, resulting in a tremendous burden on the global swine industry [13,14]. But the
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effective vaccine and specific drug against PRRSV are still unavailable currently; thus, it
is essential to genetically lucubrate the viral pathogenesis and develop a new generation
of enhanced vaccines. The reverse genetics system is considered an efficient tool for
the function studies of viral genes [15,16]. By knocking out the E gene in the PRRSV
genome, it demonstrates that E protein is involved in the uncoating process of virus
infection rather than in the assembly process [17]. Through a deletion of a stretch of
34 nucleotides (14,653 to 14,686) within ORF7 using the viral reverse genetics system, this
fragment of ORF7 has been demonstrated to be critical for the synthesis of PRRSV negative-
strand genomic RNA [18]. In addition, the reverse genetics system is also applied to
the development of genetically engineered vaccines. Presently, many live-attenuated
vaccine candidates are generated by altering the virulence genes in the PRRSV genome
through the reverse genetics systems [19]. Additionally, an immunogenically enhancing
vaccine candidate that possesses a stronger ability to induce neutralizing antibody has been
developed by mutating the glycosylation sites in GP5 [20–22]. Moreover, four regions in
the PRRSV genome, including the interval between ORF1b and ORF2, the spacer between
ORF4 and ORF5a, the position post-ORF7, and the highly variable region within nsp2, have
been applied for carrying exogenous genes using a reverse genetics system, which provides
the potential for the development of polyvalent vaccines based on PRRSV [23–26].

Traditional reverse genetics systems rely on specific restrictive endonuclease or ho-
mologous recombination, the time-consuming disadvantage and the lack of appropriate
restrictive endonucleases in certain genes limit the application of a reverse genetics system.
Therefore, it is necessary to improve this method. CRISPR/Cas9, a novel gene-editing
technology derived from bacteria and archaea [27], significantly increases the selection free-
dom of the gene modification position [23,26] and is more time-saving [28]. CRISPR/Cas9
has been widely used to edit the genomes of various species [29–31]. In terms of viral
genome editing, CRISPR/Cas9 is successfully used to edit the genomes of DNA viruses,
especially some carcinogenic viruses and herpesviruses, such as hepatitis B virus, human
papillomavirus, herpes simplex virus 1, and pseudorabies virus (PRV) [32–34]. For example,
a gE/gI/TK three-gene inactivated PRV HeN1 strain was successfully constructed using
CRISPR/Cas9, which provides enhanced protection for susceptible animals compared to
the traditional PRV strain Bartha-K61 [35]. Moreover, a trivalent vaccine strain against duck
enteritis virus (DEV), duck Tembusu virus, and the highly pathogenic avian influenza virus
H5N1 was also developed using CRISPR/Cas9 based on DEV [36]. However, CRISPR/Cas9
has rarely been utilized for the editing of RNA virus genomes. To date, only the insertion
of the EGFP gene into the porcine epidemic diarrhea virus genome and the deletion of
the spike gene N-terminal domain from the transmissible gastroenteritis virus genome via
CRISPR/Cas9 have been reported [37,38].

Presently, there is no report on the application of CRISPR/Cas9 in PRRSV genome
editing. In this research, we first constructed a full-length infectious cDNA clone of the
PRRSV strain WUH3 using a one-step-assembly approach based on the restriction enzyme
BstXI and successfully rescued the recombinant virus rPRRSV WUH3. Subsequently, the
CRISPR/Cas9 technology was used to edit the PRRSV genome. By inserting the EGFP gene
into the PRRSV genome or mutating lysine (K) at the position of 150 of PRRSV nsp1α to
glutamine (Q), we acquired two recombinant viruses, rPRRSV WUH3-EGFP and rPRRSV
WUH3 nsp1α-K150Q. In conclusion, this study provides an efficient, convenient, and
CRISPR/Cas9-based gene-editing technique for the manipulation of the PRRSV genome.

2. Materials and Methods
2.1. Cells and Viruses

Monkey kidney (MARC-145) cells were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM; Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine
serum (FBS; Gibco, Grand Island, NY, USA) in a 37 ◦C, 5% CO2 humidified incubator. A
highly pathogenic PRRSV (HP-PRRSV) strain WUH3 (GenBank Accession No. HM853673)
was isolated from an ill pig with “high fever” in China [39].
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2.2. Selection of Restrictive Endonuclease in Genome and Assembly of a Full-Length cDNA Clone

The restrictive endonuclease enzyme, BstXI (R0113V; NEB, MA, USA) recognizing
5′···CCANNNNNNTGG···3′, was selected for constructing full-length infectious clones
after analyzing genomes of HP-PRRSV WUH3 strain. A plaque purified PRRSV WUH3
was used as the parent virus, and six viral gene fragments (F1: nt 1–372; F2: nt 352–1541;
F3: nt 1521–4806; F4: nt 4786–7548; F5: nt 7530–13,778; F6: nt 13,528–15,330) were ampli-
fied by RT-PCR using HiScript II 1st Strand cDNA Synthesis Kit and 2 × Phanta Flash
Master Mix (Vazyme, Nanjing, China). Meanwhile, some regulatory elements including
HHR (hammerhead ribozyme), HDVrz (Hepatitis Delta Virus ribozyme), and BGH (bovine
growth hormone) transcript termination signal were incorporated into pCMV vector. To
assemble successfully, F1 and F6 fragments were fused with the above-modified pCMV
vector (F6-pCMV-F1). Then, F6-pCMV-F1 as well as F2 to F5 were ligated into a topological
cloning vector pCE-Blunt (Vazyme) for sequencing. Purified viral gene fragments digested
from the pCE-Blunt vector were ligated by T4 ligase (Vazyme) for assembling the PRRSV
WUH3 full-length cDNA clone. The assembled products were transformed into competent
Escherichia coli cells DH10B. After 16 h culture, monoclonal transformants were picked out
and cultured in liquid medium supplemented with 50 µg/mL of Kanamycin (Beyotime,
Shanghai, China) to extract plasmids using Plasmid Extract Kits (Omega, Norcross, GA,
USA), and the molecular weight sizes of plasmids were tested using DNA gel electrophore-
sis. The plasmid with the molecular weight of ~19 kb was further verified using restriction
fragment length polymorphism (RFLP) using BstXI.

2.3. Recovery of Recombinant PRRSV

MARC-145 cells were seeded in six-well plates and cultured in a 37 ◦C, 5% CO2
humidified incubator. The correct pCMV-WUH3 plasmid was transfected into cells using
Lipofectamine 3000 (Invitrogen). Six hours after transfection, the cells were washed three
times with DMEM and supplemented with 2 mL of DMEM containing 2% FBS. Finally,
the cells were cultured in a 37 ◦C, 5% CO2 humidified incubator for 4–5 days until typical
cytopathic effect (CPE) was observed.

2.4. Design and Synthesis of sgRNAs

The design of sgRNAs for cleaving pCMV-WUH3 was performed using the online
tool provided by Integrated DNA Technologies on 2 March 2022 (https://sg.idtdna.com/
site/order/designtool/index/CRISPR_PREDESIGN). Briefly, nucleotide sequences within
approximately 100 base pairs (bp) surrounding the gene-editing site were inputted in
FASTA format into the tool. The sgRNA with the highest on-target score was selected to
induce cleavage in pCMV-WUH3. The sgRNA templates were synthesized using 2 × Taq
Master Mix (Vazyme) along with scaffold oligo and specific primers (ssDNAa-ORF1b or
ssDNAb-ORF2a, and ssDNAa-nsp1α or ssDNAb-nsp1α). Transcription in vitro was then
performed using a T7 transcription kit (NEB) at 37 ◦C.

2.5. Analysis of Residue Conservation in PRRSV WUH3 nsp1α

To identify the appropriate residue for mutation at PRRSV WUH3 nsp1α-K150, we ran-
domly downloaded 42 nsp1α sequences of different PRRSV-EU and PRRSV-NA strains from
the NCBI nucleotide database on 17 June 2022 (https://www.ncbi.nlm.nih.gov/nuccore).
To assess the genetic evolutionary relationships among nsp1α in different genotypes of
PRRSV, we performed phylogenetic analysis using MEGA 7.05 software. Furthermore, we
utilized the online tool ESPript to visualize the conservation of the residue at position 150
of nsp1α across various PRRSV isolates on 17 June 2022 (https://espript.ibcp.fr/ESPript/
ESPript/index.php).

2.6. Construction of pCMV-WUH3-EGFP and pCMV-WUH3 nsp1α-K150Q

The pCMV-WUH3 plasmids were cleaved in the mixture comprising 3 µg of pCMV-
WUH3, 2 µL of Cas9 nuclease (Vazyme), 10 µL of sgRNAs product (5 µL for each sgRNA),
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5 µL of 10× Cas9 nuclease reaction buffer, and RNase-free water up to a final volume of
50 µL. The reactions were incubated at 37 ◦C for 3 h. Subsequently, the incised pCMV-
WUH3 was purified by isopropanol precipitation and verified through electrophoresis in
1% agarose gel. For the construction of the recombinant plasmid pCMV-WUH3-EGFP, a
ClonExpress Ultra One-Step Cloning Kit (Vazyme) was employed. The construction process
involved the mixing of the cleaved pCMV-WUH3 and an EGFP gene flanked by partial
PRRSV WUH3 ORF1b and ORF2a. Similarly, the recombinant plasmid pCMV-WUH3
nsp1α-K150Q was constructed by recombining the cleaved pCMV-WUH3 with a mutant
nsp1α-K150Q gene.

2.7. Indirect Immunofluorescence Assay (IFA)

MARC-145 cells were infected with PRRSV at a multiplicity of infection (MOI) of 0.1
or transfected with an infectious cDNA clone. After 24 h, the cells were fixed with 4%
paraformaldehyde for 15 min, then permeabilized with methanol for 10 min. Next, the
cells were washed three times with phosphate-buffered saline (PBS) and blocked using
5% bovine serum albumin (BSA) at 37 ◦C for 1 h. Following three washes with PBS, the
cells were incubated with monoclonal antibody specific to PRRSV-N protein at 37 ◦C for
1 h. Afterwards, the cells were stained with Alexa Fluor 488-labeled Goat Anti-Mouse
IgG (Beyotime) at 37 ◦C for 45 min. The nuclei were stained with 0.01% 4′,6-diamidino-2-
phenylindole for 15 min. After three washes with PBS, fluorescent images were visualized
and collected using a fluorescence microscope (Nikon, Tokyo, Japan).

2.8. Western Blotting Assay

MARC-145 cells seeded in six-well plates were infected with PRRSV. At 24 hpi, the cells
were harvested with 1 × SDS loading buffer (Beyotime) and boiled for 10 min. After cen-
trifuging at 12,000× g, 4 ◦C for 10 min, proteins were separated by electrophoresis on 12%
polyacrylamide gels (EpiZyme Biotechnology, Shanghai, China) and electro-blotted onto
polyvinylidene difluoride membranes (Millipore, MA, USA). Next, the membranes were
blocked at room temperature with 5% BSA for 3 h and incubated with the antibody specific
to PRRSV-N protein, followed by incubation with horseradish peroxidase-conjugated Goat
Anti-Mouse IgG (Beyotime). Finally, the resultant images were visualized and collected
using Clarity Western Peroxide Reagent (Bio-Rad, CA, USA).

2.9. Viral Plaque Assay

MARC-145 cells seeded in six-well plates were incubated with 800 µL of the serial
10-fold dilutions of PRRSV samples for 2 h at 4 ◦C, then washed three times with PBS.
The plaque-forming liquid, which was prepared at 42 ◦C by mixing 1.8% low-melting-
point agarose (Beyotime) and 2× phenol-red free DMEM (Invitrogen) in equal volume, was
added to the six-well plates. Next, the plates were placed at 4 ◦C for 15 min. Finally, the cells
were cultured in an incubator at 37 ◦C. When the viral plaques were observed, 1% crystal
violet solution (Beyotime) was added to the six-well plates to stain viral plaques at 37 ◦C
for 3 h, then the low-melting-point agarose was gently washed away with running water.

2.10. Viral Multiple-Step Growth Curves Measured by TCID50 Assay

MARC-145 cells in 24-well plates were infected with PRRSV (0.1 MOI). After 1 h of
incubation at 37 ◦C for virus attachment, the supernatant was discarded. Cells were washed
three times with PBS, and 1 mL of DMEM containing 2% FBS was added to each well.
Samples were collected at indicated time points after infection for the detection of virus
titers using TCID50 assays. The titers of PRRSV were calculated using the Reed–Muench
method and shown as the TCID50/mL. Viral multiple-step growth curve was visualized
using GraphPad Prism 7.05 software (GraphPad Software, San Diego, CA, USA).
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2.11. Statistical Analysis

GraphPad Prism 7.05 software (GraphPad Software) was used for data analysis using
Students’ T test or one-way ANOVA.

3. Results
3.1. Assembly of Full-Length Infectious cDNA Clone of PRRSV WUH3

The full-length genome of PRRSV WUH3 was divided into six segments, labeled
as F1 to F6, based on the BstXI sites (Figure 1A). Firstly, to transcribe the viral genome
correctly, specific transcript regulating elements, including the HHR, HDVrz, and BGH
transcript termination signal, were introduced into the pCMV vector. Meanwhile, six viral
fragments (F1 to F6) were successfully cloned (Figure 1B) with specific primers as shown
in Table 1. Subsequently, the F1 and F6 fragments were fused with the above-modified
pCMV vector to form F6-pCMV-F1 (Figure 1C). The fragments (F2 to F5) and F6-pCMV-F1
were ligated into the cloning vector pCE-Blunt and determined using Sanger sequencing.
These fragments were then excised from pCE-Blunt and assembled using T4 ligase to
construct the full-length infectious cDNA clone of PRRSV WUH3 (pCMV-WUH3). Finally,
the pCMV-WUH3 was verified using RFLP with BstXI (Figure 1D).

Viruses 2023, 15, x FOR PEER REVIEW 5 of 15 
 

 

washed three times with PBS, and 1 mL of DMEM containing 2% FBS was added to each 
well. Samples were collected at indicated time points after infection for the detection of 
virus titers using TCID50 assays. The titers of PRRSV were calculated using the Reed–
Muench method and shown as the TCID50/mL. Viral multiple-step growth curve was vis-
ualized using GraphPad Prism 7.05 software (GraphPad Software, CA, USA). 

2.11. Statistical Analysis 
GraphPad Prism 7.05 software (GraphPad Software) was used for data analysis using 

Students’ T test or one-way ANOVA. 

3. Results 
3.1. Assembly of Full-Length Infectious cDNA Clone of PRRSV WUH3 

The full-length genome of PRRSV WUH3 was divided into six segments, labeled as 
F1 to F6, based on the BstXI sites (Figure 1A). Firstly, to transcribe the viral genome cor-
rectly, specific transcript regulating elements, including the HHR, HDVrz, and BGH tran-
script termination signal, were introduced into the pCMV vector. Meanwhile, six viral 
fragments (F1 to F6) were successfully cloned (Figure 1B) with specific primers as shown 
in Table 1. Subsequently, the F1 and F6 fragments were fused with the above-modified 
pCMV vector to form F6-pCMV-F1 (Figure 1C). The fragments (F2 to F5) and F6-pCMV-
F1 were ligated into the cloning vector pCE-Blunt and determined using Sanger sequenc-
ing. These fragments were then excised from pCE-Blunt and assembled using T4 ligase to 
construct the full-length infectious cDNA clone of PRRSV WUH3 (pCMV-WUH3). Finally, 
the pCMV-WUH3 was verified using RFLP with BstXI (Figure 1D). 

 
Figure 1. Assembly of full-length infectious cDNA clone of PRRSV WUH3. (A) The PRRSV WUH3 
genome was divided into six contiguous gene fragments (F1 to F6) based on the distribution of BstX 
I site. (B) Amplification of the six fragments of PRRSV WUH3. The gene fragments of PRRSV WUH3 
were amplified using RT-PCR with specific primers. (C) Fusion of F1, the modified pCMV, and F6 
to construct F6-pCMV-F1. (D) RFLP analysis of pCMV-WUH3 using BstXI. 

  

Figure 1. Assembly of full-length infectious cDNA clone of PRRSV WUH3. (A) The PRRSV WUH3
genome was divided into six contiguous gene fragments (F1 to F6) based on the distribution of BstX I
site. (B) Amplification of the six fragments of PRRSV WUH3. The gene fragments of PRRSV WUH3
were amplified using RT-PCR with specific primers. (C) Fusion of F1, the modified pCMV, and F6 to
construct F6-pCMV-F1. (D) RFLP analysis of pCMV-WUH3 using BstXI.

Table 1. The primers used for assembling pCMV-WUH3 in this study.

Primer Name Sequence (5′–3′)

WUH3-F1 ATGACGTATAGGTGTTGGCTCTA
WUH3-R1 GCAACGTCCACCGGAGTGGCTC
WUH3-F2 GAGCCACTCCGGTGGACGTTGC
WUH3-R2 ACCATCCGGTTCGCGATGGCG
WUH3-F3 CGCCATCGCGAACCGGATGGT
WUH3-R3 CTTTAGTCCATTCAGCTGGGC
WUH3-F4 GCCCAGCTGAATGGACTAAAG
WUH3-R4 CTCCAGTTCTTTGGCAGTC
WUH3-F5 GACTGCCAAAGAACTGGAG
WUH3-R5 CACAGCAAGATAGAACGGCAC
WUH3-F6 TGTGTGCGTCAACTTTACC
WUH3-R6 TTTTTTTTTTAATTACGGCCGCATGGTTCTC

pCMV-F CATGCGGCCGTAATTAAAAAAAAAAAAAAAAAAAAAAAAAAAGG
CCGGCATGG

pCMV-R TAGAGCCAACACCTATACGTCATCCGACGGTACCGGGTACCGTTTC



Viruses 2023, 15, 1816 6 of 14

3.2. Recovery, Identification, and Characterization of rPRRSV WUH3

To rescue the recombinant PRRSV (rPRRSV) WUH3, the pCMV-WUH3 plasmid was
transfected into MARC-145 cells using Lipofectamine 3000. After 4–6 days post-transfection,
PRRSV-induced CPE characterized by cellular rounding and clumping was observed.
Furthermore, the expression of the PRRSV-N protein was confirmed using IFA (Figure 2A).
To assess whether rPRRSV WUH3 exhibited similar growth kinetics to its parental virus
(PRRSV WUH3) in vitro, viral proliferation was evaluated with multiple-step growth
assays. MARC-145 cells were infected with rPRRSV WUH3 or PRRSV WUH3 at an MOI
of 0.1. The virus titers were determined using TCID50 assays at 12, 24, 36, 48, 60, and 72 h
post-infection (hpi). The results showed that the titers of rPRRSV WUH3 were slightly
higher than those of PRRSV WUH3 after 24 h, but the titers of both strains reached their
highest at 48 hpi (Figure 2B). Additionally, rPRRSV WUH3 formed plaques similar in size
to those of PRRSV WUH3 (Figure 2C,D).
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Figure 2. Recovery, identification, and characterization of rPRRSV WUH3. (A) Expression of PRRSV-
N protein in MARC-145 cells transfected with pCMV-WUH3 was detected by IFA at 5 days post-
transfection. Additionally, cells were infected with PRRSV WUH3 (0.1 MOI), and PRRSV-N protein
expression was assessed at 24 hpi. (B) The multiple-step growth curves of PRRSV WUH3 and rPRRSV
WUH3 at an MOI of 0.1 were analyzed using TCID50 assays. (C) Plaques formed by PRRSV WUH3
and rPRRSV WUH3 in MARC-145 cells were stained with 1% crystal violet at 96 hpi. (D) Areas of
plaques formed by PRRSV WUH3 and rPRRSV WUH3 were detected using Image J and compared
using GraphPad Prism 7. Data are displayed in a Violin Plot. ns, p > 0.5.

3.3. Modification of PRRSV Genome Using CRISPR/Cas9 to Carry an Exogenous Gene

Recombinant viruses containing EGFP are convenient tools for the assessment of viral
proliferation. We, thus, here, used the EGFP gene as a model to develop a platform for
rapid modification of the PRRSV genome. The EGFP gene was scheduled to be inserted into
the interval between ORF1b and ORF2 of PRRSV WUH3 using CRISPR/Cas9 (Figure 3A).
To linearize pCMV-WUH3, sgRNAs targeting ORF1b or ORF2, were designed using the on-
line tool on 2 March 2022 (https://sg.idtdna.com/site/order/designtool/index/CRISPR_
PREDESIGN) and synthesized using oligos as given in Table 2. Two sgRNAs targeting
ORF1b and ORF2 with the highest on-target scores, named sgRNA-ORF1b and sgRNA-
ORF2, respectively, were selected to cleave the pCMV-WUH3 plasmid. The result showed
that the Cas9/sgRNAs complex specifically cleaved the pCMV-WUH3 into DNA fragments
of about 1.2 kb and linearized pCMV-WUH3 (Figure 3B). Then, the EGFP gene was ligated
to the linearized pCMV-WUH3 by homologous recombination to form pCMV-WUH3-EGFP,
which was further confirmed using Sanger sequencing (Figure 3C).

https://sg.idtdna.com/site/order/designtool/index/CRISPR_PREDESIGN
https://sg.idtdna.com/site/order/designtool/index/CRISPR_PREDESIGN
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Figure 3. Insertion of the EGFP gene into PRRSV genome using CRISPR/Cas9. (A) Schematic diagram
of modification of PRRSV genome by cleaving pCMV-WUH3 with CRISPR/Cas9 and subsequently
ligating the EGFP gene into the cleaved pCMV-WUH3 through homologous recombination. (B) The
cleavage of pCMV-WUH3 by CRISPR/Cas9 was examined using electrophoresis in 1% agarose gel.
(C) The constructed pCMV-WUH3-EGFP was verified using Sanger sequencing.

Table 2. The oligos used for constructing rPRRSV WUH3-EGFP and rPRRSV WUH3 nsp1α-K150Q in
this study.

Oligo Name Sequence (5′–3′)

ssDNAa-ORF1b TTAATACGACTCACTATAGGGATGTCAAAGGTACCACCGTGTTTTA
GAGCTAGA

ssDNAb-ORF2a TTAATACGACTCACTATAGGGAAGAGTACAAGAAGCTGCAAGTTT
TAGAGCTAGA

ORF1b-F CATCGGCGATGTCAAAGGTACC

ORF1b-mR CCTCGCCCTTGCTCACCATTCAATTCAGGCCTAAAGTTG

EGFP-F CAACTTTAGGCCTGAATTGAATGGTGAGCAAGGGCGAGG

EGFP-R CGTTCCGCTGAAACTCTGGTTAAAGGGGTTGCCGCGGAACTTACT
TGTACAGCTCGTCCATGC

ORF2-mF CCAGAGTTTCAGCGGAACGAATGAAATGGGGTCTATGCAAAGC

ORF2-R GCACAACAAAAAGAGTACAAGAAGCTGC

ssDNA-scaffold AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTA
GCCTTATTTTAACTTGCTATTTCTAGCTCTAAAAC

ssDNAa-nsp1α TTAATACGACTCACTATAGGGGTTTGTCACTCACATGCAGTTTTAGA
GCTAGA

ssDNAb-nsp1α TTAATACGACTCACTATAGGGTAACACATGAGTTGCTCCCGTTTTAG
AGCTAGA

nsp1α-K150Q-F CGCCAACTCCCTGCATGTGAGTGACCAGCCTTTCCCGGGAGCAAC
TCATG

nsp1α-K150Q-R GGTTAACACATGAGTTGCTCCCGGGAAAG
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3.4. Rescue and Characteristics of rPRRSV WUH3-EGFP

The pCMV-WUH3-EGFP or pCMV-WUH3 was transfected into MARC-145 cells to
generate rPRRSV WUH3-EGFP or rPRRSV WUH3, respectively. After 5 days, typical
PRRSV CPE was observed in cells transfected with both pCMV-WUH3-EGFP and pCMV-
WUH3. The expression of EGFP and PRRSV-N protein was confirmed using Western
blotting assays. The results showed that PRRSV-N protein was expressed in cells transfected
with both pCMV-WUH3-EGFP and pCMV-WUH3, while the EGFP expression was only
detected in cells transfected with pCMV-WUH3-EGFP, rather than the cells transfected
with pCMV-WUH3 (Figure 4A). Furthermore, green fluorescence emitted by EGFP could
be observed in cells transfected with pCMV-WUH3-EGFP, but not in cells transfected with
pCMV-WUH3 (Figure 4B). The growth kinetics of rPRRSV WUH3-EGFP and rPRRSV
WUH3 in MARC-145 cells were examined through TCID50 assays, and the results showed
that the proliferation of both rPRRSVs peaked at 48 hpi. However, a slightly lower titer was
observed for rPRRSV WUH3-EGFP at all tested time points compared to rPRRSV WUH3
(Figure 4C). Additionally, the rPRRSV WUH3-EGFP virus exhibited comparable plaque
size to that of rPRRSV WUH3 in MARC-145 cells (Figure 4D,E). These results indicate that
CRISPR/Cas9 could efficiently insert exogenous genes into PRRSV genomes.
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Figure 4. Rescue and characteristics of rPRRSV WUH3-EGFP. (A) The expression of EGFP and PRRSV-
N protein in MARC-145 cells transfected with pCMV-WUH3-EGFP or pCMV-WUH3 was examined
using Western blotting assays. (B) MARC-145 cells were transfected with pCMV-WUH3-EGFP or
pCMV-WUH3 for 5 days, the typical PRRSV CPE in MARC-145 cells and the green fluorescence
were observed using a fluorescence microscope. (C) The multiple-step growth curves of rPRRSV
WUH3-EGFP and rPRRSV WUH3 in MARC-145 at an MOI of 0.1 were analyzed using TCID50 assays.
(D) Plaques formed by rPRRSV WUH3-EGFP and rPRRSV WUH3 in MARC-145 cells were stained
with 1% crystal violet at 96 hpi. (E) Areas of plaques formed by rPRRSV WUH3-EGFP and rPRRSV
WUH3 were detected using Image J and compared using GraphPad Prism 7, respectively. Data are
displayed in a Violin Plot. ns, p > 0.5.

3.5. Site-Directed Mutation of PRRSV Genome Using CRISPR/Cas9

To provide support for the function study of the potentially critical amino acids in
specific viral genes, we attempted to further present a protocol for site-directed mutation of
the PRRSV genome. Although CRISPR/Cas9 has been used to generate precise mutations
in the genomes of various species, its application in viral genomes has not been reported.
Herein, we tried to construct site-mutated rPRRSV using CRISPR/Cas9 technology.

It has been reported that ubiquitination of PRRSV nsp1α is associated with its im-
munosuppressive function. Three potential ubiquitination modification sites exist in the
nsp1α of PRRSV WUH3, including lysine (K) residues at position of 117, 150, and 169.
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Since the function of K117 and K169 has been studied [40,41], we focused on K150. Firstly,
the conservation of K150 in nsp1α between NA and EU PRRSV strains was analyzed. We
observed that K150 in nsp1α is mostly K in NA-type PRRSV and Q in EU-type PRRSV
(Figure 5). Thus, we planned to mutate K150 to Q150 in the nsp1α of PRRSV WUH3.
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We followed a two-step process to introduce the K150Q mutation in PRRSV nsp1α.
Initially, we synthesized two sgRNAs targeting nsp1α using ssDNA-scaffold, ssDNAa-
nsp1α, and ssDNAb-nsp1α as listed in Table 2. These two sgRNAs only possess a short
separation spacer of 20 bp. Guided by these sgRNAs, Cas9 cleaved the pCMV-WUH3 at
two adjacent positions around K150 of the nsp1α to linearize pCMV-WUH3. Next, a short
and double-stranded oligonucleotide fragment containing the desired K150Q mutation
and the linearized pCMV-WUH3 were ligated using homologous recombination to form
pCMV-WUH3 nsp1α-K150Q, which was subsequently confirmed using Sanger sequencing
(Figure 6A,B). The pCMV-WUH3 nsp1α-K150Q was transfected into MARC-145 cells to
generate rPRRSV WUH3-nsp1α-K150Q; then, the typical PRRSV CPE was observed at
approximately 5 days post-transfection. Additionally, the expression of PRRSV-N protein
in cells transfected with pCMV-WUH3 nsp1α-K150Q was confirmed by IFA (Figure 6C).
We also performed Sanger sequencing to confirm the mutation K150Q in the nsp1α of
rPRRSV WUH3 nsp1α-K150Q (Figure 6D). The multiple-step growth curves showed that
rPRRSV WUH3 nsp1α-K150Q and rPRRSV WUH3 possessed similar growth kinetics,
and both reached the peak of proliferation at 48 hpi (Figure 6E). Moreover, the results of
plaque assays demonstrated that no significant difference existed in the size of plaques
formed by rPRRSV WUH3 nsp1α-K150Q and rPRRSV WUH3 (Figure 6F,G). Collectively,
we developed an efficient technology for the site-directed mutation of the PRRSV genome.
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Figure 6. Site-specific mutation of PRRSV genome using CRISPR/Cas9. (A) Schematic diagram of mu-
tating lysine at the position of 150 in nsp1α of PRRSV WUH3 using CRISPR/Cas9. (B) Confirmation
of the constructed pCMV-WUH3 nsp1α-K150Q using Sanger sequencing. (C) The detection of rPRRSV
WUH3 nsp1α-K150Q using IFA. MARC-145 cells were transfected with pCMV-WUH3 nsp1α-K150Q
and pCMV-WUH3 for 5 days, followed by IFA to detect the expression of PRRSV-N protein. (D) Con-
firmation of the K150Q mutation in nsp1α of rPRRSV using Sanger sequencing. (E) The multiple-step
growth curves of rPRRSV WUH3 nsp1α-K150Q and rPRRSV WUH3 in MARC-145 cells at an MOI of
0.1 were analyzed using TCID50 assays. (F) Plaques formed by rPRRSV WUH3 nsp1α-K150Q and
rPRRSV WUH3 in MARC-145 were stained with 1% crystal violet at 96 hpi. (G) Areas of plaques
formed by rPRRSV WUH3 nsp1α-K150Q and rPRRSV WUH3 were detected using Image J and
compared using GraphPad Prism 7, respectively. Data are displayed in a Violin Plot. ns, p > 0.5.

4. Discussion

PRRSV has been devasting the swine industry for more than thirty years due to its
high antigenic variability and immunosuppressive properties [42,43]. Therefore, it is crucial
to comprehensively understand viral pathogenesis and develop broad-spectrum vaccines.
Herein, we developed an efficient reverse genetics system for PRRSV and demonstrated its
potential application in vaccine development and viral gene function study [9,44–46].

Traditionally, the full-length infectious cDNA clone of PRRSV is constructed by grad-
ually ligating viral genome fragments into a vector, which is time-consuming and labo-
rious [47]. To avoid these problems, we analyzed the distribution of restriction enzymes
in the genome of PRRSV WUH3. Finally, we screened an applicable restriction enzyme,
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BstXI, which can digest the viral genome into six gene fragments. These six gene fragments
were then assembled into a full-length infectious cDNA clone using a one-step-assembly
method. Compared to the previously reported methods, this approach is time-saving
and convenient.

Previously reported methods for RNA virus genome manipulation usually face
the challenge of selecting suitable restrictive endonucleases [23,47]. In contrast, the
CRISPR/Cas9-based method improves the flexibility of editing the genome and saves
time when modifying the viral genome [37,38]. In this study, this method was used to
insert the exogenous gene (EGFP) or induce a site-directed mutation (nsp1α-K150Q) in
the genome of PRRSV WUH3, thus, successfully generating rPRRSV WUH3-EGFP and
rPRRSV WUH3 nsp1α-K150Q, respectively. Altogether, we developed a strategy for editing
the PRRSV genome in vitro using CRISPR/Cas9 technology.

The region in the viral genome where the exogenous gene is inserted is key to the
stability of recombinant viruses. A previous study revealed that the recombinant PRRSV
carrying a foreign HA tag fused to ORF7 loses the introduced epitope as early as the
second passage [48]. Similarly, when the GFP gene is fused to the nsp2 gene of PRRSV,
the green fluorescence is no longer observed after seven passages [25]. Additionally, a
rescued PRRSV carrying a GFP gene at the interval between ORF4 and ORF5 only maintains
the expression of GFP within eight passages [26]. However, the exogenous gene placed
into the interval between ORF1b and ORF2 of PRRSV continues to express exogenous
protein for 37 passages [49]. So, we used CRISPR/Cas9 to insert an EGFP gene into the
interval between ORF1b and ORF2 of PRRSV WUH3 and acquired an EGFP-labeled PPRSV
(rPRRSV WUH3-EGFP).

The construction of site-mutated viruses involves two steps, namely, which amino acid
can be mutated and how to construct the recombinant virus. The target residue was always
mutated into alanine previously, but random mutation in amino acid may be lethal to a
recombinant virus [50]. Thus, we aligned the gene sequences of nsp1α in different PRRSV
strains and found that the residue at position 150 in nsp1α is mostly K in NA-type PRRSV
and Q in EU-type PRRSV. Based on this result, we determined to mutate K150 in PRRSV
WUH3 nsp1α into Q150. Moreover, two sgRNAs separated by only 20 bp were used to
guide Cas9; then, we found that Cas9 could still efficiently cleave pCMV-WUH3. This
suggests that the in vitro cleavage ability of Cas9 seems not to be affected by the distance
between sgRNAs, which is consistent with the in vivo results reported previously [51].
Significantly, the shorter the distance between sgRNAs, the shorter the oligonucleotide
fragment used for substitutions, which can remarkably reduce the synthesis cost of the
oligonucleotide fragment and be more time-saving. Finally, the rPRRSV WUH3 nsp1α-
K150Q virus was successfully acquired, which may be a crucial tool for subsequent studies
on the function of K150 in PRRSV nsp1α.

In summary, a convenient PRRSV-genome-manipulating method based on CRISPR/Cas9
was established in this study. It could be used for inserting foreign genes into viral
genomes and mutating viral genes precisely as well. This convenient method will certainly
boost the development of enhanced vaccines in the future and accelerate the study on
viral pathogenesis.

Author Contributions: Conceptualization, methodology, validation, and formal analysis, H.Z.;
writing—original draft preparation, H.Z. and Y.Z.; investigation, H.Z., Y.D. and K.D.; resources, H.Z.
and K.D.; data curation and writing—review and editing, H.Z., Y.Z., L.F. and S.X.; supervision and
project administration, L.F. and Y.Z. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was partially supported by a grant from the National Key Research and De-
velopment Program of China (2022YFD1800305) and the National Natural Science Foundation of
China (32002279).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Viruses 2023, 15, 1816 12 of 14

Data Availability Statement: The datasets generated in this study are available upon request from
the corresponding authors.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Wensvoort, G.; Terpstra, C.; Pol, J.M.; ter Laak, E.A.; Bloemraad, M.; de Kluyver, E.P.; Kragten, C.; van Buiten, L.; den Besten,

A.; Wagenaar, F.; et al. Mystery swine disease in The Netherlands: The isolation of Lelystad virus. Vet. Q. 1991, 13, 121–130.
[CrossRef]

2. Kuhn, J.H.; Lauck, M.; Bailey, A.L.; Shchetinin, A.M.; Vishnevskaya, T.V.; Bao, Y.; Ng, T.F.; LeBreton, M.; Schneider, B.S.;
Gillis, A.; et al. Reorganization and expansion of the nidoviral family Arteriviridae. Arch. Virol. 2016, 161, 755–768. [CrossRef]
[PubMed]

3. Nelson, E.A.; Christopher-Hennings, J.; Drew, T.; Wensvoort, G.; Collins, J.E.; Benfield, D.A. Differentiation of U.S. and European
isolates of porcine reproductive and respiratory syndrome virus by monoclonal antibodies. J. Clin. Microbiol. 1993, 31, 5.
[CrossRef]

4. Nelsen, C.J.; Murtaugh, M.P.; Faaberg, K.S. Porcine reproductive and respiratory syndrome virus comparison-Divergent evolution
on two continents. J. Virol. 1999, 73, 11. [CrossRef]

5. Fang, Y.; Snijder, E.J. The PRRSV replicase: Exploring the multifunctionality of an intriguing set of nonstructural proteins.
Virus Res. 2010, 154, 61–76. [CrossRef] [PubMed]

6. Fang, Y.; Treffers, E.E.; Li, Y.; Tas, A.; Sun, Z.; van der Meer, Y.; de Ru, A.H.; van Veelen, P.A.; Atkins, J.F.; Snijder, E.J.; et al.
Efficient -2 frameshifting by mammalian ribosomes to synthesize an additional arterivirus protein. Proc. Natl. Acad. Sci. USA
2012, 109, E2920–E2928. [CrossRef] [PubMed]

7. Li, Y.; Treffers, E.E.; Napthine, S.; Tas, A.; Zhu, L.; Sun, Z.; Bell, S.; Mark, B.L.; van Veelen, P.A.; van Hemert, M.J.; et al.
Transactivation of programmed ribosomal frameshifting by a viral protein. Proc. Natl. Acad. Sci. USA 2014, 111, E2172–E2181.
[CrossRef]

8. Sun, L.; Li, Y.; Liu, R.; Wang, X.; Gao, F.; Lin, T.; Huang, T.; Yao, H.; Tong, G.; Fan, H.; et al. Porcine reproductive and respiratory
syndrome virus ORF5a protein is essential for virus viability. Virus Res. 2013, 171, 178–185. [CrossRef]

9. Das, P.B.; Dinh, P.X.; Ansari, I.H.; de Lima, M.; Osorio, F.A.; Pattnaik, A.K. The minor envelope glycoproteins GP2a and GP4 of
porcine reproductive and respiratory syndrome virus interact with the receptor CD163. J. Virol. 2010, 84, 1731–1740. [CrossRef]

10. Su, J.; Zhou, L.; He, B.; Zhang, X.; Ge, X.; Han, J.; Guo, X.; Yang, H. Nsp2 and GP5-M of Porcine Reproductive and Respiratory
Syndrome Virus Contribute to Targets for Neutralizing Antibodies. Virol. Sin. 2019, 34, 631–640. [CrossRef]

11. Wu, W.H.; Fang, Y.; Farwell, R.; Steffen-Bien, M.; Rowland, R.R.; Christopher-Hennings, J.; Nelson, E.A. A 10-kDa structural
protein of porcine reproductive and respiratory syndrome virus encoded by ORF2b. Virology 2001, 287, 183–191. [CrossRef]
[PubMed]

12. Xie, J.; Trus, I.; Oh, D.; Kvisgaard, L.K.; Rappe, J.C.F.; Ruggli, N.; Vanderheijden, N.; Larsen, L.E.; Lefevre, F.; Nauwynck, H.J.
A Triple Amino Acid Substitution at Position 88/94/95 in Glycoprotein GP2a of Type 1 Porcine Reproductive and Respiratory
Syndrome Virus (PRRSV1) Is Responsible for Adaptation to MARC-145 Cells. Viruses 2019, 11, 36. [CrossRef]

13. Tian, K.; Yu, X.; Zhao, T.; Feng, Y.; Cao, Z.; Wang, C.; Hu, Y.; Chen, X.; Hu, D.; Tian, X.; et al. Emergence of fatal PRRSV variants:
Unparalleled outbreaks of atypical PRRS in China and molecular dissection of the unique hallmark. PLoS ONE 2007, 2, e526.
[CrossRef] [PubMed]

14. Kvisgaard, L.K.; Larsen, L.E.; Hjulsager, C.K.; Botner, A.; Rathkjen, P.H.; Heegaard, P.M.H.; Bisgaard, N.P.; Nielsen, J.; Hansen,
M.S. Genetic and biological characterization of a Porcine Reproductive and Respiratory Syndrome Virus 2 (PRRSV-2) causing
significant clinical disease in the field. Vet. Microbiol. 2017, 211, 74–83. [CrossRef]

15. Niu, X.; Hou, Y.J.; Jung, K.; Kong, F.; Saif, L.J.; Wang, Q. Chimeric Porcine Deltacoronaviruses with Sparrow Coronavirus Spike
Protein or the Receptor-Binding Domain Infect Pigs but Lose Virulence and Intestinal Tropism. Viruses 2021, 13, 122. [CrossRef]
[PubMed]

16. Garcia-Nunez, S.; Gismondi, M.I.; Konig, G.; Berinstein, A.; Taboga, O.; Rieder, E.; Martinez-Salas, E.; Carrillo, E. Enhanced IRES
activity by the 3′UTR element determines the virulence of FMDV isolates. Virology 2014, 448, 303–313. [CrossRef]

17. Lee, C.; Yoo, D. The small envelope protein of porcine reproductive and respiratory syndrome virus possesses ion channel
protein-like properties. Virology 2006, 355, 30–43. [CrossRef]

18. Verheije, M.H.; Olsthoorn, R.C.; Kroese, M.V.; Rottier, P.J.; Meulenberg, J.J. Kissing interaction between 3′ noncoding and coding
sequences is essential for porcine arterivirus RNA replication. J. Virol. 2002, 76, 1521–1526. [CrossRef]

19. Jeong, C.-G.; Khatun, A.; Nazki, S.; Kim, S.-C.; Noh, Y.-H.; Kang, S.-C.; Lee, D.-U.; Yang, M.-S.; Shabir, N.; Yoon, I.-J.; et al.
Evaluation of the Cross-Protective Efficacy of a Chimeric PRRSV Vaccine against Two Genetically Diverse PRRSV2 Field Strains
in a Reproductive Model. Vaccines 2021, 9, 1258. [CrossRef]

20. Popescu, L.N.; Trible, B.R.; Chen, N.; Rowland, R.R.R. GP5 of porcine reproductive and respiratory syndrome virus (PRRSV) as a
target for homologous and broadly neutralizing antibodies. Vet. Microbiol. 2017, 209, 90–96. [CrossRef]

https://doi.org/10.1080/01652176.1991.9694296
https://doi.org/10.1007/s00705-015-2672-z
https://www.ncbi.nlm.nih.gov/pubmed/26608064
https://doi.org/10.1128/jcm.31.12.3184-3189.1993
https://doi.org/10.1128/JVI.73.1.270-280.1999
https://doi.org/10.1016/j.virusres.2010.07.030
https://www.ncbi.nlm.nih.gov/pubmed/20696193
https://doi.org/10.1073/pnas.1211145109
https://www.ncbi.nlm.nih.gov/pubmed/23043113
https://doi.org/10.1073/pnas.1321930111
https://doi.org/10.1016/j.virusres.2012.11.005
https://doi.org/10.1128/JVI.01774-09
https://doi.org/10.1007/s12250-019-00149-6
https://doi.org/10.1006/viro.2001.1034
https://www.ncbi.nlm.nih.gov/pubmed/11504553
https://doi.org/10.3390/v11010036
https://doi.org/10.1371/journal.pone.0000526
https://www.ncbi.nlm.nih.gov/pubmed/17565379
https://doi.org/10.1016/j.vetmic.2017.10.001
https://doi.org/10.3390/v13010122
https://www.ncbi.nlm.nih.gov/pubmed/33477379
https://doi.org/10.1016/j.virol.2013.10.027
https://doi.org/10.1016/j.virol.2006.07.013
https://doi.org/10.1128/JVI.76.3.1521-1526.2002
https://doi.org/10.3390/vaccines9111258
https://doi.org/10.1016/j.vetmic.2017.04.016


Viruses 2023, 15, 1816 13 of 14

21. Choi, H.Y.; Kim, M.S.; Kang, Y.L.; Choi, J.C.; Choi, I.Y.; Jung, S.W.; Jeong, J.Y.; Kim, M.C.; Hwang, S.S.; Lee, S.W.; et al.
Development of a Chimeric Porcine Reproductive and Respiratory Syndrome Virus (PRRSV)-2 Vaccine Candidate Expressing
Hypo-Glycosylated Glycoprotein-5 Ectodomain of Korean Lineage-1 Strain. Vet. Sci. 2022, 9, 165. [CrossRef] [PubMed]

22. Choi, J.C.; Kim, M.S.; Choi, H.Y.; Kang, Y.L.; Choi, I.Y.; Jung, S.W.; Jeong, J.Y.; Kim, M.C.; Cho, A.Y.; Lee, J.H.; et al. Porcine
Reproductive and Respiratory Syndrome Virus Engineered by Serine Substitution on the 44th Amino Acid of GP5 Resulted in a
Potential Vaccine Candidate with the Ability to Produce High Levels of Neutralizing Antibody. Vet. Sci. 2023, 10, 191. [CrossRef]
[PubMed]

23. Wang, H.; Xie, X.; He, W.; Wang, Y.; Ren, T.; Ouyang, K.; Chen, Y.; Huang, W.; Wei, Z. Generation of a Recombinant Porcine
Reproductive and Respiratory Syndrome Virus Stably Expressing Two Marker Genes. Front. Vet. Sci. 2020, 7, 548282. [CrossRef]
[PubMed]

24. Li, N.; Zhang, Y.; Yao, L.; Shi, Y.; Zhao, Q.; Huang, B.; Sun, Y. A Recombinant Porcine Reproductive and Respiratory Syndrome
Virus Stably Expressing DsRed Protein Based on Bacterial Artificial Chromosome System. Front. Microbiol. 2022, 13, 839845.
[CrossRef] [PubMed]

25. Kim, D.Y.; Calvert, J.G.; Chang, K.O.; Horlen, K.; Kerrigan, M.; Rowland, R.R. Expression and stability of foreign tags inserted
into nsp2 of porcine reproductive and respiratory syndrome virus (PRRSV). Virus Res. 2007, 128, 106–114. [CrossRef]

26. Wang, Y.; He, W.; Li, Q.; Xie, X.; Qin, N.; Wang, H.; Huang, J.; Lin, S.; Ouyang, K.; Chen, Y.; et al. Generation of a porcine
reproductive and respiratory syndrome virus expressing a marker gene inserted between ORF4 and ORF5a. Arch. Virol. 2020,
165, 1803–1813. [CrossRef] [PubMed]

27. Jiang, W.; Bikard, D.; Cox, D.; Zhang, F.; Marraffini, L.A. RNA-guided editing of bacterial genomes using CRISPR-Cas systems.
Nat. Biotechnol. 2013, 31, 233–239. [CrossRef]

28. Gu, Z.; Dong, J.; Wang, J.; Hou, C.; Sun, H.; Yang, W.; Bai, J.; Jiang, P. A novel inactivated gE/gI deleted pseudorabies virus (PRV)
vaccine completely protects pigs from an emerged variant PRV challenge. Virus Res. 2015, 195, 57–63. [CrossRef]

29. Liu, Q.; Yang, F.; Zhang, J.; Liu, H.; Rahman, S.; Islam, S.; Ma, W.; She, M. Application of CRISPR/Cas9 in Crop Quality
Improvement. Int. J. Mol. Sci. 2021, 22, 4206. [CrossRef]

30. Gleeson, D.; Sethi, D.; Platte, R.; Burvill, J.; Barrett, D.; Akhtar, S.; Bruntraeger, M.; Bottomley, J.; Mouse Genetics Project, S.;
Bussell, J.; et al. High-throughput genotyping of high-homology mutant mouse strains by next-generation sequencing. Methods
2021, 191, 78–86. [CrossRef]

31. Ruan, J.; Li, H.; Xu, K.; Wu, T.; Wei, J.; Zhou, R.; Liu, Z.; Mu, Y.; Yang, S.; Ouyang, H.; et al. Highly efficient CRISPR/Cas9-mediated
transgene knockin at the H11 locus in pigs. Sci. Rep. 2015, 5, 14253. [CrossRef] [PubMed]

32. Kostyushev, D.; Brezgin, S.; Kostyusheva, A.; Zarifyan, D.; Goptar, I.; Chulanov, V. Orthologous CRISPR/Cas9 systems for specific
and efficient degradation of covalently closed circular DNA of hepatitis B virus. Cell Mol. Life Sci. 2019, 76, 1779–1794. [CrossRef]

33. Ehrke-Schulz, E.; Heinemann, S.; Schulte, L.; Schiwon, M.; Ehrhardt, A. Adenoviral Vectors Armed with PAPILLOMAVIRUs
Oncogene Specific CRISPR/Cas9 Kill Human-Papillomavirus-Induced Cervical Cancer Cells. Cancers 2020, 12, 1934. [CrossRef]
[PubMed]

34. Ebrahimi, S.; Makvandi, M.; Abbasi, S.; Azadmanesh, K.; Teimoori, A. Developing oncolytic Herpes simplex virus type 1 through
UL39 knockout by CRISPR-Cas9. Iran. J. Basic Med. Sci. 2020, 23, 937–944. [CrossRef]

35. Tang, Y.D.; Liu, J.T.; Wang, T.Y.; An, T.Q.; Sun, M.X.; Wang, S.J.; Fang, Q.Q.; Hou, L.L.; Tian, Z.J.; Cai, X.H. Live attenuated
pseudorabies virus developed using the CRISPR/Cas9 system. Virus Res. 2016, 225, 33–39. [CrossRef] [PubMed]

36. Zou, Z.; Huang, K.; Wei, Y.; Chen, H.; Liu, Z.; Jin, M. Construction of a highly efficient CRISPR/Cas9-mediated duck enteritis
virus-based vaccine against H5N1 avian influenza virus and duck Tembusu virus infection. Sci. Rep. 2017, 7, 1478. [CrossRef]

37. Peng, Q.; Fang, L.; Ding, Z.; Wang, D.; Peng, G.; Xiao, S. Rapid manipulation of the porcine epidemic diarrhea virus genome by
CRISPR/Cas9 technology. J. Virol. Methods 2020, 276, 113772. [CrossRef]

38. Wang, G.; Liang, R.; Liu, Z.; Shen, Z.; Shi, J.; Shi, Y.; Deng, F.; Xiao, S.; Fu, Z.F.; Peng, G. The N-Terminal Domain of Spike Protein
Is Not the Enteric Tropism Determinant for Transmissible Gastroenteritis Virus in Piglets. Viruses 2019, 11, 313. [CrossRef]

39. Li, B.; Fang, L.; Liu, S.; Zhao, F.; Jiang, Y.; He, K.; Chen, H.; Xiao, S. The genomic diversity of Chinese porcine reproductive and
respiratory syndrome virus isolates from 1996 to 2009. Vet. Microbiol. 2010, 146, 226–237. [CrossRef]

40. Ke, W.; Fang, L.; Jing, H.; Tao, R.; Wang, T.; Li, Y.; Long, S.; Wang, D.; Xiao, S. Cholesterol 25-Hydroxylase Inhibits Porcine
Reproductive and Respiratory Syndrome Virus Replication through Enzyme Activity-Dependent and -Independent Mechanisms.
J. Virol. 2017, 91, 10–1128. [CrossRef]

41. Li, R.; Chen, C.; He, J.; Zhang, L.; Zhang, L.; Guo, Y.; Zhang, W.; Tan, K.; Huang, J. E3 ligase ASB8 promotes porcine reproductive
and respiratory syndrome virus proliferation by stabilizing the viral Nsp1alpha protein and degrading host IKKbeta kinase.
Virology 2019, 532, 55–68. [CrossRef] [PubMed]

42. Chen, N.; Yu, X.; Wang, L.; Wu, J.; Zhou, Z.; Ni, J.; Li, X.; Zhai, X.; Tian, K. Two natural recombinant highly pathogenic porcine
reproductive and respiratory syndrome viruses with different pathogenicities. Virus Genes. 2013, 46, 473–478. [CrossRef]
[PubMed]

43. Zhou, L.; Kang, R.; Zhang, Y.; Ding, M.; Xie, B.; Tian, Y.; Wu, X.; Zuo, L.; Yang, X.; Wang, H. Whole Genome Analysis of Two
Novel Type 2 Porcine Reproductive and Respiratory Syndrome Viruses with Complex Genome Recombination between Lineage
8, 3, and 1 Strains Identified in Southwestern China. Viruses 2018, 10, 328. [CrossRef] [PubMed]

https://doi.org/10.3390/vetsci9040165
https://www.ncbi.nlm.nih.gov/pubmed/35448663
https://doi.org/10.3390/vetsci10030191
https://www.ncbi.nlm.nih.gov/pubmed/36977230
https://doi.org/10.3389/fvets.2020.548282
https://www.ncbi.nlm.nih.gov/pubmed/33195521
https://doi.org/10.3389/fmicb.2022.839845
https://www.ncbi.nlm.nih.gov/pubmed/35126342
https://doi.org/10.1016/j.virusres.2007.04.019
https://doi.org/10.1007/s00705-020-04679-3
https://www.ncbi.nlm.nih.gov/pubmed/32474688
https://doi.org/10.1038/nbt.2508
https://doi.org/10.1016/j.virusres.2014.09.003
https://doi.org/10.3390/ijms22084206
https://doi.org/10.1016/j.ymeth.2020.10.011
https://doi.org/10.1038/srep14253
https://www.ncbi.nlm.nih.gov/pubmed/26381350
https://doi.org/10.1007/s00018-019-03021-8
https://doi.org/10.3390/cancers12071934
https://www.ncbi.nlm.nih.gov/pubmed/32708897
https://doi.org/10.22038/ijbms.2020.43864.10286
https://doi.org/10.1016/j.virusres.2016.09.004
https://www.ncbi.nlm.nih.gov/pubmed/27619840
https://doi.org/10.1038/s41598-017-01554-1
https://doi.org/10.1016/j.jviromet.2019.113772
https://doi.org/10.3390/v11040313
https://doi.org/10.1016/j.vetmic.2010.05.011
https://doi.org/10.1128/JVI.00827-17
https://doi.org/10.1016/j.virol.2019.04.004
https://www.ncbi.nlm.nih.gov/pubmed/31009856
https://doi.org/10.1007/s11262-013-0892-4
https://www.ncbi.nlm.nih.gov/pubmed/23430712
https://doi.org/10.3390/v10060328
https://www.ncbi.nlm.nih.gov/pubmed/29914134


Viruses 2023, 15, 1816 14 of 14

44. Kroese, M.V.; Zevenhoven-Dobbe, J.C.; Bos-de Ruijter, J.N.A.; Peeters, B.P.H.; Meulenberg, J.J.M.; Cornelissen, L.; Snijder, E.J. The
nsp1alpha and nsp1 papain-like autoproteinases are essential for porcine reproductive and respiratory syndrome virus RNA
synthesis. J. Gen. Virol. 2008, 89 Pt 2, 494–499. [CrossRef]

45. Wang, T.-Y.; Fang, Q.-Q.; Cong, F.; Liu, Y.-G.; Wang, H.-M.; Zhang, H.-L.; Tian, Z.-J.; Tang, Y.-D.; Cai, X.-H. The Nsp12-coding
region of type 2 PRRSV is required for viral subgenomic mRNA synthesis. Emerg. Microbes Infect. 2019, 8, 1501–1510. [CrossRef]
[PubMed]

46. Lu, Z.; Zhang, J.; Huang, C.M.; Go, Y.Y.; Faaberg, K.S.; Rowland, R.R.; Timoney, P.J.; Balasuriya, U.B. Chimeric viruses containing
the N-terminal ectodomains of GP5 and M proteins of porcine reproductive and respiratory syndrome virus do not change the
cellular tropism of equine arteritis virus. Virology 2012, 432, 99–109. [CrossRef] [PubMed]

47. Wang, L.; Zhang, K.; Lin, H.; Li, W.; Wen, J.; Zhang, J.; Zhang, Y.; Li, X.; Zhong, F. Preparation of North American type II PRRSV
infectious clone expressing green fluorescent protein. Biomed. Res. Int. 2014, 2014, 368581. [CrossRef]

48. Groot Bramel-Verheije, M.H.; Rottier, P.J.; Meulenberg, J.J. Expression of a foreign epitope by porcine reproductive and respiratory
syndrome virus. Virology 2000, 278, 380–389. [CrossRef]

49. Pei, Y.; Hodgins, D.C.; Wu, J.; Welch, S.K.; Calvert, J.G.; Li, G.; Du, Y.; Song, C.; Yoo, D. Porcine reproductive and respiratory
syndrome virus as a vector: Immunogenicity of green fluorescent protein and porcine circovirus type 2 capsid expressed from
dedicated subgenomic RNAs. Virology 2009, 389, 91–99. [CrossRef]

50. Ansari, I.H.; Kwon, B.; Osorio, F.A.; Pattnaik, A.K. Influence of N-linked glycosylation of porcine reproductive and respiratory
syndrome virus GP5 on virus infectivity, antigenicity, and ability to induce neutralizing antibodies. J. Virol. 2006, 80, 3994–4004.
[CrossRef]

51. Ren, X.; Yang, Z.; Mao, D.; Chang, Z.; Qiao, H.-H.; Wang, X.; Sun, J.; Hu, Q.; Cui, Y.; Liu, L.-P.; et al. Performance of the Cas9
Nickase System inDrosophila melanogaster. G3 Genes Genomes Genet. 2014, 4, 1955–1962. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1099/vir.0.83253-0
https://doi.org/10.1080/22221751.2019.1679010
https://www.ncbi.nlm.nih.gov/pubmed/31631782
https://doi.org/10.1016/j.virol.2012.05.022
https://www.ncbi.nlm.nih.gov/pubmed/22739441
https://doi.org/10.1155/2014/368581
https://doi.org/10.1006/viro.2000.0525
https://doi.org/10.1016/j.virol.2009.03.036
https://doi.org/10.1128/JVI.80.8.3994-4004.2006
https://doi.org/10.1534/g3.114.013821

	Introduction 
	Materials and Methods 
	Cells and Viruses 
	Selection of Restrictive Endonuclease in Genome and Assembly of a Full-Length cDNA Clone 
	Recovery of Recombinant PRRSV 
	Design and Synthesis of sgRNAs 
	Analysis of Residue Conservation in PRRSV WUH3 nsp1 
	Construction of pCMV-WUH3-EGFP and pCMV-WUH3 nsp1-K150Q 
	Indirect Immunofluorescence Assay (IFA) 
	Western Blotting Assay 
	Viral Plaque Assay 
	Viral Multiple-Step Growth Curves Measured by TCID50 Assay 
	Statistical Analysis 

	Results 
	Assembly of Full-Length Infectious cDNA Clone of PRRSV WUH3 
	Recovery, Identification, and Characterization of rPRRSV WUH3 
	Modification of PRRSV Genome Using CRISPR/Cas9 to Carry an Exogenous Gene 
	Rescue and Characteristics of rPRRSV WUH3-EGFP 
	Site-Directed Mutation of PRRSV Genome Using CRISPR/Cas9 

	Discussion 
	References

