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ARTICLE INFO ABSTRACT

Keywords: The Largemouth bass (Micropterus salmoides), a freshwater species of considerable economic significance native
CRISPR/CasRx to North America, is currently facing a formidable challenge from the Micropterus salmoides rhabdovirus (MSRV).
Largemouth bass This viral pathogen has emerged as a primary agent of mortality within the species, with its recurrent outbreaks
r:tl?yiral posing a substantial impediment to the sustainable and ecologically sound cultivation of Largemouth bass. The

absence of a viable control strategy has underscored the urgent need for innovative approaches to mitigate the
impact of MSRV on the aquaculture industry, thereby preserving the integrity and health of this valuable fishery
resource. This study presents the development and validation of a CRISPR/CasRx-based approach to target and
reduce MSRV replication. This study designed specific CRISPR/CasRx RNAs (crRNAs) to target the MSRV’s five
structural proteins: nucleoprotein (N), phosphoprotein (P), matrix protein (M), glycoprotein (G), and large
protein (L). The construction of a CasRx-MSRV plasmid system was achieved and demonstrated potent antiviral
activity against MSRV in both in vitro and in vivo models. Our initial evaluation focused on the CRISPR/CasRx
system’s ability to inhibit MSRV replication in GCO cells, with a particular emphasis on the L protein. The CasRx-
MSRV-L system achieved a significant 97.79 % inhibition rate, corresponding to a five-log reduction in viral titer.
This finding prompted us to further explore the therapeutic and prophylactic potential of the CasRx-MSRV-L
system against MSRV infection in largemouth bass. While therapeutic application modestly extended the sur-
vival of infected fish, prophylactic administration significantly improved the survival rate of juvenile fish by
79.22 %. Collectively, these results underscore the promise of the CRISPR/CasRx system as a novel and potent
tool for conferring resistance against MSRV, with broader implications for combating RNA viruses. Furthermore,
our findings contribute to the burgeoning body of evidence supporting the application of CRISPR/CasRx tech-
nology as a strategic approach to combat RNA viruses, thereby laying a robust theoretical foundation for future
research and development in this field.

1. Introduction

The Largemouth bass (Micropterus salmoides), colloquially referred to
as the California bass, represents a commercially significant species in
global aquaculture(Sun et al., 2023). Afflicted by the Micropterus sal-
moides rhabdovirus (MSRV), a negative-strand RNA virus classified
within the Rhabdoviridae family, this species faces a considerable
pathogenic challenge. The MSRV genome, encompassing approximately
11 kilobases of nucleotides, encodes for five essential proteins: the

nucleoprotein (N), phosphoprotein (P), matrix protein (M), glycoprotein
(G), and the polymerase or large protein (L)(Li et al., 2023). Notably,
MSRV exhibits age-specific virulence, predominantly impacting juvenile
Largemouth bass, with reported infection rates leading to nearly 80 to
90 % mortality among the fry population. These fatalities have precip-
itated substantial economic losses and pose a significant barrier to the
advancement of the aquaculture industry(Li et al., 2023). Consequently,
the imperative for the development and implementation of efficacious
and secure disease management strategies to mitigate the impact of
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MSRV on this valuable fishery resource is both apparent and pressing.

The escalation in the aquaculture output of Largemouth bass
(Micropterus salmoides) has been accompanied by an upsurge in disease-
related challenges, particularly those posed by Micropterus salmoides
rhabdovirus (MSRV). Consequently, research into MSRV and its miti-
gation strategies has intensified annually, albeit with a relatively narrow
focus on host immune responses, vaccine development, and antiviral
drug discovery. Studies on the MSRV-induced immune response have
employed RNA sequencing, transcriptomics, immune parameter anal-
ysis, intestinal microbiome profiling, RNA interference, and single-virus
tracking techniques. These investigations have elucidated that the in-
testinal tract is the principal portal of MSRV entry into the host, with the
head kidney identified as a sensitive viral target tissue. Additionally, it
has been observed that MSRV migrates to the external mucosal tissues
during the later stages of infection, facilitating horizontal transmission
(Yi et al., 2023). MSRV infection has been shown to activate host
signaling pathways, including RLR, NLR, NF-xB, Jak-STAT, and
apoptosis pathways, suggesting that an early interferon and pro-
inflammatory response are instrumental in the host’s resistance to
MSRYV (Gao and Chen, 2018; He et al., 2022). Furthermore, the intestinal
microbiota’s composition may correlate with the expression of immune-
related genes in response to MSRV infection (Fei et al., 2022). The
virus’s entry mechanism into cells has been characterized as clathrin-
dependent and pH-sensitive, proceeding via clathrin-mediated endocy-
tosis and following the classical endosomal/lysosomal pathway post-
internalization (Lu et al., 2023).

Vaccination stands as a pivotal strategy in the armamentarium
against viral infections in fish, offering a prophylactic measure to safe-
guard these aquatic species from debilitating diseases. In the realm of
Micropterus salmoides rhabdovirus (MSRV), advancements in vaccine
development have been marked by the creation of various formulations,
including immersion and oral vaccines (Lyu et al., 2019a; Xu et al.,
2022), DNA vaccine (Ma et al., 2022; Yang et al., 2022)and live atten-
uated vaccine (Lijuan et al., 2018). Notably, innovative delivery systems
have been explored, such as the utilization of single-walled carbon
nanotubes (SWCNTSs) (Guo et al., 2020; Liu et al., 2022) and bacterial
nanocellulose (BNC) (Li et al., 2022a), to enhance the efficacy of the
MSRV G protein subunit vaccines. These developments have laid a
foundational theoretical framework for MSRV prevention and control.

Paralleling the progress in vaccine development, antiviral drug dis-
covery has been propelled forward through the application of structure-
activity relationship analysis and pharmacophore modeling. This sys-
tematic approach has yielded a repertoire of potential anti-MSRV com-
pounds, encompassing arctigenin and its derivatives (Hu et al., 2022;
Shen et al., 2020), coumarin and its derivatives (Hu et al., 2021),
quinoline and its derivatives (Li et al., 2022b), magnolol and its de-
rivatives (Jin et al., 2022), ribavirin (Yang et al., 2021a), ursolic acid (Li
et al., 2023), prodigiosin (Song et al., 2023), neem amide (Zhang et al.,
2023b), mangiferin (Dai et al., 2023), taurine, water extract of Gentiana
macrophylla (Zhou et al., 2024a, 2024b), chlorogenic acid (Niu et al.,
2023), sophoretin, epigoitrin, and limonin. Despite the identification of
these promising candidates, it is imperative to recognize that none have
yet transitioned to commercial availability for MSRV prevention and
control. This underscores an urgent need for continued innovation and
research in the domain of antiviral drug development.

In the contemporary landscape of molecular biology, an array of
gene-editing technologies has emerged, with the CRISPR/Cas system at
the forefront, offering a precise and sequence-specific means of manip-
ulating DNA to rectify mutations(Gaj et al., 2013; Sander and Joung,
2014). CRISPR/Cas system is categorized into two primary modalities:
multi-effector complex-mediated interference and single-effector-
mediated interference, with the latter gaining significant attention due
to its simplicity and efficiency (Makarova et al., 2020). Among the class
II systems, the Cas13 family, a type VI system, has been identified as a
unique RNA-targeting enzyme, distinguishing itself from the DNA-
targeting Cas9 and Casl2 proteins (Tong et al., 2023). Notably, within
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the Casl3 family, CasRx (RfxCasl3d) has been recognized for its
compact size, minimal toxicity, and superior specificity and cleavage
efficiency, positioning it as a promising candidate for RNA-targeting
applications (Keng et al., 2023; Nguyen et al., 2020; Perez-SanJose
et al., 2021). The CasRx system’s potential as an antiviral tool has been
extensively explored, with applications ranging from human immuno-
deficiency virus (HIV) (Nguyen et al., 2021) to severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) and its Delta and Omicron var-
iants (Cui et al., 2022; Hussein et al., 2023; Liu et al., 2023; Zeng et al.,
2022). Additionally, the system has demonstrated efficacy against
hepatitis E virus (HEV)(Zhao et al., 2024), Seneca Valley virus (SVV)
(Zhang et al., 2022)and a variety of plant viruses (Mahas et al., 2019;
Zhan et al., 2023; Zhang et al., 2022), as well as the grouper nervous
necrosis virus (RGNNV) (Wang et al., 2021a). Collectively, these studies
substantiate the CasRx system’s robust antiviral capabilities against a
spectrum of RNA viruses, heralding a new era in antiviral research and
therapeutics.

In our investigation, we harnessed the CRISPR/CasRx (RfxCas13d)
system, an innovative RNA-targeting tool, to explore its capacity to
interfere with RNA viruses. Specifically, we tailored CRISPR/CasRx-
derived RNAs (crRNAs) to target the five structural proteins-
nucleoprotein (N), phosphoprotein (P), matrix protein (M), glycopro-
tein (G), and large polymerase protein (L)-of Micropterus salmoides
rhabdovirus (MSRV). Subsequently, we engineered CasRx-MSRV plas-
mids to evaluate the system’s antiviral efficacy against MSRV both in
vitro and in vivo. Our findings demonstrated that the CasRx-MSRV sys-
tem exerted a potent antiviral effect, indicating its potential as a ther-
apeutic intervention against MSRV infections.

2. Materials and methods
2.1. Virus,cell and fish

The strain of MSRV-FJ985 (NCBI: MT818233.1) was isolated from
MSRV-infected Micropterus salmoides and preserved in our laboratory
(Yang et al., 2021b). MSRV was proliferated in GCO (Grass carp ovary
cell lines) cells (kindly provided by Zhejiang Institute of Freshwater
Fisheries, Huzhou, Zhejiang, China) as previously described (Lyu et al.,
2019b; Yang et al., 2021b).

Virus proliferation: The frozen MSRYV virus suspension was taken out
from the liquid nitrogen tank and added to the monolayer GCO cells
growing to 80 % - 90 % by volume ratio of 0.1 %. After 48 h of culture at
25 °C, the GCO cells were observed by inverted microscope. When 80 %
of the cells showed cytopathic effect (CPE), the cell suspension con-
taining MSRV was collected, centrifuged at 4 °C, 12000 rpm for 10 min,
and then packed into a 1.5 mL centrifuge tube. Store in a refrigerator at
—80 °C or in liquid nitrogen.

The experimental fish of largemouth bass comes from our experi-
ment to breed by ourselves and we detected common pathogens of
largemouth bass, including MSRV, Largemouth Bass Virus (LMBV),
Nocardia spp. and Aeromonas spp., and also detected surface parasites. All
tests showed that the test fish did not carry common pathogens of
largemouth bass. The average body length and body weight of large-
mouth bass (n = 60) were 4 + 0.5 cm and 1.7 + 0.2 g, respectively.
Before the start of the experiment, the fish were acclimated at 25 °C for
14 days in a pond with a flowing water circulation system. During this
period, commercial feed (Fuxing Biological Feed Co., Ltd.) was fed twice
a day. The animal use program was approved by the Animal Health and
Use Committee of Northwest A & F University (IACUC).

2.2. Design of MSRV crRNAs

The crRNA design of MSRV referred to previous studies (Guo et al.,
2021; Wessels et al., 2020). The genomes of MSRV was downloaded
from the NCBI database, the Cas13d guide RNA design website (http
s://cas13design.nygenome.org/) was used to design the guide RNA of
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the five proteins of MSRV. A total of 1282 MSRV-N crRNA, 845 MSRV-P
crRNA, 641 MSRV-M crRNA, 1450 MSRV-G crRNA and 6024 MSRV-L
crRNA were designed (See supplementary material for details). Ac-
cording to the score given by the Cas13d guide RNAs tool, five MSRV
crRNAs with the highest activity were selected and named as MSRV-N-
crRNA, MSRV-P-crRNA, MSRV-M-crRNA, MSRV-G-crRNA, and MSRV-L-
crRNA, respectively. The sequence information is shown in Table 1. The
position of crRNA in the MSRV genome is shown in Fig. 1A.

2.3. Generation of plasmids

2.3.1. CRISPR/CasRx plasmid

The CRISPR/CasRx plasmid purchased in HedgehogBio Science and
Technology Ltd. (Shanghai, China). At the same time, we modified the
original plasmid and deleted the CRISPR RNA (Nhe I, Sal I restriction
sites) as an empty plasmid (CasRx-NT). The CRISPR / CasRx plasmid and
CasRx-NT plasmid are shown in Fig. 1. B; The crRNA restriction site is
shown in Fig. 1C.

2.3.2. MSRV crRNA sequence primers synthesize

According to the CRISPR/CasRx plasmid restriction site, the crRNA-F
(crRNA sequence) and crRNA-R (crRNA reverse complementary
sequence) sequences were synthesized by adding a linker localization
sequence to the crRNA. The sequence was synthesized by Sangon
Biotech (Shanghai) Co., Ltd. and purified by PAGE (Polyacrylamide gel
electrophoresis). The primers of crRNA synthesis sequence are shown in
Table 2.

Each pair of crRNA-F and crRNA-R was diluted with water to a
concentration of 50 pM, 1 pL each, and ddH,0 was added to 10 pL. The
PCR instrument was used for annealing reaction (95 °C, 5 min). After the
annealing reaction is completed, it is cooled to room temperature, and
the connection reaction is carried out immediately or stored at —20 °C.

2.3.3. Plasmid enzyme-cut and link up

The CRISPR/CasRx plasmid was digested according to the Bbs I
(NEB) restriction endonuclease instruction. The reaction system was 1
pg plasmid, 5 pL 10 x NEBuffer, 1 pL Bbsl restriction enzyme, and
ddH»0 was added to 50 pL. The digestion reaction solution was gently
mixed with a pipette gun, incubated at 37 °C for 5-10 min, 65 °C for 20
min, after the reaction, agarose gel electrophoresis of nucleic acid was
performed, and the digested products were recovered. The recovered
product was immediately subjected to a ligation reaction or stored at
—20 °C for later use.

According to the T4-Ligase (Takara) ligase instruction, the crRNA
double-strand annealing product was ligated to the digested plasmid.
The reaction system consisted of 2 pL 10 x ligation buffer, 2 pL enzyme
digestion plasmid, 6 pL double-stranded annealed crRNA, 2 pL T4 DNA
Ligase, and ddH,0 to 20 pL. The reaction system was gently mixed with
a pipette and reacted at 16 °C for 1-5 h. The ligation products were
immediately transformed or stored at-20 °C.

The ligation product was transformed according to the instructions
of Stbl3 competent cells (AngYuBio, China). The specific steps are as
follows: The Stbl3 competent cells were placed in ice to melt. When the
cells were in a mixed state of ice and water, the target DNA (plasmid or
ligation product) was added and gently mixed with the bottom of the EP
tube by hand, and stood on ice for 25 min. 42 °C water bath heat shock

Table 1
The MSRV crRNA sequences.

crRNA sequence name Sequence

MSRV-N-crRNA
MSRV-P-crRNA
MSRV-M-crRNA
MSRV-G-crRNA
MSRV-L-crRNA

CAAATGTTGACAGAGCTGCACAG
ATCATCATCAAAGATCGGCCCAG
GCACTCATAAGAGATGGCAACCG
TTTTCAAAAGATATGGCAAGCAT
ATCAATAAATGGATGCCCCCAGT
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45 s, quickly put back on the ice and stand for 2 min; add 0.9 mL room
temperature S.0.C. medium or LB medium to the centrifuge tube,
resuscitate at 30 °C 225 rpm for 90 min; centrifuged at 5000 rpm for one
minute, the supernatant was taken, and 100 pL of the supernatant was
gently blown and resuspended on the S.0.C.medium containing the
corresponding antibiotics. The plate was inverted and placed in an
incubator at 30 °C for overnight culture; a single colony of the plate was
picked and cultured in a liquid medium containing ampicillin.

2.3.4. Plasmid sequencing identification

Using the bacterial plasmid extraction kit (TIANGEN, Beijing,
China), the expanded bacteria were subjected to plasmid extraction.
Using 2 x Rapid Taq Master Mix (Vazyme, Nanjing, China), U6 Primer
(5" -ATGGACTATCATATGCTTACCGTA-3’) and crRNA-R as primers for
PCR amplification. The reaction system was 0.5 pL U6 primer, 0.5 pL
crRNA-R, 11 pL PCR Master Mix, and ddH,0 was added to 20 pL, and the
reaction procedure is 95 °C 5 min, 30 cycles of 95 °C 30 s, 60 °C 30 s and
72 °C 60 s, 72 °C 10 min. The amplified products were sequenced and
identified, and the correctly sequenced bacteria were preserved and
expanded, and the plasmid was extracted using the endotoxin-free
plasmid extraction kit (TIANGEN, Beijing, China). According to the
above operations, five plasmids targeting the five structural proteins of
MSRV were constructed, which were CasRx-MSRV-N, CasRx-MSRV-P,
CasRx-MSRV-M, CasRx-MSRV-G and CasRx-MSRV-L, respectively.

2.4. Cell transfection and CasRx antiviral effect

2.4.1. Plasmid transfection detection and optimal transfection time

According to the instruction of Lipo8000™ transfection reagent
(Beyotime, Shanghai, China), 6 smids were transfected first. After 12,
24, 36, 48, 60 and 72 h of transfection, inverted fluorescence microscope
(OLYMPUS CKX53, Jepen) was used to observe whether the plasmid
could be successfully transfected and normally expressed in GCO cells.
The optimal virus infection time after transfection was determined by
fluorescence quantity and fluorescence intensity. After determining the
peak time of plasmid transfection expression, the cells were collected for
flow cytometry analysis (BD FACSAria™ III, USA) to determine the
transfection efficiency.

The specific operation of plasmid transfection is as follows: about
2-7 x 10° cells per well were inoculated into six-well plates for culture
on the day before transfection (18-24 h), so that the cell density reached
about 70-80 % on the second day; before transfection, the six-well plate
with cells was replaced with 2 mL fresh culture medium per well. A clean
sterile centrifuge tube was taken. For each well in the six-well plate to be
transfected, 125 pL of Opti-MEM ® Medium serum-reduced medium
without antibiotics and serum was added to each well of the cells to be
transfected. Add 2.5 pg plasmid DNA, and gently blow and mix with a
pipette gun; add 4 pL Lipo8000 ™ transfection reagent, gently blow and
mix; the prepared Lipo8000 ™ transfection reagent-DNA mixture, 125
pL per well, was evenly dropped into the well and gently mixed. After 24
h of continuous culture, the transfection effect was observed by inverted
fluorescence microscope.

2.4.2. Anti-MSRYV effect of CRISPR/CasRx in vitro

Cell transfection was divided into 8 treatment groups, N, P, M, G, L,
A, MSRYV infection positive control group and negative control group.
Group A was the transfection group mixed with five plasmids, and the
MSRV infection positive control group and the negative control group
were transfected with CasRx-NT plasmid.

Cell culture and transfection were carried out according to the above
operation, with 6 replicates in each group. MSRV diluent with a con-
centration of 10 TCIDs, was added at the best time after transfection
(virus mother titer was 107 TCIDso/mL (48 h), diluted with M199 me-
dium), and incubated at 25 °C for 2 h; after 2 h of virus incubation, the
virus solution was aspirated, and the cells were rinsed with M199 me-
dium for 2-3 times. Fresh medium was added and cultured at 25 °C for
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Fig. 1. A: The location of crRNAs in MSRV genome; B: The backbone of CRISPR/CasRx plasmid was digested with Nhe I and Sal I, and the DR30-crRNA structure was
removed to obtain CasRx-NT plasmid.; C: The CRISPR/CasRx plasmid crRNA restriction site map. Plasmid map produced using Snapgene software.

Table 2
Sequences of primers for this study.

Primer name Primers sequence(5’ - 3)

MSRV-N-crRNA F: aaacCAAATGTTGACAGAGCTGCACAG

R: 2aaaCTGTGCAGCTCTGTCAACATTTG
e
[ eeTemoes
e
[N oot
oo

48 h (MSRV infection positive control group almost completely cyto-
pathic effect). Three replicates in each group were used for crystal violet
staining for EPC observation, determination of virus titer in supernatant
(the TCID5y was determined as described by Reed and Mench), cell
morphology observation and the remaining three replicates were used
for viral nucleic acid extraction using a viral nucleic acid extraction kit
(TransGen Biotech, Beijing, China) for subsequent RT-qPCR
experiments.

2.4.3. Anti-MSRYV effect of CRISPR/CasRx in vivo

We will use the CasRx plasmid with the best antiviral activity in vitro
for in vivo antiviral test. Each gram of fish was injected with 1 pg CasRx
plasmid, and CasRx-NT plasmid was injected into the positive and
negative control groups of virus infection. Two days after plasmid in-
jection, MSRYV infection was performed as a virus infection prevention
test. At the same time, MSRV infection was first performed , plasmid
injection was performed at 8 h after infection as a viral infection therapy
group. MS-222 was used to anesthetize largemouth bass before all

injection operations. The cumulative number of deaths was recorded
every day after virus infection, and the 14-day survival curve was
drawn.

2.5. Construction of absolute fluorescence quantitative PCR standard
curve

2.5.1. Construction of standard plasmid pMD19T-MSRV-N

The MSRV virus RNA was extracted and reverse transcribed to obtain
cDNA. The N protein gene fragment was used as the target gene for PCR
amplification to obtain an 182 bp length amplification fragment. The
amplification system is the same as described above. The primers are
shown in Table 2 (Shen et al., 2020). The reaction procedure is 95 °C 5
min, 95°C 305, 55°C30sand 72 °C60s, 72 °C 10 min, 30 cycles. The
PCR products were electrophoresed using 1 % agarose gel, and the bands
consistent with the size of the target fragment were cut and the gel was
recovered.

The MSRV-N fragment amplified by PCR was ligated according to
pMD ™ 19-T Vector Cloning Kit (Takara) and transformed into DH5a
competent cells (AngYuBio, China). After the monoclonal colony was
expanded and cultured, the bacterial plasmid was extracted and
sequenced. The sequencing was correct, and the standard plasmid
pMD19T-MSRV-N was obtained.

2.5.2. Construction of standard curve

The DNA concentration of pMD19T-MSRV-N plasmid was measured
by ultramicro spectrophotometer (NanoDrop OneC, Thermo) and con-
verted into plasmid copy number. Diluted with sterile water to 1 x 10°,
1x 1081 x107,1 x 1051 x 105 1 x 10%, 1 x 105, 1 x 102 eight
gradient copy number, Each copy number was repeated 8 times using
Taq-HS SYBR ® Green qPCR Premix (Yugong Biotech, China) for gPCR
to construct an absolute quantitative standard curve for MSRV-N. The
reaction system was 10 pL qPCR Premix, MSRV-N Forward (10 pM) and
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MSRV-N Reverse(10 pM) each 0.4 pL, 1 pL pMD19T-MSRV-N, and
Nuclease-Free Water to 20 pL. The reaction program was 95 °C 5 min,
95°C 15 s, 60 °C 30 s, 40 cycles.

3. Results
3.1. Plasmid transfection detection and optimal transfection time

To ascertain the expression kinetics and transfection efficiency of six
recombinant plasmids in GCO cells, we implemented a temporal analysis
coupled with fluorescence microscopy and flow cytometry. Post-
transfection, cells were examined at intervals of 12, 24, 36, 48, 60,
and 72 h using an inverted fluorescence microscope. Fluorescence mi-
croscopy at 48 h post-transfection revealed a peak in expression for all
plasmids(analysis by ImageJ software), as evidenced by both the num-
ber and intensity of fluorescent signals (Fig. 2).

Subsequently, at the 48-h mark, cells from each transfection group
were subjected to flow cytometry to quantify transfection efficiency. The
proportion of EGFP-positive cells, indicating successful transfection, was
measured as follows: 7.02 % for the N group, 6.99 % for the P group,
7.03 % for the M group, 6.99 % for the G group, 6.85 % for the L group,
6.41 % for the A group, and 8.05 % for the NT group. These results
highlight a moderate yet consistent transfection efficiency across all
groups, with the NT group demonstrating the highest rate (Fig. 3).

3.2. MSRV-N absolute fluorescence quantitative curve

The standard plasmid pMD19T-MSRV-N was sequenced correctly
and successfully constructed. The standard plasmid pMD19T-MSRV-N
was subjected to qPCR, and the absolute quantitative standard curve
of MSRV-N was constructed according to the quantitative results and
virus copy number. The obtained absolute quantitative standard curve
equation was y = —3.2627 x + 36.71, the correlation coefficient R? =
0.99, and the amplification efficiency E = 2.03, indicating that the
standard plasmid pMD19T-MSRV-N absolute quantitative curve was
successfully constructed and had high linearity. The graphical repre-
sentation of our qPCR data includes the amplification curve (Fig. 4A),
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which illustrates the cycle threshold (Ct) values against the dilution
series of the plasmid; the melt curve (Fig. 4B), providing insight into the
specificity of the qQPCR assay by showing a single peak corresponding to
the expected Tm; and the standard curve (Fig. 4C), which is a testament
to the assay’s quantitative capabilities.

3.3. Anti-MSRYV effect of CRISPR/CasRx in vitro

Following the transfection of plasmids into GCO cells, an interval of
48 h was allowed before initiating MSRV infection to ensure adequate
expression of the transfected constructs. In the positive control group,
cells were infected with MSRV for a duration of 48 h. Post-infection,
both the morphological changes in the cells and the presence of fluo-
rescence were meticulously observed to assess the cytopathic effects
(CPE) induced by MSRV. To further characterize the infected cells,
crystal violet staining was conducted, which not only facilitates the
visualization of CPE but also provides a means to quantify the extent of
infection.

The experimental findings revealed a significant outcome: GCO cells
that had been transfected with the CasRx plasmid, specifically designed
to target MSRV, demonstrated a marked reduction in the cytopathic
effects typically associated with MSRV infection. This observation sug-
gests that the CasRx plasmid can effectively counteract the detrimental
effects of the virus on cell morphology. Moreover, the cells exhibited an
increased level of resistance to MSRV infection, implying a potential
protective effect conferred by the CasRx plasmid.

In addition to the observed reduction in CPE, fluorescence observa-
tion at 96 h post-transfection revealed the persistent presence of EGFP
fluorescence, albeit at reduced levels. This finding indicates that the
transfected plasmid was not only successfully taken up by the cells but
also maintained its expression over an extended period. The mainte-
nance of fluorescence provides a visual confirmation of the plasmid’s
continued influence within the cells.

The visual and staining results, encapsulated in Fig. 5, offer a
compelling visual representation of the experiment’s outcomes. The
figure is expected to include images of cell morphology post-MSRV
infection, fluorescence microscopy images to depict EGFP expression,
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Fig. 2. The expression of EGFP fluorescence in GCO cells at 12, 24, 36, 48, 60 and 72 h after transfection in each plasmid transfection group. The results showed that
GCO cells peaked at 48 h after transfection.
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Fig. 3. The transfection efficiency of each group the results of EGFP sorting by flow cytometry showed that the transfection efficiency of each group was 7.02 % in
group N, 6.99 % in group P, 7.03 % in group M, 6.99 % in group G, 6.85 % in group L, 6.41 % in group A and 8.05 % in group NT, respectively.

Y=-3.2627X+36.71
R?=0.99

0.002

12345678910
Log quantity

o/dT

0.001

0.000

6400 6600 6800 7000 7200 7400 7600 7800  80.00 8200 8400 8600 8800  90.00 9200  94.00 9600  98.00
Temperature

Fig. 4. The quantitative curve and dissolution curve of pMD19T-MSRV-N showed good amplification effect. The obtained absolute quantitative standard curve
equation was y = —3.2627 x + 36.71, the correlation coefficient R? = 0.99, and the amplification efficiency E = 2.03, indicating that the standard plasmid pMD19T-
MSRV-N absolute quantitative standard curve was successfully constructed and had a high linear relationship. A: Absolute quantitative amplification curve of MSRV-
N; B: MSRV-N absolute quantitative dissolution curve; C: MSRV-N absolute quantitative standard curve.

and crystal violet staining to assess the extent of CPE and cell viability. This assay was conducted to evaluate the impact of CRISPR/CasRx
The outcomes of the reverse transcription quantitative polymerase plasmids, each targeting a distinct structural protein of the MSRV, on
chain reaction (RT-qPCR) assay are graphically represented in Fig. 6A. viral replication within GCO cells. Post-transfection, a significant
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Fig. 5. The GCO cells transfected with each group of plasmids were infected with MSRV for 48 h. The results of light microscopy and crystal violet staining showed
that the CasRx system had a good antiviral effect on MSRV, maintaining the normal morphology of the cells and avoiding cell death. At the same time, it showed that
the expression of green fluorescent protein EGFP could still be observed in 96 after transfection. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)
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Fig. 6. The results of in vitro virus inhibition rate and cell culture supernatant titer determination showed that the virus inhibition rates of N, P, M, G, L and A groups
on MSRV were 89.70 %, 80.91 %, 87.91 %, 92.08 %, 97.79 % and 77.93 %, respectively. The virus titers of the cell culture supernatant of each group at 72 h were 1
x 10%125 TCIDso/mL in group N, 1 x 10° TCIDse/mL in group P, 1 x 10%%2% TCIDs/mL in group M, 1 x 10%2° TCIDso/mL in group G, 1 x 10%°%° TCIDso/mL in
group L, 1 x 10%%° TCIDso/mL in group A and 1 x 10%2° TCIDs,/mL in group MSRYV infection positive control, respectively. A: Relative expression of MSRV-N gene;
B: Virus titer of cell culture supernatant. Values are presented as mean + SD. ***, p < .001.

reduction in MSRV copy numbers was observed when compared to the
positive control group, which was infected with MSRV only. Specifically,
the N, P, M, G, L, and A plasmid transfection groups exhibited inhibition
rates of 89.70 %, 80.91 %, 87.91 %, 92.08 %, 97.79 %, and 77.93 %,
respectively. These figures underscore the potency of these plasmids in
curtailing MSRYV replication, with the CasRx-MSRV-L plasmid demon-
strating the highest inhibition rate. Complementary to the RT-qPCR
data, virus titer assessments were carried out on the cell culture super-
natant from each plasmid transfection group at 72 h post-infection. The
results, depicted in Fig. 6B, revealed substantial variation in virus titers

among the groups. The titers were as follows: 1 x 10%!?° TCID50/mL for
group N, 1 x 10° TCIDsp/mL for group P, 1 x 103625 TCIDso/mL for
group M, 1 x 10%25 TCID50/mL for group G, 1 x 10%%2° TCID50,/mL for
group L, 1 x 10>2° TCIDso/mL for group A, and a notably higher titer of
1 x 10825 TCIDso/mL for the MSRV infection positive control group.
The CasRx-MSRV-L plasmid transfection group stood out with the lowest
virus titer, indicative of its superior antiviral activity.

Given the outstanding performance of the CasRx-MSRV-L plasmid in
inhibiting MSRV replication, as evidenced by both the RT-qPCR and
virus titer assays. Therefore, we decided to use CasRx-MSRV-L plasmid
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to verify the antiviral effect of MSRV in largemouth bass.

3.4. Anti-MSRYV effect of CRISPR/CasRx in vivo

Based on the promising results from the in vitro antiviral assays,
which indicated that the CasRx-MSRV-L plasmid exhibited superior
antiviral activity, we proceeded to evaluate its efficacy in an in vivo
model. The in vivo tests were designed to compare the survival rates of
different groups following the administration of the CasRx-MSRV-L
plasmid and subsequent MSRV infection. The survival curve, depicted
in Fig. 7, illustrates a stark contrast between the negative control group,
which remained free of MSRV infection and thus experienced no mor-
tality within the 14-day observation period, and the positive control
group, where all individuals succumbed to the virus within 7 days post-
infection. This comparison underscores the severity of MSRV infection
and the urgency of effective intervention.

Among the test groups, the preventive administration of the CasRx-
MSRV-L plasmid demonstrated a significant protective effect, with a
survival rate of 79.22 % against MSRV infection. This rate is markedly
higher than that of the positive infection control group and indicates a
substantial enhancement in the survival outcome due to the plasmid’s
antiviral activity. However, the therapeutic application of the CasRx-
MSRV-L plasmid, initiated after MSRV infection, did not yield a signif-
icant difference in survival rate compared to the positive control group.
The therapeutic group exhibited only a modest delay in death time by
two days, suggesting that the timing of plasmid administration may be
critical in determining its protective efficacy.

These findings, while highlighting the potential of the CasRx-MSRV-
L plasmid as a prophylactic agent, also underscore the need for further
research to optimize its therapeutic application. The results emphasize
the importance of developing effective antiviral strategies that can be
administered both preventively and therapeutically in the context of
MSRYV infection.

4. Discussion

Our research delineates the profound antiviral efficacy of the
CRISPR/CasRx system against the largemouth bass rhabdovirus,
evidencing marked suppression in both in vivo and in vitro experimental

CasRx-MSRV-L MSRV
2 L o J/ L/
Prevention  -2d 0 1d
L Survival rate
statistics
MSRV  CasRx-MSRV-L
Therapy 0 +8h 1d
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paradigms. Confronted with the quintessential challenge of low trans-
fection efficiency in fish cell lines, as previously elucidated by Goswami
et al. (Goswami et al., 2022), our application of flow cytometry revealed
a transfection rate of GCO cells at a mere 7 %. Nonetheless, the CRISPR/
CasRx system, and particularly the construct tailored for the MSRV L
protein, demonstrated unparalleled potency in curtailing MSRV repli-
cation, an outcome that was corroborated within our in vivo assays.The
antiviral efficacy of the CRISPR/CasRx system surpasses that of a
plethora of conventionally screened pharmaceuticals and RNA inter-
ference (RNAi) modalities, as per a meticulous review of extant litera-
ture(Hu et al., 2022; Hu et al., 2024; Jin et al., 2022; Li et al., 2023; Li
et al., 2022; Liu et al., 2024; Niu et al., 2023; Shen et al., 2020; Yang
et al., 2021b; Yang et al., 2024; Yuan et al., 2023; Zhang et al., 2023a;
Zhang et al., 2024; Zhou et al., 2024a, 2024b). The CRISPR/CasRx
system distinguishes itself through its capacity to directly cleave viral
RNA genomes and mRNA transcripts, a mechanism that is both inno-
vative and highly specific (Keng et al., 2023). The L protein, pivotal in
the MSRV life cycle, is integral not only to the formation of the rhab-
dovirus nucleocapsid through interactions with the N and P proteins and
viral RNA, but also to the essential enzymatic activities of transcription,
replication, polyadenylation, capping, and methylation of viral mRNA,
as characterized by Wagner (Wagner, 1987).

In recent years, CRISPR / Cas system has been used as a new antiviral
strategy for anti-virus (Mahas and Mahfouz, 2018). This innovative
approach was concurrent with the development of diverse Cas proteins,
each offering unique capabilities within the realm of genetic manipu-
lation. The subsequent exploration by researchers to harness the
CRISPR/Cas system as an antiviral instrument has led to a proliferation
of studies targeting a spectrum of viral species (Freije et al., 2019).
Notably, the Cas13 family has emerged as a pivotal RNA virus inter-
ference tool, with various Casl3 variants demonstrating potent and
specific antiviral activity through transient and stable overexpression
experiments (Kushawah et al., 2020; Mahas et al., 2019). Among these,
CasRx has garnered particular interest due to its compact size, which
facilitates the use of adeno-associated viruses (AAV) as vectors for gene
therapy. This attribute renders the CRISPR/Cas13d system a promising
candidate for a new generation of simple, flexible, and rapid therapeu-
tics and preventatives against RNA virus infections (Nguyen et al.,
2020). The prospect of integrating such a system into clinical
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Fig. 7. The CasRx-MSRV-L plasmid system was used to prevent and treat MSRV infection in largemouth bass. The results showed that the CasRx-MSRV-L plasmid
system had a significant preventive effect on MSRV and could therapy MSRV-infected fish to delay the death time. A: A schematic diagram of the anti-MSRV effect of
CRISPR/CasRx in vivo; B: Survival rate curve of prevention group; C: Survival rate curve of therapy group.



K. Yang et al.

applications heralds a transformative era in the management of viral
diseases.

In the realm of aquatic animal research, the application of CRISPR/
CasRx technology for antiviral intervention has been notably sparse,
with a seminal study by Wang et al. (Wang et al., 2021b) reporting its
successful deployment in Epinephelus. This work demonstrated the ef-
ficacy of a tailored CasRx system to impede the red-spotted grouper
nervous necrosis virus (RGNNV), achieving significant interference with
viral infection in both in vitro and in vivo settings. Wang et al. designed
and constructed crRNAs for the two genes CP and RdRp of RGNNV,
respectively. In vitro experiments, both single crRNA and combined
crRNA significantly reduced the CPE phenomenon and viral RNA copy
number of cells, and reduced the infectivity of RGNNV by 200-300
times, and the virus titer was reduced by about 3 logarithmic levels. In
vivo experiments, intracranial injection of CasRx system significantly
reduced the level of viral mRNA, reduced brain tissue lesions, and
increased the survival rate of grouper by 50-60 %. The findings
corroborate the potential of CRISPR/CasRx to engineer interference
against fish RNA viruses, aligning with the outcomes of our own in-
vestigations.However, our attempt to employ plasmid injection as an
antiviral therapeutic in MSRV-infected juvenile fish yielded null thera-
peutic effects, merely extending the survival of the treated group by two
days. The advantage of plasmid DNA-mediated CRISPR/Cas system is
that plasmid DNA is easy to construct and the production cost is low
(Wang, 2018). However, Cas proteins need to be produced through
transcription and translation pathways, and gene editing time is
delayed. This shortfall in therapeutic response is hypothesized to stem
from the suboptimal expression levels or kinetics of the injected CasRx
plasmid system, which were outpaced by the rapid infection and repli-
cation dynamics of the virus, thereby failing to manifest the prophylactic
antiviral efficacy observed in preventive applications(Zhou et al.,
2024a, 2024b). Consequently, we postulate that the utilization of CasRx
RNA and crRNA complexes or ribonucleoprotein (RNP) complexes for
antiviral therapy may engender superior outcomes, a notion supported
by the collective findings within the field(Freije et al., 2019; Singsuk-
sawat et al., 2021). The exploration of these advanced delivery modal-
ities is imperative for optimizing the CRISPR/CasRx system’s utility in
combating viral pathogens in aquatic species.

The advent of cutting-edge technologies in gene editing and vector
delivery has marked a significant paradigm shift in the therapeutic
landscape, as delineated by Yahya and Alqadhi (Yahya and Algadhi,
2021). Gene therapy has emerged as a potent modality in the arsenal
against intractable conditions, including genetic disorders and malig-
nancies, with a burgeoning body of evidence attesting to its efficacy
(Arabi et al., 2022; Ma et al., 2020; Sayed et al., 2022). The CRISPR/Cas
system, with its precision in targeting and editing genetic sequences, has
been proposed as a gene therapy strategy for the clearance of virally
infected cells or as a preventative measure against viral infection and
replication, as indicated by Chen et al. and Stone et al. (Chen et al., 2017;
Stone et al., 2016). Nevertheless, the application of the CRISPR/Cas
system in antiviral therapies is not without its challenges, sharing the
same hurdles of biosafety and efficient delivery mechanisms as tradi-
tional gene therapy approaches, as noted by Koujah et al. (Koujah et al.,
2019). Despite these impediments, the promise of the CRISPR/Cas sys-
tem in the prophylactic and therapeutic domain against pathogenic viral
infections remains a beacon of hope, offering innovative avenues for
future research and clinical applications, as envisioned by Soppen and
Lebbink (Soppe and Lebbink, 2017).

5. Conclusions

In summary, our study underscores the remarkable antiviral efficacy
of the CRISPR/CasRx system against largemouth bass rhabdovirus,
demonstrating its potency across both in vivo and in vitro experimental
models. The in vitro component of our investigation revealed that cells
transfected with CRISPR/CasRx can significantly suppress the
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replication and dissemination of the virus. Mirroring these findings, our
in vivo experiments provided compelling evidence that the CRISPR/
CasRx system not only impedes the virus’s capacity to invade the host
but also enhances the survival rate of the infected organisms.These re-
sults collectively highlight the therapeutic potential of the CRISPR/
CasRx system as a robust intervention strategy against viral infections in
aquatic species. The ability to restrict viral activity and bolster host
survival underscores a promising avenue for future research and appli-
cations in both prophylactic and therapeutic contexts within aquacul-
ture and beyond.

CRediT authorship contribution statement

Kechen Yang: Writing — original draft, Methodology, Formal anal-
ysis. Baoxia Ma: Investigation, Data curation. Zhenmin Wu: Investi-
gation, Data curation. Yao Wang: Investigation, Data curation. Sen
Yang: Investigation, Data curation. Fei Ling: Methodology, Investiga-
tion. Tianqiang Liu: Methodology, Investigation. Kun Xu: Supervision,
Project administration. Gaoxue Wang: Supervision, Resources, Funding
acquisition, Conceptualization.

Declaration of competing interest

The authors declare that there are no conflicts of interest.
Data availability

Data will be made available on request.
Acknowledgments

This work was supported by the National Natural Science Foundation
of China (Program No. 32273180).

We appreciate the support from the platform of NWAFU Gene Edit-
ing Scientific Teaching (NWAFU-GEST).

We appreciate the Life Science NWAFU Teaching and Research Core
Facility at the NWAFU for technical support.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.aquaculture.2025.742189.

References

Arabi, F., Mansouri, V., Ahmadbeigi, N., 2022. Gene therapy clinical trials, where do we
g0? An overview. Biomed. Pharmacother. 153, 113324. https://doi.org/10.1016/j.
biopha.2022.113324.

Chen, S., Hou, C., Bi, H., Wang, Y., Xu, J., Li, M., James, A.A., Huang, Y., Tan, A., 2017.
Transgenic clustered regularly interspaced short palindromic repeat/Cas9-mediated
viral gene targeting for antiviral therapy of Bombyx mori Nucleopolyhedrovirus.

J. Virol. 91 (8). https://doi.org/10.1128/JVI.02465-16.

Cui, Z., Zeng, C., Huang, F., Yuan, F., Yan, J., Zhao, Y., Zhou, Y., Hankey, W., Jin, V.X.,
Huang, J., Staats, H.F., Everitt, J.I., Sempowski, G.D., Wang, H., Dong, Y., Liu, S.L.,
Wang, Q., 2022. Cas13d knockdown of lung protease Ctsl prevents and treats SARS-
CoV-2 infection. Nat. Chem. Biol. 18 (10), 1056-1064. https://doi.org/10.1038/
541589-022-01094-4.

Dai, C, Yu, L., Wang, Z., Deng, P., Li, L., Gu, Z., He, X., Wang, J., Yuan, J., 2023.
Mangiferin and taurine ameliorate MSRV infection by suppressing NF-kappaB
signaling. Microbiol. Spectr. 11 (4), e0514622. https://doi.org/10.1128/
spectrum.05146-22.

Fei, H., Yi, S.F.,, Zhang, H.M., Cheng, Y., Zhang, Y.Q., Yu, X., Qian, S.C., Huang, M.M.,
Yang, S., 2022. Transcriptome and 16S rRNA analysis revealed the response of
largemouth bass (Micropterus salmoides) to Rhabdovirus infection. Front. Immunol.
13, 973422. https://doi.org/10.3389/fimmu.2022.973422.

Freije, C.A., Myhrvold, C., Boehm, C.K., Lin, A.E., Welch, N.L., Carter, A., Metsky, H.C.,
Luo, C.Y., Abudayyeh, O.0., Gootenberg, J.S., Yozwiak, N.L., Zhang, F., Sabeti, P.C.,
2019. Programmable inhibition and detection of RNA viruses using Cas13. Mol. Cell
76 (5), 826-837 e811. https://doi.org/10.1016/j.molcel.2019.09.013.

Gaj, T., Gersbach, C.A., Barbas 3rd, C.F., 2013. ZFN, TALEN, and CRISPR/Cas-based
methods for genome engineering. Trends Biotechnol. 31 (7), 397-405. https://doi.
org/10.1016/j.tibtech.2013.04.004.



K. Yang et al.

Gao, E.B., Chen, G., 2018. Micropterus salmoides rhabdovirus (MSRV) infection induced
apoptosis and activated interferon signaling pathway in largemouth bass skin cells.
Fish Shellfish Immunol. 76, 161-166. https://doi.org/10.1016/.fs1.2018.03.008.

Goswami, M., Yashwanth, B.S., Trudeau, V., Lakra, W.S., 2022. Role and relevance of fish
cell lines in advanced in vitro research. Mol. Biol. Rep. 49 (3), 2393-2411. https://
doi.org/10.1007/5s11033-021-06997-4.

Guo, Z.R., Zhao, Z., Zhang, C., Jia, Y.J., Qiu, D.K., Zhu, B., Wang, G.X., 2020. Carbon
nanotubes-loaded subunit vaccine can increase protective immunity against
rhabdovirus infections of largemouth bass (Micropterus Salmoides). Fish Shellfish
Immunol. 99, 548-554. https://doi.org/10.1016/j.fsi.2020.02.055.

He, R.Z., Liang, Q.R., Zhu, N.Y., Zheng, X.Y., Chen, X.M., Zhou, F., Ding, X.Y., 2022.
Earlier activation of interferon and pro-inflammatory response is beneficial to
largemouth bass (Micropterus Salmoides) against Rhabdovirus infection. Fishes-
Basel 7 (2). https://doi.org/10.3390/fishes7020090.

Hu, Y., Shan, L., Qiu, T., Liu, L., Chen, J., 2021. Synthesis and biological evaluation of
novel coumarin derivatives in rhabdoviral clearance. Eur. J. Med. Chem. 223,
113739. https://doi.org/10.1016/j.ejmech.2021.113739.

Hu, Y., Wang, H., Liu, L., Yao, J.Y., Chen, J., 2022. Evaluation on the antiviral effect of
natural product arctigenin against Micropterus salmoides rhabdovirus (MSRV) in
vitro and in vivo. Aquaculture 560. https://doi.org/10.1016/j.
aquaculture.2022.738495.

Hu, Y., Zhou, Y., Shan, L., Shen, Y., Liu, L., Chen, J., 2024. Combination therapy with
Polygala tenuifolia Willd and Phellodendron chinense Schneid extracts provides
effective protection against Micropterus Salmoides Rhabdovirus in largemouth bass.
Aquaculture 579. https://doi.org/10.1016/j.aquaculture.2023.740246.

Hussein, M., Andrade Dos Ramos, Z., Vink, M.A., Kroon, P., Yu, Z., Enjuanes, L.,
Zuniga, S., Berkhout, B., Herrera-Carrillo, E., 2023. Efficient CRISPR-Cas13d-based
antiviral strategy to combat SARS-CoV-2. Viruses 15 (3). https://doi.org/10.3390/
v15030686.

Jin, Y., Yang, F., Zhang, G., Yu, Q., Wang, G., Ling, F., Liu, T., 2022. Synthesized
Magnolol derivatives improve anti-Micropterus salmoides Rhabdovirus (MSRV)
activity in vivo. Viruses 14 (7). https://doi.org/10.3390/v14071421.

Keng, C.T., Yogarajah, T., Lee, R.C.H., Muhammad, I.B.H., Chia, B.S., Vasandani, S.R.,
Lim, D.S., Guo, K., Wong, Y.H., Mok, C.K., Chu, J.J.H., Chew, W.L., 2023. AAV-
CRISPR-Cas13 eliminates human enterovirus and prevents death of infected mice.
Ebiomedicine 93, 104682. https://doi.org/10.1016/j.ebiom.2023.104682.

Koujah, L., Shukla, D., Naqvi, A.R., 2019. CRISPR-Cas based targeting of host and viral
genes as an antiviral strategy. Semin. Cell Dev. Biol. 96, 53-64. https://doi.org/
10.1016/j.semcdb.2019.04.004.

Kushawah, G., Hernandez-Huertas, L., Abugattas-Nunez Del Prado, J., Martinez-
Morales, J.R., DeVore, M.L., Hassan, H., Moreno-Sanchez, 1., Tomas-Gallardo, L.,
Diaz-Moscoso, A., Monges, D.E., Guelfo, J.R., Theune, W.C., Brannan, E.O.,

Wang, W., Corbin, T.J., Moran, A.M., Sanchez Alvarado, A., Malaga-Trillo, E.,
Takacs, C.M., Bazzini, A.A., Moreno-Mateos, M.A., 2020. CRISPR-Cas13d induces
efficient mRNA knockdown in animal embryos. Dev. Cell 54 (6), 805-817 e807.
https://doi.org/10.1016/j.devcel.2020.07.013.

Li, B.Y., Qin, J.C., Shen, Y.F., Yang, F., Wang, T., Ling, F., Wang, G.X., 2023.

A therapeutic agent of ursolic acid demonstrates potential application in
aquaculture. Virus Res. 323, 198965. https://doi.org/10.1016/j.
virusres.2022.198965.

Li, L.H., Zhang, T., Zhang, G.R., Zhou, G.Q., Yang, F., Wang, E.R,, Liu, T.Q., Wang, G.X.,
2022a. High immune efficiency of bacterial nanocellulose loaded MSRV G protein
vaccine for bath immunization. Aquaculture 560. https://doi.org/10.1016/j.
aquaculture.2022.738579.

Li, Y.F., Zhang, Z.Y., Shen, Y.F., Wang, T., Zhao, L., Qin, J.C., Ling, F., Wang, G.X.,
2022b. Quinoline, with the active site of 8-hydroxyl, efficiently inhibits rhabdovirus
(MSRV) infection in vitro and in vivo. J. Fish Dis. 45 (6), 895-905. https://doi.org/
10.1111/jfd.13615.

Lijuan, Z., Ningqiu, L., Qiang, L., Lihui, L., Hongru, L., Zhibin, H., Xiaozhe, F., 2018. An
avirulent Micropterus salmoides rhabdovirus vaccine candidate protects Chinese
perch against rhabdovirus infection. Fish Shellfish Immunol. 77, 474-480. https://
doi.org/10.1016/j.£si.2018.03.047.

Liu, G.L., Dong, W.K., Wang, C.J., Fan, Z.J., Liu, N., Wang, W.Y., Chen, Y.H., 2024.
Antiviral innovations in largemouth bass aquaculture: unveiling the potential of
arctigenin derivatives against Micropterus Salmoides rhabdovirus. Aquaculture 582.
https://doi.org/10.1016/j.aquaculture.2024.740546.

Liu, Q.X,, Guo, Z.R., Wang, E.L., Wang, G.X., Liu, T., 2022. Immunopotentiation
mechanism of a mannose-modified peptide fragment containing a dominant
antigenic epitope of rhabdovirus (MSRV) glycoprotein after coupling to nanocarrier.
Aquaculture 561. https://doi.org/10.1016/j.aquaculture.2022.738625.

Liu, Z., Gao, X., Kan, C., Li, L., Zhang, Y., Gao, Y., Zhang, S., Zhou, L., Zhao, H., Li, M.,
Zhang, Z., Sun, Y., 2023. CRISPR-Cas13d effectively targets SARS-CoV-2 variants,
including Delta and omicron, and inhibits viral infection. MedComm 4 (1), e208.
https://doi.org/10.1002/mco02.208.

Lu, J.F., Luo, S., Tang, H., Liang, J.H., Zhao, Y.F., Hu, Y., Yang, G.J., Chen, J., 2023.
Micropterus salmoides rhabdovirus enters cells via clathrin-mediated endocytosis
pathway in a pH-, dynamin-, microtubule-, rab5-, and rab7-dependent manner.

J. Virol. 97 (10), e0071423. https://doi.org/10.1128/jvi.00714-23.

Lyu, S.J., Yuan, X.M., Zhang, H.Q., Shi, W.D., Hang, X.Y., Liu, L., Wu, Y.L., 2019a.
Isolation and characterization of a novel strain (YHO1) of Micropterus salmoides
rhabdovirus and expression of its glycoprotein by the baculovirus expression system.
J. Zhejiang Univ. Sci. B 20 (9), 728-739. https://doi.org/10.1631/jzus.B1900027.

Lyu, S.J., Yuan, X.M., Zhang, H.Q., Shi, W.D., Hang, X.Y., Liu, L., Wu, Y.L., 2019b.
Isolation and characterization of a novel strain (YHO1) of Micropterus salmoides
rhabdovirus and expression of its glycoprotein by the baculovirus expression system.
J. Zhejiang Univ.-Sci. B 20 (9), 728-739. https://doi.org/10.1631/jzus.B1900027.

10

Aquaculture 599 (2025) 742189

Ma, C.C., Wang, Z.L., Xu, T., He, Z.Y., Wei, Y.Q., 2020. The approved gene therapy drugs
worldwide: from 1998 to 2019. Biotechnol. Adv. 40, 107502. https://doi.org/
10.1016/j.biotechadv.2019.107502.

Ma, R., Chen, W., Guo, Z., Jia, Y., Zhu, B., Wang, E., Wang, G., 2022. Screening the
potential part of the G protein antigen is an achievable strategy to improve the
immune effect of DNA vaccine against MSRV infection. Fish Shellfish Immunol. 131,
1101-1108. https://doi.org/10.1016/].fs1.2022.11.011.

Mabhas, A., Mahfouz, M., 2018. Engineering virus resistance via CRISPR-Cas systems.
Curr. Opin. Virol. 32, 1-8. https://doi.org/10.1016/j.coviro.2018.06.002.

Mabhas, A., Aman, R., Mahfouz, M., 2019. CRISPR-Cas13d mediates robust RNA virus
interference in plants. Genome Biol. 20 (1), 263. https://doi.org/10.1186/s13059-
019-1881-2.

Makarova, K.S., Wolf, Y.L, Iranzo, J., Shmakov, S.A., Alkhnbashi, O.S., Brouns, S.J.J.,
Charpentier, E., Cheng, D., Haft, D.H., Horvath, P., Moineau, S., Mojica, F.J.M.,
Scott, D., Shah, S.A., Siksnys, V., Terns, M.P., Venclovas, C., White, M.F., Yakunin, A.
F., Yan, W., Zhang, F., Garrett, R.A., Backofen, R., van der Oost, J., Barrangou, R.,
Koonin, E.V., 2020. Evolutionary classification of CRISPR-Cas systems: a burst of
class 2 and derived variants. Nat. Rev. Microbiol. 18 (2), 67-83. https://doi.org/
10.1038/541579-019-0299-x.

Nguyen, H., Wilson, H., Jayakumar, S., Kulkarni, V., Kulkarni, S., 2021. Efficient
inhibition of HIV using CRISPR/Cas13d nuclease system. Viruses 13 (9). https://doi.
org/10.3390/v13091850.

Nguyen, T.M., Zhang, Y., Pandolfi, P.P., 2020. Virus against virus: a potential treatment
for 2019-nCov (SARS-CoV-2) and other RNA viruses. Cell Res. 30 (3), 189-190.
https://doi.org/10.1038/541422-020-0290-0.

Niy, Y.J., Fu, X.Z,, Lin, Q., Liang, H.R., Luo, X., Zuo, S.Z., Liu, L.H., Li, N.Q., 2023. In vivo
and in vitro, antiviral effects of two mixture of Chinese herbal drug active monomers
against MSRV and LMBYV in largemouth bass (Micropterus salmoides). Aquaculture
577. https://doi.org/10.1016/j.aquaculture.2023.739977.

Perez-SanJose, D., de la Fuente, M.A., Serna Perez, J., Simarro, M., Eiros Bouza, J.M.,
Sanz-Munoz, 1., 2021. CRISPR/CasRx proof-of-concept for RNA degradation: a future
tool against RNA viruses? Pharmaceuticals (Basel) 15 (1). https://doi.org/10.3390/
ph15010032.

Sander, J.D., Joung, J.K., 2014. CRISPR-Cas systems for editing, regulating and targeting
genomes. Nat. Biotechnol. 32 (4), 347-355. https://doi.org/10.1038/nbt.2842.
Sayed, N., Allawadhi, P., Khurana, A., Singh, V., Navik, U., Pasumarthi, S.K., Khurana, L.,
Banothu, A.K., Weiskirchen, R., Bharani, K.K., 2022. Gene therapy: comprehensive

overview and therapeutic applications. Life Sci. 294, 120375. https://doi.org/
10.1016/j.1f5.2022.120375.

Shen, Y.F,, Liu, Y.H,, Li, B.Y., Liu, T.Q., Wang, G.X., 2020. Evaluation on antiviral
activity of a novel arctigenin derivative against multiple rhabdoviruses in
aquaculture. Virus Res. 285, 198019. https://doi.org/10.1016/j.
virusres.2020.198019.

Singsuksawat, E., Onnome, S., Posiri, P., Suphatrakul, A., Srisuk, N.,
Nantachokchawapan, R., Praneechit, H., Sae-Kow, C., Chidpratum, P., Sa-
Ngiamsuntorn, K., Hongeng, S., Avirutnan, P., Duangchinda, T., Siridechadilok, B.,
2021. Potent programmable antiviral against dengue virus in primary human cells
by Cas13b RNP with short spacer and delivery by VLP. Mol. Ther. Methods Clin. Dev.
21, 729-740. https://doi.org/10.1016/j.omtm.2021.04.014.

Song, K.G., Li, J.,, Yang, F., Wu, Z.B., Chen, W.C,, Li, P.F., Ling, F., Wang, G.X., 2023.
Antiviral effect of prodigiosin isolated from fish intestinal bacteria against
Micropterus salmoides rhabdovirus. Aquaculture 574. https://doi.org/10.1016/j.
aquaculture.2023.739683.

Soppe, J.A., Lebbink, R.J., 2017. Antiviral Goes viral: harnessing CRISPR/Cas9 to combat
viruses in humans. Trends Microbiol. 25 (10), 833-850. https://doi.org/10.1016/].
tim.2017.04.005.

Stone, D., Niyonzima, N., Jerome, K.R., 2016. Genome editing and the next generation of
antiviral therapy. Hum. Genet. 135 (9), 1071-1082. https://doi.org/10.1007/
500439-016-1686-2.

Sun, C.F.,, Zhang, X.H., Dong, J.J., You, X.X., Tian, Y.Y., Gao, F.Y., Zhang, H.T., Shi, Q.,
Ye, X., 2023. Whole-genome resequencing reveals recent signatures of selection in
five populations of largemouth bass (Micropterus salmoides). Zool. Res. 44 (1),
78-89. https://doi.org/10.24272/j.issn.2095-8137.2022.274.

Tong, H., Huang, J., Xiao, Q., He, B., Dong, X., Liu, Y., Yang, X., Han, D., Wang, Z.,
Wang, X., Ying, W., Zhang, R., Wei, Y., Xu, C., Zhou, Y., Li, Y., Cai, M., Wang, Q.,
Xue, M., Li, G., Fang, K., Zhang, H., Yang, H., 2023. High-fidelity Cas13 variants for
targeted RNA degradation with minimal collateral effects. Nat. Biotechnol. 41 (1),
108-119. https://doi.org/10.1038/541587-022-01419-7.

Wagner, R.R., 1987. The Rhabdoviruses. Plenum Press, New York.

Wang, P., 2018. Two distinct approaches for CRISPR-Cas9-mediated gene editing in
Cryptococcus neoformans and related species. Msphere 3 (3). https://doi.org/
10.1128/mspheredirect.00208-18.

Wang, Q., Liu, Y., Han, C., Yang, M., Huang, F., Duan, X., Wang, S., Yu, Y., Liu, J.,
Yang, H., Lu, D., Zhao, H., Zhang, Y., Qin, Q., 2021a. Efficient RNA virus targeting
via CRISPR/CasRx in fish. J. Virol. 95 (19), e0046121. https://doi.org/10.1128/
JVI.00461-21.

Wang, Q., Liu, Y., Han, C., Yang, M., Huang, F.Q., Duan, X.Z., Wang, S.W., Yu, Y.P.,
Liu, J.X., Yang, H.R,, Lu, D.Q., Zhao, H.H., Zhang, Y., Qin, Q.W., 2021b. Efficient
RNA virus targeting via CRISPR/CasRx in fish. J. Virol. 95 (19). https://doi.org/
10.1128/JVI1.00461-21.

Xu, F.F., Jiang, F.Y., Zhou, G.Q., Xia, J.Y., Yang, F., Zhu, B., 2022. The recombinant
subunit vaccine encapsulated by alginate-chitosan microsphere enhances the
immune effect against Micropterus salmoides rhabdovirus. J. Fish Dis. 45 (11),
1757-1765. https://doi.org/10.1111/jfd.13697.



K. Yang et al.

Yahya, E.B., Alqadhi, A.M., 2021. Recent trends in cancer therapy: a review on the
current state of gene delivery. Life Sci. 269, 119087. https://doi.org/10.1016/j.
1f5.2021.119087.

Yang, B., Guo, Z.R., Zhao, Z., Wang, T., Yang, F., Ling, F., Zhu, B., Wang, G.X., 2022.
Protective immunity by DNA vaccine against Micropterus salmoides rhabdovirus.
J. Fish Dis. 45 (10), 1429-1437. https://doi.org/10.1111/jfd.13672.

Yang, F., Song, K.G., Zhang, Z.Y., Chen, C., Wang, G.X., Yao, J.Y., Ling, F., 2021a.
Evaluation on the antiviral activity of ribavirin against salmoides habdovirus
(MSRV) in vitro and in vivo. Aquaculture 543. https://doi.org/10.1016/j.
aquaculture.2021.736975.

Yang, F., Song, K.G., Zhang, Z.Y., Chen, C., Wang, G.X., Yao, J.Y., Ling, F., 2021b.
Evaluation on the antiviral activity of ribavirin against salmoides rhabdovirus
(MSRV) in vitro and in vivo. Aquaculture 543. https://doi.org/10.1016/j.
aquaculture.2021.736975.

Yang, F., Yang, B., Song, K., Jin, Y., Wang, G., Li, P., Yu, Q., Ling, F., 2024. Natural
product honokiol exhibits antiviral effects against Micropterus salmoides
rhabdovirus (MSRV) both in vitro and in vivo. J. Fish Dis. 47 (4), e13915. https://
doi.org/10.1111/jfd.13915.

Yi, S., Wy, Y., Gu, X., Cheng, Y., Zhang, Z., Yuan, Z., Xie, H., Qian, S., Huang, M., Fei, H.,
Yang, S., 2023. Infection dynamic of Micropterus salmoides rhabdovirus and
response analysis of largemouth bass after immersion infection. Fish Shellfish
Immunol. 139, 108922. https://doi.org/10.1016/j.fs1.2023.108922.

Yuan, X.M., Yao, J.Y., Huang, L., Lin, L.Y., Pan, X.Y., Jiao, J.B., Zhang, H.Q., 2023.

A RNAi-based strategy to suppress rhabdovirus in GCO cells and largemouth bass by
silencing envelope glycoprotein. Aquaculture 566. https://doi.org/10.1016/j.
aquaculture.2022.739195.

Zeng, L., Liu, Y., Nguyenla, X.H., Abbott, T.R., Han, M., Zhu, Y., Chemparathy, A., Lin, X.,
Chen, X., Wang, H., Rane, D.A., Spatz, J.M., Jain, S., Rustagi, A., Pinsky, B.,
Zepeda, A.E., Kadina, A.P., Walker 3rd, J.A., Holden, K., Temperton, N., Cochran, J.
R., Barron, A.E., Connolly, M.D., Blish, C.A., Lewis, D.B., Stanley, S.A., La Russa, M.
F., Qi, L.S., 2022. Broad-spectrum CRISPR-mediated inhibition of SARS-CoV-2

11

Aquaculture 599 (2025) 742189

variants and endemic coronaviruses in vitro. Nat. Commun. 13 (1), 2766. https://
doi.org/10.1038/s41467-022-30546-7.

Zhan, X., Liu, W., Nie, B., Zhang, F., Zhang, J., 2023. Cas13d-mediated multiplex RNA
targeting confers a broad-spectrum resistance against RNA viruses in potato.
Commun. Biol. 6 (1), 855. https://doi.org/10.1038/542003-023-05205-2.

Zhang, W.Y., Li, C., Zhang, Y.J., Lu, Y.A., Liu, X.Q., 2023a. Study on the inhibitory effect
of rocaglamide against Micropterus salmoides rhabdovirus (MSRV). Aquaculture
574. https://doi.org/10.1016/j.aquaculture.2023.739710.

Zhang, W.Y., Li, C., Zhang, Y.J., Lu, Y.A., Liu, X.Q., 2023b. Study on the inhibitory effect
of rocaglamide against rhabdovirus (MSRV). Aquaculture 574. https://doi.org/
10.1016/j.aquaculture.2023.739710.

Zhang, X., Xue, M., Liu, L., Wang, H., Qiu, T., Zhou, Y., Shan, L., Wang, Z., Liu, G., Hu, Y.,
Chen, J., 2024. Rhein: a potent immunomodulator empowering largemouth bass
against MSRV infection. Fish Shellfish Immunol. 144, 109284. https://doi.org/
10.1016/j.£51.2023.109284.

Zhang, Y.Y., Sun, M.X., Lian, Y., Wang, T.Y., Jia, M.Y., Leng, C., Chen, M., Bai, Y.Z.,
Meng, F., Cai, X.H., Tang, Y.D., 2022. CRISPR-Cas13d exhibits robust antiviral
activity against Seneca Valley virus. Front. Microbiol. 13, 835040. https://doi.org/
10.3389/fmicb.2022.835040.

Zhao, C., Li, C., Li, S., Wu, H., Ren, P., Liu, T., Hu, X., Zhang, R., 2024. Prevention and
treatment of gerbil hepatitis E using the programmable CRISPR-Cas13d system.
Genes Dis. 11 (4), 101051. https://doi.org/10.1016/j.gendis.2023.06.020.

Zhou, J.Y., Chen, X.L., Li, S.M., 2024a. Construction of an expression platform for fungal
secondary metabolite biosynthesis in enicillium crustosum. Appl. Microbiol. Biol.
108 (1). https://doi.org/10.1007/s00253-024-13259-3.

Zhou, Y., Liu, L., Song, C., Hu, Y., Chen, J., 2024b. The potent potential of Gentiana
Macrophylla pall aqueous extract in protecting largemouth bass against Micropterus
Salmoides Rhabdovirus: a promising application of herbal crude extract in the fight
against MSRV. Aquaculture 578. https://doi.org/10.1016/j.
aquaculture.2023.740069.



