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A B S T R A C T   

Micropterus salmoides rhabdovirus (MSRV) has a high mortality rate and causes huge economic losses to the 
aquaculture industry. In this study, we identified that ursolic acid (UA) had antiviral efficacy against MSRV in 
vitro and in vivo. The results showed that UA inhibited MSRV replication in grass carp ovary (GCO) cells with a 
half-maximal inhibitory concentration (IC50) of 5.55 μM, reduced viral titers and decreased cytopathic effects 
(CPE). Mechanistically, UA does not directly damage viral particles. On the other hand, UA inhibits MSRV 
replication by altering viral binding and release. Furthermore, pre- and post-treatment assays revealed that UA 
had preventive and therapeutic effects. For in vivo studies, UA could enhance the survival rate of MSRV-infected 
largemouth bass. Similarly, UA reduced the viral load of MSRV in the heart, spleen and brain at 3, 5 and 7 d post- 
infection. In conclusion, UA is an effective inhibitor of rhabdovirus in aquaculture.   

1. Introduction 

Micropterus salmoides rhabdovirus (MSRV) belongs to the Ves
iculovirus genus in the Rhabdoviridae family (Gao and Chen, 2018). 
MSRV is bullet-shaped, measured 115–143 nm in length and 62–78 nm 
in diameter (Ma et al., 2013). MSRV contains a ~11 kb negative-sense 
ssRNA that encodes nucleoprotein (N), phosphoprotein (P), matrix 
protein (M), glycoprotein (G) and RNA-dependent RNA polymerase (L) 
(Lyu et al., 2019). Since MSRV was isolated from largemouth bass in 
China, it has spread rapidly and caused several rounds of outbreaks (Ma 
et al., 2013). A well-known study reported that MSRV-infected large
mouth bass died in large numbers within two days, with mortality rate of 
up to 40% (Ma et al., 2013). Regrettably, no authorized medicines exist 
to manage the epidemic. As a result, there is value in identifying effec
tive therapeutic strategies to combat MSRV. 

Currently, vaccines are the most effective means of prevention on 
MSRV. For example, subunit vaccines loaded with carbon nanotubes 
enhanced immune protective rate by 30.6% (Guo et al., 2020). 
Furthermore, one kind of live vaccine for MSRV via intraperitoneal in
jection provides 100% immune protection (Zhang et al., 2018). On the 
other hand, vaccines are restricted due to high labor and production 

costs (Plant et al., 2011). As a result, like supplements, antiviral medi
cations are equally important in combat epidemics. 

Natural products have critical roles in both drug development and 
chemical biology. For instance, Lonicera japonica Thunb. and its com
ponents could effectively inhibit grouper iridovirus in vitro and in vivo 
(Liu et al., 2020). In addition, two compounds (1, 5 - Anhydro - D - 
glucitol and 3, 4, 5 - trimethoxy cinnamic acid) isolated from Polygala 
tenuifolia could inhibit proliferation of grass carp reovirus (GCRV) in 
ctenopharyngodon idella kidney (CIK) cells. More importantly, arcti
genin and its derivatives have inhibitory effect on multifarious rhab
dovirus (Shen et al., 2020). Overall, this evidence indicated that it is 
feasible to identify novel inhibitors from natural products to combat 
MSRV. 

Ursolic acid (UA) (as shown in Fig. 1A) has been isolated as a natural 
product from herbs such as Rosemarinus officinalis L.(Chen et al., 1992), 
Origanum majorana L. (Vagi et al., 2005) and Fructus Ligustri Lucidi 
(Kong et al., 2013). UA is a pentacyclic triterpenoid with ursane that 
exhibits antiviral (Xu et al., 1996), anti-inflammatory (Ikeda et al., 
2008), anticancer (Tan et al., 2011) and antibacterial activities (Fonta
nay et al., 2008). Li et al. (2019) demonstrated that UA could inhibit the 
proliferation of infectious hematopoietic necrosis virus (IHNV), another 
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rhabdovirus of fish, in epithelioma papulosum cyprinid (EPC) cells while 
increasing the survival rate of infected fish. 

Herein, we confirmed the anti-MSRV activity of UA in GCO cells via 
real-time quantitative PCR (RT-qPCR), titer test and cytopathic effects 
(CPE) reduction assay. In vitro inhibition of UA was further confirmed by 
ultracentrifugation assays, viral binding and releasing assays, preventive 
and therapeutic effects assays. In addition, the antiviral activity of UA 
was investigated by viability assay and RT-qPCR in infected largemouth 
bass. Our results further demonstrated the application of ursane against 
rhabdovirus in the aquaculture industry. 

2. Materials and methods 

2.1. Chemicals 

Ursolic acid (UA) purchased from Aladdin (Shanghai, China), CAS 
Number: 77-52-1. UA was dissolved in dimethylsulfoxide (DMSO) 
before being used and prepared as stocking solution (20 mg/mL). The 
stocking solution was kept at -20 ◦C for a long time. 

2.2. Cell, virus and largemouth bass 

Grass carp ovary (GCO) cell lines were gifted from Zhejiang Institute 
of Freshwater Research (Zhejiang, China). The cell suspension (in Me
dium 199 (Hyclone, USA) with 10% fetal bovine serum (FBS) (ZETA 
LIFE, USA)) was seeded into 25 cm2 culture flasks at a density of 1 × 105 

cells and grown in a humidified incubator with 5% CO2 at 25 ◦C. 
Micropterus salmoides rhabdovirus (MSRV) (FJ985) was originally 

isolated from largemouth bass and propagated on GCO cells at 25 ◦C 
with 5% CO2 (Yang et al., 2021). Complete genome of MSRV was 
uploaded to the NCBI database (GenBank: MT818233.1). 

Juvenile largemouth bass (n = 2000, total length of 4.36 ± 0.24 cm, 
bodyweight of 0.94 ± 0.12 g.) were purchased from Yuxi Aquatic 
Products Company (Chongqing, China). Juvenile were maintained in 
condition which was a static water system of six 300 L aquarium ponds 
at 25 ◦C, pH of 6.6–8.6, dissolved oxygen of above 5 mg/L, and fed with 
commercial feed (Fuxing Organism Feed Co., Ltd) twice a day prior to 
the beginning of experiments. The fish were humanely euthanized with 
tricaine methanesulfonate (MS-222) at the final concentration of 40 μg/ 
mL, and frozen at − 80 ◦C until processing. All experiments were per
formed according to the Experimental Animal Management Law of 
China and approved by the Animal Ethics Committee of Northwest 
Agriculture & Forestry University. 

2.3. Cell survival assay 

The cell survival assay was performed using the MTT method. 
Briefly, culture supernatants were removed and exchanged with me
dium containing 0.5 mg/mL MTT. Then, the cells were incubated for 4 h 
at 37 ◦C in darkness, followed by the removal of the medium and adding 
100 μL DMSO. The absorbance at 570 nm was detected and the data 
were expressed as the mean percentage of absorbance in treated vs. 

Fig. 1. The anti-MSRV effects of ursolic acid (UA) in GCO cells. (A) The UA molecule’s chemical structure. (B) In vitro cytotoxicity of UA. Six-point dose-response 
curves for UA in GCO cells are depicted in orange. The 20% cytotoxic concentration (CC20) of UA was indicated. The data were shown as mean ± SEM. (C) UA has an 
inhibitory impact on MSRV in GCO cells. Antiviral activity of UA was studied using six-point dose-response curve in GCO cells. The percent inhibition of UA in the 
MSRV of nucleoprotein (N) expression assay was shown in blue. The maximum percent inhibition observed (Max response) of MSRV was indicated. Data were shown 
as mean ± SEM. (D) UA reduced the titers of MSRV in GCO cells. Data were shown as mean ± SEM. The p value for each study was determined by Student’s t-tests. 
**p < 0.01; *p < 0.05. 
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control cells. The value of the control was set at 100%. 

2.4. Antiviral activity against MSRV in GCO cells 

GCO cells with a density of 1 × 104/well were inoculated on 12-well 
plates for 24 h and cultured in a monolayer. Then, the media was 
removed. MSRV (1 × 103 TCID50/0.1 mL) was applied to a culture of 
GCO cells for 2 h. After infection, GCO cells were rinsed 3–5 times with 
0.1 M phosphate buffer saline (PBS). UA was diluted to six concentra
tions (3.28, 4.82, 5.47, 6.57, 8.76 and 10.95 μM) by cell culture me
dium. GCO cells were incubated in medium containing UA at 25 ◦C for 
48 h. Subsequently, GCO cells were collected, RNA extracted and real- 
time PCR analysis (MSRV nucleoprotein (N)). 

2.5. Cytopathic effect reduction and titer assay 

Cytopathic effect (CPE) and viral titer assays were performed as 
described in previous studies (Yang et al., 2021). Briefly, GCO cells were 
cultured to a monolayer and infected with gradient viral dilution for 2 h. 
It was then treated with 13.14 μM UA for 48 h. The viral titer was 
calculated by the Reed-Muench method (Reed and Muench, 1938). Each 
sample was directly observed and photographed under an inverted 
microscope. 

2.6. Ultracentrifugation assay 

MSRV (1 × 103 TCID50/0.1 mL) and 13.14 μM UA were incubated at 
25 ◦C for 2 and 4 h. Subsequently, each sample was centrifuged at 
33,000 g for 2 h at 4 ◦C. The supernatant was replaced by 5% FBS M199 
and re-suspended. GCO cells were infected with treated supernatant. 
After 48 h infection, the samples were investigated by viral titer assay 
and real-time PCR analysis of MSRV glycoprotein (G) gene (refer to 
Sections 2.4 and 2.5). 

2.7. Viral binding assay 

Viral binding assay refers to previous methods (Shen et al., 2020). 
GCO cells with a density of 1 × 104/well were inoculated into 25 cm2 

culture dish. When GCO cells were cultured to a monolayer, the cell 
culture medium was changed to MSRV (1 × 103 TCID50/0.1 mL) with or 
without UA (13.14 μM). The infection process was performed for 30 min 
at 4 ◦C. Then, the supernatant was discarded and GCO cells were washed 
with PBS 3 times. By means of qRT-PCR, the expression of MSRV G on 
the surface of the infected cells (viral binding) was evaluated. 

2.8. Viral releasing assay 

GCO cells were inoculated in 12-well plates and cultured to a 
monolayer. Then, the supernatant was exchanged into MSRV and 
incubated for 2 h. After infection, GCO cells were treated with UA for 48 
h. The supernatant was collected and the viral titer was detected (refer 
to Section 2.5). 

2.9. Preventive effects of UA 

The workflow of the experimental design is followed in Fig. 5A. UA 
was incubated with monolayer GCO cells for 4 h. After repeatedly 
washing with PBS, MSRV was added for 2 h. The viral suspension was 
exchanged for cell maintenance. After 48 h, cell samples were collected 
and the expression of MSRV N gene was detected by qRT-PCR. 

2.10. Therapeutic effect of UA 

The workflow of the experimental design is followed in Fig. 5C. 
MSRV (1 × 103 TCID50/0.1 mL) was inoculated in 12-well plates grown 
into a monolayer and cultured for 2 h. The viral suspension was 

exchanged for maintenance and continued culture for 24 h. Subse
quently, PBS was used to wash the GCO cells 2-3 times. After GCO cells 
were treated with cell medium contained UA (8.76, 10.95 and 13.14 μM) 
for 24 h, cell samples were collected for qRT-PCR detection (MSRV N 
gene). 

2.11. Antiviral of UA in vivo 

The workflow of the experimental design is followed in Fig. 6A. 

2.11.1. Toxicity assay 
Referring to previous studies, largemouth bass were divided into 6 

groups (one tank per group, n = 30): control group (no treatment), M199 
group (intraperitoneal injection of M199) and UA treatment group 
(intraperitoneal injection of 10, 20, 40, 80 mg/L UA). Each fish was 
injected with 20 μL mixture. After 14 days, survival rates for each group 
were counted. 

2.11.2. Survival rate assay 
Healthy largemouth bass were randomly divided into 4 groups and 

treated as follows: (1) control group (n = 64, intraperitoneal injection of 
M199); (2) MSRV group (n = 64, intraperitoneal injection of MSRV (1 ×
103 TCID50/0.1 mL)); (3) MSRV+UA group (n = 64, intraperitoneal 
injection of MSRV+UA (80 mg/L)); (4) UA group (n = 64, intraperito
neal injection of UA). The injection volume was 20 μL. Survival rates of 
largemouth bass in each group were counted every 24 h until 14 d. 
Cumulative survival rates were counted every 24 h up to 14 d. 

2.11.3. Gene expression in brain, spleen and heart of largemouth bass 
Largemouth bass were treated according to Section 2.11.2. Samples 

(n = 3) were collected on 3, 5 and 7 post-infection and the expression of 
MSRV N gene in the brain, spleen and heart was detected the expression 
of MSRV N gene by qRT-PCR. 

2.12. RNA extraction and real-time PCR analysis 

Quantitative real-time PCR was performed using CFX96 Real-Time 
PCR Detection System (Bio-Rad, USA). The total RNA was isolated 
using an RNAex Pro reagent (Accurate Biology) (Hunan, China). The 
total RNA was reverse transcribed at 50 ◦C for 15 min and 85 ◦C for 2 
min using HiScript Q Select RT SuperMix for qPCR (+gDNA wiper) 
(Vazyme) (Nanjing, China) to obtain the cDNA. The program for the PCR 
reactions was: 95 ◦C for 5 min followed by 39 cycles of 95 ◦C for 15 s, 
60 ◦C for 60 s. The primers for real-time PCR are presented in Table 1. At 
the end of the real-time PCR, the CT value of each reaction was provided 
and the changes in the transcriptional level of the target genes 
normalized to β-actin were calculated by the following formula: Relative 
mRNA level of target gene (folds of control) = 2− ΔΔCT. 

Table 1 
Primers used for the analysis of mRNA expression by qRT-PCR.  

Genes  Primer sequences (from 5’ to 3’) Refs. 

MSRV 
nucleoprotein (N) 

Forward GCCCACATCGCATCATTCAC Shen et al. 
(2020)  

Reverse GTGGCAGAGTAAGGGGACAC  
MSRV glycoprotein 

(G) 
Forward TGTCAATGTGCGGAGAGGTG Yang et al. 

(2021)  
Reverse TGTGATACGTAGCTGAGCCG  

β-actin (GCO cells) Forward GATGATGAAATTGCCGCACTG Yang et al. 
(2021)  

Reverse ACCGACCATGACGCCCTGATGT  
β-actin 

(Largemouth 
bass) 

Forward CCACCACAGCCGAGAGGGAA Yang et al. 
(2021)  

Reverse TCATGGTGGATGGGGCCAGG   
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2.13. Statistical analysis 

Data were subjected to analysis using SPSS 20.0 software (SPSS Inc., 
USA). The significance of the data was checked by unpaired, two-tailed 
Student’s t-tests or nonparametric tests. The survival curve was con
structed using the Kaplan-Meier method. Data were statistically 
analyzed by GraphPad Prism 6 (GraphPad Software, USA), using the 
Log-rank (Mantel-Cox) test to determine significance. 

3. Results 

3.1. Anti-MSRV activity of UA in GCO cells 

The cytotoxicity of UA was assessed via MTT assay before antiviral 
activity assay. The results indicated that the cell viability was >80% 
ranging from 10.94 μM to 28.46 μM (as shown in Fig. 1B). Previous 
studies indicated that agents were considered safe if cell viability values 
were greater than 80% (Li et al., 2019). MTT data on cell activity 
showed that the 48 h 20% cytotoxic concentration (CC20) of UA was 
27.56 μM. In order to investigate the antiviral effect of UA against 
MSRV, the five-point dose-response curve of RT-qPCR was matched with 
the expression of MSRV N gene. Fig. 1C shows that UA inhibits the 
expression of MSRV N gene in GCO cells, with a maximum inhibition 
rate of 99.00 ± 0.08%. The 48 h IC50 of UA on MSRV N gene was 5.55 
μM. Consistent with RT-qPCR assay, 13.14 μM UA significantly 
decreased the titer of MSRV (as shown in Fig. 1D). 

MSRV titer were 104.55 (24 h post-infection (p.i.)), 105.74 (48 h p.i.), 
106.80 (72 h p.i.) TCID50/0.1 mL. Whereas MSRV titers were 103.13 (24 h 
p.i.), 104.67 (48 h p.i.) and 105.65 (72 h p.i.) TCID50/0.1 mL in the UA- 
treated group. Similarly, UA effectively reduced the CPE and protected 
cell morphology (as shown in Fig. 2A). In addition, crystalline violet 
staining demonstrated the remarkable reduction in the amounts of 
viable cells 48 h post-infection (as shown in Fig. 2B). In contrast, UA- 
treated group maintained natural cell morphology 48 h post-infection. 
The above results demonstrated that UA exhibited promising anti- 
MSRV activity in vitro. 

3.2. UA could not damage the viral particle directly 

To investigate whether UA could damage viral particles, the work
flow of the experimental design is followed in Fig. 3A. We have 
confirmed that UA-treated virus particles maintain infectivity in GCO 
cells by centrifugation in vitro (Fig. 3B). As shown in Fig. 3C, there was 
no significant reduction in the titer of UA-treated MSRV. Mechanically 
speaking, UA could not directly damage MSRV and take the edge off its 
infectivity. 

3.3. UA repressed viral particles bind and release 

To probe into the antiviral mechanism of UA, we further analyzed 
whether UA could interfere with virus adsorption and release to GCO 
cells. The workflow of the experimental design is followed in Fig. 4A 
(viral binding) and Fig. 4C (viral releasing). Fig. 4B showed that the 
number of viral particles adhered to UA-treated cells was significantly 
lower than that in the non-treated cells, assessed by qRT-PCR analysis on 
MSRV G protein expression. The results suggested that UA could affect 
the adsorption of virus particles. Moreover, we further investigated 
whether UA treatment could reduce MSRV release. As shown in Fig. 4D, 
supernatants of MSRV-infected cells and UA-treated cells were collected 
to infect normal GCO cells and detected titer. The results showed that 
the UA-treated titer decreased significantly at 24 and 48 h post-infection 
and UA treatment was able to decrease the viral particles release. 

3.4. UA could be used for prevention and post-treatment 

To investigate whether UA can be used to prevent MSRV infection, 

UA was utilized to pretreat GCO cells for 4 h. Subsequently, GCO cells 
were infected with MSRV and qRT-PCR analysis was performed at 48 h 
post-infection. GCO cells were pretreated with 13.14 μM UA for 3 h 
showed the certain preventive effect (as shown in Fig. 5B), but not at 
lower concentrations (8.76 μM and 10.95 μM). In contrast, GCO cells 
post-treated with UA showed significant down-regulation of the 
expression of MSRV N gene (Fig. 5D). It suggested that UA could be used 
as a therapeutic agent after infection. 

3.5. UA increased survival rates and reduced viral load in infected fish 

To evaluate the therapeutic effect of UA, we first performed the 
toxicity assays in largemouth bass before antiviral activity assays (as 
shown in Fig. S1). Briefly, intraperitoneal injection of UA (80 mg/L) 
could not cause significant mortality (< 10%) in largemouth bass. 
Hence, we considered 80 mg/L UA to be appropriate. To estimate the 
antiviral activity of UA in largemouth bass, the survival assay was 
administered after UA treatment. The results in Fig. 6B shown that 
MSRV-infected largemouth bass has the mortality rate of about 65.62%, 
while intraperitoneal administration of 80 mg/L UA improves large
mouth bass survival by 12.50%. In addition, UA could reduce the viral 
load in MSRV-infected largemouth bass, and the expression of MSRV N 
gene in heart, spleen, and brain was significantly down-regulated at 3 

Fig. 2. Morphological protective effect of UA on MSRV in GCO cells. GCO cells 
cultured in 12-well plates were exposed to 103 TCID50/0.1 mL MSRV for 2 h and 
then the medium with MSRV was exchanged for fresh medium containing UA. 
After incubation periods, cytopathic effects were observed by an inverted mi
croscope (A) and crystal violet staining (B). The cytopathic effects were high
lighted in red. 
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Fig. 3. UA does not directly damage MSRV particles. (A) Workflow of the experimental design followed in (B-C). MSRV (1 × 103 TCID50/0.1 mL) and 13.14 μM UA 
were incubated at 25 ◦C for 2 and 4 h. Subsequently, qPCR assay and viral titer were performed. (B) qRT-PCR analysis of MSRV glycoprotein (G) encoding gene. The 
data were shown as mean ± SEM. (C) The titers of MSRV in GCO cells. Data were shown as mean ± SEM. 

Fig. 4. UA has antiviral activity by affecting the binding and release of MSRV particles in GCO cells. (A) Workflow of the experimental design followed in (B). (B) 
qRT-PCR analysis of the G gene. Data were shown as mean ± SEM. The p value for each study was determined by Student’s t-tests. **p < 0.01; *p < 0.05. (C) 
Workflow of the experimental design followed in (D). (D) The titers in the supernatant were measured by TCID50. Data were shown as mean ± SEM. The p value for 
each study was determined by Student’s t-tests. **p < 0.01; *p < 0.05. 
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Fig. 5. UA can be used to prevent and treat MSRV infection. (A) Workflow of the experimental design followed in (B). (B) qRT-PCR analysis of the N protein encoding 
gene. GCO cells were pretreated with different concentrations of UA for 4 h. Subsequently, GCO cells were infected with MSRV for 2 h. Viral load was determined by 
qRT-PCR. Data were shown as mean ± SEM. The p value for each study was determined by Student’s t-tests. **p < 0.01; *p < 0.05. (C) Workflow of the experimental 
design followed in (D). (D) qRT-PCR analysis of the N protein encoding gene. GCO cells were infected with MSRV for 2 h. Subsequently, GCO cells were incubated for 
24 h. Finally, GCO cells were treated with different concentrations of UA. Viral load was determined by qRT-PCR. Data were shown as mean ± SEM. The p value for 
each study was determined by Student’s t-tests. **p < 0.01; *p < 0.05. 

Fig. 6. UA has protective effect on MSRV-infected largemouth bass. (A) Workflow of the experimental design followed in (B, C). (B) Kaplan-Meier survival curves of 
fish intraperitoneally injected with MSRV and UA. (C) Expression of MSRV N in heart, spleen and brain at 3, 5 and 7 post-infected. Data were shown as mean ± SEM. 
The p value for each study was determined by Student’s t-tests. **p < 0.01; *p < 0.05. 
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and 5 d post-infection. At 7 d post-infection, MSRV replication was 
inhibited only in the spleen. Collectively, UA has anti-MSRV activity in 
largemouth bass. Taken together, intraperitoneal injection of UA can 
protect largemouth bass free from MSRV. 

4. Discussion 

As a common viral pathogen, rhabdovirus has caused irreversible 
losses to aquaculture industry. In recent years, MSRV, a novel rhabdo
virus, has been a serious threat and attracted the attention of re
searchers. In order to combat MSRV, researchers have carried out in- 
depth studies and achieved valuable results. Recent studies have re
ported the inhibitory effect of five quinolines on MSRV with IC50 of 4.66, 
8.92, 3.04, 4.83 and 5.63 μM (Li et al., 2022). In addition, Yang et al. 
(2021) reported that ribavirin has anti-MSRV activity in vivo and in vitro 
(IC50 = 1.21 μM). As an arctigenin derivative, BOA was identified as an 
effective inhibitor of MSRV replication in GCO cells with an IC50 of 0.45 
μM (Shen et al., 2020). In this study, we demonstrated that UA can 
effectively inhibit MSRV replication (IC50 = 5.55 μM) and reduce 
cytopathic effects on host cells. Previous studies have reported that UA 
inhibits the up-regulation of mitogen-induced activation markers and 
co-stimulatory molecules in T and B cells, which suggested that UA had 
anti-inflammatory effects (Rahul et al., 2012). In addition, UA could 
perform anti-inflammatory effects by inhibiting NF-κB (Takada et al., 
2010). These results suggested that UA is a potential immunosuppres
sant. Similarly, several immunosuppressants have been reported to have 
antiviral effects. For example, there are two known immunosuppres
sants, rapamycin (Bell et al., 2017; Ko et al., 2017) and dexamethasone 
(Bourinbaiar et al., 1995; Moreno et al., 2003), which have been re
ported antiviral effects as well as anti-inflammatory effects. Therefore, 
we speculate that the antiviral mechanism of UA may be similar to that 
of dexamethasone or rapamycin, which requires future validation. 

According to previous studies, we evaluated whether UA affects the 
infectivity by directly damaging viral particles. After ultracentrifuga
tion, viral titers and viral load assays showed that UA could not directly 
damage viral particles. It has been reported that UA does not directly 
destroy rotavirus particles (Tohme et al., 2019), however, virus binding 
assays indicated that UA affected the adsorption of MSRV particles, 
which suggested that UA may affect viral adsorption by influencing 
membrane receptors rather than by damaging viral particles. In addi
tion, some studies have shown that agents affect viral binding, sug
gesting that agents may affect early stages of viral replication. 
Meanwhile, our study showed that UA could prevent MSRV infection 
and inhibit the MSRV release. We hypothesized that UA may affect the 
early and late stages of MSRV replication. Several studies have 
demonstrated which stages of viral replication are affected by time of 
additional assay. (Hu et al., 2019b; Shen et al., 2020). Experiments to 
corroborate these hypotheses are currently underway. 

Furthermore, we investigated whether UA was also effective against 
MSRV infection in vivo. Our results indicated that largemouth bass 
massive died after infection and MSRV replication rapidly. Reassuringly, 
UA was effective to MSRV infection in largemouth bass within 3 and 5 
d post-infection, and the survival rate of infected largemouth bass 
increased after UA treatment. The RT-qPCR assay indicated that UA had 
reduced antiviral activity against MSRV in 7 d post-infection, especially 
in the heart and brain. It is worth noting that similar results have 
emerged in several studies, in which drugs only play a role in the early 
phases (Hu et al., 2019a; Li et al., 2019; Liu et al., 2019). Therefore, we 
speculate that the therapeutic effect is limited by the disappearance of 
UA in largemouth bass. Structure optimization based on metabolism is 
important to improve the therapeutic effect of UA, which needs further 
study. Given the above, UA has been identified with antiviral activity 
against MSRV in vivo and could be an alternative anti-MSRV agent in 
aquaculture. 

5. Conclusions 

In summary, our study demonstrated that UA inhibited MSRV 
replication in vitro. Mechanically, UA does not damage the virion, but 
UA can affect the adsorption and release of MSRV. Simultaneously, UA 
plays a preventive and therapeutic role. More importantly, UA injection 
could suppress MSRV infection in largemouth bass and increase the 
survival time. Overall, UA is expected to be used as a therapeutic agent 
in aquaculture. 
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