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A B S T R A C T

Viral co-infection has been found in animals; however, the mechanisms of co-infection are unclear. The abun-
dance and diversity of viruses in water make fish highly susceptible to co-infection. Here, we reported a co-
infection in fish, which resulted in reduced host lethality and illustrated the intracellular molecular mechanism
of viral co-infection. The spring viremia of carp virus (SVCV) is a highly lethal virus that infects Cyprinidae, such
as zebrafish. The mortality of SVCV infection was significantly reduced when co-infected with the grass carp
reovirus (GCRV). The severity of tissue damage and viral proliferation of SVCV was also reduced in co-infection
with GCRV. The transcriptome bioinformatics analysis demonstrated that the effect on the host transcripts in
response to SVCV infection was significantly reduced in co-infection. After excluding the extracellular interactions
of these two viruses, the intracellular mechanisms were studied. We found that the GCRV NS38 remarkably
decreased SVCV infection and viral proliferation. The interaction between GCRV NS38 and SVCV nucleoprotein
(N) and phosphoprotein (P) proteins was identified, and NS38 downregulated both N and P proteins. Further
analysis demonstrated that the N protein was degraded by NS38 indispensable of the autophagy receptor,
sequestosome 1 (p62). Meanwhile, K63-linked ubiquitination of the P protein was reduced by NS38, leading to
ubiquitinated degradation of the P protein. These results reveal that the intracellular viral protein interactions are
a crucial mechanism of co-infection and influence the host pathology and expand our understanding in intra-
cellular viral interactions co-infection.

1. Introduction

Pathogen co-infection is receiving increasing attention. Co-infection
refers to the concurrent infection of one cell or host by at least two path-
ogens. In humans, co-infection has been identified in several cases.
Compared to single infection, the mechanisms and pathologies of co-
infection are more complicated and intricated (Griffiths et al., 2011).
Normally, bacteria and viruses are the two major pathogens that infect
hosts in a random combination to form co-infection. Bacteria-bacteria
co-infection are usually observed in pneumonia, and treatment with an-
tibiotics is an effective tool (Hoshino et al., 2022). A virus can co-infect by
either virus-bacteria or virus-virus infection and are difficult to treat.

Clinical studies of the novel coronavirus disease 2019 (COVID-19) caused
by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and
the co-infection of the SARS-CoV-2 with other microorganisms showed
how co-infection complicated the accurate diagnosis, treatment, and even
enhanced the mortality rates in patients (McCullers, 2014; Hoque et al.,
2021). In these patients, an association has been made between disease
severity and the detection of co-infection with bacterial pathogens, such as
Acinetobacter baumannii, Klebsiella pneumoniae, and Mycoplasma pneumo-
niae (Langford et al., 2020). Due to the susceptibility to infections of the
respiratory tract, co-infection is understandable in respiratory diseases. In
another recent study of COVID-19, SARS-CoV-2 infections have been
found to be associated with 16 different viral family co-infection,
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such as tombusvirus, victorivirus, and partitivirus (Hoque et al., 2021).
Virus-virus co-infection has been identified in some viral diseases. The
mode of spread in the human immunodeficiency virus (HIV), hepatitis B
virus (HBV), and hepatitis C virus (HCV) overlap and include sexual
transmission and vertical transmission, which lead to the high probability
of co-infection. It has been reported that the prevalence of triple
co-infection of HIV, HBV, and HCV is 3.3%. In addition, up to 11% of
individuals with HIV have a Mycobacterium tuberculosis co-infection
(Zhang et al., 2014; Arora et al., 2021). Viral co-infection is found in
other animal hosts. In an examination of 47 diseased chickens, 30 were
detected to have infection with at least two viruses, including marek's
disease virus (MDV), avian leukosis virus (ALV), and reticuloendotheliosis
virus (REV) (Nishitha et al., 2021). In plants, viral co-infection has been
widely reported. The environments of cropping in greenhouses and the
prevalence of whitefly infestations lead to the co-infection of tomato yel-
low leaf curl virus (TYLCV) and tomato chlorosis virus (ToCV) in tomatoes
(Gul-Seker and Elibuyuk, 2019). In addition, the different genotypes of
viruses could also cause co-infection. The serotypes O and A of
foot-and-mouth disease virus (FMDV) co-infect cattle and co-infectionwith
porcine of circovirus 4 (PCV4) and PCV2 (Arzt et al., 2021; Wang et al.,
2022). These co-infections are accompanied by aggravated infection status
and increased mortality (Xu et al., 2022).

Generally, two main results in co-infection are particularly concerning,
disease aggravation and remission. For aggravation, influenza A virus
(IAV) co-infection remarkably enhances the infectivity of SARS-CoV-2,
increasing SARS-CoV-2 viral proliferation and resulting in severe lung
damage. Such disease aggravation is not observed with some other res-
piratory viruses (Bai et al., 2021). However, in the common cold, which is
caused by the rhinovirus (RV), co-infection with IAV and RV have been
shown to result in a negative correlation with the reduction of the severity
and viral proliferation. During times of increased influenza cases, the
prevalence of RV is significantly reduced (Nickbakhsh et al., 2019). In
these cases, the explanation for the differences in co-infection is that one
virus inhibits the host production of interferon (IFN), causing aggravation,
or the cell surface receptors are competing for binding, leading to the
remission of one virus. To date, though the phenomenon and results of
viral co-infection have been reported, the mechanisms are still unclear.

Numerous viruses can infect fish and are contained in water. The
mobility of water and fish increases the viral transmission and the pos-
sibility of viral co-infection (Kotob et al., 2016; Wolf et al., 2020). Syn-
ergistic or antagonistic viral co-infection has been reported in fish. For
example, scale drop disease virus (SDDV) and lates calcarifer herpes virus
(LCHV) co-infection downregulates barramundi's immune response. In
contrast, experiments have demonstrated that infectious pancreatic ne-
crosis virus (IPNV) inhibited infectious hematopoietic necrosis virus
(IHNV) proliferation in vitro (Xu et al., 2020; Domingos et al., 2021).
Therefore, in fish viral diseases, co-infection is more common; however,
the cellular mechanisms of viral co-infection are still undiscovered.

Here, we reveal a unique antagonistic interaction in a fish viral co-
infection. The severe symptoms and high viral titers caused by spring
viremia of carp virus (SVCV) infections are significantly reduced when
co-infected with the grass carp reovirus (GCRV). The GCRV NS38 protein
degrades the SVCV nucleoprotein (N) by autophagy-lysosome manner
and the SVCV phosphoprotein (P) by ubiquitin (Ub)-proteasome
pathway. These intracellular degradations are pivotal to realize that one
virus's proliferation suppresses the other virus in co-infection. These re-
sults suggest that viral protein regulations potentially cause complex
pathologies in viral co-infection.

2. Materials and methods

2.1. Cells, viruses, and fish

Zebrafish liver (ZFL) cells (American Type Culture Collection, ATCC)
were cultured at 28 �C in 5% CO2 in Ham's F12 nutrient mixture medium
(Invitrogen, Grand Island, U.S.A) supplemented with 10% fetal bovine

serum (FBS) (Gibco, Grand Island, U.S.A). Epithelioma papulosum cyp-
rini (EPC) cells and ctenopharyngodon idellus kidney (CIK) cells were
obtained from China Center for Type Culture Collection (CCTCC) and
were maintained at 28 �C in 5% CO2 in medium 199 (Invitrogen) sup-
plemented with 10% FBS. SVCV (strain OMG067), a negative ssRNA
virus, was propagated in EPC cells until a cellular cytopathic effect (CPE)
was observed. Then the harvested cell culture fluid containing SVCV was
centrifuged at 4000 �g for 20 min to remove the cell debris, and the
supernatant was stored at �80 �C until used. GCRV (strain 873, group I)
was provided by Prof. Wuhan Xiao (Institute of Hydrobiology, Chinese
Academy of Sciences). GCRV was propagated in CIK cells and harvested
in a similar way to SVCV. The carassius auratus herpesvirus (CaHV) was
bred in wild type crucian carp and obtained by isolation from infected
tissues in our lab. The GCRV-II (strain 106, group II) was obtained by
isolation from infected grass carp in our lab.

Wild-type zebrafish (four months of age, both sexes, weighing
0.7 � 0.2 g, body lengths 1–2 cm) were obtained from China Zebrafish
Resource Center (CZRC) and kept in recirculating water at 28 �C. All
zebrafish were maintained according to institutional and national ethical
and animal welfare guidelines in the laboratory for at least two weeks
prior to the experiments for acclimatization and evaluation of overall fish
health. Only the healthy fish, as determined by the general appearance
and the level of activity, were used for studies. For zebrafish survival
experiments, wild-type zebrafish were intraperitoneally (i.p.) injected
with 10 μL mixture of SVCV suspension [~ 5 � 109 50% tissue culture
infective dose (TCID50)/mL, 5 μL/individual] plus PBS (5 μL/individual)
or GCRV (~ 5 � 107 TCID50/mL, 5 μL/individual). As regards CaHV,
zebrafish were i.p. injected with 10 μL mixture of CaHV suspension
(5 μL/individual) plus PBS (5 μL/individual). The i.p. injection of PBS
was used as mock infection. The survival rates of fish were counted daily.

2.2. Plasmid construction and reagents

The sequence of S9 (GenBank accession number: AF403395.1) that
encodes NS38 was obtained from the NCBI (National Center for Biotech-
nology Information) website (http://www.ncbi.nlm.nih.gov/). Using the
cDNA of the cell lysate from GCRV infected CIK cells as template, the open
reading frame (ORF) of NS38 was amplified by polymerase chain reaction
(PCR) and cloned into pCMV-Tag2C, pCMV-Myc, and pCMV-HA vectors
(Clontech, Mountain View CA, U.S.A), respectively. The ORFs of calcium
binding and coiled-coil domain 2 (NDP52, ZDB-GENE-050522-346), opti-
neurin (OPTN, ZDB-GENE-030131-8103), sequestosome 1 (p62, ZDB-
GENE-040426-2204), neighbour of breast cancer 1 gene (NBR1) auto-
phagy cargo receptor a (NBR1a, ZDB-GENE-030131-9112), and toll inter-
acting protein (Tollip, ZDB-GENE-030131-8820) were obtained from the
ZFIN website (https://zfin.org/) and also subcloned into pCMV-Myc,
pCMV-HA, and pCMV-Tag2C vectors, respectively. For subcellular locali-
zation, the NS38 was inserted into pEGFP-N3 (Clontech) or pCS2-mCherry
vectors (BD Clontech, Mountain View CA, U.S.A). The ORFs of N protein
(DQ097384.2), P protein (DQ097384.2), and G protein (KT321307.1)
were also inserted into subcloned into pCMV-Myc, pCMV-HA,
pCMV-Tag2C, pEGFP-N3, andpDsRed-N1vectors (Clontech).Ub-K63O-HA
and Ub-K48O-HA were expression plasmids for HA-tagged Lys-63 or Lys-
48-only Ub mutants (all lysine residues except Lys-63/48 are mutated).
All constructs were confirmed by DNA sequencing. The primers including
the restriction enzyme cutting sites used for plasmid construction are listed
in Supplementary Table S1. MG132 (Cat. No. M7449), 3-Methyladenine
(3-MA, Cat. No. M9281), chloroquine (CQ, Cat. No. C6628) were ob-
tained from Sigma-Aldrich (German). BafilomycinA1 (Baf-A1, Cat. No.
S1413) was obtained from Selleck (Houston, Texas, U.S.A).

2.3. Transcriptomic analysis

Total RNA was extracted using the TRIzol reagent according to the
manufacturer's protocol. RNA purity and quantification were evaluated
using the NanoDrop 2000 spectrophotometer (Thermo Scientific,
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Waltham, U.S.A). RNA integrity was assessed using the Agilent 2100
Bioanalyzer (Agilent Technologies, Santa Clara, U.S.A). The tran-
scriptome sequencing and analysis were conducted by OE Biotech Co.,
Ltd. (Shanghai). The raw sequencing data was submitted to the NGDC
(National Genomics Data Center) (GSA accession number: CRA008409).

2.4. Histopathology

The heart, liver, and spleen tissues of zebrafish from mock group,
SVCV-infected group, and SVCV&GCRV co-infected group at 72 h post
infection (hpi) were dissected, and fixed in 10% phosphate-buffered
formalin overnight. Then the samples were dehydrated in ascending
grades of alcohol and embedded into paraffin. Sections at 5 μm thickness
were taken and stained with hematoxylin and eosin (H&E). Histological
changes were examined by optical microscopy at �40 magnification and
were analyzed using the Aperio ImageScope software (Leica, German).

2.5. Transient transfection and virus infection

Transient transfections were performed in EPC cells seeded in 6-well
or 24-well plates by using FishTrans (MeiSenTe Biotechnology, Guang-
dong, China). For the antiviral assay using 24-well plates, EPC cells were
transfected with 0.25 μg NS38-Myc or the empty vector. Antiviral assays
were implemented as described (Li et al., 2019; Lu et al., 2021).

2.6. RNA interference (RNAi)

The short hairpin RNA (shRNA) of S9 and p62 were designed by
BLOCK-iT™ RNAi Designer, and cloned into the pLKO.1-TRC cloning
vector. The oligos targeted for S9 and p62 were listed in Supplementary
Table S1. For RNAi of S9, EPC cells were seeded in 6-well plates over-
night and transfected with 2 μg shS9-pLKO.1 or the negative control (sh-
NC) for 6 h, and then GCRV (MOI ¼ 0.01) was added. After 24 h, cells
were harvested for RNAi effectiveness detection.

2.7. RNA extraction, reverse transcription, and quantitative PCR (qPCR)

For zebrafish tissue samples, at 72 h post-injection, all fish were
anaesthetized with tricaine methanesulfonate (MS-222), dissected, and
then livers were harvested and immediately frozen in liquid nitrogen and
stored at �80 �C for further qPCR assays. Cell samples were harvested at
24 h after stimulation or infection. Total RNAwas extracted by the TRIzol
reagent (Invitrogen). First-strand cDNA was synthesized using Prime-
Script reverse transcription reagent kit (TaKaRa, Kyoto, Japan) according
to the manufacturer's instructions. qPCR was performed with Fast SYBR
green PCR master mix (Bio-Rad, California, U.S.A) on the CFX96 real-
time system (Bio-Rad). PCR conditions were as follows: 95 �C for
5 min and then 40 cycles of 95 �C for 20 s, 60 �C for 20 s, and 72 �C for
20 s. The β-actin gene was used as an internal control. The relative fold
changes were calculated by comparison to the corresponding controls
using the 2�ΔΔCt method.

2.8. Co-immunoprecipitation (Co-IP) assay

For Co-IP experiments, EPC cells seeded in 10 cm2 dishes overnight
were transfected with a total of 10 μg of the plasmids indicated on the
figures. At 24 h post-transfection, the medium was removed carefully,
and the cell monolayer was washed twice with 10 mL ice-cold PBS. Then
the cells were lysed in 1 mL of radioimmunoprecipitation (RIPA) lysis
buffer [1% NP-40, 50 mmol/L Tris-HCl, pH 7.5, 150 mmol/L NaCl,
1 mmol/L EDTA, 1 mmol/L NaF, 1 mmol/L sodium orthovanadate
(Na3VO4), 1 mmol/L phenylmethylsulfonyl fluoride (PMSF), 0.25% so-
dium deoxycholate] containing protease inhibitor cocktail (Sigma-
Aldrich) at 4 �C for 1 h on a rocker platform. The cellular debris was
removed by centrifugation at 12,000 �g for 15 min at 4 �C. The super-
natant was transferred to a fresh tube and incubated with 30 μL anti-

Flag/HA/Myc affinity gel (Sigma-Aldrich) overnight at 4 �C with con-
stant rotating incubation. These samples were further analyzed by
immunoblotting (IB). Immunoprecipitated proteins were collected by
centrifugation at 5000 �g for 1 min at 4 �C, washed for three times with
lysis buffer and resuspended in 100 μL 1� SDS sample buffer. The im-
munoprecipitates and whole cell lysates (WCLs) were analyzed by IB
with the indicated antibodies (Abs).

2.9. Immunoblot analysis

Immunoprecipitates or whole cell lysates (WCLs) were analyzed as
described (Lu et al., 2021). Antibodies (Abs) were diluted as follows:
anti-β-actin (ABclonal, AC026) at 1:3000, anti-Flag (Sigma-Aldrich,
F1804) at 1:3000, anti-HA (Covance, MMS-101R) at 1:3000, anti-Myc
(Santa Cruz Biotechnology, sc-40) at 1:3000, anti-LC3 (Abcam,
ab48394) at 1:1000, and HRP-conjugated anti-mouse/rabbit IgG
(Thermo Scientific, 31430/31460) at 1:5000. The indicated Abs of SVCV
proteins (includes N, and P, and G) at 1:1000 and were prepared by our
lab (Li et al., 2019).

2.10. Immunofluorescence (IF)

EPC cells were plated onto glass coverslips in 6-well plates and
infected with SVCV (MOI ¼ 1) or co-infected with SVCV and GCRV
(MOI ¼ 0.001/0.01) for 24 h. Then the cells were washed with PBS and
fixed in 4% paraformaldehyde (PFA) at room temperature for 1 h and
permeabilized with 0.2% Triton X-100 in ice-cold PBS for 15 min. The
samples were blocked for 1 h at room temperature in PBS containing 2%
bovine serum albumin (BSA, Sigma-Aldrich). After additional PBS
washing, the samples were incubated with anti-N or anti-P Abs in PBS
containing 2% BSA for 2–4 h at room temperature. After three times
washed by PBS, the samples were incubated with secondary Ab (Alexa
Fluor 488 AffiniPure Donkey anti-Rabbit IgG (H þ L) (34206ES60,
1:10,000) in PBS containing 2% BSA for 1 h at room temperature. After
additional PBS washing, the cells were finally stained with 1 μg/ml 40, 6-
diamidino-2-phenylindole (DAPI; Beyotime Institute of Biotechnology,
Shanghai, China) for 10 min in the dark at room temperature. Finally, the
coverslips were washed and observed with a confocal microscope under a
10� immersion objective (SP8; Leica). Heart, liver, and spleen of
zebrafish were isolated and fixed overnight at 4 �C in 4% PFA, then
rinsed in PBS and dehydrated by permeation with 30% sucrose overnight
at 4 �C. After being fixed in O.C.T. compound (SAKURA, U.S.A) and
frozen at�80 �C, 10 μm tissue slices were sliced using a frozen sectioning
machine for further treatment similar to the cells.

2.11. Transmission electron microscopy (TEM)

EPC cells were seeded in 6-well plates and transfected with indicated
plasmids using FishTrans (MeiSenTe Biotechnology) for 24 h. For pre-
treatment, cells were washed with PBS, trypsinized, and transferred to
1.5 mL centrifuge tube. Cell precipitation was collected by centrifugation
at 2000 �g for 5 min. The cell pellets were resuspended with 2.5%
glutaraldehyde in 0.075 mol/L phosphate buffer (pH 7.4) for 4 h at 4 �C
for prefixation. Then the cells were washed for three times with solution
containing 0.075 mol/L phosphate and 0.19 mol/L sucrose for 15 min
each and post-fixed in 1% osmium tetroxide (OsO4) in 0.24 mol/L
phosphate buffer (pH 7.4) for 2 h. After being washed for three times for
15 min each in 0.075 mol/L phosphate buffer and 0.19 mol/L sucrose
buffer at 4 �C, the cells were dehydrated with a graded series of ethanol
and acetone, and then gradually infiltrated with epoxy resin. Samples
were sequentially polymerized at 37 �C overnight and then 60 �C for
48 h. Ultrathin sections (74 nm) were cut using microtome (UC7; Leica)
and mounted on copper slot grids. Sections were doubly stained with 3%
uranyl acetate-lead citrate for 10 min and observed under transmission
electron microscope (HT7700; Hitachi, Tokyo, Japan).
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2.12. In vitro ubiquitination assay

Transfected EPC cells were washed twice with 10 mL ice-cold PBS and
then digested with 1 mL 0.25% trypsin-EDTA (1�) (Invitrogen) for
2–3min until the cells were dislodged. 100 μL FBS was added to neutralize
the trypsin and the cells were resuspended into 1.5 mL centrifuge tube,
centrifuged at 2000 �g for 5 min. The supernatant was discarded and the
cell precipitations were resuspended using 1 mL PBS and centrifuged at
2000 �g for 5 min. The collected cell precipitations were lysed using
100 μL PBS containing 1% SDS and denatured by heating for 10 min. The
supernatants were diluted with lysis buffer until the concentration of SDS
was decreased to 0.1%. The diluted supernatants were incubated with
20 μL anti-Myc/Flag affinity gel overnight at 4 �C with constant agitation.
These samples were further analyzed by IB. Immunoprecipitated proteins
were collected by centrifugation at 5000 �g for 1 min at 4 �C, washed for
three times with lysis buffer and resuspended in 100 μL 1� SDS sample
buffer.

2.13. Fluorescent microscopy

Fluorescence confocal detection of EPC cells was generated as
described (Lu et al., 2021).

2.14. Statistics analysis

For fish survival analysis, Kaplan-Meier survival curves were gener-
ated and analyzed by Log-rank test. For the bar graph, one representative
experiment of at least three independent experiments is shown, and each
was done in triplicate. qPCR data analyzed for significance were per-
formed as mean � standard error of the mean (SEM). The P values were
calculated using the Student's t-test. A P value < 0.05 was considered
statistically significant.

3. Results

3.1. GCRV significantly suppresses the infection and proliferation of SVCV
in vivo

SVCV is a highly lethal virus that infects zebrafish. Only 10.3% of
zebrafish survive in SVCV infection. SVCV infected fish co-infected with
GCRV-II (RNA virus) or CaHV (DNA virus), and the mortality was unaf-
fected. Interestingly, co-infection with SVCV and GCRV-I (RNA virus)
significantly suppressed the lethality of SVCV, and nearly 90.9% of the
fish survived (Fig. 1A). The lethality of just GCRV-I infection was
checked. The fish mortality in only GCRV infection was weaker than in
SVCV, and 86.7% of the fish survived (Fig. 1B). The reduced mortality
rate in GCRV means that the GCRV is a mild virus in zebrafish different
from the severe infection from SVCV. Three zebrafish organs were chosen
as representatives for analysis of SVCV-GCRV co-infection, the heart,
liver, and spleen. In an H&E staining assay, severe tissue damage was
observed in SVCV infection. However, there was remarkable less tissue
damage in the co-infection group and it was almost indistinguishable
from the un-infected group (Fig. 1C). In IF, the green fluorescence rep-
resented the SVCV N protein and was strongly detected in these tissues,
while it was undetectable in the SVCV-GCRV co-infected groups
(Fig. 1D). At the protein level, both SVCV N and P proteins were detected
in the SVCV infected group, consistent with the results above. These viral
proteins could not be detected in the co-infected group (Fig. 1E). Finally,
the increase in viral transcripts that indicates proliferation of SVCV was
suppressed in the SVCV-GCRV co-infected group (Fig. 1F). These data
demonstrated that SVCV infections in fish were significantly attenuated
by GCRV co-infection.

3.2. GCRV attenuates the dysregulation of the host immune response and
cellular metabolism caused by SVCV

Co-infection of SVCV and GCRV reduced the lethality of SVCV, but
the impact of the co-infection on the host immune system needs further
studies. Total RNAs from zebrafish liver and spleen were extracted and
subjected to transcriptome analysis (Fig. 2A). Short Time-series Expres-
sion Miner (STEM) software was used to cluster the genes with similar
changes (Ernst and Bar-Joseph, 2006), and P-values were corrected by
the False Discovery Rate method (FDR). Those with P-values less than
0.05 were selected as significant modules. There were four modules
screened in gene set of liver tissue and five modules in gene set of spleen
tissue (Supplementary Fig. S1). The SVCV infections led to the activation
of biological process related to defense of virus and suppression of the
metabolic process (Supplementary Fig. S2). In contrast, these same genes
were expressed at normal levels in the co-infection group. Overall, the
disruption of gene expression was caused by SVCV infection and was
rescued by GCRV co-infection (Fig. 2B). This was also verified by qPCR
assays on ifn and IFN regulatory 3 (irf3) (Fig. 2C). In addition, the
UniGene sequences of the four groups were searched in the Kyoto
Encyclopedia of Genes and Genomes (KEGG) databases. A fold change
(FC) value greater than or equal to 1.5 was set as the threshold for
expression pattern differences. Those genes were annotated as differen-
tially expressed genes (DEGs). In the two comparison groups, SVCV
versus Null and SVCV-GCRV versus SVCV, the KEGG-enriched top 20
signaling pathways that associated with immune response and cell cycle
were selected for further analysis, including three typical pattern
recognition receptor (PRR) signaling pathways: nucleotide-binding
oligomerization domain (NOD)-like receptors (NLRs) signaling
pathway, retinoic acid-inducible gene I (RIG-I)-like receptors (RLRs)
signaling pathway, and Toll-like receptors (TLRs) signaling pathway. We
also selected three representative signaling pathways for the cell cycle:
necroptosis, apoptosis, and the p53 signaling pathway (Supplementary
Fig. S3). Gene Set Enrichment Analysis (GSEA) was performed on those
pathways. As shown in Fig. 2D, the plotting of the GSEA enrichment
results was used to visualize these perturbed pathways. The results
showed that these signaling pathways were activated overall in response
to SVCV infection, while these signaling pathways are not activated in
the co-infection group. The rose plots of DEGs of the above signaling
pathways showed that most genes were upregulated after SVCV infection
and downregulated in the SVCV-GCRV co-infected group (Fig. 2E).
Collectively, these data demonstrated that GCRV co-infection inhibited
the proliferation of SVCV in zebrafish and resulted in a significant
reduction in the gene expression changes caused by SVCV on the immune
system and metabolism.

3.3. Identification of the intracellular interactions between SVCV and
GCRV

Since the interference of GCRV on SVCV proliferation has been
characterized in vivo, the mechanisms were explored by the study in
vitro. First, a crucial point needed to be clarified, whether the
regulation happened extracellular or intracellular. Three groups of
viral infections were tested: SVCV infected and then GCRV infected
8 h later, GCRV infected and then SVCV infected 8 h later, and
SVCV and GCRV co-infected at the same time point. Interestingly, in
the co-infected groups, the expression of SVCV viral proteins such as
N and P were reduced compared to the non-co-infected SVCV group
(Fig. 3A–C). These data suggested that the viral components regu-
lated alterations seen in co-infection intracellularly. The effect of
GCRV on SVCV replication was observed. SVCV viral genome tran-
scription and protein expression were significantly repressed when
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Fig. 1. GCRV blocks the amplification of SVCV in zebrafish. A Survival rates of zebrafish infected with different viruses in combination with SVCV. Adult zebrafish were injected with SVCV [5 � 109 50% tissue culture
infective dose (TCID50)/mL, 5 μL/individual] and GCRV/GCRV-II/CaHV (5 � 107 TCID50/mL, 5 μlLindividual). Mortality recorded over eight days (number of individuals ¼ 15). B Survival rates of zebrafish decreased
with combined injection of GCRV and SVCV. Adult zebrafish were injected with PBS only (10 μL/individual), SVCV (5 � 109 TCID50/mL, 5 μL/individual and 5 μL PBS to make up 10 μL/individual), GCRV (5 � 107

TCID50/mL, 5 μL/individual and 5 μL PBS to make up 10 μL/individual), or SVCV&GCRV [(5 � 109 TCID50/mL, 5 μL/individual) for SVCV and (5 � 107 TCID50/mL, 5 μL/individual) for GCRV]. Mortality recorded over
eight days (number of individuals ¼ 35). CMicroscopy of hematoxylin and eosin (H&E)-stained heart, liver, and spleen sections from male and female zebrafish treated with SVCV (5 � 109 TCID50/mL, 5 μL/individual) or
SVCV&GCRV [(5 � 109 TCID50/mL, 5 μL/individual) for SVCV and (5 � 107 TCID50/mL, 5 μL/individual) for GCRV] for 72 h. Histological changes were examined by optical light microscopy for histological changes
at �40 magnification. The location of the pathological area was indicated by white arrows. D Tissue immunofluorescence (IF) of liver, spleen, and heart tissue sections of SVCV infected zebrafish. The green fluorescence of
tissue slices was observed with a confocal microscope under a 20� immersion objective (SP8; Leica) and indicates proliferation of SVCV. Scale bar, 10 μm. E Immunoblotting (IB) detection of virus abundance in the tissues
of zebrafish in Null, SVCV, and SVCV&GCRV treatment groups. Scale bar, 20 μm. F Transcript levels of SVCV genes in zebrafish tissues of indicated treatment groups. The β-actin gene was used as an internal control and
the relative expressions of SVCV genes were represented as fold induction relative to the expression level in control cells (set to 1). Data were expressed as mean � standard error of the mean (SEM), n ¼ 3. Statistical
analysis was performed by the Student's t-test. Asterisks indicate significant differences from control (*P < 0.05).
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Fig. 2. The effect of SVCV on zebrafish gene transcription is eliminated by GCRV. A Schematic representation of zebrafish tissue dissection and RNA extraction for transcriptome sequencing. The liver and spleen tissues
from male and female zebrafish injected with PBS (10 μL/individual), SVCV [5 � 109 50% tissue culture infective dose (TCID50)/mL, 5 μL/individual and 5 μL PBS to make up 10 μL/individual] and SVCV&GCRV (5 � 107

TCID50/mL, 5 μL/individual) for 72 h. Total RNAs were extracted and used for transcriptome sequencing and analysis. B Heat maps of representative gene modules of STEM analysis in different tissues. The P-values were
corrected for the False Discovery Rate (FDR) method, and modules with P-values less than 0.05 were selected as significant. C Quantitative PCR (qPCR) validates changes in representative genes of immune system. The
β-actin gene was used as an internal control, and the relative expressions of ifn and irf3 genes were represented as fold induction relative to the expression level in control cells (set to 1). Data were expressed as
mean � standard error of the mean (SEM), n ¼ 3. Statistical analysis was performed by the Student's t-test. Asterisks indicate significant differences from control (*P < 0.05). D GSEA enrichment plots in SVCV versus Null
and SVCV&GCRV versus SVCV groups. E Rose plots showing the number of DEGs at SVCV versus Null and at SVCV&GCRV versus SVCV in selected pathways (FC > 1.5, adjusted P < 0.05).
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co-infected with GCRV (Fig. 3D and E). In an IF assay, the green
fluorescence represented SVCV N or P proteins and were observed in
abundance, whereas these signals decreased as the GCRV titer
increased (Fig. 3F). Compared with the severity of cells infected
with SVCV alone, the co-infection with GCRV significantly reduced

the severity of SVCV. There was less CPE exhibited in a dose-
dependent manner with GCRV titers, and the viral titer in the co-
infection group also remarkably declined (Fig. 3G and H). The
data above demonstrates that GCRV negatively regulates SVCV
proliferation intracellularly.

Fig. 3. GCRV affects proliferation SVCV in fish cell lines. A–C SVCV is degraded by GCRV in all three different co-infection modes. EPC cells were seeded in 6-well
plates overnight and infected with SVCV and GCRV in three modes: SVCV infected and then GCRV infected 8 h later, GCRV infected and then SVCV infected 8 h later,
and SVCV and GCRV co-infected at the same time point. After 24 h of subsequent infection, cells were collected for immunoblotting (IB), using the indicated antibodies
(Abs). D, E The viral gene transcription and protein expression of SVCV at different titers of GCRV co-infection with SVCV. EPC cells (for IB) were seeded in 6-well
plates overnight and co-infected with SVCV (MOI ¼ 1) and GCRV (MOI ¼ 0.01) for 36 h. The total RNAs were extracted to examine the mRNA levels of SVCV genes.
The β-actin was used as an internal control for normalization, and the relative expression was represented as fold induction relative to the expression level in control
cells (set to 1). Data were expressed as mean � standard error of the mean (SEM), n ¼ 3. Statistical analysis was performed by the Student's t-test. Asterisks indicate
significant differences from control (*P < 0.05). The expressions of SVCV proteins were determined by IB with the anti-N protein, anti-P protein, and anti-β-actin Abs.
F Immunofluorescence (IF) analysis of SVCV proteins at different titers of GCRV co-infection with SVCV. The green fluorescence of N and P proteins were observed
under a 20� immersion objective (SP8; Leica). Scale bar, 50 μm. G, H Detection of viral amplification of SVCV at co-infection with different titers of GCRV. EPC cells
were seeded in 24-well plates overnight and infected with the indicated concentrations of GCRV (MOI ¼ 0.0001/0.001/0.01) and SVCV (MOI ¼ 1) for 48 h. The cells
were fixed with 4% PFA and stained with 1% crystal violet for visualizing CPE, and the viral titers of the supernatants were determined by 50% tissue culture infective
dose (TCID50) assays.
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3.4. The S9 segment of GCRV encoded viral protein inhibits SVCV
proliferation

Since we identified the negative regulation pattern in GCRV-SVCV co-
infection occurred intracellularly, we proposed the hypothesis that this
regulation was mediated by viral components. Segments of the GCRV
genome were cloned and overexpressed in cells infected with SVCV. The
S9 segment, the viral segment that encodes the NS38 protein, had a
significant inhibition on SVCV gene replication (Fig. 4A). At the protein
level, NS38 remarkably decreased SVCV viral protein expressions. This
decrease was not observed in the control S7 segment group (Fig. 4B). The
proliferation of SVCV affected by NS38 was further explored. Compared
with the control group, the CPE caused by SVCV was significantly
impaired when NS38 was expressed, and the viral titer assay demon-
strated that NS38 declined SVCV proliferation (Fig. 4C and D). Besides
the decreased SVCV viral proteins correlating with NS38 in a dose-
dependent manner, green fluorescence represented SVCV N proteins
have almost disappeared when NS38 was overexpressed (Fig. 4E and F).
As anticipated, all the SVCV viral genes were downregulated by NS38
overexpression (Fig. 4G). According to the nucleic acid sequence of S9,
two shRNA were designed and one of which was effective. The effective
shRNA was employed and successfully prevented the GCRV-associated
reduction of SVCV replication (Fig. 4H and I). These data suggests that
NS38 of GCRV plays a negative role on SVCV in co-infection.

3.5. GCRV NS38 interacts with the SVCV N and P protein

Since NS38 interferes intracellularly with SVCV proliferation, we
speculated that NS38 subverted the viral components of SVCV replica-
tion. To verify this, the protein interaction between NS38 and the SVCV
proteins was determined. First, in a subcellular localization assay, NS38
is located in the same cytoplasmic region as the P protein. In addition, the
N protein aggregates in the cytoplasmic region partially overlapped with
NS38 (Fig. 5A). The cytoplasmic localization of these proteins facilitated
potential protein interactions. We found that NS38 was associated with
the SVCV N and P proteins but not with the SVCV glycoprotein (G). These
results proved that the interaction between the viral proteins of the two
viruses occurred (Fig. 5B). These were confirmed by the results of the
reverse IP assay (Fig. 5C). Based on the observation that NS38 interfered
with SVCV infections and that the SVCV protein interacted with NS38,
we presumed that SVCV viral proteins were downregulated by NS38.
Meanwhile, in an IF experiment, the green fluorescence of the N or P
proteins was significantly reduced when NS38 was overexpressed. This
observation was confirmed by IB for the N or P proteins and fluorescence
intensity statistics. The G protein expression was not changed in the NS38
overexpression group (Fig. 5D–F, Supplementary Fig. S4). We verified
that SVCV N and P proteins decreased and were directly regulated by
NS38 resulting in the suppression of SVCV proliferation. The N and P
proteins were tagged with a Flag-tag and were co-expressed with NS38.

Fig. 4. The NS38, S9 segment-encoded protein of GCRV, inhibits SVCV proliferation. A, B Effect of overexpression of GCRV segments on the SVCV proliferation. EPC
cells were seeded in 6-well plates and transfected with indicated plasmids (1 μg each) for 24 h, then cells were infected with SVCV (MOI ¼ 1) for 24 h prior to being
harvested for RNA extraction and quantitative PCR (qPCR). The β-actin was used as an internal control for normalization. The relative expressions of SVCV genes were
represented as fold induction relative to the expression level in control cells (set to 1). Data were expressed as mean � standard error of the mean (SEM), n ¼ 3.
Statistical analysis was performed by the Student's t-test. Asterisks indicate significant differences from control (*P < 0.05). The expressions of SVCV proteins were
determined by immunoblotting (IB) with the anti-N protein, anti-P protein, and anti-β-actin antibodies (Abs). C, D Detection of the viral titer of SVCV effected by
overexpression of NS38. EPC cells were seeded in 24-well plates overnight and transfected with 2 μg NS38-Myc or vector. After 24 h, cells were infected with SVCV
(MOI ¼ 1) for 48 h. The cells were fixed with 4% PFA and stained with 1% crystal violet for visualizing cellular cytopathic effect (CPE) (C), and the viral titers of the
supernatants were determined by 50% tissue culture infective dose (TCID50) assays (D). E NS38 degrades SVCV on a dose-dependent manner. EPC cells were seeded in
6-well plates and transfected with 0.5, 1, 1.5, or 2.0 μg NS38-Myc or empty vector for 24 h, then cells were infected with SVCV (MOI ¼ 1) for 24 h prior to being
harvested for IB analysis of WCLs with the indicated Abs. F–I NS38 inhibits proliferation SVCV. Immunofluorescence (IF) analysis was used to indicate amplification of
SVCV, with green fluorescence representing the N protein (F). The mRNA levels of SVCV genes were detected upon overexpression and knockdown of S9 (G, I).
H Transcript levels of S9 tested the efficiency of knockdown. Data were expressed as mean � SEM, n ¼ 3. Statistical analysis was performed by the Student's t-test.
Asterisks indicate significant differences from control (*P < 0.05).
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The expression of N or P proteins was dramatically reduced in association
with NS38 expression and the effect was confirmed to be a dose-
dependent effect (Fig. 5G–I). These findings suggested that the SVCV N
and P proteins interacted with and were reduced by GCRV NS38.

3.6. NS38 targets the SVCV N protein for autophagic degradation

According to our previous results, the SVCV N protein interacted with
and was reduced when NS38 was expressed; therefore, the regulatory
mechanisms were verified. There are two classical protein degradation
mechanisms: Ub-proteasome degradation and autophagy-lysosome
degradation. These pathways can be inhibited by MG132, which in-
hibits the Ub-proteasome pathway; and 3-MA, Baf-A1, or CQ which
inhibit the autophagy-lysosome pathway. When treated with different
inhibitors, the reduction in N protein regulated by NS38 was not blocked
in the MG132 group; however, the autophagic pathway inhibitors, 3-MA,
Baf-A1, and CQ significantly inhibited the reduction of the N protein.
These results suggested that the N protein was degraded by the
autophagic-lysosome pathway (Fig. 6A). These data were confirmed by

different inhibitor doses, elucidating that NS38 degraded the N protein
via the autophagic-lysosome pathway (Fig. 6B–D). LC3-II is considered
an autophagy indicator and was used to verify the process of N protein
degradation by NS38. First, we explored if the N protein or NS38 induced
cellular autophagy. Interestingly, when either NS38 or the N protein
alone was overexpressed, the amount of LC3-II did not increase and
suggested that alone NS38 or the N protein did not evoke cellular auto-
phagy (Fig. 6E and F). The co-expression of the N protein and NS38
resulted in increased LC3-II expression indicating increased cellular
autophagy (Fig. 6G). These results demonstrate that cellular autophagy is
initiated only when both the N protein and NS38 are expressed. We also
verified if the normal host autophagy response degraded the N protein.
Starvation has been shown to induce cellular autophagy. To induce
starvation, cells were treated with Earle's Balanced Salt Solution (EBSS)
(Deng et al., 2021) for 9 h. The expression of the N protein was unaffected
when the cells were starved, and the N protein was only degraded when
NS38 was expressed, even during starvation (Fig. 6H). These results
indicated that the degradation of the N protein is regulated by NS38. LC3
puncta formation is a sign of autophagosome flux. In a confocal

Fig. 5. NS38 associates with and degrades N and P proteins. A NS38 localizes in the cytoplasm. EPC cells were plated onto coverslips in 6-well plates and transfected
with indicated plasmids (1 μg each). After 24 h, the cells were fixed and subjected for confocal microscopy analysis. Scale bar, 5 μm. B, C NS38 associates with N and P
proteins. EPC cells seeded in 10-cm2 dishes overnight were transfected with the indicated plasmids (5 μg each). After 24 h, cell lysates were immunoprecipitated (IP)
with anti-Myc/Flag affinity gels. Then, the immunoprecipitates and cell lysates were analyzed by immunoblotting (IB) with indicated antibodies (Abs).
D–F NS38 degrades N and P proteins and barely affects G protein expression. EPC cells were plated onto coverslips in 6-well plates and transfected with indicated
plasmids (1 μg each). After 24 h, the cells were fixed and subjected for confocal microscopy analysis. Green or red signals represent overexpressed N, P, and G proteins
(original magnification 10�; non-immersion objective). Scale bar, 300 μm. The fluorescence intensity (arbitrary unit, a.u.) was recorded by the LAS X software, and
the data were expressed as mean � SD, n ¼ 5. Statistical analysis was performed by the Student's t-test. Asterisks indicate significant differences from control
(*P < 0.05). IB with indicated Abs was used to detect the expression level of N/P/G proteins. G–I NS38 degrades N and P proteins on a dose-dependent manner.
EPC cells were seeded in 6-well plates and transfected with 1 μg N-Flag or P-Flag and 1 μg NS38-Myc (G) or 0.5, 1.0, or 1.5 μg NS38-Myc (H, I). At 24 h post-
transfection, the cells were harvested for IB with the indicated Abs.
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Fig. 6. NS38 degrades N proteins in an autophagy-dependent manner. A Inhibitors of autophagy progress block NS38-mediated degradation of N protein. EPC cells were seeded in 6-well plates overnight and co-
transfected the indicated plasmids (1 μg each). At 18 h post-transfection, the cells were treated with DMSO, MG132 (20 μmol/L), 3-MA (2 mmol/L), Baf-A1 (100 nmol/L), or CQ (100 μmol/L) for 6 h. The cell ly-
sates were subjected to immunoblotting (IB) with the indicated antibodies (Abs). B–D The NS38-induced N protein degradation is rescued by 3-MA, Baf-A1, and CQ on a dose-dependent manner. EPC cells were seeded in
6-well plates overnight and co-transfected with the indicated plasmids. At 18 h post-transfection, the cells were treated with 3-MA (1 or 2 mmol/L), Baf-A1 (50 or 100 nmol/L) or CQ (50 or 100 μmol/L) for 6 h. Then, the
cells were harvested for IB with the indicated Abs. E, F The presence of NS38 or N-only does not affect autophagy flux. EPC cells were seeded in 6-well plates and transfected with N-Myc or NS38-HA (0.5, 1, or 1.5 μg).
At 18 h post-transfection, the cells were treated with DMSO or Baf-A1 (100 nmol/L) for 6 h. Then, the cells were harvested for IB with the indicated Abs. G, H Co-expression of NS38 and N protein specifically activates
autophagy. EPC cells were seeded in 6-well plates overnight and co-transfected the indicated plasmids (1 μg each). At 18 h post-transfection, the cells were treated with DMSO, 3-MA (2 mmol/L), Baf-A1 (100 nmol/L),
or CQ (100 μmol/L) for 6 h. The cell lysates were subjected to IB with the anti-LC3, anti-Myc, anti-HA and anti-β-actin Abs, respectively. EBSS was used to exclude the effect of non-specific cellular autophagy activation
on N protein expression. I–L Co-expression of NS38 and N protein induces aggregation of LC3. EPC cells were plated onto coverslips in 6-well plates and co-transfected with 1 μg pCS2-mCherry, NS38-mCherry, or N-
mCherry plus 1 μg LC3-GFP. After 24 h, the cells were fixed and observed by confocal microscopy. Red signals represent overexpressed NS38 or N protein, green signals represent overexpressed LC3 (original
magnification 63�; oil immersion objective). Scale bar, 5 μm. K The percentage of cells in which LC3 aggregates (J) was quantified under a 20� immersion objective (SP8; Leica) and data were expressed as mean � SD,
n ¼ 3. Statistical analysis was performed by the Student's t-test. Asterisks indicate significant differences from control (*P < 0.05).M Autophagosome-like structures detection by transmission electron microscopy (TEM).
EPC cells were seeded in 6-well plates overnight and transfected with indicated plasmids (1 μg each) for 24 h. The cells were then analyzed by TEM, enlarged section indicating autophagic vesicles. Scale bar, 2 or 0.4 μm.
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microscopy analysis, during starvation, which we used as a positive
control, increased cellular LC3 puncta accumulation was observed.
However, LC3 accumulation was not observed when only NS38 or the N
protein was expressed (Fig. 6I). When the N protein and NS38 were
co-expressed, there was a strong green fluorescent protein (GFP) signal
indicating the formation of LC3 puncta and the initiation of autophagy
(Fig. 6J–L). We further verified the formation of autophagosomes
through a TEM analysis. Autophagosome-like vesicles, which contained
cytosolic contents, were observed in the co-overexpressed cells with the
N protein and NS38. However, there were few autophagosome-like
vesicles when the N protein or NS38 was individually expressed
(Fig. 6M). These results illustrates that the SVCV N protein is degraded by
NS38 in an autophagic manner, and this autophagy is only evoked when
both the N protein and NS38 are expressed.

3.7. Autophagy receptor p62 is crucial for GCRV NS38-mediated
autophagic degradation of the SVCV N protein

Since the SVCV N protein is autophagic degraded by GCRV NS38, we
explored the precise process. Autophagy receptors are a class of bridging
proteins that play a pivotal role in cellular autophagy and act as a con-
necting protein to link the target substrates to the autophagosome (Deng
et al., 2017). By screening several autophagy receptors, p62, a typical
autophagy receptor that interacts and transfers substrates to the auto-
phagosome, was selected (Tao et al., 2020). The p62 associated with
NS38, indicating that p62 is crucial for the NS38 autophagic function
(Fig. 7A and B). The role of p62 in NS38 degradation of the N protein was
further explored. The N protein was not affected when only p62 was
expressed; however, when p62 was expressed with NS38, there was
increased N protein degradation (Fig. 7C). These results suggest that p62
promotes NS38 degrading of the N protein. However, knockdown of p62
by shRNA significantly reduced N protein degradation by NS38 (Fig. 7D).
These data suggest p62 is the autophagy receptor involved in NS38
autophagic degradation of the N protein.

3.8. NS38 attenuates the K63-linked ubiquitination and promotes
degradation of the SVCV P protein

Asmentioned above, NS38 interacts and impairs both the SVCVN and
P proteins. Besides the autophagic degradation of the N protein, we also
studied the downregulation of the P protein by NS38. Treatment with
MG132 significantly blocked the attenuation of the P protein. However,

when treated with 3-MA, Baf-A1, or CQ, the P protein was not affected,
distinguishing with the N protein (Fig. 8A). To verify that NS38 ubiq-
uitinated the P protein, different doses of MG132 treatments were given,
and the results were consistent with the blocking of P protein attenuation
(Fig. 8B). We next explored the Ub levels of P protein degradation. The
ubiquitination of the P protein declined in NS38-mediated P protein
degradation (Fig. 8C). K48-linked polyubiquitin chain modification (Ub-
K48) targets protein for proteasome degradation, while the K63-linked
polyubiquitin chain modification (Ub-K63) improves the stability of
the target protein. Therefore, identification of which Ub modification on
the P protein was crucial. The wild-type Ub and Ub-K63 were signifi-
cantly reduced when the P protein was degraded, and Ub-K48 was un-
changed (Fig. 8D). These results suggested that NS38 decreased the K63-
linked ubiquitination of P protein to negatively regulate the P protein.
These data demonstrated that P protein was negatively regulated by
NS38 through decreased Ub-K63.

3.9. NS38 influences the biological functions of N and P proteins

On the cellular level, we examined the effect of NS38 on N protein-
mediated cell antiviral capacity abrogation. Under SVCV infection, over-
expression of N protein accelerated the CPE formation compared with the
normal infection, while such disruption mediated by N protein was
significantly blocked when co-expressed with NS38. The viral titer assay
also demonstrated that a higher viral titer was observed in N protein
group, while it was suppressed in NS38 co-expressed group (Fig. 9A and
B). It was suggested that the molecular function of SVCV N protein was
dampened by NS38. Furthermore, N protein polymerization is considered
necessary for viral proliferation, and it was also checked with NS38 ex-
istence. As shown in Fig. 9C, N protein with a Flag-tag interacted with a
Myc-tagged N protein, and such association is the base of polymerization.
However, the interaction of N proteins was blunted by NS38 over-
expression. In addition, the biological function of the P protein whenNS38
is expressed was identified. In our previous study, the P protein negatively
regulated the host cell antiviral defense (Li et al., 2016), therefore, the
immune evasion of P protein was also measured. Overexpression of the P
protein caused the cells to be vulnerable for SVCV infections, while the
cellular antiviral capacity was almost restored when co-expressed with
NS38 (Fig. 9D and E). Dimerization of the P protein is necessary for viral
replication (Bruhn et al., 2019). Therefore, the effect of NS38 on P protein
dimerization was explored. In the control group, the P protein with a
Myc-tag interacted with a Flag-tagged P protein, suggesting that there was

Fig. 7. NS38 manipulates p62 to degrade N protein and affects biological function of N protein. A, B NS38 associates with autophagy receptor p62. EPC cells seeded in
10-cm2 dishes overnight were transfected with the indicated plasmids (5 μg each). After 24 h, cell lysates were immunoprecipitated (IP) with anti-Flag affinity gels or
anti-HA affinity gels. Then, the immunoprecipitates and cell lysates were analyzed by immunoblotting (IB) with anti-Flag, anti-Myc and anti-HA antibodies (Abs),
respectively. C, D The p62 is essential for NS38 degradation of N protein. Overexpression of p62 promotes the degradation of N protein by NS38 (C). EPC cells were
seeded in 6-well plates overnight and co-transfected the indicated plasmids. After 24 h, the cell lysates were subjected to IB with indicated Abs. Knockdown of p62
eliminates the degradation of N protein by NS38 (D). EPC cells were seeded in 6-well plates overnight and transfected with 2 μg shp62#1-pLKO.1, shp62#2-pLKO.1 or
the negative control (sh-NC) with other indicated plasmids for 24 h. The cell lysates were then subjected to IB with indicated Abs.
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dimerization. However, such interactions were remarkably reduced when
NS38 was overexpressed (Fig. 9F). These data suggested that the cellular
biologic functions of N protein and P protein were suppressed by NS38.

4. Discussion

Diseases caused by viral co-infection can be easily and accurately
diagnosed in humans, for example, hepatitis B caused by HBV and ac-
quired immune deficiency syndrome (AIDS) caused by HIV (Sulkowski,
2008). Most land animals are infected with a single virus at a time,
whereas co-infection of multiple viruses is more common in fish. There
are at least three main reasons for that co-infection in fish is common.

Firstly, there is a larger variety and number of aquatic viruses than is
currently known. Yuri et al. reported that more the 4500 distinct RNA
viruses were identified in approximately 10 L of water from a harbor near
Shanghai, China, which doubled the previously known number of viruses
(Wolf et al., 2020). The fact that there are so many viruses present in
water increases the chances of co-infection in fish. Secondly, water in-
creases the survival time of viruses relative to land and facilitates the
spread. Therefore, different viruses carried by fishes are more likely to
form co-infection. Thirdly, many fish viruses are infectious but not lethal.
For example, the SVCV can infect and be carried by gibel carp but not
lead to death unless they were injected with an extremely high viral titer
(Simkova et al., 2022). There are three types of GCRV, GCRV-I, GCRV-II,

Fig. 8. NS38 degrades P protein via the ubiquitin-proteasome pathway and inhibits its biological function. A, B MG132 blocks NS38-mediated degradation of P
protein. EPC cells were seeded in 6-well plates overnight and co-transfected the indicated plasmids (1 μg each). At 18 h post-transfection, the cells were treated with
DMSO, MG132 (20 μmol/L or a dose gradient of 10 μmol/L, 20 μmol/L), 3-MA (2 mmol/L), Baf-A1 (100 nmol/L), or CQ (100 μmol/L) for 6 h. The cell lysates were
subjected to immunoblotting (IB) with the indicated antibodies (Abs). C, D NS38 reduces the ubiquitination of P protein through inhibiting K63-linked endogenous
ubiquitination of P protein. EPC cells were transfected with 5 μg P-Myc, 5 μg NS38-Flag or empty vector, and 1 μg Ub-HA, Ub-K48O-HA or Ub-K63O-HA. At 18 h post-
transfection, the cells were treated with MG132 (20 μmol/L) for 6 h. At 24 h post-transfection, cell lysates were immunoprecipitated (IP) with anti-Myc affinity gel.
Then the immunoprecipitates and WCLs were analyzed by IB with the indicated Abs.
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and GCRV-III, to our knowledge (Pei et al., 2014; Zhang and Gui, 2015).
In recent years, only GCRV-II has been shown to be a high risk for grass
carp, whereas infections with GCRV-I or GCRV-III cause asymptomatic
infection (Zhang and Gui, 2018). The asymptomatic fish become a nat-
ural carrier for GCRV, leaving other viruses able to co-infect. The
co-infection would lead to either disease aggravation, mitigation, or have
no effect. In this study, we reported a disease mitigation case caused by
co-infection of SVCV and GCRV. Our findings showed that the existence
of intracellular viral proteins interfered with other viral processes,
providing another perspective on viral co-infection.

Transcriptomic analysis of the viral-infected samples showed that the
severity of viral infection is usually positively correlated with the high
expression of immune-relevant genes in vivo (Gupta and Rao, 2011;
Rosenberg et al., 2018). Transcriptomic analysis of nervous necrosis virus
(NNV)-infected Epinephelus malabaricus showed that significant differ-
entially expressed transcripts included immune-relevant pathways (Tso
and Lu, 2018), which is consistent with our data. In our research, the
GCRV-SVCV co-infection resulted in a marked alleviation of zebrafish

viral-associated damage and a marked inhibition of SVCV proliferation in
zebrafish tissues. We speculate that GCRV ameliorated the immune sys-
tem disruption caused by SVCV. Consistent with this idea, upregulation
of gene pathways associated with immune system activation in DEGs of
the SVCV-infected group was observed. It showed an opposite trend in
the co-infection group (Fig. 2D and E). Furthermore, STEM analysis of the
infected tissues of zebrafish showed that gene expression of the
GCRV-only infected group had a subtle trend change compared to the
SVCV-infected group. In addition, a number of genes showed expression
trends consistent with SVCV infections, and the expression of these genes
may have been more severely altered during the viral co-infection. Genes
typified by such changes being concentrated in Gene Ontology (GO)
analysis (Supplementary Fig. S5). Although GCRV may exacerbate the
perturbation of some genes, inhibition of SVCV replication by GCRV
protects the host from more serious damage.

Viral co-infection has been reported in a few cases in land animals
(Koh et al., 2019; Jones et al., 2020; Palinski et al., 2022). Besides the
reported IAV and SARS-CoV-2 co-infection, co-infection of both

Fig. 9. NS38 inhibits the biological functions of N and P proteins. A, B, D, E The effect of N/P on promoting SVCV amplification is attenuated by NS38. EPC cells were
seeded in 24-well plates overnight and transfected with indicated plasmids (0.25 μg each) for 24 h, and were then infected with SVCV (MOI ¼ 1). The viral titers of the
supernatants were determined by 50% tissue culture infective dose (TCID50) assays. C, F N/P proteins dimerization is attenuated by NS38. EPC cells seeded in 10-cm2

dishes overnight were transfected with the indicated plasmids (5 μg each). After 24 h, cell lysates were immunoprecipitated (IP) with anti-Flag affinity gels. Then, the
immunoprecipitates and cell lysates were analyzed by immunoblotting (IB) with indicated antibodies.
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adenovirus and SARS-CoV-2 have been detected in some cases of severe
hepatitis among young children (Brodin and Arditi, 2022). Thus, the
cause of hepatitis due to co-infection cannot be ruled out, although the
exact reason has not been identified. Another type of viral co-infection
can be caused by extracellular events. For instance, T-cell immunoglob-
ulin and mucin domain 1 (TIM-1) is the same receptor for both the Zaire
ebola virus (EBOV) and the lake victoria marburgvirus (MARV) (Kon-
dratowicz et al., 2011). These findings suggest that the means for
co-infection could be supplied by the cells. In our study, we could not
exclude the possibility that an unknown receptor on the cellular surface
for both SVCV and GCRV was also a reason for the viral interference
because few studies about the receptor of these two viruses have
reported.

Our data reveal that NS38 degrades SVCV N protein by autophagy-
lysosome manner and SVCV P protein by Ub-proteasome pathway. This
means that one viral protein of GCRV possesses multiple functions. The
possible reason is that RNA viruses exhibit small-sized genomes that only
encode a limited set of proteins compared to large DNA viruses, thus their
proteins need to be multifunctional (Vidalain and Tangy, 2010). For
instance, the N protein of coronavirus is also a multi-tasking protein,
playing a critical role in virus replication and various cellular response
including cell cycle, cell stress responses, immune system and so on
(McBride et al., 2014).

It is widely accepted that K48-linked ubiquitination plays a central
role in the proteasome-dependent proteolysis, and K63-linked ubiquiti-
nation has been found to be involved in numerous cellular events that
rely on proteasome-independent processes. However, emerging in vitro
and in vivo studies implied that K63-linked ubiquitination also serves as
the proteasomal degradation signal (Kirkpatrick et al., 2006; Kim et al.,
2007; Saeki et al., 2009). For instance, Hofmann et al. found that purified
26 S proteasomes could degrade synthetic K63-linked tetra-Ub chains
(Hofmann and Pickart, 2001). In accord with these findings, our data
revealed that MG132 treatment blocked NS38-mediated attenuation of P
protein by decreasing K63-linked ubiquitination. Since NS38 does not
have the typical characteristics of an E3 Ub ligase, we believe that it may
affect the Ub levels of P proteins through using of Ub ligases that interact
with P protein.

It should also be noted that besides NS38, there are several other viral
proteins produced by GCRV that suppress SVCV viral transcription, such
as S5 and S11. In addition to this, the protein encoded by the S7 even
exhibited a facilitative effect on the transcriptional level of SVCV. This
suggests that a viral protein may also be used by another virus to promote
its replication. In contrast, the overall co-infection of GCRV with SVCV
inhibited SVCV proliferation, suggesting that the mechanism behind this
phenomenon can be more complicated. Our research focused on the in-
teractions of NS38 and SVCV viral proteins; however, the roles of other
GCRV viral proteins on the interference of SVCV proteins also need to be
investigated. One possible mechanism of GCRV-SVCV co-infection
interference is a similar receptor being targeted by both GCRV and SVCV.
In our previous studies, the factors of the IFN signaling pathway: mito-
chondrial antiviral signaling protein (MAVS) and TANK-binding kinase 1
(TBK1), were inhibited by the SVCV N and P proteins, respectively (Li
et al., 2016; Lu et al., 2016). Therefore, if GCRV viral proteins block the
inhibition of IFN signaling by SVCV, the result is the suppression of SVCV
proliferation. GCRV-II VP41, encoded by the S8 segment, could interact
with TBK1 and IRF3 activation mediator (MITA) to evade the host im-
mune response (Lu et al., 2017). We believe that such association be-
tween host IFN regulation and viral proteins is present in GCRV-I.
However, another modulation mechanism might exist. Besides the
apparent protein-protein interaction, other interactions are also crucial
and cannot be ignored, such as interactions between proteins and nucleic
acids. Whether GCRV viral proteins regulate SVCV transcription is still
unclear. However, transient protein interactions might be happening, for
example, phosphorylation. This interaction is an important but quick
biologic process and is easily missed by regular experimental procedures
such as Co-IP. Overall, previous reports described viral co-infection but

offered little insight into the mechanisms. Our study demonstrates that
intracellular interactions are crucial in viral co-infection interference;
however, more studies are needed to elucidate all the possible
co-infection interactions.

5. Conclusions

The complex viral environment of water enhances the co-infection of
fish, while the mechanisms of animal co-infection are still unclear. Here,
we found the GCRV infection significantly repressed the influence of
SVCV infection in the fish, and the host tissue damage and transcriptome
changes caused by the SVCV were substantially defused when co-
infected. Further, the study suggested that GCRV NS38 interacted with
and degraded SVCV N and P proteins. The N protein was degraded
through autophagy by NS38, and p62 was pivotal in this degradation.
The P protein was degraded by NS38 via decreasing K63-linked ubiq-
uitination. These data bring to light the intracellular viral protein in-
teractions in co-infection.
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