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A B S T R A C T

Grass carp is an important fish species in Chinese aquaculture, and can be afflicted by a hemorrhagic disease
caused by the grass carp reovirus (GCRV). Interestingly, the affects of GCRV infection of grass carp are age-
restricted, meaning that one-year-old grass carp can be infected and can suffer hemorrhagic disease, but three-
year-old carp are not so afflicted. In this study, we investigated the mechanism responsible for this age-restricted
pathology. We evaluated the relative copy number of GCRV RNA, the expression levels of proteins in blood, and
changes in DNA methylation in carp from the two age groups after infection with GCRV. After GCRV infection,
the relative copy number of GCRV RNA in three-year-old grass carp was significantly lower than in one-year-old
carp. The differences in circulating protein levels mainly occurred in concentrated in complement and coagu-
lation proteins, and the expression levels of these proteins were significantly higher in three-year-old grass carp
than in one-year-old carp. Moreover, the expression levels of DNA methylation-related genes in the liver and
spleen of one-year-old grass carp were significantly higher than those of three-year-old carp. These results
suggested that as age of grass carp increases, faster and more efficient response of the immune system after viral
infection, especially the complement system, and differences in DNA methylation may be important factors that
affect the age restriction observed in GCRV infection. Our study provides new insights into the mechanisms
underlying age restriction of GCRV infection.

1. Introduction

The grass carp (Ctenopharyngodon idellus) has been cultivated in
China for more than 60 years and is one of the most important aqua-
culture species in the world. In 2015, grass carp production reached 5.8
million tons and accounted for more than 13% of the world's freshwater
aquaculture production [1,2]. However, hemorrhage caused by infec-
tion with grass carp reovirus (GCRV) results in substantial economic
losses to the grass carp aquaculture industry. GCRV, first isolated in
China, is a double-stranded RNA virus that belongs to the genus
Aquareovirus of the family Reoviridae [3]. GCRV infection may trigger
apoptosis in grass carp kidney cells [4]. Interestingly, it has been ob-
served that GCRV infection exhibits age restricted pathology in grass
carp, in which one-year-old grass carp infected by GCRV may suffer
hemorrhage, while three-year-old grass carp do not show symptoms of
GCRV infection.

Age restriction in viral infections has been reported other fish

species. Rainbow trout that were infected with infectious pancreatic
necrosis virus (IPN; Sp type) exhibited decreased disease symptoms
with increasing age, and were not sensitive to the disease by 20 weeks
of age [5]. Infection of six species of fish in North America with spring
viremia of carp virus (SVCV) revealed that younger fish are more sus-
ceptible to the disease, and that adult fish are either not infected or can
rapidly clear the virus after infection [6].

It has been found that reovirus can replicate in the intestine of mice
of all ages, but in the first few weeks of life, the replication efficiency of
reovirus and the ability to induce disease are substantially reduced [7].
In the study of the murine retrovirus CasBr, infected newborn mice
were ill but mice at ten days of age were totally resistant [8]. In-
oculation of acute hepatitis virus in experimental woodchucks revealed
that woodchucks around eight weeks of age can be infected, but adult
woodchucks are not infected at all [9]. There is a similar phenomenon
in humans, wherein rotavirus, a virus in the family of reoviruses, shows
the highest infection rate among children under 2-years-old [10], while
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adults are not easily infected [11]. In response to this phenomenon,
studies have shown that the expression of innate immune sensor toll-
like receptor 3 (TLR3) in the intestine is enhanced with age [12]. TLR3
can recognize the dsRNA carried by rotavirus and can induce activation
of IRF3 and NF-κB [13]. IRF3 induces the production of type I inter-
feron [14] leading to antiviral responses. A similar mechanism may be
the basis for the age restriction of reovirus. However, the mechanism
underlying age restriction of viral infection of teleost fish is largely
unknown.

In the past decade, research on disease resistance in grass carp has
mainly focused on the identification of immune-related genes [15,16],
the development of genomic markers [17,18], the study of gene ex-
pression transcriptomes [19–23], and epigenetic studies based solely on
DNA methylation modification of immune genes [24,25]. On the other
hand, studies on age restriction of GCRV infection are rarely reported.
In this study, we investigated viral RNA expression and immune protein
expression patterns associated with GCRV infection in grass carp at one
year of age and at three years of age. We evaluated relative copy
number of viral gene expression in one-year-old and three-year-old
grass carp after GCRV infection, analyzed the protein components in the
blood, compared the expression level of the immune-related genes, and
evaluated differences in expression of DNA methylation-related genes
between two group. After GCRV infection, the relative copy number of
GCRV RNA in the three-year-old grass carp was significantly lower than
that in one-year-old carp. The differentially expressed proteins in the
blood were mainly related to complement and blood coagulation. The
expression of immune-related genes in three-year-old grass carp was
significantly higher than in one-year-old carp, and the expression of
DNA methylation genes in each tissue correlated with the copy number
of the virus. Our study provides new insights into the mechanisms of
age restriction of GCRV infection in grass carp, and may lead to the
discovery of better aquaculture methods to prevent viral infection of
grass carp populations.

2. Materials and methods

2.1. Ethics statement

All animal experiments were conducted following the Guide for the
Care and Use of Laboratory Animals, and the protocol was approved by
the Institute of Hydrobiology, Chinese Academy of Sciences. All sur-
geries were performed under eugenol anesthesia (100mg/L), and all
efforts were made to minimize suffering.

2.2. Experimental animals, virus exposure, and sample collection

Healthy one-year-old grass carp (143 tails, average body weight 8 g)
and three-year-old grass carp (64 tails, average body weight 3000 g)
were housed in a circulating water system at 26–28 °C for one week,
and fed twice daily using commercial feed. The photoperiod was 14 h:
10 h light/dark and the dissolved oxygen in the water was maintained
at 8mg/L. After no abnormal symptoms were observed, the viral
challenge experiment was performed. In the one-year-old grass carp
group, fish were infected with GCRV (2.97× 103 RNA copies/μL) by
intraperitoneal injection of 160 μL GCRV. In the three-year-old grass
carp group, fish were infected by intraperitoneal injection of 60mL
GCRV. Nine fish representing three biological replicates (n=3 for each
biological replicate) were collected before infection and at 1, 2, 3, and 5
days after injection. After euthanasia, gill, intestine, liver, spleen, and
kidney were harvested for further analysis. The total mortality of the
two groups was determined by counting the number of dead fish every
day. After no dead fish were recorded for two consecutive weeks, the
experiment was ended, and the total mortality was calculated.

2.3. Protein identification

Four protein mixed samples (n=3 for each biological replicates)
were performed before infection and at 3 days after infection, named
UINF1, UIFN3, INF1 and INF3, and three replicates per sample. The
reductive alkylation of the protein was as follows: a final concentration
of 10mM dithiothreitol (DTT) was added to reduce the protein, fol-
lowed by addition of a final concentration of 55mM ammonium io-
doacetate (IAM), and finally 1 μg of Trypsin enzyme was added for
overnight hydrolysis for 8 h–16 h. The enzymatically produced poly-
peptide was desalted by a C18 column, and the demineralized poly-
peptide was dried and dissolved in 15 μL of Loading Buffer (0.1%
formic acid, 3% acetonitrile). The peptide was analyzed by LC-MS/MS
(ekspertTMnanoLC; AB Sciex TripleTOF 5600-plus) instrument and the
results were evaluated.

2.4. RNA isolation and quantitative real-time PCR (RT-qPCR)

TRizol reagent (Invitrogen, USA) was used to isolate RNA from gill,
intestine, liver, spleen, and kidney samples, according to the manu-
facturer's protocol. The Qubit RNA assay kit (Life Technologies, USA)
and RNA Nano 6000 assay kit (Agilent Technologies, USA) were used to
measure the concentration and integrity of isolated RNA, respectively.
DNase I (Promega, USA)-treated total RNA was used as the template for
the first-strand cDNA synthesis.

RT-qPCR was performed using a fluorescence quantitative PCR in-
strument (Bio-Rad, USA). Primer sequences are shown in Table 1. Each
RT-qPCR mixture contained 0.8 μL of each primer, 1 μL template, 10 μL
2× SYBR Green master mix (TOYOBO), and 7.4 μL ddH2O. The pro-
gram for RT-qPCR as followed: 95 °C for 10 s, 40 cycles at 95 °C for 15 s,
60 °C for 15 s, and 72 °C for 30 s. Three replicates (n= 3 for each bio-
logical replicate) were included for each sample, and the β-actin gene of
grass carp served as an internal control to normalize the expression
levels. The relative expression level is calculated using the 2−ΔΔCt

method [26]. All data represent the mean ± standard deviation of
three replicates.

2.5. Statistical analysis

Statistical significance between the experimental group and the
control group was determined using one-way ANOVA and Fisher's Least
Significant Difference (LSD) posttest. A difference was considered to be
significant at P < 0.05.

Table 1
Primers used in the study.

Primers Sequences (5′–3′) Usage

gcrv AGCGCAGCAGGCAATTACTATCT qPCR of gcrv
ATCTGCTGGTAATGCGGAACG

c3 ATGGTTCGCAAACACTCCTCAG qPCR of c3
ACAGGTACTTGGCTTCTATGTCAACT

il-8 ATGAGTCTTAGAGGTCTGGGT qPCR of il-8
ACAGTGAGGGCTAGGAGGG

inf-2 TGTTTGATGACTTTGGGATG qPCR of inf-2
TCAGGACCCGCAGGAAGAC

mx-1 GTGAAGCCCAGGATGAGATGGC qPCR of mx-1
ATCCCGGGAAGGTCGATGAGAG

dnmt1 CCACCGAAATGTGCCGACTG qPCR of dnmt1
GGTGCCCATGCTTGTCATACAC

dnmt7 GAGAAGCAAGTGGGCTCCTACG qPCR of dnmt7
CAGCGATGGAGGTCGTAAGAGTT

tet3 GCCGCATATCCCTGGTCTTCTA qPCR of tet3
TCGTGTCATCACACCGTCTCGT

gnmt AGTCTGAATGCCCTCTGGTGG qPCR of gnmt
ACCAGACTTCAAAGGGACCAAA

β-actin AGCCATCCTTCTTGGGTATG qPCR of β-actin
GGTGGGGCGATGATCTTGAT
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3. Results

3.1. Mortality of grass carp after GCRV infection

One-year-old and three-year-old grass carp were infected with
GCRV virus, and the death of grass carp in the two groups was eval-
uated after infection. The one-year-old infected grass carp began to die
by six days post-infection (dpi), and all infected carp in the one-year-old

group had died by 10 dpi (Fig. 1A); all carp exhibited symptoms of
hemorrhage (Fig. 1B). During this period, three-year-old GCRV-infected
grass carp have no symptoms and did not die. The three-year-old carp
were followed for two weeks, and had not died after two weeks post-
infection.

Fig. 1. Mortality of one-year-old and three-year-old grass carp infected with GCRV. (A) The number of dead grass carp in each group was counted every day until no
deaths were recorded for two consecutive weeks. (B) The clinical symptom of one-year-old fish after GCRV infection.
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3.2. Relative copy numbers of GCRV RNA in infected grass carp

The relative copy number of GCRV RNA in five tissues was ex-
amined to determine the GCRV infection status in one-year-old and
three-year-old grass carp. The virus copy number of the gill and intes-
tine in the three-year-old grass carp is equivalent to that of the one-
year-old grass carp on the first day after infection, indicated that the
dose we use to infect one-year-old and three-year-old grass carp is ap-
propriate. And the relative copy number of GCRV RNA in the gill, in-
testine, liver, and spleen of the three-year-old grass carp was

consistently lower than in the one-year-old carp after infection, and the
GCRV copy number rapidly reduced after 3 dpi (Fig. 2). While the re-
lative copy number of GCRV in the kidney of three-year-old grass carp
showed an increasing trend compared with the one-year-old carp,
GCRV levels were rapidly down-regulated on 5 dpi. In general, the copy
number of GCRV in most tissues of three-year-old grass carp is lower
than in one-year-old carp. By 5 dpi, GCRV copy numbers in all tissues
from three-year-old grass carp were significantly lower than in one-
year-old carp, indicating that the three-year-old grass carp effectively
cleared GCRV infection.

Fig. 2. The relative copy number of GCRV in the infected grass carp. The copy number of GCRV in intestine at 1 dpi in one-year-old grass carp was used as a reference
for normalization. All data represent the mean ± S.D. of three replicates. A significant difference (P < 0.05) between the two groups is indicated with an asterisk
(*).
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3.3. Mass spectrometry of proteins in the blood of infected grass carp

The proteins in the blood of the one-year-old and three-year-old
grass carp before infection and on the third day after infection were
subjected to mass spectrometry. Protein identification parameters were
set to confidence level conf ≥ 95% and unique peptides ≥ 1, and the
number of proteins identified in the pre-infection one-year-old, pre-
infection three-year-old, post-infection one-year-old, and post-infection
three-year old carp was 302, 311, 296, and 298, respectively (Table 2).

The proteins identified in each group were compared and analyzed
(Fig. 3). Amont the four groups, 199 proteins were in common, ac-
counting for 45.5% of the total proteins. We identified 234 proteins in
common between one-year-old and three-year-old grass carp after in-
fection, and 62 unique proteins in the one-year-old carp and 64 unique
proteins in the three-year-old carp.

Specific analysis of the differentially identified proteins between the
one-year-old and three-year-old grass carp after infection showed that
the proteins unique to three-year-old grass carp were mainly related to
complement and blood coagulation, interleukin signaling, and

antioxidant damage (Table 3). The rest of the proteins were mainly
various enzymes involved in metabolism.

3.4. Expression patterns of immune-related genes after GCRV infection

The gene c3 and the il-8 were selected from unique proteins in the
three-year-old carp to verify expression levels by RT-PCR in liver,
spleen, and kidney tissue after GCRV infection. As the results showed,
the expression levels of il-8 in all tissue of three-year-old grass carp
were higher than those in one-year-old (Fig. 4). And the expression
levels of c3 in liver and kidney of three-year-old grass carp were higher
than those in one-year-old. These results indicated the accuracy of
protein mass spectrometry.

Moreover, the antivirus gene inf-γ and mx-1 were selected to in-
vesitigated the immune response of grass carp after GCRV infection.

Table 2
Summary of protein identification by mass spectrometry.

Group Total
spectra

Identification
spectra

Identification
peptide

Identification
protein

Control-1 25160 12927 2683 302
Control-3 25041 12798 2739 311
Infected-1 25130 12676 2831 296
Infected-3 25413 13003 2550 298

Fig. 3. Proteins identified in non-infected and infected grass carp. The Venn diagram results from a comparison of the identified blood proteins from the four groups
(uninfected one-year-old grass carp, infected one-year-old grass carp, uninfected three-year-old grass carp, infected three-year-old grass carp).

Table 3
Differential proteins related to antivirus in three-year-old grass carp after in-
fection.

Catalog Protein

complement and coagulation complement component 3
complement component 8
adenylosuccinate synthase
coagulation factor IX

antioxidant damage glutathione peroxidase
glutathione peroxidase 3
peroxiredoxin-6

interleukin signaling interleukin-4 receptor
interleukin-8
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The expression level of inf-γ and mx-1 were higher in liver, spleen, and
kidney tissue of three-year-old grass carp than of one-year-old grass
carp at 1 dpi (Fig. 5). This indicated that these genes are more re-
sponsive in three-year-old grass carp than one-year-old grass carp after
infection. In summary, compared with one-year-old grass carp, the
expression of c3, il-8, inf-γ and mx-1 genes in three-year-old grass carp

increased rapidly after GCRV infection.

3.5. Expression patterns of DNA methylation genes after GCRV infection

The expression levels of DNA methyltransferases dnmt1 and dnmt7
in liver, kidney, and spleen were examined to determine whether the

Fig. 4. qRT-PCR analysis of the expression levels of c3 and il-8. The relative expression levels of the genes at 0 dpi in one-year-old grass carp was used as a reference
for normalization. All data represent the mean ± standard deviation of three replicates (n=3 for each biological duplicate). A significant difference (P < 0.05) in
gene expression level between the two groups is indicated with an asterisk (*).
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expression of the immune-related genes may be related to DNA me-
thylation. The expression of dnmt1 and dnmt7 in liver and spleen tissue
of three-year-old grass carp after infection was significantly lower than
that of one-year-old grass carp (Fig. 6). On the other hand, the ex-
pression level of dmnt1 and dnmt7 in kidney tissue of three-year-old
grass carp was higher than that of one-year-old carp in the first three
days after infection, and was significantly lower than the one-year-old
expression on 5 dpi.

The expression levels of the tet3 and gnmt demethyltransferase genes
were also examined. Expression levels of tet3 and gnmt in liver and
spleen after GCRV infection was significantly lower in three-year-old
grass carp than in one-year-old grass carp (Fig. 7). The expression levels
of tet3 and gnmt in kidney were higher in three-year-old grass carp at 1
dpi than in one-year-old grass carp; expression levels were significantly
lower in three-year-old grass carp that in one-year-old grass carp at 5

dpi.

4. Discussion

Reoviruses infection not only exhibits age restriction in grass carp
but also in other species. Results of infection of reovirus in mice of
different ages suggesting that maturation of type I interferon responses
contributes to age-related deaths from reovirus infection [27]. More-
over, T cell responses in neonatal mice strongly favor the Th2 pheno-
type, which is less effective in clearing viral infections [28], and neo-
natal B cell responses develop more slowly and reach lower peak titers,
resulting in antibodies with lower affinity than in adults [29]. Similarly
to adaptive immune responses, innate immune responses also need to
mature. For example, as age increases, the degree of microglia activa-
tion in the central nervous system and the production of pro-

Fig. 5. qRT-PCR analysis of the expression levels of inf-γ and mx-1. The relative expression levels of the genes at 0 dpi in one-year-old grass carp was used as a
reference for normalization. All data represent the mean ± standard deviation of three replicates (n= 3 for each biological duplicate). A significant difference
(P < 0.05) in gene expression level between the two groups is indicated with an asterisk (*).
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inflammatory cytokines is reduced [30], and expression of congenital
immune sensor TLR3 is up-regulated in the intestine with increased age
[12]. Natural antibodies are a well-known phenomenon in fish and
have been shown to play an important role in their innate/acquired
immune defence, and natural antibodies of rainbow trout and goldfish
take part in both viral and bacterial defence [31,32]. Cod showed high
natural antibody activity against haptenated proteins like TNP-BSA
(bovine serum albumin), which increased with increasing age [33]. In

addition, cell-surface expression of reovirus receptors may decrease
with age, thus reducing reovirus binding to target cells [34,35]. These
mechanisms may provide the basis for the age restriction seen in re-
ovirus infection.

Differences in response to infection with GCRV in one-year-old and
three-year-old grass carp confirmed the existence of GCRV age restric-
tion in grass carp. One-year-old grass carp died on 9 dpi, while all three-
year-old grass carp survived. Analysis of the relative copy number of

Fig. 6. The expression levels of dnmt1 and dnmt7. The relative expression levels of the genes at 0 dpi in one-year-old grass carp was used as a reference for
normalization. All data represent the mean ± standard deviation of three replicates. A significant difference (P < 0.05) in gene expression level between the two
groups is indicated with an asterisk (*).
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GCRV showed that GCRV copy number in gill, intestine, liver, and
spleen tissue in three-year-old grass carp was much lower than in one-
year-old carp, and the virus was cleared in the first three days after
infection. But the relative GCRV copy number in the kidney of three-
year-old grass carp was higher than the one-year-old on 3 dpi, and the
virus was not cleared until 5 dpi. As a critical organ in immune re-
sponses and blood circulation, the kidney may be the organ with the
greatest virus accumulation. In fact, the symptoms caused by
Hantavirus include kidney failure, hemorrhage, and shock [36]. And
GCRV infection may trigger apoptosis in grass carp kidney cells [4].
Moreover, studies have found that the Hepatitis A virus may alter the
immune surveillance of the host to provide a favorable kidney en-
vironment for the continued survival of the virus [37]. In summary,
compared with the one-year-old grass carp, the three-year-old grass
carp had lower GCRV copy number in most tissues, and quickly cleared

the virus after infection.
Since the three-year-old grass carp can clear GCRV within three

days after infection, we selected grass carp on 3 dpi for further research.
Protein expression may be a more direct and accurate indication of
response to GCRV infection than RNA expression. Therefore, we eval-
uated blood proteins from the one-year-old and three-year-old grass
carp on 3 dpi by mass spectrometry. We identified differentially ex-
pressed proteins between the one-year-old and three-year-old grass
carp; these proteins were enriched in complement and coagulation
functions, anti-oxidative damage, and interleukin signaling. In previous
studies, it was found that most of the genes involved in the complement
and coagulation cascade pathway were significantly up-regulated after
GCRV infection [38]. To explore whether similar expression patterns
exist in the three tissues of liver, kidney, and spleen, we evaluated c3
and il-8 expressions level by qPCR. In addition, inf-γ and mx-1 were

Fig. 7. qRT-PCR analysis of the expression levels of tet3 and gnmt after GCRV infection. The relative expression levels of the genes at 0 dpi in one-year-old grass carp
was used as a reference for normalization. All data represent the mean ± standard deviation of three replicates (n = 5 for each biological duplicate). A significant
difference (P < 0.05) in gene expression level between the two groups is indicated with an asterisk (*).
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selected to further understand the differences in the immune system
between the one-year grass carp and the three-year-old grass carp after
infection with GCRV. C3 plays a vital role in the activation of the
complement system [39], and the complement system links the innate
and adaptive immune responses through a variety of mechanisms, in-
cluding enhanced humoral immunity, regulation of antibody effector
mechanisms, and T cell functions [40]. IL-8 belongs to the CXC che-
mokine family [41], which induces chemotaxis of target cells, mainly
neutrophils, and other granulocytes, causing them to migrate to sites of
infection, and IL-8 will also induce phagocytosis [42]. INF-γ is the type
II interferon member that has antiviral, immunomodulatory, and anti-
tumor properties [43]. INF-γ is essential for innate and adaptive im-
munity against viral infections [44]. In mammals, there is sufficient
evidence that antiviral activity is mediated by several IFN-inducible
proteins, of which Mx is one of the most studied proteins [45]. Mx1 has
also been shown to inhibit double-stranded RNA viruses in fish [46].
The expression levels of c3 and il-8 in the liver and kidney tissues of the
three-year-old grass carp were higher than those in the one-year-old
carp, while the expression of inf-γ and mx-1 in the three tissues was
higher in three-year-old carp than in one-year-old carp on 1 dpi. The
similarity expression patterns between the protein data in the blood and
the expression levels of the same genes in the liver, spleen and kidney
further confirms the accuracy of the data. These results indicate that
three-year-old grass carp may be able to rapidly clear the virus due to
high expression of immune-related genes. And compared to c3 and il-8,
inf-γ and mx1-mediated antiviral defense mechanisms seems respond
during the early stages of the GCRV infection. Moreover, studies have
found that cytomegalovirus (CMV) appears to promote a robust im-
mune response in infected aged mice compared to older mice that do
not carry CMV [47]. Therefore, we suspected that during growth and
maturity, increased age and exposure to more pathogens bolsters de-
velopment of a more responsive immune system in three-year-old grass
carp than in one-year-old grass carp, leading to rapid identification and
elimination of GCRV infection.

The expression levels of enzymes involved in DNA methylation were
examined to infer the global DNA methylation level after infection
between the two groups. DNA methyltransferases (DNMTs) are essen-
tial enzymes involved in DNA methylation [48]. In contrast to DNMTs,
TETs and GNMT are engaged in demethylation [49,50]. We found that
the expression levels of enzymes that promote methylation, such as
dnmt1 and dnmt7, after GCRV infection in the liver and spleen of one-
year-old grass carp were significantly higher than in the three-year-old
carp. Therefore, we hypothesize that changes in the expression level of
methyltransferases in grass carp after GCRV infection may be positively
correlated with viral copy number. In the liver and spleen, the relative
copy number of GCRV in one-year-old grass carp was significantly
higher than in three-year-old carp. Higher GCRV copy number may be
responsible for the increase in expression of DNA methyltransferases in
one-year-old grass carp compared to three-year-old carp, and high DNA
methylation levels may attenuate the expression of immune-related
genes and other genes involved in antiviral response. In previous stu-
dies, it was found that the DNA methylation levels negatively correlated
with gene expression levels [51]. It was also found that the methylation
status of RIG-1 in grass carp was extremely highly correlated with re-
sistance to GCRV, and may serve as a negative regulator of transcription
of RIG-1 [24]. Notably, the expression levels of dnmt1 and dnmt7 in the
kidney of three-year-old grass carp were higher than that of one-year-
old grass carp, which may be related to higher viral copy number. At
the same time-points, the expression levels of tet3 and gnmt in three-
year-old grass carp kidney tissue were higher than in one-year-old carp
kidney. It is possible that the expression of immune-related genes in the
kidneys of three-year-old grass carp is not affected by the synergistic
action of DNA methylation enzymes. However, DNA methylation does
not often cause side effects on viral hosts. In a study of HBV infection,
the expression of host DNA methyltransferase gene (DNMT) was sig-
nificantly up-regulated after viral infection, and at the same time,

DNMT methylated viral DNA leads to decreased viral gene expression
and reduced viral replication [52]. In a study of West Nile virus (WNV),
it was found that the 2′-O methylation of the 5′ cap of viral RNA can
mitigate the suppression of interferon responses against the virus, and
differential methylation of cytoplasmic RNA may be used for pattern
recognition and for limiting the proliferation of foreign viral RNA in
host cells [53]. Therefore, the relationship between viruses, hosts, and
DNA methylation needs further investigation. Overall, the three-year-
old grass carp can survive after infection with GCRV, and the devel-
opment of the immune system, especially the complement system, may
play an important role, and may be related to levels of DNA methyla-
tion in response to viral copy number. In contrast, DNA methylation
induced by GCRV infection may further inhibit the expression of anti-
viral-related genes, as evidenced by the increase in DNMT expression in
one-year-old grass carp and their lack of ability to quickly clear viral
infections.

In conclusion, our study investigated the age restriction of GCRV
infection in grass carp; we focus in particular on the development of the
immune system and epigenetic factors that may contribute to GCRV
infection. We demonstrate that as age increases, the response of the
immune system, especially the complement system, is more efficient
and faster after GCRV infection, enabling the three-year-old grass carp
to be more resistant to GCRV infection and more able to rapidly elim-
inate the viral infection. After infection with GCRV, the level of DNA
methylation genes in the liver and spleen of the one-year-old grass carp
was significantly higher than that of the three-year-old grass carp,
which may lead to attenuation of expression of immune-related genes.
These findings broaden our understanding of the age restriction of
GCRV infection and may help to develop strategies to combat diseases
caused by GCRV.
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