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Abstract: Infectious hematopoietic necrosis (IHN) and infectious pancreatic necrosis (IPN) are the
most common viral diseases of salmon in aquaculture worldwide. The co-infection of rainbow
trout (Oncorhynchus mykiss) with IHN virus (IHNV) and IPN virus (IPNV) is known to occur. To
determine the influence of IPNV on IHNV in co-infection, rainbow trout were intraperitoneally (i.p.)
injected with IPNV at different time intervals prior to, simultaneously to, or after IHNV infection. The
replication of IHNV in the brain, gill, heart, liver, spleen, and head kidney was detected by real-time
quantitative polymerase chain reaction (qRT-PCR). The results showed that when rainbow trout were
i.p. injected with IPNV prior to, simultaneously to, or after IHNV on 2 day (d), IHNV replication
was inhibited (p < 0.05) in all collected tissues. Nevertheless, when rainbow trout were i.p. injected
with IPNV after IHNV on 7 d (H7P), IHNV replication was only inhibited (p < 0.05) in the liver 14 d
post-IHNV infection. Moreover, stronger antiviral responses occurred in all challenge groups. Our
results suggest that IPNV can inhibit IHNV replication before or simultaneously with IHNV infection,
and induce a stronger antiviral response, and that this inhibition is most sensitive in the liver. Early
i.p. injection of IPNV can significantly reduce the mortality of rainbow trout, compared with the
group only injected with IHNV.

Keywords: rainbow trout; co-infection; infectious hematopoietic necrosis virus (IHNV); infectious
pancreatic necrosis virus (IPNV); antagonistic effect

1. Introduction

Co-infection by two or more pathogens is common in wild and farmed fish. The
process of co-infection is complicated, with infections possibly being synergistic, in which
one or both pathogens may increase; antagonistic, in which one may increase while the
other is suppressed; or both may be suppressed [1,2]. The natural environments where
fish live are diverse, and co-infection is a complicated process. Therefore, studying the
interactions of the two viruses and their impacts on mortality and disease severity can
provide practical data for experimental viral challenges related to the host’s ability to resist
disease and vaccine efficacy [3].

Infectious hematopoietic necrosis virus (IHNV) is a pathogen which causes infectious
hematopoietic necrosis (IHN), and belongs to the Rhabdoviridae family of viruses with a
negative-sense single-stranded RNA genome [4]. IHN is a disease that should be reported
to the World Organisation for Animal Health (OIE) and can affect most species of salmon
farmed in the sea and fresh water; it has been identified in various countries and trading
areas (including the European Union). IHN has catastrophic mortality, varying from 25% to
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30% in large fish to 100% in fry [5]. Infectious pancreatic necrosis virus (IPNV), a member
of the family Birnaviridae, has a double-stranded RNA genome, and causes infectious
pancreatic necrosis (IPN) in salmon and rainbow trout (Oncorhynchus mykiss) [6]. IPN is
considered to be a very worrying disease in aquaculture due to the loss of 80–90% of farmed
salmon, mainly rainbow trout fry and Atlantic salmon (Salmo salar) [7]. Thus, both IHN and
IPN are the most prevalent viral diseases of salmonids in aquaculture worldwide [8]. The
co-infection of IPNV and IHNV was reported as early as 1995 [9]. Subsequent studies have
shown that viral interactions in IHNV and IPNV co-infection are antagonistic, with IPNV
interfering with IHNV replication, leading to a significant reduction in IHNV titer and fish
mortality compared with single IHNV infection [8,10,11]. A recent study showed that IHNV
and IPNV co-infection events led to high mortality in field rainbow trout, and high IHNV
titers were observed in naturally co-infected fish, suggesting that the interaction between
IHNV and IPNV is more complex than assumed before [12]. Under natural conditions, it is
difficult to determine the order in which two or more viruses infect the body. Therefore,
this study simulated the possibility of infection sequences of the two viruses under natural
conditions, i.e., simultaneous, before and after. Most previous studies have investigated the
effects of the simultaneous infection of IHNV and IPNV, or IPNV prior to IHNV infection
on IHNV replication [8,10,13], which cannot cover all cases of natural infection. Therefore,
our study has implications for IHNV and IPNV co-infection under natural conditions,
which was novel. In addition, it is also worth discussing whether the results of IPNV
infection on IHNV replication are consistent at different times, i.e., whether IPNV always
has an antagonistic effect on IHNV. Our previous research showed that IHNV is suppressed
by IPNV at the early stage of infection and in a time-dependent manner during co-infection
in the Chinook salmon embryo (CHSE-214) cell line [14]. The study was conducted in vitro;
consequently, more in-depth research needs to be performed on fish.

In this study, a more detailed assessment of the influence of IPNV on IHNV in co-
infection was conducted in rainbow trout by intraperitoneally (i.p.) injected IPNV prior
to, simultaneously to, or after IHNV at different time intervals. The effects of IPNV on
the replication of IHNV and innate immune response in the brain, gill, heart, liver, spleen,
and head kidney tissues were studied by real-time quantitative polymerase chain reaction
(qRT-PCR). The study’s results show that IPNV can inhibit IHNV replication, induce an
antiviral response, and reduce rainbow trout mortality.

2. Materials and Methods
2.1. Cell and Virus Culture

The genogroup V IPNV isolate BJ2020-1 [15] was used to challenge fish. The CHSE-
214 cell line (ATCC CRL-1681) was used to amplify IPNV. CHSE-214 cells were cultured
at 18 ◦C in minimum essential medium growth medium (MEM) (Hyclone, Logan, UT,
USA), supplemented with 10% fetal bovine serum (FBS) (GIBCO, Grand Island, NY, USA).
CHSE-214 cells were inoculated with IPNV at a multiplicity of infection (MOI) of 0.1 and
propagated in MEM with 2% FBS at 15 ◦C.

The genogroup J IHNV isolate Sn1203 [12] was used to challenge fish. The epithelioma
papulosum cyprini (EPC) cell line (ATCC CRL-2872) was used to amplify IHNV. EPC
cells were cultured at 25 ◦C in Medium 199 basic (M199) (Hyclone, Logan, UT, USA),
supplemented with 10% FBS. EPC cells were inoculated with IHNV at an MOI of 0.1 and
propagated in M199 with 2% FBS at 15 ◦C.

IPNV and IHNV titers (the half tissue culture infective doses, TCID50) were measured
by the Reed and Muench method [9,11]. The IPNV- BJ2020-1 titer was 10−7.5 TCID50/mL
and IHNV-Sn1203 titer was 10−7.4 TCID50/mL.

2.2. Fish Samples and Virus Infection Design

A total of 800 specific-pathogen-free rainbow trout (5 g average weight) were main-
tained in 50 L tanks with circulating water at 13 ◦C and fed a dry pelleted diet ad libitum.
They were acclimatized for 15 days prior to the challenges. Our fish procedures were all
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conducted in accordance with guidelines for feeding and use of experimental animals
issued by the Heilongjiang River Fisheries Research Institute, Chinese Academy of Fishery
Sciences (CAFS). Studies on fish were reviewed and approved by the experimental animal
welfare and ethics committee of Heilongjiang River Fisheries Research Institute, CAFS.
According to manufacturer standard protocols, fish were anaesthetized by dipping them in
methane tricaine sulfonate (Sigma, St. Louis, MO, USA) prior to challenges.

2.2.1. Infectious Dose Selection

The IHNV-Sn1203 strain used in this study was a well-known virulent strain [16].
Low doses can cause high mortality rates (10 TCID50). The IPNV-BJ2020-1 strain was one
of the most prevalent genotypes (genogroup V) in China, and high mortality (50–80%)
of rainbow trout was caused by the Chinese genogroup V IPNV strains under natural
conditions, indicating the high virulence in rainbow trout [15]. Nevertheless, IPNV causes
very low or no mortality under artificial conditions. We also obtained the same results
by using other Chinese IPNV strains isolated from diseased fish. A similar phenomenon
was also recorded in other reports [16–18]. Therefore, we chose a higher dose for the IPNV
infection (2 × 106 TCID50). In our previous experiment, these two concentrations were
also used to challenge rainbow trout fry [19]. In addition, several pre-experiments were
conducted, and the results showed that when the IHNV concentration was 10 TCID50 and
IPNV concentration was 2 × 106 TCID50, the co-infection model could successfully be
constructed for the experiment.

2.2.2. Single-Infection

Rainbow trout were split into 3 groups, named group PBS, group H, and group P
(n = 100 per group, Figure 1A), respectively. Group PBS was intraperitoneally (i.p.) injected
with phosphate-buffered solution (PBS, 50 µL per fish) as a negative control, and group P
and group H were subjected to a single i.p. injection with IPNV (2 × 106 TCID50 per fish,
50 µL) or IHNV (10 TCID50 per fish, 50 µL), respectively. After 2, 4, 7, 9 or 14 d post-IHNV
or PBS infection, or 2 and 7 d post-IPNV infection, the brain, head kidney, liver, spleen, gill,
and heart of 6 fish/treatment were collected, and the same tissues of 6 fish/treatment on
the same time point were pooled.
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gle infection; (B) co-infection. H, single IHNV infection; P, single IPNV infection; HP, i.p. infection 
of IHNV and IPNV simultaneously; P7H, i.p. infection of IPNV 7 d prior to IHNV i.p. infection; 
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Figure 1. Experimental design of rainbow trout infections and sample collection timelines. (A) Single
infection; (B) co-infection. H, single IHNV infection; P, single IPNV infection; HP, i.p. infection of
IHNV and IPNV simultaneously; P7H, i.p. infection of IPNV 7 d prior to IHNV i.p. infection; P2H,
i.p. infection of IPNV 2 d prior to IHNV i.p. infection; H2P, i.p. infection of IPNV 2 d after IHNV i.p.
infection; H7P, i.p. infection of IPNV 7 d after IHNV i.p. infection; PBS, single PBS infection.
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2.2.3. Co-Infection

The experimental design used in co-infection is depicted in Figure 1B. Fish were
divided into 5 groups (P2H, P7H, HP, H2P, H7P, n = 100 per group). In the challenge
experiments, the dosages of IHNV and IPNV were 10 TCID50 and 2 × 106 TCID50 per fish,
respectively. Brain, liver, heart, spleen, gill, and head kidney tissues of 6 fish/treatment
were collected at each time point. Group HP was i.p. injected with an IPNV–IHNV mix
(1:1, 10 TCID50 IHNV, 2 × 106 TCID50 IPNV per fish, total 50 µL) and tissues were collected,
and the same tissues were pooled on 2 or 7 d post-IPNV–IHNV infection. In groups P2H
and P7H, fish were firstly i.p. injected with IPNV, then after 2 or 7 d, i.p. injected with
IHNV. Tissues were collected, and the same tissues of 6 fish/treatment were pooled on 2 or
7 d post-IHNV infection. In groups H2P and H7P, fish were firstly i.p. injected with IHNV,
then after 2 or 7 d, i.p. injected with IPNV. Tissues were collected, and the same tissues of
6 fish/treatment were pooled on 2 or 7 d post-IPNV infection.

2.3. The Survival Rate of the Challenged Fish

To determine the survival rate of rainbow trout from each co-infection or single
infection group, we monitored the cumulative deaths of rainbow trout for 28 d post-IHNV
injection of each co-infection group and for 28 d post-IHNV, IPNV, or PBS injection of
each single infection group. Rainbow trout injected with PBS were used as blank controls.
In each experimental group, 60 (triple replicate groups of 20 fish) out of 100 fish in each
experimental group were used to record the number of deaths. The remaining 40 fish were
used for sampling for gene expression measurement.

2.4. Determination of Viral Target Gene Expression

To determine the influence of IHNV caused by IPNV in the co-infections, qRT-PCR
analysis was used to calculate the relative fold change of the IHNV Nv gene at each time
point. RNA was extracted directly from the pooled brain, head kidney, liver, spleen, gill,
and heart tissues (50 mg per tissue, n = 6 per group) using Trizol reagent, following the
manufacturer’s instructions (Invitrogen, Shanghai, China). cDNA was created by the
PrimeScriptTM RT Reagent Kit (Takara, Japan) and used for qPCR analysis. Viral loads were
determined with qPCR using the ChamQ Universal SYBR qPCR Master Mix kit (Vazyme,
Nanjing, China). A 20 µL reaction mixture covered 10 µL of 2 × ChamQ Universal SYBR
qPCR Master Mix, 0.4 µL each of primer (0.2 µM), 8.2 µL of ddH2O, and 1 µL of template
cDNA. The reaction was held at 95 ◦C for 30 s, follow by 40 cycles of 95 ◦C for 10 s, and
60 ◦C for 30 s. Specific primers are listed in Table S1 in the Supplementary Materials.
β-actin was used to normalize the gene expression.

Meanwhile, to confirm the successful challenge of IPNV in each co-infection group, the
fold changes of IPNV VP2 gene expression were calculated relative to their expression in the
single IPNV infection group by the 2−∆∆Ct method. When the Ct value was >35, we deter-
mined that tissue did not contain the target gene of the virus. β-actin was used to normalize
the gene expression. Specific primers are listed in Table S1 in the Supplementary Materials.

2.5. Expression of Immune-Related Genes Determined by qRT-PCR

To determine the immune response induced by IHNV and IPNV co-infection, the
mRNA expression levels of immune-related genes, type I interferon (IFN1), Viperin (VIG1),
interferon-stimulated gene 15 (ISG15), and Mx-1 in the liver, spleen and head kidney
collected as described in Section 2.2 were examined by qPCR, as detailed in Section 2.4. The
fold changes of immune-related gene expression were calculated relative to their expression
in the H group using the 2-∆∆Ct method. β-actin was used to normalize the gene expression.
Primers are listed in Table S1 in the Supplementary Materials.

2.6. Statistical Analysis

All trials were repeated at least three times as described in the specific experiments. All
statistical analyses were performed using SPSS 19.0 (SPSS, Chicago, IL, USA), and data are
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expressed as the means and standard deviation (SD). The significance of variability between
different treatment groups was determined by one-way analysis of variance (ANOVA) tests
or t-test analysis using GraphPad Prism software (version 5.0). A p value of <0.05 was
considered statistically significant.

3. Results
3.1. Effect of Co-Infection on Survival Rate

Juvenile rainbow trout (n = 60 per group, triple replicate groups of 20 fish) were
challenged with IHNV and/or IPNV, and mortality was observed for 28 consecutive days.
Figure 2A shows the Kaplan–Meier survival curves of each group. Mortality was the
highest in groups H and H7P, with a mean cumulative percentage mortality (CPM) of 51.6%
and 48.3%. The mean CPM of group H2P was 30.0%. For groups HP, P2H, P7H, and P,
the average CPM reached 8.3%, 6.7%, 8.3%, and 1.7%, respectively. Compared with the
single IHNV infection group H, the survival rates from groups H2P, HP, P2H, and P7H
were dramatically increased (p < 0.05) (Figure 2B).
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Figure 2. Kaplan–Meier survival curves and survival rate of rainbow trout challenged with IPNV
and/or IHNV. Rainbow trout mock challenged with PBS were used as blank control. Deaths caused
by IPNV and/or IHNV were recorded daily for 28 days. Different letters indicate statistically
significant differences (p < 0.05). (A) Kaplan–Meier survival curves. (B) Significant difference analysis
of survival rate.

3.2. Distribution and Expression of Viral Target Genes

To measure the influence of IPNV on IHNV replication in co-infection, the IHNV Nv
genes in the brain, gill, heart, liver, spleen, and head kidney tissues from the co-infection
group were compared with those in the H groups using qRT-PCR. According to our virus
infection and sampling scheme (Figure 1), the IHNV Nv genes in P7H, P2H, and HP groups
were continuously determined on 2 and 7 d post-IHNV infection; the IHNV Nv gene in
the H2P group was continuously determined on 4 and 9 d post-IHNV infection; the IHNV
Nv gene in H7P was continuously determined on 9 and 14 d post-IHNV infection; and
the IHNV Nv gene in the H group was continuously determined on 2, 4, 7, 9, and 14 d
post-IHNV infection. The results showed that IHNV could be detected in all tissues in all
challenge groups at each time point (Figures 3–8).
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When IPNV was injected simultaneously or prior to IHNV (groups HP, P2H, and P7H),
the levels of IHNV Nv gene decreased (p < 0.05) in all collected tissues compared with
group H. When IPNV was injected 2 d after IHNV (H2P), the levels of IHNV Nv gene were
lower (p < 0.05) in all collected tissues. When IPNV was injected 7 d after IHNV (H7P), the
IHNV Nv gene decreased (p < 0.05) only in the liver on 14 d post-IHNV infection. Similarly,
on 2 and 7 d post-IHNV infection, the results showed lower fold changes (p < 0.05) of IHNV
in groups P7H, P2H, and HP in the brain (Figure 3A), gill (Figure 4A), heart (Figure 5A),
liver (Figure 6A), spleen (Figure 7A), and head kidney (Figure 8A) compared with group
H. Meanwhile, the levels of IHNV Nv gene were decreased (p < 0.05) in group H2P in the
gill (Figure 4B), heart (Figure 5B), liver (Figure 6B), spleen (Figure 7B), and head kidney
(Figure 8B) compared with group H on 4 and 9 d post-IHNV infection. On 9 d post-IHNV
infection in group H7P, the levels of the IHNV Nv gene had no significant change (p > 0.05)
(Figure 3C–8C). Furthermore, on 14 d post-IHNV infection in group H7P, the levels of the
IHNV Nv gene were markedly decreased (p < 0.05) only in the liver (Figure 6C).

To confirm the existence and replication of IPNV in each group, the IPNV VP2 gene in
all tissues from each challenge group was detected 2 and 7 days post-IPNV infection. The
IPNV single infection group (P) was used as a negative control. As shown in Figures S1
and S2, the levels of IPNV VP2 gene increased (p < 0.05) in all collected tissues in group HP
2 d and 7 d post-IPNV infection and decreased (p < 0.05) in all collected tissues in groups
H2P and H7P 2 d post-IPNV infection compared with group P. Meanwhile, the IPNV VP2
gene was detected in group P2H on 4 d and 9 d post-IPNV infection, and in group H7P on
9 d and 14 d post-IPNV infection.

3.3. Expression Level of Immune-Related Factors

Expression level of immune-related factors, IFN1, Mx-1, ISG15, and VIG1 genes in
the liver, spleen, and head kidney tissues were examined using one-step RT-qPCR. The
single IHNV injection group H was used as a negative control. According to our virus
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infection and sampling scheme (Figure 1), the expression of immune-related genes in the
P7H, P2H, and HP groups was continuously determined on 2 and 7 d post-IHNV infection,
the expression of immune-related genes in the H2P group was continuously determined on
4 and 9 d post-IHNV infection, the expression of immune-related genes in the H7P group
was continuously determined on 9 and 14 d post-IHNV infection, and the expression of
immune-related genes in the H group was continuously determined on 2, 4, 7, 9, and 14 d
post-IHNV infection. The results showed increases in immune-related factors (IFN1, Mx-1,
ISG15, and VIG1) in almost all challenge groups (Figures 9–11). In the liver compared
with group H, the levels of IFN1, Mx-1, ISG15, and VIG1 were increased (p < 0.05) in all
groups except group H7P (Figure 9). The levels of IFN1, Mx-1, ISG15, and VIG1 were
increased (p < 0.05) in groups P2H, P7H, and HP in the spleen and head kidney. In group
H2P, the levels of IFN1, Mx-1, and VIG1 were up-regulated (p < 0.05) in the spleen and
head kidney. The levels of ISG15 were also increased (p < 0.05) except in the spleen on 4 d
post-IHNV infection. In group H7P, the levels of IFN1 and Mx-1 were enhanced (p < 0.05)
14 d post-IHNV infection in the spleen and head kidney. The levels of ISG15 were decreased
(p < 0.05) 9 d post-IHNV infection in the spleen and head kidney. The levels of VIG1 were
decreased (p < 0.05) 9 d post-IHNV infection but enhanced (p < 0.05) 14 d post-IHNV
infection in the head kidney.
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4. Discussion

Organisms are constantly exposed to various microorganisms and parasites, some
of which are pathogenic. Infection with a pathogen can trigger a host immune response
and influence subsequent foreign infections, altering the outcome of the disease. During
reported co-infections, interactions between infectious agents produce different results: the
load of one or both pathogens may increase, one or both pathogens may be inhibited, or one
pathogen may increase while the other may be inhibited [2]. For example, channel catfish
reovirus (CRV) could inhibit channel catfish herpesvirus (CCV) replication by the viral
interference and induction of antiviral factors [20]. Combined infection of viral hemorrhagic
septicemia virus (VHSV) and IHNV in rainbow trout can lead to a reduced distribution
of IHNV throughout the body [21]. Senegalese sole (Solea senegalensis) infected with
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IPNV followed by VHSV manifested viral interference via enhanced protection [22]. The
survival of PRV-infected Atlantic salmon increased relative to IHNV (genotype E) infection,
and the infection level decreased [3]. Viral interference describes the situation whereby
infection with one virus limits the infection and replication of a second virus and can be
induced by various mechanisms, one of which is an immune response mediated by the
IFN system [23–25]. Our previous study first reported the co-infection of IHNV and IPNV
in Chinese farmed rainbow trout and studied the CHSE-214 cell line after the infection of
IPNV prior to or after IHNV at different time intervals in great detail. We demonstrated that
the antagonistic effect of IPNV on IHNV in co-infection was specific, indicating that viral
suppression was more likely to occur in the early stage of IHNV infection and was time-
dependent [12]. That antagonistic effect was observed on a CHSE-214 cell line; therefore,
we aimed to replicate this situation in vivo on a salmonidae fish species and explored the
possible mechanism of virus interference between IPNV and IHNV.

The infection time and sequence of the virus are the key factors for its replication
in co-infection, and the interaction of viruses in different co-infection cases may differ.
In this study, in order to comprehensively reveal the effect of IPNV on co-infection with
IHNV, IPNV was inoculated at different time intervals prior to or after IHNV, unlike
previous studies using co-inoculation. In this experiment, the effect of IPNV on IHNV was
first discussed by studying the survival rate in each group of fish. The survival rate of
groups P7H, P2H, HP, and H2P were markedly increased compared with that of group H,
which meant that the presence of IPNV can significantly inhibit the mortality of rainbow
trout induced by IHNV. Nevertheless, the mortality of group H7P exhibited no significant
changes compared with group H, which meant that the late injection of IPNV has no
inhibitory effect on IHNV. The reason for the phenomenon may be that IHNV has already
been replicated in rainbow trout, resulting in little inhibitory effect of IPNV on IHNV.
Meanwhile, the mortality of group H2P showed a lower level compared with group H7P,
but higher than group HP, P2H, and P7H. Previous studies have found that IPNV inhibits
IHNV infection, and their co-infection in rainbow trout has a 50% lower mortality rate than
single infection [9,26]. Our research had the same result as group H; the mortality of group
HP was dramatically decreased (approximately 40% decrease).

Using i.p. injected IPNV at different time intervals prior to, simultaneously to, or
after IHNV, IHNV replication was inhibited in almost all collected tissues. When IPNV
was i.p. injected after IHNV, IHNV replication was decreased in group H2P, but had no
significant effect on group H7P in all collected tissues except in the liver 14 days post-IHNV
infection. Therefore, too late of an i.p. injection of IPNV after IHNV did not inhibit the
replication of IHNV. The possible reason for this result is that IPNV can inhibit IHNV, but
the inhibition only worked in the early stage of IHNV infection [14]. Evidence suggests
that inoculating IPNV later than IHNV could remove viral interference [13]. This would
explain why the IHNV Nv gene was not suppressed in the majority of tissues in group
H7P. IHNV had replicated when we collected the tissues; thus, the inhibitory effect is
not significant. Previous research indicated the IHNV entry occurs through the gills and
bases of fins, while the kidney and spleen are the most abundant sites for the virus [27,28].
IPNV enters in surrounding water through the gills, intestinal epithelium, and/or certain
areas of the skin [28]. Within days, the virus can be detected in several tissues, including
the brain, kidney, heart, spleen, pancreas, liver, skin, gut, and germ cells. In this regard,
maximum replication is reached in the head kidney [7]. Our study found that IHNV RNA
in the gill, spleen, and head kidney tissues had already decreased (p < 0.05). In addition,
the liver was found to be more sensitive to the co-infection of IPNV and IHNV, which is
not consistent with most abundantly infected tissues in fish injected with IHNV or IPNV
alone. The possible reasons for this phenomenon were that the liver is the main organ
for detoxification and is susceptible to damage [29]. Our future study will further explore
this phenomenon.

It was found that mortalities and results demonstrate that the decline in mortality in
co-infection fish is not only the result of changes in individual mortality caused by two
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pathogens, but also an interaction of disease development. In the process of co-infection,
pathogens compete with each other for resources or target sites within the same host,
which can lead to changes in host susceptibility to infection, infection duration, affecting
host–pathogen dynamics, disease severity, infection biology, and host pathology [30–32].
In addition, the induction of type I interferon, which inhibits essential host cell functions
and prevents reinfection through the attachment of barrier mechanisms, may influence the
antagonistic effect of IPNV on IHNV co-infection [8,13,33,34]. It is known that the main
target organs of IHNV infection in trout are the kidneys and spleen [35,36]. In this study,
the liver was found to be more sensitive to the co-infection of IPNV and IHNV. Therefore,
we measured the expression levels of immune-related factors after co-infection in the liver,
spleen, and head kidney. IFN1 could be used to coordinate antiviral defenses [37] and in-
duce interferon-stimulated gene (ISG) expression [38]. Among ISGs, Mx and ISG15 exhibit
apparent antiviral effects [39,40]. VIG1 is a small group of ISGs that acts as both a direct
antiviral effector and a booster of innate immune signaling to inhibit viral infection [41].
This study measured the host immune response by IFN1, Mx-1, ISG15, and VIG1 expression
in the liver, spleen, and head kidney tissues. Our results showed that IFN1, Mx-1, ISG15,
and VIG1 are significantly elevated in co-infection, which indicated that IHNV and IPNV
co-infection could induce stronger antiviral responses. The IFN system can control most, if
not all, virus infections in the absence of adaptive immunity; therefore, it was proposed
that viral induction innate immunity may provide a strategy to control viral infections [25].
In this study, we demonstrate in vivo interference between IPNV and IHNV when IPNV
was administered either before or simultaneously with IHNV, i.e., IPNV inhibits IHNV
replication and induces a stronger antiviral response compared with group H, suggesting
that in the process of IPNV inhibiting IHNV replication, the antiviral response induced by
the IFN system plays a crucial role. This might be one of the reasons why IHNV replica-
tion was eventually suppressed, which provides a new perspective on the mechanism of
virus interference.

5. Conclusions

Our results suggest that IPNV can inhibit IHNV replication before or simultaneously
with IHNV infection, induce a stronger antiviral response and that this inhibition is most
sensitive in the liver. Early i.p. injection of IPNV can significantly reduce the mortality of
rainbow trout.
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(p < 0.05) and hash signs (#) above the bars indicate significant decreases (p < 0.05) from group P.
(A) Brain; (B) Gill; (C) Heart; (D) Liver; € Spleen; (F) Head kidney; Figure S2: IPNV VP2 gene on 7 d,
9 d, and 14 d post IPNV infection determined by qRT-PCR. Other notes are the same as Figure S1;
Table S1: Sequences of qPCR primers in this study.

Author Contributions: Y.S. designed experiments, writing—original draft. J.Z. performed the major-
ity of the experiments. G.R., data analysis. T.L. modified the manuscript. X.C. funding acquisition.
L.X., supervision and funding acquisition. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by the National Key Research and Development Program of
China [2019YFE0115500], the National Natural Science Foundation of China [31802345], Central
Public-interest Scientific Institution Basal Research Fund, Chinese Academy of Fishery Sciences
[2020GH05], the China Postdoctoral Science Foundation [2018M630893 and 2019T120287], the Hei-
longjiang Provincial Postdoctoral Science Foundation, China [LBH-Z18275].

Informed Consent Statement: Not applicable.

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

https://www.mdpi.com/article/10.3390/v14081732/s1
https://www.mdpi.com/article/10.3390/v14081732/s1


Viruses 2022, 14, 1732 13 of 14

References
1. Bakaletz, L.O. Developing animal models for polymicrobial diseases. Nat. Rev. Microbiol. 2004, 2, 552–568. [CrossRef] [PubMed]
2. Fox, F.E. Concomitant infections, parasites and immune responses. Parasitology 2001, 122, S23–S38.
3. Emmenegger, E.J.; Biacchesi, S.; Mérour, E.; Glenn, J.A.; Palmer, A.D.; Brémont, M.; Kurath, G. Virulence of a chimeric recombinant

infectious haematopoietic necrosis virus expressing the spring viraemia of carp virus glycoprotein in salmonid and cyprinid fish.
J. Fish Dis. 2018, 41, 67–78. [CrossRef] [PubMed]

4. Zhao, J.Z.; Xu, L.M.; Ren, G.M.; Dong, Y.; Cao, Y.S.; Liu, H.B.; Yin, J.S.; Lu, T.Y. Complete Genome Sequence and Phylogenetic
Analysis of Sn1203 Strain of Infectious Hematopoietic Necrosis Virus. Chin. J. Fish. 2020, 33, 1–9. (In Chinese)

5. Dixon, P.; Paley, R.; Alegria-Moran, R.; Oidtmann, B. Epidemiological characteristics of infectious hematopoietic necrosis virus
(IHNV): A review. Vet. Res. 2016, 47, 63. [CrossRef]

6. Julin, K.; Sommer, A.; Johansen, L.; Jorgensen, J.B. Persistent infections with infectious pancreatic necrosis virus (IPNV) of
different virulence in Atlantic salmon, Salmo salar L. J. Fish Dis. 2015, 38, 1005–1019. [CrossRef]

7. Dopazo, C.P. The Infectious Pancreatic Necrosis Virus (IPNV) and its Virulence Determinants: What is Known and What Should
be Known. Pathogens 2020, 9, 94. [CrossRef]

8. Rodríguez Saint-Jean, S.; Alonso, M.; Pérez-Prieto, S.I. Comparison of two birnavirus-rhabdovirus coinfections in fish cell lines.
Dis. Aquat. Organ. 2005, 67, 183–190. [CrossRef]

9. Guez, S.R.; Vilas, M.P.; Alonso, M.; Rez, S.P. Study of a viral-dual infection in rainbow trout (Oncorhynchus mykiss) by seroneutral-
ization, western blot and polymerase chain reaction assays. Microbiologia 1995, 11, 461–470.

10. Alonso, M.; Rodríguez Saint-Jean, S.; Pérez-Prieto, S.I. Virulence of infectious hematopoietic necrosis virus and Infectious
pancreatic necrosis virus coinfection in rainbow trout (Oncorhynchus mykiss) and nucleotide sequence analysis of the IHNV
glycoprotein gene. Arch. Virol. 2003, 148, 1507–1521. [CrossRef]

11. Byrne, N.; Castric, J.; Lamour, F.; Cabon, J.; Quentel, C. Study of the viral interference between infectious pancreatic necrosis virus
(IPNV) and infectious haematopoietic necrosis virus (IHNV) in rainbow trout (Oncorhynchus mykiss). Fish Shellfish Immun. 2008,
24, 489–497. [CrossRef] [PubMed]

12. Xu, L.M.; Zhao, J.Z.; Ren, G.M.; Dong, Y.; Lin, J.N.; Cao, Y.S.; Yin, J.S.; Liu, H.B.; Lu, T.Y.; Zhang, Q.Y. Co-infection of infectious
hematopoietic necrosis virus (IHNV) and infectious pancreatic necrosis virus (IPNV) caused high mortality in farmed rainbow
trout (Oncorhynchus mykiss) in China. Aquaculture 2019, 512, 734286. [CrossRef]

13. Kim, H.J.; Oseko, N.; Nishizawa, T.; Yoshimizu, M. Protection of rainbow trout from infectious hematopoietic necrosis (IHN) by
injection of infectious pancreatic necrosis virus (IPNV) or poly(I:C). Dis. Aquat. Organ. 2009, 83, 105–113. [CrossRef] [PubMed]

14. Xu, L.M.; Liu, M.; Zhao, J.Z.; Ren, G.M.; Dong, Y.; Shao, Y.Z.; Lu, T.Y.; Zhang, Q.Y. Infectious pancreatic necrosis virus inhibits
infectious hematopoietic necrosis virus at the early stage of infection in a time dependent manner during Co-infection in Chinook
salmon embryo cell lines. Fish Shellfish Immun. 2020, 102, 361–367. [CrossRef] [PubMed]

15. Duan, K.Y.; Zhao, J.Z.; Ren, G.M.; Shao, Y.Z.; Lu, T.Y.; Xu, L.P.; Tang, X.; Zhao, W.W.; Xu, L.M. Molecular Evolution of Infectious
Pancreatic Necrosis Virus in China. Viruses 2021, 13, 488. [CrossRef]

16. Xu, L.M.; Zhao, J.Z.; Liu, M.; Ren, G.M.; Feng, J.; Yin, J.S.; Ji, F.; Liu, H.B.; Lu, T.Y. Bivalent DNA vaccine induces significant
immune responses against infectious hematopoietic necrosis virus and infectious pancreatic necrosis virus in rainbow trout. Sci.
Rep. 2017, 7, 5700. [CrossRef] [PubMed]

17. Tapia, D.; Kuznar, J.; Farlora, R.; Yáñez, J.M. Differential Transcriptomic Response of Rainbow Trout to Infection with Two Strains
of IPNV. Viruses 2021, 14, 21. [CrossRef]

18. Soltani, M.; Ahmadivand, S.; Behdani, M.; Hassanzadeh, R.; Rahmati-Holasoo, H.; Taheri-Mirghaed, A. Transcription of adaptive-
immune genes upon challenge with infectious pancreatic necrosis virus (IPNV) in DNA vaccinated rainbow trout. Int. J. Aquat.
Biol. 2016, 4, 353–359.

19. Zhao, J.Z.; Liu, M.; Xu, L.M.; Zhang, Z.Y.; Cao, Y.S.; Shao, Y.Z.; Yin, J.S.; Liu, H.B.; Lu, T.Y. A chimeric recombinant infectious
hematopoietic necrosis virus induces protective immune responses against infectious hematopoietic necrosis and infectious
pancreatic necrosis in rainbow trout. Mol. Immunol. 2019, 116, 180–190. [CrossRef]

20. Chinchar, V.G.; Logue, O.; Antao, A.; Chinchar, G.D. Channel catfish reovirus (CRV) inhibits replication of channel catfish
herpesvirus (CCV) by two distinct mechanisms: Viral interference and induction of an anti-viral factor. Dis. Aquat. Organ. 1998,
33, 77–85. [CrossRef]

21. Brudeseth, B.E.; Castric, J.; Evensen, O. Studies on pathogenesis following single and double infection with viral hemorrhagic
septicemia virus and infectious hematopoietic necrosis virus in rainbow trout (Oncorhynchus mykiss). Vet. Pathol. 2002, 39, 180–189.
[CrossRef] [PubMed]

22. López-Vázquez, C.; Alonso, M.C.; Dopazo, C.P.; Bandín, I. In vivo study of viral haemorrhagic septicaemia virus and infectious
pancreatic necrosis virus coexistence in Senegalese sole (Solea senegalensis). J. Fish Dis. 2016, 40, 1129–1139. [CrossRef]

23. Cyrille, D.; Nick, S.L.; Ted, K.; David, Z.; Reza, K.; Damian, C.E.; Jeong, H.L.; Zoltan, M.; Miriam, V.B.; Mandy, J.; et al. Highly
conserved protective epitopes on influenza B viruses. Science 2012, 337, 1343–1348.

24. Bonnichon, V.; Lightner, D.V.; Bonami, J.R. Viral interference between infectious hypodermal and hematopoietic necrosis virus
and white spot syndrome virus in Litopenaeus vannamei. Dis. Aquat. Organ. 2006, 72, 179–184. [CrossRef] [PubMed]

25. Imre, K.; Tibor, B. Therapeutic Exploitation of Viral Interference. Infect. Disord. Drug Targets 2020, 20, 423–432.

http://doi.org/10.1038/nrmicro928
http://www.ncbi.nlm.nih.gov/pubmed/15197391
http://doi.org/10.1111/jfd.12678
http://www.ncbi.nlm.nih.gov/pubmed/28799647
http://doi.org/10.1186/s13567-016-0341-1
http://doi.org/10.1111/jfd.12317
http://doi.org/10.3390/pathogens9020094
http://doi.org/10.3354/dao067183
http://doi.org/10.1007/s00705-003-0116-7
http://doi.org/10.1016/j.fsi.2007.08.010
http://www.ncbi.nlm.nih.gov/pubmed/18329899
http://doi.org/10.1016/j.aquaculture.2019.734286
http://doi.org/10.3354/dao02000
http://www.ncbi.nlm.nih.gov/pubmed/19326791
http://doi.org/10.1016/j.fsi.2020.05.010
http://www.ncbi.nlm.nih.gov/pubmed/32387559
http://doi.org/10.3390/v13030488
http://doi.org/10.1038/s41598-017-06143-w
http://www.ncbi.nlm.nih.gov/pubmed/28720888
http://doi.org/10.3390/v14010021
http://doi.org/10.1016/j.molimm.2019.10.015
http://doi.org/10.3354/dao033077
http://doi.org/10.1354/vp.39-2-180
http://www.ncbi.nlm.nih.gov/pubmed/12009056
http://doi.org/10.1111/jfd.12585
http://doi.org/10.3354/dao072179
http://www.ncbi.nlm.nih.gov/pubmed/17140141


Viruses 2022, 14, 1732 14 of 14

26. Alonso, M.; Rodríguez, S.; Pérez-Prieto, S.I. Viral coinfection in salmonids: Infectious pancreatic necrosis virus interferes with
infectious hematopoietic necrosis virus. Arch. Virol. 1999, 144, 657–673. [CrossRef]

27. Wolf, K. Fish Viruses and Fish Viral Diseases; Cornell University Press: Ithaca, NY, USA, 1988.
28. Woo, P.T.; Bruno, D. Viral, bacterial and fungal infections. In Fish Diseases and Disorders; CABI: Oxfordshire, UK, 1999; Volume 3.
29. Sinha, A.K.; Liew, H.J.; Diricx, M.; Blust, R.; Gudrun, D.B. The interactive effects of ammonia exposure, nutritional status and

exercise on metabolic and physiological responses in gold fish (Carassius auratus L.). Aquat. Toxicol. 2012, 109, 33–46. [CrossRef]
30. Graham, A.L.; Cattadori, I.M.; Lloyd-Smith, J.O.; Ferrari, M.J.; Bjørnstad, O.N. Transmission consequences of coinfection:

Cytokines writ large? Trends Parasitol. 2007, 23, 284–291. [CrossRef]
31. Telfer, S.; Birtles, R.; Bennett, M.; Lambin, X.; Paterson, S.; Begon, M. Parasite interactions in natural populations: Insights from

longitudinal data. Parasitology 2008, 135, 767–781. [CrossRef]
32. Lello, J.; Boag, B.; Fenton, A.; Stevenson, I.R.; Hudson, P.J. Competition and mutualism among the gut helminths of a mammalian

host. Nature 2004, 428, 840–844. [CrossRef]
33. García, I.; Galiana, A.; Falcó, A.; Estepa, A.; Perez, L. Characterization of an infectious pancreatic necrosis (IPN) virus carrier cell

culture with resistance to superinfection with heterologous viruses. Vet. Microbiol. 2011, 149, 48–55. [CrossRef] [PubMed]
34. Kotob, M.H.; Menanteau-Ledouble, S.; Kumar, G.; Abdelzaher, M.; El-Matbouli, M. The impact of co-infections on fish: A review.

Vet. Res. 2016, 47, 98. [CrossRef]
35. Bootland, L.M.; Leong, J. Infectious haematopoietic necrosis virus. Fish Dis. Disord. 2011, 3, 66–110.
36. So, S.K.; Kwang, K.; Hae, K.Y.; Yu, S.H.; Myeong, E.J.; Soon, G.B.; Hyun, J.L.; Jang, S.P.; Yung, J.K. Differential virulence of

infectious hematopoietic necrosis virus (IHNV) isolated from salmonid fish in Gangwon Province, Korea. Fish Shellfish Immunol.
2021, 119, 490–498.

37. Zou, J.; Gorgoglione, B.; Taylor, N.G.H.; Summathed, T.; Lee, O.T.; Panigrahi, A.; Genet, C.; Chen, Y.M.; Chen, T.Y.; Hassan,
M.U.; et al. Salmonids Have an Extraordinary Complex Type I IFN System: Characterization of the IFN Locus in Rainbow Trout
Oncorhynchus mykiss Reveals Two Novel IFN Subgroups. J. Immunol. 2014, 193, 2273–2286. [CrossRef] [PubMed]

38. Schoggins, J.W.; Rice, C.M. Interferon-stimulated genes and their antiviral effector functions. Curr. Opin. Virol. 2011, 1, 519–525.
[CrossRef] [PubMed]

39. Durfee, L.A.; Lyon, N.; Seo, K.; Huibregtse, J.M. The ISG15 Conjugation System Broadly Targets Newly Synthesized Proteins:
Implications for the Antiviral Function of ISG15. Mol. Cell. 2010, 38, 722–732. [CrossRef] [PubMed]

40. Nombela, I.; Carrion, A.; Puente-Marin, S.; Chico, V.; Mercado, L.; Perez, L.; Coll, J.; Ortega-Villaizan, M.D.M. Infectious pancreatic
necrosis virus triggers antiviral immune response in rainbow trout red blood cells, despite not being infective. F1000Research
2017, 6, 1968. [CrossRef]

41. Crosse, K.M.; Monson, E.A.; Beard, M.R.; Helbig, K.J. Interferon-Stimulated Genes as Enhancers of Antiviral Innate Immune
Signaling. J. Innate. Immun. 2018, 10, 85–93. [CrossRef]

http://doi.org/10.1007/s007050050534
http://doi.org/10.1016/j.aquatox.2011.11.002
http://doi.org/10.1016/j.pt.2007.04.005
http://doi.org/10.1017/S0031182008000395
http://doi.org/10.1038/nature02490
http://doi.org/10.1016/j.vetmic.2010.10.017
http://www.ncbi.nlm.nih.gov/pubmed/21109369
http://doi.org/10.1186/s13567-016-0383-4
http://doi.org/10.4049/jimmunol.1301796
http://www.ncbi.nlm.nih.gov/pubmed/25080482
http://doi.org/10.1016/j.coviro.2011.10.008
http://www.ncbi.nlm.nih.gov/pubmed/22328912
http://doi.org/10.1016/j.molcel.2010.05.002
http://www.ncbi.nlm.nih.gov/pubmed/20542004
http://doi.org/10.12688/f1000research.12994.2
http://doi.org/10.1159/000484258

	Introduction 
	Materials and Methods 
	Cell and Virus Culture 
	Fish Samples and Virus Infection Design 
	Infectious Dose Selection 
	Single-Infection 
	Co-Infection 

	The Survival Rate of the Challenged Fish 
	Determination of Viral Target Gene Expression 
	Expression of Immune-Related Genes Determined by qRT-PCR 
	Statistical Analysis 

	Results 
	Effect of Co-Infection on Survival Rate 
	Distribution and Expression of Viral Target Genes 
	Expression Level of Immune-Related Factors 

	Discussion 
	Conclusions 
	References

