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The effects of crude lentinan (CLNT) on the intestinal microbiota and the immune barrier
were evaluated in rainbow trout (Oncorhynchus mykiss) infected by infectious
hematopoietic necrosis virus (IHNV). The results showed that supplementary CLNT
declined the rainbow trout mortality caused by IHNV, which suggested that CLNT has
preventive effects on IHNV infection. IHNV destroyed intestinal integrity, as well as caused
the intestinal oxidative and damage in rainbow trout. Supplementary CLNT significantly
strengthened the intestinal immune barrier by declining intestinal permeability, as well as
enhancing intestinal antioxidant and anti-inflammatory abilities in IHNV-infected rainbow
trout (P<0.05). In addition, CLNT modified the aberrant changes of intestinal microbiota
induced by IHNV, mainly represented by promoting the growths of Carnobacterium and
Deefgea and inhibiting Mycobacterium and Nannocystis. Especially, supplementing with
CLNT significantly promoted the growth of short-chain fatty acid–producing bacteria
(P<0.05) and consequently increased the production of acetic acid, butanoic acid, and
hexanoic acid in the intestine of IHNV-infected rainbow trout. Furthermore, it was
speculated that CLNT could regulate the self-serving metabolic pathways of intestinal
microbiota induced by IHNV, such as fatty acid metabolism and amino acid metabolism.
Together, CLNT played the antiviral effects on IHNV infection through strengthening the
intestinal immune barrier, as well as regulating intestinal microbiota and SCFA metabolism
in rainbow trout. The present data revealed that CLNT exerted a promising prebiotic role in
preventing the rainbow trout from IHNV infection.
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INTRODUCTION

Currently, aquaculture has expanded globally with the increases
in the production and the number of fish species being cultured.
The intensive rearing conditions in fish farms provide new
opportunities for the rapid spread of aquatic pathogenic
microbes. Infectious hematopoietic necrosis virus (IHNV) is
the causal agent of a highly contagious disease that influences
many species of salmonid fishes, particularly rainbow trout
(Oncorhynchus mykiss) and sockeye salmon (O. nerka) (1). It
belongs to the genus Novirhabdovirus within the family
Rhabdoviridae and is a negative-strand RNA virus with a
genome of approximately 11 kb that encodes six proteins:
nucleocapsid (N), polymerase-associated phosphoprotein (P or
M1), a matrix protein (M or M2), surface glycoprotein (G), non-
virion protein (NV), and virus RNA polymerase (L) (2). IHNV
can induce the mortality of 80%~100% to the fry and juveniles of
salmonidae (3, 4). Meanwhile, those fish that survive an IHNV
infection might become the asymptomatic carriers of the virus
for a long period and lead to vertical transmission to the
susceptible species, which causes a more widespread
transmission and more severe hazard (3, 5). In recent years,
the outbreaks of IHN frequently occurred in many provinces of
China, which not only cause a huge economic loss but also block
the industry development of rainbow trout. However, there are
no vaccines or drugs commercially available against IHNV
in China.

As an alternative to vaccines, the application of
immunostimulants is a worthy strategy to enhance the
immune status of fish and reduce the severity of infectious
disease outbreaks (6, 7). Lentinan, as an immunostimulant, has
diverse traits including anti-inflammatory, antioxidant, and
antimicrobial abilities (8, 9). Several studies on lentinan have
shown that it is helpful for protecting the host from the pathogen
attacks through enhancing the host immunity (10–12).
Furthermore, several researchers have proved that dietary
lentinan played important roles in reshaping intestinal
microbiota to relieve intestinal damages (8, 11–13). As we
commonly know, IHN viruses can replicate in large numbers
in the intestine and lead to the necrosis of intestinal wall cells in
IHNV-infected rainbow trout (5, 14). The main pathognomonic
lesion of intestine caused by IHNV is manifested by the yellow
mucus in the intestine (15–17). This pathological damage could
activate the immune responses of intestine in IHNV-infected
rainbow trout (18–20). Similar to mammalian, intestinal mucosal
immunity is the first line in fish to defense viral invasion, which
played important roles in regulating both intestinal microbiota
homeostasis and pathogen control at mucosal sites (21, 22).
Moreover, virus-induced alterations of intestinal microbiota
could influence the metabolic phenotype of the host, and the
production of microbes associated metabolites and derivatives of
intestinal microbes, such as SCFAs (23, 24). These metabolites
act as messengers of the intestinal microbes to regulate together
the host immunity (25, 26). Obviously, it is beneficial to remodel
the aberrant intestinal microbiota for ameliorating the host
inflammatory injury.
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We previously found that lentinan had inhibitory roles in
IHNV replication in vitro (27). However, its antiviral role and the
corresponding mechanism in vivo are unclear. This study aims to
explore the preventive roles of crude lentinan (CLNT) on IHNV
infection in vivo. Moreover, its effects on the intestinal
microbiota, intestinal immune barrier, and SCFA metabolism
were investigated in IHNV-infected rainbow trout. The results
will provide practical data for exploiting the efficient
immunostimulant to protect the rainbow trout from
IHN detriment.
MATERIAL AND METHODS

Materials
CLNT was obtained from the body of Lentinula edodes by hot
water extraction and ethanol precipitation with a yield of 7.51%.
In brief, the powder of the dried body was suspended in the
distilled water at 60°C for 2.50 h. The supernatant was
concentrated in a rotary evaporator under reduced pressure,
purified with the Sevage reagent, then dialyzed in a 500~1,000 D
dialysis bag and lyophilized for obtaining the CLNT. CLNT
powder is soluble in water and insoluble in ethanol, acetone, and
ether. The total soluble sugar percentage of CLNT is 51.88%.

Assay kits for superoxide dismutase (SOD), total antioxidant
capacity (T-AOC), malondialdehyde (MDA), and total protein
were purchased from Nanjing Jiancheng Bioengineering Institute
(Nanjing, China). The Fecal DNA Isolation Kit and DNA
Purification Kit were purchased from Tiangen Biotechnology
Co. Ltd. (Beijing, China). The TRIzol reagent was purchased
from Invitrogen Co. Ltd (Carlsbad, CA, USA). The One-Step TB
Green PrimeScript RT-PCR PLUS Kit was purchased from
Takara Bio Inc. IHNV-sn1203 was isolated from diseased
rainbow trout and stored in our laboratory as previously
described (28).

Diet Preparation
The compositions of the basal diet are shown in Table 1. The
formulation has been shown to be nutritionally adequate for the
growth requirement of juvenile trout. CLNT was supplemented
into the basal diet to formulate the diets of the low dosage of
CLNT (1.0%) and the high dosage of CLNT (2.0%). Briefly, all
the ingredients were ground into powder and added with 1.0%
and 2.0% of CLNT. Water was gradually added to the mixed
ingredients with a proportion of 40% (water/mixed ingredients).
Subsequently, the obtained mixture was made into 1.5 mm
pellets using a meat grinder and then air-dried to below 100 g/
kg moisture of diet. After drying, the obtained sinking diets were
sealed in bags and stored at -20°C until used.

Animals and Treatments
Animal experiments were performed in compliance with the
relevant laws approved by the Animal Welfare Committee of
Heilongjiang River Fishery Research Institute, Chinese Academy
of Fishery Sciences. All efforts were made to minimize animal
June 2022 | Volume 13 | Article 920065
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suffering. Rainbow trout (body weight 10.00 ± 2.00 g) were
acclimatized for 14 days. Water at a constant temperature of 15 ±
0.2°C was supplied in a flow-through system (water inflow rate:
8 L/min), and the dissolved oxygen level ranged from 7.50 to
8.50 mg/L. Fish were randomly assigned into four groups of 60
each, including the normal control group (NC), challenge group
(IH), low-dosage group (LD), and high-dosage group (HD). Each
group was randomly assigned to triplicate. Fish both in NC and
IH groups were fed with the basal diet, and the LD and HD
groups were fed with the low dosage and high dosage of CLNT,
respectively. All fish in four treatments were hand-fed twice daily
(09:00 and 16:00) at 2.00% of body weight. Fish were fed for 28
days and then fasted for 1 day. Afterwards, fish in IH, LD, and
HD groups were intraperitoneally injected with IHNV (100
TCID50, 50 ml) and continuously observed for 14 days. In the
NC group, fish were intraperitoneally injected with the same
volume of sterile physiological saline. During the trial, the
number of dead fish was recorded every day. At the end of the
experiment, fish were anesthetized with 100 mg/L eugenol
(Shanghai Reagent, Shanghai, China). Fecal samples from the
intestinal tract were collected using sterile tweezers for DNA
extraction and SCFA analysis. The partial small intestines were
excised and fixed for histological and biochemical analysis, and
the remains were homogenized for extracting RNA.

Histological and Biochemical Analysis
The intestines were harvested and fixed in neutral buffered
formalin for 24 h at room temperature. Subsequently, the
samples were gradually dehydrated in graded ethanol
concentrations and embedded in paraffin wax, sectioned, and
stained with hematoxylin–eosin (H&E). The tissue sections were
observed and photographed using a microscope (Leica DMi8,
Leica, Germany).

The intestinal tissues were homogenized with ice-cold saline
and centrifuged, and the supernatant was used to determine the
levels of T-AOC, SOD, MDA, and total protein according to the
manufacturer’s instructions. Each sample was analyzed
in triplicate.
Frontiers in Immunology | www.frontiersin.org 3
Real-Time Quantitative PCR
Total RNA was extracted from intestines using the TRIzol
reagent. RT-qPCR experiment was performed to detect the
expressions of immune-related genes, as well as IHNV-N and
IHNV-L genes using the Applied Biosystems 7500 System (Bio-
Rad, Hercules, CA, USA) in triplicate. The primers of these genes
were designed and showed in STable 1. b-Actin was used as an
internal control to normalize the gene expression levels. The fold
changes of mRNA expression were normalized to the level of the
NC group by the comparative cycle threshold (Ct)
method (2−DDCt).

Quantification of Short-Chain
Fatty Acids
The obtained feces were added with 0.5% phosphate, thoroughly
homogenized, and centrifuged to collect the supernatant. After
adding the same amount of ethyl acetate, the mixtures were
homogenized and centrifuged to collect the supernatant.
Subsequently, the obtained supernatant was mixed with
tetramethyl pentanoic acid, homogenized, and kept on ice for
quantifying SCFA contents using the gas chromatography–mass
spectrometer (GC-MS; Agilent 7890A/5975C).

Intestinal Microbiota Analysis
The V3~V4 hypervariable region of the 16S ribosomal RNA
(rRNA) gene was amplified, and PCR products were purified by
the DNA purification kit. After the preliminary quality filtering,
the entire qualified DNA was used to construct a library on an
Illumina Hiseq 2500 platform. Data were analyzed with QIIME
and R software. Alpha diversity was calculated by the Ribosomal
Database Project (RDP) pipeline at 97% sequence identity. Beta
diversity on the obtained weighted UniFrac distance and Bray–
Curtis distance were analyzed using the principal coordinates
analysis (PCoA). The 16S rRNA gene sequence of the sample was
mapped to the Kyoto Encyclopedia of Genes and Genomes
(KEGG) database for annotation, and the abundance of
metabolic pathways was predicted based on the phylogenetic
TABLE 1 | Compositions of the basal diet (g/kg) for rainbow trout.

Ingredients Basal diet

Fish meal 300
wheat meal 200
Corn gluten meal 135
Soy protein concentrate 200
Fish oil 70
Soybean oil 50
Cellulose 8.0
Mineral premixa 20
Vitamin mixtureb 10
Dimethyl-b-propiothetin 2.0
Choline chloride 5.0
Chemical composition %
Crude protein 48.30
Crude lipid 13.80
June 2022 | Volume 13 | Art
aMineral premix (mg/kg mixture) MgSO4·7H2O, 100.00, NaH2PO4·2H2O, 300.00, KCl, 125.00, ferric citrate, 50.00, ZnSO4·H2O, 75.00, Ca-lactate, 100.00; CuSO4, 15.00; FeCl3, 25.00,
Na2SeO3, 10.00; MnSO4·H2O, 15.00, and CoCl2·6H2O, 10.0.
bVintamin premix (mg/kg mixture) L-ascorbic acid, 300.00, tocopheryl acetate, 300.00, thiamin, 15.00, riboflavin, 30.00, pyridoxine, 15.00 niacin, 175.00, calcium pantothenate, 200.00,
inositol, 300.00, folic acid, 50.00, menadione, 200.00, and cyanocobalamin, 50.00.
icle 920065
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investigation of communities by the reconstruction of
unobserved states 2 (PICRUSt2).

Statistical Analysis
All data were presented as the mean ± standard error of the mean
(SEM) using SPSS 21.0 software (SPSS Inc., Chicago, IL, USA),
and the graphs were made with Prism 5.0 software. Differences
between groups were tested by the analysis of variance
(ANOVA), followed by the two-tailed unpaired Student’s t-
test. The difference was considered statistically significant when
P<0.05. Correlations among the key gena and immune-related
genes were determined on t-value analysis obtained from the
redundancy analysis (RDA) and Spearman correlation analysis.
RESULTS

Fish Data
No mortality was recorded in the NC group during the
experimental period (Figure 1). During the experiment, there
was no significant difference in body weight among the groups
(data were not shown). IHNV infection (IH group) induced the
high mortality of rainbow trout (93.33%). Survival rates in LD
and HD groups reached 23.33% and 17.71%, respectively. The
results showed that CLNT had the preventive effects on IHNV
infection in rainbow trout. Moreover, the protective effects of
1.0% dosage of CLNT were better than 2.0% dosage.
Frontiers in Immunology | www.frontiersin.org 4
Histological Observation
The normal intestinal architecture and cell structure were
presented in the NC group, characterized by the intact
intestinal mucosa and columnar epithelium arranged orderly
in the well-organized intestine (Figure 2A). There were severe
goblet cell hypertrophy, intra-epithelial leukocytosis, epithelium
vacuolation, and inflammatory cell infiltration in the IH group
(Figure 2B). Reversely, these symptoms were attenuated in
rainbow trout supplemented by CLNT to some extent
(Figures 2C, D). Supplementing with CLNT alleviated the
pathological symptoms of intestine, especially low dosage of
CLNT, which successfully attenuated the goblet cell hypertrophy,
epithelium vacuolation, and lymphocyte infiltration.

Effects of Crude Lentinan on Intestinal
Antioxidant Activity
Intestinal T-AOC and SOD levels in the IH group were
significantly declined compared with those in the NC group,
and the MDA level significantly increased (P<0.05) (Table 2).
The results showed that IHNV caused intestinal oxidative
damage in rainbow trout. Intestinal T-AOC and SOD levels in
LD and HD groups were 2.00 and 1.31 and 1.89 and 1.15 folds
higher than those in the IH group, while MDA contents were
1.34 and 1.31 folds lower, respectively. The results indicated that
supplementing with CLNT significantly elevated the intestinal
antioxidative ability and then ameliorated the oxidative damage
to intestine caused by IHNV in rainbow trout (P<0.05).

Effects of Crude Lentinan on the Intestinal
Immune Barrier
IHNV infection significantly decreased the expression levels of
claudin d, ZO-1, and occludin genes in the intestine compared
with those in the NC group (P<0.05) (Figure 3). Supplementing
with CLNT significantly increased their expression levels, of
which in the LD group were 1.39, 1.60, and 2.18 folds higher
than those in the IH group and in the HD group were 1.24, 1.37,
and 1.78 folds higher (P<0.05). Furthermore, IHNV infection
significantly increased the expression of intestinal tumor necrosis
factor-a (TNF-a ), interleukin 1b (IL1b), interleukin 6 (IL-6),
and transforming growth factor-b (TGF-b) genes (P<0.05).
Supplementing with CLNT significantly decreased the
expressions of these pro-inflammatory cytokines compared
FIGURE 1 | Survival curve of rainbow trout under the different treatments.
FIGURE 2 | Histological changes of the intestine in rainbow trout. (A–D) The changes of intestinal architecture in normal control (NC), challenge (IH), low-dosage
(LD), and high-dosage (HD) groups, respectively. ×200 magnifications; GC, LE, and IC were indicative of the goblet cell, lamina epithelialis, and inflammatory cell, respectively.
June 2022 | Volume 13 | Article 920065
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with those in the IH group (P<0.05). Furthermore,
supplementing with CLNT increased the expressions of
intestinal IgM and CD8 genes, presented by the higher levels
than those in the IH group. Unexpectedly, the expression levels
of IgT and CD4 genes in the IH group were significantly higher
than those in the NC, LD, and HD groups, respectively (P<0.05).
However, the expression levels of intestinal IHNV-N and IHNV-
L in the LD and HD groups were significantly decreased
compared with those in the IH group (P<0.05).

Effects of Crude Lentinan on Short-Chain
Fatty Acid Metabolism
SCFAs, including acetic acid, butanoic acid, and hexanoic
acid, were detected from intestinal feces in the four
Frontiers in Immunology | www.frontiersin.org 5
experimental groups (Figure 4). IHNV infection notably
decreased the acetic acid and butanoic acid contents
compared with those in the NC group and slightly increased
the hexanoic acid content. Supplementing with CLNT
increased the levels of acetic acid, butanoic acid, and
hexanoic acid compared with those in the IH group.
Moreover, the supplement of CLNT slightly increased
butanoic acid and hexanoic acid contents compared with
those in the NC group. However, there was no significant
difference in the changes of intestinal hexanoic acid and
butanoic acid contents among the four groups (P>0.05). In
summary, supplementary CLNT was conducive to stimulate
the production of intestinal SCFAs in IHNV-infected
rainbow trout.
TABLE 2 | Effects of supplementary 1% and 2% of crude lentinan (CLNT) on intestinal antioxidant ability in infectious hematopoietic necrosis virus (IHNV)–infected
rainbow trout.

Items NC group IH group LD group HD group

T-AOC (mmol/g) 0.16 ± 0.03a 0.09 ± 0.003b 0.18 ± 0.04a 0.17 ± 0.05a
SOD (U/mgprot) 21.81 ± 2.10a 18.07 ± 3.64b 23.60 ± 2.44a 20.74 ± 1.13a
MDA (nmol/mgprot) 3.37 ± 0.72a 4.74 ± 0.49b 3.54 ± 0.55ac 3.62 ± 0.99c
June 2022 | Volume 13 |
Different letters indicated significant differences between groups (P < 0.05).
FIGURE 3 | Changes in the expression of intestinal immune-related genes after dietary 1% and 2% of crude lentinan (CLNT) in infectious hematopoietic necrosis
virus (IHNV)–infected rainbow trout (P<0.05). Different letters indicated significant differences among the groups.
Article 920065
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Effects of Crude Lentinan on
Intestinal Microbiota
IHNV infection significantly elevated the intestinal microbiota
community diversity compared to the NC group, represented
by the relatively higher ACE, Chao1, and Shannon indices
(P<0.05) (Table 3). Supplementary CLNT slightly increased
intestinal microbiota community diversity. The evident group
differences at the Operational Taxonomic Unit (OTU) level
were observed among the four experimental groups
(Figure 5A). The principal coordinates 1 and 2 respectively
explained 23.08% and 9.13% of the microbial community
structure variations (Figure 5B). In addition, the coverage
indices were up to 99.80% of all species in the samples, which
indicated a high quality of the assembled results. The data were
deposited to the National Center for Biotechnology
Information with accession No. PRJNA828277 (https://
dataview.ncbi.nlm.nih.gov/object/PRJNA828277).

At the phylum level, Proteobacteria was the most abundant in
the NC group followed by Firmicutes and Actinobacteria
(Figure 5C). IHNV infection significantly enriched intestinal
Actinobacteria and Myxococcota in rainbow trout.
Actinobacteria became the predominant phylum followed by
Myxococcota and Proteobacteria in the IH group (P<0.05).
Supplementary CLNT evidently reshaped the intestinal
microbial compositions, represented by the increases in the
proportions of Proteobacteria and Firmicutes compared with
those in the IH group, as well as the decrease of Myxococcota. At
the genus level, IHNV infection significantly increased the
abundances of Nannocystis and Mycobacterium by 33.85% and
33.01% and decreasedDeefgea by 27.13% compared with those in
NC group, respectively (P<0.05) (Figure 5D). Nannocystis
became the predominant genus followed by Mycobacterium
and Deefgea in the IH group. Unclassified-f-Parachlamydiaceae
and norank-f-Vermiphilaceae were newly emerged genera after
Frontiers in Immunology | www.frontiersin.org 6
IHNV infection. Supplementary CLNT decreased the relative
abundances of Mycobacterium and Nannocystis compared with
the IH group.

As shown in Figure 5E, the dominant microbes in the NC
and IH groups were in a different phylum [linear discriminant
analysis score (LDA)>2, P<0.05]. Carnobacterium was the most
abundant phenotypic biomarker in healthy rainbow trout (NC
group) and Mycobacterium in IHNV-infected ones (IH group).
In addition, Flavobacterium was the specific taxon in the IH
group and norank-f-Hungateiclostridiaceae in the LD group
(Figure 5F), as well as Clostridium-sensu-stricto-3 in the HD
group (Figure 5G) when the two groups were compared,
respectively. The above results revealed that the differential
enrichment of intestinal microbiota is closely related to the
healthy status of rainbow trout.

Effects of Crude Lentinan on Intestinal
Microbial Metabolism
Metabolism was the most important pathway within the
intestinal microbiota (SFigure1). IHNV infection evidently
increased bacterial distributions mapped to fatty acid
metabolism, valine, leucine and isoleucine degradation, and
fatty acid degradation, and declined the distributions in the
biosynthesis of amino acids, glycolysis/gluconeogenesis, amino
sugar and nucleotide sugar metabolism, etc. compared with NC
group (Figure 6A). Supplementary CLNT decreased bacterial
distributions in the biosynthesis of amino acids, carbon
metabolism, purine metabolism, and so on, compared with
those in the IH group.

In terms of enzymes, IHNV infection notably increased
bacterial distributions in non-specific serine/threonine protein
kinase (2.7.11.1), cytochrome-c oxidase (1.9.3.1), enoyl-CoA
hydratase (4.2.1.17), acetyl-CoA C-acetyltransferase (2.3.1.9),
DNA-(apurinic or apyrimidinic site) lyase (4.2.99.18),
FIGURE 4 | Changes of intestinal short-chain fatty acid (SCFA) contents after dietary 1% and 2% of CLNT in IHNV-infected rainbow trout (P<0.05). Different letters
indicated significant differences among the groups.
TABLE 3 | Effects of supplementary 1% and 2% of CLNT on microbial alpha diversity in the intestine of IHNV-infected rainbow trout.

Groups Indices

ACE Chao1 Simpson Shannon-wiener Coverage

NC 194.35±26.94a 195.38±23.44a 0.47±0.34a 1.40±0.84a 99.92±0.02%
HD 300.08±33.20b 296.42±28.82b 0.19±0.05b 2.56±0.21b 99.88±0.04%
LD 306.10±32.87b 302.61±38.32b 0.22±0.05b 2.30±0.11b 99.86±0.02%
IH 300.32±46.21b 292.15±37.75b 0.23±0.04b 2.15±0.60b 99.91±0.03%
June 2022 | Volume 13 |
Different letters indicated significant differences between groups (P < 0.05).
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medium-chain acyl-CoA dehydrogenase (1.3.8.7), and long-
chain fatty acid:CoA ligase (6.2.1.3) compared with those in
the NC group (Figure 6B). There were trivial changes in the
distributions of microbes that were mapped to the above
enzymes in the LD and HD groups. Furthermore, IHNV
infection significantly increased the bacterial distributions in
Frontiers in Immunology | www.frontiersin.org 7
DNA-methyltransferase (2.1.1.72), acetolactate synthase
(2.2.1.6), protein-serine/threonine phosphatase (3.1.3.16),
adenylate cyclase (4.6.1.1), and DNA topoisomerase (5.99.1.3)
compared with those in the NC group (P<0.05). Supplementing
with CLNT decreased bacterial distributions in these enzymes
compared with those in the IH group.
B C

D

E

F G

A

FIGURE 5 | Effects of supplementary 1% and 2% of CLNT on intestinal microbiota in IHNV-infected rainbow trout. (A) OTU-Venn analysis of intestinal microbiota;
(B) PLS-DA analysis of intestinal microbiota; (C) relative abundances of major phyla above 0.10% in at least one group; (D) community heat map analysis of top 20
genera in each group; (E) LDA Effect Size (LEfSe) analysis of microbes between NC and IH groups, LDA>4, P<0.05; (F) LEfSe analysis of microbes between LD and
IH groups, LDA>2.5, P<0.05; (G) LEfSe analysis of microbes between HD and IH groups, LDA>2, P<0.05.
BA

FIGURE 6 | Predictions of metabolic pathways and enzymes within the intestinal microbiota. (A) Predicted metabolic pathways within the intestinal microbiota;
(B) predicted enzymes within the microbiota.
June 2022 | Volume 13 | Article 920065
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Redundancy Analysis
Low collinearity of factors, including acetic acid, butanoic acid,
hexanoic acid, and IL6, were screened from 15 indicators with
the variable importance in projection (VIP) <4.0. The top 20
gena responding to the samples and these four indicators were
shown in Figure 6A. The results of the RDA analysis indicated
that the first two canonical axes explained 51.50% and 2.73% of
the variation at the genus level, respectively. Carnobacterium and
Deefgea exhibited relatively higher abundances in the healthy
rainbow trout intestine, while Mycobacterium and Nannocystis in
IHNV-infected ones (Figure 7A). These results were in accord with
the analysis of intestinal microbiota compositions. Together with
the Spearman correlation analysis, it was demonstrated
that the distribution of Carnobacterium was positively correlated
with the changes of acetic acid, claudin d, ZO-1, occludin, and
CD8 (Figure 7B). The distributions of unclassified-f-Parachal
amydiaceae, Nannocystis, Aurantimicrobium, Clostridiu
m_sensu_stricto_3, norank_f_Vermiphilaceae, and Legionella were
significantly positively correlated with the changes of IgT, TNF-a,
IL6, and CD4 genes. The above results indicated that these
parameters and their interactions impacted most on the
distribution of 20 gena.
DISCUSSION

Viral diseases affect bony fish that can occur immediately and
cause overwhelming deaths in the majority of farmed fish (23).
The defense responses through the use of immunostimulants
could be efficient to suppress the viral infection in fish to an
extent (29, 30). Numerous studies reported that b-glucan could
enhance the resistance to bacterial infection in fish like Yersinia
ruckeri, Flavobacterium columnare, Aeromonas salmonicida, and
A. hydrophila (29, 31, 32). Its resistance to viral diseases has also
been reported such as grass carp hemorrhage virus, viral hemorrhagic
septicemia virus, and nervous necrosis virus (33; 30, 34). Nevertheless,
Frontiers in Immunology | www.frontiersin.org 8
no information was available concerning the effects of lentinan on
IHNV infection in vivo. Some studies on crude polysaccharides have
proven their encouraging effects on immune enhancement (35–38).
Considering the large population size of fish and the high cost of
purified operation for polysaccharides, CLNT was selected to explore
its antiviral effect on IHNV in this study. The results showed that
CLNT well decreased the mortality of IHNV-infected rainbow trout,
indicating that CLNT had the prophylactic effects on IHNV infection
to an extent. The better efficiency at a low dosage of CLNT was
possibly the result of multiple factors including the action of mode,
dosage, and timing of administration, virus virulence, water
temperature, fish species, and size.

Claudin d, occludin, and ZO-1 are tight junction proteins that
are mainly responsible for controlling the initiation and
stabilization of cel–cell adhesion and the paracellular passage
of ions and solutes between cells (39). Their decreases could not
only destroy intestinal integrity but also cause the cross of
harmful non-self antigens and attack the host afterward (11).
The low levels of claudin d, occludin, and ZO-1 in the IH group
indicated that IHNV increased intestinal permeability. Intestinal
imperfection could further weaken immunological tolerance
accompanied by the release of a large number of inflammatory
cytokines for responding to the damages. In this study, IHNV
destroyed intestinal immune defense and consequently caused
the increments in the expressions of TNF-a, IL-6, IL1b, and
TGF-b genes in the intestine of rainbow trout. Similar results
were found after the infection of infectious pancreatic necrosis virus
or infectious salmon anemia virus (40, 41). Overproductions of
these pro-inflammatory cytokines, especially TNF-a and IL-6,
could further stimulate the other cytokines’ secretion and
exacerbate the damage to tissues (42, 43). In this study, CLNT
significantly increased the expressions of tight junction protein
genes including claudin d, occludin, and ZO-1, as well as
decreased TNF-a, IL-6, IL1b, and TGF-b genes (P<0.05),
indicating that supplementary CLNT could improve the intestinal
integrity and consequently ameliorate the intestinal inflammatory
injury caused by IHNV infection. Moreover, T-AOC and SOD
BA

FIGURE 7 | RDA and Spearman correlation analysis. (A) Redundancy analysis of key factors responding to top 20 gena; (B) Spearman correlation between key
factors and the top 20 gena. The symbol "*,** and ***" indicated the significance between the key factor and genus at P≤0.05, P≤0.01 and P≤0.001, respectively.
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levels were significantly increased, and MDA levels were
significantly decreased in the LD and HD groups (P<0.05), which
suggested that CLNT has the capability to elevate the intestinal
antioxidant state and then relieve the oxidative damage induced by
IHNV infection to an extent. More importantly, IHNV-N and
IHNV-L genes were significantly downregulated after CLNT
administration (P<0.05), which suggested that CLNT effectively
inhibited the viral replication in the intestine of IHNV-infected
rainbow trout.

The adaptive immune response begins with the activation of
CD4+ and CD8+ T lymphocytes (44). As we commonly know,
the CD4+ T cells are increased after a viral infection. However, naive
CD4+ T-cell activation could result in autoimmunity, which causes
the hyperstimulation of the immune system and increases the
disease burden in a host (45). In this study, CLNT downregulated
the expression of the virus-specific CD4 gene, which was possibly
related to its immunomodulatory effects on intestinal dysfunction
caused by IHNV. There was no significant difference in the
expression of the CD8 gene among the IH, LD, and HD groups
(P>0.05). However, the changes of CD4 and CD8 genes might be
attributed to the sampling time in this study. Immunoglobulins (Igs)
are the vital index that specializes in reflecting the status of intestinal
mucosal immunity. Some researchers reported that infectious
pancreatic necrosis virus infection significantly increased IgT and
IgM+ B-cell numbers in the foregut of rainbow trout in 7 days post-
infection (P<0.05), viral hemorrhagic septicemia virus infection
elevated the expressions of intestinal IgT and IgM genes in 6 days
post-infection (46, 47). IHNV persistently induced the expression of
IgT gene but inhibited IgM gene in 14 days post-infection in this
study. It might be because IgT might exert the long-term immunity
and immunological memory, and IgM provides an early-stage
response during a viral infection (48). Interestingly, the
supplement with CLNT significantly declined the expression of
IgT gene (P<0.05) but slightly increased IgM. It was speculated that
these interventions could be conducive to assuring the homeostasis
between sIgs and microbiota (22). Indeed, the secretion of IgT
directly affects the intestinal microbiota structure (49). Meanwhile,
the upregulat ion of IgM was possibly due to the
immunomodulation of CLNT to the B-cell antigen receptor
(BCR) in IgM+ B cells (50). In summary, CLNT significantly
inhibited intestinal IHNV infection through strengthening the
intestinal immune barrier in rainbow trout (P<0.05). However,
the responses of immune factors triggered by CLNT could be closely
related to the pathogenesis of IHNV and reflected themechanism of
viruses for dealing with the host responses.

The intestinal tract of fish is generally recognized as a major
immune organ, where it is inhabited by a vast population of
microbes, playing important roles in pathogen protection,
nutritional, endocrine, immune, and physiological functions
(51). Proteobacteria are recognized as the predominant phylum
in most marine and freshwater fish. On the one hand, some
members could adhere to epithelial linings and induce
inflammatory signaling; on the other hand, members
participate in synthesizing fatty acids (52). Meanwhile,
Firmicutes, like Carnobacterium and Clostridium as the main
lactic acid producer, plays the preventive effects against the
Frontiers in Immunology | www.frontiersin.org 9
development of intestinal diseases (53, 54). In this study, the
dominant phylum was Proteobacteria in healthy rainbow trout
intestine followed by Firmicutes, which was in accordance with
the previous studies (55, 56). This balance of intestinal
microbiota ensured the normal operation of intestinal immune
response in rainbow trout. Similar to the spring viremia of carp
virus (57), IHNV significantly increased the intestinal microbial
a diversity in rainbow trout (P<0.05). Mycobacteria
(Actinobacteria) and Nannocystis (Myxococcota) are prevalent
in soil and aquatic environments and are well known for causing
disease in animals and humans (58, 59). They might cause local
hypoxia and further result in the tissue oxidative injury (60). The
aberrant decreases in the abundance of Carnobacterium and
Deefgea as well as increases of Nannocystis and Mycobacterium
proved that IHNV significantly disrupted the intestinal
microbiota homeostasis. Supplementing with CLNT effectively
promoted the growth of beneficial microbes and inhibited the
detrimental ones, indicating that CLNT exerted the prebiotic
roles in the intestinal microbiota of IHNV-infected
rainbow trout.

In the complex interaction between host and viruses, viruses
can manipulate and alter the metabolic state of the host for their
efficient survival. Several studies revealed that the cellular fatty
acid metabolism is necessary for the viral replication such as
Kaposi’s sarcoma–associated, herpesvirus hepatitis C virus, and
human cytomegalovirus (61–63). Generally, the occurrence of
metabolism depends on the dominance of microbial proportion.
Medium-chain acyl-CoA dehydrogenase and long-chain fatty
acid:CoA ligase are mainly implicated in the production of long-
chain fatty acids (LCFAs) that are the main component of the
viral lipid membrane of enveloped viruses (62). IHNV, as the
enveloped virus, promoted the overgrowth of microbes mapped
to the two enzymes, which suggested that IHNV might
cunningly hijack these microbes to produce the LCFAs to
satisfy the replication for themselves. However, supplementing
with CLNT did not inhibit the growth of microbes mapped to the
above enzymes, which was probably due to these microbes being
involved in the fatty acid metabolic process after the digestion of
CLNTs . Enoy l -CoA hydra tase and ace ty l -CoA C-
acetyltransferase are the important players for fatty acid
degradation, which could catalyze the acetic acid to synthesize
fatty acid and cholesterol (52). Fatty acid and cholesterol are the
essential components for establishing a functional virus
replication factory (64). In the present study, the virus induced
the significant changes of bacterial distributions mapped to the
enzymes, which suggested that IHNV took use of intestinal
microbes to drive the specific metabolic pathways to acquire
the substrates and energy for its survival (P<0.05). It is well
known that polysaccharides are not directly digested but are
processed to biologically active metabolites, particularly SCFAs
by intestinal microbes (25). Indeed, supplementing with CLNT
increased the intestinal acetic acid, butanoic acid, and hexanoic
acid. It means that CLNT exerted the substrate benefits for
intestinal SCFA–producing bacteria and further boosted their
participation in SCFA metabolisms. The production of SCFAs
are rapidly absorbed by the intestinal epithelium, or function
June 2022 | Volume 13 | Article 920065
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with their receptors on the surface of intestinal mucosal T cells to
ensure the intestinal immune barrier and reduce the intestinal
pH to inhibit the destructive bacterial growth (24, 65).
Furthermore, CLNT significantly decreased the propagation of
microbes mapped to the enzymes that are involved in the
biosynthesis of valine, isoleucine, and leucine (BCAAs)
(P<0.05). It was reported that BCAAs were critical for viral
particle formation (hepatitis C virus) (66). Likewise, the
overgrowth of microbes that implicated the biosynthesis
BCAAs induced by IHNV was probably related to their
replication. Collectively, CLNT reshaped the intestinal
microbiota and prevented IHNV infection, which might
benefit from the enhancement of immune surveillance induced
by the metabolites produced by intestinal microbiota, such
as SCFAs.

In conclusion, supplementation of dietary CLNT significantly
declined the mortality of rainbow trout caused by IHNV infection
(P<0.05). CLNT effectively inhibited the IHNV invasion in
rainbow trout through improving the intestinal integrity,
suppressing the intestinal inflammatory responses, and
ameliorating the intestinal oxidative damage. Supplementary
CLNT reshaped intestinal microbial compositions in IHNV-
infected rainbow trout. At the genus level, CLNT promoted the
growths of Carnobacterium and Deefgea and inhibited the
Mycobacterium and Nannocystis. Moreover, supplementing with
CLNT rectified the self-serving metabolic pathways of intestinal
microbiota induced by IHNV, such as fatty acid metabolism, and
consequently promoted the production of SFCAs in the intestine.
The results showed that CLNT effectively protected the rainbow
trout from IHNV infection by improving the intestinal immune
barrier and microbiota and promoting the production of intestinal
SFCAs. These findings indicated that CLNT could be potentially
used as an immunostimulant in fish feedstuff for preventing IHNV
infection in rainbow trout.
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Immunoglobulins of Teleost Fish: A Decade of Advances. Dev Comp
Immunol (2021) 121:104079. doi: 10.1016/j.dci.2021.104079

23. Dong S, Ding L, Cao J, Liu X, Xu H, Meng K. Viral-Infected Change of the
Digestive Tract Microbiota Associated With Mucosal Immunity in Teleost
Fish. Front Immunol (2019) 10:2878. doi: 10.3389/fimmu.2019.02878

24. Wu T, Shen M, Yu Q, Chen Y, Chen X, Yang J, et al. Cyclocarya Paliurus
Polysaccharide Improves Metabolic Function of Gut Microbiota by
Regulating Short-Chain Fatty Acids and Gut Microbiota Composition. Food
Res Int (2021) 141:110119. doi: 10.1016/j.foodres.2021.110119

25. Fang Q, Hu Y, Nie JL, Nie SP. Effects of Polysaccharides on Glycometabolism
Based on Gut Microbiota Alteration. Trends Food Sci Technol (2019) 92:65–
70. X Q. doi: 10.1016/j.tifs.2019.08.015

26. Alwin A, Karst SM. The Influence of Microbiota-Derived Metabolites on
Viral Infections. Curr Opin Virol (2021) 49:151–6. doi: 10.1016/
j.coviro.2021.05.006

27. Ren G, Xu L, Lu T, Yin J. Structural Characterization and Antiviral Activity of
Lentinan From Lentinus Edodes Mycelia Against Infectious Hematopoietic
Necrosis Virus. Int J Biol Macromolecules (2018) 115:1202–10. doi: 10.1016/
j.ijbiomac.2018.04.132

28. Zhao J, Xu L, Ren G, Dong Y, Cao Y, Shao Y, et al. Complete Genome
Sequence and Phylogenetic Analysis of Sn1203 Strain of Infectious
Hematopoietic Necrosis Virus. Chin J Fisheries (2020) 33(2):1–9. doi: 1005-
3822(2020)02-0001-09
Frontiers in Immunology | www.frontiersin.org 11
29. Lopes LMF, de Mello MMM, Urbinati EC. b-Glucan Reduces Cortisol Plasma
Levels, Enhances Innate Immune System After A. Hydrophila Inoculation,
and has Lipolytic Effects on the Pacu (Piaractus Mesopotamicus). Aquaculture
(2022) 546:737411. doi: 10.1016/j.aquaculture.2021.737411

30. Krishnan R, Jang Y, Oh M. Beta Glucan Induced Immune Priming Protects
Against Nervous Necrosis Virus Infection in Sevenband Grouper. Fish
Shellfish Immunol (2022) 121:163–71. doi: 10.1016/j.fsi.2022.01.005

31. Amphan S, Unajak S, Printrakoon C, Areechon N. Feeding-Regimen of b-
Glucan to Enhance Innate Immunity and Disease Resistance of Nile Tilapia,
Oreochromis Niloticus Linn., Against Aeromonas Hydrophila and
Flavobacterium Columnare. Fish Shellfish Immunol (2019) 87:120–8. doi:
10.1016/j.fsi.2018.12.062

32. Akhtar MS, Tripathi PH, Pandey A, Ciji A. b-Glucan Modulates Non-Specific
Immune Gene Expression, Thermal Tolerance and Elicits Disease Resistance
in Endangered Tor Putitora Fry Challenged With Aeromonas Salmonicida.
Fish Shellfish Immunol (2021) 119:154–62. doi: 10.1016/j.fsi.2021.09.038

33. Beaulaurier J, Hershberger PK. Susceptibility of Pacific Herring to Viral
Hemorrhagic Septicemia Is Influenced by Diet. J Aquat Anim Health (2012)
24(1):43–8. doi: 10.1080/08997659.2012.668511

34. Kim Y, Ke F, Zhang Q. Effect of b-Glucan on Activity of Antioxidant Enzymes
and Mx Gene Expression in Virus Infected Grass Carp. Fish Shellfish Immunol
(2009) 27(2):336–40. doi: 10.1016/j.fsi.2009.06.006

35. Tan J, McKenzie C, Potamitis M, Thorburn AN, Mackay CR, Macia L. The
Role of Short-Chain Fatty Acids in Health and Disease. Adv Immunol (2014)
121:91–119. doi: 10.1016/B978-0-12-800100-4.00003-9

36. Chaiyama V, Keasompong S, LeBlanc JG, de LeBlanc AM, Chatel J, Chanput
W. Action Modes of the Immune Modulating Activities of Crude Mushroom
Polysaccharide From Phallus Atrovolvatus. Bioactive Carbohydr Dietary Fibre
(2020) 23:100216. doi: 10.1016/j.bcdf.2020.100216

37. Zhang W, Gong L, Liu Y, Zhou Z, Wan C, Xu J, et al. Immunoenhancement
Effect of Crude Polysaccharides of Helvella Leucopus on Cyclophosphamide-
Induced Immunosuppressive Mice. J Funct Foods (2020) 69:103942. doi:
10.1016/j.jff.2020.103942

38. Muttharasi C, Gayathri V, Muralisankar T, Mohan K, Uthayakumar V,
Radhakrishnan S, et al. Growth Performance, Digestive Enzymes and
Antioxidants Activities in the Shrimp Litopenaeus Vannamei Fed With
Amphiroa Fragilissima Crude Polysaccharides Encapsulated Artemia
Naupl i i . Aquacu l ture (2021) 545(15) :737263 . do i : 10 .1016/
j.aquaculture.2021.737263

39. Hartsock A, Nelson WJ. Adherens and Tight Junctions: Structure, Function
and Connections to the Actin Cytoskeleton. Biochim Biophys Acta (BBA)-
Biomembranes (2008) 1778(3):660–9. doi: 10.1016/j.bbamem.2007.07.012
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