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Poly(I:C) is a kind of chemosynthetic double-stranded RNA (dsRNA) analogue which could act as TLR3 agonist
and induce IFN production. It is widely applied in anti-virus treatment and immunoregulation, as well as vaccine
adjuvant in farmed animals. However, whether poly(I:C) could activate innate immune response to defense
against bacterial infection remains unclear. In this study, we established a feeding trial model with different dose
of poly(I:C) in turbot larvae, then challenged with Edwardsiella piscicida after 3-7 weeks resting period. The
results show that feeding turbot with poly(I:C) exhibited a stronger inflammatory response and antioxidant stress
ability, and significantly elevated the survival rate within the decreased bacterial loads. Importantly, the bac-
terial infection-induced white feces in hindgut of turbot were significantly alleviated after poly(I:C) feeding, and
this administration induced protection could last for about 7 weeks. Taken together, these findings indicate that
feeding turbot with poly(I:C) could enhance a long-term intestinal mucosal immunity in response to bacterial

infection, suggesting that poly(I:C) might be a promising immunostimulant in aquaculture.

1. Introduction

Polyriboinosinic-polyribocytidilic acid (poly(I:C)) is a kind of
chemosynthetic double-stranded RNA (dsRNA) analogue [1], which
could mimic the structure of virus RNA and as a potent ligand of TLR3 to
induce IFN production [2]. It has been widely applied as an effective
immunotherapy for human diseases, as well as the adjuvant utilized in
vaccines and cancer treatment [3, 4]. The role of poly(I:C) in activating
antiviral immune response has been revealed in teleost fish. For
example, poly(I:C) vaccination could effectively protect grouper from
nervous necrosis virus infection [5], as well as promote the anti-viral
response in zebrafish liver cells [6]. Moreover, it was suggested that
poly(I1:C) could induce the expression of IFNa3 through the TLR/TRIF
and RLRs/MAVS pathways in the macrophages of large yellow croaker
[7]. However, as a potent immunostimulant, whether poly(I:C) could
protect host from bacterial infection remains largely unknown.

In recent years, the farmed turbot (Scophthalmus maximus) is mainly
threatened by the bacterial pathogens (e.g., the Edwardsiella piscicida
(previously known as Edwardsiella tarda) [8] and Aeromonas salmonicida

[9]1), causing an enormous economic loss in this industry. To avoid the
antibiotics resistant, and develop an effective immuno-therapy to pre-
vent the diseases is urgent. To this end, the effective vaccine design and
the immunostimulants administration are the promising strategies. For
example, we have successfully developed the live vaccine against
Edwardsiella tarda, and the genetically engineered live vaccine against
Vibro anguillarum in turbot [10, 11]. However, these vaccines’ inocula-
tion should be utilized as intraperitoneal injection, which is limited by
the weight of the fish. Thus, the immunostimulants development should
be a promising supplement of vaccination.

There are several kinds of immunostimulants, which have been
applied as the diet additive to improve the innate immune responses of
fish. For example, dietary feeding with p-glucan could elevate the innate
immune responses and improve the disease resistance effects in Nile
tilapia [12]. Administrated with probiotics could modulate the immune
response against tilapia lake virus infection [13]. Moreover, dietary
feeding with Spirulina platensis could activate the mucosal immune re-
sponses in rainbow trout [14]. In this study, we proposed that poly(I:C)
could be utilized as dietary additive for turbot, and developed a
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Table 1

q-PCR primers used in this study.

Primers Forward sequence (5'—3') Reverse sequence (5'—3')

il-1p CTTCCCCAACTGGTACATCAG CCCATTCCACCTTCCACTTT
il-6 CTTCCCAAACCTGCCTCTAC GGAAGCATTTGACAGCAACTC
tnfa CCTTTACTTCGTCTACAGCCAG GAGTACCGCCATATCCTGTG
hk1 AGAATATGACCGTGCTGTGG CATGCCGCTACACATTTTCTC
pfk GGCACCTTCTCCCTTTGATAG ATGCTGTATCTGGTGAGTTGG
ldh ACTGTTCCTGTTATGCCTGTG TCATCCTCAGTCCCCATTTTG
gapdh AAGGGCATTCTGGGATACAC CATGACACCAGCTTGACAAAG

short-term, low-dose feeding of poly(I:C) strategy, and revealed its
anti-bacterial infection effects, through provoking the non-specific and
long-lasting protection, as well as maintaining the intestinal health of
turbot. Taken together, these results suggest that feeding with poly(I:C)
might be a promising immunopotentiator in aquaculture.

2. Materials and methods
2.1. Ethical statement
All animal experiments in this study were conformed to the guide-

lines for the care and use of laboratory animals and ethically approved
by the Laboratory Animal Ethical Committee of East China University of
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Science and Technology (Protocol number 2,006,272). Turbot larvae
were anesthetized using tricaine (200 pg/ml, Aladdin, China) before
dissection, and all efforts were made to minimize suffering.

2.2. Turbot feeding trial and maintaining condition

Turbot larvae (3-5 g) were used for feeding trial. Poly(I:C) (Niujia-
Bio, China) was emulsified with 10% fish oil and 3% phosphatidylcho-
line in water to generate emulsion, then mixed into the basic pellet diet
to the final dose of 0.005% (FD-H) and 0.00125% (FD-L), the control
group fed the emulsion mixed pellet diet without poly(l:C) (FD-N). After
4-weeks daily feeding, the turbot larvae were maintained as the control
groups. For the maintenance of turbot larvae, the temperature was kept
at 18 °C, total ammonia-nitrogen was ( 0.5 mg/L and dissolved oxygen
was ) 5.0 mg/L.

2.3. Bacterial challenge

At 3-, 6- and 7-weeks post feeding (wpf), turbot larvae were chal-
lenged with Edwardsiella piscicida. The bacteria were cultured overnight
in trypticase yeast broth (TYB) medium with 50 pg/ml Colistin (Col) at
30 °C, 200 rpm shaker. Then the bacteria were inoculated into fresh
medium as the ratio of 1:100 and cultured overnight. The concentration
of the bacteria was calculated by NanoDrop (Thermo, UAS). Thirty fish
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Fig. 1.. Poly(I:C) feeding elevates the gene expression of innate immune responses during bacterial infection. (A) Schematic of the poly(I:C) feeding trial and
experimental design. (B) g-PCR analysis of cytokine genes (including il-1f, il-6 and tnf-a) and metabolic enzymes related genes (including hk1, pfk and ldh) transcripts
in different tissues (including gill, intestine, liver, spleen and kidney) of infected turbot larvae (including FD-H, FD-L and FD-N group) at 3dpi. Data are presented as
mean + SD of three independent experiments; ns, no significance, * p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001.
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Fig. 2.. Poly(I:C) feeding elevates the anti-oxidative and bactericidal enzymatic activity. The content of lipid peroxidation marker (A), anti-oxidant enzymes (B and
C) and lysozyme (D) in different tissues (including liver, spleen and intestine) of infected turbot larvae (including FD-H, FD-L and FD-N group) were measured at 7
dpi. Data are presented as mean + SD of three independent experiments; ns, no significance, * p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001.

from each group were randomly picked and immersed with 2 x 10%
CFU/ml bacteria for 2 h in 6-L tank. The survival rate of turbot larvae
was observed every day after bacterial challenge.

2.4. Bacteria enumeration

After 3 wpf, nine larvae from corresponding groups were randomly
picked at 7 dpi of bacterial challenge and divided triplet, the tissues
were collected and sufficiently grinded in 200 pl PBS. Then pipetting 20
pl grinding fluid to 180 pl PBS for a 10-fold dilution and series dilution
were prepared in the same way. For bacterial enumeration, 10 pl of
serial diluent were plated on the deoxycholate hydrogen sulfide lactose
(DHL) agar plate (Col") and enumerated the black colonies after
culturing in 37 °C incubator for 24 h.

2.5. RNA isolation and g-PCR

After 3 wpf, nine turbot larvae were randomly picked from corre-
sponding feeding group after bacterial challenge and divided triplet, the
tissues, including gill, intestine, liver, spleen and kidney, were collected
from the larvae and placed into 200 pl RNAstore Reagent (Tiangen,
China) and stored at —80 °C. RNA of individual sample was isolated by
Trizol (Invitrogen, USA) and chloroform. The cDNA was synthesized by
FastQuant RT Kit (Tiangen), then analyzed the gene expression with
QuantStudio 3 (Thermofisher, USA) by using SuperReal PreMix Plus
(SYBR Green) (Monard, China) according to procedures. The results
were analyzed by 2722 method. Primers used in this study were listed
in Table 1. The reference gene was gapdh.

2.6. MDA, SOD and CAT activity assay

After 3 wpf, nine turbot larvae were randomly picked at 7 dpi of
bacterial challenge and divided triplet, the tissues including intestine,
liver and spleen were collected and added 200 pl RIPA lysis buffer

(Beyotime, China) to lyse the tissues by grinding. Total protein con-
centration in different tissues were measured by Enhanced BCA Protein
Assay Kit (Beyotime). The contents of superoxide dismutase (SOD),
catalase (CAT) and Malondialdehyde (MDA) were measured through
commercial assay kits (Beyotime) according to manufacturer’s recom-
mendations. The absorbance of the reaction mixture was measured by
Spectra Max M5 micro plate reader (Molecular Devices, USA).

2.7. LZM activity assay

Lysozyme (LZM) activity was measured by Micrococcus Lysodeikticus
Cells (Sangon Biotech, China). The Micrococcus Lysodeikticus Cells sus-
pension was prepared by PBS and the final concentration was 0.2 g/L.
200 pl suspension and 10 pl cell lysis solution or 10 pl RIPA lysis buffer
was added to 96-well plate and immediately mixed by pipetting. Lyso-
zyme activity was calculated through the decrease of absorbance in A4s¢
nm Within 3 min, using the formula applied in previous study [15]: U =
(AA450 nm/3/0.001) x dilution ratio.

2.8. Histopathological analysis

After 3 wpfand 7 wpf, the tissues including liver, spleen and intestine
from 3 fish at 7 dpi in different groups were randomly collected and
fixed with 4% paraformaldehyde (PFA), then dehydrated using ethanol
and vitrificated by dimethylbenzene. The organs were embedded in
paraffine blocks and sliced with paraffine slicing hematoxylin and eosin
(H&E) staining and stereomicroscopy were used for histopathological
observation.

2.9. Statistical analysis

The results were performed by Prism 7.0 (Graphpad, USA). The data
were presented as mean + SD with three independent experiments. The
statistical significance was analyzed by two-way ANOVA or Students’ t-
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Fig. 3.. Poly(I:C) feeding alleviates the immuno-organ injury and strengthen the anti-infection ability. (A) Images of paraffin section in different tissues (including
liver, spleen and intestine) of infected turbot larvae (including FD-H, FD-L and FD-N group) at 7 dpi. The white arrows indicated the histopathological injury, scale
bar, 20 pm. (B) Percent survival of turbot larvae fed with poly(I:C) after E. piscicida infection. (C) Bacterial burden in gill and intestine of turbot larvae at 7 dpi of

E. piscicida infection. * p<0.05, ** p<0.01 and **** p<0.0001.
test. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.
3. Results

3.1. Poly(I:C) feeding elevates the gene expression of innate immune
responses during bacterial infection

To evaluate the protective effects of poly(I:C) as dietary additive for
turbot, we performed a 4-weeks feeding trial with different dose of poly
(I:C) (FD-L and FD-H) in turbot larvae, then the bacterial challenge ex-
periments were performed after 3 weeks of resting period (Fig. 1A). We
analyzed the expression of several inflammatory cytokines (including il-
1p, il-6 and tnf-a) in different tissues at 3 dpi, as well as the enzymes
involved in aerobic glycolysis pathways (including hk1, pfk and Idh)
which has been reported to mediate immune response through
enhancing the transcription of cytokines [16]. We found that the tran-
scriptional levels of metabolic genes (hk1, pfk and Idh) in FD-H and FD-L
larvae were remarkably up-regulated in all immuno-organs, comparing
with that in FD-N larvae (Fig. 1B). Meanwhile, the expression of in-
flammatory cytokines (il-14, il-6 and tnf-a) in FD-H and FD-L larvae were
also dynamically up-regulated in most of the immuno-organs, but not in
intestine (Fig. 1B). Taken together, these results suggest that poly(I:C)
feeding could enhance the innate immune response during bacterial
infection in turbot.

3.2. Poly(I:C) feeding elevates the anti-oxidative and bactericidal
engymatic activity

Since the cytotoxic malondialdehyde (MDA) could be accumulated
during oxidative stress, while the superoxide dismutase (SOD) and
catalase (CAT) could inhibit the overwhelming of oxidative stress [17],
we further analyzed the anti-oxidative stress and bactericidal enzymatic
activity during bacterial challenge with/without poly(I:C) feeding in
turbot. We found that the content of MDA in the liver of FD-H and FD-L
larvae was significantly less than that in FD-N larvae (Fig. 2A). More-
over, the enzyme activity of SOD and CAT in the spleen of FD-H and FD-L
larvae were apparently higher than that in FD-N larvae, but not in tested
liver and intestine (Fig. 2B and 2C). In addition, the LZM activity in
different immuno-organs of FD-H and FD-L larvae are all comparatively
higher than that in FD-N larvae, especially in intestine (Fig. 2D). These
results suggest that poly(I:C) feeding could improve the anti-oxidative
stress activity in liver and spleen, and elevate the bactericidal activity
in intestine.

3.3. Poly(I:C) feeding alleviates the immuno-organ injury and strengthen
the anti-infection ability

Furthermore, we analyzed the histopathological changes in different
immuno-organs, and found that the liver vacuolization caused by
oxidative stress after bacterial infection was obviously alleviated in FD-
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Fig. 4.. Poly(I:C) feeding induces long-term effects in protecting turbot from bacterial infection-induced white feces. (A) Schematic of the experimental design to
evaluate the long-term effects of poly(I:C) feeding. (B) Images of white feces in the hindgut of infected turbot larvae during E. piscicida infection at 3 wpf, 6 wpf and 7
wpf. (C) The quantitative statistics of the white feces indicated in (B) (n = 10). (D) Images of intestinal paraffin section in turbot larvae during E. piscicida infection at
7 wpf. The white arrows indicated the histopathological injury, scale bar, 20 ym. (E) The bacterial burden in the intestine and gill of turbot larvae during E. piscicida

infection at 7 wpf. ns, no significance, * p<0.05, ** p<0.01, *** p<0.001 and

H and FD-L larvae, which is consistent with the result in Fig. 2A. Besides,
the inflammatory infiltration in spleen and intestine was also relieved in
FD-H and FD-L larvae compared to FD-N larvae, and intestinal microvilli
in FD-H larvae were more intact and thicker than that in FD-N larvae
(Fig. 3A). Moreover, to verify whether poly(I:C) feeding could improve
the anti-bacterial effects in turbot, we analyzed the bacterial infection-
induced survival rate and bacterial loads, and found that the survival
rate in FD-H and FD-L larvae were higher than that in FD-N larvae
(Fig. 3B), and the bacterial colonization in intestine and gills were
significantly decreased in FD-H and FD-L larvae (Fig. 3C). Taken
together, these results suggest that poly(I:C) feeding could play an
important role in maintaining intestinal integrity, which is essential for
anti-bacterial infection in turbot.

3.4. Poly(I:C) feeding induces long-term effects in protecting turbot from
bacterial infection-induced white feces

Based on the results above, we further analyzed the long-lasting
protective effects of poly(I:C) feeding in turbot, through extending the
resting period of poly(I:C) feeding to 6- and 7-weeks post administration
(Fig. 4A). Firstly, The intestinal white feces [18], a common symptom of
enteritis caused by bacterial infection, was detected at 14 dpi to evaluate
the long-term effects of poly(I:C) feeding. We found that bacterial

p<0.0001.

infection caused white feces in hindgut was significantly decreased in
FD-H and FD-L larvae, until 6-weeks post poly(I:C) feeding (Fig. 4B and
4C). However, at 7-wpf, although the bacterial infection-induced white
feces in FD-H and FD-L larvae exhibited no difference with FD-N larvae,
the intestinal histopathological changes in FD-H larvae remains more
intact, and exhibits less inflammatory infiltration, comparing with that
in FD-N larvae (Fig. 4D). Furthermore, the bacterial loads in FD-H and
FD-L larvae remain less than that in FD-N larvae during E. piscicida
infection at 7-wpf (Fig. 4E). Taken together, these results suggest that
poly(I:C) feeding as dietary additive is an effective way to keep turbot
larvae from bacterial infection with a long-term protection.

4. Discussion

Mucosal immunity plays critical roles in immune defense of fish.
Mucosal tissues including gills, skin and intestine, are the important
immune barriers against microbial infection [19]. Among these organs,
the intestinal health of fish is a major concern in aquaculture. Intestinal
oxidation stress and inflammatory injury would cause high mortality in
farmed fish [20], thus maintaining the homeostasis of intestine is crucial
for healthy farming. Intact intestinal barrier could prevent the bacteria
invade into the circulation and cause systemic infection [21], and in-
testinal epithelium could release antimicrobial peptides and alarmins
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onto the mucosal surface to kill the microbial directly or recruit the
immune cells [22]. Moreover, the intestinal microbiota might also
contribute to anti-bacterial infection process [23]. In our study, we
found that feeding with poly(I:C) could not only elevate the immune
response in peripheral immune organs, including liver and spleen, but
also alleviate the intestinal oxidation stress and inflammatory symptoms
caused by bacterial infection in mucosal organs. These results suggest
that poly(I:C) feeding could effectively activate the mucosal immunity in
turbot, which provide a feasible strategy to maintain the intestinal
health of aquaculture animals. However, the molecular mechanisms of
poly(I:C) feeding induced mucosal immune responses remains to be
elucidated.

Trained immunity (TI), a kind of innate immune memory has been
increasingly recognized in recent years [24]. Specifically, the stimu-
lants, including B-glucan and bacille Calmette-Guerin (BCG), could be
recognized by the cell membrane receptors (e.g., dectin-1 and NOD2) to
activate the host innate immunity through epigenetic and metabolic
reprogramming, exhibiting a long-term, non-specific immune responses
during secondary challenge [25, 26]. Interestingly, in this study, we
found that low-dose of poly(I:C) feeding could provoke a long-lasting
innate immune response against bacterial infection in turbot larvae,
and this phenomenon is quite similar with that in TI activation. Thus, we
speculate that poly(I:C) treatment might trigger the TI activation in this
teleost fish, and clarification of these key points will contribute to better
guide the usage of immunopotentiators in aquaculture.

In summary, our study demonstrates that low-dose and short-period
poly(I:C) addition in fish diet could confer turbot with long-term pro-
tection, and alleviate the white feces syndrome. Moreover, our results
also suggest a potential role of poly(I:C) against bacterial infection,
which might possess a promising application in biological control in
aquaculture disease.
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