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Aflatoxin B1 (AFB1) is kind of a common mycotoxin in food and feedstuff.
Aquafeeds are susceptible to contamination of AFBL. In teleost fish, the spleen
and head kidney are key immune organ. Moreover, the fish skin is a critical
mucosal barrier system. However, there was little study on the effects of dietary
AFB1 on the immune response of these immune organs in fish. This study
aimed to explore the impacts of oral AFB1 on the immune competence and its
mechanisms in the skin, spleen, and head kidney of grass carp. Our work
indicated that dietary AFB1 reduced antibacterial compounds and
immunoglobulins contents, and decreased the transcription levels of
antimicrobial peptides in grass carp immune organs. In addition, dietary AFB1
increased the transcription levels of pro-inflammatory cytokines and reduced
the transcription levels of anti-inflammatory cytokines in the grass carp
immune organs, which might be regulated by NF-xB and TOR signaling,
respectively. Meanwhile, we evaluated the content of AFB1 in the grass carp
diet should not exceed 29.48 ug/kg diet according to the levels of acid
phosphatase and lysozyme. In summary, dietary AFB1 impaired immune
response in grass carp skin, spleen, and head kidney.
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AFB1, spleen, head kidney, skin, immune
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Introduction

As the plant raw materials gradually in place of animal raw
materials, the contamination of agriculture products by
mycotoxin is a worldwide concern problem, which caused a
problem of feed safety, including aquafeed (1). Aflatoxin Bl
(AFB1) is a kind of common mycotoxin, which could induce
inflammatory response in mutton sheep muscle (2). It was found
that AFB1 could be detected in fish feed in most areas, and up to
150 pg/kg (3). Fish that consume AFBIl-contaminated feed
experience detrimental health effects, and even endanger
human health (4). The only study found that AFB1 induced
intestinal inflammation by upregulating TNF-¢ and IL-1f3
mRNA expression in rainbow trout (5). Previous research
demonstrated that AFB1 stunted the growth of grass carp (6).
It has been known that the growth of fish is associated with its
immunity (7). As central immune organs in teleost fish, the
spleen and head kidney are responsible for regulating immune
response (8), containing large numbers of lymphocytes and
macrophages (9, 10). As we all know, lymphocytes and
macrophages are an essential part of the immune system (11).
The fish’s skin, an important mucosal defense organ, has
developed a mature immune barrier to protect the whole body
from pathogens invasion (12, 13). Currently, there is no study
has been conducted on how AFB1 affects fish skin, spleen, and
head kidney immunity. According to a previous report, organs’
function is closely related to their structural integrity (14).
Huang et al. (15) study found that deoxynivalenol (DON)
damaged the structural integrity of grass carp intestinal, which
resulted in a decrease in the intestinal immune function (16).
Another previous research exhibited that AFBI disrupted the
structure of the spleen and head kidney, causing tissue vacuolar
degeneration, melanoma macrophage center, and cell necrosis
(6). The above studies indicate that the reduction of fish
immunity by AFB1 may be related to the destruction of
mucosal immunity and central immune, which is worthy of
further study.

The spleen and head kidney are the heart of systemic
immunity, which are involved in the process of systemic
immune response (17, 18). When inflammation occurs, the
spleen and head kidney usually respond by secreting
antimicrobial substances and cytokines (19). It is well known
that skin serves as the first line of defense against invading
pathogens (12). It has been shown that in fish skin, goblet cells
and lymphocytes secrete antibacterial compounds and
immunoglobulin (20). In addition, skin is a crucial
immunological organ in fish, which forms a better immune
barriers system to protect the body from attacks. Our previous
studies found that obvious yellowing of surface was observed on
grass carp skin with the increasing AFB1 concentration. We
hypothesized that AFB1 might aggravate inflammation in grass
carp skin. However, there is no report about the effect of AFB1
on antibacterial compounds and cytokines in the skin, spleen,
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and head kidney of fish. Yang et al. (21) found that AFBI
decreased the immune parameters (e.g. IgM, C3, and C4) in
juvenile turbot serum. In addition, AFBI decreased the viability
and induced an inflammatory response in macrophages (22).
Meanwhile, one study found that AFB1 upregulated the gene
levels of IL-1f in the intestine mucosa of the broiler (23), but
another study suggested that dietary AFB1 did not change IL-1f3
gene expression in sheep muscle (2). The above results indicated
that different animal tissues have different immune responses to
AFBI. However, beyond this, Guo et al. (24) found that AFB1
upregulated significantly the mRNA levels of pro-inflammatory
cytokines IL-6, IL-8, and TNF-¢ in kidney cells of chicken
embryos. And Cao et al. (2) found that AFB1 downregulated
the mRNA level of anti-inflammatory cytokine IL-10 in mutton
sheep muscle. Studies conducted above indicated that AFBI
could induce inflammation in animals. However, there is no
relevant report on the immune response of AFB1 to fish skin,
spleen, and head kidney. So it is necessary to study the impacts of
AFBI on the immune competence of the skin, spleen, and head
kidney of fish.

It is well known that an important transcription factor
nuclear factor kappa B p65 (NF-kB p65) is involved in
inflammatory responses (25). When the NF-«B is activated, it
increases the transcription of proinflammatory cytokines (26). It
has not been reported that AFB1 regulates the immune response
of fish immune organs through NF-xB and target of rapamycin
(TOR) signaling pathways. It was reported that AFB1 activated
NE-xB signaling pathways and induced inflammatory responses
in ducks’ ileum (27). Another study found that AFBI
upregulated NF-xB p65 mRNA expression and induced
inflammatory responses in chicken embryos’ primary intestinal
epithelium (24). These results indicated that AFB1 could induce
inflammatory responses in animals by activating the NF-xB
signaling pathway. Furthermore, the TOR pathway has a
significant role to play in immunoregulation (28). It was
reported that anti-inflammatory cytokines in the skin, spleen,
and head kidney of fish are regulated by the TOR signaling
pathway (12, 29). Ivanovics et al. (30) found that AFB1 exposure
significantly reduced the arginine level in zebrafish larvae lysates.
Chen et al. (31) reported that arginine deficiency downregulated
TOR mRNA expression in Jian carp (Cyprinus carpio var. Jian)
spleen and head kidney. Following the above reports, we
speculate that AFB1 might induce inflammatory responses
through NF-kB p65 and mTOR signaling pathways, which
needs further in-depth studies.

Grass carp is a kind of important economic freshwater fish in
China, accounting for more than 18% of total freshwater
aquaculture production in 2017 (32). It is well known that
grass carp belong to herbivorous fish, it is usually with plant
protein raw materials in the majority of commercial feed (33).
Thus, in the process of large-scale commercial production of fish
feed, it is very likely that there is a problem with excess AFB1
residue. Our research has focused on the immune components
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and cytokines and its relative signaling of grass carp skin, spleen,
and head kidney. Furthermore, we evaluated the AFBI1 safe
upper dose for grass carp according to the ACP and LZ, to
provide a practical reference for production.

Materials and methods
Composition of test feeds

The feed formulation was identical to our previous research
(6). A basal experimental diet was prepared using casein, gelatin,
and fish meal as protein sources, soybean oil, and fish oil as lipid
sources. All feed ingredients contain no AFB1. The relative diet’s
nutrition levels met the growing need for juvenile grass crap.
AFB1 (purity > 98%) was bought from Pribolab Pte. Ltd.
(Singapore). There were six different concentrations [0 (un-
supplement), 30, 60, 90, 120, and 150 pg/kg diet, respectively] of
AFB1 in the feed. We used high-performance liquid
chromatographic (HPLC) to measure the actual concentration,
which were 0.04 (un-supplement), 29.48, 58.66, 85.94, 110.43
and 146.92 ug/kg diet, respectively.

Feeding trial

The use of animals in experiments was under the regulations
established by the Sichuan Agricultural University Animal Care
Advisory Committee. After purchase, the grass carp were
adapted to the environment for 28 days before the experiment.
The average weight of the grass carp was 12.96 + 0.03 g. They
were randomly allocated into 6 groups of three replicated cages.
Our experiment was conducted outdoor. The average water
temperature is 28.5 + 2°C. The pH value was around 7.5 + 0.3.
We maintained the dissolved oxygen in water > 6.0 mg/L by
adjusting the oxygenator. The experiment was carried out under
a natural light cycle.

Challenge test and sample collection

The grass carp was challenged with A. hydrophila for 2 weeks
after the growth experiment. A. hydrophila infection is a serious
problem in aquaculture (34), which is usually used to evaluate
the effect on the immunity of fish (35). Our A. hydrophila was
generously gifted by the College of Veterinary Medicine, Sichuan
Agricultural University. 15 fish were treated with an
intraperitoneal injection of A. hydrophila (1.0 ml, 2.5x10°
colony-forming units (CFU)/ml) for every treatment. And the
control group was infected with 1.0 ml saline.

All the fish were anesthetized with benzocaine (50 mg/L)
after the challenge test. The samples were selected and flash
frozen on liquid nitrogen, a portion of the samples was quickly
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frozen in a -20°C freezer for the analysis of immune
components, and the other part of the samples were removed
in a -80°C freezer for PCR and Western blot analysis.

Immune components analysis

The sample preparation for immune components
determination was referenced by Lu et al. (12). The
immunoglobulin M (IgM), ACP, and Lysozyme (LZ) activity,
complement component 3 (C3), and component 4 (C4) contents
were tested by assay kit (Nanjing Jiancheng, Chain). According
to the kit instructions, the specific operation was performed.

Real-time PCR

The RNAiso Plus kit (TaKaRa, China) was used to extract
total RNA. RNA concentrations were obtained by
spectrophotometry, and RNA quality was confirmed by
agarose gel electrophoresis (1%). Then, cDNA synthesis was
performed with a cDNA synthesis Kit (Takara, China). The
quantitative real-time PCR primers were indicated in Table 1.
The B-actin was used as an internal reference gene.

Western blot

An aliquot of the homogenates was used for protein
measurement, the method was performed as our lab method
(36). For each sample, total proteins (40 ug) were extracted and
separated on sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (8%) and then transferred to polyvinylidene-
fluoride membrane immunoblotting membranes. The membranes
were incubated overnight in the primary antibody at 4°C. Then the
membranes were washed and incubated with the secondary
antibodies at room temperature for 90 min. Immunocomplexes
were visualized by enhanced chemiluminescence reagents
(Beyotime Biotechnology Inc., China), then quantifications were
performed in Image 1.63 software. The information of antibodies
was listed in Supplementary Table 1.

Statistical analysis

All data were represented as the mean + standard deviation
(SD). Significance differences among groups were determined by
using one-way analysis of variance (ANOVA). The significant
difference among the different groups’ means was tested by using
Duncan’s multiple ranges, and data were analyzed by SPSS 18.0
(SPSS Inc., Chicago, IL, USA). The experiment data were
visualized by GraphPad 8.0 software and the Hiplot
platform (12).
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TABLE 1 Characteristics of different expression genes related to immune function.

Target gene  Primer sequence Forward (5°—3’)  Primer sequence Reverse (5>—3’) Temperature(°C)  Accession number

hepcidin AGCAGGAGCAGGATGAGC GCCAGGGGATTTGTTTGT 59.3 JQ246442.1
LEAP-2A TGCCTACTGCCAGAACCA AATCGGTTGGCTGTAGGA 59.3 FJ390414
LEAP-2B TGTGCCATTAGCGACTTCTGAG ATGATTCGCCACAAAGGGG 59.3 KT625603
B-defensin-1 TTGCTTGTCCTTGCCGTCT AATCCTTTGCCACAGCCTAA 58.4 KT445868
Mucin2 GAGTTCCCAACCCAACACAT AAAGGTCTACACAATCTGCCC 60.4 KT625602
IEN-y2 TGTTTGATGACTTTGGGATG TCAGGACCCGCAGGAAGAC 60.4 JX657682
TNF-o CGCTGCTGTCTGCTTCAC CCTGGTCCTGGTTCACTC 58.4 HQ696609
IL-1B AGAGTTTGGTGAAGAAGAGG TTATTGTGGTTACGCTGGA 57.1 JQ692172
IL-6 CAGCAGAATGGGGGAGTTATC CTCGCAGAGTCTTGACATCCTT 62.3 KC535507.1
IL-8 ATGAGTCTTAGAGGTCTGGGT ACAGTGAGGGCTAGGAGGG 60.3 JN663841
IL-10 AATCCCTTTGATTTTGCC GTGCCTTATCCTACAGTATGTG 61.4 HQ388294
IL-12p35 TGGAAAAGGAGGGGAAGATG AGACGGACGCTGTGTGAGTGTA 55.4 KF944667.1
IL-12p40 ACAAAGATGAAAAACTGGAGGC GTGTGTGGTTTAGGTAGGAGCC 59.0 KF944668.1
IL-15 CCTTCCAACAATCTCGCTTC AACACATCTTCCAGTTCTCCTT 61.4 KT445872
IL-17D GTGTCCAGGAGAGCACCAAG GCGAGAGGCTGAGGAAGTTT 62.3 KF245426.1
IL-4/13A CTACTGCTCGCTTTCGCTGT CCCAGTTTTCAGTTCTCTCAGG 55.9 KT445871
IL-4/13B TGTGAACCAGACCCTACATAACC TTCAGGACCTTTGCTGCTTG 55.9 KT625600
TGF-B1 TTGGGACTTGTGCTCTAT AGTTCTGCTGGGATGTTT 559 EU099588
TGF-B2 TACATTGACAGCAAGGTGGTG TCTTGTTGGGGATGATGTAGTT 55.9 KM279716
NF-xB p52 TCAGTGTAACGACAACGGGAT ATACTTCAGCCACACCTCTCTITAG 58.4 KM279720
NF-xB p65 GAAGAAGGATGTGGGAGATG TGTTGTCGTAGATGGGCTGAG 62.3 KJ526214
c-Rel GCGTCTATGCTTCCAGATTTACC ACTGCCACTGTTCTTGTTCACC 59.3 KT445865
IxBo TCTTGCCATTATTCACGAGG TGTTACCACAGTCATCCACCA 62.3 KJ125069
IKKo GGCTACGCCAAAGACCTG CGGACCTCGCCATTCATA 60.3 KM279718
IKKpB GTGGCGGTGGATTATTGG GCACGGGTTGCCAGTTTG 60.3 KP125491
IKKy AGAGGCTCGTCATAGTGG CTGTGATTGGCTTGCTTT 58.4 KMO079079
TOR TCCCACTTTCCACCAACT ACACCTCCACCTTCTCCA 61.4 JX854449
S6K1 TGGAGGAGGTAATGGACG ACATAAAGCAGCCTGACG 54.0 EF373673
4E-BP1 GCTGGCTGAGTTTGTGGTTG CGAGTCGTGCTAAAAAGGGTC 60.3 KT757305
4E-BP2 TGTGCCATTAGCGACTTCTGAG ATGATTCGCCACAAAGGGG 59.3 KT625603
B-actin GGCTGTGCTGTCCCTGTA GGGCATAACCCTCGTAGAT 61.4 M25013
Results Immune parameters in skin, spleen, and

Skin phenotype

head kidney of grass carp

The immune-related parameters of skin, spleen, and head

It is well known that skin rot is the typical symptom of
Aeromonas hydrophila infection in fish. Our previous study
found that obvious yellowing of surface were observed on
grass carp skin with the increasing AFBI concentration, which
is the typical symptom of skin rot (6). As shown in Figure I,
compared to the control group (0.04 pg/kg diet), the skin rot was
increased with the increase of AFB1 (58.66-146.92 ng/kg diet),
and showed a highly positive correlation.

Frontiers in Immunology

kidney were given in Figure 2. In the skin, the C3, C4, and IgM
content and the LZ, ACP activities were reduced when the dose of
AFBI reached 58.66, 58.66, 29.48, 58.66, and 58.66 g/kg diet (P <
0.05), respectively. But in the spleen and head kidney, the above
immune parameters were decreased with the level of AFBI up to
58.66, 29.48, 85.94, 58.66, and 58.66 ug/kg diet (P < 0.05),
respectively. The immune components reached the lowest level in
the 146.92 ug/kg diet groups in the immune organs of grass carp.
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The transcription levels of antimicrobial
peptides and mucin in skin, spleen, and
head kidney of grass carp

In Figure 3, in the skin, the gene expression of hepcidin, -
defensin-1, LEAP-2A, Mucin2, and LEAP-2B were significantly
downregulated with the dose of AFB1 up to 85.94, 85.94, 58.66,
85.94, and 85.94ug/kg diet (P < 0.05), respectively. In the spleen,
there was a significantly decreased in f-defensin-1, LEAP-2A,
Mucin2, and LEAP-2B gene expression when the dietary AFB1
dose was up to 58.66, 85.94, 85.94, and 85.94 ug/kg diet (P <
0.05), respectively. In the head kidney, the gene expression of f3-
defensin-1, LEAP-2A, Mucin2, and LEAP-2B were significantly
decreased when the dose of AFB1 reached 58.66, 85.94, 58.66,
and 58.66 ug/kg diet (P < 0.05), respectively. Interestingly, in the
spleen and head kidney, hepcidin mRNA expression had not
changed at any level of AFBI.

10.3389/fimmu.2022.1027064

The transcription levels of inflammatory
cytokines and inflammatory response-
related signal molecules in skin, spleen,
and head kidney of grass carp

The pro-inflammatory cytokines were shown in Figure 4. In the
skin, the gene expression of IL-8, IL-15, IL-6, IL-17D, tumor
necrosis factor oo (TNF-cx), interferon y2 (IFN-12), and IL-12p40
were significantly upregulated with the AFB1 levels up to 58.66,
110.43, 58.66, 85.94, 85.94, 58.66, and 85.94 ug/kg diet (P < 0.05),
respectively. In the spleen, the gene expression of the above pro-
inflammatory cytokines was significantly upregulated with the
AFBI levels up to 85.94, 58.66, 85.94, 58.66, 85.94, 58.66, and
85.94 ug/kg diet (P < 0.05), respectively. In the head kidney, the
gene expression of the above pro-inflammatory cytokines was
significantly upregulated with the AFB1 levels up to 85.94, 85.94,
58.66, 85.94, 85.94, 110.43, and 85.94 ug/kg diet (P < 0.05),
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Effects of dietary AFB1 (ug/kg) on the mRNA levels of antibacterial peptides (LAEP-2A, LEAP-2B, hepcidin, B-defenscin-1) and Mucin-2 of skin,
spleen, and head kidney of grass carp after challenged with A. hydrophila. n=6 (six fish in each group). Different letters represent a significance

difference (P < 0.05).
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respectively. Interestingly, in the skin, spleen, and head kidney, IL-
1P and IL-12p35 mRNA expression were insignificantly (P>0.05) at
any levels of AFBI.

The anti-inflammatory cytokines were shown in Figure 4. In
the skin, TGF-BI, IL-4/13A, TGF-2, and IL-4/13B gene
expression were significantly downregulated with the AFBI
levels up to 146.92, 58.66, 85.94, and 85.94 ng/kg diet (P <
0.05), respectively. In the spleen, the above anti-inflammatory
cytokines gene expression was significantly downregulated with
the AFBL1 levels up to 85.94, 58.66, 58.66, 85.94, and 85.94 ug/kg
diet (P < 0.05), respectively. In the head kidney, the transcription
levels of IL-10, IL-4/13A, IL-4/13B, TGF-f1, and TGF-32 were
significantly downregulated (P < 0.05), when the AFB1 dose
reached 85.94, 58.66, 58.66, 58.66, and 85.94 ug/kg diet,
respectively. Interestingly, the transcription level of IL-10 has
not been changed at any levels of AFBI in the skin, spleen, and
head kidney of grass carp.

The inflammatory signaling molecules were shown in
Figure 4. In the skin, c-Rel, NF-xBp65, IKK-f3, IKK-y, 4E-BP1,
and 4E-BP2 genes expression were significantly upregulated
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when the AFB1 dose reached 85.94, 58.66, 85.94, 110.43,
58.66, and 110.43 pg/kg diet (P < 0.05), respectively. IxBo,
TOR, and S6KI gene expression were significantly
downregulated when the AFBI levels were up to 58.66, 85.94,
and 110.43 ug/kg diet (P < 0.05), respectively. In the spleen, NF-
KkBp65, c-Rel, IKK-B, IKK-y, 4E-BP1, and 4E-BP2 genes
expression were upregulated when the AFBI dose reached
110.43, 85.94, 85.94, 85.94, 85.94, and 85.94 ug/kg diet (P <
0.05), respectively. But IxBa, TOR, and S6K1 gene expression
were all significantly downregulated when the AFB1 dose
reached 58.66 pg/kg diet (P < 0.05). In the head kidney, NF-
kBp65, c-Rel, IKK-f3, IKK-y, eIF4E-binding protein 1 (4E-BPI),
and 4E-BP2 genes expression were significantly upregulated
when the AFB1 dose reached 58.66, 85.94, 85.94, 85.94, 85.94,
and 85.94 ug/kg diet (P < 0.05), respectively. While IxBo, TOR,
and S6K1 transcription levels were significantly reduced, when
the AFBI levels were up to 85.94, 58.66, and 85.94 ug/kg diet
(P < 0.05), respectively. Interestingly, NF-xBp52 and IKKo gene
expression had no significant effect on the immune organs at any
levels of AFBI.
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Protein expression levels of nuclear
factor-«xB p65 (NF-xB p65) and
phosphorylation of TOR in skin, spleen,
and head kidney of grass carp

In Figure 5, dietary AFBI led to the decrease of nuclear NF-
KB p65 in a dose-dependent manner in the immune organs of
grass carp. In the skin, spleen, and head kidney, the levels of NF-
KB p65 protein were significantly upregulated when the AFBI
levels reached 58.66, 85.94, and 58.66 ug/kg diet (P < 0.05),
respectively. In Figure 6, dietary AFB1 led to the decrease of the
protein in a dose-dependent manner in the grass carp skin,
spleen, and head kidney. Western blot analysis indicated that
grass carp had significantly decreased both the levels of p-TOR
Ser’**® and T-TOR protein when the dietary AFBI levels
reached 85.94 pg/kg diet (P < 0.05) in the skin, spleen, and
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2448 and

head kidney, respectively. Both the levels of p-TOR Ser
T-TOR protein reached the lowest levels in the 146.92 ug/kg diet

groups in the skin, spleen, and head kidney.

Discussion

Using the same growth test as our previous study, we
conducted research as part of a larger project to evaluate the
immune function of AFB1 on the immune organs (skin, spleen,
and head kidney) of grass carp (6). It has been confirmed that
dietary AFBI inhibited fish growth and disrupted the physical
barrier of grass carp spleen and head kidney in our previous
study (6). However, in addition to physical barriers, fish immune
organ health also depends on immune barriers (37). It was the
primary aim of this study to determine whether AFBI affected

frontiersin.org


https://doi.org/10.3389/fimmu.2022.1027064
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

He et al.

A Dietary aflatoxin Bl levels (ng/kg diet)

0.04 2948 58.66 8594 110.43

p-TOR Ser?#8

146.92

= e == =

T-TOR

B-actin

(I B Wy |
el adhdhad

B Dietary aflatoxin B1 levels (ng/kg diet)

0.04 2948 58.66 8594 110.43

146.92

p-TOR Ser248

T-TOR

| ——— e —
A A it Al

B-actin

c Dietary aflatoxin Bl levels (ng/kg diet)

0.04 2948 58.66 8594 110.43

146.92

p-TOR Ser2#s

T-TOR

B-actin

FIGURE 6

10.3389/fimmu.2022.1027064

Dietary aflatoxin B1 levels (ng/kg)
0004 m29.48 ©58.66 @8594 011043 w1692

| ¢

%

P

= 2 T3

- = 229

- 02229,
=

25 7

®’ 9 R4

< g RN

z %5557

2 R

= ' 99229

2 %5552

<

e 2555

£ %55%5

=] 102229,
%9555
R
25555,
92229 74

p-TOR/T-TOR

Dietary aflatoxin B1 levels (ng/kg)
0004 ©29.48 ©38.66 28594 011043 w1692

. 14 b
12
—ﬁ b b
3% !
2308
g = 0.6
-
-g & 04
£ 02 M
0
p-TORT-TOR

Dietary aflatoxin B1 levels (ng/kg)
0004 ©29.48 5866 @8594 ©I10.43 Wl

1.4 -

€ be pe

—
M

Fold of control

Protein levelsin the head kidney

p-TOR/T-TOR

The protein levels phosphorylation of TOR at Ser2448 in the skin (A), spleen (B) and head kidney (C) of grass carp after infection of A hydrophila.
n=6 (six fish in each group). Different letters indicate significant differences (P < 0.05).

inflammation in fish immune organs (head kidney, spleen and
skin) after infection with A. hydrophila.

AFB1 attenuated immunological
parameters of immune organs

As is well known that the function of the immune barrier of
fish is mediated by immune substances, which include ACP and
LZ activities, C3, C4, and immunoglobulins contents, and the
antibacterial peptides gene expression (38). As an important
component of innate immune response, ACP and LZ have
excellent bactericidal effects, whereas complement system is
involved in the recognition and elimination of pathogens in
fish (39, 40). In addition, antimicrobial peptides are also
important components of fish innate immunity, mainly
including B-defensinl, LEAP-2A, LEAP-2B, etc. (14). Our
results found that AFB1 decreased the activities of LZ, ACP,
the contents of C3, C4, and IgM, and downregulated
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B-defensinl, LEAP-2A, LEAP-2B, and Mucin2 gene expression
in skin, spleen, and head kidney of grass carp. Similarly, Sahoo
et al. (35) found that AFB1 decreased LZ activity in rohu serum,
and another research also confirmed that AFBI1 significantly
decreased the contents of immune components (e.g. C3, C4) in
juvenile turbot serum (21), which were consistent with our
results, suggesting that AFBI could suppress the immune
function of the skin, spleen, and head kidney partly referring
to decrease immune components in fish. The reason for the
inhibition of AFB1 on immunological parameters may be
attributed to the reduction of the number of immune cells. It
is well known that lymphocytes could produce immune
components (40), such as LZ, IL-4, and IL-8, etc. A study
observed that AFB1 reduced lymphocyte proliferation in
rainbow trout (41). The present study showed that AFBI
could decrease the content of LZ. As far as we know, lysozyme
is derived from monocytes and neutrophils, which were a large
number of distributions in the spleen and head kidney. Although
the above evidence has been presented, a large number of
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experimental data are still needed to further confirm.
Furthermore, it should be noted that, the spleen and head
kidney of grass carp did not exhibit any changes in hepcidin
transcription levels due to AFB1. The reason may be partially
related to the IL-13 mRNA levels. Research on murine exhibited
that IL-1f3 participates in the regulation of hepcidin in primary
hepatocytes (42). Coincidentally, our results found that AFBI
had no impact on IL-13 mRNA expression. Nevertheless, the
mechanisms involved in this process need to be studied in
greater detail.

AFB1 attenuated inflammatory response
of immune organs

Cytokines-mediated inflammation response is a hallmark of
immune system up-regulation (43, 44). It is largely
acknowledged that the inflammation could be aggravated by
increasing the transcription levels of pro-inflammatory
cytokines and decreasing the transcription levels of anti-
inflammatory cytokines in fish, which were regulated by NF-
kB and TOR (45, 46). Generally, adverse external stress can
usually lead to drastic changes in immune homeostasis, mainly
manifested as dynamic changes in inflammatory cytokines. The
current research demonstrated that dietary AFBI increased the
pro-inflammatory cytokines transcription levels and decreased
the anti-inflammatory cytokines transcription levels in the skin,
spleen, and head kidney of grass carp. Similarly, one research
demonstrated that dietary AFB1 increased the transcription
levels of TNF-o. and IL-1f in rainbow trout intestinal (5),
another study found that dietary AFBI1 significantly increased
IFN-v content in the broiler jejunum mucosa (23); in addition,
dietary AFB1 downregulated IL-10 mRNA expression in chicken
livers (47), which were consistent with the above results.
Combining the above mentioned evidences, AFBI1 induced
inflammatory responses in fish immune organs has been
observed. Based on our assumptions, there might be a
connection between AFB1 and immune cells. A variety of
inflammatory cytokines are released by macrophages and
immune cells during the inflammatory process (48). The in
vitro study revealed that AFB1 inhibits the growth of murine
macrophages and decreases various secretory cytokines found in
these cells (49). Furthermore, we observed two interesting
findings. Firstly, AFB1 had not changed the transcription
levels of IL-1f in the skin, spleen, and head kidney of grass
carp. The possible reason may be that the contact time and dose
of AFBI to grass carp were insufficient. Similarly, Dugyala and
Sharma et al. (50) found that 0.145 mg AFB1/kg body weight
induced IL-6 and TNF-o. higher expression in rat peritoneal
macrophages at 2 weeks, nevertheless Rossano et al. (51) found
that 1.0 pg/ml AFB1 downregulated IL-6 and TNF-o. mRNA
expression in and human monocytes at 2h and 12h. The possible
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reason accounting for the different results is that the time and
dose of AFB1 exposed to macrophages were different. This might
support our hypothesis, but the clear mechanisms need further
investigation. Secondly, in the present experiment, AFB1 only
upregulated IL-12p40 rather than IL-12p35 in the skin, spleen,
and head kidney of grass carp. It was reported that the stable
expression of different subtypes of mRNA may be different in
different tissues (52). Pandit et al. (53) found that the mRNA of
IL-12p40 is high expression in immune tissues (such as the
spleen and head kidney) of grass carp during A. hydrophila
infection, while the mRNA of IL-12p35 is mostly expressed in
the central nervous system. This might support our hypothesis.
Its exact mechanism of action needs to be determined through
further research.

AFB1 modulates immune response
related signaling pathways

As we have known, the activation of the IKK complex
promotes the degradation of IxBol and then activates NF-xB,
whose activation could increase the pro-inflammatory cytokines
transcription levels in humans (54). In humans, the level of
nuclear NF-xB protein could be a symbol of activating NF-«kB
signaling (55). In the current work, we observed that AFB1
upregulated the mRNA levels of nuclear NF-kB protein in grass
carp skin, spleen, and head kidney. Correlation analyses
displayed that IFN-y2, TNF-q, IL-6, IL-8, IL-12p40, IL-15, and
IL-17D gene expression were positively correlated with the NF-
KBp65 protein levels (Table 2), suggesting that AFB1 aggravated
spleen and head kidney inflammation partially related to
activation of NF-kBp65 signaling in grass carp. The reason for
the activation of NF-xB signaling by AFB1 was still not clarified
in the immune organs of fish. Probably two reasons contributed
to this. Firstly, this is partially related to IkBoi, IKKf, and IKKY.
Studies suggested that IKKP, y could activate NF-kB nuclear
translocation, and IkBo could inhibit NF-xB nuclear
translocation (55). Our results found that AFBI upregulated
IKKp, and IKKy genes expression and downregulated IxBo. gene
expression in the skin, spleen, and head kidney of grass carp,
which supports our hypothesis. Secondly, it is might associated
with the mRNA levels of the NF-kB. Takahashi et al. (56) found
that upregulating the NF-xB mRNA levels could increase the
levels of the NF-kBp65 protein level. Our results indicated that
AFBI upregulated the NF-kB p65 gene expression in grass carp
skin, spleen, and head kidney, which is consistent with the
results of the protein expression from the current study.
Interestingly, the results from our study found that AFB1 had
not changed NF-xBp52 transcription level in grass carp skin,
spleen, and head kidney. The possible reason is linked to the
stably IKK o gene expression. It was shown that NF-xBp52 could
be specifically activated by IKKo in mammalian cells (57). The
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TABLE 2 Correlation coefficient of parameters in the immune organs of grass carp®.

Independent parameters Dependent parameters Spleen Head kidney
Correlation coefficients P Correlation coefficients P
NEF-kB p65 protein level TNF-o. +0.970 <0.01 +0.957 <0.01
IFN-12 +0.885 <0.01 +0.920 <0.05
IL-6 +0.935 <0.01 +0.969 <0.01
IL-8 +0.951 <0.01 +0.936 <0.01
IL-12P40 +0.936 <0.01 +0.983 <0.01
IL-15 +0.941 <0.01 +0.943 <0.01
IL-17D +0.947 <0.01 +0.971 <0.01
c-Rel mRNA level TNE-o +0.937 <0.01 +0.955 <0.01
IFN-12 +0.968 <0.01 +0.933 <0.01
IL-6 +0.972 <0.01 +0.986 <0.01
IL-8 +0.961 <0.01 +0.939 <0.01
IL-12P40 +0.960 <0.01 +0.983 <0.01
IL-15 +0.928 <0.01 +0.978 <0.01
IL-17D +0.914 <0.01 +0.988 <0.01
IxBo. mRNA level NF-kB p65 protein level -0.965 <0.01 -0.978 <0.01
c-Rel -0.926 <0.01 -0.982 <0.01
IKKB mRNA level NF-kB p65 protein level +0.940 <0.01 +0.970 <0.01
IxBo -0.992 <0.01 -0.996 <0.01
IKKy mRNA level NF-kB p65 protein level +0.944 <0.01 +0.972 <0.01
IkBo -0.989 <0.01 -0.995 <0.01
p-TOR protein level 1L-4/13A +0.964 <0.01 +0.932 <0.01
1L-4/13B +0.870 <0.01 +0.963 <0.05
IL-10 +0.941 <0.01 +0.959 <0.01
TGF-B1 +0.980 <0.01 +0.957 <0.01
TGE-B2 +0.973 <0.01 +0.954 <0.01

1“4” means positive correlation; “-” means negative correlation.

current results showed that AFBI had not changed the IKKo
transcription level in the skin, spleen, and head kidney of grass
carp, which supported our assumption.

Studies in mammalian have found that activation of mTOR
signaling promotes the production of anti-inflammatory cytokines
(e.g., IL-10, TGF-B1). According to previous study, S6K1 and 4E-BP
are key signaling molecules downstream of mTOR protein (46). A
study has revealed that phosphorylation of TOR Ser2448 can reflect
TOR signaling activation in Jian carp (Cyprinus carpio var. Jian)
(58). Our results demonstrated that AFB1 reduced p-TOR Ser2448
transcription level in the skin, spleen, and head kidney of grass carp,
which demonstrated that AFBI inhibited the activation of TOR
signaling. Correlation analyses displayed that TGF-f1, TGF-f32, IL-
10, IL-4/13A, and IL-4/13B gene expression were positively
correlated with the p-TOR Ser2448 (Table 2), suggesting that
AFBI1 aggravated spleen and head kidney inflammation partly be
associated with the inhibition of TOR signaling in fish. The reason
for the inhibition signaling of TOR by AFB1 may be related, in part
to TOR transcription and translation. Kew et al. (57) indicated that
the level of p-TOR Ser2448 protein was in contact with its
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transcription and translation. Our present result showed that
AFB1 could decrease TOR transcription level in the grass carp
skin, spleen, and head kidney, which support our hypothesis. Our
results indicated that AFB1 aggravated inflammation might related
to the activation of NF-kBp65 signaling and inhibition of
TOR signaling.

AFB1 safe upper dose for grass carp

Intensive farming poses health-threatening to fish. However,
the health of fish is associated with its immunity. The increase in
morbidity is used to assess the adverse effects of harmful
substances on the body. ACP and LZ activities, as important
immune indicators, often used to evaluate the health of fish
immune organs (59). Therefore, in order to maintain the skin,
spleen, and head kidney health of grass carp, we selected the dose
with no significant effect of AFB1 on ACP and LZ as the safe
upper dose. Finally, we determined that AFB1 not exceeding
29.48 ng/kg diet could maintain the health of immune organs.
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The mechanism of AFB1 on immune function of immune cells in the skin, spleen and head kidney of grass carp

Conclusion

In conclusion, as shown in Figure 7, the results of our study
demonstrate that AFB1 destructed immune competent of grass
carp skin, spleen, and head kidney (1). Dietary AFB1 decreased
C3, C4, and IgM contents, LZ and ACP activities, and
downregulated B-defensinl, Mucin2, LEAP-2A, and LEAP-2B
gene expression in skin, spleen, and head kidney of grass carp
(2). Dietary AFB1 promoted inflammatory responses related to
the activation of [(IKKf and IKKYyrather than IKKc)/IkBc/NF-
KB (p65 and c-Rel rather than p52) to upregulate the pro-
inflammatory cytokines genes expression (except IL-1f3 and IL-
12p35), and inhibition of [TOR/(S6K1, 4E-BPI)] signaling to
downregulate the anti-inflammatory cytokines genes expression
in grass carp skin, spleen, and head kidney. Moreover, the
content of AFB1 in the grass carp diet should not exceed 29.48
ug/kg diet according to the activities of LZ and ACP.
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CcGSDMeEa functions the pore-
formation in cytomembrane and
the regulation on the secretion
of IL-1B in common carp
(Cyprinus carpio haematopterus)
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GSDME is the only direct executor of caspase-dependent pyroptosis in both
canonical and non-canonical inflammasomes known to date in fish, and plays
an important role in anti-bacterial infection and inflammatory response. In
order to determine the regulation of GSDMEa on antibacterial infection in
innate immune response, the CcGSDMEa gene in common carp (Cyprinus
carpio haematopterus) was first identified and characterized, and then its
function related to immune defense was investigated. Our results showed
that the expressions of CcGSDMEa at the mRNA and protein levels were both
significantly increased after Aeromonas hydrophila intraperitoneal infection at
the early stage than that in the control group. We found that CcGSDMEa could
be cleaved by inflammatory caspase (CcCaspase-1b) and apoptotic caspases
(CcCaspase-3a/b and CcCaspase-7a/b). Interestingly, only the CcGSDMEa-NT
(1-252 aa) displayed bactericidal activity to Escherichia coli and could punch
holes in the membrane of HEK293T cells, whereas CcGSDMEa-FL (1-532 aa)
and CcGSDMEa-CT (257-532 aa) showed no above activity and pore-forming
ability. Overexpression of CcGSDMEa increased the secretion of CclL-1p and
the release of LDH, and could reduce the A. hydrophila burdens in fish. On the
contrary, knockdown of CcGSDMEa reduced the secretion of CclL-1p and the
release of LDH, and could increase the A. hydrophila burdens in fish. Taken
together, the elevated expression of CcGSDMEa was a positive immune
response to A. hydrophila challenge in fish. CcGSDMEa could perform the
pore-formation in cell membrane and the regulation on the secretion of IL-1,
and further regulate the bacterial clearance in vivo. These results suggested
that CcGSDMEa played an important role in immune defense against A.
hydrophila and could provide a new insight into understanding the immune
mechanism to resist pathogen invasion in teleost.
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Introduction

The common carp (Cyprinus carpio haematopterus), as an
important economic species, is famous for rich nutrition, fast
growth rate and long-standing history of breeding, and
contributes a lot to freshwater aquaculture (1). The expansion of
farming scale and the emergence of intensive rearing bring
economic benefits, but also lead to the outbreaks of various
diseases at the meantime. Bacterial hemorrhagic septicemia
caused by Aeromonas hydrophila is one of the main diseases,
which is ferocious and causes fish massive die-offs in severe case.
A. hydrophila is a Gram-negative short rod-shaped bacterium,
which is widely distributed in various water and can cause severe
diseases in fish, reptiles, amphibians and humans under certain
conditions (2). In aquaculture, when environmental factors
suddenly change and water quality deteriorates, A. hydrophila can
infect various fish species, such as Indian major carp, mrigal
Cirrhinus mrigala (3), rainbow trout Oncorhynchus mykiss (4),
common carp C. carpio (5, 6), crucian carp Carassius auratus (7,
8), grass carp Ctenopharyngodon idellus (9), zebrafish Danio rerio
(10), channel catfish Ictalurus punctatus (11-13), and tilapia
Oreochromis niloticus (14), and lead to the outbreaks of bacterial
hemorrhagic septicemia. This bacterial septicemia disease affected
the quality and safety of the aquatic products, seriously restricted
the sustainable development of healthy aquaculture, and resulted in
considerable economic losses (2, 15). Hence, it is particularly
important to determine the immune response of fish to the A.
hydrophila infection, and to provide an effective strategy for
controlling and preventing this bacterial septicemia.

In fish, innate immunity is considered as the major form of host
defense, and it is also the efficient first line to resist invading
pathogen (8). After the infection of A. hydrophila, the innate
immune response is activated to improve the immune ability in
teleost, and effectively eliminate pathogenic bacteria. Studies have
shown that gasdermin E (GSDME) plays an indispensable role in
combatting pathogen invasion through its NT-domain in teleost
(16-20). The GSDME is composed of a conserved N-terminal pore-
forming domain (N-PFD), a C-terminal auto-inhibitory domain
(C-AID), and an intermediate linker region with a caspase
hydrolysis site (18, 19, 21, 22). Under the normal condition,
GSDME exists in inactive form with the full-length sequence in
vivo, but under the stimulation of pathogen-associated molecular
patterns (PAMPs) or damage-associated molecular patterns
(DAMPs), Caspase-1/3/7 are activated and cleave GSDME in the
linker region to release the NT domain, and then GSDME-NT
oligomerization can penetrate cellular membrane, destroy
cytomembrane integrity and lead to pyroptosis. Finally, the
membrane rupture cells, as well as PAMPs and DAMPs, are
phagocytosed by neutrophils to clear pathogenic bacteria and
damaged cells (18, 19, 23-26).

Accompanying pyroptosis occurrence, massive cytoplasmic
contents such as interleukin-1f (IL-1f), tumor necrosis factor-o
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(TNF-o), lactate dehydrogenase (LDH) and ATP were released
into the extracellular area at the same time (27, 28). As a key pro-
inflammatory cytokine, IL-1f can trigger an inflammatory
reaction at the site of pathogenic infection to clear pathogens
(29-32). However, IL-1B, without signal peptide, could not be
directly secreted to the outside of cell. Previous studies have shown
that the predicted maximum diameter of IL-1 was 4.5 nm, and
the intracellular IL-1 could be released to the extracellular
through the pores formed by gasdermin (33, 34). However,
LDH could not pass through the gasdermin pore because the
predicted maximum diameter of LDH tetramer was 9.6 nm, and it
could only be released upon membrane rupture (35). Hence, only
IL-1B, not LDH, is released from intracellular area to extracellular
area, which can be used as biological indicator of membrane pore
formed by GSDME in fish (35). Both IL-1B and LDH are released
into the extracellular simultaneously, and it is indicated that cell
membrane rupture and pyroptosis appear.

Previous studies have shown that zebrafish DrGSDMEa and
DrGSDMED, turbot (Scophthalmus maximus) SmGSDMEDb and
tongue sole (Cynoglossus semilaevis) CSGSDME could be cleaved
by caspases and formed the membrane pores to cause pyroptosis
(16-19). However, up to now, the function of GSDMEa in
common carp is still unclear. Herein, we investigated the roles
of CcGSDMEa in the pore-formation of cellular membrane and
regulation of IL-1f secretion after A. hydrophila infection. This
study aims to clarify the roles of CcGSDMEa in immune
response of common carp and provide a new insight into
protecting fish against pathogen infection.

Materials and methods
Experimental animals and cell culture

Experiments involving live animals were conducted in
accordance with the “Regulations for the Administration of
Affairs Concerning Experimental Animals” promulgated by
the State Science and Technology Commission of Henan
Province. This study was approved by the Animal Care and
Use Ethics Committee of the Henan Normal University.

The healthy common carp (23 + 2 g, 11 + 1 cm) were from
the aquaculture base in Zhengzhou, Henan province. Before the
experiment, the fish were randomly grouped with 50 fish in each
group, and then acclimated in 200 L tanks for two weeks. During
acclimation, the fish were maintained at 25 + 2 °C, and pH 7.0 +
0.2, with the dissolved oxygen concentration of 6.0 + 0.2 mg/L
and natural light/dark cycle, and 1/3 water in tank was
exchanged with the fresh aerated water twice a week. The fish
were fed with pellets at 5% body weight. The common carp (4%
of stock) were randomly sampled for bacterial or virus detection,
and no pathogen was detected in the sampled fish, the
experimental fish were considered to be healthy (36).
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Mycoplasma-free Human Embryonic Kidney (HEK) 293T
cells were cultured in DMEM medium (Hyclone, USA)
supplemented with 10% (v/v) Fetal bovine serum (FBS, Gibco,
USA), 2 mM L-Glutamine, and 4.5 g Glucose, at 37 °C in a 5%
CO, incubator. For mycoplasma-free Epithelioma papulosum
cyprini (EPC) cell, the M199 medium (Hyclone, USA)
supplemented with 10% FBS, 1000 mg D-Glucose, 2200 mg
NaHCOs3, and 100 mg L-Glutamine was used, and cultured at
25°C in an incubator with 5% CO,. The cells were passaged
every 2-3 d at a split ratio of 1:3 when the cells reached
90% confluency.

Bacterial strain culture

A. hydrophila, which was stored in our laboratory and
isolated from common carp (15), cultured on Luria-Bertani
broth (LB) plates at 28°C overnight, and single colony of each
strain was then inoculated into 5 mL LB medium at 28 °C with
constant shaking (180 rpm), and then sub-cultured in 100 mL
LB medium with the ratio of 1:100 at 28 °C at 180 rpm until the
absorbance values (ODggy) was 0.6 (37). The half lethal
concentration (LCs,) of bacteria was 7 x 107 CFU/mL. The
bacteria were harvested by centrifugation at 8000 rpm at 4 °C for
10 min, washed three times with 0.75% physiological saline
(0.75% NaCl), and then resuspended in 0.75% NaCl with the
concentration of 7 x 10° CFU/mL.

RNA extraction and cDNA synthesis

Total RNA was extracted from the samples using RNA
extraction reagent RNAiso (TaKaRa, Japan) on the basis of the
protocol of manufacture. Total RNA was dissolved in the RNase
free water (Sangon, China). The concentration was determined
by NanoDrop 2000 spectrophotometer (Thermo company,
USA), and the purity was detected through 1% agarose gel
electrophoresis. First-strand cDNA used for gene cloning was
synthesized using the PrimeScriptTM II 1st Strand cDNA
Synthesis Kit (TaKaRa, Japan), and the PrimeScriptTM RT
Master Mix was used to synthesize cDNA template for
quantitative Real Time PCR (qRT-PCR) (Vazyme, China). The
reverse transcription products were stored at -20°C until used.

Gene cloning and bioinformatics analysis

The open reading frame (ORF) amplification of CcGSDMEa
was performed in a 20 UL reaction system, which was made up of
1 uL cDNA template, 1 uL forward primer, 1 UL reverse primer,
10 uL 2 x Taq Master Mix, and 7 uL ddH,O. The PCR
procedure was set as follows: 5 min at 94 °C for pre-
denaturation, 34 cycles (30 s at 94°C for denaturation, 30 s at
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58 °C for annealing, and 120 s at 72 °C for extension), and
10 min at 72°C for final extension. The products were analyzed
on 1.5% agarose electrophoresis and purified by DNA gel
extraction kit (Omega, USA). The purified DNA was ligated
into the pMD-19T vector (Takara, Japan), and then transformed
into Escherichia coli DH50 (Biomed, China). Positive clones
were sequenced in Sangon Biotech Company (Shanghai, China).

The rapid amplification of cDNA end (RACE) method was
used to amplify the 3’ and 5 end sequences of CcGSDMEa.
According to the instruction of PrimeScriptTM II 1st Strand
cDNA Synthesis Kit, the Oligo dT Primer was replaced by the 3’
RACE Olig(T)-adaptor for reverse transcription to obtain the 3’
RACE template. With regard to 5> RACE amplification template,
the obtained cDNA product was purified with E.Z.N.A. Cycle-
pure Kit (Omega, USA), and Poly (A) tail was added at the 3’ end
after purification. A total of 50 UL reaction system was as follows:
cDNA 10 uL, 5 x TdT buffer 10 L, 1% BSA 5 uL, dATP (10
mmol/L) 2.5 puL, TdT enzyme 1 pL, and ddH,O 21.5 pL.
Reaction condition was at 37 °C for 30 min and at 80 °C for
3 min. The obtained final product was 5 RACE template. The
PCR amplification was performed using the primers of 3°/5” -Out
and 3’ RACE Adaptor/5 RACE Olig(T)-Adaptor for the first
round PCR, and then followed by the nested PCR with the
primers of 3’/5’ -In and 3°/5 RACE Adaptor using the first
round PCR products (diluted 50 times) as the template. The
reaction system and PCR procedure were same as ORF
amplification, except only 20 cycles for first round PCR. The
primers used for gene cloning were shown in Table 1.

The amplified ORF was overlapped with the 3’/5’ terminal
sequences to obtain the full length of CcGSDMEa ¢cDNA
sequence, implemented in software DNAMAN. CLC Main
Workbench 6.8 was used to translate the amino acid
sequences. Theoretical isoelectric point (pI) and molecular
weight (MW) were respectively calculated on the basis of
deduced amino acid sequences by the Compute pI/MW
software (https://web.expasy.org/compute_pi/). The domains
were predicted and annotated with Simple Modular
Architecture Research Tool-SMART (http://smart.embl-
heidelberg.de/), and the three-dimensional structure of protein
was predicted by I-TASSER (https://zhanggroup.org/I-
TASSER). Homologous sequences were searched and analyzed
by the BLAST algorithm of NCBI (http://blast.ncbi.nlm.nih.gov/
Blast.cgi). Multiple sequence alignments were carried out using
the DNAMAN 8.0, and phylogenetic tree was constructed using
the neighbor-joining method, implemented in MEGA 7.0
program with a bootstrap test of 1000 replicates.

Spatial expression analysis by qRT-PCR
Various tissues including gill, liver, spleen, head kidney,

trunk kidney, heart, intestine, brain, muscle, and skin were
taken aseptically from six healthy fish (23 + 2 g), respectively.
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TABLE 1 Primers used for gene cloning and qRT-PCR in this study.

Primer names
CcGSDMEa ORF-F
CcGSDMEa ORF-R
CcGSDMEa 5’-Out
CcGSDMEa 5’-In
CcGSDMEa 3’-Out
CcGSDMEa 3’-In

5" RACE Olig(T)-Adaptor
5" RACE Adaptor

3’ RACE Olig(T)-Adaptor
3° RACE Adaptor

CcGSDMEa qRT-PCR-F

Sequences (5'-3")
ATGTTTGATAAAGCGACAAAG
TCATGCAGCAACAAAGGATGC
CATTGAGTTTGAATCCTGTGGGTC
CACCACCGCAAGCACCTG
GGATGCTGGACTGGACCTGC
CAATGTTTTGCTACGGAAAGAGAATG
GACTCGAGTCGACATCG(T); 7
GACTCGAGTCGACATCG
CTGATCTAGAGGTACCGGATCC(T), 4
CTGATCTAGAGGTACCGGATCC

TGCTTTGGTGGATAGACTTGAGA

CcGSDMEa qRT-PCR-R

GTGGTAAGTCCACTCTTGTCAAG

CcIL-1f qQRT-PCR-F
CcIL-1§3 qRT-PCR-R
18S qQRT-PCR-F

18S qRT-PCR-R

CAGAGCAACAAACTAAGTGACGAG

GTGACCCGAATGACAGCCTC

GAGACTCCGGCTTGCTAAAT

CAGACCTGTTATTGCTCCATCT

10.3389/fimmu.2022.1110322

Usage

ORF amplification

5 RACE

3’ RACE

Adaptor primer for RACE

qRT-PCR

Total RNA extraction and cDNA synthesis were performed as
described above. The AceQ qPCR SYBR Green Master Mix
(Vazyme, China) and LightCycler® 480 II instrument (Roche,
Switzerland) were used for qRT-PCR to detect gene expression
at mRNA level. The qRT-PCR was performed in a 20 pL
reaction system (10 UL 2 x AceQ qPCR SYBR Green Master
Mix, 1 pL specific primers, 3 uL cDNA template and 6 uL
ddH,0), and cycling program (180 s at 95 °C for pre-incubation,
followed by 40 cycles of 95 °C for 10 s and 60 °C for 30 s for
amplification). The amplification efficiency of QRT-PCR primers
for CcGSDMEa and CcIL-1f gene was 97.34% and 99.07%,
respectively. The 18S was used as the reference gene, and the
amplification efficiency was 100.8% (Table 1). The results were

analyzed by the 24" method.

A. hydrophila challenge and sampling

The healthy common carp (23 + 2 g) were randomly divided
into two groups (the treated group and the control group), with
50 fish each group. Fish were injected intraperitoneally with 100
UL A. hydrophila suspension at a concentration of 7 x 10° CFU/
mL in treated group. In the control group, the fish were injected
with 0.75% NaCl in the same volume. The experiments were
carried out in triplicate. The fish were not fed during the
experiment period and maintained under the same conditions
with those during the acclimation period. The mortality of fish
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was observed and recorded every day. After A. hydrophila
challenge, six fish from each group were randomly selected at
0h,3h,6h,12h,24h,48 h and 96 h, respectively, which were
anesthetized with ethyl 3-aminobenzoate (MS-222, Sigma,
USA), and then sampled. Blood was collected from the caudal
vein and centrifuged at 3000 rpm at 4 °C for 10 min to collect
serum, which was used for Enzyme-Linked Immunosorbent
Assay (ELISA). The tissues (gill, liver, spleen, head kidney,
intestine and skin) were sampled immediately and stored in
liquid nitrogen. Total RNA extraction, cDNA synthesis, and
qRT-PCR were carried out as described above.

Plasmid construction

The different forms of CcGSDMEa were cloned into His-
tagged pET-32a vector or GFP-tagged pEGFP-Cl1 vector
through Hind III and Kpnl sites to generate rCcGSDMEa-FL
(1-532 aa) or GFP-CcGSDMEa-FL, rCcGSDMEa-NT (1-252 aa)
or GFP-CcGSDMEa-NT and rCcGSDMEa-CT (257-532 aa) or
GFP-CcGSDMEa-CT recombinant plasmids. CcCaspase-1la/1b/
3a/3b/7a/7b sequences were inserted into N-DmrB-pcDNA3.1-
3HA expression vector through EcoR I and KpnlI sites,
respectively. The CcGSDMEa, CcCaspase-1a/1b/3a/3b/7a/7b,
pET-32a (+) vector, pEGFP-C1 vector and N-DmrB-
pcDNA3.1-3HA vector were digested by restriction enzymes
(New England Biolabs, USA), and then they were purified and
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ligated together by the T4 ligation enzyme (TakaRa, Japan). The
recombinant plasmids were transferred into E. coli strain DH50,
and the positive clones were verified by sequencing. The primers
used to construct plasmids were listed in Table 2. To remove the
endotoxin, the constructed recombinant eukaryotic plasmids
were extracted with an EndoFree Plasmid Kit following the
instruction of manufacturer (Omega, USA).

CcGSDMEa cleavage assay

A total of 5 x 10° EPC cells were seeded per well in six-well
plates for 16 h, then co-transfected with GFP-CcGSDMEa-FL
(2.5 ug) and CcCaspase-la/1b/3a/3b/7a/7b (2.5 ng) plasmids
using Lipofectamine 3000 Reagent (Thermo Fisher Scientific,
USA) according to the instructions when the cells reached 90%
confluency. 36 h later, the EPC cells were exposed to 1 uM
AP20187 (a chemical inducer of dimerization, which could
penetrate the cell membrane and induce the DmrB fusion
protein to dimerize. Selleck, China) for 6 h to mediate
CcCaspase-1a/1b/3a/3b/7a/7b dimerization (38, 39). Next, the
cells were collected, and the total proteins were extracted using
the protein extraction kit (Solarbio, China) according to the
specification. In detail, the EPC cells were lysed in lysis buffer
supplemented with 1% PMSF, protease inhibitor and
phosphatase inhibitor on ice for 15 min, and then centrifuged
at 12000 rpm at 4 °C for 10 min. Protein concentration was
detected by BCA assay kit (Solarbio, China). Subsequently, the
protein was mixed with 5 x protein loading buffer (Solarbio,
China) and boiled for 10 min, and then used for
western blotting.

Immunocytochemical staining

The HEK293T cells (5 x 10° cells/well) were seeded on
coverslips into 6-well cell culture plates overnight, and the
plasmids expressing GFP-CcGSDMEa-FL, GFP-CcGSDMEa-
NT and GFP-CcGSDMEa-CT (1000 ng/well) were transfected
with Lipofectamine 3000 Reagent when the cells reached 70%
confluency, and the pEGFP-C1 vector was used as the control.

At 24 h after transfection, the cells were collected, and
washed three times with sterile 1 x PBS buffer (Solarbio,
China), and then fixed with 4% paraformaldehyde at room
temperature for 1 h, washed three times. The cells were
incubated with 0.1% Hoechst 33342 (Invitrogen, USA) for ten
minutes for the sake of nucleus staining, or incubated with 0.1%
Dil (Beyotime, China) for 10 min for the sake of cell plasma
membrane staining, and then washed three times. The cell
coverslips were mounted on glass slides with Antifade
Mounting Medium (Beyotime, China) and air-dried at room
temperature. The fluorescence images of cells were observed
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TABLE 2 Primers used for plasmid construction in this study.

Primer names Sequences (5'-3")

rCcGSDMEa-F GGGGTACCATGTTTGATAAAGCGAC (Kpnl)

rCcGSDMEa-NT-R CCCAAGCTTGGGATGGGGATTCTGGGAAAT

(Hind III)

rCcGSDMEa-CT-F GGGGTACCGGTCAGTGGCCACTGATC (KpnI)

rCcGSDMEa-R CCCAAGCTTTCATGCAGCAACAAAGG (Hind

1II)

GFP-CcGSDMEa-F CCCAAGCTTCGATGTTTGATAAAGCGAC (Hind

111)

GFP-CcGSDMEa-
NT-R

GGGGTACCGAAAGTGGGATGGGGATT (Kpnl)

GFP-CcGSDMEa-
CT-F

CCCAAGCTTCGGGTCAGTGGCCACTGATC
(Hind III)

GFP-CcGSDMEa-R GGGGTACCTCATGCAGCAACAAAGGATGC

(KpnI)

CcCaspase-1a-3HA- | CGGGTACCATGGCGAAGAGTACTAAGGAG
F (Kpnl)

CcCaspase-la-3HA- GGGAATTCTGAGAGTCCGGGGAACAGGTAG
R (EcoR 1)

CcCaspase-1b-3HA- GGGGTACCATGGACATCAAAAGAGTTATG
F (Kpnl)

CcCaspase-1b-3HA-  CGGAATTCTTACATGAGTCCAGGGAACAGG
R (EcoR )

CcCaspase-3a-3HA-
F

GGGGTACCATGGATTCGTATCTCACAG (Kpnl)

CcCaspase-3a-3HA-
R

CGGAATTCTTATTTAGAGAAATAGAG (EcoR I)

CcCaspase-3b-3HA- | CCAAGCTTATGAACGGAGACTGCGTG (Hind
F 110)

CcCaspase-3b-3HA-  CGGAATTCTCAAGCAGTGAAGTACATC (EcoR
R 1)

CcCaspase-7a-3HA-
F

GGGGTACCATGATGTCTTGTAAATTTC (Kpnl)

CcCaspase-7a-3HA- | CGGAATTCTCAGCTGATGGAGCTCTTC (EcoR
R o)

CcCaspase-7b-3HA-
F

GGGGTACCATGGTTTCGCTTTCTCCG (Kpnl)

CcCaspase-7b-3HA-
R

CGGAATTCTCAGTTGAAGTAGAGCTC (EcoR I)

The underlined letters indicated restriction enzyme site.

under a fluorescence microscope (Zeiss, Germany). In addition,
the HEK293T cells were fixed with 2.5% glutaraldehyde at 4 °C
overnight, and dehydrated using series gradient alcohol and
tertiary butanol, and then the integrity of cytomembrane was
observed under a biotypic scanning electron microscope
(JEOL, Japan).
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Assay for antibacterial effect
and cytotoxicity

The different forms of rCcGSDMEa recombinant plasmids
were transferred into E. coli strain BL21 (DE3), and the
transformants were cultured in LB with 100 pg/mL Ampicillin
(Amp), shaken at 200 rpm at 37 °C until ODgy to 0.6. The
bacteria diluted at 10* times, were evenly spread with 50 uL on
LB agar plates with or without 0.1 mM IPTG, and then cultured
at 37 °C overnight. The CFU on the plates was counted and
statistically calculated. At the same time, the growth curve of E.
coli was tested by measuring the ODy, after induction by IPTG.

The cytotoxicity was monitored by evaluating the release of
LDH from cells. The cell culture medium was centrifuged at
400 g for 5 min at 4°C, and the supernatant was collected. The
LDH content released from the cells was detected according to
the instruction of the Lactate Dehydrogenase Cytotoxicity
Detection Kit (Beyotime, China). The untransfected cells were
used as the blank background control, and the LDH released
from the cells treated with LDH release agent was used as the
positive control with maximum enzyme activity. Each sample
was tested in triplicate. Cytotoxicity (%) = (treated sample Ao -
blank background control Aye)/(maximum enzyme activity
A9 - blank background control A4e) x 100.

Assay for bacterial clearance

The healthy fish (9 + 0.5 g) were randomly divided into five
groups (ie, Control group: PBS; Knockdown groups: siControl
group and siCcGSDMEa group; Overexpression groups: pEGFP-C1
group and GFP-CcGSDMEa-FL group). The primers of siRNAs
(siCcGSDMEa-F/R, 5-GGA UCU AUA GAG UUG GGA ATT-3’,
5-UUC CCA ACU CUA UAG AUC CTT-3’; siControl-F/R, 5-
UUC UCC GAA CGU GUC ACG UTT-3, 5-ACG UGA CAC
GUU CGG AGA ATT-3’) were designed and synthesized by
Sangon Biotech Company (Shanghai, China). For the different
knockdown groups, the fish were intramuscularly injected with
100 UL (10 ug) siControl or siCcGSDMEa, respectively. The fish
were intramuscularly injected with 100 uL (10 ug) GFP-
CcGSDMEa-FL or pEGFP-C1 plasmid in different overexpression
groups, respectively (29, 40). In the control group, the fish were
injected with 100 UL PBS by the same method. The experiments
were carried out in triplicate. After 3 and 7 d, the tissues (gill, liver,
spleen, trunk kidney and head kidney) were sampled in the aseptic
condition and used for analyzing the efficiency of knockdown or
overexpression by RT-qPCR.

In knockdown groups, overexpression groups and the
control group, the fish were intraperitoneally injected with 100
UL A. hydrophila suspension (7x 10° CFU/mL) after knockdown
or overexpression 3 d. The experiments were carried out in
triplicate. After challenge for 24 h, the tissues were sampled
respectively in the aseptic condition, and used to count the

Frontiers in Immunology

24

10.3389/fimmu.2022.1110322

bacterial number in samples by plate count and detect the
expression of CcIL-1f3 by RT-qPCR. Blood was collected from
the caudal vein and centrifuged at 3000 rpm at 4 °C for 10 min to
collect the serum, which was used for ELISA to measure the
content of CcIL-1f.

Assay for CclL-1P secretion

EPC cells (5 x 10° cells/well) were seeded into 6-well cell culture
plates overnight, and then the siControl, siCcGSDMEa, pEGFP-C1
and GFP-CcGSDMEa-FL plasmids (1000 ng/well) were transfected
when the cells reached 90% confluency, respectively. The
untransfected cells were used as the control. The efficiency of
knockdown or overexpression in vitro was analyzed after 24 h
and 48 h, respectively. The untransfected cells and the cells
transfected successfully with the above plasmids were divided into
two subgroups, respectively. One group was stimulated by 10 uL A.
hydrophila (1x10* CFU/well), and the other group was added with
isometric PBS. After 3 h, the content of LDH and CcIL-1f in cell
culture medium was assessed to determinate the role of CcGSDMEa
in regulating IL-1[ secretion.

ELISA

The levels of CcGSDMEa and CcIL-1 in serum were measured
according to the method of ELISA (6, 40). Briefly, 96-well Immuno-
Maxisorp plates were coated with the serum (1:1) in 2x coating
buffer (0.05 M carbonate buffer, pH 9.6) overnight at 4 °C. Next,
10% skimmed milk powder was used as the blocking agent at 37 °C
for 2 h, and then were subsequently washed three times (wash
buffer: 20 mM PBST, 274 mM NaCl, 54 mM KCl, 20 mM
Na,HPO,, 3.6 mM KH,PO,, 0.5 mL Tween-20, PH 7.4).
Polyclonal antibodies against CcGSDMEa or CcIL-1B (1: 500,
prepared in our laboratory) were added to the wells to incubation
at 37 °C for 2 h and an addition wash. After incubation with
horseradish peroxidase labeled Goat anti-Mouse IgG/HRP
(Solarbio, China) at 37 °C for 1 h, the plates were washed again.
3,3°,5,5 -tetramethylbenzidine (TMB, Sigma, USA) was used as the
substrate for color development at 37 °C for 30 min. The reaction
was terminated by adding 50 UL of termination solution (2M
H,SO,). The OD,s5, absorbance value was detected in a microplate
reader (PerkinElmer, USA) within 10 min, and the amount of
excretive CcGSDMEa and CcIL-1B (pg/mL) was estimated by
comparing to reference curves constructed using the
corresponding standards.

Western blotting analysis

The protein samples (30 ng) were separated by SDS-PAGE
before being transferred to a PVDF membrane (Millipore, USA)
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according to traditional protocol. The membranes were blocked
in 5% w/v nonfat dry milk in TBST and then washed three times
using TBST for 10 min every time. The mouse anti-GFP Ab
(1:10,000, GenScript, China) or mouse anti-B-actin Ab
(1:10,000, Beyotime, China) was incubated overnight at 4°C
and washed another three times, then followed by incubation
with the appropriate secondary goat anti-mouse IgG-HRP Ab
(1:5000; Solarbio, China) and washed three times again,
whereafter detected by super ECL detection reagent (Millipore,
USA) using gel imaging system (Biorad, USA).

Statistical analysis

All values in this study were presented as means + standard
deviation (M + SD) (n=3). The data statistical analysis was
performed by SPSS 20.0 and GraphPad Prism 5.0. The statistical
significance was determined using Student’s ¢ test and one-way
ANOVA followed by Tukey’s test. Significant difference was set
as P <0.05 (*), P <0.01 (**), or P <0.001 (***).
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Result
Structural analysis of CcGSDMEa

In this study, CcGSDMEa (GenBank accession number:
ON981707), a homologous GSDME gene, was obtained from
common carp, which is distributed within 7320 bp genomic
fragment on chromosome A19 with 9 exons and 8 introns. The
location and transcription direction of the adjacent genes to
CcGSDMEa were consistent with those of DrGSDMEa and
HsGSDME, and it was suggested that genes adjacent to
CcGSDMEa loci shared an overall conserved chromosome
synteny with those of humans and zebrafish (Figure 1A). The full
length of CcGSDMEa cDNA sequence is 2736 bp with a 1599 bp
OREF, a 177 bp 5-untranslated region and a 960 bp 3’-untranslated
region (Figure S1). The ORF encoded 532 amino acids was
predicted with molecular weight of 58.57 kDa and theoretical
isoelectric point of 4.92. It displayed high identities (58.9%) and
similarities (76.0%) to zebrafish DrGSDMEq, but low identities
(29.3% and 24.2%) and similarities (51.2% and 45.8%) to zebrafish
DrGSDMED and human HsGSDME, respectively (Table 3).

B
CcGSDMEa |
oS IE ‘:. ‘

proseer I ‘
frosve ‘I {

Structural feature and phylogenetic evolution of CcGSDMEa. (A) Gene synteny and chromosomal location analysis of CcGSDMEa. The genes
adjacent to GSDME loci on human chromosome 1, zebrafish chromosome 19, common carp chromosome A19 are shown. Arrows indicate
gene orientation. The small arrows above the gene indicate the direction in which the gene is transcribed. (B) Structure domains of CcGSDMEa,
DrGSDMEa/b, and HsGSDME predicted by SMART. (C) The tertiary structures of CcGSDMEa and DrGSDMEa modeled by |-TASSER. The NT
domains and CT domains are colored green and red, respectively. The motifs of tetrapeptide ,5,SEVD,s¢ specifically recognized by caspases are
marked in purple, and the linker regions are labeled in yellow. Secondary structure element o.-helices and B-strands are indicated in images. The
inter-domain interfaces are highlighted by purple ellipses. The al, B3, B4, B7 and B8 marked by the black circle form the structure of the
membrane inserted N-terminal domain. (D) Phylogenetic relationships of GSDM family members. The phylogenetic tree was constructed by
MEGA (version 7.0) using the neighbor-joining method. The reliability of each node was estimated by bootstrap test with 1000 replications. The
accession numbers of selected GSDM protein sequences from the National Center for Biotechnology Information Reference Sequence

database (http://www.ncbi.nlm.nih.gov/RefSeq/) are shown in Table 3.

Frontiers in Immunology

frontiersin.org


http://www.ncbi.nlm.nih.gov/RefSeq/
https://doi.org/10.3389/fimmu.2022.1110322
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zhao et al.

To better understand the function of CcGSDMEa, the
features of domain and tertiary architecture were
characterized. The CcGSDMEa contained one gasdermin
domain, which is consistent with the other GSDM family
members except for DrGSDMEa (Figure 1B). In addition, the
CcGSDME:a shared highly conserved tertiary architectures with
zebrafish DrGSDMEa, which had a conserved N-terminal pore-
forming domain, C-terminal auto-inhibitory domain and a
flexible and pliable hinge region (Figure 1C). In linker regions,
the predicted tetrapeptide motif, which was specifically
recognized by caspases, was ,5,SEVD,s¢. This was the same as
the cleavage site of DrGSDMEa. Phylogenetic tree revealed that
CcGSDMEa was grouped with zebrafish DrGSDMEa with a high
score of bootstrap tests. Interestingly, CcGSDMEa was not
grouped with GSDMEb of common carp, but was clustered
into a separate clade (Figure 1D), which provided us a better clue
for future analysis of GSDME evolutionary function in teleost. In

TABLE 3 Identity and similarity between CcGSDMEa and other
species GSDM sequences.

Gene name  Gene bank No.  Identities  Similarities
CcGSDMEa ON981707

CcGSDMEb-1 OP046437 31.9% 52.5%
CcGSDMED-2 OP046436 30.0% 50.7%
DrGSDMEa XP_005170134.1 58.9% 76.0%
DrGSDMEb NP_001001947.1 29.3% 51.2%
CsGSDME XP_016893587.1 25.9% 52.1%
ApGSDME XP_022071512.1 27.0% 49.4%
GdGSDME NP_001006361.2 25.3% 44.6%
HsGSDME NP_004394.1 24.2% 45.8%
MmGSDME NP_061239.1 21.9% 45.3%
CcPJVK XP_018961188.2 15.0% 30.9%
SSPJVK XP_045556351.1 13.0% 27.0%
HsPJVK AAI46939.1 24.2% 29.9%
MmPJVK NP_001074180.1 21.9% 30.4%
HsGSDMD AAH69000.1 15.4% 32.2%
MmGSDMD AAH29813.1 13.4% 32.1%
HsGSDMC AAH35321.1 12.1% 29.8%
MmGSDMC NP_113555.1 14.0% 32.1%
HsGSDMB KAI4049241.1 11.7% 30.1%
HsGSDMA AAI09198.1 14.3% 31.7%
MmGSDMA NP_067322.1 14.7% 32.3%
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addition, both members of the deafness-associated gene (ie.,
GSDME and PJVK) were clustered together, and they were
distant from the other members (GSDMA, GSDMB, GSDMC
and GSDMD).

Expression profile of CcGSDMEa after A.
hydrophila challenge

CcGSDMEa was widely expressed in the tested tissues and
exhibited a tissue-specific spatial expression pattern. CcGSDMEa
was highly expressed in the skin and gill, followed by the head
kidney and trunk kidney, and the lowest expression was in brain
(Figure 2A). Moreover, the expression levels in immune-related
tissues (head kidney, spleen, skin, intestine and gill) were
markedly higher than those in heart, liver and brain.

To further analyze the expression profile of CcGSDMEa in
response to bacterial infection, A. hydrophila was chosen to
stimulate the juvenile common carp. The peaks of CcGSDMEa
expression were at 3 h in liver, at 6 h in gill, head kidney and
spleen, and at 12 h in intestine and skin (Figures 2C-H).
Although the peaks of mRNA expression levels were different
in various tissues and appeared at the different time points, the
expression levels of CcGSDMEa were increased after A.
hydrophila infection, compared with the control. The protein
expression level of CcGSDMEa showed a trend of increasing at
first and then decreasing with the time prolongation in serum,
and the expression peak was observed at 12 h (Figure 2B). The
expression levels among different time points showed significant
differences. Meanwhile, the protein expression levels of
CcGSDMEa were notably increased at the different time points
compared with the control.

CcGSDMEa-NT was produced
from CcGSDMEa cleavage by
CcCaspase-1/3/7

To better understand the cleavage mechanism of
CcGSDMEa, each of the CcCaspase-la, CcCaspase-1b,
CcCaspase-3a, CcCaspase-3b, CcCaspase-7a and CcCaspase-7b
plasmids was co-transfected with CcGSDMEa-FL into EPC cells,
and then treated with the dimerizing drug AP20187 for 6 h. The
results showed that CcCaspase-1b, CcCaspase-3a, CcCaspase-3b,
CcCaspase-7a and CcCaspase-7b could cleave CcGSDMEa to
produce CcGSDMEa-NT, except for CcCaspase-1la (Figure 3A).
The LDH released from cells co-transfected CcCaspase-1b/3a/3b
and CcGSDMEa, were dramatically higher than that released
from cells only transfected CcGSDMEa (Figure 3B). HEK293T
cells were co-transfected with CcCaspase-1a/1b/3a/3b/7a/7b and
CcGSDMEa, and the morphology of cell membrane was
observed. The results showed that, except for the co-
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FIGURE 2

Expression profile of CcGSDMEa after A. hydrophila challenge. (A) Tissues distribution of CcGSDMEa in healthy C. carpio. The lowest expression
level in brain was chosen as calibration (set as 1), and the relative expression of CcGSDMEa in other tissues was represented as fold-changes to
the calibration. (B) The protein expression levels of CcGSDMEa in serum after A. hydrophila challenge. (C-H) The mRNA expression levels of
CcGSDMEa in different tissues after A. hydrophila challenge. The control group was chosen as calibration (set as 1). The data were expressed as
mean + SD (n = 3). Significant difference between the different time points were analyzed using one-way ANOVA followed by Tukey's test, and
presented with the different lowercase letters in the group challenged by A. hydrophila (P<0.05), and the same letter was indicated no significant
difference (P > 0.05). The significant differences between the A. hydrophila challenge group and the control group at the same time point were
analyzed by student's t test and indicated with asterisks (¥, P < 0.05; **, P < 0.01, ***, P < 0.01).
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FIGURE 3
CcGSDMEa-NT was produced from CcGSDMEa cleavage by CcCaspase-1/3/7. (A) The western bolting result that CcGSDMEa was cleaved by
CcCaspase-1b/3a/3b/7a/7b. (B) LDH release from the EPC cells co-transfected with CcGSDMEa and the CcCaspase-1a/lb/3a/3b/7a/7b
plasmids. (C) Morphological observation of HEK293T cells co-transfected with CcGSDMEa and the CcCaspase-1a/1b/3a/3b/7a/7b plasmids. Red
arrows display cell plasma membrane rupture, and dark arrows indicate the gasdermin membrane pores. Values are shown as mean + SD (n =
3). The LDH release from the cells only transfected with CcGSDMEa was set as control. The significance difference of LDH release between the
control cells and the co-transfected cells was analyzed by student’s t test and shown as: ns, P > 0.05; *, P < 0.05; **, P < 0.01; *** P < 0.001.

transfection of CcCaspase-1a and CcGSDMEa, membrane pores The membrane pore formation induced
could be observed in the co-transfected cells (Figure 3C). It was by CcGSDMEa-NT
indicated that any one of CcCaspase-1b/3a/3b/7a/7b could

cleave CcGSDMEa to generate CcGSDMEa-NT, which could To explore the pore forming function of CcGSDMEa, the
oligomerize on the cell membrane and penetrate the CcGSDMEa-FL/NT/CT recombinant plasmids with GFP-tag
plasma membrane. were constructed (Figure 4A). The different recombinant
Frontiers in Immunology frontiersin.org
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Membrane pore formation induced by CcGSDMEa-NT in HEK293T cells. (A) Schematic diagram of the recombinant plasmids of CcGSDMEa-FL
(1-532 AA), CcGSDMEa-NT (1-250 AA), CcGSDMEa-CT (257-532 AA) and pEGFP-C1. (B) LDH release from cells transfected with 1000 ng of
different forms of CcGSDMEa recombinant plasmids. (C) Morphological observation of HEK293T cells transfected with different forms of
CcGSDMEa recombinant plasmids. Red arrows display cell plasma membrane rupture, and dark arrows indicate the membrane pores induced
by CcGSDMEa-NT. The LDH release values are shown as M + SD (n = 3). The significant differences were analyzed by student's t test, "**"

means P < 0.01, "ns” means no significant difference.

plasmids of CcGSDMEa were transfected into HEK293T cells to
observe the morphological changes and LDH release. The results
showed that the release of LDH from cells expressing
CcGSDMEa-NT was markedly higher than that of cells
expressing CcGSDMEa-FL or CcGSDMEa-CT and pEGFP-C1
vector (Figure 4B). Cytomembrane pores and rupture
phenomenon were also observed only in the transfected cells
with CcGSDMEa-NT plasmids (Figure 4C). It was suggested that
only CcGSDMEa could punch holes in the membrane and
disrupt the integrity of cytomembrane through its NT domain.

In addition, the subcellular localizations of CcGSDMEa-FL,
NT and CT in HEK293T cells were varied (Figure 5A). The
CcGSDMEa-FL was localized in the cytoplasm and
cytomembrane, the CcGSDMEa-NT was only situated in the
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cytomembrane, and the CcGSDMEa-CT was distributed in the
whole cells. We also found that CcGSDMEa-NT and Dil-labeled
cytomembrane were completely colocalized (Figure 5B), and it
was indicated that CcGSDMEa-NT could accumulate on the
cellular membrane.

Bactericidal activity of CcGSDMEa
to E. coli

In order to detect the bactericidal activity of CcGSDMEa,
CcGSDMEa-FL, CcGSDMEa-NT and CcGSDMEa-CT were
subcloned into pET-32a vector, respectively (Figure 6A). The
recombinant plasmids rCcGSDMEa-FL/NT/CT were expressed
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Subcellular localizations of CcGSDMEa different forms. (A) Subcellular localizations of CcGSDMEa-FL/NT/CT and Hoechst-stained nucleus in
HEK293T cells. (B) Subcellular localization of CcGSDMEa-NT, Hoechst-stained nucleus and Dil-stained cytomembrane in HEK293T cells (white
arrowheads). The original microscope images were on the left and the locally enlarged images were on the right in (B)

in E. coli by IPTG-induced manner. Of note, the number of E.
coli expressing rCcGSDMEa-NT was markedly reduced
compared with that of expressing rCcGSDMEa-FL or
rCcGSDMEa-CT after IPTG induction (Figures 6B, C). The
growth curves of E. coli expressing different recombinant
plasmids of CcGSDMEa were also been analyzed. The ODgp
of E. coli expressing rCcGSDMEa-NT indicated little change at
different time points after IPTG induction, but the ODgg, values
of E. coli expressing rCcGSDMEa-FL, rCcGSDMEa-CT and
pET-32a vector showed an increasing trend with time
prolongation after IPTG induction (Figure 6D). It was
demonstrated that CcGSDMEa-NT could perform
bactericidal function.

CcGSDMEa promotes the expression of
CclL-1B in vivo

To better understand the role of CcGSDMEa in regulating
CcIL-1B, the CcGSDMEa in fish was knocked down or
overexpressed, and the expression of CcIL-1B at the mRNA
and protein levels were detected. The knockdown and
overexpression of CcGSDMEa were confirmed based on the
results of CcGSDMEa mRNA expression levels in vivo. Figure 7
showed that the CcGSDMEa mRNA expression levels in GFP-
CcGSDMEa group were markedly increased compared with the
levels in pEGFP-C1 group at 3 d and 7 d (Figures 7A, B).
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However, the expression levels of CcGSDMEa in siCcGSDMEa
group were lower than those in siControl group (Figures 7C, D).

In CcGSDMEa overexpression group, the CcIL-1f3
expressions at the mRNA and protein levels were notably
higher compared with the expression levels in pEGFP-C1
group (Figures 7E, G). In CcGSDMEa knockdown group, the
expression levels of CcIL-1f decreased compared with the
siControl group (Figures 7F, H). These results suggested that
CcGSDMEa could promote CcIL-1f expression.

CcGSDMEa prevents A. hydrophila
colonization in vivo

As mentioned above, the expression of CcGSDMEa
increased in fish when stimulated by A. hydrophila (Figure 2).
After CcGSDMEa was overexpressed or knocked down, the
bacterial burdens were examined in tissues of fish after A.
hydrophila challenge for 24 h. As shown in Figure 8, the
bacterial burdens were obviously lower in head kidney, spleen,
gill, liver and trunk kidney in GFP-CcGSDMEa overexpression
group than those in the pEGFP-C1 group. While, in
siCcGSDMEa group, the bacterial burdens were observably
increased in head kidney, gill, liver, spleen and trunk kidney,
compared with those in siControl group. It was indicated that
the CcGSDMEa could prevent the colonization of A. hydrophila
and minish the bacterial burdens in fish.
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student’s t test (***, P < 0.001; ns, no significant difference).

CcGSDMEa promotes the secretion of
CclL-1B in EPC cells

After EPC cells challenged with A. hydrophila, the
expression levels of CcGSDMEa and CcIL-1f significantly
increased, compared with the control group (Figure 9A), it
was suggested that A. hydrophila could trigger the innate
immune responses of EPC cells. Similarly, the contents of
CcIL-1B protein in the cell culture medium were also
increased after A. hydrophila challenge compared with the
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control group (Figure 9B), and it was manifested that A.
hydrophila challenge could promote the secretion of CcIL-1.
Moreover, the LDH released from EPC cells treated by A.
hydrophila were observably higher than that in the control
group (Figure 9C), and indicted that A. hydrophila challenge
might destroy cytomembrane integrity of EPC cells.

To clarify the effect of CcGSDMEa on CcIL-1p secretion, the
CcGSDMEa was overexpressed or knocked down in EPC cells,
and then the contents of CcIL-1f protein in cell culture medium
were examined after A. hydrophila stimulation. As shown in
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challenge. (G, H) The protein expression levels of CclL-1B in the different groups after A. hydrophila challenge. In each case, the mRNA
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< 0.01; *** P < 0.001)
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CcGSDMEa prevents A. hydrophila colonization in vivo. Bacterial burdens in head kidney (A), spleen (B), gill (C), liver (D) and trunk kidney
(E) of different groups infected with A. hydrophila. The data are expressed as mean + SD (n = 3) and analyzed statistically by student's t test

(*, P < 0.05; ** P < 0.01; *** P < 0.001).

Figures 9D, E, the overexpression and knockdown of
CcGSDMEa were both aftirmed. After A. hydrophila challenge,
in the CcGSDMEa overexpression group, expression level and
secretion content of CcIL-1P and the release of LDH were
significantly increased, compared with the pEGFP-C1 group
(Figures 9F-H). It was illustrated that the overexpression of
CcGSDME&a could intensify the effect of A. hydrophila challenge
on CcIL-1B secretion and LDH release. However, in
siCcGSDMEa group, after A. hydrophila challenge, the
expression level and secretion content of CcIL-1f and the
release of LDH were notably decreased compared with the
siControl group. It was implied that the knockdown of
CcGSDMEa could retard the effect of A. hydrophila on CcIL-
1B secretion and LDH release. Taken together, these results
revealed that CcGSDMEa played an important role in regulating
the secretion of CcIL-1p.

Discussion

The different types of cell death, such as apoptosis,
autophagy, necrosis or pyroptosis, mainly depend on the
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inducing factors and the different stages of the cell cycle.
Among these types of programmed cell death, pyroptosis is a
newly defined inflammatory programmed cell death that plays
an important role in fighting bacterial infections and
inflammatory diseases (41). Previous studies have shown that
the gasdermin family members were the executors of pyroptosis
and played key roles in the innate immunity (18, 42, 43).
However, in teleost, only two members of gasdermin family
(GSDME and PJVK) have been identified to date, and they were
considered as the ancient members of the GSDM family (19, 21,
44). Since PJVK does not perform immune-related functions
(35, 45), GSDME is considered to be the only executor of
pyroptosis in teleost, and its role of innate immune to resist
pathogen invasion has become a research hotspot.

In this study, the CcGSDMEqa identified from common carp
shares conserved chromosomal colinearity and tertiary structure
with GSDME in other fish and human (17-19, 24). Similar to the
structure of mouse GSDMA3, a1, 04 helix and 1-B2 hairpin in
NT domain of CcGSDMEa provide the main surface for binding
to the CT domain and then form the major autoinhibitory
interactions (44). In addition, a1, B3, B4, B7 and B8 can form
the N-terminal structure that inserts into cytomembrane. The
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group after A. hydrophila challenge. The data were expressed as mean + SD (n = 3). The significant differences were analyzed using student’s t

test (**, P < 0.01; *** P < 0.001).

ol is the first a-helix that specifically interacts with
phospholipids, and B3, B4, B7 and B8 are four parallel B-
strands, which can insert into the membrane. These structural
properties of CcGSDMEa might provide the basis for its
functional role.

CcGSDMEa was ubiquitously expressed in all tested tissues,
although the expression levels are different in the varied tissues.
In zebrafish, DrGSDMEa was highly expressed in intestine, gill,
head kidney and spleen, but lowly expressed in brain, heart and
muscle (19). The same situation was found in common carp. The
high expression of CcGSDMEa in immune-related tissues
indicated that it played an important role in the immune
surveillance system. Studying the expression changes of
CcGSDMEa after A. hydrophila challenge is helpful to
understand the immune response of fish to pathogen infection
and provide new insights into the formulation of effective
measures to prevent the occurrence of disease. The increased
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expression levels of CcGSDMEa (mRNA and protein) suggested
that CcGSDMEa played an important role in immune response
against the invasion of A. hydrophila. The peaks of CcGSDMEa
expression levels appeared at the early stage of infection,
indicated that fish immune response was more active and
stronger at the early stage of pathogen infection, and it
suggested that the early stage of infection was the best period
to clear pathogens in fish.

GSDME could be cleaved by caspases to cause pyroptosis in
teleost. For instance, DrGSDMEa could be cleaved by
inflammatory caspases (caspase-B and caspase-19b) and
apoptotic caspases (caspase-3a/b, caspase-7 and caspase-8a) in
zebrafish (16), the SmMGSDME could be cleaved by Smcaspase in
turbot, and CsGSDME could be cleaved by caspase-1/3/7 in
tongue sole (18). Similarly, CcGSDMEa was cleaved by
inflammatory caspases (CcCaspase-1b) and apoptotic caspases
(caspase-3a/b and caspase-7a/b) to release its N-terminal
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domain to form the pores on cell membrane. Moreover,
CcGSDME:a cleaved by CcCaspase-1b/3a/3b also could disrupt
the cell membrane. The different LDH release and the different
degree of cell membrane destruction of the cells might be due to
the different cleavage efficiency of CcGSDMEa by CcCaspase-1b/
3a/3b/7a/7b. The tongue sole CsGSDME was cleaved with high
efficiency by inflammatory Caspase-1, and with comparatively
low efficiency by apoptotic Caspase-3/7 (18). To be different
from this result, zebrafish DrGSDMEa was cleaved with high
efficiency by Caspase-1/3b and with low efficiency by Caspase-
3a/7 (17, 19). This suggested that the efficiency of GSDME being
cleaved in fish was not only related to the different of Caspases,
but also related to the specificity of species.

Studies have shown that the NT-domain of GSDME could
punch holes in the cell membrane and induced pyroptotic bubble
formation and membrane lysis (18, 19, 28, 33). The membrane pore
formation, cytomembrane rupture and LDH release from cells were
observed only in transfected cells with CcGSDMEa-NT plasmid,
which was consistent with that found in zebrafish DrGSDMEa and
turbot SmGSDMED (16, 17). In addition, the number of E. coli
expressing rCcGSDMEa-NT was markedly reduced after IPTG
induction, this was consistent with the findings in tongue sole,
turbot and zebrafish (16-18). Accumulating evidence suggested that
CcGSDMEa-NT could not only punch holes in the membrane of
HEK293T cells, but also directly destroy the integrity of bacterial
membrane of E. coli, and showed that the CcGSDMEa exerted its
bactericidal activity and cytotoxicity through its NT domain.
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The antibacterial infection mechanism of GSDME remains
to be poorly understood in fish at present. In this research, the
increased bacterial burdens in various tissues in CcGSDMEa-
knockdown group demonstrated that the ability to eliminate the
invading bacteria was reduced in host. With respect to
CcGSDMEa-overexpression group, it was shown that bacterial
loads were obviously decreased in different tissues. These results
mentioned above provided the direct evidence that CcGSDMEa
played a key role in regulating bacterial clearance in fish. As a
key node in the immune and inflammatory networks, IL-1B
performs antibacterial defenses through involving in
inflammation reaction in innate immunity (29, 30, 32, 46).
Our results showed that CcGSDMEa could promote the
expression and secretion of CcIL-1P, involve in inflammation
reaction, and then help the host eliminate invading pathogens.

To sum up, CcGSDMEa could be cleaved by CcCaspase-1b/
3a/3b/7a/7b to generate CcGSDMEa-NT domain, which could
oligomerize and translocate to the plasma membrane, where it
could form pores to promote pyroptosis. CcGSDMEa was
involved in innate immune defense against A. hydrophila
infection in common carp, through regulating the secretion of
CcIL-1B, and it was indicated that CcGSDMEa played an
important role in combating bacterial invasion (Figure 10).
These results will provide a reference for us to further study
the immune mechanism to defense against bacterial infection in
fish, and also provide new strategies to prevent and control fish
diseases for healthy and continuous aquaculture.
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and regulate the expression
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Introduction: The transcription factor interferon regulatory factor 3 (IRF3) plays an
important role in host defence against viral infections. However, its role during
bacterial infection in teleosts remains unclear. In the present study, we evaluated
the antibacterial effects of Trachinotus ovatus IRF3 (TrolRF3) and how it regulates
type | interferon (IFN).

Methods: Subcellular localisation experiments, overexpression, and quantitative real-
time PCR (gRT-PCR) were performed to examine the nuclear localisation signal (NLS)
of TrolRF3 and its role in the antibacterial regulatory function of TrolRF3. We assessed
the binding activity of TrolRF3 to the IFNa3 promoter by luciferase reporter assay.

Results and Discussion: The results showed that TrolRF3 was constitutively
expressed at high levels in the gill and liver. TrolRF3 was significantly upregulated
and transferred from the cytoplasm to the nucleus after Vibrio harveyi infection. By
overexpressing TrolRF3, the fish were able to inhibit the replication of V. harveyi,
whereas knocking it down increased bacterial replication. Moreover, the
overexpression of TrolRF3 increased type | interferon (IFNa3) production and the
IFN signalling molecules. The NLS, which is from the 64-127 amino acids of TrolRF3,
contains the basic amino acids KR74/75 and RK82/84. The results proved that NLS is
required for the efficient nuclear import of TrolRF3 and that the NLS domain of
TrolRF3 consists of the key amino acids KR74/75 and RK82/84. The findings also
showed that NLS plays a key role in the antibacterial immunity and upregulation of
TrolFNa3 induced by TrolRF3. Moreover, TrolRF3 induces TrolFNa3 promoter activity,
whereas these effects are inhibited when the NLS domain is deficient. Overall, our
results suggested that TrolRF3 is involved in the antibacterial immunity and regulation
of type | IFN in T. ovatus and that the NLS of TrolRF3 is vital for IRF3-mediated
antibacterial responses, which will aid in understanding the immune role of fish IRF3.
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1 Introduction

Innate immunity is the first line of defence against invading
viruses and bacteria. The innate antiviral mechanism in mammals
involves interferon (IFN), which induces the expression of IFN-
relative genes (1-3). IFN can be divided into two major categories
based on its cysteine residues. In all teleost fish lineages, type I IFNs
contain two cysteine residues; however, type II IFNs contain four
cysteine residues in a few species (4-7). In both vertebrates and
invertebrates, interferon regulatory factors (IRFs) regulate type I and
II IFN transcriptional activation (8).

Thus far, nine IRF family members have been found in mammals,
10 in birds and 11 in fish (9). The N-terminal DNA binding domain
(DBD), consisting of five tryptophan repeats, is highly homologous
between IRF members. The DBD forms a helix-turn-helix structure
that binds specifically to IFN-stimulated response element (ISRE)
sequences in the promoters of IFNf and IFN-stimulated genes (ISGs)
(10). Except for IRF1 and IRF2, the C-terminal of each IRF has an IRF
association domain (IAD), which is used to interact with other IRFs
and other factors (11-13). IRF3 and IRF7 contain a serine-rich region
(SRD) at the C-terminus that controls their transcriptional activities
when phosphorylated by viruses (11-14). Two transcription factors,
IRF3 and IRF7 control the expression of type I IFNs (15, 16). The
antiviral effects of several innate immune receptors, including retinoic
acid-inducible gene I (RIG-I)-like receptors (RLRs), toll-like receptors
(TLRs) and DNA sensors, are mediated by IRF3 (17-19). All TLRs in
mammals (except TLR3) transduce signals through the MyD88-
dependent pathway using molecules such as the TNFR-associated
factor 6 (TRAF6) (17, 20-22). In general, pathogen invasion initiates
an immune response by activating the immune signalling pathways.
As a member of the IRF family, IRF3 plays an important role in
immune signalling. Following bacterial infection, IRF3 is responsible
for controlling the expression of IFNs and ISGs (23). ISGs include
ISG15, MAX interactor I (MXI) and Viperinl (24).

Accurate cellular localization plays a crucial role in the effective
function of most signaling proteins, the ability of IRF3 to translocate
into the nucleus is essential for its biological activity. Nuclear
localization signals (NLSs) and nuclear export signals (NESs) are
intrinsic targeting signals required to facilitate the shuttle between the
nucleus and the cytoplasm for proteins larger than 45 kDa (25). IRF3
accumulates in the cytoplasm under resting conditions and adopts an
auto-inhibited conformation, which is mediated by the NES. When
infected, IRF3 enters the nucleus via NLS after being phosphorylated
and dimerized at its C-terminus. IRF3 and the coactivator CBP/p300
form a complex and then bind the IFN-0/f3 promoters and the ISRE
sequences of the targeted genes (14, 26, 27). Several studies have
found that bacterial products, such as lipopolysaccharide (LPS), can
activate toll-like receptors to induce type I IFN expression through
IRF3 signalling (28-31). However, the role of IRF3 in bacterial
infection is less understood.

The characteristics and functions of IRF3s have been reported in
several species of teleost fish, such as Epinephelus coioides,
Cynoglossus semilaevis, Carassius auratus L., Salmo salar,
Larimichthys crocea, and Paralichthys olivaceus (32-37). In a
previous study, red-spotted grouper nervous necrosis virus
replication was significantly decreased in E. coioides when IRF3 was
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overexpressed (32). For C. auratus L., fish IFN or polyinosinic-
polycytidylic acid (poly I:C) induced the phosphorylation of IRF3
and translocation from the cytoplasm to the nucleus. In addition, C.
auratus L. IRF3 overexpression induced IFN production, which
subsequently triggered ISG transcription via signal transducer and
activator of transcription 1 (STAT1) (33). Moreover, viral and
bacterial stimulation significantly induced C. semilaevis IRF3 (34).
Although some studies have investigated IRF3 in fish, its function,
particularly its role in antibacterial immunity, remains
largely unknown.

Vibrio harveyi is a gram-negative opportunistic pathogenic
bacterium of many commercially farmed fish species (38, 39).
Trachinotus ovatus (golden pompano) is one of the most
economically important aquaculture species in China that suffers
from V. harveyi, resulting in serious economic losses (40). IFNa3 is a
member of type I IFNs in T. ovatus. Previous study demonstrated that
IRF1, IRF2, IRF5, and IRF7 positively regulate IFNa3 expression in T.
ovatus (41, 42). The purpose of this study was to assess the
antibacterial immune effects of IRF3 in T. ovatus (TroIRF3) and its
role in the regulation of IFNa3. Based on these investigations, we
further examine the NLS in TroIRF3 and its role in the host
antibacterial immune response induced by TroIRF3.

2 Materials and methods
2.1 Fish, cell lines and bacteria

T. ovatus were purchased from a commercial fish farm in Hainan,
China. Before the experiment, the fish were acclimated at 26°C in a
flow-through water system for one week. All animal experiments
conducted during this study were approved by the Animal Care and
Use Committee at Hainan University. Human embryonic kidney
(HEK293T) cells were cultured at ambient CO, and 37°C in
Dulbecco’s modified Eagle’s medium (DMEM, USA), the DMEM
contained 1% penicillin and streptomycin (Pen Strept) and 10% foetal
bovine serum (FBS). Golden pompano snout (GPS) cells were
generously donated by the South China Sea Institute of Oceanology
Chinese Academy of Sciences. The GPS cells were grown at 26°C with
Leibovitz’s L-15 medium containing 10% FBS (Gibco, USA) (42, 43).
V. harveyi was grown at 28°C in Luria-Bertani broth (38).

2.2 TrolRF3 cloning

Based on the transcriptome data, the primers TroIRF3-F/
TroIRF3-R were used to clone the open reading frame (ORF) of
TroIRF3 by polymerase chain reaction (PCR) amplification (Table
S1). Sequencing was performed following gel purification of the PCR
products into the pEASY®-TISimple Vector (Transgen, Beijing,
China). A homology search of the TroIRF3 protein sequence was
conducted using BLAST programs on NCBI (http://www.ncbi.nlm.
nih.gov/blast). Signal peptide prediction was performed using SignalP
5.1. Thereafter, DNAMAN (Lynnon Biosoft, USA) was used to align
the amino acid sequences. SWISS-MODEL was used to predict the
TroIRF3’s tertiary structure. A phylogenetic analysis was performed
using neighbour-joining methods through MEGA 6.0.
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2.3 Expression profiles of TrolRF3 in normal
tissues and when challenged with V. harveyi

A total of 11 tissues were obtained from 15 healthy T. ovatus
(blood, head kidney, liver, intestine, spleen, gill, muscle, skin, brain,
stomach and heart). To avoid the affection of the individual difference
of fish, the fish tissues were mixed aseptically into a sample with five
identical samples. The tissue samples were stored at —80°C until RNA
extraction was performed. The T. ovatus were divided into two
groups: control and bacterial challenge. The challenge group
received 0.1 ml of V. harveyi (2 x 10° CFU/ml), while the control
group received the same volume of PBS. At 6, 9, 12 and 24 hours post-
injection (hpi), 15 individuals in each group were randomly sacrificed,
and the liver, spleen and head-kidney were sampled. Five identical
tissues from each group were mixed aseptically to form a sample. The
total RNA was extracted from the harvested samples using the Total
RNA Extraction Kit (Promega, China). The cDNA was synthesised
using the Reverse Transcription System (Promega, China). An SYBR
ExScript qRT-PCR kit (LS2062, Promega, China) was used to
perform quantitative real-time PCR (qRT-PCR) on a qTOWER3
Real-Time PCR (qPCR) system (Analytik Jena, Germany). The
internal reference gene was f-2 microglobulin (B2M), and the
relative expression levels of TroIRF3 were calculated using the 2"
AACT method (44). The primers are summarised in Table SI.

2.4 TrolRF3 overexpression and V. harveyi
infection in vivo

The eukaryotic expression vector pTroIRF3 was constructed for
TroIRF3 overexpression in vivo. TroIRF3 was cloned into the pCN3’s
Sma I site and transformed into Escherichia coli, DH50. pTroIRF3
was extracted using the Endo Free Plasmid Kit (Tiangen, China). The
fish (weight 15.2 + 3.1 g) were randomised into three groups (N=12),
with each receiving a 0.1 ml injection of pTroIRF3 (150 pg/ml), pCN3
(empty vector, 150 ng/ml) or PBS (control). To detect the expression
level of TroIRF3, the liver, spleen and head-kidney of three fish from
each group were collected after five days of intramuscular injection of
plasmids. After the isolation of total RNA and ¢DNA synthesis,
TroIRF3 expression was detected by qRT-PCR with primer
TroIRF3-RT-F/R (Table S1). B2M was used as the internal
reference gene. V. harveyi (10° CFU/fish) was injected into the
remaining fish. The liver, spleen and head-kidney of three fish in
each group were homogenised at 6, 9 and 12 hpi for bacterial
count analysis.

2.5 TrolRF3 knockdown and V. harveyi
infection in vivo

The small interfering RNA (siRNA) of TroIRF3 was synthesised
using the T7 RiboMAX ™ Express RNAi System (Promega, USA).
The primers used for siRNA synthesis are listed in Table S1. A total of
36 fish were randomly divided into three groups of 12 each and
injected with 0.1 ml of PBS (control), siRNA-C (control, 15 pg/fish)
or siRNA-TroIRF3 (15 pg/fish). At 12 h after intramuscular injection
of siRNA, three fish were sacrificed for liver, spleen and head-kidney
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collection. Then, qRT-PCR was performed to detect the TroIRF3
expression levels. The rest of the fish were infected with V. harveyi
(10° CFU/fish). The liver, spleen and head-kidney of three fish in each
group were homogenised at 6, 9, and 12 hpi for bacterial
count analysis.

2.6 Subcellular localisation

The eukaryotic expression vector pTroIRF3-N3 was created by
cloning TroIRF3’s ORF into the Bgl IT and Sal I sites of pEGFP-N3.
Subcellular localisation experiments were performed to examine
TroIRF3 localisation in the cell with or without V. harveyi
infection. The cells were seeded on 24-well plates and grown
overnight, and then Lipofectamine 2000 (Invitrogen, USA) was
used to transfect pEGFP-N3 or pTroIRF3-N3 into the GPS cells. At
48 h post-transfection, the cells transfected with pTroIRF3-N3 were
treated with 0.1 ml PBS (control) or V. harveyi (1x10> CFU/ml) for
6 h. The GPS cells were washed, stained and visualised with
fluorescence microscopy (Leica, Wetzlar, Germany) after fixing in
4% paraformaldehyde.

Different PCR fragments of TroIRF3 were inserted into Bgl IT and
Sal I sites of pPEGFP-N3 vector to constructe TroIRF3-GFP truncation
mutants: pTrolRF3-(/AANES)-N3, pTrolRF3-1-165-N3, pTrolRF3-1-
417-(/ANES)-N3, pTroIRF3-64-466-(/ANES), or pTroIRF3-127-
466-(/\NES). Various plasmids were transfected into the GPS cells
to detect the NLSs of TroIRF3. The cells were fixed, washed, stained
and visualised under fluorescence microscopy at 48 h
post-transfection.

Two TroIRF3 variants (KR74/75NG and RK82/84LQ) were
designed to further detect the NLSs of IRF3 within the aa 64-127
region. The PCR fragments of KR74/75NG and RK82/84LQ were
inserted into Bgl II and Sal I sites of pEGFP-N3 vector to construct
two recombinant plasmids: pTroIRF3-KR74/75NG-N3 and
pTroIlRF3-RK82/84LQ-N3. The primers used are listed in Table SI1.
The GPS cells were transfected with plasmids (pTroIRF3-KR74/
75NG-N3 or pTroIRF3-RK82/84LQ-N3). After 48 h, the cells were
treated with 0.1 ml V. harveyi (1x10° CFU/ml) or PBS (control) for
6 h. Afterwards, the cells were fixed, washed, stained and visualised
under fluorescence microscopy.

2.7 Role of NLSs sites in immune
response in vivo

2.7.1 Role of NLSs in the antibacterial regulatory
function of TrolRF3

To further investigate the role of these basic amino acids in
TroIRF3’s antibacterial regulation, two recombinant plasmids
(pTroIRF3-KR74/75NG and pTrolRF3-RK82/84LQ) were
constructed by inserting the variants into the Sma I sites of the
PCN3 vectors. The fish were randomised into four groups (12 fish per
group) and injected with PBS (control), pTroIRF3 (15 pg/fish),
pTroIRF3-KR74/75NG (15 pg/fish), or pTroIRF3- RK82/84LQ (15
pg/fish), respectively. After five days, the liver, spleen and head-
kidney of three fish from each group were collected to detect the
expression level of TroIRF3 or it mutants. The remaining fish were
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intraperitoneally infected with V. harveyi (2x10°® CFU/fish). The liver,
spleen and head-kidney of three fish in each group were homogenised
at 6, 9 and 12 hpi for bacterial count analysis.

2.7.2 Role of NLSs in immune gene expression
induced by TrolRF3

Twelve fish were randomised into four groups and injected with
PBS (control), pTroIRF3, pTroIRF3-KR74/75NG or pTroIRF3-
RK82/84LQ, respectively. After five days of injection, the spleens
were collected, followed by RNA isolation and cDNA synthesisation.
The relative transcription level of IFNa3, MXI, TRAF6, Viperinl and
mitochondrial antiviral signalling (MAVS) was detected by qRT-PCR.
The primers are listed in Table SI.

2.8 Luciferase reporter assay

The TroIRF3 binding site in the promoter of TrolFNa3 was
evaluated by luciferase reporter assay. Three truncation mutants of
the TroIFNa3 promoter (—1649 to +1, -896 to +1 and 722 to +1)
were amplified and inserted into the Kpn I and Xho I restriction sites
of the pGL4-basic luciferase reporter plasmid (Promega, USA) to
obtain the recombinant plasmid pGL4-TrolFNa3-pl, pGL4-
TrolFNa3-p2 and pGL4-TrolFNa3-p3. The primers used are
summarised in Table S1. Lipofectamine 2000 (Invitrogen, USA) was
used to cotransfect pRL-TK (0.025 pg), pGL4-TrolFNa3-p1/p2/p3
(0.25 pg) and pTroIRF3 (0.25 pg) into the HEK293T cells. pRL-TK
was used as an internal control. After 36 h of transfection, the firefly
and renilla luciferase activities were measured using a dual-luciferase
reporter assay system (Promega, USA). The activity ratio between the
firefly luciferase and the renilla luciferase was used to calculate the
luciferase activity. The effect of V. harveyi stimulation on
the TrolFNa3 promoter activation mediated by TroIRF3 was
detected. After 24 h of transfection, the transfected HEK293T cells
were treated with PBS or V. harveyi (1x10* CFU/ml) for 12 h.
Luciferase activity was measured in the lysed cells as described above.

Luciferase reporter assay was performed to detect whether the
activation of the TrolFNa3 promoter was dependent on the pTroIRF3
concentration. The HEK293T cells were cotransfected with pRL-TK
(0.025 ng), pGL4-TrolFNa3-p2 (0.25 ug) and different concentrations
of pTroIRF3 (0, 0.01, 0.05, 0.1 or 0.2 ug). After 24 h, the transfected
HEK293T cells were treated with V. harveyi (1x10* CFU/ml) for 12 h.
Luciferase activity was measured in the lysed cells as described above.

Luciferase reporter assay was performed to detect the role of the
basic amino acids (KR74/75 and RK82/84) in the TroIRF3-triggered
TrolFNa3-p2 activation. The HEK293T cells were cotransfected with
pGL4-TrolFNa3-p2, wild-type TroIRF3 or its variants (pTroIRF3-
KR74/75NG or pTroIlRF3-RK82/84LQ) and pRL-CMV. After 24 h,
the cells were treated with V. harveyi (1x10* CFU/ml) for 12 h.
Afterwards, the relative luciferase activity was tested as described above.

2.9 Statistical analysis
All data were analysed by SPSS 16.0 (SPSS, IL, USA) and

GraphPad Prism 5 (GraphPad, CA, USA). The statistical
significance level of this study was set at 0.05.
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3 Results

3.1 Cloning and sequence analysis
of TrolRF3

The full length of TroIRF3 ¢cDNA contains a 1398 bp ORF
encoding 465 amino acids (GenBank Accession No. AWY04222.1).
In theory, it has a molecular mass of 52 kDa and an isoelectric point of
4.89. According to the amino acid alignments, TroIRF3 contains three
conserved domains, namely, DBD, IAD and SRD (Figure 1A). Among
the selected IRF3 sequences, TroIRF3 was closest to that of Seriola
lalandi dorsalis (85.95%), followed by those of Siniperca chuatsi and
Lateolabrax japonicus (81.94% and 82.37%, respectively) (Figure 1A).
According to the SWISS-MODEL online software, TroIRF3 has a
similar three-dimensional structure to human IRF3 (Figure 1B). In
addition, the IRF3 from fish and mammals were located in two
separate branches, while TroIRF3 was inserted in the fish cluster.
TroIRF3 shows a close evolutionary relationship with S. lalandi
dorsalis IRF3 (Figure 1C).

3.2 Expression pattern of TrolRF3 with or
without bacterial challenge

The expression level of TroIRF3 was detected in 11 normal tissues
(spleen, head-kidney, skin, muscle, gill, heart, liver, brain, stomach,
blood and intestine) by qRT-PCR. TroIRF3 was constitutively
distributed in all the tissues examined. TroIRF3 expression was high
in the gill and liver but low in the spleen and blood (Figure 2A).

The level of TroIRF3 expression following V. harveyi infection
was detected using qRT-PCR (Figure 2B). The level of TroIRF3
expression in the liver was increased from 6 hpi to 24 hpi (4.1,
30.9-, 4.1-, and 2.7-folds at 6, 9, 12, and 24 hpi, respectively), the
expression level of TroIRF3 in the spleen was increased from 6 hpi to
24 hpi (3.5-, 40.2-, 6.5-, and 7.8-folds at 6, 9, 12, and 24 hpi,
respectively), and the expressions of TroIRF3 in the head-kidney
were increased from 9 hpi to 24 hpi but manifested no difference at 6
hpi (35.5-, 8.8-, and 4.0-folds at 9, 12, and 24 hpi, respectively). Based
on these results, TroIRF3 may contribute to antibacterial immunity.

3.3 Overexpression of TrolRF3 decreases V.
harveyi replication in vivo

To clarify TroIRF3’s role in antibacterial immunity, we assessed
the effects of TroIRF3 overexpression on the fish’s antibacterial
ability. An increase in TroIRF3 expression was observed in fish
treated with pTroIRF3, indicating the overexpression of TroIRF3
(Figure S1A). Compared with the control group, the number of
bacteria in the tissues decreased in the TroIRF3-overexpressing fish
(Figure 3A). The bacterial load in the liver was significantly decreased
in the TroIRF3-overexpressing fish compared with the control fish by
7.1- and 8.3-fold at 6 and 9 hpi, respectively. The pattern of bacterial
load in the spleen of the pTroIRF3-overexpressing fish was similar to
that in the liver, which decreased significantly with 5.0- and 10.9-fold
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FIGURE 1

Sequence characteristics of TrolRF3. (A) Alignment of amino acid sequences from TrolRF3 and other IRF3 homologs. Identities between TrolRF3 and the
compared sequences are shown in brackets. The background color of amino acid residues corresponds to the conservation degree (blue > 75%, black =
100%). The conserved DBD domain is boxed in black, the conserved IAD domain is boxed in green, the conserved SRD domain is boxed in purple, and
the conserved inhibitory domain is boxed in gray. The nuclear export sequences (NES) are marked with the red box. (B) Analysis of the SWISS-MODEL
prediction for TrolRF3 (SWISS-MODEL Template ID: 5jek.2) compared to human IRF3. (C) Phylogenetic analysis of TrolRF3. MEGA 6.0 was used to
construct a phylogenetic tree based on neighbor-joining (NJ). The sequences of TrolRF3 genes used in this study were obtained from GenBank, a list of
GenBank accession numbers can be found in Table S2.
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FIGURE 2

Expression profiles of TrolRF3 in normal tissues and when challenged with V. harveyi. (A) TrolRF3 expression levels in different tissues. (B) Expression of
TrolRF3 in the liver, spleen, and head-kidney in response to the V. harveyi challenge. At every time point, control fish were set to have an average
expression level of 1. Error bars display means + SD (N = 3). N, indicates parallel experiments. *P < 0.05, **P < 0.01.
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The effects of TroIRF3 on antibacterial immune responses were

administration. The TroIRF3 gene was decreased in vivo using siRNA
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FIGURE 3
Effects of TrolRF3 on bacterial infection. (A) At five days after injection with PBS (Control), pCN3, and pTrolRF3, T. ovatus was infected with V. harveyi,
and their liver, spleen, and head-kidney bacteria were determined at 6, 12, and 24 hpi. (B) T. ovatus was injected with siTrolRF3, siTrolRF3-C, or PBS
(Control) for 12 h, then infected with V. harveyi, and their liver, spleen, and head-kidney bacteria were determined at 6, 12, and 24 hpi. The data are
shown as the means + SD (N =3), N, the number of fish used at each time point per group. *P < 0.05, **P < 0.01.

(Figure S1B). Compared with the control fish, the number of bacteria
in the tissues obviously increased in the siTroIRF3-treated fish
(Figure 3B). Compared with the control fish, the TroIRF3
knockdown fish exhibited an increased number of bacteria in the
liver by 4.2- and 1.5-fold at 6 and 9 hpi, respectively. At 6, 9 and 12
hpi, the siTroIRF3-treated fish had higher bacterial colony counts in
the spleen (15.4-, 3.3- and 4.9-fold). Compared with the control
group, the siTrolRF3-treated fish had 9.5- and 2.8-fold higher
bacterial loads in the head-kidneys at 6 and 9 hpi, respectively. The
PBS-treated group and siTroIRF3-C-treated group (siRNA-C)
showed similar bacterial loads, which indicated that the siRNA-C
had no effect on the fish’s antibacterial immune responses. Together,
TroIRF3 was involved in the antibacterial response against V. harveyi

in vivo.

3.5 Mapping of the NLS domain of IRF3

The subcellular localisation of TroIRF3 with or without V. harveyi
stimulation was studied using a fluorescence microscope. EGFP is
detected in both cytoplasm and nucleus, TroIRF3 was located
exclusively in the cytoplasm in the uninfected cells and translocated
to the nucleus after infection with V. harveyi (Figure 4A). Given the
presence of both NLS and NES in IRF3, its predominant cytoplasmic
localisation suggested constitutive activities of NES before virus
infection, nuclear exports dominated nuclear imports (45). The
regulation function of IRF3 was dependent on its nuclear location.
To define the TroIRF3’s NLS domain, the NES was inactivated to
prevent interference. The protein of TroIRF3 (/ANES) was located in
the nucleus and cytoplasm of the GPS cells, suggesting that TroIRF3 is
capable of entering and staying in the nucleus without NES
(Figure 4C). To produce different mutants, TroIRF3’s N-terminal
and C-terminal regions were truncated (Figure 4B). The C-terminal
truncations (aa 1-417 and 1-165) and N-terminal truncations (aa 64—
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466) fused with GFP retained translocation into the nuclei, but the aa
127-466 did not (Figure 4C). According to these experiments, the
TroIRF3’s NLS domain is located at the N-terminus of aa 64-127.

3.6 Mutational analysis of IRF3 NLS

According to a previous study, mice IRF3 nuclear import requires
both basic residue clusters (KR77/78 and RK86/87) (45). The
TroIRF3’s NLS domain lies between amino acids 64 and 127. Site-
directed mutagenesis was then constructed to determine whether they
contribute to the nuclear accumulation of TroIRF3. In TroIRF3
mutants (KR74/75NG and RAK82/84LAQ), basic amino acids
(KR74/75 and RK82/84) were replaced with uncharged amino acids
(Figure 5A). The results of the subcellular localisation assays showed
that V. harveyi infection caused TroIRF3, but not KR74/75NG and
RK82/84LQ, to be localized in the nucleus (Figures 4A, 5B).
Therefore, the NLS of TroIRF3 is composed of amino acid residues
KR74/75 and RK82/84, which are critical in TroIRF3
nuclear accumulation.

3.7 Antibacterial function of TrolRF3
requires NLS

To determine whether NLS affects TroIRF3-mediated
antibacterial defences, the number of V. harveyi in the fish treated
with pTroIRF3 or the indicated TroIRF3 mutants (pTroIRF3-KR74/
75NG and pTroIRF3-RK82/84LQ) was tested. TroIRF3
overexpression significantly suppressed V. harveyi replication in the
fish, which was in line with our previous observations (Figure 6).
However, the number of invaded bacteria in pTroIRF3-KR74/75NG-
or pTrolRF3-RK82/84LQ-treated fish was enhanced compared with
that in the wild-type pTroIRF3-treated fish (Figure 6). These results
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showed that basic amino acids KR74/75 and RK82/84 are required for
the efficient antibacterial function of TroIRF3.

3.8 TrolRF3-mediated immune gene
expression requires an intact NLS

To investigate the effects of NLS on the TroIRF3-mediated
immune gene expression, the expression levels of immune genes
(IFNa3, MXI, TRAF6, Viperinl and MAVS) in the spleen of the fish
treated with pTroIRF3 or the indicated TroIRF3 mutants (pTroIRF3-
KR74/75NG and pTroIRF3-RK82/84LQ) were tested. In the
pTroIRF3-, pTroIRF3-KR74/75NG- and pTroIRF3-RK82/84LQ-
treated fish, the expression level of TroIRF3 and modified TroIRF3
mutants were significantly upregulated compared with the control
fish (Figure S2). TroIRF3 remarkably enhanced the production of
IFNa3, MXI, TRAF6, Viperinl and MAVS. However, the expression
level of the immune genes (IFNa3, MXI, TRAF6, Viperinl and
MAYVS) in the pTrolRF3-KR74/75NG- or pTroIRF3-RK82/84LQ-
treated fish was significantly reduced compared with that in the
pTroIRF3-treated fish (Figure 7). Furthermore, the fish treated with
pCN3, pTroIRF3- KR74/75NG or pTroIlRF3-RK82/84LQ showed the
same expression level of immune genes (Figure 7). These results
showed that basic amino acids KR74/75 and RK82/84 are required for
immune gene induction by TroIRF3.

3.9 TrolFNa3 activation mediated by TrolRF3

Based on the predicted binding sites, consecutive truncated
mutants of the TrolFNa3 promoter were constructed to investigate
the TroIRF3-binding region in the TroIlFNa3 promoter (Figure 8A).
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TrolFNa3-p2 had a higher response to TroIRF3 than the other
mutants, suggesting that the region consists of -896 bp to +1 bp
from the transcriptional start site, which contains the binding site for
IRF3 (Figure 8A). The activation of the TrolFNa3 promoter by
TroIRF3 was further enhanced by V. harveyi stimulation
(Figure 8B). Furthermore, the activation of TrolFNa3-p2 is
dependent on the TroIRF3 concentration (Figure 8C).

Subsequently, the potential effects of NLS on TroIRF3-mediated
TrolFNa3-p2 activation were investigated using the luciferase
reporter assay. TroIRF3 exhibited remarkably enhanced TroIFNa3-
p2 activation following V. harveyi infection, whereas the other
variants (pTrolRF3-KR74/75NG and pTroIRF3-RK82/84LQ) did
not exhibit TroIFNa3-p2 activation under the same
conditions (Figure 8D).

4 Discussion

IRF3 activates type I IFN and ISGs, which function as defences
against viral and bacterial infections (46). TroIRF3 was identified and
characterised in the present study. In addition, the functions of
TroIRF3 were investigated, including the intracellular localisation of
TroIRF3 and the ability of TroIRF3 to be an activator in antibacterial
response and initiator of the transcription of TroIFNa3.

From fish to mammals, the DBD, IAD and SRD domains are
conserved in vertebrate IRF3. The DBD domain consists of highly
conserved tryptophan residues and forms a helix-turn-helix motif
that binds to the ISRE in target promoters (33, 47, 48). After
activation, the IRF3 molecules homodimerise through the IAD
motif (49). SRD is critical for the phosphorylation IRF3 (12, 14). As
with the other IRF3, TroIRF3 has a DBD on the N-terminus and IAD
and SRD at the C-terminus. In the phylogenetic analysis, IRF3 from
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the Osteichthyes species and higher vertebrates cluster into two major
groups. TroIRF3 is closely related to S. lalandi dorsalis IRF3, which
belongs to Perciformes. Given its conserved structure and
evolutionary history, TroIRF3 may play a conserved role in the
immune response against pathogens.

Studies have found that IRF3 is predominantly expressed in the
immune organs of several species, including Squaliobarbus curriculus
and E. coioides (32, 50). In this study, TroIRF3 was most prominent in
the gill and liver while relatively low in the spleen and blood. The gill
and liver play a role in immunology or act as entry points for
pathogens. TroIRF3 showed the highest expression level in gill,
which may account for TroIRF3 could be involvement in the early
immune response. The spleen and head-kidney from Odontobutis
obscura also showed relatively low IRF3 expression levels (51). This
observation may be attributed to the fact that the mRNA expression
check was conducted in healthy fish, where IRF3 was not required for
upregulation in the spleen and head-kidney (51). LPS treatment
induces IRF3 transcripts in some fish species, such as L. crocea and
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Ctenopharyngodon idella (52, 53). In vivo, TroIRF3 transcript levels
were also significantly upregulated following V. harveyi treatment.
According to these results, T. ovatus’ innate immune response against
V. harveyi may be mediated by TroIRF3.

In mammals, IRF3 plays a role in antiviral immunity. However,
recent studies found that IRF3 also participates in bacterial immunity
(54-56). In A549 cells, siRNA inhibiting IRF3 expression resulted in
an overall increase in Legionella numbers (57). Chlamydophila
pneumoniae replication was enhanced when IRF3 expression was
inhibited by siRNA and attenuated by IFN- treatment (58). Mice
IRF3 deficiency leads to impaired clearance of P. aeruginosa from the
lung (56). In this study, we showed that the bacterial load reduction in
fish tissues was caused by TroIRF3 overexpression. Consistent with
these findings, the inhibition of TroIRF3 expression by siTroIRF3 led
to an increase in the number of bacteria. In addition, TroIRF3
upregulated key genes, such as IFNa3, MXI, TRAF6, Viperinl and
MAVS, which are involved in IFN/IRF-based signalling. IFN, MXI
and Viperin have several functions that participate in the antibacterial
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FIGURE 6

The function of NLS in antibacterial responses regulated by TrolRF3. T.
ovatus were administered with PBS (control), pTrolRF3, pTrolRF3-KR74/
75NG, or pTrolRF3-RK82/84LQ for 5 days, then injected intraperitoneally
with V. harveyi, and the number of bacteria in the liver (A), spleen

(B), and head-kidney (C) at different time points were quantified using
the plate counting method. Data are expressed as means + SD (N = 3)
N, the number of fish used at each time point per group. Significant
differences (P < 0.05) are indicated by different letters, and no significant
differences are indicated by the same letters.

and antiviral immune response (59-61). Moreover, TRAF6 and
MAVS participate in the activation of IRF3 (62). These findings
suggested that the overexpression of TroIRF3 upregulated the
expression of IFN and IFN-related genes, leading to an antibacterial
state to inhibit V. harveyi replication.

Under healthy conditions, mice IRF3 is mostly found in the
cytoplasm of cell. After infection with P. aeruginosa, it is
phosphorylated and transported to the nuclei (56). However, fish
IRF3 localization varies. C. auratus L. IRF3 was located in the
cytoplasm without stimuli but was observed in the nuclei after a
poly I: C challenge (33). Oncorhynchus mykiss IRF3 is localized in
both cytoplasm and nuclei with or without poly I: C and no apparent
transfer from the cytoplasm to the nucleus was observed (63). When
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no bacterial infection is present, TroIRF3 initially resides in the GPS
cells’ cytoplasm but undergoes nuclear translocation upon bacterial
stimulation. The result suggests that TroIRF3 originally resided in the
cytoplasm in an inactive form when no bacterial contamination was
present, but when bacteria stimulated the cell, it was activated and
translocated into the nucleus. Therefore, TroIRF3 is involved in
antibacterial immunity.

IRF proteins contain both NLSs and NESs, so their subcellular
distribution can be controlled to manage the IRF function (25). Before
bacterial infection, TroIRF3 is predominantly localized in the
cytoplasm, suggesting that nuclear export dominates nuclear
import. As a result of bacterial infection, TroIRF3 resides mainly in
the nucleus, which indicates that nuclear import dominates when
TrolRF3 is activated. TroIRF3’s NLS was mapped to aa 64-127, which
contains an o-helical pattern. The basic amino acids KR74/75 and
RK82/84 are integral to TroIRF3’s nuclear import. KR74/75 and
RK82/84 are 90° amino acids apart, which makes a spatial distance
of one amino acid between these two clusters that interact with the
binding sites in importin-o (Figure S3). Similarly, mice IRF3 localizes
to the nucleus through a bipartite NLS located at the RK86/87 and
KR77/78 sites (45). These results revealed that the amino acids that
affected IRF3 nuclear localisation were conserved.

We further analysed the role of NLS in TroIRF3-mediated
antibacterial responses and type I IFN expression. Our results
showed that KR74/75 and RK82/84 in the NLS of TroIRF3 are
involved in antibacterial immunity and immune gene (IFNa3, MXI,
TRAF6, Viperinl and MAVS) upregulation induced by TroIRF3.
Similarly, mice IRF3 NLS plays an important role in the IFN
response and antiviral immunity mediated by IRF3 (45). Our
findings revealed that the NLSs enforced the nuclear localisation of
TroIRF3 and were essential to antibacterial immunity in T. ovatus.

In DNA or RNA viral infection defence, vertebrate IRF3 is the key
transcription factor in the signalling of type I interferon-dependent
immune responses (18, 64, 65). Mammalian IRF3 has been shown to
bind to the promoters of IFN and ISG and activate their transcription
(66). As shown by the luciferase activity, the ectopic expression of
TroIRF3 activated the TrolFNa3 promoter. The activation was
dependent on the TroIRF3 concentration and further enhanced by
V. harveyi stimulation. These results may reveal that TroIRF3 can
activate TrolFNa3-mediated antibacterial responses. Similar results
were also obtained in other species, such as Miichthys miiuy,
Lateolabrax japonicus and Oreochromis niloticus. The IRF3 protein
of O. niloticus enhances the activity of the IFN-f promoter, which
plays a role in regulating the IFN response (67). M. miiuy IRF3 can
activate the IFNa, promoter, and the expressions increased with the
increase in mmIRF3 quality (68). L. japonicus IRF3 overexpression
significantly increased the promoter activity of zebrafish IFN1 (69).
Furthermore, the amino acid residues KR74/75 and RK82/84 in
TroIRF3’s NLS were essential for activating TrolFNa3-p2. These
results showed that TroIRF3 acted as a transcription activator in
immune responses and that the amino acid residues KR74/75 and
RK82/84 are important to the immune regulation of TroIRF3.

In summary, the present study cloned and characterised TroIRF3.
V. harveyi infection significantly increased TroIRF3 expression and
shuttled it from the cytoplasm into the nucleus. TroIRF3 played an
important role in the antibacterial immune response. Basic amino
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The function of NLS in the expression of interferon signaling molecules induced by TrolRF3. Golden pompano injected with pTrolRF3, pTrolRF3-KR74/
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TrolRF3 regulated the activity of the TrolFNa3 promoter. (A) Three truncates of the TrolFNa3 promoter were constructed and transfected with pTrolRF3
into HEK 293T cells for 24 h, then harvested for detection of luciferase activity. (B) Activation of the TrolFNa3 promoter by TrolRF3. HEK293T cells
seeded in 24-well plates were co-transfected with three plasmid sets: pCN3 (0.25 pg), pGL4-TrolFNa3-pro (0.25 ug), and pRL-TK; pTrolRF3 (0.25 pug),
pGL4-TrolFNa3-pro (0.25 pg) and pRL-TK (0.025 ug). Cells were stimulated with or without V. harveyi after 24 h post-transfection, then harvested for
detection of luciferase activity. (C) HEK293T cells seeded in 24-well plates were transfected with O, 10, 50, 100, and 200 ng of pTrolRF3 along with
pGL4-TrolFNa3-pro (0.25 ng) and pRL-TK (0.025 pug), then harvested for detection of luciferase activity. (D) The effect of NLS on TrolFNa3 promoter
activation induced by TrolRF3. HEK293T cells seeded in 24-well plates were co-transfected with TrolFNa3 promoter (0.25 ng), as well as with pCN3,
pTrolRF3, pTrolRF3-KR74/75NG, or pTrolRF3-RK82/84LQ (0.25 pug), plus 0.025 mg of pRL-CMV as an internal control. Cells were stimulated with V.
harveyi for 12 h after 24 h post-transfection, then harvested for detection of luciferase activity. The values are represented as mean + SD (N = 3). N,
parallel experiments. *P < 0.05, **P < 0.01
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acids KR74/75 and RK82/84 were required for the efficient nuclear
import of TroIRF3 and played a key role in the antibacterial immune
response and upregulation of immune genes induced by TroIRF3.
Furthermore, TroIRF3 activated the promoter of TrolFNa3, and the
key amino acids KR74/75 and RK82/84 were essential for TroIFNa3-
p2 activation induced by TroIRF3.
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Multiomics analysis revealed
MiRNAs as potential regulators of
the immune response Iin
Carassius auratus gills to
Aeromonas hydrophila infection

Jiaxin Huo', Xiucai Hu', Jie Bai and Aijun Lv*

Tianjin Key Lab of Aqua-Ecology and Aquaculture, College of Fisheries, Tianjin Agricultural University,
Tianjin, China

The gill of fish is an important immune organ for pathogen defense, but its
microRNA (miRNA) expression and regulatory mechanism remain unclear. In this
study, we report on the histopathological and immunohistochemical features of
the qills of the crucian carp Carassius auratus challenged with Aeromonas
hydrophila. Small RNA libraries of the gills were constructed and sequenced on
the lllumina HiSeq 2000 platform. A total of 1,165 differentially expressed miRNAs
(DEMs) were identified in gills, of which 539 known and 7 unknown DEMs were
significantly screened (p < 0.05). Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) enrichment analyses revealed that the potential
target genes/proteins were primarily involved in 33 immune-related pathways, in
which the inflammatory responses were focused on the Toll-like receptor (TLR),
mitogen-activated protein kinase (MAPK), and nuclear factor kappa B (NF-«B)
signaling pathways. Moreover, the expression levels of 14 key miRNAs (e.g., miR-
10, miR-17, miR-26a, miR-144, miR-145, and miR-146a) and their target genes
(e.g.. TNFo, TLR4, NF-xB, TAB1, PI3K, and IRAK1) were verified. In addition, the
protein levels based on isobaric tags for relative and absolute quantification
(iTRAQ) were significantly associated with the results of the quantitative real-
time PCR (gRT-PCR) analysis (p < 0.01). miR-17/pre-miR-17 were identified in the
regulation expression of the NF-«B target gene, and the phylogenetic tree analysis
showed that the pre-miR-17 of C. auratus with the closest similarity to the
zebrafish Danio rerio is highly conserved in teleosts. This is the first report of the
multi-omics analysis of the miRNAs and proteins in the gills of C. auratus infected
with A. hydrophila, thus enriching knowledge on the regulation mechanism of the
local immune response in Cyprinidae fish.
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Highlights

Multi-omics analysis of the miRNAs and iTRAQ profiles was first
performed in the gills of C. auratus upon A. hydrophila infection.

The miRNAs (e.g., miR-17, miR-26a, miR-144, and miR-146a)
play crucial roles in the gill local immune response of C. auratus to
bacterial infection.

The target genes of miRNAs are involved in signaling pathways
such as TLR, MAPK, and NF-xB inflammatory responses.

Introduction

MicroRNAs (miRNAs) are small endogenous non-coding RNAs
with a length of approximately 20-24 bases that can bind to the 3’
untranslated region (3’-UTR) of messenger RNAs (mRNAs), thereby
guiding the degradation of the target genes or inhibiting translation to
negatively regulate the gene expression (1, 2). Since their first
discovery in Caenorhabditis elegans, miRNAs have encompassed
cellular functions in diverse biological processes, such as cell
growth, proliferation and differentiation, development, immunity,
and apoptosis (3, 4). In the past decades, some studies combined
molecular immunity to prove that miRNAs are pivotal regulators of
the inflammatory response (5-7). Furthermore, high-throughput
sequencing has been widely used for miRNA expression profiling
analysis in fish (3, 8). The innate immune system involves different
signaling pathways that are regulated by complex mechanisms, most
of the miRNAs of which are still unclear in fish (9, 10). In teleosts,
recent studies have suggested that miR-21 targets IRAK4 to inhibit
excessive immune response (11), that miR-146 shows immune-
related inducible expression in the zebrafish Danio rerio after
Aeromonas hydrophila infection (12), and that miR-144 is
differentially expressed to modulate the host response in the
bacteria-infected miiuy croaker Miichthys miiuy (13). In addition,
several miRNAs (e.g., miR-122, miR-192, and miR-148) have been
identified to regulate the target genes that participate in innate
immunity (14-16). Accumulating evidence demonstrated that, in
the immune response process against bacterial infection, most
miRNAs focus on regulating the gene expression in the Toll-like
receptors (TLRs), C-type lectin receptors (CLR, mitogen-activated
protein kinases (MAPKs) and MyD88-mediated nuclear factor kappa
B (NF-xB) signaling pathways (4, 13, 16, 17). Recently, some miRNAs
have been found to be involved in the regulation of signal
transduction, growth, and immunity in the crucian carp Carassius
auratus (5, 18). However, the regulation mechanisms of miRNA-
mediated bacterial infection are still poorly studied in teleosts.

As a primary immune organ, the gill is considered a large mucosal
surface with a variety of functions for respiration, osmotic regulation,
and toxicological response (19). Recent studies have reported the gene
expression patterns of gills after infection and investigated their
immune response at different molecular levels (20, 21), in which
immune-related genes (e.g., TLR4, IRAKI, TNF, and IL-1f3) were
found to be differentially expressed in the gills of teleosts (22-24).
Notably, the miRNA (e.g., miR-135b, miR-146, and miR-10a-5p)
expression in the gills of the Atlantic killifish Fundulus heteroclitus
and the grass carp Ctenopharyngodon idella infected with A. hydrophila,
as well as the zebrafish D. rerio after Staphylococcus aureus infection, has
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verified their roles in the gene regulatory network (20, 25, 26). Although
previous studies have shown that gills play important roles in the
immune system as the first line of defense against the invasion of
pathogens, the mechanisms of the gill immune response of the miRNAs
and target genes regulating bacterial infection remain unclear in fish.
The crucian carp C. auratus is a major freshwater species cultured
for human consumption in China (5, 18). Nevertheless, the outbreak
of bacterial diseases of C. auratus is has become a serious problem,
causing economic losses (8, 18, 27). As an important Gram-negative
opportunistic pathogen, A. hydrophila is widely distributed in the
water environment (27). Recently, the characterization of the
miRNAs and target genes in the internal organs (e.g., kidney,
spleen, and liver) and skin of C. auratus has been performed using
deep sequencing analysis (5, 18). Moreover, proteomic analyses (e.g.,
iTRAQ and 2-DE/MS) were performed in zebrafish gills and crucian
carp skin after A. hydrophila infection (19, 28). However, the miRNA
expression and its regulatory mechanism in the gills of C. auratus are
still unclear. The present study used conventional histopathological
examination, multi-omics analysis of the mRNA and protein profiles,
and the high-throughput small RNA (sRNA) transcriptome
sequencing technique to construct an sRNA library of the gills of C.
auratus infected with A. hydrophila based on the Illumina HiSeq 2000
platform. The results of this study provide a scientific basis for
elucidating the miRNAs and target genes involved in the molecular
mechanisms of the gill immune response of teleost fish.

Materials and methods
Sample and challenge

C. auratus (average weight, 50 g) were obtained from Tianshi
Fisheries Development Co., Ltd., Tianjin, China. Prior to the bacterial
infection, the fish were acclimatized at a temperature of approximately
25°C in freshwater tanks (45 L) for 2 weeks and fed commercial dried
pellets (Tongwei Co., Ltd., Chengdu, China) twice daily. In the
infection experiment, the fish were immersed in A. hydrophila
culture with a final concentration of 1 x 10® cfu/ml and then quickly
transferred into freshwater after immersion for 3 h, in accordance with
a previous report by Wang et al. (27). A total of 60 control and infected
fish at 0, 6, and 12 h were randomly selected and aseptically excised for
the collection of gill tissue samples. Three mixed gill samples were
immediately frozen in liquid nitrogen and stored in a refrigerator at
—80°C for later extraction of RNA. The gill samples in the control and
infected groups were labeled mGC and mGT, respectively.

Pathology, immunohistochemistry, and
phagocytic activity analysis

Fish were randomly selected and dissected for histopathological
examination. After deep anesthesia with MS-222 (200 mg/l), the
mucosal (ie., gill, skin, and intestine) and visceral (i.e., liver, kidney,
and spleen) tissue samples were fixed in 10% neutral buffered formalin
for at least 24 h, then dehydrated using ascending concentrations of
70%-100% ethanol, cleared in xylene, and finally embedded in paraffin
wax. Tissue sections of 5-um thickness were cut on a microtome
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(Leica RM 2125, Wetzlar, Germany), stained with hematoxylin and
eosin (H&E), and examined using a light microscope (Leica DM 5000,
Wetzlar, Germany). For the preparation of the rabbit polyclonal
antibody, inactivated A. hydrophila bacteria were used as antigens to
immune rabbits. The antigen was prepared using equal amounts of
Freund’s adjuvant (Sigma, St. Louis, MO, USA) according to the
manufacturer’s guidelines. Two rabbits were immunized with five
hypodermic injections. Three days after the fifth injection, the rabbits
were bled and the antiserum was detected and stored at —80°C.
Immunohistochemical (IHC) staining experiments were performed
using a Solarbio kit (Beijing, China) following the manufacturer’s
protocols. Phagocytosis assays were performed as described by Santos
etal. (29). Briefly, 0.5 ml of blood was drawn by caudal puncture using a
disposable syringe with a 0.7 x 25-mm needle, slightly moistened with
diluted heparin solution (5,000 IU heparin in 50 ml of saline, 0.7%), and
then immediately utilized for determination of the phagocytic activity.

Total RNA extraction

Gill samples were extracted using the RNAeasyTM Animal RNA
Isolation Kit with Spin Column (code no. R0026; Beyotime, Shanghai,
China) according to the manufacturer’s instructions. The

NanoPhotometer®

spectrophotometer (NanoDrop, Wilmington,
DE, USA) and agarose gel electrophoresis were utilized to check the
purity of the RNA. The integrity and quality of RNA for the
construction of the SRNA libraries were examined using the Agilent
Bioanalyzer 2100 system (Agilent Technologies, Santa Clara, CA,

USA) to ensure that high-quality samples were used for sequencing.

Illumina sequencing

According to the conventional method (29), a total of 3 ug of total
RNA per sample was used as the input material for the RNA sample
preparations. Two sRNA libraries (i.e, mGC and mGT) were
constructed from the gill samples of the control group and the infected
fish group. The NEBNext® Multiplex Small RNA Library Prep Set for
[lumina® (NEB, Ipswich, MA, USA) was used to generate a sequencing
library, and the TruSeq SR Cluster Kit v3-CBOT-HS (Illumina, San
Diego, CA, USA) was utilized to execute the index code samples on the
CBOT Cluster generation system. After clustering, the library was
sequenced on the Ilumina HiSeq 2000 platform, and a 50-bp single-
ended read was produced by BGI Genomics Co., Ltd. (Shenzhen, China).

Analysis of the sequencing data and
annotation of sSRNAs

According to the recent report by Bai et al. (18), after completion
of the high-throughput sRNA sequencing, overlapping and
contaminated sequences and low-quality reads from the original
data were removed and the length distribution of the sSRNAs was
determined. Non-coding RNAs such as ribosomal RNA (rRNA),
transfer RNA (tRNA), and small nuclear RNA (snRNA) were
identified by comparing with the Rfam database and GenBank, and
the known miRNAs in the sample were identified by comparing with
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the miRNAs in the specified range in miRBase. sSRNAs related to the
repeat sequence were identified by alignment with the repeat sequence,
and the mRNA degradation fragments were identified by comparison
with the exons and introns. Moreover, the SRNAs were classified and
annotated according to priority, and MIREAP was used to predict
novel miRNAs and to determine the step ring or hairpin structure.

Differential expression and phylogenetic
analysis of miRNAs

To analyze the differential expression of the miRNAs, their
expression levels were standardized to calculate the expression in
transcripts per million (TPM) for each library, as described by He
et al. (7). The expression levels of the miRNAs in the control and
infected samples (mGC/mGT) were determined with the DEGseq
program. The Benjamini-Hochberg method was used for multiple
verification and correction. By default, a correction p-value <0.05 was
set as the threshold for significant differential expression.

The pre-miR-17 sequence of the crucian carp C. auratus was
obtained using high-throughput sequencing. The sequences of 26
different species from the miRBase database were selected for
molecular identification analysis, including the annotations,
corresponding species names, and precursor sequences (Supplementary
Table S1). MEGA 7.0 software was used for multiple sequence alignment
of pre-miR-17, and maximum likelihood estimation (MLE) was utilized
for the pre-miR-17 phylogenetic tree (bootstrap = 1,000).

Protein extraction, iTRAQ, and
screening of DEPs

Protein extraction of the gill samples and isobaric tags for relative
and absolute quantification (iTRAQ) labeling were performed as
previously described (19). The protein concentration was
determined using a BCA protein assay kit (Sangon Biotech,
Shanghai, China), and the proteins were visualized with SDS-PAGE
to determine their quality. In the iTRAQ analysis, protein
identification and quantification were performed at Genomics Co.,
Ltd. (Shenzhen, China). For protein quantitation, those with ratios
with p < 0.05 and fold change >1.2 were considered significant
differentially expressed proteins (DEPs).

GO and KEGG enrichment analyses

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) functional enrichment analyses were performed
for the miRNA candidate target genes with differential expression.
The commonly used prediction algorithms miRanda, pITA, and RNA
hybridization were used to predict the potential miRNA targets (18).

qRT-PCR analysis of the miRNAs and
target genes

The miRNAs were extracted using the RNAeasyTM Animal Small
RNA Extraction Kit (code no. R0028; Beyotime, Shanghai, China),

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1098455
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Huo et al.

and the Mir-X miRNA First-Strand Synthesis Kit (code no. 638315;
Takara, Dalian, China) was used to synthesize the complementary
DNAs (cDNAs). The candidate miRNAs were selected from the
differentially expressed miRNAs (DEMs), and the cDNAs of the
fish in the control and infected groups were selected as templates,
with each sample containing three repeats. Quantitative real-time
PCR (qRT-PCR) reaction was carried out with tail primers and
universal primers and with 5.8S rRNA as the internal reference
gene, verifying the expression of the DEMs. According to the
results of the QRT-PCR and RNA-seq, changes in the expression of
the miRNAs after infection were analyzed. Supplementary Table S2
lists the primer sequences used for the qRT-PCR analysis. In addition,
the RNAhybrid software was used to predict the potential target
genes. The experiment was repeated with the previously obtained
RNA samples. Furthermore, using f-actin as the internal reference
gene, the spatiotemporal expression was determined for the immune-
related genes in both control and infected fish.

FIGURE 1

arrow), macrophages (elliptic circle), and blood cells (white arrow).

Histopathological changes and hemocyte phagocytosis of Carassius auratus infected with Aeromonas hydrophila. (A) Gills of the unexposed control fish.
PL, primary lamellae; SL, secondary lamellae; EP, epithelial cell. (B) Exfoliation and necrosis of gill respiratory epithelial cells (black arrow) and extensive
inflammatory cell infiltration (white arrow). (C) Intestinal villus atrophy, dehydration, vacuolization, and necrosis (white arrow), and lamina propria
submucosa hemorrhage (black arrow). (D) Immunohistochemical staining of the gill tissues of A hydrophila, with positive staining appearing brown (white
arrow). (E, F) Hemocyte phagocytosis of C auratus infected with A hydrophila. Phagocytic activity of A hydrophila is displayed by neutrophils (black

10.3389/fimmu.2023.1098455

Results

Pathological and immunohistochemical
features of the gills of C. auratus infected
with A. hydrophila and hemocyte
phagocytic activity

Clinically diseased C. auratus infected with A. hydrophila
exhibited hyperemia, hemorrhage, and inflammatory lesion of the
mucosal tissues in the gills, skin, and intestine, as well as congestion of
the visceral organs. Compared with the gills of control fish,
histopathological examination of the infected fish revealed high
inflammatory cell infiltration in the base of the secondary gill
lamellae, and the respiratory epithelial cells of the secondary
lamellae showed hyperplasia, sloughing, and necrosis (Figures 1A,
B). Severely damaged intestinal villi, atrophic change, and extensive
vacuolization with hemorrhage in the intestinal mucosa were also
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detected (Figure 1C). In addition, the primary manifestations on the
skin were hyperplasia of the epidermal mucus cells with hemorrhagic
lesions, and different degrees of pathological changes such as
hyperemia, hemorrhage, and inflammatory cell infiltration that
occurred in the liver, kidney, and spleen. Immunohistochemical
staining in the gills also revealed positive signals that were mainly
distributed in the secondary gill epithelial cells (Figure 1D). In the
peripheral blood of C. auratus, different types of leukocytes and
hemocytes could phagocytize bacteria in vitro. Most of the A.
hydrophila were observed to adhere to the surface of hemocytes and

10.3389/fimmu.2023.1098455

leukocytes, and some bacterial cells were phagocytized in hemocytes,
particularly with the macrophages and neutrophils producing
pseudopodia or forming emboli (Figures 1E, F).

Summary of the miRNA transcriptome in the
gills of C. auratus

In order to investigate the miRNAs related to bacterial infection
and mucosal immune response, the SRNA libraries from the gills of
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Overview of the small RNA (sRNA) sequencing libraries of the gills. (A) Length distribution of the sSRNAs from control and infected Carassius auratus. (B)
Common and specific SRNA sequences in the two libraries. Unique sRNAs (left) and total SRNAs (right).
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TABLE 1 Categorization of the non-coding and organellar small RNAs in the gills of Carassius auratus.

Type of SRNA

No. of reads Percentage No. of reads Percentage
miRNA 65,706 11.99 47,614 124
rRNA 32,334 59 28,211 7.34
snRNA 2,508 0.46 1,736 0.45
snoRNA 963 0.18 614 0.16
tRNA 8,944 1.63 7,212 1.88
Unannotated 412,968 75.37 281,067 73.17
Exon: antisense 3,018 0.55 1,569 0.41
Exon: sense 19,268 3.52 14,908 3.88
Intron: antisense 967 0.18 514 0.13
Intron: sense 1,227 0.22 681 0.18
Total 547,903 100 384,126 100

miRNA, microRNA; rRNA, ribosomal RNA; snRNA, small nuclear RNA; snoRNA, small nucleolar RNA; tRNA, transfer RNA.
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C. auratus in the control and infected groups were constructed using
the Illumina HiSeq 2000 platform. The results showed that a total of
25,628,924 original reads were generated, with 12,411,378 (98.13% of
raw reads) and 12,853,367 (99.71% of raw reads) clean reads obtained
from the control and infected gills, respectively (Supplementary Table
S3). To further assess the changes in the sRNAs of C. auratus, we
examined the length distribution of all sSRNA reading fragments in the
two libraries (mGC and mGT). Most of the unique sSRNAs from the
gills were between 20 and 24 nt, with a peak distribution of 22 nt, which
is consistent with the typical size of products processed using
Dicer (Figure 2A).

10.3389/fimmu.2023.1098455

In addition, 547,903 and 384,126 sSRNA sequences were obtained in
the control and infected gills, respectively. Of these, 65,706 (11.99%)
and 47,614 (12.4%) were identified as miRNAs in the gills. The
remaining sequences comprised other types of RNAs, including
rRNA, snRNA, small nucleolar RNA (snoRNA), and tRNA
(Table 1). To examine the overall consistency of the sequencing data
of the miRNAs, the unique and total distributions of the common and
unique sequences in the mGT and mGC libraries were calculated
(Figure 2B). The proportion of common sequences was 106,392
(12.89%), and the total common sequences accounted for 24,408,690
(96.61%) of the total clean reads. To establish the SRNA genome map of
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respectively. (B, C) Cluster analysis of the partially known miRNAs (B) and the novel miRNAs (C) with similar expression patterns.
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C. auratus, their expression and distribution in the genome were
predicted, and then the miRNAs were compared to the
corresponding precursors of C. auratus and D. rerio species in
miRBase constructed to obtain the repertoire of the miRNAs in the
gills. The results showed that 9,210,212 (74.21%) and 10,144,917
(78.93%) sRNA bands and 57,972 (10.58%) and 41,768 (10.87%)
specific sRNAs were located in the genome of C. auratus
(Figure 3A). In mGC and mGT, analysis of the first nucleotide bias
showed that the content of cytosine (C) was dominant in all known
miRNA sites, with a proportion of more than 50% (Figure 3B, left),
while nucleotide bias analysis of the known miRNA locations showed
that guanine (G) content was dominant in the gills (Figure 3B, right).

Differential expression profiling of the
mMiRNAs and screening and identification of
the key DEMs in the gills of C. auratus

The DEMs were screened for C. auratus following A. hydrophila
infection and the results revealed the differential expression profiles of
1,165 DEMs associated with the gill immune response of C. auratus
(Figure 4A). Of these, 539 DEMs screened from 1,148 known DEMs
were observed as significant (p < 0.05). Cluster analysis was performed
on both known and novel miRNAs that showed similar expression
patterns, which indicated that the expression of several known miRNAs
(e.g., miR-10a, miR-26-3-3p, miR-125, miR-146b-3p, miR-154a-5p,

A 7
304 *
= o
z 2 I o
= ok **
e [ A | e
z - =N
g
E 008
g o - .
%‘ 0.06 o
g
< 0.04-
& .
0.024
0.00-
N e O AE A oF AR DL F R
& &,\5 O I S &,%,& N
ST T T IFEFTFE
& &
$§
B miR-26a

Relative expression level
Relative expression level

(9]

Relative expression level
Relative expression level

Oh  3b 6h 12h 24h 36h 48h T2h oh  3h  6h 12h 24h 36h 48h T2h

FIGURE 5

Relative expression level

Relative expression level

10.3389/fimmu.2023.1098455

miR-190b-5p, miR-383-3p, miR-554, and miR-932-3p) was
significantly downregulated (Figure 4B). In addition, 17 unknown
miRNAs were obtained after infection, of which seven representative
novel miRNAs (i.e., novel-miR-1, novel-miR-4, novel-miR-6, novel-
miR-10, novel-miR-12, novel-miR-21, and novel-miR-25) showed
significant differential expression out of all those downregulated in
gills (p < 0.05) (Figure 4C). To further verify the results of the
transcriptome analysis, we selected 14 key DEMs for detection in the
qRT-PCR assay, and the changes in their relative expression were
compared with those of the RNA-seq expression profile analysis. The
results showed that the expression levels of miR-1, miR-27a, miR-145,
miR-146a, miR-150, and miR-100a-2-3p were upregulated, while those
of miR-10, miR-17, miR-21, and miR-26a were downregulated, which
is consistent with the regulation direction of the RNA-seq expression
(Figure 5A). On the other hand, the spatiotemporal expression patterns
of miR-17, miR-26a, miR-144, and miR-146a in the gills were further
examined, and the results showed that these four miRNAs were
significantly expressed in all detected tissues, such as the gill, liver,
spleen, and muscle, with particularly high expression in the intestine
(Figure 5B). The “up—down-up” trend in expression was observed in
the infected gills at the early [0-6 hours post-infection (hpi)], middle
(12-36 hpi), and late (48-72 hpi) stages, with the expression levels
being concurrently highest at 6 and 48 hpi (Figure 5C). The differential
expression of the selected 20 known DEMs, including miR-10, miR-21,
miR-100, miR-145, miR-148, miR-192, and miR-27b-3p, was
significantly detected after A. hydrophila infection, indicating that

miR-144 miR-146a

Relative expression level

Relative expression level

oh  3h 6h 12h 24h 36h d48h 72k

Oh  3h 6h 12h 24h 36h 48h 72k

Expression analysis of the differentially expressed miRNAs (DEMs) in normal and Aeromonas hydrophila-infected Carassius auratus. (A) Validation of the
relative expression using quantitative real-time PCR (qRT-PCR) of the 14 DEMs in the gills. (B) Tissue distribution of four DEMs—miR-17, miR-144, miR-
146a, and miR-26a—in healthy C auratus. (C) Temporal expression of the four key miRNAs in infected gill tissues. All data were from three independent

triplicate experiments (*p < 0.05, **p < 0.01). ***P<0.001, ****P<0.0001.
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these miRNAs were involved in the gill immune response process. The
significant differential expression levels of the representative DEMs are
shown in Table 2 (Supplementary Table S4).

Moreover, the results of the key miRNA-mRNA analysis based
on the relationship between negative expression and target gene
prediction showed that miR-17, miR-26a, miR-144, and miR-146a
bound to the 3’-UTR of the target genes NF-kB, TLR4, TABI, and
IRAKI, respectively (Figure 6A). Based on the evaluation of the multi-
sequence alignment lineal homology for miRNAs, the miR-17
precursor sequence was comprehensively analyzed, which showed
that the miR-17 precursor sequence of C. auratus had high similarity
to the other 14 fish species, which is highly conserved in teleosts
(Supplementary Figure S1). The phylogenetic tree results also showed
that the miR-17 of C. auratus was closely clustered into one group
with the zebrafish D. rerio, the common carp C. carpio, and the
channel catfish Ictalurus punctatus (Figure 6B). To further analyze the

10.3389/fimmu.2023.1098455

evolutionary relationship of miR-17, we constructed MLE
phylogenetic trees for the pre-miR-17 from 26 species, and similar
results were observed for the evolutionary relationship in
Cypriniformes (Figure 6C). In the miR-17 family, cau-miR-17 was
very similar to dre-miR-17a-1, ccr-miR-17, and ipu-miR-17a, which
were classified into the same branch within the phylogenetic tree. This
revealed the sequence conservation of the miRNA precursor
sequences of the same family among the different species of
Cyprinid fish.

GO and KEGG enrichment analyses of the
target genes and proteins

In order to further investigate the function of the DEMs in the gill
immune response of C. auratus, GO and KEGG enrichment analyses

TABLE 2 Differential expression of the known and unknown miRNAs in the gills of Carassius auratus challenged with Aeromonas hydrophila.

miR_name Fold change p-value Species Target gene Reference
miR-10 -6.05 6.75e—37 Sea cucumber (Apostichopus japonicus) TBCID5 30

miR-21 -0.20 0 Miiuy croaker (Miichthys miiuy) IRAK4 11
miR-27b-3p -0.98 5.28e-134 Common carp (Cyprinus carpio) CYPIBI 31
miR-29¢ -0.34 1.43e-04 Mouse (Mus musculus); human (Homo sapiens) RAGI 32
miR-100 0.12 1.44e-06 Human (Homo sapiens) ATM 33
miR-128 -0.31 2.67e-174 Miiuy croaker (Miichthys miiuy) TAB2 34
miR-132-2p -0.92 1.84e-22 Mouse (Mus musculus) SIRT1 35
miR-142a-3p -0.89 9.04e-28 Grass carp (Ctenopharyngodon idella) TLR5 36
miR-145 1.14 8.35e—40 Human (Homo sapiens) PAK4 37
miR-145-5p 0.14 0.004 Miiuy croaker (Miichthys miiuy) MDA5 38
miR-148 -0.27 4.19¢-28 Miiuy croaker (Miichthys miiuy) MyD838 16
miR-150 0.10 4.57e-09 Japanese flounder (Paralichthys olivaceus) LMP2L 39
miR-155 -0.85 1.13e-17 Channel catfish (Ictalurus punctatus) SOCS1 40
miR-200a -0.57 2.12e-160 Wuchang bream (Megalobrama amblycephala) MAPK1 41
miR-206 -0.23 0 Human (Homo sapiens) FAIM 42
miR-210 -0.98 1.35e-65 Miiuy croaker (Miichthys miiuy) RIPK2 43

miR-17 -13.28 0 Crucian carp (C. auratus) NF-xB This study
miR-26a -0.14 7.78e-21 Crucian carp (C. auratus) TLR4 This study
miR-144 0.16 1.11e-05 Crucian carp (C. auratus) TABI This study
miR-146a 0.13 6.15e-199 Crucian carp (C. auratus) IRAK1 This study
novel-miR-1 -1.53 3.96e-06 Crucian carp (C. auratus) Unknown This study
novel-miR-4 -9.52 7.96e-29 Crucian carp (C. auratus) Unknown This study
novel-miR-6 -1.92 0.002 Crucian carp (C. auratus) Unknown This study
novel-miR-10 —-7.60 3.83e-08 Crucian carp (C. auratus) Unknown This study
novel-miR-12 -6.92 2.30e-05 Crucian carp (C. auratus) Unknown This study
novel-miR-21 -1.70 0.004 Crucian carp (C. auratus) Unknown This study
novel-miR-25 -1.53 1.07e-11 Crucian carp (C. auratus) Unknown This study
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Molecular characteristics of the microRNAs (miRNAs) identified in the gills. (A) Predicted target sites of miR-17, miR-144, miR-146a, and miR-26a. (B)
Species genetic relationship of miR-17 sequences. (C) Phylogenetic tree analysis of pre-miR-17 from the 26 species.

were performed to predict potential target genes and signaling
pathways. A total of 104,211 putative target genes and 539 known
miRNAs were screened in the gills. In addition, 17 unknown miRNAs
and 45,326 target gene sequences were annotated in GO. These were
mainly involved in biological regulation, cellular processes, metabolic
processes, and biological adhesion processes. In the biological process
GO terms, most of the genes were related to the cellular process, while
the single-organism process, metabolic process, biological regulation,
rhythmic process, and cell killing were lower. Regarding the cellular
components, most genes were related to cells and cellular components,
followed by organelle and macromolecular complex. In terms of
molecular function, binding involved the most, followed by catalytic
activity, enzyme regulator activity, molecular transducer activity, and
nucleic acid binding transcription factor activity (Figure 7).
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KEGG enrichment analysis mainly focused on 306 signaling
pathways, of which 33 were related to gill immunity, including
metabolic pathways, cell adhesion molecules (CAMs), TLRs, NOD-
like receptors (NLRs), natural killer cell-mediated cytotoxicity
(NKCC), RIG-I-like receptor (RLRs), MAPK, Janus kinase signal
transducer and activator of transcription (JAK-STAT), NE-B, p53,
Fc gamma receptor (FcyR)-mediated phagocytosis, T-cell receptor
(TCR), and B-cell receptor (BCR) signaling pathways (Table 3). At the
protein level, in order to identify the biological pathways that play key
roles in the response to A. hydrophila infection, we performed iTRAQ
and KEGG analyses of the DEPs. The significantly enriched immune
pathways found included bacterial invasion of epithelial cells (14),
complement and coagulation cascades (15), regulation of actin
cytoskeleton (14), focal adhesion (8), antigen processing and
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Gene Ontology (GO) enrichment analysis of the target genes predicted for the differentially expressed miRNAs (DEMs) in the gills. (A) Cellular

component. (B) Biological process. (C) Molecular function.

presentation (10), FcyR-mediated phagocytosis (5), phagosome (14),
pathogenic Escherichia coli infection (19), endocytosis (11), NF-kB
and MAPK (6), and insulin signaling pathway (5) of DEPs
(Supplementary Table S5). Notably, the network pathways for the
association of the identified DEPs in the bacterial invasion of
epithelial cells and endocytosis were significantly downregulated at
the protein level in the gills (Figure 8).

Spatiotemporal expression and regulation
analysis of the key miRNAs/target genes

The tissue distribution analysis of the miRNA-mediated target
genes (e.g., TLR4, TABI, NF-kB, IRAKI, PKC, FASL, and CD48)
showed that the 12 immune-related genes exhibited tissue-specific
expression and presented different expression levels in the examined
tissues (Figure 9A). Furthermore, temporal expression analysis of the
miRNA primary target genes within the TLR, NKCC, MAPK, and
NF-kB signaling pathways showed that several of them, including
TLR4, 2B4, FASL, CD48, and TABI, were mostly downregulated 72 h
after A. hydrophila infection, with the expression levels of TLR4,
TABI, CD48, and 2B4 at 3 hpi at the lowest points. On the other hand,
the expression levels of NF-kB and IRAKI were upregulated during
the challenge, with the highest expressions at 24 and 72 hpi being 1.69
and 2.39 fold change, respectively. The expression levels of PKC,
MKK7, and PAK in the gills showed a trend of early decline, middle
rise, and late decline, in which the lowest expression was shown by
MKK?7 and PAK at 3 hpi and the highest expression of the three genes
was at 24 hpi. Furthermore, TNF-¢x and PI3K showed an upward
trend within 72 hpi. The expression of TNF-¢ was the highest at
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72 hpi, that of PI3K was 3.39-fold at 24 hpi, and that of FASL was at
12 hpi in the gills of C. auratus (Figure 9B). It is worth noting that the
expression characteristics of the PI3K gene were positively associated
with those of TABI, NF-kB, and IRAKI (Figures 9C, D,
Supplementary Figure S2). The qRT-PCR data of the detected
candidate genes exhibited similar expression trends to the proteins
in the iTRAQ analysis, which showed a significant correlation
(Pearson’s correlation coefficient of 0.70, p < 0.01). The protein—
protein interaction (PPI) analysis revealed that the potential key
miRNA target proteins (e.g., TLR4, IRAKI, TABI, NF-xB, MyD88,
TRAF3/6, MAPK, IRF3/7, FASL, TNF, and CD4) showed significant
correlation in the interaction network of the infected gills of C.
auratus (Figure 10A). Thus, it was speculated that the molecular
mechanism of the gill immune response in C. auratus against A.
hydrophila infection might be the regulation of the production of
cytokines and inhibition of excessive inflammatory response. Further
insight into the regulation mechanism of the key miRNAs (i.e., miR-
26a, miR-146a, miR-144, and miR-17), which were involved in the gill
local immune regulation of the TLR, MAPK, and NF-xB signaling
pathways, was also drawn (Figure 10B).

Discussion

With the development of intensive aquaculture in China, the
outbreak of bacterial diseases of the crucian carp C. auratus has
become a serious problem, causing economic losses (18, 27). Recently,
the spotlight on miRNA biomarkers, target genes, and immune
regulation has been of great significance for the prevention and
treatment of diseases in teleost fish (5, 7, 8). Mucosal immunity
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TABLE 3 Immune-related Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways enriched by the target genes in the gills of Carassius auratus

challenged with Aeromonas hydrophila.

Pathway Target genes® Pathway ID
Metabolic pathways 4,123 (10.49%) ko01100
Pathways in cancer 2,007 (5.11%) k005200
Regulation of actin cytoskeleton 1,746 (4.44%) ko04810
Focal adhesion 1,635 (4.16%) ko04510
MAPK signaling pathway 1,337 (3.4%) ko04010
Chemokine signaling pathway 1,071 (2.73%) ko04062
RNA transport 939 (2.39%) ko03013
Phagosome 930 (2.37%) ko04145
Biosynthesis of secondary metabolites 908 (2.31%) ko01110
Salmonella infection 881 (2.24%) ko05132
Fc gamma R-mediated phagocytosis 860 (2.19%) ko04666
Ubiquitin-mediated proteolysis 813 (2.07%) ko04120
Leukocyte transendothelial migration 806 (2.05%) ko04670
Cell adhesion molecules (CAMs) 784 (1.99%) ko04514
Cytokine-cytokine receptor interaction 784 (1.99%) ko04060
Calcium signaling pathway 766 (1.95%) ko04020
T-cell receptor signaling pathway 733 (1.87%) ko04660
Natural killer cell-mediated cytotoxicity 688 (1.75%) ko04650
Cell cycle 687 (1.75%) ko04110
NOD-like receptor signaling pathway 679 (1.73%) ko04621
NF-kappa B signaling pathway 675 (1.72%) ko04064
JAK-STAT signaling pathway 661 (1.68%) ko04630
B-cell receptor signaling pathway 563 (1.43%) ko04662
Vibrio cholerae infection 523 (1.33%) ko05110
Fc epsilon RI signaling pathway 472 (1.2%) ko04664
Toll-like receptor signaling pathway 465 (1.18%) ko04620
Apoptosis 450 (1.14%) ko04210
Antigen processing and presentation 430 (1.09%) ko04612
P53 signaling pathway 391 (0.99%) ko04115
mTOR signaling pathway 368 (0.94%) ko04150
RIG-I-like receptor signaling pathway 348 (0.89%) ko04622
PPAR signaling pathway 298 (0.76%) k003320
Complement and coagulation cascades 255 (0.65%) ko04610

*Target genes indicated with pathway annotation (39302).

(i.e., gills, skin, and intestine) is the host’s first line of defense against
pathogen infection (3, 18, 27), which involves different signaling
pathways that are regulated by complex mechanisms; however, most
of the miRNAs are still unclear in fish (8, 9). As essential regulatory
factors of gene expression in the biological process, miRNAs play
important roles in cell differentiation, organ development, and
immune progression (9, 44). Previous studies on the miRNAs of

Frontiers in Immunology

teleosts showed that they are pivotal regulators of the inflammatory
response in teleosts (45-47), indicating that they are involved in the
regulation of early development, organogenesis, cell differentiation
and homeostasis, growth, reproduction, and immunity (48, 49).
Characterization of the miRNAs and their target genes in the
internal organs (e.g., kidney, spleen, and liver) and skin of C.
auratus was subsequently performed using deep sequencing
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FIGURE 8

Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways for the negative association of the identified proteins in the gills. (A) Bacterial invasion of
epithelial cells. (B) Endocytosis. The differentially expressed proteins (DEPs) of the different pathways were upregulated (red) and downregulated (green).

analysis (5, 18). The miRNA expression and its regulatory mechanism
in the gills remain unclear in C. auratus. The present study used a
high-throughput sRNA transcriptome sequencing technique to
construct an sRNA library from the gills of C. auratus infected with
A. hydrophila based on the Illumina HiSeq 2000 platform. The results
of this study provide a scientific basis for the elucidation of the
miRNAs and target genes involved in the molecular mechanisms in
the gill mucosal immune response of teleost fish.

Current evidence in fish has demonstrated miRNAs to be key
regulators that play essential roles in immune response and negatively
regulate the expression of genes at the posttranscriptional level (47,
50). In the crucian carp C. auratus, characterization of the conserved
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Lysosome

and novel miRNAs (e.g., miR-10, miR-17, and miR-122) has been
recently performed using deep sequencing and prediction of miRNA
targets (5). Previous studies demonstrated that the significant
upregulation of miR-21, miR-146a, and miR-200a indicates their
involvement in the process of skin mucosal immune response in C.
auratus infected with A. hydrophilic (18). miRNAs (e.g., miR-21,
miR-145, and miR-146a) are also involved in the inflammatory and
immune responses to the miiuy croaker M. miiuy and the zebrafish D.
rerio (11, 51), and several miRNAs (e.g., miR-21, miR-122, and miR-
192-5p) were found to be differentially expressed in the Vibrio
anguillarum-challenged M. miiuy (14, 15). Recent miRNA
infected with Vibrio

expression analysis of D. rerio
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Expression changes of the immune-related target genes within the Toll-like receptor (TLR), mitogen-activated protein kinase (MAPK), and nuclear factor
kappa B (NF-kB) inflammatory pathways of Carassius auratus. (A) Tissue distribution of the 12 microRNA (miRNA)-mediated potential target genes. (B)
Temporal expression changes of the target genes in the gills. (C) Heat map analysis of the relative expression. (D) Correlation analysis of the selected
target genes. Toll-like receptor 4 (TLR4), interleukin-1 receptor-associated kinase 1 (IRAK1), TGF-beta-activated kinase 1 and MAP3K7-binding protein 1
(TAB1), protein kinase C lambda (PKC), Fas ligand (FASL), nuclear factor kappa-B kinase subunit alpha-like (NF-kB), P21-activated kinase (PAK),
phosphatidylinositol 3-kinase (PI3K), MAP kinase kinase 7 (MKK7), CD48 molecule (CD48), CD244 molecule
which were determined by quantitative real-time PCR (QRT-PCR) assay. All data were from three independent triplicate experiments (*p < 0.05,

*%p < 0.01, **p < 0.001, ****p < 0.0001).

parahaemolyticus has indicated that 37 known miRNAs (e.g., dre-
miR-141-5p, dre-miR-200a-5p, and dre-miR-192) were differentially
expressed, which regulate signal conduction, hematopoiesis, and
protein synthesis (52). The miRNA genes in the Atlantic cod Gadus
morhua determined by qRT-PCR analysis showed that several
miRNAs (e.g., miR-144, miR-26a, and miR-200a) were
overexpressed and were mainly involved in the regulation of
growth, metabolism, and immune response (48). In this study on
the gills of C. auratus challenged with A. hydrophila, a total of 1,148
known and 17 unknown miRNAs were obtained using the high-
throughput Illumina HiSeq 2000 sequencing platform, with some of
the miRNAs (e.g., miR-10, miR-106a, miR-146b-3p, miR-202-5p,
miR-17, and miR-145) found to be significantly differentially
expressed. Notably, the expression levels of miR-144, miR-145, and
miR-146a were significantly upregulated, while those of miR-17, miR-
21, miR-26a, miR-122, and miR-200a were downregulated, thereby
indicating that they could serve the function of regulating the
expression of the target genes in the gill mucosal immune response.
Furthermore, the phylogenetic analysis revealed that the miR-17 of C.
auratus showed a highly conservative evolution in teleost; however,
some of the known miRNAs (e.g., miR-10, miR-145, and miR-155)
and several novel miRNAs (e.g., novel-miR-4, novel-miR-10, and
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novel-miR-12), which may have resulted from differences in the
species specificity of teleosts, still require further research.

Fish innate immunity is the first line of host defense and mainly
comprises pattern recognition receptor signaling pathways (13, 53).
The recently identified miRNAs play important roles in the regulation
of the inflammatory and immune responses, indicating a miRNA-
mediated TLR/NF-xB signaling pathway (54, 55). In teleost fish, it is
worth noting that the miRNAs were significantly related to immune
defense, such as the NLR, apoptosis, JAK-STAT, and MAPK singling
pathways that are involved in various biological processes (8, 56),
consistent with the results of this study on C. auratus. Recent research
has found that miR-7a participates in PI3K regulation (17), and miR-
145-5p and miR-122 have been proven to regulate the RLR signaling
pathway (38, 57). We previously reported on miRNAs in the skin of
C. auratus infected with A. hydrophila, indicating that the skin
immune response involved the TLR, MAPK, JAK-STAT, and
phagosome pathways (27). The present study also found that a lot
of the miRNAs and their target genes (i.e., TLR4, TABI, IRAK]I, and
NF-xB) in the gills of C. auratus infected with A. hydrophila were
focused on inflammatory and immune responses, such as the TLR,
MAPK, and NF-xB inflammatory pathways. Thereby, it was
suggested that these key miRNAs and their target genes may be
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FIGURE 10

Interaction network analysis and illustration of the regulation mechanisms of the key miRNAs/target genes in the gills of Carassius auratus infected with
Aeromonas hydrophila. (A) Interaction analysis of the protein—protein interaction (PPI) networks. Different colored balls represent the differentially
expressed proteins (DEPs), the node indicates representative proteins of the corresponding pathway, and the line thickness denotes the strength of the
predicted functional interactions. (B) lllustration of the regulation mechanism of the key miRNAs/target genes in the gills. miR-26a, miR-146a, miR-144,
and miR-17 were identified in the gills, which were involved in the local immune regulation of the Toll-like receptor (TLR), mitogen-activated protein
kinase (MAPK), and nuclear factor kappa B (NF-B) signaling pathways by targeting Toll-like receptor 4 (TLR4), interleukin-1 receptor-associated kinase 1
(IRAK1), TGF-beta-activated kinase 1 and MAP3K7-binding protein 1 (TABI1), and nuclear factor kappa-B kinase subunit alpha-like (NF-«xB).

involved in the immunomodulatory process in the gill mucosal
signaling pathways, promoting immune response and protecting
the organism against overwhelming inflammation after bacterial
infection. However, the roles of the miRNAs in teleost gills in
relation to pathogens still need to be further studied in the future.
In addition, the miRNAs interacting with the target genes and
proteins were not only associated with immune response (7, 45) but
also played important roles in regulating the regulators of the immune
network (28, 58). In M. miiuy infected with Vibrio harveyi, miR-148
targeted and negatively regulated the expression of the MyD88 gene,
and overexpression of miR-148 inhibited the inflammatory cytokine
production of both IL-6 and IL-1f3 (16). miR-21 also upregulated and
targeted the gene IRAK4 (11), thereby preventing excessive
inflammation response. In M. miiuy infected with V. anguillarum,
miR-200a-3p was shown to be involved in the modulation of TLRI
expression (57). In the gills of D. rerio after A. hydrophila and
Edwardsiella piscicida infection (12), miR-146a suppressed the
expression of the immune-related genes and was involved in the
regulation of excess inflammatory responses (e.g., TLR4, IL-1f3, and
TNF-ov), and it also promoted viral replication by targeting TRAF6 in
the orange-spotted grouper Epinephelus coioides (59). In vertebrates,
several studies verified the involvement of NODI in the regulation of
the antibacterial immune response (60, 61), while miR-144 and miR-
217-5p targeted and sequentially inhibited the gene expression of
NODI (13). Studies on the liver of zebrafish indicated that miR-731
served the function of directly targeting DKK3b, while several
miRNAs (e.g., miR-200b-5p, miR-146b, and miR-731) and their
target genes (i.e., IL10, IRAKI, and TRAF6) regulated the immune
response in the spleen after Streptococcus parauberis infection (24,
62). The regulation of NF-kB revealed that miR-144 negatively
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regulated signaling transduction by targeting the IL-Ix gene (49).
Moreover, several miRNAs (e.g., miR-122, miR-192, and miR-148)
have been identified for the regulation of the target genes that
participate in innate immunity (14-16). In this study on the gills of
C. auratus infected with A. hydrophila, we found four miRNAs (e.g.,
miR-26a, miR-144, miR-146a, and miR-17) that were significantly
differentially expressed in the gills, which might regulate their target
genes involved in the TLR, MAPK, and NF-xB inflammatory
pathways. These results present new ideas for further studies of the
miRNA regulatory mechanism in the gill immune response of carp
against infections.

Conclusion

To our knowledge, this is the first study on the multi-omics
analysis of the miRNAs and the protein profiles in the gills of the
crucian carp C. auratus after A. hydrophila infection. Based on
conventional histopathological and immunohistochemical studies,
the expression profiling and target gene analysis revealed that the
miRNAs were significantly differentially expressed in the gills, thereby
indicating that the key miRNAs (i.e., miR-17, miR-26a, miR-144, and
miR-146a) play crucial roles in the local immune response of C.
auratus against bacterial infection. The target genes of the miRNAs
involved in multiple signaling pathways mainly included TLR,
MAPK, and NF-xB inflammatory responses. This study provides a
detailed description of the mechanism of the regulation of miRNAs in
the gills and contributes to the understanding of the miRNA-
mediated local immune response in Cyprinidae fish.
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Grouper cGAS is a negative
regulator of STING-mediated
interferon response

Luhao Zhang?, Xin Zhang?, Jiaming Liao?, Linting Xu*,
Shaozhu Kang*, Hong Chen*, Mengshi Sun?, Siting Wu*,
Zhuging Xu?, Shina Wei*?, Qiwei Qin***>* and Jingguang Wei"®*

'College of Marine Sciences, South China Agricultural University, Guangdong Laboratory for Lingnan
Modern Agriculture, Guangzhou, China, 2Guangdong Provincial Key Laboratory of Aquatic Animal
Disease Control and Healthy Culture, Zhanjiang, China, 3Laboratory for Marine Biology and
Biotechnology, Qingdao, China, “Pilot National Laboratory for Marine Science and Technology,
Qingdao, China, *Southern Marine Science and Engineering Guangdong Laboratory, Zhuhai, China,
¢Department of Biological Sciences, National University of Singapore, Singapore, Singapore

Cyclic GMP-AMP synthase (cGAS) is one of the classical pattern recognition
receptors that recognizes mainly intracytoplasmic DNA. cGAS induces type | IFN
responses to the cGAS-STING signaling pathway. To investigate the roles of cGAS-
STING signaling pathway in grouper, a cGAS homolog (hamed EccGAS) was cloned
and identified from orange-spotted grouper (Epinephelus coioides). The open
reading frame (ORF) of EccGAS is 1695 bp, encodes 575 amino acids, and contains
a Mab-21 typical structural domain. EccGAS is homologous to Sebastes umbrosus
and humans at 71.8% and 41.49%, respectively. ECCGAS mRNA is abundant in the
blood, skin, and gills. It is uniformly distributed in the cytoplasm and colocalized in
the endoplasmic reticulum and mitochondria. Silencing of EccGAS inhibited the
replication of Singapore grouper iridovirus (SGIV) in grouper spleen (GS) cells and
enhanced the expression of interferon-related factors. Furthermore, EccGAS
inhibited EcCSTING-mediated interferon response and interacted with ECSTING,
EcTAKY, EcTBKY, and EcIRF3. These results suggest that EccGAS may be a negative
regulator of the cGAS-STING signaling pathway of fish.

KEYWORDS

Epinephelus coioides, CGAS, SGIV, virus replication, STING

1 Introduction

Groupers are one of the main economic fishes on the southeast coast of China and Southeast
Asia. With the expansion of grouper aquaculture, the pollution in the water and the corresponding
disease outbreaks are detrimental, threatening the aquaculture industry. In particular, the
emergence of a major viral pathogen, Singapore Grouper Iridovirus (SGIV) has caused huge
losses to aquaculture. SGIV belongs to Iridoviridae, the frog iridovirus genus (Ranavirus), and is a
large cytoplasmic DNA virus, and can cause bleeding and swelling of the spleen of the fish. When
grouper infected SGIV, the lethality rate can reach > 90% in a week (1).
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The innate immune system is the host defense mechanism that
plays a critical role against damage caused by microorganisms,
pathogens, and other harmful agents (2). When pathogens invade a
host, the pattern recognition receptors (PRRs), as part of the host
innate immune response, identify pathogen-associated molecular
patterns (PAMPs), subsequently activating pro-inflammatory
cytokines and interferons through a series of signaling cascades to
suppress damage (2). PRRs are broadly classified into five classes:
DNA receptors, Toll-like receptors (TLRs), NOD-like receptors, RIG-
I-like receptors (RLRs), and C-type lectin receptors (3-5). Among
them, DNA receptors are an important class of PRRs that recognize
foreign cytoplasmic DNA. The genetic material of many organisms,
including viruses, is double-stranded DNA (dsDNA), thus DNA
receptors recognize this foreign DNA in the cytoplasm, which is
important in the intrinsic host immunity against viruses. Several host
proteins have been identified as capable of recognizing double-
stranded DNA, including TLR9 (6), Z-nucleic acid binding protein
(DAI) (7), DEAD-box helicase (DDX)60 (8), DDX41 (9), Interferon
gamma inducible protein 16 (IFI16) (10), and cGAS (cyclic
guanosine-adenylate synthase) (11).

A widely recognized DNA receptor, cGAS, has been recognized in
recent studies as a member of the nucleotidyltransferase (NTase)
family (11). Notably, cGAS recognizes almost all double-stranded
DNA as it does not depend on the nucleotide sequence. In mammals,
cGAS consists of a nucleotidyltransferase domain and two DNA-
binding domains at the N-terminal, the nucleotidyltransferase
domain in the middle-conserved fragment, and the C-terminal
Mab21 domain (11, 12). When c¢GAS recognizes foreign DNA, the
DNA is attracted by its positive surface charge and zinc finger
structure, forming a 2:2 dimer between two cGAS and two dsDNA
(12). In turn, cGAS is activated, resulting in its conformational
change, and thus promoting the production of cGAMP from ATP
and GTP (13). Subsequently, cGAMP binds to the interferon gene-
stimulating protein STING, which translocates cGAMP from the
endoplasmic reticulum to the Golgi apparatus, and, in turn, recruits
TANK-binding kinase 1 (TBK1), phosphorylates IRF3 and nuclear
factor-xB (NF-xB) to promote their entry into the nucleus. When
IRF3 and NF-xB are translocated from the cytoplasm to the nucleus,
IFN-B is expressed, and a large number of inflammatory factors and
interleukins are produced (14, 15).

In previous studies, a large number of expressed sequence tags
(EST) were found in the transcriptome of the grouper spleen before
and after infection with SGIV (14, 15). In this study, a cGAS homolog
from orange-spotted grouper (EccGAS) was cloned, and its roles in
the innate immune response were investigated. The results will
provide new and more effective insights for the prevention and
treatment of viral infection.

2 Materials and methods
2.1 Fish, cells and virus
Juvenile grouper (40-50 g in weight) were obtained from the

fishery in Yangjiang City, China. They were stored in a recirculating
seawater system at 24-28°C and fed twice daily for two weeks. Then
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three groupers were randomly selected to detect whether the fish was
infected with bacteria or viruses. Twelve tissues were extracted from 6
healthy fish, immediately frozen in liquid nitrogen, and stored at
-80°C.

Grouper spleen (GS) cells were constructed in our laboratory and
are currently kept in our laboratory. GS cells were grown in Leibovitz
L15 medium (Wibco, Waltham, MA, USA) containing 10% fetal
bovine serum and placed in a 28°C incubator (14, 15). SGIV was
isolated from diseased groupers and cultured as previously described
(1, 16). Viral cultures were maintained at -80°C.

2.2 Antibodies

Rabbit monoclonal anti-green fluorescent protein (GFP) antibody
was purchased from Sigma (Burlington, MA, USA), and mouse
monoclonal anti-HA antibody was also purchased from Sigma
(Burlington, MA, USA). Rabbit monoclonal B-tubulin antibody was
purchased from Proteintech (Rosemont, IL, USA). Polyclonal
antibody to SGIV protein MCP was prepared in our laboratory.
Horseradish peroxidase-labeled goat anti-rabbit antibody as
secondary antibody was purchased from KPL (USA).

2.3 Cloning of EccGAS and
bioinformatic analysis

Primers used to amplify the open reading frame (ORF) of EccGAS
were designed according to the EST sequences of cGAS in the grouper
spleen transcriptome (1, 16). The ORF of EccGAS was amplified from
the tissue ¢cDNA of healthy grouper. Sequences of EccGAS were
analyzed using the BLAST program (http://www.ncbinlm.nih.gov/
blast), and the conservative domains were predicted using the
conservative domain database (https://www.ncbi.nlm.nih.gov/cdd/)
of NCBI. SignalP 4.1 was used to predict signal peptides and
TMHMM Server V. 2.0 was used to predict transmembrane
regions. GeneDoc and Clustal X1.83 were used for amino acid
sequences alignment of cGAS, and MEGA version 6.0 was used for
phylogenetic tree analysis.

2.4 RNA isolation and gRT-PCR

Total RNA was performed using the SV Total RNA Isolation
System (Promega, United States) following the manufacturer’s
instructions. cDNA synthesis was performed with the ReverTra
Ace qPCR RT Kit (Toyobo, Osaka, Japan) according to the
manufacturers’ instructions. SYBR® Green Real-Time PCR Master
Mix (Toyobo) was used to perform the quantitative real-time PCR
(qQRT-PCR) in an Applied Biosystems QuantStudio 5 Real-Time
PCR System (Thermo Fisher, Waltham, MA, USA), as previously
described (17). Briefly, each assay was performed in triplicate with
the cycling conditions as follows: 95°C for 1 min for activation,
followed by 40 cycles of 95°C for 15 s, 60°C for 15 s, and 72°C for 45
s. The primers of target genes are listed in Table 1, and B-actin was
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used as the internal reference gene. The expression levels were

calculated using the 274" method.

2.5 Preparation of antiserum of EccGAS

Primers were designed to amplify the ORF of EccGAS (Table 1).
The PCR product was digested with BamH I and EcoR I (Takara) and
subsequently subcloned into the expression vector pET-B2M. Positive
clones were incubated at 37°C, and shaked at 220 rpm in a 150 mL LB
medium with 100 mg/mL ampicillin. The vector pET-B2M was used
as a negative control. When OD600 of the medium reached 0.6, IPTG
inducer (final concentration 0.5 mM) was added, and the culture was
shaken at 37°C for 3 h. Recombinant EccGAS fusion proteins (named
rEccGAS) were purified. The concentration of purified rEccGAS
protein was determined via Bradford’s method (18). The purified
rEccGAS proteins were then used to immunize the New Zealand
white rabbits to obtain polyclonal antibodies against EccGAS
according to conventional methods (19). Western blot was used to
detect the specificity of the antiserum.

2.6 Cell transfection

Cell transfection was performed with Lipofectamine 2000
(Invitrogen, USA) according to the manufacturer’s instructions.
Briefly, cells were seeded into plates and changed to serum-free
medium after the cell density had spread to 80%. Lipofectamine
2000 and plasmids were diluted with Opti-MEM (Gibco, USA) in two
separate sterile tubes. After a 5-min incubation at 25°C,
Lipofectamine 2000 with the diluted plasmids were mixed gently
and thoroughly. The mixture was then incubated at 25°C for 25 min
before being added dropwise to the cells. After 5-6 h, the medium was
changed to serum medium to continue the culture (20).

2.7 Cell localization analysis

GS cells were seeded into 6-well plates containing coverslips (10
mmx10 mm). When the cell density is appropriate, the plasmids are
transfected. After 24 h, cells were washed with phosphate-buffered
saline and fixed with 4% paraformaldehyde or methanol for 1 h. Cells
were permeabilized with anhydrous ethanol for 15 min at -20°C and
then blocked with 2% BAS (ready-to-use) for 2 h at 25°C. Cells were
incubated with 1% BSA diluted with rabbit polyclonal anti-EccGAS
antibody (1:150) or mouse monoclonal anti-HA antibody (1:150) for
2 h. Cells were incubated for 2 h with 1% BSA diluted with rabbit
polyclonal anti-EccGAS antibody (1:150) or mouse monoclonal anti-
HA antibody (1:150). Cells were then washed with phosphate-
buffered saline. FITC-conjugated goat anti-rabbit or goat anti-
mouse antibodies were diluted (1:200) with 1% BSA and incubated
for 1 h. Cells were then washed with phosphate-buffered saline and
treated with 6-dibutylamino-2-phenylindole (DAPI) for 10 min in the
dark, and observed under a fluorescence microscope (Leica,
Wetzlar, Germany).
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TABLE 1 Primers used for host and viral genes expression analysis.

Primers Sequences (5-3°)
IRF3-RT-F GACAACAAGAACGACCCTGCTAA
IRF3-RT-R GGGAGTCCGCTTGAAGATAGACA
IRF7-RT-F CAACACCGGATACAACCAAG
IRF7-RT-R GTTCTCAACTGCTACATAGGG
ISG15-RT-F CCTATGACATCAAAGCTGACGAGAC
ISG15-RT-R GTGCTGTTGGCAGTGACGTTGTAGT
1SG56-RT-F CAGGCATGGTGGAGTGGAAC
1SG56-RT-R CTCAAGGTAGTGAACAGCGAGGTA
Viperin-RT-F TCTGGGTAAATTAGTCCAGTTC
Viperin-RT-R AGGTGTTGATGACCGAGTTG
IL-1B-RT-PF AACCTCATCATCGCCACACA
IL-1B-RT-PR AGTTGCCTCACAACCGAACAC
IL-8-RT-PF GCCGTCAGTGAAGGGAGTCTAG
IL-8-RT-PR ATCGCAGTGGGAGTTTGCA
TNFo-RT-F GTGTCCTGCTGTTTGCTTGGTA
TNFa-RT-R CAGTGTCCGACTTGATTAGTGCTT
PKR-F GACCTTGGCTCTGTTGGACC
PKR-R ATGCTTGGCTTCTTTCTTGT
IFN1-RT-F GTGTCCTTCCCGAATCATCT
IFNI1-RT-R ACAGCCTGCCTGCTTACAAC
IEN2-RT-F TACAGCCAGGCGTCCAAAGCATC
IFN2-RT-R CAGTACAGGAGCGAAGGCCGACA
EccGAS-RT-F CGGGTTTCATTCTCTCAT
EccGAS-RT-R AGGCACTCCAGTCTGTGT
Actin-RT-R TACGAGCTGCCTGACGGACA
Actin-RT-F GGCTGTGATCTCCTTCTGCA
MCP-RT-F GCACGCTTCTCTCACCTTCA
MCP-RT-R AACGGCAACGGGAGCACTA
ICP18-RT-F ATCGGATCTACGTGGTTGG
ICP18-RT-R CCGTCGTCGGTGTCTATTC
VP19-RT-F TCCAAGGGAGAAACTGTAAG
VP19-RT-R GGGGTAAGCGTGAAGACT

2.8 Virus infection assay

Three siRNAs targeting EccGAS mRNA were designed to
evaluate the mechanism of EccGAS on SGIV infection in GS cells
(Table 2). Cells were transfected with the same volume of siRNA or
control. The cells were infected with SGIV 24 hours later. The cells
were then collected at 24 h and 36 h after SGIV infection. The
expression levels of SGIV ICP18, VP19, and MCP were analyzed
using qQRT-PCR (Table 1). The expression of SGIV MCP protein was
analyzed using western blotting.
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TABLE 2 Primers used for silencing EccGAS.

Primers Sequences (5-3°)
NC-F UUCUUCGAACGUGUCACGUTT
NC-R ACGUGACACGUUCGGAGAATT

EccGAS-siRNA-174-F GGAGAAGCCGUCUCUUCAATT

EccGAS-siRNA-174-R UUGAAGAGACGGCUUCUCCTT

EccGAS-siRNA-1042-F GCAGUGACCCUGACCACAATT

EccGAS-siRNA-1042-R UUGUGGUCAGGGUCACUGCTT

EccGAS-siRNA-1191-F GCGAAUGCCGUAUUAUCUUTT

EccGAS-siRNA-1191-R AAGAUAAUACGGCAUUCGCTT

2.9 Dual-luciferase reporter assay

GS cells were plated in 24-well plates. When the cell density is
appropriate, a total of 200 ng of zebrafish IFN1-LUc, human NF-kB-
Luc, or human ISRE-Luc plasmids were co-transfected with 30 ng of
the internal control PRL-sv40 reninase vectors and 600 ng of the target
plasmids. After 36 h, cells were collected, and the luciferase activity was
detect by the Dual-Luciferase® Reporter Assay System (Promega).

2.10 Co-immunoprecipitation assays

GS cells were passaged into cell culture dishes (10cmx10cm). When
the cell density is appropriate, co-transfected with relevant the target
plasmids. After 36 h, cells were harvested and lysed in RIPA buffer
containing protease and phosphatase inhibitors. Samples were processed
using the Double Bead'" Protein G Immunoprecipitation Kit (Invitrogen).

10% SDS-PAGE was used to separate immunoprecipitates or whole
cell extracts. Separated immunoprecipitates or whole cell extracts were
then transferred to Immobilon-P polyvinylidene difluoride membranes
(Millipore, St. Louis, MO, USA). The membranes were blocked in 5%
skim milk incubated with antibodies for 2 h at 25°C or overnight at 4 °
C, washed 3 times with PBST, and incubated with secondary antibodies
for 1 h at 25°C. After washing three times with PBST, the
immunoreactive protein was visualized by an enhanced
chemiluminescence detection kit (Bio-Rad, Irvine, CA, USA). The
band intensity was calculated using Quantity-one software (21).

2.11 Statistical analysis
GraphPad Prism (version 8.0.2) was used to perform statistical analysis.
Data analysis results are shown as mean + standard error of the mean of

three independent experiments. The statistically significant differences were
evaluated by the T-Test with a P value (*P < 0.05 and **P < 0.01).

3 Results

3.1 Amplification and sequence analysis of
cGAS gene in grouper

The ORF of grouper cGAS (EccGAS) was 1695 bp in length,
encoding 575 amino acids, with a molecular weight of approximately
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63.05 kDa and an isoelectric point of 9.47. SMART analysis revealed
that EccGAS contains the Mab-21 typical structural domain, while the
signal peptide and transmembrane region were absent.

Aligning the cGAS proteins of other organisms with EccGAS
revealed that the sequences of each species were relatively conserved
in the Mab-21 typical structural domain, indicating that cGAS may
have similar functions. The cGAS sequences of 11 species were
selected for homology comparison, and the multiple sequence
alignments were performed with Clustal X (Figure 1A). The
phylogenetic tree showed that the EccGAS and cGAS of Sebastes
umbrosus (XP_037637334.1) were more closely related and clustered
together (Figure 1B).

The expression of EccGAS in healthy grouper tissues showed that
EccGAS was expressed in all exacted tissues, with higher expression in
blood, skin, and gills (Figure 2A). After SGIV infection, the
transcriptional expression level of EccGAS in GS cells gradually
increased and peaked at 36 h.p.i (Figure 2B), suggesting that
EccGAS may play an important role in the activation of host
antiviral innate immunity.

3.2 Bioassay of recombinant protein
of EccGAS

The recombinant protein of EccGAS was analyzed by SDS-PAGE.
A band of 57 kDa was visible using Komas Brilliant Blue staining
(Figure 3A). The fused recombinant EccGAS protein (rEccGAS) was
purified by affinity chromatography with nickel-nitrilotriacetic acid-
agarose (QIAGEN, Germany) according to the manufacturer’s
instructions (Figure 3B). Immunosera were then prepared by
immunizing rabbits with rEccGAS protein. rEccGAS protein was
specifically recognized by the EccGAS polyclonal antibody, and no
bands were detected in the negative control (Figure 3C), indicating
that the anti-EccGAS antibody specifically recognized the purified
EccGAS protein.

3.3 Intracellular localization of EccGAS

The expression vectors for full-length EccGAS, structural domain
Mab21, and removal of the structural domain were constructed and
named EccGAS(EccGAS), EccGAS-Mab21, and EccGAS-delete-
mab21. Subsequently, the plasmids were transfected into GS cells,
and intracellular localization of EccGAS was determined. The results
showed that the green fluorescence of pEGFP-C1 was distributed in
the cytoplasm and nucleus of GS cells, while the pEGFP-EccGAS and
PEGFP-EccGAS-delete-mab21 were distributed uniformly in the
cytoplasm, and pEGFP-EccGAS-Mab21 was distributed in the
cytoplasm in an aggregated manner (Figure 4A). We next examined
the intracellular localization of EccGAS in GS cells by
immunofluorescence assay with anti-EccGAS serum. In GS cells,
the green and red fluorescences of EccGAS were mainly localized in
the cytoplasm by anti-EccGAS serum (Figure 4B), which is consistent
with the results of subcellular localization.

To explore whether EccGAS co-localizes with organelles,
plasmids pEGFP-EccGAS were co-transfected with pDsRed2-ER
(endoplasmic reticulum) or pDsRed2-Mito (mitochondria) into GS
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cells and their localization was examined. The results showed that
EccGAS partially co-localized with the endoplasmic reticulum and
mitochondria (Figure 4C).

3.4 EccGAS affected SGIV replication

We designed three siRNAs based on the ORF sequence of EccGAS.
siRNAs were transfected into GS cells, and qQRT-PCR was used to detect
the expression of endogenous EccGAS after 24 hours. The results
showed that all three siRNAs silenced the expression of endogenous
EccGAS in GS cells, of which siRNA2 had the highest interference
efficiency (Figure 5A). Next, we used siRNA2 to conduct the following
experiments. After sSiRNA2 was transfected into GS cells and infected
with SGIV, the expression of SGIV MCP, SGIV ICP18, and SGIV VP19
were examined by qRT-PCR. The expression of SGIV MCP protein was
detected by western blot. The results showed that EccGAS knockdown
by siRNA2 significantly inhibited the transcript expression of SGIV
genes (Figure 5B). Moreover, the results of western blot showed that
knockdown EccGAS by siRNA2 significantly reduced the expression of

10.3389/fimmu.2023.1092824

MCP protein (Figure 5C). These results suggest that EccGAS may
promote SGIV replication in GS cells.

3.5 EccGAS inhibited interferon
immune response

The regulatory effects of EccGAS on host immune factors were
evaluated by qRT-PCR. As shown in Figure 6, EccGAS knockdown by
siRNA2 potentiated the transcription of IFN1, IFN2, PKR, Viperin,
ISG15, ISG56, IL-1B, IL-8, and TNFa in GS cells. Thus, the results
suggested that EccGAS negatively regulated the interferon immune
response in vitro.

3.6 EccGAS inhibits EcCSTING-mediated
interferon immune response

In mammals, cGAS has been reported to produce cGAMP after
DNA sensing to stimulate STING, which in turn activates interferon
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production and innate immunity. We aimed to determine whether
EccGAS is involved in EcSTING-mediated interferon immune
response. As shown in Figure 7A, when EccGAS was co-transfected
with EcSTING, EcTBK1, EcTAK]1, and EcIRF3, the activities of IFN1,
ISRE, and NF-xB promoters were significantly reduced, suggesting
that EccGAS may be involved in EcSTING-mediated interferon
immune responses. Next we investigated whether EccGAS interacts
with EcSTING, EcTBK1, EcTAK1 and EcIRF3. Confocal microscopy
results showed that the green fluorescence of pEGFP-EcSTING,
pEGFP-EcTBK1, pEGFP-EcTAKI, and pEGFP-EcIRF3 colocalized
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with the red fluorescence of EccGAS (Figure 7B). We further verified
the experimental results by CO-IP assay. The plamids of pcDNA3.1-
EccGAS was co-transfected with pEGFP-EcSTING, pEGFP-EcTBK1,
pEGFP-EcTAKI1, pEGFP-EcIRF3, and pEGFP-CI1, respectively,
followed by immunoprecipitation (IP) and immunoblotting (IB) of
whole cell lysates (WCLs). The results showed that EccGAS was
detected in the IP products of EcSTING, EcTAKI, EcTBKI1, and
EcIRF3, but not in pEGFP-C1 (Figures 7C-E). Therefore, EccGAS
inhibited EcSTING-mediated interferon immune response and
interacted with EcSTING, EcTAKI, EcTBK1, and EcIRF3.
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Expression pattern analysis of EccGAS. (A) Expression of EccGAS in different tissues of healthy groupers. Data were expressed as a ratio of the tissue
value to the EccGAS mRNA expression in liver. B-actin were used as the internal control for the normalization across tissues. (B) Expression profiles of
EccGAS in GS cells after SGIV infection. B-actin was used as an internal control. *P < 0.05. ns means no significance.

Frontiers in Immunology

71

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1092824
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zhang et al. 10.3389/fimmu.2023.1092824
A B (]
| 2 M
- 250
a» 150
5 - 100
116 o= 116 -
66 o= 66 D
. i (—
35 - 35 as 4(
a» 35
25 - 25
- 25
18 18
20
14 » 14 - |5

Production of recombinant EccGAS and anti-EccGAS serum. (A) Expression of recombinant EccGAS. M: protein molecular quality standard; 1
supernatant of pET-EccGAS induced by sonication; 2: microspheres of pET-EccGAS induced by sonication. (B) Purification of recombinant EccGAS. M:
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standard; 1: purified recombinant pET-EccGAS protein incubated with preimmune mouse serum; 2: purified recombinant pET-EccGAS protein incubated
with anti-EccGAS serum (1:5000). Bands of ECCGA protein were boxed.

4 Discussion

Cytoplasmic DNA receptors, as part of the PRRs, play important
roles in the innate immune response. One of the major cytoplasmic
DNA receptors in humans is ¢GAS. It is homologous to
oligoadenosine synthase, independent of nucleotide sequence, and

DAPI

PEGFP-C1

EccGAS

EccGAS-Mab21

EccGAS-delete-Mab21

FIGURE 4

thus able to recognize a variety of DNA viruses that invade the
cytoplasm, including endogenous or threatening exogenous DNA
(22-24). Currently, the function of cGAS is rarely reported in fish. In
this study, a cGAS homolog from orange-spotted grouper Epinephelus
coioides (EccGAS) was cloned and its role in the innate immune
system during viral infection was studied. The results showed that

B
DAPI
. . .
o . .
C

EccGAS DAPI

ER
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Cellular localization of EccGAS. (A) Subcellular localization of the EccGAS structural domain Mab21 and the deletion of the structural domain in GS cells. GS
cells were transfected with pEGFP-C1, pEGFP-EccGAS, pEGFP-EccGAS-Mab21 and pEGFP-EccGAS-delete-Mab21 plasmids using Liposome 2000. After
transfection for 24 h, the cells were fixed with 4% paraformaldehyde for 2 h at 25 °C, and were stained with DAPI and examined under confocal laser
scanning microscopy. Scale bars shown as 20 um. (B, C) Immunofluorescence and colocalization with endoplasmic reticulum and mitochondria. GS cells
were inoculated and transfected with pcDNA3.1-EccGAS or pDsRed2-ER and pDsRed2-Mito, primary antibody with rabbit polyclonal anti-EccGAS antibody
(1:150) or mouse monoclonal anti-HA antibody (1:150) incubated for 2 h at 25 °C and secondary antibody with FITC-conjugated goat anti-rabbit or goat anti-
mouse (1:200). Subsequently, the cells were incubated for 1 h and examined by confocal microscopy. Scale bars are shown as 20 pm
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cGAS is a negative regulator of STING-mediated IFN response
in grouper.

In mammals, only one type of cGAS is typically found and plays
an important role in the activation of type I IEN (25, 26). In fish, due
to genome duplication events (27), two paralogs of cGAS were found
in grass carp and zebrafish (28, 29). However, only one cGAS has been
recorded in grouper. Several reports indicate that the C-terminus is
highly conserved among cGAS homologs from fish to humans,
whereas the N-terminal exhibits great diversity in length and
sequence among the cGAS homologs (30). BLAST analysis showed
that EccGAS had the highest similarity (71.8%) with Sebastes
umbrosus and the lowest similarity with mammals. SMART
prediction revealed that EccGAS has a highly conserved Mab21
domain, suggesting that it belongs to the MAB21 family. This
domain was originally discovered in Cryptobacterium showyeri and
plays a key role in DNA binding of cGAS (31).
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Recently, mammalian cGAS was identified as a ubiquitous sensor
of cytosolic dsDNA. However, the role of fish cGAS in innate immune
regulation has not been elucidated. Previous studies reported that
cGAS is widely expressed in different tissues. cGAS was highly
expressed in the spleen and intestines of pigs and chickens (32, 33).
cGAS was also highly expressed in the liver and intestine of grass carp
(34). The liver and gut are the major sites of interferon-stimulated
gene (ISG) expression during viral infection in fish (29); therefore,
c¢GAS may play an important role in antiviral innate immunity in fish.
In the present study, EccGAS was predominantly expressed in the
blood, skin, and gills. Therefore, we speculate that the high expression
of cGAS at these sites may be a strategy to balance the antiviral
immune response to avoid over-induction of ISGs. After SGIV
infection, the expression of EccGAS increased with the time of
virus infection, suggesting that EccGAS is involved in the innate
immune response. Similarly, grass carp cGASa was up-regulated
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FIGURE 5

36h

Effect of EccGAS silencing on viral replication. (A) Three siRNA sequences were designed based on the sequence of EccGAS and assayed for interference
effects. (B) EccGAS knockout and control cells were infected with SGIV and collected at 24 h and 36 h to measure the relative expression levels of the
viral genes. Relative expression levels of the viral genes were measured by qRT-PCR (n = 3, mean + SD). *P < 0.05. (C) Silencing of EccGAS in GS cells
infected with SGIV and protein samples collected for 24 h and 36 h. Expression of MCP protein was detected by western blotting. B-tubulin was used as
an internal control. Quantity-one software was used to calculate band intensities and assess the MCP/B-tubulin ratio.
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under GCRV or poly dA:dT treatment (28), and grass carp cGASb
was up-regulated under GCRYV, poly dA:dT or poly I:C treatment (28,
35). Meanwhile, the Japanese medaka cGAS was significantly induced
under Edwardsiella tarda treatment (36).

Studies have reported that cGAS activates the intrinsic
antimicrobial defenses of cells and promotes autophagic targeting
of Mycobacterium tuberculosis (37). Mice deficient in cGAS or STING
exhibited lower type I IFN levels and higher viral loads (38). In
crucian carp and grass carp, CacGAS and CicGAS reduced the
CiRIG-I-mediated cellular antiviral response and promoted viral
replication (39). After silencing EccGAS, the transcription levels of
SGIV genes of MCP, ICP18, and VP19 were significantly inhibited,
and the levels of MCP protein were increased, suggesting that EccGAS
may promote SGIV replication. Knockdown of EccGAS potentiated
the transcription of endogenous IFN1, IFN2, PKR, Viperin, ISG15,
ISG56, IL-1PB, IL-8, and TNFa in GS cells. EccGAS also inhibited the
activation of IFN1, ISRE, and NF-«kB promoters in GS cells. These
results suggested that EccGAS is involved in the regulation of virus-
induced IFN signaling.

Many studies have shown that c¢GAS is distributed in the
cytoplasm of humans, pigs, chickens, and grass carp (11, 32-34). In
our study, EccGAS and Mab21 were uniformly distributed in the

10.3389/fimmu.2023.1092824

cytoplasm, suggesting that grouper cGAS may have similar functions
to mammalian cGAS. Several studies have shown that STING
proteins in the endoplasmic reticulum were activated to recruit and
bind with MAVS located in the mitochondria (10, 40); thus, they
recruit TBK1 and activate IRF3 and NF-xB phosphorylation. In our
previous study, ECSTING is distributed in the endoplasmic reticulum
(41). In the present study, EccGAS is highly distributed in both the
endoplasmic reticulum and mitochondria. Therefore, EccGAS may
play an important role in the innate immune system by interacting
with STING. In grass carp, cGASL interacts with STING and inhibits
STING-mediated activation of gcIFNIpro (34). EccGAS can inhibit
EcSTING-induced activation of IFN1, ISRE and NF-kB promoter
activities. Furthermore, EcCGAS can colocalize with EcSTING.
EccGAS and EcSTING can also interact, which is independent of
the Mab21 domain. These results suggest that EccGAS could interact
with STING and inhibit STING-mediated activation of IFN.

As important components of the ¢cGAS-STING signaling
pathway, EcTBK1, EcTAKI, and EcIRF3 are expressed in grouper
and play important roles in antiviral innate immunity (42-44). We
then investigated the roles of EccGAS in EcTBK1-, EcTAK1-, and
EcIRF3-mediated activation of IFN. The results showed that EccGAS
inhibited the activities of IFN1, ISRE and NF-kB promoters induced
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FIGURE 6
Silencing of EccGAS promoted the expression of host interferon-related genes and inflammation-related factors. Data are expressed as ratio to the
control group. Error bars represent mean + SD; *P < 0.05; **P < 0.01.
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EccGAS negatively regulates EcSTING-mediated immune responses. (A) EccGAS inhibits the activation of IFN1, ISRE, and NF-kB promoter induced by EcSTING,
EcTBK1, ECTAKL and EcIRF3. pEGFP-EcSTING, pEGFP-EcTBK1, pEGFP-EcTAKY, and pEGFP-ECIRF3 were transfected into GS cells at a ratio of 1:1:1 with pEGFP-
EcGAS and IFN1-Luc, respectively. Cells were harvested for detection of luciferase activity at 36 h after transfection.The error bars indicate mean + SD; *P <
0.05. ISRE and NF-kB promoter activities were tested in the same way. (B) EccGAS colocalized with ECSTING, EcTBK1, ECTAKL and EcIRF3, respectively. The
plasmid pcDNA3.1-Red-EccGAS was co-transfected with pEGFP-EcTBK1, pEGFP-EcTAKL and pEGFP-EcIRF3 in GS cells, respectively. Imaged by confocal
microscopy, scale bars are shown at 20 um. (C—E) EccGAS interacts with ECSTING, ECTBK1, EcCTAK1 and EcIRF3, respectively. pEGFP-C1, pEGFP -EcSTING,
PEGFP-ECTAKY, pEGFP-EcTBK1, and pEGFP-EcIRF3 were cotransfected with pcDNA3.1-EccGAS in GS cells, respectively. Samples were processed by
immunoprecipitation and western blotting. B-tubulin was used as an internal control

by EcTBK1, EcTAKI and EcIRF3. Confocal microscopy showed that
EcTBK1, EcTAKI, and EcIRF3 colocalized with EccGAS. Co-IP
showed that EccGAS interacted with EcTBKI, EcTAKI, and
EcIRF3. Thus, EccGAS inhibits STING-mediated interferon
immune responses and interacts with STING, TAK1, TBKI,
and IRF3.

In summary, a cGAS homolog of grouper (EccGAS), which
contains a typical Mab21 structural domain, was identified for the
first time. EccGAS was evenly distributed in the cytoplasm and
partially co-located in the endoplasmic reticulum and
mitochondria. EccGAS could promote SGIV replication. EccGAS

Frontiers in Immunology

negatively regulates EcSTING-mediated interferon immune
responses and interacts with EcSTING, EcTAKI, EcTBKI1, and
EcIRF3. These findings contribute insights and methods for the
prevention and treatment of viral infections.
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Immunity of turbot Induced by
Inactivated vaccine of Aeromonas
salmonicida from the perspective
of DNA methylation

Yingrui Li', Lin Su’, Xiaofei Liu, Huimin Guo, Shun Zhou
and Yunji Xiu*

Institute of Marine Science and Engineering, Qingdao Agricultural University, Qingdao, China

Introduction: DNA methylation was one of the most important modification in
epigenetics and played an important role in immune response. Since the
introduction of Scophthalmus maximus, the scale of breeding has continued to
expand, during which diseases caused by various bacteria, viruses and parasites
have become increasingly serious. Therefore, the inactivated vaccines have been
widely researched and used in the field of aquatic products with its unique
advantages. However, the immune mechanism that occurred in turbot after
immunization with inactivated vaccine of Aeromonas salmonicida was not clear.

Methods: In this study, differentially methylated regions (DMRs) were screened by
Whole Genome Bisulfite Sequencing (WGBS) and significantly differentially
expressed genes (DEGs) were screened by Transcriptome sequencing. Double
luciferase report assay and DNA pull-down assay were further verified the DNA
methylation state of the gene promoter region affected genes transcriptional
activity after immunization with inactivated vaccine of Aeromonas salmonicida.

Results: A total of 8149 differentially methylated regions (DMRs) were screened, in
which there were many immune-related genes with altered DNA methylation status.
Meanwhile, 386 significantly differentially expressed genes (DEGs) were identified,
many of which were significantly enriched in Toll-like receptor signaling pathway,
NOD-like receptor signaling pathway and C-type lectin receptor signaling pathway.
Combined analysis of WGBS results and RNA-seq results, a total of 9 DMRs of
negatively regulated genes are located in the promoter region, including 2
hypermethylated genes with lower expression and 7 hypomethylated genes with
higher expression. Then, two immune-related genes C5a anaphylatoxin chemotactic
receptor 1-like (C5arl-Like) and Eosinophil peroxidase-like (EPX-Like), were screened
to explore the regulation mechanism of DNA methylation modification on their
expression level. Moreover, the DNA methylation state of the gene promoter region
affected genes transcriptional activity by inhibiting the binding of transcription factors,
which lead to changes in the expression level of the gene.

Discussion: We jointly analyzed WGBS and RNA-seq results and revealed the
immune mechanism that occurred in turbot after immunized with inactivated
vaccine of A. salmonicida from the perspective of DNA methylation.

KEYWORDS

DNA methylation, Scophthalmus maximus, Aeromonas salmonicida, inactivated vaccine,
Whole Genome Bisulfite Sequencing, transcriptome sequencing
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1 Introduction

Epigenetics, including DNA methylation, histone modification,
and the regulation of noncoding RNAs, could cause heritable change
in gene function without changes in DNA sequence, which produce
heritable phenotypic changes eventually. As the most widely
characterized epigenetic modification, DNA methylation was
produced via 5-methylcytosine (5mC) binding a methyl group
(CH;) to the cytosine with the help of DNA methyltransferases
(DNMTs) (1). DNA methylation has been widely reported to
regulate gene expression, which was mostly conducted by inhibiting
the binding of transcription factors on the promoters. Previous
studies confirmed that DNA methylation was involved in immune
response modulation. Abnormal DNA methylation was closely
related to the occurrence and development of many cancers and
immune diseases (2). With the development of research, the role of
DNA methylation modification on immune process of aquatic
animals has also been extensively explored. For example,
Ctenopharyngodon idella Retinoic acid-inducible gene I (CiRIG-I)
that was modified by methylation was extremely related with the
resistance to grass carp reovirus (GCRV) and may be a negative
regulator of CiRIG-I antiviral transcription (3). Besides, analysis of
genome-wide DNA methylation in the spleen of resistant and
susceptible Nile tilapia (Oreochromis niloticus) infected with
Streptococcus agalactiae found that the methylation status was
higher in the spleen samples from resistant fish than in the
susceptible group (4). The above-mentioned studies indicate that
DNA methylation participated in the immune defense mechanism of
aquatic animals through regulating gene expression.

Scophthalmus maximus, an economically valuable flatfish, is
widely distributed from Norway to the Mediterranean and China
(5). The turbot is characterized with the advantages of low
temperature resistance, grows fast and tastes delicious, which makes
the turbot aquaculture industry develop rapidly (6). However, with
the expansion of culture scale, the diseases caused by various bacteria,
viruses, parasites and other pathogens have become more and more
serious, causing great threats and destruction to the breeding
industry. Compared with parasitic diseases and viral diseases,
bacterial diseases have caused serious economic losses due to their
wide spread, fast spread, strong pathogenicity and high mortality. For
example, turbot could be infected by A. salmonicida to cause
furunculosis (7), resulting in ulcerate in the infected skin area, oral
bleeding, ulceration of fin edges and subcutaneous hemorrhage at the
bottom, which eventually lead to the death of turbot. The traditional
prevention and control methods of bacterial diseases in the turbot
breeding process mainly relied on antibiotics and chemical drugs.
However, the frequent use of these drugs could lead to the production
of drug-resistant bacteria and immunosuppression of fish. In
addition, the residual drugs existing in the turbot and in the
aquaculture water might threaten human health. In fact, in the
process of aquaculture, inactivated vaccines have been widely
studied for its advantages such as high security, easy preparation
and storage, non-pollution and easy production of combined vaccines
or multivalent vaccines. On the one hand, vaccination significantly
reduced the relative abundance values of potential opportunistic
pathogens such as Aeromonas, Escherichia-Shigella, and
Acinetobacter in teleost. On the other hand, combined with the
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enhancement of immune function after vaccination, inactivated
Aeromonas vaccination had a protective effect against the pathogen
infection of teleost. In the previous research, the relative immune
protection rate of inactivated vaccine of A. salmonicide was up to
72.72% after inoculation with the A. salmonicide inactivated vaccine.
Besides, turbot could achieve effective immune protection and
induced immune responses by the immunization of inactivated
vaccine of A. salmonicida (8).

The regulation of DNA methylation on immune response and the
immune mechanism triggered by inactivated vaccines were widely
reported in aquatic animals. For example, the immune-related genes
of aquatic animals could be effectively activated by inactivated
vaccines. Bacteria-mediated immune response was often closely
related to aberrant DNA methylation. According to the current
research, the potential link between vaccines and DNA methylation
has emerged. Previous studies have found that Bacillus Calmette
Guerin Vaccine injection induced a persistent change in DNA
methylation, which was involved in antibacterial response (9) and
pneumococcal vaccines leaded to changes in DNA methylation,
which was associated with immune response activation (10). Balb/c
mice vaccinated with a protective vaccine could cause changes in the
DNA methylation level of gene promoters in livers, which ultimately
improve the survival of the mice after infection with P. chabaudi (11).
However, the effect of inactivated vaccines on DNA methylation
patterns in fish and the mechanism by which DNA methylation was
involved in the immune response in vivo were unclear.

In this study, whole-genome bisulfite sequencing (WGBS) and
transcriptome sequencing were performed on turbot kidney tissue
during the immunization of A. salmonicide inactivated vaccine, after
which the expression changes of immune-related genes and genome-
wide DNA methylation profiles were revealed. The sequencing results
of the two groups were jointly analyzed and obtained differentially
methylated regions (DMRs) and differentially expressed genes
(DEGs) related to immune response. Besides, qRT-PCR and the
double luciferase reporter assay was conducted and confirmed that
DNA methylation inhibited gene expression by repressing the
transcriptional activity of gene promoters. DNA pull down and
Mass Spectrometry (MS) illustrated that DNA methylation effected
binding of transcription factors to immune-related gene the and
further influenced the expression of immune-related gene. In a
word, our study revealed the potential relationship between DNA
methylation levels and gene expression levels during the
immunization of inactivated vaccines, which reveals the regulatory
effect of inactivated vaccine on the immune mechanism of turbot
from the perspective of DNA methylation, and provides new ideas for
disease resistance breeding of turbot.

2 Methods and materials

2.1 Experimental fish, vaccine immunity
and sample collection

Healthy turbot with an average weight of 80 + 10 g was ordered
from Haiyang Yellow Sea Aquatic Product Co.,Ltd., and kept in the
laboratory until the inactivated vaccine of A. salmonicida was
injected. Preparation of inactivated vaccines was performed as
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described previously (8). The formaldehyde-inactivated vaccine of A.
salmonicida (1x10° CFU/ml) was prepared at a concentration of 5%o
at 4 °C for 24 h. The turbot was immunized by intraperitoneal
injected with 0.1 ml of inactivated vaccine (LDsg — 2.63x10° CFU/
mL). Nine healthy turbot kidney tissue were randomly selected as the
control group (named as NVSm) before vaccination, and nine
challenged kidney tissue were randomly selected as the
experimental group (named as AsVSm) after 30 days of inactivated
vaccine immunization. In order to ensure the authenticity of the
experimental results, we mixed the kidney tissue of 3 fish as a sample,
and each group had 3 biological replicates. The tissue samples were
quickly frozen in liquid nitrogen and then transferred to -80 °C
refrigerator for storage.

2.2 Transcriptome sequencing and
bioinformatics analysis

The TRIzol reagents were used to extract the total RNA from turbot
kidney tissue in accordance with the manufacturer’s instructions
(Invitrogen, USA). After purification and quantification, a total of 1
ug of RNA per sample was utilized for the RNA sample preparations.
Using the NEBNext® UltraTM RNA Library Prep Kit for Tllumina®
(NEB, USA) in accordance with the manufacturer’s instructions,
sequencing libraries were generated. The mRNA containing polyA
tails was enhanced using oligo (dT) magnetic beads, and the resulting
mRNA was then randomly interrupted in NEB Fragmentation Buffer.
The M-MuLV reverse transcriptase system was used to create the first
strand of cDNA using fragmented mRNA as a template and random
oligonucleotides as primers. The RNA strand was then broken down
using RNaseH, and the DNA polymerase I apparatus was utilized to
create the second strand of cDNA utilizing dNTPs as the starting
material. The end of the purified double-stranded cDNA was repaired,
an A-tail was inserted, and a sequencing adaptor was attached. To
create the library, the 250-300 bp cDNA was first screened with
AMPure XP beads, followed by PCR amplification and further
purification of the PCR products with AMPure XP beads. Use a
Qubit2.0 Fluorometer to first measure the library, then diluted it to
1.5 ng/uL. The Agilent 2100 bioanalyzer then identified the insert size
of the library and carried out qRT-PCR to precisely measure the
library’s effective concentration and guarantee the library’s quality.
After the library was validated, the various libraries were combined
based on the intended offline data volume and effective concentration.
Following that, Illumina sequencing was carried out, and a 150bp
paired-end reading was produced.

Raw data were initially treated using in-house perl scripts to gain
clean reads. The clean data for Q20, Q30, and GC content were
evaluated simultaneously. The clear data with high-quality served as
the foundation for all downstream studies. Hisat2 v2.0.5 was used to
build index of the reference genome and aligned paired-end clean
reads to the reference genome. The number of reads that were
mapped to each gene was counted using FeatureCounts v1.5.0-p3.
The length of each gene and the number of reads mapped to this gene
were used to calculate the FPKM of each gene. Using the DESeq2 R
software (1.16.1), differential expression analysis of two groups (three
biological replicates per condition) was carried out. The Benjamini
and Hochberg method for reducing the false discovery rate was used

Frontiers in Immunology

10.3389/fimmu.2023.1124322

to modify the resulting P-values. Genes identified by DESeq2 as
having differential expression were those with an adjusted P-value <
0.05. The clusterProfiler R package was used to implement the Gene
Ontology (GO) enrichment analysis of DEGs, and gene length bias
was addressed. GO terms were deemed to be substantially enriched by
differentially expressed genes when the adjusted P-value < 0.05.
Additionally, the statistical enrichment of differentially expressed
genes in KEGG pathways was examined using the clusterProfiler R
program. WGBS Library Construction, Sequencing and
Bioinformatics Analysis

2.3 WGBS library construction, sequencing
and bioinformatics analysis

Using the OMEGA Tissue DNA Kit, genomic DNA was extracted
from the harvested kidney tissue and examined on agarose gels for
deterioration and contamination. Using the Qubit® 2.0 Flurometer (Life
Technologies, CA, USA) and NanoPhotometer® spectrophotometer
(IMPLEN, CA, USA), respectively, the DNA purity and concentration
were assessed. The subsequent procedure form a DNA library from the
genomic DNA of the turbot kidney tissue. 5.2 lLg of genomic DNA spiked
with 26 ng of lambda DNA was sonicated into 200-300 bp-sized pieces
using a Covaris S220. Then, using the EZ DNA Methylation-GoldTM Kit
(Zymo Research, China), these DNA fragments were subjected to two
rounds of bisulfite treatment. The resultant single-strand DNA fragments
were then amplified using KAPA HiFi HotStart Uracil + ReadyMix (2X).
The Agilent Bioanalyzer 2100 system was used to measure the insert size,
and the DNA library concentration was measured using the Qubit® 2.0
Flurometer (Life Technologies, CA, USA) and quantitative PCR.

On the Mlumina Hiseq 4000 platform, the library preparations
were sequenced, and 150 bp paired-end reads were produced. The
basis of information analysis is the quality control of the data to
produce qualified data. Using FastQC (fastqc v0.11.5), basic statistics
on the caliber of the raw readings were calculated. All following
studies were dependent on the quality of the cleandata reads, which
were first obtained by pre-processing the raw reads sequence using
the parameters program. Basic statistics on the quality of the clean
data readings were performed using FastQC. The reads to a reference
genome were then carried out using Bismark software (version 0.16.3)
(12). The two alignment procedures created a unique best alignment
of sequence reads, and by comparing it to the typical genomic
sequence, it is possible to deduce the methylation status of any
place containing cytosine in the read. For IGV browser display, the
methylation extractor data were converted to bigWig format (13). The
sequence was then separated into several bins that were each 10 kb in
size to determine the sequence’s methylation level (14).

The DMRs were located using the DSS program (15). We define
genes associated to DMRs as genes whose genomic area (from TSS to
TES) or the promoter region (upstream 2kb from the TSS) coincides
with DMRs in accordance with the distribution of DMRs in the
genome. The GOseq R package (16), which corrects for gene length
bias, was then used to execute Gene Ontology (GO) enrichment
analysis of genes associated with DMRs. DMR-related genes were
thought to substantially enrich GO terms with a corrected P-value <
0.05. The statistical enrichment of DMR-related genes in KEGG
pathways was examined using KOBAS software (17).

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1124322
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Li et al.

2.4 Quantitative real-time PCR

Using the BIORAD CFX96 Touch fluorescence quantitative PCR
equipment, qPCR was carried out using [B-actin as an internal
standard after the mRNA was transformed to ¢cDNA using a
PrimeScriptTM RT reagent Kit (TaKaRa, China) (Bio-Rad
Laboratories, CA, USA). The reaction system was composed of 10 L
of ddH20, 5 L of TB Green Premix Ex Taq II (2x)(Takara, China), 0.4
L of a particular forward/reverse primer, and 0.8 L of cDNA. The
primers were listed in Table 1. The following were the conditions for
quantitative PCR: 95 °C for 30s, 35 cycle of 95 °C for 5 s and 60 °C for
1 min. The following conditions were used during the melting curve
to confirm the amplicons’ specificity: 95 °C for 10 s, 65 °C for 5 s and
up to 95 °C at a rate of 0.5 °C/cycle. Each sample was made three
biological replicates to reduce deviation. Using the 2 AL method,
gene expression was evaluated in relation to 3-actin expression.

2.5 Bisulfite sequencing PCR

The Tissue DNA Kit (OMEGA, China) was used to extract
genomic DNA from kidney samples from the AsVSm group and
NVSm group, each group contains 3 biological repetition. The
genomic DNA of the three samples of the AsVSm group and the
NVSm group were mixed in equal amounts (1 pg) and used as a
template. According to the manufacturer’s instructions, the EZ DNA
Methylation-Gold™ Kit (ZYMO RESEARCH, USA) was used for
bisulfite modification. The reaction system was 50 pL including
methylation modified DNA 4 uL, 10xEpiTaq PCR Buffer (Mg
free) 5 pL, 25mM MgCl, 6 pL, dNTP Mixture 4 uL, BSP forward/
reverse primer 5 UL, TaKaRa EpiTaq HS (5 U/uL) (TaKaRa, China)
0.3 puL and ddH,O. The BSP primers were produced using the
MethPrimer program, which is available online at http://www.
urogene.org/methprimer/. Table 1 contains the sequence details.
The following steps were taken in order to execute the BS-PCR:
3 min at 98°C, then 35 cycles of 10 s of denaturation at 98°C, 30 s of
annealing at 55°C, and 30 s of extension at 72°C, with a final extension
at 72°C for 7 min. The PCR products were assembled on the pEASY-
T1 Cloning Vector after being gel purified using the TaKaRa
MiniBEST Agarose Gel DNA Extraction Kit Ver.4.0 (TaKaRa,
China) (TransGen, China). The recombinant plasmid was
transferred into TransI-T1 competent cells (TransGen, China)
according to the manufacturer’s instructions of the pEASY-T1
Cloning Kit (TransGen, China). At least 10 different positive clones
of each subject were randomly selected for sequencing. The final
sequence results were processed by online BiQ-Analyzer (https://big-
analyzer.bioinf.mpi-inf.mpg.de/ ).

2.6 In vitro methylation modification and
dual luciferase reporter assay

The dual luciferase reporter assay was used to verify the effect of
DNA methylation modification on the gene expression. The DMR
from the promoter region was amplified with different length to
explore the effect of different promoter fragments on gene expression.
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Primer 5 was used to design specific primers (Table 1). The 12.5 uL
2xTaq PCR Mix, 2uL of DNA Template, 0.5uL of a particular
forward/reverse primer, and 25uL of ddH,O made up the PCR
reaction system. The following steps were used to carry out the
PCR: 5 min at 94°C, then 34 cycles of 30 s of denaturation at 94°C,
30 s of annealing at 55°C, and 1 min of extension at 72°C, with a final
extension lasting 7 min at 72°C. The qualified target fragments were
then retrieved after the 1% agarose gel electrophoresis was used to
confirm the PCR results. The construction of dual luciferase reporter
recombinant plasmid was constructed as follows: First of all, the
restriction enzymes Hind III and Kpn I were used to double digest the
target fragment and the empty pGL3-basic vector. Then, the
recovered and purified vector and the target fragment were ligated
at a molar ratio of 1:10 using T4 DNA ligase overnight at 16 °C to
obtain recombinant plasmids. The recombinant plasmids were
transferred into TransI-T1 competent cells according to the
previous method, and then the positive clones were selected and
sequenced. The competent cells were cultivated overnight to amplify
the recombinant plasmid verified by sequencing, and then extract the
endotoxin-free recombinant plasmid according to the manufacturer’s
instructions of Endo-free Plasmid Mini Kit IIlOMEGA, China).

CpG methyltransferase (M.Sss I) was used to modify recombinant
plasmids methylation in vitro. M.Sss I can specifically mimic the
modification mode of higher eukaryotic genomes, which will
specifically modify the “CG” site on double-stranded DNA with the
help of S-adenosylmethionine (SAM). The reaction system was as
follows: 1 pg recombinant plasmid, 1 uL M.Sss I methylase, 2 uL
SAM (1600 uM), 2 pL 10xNEBuffer 2 and added with Nuclease-free
water for a final volume of 20 pL. Then, the reaction system was
incubated at 37 °C for 1 h and terminated at 65 °C for 20 min. The Hpa
IT restriction endonuclease was used to verify the in vitro methylation
modification of recombinant plasmid. The Hpa II can cut the
unmethylated CG site, and the in vitro methylation modification of
recombinant plasmid can be identified according to whether the
digested product produces fragments of different lengths. The reaction
system was as follows: 1 UL Hpa II, 1 ug recombinant plasmids with
methylation modification, 5 UL 10xNEBuffer and added with ddH,O for
a final volume of 50 uL. Then, the restriction enzyme reaction system
was incubated at 37 °C for 15 min and terminated at 80 °C for 20 min.
The results of methylation modification in vitro were verified by 1%
agarose gel electrophoresis.

In vitro, the recombinant plasmids methylation was transfected
into HEK293 cells according to the instructions of the manufacturer
of the Lipo6000"" Transfection Reagent (Beyotime, China). The
pRL-TK plasmid was used as an internal reference plasmid. The
recombinant plasmids methylation and pRL-TK plasmid were co-
transfected into HEK293T cells and cultured for 48h to detect the
fluorescence activity. At the same time, the unmethylated
recombinant plasmid was co-transfected with pRL-TK plasmid as
a control, and the pGL3-basic empty vector was co-transfected with
pRL-TK plasmid as a negative control, with 3 replicates in each
group. According to the instructions provided by the manufacturer
of the Dual-LumiTM II Luciferase Reporter Gene Assay Kit, Renilla
luciferase and firefly luciferase activity were found in the cell
lysate (Beyotime, China). The activity of renilla luciferase was
used to standardize the activity of firefly luciferase in
individual transfections.
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TABLE 1 List of the primers used in this manuscript.

Gene name Primer name Primer sequence (5" - 3)
Csarl-Like-qRT-F TCGTGGGATTCTTCCTCCCT qPCR
Csarl-Like
C5arl-Like-qRT-R GGAAGTCCAAGACGTGCAGA
EPX-Like-qRT-F ACCAGAACCACTACAGCACG
EPX-Like
EPX-Like-qRT-R TTCAGCCGGAGAAGTGTGTC
Smp-actin Smp-actin-qRT-F AATGAGCTGAGAGTTGCCCC
Smp-actin-qRT-R AGCTTGGATGGCAACGTACA
C5arl-Like C5arl-Like-BSP-F ATTTTAATTTATAGGTTTAGTGGT Bisulfite sequencing PCR
C5arl-Like-BSP-R CAAATAAATATTATAAACAAATTATAAAC
EPX-Like EPX-Like-BSP-F GTGTTTTTGTAAATTTTTTTAAAAA
EPX-Like-BSP-R AAATTTCCTTTAACACAAAAAAAA
Cb5arl-Like C5arl-Like-F1 CGGGGTACCGAGTTTATATTTGGGA Dual luciferase report assay
C5arl-Like-R1 CCCAAGCTTCTTACAGGCTCAGTGG
Csarl-Like-F2 CGGGGTACCGTTGTAAGCAGGTTGTAG
Csarl-Like-R2 CCCAAGCTTTATTTCAACTTACAGGCT
EPX-Like EPX-Like-F1 CGGGGTACCGCCATAAGCACAAGAAAACTCCC
EPX-Like-R1 CCCAAGCTTTGTCCCTGTAAACCCCCCCAAAA
EPX-Like-F2 CGGGGTACCTCAAAATGTAAGAAACTGCT
EPX-Like-R2 CCCAAGCTTGAAAATCTCATTACCAGTGT
EPX-Like-F3 CGGGGTACCCTTCACCTGGACAACCCT
EPX-Like-R3 CCCAAGCTTAAATCTCATTACCAGTGT
pGL3-basic RVP3 CTAGCAAAATAGGCTGTCCC
GLP2 CTTTATGTTTTTGGCGTCTTCCA
SmC5arl-Like-F CGTGTGCGTCCGGGACGGGCGAAGTATAAAAACTCACCGAAAAGCAGAAGAGCTCCATAACTTCCAGCGAGCGGTGAGGACACAACGTTGACCG DNA pull down
SmC5arl-Like-R CGGTCAACGTTGTGTCCTCACCGCTCGCTGGAAGTTATGGAGCTCTTCTGCTTTTCGGTGAGTTTTTATACTTCGCCCGTCCCGGACGCACACG
met-SmC5arl-Like methylation probes CGTGTGCGTCCGGGACGGGCGAAGTATAAAAACTCACCGAAAAGCAGAAGAGCTCCATAACTTCCAGCGAGCGGTGAGGACACAACGTTGACCG
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2.7 DNA pull down and mass spectrometry

The protein potentially binds to the DNA probe of DMR was
identified by the DNA pull down technology. Using DMR of C5arI-
Like gene as the target sequence, the primers were designed to
synthesize specific probes (control group, SmCb5arl-Like) and
methylation probes (experimental group, met-SmC5arl-Like)
respectively, and labeled with biotin (Table 1). A 500 pL system
comprised of 200 pmol biotin-labeled DNA, nucleic acid incubation
buffer, and beaver magnetic beads was incubated for 1 hour at room
temperature to create a DNA-magnetic bead combination. DNA-
magnetic bead complex was magnetically separated after being rinsed
twice with pre-cooled nucleic acid incubation buffer and protein
incubation buffer. The HEK293 cell protein extract and the protein
incubation buffer were formed into a 500 pL system and then
incubated with DNA-magnetic bead complex at 4 °C overnight to
form a protein-DNA-magnetic bead complex. The protein-DNA-
magnetic bead complex was centrifuged and rinsed with pre-cooled
protein incubation buffer. The precipitate added100 pL of protein
elution buffer. Then, the mixture was heated for 5 min in a 95°C water
bath and centrifuged at 12000 rpm for 15min. Supernatant was taken
for WB and MS analysis.

The protein solution of met-SmC>5arl-Like experimental group
and SmC5arl-Like control group were subjected to MS respectively
to screen the differential proteins, after which the different proteins
in the experimental group was selected. The gel was chopped and
decolorized with a decolorizing solution (50mM NH4HCO3 and
ACN (1:1)), and was dehydrated by adding acetonitrile and vacuum
dried. The proteins were then alkylated by 55 mM IAM in the
darkroom for 1 hour after being reduced with DTT at 37°C for 1
hour. After dehydration, 0.01 pg/uL Trypsin was added and the
mixture was reacted at 37 °C overnight and centrifuged to collect
the supernatant of the enzymatic hydrolysis. The remaining
micelles were added to acetonitrile and vortexed for 5 min, and
centrifuged to collect the supernatant of the enzymatic hydrolysis.
In addition, 0.1% FA was added to the remaining micelles and
collected the supernatant of the enzyme hydrolysis. All
supernatants were collected in the same centrifugal tube for
vacuum lyophilization and stored at -20°C.The mobile phase A
liquid (100% mass spectrometry water, 0.1% formic acid) and B
liquid (80% acetonitrile, 0.1% formic acid) were prepared,
respectively. The lyophilized powder were dissolved in 10 pL of A
liquid, and centrifuged at 14000 g for 20 min at 4 °C. Then, 1 ug of
the supernatant was collected for liquid quality detection. Data

TABLE 2 The summary of sample data quality.

10.3389/fimmu.2023.1124322

acquisition occurred by MS. The MS1 scans were acquired over a
range of 300-1500 m/z at a resolution of 120 000 at m/z 200, with
an automated gain control (AGC) target of 2x10°, and a maximum
ion injection time of 50 ms. The precursor ions were fragmented
using the high energy collision cracking (HCD) method, and then
detected by the secondary mass spectrometry. The MS2 precursors
was set to 15000 (200 m/z) with the AGC of 5x10* and the
maximum ion injection time of 45 ms. Precursors were
fragmented by high-energy collision dissociation at a collision
energy of 30% to generate the original data of the MS detection.

3 Result

3.1 Analysis of transcriptome
sequencing results

Transcriptome sequencing was performed on the samples of the
AsVSm group and the NVSm group to explore the impact of the
inactivated vaccine of A. salmonicida on the immunity of turbot.
The raw reads of the AsVSm group and NVSm group samples were
filtered to obtain a total of 32.26G and 28.42G of clean reads,
respectively (Table 2). Sequencing error rate distribution check
results reflected that the quality of sequencing data meets the
requirements of subsequent analysis. The clean reads were aligned
to the reference genome, and the results were shown in Table 3.
More than 91.11% of the clean reads were aligned to the reference
genome in all 6 samples, and the unique alignment rate was between
88.62% and 89.2%. It shows that the tested species was consistent
with the reference genome, the sequencing results were very
accurate and credible. The gene expression level was compared to
screen the DEGs after quantitative analysis of the gene expression
level of the AsVSm group and NVSm group samples. A total of
14,995 differential genes were screened, including 14,432 genes
shared by the AsVSm group and the NVSm group, as well as 317
unique genes of the AsVSm group and 246 unique genes of the
NVSm group (Figure 1A). Then, using |log2 (FoldChange)|> 0 &
padj <0.05 as the screening threshold, 386 significantly DEGs were
screened, including 194 genes with up-regulation and 192 genes
with down-regulation (AsVSm vs NVSm) (Figure 1B). The cluster
analysis was carried out by taking the union of significantly DEGs of
each comparison group, and the results were shown in Figure 1C.
The gene expression patterns between biologically duplicated
samples were very similar, while the expression patterns of DEGs

Sample Raw_reads Clean_reads Clean_bases Error_rate(%) Q30(%) GC_pct(%)
NVSm_1 52550964 51640142 7.75G 0.02 94.99 50.3
NVSm_2 78598000 77295498 11.59G 0.02 95.17 51.08
NVSm_3 61550178 60511312 9.08G 0.02 94.69 49.46
AsVSm_1 69415734 68532074 10.28G 0.02 94.72 50.74
AsVSm_2 72174578 71086780 10.66G 0.02 95.21 50.73
AsVSm_3 76623394 75498176 11.32G 0.02 95.08 50.69
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TABLE 3 The statistics of comparison samples and reference genomes.

total_reads 51640142 ‘ 77295498 60511312 68532074 71086780 75498176
total_map 47135061 (91.28%) ‘ 70962598 (91.81%) 55134031 (91.11%) 62631841 (91.39%) 65200633 (91.72%) 69181075 (91.63%)
unique_map 45814685 (88.72%) ‘ 68945071 (89.2%) 53651116 (88.66%) 60736194 (88.62%) 63292839 (89.04%) 67204082 (89.01%)

between the AsVSm group and NVSm group showed  of immune-related signaling pathways and the regulation of immune

significant differences. response. The results of KEGG enrichment showed that DEGs were
In order to discover the functions of DEGs and the interaction  significantly enriched in a number of immune-related signaling

mechanism between DEGs, the functional enrichment analysis was  pathways, such as the TGF-beta signaling pathway, Toll-like receptor

carried out. The GO enrichment analysis showed that in terms of  signaling pathway, NOD-like receptor signaling pathway and C-type

biological process, DEGs were significantly enriched in negative  lectin receptor signaling pathway (Figure 1E). To sum up, the result of

regulation of signal transduction, negative regulation of response to  functional enrichment analysis suggested that after immunization with

stimulus, immune response and immune system process. In terms of  inactivated vaccine of A. salmonicida, lots of the DEGs were enriched in

cellular component, DEGs were significantly enriched in extracellular  a variety of immune-related signaling pathways.

region, transmembrane transporter complex and integral component of

plasma membrane. In terms of molecular function, DEGs were

significantly enriched in NAD* ADP-ribosyltransferase activity, =~ 3.2 Analysis of whole genome

transferase activity, transferring pentosyl groups, phosphofructokinase  bisulfite seq uencing

activity and carbohydrate kinase activity (Figure 1D). These results

showed that the genes involved in immune response and signal The inactivated vaccine of A. salmonicida was injected into turbot

transduction were enriched in turbot after immunization with  to induce the changes of methylation pattern, which were investigated

inactivated vaccine of A. salmonicida, which promoted the activation ~ by WGBS technology. The raw data of each sequenced sample was
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FIGURE 1

Screening of differential genes by transcriptome sequencing. (A) Venn diagram showed differential gene in the comparison of AsVSm and NVSm. (B) The bar
chart showed statistics of the number of significantly DEGs. (C) Clustering heat map of significantly DEGs. The abscissa represents the sample name, and the
ordinate represents the value of fpkm after homogenization. Red means high expression and green means low expression. (D) GO enrichment analysis of
significantly DEGs. (E) Scatter plot of KEGG enrichment. The most significantly enriched top 20 pathways of significantly DEGs in AsVSm vs NVSm.
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120 million. After sequencing and quality control, the average clean
ratio (clean reads/raw reads) in the AsVSm and NVSm samples was
97.48% and 97.24%, respectively. The Q30 value of each sequenced
sample was higher than 89.61%, indicating that the sequencing result
was credible and subsequent bioinformatics analysis could be carried
out. BS Conversion Rate measures the success rate of bisulfite
treatment of samples, and the results show that the conversion rate
of each sample is above 99.7% (Table 4). The clean reads of six
samples (AsVSm1-3, NVSm1-3) were compared to the reference
genome (Table 5), and the unique mapping ratio were between
77.79% and 80.15%, and the duplication rates were below 17.96%,
indicating that the sequencing has high quality and reliability. At the
genome-wide level, the proportion of methylated C sites (mC) in
different sequence environments (CG, CHG, CHH) was less different
in both the AsVSm group and NVSm group, in which the average
percentage of mC, mCG, mCHG and mCHH were 11.33%, 85.63%,
0.16% and 0.15% in NVSm group and were 11.07%, 85.67%, 0.20%,
0.17% in AsVSm group, respectively. (Table 6). Besides, the

TABLE 4 Output Data quality of WGBS.

10.3389/fimmu.2023.1124322

proportion of methylated C sites (mCG) in the mC sequence
environment, which the average percentage of mCG was 98.54% in
NVSm group and 98.76% in AsVSm group, was also the highest
among the four sequence environments. (Table 7). These results
showed that the methylation in turbot kidney tissue was mainly
concentrated in the CG sequence environment, and more than 85.5%
of the CG in genome-wide level and more than 98.5% of the CG in
mC sequence environment was modified by methylation.

The distribution of methylation levels in the upstream and
downstream of regions was shown in Figure 2A. The highest
average methylation level was shown in the CG sequence
environment. In detail, the upstream2k regions were down-
methylated compared to the of gene body regions, in which the
methylation level gradually declined to a minimum at the
transcription start site (TSS). Although the levels of CHG and CHH
methylation were low in genome-wide level, the CHG and CHH
methylation levels similar to mCG with consistent trends. Heat map
analysis were used for more specific location analysis of the mCG

Sample name Raw Reads Clean Reads Q30(%) GC Content(%) BS Conversion Rate(%)
NVSm_1 120000000 116381500 89.61 24.13 99.739
NVSm_2 120000000 116928214 90.1 235 99.755
NVSm_3 120000000 116755983 89.65 23.68 99.768
AsVSm_1 120000000 116236185 90.96 23.78 99.729
AsVSm_2 120000000 117169760 91.46 23.69 99.731
AsVSm_3 120000000 117543645 91.64 23.94 99.743

TABLE 5 Ratio of reads to the reference genome in WGBS.

Samples Total reads Mapped reads Mapping rate(%) Duplication rate(%)
NVSm_1 116381500 90533168 77.79 14.7

NVSm_2 116928214 91964040 78.65 10

NVSm_3 116755983 91373232 78.26 10.78
AsVSm_1 116236185 92128800 79.26 14.39
AsVSm_2 117169760 92610978 79.04 114
AsVSm_3 117543645 94211231 80.15 17.96

TABLE 6 Genome-wide methylation level.

Samples mC percent(%) mCpG percent(%) mCHG percent(%) mCHH percent(%)
NVSml 11.05% 85.71% 0.17% 0.15%
NVSm2 11.01% 85.5% 0.15% 0.14%
NVSm3 11.04% 85.68% 0.16% 0.15%
AsVSml 11.05% 85.64% 0.17% 0.16%
AsVSm2 11.08% 85.69% 0.21% 0.18%
AsVSm3 11.07% 85.68% 0.21% 0.18%
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TABLE 7 The number and percentage distribution of mC.

10.3389/fimmu.2023.1124322

Samples mC Quantity and Ratio mCG Quantity and Ratio mCHG Quantity and Ratio mCHH Quantity and Ratio
AsVSml 24553255(100%) 24227051(98.67%) 87507(0.35%) 238697(0.97%)
AsVSm2 24618989(100%) 24241083(98.46%) 105825(0.42%) 272081(1.1%)
AsVSm3 24607157(100%) 24239064(98.5%) 103954(0.42%) 264139(1.07%)
NVSml1 24557640(100%) 24246585(98.73%) 83991(0.34%) 227064(0.92%)
NVSm2 24479029(100%) 24187260(98.8%) 78507(0.32%) 213262(0.87%)
NVSm3 24541005(100%) 24238210(98.76%) 81627(0.33%) 221168(0.9%)

sequence environment (Figure 2B). The result showed that CG
methylation levels were lowest in the regions of promoter and
5’UTR around TSS, which are similar results as for Figure 2A.

DSS software was used to identify differentially methylated
domains. A total of 8,149 DMRs were obtained in in the AsVSm
and NVSm groups, including 4,377 hypermethylated domains
(AsVSm/NVSm) and 3,772 hypomethylated domains (AsVSm/
NVSm). The promoter is a DNA sequence that RNA polymerase
recognized, bound and transcribed, which is generally located
upstream of the TSS. Therefore, the analysis of the DMRs in the
promoter region is very important to explore the regulation of DNA
methylation on gene expression. The statistics of DMRs related genes
anchored in the promoter regions were performed, and the results
were shown in Figure 2C. The DMRs in the promoter region mainly
exist in the environment of CG sequence, and among them, there
were 665 DMGs that were unique in CG sequence. This phenomenon

indicated that in the promoter region, the occurrence of DNA
methylation was mainly concentrated in the environment of the CG
sequence. Heat map analysis showed the differences between DMGs
among different groups (Figure 2D). In the CG sequence
environment, the DMR methylation levels of the AsVSm group and
the NVSm group were significantly different. In the CHG and CHH
sequence environment, although the comparison between the AsVSm
group and the NVSm group showed significant differences in some
regions, due to the low overall methylation level, we mainly focused
on the CG sequence environment for subsequent analysis.

GO and KEGG enrichment analysis of DMRs were carried out.
The DMGs were most significantly enriched in biological processes,
including immune system process and regulation of Wnt signaling
(Figure 2E). Besides, The DMRs were significant enriched in the
immune-related signaling pathways, such as MAPK signaling
pathway, Wnt pathway, Focal adhesion, Adhesion junction
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(Figure 2F). The analysis results confirmed that turbot immunized
with inactivated vaccine changed the function of many immune
related genes by altering methylation level, which might played a
role in the immune process by affecting the gene expression level.

3.3 Association analysis between WGBS and
transcriptome sequencing

The expression level of DEGs was divided into four levels: none,
low, medium, and high, and their corresponding methylation level in
the CG sequence environment was calculated. The results showed
that DEGs in the AsVSm group and the NVSm group had similar
DNA methylation patterns. In the environment of CG sequence, there
was a significant negative correlation between the methylation level
and the expression level of DEGs, and the negative regulatory was
more significant with the closer distance to the TSS site (Figure 3A).
In a word, the expression of hypomethylated genes was increased and
the expression of hypermethylated genes was decreased. The results of
combined analysis of DMGs and DEGs were shown in Figure 3B.
There were a total of 42 negative regulatory genes located in the gene
body region, in which 9 genes were hypermethylated with down-
regulated expression, 33 genes were hypomethylated with up-
regulated expression. And there were a total of 9 negative
regulatory genes located in the promoter region, in which 2 genes
were hypermethylated with down-regulated expression, and 7 genes
were hypomethylated with up-regulated expression. We focused on
the overlapping genes in the promoter region for GO enrichment
analysis, the results were shown in Figure 3C. The hypermethylated
genes with lower expression were mainly enriched in terms related to
transport and localization in biological processes, membrane part in
cellular components, and enzymatic activity in molecular functions.
The hypomethylated genes with higher expression were mainly
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Regulation of methylation modification on gene expression level. (A) Distribution of gene expression level and methylation level in CG sequence
environments. (B) Statistics of overlapping genes between DMGs and DEGs. (C) GO enrichment analysis of overlapping gene in promoter region CG
sequence environment. (D) Significantly enriched pathway statistics for methylation negatively regulated genes.
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enriched in terms related to cell death in biological processes,
organelles in cellular components, and transmembrane transport in
molecular functions. Besides, GO enrichment analysis found that
there were only 5 hypomethylation-high expression genes in the
promoter region, including Eosinophil peroxidase-like (EPX-Like),
Angiopoietin-related protein 5-like, C5a anaphylatoxin chemotactic
receptor 1-like (C5arI-Like), Arginase-2 mitochondrial, Hypothetical
protein. KEGG enrichment analysis showed that hypermethylated
genes with lower expression and hypomethylated genes with higher
expression were significantly enriched in different signaling pathways
(Figure 3D). In particular, many hypomethylated genes with higher
expression were enriched in immune-related pathways, such as TGF-
beta signaling pathway, MAPK signaling pathway and NOD-like
receptor signaling pathway. Therefore, further study will focus on
hypomethylated genes with higher expression to study their immune
regulatory mechanisms.

3.4 DNA methylation negatively regulates
gene expression

According to combined analysis, we selected two immune-related
genes, C5arl-Like and EPX-Like, with lower methylation in the
promoter region and higher expression level as candidate genes to
verify the reliability of WGBS result and transcriptomic results. Real-
time PCR was used to detect the relative expression levels of C5arl-
Like and EPX-Like genes in AsVSm group and NVSm group.
Experimental results showed that the expression level of C5arI-Like
and EPX-Like genes in AsVSm group was significantly higher than
that in NVSm group (P <0.05) (Figure 4A, C). The verification results
proved that the expression level of C5arI-Like and EPX-Like genes
was consistent with the transcriptome sequencing. BSP sequencing
results showed that the average methylation level of the promoter
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regions of the C5arl-Like and EPX-Like genes in the AsVSm group
was significantly lower than that in the NVSm group, indicating that
the BSP sequencing results were consistent with the WGBS
sequencing results (Figure 4B, D). Methylation and expression level
verification experiments demonstrated that the expression level of
C5arl-Like and EPX-Like genes was increased, and the methylation
level was decreased after the turbot was injected with the inactivated
vaccine of A. salmonicida.

3.5 The mechanism of DNA methylation
inhibited immune-related gene expression

We constructed a series of dual luciferase reporter gene
recombinant plasmids (pGL3-C5arl-Likel, pGL3-C5arl-Like2 and
pGL3-EPX-Likel, pGL3-EPX-Like2, pGL3-EPX-Like3) around the
DMR in the promoter regions of C5arI-Like and EPX-Like genes to
perform methylation modification in vitro (Figure 5A). The results of
the dual luciferase report experiment showed that the effects of C5ar1-
Like and EPX-Like promoter methylation on gene expression were
similar to the above results (Figure 5B,C). One side, compared with
the pGL3-basic empty vector (Control), the relative luciferase activity
of the unmethylated recombinant plasmid (Unmethylation
treatment) was significantly increased, proving that the
recombinant promoter sequence has transcriptional activity. Other
side, compared with the unmethylated recombinant plasmid, the
relative luciferase activity of the methylated recombinant plasmid
(Methylation treatment) was significantly reduced. In detail, the
transcriptional activity of C5arl-like2 was lower than that of C5ar1-
likel, but the same trend was observed in Cb5arl-likel and C5arl-
like2, which indicates that methylation could effectively inhibit the
transcriptional activity of both. Similarly, the transcriptional activity
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of EPX-Like2 was lower than that of EPX-Like2, but the same trend
was observed in EPX-Likel and EPX-Like2, which indicates that
methylation could also effectively inhibit the transcriptional activity of
both. In particular, no significant changes in luciferase activity of
EPX-Like3 promoter were observed in unmethylation treatment
group compared with control group, indicating EPX-Like3
transcription inactivation. Therefore, there was also no significant
change in fluorescence activity of EPX-Like3 promoter in methylation
treatment group compared with control group. These results showed
that the transcriptional activity of EPX-Like3 promoter were not
impacted by the methylated modification because of EPX-Like3
transcription inactivation. According to the experimental results, we
speculated that the DNA methylation directly modified the promoter
of C5arl-Like and EPX-Like genes and inhibited the transcriptional
activity of the promoters, thereby inhibited the expression of genes.
The interaction proteins with the probes of met-SmC5arl-Like
and the SmC5ar1-Like were screened by DNA pull down. The nuclear
protein of HEK293T cells was extracted for sodium dodecyl sulfate
Polycrylamide gel electrophoresis (SDS-PAGE) (Figure 5D) and DNA
pull down (Figure 5E). Then, the interacting proteins with the met-
SmCb5arl-Like and the SmC5arl-Like were verified by WB. The silver
staining results of enriched proteins showed that there were obvious
different bands between the met-SmC5arl-Like and the SmC5arl-
Like, which indicated that the interacting proteins with the met-
SmC5arl-Like had obvious changes compared with the SmC5arl-
Like (Figure 5E). Then, all ofthe interacting proteins with the met-
SmC5arl-Like and the SmC5arl-Like were identified by MS. Using
Homo sapiens database as a reference database, and the Proteome
Discoverer 2.4 software was used to retrieve the database to determine
the properties of interacting proteins. MS results showed that a total
of 1,097 interacting proteins were identified, including 911 common
interacting proteins, 159 the met-SmC5arl-Like specific binding
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proteins and 27 the SmCb5arl-Like specific binding proteins
(Figure 5F). The relevant information of met-SmC5arl-Like and
SmC5arl-Like specific binding proteins can be found in the
Supplementary Table S1 and Supplementary Table S2, respectively.
The result indicated that DNA methylation effected binding of the
interaction proteins to the promoter region of SmCb5arl-Like and
further influenced the gene expression and immune responses.

4 Discussion

DNA methylation was generally considered to have a regulatory
effect on gene expression. Therefore, the combined analysis of WGBS
and transcriptome sequencing has been widely conducted in the
related research of mammal (18, 19). Besides, this combined
analysis also has been widely reported in aquatic animals. In
growth and development, RNA-seq and WGBS sequencing results
association analysis was conducted in common carp, and the results
showed that the expression levels of PUFA-related genes in muscle
tissue were significantly correlated with their methylation status (20).
However, this research model has hardly been applied in the immune
response of turbot. In this study, the combined analysis of WGBS and
transcriptome sequencing was used for the first time to explore the
DNA methylation pattern and gene expression pattern of in kidney
tissue of control and inactivated vaccine-infected turbot. We found no
significant changes in the genome-wide DNA methylation pattern in
the kidney tissue of turbot after immunization with inactivated
vaccine of A. salmonicida. However, analysis of the WGBS results
revealed a total of 4,377 hypermethylated domains and 3,772
hypomethylated domains in the AsVSm group. This phenomenon
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reflected that the change of DNA methylation pattern of AsVSm
group samples was not the change of overall DNA methylation level,
but the change of DNA methylation level of a large number of genes.
In general, DNA methylation was thought to occur universally in
vertebrates, and CG sites were hypermethylated in genome-wide, also
in turbot. DNA methylation was rare in the context of CHG and CHH
sequences and was only present in some specialized tissues, such as
the brain and embryonic stem cells (21, 22), speculating that CHG
and CHH methylation patterns may play a role in special tissues. Our
data showed that in the AsVSm group and the NVSm group,
methylated C sites accounted for about 11% of the total C sites,
mCG accounted for about 98% of the total methylated C sites, and
mCG accounted for about 85% of the total CG sites. Combined with
the results of gene methylation level distribution, it was not difficult to
find that mCG was mainly distributed in the genebody and its
downstream 2K region, and the methylation level was low in the
promoter region, especially in the region near the TSS. Obviously,
most of the CG sites near TSS were not methylated. This situation
might be due to the distribution of many CpG islands (CGI) with high
CpG sequence density in the promoter region. According to statistics,
about 70% of vertebrate annotated gene promoters are related to CGI
(23, 24) and CG sites in CGI are generally in a non-methylated state,
while CG sites located outside CGI are more easily modified by
methylation, so the methylation level of promoter regions was
significantly lower than that of other gene functional elements (25).
When CGI undergo methylation modification, the methylation level
of promoter region changes and generally accompanied by the
inhibition of gene transcription, resulting in gene silencing (26, 27).
The distribution of upstream and downstream methylation levels of
genes indicated high methylation levels in this genomic region, which
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is common in mammalian, especially in aquatic animals, and
negatively regulated the level of gene expression (28, 29). These
results indicated that the spontaneous DNA methylation pattern in
turbot was similar to other species, indicating that the DNA
methylation patterns among vertebrates are relatively conserved to
a certain extent.

In addition, the injection of inactivated vaccine of A. salmonicida
changed the methylation level of several genes in turbot kidney tissue. It
was found from the WGBS results that many DMGs were significantly
enriched in multiple immune-related pathways, such as MAPK
signaling pathway, Wnt signaling pathway. Among them, MAPK
signaling pathway plays a key role in apoptosis and the interaction
between bacteria and host in cancer and immune system (29, 30). At the
same time, a large number of immune-related DEGs were screened and
analyzed from the transcriptome sequencing results. Multiple immune
related DEGs, such as Toll-like receptor 7 (TLR7), transcription factor
activator protein 1 (AP-1), Signal transducer and activator of
transcription (STAT), Tumor necrosis factor receptor superfamily
member 5 (TNFSF5), Mitogen-activated protein kinase 14A
(MAPKI14A) and Anthrax toxin receptor 1 (Antxrl), were
significantly enriched in multiple immune-related pathways, including
the two most significant pathways, Toll-like receptor signaling pathway
and NOD-like receptor signaling pathway. Toll-like receptor (TLR)
family was an important pathogen-related molecular pattern
recognition receptor, which could activate downstream NF-xB and
mediated the expression of transcription factor AP-1 to induce the
expression of inflammatory cytokines such as tumor necrosis factor,
interleukins, and interferon, triggering inflammatory response and
playing an important role in immune response (31-33). NOD-like
receptor family could recognized pathogen-mediated damage signals
and activated NF-kB and MAPK signaling pathways to participate in
inflammatory and immune responses (34). In general, after
immunization with inactivated vaccine, the changes of methylation
level modified expression level of immune-related genes, and finally
triggered the immune response in turbot.

Specific relationships between inactivated vaccines-mediated DNA
methylation and immune responses were demonstrated by combined
analysis of WGBS and RNA-seq. Two immune-related negative
regulatory genes, C5arl-Like and EPX-Like, were screened from the
immune-related genes in the combined analysis of DMRs-DEGs. C5a
anaphylatoxin as a potent soluble mediator triggered chemotactic
inflammation and the innate immune response via effecting
inflammatory cell chemotaxis, chemokine release, phagocytosis as well
as recruiting neutrophils and macrophages (35, 36). As a specific
receptor of C5a, C5ar could cause pro-inflammatory activation after
specific binding with C5a in grass carp and zebrafish (37, 38). Studies
have shown that in the vaccinated rainbow trout, the expression of C5ar
gene was up-regulated and enhance the binding of C5ar to Cb5a,
inducing chemotactic response in granulocytes and immune response
in response to Yersinia ruckeri (39). Eosinophil peroxidase (EPX) as a
major cationic protein found in immune cell of human and mouse was
highly conserved (40). In fish, EPX has been reported that was a vital
component of the immune system of starry flounder (Platichthys
stellatus), showing significant antibacterial and antiviral activity
against Streptococcus parauberis and viral haemorrhagic septicaemia
virus infection (41). In this study, the methylation level of C5arI-Like
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gene and EPX-Like gene in the AsVSm group were significantly lower
than that in the NVSm group, and the expression level in the AsVSm
group was significantly higher than that in the NVSm group. Therefore,
we inferred that DNA methylation was very likely to negatively regulate
the expression of the C5aRI-Like and EPX-Like gene. In order to
accurately verify the methylation modification site in the promoter
region of the C5aRI-Like and EPX-Like gene, the dual-luciferase
reporter assay was conducted. The results showed that methylation
modification significantly inhibited the fluorescent activity of C5aRI-
Like and EPX-Like in the promoter region. Meanwhile, the methylation
modification of the EPX-like promoter region significantly reduced its
expression level. These finding confirmed that DNA methylation
directly modified the promoter of C5arl-Like and EPX-Like genes and
might inhibit the transcriptional activity of the promoters, thereby
inhibited the expression of genes.

In order to prove that DNA methylation modification regulated
gene expression by affecting transcription factor binding, the
differential binding proteins of C5arl-Like gene promoter were
identified and screened by DNA pull down and MS. We found that
compared with met-SmC5arl-Like, SmCb5arl-Like has 27 unique
interacting proteins, indicating that these proteins were unable to
bind to the C5arl-Like promoter after DNA methylation
modification. These specific binding transcription factors included
transcription-related transcription factors, translation-related
transcription factors, signaling-related transcription factors, and also
included some immune-related transcription factors such as eukaryotic
translation initiation factor 2B (eIF-2B), talin-1 (TLN1),
immunoglobulin heavy constant mu (IGHM). Among them, eIF-2B
could affect the initiation phase of mRNA translation and was essential
for modulating white matter disease in zebrafish (42). TLN1 could
induce heart disease via suppressing the PI3K/AKT signaling pathway
in zebrafish (43). The overexpression of IGHM could activate the
immune response during bacterial and parasite infection in Labrus
bergylta (44). The absence of these transcription factors greatly affected
the immune response. Therefore, DNA methylation effected binding of
transcription factors to the gene promoter regions and further
influenced the transcription factors to regulate immune response.

In conclusion, a number of DNA methylation and the gene
expression in turbot kidney tissue was changed after vaccination
with inactivated vaccine of A. salmonicida. In addition, the result of
dual luciferase reporting experiment and DNA pull down confirmed
that DNA methylation modification in gene promoter region can
affect gene expression via inhibiting the binding of transcription
factors with gene promoter region. Our results reveal that inactivated
vaccine affected the level of DNA methylation and gene expression in
turbot kidney tissue, which explored the potential application of DNA
methylation in turbot resistance breeding, and provided a new idea
for genetic improvement of turbot.
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protein 5b of Trachinotus
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motif play a critical role in host
antibacterial immune responses
via NF-xB pathway
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Introduction: Insulin-like growth factor binding protein 5 (IGFBP5) exerts an
essential biological role in many processes, including apoptosis, cellular
differentiation, growth, and immune responses. However, compared to
mammalians, our knowledge of IGFBP5 in teleosts remains limited.

Methods: In this study, TrolGFBP5b, an IGFBP5 homologue from golden pompano
(Trachinotus ovatus) was identified. Quantitative real-time PCR (qRT-PCR) was
used to check its mRNA expression level in healthy condition and after stimulation.
In vivo overexpression and RNAi knockdown method were performed to evaluate
the antibacterial profile. We constructed a mutant in which HBM was deleted to
better understand the mechanism of its role in antibacterial immunity. Subcellular
localization and nuclear translocation were verified by immunoblotting. Further,
proliferation of head kidney lymphocytes (HKLs) and phagocytic activity of head
kidney macrophages (HKMs) were detected through CCK-8 assay and flow
cytometry. Immunofluorescence microscopy assay (IFA) and dual luciferase
reporter (DLR) assay were used to evaluate the activity in nuclear factor-xB (NF-
«B) pathway.

Results: The TrolGFBP5b mRNA expression level was upregulated after bacterial
stimulation. In vivo, TrolGFBP5b overexpression significantly improved the
antibacterial immunity of fish. In contrast, TrolGFBP5b knockdown significantly
decreased this ability. Subcellular localization results showed that TrolGFBP5b and
TrolGFBP5b-8HBM were both present in the cytoplasm of GPS cells. After
stimulation, TrolGFBP5b-8HBM lost the ability to transfer from the cytoplasm to
the nucleus. In addition, rTrolGFBP5b promoted the proliferation of HKLs and
phagocytosis of HKMs, whereas rTrolGFBP5b-3HBM, suppressed these facilitation
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effects. Moreover, the in vivo antibacterial ability of TrolGFBP5b was suppressed
and the effects of promoting expression of proinflammatory cytokines in immune
tissues were nearly lost after HBM deletion. Furthermore, TrolGFBP5b induced NF-
Kk promoter activity and promoted nuclear translocation of p65, while these
effects were inhibited when the HBM was deleted.

Discussion: Taken together, our results suggest that TrolGFBP5b plays an
important role in golden pompano antibacterial immunity and activation of the
NF -« signalling pathway, providing the first evidence that the HBM of TrolGFBP5b

plays a critical role in these processes in teleosts.

KEYWORDS

IGFBP5, HBM, subcellular localizations, antibacterial immunity, NF-kB pathway

Introduction

The insulin-like growth factor (IGF) system is mainly composed
of IGF-I/1I, IGF receptors, and IGF-binding proteins (IGFBPs) (1).
IGFBPs act as IGF carriers and regulate their biological distribution
(2). The IGF signaling pathway has been proven to be crucial for the
onset and progression of numerous diseases as well as the control of
cellular activities (1, 3). Given the extensive evidence regarding the
significance of IGF, the IGFBP family, which was identified and
designated IGFBP1 to IGFBP6, has attracted much attention in recent
years (4, 5). IGFBP5 belongs to one of the most diverse groups in the
biologically active IGFBP family (6). It was first found in human bone
extracts (7). Since then, IGFBP5 has been cloned from a wide range of
species and has the highest level of sequence similarity among the
IGFBP family (8-10).

In mammals, IGFBP5 plays a variety of functions in cellular
activities and has been reported to be associated with many diseases
(1, 4). Studies found that the expression of IGFBP5 may stimulate
retinal pigment epithelium (RPE) cell fibrosis, leading to the
progression of proliferative vitreoretinopathy (11, 12). It was
discovered that the expression of IGFBP5 was downregulated in
kidney renal papillary renal cell carcinoma patients, could
strengthen tissue regeneration, and had an anti-inflammatory effect
by maintaining immune homeostasis (13-15).

Overall, IGFBP5 remains poorly understood in teleosts compared
with mammals. To date, few studies have focused on the immune
response of the IGF system in fish, and even fewer ones have focused
on the function of IGFBP5. Several IGFBP5 sequences in fine flounder
(Paralichthys adspersus), zebrafish (Danio rerio), grass carp
(Ctenopharyngodon idella), salmon, and rainbow trout (Oncorhynchus
mykiss) have been cloned and characterized (8, 16-19). These studies
mainly focused on the aspects of evolution, function in growth, muscle or
embryonic development, and hormonal regulation (20, 21).

IGFBP5 contains a nuclear localization signal (NLS) in the C-
terminal domain which is suggested to help IGFBP5 translocate to the
nucleus and activate many transcription factors in the nucleus of cells
involved in immune and inflammatory reactions (22, 23). Recently,
many studies have focused on IGFBP5 nuclear trafficking and
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demonstrated that its subcellular compartmentalization affects its
functions—for example, NLS-mutated IGFBP5 is mainly located in
the cytoplasm, and it can enhance proliferation and migration (24).
IGFBP5 induces Egr-1 and binds to each other in the nucleus,
resulting in the promotion of fibrotic gene transcription (25).
Moreover, according to some reports, the NLS domain contains a
heparin-binding motif (HBM; >’ KRKQCK?"") that appears to be key
in determining the various functions of IGFBP5 (26-29).

Vibrio harveyi is the main threat to the large-scale farming of
Trachinotus ovatus, an important commercial fish in China (30, 31).
In the present study, TroIGFBP5b was cloned and identified, and its
different expression patterns were examined. To assess whether HBM
deficiency affects its subcellular location and influences its function,
we generated a mutant containing a truncated form of TroIGFBP5b
in which the HBM motif of the NLS domain was deleted. The findings
provide insight into the mechanisms underlying the immune function
of TroIGFBP5b.

Materials and methods
Fish and cells

T. ovatus (average weight 18.5 g) from Hainan Province was
temporarily reared for 1 week before the experiments. Golden
pompano snout (GPS) cells, kindly provided by Professor Qin, were
cultured in L-15 medium [containing 10% fetal bovine serum (FBS,
Gibco), 100 U/ml penicillin, and 100 U/ml streptomycin] at 26°C
(32). Human embryonic kidney (293T) cells were incubated in
Dulbecco’s modified Eagle’s medium with 10% FBS and incubated
at 37°C (5% CO, incubator).

Pathogenic bacteria and
challenge experiment

V. harveyi that was isolated by our laboratory from golden
pompano was used as the pathogen and cultured in Luria-Bertani

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1126843
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Du et al.

(LB) medium (containing 100 pg/ml ampicillin, Amp) at 30°C (31).
The suspension was diluted to 3 x 10” colony-forming units (CFU)/
ml when the ODgg value reached approximately 0.6. The fish were
intraperitoneally injected with 0.1 ml of the suspension, and the same
volume of phosphate-buffered saline (PBS) was injected as the
control. The liver, spleen, and head kidney were collected at 6, 9,
12, and 24 h post-infection (hpi). Three separate samples were
prepared as well.

Quantitative real-time PCR

Total RNA of tissues and cells was extracted using E.A.N.A. Total
RNA Extraction Kit (OMEGA, USA) and digested with DNase
(OMEGA, USA). ¢cDNAs were synthesized using Eastep® RT
Master Mix Kit (Promega, USA). qRT-PCR was performed to
quantify the target gene mRNA level using SYBR ExScript qRT-
PCR Kit (Promega, China). Beta-2-microglobulin was used as the
housekeeping gene, and data were analyzed by the 2" method

(33). The primers used are listed in Supplementary Table SI.

Gene cloning and analysis

The full open reading frame of the TrolGFBP5b sequence was
amplified with primers TroIGFBP5b-F1/TrolGFBP5b-R1 by using T.
ovatus liver cDNA as the template. The TroIGFBP5b sequence was
blasted at the National Center for Biotechnology Information (NCBI,
http://www.ncbi.nlm.nih.gov/blast). The structural domain was
predicted at SMART online (http://smart.embl-heidelberg.de/). The
three-dimensional (3D) structure prediction of TroIGFBP5b was
carried out on the SWISS-MODEL website, and the visualization of
the predicted protein 3D structure was achieved using PyMOL
software. The phylogenetic tree constructed by MEGA 7.0
employed the neighbor-joining (NJ) method.

Plasmid construction and small interfering
RNA synthesis

The TrolGFBP5b sequence, except for the signal peptide (SP)
domain, was amplified with primer TroIGFBP5b-F2/TrolGFBP5b-R1,
using the pEASY-T-TroIGFBP5b plasmid as a template by PCR, and
named TroIlGFBP5b-ASP. Subsequently, two HBM-deleted mutants
(*"*RKGFFKRKQCKPSRGRKR** to 2'’RKGFFPSRGRKR?*?, delete
220KRKQCK*?) of TrolGFBP5b were amplified with full-length Trol
GFBP5b or TrolGFBP5b-ASP using the primer pairs TrolGFBP5b-F1/Tr
oIGFBP5b-R3 or TroIlGFBP5b-F2/TrolGFBP5b-R3 and TrolGFBP5b-
F3/TrolGFBP5b-R1 by overlap PCR assay and named TrolGFBP5b-AH
BM and TroIGFBP5b-A(HBM+SP), respectively.

To construct a eukaryotic expression vector for overexpressing
IGFBP5 in vivo, TrolGFBP5b and TrolGFBP5b-AHBM were inserted
into the pCN3 vector, which expresses the human cytomegalovirus
immediate-early promoter, at the EcoR V site, resulting in
pTrolGFBP5b and pTrolGFBP5b-AHBM (34). pEGFPX-N3 was
used for subcellular localization and was reformed from the pEGFP-
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N3 vector (35). Recombinant GFP plasmids were constructed by
connecting TrolGFBP5b, TroIGFBP5b-ASP, TrolGFBP5b-AHBM,
and TrolGFBP5b-A(HBM+SP) to pEGFPX-N3 at the Smal site,
resulting in pTroIGFBP5b-WT-N3, pTrolGFBP5b-AHBM-N3,
pTrolGFBP5b-ASP-N3, and pTrolGFBP5b-A(HBM+SP)-N3,
respectively. To obtain biologically active recombinant TroIGFBP5b-
ASP and TroIlGFBP5b-A(HBM+SP) proteins, pET-32a, which could
express a His-tag and a thioredoxin protein (Trx), was used and
linearized at the EcoRV site. All of the above-mentioned positive
constructs were confirmed by colony PCR and sequencing. The
plasmids used in the cell-related experiments, as well as those
injected into the fish body, were endotoxin-free plasmids harvested
using Plasmid Extraction Kit (TransGen, China) according to the
supplier’s instructions.

The siRNA synthesis followed the instructions of RiboMAX ™
Express RNAi System (Promega, USA) as described (36). Briefly, two
pairs of primers, siTroIGFBP5b-P1/siTrolGFBP5b-P2 and
siTrolGFBP5b-P3/siTrolGFBP5b-P4, were designed to obtain two
DNA oligonucleotides after incubation at 95°C for 5 min. The
templates were allowed to cool slowly to room temperature (RT).
Next, these two DNA oligonucleotides were used to separately
synthesize the sense strand RNA or the antisense strand RNA
templates at 37°C for 2 h. Afterwards, the DNA template was
removed from the separate short RNA strands by digestion with
DNase, and then the two RNA strands were mixed to synthesize the
siRNA. Finally, the synthesized siRNA was purified following the
manufacturer’s instructions. The control siRNA (siTroIGFBP5b-C)
was synthesized with siTroIGFBP5b- C-P1/P2 and siTroCCL4-C-P3/
P4 as described above. The primers used in this study are listed in
Supplementary Table SI.

In vivo overexpression and knockdown
of TrolGFBP5b

To evaluate the in vivo role of TrolGFBP5b, the fish were
intramuscularly injected with 15 pg (0.1 ml) overexpression
plasmids (pTroIGFBP5b and pCN3). The knockdown of
TroIlGFBP5b was achieved by an intramuscular injection of 15 ug
siTroIGFBP5b or siTroIGFBP5b-C into the fish. For these
experiments, 0.1 ml PBS was injected as a control. To further study
the function of HBM on bacterial infection in vivo, the pTrolGFBP5b-
AHBM plasmid was also injected into the fish as described above, and
the pTroIGFBP5b, pCN3, and PBS groups were repeated to
compare differences.

In vivo antibacterial ability assay

After the post-injection of overexpressing plasmids for 5 days and
the post-injection of siRNA for 12 h, 0.1 ml of V. harveyi (2 x 107
CFU/ml) suspension was injected into all groups intraperitoneally.
The appropriate size of the liver, spleen, and head kidney tissue blocks
was determined aseptically at 6, 9, and 12 hpi. The weighed tissue
blocks were ground in 300 pl PBS, and 700 ul PBS was added. In total,
100 pl homogenate was spread evenly onto LB plates (containing 100
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png/ml Amp) to measure the bacterial loads of the different tissues.
Finally, the number of colonies per gram was calculated.

Subcellular localization

GPS cells were cultivated to analyze the subcellular localization
of TroIGFBP5b according to the method of Chen et al. (33).
Briefly, before transfection, GPS cells were grown in six-well plates
overnight until reaching 60% confluence. pTrolGFBP5b-WT-N3,
pTrolGFBP5b-AHBM-N3, pTrolGFBP5b-ASP-N3, pTrolGFBP5b-
A(HBM+SP)-N3, and pEGFPX-N3 (4 ug) were transfected into
GPS cells using LipoFiter3.0 (Hanbio, Shanghai, China). At 48 h
post-transfection, the cells were fixed for 15 min with 4% (v/v)
paraformaldehyde at RT. 4',6-Diamidino-2-phenylindole (1 ug/ml)
was used to stain the nuclei for 20 min, and rhodamine B was used to
highlight the whole cell. Finally, the cells were washed with PBS until
the cleaning solution became colorless, and the cells were observed
using an inverted microscope. To monitor the localization of
TrolGFBP5b after stimulation, V. harveyi (1 x 10> CFU/ml) or
lipopolysaccharide (LPS; 100 ng/ml) was added to the transfected
cells (TrolGFBP5b-WT and TrolGFBP5b-AHBM) for 4 h after
transfection for 48 h. The ensuing steps were the same as those
described above.

Protein expression and purification

Recombinant TrolGFBP5b (rTroIGFBP5b), HBM mutant
(rTrolGFBP5b-AHBM), and rTrx were purified as described in a
previous report (33). After exploring the induction conditions, the
optimum induction condition was determined by incubating at 20°C
for 8 h after adding isopropyl -d-1-thiogalactopyranoside (0.5 mM).
After purification by a Ni Sepharose column, PBS was used to dialyze
the recombinant proteins which were concentrated with PEG8000.
The concentration of the purified recombinant protein was measured
by the Bradford method.

Phagocytic activity detection of head kidney
macrophages through flow cytometry

T. ovatus head kidneys were collected and rinsed with PBS three
times aseptically. Density gradient centrifugation was used to obtain
head kidney macrophages (HKMs) from T. ovatus as previously
described with Percoll (GE Healthcare, USA) (37). The isolated
cells were added to a six-well plate (1 x 107 cells/well) containing
L-15 medium for 2 h, and then 100 pl each of 200 pg/ml
rTrolGFBP5b, rTrolGFBP5b-AHBM, and rTrx was infused into
each well; the mixture was incubated at 26°C overnight. Green
fluorescent microspheres (Aladdin, China) were diluted to 1% (w/v)
L-15 (containing 10% FBS) medium and then added to each well at
26°C in the dark for 2 h. Before being subjected to Guava easyCyteTM
Flow Cytometer (Millipore, USA), the cells were washed and
resuspended in L-15 to 1 x 10° cells/ml. The experiment was
performed in triplicate.
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Proliferation detection of head kidney
lymphocytes by CCK-8 assay

T. ovatus head kidneys were collected and rinsed aseptically with
PBS three times. Density gradient centrifugation was used to obtain
head kidney lymphocytes (HKLs) from T. ovatus as previously
described by Percoll (GE Healthcare, USA) (36). The prepared
HKLs resuspended in L-15 medium with 10% FBS were added (90
ul) to a 96-well culture plate (1 x 10° cells/well). Subsequently, 10 pl
of rTrolGFBP5b and rTrolGFBP5b-AHBM (final concentrations of
10, 50, 100, 200, and 300 pg/ml) or rTrx (300 pg/ml) was incubated
for 12 h at 26°C, and PBS was added as a control. As per the
instructions, Cell Counting Kit-8 (CCK8) (Hanbio, Shanghai,
China) was applied to measure the proliferation of HKLs. The
results were calculated as follows: (A4s0 of protein-treated cells —
Ayso of the empty well)/(Ays0 of control cells — Ayso of the empty
well). The empty well contained only medium and CCK-8 solution.
The experiment was repeated in triplicate.

Immunofluorescence microscopy assay

293T cells were transfected with pTroIGFBP5b, pTrolGFBP5b-
AHBM, and pCN3 as described above. The immunofluorescence
microscopy assay was performed as previously described (38). The
primary antibody used was an anti-p65 polyclonal antibody (Bioss,
Beijing, China) at 1/200 dilution.

Western blot assay

GPS cells were transfected with pTroIGFBP5b-WT-N3,
pTrolGFBP5b-AHBM-N3, pTrolGFBP5b-ASP-N3, pTrolGFBP5b-
A(HBM+SP)-N3, or pEGFPX-N3 in 10-cm-diameter culture dishes.
Nuclear and Cytoplasmic Extraction Reagent Kit (Beyotime, Beijing,
China) was used to separately extract nuclear and cytoplasmic
proteins. After protein separation by 15% SDS-PAGE and transfer
to a PVDF membrane (Millipore, Germany), the membrane was
blocked with 5% BSA for 1 h. Then, the membrane was incubated
with anti-EGFP (1/2,000 dilution, Bioss, Beijing, China) at 4°C
overnight. After 10 min of washing with TBST three times, the
secondary antibody (HRP-conjugated goat anti-mouse IgG and 1/
2000 dilution) was added and incubated for 1 h at RT. Anti- tubulin
and anti-Histone H3 (Bioss, Beijing, China) were used as the nuclear
and cytoplasmic internal references, respectively. The experiment was
performed in triplicate.

Dual-luciferase reporter assay

A DLR assay was performed to examine the activation of NF-«B.
GPS and 293T cells (1 x 10° cells/well) were seeded in a 24-well plate.
A total of 0.2 mg of NF-kB-specific firefly luciferase reporter vector,
the pGL4.32 vector (Iuc2P/NF-xB, Promega, USA), 0.05 mg of pRL-
CMV (a control vector), and 0.2 mg of pTrolGFBP5b or
pTrolGFBP5b-AHBM were co-transfected into cells using
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LipoFiter3.0 (Hanbio, Shanghai, China). After transfection for 48 h,
the firefly and Renilla luciferase activities in the cell lysates were

measured using Dual-Luciferase Reporter Assay Kit (Promega, USA).

All experiments were conducted three times independently.

Statistical analysis

All data in this study were statistically processed using GraphPad

Prism (version 8.0.2). Statistically significant differences were
evaluated by the t-test, with the P-value indicated (*P < 0.05, **P

Results

10.3389/fimmu.2023.1126843

Sequence characterization of TrolGFBP5b

TroIGFBP5b is 801 bp in length and encodes 266 amino acids
(a.a.) (NCBI GenBank accession number OP712620). According to
SMART prediction analysis, TroIlGFBP5b is composed of a signal

peptide (SP) (1-20 a.a.), an insulin growth factor-binding (IB)

domain (23-100 a.a.), and a thyroglobulin type I repeat (TY)
domain (210-261 a.a.) (Figure 1A). In addition, TroIGFBP5b
contains a highly conserved HBM (220-226 a.a.) in the NLS

< 0.01). sequence (215-232 a.a.) of the C-terminal domain (Figure 1B). The
Signal Peptide (SP) Insulin growth factor-Binding (IB) domain
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FIGURE 1

Predicted domains, multiple alignments, and phylogenetic tree for TrolGFBP5b amino acid sequence. (A) The domains were predicted by SMART. The red box
was a signal peptide (SP) as detected by the SignalP v4.0 program. (B) The TrolGFBP5b sequence in the background shown in gray was the SP, and the purple
color indicated the heparin-binding motif (HBM) sequence. (C) Multiple sequence alignment analyses of TrolGFBP5b. The consensus and >75% identical residues
were in black and pink among the aligned sequences. The putative SP, insulin growth factor-binding, and thyroglobulin type | repeat regions were marked by the
yellow, green, and red boxes, respectively. The red triangles indicated the 18 conserved cysteine residues. (D) Surface view of the TrolGFBP5b 3D structure. The
N-terminal and C-terminal were marked with green and blue colors, respectively, and the purple region represented the HBM. (E) Phylogenetic tree. The selected
protein sequences are listed in Table 1. The newly characterized TrolGFBP5b was marked with an arrow.
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sequence alignment analysis showed that the IB and TY domains of
TroIGFBP5b were very highly conserved among vertebrates,
including mammals (Homo sapiens and Mus musculus), amphibians
(Xenopus tropicalis), reptiles (Chelonia mydas), avians (Gallus gallus),
and teleosts (D. rerio), suggesting its conservation during species
evolution. The N-domain contains 12 conserved cysteine residues,
and the C-domain contains six, which contributed to the structural
stability by intradomain disulfide bonds between cysteine residues
(Figure 1C). From the 3D predicted structure, HBM is located in the
cavity formed by the C- and N- termini (Figure 1D). Identities with
mammals, avians, reptiles, and amphibians are relatively lower,
ranging from 51.66% to 58.74%. According to the multiple
sequence alignment analysis, identities vary in teleosts, ranging
from 60.15% to 97.38%. TroIGFBP5b shows a high identity with
IGFBP5b in Seriola dumerili (97.38%), Lates calcarifer (94.91%), and
Larimichthys crocea (92.54%) (Table 1). A phylogenetic tree was
constructed using the NJ algorithm, showing that TroIGFBP5b
clusters with IGFBP5b of other teleosts and resembles Lates
calcarifer IGFBP5b, the closest phylogenetically, with a bootstrap
value of 92 (Figure 1E).

TABLE 1 Identities of TrolGFBP5b with other species.

Species Accession number Identities (%)
Crocodylus porosus XP_019409774.1 51.66
Gavialis gangeticus XP_019378195.1 51.85
Pan troglodytes XP_003309513.1 53.85
Homo sapiens NP_000590.1 53.85
Xenopus tropicalis XP_031748507.1 54.28
Bos taurus NP_001098797.1 54.41
Gallus gallus XP_422069.3 54.81
Mus musculus NP_034648.2 55.15
Numida meleagris XP_021254294.1 55.19
Coturnix japonica XP_015724280.1 55.19
Nanorana parkeri XP_018408077.1 58.27
Rana temporaria XP_040214133.1 58.74
Danio rerio IGFBP5b NP_001119935.1 78.07
Danio rerio IGFBP5a NP_001092224.1 69.37
Lates calcarifer IGFBP5b XP_018552191.1 94.91
Lates calcarifer IGFBP5a XP_018516555.1 64.68
Seriola dumerili IGFBP5b XP_022596386.1 97.38
Seriola dumerili IGFBP5a XP_022617333.1 65.06
Larimichthys crocea IGFBP5b XP_010732591.1 92.54
Larimichthys crocea IGFBP5a XP_010740884.1 62.59
Tachysurus fulvidraco IGFBP5b XP_027020371.1 70.22
Tachysurus fulvidraco IGFBP5a XP_026989260.1 60.15
Ctenopharyngodon idella IGFBP5b | APX54482.1 77.53
Ctenopharyngodon idella IGFBP5a | APX54481.1 71.59
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The expression profiles of TrolGFBP5b were
regulated by V. harveyi infection

The expression pattern of TroIGFBP5b in T. ovatus was detected
in 11 tissues using qRT-PCR: heart, stomach, brain, liver, skin, head
kidney, intestine, spleen, gills, blood, and muscle. The results showed
that it was the lowest in the muscle, set as 1. In contrast to the set
criterion of muscle, the expression levels of the other tissues ranking
from high to low were as follows: liver (134.44-fold), spleen (33.19-
fold), brain (30.43-fold), gill (27.51-fold), head kidney (17.69-fold),
intestine (17.18-fold), stomach (12.67-fold), skin (10.12-fold), blood
(5.51-fold), and heart (5.11-fold) (Figure 2A). The results for the
expression of TroIGFBP5b during V. harveyi infection in the three
main immune organs all displayed a significant enhancement with a
similar expression pattern, which tended to decrease after an initial
increase. The time points at which the peaks appeared were different.
In the liver, the expression peak was at 9 hpi with a 6.86-fold change,
and it was also at 9 hpi with a 4.64-fold change in the head kidney. For
the spleen, the highest expression (10.93-fold) was observed at 12
hpi (Figure 2B).

In vivo antibacterial ability after TrolGFBP5b
overexpression and knockdown

To explore the function of TroIGFBP5b in response to bacterial
infection, TroIGFBP5b was overexpressed in vivo by injection with
pTrolGFBP5b, pCN3, or PBS (as a control). On the 5th day after the
plasmid injection, the expression levels of TroIGFBP5b in the liver,
spleen, and head kidney of fish treated with pTrolGFBP5b were
significantly higher than in the control using qRT-PCR analysis,
indicating that the overexpression of TrolGFBP5b was successful
(Supplementary Figure S2). In the liver of the pTroIGFBP5b
overexpression group, the bacterial load decreased by 1.7- and 1.85-
fold compared with that of the control at 9 and 12 hpi, respectively. In
the spleen, it was decreased by 1.05-fold and 2.23-fold in the
pTroIlGFBP5b group compared with the control group at the two
time points. Furthermore, the pTroIGFBP5b group had an
approximately 1.46- and 1.67-fold reduction in head kidney
bacterial load at 9 and 12 hpi, respectively (Figure 3A).

In vivo siRNA technology was used to further analyze the effect of
TroIGFBP5b against pathogen infection. The qRT-PCR analysis
showed that the expression levels of TroIGFBP5b in the liver,
spleen, and head kidney of fish treated with pTrolGFBP5b were
significantly decreased than in the control group using qRT-PCR
analysis, indicating that the knockdown of TroIGFBP5b was
successful after siRNA injection for 12 h (Supplementary Figure
S3). After being challenged by V. harveyi, the liver bacterial counts
were approximately 1.90-, 1.50-, and 1.55-fold higher in the
siTroIGFBP5b-injected group at 6, 9, and 12 hpi than in the
control group, respectively. On the other hand, at 6, 9, and 12 hpi,
the splenic bacterial load after siTroIGFBP5b injection was
approximately 1.97-, 1.87-, and 1.69-fold higher than that in the
control group. In the head kidney, the bacterial loads increased by
1.63-, 1.54-, and 1.94-fold compared with the control at 6, 9, and 12
hpi, respectively (Figure 3B).
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Relative mRNA expression levels of TrolGFBP5b. (A) The mRNA expressions of TrolGFBP5b were detected in 11 tissues using gRT-PCR, and the muscle
was set as 1. Groups with the same letters are not significantly different from each other (P < 0.05). (B) The IGFBP5 expressions of different times infected
with V. harveyi in the liver, spleen, and head kidney were determined by gRT-PCR, and phosphate-buffered-saline-injected group—as the control—was
set as 1. Beta-2-microglobulin was used as a reference gene in normalizing. Data were presented as means + SD (N, number of fish used; N = 3). *P <
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ASP, and TrolGFBP5b-A(HBM+SP), respectively (Figure 4A). GPS
cells were transfected using LipoFiter3.0. The inverted fluorescence
microscopy results showed IGFBP5-WT and IGFBP5-AHBM to be
mainly observed in the cytoplasm, indicating that TroIGFBP5b might
be localized in the cytoplasm of GPS cells. While in the absence of the
SP sequence its localization changed, the main localization was
transferred from the cytoplasm to the nucleus (Figure 4B). The
protein level displayed by the green fluorescence was consistent with
those observed by fluorescence microscopy (Figure 4C).

IGFBP5-AHBM altered the intracellular
actions of TrolGFBP5b in vitro

Although the subcellular localization of IGFBP5-WT and IGFBP5-
AHBM did not seem different through observation, we wondered if the
HBM deficiency would affect the subcellular localization under
pathogen stimulation. To explore this postulate, GPS cells transfected
with TroIGFBP5b-WT and TrolGFBP5b-AHBM were treated with LPS
or V. harveyi. According to the results, green fluorescence could be
observed in the nucleus after stimulation in the TrolGFBP5b-WT
transfected cells. However, the cells transfected with TroIGFBP5b-
AHBM did not undergo such transfer, suggesting that the deletion of
HBM would result in the loss of nuclear transfer reaction in response to
stimulation (Figure 5A). We also evaluated the green fluorescence at the
protein level, and the results were in agreement with the results
mentioned above (Figure 5B).

In vitro effects on the lymphocytes and
macrophages of rTrolGFBP5b and
rTrolGFBP5b-AHBM

Since TroIGFBP5b was involved in defense against the pathogen
in vivo, we wonder whether TroIGFBP5b had any effect on immune
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cell activities and if HBM contributed to the processes. To prove this
opinion, rTrolGFBP5b, rTrolGFBP5b-AHBM, and rTrx (control)
were purified, and the lymphocytes and macrophage cells were
extracted from the head kidney. According to the CCK-8 assay
results, rTrolGFBP5b enhanced HKL proliferation in a dose-
dependent manner, and it was shown that 200 mg/ml exhibited the
best effect, compared with the cells incubated with PBS and rTrx,
while rTroIGFBP5b-AHBM had no effects on HKL proliferation
(Figure 6A). From the results derived by checking using a flow
cytometer, it was shown that the phagocytosis rate of the
rTrolGFBP5b group was extremely higher than that in the rTrx
and rTrolGFBP5b-AHBM cells, while the phagocytic activity of those
cells that were treated with rTrolGFBP5b-AHBM was comparable
with that of the rTrx-treated group (Figure 6B).

TrolGFBP5b overexpression could activate
the NF-xB pathway, while TrolGFBP5b-
AHBM could not

A dual-luciferase reporter assay was performed to determine the role
of TroIGFBP5b in the NF-xB pathway. It was found that the
overexpression of TrolGFBP5b significantly activated the NF-xB
luciferase reporter activity in a dose-dependent manner, while the
activating effects on the NF-xB signaling did not occur in the
TrolGFBP5b-AHBM overexpression cells in both 293T and GPS cells
(Figures 7A, B). This indicated that HBM was important in TrolGFBP5b
activation to the NF-xB pathway. The immunofluorescence staining
results proved that TroIGFBP5b overexpression promoted the nuclear
translocation of p65 in 293T cells. However, this p65 translocation was
blocked by overexpressing TrolIGFBP5b-AHBM in 293T cells
(Figure 7C). However, due to the poor specificity of the p65 antibody
in GPS cells, we did not achieve satisfactory results (data not shown).
These results demonstrated that the HBM of TroIGFBP5b seemed to
function as a key for activating the NF-xB pathway.

Mergel

Merge2

Subcellular localization of TrolGFBP5b and its mutants in golden pompano snout (GPS) cells. (A) Schematic diagrams of the structural domain
comparison between the TrolGFBP5b wild type (TrolGFBP5b-WT), heparin-binding motif (HBM)-deleted TrolGFBP5b (IGFBP5-AHBM), signal peptide
(SP)-deleted TrolGFBP5b (IGFBP5-ASP), and both HBM- and SP-deleted TrolGFBP5b [IGFBP5-A(HBM+SP)]. Different colors represented different
structural domains. (B) GPS cells transfected with pTrolGFBP5b-N3 and mutants were observed under fluorescence microscopy. Bar = 20 um.

(C) Western blot analysis of the nuclear and cytoplasmic protein extracted from the cells mentioned above
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FIGURE 5

IGFBP5-AHBM subcellular localization after stimulations. (A) After being transfected with pTrolGFBP5b-WT-N3 and pTrolGFBP5b-AHBM-N3 for 48 h,
golden pompano snout cells were stimulated with lipopolysaccharide and V. haveyi. Bar = 20 um. (B) The Western blot analysis of the nuclear and
cytoplasmic protein extracted from the cells mentioned above was stimulated by V. haveyi for 4 h

IGFBP5-AHBM lost the antibacterial
and activated immune-related gene
abilities in vivo

Since the HBM sequence could affect the nuclear transfer of
TroIGFBP5b protein in response to pathogenic stimulation, we
further investigated whether it could affect its antimicrobial activity
in vivo. Taking the same approach as before, the fish were injected
with overexpression plasmids pTroIGFBP5b-WT, pTrolGFBP5b-
AHBM, pCN3, or PBS (control), respectively. After having been
infected with V. harveyi for 9 and 12 h, the bacterial loads in the
liver, spleen, and head kidney of the pTrolGFBP5b-AHBM group
were all significantly higher than that in the pTroIGFBP5b group. In
the head kidney, the bacterial load in the mutant group was not any
different from that of the control group, while in the liver the bacterial
load was lower than the control at 9 and 12 hpi, and in the spleen, it
was shown to be lower at 12 hpi (Figure 8A).

Furthermore, the in vivo function mechanism after the
overexpression of TrolGFBP5b and TroIGFBP5b-AHBM was figured
out by examining the expression of immune-related genes using qRT-
PCR. According to the results, TroIGFBP5b overexpression could
significantly raise the expression level of the selected immune-related
genes (p65, IKBa, IL-8, IL-10, IL-1f3, and TNF-¢)). TrolGFBP5b-AHBM
could also affect some genes compared with pCN3, such as TNF-o, IKBo,
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IL-8, and IL-1 in the liver and IL-8 and IL-1f3 in the spleen. However,
compared with the TroIGFBP5b group, the upregulated effect on those
genes was significantly decreased in TrolGFBP5b-AHBM. To sum up,
the upregulated expression of immune-related genes induced by
TrolGFBP5b was practically shut down in the absence of HBM
(Figures 8B-D).

Discussion

IGF is instrumental in growth regulation, development, and
immune response (1, 4, 39). Meanwhile, IGFBPs have crucial roles
due to their high binding affinity to IGFs (3, 40). In this study, a
teleost IGFBP5 of golden pompano, TroIGFBP5b, was cloned, and its
expression and biological properties were analyzed accordingly.

Similar to other members of the IGFBP family, TrolGFBP5b was
found to have a highly conserved structure containing N- and C-
terminal domains, suggesting that IGFBP5 might present as highly
conservative during structural and functional evolution (8, 16, 29, 41).
Similar to other reported IGFBP5, the NLS sequence of TrolGFBP5b
also included a putative classical HBM (*°°KRKQCK?"), which might
be critical in the diverse functions of IGFBP5 (26-28, 42). Due to the
teleost-specific whole-genome duplication, some fish were reported to
retain two copies of IGFBP5 (IGFBP5a and IGFBP5b), such as
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statistical significance was indicated (*P < 0.05, **P < 0.01)

zebrafish, grass carp, and Atlantic salmon (8, 16, 17). In this study, the
phylogenetic tree results suggested that TroIGFBP5b clustered with
IGFBP5D of other teleosts and had the closest phylogenetic relationship
with Lates calcarifer IGFBP5b. This indicated that IGFBP5 was an
evolutionarily conserved protein, and the duplication of the IGFBP5a/b
subfamily probably occurred during fish evolution from a genome
duplication event. There might be TrolGFBP5ba in the golden
pompano genome waiting for us to discover.

A number of studies have reported the tissue-specific expression of
IGFBP5. According to these reports, IGFBP5 has been identified in
multiple tissues and different types of cells not only in humans and
mice (13, 22, 43-46) but also in teleost and invertebrates (8, 16, 19, 47,
48). In mammals, the transcription levels of other IGFBPs were usually
more abundant in the liver, while IGFBP5 was different and was more
abundant in the kidney (49, 50). In teleosts, the duplicated IGFBP5
showed different expression patterns in the tested tissues. The IGFBP5b
mRNA of zebrafish was detected in the brain, gill, eye, heart, gut,
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kidney, and gonad, while IGFBP5a was detected with a high level in the
brain and gill but could not be detected in the liver and muscle (8).
Compared with the expression in grass carp, GFIGFBP5b was markedly
present in the liver and brain as well as in the heart, skin, and muscles at
low levels (16). In the current study, TrolGFBP5b expression was most
abundant in immune organs. The top five tissues with the highest
expression level were the liver, spleen, brain, gill, and head kidney. In
humans, IGFBP5 was closely related to many diseases, such as
colorectal cancer, chronic rhinosinusitis, sarcopenia, and so on (51—
55), and pathogen infection induced a significantly higher expression of
IGFBP5 in mammals—for example, IGFBP5 expression was
significantly upregulated after Salmonella enterica stimulation in pigs
(56). In our study, V. harveyi caused a significant induction of
TroIlGFBP5b in the liver, spleen, and head kidney. All of these
suggested that TroIGFBP5b was involved in antimicrobial immunity.
Studies proved that IGFBP5 was a secreted protein, while it was also
found in the nucleus to interact with nuclear proteins (23, 44, 57). The
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Effects of TrolGFBP5b overexpression on the activity of NF-kB pathways in vitro. (A) pTrolGFBP5b (50, 150, 200, and 250 ng/well) was co-transfected
with pGL4.32 (Luc2P/NF-xB) and pRL-CMV into 293T cells incubated in a 24-well cell plate. (B) pTrolGFBP5b (200 ng/well) and pTrolGFBP5b-AHBM
(200 ng/well) were co-transfected with 200 ng/well pGL4.32 (Luc2P/NF-kB) and 50 ng/well pRL-CMV into 293T and golden pompano snout cells
incubated in a 24-well cell plate, respectively. After 48 h post-transfection, firefly and renilla luciferase activities were detected in the cell lysates. The
data were shown as means + SD (N = 3). N, number of times the experiment was performed. (C) 293T cells transfected with pCN3, pTrolGFBP5b, and
pTrolGFBP5b-AHBM were stained with anti-p65 antibody and AlexaFluor-488. Bar = 30 um. The experiment was done in triplicate, and one of them was

displayed. The statistical significance was indicated (*P < 0.05, **P < 0.01)

nucleus IGFBP5 was detected in the breast cancer cell line (T47D), lung
fibroblasts from idiopathic pulmonary fibrosis patients, and vascular
smooth muscle cells (25, 41, 58). Various studies also reported that the
localization of IGFBP determines its roles, and the NLS domain was
crucial for its subcellular location (24, 28, 58, 59). In MDA-MB-435 cells
(a kind of breast cancer cell), wild-type IGFBP5 could translocate to the
nucleus and inhibit cell proliferation and migration; on the contrary,
NLS-mutant was mainly detected in the cytoplasm and enhanced the
proliferation and migration of cells (24). In MCF-7 (breast) and LnCaP
(prostate) cells, IGFBP2 possessed a functional NLS sequence, and the
activation of VEGF expression and subsequent angiogenesis required the
nuclear IGFBP2 (60). HBMs are found in many secreted proteins and
responsible for binding to heparan sulfate proteoglycans which take part
in a variety of biological processes, including signal transduction, cell
adhesion, and blood coagulation (61, 62). Furthermore, the HBM in the
NLS domain of IGFBP5 C-terminal domain was functional heparin
binding motif (42). In teleosts, studies on the relationship between
localization and functions of IGFBP are very limited. In zebrafish, the
subcellular localizations of IGFBP5a and IGFBP5b were different.
IGFBP5a was only found in the nucleus, and IGFBP5b was found in
both the nucleus and the cytoplasm (8). Our results showed that
TrolGFBP5b with SP was mostly in the cytoplasm, and mature
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TrolGFBP5b without SP was found in both the nucleus and the
cytoplasm. In mammary epithelium, the overexpression of mature
IGFBP5 resulted in nuclear localization, whereas upon expression of
the secreted form, no nuclear localization was observed under
physiological conditions (63). Previous studies proved that the location
of protein always affected its role. In the present study, TroIGFBP5b was
transferred from the cytoplasm to the nucleus after being stimulated by
LPS or V. harveyi, while the phenomenon of TrolGFBP5b-AHBM that
was to be found in the cytoplasm did not occur. Similar findings were
found in T47D breast cancer cells, which provided the necessary NLS
residues for nuclear accumulation (23). It was interesting that, in
mammary epithelium cells, it was found that intracellular trafficking of
IGFBP5 would be restricted to vesicular structures in the cytoplasm and
not be uptaken into the nucleus unless the integrity of the plasma
membrane was compromised (63). In our results, TrolGFBP5b nuclear
uptake occurred probably due to the cell membrane damage after LPS or
bacteria stimulation, leading to the loss of membrane integrity (64). Our
results indicated that HBM plays a key role in the trigger of the
TroIlGFBP5b translocation to the nucleus upon stimulation.

In mammals, many studies revolved around the function of
IGFBP5 in modulating cell migration and proliferation and in
regulating immune processes (65). The recombinant IGFBP5 could
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In vivo antibacterial ability of IGFBP5-AHBM. (A) T. ovatus, which was injected with pTrolGFBP5b, pTrolGFBP5b-AHBM, pCN3, and phosphate-buffered
saline (control) for 5 days, was infected with V. harveyi; then, the bacterial load in the tissues was determined. Effect of TrolGFBP5b and TrolGFBP5b-
AHBM on the expressions of proinflammatory cytokines in the liver (B), spleen (C), and head kidney (D) at 5 days after the injection of pTrolGFBP5b and
pTrolGFBP5b-AHBM. The data were shown as means + SD (N = 3), and the statistical significance was indicated (*P < 0.05, **P < 0.01)

increase human RPE cell proliferation, promote periodontal tissue
regeneration, and reduce local inflammation (43, 66, 67). Multiple
studies showed that IGFBP5 could directly affect inflammation
mediated by immune cells and suggested that IGFBP5 exerts anti-
inflammatory effects by maintaining immune homeostasis (14, 43). In
the current study, the biological properties of TroIGFBP5b were
analyzed. The in vitro assays showed that rTrolGFBP5b enhanced
the cell proliferation of PBLs in a dose-dependent manner and
significantly enhanced HKM phagocytic activity, suggesting that
rTrolGFBP5b could induce the activation of some immune cells. In
contrast, rTrolGFBP5b-AHBM was significantly reduced in the
activation of PBLs and HKMs. Furthermore, in vivo overexpression
and knockdown experiments confirmed the role of TroIGFBP5b in
fish disease resistance. However, after the HBM of TrolGFBP5b was
deleted, its antibacterial ability after overexpression was inhibited.
These results further confirmed the role of TroIGFBP5b in
antibacterial immune response, and HBM played an important role
in antibacterial immunity. However, the underlying mechanisms by
which IGFBP and HBM participate in immune response remained an
area that has not been thoroughly studied and thus needed more
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research. Relative reports suggested that the IGF system regulated the
immune function and represented an important switch governing
immune responses (68).

The NF-kB signaling pathway was the main regulator of
inflammatory responses to pathogens, and p65, which belonged to
the five NF-xB monomers, would translocate from the cytoplasm to
the nucleus after activation (69, 70). Nowadays, many studies found
that the IGFBP family got its job done via the NF-kB signaling
pathway, such as IGFBP2, which promotes PDAC cell invasion and
metastasis through the NF-xB pathway (69). In prostate cancer cells,
rIGFBP-3 significantly suppressed the NF-xB activity (71). IGFBP5
was proven to inhibit the phorbol myristate acetate-induced NF-xB
activity and IL-6 expression in U-937 cells (72). The novel findings in
this study showed that, in both 293T and GPS cells, TroIGFBP5b
showed a significant upregulation effect in NF-xB activity, while
overexpression of TrolGFBP5b-AHBM did not. Similar results were
also discovered in stimulating the transfer of p65 to the nucleus. On
the other hand, activating the NF-xB pathway can regulate the
expression of related genes, especially inflammatory cytokines (73—
75). In our study, the in vivo analysis showed that, after the injection
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with pTrolGFBP5b, the mRNA transcriptions of NF-kB-related genes
(p65 and ikBa) and several cytokines were significantly induced,
including IL-8, IL-10, IL-1f3, and TNF-o. However, after the HBM of
TroIlGFBP5b was deleted, its function of upregulating the expression
of inflammatory cytokines in immune tissues was almost lost.
Therefore, these results demonstrated that TroIGFBP5b could not
only activate the NF-xB activity and p65 nuclear translocation but
also increase the proinflammatory cytokine level, and this indicated
that the HBM domain of TroIGFBP5b seemed to function a key role
in these processes.

To sum up, the TroIGFBP5b was cloned and identified in this
study. TroIGFBP5b was expressed higher in vivo in some immune-
related tissues and showed a significant upregulated response after the
bacterial infection. Overexpressing TroIGFBP5b could improve the
body’s antibacterial immunity significantly. In contrast, this ability
was decreased after its knockdown. An HBM-deficient mutation of
TroIlGFBP5b was constructed to better understand the mechanism of
its antibacterial immunity. The in vitro studies demonstrated that
TrolGFBP5b could promote PBL proliferation, stimulated
macrophage activation, induced the NF-xB promoter activity, and
promoted the nuclear translocation of p65, while the HBM mutant,
compared with the wild type, failed to function with those abilities.
Overall, the results showed that TrolGFBP5b was essential in the
antimicrobial immunity of golden pompano and that HBM was also
of great importance in the NF-xB pathway activation.
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Antimicrobial peptides are important components of the host innate immune
system, forming the first line of defense against infectious microorganisms. Among
them, liver-expressed antimicrobial peptides (LEAPSs) are a family of antimicrobial
peptides that widely exist in vertebrates. LEAPs include two types, named LEAP-1
and LEAP-2, and many teleost fish have two or more LEAP-2s. In this study, LEAP-
2C from rainbow trout and grass carp were discovered, both of which are
composed of 3 exons and 2 introns. The antibacterial functions of the multiple
LEAPs were systematically compared in rainbow trout and grass carp. The gene
expression pattern revealed that rainbow trout and grass carp LEAP-1, LEAP-2A,
LEAP-2B and/or LEAP-2C were differentially expressed in various tissues/organs,
mainly in liver. After bacterial infection, the expression levels of LEAP-1, LEAP-2A,
LEAP-2B and/or LEAP-2C in the liver and gut of rainbow trout and grass carp
increased to varying degrees. Moreover, the antibacterial assay and bacterial
membrane permeability assay showed that rainbow trout and grass carp LEAP-1,
LEAP-2A, LEAP-2B and LEAP-2C all have antibacterial activities against a variety of
Gram-positive and Gram-negative bacteria with varying levels through membrane
rupture. Furthermore, cell transfection assay showed that only rainbow trout
LEAP-1, but not LEAP-2, can lead to the internalization of ferroportin, the only
iron exporter on cell surface, indicating that only LEAP-1 possess iron
metabolism regulation activity in teleost fish. Taken together, this study
systematically compared the antibacterial function of LEAPs in teleost fish and
the results suggest that multiple LEAPs can enhance the immunity of teleost fish
through different expression patterns and different antibacterial activities to
various bacteria.
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Introduction

Antimicrobial peptides (AMPs) are widely found in organisms
and are considered to be the first line of host defense against
pathogens (1, 2). With the increasing resistance of bacteria to
traditional antibiotics, AMPs have gradually become one of the
important alternatives to antibiotics (3, 4). There are two main
antibacterial mechanisms of AMPs: direct sterilization and immune
regulation, and the sterilization mechanism can be divided into
membrane targeting and non-membrane targeting (5). In addition
to their broad-spectrum antibacterial activities, AMPs can also inhibit
fungi, viruses and parasites (6). Compared with other species, some
AMPs derived from fish, shrimp, crabs and other aquatic animals
have unique structures and functions (7, 8).

Liver-expressed antimicrobial peptide (LEAP) is a class of
antibacterial peptides expressed and secreted by liver, including
LEAP-1 and LEAP-2. Both LEAP-1 and LEAP-2 can be separated
and purified from human plasma (9, 10). LEAP-1 exists as a single
gene in the vast majority of mammals, which is highly expressed in
the liver, followed by heart and brain (9). Because of its dual functions
of antibacterial and iron regulation, LEAP-1 is also known as
hepcidin. LEAP-1 mainly binds to ferroportin (Fpn), the only
known iron exporter on the surface of cells (11), to facilitate its
internalization, thus affecting the absorption and release of iron ion in
iron storage cells (12-14). Fish have two hepcidin isoforms, hampl
and hamp2; however, hampl is found to exist in both ray-finned and
lobe-finned fish, while hamp?2 is only found to exist in ray-finned fish,
and the tissue distribution of hepcidin in most teleost fish is
polymorphic (15-17).

Mammalian LEAP-2 is a single gene, which is mainly expressed by
the liver, and to a certain extent by other tissues (18). For example,
mouse LEAP-2 is mainly expressed in the liver and small intestine
(18). Studies have shown that the mature peptide 38-77 of human
LEAP-2 has different killing effects on both Gram-positive and Gram-
negative bacteria, while its cleaved form 44-77 loses antibacterial
activity but participates in the blood circulation of the body (19).
Therefore, LEAP-2 may have other physiological functions besides
sterilization. However, unlike mammals with a single LEAP-2, three
LEAP-2s have been discovered in fish species, including LEAP-2A,
LEAP-2B and LEAP-2C (20-23), and the tissue expression patterns in
different fish species are also different (22, 24). Teleost LEAP-2 can
enhance the bacterial killing efficiency of monocytes/macrophages
(25, 26) and has a synergistic effect with antibiotics on the killing of
drug-resistant bacteria (27).

So far, systematic comparative studies on the antibacterial
functions of LEAPs are still blank. Therefore, this study was
devoted to analyzing the antibacterial functions of LEAPs and
conducting a systematic comparative study to lay a theoretical
foundation for their use as feed additives to prevent bacterial
diseases in fish.
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Materials and methods
Experimental fish and cells

Rainbow trout (Oncorhynchus mykiss) (30 + 5 g) and grass carp
(Ctenopharyngodon idella) (200 + 20 g) were purchased from Dujiang
Dam Rainbow Trout Farm (Chengdu, China) and Xiantao Hatchery
(Xiantao, China) respectively. They were maintained and acclimated to
the laboratory conditions for at least two weeks before experiments. All
animal experiments in this study were approved by the Committee on
the Ethics of Animal Experiments at Huazhong Agricultural University.

Human embryonic kidney 293T (HEK293T) cells were cultured
in 5% CO, at 37°C. Dulbecco’s modified Eagle’s medium (DMEM)
(HyClone) was supplemented with 10% fetal bovine serum (FBS)
(Gibco), 100 g/mL penicillin (Sigma-Aldrich), and 100 g/mL
streptomycin (Sigma-Aldrich).

Searching, identification, and localization
of LEAPs in rainbow trout and grass
carp genome

The chromosome-level genome of grass carp was assembled by
our laboratory and deposited in the NCBI BioProjects with the
accession number PRJNA745929 (28). The published fish LEAPs,
especially zebrafish LEAPs, were used to search against the grass carp
genome using the Basic Local Alignment Search Tool (BLAST).
Interestingly, in addition to LEAP-2A and LEAP-2B, LEAP-2C was
found in grass carp. The grass carp LEAP-2C was cloned and
submitted to the GenBank database (https://www.ncbi.nlm.nih.gov/
genbank/) under the accession number OQ026323. Similarly, the
rainbow trout LEAP-2C was cloned and submitted to the GenBank
database under the accession number GQ870279.1.

Sequence alignment and
phylogenetic analysis

The signal peptide of the deduced amino acid sequences was
predicted using the SignalP 5.0 Server (https://services.healthtech.dtu.
dk/service.php?SignalP-5.0). The LEAPs gene organizations,
including exon, intron and UTR were determined by aligning the
cDNA sequences with the gene sequences. The protein sequence
identity was calculated using the BioEdit software (version 7.0.9).
Multiple sequence alignment was conducted with the ClustalX
program (version 3.0), and phylogenetic tree was constructed based
on the alignments using the neighbour-joining method with 1000
bootstrap times using the MEGA program (version 4.1). All the
sequences used for multiple sequence alignment and phylogenetic
analysis were listed in Table 1.
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TABLE 1 LEAP sequences used in this study.

Species Protein GenBank accession no.
Homo sapiens LEAP-1 NP_066998.1
Oryctolagus cuniculus LEAP-1 XP_008247717.1
Mus musculus LEAP-1 NP_115930.1
Strigops habroptila LEAP-1 XP_030330703.1
Xenopus laevis LEAP-1 XP_018097982.2
Zootoca vivipara LEAP-1 XP_034976619.1
Oncorhynchus mykiss LEAP-1 ADU85830.1
Ctenopharyngodon idella LEAP-1 AEZ51835.1
Danio rerio LEAP-1 NP_991146.1
Salmo salar LEAP-1 NP001134321.1
Scophthalmus maximus LEAP-1 AAX92670.1
Dicentrarchus labrax LEAP-1 KJ890391.1
Homo sapiens LEAP-2 AJ306405.1
Oryctolagus cuniculus LEAP-2 NP_001164729.1
Mus musculus LEAP-2 AJ409055.1
Gallus gallus LEAP-2 AAS99322.1
Strigops habroptila LEAP-2 XP_030360362.1
Xenopus laevis LEAP-2 NC_054375.1
Zootoca vivipara LEAP-2 XP_034961285.1
Oncorhynchus mykiss LEAP-2A AARI11766.1
Oncorhynchus mykiss LEAP-2B AARI11767.1
Oncorhynchus mykiss LEAP-2C GQ870279.1
Ctenopharyngodon idella LEAP-2A ACR54299.1
Ctenopharyngodon idella LEAP-2B AO0G20830.1
Ctenopharyngodon idella LEAP-2C 0Q026323
Danio rerio LEAP-2A BC162807.1
Danio rerio LEAP-2B AL918619.1
Danio rerio LEAP-2C NP_001373333.1

The mRNA expression of LEAPs in rainbow
trout and grass carp tissues

Four healthy rainbow trout and grass carp were anesthetized with
MS222 (1:10000), then the blood was removed from the body by
cardiac perfusion using phosphate-buffered saline (PBS; pH 7.4;
Gibco). The head kidney, spleen, gut, gill, skin, liver, heart, and
muscle were collected, and the total RNA was extracted using
the TRIzol Reagent (Takara). The cDNA was synthesized using the
PrimeScriptTM RT Reagent Kit contains gDNA Eraser (Takara). The
mRNA expression levels of LEAPs were detected by quantitative real-
time PCR (qPCR) using the CFX Connect' " Real-Time System (Bio-
Rad). The primers used are listed in Table 2. The reaction mixture
(20 pl) contained 1 pl cDNA, 10 pl SsoAdvanced " SYBR Green
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Supermix (Bio-Rad), 1 ul forward primer (10 uM each) and 1 pl
reverse primer (10 uM each). The amplification program was as
follows: 95°C for 5 min, 45 cycles of amplification (95°C for 5 s and
60°C for 30 s), and then 65°C for 5 s. The tissue expression levels of
LEAPs were determined using 27*“" method with B-actin as the

internal reference.

Bacterial infection

To detect the immune responses of LEAPs during infection,
rainbow trout and grass carp were intraperitoneally injected with
100 uL Aeromonas salmonicida BG1 (29) suspension culture (1x107
CFU/mL) and 200 puL Aeromonas hydrophila XS91-4-1 (30)
suspension culture (8x10° CFU/mL) respectively, while the control
fish were intraperitoneally injected with PBS instead after
anesthetized with MS222 (1:10000). At 12 h,1d,3d,5d,and 7 d
post-injection, the liver and gut of four individuals were sampled from
each group. After the RNA extraction and cDNA synthesis, the
expression levels of LEAPs in infected and control fish were
determined by qPCR. The expression changes of LEAPs after
infection were calculated using the 27**“" method, with B-actin as
the internal reference.

Peptide synthesis

The mature peptides of rainbow trout and grass carp LEAPs were
synthesized by GL Biochem Ltd. The purity was confirmed to be
higher than 95% by HPLC and MALDI-TOF mass spectroscopy. All
peptides were stored at -80°C for later use.

Antibacterial activity assay

Six Gram-negative bacterial strains (Escherichia coli ATCC25922,
A. hydrophila XS91-4-1, A. salmonicida BG1, A. sobria CR79-1-1,
Edwardsiella ictaluri HSN-1, and Vibrio fluvialis WY91-24-3) and
two Gram-positive bacterial strains (Micrococcus luteus ATCC10240
and Streptococcus agalactiae ATCC13813) were used in the
antibacterial activity assay. Radial-diffusion assay (RDA) was
conducted as previously described (31, 32). Briefly, 5 mL underlay
agarose gel containing 0.03% (wt/vol) TSB, 1% (wt/vol) low
electroendosmosis (EEO) agarose (Aladdin), 0.02% (vol/vol) Tween
20 (Amresco), and 4x10° CFU bacteria was added into each sterile
petri dish (90 mm diameter). After the solidification of the agarose,
4 mm diameter wells were punched in the agar using a sterile steel
borer. Then 6 UL peptide (125 uM) was added to each well, and sterile
water was added as control. Agar plates were incubated for 3 h at the
optimum bacterial growth temperature (28°C for A. hydrophila, A.
salmonicida, A. sobria and E. ictaluri or 37°C for E. coli, V. fluvialis,
M. luteus and S. agalactiae) to diffuse the peptides. Each plate was
added 5 mL sterilized overlay agarose gel (containing 6% TSB and 1%
low EEO agarose) and incubated for 24 h at the optimum bacterial
growth temperature. The diameter of the clearance zone around each
well was measured.
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TABLE 2 Primers used in this study.

Name Sequence (5'—3’) Application
‘;EQEFAP' CATTTCAGGTTCAAGCGTCAGA Real-time PCR
itL;’;P’ ATTTGCAGCAGAAGCCACAGC Real-time PCR
;iEgFP " CTGCCAGCCCTGTTCCATCT Real-time PCR
MLEAP- 1 ) TocaeTTeaGTGeceTeT Real-time PCR
2A-QR
FHLEAP- .
or  TOGTGGCTCTGATTCTTATGCA Real-time PCR
;t;}z\;)’ TCATGCGGGTTCTCCGTTCC Real-time PCR
;tCLEé\;) © GAATACTCTGAAGCCCGTTGG Real-time PCR
MLEAP- 1 rrrGeTCCCGCACTCGTCG Real-time PCR
2C-QR
fcg;AP' ACAGCAGGAGCAGGATGAGC Real-time PCR
‘?C(L;AP’ TATCCACAGCCTTTGTTACGAC Real-time PCR
EZL?FP' TGGTGATTGTCCAGCAGGTGA Real-time PCR
giﬁﬁf’ GTAATGGTTCTGGCAGTAGGC Real-time PCR
gcLEAP- .
sboF | GTATCTACTGTGCCATTAGCGA Real-time PCR
g;Lg;P’ GACATTCGTATCTTGCGGTGC Real-time PCR
iELZ’;P’ CGGCACCCGTAGATACTGAC Real-time PCR
EELZ?{P' GTGTTCCATCGCCATAGTAAAG Real-time PCR
rtp- .

‘ ACAGGTCATCACCATCGGCA Real-time PCR
actin-QF
rtp- GGTCTCGTGGATACCGCAAG Real-time PCR
actin-QR
gcB- AGCCATCCTTCTTGGGTATG Real-time PCR
actin-QF
gcp- GGTGGGGCGATGATCTTGAT Real-time PCR
actin-QR
PEGEP- ‘
Fon-F CGGGGTACCGATGGATAACGCGGGACCTAAG Expression

pn-

pEGFP- ‘
Fon R TCCCCCCGGGACACCGTGGTGGGAAGCAA Expression

e

The restriction enzyme sites are underlined. F, forward; R, reverse.

Bacterial membrane permeability assay

The membrane permeability of bacteria after the treatment of
peptides was assessed by flow cytometry as previously described (33)
with minor modifications. In brief, V. fluvialis WY91-24-3 were
cultured to mid-logarithmic phase, then washed twice and
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resuspended to 10° CFU/ml with 10 mM NaPB (pH 7.4).
Thereafter, 40 pl of peptides diluted in NaPB was added to 160 ul
of V. fluvialis to give a final concentration of 8 uM. LL37 and NaPB
was used as the positive and negative control, respectively. After being
incubated at 37°C for 1 h, propidium iodide (PI; Sigma-Aldrich) was
added to the bacterial suspension at a final concentration of 9 uM.
The PI positive bacterial cells were detected using the flow cytometer
FACSVerse (BD Biosciences) at 3,000 events and the data were
analyzed using the Flow]Jo software v10 (Tree Star).

Plasmid construction and transfection

The Fpn of rainbow trout (GenBank: XM_021579209.2) was
amplified using the cDNAs reverse-transcribed from liver RNA
using the primers listed in Table 2. The PCR product was digested
with restriction enzymes (Kpn land Xma 1), followed by ligation into
pEGFP-N1 to construct pEGFP-Fpn. The plasmid pEGFP-Fpn was
extracted from the Trans5a cells using an E.Z.N.A. Plasmid Maxi Kit
(Omega). The extracted plasmid was transfected into the HEK293T
cells using the TransIntro EL transfection reagents (TransGen
Biotech) according to the manufacturer’s instructions. At 24 h after
transfection, cycloheximide (Aladdin) was added to the HEK293T
cells to give a final concentration of 75 pug/mL. After incubation for
3 h, the synthetic rainbow trout LEAPs were added to give a final
concentration of 1 UM and incubated for 24 h. The changes in the
position of Fpn-EGFP in the cells were investigated using a live cell
station (Leica AF6000).

Statistical analysis

The statistic p value was calculated using the SPSS Statistics
(version 19, IBM) by one-way ANOVA with a Dunnett post hoc
test. A p value < 0.05 was considered statistically significant while a p
value < 0.01 was considered highly significant.

Results
Homology comparison of LEAPs

Homologous sequence alignment showed that all LEAPs consist
of a signal peptide, a propeptide and a mature peptide. The sequences
of the mature peptides are more conserved than those of the signal
peptides and propeptides. The mature peptide of LEAP-1 and LEAP-
2 possessed eight and four conserved cysteines, respectively.
Interestingly, from fish to mammals, the signature of the cleavage
site (RXXR) between the propeptide and the mature peptide of LEAPs
are conserved in evolution (Figure 1).

Gene structure and phylogenetic
analyses of LEAPs

LEAP-1 and LEAP-2 have the same gene structure, which is
composed of 3 exons and 2 introns. The 5 and 3’ UTR of rainbow
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60
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HGEESRAD- - - IALP 51

- - -DRAGARAS - - -WMPM 52
,,,,, B--M------prr@AQTs- - -

Mature peptide
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Singal pepude
Nenopus lacris LEAPL conDUDE - .
Zootoca vivipara LEAP-1
Oncoryncus mykiss LEAP-1
Cuenopharygodon dels LEAP-1
D reris LEAP1
Oryctolagus cx umc-l-x LEAP-1
T
m- sapiens
g b I
B Singal peptide
Clenopharyngodon el LEAP 28
Danio rerig LEAW.2B
Oncotymclus mkiss LEAP.25
FIGURE 1

Amino acid sequence and domain organization of LEAP-1 (A) and LEAP-2 (B) from mammals, birds, amphibians, reptiles, and fish. The signal peptide,
propeptide and mature peptide are denoted above the alignment. GenBank accession numbers of the selected sequences are listed in Table 1.

trout and grass carp LEAP-1 are longer than those of LEAP-Is from
other species analyzed. The two introns of grass carp LEAP-2C
are longer than those of LEAP-2Cs from other species
analyzed (Figure 2A).

In the phylogenetic tree constructed using the amino acid
sequences of the LEAP-1 and LEAP-2 precursors (Figure 2B), the
LEAP-1 sequences branched apart from the LEAP-2 sequences.
Teleost LEAPs were distinguished from those of other vertebrates.
LEAP-2 of grass carp, rainbow trout and zebrafish contain three
members, named LEAP-2A, LEAP-2B and LEAP-2C.

Expression of LEAPs in rainbow trout and
grass carp tissues

The mRNA expression levels of the LEAPs were evaluated in
several healthy rainbow trout (Figure 3A) and grass carp (Figure 3B)
tissues. Rainbow trout (rt) and grass carp (gc) LEAPs were
differentially expressed in various tissues and organs, with an
overall predominance of LEAP-1. In general, the LEAPs were highly
expressed in the liver and lowly expressed in the gill, heart, and
muscle. LEAP-2A was significantly expressed in the gut and skin of
rainbow trout and grass carp, and the expression of LEAP-2C in the
gut of rainbow trout was higher than that in the liver.

Induced expression of LEAPs by
pathogenic bacteria

Expression of the total transcripts of r#tLEAP-1 and rtLEAP-2 in
the liver (Figure 4A) and gut (Figure 4B) of rainbow trout induced by
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A. salmonicida was studied. The expression level of rtLEAP-I
increased significantly in the liver from 12 h to 1 d, and in the gut
from 12 h to 3 d after infection. The expression level of rtLEAP-2A
increased significantly in the gut at 12 h after infection. The
expression level of rtLEAP-2B increased significantly in the liver
from 1 d to 5 d, and in the gut from 3 d to 7 d after infection.
However, the expression level of rtLEAP-2C decreased significantly in
the gut from 3 d to 7 d after infection.

Expression of the total transcripts of gcLEAP-1 and gcLEAP-2 in
the liver (Figure 4C) and gut (Figure 4D) of grass carp induced by A.
hydrophila was studied. The expression levels of gcLEAP-I1 and
gCLEAP-2s increased from 12 h to 3 d after infection, and then
gradually returned to normal level, with gcLEAP-2A increased most
significantly in the liver and gcLEAP-I increased most significantly in
the gut.

Antibacterial activities of LEAPs

To investigate the antimicrobial properties of rainbow trout and
grass carp LEAPs, we synthesized the mature peptides of rainbow
trout and grass carp LEAPs and tested their antibacterial activities
against a variety of bacterial strains. The results showed that all of the
rainbow trout and grass carp LEAPs were antibacterial to Gram-
negative (E. coli, A. hydrophila, A. salmonicida, A. sobria, E. ictaluri,
and V. fluvialis) and Gram-positive bacteria (M. luteus and S.
agalactiae) (Figures 5A, B). For the same bacterium, the
antibacterial activities of different LEAPs are different. Interestingly,
rainbow trout and grass carp LEAP-2C showed significant inhibitory
effects on A. hydrophila, a common and harmful pathogen in
fish farming.
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A
Homo sapiens LEAP-1 Chr19
Mus musculus LEAP-1 Chr7
Strigops habroptila LEAP-1 Chr?
Oncorhynchus mykiss LEAP-1 Chr3
Ctenopharyngodon idella LEAP-1 Chrl4
Homo sapiens LEAP-2 Chr5
Mus musculus LEAP-2 Chrll
Strigops habroptila LEAP-2 Chrl2
Oncorhynchus mykiss LEAP-2A Chr9
Oncorhynchus mykiss LEAP-2B ChrY
Oncorhynchus mykiss LEAP-2C Chrl2
Ctenopharyngodon idella LEAP-2A Chr7
Ctenopharyngodon idella LEAP-2B Chr21
Ctenopharyngodon idella LEAP-2C Chrl8
FIGURE 2

Gene structure and phylogenetic relationship of vertebrate LEAPs. (A) Gene structure of LEAPs from Homo sapiens, Mus musculus, Strigops habropitila,
Oncorhynchus mykiss, and Ctenopharyngodon idella. The rectangles represent the exons, and the lines between them indicate the introns. Black and
white areas indicate the coding regions and untranslated regions, respectively. The sizes of the exons and introns are shown by the numbers below.
GenBank accession numbers of the selected sequences are listed in Table 1. The question mark means the length is unknown. (B) Phylogenetic
relationship of LEAPs. A neighbour-joining phylogenetic tree was generated using the MEGA program with 1000 bootstrap replications. Rainbow trout
and grass carp LEAPs are in red. GenBank accession numbers of the selected sequences are listed in Table 1.

Antibacterial mechanism of LEAPs

To clarify the antibacterial mechanism of LEAPs, we detected the
integrity of cell membrane by bacterial membrane permeability assay.
The results showed that rainbow trout and grass carp LEAPs could
significantly increase the permeability of the cell membrane of V.
fluvialis within 1 h, and rtLEAP-1 had the most significant effect,
which was similar to human AMP LL-37 (Figures 6A-K), suggesting
that LEAPs kill bacteria through membrane permeabilizing action.

Comparison of the ability of LEAPs to
internalize Fpn

Through the amino acid sequence alignment of the LEAP-1
mature peptides in rainbow trout, grass carp, zebrafish, European
sea bass, Atlantic salmon, and turbot, the Q-S/I-H-L/I-S/A-L motif
was found in the N-terminus of the mature peptides (Figure 7A). To
compare the ability of LEAPs to internalize Fpn, rtLEAPs were added
to the cells expressing Fpn-EGFP, and the changes in the position of
Fpn-EGFP in the cells were investigated using a live cell station. The
results showed that only rtLEAP-1 resulted in the loss of cell surface
Fpn-EGFP and the presence of intracellular Fpn-EGFP (Figure 7B),
indicating that only rtLEAP-1 can cause the internalization of Fpn,
while rtLEAP-2A, rtLEAP-2B and rtLEAP-2C cannot.

Discussion

Just as in tetrapods, there are also LEAP-1 and LEAP-2 in fish, but
the difference is that fish LEAP-1 and LEAP-2 contain multiple genes.
This is most likely due to the genome duplications and positive
selection in fish, which suggests that different LEAPs may perform
different functions. Multiple LEAPs existing in fish may be
contributed to the immune defense of fish, which live in a complex
aquatic environment.
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Through amino acid sequence alignment, it was found that the
LEAP-1 sequences of rainbow trout and grass carp were similar to
other species, and the identity between rainbow trout and grass carp is
87.5%. Previous studies have shown that the LEAP-2 of rainbow trout
(20) and grass carp (34) contains two genes, LEAP-2A and LEAP-2B,
but in the current study we found that LEAP-2C also exists in these
two species. Phylogenetic analysis indicated that LEAP-2 has evolved
separately from LEAP-1 in vertebrates, resulting in LEAP-1 having
iron regulation function, while LEAP-2 doing not.

As in many fish species and other vertebrates (19, 35-37),
though predominantly expressed in the liver, both LEAP-1 and
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FIGURE 3

Expression patterns of rainbow trout (A) and grass carp (B) LEAPs in
various tissues. The expression levels of LEAPs in lymphoid and non-
lymphoid tissues were analyzed by gPCR and normalized against the
expression of fB-actin using the 272 method. Abbreviations for tissues
are as follows: HK, head kidney; SP, spleen; GU, gut; Gl, gill; SK, skin;
LI, liver; HE, heart; MU, muscle. Data for rainbow trout represent the
mean + SEM of four individuals, and data for grass carp represent the
mean + SEM of five individuals.
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FIGURE 4

Induced expressions of rtLEAPs (A, B) and gcLEAPs (C, D) in the liver
and gut under the condition of infection. Fold changes were
calculated by comparing the infected group with the control group
(defined as 1) using the 274" method. Data represent the mean +
SEM of four fish individuals. The p value was calculated by one-way
ANOVA with a Dunnett post hoc test (*p < 0.05, **p < 0.01).

LEAP-2 were differentially expressed in other tissues and organs of
rainbow trout and grass carp. A notable phenomenon was that
LEAP-2A was significantly expressed in the gut and skin of rainbow
trout and grass carp and LEAP-2B and LEAP-2C were significantly
expressed in the gut of rainbow trout. Similar results were reported
in blunt snout bream, whose LEAP-2 mRNA expression level was
highest in the gut (38). Research has shown that common carp
LEAP-2A mRNA expression level increased in the gut, gills and
skin after infection (22). These suggest that LEAPs of teleost fish
may play important roles in both systemic and mucosal
immunity, respectively.

A significant induction of LEAP was observed after experimental
bacterial challenge, with LEAP-1 being the most responsive gene in
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FIGURE 5

Antibacterial activities of rainbow trout (A) and grass carp (B) LEAPs
against various bacteria. The underlay agarose gel containing E. coli
ATCC25922, A. hydrophila XS91-4-1, A. salmonicida BG1, A. sobria
CR79-1-1, E. ictaluri HSN-1, V. fluvialis WY91-24-3, M. luteus
ATCC10240 and S. agalactiae ATCC13813 respectively was poured
into sterile petri dishes. After the solidification, 4 mm diameter wells
were punched in the agarose gel. Then 6 uL LEAP (125 pM) was added
to each well, and sterile water was added as the control. Plates were
incubated at the optimum bacterial growth temperature (28°C for A.
hydrophila, A. salmonicida, A. sobria and E. ictaluri or 37°C for E. coli,
V. fluvialis, M. luteus and S. agalactiae) for 3 h, and then the underlay
agarose gel was covered with overlay agarose gel. The diameter of the
inhibition zone around each well was measured after 24 h of
incubation at the optimum bacterial growth temperature. Data
represent the mean + SEM of three independent experiments.
Different letters indicate significant differences (p<0.05).

the liver and gut of both rainbow trout and grass carp. In rainbow
trout, LEAP-1 expression increased significantly in the early stage of
infection, and LEAP-2B expression increased significantly in the late
stage of infection. In grass carp, the gene expression of all LEAPs
increased after infection, and then gradually returned to normal
levels. These results suggest that rtLEAPs may function for a longer
period after pathogen infection to maintain robust immunity. Similar
induced expression of LEAPs was reported in other fish species after
bacterial infection. It is worth noting that the tissue expression
patterns of LEAPs in different fish species have specificity, and
different pathogens are likely to induce the expression of different
LEAPs (35, 39-42). All of these studies, however, shared the same
idea that multiple LEAPs in hosts perform important
antimicrobial functions.

Rainbow trout and grass carp LEAPs have broad spectrum
antibacterial activities against a various type of bacteria. Notably,
gcLEAP-2A has antibacterial activity against several bacterial strains,
including E. coli, which is different from the previous report that
gcLEAP-2A has no antibacterial activity against E. coli (34). Our
results suggest that the antibacterial immunity of fish was enhanced
through LEAP expansion. Although LEAP-1 and LEAP-2 belong to
different types, their bactericidal mechanisms are roughly the same.
Rainbow trout and grass carp LEAPs kill bacteria by disrupt the cell
membranes, which is similar to previous study on other species that
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FIGURE 6

Antibacterial mechanisms of LEAPs. (A—-J) Membrane permeability of V. fluvialis treated with LEAPs. The bacteria were incubated with LEAPs (8 uM) at 37°C
for 1 h, and a bacterial suspension without peptide was included as a control (Ctrl). Then PI (9 uM) was added and the influx of Pl was detected by flow
cytometry. Data are representative results of three independent experiments. (K) The data in (A—J) were analyzed statistically. The p value was calculated by
one-way ANOVA with a Dunnett post hoc test. Different letters indicate significant differences (p<0.05)

FIGURE 7

rtLEAP-2B

A
Scophthalmus maximus LEAP-1 1 CCNCCEKA GCGFCCKF 26
Dicentrarchus labrax LEAP-1 1 CCNC CIG GCGFCCKF 26
Oncorhynchus mykiss LEAP-1 1 CCNCCH - GCGFCCHEPF 25
Salmo salar LEAP-1 1 CCNCCH - GCGFCCKF 25
Ctenopharyngodon idella LEAP-1 1 CCNCCR - GCGYCCHE - 24
Danio rerio LEAP-1 1 FCCKCCR - GCGYCCKF 25

B Ctrl rtLEAP-1 rtLEAP-2A

rtLEAP-2C

The effects of LEAPs on Fpn internalization. (A) Amino acid sequence alignment of LEAP-1 mature peptides in rainbow trout, grass carp, zebrafish,
European sea bass, Atlantic salmon, and turbot. The Q-S/I-H-L/I-S/A-L motif at the N-terminus of the mature peptides are indicated with a red
rectangle. GenBank accession numbers of the selected sequences are listed in Table 1. (B) The ability of LEAPSs to internalize Fpn. HEK293T cells were
seeded in 6-well plates and transfected with pEGFP-Fpn. After 24 h, cycloheximide (75 ug/mL) was added for 3 h, and then cells were incubated with
rtLEAPs (1 uM) and PBS (blank control [Ctrl]) for 24 h. The images of cells were captured using a live cell station.
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LEAPs form multiple pairs of disulfide bonds through cysteine
residues and form a stable PB-sheet structure, which can destroy
bacterial cell membrane, promote its permeability, and cause the
leakage of cell contents and the death of bacterial cells, thus killing
pathogenic bacteria (10, 43).

Previous study has shown that the expression of LEAP-1 is
directly or indirectly regulated by iron storage anemia, hypoxia,
inflammation, pathological conditions, cytokines, and other signals
(44, 45). Under normal physiological conditions, the expression of
LEAP-1 is negatively correlated with iron level (46-48). The
conserved sequence Q-S/I-H-L/I-S/A-L, which is associated with
iron regulation activity (49), is present at the N-terminus of the
mature peptide of LEAP-1, but not LEAP-2, suggesting that LEAP-1
and LEAP-2 play different roles in iron regulation. Our results further
confirm that only LEAP-1 has the ability to internalize Fpn. On the
one hand, this reaction maintains the homeostasis of iron in teleost
fish; on the other hand, it leads to the obstruction of iron outflow from
cells and reduces the available iron content of extracellular pathogens
(13, 50).

In conclusion, this study first reported the existence of the
LEAP-2C in rainbow trout and grass carp and systematically
compared the antibacterial function of LEAPs in these teleost fish,
which suggested that multiple LEAPs can enhance the immunity of
teleost fish through different expression patterns and different
antibacterial activities to various bacteria. This enhanced our
understanding of host innate immunity and provided new
evidence and insights for systematically analyzing the antibacterial
function of LEAPs in teleost fish.
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Research over the past two decades has confirmed that noncoding RNAs
(ncRNAs), which are abundant in cells from yeast to vertebrates, are no longer
“junk” transcripts but functional regulators that can mediate various cellular and
physiological processes. The dysregulation of ncRNAs is closely related to the
imbalance of cellular homeostasis and the occurrence and development of
various diseases. In mammals, ncRNAs, such as long noncoding RNAs (IncRNAs)
and microRNAs (miRNAs), have been shown to serve as biomarkers and
intervention targets in growth, development, immunity, and disease
progression. The regulatory functions of IncRNAs on gene expression are
usually mediated by crosstalk with miRNAs. The most predominant mode of
INcRNA-miRNA crosstalk is the INcRNA-miRNA-mRNA axis, in which IncRNAs act
as competing endogenous RNAs (ceRNAs). Compared to mammals, little
attention has been given to the role and mechanism of the IncRNA-miRNA-
MRNA axis in teleost species. In this review, we provide current knowledge about
the teleost INncRNA-miRNA-mRNA axis, focusing on its physiological and
pathological regulation in growth and development, reproduction, skeletal
muscle, immunity to bacterial and viral infections, and other stress-related
immune responses. Herein, we also explored the potential application of the
INcRNA-mMIiRNA-mRNA axis in the aquaculture industry. These findings
contribute to an enhanced understanding of ncRNA and ncRNA-ncRNA
crosstalk in fish biology to improve aquaculture productivity, fish health
and quality.

KEYWORDS

IncRNA, miRNA, teleost, reproduction, immunity, infection

1 Introduction

Over the past two decades, the primary function of RNA is no longer what was once
thought to be a mere intermediate molecule of genetic information from DNA to protein
because the RNA pool contains thousands of noncoding RNA (ncRNA) transcripts that
have little or no ability to form proteins (1, 2). Although ncRNAs are not directly involved
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in gene coding and protein synthesis, they can act as regulators to
regulate gene expression at the epigenetic, transcriptional,
posttranscriptional, translational, and posttranslational levels (3,
4). Therefore, an increasing number of ncRNAs, especially
microRNAs (miRNAs) and long noncoding RNAs (IncRNAs),
have been identified for their important roles in cellular
physiology or pathological processes in various species, including
teleost fish (5-7).

miRNAs, one of the most abundant and most studied natural
single-stranded small ncRNAs, are 21 to 24 nucleotides in length
and are generally highly conserved from yeast to vertebrates (8).
miRNA can bind to the 3’- and 5'-untranslated region (UTR),
promoter region and coding region of the messenger RNA (mRNA)
target by base-pairing with complementary sites, thereby inhibiting
the translation of mRNA into protein or inducing mRNA
degradation (9, 10). In mammals, more than 60% of mRNAs
have been predicted to be regulated by miRNAs, which are
involved not only in various physiological processes but also in
the pathophysiological processes of various diseases (11-13). In
teleost fish, miRNAs were first discovered in zebrafish (Danio rerio,
D. rerio) and were soon identified in various fish species, such as
rainbow trout (Oncorhynchus mykiss, O. mykiss), bighead carp
(Aristichthys nobilis, A. nobilis), silver carp (Hypophthalmichthys
molitrix, H. molitrix), common carp (Cyprinus carpio, C. carpio),
channel catfish (Ictalurus punctatus, I. punctatus), flounder
(Paralichthys olivaceus, P. olivaceus) and large yellow croaker
(Larimichtly crocea, L. crocea) (14-17). Similar to mammals, fish
miRNAs have also been shown to be involved in fish development,
nutrition, immune and inflammatory responses, and their roles and
molecular mechanisms have gradually been revealed (15, 18-22).

IncRNA is another of the most widely studied ncRNAs with
lengths generally more than 200 nt, which plays an important role
in growth and development, and its dysregulation is associated with
a variety of diseases (23, 24). Compared with miRNAs, most
IncRNAs have lower sequence conservation across species, but
they can regulate gene expression at almost all levels (25). In
addition, probably because of their lower conservation, their
expression patterns in cells or tissues are more specific than
miRNAs or even mRNAs (19). IncRNAs act as molecular
signaling activators, decoys, guides, or scaffolds that interact with
a range of DNAs, RNAs, and proteins to influence their function,

Abbreviations: AANC, rantiviral-associated long noncoding RNA; BncRNA, B
chromosome long noncoding RNA; Bs, B chromosomes; ceRNA, competitive
endogenous RNA; CIK, grass carp kidney; CNS, central nervous system; IB,
intermuscular bone; IRF3, interferon regulatory factor 3; IncRNA, long
noncoding RNA; IRAK4, interleukin-1 receptor-related kinase 4; IRL, IRAK4-
related IncRNA; MAVS, mitochondrial antiviral signaling protein; MARL, MAVS
antiviral-related IncRNA; miRNA, microRNA; MICs, miiuy croaker intestines
cells; mRNA, messenger RNA; ncRNA, noncoding RNA; mTOR, mammalian
target of rapamycin; NAFLD, nonalcoholic fatty liver disease; NARL,
antibacterial and antiviral-related IncRNA; NF-kB, nuclear transcription factor-
kB; NODI, nucleotide oligomerization domain 1; POMV, orthomyxovirus;
SCRYV, siniperca chuatsi rhabdovirus; Se, selenium; SELJA, selenoprotein Ja;
TGE-B, transforming growth factor-beta; TLR, Toll-like receptor; RNAi, RNA
interference; Wnt, wingless-type MMTYV integration site family.
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especially miRNAs (23, 26-29). At least four patterns of IncRNA-
miRNA interactions have been identified in mammals as follows: 1)
IncRNAs act as competing endogenous RNAs (ceRNA)/sponges or
decoys to bind miRNAs and release their target mRNAs; 2)
IncRNAs as precursors are one of the sources of miRNAs; 3)
IncRNAs compete with miRNAs to bind directly to mRNAs; and
4) miRNAs induce the degradation of IncRNAs (19, 29-31). Among
these RNAs, the first is the most predominant mode of interaction
between IncRNAs and miRNAs, which is termed the IncRNA-
miRNA-mRNA ceRNA network mode, as shown in Figure 1.
Undoubtedly, most IncRNA functions are mediated by their
ceRNA networks. In fish, similar to miRNAs, IncRNAs have also
been found in a variety of fish and have been shown to be involved
in fish liver metabolism (32, 33), growth and development (34-38),
as well as immune responses to various stresses, such as netting and
chasing (39), hypoxia (40), bacteria (40-43), and viruses (44, 45).
However, compared with fish miRNAs, the identification, function
and mechanisms of fish IncRNAs are still relatively poorly studied,
including the signaling pathways associated with the IncRNA-
miRNA-mRNA regulatory network.

Herein, we provide a brief overview of recent advances in the
regulatory roles of the IncRNA-miRNA-mRNA network in teleost
fish physiological and pathological processes, mainly including
teleost growth and development, reproduction, immune response
to infection, and other immune-related biological processes.
Furthermore, we explored the potential application of the
IncRNA-miRNA-mRNA axis as a biomarker or intervention
target in fish domestication, farming or disease treatment. This
may help to elucidate the fish lifestyle related to the regulation of the
IncRNA-miRNA-mRNA network and provide new ideas for
ncRNA, targeting fish growth, breeding, or disease treatment
strategies to improve the sustainable development of fisheries.

2 The regulatory roles of the IncRNA-
MiRNA-mRNA axis in teleost
physiology and pathology

Similar to mammals, the regulatory functions of miRNA-
related IncRNAs in fish are mediated mainly by the IncRNA-
miRNA-mRNA axis. Different axes have been found in different
tissues of different fish species, involving many IncRNAs and
miRNAs, which may further suggest the specificity advantage of
less conserved IncRNAs. The IncRNAs can be constitutively present
in normal cells to maintain cellular homeostasis or regulated in
specific stress responses and diseases to induce innate or specific
immunity, as shown in Table 1 and Figure 2.

2.1 Regulation in growth and development

2.1.1 Brain and Nerves

Different expression profiles of mRNA, IncRNA and miRNA
were identified in the brain of grass carp (Ctenopharyngodon Idella,
C. Idella) at different growth rates by whole transcriptome
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Biogenesis of the long noncoding RNA (IncRNA)-microRNA (miRNA)-messenger RNA (mRNA) axis. (INncRNA, left) Immature IncRNAs are transcribed
from the intergene, exon or distal protein coding region of the genome and become stable immature IncRNAs after posttranscriptional processing.
Then, most INncRNAs undergo alternative splicing and become mature IncRNAs. Mature IncRNAs can exist in the nucleus or be transported to the
cytoplasm. (miRNA, middle) Primary miRNAs (pri-miRNAs) transcribed from the genome are converted into precursor miRNAs (pre-miRNAs) by
Drosha cleavage. Then, the premiRNAs were transferred to the cytoplasm in an Exportin-5-dependent manner. Finally, mature miRNAs are produced
from premiRNAs after Dicerl cleavage. (mMRNA, right) The initial transcription products of mRNAs are high molecular weight precursor RNAs (pre-
mMRNAs). Then, the premRNAs are transformed into mature mRNA after posttranscriptional processing, alternative splicing and RNA modification.
Subsequently, the mRNAs are transported into the cytoplasm and translated. In the cytoplasm, INncRNA can interact with miRNA, acting mainly on
miRNA as a competing endogenous RNA (ceRNA), thus regulating its target molecule mRNA and inducing its translation repression or decoy.

sequencing (80). The hub mRNAs and hub ncRNAs in the brain
with increased growth rates were associated with many biological
processes, including immune, endocrine, and growth hormone
signaling pathways, and processes such as amino acid and
carbohydrate metabolism. In the IncRNA-miRNA-mRNA ceRNA
networks of the brain based on hub mRNAs and hub ncRNAs, the
MSTRG.6764-miR-27a-3p-lpxn (leupaxin) and MSTRG.50349-
miR-206-axpm (abnormal spindle-like microcephaly associated)
axes were identified. All IncRNAs and mRNAs in these two
ceRNA networks were determined to be upregulated, while all
miRNAs were downregulated. The expression levels of these
IncRNAs and mRNAs were further confirmed to be positively
correlated with the growth of C. Idella, while miR-27a-3p or miR-
206 expression was negatively correlated with C. Idella growth (80).
These data suggest that the difference in grass carp growth rate may
be related to the development of the central nervous system of the
brain regulated by the ceRNA network.

In addition, recent studies have found that IncRNAs can not
only serve as miRNA precursors or ceRNAs but can also be silenced
as miRNA targets in fish (46). Lee reported that miRNAs primarily
targeted and silenced the 5 caps and 3’ poly(A)-tails of IncRNAs in
D. rerio at the posttranscriptional and translational levels. The
mRNA-like IncRNA (containing a 5" cap, 3’ poly(A)-tail, and
canonical miRNA target sites) was inhibited by miRNA at both
the RNA and ribosomal levels during the early developmental stages
of D. rerio embryos, whereas the nonmRNA-like long noncoding
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RNA (containing miRNA target sites, but no 5° cap and 3’ poly(A)-
tail) was not strongly inhibited by miRNA and may act as a miRNA
decoy (46, 59). Cyrano is a miRNA-regulated IncRNA whose
expression and function are repressed by miR-7 (59). Cyrano was
confirmed to be parentally inherited IncRNA in D. rerio and was
proven to play an important role in the symmetric development of
neuronal structures by interacting with miR-7 (59). In addition,
knockdown of Cyrano without altering zygotic Cyrano resulted in
changes in zebrafish brain morphology, suggesting that inherited
Cyrano is critical for brain development (59). These data indicated
that fish IncRNAs and miRNAs have a reciprocal regulatory
relationship, which in turn affects the expression and function of
growth- or development-related mRNAs.

2.1.2 Immune organs

Similarly, the expression and interaction of IncRNAs, miRNAs
and mRNAs was explored in the hepatopancreas, gill, intestine,
liver, kidney, and spleen in fish by using high-throughput
sequencing technology (47, 80, 81). A total of 10,270 IncRNAs
and 7720 mRNAs were identified in gill, intestine, liver and kidney
tissues of P. olivaceus. The mRNA-miRNA interaction network
confirmed that one-third of mRNAs were predicted to be targeted
for regulation by more than one miRNA (47). In contrast, 975
IncRNAs and 163 mature miRNAs were found in the liver, kidney,
and spleen of coho salmon (Oncorhynchus kisutch, O. kisutch).
Among these RNAs, 1339 IncRNAs putatively interacted with 148
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TABLE 1 LncRNA-miRNA-mRNA axis regulation in teleost fish.
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TABLE 1 Continued

Regulated
biological process

Bacterial infection

Viral infection

Others

NL, not listed; UN, unknown.

Related fish
species

Related Organs/
Cells

Stimulus

Mainly related IncRNAs

Mainly related
miRNAs

Mainly related
genes

Mainly related signaling
pathways
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steroidogenesis, spermatogenesis, infertility, and pathogen immunity.

miRNAs, while 6 IncRNAs were identified as precursors of 16
miRNAs (81). These data support that ceRNAs are the most
common mode of relationship between ncRNAs. The central
ceRNA networks of the hepatopancreas are formed by 4
IncRNAs, 3 miRNAs and 7 mRNAs in grass carp (80). Fourteen
hub IncRNAs and 28 hub miRNAs were both expressed in the liver
and head kidney of coho salmon (81). This finding indicates that the
two main immune organs of fish have relatively similar ncRNA
expression patterns, supporting ncRNAs as biomarkers of tissue/
organ-specific expression and developmental stages of organisms
(48, 81). Moreover, the pathways of the target genes of these
ncRNAs are concentrated in 12 pathways, such as the
transforming growth factor-beta (TGF-B) signaling pathway,
cytokine-cytokine receptor interaction, adherens junction, and
nuclear transcription factor (NF)-xB signaling pathway (81),
suggesting that ncRNAs and their interactions play important
regulatory roles in the development or function of fish
immune organs.

2.1.3 Skeletal muscles

Regarding skeletal muscle, different expression profiles of IncRNAs
and mRNAs were identified in different developmental stages of
Japanese flounder (62). These IncRNAs were then predicted to take
part in skeletal muscle development via cis- or trans-acting
mechanisms. In addition, coexpression networks of the IncRNA-
miRNA-mRNA axis showed that most IncRNAs interact with one or
two predicted miRNAs. Some IncRNAs can even interact with at least
three target miRNAs, such as TCONS_00093971, TCONS_00096817,
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and TCONS_00032744 (62). Similarly, a total of 290 IncRNAs are
differentially expressed in juvenile and adult fast skeletal muscle of
gilthead sea bream (Sparus aurata, S. aurata), and the number of
differential IncRNAs is greater in juveniles than in adults, indicating
that most of the differential IncRNAs play a role in the muscle growth
of juveniles (49). In addition, most of the differential IncRNAs (such as
IncRNA20194) were more active in myoblast proliferation and were
downregulated during the fusion process, which may play a promoting
role in myoblast proliferation by acting as sponges for miR-133, miR-
206 and miR-208 (49). Moreover, the different expression profiles of
mRNAs and IncRNAs were identified in fish families with different
phenotypes of rainbow trout (49, 82). In the constructed IncRNA-
miRNA-mRNA network, 3 IncRNAs (Omy500041161,
Omy400178299, and Omy500089619) were coexpressed with
mRNAs known to be associated with whole body weight (WBW),
muscle yield and fat content, such as lipoprotein lipase (LIPL) and
TGF-B, to impact muscle quality traits. Moreover, 44 IncRNAs were
able to interact with miRNAs as sponges to control mRNAs belonging
to protein catabolic/anabolic pathways, affecting muscle mass
characteristics and fast/effective growth rates (82). These data
demonstrate the regulatory role of IncRNAs and their ceRNA
networks in muscle growth and development and in the
characteristics of muscle growth and fillet quality.

2.1.4 Intermuscular bone

Intermuscular bone (IB) is a small spicul-like bone present in
the muscular septum of teleost fish that adversely affects the food
and economic value of fish (83). The expression profiles of mRNAs
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and ncRNAs (IncRNAs and miRNAs) were different in blunt snout
bream (Megalobrama amblycephala, M. amblycephala) at two
intermuscular bone (IB) growth stages (1 and 3 years old) (50).
The slow-growing IB-3 was found to possibly be due to the reduced
osteoblast differentiation and Ca** deposition caused by ZIP1
downregulation. In addition, 14 ceRNA axes related to the growth
of IBs were identified with 10 IncRNAs, 7 miRNAs, and 10 mRNAs
(50). Among these RNAs, dre-miR-24b-3p and dre-miR-193b-3p
were confirmed to be core miRNAs that could interact with 4
IncRNAs (LNC_007210, LNC_011298, LNC_001774, and
LNC_017705) and 3 mRNAs (iron-regulated transporter (IRT)-
like protein (ZIP), complement component 6 (C6), and M.
amblycephala Gene 23275). In particular, the Inc017705-miR-24a-
3p-ZIP1 axis is likely to regulate the development of IB (50), which
suggests their regulatory roles in the growth of IB in
M. amblycephala.

2.1.5 B chromosomes

B chromosomes (Bs) are predominantly found in karyotype
species of eukaryotic taxa and are considered extra or redundant
chromosomes (84). Recently, Bs in fish were found to also be able to
generate IncRNAs, termed B chromosome long noncoding RNA
(BncRNA) (67). BncRNA is transcribed from a transcriptionally
active repetitive DNA (BncDNA) that is highly expressed on all B
chromosomes in the cichlid fish (Astatotilapia latifasciata, A.
latifasciata). In addition, BncRNA was predicted to be involved in
the maintenance and segregation of the B chromosome during cell
division by interacting with miRNAs on the B chromosome,
including miR-129-3p, miR-9-5p, and miR-153a-5p (67), possibly
leading to a new understanding of B chromosomes and IncRNA-
miRNA regulatory networks in fish development.

2.2 Regulation in reproduction

2.2.1 Gonad maturation

ncRNAs, including IncRNAs, miRNAs, rRNAs, and piRNAs,
have been found to show differential expression between mature
and immature gonads of infemale sharpsnout seabream (Diplodus
puntazzo, D. puntazzo) (51). The study found that 8 of the 10
IncRNAs that were identified in the National Center for
Biotechnology Information (NCBI) basic local alignment search
tool (BLAST) hit were highly expressed in immature fish, while 8 of
the 10 identified miRNAs were highly expressed in mature fish (51).
Furthermore, putative IncRNA-miRNA-mRNA hybridizations
were constructed, which included 3 IncRNAs (DP-novel-07606,
DP-novel-06984, and DP-novel-07767), 5 miRNAs (miR-122-1,
miR-129, miR-125¢, miR-7a, and ENSGACT00000282061), and 3
mRNAs (XR_003984576.1, XR_003429050.1, and
XR_001814721.1) (51). Most miRNAs in these networks have
been proven to be associated with a broad range of physiological
processes, including gonad maturation. For example, miR-125¢ can
inhibit the maturation of immature females by inhibiting the
expression or proteolysis of vitellogenins and yolk proteins (68).
In addition, follicle-stimulating hormone receptor (ESHR) is a
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target of miR-125¢, which is a critical gene for the growth of the
primary ovarian follicle (69), suggesting that IncRNAs highly
expressed in immature gonads may promote gonad maturation
by regulating the miRNA-mRNA pathway.

2.2.2 Steroidogenesis and Spermatogenesis

Similarly, ncRNAs also showed differential expression between
gonads of different sexes in gynogenetic Japanese flounder. A total
of 6772 differentially expressed mRNAs (3541 testis-biased and
3231 ovary-biased), 2284 IncRNAs (1870 testis-biased and 414
ovary-biased), and 244 miRNAs (146 testis-biased and 98 ovary-
biased) were obtained between gynoenetic female ovaries and sex-
reversed neomale testes (52). Clearly, the numbers of differentially
expressed mRNAs and IncRNAs were significantly higher in the
testis than in the ovaries, suggesting that ncRNAs function more
actively in the neomale testis, especially IncRNAs. Furthermore, the
IncRNA-miRNA-mRNA interaction network was constructed with
91 mRNAs, 64 IncRNAs, and 98 miRNAs. In this network, some
hub miRNAs interact with many IncRNAs. For example, ovary-
biased let-7 binds to 18 IncRNAs and targets dnahl, testis-biased
miR-20a interacts with 14 DEIncRNAs and targets dnahl1, while
the novel miRNA-82155_166 can cooperate with 57 IncRNAs to
target most large mRNAs. These miRNA-associated regulatory axes
involve numerous steroid biogenesis- and sperm motility-related
genes and pathways, such as the cytoskeleton, microtubule
cytoskeleton, cytoplasmic dynein complex, tubulin and actin
binding (52). These data suggest the regulatory roles of the
IncRNA-miRNA-mRNA network in steroidogenesis and sexual
spermatogenesis in P. olivaceus.

2.2.3 Infertility

Moreover, the IncRNA-miRNA-mRNA ceRNA network was
proven to be involved in the mechanism underlying infertility in
fish. The liver is essential for fish fertility because it can synthesize
vitelline and the precursor of vitelline, which is required for oocyte
development and maturation (53, 85). Compared with fertile fish
livers, sterile fish livers were found to have fewer vacuoles and
significantly lower serum vitellogenin levels in P. olivaceus (86).
Moreover, ncRNAs (mRNAs, IncRNAs, circular RNAs, and
miRNAs) were differentially expressed in infertile and fertile
individuals P. olivaceus). The IncRNA-miRNA-mRNA ceRNA
network was constructed with 92 IncRNAs, 14 mRNAs, and 4
miRNAs, which included the identified potentially functional
ncRNAs in steroid biosynthesis pathways, such as pol-miR-133-
3p, pol-miR-221-3p, XLOC_008437, XLOC_015293, and
XLOC_019323. Among the target genes, armadillo repeat-
containing protein 6 (ARMC6), propionyl-CoA carboxylase alpha
chain (PCCA), tetratricopeptide repeat, ankyrin repeat and coiled-
coil containing 2 (TANC2), transposable DNA element 5 (TNR5),
and matrix metalloproteinase 28 (MMP28) were associated mainly
with metabolism (fat and glycerophospholipid), signal transduction
(complement and coagulation cascades), and immunity (RIG-I-like
receptor signaling pathway) (86). These results indicate that fish
infertility is related not only to histological structure, hormone
secretion, and the steroid biosynthesis pathway but also to liver
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metabolism, immunity, and signal transduction, which may all be
regulated by ncRNAs and their ceRNA network.

2.3 Regulation in bacterial infection

Infection is a life-and-death struggle between host and pathogen
(54), in which host must mobilize its immune system to win (55).
Similar to other vertebrates, the immune response of organisms to
the invasion of foreign pathogens in teleost fish usually involves the
regulation of ncRNAs, especially IncRNAs and miRNAs (19, 20). In
fish infected by various types of bacteria or viruses, many immune-
related IncRNA-miRNA-mRNA regulatory networks have been
identified and play an antibacterial, antiviral or opposite role, as
shown in Figure 3.

2.3.1 Aeromonas hydrophila (A. hydrophila)
IncRNA-WAS, IncRNA-C8807, IncRNA-SUMO3, IncRNA-
HDMO13, IncRNA-ANAPC2 and IncRNA-NEFM were recently
identified in grass carp (C. idella) and are constitutively expressed in
all tested tissues, including the spleen, muscle, brain, heart, fin, and
gill (66, 70, 87). However, their expression levels in grass carp
kidney (CIK) cells after infection by A. hydrophila were found to
increase during the initial infection but began to decline and even
returned to normal levels later, suggesting their response to A.
hydrophila infection in cells. Furthermore, overexpression of these
IncRNAs was found to significantly promote the cell activity of NF-
kB and inflammatory factors, including tumor necrosis factor
(TNF)-0, IL-1B, IL-6, IL-8, IL-12, and TGE-B (66, 70, 87).
Furthermore, IncRNA-WAS and IncRNA-C8807 were shown to
interact with miR-142a-3p to regulate the expression of its targets
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tnfaip2 and glut3 (70). IncRNA-SUMO3 and IncRNA-HDMO13
may act as sponges to regulate miR-21 and miR-142a-3 to affect
their target genes, c-Jun N-terminal kinase (jnk) and CC-
chemokine receptor 7 (ccr7), glucosetranspoter isoform (glut3),
and tumor necrosis factor alpha induced protein 2 (tnfaip2) (66).
LncRNAANAPC2 and IncRNA-NEFM interact with miR-451 to
target histone deacetylase 8 (hdac8) and natriuretic peptide receptor
2 (npr2) (87). These network targeting genes tnfaip2, jnk, cc7, glut3,
npr2 and hdac8 were all proven to induce inflammatory responses
associated with the NF-kB or MAPK pathway (56, 60, 61, 71, 88).
These data suggest that the IncRNA-miRNA-mRNA networks
mediated by IncRNA-WAS, IncRNA-C8807, IncRNA-SUMO3,
IncRNA-HDMO13, IncRNAANAPC2 and IncRNA-NEFM play
positive regulatory roles in the inflammatory response of grass
carp to A. hydrophila challenge.

2.3.2 Aeromonas salmonicida (A. salmonicida)
Based on the identified IncRNAs, miRNAs, and mRNAs that
were differentially expressed in gills of Atlantic salmon (Salmo salar,
S. salar) infected with A. salmonicida, an immune-related IncRNA-
miRNA-mRNA ceRNA network was constructed (72). This
network includes 32 IncRNAs, 10 miRNAs, and 16 mRNAs,
which are associated with many immune-related signaling
pathways, such as p53, (Wnt)/B-chain protein (B-catenin),
mammalian target of rapamycin (mTOR), Janus kinase (JAK)/
signal transducer and activators of transcription (STAT), and
Toll-like receptor (TLR). In addition, three typical IncRNA-
miRNA-mRNA axes were found: TCONS_00079020- miR-155-
5p- atm (ataxia telangiectasia-mutated gene), LOC106564649-
miR-551-3p- tp53, and TCONS_00022856- miR-8157-3p- mdm4
(murine double minute 4), which were all included in the p53
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signaling pathway (85). Meanwhile, 1091 IncRNA-miRNA-mRNA
network axes were constructed in black rockfish (Sebastes schlegelii,
S.schlegelii) spleen infected with A. salmonicida, which included 400
IncRNAs, 69 miRNAs, and 70 mRNAs (73). The main immune-
related signaling pathways involved in the network axis were
nutrient metabolism, cell adhesion molecules (CAMs),
phagocytosis, and degradation. In the regulatory networks,
NLRC3-like genes can be regulated by 17 IncRNAs but only one
miRNA (novel_264) at the same time. The key ceRNA triple
regulatory network was focused on the LNC_00116154-novel-
264-NLRC3 pathway, which may play an important immune
regulatory role in the resistance of black rockfish against A.
salmonicida infection (73). These results indicate the regulatory
roles of the IncRNA-miRNA-mRNA network in the immune
response of teleost fish against A. salmonicida infection.

2.3.3 Edwardsiella tarda (E. tarda)

A total of 115 differentially expressed IncRNAs were identified
in the intestine of olive flounder infected by E. tarda (89). Among
these RNAs, 64 IncRNAs together with 31 miRNAs and 1,766
mRNAs constituted the IncRNA-miRNA-mRNA regulatory
network. Many immune-related processes or signaling pathways
are involved in the miRNA-mRNA regulatory network mediated by
these IncRNAs, such as the signaling pathways of autophagy,
peroxisome proliferator-activated receptor (PPAR), endocytosis,
mitogen-activated protein kinase (MAPK), Notch, and
phagosomes. In addition, two potential ceRNA regulatory
networks were preliminarily identified: LNC_001979- novel_171-
Potusc2 and LNC_001979- novel _171- Podadl in the intestine of
olive flounder, suggesting their roles in anticeRNA regulatory
networks (89). Both tusc2 (tumor suppressor candidate 2) and
dadl (defender against cell death 1) could encode multifunctional
proteins associated with cellular processes (57, 90), which suggests
that Potusc2- and Podadl-tagged ceRNA regulatory networks may
play an important role in regulating the antibacterial immune
response against E. tarda in olive flounder.

2.3.4 Pseudomonas plecoglossicida
(P. plecoglossicida)

In addition, the network of IncRNA-miRNA-mRNA
relationships was also proven to be involved in the regulation of
immune responses in the spleen of Epinephelus coioides (E. coioides)
infected by P. plecoglossicida (63, 64, 91, 92). Compared with the
wild-type strain of P. plecoglossicida, infection with the
L321_RS19110-RNAi (RNA interference) strains, sigX-RNAi
strains, L321_20267-RNAi strains, or L321_RS15240-RNAi
strains resulted in a delayed onset time, a 20%-50% reduction in
the mortality rate of E. coioides, and a reduction in symptoms in the
spleen, suggesting that L321_RS19110, sigX, and L321_20267, and
L321_RS15240 are important disease-causing genes for P.
plecoglossicida (63, 64, 91, 92). Moreover, these RNAI strains had
significant effects on immune-related genes in P. plecoglossicida-
infected E. coli, which were associated with the expression of many
IncRNAs. Many upregulated mRNAs are involved in important
immune response processes in the spleen, including chemokine or
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cytokine signaling pathways, receptor-ligand interactions, and
antigen processing and presentation (63, 64, 91, 92). For example,
chymotrypsin-like elastase family member (cela) 1 was associated
with 16 IncRNAs and 4 miRNAs, cela2 was associated with 20
IncRNAs and 5 miRNAs, chymotrypsin B (ctrb) was associated with
24 IncRNAs and 18 miRNAs, and trypsinogen (prss) was associated
with 15 IncRNAs and 19 miRNAs (91). In addition, these immune
genes are predicted to be regulated by miRNAs and IncRNAs in
complex ways, including the formation of IncRNA-miRNA-mRNA
ceRNA networks (63, 91, 92). These results suggest that
upregulation of immune response-related regulatory IncRNA-
miRNA-mRNA networks in P. plecoglossicida-infected E. coli may
enhance the body’s antibacterial capacity.

2.3.5 Streptococcus agalactiae (S. agalactiae)

In S. agalactiae-challenged tilapia (Oreochromis niloticus, O.
niloticus), 1281 IncRNAs were found to be differentially expressed
during infection (65). Among the constructed IncRNA-miRNA-
mRNA ceRNA networks, 4 IncRNA (MSTRG.2496.2,
MSTRG.204071.1, MSTRG.61707.9, and MSTRG.129013.3)-
mediated networks were highly correlated in the spleen and
kidney, the main target organs of S. agalactiae. In addition, these
four IncRNA-mediated ceRNA networks included 6 miRNAs (miR-
265, miR-574, miR-466, miR-2305, miR-7082, and miR-4739) and
6 mRNAs (ON_73287, ON_86194, PB_14857, PB_1748, PB_10169,
and EN_09656), which were involved in several key immune
signaling pathways, such as the cytokine-cytokine receptor
interaction pathway, Toll-like receptor signaling, endocytosis
pathway, and lysosomal metabolic pathway (65). These data
further illustrate the role of IncRNAs and their mediated ceRNA
networks in innate immunity against bacterial infection in tilapia.

2.3.6 Vibrio anguillarum (V. anguillarum)

In Vibrio anguillarum (V. anguillarum)-infected Japanese
flounder, 414 IncRNAs were identified that exhibited differential
expression, of which 36 IncRNAs acted as competing endogenous
RNAs (ceRNAs) interacting with 16 miRNAs and 37 mRNAs (93).
Mainly 10 immune pathways were involved in the ceRNA
regulatory networks, such as pathogen recognition and Kkilling,
NF-kB-regulated inflammation response, apoptosis, and adaptive
immunity (93). This finding supports the relationship between the
identified ceRNA networks and antibacterial immunity in V.
anguillarum-treated flounder. Similarly, many IncRNAs were also
identified in the spleen tissues of Miiuy croaker (Miichthys miiuy,
M. miiuy) challeged with V. anguillarum (94). Interleukin-1
receptor-related kinase (IRAK)-4-related IncRNA (IRL) is one of
the significantly upregulated IncRNAs induced by V. anguillarum.
Knockdown of IRL significantly inhibited the expression levels of
tumor necrosis factor (TNF)-a, interleukin (IL)-6, IL-8, and IL-13
in miiuy croaker intestines cells (MICs) upon lipopolysaccharide
(LPS) stimulation. In addition, IRL knockdown increased apoptosis
but decreased the viability of LPS-treated MICs. Furthermore, IRL
was found to act as a sponge for miR-27¢-3p to enhance IRAK4
expression, which is a critical regulator involved in the TLR-
dependent immune response, thus inhibiting the innate
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antibacterial response mediated by the production of inflammatory
cytokines resulting from activation of the TLR-nuclear
transcription factor (NF)-xB signaling pathway. Moreover, the
IRL-miR-27¢c-3p-IRAK4 ceRNA network 4 was shown widely in
other teleost fish, including Nibea diacanthus (N. diacanthus) and
Larimichthys crocea (L. crocea), suggesting the relative conservation
of the existence and function of this axis in fish species (94). These
results indicate that IRL is a positive regulator of antibacterial
responses in fish species by sponging miR-27¢-3p.

2.4 Regulation of viral infection

2.4.1 Siniperca chuatsi rhabdovirus (SCRV)

The IncRNA-miRNA-mRNA regulation mechanism also exists
in the innate antiviral responses of Miiuy croaker to SCRV. Xu
reported that a total of 897 IncRNAs were differentially expressed in
SCRV-infected spleen samples of miiuy croaker, including the
newly identified upregulated IncRNAs antiviral-associated long
noncoding RNA (AANCR), mitochondrial antiviral signaling
protein (MAVS) antiviral-related IncRNA (MARL), nucleotide
oligomerization domain 1 (NODI) antibacterial and antiviral-
related IncRNA (NARL), MIR2187HG and MIR122HG (58, 74,
95-97). Among these RNAs, AANCR, MARL and NARL were
subsequently shown to function as positive regulators to counteract
the enhancement of SCRV replication. Knockdown of AANCR,
MARL, or NARL can promote SCRV replication in SCRV-treated
MICs and reduce the expression levels of antiviral-related immune
genes, including type I interferon (IFN-1), TNF-0, myxovirus
resistance protein 1 (MX1), interferon-stimulated gene 15 (ISG15)
and viperin. In addition, their silencing also inhibited cell
proliferation in SCRV-treated MICs, whereas their overexpression
significantly promoted cell proliferation (74, 95, 96).
Mechanistically, AANCR, MARL and NARL were shown to act
as ceRNAs by sponging miR-210, miR-122 or miR-217-5p,
respectively, to relieve their repressive effects on antiviral gene
expression of stimulator of interferon genes (MITA), MAVS or
nucleotide oligomerization domain receptor 1 (NOD1), thereby
maintaining the stability of the antiviral response of the body and
ensuring an appropriate inflammatory response (74, 95, 96). In
contrast, MIR2187HG and MIR122HG were proven to be negative
regulators to counteract the enhancement of SCRV replication (58,
97). MIR2187HG was identified as a developmental reservoir or as
premiR-2187 of miR-2187-3p to increase its expression in SCRV-
treated miiuy croaker, thereby inhibiting intracellular TANK-
binding kinase 1 (TBKI) expression and TBKI1-mediated
signaling of NF-xB and interferon regulatory Factor 3 (IRF3)
(97). MIR122HG was found to decrease the transforming growth
factor-B-activated kinase 1 (TAK1)-triggered NF-xB and IRF3
signaling pathways by acting as a precursor of miR-122-5p (58).
These results suggest that the upregulated IncRNAs in miiuy
croaker infected by SCRV can positively or negatively regulate the
body’s antiviral immune response by interacting with miRNAs,
which can not only maintain the stability of the response but also
avoid an excessive response to maintain a stable and appropriate
antiviral immune response.
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2.4.2 Orthomyxovirus (POMV)

In POMV-infected Atlantic salmon, Samsing found that a total
of 86 IncRNAs and 478 miRNAs were aberrantly expressed in the
gill tissues of infected fish (75). Through the analysis of the ceRNA
network constructed between miRNAs, IncRNAs and mRNAs,
noncoding RNAs targeting mRNAs were found to be
concentrated mainly on genes involved in the immune response
process. Among them, the pathway consisting of IncRNA
MSTRG.13941.1, miRNA-30e-3-3p and selenoprotein Ja (selja)
attracted attention. MSTRG.13941.1 is one of the IncRNAs that
rarely changes in fish in the late stage of virus infection. The
predicted target genes of miRNA-30e-3-3p include not only fish
genes but also virus genes, while the expression level of selja
involved in selenium (Se) transport was significantly reduced in
late-stage infected fish (75). Selenium is an essential micronutrient
for a variety of organisms and has important physiological
functions, such as promoting immunity and antioxidation (76),
suggesting that the MSTRG.13941.1/miRNA-30e-3-3p/Selja
pathway may be involved in virus clearance and homeostasis
restoration by regulating selenium metabolism in fish, which
requires further study.

2.5 Regulation in other stress responses

In an expression analysis of ncRNAs in Nile tilapia
(Oreochromis niloticus, O. niloticus) under at least 15 different
tissues and different stress conditions (e.g., hypoxia, cold,
alkalinity, salinity, and Streptococcus agalactiae (S. agalactiae)
infection), 1955 tissue-specific IncRNAs and 99 stress-related
IncRNAs were identified (98). Ninety-nine stress-related IncRNAs
were predicted to bind to 448 miRNAs, of which 10 IncRNAs
contained a motif complementary to 17 mature miRNAs, including
the TCONS_00151992-dre-miR-128-5p pair (98). Similarly, when
rainbow trout were exposed to acute heat stress, a total of 2605
IncRNAs, 214 miRNAs and 5608 mRNAs were found to be
differentially expressed in the head kidney (77). Then, a IncRNA-
miRNA-mRNA ceRNA interaction network was constructed based
on these differentially expressed IncRNAs, which were significantly
enriched in the innate immune response. Immune-related ceRNAs
may regulate the acute heat stress-induced response mainly by the
MAPK signaling pathway (77). In addition, comparing the whole
transcriptome of skin in wild-type rainbow trout, a total of 1630
IncRNAs, 50 miRNAs and 2448 mRNAs were differentially
expressed in the skin of yellow mutant rainbow trout, which
involved numerous key innate immune-related signaling
pathways (78). In the immune-related IncRNA-mediated ceRNA
network, the IncRNAs MSTRG.11484.2, MSTRG.32014.1 and
MSTRG.29012.1 together with PC-5p-43254_34, PC-3p-28352_70
and bta-miR-11987_L-1R-1_1 ss8TA were identified to regulate at
least 3 immune-related genes, interferon-induced helicase C
domain-containing protein 1 (ifihl), DEXH (Asp-Glu-X-His) box
polypeptide 58 (dhx58) and irf3 (78). These results suggest that the
IncRNA-mediated ceRNA network is involved in the fish immune
response to various stresses.
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3 Potential application of the IncRNA-
MiRNA-mRNA axis in fish

Regarding the above description of IncRNA-miRNA-mRNA
interactions in fish, we can speculate that this regulatory mode is
highly conserved in biological genetic evolution, although the
conservation of IncRNAs is considered to be much lower than the
conservation of miRNAs, suggesting that similar to mammals, the
IncRNA-miRNA-mRNA axis may also be a potential disease or
nondisease biomarker in fish and also suggesting that strategies
used in mammals to modulate IncRNAs or miRNAs as molecular
targets (silencing or activation) may also be useful in the diagnosis
and treatment of fish domestication or disease treatment. Even
though IncRNAs are less conserved in fish, targeting the regulation
of miRNAs targeted by IncRNA sponges is also a valuable tool for
the development of novel therapeutics and high-value
biotechnological products for fish. Currently, well-established
biotechnologies for IncRNA or miRNA inhibition in mammals
include the use of oligonucleotides, RNA interference or small
molecule inhibitors, nucleic acid restriction, and clustered
regularly interspersed short palindromic repeats (CRISPR)-Cas9
(79, 99-101). In contrast, biotechnologies targeting IncRNA or
miRNA overexpression use mainly mimics or viral vector-based
gene restoration, transcriptional upregulation, and therapeutic
manipulation of ncRNA promoters (102, 103).

In addition, the expression profiles of IncRNAs and mRNAs
were found to be altered in the intestine of rainbow trout fed a
probiotic diet, suggesting that diet can alter the expression patterns
of noncoding RNAs and genes in vivo (104). Furthermore, feeding
shrimp with bacteria expressing shrimp miR-34 could significantly
increase the expression level of miR-34 or mja-miR-35 in shrimp,
thereby exerting an antiviral effect against white spot syndrome
virus (WSSV) infection. These shrimp were then cooked and fed to
a human tumor xenograft mouse model, and the lung metastatic
ability of the tumor was significantly reduced in these mice (105,
106). Moreover, dietary miRNA absorption was confirmed to
indeed occur in the stomach mediated by mammalian systemic
RNA interference defective-1 (SID1) transmembrane family
member 1 (SIDT1), which is a key transporter enriched in the
stomach (105, 107). These results suggest that dietary or oral
administration is an efficient way of delivering ncRNAs in vivo
for the treatment of diseases such as viral infections or tumors.
Using a simple and convenient dietary ncRNA approach to alter
nutritional or reproductive strategies regulated by the IncRNA-
miRNA-mRNA network would be an effective strategy to improve
feeding/breeding efficiency and fishery production.

4 Conclusions and discussion

Over the past 20 years, ncRNA-related research has expanded
dramatically, especially in the context of human disease. In fish, novel
rearing/reproduction strategies targeted by noncoding RNAs have
attracted attention to achieve the intriguing goal of optimizing fish
growth while maintaining high nutritional value. In recent years, a
variety of ncRNAs have been identified and molecules in fish, their
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functions and molecular mechanisms have gradually become clear,
and several fish ncRNA databases have been established, such as
FishDB (http://fishdb.ihb.ac.cn) (108). However, compared with the
available information for mammals, the amount of information about
teleost ncRNAs is still limited. The expression patterns, regulatory
functions and molecular mechanisms of ncRNAs in fish need to be
further studied. Here, we review the composition and role of the
IncRNA-mediated miRNA-mRNA regulatory network in fish growth
and development (brain, hepatopancreas, immune organs, skeletal
muscles, intermuscular bone, B chromosomes), reproduction (gonad
maturation, steroidogenesis, spermatogenesis and infertility),
bacterial infection (A. salmonicida, V. anguillarum, E. tarda, A.
hydrophila, S. agalactiae, and E. coioides), viral infection (SCRV
and POMYV), and other biological processes, as shown in Table 1.
These data allow us to better understand the molecular regulatory
mechanisms of IncRNA-miRNA-mRNA regulatory networks in fish
responses to various environmental stress stimuli and provide new
ideas for fish domestication, breeding and feeding, as well as the
diagnosis, prevention and treatment of diseases. Interestingly, we
found that the regulation of LNC RNA-miRNA-mRNA regulatory
networks on the abovementioned fish physiological or pathological
processes is basically related to immunity, which further indicates the
importance of the fish immune system and immune response in fish
growth and development.

However, many IncRNA-miRNA-mRNA axes are limited to the
prediction of biological information, and their regulatory
relationships, regulatory effects on fish processes and molecular
mechanisms have yet to be verified. In addition, the regulatory role
of IncRNAs mediated by miRNAs may also be involved in other
biological processes, but the composition and molecular
mechanism of the IncRNA-miRNA-mRNA axis need to be
confirmed. For example, the differential expression of miRNAs
and IncRNAs was also found in tiger pufferfish (Takifugu
rubripes, T. rubripes) of different sexes (109). Compared with
female gonads, 79 IncRNAs were upregulated and 51 were
downregulated in male gonads, while 3 mature miRNAs were
upregulated and 3 mature miRNAs were downregulated.
Moreover, several IncRNAs and miRNAs were also predicted to
regulate the expression of sex-related genes in T. rubripes gonads,
such as Inc_000338, Inc_000690, Inc_000370, fru-miR-15b, novel-
167, and novel-318 (109). In the central nervous system (CNS) of
the weakly electric brown ghost knifefish (Apteronotus
leptorhynchus, A. leptorhynchus), a broad variety of ncRNAs were
identified, including IncRNAs, miRNAs, snRNAs, snoRNAs, and
other ncRNA sequences (110). These ncRNAs appear to be involved
in neurodevelopmental processes such as neurogenesis,
neuroregeneration, neuronal differentiation and the neural basis
of behavior (110, 112). In addition, in adult zebrafish fed a high-
cholesterol diet, the ncRNA regulatory network was shown to be
associated with nonalcoholic fatty liver disease (NAFLD) (113).
Thirty-two hub IncRNAs, 5 hub miRNAs, and 8 hub mRNAs were
identified to be associated with NAFLD-related regulation (113).
These results suggest that the regulation of ncRNAs in fish sex
determination and differentiation, CNS development, and liver
metabolism in fish may be mediated by IncRNA-miRNA-mRNA
ceRNA networks, which need to be studied further.
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Overall, the available data on the IncRNA-miRNA-mRNA
regulatory network in teleost fish, acting as a regulator in
physiology and pathology, support its critical role in maintaining
cellular homeostasis and functions. However, many regulatory axes
are still limited to biological predictions, and more in vivo and in vitro
studies are needed to confirm their composition and function.
Additionally, there are still many obstacles that need to be
overcome in the research process of noncoding regulatory genes in
fish, such as novel ncRNA-based biotechnology tools, screening of
core molecular markers, precise intervention strategies, and
development of specific ncRNA-related modulators. Therefore,
solving the above problems will be an important direction for
future fish species research and will further promote the
development of selective breeding and sustainable aquaculture.
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Creatine kinase (CK) is an enzyme that regulates adenosine triphosphate (ATP)
metabolism to maintain energy homeostasis. Although CK has been reported to
be involved in pathogen infection, the immune function of CK remains elusive. In
this study, we identified two muscle-type CK from the teleost tongue sole
Cynoglossus semilaevis (designated CsCKM-1 and CsCKM-2). Bacterial
infection modulated CsCKM-1/2 expression in tongue sole tissues and induced
the release of CsCKM-1/2 into serum. Recombinant CsCKM-1/2 (rCsCKM-1/2)
exhibited robust kinase activity and bound to bacterial pathogens and pathogen-
associated molecular patterns. rCsCKM-1/2 also bound to tongue sole peripheral
blood leukocytes (PBLs) and promoted PBLs to uptake bacterial pathogens,
inhibit bacterial proliferation, and express proinflammatory cytokines. When co-
expressed in HEK293T cells, CsCKM-1/2 were found to interact with the leucine
rich domain of toll-like receptor 2 (TLR2). The presence of TLR2 antagonist
significantly reduced CsCKM-1/2-induced immune response and antibacterial
effect. Taken together, these results indicated that tongue sole creatine kinases
function as damage-associated molecular pattern (DAMP) molecules and play an
important role in antimicrobial immunity via TLR2.

KEYWORDS

creatine kinase, tongue sole, teleost, toll-like receptor 2, antimicrobial immunity

1 Introduction

Creatine kinase (CK) is a class of proteins belonging to the phosphagen kinase family
(1). CK exists widely in animals, ranging from sponge, fish to human (2). In vertebrates,
there are four types of CK, including two cytosolic isoenzymes, i.e., M-CK (muscle type)
and B-CK (brain type), and two mitochondrial isoenzymes, i.e., Mi,-CK (ubiquitous type)
and Mi,-CK (sarcomeric type) (2). The cytosolic type CKs function as homodimer (MM-
CK and BB-CK) or heterodimer (MB-CK), while the mitochondrial CKs function as
octamer. The CK monomers share similar structure, which is composed of a small N-
terminal domain constituted solely by o-helix and a large C-terminal domain comprising
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an antiparallel B-sheet core and several external o-helices. The two
domains form a cleft in their interface and therein accommodate
the active site (2-6). CK catalyzes the reversible conversion of
phosphocreatine and adenosine diphosphate (ADP) to creatine and
adenosine triphosphate (ATP) (4). CK and its substrates/products
constitute an energy buffer system enabling replenishment of ATP,
the primary fuel of biological activities. Thus, CK plays a vital role in
the physiological processes requiring high energy turnover, such as
skeletal muscle contraction (2-6).

In human and mouse, accumulating reports indicate that CK is
also involved in immunity. For instance, B-CK could modulate
thymocyte differentiation and T cell activation (7). The abrogation
of B-CK impaired TCR-mediated activation of mTORCI signaling
and compromised CD8" T cell expansion in response to infection
(8). The blockade of CK pathway impaired the expression of GSK3-
targeted genes and the upstream genes of Wnt signaling (9). B-CK
could interact with the NS4A protein of hepatitis C virus (HCV)
and affect viral replication (10). Moreover, CK can be released into
the extracellular milieu during physiological stress (11-13). In
clinical diagnostics, the CK level in body fluid has been widely
employed as a biomarker for many pathological conditions, such as
exertional muscle damage (14), acute pulmonary tuberculosis (15),
acute myocardial infarction (16) and bacterial infection (17, 18).

In teleost, evidence shows that CK is involved in anti-bacterial
immunity. For example, in zebrafish Danio rerio, the protein level of
CK in gill was elevated during Aeromonas hydrophila infection (19).
In juvenile Nile tilapia Oreochromis niloticus, the activities of
branchial cytosolic CK and mitochondrial CK decreased upon
Providencia rettgeri infection (20). In silver catfish Rhamdia
quelen, the activities of cytosolic and mitochondrial CK were
regulated by Aeromonas caviae and Citrobacter freundii infection
(21, 22). In addition, it has been observed that the extracellular level
of teleost CK changed upon bacterial infection (23). However, the
immunological function and mechanism of CK in teleost remain
largely unknown.

Half-smooth tongue sole (Cynoglossus semilaevis) is an
economically valuable marine flatfish (24). In the present work,
we identified and characterized two M-CK homologues from C.
semilaevis (named CsCKM-1 and CsCKM-2). The immune
function and the molecular mechanism of CsCKM-1/2 in
antimicrobial immunity were examined. We found that bacterial
infection induced extracellular release of CsCKM-1/2, and
recombinant CsCKM-1/2 stimulated the activity of peripheral
blood leukocytes (PBLs) and exerted antimicrobial effects in a
manner that required Toll-like receptor 2 (TLR2). Our results
revealed novel immune functions of CK in teleost.

2 Materials and methods
2.1 Fish, bacteria, and cells

Tongue sole were purchased from a local fish farm in Shandong
Province. The fish were reared at 20°C in tanks filled with aerated

seawater, fed daily with commercial feed and confirmed to be
clinically healthy as described previously (25, 26). Fish with
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average weight of 500g were used to collect peripheral blood
leukocytes (PBLs). Fish with average weight of 20g were used in
the bacterial infection experiment. The fish were euthanized with
tricaine methane sulfonate (Sigma, St. Louis, USA) at the dose of 0.1
g/l before tissue collection. The bacterial pathogens Edwardsiella
tarda, Vibrio anguillarum, Vibrio harveyi and Streptococcus iniae
have been reported previously (27-30) V. anguillarum, V. harveyi
and E. tarda were cultured in Luria-Bertani broth (LB) at 28°C to an
ODggo 0f 0.8, S. iniae was cultured in tryptic soy broth (TSB) at 28°C
to an ODgy of 0.8. HEK293T cells were cultured in Dulbecco’s
modified Eagle’s medium as reported previously (31). Tongue sole
peripheral blood leukocytes (PBLs) were prepared by Percoll
gradient centrifugation as described previously (32). Briefly, the
blood was placed on top of 61% Percoll and centrifuged at 400 g for
15 min. The white layer of PBLs in the interface was collected,
washed twice with PBS and resuspended in L-15 medium.

2.2 Sequence and phylogenetic analysis

The sequence analysis was performed with Clustal W Multiple
Alignment program (33). The phylogenetic tree was constructed
using the Maximum likelihood method of MEGA-X with 1500
bootstrap replications, and edited with iTOL (34). The sequences of
creatine kinase isoforms were obtained from National Center for
Biotechnology Information (NCBI). The GenBank accession
numbers are as follows: Homo sapiens M-CK, NP_001815. 2; H.
sapiens B-CK isoform 1, NP_001814.2; H. sapiens B-CK isoform 2,
NP_001349460.1; H. sapiens Mi,-CK, NP_001093205.1; H. sapiens
Mi,-CK, NP_001015001.1; Oryzias latipes M-CK, XP_004076079.1;
O. latipes B-CK, XP_023808469.1; O. latipes Mi,-CK,
XP_004069454.3; O. latipes Mi,-CK, XP_023816157.1; Mus
musculus M-CK, NP_031736.1; M. musculus B-CK, NP_067248.1;
M. musculus Mi,-CK, NP_940807.1; M. musculus Mi,-CK,
NP_001341998.1; Danio rerio M-CK b, NP_001099153.1; D. rerio
M-CK a, NP_571007.2; D. rerio B-CK a, NP_001070631.1; D. rerio
B-CK b, NP_775329.1; D. rerio Mi,-CK, NP_956991.1; Cynoglossus
semilaevis M-CK-1, XP_008307091.1; C. semilaevis M-CK-
2, XP_008330730.1.

2.3 Expression of CsCKM-1/2 in tongue
sole tissues and cells

Expressions of CsCKM-1/2 in tissues under different conditions
were determined by quantitative real time reverse transcription-
PCR (qRT-PCR). Heart, liver, spleen, head kidney, brain, gill,
intestine, skin, and muscle were taken aseptically from three
tongue sole for total RNA extraction with Trizol reagent. cDNA
synthesis and qRT-PCR were performed as described previously
(35) The expression levels of CsCKM-1/2 were analyzed using
comparative threshold cycle method (2724€T) To examine the
expression of CsCKM-1/2 in response to infection, tongue sole
were randomly divided into three groups and injected
intraperitoneally with 50 ul V. anguillarum (1 x 10® CFU/ml), E.
tarda (2 x 108 CFU/ml) or PBS. Three fish were taken at 6, 12, 24 or
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48 h post-infection (hpi), and CsCKM-1/2 expressions in liver,
spleen and head kidney were determined as above. To examine
CsCKM-1/2 expression in PBLs in response to bacterial infection,
tongue sole PBLs were incubated with V. anguillarum or E. tarda
(multiplicity of infection (MOI) = 4) for 2, 4, or 6 h, and the
expression levels of CsCKM-1/2 were determined by qRT-PCR as
above. B-actin was used as an internal reference as reported
previously (36). The primers used for PCR are listed in Table S1.

2.4 Recombinant protein purification,
polyclonal antibody preparation, and
creatine kinase activity assay

The coding sequences of CsCKM-1/2 were amplified by PCR
with primers listed in Table S1. The pET30a (+) vector (Novagen,
Madison, W1, USA) was digested with the restriction endonucleases
NdeI and Xhol. The PCR products were ligated with the linearized
vector. The recombinant pET30a (+) vectors expressing CsCKM-1/
2 were introduced into Escherichia coli Transetta (DE3) (TransGen,
Beijing, China) by transformation. The transformants were cultured
in LB medium at 37°C to mid-logarithmic phase, and isopropyl-f3-
D-thiogalactopyranoside was added to the medium to a final
concentration of 0.1 mM. After an additional 12 h incubation at
16°C, the bacteria were harvested by centrifugation and lysed on ice
by ultrasonication. The recombinant CsCKM-1/2 (rCsCKM-1/2) in
the supernatant were purified with Ni-NTA agarose (QIAGEN,
Valencia, USA). Triton X-114 was added to the washing buffer to
remove endotoxin. The endotoxin levels of the recombinant
proteins were determined using Toxin SensorTM Endotoxin
Detection System (GenScript). The endotoxin concentrations of
rCsCKM-1&2 were 0.24 and 0.17 EU/mg, respectively. The eluted
proteins were dialyzed and concentrated as described previously
(30). The proteins were analyzed by SDS-PAGE and stained with
Coomassie brilliant blue R-250. Mouse anti-rCsCKM-1/2
antiserum was prepared as reported previously (37). Recombinant
Trx was prepared as described previously (38). The enzyme activity
of recombinant CKs was measured as reported previously (6).
Briefly, substrate chromogenic solution was prepared as follows:
creatine (25mM), MgAC,-4H,0 (5mM), thymol blue (0.01%), Gly-
NaOH (pH 9.0, 5mM), and ATP-Na, (5mM). NaOH (1 mol/L) was
used to carefully adjust the color of the solution to dark purple (pH
8.5). rCsCKM-1/2 was then added to the chromogenic solution and
the absorption at 597nm was recorded every 30s.

2.5 The in vivo and in vitro detection of
CsCKM-1/2 release

To examine the release of CsCKM-1/2 into serum, tongue sole
(average 20 g) were randomly divided into three groups and
injected intraperitoneally with 50 wl V. anguillarum (1 x 10°
CFU/ml), E. tarda (2 x 10 CFU/ml) or PBS. Blood was collected
at 6, 12 and 24 hpi (three fish per group at each time point), and the
serum was separated by centrifugation at 2000 g, 4°C for 15
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minutes. The serum was subjected to SDS-PAGE, and the
proteins were transferred onto nitrocellulose membranes
(Millipore, MA, USA). The membrane was blocked with 5% BSA
for 1 h, and mouse anti-rCsCKM-1/2 antiserum (1:1000 dilution)
were added. After incubation for 1 h, the membranes were washed
with PBS for three times. The membranes were further incubated
with HRP goat anti-mouse IgG (1:4000 dilution) for 1h, and then
washed as above. The protein bands were visualized using an ECL
kit (Sparkjade Biotechnology Co. Ltd., Shandong, China). To
examine the release of CsSCKM-1/2 to culture medium, PBLs (1 x
107 cells/ml) were incubated with V. anguillarum (2 x 107 CFU/ml),
E. tarda (1 x 10’ CFU/ml), or PBS for 1 h. The supernatants were
collected and precipitated using TCA as reported previously (31).
The proteins released by PBLs were detected by immunoblotting
as above.

2.6 Interaction of rCsCKM-1/2
with bacteria

The binding between bacteria and rCsCKM-1/2 was
determined by enzyme-linked immunosorbent assay (ELISA) as
reported previously (39). The binding of rCsCKM-1/2 to pathogen-
associated molecular patterns (PAMPs), including
lipopolysaccharides, peptidoglycan, glucan and mannan, was
examined as follows. PAMPs (0.1 mg/ml) were diluted in coating
buffer (15 mM Na,CO; and 35 mM NaHCOs, pH 9.6) and placed
into 96-well microtiter ELISA plates. The plates were incubated at
4°C overnight. After blocking with 5% skim milk at 37°C for 1 h, the
plates were washed with PBS for three times. The plates were
incubated with different concentrations (1, 5, or 10 uM) of
rCsCKM-1/2, followed by incubating with mouse anti-His tag
antibody and HRP-conjugated goat anti-mouse IgG as described
above. To examine the effect of rCsCKM-1/2 on bacterial growth,
rCsCKM-1/2 (85 pg/ml), rTrx (85 pg/ml) or PBS was mixed with
bacteria (1 x 10° CFU/ml) in LB medium. The bacteria were
incubated at 22°C, and bacterial growth was recorded every hour
by measuring absorbance at ODgy.

2.7 The interaction of rCsCKM-1/2
with PBLs

The interaction between rCsCKM-1/2 and PBLs were
performed as reported previously (35). Briefly, 1 x10° cells in 100
ul PBS were settled on the cell culture dish (NEST Biotechnology,
Wuxi, China). The dish was blocked with 5% BSA for 1 h and
washed with PBS for three times. Then cells were incubated with
rCsCKM-1/2 (42.5 ug/ml) or rTrx (42.5 pg/ml) for 1 h and washed
as above. Mouse anti-His tag antibody (1:1000 dilution) was added
to the dish, and the dish was incubated for 1 h and washed. Goat
anti-mouse IgG Alexa Flour 488 (1:2000 dilution) was added to the
dish, and the dish was incubated and washed as above. The cells
were stained with DAPI and observed with a confocal microscope
(Carl Zeiss, Oberkochen, Germany).
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2.8 The effect of rCsCKM-1/2 on immune
gene expression and bacterial infection

Tongue sole were divided randomly into four groups and
injected intraperitoneally with 50 pl rCsCKM-1/2 (85 pg/ml),
rTrx (85 pg/ml) or PBS. At 6 h post-injection, liver and spleen
were taken (three fish per group at each time point) for RNA
extraction and cDNA synthesis as described above. cytokine and
antimicrobial peptide expression was determined by qRT-PCR with
primers listed in Table S1. B-actin was used as the internal
reference. To examine cytokine expression in PBLs, tongue sole
PBLs were incubated with rCsCKM-1/2 (85 pg/ml), rTrx (85 ug/
ml) or PBS for 1, 3 and 6 h. RNA extraction and cDNA synthesis
were performed as above, and the expression of cytokines and
antimicrobial peptides was determined by qRT-PCR as above. To
examine the effect of rCsCKM-1/2 on the antimicrobial activity of
PBLs, PBLs were pretreated with rCsCKM-1/2 (85 pg/ml), rTrx (85
ug/ml) or PBS for 2 h, followed by incubation with E. tarda
(MOI=4) for 2 h. Extracellular bacteria were killed by gentamicin
(400 pg/ml) for 30 minutes. The cells were placed in fresh medium
(this time point was set as 0 h) and incubated for 2 and 4 h. The cells
were counted and lysed as reported previously (35). The lysate was
diluted and plated on LB agar plates. After incubation at 28°C for
48 h, the colony number was recorded.

2.9 The effect of TLR2 antagonist on
CsCKM-1/2-induced immune response

Tongue sole PBLs were pretreated with DMSO (control) or
different concentrations (1 and 10 uM) of CU-CPT22 (TLR2
specific antagonist) (Selleck.cn, Houston, TX, USA) for 2 h,
followed by incubation with rCsCKM-1/2 (85 pg/ml), rTrx (85
pg/ml) or PBS for 1 h. After incubation, the expression levels of IL-
1B, IL-6 and TNF-o were determined by qRT-PCR as above. To
examine the effect of CU-CPT22 on phagocytosis, tongue sole PBLs
in L-15 medium were settled on 24-well plates (Corning
Incorporated, Costar) and treated with CU-CPT22 (10 uM) or
DMSO (control) for 2 h. The cells were then incubated with
rCsCKM-1/2 (85 pg/ml), rTrx (85 pg/ml) or PBS for 2 h as
above. E. tarda (MOI=4) was added and incubated for another
2 h. After killing the extracellular bacteria, the number of
intracellular bacteria was counted by spread plate method as
described above.

2.10 The interaction between CsCKM-1/2
and TLR2

Confocal microscopy and co-immunoprecipitation were
performed to examine the interaction between CsCKM-1/2 and
TLR2. For confocal microscopy, recombinant pmCherry-N1 vectors
expressing CsCKM-1/2 were constructed as follows. The coding
sequences of CsCKM-1/2 were amplified by PCR. The pmCherry-N1
vector was digested with the restriction endonucleases HindIII and
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BamHI. The PCR products were ligated with the linearized vector. The
recombinant vectors were introduced into E. coli Trelief 5ot (Tsingke
Biological Technology, Beijing, China) by transformation. The pEGFP-
ClI vector expressing TLR2 leucine rich domain (LRR) was constructed
as follows. The coding sequence of TLR2-LRR was amplified by PCR
and inserted into the pEGFP-C1 vector at between the HindIII and
BamHI sites. HEK293T cells were transfected with vectors expressing
mCherry-tagged CsCKM-1/2 or GFP-tagged TLR2-LRR alone, or co-
transfected mCherry-tagged CsCKM-1/2 with vector expressing GFP-
tagged TLR2-LRR using PolyJet Transfection Reagent (SignaGen,
USA). At 24 h after transfection, the cells were observed with a
confocal microscope as above. For co-immunoprecipitation, pCS2-
6Myc vectors expressing CsCKM-1/2 and TLR2-LRR were constructed
as follows. The coding sequences of CsCKM-1/2 and TLR2-LRR were
amplified by PCR. The pCS2-6Myc vector was digested with the
restriction endonucleases EcoRI and Xbal. The PCR products were
ligated with the linearized vector. The pCMV-N-Flag vectors
expressing CsCKM-1/2 and TLR2-LRR were constructed as follows:
the coding sequences of CsCKM-1/2 and TLR2-LRR were amplified by
PCR. The pCMV-N-Flag vector was digested with the restriction
endonucleases EcoRI and Nhel. The PCR products were ligated with
the linearized vector. HEK293T cells were transfected with Flag-tagged
CsCKM-1/2 and Myc-tagged TLR2-LRR, or Myc-tagged CsCKM-1/2
and Flag-tagged TLR2-LRR for 24 h. The cells were lysed and
incubated with pretreated anti-Flag affinity gel (Beyotime, Shanghai)
at 4°C overnight and washed with PBS for seven times. The samples
were boiled and used for immunoblotting with HRP-conjugated mouse
anti-Myc-tag IgG and HRP-conjugated mouse anti-Flag-tag IgG. The
blot was visualized using the ECL kit. All the PCR primers used are
listed in Table S1.

2.11 Statistical analysis

All statistical analysis were carried out with GraphPad Prism
8.4.0 (GraphPad Software, La Jolla, CA, USA). The significance
between groups was analyzed with student’s t-test, and statistical
significance was defined as P < 0.05.

3 Results

3.1 Tongue sole possesses two M-CKs with
phosphotransferase activity

By searching the genomic database, we identified two creatine
kinases (CKs) from tongue sole C. semilaevis. The two CKs share
high sequence identity with each other, and share 85.4% and 85.8%
sequence identities with human M-CK, respectively (Figure SI).
Phylogenetic analysis showed that the tongue sole CKs were
phylogenetically grouped together with teleost (Danio rerio and
Oryzias latipes) and human the M-CKs (Figure 1A). Based on these
results, the two tongue sole CKs were named muscle type CKs
(CsCKM-1/2). To examine the activity of CsCKM-1/2, recombinant
CsCKM-1/2 (rCsCKM-1/2) were prepared (Figure S2). rCsCKM-1/
2 exhibited robust phosphotransferase activity in a manner that
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FIGURE 1

Phylogenetic and activity analyses of CSCKM-1/2. (A) Phylogenetic analysis of CK homologs. The numbers indicate bootstrap values based on 1500
replications. M-CK, muscle type CK; B-CK, brain type CK; Mi-CK, mitochondrial type CK; Mi,-CK, ubiquitous type Mi-CK; Mis-CK, sarcomeric type

Mi-CK. (B) rCsCKM-1/2 at different concentrations were incubated with the substrates. The enzymatic reaction was recorded every 30 seconds by
monitoring the absorbance of thymol blue (pH indicator) at 597 nm, because creatine kinase catalysis generates hydrogen ions.

positively correlated with the concentration of rCsCKM-1/
2 (Figure 1B).

3.2 Bacterial infection stimulates the
expression and extracellular release of
CsCKM-1/2

Under normal physiological condition, CsCKM-1 expression
was detected in muscle, skin, heart, liver, head kidney, brain, spleen,
gill and intestine (Figure S3). The expression pattern of CsCKM-2
was largely similar to that of CsCKM-1. When tongue sole were
infected with Edwardsiella tarda, the expression of CsCKM-1/2
significantly increased at 6 to 24 hpi in liver and spleen, and at 12 or
24 hpi in head kidney (Figure 2A). When the fish were infected with
Vibrio anguillarum, CsCKM-1 expression significantly increased in
liver (6 to 48 hpi) and spleen (6 and 24 hpi), but decreased in head
kidney at 6 hpi; CsCKM-2 expression significantly increased in liver
(12 and 24 hpi) and decreased in spleen (6 and 12 hpi) and head
kidney (6 hpi) (Figure 2B). In tongue sole PBLs, both E. tarda and
V. anguillarum infections significantly enhanced CsCKM-1/2
expression at 4 and 6 hpi (Figure 2C). Furthermore, E. tarda and
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V. anguillarum infections caused extracellular production of
CsCKM-1/2 (Figure 2D). Consistently, in vivo study showed that
both E. tarda and V. anguillarum infections induced secretion of
CsCKM-1/2 into tongue sole serum (Figure 2E).

3.3 CsCKM-1/2 bind bacterial pathogens
and pathogen-associated molecular
patterns (PAMPs)

To examine whether bacteria-induced production of CsSCKM-1/
2 had any role in immune defense against bacterial pathogens, we
determined the potential of CsCKM-1/2 to interact with bacteria.
The results showed that rCsCKM-1/2 exhibited dose-dependent
binding to the fish bacterial pathogens E. tarda, V. anguillarum,
Vibrio harveyi and Streptococcus iniae (Figure 3A). rCsCKM-1/2
also exhibited strong binding to PAMPs, including
lipopolysaccharides (LPS), peptidoglycan (PGN), glucan (Glu)
and mannan (Man) (Figure 3B). rCsCKM-1/2 had no apparent
effect on the growth of E. tarda, V. anguillarum, V. harveyi and S.
iniae (Figure S4).
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FIGURE 2

The effect of bacterial infection on CsCKM-1/2 expression and extracellular release. (A, B) Tongue sole were infected with or without (control)
Edwardsiella tarda (A) or Vibrio anguillarum (B), and the expression levels of CsCKM-1 (a) and CsCKM-2 (b) in liver, spleen and head kidney were
determined by qRT-PCR at various time points. (C) Tongue sole PBLs were infected with or without (control) E. tarda or V. anguillarum, and the
expression of CsCKM-1(a) and CsCKM-2 (b) was determined by qRT-PCR. In all panels, the expression level in the control fish/cells was set as 1.
Values are the means of triplicate assays and shown as means + SD. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. (D) Tongue sole PBLs were
infected with or without (control) E. tarda or V. anguillarum. Extracellular release of CsCKM-1/2 was detected by immunoblotting using anti-CsCKM-
1/2 antibodies. B-actin was used as a loading control. (E) Tongue sole were infected with or without (control) E. tarda or V. anguillarum for 6 to 24 h.
CsCKM-1/2 in serum were determined by immunoblotting as above.
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3.4 CsCKM-1/2 promote proinflammatory
cytokine expression and reduce
bacterial infection

Since CsCKM-1/2 were released by PBLs during bacterial
infection, we examined whether CsCKM-1/2 were able to interact
with PBLs. The result showed that following incubation with PBLs,
rCsCKM-1/2 were found to bind to PBLs (Figure 4A) and
significantly upregulated the expression of IL-1p, IL-6 and TNF-a.
(Figure 4B). IL-1P and TNF-o were significantly induced by
rCsCKM-1 at 1 hpi and by rCsCKM-2 at 1 and 3 hpi; IL-6 was
significantly induced by rCsCKM-1/2 at 1 to 6 hpi. In addition, we
found that both CsCKM-1 and CsCKM-2 significantly up-regulated
the expression of hepcidin and down-regulated the expression of
NK-lysin and saposin (Figure 4C). Compared to control cells,
rCsCKM-1/2-treated PBLs exhibited enhanced ability to uptake E.
tarda and inhibit the intracellular replication of E. tarda
(Figures 4D, E). In vivo study showed that in tongue sole,
rCsCKM-1 significantly upregulated IL-6 and TNF-o expression
in liver and spleen, and significantly upregulated IL-1f expression
in liver; rCsCKM-2 significantly upregulated IL-6 expression in
liver and TNF-o. expression in spleen (Figure 4F).

3.5 TLR2 is required for CsCKM-1/2-
mediated immune response

In order to explore the molecular mechanism of CsCKM-1/2-
induced immune response, we investigated whether TLR2 was
involved in CsCKM-1/2-induced cytokine expression. The result
showed that when PBLs were pretreated with the TLR2 antagonist
CU-CPT22, which inhibited TLR2 signaling (40), rCsCKM-1/2-
induced expression of IL-1f, IL-6 and TNF-o was significantly
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suppressed (Figures 5A, B). Similarly, the boosting effect of
rCsCKM-1/2 on phagocytosis was abolished (Figure S5). When
expressed in HEK293T cells, CsCKM-1/2 and TLR2 leucine-rich
domain (LRR) were evenly distributed in the cytoplasm (Figure 5C).
When CsCKM-1/2 were co-expressed with TLR2-LRR, co-
localization of CsCKM-1/2 with TLR2-LRR was detected by
microscopy (Figure 5D). Consistently, CsCKM-1/2 were co-
immunoprecipitated with TLR2-LRR (Figure 5E), suggesting
interaction between CsCKM-1/2 and TLR2-LRR.

4 Discussion

CK exists in all vertebrates and reversibly catalyzes the reaction
of ATP production and consumption (2, 41). Different CK
isoenzymes have distinct patterns of tissue specific expression and
subcellular localization, which is important to maintain energy
homeostasis (42, 43). In teleost, the transcription of CK can
respond to various stimulations including temperature, salinity,
muscle damage and bacterial infection (19, 44-46). The activity and
content of intracellular creatine kinase vary upon bacterial infection
in fish such as zebrafish, rainbow trout and Nile tilapia (19, 20, 23,
47). In this study, we found that the two muscle type CKs from
tongue sole C. semilaevis share over 80% identities with human M-
CK, suggesting conserved function of CK in vertebrates.
Consistently, rCsCKM-1/2 exhibited robust kinase activity.
CsCKM-1/2 expression was detected at high levels in muscle,
where CK may provide support for energy homeostasis. CsCKM-
1/2 also expressed in immune organs, including spleen and liver, in
which the expression of CsCKM-1/2 was significantly elevated after
E. tarda or V. anguillarum infection, suggesting involvement of CK
in fish antibacterial immunity.
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Under normal physiological conditions, CKs are mainly
distributed in the cytoplasm, whereas under pathological
conditions, they are released into the extracellular environment.
Hence, CKs have been widely used as biomarkers in the early
diagnosis of various diseases, including myocardial infarction,
Alzheimer’s Disease and seizure disorders (13, 48, 49). In human,
bacterial infection could induce the release of CK into serum (17).
Similar results were observed in teleost. In rainbow trout, CK was
the most upregulated enzyme in the serum during Aeromonas
salmonicida infection (50). However, the function of CK in serum
remains elusive. In mammals, it has been proposed that
extracellular CK could modulate purinergic signaling, which is
associated with the antimicrobial mechanisms of host immune
cells (51, 52). In amphioxus Branchiostoma belcheri, CK was able
to bind E. coli and inhibit bacterial growth through a mechanism
similar to that of lectin (53). In speckled hind (Epinephelus
drummondhayi), the branchial muscle-type CK could interact
with the envelope proteins of Edwardsiella tarda (54). In our
study, we found that under the normal conditions, CsCKM-1/2
could not be detected in serum. However, during the infection of E.
tarda or V. anguillarum, CsCKM-1/2 were detected in serum,
indicating bacteria-induced release of CsCKM-1/2. rCsCKM-1/2
exhibited apparent binding capacity to fish pathogens, including E.
tarda, V. anguillarum, V. harveyi and S. iniae, probably through
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interaction with microbial surface PAMPs, such as LPS and PGN.
rCsCKM-1/2 lacked bactericidal activity but enhanced the
phagocytosis of PBLs, suggesting that extracellular CsCKM-1/2
likely function to promote the antimicrobial activity of PBLs. In
addition, as the phosphagen kinases that regulate ATP/ADP
homeostasis, the released serum CsCKs might also exert immune
effects via ATP. Previous studies reported that there existed
conserved extracellular ATP-activated signaling pathways in fish,
which activated innate immunity and induced cell apoptosis,
whereas the hydrolytic product of extracellular ATP, adenosine,
exhibited inhibitory effect on the immunity (55, 56). It is possible
that serum CsCKs might modulate tongue sole immunity via the
regulation of the purinergic signaling pathway.

In addition to binding bacteria, CsCKM-1/2 also bound PBLs
and upregulated the expression of IL-1f, IL-6 and TNEF-o.
Similarly, in vivo administration of CsCKM-1/2 increased the
expression of these cytokines in tongue sole tissues. These results
indicated that CsCKM-1/2 probably function as damage-associated
molecular patterns (DAMPs) that were released into the
extracellular environment in response to bacterial infection and
acted as a warning signal to the immune system. Previous studies
showed that HMGBI, a classical and widely studied DAMP
molecule, mediates sepsis by transferring LPS to CD14, which
facilitates the activation of TLR4 (57). In the present study, we
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found that PBLs pretreated with rCsCKM-1/2 exhibited enhanced
phagocytosis and inhibition of the intracellular proliferation of E.
tarda, indicating an immune activation capacity of CsCKM-1/2.

Host immune response depends on various receptors to recognize
extracellular signals, and the evolutionarily conserved pattern
recognition receptors (PRRs) play important roles in this process
(58). Previous studies showed that certain PRRs (e.g., TLRs) can be
activated by DAMPs (59) and initiate downstream signaling pathways,
such as the NF-kB, MAPK, cGAS and RIG-I signaling pathways, which
result in cytokine production and immune activation (59-61). In
human, TLR2/MAPKs signaling pathway is crucial for microbicidal
phagocytosis (62). In tongue sole, cell membrane TLR2 was reported to
play an important role in cytokine expression and phagocytosis of
bacteria (24). In our present study, we found that inhibition of TLR2
signaling significantly decreased CsCKM-1/2-induced
proinflammatory cytokine expression and bacterial uptake, indicating
involvement of TLR2 in CsCKM-1/2-induced immune response.
Consistently, CsCKM-1/2 were found to be co-localized with TLR2-
LRR and were co-immunoprecipitated with TLR2-LRR, suggesting
that TLR2 likely serves as a receptor for CsCKM-1/2 as DAMPs. The
findings collectively suggested a possibility that the bacterial binding
ability of CsCKs may facilitate CsCKs to effectively target the bacteria-
bound immune cells and interact with the cell surface TLR2, leading to
enhanced phagocytosis and other immune response.

In conclusion, we demonstrated that two fish CKs were released
extracellularly during bacterial infection. The extracellular CsCKM-1/2
could bind to bacterial pathogens and promote bacterial phagocytosis
by immune cells. Moreover, CsCKM-1/2 could function as DAMPs
and activate antimicrobial immunity probably via interaction with
TLR2 (Figure 6). These findings provided new insights into the
immune function and regulation of CK in teleost.
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A novel antimicrobial peptide
screened by a Bacillus subtilis
expression system, derived from
Larimichthys crocea Ferritin H,
exerting bactericidal and
parasiticidal activities
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'Key Laboratory of Healthy Mariculture for the East China Sea, Ministry of Agriculture and Rural

Affairs, Jimei University, Xiamen, China, 2Institute of Biotechnology, Fujian Academy of Agricultural
Sciences, Fuzhou, China

Antimicrobial peptides (AMPs) may be the most promising substitute for
antibiotics due to their effective antimicrobial activities and multiple function
mechanisms against pathogenic microorganisms. In this study, a novel AMP
containing 51 amino acids, named Lc1687, was screened from the large yellow
croaker (Larimichthys crocea) via a B. subtilis system. Bioinformatics and circular
dichroism (CD) analyses showed that Lc1687 is a novel anionic amphiphilic o-
helical peptide, which was derived from the C-terminal of a Ferritin heavy
subunit. The recombinant Lc1687 (named rLcl687) purified from Escherichia
coli exhibited strong activities against Gram-positive (Gram+) bacterium
Staphylococcus aureus, Gram-negative (Gram-) bacteria Vibrio vulnificus, V.
parahaemolyticus, and Scuticociliatida. Scanning electron microscope (SEM)
and transmission electron microscopy (TEM) revealed the possible function
mechanisms of this peptide, which is to target and disrupt the bacterial cell
membranes, including pore-forming, loss of fimbriae, and cytoplasm overflow,
whereas gel retardation assay revealed that peptide Lc1687 cannot bind bacterial
DNA. The peptide stability analysis showed that rLcl687 acts as a stable
antimicrobial agent against Gram+ and Gram- bacteria at temperatures
ranging from 25 to 100°C, pH 3-12, and UV radiation time ranging from 15 to
60 min. A hemolytic activity assay confirmed that this peptide may serve as a
potential source for clinical medicine development. Taken together, Lc1687 is a
novel AMP as it is a firstly confirmed Ferritin fragment with antimicrobial activity.
It is also a promising agent for the development of peptide-based antibacterial
and anti-parasitic therapy.

KEYWORDS

antimicrobial peptide, Bacillus subtilis, antibacterial, antiparasite, Ferritin heavy subunit,
Larimichthys crocea.
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1 Introduction

The discovery and use of antibiotics is one of the most
important breakthroughs in medical history. However, the
widespread use and misuse of antibiotics have led to the
continuous acquisition of new genetic traits and resistance genes
by bacteria. Furthermore, drug residues in food and the
environment pose a great threat to human public health. These
problems have become a major obstacle to the healthy development
of aquaculture. In various substrates of mariculture farms,
antibiotics resistance genes have extremely high abundances and
pose potential ecological health risks (1, 2). Additionally, recently,
the World Health Organization (WHO) highlighted that most
antibiotic candidates are merely modifications of existing
molecules and do not target drug-resistant Gram-negative (Gram-
) bacteria. Nevertheless, infectious diseases in aquaculture are
primarily caused by multi-resistant Gram- bacteria, and the water
environment in which fish live is more conducive to the survival of
bacteria and other microorganisms. Accordingly, the search for
alternatives to synthetic antibiotics in aquaculture has
become essential.

Antimicrobial peptide (AMP), as a native host defense peptide,
is widely distributed in animals, plants, and microorganisms. It is
routinely described as a class of small-molecular peptides (within
100 amino acids in length) with significant activities against
bacteria, parasites, viruses, fungi, tumor cells, and inflammation
(3). Most AMPs are cationic peptides, containing 2 to 13 positive
charges, with a high proportion of hydrophobic residues (typically
50%) (4). These features allow AMPs to interact with negatively
charged bacterial surfaces via electrostatic attraction and
hydrophobic insertion causing membrane disorganization by
inducing toroidal pore (i.e., wormhole), barrel-stave, and carpet
model phenomena and, eventually, cell death (5). Besides these,
some AMPs can penetrate the cell membrane to reach the interior
of the cell, where they block critical cell processes, such as disturbing
protein/nucleic acids synthesis, protein/enzyme activity, cell
division, protein proper folding, etc. (6). In addition to killing
bacteria directly, AMPs affect the host response to infection in
multiple ways, including the modulation of chemokine and
cytokine production, angiogenesis, endotoxin neutralization, and
wound healing (7, 8). Furthermore, AMPs can affect the
maintenance of the integrity of the intestinal barrier by
stimulating mucus synthesis and promoting the production of
tight junction proteins and the repair of the endothelium (9, 10).
Interestingly, accumulating evidence shows the synergistic effects
between AMPs or between AMPs and antibiotics, and these
combinations can significantly reduce bacterial resistance (11-13).
Owing to these favorable characteristics with infrequent drug
resistance, broad-spectrum antimicrobial activities, rapid killing
effects, and high capacity for synergies, AMPs have been
considered attractive candidates for alternative antibiotics.

AMPs can be rapid screened from the natural source through
various chromatography and high throughput sequence methods
(14, 15). However, these methods are relatively complicated, and
the predictions are not accurate enough. Bacillus subtilis is generally
recognized as a safe (GRAS) food-grade microbial system. Due to its
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clear inherited background, simple and diverse genetic
manipulation systems, high growth rate, short fermentation time,
strong secretory ability, and accumulative fermentation experience,
B. subtilis has been widely used as a cell factory for the microbial
production of chemicals, enzymes, and antimicrobial materials in
industry, agriculture, and medicine.

The large yellow croaker (Larimichthys crocea or L. crocea) is an
important marine economic fish and is one of the traditional “four
marine products” in China. L. crocea is extremely susceptible to
bacteria and parasites, which lead to enormous economic damage
(16, 17). Currently, there are numerous problems surrounding the
culture of L. crocea, including bacterial multi-resistance, the absence
of effective drugs against parasites, food drug residues, and
environmental contamination of antibiotics. Therefore, there is an
urgent need to develop natural antimicrobial agents.

In the current study, a novel AMP was identified from L. crocea
using a B. subtilis expression system, and further studies were
performed to explore their antibacterial and anti-parasitic
activities. To determine the basis of the host-pathogen
interaction, the mechanism of action of AMP was investigated,
and the stabilities and safety of this peptide were also estimated.

2 Materials and methods

2.1 Pathogen cultures and fish
tissue collection

Staphylococcus aureus, Pseudomonas plecoglossicida, Vibrio
vulnificus, and V. parahaemolyticus were preserved in our
laboratory. B. subtilis SCK46 was presented by Professor Wubei
Dong from Huazhong Agricultural University in Wuhan, China.
All bacteria were cultured on Luria-Bertani (LB) media at 37 °C or
28 °C. Scuticociliatida was isolated from L. crocea by our team and
maintained in our laboratory. Specifically, in mid-April 2019, the
infected fish was obtained from Fuding City, Fujian Province,
China. The fish was dissected, and the gills were put into a plate
full of seawater. Scuticociliatida swam in seawater and were then
drawn into a 6-well plate. The parasites were cultured at 16 °C and
fed Escherichia coli once every day.

Health L. crocea (~10 g) was obtained from a Guanjingyang
Company Limited in Ningde, Fujian province, China. The fish was
acclimatized in the filtered and aerated seawater (25 °C) and fed a
commercial feed twice daily for two weeks before conducting the
experiments. The immersion method was used in the challenge
experiment. The Pseudomonas plecoglossicida was cultured for 18
hours before challenge, and the fish was exposed to bacteria at a
concentration of 1x10° CFU/mL for 3 hours. Samples (liver, spleen,
and kidney) were collected at different time points (24h, 48h, 72h)
and then immediately frozen in liquid nitrogen, and saved at -80 °C.

2.2 L. crocea cDNA library construction

Total RNA was extracted with TransZol Up Plus RNA Kit
(Invitrogen, USA). The obtained mRNA was purified using
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PolyATtract® mRNA Isolation Systems (Promega, Madison, WI,
USA). The quality of total RNA and purified mRNA was detected
by 1% agarose gel electrophoresis. cDNA library construction refers
to Abbas’ method (18). Briefly, the Double-stranded ¢cDNA was
prepared with a specific oligo(dT) primer (containing an Xba I
cleavage site). Three pairs of primers containing Nde I cleavage site
adaptor were added to the cDNA library. The library and a pBE-S
vector were then digested with Xba I and Nde I restriction enzyme
(TaKaRa, Dalian, China), followed by their ligation by T4 ligase.
Finally, the ligation products were transformed into B. subtilis SCK6
cells and incubated at 37 °C overnight. Individual colonies were
picked, colony PCR was performed using pBE-S-F and pBE-S-R
primers (Table S1) to confirm the cDNA library quality, and then
colonies were saved at —80 °C.

2.3 Candidate genes screening

Transformants from the cDNA library were plated on LB plates
containing kanamycin (10 mg/L) and incubated at 37 °C to observe
the phenotype. The strains with lethal phenotype would be
validated through three repeat bacterial spotting tests, and then
the strains with stable lethal phenotype were sequenced.

2.4 Crude protein extraction

We only extracted the extracellular protein because B. subtilis
has a high capacity to secrete protein directly into the extracellular
medium. The strains with stable lethal phenotype were fermented at
180 r/min, at 37 °C for 72 h. The supernatant was collected by
centrifugation at 10,000 r/min, 4 °C for 30 min. Saturated
ammonium sulfate solution at the final concentration of 50%-60%
was slowly added into the supernatant and stirred continuously on
ice for at least 20 min. The solution was then maintained at 4 °C for
overnight. The next day, the separated protein was centrifuged
using the aforementioned conditions-. The collected precipitation
was dissolved in 25 mM PBS (pH 7.0) and dialyzed in the same PBS
buffer for 24 h at 4 °C. The insoluble debris was discarded
by centrifugation.

2.5 Antibacterial activity analysis of the
extracellular protein

Antibacterial activity assay of the extracellular protein was
performed using disk diffusion. Indicator bacteria S. aureus, V.
vulnificus, and V. parahaemolyticus (1x10° cfu/mL) were mixed
with LB media and poured over previously prepared LB plates.
Then, 4 mm diameter filter paper disks were placed on the agar
plates and 20 pl extracellular proteins (1000 pg/mL) were added to
each filter paper. Hereafter, the plates were incubated for 12 h at the
different temperatures required for the different indicator bacteria.
Antibacterial activity was confirmed by measuring the diameters of
inhibition zones. The extracellular protein of null vector pBE-S was
set as the control.
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2.6 Bioinformatics analysis and circular
dichroism spectrophotometry

Homology analysis of Lc1687 was performed using the BLAST
program at NCBI (http://www.ncbi.nlm.nih.gov/blast). The
molecular weight (MW) and isoelectric point (pI) of protein are
predicted on the EXPASY server (http://www.expasy.org/). A three-
dimensional protein model was constructed using Vector NTI Suite
8 and Phyre2 (http://www.sbg.bio.ic.ac.uk/phyre2, 30 September
2019). The helical wheel analysis was performed with Heliquest.
The bioinformatics results were corroborated by the findings of
circular dichroism (CD).

The circular dichroism analysis was carried out using a
spectropolarimeter (Chirascan V100, Applied Photophysics Ltd).
The peptide was dissolved in 0.2 M PBS (pH 7.3) to a final
concentration of 1.0 mg/mL, and PBS served as the control. The
samples were put into 1 mm path length quartz cuvettes and the data
were recorded from 190 to 260 nm. The scanning speed of the CD
spectrum was 100 nm/min, with data recorded at 1.0 nm intervals.
The circular dichroic absorption value was calculated using the
following equation: [©]= mdegxM/(l0xcxnr). Where mdeg is the
CD value, M is the molar mass of the peptide, ¢ is the concentration
of the peptide, and nr is the number of amino acid residues.

2.7 Expression and purification of
antimicrobial peptide

Antimicrobial peptide Lc1687 was expressed using a pET-32a
vector. Primers Lc1687-F/R (Table S1) with restriction sites were used
to amplify the Lc1687 gene. The target PCR fragment was inserted
into the expression vector pET-32a with TRX-His-tag after being
digested with EcoRI and Xhol restriction enzymes (TaKaRa, Dalian,
China). The recombinant plasmid (pET-32a-Lc1687) and the parent
vector pET-32a (negative control) were both transformed into E. coli
BL21 (DE3) and expressed with IPTG induction at 20 °C for 16 h.
The bacteria were harvested by centrifugation at 7,000 r/min for 20
min and resuspended in buffer A (20 mM imidazole, 10 mM
Na,HPO,, 140 mM NaCl, 1.8 mM KH,PO,, 2.7 mM KCl, pH 7.4)
for sonication. Afterward, the supernatant was collected by
centrifugation at 12,000 g for 20 min and loaded onto a His-tag
column. The His-tag column was equilibrated with bufter A, followed
by washing with buffer B (40 mM imidazole, pH 7.4) to remove non-
target proteins, and, finally, the target protein was collected with
elution buffer (500 mM imidazole, pH 7.4). The purified protein was
analyzed by 12% SDS-PAGE and dialyzed with PBS buffer (0.01M,
pH 7.4) for desalination.

2.8 Antibacterial activity analysis and
minimum inhibitory concentration
determination of recombinant
Lc1687 (rLc1687)

Antibacterial activity assay of the recombinant protein was
performed using Oxford cup diffusion. The method was similar to
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the previously described disk diffusion, except that the filter paper
disk was replaced with an Oxford cup, the protein 50 pl (500 ug/
mL) was added into the cup, and the empty vector protein was set as
the control. In addition, the protein was diluted into 1000, 500, 250,
125, 62.5, 31.25, and 15.63 pg/mL with PBS (0.01 mol/L, pH 7.4) to
determine the MIC. The three inhibition zones on the same solid
plate are for three experimental replicates.

2.9 Scanning electron microscopy

Bacterial cell surface morphology was observed by SEM.
Indicator bacteria (1.0x10° cfu/mL) were incubated with the same
volume of antimicrobial peptide rLc1687 (500 pg/mL) at the
different temperatures required for the bacteria for 2 h. The
empty vector protein was substitute for rLc1687 as the control.
The samples were subsequently fixed with 2.5% glutaraldehyde
aqueous solution for 3 h at 4 °C and dehydrated in a series of
ethanol solutions (50%, 70%, 90%, 95%, and 100%). Finally, the
samples were lyophilized, gold coated, and observed using a
scanning electron microscope (Hitachi S-4800, Japan).

2.10 Transmission electron microscopy

The ultrastructural changes in bacteria induced by
antimicrobial peptide rLc1687 were examined by TEM. Indicator
bacteria (1.0 x10® CFU/mL) were incubated with equal volume
antimicrobial peptide rLc1687 (500 pug/mL) at 28 or 37 °C for 1.5-2
h. The bacteria added to empty vector protein served as the
controls. The samples were dropped onto a cropper mesh,
followed by 2.0% phosphotungstic acid negative staining for 60
sec before being imaged on an H-7650 transmission electron
microscope (Hitachi, Japan).

2.11 Gel retardation assay

To explore whether the AMP destroys nucleic acids of
pathogenic bacteria, a gel retardation assay was performed to
analyze bacterial DNA integrity. Bacterial genomes were extracted
by FastPure® Bacteria DNA Isolation Mini Kit (Vazyme, Nanjing,
China). AMP rLc1687 was incubated with the bacterial genome in
various proportions (4:1, 3:2, 2:3, and 1:4) at room temperature for
1 h, following the DNA integrity check using 1% gel electrophoresis.
The bacterial genome was used as a blank control.

2.12 Anti-parasitic activity analysis
of rLc1687

The isolated Scuticociliatida was cultured in a petri dish at 16 °C
with sterilized seawater. On the third to fourth day, when the ciliates
adapted to the culture and were able to expand steadily, they were
used in the following experiment. Approximately 300 ciliates were
added into a 48-well plate (a total volume of 1.5 mL) containing a
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final concentration of 500 ug/mL rLc1687 and then incubated at 16
°C. The ciliates were observed under an ordinary light microscope
at 15 min, 30 min, 1h, and 2 h. The protein purified from the null
vector was substitute for rLc1687 as the control.

2.13 Stability assay of rLc1687

To explore whether the antimicrobial activity of rLc1687 is
affected by environmental factors, rLc1687 was treated with
gradient temperature, pH, and UV irradiation time, then its
antibacterial activity was detected using the Oxford cup diffusion
method. The work concentration of rLc1687 is 1000 pg/mL. For the
thermal stability test, the peptide was heated at 25, 50, 75, and 100 °
C for 30 min before use. For the pH assay, rLc1687 solution was
adjusted with HCL and NaOH to pH 3, 5, 7, 11, and 12. For UV
irradiation, the peptide was irradiated for 15, 30, 45, and 60 min.

2.14 Hemolytic activity assay of rLc1687

The hemolytic activity of rLc1687 was assessed according to the
previously described method with slight modifications (19). Briefly,
fresh blood was taken from the L. crocea tail vein and centrifuged at
3,000 r/min for 5 min to collect the erythrocytes then washed three
times with a TBS buffer (0.20 M, pH 7.2) and resuspended in the
same solution (1.50% v/v). The erythrocyte suspension was mixed
with different concentrations of protein solutions (0, 15.625, 31.25,
62.5, 125, 250, 500, 1000 pug/mL) in equal volumes. TBS buffer was
used as a negative control (no hemolysis), and double-distilled
water was used as a positive control (complete hemolysis). The
hemolytic activity percentage was calculated using the following
equation: hemolysis (%) = [(test group As,, - negative control group
Asyo)/(positive control group As,, - negative control group
Aszo)] x100%.

2.15 Statistical analysis

All experiments were performed with at least three replicates.
Data were expressed as the mean * standard error of the mean
(SEM). Statistical analysis was performed by a one-way ANOVA,
LSD multiple comparison test, and independent sample t-test using
SPSS 20.0. P<0.05* and P<0.01** indicated a statistical significance
between groups.

3 Results

3.1 Candidate gene from an L. crocea
cDNA library exhibited antimicrobial
potential

A high-quality L. crocea cDNA library was constructed (Figure

S1). A total of 3,086 clones from the cDNA library were spotted on LB
solid media. During initial screening, strain 1687 exhibited cell lysis at
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72 h post-incubation at 37 °C (Figure 1A). Three repeat tests for the
bacterial spotting plate confirmed this result (Figure 1B). These
investigations suggested that the protein encoded from the inserted
fragment in the 1687 strain has the potential to inhibit or
kill microorganisms.

3.2 The extracellular protein in the 1687
strain exhibited antibacterial activity

Extracellular protein of the 1687 strain was extracted using the
ammonium sulfate precipitation method, and its antibacterial activity
was further detected using the disk diffusion method. The results
revealed that the 1687 protein (named Lc1687) exhibited more
significant antibacterial activity against Gram+ bacterium S. aureus
as well as Gram- bacteria V. vulnificus, and V. parahaemolyticus
compared to the control B. subtilis SCK6 (Figure 2). Among these, the
strongest antibacterial activity exhibited by Lc1687 was against V.
vulnificus. The results again confirmed that the B. subtilis 1687 strain
harboring protein possesses the ability to restrict the growth of Gram
+ and Gram- bacteria.

3.3 Lc1687 is a novel anionic amphipathic
a-helical antimicrobial peptide derived
from a Ferritin heavy subunit

Lc1687 (CDFIETHYLDEQVKSIKELADWVTNLRRMGAPQ
NGMAEYLFD-KHTLGKESS) is a C-terminal fragment of a
Ferritin heavy subunit (Ferritin H). The tertiary structure analysis
showed that Lc1687 contains long and short o-helices, whereas the
whole Ferritin H in L. crocea has five a-helical structures (Figures 3A,
B). A helical wheel analysis implied that Lc1687 is an anionic
antimicrobial peptide with a total net charge of -3 at neutral pH
7.4. Moreover, Lc1687 exhibits good amphipathic properties with a
hydrophobicity of 0.311 and a hydrophobicity moment of 0.217. The
hydrophobic face is composed of YLCL (Tyr, Leu, Cys, Tyr), whereas

FIGURE 1
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the charged residues are on the hydrophilic side (Figure 3C). The
calculated molecular weight (MW) of Lc1687 is 6,047.87 Da with a
theoretic isoelectric point (pI) of 5.11. Additionally, circular dichroism
analysis revealed that peptide Lc1687 exhibited one positive
absorption peak at 190 nm and two negative absorption peaks at
around 208 nm and 220 nm in PBS solution, which is a typical o-
helical structural characteristic of circular dichroism (Figure 3D), and
the results are consistent with foregoing structure prediction
(Figure 3A). This peptide is considered to be a novel antibacterial
peptide because no previous reports have revealed which Ferritin
fragment has the ability to restrict bacterial growth. And it had no
homology with any peptide in the antimicrobial peptide database
(APD). The series analysis showed that Lc1687 is a novel anionic
amphipathic o-helical antimicrobial peptide derived from Ferritin H.

3.4 Capture and purification of
recombinant protein

The parent vector pET-32a and the plasmid pET-32a-Lc1687
were transformed into E. coli BL21 (DE3). After IPTG induction,
purification, and SDS-PAGE analysis, one approximate 20 kDa (Trx
tag + S tag + 6 x His tag) band was visualized (Figure 4, lane 7), and
the recombinant Lc1687 (named as rLc1687) exhibited a distinct
band at ~26 kDa (Figure 4, lane 4/5/8), corresponding to the
prediction for Lc1687 6.05 kDa plus a 20 kDa of TRX-S-His-tag.
The fusion protein mainly appeared in solution form (Figure 4-lane
5). The results indicated that rLc1687 was successfully expressed in a
prokaryotic system.

3.5 rLc1687 possesses antibacterial activity
in a low dose

The antibacterial activity of purified rLc1687 was checked using
the Oxford cup diffusion method. The results revealed that rLc1687
displayed significant levels of inhibition against S. aureus, V.

Screening antimicrobial gene from L. crocea cDNA library. The engineered B. subtilis strain 1687 (red marks) and SCK6 control (green mark) were separately
spotted onto LB plates and incubated at 37 °C for 72 (h) (A) Initial screening of antibacterial genes; (B) Repeat screening of antibacterial genes (n=3).
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FIGURE 2

Antibacterial activity of extracellular protein Lc1687. (A) S. aureus; (B) V. vulnificus; (C) V. parahaemolyticus; (D) Diameter of inhibition zone. The meaning of

the symbol ** is extremely significant.

vulnificus, and V. parahaemolyticus (Figure 5). Moreover, once
again, the strongest antibacterial activity exhibited by peptide
Lc1687 was confirmed to be against V. vulnificus, of the three
indicated bacteria. The control empty vector protein exhibited no
antibacterial activity against the three indicator bacteria.

A serial dilution of rLc1687 was used to measure MIC with the
Oxford cup diffusion method. As shown in Figure 6, with the
decrease in rLc1687 concentration, the inhibition zone diameters of
various indicator bacteria also gradually decrease. The diameter of
the inhibition zone against S. aureus was 2.10 mm at an rLc1687
concentration of 62.5 ug/mL, and the diameters against V. vulnificus
and V. parahaemolyticus were, separately, 2.0 mm and 1.50 mm at
an rLc1687 concentration of 31.25 pg/mL. No activity was observed
at lower protein concentrations. In conclusion, the MICs of rLc1687
against the three indicator bacteria were 31.25-62.5, 15.625-31.25,
and 15.625-31.25 ug/mL, respectively.

3.6 Antibacterial mechanisms analysis
of rLc1687

The bactericidal mechanism of AMPs is commonly through the
disruption of cell membranes or through targeting certain
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intracellular components, such as DNA. To investigate the
possible mechanisms for the bactericidal function of rLc1687,
firstly, we employed the SEM method to visualize bacterial
surface integrity (Figure 7). The SEM results revealed that the
three indicator bacteria showed noticeable membrane pore
formation and cytoplasm outflow after treatment with rLc1687,
but the three bacterial morphologies were different. S. aureus
shrinks exceptionally (Figures 7A, B), and the cells became
deformed and stuck together, whereas two vibrio strain (V.
vulnificus and V. parahaemolyticus) surfaces became smoother,
compared to the controls, due to the loss of pilis (Figures 7C-E).
The bacterial ultrastructure changes were further examined by
TEM; the control group bacteria had evenly distributed intact cell
membranes, whereas the test group bacteria had drastic changes
(Figure 8). Deformation and disruption of cell walls and cell
membranes, as well as cytoplasm outflow, were observed in the
test group. Finally, we wondered whether rLc1687 kills the three
bacteria by targeting intracellular molecules. The results show that
rLc1687 cannot bind directly to the genomic DNA of the three
indicator bacteria (Figure S2). Collectively, rLc1687 kills bacteria by
disrupting the membrane integrity and leading to cytoplasm
overflow for both Gram+ and Gram- bacteria, without binding
bacterial DNA.
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FIGURE 3

Biological characteristics of Lc1687. (A) Antibacterial peptide Lc1687, (B) L. crocea Ferritin (H) The numbers 1-5 represent o helical structure marked
with green, and purple indicates random coil; (C) Helical wheel diagram. The black arrows indicate the direction of the hydrophobic moment,
different kinds of residues are presented in different colors, hydrophobic residues are shown in yellow, and blue circles represent cationic residues;

(D) Circular dichroism pattern at 25°C.

3.7 rLc1687 exhibits potent killing
Scuticociliatida directly

In order to determine the damaging effects of recombinant
rLcl687 on Scuticociliatida, the ciliates were incubated with the
peptide and then observed using a light microscope. As shown in
Figure 9, in the control group (Figure 9A), the ciliates swam freely
and maintained Helianthus annuus-like morphology. The surface
cilia were intact and internal food vacuoles were clearly visible.
After incubation for 15 min (Figure 9B), the ciliates swam slowly;
most of the food vacuole membranes were destroyed. After
incubation for 30 min (Figure 9C), the food vacuoles completely
disappeared and partial cilia disappeared. After incubation for 1 h
(Figure 9D), the parasites became small and most of the cilia
disappeared. After incubation for 2 h (Figure 9E), the parasite cell
membranes were completely destroyed and intracellular
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protoplasm spilled out. There is no doubt that rLc1687 has the
ability to kill Scuticociliatida.

3.8 rLcl1687 is a relatively stable and safe
antimicrobial agent for bony fish

AMPs usually have a certain resistance to various environmental
factors. To investigate the possible effects, we set up several different
conditions and then measured the antibacterial activity of AMPs. The
results indicated that rLc1687 acts as a stable antimicrobial agent
against Gram+ and Gram- bacteria at temperatures ranging from 25
to 100 °C, at pH 3-12, and under UV radiation for 15 to 60
min (Figure 10).

Hemolytic activity assays were performed on L. crocea blood
cells. We found that the hemolysis rate of rLc1687 at the extremely
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FIGURE 4 FIGURE 6
Expression and purification of recombinant Lc1687. Lane M, protein MIC determination of rLc1687 antibacterial activity against three
marker; 1: Non-induced empty vector pET-32a; 2: Induced empty indicator bacteria.

vector pET-32a; 3: Non-induced pET-32a-Lcl1687; 4: Induced pET-
32a-Lcl687; 5: pET-32a-Lcl687 supernatant; 6: pET-32a-Lc1687
precipitate; 7: Purified Trx-His-tag; 8: Purified rLc1687

high concentration of 1000 mg/L was 2.5% (Table 1). According to 4 Discussion

our results, no significant hemolytic activity was observed against L.

crocea blood cells. Taken together, it is likely that this peptide is a In aquaculture, the accumulation of antibiotics results in the
relatively stable and safe antimicrobial agent for bony fish. development of resistance among bacterial pathogens. As a result,

Control

=
<
T

o
T

(=
T

Control

ES
T

N
T

=]

Diameter of inhibition (mm)

N R ,
gv & &
K o‘% &

FIGURE 5
Antibacterial activity of rLc1687. (A) S. aureus; (B) V. vulnificus; (C) V. parahaemolyticus; (D) Diameters of inhibition zones. The empty vector protein
was substitute for rLcl687 as the control. The three inhibition zones on the same solid plate served as three experimental replicates.
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SEM observation on the damaged bacteria. (A, C, E) S. aureus, V. vulnificus, and V. parahaemolyticus blank control; (B, D, F) S. aureus, V. vulnificus,
and V. parahaemolyticus were incubated with rLc1687, respectively; The rectangles and red arrows represent damaged bacteria. The empty vector

protein was substitute for rLc1687 as a control.

strong efforts have to be directed toward finding AMPs as
alternatives to traditional antibiotics. B. subtilis acts as a host cell
facilitating soluble and secretory protein expression and is,
therefore, particularly effective at producing peptide and protein.
In the current study, we screened out a novel antibacterial peptide
based on the damaging or killing of the peptide on B. subtilis host
cells. A drawback of this method is that strong AMPs might not be
selected because they kill B. subtilis cells too quickly to detect clones,
so weakly killed AMPs are preferred. However, B. subtilis has a good
secretory system, which may decrease the toxicity of strong AMPs.
In addition, during the first few hours (12 h), the concentration of
strong AMPs is possibly not high enough to kill the cells. These
factors make the selection of strong AMPs feasible. In this study, the
Lc1687 clone demonstrated a killing effect on B. subtilis at 72 h after
spotting on the LB plate. Our follow-up investigation confirmed
that both repeated selection and extracellular protein exhibit
powerful antibacterial activity.
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Blast analysis showed that Lc1687 is derived from Ferritin H
and located at the C-terminal. Ferritin is a globular protein complex
with 24 subunits and has a hollow shell-like structure, which can
mineralize up to 4500 iron atoms. In vertebrates, it comprises two
Ferritin subunits (heavy subunit-H and light subunit-L) encoded by
two different genes (20). Ferritin was involved in the immune
response as an acute phase reaction protein in the invasion of
pathogens. The transcript level of these ferritins could be
significantly induced under infection. Importantly, they were able
to exhibit resistant activity to bacterial growth. Zheng et al. verified
that a Ferritin in Scapharca broughtonii could inhibit the growth of
Gram- bacterium E. coli, Gram+ bacteria M. luteus, and S. aureus
(21). Jung et al. demonstrated that Ferritin subunits (H and M) of
Liza haematocheila possess antibacterial activity against E. coli
along with iron sequestration activity (22). Ding et al. also
indicated that two Ferritin subunits (H and M) from
Megalobrama amblycephala could inhibit the growth of
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FIGURE 8

TEM images of S. aureus (A, B), V. vulnificus (C, D), and V. parahaemolyticus (E, F) under the empty vector protein (A, C, E) and rLc1687 treatments
(B, D, F), respectively. The rectangles and red arrows represent damaged bacteria.

Aeromonas hydrophila (23). In addition, Ferritin is also involved in
the innate defense against viruses. The WSSV copy number in
ferritin-silenced shrimp was much higher than that in the control
group (24). Unfortunately, previous reports have indicated that
Ferritin can serve as a bacterial growth inhibitor, whereas no direct
killing effect was characterized. In the present study, the
extracellular Lc1687 and recombinant rLcl1687 exhibited strong
bactericidal action against Gram+ bacterium S. aureus, Gram-
bacteria V. vulnificus, and V. parahaemolyticus, as well as killing

Frontiers in Immunology

effects on parasitic Scuticociliatida. This peptide is considered to be
a novel antimicrobial peptide, as no previous reports have revealed
that Ferritin fragments are able to constrain the growth of Gram+ or
Gram- bacteria.

Lc1687 is a novel anionic antibacterial peptide with o-helical
and amphipathic characteristics. Anionic antimicrobial peptides
(AAMP) are very rare, and it is thought that these peptides are
complements of cationic antimicrobial peptides (CAMP) and have
different mechanisms of action. Based on the available experimental
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FIGURE 9

Anti-Scuticociliatida activity of rLc1687. The ciliates were cultured without (A) and with (B—E) rLc1687 for 15 min (B), 30 min (C), 1 h (D), and 2 h

(E) and then visualized under a light microscope, respectively.

evidence, membrane interaction is a key step in the antimicrobial
mechanism of AAMPs, including the Shai-Huang-Matsazuki model
of membrane interaction and toroidal pore formation, as well as
membranolysis via tilted peptide formation (25, 26). For example,
DCD-1L, one of the best-studied AAMPs, is able to bind to
negatively charged bacterial surfaces as an amphiphilic a-helix
and then assemble into an oligomeric state. The oligomerization
DCD-1L has the capacity to form ion channels in the bacterial
membrane, resulting in cell death (27). In addition, o-helical
structure is also an important characteristic of AMP. In our
study, peptide Lc1687 has the typical o-helical structural
characteristics of circular dichroism. The SEM and TEM
observations showed that Lc1687 resulted in bacterial cell
membrane damage, including shrinkage, distortion, pore
formation, and rupture. It appears that some pilis fall off from the
surface of V. vulnificus and V. parahaemolyticus. We incubated this
peptide with the genomes of different pathogens, but it did not
cause DNA degradation. Based on these investigations, we assume
that the possible mechanism of the Lc1687 peptide is to interrupt
and rupture the cell membrane, as well as weaken the adhesion and
motility of bacteria.

Accumulated evidence has demonstrated that AMPs have
antimicrobial activities against a diverse range of pathogens. The
Lc1687 peptide was consistent with previously reported AMPs due

Frontiers in Immunology

to its significant inhibitory effect against Gram+ and Gram-
bacteria. The MICs for rLc1687 were 31.25-62.5 (5.17-10.33 uM),
15.625-31.25 (2.58-5.17 uM), and 15.625-31.25 (2.58-5.17 uM) ug/
mL against S. aureus, V. vulnificus, and V. parahaemolyticus,
respectively. Similarly, AAMPs Kappacins A and B, isolated from
bovine milk, have been shown to exhibit activity against a range of
Gram+ and Gram- oral bacteria with MICs in the 26-44 UM range
(28). In contrast, maximin H5 derived from the skin of Bombina
maxima possesses a net charge of -3 and exhibits weak activity
against S. aureus, with an MIC of 800 uM and exhibits no activity
against Gram- bacteria and fungi (29). In addition to bacterial
killing effects, rLc1687 demonstrates forceful anti-parasitic activity
against Scuticociliatida in our study.

The water environment in which fish live is extremely complex.
The production of AMPs and the different forms of administration
can cause some effects of the external environment on antibacterial
activity. In our study, we found that rLc1687 has a high tolerance to
heat, pH, and UV and that it is stable at low pH and high-
temperature conditions. Furthermore, AMPs exhibit damaging
effects against diverse microorganisms, but their safety in animals
and humans is still an open question (30). As previously reported,
some AMPs have shown low hemolytic activity against mammalian
blood cells (31). In this study, low hemolytic activity in fish was
observed at an extremely high peptide concentration. Therefore, we
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FIGURE 10

The effects of different temperatures (A), pH values (B), and UV irradiation times (C) on the antibacterial activity of rLc1687.

TABLE 1 Hemolytic activity of rLc1687 against L. crocea blood cells.

Treatments Percentage hemolysis at different concentrations (ug/mL)
15.625 31.25 62.5 125 250
Lcl1687 0.00+ 0.003+ 0.005+ 0.008+ 0.017+ 0.014+ 0.018+ 0.025+
0.00 0.005 0.005 0.007 0.007 0.005 0.005 0.005
TBS 0.00+ 0.00+ 0.00+ 0.00+ 0.00+ 0.00+ 0.00+ 0.00+
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ultrapure water 100.00+ 100.00+ 100.00+ 100.00+ 100.00+ 100.00+ 100.00+ 100.00+
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

speculated that this peptide, Lc1687, obtained from L. crocea, is a
relatively stable and safe antimicrobial agent for fish.

In summary, in this study, we screened a novel anionic
amphiphilic a-helical peptide, Lc1687, via a B. subtilis system.
Lc1687 is derived from L. crocea Ferritin H and exhibits forceful
bactericidal and parasiticidal activities, as well as neglectable
toxicity to fish. Moreover, Lc1687 has stable antibacterial activity
against Gram+ and Gram- bacteria over a wide range of
temperatures, pH, and UV radiation time. The functional
mechanism of Lc1687 involves destroying the bacterial cell wall
and cell membrane. The potent activities endow Lc1687 with
promising clinical application prospects against bacterial and
parasite infections in fish. Based on these distinctive features,
future research will mainly focus on more detailed functional
mechanisms and in-vivo experiment verification.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary material.

Frontiers in Immunology

156

Ethics statement

All experiments were carried out following the principles and
protocols of the Animal Care and Use Committee of Fisheries
College, Jimei University, China.

Author contributions

Conceptualization, experimental design, and project
administration: DZ and MC; methodology: MC, NL, and XT;
supervision: ZW and DZ; writing of the original draft: MC
writing—review and editing: XL and DZ. All authors have read
and agreed to the published version of the manuscript.

Funding

This work was supported by the National Natural Science
Foundation of China (32172964), key projects of the Fujian
Provincial Natural Science Foundation (2022]02042).

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1168517
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Chen et al.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated

References

1. Wang JH, Lu J, Zhang YX, Wu J, Luo Y, Liu H. Metagenomic analysis of
antibiotic resistance genes in coastal industrial mariculture systems. Bioresour Technol
(2018) 253:235-43. doi: 10.1016/j.biortech.2018.01.035

2. Wang JH, Lu J, Wu J, Zhang Y, Zhang C. Proliferation of antibiotic resistance
genes in coastal recirculating mariculture system. Environ pollut (2019) 248:462-70.
doi: 10.1016/j.envpol.2019.02.062

3. Chung CR, Kuo TR, Wu LC, Lee TY, Horng JT. Characterization and
identification of antimicrobial peptides with different functional activities. Brief
Bioinform (2019) 21(3):1098-114. doi: 10.1093/bib/bbz043

4. Kumar P, Kizhakkedathu JN, Straus SK. Antimicrobial peptides: diversity,
mechanism of action and strategies to improve the activity and biocompatibility.
vivo. Biomol. (2018) 8(1):4. doi: 10.3390/biom8010004

5. Zhang R, Xu L, Dong C. Antimicrobial peptides: an overview of their structure,
function and mechanism of action. Protein Pept Lett (2022) 29:641-50. doi: 10.2174/
0929866529666220613102145

6. Le CF, Fang CM, Sekaran SD. Intracellular targeting mechanisms by
antimicrobial peptides. Antimicrob Agents Chemother (2017) 61. doi: 10.1128/
AAC.02340-16

7. Luo Y, Song Y. Mechanism of antimicrobial peptides: antimicrobial, anti-
inflammatory and antibiofilm activities. Int ] Mol Sci (2021) 22:11401. doi: 10.3390/
ijms222111401

8. Noga EJ, Ullal AJ, Corrales ], Fernandes JM. Application of antimicrobial
polypeptide host defenses to aquaculture: exploitation of downregulation and
upregulation responses. Comp Biochem Physiol Part D Genomics Proteomics (2011)
6:44-54. doi: 10.1016/j.cbd.2010.06.001

9. Hu Z, Zhang C, Sifuentes-Dominguez L, Zarek CM, Propheter DC, Kuang Z,
et al. Small proline-rich protein 2A is a gut bactericidal protein deployed during
Helminth infection. Science (2021) 374:6723. doi: 10.1126/science.abe6723

10. Lin Q, Fu Q, Chen D, Yu B, Luo Y, Huang Z, et al. Functional characterization of
Porcine NK-lysin: a novel immunomodulator that regulates intestinal inflammatory
response. Molecules (2021) 26(14):4242. doi: 10.3390/molecules26144242

11. Yu G, Baeder DY, Regoes RR, Rolff J. Combination effects of antimicrobial
peptides. Antimicrob Agents Chemother (2016) 60:1717-24. doi: 10.1128/
AAC.02434-15

12. LiQ, Yu S, Han J, Wu ], You L, Shi X, et al. Synergistic antibacterial activity and
mechanism of action of nisin/carvacrol combination against Staphylococcus aureus and
their application in the infecting pasteurized milk. Food Chem (2022) 380:132009.
doi: 10.1016/j.foodchem.2021.132009

13. Ormondes DFJ, Resende FA, Cardoso KA, Berto RT, Dias SC. Synergistic
activity and immunomodulatory potential of levofloxacin and synoeca-MP peptide
against multi-resistant strains of Klebsiella pneumoniae. Microb Pathog (2022)
163:105403. doi: 10.1016/j.micpath.2022.105403

14. Zhang DL, Guan RZ, Huang WS, Xiong J. Isolation and characterization of a
novel antibacterial peptide derived from hemoglobin alpha in the liver of Japanese eel.
Anguilla japonica. Fish Shellfish Immunol (2013) 35:625-31. doi: 10.1016/j.f51.2012

15. YiY, You X, Bian C, Chen S, Lv Z, Qiu L, et al. High-throughput identification of
antimicrobial peptides from Amphibious mudskippers. Mar Drugs (2017) 15(11):364.
doi: 10.3390/md15110364

16. Zhang ZX, Wang ZY, Fang M, Ye K, Tang X, Zhang DL. Genome-wide
association analysis on host resistance against the rotten body disease in a naturally
infected population of large yellow croaker. Larimichthys crocea. Aquaculture(2022)
548. doi: 10.1016/j.aquaculture.2021.737615

Frontiers in Immunology

157

10.3389/fimmu.2023.1168517

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2023.
1168517/full#supplementary-material

17. Tang X, Wang Z, Jiang D, Chen M, Zhang D. Expression profile, subcellular
localization of MARCH4 and transcriptome analysis of its potential regulatory
signaling pathway in large yellow croaker (Larimichthys crocea). Fish Shellfish
Immunol (2022) 130:273-82. doi: 10.1016/j.£51.2022.09.017

18. Abbas H, Xiang J, Ahmad Z, Wang L, Dong W. Enhanced Nicotiana
benthamiana immune responses caused by heterologous plant genes from Pinellia
ternata. BMC Plant Biol (2018) 18:357. doi: 10.1186/s12870-018-1598-5

19. Wu]J, Abbas H, Li ], Yuan Y, Liu Y, Wang G, et al. Cell membrane-interrupting
antimicrobial peptides from Isatis indigotica fortune isolated by a Bacillus subtilis
expression system. Biomolecules (2019) 10(1):30. doi: 10.3390/biom10010030

20. Arosio P, Ingrassia R, Cavadini P. Ferritins: a family of molecules for iron
storage, antioxidation and more. Biochim Biophys Acta (2009) 1790:589-99.
doi: 1041016/j.bbagen.2008,094004

21. Zheng L, Liu Z, Wu B, Dong Y, Zhou L, Tian J, et al. Ferritin has an important
immune function in the ark shell. Scapharca broughtonii. Dev Comp Immunol (2016)
59:15-24. doi: 10.1016/j.dci.2015.12.010

22. Jung S, Kim M]J, Lim C, Elvitigala D, Lee J. Molecular insights into two ferritin
subunits from red-lip mullet (Liza haematocheila): detectable antibacterial activity with
its expressional response against immune stimulants. Gene (2023) 851:146923.
doi: 10.1016/j.gene.2022.146923

23. Ding Z, Zhao X, Zhan Q, Cui L, Sun Q, Wang W, et al. Comparative analysis of
two ferritin subunits from blunt snout bream (Megalobrama amblycephala):
characterization, expression, iron depriving and bacteriostatic activity. Fish Shellfish
Immunol (2017) 66:411-22. doi: 10.1016/;.£51.2017.05.032

24. Yang H, Liu Z, Jiang Q, Xu J, An Z, Zhang Y, et al. A novel ferritin gene from
Procambarus clarkii involved in the immune defense against aecromonas hydrophila
infection and inhibits WSSV replication. Fish Shellfish Immunol (2019) 86:882-91.
doi: 10.1016/j.£51.2018.12.022

25. Harris F, Dennison SR, Phoenix DA. Anionic antimicrobial peptides from
eukaryotic organisms. Curr Protein Pept Sci (2009) 10:585-606. doi: 10.2174/
138920309789630589

26. Dennison SR, Harris F, Mura M, Phoenix DA. An atlas of anionic antimicrobial
peptides from. Amphibians. Curr Protein Pept Sci (2018) 19:823-38. doi: 10.2174/
1389203719666180226155035

27. Paulmann M, Arnold T, Linke D, Ozdirekcan S, Kopp A, Gutsmann T, et al.
Structure-activity analysis of the dermcidin-derived peptide DCD-1L, an anionic
antimicrobial peptide present in human sweat. J Biol Chem (2012) 287:8434-43.
doi: 10.1074/jbc.M111.332270

728. Dashper SG, Liu SW, Reynolds EC. Antimicrobial peptides and their potential
as oral therapeutic agents. Int ] Pept Res Ther (2007) 13:505-16. doi: 10.1007/s10989-
007-9094-z

29. Lai R, Liu H, Hui LW, Zhang Y. An anionic antimicrobial peptide from toad
Bombina maxima. Biochem Biophys Res Commun (2002) 295:796-99. doi: 10.1016/
$0006-291x(02)00762-3

30. Li S, Wang M, Chen S, Ampomah-Wireko M, Gao C, Xia Z, et al. Development
of biaromatic core-linked antimicrobial peptide mimics: substituent position
significantly affects antibacterial activity and hemolytic toxicity. Eur ] Med Chem
(2023) 247:115029. doi: 10.1016/j.ejmech.2022.115029

31. Xiao X, Lu H, Zhu W, Zhang Y, Huo X, Yang C, et al. A novel antimicrobial
peptide derived from bony fish IFN1 exerts potent antimicrobial and anti-
inflammatory activity in mammals. Microbiol Spectr (2022) 10:¢201321. doi: 10.1128/
spectrum.02013-21

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2023.1168517/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1168517/full#supplementary-material
https://doi.org/10.1016/j.biortech.2018.01.035
https://doi.org/10.1016/j.envpol.2019.02.062
https://doi.org/10.1093/bib/bbz043
https://doi.org/10.3390/biom8010004
https://doi.org/10.2174/0929866529666220613102145
https://doi.org/10.2174/0929866529666220613102145
https://doi.org/10.1128/AAC.02340-16
https://doi.org/10.1128/AAC.02340-16
https://doi.org/10.3390/ijms222111401
https://doi.org/10.3390/ijms222111401
https://doi.org/10.1016/j.cbd.2010.06.001
https://doi.org/10.1126/science.abe6723
https://doi.org/10.3390/molecules26144242
https://doi.org/10.1128/AAC.02434-15
https://doi.org/10.1128/AAC.02434-15
https://doi.org/10.1016/j.foodchem.2021.132009
https://doi.org/10.1016/j.micpath.2022.105403
https://doi.org/10.1016/j.fsi.2012
https://doi.org/10.3390/md15110364
https://doi.org/10.1016/j.aquaculture.2021.737615
https://doi.org/10.1016/j.fsi.2022.09.017
https://doi.org/10.1186/s12870-018-1598-5
https://doi.org/10.3390/biom10010030
https://doi.org/10.1016/j.bbagen.2008.09.004
https://doi.org/10.1016/j.dci.2015.12.010
https://doi.org/10.1016/j.gene.2022.146923
https://doi.org/10.1016/j.fsi.2017.05.032
https://doi.org/10.1016/j.fsi.2018.12.022
https://doi.org/10.2174/138920309789630589
https://doi.org/10.2174/138920309789630589
https://doi.org/10.2174/1389203719666180226155035
https://doi.org/10.2174/1389203719666180226155035
https://doi.org/10.1074/jbc.M111.332270
https://doi.org/10.1007/s10989-007-9094-z
https://doi.org/10.1007/s10989-007-9094-z
https://doi.org/10.1016/s0006-291x(02)00762-3
https://doi.org/10.1016/s0006-291x(02)00762-3
https://doi.org/10.1016/j.ejmech.2022.115029
https://doi.org/10.1128/spectrum.02013-21
https://doi.org/10.1128/spectrum.02013-21
https://doi.org/10.3389/fimmu.2023.1168517
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Frontiers In
Immunology

Explores novel approaches and diagnoses to treat
immune disorders.

The official journal of the International Union of
Immunological Societies (IUIS) and the most cited
in its field, leading the way for research across
basic, translational and clinical immunology.

Discover the latest
Research Topics  trontiers

Frontiers in

Immunology

Frontiers

Avenue du Tribunal-Fédéral 34
1005 Lausanne, Switzerland
frontiersin.org

Contact us

+41(0)21 510 17 00
frontiersin.org/about/contact

& frontiers | Research Topics



https://www.frontiersin.org/journals/immunology/research-topics

	Cover

	FRONTIERS EBOOK COPYRIGHT STATEMENT

	Fish molecular innate immunity and innate immune responses against pathogens

	Table of contents

	Dietary Aflatoxin B1 attenuates immune function of immune organs in grass carp (Ctenopharyngodon idella) by modulating NF-κB and the TOR signaling pathway
	Introduction
	Materials and methods
	Composition of test feeds
	Feeding trial
	Challenge test and sample collection
	Immune components analysis
	Real-time PCR
	Western blot
	Statistical analysis

	Results
	Skin phenotype
	Immune parameters in skin, spleen, and head kidney of grass carp
	The transcription levels of antimicrobial peptides and mucin in skin, spleen, and head kidney of grass carp
	The transcription levels of inflammatory cytokines and inflammatory response-related signal molecules in skin, spleen, and head kidney of grass carp
	Protein expression levels of nuclear factor-κB p65 (NF-κB p65) and phosphorylation of TOR in skin, spleen, and head kidney of grass carp

	Discussion
	AFB1 attenuated immunological parameters of immune organs
	AFB1 attenuated inflammatory response of immune organs
	AFB1 modulates immune response related signaling pathways
	AFB1 safe upper dose for grass carp

	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References

	CcGSDMEa functions the pore-formation in cytomembrane and the regulation on the secretion of IL-lβ in common carp (Cyprinus carpio haematopterus)
	Introduction
	Materials and methods
	Experimental animals and cell culture
	Bacterial strain culture
	RNA extraction and cDNA synthesis
	Gene cloning and bioinformatics analysis
	Spatial expression analysis by qRT-PCR
	A. hydrophila challenge and sampling
	Plasmid construction
	CcGSDMEa cleavage assay
	Immunocytochemical staining
	Assay for antibacterial effect and cytotoxicity
	Assay for bacterial clearance
	Assay for CcIL-1β secretion
	ELISA
	Western blotting analysis
	Statistical analysis

	Result
	Structural analysis of CcGSDMEa
	Expression profile of CcGSDMEa after A. hydrophila challenge
	CcGSDMEa-NT was produced from CcGSDMEa cleavage by CcCaspase-1/3/7
	The membrane pore formation induced by CcGSDMEa-NT
	Bactericidal activity of CcGSDMEa to E. coli
	CcGSDMEa promotes the expression of CcIL-1β in vivo
	CcGSDMEa prevents A. hydrophila colonization in vivo
	CcGSDMEa promotes the secretion of CcIL-1β in EPC cells

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References

	IFN regulatory factor 3 of golden pompano and its NLS domain are involved in antibacterial innate immunity and regulate the expression of type I interferon (IFNa3)
	1 Introduction
	2 Materials and methods
	2.1 Fish, cell lines and bacteria
	2.2 TroIRF3 cloning
	2.3 Expression profiles of TroIRF3 in normal tissues and when challenged with V. harveyi
	2.4 TroIRF3 overexpression and V. harveyi infection in vivo
	2.5 TroIRF3 knockdown and V. harveyi infection in vivo
	2.6 Subcellular localisation
	2.7 Role of NLSs sites in immune response in vivo
	2.7.1 Role of NLSs in the antibacterial regulatory function of TroIRF3
	2.7.2 Role of NLSs in immune gene expression induced by TroIRF3

	2.8 Luciferase reporter assay
	2.9 Statistical analysis

	3 Results
	3.1 Cloning and sequence analysis of TroIRF3
	3.2 Expression pattern of TroIRF3 with or without bacterial challenge
	3.3 Overexpression of TroIRF3 decreases V. harveyi replication in vivo
	3.4 Knockdown of TroIRF3 increases V. harveyi replication in vivo
	3.5 Mapping of the NLS domain of IRF3
	3.6 Mutational analysis of IRF3 NLS
	3.7 Antibacterial function of TroIRF3 requires NLS
	3.8 TroIRF3-mediated immune gene expression requires an intact NLS
	3.9 TroIFNa3 activation mediated by TroIRF3

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Supplementary material
	References

	Multiomics analysis revealed miRNAs as potential regulators of the immune response in Carassius auratus gills to Aeromonas hydrophila infection
	Highlights
	Introduction
	Materials and methods
	Sample and challenge
	Pathology, immunohistochemistry, and phagocytic activity analysis
	Total RNA extraction
	Illumina sequencing
	Analysis of the sequencing data and annotation of sRNAs
	Differential expression and phylogenetic analysis of miRNAs
	Protein extraction, iTRAQ, and screening of DEPs
	GO and KEGG enrichment analyses
	qRT-PCR analysis of the miRNAs and target genes

	Results
	Pathological and immunohistochemical features of the gills of C. auratus infected with A. hydrophila and hemocyte phagocytic activity
	Summary of the miRNA transcriptome in the gills of C. auratus
	Differential expression profiling of the miRNAs and screening and identification of the key DEMs in the gills of C. auratus
	GO and KEGG enrichment analyses of the target genes and proteins
	Spatiotemporal expression and regulation analysis of the key miRNAs/target genes

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Supplementary material
	References

	Grouper cGAS is a negative regulator of STING-mediated interferon response
	1 Introduction
	2 Materials and methods
	2.1 Fish, cells and virus
	2.2 Antibodies
	2.3 Cloning of EccGAS and 
bioinformatic analysis
	2.4 RNA isolation and qRT-PCR
	2.5 Preparation of antiserum of EccGAS
	2.6 Cell transfection
	2.7 Cell localization analysis
	2.8 Virus infection assay
	2.9 Dual-luciferase reporter assay
	2.10 Co-immunoprecipitation assays
	2.11 Statistical analysis

	3 Results
	3.1 Amplification and sequence analysis of cGAS gene in grouper
	3.2 Bioassay of recombinant protein of EccGAS
	3.3 Intracellular localization of EccGAS
	3.4 EccGAS affected SGIV replication
	3.5 EccGAS inhibited interferon immune response
	3.6 EccGAS inhibits EcSTING-mediated interferon immune response

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	References

	Immunity of turbot Induced by inactivated vaccine of Aeromonas salmonicida from the perspective of DNA methylation
	1 Introduction
	2 Methods and materials
	2.1 Experimental fish, vaccine immunity and sample collection
	2.2 Transcriptome sequencing and bioinformatics analysis
	2.3 WGBS library construction, sequencing and bioinformatics analysis
	2.4 Quantitative real-time PCR
	2.5 Bisulfite sequencing PCR
	2.6 In vitro methylation modification and dual luciferase reporter assay
	2.7 DNA pull down and mass spectrometry

	3 Result
	3.1 Analysis of transcriptome sequencing results
	3.2 Analysis of whole genome bisulfite sequencing
	3.3 Association analysis between WGBS and transcriptome sequencing
	3.4 DNA methylation negatively regulates gene expression
	3.5 The mechanism of DNA methylation inhibited immune-related gene expression

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Supplementary material
	References

	Insulin-like growth factor binding protein 5b of Trachinotus ovatus and its heparin-binding motif play a critical role in host antibacterial immune responses via NF-κB pathway
	Introduction
	Materials and methods
	Fish and cells
	Pathogenic bacteria and challenge experiment
	Quantitative real-time PCR
	Gene cloning and analysis
	Plasmid construction and small interfering RNA synthesis
	In vivo overexpression and knockdown of&#146;TroIGFBP5b
	In vivo antibacterial ability assay
	Subcellular localization
	Protein expression and purification
	Phagocytic activity detection of head kidney macrophages through flow cytometry
	Proliferation detection of head kidney lymphocytes by CCK-8 assay
	Immunofluorescence microscopy assay
	Western blot assay
	Dual-luciferase reporter assay
	Statistical analysis

	Results
	Sequence characterization of TroIGFBP5b
	The expression profiles of TroIGFBP5b were regulated by V. harveyi infection
	In vivo antibacterial ability after TroIGFBP5b overexpression and knockdown
	Subcellular localization of TroIGFBP5b WT and HBM- and SP-deficient mutants
	IGFBP5-&Delta;HBM altered the intracellular actions of TroIGFBP5b in vitro
	In vitro effects on the lymphocytes and macrophages of rTroIGFBP5b and rTroIGFBP5b-&Delta;HBM
	TroIGFBP5b overexpression could activate the NF-κB pathway, while TroIGFBP5b-&Delta;HBM could not
	IGFBP5-&Delta;HBM lost the antibacterial and activated immune-related gene abilities in vivo

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Supplementary material
	References

	Comparative study on antibacterial characteristics of the multiple liver expressed antimicrobial peptides (LEAPs) in teleost fish
	Introduction
	Materials and methods
	Experimental fish and cells
	Searching, identification, and localization of LEAPs in rainbow trout and grass carp genome
	Sequence alignment and phylogenetic analysis
	The mRNA expression of LEAPs in rainbow trout and grass carp tissues
	Bacterial infection
	Peptide synthesis
	Antibacterial activity assay
	Bacterial membrane permeability assay
	Plasmid construction and transfection
	Statistical analysis

	Results
	Homology comparison of LEAPs
	Gene structure and phylogenetic analyses of LEAPs
	Expression of LEAPs in rainbow trout and grass carp tissues
	Induced expression of LEAPs by pathogenic bacteria
	Antibacterial activities of LEAPs
	Antibacterial mechanism of LEAPs
	Comparison of the ability of LEAPs to internalize Fpn

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	References

	The potential regulatory role of the lncRNA-miRNA-mRNA axis in teleost fish
	1 Introduction
	2 The regulatory roles of the lncRNA-miRNA-mRNA axis in teleost physiology and pathology
	2.1 Regulation in growth and development
	2.1.1 Brain and Nerves
	2.1.2 Immune organs
	2.1.3 Skeletal muscles
	2.1.4 Intermuscular bone
	2.1.5 B chromosomes

	2.2 Regulation in reproduction
	2.2.1 Gonad maturation
	2.2.2 Steroidogenesis and Spermatogenesis
	2.2.3 Infertility

	2.3 Regulation in bacterial infection
	2.3.1 Aeromonas hydrophila (A. hydrophila)
	2.3.2 Aeromonas salmonicida (A. salmonicida)
	2.3.3 Edwardsiella tarda (E. tarda)
	2.3.4 Pseudomonas plecoglossicida (P. plecoglossicida)
	2.3.5 Streptococcus agalactiae (S. agalactiae)
	2.3.6 Vibrio anguillarum (V. anguillarum)

	2.4 Regulation of viral infection
	2.4.1 Siniperca chuatsi rhabdovirus (SCRV)
	2.4.2 Orthomyxovirus (POMV)

	2.5 Regulation in other stress responses

	3 Potential application of the lncRNA-miRNA-mRNA axis in fish
	4 Conclusions and discussion
	Author contributions
	Funding
	References

	Tongue sole creatine kinases function as DAMP and activate antimicrobial immunity via TLR2
	1 Introduction
	2 Materials and methods
	2.1 Fish, bacteria, and cells
	2.2 Sequence and phylogenetic analysis
	2.3 Expression of CsCKM-1/2 in tongue sole tissues and cells
	2.4 Recombinant protein purification, polyclonal antibody preparation, and creatine kinase activity assay
	2.5 The in vivo and in vitro detection of CsCKM-1/2 release
	2.6 Interaction of rCsCKM-1/2 with bacteria
	2.7 The interaction of rCsCKM-1/2 with PBLs
	2.8 The effect of rCsCKM-1/2 on immune gene expression and bacterial infection
	2.9 The effect of TLR2 antagonist on CsCKM-1/2-induced immune response
	2.10 The interaction between CsCKM-1/2 and TLR2
	2.11 Statistical analysis

	3 Results
	3.1 Tongue sole possesses two M-CKs with phosphotransferase activity
	3.2 Bacterial infection stimulates the expression and extracellular release of CsCKM-1/2
	3.3 CsCKM-1/2 bind bacterial pathogens and pathogen-associated molecular patterns (PAMPs)
	3.4 CsCKM-1/2 promote proinflammatory cytokine expression and reduce bacterial infection
	3.5 TLR2 is required for CsCKM-1/2-mediated immune response

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Supplementary material
	References

	A novel antimicrobial peptide screened by a Bacillus subtilis expression system, derived from Larimichthys crocea Ferritin H, exerting bactericidal and parasiticidal activities
	1 Introduction
	2 Materials and methods
	2.1 Pathogen cultures and fish tissue collection
	2.2 L. crocea cDNA library construction
	2.3 Candidate genes screening
	2.4 Crude protein extraction
	2.5 Antibacterial activity analysis of the extracellular protein
	2.6 Bioinformatics analysis and circular dichroism spectrophotometry
	2.7 Expression and purification of antimicrobial peptide
	2.8 Antibacterial activity analysis and minimum inhibitory concentration determination of recombinant Lc1687 (rLc1687)
	2.9 Scanning electron microscopy
	2.10 Transmission electron microscopy
	2.11 Gel retardation assay
	2.12 Anti-parasitic activity analysis of rLc1687
	2.13 Stability assay of rLc1687
	2.14 Hemolytic activity assay of rLc1687
	2.15 Statistical analysis

	3 Results
	3.1 Candidate gene from an L. crocea cDNA library exhibited antimicrobial potential
	3.2 The extracellular protein in the 1687 strain exhibited antibacterial activity
	3.3 Lc1687 is a novel anionic amphipathic α-helical antimicrobial peptide derived from a Ferritin heavy subunit
	3.4 Capture and purification of recombinant protein
	3.5 rLc1687 possesses antibacterial activity in a low dose
	3.6 Antibacterial mechanisms analysis of rLc1687
	3.7 rLc1687 exhibits potent killing Scuticociliatida directly
	3.8 rLc1687 is a relatively stable and safe antimicrobial agent for bony fish

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Supplementary material
	References

	Back Cover


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




