
Contents lists available at ScienceDirect

Fish and Shellfish Immunology

journal homepage: www.elsevier.com/locate/fsi

Full length article

Molecular characterization, phylogenetic analysis and adjuvant effect of
channel catfish interleukin-1βs against Streptococcus iniae
Erlong Wanga,1, Tao Liua,1, Jie Wua,1, Kaiyu Wanga,b,∗, Defang Chenc, Yi Genga,b, Xiaoli Huangc,
Ping Ouyanga, Weimin Laia, Xiaohui Aid

a Department of Basic Veterinary, College of Veterinary Medicine, Sichuan Agricultural University, Chengdu, Sichuan, PR China
b Key Laboratory of Animal Disease and Human Health of Sichuan Province, Sichuan Agricultural University, Chengdu, Sichuan, PR China
c Department of Aquaculture, College of Animal Science & Technology, Sichuan Agricultural University, Chengdu, Sichuan, PR China
d Yangtze River Fisheries Research Institute, Chinese Academy of Fishery Sciences, Wuhan, Hubei, PR China

A R T I C L E I N F O

Keywords:
Interleukin-1βs
Molecular characterization
Adjuvant effect
pSCPI
Channel catfish

A B S T R A C T

Channel catfish is one of the most extensively cultured species worldwide, which is widely used as a classical
model for comparative immunology. Interleukin-1β (IL1β) is an immunoregulatory cytokine with the potential
to enhance the immune response induced by vaccines in many animals. To characterize the molecular char-
acterization and identify the immunoadjuvant role of channel catfish IL1β, molecular cloning, phylogenetic
analysis, and expression of two IL1β genes were performed, the bioactivity of their recombinant proteins (rIL1β1
and rIL1β2) were detected in vitro and their adjuvant effects on a subunit vaccine encoding C5a peptidase
(pSCPI) of Streptococcus iniae were evaluated. The results indicated that two IL1βs remained highly conserved
possessing five conserved motifs compared with other fish IL1βs, although there were 28 nucleotide differences
and 16 amino acid differences between channel catfish IL1β1 and IL1β2. Analysis of the ratios of nonsynon-
ymous (dN) and synonymous (dS) substitutions revealed that fish IL1β genes were subjected to negative/pur-
ifying selection with global dN/dS ratios value 0.425. The results of adjuvant effect showed that compared with
injection of pSCPI alone, co-injecting pSCPI with both rIL1β1 and rIL1β2 significantly enhanced antibody levels,
serum bactericidal activity, lysozyme activity, alternative complement hemolytic activity, and the expression of
endogenous IL1β and TNF-α in head kidney and spleen. Although vaccination with rIL1β1 or rIL1β2 failed to
offer immunoprotection against S. iniae infection, the RPS (relative percent survival) of pSCPI+rIL1β1 and
pSCPI+rIL1β2 groups were both higher than pSCPI alone (RPS, 50%), with 64.26% and 60.71%, respectively.
Moreover, pSCPI+rIL1β1+rIL1β2 offered significantly higher (P < 0.05) immunoprotection (RPS, 75%)
against S. iniae infection than pSCPI alone. Our present results not only enrich the molecular structure study of
fish IL1βs but also signify that two recombinant channel catfish IL1βs can be used as potential adjuvants in a
subunit vaccine model against bacterial infection, which are of profound importance to prevent and control
bacterial disease in channel catfish.

1. Introduction

With the increasing development of intensive aquaculture, the
problems of fish health are becoming more serious. Outbreaks of fish
diseases, caused by microbial pathogens, have become a key issue
limiting the vigorous development of aquaculture. Currently, the main
methods to control fish disease include chemicals, antibiotics, and
vaccines. Chemicals, approved for aquaculture, according to the USA
Food and Drug Administration include chloramine-T, formalin, and
hydrogen peroxide. Antibiotic drugs include florfenicol, oxytetracyclin,

and sulfadimethoxine/ormetoprim, according to the Food and
Agriculture Organization. The use of chemical and antibiotics in
aquaculture has brought several problems, including the resistance to
antibiotics and the presence of antibiotic residues. By contrast, vaccines
are regarded as an effective, environmentally-friendly, prophylactic
method to prevent bacterial infections [1]. Genetically-engineered
vaccine, as one kind of fish vaccines, consists of protective immunogens
or antigenic genes and has become a better choice in light of efficiency,
stability, safety, and environmental protection [2]. However, in many
cases, genetically-engineered vaccines pose the problem of weak
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immunogenicity. Thus, immunoadjuvants or immunestimulants are
essential for eliciting an immune response with maximal protection
against bacterial diseases [3].

Cytokines have been used as novel adjuvants for vaccination against
various pathogens in mammals [4–7]. However, not many studies have
focused on the possible use of cytokine genes as immunoadjuvants in
fish [3]. Although some attempts have been made to explore the po-
tential of cytokines as adjuvants in some fish species [8–10], details
concerning their immunoadjuvant mechanisms are still lacking. Inter-
leukin-1β (IL1β) is a pluripotent cytokine, involved in the activation of
the proliferation of T cells and B cells, the activation of the cytotoxic
activity of macrophages and natural killer cells, the induction of im-
munoglobulin secretion, and the expression of immune-related genes
[11,12]. Recombinant IL1β has been used as an adjuvant for vaccines in
many animals including pigs [13,14], cattle [15,16], and sheep [17,18].
To date, some IL1β genes had been cloned and characterized in fish
species, including carp [19], rainbow trout [20–24], sea bass [25,26],
Atlantic cod [27], yellowfin sea bream [28], Japanese flounder [29],
Nile tilapia [30] and channel catfish [31]. Only a few studies have
shown that recombinant IL1β can be used as a possible im-
munoadjuvant in fish, for example in carp [32], barramundi [32],
rainbow trout [34], sea bass [25] and Japanese flounder [35]. It is a
valuable research to explore more fish IL1βs to serve as im-
munoadjuvant in fish vaccination.

Channel catfish (Ictalurus punctatus), is the most extensively cul-
tured food-fish species worldwide; it is also widely used as a classical
model for comparative immunology [36]. Although two distinct cDNAs
encoding channel catfish IL1β have been reported with differential
expression profiles after bacterial infection by Wang et al. [31], the
potential function and viable application (like immunoadjuvant) of
channel catfish IL1βs were still unclear and deserved to study. Com-
pared with the study of Wang, in this study, we used simpler methods
(RT-PCR and PCR) to obtain the coding sequences (CDS) of these two
IL1β genes and easy-operation methods (prokaryotic expression with E.
coli BL21) and plasmids (pMD19-T and pET32a) to obtain the re-
combinant IL1βs. To characterize the molecular characterization and
identify the immunoadjuvant role of channel catfish IL1β, sequence
analysis, phylogenetic analysis, and expression of two IL1β genes were
performed, the bioactivity of their recombinant proteins (rIL1β1 and
rIL1β2) were tested in vitro and their adjuvant effects on a subunit
vaccine encoding C5a peptidase (pSCPI, a part of the C5a peptidase
encoded by the Scp I gene) of Streptococcus iniae (Gram-positive channel
catfish pathogenic bacteria) were evaluated from several aspects of
immunity, including antibody levels, serum bactericidal activity, lyso-
zyme activity, alternative haemolytic complement activity, the ex-
pression of immune-related genes, and immunoprotection.

2. Materials and methods

2.1. Ethics statement

All animal experiments were approved by the Committee of Ethics
on Animal Care and Use of Sichuan Agricultural University (No.
XF201418). All experimental procedures were performed in accordance
with the guidelines for care and use of experimental animals of the
Chinese Ministry of Science and Technology.

2.2. Bacterial strains, plasmids, and growth conditions

Streptococcus iniae DGX07, a fish pathogen, was isolated from sick
channel catfish in China; it was cultured in Brain-Heart Infusion (BHI)
medium at 37 °C and stored at our laboratory [37]. Escherichia coli
strains DH5α and BL21 (DE3) (Takara; Dalian, China) were used for
cloning and protein expression, respectively. Both strains were grown in
Luria-Bertani medium containing 100 μg/ml of ampicillin at 37 °C.
Plasmids pMD19-T (Takara) and pET32a (+) (Merck, Germany) were
used for T-A cloning and protein expression, respectively. Recombinant
protein pSCPI containing the truncated part of C5a peptidase was
constructed, expressed, and stored at our laboratory [38,39].

2.3. Molecular cloning and sequences analysis of IL1βs

Total RNA was extracted from the head kidney of channel catfish
using TRIzol reagent (Invitrogen, USA). First strand cDNA was syn-
thesized using PrimeScript™ RT reagent kit with gDNA Eraser (Perfect
Real Time) (TaKaRa), according to the manufacturer's instructions. The
channel catfish genes IL1β1 and IL1β2 were amplified by PCR from the
cDNA template with specific primers (Table 1) designed using Primer
Premier 5.0 software, according to the sequences (DQ160229 and
DQ160230) published in GenBank by Wang et al. [31]. The PCR pro-
ducts were purified using the Agarose Gel DNA Extraction kit (TaKaRa),
cloned into the pMD19-T vector, and transformed into E. coli DH5α.
The recombinant plasmids were identified by PCR, digested with re-
striction enzymes BamH I and Xho I, and fractionated on 1% agarose
gels. DNA sequencing was performed by TaKaRa Bio Inc and the se-
quences were deposited on NCBI Genbank to obtain accession numbers.
The correct recombinant cloning plasmids were named by T-IL1β1 and
T-IL1β2.

The amino acid sequences of channel catfish IL1βs were derived
from the results of sequencing, following by alignment with other 14
fish species IL1βs using MUSCLE [40]. To delineate the evolutionary
dynamics of fish IL1βs, the conserved domains and conserved motifs
were identified using the Conserved Domain Database (CDD) in NCBI
[41] and MEME software [42], respectively, the amino acid sequences
identity between IL1βs and other 14 fish species IL1βs was calculated
using the MegAlign program (DNASTAR, Madison, WI), the phyloge-
netic tree was constructed using the neighbor-joining method in MEGA
5 [43] with bootstrap test of 1000 replicates. To measure the selection

Table 1
Primers used in this paper.

Primers Sequences (5’→3’)a Target gene Accession Number Product Size (bp)

IL1β1-F GGATCCATGGCTGACAAAGATTT (BamHI) IL1β1 DQ160229.1 843
IL1β1-R CTCGAGTCACATCTCATTCTG (XhoI)
IL1β2-F GGATCCATGGATGACAAAGATTT (BamHI) IL1β2 DQ160230.1 843
IL1β2-R CTCGAGTCAGATCTCATTCTGAG (XhoI)
18S-F GGACACGGAAAGGATTGACAGA 18S rRNA AF021880.1 121
18S-R GAGGAGTCTCGTTCGTTATCGG
IL1β-F GCCATGTTGCTAATGTTGTAATCG endogenous IL1β DQ160229.1 174
IL1β-R TGTCTTGCAGGCTGTAACTCTTG
TNF-α-F CGCACAACAAACCAGACGAGAC TNF-α AJ417565.2 129
TNF-α-R ACCACTGCATAGATACGCTCGAA

a Underlined nucleotides are restriction sites of the enzymes indicated in the brackets at the ends.
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pressures imposed on fish IL1βs, the natural selection analysis was
conducted based on the dN/dS ratios (the relative rates of non-synon-
ymous (dN) and synonymous (dS) substitutions) which was calculated
using Datamonkey [44].

2.4. Expression and purification of recombinant IL1βs

Expression and purification of recombinant proteins were con-
ducted as described in our previous study [8,45]. Briefly, the plasmids
T-IL1β1 and T-IL1β2 were digested with BamH I and Xho I, and the
resulting products inserted into the BamH I, Xho I sites of the pET32a
(+) vector to construct the plasmids for recombinant expression, which
were named P-IL1β1 and P-IL1β2, respectively. The plasmids were
transformed into E. coli BL21 and induced with 1.0 mM IPTG at 37 °C
for 4 h. The cells were centrifuged at 8000×g for 10min and re-
suspended in sterile phosphate buffer saline (PBS), followed by ultra-
sonication, and detection by 12.5% SDS-PAGE. The recombinant pro-
teins expressed in form of inclusion bodies in the sediment were
purified using a Ni-NTA-Sefinose Column (Sangon Biotech, Shanghai,
China), and refolded by gradient dialysis. To rule out the potential
bystander effects of LPS/or other impurities, endotoxin in the re-
combinant protein was removed using ToxinEraser™ Endotoxin Re-
moval kit (GenScript Corp, Nanjing, China), and the remaining en-
dotoxin levels were measured using the Chromogenic End-point
Endotoxin Assay kit (Limulus reagent biotechnology, Xiamen, China).
Less than 0.1 EU/ml was detected in the final protein preparations. The
quantity was determined using a NanoDrop spectrophotometer
(Thermo Scientific) according to the manufacturer's instructions. Pur-
ified recombinant proteins, named rIL1β1 and rIL1β2, were stored at
−20 °C.

2.5. Western blotting

The western blotting analysis of recombinant proteins was per-
formed as previously described, with minor modifications [8,38].
Briefly, the purified proteins were separated by 12.5% SDS-PAGE and
transferred to a PVDF membrane at 150 V for 2 h. After pre-blocking
with TBST (containing 3% BSA) for 1 h at 37 °C, the membrane was
incubated with rabbit anti-6-His antibody (Sangon Biotech, Shanghai,
China) diluted 1:100 in TBST (containing 0.5% BSA) for 12 h at 4 °C.
After washing three times with TBST, the membrane was incubated
with goat-anti-rabbit IgG (H+L)-HRP (Sigma, Beijing, China), diluted
1:5000 in TBST (containing 0.5% BSA), at 37 °C for 1 h. The reaction
was visualized using DAB (Sigma) for 5–15min, and terminated by
rinsing with distilled water.

2.6. Bioactivity test of recombinant rIL1βs

The biological activity of the recombinant rIL1βs was detected
through its effect on endogenous IL1β expression in head kidney leu-
kocytes according to the previously described methods [24,25,28] with
slight modifications. Briefly, the head kidney leukocytes were obtained

and purified as described previously [46], then adjusted to
∼1.0× 106 cells/ml (in 5ml of L15 medium, (Gibco, USA)) and in-
cubated at 25 °C for 4 h before total RNA extraction using 1, 10, 50 or
100 ng/ml of the recombinant rIL1βs as test groups; no stimulation as
negative control, and 5 μg/ml LPS (Sigma) was used as a positive
control, which was one of the typical inflammatory stimuli [26,47] and
could un-regulate the expression of inflammation and immune related
genes such as IL1β [20,22,24]. Each treatment was performed in tri-
plicate. After stimulation, total RNA extraction and cDNA synthesis
were conducted as described above. Quantitative real time PCR (qRT-
PCR) was performed to investigate the expression of the endogenous
IL1β gene using the SYBR® Premix Ex Taq™ II (Tli RNaseH Plus) (Ta-
KaRa) in an ABI StepOnePlus™ System (Applied Biosystems, USA) as
described previously [8]. The housekeeping gene 18S rRNA was used as
an internal control. The primers used to amplify 18S rRNA and en-
dogenous IL1β are shown in Table 1. All data are presented as relative
expression level.

2.7. Preparation of fish and of recombinant vaccines

Channel catfish (50.0 ± 5.0 g) were purchased from a fish farm in
Chengdu (Sichuan, China) and acclimatized in the laboratory for 2
weeks, before any experimental manipulation. Fish were fed a com-
mercial diet daily; water was partially replaced every day, maintaining
the temperature at 28 ± 1 °C. Before the experiments, blood, liver,
kidney, and spleen of fish were sampled. Examination of bacterial re-
covery indicated the absence of bacteria; agglutination tests showed no
reaction between the serum and S. iniae DGX07. Fish were anesthetized
with MS-222 (Sigma) before experimental manipulation. rIL1β1,
rIL1β2, and the recombinant antigen pSCPI and were diluted in PBS to
0.5 mg/ml, 0.5 mg/ml, and 1.0 mg/ml, respectively. To obtain
rIL1β1+PBS, rIL1β2+PBS and pSCPI+PBS, the recombinant proteins
were mixed respectively with equal volumes of PBS. To obtain pSCPI
+rIL1β1 and pSCPI+rIL1β2, the recombinant antigen pSCPI was
mixed respectively with equal volumes of rIL1β1 and rIL1β2. To obtain
pSCPI+rIL1β1+rIL1β2, the recombinant antigen pSCPI was mixed
with rIL1β1 and rIL1β2 at a ratio of 1.0:0.5:0.5 using an ultrasonic
disruptor (JY92-IIDN, Ningbo Scientz, China).

2.8. Fish vaccination and bacterial challenge

Vaccination experiments were performed in duplicate. Healthy
channel catfish were divided randomly into seven groups (60 fish per
group, two duplicate tanks per group, 30 fish per tank) and injected
intraperitoneally with 2 μg/g of fish of recombinant antigen pSCPI in
0.2 ml. Details of the vaccination schemes are shown in Table 2. Sec-
ondary vaccinations, with the same method and doses, were performed
to obtain an optimal immune response 2 weeks after the first vaccina-
tion. Four weeks after the secondary vaccination (psv, post-secondary
vaccination), 30 fish of each group from duplicate tanks (15 fish per)
mixed together and were challenged by intraperitoneal injection with
0.2 ml of 6×107 CFU/ml of S. iniae DGX07 resuspended in PBS [8],

Table 2
Details of the vaccination schemes.

Groups Fish
No.

First vaccination Second vaccination (2 weeks after first vaccination)

Antigen/adjuvant amount (μg/g fish) Injected dosage (ml) Antigen/adjuvant amount (μg/g fish) Injected dosage (ml)

PBS (Control) 60 – 0.2 – 0.2
rIL1β1+PBS 60 1 0.2 (0.1 + 0.1) 1 0.2 (0.1 + 0.1)
rIL1β1+PBS 60 1 0.2 (0.1 + 0.1) 1 0.2 (0.1 + 0.1)
pSCPI+PBS 60 2 0.2 (0.1 + 0.1) 2 0.2 (0.1 + 0.1)
pSCPI+rIL1β1 60 2 + 1 0.2 (0.1 + 0.1) 2 + 1 0.2 (0.1 + 0.1)
pSCPI+rIL1β2 60 2 + 1 0.2 (0.1 + 0.1) 2 + 1 0.2 (0.1 + 0.1)
pSCPI+rIL1β1+rIL1β2 60 2 + 0.5+0.5 0.2 (0.1 + 0.05+0.05) 2 + 0.5+0.5 0.2 (0.1 + 0.05+0.05)
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then were distributed randomly into 2 tanks. Mortality was monitored
for 14 days after the bacterial challenge. Dying fish were randomly
selected for examination of bacterial recovery from liver, kidney, and
spleen. Relative percent of survival (RPS) was calculated according to
the following formula: RPS= [1− (% mortality of vaccinated fish/%
mortality of control fish)]× 100 [48]. Serum samples of five fish from
each group were collected for the assessment of immune-related in-
dexes from 3rd to 7th -week psv. Head kidney and spleen tissues of five
fish were taken for qRT-PCR analysis at 24 h post challenge.

2.9. Preparation of rabbit anti-channel catfish IgM antiserum

Rabbit anti-channel catfish IgM antisera was prepared using serum
obtained from healthy channel catfish according to the method de-
scribed in our previous study [38]. Rabbit anti-channel catfish IgM
antiserum (Immunoglobulin G, IgG) was collected from New Zealand
white rabbits, and purified by the ammonium sulfate precipitation
method [49]; it was stored at −20 °C until required.

2.10. Enzyme-linked immunosorbent assay (ELISA)

Sera were collected from the caudal vein of vaccinated fish from 3rd
to 7th -week psv. Antibody levels against pSCPI were measured by
ELISA as described before [8,38] with minor modifications. Briefly,
pSCPI was diluted to 50 μg/ml in a carbonate buffer (pH = 9.6). Each
well of 96-well plates was covered with 100 μL diluted pSCPI overnight
at 4 °C, followed by washing with PBST (0.1% Tween-20 in PBS), and
then blocking with 3% BSA in PBST for 2 h at 37 °C. Serial 2-fold di-
lutions of sera were added into the wells in triplicate, and the plates
incubated for 2 h at 37 °C. Rabbit anti-channel catfish IgM antiserum
(1:200) and goat-anti-rabbit IgG (H+L)-HRP (1:2000, Sangon Biotech,
Shanghai, China) were used as first and secondary antibodies, respec-
tively. Color development was performed using the TMB kit (Tiangen,
Beijing, China). The reaction was terminated with 2 M H2SO4. The
plates were read at 450 nm with a microplate reader (Bio-Rad, Her-
cules, USA).

2.11. Serum bactericidal activity

Serum bactericidal activity was measured by the method of Sun
et al. [50], with minor modifications. Briefly, 25 μl S. iniae DGX07
bacterial suspensions containing 1.0×106 CFU/ml were mixed with
75 μl untreated serum, or heat-treated serum (44 °C for 30min), in a
total volume of 100 μl. Besides, in order to examine the role of anti-
bodies, 25 μl of the bacterial suspensions as above were mixed with
75 μl of serum from vaccinated fish, which was first heated at 100 °C for
10min. The mixture was incubated at 30 °C for 3 h, and after diluting in
BHI, plated on BHI agar plates. The survival rate was calculated based
on the viable counts of bacteria as follows: 100× (the number of
bacteria survived with untreated or treated serum/the number of bac-
teria survived with control serum).

2.12. Serum lysozyme activity

Serum lysozyme activity was measured by the turbidimetric method
as described previously with minor modifications [51]. Briefly, 150 μl
Micrococcus lysodeikticus at 0.2mg/ml (in 0.02M PBS, pH=5.5) was
added to 20 μl of serum in a 96-well U-bottom microtiter plate, and
quickly mixed by vortexing. The initial optical density (OD) was de-
tected at 450 nm immediately after adding M. lysodeikticus; the final OD
was measured after incubation for 1 h at 37 °C. Lyophilized hen egg-
white lysozyme (Sigma) was used to create a standard curve. Each test
was performed in triplicate. One activity unit of lysozyme (U) was de-
fined as the amount of serum lysozyme that caused a decrease of 0.001
in absorbance per min at 450 nm.

2.13. Alternative hemolytic complement activity

Alternative hemolytic complement activity was detected according
to the method described by Sunyer and Tort [52], which is based on the
hemolysis of sheep red blood cells. The volume of serum yielding 50%
hemolysis (ACH50) was determined and used to calculate the comple-
ment activity of the samples (value of ACH50 is in units per ml).

2.14. qRT-PCR analysis of the expression of IL1β and TNF-α

Head kidney and spleen tissues were taken at 24 h post-challenge.
Total RNA extraction and cDNA synthesis were carried out as described
above. qRT-PCR was performed using SYBR® Premix Ex Taq™ II (Tli
RNaseH Plus) (TaKaRa) in an ABI StepOnePlus™ System (Applied
Biosystems, USA) as described previously [8]. Each assay was per-
formed in triplicate, using the housekeeping gene 18S rRNA as an in-
ternal control. The primers used to amplify the genes of the cytokines
IL1β and TNF-α are shown in Table 1. The relative expression levels of
these two genes were analyzed by the 2−ΔΔCT method. All data are
presented as relative mRNA expression.

2.15. Statistical analysis

Statistical analysis was performed using SPSS 19.0 software (SPSS
Inc., USA). Mortality data from the bacterial challenge experiments
were analyzed by the Kaplan–Meier methods, and differences among
groups were tested using log-rank tests. The differences between data
were determined using a one-way analysis of variance (ANOVA). In all
cases, the significance level was defined as P < 0.05 and the results
were presented as mean ± SD (standard deviation).

3. Results

3.1. Molecular characterization and phylogenetic analysis of IL1β1 and
IL1β2

The full-length of the coding sequences of IL1β1 and IL1β2 obtained
by PCR in this study were both 843 bp, which were identical to those
obtained by Wang et al. [31]. The nucleotide sequences of IL1β1 and
IL1β2 were submitted to the GenBank of NCBI, and assigned the ac-
cession numbers MF504016 and MF504017, respectively. These two
IL1β genes contained a complete open reading frame and both encoded
280 amino acid (a.a.) with a predicted molecular weight of 31.97 kDa
and 31.95 kDa, and their theoretical isoelectric points were 4.95 and
4.72, respectively. There were 28 nucleotide differences, corresponding
to 16 a.a. differences between IL1β1 and IL1β2 although they both
contained an IL1 superfamily conserved domain and 17 IL-1 receptor
binding sites at the N-terminus at positions 121–256. Compared with
other fish IL1βs, channel catfish IL1β1 and IL1β2 in this study were
highly conserved and both possessed five conserved motifs, which
comprised about 56.8% of total length of IL1β.

The results of amino acid sequences identity showed that IL1β1 and
IL1β2 in this study shared 100% identity respectively with those ob-
tained by Wang et al. [31]. Besides, IL1β1 shared high identity
(78.9%–93.9%) with other Siluriformes species IL1βs (i.e. Tachysurus
vachellii and Hemibagrus macropterus), but low identity (31.5%–56.4%)
with other fish IL1βs. IL1β2 shared 79.3%–93.9% identity with other
Siluriformes species IL1βs, but low identity (32.3%–57.1%) with other
fish IL1βs. The phylogenetic analysis showed that IL1β1 and IL1β2
clustered with channel catfish IL1β subtype 1 and IL1β subtype 2, re-
spectively, displaying the closest relationship between them, and a
more distant relationship with other fish IL1βs. In addition, the result of
natural selection pressure analysis indicated that the global dN/dS ra-
tios of fish IL1βs was 0.425 with 0 positive/diversifying selection sites
and 38 negative/purifying selection sites, which was well below 1.0, a
theoretical boundary for positive and negative selection.
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3.2. Expression, purification and western blotting analysis of recombinant
IL1β1 and IL1β2

Recombinant expression plasmids were constructed by inserting the
digested IL1β1 and IL1β2 products into digested pET32a (+) vector.
The expression vector contained a 6 × His-tag, which was the basis for
the subsequent detection and purification of the recombinant proteins.
The recombinant IL1β1 and IL1β2 proteins were expressed in E. coli
BL21 cells, then the expression products were purified by His-tag Ni
affinity chromatography, and analyzed by SDS-PAGE. The results
showed that as the fusion protein including His-tag, recombinant IL1β1
and IL1β2 were both approximately 48 kDa, consisting of the sequence
of IL1β1 (∼31.97 kDa)/IL1β2 (∼31.95 kDa), the His-tag sequences and
some sequences of expression plasmid pET32a. They were both ex-
pressed in the form of inclusion bodies in the sediment (Fig. 1). The
expression correctness of recombinant IL1β1 and IL1β2 was determined
by western blotting analysis using rabbit anti-6-His antibody. Rabbit
anti-6-His antibody specifically detected rIL1β1 and rIL1β2 as single
bands of approximately 48 kDa, which suggested that the recombinant
IL1β1 and IL1β2 were expressed correctly and could be used for the
subsequent experiments.

3.3. Biological activity of recombinant rIL1βs

The biological activity of rIL1β1 and rIL1β2 in increasing con-
centrations was tested in head kidney leukocyte using LPS (5 μg/ml) as
a positive control. The products obtained using primers for channel
catfish endogenous IL1β gene and 18S gene (internal control) were
displayed on 1.0% agarose gels (Fig. 2A), the relative expression levels
of endogenous IL1β were detected using qRT-PCR. The results showed

that weak signals and very low expression level of endogenous IL1β
were detected in the negative group (Fig. 2), while in cells treated with
1, 10, 50 and 100 ng/ml of rIL1β1 and rIL1β2, the relative expression
levels of endogenous IL1β gradually increased, in a dose-dependent
manner (Fig. 2B). The relative expression levels of endogenous IL1β in
cells treated with 100 ng/ml rIL1βs were similar or slightly higher than
that of cells treated with 5 μg/ml LPS. Moreover, rIL1β1 induced a
higher expression of channel catfish IL1β than rIL1β2 at the same
concentration.

3.4. Serum antibody production

Serum pSCPI-specific antibody was evaluated continuously by
ELISA from 3rd to 7th-week psv. (Fig. 3). The results showed that the
vaccines pSCPI+rIL1β1, pSCPI+rIL1β2, and pSCPI+rIL1β1+rIL1β2
induced significantly higher levels of antibodies than pSCPI+PBS from
3rd to 7th-week psv, with the highest antibody level peaking at fourth
week psv. The absorbance values in all of pSCPI groups were sig-
nificantly higher (P < 0.05) than that of the PBS group. Moreover, the
antibody level in fish vaccinated with pSCPI+rIL1β1+rIL1β2 was
significantly higher (P < 0.05) than that in fish vaccinated with pSCPI
+rIL1β1 at third week psv, and than in fish vaccinated with pSCPI
+rIL1β2 at 3rd and 4th-week psv. There were no significant differences
in antibody levels in fish vaccinated with pSCPI+rIL1β1 or pSCPI
+rIL1β2 over the experimental period. Besides, the absorbance values
in fish vaccinated with rIL1β1+PBS and rIL1β2+PBS showed no sig-
nificant differences compared with that of fish vaccinated with PBS.

Fig. 1. Expression, purification and western blotting analysis of recombinant proteins.M1 and M2: Protein markers. A1∼A8: uninduced BL21 (P-IL1β1) whole
bacteria, induced BL21 (P-IL1β1) whole bacteria, uninduced BL21 (pET32a) whole bacteria, induced BL21 (pET32a) whole bacteria, induced BL21 (P-IL1β1)
supernatant, induced BL21 (P-IL1β1) sediment, purification of recombinant rIL1β1, recombinant protein rIL1β1. B1∼B8: uninduced BL21 (P-IL1β2) whole bacteria,
induced BL21 (P-IL1β2) whole bacteria, uninduced BL21 (pET32a) whole bacteria, induced BL21 (pET32a) whole bacteria, induced BL21 (P-IL1β2) supernatant,
induced BL21 (P-IL1β2) sediment, purification of recombinant rIL1β2, recombinant protein rIL1β2.
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3.5. Serum bactericidal activity

To examine whether vaccine-induced antibodies had any protective
effect on natural immunity (as reflected by serum bactericidal activity),
S. iniae DGX07 was incubated with the fish serum of PBS group and four
pSCPI+PBS groups at 4th-week psv. Then bacterial survival rate was
determined by plate counts. The survival rates of S. iniae in untreated

serum were the lowest, followed by the 44 °C treated serum and the
100 °C treated serum (Fig. 4). Both in untreated and treated serum, the
bacteria survival rates in three adjuvant groups (pSCPI+rIL1β1, pSCPI
+rIL1β2, and pSCPI+rIL1β1+rIL1β2) were significantly lower
(P < 0.05) than that in PBS group and pSCPI+PBS group. While the
bacteria survival rates of pSCPI+PBS groups were significantly lower
(P < 0.05) than that of PBS groups in both untreated and 44 °C treated

Fig. 2. Channel catfish endogenous IL1β expression in head kidney leukocytes. After isolation, head kidney leukocytes were stimulated without (negative
control) or with LPS (positive control, 5 μg/ml), or different concentrations of recombinant rIL1βs (1, 10, 50 and 100 ng/ml) for 4 h before total RNA extraction. (A).
The products obtained using primers for channel catfish endogenous IL1β gene and 18S gene (internal control) were displayed on 1.0% agarose gels. (B). The relative
expression levels of endogenous IL1β in head kidney leukocytes were detected using qRT-PCR. Three replications of each group were done independently and the
data are presented as means ± SD (n=3).

Fig. 3. Serum antibody levels detection in vaccinated fish by ELISA. Channel catfish were vaccinated twice at 2-week intervals. Sera were collected from the fish
at 3rd to 7th-week psv. Data are presented as means ± SD (n= 5). Different letters above a bar denote significant difference (P < 0.05).
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serum, and slightly lower in 100 °C treated serum. Moreover, in un-
treated serum, the bacterial survival rates of pSCPI+rIL1β1+rIL1β2
(35.0%) was slightly lower than that of pSCPI+rIL1β1 (40.11%), but
significantly lower than that of pSCPI+rIL1β2 (45.56%).

3.6. Serum lysozyme activity

The serum lysozyme activity of fish in PBS group and four pSCPI
+PBS groups was detected by a turbidimetric assay at 4th-week psv
(Fig. 5A). The three vaccines pSCPI+rIL1β1, pSCPI+rIL1β2, and pSCPI
+rIL1β1+rIL1β2, significantly (P < 0.05) enhanced serum lysozyme
activity, compared with PBS and pSCPI+PBS. The serum lysozyme
activity induced by the pSCPI+PBS vaccine was significantly higher
than that of PBS. Moreover, the highest serum lysozyme activity was
induced by the vaccine pSCPI+rIL1β1+rIL1β2, which was slightly
higher than that induced by the vaccine pSCPI+rIL1β1, and sig-
nificantly higher (P < 0.05) than that of the vaccine pSCPI+rIL1β2.

3.7. Serum ACH50 activity

The serum ACH50 activity of vaccinated fish was measured by the

mean number of ACH50 units/ml serum at 4th-week psv (Fig. 5B). The
three vaccines, pSCPI+rIL1β1, pSCPI+rIL1β2, and pSCPI+rIL1-
β1+rIL1β2, significantly (P < 0.05) increased serum ACH50 activity,
compared with PBS and pSCPI+PBS. The serum ACH50 activity in-
duced by pSCPI+PBS was significantly higher (P < 0.05) than that
induced by PBS. Moreover, the serum ACH50 activity induced by pSCPI
+rIL1β1+rIL1β2 was the highest, followed by that induced by pSCPI
+rIL1β2 and pSCPI+rIL1β1.

3.8. Expression of IL1β and TNF-α in head kidney and spleen

Gene expression of endogenous IL1β and TNF-α in head kidney and
spleen was evaluated by qRT-PCR at 24 h post challenge as displayed in
Fig. 6. The expression of IL1β of fish in three adjuvant groups (pSCPI
+rIL1β1, pSCPI+rIL1β2, and pSCPI+rIL1β1+rIL1β2) was sig-
nificantly higher (P < 0.05) than that in pSCPI+PBS group in head
kidney and spleen, except pSCPI+rIL1β2 group in spleen. Moreover,
compared with pSCPI+rIL1β1 and pSCPI+rIL1β2, pSCPI+rIL1-
β1+rIL1β2 increased significantly the expression of IL1β in head
kidney and spleen. The expression of TNF-α of fish in three adjuvant
groups was significantly higher than that in pSCPI+PBS group in the

Fig. 4. Serum bactericidal activity of vaccinated fish. S. iniae was incubated with serum from channel catfish vaccinated with PBS, pSCPI+PBS, pSCPI+rIL1β1,
pSCPI+rIL1β2, and pSCPI+rIL1β1+rIL1β2 under different treatments. Sera were collected from the fish at 4th-week psv. Bacterial survival rate was determined by
plate count. Data are presented as means ± SD (n= 5). Different letters above a bar denote significant difference (P < 0.05).

Fig. 5. Serum lysozyme activity (A) and ACH50 activity (B) of vaccinated fish. Channel catfish were vaccinated twice at 2-week intervals, with PBS, pSCPI+PBS,
pSCPI+rIL1β1, pSCPI+rIL1β2, and pSCPI+rIL1β1+rIL1β2 respectively. Sera were collected from the fish at 4th-week psv. Data are presented as means ± SD
(n=5). Different letters above a bar denote significant difference (P < 0.05).
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head kidney. In spleen, the expression of TNF-α in the pSCPI+rIL1-
β1+rIL1β2 group was significantly higher (P < 0.05) than that in
pSCPI+PBS group. In addition, the expression of TNF-α induced by
pSCPI+rIL1β1+rIL1β2 was significantly higher (P < 0.05) in head
kidney, and slightly higher in spleen, compared with that induced by
pSCPI+rIL1β1 and pSCPI+rIL1β2. Interestingly, no matter IL1β or
TNF-α, the expression levels of these two genes in all groups were
higher in head kidney than that in spleen.

3.9. Immunoprotection efficacy against S. iniae

After challenge with pathogenic S.iniae DGX07 at 4th-week psv, the
survival of fish was 6.67% for PBS, 16.67% for rIL1β1+PBS, 10% for
rIL1β2+PBS, 53.33% for pSCPI+PBS, 66.67% for pSCPI+rIL1β1,
63.33% for pSCPI+rIL1β2, and 76.67% for pSCPI+rIL1β1+rIL1β2
(Fig. 7A). The survival of fish vaccinated with rIL1β1+PBS and
rIL1β2+PBS was slightly higher than that of fish vaccinated with PBS.
The survival of fish in four pSCPI groups was all significantly higher
(P < 0.05) than in the PBS group. The survival of fish vaccinated with
pSCPI+rIL1β1 and pSCPI+rIL1β2 was higher than that of fish vacci-
nated with pSCPI+PBS, while the survival of fish vaccinated with
pSCPI+rIL1β1+rIL1β2 was significantly higher (P < 0.05) than that
of fish vaccinated with pSCPI alone by log-rank test (Fig. 7B). In ad-
dition, compared with PBS group, the immunoprotection efficacy (in
terms of RPS) of rIL1β1+PBS, rIL1β2+PBS, pSCPI+PBS, pSCPI
+rIL1β1, pSCPI+rIL1β2, and pSCPI+rIL1β1+rIL1β2 were 10.71%,
3.57%, 50%, 64.26%, 60.71% and 75%, respectively. S.iniae DGX07
was the only type of bacterial strain detected in the liver, and kidney of

moribund fish, suggesting that mortality was indeed caused by S.iniae
DGX07 infection.

4. Discussion

Advances in molecular biology have provided many contributions to
vaccine research, particularly related to recombinant vaccine develop-
ment in fish vaccinology [2]. In the past decade, many recombinant
production (antigens/vaccines and adjuvants) have been explored and
analyzed for their ability to induce immune responses and protective
immunity in some fish species including Japanese flounder [53,54],
rainbow trout [55–57], Nile tilapia [58–60], and channel catfish
[61–64]. Although, the recombinant vaccine is of inferior im-
munogenicity compared with inactivated or whole cell/virus vaccines,
it has advantages for some micro-organisms that are difficult to culture
and is safe for use. Although only two recombinant vaccines were re-
ported and approved for use in farmed fish [65,66], it will be estab-
lished as an economically viable alternative for fish vaccines in the near
future. Moreover, an increasing number of adjuvants have been studied
to improve the immunogenicity of recombinant vaccines in fish
[25,32–35].

IL1β, as one of the earliest secreted cytokines, has a wide range of
biological activities mainly involved in the regulation of inflammation
and the induction of immune responses. Considering these activities,
IL1β has been speculated as a potential immunostimulant used with the
vaccine in mammals [13–18] and fish [25,32–35]. Based on the ana-
lysis of conserved domains and motifs, multiple sequences alignment
and phylogenetic analysis, we speculated that even though the

Fig. 6. Expression levels of endogenous IL1β and TNF-α in head kidney and spleen of vaccinated fish determined by qRT-PCR. For each gene, the mRNA
level of the PBS-vaccinated fish was set as 1. Data are presented as means ± SD (n= 5). Different letters above a bar denote significant difference (P < 0.05).

Fig. 7. Percent survivals of vaccinated fish by Kaplan-Meier method (A) and significant difference analysis among groups by log-rank test (B). “*” denotes
significant difference (P < 0.05), “ns” means not significant.
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sequence divergences existed among fish IL1βs, the components and
positions of conserved domains and motifs of fish IL1βs remained
highly conserved. Besides, natural selection pressure, as the major force
that shapes the genetic variation within populations [67,68], was also
analyzed through the dN/dS ratio in this study. The result showed that
negative selection (dN/dS=0.425,< 1) played a critical role to re-
move nonsynonymous substitutions from the IL1βs genes, indicating
fish IL1βs were subjected to negative/purifying selection and highly
conserved throughout the evolution. However, there were 28 nucleo-
tide differences and 16 amino acid differences between channel catfish
IL1β1 and IL1β2, which may be partly responsible for the different
expression profiles in the same tissues after bacterial infection [31].
Furthermore, two recombinant rIL1βs possessed biological activity to
induce the expression of endogenous IL1β in head kidney leukocytes,
and rIL1β1 induced higher expression levels of endogenous IL1β than
rIL1β2, which could result in unequal immunoadjuvant role in immune
response.

Serum specific antibody induced by protein antigens or vaccines
had been proven to be the basic mechanism of immunoprotection
against bacteria infection [69–71]. In carp it was reported that injecting
killed bacteria plus a recombinant IL1β peptide induced higher agglu-
tinating antibody level compared with killed bacteria alone [32]. In this
study, pSCPI-specific antibody levels were continuously detected by
ELISA from 3rd to 7th-week, the antibody levels of fish in pSCPI
+rIL1β1 and pSCPI+rIL1β2 groups were significantly higher than that
of pSCPI alone, and co-injection of rIL1β1+rIL1β2 induced higher
antibody levels compared with rIL1β1 or rIL1β2 alone. Besides, the
antibody levels of fish in four pSCPI groups were all maximal at f4th-
week psv, which was earlier than the time (fifth week psv.) of pSCPI
+FIA (Freund's incomplete adjuvant) group when the highest antibody
levels appearing. While the highest antibody levels of fish in three
pSCPI plus adjuvant groups in this study were little lower than that of
pSCPI+FIA group shown in our previous study [32], mainly because of
the difference of types, functions and mechanisms of different ad-
juvants.

To further examine whether the antibody induced by pSCPI had any
protective effects against S. iniae infection, we measured the serum
bactericidal activity with different treatment. The survival rate of S.
iniae in untreated serum was the lowest, followed by the 44 °C treated
serum and 100 °C treated serum, suggesting that the bactericidal effect
was dependent on both antibodies and complement. Moreover, the
bacterial survival rates in fish vaccinated with pSCPI+rIL1β1+rIL1β2
was the lowest, which was in line with the ELISA results, indicating that
co-injection of rIL1β1 and rIL1β2 increased antibody levels and com-
plement activity, resulting in higher bactericidal activity. In fish, lyso-
zyme activity and alternative complement haemolytic activity (ACH50)
are two important indicators of the innate immune response [72–74].
We found that both rIL1β1 and rIL1β2 stimulated lysozyme activity,
and that co-injection of them induced higher lysozyme activity. Similar
results were also observed on the ACH50 activity, separate injection or
co-injection of rIL1β1 and rIL1β2 with pSCPI all significantly enhanced
alternative complement haemolytic activity.

Various studies have reported that recombinant IL1β increased the
expression of endogenous IL1β and TNF-α genes in fish [24]. In our
study, compared with pSCPI vaccine alone, pSCPI vaccine plus adjuvant
(pSCPI+rIL1β1, pSCPI+rIL1β2, and pSCPI+rIL1β1+rIL1β2) sig-
nificantly induced the expression of endogenous IL1β and TNF-α genes
in head kidney, which was consistent with the results of Hong [34] and
Laing [75]. While only pSCPI+rIL1β1+rIL1β2 significantly enhanced
the expression of endogenous IL1β and TNF-α genes in spleen. Besides,
the relative expression of endogenous IL1β gene induced by pSCPI
+rIL1β1 were higher than that induced by pSCPI+rIL1β2 no matter in
head kidney or spleen, which was consistent with the results of their
bioactivities in vitro. Interestingly, the expression levels of endogenous
IL1β and TNF-α genes in head kidney were higher than in spleen,
suggesting that the head kidney may be the primary site where IL1β

and TNF-α function during the immune response in channel catfish.
RPS is the most visual index to evaluate vaccine efficacy against

bacterial infection. Our results indicated that vaccination with ad-
juvants rIL1β1 or rIL1β2 alone failed to confer immunoprotection
against S.iniae infection, only 10.71% and 3.57% respectively, in terms
of RPS. While vaccination with pSCPI plus adjuvants rIL1β1 or rIL1β2
enhanced little higher immunoprotection with the RPS of 64.26% and
60.71% respectively. Moreover, vaccination with a combination of
rIL1β1, rIL1β2, and pSCPI provided significantly higher protection
against infection (RPS was 75%) than vaccination with pSCPI alone
(RPS was 50%), which was in line with the results of ELISA, serum
bactericidal activity, and lysozyme activity. However, the RPS values of
pSCPI+rIL1β1, pSCPI+rIL1β2 and pSCPI+rIL1β1+rIL1β2 were all
lower than that of pSCPI+FIA (RPS was 85.71%, shown in our previous
study [38]), mainly due to the different adjuvant types and functional
mechanism.

5. Conclusions

In conclusion, channel catfish IL1βs were highly conserved with five
conserved motifs compared with other fish IL1βs, there were only 28
nucleotide differences, corresponding to 16 amino acid differences be-
tween IL1β1 and IL1β2. Fish IL1β genes were subjected to negative/
purifying selection and highly conserved throughout the evolution with
global dN/dS ratios value of 0.425. In addition, rIL1β1 and rIL1β2
enhanced the immune response when co-injected with the vaccine
pSCPI, by increasing antibody levels, serum bactericidal activity, lyso-
zyme activity, alternative complement haemolytic activity, the ex-
pression of immune-related genes, and immunoprotection against S.
iniae infection. Although rIL1β1 was slightly better than rIL1β2, the co-
injection of rIL1β1 and rIL1β2 with pSCPI induced a higher immune
response and provided higher immunoprotection than the separate in-
jection. Our present results not only enrich the molecular structure
study of fish IL1β, but also indicate that channel catfish IL1βs can be
used as potential adjuvants in subunit vaccine models against bacterial
infection, which are of profound importance to prevent and control
bacterial disease in channel catfish.

Conflicts of interest

The authors declare that there is no conflict of interest.

Acknowledgements

This work was supported by the Program for Changjiang Scholars
and Innovative Research Team in University (No. IRT0848), Sichuan
Technology Support Planning (No. 2014JY0143).

References

[1] I. Sommerset, B. Krossøy, E. Biering, P. Frost, Vaccines for fish in aquaculture,
Expert Rev. Vaccines 4 (2005) 89–101.

[2] A. Adams, Fish vaccines, Birkhäuser Adv. Infect. Diseas. 41 (2016) 539–550.
[3] C. Tafalla, J. Bøgwald, R.A. Dalmo, Adjuvants and immunostimulants in fish vac-

cines: current knowledge and future perspectives, Fish Shellfish Immunol. 35
(2013) 1740–1750.

[4] A.L. Thompson, H.F. Staats, Cytokines: the future of intranasal vaccine adjuvants,
Clin. Dev. Immunol. 2011 (2011) 289597.

[5] I.D. Bobanga, A. Petrosiute, A.Y. Huang, Chemokines as cancer vaccine adjuvants,
Vaccines 1 (2013) 444–462.

[6] M.A. Kutzler, M.C. Wise, N.A. Hutnick, Z. Moldoveanu, M. Hunter, M.A. Reuter,
et al., Chemokine-adjuvanted electroporated DNA vaccine induces substantial
protection from simian immunodeficiency virus vaginal challenge, Mucosal
Immunol. 9 (2016) 13–23.

[7] X. Xie, L. Wang, W. Yang, R. Yu, Q. Li, X. Pang, Co-administration of antigen with
chemokine MCP-3 or MDC/CCL22 enhances DNA vaccine potency, Invest. N. Drugs
33 (2015) 810–815.

[8] E. Wang, J. Wang, B. Long, K. Wang, H. Yang, Q. Yang, et al., Molecular cloning,
expression and the adjuvant effects of interleukin-8 of channel catfish (Ictalurus
Punctatus) against Streptococcus iniae, Sci. Rep.-UK 6 (2016) 29311–29322.

E. Wang et al. Fish and Shellfish Immunology 87 (2019) 155–165

163

http://refhub.elsevier.com/S1050-4648(19)30007-5/sref1
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref1
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref2
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref3
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref3
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref3
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref4
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref4
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref5
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref5
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref6
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref6
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref6
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref6
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref7
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref7
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref7
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref8
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref8
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref8


[9] H.M.S. Rjm, S. Hfj, V.V.K. Bml, The molecular evolution of the interleukin-1 family
of cytokines; IL-18 in teleost fish, Dev. Comp. Immunol. 28 (2004) 395–413.

[10] N. Jimenez, J. Coll, F.J. Salguero, C. Tafalla, Co-injection of interleukin 8 with the
glycoprotein gene from viral haemorrhagic septicemia virus (VHSV) modulates the
cytokine response in rainbow trout (Oncorhynchus mykiss), Vaccine 24 (2006)
5615–5626.

[11] T. Kono, K. Fujiki, M. Nakao, T. Yano, M. Endo, M. Sakai, The immune responses of
common carp, Cyprinus carpio L., injected with carp interleukin-1beta gene, J.
Interf. Cytok. Res. Off. J. Int. Soc. Interf. Cytok. Res. 22 (2002) 413–419.

[12] C.J. Secombes, S. Bird, C. Cunningham, J. Zou. Interleukin-1 in fish, Fish Shellfish
Immunol. 9 (1999) 335–343.

[13] F. Blecha, D.N. Reddy, C.G. Chitko-Mckown, D.S. Mcvey, M.M. Chengappa,
R.D. Good band, et al., Influence of recombinant bovine interleukin-1β and inter-
leukin- 2 in pigs vaccinated and challenged with Streptococcus suis, Vet. Immunol.
Immunopathol. 44 (1995) 329.

[14] E. Blecha, Porcine cytokines: cytokine applications in pigs, Cyokines in Veterinary
Medicine, Biddies Ltd., Oxon, 1997, pp. 128–137.

[15] D.N. Reddy, P.G. Reddy, H.C. Minocha, B.W. Fenwick, P.E. Baker, W.C. Davis, et al.,
Adjuvanticity of recombinant bovine interleukin-1 beta: influence on immunity,
infection, and latency in a bovine herpesvirus-1 infection, Lymphokine Res. 9
(1990) 295.

[16] D.L. Goodson, M.E. Baca, L.A. Babiuk, Applications of bovine cytokines, in:
V.E. Schijns, M.C. Horzinek (Eds.), Cytokines in Veterinary Medicine, CAB
International, New York, 1997, pp. 3–13.

[17] S.A. Lofthouse, A.E. Andrews, G.J. Barcham, A.D. Nash, Parameters related to the
application of recombinant ovine interleukin-1 beta as an adjuvant, Vaccine 13
(1995) 1277–1287.

[18] M. Elhay, G. Barcham, A. Cameron, A. Andrews, A. Nash, Recombinant ovine in-
terleukin-1β as an adjuvant for multivalent bacterial vaccines. Cytokincs in
Veterinary Medicine, CAB Int. (1997) 101–114.

[19] K. Fujiki, D.H. Shin, M. Nakao, T. Yano, Molecular cloning and expression analysis
of carp (Cyprinus carpio) interleukin-1β, high affinity immunoglobulin E Fc re-
ceptor γ subunit and serum amyloid A, Fish Shellfish Immunol. 10 (2000) 229–242.

[20] Z. J, G. PS, C. C, S. CJ, Molecular cloning of interleukin 1beta from rainbow trout
Oncorhynchus mykiss reveals no evidence of an ice cut site, Cytokine 11 (1999)
552–560.

[21] O. Pleguezuelos, J. Zou, C. Cunningham, C.J. Secombes, Cloning, sequencing, and
analysis of expression of a second IL-1beta gene in rainbow trout (Oncorhynchus
mykiss), Immunogenetics 51 (2000) 1002–1011.

[22] J. Zou, J. Holland, O. Pleguezuelos, C. Cunningham, C.J. Secombes, Factors influ-
encing the expression of interleukin-1β in cultured rainbow trout (Oncorhynchus
mykiss) leucocytes, Dev. Comp. Immunol. 24 (2000) 575–582.

[23] T. Wang, N. Johnson, J. Zou, N. Bols, C.J. Secombes, Sequencing and expression of
the second allele of the interleukin-1beta1 gene in rainbow trout (Oncorhynchus
mykiss): identification of a novel SINE in the third intron, Fish Shellfish Immunol.
16 (2004) 335–358.

[24] S. Hong, J. Zou, M. Crampe, S. Peddie, G. Scapigliati, N. Bols, et al., The production
and bioactivity of rainbow trout (Oncorhynchus mykiss) recombinant IL-1 beta,
Vet. Immunol. Immunopathol. 81 (2001) 1–14.

[25] F. Buonocore, M. Mazzini, M. Forlenza, E. Randelli, C.J. Secombes, J. Zou, et al.,
Expression in Escherchia coli and purification of sea bass (Dicentrarchus labrax)
interleukin 1beta, a possible immunoadjuvant in aquaculture, Mar. Biotechnol. 6
(2004) 53–59.

[26] G. Scapigliati, F. Buonocore, S. Bird, J. Zou, P. Pelegrin, C. Falasca, et al., Phylogeny
of cytokines: molecular cloning and expression analysis of sea bass Dicentrarchus
labrax interleukin-1beta, Fish Shellfish Immunol. 11 (2001) 711–726.

[27] S. M, L. AN, S. K, R. B, J. I, Characterisation and expression analysis of the inter-
leukin genes, IL-1beta, IL-8 and IL-10, in Atlantic cod (Gadus morhua L.), Mol.
Immunol. 45 (2008) 887–897.

[28] S. Jiang, D. Zhang, J. Li, Z. Liu, Molecular characterization, recombinant expression
and bioactivity analysis of the interleukin-1 beta from the yellowfin sea bream,
Acanthopagrus latus (Houttuyn), Fish Shellfish Immunol. 24 (2008) 323–336.

[29] A. Taechavasonyoo, H. Kondo, R. Nozaki, Y. Suzuki, I. Hirono, Identification of
novel interleukin 1 beta family genes in Japanese flounder Paralichthys olivaceus,
Fish Shellfish Immunol. 34 (2013) 393–396.

[30] D.S. Lee, S.H. Hong, H.J. Lee, L.J. Jun, J.K. Chung, K.H. Kim, et al., Molecular cDNA
cloning and analysis of the organization and expression of the IL-1beta gene in the
Nile tilapia, Oreochromis niloticus, Comp. Biochem. Physiol. Part A Molecular &
Integrative Physiology 143 (2006) 307–314.

[31] Y. Wang, Q. Wang, P. Baoprasertkul, E. Peatman, Z. Liu, Genomic organization,
gene duplication, and expression analysis of interleukin-1beta in channel catfish
(Ictalurus punctatus), Mol. Immunol. 43 (2006) 1653–1664.

[32] Z. Yin, J. Kwang, Carp interleukin-1β in the role of an immuno-adjuvant, Fish
Shellfish Immunol. 10 (2000) 375–378.

[33] A.R. Bridle, P.B.B. Crosbie, R.N. Morrison, J. Kwang, B.F. Nowak, The immuno-
adjuvant effect of carp interleukin-1 beta on the humoral immune response of
barramundi, Lates calcarifer (Bloch), J. Fish. Dis. 25 (2002) 429–432.

[34] S. Hong, S. Peddie, J.J. Campos-Pérez, J. Zou, C.J. Secombes, The effect of in-
traperitoneally administered recombinant IL-1β on immune parameters and re-
sistance to Aeromonas salmonicida in the rainbow trout (Oncorhynchus mykiss),
Dev. Comp. Immunol. 27 (2003) 801–812.

[35] T. A, H. I, K. H, The immune-adjuvant effect of Japanese flounder Paralichthys
olivaceus IL-1β, Dev. Comp. Immunol. 41 (2013) 564–568.

[36] Z. Liu, S. Liu, J. Yao, L. Bao, J. Zhang, Y. Li, et al., The channel catfish genome
sequence provides insights into the evolution of scale formation in teleosts, Nat.
Commun. 7 (2016) 11757.

[37] D. Chen, K. Wang, Y. Geng, J. Wang, L. Huang, J. Li, Streptococcus iniae isolated
from channel catfish (Ictalurus punctatus) in China, Isr. J. Aquacult. Bamidgeh 63
(2011) 593–599.

[38] J. Jiang, Z. Zheng, K. Wang, J. Wang, Y. He, E. Wang, et al., Adjuvant immune
enhancement of subunit vaccine encoding pSCPI of Streptococcus iniae in channel
catfish (Ictalurus punctatus), Int. J. Mol. Sci. 16 (2015) 28001–28013.

[39] Z.L. Zheng, K.Y. Wang, M.W. Xiao, J. Wang, L.I. Lan-Min, H.E. Yang, et al.,
Fractional expression of functional domain of c5a peptidase of Streptococcus iniae
and evaluation of protective efficacy in channel catfish (Ictalurus Punctatus),
Oceanol. Limnol. Sinica 44 (2013) 1229–1234.

[40] R.C. Edgar, MUSCLE: multiple sequence alignment with improved accuracy and
speed, Computational Systems Bioinformatics Conference, 2004. Csb 2004.
Proceedings, 2004, pp. 728–729.

[41] A. Marchlerbauer, M.K. Derbyshire, N.R. Gonzales, S. Lu, F. Chitsaz, L.Y. Geer,
et al., CDD: NCBI's conserved domain database, Nucleic Acids Res. 43 (2014)
D222–D226.

[42] T.L. Bailey, M. Boden, F.A. Buske, M. Frith, C.E. Grant, L. Clementi, et al., MEME
Suite: tools for motif discovery and searching, Nucleic Acids Res. 37 (2009)
202–208.

[43] K. Tamura, D. Peterson, N. Peterson, G. Stecher, M. Nei, S. Kumar, MEGA5: mole-
cular evolutionary genetics analysis using maximum likelihood, evolutionary dis-
tance, and maximum parsimony methods, Mol. Biol. Evol. 28 (2011) 2731–2739.

[44] W. Delport, A.F. Poon, S.D. Frost, S.L. Kosakovsky Pond, Datamonkey, A suite of
phylogenetic analysis tools for evolutionary biology, Bioinformatics 26 (2010)
(2010) 2455–2457.

[45] Y. Wang, E. Wang, Y. He, K. Wang, Q. Yang, J. Wang, et al., Identification and
screening of effective protective antigens for channel catfish against Streptococcus
iniae, Oncotarget 8 (2017) 30793–30804.

[46] J. Jiang, W. Zhao, Q. Xiong, K. Wang, Y. He, J. Wang, et al., Immune responses of
channel catfish following the stimulation of three recombinant flagellins of Yersinia
ruckeri in vitro and in vivo, Dev. Comp. Immunol. 73 (2017) 61–71.

[47] J. Knight, R.J. Stet, C.J. Secombes, Modulation of MHC class II expression in
rainbow troutOncorhynchus mykissmacrophages by TNFα and LPS, Fish Shellfish
Immunol. 8 (1998) 545–553.

[48] D.F. Amend, Potency Testing of Fish Vaccines. Fish Biologics: Serodiagnostics and
Vaccines, (1981), pp. 447–454.

[49] M. Page, R. Thorpe, Purification of IgG by Precipitation with Sodium Sulfate or
Ammonium S, (2009), pp. 1749–1751.

[50] Y. Sun, Y. Hu, C. Liu, L. Sun, Construction and comparative study of monovalent
and multivalent DNA vaccines against Streptococcus iniae, Fish Shellfish Immunol.
33 (2012) 1303–1310.

[51] M. Studnicka, A. Siwicki, B. Ryka, Lysozyme level in carp (Cyprinus carpio L.) vol.
38, (1986), pp. 22–25.

[52] J.O. Sunyer, L. Tort, Natural hemolytic and bactericidal activities of sea bream
Sparus aurata serum are effected by the alternative complement pathway, Vet.
Immunol. Immunopathol. 45 (1995) 333–345.

[53] S. Cheng, Y. Hu, X. Jiao, L. Sun, Identification and immunoprotective analysis of a
Streptococcus iniae subunit vaccine candidate, Vaccine 28 (2010) 2636–2641.

[54] Y. Sun, C. Liu, L. Sun, Comparative study of the immune effect of an Edwardsiella
tarda antigen in two forms: subunit vaccine vs DNA vaccine, Vaccine 29 (2011)
2051–2057.

[55] K.P. Plant, S.E. LaPatra, K.D. Cain, Vaccination of rainbow trout, Oncorhynchus
mykiss (Walbaum), with recombinant and DNA vaccines produced to
Flavobacterium psychrophilum heat shock proteins 60 and 70, J. Fish. Dis. 32
(2009) 521–534.

[56] L. Gersdorff Jørgensen, P.W. Kania, K.J. Rasmussen, A.H. Mattsson, J. Schmidt,
A. Al Jubury, et al., Rainbow trout (Oncorhynchus mykiss) immune response to-
wards a recombinant vaccine targeting the parasitic ciliate Ichthyophthirius mul-
tifiliis, J. Fish. Dis. 40 (2017) 1815–1821.

[57] M.H. Marana, L. von Gersdorff Jørgensen, J. Skov, J.K. Chettri, A.H. Mattsson,
I. Dalsgaard, et al., Subunit vaccine candidates against Aeromonas salmonicida in
rainbow trout Oncorhynchus mykiss, PLoS One 12 (2017) e171944.

[58] T. Yi, Y. Li, L. Liu, X. Xiao, A. Li, Protection of Nile tilapia (Oreochromis niloticus L.)
against Streptococcus agalactiae following immunization with recombinant FbsA
and α-enolase, Aquaculture 428 (2014) 35–40.

[59] L. Zhu, Q. Yang, L. Huang, K. Wang, X. Wang, D. Chen, et al., Effectivity of oral
recombinant DNA vaccine against Streptococcus agalactiae in Nile tilapia, Dev.
Comp. Immunol. 77 (2017) 77–87.

[60] Z. Zhang, A. Yu, J. Lan, H. Zhang, M. Hu, J. Cheng, et al., GapA, a potential vaccine
candidate antigen against Streptococcus agalactiae in Nile tilapia (Oreochromis
niloticus), Fish Shellfish Immunol. 63 (2017) 255–260.

[61] Q. Yang, Y. Pan, K. Wang, J. Wang, Y. He, E. Wang, et al., OmpN, outer membrane
proteins of Edwardsiella ictaluri are potential vaccine candidates for channel catfish
(Ictalurus punctatus), Mol. Immunol. 78 (2016) 1–8.

[62] H. Abdelhamed, S.W. Nho, G. Turaga, M.M. Banes, A. Karsi, M.L. Lawrence,
Protective efficacy of four recombinant fimbrial proteins of virulent Aeromonas
hydrophila strain ML09-119 in channel catfish, Vet. Microbiol. 197 (2016) 8–14.

[63] H. Abdelhamed, I. Ibrahim, S.W. Nho, M.M. Banes, R.W. Wills, A. Karsi, et al.,
Evaluation of three recombinant outer membrane proteins, OmpA1, Tdr, and TbpA,
as potential vaccine antigens against virulent Aeromonas hydrophila infection in
channel catfish (Ictalurus punctatus), Fish Shellfish Immunol. 66 (2017) 480–486.

[64] D. Zhang, D.H. Xu, C.A. Shoemaker, Immunization with recombinant aerolysin and
haemolysin protected channel catfish against virulent Aeromonas hydrophila,
Aquacult. Res. 48 (2017) 875–882.

[65] M. Alonso, J. C Leong Licensed, DNA vaccines against infectious hematopoietic
necrosis virus (IHNV), Recent Pat. DNA Gene Sequences 7 (2013) 62–65.

E. Wang et al. Fish and Shellfish Immunology 87 (2019) 155–165

164

http://refhub.elsevier.com/S1050-4648(19)30007-5/sref9
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref9
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref10
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref10
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref10
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref10
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref11
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref11
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref11
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref12
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref12
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref13
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref13
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref13
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref13
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref14
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref14
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref15
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref15
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref15
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref15
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref16
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref16
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref16
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref17
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref17
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref17
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref18
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref18
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref18
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref19
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref19
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref19
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref20
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref20
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref20
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref21
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref21
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref21
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref22
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref22
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref22
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref23
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref23
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref23
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref23
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref24
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref24
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref24
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref25
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref25
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref25
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref25
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref26
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref26
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref26
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref27
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref27
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref27
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref28
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref28
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref28
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref29
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref29
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref29
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref30
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref30
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref30
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref30
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref31
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref31
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref31
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref32
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref32
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref33
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref33
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref33
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref34
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref34
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref34
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref34
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref35
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref35
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref36
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref36
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref36
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref37
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref37
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref37
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref38
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref38
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref38
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref39
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref39
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref39
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref39
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref40
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref40
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref40
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref41
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref41
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref41
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref42
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref42
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref42
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref43
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref43
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref43
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref44
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref44
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref44
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref45
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref45
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref45
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref46
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref46
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref46
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref47
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref47
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref47
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref48
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref48
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref49
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref49
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref50
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref50
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref50
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref51
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref51
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref52
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref52
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref52
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref53
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref53
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref54
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref54
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref54
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref55
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref55
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref55
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref55
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref56
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref56
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref56
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref56
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref57
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref57
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref57
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref58
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref58
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref58
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref59
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref59
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref59
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref60
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref60
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref60
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref61
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref61
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref61
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref62
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref62
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref62
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref63
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref63
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref63
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref63
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref64
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref64
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref64
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref65
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref65


[66] Ø. Evensen, J.C. Leong, DNA vaccines against viral diseases of farmed fish, Fish
Shellfish Immunol. 35 (2013) 1751–1758.

[67] J.M. Akey, M.A. Eberle, M.J. Rieder, C.S. Carlson, M.D. Shriver, D.A. Nickerson,
et al., Population history and natural selection shape patterns of genetic variation in
132 genes, PLoS Biol. 2 (2004) e286.

[68] C. Tian, S. Tan, L. Bao, Q. Zeng, S. Liu, Y. Yang, et al., DExD/H-box RNA helicase
genes are differentially expressed between males and females during the critical
period of male sex differentiation in channel catfish, Comp. Biochem. Physiol.
Genom. Proteonom. 22 (2017) 109–119.

[69] W. Agnew, A.C. Barnes, Streptococcus iniae: an aquatic pathogen of global veter-
inary significance and a challenging candidate for reliable vaccination, Vet.
Microbiol. 122 (2007) 1–15.

[70] Y. Sun, Y. Hu, C. Liu, L. Sun, Construction and analysis of an experimental
Streptococcus iniae DNA vaccine, Vaccine 28 (2010) 3905–3912.

[71] J.D. Membrebe, N. Yoon, M. Hong, J. Lee, H. Lee, K. Park, et al., Protective efficacy

of Streptococcus iniae derived enolase against Streptococcal infection in a zebrafish
model, Vet. Immunol. Immunopathol. 170 (2016) 25–29.

[72] R.E. Engstad, B. Robertsen, E. Frivold, Yeast glucan induces increase in lysozyme
and complement-mediated haemolytic activity in Atlantic salmon blood, Fish
Shellfish Immunol. 2 (1992) 287–297.

[73] B. Magnadóttir, Innate immunity of fish (overview), Fish Shellfish Immunol. 20
(2006) 137–151.

[74] J.D. Biller-Takahashi, L.S. Takahashi, C.M. Marzocchi-Machado, F.S. Zanuzzo,
R.E. Sabioni, E.C. Urbinati, Hemolytic activity of alternative complement pathway
as an indicator of innate immunity in pacu (Piaractus mesopotamicus), Rev. Bras.
Zootec. 41 (2012) 237–241.

[75] K.J. Laing, T. Wang, J. Zou, J. Holland, S. Hong, N. Bols, et al., Cloning and ex-
pression analysis of rainbow trout Oncorhynchus mykiss tumour necrosis factor-α,
Eur. J. Biochem. 268 (2001) 1315–1322.

E. Wang et al. Fish and Shellfish Immunology 87 (2019) 155–165

165

http://refhub.elsevier.com/S1050-4648(19)30007-5/sref66
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref66
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref67
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref67
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref67
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref68
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref68
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref68
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref68
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref69
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref69
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref69
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref70
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref70
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref71
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref71
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref71
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref72
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref72
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref72
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref73
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref73
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref74
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref74
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref74
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref74
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref75
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref75
http://refhub.elsevier.com/S1050-4648(19)30007-5/sref75

	Molecular characterization, phylogenetic analysis and adjuvant effect of channel catfish interleukin-1βs against Streptococcus iniae
	Introduction
	Materials and methods
	Ethics statement
	Bacterial strains, plasmids, and growth conditions
	Molecular cloning and sequences analysis of IL1βs
	Expression and purification of recombinant IL1βs
	Western blotting
	Bioactivity test of recombinant rIL1βs
	Preparation of fish and of recombinant vaccines
	Fish vaccination and bacterial challenge
	Preparation of rabbit anti-channel catfish IgM antiserum
	Enzyme-linked immunosorbent assay (ELISA)
	Serum bactericidal activity
	Serum lysozyme activity
	Alternative hemolytic complement activity
	qRT-PCR analysis of the expression of IL1β and TNF-α
	Statistical analysis

	Results
	Molecular characterization and phylogenetic analysis of IL1β1 and IL1β2
	Expression, purification and western blotting analysis of recombinant IL1β1 and IL1β2
	Biological activity of recombinant rIL1βs
	Serum antibody production
	Serum bactericidal activity
	Serum lysozyme activity
	Serum ACH50 activity
	Expression of IL1β and TNF-α in head kidney and spleen
	Immunoprotection efficacy against S. iniae

	Discussion
	Conclusions
	Conflicts of interest
	Acknowledgements
	References




