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ARTICLE INFO ABSTRACT

Keywords: NK-lysin, an effector of natural killer (NK) cells and cytotoxic T lymphocytes (CTLs), not only exhibits cytotoxic
Hybrid fish effect in fish cells, but also participates in the immune defense against pathogenic infection. In this study, ORF
NK-Lysin

sequences of RCC-NK-lysin, WCC-NK-lysin and WR-NK-lysin were 369 bp. Tissue-specific analysis revealed that
the highest expressions of RCC-NK-lysin and WCC-NK-lysin were observed in gill, while the peaked level of WR-
NK-lysin mRNA was observed in spleen. A. hydrophila infection sharply increased RCC-NK-lysin, WCC-NK-lysin
and WR-NK-lysin mRNA expression in liver, trunk kidney and spleen. In addition, elevated levels of NK-lysin
mRNA were observed in cultured fin cell lines of red crucian carp (RCC), white crucian carp (WCC) and their
hybrid offspring (WR) after Lipopolysaccharide (LPS) challenge. RCC-NK-lysin, WCC-NK-lysin and WR-NK-lysin
exerted regulatory roles in inducing ROS generation, modulating mitochondrial membrane potential, decreasing
fish cell viability and antagonizing survival signalings, respectively. RCC/WCC/WR-NK-lysin-overexpressing fish
could up-regulate expressions of inflammatory cytokines and decrease bacterial loads in spleen. These results
indicated that NK-lysin in hybrid fish contained close sequence similarity to those of its parents, possessing the
capacities of cytotoxicity and immune defense against bacterial infection.

Gene expression
Aeromonas hydrophila

1. Introduction of negative-charged cell membranes [9], whereas some AMPs may

disrupt cell membranes by targeting to some specific membrane com-

Evidences are emerging that the exposure to ambient stressors may
trigger the occurrences of severe diseases [1]. In general, biotic or
abiotic stressors can lead to physiological malfunction in fish [2].
Ecological deterioration and environmental pollution can suppress fish
immunity, thus rendering fish less resistant against pathogenic infection
[3]. Cell killing mechanism plays a pivotal role in immune defense
against invading pathogens and exhibits a cytotoxic effect on infected
tissues or cells [4]. Antimicrobial peptides (AMPs) are a diverse class of
peptides with small molecular weight and either a linear or cyclic
structure [5,6], which can serve as immunoregulatory molecules
capable of defending against pathogenic invasion within the host [7,8].
In general, cationic AMPs can electrostatically interact with the surface

pounds [10,11]. In addition, AMPs usually exhibit broad-spectrum ac-
tivity against microorganisms and their microbial targets may rarely
develop resistant phenotypes [12].

As is well known, NK cells and CTLs are important immune cell
components in the processes of host defense against a broad range of
pathogenic invasion [13]. Upon stimulation, cytolytic granules derived
from NK cells and CTLs can release cell-lytic molecules, including
granzymes, perforin and granulysin. NK-lysin is firstly discovered from
pig intestine, which is a member of saposin-like protein (SAPLIP) su-
perfamily and shows a structural homologue to granulysin [14]. Addi-
tionally, NK-lysin is a novel effector secreted by CTLs and NK cells,
playing a vital role in the innate immune defense against infectious
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pathogens [15,16]. Emerging evidences have showed that the bacteri-
cidal activity and tumourolytic effect of NK-lysin may require intact
disulfides formed by conserved cysteine residues [17,18].

In contrast to innate immunity of invertebrate, fish not only possess
various forms of pathogen-recognizing properties, but also contain a
developed complement system and apoptosis-related pathways [19,20].
Despite the mammalian AMPs have been extensively researched, only a
few studies focus on the function of teleostean AMPs, especially
NK-lysin. In recent years, architecture and expression patterns of tele-
ostean NK-lysins are identified in Ictalurus punctatus [21], Cynoglossus
semilaevis [22], Oreochromis niloticus [23] and Boleophthalmus pectinir-
ostris [24], but the data on comparative analysis of immunoregulatory
function of chimeric NK-lysin from hybrid offspring with those of its
parents are sparse.

Hybridization may give rise to species with novel capabilities and
chimeric genes formed by fusion of various genomes may lead to
changes of gene structure and occurrence of nonsynonymous variants,
thus affecting downstream signalings upon stimulation [25-27]. In fish,
recent findings imply that hybrid offspring can exhibit a low suscepti-
bility to pathogenic infection compared with those of its parental species
[28,29]. Crucian carp (Carassius auratus) is one of the most important
economic freshwater fish and abundant in lakes, rivers and reservoirs in
China, which is popular with fish farmers [30]. Currently, white crucian
carp (Carassius cuvieri, WCC) and red crucian carp (Carassius auratus red
var, RCC) are classified into different species in the genus of Carassius
[31], thus generation of hybrid crucian carp (WR) by crossing of WCC
(2n = 100, Q) and RCC (2n = 100, &) is considered as interspecific hy-
bridization [32]. However, occurrence of global climate anomaly may
promote a lingering effect in expansion of water-borne pathogenic dis-
eases, threatening the survival of aquatic animals [33].

In this study, the aims were to study architectures of RCC/WCC/WR-
NK-lysin and measure their expression patterns upon in vitro stimuli. To
further characterize their functions, we also assessed the reporter genes
and immune-related signalings, which may provide a new insight into
the immune regulation of hybrid fish and its parents.

2. Materials and methods
2.1. Animals

Hybrid fish (WR) were generated by crossing white crucian carp
(Carassius cuvieri, WCC, @) and red crucian carp (Carassius auratus red

var, RCC, 3) [34]. RCCs, WCCs and WRs (average length 13.2 + 0.52
cm) were obtained from an aquaculture base in Wang Cheng district
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(Changsha, China), which were acclimatized for two weeks and fed with
commercial diet twice daily till 24 h before challenge experiment,
respectively.

2.2. Gene cloning and bioinformatics analysis

According to the high-conserved domains of NK-lysin sequence in
Genbank database, touchdown PCR assay was performed to obtain ORF
sequences of RCC-NK-lysin, WCC-NK-lysin and WR-NK-lysin, respec-
tively [35]. Gene-specific primers were shown in Table 1. Based on our
previous studies, domain alignment and structure prediction of NK-lysin
were constructed by NCBI Blast program, motif scan, ExPASy, SignalP
5.0, PredictProtein and Phyre 2 server, respectively. In addition,
phylogenetic tree analysis was constructed by MEGA 6.0, using the
neighbor-joining method with 1000 bootstrap replications [36].

2.3. Immune challenge with A. Hydrophila

A. hydrophila was cultured for 24 h at 28 °C, centrifuged at 10,000xg
for 15 min at 4 °C, and resuspended in 1 x PBS (pH 7.3) [37]. Inmune
challenge was performed by intraperitoneal injection of 100 pl suspen-
sion of A. hydrophila (1 x 107 CFU ml 1) in PBS. In addition, RCCs, WCCs
and WRs injected with 100 pl sterile PBS were used as the controls. Each
group was composed of six fish and each treatment contained three
replicates under the same conditions. Tissues were isolated at 0, 6, 12,
24, 36 and 48 h post-infection, immediately frozen in liquid nitrogen
and preserved in —80 °C.

2.4. Cell culture

RCC fin cells (RCCFCs), WCC fin cells (WCCFCs), hybrid crucian carp
fin cells (WRFCs) and Epithelioma papulosum cyprinid (EPC) were
cultured at 26 °C with a humidified atmosphere of 5% CO, [38,39].

2.5. LPS treatment

RCCFCs, WCCFCs and WRFCs were seeded in 6-well plates at 80%
confluence for 18 h. Then, cell culture medium was replaced with fresh
medium containing 500 ng/ml or 1000 ng/ml of LPS (from Escherichia
coli 0111:B4, Sigma, USA) [40,41]. After that, cells were harvested at 0,
6, 12, 24, 36 and 48 h post-treatment, immediately frozen in liquid ni-
trogen and preserved in —80 °C.

Table 1
The primer sequences used in this study.

Primer names Sequence direction (5’ — 3') Use
NK-lysin-F ATGCTGCGGAGAATCGTC clone
NK-lysin -R CTATTTCTTGCAAACACC clone
pc-NK-lysin-F CGGGGTACCCCATGCTTCACTGGGAAATGCAC vector
pc-NK-lysin-R CCGGAATTCTTACTTGTCGTCATCGTCTTTGTAGTCTTTCTTGCAAACACCAAT vector
RT-18 S-F CCGACCCTCCCTCACG qPCR
RT-18 S-R GCCTGCTGCCTTCCTTG qPCR
RT-NK-lysin-F TGCGGAGAATCGTCGTG qPCR
RT-NK-lysin-R GGTTTTGGCGTCATCAGTAG qPCR
RT-IL-1beta-1-F CCTGACAGTGCTGGCTTTG qPCR
RT- IL-1beta-1-R AATGATGATGTTCACCACCTTC qPCR
RT-IL-1beta-2-F TCTTCGCATCCTCACAGCAT gqPCR
RT-IL-1beta-2-R CAGCGTCACAGCCTTCAAAT qPCR
RT-TNFalpha-1-F GGATTGCTGCCCTCACGG qPCR
RT-TNFalpha-1-R CTTTGGACACTTTAGGTTCATACG qPCR
RT-TNFalpha-2-F GTGGGGTCCTGCTGGCT qPCR
RT-TNFalpha-2-R CTGGTCCTGGTTCTGTTTC qPCR
RT-hlyA-F GGCCGGTGGCCCGAAGATACGGG qPCR
RT-hlyA-R GGCGGCGCCGGACGAGACGGGG qPCR
RT-GAPDH-F CAGGGTGGTGCCAAGCG qPCR
RT-GAPDH-R GGGGAGCCAAGCAGTTAGTG qPCR
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2.6. RNA isolation, cDNA synthesis and qRT-PCR assay

Total RNA was extracted from isolated tissue and harvested cell
samples by using HiPure Total RNA Mini kit (Magen, China). Then,
concentration and integrity of total RNA were determined by measure-
ment of 260/280 nm absorbance and agarose gel electrophoresis,
respectively [42]. 1000 ng of purified total RNA was used for cDNA
synthesis using Revert AidTM M-MuLV Reverse Transcriptase Kit (MBI
Fermentas, USA). To investigate the transcript changes of
immune-related genes, qRT-PCR assay was performed as previously
described [43]. 18 S rRNA (XR_003291850.1) was used as internal
control [44]. Primers used in this study were shown in Table 1. Primer
specificity was confirmed and each sample was analyzed in triplicate. At
the end of qRT-PCR assay, melting curve analysis was implemented to
confirm credibility of each qRT-PCR analysis. Results were measured by
using Applied Biosystems QuantStudio 5 Real-Time PCR System with 2
-AACt pethods [45].

2.7. Plasmid construction

The above ORF sequences of RCC-NK-lysin, WCC-lysin and WR-NK-
lysin were ligated to pcDNA3.1 plasmid, which were subjected to
sequencing confirmation as previously described [46]. Then,
endotoxin-free plasmids were prepared by using Endo-free plasmid kit
(Omega).

2.8. Western blotting

EPC cells were seeded in 6-well plates and incubated for 24 h. Cells
were transfected with pcDNA3.1, pcDNA3.1-RCC-NK-lysin, pcDNA3.1-
WCC-NK-lysin and pcDNA3.1-WR-NKlysin plasmid by using Lipofect-
amine 3000 reagent and then cultured with fresh medium, respectively.
After that, cells were harvested at 48 h post-transfection and lysed by
RIPA solution. Protein concentration in supernatants of cell lysate
samples were determined by BCA method. In brief, western blotting
assay was performed as described previously [47,48]. Following anti-
body incubation, PVDF membranes were washed in TBST and visual-
ized. In addition, anti-p-actin primary antibody was used as internal
control. The experiment was performed in triplicate.

2.9. Cell viability assay

To detect the potential effect of RCC-NK-lysin, WCC-NK-lysin and
WR-NK-lysin on cell viability, cell counting kit-8 (CCK-8) assay (Beyo-
time Biotechnology, China) was performed at 48 h post-transfection
[49]. Briefly, EPC cells were seeded in 96-well plates for 18 h.
Following cell transfection, 10 pl of CCK-8 solution was added to each
well. The optical density was measured at 450 nm. The experiment was
performed in triplicate.

2.10. Measurement of reactive oxygen species (ROS)

For detection of intracellular ROS production, DCFH-DA probe
(Beyotime Biotechnology, China) was used [50]. In brief, EPC cells were
seeded in 24-well plates overnight and transfected with above plasmids
as above described. Then, cells were stained with DCFH-DA (10 pM) for
20 min in dark and then washed three times with PBS. ROS signalings
were detected at 48 h post-transfection by fluorescent microscopy. The
experiment was performed in triplicate.

2.11. Mitochondrial membrane potential (MMP) detection assay

For detection of mitochondrial integrity, cell transfection was per-
formed as above. Then, EPC cells were detected by using a mitochon-
drial membrane potential (MMP) assay kit with JC-1 (Beyotime
Biotechnology, China). After washing with JC-1 buffer, fluorescence
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signalings were detected at 48 h post-transfection by using a fluores-
cence microscope [51]. The experiment was performed in triplicate.

2.12. Dual-luciferase reporter assay

Dual-luciferase reporter assay was performed in fish cells as previ-
ously described [52]. In brief, EPC cells were seeded in 24-well plates for
18 h and co-transfected with PRL-TK, nuclear factor-kB (NF-xB) Luc,
activator protein-1 (AP-1) Luc and signal transducers and activators of
transcription 3 (STAT3) Luc, respectively. Following 24 h, luciferase
reporter activity was performed by using a dual-luciferase reporter assay
system (Promega, USA). Relative folds of luciferase activity were
normalized to the amount of Renilla luciferase. The results were
repeated in triplicate.

2.13. Invivo effect of RCC/WCC/WR-NK-lysin overexpression on gene
expressions

Based on previous studies, gene overexpression in fish was per-
formed [22,53,54]. In brief, the above endotoxin-free plasmids were
diluted in PBS to 200 ng/pl, respectively. Fish were randomly divided
and injected intramuscularly with 100 pl of above endotoxin-free plas-
mids. Then, spleen were isolated from fish at 5 d post-plasmid admin-
istration. Then, isolated total RNA was used for RCC-NK-lysin,
WCC-NK-lysin and WR-NK-lysin expression by qRT-PCR detection [55].
To determine the expression of immune-related genes, total RNA was
prepared from spleen of RCC/WCC/WR-NK-lysin, pcDNA3.1 or
PBS-injected fish at 5 d post-plasmid administration as above. Following
cDNA synthesis, expressions of NK-lysin, Interleukin-1f-1 (IL-1p-1),
Interleukin-14-2 (IL-1p-2), tumor necrosis factor-a-1 (TNFa-1) and
tumor necrosis factor-a-2 (TNFa-2) were detected by qRT-PCR assay.
Primers used in this study were shown in Table 1. Primer specificity was
confirmed and each sample was analyzed in triplicate to certify the
repetitiveness and credibility of experimental results. The experiment
was performed in triplicate.

2.14. In vivo effect of RCC/WCC/WR-NK-lysin overexpression on
A. Hydrophila infection

To investigate the effect of RCC-NK-lysin, WCC-NK-lysin and WR-
NK-lysin on the growth of A. hydrophila, the in vivo injection was per-
formed as described above. Following 5 d post-plasmid administration,
6 fish in each group were infected with A. hydrophila as described above.
Spleen were isolated at 24 h post-infection, then genomic DNA of tissues,
including bacterial DNA, was extracted by using a DNA extraction kit
(Omega, USA), and the concentration was adjusted to 100 ng/pl qPCR
assay was used to detect hlyA gene of A. hydrophila, while GAPDH gene
was analyzed as the reference gene [56,57]. Bacterial load assays were
performed as previously described [58,59]. In brief, isolated tissues
(approximately 0.15 g fresh tissue weight) were homogenized in sterile
PBS. Then, the homogenates were incubated onto LB agar plates for 16
h, then bacterial colonies were counted. The experiments were per-
formed in triplicate.

2.15. Statistical analyses

The data analysis was measured by using SPSS 18 analysis program
and represented as means + standard deviation. All of the experimental
data analyses were subjected to Student’s t-test or one-way ANOVA
(one-way analysis of variance). Further analysis of Duncan’s multiple
range test, only if the level of P-value < 0.05, the differences were
considered statistically significant.
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3. Results

3.1. Characterization of RCC-NK-lysin, WCC-NK-lysin and WR-NK-lysin
cDNA sequences

In this study, ORF sequences of RCC-NK-lysin, WCC-NK-lysin and
WR-NK-lysin were 369 bp, encoding 122 amino acid residues with a
predicted molecular weight of 13.76 KDa, 13.74 KDa and 13.75 KDa,
respectively. As shown in Supplementary Fig. 1A, multiple alignment
analysis revealed that domain structures of RCC-NK-lysin, WCC-NK-
lysin and WR-NK-lysin exhibited a close similarity to the counterparts in
other vertebrates, comprising two functional domains: a signal peptide
(1-17 amino acids) and saposin B domain (47-120 amino acids). In
Supplementary Fig. 2B, phylogenetic analysis suggested that RCC-NK-
lysin, WCC-NK-lysin and WR-NK-lysin sequences were similar to those
of other teleost species, suggesting that the evolutionary relationship
were in agreement with the concept of the traditional taxonomy. In
Supplementary Fig. 1C-E, secondary structure analysis revealed that
both RCC-NK-lysin and WCC-NK-lysin contained 4 helices, 5 helix-helix
interaction motifs, 3 B-turns, 2 y-turns and 3 disulfide bonds, while WR-
NK-lysin contained 4 helices, 5 helix-helix interaction motifs, 3 -turns,
3 y-turns and 3 disulfide bonds. In Supplementary Fig. 1F-H, tertiary
structures of RCC-NK-lysin, WCC-NK-lysin and WR-NK-lysin were 22%
identical to d1nkla template with 99.8% confidence and the image was
colored by rainbow from N- to C-terminus.

3.2. Gene expression profiles of RCC-NK-lysin, WCC-NK-lysin and WR-
NK-lysin mRNA

In Fig. 1, tissue-specific RCC-NK-lysin, WCC-NK-lysin and WR-NK-
lysin mRNA expression were detected in all isolated samples (L: liver;
I: intestine; TK: trunk kidney; G: gill; M: muscle; B: brain; S: spleen).
High-level mRNA expressions of RCC-NK-lysin and WCC-NK-lysin were
observed in gill, while the highest expression level of WR-NK-lysin
mRNA was observed in spleen. In contrast, the lowest expression
levels of RCC-NK-lysin and WCC-NK-lysin mRNA were observed in
muscle, while the lowest expression level of WR-NK-lysin mRNA was
observed in brain.

Furthermore, expression patterns of RCC-NK-lysin, WCC-NK-lysin
and WR-NK-lysin mRNA in liver, trunk kidney and spleen were inves-
tigated at 0, 6, 12, 24, 36 and 48 h after A. hydrophila challenge. In
Fig. 2A-C, RCC-NK-lysin mRNA expressions in liver, trunk kidney and
spleen peaked at 6 h following A. hydrophila challenge with the highest
values of 39.82, 21.18-, 30.82-fold greater than those of the control (P <
0.05). In Fig. 2D-F, dramatic increase of WCC-NK-lysin mRNA expres-
sions in liver, trunk kidney and spleen were observed after A. hydrophila
challenge and reached the peaked level at 48 h with the highest values of
16.70-, 37.92- and 14.33-fold greater than those of the control (P <
0.05). In Fig. 2G-I, expressions of WR-NK-lysin mRNA in liver and trunk
kidney peaked at 24 h after A. hydrophila challenge with the highest
values of 42.52- and 59.12-fold greater than those of the control (P <
0.05), while WR-NK-lysin mRNA in spleen reached a peaked level at 36
h with the highest value of 67.84-fold greater than that of the control (P
< 0.05).

Expression profiles of RCC-NK-lysin, WCC-NK-lysin and WR-NK-lysin
in RCCFCs, WCCFCs and WRFCs were investigated at 0, 6, 12, 24, 36 and
48 h following LPS stimulation. In Fig. 3A, expression level of RCC-NK-
lysin mRNA in RCCFCs peaked at 6 h following 500 ng/ml LPS chal-
lenge, while a high level of RCC-NK-lysin mRNA was observed at 12 h
following 1000 ng/ml LPS stimulation with the highest value of 26.05-
fold greater than that of the control, followed by a sharp decrease from
24 hto 48 h. In Fig. 3B, a significant fluctuation of WCC-NK-lysin mRNA
in WCCFCs was observed from 6 h to 48 h following 500 ng/ml LPS
stimulation, whereas a 28.24-fold increase of WCC-NK-lysin mRNA was
observed at 6 h after 1000 ng/ml LPS challenge, followed by a gradual
decrease from 12 h to 48 h. In Fig. 3C, WRFCs receiving 500 ng/ml LPS
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stimulation exhibited a sharp increase of WR-NK-lysin mRNA expression
at 6 h, while elevated level of WR-NK-lysin mRNA expression was
observed at 12 h following 1000 ng/ml LPS challenge with the peaked
level of 37.98-fold greater than that of the control (P < 0.05).

3.3. RCC/WCC/WR-NK-lysin lowered cell viability, induced ROS
generation and mediated mitochondrial damage in fish cells

Evidences are emerging that pig NK-lysin is a novel effector of CTL
and NK cells, which cannot only shows antibacterial activity against
Escherichia coli and Bacillus megaterium, but also exhibits a marked lytic
activity against mouse tumor cell lines YAC-1, 3B6 lymphocytes, 1G8
cells and U937 cells under similar half-maximal concentrations [13,18].
In addition, synthesized N29 N peptide from chicken NK-lysin shows a
greater antibacterial activity and higher cytotoxic activity of tumor cells
with a high helical profile [60]. To investigate the cellular regulation,
RCC-NK-lysin, WCC-NK-lysin and WR-NK-lysin were overexpressed in
fish cells. In Fig. 4A, Recombinant NK-lysin proteins were strongly
expressed in RCC-NK-lysin, WCC-NK-lysin and WR-NK-lysin expression
cells at 48 h post-transfection by comparing with that of the control,
respectively. As shown in Fig. 4B-C, a higher level of ROS intensity was
observed in RCC/WCC/WR-NK-lysin expression cells at 48 h
post-transfection by comparing with that of the control. In Fig. 4D-E,
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JC-1 dye was predominantly aggregated in the control with a low ratio
of green/red intensity, while a strong green fluorescence signaling was
observed in RCC/WCC/WR-NK-lysin expression cells at 48 h
post-transfection,  respectively. ~To  detect the effect of
RCC/WCC/WR-NK-lysin on fish cell viability, CCK-8 assays were per-
formed. As shown in Supplementary Fig. 2, cell viability in
RCC-NK-lysin, WCC-NK-lysin and WR-NK-lysin expression cells
decreased to 78.23%, 76.86% and 75.41% at 48 h post-transfection by
comparing with the control.

3.4. Effect of RCC/WCC/WR-NK-lysin overexpression on NF-xB, AP-1
and STAT3 promoter activities in fish cells

To detect the effect of RCC/WCC/WR-NK-lysin overexpression on
NF-kB, AP-1 and STAT3 promoter activities, luciferase reporter assays
were performed. In Fig. 5A-C, overexpression of RCC-NK-lysin could
dramatically antagonize AP-1, NF-xB, STAT3 reporter activity in
RCCFCs, respectively. 400 ng RCC-NK-lysin plasmids could decrease AP-
1, NF-kB, STAT3 activity to 77.62%, 61.60%, 68.90%, while over-
expression of 800 ng RCC-NK-lysin plasmids could inhibit their activities
to 56.94%, 25.54% and 42.76%, respectively.

In Supplementary Figs. 3A-C, WCC-NK-lysin overexpression could
significantly abrogate AP-1, NF-kB, STAT3 reporter activity in WCCFCs,
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respectively. 400 ng WCC-NK-lysin plasmids could attenuate AP-1, NF-
kB, STAT3 activity to 68.96%, 57.94% and 63.86%, while 800 ng WCC-
NK-lysin plasmids could alleviate their activities to 46.78%, 28.72% and
35.20%, respectively.

In Supplementary Figs. 3D-F, WR-NK-lysin overexpression could
sharply reduce AP-1, NF-kB, STAT3 reporter activity in WRFCs,
respectively. 400 ng WR-NK-lysin plasmids could decrease AP-1, NF-kB,
STATS3 activity to 72.29%, 58.40% and 66.33%, while overexpression of
800 ng WR-NK-lysin plasmids could inhibit their activities to 48.08%,
30.31% and 31.64%, respectively.

3.5. Effect of RCC/WCC/WR-NK-lysin overexpression on immune-
related gene expressions in fish

To investigate the biological activity of RCC-NK-lysin, WCC-NK-lysin
and WR-NK-lysin in vivo, fish were administrated with RCC-NK-lysin,
WCC-NK-lysin or WR-NK-lysin plasmid, while the control vector
pcDNA3.1 or PBS was used as the control. As shown in Fig. 6A-C, RCC-
NK-lysin, WCC-NK-lysin and WR-NK-lysin plasmid injected fish exhibi-
ted up-regulated expressions of NK-lysin, IL-1p-1, IL-1B-2, TNFa-1 and
TNFa-2 in spleen by comparing with those of the control, respectively.

3.6. Inhibitory effect of RCC/WCC/WR-NK-lysin on the growth of
A. Hydrophila in vivo

To investigate the effect of RCC-NK-lysin, WCC-NK-lysin and WR-
NK-lysin on the growth of A. hydrophila in vivo, bacterial load and
expression of A. hydrophila hlyA in spleen were determined at 24 h post-
infection. In Fig. 7A and Supplementary Fig. 4A-B, the administration of
RCC-NK-lysin, WCC-NK-lysin and WR-NK-lysin plasmid could sharply
reduce bacterial load in spleen at 24 h post-challenge by comparing with
those of the control. As shown in Fig. 7B and Supplementary Fig. 4C-D,
the relative expression of A. hydrophila hlyA in spleen in RCC-NK-lysin,
WCC-NK-lysin and WR-NK-lysin plasmid administrated group were
significantly lower than those of the control, respectively.

4. Discussion

In this study, sequences of RCC-NK-lysin, WCC-NK-lysin and WR-NK-
lysin were cloned from the liver of RCC, WCC and WR, respectively. The
deduced RCC-NK-lysin, WCC-NK-lysin and WR-NK-lysin amino acid se-
quences consisted of 122 amino acid residues, including a signal peptide
and saposin B domain, suggesting that RCC-NK-lysin, WCC-NK-lysin and
WR-NK-lysin belonged to saposin-like protein (SAPLIP) family.
Sequence alignments revealed that RCC-NK-lysin, WCC-NK-lysin and
WR-NK-lysin contained highly conserved cysteine residues, which may
play an essential role in biological function in fish [22]. Moreover,
RCC-NK-lysin and WCC-NK-lysin were detected in isolated samples with
high-level expression levels in gill, while the highest level of
WR-NK-Lysin expression was observed in spleen, similar to those of Nile
tilapia [23] and croaker [61], indicating that RCC-NK-lysin,
WCC-NK-lysin and WR-NK-lysin mRNA were expressed in a broad
range of tissues.

Liver, trunk kidney and spleen are playing vital roles in teleostean
immunity [62,63]. In this study, we investigated mRNA expression
patterns of RCC-NK-lysin, WCC-NK-lysin and WR-NK-lysin in
immune-related tissues following A. hydrophila challenge. The elevated
levels of RCC-NK-lysin, WCC-NK-lysin and WR-NK-lysin mRNA were
detected in liver, trunk kidney and spleen following A. hydrophila
challenge. In addition, up-regulated expression profiles of RCC-NK-lysin,
WCC-NK-lysin and WR-NK-lysin mRNA were observed in RCCFCs,
WCCFCs and WRFCs following various doses of LPS stimulation, which
may respond to bacterial infection and LPS stimulation. However,
comparative mechanisms linking NK-lysin to immune regulation in fish
derived from hybrid fish and its parents are still unclear.

As is well known, AMPs are abundant molecules that can be
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counted. (B) Detection of A. hydrophila hlyA gene relative expression by qRT-
PCR. The calculated data (mean + SD) with different letters were signifi-
cantly different (P < 0.05).

produced by many tissues and cell types in a variety of plants and ani-
mals [64]. In general, amino acid composition, amphipathicity, cationic
charge and molecular weight of AMPs can facilitate their insertion into
membrane bilayers and form pores, which may abrogate the synthesis of
nucleic acids, proteins and cell walls [7]. Evidences are emerging that
both granulysin and NK-lysin can elicit antibacterial activity and exhibit
cytotoxic effect on eukaryotic cells with a substantial sequence simi-
larity in spite of their enormous evolutionary distance [65]. Previous
studies synthesized croaker NK-lysin peptide can exhibit a strong anti-
bacterial activity in vitro [61]. In addition, the administration of
On-NK-lysin plasmid can improve immune defense against S. agalactiae
infection [23]. However, comparative mechanisms linking NK-lysin to
immune regulation in fish derived from hybrid offspring and its parents
are still unclear. In this study, fish administrated with RCC-NK-lysin,
WCC-NK-lysin and WR-NK-lysin plasmid showed a higher level of
NK-lysin expressions compared with those of the control. In addition,
The up-regulated expressions of IL-1f-1, IL-1p-2, TNFa-1 and TNFa-2 in
spleen were observed in RCC-NK-lysin, WCC-NK-lysin and WR-NK-lysin
plasmid administration groups, respectively. IL-1f is a pro-inflammatory
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cytokine that is involved in regulation of chronic disease processes [66]
and organic anion transporters in human hepatic cells [67], while TNF
can regulate systemic defense against invading bacteria via modulation
of immune cells [68-70]. Besides, bacterial loads in spleen in
RCC-NK-lysin, WCC-NK-lysin and WR-NK-lysin plasmid group were
significantly lower than those of the control. These studies suggested
that RCC-NK-lysin, WCC-NK-lysin and WR-NK-lysin could exhibit an
antibacterial activity and regulate immune response.

Among known SAPLIP family, NK-lysin is considered as cationic
antibacterial peptide produced by cytotoxic lymphocytes with a high
homology to granulysin [71]. Previous studies indicate that granulysin
can directly disrupt membrane potential in mitochondria, trigger release
of cytochrome ¢ and activating caspase activation [72,73]. In this study,
overexpression of RCC-NK-lysin, WCC-NK-lysin and WR-NK-lysin in fish
cells could significantly lower the cell viability, trigger ROS generation
and regulate the MMP activity. Moreover, luciferase report assay
revealed that overexpression of RCC-NK-lysin, WCC-NK-lysin and
WR-NK-lysin could reduce NF-kB, AP-1 and STAT3 promoter activity in
fish cells.

NF-kB plays a key role in the determination of the choice between
cell survival or cell death [74]. In general, NF-kB activation by in vitro
stimuli such as TNF, ionizing radiation or daunorubicin can confer
protection against cell death by suppressing apoptosis [75]. Previous
studies indicate that overexpression of NF-kB subunit can antagonize
p53-induced Bax promoter activity in HCT116 cells, while its blockade
can increase apoptotic killing [76,77]. Additionally, NF-kB is one of a
key substrates that can be cleaved by induced caspase activation, then
suppressing the protective effect of NF-kB and abrogating cell survival
signalings [78,79].

AP-1 complexes comprise dimmers of Fos, Jun and ATF subunits may
participate in cellular proliferation, transformation and death [80,81].
In general, AP-1 may play a multiple role in distinct apoptotic pathways
in many cell types [82]. Recent studies indicate that cobalt
chloride-induced apoptosis is accompanied with ROS-induced AP-1 ac-
tivity in PC12 cells [83]. In addition, the administration of triptolide, a
NF-xB inhibitor, can decrease cell proliferative activity, induce
apoptosis and suppress NF-kB and AP-1 transactivation in AGS cells
[84].

STATSs serving as multifaceted oncogene can mediate cytokine- and
growth factor-directed transcription regulation and active STAT3
signaling may play an important role in cellular transformation and
apoptotic process [85]. STAT3 activation can render cells more resistant
to apoptosis in human myeloma cells [86], whereas blockade of STAT3
activity can dramatically antagonize anti-apoptotic effect of IL-6 in
human cancer cells [87]. In addition, STAT3 activation may also play a
regulatory role in expression levels of apoptosis-related genes, then
modulating the oncogenic transformation via cell survival signaling
[88].

Thus, NF-kB, AP-1 and STATS3 signalings are indispensable for the
cellular survival. These studies demonstrated that RCC-NK-lysin, WCC-
NK-lysin and WR-NK-lysin sharing the conserved domains could exert
their cytotoxic effect on fish cells by disrupting survival signalings.

In summary, we compared architectures of RCC/WCC/WR-NK-lysin.
Then, we identified up-regulated expressions of RCC/WCC/WR-NK-
lysin mRNA in tissues after bacterial infection or in fish cells following
various doses of LPS stimulation. Overexpression of RCC/WCC/WR-NK-
lysin could lower cell viability, induce ROS generation, trigger the loss of
MMP activity and attenuate NF-kB, AP-1 and STAT3 promoter activity in
fish cells, respectively. Moreover, the administration of RCC-NK-lysin,
WCC-lysin and WR-NK-lysin plasmid stimulated immune-related gene
expressions and conferred protection against A. hydrophila infection.
Our results indicated that induction of cytotoxic and antibacterial ac-
tivity by NK-lysin were similar in hybrid offspring and its parents.
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