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NK-lysin (NKL) is a cationic host defense peptide that plays an important role in host immune responses against
various pathogens. However, the immunomodulatory activity of NKL in fishes is rarely investigated. In this
study, we characterized a cDNA sequence encoding an NK-lysin homolog (BpNKL) from the fish, mudskipper

Monocyte/macrophage (Boleophthalmus pectinirostris). Sequence analysis revealed that BpNKL is most closely related to tiger puffer
ﬁﬁiﬁiexzessmn (Takifugu rubripes) NKL. BpNKL transcript was detected in all the tested tissues, with the highest level in the gill,
NK-Lysil;p followed by the spleen and kidney. Upon Edwardsiella tarda infection, the mRNA expression of BpNKL in the

mudskipper was significantly upregulated in the spleen, kidney, and gill. A shortened peptide derived from
BpNKL, BpNKLP40, was then chemically synthesized and its biological functions were investigated. BPNKLP40
exhibited a direct antibacterial activity against some Gram-negative bacteria, including E. tarda, Vibrio para-
haemolyticus, Vibrio alginolyticus, and Vibrio harveyi, and induced hydrolysis of E. tarda genomic DNA.
Intraperitoneal injection of 1.0 ug/g BpNKLP40 significantly improved the survival of mudskipper following E.
tarda infection and reduced the bacterial burden in tissues and blood. Moreover, 1.0 pg/ml BpNKLP40 treatment
had an enhanced effect on the intracellular killing of E. tarda by monocytes/macrophages (MO/M®) as well as
on the mRNA expression of pro-inflammatory cytokines in MO/M®. In conclusion, our study reveals that BpNKL
plays a role against E. tarda infection in the mudskipper by not only directly killing bacteria but also through an
immunomodulatory activity on MO/M®.

Sequence analysis

1. Introduction cytolytic granules [9,10]. NKLs are the members of the Saposin-like

protein superfamily with a conserved surfactant protein B (SP-B) do-

Antimicrobial peptides (AMPs) are so-called because of their capa-
city of directly killing microbes; these peptides are now referred as host
defense peptides (HDPs) due to their additional immunomodulatory
properties [1,2]. HDPs are conserved in living beings as primitive
components of the innate immune response [3] and suppress infections
by direct antimicrobial properties, modulation of host immune re-
sponses, or both [4]. In recent decades, a large number of researches
have focused on the immunomodulatory properties of cationic HDPs,
such as cathelicidin, defensin, and NK-lysin (NKL) [5-8].

NKLs (or granulysin in humans), which were first isolated from
porcine small intestines, are cationic HDPs of 74-78 amino acids pro-
duced by cytotoxic T lymphocytes and natural killer cells and stored in

main, in which six cysteine residues form three disulfide bonds [11].
NKLs exhibit a broad range of activity against microbial pathogens,
such as Escherichia coli and Staphylococcus aureus [12]. They act on
bacterial membranes and their target of action are not only the bac-
terial membranes but also DNA in the cytoplasm [13]. NKLs also have
immunomodulatory activities, for example, a chicken (Gallus gallus)
NKL-derived peptide, cNK-2, could induce the expression of CCL4,
CCL5, and IL-1p in macrophage cell line HD11 or induce CCL4 and
CCL5 in primary monocytes via activating the MAPK signaling pathway
[81.

Till date, homologs of NKLs have been identified and studied in
many fish species, such as half-smooth tongue sole (Cynoglossus
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semilaevis) [14], zebrafish (Danio rerio) [15], channel catfish (Ictalurus
punctatus) [16], common carp (Cyprinus carpio) [17], Nile tilapia (Or-
eochromis niloticus) [18], turbot (Scophthalmus maximus) [19], Atlantic
salmon (Salmo salar) [20], and large yellow croaker (Larimichthys
crocea) [21]. Some fish have several isoforms of NKLs, for example, the
common carp has six NKL genes [17]. Tissue-specific expression pattern
of NKLs differ in different fish species, for example, the highest level of
NKL2 transcripts in common carp were found in the spleen, followed by
the head kidney, heart, and gills [17], while the highest level of NKL2
transcripts in the large yellow croaker were found in the head kidney,
followed by the spleen and gill [21]. It is observed that NKL expression
responds to defense against invading pathogens in fish. For instance,
NKL transcripts increased instantly in the spleen, intestine, head
kidney, and nonspecific cytotoxic cells of Nile tilapia subsequent to
Streptococcus agalactiae infection [18]. Fish NKLs mainly act as direct
microbe-killing molecules [21-25]. Recent reports demonstrated that
turbot NKL performed its antiviral activity by participation in the in-
hibition of the fusion of viral particles to the Epithelioma papulosum
cyprinid (EPC) cells [25] and in autophagy of turbot erythrocytes [19].
Overexpression of NKL in vivo or intraperitoneal administration with
NKL could increase fish survival and decrease the pathogen load
[14,18,22,24]. In addition, fish NKLs may also have an im-
munomodulatory activity, for example, intraperitoneal injection of
NKLP27 (27 aa peptide from half-smooth tongue sole NKL1) induced
the expression of immune genes such as IL-13, IL-8, and CXC chemokine
(CXCel) in the spleen and kidney of half-smooth tongue sole [14,22];
stimulation with NK1 and NK2 (NKL derived peptides) induced the
expression of IL-1B and IL-8 in head kidney leukocytes of Atlantic
salmon in vitro [20].

The mudskipper (Boleophthalmus pectinirostris) is an amphibious fish
distributed along the Northwestern Pacific coast. Data from the com-
parative analyses of whole-genome sequencing of four representative
species of mudskippers have provided insights into the terrestrial
adaptation of amphibious fishes [26]. Considering the pivotal roles of
HDPs in fish immune response against pathogens, it would be pro-
mising to investigate the biological functions of mudskipper HDPs in-
volved in diseases. In the present study, we studied an NKL homolog
(BpNKL) from the mudskipper. The tissue mRNA expression of BpNKL
in healthy mudskipper fish upon Edwardsiella tarda infection was de-
termined. Furthermore, the direct bactericidal activity of a chemically
synthesized peptide BpNKLP40 was determined in vitro, and its effect on
survival and bacterial load of the mudskipper infected with E. tarda was
investigated in vivo. In addition, the immunomodulatory effects of
BpNKLP40 on regulating the function of monocytes/macrophages (MO/
M®) were also analyzed.

2. Materials and methods
2.1. Fish maintenance

Healthy mudskippers, weighing 30-40 g each, were obtained from a
commercial farm in Ningbo city, China. The fish were kept in brackish
water (with salinity of 10%o) tanks at 24-26 °C in a filtered-water re-
circulating system and acclimatized to laboratory conditions for two
weeks before carrying out the experiments. Prior to tissue dissection,
fish were anesthetized with 0.03% (v/v) ethylene glycol monophenyl
ether and sacrificed. All experiments were performed according to the
Experimental Animal Management Law of China and approved by the
Animal Ethics Committee of Ningbo University.

2.2. Sequence analysis of BbNKL cDNA

The c¢DNA sequence encoding BpNKL was obtained from NCBI's
nucleotide database under the accession number, XM_020919797. The
cleavage sites of signal peptides were predicted by the SignalP 4.1
program (http://www.cbs.dtu.dk/services/SignalP/). Disulfide bonds
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Table 1
NKL sequences used for multiple alignment and phylogenetic analyses.
Accession number  Species Protein
Latin name English name
XM_020919797 Boleophthalmus mudskipper NKL
pectinirostris
KY801205 Dicentrarchus labrax European sea bass NKL
NM_001303323 Larimichthys crocea large yellow croaker NKL
MF113051 Lateolabrax japonicus Japanese sea bass NKL
XM_018663395 Latescal carifer Asian sea bass NKL
XM_003962706 Takifugu rubripes tiger puffer NKL
KU705506 Scophthalmus maximus turbot NKL
XM_020591071 Monopterus albus swamp eel NKL1
XM_015969930 Nothobranchius furzeri turquoise killfish NKL
MF678822 Oreochromis niloticus Nile tilapia NKL
AGM21637 Cynoglossus semilaevis half-smooth tongue NKL
sole
XM_020487202 Oncorhynchus kisutch coho salmon NKL
XM_014129907 Salmo salar Atlantic salmon NKL
XM_021574735 Oncorhynchus mykiss rainbow trout NKL
XM_004082250 Oryzias latipes Japanese ricefish NKL
XM_026230159 Carassius auratus goldfish NKL
XM_019120973 Cyprinus carpio common carp NKL1
KX034213 C. carpio common carp NKL2
XM_019071085 C. carpio common carp NKL3
XM_019092430 C. carpio common carp NKL4
LN590809 C. carpio common carp NKL5
XM_021473084 Danio rerio zebrafish Nkl
KP100115 D. rerio zebrafish Nkla
KP100116 D. rerio zebrafish NkIb
KP100117 D. rerio zebrafish Nklc
KP100118 D. rerio zebrafish Nkld
KT877168 Ctenopharyngodon idella grass carp NKL
XM_012822640 Clupea harengus Atlantic herring NKL
NM_001200208 Ictalurus punctatus channel catfish NKL1
DQ153186 L punctatus channel catfish NKL2
DQ153187 L. punctatus channel catfish NKL3
XM_019485307 Alligator mississippiensis American alligator NKL
KT962967 Gallus gallus chicken NKL
NM_001075143 Bos taurus cattle Gran
XM_010810101 B. taurus cattle NKL
NM_001278755 Sus scrofa pig NKL
NM_001302758 Homo sapiens human Gran

were predicted by Prosite (http://prosite.expasy.org/), and the protein
domain architecture was predicted using the SMART program (http://
smart.emblheidelberg.de/). Multiple alignments were analyzed using
ClustalW (http://clustalw.ddbj.nig.ac.jp/). Phylogenetic and molecular
evolutionary analyses were conducted using MEGA version 6 [27]. The
related NKL sequences are listed in Table 1.

2.3. In vivo bacterial challenge and sample collection

In vivo bacterial infection was performed as previously described
[28]. Briefly, E. tarda strain, Et-CD [29], was cultured in Tryptic Soy
Broth (TSB) medium at 28 °C with shaking, and harvested from the mid-
logarithmic phase. The bacterial cells were washed and resuspended
thrice in sterile PBS to obtain a final concentration of 1.0 x 10° colony-
forming units (CFU)/ml. Fish were injected intraperitoneally with
1.0 x 10* CFU of live E. tarda per fish, and sterile PBS was used as a
control. Tissue samples including gills, spleen, and kidney were col-
lected at 4, 8, 12, and 24 h post injection (hpi) from the E. tarda-in-
fected or healthy mudskippers. The samples were frozen in liquid ni-
trogen and stored at —80 °C for subsequent RNA extraction to perform
real-time quantitative polymerase chain reaction (QPCR). The tissues of
healthy fish, including the liver, muscle, gill, brain, skin, heart, spleen,
kidney, and intestine were also collected for qPCR analysis.
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Table 2
Oligonucleotide primers used for the qPCR.
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Gene Accession number Primer Sequence (5’-3") Amplicon size (bp)

NKL XM_020919797 BpNKL-F AGTTTGTGAACAAGCACCTCG 124
BpNKL-R GCTGGGCTGTTGTAGTAGAG

IL-18 KX492895 IL-1B-F ACGAGTGGTGAATGTGGTCA 163
IL-18-R GAACTGAGGTTGTGCTGCAA

TNF-a KX492896 TNF-a-F GGACAACAACGAGATCGTGA 155
TNF-a-R GTTCCACCGTGTGACTGATG

IFN-y NM_001360715 IFN-y-F ACCCTGCACAACATTACGAC 186
IFN-y-R GCTGGAGGAATCCTGAATTTA

IL-10 XM_020936977 IL-10-F GTGGAGGGGTTCCCTCTAAG 179
IL-10-R GTGCGGAGGTAAAAGCTCAG

TFG- XM020928521 BpTGF-B-F TCAAAGGACACTTGCACAGC 183
BpTGF-B-R CAGGGCCAAGATCTGTGAAT

18S rRNA KX492897 18S-F GGCCGTTCTTAGTTGGTGGA 112
18S-R CCCGGACATCTAAGGGCATC

2.4. gPCR analysis of mRNA expression

Total RNA extraction, DNase I digestion, and first-strand cDNA
synthesis were carried out as previously reported [30]. qPCR was per-
formed on an ABI StepOne Real-Time PCR System (Applied Biosystems,
Foster City, USA) using SYBR premix Ex Taq II (TaKaRa, Dalian, China)
as previously described [30]. The primers used are listed in Table 2. The
qPCR amplification conditions were as follows: 95 °C for 5 min; 40 cy-
cles at 95 °C for 30, 60 °C for 30s, 72 °C for 30s; followed by melting
curve analysis at 95 °C for 30s, 72°C for 30s, and 95 °C for 30s. Re-
lative gene expression of BpNKL in healthy or E. tarda-infected samples
was calculated using the 2 72T or 2~ *4CT method respectively, and the
data were normalized against Bp18S rRNA. Each qPCR run was per-
formed with four samples and repeated three times.

2.5. Minimal inhibitory concentration (MIC) assay

In previous studies, the core region of the SP-B domain of NKLs,
which was thought to be responsible for the antibacterial activity of
NKLs, had been used in bioactivity studies [8,11,21-23,31]. Therefore,
we chemically synthesized the core region peptide within the BpNKL
SP-B domain (SIKAKLLAVCKNIGLLKSLCQKFVNKHLGVLIEELTTTDD)
with one disulfide bond (Cys78 with Cys88) (over 95% purity, Syn-
Peptide, Shanghai, China) and named it as BpNKLP40. Antibacterial
activity of the synthetic BpNKLP40 was assayed against eight Gram-
negative bacteria (E. tarda, Aeromonas hydrophila, E. coli, Vibrio harveyi,
Vibrio anguillarum, Vibrio parahaemolyticus, Vibrio alginolyticus, and Vi-
brio vulnificus) and three Gram-positive bacteria (Streptococcus iniae,
Listeria monocytogenes, and S. aureus). A modified two-folds microdilu-
tion method was used to determine the MIC values of the various agents
as previously described [32]. MIC was calculated as the lowest con-
centration of BpNKLP40 that inhibited the growth of the tested bac-
teria. Briefly, serial dilutions of the peptides (100, 50, 25, 12.5, 6.25,
3.125, and 1.563 pg/ml) were prepared and an aliquot of 80 pl of each
solution was added to wells of a 96-well plate. The solution without
BpNKLP40 was used as the blank control. The bacteria were grown to
mid-logarithmic phase and diluted in suitable media to a final inoculum
concentration of 1.0 x 10° CFU/ml. A 20-ul aliquot of this bacterial
suspension was added to each well of the above 96-well plate and the
plates incubated at appropriate temperatures for 24 h. MIC was calcu-
lated by visual verification of bacterial sedimentation and also by
measuring the absorbance with the SpectraMax M3 multi-mode mi-
croplate reader (Molecular Devices, Sunnyvale, USA) at 600 nm. The
experiment was repeated four times, each performed in triplicate.

2.6. Hydrolysis of bacterial genomic DNA (gDNA) by BpNKLP40

Hydrolysis of E. tarda gDNA by BpNKLP40 was assayed as

previously described [32,33]. Bacterial gDNA was extracted using a
Mini BEST Universal gDNA Extraction Kit Ver. 5.0 (TaKaRa), and its
concentration was determined using a NanoDrop instrument (Thermo
Fisher Scientific, Wilmington, USA). To determine the effect of different
doses of BpNKLP40 on the hydrolysis of purified gDNA of E. tarda,
800 ng gDNA in 20 ul PBS was mixed with increasing amounts of the
BpNKLP40 peptide (0, 25, 50, 75, and 100 ug/ml). After incubation at
room temperature for 30 min, 2 ul 10 X loading buffer (TaKaRa) was
added to the mixture, and 20 pl of each reaction mixture was applied to
a 1.0% agarose gel in 0.5 x Tris-acetate-EDTA buffer. To determine the
effect of BpNKLP40 on gDNA hydrolysis of live bacteria, E. tarda was
cultured and adjusted to a final concentration of 1.0 x 10'° CFU/ml in
PBS. The E. tarda suspension (100pl) was mixed with 100 pg/ml
BpNKLP40, or BSA (control) and incubated at 28 °C for 1, 2, 4, or 6 h.
After incubation, E. tarda gDNA was extracted and applied to 1% w/v
agarose gel.

2.7. Fish survival assay

The survival assay was performed as previously described [32].
Mudskippers were divided into four groups of 16 fish each for the
survival assay. Fish were intraperitoneally injected with 1.0 X 10* CFU
of live E. tarda in 100 pl PBS each. Thirty minutes later, fish in three
experimental groups were further injected intraperitoneally with 0.1,
1.0, or 10.0pug/g BpNKLP40, while the control group was in-
traperitoneally injected with a same volume of sterile PBS. During the
next 7 d, the fish were monitored every 24 h for death or moribund
state. The Kaplan-Meier method was used to analyze the 7-day survival
rate.

2.8. Bacterial load assay

Two groups each of six mudskippers were used for the bacterial load
assay. The fish were intraperitoneally injected with 1.0 X 10* CFU of
live E. tarda, according to the determined 50% lethal dose (LDsq) of E.
tarda in mudskippers (about 1.0 X 10* CFU/fish). Thirty minutes later,
fish in the experimental groups were intraperitoneally injected with
1.0 ug/g BpNKLP40, while the control group was injected with sterile
PBS. At 24 hpi, the liver, spleen, kidney, and blood samples were col-
lected. The tissue (0.1 g fresh tissue) and blood (0.1 ml) samples were
homogenized in 1 ml sterile TSB. The homogenates were serially diluted
in sterile TSB, plated onto separate tryptic soy agar (TSA) plates, and
incubated at 28 °C for 18 h. For each sample, the colonies were counted
and normalized to 0.1 g tissue weight or 0.1 ml blood volume.

2.9. Cell preparation

The mudskipper kidney-derived MO/M® were isolated and cultured
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Fig. 1. Multiple alignment of the amino acid se-
quences of mudskipper and related fish NKL se-
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CsNKL NKSPIMLFCILAACSYWSVHGKSQEMN IPBINEEPAEV - - - ELPVEA - KP[ZeL 56 the signal peptide or mature peptide is marked as “|

SsNKL KTSLVMLALSLLACS{YWK I HGHCQEVDPPIJQEVL EAK - -PEKCMEQQT 58 «_Conserved six cysteine residues are marked as “**

OmNKL KTSLVMLALSLLACSYWE | HGQCQEVDLPINQEVL EAK - - P EKRMEQQK[ET 58 : y :

OINKL ESTSV[MLLAVLVIS-YWT ISETG-RVTLPDBENQLEG- - - - - - - s A EG[HXeM 51 Two cysteine residues joined by a solid line represent

CcNKLA LRNIFVSLLVYAVCAAHWE I REVDSAEPQDEEISADG- - - -MPKQQI FNK 56 a disulfide bond. Abbreviations are as follows:

DrNkI LCGIVMLTLLISSACAAHLEMHKEPFPEF[JFEG-SG----EIP-KEQEEEL 54 . .

CINKL LPCILMATLLISSVCAFDMEMHRGNFTERELEQISG- - - - EMAPAQQL 56 BpNKL, mudskipper NKL; TrNKL, tiger puffer NKL;
DINKL, European sea bass NKL; LcNKL, large yellow

SP-B domain croaker NKL; LjNKL, Japanese sea bass NKL; OnNKL,

Nile tilapia NKL; CsNKL, half-smooth tongue sole

BpNKL  NNUEEK | | GNNATA| SIEAKLAKNL LEoxENkHMc vl EENT O EENRG 114 NKL; SsNKL, Atlantic salmon NKL; OmNKL, rainbow

TiNKL  K[RWQ! | 1 GNNSNS[EA | [JAk[lms 1 [qn offeL LER k[T kil v 1 [F34T s PBNRY 17 trout NKL; OINKL, Japanese ricefish NKL; CcNKLI,

DINKL  K{SAIKVMGP NATA[SNMT P K[ML ANZHD offelL LERK[RYK Kk HMG e[ 1 34T 47 1Nk 115 ) .

LcNKL  NLSMAKL L GRNT T Af3s Ve [lv rYZEN fREL Lok k@« cHllc e} (30T Ws YR Y 417 ~ common carp NKL1; DrNkl, zebrafish Nkl; CiNKL,

LjNKL NILI4KS | GPNATALEKL T S K[WK S\ZaN EM[eL LEHKIAYT KH LEELTD%VT 120 grass carp NKL. Accession numbers of these se-

OnNKL  N[Q3KLAGPNPTA[SSL LR K[« AHMG e | [T YT BGYiRY 114 : :

CsNKL  NLQASKAMT QKET Y[FKV R+ k[ 1 T HMD v [F3s yT BRI 116 quences are listed in Table 1.

SsNKL  N[QWRKS I sTSSSP[ETL Mk LMK KHEwvE 1 [330s s YR 118

OmNKL  N[Q8KS | SSSSSPIEL vk GL [« NH{Ewv [l 1 [30s ys PLAY R 118

OINKL  KLATIAAL GNTTKV[EK 1 [{s oL NYE™D K [Ke) MrRE ok K @YA k N[l v{AT 387 47 (R 111

CcNKL1  KAMIAKKLPPNATPDE I [AXKMKNIEDK FKPV S GaMkK Lok Y[®P N1 | D[V E[GP NI 116

DrNkl G[ALRQHISNTATKDD | NQAIDGFWLR NKYMDVTSDRTK 114

CiNKL  G[q3cL I SRTATPSD I [{RA[Ms HI4D E[Re FI{F MR | [@NK Y[Mc vl [F3qs T [RARY 116

* * *
(| |

BpNKL VL -YYNSPAEI FSGDDVDE- - - - 141

TrNKL LEELFQSGFS--SQLEMNEYA- - 145

DINKL MLDLLFYSSDEDSQI EMNEYAWG 147

LcNKL LSELDFESDE-DAHTEMNDLLFE 148

LiNKL EDMVFYQINEEPKI EMTEYP - - 150

OnNKL LE-LLFYAENGGPL IDVKELD- - 143

CsNKL PSHLLFYPNN -« -« -ucnuannx 135

SsNKL VLDLSY - - -cccccncnnnnan.. 133

OmNKL VLDLSY - - - cccmennnaaa.. 133

OINKL LLDLTPLNEE--PFMEVNSIP-- 139

CcNKL1 PPIKEFILVHDQAHDNF - - = « - - - 141

DNkl [ GV[d- - - e 119

CINKL HVGV[g- - cmie i iiii e eas 121

as previously described [28]. Fish kidney leukocyte-enriched fractions
were obtained using Ficoll-Hypaque PREMIUM (1.077 g/ml) (GE
healthcare, Uppsala, Sweden) according to the manufacturer's instruc-
tions. The cells were then seeded in 35-mm dishes at a density of
2 x 107/ml. Non-adherent cells were washed off, and the adherent cells
were incubated in complete medium (RPMI 1640, 5% mudskipper
serum, 5% FBS, 100 U/ml penicillin, 100 pg/ml streptomycin) at 24 °C
with 5% CO,. The purity of the mudskipper MO/M® isolated was
greater than 95% as measured by Wright-Giemsa staining.

2.10. Phagocytosis assay

Phagocytosis of mudskipper MO/M® was performed as previously
described [34]. Briefly, E. tarda in the logarithmic phase of growth were
labeled with fluorescein isothiocyanate (FITC) (Sigma, Saint Louis,
USA) and designated as FITC-E. tarda. Mudskipper kidney-derived MO/
M® were seeded in 35-mm plates (2 X 10%/ml), and were pretreated
with 1.0 pg/ml BpNKLP40 for 8 h and the control group treated with a
same volume of PBS. Later, heat-killed FITC-E. tarda were added to the
medium at a multiplicity of infection (MOI) of 20 and incubated for
another 30 min, after which the cells were washed extensively with
sterile PBS to remove extracellular particles. Trypan blue (0.4%) was
used to quench the fluorescence outside the cell membranes. Finally,
the cells were harvested and resuspended in FACS buffer (PBS, 0.2%
BSA, 0.1% sodium azide). The engulfed bacteria were examined using a
Gallios Flow Cytometer (Beckman Coulter, Miami, USA). Relative mean
fluorescence intensity (MFI) of bacteria engulfed by the cells was ana-
lyzed using FlowJo software. MFI of PBS- or BpNKLP40-treated group
was expressed as a fold-change relative to the MFI of the group without

added bacteria, and the MFI of PBS-treated group was assigned a value
unit of 100. Four independent experiments were performed.

2.11. Bacterial killing assay

Bacterial killing assay for mudskipper MO/M® was performed as
previously described [32]. Briefly, fish MO/M® (2 x 10°/ml) were
pretreated with 1.0 ng/ml BpNKLP40 for 8 h, while the control group
was treated with a same volume of PBS. Subsequently, the cells were
washed with sterile PBS and infected with live E. tarda at an MOI of 10.
Bacterial uptake by MO/M® was allowed to proceed for 30 min at 24 °C
in the atmosphere of 5% CO,, and non-internalized E. tarda were re-
moved by washing extensively with sterile PBS. One set of samples (the
uptake group) was collected and lysed in 1% Triton X-100 solution and
plated onto TSA plates to acquire bacterial uptake values. Another set of
samples (the kill group) was further incubated for 1.5h to allow bac-
terial killing to proceed before cell lysis. After incubation at 28 °C for
18 h, the colonies on the plates were counted. Bacterial survival rate
was determined by dividing the CFU of the kill group by that of the
uptake group. Four independent experiments were performed.

2.12. Cytokine mRNA expression analysis in MO/M®

The mudskipper MO/M® (2 x 10°/ml) were pretreated with
1.0 pg/ml BpNKLP40 for 8 h followed by infection with live E. tarda at
an MOI of 10. The control group received a similar volume of PBS. The
cells were harvested at 4, 8, 12, and 24 h post-treatment, and mRNA
expression level of five cytokines, including TNF-a, IL-1f, IFN-y, IL-10,
and TGF-} was examined by qPCR. The primers used are listed in
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Table 2.

2.13. Statistical analysis

All data are presented as mean *+ SEM. Statistical analysis was
conducted by one-way ANOVA using SPSS version 13.0 (SPSS Inc.,
Chicago, USA). P < 0.05 was considered as statistically significant.

3. Results
3.1. Molecular characterization of BpNKL

cDNA sequence of BpNKL was obtained from the DDBJ/EMBL/
GenBank databases under the accession number XM_020919797. The
sequence possessed an open reading frame (ORF) of 426 nucleotides,
which was predicted to encode a 141 aa polypeptide with a calculated
molecular weight (MW) of 15.54 kDa and an isoelectric point (pI) of
9.77. Sequence analyses revealed that BpNKL possesses a 22 aa N-
terminal signal peptide and a SP-B domain (aa position 45-119), in
which six cysteine residues forming three disulfide bonds (Cys47-
Cys119, Cys50-Cys113, and Cys78-Cys88) (Fig. 1). Multiple alignment
of BpNKL amino acid sequence with other known NKL sequences of fish
revealed that the SP-B domain was highly conserved in teleosts, while
the N- and C-terminus were variable (Fig. 1).

Sequence comparison showed that BpNKL shared the highest aa
identity (55.4%) with tiger puffer NKL. Phylogenetic tree analysis of
complete aa sequences of NKLs showed that fish NKLs grouped together
to form a large cluster distinct from the mammal-bird-reptile cluster
and that BpNKL is most closely related to tiger puffer NKL (Fig. 2).

3.2. Alteration of the BpNKL transcripts in tissues of mudskipper upon E.
tarda infection

The relative mRNA expression levels of BpNKL in various tissues
were detected using qPCR. BpNKL transcripts could be detected in all
the tested tissues of healthy mudskipper, with the highest level detected
in the gill, following by the spleen and kidney (Fig. 3A). Upon E. tarda
infection, BpNKL transcripts rapidly altered in the three immune-re-
lated tissues (the gill, spleen, and kidney) than those in control group
(Fig. 3B-D). In the gill, BpNKL transcript increased 5.64 fold at 4 hpi,
then gradually decreased but was still significantly higher than the
control till 24 hpi (Fig. 3B). In the spleen and kidney, BpNKL transcripts
increased at 4 hpi (spleen: 1.86 fold; kidney: 2.80 fold), reaching a peak
at 8 hpi (spleen: 4.29 fold; kidney: 5.42 fold), and gradually decreasing
to control levels at 12 and 24 hpi (Fig. 3C and D).

3.3. In vitro antibacterial activity of BPNKLP40

The MIC of BpNKLP40 was determined against a panel of bacteria.
BpNKLP40 exhibited a narrow spectrum, displaying antibacterial ac-
tivities against four Gram-negative bacteria, including E. tarda, V.
parahaemolyticus, V. alginolyticus, and V. harveyi, with MIC values of
6.25, 6.25, 12.5, and 50 pg/ml, respectively (Table 3).

3.4. Hydrolysis of gDNA of E. tarda by BpNKLP40

The gDNA of E. tarda was incubated with different concentrations of
BpNKLP40 before being subjected to agarose gel electrophoresis to
determine the effect of different dosages of BpNKLP40 on DNA hy-
drolysis. The gDNA band gradually diminished in intensity with the
increasing amounts of BpNKLP40 added and almost disappeared at the
concentration of 100 pg/ml BpNKLP40 (Fig. 4A). Subsequently, we
determined the effect of BpNKLP40 on the gDNA hydrolysis of live E.
tarda. BpNKLP40 was incubated with E. tarda at a concentration of
100 pg/ml for various time-periods, and the gDNA was extracted before
being subjected to electrophoresis. Results showed that treatment with
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Fig. 2. Phylogenetic (Neighbor-joining) analysis of complete amino acid se-
quences of NKLs using the MEGA6.0 program. The values at the forks indicate
the percentage of trees in which this grouping occurred after bootstrapping
(1000 replicates; shown only when the values were > 60%). The scale bar
shows the number of substitutions per base. The sequences used in the analysis
are listed in Table 1.

BpNKLP40 caused degradation of the intracellular gDNA in a time-de-
pendent manner, whereas treatment with BSA had no apparent effect
(Fig. 4B).

3.5. Effect of BPNKLP40 treatment on the survival of E. tarda-infected
mudskipper

Survival analysis was conducted to investigate the in vivo effect of
BpNKLP40 on mudskipper against E. tarda infection. Fish without
BpNKLP40 treatment or with 0.1 pg/g of BpNKLP40 treatment died by
day 7, while fish treated with 1.0 or 10.0 pg/g BpNKLP40 achieved
survival rates of 31.3% or 18.5%, respectively, on day 7 (Fig. 5). Sta-
tistically significant difference was observed between the saline- and
1.0 pg/g BpNKLP40-treated groups (Fig. 5).

3.6. Effect of BPNKLP40 on bacterial load in tissues of E. tarda-infected
mudskipper

Bacterial load was evaluated in the immune tissues and blood of E.
tarda-infected mudskipper following treatment with 1.0ug/g
BpNKLP40. The BpNKLP40-treated group showed a significant reduc-
tion of E. tarda load in the liver, spleen, kidney, and blood compared
with that of the saline-treated group (Fig. 6).
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Fig. 3. mRNA expression analysis of BpNKL in healthy mudskipper and
mudskipper challenged with E. tarda. (A) BpNKL mRNA expression levels re-
lative to that of 18S rRNA were calculated using the 2~ 4" method. Sk: skin, B:
brain, L: liver, M: muscle, H: heart, I: intestine, K: kidney, Sp: spleen, and G: gill.
Values denoted by different letters are significantly different when compared by
ANOVA (P < 0.05). (B-D) BpNKL mRNA expression levels relative to that of
18S rRNA were calculated using the 2~ 22T method. Tissues were collected at
different time-points after bacterial infection. Data are expressed as
mean * SEM of the results from four fish. *P < 0.05.

3.7. Effect of BPNKLP40 on phagocytosis and bacterial killing activity of
MO/MD

MO/M® play a pivotal role in the immune responses of fish against
invasion by most pathogens, and phagocytosis and intracellular bac-
terial killing are the main biological functions of MO/M® [35]. Con-
sequently, we further investigated the effect of BpNKLP40 on these
functions in mudskipper MO/M®. After BpNKLP40 treatment, no sig-
nificant effect was seen on the phagocytosis of FITC-E. tarda by MO/M®
compared to that on PBS-treated control (Fig. 7A and B), suggesting
that BpNKLP40 had no effect on the phagocytic function of MO/M®. As
an intracellular bacterium, during evolution, E. tarda has learned stra-
tegies to counter-balance the host's immune defense mechanisms, in
order to secure survival or multiplication inside MO/M®. We found
that the survival rate of E. tarda (44.33 * 6.87%) in BpNKLP40-treated
mudskipper MO/M® was significantly lower than that in the PBS group
(79.98 + 9.38%) (Fig. 7C and D), suggesting that treatment with
1.0 pg/ml BpNKLP40 could efficiently inhibit the survival of E. tarda in
MO/M®.

Table 3
MIC values of BpNKLP40 against bacteria.
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3.8. Effect of BPNKLP40 on the mRNA expression of BpTNF-a, BpIL-1f,
BpIFN-v, BpIL-10, and BpTGF- in MO/M® following E. tarda infection

MO/M® are a major source of many cytokines involved in immune
responses of fish. We therefore investigated the effect of BpNKLP40 on
mRNA expression of some cytokines in mudskipper MO/M® following
E. tarda infection. When mudskipper MO/M® were treated with 1.0 pug/
ml BpNKLP40, the mRNA expression of BpTNF-a, BpIL-1f, and BpIFN-y
(pro-inflammatory cytokines) were significantly upregulated at all the
tested time-points, while that of BpIL-10 and BpTGF-f (anti-in-
flammatory cytokines) showed a tendency towards downregulation
(Fig. 8).

4. Discussion

NKL, an important HDP, has been demonstrated to possess broad-
spectrum antimicrobial properties and immunomodulatory activities
[8,11,12]. NKL isoforms have been reported in some fish, such as large
yellow croaker, channel catfish, and zebrafish [15,21,36]. In this study,
the ¢cDNA sequence for a putative NKL gene was characterized in
mudskipper by genome analysis. The predicted aa sequence had the
prominent characteristics of NKL. BpNKL shares the highest aa identity
(up to 55.4%) with tiger puffer NKL. Phylogenetic tree analysis showed
that BpNKL grouped with other known fish NKLs and was most closely
related to tiger puffer NKL. The high conservation of the protein sug-
gests that this molecule plays an important role in the evolution of
vertebrates.

NKL displays constitutive expression in most fish tissues, mainly in
the gills, spleen, head kidney, and trunk kidney
[15,17,21,23,31,36,37]. The mRNA expression of NKL in fish could be
induced by pathogenic infections, such as bacteria, parasites, or viruses
[15,17,21,23,37]. However, the alteration of NKL expression was quite
variable between fish species or between different isoforms. For ex-
ample, NKL1 transcript in the head kidney was downregulated at 6 h
post Cryptocaryon irritans infection; but no significant change of NKL2
transcript was observed at 6 hpi [21,23]. In the present study, BpNKL
transcript was constitutively expressed in all the tested tissues of
healthy mudskipper with higher levels detected in the gill, spleen, and
kidney, which were similar to those reported previously in other tele-
osts. Upon E. tarda infection, BpNKL transcript in the gill, spleen, and
kidney were immediately and significantly upregulated, suggesting that
BpNKL is involved in the early immune response of mudskipper against
E. tarda.

Some studies have reported that mature peptides of fish NKLs act to
directly kill various types of microorganisms in vitro [16,17,21,23,31].
Japanese flounder NKL could effectively inhibit the growth of gram-
negative bacteria, including E. coli, Klebsiella pneumoniae, Pseudomonas
aeruginosa, and Photobacterium damselae subsp. piscicida [31]. Both the

Bacteria Strains Culture temperature BpNKLP40 MIC (ug/ml) Kanamycin MIC (ug/ml)
Gram-positive bacteria

Streptococcus iniae ATCC29178 28°C - 6.25
Listeria monocytogenes ATCC19115 37°C - 1.563
Staphylococcus aureus ATCC6538 37°C - 125
Gram-negative bacteria

Edwardsiella tarda Et-CD 28°C 6.25 25
Aeromonas hydrophila ATCC7966 28°C - 6.25
Escherichia coli DH5a K12 37°C - 50
Vibrio harveyi ATCC33866 28°C 50 1.563
Vibrio anguillarum ATCC19264 28°C - 25
Vibrio parahaemolyticus ATCC33847 28°C 6.25 50
Vibrio alginolyticus ATCC 17749 28°C 12,5 25
Vibrio vulnificus ATCC 279562 28°C - 25

“-“: no inhibition detected at 100 pg/ml.
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Fig. 5. Effects of BpNKLP40 treatment on the survival rate of E. tarda-infected
mudskipper. The fish were intraperitoneally injected with equal volumes of
saline, 0.1, 1.0, and 10.0 pg/g BpNKLP40 at 30 min after E. tarda infection, and
mortality was monitored daily for 7 days (n = 16). *P < 0.05.
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Fig. 6. Effect of BpNKLP40 treatment on bacterial load in tissues of E. tarda-
infected mudskipper. Each fish was first injected intraperitoneally with
1.0 x 10* CFU of E. tarda before being injected with an equal volume of either
saline or 1.0 ug/g BpNKLP40 after 30 min. The mudskippers were euthanized
24 h later; the liver, spleen, kidney, and blood were collected and homogenized
before culturing on TSA plates. CFUs were normalized to 0.1 ml of blood and
0.1 g tissue weight (for the liver, spleen, and kidney). Data represent the bac-
terial load in the liver, spleen, kidney, and blood (n = 6). *P < 0.05.
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Fig. 4. Hydrolytic activity of BpNKLP40 on E. tarda
gDNA. (A) Various concentrations of BpNKLP40
were incubated with 800 ng gDNA of E. tarda at room

BpNKLP40
(100 pg/ml)

262

2h 4h temperature for 30 min before subjecting the gDNA
to electrophoresis using a 1.0% agarose gel. (B) Live
E. tarda were incubated with 100 ug/ml BpNKLP40
for 0, 1, 2, 4, and 6 h or with a same volume of BSA
for 6 h before subjecting the gDNA to electrophoresis

using a 1.0% agarose gel.
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Fig. 7. Effect of BpNKLP40 treatment on the phagocytosis and bacterial killing
activity of mudskipper MO/M®. (A and B) Effect of BpNKLP40 on the phago-
cytosis of FITC-E. tarda by mudskipper MO/M®. MO/M® were pretreated with
PBS or 1.0 ug/ml BpNKLP40 for 8 h. FITC-E. tarda was added at an MOI of 20
and incubated for additional 30 min. Phagocytosis of FITC-E. tarda was de-
termined using flow cytometric analysis. Mean fluorescent intensity (MFI) was
presented as fold-change relative to the PBS-treated group, which was assigned
a value of 100. (C and D) Effect of BpNKLP40 on the bacterial killing activity of
E. tarda by mudskipper MO/M®. MO/M® were pretreated with PBS or 1.0 ug/
ml BpNKLP40 for 8 h before live E. tarda were added at an MOI of 10. Bacterial
phagocytosis was allowed to proceed for 30 min and the samples of the kill
group were further incubated for 1.5 h to allow the killing of bacteria. The
histograms represent the effect of BpNKLP40 on the survival of bacteria in
mudskipper MO/M®. Data are expressed as mean * SEM (n = 4). *P < 0.05.

NKL1 and NKL2 of large yellow croaker exhibited antibacterial activity
against S. aureus, E. coli, and V. harveyi [21,23]. In this study,
BpNKLP40 demonstrated antibacterial activity against four Gram-ne-
gative bacteria, including E. tarda, V. harveyi, V. parahaemolyticus, and
V. alginolyticus. Moreover, the MIC of BpNKLP40 for E. tarda and V.
parahaemolyticus was extremely low. This result suggested that
BpNKLP40 was highly efficacious in eliminating such bacteria. Several
HDPs not only carry out their functions by perturbing the bacterial cell
membrane [38] but also enter the cytoplasm of target microbes to exert
antimicrobial activity by interacting with microbial nucleic acids and
other target factors, thus causing cell death [13,39,40]. For example,
half-smooth tongue sole NKLP27 destroyed cell membrane integrity,
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penetrated into the cytoplasm, and induced the degradation of gDNA
[22]. Our study revealed that BpNKLP40 had a hydrolytic effect on E.
tarda gDNA, which is consistent with previous reports. Therefore, our
study suggests that BpNKL may play a pivotal role in killing the invasive
E. tarda. Furthermore, BpNKLP40 had a stronger effect against E. tarda,
V. parahaemolyticus, and V. alginolyticus compared to commercial anti-
biotics (kanamycin), suggesting the potential use of the fish-derived
HDP to improve disease resistance in fish.

NKLs have been reported to contribute to immunity against patho-
genic microorganisms in fish [14,18,22,24] Both NKL1 overexpression
and intraperitoneal administration of NKLP27 in vivo decreased the
microbial burden in the kidney and spleen of half-smooth tongue sole
upon V. anguillarum or megalocytivirus RBIV-C1 infections [14,22].
NKL overexpression in vivo significantly increased the survival rate of
Nile tilapia upon S. agalactiae infection and decreased the bacterial
burden in the spleen [18]. Moreover, intraperitoneal injection of a
synthetic peptide, Nk171-100, a short peptide containing the active core
of turbot NKL, significantly increased the survival rate of Philasterides
dicentrarchi-infected turbot and decreased the parasite burden in the
peritoneum [24]. In our study, we found that the mudskipper, in-
traperitoneally injected with 1.0ug/g BpNKLP40, showed a sig-
nificantly higher survival rate (31.3%) than that in fish treated with
saline, while 0.1 ug/g or 10.0 ug/g BpNKLP40 treatment had no sig-
nificant effect (0%,18.5%, respectively) on the fish survival. In a pre-
vious report, the higher concentration of 300 ug/ml cNK-2 had a sig-
nificant cytotoxic effect on chicken HDI11cells, but the lower
concentrations (10, 20, 50, and 100 pg/ml) displayed no obvious effect
in the cell viability [8]. Therefore, the cytotoxic effect of 10 ug/g of
BpNKLP40 may be the cause of the lower protective effect against E.
tarda -infection compared with 1pug/g of BpNKLP40. The effect of
1.0 ug/g BpNKLP40 on the fish survival rate was accompanied by a
decline in the bacterial burden of tissues and blood, which concurred
with some previous reports. This result illustrated that BpNKL improved
the outcome of mudskipper upon E. tarda infection.

MO/M® in vertebrates are important components of the mono-
nuclear phagocytic system and play diverse roles during infection, in-
flammation, and tissue injury and repair [41]. In addition to the direct
bactericidal ability of NKLs, NKLs may also have regulatory effects of on
immune cells such as MO/M®. A recent study showed that cNK-2, a
chicken NKL derived peptide, induced the expression of CCL4, CCL5
and IL-1f3 in chicken HD11 and CCL4 and CCL5 in primary monocytes
[8]. In the present study, the effect of BpNKLP40 on phagocytosis,
bacterial killing, and cytokine mRNA expression of mudskipper MO/
M® were investigated. We found that 1.0 ug/ml of BpNKLP40 treat-
ment had no significant effect on the phagocytosis of FITC-E. tarda by
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I PBS Fig. 8. Effect of BpNKLP40 on the mRNA expression of
™ 1.0 ug/ml BpPNKLP40  some cytokines in mudskipper MO/M® challenged with
IFN-y E. tarda. MO/M® were pretreated with 1.0pug/ml

BpNKLP40 for 8h before being infected with live E.
tarda at an MOI of 10. mRNA expression of BpTNF-a
(A), BpIL-1p (B), BpIFN-y (C), BpIL-10 (D), and BpTGF-f3
(E) were analyzed by qPCR at 4, 8, 12, and 24 hpi.
Transcript levels of cytokines at different time-points
were normalized to that of Bp18S rRNA. Data are ex-
pressed as mean *= SEM (n = 4). *P < 0.05.

mudskipper MO/M®; however, it enhanced the bacteria-killing ability
of mudskipper MO/M®. BpNKLP40 treatment rapidly upregulated the
mRNA expression of pro-inflammatory cytokines (BpIL-1f3, BpTNF-a,
and BpIFN-y) and downregulated the mRNA expression of anti-in-
flammatory cytokines (BpIL-10 and BpTGF-f3) in mudskipper MO/M®
upon E. tarda stimulation. The effect induced by BpNKLP40 during E.
tarda infection in MO/M® (increase of pro-inflammatory but inhibition
of anti-inflammatory cytokines) seems to be that corresponding to a
macrophage polarization toward an M1 profile. Human granulysin had
been reported to present a similar effect in T helper (Th) cell popula-
tions, with the increasing levels of pro-inflammatory cytokines such as
IL-6, IL-8, TNF-a, and IL-12 after granulysin treatment [42]. These re-
sults suggest that BpNKL exerts a pro-inflammatory effect on muds-
kipper MO/M®.

In summary, we characterized and investigated the antimicrobial
and immunomodulatory properties of an NKL homolog from muds-
kipper. mRNA expression of BpNKL was upregulated in mudskipper
tissues upon E. tarda infection. Treatment with suitable concentration
of a synthetic peptide, BpNKLP40, effectively decreased the tissue
bacterial burden of mudskipper infected by E. tarda and improved
survival of the diseased fish. BPNKLP40 demonstrated not only a direct
antibacterial activity against some gram-negative bacteria, such as E.
tarda, but also enhanced the killing of E. tarda and induced mRNA
expression of pro-inflammatory cytokines in MO/M®. However, further
investigations are needed to verify the underlying mechanisms that
account for the immunomodulatory activity of BpNKL.
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