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ARTICLE INFO ABSTRACT

Keywords: Neuropeptide (NP) F is a homolog of vertebrate neuropeptide Y, and mounting evidence suggests that it may play
Neuropeptide FII (SpNPFII) a role in innate immunity in addition to its function in invertebrate neurobiology. However, so far, there have
Sp-NPFin

been few reports on the immunological properties of crustacean NPs. Here, we cloned a neuropeptide FII gene,
naming it SpNPFIL, from the mud crab Scylla paramamosain. The full-length cDNA sequence of SpNPFII was 551
bp, encoding 124 amino acids. Structural prediction suggested that the SpNPFII mature peptide mainly formed
an o-helix. SpNPFII was predominately expressed in male crab gonadal tissues, with the highest expression in the
anterior vas deferens and seminal vesicle. The expression level of SpNPFII changed significantly under challenge
by lipopolysaccharide (LPS) or Vibrio alginolyticus. After bioinformatic analysis, a truncated 45-amino acid
peptide derived from SpNPFII and having potent antimicrobial activity was identified and named Sp-NPFin. Sp-
NPFin exerted strong, broad-spectrum antibacterial (minimum inhibitory concentration [MIC] ranged from 1.5
to 12 pM) and antimildew activity (MIC ranged from 1.5 to 48 pM), a low fungicidal concentration (e.g., min-
imum bactericidal concentration [MBC] for Fusarium oxysporum was 1.5 to 3 pM) and rapid bactericidal kinetic
(killed all bacteria within 1 to 6 h). Sp-NPFin could bind to several microbial surface components (e.g LPS,
lipoteichoic acid, peptidoglycan and glucan), and induce significant damage to microbial membranes and cause
leakage of cell contents in a concentration-dependent manner. Confocal microscopy indicated that Sp-NPFin was
localized at microbial surfaces. In addition, Sp-NPFin exhibited no cytotoxicity to primary cultured crab he-
mocytes and mammalian cells, and in vivo study demonstrated that it could significantly improve the survival
rate of S. paramamosain under the challenge of V. alginolyticus. Taken together, SpNPFII might play a role in the
immune system of S. paramamosain, and its truncated peptide, Sp-NPFin, would be a promising antibacterial and
antimildew agent with broad application prospects in the fields of aquaculture, veterinary practices and
medicine.

Scylla paramamosain
Antimicrobial activity
Antimildew activity

1. Introduction

Neuropeptides (NPs) are a class of endogenous peptides synthesized
and released by neurons, and are involved in a variety of physiological
processes (Merighi, 2011). The first NP to be identified, substance P, was
discovered in 1931 but not reported until 1971 (Chang et al., 1971). As
one of the most complete NP databases, NeuroPep (http://isyslab.inf
o/NeuroPep/home.jsp) has collected 5949 non-redundant NPs from

493 organisms in 65 neuropeptide families, mainly from the allatostatin
family, Gastrin family, endogenous opioid peptide family, tachykinin
family and neuropeptide Y (NPY) family. Over the past decades, studies
have confirmed that NPs are widely distributed and play roles in almost
all aspects of daily life, including but not limited to reproduction,
feeding, ageing, learning, and memory (Jenwitheesuk et al., 2017;
Matsuda et al., 2015; Nassel and Zandawala, 2019; Shao et al., 2016;
Sharma et al.,, 2018). In addition, considerable evidences supports
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bidirectional crosstalk between the neuroendocrine system and the im-
mune system, suggesting that NPs may regulate immune responses at
different levels as pleiotropic modulators (Augustyniak et al., 2012;
Brogden et al., 2005; Delgado and Ganea, 2008; Metz-Boutigue et al.,
2003; Nguyen et al., 2002).

The neuropeptide Y family is one of the most widely studied NP
families, including NPY, peptide YY (PYY), and pancreatic polypeptide
(PP) in vertebrates, and neuropeptide F (NPF) in invertebrates (Takei,
2016). Studies have shown that these peptides, especially NPY, play
pivotal roles in many physiological and pathophysiological processes
(Augustyniak et al., 2012; Botelho and Cavadas, 2015; Brogden et al.,
2005; Duarte-Neves et al., 2016; Ramos et al., 2005; Reichmann and
Holzer, 2015). There is growing evidence that NPY is involved in
mediating the inflammatory response of intestinal physiology, Parkin-
son’s disease (PD) and asthma (Lu et al., 2015; Pain et al., 2019; Sanz
and Aidy, 2019). In a mouse model of polytropic retrovirus infection,
NPY reduces retrovirus-induced neurological disease by suppressing the
recruitment of monocytes into the brain (Woods et al., 2016). Addi-
tionally, NPY could increase phagocytosis of Candida albicans by murine
peritoneal phagocytes (Bedoui et al., 2007). Finally, studies have re-
ported direct antimicrobial activities of NPY against Escherichia coli,
Cryptococcus neoformans and Arthroderma simii, with a minimal inhibi-
tory concentration (MIC) value less than 10 pM (Augustyniak et al.,
2012). All these studies point to the significant role of NPY in the innate
immunity of vertebrates.

NPF is a homolog of NPY in invertebrates. The first NPF was iden-
tified in the tapeworm Monieza expansa (Maule et al., 1991), and sub-
sequently characterized in many other invertebrates (Nassel and
Wegener, 2011). The most extensively studied functions of NPF in
Drosophila include foraging, feeding and motivation, ethanol sensitivity,
stress response (e.g., nociception, aggression, reproduction, clock func-
tion and learning) (Nassel and Wegener, 2011). However, there are few
reports on NPF in crustaceans. In Pacific white shrimp (Litopenaeus
vannamei), NPF was shown to regulate feeding and food intake (Christie
et al., 2011). In female freshwater prawns (Macrobrachium rosenbergii),
NPF could affect ovarian maturation and spawning (Tinikul et al.,
2017). In the mud crab Scylla paramamosain, NPF, along with other NPs,
was first discovered by a large-scale RNA sequencing of female crab
cerebral ganglia. The expression level of NPF was significantly up-
regulated at the early vitellogenic stage, but down-regulated at the
late vitellogenic stage compared to the pre-vitellogenic stage, indicating
the role of NPF in ovarian maturation (Bao et al., 2015). However, there
are no additional reports on its function, let alone its role in innate
immunity. The question of whether the NPF in S. paramamosain, like
other vertebrate NPY family members, also function as a pleiotropic
modulator in the immune response, has attracted us to further explore
this topic.

In this study, based on the transcriptome database of
S. paramamosain established by our laboratory, the full-length cDNA
sequence of the NPFII gene was cloned and named SpNPFIL. The
expression profiles of SpNPFII in S. paramamosain under LPS or Vibrio
alginolyticus challenges were investigated. Based on bioinformatic
analysis of SpNPFII, we chemically synthesized a truncated peptide
derived from SpNPFII, named Sp-NPFin, and determined its antimicro-
bial activity in vitro. Following the antimicrobial activity assay, scanning
electron microscopy (SEM), transmission electron microscopy (TEM),
confocal laser scanning microscopy (CLSM) observations and microbial
surface components binding assays were employed to investigate the
antimicrobial activity of Sp-NPFin on various microorganisms in vitro.
Moreover, the in vivo protective activity of Sp-NPFin was further eval-
uated using V. alginolyticus infected S. paramamosain.
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2. Materials and methods
2.1. Microorganism strains and reagents

The strains, including Staphylococcus aureus (CGMCC1.2465),
S. epidermidis (CGMCC1.4260), Escherichia coli (CGMCC1.2389), Pseu-
domonas aeruginosa (CGMCC1.2421), V. harveyi (CGMCC1.1593),
V. fluvialis (CGMCC1.1609), V. alginolyticus (CGMCC1.1833),
V. parahaemolyticus (ATCC®33846), C. neoformans (CGMCC2.1563),
C. albicans (CGMCC2.2411), P. stutzeri (CGMCC1.1803), P. fluorescens
(CGMCC1.3202), Shigella flexneri (CGMCC1.1868), Bacillus subtilis
(CGMCC1.3358), Corynebacterium glutamicum (CGMCC1.1886), Fusa-
rium oxysporum (CGMCC3.6785), F. solani (CGMCC3.584), Aspergillus
niger (CGMCC3.316), A. fumigatus (CGMCC3.5835), and A. ochraceus
(CGMCC3.583) were purchased from CGMCC (China General Microbi-
ological Culture Collection Center, Beijing, China). Pichia pastoris
(GS115) was purchased from Invitrogen (Thermo Fisher Scientific, USA).
Multi-drug resistant bacteria strains isolated from clinical samples,
including Acinetobacter baumannii QZ18050, Klebsiella pneumoniae
QZ18107, E. coli QZ18109, P. aeruginosa QZ19125, Enterococcus faecium
QZ19080 and S. aureus QZ18090 were kindly provided by the 2nd
Affiliated Hospital of Fujian Medical University (Quanzhou, Fujian,
China). Yeasts were cultured in Yeast Extract Peptone Dextrose (OXOID,
UK) agar at 28 °C, vibrios were cultured in Marine Broth 2216 Medium
agar (BD DIFCO, USA) at 28 °C, and other strains were cultured in
nutrient broth medium (OXOID, UK) agar at 37 °C. L02 (HL-7702) and
HEK293T (ATCC ® CRL-3216) were purchased from the Chinese Acad-
emy of Sciences (Shanghai, China). Lipopolysaccharides (LPS) from
E. coli 055: B4, lipoteichoic acid (LTA) from Bacillus subtilis, peptido-
glycan (PGN) from B. subtilis and glucan from baker’s yeast were pur-
chased from Merck, Germany. Mouse anti-His antibody, Goat Anti-
Rabbit IgG Antibody conjugated with horseradish peroxidase were pur-
chased from Beijing Zhongshan Jingiao Biotechnology Co., Ltd., China.
Goat anti-Rabbit IgG (H + L) secondary antibody (Dylight 650) and 4’,6-
diamidino-2-phenylindole dihydrochloride (DAPI) were purchased from
Thermo Fisher Scientific Co. CellTiter 96™ AQueous One Solution Cell
Proliferation Assay Kit, were obtained from Promega Co.

2.2. Animals, challenge and tissue collection

Mud crabs (S. paramamosain) were purchased from the Zhangpu Fish
Farm (Fujian, China), and were allowed to acclimate for 3 days before
experiments. Before sampling, the crabs were anesthetized by ice-
bathing for 15 min, and all efforts were made to minimize their
suffering. Tissues were dissected using sterile tools, and flash frozen in
liquid nitrogen and stored at —80 °C until use. All animal experiments
were carried out in strict accordance with the guidelines of Xiamen
University. To investigate the natural in vivo expression profile of
SpNPFII, healthy male and female adult mud crabs (bodyweight 300 +
30 g, n = 3) were dissected, and tissues including testis, anterior vas
deferens, seminal vesicle, posterior vas deferens, ejaculatory duct, pos-
terior ejaculatory duct, penis, ovary, spermathecae, reproductive duct,
muscle, thoracic ganglion, gills, brain, midgut, subcuticular epidermis,
eye stalk, heart, hepatopancreas and stomach were collected. Hemo-
cytes were isolated from the hemolymph as described previously (Chen
et al,, 2010). For the LPS-challenge experiment, adult male crabs
(bodyweight 300 + 30 g, n = 5) were injected with LPS (prepared in crab
saline: NaCl, 496 mM; KCl, 9.52 mM; MgSQOy4, 12.8 mM; CaCly, 16.2 mM;
MgCly, 0.84 mM; NaHCOs3, 5.95 mM; HEPES, 20 mM; pH 7.4) at a
dosage of 0.5 mg kg~!. For the V. alginolyticus challenge experiment,
male crabs (body weight 300 + 30 g, n = 5) were injected with
V. alginolyticus (1 x 10° CFU crab’l). Crabs injected with crab saline
were set up as the control group. Tissue samples (testes and hepato-
pancreas) were collected at 3, 6, 12, 24 and 48 h post-injection.
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2.3. c¢DNA cloning and bioinformatics analysis

Following the manufacturer’s instructions, total RNA of testes was
extracted using TRIzol™ reagent (Invitrogen, USA) and cDNA was
generated using a PrimeScript™ RT reagent Kit with a gDNA Eraser Kit
(Takara, China). The cDNA templates for 5'- and 3'- random amplifica-
tion of cDNA ends (RACE) PCR were synthesized using a SMARTer®
RACE 5'/3' Kit (Takara, China). Gene-specific primers were designed
based on the partial sequences obtained from the transcriptome data-
base established by our laboratory (Table 1). The amplified fragments
were cloned into the pMD18-T Vector (Takara, China) and sequenced by
Borui biotechnology Ltd. (Xiamen, China). The homology and similarity
of the SpNPFII cDNA sequence was analyzed using an online tool from
the National Center for Biotechnology Information (NCBI, https://www.
ncbi.nlm.nih.gov/). The signal peptide and functional domain were
predicted with SignalP 4.1 Server (http://www.cbs.dtu.dk/services
/SignalP/) and SMART (http://smart.embl-heidelberg.de/) respec-
tively. The theoretical isoelectric point and molecular weight were
calculated using online software (https://web.expasy.org/compute_p
i/). The protein structure was predicted and modeled by I-TASSER
(https://zhanglab.ccmb.med.umich.edu/I-TASSER/). Multiple
sequence alignment was performed using Clustal X 2.1 Software. A
neighbor-joining phylogenetic tree was constructed with MEGAS.0, and
1000 bootstraps were selected to evaluate its reliability. The pro-
hormone convertase cleavage site was predicted by NeuroPred (http
://neuroproteomics.scs.illinois.edu/neuropred.htm).

2.4. Quantitative real-time PCR

Total RNA was extracted and cDNA was generated as described
above. Quantitative real-time PCR (qPCR) was performed on a Light-
Cycler480 (Roche Diagnostics) using FastStart DNA Master SYBR Green
I (Roche Diagnostics). The tissue distribution of the SpNPFII transcript
was detected by absolute qPCR assay, and the responses of the SpNPFII
gene to different stimuli were measured by relative qPCR. For the
relative qPCR assay, Sp-GAPDH (GenBank accession number:
JX268543.1) was chosen as the reference gene and quantified to
normalize the SpNPFII expression. The primer sequences are listed in
Table 1. The qPCR cycling condition was set as follows: an initial
denaturing step at 95 °C for 5 min, and 40 cycles at 95 °C for 30 s, 60 °C
for 30 s and 72 °C for 1 min. Data were analyzed using the algorithm of
the 2"22¢t method (Livak and Schmittgen, 2001).

2.5. Design and synthesis of Sp-NPFin

The amino acid sequence of SpNPFII was subjected to SMART

Table 1
Primer sequences.
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analysis (http://smart.embl.de/). The results indicated that the
sequence contained a pancreatic hormones (PAH) domain. The sequence
was further subjected to the CAMP-R3 server (http://www.camp.
bicnirrh.res.in/) to predict fragments (containing the previously pre-
dicted PAH domain) that potentially have antimicrobial activity. The
predicted sequences were synthesized using solid-phase chemical syn-
theses by GL Biochem Ltd. (Shanghai, China), and subjected for anti-
microbial activity evaluation. A truncated 45-amino acid peptide with
the best antimicrobial activity was selected and named as Sp-NPFin. The
purity of synthesized Sp-NPFin was over 95%. The synthetic peptide was
stored at —80 °C and dissolved in sterile deionized water prior to use.

2.6. Polyclonal antibody preparation

The amino acid sequence of SpNPFII was subjected to the Optimum
Antigen design tool for antigen site prediction. Synthesis of the selected
antigen site (CIYSHMTRPRFGKRS), and preparation and quality in-
spection of the antibody were performed by GenScript (NJ, CHN).

2.7. Antimicrobial assay

Microorganisms (as listed in Table 2) were harvested during their
logarithmic growth phase, washed with 10 mM Dulbecco’s phosphate
buffered saline (DPBS, pH 7.4) and adjusted to 3.3 x 10* CFU mL !
(bacteria and yeasts) or 5 x 10* CFU mL™! (mycotic spores) before
incubating with serial diluted Sp-NPFin. The minimum inhibitory con-
centration (MIC) and minimum bactericidal concentration (MBC) of Sp-
NPFin were determined in triplicate on separated occasions following a
liquid growth inhibition assay protocol described previously (Liu et al.,
2017).

2.8. Time-killing kinetic

The Gram-positive bacteria S. aureus and Gram-negative bacteria
P. aeruginosa were subjected to the previously described time-killing
study. Briefly, Sp-NPFin was incubated with bacteria (3.3 x 10* CFU
mL 1) at concentrations of 24 puM (for S. aureus) and 12 pM (for
P. aeruginosa). The cultures were sampled, diluted and plated at various
time points post incubation. The plates were incubated at 37 °C for 18 to
24 h. The total viable count (TVC) was obtained with the standard plate
count for bacterial colonies to estimate the population of live microbial
load. Killing efficiency was determined following previously published
methods (Chen et al., 2010; Liu et al., 2017). The experiments were
performed in triplicate.

Primers Accession No.

Sequence (5'-3")

SpNPFII-ORF-F
SpNPFII-ORF-R
SpNPFII-5'-R1
SpNPFII-5'-R2
SpNPFII-5'-R3
SpNPFII-3'-F1
SpNPFII-3'-F2
SpNPFII-3'-F3

SpNPFII (MN735439)

Long primer Provided by SMARTer™ RACE cDNA Amplification Kit
Short primer

NUP

M13-47F Universal sequencing primers for pMD18-T vector (TaKaRa)
M13-48R

SpNPFII -qPCR-F
SpNPFII -qPCR-R
GAPDH-qPCR-F
GAPDH-qPCR-R

GADPH (JX268543.1)

ATGTGCCGCCAGCTCCTGACAGCTC
TCACCGCCTCCTTGCCAGTGTCTCC
TTGCCAGTGTCTCCAGCAGC
CGCGGTCTGGTCATGTGTGA
TGGGGTCTGGTTTGCCCTCT
GGGCAAACCAGACCCCACTC
ACATGACCAGACCGCGCTTC
GGAGGCAAGTGAGAGGCTGC
CTAATACGACTCACTATAGGGCAAGCAGTGGTATCAACGCAGAGT
CTAATACGACTCACTATAGGGC
AAGCAGTGGTATCAACGCAGAGT
CGCCAGGGTTTTCCCAGTCACGAC
AGCGGATAACAATTTCACACAGGA
TCCCCGGTTTCCCGACCCAG
ACCAGGAGGCAGCACCGTCT
CTCCACTGGTGCCGCTAAGGCTGTA
CAAGTCAGGTCAACCACGGACACAT
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Table 2
Antimicrobial activity of Sp-NPFin.a, b
Microorganisms CGMCC No.»  MIC (sM)®  MBC (uM)°
Gram-negative bacteria
Escherichia coli 1.2389 3-6 6-12
Pseudomonas aeruginosa 1.2421 6-12 6-12
Pseudomonas stutzeri 1.1803 <15 3-6
Pseudomonas fluorescens 1.3202 1.5-3 3-6
Shigella flexneri 1.1868 3-6 3-6
Gram-positive bacteria
Bacillus subtilis 1.3358 1.5-3 1.5-3
Corynebacterium glutamicum 1.1886 1.5-3 1.5-3
Staphylococcus aureus 1.2465 6-12 12-24
Fungi
Fusarium oxysporum 3.6785 1.5-3 1.5-3
Fusarium solani 3.584 3-6 3-6
Aspergillus niger 3.316 3-6 6-12
Aspergillus fumigatus 3.5835 3-6 >48
Aspergillus ochraceus 3.583 24-48 >48
Multi-drug resistant bacteria
Acientobacter baumannii QZ18050 - 1.5-3 3-6
Klebsiella pneumoniae QZ18107 - 1.5-3 1.5-3
Escherichia coli QZ18109 - 3-6 6-12
Pseudomonas aeruginosa QZ19125 - 12-24 12-24
Enterococcus faecium QZ18080 - 3-6 6-12
Staphylococcus aureus QZ18090 - 24-48 24-48

# CGMCC No., China General Microbiological Culture Collection Number.

b The MIC and MBC values are presented as the interval [A]-[B]: [A] is the
highest concentration tested with visible microbial growth, while [B] is the
lowest concentration without visible microbial growth (n = 3).

2.9. Binding assays

To determine the binding properties of Sp-NPFin to LPS, LTA, PGN
and glucan, a modified enzyme-linked immune sorbent assay (ELISA)
was performed following prior method descriptions (Liu et al., 2017).
Briefly, a 96-well ELISA plate was coated with LPS, LTA, PGN and glucan
(2 pg), blocked with 5% skim milk (prepared in PBS), and incubated
with serial dilutions of Sp-NPFin (0 to 80 pg mL™!, prepared in PBS).
Bound peptides were detected by incubation with Mouse anti-His anti-
body (1:3000, prepared in 1% skim milk) followed by Goat Anti-Rabbit
IgG Antibody conjugated with horseradish peroxidase (1:5000, prepared
in 1% skim milk). After colorimetric reaction, the absorbance at 450 nm
was measured using a microplate reader (TECAN GENios). Experiments
were carried out in triplicate, and the apparent dissociation constant
(Kq) was generated by Scatchard plot analysis.

2.10. Sp-NPFin localization assay

S. aureus, P. aeruginosa (5 x 107 CFU mL™Y) and mycotic spores
F. oxysporum and A. niger (2.5 x 10% CFU mL™!) were prepared as
described for the antimicrobial assays. Sp-NPFin was incubated with the
microbial suspensions (24 uM for S. aureus, 12 pM for P. aeruginosa, and
24 pM for A. niger, 6 pM for F. oxysporum). Microbial suspensions sup-
plemented with equal volume of PBS (pH 7.4) were set up as control
groups. After incubation for 30 min, microorganisms were fixed with 4%
paraformaldehyde for 30 min before proceeding to the immunofluo-
rescence detection, as previously described (Liu et al., 2020). Briefly,
samples were permeabilized using 0.1% (v/v) Triton X-100 (prepared in
PBS, pH 7.4) and blocked with 5% bovine serum albumin (BSA, pre-
pared in PBS, pH 7.4) for 1 h at room temperature. Samples were
incubated with SpNPFII antibody (1:1000, diluted in 1% [v/v] BSA)
overnight at 4 °C, washed multiple times with PBS, and incubated with
Dylight 650 conjugated goat anti-rabbit IgG (1:1000, diluted in 1% [v/
v] BSA) in the dark for 1 h at room temperature. DAPI was applied for
chromatin staining. Samples were observed with a confocal laser scan-
ning microscope (CLSM, Zeiss Lsm 780 NLO, Germany).
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2.11. SEM and TEM assays

For electron microscopy examination, S. aureus, P. aeruginosa (5 X
107 CFU mL™Y) and mycotic spores F. oxysporum and A. niger (2.5 X 108
CFU mL 1) were prepared as described for the antimicrobial assay. Sp-
NPFin was supplemented into microbial suspensions and incubated for
different time-periods (S. aureus: 24 and 48 pM, 10 min; P. aeruginosa: 12
and 24 pM, 30 min; A. niger: 12 and 24 pM, 60 min; F. oxysporum: 3 and
6 pM, 60 min). Microbial suspensions were collected and fixed with pre-
cooled 2.5% glutaraldehyde at 4 °C for 2 h. For SEM (SUPRA 55 SAP-
PHIRE, Carl Zeiss, Germany) observations, samples were first dehy-
drated and gold-sputtered (Lin et al., 2013). For TEM (FEI Tecnai G2
F20) observations, samples were subjected for ultrathin sectioning and
were negatively stained following standard protocols (Chen et al.,
2003).

2.12. Cytotoxicity assay

The potential cytotoxicity of Sp-NPFin was evaluated using hemo-
cytes of S. paramamosain, L02 and HEK-293 T cells. The hemocytes of
S. paramamosain were prepared as previously described (Deepika et al.,
2014; Qiao et al., 2014). Briefly, hemocytes were collected from live
animals, seeded at 10* cells well ! on a 96-well cell culture plate, and
cultured overnight at 26 °C in L-15 medium prepared in crab saline and
supplemented with 5% fetal bovine serum (FBS). L02 and HEK-293 T
cells were seeded at 10* cells well ! on a 96-well cell culture plate and
incubated overnight at 37 °C in a humidified atmosphere with 5% CO5.
Cells were incubated in a culture medium supplemented with various
concentrations of Sp-NPFin (3, 6, 12, 24 and 48 pM) for 24 h. Cell
viability was assessed using a CellTiter 96® AQueous Kit (Promega).
Experiments were carried out in triplicate.

2.13. Evaluation of the in vivo activity of Sp-NPFin on S. paramamosain
infected with V. alginolyticus

To investigate the in vivo activity of Sp-NPFin, we performed a
mortality comparison using male S. paramamosain (body weight 40 + 5
g) infected with V. alginolyticus. Sp-NPFin and the pathogenic bacterium
V. alginolyticus were prepared in crab saline for the experiments. First,
V. alginolyticus (2 x 10° CFU crab’l) were injected into the base of the
right fourth leg of the crabs. Sixty crabs infected with bacteria were
divided into two groups (control group and treatment group) with 30
crabs in each group. Then, 6 h after the bacterial injection, Sp-NPFin (40
jg crab1) was injected into the crabs as the treatment group, and an
equal volume of crab saline was injected into the crabs for the control
group. The survival rates of crabs were recorded at different time points
(12, 24, 36, 48, 60 and 72 h).

2.14. Statistical analysis

Results are presented as the mean =+ standard deviation (SD). For the
absolute qPCR assays, one-way analysis of variance (ANOVA) followed
by a Turkey post-test were applied to compare the expression levels of
SpNPFII in different tissues of S. paramamosain. For the relative qPCR
assays, two-way ANOVA followed by a Bonferroni post-test were applied
to compare the expression levels of SpNPFII before and after treatments.
For cytotoxicity assays, one-way ANOVA followed by a Dunnett post-test
were applied to compare the cell viability of Sp-NPFin treatment and
control groups. For mortality comparison, data were analyzed using the
Kaplan-Meier Log rank test. Statistical analysis was performed using
GraphPad Prism 6.0 Software (GraphPad Software Inc., CA, USA). Dif-
ferences were accepted as significant at p < 0.05.
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3. Results
3.1. Cloning and sequence analysis of SpNPFII

The full-length cDNA sequence of SpNPFII was 551 bp with a 375 bp
open reading frame (ORF), encoding 124 amino acids (GenBank acces-
sion number: MN735439). SpNPFII had its signal peptide cleaved at the
N-terminus between Gly-26 and Lys-27 (Fig. 1A). The mature peptide of
SpNPFII contained 72 amino acid residues, with a total hydrophobic
ratio of 31%. The total net charge of SpNPFII was +6.75, suggesting that
it was a cationic peptide. The calculated mass of the SpNPFII mature
peptide was 8.2 kDa, with an estimated isoelectric point (pI) of 10.46.
Three-dimensional structure prediction results showed that the SpNPFIL
mature peptide mainly formed an a-helical structure (Fig. 1C). The
multiple sequence alignment (Fig. 1D) and NJ tree (Fig. 1B) were con-
structed to perform an evolutionary relationship analysis of SpNPFII
with the NPF/NPY from S. paramamosain and other species. As shown in
Fig. 1B, the phylogenetic tree was divided into two groups. Cluster II
included mainly vertebrate NPY. SpNPFII was clustered in group I with
NPF from other invertebrates, possessing a close evolutionary relation-
ship to the giant freshwater prawn (Macrobrachium rosenbergi).

3.2. Gene expression profiles of SpNPFII

The qPCR results showed that transcriptional expression levels of
SpNPFII varied among different tissues. In male adult crabs, SpNPFII
was dominantly expressed in sexual gonads with the highest expression
levels observed in the anterior vas deferens and seminal vesicle
(Fig. 2A). Relatively low expression levels of SpNPFII were observed in
female adult crabs (Fig. 2D). We further investigated the expression
profiles of SpNPFII in testes and the hepatopancreas of male crabs after
LPS or V. alginolyticus challenge (Fig. 2B, C, E and F). In testes, SpNPFII
expression was significantly induced by LPS challenge at 3- and 48-h
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post-injection (Fig. 2B), while showing significant down-regulation at
3-, 6-, 12- and 24-h post V. alginolyticus challenge (Fig. 2C). LPS chal-
lenge had no effect on the expression level of SpNPFII in hepatopancreas
(Fig. 2E), while the expression level of SpNPFII in hepatopancreas was
significantly up-regulated at the 3-, 6- and 12-h after V. alginolyticus
challenge (Fig. 2F).

3.3. Sp-NPFin shows potent and broad-spectrum antimicrobial activity

Based on the bioinformatic analysis of the SpNPFII mature peptide, a
truncated SpNPFII derived peptide was identified and named as Sp-
NPFin. Sp-NPFin contained 45 amino acid residues (Fig. 1A), with a
total hydrophobic ratio of 28%, a total net charge of +7, a calculated
mass of 5.12 kDa and an estimated pI of 11.48. Sp-NPFin (purity >95%)
was prepared using solid-phase chemical peptide synthesis and its
antimicrobial activity was further examined using a panel of microor-
ganisms. The MIC and MBC values measured are summarized in Table 2.
Sp-NPFin displayed a broad antimicrobial spectrum, exerting potent
activity against both Gram-negative (E. coli, P. aeruginosa, P. stutzeri,
P. fluorescens, S. flexneri) and Gram-positive (B. subtilis, C. glutamicum,
S. aureus) bacteria with MIC values ranging from 1.5-12 pM and MBC
values lower than 24 pM. Sp-NPFin did not inhibit the growth of the
fungi strains tested in the present study (C. albicans, C. neoformans,
P. pastoris GS115), but showed profound inhibitory effect on the
germination of mycotic spores (Fusarium spp., Aspergillus spp.) with MIC
values of 3-48 pM. In addition, Sp-NPFin effectively inhibited the
growth of several multi-drug resistant bacteria isolated from clinical
samples (e.g, A. baumannii, K. pneumoniae, E. coli, P. aeruginosa,
E. faecium and S. aureus) with MIC values of 1.5-48 pM.

3.4. Killing kinetics of Sp-NPFin

Time-killing kinetic assays were applied to evaluate the bactericidal
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Fig. 1. Bioinformatics analysis and phylogenetic analysis of SpNPFII. The ¢cDNA and deduced amino acid sequences of SpNPFII (A): the boxed sequence represents
the initiation and stop codons; the predicted signal peptide is shown in Italics; underlined regions indicate the sequences that form a-helices; the predicted pancreatic
hormone (PAH) domain is shown in red; the sequence of the synthetic Sp-NPFin is shaded. The phylogenetic tree based on the amino acid sequence of SpNPFII was
generated using the neighbor-joining method (B). The protein structure of the SpNPFII mature peptide was predicted with the I-TASSER server (C). The alignment of
the deduced amino acid sequences of invertebrate neuropeptide F-containing preprohormones was performed using Clustal X 2.1 software (D): dashes in the se-
quences indicate gaps, a star indicates amino acid residues that are identical in all sequences, a colon indicates amino acids that are highly conserved, and a single dot
indicates amino acids that are conserved. The predicted signal peptide is shown in gray, the predicted mature peptide is shown in red, and the predicted prohormone
convertase cleavage site is shown in bold. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Gene expression profiles of SpNPFII in S. paramamosain. The expression profile of SpNPFII in adult male (A) and female (D) crabs under natural status (n = 3)
was determined by absolute qPCR. Data are presented as mean + standard deviation (SD). *p < 0.05, one-way analysis of variance (ANOVA) and Tukey post-test. The
relative expression of SpNPFII in male testes after LPS (B) and V. alginolyticus (C) challenges (n = 3), and in male hepatopancreas after LPS (E) and V. alginolyticus (F)
challenges (n = 3) was examined. In panels B, C, E, and F, data are presented as mean + SD. *p < 0.05, one-way analysis of variance (ANOVA) and Bonferroni post-
test. Abbreviations: T, testis; AVD, anterior vas deferens; SV, seminal vesicle; PVD, posterior vas deferens; ED, ejaculatory duct; PED, posterior ejaculatory duct; P,
penis; OA, ovary; S, spermathecae; RD, reproductive duct; Mu, muscle; Ne, thoracic ganglion; Gi, gills; Br, brain; He, hemocytes; Mg, midgut; SE, subcuticular

epidermis; Es, eye stalk; Ht, heart; Hp, hepatopancreas; St, stomach.

efficiency of Sp-NPFin. When incubated with S. aureus, Sp-NPFin rapidly
killed more than 90% of the bacteria in 6 min and eliminated all bac-
terial cells within around 30 min (Fig. 3A). Sp-NPFin showed no
bactericidal effect against P. aeruginosa in the first 30 min of incubation,
but it killed 99.99% of the P. aeruginosa cells after 2 h of incubation
(Fig. 3B).

3.5. Binding properties of Sp-NPFin

To further investigate the antimicrobial mechanism of Sp-NPFin, we
performed modified ELISA assays to assess its binding properties to
different microbial surface molecules. As shown in Fig. 4A, Sp-NPFin
could bind to LPS, LTA, PGN and glucan in a concentration-dependent
manner. Scatchard plot analysis indicated that Sp-NPFin bound to
LPS, LTA, PGN and glucan with calculated apparent dissociation con-
stants (Kq) of 1.040, 0.583, 0.924 and 1.060 pM. These results suggested
that Sp-NPFin had the strongest binding capacity with LTA, followed by
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LPS, PGN and glucan. In addition, immunofluorescent assays were car-
ried out to determine the action site of Sp-NPFin on various microor-
ganisms. The fluorescent signal of Sp-NPFin was detected on the cell
membrane surface of P. aeruginosa, S. aureus, and spores of A. niger and
F. oxysporum, but absent inside the cells (Fig. 4B).

3.6. Sp-NPFin induces morphological changes in microorganisms

In order to study the interaction between Sp-NPFin and the surface of
microorganisms, SEM and TEM were used to observe morphological
changes after Sp-NPFin treatment. After incubation with Sp-NPFin, the
SEM images of P. aeruginosa, S. aureus, A. niger and F. oxysporum showed
a significantly rougher surface, destruction of membrane integrity and
even leakage of cellular contents (Fig. 5). TEM images further showed
enlargement of intermembrane space (P. aeruginosa), destruction of both
the inner and outer membrane (S. aureus) and leakage of cellular con-
tents (Fig. 6). After SpNPFin treatment, the spore cell wall became
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Fig. 3. Time-killing curves of Staphylococcus aureus and Pseudomonas aeruginosa treated with Sp-NPFin. The percentage of CFU is defined relative to the CFU obtained
in the control (100% CFU at 0 min). Data are presented as mean =+ standard deviation (SD) (n = 3).
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Fig. 4. Localization of Sp-NPFin in microorganisms. Binding properties of Sp-NPFin to LPS, LTA, PGN and glucan assessed by ELISA (A), data are presented as mean
+ standard deviation (SD) (n = 3). Localization of Sp-NPFin in microorganisms was observed by confocal laser scanning microscopy (B). Only merged images are

shown in the control groups.

thinner and disappeared, and the obvious destruction of organelles and
leakage of spore contents were observed (Fig. 6).

3.7. In vivo protective effect of Sp-NPFin

To investigate the in vivo protective effect of Sp-NPFin, the in vitro
cytotoxic effect of Sp-NPFin was first evaluated using crab hemocytes
and mammalian cells (L02, HEK-293 T). As shown in Fig. 7A, Sp-NPFin
showed no cytotoxic effect on primary cultured crab hemocytes in the
concentration range of 0 to 24 pM, but inhibited cell growth at 48 pM.
Additionally, Sp-NPFin had no cytotoxic effect on mammalian cells. To
evaluate the in vivo activity of Sp-NPFin, mud crabs were challenged
with V. alginolyticus at 2 x 10° CFU crab™}, and Sp-NPFin injections (40
pg crab~!) were given at 6 h post bacterial injection. As shown in Fig. 7,
the survival rate of the crab saline injection group dropped to 40% at 36
h post bacterial challenge, while that of the Sp-NPFin injection group
was around 60%. At 72 h post bacterial injection, Sp-NPFin significantly
improved the survival rate of V. alginolyticus-challenged mud crabs

(survival rate > 60%) compared to the control group (survival rate <
20%) (p < 0.05).

4. Discussion

Accumulating evidence suggests that the elimination of invading
pathogens, termination of inflammation and restoration of host ho-
meostasis depend on crosstalk between the neuroendocrine system and
immune system (Souza-Moreira et al., 2011). The immune system pro-
tects organisms from infections; however, an imbalance of pro- and anti-
inflammatory NPs would result in the loss of host homeostasis and can
trigger inflammatory diseases. Therefore, NPs have attracted much
attention in studies of the interaction between the immune system and
the neuroendocrine system (Bedoui et al., 2007; Brogden et al., 2005).
Mud crabs (S. paramamosain) rely on their innate immunity to defend
against pathogenic infections, and their innate immune system has been
extensively studied and reviewed (Chen and Wang, 2019). In recent
years, many NPs (e.g. AST-A/B/C, NPF, sNPF, myosuppressin,
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Fig. 5. Effect of Sp-NPFin on the membrane morphology of microorganisms. Exponential phase microbial cells (P. aeruginosa and S. aureus) and mycotic spores
(A. niger and F. oxysporum) were suspended in culture media supplemented with PBS (control) or Sp-NPFin, and observed by a scanning electron microscopy (SEM).
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Fig. 6. Effect of Sp-NPFin on the morphology of microorganisms. Exponential phase microbial cells (P. aeruginosa and S. aureus) and mycotic spores (A. niger and
F. oxysporum) were suspended in culture media supplemented with PBS (control) or Sp-NPFin, and observed by a transmission electron microscopy (TEM).
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Fig. 7. In vitro cytotoxicity and the in vivo protective effect of Sp-NPFin. Cytotoxic effects of Sp-NPFin on crab hemocytes (A), L02 (B) and HEK-293 T (C) were
determined by the MTS method. Data are presented as mean =+ standard deviation (SD) (n = 3). *p < 0.05, one-way analysis of variance (ANOVA) and Dunnett post-
test. The in vivo protective effect of Sp-NPFin was evaluated (D). Male crabs were challenged with V. alginolyticus, and Sp-NPFin was injected (40 g crab™) at 6 h
post bacterial challenge (n = 35 for each group). The survival curves were analyzed using the Kaplan-Meier Log rank test.

sulfakinin, neuroparsin, CHH) have been identified from transcriptome
data and investigated for their roles in regulating female reproductive
functions (Bao et al., 2015; Jiang et al., 2017; Liu et al., 2017; Ma et al.,
2014). It is now clear that in S. paramamosain, NPF can repress vitello-
genesis and oocyte maturation through the autocrine/paracrine
pathway, while neuroparsin-1 may inhibit the production of vitelloge-
nin (Liu et al., 2020; Lugo et al., 2013). However, little is known about
the biological functions of NPs in the innate immunity of
S. paramamosain. Herein, we identified an NPY family member, SpNPFII,
in S. paramamosain and preliminarily explored its immune function. A
truncated peptide of SpNPFII, Sp-NPFin, was identified and further
proved to exert potent antimicrobial activity in vitro and in vivo, showing
a protective effect against V. alginolyticus infection in mud crabs but a,
low cytotoxic effects on crab hemocytes as well as mammalian cell lines.

Sexually different expressions of NPs have been observed in various
animal species. In male rats and lizards (Podaris hispanica), NPY gene
expression shows significant sexual dimorphism (Salom et al., 1994;
Urban et al., 1993). In Drosophila, NPF expression is regulated in both a
gender-nonspecific and a male-specific manner, which has a significant
influence on the courtship activity of male Drosophila (Lee et al., 2006).
In giant freshwater prawns (Macrobrachium rosenbergii), NPF is mainly
expressed in females (Hadawale et al., 2019; Tinikul et al., 2017). It is
interesting to note that there are also gender differences in SpNPFII gene
expression (Fig. 1). Due to the complex relationship between gonads and
hormones, gender differences of NPs may have important impacts on
gender-specific behavioral processes or reproductive physiology.
SpNPFII was highly expressed in two male gonadal tissues, the anterior
vas deferens and seminal vesicle in S. paramamosain, while the overall
expression level was lower in female crabs, suggesting that SpNPFII

might play a role in activities related to male reproduction. However,
the exact physiological function of SpNPFII requires further study.
Previous studies have shown that some NPs can respond to patho-
genic and viral infections. For examples, expression levels of galanin and
galanin type 1 receptors can be induced by Salmonella typhimurium
infection (Lang and Kofler, 2011; Matkowskyj et al., 2009). The level of
calcitonin gene-related peptide (CGRP) is significantly increased in the
bronchoalveolar lavage fluid after MRSA strain USA300 infection (Baral
et al., 2018). In the Hongkong oyster (Crassostrea Hongkongensis),
expression of ChGnRH is significantly induced by V. alginolyticus and
V. parahaemolyticus injection, and has been shown to participate in the
immune system by promoting hemocytes phagocytosis and bacteria
clearance through the cAMP-dependent PKA/PKC signaling pathway
(Huang et al., 2019). Levels of kisspeptin, an NP encoded by Kiss1, were
found to significantly increase during vesicular stomatitis virus (VSV)
infection (Huang et al., 2018). In this study, the expression levels of
SpNPFII showed significant changes under pathogen-related stimula-
tions, indicating its involvement in the immune response of
S. paramamosain. Mud crabs have an open vascular system and the
hepatopancreas is immersed with the hemolymph; therefore, the hepa-
topancreas comes into direct contact with the V. alginolyticus injected
into the crabs. The SpNPFII expression level in the hepatopancreas was
significantly induced by V. alginolyticus challenge but not by LPS, sug-
gesting that bacterial and LPS challenges have different ways of regu-
lating the expression of SpNPFIL. It was noted that SpNPFII expression in
testes was suppressed after V. alginolyticus infection. In particular, testes
are an immune-privileged organ; inflammation caused by bacterial or
viral infections may perturb male fertility (Wang et al., 2019). There-
fore, the down-regulation of SpNPFII expression after V. alginolyticus
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challenge may be related to the negative regulatory system of immunity
for maintaining immune homeostasis to ensure male fertility. Findings
in this study revealed the complex in vivo regulatory pattern of SpNPFII
under different statuses. Given the gender-specific differential expres-
sion pattern of SpNPFII in male mud crabs, future studies are required
for comprehensive understanding of its roles in the male reproductive
system and immune system.

Despite their traditional roles in signal transmission and modulation
in the central and peripheral neural system, over the past decades some
NPs have been thought to be related to AMPs and contribute to the
formation of local barriers of defense against pathogens (Hancock and
Sahl, 2006). Numerous studies have reported the direct in vitro antimi-
crobial activity of NPs (Augustyniak et al., 2012; Holub et al., 2011;
Shimizu et al., 1998). It has been suggested that NPs could interfere with
microbial pathogenesis by blocking microbial adhesion to host epithelial
cells (Augustyniak et al., 2012), and some antimicrobial substances
exert their protective effect by agglutination and entrapment of mi-
crobes (Crunkhorn, 2016).

Based on the bioinformatic analysis, we successfully identified a
truncated peptide of SpNPFII, named as Sp-NPFin, with potent antimi-
crobial properties. Compared with the reviewed antimicrobial activity
of NPs (Augustyniak et al., 2012), Sp-NPFin inhibited bacterial growth
with relatively low MIC values (Table 2). For example, the MIC values of
human NPY against P. aeruginosa and S. aureus are 11.7 pM to >370 pM
and >117 puM respectively (Hansen et al., 2006), while that of Sp-NPFin
were found to be 6-12 pM. Although Sp-NPFin did not affect the growth
of yeasts, it effectively inhibited the germination of spores of Fusarium
spp. and Aspergillus spp. in vitro (MIC values ranged from 1.5 to 48 pM)
(Table 2). Most NPs share similar physiochemical features (e.g., charge,
hydropathicity, secondary structure) with AMPs. Like conventional
AMPs, the majority of NPs utilize membrane-disruption as an important
mode of action. For instance, loss of microbial membrane integrity has
been observed after treatment with NPY, melanocyte-stimulating hor-
mone (x-MSH) or adrenomedullin (Allaker et al., 2006; Madhuri et al.,
2009; Shimizu et al., 1998). In our study, Sp-NPFin showed a strong
binding affinity to microbial membrane related molecules (LPS, LTA,
PGN, glucan). Immunofluorescence labeling analysis indicated that Sp-
NPFin acted on microbial membranes, and electron microscopy
further revealed the destruction of membrane integrity induced by Sp-
NPFin in both bacteria and mycotic spores. It was thus deduced that
the positively charged Sp-NPFin may exert its activity by electrostatic
binding to the negatively charged microbial surface, destabilizing the
phospholipid bilayer and further leading to disruption of the integrity of
the microbial membrane. This direct membrane disruptive action in turn
ensured the rapid killing kinetic of Sp-NPFin (Fig. 3). Interestingly, after
Sp-NPFin treatment, the number of P. aeruginosa cells increased within
the first 30 min. P. aeruginosa is a Gram-negative bacterium, and LPS is a
key component of its asymmetric outer membrane. As shown in Fig. 4A,
the binding affinity of Sp-NPFin to LPS is weaker than to LTA. Taken
together, it was thus speculated that Sp-NPFin might need to interact
with microbial membranes for a period of time and reach a certain
threshold concentration on the membrane to acquire its bactericidal
activity.

In order to obtain resistance against membrane-disrupting antimi-
crobial substances, microorganisms require extensive modification of
anionic surface components in order to increase the number of positive
charges. Redesigning membranes is unprofitable energetically for most
of the pathogens; therefore, resistance to membranolytic peptides is very
limited compared to that of the conventional antibiotics (Peschel and
Sahl, 2006). In addition to membrane disruptive action mode, some NPs
exert their antimicrobial activity by interfering with intracellular
metabolic functions. For example, o-MSH binds to a membrane receptor
and mediates the induction of cyclic adenosine monophosphate (cAMP).
The rise in cAMP in turn affects the regulatory mechanisms of yeast,
leading to cell death (Catania et al., 2006; Cutuli et al., 2000). Adre-
nomedullin induces cell wall disruption in E. coli and interferes in cell
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wall division in S. aureus (Allaker et al., 2006). Findings in the work here
demonstrated that Sp-NPFin can rapidly kill bacteria and inhibit spore
germination by membrane destruction, which makes it a promising
antibiotic substitute. Despite all the advantages of Sp-NPFin, it remains
to be further evaluated whether it has other action modes and whether
microorganisms would develop resistance to Sp-NPFin treatment.

In the present study, the in vivo activity of Sp-NPFin was character-
ized through bacterial challenge experiments. Although Sp-NPFin had
no inhibitory effect on V. alginolyticus, injection of Sp-NPFin post
V. alginolyticus challenge significantly improved the survival rate of
crabs, suggesting that Sp-NPFin had a favorable in vivo protective effect
against bacterial infection. Moreover, Sp-NPFin showed no cytotoxic
effect on crab hemocytes and mammalian cells. In recent years, appli-
cation of marine-derived bioactive substances in medication and animal
welfare has attracted much attention. Promising candidates identified
from mud crabs (e.g. Sphistin, SpHyastatin, scyreprocin) have been
proven to have strong antimicrobial activity against pathogenic micro-
organisms in vitro, improving the survival rate of the animals under
infection through in vivo treatment (Ma et al., 2017; Shan et al., 2016;
Yang et al., 2020). Our present work provided fundamental data
showing that Sp-NPFin is a bio-friendly and effective antimicrobial
agent, which could have applications in aquaculture, veterinary prac-
tices and medication. In the view of the fact that Sp-NPFin did not inhibit
the growth of V. alginolyticus in vitro, whether Sp-NPFin injected into the
mud crabs can resist the challenge of V. alginolyticus by regulating the
neuroendocrine system or immune system remains to be further studied.

5. Conclusion

In conclusion, the newly characterized neuropeptide SpNPFII
showed a gender-specific differential expression pattern and signifi-
cantly responded to bacterial challenge in S. paramamosain. Sp-NPFin, a
truncated 45-amino acid peptidewas identified and shown to exert
potent antimicrobial activity as well as the effective inhibition of spore
germination. The synthetic Sp-NPFin effectively killed microbes by
directly interacting with their membranes and conducting a membrane
disruptive action mode against bacteria and mycotic spores. Moreover,
Sp-NPFin improved the survival rate of mud crabs under V. alginolyticus
challenge, and showed no cytotoxic effect on crab hemocytes and
mammalian cells. The findings in the present study revealed the
expression profile and immune response of SpNPFII under bacterial
infection, which for the first time depicted the possible roles of NPs in
the immune system of S. paramamosain. In addition, the identification
and demonstration of the in vitro and in vivo antimicrobial activity of Sp-
NPFin further provided an important reference for the development and
application of NPs in antimicrobial agents.
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