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A B S T R A C T   

Aeromonas hydrophila is a widely distributed Gram-negative waterborne pathogen responsible for large-scale 
outbreaks of hemorrhagic septicemia in fish, causing severe economic losses to the global aquaculture in-
dustry. In view of few therapeutic drugs currently available for use in aquaculture and the emergence of 
multidrug-resistant A. hydrophila, there is an urgent need to develop new antimicrobial agents as an alternative to 
antibiotics. Antimicrobial peptides (AMPs) have strong antimicrobial effects and unique machanisms of action, 
and are not easy to induce bacterial resistance, making them an ideal alternative to antibiotics. In this study, we 
identified a new functional gene from marine crab Scylla paramamosain, named Spasin, which encodes a mature 
peptide of 240 amino acids and expressed widely in various tissues of crabs. Notably, a truncated peptide 
Spasin141–165 derived from Spasin, showed potent and broad-spectrum antibacterial and antifungal activity at 
minimum inhibitory concentrations (MICs) ranged from 0.75 μM–48 μM, which is a novel AMP. It effectively 
killed S. aureus and A. baumannii within 2 h and 90 min, respectively. Importantly, it is not toxic to HEK-293 T, 
RAW 264.7, and ZF4 cell lines. Mechanistic studies showed that addition of 8 μg mL− 1 lipoteichoic acid or li-
popolysaccharides decreased bacterial susceptibility to Spasin141–165. In addition, Spasin141–165 altered the 
permeability of the inner and outer cell membranes, and resulted in the release of ATP and the accumulation of 
intracellular reactive oxygen species. Notably, Spasin141–165 significantly increased the survival rate of zebrafish 
infected with A. hydrophila, redcued the bacterial load in the spleen, and effectively inhibited the expression of 
inflammation-associated factors (e.g., IL-1β, TNF-α, etc.). Taken together, Spasin141–165 is a potential antibacterial 
agent for the treatment of A. hydrophila infections in aquaculture and a promising antibiotic alternative.   

1. Introduction 

Microbial infections pose a major threat to fisheries and livestock 
production, as well as to human health (Browne et al., 2021). Antibiotics 
have greatly contributed to the development of fisheries and livestock 
since their discovery. For example, antibiotics are widely used to combat 
diseases caused by microbial pathogens. Unfortunately, the misuse of 
antibiotics has led to a serious problem of microbial resistance, which, in 
turn has resulted in treatment failures, increased morbidity and mor-
tality, and higher medical expenses (Ding et al., 2023). Antibiotics have 
been widely used in livestock to improve growth and productivity, and 

their use is gradually increasing. Use of antibiotics in non-human ani-
mals may also lead to resistance in humans (Bungau et al., 2021). Due to 
the widespread occurrence of antibiotic resistance in the animals, and 
environment, the risk of transmission of antibiotic resistance to humans 
is increasing. There is an urgent need to take action to reduce the use of 
antibiotics to limit the emergence and spread of drug-resistant bacteria 
in the environment, in animals and the food chain, thereby minimizing 
the associated threat to public health (Hu and Cheng, 2016; Hu et al., 
2017). 

Aeromonas hydrophila is a parthenogenetic anaerobic oxidative 
organic heterotrophic bacterium that causes gastroenteritis and 
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septicemia in fish and a disease named motile Aeromonas septicemia 
(MAS) (Semwal et al., 2023; Stratev and Odeyemi, 2016). A. hydrophila 
infection leads to a systemic inflammatory response (SIRS) (Claudiano 
et al., 2019), and the consequences of this uncontrolled inflammatory 
response are multi-organ pathology and high mortality rates (Liu et al., 
2020). A. hydrophila is capable of causing pathogenicity in a wide range 
of mariculture and freshwater aquaculture species, including mandarin 
fish (Siniperca chuatsi) (Gao et al., 2024; Liu et al., 2020), Nile tilapia 
(Oreochromis niloticus) (Tartor et al., 2021), Crucian carp (Carassius 
auratus) (Xiong et al., 2022), etc. In the case of tilapia, for example, the 
mortality rate of infected fish is 35–50% (Tartor et al., 2021). With the 
expansion of aquaculture, high-density farming has led to the occur-
rence of many bacterial diseases and increased use of antimicrobial 
drugs. Misuse of antibiotics to avoid and treat fish diseases will lead to 
accelerated emergence of antibiotic-resistant strains (Rhodes et al., 
2000) and unacceptable levels of drug residues in aquaculture products 
(Rahman et al., 2010). Among these diseases, septicemia caused by 
A. hydrophila is a serious disease that requires treatment with a wide 
range of antibiotics such as ampicillin, amoxicillin, gentamicin, strep-
tomycin, trimethoprim, sulfamethoxazole, chloramphenicol, colistin, 
and erythromycin (Daood, 2012; Tartor et al., 2021). Multi-resistant 
A. hydrophila isolated from around the world have been accounted for 
to be impervious to penicillin and ampicillin (Igbinosa et al., 2012). To 
promote and accelerate the development of aquaculture, it is necessary 
to foster new antimicrobial agents that are safe, and free of harmful 
residues. 

It is well known that AMPs are expected to replace antibiotics as 
effective therapeutic agents against pathogens. AMP as an important 
component of the innate immune system is considered the first line of 
defense against pathogenic microbial infections that can alter the 
cellular function of microorganisms by binding to membrane and/or 
cytoplasmic components, leading to cell death or metabolic exhaustion 
(Corrêa et al., 2019; Nordstrom et al., 2018). The characteristics of 
AMPs, including their amino acid composition, amphiphilicity, charge, 
etc., contribute to their ability to insert into lipid bilayers and subse-
quently form pores and cellular extravasation (Ciumac et al., 2019). In 
addition, AMPs may inhibit the synthesis of various cellular components 
as well as enzymatic functions of the target cell (Malekkhaiat Häffner 
and Malmsten, 2018; Zhou et al., 2019). AMPs are ideal alternatives to 
antibiotics. As a bio-endogenous active molecule, AMPs are chemically 
degradable by proteases in the digestive system without harmful resi-
dues (Ji et al., 2024). In addition, AMPs are also more readily degraded 
in the environment than traditional antibiotics, which have low de-
gradability, and do not cause secondary problems such as contamina-
tion, bacterial resistance or ecosystem damage (Correia et al., 2017). 
AMPs act on the conserved components of the cell membrane structure, 
and their rapid and efficient membrane-disrupting mechanism make it 
necessary for the bacteria to undergo a long period of mutagenesis to 
fully restore the cell membrane structure, thus greatly reducing the 
probability of bacteria developing resistance (Greber et al., 2020). 

Intriguingly, almost all organisms possess AMPs as part of the 
evolutionarily conservation of innate immunity (De Santis et al., 2017). 
Marine invertebrates, with their enormous genetic diversity and biodi-
versity, have proven to be a rich source for the discovery of novel and 
potent AMPs (Sperstad et al., 2011). Mud crab (Scylla paramamosain) is 
an economically important aquaculture species worldwide, mainly 
distributed in the Indo-West Pacific region. In China, mud crab aqua-
culture has been developing rapidly, and mud crabs have become a 
major mariculture species (Chen and Wang, 2019). In 2022, mud crab 
aquaculture production in China is 154,661 t and 69,025 t from fishing 
(Wang et al., 2023). Mud crabs belong to invertebrates and thus can only 
rely on the innate immune system to protect against exogenous micro-
bial infections, of which AMPs are key components and play an impor-
tant role in immune defense. Mud crabs undergo multiple molts (>20) 
throughout their lifetime, when they usually stop feeding, and are sus-
ceptible to microbial infections at such a vulnerable developmental 

stage. These unique characteristics of mud crabs imply that it is possible 
to identify a variety of novel AMPs from these marine crabs living in 
such a complex environment.Our laboratory has identified a variety of 
AMPs with potent antimicrobial activity, some of which have good in 
vitro activity against A. hydrophila, such as Scyreptin1–30 (Zhang et al., 
2023) and Sparanegtin (Zhu et al., 2021). However, the in vivo antimi-
crobial activity of the above AMPs against A. hydrophila has not been 
revealed. In recent years, there has been increasing interest in devel-
oping new AMPs as antibiotic alternatives against pathogenic infections, 
but studies on AMPs against A. hydrophila diseases is still scarce (Gao 
et al., 2024). 

In this study, we identified a new functional gene, named Spasin, 
based on the analysis of the constructed transcriptome database of 
S. paramamosain after bacterial challenge. The full-length cDNA of 
Spasin was obtained by RACE PCR and its expression profiles were 
analyzed in various tissues of adult crabs and at different developmental 
stages of crabs. In addition, by analyzing the physicochemical properties 
of AMP and the predictions of the AMP database, we obtained the 
truncated peptide Spasin141–165 derived from Spasin and determined the 
antimicrobial activity of its chemically synthesized peptide. The in vitro 
antimicrobial mechanism of Spasin141–165 was further investigated, and 
its in vivo effect against A. hydrophila was revealed using a zebrafish 
bacterial infection model. The qPCR method used in this study was to 
detect the transcriptional expression level of Spasin in tissues by abso-
lute quantitative PCR and to detect the expression level of inflammatory 
cytokines in zebrafish spleen tissues by relative quantitative. This study 
aimed to characterize the physicochemical properties and antimicrobial 
activity of the novel AMP Spasin141–165, to elucidate its antimicrobial 
effect against A. hydrophila infection and its intrinsic mechanism, and 
thus to develop a potentially effective antimicrobial agent which could 
be used as an alternative to antibiotics for future applications in 
aquaculture. 

2. Materials and methods 

2.1. Animals, cell lines, and microorganisms 

Mud crabs (S. paramamosain) (approx. 300 g ± 10 g) were purchased 
from a crab farm in Zhangpu (Zhangzhou, China), and acclimatized for 
at least three days prior to the experiments. Healthy adult male and 
female mud crabs were dissected and tissues from hemocytes, muscle, 
gills, subcuticular epidermis, anterior vas deferens, eye stalk, seminal 
vesicle, heart, ejaculatory duct, stomach, thoracic ganglion mass, testis, 
posterior vas deferens, posterior ejaculatory duct (including androgenic 
gland), midgut, hepatopancreas, ovary, reproductive tract, spermathe-
cae, and brain were collected. The different developmental stages of 
crabs, including embryos I-V, zoea I-V, megalopa, and juvenile crab, 
were sampled. 

Wild-type zebrafish (Danio rerio) AB strain (approx. 0.5 g) was pur-
chased from the China Zebrafish Resource Center (Wuhan, China). 
Throughout the experiment, all fish were kept in a recirculating fresh-
water aquarium at 26 ◦C–28 ◦C and fed twice daily with brine shrimp. 
Fish were anesthetized with 0.4% ethyl 3-aminobenzoate methanesul-
fonate (MS222, Sigma-Aldrich, USA) before injection, followed by tissue 
sampling. Approved by the Experimental Animal Ethics Committee of 
Xiamen University (No. XMULAC20240082), all experimental designs 
and manipulations were guided by local guidelines for the use of 
research animals. 

The HEK293T cell line was purchased from the National Collection of 
Authenticated Cell Cultures (Shanghai, China) and cultured in DMEM 
(Gibco, USA) medium supplemented with 10% fetal bovine serum 
(Gibco, USA) at 37 ◦C under 5% CO2. The zebrafish embryonic fibroblast 
cell line (ZF4) was bought from the China Zebrafish Resource Center 
(Wuhan, China) and cultured in DMEM-F12 (1:1) (Gibco, USA) medium 
supplemented with 10% fetal bovine serum (Gibco, USA) at 28 ◦C under 
5% CO2. We purchased strains from the China General Microbiological 
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Culture Collection Center (CGMCC), including Micrococcus luteus 
(CGMCC No. 1.2299), Micrococcus lysodeikticus (CGMCC No. 1.634), 
Enterococcus faecium (CGMCC No. 1.131), Bacillus subtilis (CGMCC No. 
1.3358), Corynebacterium glutamicum (CGMCC No. 1.1886), Staphylo-
coccus aureus (CGMCC No. 1.2465 and CGMCC No. 11.879), Pseudo-
monas stutzeri (CGMCC No. 1.1803), Acinetobacter baumannii (CGMCC 
No. 1.6769), Pseudomonas fluorescens (CGMCC No. 1.3202), Shigella 
flexneri (CGMCC No. 1.1868), Escherichia coli (CGMCC No. 1.2389), 
A. hydrophila (CGMCC No. 1.2017), Fusarium solani (CGMCC No. 3.584), 
Fusarium oxysporum (CGMCC No. 3.6785), Fusarium graminearum 
(CGMCC No. 3.4521), and Aspergillus niger (CGMCC No. 3.316). 

2.2. Gene cloning, sequence analysis and qPCR 

Using our laboratory’s previously established database of mud crab 
transcriptomes following Vibrio alginolyticus challenge, we succeeded in 
identifying a significantly upregulated uncharacterized gene. Based on 
the predicted sequences, we designed specific primers to amplify the full 
length cDNA sequence of the gene. The primers were listed in Supple-
mentary Table 1. A mixture of cDNAs generated from different tissues 
was used as a template. We predicted the physicochemical properties of 
amino acid sequences through the ExPASy website (https://www.exp 
asy.org/). Similarity analysis of amino acid and nucleotide sequences 
was calculated using the DNAMAN software (Version 6.0). Genomic 
data from the NCBI database (https://www.ncbi.nlm.nih.gov/) was 
downloaded for gene homology analysis. 

Total RNA from tissue samples was extracted using TRIzol reagent 
(Thermo Fisher, USA). 1 mL of tissue lysate was added to 200 μL of 
chloroform and vortexed for 30 s. The upper phase was carefully 
transferred to a new 1.5 mL tube and an equal volume of isopropanol 
was added. The tube was then inverted several times to mix the solu-
tions, allowed to stand at room temperature for 15 min, and centrifuged 
at 13,000 rpm for 15 min at 4 ◦C. The supernatant was discarded and the 
RNA was washed twice with 1 mL of 75% ethanol. The RNA was dried 
briefly at room temperature and dissolved in RNase-free water. RNA 
concentration was quantified using a NanoDrop 2000 spectrophotom-
eter (Thermo Fisher, USA). Total RNA from each sample was extracted 
and cDNA was synthesized, followed by verification of primer speci-
ficity. Primers used for qPCR analysis is shown in Supplementary 
Table 1. Spasin expression levels were detected using FastStart DNA 
Master SYBR Green I (Roche, Germany) in a real-time thermocycler (ABI 
7500, Waltham, USA) with cDNA as a template. The expression profiles 
of the Spasin gene were determined by absolute quantitative real-time 
PCR (qPCR) at different developmental stages and in different tissues 
of adult crabs. The absolute mRNA expression copies mL− 1 was calcu-
lated as follows: Spasin fragments (the product of qPCR) were inserted 
into the pMD 18-T plasmid, the recombinant plasmid was purified and 
its concentration was determined, and the copy number of the recom-
binant plasmid was calculated according to the following formula 
(Whelan et al., 2003). 

Weight in daltons
(
gmol− 1)

=(bp size of ds product)
(
330Da×2 nt bp− 1)

Hence :
(
g mol− 1)/Avogadro’ s number= g molecule− 1

= copy number  

(where :bp= base pair,ds=double stranded,nt=nucleotide).

Gradient dilution of the recombinant plasmid was performed, and 
the CT value of each sample was tested separately, and a standard curve 
was plotted according to the correspondence between CT values (y) and 
the logarithm of the copy number (x): 

y = − 3.149× +31.65  

R2 = 0.9949 

Finally, the copy number for each sample was calculated according 
to the standard curve. Divide the calculated copy number by the volume 
of the sample solution to obtain the copies mL− 1. 

2.3. Peptide design and synthesis 

The amino acid sequence of Spasin was analyzed using the Collection 
of Anti-Microbial Peptides (CAMPR3) (http://www.camp.bicnirrh.res. 
in/) to predict fragments with possible antimicrobial activity. 
Spasin141–165 (KKLGKIPEKKHKVKSKVVASCSGLP) derived from Spasin 
was chemically synthesized by Genscript (Nanjing, China) with >95% 
purity. Briefly, solid-phase-peptide synthesis uses a solid support ma-
terial such as polystyrene resin to bind and immobilize the synthesized 
peptide. During the synthesis process, the N-terminus or side chain of 
the peptide is chemically modified with a protecting group. Further 
modifications include coupling reagents and linkers, which facilitate the 
sequential addition of amino acids. The C-terminus of the first AA is 
covalently attached to the solid-phase resin so that the peptide can be 
synthesized in the C–N direction (Deo et al., 2022). 

2.4. Antimicrobial assay 

The antimicrobial activity of Spasin141–165 was determined using a 
slightly modified broth microdilution assay (Shan et al., 2016). Briefly, 
bacteria in logarithmic growth phase were diluted to approximately 106 

colony forming units (CFU) per milliliter with Muller-Hinton broth 
(HKM, China), were incubated in 96-well flat-bottomed plates (NEST, 
China), mixed with different concentrations of peptides (1.5 to 96 μM) at 
37 ◦C for 24 h. Meanwhile, LL-37 (Jill Biochemistry, China) and Milli-Q 
water were set up as controls, respectively. The lowest concentration at 
which there was no visible bacterial growth was recorded as the mini-
mum inhibitory concentration (MIC); the lowest peptide concentration 
that killed ≥99.9% of bacteria was recorded as the minimum bacteri-
cidal concentration (MBC). This assay was carried out in triplicate at 
least three times. 

2.5. Time-killing kinetic assay 

S. aureus and A. baumannii were selected for the time-killing kinetic 
assay with the methodology referring to what has been reported (Shan 
et al., 2016). Briefly, bacteria in logarithmic growth phase were diluted 
to ~106 CFU mL− 1 with MH medium and then mixed in equal volume 
with Spasin141–165 (1 × MIC) and incubated at 37 ◦C. Samples were 
taken at 0, 5, 10, 15, 20, 25, 30, 45, 60, 90, 120 and 150 min at intervals, 
and were spread evenly on NB agar plates and incubated at 37 ◦C for 24 
h.The number of survivors was then quantified, while the peptide-free 
medium was used as a control. This assay was carried out in triplicate 
at least three times. 

2.6. Scanning electron microscope (SEM) observation 

The effect of Spasin141–165 on S. aureus and A. baumannii was 
observed using SEM according to a previous method (Wang et al., 2022). 
Resuspend the logarithmic growth phase of S. aureus and A. baumannii to 
approximately 1 × 108 CFU mL− 1 with 10 mM NaPB and then incubated 
with Spasin141–165 (1 × MIC) for 30 min at room temperature. After-
ward, the samples were then fixed overnight with 2.5% (v/v) glutaral-
dehyde; the samples were then washed and resuspended in NaPB and 
deposited on glass slides at 4 ◦C. Next, cells were dehydrated with 
ethanol and then dried in a critical point dryer (EM CPD300, Leica, 
Germany). Finally, the samples were examined using a scanning elec-
tron microscope (Zeiss SUPRA 55, Germany) after coating with gold. 

2.7. Transmission electron microscope observation 

TEM analyses were performed according to the reported 
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experimental methods (Zhu et al., 2021). Briefly, S. aureus and 
A. baumannii were incubated with Spasin141–165 for 30 min, respectively. 
The cells were rinsed with NaPB and added to the agar model. The 
samples were then fixed with 2.5% glutaraldehyde overnight. After that, 
they were rinsed with NaPB for 15 min and repeated three times, then 
post-fixed with 1% osmium tetroxide, dehydrated and rinsed, embedded 
in epoxy resin, and observed under a transmission electron microscope 
(HT7800, Hitachi, Japan). 

2.8. Thermal stability and cation tolerance assay 

S. aureus and A. baumannii were selected to evaluate the thermoac-
tivity of Spasin141–165, and the methodology was referenced from a 
previous report (Jiang et al., 2022). Briefly, S. aureus and A. baumannii in 
logarithmic growth phase were diluted to approximately 1 × 107 CFU 
mL− 1. Spasin141–165 was treated at 100 ◦C for 30, 60, 90, and 120 min, or 
at different temperatures (4, 16, 28, 37, 50, 80, 100, and 121 ◦C) for 60 
min, respectively, and then returned to room temperature. The different 
groups of Spasin141–165 were incubated with bacteria in microtiter plates 
at 37 ◦C overnight. 

Similarly, in cation tolerance experiments, prepared bacteria were 
mixed with Spasin141–165 spiked with different concentrations of 
cationic salt solutions (Na+ 50 to 500 mM, K+ 2 to 10 mM), added to the 
wells and incubated at 37 ◦C overnight. The above experiment was 
performed using a microplate reader (Tecan, Switzerland) to measure 
absorbance at 600 nm. This assay was carried out in triplicate at least 
three times. 

2.9. Cytotoxicity and hemolysis assay 

The cytotoxicity of Spasin141–165 on cell lines including HEK-293 T, 
RAW 264.7, and ZF4 was assessed by MTS assay as previously described 
(Yang et al., 2020). In brief, the density of the human embryonic kidney 
cells (HEK-293 T), mouse macrophages (RAW 264.7), and zebrafish 
embryonic fibroblasts (ZF4) were adjusted to approximately 1 × 105 

cells mL− 1 and cultured in a 5% CO2 atmosphere incubator overnight at 
37 ◦C and 28 ◦C, respectively. The medium was then removed and 
supplemented with various concentrations of peptides (0, 6, 12, 24, and 
48 μM) in fresh medium and incubated for 24 h. Similarly, the hemolytic 
activity of Spasin141–165 was determined using mouse erythrocytes. 
Finally, cell viability was determined using the CellTiter 96® AQueous 
kit (Promega, USA). This assay was carried out in triplicate at least three 
times. 

2.10. Lipoteichoic acid and lipopolysaccharides inhibition assays 

25 μL of lipoteichoic acid (LTA) (8 to 64 mg mL− 1) from S. aureus 
(Sigma, USA) or 25 μL of lipopolysaccharides (LPS) (8 to 64 mg mL− 1) 
from E. coli (Sigma, USA) were added to a 96-well flat-bottomed plate 
containing 25 μL of Spasin141–165 (1 × MIC), and allowed to stand for 30 
min at room temperature. Subsequently, 50 μL of S. aureus (1 × 106 CFU 
mL− 1) or 50 μL of A. baumannii (1 × 106 CFU mL− 1) cells were added to 
the wells and incubated with Spasin141–165-LTA mixture or 
Spasin141–165-LPS, respectively, incubated at 37 ◦C for 24 h and using a 
microplate reader (Tecan, Switzerland) to measure the absorbance at 
595 nm. This assay was carried out in triplicate at least three times. 

2.11. ROS measurement 

S. aureus and A. baumannii were incubated in NB medium at 37 ◦C 
overnight. The bacteria were then washed with NaPB and the suspension 
was diluted to a concentration of approximately 1 × 107 CFU mL− 1 

before adding a final concentration of 10 mM of the fluorescent probe 
2′,7′-dichlorofluorescein diacetate (DCFH-DA) (R&D, USA). The mixture 
was then mixed with 50 μL of Spasin141–165 (1 × MIC) or polymyxin B 
(20 μg mL− 1) in equal volumes, added to a 96-well flat-bottomed plate, 

and incubated at 37 ◦C for 30 min protected from light. Immediately 
after incubation, relative levels of ROS were measured continuously at 
510 nm absorbance using a microplate reader (Tecan, Switzerland). This 
assay was carried out in triplicate at least three times. 

2.12. ATP release 

S. aureus and A. baumannii cells were washed with NaPB and resus-
pended to approximately 107 CFU mL− 1. Subsequently, an equal volume 
of Spasin141–165 was added and incubated for 30 min at 37 ◦C. Subse-
quently, luciferin-luciferase was added to the mixture according to the 
instructions of the ATP Assay Kit (Invitrogen, USA) and fluorescence was 
detected using a Glo-Max™ 20/20 Fluorometer (Promega, USA). A 
standard curve was plotted to calculate the extracellular ATP concen-
tration. This assay was carried out in triplicate at least three times. 

2.13. Outer membrane permeability assay 

Evaluation of bacterial outer membrane permeability by uptake 
assay with N-phenyl-1-naphthylamine (NPN) (Sigma-Aldrich, USA). 
Logarithmic-growth phase cultured S. aureus and A. baumannii cells 
were washed with NaPB. Cells were resuspended in 5 mM HEPES buffer 
(pH 7.4, containing 5 mM glucose) to approximately 108 CFU mL− 1. A 
final concentration of 10 μM NPN was added to the bacterial suspension, 
and the mixture was placed into a 96-well, black, flat-bottomed micro-
titer plate and incubated for 5 min at room temperature, protected from 
light. The mixture was then incubated with different concentrations of 
Spasin141–165 (24 μM and 48 μM). As positive controls, LL-37 (24 μM, Jill 
Biochem, China) and polymyxin B (PMB, 20 μg mL− 1, Solarbio, China) 
were used. Fluorescence intensity (excitation 350 nm, emission 420 nm) 
was recorded every 2 min using a microplate reader (Tecan, 
Switzerland).This assay was carried out in triplicate at least three times. 

2.14. Membrane permeability assay 

The effect of Spasin141–165 on membrane permeability was tested by 
reference to the method of the LIVE/DEAD BacLight™ Bacterial 
Viability Kit (Thermo Fisher, USA). S. aureus and A. baumannii cells were 
conditioned to approximately 107 CFU mL− 1 with sterile NaPB and then 
mixed with different concentrations of Spasin141–165 (12 μM and 24 μM), 
respectively. As positive controls, LL-37 (24 μM, Jill Biochem, China) 
and polymyxin B (PMB, 20 μg mL− 1, Solarbio, China) were used. After 
incubation, the cells were washed twice with PBS and then stained with 
SYTO 9 and PI for 15 min under light-free conditions. Finally, fluores-
cence images were acquired using a confocal laser scanning microscope 
(Zeiss, Germany). 

2.15. Evaluation of the in vivo protective effect of Spasin141–165 on 
A. hydrophila infected zebrafish 

In this study, we investigated the in vivo anti-infective effect of 
Spasin141–165 by constructing a model of adult zebrafish infected with 
A. hydrophila. Briefly, zebrafish were randomized divided into four 
groups (n = 40, female:male = 1:1). Logarithmic growth phase of 
A. hydrophila were washed three times with fish saline, and the final 
concentration was adjusted to 2.3 × 108 CFU mL− 1. Zebrafish were 
given an intraperitoneal injection of bacterial suspension, 8.8 μL per 
fish, followed 1 h later by an injection of Spasin141–165 (1 mg mL− 1), 8.8 
μL per fish. In addition, fish saline was injected 1 h after an injection of 
A. hydrophila (106 CFU/fish) as a control group. Mortality of each group 
of fish was monitored and recorded at 2-h intervals and the survival 
curve was drawn with GraphPad Prism 9.0.0 version (San Diego, CA, 
USA). 

Zebrafish spleens collected at the last time point were weighed and 
homogenized in sterile PBS. Tissue homogenates were spread evenly on 
nutrient agar plates after gradient dilution and incubated at 37 ◦C for 24 
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Fig. 1. Full-length cDNA and amino acid sequence of Spasin, phylogenetic tree analysis, and multiple alignment of homologous genes with other species. (A) The 
full-length cDNA sequences of Spasin and its predicted amino acid sequences. (B) Phylogenetic tree analysis of Spasin. A neighbor-joining phylogenetic tree was 
constructed using MEGA ver.5.0 software with 3000 bootstrap replications. (C) Multiple alignment of Spasin amino acid sequences with homologous genes from 
other species. The boxed region represents the amino acid sequence of Spasin141–165 (red). (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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h. CFUs were subsequently counted. Changes in the expression of 
inflammation-associated factors following Spasin treatment of 
A. hydrophila-challenged zebrafish were analyzed by relative qPCR with 
EF1α as an internal reference gene, and the expression profile analysis 
was carried out using 2− ΔΔCt algorithm (Livak and Schmittgen, 2001). 

The experiments were performed twice independently. 

2.16. Statistical analysis 

Statistical analyses were performed using GraphPad PRISM ver. 5.0 
(GraphPad Software, Inc.) and the SPSS 18.0 software package (SPSS 
Inc.). One-way ANOVA analysis was used to compare the data of each 
group. p-value <0.05 was considered statistically significant. 

3. Results 

3.1. Sequence analysis of Spasin gene 

We obtained the full-length cDNA of a new functional gene, named 
Spasin (Genbank accession number OP331216), by RACE PCR based on 
the mud crab (S. paramamosain) transcriptomic database constructed in 
our laboratory. This gene consists of a 152 bp 5′ UTR, a 533 bp 3′ UTR, 
and a 723 bp ORF (Fig. 1A). The Spasin ORF encodes a 240-amino acid 
protein with sequence similarity and high homology to two uncharac-
terized functional genes of Portunus trituberculatus (Genbank accession 
number: XP 045130745.1 and MPC15336.1), and their amino acid 
identity were 86.7% and 84.4% (Supplementary Table 2), respectively. 
Phylogenetic analysis showed that these genes were clustered into the 
same branch (Fig. 1B & 1C). Spasin is a cationic protein with a calculated 
molecular weight of 26.50 kDa and an estimated isoelectric point (pI) of 
9.07 (Table 1). 

3.2. Tissue distribution and expression profiles of Spasin 

The expression profiles of Spasin in mud crabs at different develop-
mental stages were examined (Fig. 2A). The qPCR results showed that 
Spasin was distributed in different developmental stages of mud crabs, 
among which the expression of Spasin was relatively high in embryonic 
stages I-IV, about 1.8 × 106 copies mL− 1. In addition, Spasin gene was 
distributed in different tissues of adult crabs, among which the highest 
expression of Spasin was found in the ovaries of female adult crabs 
(about 3 × 106 copies mL− 1) (Fig. 2B), while in male adult crabs, Spasin 
was mainly expressed in the stomach (about 3.2 × 106 copies mL− 1) 
(Fig. 2C). 

3.3. Truncated peptide design and antimicrobial activity analysis 

The truncated peptide Spasin141–165 (located at amino acids 141–165 
of the mature peptide of Spasin) was designed and predicted according 
to the AMP database CAMPR3, and its sequence and main physico-
chemical parameters are shown in Table 2. Spasin141–165 consists of 25 
amino acid residues, has a calculated mass of 2690.33 Da, a hydro-
phobicity ratio of 14.4% and an estimated pI of 10.24. The total net 
charge is +7. Information about the other two AMPs LL-37 an HBD-2 is 
listed in Table 2. All three peptides have an amino acid length of <50 
residues, a hydrophobicity between 14% and 49%, a net charge between 
+6 and + 7, and similar theoretical pI. 

The results showed that Spasin141–165 exhibited a broad spectrum of 
antimicrobial activity. The measured MIC and MBC values are summa-
rized in Table 3. Spasin141–165 significantly inhibited several Gram- 
positive bacteria, such as Micrococcus luteus, Micrococcus lysodeikticus, 
Enterococcus faecium, Bacillus subtilis, Corynebacterium glutamicum, and 
Staphylococcus aureus, as well as Gram-negative bacteria, such as Pseu-
domonas stutzeri, Acinetobacter baumannii, Pseudomonas fluorescens, 
Shigella flexneri, and Escherichia coli, with the MIC values in the range of 
0.75–48 μM, and the MBC values lower than 48 μM. In addition, 
Spasin141–165 exhibited antifungal conidial germination activity against 
several filamentous fungi, including Fusarium solani, Fusarium oxy-
sporum, Fusarium graminearum, and Aspergillus niger, with MIC values 
ranging from 0.75 to 48 μM. 

Table 1 
Sequence information and physicochemical properties of Spasin.  

Physicochemical parameters Spasin 

Number of amino acids 240 
Molecular MW (Da) 26,494.89 
Theoretical PI 9.07 
Formula C1127H1835N343O366S14 

Total number of atoms 3685 
Grand average of hydropathicity − 0.617  

Fig. 2. Expression profiles of Spasin in S. paramamosain. Tissue distribution of 
Spasin was detected in different developmental stages of crabs (A), adult female 
(B), and male (C) crabs (n = 3). Hc, hemocytes; Mu, muscle; Gi, gill; Se, sub-
cuticular epidermis; Es, eye stalk; Ht, heart; St, stomach; Ne, thoracic ganglion 
mass; T, testis; AVD, anterior vas deferens; SV, seminal vesicle; PVD, posterior 
vas deferens; ED, ejaculatory duct; P, posterior ejaculatory duct (including 
androgenic gland); Mg, midgut; Hp, hepatopancreas; OA, ovary; RD, repro-
ductive tract; S, spermathecae; and Br, brain. 
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3.4. Bactericidal kinetics of Spasin141–165 

S. aureus and A. baumannii were selected for bactericidal kinetic 
assay to evaluate the bactericidal efficacy of Spasin141–165. When incu-
bated with S. aureus or A. baumannii, Spasin141–165 at 1 × MBC killed 
99.9% bacteria within 2 h or 90 min, respectively (Fig. 3A&3B). 

3.5. Morphological changes in Spasin141–165 treated bacteria 

SEM and TEM were carried out to observe the morphological 
changes of the bacteria S. aureus and A. baumannii after Spasin141–165 
treatment. The results showed that after Spasin141–165 treatment, the 
integrity of the cell membrane of the bacteria was disrupted and even 
leakage of cell contents (Fig. 3C&3D). In contrast, the surface of un-
treated cells was intact and smooth. 

3.6. Effect of bacterial membrane components on the antibacterial 
activity of Spasin141–165 

Killing bacteria by binding to bacterial membrane surface compo-
nents is a common antimicrobial mode of AMPs, where the major bac-
terial membrane components of Gram-positive and Gram-negative 
bacteria are LTA and LPS, respectively. In the study, the results showed 
that LTA and LPS inhibited the bactericidal effect of Spasin141–165 
against bacteria in a dose-dependent manner. As shown in Fig. 4A, the 
bactericidal effect of Spasin141–165 was attenuated to varying degrees 
with exogenous addition of LTA (8, 16, 32, and 64 μg mL− 1). Similarly, 
addition of different concentrations of LPS (8, 16, 32, and 64 μg mL− 1) 
affected the bactericidal effect of Spasin141–165 against A. baumannii 
(Fig. 4B). The results showed that the inhibitory activity of Spasin141–165 
against S. aureus or A. baumannii decreased with the increase of the 
concentration of LTA or LPS, suggesting that Spasin141–165 might exert 
its inhibitory effect against Gram-positive or Gram-negative bacteria by 
binding to LTA or LPS. 

3.7. Effect of Spasin141–165 on bacterial membrane permeability 

The increased fluorescence of the membrane non-permeable fluo-
rescent dye NPN indicated that the bacterial outer membrane was 
damaged. As shown in Fig. 4C and D, the outer membrane of S. aureus or 
A. baumannii was disrupted and NPN was absorbed with a dose- 
dependent increase in fluorescence intensity after Spasin141–165 treat-
ment. On the other hand, the inner membrane permeability of S. aureus 
and A. baumannii after treatment with Spasin141–165 was evaluated using 
SYTO 9 and propidium iodide (PI) staining. When bacteria were incu-
bated with a mixture of SYTO 9 and PI, SYTO 9 labeled all bacteria, 
including both membrane-intact and membrane-damaged bacteria, 
whereas PI could only label membrane-damaged bacteria, resulting in a 
decrease in the fluorescence intensity of SYTO 9 staining. The results 
showed that, unlike the untreated group where almost all cells emitted 
green fluorescence, treatment of the bacteria with Spasin141–165 resulted 
in a significant increase of red fluorescence (Fig. 5). 

3.8. Spasin141–165 induced intracellular ROS levels and ATP release 

AMPs can exacerbate bacterial membrane damage by inducing ROS 
production (Oliveira et al., 2019). We examined ROS levels in S. aureus 
or A. baumannii cells after Spasin141–165 treatment. As shown in Fig. 6A 
& 6B, Spasin141–165 induced intracellular ROS production of both bac-
teria, and the accumulation increased with the concentration of treat-
ment. In addition, we evaluated extracellular ATP levels after treatment 
of bacteria with different concentrations of Spasin141–165. As shown in 
Fig. 6C & 6D, the Spasin141–165-induced ATP release from S. aureus or 
A. baumannii cells after 30 min of incubation showed a concentration- 
dependent relationship with Spasin141–165 concentration. 

Table 2 
The key physicochemical parameters of Spasin141–165, LL-37, and HBD-2.  

Physicochemical 
parameters 

Spasin141–165 LL-37 HBD-2 

Sequence KKLGKIPEKKHKVKSKVVASCSGLP LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES GIGDPVTCLKSGAICHPVFCPRRYKQIGTCGLPGTKCCKKP 
Number of amino acids 25 37 41 
Molecular MW (Da) 2690.33 4493.22 4334.24 
Theoretical PI 10.24 10.61 9.30 
Formula C121H217N35O31S1 C205H340N60O53 C188H311N55O50S6 

Hydrophobic residue% 14.4% 20.1% 48.9% 
Hydrophobic moment 0.422 0.521 0.246 
Grand average of 

hydropathicity 
− 0.612 − 0.724 − 0.102 

Total net charge +7 +6 +6  

Table 3 
Antimicrobial activity of Spasin141–165.  

Microorganisms CGMCC No.a MICb (μM) MBCc/MFCd (μM) 

Gram-positive bacteria 
Micrococcus luteus 1.2299 0.75–1.5 0.75–1.5 
Micrococcus lysodeikticus 1.634 0.75–1.5 0.75–1.5 
Enterococcus faecium 1.131 0.75–1.5 0.75–1.5 
Bacillus subtilis 1.3358 0.75–1.5 0.75–1.5 
Corynebacterium glutamicum 1.1886 1.5–3 3–6 
Staphylococcus aureus 1.2465 24–48 24–48 
Staphylococcus aureus 1.879 24–48 24–48  

Gram-negative bacteria 
Pseudomonas stutzeri 1.1803 6–12 12–24 
Acinetobacter baumannii 1.6769 12–24 24–48 
Pseudomonas fluorescens 1.3202 12–24 24–48 
Shigella flexneri 1.1868 24–48 24–48 
Escherichia coli 1.2389 24–48 24–48 
Aeromonas hydrophila 1.2017 >48 >48 
Edwardsiella tarda  >48 >48  

Fungi 
Fusarium solani 3.584 0.75–1.5 3–6 
Fusarium oxysporum 3.6785 1.5–3 1.5–3 
Fusarium graminearum 3.4521 3–6 3–6 
Aspergillus niger 3.316 24–48 >48  

a China General Microbiological Culture Collection Center. 
b The values of MIC were expressed as the interval [a]-[b]. [a] was the highest 

concentration tested with visible microbial growth, whereas [b] was determined 
as the lowest concentration without visible microbial growth. 

c The values of MBC presented are those wherein the peptide concentration 
killed 99.99% of the bacteria. 

d The values of MFC presented are those wherein the peptide concentration 
killed 99.99% of the fungi. 

C. Zhang et al.                                                                                                                                                                                                                                   



Aquaculture 591 (2024) 741137

8

3.9. The stability of Spasin141–165 

To evaluate the temperature tolerance of Spasin141–165, we treated 
Spasin141–165 at different temperatures for 30 min and then incubated 
with bacteria for 24 h. The results showed that the bactericidal activity 
of Spasin141–165 against S. aureus and A. baumannii was retained (Fig. 7A 
& 7C). We further evaluated the effect of different treatment times at 
100 ◦C on the bactericidal activity of Spasin141–165 and the results 
showed that the bactericidal activity of Spasin141–165 against S. aureus 
and A. baumannii was not affected after 2 h of continuous treatment 
(Fig. 7B & 7D). These results indicated that Spasin141–165 had good 

thermal stability. 
We also investigated the effect of different cation (K+ and Na+) 

concentration conditions on the sensitivity of bacteria to Spasin141–165. 
We incubated Spasin141–165 with bacteria at different concentrations of 
sodium, potassium, and magnesium ions for 24 h. The results showed 
that S. aureus and A. baumannii were still sensitive to Spasin141–165 in 2 
to 10 mM KCl solution (the K+ concentration in natural seawater is 
approximately 10 mM) (Fig. 7E & 7F). S. aureus remained sensitive to 
Spasin141–165 at 100 mM NaCl (Fig. 7G), while A. baumannii showed 
reduced susceptibility to Spasin141–165 at 50 mM NaCl (Fig. 7H). 

Fig. 3. Bactericidal kinetics of Spasin141–165 against S. aureus (A)and A. baumannii (B) at 1× MBC. Data represent mean ± standard error of the mean from three 
independent biological replicates. Effect of Spasin141–165 on morphological and structural changes of S. aureus and A. baumannii observed by SEM (C) and TEM (D). 
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3.10. Spasin141–165 showed no cytotoxicity 

To evaluate the cytotoxicity of Spasin141–165, several cell lines were 
used, including HEK-293 T, RAW 264.7, and ZF4. The results showed 
that Spasin141–165 was not cytotoxic to zebrafish cells and mammalian 
cells (Fig. 8A & 8C). We further evaluated the hemolytic activity of 
Spasin141–165 on mouse red blood cells. The results showed that 
Spasin141–165 had no hemolytic activity at concentrations ranging from 3 
and 48 μM (Fig. 8 D). The results indicated that Spasin141–165 had good 
biocompatibility. 

3.11. Efficacy of Spasin141–165 treatment on A. hydrophila infection in a 
zebrafish model 

We constructed a zebrafish infection model to evaluate the in vivo 
antimicrobial activity of Spasin141–165, zebrafish were infected intra-
peritoneally with A. hydrophila, a common aquatic pathogen, and 
treated with Spasin141–165 1 h after infection (Fig. 9A). The survival rates 
of Spasin141–165-treated and control groups were 70.6% and 50% after 
48 h of treatment, respectively. Statistical analysis showed that the 
survival rate of zebrafish in the Spasin141–165 treatment group was 
significantly higher than that in the control group (p = 0.0365) (Fig. 9A). 
In addition, Spasin141–165 treatment significantly reduced the bacterial 
load in the spleen (Fig. 9B). We further examined the mRNA levels of 
cytokines in the spleen, and found that several inflammation-associated 
genes, including IL-1β, MMP9, TNF-α, cxcl8a, and NOS2a, were signif-
icantly downregulated in Spasin141–165-treated zebrafish. The tran-
scription levels of MMP9 and NOS2a were restored to the same levels as 
in the controls (Fig. 9C). 

4. Discussion 

A range of bacterial pathogens cause significant losses in aquacul-
ture, accounting for approximately 34% of all diseases (Singh et al., 
2022), with A. hydrophila being a prevalent aquaculture pathogen that 
secretes a variety of exotoxins, including aerosols, hemolysins and 
cytotoxic enterotoxins, upon successful colonization of fish. These toxins 
can lead to hemolysis and hemorrhage, which reduces the immune 
response of the host fish, which in turn leads to high host lethality (Gao 
et al., 2024). Antibiotics are often used in aquaculture to control bac-
terial diseases in fish, but the use of antibiotics is currently restricted and 
antibiotic-resistant bacteria strains are on the rise (Singh et al., 2022), 
and this situation urgently calls for the development of more novel 
antimicrobial drugs for aquaculture pathogen control. 

Crustaceans, including mud crabs, lack adaptive immunity, so their 
survival depends on strong innate immune anti-infection defense 
mechanisms (Punginelli et al., 2022; Sperstad et al., 2011). Therefore, 
they are an important source of numerous naturally occurring bioactive 
compounds, including AMPs. With broad-spectrum antimicrobial ac-
tivity and unique modes of action, natural AMPs are receiving increasing 
attention as potential alternatives to antibiotics (Chen et al., 2021). 
AMPs are widely distributed in a variety of species in nature (Boman and 
Hultmark, 1987; Park et al., 2001; Zasloff, 2002), and are important 
effectors of the innate immune system, with abundant biological activ-
ities that serve as the first line of defense against pathogenic infections 
(Diamond et al., 2009; Méndez-Samperio, 2013; Reddy et al., 2004), as 
well as modulating the immune system and exerting anti-inflammatory 
activities (Ahmed and Hammami, 2019; Haney et al., 2019; Wang et al., 
2019). 

In this study, we screened a novel functional gene named Spasin from 
the transcriptomics database of Vibrio alginolyticus-infected mud crabs. 
Based on the bioinformatics analysis and validation, we successfully 

Fig. 4. The binding property of Spasin141–165 to LTA (A) and LPS (B). The effect of exogenous LPS (0, 8, 16, 32 and 64 μg mL− 1) on the antibacterial activity of 
Spasin141–165 (1 × MBC) was assessed by measuring the growth curve of S. aureus. The effect of exogenous LPS (0, 8, 16, 32, and 64 μg mL− 1) on the antibacterial 
activity of Spasin141–165 (1 × MBC) was assessed by measuring the growth curve of A. baumannii. Bars represent the mean ± standard error of the mean (n = 3). (C, D) 
Outer membrane permeability after Spasin141–165 treatment was measured by N-phenyl-1-naphthylamine (NPN) uptake assay. NPN fluorescence was recorded at 
excitation and emission wavelengths of 350 and 420 nm, respectively. 
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identified a new AMP, which was a truncated peptide Spasin141–165 
derived from Spasin. We characterized the physicochemical properties 
and antimicrobial activity of Spasin141–165 to elucidate its antimicrobial 
effect against A. hydrophila infections and its intrinsic mechanism, 
providing new insights into the development of alternatives to antibi-
otics for future applications in aquaculture. It is now widely accepted 
that the net charge and length of AMPs are among the most critical 
parameters for their antimicrobial activity (Islam et al., 2023). 
Spasin141–165 carries a high positive charge number of +7 and has potent 
broad-spectrum antimicrobial activity against bacteria and fungi. 
Similar to the binding properties of other cationic AMPs (Islam et al., 
2023), the positive charge of spasin141–165 might enhance binding to 
negatively charged microbial surfaces through electrostatic interaction. 

We found that, like most AMPs (Huo et al., 2020; Ma et al., 2016), the 
main antibacterial mechanism of Spasin141–165 was the disruption of 
bacterial membranes, leading to leakage of intracellular content and 
ultimately leading to bacterial death. In the study, we observed the 
disruptive effect of Spasin141–165 on the morphological structure of 
bacteria by SEM and TEM, and confirmed the penetration of 
Spasin141–165 into the outer and inner membranes of bacteria by NPN, 
SYTO9, and PI staining. Spasin141–165 was able to act on cell membranes, 
resulting in the rupture of the cell membrane and surface crumpling. 
Furthermore, we observed an increase in the level of ATP, a key cellular 
component, after Spasin141–165 treatment, which could be attributed to 
the damage of the cell membrane and the reduction of the bacterial 
barrier function, which in turn led to the release of ATP. 

In general, both Gram-negative and Gram-positive bacteria contain 
negatively charged phospholipids, giving the microorganisms a net 
negative charge on the cell surface (Ma et al., 2016; Xhindoli et al., 
2016). In addition, Gram-negative bacteria contain LPS while Gram- 
positive bacteria contain LTA, both of which are negatively charged 
substances (Bhattacharya et al., 2018). In fact, the results of the 

inhibitory effect of the bacterial membrane components LTA and LPS on 
the antimicrobial activity of Spasin141–165 showed that the susceptibility 
of S. aureus or A. baumannii to Spasin141–165 was reduced by the addition 
of LTA or LPS, which implies that Spasin141–165 might bind to the 
membrane components of the microorganisms, thereby reducing the 
ability of the peptide to target cell membranes, and thus diminishing the 
antimicrobial activity. Similarly, cationic AMPs (e.g. Epinecidin-1) can 
bind to negatively charged components of bacterial cell membranes 
through electrostatic interactions, thereby accumulating on the bacte-
rial surface and killing the bacteria by lysing the cell membranes after 
reaching the action concentration (Narayana et al., 2015). In the study, 
we observed elevated levels of bacterial ROS induced by Spasin141–165. 
ROS can be produced by the electron transport chain of aerobic respi-
ration, which helps to maintain normal physiological activities of bac-
teria. As reported, during treatment of bacteria with AMPs, large 
amounts of ROS are produced and accumulated, and excessive ROS will 
cause oxidative stress, leading to oxidative damage, which in turn affects 
bacterial activities (He et al., 2021; Lee et al., 2020; Wang et al., 2018). 
In the study, Spasin141–165 treatment effectively altered the permeability 
of bacterial cell membranes, while inducing excessive and lethal pro-
duction of ROS. 

In order to evaluate whether Spasin141–165 has potential applications, 
we determined that Spasin141–165 is affected by various factors (e.g., 
temperature, cations, etc.). The results showed that Spasin141–165 has 
strong thermal stability as its antimicrobial activity against S. aureus and 
A. baumannii after 120 min of boiling water treatment. This is similar to 
the properties of many other AMPs, such as BAMP (Choyam et al., 
2021), which has good thermal stability. This means that Spasin141–165 
can be used in potentially high-temperature environments associated 
with aquaculture while maintaining good antimicrobial activity. 

Cations are often considered a barrier to the antimicrobial activity of 
AMPs because the electrostatic force between the positive charge carried 

Fig. 5. Effect of Spasin141–165 on the membrane permeability of S. aureus (A) and A. baumannii (B). Confocal laser-scanning microscope (CLSM) images showing cell 
membrane permeability by SYTO 9 and propidium iodide (PI) staining in S. aureus and A. baumannii cells treated with Spasin141–165. 
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by the AMPs and the negative charge carried by the bacterial surface is 
easily disrupted in the presence of cations (Xian et al., 2022). We eval-
uated the ionic tolerance of Spasin141–165. The antimicrobial activity of 
Spasin141–165 at the marine environment K+ concentration (2–10 mM), 
whereas Na+ concentration affected the antimicrobial activity of 
Spasin141–165 to varying degrees. Interestingly, the antimicrobial activ-
ity of Spasin141–165 against S. aureus was unaffected at 100 mM Na+, 
whereas the antimicrobial activity of Spasin141–165 against A. baumannii 
was inhibited under the same conditions. It has been reported that 
divalent cations may reduce the antimicrobial activity of AMPs, such as 
LL-37 (Bowdish et al., 2005) and human β-defense-1 (Goldman et al., 
1997). 

A major obstacle to the use of AMPs as alternatives to conventional 
antibiotics is their potential cytotoxicity. Most α-helical AMPs are not 
selective for microbial cells and exhibit toxicity to animal cells (Luo 
et al., 2021; Soman et al., 2009). We evaluated the cytotoxicity and 
hemolytic activity of Spasin141–165. The results showed that 
Spasin141–165 was non-toxic to human embryonic kidney cells (HEK-293 
T), mouse macrophages (RAW 264.7), and zebrafish embryonic fibro-
blasts (ZF4) and had no hemolytic activity on mouse erythrocytes, 
implying that it has good biocompatibility. It has been reported that 
AMPs with a net charge higher than +6 may lead to increased toxicity 
(Oren and Shai, 1998), whereas Spasin141–165 with a total net charge of 
+7 still showed no significant cytotoxicity. In contrast, LL-37 with a 
total net charge of +6 showed higher cytotoxicity and hemolytic activity 
(Tan et al., 2021; Yeaman and Yount, 2005). Spasin141–165 has strong 
antibacterial activity against free-living planktonic bacteria in vitro, but 
its antibacterial activity against biofilm-associated bacteria is unknown. 
It is generally believed that biofilm-associated bacteria are less sensitive 
to antimicrobial agents than free-living planktonic cells (Acosta et al., 
2021), and the anti-bacterial biofilm activity and mechanism of 

Spasin141–165 deserve further investigation. 
Finally, we investigated whether Spasin141–165 has an in vivo anti- 

infective effect by modeling bacterial infection in zebrafish. Although 
Spasin141–165 had no inhibitory effect on A. hydrophila in vitro, treatment 
of Spasin141–165 after bacterial infection significantly increased the 
survival rate of zebrafish, suggesting that Spasin141–165 has potential as 
an antibacterial agent. Inflammation was induced in zebrafish infected 
with A. hydrophila through innate immune response, and a large number 
of immune cells infiltrate the site of inflammation and release inflam-
matory factors, such as TNF-α, IL-1β, cxcl8a, etc., which leads to a dys-
regulation of the immune homeostasis (Liu et al., 2014; Rosales and 
Uribe-Querol, 2017). Immune cells and immune factors play an impor-
tant role in the development of inflammatory responses, and IL-1β is an 
important signal for early immune responses and a key mediator of 
microbial invasion (Liu et al., 2014). As reported, it was found that IL-1β 
was significantly up-regulated in zebrafish spleen after intraperitoneal 
injection of Edwardsiella tarda (Mohanty and Sahoo, 2010; Pressley 
et al., 2005). In our study, IL-1β was significantly upregulated in 
A. hydrophila-infected zebrafish spleens, suggesting that the early in-
flammatory immune response was stimulated after infection. As one of 
the pro-inflammatory factors, IL-1β activates immune cells that stimu-
late and secrete pro-inflammatory cytokines, creating a positive feed-
back regulatory loop (Hiroko et al., 2015). Another cytokine, TNF-α, 
promotes the expression of E-selectin as well as different CC and CXC 
chemokines in endothelial cells, thus contributing to phagocyte 
recruitment and activation, and bacterial infections are capable of 
inducing TNF-α production by macrophages in fish (Ishibe et al., 2009; 
Roca et al., 2008). We found that treatment with Spasin141–165 reduced 
the transcription levels of IL-1β and TNF-α, and attenuated the inflam-
matory immune response, while the transcriptional expression levels of 
the neutrophil chemokine cxcl8 were inhibited. It is noting that NOS2a 

Fig. 6. Effect of different concentrations of Spasin141–165 on intracellular reactive oxygen species levels (A, B) and on ATP release (C, D). Significant differences were 
indicated by an asterisk, *p < 0.05, **p < 0.01, ***p < 0.001. Bars represent the mean ± standard error of the mean (n = 3). 
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Fig. 7. Thermal stability of Spasin141–165. S. aureus and A. baumannii were treated with heated Spasin141–165 at a concentration of 1 × MBC (A-D). Bacteria treated 
without Spasin141–165 were used as control groups. Effect of different cation concentration conditions on the sensitivity of bacteria to Spasin141–165 (E-H). The 
antimicrobial activity of Spasin141–165 against S. aureus (E) and A. baumannii (F) under various concentrations of KCl. The antimicrobial activity of Spasin141–165 
against S. aureus (G) and A. baumannii (H) under various concentrations of NaCl. 
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is expressed mainly in immune tissues (e.g., spleen) and pathogen- 
invasive organs (e.g., gills, skin, and intestine), and is to some extent a 
feature of pathogenic infections (Nath and Maitra, 2019), and interest-
ingly, Spasin141–165 reversed the transcription levels of NOS2a. In 
addition, MMP9 is an inflammatory mediator involved in the develop-
ment of many diseases, such as inflammatory response (Falardeau et al., 
2001). We found that Spasin141–165 reduced the transcripts of MMP9 to 
levels comparable to those of controls. Taken together, these results 
indicated that Spasin141–165 could effectively control A. hydrophila 
infection in zebrafish, significantly increase the survival rate of zebra-
fish, and effectively reduce the inflammatory response of zebrafish after 
infection. In a follow-up study, several representative freshwater edible 
fish (such as grass carp (Ctenopharyngodon idella), freshwater eel 
(Anguilla japonica) and silver carp (Hypophthalmichthys molitrix)) will be 
selected to further evaluate the in vivo anti-A. hydrophila infection effect 
of Spasin141–165. We believe that this study will provide new ideas for 
the control of A. hydrophila infections in aquaculture, and Spasin141–165 
has the potential to become a safe and effective new antimicrobial agent. 

5. Conclusions 

In conclusion, we identified a novel functional gene named Sapsin in 
mud crabs. Based on the prediction and analysis of Spasin, we identified 
a novel AMP, Spasin141–165, with broad-spectrum antimicrobial activity. 
Spasin141–165 disrupted the cell membranes of S. aureus and 
A. baumannii, increased membrane permeability, induced the accumu-
lation of ROS and the release of ATP, and finally killed the bacteria. 
Spasin141–165 had good biocompatible and was non-cytotoxic to 
mammalian and zebrafish cells. Notably, Spasin141–165 treatment 
significantly enhanced the survival of zebrafish infected with 
A. hydrophila, reduced the bacterial load in spleen and suppressed the 
expression of several inflammation-associated genes. The discovery and 
identification of Spasin141–165 will add to the list of marine-derived 
AMPs that could be used as drug candidates against microbial in-
fections in the future. 
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Fig. 9. The effectiveness of Spasin141–165 in A. hydrophila infected zebrafish. Scheme of bacterial infection in zebrafish and the survival curve was analyzed using the 
Kaplan-Meier log-rank test (n = 40) (A). Bacterial load in zebrafish spleen (n = 5) (B). Expression of inflammation-related genes in the zebrafish spleen (n = 5) (C),. 
*p < 0.05, **p < 0.01, ***p < 0.001 indicated significant differences. 
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