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A B S T R A C T

Edwardsiella tarda poses a substantial threat to fish populations, inducing severe systemic infections, especially 
pronounced in economically valuable species such as the Japanese eel (Anguilla japonica). Current therapeutic 
options are limited, and the emergence of multidrug-resistant strains further underscores the urgent need to 
develop novel antimicrobial alternatives. Antimicrobial peptides present promising alternatives because of their 
extensive activity range and minimal potential for resistance development. In this study, we identified a novel 
functional gene from A. japonica, named Anguinin, which encodes a mature peptide comprising 99 amino acids. 
The Anguinin gene was broadly expressed in various tissues of healthy A. japonica and showed significant in
duction in immune-related tissues following E. tarda infection. A truncated peptide, Anguinin55–72, derived from 
this gene, exhibited potent antimicrobial properties against a wide range of pathogens. Mechanistic studies 
revealed that Anguinin55–72 disrupted bacterial membranes, increased membrane permeability, and triggered the 
accumulation of reactive oxygen species, ultimately causing bacterial death. The peptide also demonstrated anti- 
biofilm activity and maintained stability at high temperatures without cytotoxicity. The in vivo animal models 
were constructed using zebrafish and Japanese eels infected with E. tarda. The results showed that Anguinin55–72 
significantly increased survival rates of Danio rerio and A. japonica. Additionally, in the Japanese eel model, 
Anguinin55–72 significantly reduced disease severity, decreased bacterial loads, downregulated the expression of 
pro-inflammatory cytokines and promoted the recovery of tissue lesions. Taken together, Anguinin55–72 holds 
promise as an alternative to conventional antibiotics for controlling E. tarda infections in aquaculture to address 
the challenge of escalating antibiotic resistance.

1. Introduction

Edwardsiella tarda is a facultative anaerobic, Gram-negative bacte
rium that can cause a serious disease in fish known as Edwardsiellosis 
[1]. This disease manifests itself in fish in a variety of ways, including 
septicemia, hepatonephritis, eel ulcer disease, and eel hepatonephro 
syndrome. It has been reported in economically important fish species 
globally, such as Japanese eel (Anguilla japonica) [2,3], tilapia (Oreo
chromis niloticus) [4], red snapper (Pagrus major) [5], turbot (Scoph
thalmus maximus) [6], and channel catfish (Ictalurus punctatus) [7], 
causing considerable harm to aquaculture. Septicemia, in particular, has 
led to substantial mortality rates (up to 70%) and significant economic 

losses in both freshwater and marine aquaculture animals worldwide 
[8]. Over the past decades, despite the progress made in research on 
Edwardsiellosis and the development of several effective vaccine can
didates, they are still not yet commercially available for large-scale use. 
Consequently, the primary measures for the prevention and control of 
Edwardsiellosis remains to be the application of antibiotics, including 
cephalosporins, ampicillin, aminoglycosides, and fluoroquinolones 
[1,9].

Admittedly, antibiotics have been instrumental in advancing aqua
culture and animal husbandry since the discovery of penicillin by 
Alexander Fleming in 1928 [10]. They are extensively employed to treat 
illnesses caused by microbial infections. In addition, antibiotics are also 
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widely employed to improve the growth and productivity of livestock, 
leading to a rapid increase in their usage. However, the widespread use 
and frequent misuse of antibiotics has given rise to a serious problem of 
microbial resistance, resulting in treatment failures, increased incidence 
and mortality, as well as higher healthcare costs [11]. The use of anti
biotics in non-human animals, particularly in agriculture and aquacul
ture, significantly contributes to the development of resistance that 
impacts on humans [12]. Based on a comprehensive global analysis of 
antimicrobial resistance, it is projected that over 39 million individuals 
may succumb to infections with antibiotic-resistant pathogens from the 
present until 2050 [13]. Therefore, decreasing antibiotic usage is crucial 
to curb the rise and dissemination of antibiotic-resistant bacteria in the 
environment, throughout the food chain and in animals, and ultimately 
reducing the corresponding public health risks [14]. Concurrently, it is 
imperative to explore and develop effective alternatives to conventional 
antibiotics.

Antimicrobial peptides (AMPs), hailed by scientists as “natural an
tibiotics”, emerge as highly promising natural substitutes for traditional 
antibiotics [15]. They play a crucial role in the innate immune system 
and exhibit a wide range of efficacy against bacteria, fungi, and viruses. 
Moreover, they also help to regulate immune responses and perform 
various other biological functions [16]. AMPs demonstrate their anti
bacterial effects through three main mechanisms: inhibiting cell wall 
synthesis and disrupting its integrity [17]; interacting with negatively 
charged microbial membrane to increase permeability, leading to 
membrane rupture and the leakage of cellular contents [18]; and by 
disrupting intracellular organelles and interfering with normal meta
bolic activities, resulting in bacterial death [19]. In addition, AMPs are 
characterized by rapid bactericidal action, high efficacy in synergy, and 
low propensity to induce resistance [20]. These properties make the 
application of AMPs in clinical medicine, the food industry, livestock 
farming, and aquaculture highly promising [21,22].

Interestingly, AMPs are ubiquitous across all forms of life and are 
important components of the innate immune system [23]. Fish, a major 
species of aquatic animals, have a specific immune system that produces 
antibodies, but the number of antibodies is limited and the maturation of 
lymphocytes is slow, and studies have confirmed that the innate immune 
system is crucial for their defense against pathogens [24]. The Japanese 
eel (Anguilla japonica) is an anadromous, carnivorous fish widely 
distributed in freshwater habitats of the Western Pacific. Its life cycle 
involves six stages, requiring it to move from the ocean to rivers and 
then back to the ocean. This unique life cycle may require it to increase 
its reliance on innate immune effectors, making it a valuable resource 
for discovering novel AMPs. To date, only eight AMPs of Japanese eel 
have been reported, including AJN-10 [25], AjCath I (Cathelicidin 
family), Ajdefensin1 and Ajdefensin2 (β-defensin family), AJLEAP-2 
(liver-expressed antimicrobial peptide 2), AJBPI-1 and AJBPI-2 (bacte
ricidal/permeability increasing protein, BPI superfamily), and AJHbα 
[26]. Among them, only AJN-10 and AJHbα have antibacterial activity 
against E. tarda. However, the in vivo antibacterial efficacy of these 
AMPs against E. tarda remains to be determined. In recent years, the 
development of novel AMPs as potential alternatives to antibiotics for 
the treatment of pathogenic infections has garnered growing interest, 
but studies on AMPs related to diseases caused by E. tarda are still 
limited [27]. Therefore, it is of significant scientific importance to 
explore new AMPs in Japanese eel, which will help better understanding 
their immune defense mechanisms and provide a theoretical foundation 
for developing antimicrobial agents.

In this study, we identified a novel functional gene, named Anguinin, 
by analyzing the transcriptome database of A. japonica infected with 
E. tarda. The complete cDNA sequence of Anguinin gene was determined 
through RACE PCR, and its tissue distribution in healthy eels and its 
induced expression pattern following E. tarda infection were analyzed. 
Additionally, based on the physicochemical properties of Anguinin and 
the predictions of the AMP database, we screened and obtained a 
truncated peptide, Anguinin55–72, with potential antimicrobial activity. 

It was chemically synthesized and the antimicrobial properties and un
derlying mechanism were determined. In turn, we initially investigated 
whether Anguinin55–72 could exert in vivo effects using a model of 
zebrafish infected with E. tarda by examining the survival rate of the 
fish. Furthermore, we constructed a model of E. tarda infection in 
A. japonica to assess the anti-infective effects of Anguinin55–72 by 
determining eel survival, disease-related indices, and bacterial clear
ance, as well as the effects on inflammation-related genes (including IL- 
6, IL-8, and TNF-α) using qPCR and liver tissue using HE staining. This 
study focuses on assessing the in vitro antimicrobial efficacy of the novel 
AMP Anguinin55–72 and elucidating its role in combating E. tarda 
infection in vivo, which will provide a theoretical basis for the devel
opment of an effective antibacterial agent against E. tarda with a view to 
making it an alternative to antibiotics in future aquaculture.

2. Materials and methods

2.1. Animals, strains, and cell lines

Japanese eels (30 ± 5 g) were sourced from a wholesale aquatic 
products farm in Nansha District, Guangzhou City, China. They were 
acclimated in a constant-temperature circulation system of 28 ◦C with 
continuous oxygenation for more than seven days. Healthy Japanese 
eels were then dissected to collect samples of various tissues, including 
the brain, heart, spleen, gills, intestines, skin, stomach, muscle, liver, 
and trunk kidney.

The AB strain of standard zebrafish (Danio rerio), weighing about 0.5 
g, were purchased from the China Zebrafish Resource Center in Wuhan, 
China. The zebrafish were housed in a controlled freshwater system with 
a temperature range of 26 ◦C–28 ◦C and were provided with brine 
shrimp twice daily. Prior to injection, the fish were tranquilized using a 
60 mg/L solution of ethyl 3-aminobenzoate methanesulfonate (MS222, 
Sigma-Aldrich, USA).

The HEK293T cell line, obtained from the National Collection of 
Authenticated Cell Cultures in Shanghai, China, was maintained in 
DMEM medium (Gibco, USA) containing 10% fetal bovine serum (FBS) 
(Gibco, USA) at 37 ◦C in an atmosphere of 5% CO2 incubator. Addi
tionally, the zebrafish embryonic fibroblast cell line (ZF4), procured 
from the China Zebrafish Resource Center in Wuhan, China, was grown 
in a DMEM-F12 (1:1) medium (Gibco, USA) containing 10% FBS (Gibco, 
USA), and incubated at 28 ◦C under 5% CO2.

The bacterial strains employed in this study were procured from the 
China General Microbiological Culture Collection Center (CGMCC), 
which included Enterococcus faecium (CGMCC NO. 1.131), Listeria 
monocytogenes (CGMCC NO. 1.10753), Staphylococcus epidermidis 
(CGMCC NO. 1.4260), Staphylococcu saureus (CGMCC NO. 1.2465), 
Acinetobacter baumannii (CGMCC NO. 1.6769), Pseudomonas fluorescens 
(CGMCC NO. 1.3202), Pseudomonas putida (CGMCC NO. 1.1836), 
Escherichia coli (CGMCC NO. 1.2389), Pseudomonas aeruginosa (CGMCC 
NO. 1.2421), Vibrio harveyi (CGMCC NO. 1.1593), Vibrio alginolyticus 
(CGMCC NO. 1.1833), Vibrio parahaemolyticus (CGMCC NO. 1.1997), 
Vibrio fluvialis (CGMCC NO. 1.1609), Edwardsiella tarda (CGMCC NO. 
1.1872), Crytococcus neoformans (CGMCC NO. 2.1563), Fusarium solani 
(CGMCC NO. 3.5840), Aspergillus niger (CGMCC NO. 3.316), and Peni
cillium expansum (CGMCC NO. 3.7898).

2.2. Gene cloning and bioinformatics analysis

The specific primers (Table 1) for the Anguinin gene were crafted 
utilizing Primer Premier software (Version 5.0) and manufactured by 
Sangon Biotech Co., Ltd. (Shanghai, China). These primers were 
designed based on partial sequences from our research group's tran
scriptome database of the Japanese eel. To amplify the Anguinin gene's 
coding sequence (CDS), we used cDNA from the Japanese eel's spleen as 
a template with the primers Anguinin-CDS-F and Anguinin-CDS-R. For 
the 3′- and 5′- RACE cDNA templates from spleen tissue, we followed 
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established methods [28]. The 5′- and 3′- untranslated regions (UTRs) of 
the Anguinin gene were amplified via nested PCR. In the initial PCR, we 
employed primers Anguinin-5′-R1 and Anguinin-3′-F1, followed by 
Anguinin-5′-R2 and Anguinin-3′-F2. Additionally, universal primers 
from the SMARTer® RACE 5′/3′ Kit were included in our protocol. The 
touch-down PCR protocol involved: an initial denaturation at 95 ◦C for 
5 min; 30 cycles of 95 ◦C for 30 s, annealing at 72 ◦C (decreasing by 
0.5 ◦C per cycle) for 30 s, and extension at 72 ◦C for 90 s; followed by a 
final extension at 72 ◦C for 5 min and a hold at 16 ◦C. The purified PCR 
products were then ligated into the pMD18-T vector (Takara, Japan) and 
transformed into E. coli DH5α competent cells. Positive clones were 
identified by colony PCR, and at least three independent clones for each 
fragment were sequenced by Sangon Biotech (Shanghai, China).

The physicochemical properties of amino acid sequences were pre
dicted using the ExPASy platform (https://www.expasy.org/). The 
similarity analysis of amino acid and nucleotide sequences was per
formed using DNAMAN software (Version 8.0). Protein 3D structure 
predictions were conducted with I-TASSER (https://zhanggroup.org/ 
I-TASSER/) and AlphaFold2 (https://github.com/deepmind/alph 
afold), with visualization accomplished using PyMOL software 
(Version 2.5.8).

2.3. Quantitative PCR (qPCR) analysis

Absolute qPCR was conducted to assess the tissue-specific distribu
tion of the Anguinin gene in A. japonica. Additionally, to assess the tissue- 
specific expression profile of the Anguinin gene, relative qPCR was per
formed using RPL8 as the internal reference. Tissues (intestine, liver, 
and spleen) were collected following infection with a sublethal dose of 
E. tarda (2.0 × 105 CFU/fish), a dosage selected in accordance with 
established Japanese eel infection models to induce a robust innate 
immune response while minimizing mortality and acute tissue damage 
[29,30]. Moreover, the expression of inflammation-associated genes 
(including IL-6, IL-8, and TNF-α) in the liver of Japanese eel challenged 
with E. tarda or treated with Anguinin55–72 were analyzed by relative 
qPCR.

qPCR was conducted utilizing the CFX384 Real-Time PCR Detection 
System (Bio-Rad, USA), following the methods detailed in previous 
publications [28]. Relative qPCR data were analyzed applying the 2- 

△△Ct method [31].

2.4. Peptide design and synthesis

The antimicrobial region of Anguinin was predicted using the 
CAMPR4 database (http://www.camp.bicnirrh.res.in/). Based on this 
prediction and several key parameters for antimicrobial peptide 
design—including net positive charge, hydrophobicity, and α-helical 

propensity—an 18-residue fragment, Anguinin55–72 (KFTGSWTRGAW
GRAVVRR), was selected and chemically synthesized by GenScript 
(Nanjing, China) with a purity of 96.9%. The synthesized peptide was 
stored in lyophilized form at − 20 ◦C until further use.

2.5. Circular dichroism (CD) spectroscopy

The secondary structure of Anguinin55–72 was analyzed using a CD 
spectrometer (Jasco J-810, Japan). The peptide was dissolved in ultra
pure water and 60 mM SDS at a final concentration of 0.1 mg/mL. 
Spectra were recorded between 190 and 260 nm using a 100-mm path- 
length quartz cuvette with a scan speed of 100 nm/min.

2.6. Antimicrobial assay

A modified broth microdilution method [32] was employed to 
evaluate the antimicrobial activity of Anguinin55–72. A concentration of 
about 106 CFU/mL was achieved by diluting bacteria in the logarithmic 
growth phase in Muller-Hinton broth (HKM, China), followed by incu
bation in 96-well flat-bottomed plates (NEST, China). They were then 
exposed to peptide concentrations ranging from 3 to 96 μM at their 
corresponding optimal temperature for 24 h. The minimum inhibitory 
concentration (MIC) was determined as the lowest peptide concentra
tion that inhibited visible bacterial growth, and the minimum bacteri
cidal concentration (MBC) was identified as the concentration that 
resulted in the death of over 99.99% of bacteria. The assay was con
ducted in triplicate at least three times.

2.7. The time killing kinetics

A Gram-positive S. epidermidis and a Gram-negative A. baumannii 
were chosen for the time-killing kinetic assay, following a method 
similar to previous reports [33]. In brief, the concentration of bacteria in 
the logarithmic growth phase was adjusted to about 106 CFU/mL using 
MH medium. Anguinin55–72 at concentrations equivalent to 1 × MBC 
and 2 × MBC in a 1:1 ratio was then mixed with bacteria and incubated 
at 37 ◦C. At intervals of 0, 5, 10, 20, 30, 60, 120, 240, and 360 min, 
samples were collected and spread evenly on nutrient broth (NB) agar 
plates. These plates were cultured at 37 ◦C for 20–24 h to allow growth 
of surviving bacteria, which were subsequently counted. A control was 
also set up using medium without the peptide. Each experiment was 
conducted in triplicate, with three independent repetitions.

2.8. Scanning electron microscope (SEM) observation

SEM was used to evaluate the effect of Anguinin55–72 on 
S. epidermidis and A. baumannii, following a previously described pro
tocol [34]. Bacteria in the logarithmic growth phase were resuspended 
to a concentration of about 108 CFU/mL in 10 mM sodium phosphate 
buffer (NaPB), followed by incubation with Anguinin55–72 (1 × MBC) for 
20 min at 37 ◦C. Subsequently, the samples were stabilized with 2.5% 
glutaraldehyde solution overnight. After fixation, the samples under
went washing, resuspended in NaPB, and spread onto glass slides on ice. 
Ethanol was then employed for sample dehydration, and a critical point 
dryer (EM CPD300, Leica, Germany) was used for drying. Finally, the 
samples were coated with gold and analyzed using a SEM (Zeiss SUPRA 
55, Germany).

2.9. Transmission electron microscope (TEM) observation

TEM analysis was conducted based on the established experimental 
protocol [35]. Briefly, S. epidermidis and A. baumannii were incubated 
with Anguinin55–72 for 20 min, respectively. Following incubation, the 
bacterial cells were washed with NaPB and transferred onto an agar 
medium. Subsequently, the samples were stabilized with a 2.5% 
glutaraldehyde solution at 4 ◦C overnight. After fixation, the samples 

Table 1 
Primers used in the study.

Primer name Primer sequences (5′-3′)

Anguinin-CDS-F ATGAAGGGTTACGGAAACAA
Anguinin-CDS-R CTAGAACGCACTGTCACTCAG
Anguinin-3′-F1 AAATCGCCTGTTCTCTGGTCCCG
Anguinin-3′-F2 CGTAAGTTTACCGGAAGCTGGACGC
Anguinin-5′-R1 GCGTCCAGCTTCCGGTAAACTTACG
Anguinin-5′-R2 CGGGACCAGAGAACAGGCGATTT
Anguinin-qPCR-F GGAAACGTGGCATTCTCCTC
Anguinin-qPCR -R CGGTAAACTTACGGCGCTTG
AjRPL8-qPCR-F CCGTCAACCGGGTTTAGTTC
AjRPL8-qPCR-R GATGTGCCGGAGTTTAGCAG
AjIL8-qPCR-F CCTGCATGCTGTGAAAGGAG
AjIL8-qPCR-R ACAGGGCCTTCCTTCCTCT
AjIL6-qPCR-F CCGCTGACCTATCTGCTCAT
AjIL6-qPCR-R TCCAGCTGGTCAGGCTTAAA
AjTNFα-qPCR-F ACAGCCAAGTCTCATTCCGA
AjTNFα-qPCR-R GTTTGCATCACTCTGGCACA
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underwent three cycles of washes with NaPB for 15 min each. They were 
further treated with a 1% osmium tetroxide solution for 1 h, to postfix, 
followed by dehydration and rinsing. The samples were then impreg
nated with epoxy resin for stabilization. Finally, the cell structures were 
visualized utilizing a TEM (HT-7800, Hitachi, Japan).

2.10. Assessment of outer membrane permeability

The N-phenyl-L-naphthylamine (NPN, Sigma, Germany) assay was 
used to assess the effect of Anguinin55–72 on bacterial outer membrane 
permeability. During the logarithmic growth phase, S. epidermidis and 
A. baumannii cells were resuspended in HEPES buffer (pH 7.4, with 5 
mM glucose) to achieve a concentration of about 108 CFU/mL. NPN was 
added to the bacterial suspensions to a final concentration of 10 μM. The 
mixtures were then transferred to a 96-well black flat-bottomed micro
titer plate (NUNC, Roskilde, Denmark), and fluorescence was detected 
with a microplate reader at 350/420 nm until a stable baseline was 
established. Subsequently, Anguinin55–72 with various concentrations 
(1.5 μM, 3 μM, 6 μM, 12 μM, 24 μM, 48 μM) were added to the wells, 
with Milli-Q water as a negative control and 1 μg/mL polymyxin B 
(PMB) as a positive control. Fluorescence intensity changes were 
monitored every 2 min, and each experiment was performed in tripli
cate, with three independent repetitions.

2.11. Inner membrane permeability assay

The effect of Anguinin55–72 on bacterial inner membrane perme
ability was determined with the LIVE/DEAD BacLight™ staining kit 
(Thermo Fisher, USA), following the established method [36]. Briefly, 
S. epidermidis and A. baumannii in the exponential growth period were 
collected and washed three times in 10 mM NaPB (pH 7.4) to achieve a 
concentration of about 107 CFU/mL. The bacterial suspensions were 
subsequently treated with Anguinin55–72 at a concentration of 1 × MBC 
for 15 min at 37 ◦C. After another three washes, SYTO 9 and propidium 
iodide (PI) were added for bacterial staining. The samples were then 
incubated for 15 min at 37 ◦C in the dark and analyzed using a confocal 
laser scanning microscopy (CLSM) (Zeiss LSM780, Germany).

2.12. Lipoteichoic acid and lipopolysaccharides inhibition assays

25 μL of Anguinin55–72 at a final concentration equivalent to 1 × MIC 
was added to a 96-well flat-bottom plate. To this, 25 μL of lipoteichoic 
acid (LTA) from S. aureus (Sigma, USA) or lipopolysaccharides (LPS) 
from E. coli (Sigma, USA) was introduced, with the final concentration of 
each ranging from 8 to 64 mg/mL. The mixtures were incubated at room 
temperature for 20 min to reach equilibrium. Following this, 50 μL of 
S. epidermidis or A. baumannii, each at a concentration of about 106 CFU/ 
mL, were introduced into the corresponding wells. They were then 
exposed to the Anguinin55–72-LTA or Anguinin55–72-LPS mixtures for 24 
h at 37 ◦C. The optical density of each well was determined at 595 nm 
with a microplate reader (Tecan, Switzerland). Each experiment was 
conducted in triplicate and replicated at least three separate occasions.

2.13. Assessment of reactive oxygen species (ROS) production and ROS 
inhibition assay

The fluorescent probe 2′,7′-dichlorodihydrofluorescein diacetate 
(DCFH-DA), obtained from the Nanjing Jiancheng Bioengineering 
Institute, was used to measure ROS production by bacteria treated with 
Anguinin55–72. The concentrations of S. epidermidis and A. baumannii 
were standardized to 1 × 108 CFU/mL in a mixture containing NaPB and 
40% MHB. These bacterial suspensions were subsequently treated with 
different concentrations of Anguinin55–72 (ranging from 1.5 μM to 48 
μM) or polymyxin B (PMB) (1 μg/mL), and incubated for 30 min. After 
three rinses with PBS, the bacteria were treated with DCFH-DA (10 μM) 
for an additional 30 min. The levels of ROS were assessed by measuring 

fluorescence intensity with a microplate reader, using excitation and 
emission spectra of 488 nm and 533 nm, respectively. The experiment 
was conducted in triplicate and repeated three separate occasions.

To further investigate whether ROS generation directly contributes 
to the bactericidal activity of Anguinin55–72, a ROS scavenging assay was 
performed using thiourea (Macklin, China) [37]. First, a specific veri
fication experiment was conducted to evaluate the effect of the ROS 
scavenger. S. epidermidis and A. baumannii (1 × 108 CFU/mL) were 
assigned to four distinct groups: (i) control group (untreated bacteria), 
(ii) thiourea-only group (100 mM thiourea), (iii) peptide-only group 
(treated with Anguinin55–72 at 1 × MBC), and (iv) co-treatment group 
(treated with 1 × MBC peptide and 100 mM thiourea). After co- 
incubation, the intracellular ROS levels were detected. Subsequently, a 
concentration-dependent bactericidal assay was performed. The bacte
ria were treated with various concentrations of Anguinin55–72 (ranging 
from 1.5 to 48 μM) in the presence or absence of 100 mM thiourea. After 
co-incubation for 1 h, the bacterial suspensions were serially diluted and 
plated on nutrient agar plates to determine the colony-forming units. 
The survival rates were compared between the group treated with the 
peptide alone and the group co-treated with thiourea to evaluate the 
specific role of oxidative stress in the peptide's lethality. All experiments 
were independently repeated at least three times.

2.14. Biofilm inhibition assays

The effect of Anguinin55–72 on biofilm formation was assessed using 
the method reported in a previous study [38]. In Brief, S. epidermidis and 
A. baumannii in the logarithmic growth phase were harvested and 
washed with NaPB. They were then diluted to a concentration of 1 × 108 

CFU/mLin MH medium. In 96-well plates, these diluted bacteria were 
co-incubated with varying concentrations of Anguinin55–72 (ranging 
from 0 to 48 μM) for 24 h. After incubation, the biofilms were stained 
with 0.1% crystal violet (CV, Sigma, Germany), and the staining was 
quantified by measuring the absorbance at 595 nm using a microplate 
reader. Each experiment was performed with six replicates and was 
independently conducted three times.

In the preformed biofilm experiments, S. epidermidis and 
A. baumannii at a concentration of about 106 CFU/mL were cultured at 
37 ◦C for 24 h in a static condition to facilitate biofilm development. 
Afterwards, Mueller-Hinton (MH) medium containing Anguinin55–72 
and resazurin (0.1 mM), was added to the wells. The microplates were 
then cultured at 37 ◦C for an additional 24 h. The viability of the biofilm- 
associated cells was assessed using a modified resazurin test, as detailed 
in a previous study [39].

2.15. Sodium ion tolerance and thermal stability assay

To assess Na+ tolerance, S. epidermidis and A. baumannii were 
collected during the logarithmic growth phase and adjusted to a con
centration of around 106 CFU/mL. Subsequently, the diluted bacterial 
suspensions were co-incubated with Anguinin55–72 (1 × MIC), along 
with varying concentrations of sodium chloride (NaCl) ranging from 20 
to 160 mM in microtiter plate wells at 37 ◦C for 24 h. The experiment 
was conducted using a microplate reader to detect the absorbance at 
595 nm. This experiment was performed in three replicates and inde
pendently repeated at least three separate occasions.

Similarly, the thermal stability of the bacteria was evaluated by 
mixing the prepared bacteria with heat-treated Anguinin55–72 (100 ◦C 
for 10, 20 and 30 min), followed by incubation at 37 ◦C for 24 h. The 
viability of bacteria was assessed by measuring absorbance at 595 nm 
using a microplate reader. This assay was also conducted in triplicate 
and repeated at least three separate occasions.
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2.16. Cytotoxicity assay of Anguinin55–72 and in vivo anti-infective effect 
on E. tarda infected zebrafish

The cytotoxic effects of Anguinin55–72 on HEK293T and ZF4 cells 
were assessed with the MTS assay, following a previously described 
method [38]. First, HEK293T and ZF4 were diluted to a density of 
around 105 cells/mL and cultured for 10 h at 37 ◦C and 28 ◦C, respec
tively, under a 5% CO2 atmosphere. Subsequently, fresh medium con
taining various concentrations of Anguinin55–72 (6, 12, 24, 48, and 96 
μM) was added to replace the original culture medium, and the cells 
were incubated for an additional 24 h Each independent experiment 
included five replicates, and the entire assay was conducted three times 
independently.

Next, we examined the in vivo anti-infective properties of 
Anguinin55–72 using an adult zebrafish model exposed to E. tarda. In 
brief, zebrafish were randomly assigned to four groups, each consisting 
of 20 fish. Bacteria in the logarithmic growth stage were harvested and 
rinsed three times using fish saline to achieve a final concentration of 1 
× 108 CFU/mL. The zebrafish were injected intraperitoneally with the 
bacterial suspension at a volume of 8.8 μL per fish (resulting in an actual 
dose of approx. 1 × 106 CFU/fish, which was pre-determined as the 
minimum LD100 for this model). One hour after infection, they were 
further injected with Anguinin55–72 (1 mg/mL), also at a volume of 8.8 
μL per fish. The control group was injected with fish saline one hour after 
receiving an injection of E. tarda, with an approximate dose of 106 CFU 
per fish. The survival of each group of fish was closely monitored and 
recorded over a 72-h period. Survival data were plotted using GraphPad 
Prism version 9.0.0 (San Diego, CA, USA). The experiment was con
ducted three times independently.

2.17. Evaluation of the in vivo protective efficacy of Anguinin55–72 on 
E. tarda infected Japanese eel

we explored the in vivo anti-infective properties of Anguinin55–72 
using a model of Japanese eel infected with E. tarda. The eels were 
randomly assigned to three groups, each containing 20 individuals. 
Bacteria in the logarithmic growth stage were rinsed three times with 
fish saline to prepare the infection model. The Japanese eel in each 
group were administered an intraperitoneal injection of the bacterial 
suspension, containing 2.2 × 108 CFU per eel (a dosage corresponding to 
the LD50). One hour after infection, they were administered an injection 
of Anguinin55–72 at a dosage of 40 μg per eel. The control group was 
injected with fish saline one hour after the E. tarda inoculation. Survival 
rates of eels in each group were tracked and recorded closely over a 72-h 
period, and the survival rates were plotted using GraphPad Prism soft
ware version 9.0.0.

At the last time point, we evaluated several health indices of the 
Japanese eel in each groups, including the disease activity index (DAI), 
liver index (liver weight/fish weight × 104), and spleen index (spleen 
weight/fish weight × 104). The features graded for the DAI include 
swimming ability, body surface bleeding condition, degree of liver 
enlargement and congestion, among others. The detailed scoring criteria 
are shown in Table 4. Subsequently, samples of the eel livers were 
weighed and treated with sterile PBS to form a homogeneous suspen
sion. The resulting homogenates were then serially diluted, spread 
evenly on nutrient agar plates, and incubated at 37 ◦C for 24 h to 
facilitate colony-forming unit (CFU) counting. Additionally, the levels of 
pro-inflammatory factors (including IL-6, IL-8, and TNF-α) in the 
E. tarda-challenged Japanese eels treated with Anguinin55–72 were 
analyzed using relative quantitative PCR, with RPL8 serving as the 
control gene. The 2− ΔΔCt method was used to conduct the expression 
pattern analysis [31]. Finally, histopathological examination was con
ducted on liver sections from each group of Japanese eels using HE 
staining to evaluate the pathological changes.

2.18. Statistical analysis

Statistical analyses were performed with GraphPad Prism version 
9.0.0 and SPSS version 26.0. One-way ANOVA analysis followed by the 
Dunnett post hoc test for multiple comparisons or Student's t-test for 
pairwise comparisons was used to evaluate the data between groups. A 
p-value less than 0.05 was considered statistically significant.

3. Results

3.1. Sequence analysis of Anguinin and truncated peptide design

We successfully cloned the complete cDNA sequence of a new 
functional gene, designated as Anguinin (Genbank Accession NO. 
PP826360), using RACE PCR with reference to the Japanese eel 
(A. japonica) transcriptomic database previously established in our lab. 
The gene is composed of a 320 bp 5′ UTR, a 432 bp 3′ UTR, and a 300 bp 
open reading frame (ORF) (Fig. 1A). And the ORF of Anguinin encodes a 
99-amino acid protein with high sequence similarity to two unidentified 
functional genes from Anguilla anguilla (Genbank Accession NO. XM 
035405582.1) and Anguilla rostrata (Genbank Accession NO. XM 
064322250.1). No significant protein sequence similarity was found 
with other known proteins. The three-dimensional structure showed 
that Anguinin contains α-helix, β-fold, and random coiling (Fig. 1B), and 
Anguinin was identified as a cationic protein with a computed molecular 
weight of 10.63 kDa and an estimated isoelectric point (pI) of 12.01 
(Table 2). Bioinformatics analysis of Anguinin was conducted on 
Anguinin to identify potential AMPs. This analysis led to the discovery of 
a peptide comprising 18 amino acid residues, designated as 
Anguinin55–72, with the sequence KFTGSWTRGAWGRAVVRR. As 
depicted in Fig. 1C, the predicted tertiary structure of Anguinin55–72 
suggests that it adopts a typical α-helical conformation. To verify the 
predicted α-helical structure, CD spectroscopy was performed. In 
aqueous solution, Anguinin55–72 exhibited a typical random coil 
conformation with a strong negative minimum near 200 nm. In contrast, 
in the membrane-mimetic 60 mM SDS environment, the peptide dis
played a characteristic α-helical spectrum, featuring two negative 
minima at 208 and 222 nm and a prominent positive maximum at 
approximately 195 nm (Fig. 1D). Furthermore, the physicochemical 
characteristics of Anguinin55–72 classify it as a cationic amphiphilic 
peptide, with an estimated net charge of +5 and a hydrophobicity per
centage of 26.7% (Table 2). Multi-model prediction using the CAMPR4 
platform confirmed Anguinin55–72 as an AMP, with high probability 
scores across 0.95 (Random Forest), 0.84 (Support Vector Machine), and 
0.83 (Artificial Neural Network) architectures.

3.2. Anguinin gene expression patterns

The expression patterns of Anguinin in various tissues of Japanese eel 
were analyzed (Fig. 2A). The qPCR results showed that Anguinin 
exhibited the highest abundance in muscle, followed by relatively lower 
levels in skin and brain. Furthermore, after E. tarda infection in 
A. japonica, Anguinin was significantly upregulated in intestine at 24 h 
post-infection (Fig. 2B), in liver at 12 and 24 h post-infection (Fig. 2C), 
and in the spleen at 24 h post-infection and significantly downregulated 
at 48 h post-infection in the spleen (Fig. 2D).

3.3. Antimicrobial activity assessment of Anguinin55–72

Antibacterial assays showed that Anguinin55–72 had a broad anti
microbial spectrum, as summarized in Table 3. Anguinin55–72 signifi
cantly inhibited multiple Gram-positive bacteria, including E. faecium, 
S. epidermidis, and L. monocytogenes, in addition to Gram-negative bac
teria such as A. baumannii, P. fluorescens, V. harveyi, V. alginolyticus and 
V. parahaemolyticus, with MIC and MBC values not exceeding 24 μM. 
Furthermore, Anguinin55–72 exhibited antifungal activity against the 
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germination of conidia of several filamentous fungi, including F. solani, 
A. niger, and P. expansum, with MIC values varying between 1.5 and 12 
μM.

3.4. Bactericidal kinetics of Anguinin55–72

The bactericidal efficacy of Anguinin55–72 was assessed through ki
netic studies. When incubated with S. epidermidis, Anguinin55–72 at 1 ×
MBC resulted in a 99% reduction of bacteria within 120 min, and 
Anguinin55–72 at 2 × MBC killed 99% bacteria within 60 min (Fig. 3A). 
Comparatively, a markedly slower bactericidal rate was observed 
against A. baumannii, which required double the exposure time (240 min 
at 1 × MBC and 120 min at 2 × MBC) to reach the same 99% killing 
efficiency (Fig. 3B).

3.5. Bacterial morphology changes after Anguinin55–72 treatment

SEM and TEM were utilized to examine the morphological changes of 
S. epidermidis and A. baumannii following exposure to Anguinin55–72. The 
findings indicated that after treatment with Anguinin55–72, the bacterial 
cell membrane integrity was disrupted, resulting in the release of 
intracellular material (Fig. 3C and D). In contrast, the surfaces of un
treated bacterial cells remained intact and smooth.

Fig. 1. Full-length cDNA sequence, amino acid sequence and three-dimensional structure of Anguinin and three-dimensional structure of Anguinin55–72. (A) The 
complete cDNA sequences of Anguinin and the corresponding deduced amino acid sequences. (B) A computationally predicted three-dimensional structure of 
Anguinin generated using the I-TASSER program. (C) The predicted three-dimensional structure of Anguinin55–72 by AlphaFold. (D) Secondary structure charac
terization of Anguinin55–72 by Circular Dichroism (CD) spectroscopy.

Table 2 
Sequence information and physicochemical properties of Anguinin and 
Anguinin55–72.

Physicochemical parameters Anguinin Anguinin55–72

Number of amino acids 99 18
Molecular MW (kDa) 10.63 2.09
Theoretical PI 12.01 12.8
Formula C470H779N149O122S5 C94H147N33O22

Total number of atoms 1525 296
Grand average of hydropathicity − 0.277 − 0.683
Total net charge +19 +5
Hydrophobic residue% – 26.7%
Hydrophobic moment – 0.089
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3.6. Anguinin55–72 treatment increases bacterial outer and inner 
membranes permeability

Bacterial outer membranes are enrich with anionic polysaccharides 
that block the entry of cationic peptides into the inner membrane [40]. 
In this study, we evaluated the effect of Anguinin55–72 on the outer 
membrane integrity of S. epidermidis and A. baumannii using the NPN 
probe. This probe can penetrate the damaged outer membranes and 
exhibits enhanced fluorescence upon interaction with lipophilic lipids. 

Fig. 2. Gene expression analysis of Anguinin in A. japonica. (A) Tissue-specific expression of the Anguinin gene in Japanese eel (n = 5). The expression pattern of 
Anguinin in the intestines (B), liver (C), and spleen (D) following E. tarda challenge (n = 3). Data are pexpressed as mean ± standard error of the mean (n = 3). 
Statistical significance was determined using Student's t-test. Statistical significance is denoted by asterisks as *p < 0.05, **p < 0.01, ***p < 0.001.

Table 3 
Antimicrobial activity of Anguinin55–72.

Microorganism CGMCC NO.a MICb (μM) MBCc/MFCd (μM)

Gram-positive bacteria ​ ​ ​
Listeria monocytogenes 1.10753 3–6 12–24
Enterococcus faecium 1.131 6–12 12–24
Staphylococcus epidermidis 1.4260 12–24 12–24
Staphylococcu saureus 1.2465 24–48 24–48

Gram-negative bacteria
Acinetobacter baumannii 1.6769 3–6 3–6
Pseudomonas fluorescens 1.3202 3–6 3–6
Pseudomonas putida 1.1836 3–6 3–6
Escherichia coli 1.2389 6–12 6–12
Pseudomonas aeruginosa 1.2421 12–24 12–24
Vibrio harveyi 1.1593 0–1.5 0–1.5
Vibrio alginolyticus 1.1833 3–6 3–6
Vibrio parahaemolyticus 1.1615 3–6 6–12
Vibrio fluvialis 1.1609 6–12 12–24
Edwardsiella tarda 1.1872 >48 >48

Fungi
Crytococcus neoformans 2.1563 1.5–3 1.5–3
Fusarium solani 3.5840 1.5–3 1.5–3
Aspergillus niger 3.316 6–12 6–12
Penicillium expansum 3.7898 6–12 6–12

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.

Table 4 
Disease activity index score rules.

Features graded Score Description

Swimming movement 0 Normal
​ 1 Slightly slow
​ 2 Slow
Body surface bleeding 0 None
​ 1 1–2 bleeding sites
​ 2 3–5 bleeding sites
​ 3 More than 5 bleeding sites
Severity of anal inflammation 0 Normal
​ 1 Slightly
​ 2 Medium
​ 3 Serious
Intestinal fluid retention 0 Normal
​ 1 Slightly
​ 2 Medium
​ 3 Serious
Hepatomegaly congestion degree 0 Normal
​ 1 Slightly
​ 2 Medium
​ 3 Serious
Splenomegaly and hemorrhagic spots 0 Normal
​ 1 Slightly
​ 2 Medium
​ 3 Serious
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As illustrated in Fig. 4A and B, the fluorescence intensity of NPN esca
lated in tandem with increasing concentrations of Anguinin55–72, indi
cating that increased outer membrane permeability was associated with 
membrane damage.

In addition, the permeability of the inner membrane in S. epidermidis 
and A. baumannii following Anguinin55–72 treatment was assessed 
through SYTO 9 and PI fluorescence staining. When bacteria are incu
bated with SYTO 9 and PI, SYTO 9 stains all bacteria regardless of their 
membrane integrity, while PI staining is specific to bacteria with 
damaged membranes. The findings revealed that, in contrast to the 
untreated control which exhibited almost uniform green fluorescence, 
the bacteria treated with Anguinin55–72 displayed a marked increase in 
red fluorescence, indicating that the bacterial membrane was damaged 
(Fig. 4C and D).

3.7. Effect of bacterial membrane components on the antibacterial 
efficacy of Anguinin55–72

A common mechanism of AMPs is to bind to surface components and 
disrupt bacterial membranes, with LTA and LPS being the predominant 
components in Gram-positive and Gram-negative bacterial membrane, 
accordingly. Our study revealed that LPS, but not LTA, mitigated the 
bactericidal activity of Anguinin55–72 in a concentration-dependent 
manner. As depicted in Fig. 5A, the antibacterial efficacy of 
Anguinin55–72 remained unaffected by the presence of exogenous LTA in 
the range of 8 to 64 μg/mL. In contrast, the addition of LPS at concen
trations ranging from 16 to 64 μg/mL significantly affected the 

antibacterial effectiveness of Anguinin55–72 against A. baumannii, as 
shown in Fig. 5B. The inhibitory action of Anguinin55–72 against 
A. baumannii was observed to decrease with the increase of LPS con
centrations. This suggests that Anguinin55–72 may target Gram-negative 
bacteria by interacting with LPS, rather than targeting Gram-positive 
bacteria through binding to LTA.

3.8. Increase in bacterial endogenous ROS after Anguinin55–72 treatment

AMPs are known to amplify bacterial membrane damage by trig
gering the production of ROS [41]. We examined the ROS concentra
tions in S. epidermidis or A. baumannii following treatment with 
Anguinin55–72. The results, presented in Fig. 5C and F, demonstrated 
that Anguinin55–72 stimulated the intracellular generation of ROS in 
both bacterial strains, with the level of accumulation correlating posi
tively with the concentration of Anguinin55–72 applied.

3.9. Mechanistic role of ROS in the lethality of Anguinin55–72

To evaluate the contribution of oxidative stress to the bactericidal 
action of Anguinin55–72, a rescue assay was performed using the ROS 
scavenger thiourea. We first confirmed that thiourea (100 mM) effec
tively neutralized the Anguinin55–72-induced intracellular ROS in both 
S. epidermidis and A. baumannii, as evidenced by the significant reduc
tion in DCFH-DA fluorescence (Fig. 5D and G). Following this verifica
tion, we examined the impact of ROS scavenging on bacterial survival 
across a range of peptide concentrations. At relatively low 

Fig. 3. Bactericidal effects of Anguinin55–72 against bacteria. Time-dependent bactericidal activity of Anguinin55–72 against S. epidermidis (A) and A. baumannii (B). 
(C) Surface morphological alterations of bacteria upon exposure to Anguinin55–72 as visualized by SEM. (D) Internal structural alterations of bacteria iupon exposure 
to Anguinin55–72 as visualized by TEM. MBC, minimum bactericidal concentration.
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concentrations of Anguinin55–72, no significant difference in bacterial 
viability was observed between the groups treated with the peptide 
alone and those co-treated with thiourea. However, the protective effect 
of thiourea became prominent as the peptide concentration increased. 
Specifically, for S. epidermidis, a significant recovery in bacterial counts 
was observed in the thiourea-supplemented group when the peptide 
concentration reached 12 μM or higher (Fig. 5E). Similarly, for 
A. baumannii, the addition of thiourea significantly mitigated the lethal 
effect of Anguinin55–72 at concentrations above 24 μM, resulting in a 
markedly higher number of surviving colonies compared to the peptide- 
only group (Fig. 5H). These results suggest that while ROS production 
might be limited at low peptide dosages, it becomes a crucial lethal 
factor at higher concentrations, significantly accelerating bacterial 
death.

3.10. Anti-biofilm effectiveness of Anguinin55–72

Bacterial infections often lead to the development of biofilm struc
tures, which greatly increase the difficulty of combating antibiotic 
resistance [39]. Biofilms can increase bacterial resistance to antibiotics 
by 10–1000-fold [42]. In light of this, our study evaluated the effect of 
various concentrations of Anguinin55–72 (1.5 μM–48 μM) on the biofilm- 
formation capabilities of S. epidermidis and A. baumannii. The findings 
indicated that Anguinin55–72 reduced biofilm formation of A. baumannii 
in a dose-dependent manner, while biofilm formation in S. epidermidis 
was only affected at 48 μM (Fig. 6A and B). Furthermore, the metabolic 

function of preformed biofilms of S. epidermidis and A. baumannii were 
assessed using the redox indicator resazurin following exposure to 
Anguinin55–72. The results demonstrated that Anguinin55–72 could sup
press the respiration of both bacterial strains in the preformed biofilms 
in a concentration-dependent manner (Fig. 6C and D). These findings 
suggest that Anguinin55–72 possesses anti-bacterial biofilm activity.

3.11. Stability evaluation of Anguinin55–72

The stability assessment of Anguinin55–72 encompassed evaluation of 
its antimicrobial efficacy under various conditions. Fig. 7A and B illus
trate the impact of varying sodium ion concentrations on its activity. The 
findings showed that Anguinin55–72 was unable to completely suppress 
the growth of S. epidermidis and A. baumannii at a sodium ion concen
tration of 40 mM and 20 mM, respectively. In addition, the bactericidal 
potency of Anguinin55–72 against both S. epidermidis and A. baumannii 
was unaffected when subjected to heat treatment at 100 ◦C for 10 to 30 
min (Fig. 7C and D). Collectively, these results indicated that 
Anguinin55–72 maintained considerable stability under elevated tem
perature conditions but is sensitive to sodium ion.

3.12. Anguinin55–72 was non-cytotoxic and improved zebrafish survival 
after E. tarda challenge

To assess the cytotoxicity of Anguinin55–72, we utilized two cell lines: 
HEK293T and ZF4. The findings, as presented in Fig. 8A and B, 
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demonstrated that Anguinin55–72 exhibited no cytotoxic effect toward 
either mammalian or zebrafish cells. Subsequently, we examined the 
effect of Anguinin55–72 on E. tarda infected zebrafish. The data revealed 
that all zebrafish in the untreated group died within 42 h, while 25% of 
zebrafish in the Anguinin55–72-treated group survived beyond 42 h, with 
20% still alive at 72 h. The results indicated that Anguinin55–72 
considerably improved the survival rate of zebrafish (p = 0.0411) 
(Fig. 8C).

3.13. Efficacy of Anguinin55–72 treatment in a Japanese eel model of 
E. tarda infection

We established a Japanese eel infection model to assess the antimi
crobial and immunoregulatory effects of Anguinin55–72 in vivo. E. tarda 

was administered intraperitoneally to the eels, followed by the treat
ment with Anguinin55–72 one hour post-infection. After 72 h, the sur
vival proportions of the Anguinin55–72-treated and control groups were 
80% and 50%, accordingly, with statistically significant differences (p =
0.0496) (Fig. 9A). Moreover, treatment with Anguinin55–72 significantly 
decreased the disease activity index (mean from 9.2 to 3.0) (Fig. 9B), 
liver index (mean from 141.5 to 117.2) (Fig. 9C), spleen index (mean 
from 11.6 to 9.6) (Fig. 9D), and bacterial load in the liver (about 91.8%) 
(Fig. 9E). Subsequently, the mRNA levels of pro-inflammatory cytokines 
in the liver were further analyzed, and the results showed that 
inflammation-associated genes, including IL8, IL6, and TNFα, were 
significantly downregulated in Anguinin55–72-treated Japanese eels 
(Fig. 9F). Finally, histopathological examination of liver tissue sections 
using HE staining revealed that the control group exhibited deformed 

Fig. 5. Interaction of Anguinin55–72 with bacterial membrane components and the mechanistic role of ROS in its bactericidal activity. The influence of exogenous 
LTA (A) and LPS (B) on the antibacterial activity of Anguinin55–72 was evaluated by monitoring the growth curve of S. epidermidis and A. baumannii. Variations in 
intracellular ROS levels in S. epidermidis (C) and A. baumannii (F) following treatment with Anguinin55–72, inferred from the fluorescence emitted upon DCFH-DA 
oxidation. Validation of ROS scavenging efficiency in S. epidermidis (D) and A. baumannii (G) using four experimental groups: control, thiourea only, peptide 
only, and co-treatment with thiourea and peptide. To validate the contribution of ROS to lethality, the survival rates of S. epidermidis (E) and A. baumannii (H) were 
measured after 1 h of treatment with Anguinin55–72 in the presence or absence of 100 mM thiourea. LTA, lipoteichoic acid; LPS, lipopolysaccharides. Data are 
expressed as mean ± standard error of the mean (n = 3). Statistical significance was determined using one-way ANOVA followed by the Dunnett post hoc test (for C, 
and F) or the Tukey's post hoc test (for D and G), or Student's t-test (for E and H). Different lowercase letters indicate significant differences (p < 0.05) among groups. 
***p < 0.001.
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hepatocyte nuclei, nuclear hypertrophy, and cytoplasmic vacuolation, 
whereas the Anguinin55–72 treated group showed substantial restoration 
of liver cell integrity (Fig. 9G).

4. Discussion

Bacterial pathogens are responsible for a wide range of diseases in 
the aquaculture industry, accounting for about 34% of all reported cases 
[43]. Particularly among eel diseases, bacterial infections are considered 
to be the most serious, with rapid onset and often leading to losses of up 
to 90% in farmed eels [44]. Among these pathogens, E. tarda stands out 
as a major threatening bacteria to eels, resulting in systemic infections 
and significant mortality [45]. Infected fish display symptoms including 
enlarged livers, hemorrhagic ascites, as well as bleeding and congestion 
on the skin and near the fin bases [46]. In aquaculture, antibiotics are 
commonly used to treat bacterial diseases in fish. However, the increase 
in the number of antibiotic-resistant strains has led to the regulation and 
restriction of antibiotic use in many countries globally [47]. Therefore, 
there is an urgent need to develop safer and more effective antimicrobial 
agents to control pathogens in aquaculture. Antimicrobial peptides 
(AMPs) are considered by scientists to be “natural antibiotics”, pos
sessing broad-spectrum antimicrobial activity as well as multiple bio
logical functions, including immune regulation [48]. The catadromous 

migratory fish, the eel, possesses a suite of unique physiological char
acteristics that enable it to survive in both the complex environments of 
rivers and the ocean throughout its life, thereby exposing it to a variety 
of pathogenic microorganisms. Therefore, the extraction of novel and 
effective antimicrobial peptides from this species holds great potential. 
In this study, we identified a new functional gene, Anguinin, in the 
transcriptomic database of the Japanese eels A. japonica challenged with 
E. tarda, which was significantly upregulated in tissues following bac
terial stimulation. Through bioinformatics examination and experi
mental confirmation, we successfully characterized a novel AMP derived 
from Anguinin, designated as Anguinin55–72. We investigated the 
physicochemical characteristics and in vitro antimicrobial effectiveness 
of Anguinin55–72 and demonstrated its therapeutic efficacy against 
E. tarda infection in vivo, providing a theoretical basis and new insights 
for its future application in aquaculture.

In fish, despite the evolution of adaptive immunity, its underdevel
oped nature means that fish mainly depend on their robust innate im
mune system to combat pathogens [49]. The principal immune organs 
implicated encompass the intestine, liver, spleen, and so on. [50]. In our 
research, upon invasion by E. tarda, the levels of Anguinin in the intes
tine, liver, and spleen at specific time points were significantly elevated. 
These results suggest that Anguinin could be essential for the immune 
defense of the Japanese eel. At present, the prevailing understanding is 
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Fig. 6. Inhibition of S. epidermidis and A. baumannii biofilm by Anguinin55–72. Quantitative assessment of the effect of various concentrations of Anguinin55–72 on 
S. epidermidis (A) and A. baumannii (B) biofilm formation, as determined by crystal violet (CV) staining and absorbance measurement at 595 nm. Data are presented as 
mean ± standard error of the mean from six independent biological replicates. Statistical analysis was conducted using one-way ANOVA followed by the Dunnett post 
hoc test. *p < 0.05, ***p < 0.001. Inhibition of preformed S. epidermidis (C) and A. baumannii (D) biofilms by Anguinin55–72, assessed by monitoring the reduction of 
resazurin to resorufin at 560 nm and the quantification of remaining oxidized resazurin at 620 nm. The corrected absorbance at 560 nm (AR560) was calculated using 
the formula: AR560 = A560 − (A620 × RO) and RO = AO560/AO620, where A560 and A620 represent the sample absorbance values, while AO560 and AO620 are the 
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that the antimicrobial efficacy of AMPs is primarily determined by their 
hydrophobicity and net charge [51,52]. Anguinin55–72, with a high 
positive charge (+5) and relatively low hydrophobicity (26.7%), 
exhibited potent antimicrobial activity against bacteria and fungi. Like 
other cationic AMPs, the positive charge of Anguinin55–72 may facilitate 
its attachment to the anionic microbial surface via electrostatic in
teractions [51]. This interaction was further supported by our CD 
spectroscopy data, which demonstrated that Anguinin55–72 underwent a 
dramatic conformational transition from a random coil in aqueous so
lution to a stable α-helical structure in membrane-mimetic SDS micelles. 
The characteristic peaks at 195, 208, and 222 nm confirmed its high 
helical propensity upon membrane binding. Simultaneously, our results 
from SEM and TEM also demonstrated that Anguinin55–72 can induce 
bacterial death by disrupting the bacterial cell membrane. Further 
staining with SYTO9, PI, and NPN confirmed that Anguinin55–72 can 
increase the permeability of both the inner and outer bacterial mem
branes, leading to the release of intracellular contents. This mechanism 
of action may be associated with the α-helical structure of Anguinin55–72, 
similar to previously reported AMP [53].

Additionally, the effects of membrane components LTA and LPS on 
Anguinin55–72's antimicrobial activity revealed that LPS reduced its 
inhibitory effect against A. baumannii, while LTA did not affect its ac
tivity against S. epidermidis at the concentrations tested. This suggests 
that the bactericidal mechanism of Anguinin55–72 against Gram-negative 
bacteria involves binding to LPS in the bacterial cell wall. When the 
peptide concentration reaches a certain level, it exerts its bactericidal 
effect by dissolving the bacterial cell membrane. This mechanism is 
similar to that of many cationic antimicrobial peptides, such as 
Epinecidin-1 [54]. However, it did not interact with LTA of Gram- 
positive bacterial membranes and may bind to other surface compo
nents (e.g., peptidoglycan) of Gram-positive bacteria, a mechanism that 
warrants further investigation.

Moreover, we observed that Anguinin55–72 induced an increase in 
bacterial ROS levels in a dose-dependent manner. ROS are produced 
through the electron transport chain during aerobic respiration and are 
essential for maintaining normal bacterial physiological activities [55]. 
However, excessive ROS accumulation during AMP treatment can cause 

oxidative stress, resulting in oxidative damage and impairing bacterial 
viability [56]. And our ROS scavenging experiments provide a more 
nuanced understanding of Anguinin55–72's mode of action. The obser
vation that thiourea only offered protection at higher peptide concen
trations (12 μM for S. epidermidis and 24 μM for A. baumannii) suggests a 
threshold effect for ROS-mediated lethality. At low concentrations, the 
antimicrobial activity of Anguinin55–72 may primarily rely on initial 
membrane perturbations that do not immediately trigger a massive 
oxidative burst. However, as the peptide concentration increases, the 
intensified membrane disruption or deeper penetration into the cyto
plasm likely triggers a robust and rapid accumulation of ROS, which 
then acts as a primary lethal driver to achieve complete bactericidal 
effects. This dual-mechanism—initial membrane destabilization fol
lowed by a concentration-dependent oxidative burst—ensures the high 
potency of Anguinin55–72 against a broad spectrum of pathogens.

Furthermore, in experiments assessing the inhibitory and eradicative 
effects of Anguinin55–72 on bacterial biofilms, we found that it was more 
effective at inhibiting Gram-negative bacteria biofilms than Gram- 
positive bacteria biofims, which may be related to its rapid bacteri
cidal activity. Anguinin55–72 can kill a large proportion of planktonic 
A. baumannii within a short period of time (approximately 90% killed 
within 5 min), thereby reducing bacterial adhesion and subsequent 
biofilm formation. Interestingly, Anguinin55–72 achieved a 99% bacte
ricidal rate against Gram-positive bacteria (e.g., S. epidermidis) more 
rapidly than against Gram-negative bacteria (e.g., A. baumannii). This 
difference is likely attributed to the distinct cell wall architectures of 
these two groups. Gram-negative bacteria possess an asymmetrical outer 
membrane (OM) rich in LPS, which acts as a sophisticated molecular 
sieve and a robust physical barrier, significantly restricting the pene
tration of amphipathic peptides to the inner membrane [57]. In contrast, 
Gram-positive bacteria lack this outer membrane barrier; their cell wall 
consists of a thick but porous peptidoglycan layer interspersed with LTA, 
which may allow cationic peptides to diffuse more readily and reach 
their target membrane sites [40]. Thus, the additional hurdle posed by 
the Gram-negative outer membrane likely accounts for the slightly 
delayed bactericidal kinetics observed in A. baumannii. Additionally, 
Anguinin55–72 exhibited relatively weak efficacy in eradicating biofilms 
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Fig. 7. Stability assessment of Anguinin55–72. Variation in the antimicrobial activity of Anguinin55–72 against S. epidermidis (A) and A. baumannii (B) at varying 
sodium ion concentrations. Impact of heat treatment at 100 ◦C on the antimicrobial activity of Anguinin55–72 against S. epidermidis (C) and A. baumannii (D). The 
results were assessed by monitoring the OD600 values during bacterial growth (n = 3).
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of both types of bacteria, which may be due to the established thickness 
of the biofilm that restricts the penetration of Anguinin55–72, preventing 
it from reaching effective bactericidal concentrations within the biofilm 
[58].

To further evaluate the potential application of Anguinin55–72, we 
assessed its tolerance to sodium ions, thermal stability, and cytotoxicity. 
The results showed that Anguinin55–72 exhibited tolerance to sodium 
ions in the range of 20 mM to 40 mM. This observed salt sensitivity 
potentially reflects an evolutionary adaptation to the freshwater- 
dominant life cycle of the Japanese eel. During its residence in rivers 
and lakes, the low-ionic strength of the mucosal surfaces allows the 
peptide to function as an efficient bactericidal barrier. In higher-salinity 
internal environments, the peptide likely maintains host protection 
through a dual-functional strategy, involving synergistic interactions 
with endogenous immune components and a functional transition to
ward immunomodulation. Beyond its natural role, Anguinin55–72 holds 
significant biotechnological value as a valuable natural lead scaffold. 
Identifying its specific salt-sensitive threshold provides a critical base
line for rational molecular optimization. Future efforts could focus on 
enhancing its salt resistance by incorporating residues that promote 
hydrophobic-driven membrane insertion, such as substituting lysine 
with tryptophan or implementing bulky hydrophobic clusters to bypass 
the “charge-shielding” effect of electrolytes. Regarding thermal stability, 

Anguinin55–72 maintained its antimicrobial effect against S. epidermidis 
and A. baumannii even following exposure to 100 ◦C for 30 min. This is 
comparable to other AMPs, such as BAMP, which also demonstrates 
excellent thermal stability [59]. This suggests that Anguinin55–72 can 
maintain its antimicrobial activity in high-temperature conditions 
relevant to aquaculture applications. For example, when used as a feed 
additive, it may be exposed to high temperatures during production, 
transportation, storage, and application [60]. As reported, many AMPs 
exhibit cytotoxicity, such as LL-37, which can damage the cell mem
branes of human cells when its concentration is close to that required for 
exerting antimicrobial effects [61,62]. However, Anguinin55–72 exhibi
ted no cytotoxicity against HEK293T and ZF4 cells even at a concen
tration of 96 μM, a concentration well below its MIC, indicating its good 
biocompatibility and relatively safe for in vivo applications.

Finally, we evaluated the in vivo activity of Anguinin55–72. Previous 
studies have indicated that AMPs not only possess direct antimicrobial 
effects but also significantly modulate immune responses in vivo, thereby 
facilitating the control of microbial infections within the host [63]. First, 
we used a zebrafish bacterial infection model to investigate whether 
Anguinin55–72 has in vivo anti-infective properties. Subsequently, we 
further explored the in vivo efficacy against E. tarda within the Japanese 
eel. Similarly, treatment with Anguinin55–72 significantly improved the 
survival rate of Japanese eels infected by E. tarda, reinforcing its 
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potential for the treatment of bacterial infections. Infection of Japanese 
eels with E. tarda led to severe systemic infections, and infected eels 
typically exhibited symptoms such as hepatomegaly, multifocal ab
scesses, and hemorrhagic ascites [46,64]. In this study, we observed 
reduction in disease activity index (DAI) and organ indices (liver and 

spleen) in Anguinin55–72-treated eels, suggesting that the peptide can 
mitigates the systemic effect of infection. Furthermore, the bacterial 
load in the processed eel liver was significantly reduced. Interestingly, 
Anguinin55–72 showed no significant antibacterial activity against 
E. tarda in vitro. This is similar to the previous study on Spasins141–165, 

Fig. 9. Therapeutic efficacy of Anguinin55–72 in E. tarda-infected Japanese eel. (A) Schematic representation of the infection protocol with E. tarda in Japanese eel 
and the corresponding survival curve (n = 20). Evaluation of the disease activity index (B), liver index (C) and spleen index (D). (E) Quantification of bacterial load in 
the liver of Japanese eel. (F) Expression analysis of inflammation-related genes in the liver of Japanese eel (n = 5). (G) Histopathological examination of liver sections 
stained with HE. Black arrows: Hepatocytes with nuclear contour deformation and nuclear hypertrophy; Red arrows: Cytoplasmic vacuolization. Statistical analysis 
was conducted through Student's t-test. #p < 0.05, ##p < 0.01, ###p < 0.001 indicated significant differences between blank group (NS + NS) and control group 
(E. tarda + NS). *p < 0.05, **p < 0.01, ***p < 0.001 indicated significant differences between control group (E. tarda + NS) and treatment group (E. tarda +
Anguinin55–72). (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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which showed no significant antibacterial activity against Aeromonas 
hydrophila in vitro but was able to increase the survival rate of zebrafish 
infected with Pseudomonas aeruginosa by approximately 20% and reduce 
the bacterial load in the spleen [53]. One possible reason is that the 
antimicrobial peptides exert an immune regulatory effect in the body, 
assisting in killing bacteria by regulating the host's immune system 
[65,66]. Alternatively, it could be that Anguinin55–72 is able to kill 
E. tarda in the body because the complex physiological environment 
inside the body is different from that in vitro [67]. It is also possible that 
both mechanisms are at play simultaneously. To clarify this issue, more 
in-depth research is needed.

Previous research has shown that fish can produce a range of cyto
kines that effectively engage with microbial invaders [68]. Specifically, 
pro-inflammatory cytokines play a crucial role in the immune regulation 
of fish [69]. TNF-α, IL-1β, IL-6, and IL8 are essential components of the 
immune system that help to fight off pathogens and also play a signifi
cant role in the inflammatory response [70]. Infection of Japanese eel by 
E. tarda results in higher cell death rates and increased production of 
pro-inflammatory cytokines, such as IL-6, IL-1β, and TNF-α, leading to 
the disruption of immune homeostasis [71]. In our research, the 
downregulation of pro-inflammatory cytokines (IL8, IL6, and TNFα) in 
the liver of Anguinin55–72-treated eels suggests that the peptide may also 
possess immunoregulatory properties, similar to those reported for other 
AMPs such as Epinecidin-1 and LLEL [54,72]. This dual action, anti
microbial and anti-inflammatory action, may be crucial in controlling 
infections, as it not only combats the pathogens, but also reduces the 
excessive inflammatory response that often contributes to disease pa
thology. Furthermore, after being infected by the E. tarda, the liver tis
sues of fish will show severe pathological changes. For example, in 
tilapia, after being infected by the E. tarda, there will be phenomena 
such as enlarged liver cells and aggregation of melanin macrophage 
centers (MMC) [73]. The histopathological examination of liver tissues 
in this study indicated that compared to the control group, 
Anguinin55–72-treated eels exhibited substantial restoration of hepato
cyte integrity, whereas the control group showed marked cellular 
damage. This indicates that Anguinin55–72 may promote tissue repair 
and recovery, further supporting its potential as a comprehensive ther
apeutic agent.

Taken together, while Anguinin55–72 belongs to the well-documented 
structural class of cationic α-helical AMPs, it possesses several distinct 
advantages that enhance its significance and therapeutic relevance. 
Unlike many representative α-helical peptides such as LL-37 or melittin, 
which are often limited by significant cytotoxicity and hemolytic ac
tivity at concentrations near their MICs, Anguinin55–72 exhibits a 
remarkably high therapeutic index, maintaining cellular safety even at 
concentrations far exceeding its antimicrobial threshold (up to 96 μM). 
Furthermore, its multifaceted role—combining direct membrane 
disruption with potent immunomodulatory properties and the ability to 
promote tissue repair—sets it apart from traditional “pore-forming only” 
peptides. These characteristics, coupled with its exceptional thermal 
stability and demonstrated in vivo efficacy despite in vitro salt sensitivity, 
underscore Anguinin55–72 as a specialized and highly effective defense 
molecule, offering distinct advantages for practical health management 
in the aquaculture industry.

5. Conclusions

In summary, we obtained a novel functional gene in Japanese eel and 
named it Anguinin. Based on the analysis of the physicochemical prop
erties of Anguinin, we screened and identified a novel AMP, 
Anguinin55–72, which exhibits broad-spectrum antimicrobial activity. 
Anguinin55–72 can disrupt the cell membranes of bacteria, thereby 
increasing membrane permeability and inducing the accumulation of 
ROS, which ultimately leads to bacterial cell death. Furthermore, 
Anguinin55–72 is capable of inhibiting and eliminating bacterial biofilms 
and exhibits excellent thermal stability and biocompatibility. Notably, 

treatment with Anguinin55–72 observably improved the survival rate of 
zebrafish and Japanese eels infected with E. tarda, reduced the disease- 
related indices in Japanese eel, decreased liver bacterial loads, sup
pressed the expression of pro-inflammatory genes, and improved the 
pathological changes in liver tissues. Overall, the AMP Anguinin55–72 
holds great potential as a candidate for antibacterial infection treatment 
and has broad application prospects in aquaculture.
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