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ABSTRACT

Sea snakes are fully marine-adapted reptiles living under unique environmental pressures,
including high salinity and exposure to potentially pathogenic Gram-negative bacteria.
Cathelicidin antimicrobial peptides (AMPs) are important components of vertebrate innate
immunity, and their mature peptide sequences are typically highly diverse among species. Here,
genome mining and comparative sequence analysis across multiple sea snake species were
performed and an unusually conserved mature cathelicidin peptide, designated SS-CATH, was
identified from the sea snake species of Hydrophis cyanocinctus, Hydrophis major, Hydrophis
elegans, and Hydrophis ornatus. Functional characterization demonstrated that SS-CATH
possesses potent and broad-spectrum bactericidal activity against multidrug-resistant (MDR)
Gram-negative pathogens. Moreover, SS-CATH effectively inhibits biofilm formation,
eradicates pre-established biofilms, and eliminates rifampicin-induced persisters. Mechanistic
studies demonstrated that SS-CATH disrupted bacterial membranes and induced oxidative
stress. SS-CATH also exhibited DNA-binding activity in vitro. In a murine peritonitis model,
SS-CATH significantly improved host survival and reduced bacterial loads across multiple
organs. The sequence conservation of SS-CATH suggests possible functional constraint, while
its antibacterial activities highlight its potential role in host defense. These findings suggest
SS-CATH as a promising therapeutic candidate against MDR Gram-negative infections and

provide novel insights into innate immune adaptation in marine reptiles.
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INTRODUCTION

Sea snakes (Hydrophiinae) are a lineage of reptiles that has fully adapted to marine
habitats. They returned to the ocean from terrestrial elapid ancestors approximately 15 Ma.
This evolutionary transition exposed them to strong selective pressures imposed by extreme
environmental changes, including osmotic adaptation to high salinity, deep-sea hydrostatic
pressure, and dramatic shifts in pathogen composition (Li et al., 2021; Ludington et al., 2023).
Unlike terrestrial and freshwater snakes, the skin and mucosal surfaces of sea snakes are
continuously exposed to a marine environment with a high microbial load. Microbiome studies
of Hydrophis cyanocinctus and Hydrophis curtus have revealed a high abundance of Gram-
negative taxa in the gut, particularly members of Proteobacteria and Enterobacteriaceae.
Several Gram-negative genera, including Arcobacter, Pseudomonas, Tenacibaculum, and
Vibrio, have also been detected in their skin microbiota, particularly in association with skin
ulceration (Zhong et al., 2022, 2023). As several of these taxa include opportunistic pathogens,
exposure to Gram-negative bacteria may constitute an important microbial challenge to sea
snakes, particularly when epithelial barriers are compromised. This long-term host—pathogen
coexistence has imposed substantial evolutionary pressure on the sea snake innate immune
system, driving the emergence of highly efficient and specialized antimicrobial effectors that
maintain epithelial barrier integrity and microbial homeostasis (Li et al., 2021).

Cathelicidin family antimicrobial peptides (AMPs) are key effector molecules of the
vertebrate innate immune system (Bucataru & Ciobanasu, 2024). They are widely distributed
in mammals, birds, amphibians, fishes, and reptiles, where they play essential roles in early
host defense (Mhlongo et al., 2023; Yadav & Chauhan, 2024). Cathelicidin precursor peptides
consist of an N-terminal signal peptide, a conserved cathelin domain, and a highly variable C-
terminal mature peptide region (Chai et al., 2021). The cathelin domain exhibits remarkable

sequence conservation across species, providing a reliable molecular marker for the
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identification of novel cathelicidins (Bals & Wilson, 2003; Salnikov et al., 2025). In contrast,
the mature peptide region displays substantial diversity in amino acid composition, peptide
length, charge distribution, and hydrophobicity. These variations largely determine the
antimicrobial spectrum (Xuan et al., 2023), bactericidal mechanisms, and target selectivity of
cathelicidins from different species (Tajer et al., 2024). Most mature cathelicidin peptides are
cationic and initially target the negatively charged bacterial membrane through electrostatic
interactions. Some members can further penetrate the membrane and interact with intracellular
targets, including DNA, RNA, or essential enzymes, thereby exerting multitarget antibacterial
activity. This mode of action contributes to the broad-spectrum antimicrobial activity of
cathelicidins while reducing the likelihood of resistance development (Mhlongo et al., 2023;
Yadav & Chauhan, 2024).

In recent years, cathelicidin AMPs have attracted growing scientific interest. However,
research on these peptides derived from sea snakes remains in its infancy. In 2015, our group
reported the first identification of cathelicidin AMP (Hc-CATH) from sea snake (H.
cyanocinctus). Hc-CATH exhibited both antimicrobial and anti-inflammatory activities in vitro
and in vivo, and significantly reduced bacterial burdens in a murine lung infection model (Wei
et al., 2015). Subsequently, Wang et al. (2023) identified Hydrostatin-AMP2, another
cathelicidin, from the same species. More recently, Pan et al. (2025a) identified Hydrostatin-
AMP3 from H. curtus through a genome-mining strategy. To date, only three cathelicidin
peptides have been isolated and comprehensively characterized from sea snakes (Gao et al.,
2025). Critically, all existing studies have focused either on single species or on individual
peptides, with no cross-species or phylogenetically informed analyses conducted.
Consequently, a systematic understanding of the evolutionary dynamics, structural
diversification, and potential ecological roles of cathelicidins across sea snake genera remains

absent.
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In this study, we conducted the first systematic genome mining of cathelicidins in the sea
snake subfamily Hydrophiinae. Unexpectedly, we identified a cathelicidin peptide, designated
SS-CATH, whose mature peptide sequence is not only completely identical but also
remarkably conserved across multiple sea snake species. This finding sharply contrasts with
the prevailing view that cathelicidin mature peptides are structurally highly diverse. Even
within a single species, different cathelicidins often exhibit substantial sequence variation and
minimal similarity (Bals & Wilson, 2003; Peel et al., 2025). Functional characterization
demonstrated that SS-CATH exhibited potent antibacterial activity against multidrug-resistant
(MDR) Gram-negative pathogens. Mechanistic studies demonstrated membrane disruption and
oxidative stress induction by SS-CATH. The peptide also exhibited DNA-binding activity in
vitro. In addition, SS-CATH displayed potent antibiofilm and anti-persister activities,
favorable stability, acceptable in vitro biocompatibility, and significant therapeutic efficacy in
a murine peritonitis model. These findings identify SS-CATH as a conserved AMP with potent
antibacterial activity and provide a basis for exploring the evolution of innate immunity in

marine reptiles.

MATERIALS AND METHODS

Identification and sequence analysis of SS-CATH

Annotated snake cathelicidin precursor protein sequences were retrieved from the
National Center for Biotechnology Information (NCBI) database and used as reference
sequences. Multiple sequence alignment was performed to identify the highly conserved
cathelin-like domain (CLD). The conserved CLD sequence was subsequently used as the query
for TBLASTN searches against available sea snake genome assemblies to identify putative

CATHL loci. For each positive hit, the flanking genomic regions (3 kb upstream and
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downstream) were extracted, and gene structures were predicted using GeneWise. The optimal
gene models were selected based on alignment scores and the characteristic four-exon
organization of the cathelicidin family, followed by manual curation and validation according
to the predicted mature peptide sequences.

A total of six cathelicidin precursor sequences were identified from five sea snake species,
including Aipysurus laevis (AL-1, AL-2), H. cyanocinctus, Hydrophis major, Hydrophis
elegans, and Hydrophis ornatus. The mature peptide sequences of H. cyanocinctus, H. major,
H. elegans, and H. ornatus were identical and exhibited remarkable sequence conservation.
This conserved mature peptide was designated SS-CATH and selected for subsequent
functional characterization.

Multiple sequence alignment was performed using Molecular Evolutionary Genetics
Analysis (MEGA). Signal peptides and cleavage sites were predicted using SignalP v.6.0.
Functional regions, including the signal peptide, cathelin-like domain, and mature peptide,
were annotated based on the conserved cysteine residues characteristic of the cathelicidin
family. The three-dimensional structure of the mature peptide was predicted using AlphaFold3,
and the helical wheel projection was generated using HeliQuest with the complete 34-amino-
acid sequence of mature SS-CATH to analyze its amphipathic a-helical structure and the spatial
distribution of hydrophobic and hydrophilic residues. Physicochemical properties, including
molecular weight (MW), theoretical isoelectric point (pl), net charge at physiological pH, and
the grand average of hydropathicity (GRAVY), were calculated using the ExXPASy ProtParam

server.
Peptide synthesis

The SS-CATH peptide (KRFKKFFKKLKESVKKRVKEFFKKPTVIGVSIPF) was

synthesized by GL Biochem (China) using the solid-phase peptide synthesis method. Peptide
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purity (>95%) was confirmed by reversed-phase high-performance liquid chromatography
(RP-HPLC), and the peptide sequence was verified by electrospray ionization mass

spectrometry (ESI-MS).

Circular dichroism (CD) analysis

The secondary structural characteristics of the peptides were analyzed by CD spectroscopy
according to the method described in reference (Zhang et al., 2022). The peptides were
dissolved separately in distilled water and 60 mmol/L sodium dodecyl sulfate (SDS) solution,
and the final concentration was adjusted to 0.2 mg/mL. CD spectra were recorded from 190 to
260 nm at 298 K using a Chirascan circular dichroism spectrometer (Applied Photophysics,
UK). The measurement parameters were set as follows: path length, 0.1 cm; bandwidth, 1 nm;

response time, 1 s; scanning speed, 100 nm/min.

Bacterial strains

The reference bacterial strains used in this study were obtained from our laboratory
collection, including Escherichia coli ATCC25922, Klebsiella pneumoniae ATCC10031,
Acinetobacter baumannii ATCC19606, Staphylococcus aureus CMCC26003, Aeromonas
hydrophila, Edwardsiella tarda, Bacillus cereus CMCC63301, Methicillin-resistant
Staphylococcus aureus (MRSA) 52, and Methicillin-resistant Staphylococcus aureus USA300.

Clinical isolates were obtained from the existing bacterial culture collection of the First
People's Hospital of Zunyi and their collection was approved by the Ethics Committee of the
Yantai Institute of Coastal Zone Research, Chinese Academy of Sciences. These isolates
included extended-spectrum [-lactamase (ESBL)-producing Escherichia coli 1, ESBL-
producing Escherichia coli 2, ESBL-producing Escherichia coli 3, ESBL-producing
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Escherichia coli 4, MDR Acinetobacter baumannii 1, MDR Acinetobacter baumannii 2, MDR
Acinetobacter baumannii 3, Carbapenem-resistant (CR) Klebsiella pneumoniae 1, CR
Klebsiella pneumoniae 3, MDR Pseudomonas aeruginosa 1, MDR Pseudomonas aeruginosa
2, MDR Pseudomonas aeruginosa 3, MDR Staphylococcus aureus 2, MDR Staphylococcus
aureus 3, MDR Staphylococcus epidermidis 1, MDR Staphylococcus epidermidis 2, and MDR
Staphylococcus epidermidis 3.

Species identification was performed using the VITEK 2 system. Antimicrobial
susceptibility was assessed by minimum inhibitory concentration (MIC) determination and
disk diffusion testing, and the results were interpreted according to Clinical and Laboratory
Standards Institute (CLSI) M100, 33rd edition. ESBL-producing isolates were identified by
antimicrobial susceptibility testing combined with polymerase chain reaction (PCR)-based
molecular detection. Multidrug resistance was defined as acquired non-susceptibility to at least
one agent in three or more antimicrobial categories (Magiorakos et al., 2012). Carbapenem-
resistant K. pneumoniae isolates were classified based on resistance to imipenem and/or
meropenem according to the applicable CLSI breakpoints.

All bacterial strains were stored and cultured under biosafety-compliant laboratory

conditions.
MIC assay

The in vitro antibacterial activity of SS-CATH was evaluated using a modified broth
microdilution method as previously described (Giacometti et al., 2000). Briefly, the peptide
was serially two-fold diluted in a 96-well microtiter plate to obtain a range of concentrations.
Bacterial cultures were grown to the mid-logarithmic phase, and the cell density was adjusted
to 2x10° colony-forming units (CFU)/mL in Mueller—Hinton (MH) broth. Equal volumes of
the bacterial suspension were then added to each well and incubated at 37°C for 18 h. The MIC
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was defined as the lowest peptide concentration that completely inhibited visible bacterial
growth. For calculation of the geometric mean (GM) MIC, values reported as >100 pg/mL
were assigned a value of 100 pg/mL. Accordingly, GMs calculated using these values represent
lower-bound estimates. All experiments were performed in three independent biological

replicates.
Bacterial growth curve assay

The inhibitory effect of SS-CATH on the growth of ESBL-producing E. coli 4 was
evaluated by monitoring bacterial growth over 18 h. Fresh bacterial colonies were inoculated
into MH broth and cultured to the logarithmic phase, then diluted with fresh MH broth to 1x10°
CFU/mL. The bacterial suspension was added to sterile 96-well plates, followed by SS-CATH
at final concentrations of 0.5x, 1%, 2%, and 5XMIC. Polymyxin B (Solarbio, China) at 5xMIC
served as the positive control, and phosphate-buffered saline (PBS; Aladdin, China) served as
the negative control. Optical density (OD) at 600 nm was measured every 30 min at 37°C over

18 h using a microbial growth curve analyzer (Scientz, China), and growth curves were plotted.
Time—Kkill kinetics assay

The bactericidal kinetics of SS-CATH were evaluated using a time—kill assay as
previously described (Kavela et al., 2025). Briefly, ESBL-producing E. coli 4 cultures in the
mid-logarithmic growth phase were diluted to 1x10° CFU/mL in fresh medium and mixed with
equal volumes of SS-CATH at the indicated concentrations or the positive control antibiotic.
The mixtures were incubated at 37°C, and samples were collected at the designated time points.
Each sample was serially diluted, spread onto Luria—Bertani (LB) agar plates (Hopebiol,
China), and plated in triplicate. After incubation at 37°C for 18 h, the number of viable bacteria
was determined by counting CFUs. All experiments were performed in three independent
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biological replicates.
Live/dead bacterial staining assay

Live/dead bacteria were assessed using SYTO-9 and propidium iodide (PI) staining (Li et
al., 2026a). Mid-log-phase ESBL-producing E. coli 4 (1x10® CFU/mL) were treated with SS-
CATH at indicated concentrations for 1 h at 37°C. Cells were harvested, washed twice with
PBS, and stained with SYTO-9 (4 pmol/L) (Thermo Fisher Scientific, USA) and PI (15 umol/L)
(Sigma-Aldrich, USA) for 1 h at 37°C in the dark. Fluorescence images were acquired using a
fluorescence microscope. One image covering a fixed field of view was acquired from each of
three independent biological replicates per group. Representative images were randomly
selected from the three images per group, and all three images were included in the quantitative
analysis. Green and red fluorescence indicated live and dead bacteria, respectively. Images
were quantified using ImageJ. SYTO-9 and PI fluorescence signals were quantified using the
same image-analysis procedure for all groups. The relative proportions of live and dead
fluorescence were calculated based on the SYTO-9 and PI fluorescence signals, respectively,

with the total fluorescence signal normalized to 100%.
Assessment of resistance development

The potential of SS-CATH to induce ESBL-producing E. coli 4 resistance was evaluated
using a serial passage assay. ESBL-producing E. coli 4 was selected as a clinically relevant
resistant isolate and to maintain consistency with the strain used in the antibacterial activity
and mechanistic assays. Mid-logarithmic-phase bacteria were inoculated into MH broth
containing 0.5XMIC of the peptide and incubated at 37°C for 12 h, with each incubation
representing one passage. This procedure was repeated for 40 consecutive passages. The MIC
was determined every five passages to monitor changes in bacterial susceptibility during the
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evolution of resistance.
Biofilm eradication assay

The biofilm eradication activity of SS-CATH against preformed ESBL-producing E. coli
4 biofilms was evaluated using crystal violet (CV) and 2,3,5-triphenyltetrazolium chloride
(TTC) staining as previously described (Haney et al., 2018; Hanstein et al., 2025). Briefly,
bacterial cultures in the mid-logarithmic growth phase were diluted to 1x107 CFU/mL in fresh
medium, and 100 pL of the suspension was added to each well of a sterile 96-well plate. The
plates were incubated statically at 37°C for 48 h to allow biofilm formation. After incubation,
the culture supernatant was discarded, and the wells were gently washed with PBS to remove
planktonic bacteria. Fresh medium containing SS-CATH at the indicated concentrations was
then added, followed by incubation at 37°C for an additional 24 h.

For the CV assay, the supernatants were removed after peptide treatment, and the wells
were washed twice with PBS. The remaining biofilms were fixed with methanol for 10 min,
air-dried, and stained with 0.1% CV (Aladdin, China) for 20 min at room temperature in the
dark. Excess stain was removed by washing with distilled water, and the plates were air-dried.
The bound dye was dissolved in absolute ethanol, and absorbance was measured at 595 nm
using a microplate reader (Tecan Group Ltd., Switzerland).

For the TTC assay, TTC (Aladdin, China) was added together with SS-CATH from a
0.5% stock solution to a final concentration of 0.05%. After the 24 h treatment period, the
supernatants were removed, and the wells were washed twice with PBS. The TTC reduction
product was dissolved in methanol, and absorbance was measured at 500 nm using a microplate
reader (Tecan Group Ltd., Switzerland).

CV and TTC measurements were performed in separate parallel wells, with three
independent biological replicates for each assay.
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Biofilm inhibition assay

The inhibitory effect of SS-CATH on ESBL-producing E. coli 4 biofilm formation was
evaluated using CV and TTC staining as previously described (Haney et al., 2018; Hanstein et
al., 2025). Briefly, ESBL-producing E. coli 4 cultures in the mid-logarithmic growth phase
were diluted to 2x107 CFU/mL in fresh medium. Equal volumes of the bacterial suspension
and SS-CATH at the indicated concentrations were mixed in sterile 96-well plates to achieve
the same final volume in each well. The plates were then incubated statically at 37°C for 48 h
to allow biofilm formation.

For the CV assay, the culture supernatants were discarded after incubation, and the wells
were gently washed with PBS to remove non-adherent bacteria. The biofilms were fixed with
methanol for 10 min, air-dried, and stained with 0.1% CV for 20 min at room temperature in
the dark. Excess stain was removed by washing with PBS, and the plates were air-dried. The
bound dye was dissolved in absolute ethanol, and absorbance was measured at 595 nm using a
microplate reader (Tecan Group Ltd., Switzerland).

For the TTC assay, TTC was added together with SS-CATH at the beginning of incubation
from a 0.5% stock solution to a final concentration of 0.05%. After the 48-h incubation period,
the culture supernatants were discarded, and the wells were gently washed with PBS. The TTC
reduction product was dissolved in methanol, and absorbance was measured at 500 nm using
a microplate reader (Tecan Group Ltd., Switzerland).

CV and TTC measurements were performed in separate parallel wells, with three

independent biological replicates for each assay.
Persister killing assay

The bactericidal activity of SS-CATH against bacterial persisters was evaluated using a
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rifampicin-induced persister model as previously described, with modifications (Zhong et al.,
2025). Briefly, ESBL-producing E. coli 4 cultures in the mid-logarithmic growth phase were
diluted to 2x10® CFU/mL in fresh medium and treated with rifampicin (Aladdin, China) at
100xMIC for 24 h at 37°C. Following incubation, the supernatants were discarded, and the
adherent bacterial cells were washed three times with PBS to remove non-adherent bacteria
and residual rifampicin. The washed bacterial cells were then resuspended in PBS and
disrupted by sonication to obtain a bacterial suspension. The resulting bacterial suspension was
mixed with SS-CATH at the indicated final concentrations and incubated at 37°C for 12 h.
After treatment, the cultures were serially diluted, spread onto LB agar plates, and incubated
at 37°C for 18 h. Viable bacteria were quantified by counting CFUs. All experiments were

performed in three independent biological replicates.
Stability assay

The effects of physiological ions and protease treatment on the antibacterial activity of
SS-CATH were evaluated by determining the MIC using the broth microdilution method as
previously described. For the ion stability assay, MH broth was supplemented individually with
NacCl, KCl, CaCl,, FeClsz, ZnCl,, or NH4Cl (Aladdin, China) at final concentrations of 150
mmol/L, 4.5 mmol/L, 2 mmol/L, 4 umol/L, 8 umol/L, and 6 pmol/L, respectively, prior to MIC
determination. Additional MIC measurements were performed at final NaCl concentrations of
100, 200, 300, 400, and 500 mmol/L to evaluate antibacterial activity under elevated NaCl
conditions. For the protease stability assay, SS-CATH was dissolved in ultrapure water and
incubated with trypsin, chymotrypsin or pepsin at 37°C for 2 h. Subsequently, the remaining
antibacterial activity of treated peptide samples was evaluated via the standard MIC assay. All

experiments were performed in three independent biological replicates.
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Hemolysis assay

The hemolytic activity of SS-CATH was evaluated using a mouse erythrocyte hemolysis
assay. Fresh mouse erythrocytes were collected, washed with PBS, and mixed with equal
volumes of SS-CATH at the indicated concentrations. After incubation at 37°C for 30 min, the
samples were centrifuged at 1200 r/min (centrifuge radius: 8 cm) for 5 min at 4°C, and the
supernatants were collected. The absorbance was measured at 540 nm using a microplate reader
(Tecan Group Ltd., Switzerland). Untreated erythrocytes suspended in PBS served as the
negative control (0% hemolysis), whereas erythrocytes treated with 1% Triton X-100 (Aladdin,
China) served as the positive control (100% hemolysis). The hemolysis rate was calculated by

the following formula:

OD540 nm (Pepﬁdes)_ODsw nm (PBS)

Hemolysis rate (%)= :
OD540 nm (1% Triton X-IOO)—OD540 nm (PBS)

X 100%. (1)

The experiments were performed in three independent biological replicates.
Cell viability assay

The in vitro cytotoxicity of SS-CATH was evaluated using the 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) assay as previously described (Ma et al., 2022).
Human keratinocyte HaCat cells and murine macrophage RAW264.7 cells were cultured in
Dulbecco’s modified Eagle medium (DMEM; Thermo Fisher Scientific, USA) supplemented
with 10% fetal bovine serum (FBS; Thermo Fisher Scientific, USA) at 37°C in a humidified
incubator containing 5% CO,. Cells were seeded into 96-well plates at a density of 2x10*
cells/well in a final volume of 100 pL and incubated for 24 h to allow cell attachment. The
culture medium was then replaced with fresh medium containing SS-CATH at the indicated
concentrations. Wells containing cells without peptide treatment served as the negative control,
while wells containing culture medium alone served as the blank control. After incubation for
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24 h, 20 pL of MTT solution (5 mg/mL; Sigma-Aldrich, USA) was added to each well,
followed by incubation for 4 h at 37°C in the dark. The supernatant was carefully removed,
and 150 pL of dimethyl sulfoxide (DMSO; Solarbio, China) was added to dissolve the
formazan crystals. The absorbance was measured at 570 nm using a microplate reader (Tecan

Group Ltd., Switzerland). Cell viability was calculated using the following equation:

OD570 nm (drug)—OD570 nm (blank)

Inhibition rate (%) = .
ODs57¢ nm (negative)—ODs7¢ nm (blank)

X 100%.(2)

The experiments were performed in three independent biological replicates.
Membrane fluidity assay

Bacterial membrane fluidity was assessed using the fluorescent probe Laurdan (7hermo
Fisher Scientific, USA) as previously described (Bessa et al., 2018). Briefly, mid-
logarithmic-phase ESBL-producing E. coli 4 cultures were diluted to 1x108 CFU/mL in MH
broth and incubated with 10 pmol/L Laurdan at 37°C for 30 min in the dark. After staining,
SS-CATH was added at the indicated concentrations, and the samples were incubated for an
additional 60 min in the dark. PBS and Triton X-100 were used as the negative and positive
controls, respectively. Fluorescence was measured using an excitation wavelength of 350 nm
and emission wavelengths of 440 nm and 490 nm. Membrane fluidity was quantified by

calculating the generalized polarization (GP) value using the following equation:

GP — 1440_1490.(3)

T440+1490

Lipid-binding assay

The effects of exogenously added lipids on the antibacterial activity of SS-CATH were
evaluated using a phospholipid inhibition assay based on the checkerboard broth microdilution
method as previously described (Ye et al., 2024). Briefly, different concentrations of
lipopolysaccharide (LPS) from E. coli O111:B4 and four phospholipids, including
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phosphatidylglycerol (PG), phosphatidylethanolamine (PE), phosphatidylcholine (PC), and
cardiolipin (CL) (Sigma-Aldrich, USA), were added exogenously to the assay system. Changes
in the MIC of SS-CATH were then determined to evaluate its interactions with different lipid

components.
Outer membrane permeability assay

The effect of SS-CATH on the outer membrane permeability of Gram-negative bacteria
was evaluated using the fluorescent probe N-phenyl-1-naphthylamine (NPN) as previously
described (Chen et al., 2023). Briefly, mid-logarithmic-phase ESBL-producing E. coli 4
cultures were diluted to 1x10® CFU/mL in MH broth and incubated with SS-CATH at the
indicated concentrations. NPN (Sigma-Aldrich, USA) was then added to a final concentration
of 10 pmol/L, and the mixtures were transferred to black 96-well plates and incubated at 37°C
for 60 min in the dark. Fluorescence was measured immediately using a microplate reader
(Tecan Group Ltd., Switzerland)with an excitation wavelength of 350 nm and an emission
wavelength of 420 nm. PBS and Polymyxin B were used as the negative and positive controls,

respectively. The experiments were performed in three independent biological replicates.
Inner membrane permeability assay

The effect of SS-CATH on bacterial inner membrane permeability was assessed using PI
staining as previously described (Chen et al., 2023). Mid-logarithmic-phase ESBL-producing
E. coli 4 cultures were diluted to 1x10® CFU/mL in MH broth and treated with SS-CATH at
the indicated concentrations. P was added to a final concentration of 5 umol/L, and the
mixtures were transferred to black 96-well plates and incubated at 37°C for 60 min in the dark.
Fluorescence was then measured using a microplate reader (Tecan Group Ltd., Switzerland)
with an excitation wavelength of 535 nm and an emission wavelength of 615 nm. PBS and
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Triton X-100 served as the negative and positive controls, respectively. The experiments were

performed in three independent biological replicates.
Cytoplasmic membrane depolarization assay

Cytoplasmic membrane depolarization was evaluated using the membrane potential-
sensitive fluorescent probe 3,3'-dipropylthiadicarbocyanine iodide [DiSC3(5)] (Sigma-Aldrich,
USA) as previously described (Mwangi et al., 2025). Briefly, mid-logarithmic-phase ESBL-
producing E. coli 4 cultures were diluted to 3x107 CFU/mL in the PBS and incubated with
DiSC;(5) at a final concentration of 10 umol/L for 30 min at 37°C in the dark to allow probe
uptake and stabilization of the fluorescence signal. SS-CATH was then added at the indicated
concentrations, and fluorescence was monitored continuously for 60 min using a microplate
reader (Tecan Group Ltd., Switzerland) with an excitation wavelength of 622 nm and an
emission wavelength of 670 nm. Fluorescence values were expressed as relative fluorescence
units (RFU). Bacteria treated with PBS and Triton X-100 served as the negative and positive
controls, respectively. The experiments were performed in three independent biological

replicates.
Intracellular contents leakage assay

The leakage of intracellular macromolecules induced by SS-CATH was evaluated using
an ultramicro ultraviolet—visible spectrophotometric method with minor modifications as
previously described (Zhong et al., 2025). Briefly, mid-logarithmic-phase ESBL-producing E.
coli 4 cultures were diluted to 1x10° CFU/mL in the appropriate culture medium and incubated
with SS-CATH at the indicated concentrations at 37°C. At the designated time points, equal
volumes of the bacterial suspensions were collected and centrifuged at 12 000 r/min (centrifuge

radius: 8 cm) for 10 min at 4°C to remove cell debris. The supernatants were collected, and
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their absorbance at 260 and 280 nm was measured using a NanoDrop™ One spectrophotometer
(Thermo Scientific, USA) as an indicator of the relative amounts of released nucleic acids and
proteins, respectively. The experiments were performed in three independent biological

replicates.

Scanning electron microscopy (SEM)

The morphological changes of bacterial cells following SS-CATH treatment were
examined by SEM with minor modifications as previously described (Zhang et al., 2025). Mid-
logarithmic-phase ESBL-producing E. coli 4 cultures were diluted to 5x10% CFU/mL in the
appropriate culture medium and incubated with SS-CATH at the indicated concentrations for
2 hat 37°C. The bacterial cells were then collected by centrifugation at 4°C, washed twice with
PBS, and fixed overnight at 4°C in 2.5% glutaraldehyde. After fixation, the cells were washed
three times with PBS and dehydrated through a graded ethanol series (50%, 70%, 80%, 90%,
and 100%), with each step lasting 10 min. The samples were subsequently treated with a 1:1
(v/v) mixture of absolute ethanol and tert-butanol for 10 min, followed by 100% tert-butanol
for 10 min. The dehydrated bacterial suspension was dropped onto clean glass slides and air-
dried at room temperature. The samples were then sputter-coated with gold and examined using
a Hitachi S-4800 scanning electron microscope (Hitachi High-Tech Corporation, Japan) at

appropriate magnifications.
DNA gel retardation assay

The binding affinity of SS-CATH to ESBL-producing E. coli 4 genomic DNA was
evaluated by agarose gel electrophoresis as previously described (Ma et al., 2020). Genomic
DNA was extracted from the target bacterial strain using the TIANamp Bacteria DNA Kit
(Tiangen Biotech Co., Ltd., China), and its purity and concentration were determined using a
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NanoDrop™ One spectrophotometer (Thermo Scientific, USA). The genomic DNA was then
incubated with SS-CATH at the indicated concentrations for 30 min at 37°C to allow peptide—
DNA binding. After incubation, 6xDNA loading buffer was added to each sample, and equal
volumes were loaded onto a 1% agarose gel for electrophoretic separation. Genomic DNA
without peptide treatment served as the negative control. The experiments were performed in
three independent biological replicates. A representative gel image is shown, and similar
results were obtained in three independent biological replicates.

To assess whether the DNA-binding activity of SS-CATH extends beyond bacterial
genomic DNA, additional gel retardation assays were performed using CpG
oligodeoxynucleotide 2395 (CpG ODN 2395) and genomic DNA isolated from RAW264.7
and HaCat cells. Each nucleic acid substrate was maintained at a final concentration of 50
ug/mL and incubated with SS-CATH at final concentrations of 50, 100, 150, 200, and 250
ug/mL, corresponding to nucleic acid-to-peptide mass ratios of 1:1, 1:2, 1:3, 1:4, and 1:5,
respectively. Incubation and electrophoresis were performed as described above. Each nucleic

acid substrate without SS-CATH served as the corresponding control.
Zeta potential assay

The interaction between SS-CATH and ESBL-producing E. coli 4 genomic DNA was
further evaluated by zeta potential analysis. Genomic DNA was extracted from the target
bacterial strain using the TTANamp Bacteria DNA Kit (Tiangen Biotech Co., Ltd., China), and
its purity and concentration were determined using a NanoDrop™ One spectrophotometer
(Thermo Scientific, USA). The genomic DNA was incubated with SS-CATH at the indicated
concentrations for 30 min at 37°C under the same conditions as those used in the DNA gel
retardation assay. The zeta potential of each sample was then measured using a Litesizer 500
Particle Analyzer (Anton Paar, Austria). Genomic DNA without peptide treatment served as
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the negative control. All experiments were performed in three independent biological replicates.
Ethidium bromide (EB) displacement assay

The binding of SS-CATH to ESBL-producing E. coli 4 genomic DNA was further
evaluated using an EB displacement assay. Bacterial genomic DNA was extracted from the
target bacterial strain using the TIANamp Bacteria DNA Kit (Tiangen Biotech Co., Ltd.,
China), and its purity and concentration were determined using a NanoDrop™ One
spectrophotometer (Thermo Scientific, USA). Genomic DNA was first incubated with EB at
room temperature for 10 min to allow the formation of the EB-DNA complex. SS-CATH was
then added at the indicated concentrations and incubated for an additional 30 min at 37°C.
Fluorescence emission spectra were recorded from 560—660 nm using a multimode microplate
reader (Tecan Group Ltd., Switzerland) with an excitation wavelength of 535 nm. Genomic
DNA incubated with EB in the absence of peptide served as the negative control. All

experiments were performed in three independent biological replicates.
LPS-binding assay

The binding affinity of SS-CATH to LPS was evaluated using a BODIPY-TR cadaverine
(BC) displacement assay (MedChemExpress, USA). Briefly, LPS from E. coli O111:B4
(Sigma-Aldrich, USA) was diluted in PBS to a final concentration of 5 pg/mL. BC probe was
then added to the LPS solution to a final concentration of 5 pmol/L, and the mixture was
incubated at room temperature in the dark for 30 min to allow BC binding to LPS. After
incubation, the LPS-BC complex was mixed with equal volumes of SS-CATH at various
concentrations and further incubated at room temperature in the dark for 30 min. Fluorescence
intensity was measured using a microplate reader (Tecan Group Ltd., Switzerland) at
excitation/emission wavelengths of 580/620 nm. An increase in fluorescence intensity
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indicates displacement of BC from LPS by SS-CATH, reflecting the peptide's LPS-binding

capacity. All experiments were performed in three independent biological replicates.
Detection of reactive oxygen species (ROS)

Intracellular ROS production was determined using the fluorescent probe 2',7'-
dichlorodihydrofluorescein diacetate (DCFH-DA) (Beyotime Biotechnology, China) as
previously described (Zhao et al., 2025). Briefly, mid-logarithmic-phase ESBL-producing E.
coli 4 cultures were diluted to 1x10® CFU/mL in the appropriate culture medium and incubated
with 10 umol/L DCFH-DA at 37°C for 30 min in the dark. After incubation, the bacterial cells
were collected by centrifugation, washed two to three times with PBS to remove excess probe,
and resuspended in PBS. SS-CATH was then added at the indicated concentrations, and the
suspensions were incubated for an additional 1 h at 37°C in the dark. Following treatment, 200
uL of each bacterial suspension was transferred to a black 96-well plate, and fluorescence was
measured using a microplate reader (Tecan Group Ltd., Switzerland) with an excitation
wavelength of 488 nm and an emission wavelength of 525 nm. Bacteria treated with PBS and
Polymyxin B served as the negative and positive controls, respectively. The experiments were
performed in three independent biological replicates.

For the time-course analysis, DCFH-DA fluorescence was measured immediately after
SS-CATH addition (defined as 0 min) and at 15, 30, 45, 60, 90, and 120 min. SS-CATH was
tested at 0.5x, 1x, 2%, and 5xMIC, with PBS serving as the control. Three independent

biological replicates were performed.
Measurement of hydroxyl radicals (¢*OH)

Intracellular *OH production was determined using the fluorescent probe hydroxyphenyl

fluorescein (HPF) (Macklin, China) as previously described (Brochmann et al., 2014). Briefly,
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mid-logarithmic-phase ESBL-producing E. coli 4 cultures were diluted to 1x10® CFU/mL in
the appropriate culture medium and incubated with 10 pmol/L HPF at 37°C for 30 min in the
dark. After incubation, the bacterial cells were collected by centrifugation, washed two to three
times with PBS to remove excess probe, and resuspended in PBS. SS-CATH was then added
at the indicated concentrations, and the suspensions were incubated for an additional 1 h at
37°C in the dark. Following treatment, the bacterial suspensions were transferred to black 96-
well plates, and fluorescence was measured using a microplate reader (Tecan Group Ltd.,
Switzerland) with an excitation wavelength of 490 nm and an emission wavelength of 515 nm.
Bacteria treated with PBS and Polymyxin B served as the negative and positive controls,

respectively. All experiments were performed in three independent biological replicates.
ROS scavenger assay

The roles of N-acetylcysteine (NAC) (Aladdin, China) and thiourea (TU) (Aladdin, China)
in the antibacterial activity of SS-CATH were evaluated using ROS scavenging assays. Mid-
logarithmic-phase ESBL-producing E. coli 4 cultures were diluted to 1x10® CFU/mL and
divided into six groups: an untreated control, NAC alone, TU alone, SS-CATH alone, SS-
CATH combined with NAC, and SS-CATH combined with TU. The samples were incubated
at 37°C for 1 h. Bacterial survival was assessed qualitatively using a spot-plating assay, and
intracellular ROS levels were measured using the DCFH-DA fluorescent probe. The
experiments were performed in three independent biological replicates.

To assess whether NAC or TU affected bacterial membrane permeability or SS-CATH-
induced membrane permeabilization, NPN and PI fluorescence were measured in bacteria
treated with each scavenger in the absence or presence of SS-CATH. These measurements
were performed in three independent biological replicates. Corresponding controls received an
equal volume of PBS in place of the scavengers.
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In vivo therapeutic efficacy evaluation

All animal experiments were conducted in accordance with the relevant guidelines for the
care and use of laboratory animals and were approved by the Institutional Animal Care and
Use Committee of the Yantai Institute of Coastal Zone Research, Chinese Academy of
Sciences(approval No. KJ-LL-029). Specific pathogen-free (SPF) BALB/c mice (6—8 weeks
old, 20+2 g, equal numbers of males and females) were used in this study. All animals were
acclimated for at least 72 h before the experiments. The group size was determined with
reference to previous studies, with six mice per group (Xie et al., 2021).

To establish the murine peritonitis model, mice were intraperitoneally injected with 50 pL
of ESBL-producing E. coli 4 suspension (1x108 CFU/mL). Two hours after infection, mice
were weighed and allocated to four groups with comparable mean body weights (n=6 per
group). Cages were labeled A—D, and the four treatments, PBS, Polymyxin B (10 mg/kg), SS-
CATH (5 mg/kg), and SS-CATH (10 mg/kg), were randomly assigned to the coded groups. All
treatments were administered by intraperitoneal injection at equal volumes. Survival was
monitored daily for 7 days by personnel blinded to the treatment assignments, and the 7-day
survival rate was used to evaluate the therapeutic efficacy.

For bacterial burden and histopathological analyses, mice were infected intraperitoneally
with 50 uL of ESBL-producing E. coli 4 suspension (5x107 CFU/mL). Two hours after
infection, mice were grouped and treatments were assigned using the same body-weight
balancing and coded-group randomization procedure described above (n=6 per group). The
assigned treatments were then administered. Twelve hours after drug administration, the mice
were euthanized. Peritoneal lavage fluid and the heart, liver, spleen, lungs, and kidneys were
aseptically collected. Tissue homogenates were serially diluted, plated on LB agar, and CFUs
were quantified using an automatic colony counter (DTS3, Ze Xi Biotechnology, China). Liver

and kidney tissues were additionally collected for hematoxylin and eosin (H&E) staining to
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evaluate histopathological changes.
STATISTICAL ANALYSIS

All experiments were performed with at least three independent biological replicates.
Continuous data are presented as mean+standard deviation (SD). Statistical significance was
determined by one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test for
multiple comparisons, or by two-tailed unpaired Student’s #-test for comparisons between two
groups. Survival curves were estimated using the Kaplan-Meier method and compared using
the log-rank (Mantel-Cox) test. Bonferroni correction was applied to the three pairwise
comparisons between the treatment groups and the PBS group. Animals surviving to the end
of the 7-day observation period were right-censored. Analyses were conducted using GraphPad

Prism v.9.0.

RESULTS

Identification and structural characterization of SS-CATH

Sea snakes have adapted to marine environments through a unique evolutionary history,
making them a valuable source for the discovery of novel innate immune molecules.
Cathelicidin precursor proteins typically consist of a conserved N-terminal signal peptide, a
CLD, and a highly variable C-terminal mature peptide region (Bals & Wilson, 2003; Salnikov
etal., 2025). To systematically identify sea snake cathelicidins, we collected annotated genome
sequences from multiple sea snake species available in the NCBI database, including 4. laevis,
H. cyanocinctus, H. major, H. elegans, and H. ornatus. The conserved CLD was used as the
query sequence for homology searches, leading to the identification of multiple cathelicidin
precursor proteins. Structural analysis showed that all identified precursors possessed the
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characteristic signal peptide—cathelin domain—mature peptide architecture (Figure 1A).
Besides, the mature peptides from H. cyanocinctus, H. major, H. elegans and H. ornatus were
highly conserved (Figure 1A). Their signal peptides and cathelin domains also exhibited high
sequence similarity, with only a few amino acid substitutions. These findings indicate limited
sequence divergence among the four Hydrophis cathelicidin homologs, which may reflect
recent common ancestry or possible functional constraint. Based on their origin and the
remarkable conservation of the mature peptide sequences, we designated this mature peptide
of sea snake cathelicidins as SS-CATH. Sequence BLAST analysis of the NCBI protein
database revealed that SS-CATH exhibits 71% identity with cathelicidin-related peptide Oh-
Cath-like from the terrestrial snake Pantherophis guttatus (XP_060540646.1), which in fact is
a putative peptide by genomic annotation and its function remains unknown.

Helical wheel projection of full-length mature SS-CATH revealed a typical amphipathic
architecture, with positively charged residues, including lysine (K) and arginine (R), clustered
on one side of the helix, whereas hydrophobic residues, including valine (V), phenylalanine
(F) and leucine (L), were distributed on the opposite side (Figure 1B). This distinct segregation
of cationic and hydrophobic residues is a characteristic feature of many membrane-active
AMPs and may facilitate electrostatic interactions with negatively charged bacterial
membranes. The three-dimensional structure predicted by AlphaFold3 suggested that SS-
CATH has a predominantly a-helical conformation, which is consistent with the amphipathic
organization revealed by the helical wheel projection (Figure 1C). However, the experimentally
determined secondary structure of SS-CATH was strongly dependent on the surrounding
environment. CD spectroscopy showed that SS-CATH predominantly adopted a random-coil
conformation in aqueous solution, whereas the addition of 60 mmol/L SDS, which mimics a
membrane-associated environment, induced a marked transition toward an o-helical

conformation, as indicated by the characteristic negative ellipticity at 208 and 222 nm (Figure
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1D). These findings indicate that although AlphaFold3 predicts an a-helical structure for SS-
CATH, the peptide is not constitutively a-helical in solution and can undergo an environment-
dependent conformational transition to an a-helical structure upon interaction with membrane-
mimicking conditions. The physicochemical properties of SS-CATH are summarized in Figure
1E. SS-CATH is a 34-amino-acid peptide with a predicted molecular weight of 4144.15 Da, a
theoretical pl of 10.93, a net charge of +11, and a GRAVY of —0.54. Collectively, these
structural and physicochemical features indicate that SS-CATH is a highly cationic peptide

with amphipathic characteristics and an environment-dependent secondary structure.
In vitro antibacterial activity of SS-CATH

To determine whether these structural features confer antimicrobial function, we first
evaluated the antibacterial spectrum of SS-CATH. The MICs against both standard strains and
clinical drug-resistant isolates were determined using the broth microdilution method. As
shown in Table 1 and Figure 2A, SS-CATH exhibited potent antibacterial activity against a
broad range of clinically relevant MDR bacteria, including E. coli, A. baumannii, K.
pneumoniae, and S. epidermidis. As shown in the table, SS-CATH exhibited markedly stronger
activity against Gram-negative bacteria (GM: 7.94 pg/mL) than against Gram-positive ones
(GM: 46.22 pg/mL). This preference may be associated with the occurrence of these taxa in
their gut and skin microbiota (Zhong et al., 2022, 2023), which could have favored the
evolution of peptides with enhanced activity against these pathogens. Because ESBL-
producing E. coli possesses a representative Gram-negative outer membrane and exhibits both
multidrug resistance and robust persister formation, it was selected as the model strain for
subsequent mechanistic studies (Macesic et al., 2025).

Consistent with the MIC results, growth curve analysis demonstrated that SS-CATH
inhibited the growth of ESBL-producing E. coli 4 in a concentration-dependent manner (Figure
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2B). Notably, treatment at 1xMIC was sufficient to markedly suppress bacterial growth
throughout the 18-h observation period, whereas 0.5xMIC only delayed bacterial regrowth.
We next evaluated its bactericidal activity using a killing kinetic assay. As shown in Figure 2C,
D, SS-CATH rapidly killed ESBL-producing E. coli 4 in a concentration-dependent manner.
At 5xMIC, complete bacterial killing was achieved within 30 min. Even at 1xMIC, SS-CATH
markedly reduced the number of viable bacteria after 180 min of treatment. Under the same
conditions, Polymyxin B exhibited slower bactericidal kinetics than SS-CATH at 5SxMIC. We
further evaluated the short-term bactericidal activity of SS-CATH using SYTO-9/PI dual-
fluorescence staining. As shown in Figure 2E, F, treatment with SS-CATH for 1 h resulted in
the death of approximately 35% of ESBL-producing E. coli 4, which was comparable to the
effect of Polymyxin B. We next assessed the propensity of SS-CATH to induce bacterial
resistance through a serial passage experiment over 40 consecutive passages (Figure 2G).
Ciprofloxacin rapidly induced bacterial resistance, with the MIC increasing approximately 6-
fold by the 35th passage. In contrast, no appreciable increase in the MIC of SS-CATH was
observed throughout the experiment, showing a resistance profile similar to that of Polymyxin
B. These results suggest a low propensity for resistance development to SS-CATH in ESBL-
producing E. coli 4 under the tested conditions. Further evaluation across diverse strain

backgrounds would help establish the broader applicability of this finding.
Stability and in vitro biocompatibility of SS-CATH

To evaluate whether SS-CATH retains antibacterial activity under physiological
conditions relevant to in vivo application, we assessed the effects of physiological cations and
protease treatment on its antimicrobial activity. The peptide was incubated with Na*, K*, Ca?*,
Fe3*, Zn?*, and NH4", and changes in the MIC were determined. As shown in Figure 3A, CaCl,
caused a slight reduction in the antibacterial activity of SS-CATH, whereas the other cations
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produced no detectable change in MIC compared with the untreated control. These results
indicate that SS-CATH retains stable antibacterial activity under physiologically relevant ionic
conditions. To further assess salt tolerance, we evaluated the antibacterial activity of SS-CATH
at NaCl concentrations ranging from 100 to 500 mmol/L. The MIC remained unchanged across
all tested concentrations (Supplementary Figure S1), demonstrating that SS-CATH retains
antibacterial activity under elevated NaCl conditions. We next evaluated the proteolytic
stability of SS-CATH by incubating the peptide with trypsin, chymotrypsin, or pepsin and
measuring changes in MIC (Figure 3B). The MIC increased in a concentration-dependent
manner following treatment with each protease, indicating that proteolytic degradation
gradually reduced antibacterial activity. Nevertheless, SS-CATH maintained measurable
antibacterial activity after protease treatment. Collectively, these findings demonstrate that SS-
CATH exhibits favorable functional stability under physiologically relevant conditions.

To evaluate its biocompatibility, we first assessed the hemolytic activity of SS-CATH
against mammalian erythrocytes. Mouse erythrocytes were incubated with increasing
concentrations of SS-CATH (12.5-200 pg/mL), and hemolysis was quantified. As shown in
Figure 3C, hemolytic activity increased with peptide concentration but remained below 15%
even at 200 pg/mL. At concentrations within the effective antibacterial range, SS-CATH
exhibited minimal hemolytic activity. Cytotoxicity was further evaluated in HaCat and
RAW264.7 cells using the MTT assay. As shown in Figure 3D, cell viability remained above
70% in both cell lines even at the highest tested concentration (200 pg/mL). Overall, SS-CATH
exhibited low cytotoxicity toward mammalian cells even at 200 pg/mL, a concentration far
exceeding its therapeutic MICs, supporting acceptable in vitro biocompatibility under the

tested conditions.

Antibiofilm and anti-persister activities of SS-CATH
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As biofilm formation and persister survival are major contributors to chronic infections
and antibiotic treatment failure (Pletzer et al., 2016), we assessed the ability of SS-CATH to
eradicate established biofilms, inhibit biofilm formation, and eliminate persisters (Pan et al.,
2025b). The ability of SS-CATH to eradicate mature biofilms was first evaluated using crystal
violet staining and the TTC reduction assay (Figure 4A). Crystal violet staining was used to
quantify the remaining biofilm biomass, whereas TTC reduction reflected the metabolic
activity of viable bacteria within the biofilm. SS-CATH eradicated established biofilms in a
concentration-dependent manner. Both residual biofilm biomass and TTC absorbance
generally decreased with increasing SS-CATH concentration. Compared with PBS, the
reduction in TTC absorbance was significant at 2xand 5xMIC. We next examined the
inhibitory effect of SS-CATH on biofilm formation. As shown in Figure 4B, biofilm biomass
was progressively reduced with increasing peptide concentration and reached the lowest level
following treatment with 5XMIC SS-CATH. These results demonstrate that SS-CATH not only
disrupts established biofilms but also effectively inhibits biofilm development during the early
stages of bacterial adhesion and colonization.

Bacterial persisters can tolerate high concentrations of antibiotics (Etayash et al., 2020).
To evaluate the activity of SS-CATH against rifampicin-induced persister cells, surviving cells
were quantified by CFU counting after treatment with different concentrations of peptides
(Figure 4C, D). High numbers of persisters were consistently detected in the PBS-treated
control group. In contrast, the number of surviving persisters decreased progressively with
increasing concentrations of SS-CATH, indicating a clear concentration-dependent effect. At
5xMIC, SS-CATH reduced the number of viable persisters to the lowest level, and its
bactericidal activity was comparable to that of Polymyxin B. Collectively, these findings
demonstrate that SS-CATH effectively eradicates established biofilms, inhibits biofilm

formation, and exhibits potent bactericidal activity in the rifampicin-induced persister model,
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although the persister phenotype of the surviving population was not directly verified in this

study.
Effects of SS-CATH on bacterial membrane integrity

Numerous studies have demonstrated that cationic AMPs accumulate on the bacterial
surface and preferentially bind negatively charged membrane phospholipids through
electrostatic interactions (Ganesan et al., 2023; Gong et al., 2023; Yang et al., 2022). To
investigate the interactions of SS-CATH with representative bacterial membrane components,
we examined the effects of exogenously added lipids on its antibacterial activity using a lipid
competition assay. As shown in Figure 5A, the effects of different membrane lipids on the
antibacterial activity of SS-CATH varied. The presence of LPS and CL resulted in a
pronounced increase in the MIC of SS-CATH, whereas PC and PE had relatively limited effects.
LPS and CL are negatively charged components associated with bacterial membranes, whereas
PE is a zwitterionic phospholipid and PC is also zwitterionic. The interaction of SS-CATH
with LPS was further supported by the BC displacement assay (Figure 5B). These findings
suggest that negatively charged membrane components, particularly LPS and CL, may interact
with SS-CATH and interfere with its antibacterial activity. However, because the lipid
competition assay provides indirect evidence of lipid interaction rather than a direct
measurement of binding affinity, these results should not be interpreted as direct evidence of
preferential lipid-binding affinity. The observed lipid-dependent effects may contribute to the
interaction of SS-CATH with bacterial membranes.

To investigate whether SS-CATH affects membrane fluidity, we measured the GP value
following peptide treatment. As shown in Figure 5C, the GP value increased significantly in a
concentration-dependent manner, indicating that SS-CATH reduced bacterial membrane
fluidity.
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Changes in membrane permeability are a hallmark of membrane damage, and cationic
AMPs often disrupt membrane integrity after accumulating on the bacterial surface (Chen et
al., 2025). We first evaluated the effect of SS-CATH on outer membrane permeability using
the NPN uptake assay. As shown in Figure 5D, NPN fluorescence increased in a concentration-
dependent manner as the concentration of SS-CATH increased from 0.5xMIC to 5xMIC,
indicating progressive disruption of outer membrane integrity. We next assessed inner
membrane damage using PI staining. As shown in Figure 5E, SS-CATH increased PI
fluorescence in a concentration-dependent manner. At 5xMIC, PI fluorescence exceeded that
induced by Triton X-100. These results demonstrate that SS-CATH effectively disrupts the
bacterial inner membrane. Disruption of the cytoplasmic membrane is commonly accompanied
by dissipation of the membrane potential. We therefore monitored changes in membrane
potential using the voltage-sensitive fluorescent probe DiSC3(5). As shown in Figure 5F, SS-
CATH increased DiSC3(5) fluorescence at 1x, 2%, and 5xMIC, indicating dissipation of the
bacterial membrane potential and disruption of transmembrane ion homeostasis.

To further evaluate membrane disruption by SS-CATH, we measured the release of
intracellular macromolecules by monitoring the absorbance of culture supernatants at OD,g0
and OD,g, which reflect the leakage of nucleic acids and proteins, respectively. As shown in
Figure 5G, H, only minimal increases in OD5¢¢ and OD,gq were observed in the untreated
control during the 4 h incubation period, indicating that the bacterial membrane remained intact
with negligible intracellular leakage. In contrast, treatment with SS-CATH at 1xMIC, 2xMIC,
and 5xXMIC resulted in progressive increases in both OD,6o and OD,gq over time. The extent
of macromolecular leakage also increased in a concentration-dependent manner, with the
5xXMIC group showing substantially higher leakage than the 1xMIC and 2xMIC groups.
Membrane damage was further visualized by SEM. Untreated bacteria exhibited intact rod-

shaped morphology with smooth cell surfaces. In contrast, SS-CATH-treated cells displayed
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pronounced membrane shrinkage, surface collapse, structural disruption, and leakage of
intracellular contents (Figure 51). These morphological alterations provide direct evidence that
SS-CATH severely compromises bacterial membrane integrity.

Collectively, these findings suggest that interactions with bacterial membrane lipids
contribute to the membrane-disrupting activity of SS-CATH. It subsequently disrupts both the
outer and inner membranes, alters membrane organization, dissipates the membrane potential,
and promotes the leakage of intracellular macromolecules. These membrane-disrupting effects

are consistent with the rapid bactericidal activity of SS-CATH.
DNA binding and oxidative stress induction by SS-CATH

Some AMPs have been reported to translocate across bacterial membranes and
subsequently bind to intracellular DNA, thereby contributing to their bactericidal activity (L1
et al., 2026b). The interaction of SS-CATH with purified bacterial genomic DNA was first
examined using an agarose gel retardation assay. Bacterial genomic DNA was incubated with
increasing concentrations of SS-CATH (25-125 pg/mL) while the DNA concentration was
kept constant at 25 pg/mL. As shown in Figure 6A, when the DNA-to-peptide ratio reached
1:2, part of the DNA was retained in the loading well. At a DNA-to-peptide ratio of 1:5, DNA
was completely retained in the loading well. This result indicated a concentration-dependent
interaction between SS-CATH and bacterial genomic DNA. We next examined changes in
DNA surface charge after peptide binding using zeta potential analysis (Figure 6B). As the
concentration of SS-CATH increased, the negative zeta potential was progressively neutralized
and shifted toward more neutral values in a concentration-dependent manner, indicating
electrostatic binding between the cationic peptide and bacterial DNA. Furthermore, an EB
fluorescence displacement assay further confirmed the DNA-binding ability of SS-CATH
(Figure 6C), which was consistent with the gel retardation and zeta potential results. To further
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assess the substrate specificity of SS-CATH binding, we examined its interactions with CpG
ODN 2395 and genomic DNA isolated from RAW264.7 and HaCat cells. SS-CATH retarded
the electrophoretic migration of all three substrates. Free-migrating nucleic acid bands were no
longer detectable at nucleic acid-to-peptide mass ratios of 1:4, 1:2, and 1:2 for CpG ODN 2395,
RAW264.7 genomic DNA, and HaCat genomic DNA, respectively (Supplementary Figure
S2A-C). These findings indicate that SS-CATH binding is not restricted to bacterial genomic
DNA and support a contribution of nonspecific electrostatic interactions to its DNA-binding
activity.

Previous studies have reported that some AMPs can induce oxidative stress in bacteria
(Zhang et al., 2026), and ROS contribute to their bactericidal activity (Song et al., 2026). To
investigate whether SS-CATH could trigger a similar oxidative response, intracellular ROS
levels were measured using the DCFH-DA probe. As shown in Figure 6D, SS-CATH increased
intracellular ROS abundance in a concentration-dependent manner. Importantly, at 1%, 2%, and
5xMIC, SS-CATH produced higher DCFH-DA fluorescence than Polymyxin B at the
corresponding MIC multiples, suggesting a more pronounced oxidative stress response in SS-
CATH-treated bacteria. Time-course analysis further showed that DCFH-DA fluorescence
generally increased over the 120-min observation period in SS-CATH-treated bacteria,
whereas the PBS control showed only minor changes (Supplementary Figure S3). Considered
alongside the time-kill and membrane-leakage profiles (Figures 2C, D and 5G, H), these
findings suggest that ROS accumulation accompanies the membrane-disrupting and
bactericidal effects of SS-CATH. Cellular ROS encompass multiple components including
superoxide anion, hydrogen peroxide, and hydroxyl radical (*OH) (Imlay, 2013). Among them,
*OH is a highly reactive species that can inflict severe damage to biomacromolecules and is
closely associated with bacterial cell death (Yi et al., 2025). We further measured intracellular

*OH production using the HPF fluorescent probe. SS-CATH induced evident *OH generation
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at all tested concentrations, further confirming that SS-CATH could initiate oxidative stress
within bacterial cells. To further verify the contribution of oxidative stress in the antibacterial
action of SS-CATH, rescue experiments were performed using N-acetylcysteine (NAC), a ROS
scavenger, and thiourea (TU), a hydroxyl radical scavenger (Figure 6F, G). Treatment with SS-
CATH alone markedly increased intracellular ROS levels and significantly reduced bacterial
survival. In contrast, the addition of NAC or TU markedly reduced ROS fluorescence and
restored bacterial viability, as reflected by a substantial increase in colony density. NAC or TU
alone did not visibly reduce colony formation compared with the PBS control. We further
examined whether NAC or TU could interfere with SS-CATH activity by altering bacterial
membrane permeability. Neither scavenger significantly altered NPN or PI fluorescence when
used alone compared with PBS (Supplementary Figure S4A, B), or when combined with SS-
CATH compared with SS-CATH alone (Supplementary Figure S4C, D). These findings
suggest that the observed rescue was not accompanied by a detectable reduction in SS-CATH-
induced membrane permeabilization and, together with the reduction in ROS fluorescence,
support a contribution of oxidative stress to SS-CATH-mediated bacterial killing. Collectively,
these findings suggest the DNA-binding capacity of SS-CATH and its ability to induce

bacterial oxidative stress.
In vivo therapeutic activity of SS-CATH

To further evaluate the therapeutic potential of SS-CATH in vivo, a murine systemic
peritonitis model induced by ESBL-producing E. coli 4 was established (Figure 7A). Mice
were initially intraperitoneally challenged with 50 uL of bacterial suspension containing 1x102
CFU/mL ESBL-producing E. coli 4. Two hours after infection, mice were allocated to groups
with comparable mean body weights, and treatments were randomly assigned to the coded

groups as described in the Methods. The assigned treatments were administered at equal
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intraperitoneal injection volumes. Survival was monitored for 7 days. As shown in Figure 7B,
mice in the PBS-treated group rapidly succumbed to infection and all died within day 1. In
contrast, all mice treated with SS-CATH at either 5 mg/kg or 10 mg/kg survived throughout
the observation period, corresponding to a 100% survival rate.

In a parallel experiment, mice were euthanized 12 h after drug administration, and
bacterial burdens in the heart, liver, spleen, lung, kidney, and peritoneal lavage fluid were
quantified by CFU counting. As shown in Figure 7C—H, high bacterial burdens were detected
in all examined tissues and the peritoneal lavage fluid of the PBS-treated group. SS-CATH
reduced bacterial burdens in the examined organs and peritoneal lavage fluid, with a dose-
dependent trend in most samples. In some organs, the reductions in bacterial burdens even
approached those observed with Polymyxin B, indicating that SS-CATH effectively eliminated
MDR bacteria from multiple organs and limited bacterial dissemination in vivo.

Histopathological analysis further supported the therapeutic efficacy of SS-CATH. H&E
staining revealed extensive inflammatory cell infiltration, vacuolar degeneration, and tissue
damage in the liver and kidney of PBS-treated mice (Figure 71). These pathological changes
were progressively alleviated following SS-CATH treatment in a dose-dependent manner.
Collectively, these results demonstrate that SS-CATH exhibits potent therapeutic activity
against MDR Gram-negative bacterial infection in vivo. It effectively reduces bacterial burdens,
alleviates tissue injury, and improves the survival of infected mice, highlighting its potential as

a candidate for the treatment of MDR bacterial infections.
DISCUSSION

Sea snakes represent one lineage of reptiles that have fully adapted to marine
environments. Their secondary transition from terrestrial to marine environments was

accompanied by profound changes in salinity, osmotic pressure, and pathogen composition
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(Ludington et al., 2023; Ludington & Sanders, 2021). In marine environments, the high
microbial load of seawater and the increased risk of wound infection impose persistent selective
pressures on the innate immune system (Baker-Austin et al., 2018). The presence of Gram-
negative taxa in the gut and skin microbiota of sea snakes, together with the association of
several of these taxa with skin ulceration (Zhong et al., 2022, 2023), may have driven the
evolution of cationic AMPs with enhanced activity against Gram-negative bacteria (Ludington
et al., 2023). Compared with conventional bioactivity-guided peptide discovery, genome-
guided mining provides an efficient strategy for identifying structurally novel AMPs from an
evolutionary perspective (Kumar et al., 2024; Szymczak et al., 2025). To date, only a handful
of sea snake-derived AMPs have been experimentally characterized. These peptides
predominantly belong to the cathelicidin family and display potent activity against bacterial
pathogens. These findings support the hypothesis that immune peptides of aquatic vertebrates
may undergo adaptive evolution under long-term environmental selection pressure (Gao et al.,
2025).

In this study, we systematically characterized the structural features, antibacterial activity,
mechanism of action, and in vivo efficacy of SS-CATH. Structural analysis showed that SS-
CATH is a cationic, amphipathic peptide capable of adopting an a-helical conformation under
membrane-mimicking conditions. Antibacterial assays demonstrated that SS-CATH exhibited
potent, rapid, and concentration-dependent bactericidal activity against MDR Gram-negative
bacteria, including ESBL-producing E. coli, K. pneumoniae, and A. baumannii.
Mechanistically, SS-CATH disrupted bacterial membrane integrity by targeting membrane
lipids, exhibited DNA-binding activity in vitro, indicating a potential interaction between SS-
CATH and bacterial genomic DNA, and induced oxidative stress, thereby exerting multitarget
antibacterial activity. Previous work on LL-37 has implicated perturbation of the bacterial

electron transport chain in peptide-induced oxidative stress (Choi et al., 2017). Given the
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membrane-disrupting activity of SS-CATH, interference with membrane-associated
respiratory processes may likewise contribute to the observed ROS accumulation. Consistent
with this mechanism, SS-CATH showed a low propensity to induce resistance after 40 serial
passages. In a murine peritonitis model, SS-CATH significantly improved survival, reduced
bacterial burdens, and alleviated tissue injury. Although SS-CATH showed acceptable in vitro
biocompatibility, further in vivo safety evaluation is needed. Its binding to CpG ODN 2395 and
mammalian genomic DNA indicates that its DNA-binding activity extends beyond bacterial
DNA, consistent with a contribution of nonspecific electrostatic interactions. Potential
interactions with host-cell DNA should therefore be considered in these further safety
evaluations. Collectively, these findings demonstrate that SS-CATH exhibits potent
antibacterial activity against MDR Gram-negative pathogens both in vitro and in vivo,
highlighting its potential as a promising antimicrobial candidate.

Cathelicidin AMPs are key effector molecules of vertebrate innate immunity. Their
mature peptide regions typically exhibit high sequence diversity among species, which is
considered an evolutionary outcome of adaptation to specific pathogen pressures in different
ecological niches (Whelehan et al., 2014). However, SS-CATH shows an identical mature
peptide sequence in four species of the genus Hydrophis (H. cyanocinctus, H. major, H. elegans
and H. ornatus). This conservation should be considered in the context of their close
phylogenetic relationship and the sequence diversity reported for the broader cathelicidin
family (Wang et al., 2023). From an evolutionary perspective, conservation of the mature
peptide sequence often implies functional constraint (Worth et al., 2009). Functionally,
SS-CATH simultaneously fulfills multiple roles: maintaining antibacterial activity under the
tested elevated NaCl conditions, covering diverse pathogens through synergistic multi-target
mechanisms, and showing acceptable in vitro biocompatibility. The observed ionic tolerance

may be relevant to the antimicrobial function of SS-CATH in saline marine environments,
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although the tested conditions do not reproduce the full ionic composition of seawater. The
maintenance of these functional properties may impose constraints on sequence variation.
Mutations that compromise these properties could be disfavored by purifying selection. SS-
CATH may function as a broad-spectrum defense molecule, with its activity against Gram-
negative bacteria potentially contributing to protection against opportunistic infections in sea
snakes. For such generalist molecules, the maintenance of an effective sequence may favor
functional conservation (De La Fuente-Nuiez et al., 2017; Lazzaro et al., 2020). The close
relationship among these Hydrophis species also raises the possibility that the observed
conservation reflects recent common ancestry. Overall, the conservation of SS-CATH may
reflect recent common ancestry and purifying selection, while adaptive retention and functional
optimization remain possible explanations.

This study adopts the perspectives of zoology and evolutionary immunology. It
characterizes the molecular features and bactericidal activities of SS-CATH, a conserved sea
snake cathelicidin, and explores their potential evolutionary implications. Unlike previous
studies that merely regarded sea snake AMPs as drug candidates, our work offers two key
contributions. It provides rational strategies for developing new therapeutics against clinical
Gram-negative drug-resistant infections. It also provides a basis for further investigation of the

ecological and evolutionary roles of innate immune peptides in marine reptiles.
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Figure 1. Sequence and structural characterization of SS-CATH. A: Multiple sequence

alignment of cathelicidin precursors derived from representative vertebrate species covering
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sea snakes, other reptiles, mammals and amphibians. Sequences from several closely related
sea snake species were included to analyze the conservation of mature SS-CATH. The region
corresponding to mature peptide SS-CATH is highlighted within the green box. Four
representative conserved cysteine residues within the cathelicidin domain are marked in red.
The signal peptide and cathelin domain are annotated above the alignment. B: Helical wheel
projection of full-length mature SS-CATH generated by HeliQuest, showing the distribution
of positively charged and hydrophobic residues. C: Three-dimensional structure of SS-CATH
predicted by AlphaFold3. D: Circular dichroism (CD) spectra of SS-CATH in H,O and 60
mmol/L SDS. E: Amino acid sequence and physicochemical properties of SS-CATH, including
peptide length (L), net charge (Z), GRAVY (H), isoelectric point (pl), and molecular weight

(MW).
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Figure 2. In vitro antibacterial activity and resistance-inducing potential of SS-CATH.
A: Heatmap showing the MICs of SS-CATH and Polymyxin B against reference strains and
MDR clinical isolates. B: Growth curves of ESBL-producing E. coli 4 treated with SS-CATH

at 0.5%, 1x, 2%, and 5xMIC. Polymyxin B at 5xMIC served as the positive control, and PBS
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served as the negative control. C: Time-kill kinetics of SS-CATH (1x and 5xMIC) and
Polymyxin B (5xMIC) against ESBL-producing E. coli 4, determined by CFU counting. D:
Representative agar plates showing bacterial survival during the time-kill assay following
treatment with SS-CATH or Polymyxin B. E: Representative SYTO-9/PI fluorescence images
of ESBL-producing E. coli 4 following treatment with SS-CATH at the indicated
concentrations. Green fluorescence indicates live bacteria, whereas red fluorescence indicates
dead bacteria. Scale bars, 20 um. F: Quantification of live and dead bacteria based on SYTO-
9/P1 fluorescence intensities measured using Image]. Each dot represents one biological
replicate. P values indicate comparisons with the PBS group. G: Development of bacterial
resistance during serial passage in the presence of 0.5xMIC of SS-CATH, Polymyxin B, or
ciprofloxacin. MICs were determined every five passages. Data are presented as mean+SD
from three independent biological replicates. Statistical significance was determined by one-

way ANOVA. ns: Not significant; *: P<0.05; **: P<0.01;***: P<0.001; ****: P<0.0001.
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Figure 3. Stability and in vitro biocompatibility evaluation of SS-CATH. A: Effect of
physiological concentrations of ions (NaCl, KCl, CaCl,, FeCls, ZnCl,, and NH,CI) on the
antibacterial activity of SS-CATH, expressed as fold changes in the MIC. B: Effect of 2 h
incubation with trypsin, chymotrypsin, or pepsin at 37°C on the antibacterial activity of SS-
CATH, expressed as fold increases in MIC relative to the untreated control. C: Hemolytic
activity of SS-CATH against mouse erythrocytes at different peptide concentrations. D:
Cytotoxicity of SS-CATH toward HaCat keratinocytes and RAW264.7 macrophages
determined by the MTT assay after treatment with different concentrations of peptide. All
experiments were performed with three independent biological replicates. Data are presented

as the mean+SD. Each dot represents one independent biological replicate.
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Figure 4. Anti-biofilm and anti-persister activities of SS-CATH. A: Eradication of
preformed biofilms by SS-CATH determined by crystal violet staining (left) and 2,3,5-
triphenyltetrazolium chloride (TTC) staining (right). B: Inhibition of biofilm formation by SS-

CATH determined by crystal violet staining (left) and TTC staining (right). C: Representative
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colony images showing the killing of rifampicin-induced persister cells following treatment
with SS-CATH or Polymyxin B at different concentrations. PBS served as the negative control.
D: Quantification of surviving persister cells by CFU counting. All experiments were
performed with three independent biological replicates. Data are presented as the mean+SD.
Statistical significance was analyzed using one-way ANOVA, and asterisks indicate the level
of significance. Each dot represents one independent biological replicate.

ns: Not significant; *: P<0.05; **: P<0.01; ***: P<0.001; ****: P<0.0001.
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Figure 5. Membrane-targeting mechanism of SS-CATH against Gram-negative bacteria.
A: Phospholipid-binding assay showing the effects of LPS, CL, PE, PG, and PC on the
antibacterial activity of SS-CATH, expressed as fold changes in the MIC. B: Binding of SS-

CATH to LPS determined by the BODIPY-TR cadaverine displacement assay. C: Changes in



bacterial membrane fluidity following SS-CATH treatment determined by Laurdan
fluorescence and expressed as GP values. D: Outer membrane permeabilization induced by SS-
CATH determined using the NPN uptake assay. E: Inner membrane permeabilization induced
by SS-CATH determined by PI fluorescence. Triton X-100 served as the positive control. F:
Membrane depolarization induced by SS-CATH monitored using the DiSC53(5) fluorescence
assay. G, H: Release of intracellular nucleic acids and proteins following SS-CATH treatment,
determined by optical density measurements at OD,¢o and ODygg, respectively. I:
Representative scanning electron microscopy (SEM) images showing the morphological
changes of bacterial cells after SS-CATH treatment. Red arrows indicate damaged bacterial
cells. Scale bar, 1 um. All experiments were performed with three independent biological
replicates. Data are presented as the mean+SD. Statistical significance was analyzed using one-

way ANOVA. ns: Not significant; *: P<0.05; **: P<0.01;**: P<0.001; ***: P<0.0001.
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Figure 6. Interaction of SS-CATH with bacterial genomic DNA and induction of oxidative
stress. A: Agarose gel retardation assay showing the interaction between SS-CATH and
bacterial genomic DNA. B: Zeta potential analysis of bacterial genomic DNA following

incubation with different concentrations of SS-CATH. C: EB displacement assay showing the

@ & & Zoological Research



interaction between SS-CATH and bacterial genomic DNA. D: Intracellular ROS levels
induced by SS-CATH, determined using the DCFH-DA fluorescent probe. E: Intracellular «<OH
production following SS-CATH treatment, determined using the HPF fluorescent probe. F:
Intracellular ROS levels following co-treatment with SS-CATH and the ROS scavenger NAC
or the hydroxyl radical scavenger TU. G: Representative colony images showing bacterial
survival following co-treatment with SS-CATH and NAC or TU. All experiments were
performed with three independent biological replicates. Data are presented as the mean+SD.
Statistical significance was analyzed using one-way ANOVA. ns: Not significant; *: P<0.05;

¥ P<0.01; ™*: P<0.001; ****: P<0.0001.
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Figure 7. Therapeutic efficacy of SS-CATH in a murine peritonitis model. A: Schematic

illustration of the experimental design. Two hours after infection with ESBL-producing E. coli

4, BALB/c mice were allocated to groups with comparable mean body weights, and PBS, SS-

CATH (5 or 10 mg/kg), or Polymyxin B (10 mg/kg) was randomly assigned to the coded groups




and administered by intraperitoneal injection. Survival was monitored for 7 days. In a parallel
experiment, mice were euthanized 12 h after treatment for bacterial burden determination and
histopathological analysis. B: Kaplan—Meier survival curves of mice monitored for 7 days
following different treatments (#=6 mice per group). Survival curves were compared using the
log-rank (Mantel-Cox) test with Bonferroni correction for the three pairwise comparisons
against PBS. Adjusted P values are shown. C—H: Bacterial burdens (log;o CFU/mL) in the
heart, liver, spleen, lung, kidney, and peritoneal lavage fluid after treatment. I: Representative
H&E-stained sections of liver and kidney tissues from each treatment group showing
pathological changes. Scale bar, 100 um. For panels C—H, data are presented as mean+SD from
independent biological replicates (n=6 mice per group). Statistical significance was analyzed
by one-way ANOVA followed by Tukey’s post hoc test. ns: Not significant; *: P<0.05; **:

P<0.01; ™*: P<0.001; ***: P<0.0001.
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Table 1. Antimicrobial activities of SS-CATH.

Microorganisms MIC (umol/L (pg/mL))
SS-CATH Polymyxin B

Gram-negative

E. coli ATCC25922 0.56 (2.34) 0.84 (1.17)
ESBL-producing E. coli 1 8.94 (37.50) 0.84 (1.17)
ESBL-producing E. coli 2 4.47 (18.75) 0.84 (1.17)
ESBL-producing E. coli 3 2.24 (9.38) 0.84 (1.17)
ESBL-producing E. coli 4 2.24 (9.38) 3.36 (4.69)
A. baumannii ATCC19606 2.24 (9.38) 1.69 (2.34)
MDR A. baumannii 1 2.24 (9.38) 0.84 (1.17)
MDR A. baumannii 2 2.24 (9.38) 0.84 (1.17)
MDR 4. baumannii 3 1.12 (4.69) 1.69 (2.34)
K. pneumoniae ATCC10031 2.24 (9.38) 0.84 (1.17)
CR K. pneumoniae 1 4.47 (18.75) 0.84 (1.17)
CR K. pneumoniae 3 2.24 (9.38) 0.84 (1.17)
MDR P. aeruginosa 1 2.24 (9.38) 0.84 (1.17)
MDR P. aeruginosa 2 2.24 (9.38) 0.84 (1.17)
MDR P. aeruginosa 3 2.24 (9.38) 0.84 (1.17)
A. hydrophila 0.56 (2.34) 3.36 (4.69)
E. tarda 0.28 (1.17) 0.84 (1.17)
GM* 1.90 (7.94) 1.07 (1.49)
Gram-positive

S. aureus CMCC26003 2.24 (9.38) 27.05 (37.50)
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MRSA 52 >24.10 (>100.00)  >72.20 (>100.00)

MRSA USA300 >24.10 (>100.00)  54.10 (75.00)
MDR S. aureus 2 >24.10 (>100.00)  >72.20 (>100.00)
MDR S. aureus 3 >24.10 (>100.00)  54.10 (75.00)
MDR S. epidermidis 1 18.10 (75.00) 54.10 (75.00)
MDR S. epidermidis 2 18.10 (75.00) 54.10 (75.00)
MDR 8. epidermidis 3 2.24(9.38) 27.05 (37.50)
B. cereus CMCC63301 4.47 (18.75) 54.10 (75.00)
GM* 11.06 (46.22) 49.45 (68.50)

MIC: minimal inhibitory concentration. GM: The geometric mean (GM) of the peptide MICs
against bacteria was calculated. MIC values >100 ug/mL were treated as 100 pg/mL when

calculating the GM; the resulting value is a lower-bound estimate.

Fold increase in MICs
1

100 200 300 400 500
NaCl (mmmol/L)

Supplementary Figure S1. Effect of elevated NaCl concentrations on the antibacterial
activity of SS-CATH. MICs were determined at final NaCl concentrations of 100, 200, 300,
400, and 500 mmol/L and expressed as fold changes relative to the control without additional

NacCl.
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Supplementary Figure S2. Gel retardation assays of SS-CATH with CpG ODN 2395 and
mammalian genomic DNA. A: CpG ODN 2395. B: Genomic DNA isolated from RAW264.7
cells. C: Genomic DNA isolated from HaCat cells. Each nucleic acid substrate was maintained
at a final concentration of 50 pg/mL and incubated with SS-CATH at final concentrations of
50, 100, 150, 200, and 250 pg/mL, corresponding to nucleic acid-to-peptide mass ratios of 1:1,
1:2,1:3, 1:4, and 1:5, respectively. The corresponding nucleic acid substrate without SS-CATH
served as the control. Numbers above the lanes indicate SS-CATH concentrations in pg/mL.

Marker: DL2000 DNA marker in panel A and DL10000 DNA marker in panels B and C.
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Supplementary Figure S3. Time course of ROS-associated fluorescence following SS-
CATH treatment. DCFH-DA fluorescence was measured at the indicated time points in
bacteria treated with SS-CATH at 0.5x, 1x, 2%, and 5XMIC. The first measurement was
obtained immediately after SS-CATH addition and defined as 0 min. PBS served as the control.

Data are presented as mean+SD from three independent biological replicates.
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Supplementary Figure S4. Effects of NAC and TU on bacterial membrane permeability
in the absence and presence of SS-CATH. A, B: NPN and PI fluorescence, respectively, in
bacteria treated with PBS, NAC, or TU in the absence of SS-CATH. C, D: NPN and PI
fluorescence, respectively, in bacteria treated with SS-CATH alone or in combination with
NAC or TU. Data are presented as mean+SD from three independent biological replicates
(n=3). Each dot represents one independent biological replicate. Statistical significance was
analyzed using one-way ANOVA followed by Tukey’s post hoc test. P values indicate
comparisons with PBS in panels A and B and with SS-CATH alone in panels C and D.

ns: Not significant; *: P<0.05; **: P<0.01; ***: P<0.001; ****: P<0.0001.
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