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Simple Summary

Bacterial diseases are a major challenge in aquaculture, creating an urgent need for new
disease-control strategies. In this study, we investigated the role of a natural immune
protein, CXCL14, from grass carp in protecting fish against bacterial infections. We found
that this protein was highly expressed in immune-related tissues and was upregulated
after bacterial challenge. Recombinant CXCL14 showed broad-spectrum antibacterial
activity against several important fish pathogens and protected grass carp by reducing
bacterial burdens and improving survival after infection. Laboratory experiments also
showed that the protein disrupted bacterial membranes and interacted with purified
bacterial DNA in vitro. These findings improve our understanding of the antibacterial
function of fish CXCL14 and provide a basis for future studies on its potential application
in aquaculture.

Abstract

Chemokines are best known for orchestrating leukocyte migration; however,
accumulating evidence indicates that mammalian CXCL14 also functions as a direct
antimicrobial effector of innate immunity. Nevertheless, the molecular basis underlying
the bactericidal activity of fish chemokines remains largely unexplored. In this study, we
identified and functionally characterized Ctenopharyngodon idella CXCL14 (CiCXCL14) as
a broad-spectrum antimicrobial protein. CiCXCL14 is predominantly expressed in
immune-related organs and is significantly upregulated upon Aeromonas hydrophila
challenge, suggesting an active role in antibacterial defense. Recombinant CiCXCL14
exhibited potent, concentration-dependent bactericidal activity against E. coli, A.
hydrophila, P. fluorescens, A. veronii, S. aureus, and S. agalactiae. Time-kill assays further
demonstrated that CiCXCL14 exhibited rapid bactericidal activity, achieving near-
complete killing of S. aureus within 40 min and E. coli within 160 min. Mechanistically,
CiCXCL14 disrupts bacterial membrane integrity and interacts with purified bacterial
genomic DNA, indicating that membrane damage and DNA interaction may both
contribute to its bactericidal activity. Notably, CiCXCL14 retained substantial
antibacterial activity after heat treatment, whereas its activity gradually decreased with
increasing NaCl concentrations. In vivo, administration of recombinant CiCXCL14
improved survival rates in grass carp challenged with a lethal dose of A. hydrophila and
reduced bacterial burdens in the liver, spleen, and trunk kidney. Collectively, these
findings identify CiCXCL14 as a teleost chemokine with direct antibacterial activity and
demonstrate that it contributes to antibacterial defense through membrane disruption and
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interaction with bacterial DNA. These findings provide a foundation for future studies
investigating the potential application of CiCXCL14 in aquaculture disease control.

Keywords: CXCL14; antimicrobial protein; DNA binding; membrane disruption; grass
carp; Aeromonas hydrophila

1. Introduction

Chemokines are a superfamily of small secreted cytokines that primarily regulate
leukocyte migration and immune cell trafficking [1,2]. Based on the arrangement of
conserved cysteine residues, chemokines are classified into the CXC, CC, CX3C and XC
subfamilies [1-3]. Besides their canonical chemotactic functions, increasing evidence
indicates that several chemokines possess direct antimicrobial activities and function as
effector molecules of innate immunity [1,2,4-6]. Similar to classical antimicrobial proteins
(AMPs), antimicrobial chemokines can directly target invading microorganisms through
interactions with bacterial membranes and intracellular targets [1,2,6]. To date, 23 out of
46 human chemokines have been shown to exhibit such activity [4]. This antimicrobial
function operates independently of chemokine receptor engagement, positioning
chemokines as a unique class of dual-function molecules that bridge the chemotactic
network and the classical AMP arsenal of innate immunity [2,4].

In teleost fish, the antimicrobial function of chemokines has gained increasing
recognition over the past decade [7]. The first evidence came from the characterization of
a rainbow trout CC chemokine, CK11, which was shown to exert potent antimicrobial
activity against a wide range of Gram-positive and Gram-negative fish pathogens [8].
Since then, direct bactericidal activity has been documented in multiple fish chemokines.
For example, grass carp CXCL20a/b (CiCXCL20a/b) exhibits broad-spectrum bactericidal
activity by targeting bacterial membrane lipids, causing membrane perforation and
cytoplasmic leakage [5,6]. Similarly, Japanese flounder CXCL8 and CXCL10 have been
reported to possess direct bactericidal effects [9,10]. Collectively, these studies
demonstrate that direct antimicrobial activity is a common functional feature of teleost
chemokines, highlighting their important roles in innate immune defense against bacterial
pathogens.

Among chemokines endowed with antimicrobial activity, CXCL14 has attracted
particular attention due to its distinctive biological properties. In mammals, CXCL14 is a
homeostatic chemokine with an atypical yet highly conserved primary structure,
characterized by a short N-terminal region and high sequence identity between human
and mouse orthologs [11,12]. It is constitutively and abundantly expressed in epithelial
tissues, including the skin and respiratory tract [11,12]. Early studies demonstrated that
human CXCL14 exhibits potent and broad-spectrum antimicrobial activity against
cutaneous Gram-positive bacteria, Candida albicans, and Escherichia coli [12]. Subsequent
studies revealed that CXCL14 kills respiratory pathogens such as Pseudomonas aeruginosa,
Streptococcus mitis and Streptococcus pneumoniage in a dose-dependent manner, partially
through membrane depolarization and rupture [11]. CXCL14-deficient mice exhibited
impaired clearance of S. pneumoniae from the lungs in vivo, underscoring the
physiological relevance of this chemokine in host defense [11]. Structural analyses have
revealed that CXCL14 contains highly cationic regions and amphipathic motifs
resembling those found in classical AMPs, suggesting that direct antimicrobial activity
may represent an evolutionarily conserved function of this chemokine. Moreover,
mammalian CXCL14 has been reported to directly interact with bacterial DNA, further
supporting its potential as a multifunctional antimicrobial effector [13,14].
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Teleost fish inhabit microorganism-rich aquatic environments and rely heavily on
innate immune mechanisms to combat pathogen invasion. Numerous AMPs have been
identified in teleosts and shown to exert antimicrobial effects through membrane
disruption, intracellular targeting, and immunomodulation [15-17]. Grass carp
(Ctenopharyngodon idella) is one of the most extensively cultured freshwater fish species,
yet it is highly susceptible to a variety of bacterial pathogens, including Aeromonas
hydrophila, Aeromonas veronii and Flavobacterium columnare [18-21]. However, despite
accumulating evidence that several teleost chemokines possess direct antimicrobial
activity, the biological function of fish CXCL14 remains enigmatic. To date, studies on
teleost CXCL14 have largely focused on its expression patterns and transcriptional
responses to immune stimulation, whereas its direct antimicrobial activity, bactericidal
mechanism, and in vivo protective function have not been experimentally characterized.
For example, transcriptomic analyses have identified CXCL14 as a constitutively
expressed chemokine in catfish, suggesting a role in immune homeostasis [22]. Therefore,
the antimicrobial function and mechanism of fish CXCL14 remain to be elucidated.

Although antimicrobial functions have been reported for several chemokines in
vertebrates, the molecular mechanisms underlying the bactericidal activity of fish
CXCL14, particularly whether it acts through membrane disruption, DNA binding, or
both, remain largely unexplored. Moreover, the in vivo protective efficacy of fish CXCL14
against bacterial infections has not been experimentally demonstrated. In the present
study, we aimed to identify and functionally characterize CiCXCL14, with a particular
focus on evaluating its direct bactericidal activity and investigating its underlying
antibacterial mechanisms. We further assessed its in vivo protective role against bacterial
infection in grass carp. This study provides new insights into the antibacterial function of
teleost CXCL14 and advances our understanding of the roles of chemokines in fish innate
immunity.

2. Materials and Methods
2.1. Ethics Statement

Grass carp weighing 20 + 5 g were obtained from the Baicheng Grass Carp Breeding
Base (Aksu Prefecture, China). Fish were acclimated for two weeks in aerated freshwater
tanks maintained at 28 + 1 °C under a 12 h light/12 h dark photoperiod and fed a
commercial diet twice daily. Prior to bacterial challenge, fish were fasted for 24 h and
randomly assigned to the experimental groups. All animal experiments were conducted
in accordance with the guidelines for the care and use of laboratory animals and were
approved by the Ethical Committee on Animal Research at Tarim University (Approval
No. 20260310009; Approval Date: 1 March 2026). Fish were anesthetized with MS-222 (100
mg/L) before injection and tissue sampling. Fish reaching predefined humane endpoints
were immediately euthanized with an overdose of MS-222 (300 mg/L). Every effort was
made to minimize animal suffering throughout the study.

2.2. Sequence Analysis, Domain Identification and Phylogenetic Analysis of CXCL14

The amino acid sequences of CXCL14 homologs from representative vertebrate
species were retrieved from the NCBI database (https://www.ncbinlm.nih.gov) using
online website of BLASTp (https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins,
accessed on 5 August 2026) searches with the grass carp CXCL14 sequence as the query.
As shown in Figure 1, taxon selection covered major vertebrate lineages, including teleosts
(Cypriniformes, Perciformes, Salmoniformes, Siluriformes), tetrapods (amphibians,
reptiles, birds, mammals), and cartilaginous fish as an outgroup. When multiple isoforms
were available, the best-annotated RefSeq sequence was selected. The accession numbers
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for all sequences used in this analysis are provided in the Figure 1 caption. Multiple
alignments of the protein sequences were generated using the ClustalW program within
Jalview. The phylogenetic tree was constructed using MEGA 7 based on the neighbor-
joining method with p-distance. The reliability of each node was estimated by
bootstrapping with 1000 replicates. The tree was rooted using CXCL14 sequences from
cartilaginous fish (e.g., Chiloscyllium plagiosum/Callorhinchus milii) as the outgroup. A
scale bar indicating substitutions per site was included in the tree. The theoretical
isoelectric point (pI) and net charge of the mature CXCL14 proteins included in the
phylogenetic analysis were calculated using the ProtParam tool available on the
DNASTAR software 7.1. Net charge was calculated from the amino acid sequence at
neutral pH (pH 7.0). The predicted three-dimensional structure of grass carp CXCL14 was
generated using AlphaFold3 (https://alphafold.ebi.ac.uk/). Model confidence was
assessed using pLDDT (predicted Local Distance Difference Test) and PAE (Predicted
Aligned Error). The mature CiCXCL14 model showed that ipTM (interface predicted
template modeling score) = pTM (predicted template modeling score) = 0.68, with the core
chemokine fold (residues 19-37 and 50-68) of pLDDT scoring above 90, indicating high
confidence; the N-terminal region (residues 2-18) and the connecting loop region
(residues 38-49) showed pLDDT scores between 70 and 90, indicating relatively greater
structural flexibility. The predicted aligned error (PAE) matrix was uniformly low across
almost the entire protein, indicating high confidence in the relative positioning of residues
within the CXCL14 structure. Slightly increased PAE values were only observed at the N-
and C-terminal regions, consistent with their intrinsic flexibility. Structural
superimposition of CiCXCL14 and HsCXCL14 was performed using the align command
in PyMOL v2.5 based on Cat atoms. The resulting RMSD was calculated in angstroms (A)
and visualized using PyMOL.

2.3. Expression and Purification of Recombinant CiCXCL14 Protein

The coding sequence corresponding to the mature protein region of CiCXCL14
(residues 23-99, corresponding to a 77-amino-acid mature peptide) was amplified. The
coding sequence was amplified using the following primers: forward, 5'-
ATCGCTCGAGATGCATCATCATCATCATCACTATAAGTGCAGATGCACAAGAAA
AG-3', and reverse, 5-ATCGGGATCCTTAGGCCTCGTACACCCTGTGTT-3’, containing
Xhol and BamHI restriction sites, respectively. The mature CiCXCL14 sequence was
cloned into the pET-15a expression vector, which introduced a 6xHis tag for purification.
The predicted molecular weight of mature CiCXCL14 and the His-tagged recombinant
protein was approximately 10 kDa and 11 kDa, respectively. The recombinant plasmid
was transformed into E. coli BL21 (DE3) competent cells, and protein expression was
induced with 0.5 mM IPTG when the culture reached an OD600 of 0.6-0.8. After induction
at 37 °C for 5 h, bacterial cells were harvested and lysed by sonication. The recombinant
His-tagged CiCXCL14 protein was purified using Ni-NTA affinity chromatography
according to the manufacturer’s instructions and subsequently dialyzed against PBS.
Protein purity was evaluated by densitometric analysis of Coomassie Brilliant Blue-
stained SDS-PAGE gels under reducing conditions using Image] software 1.52a (National
Institutes of Health, USA), and the protein concentration was determined using a
bicinchoninic acid (BCA) assay kit. The purified recombinant protein was subjected to
endotoxin removal with an Endotoxin Removal Kit (Smart-Lifesciences, Changzhou,
China) according to the manufacturer’s instructions. Residual endotoxin levels were
measured using EC Endotoxin Test Kits (Bioendo, Xiamen, China) following the
manufacturer’s protocol and were confirmed to be below 0.1 EU/ug protein. The
recombinant protein used in all subsequent functional assays corresponded to the mature
form of CiCXCL14. In addition, an unrelated recombinant protein, thioredoxin A (TrxA),
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was expressed from the pET-32a vector, purified using the same protocol as recombinant
CiCXCL14, and included as a negative protein control where indicated.

A B 51S. aurata CXCL14
56 [LL. crocea CXCL14
ATGAATCGCTGTACGGCCGCTTTGCTTTTGCTGGTTATCGCCGTTTATTCACTCAATACA 47 |L_T. rubripes CXCL14

S. solea CXCL14
M NRCTA AALTULTILULVTIAVYVYSILNT goA,maculatusCXCLM
GAGGCATATAAGTGCAGATGCACAAGAAAAGGCCCGAAGATCCGGTACAAAGATGTGCAA O. latipes CXCL14
EAYKCRCTRIEKG?PZKTIZ RYZEKTDVDQ Q

1. punctatus CXCL14
C. gibelio CXCL14

AAGCTGGAGATCAAGCCTAAACATCCGTACTGCCAAGAAAAGATGATATTTGTCACCATG 62 . O. macrolepis CXCL14
C. auratus CXCL14

K LEIEKPEKHPYCOQEEKUMITFEFVTHUM 99 67| ¢. idella CXCL14
GAGAATGTGTCCCGTTTCAAAGGTCAAGAGTATTGCCTGCACCCCAGACTCCAGAGCACT —— X tropicalis CXCL14
L H. sapiens CXCL14
ENVSRFEKGOQETYCLHPRLO QST 6. gallus CXCL14
AAGAACCTTGTCAAGTGGTTCAARATCTGGAAGGACAAACACAGGGTGTACGAGGCCTAR 100 A. sagrei CXCL14
 — C. maximus CXCL14
K NLVEKWEPFZXTIWZ KDI KU HRVYZERAF* 700 S. salar CXCL14
A 100 zD. rerio CXCL14
0.10
C C. idella 1 62
S. salar 1 63
D. rerio 1 63
O. macrolepis 1 62
C. auratus 1 62
C. gibelio 1 62
I. punctatus 1 62
O. latipes 1 62
A. maculatus 1 62
T. rubripes 1 62
S. solea 1 62
S. aurata 1 62
L. crocea 1 62
C. maximus 1 63
X. tropicalis 1 62
A.sagrei 1 62
G. gallus 1 62
H. sapiens 1 | 2 ) M KS 62
Identity pl (MP) Charge (MP)
C. idella 63 \ 100% 9.90 +13.28
S. salar 64 89.9% 9.94 +13.28
D. rerio 64 89.9% 9.93 +12.28
O. macrolepis 63 100.0% 9.90 +13.28
C. auratus 63 100.0% 9.90 +13.28
C. gibelio 63 98.9% 9.90 +13.28
I. punctatus 63 96.9% 9.90 +13.28
O. latipes 63 85.7% 9.98 +13.28
A. maculatus 63 90.9% 9.94 +13.28
T. rubripes 63 87.9% 9.87 +13.11
S. solea 63 89.9% 9.90 +13.28
S. aurata 63 89.9% 9.90 +13.28
L. crocea 63 89.9% 9.94 +13.28
C. maximus 64 58.6% 9.90 +13.28
X. tropicalis 63 ' 69.4% 10.04 +15.12
A. sagrei 63 RF { ) LKW i 54.6% 9.94 +13.12
G. gallus 63 K A 52.6% 10.16 +12.96
H. sapiens 63 58.2% 9.90 +13.29

Figure 1. Sequence analysis, structural prediction, and evolutionary conservation of CXCL14. (A)
The coding sequence and the corresponding translated protein of grass carp CXCL14. The N-
terminal signal peptide of grass carp CXCL14 is marked by a yellow box. (B) A neighbor-joining
phylogenetic tree constructed using CXCL14 amino acid sequences from grass carp and selected
vertebrate species. Bootstrap values (based on 1000 replicates) are indicated at the main bifurcation
points. (C) Comparative alignment of CXCL14 protein sequences from grass carp and multiple
organisms. Fully conserved residues are indicated by colored shading. The right panel shows the
percentage identity, calculated pI values, and estimated molecular net charges for each aligned
sequence, with the CICXCL14 sequence set as the reference for identity calculations. H. sapiens
CXCL14 accession number: NP_004878.3, G. gallus CXCL14 accession number: NP_990043.1, A.
sagrei CXCL14 accession number: XP_060621295.1, X. tropicalis CXCL14 accession number:
NP_001107714.1, I. punctatus CXCL14 accession number: NP_001187133.1, S. salar CXCL14 accession
number: NP_001134297.1, T. rubripes CXCL14 accession number: XP_011609242.2, S. solea CXCL14
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accession number: XP_058506465.1, O. macrolepis CXCL14 accession number: XP 058653065.1, C.
gibelio CXCL14 accession number: XP_052431282.1, A. maculatus CXCL14 accession number:
KAN4269588.1, S. aurata CXCL14 accession number: XP_030252468.1, O. latipes CXCL14 accession
number: XP_004073058.1, L. crocea CXCL14 accession number: XP_010741229.1, C. auratus CXCL14
accession number: XP_026081151.1, D. rerio CXCL14 accession number: NP_571702.1, C. idella
CXCL14 accession number: XP_051716659.1, C. maximus CXCL14 accession number:
XP_078407048.1.

2.4. Bacterial Challenge for Tissue Expression Analysis

To evaluate the expression dynamics of CiCXCL14 in response to bacterial infection,
healthy grass carp (20 + 5 g) were intraperitoneally injected with 100 uL of sterile PBS
containing A. hydrophila at a dose of 1 x 106 CFU per fish. At 0 h (pre-injection), 12 h, 24 h,
and 48 h post-injection, 6 fish were randomly sampled at each time point. The liver, spleen,
head kidney, gill, and skin were aseptically collected, immediately frozen in liquid
nitrogen, and stored at -80 °C until RNA extraction. The expression levels of CiCXCL14
in these tissues were then determined by qPCR as described above.

2.5. Quantitative Real-Time PCR (gPCR) Analysis

Total RNA was extracted from various tissues using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s instructions. RNA quality and
concentration were assessed by agarose gel electrophoresis and spectrophotometry
(NanoDrop 2000, Waltham, MA, USA). First-strand cDNA was synthesized from 1 pg of
total RNA using a HiScript IV All-in-One Ultra RT SuperMix for qPCR (Vazyme, Nanjing,
China) following the manufacturer’s protocol.

qPCR was performed using TB Green® Premix Ex Taq™ II (Tli RNaseH Plus) (Takara,
Kyoto, Japan) on a LightCycler® 96 System (Roche, Basel, Switzerland). The thermal
cycling conditions were as follows: initial denaturation at 95 °C for 30 s, followed by 40
cycles of 95 °C for 5 s and 60 °C for 30 s, with a final melting curve analysis step (60 and
95 °C) to confirm amplification specificity. The primer sequences used for amplification
were as follows: CiCXCL14 F: GCACAAGAAAAGGCCCGAAG, CGiCXCL14 R:
GGGGTGCAGGCAATACTCTT; 185 rRNA (used as the internal reference gene) E:
ATTTCCGACACGGAGAGG, 185 rRNA R: CATGGGTTTAGGATACGCTC. The
amplification efficiency for each primer pair was determined from standard curves
generated by serial dilutions of cDNA and was found to be between 90% and 110%.
Relative expression levels were calculated using the 2-24Ct method and normalized to the
expression of 185 rRNA. Data are presented as mean + SD from 6 independent biological
replicates (n = 6), with each biological replicate representing one individual fish.

2.6. Bacterial Strains and Direct Antimicrobial Activity Assay

The bacterial strains used in this study included Aeromonas hydrophila ATCC7966,
Aeromonas veronii AV20211212, Pseudomonas fluorescens ATCC17386, Escherichia coli
ATCC25922, Staphylococcus aureus ATCC25923, and Streptococcus agalactiae ATCC13813.
All bacterial strains were maintained in our laboratory. A. hydrophila, A. veronii, P.
fluorescens, and S. agalactiae were cultured in tryptic soy broth (TSB) at 28 °C with shaking
(180 rpm) overnight and plated on tryptic soy agar (TSA) when required. E. coli and S.
aureus were cultured in TSB at 37 °C with shaking (180 rpm) overnight and plated on TSA.

For antimicrobial activity assays, bacteria were collected during the logarithmic
growth phase, washed three times with sterile Tris buffer (20 mM, pH 7.4), and adjusted
to approximately 1 x 107 CFU/mL. Equal volumes (100 puL) of bacterial suspension and
different concentrations of recombinant CiCXCL14 were mixed and incubated for 6 h,
yielding a final bacterial inoculum of approximately 5 x 10¢ CFU/mL. The final
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concentrations of CiCXCL14 were 0.01, 0.02, 0.04, 0.08, 0.16, 0.32, 0.96 uM, respectively.
Following incubation, bacterial suspensions were serially diluted and spread onto TSA
plates. After overnight incubation, surviving colonies were counted, and bacterial
viability was calculated based on colony-forming units (CFUs). His-tagged TrxA served
as the negative control. The minimum bactericidal concentration (MBC) was determined
as the lowest concentration resulting in complete bacterial killing. The ECso was defined
as the concentration of CiCXCL14 required to reduce bacterial survival by 50% relative to
the untreated control. All experiments were conducted independently three times.

2.7. Time-Dependent Bactericidal Assay

The killing kinetics of recombinant CiCXCL14 were determined using a CFU assay.
E. coli and S. aureus were cultured to the exponential growth phase and adjusted to
approximately 5 x 10° CFU/mL in Tris buffer. Bacterial suspensions were incubated with
recombinant CiCXCL14 at their respective MBCs. Tris buffer alone served as the untreated
control. At designated time points (0, 5, 10, 20, 40, 80, 160, and 320 min), aliquots were
collected, serially diluted, and spread onto TSB agar plates. Following overnight
incubation at the optimal growth temperature for each bacterial species, surviving
colonies were counted, and bacterial survival was expressed as the percentage of viable
bacteria relative to the untreated control.

2.8. Antibacterial Stability of CICXCL14

For thermal stability analysis, CiCXCL14 was incubated at 25 °C or 100 °C for 1 h and
then cooled to room temperature. To evaluate the effect of salt concentration on
antibacterial activity, CiCXCL14 was diluted in buffers with different concentrations of
Na(l, including 25, 50, and 100 mM NaCl, and incubated for 1 h at room temperature.
After treatment, CiCXCL14 was mixed with logarithmic-phase cultures of E. coli and S.
aureus adjusted to approximately 5 x 106 CFU/mL. The final NaCl concentrations in the
assay were 25, 50, and 100 mM, respectively. The mixtures were incubated for 6 h under
optimal growth conditions. Subsequently, aliquots were serially diluted and plated onto
TSB agar plates. Following overnight incubation, bacterial colonies were counted, and the
residual antibacterial activity of the treated proteins was calculated relative to untreated
controls.

2.9. Detection of Bacterial Membrane Permeability and Bacterial DNA-Binding

Changes in bacterial membrane integrity induced by CiCXCL14 were evaluated
using a Propidium iodide (PI) uptake assay. E. coli, S. aureus, and A. hydrophila in the mid-
logarithmic growth phase were harvested, washed twice with PBS, and adjusted to
approximately 5 x 106 CFU/mL. For the time-course experiments, recombinant CiCXCL14
was used at 0.05 uM, whereas concentration-dependent membrane permeabilization was
evaluated using 0-0.1 pM recombinant CiCXCL14. PI was added to a final concentration
of 5 pg/mL, and 100 pL of the bacterial suspension was transferred into black 96-well
plates (Costar). Baseline fluorescence was recorded using a SpectraMax i3x microplate
reader (Molecular Devices, Sunnyvale, California, USA) (excitation, 535 nm; emission, 617
nm), after which recombinant CiCXCL14 was added to the indicated final concentrations.
Fluorescence was monitored every 10 min for 320 min. Bacteria treated with 0.2% Triton
X-100 served as the positive control for complete membrane permeabilization. Membrane
permeabilization was expressed as the percentage of PI uptake relative to the Triton X-
100-treated control. Membrane permeabilization (PI uptake, %) was calculated as
(Fsample — Fblank)/(Ftriton — Fblank) x 100.

The interaction between CiCXCL14 and bacterial DNA was examined by
electrophoretic mobility shift assay (EMSA). Genomic DNA was extracted from A.
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hydrophila using a bacterial genomic DNA extraction kit according to the manufacturer’s
instructions. A total of 400 ng genomic DNA was incubated with increasing
concentrations of recombinant CiCXCL14 for 30 min at room temperature. The DNA-
protein mixtures were separated on a 1% agarose gel in 1x TAE buffer at 120 V for 30 min
and visualized using a nucleic acid staining system. Retardation of DNA migration was
considered evidence of direct binding between CiCXCL14 and bacterial DNA.

The interaction between CiCXCL14 and bacterial DNA was further evaluated using
a PicoGreen fluorescence quenching assay. Genomic DNA extracted from A. hydrophila
(400 ng) was incubated with increasing concentrations of recombinant CiCXCL14 (0, 0.02,
0.04, 0.08, 0.16, 0.32, and 0.64 uM) in 20 mM Tris-HCl buffer (pH 7.0) at room temperature
for 30 min. PicoGreen reagent (Invitrogen, USA) was then added according to the
manufacturer’s instructions, and the mixtures were incubated in the dark for 10 min.
Fluorescence intensity was measured using a SpectraMax i3x microplate reader with
excitation at 485 nm and emission at 528 nm. The fluorescence values were normalized to
those of the DNA sample incubated with an equal volume of 20 mM Tris-HCl (pH 7.0).
His-tagged TrxA served as the negative protein control.

2.10. In Vivo Antibacterial Activity of CICXCL14 in Grass Carp

Grass carp were randomly assigned to three experimental groups: a PBS group, an
infected control group (A. h + Tris), and a CiCXCL14-treated group (A. h + CiCXCL14).
Fish in the PBS group received an intraperitoneal injection of PBS only. For the survival
experiment, 33 fish were included in each group (n=33). A separate cohort of five fish per
group (n =5) was used for bacterial burden analysis. Therefore, a total of 38 fish were used
for each experimental group in the in vivo study. A. hydrophila was cultured overnight,
collected by centrifugation, washed with PBS, and adjusted to the required concentration.
The challenge dose of 1 x 107 CFU/fish was determined in preliminary dose-finding
experiments as the minimum dose required to achieve 50% mortality within 7 days in
untreated control fish, and this dose was therefore used in all subsequent challenge
experiments. Fish were anesthetized with MS-222 (100 mg/L) and challenged by
intraperitoneal injection with 100 pL of the bacterial suspension (1 x 107 CFU/fish). At 3 h
post-infection, fish in the CiCXCL14 group received recombinant CiCXCL14 (2 pg/fish in
100 pL of 20 mM Tris-HCl, pH 7.0), whereas fish in the infected Con group received an
equal volume of 20 mM Tris-HCI (pH 7.0). For bacterial burden analysis, liver, spleen, and
trunk kidney were collected at 72 h post-infection, weighed, homogenized in sterile PBS,
serially diluted, and plated onto RS plates for colony counting after overnight incubation.
Bacterial burdens were expressed as CFU/g tissue in scientific notation (x10"), and
statistical analyses were performed using the original CFU/g values without logo
transformation. Survival was monitored daily for 12 days, and Kaplan-Meier survival
curves were analyzed using the log-rank (Mantel-Cox) test to compare survival
differences between groups. Fish exhibiting no vital signs were considered dead and
recorded as mortality.

2.11. Statistical Analysis

All experiments were performed with at least three independent biological replicates
unless otherwise stated. Data are presented as mean + SD. Normality of data distribution
was assessed using the Shapiro-Wilk test, and homogeneity of variances was evaluated
using Levene’s test before parametric analysis. When both assumptions were satisfied,
comparisons between two groups were performed using an unpaired two-tailed Student’s
t-test, whereas comparisons among multiple groups were analyzed by one-way analysis
of variance (ANOVA) followed by Tukey’s or Dunnett’s post hoc test, as appropriate.
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When the assumptions for parametric analysis were not met, the corresponding non-
parametric tests were applied. A p-value <0.05 was considered statistically significant.

3. Results
3.1. An Evolutionarily Conserved CXCL14 Is Present in Grass Carp

The full-length coding sequence of grass carp CXCL14 (CiCXCL14) was obtained and
analyzed. The open reading frame encodes a protein of 99 amino acids, which contains a
putative N-terminal signal peptide of 22 residues and a mature protein region of 77
residues, as predicted by SignalP and SMART (Figure 1A). Phylogenetic analysis showed
that CiCXCL14 clustered with other teleost CXCL14 orthologs, forming a distinct clade
separate from mammalian counterparts (Figure 1B), consistent with the evolutionary
divergence between teleost and mammalian lineages. The CXCL14 orthologs included in
this analysis exhibited relatively high theoretical pl values and positive net charges
(Figure 1C). Multiple sequence alignment revealed that CiCXCL14 shares 89.9% amino
acid identity with zebrafish CXCL14 and approximately 58% identity with human
CXCL14 (HsCXCL14), reflecting the high evolutionary conservation of this chemokine
across vertebrates (Figure 1C). To gain structural insights, the three-dimensional structure
of CiCXCL14 was predicted using AlphaFold3. The predicted structure revealed that
cationic residues in CiCXCL14 are clustered on one surface, forming positively charged
regions, whereas hydrophobic residues are predominantly distributed on the opposite
surface, forming hydrophobic patches (Figure 2A). Moreover, a typical chemokine fold
consisting of an N-terminal flexible region, a central antiparallel 3-sheet, and a C-terminal
a-helix was also observed in CiCXCL14 (Figure 2B). These structural features align with
the cationic and amphipathic characteristics observed in mouse CXCL14 [11]. In addition,
superimposition of the CiCXCL14 model onto the human CXCL14 structure yielded a
root-mean-square deviation (RMSD) value of 1.778 A, indicating a high degree of
structural conservation (Figure 2C). However, electrostatic surface potential analysis
revealed notable differences between the two orthologs. CiCXCL14 exhibited a more
pronounced positively charged surface, particularly in the C-terminal region, compared
with human CXCL14 (Figure 2D). This enhanced positive charge is consistent with the
calculated pl values and net charges of the respective proteins (Figures 1C and 2D). These
findings suggest that CiCXCL14 may retain structural features associated with conserved
chemokine functions in vertebrates. Recombinant CiCXCL14 was successfully expressed
in E. coli. SDS-PAGE analysis showed a predominant band corresponding to the expected
molecular mass of recombinant His-tagged CiCXCL14 (approximately 11 kDa) following
Ni-NTA purification (Figure 2E). Densitometric analysis of the Coomassie-stained gel
indicated that the purity of the recombinant protein was greater than 95%.

3.2. CiCXCL14 Is Mainly Expressed in Immune Tissues and Responds to A. hydrophila
Infection

The tissue-specific expression pattern of CiCXCL14 in healthy grass carp was first
examined by qPCR analysis in eleven different tissues, including the head kidney, trunk
kidney, spleen, gill, liver, skin, mid intestine, fore intestine, hind intestine, fin rays, and
eye. As shown in Figure 3A, CiCXCL14 transcripts were detected in all examined tissues,
with relatively high transcript levels detected in the head kidney and spleen. Moderate
expression was detected in the gill and skin, while relatively lower expression was found
in the mid intestine, trunk kidney, liver, fore intestine, fin rays, eye, and hind intestine
(Figure 3A). This expression profile indicates that CiCXCL14 transcripts are relatively
abundant in several immune-related tissues of grass carp. To investigate whether
CiCXCL14 is involved in the host response to bacterial infection, we examined its
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expression dynamics in five key immune tissues following challenge with A. hydrophila.
CiCXCL14 expression was significantly upregulated at 12 h post-infection, peaked at 24
h, and remained elevated at 48 h post-infection compared with the control group in the
liver (Figure 3B). In the spleen, a rapid and robust induction was observed at 12 h, with
expression remaining significantly elevated during the 48 h observation period (Figure
3C). In the skin (Figure 3D), which is a major mucosal barrier organ, CiCXCL14 expression
increased progressively from 12 h to 24 h post-infection. In the gill (Figure 3E), a primary
site of pathogen entry in fish, CiCXCL14 expression was sharply induced at 12 h and
sustained at high levels through 48 h. Similarly, in the head kidney (Figure 3F), the major
hematopoietic and immune organ in teleosts, CiCXCL14 expression was significantly
upregulated at 12 h and remained elevated at 48 h. These results collectively demonstrate
that CiCXCL14 transcripts are constitutively expressed in multiple tissues and are
significantly upregulated in several immune-related tissues following bacterial challenge,
suggesting a potential role in the antibacterial immune response.

90° 90° 90°

D) S

90° 90° 90°

D cicxcL14

Figure 2. Structural modeling, electrostatic potential analysis, and prokaryotic expression of grass
carp CXCL14. (A) Electrostatic surface potential representation of CiCXCL14. The model is rotated
at 90° intervals to display the 3D distribution of surface charges. Blue, red, and white regions denote
positive, negative, and hydrophobic/neutral areas, respectively. The electrostatic potential scale
ranges from -87 (red, negative) to +87 (blue, positive). (B) Cartoon-style ribbon diagrams of the
CiCXCL14 structure, corresponding to the orientations in (A). The a-helix is shown in cyan, 3-sheets
in magenta, and flexible loops in light pink. (C) Superimposition of the predicted tertiary structures
of CiCXCL14 and HsCXCL14. The calculated root-mean-square deviation (RMSD) between the two
structures is 1.778. (D) Comparative visualization of the surface electrostatic potentials of CiCXCL14
(left) and HsCXCL14 (right). The structures of H. sapiens CXCL14 and C. idella CXCL14 were
obtained from AlphaFold predictions. (E) SDS-PAGE analysis confirming the prokaryotic
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Figure 3. Constitutive and inducible expression of CiCXCL14 in different tissues. (A) The relative
mRNA transcription levels of CiCXCL14 across eleven distinct tissues in healthy grass carp (n =6
biological replicates), as determined by qPCR. (B-F) The dynamic changes in CiCXCL14 gene
expression in liver (B), spleen (C), skin (D), gill (E), and head kidney (F) upon A. hydrophila
challenge, as determined by qPCR. Samples were collected at 0, 12, 24, and 48 h post-infection. The
vertical bars represent mean + SD (n = 6 biological replicates). Statistical significance was determined
by one-way ANOVA. *p <0.05.

3.3. Broad-Spectrum and Concentration-Dependent Bactericidal Activity of CiCXCL14

The direct antibacterial activity of recombinant CiCXCL14 was evaluated against a
panel of representative bacterial strains, including four important fish pathogens (A.
hydrophila, A. veronii, P. fluorescens, and S. agalactiae) and two commonly used laboratory
strains (E. coli and S. aureus). To exclude the possibility that the antibacterial activity was
associated with the expression system or purification procedure, an unrelated
recombinant His-tagged thioredoxin A (TrxA) protein purified using the same protocol
was included as the negative control. TrxA showed no detectable antibacterial activity
against the tested bacteria (Figure S1A), confirming that the observed bactericidal activity
was specifically attributed to CiCXCL14. As shown in Figure 4A-F, CiCXCL14 exhibited
potent, concentration-dependent bactericidal activity against all tested strains. The MBC
and ECso values were determined and summarized in Table S1. The MBC values ranged
from 0.24 to 0.96 uM, whereas the ECso values ranged from 0.09 to 0.15 uM among the
tested bacterial species (Table SI), indicating that CiCXCL14 displayed strong
antibacterial activity across both Gram-negative and Gram-positive bacteria. To further
characterize the bactericidal kinetics of CiCXCL14, time-kill assays were performed using
E. coli and S. aureus as representative Gram-negative and Gram-positive bacteria,
respectively (Figure 4G). More than 50% of E. coli cells were killed within 40 min, and
bacterial viability was almost completely abolished within 160 min (Figure 4G). S. aureus
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was more sensitive to CiCXCL14, with near-complete bacterial elimination observed
within 40 min of treatment (Figure 4G). Notably, the antibacterial activity of CiCXCL14
was remarkably stable to heat treatment. Pre-incubation of CiCXCL14 at 100 °C for 1 h did
not significantly diminish its bactericidal effect against E. coli (Figure 4H), indicating that
CiCXCL14 exhibits high thermal tolerance. However, the bactericidal activity of
CiCXCL14 was affected by ionic strength, as increasing NaCl concentrations (25-100 mM)
progressively reduced its killing efficiency against E. coli (Figure 4I). Nevertheless,
CiCXCL14 retained significant inhibitory activity against bacterial colony formation even
in the presence of 100 mM NaCl (Figure 4I), indicating that its antibacterial activity is
reduced, but not completely abolished, under elevated ionic conditions.
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Figure 4. Antimicrobial characterization, stability, and ionic dependency of CiCXCL14. (A-F)
Antimicrobial effects of CiCXCL14 at increasing concentrations (from 0 to 0.96 uM) on E. coli (A), A
hydrophila (B), P. fluorescens (C), A. veronii (D), S. aureus (E), and S. agalactiae (F) within 6 h. (G) Time-
kill kinetics of CiCXCL14 against E. coli and S. aureus for different times (0-320 min). (H) Evaluation
of structural stability. No statistically significant difference in the antibacterial activity of CiCXCL14
against E. coli was detected between the group subjected to heat denaturation at 100 °C for 1 h and
the untreated (unheated) CiCXCL14 group. (I) Investigation of salt sensitivity. The antibacterial
activity of CiCXCL14 against E. coli was measured under varying concentrations of NaCl (25 mM,
50 mM and 100 mM). “=” and “+” indicate the absence or presence of CiCXCL14, respectively.
Values are shown as mean + SD from three independent replicates. Statistical analyses were
performed using an unpaired two-tailed Student’s t-test. * p <0.05, ** p < 0.01, ** p < 0.001, ns: p >
0.05.
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3.4. CiCXCL14 Kills Bacteria Through Membrane Permeabilization and DNA Interaction

To investigate whether CiCXCL14 affects bacterial membrane permeability, we
examined membrane integrity using the membrane-impermeable dye PI, which enters
cells with compromised membranes. Treatment of E. coli and S. aureus with CiCXCL14
resulted in a marked, concentration-dependent increase in PI fluorescence, indicating
enhanced membrane permeability (Figure 5A,B). Time-course analysis showed that PI
uptake was detectable within 10 min after treatment and reached a plateau by 80 min
(Figure 5C,D). Consistently, higher concentrations of CiCXCL14 induced greater PI
uptake over the concentration range of 0-0.1 uM (Figure 5E F). These findings indicate
that CiCXCL14 increases bacterial membrane permeability, which is consistent with
membrane disruption and may contribute to its antibacterial activity.
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Figure 5. CiCXCL14 exerts bactericidal effects through disruption of the bacterial membrane. (A,B)
Membrane permeabilization of E. coli (A) and S. aureus (B) following treatment with increasing
concentrations of CiCXCL14, as determined by Propidium iodide (PI) fluorescence. (C,D) Time-
course analysis of PI fluorescence in E. coli (C) and S. aureus (D) after treatment with CiCXCL14 (0.05
uM). (E,F) Concentration-dependent PI fluorescence induced by CiCXCL14 in E. coli (E) and S.

aureus (F). Data are presented as mean +

SD from three independent biological experiments.
Statistical analyses were performed using one-way ANOVA. * p <0.05, ** p <0.01, ** p < 0.001.

The PI uptake assay showed that treatment with a high concentration of CiCXCL14
resulted in reduced PI fluorescence intensity, which further decreased over time (Figure
6A). To further investigate whether CiCXCL14 interacts with bacterial genomic DNA, we
performed a PicoGreen fluorescence assay and an EMSA. Using a fluorescent DNA-
binding assay, we found that CiCXCL14 caused a concentration-dependent reduction in
PicoGreen fluorescence intensity from bacterial genomic DNA samples (Figure 6B),
indicating an interaction between CiCXCL14 and bacterial genomic DNA. This interaction
was further supported by gel retardation assays. Incubation of A. hydrophila genomic DNA
with increasing concentrations of CiCXCL14 resulted in a progressive retardation of DNA
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migration, with the DNA band completely disappearing at higher protein concentrations
(Figure 6C and D). Quantitative densitometric analysis confirmed that the DNA-binding
activity was concentration-dependent (Figure 6D). Together, these in vitro biochemical
assays demonstrate that CiCXCL14 is capable of interacting with purified bacterial
genomic DNA. However, these assays cannot distinguish direct DNA binding from
alternative effects, such as DNA aggregation, precipitation, or interference with DNA
staining, nor do they establish that this interaction occurs intracellularly during bacterial
killing. Therefore, the precise contribution of DNA interaction to the bactericidal activity
of CiCXCL14 remains to be determined.
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Figure 6. PI fluorescence kinetics at elevated CiCXCL14 concentrations and nucleic acid-binding
analysis. (A) Time-course analysis of PI fluorescence intensity in A. hydrophila treated with elevated
concentrations of CiCXCL14 (0.05 and 1 uM). Fluorescence was monitored at the indicated time
intervals (0-320 min). (B) PicoGreen fluorescence assay showing the interaction between
recombinant CiCXCL14 (0-0.64 uM) and 400 ng of A. hydrophila genomic DNA. Fluorescence
intensity is expressed relative to the DNA sample incubated with an equal volume of Tris-HCI
buffer (vehicle control). (C) EMSA showing the interaction between recombinant CiCXCL14 (0.96
uM) and 400 ng of A. hydrophila genomic DNA. Genomic DNA incubated with an equal volume of
Tris-HCl buffer served as the vehicle control. (D) Different concentrations of recombinant
CiCXCL14 interacted with 400 ng of A. hydrophila genomic DNA was showed by EMSA. Band
intensities were quantified using ImageJ software and normalized to the Tris-HCI buffer-treated
control. Data are presented as mean + SD from three independent experiments. Statistical analyses
for panels (A,B,D) were performed using one-way ANOVA. Panel (C) was analyzed using an
unpaired two-tailed Student’s t-test. * p < 0.05, ** p <0.01, ** p < 0.001.

3.5. In Vivo Protective Efficacy of CiCXCL14 Against Bacterial Infection

To evaluate the in vivo protective effect of CiCXCL14, grass carp were challenged
with a high-mortality challenge dose of A. hydrophila. Three experimental groups were
included: a PBS group (uninfected), an infected control group receiving Tris-HCI vehicle
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(Con), and an infected group treated with recombinant CiCXCL14 (2 pg/fish) at 3 h post-
infection (Figure 7A). Survival was monitored daily for 12 days. As shown in Figure 7B,
the CiCXCL14-treated group exhibited significantly higher survival rates compared with
the Tris-HCl-treated control group. By day 12, grass carp treated with recombinant
CiCXCL14 exhibited a survival rate of approximately 42%, whereas the Tris-HCI control
group showed a survival rate of approximately 15%. These results indicate that
recombinant CiCXCL14 improves host survival following A. hydrophila infection. To
further assess the impact of CiCXCL14 treatment on bacterial clearance, we measured
bacterial burdens in the liver, spleen, and trunk kidney at 72 h post-infection. The bacterial
burden (CFU/g) was significantly lower in the CiCXCL14-treated fish compared with the
Tris-HCl-treated controls across all three tissues examined (Figure 7C-E). CiCXCL14
treatment reduced bacterial burdens by approximately one order of magnitude in the liver
(Figure 7C). Similarly, marked reductions in bacterial counts were observed in the spleen
(Figure 7D) and trunk kidney (Figure 7E). Collectively, these findings indicate that
recombinant CiCXCL14 enhances host resistance to A. hydrophila infection and promotes
bacterial clearance in vivo.
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Figure 7. In vivo protective efficacy of CiCXCL14 against A. hydrophila challenge. (A) A diagram
depicting the timeline and key procedures of the animal experiment. Grass carp were challenged
with a high-mortality challenge dose of A. hydrophila, followed by a therapeutic intraperitoneal
administration of 2 pg of CiCXCL14 or Tris-HCI at 3 h post-challenge. (B) The percentage of
surviving animals in each group was recorded daily over a 12-day observation period (n = 33).
Survival curves were analyzed using the Kaplan-Meier method and compared using the log-rank
(Mantel-Cox) test. (C-E) Assessment of systemic bacterial clearance. At 72 h post-challenge,
bacterial burdens (CFU/g) in the liver (C), spleen (D), and trunk kidney (E) were determined
individually from each fish by homogenizing the tissues, serial dilution, and plating onto RS plates
for colony counting (n = 5 independent fish per group). Data are presented as mean + SD (n =5
independent fish per group). Survival curves were analyzed using the Kaplan-Meier method and

compared using the log-rank (Mantel-Cox) test. Statistical analyses for panels (C-E) were

https://doi.org/10.3390/ani16162458



Animals 2026, 16, 2458

16 of 20

performed using one-way ANOVA based on the original CFU/g values (without logio
transformation). * p < 0.05, ** p <0.01.

4. Discussion

Chemokines have traditionally been regarded as immune signaling molecules that
regulate leukocyte migration and inflammatory responses [23,24]. However,
accumulating evidence over the past two decades has revealed that several chemokines
possess direct antimicrobial activity and therefore function as important effector
molecules of innate immunity [2,5,6,8,9,11,16]. In the present study, we demonstrated that
CiCXCL14 is a direct bactericidal molecule with broad-spectrum activity against both
Gram-positive and Gram-negative fish pathogens. Mechanistic analyses showed that
CiCXCL14 increases bacterial membrane permeability and is capable of interacting with
bacterial genomic DNA in vitro. While these findings suggest that DNA interaction may
contribute to the antibacterial properties of CiCXCL14, its precise role during bacterial
killing remains to be elucidated. Finally, our in vivo experiments confirmed that CXCL14
enhances host resistance to bacterial infection in grass carp. Collectively, our findings
identify CiCXCL14 as a teleost chemokine with direct antibacterial activity and provide
additional evidence supporting the antimicrobial potential of CXCL14 family members.

In mammals, CXCL14 is a prototypical homeostatic chemokine constitutively
expressed in epithelial tissues such as the skin, gastrointestinal tract, and respiratory
mucosa, with little to no expression in lymphoid tissues [25,26]. In contrast, our results
show that grass carp CXCL14 is highly expressed in immune-related tissues and is
markedly upregulated following bacterial infection, suggesting that its expression is
dynamically regulated during the antibacterial response. Teleost fish inhabit microbe-rich
aquatic environments and are continuously exposed to diverse waterborne
microorganisms, placing substantial demands on their immune system [7,27]. The
inducible expression of CiCXCL14 following bacterial challenge may therefore facilitate a
rapid innate immune response to invading pathogens. By comparison, the constitutive
epithelial expression of mammalian CXCL14 is thought to contribute primarily to immune
surveillance and barrier homeostasis under steady-state conditions. These differences
may reflect distinct ecological niches and host-pathogen interactions.

Previous studies have shown that mammalian CXCL14 possesses antibacterial
activity against a variety of microorganisms [11]. Our results further demonstrated that
CiCXCL14 exhibits broad-spectrum antibacterial activity against representative Gram-
positive and Gram-negative bacteria, supporting the antimicrobial potential of CXCL14
family members. The concentration-dependent nature of the bactericidal activity we
observed is consistent with the typical behavior of antimicrobial chemokines: in
mammals, CXCL14 kills respiratory pathogens in a dose-dependent manner [11,25], and
similar dose-dependent killing has been reported for other fish chemokines such as teleost
CXCL10 and CXCLS8 [9,10]. This concentration-dependent pattern indicates that higher
concentrations of CiCXCL14 result in greater bactericidal activity, consistent with a dose-
dependent antibacterial effect. Consistent with many cationic antimicrobial proteins, the
antibacterial activity of CiCXCL14 was reduced under high-salt conditions [28,29], likely
because increased ionic strength weakens electrostatic interactions between the positively
charged protein and negatively charged bacterial membranes [30]. Although reduced salt
tolerance may limit activity under high-ionic-strength conditions, this characteristic may
be less restrictive in freshwater aquaculture. Nevertheless, improving salt tolerance
through protein engineering or molecular modification may further broaden its potential
applications [31].

Many AMPs, including antimicrobial chemokines CCL13, CCL28, CXCL6, CXCLS9,
CXCL10 and CXCL14 itself, initially interact with negatively charged bacterial
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membranes through electrostatic attraction, resulting in membrane permeabilization and
cellular leakage [32-35]. Consistent with this model, CiCXCL14 increased bacterial
membrane permeability, indicating that membrane permeabilization contributes to its
antibacterial activity [32]. More intriguingly, our study demonstrated that CiCXCL14
directly interacted with bacterial genomic DNA, as evidenced by both PicoGreen
fluorescence quenching and EMSA, two widely used biochemical approaches for
identifying DNA-binding antimicrobial proteins [36,37]. Similar DNA-binding properties
have been reported for several antimicrobial molecules, including Micropterus salmoides
LEAP2 and LEAP2L, mudskipper -def2 and human IL-26 [15,37,38]. In mammals,
CXCL14 has also been shown to bind bacterial CpG DNA and facilitate its delivery into
dendritic cells, thereby promoting TLR9-dependent innate immune activation [13,14].
Together, these findings suggest that CiCXCL14 is capable of interacting with purified
bacterial genomic DNA and that DNA interaction may represent an additional
mechanism associated with its antibacterial activity. However, it should be noted that the
PicoGreen fluorescence assay and EMSA cannot exclude alternative explanations,
including DNA aggregation, precipitation, dye displacement, or altered DNA staining.
Furthermore, whether CiCXCL14 binds bacterial DNA intracellularly during bacterial
killing and the precise contribution of this interaction to its bactericidal activity remain to
be determined.

The in vivo protective effect of recombinant CiCXCL14 further supports its
physiological relevance in antibacterial defense. Upon challenge with bacterial pathogens,
administration of recombinant CXCL14 significantly reduced tissue bacterial burdens and
improved host survival. Similar protective effects have been reported for CXCL12a in
grass carp and CXCL14-derived peptides in mudskippers [1,16], whereas mammalian
CXCL14 has been shown to promote bacterial clearance and enhance macrophage
antibacterial activity [11,39,40]. In the present study, the observed protective effect was
associated with reduced bacterial burdens and the direct bactericidal activity of
recombinant CiCXCL14. However, whether CiCXCL14 exerts similar
immunomodulatory effects in grass carp remains to be determined.

From an application perspective, the broad-spectrum antibacterial activity and in
vivo efficacy of recombinant CiCXCL14 suggest its potential as a candidate antimicrobial
molecule for aquaculture. Given the increasing challenges posed by bacterial diseases and
antimicrobial resistance, host-derived antimicrobial molecules have attracted growing
interest as potential alternatives to conventional antibiotics [41]. However, the present
study did not evaluate the toxicity, immunogenicity, pharmacokinetics, environmental
stability, or long-term safety of recombinant CiCXCL14. Therefore, further studies
addressing these aspects, together with dose optimization and validation under
aquaculture conditions, will be required before practical application can be considered.

5. Conclusions

This study identifies CiCXCL14 as a teleost chemokine with direct antibacterial
activity and demonstrates that it is highly expressed in immune-related tissues and is
upregulated following bacterial infection in grass carp. CiCXCL14 exhibited broad-
spectrum, concentration-dependent bactericidal activity and was associated with
increased bacterial membrane permeability and interaction with bacterial genomic DNA
in vitro. In addition, administration of recombinant CiCXCL14 reduced tissue bacterial
burdens and improved survival following A. hydrophila infection. Collectively, these
findings expand our understanding of the antibacterial functions of teleost chemokines
and provide a foundation for future studies investigating the biological functions and
potential applications of CiCXCL14 in aquaculture.
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Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/ani16162458/s1, Figure S1: The bactericidal and nucleic acid
binding properties of CiCXCL14. (A) Antimicrobial effects of CiCXCL14 or TrxA at 0.5 uM on E. coli
within 5 h. (B) Fluorimetric quantification of A. hydrophila DNA staining by picogreen dye after
mixing of A. hydrophila DNA with CiCXCL14 or TrxA at 0.1 pM.; Table S1: MBC and EC50

determination of CiCXCL14 antimicrobial activity against several microorganisms.

Author Contributions: Conceptualization, W.Z.; methodology, Y.-Z.H. and H.C.; validation, Y.-Z.H.
and W.W.; formal analysis, Y.-Z.H. and H.Z,; investigation, Y.-Z.H. and Y.C,; resources, W.Z.; data
curation, Y.-Z.H., B.Y. and Y.X,; writing—original draft preparation, Y.-Z.H.; writing—review and
editing, W.Z.; supervision, W.Z.; funding acquisition, Y.-Z.H. and W.Z. All authors have read and

agreed to the published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (32503243,
32503236, 32541125), and the Ningbo Natural Science Foundation (2025]024).

Institutional Review Board Statement: All animal experiments were conducted in accordance with
the guidelines for the care and use of laboratory animals and were approved by the Ethical
Committee on Animal Research at Tarim University (Approval No. 20260310009; Approval Date: 1
March 2026).

Informed Consent Statement: Not applicable.
Data Availability Statement: Data will be made available on request.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.

11.

12.

Zhang, Y.; Xia, N.; Hu, Y.; Zhu, W.; Yang, C.; Su, ].G. Bactericidal ability of target acidic phospholipids and phagocytosis of
CDC42 GTPase-mediated cytoskeletal rearrangement underlie functional conservation of CXCL12 in vertebrates. Sci. China Life
Sci. 2024, 67, 2713-2729.

Zhang, Y.Q.; Xiang, Y.X,; Hu, Y.Z,; Li, CH. CXCL12a, an antimicrobial chemokine, contains a C-terminal helical structural
fragment that exerts potent antimicrobial activity in largemouth bass (Micropterus salmoides). Fish Shellfish Immunol. 2026, 169,
111075.

Liao, Z.W.; Wan, Q.Y.; Xiao, X.; Ji, ].F; Su, ].G. A systematic investigation on the composition, evolution and expression
characteristics of chemokine superfamily in grass carp Ctenopharyngodon idella. Dev. Comp. Immunol. 2018, 82, 72-82.

Wolf, M.; Moser, B. Antimicrobial activities of chemokines: Not just a side-effect? Front. Immunol. 2012, 3, 213.

Xiao, X.; Zhang, Y.Q.; Liao, Z.W.; Su, ].G. Characterization and antimicrobial activity of the teleost chemokine CXCL20b.
Antibiotics 2020, 9, 78.

Zhang, Y.Q.; Xiao, X.; Wang, Z.S.; Zhu, W.T; Liao, Z.W.; Huo, X.C,; Su, ].G. CXCL20a, a bactericidal chemokine, consists of four
structural fragments with potent bactericidal activity. Aquaculture 2022, 561, 738633.

Cao, J.F.; Chen, J. From the perspective of modulating antibacterial immune responses and vaccine adjuvants application in
teleost fishes: Exploring the prospects of chemokines in aquaculture. Water Biol. Secur. 2025, 4, 100464.

Munoz-Atienza, E.; Aquilino, C.; Syahputra, K.; Al-Jubury, A.; Araujo, C.; Skov, J.; Kania, P.W.; Hernandez, P.E.; Buchmann,
K.; Cintas, L.M,; et al. CK11, a teleost chemokine with a potent antimicrobial activity. J. Immunol. 2019, 202, 857-870.

Li, H;; Sun, Y.; Sun, L. A teleost CXCL10 is both an immunoregulator and an antimicrobial. Front. Immunol. 2022, 13, 917697.
Zhao, K.Y.; Chen, G.Y.; Huang, H.; Jiao, X.D; Li, X.P.; Zhang, J. PoCXCLS, a teleost chemokine, exerts direct bactericidal,
chemotactic/ phagocytic, and NETs releasing properties, promoting host anti-bacterial immunity. Fish Shellfish Immunol. 2024,
154, 109874.

Dai, C,; Basilico, P.; Cremona, T.P.; Collins, P.; Moser, B.; Benarafa, C.; Wolf, M. CXCL14 displays antimicrobial activity against
respiratory tract bacteria and contributes to clearance of Streptococcus pneumoniae pulmonary infection. J. Immunol. 2015, 194,
5980-5989.

Maerki, C.; Meuter, S.; Liebi, M.; Muhlemann, K.; Frederick, M.].; Yawalkar, N.; Moser, B.; Wolf, M. Potent and broad-spectrum
antimicrobial activity of CXCL14 suggests an immediate role in skin infections. J. Immunol. 2008, 182, 507-514.

https://doi.org/10.3390/ani16162458



Animals 2026, 16, 2458 19 of 20

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Iwase, R.; Naruse, N.; Nakagawa, M.; Saito, R.; Shigenaga, A.; Otaka, A.; Hara, T.; Tanegashima, K. Identification of functional
domains of CXCL14 involved in high-affinity binding and intracellular transport of CpG DNA. |. Immunol. 2021, 207, 459-469.
Tsujihana, K.; Tanegashima, K.; Santo, Y.; Yamada, H.; Akazawa, S.; Nakao, R.; Tominaga, K.; Saito, R.; Nishito, Y.; Hata, R.I;
et al. Circadian protection against bacterial skin infection by epidermal CXCL14-mediated innate immunity. Proc. Natl. Acad.
Sci. USA 2022, 119, €2116027119.

Hu, Y.Z.; Tan, N.X,; Cao, J.F.; Chen, J. Mudskipper (3-def2 exhibits potent broad-spectrum bactericidal activity via membrane-
disrupting and DNA-targeting mechanisms. Fish Shellfish Immunol. 2025, 165, 110520.

Hu, Y.Z; Tan, N.X;; Jin, C.Y,; Cao, J.F; Chen, J. Novel mudskippers CXCL14-derived peptides with broad-spectrum
antibacterial activity protect against Edwardsiella tarda infection. Aquacult. Rep. 2026, 48, 103499.

Hu, Y.Z.; Wang, T.; Wu, C.S,; Wang, ].; Han, X.Q.; Zhang, Y.A.; Zhang, X.]. Novel antimicrobial protein fibroblast growth factor
8 accelerates skin wound healing via directly inhibiting bacteria and activating glycolysis. Adv. Sci. 2025, 12, e00388.
Amillano-Cisneros, ].M.; Fuentes-Valencia, M.A.; Leyva-Morales, ].B.; Savin-Amador, M.; Marquez-Pacheco, H.; Bastidas-
Bastidas, P.J.; Leyva-Camacho, L.; De la Torre-Espinosa, Z.Y.; Badilla-Medina, C.N. Effects of microorganisms in fish
aquaculture from a sustainable approach: A review. Microorganisms 2025, 13, 485.

Song, X.H.; Zhao, J.; Bo, Y.X; Liu, Z.J.; Wu, K;; Gong, C.L. Aeromonas hydrophila induces intestinal inflammation in grass carp
(Ctenopharyngodon idella): An experimental model. Aquaculture 2014, 434, 171-178.

Ran, C,; Qin, C.B,; Xie, M.X,; Zhang, J.X,; Li, J.; Xie, Y.D.; Wang, Y.B.; Li, S.N.; Liu, L.H.; Fu, X.Z,; et al. Aeromonas veronii and
aerolysin are important for the pathogenesis of motile aeromonad septicemia in cyprinid fish. Environ. Microbiol. 2018, 20, 3442—
3456.

Chen, T.; Zhou, J.C.; Qu, Z.L.; Zou, Q.; Liu, X.L.; Su, J.G.; Fu, X.Z.; Yuan, G.L. Administration of dietary recombinant hepcidin
on grass carp (Ctenopharyngodon idella) against Flavobacterium columnare infection under cage aquaculture conditions. Fish
Shellfish Immunol. 2020, 99, 27-34.

Baoprasertkul, P.; He, C.B.; Peatman, E.; Zhang, S.Z.; Li, P.; Liu, Z.J. Constitutive expression of three novel catfish CXC
chemokines: Homeostatic chemokines in teleost fish. Mol. Immunol. 2005, 42, 1355-1366.

Baggiolini, M. Chemokines and leukocyte traffic. Nature 1998, 392, 565-568.

Kunkel, E.J.; Butcher, E.C. Chemokines and the tissue-specific migration of lymphocytes. Immunity 2002, 16, 1-4.

Meuter, S.; Moser, B. Constitutive expression of CXCL14 in healthy human and murine epithelial tissues. Cytokine 2008, 44, 248—
255.

Hromas, R.; Broxmeyer, H.E.; Kim, C.; Nakshatri, H.; Christopherson, K.; Azam, M.; Hou, Y.H. Cloning of BRAK, a novel
divergent CXC chemokine preferentially expressed in normal versus malignant cells. Biochem. Biophys. Res. Commun. 1999, 255,
703-706.

Xu, H.; Liu, F. Advances in chemokines of teleost fish species. Aquac. Fish. 2024, 9, 115-125.

Bals, R.; Wang, X.; Wu, Z.; Freeman, T.; Bafna, V.; Zasloff, M.; Wilson, ].M. Human beta-defensin 2 is a salt-sensitive peptide
antibiotic expressed in human lung. J. Clin. Investig. 1998, 102, 874-880.

Chou, H.T.; Kuo, T.Y.; Chiang, J.C.; Pei, M.].; Yang, W.T.; Yu, H.C,; Lin, S.B.; Chen, W.J. Design and synthesis of cationic
antimicrobial peptides with improved activity and selectivity against Vibrio spp. Int. ]. Antimicrob. Agents. 2008, 32, 130-138.
Roque-Borda, C.A.; Primo, L.; Medina-Alarcon, K.P.; Campos, I.C.; Nascimento, C.F.; Saraiva, M.M.S.; Berchieri Junior, A,;
Fusco-Almeida, A.M.; Mendes-Giannini, M.].S.; Perdigao, J.; et al. Antimicrobial peptides: A promising alternative to
conventional antimicrobials for combating polymicrobial biofilms. Adv. Sci. 2025, 12, e2410893.

Xu, S.; Tan, P.; Tang, Q.; Wang, T.; Ding, Y.; Fu, H.; Zhang, Y.; Zhou, C.; Song, M.; Tang, Q. Enhancing the stability of
antimicrobial peptides: From design strategies to applications. Chem. Eng. ]. 2023, 475, 145923.

Pontejo, S.M.; Martinez, S.; Zhao, A.L.S.; Barnes, K.; de Anda, J.; Alimohamadi, H.; Lee, E.Y.; Dishman, A.F.; Volkman, B.F.;
Wong, G.C.L,; et al. Chemokines kill bacteria without triggering antimicrobial resistance by binding anionic phospholipids. Sci.
Adv. 2025, 11, eads2675.

Hieshima, K.; Ohtani, H.; Shibano, M.; Izawa, D.; Nakayama, T.; Kawasaki, Y.; Shiba, F.; Shiota, M.; Katou, F.; Saito, T.; et al.
CCL28 has dual roles in mucosal immunity as a chemokine with broad-spectrum antimicrobial activity. J. Immunol. 2003, 170,
1452-1461.

Liu, B.; Wilson, E. The antimicrobial activity of CCL28 is dependent on C-terminal positively-charged amino acids. Eur. J.
Immunol. 2010, 40, 186-196.

Cole, AM.; Ganz, T.; Liese, A.M.; Burdick, M.D.; Liu, L.; Strieter, R.M. Cuttingedge: IFN-inducible ELR-CXC chemokines
display defensin-like antimicrobial activity. J. Immunol. 2001, 167, 623-627.

https://doi.org/10.3390/ani16162458



Animals 2026, 16, 2458 20 of 20

36.

37.

38.

39.

40.

41.

Park, C.B.; Kim, H.S.; Kim, S.C. Mechanism of action of the antimicrobial peptide buforin II: Buforin II kills microorganisms by
penetrating the cell membrane and inhibiting cellular functions. Biochem. Biophys. Res. Commun. 1998, 244, 253-257.

Meller, S.; Di Domizio, J.; Voo, K.S.; Friedrich, H.C.; Chamilos, G.; Ganguly, D.; Conrad, C.; Gregorio, J.; Le Roy, D.; Roger, T.;
et al. T(H)17 cells promote microbial killing and innate immune sensing of DNA via interleukin 26. Nat. Immunol. 2015, 16, 970
979.

Zhang, Y.Q.; Xiang, Y.X,; Li, C.H. Comparative analysis on antibacterial function and mechanism of LEAP2 family members in
largemouth bass (Micropterus salmoides). Aquaculture 2026, 617, 743801.

Gao, S.; He, Y.; Deng, X.; Lu, N.; Bao, J.; Li, A.; He, X.; He, S.; Fu, N.; Hosyanto, F.; et al. Chemokine CXCL14 inhibits the survival
of mycobacterium smegmatis inside macrophages by upregulating A20 to promote ROS production. ACS Infect. Dis. 2025, 11,
844-858.

Lai, X.; Ding, H.; Yu, R.; Bai, H.; Liu, Y.; Cao, J. CXCL14 Protects against polymicrobial sepsis by enhancing antibacterial
functions of macrophages. Am. J. Respir. Cell Mol. Biol. 2022, 67, 589-601.

Mookherjee, N.; Anderson, M.; Haagsman, H.; Davidson, D. Antimicrobial host defence peptides: Functions and clinical
potential. Nat. Rev. Drug Discov. 2020, 19, 311-332.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury

to people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ani16162458



