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Abstract

Background The emerging foodborne pathogen, Aeromonas hydrophila, co-infects humans and animals, especially
fish, threatening aquacultural production and public health. Previously, we found that Scatophagus argus, a widely
cultivated fish species with high economic value, exhibited enhanced growth but increased susceptibility to A.
hydrophila infection under freshwater conditions compared to seawater conditions. However, the exact mechanisms
involved remain unclear.

Results Our study demonstrated that the enhanced virulence of A. hydrophila 201416, isolated from S. argus, in
response to increasing salinity was associated with altered quorum sensing-related gene expression and regulated
behaviors. Results from virulence assays incorporating phenotypic characterization indicated that elevated salinity
levels (from O to 35%o) significantly hindered Ah201416 infection of S. argus. This trend correlated with increased
biofilm mass and swimming motility, yet was inversely related to bacterial growth. RNA-sequencing and quantitative
reverse transcriptional PCR analysis confirmed significant upregulation of genes related to flagellar assembly (figB,
flgH, figC, flgl, flhA, and fliA), bacterial secretion (HlyD and Ahh1), and quorum sensing (AhyR, LuxO, and LuxE) of
Ah201416 in response to elevated salinity. These findings suggested that increased salinity not only enhanced the
virulence of Ah201416 but also bolstered the resistance of S. argus, thereby mitigating its susceptibility.

Conclusions This study provides deeper insights into the microbial risks associated with A. hydrophila in aquacultural
production, which is critical to developing effective prevention and control strategies and ensuring a safe seafood
supply.
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Introduction

Food safety is paramount within the food industry [1].
Despite the implementation of comprehensive disinfec-
tion strategies, pathogenic microbes continue to fre-
quently breach food safety barriers, leading to outbreaks
of illness [2, 3]. According to the World Health Organi-
zation, approximately 600 million individuals world-
wide are infected with foodborne pathogens, leading to
approximately 420,000 fatalities annually [4]. These data
highlight the importance of controlling pathogens in food
production to enhance food safety and protect consum-
ers from illness [1]. Effective management and control of
pathogens in cultured organisms are crucial in aquacul-
ture, in which these aquatic products have the potential
to transmit pathogens to humans, leading to significant
infections.

The gram-negative bacterium Aeromonas hydrophila is
widely distributed in aquatic environments and can infect
a wide range of aquatic animals [5], including numerous
cultivated fish species and leading to Aeromonas septice-
mia [6, 7]. A. hydrophila exhibits a broad range of salinity
tolerance, and different strains have been isolated from
fresh, brackish, and saline environments [8]. Freshwater
ecosystems have been identified as significant reservoirs
of A. hydrophila, posing notable risks to fish health and
aquatic food safety [9]. Contaminated aquatic products
can act as vehicles for transmitting this pathogen to
human beings, potentially leading to severe infections,
especially among elderly individuals and those with com-
promised immune systems. Consequently, A. hydrophila
has been recognized as an emerging foodborne pathogen
that presents a substantial threat to public health.

Current strategies for mitigating A. hydrophila infec-
tions predominantly involve the use of antibiotics;
however, this practice has resulted in multiple forms of
resistance within the pathogen and has raised concerns
regarding environmental and food safety [10]. It is imper-
ative to develop innovative and sustainable strategies that
target bacterial virulence, rather than relying exclusively
on direct bactericidal effects. A. hydrophila produces a
wide array of virulence factors, such as cytotoxic entero-
toxin, hemolysin, protease, and lipase. This bacterium
employs polar flagella for motility in liquid environments
and lateral flagella for swarming. These adaptations
facilitate niche exploration, evasion of unfavorable envi-
ronmental conditions, and enhanced antimicrobial resis-
tance [11]. Forming biofilm is another crucial virulence
factor for initial attachment and subsequent establish-
ment within host tissues, contributing to disease causa-
tion and resistance against antimicrobial compounds

produced by the host. Quorum sensing, a conserved and
widely distributed mechanism in bacteria that coordi-
nates collective behaviors based on population density,
primarily regulates the production of virulence factors
and other associated biological processes as described
above [12]. Several studies have demonstrated that inter-
fering with bacterial quorum sensing and biofilm for-
mation can significantly inhibit or even eliminate their
virulence. This suggests that these infection mechanisms
may serve as promising targets for the development of
novel disease management strategies [13, 14, 15]. To date,
several environmental factors, including salinity, ammo-
nium levels, pH, and temperature, have been shown to
impact the virulence of A. hydrophila; however, a com-
prehensive understanding of the underlying mechanisms
remains elusive [16, 17]. Further investigation into the
mechanisms by which A. hydrophila modulates these
virulence-associated behaviors and regulates correspond-
ing gene expression in response to diverse environmen-
tal stimuli will facilitate the development of sustainable
approaches to combat this pathogen.

Coastal aquaculture accounts for more than 50% of
the total aquaculture production and has emerged as a
prominent form of fish farming, particularly in develop-
ing nations [18, 19]. The salinity levels of coastal areas
often experience significant fluctuations due to global
climate change, evaporation, and ocean currents. In cer-
tain coastal areas, such as South China, the salinity can
decrease from 35%o to below 10%o during the rainy sea-
son [20, 21]. Therefore, salinity is arguably one of the
most crucial environmental factors that impact coastal
aquaculture. It not only affects the growth and metabo-
lism of cultivated species in these areas but also signifi-
cantly influences their resistance to pathogens [22, 23, 24,
25]. The fish Scatophagus argus is primarily distributed in
the coastal areas of the Indo-Pacific region [26]. In recent
years, owing to its considerable economic value, there has
been a notable rise in large-scale aquaculture operations
involving this species along the coastlines of South China
[27, 28]. The variation of salinity throughout the life cycle
of S. argus in its natural habitat has been estimated to
range from 0 to 35%o [29]. Previously, Jahid et al. [30]
demonstrated that salinity and culture duration signifi-
cantly influence the production of virulence enzymes and
quorum sensing regulated phenotypes in A. hydrophila in
vitro, highlighting the critical role of these environmen-
tal factors in shaping bacterial virulence. In our previous
study, we found that S. argus exhibits enhanced growth in
freshwater and brackish water conditions, accompanied
by a suppression of its immune response, which resulted
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in increased susceptibility to A. hydrophila infection
compared to seawater conditions [31]. This susceptibil-
ity is associated with the decline of body resistance under
stress. However, the extent and manner in which salinity
fluctuation influences A. hydrophila infection of S. argus,
as well as the underlying molecular mechanisms, remain
to be elucidated. A comprehensive evaluation of fish sus-
ceptibility and bacterial virulence under varying salinity
conditions can reduce breeding risks and enhance the
development of food safety control strategies.

In this study, individuals of S. argus were initially accli-
mated to different salinity conditions: freshwater (salt-
free, 0%o), brackish water (10, 15, 20, and 25%0), and
seawater (35%o), respectively. The fish from each group
were individually injected with A. hydrophila cells that
had been pre-cultured under the same salinity conditions
as the host fish, and then monitored for 96 h to analyze
mortality rates, thereby investigating the impact of salin-
ity on bacterial virulence. Furthermore, we conducted
phenotypic characterization of A. hydrophila, including
bacterial growth, motility, and biofilm formation under
varying salinity conditions. To elucidate the underlying
molecular mechanisms involved in these processes, tran-
scriptomic analysis was performed on A. hydrophila cells
exposed to different salinity conditions. The expression of
candidate genes related to motility, quorum sensing, and
secretory pathways was validated using quantitative RT-
PCR. This study aims to enhance our understanding of
how salinity impacts A. hydrophila virulence and provide
future guidance for appropriate aquatic farming practices
and food safety.

Materials and methods

Experimental fish and bacterial cell preparation

The strain A. hydrophila (Ah201416), which was origi-
nally isolated from the liver of diseased S. argus, was
obtained from Shanghai Ocean University. The bacte-
rial cells were cultured in a modified Luria-Bertani (LB)
medium containing 1.0 g tryptone, 0.5 g yeast extract,
and 1.0 g NaCl per 100 mL of ddH,O. A stock solution
of NaCl (35%o) was prepared by dissolving 17.5 g of NaCl
powder (Sangon Biotech, China) into 500 mL of H,O and
subsequently diluted with a sterile modified LB to obtain
saline solutions with desired concentrations.

Table 1 The conversion coefficients of 0.7 (ODg,) and CFU/mL
of Ah201416 cells cultured under different NaCl concentrations
The NaCl concentrations of bacterial culture  CFU/mL (ODg,,=0.7)
0%o 82x107
10%o 80x10’
15%0 83x 10
20%o 84x107
25%o 8.1x107
35%o 84x10’
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Healthy adult S. argus (with an average weight of
17.7+2.3 g) was sourced from an aquatic farm in Zhan-
jiang City, Guangdong Province, China. The fish were
acclimated in a temperature-controlled aquarium at
28+1 C for two weeks and fed twice daily with red
worms. The aquarium was supplied with water at differ-
ent salinity levels (0, 10, 15, 20, 25, and 35%o) prepared by
natural sea salt (Red Sea company, Israel) and maintained
through continuous aeration using a flow-through water
system. No mortality was observed among the different
salinity treatment groups during the two-week fish accli-
mation experiment. All experimental fish were confirmed
to be vigorous and healthy, with no visible pathologies or
parasitic infections detected prior to the virulence assay.
All experiments followed the Guide for the Care and Use
of Laboratory Animals (Ministry of Science and Technol-
ogy of China, 2006) and were approved by the Animal
Ethics Committee of Shenzhen University.

Virulence assay

The Ah201416 cells were incubated at 28 ‘C for 16-18 h
in LB broth containing 10% NaCl. And this incubation
process was repeated twice to ensure full resuscitation.
Cells were subsequently harvested and inoculated into
fresh LB medium at a ratio of 1:20 (vol/ vol). The fresh
LB medium was supplemented with NaCl to achieve final
concentrations of 0, 10, 15, 20, 25, and 35%o. The cultures
were then incubated at 28 ‘C with shaking at a speed of
200 rpm for an additional period of 16—18 h. To deter-
mine the populations of each culture to ensure the same
inoculum concentration for subsequent virulence assays,
the relationship between the measured optical density at
600 nm (ODy,,) and CFU/mL was determined. First, the
ODy, of each culture was measured using the SparkCon-
trol™ Multimode Microplate Reader (Tecan, Switzerland),
adjusted to 0.7, and plated onto LB agar plates, respec-
tively. The population of the culture (CFU/mL) corre-
sponding to 0.7 (ODy,) was calculated based on colony
counting. The conversion coefficients of 0.7 (ODg,) and
CFU/mL of Ah201416 cells were approximately 8.2 x 107
and documented in Table 1, demonstrating no significant
variations across different salinity treatments. Cell mor-
phology within the above-described salinity range had no
significant difference, which has also been reported by
several previous studies [32, 33].

Based on this, A4201416 cells pre-cultured under each
salinity were harvested and adjusted to concentrations
ranging from 1x10° to 1x10' CFU/mL with an inter-
val of tenfold increment. Subsequently, a 100 uL bacterial
suspension from each concentration was intraperitone-
ally injected into healthy S. argus cultivated under the
same salinity levels. Control groups included individuals
inoculated with an equal volume of saline solution at each
concentration mentioned above. All fish were cultivated
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in water with six different salinity levels prepared by nat-
ural sea salt (0, 10, 15, 20, 25, and 35%o; 7 =10 individuals
per group), accompanied by aeration through a flow-
through water system maintained at 28+ 1 ‘C. Mortality
of S. argus was recorded within 96 h post-inoculation.
The virulence level was quantified as the lethal dose of
50% (LDg,) for S. argus, which was determined using the
method described by Bennett [34]. The experiments were
repeated three times.

Growth curves of Ah201416

The Ah201416 cells were cultured under the same con-
ditions as described above and subsequently harvested.
The fresh LB medium was supplemented with NaCl to
achieve final concentrations of 0, 10, 15, 20, 25, and 35%o.
A 200 pL aliquot of the harvested cells was pipetted into
each well of a 96-well microplate. Bacterial growth was
monitored every 2 h for 48 h by measuring the ODg,.
Each treatment included six biological replicates, and the
experiment was repeated three times.

Biofilm formation by Ah201416 under different salinities
The biofilm assay was conducted in 96-well plates fol-
lowing the protocol established by O’Toole et al. [35],
with specific modifications implemented as necessary. In
brief, A#201416 cells were initially cultured overnight in
an LB medium that contained NaCl at a concentration of
10%o. Following that, 50 pL of this bacterial culture was
added to 150 pL of LB broth supplemented with NaCl to
achieve final concentrations of 0, 10, 15, 20, 25, and 35%o,
respectively. Subsequently, a volume of 200 pL from each
inoculum was transferred into each well of a 96-well
microplate (Corning Inc., Corning, NY). After static
incubation at 25 C for 20 h, each well was gently rinsed
twice with a 0.85% saline solution, and the suspension
cells were subsequently removed. The plates were dried
at 60 C for 2 h, followed by staining with a 1% (w/v in
96% ethanol) crystal violet solution (Spectrum Chemical
Manufacturing Corp, New Brunswick, NJ) for 10 min at
room temperature. Subsequently, the plates were washed
three times with a 0.85% saline solution and then treated
with 30% acetic acid to elute the dye bound to the cells
in the biofilm. Finally, the plates were analyzed at ODgy,,.
A blank medium without bacterial inoculation was used
as a negative control. Each treatment included nine bio-
logical replicates, and the experiment was repeated three
times.

Swimming motility assay

The swimming assay was conducted according to the
previously described method with slight modifications
[36]. Briefly, the bacterial overnight culture was adjusted
to an optical density of 1.0 at a wavelength of 600 nm
(ODgyp=1.0), and then a droplet of 1.5 pL was carefully
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placed in the center of a 9 cm-LB plate containing agar
(0.3%, Sangon Biotech) supplemented with NaCl to
achieve final concentrations of 0, 10, and 20%o, respec-
tively. All plates were incubated at 25 ‘C for specific time
intervals, including 10, 12, 16, 24, 32, and 36 h. At each
designated time point, five replicates were photographed
for each treatment, and this experiment was repeated
three times.

Quantification of acyl-homoserine lactone production

The extraction of AHLs was performed as previously
described [37], with some modifications. To quantify
violacein production, A#201416 cultures (250 mL) were
grown in various concentrations of NaCl in modified LB
broth at 28 ‘C for 18 h in a 1000 mL Erlenmeyer flask,
after which the supernatant was collected by centrifuga-
tion at 10,000 x g for 10 min. The supernatant was then
filter-sterilized using 0.22-mm filters (Titan, Shanghai,
China). The supernatant was mixed with ethyl acetate at a
1:1 (v/v) ratio, vortexed vigorously for 1 min, and allowed
to phase-separate. This liquid-liquid extraction step was
repeated 3 times, and the organic phases were pooled.
The combined organic phase was then concentrated to
dryness using a rotary evaporator and reconstituted in
a minimal volume of dimethyl sulfoxide (DMSO). Sub-
sequently, an overnight culture of the bioreporter strain
Chromobacterium violaceum CV026 was diluted with LB
medium to an optical density of 0.1-0.2 at 595 nm. Ali-
quots of 90 uL of the diluted bacterial suspension were
combined with 10 pL of filter-sterilized supernatant sam-
ples in a 96-well plate. The plate was incubated at 28 °C
with orbital shaking (200 rpm) for 48 h. Following incu-
bation, the mixed cultures were centrifuged at 15,000 x
g for 5 min. The supernatant was discarded, and the vio-
lacein pigment was extracted by resuspending the pellet
in 100 pL DMSO. After a final centrifugation (15,000 x
g, 2 min), 100 puL of colored DMSO from each condi-
tion was measured using the SparkControl™ Multimode
Microplate Reader at 550 nm. Six replicates were carried
out for each treatment, and this experiment was repeated
three times.

Transcriptomic analysis

The Ah201416 cells were harvested after being cul-
tured in an LB medium with different concentrations
of NaCl for 18 h. Each experiment was performed in
triplicate. Total RNA was extracted using the Eastep®
Super Total RNA Extraction Kit (Promega, USA) fol-
lowing the manufacturer’s instructions. 2 pg of RNA
samples were used to construct an RNA-Seq library
using a Truseq™ RNA sample prep Kit for Illumina
(NEB, USA). The indexed libraries were subsequently
pooled and subjected to sequencing on the HiSeq™ 2500
platform (Illumina, USA), which generated 2*150-bp
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paired-end reads. The reference genome used was A.
hydrophila (ASM1602687v1). Gene annotation was con-
ducted using the NR, SwissProt, PFAM, GO, KEGG, and
STRING databases. The FPKM values of the differen-
tially expressed genes (DEGs) were normalized through
log, transformation and median-centered. Genes with an
adjusted P-value<0.001 and log,|fold-change| > 1 were
considered statistically significant [38]. GO and KEGG
enrichment analyses were performed to identify the
biological functions of DEGs. All sequencing and bioin-
formatics analysis were performed by the Shanghai OE
Biotech Co., Ltd, Shanghai, China.

cDNA preparation and RT-qPCR validation
The integrity of the RNA extracted from A/#201416 cells
cultured in the medium containing 0, 10, and 20%. NaCl

Table 2 Primers used in RT-gPCR

Gene Primer sequence Amplified
fragment
in base
pairs
flgB F: TGTCCAGCAACATTGCCAAC 125 bp
R: ATGCTTCTCACTGGTCGTGG

flgH F: AGTCTGCAGGGCAACATCTC 181 bp
R: CATTGGCCACCTTCTGGGAT

flgC F: AACACGGTAGCCAGCAACAT 244 bp
R: CCATGTTGACGTTGGGCTTG

flgl F: AGCCCAAGATCAAGGACGTG 172 bp
R: GCATAGACCCGACCATCCAG

flhA F: TCCAGGTTGTCGCGGATATG 196 bp
R: ACGAGCAGAAAGACCTGAGC

fliA F: GATCCCGGCGTAGGTTTCAA 208 bp
R: CCAAGCGTACTTGCGTCATC

HIyD F: CCGAGCAGCAGAAGGATGAC 214 bp
R TTGGTGATGATGCCGTCCTG

Ahhi F: CTCTTCGTCCAGCGAGATCC 206 bp
R: TCTACCTCAACGTCAACCGC

Ahyl F: ATGATGCAGGTCAGTTCGCT 163 bp
R: TCAGCTGTGCCCAGGATTAC

AhyR F: TTCAACCAGTGCCCAGACTC 162 bp
R: CATCACGTCAAGACTGCCCT

LuxO F: ATGATGCGATAGACCGCCTG 171 bp
R: CGCCTTCGACTTTCTGACCA

LuxE F: GAACCCACCTGTTCCACCAT 216 bp
R: CGGCTTCACCTTCATGGTCT

16 S rRNA F: TAATACCGCATACGCCCTAC 164 bp

R: ACCGTGTCTCAGTTCCAGTG

flgB: gene encoding flagellar basal body rod protein; flgH: gene encoding
flagellar basal body L-ring protein; flgC: gene encoding flagellar basal body
rod protein; flgl: gene encoding flagellar basal body P-ring protein; flhA: gene
encoding flagellar biosynthesis protein; fliA: gene encoding RNA polymerase
sigma factor; HlyD: gene encoding HlyD family secretion protein; Ahhi:
gene encoding hemolysin; Ahyl: gene encoding acyl-homoserine-lactone
synthase; AhyR: gene encoding transcriptional activator protein and LuxR
family transcriptional regulator; LuxO: gene encoding quorum-sensing sigma-
54 dependent transcriptional regulator; LuxE: gene encoding acyl-protein
synthetase. F: forward, R: reverse
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for 18 h was assessed through gel electrophoresis. Each
group was performed in triplicate. The concentration
of RNA was quantified using a Nanodrop-2000 spec-
trophotometer (Thermo Scientific, USA). After DNase
treatment, 1 pg of total RNA was subjected to reverse
transcription to generate single-strand ¢cDNA using an
Eastep® RT Master Mix Kit (Promega, USA), according to
the manufacturer’s instructions. The resulting cDNA was
then stored at —20 C.

Primer-BLAST  (https://www.ncbi.nlm.nih.gov/tools/
primer-blast/index.cgi) was used to design specific prim
ers for analyzing candidate genes by RT-PCR. The 16 S
rRNA gene was selected as the internal reference [39].
All primer sequences employed in this study are listed in
Table 2. The qPCR was performed using SYBR Premix Ex
Taq II (Takara, Japan) and a Quant Studio™ 3 Real-Time
PCR System (Thermo Scientific, USA). The reaction pro-
gram was set as follows: 95 ‘C for 34 s; 40 cycles of 95 C
for 5 s and 60 C for 30 s; 95 “C for 15 s; 60 C for 1 min;
and 95 C for 15 s (final dissociation) [40]. The data were
collected at 60 ‘C. Each experiment was conducted in
triplicate. Changes in gene expression levels were ana-
lyzed using the 2722t method [41]. The relative quan-
tification of transcripts was presented as fold-change
compared to the expression value of the control group.
Each experiment was set up with three biological repli-
cates, each of which included three technical replicates.

Statistical analysis

The statistical analyses were conducted using SPSS 20.0
software (SPSS Inc., Chicago, IL, USA). Data obtained
from the biofilm formation assay, motility test, and gene
expression analysis were subjected to One-way analysis
of variance (ANOVA) with the least significant differ-
ence (LSD) test for pairwise comparisons between the
salinity treatment group and the salt-free control group.
Subsequently, Fisher’s post-hoc tests were conducted to
further evaluate the differences. The level of statistical
significance was set at P<0.05 (* p<0.05, ** p<0.01, ***
p<0.001).

Results

Effects of salinity on the strain Ah201416 virulence

The impact of salinity on the virulence of 44201416 on
S. argus was investigated by determining the LDy, for
cells pre-cultured at different salinities. Overall, bacterial
virulence was significantly higher in cells grown under
hyposaline conditions compared to those grown under
hypersaline conditions (Table 3). At 96 h post-infection
(hpi), the mortality rate of S. argus acclimated to six dif-
ferent salinities gradually decreased when inoculated
with A/4201416 cells that were pre-cultured in medium
containing accompanied NaCl concentrations, with LDy,
values of 1.3x10°% 6.3x 10°% 9.8x 107, 1.1x10%, 2.8x10°,
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Table 3 LD, of the strain Ah201416
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NaCl concentrations of bacterial culture (%o)

LD5o(CFU/mL)of S. argus under different salinities
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Fig. 1 Growth curves of Ah201416 in LB broth supplemented with differ-
ent concentrations of NaCl. Experiments were performed in sextuplicate
and repeated three times. The data were presented as the mean + stan-
dard error (SE). The growth curves of Ah201416 were illustrated using dis-
tinct colored lines under various NaCl conditions, including 0, 10, 15, 20,
25, and 35%o0

and 6.9 x 108 CFU/mL, respectively. The increase in NaCl
concentration from 0 to 35%o resulted in a 530.8-fold
reduction in the pathogenicity of A#201416, indicating
that A4201416 exhibited lower virulence under hyper-
saline conditions (e.g. 35%o) compared to hyposaline
conditions.

Growth of the strain Ah201416 under different salinities

The initial step of investigating the impact of salinity on
bacterial virulence involved conducting a growth curve
assay to assess the fitness of A#201416 under vary-
ing salinity conditions. As shown in Fig. 1, A4201416
exhibited optimal growth in LB medium with 10, 15,
and 20%o NaCl, with no significant differences observed
among these groups at different time points. The ODy,
values within these groups ranged from 0.7 to 0.8 at 12
hpi, increased to approximately 1.1-1.2 at 24 hpi, and
reached a plateau around 36 hpi with OD, values of
approximately 1.2-1.3. In contrast, 25%0 and 35%0 NaCl
exhibited a slight inhibitory effect on pathogen growth.
Conversely, the absence of salt supplementation sig-
nificantly hindered and delayed pathogen growth, with
the highest ODg,, reading observed at 36 hpi being

Concentration of NaCl (%o)

Fig. 2 Effects of salinity on Ah201416 biofilm formation. The experiments
were performed in nonuplicate and repeated three times. The data ob-
tained from the salinity treatment group and the salt-free control group
were analyzed using ANOVA, followed by Fisher’s post-hoc test for mul-
tiple comparisons. The data were presented as the mean +SE. * P<0.05;
**P<0.01

significantly lower than that of the other treatments
(P<0.01). These findings indicated that the optimal salin-
ity range for Ah201416 was 10—20%o, while concentra-
tions outside this range might have a negative impact on
bacterial fitness.

Biofilm formation of the strain Ah201416 under salinity
stress

Biofilm formation is a well-established factor strongly
associated with the virulence of numerous pathogenic
bacteria. In this study, we investigated the biofilm for-
mation ability of A#201416 at varying salt concentra-
tions. Overall, it was observed that the biofilm formation
of Ah201416 was enhanced with an increase in salinity
within the range of 0-20%o (Fig. 2). The biofilm forma-
tion of Ah#201416 was significantly higher under the con-
dition of 20%o NaCl, showing an approximate increase of
62.4%, 47.7%, and 59.5% compared to the levels of 0, 10,
and 35%o groups respectively. Furthermore, 44201416
cultured in LB medium containing 25%0 NaCl exhibited
a significant reduction of approximately 27.8% in biofilm
formation compared to that with 20%0 NaCl (P<0.05),
and it was similar to cells cultured under the condition
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of 15%0 NaCl (P>0.05). Notably, the biofilm formation
of Ah201416 was significantly inhibited when the salinity
level increased from 20 to 35%o, compared to the level at
20%o (P<0.05). Our results indicated that salinity could
impact the ability of A#201416 to develop a biofilm,
potentially altering bacterial virulence.

Swimming motility of the strain Ah201416 under salinity
stress

Motility is crucial in bacterial infection, enabling the
bacterium to explore favorable niches and migrate
within host tissues. The effects of salinity on A4201416

0%o NaCl

80.0 -
B 0% NaCl
10%0 NaCl
60.04 [ 20%. NaCl
E
g
£ 40.0
%]
£
=
a
20.0 - %
. T
f I %k

10%o NaCl
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swimming motility were illustrated in Fig. 3, with cells
exhibiting their highest migration distance on swim-
ming plates with 10% NaCl. At 12, 16, 24, 32, and 36
hpi, the swimming distance was approximately 10.4 mm,
16.3 mm, 31.9 mm, 48.7 mm, and 55.9 mm, respectively.
In contrast, the swimming distance of cells on plates
with 20%o NaCl at these time points of 12, 16, 24, 32,
and 36 hpi was measured as follows: 8.9 mm, 13.8 mm,
25.9 mm, 41.1 mm, and 48.7 mm, respectively. Cells in
salt-free conditions moved the slowest, with a swimming
distance of only approximately 3.0 mm at 36 hpi. These
results indicated that both 10%. and 20%o NaCl could

20%o0 NaCl

Aok

H

10 12 16

24 32 36

Time (h)

Fig. 3 Effects of salinity on Ah201416 swimming motility. Experiments were performed in quintuplicate and repeated three times. The illustrations show
(A) representative images of Ah201416 swimming plates supplemented with different concentrations of NaCl captured at 36 hpi, and (B) the average
distance covered by Ah201416 cells during different time intervals. The data obtained from the salinity treatment group and the salt-free control group
were analyzed using ANOVA, followed by Fisher's post-hoc test for multiple comparisons. The data were presented as the mean+SE. * P<0.05; ** P<0.01
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Fig. 4 Violacein production in Ah201416 under different salinity condi-
tions. The data obtained from the salinity treatment group and the salt-
free control group were analyzed using ANOVA, followed by Fisher's
post-hoc test for multiple comparisons. The data were presented as the
mean £ SE. *** P<0.001

significantly enhance the motility of A#201416 compared
to the salt-free condition, especially under a salinity level
of 10%o.

AHL quorum sensing of the strain Ah201416 under salinity
stress

AHL quorum sensing has been found to regulate A.
hydrophila virulence in fish [42]. In this study, we quan-
tified the AHL production of A4201416 at varying salt
concentrations using the bioreporter strain Chromobac-
terium violaceum CV026. Increasing salinity from 0%o to
10%o significantly increased AHL production, and salin-
ity from 10%o to 35%o, followed by a significant decrease
in AHL production (Fig. 4, P<0.001). The AHL produc-
tion of Ah201416 was significantly higher under the con-
dition of 10%0 NaCl, showing an approximate increase
of 5.9%, 19.8%, 49.4%, 56.1%, and 63.6% compared to
the levels of 0, 15, 20, 25, and 35%o NaCl groups, respec-
tively (P<0.001). Furthermore, A#201416 cultured in LB
medium ranging from 20 to 35%o NaCl exhibited a sig-
nificant reduction of approximately 32.2% in AHL pro-
duction compared to that with 0%o NaCl (P<0.001). The
current findings indicated that salinity could impact AHL
quorum sensing, potentially relating to biofilm forma-
tion, motility, and bacterial virulence.

Functional analysis of DEGs in the strain Ah201416 under
different salinities

The present study acquired 44.637 GB of Clean Data
(sequencing data after quality control), with an average
amount of Clean Data per sample being 4.960 GB. The
high-quality sequence reads and assembly provided a
solid foundation for all subsequent analyses.

Page 8 of 18

Table 4 Summary statistics of A. hydrophila transcriptome
annotation information

Category Number of genes  Per-
cent-
age
(%)

Annotated in all databases 1,783 421

Annotated in at least one database 4,231 99.9

Annotated in GO 2,724 64.3

Annotated in KEGG 2,605 61.5

Annotated in NR 4,231 999

Annotated in PFAM 3,571 843

Annotated in STRING 3,271 773

Annotated in SWISS-PROT 2,848 67.3

GO: Gene Ontology; KEGG: Kyoto Encyclopedia of Genes and Genomes; NR:
NCBI Non-Redundant Protein Sequences; PFAM: Protein Family; STRING:
Protein-Protein Interaction Networks and Functional Enrichment Analysis;
SWISS-PROT: A Manually Annotated and Reviewed Protein Sequence Database

After obtaining the spliced transcript, it is necessary to
perform functional annotation to obtain gene functional
information. A total of 2,605 genes were functionally
annotated using the KEGG database (Table 4). The four
species with the highest alignment rates between anno-
tated genes and unknown genes all belonged to Aeromo-
nas sp., including A. hydrophila (62.9%), Aeromonas sp.
(32.0%), A. hydrophila subsp. (ATCC 7966) (1.9%), and
A. dhakensis (0.5%) (Fig. 5A). The assembled genes were
subjected to BLASTP searches against the GO, COG, and
KEGG databases. A total of 2,724 genes were assigned
to 41 subcategories of GO terms within the three main
categories: ‘biological process (BP); ‘cellular component
(CC); and ‘molecular function (MF)’ (Fig. 5B). The most
notable subcategories included those associated with
‘response to stimulus; ‘locomotion, and ‘toxin activity’
Regarding COG annotation, out of the 2,718 genes that
mapped to the COG database, they were clustered into
21 categories which showed enrichment in two specific
categories: ‘Cell motility’ (55) and ‘Signal transduction
mechanisms’ (224) (Fig. 5C).

KEGG is a comprehensive database integrating
genomic, chemical, and system function information.
One notable feature of KEGG is its ability to link gene
catalogs generated by RNA-Seq to higher-level system
functions at the cellular, species, and ecosystem lev-
els. To gain further insights into the biological pathways
involved in the response to salinity stress in the strain
Ah201416, we utilized KEGG pathway tools for map-
ping the gene sequences. The classification of 2,751 genes
was accomplished across 25 specific pathways (Fig. 5D).
The KEGG analysis revealed that similar to the results
of GO analysis and COG classification, ‘Cellular Pro-
cesses’ and ‘Environmental Information Processing’
were identified as important classifications. These cat-
egories encompassed sub-classifications like ‘Cell growth
and death; ‘Cell motility, ‘Cellular community, and
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‘Signal transduction’ These annotations provided valu- In comparison to the control group (0%o), a total of
able resources for obtaining a more profound compre- 1,376 up-regulated and 1,643 down-regulated DEGs
hension of specific biological functions demonstrated by =~ were identified in the 10%o0 group. Among these DEGs,
the A4201416 strain under different salinity stresses. Ah201416 exhibited significant differential expression



Sun et al. BMC Microbiology (2025) 25:266

with 235 up-regulated and 324 down-regulated DEGs at
a significance level of P<0.05 and log,|fold-change| > 1
(Fig. 6). Similarly, upon comparing the control and 20%o
groups, a total of 3,028 DEGs were identified with 1,405
up-regulated and 1,623 down-regulated DEGs. Addition-
ally, there were significantly expressed genes observed
between the control and the 20%o0 groups with a total of
544 DEGs consisting of 250 up-regulated and 294 down-
regulated genes (P<0.05 and log,|fold-change| > 1).

The DEGs in the A#201416 strain under salinity stress
were annotated and categorized into the KEGG databases
to investigate the potential functions. The significantly
altered KEGG pathways (P<0.05) included Flagellar
assembly (ko02040), Quorum sensing (ko02024), Bacte-
rial secretion system (ko03070), Two-component sys-
tem (ko02020), Bacterial chemotaxis (ko02030), Biofilm
formation (ko05111, ko02025 and ko02026), and Bio-
synthesis of secondary metabolites (ko01110) (Fig. 7).
Furthermore, KEGG pathway enrichment analysis
revealed that the motility and secretion processes of
Ah201416 were significantly affected by exposure to fluc-
tuating salinity levels.
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RT-qPCR validation of candidate genes in the flagellar
assembly, bacterial secretion, and quorum sensing
pathways

Based on the results of transcriptomic analysis, 12 can-
didate genes were selected for RT-qPCR validation, con-
sidering a log,|fold-change| = 1. The overall trend of gene
expression change is consistent between the transcrip-
tomic and RT-qPCR analyses, supporting the validity of
the transcriptomic sequencing results. The expression
levels of gene encoding flagellar basal body rod protein
(flgB), flagellar basal body rod protein (flgC), flagellar bio-
synthesis protein (f/1A), and RNA polymerase sigma fac-
tor (fliA) showed significantly upregulated by 19.8-fold,
14.5-fold, 9.9-fold, and 17.2-fold, respectively under a
salinity of 20%0 compared to those under a salinity of 0%o
as depicted in Fig. 8. On the other hand, the expression
levels of gene encoding flagellar basal body L-ring protein
(flgH) and flagellar basal body P-ring protein (flgl) showed
relatively lower induction at a NaCl concentration of
20%o, with upregulation by approximately 3.3-fold and
1.6-fold, respectively. A similar trend was observed with
the gene encoding HlyD family secretion protein (klyD)
and hemolysin (Akh1), which encode a component of the
type I secretion system and a pore-forming toxin, respec-
tively. These two genes exhibited an up-regulation of 3.3-
fold and 2.1-fold in response to a salinity concentration

B Expression levels of 20%o group vs 0%o group
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Fig. 6 Differentially expressed genes in (A) 10%o vs. 0%o and (B) 20%o vs. 0%o. The horizontal axis represents the logarithmic fold change, while the verti-
cal axis represents statistical test values. A higher number of points on either side of the horizontal axis indicates a greater upregulation or downregulation

in gene expression
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Fig. 7 KEGG pathway (level 3) classification for DEGs. Orange bars represent KEGG pathway classification for DEGs identified by comparing the 109%o and
0%o NaCl treatments. Blue bars represent KEGG pathway classification for DEGs by comparing the 20%o and 09%o NaCl treatments

of 10%o, and an up-regulation of 14.9-fold and 3.4-fold
in response to a salinity concentration of 20%o. compared
to the salt-free group (Fig. 9A). Among the three other
genes involved in quorum sensing, namely gene encoding
transcriptional activator protein and LuxR family tran-
scriptional regulator (A/#yR), quorum-sensing sigma-54
dependent transcriptional regulator (LuxO), and acyl-
protein synthetase (LuxE), their highest upregulation
was observed in 10%o group as opposed to either the 0
or 20%o groups. The gene encoding acyl-homoserine-
lactone synthase (Ahyl) was the only gene that demon-
strated downregulation with increasing salinity levels
(Fig. 9B). Collectively, these results suggested that salinity
impacted A#201416 virulence by modulating the expres-
sion of genes associated with multiple virulence-associ-
ated pathways.

Discussion

Salinity plays a crucial role in the interaction between
aquatic animals and bacterial pathogens, which signifi-
cantly impacts the outcomes of disease outbreaks [43,
44]. The facultative pathogen A. hydrophila, frequently
isolated from diverse aquatic foods, exhibits a remark-
able ability to orchestrate gene expression cascades to
optimize its fitness and selectively produce virulence fac-
tors when necessary. Upon entering an animal host, one
of the primary environmental changes encountered by

the bacterium is a significant alteration in osmotic pres-
sure compared to its free-living phase. This alteration
may potentially serve as a signal for triggering the expres-
sion of virulence genes, enabling evasion of host immu-
nity and initiation of infection [45, 46]. In a pilot study
conducted by Lu et al. [31], it was discovered that salin-
ity exerts an influence on various immune responses of S.
argus upon infection with A. hydrophila. However, spe-
cific impacts of salinity on the pathogen’s lifestyle remain
unknown. In this study, the LDy, of A4#201416 exhibited
an increase when it was pre-cultured under progressively
higher salinity conditions before inoculation, indicat-
ing that lower salinity levels potentially promoted bacte-
rial virulence compared to higher salinity. The observed
phenomenon aligns with the pathogen’s lifestyle since
the salinity level in the host’s digestive system typically
ranges around 5%o, whereas in environmental waters it
can vary from 0 to 35%o [24, 29]. The decrease in salin-
ity encountered by bacteria on entry into a host’s internal
milieu may enhance the virulence of the pathogen and
enhance its invasiveness. Similar findings have also been
reported in other bacterial pathogens. For instance, Barca
et al. [47] demonstrated that genes related to involved in
energy production, nutrient transport, and assimilation,
as well as antibiotic resistance, were significantly upreg-
ulated in Photobacterium damselae subsp. damselae
under elevated salinity mimicking a free-living lifestyle.
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Fig. 8 Changes in relative expression levels of the six DEGs associated with flagellar assembly based on RNA-Seq (blue) and RT-gPCR (orange) analyses
under different salinity treatments. Experiments were performed in triplicate. The data obtained from the salinity treatment group and the salt-free con-
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Fig. 9 Changes in relative expression levels of the six DEGs associated with bacterial secretion (A) and quorum sensing (B) based on RNA-Seq (blue) and
RT-gPCR (orange) analyses under different salinity treatments. Experiments were performed in triplicate. The data obtained from the salinity treatment
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Conversely, there was an increased expression of viru-
lence genes in the pathogen under hyposaline conditions
that mimic those encountered in the host. Therefore, the
results obtained from the virulence assay possibly further
corroborate and elucidate the findings of our previous

study, demonstrating that variations in environmental
salinity have dual effects on both host susceptibility and

A. hydrophila virulence.

Although different species and strains may vary in
their susceptibility to osmotic stress, the Aeromonas



Sun et al. BMC Microbiology (2025) 25:266

spp. generally exhibit a wide tolerance range for salin-
ity, with optimal growth occurring at 10-20%o [33, 48,
49, 50]. In our study, the results of the growth assay were
aligned with these findings. Considering that the LDg,
of Ah201416 cells pre-cultured in a medium containing
35%0 NaCl was almost 530-fold higher than those pre-
cultured in a salt-free medium, we hypothesized that the
disparity in infection capability was more likely attributed
to variations in virulence behaviors rather than growth.
Therefore, we investigated key infection-associated phe-
notypes such as biofilm formation and swimming under
different salt conditions.

Biofilm formation is extensively investigated as a viru-
lence determinant in A. hydrophila, enhancing its resis-
tance to antimicrobial compounds and other stresses,
thereby contributing to pathogen adaptation and per-
sistence [51]. In this study, we demonstrated a gradual
increase in biofilm biomass in A. hydrophila when cul-
tured with increasing salinity ranging from 0 to 20%o.
However, supplementation of 25%0 NaCl resulted in
a decrease in biofilm mass comparable to that of the
15%0 group, but a slight inhibition of bacterial growth
was observed in the group exposed to 25%0 NaCl. This
observation is consistent with previous findings reported
by Jahid et al. [30]. A positive correlation was observed
between increasing biofilm formation and NaCl con-
centration in hyposaline conditions, whereas this trend
was reversed under hypersaline conditions. However,
it is important to note that the hyposaline conditions
employed in their research ranged from 1 to 2.5%o, which
were approximately ten times lower than those in our
study. This discrepancy might be attributed to variations
in strains and experimental settings, such as the contact
surface employed between the two studies. The relation-
ship between salinity and biofilm formation is quite con-
troversial. For example, the formation of biofilms was
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significantly enhanced with the increase of NaCl con-
centrations in Staphylococcus aureus, whereas this phe-
nomenon was reversed in E. coli K-12 [52]. Since biofilm
formation is a multifactorial process and highly sensi-
tive to environmental conditions, various factors such as
secreted polysaccharides and adhesins, cultural media,
cell age, strains, physical properties of the contact sur-
face, and incubation time can all impact bacteria’s capa-
bility of forming biofilms. Further investigation into how
salinity affects A. hydrophila’s production of components
such as lipopolysaccharides and adhesins will provide
more insights into the observed phenomena.

A typical biofilm formation process in Aeromonas
includes attachment, microcolony formation, matura-
tion, and dispersion [12]. Among these, the initial attach-
ment step has been studied most, and several bacterial
structural factors have been reported to be involved,
including flagella, lipopolysaccharides (LPS), and Mg?*
transporters. In contrast, genetic determinants involved
in the later phases have been poorly studied. According
to a review study conducted by Emilie et al. [12], nearly
20 genes are known to participate in biofilm formation,
with CheA, VgrG, MgtE, MinD, BioD, Psl, Pel, AhyR,
Ahyl, Mcp, LuxQ, LuxU, LuxO, LuxR, LuxE, LitR, QseB,
QseC as positive regulators. In align with these, our data
shows MinD, LuxO, LuxE, LuxR, and Mcp were upregu-
lated either under 10%o or 20%o salinity, compared to the
salt-free control group, whereas MgtE, BioD, and Ahyl
showed a reversed trend (Table 5). These findings suggest
that biofilm formation is influenced by multifaceted fac-
tors, and the precise molecular mechanisms underlying
these regulatory pathways warrant further investigation.
It is worth noting that enhanced biofilm formation often
positively correlates with bacterial virulence [53, 54].
Nevertheless, exceptions should not be overlooked. The
mutant A. hydrophila TM90, in which a gene encoding

Table 5 Known biofilm-related genes and DEGs from our transcriptomic data

Phases of Aeromonas Known biofilm-related genes DEGs from
biofilm development our transcrip-
tomic data

Attachment Genes involved in substratum properties, nutrients availability (BioD), chemical environment, polar MinD?t, MgtEl,
flagellum, lateral flagella, chemotaxis system (CheA), LPS, O-antigen, surface a-glucan (Ps/, Pel), Mgz* BioD|
transporter (MgtE), cytoskeleton (MinD), type VI secretion system (VgrG) *

Microcolony formation Genes involved in lateral flagella, type IV pili, and the cytoskeleton

Maturation Genes involved in EPS (proteins, polysaccharides, extracellular DNA, lipids), quorum sensing Al-1 (AhyR, Ahyl|
Ahyl), c-di-GMP (GGDEF domains) *

Dispersion Genes involved in nutrient limitation, polar flagellum (Mcp), quorum sensing Al-2 (LuxQ, LuxU, LuxO, LuxR, LuxO?, LuxET,

LuxE, LitR) *, quorum sensing Al-3 (QseB, QseC) *, c-di-GMP (EAL domains) *

LuxR1, Mcp?

*: putative effectors; DEGs: Differentially expressed genes; CheA: gene encoding chemotaxis protein CheA; VgrG: gene encoding type VI secretion system effector
VgrG; MgtE: gene encoding Mg?* transporter; MinD: gene encoding septum site-determining protein MinD; BioD: gene encoding dethiobiotin synthase; Psl: gene
encoding polysaccharide synthesis locus; Pel: gene encoding Pel extracellular polysaccharide locus; AhyR: gene encoding transcriptional activator protein and
LuxR family transcriptional regulator; Ahyl: gene encoding acyl-homoserine-lactone synthase; LuxQ: gene encoding quorum-sensing autoinducer 2 sensor kinase/
phosphatase LuxQ; LuxU: gene encoding quorum-sensing phosphorelay protein LuxU; LuxO: gene encoding quorum-sensing sigma-54 dependent transcriptional
regulator; LuxR: gene encoding LuxR family transcriptional regulator; LuxE: gene encoding acyl-protein synthetase; LitR: gene encoding quorum sensing
transcriptional regulator; QseB: gene encoding quorum sensing response regulator transcription factor QseB; QseC: gene encoding quorum sensing histidine kinase

QseC; Mcp: gene encoding methyl-accepting chemotaxis protein
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oligopeptidase F (pepF) was disrupted, exhibited sig-
nificantly increased adhesion to HEp-2 cells and biofilm
formation, resulting in highly attenuated virulence in
zebrafish compared to the wild-type strain [55]. Con-
sidering the profound immunosuppressive effects of
hyposaline stress on S. argus, the increased biofilm for-
mation of A4201416 may be more crucial for pathogen
survival and persistence rather than its virulence.

The motility of bacteria is widely recognized as essen-
tial for exploring different ecological niches, evading
unfavorable environments, and biofilm formation, and
thus contributing to the virulence of numerous food-
borne bacterial pathogens [56]. As expected, the swim-
ming ability of A#201416 was affected by salinity. The
bacterium exhibited a significantly higher migration rate
in the 10%o group compared to the 20%o group, which
was positively correlated with increased virulence and
enhanced growth observed under the 10%o condition.
In contrast, A#201416 displayed the suboptimal growth
in salt-free LB medium and demonstrated slower move-
ment on the swimming plates without salt; however, it
exhibited the highest infectivity at this concentration.
The observed phenomenon might be attributed to the
potent immunosuppressive effects of freshwater on S.
argus [31]. Similarly, Li et al. [57] discovered that hyposa-
line stress increased oyster mortality caused by Vibrio
infection by inducing immune dysregulation, rather than
exerting direct impacts on pathogen growth or virulence.
The outcome of any infection is influenced not only by
the virulence of the pathogen and environmental condi-
tions but also by the host’s immune status. A comprehen-
sive assessment of the impact of environmental factors on
bacterial virulence, as well as the influence of host resis-
tance to infection, will significantly enhance our under-
standing of microbial risks. In turn, this would mitigate
economic losses in aquaculture, prevent contamination
from foodborne bacteria, and bolster food safety.

To further understand the molecular mechanisms
underlying the difference in A. hydrophila biofilm for-
mation and motility under varying salinity conditions,
we conducted a transcriptomic analysis of A4#201416
cells cultured in a medium containing 0, 10, and 20%o
NaCl. As expected, DEGs between 0 and 10%o groups
were predominantly clustered in the pathways related to
motility, secretion, and quorum sensing. Subsequent RT-
qPCR analysis revealed that all candidate genes involved
in flagella assembly, except flgl, were upregulated in the
10%o group compared to the 0%o group. This finding was
consistent with the observed migration phenotypes on
plates. Interestingly, the levels of upregulation for these
genes were even more pronounced in the 20%o0 group
compared to the 10%o group, while simultaneously show-
ing a decrease in swimming distance. The findings sug-
gested that motility is a delicate process, and an excessive
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expression of the genes associated with flagella assembly
might impede bacterial movement, as has been consis-
tently reported [58]. In A. hydrophila, the regulation of
polar flagella biogenesis involves a hierarchical network
comprising at least 50 genes responsible for encoding
structural subunits, regulatory proteins, and chemosen-
sor machinery [59]. A previous study has demonstrated
that mutants in the fliM, flhA, and fliA genes were inca-
pable of producing polar flagella and also exhibited
impaired adhesion capability and biofilm formation, sug-
gesting a positive role of this filamentous adhesin in the
process of biofilm formation [60]. Therefore, the increas-
ing salinity-enhanced biofilm formation in A4201416
might be partially attributed to the upregulation of genes
associated with flagella assembly. However, further verifi-
cation at the protein level is necessary.

In addition to biofilm and motility-associated genes,
both the transcriptomic and RT-qPCR analyses also
revealed an upregulation of genes involved in toxin secre-
tion and quorum sensing pathways in the 10 and 20%o
groups, while no significant changes were seen in cyclic
di-guanosine monophosphate (c-di-GMP) related ones.
The hlyD gene encodes a component of the prototypical
alpha-hemolysin (HlyA) bacterial type I secretion system,
which, along with HlyB and TolC, forms a transmem-
brane channel through which HlyA is secreted [61]. The
pore-forming enterotoxin Ahh1 is a major virulence fac-
tor of A. dhakensis that causes perforation of the host cell
membrane and subsequent cell death both in vivo and
in vitro [62]. Whether the upregulation of these toxin-
producing genes results in increased toxin biosynthesis
necessitates additional experimental validation.

A. hydrophila is known to harbor 3 quorum-sensing
(QS) systems, AI-1 (based on N-acylhomoserine lac-
tone), -2 (based on S-ribosylhomocysteinase), -3 (based
on QseB/Qsec-dependent autoinducer), respectively and
all three pathways could affect biofilm and motility, and
involve complex cross-talk and feedback regulation. A.
hydrophila utilizes 3 QS systems to coordinate virulence
and environmental adaptation. Existing studies have pre-
dominantly focused on the AI-1 system, which is directly
linked to pathogenicity, while studies on the AI-2 and
AI-3 systems remain limited in fish [63, 64]. Thus, in the
present study, we mainly investigated AHL, a major sig-
naling factor in the AI-1 system, and found that C4-AHL
is one of the major QS signals produced through the
AhyI/R system. Our transcriptomic and RT-qPCR data
also revealed significant upregulation of akyR under 10%o
than 20%o, which was consistent with the reporter bio-
assay results (Figs. 4 and 9B). Therefore, we speculated
that increasing salinity from 10—35%o probably decreased
C4-AHL production, leading to downregulation of Ahy
genes, resulting in decreased virulence. Compared to the
AHL-based AI-1 system, AI-2 and AI-3 have been less
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Fig. 10 Our investigation of salinity-induced virulence alteration of Aeromonas hydrophila isolated from Scatophagus argus

extensively documented. The impact of salinity on these
signaling molecules, as well as the associated signaling
pathways, and the extent to which these pathways con-
tribute to virulence, warrant further investigation.

The secondary messenger c-di-GMP is another key sig-
nal that is known to be highly related to QS and bacterial
virulence. In Aeromonas, c-di-GMP is believed to posi-
tively regulate biofilm formation while negatively affect-
ing motility [12, 65]. However, in our transcriptomic
data, we didn't identify any significant changes in c-di-
GMP biosynthesis or degradation-related genes, such as
CsrA, CsrD, FleQ (GGDEF domain-encoding genes), and
HapR (EAL domain-encoding genes), suggesting salin-
ity changes probably have minor effects on this pathway.
Taken together, A. hydrophila virulence is regulated by
several regulatory pathways, and its virulence is shaped
not only by bacterial genetic determinants but also by
host immunity. Our study emphasizes the role of salinity
in bacterial virulence by influencing biofilm formation,
swimming ability, and associated gene expression, and
provides additional insights into the food ecology of A.
hydrophila.

Conclusion

In summary, the virulence of A. hydrophila (Ah201416)
isolated from S. argus was significantly enhanced by ele-
vated salinity (from O to 20%o), as evidenced by increased
growth, biofilm formation, motility, and expression of the
virulence-associated genes. However, the susceptibility of
S. argus decreased with increasing water salinity from 0

to 35%o, as indicated by an elevation in LD, at 96 h post-
infection. Our study demonstrated a significant micro-
bial hazard posed by A. hydrophila to S. argus cultured
in freshwater, as well as the potential risk this pathogen
poses to food safety in brackish water due to its enhanced
growth and biofilm formation capabilities (Fig. 10). From
the perspective of breeding risk control and food safety,
it is recommended to cultivate S. argus in seawater for
commercial purposes. These findings suggest complex
interactions among the pathogen, host, and environ-
mental changes that collectively affect disease outcomes
and food safety. Equal attention should be given to both
bacterial virulence and host susceptibility, which may
help to reduce the economic loss in aquaculture and the
safety risks of aquatic food due to pathogenic bacterial
infections.
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