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Abstract
Background  Rising ocean temperatures and salinity fluctuations driven by climate change are reshaping marine 
microbial communities, including pathogenic Vibrio species. Vibrio campbellii, a major marine pathogen in shrimp 
aquaculture, needs to adapt to these environmental changes to survive and maintain virulence. However, the 
molecular mechanisms underlying its response to combined thermal and osmotic stress are largely unexplored.

Results  This study examines the physiological responses of pathogenic V. campbellii strain HY01 and non-pathogenic 
strain ATCC BAA-1116 under combined temperature (25 °C, 30 °C, and 35 °C) and salinity (20, 30, and 60 ppt) 
conditions. Strain HY01 exhibited remarkable adaptability across all tested conditions, whereas ATCC BAA-1116 
demonstrated reduced resilience under specific temperature-salinity combinations. Growth at 30–35 °C with elevated 
salinity promoted bioluminescence, swimming motility, and biofilm formation in both strains. Using transcriptomic 
analysis, our findings reveal that increased salinity enhances bacterial resilience under thermal stress by upregulating 
genes associated with metabolic pathways, oxidative phosphorylation, and ribosomal function. While elevated 
temperature and salinity suppress certain virulence traits (e.g., T6SS, flagellar assembly), they concurrently promote 
biofilm formation, enabling persistence in marine environments. Additionally, genes involved in osmoadaptation, 
such as those encoding compatible solutes, were highly expressed under extreme salinity. The observed shifts in 
gene expression highlight a coordinated regulatory network that balances cellular energy production, stress defense 
mechanisms, and colonization potential.

Conclusions  This study provides a better understanding into the adaptive strategies of V. campbellii in response 
to thermal and osmotic stressors. These findings are particularly relevant for understanding how climate change-
driven environmental shifts influence the ecology and pathogenicity of marine vibrios. Future studies should explore 
the functional consequences of these adaptations in shrimp-pathogen interactions, contributing to sustainable 
aquaculture practices.
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Introduction
Vibrio campbellii is a ubiquitous marine bacterium found 
in various aquatic environments, including marine, 
estuarine, brackish, and coastal waters. It is a significant 
shrimp pathogen responsible for luminous vibriosis and 
has recently been identified as a causative agent of hepa-
topancreatic necrosis disease in shrimp [1, 2]. V. camp-
bellii can enter shrimp rearing systems through natural 
seawater, live feed, and the exoskeletons of spawners. 
This bacterium encounters fluctuations in temperature 
and salinity in both oceanic and shrimp cultivation envi-
ronments. The quorum sensing system in V. campbellii 
plays a critical role in regulating gene expression related 
to physiological behaviors such as biofilm formation, 
enzymatic activity, and flagellar motility [3–6], functions 
that are essential for bacterial adaptation, survival, and 
persistence in shrimp farms and marine environments.

V. campbellii is closely related to V. harveyi, a well-
documented pathogen of cultured shrimp. Previous stud-
ies revealed that V. campbellii strains HY01 and ATCC 
BAA-1116 were initially misidentified as V. harveyi [7]. 
Research has demonstrated the rapid proliferation of V. 
harveyi in warm conditions [8–10]. Ocean salinity varies 
from 0.5 to 35 ppt, while sea surface temperatures fluc-
tuate based on geographic location and season. Warm 
seawater (30  °C) with limited nutrients can negatively 
affect V. harveyi morphology and metabolic pathways 
but may also upregulate virulence genes [11]. Conversely, 
V. harveyi can enter a viable but non-culturable (VBNC) 
state under low temperatures (4 °C), regaining vegetative 
growth when conditions become favorable [12]. Similarly, 
varying salt concentrations can trigger the VBNC state 
in V. harveyi [13]. Although V. harveyi and V. campbellii 
share genotypic and phenotypic similarities, their specific 
adaptive responses to temperature and salinity remain 
insufficiently characterized. Understanding the environ-
mental factors that influence V. campbellii adaptation is 
essential for predicting the risk of vibriosis outbreaks in 
shrimp aquaculture, particularly in the context of ocean 
warming.

To date, no studies have systematically investigated the 
physiological responses of V. campbellii strains to differ-
ent temperature and salinity conditions. Therefore, this 
study aims to compare the phenotypic and genotypic 
profiles of two V. campbellii strains and elucidate their 
adaptive mechanisms under elevated temperatures with 
varying salinities. We utilized the pathogenic strain HY01 
and non-pathogenic strain ATCC BAA-1116, each iso-
lated from distinct geographical regions. These strains 
were cultured at different salinities (20, 30, and 60 ppt) 

and incubated at temperatures mimicking warm (25 °C), 
very warm (30 °C), and hot (35 °C) climates. We hypoth-
esized that the two strains would exhibit distinct phe-
notypic patterns under these conditions. The findings 
of this study provide valuable insights into the adaptive 
strategies of pathogenic V. campbellii, contributing to the 
understanding of its survival mechanisms and the poten-
tial risks of vibriosis outbreaks in shrimp aquaculture 
under climate change scenarios.

Materials and methods
Bacterial strains and culture conditions
A pathogenic V. campbellii strain HY01, isolated from 
dead shrimp affected by luminous vibriosis in Thailand 
[14], and non-pathogenic strain ATCC BAA-1116, iso-
lated from a marine environment in the United States 
[15], were used in this study. These strains were cultured 
in Luria–Bertani broth (LB) supplemented with artifi-
cial sea salt (Marinium Reef sea salt, Thailand) (LBS) to 
achieve final salinity levels of 20 ppt, 30 ppt, or 60 ppt, 
and incubated at 25  °C, 30  °C, or 35  °C. The pH of LBS 
broth or agar was adjusted to pH 8 to reflect the average 
pH conditions of global seawater and shrimp ponds [16, 
17]. In all experiments, cultures in the mid-log exponen-
tial growth phase were diluted to a final cell concentra-
tion at 105 CFU/ml.

Growth and bioluminescence kinetic assays
The two V. campbellii strains were cultured in 96-well 
clear plates containing LBS at 20 ppt, 30 ppt, or 60 
ppt. Bioluminescent measurements were conducted in 
96-well white microplates and incubated in a microplate 
reader (LUMIstar, BMG LabTech, Germany) at 25  °C, 
30  °C, or 35  °C with orbital shaking. Growth and lumi-
nescence were recorded at wavelengths of 600  nm and 
490 nm, respectively.

Swimming motility assay
The motility assays were performed using 0.3% LBS agar 
with 20 ppt, 30 ppt, or 60 ppt salinity LBS. A-1 μl aliquot 
of bacterial cultures was inoculated at the center of soft 
agar plates and incubated overnight at 25  °C, 30  °C, or 
35 °C. The diameters of motility zones were measured at 
16  h and 24  h. Motility extent was quantified using the 
following formula:

Plate coverage (%) = (Diameter of the motility 
(mm)/49 mm of inner glass plate diameter) × 100%
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Biofilm formation assay
Quantitation of biofilm biomass
The biofilm-forming ability of V. campbellii strains was 
assessed using crystal violet (CV) assay [18]. Briefly, cul-
tures were grown in LBS supplemented with 20 ppt, 30 
ppt, or 60 ppt salinity and incubated at 25  °C, 30  °C, or 
35  °C for 48  h. After incubation, planktonic cells were 
removed, and wells were washed with distilled water and 
stained with 0.1% CV. The CV-stained biofilms were sol-
ubilized with 95% ethanol, and absorbance was measured 
at 570 nm.

Microscopic visualization
To assess biofilm formation, V. campbellii strains were 
cultured in 24-well plates containing 60 ppt salinity LBS 
and glass slides at 25 °C, 30 °C, or 35 °C. Mature biofilms 
were stained with fluorescein isothiocyanate-conjugated 
concanavalin A (FITC-ConA) and propidium iodide (PI) 
using FluoroTag™ conjugation kit (Sigma–Aldrich, USA) 
following the previous protocol with slight modification 
[19, 20]. Biofilms were visualized using CLSM (LSM800 
ZEISS, Germany).

Surface colonization assay
White leg shrimp shells were used as a natural substrate 
for biofilm formation by V. campbellii. Biofilm structures 
on shrimp shells were examined using SEM [21]. Shells 
were cut into small pieces and sterilized with 50% formal-
dehyde solution before exposure to bacterial suspensions 
in 24-well plates containing 60 ppt salinity LBS. Samples 
were incubated at 25 °C, 30 °C, or 35 °C without shaking. 
After incubation, non-adherent cells were removed, and 
surface-attached biofilms were fixed with 2.5% glutaral-
dehyde (Sigma Aldrich, USA) at 4°C for 2 h. The samples 
were then dehydrated through an ethanol gradient, gold 
coated, and examined under SEM.

RNA isolation, sequencing and RNA-seq data analysis
Strain HY01 was cultured in LBS at 30 ppt or 60 ppt 
salinity and incubated at 30  °C or 35  °C until reaching 
mid-exponential growth phase (5–6 h). Cells were col-
lected via centrifugation (8,000 rpm, 3 min), and total 
RNA was extracted using the Direct-zol RNA Micro-
prep Kits (Zymo Research, USA). The purified RNA 
was preserved in RNA stabilization tubes (GENEWIZ, 
USA) before library preparation and sequencing. RNA 
sequencing was performed using NovaSeq 6000 plat-
form. Read quality was assessed using FastQC (v0.74), 
and adaptor trimming and low-quality read removal were 
conducted with Fastp (v0.24.0). Processed reads were 
aligned to the draft genome assembly of V. campbellii 
strain HY01 using HISAT2 (v2.2.1), and gene transcripts 
were assembled with Stringtie (v2.2.3). The draft genome 
assembly of V. campbellii strain HY01 (NCBI accession 

number SCEL00000000) was used as the reference and is 
publicly accessible in GenBank. Differentially expressed 
genes (DEGs) were identified using edgeR (v3.62.1) and 
limma (v4.4.1) in RStudio (v4.4.2). DEGs were classi-
fied into 3 groups based on fold change (FC) values at 
an adjusted FDR p-value ≤ 0.05 (upregulated genes: log2 
FC ≥ 2; downregulated genes: log2 FC ≤ −  2; no different 
expression: − 2 < log2 FC < 2). Visualization of DEGs was 
performed using pheatmap (v1.0.12) and ggVennDiagram 
(v1.5.2) in R. Volcano plots were generated using SRplot 
(​h​t​t​p​​s​:​/​​/​w​w​w​​.​b​​i​o​i​​n​f​o​​r​m​a​t​​i​c​​s​.​c​o​m​.​c​n​/​e​n). Functional 
enrichment analysis was conducted using ShinyGO 
0.81 (​h​t​t​p​​:​/​/​​b​i​o​i​​n​f​​o​r​m​​a​t​i​​c​s​.​s​​d​s​​t​a​t​e​.​e​d​u​/​g​o​/), and ​t​r​a​n​s​c​r​
i​p​t​s were mapped to the NCBI database for Clusters of 
Orthologous Groups (COGs) classification. Gene net-
works visualization was performed using STRING v12.0 
(https://string-db.org/).

Reverse transcription-quantitative PCR (RT-qPCR)
RT-qPCR validation was performed on selected genes 
involved in adaptive responses to temperature and salin-
ity stress. Primer sequences are listed in Table S1. Strain 
HY01 was cultured and processed under the same RNA 
isolation conditions. Total RNA was reverse transcribed 
to complementary DNA (cDNA) using the FIREScript 
RT cDNA synthesis kit (Solis Biodyne, Estonia). qPCR 
reactions were carried out using Luna Universal qPCR 
Master Mix (NEB, USA) with 10 µM forward and reverse 
primers, and 10 ng cDNA. Then, the reaction was ampli-
fied using LineGene 9600 Plus, Real–Time PCR Detec-
tion System (Bioer, USA). The fold change of gene 
expression was calculated using the 2−(∆∆Ct) method, 
normalized to the 16S rRNA reference gene. Correlation 
between RNA-seq and qRT-PCR results was evaluated 
using Pearson correlation, and plots were generated in 
ggplot2 (v3.5.1) in R. The Pearson’s R correlation coeffi-
cients were interpreted according to the criteria reported 
by Schober et al. [22].

Statistical analysis
Data were represented as mean ± standard deviation. 
Normality, homogeneity, and factor interactions were 
assessed using SPSS (v20.0). The Shapiro–Wilk test con-
firmed normal distribution, while Levene’s test indicated 
variance heterogeneity (p < 0.05). Aligned Rank Trans-
form ANOVA was applied to assess factor interactions, 
followed by multiple comparisons using the Games-
Howell post-hoc test.

Results
Temperature and salinity affected the growth kinetics of 
Vibrio campbellii
The effect of temperature and salinity on the growth 
kinetics of V. campbellii was systematically assessed. 

https://www.bioinformatics.com.cn/en
http://bioinformatics.sdstate.edu/go/
https://string-db.org/
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Growth profiles of strains HY01 and ATCC BAA-1116 
were evaluated under nine conditions, combining three 
temperatures (25 °C, 30 °C, or 35 °C) with three salinities 
(20 ppt, 30 ppt, or 60 ppt). The results highlighted signifi-
cant effects of temperature and salinity on the entry into 
the exponential phase (Fig. 1A–F), growth rates (Fig. 1G), 
and generation times (Fig.  1H) for both strains. Strain 
HY01 exhibited remarkable adaptability across all condi-
tions. No significant differences in growth were observed 
across difference temperatures within each salinity 
group, except for 30 ppt LBS at 35  °C, where HY01 dis-
played the highest growth rate and shortest generation 
time. Conversely, strain ATCC BAA-1116 demonstrated 
resilience under specific conditions. Both 25 °C and 35 °C 
conditions resulted in lower biomass yields, with this 
effect being more pronounced at higher temperatures 

combined with lower salinity. Interestingly, lower salinity 
extended the lag phase of ATCC BAA-1116, particularly 
at 30  °C, where the lag phase duration was extended to 
6 h at 20 ppt, compared to 5 h at 30 ppt and 3 h at 60 ppt. 
Furthermore, strain ATCC BAA-1116 failed to grow at 
35 °C; however, increasing salinity significantly enhanced 
survival and facilitated entry into the exponential phase. 
The interaction between bacterial strains, temperature, 
and salinity significantly affected growth rate and genera-
tion time (Table 1).

Bioluminescence of Vibrio campbellii is influenced by 
culture conditions
Both HY01 and ATCC BAA-1116 exhibited similar lumi-
nescence patterns across growth phases, but the inten-
sity varied depending on culture conditions (Fig. 2A–F). 

Table 1  Aligned Rank Transform ANOVA analysis of non-parametric variances for three-way interactions among factors (Vibrio 
campbellii strains, temperature, and salinity) with the dependent variables (growth rate, generation time, bioluminescence, and biofilm 
formation)
Factors df Growth rate Generation time Bioluminescence Biofilm formation

Fvalue P value F value P value F value P value F value P value
Strain 1 85.459 < 0.001* 47.090 < 0.001* 60.211 < 0.001* 84.559 < 0.001*
Salinity 2 10.360 < 0.001* 1.216 0.309 12.560 < 0.001* 31.798 < 0.001*
Temperature 2 10.230 < 0.001* 4.760 0.015* 30.826 < 0.001* 29.411 < 0.001*
Strain × Salinity 2 25.862 < 0.001* 5.553 0.008* 31.327 < 0.001* 6.321 0.005*
Strain × Temperature 2 6.468 0.004* 5.602 0.008* 9.879 < 0.001* 14.014 < 0.001*
Salinity × Temperature 4 0.639 0.639 3.797 0.012** 21.519 < 0.001* 104.526 < 0.001*
Strain × Salinity × Temperature 3 6.029 0.002* 3.649 0.022* 19.584 < 0.001* 47.091 < 0.001*
“*” represents a statistically significant difference at p < 0.05

Fig. 1  Effect of combined temperature and salinity on Vibrio campbellii growth. A–F Growth curves of V. campbellii strains HY01 (circle) and ATCC BAA-
1116 (triangle) in Luria–Bertani broth supplemented with artificial seawater (LBS) at 25  °C ( , ), 30 °C ( , ), and 35 °C ( , )  °C under dif-
ferent salinity conditions. G Growth rates and H generation times were calculated from the exponential growth phases under various temperature-salinity 
conditions. Generation times of HY01 and ATCC-BAA1116 are represented by white and gray bars, respectively. Multiple comparisons were conducted 
using Games-Howell post hoc analysis due to variance heterogeneity (p < 0.05, n = 3 per group). Different lowercase letters indicate statistically significant 
differences
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Luminescence peaked during the exponential phase and 
decreased upon entering the stationary phase. Elevated 
temperatures (35 °C) led to reduced luminescence inten-
sity, where increased salinity resulted in slightly higher 
light emissions. Notably, ATCC BAA-1116 exhibited 
its highest luminescence when grown in 60 ppt salinity 
LBS at 30  °C (1.19 × 106 RLU, 18  h) compared to other 

conditions. These findings suggest that elevated salinity 
may enhance survival and bioluminescence activity under 
high-temperature conditions. Analysis of total lumines-
cence revealed that ATCC BAA-1116 produced the high-
est luminescence at 60 ppt salinity and 30  °C (Fig.  2G). 
Statistical analysis confirmed that bioluminescence was 
significantly influenced by interactions between salinity 
and temperature (Table 1).

Swimming motility of Vibrio campbellii is altered by 
temperature and salinity
Swimming motility, driven by the polar flagellum, is a 
crucial virulence factor facilitating bacterial dispersal and 
biofilm formation. Both strains were cultured on semi-
solid LBS agar at varying salinities and temperatures. 
Strain HY01 exhibited the greatest motility at 20 ppt 
salinity and 30 °C, as well as at 30 ppt and 60 ppt salinities 
at 30 °C and 35 °C (Fig. 3A). This resulted in rapid colony 
expansion across the plate within 24  h (Fig.  3B). Con-
versely, ATCC BAA-1116 colonies were not visible until 
16 h of incubation at 25 °C, with motility first detected at 
24 h across all salinity groups (Fig. 3B). Notably, increas-
ing salinity significantly enhanced motility in both strains 
at higher temperatures. Statistical analysis revealed that 
motility was significantly influenced by bacterial strains, 
salinity, and temperature. Interactions among incubation 
time, strain, and temperature showed significant effects, 
whereas the interaction of all four factors (strains × incu-
bation time × temperature × salinity) did not exhibit sta-
tistically significant difference (Table 2).

Fig. 3  Effect of combined temperature and salinity on swimming motil-
ity of Vibrio campbellii. A Swimming motility was assessed by measuring 
colony expansion across a 49 mm plate at different incubation times. B 
Representative images of motility plates showing V. campbellii HY01 and 
ATCC BAA-1116 after 16 h and 24 h of incubation. Multiple comparisons 
were conducted using Games-Howell post hoc analysis (p < 0.05, n = 3 
per group). Different lowercase letters denote statistically significant 
differences

 

Fig. 2  Effect of combined temperature and salinity on bioluminescence of Vibrio campbellii. A–F Bioluminescence of V. campbellii strains HY01 (circle) 
and ATCC BAA-1116 (triangle) over 24 h at 25 °C ( , ), 30 °C ( , ), and 35 °C ( , )  °C under different salinity conditions. G Total biolumi-
nescence (log10 RLU) calculated from the area under the curves. Multiple comparisons were conducted using Games-Howell post hoc analysis (p < 0.05, 
n = 3 per group). Different lowercase letters denote statistically significant differences
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Biofilm formation in Vibrio campbellii is influenced by 
temperature
The CV assay was performed to examine the biofilm 
biomass of V. campbellii strains cultured under vary-
ing temperature and salinity conditions. The highest 
biofilm biomass in both strains was observed at 25  °C 
across all salinity levels. When cultured at 20–30 ppt, 
biofilm formation significantly decreased at 30  °C and 
35  °C. However, at 60 ppt salinity, increasing tempera-
tures enhanced biofilm formation in both strains, par-
ticularly in the pathogenic strain HY01, which exhibited 
greater biofilm biomass than the non-pathogenic strain 

(Fig. 4A). Consequently, 60 ppt salinity was selected for 
further examination of biofilm quantities and structural 
characteristics under temperature-induced stress condi-
tions. V. campbellii strains HY01 and ATCC BAA-1116 
were allowed to adhere to glass slides (abiotic surfaces) 
and white leg shrimp shells (biotic surfaces) in LBS 
medium (60 ppt salinity) at 25  °C, 30  °C, or 35  °C. To 
indirectly quantify biofilms, exopolysaccharide produc-
tion was visualized using FITC-ConA (green fluores-
cence), while cell viability was assessed using PI staining 
(red fluorescence). CLSM images revealed extensive 
green fluorescence at 30 °C and 35 °C, indicating robust 
biofilm formation. Conversely, minimal fluorescence was 
observed under 25 °C (Fig. 4B). Additionally, SEM imag-
ing demonstrated complex and dense biofilm structure 
at 30  °C and 35  °C with 60 ppt salinity, whereas signifi-
cantly lower cell attachment and minimal biofilm forma-
tion were detected at 25  °C (Fig.  4C). CLSM and SEM 
analyses confirmed that high salinity (60 ppt) enhanced 
V. campbellii biofilm formation on both abiotic and biotic 
surfaces under elevated temperatures. Statistical analy-
sis indicated that temperature, salinity, and strain type 
significantly influenced biofilm formation. These results 
suggest that increased salinity not only promotes growth 
and bioluminescence but also enhances swimming motil-
ity and biofilm formation in V. campbellii strains under 
high-temperature conditions.

Differentially expressed genes of pathogenic Vibrio 
campbellii are primarily affected by temperature and 
salinity
The phenotypic analyses demonstrated the greater adapt-
ability of HY01 under high-temperature and high-salin-
ity conditions. To further investigate transcriptomic 
responses to temperature and salinity stress, RNA-
sequencing (RNA-seq) was performed on pathogenic 
strain HY01. RNA-seq datasets were categorized into 
two comparison groups: temperature (30 °C vs. 35 °C at 
both 30 ppt and 60 ppt salinity) and salinity (30 ppt vs. 
60 ppt at both 30 °C and 35 °C), with 30    °C and 30 ppt 
considered as the optimal temperature and salinity con-
ditions, respectively. The results revealed that both tem-
perature and salinity significantly influenced differentially 
expressed genes (DEGs) in V. campbellii (Fig. 5A–D and 
Table S2).

Comparing growth at 30  °C and 35  °C under 30 ppt 
salinity, 103 DEGs were identified, including 45 upregu-
lated and 58 downregulated genes. Upregulated genes 
were primarily associated with type secretion systems 
(TSS), transporters, and stress responses (e.g., heat shock 
proteins and phage shock proteins), while downregulated 
genes were largely involved in oxidative phosphoryla-
tion and cellular metabolism. Under 60 ppt salinity, 175 
DEGs were detected, consisting of 87 upregulated and 

Table 2  Aligned Rank Transform ANOVA analysis of non-
parametric variances for interactions among four factors, 
including bacterial strains, incubation time, temperature, and 
salinity, with swimming motility in Vibrio campbellii
Factors df Swimming motility

(% plate coverage)
F value P value

Strain 1 199.122 < 0.001*
Incubation time 1 172.113 < 0.001*
Salinity 2 20.477 < 0.001*
Temperature 2 81.492 < 0.001*
Strain × Incubation time 1 113.737 < 0.001*
Strain × Salinity 2 13.724 < 0.001*
Strain × Temperature 2 33.904 < 0.001*
Incubation time × Salinity 2 2.416 0.097
Incubation time × Temperature 2 32.085 < 0.001*
Salinity × Temperature 4 19.400 < 0.001*
Strains × Incubation time × Salinity 2 0.610 0.546
Strains × Incubation time × Temperature 2 19.354 < 0.001*
Strain × Salinity × Temperature 3 3.317 0.025*
Incubation time × Salinity × Temperature 4 1.988 0.106
Strains × Incubation time × Salinity × 
Temperature

3 0.252 0.860

“*” represents a statistically significant difference at p < 0.05

Fig. 4  Biofilm formation of Vibrio campbellii strains under different condi-
tions. A Quantification of biofilm biomass formed by V. campbellii strains 
HY01 (circle) and ATCC BAA-1116 (triangle) at 25 °C (blue), 30 °C (white), 
and 35 °C (red) under different salinity conditions. B Confocal laser scan-
ning microscopy (CSLM) images of biofilms formed at 60 ppt under differ-
ent temperatures (25 °C, 30 °C, and 35 °C). C Scanning electron microscopy 
(SEM) images showing V. campbellii biofilm formation on shrimp shells 
at different temperatures. Statistical significance was determined using 
Games-Howell post hoc analysis (p < 0.05, with n = 3 replicates). Different 
lowercase letters represent statistically significant differences
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88 downregulated genes. Upregulated DEGs were asso-
ciated with cellular metabolism, ribosome function, 
TSS, and transporters, while flagellar construction and 
motility-related genes were downregulated. In the salin-
ity comparisons at 30 °C, 611 DEGs were identified (326 
upregulated, 285 downregulated). These DEGs were 
associated with cellular metabolism, TSS, transport-
ers, and oxidative phosphorylation. At 35 °C with 60 ppt 
salinity, 717 DEGs were detected (390 upregulated, 327 
downregulated), with most upregulated genes involved 
in metabolism, oxidative phosphorylation, biolumines-
cence, compatible solute uptake systems, and ribosome 
function. Notably, 33 ribosomal protein genes were sig-
nificantly upregulated under extreme salinity and tem-
perature conditions. Conversely, genes encoding flagellar 
construction, cellular components, and metabolic pro-
cesses were downregulated at 35  °C with 60 ppt salinity 
compared to 30 ppt salinity. Interestingly, two cold-shock 
protein genes were unexpectedly upregulated under 
extreme conditions.

Across all RNA-seq datasets, seven DEGs were identi-
fied as overlapping, associated with motility, cell mem-
brane integrity, transporters, ribosome function, and 
transcriptional regulation (Fig.  5EF, and Table S3). The 
largest intersection of DEGs (322 genes) was observed in 
the salinity comparison groups at different temperatures 
(30 ppt vs. 60 ppt at 30 °C and 35 °C), with genes linked 
to osmoadaptation, cell membrane functions, and biolu-
minescence (Figs. 6 and 7).

Functional analysis of differentially expressed genes
Functional enrichment analysis of DEGs was conducted 
using Gene Ontology (GO), KEGG, and COG databases 
(Fig. S1 and Table 3). GO analysis classified DEGs into 
three domains: biological process (BP), cellular com-
ponent (CC), and molecular function (MF). In the tem-
perature comparisons (30  °C vs. 35  °C at 30 ppt and 60 
ppt salinity), significant enrichment was observed in BP 
and CC domains, while no enrichment was observed 
in MF. Within the BP domain, genes related to cellu-
lar metabolism and energy production were enriched at 
30  °C versus 35  °C under 30 ppt salinity, whereas genes 
associated with cellular processes, flagellar function, and 
localization were enriched at 30  °C versus 35  °C under 
60 ppt salinity. The CC domain contained the highest 
number of DEGs, with 32 genes classified at 30 °C versus 
35 °C under 30 ppt salinity and 40 genes at 60 ppt salinity 
(Fig. S1 A-B). In the salinity comparisons, a larger num-
ber of GO- enriched categories were identified (Fig. S1 
E–F), with many DEGs involved in metabolism and cel-
lular structures. Notably, ribosome-related GO terms 
were highly enriched in the 30 ppt versus 60 ppt salin-
ity comparison at 35  °C. Both temperature and salinity 
influenced COG classifications of DEGs (Fig. S1 C-D, Fig. 
S1 G-H). Amino acid transport and metabolism (COG 
category E) was the most abundant across all conditions. 
Notably, flagella assembly-related genes were highly 
downregulated at 30 °C versus 35 °C under 60 ppt salin-
ity, while genes related to ribosomal structure and trans-
lation (COG category J) were predominantly upregulated 
at 30 ppt versus 60 ppt under 35  °C. KEGG pathway 
analysis identified five significantly enriched pathways 

Fig. 5  Differentially expressed genes (DEGs) in Vibrio campbellii HY01 under combined temperature and salinity conditions. Volcano plot depicts the 
DEGs in V. campbellii strain HY01 comparing different experimental conditions. A 30 °C versus 35 °C under 30 ppt salinity LBS, B 30 °C versus 35 °C under 
60 ppt salinity LBS, C 60 ppt salinity LBS versus 30 ppt salinity LBS at 30 °C, D 60 ppt salinity LBS versus 30 ppt salinity LBS at 35 °C. The x-axis represents 
log2 fold change, while the y-axis shows the -log10 of the false discovery rate (FDR)-adjusted p-value. E Venn diagram illustrating the intersection of DEGs 
across four comparisons, with color intensity (red to blue) representing high to low gene numbers. F Bar plot displaying the number of DEGs at intersec-
tions across comparisons. Gene functions and pathways related to DEGs are detailed in the Results and Discussion sections
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Fig. 7  Metabolic pathways and oxidative phosphorylation related to differentially expressed genes (DEGs) of Vibrio campbellii under combined tempera-
ture and salinity conditions. DEGs associated with metabolic pathways are visualized using a color gradient map (red to blue, representing low to high 
gene expression). DEGs are categorized into: A temperature comparison (30 °C vs.35 °C) under 30 ppt salinity, B 30 °C vs.35 °C under 60 ppt salinity, C 
salinity comparison (30 ppt vs. 60 ppt) at 30 °C, and D 30 ppt versus 60 ppt at 35 °C. Specific genes and functions are described in the Results and Discus-
sion sections and Table S4. Pathways were generated using BioRender.com

 

Fig. 6  Heatmap representation of differentially expressed genes (DEGs) in Vibrio campbellii under combined temperature and salinity conditions. The 
heatmap illustrates transcript levels of DEGs associated with stress response, bioluminescence, polar flagella motility, virulence (secretion systems), enzy-
matic proteins, and ribosomal assembly. DEGs are categorized into four groups: A temperature comparison (30 °C vs. 35 °C) under 30 ppt salinity, B 30 °C 
versus 35 °C under 60 ppt salinity, C salinity comparison (30 ppt vs. 60 ppt) at 30 °C, and D 30 ppt versus 60 ppt at 35 °C. The color gradient (red to blue) 
indicates low to high gene expression. Specific gene functions are detailed in the Results and Discussion sections
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(Table 3). Oxidative phosphorylation (vha00190) was the 
dominant pathway across three comparisons: 30  °C ver-
sus 35 °C at 30 ppt salinity, and 30 ppt versus 60 ppt salin-
ity at both 30 °C and 35 °C. Flagellar assembly (vha02040) 
was the most downregulated pathway at 30  °C versus 
35  °C under 60 ppt salinity, while ribosomal-associated 
pathways (vha03010) were most significantly enriched at 
30 ppt versus 60 ppt salinity under 35 °C. High enriched 
genes encoding proteins related to metabolism and oxi-
dative phosphorylation showed a co-interactive network, 
suggesting systematic coordination under combined tem-
perature and salinity conditions (Fig. S2).

Dual-stress conditions affect the expression of general 
stress-responsive genes in Vibrio campbellii
Differential gene expression analysis under salinity stress 
revealed the upregulation of several genes encoding uni-
versal stress proteins (USPs), particularly in the salinity 
comparison group (Fig.  6 and Table S2). Notably, uspE 
exhibited strong upregulation, with log2FC values of 2.68 
at 30 °C and 2.93 at 35 °C. In contrast, uspA (2.17 log2FC) 
and uspB (2.09 log2FC) were upregulated only under the 
35  °C condition. No significantly differential expression 
of USP-related genes was observed in the temperature 
comparison group.

Conversely, genes encoding phage shock proteins 
(PSPs) were predominantly responsive to thermal stress. 

Both pspA and pspC were highly upregulated under 
elevated temperature, with log2FC values of 3.56 and 
4.11, respectively. However, these genes were either not 
expressed or were strongly downregulated under salin-
ity stress. Specifically, in the 35  °C salinity comparison 
group, pspA and pspC were downregulated with log2FC 
values of − 5.04 and − 6.30, respectively. Additionally, 
genes belonging to the two-component CpxRA regula-
tory system were significantly induced under salinity 
stress at both temperatures. The sensor kinase gene cpxA 
showed upregulation, with log2FC values of 2.03 at 30 °C 
and 2.89 at 35  °C. In contrast, no significant expression 
changes were detected for cpxA under thermal stress.

Influence of temperature and salinity on heat- and cold-
shock genes regulation
Several temperature-responsive genes, particularly those 
encoding heat shock proteins (HSPs) and cold shock pro-
teins (CSPs), were significantly upregulated in response 
to increased temperature and salinity (Fig.  6 and Table 
S2). Under optimal salt concentration at 35 °C, V. camp-
bellii strain HY01 exhibited a strong stress response, as 
evidenced by upregulation of ibpA (3.28 log2FC), which 
encodes a small heat shock protein (sHSP). Interest-
ingly, ibpA expression was not only induced by a minor 
temperature increase (from 30 °C to 35 °C) but was also 
upregulated at 60 ppt salinity at 30  °C (3.40 log2FC). 
Additionally, at 35 °C, the cold shock protein. Gene cspV 
was upregulated under 60 ppt salinity (3.16 log2FC), 
while no expression was detected at 30 ppt salinity. Simi-
larly, cspD was significantly upregulated at 35  °C under 
60 ppt salinity (3.67 log2FC), yet remained unchanged at 
30 °C.

Effect of salinity stress on osmoprotectant-related 
metabolic pathways
Under salinity stress, DEG analysis revealed the upregu-
lation of several transporter genes as a primary adaptive 
response to maintain ion homeostasis (Fig.  7; Table S2 
and S4). These included potassium/proton antiporters 
kefB (3.48 log2FC) and kefC (4.33 log2FC), as well as the 
sodium/proton antiporter nhaA (2.02 log2FC).

In parallel, multiple metabolic pathways exhibited a 
coordinated gene expression network involved in the syn-
thesis of osmoprotectants (e.g., intermediate precursors, 
compatible solutes, and amino acids) and the generation 
of cellular energy to enhance survival and adaptability 
in V. campbellii. This was supported by the intercon-
nected DEG network related to carbohydrate and amino 
acid biosynthesis pathways (Fig. S2). KEGG pathway 
enrichment further confirmed that metabolic pathways 
(vha01100) were predominantly activated under high-
salinity conditions (Table 3). Overlapping DEGs from 

Table 3  KEGG pathway enrichment analysis of differentially 
expressed genes (DEGs) in Vibrio campbellii under combined 
temperature and salinity conditions
KEGG ID KEGG Pathway P-value FDR 

adjusted
P-value

Number of 
genes
Up-
regu-
lated 
genes

Down-
regu-
lated 
genes

30 °C vs 35 °C, 30 ppt salinity
 vha00190 Oxidative 

phosphorylation
4.06 × 10–5 0.0054 1 4

30 °C vs 35 °C, 60 ppt salinity
 vha02040 Flagellar 

assembly
8.30 × 10–10 1.11 × 10–7 1 9

30 ppt vs 60 ppt salinity, 30 °C
 vha00190 Oxidative 

phosphorylation
3.91 × 10–9 5.24 × 10–7 11 4

 vha01100 Metabolic 
pathways

1.56 × 10–7 1.04 × 10–5 51 26

 vha00780 Biotin 
metabolism

0.00025 0.0112 5 1

30 ppt vs 60 ppt salinity, 35 °C
 vha03010 Ribosome 9.40 × 10–26 1.26 × 10–23 33 0
 vha00190 Oxidative 

phosphorylation
1.74 × 10–10 1.17 × 10–8 14 4

 vha01100 Metabolic 
pathways

8.92 × 10–6 4.00 × 10–4 62 22
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both salinity comparisons (30 °C and 35 °C) were primar-
ily associated with metabolic functions.

Key genes in oxidative metabolism pathways, includ-
ing glycolysis, the pyruvate pathway, and TCA cycle, were 
upregulated. Notable examples include phosphoglycerate 
mutase gpmI (2.12 log2FC), pyruvate kinase II pykF (3.02 
log2FC), succinate dehydrogenase cytochrome b subunit 
sdhC (9.00 log2FC), and fumarase C fumC (2.20 log2FC). 
Within the glyoxylate shunt of TCA cycle, aceB (malate 
synthase; 3.43 log2FC) and glcB (malate synthase G; 3.41 
log2FC) were also upregulated. Despite the upregulation 
of many oxidative metabolism-related genes, some genes 
were downregulated, possibly reflecting regulatory fine-
tuning to enhance TCA cycle efficiency. For example, 
pdhR, a transcriptional repressor of the pyruvate dehy-
drogenase complex, was downregulated (-2.68 log2FC). 
The increased activity of the TCA cycle activity was 
further supported by the elevated expression of genes 
encoding TRAP transporters responsible for importing 
C4-dicarboxylates intermediates: dctP (10.38 log2FC), 
dctQ (9.24 log2FC), and dctM (7.05 log2FC).

Genes involved in the biosynthesis of compatible sol-
utes, key osmolytes for counteracting high osmotic pres-
sure, were notably upregulated across several metabolic 
pathways. In the glutamate biosynthesis pathway, gltB 
(glutamate synthase large subunit) showed strong expres-
sion (6.47 log2FC), while gltS (glutamate transporter) was 
significantly downregulated (-5.67 log2FC). In the pro-
line biosynthesis pathway, proC (pyrroline-5-carboxylate 
reductase; 3.57 log2FC), and putA (proline dehydroge-
nase/P5C dehydrogenase; 2.63 log2FC) were upregulated. 
Similarly, in arginine metabolism, genes such as argH 
(argininosuccinate lyase; log2FC of 3.03) and ABC trans-
porter components artI (2.23 log2FC), artM (2.54 
log2FC), and artP (4.55 log2FC) were also upregulated.

Genes involved in the glycine betaine biosynthesis 
pathway were highly expressed under salinity stress. 
The betI (transcriptional regulator; 3.51 log2FC), betA 
(3.97 log2FC) and betB (3.81 log2FC), showed notable 
upregulation. Additionally, glycine betaine transport-
ers opuAA (5.10 log2FC) and opuAB (5.06 log2FC) were 
highly expressed, facilitating increased uptake of choline 
precursors.

Regulation of oxidative phosphorylation pathway genes is 
altered under dual stress conditions
Several genes involved in the oxidative phosphorylation 
pathway were significantly enriched across three com-
parative groups: (i) 30 °C versus 35 °C at 60 ppt salinity, 
(ii) 30 ppt versus 60 ppt at 30  °C, and (iii) 30 ppt ver-
sus 60 ppt at 35  °C (Fig.  7 and Table S4). In particular, 
salinity stress at both temperatures induced the upregu-
lation of genes related to ATP synthase. At 30  °C, atpA 
(2.03 log2FC), atpC (2.91 log2FC), atpD (2.02 log2FC), 

atpF (2.19 log2FC), and atpG (2.59 log2FC) were highly 
expressed. Similarly, at 35  °C, increased expression was 
observed for atpC (2.68 log2FC), atpD (2.14 log2FC), 
atpF (2.73 log2FC), atpG (2.54 log2FC), and atpH (2.46 
log2FC). In contrast, atpF was notably downregulated 
(-3.87 log2FC) under higher temperatures with 30 ppt 
salinity.

In addition, genes encoding components of the elec-
tron transport chain were also upregulated under com-
bined thermal and osmotic stress. For example, sdhC, 
part of Complex II, showed marked upregulation with 
9.00 log2FC under 60 ppt salinity at 35 °C. Genes encod-
ing cytochrome c oxidase Complex IV, including ctaD, 
ctaG, ccoO, and ccoQ, were also induced under high-
salinity conditions at both 30 °C and 35 °C. These results 
align with the KEGG enrichment analysis, which iden-
tified oxidative phosphorylation (vha00190) as a sig-
nificantly enriched pathway in the 30 ppt versus 60 ppt 
salinity comparison at 35  °C (Table 3). In contrast, tem-
perature-induced activation of oxidative phosphorylation 
genes alone appeared relatively stable.

Regulation of ribosomal protein genes under combined 
temperature and salinity stress
The expression of genes encoding 30S and 50S ribosomal 
protein subunits was markedly upregulated under high 
salinity at 35  °C, while remaining unchanged or down-
regulated under elevated temperature with normal salin-
ity (Fig. 6 and Table S2). Specifically, under high salinity 
at 35 °C, 14 genes encoding 30S small ribosomal subunits 
and 19 genes encoding 50S large ribosomal subunits 
were significantly upregulated. Among these, rpsJ, which 
encodes the 30S ribosomal protein S10, displayed dif-
ferential expression across all four comparative groups, 
with expression levels varying according to environmen-
tal conditions (Fig.  5). The highest rpsJ expression was 
observed under high salinity at 35 °C, with a log2 FC of 
10.03, whereas the lowest expression (log2​FC of–3.72) 
occurred under 30 ppt salinity at elevated temperature 
(Table S3). These findings are consistent with KEGG 
pathway enrichment results for ribosomes (vha03010) 
under high salinity at 35 °C (Table 3).

Temperature and salinity stresses influence the expression 
of genes associated with cell division and proliferation
The growth kinetics of V. campbellii were modulated by 
both temperature and salinity, as reflected in the expres-
sion patterns of genes associated with cell division and 
replication. RNA-seq analysis identified differential 
expression of several key genes aligned with the observed 
growth trends. Notably, ftsA, a gene essential for bacterial 
cell division, was significantly upregulated (3.29 log2FC) 
under elevated temperature combined with 60 ppt 
salinity. In contrast, both ftsA and zapB were markedly 
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downregulated in the salinity comparison groups at both 
30 °C and 35 °C, with log2FC values of − 6.53 and − 3.06, 
respectively.

Regulation of lux operon genes under thermal and salinity 
stress conditions
Phenotypic analysis showed that elevated temperature 
led to a reduction in light emission, whereas increased 
salinity enhanced bioluminescence in V. campbel-
lii (Fig.  2). Supporting this observation, RNA-seq data 
revealed the downregulation of multiple genes in the lux 
operon under thermal stress, particularly luxC (− 2.59 
log2FC) and luxD (− 2.28 log2FC). In contrast, elevated 
salinity at 30  °C resulted in significant upregulation of 
luxA, luxB, luxC, luxD, and luxE, with log2FC values of 
4.08, 4.18, 3.23, 4.69, and 3.72, respectively. At similar 
pattern was observed at 35  °C, where high salinity also 
induced the expression of luxA (2.85 log2FC), luxB (3.45 
log2FC), luxD (3.25 log2FC), and luxE (2.12 log2FC).

Temperature and salinity alter the expression of 
colonization and virulence-related genes in Vibrio 
campbellii
Host colonization by V. campbellii involves a complex 
interplay of physiological functions, including flagellar-
driven motility, biofilm formation, and the activity of 
type secretion systems (TSSs). Our RNA-seq data cor-
roborated phenotypic observations under combined 
temperature and salinity stress by revealing distinct gene 
expression profiles related to colonization traits. At ele-
vated temperature in combination with 60 ppt salinity, 
multiple genes involved in flagellar assembly (flgH, flgJ, 
filD, filM, filP, filS) and flagellin synthesis (flaA, flaB, flaD, 
flaE, flaF, flaG) were downregulated (Fig. 6 and Table S2). 
Notably, filP, which encodes a component of the inner 
membrane flagella T3SS pore complex, was significantly 
repressed, with a log2FC of approximately − 7 under dual 
stress conditions. These findings are supported by KEGG 
pathway analysis, which identified significant enrichment 
of the flagellar assembly pathway (vha02040) under salin-
ity stress (Table 3). In contrast, under increased salinity at 
30 °C and 35 °C, these same flagellar genes were upregu-
lated, aligning with enhanced motility observed pheno-
typically under these conditions.

Increased salinity also induced the expression of sev-
eral genes implicated in biofilm formation. While genes 
directly responsible for exopolysaccharide production, 
such as transcriptional regulators vpsT and vpsR, did not 
show significant differential expression across the tested 
conditions, indirect biofilm-associated genes were nota-
bly upregulated under high salinity. In particular, the 
TRAP transporter genes (dctPQM), which are linked 
to TCA cycly intermediates and colonization capac-
ity, were significantly expressed at both 30 °C and 35 °C. 

Additionally, ttrS gene, encoding a tetrathionate response 
regulator, showed substantial upregulation (up to 5.06 
log2FC) under extreme stress (35 °C and 60 ppt salinity).

Expression of virulence-associated genes in Vibrio 
campbellii is modulated by thermal and salinity stress
Our DEG analysis revealed significant downregulation of 
several virulence-related genes, particularly those linked 
to TSSs, under combined temperature and salinity stress 
(Fig.  6 and Table S2). Specifically, 28 genes encoding 
components of the T3SS were downregulated under high 
salinity at 35  °C. Among them, exsE2, encoding a T3SS 
translocation regulator, exhibited marked suppression, 
with log2FC values of − 5.65 and − 10.18 in the 30 °C ver-
sus 35 °C comparison at 60 ppt and in the 30 ppt versus 
60 ppt comparison at 35  °C, respectively. Additionally, 
two T4SS-encoding genes (traH and virB8) and three 
T6SS genes (impA, tagH, and tssJ) were downregulated 
under increased salinity. Despite widespread suppression 
of TSS-related genes, some were upregulated. Notably, 
epsL, encoding a T2SS component, was strongly induced 
under various conditions, with log2FC values of 4.18, 
7.38, and 3.18 in three comparisons: 30 °C versus 35 °C at 
30 ppt, 30 ppt versus 60 ppt at 30 °C, and 30 ppt versus 60 
ppt at 35 °C, respectively. Additional TTS-related genes, 
including yscD, yscJ, cpaA, pilV, and hcp1, also showed 
increased expression under high salinity.

Furthermore, many genes encoding extracellular viru-
lence enzymes such as metallopeptidases and phospho-
lipases were upregulated under high salinity at 30  °C 
and 35 °C. For instance, genes associated with peptidase 
activity showed stronger expression at 30 °C than 35 °C, 
with cpg2, lasB, and pepT upregulated at log2FC values 
of 4.05, 2.09, 2.51, respectively. Similarly, phospholipase-
related genes, such as volA, showed increased expression 
(log2FC of 2.60 at 30  °C and 3.14 at 35  °C). In contrast, 
the chiP, encoding a chitoporin involved in chitinase 
transporter, was significantly downregulated under salin-
ity stress, with log2FC values of − 3.07 and − 6.31 at 30 °C 
and 35  °C, respectively. Meanwhile, key virulence fac-
tors, such as chiA (chitinase A) and hlyA (hemolysin A) 
remained unchanged across all tested conditions.

Correlation analysis between RNA-Seq and RT-qPCR data
To validate the DEGs results obtained from RNA-seq, 
12 genes representing key functional categories, includ-
ing ribosomal protein synthesis, colonization, trans-
porter, motility, bioluminescence, and stress response, 
were selected for RT-qPCR analysis. Expression patterns 
were compared between the two datasets using Pearson’s 
correlation, with log2FC values calculated under the cor-
responding temperature and salinity conditions. The RT-
qPCR results exhibited trends consistent with RNA-seq, 
reflecting similar directions of gene regulation, whether 
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upregulation, downregulation, or no significant change 
(Fig. S3 A–D). Correlation coefficients (Pearson’s R) 
ranged from 0.69 to 0.97, indicating moderate to strong 
agreement between the two methods (Fig. S3E–F). These 
correlations were statistically significant (p-values ≤ 0.05), 
confirming the reliability of the RNA-seq datasets.

Discussion
Our study demonstrates that temperature and salinity 
significantly influence both the genotypic and pheno-
typic traits of V. campbellii under controlled culture con-
ditions. Notably, the pathogenic strain HY01 exhibited 
superior adaptability compared to the non-pathogenic 
strain, particularly at elevated temperatures (35 °C), even 
under suboptimal salinity conditions. While our study 
did not explore the adaptive mechanisms of V. campbellii 
under low salinity at high temperatures, this remains an 
intriguing avenue for future investigation. The findings 
provide valuable insights into the resilience of marine 
V. campbellii under combined temperature and salinity 
stress, which is relevant in the context of climate change 
and aquaculture settings.

At temperatures above 30  °C, a significant enhance-
ment of virulence-related phenotypes was observed in 
both V. campbellii strains when salinity increased. The 
transcriptomic analysis corroborated these phenotypic 
observations, demonstrating that increased salinity 
enables V. campbellii to maintain several physiological 
functions, thereby enhancing its survival at elevated tem-
peratures. Moreover, DEG profiles highlight stress 
response mechanisms involved in thermal and osmo-
adaptation, which facilitate bacterial survival and physi-
ological resilience.

Stress-responsive gene expression in Vibrio campbellii
Marine Vibrio species employ various defense strate-
gies, particularly transcriptomic adaptation, to sustain 
essential cellular functions under environmental stress. 
USPs are key regulators involved in biofilm formation, 
adhesion, motility, virulence, and pathogenicity, enhanc-
ing bacterial survival under unfavorable conditions [23]. 
In this study, we observed upregulation of several USPs 
family genes (uspABE) in response to increasing salinity 
at 35 °C. These findings align with previous studies dem-
onstrating high USP expression in V. parahaemolyticus 
exposed to crude bile [24], Burkholderia cenocepacia 
under low oxygen conditions [25], and Listeria mono-
cytogenes during oxidative and acid stress [26]. Specific 
USPs are responsible for distinct phenotypic adaptations. 
For example, upsA is associated with bacterial growth 
and virulence during carbon starvation, elevated tem-
peratures, oxidative stress, and host colonization [27, 28]. 
While uspC and uspE are involved in motility and adhe-
sion, uspD regulates iron levels in E. coli during oxidative 

stress [29]. Our finding suggests that USPs serve as key 
protective elements in V. campbellii, supporting growth, 
motility, and biofilm formation under thermal and 
osmotic stress.

Role of phage shock proteins and the CpxRA system in 
Vibrio campbellii
PSPs play a critical role in protecting bacterial cell mem-
branes from environmental stress by maintaining cellu-
lar morphology and internal homeostasis [30]. Elevated 
temperature induced the expression of pspACF genes in 
V. campbellii, whereas salt stress suppressed their expres-
sion. PSPs help preserve membrane integrity and sustain 
proton motive force, essential for bacterial energy pro-
duction [31]. This suggests that high temperatures act as 
a key trigger for PSP expression, ensuring cell envelope 
integrity and energy homeostasis in V. campbellii.

The two-component CpxRA system has been identi-
fied as an important regulatory mechanism activated in 
response to stress conditions, particularly those affecting 
the bacterial cell envelope. This system comprises two key 
protein components: the sensor kinase CpxA protein and 
the response regulator CpxR. The Cpx system is known 
to regulate multiple stress-responsive genes involved in 
cell envelope protection under various stressors [32]. Our 
DEGs analysis revealed overexpression of the cpxA gene 
under salinity stress but downregulation at higher tem-
peratures with 30 ppt salinity. This finding suggest that 
high salinity acts as a stressor, inducing the expression of 
cpxA. Typically, upregulation of cpxA would be expected 
to influence cpxR expression, but in our study, cpxR 
expression was not detected under stress conditions. A 
previous study by Acosta et al. [33] demonstrated that 
the CpxRA system regulates genes encoding membrane-
bound proteins involved in transport, energy metabo-
lism, and cell membrane integrity in V. cholerae under 
low iron conditions. Consistently, this study observed 
upregulation of genes encoding membrane-localized 
proteins, particularly those involved in lipid transport 
and metabolism (e.g., fadI, acs). Conversely, some genes 
(e.g., ppiA, cyoA, dgkA) were downregulated, while oth-
ers (e.g., glsA, atpB, degP), showed no expression, which 
corresponds with the absence of cpxR activation. Several 
of these membrane-responsive genes have been previ-
ously reported to be regulated by the CpxRA system in 
E. coli [34]. While the role of the CpxRA system has been 
well-documented in Gram-negative bacteria, its function 
in response to salt stress in Vibrio species, particularly in 
V. campbellii, remains unclear. Our study did not explic-
itly identify which genes are consequently regulated by 
the CpxRA system under salt stress. This presents an 
opportunity for further investigation into the role of the 
Cpx system in salt stress adaptation in V. campbellii. Our 
findings suggest that increased salinity induces osmotic 
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pressure, leading to an imbalance of ion levels across the 
bacterial cell membrane, which can result in cell damage. 
Therefore, the upregulation of the cpxA gene, as a poten-
tial signal for cpxR induction, may consequently activate 
other genes involved in membrane protection, facilitating 
salt stress adaptation in V. campbellii.

Thermal adaptation mechanisms in Vibrio campbellii
Bacterial stress-responsive programs typically activate 
the expression of specific genes to maintain cellular pro-
cesses and molecular stability. The thermal-responsive 
gene ibpA was notably upregulated under combined 
thermal and salt stress. This finding aligns with a recent 
study indicating that IbpA functions as an initial preven-
tive mechanism by restructuring protein complexes from 
large aggregates to smaller subunits, preventing pro-
tein misfolding and degradation under stress conditions 
[35]. Additionally, IbpA cooperates with other genes in 
temperature-responsive systems to maintain protein sta-
bility [36]. Our findings suggest that ibpA expression is 
induced not only by temperature shifts but also by salin-
ity, contributing to cellular stability in V. campbellii.

Furthermore, our study identified the upregulation of 
two CSP-encoding genes, cspV and cspD, under extreme 
conditions. CSPs are typically recognized as cold-adap-
tive molecular components that help bacteria respond to 
sudden temperature downshifts. However, several studies 
have shown that CSP family proteins also response to var-
ious external stimuli, including oxidative stress, nutrient 
starvation, and antibiotic exposure in different bacterial 
species [37–39]. The primary function of CSPs involves 
nucleic acid stabilization, protein folding maintenance, 
metabolic regulation, and prevention of membrane fluid 
loss [40, 41]. A previous study reported that cpsV expres-
sion was induced when V. cholerae was exposed to bile 
salts [42]. Similarly, our findings align with a recent study 
demonstrating that cspD enhances bacterial growth 
at higher temperatures (28  °C) compared to extreme 
cold conditions (15  °C) in the fish pathogen Aeromo-
nas salmonicida subsp. salmonicida [43]. Although the 
role of HSP and CSP family proteins in respond to vari-
ous external inducers in Vibrio species remains incom-
pletely understood, our results provide strong evidence 
that these genes contribute to protein homeostasis in V. 
campbellii. Our findings suggest that extreme environ-
mental stress can trigger the upregulation of both HSP 
and CSP family proteins, thereby sustaining essential 
cellular processes and promoting bacterial survival. The 
expression patterns further suggest that salinity alone is 
insufficient to activate these stress responses. Instead, 
elevated temperature appears to function as the primary 
stressor, activating both heat and cold shock gene path-
ways to facilitate adaptation and survival under com-
bined thermal and osmotic stress conditions.

Osmoadaptation metabolic pathways in Vibrio campbellii
Salt-tolerant bacteria employ diverse strategies to main-
tain cellular homeostasis and energy production under 
salt stress. The “salt-out” strategy serves as a primary 
defense mechanism to regulate Na⁺ and K⁺ ion balance 
between intra- and extracellular levels [44]. In our study, 
genes encoding proton transporters were significantly 
upregulated, demonstrating that salinity stress triggers 
cation exchange through ionic transporters to prevent 
ionic toxicity and accumulation inside bacterial cells.

As a secondary defense mechanism, marine bacteria 
activate genes involved in key metabolic pathways associ-
ated with osmoprotectant production. Specifically, genes 
within the pyruvate pathway and tricarboxylic acid (TCA) 
cycle were significantly upregulated, supporting bacterial 
energy production under salt stress. The downregulation 
of the pdhR gene, a transcriptional repressor of pyru-
vate dehydrogenase complex (PDC), was observed in the 
pyruvate metabolic pathway. Suppression of pdhR may 
enhance the PDC activity by increasing the conversion 
of pyruvate to acetyl-CoA, a precursor for TCA cycle, 
thereby supporting energy generation in the respiratory 
metabolic pathway [45]. Within the TCA cycle, sdhC 
and fumC were significantly overexpressed, enhancing 
carbon utilization and energy production. Specifically, 
sdhC encodes succinate dehydrogenase, which generates 
energy in the form of FADH2 through the conversion of 
succinate to fumarate [46], while, the fumC gene encodes 
fumarase, which supports ATP synthesis by provid-
ing NADH during the conversion of fumarate to malate 
[47]. Interestingly, the glyoxylate cycle was activated at 
higher temperatures, serving as a metabolic shortcut 
for the direct conversion of acetyl-CoA to malate [48]. 
At 35  °C, the aceB gene, encoding malate synthase, was 
highly expressed, potentially enhancing malate produc-
tion. Additionally, the upregulation of dctPQM genes, 
which encode a tripartite ATP-independent periplas-
mic (TRAP) transporter, suggests an increased import 
of C4-dicarboxylates, such as fumarate and malate, into 
the cell to support energy metabolism [49]. A previous 
study reported that salinity affects bacterial metabolic 
reprogramming, particularly influencing the TCA cycle, 
to ensure sufficient cellular energy for long-term sur-
vival in E. coli [50]. Additionally, environmental factors 
have been shown to impact TCA cycle activity, which can 
influence adhesion in V. alginolyticus [51]. The observed 
variations in genes related to the respiratory pathway and 
transport systems are significant findings of this study. 
These observations suggest two key roles of these gene 
expression changes: (i) ensuring an adequate supply of 
C4-dicarboxylates, which serve as crucial intermediates 
in carbohydrate metabolic pathways, and (ii) providing 
precursors (e.g., malate, glutamate) for the biosynthesis 
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of compatible solutes that function as osmoprotectants 
under salt stress.

The biosynthesis and transport of compatible solutes 
(e.g., trehalose, glycerol, betaine, and proline) serve as a 
major osmoadaptive strategies in marine bacteria, includ-
ing members of Halomonadaceae, Natranaerobiaceae, 
and Vibrionaceae families [44, 52]. This study observed 
the upregulation of multiple genes associated with the 
compatible solute system under high salinity condi-
tions. Focusing on glutamate metabolism, we identified 
increased expression of gltB, which encodes glutamate 
synthase responsible for conversion of α-ketoglutarate 
and glutamine into glutamate. In contrast, gltS, a glu-
tamate transporter gene, was downregulated, possibly 
indicating a regulatory mechanism to maintain intra-
cellular glutamate balance. Upregulation of proC sug-
gested enhanced conversion of glutamate to proline, a 
key osmoprotectant that helps prevent cellular damage. 
Concurrently, the putA gene was upregulated, poten-
tially facilitating proline degradation back into the TCA 
cycle to support energy production [48]. The regulation 
of proline metabolism not only facilitates the production 
of compatible solutes for cellular protection but also con-
tributes to maintaining adequate energy levels under salt 
stress. Additionally, the upregulation of genes involved in 
glutamate metabolism influenced the increased expres-
sion of argH and artP, which are part of the arginine 
metabolic pathway and utilize glutamate as a precursor 
for arginine biosynthesis. Moreover, temperature fluc-
tuations appeared to modulate the expression of several 
metabolic pathways under salt stress. Notably, genes 
associated with cysteine and methionine metabolism 
were overexpressed at 35  °C, suggesting their potential 
role in osmoprotection. Conversely, biotin metabolism-
related genes were predominantly upregulated at 30  °C. 
These findings suggest that V. campbellii employs alter-
native metabolic routes, such as those involving argi-
nine, cysteine, and methionine, to enhance its resilience 
against osmotic and environmental stress [53]. The shift 
in metabolic strategy indicates that V. campbellii selec-
tively activates pathways involved in compatible solute 
production while downregulating non-essential meta-
bolic processes, thereby optimizing energy utilization 
and stress adaptation.

The regulation of betAB and betI genes, which are 
involved in the glycine betaine biosynthesis pathway, 
was highly induced under salt stress. The betA and betB 
genes facilitate the conversion of accumulated choline to 
glycine betaine, a key osmoprotectant that helps main-
tain osmotic balance within bacterial cells. Simultane-
ously, the upregulation of betI, which encodes a repressor 
regulatory protein for betAB genes, suggests a potential 
mechanism to prevent excessive glycine betaine pro-
duction, thereby maintaining intracellular osmolarity 

homeostasis. Additionally, we observed the upregula-
tion of several transporter genes, particularly opuAA and 
opuAB, which encode the betaine-choline-carnitine-
transporters (BCCT). These transporters likely enhance 
the uptake of choline, a precursor for glycine betaine bio-
synthesis pathway, further supporting osmotic adapta-
tion [54]. Previous studies have also reported that glycine 
betaine biosynthesis is a major osmoadaptive strategy in 
various marine bacteria [55–57]. Our findings reinforce 
the critical role of glycine betaine biosynthesis in osmo-
adaptation, enabling V. campbellii to survive and thrive 
under high salinity conditions.

Effects of thermal and osmotic stress on the expression 
of oxidative phosphorylation pathway genes in Vibrio 
campbellii
The oxidative phosphorylation pathway serves as a major 
energy-generating system in bacteria, linking carbohy-
drate and fatty acid metabolism to ATP production [58]. 
In this study, the significant enrichment of genes involved 
in oxidative phosphorylation underscores its essen-
tial role in the stress adaptation of V. campbellii under 
adverse environmental conditions. The ATP synthase 
complex, a key component of the electron transport 
chain, facilitates direct ATP production [59]. Our results 
showed that increased salinity led to the upregulation of 
several ATP synthase-related genes. These findings sug-
gest that salinity serves as a primary stimulus for acti-
vating ATP synthase, ensuring rapid ATP synthesis and 
adequate energy supply for cellular metabolism.

Both temperature and salinity also influenced the 
expression of membrane-bound protein complexes 
involved in oxidative phosphorylation. Specifically, the 
sdhC gene, encoding the succinate dehydrogenase cyto-
chrome b subunit, was significantly upregulated under 
elevated salinity at 35 °C. This gene is pivotal in the suc-
cinate pathway, linking the TCA cycle to oxidative phos-
phorylation by generating FADH2, to fuel the electron 
transport chain. In addition, several genes encoding com-
ponents of the formate dehydrogenase complex and vari-
ous cytochrome c oxidase subunits were also upregulated 
under high salinity conditions. These results suggest that 
salinity specifically induces an alternative energy produc-
tion pathway, reinforcing a previous study demonstrating 
that temperature and salinity act as major regulators of 
oxidative phosphorylation genes in V. alginolyticus [60]. 
Elevated mRNA levels related to oxidative phosphoryla-
tion enhance carbon source utilization, facilitate compat-
ible solute production, and contribute to the osmotic and 
thermal tolerance of V. campbellii.
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Enhanced expression of ribosomal protein-encoding genes 
in Vibrio campbellii under combined temperature and 
salinity stress
The ribosome pathway plays a crucial role in the trans-
lation of essential proteins, with bacterial ribosomes 
composed of 30S (small) and 50S (large) subunits [61]. 
In this study, DEGs related to ribosomal proteins were 
significantly enriched under higher salinity at 35 °C. Our 
findings are consistent with previous research indicating 
that environmental stressors influence ribosomal pro-
tein activity, implicating protein synthesis when bacteria 
experience osmotic or thermal stress [62]. In particular, 
salinity has been reported to induce ribosomal protein 
expression in marine bacteria such as V. harveyi [57]. 
Many ribosomal proteins exhibit functional interactions 
crucial for bacterial survival, enhancing stress adaptation 
and growth [63]. Among the DEGs related to ribosomal 
proteins, rpsJ, which encodes the 30S ribosomal subunit 
protein S10, showed the highest level of upregulation 
under high salinity conditions. This aligns with previous 
findings indicating that ribosomal protein S10 enhances 
growth and host colonization in V. cholerae [64]. Simi-
larly, rpsI upregulation has been linked to bacterial fitness 
under salt stress [65]. Additionally, study in E. coli has 
demonstrated that ribosomal protein S10 functions as a 
feedback regulator, maintaining ribosomal assembly bal-
ance during non-limiting nutrient conditions [66]. How-
ever, the role of rpsJ in V. campbellii remains unknown. 
These results suggest that the enhanced transcription of 
ribosomal genes support the efficient transcription of 
stress-related proteins, facilitating V. campbellii adap-
tation to osmotic and thermal challenges. Notably, the 
coordinated upregulation of ribosomal and metabolic 
genes further highlights an integrated stress response 
mechanism, where ribosomal activity may contribute to 
sustaining alternative metabolic pathways under extreme 
environmental conditions. However, the differential 
expression of 30S and 50S ribosomal subunit genes alone 
does not fully elucidate the complex molecular processes 
underlying adaptation to combined temperature and 
osmotic stress. To validate these transcriptomic find-
ings and gain deeper mechanistic insights, future stud-
ies should incorporate proteomic and post-translational 
analyses.

Growth response of Vibrio campbellii to combined 
temperature and salinity conditions
Both temperature and salinity significantly impacted the 
growth of pathogenic and non-pathogenic V. campbellii 
strains. At 35  °C, the increase in salinity to 60 ppt pro-
moted the growth of non-pathogenic ATCC BAA-1116 
strain. However, this same condition adversely affected 
the growth of the pathogenic HY01 strain, suggesting a 
strain-specific adaptation strategy. Although extreme 

salinity levels modulated V. campbellii growth, they 
simultaneously enhanced key virulence-associated phe-
notypes such as bioluminescence, motility, and biofilm 
formation under heat stress. Supporting this observa-
tion, genes related to cell division (ftsA) were upregulated 
under high temperature and salinity. However, at extreme 
salinity levels, the expressions of ftsA and zapB (which 
regulate precise cell division and genetic material repli-
cation) were suppressed. These findings suggest that V. 
campbellii may downregulate cellular replication mecha-
nisms as an energy-conservation strategy under extreme 
osmotic stress [67]. Despite this, our analysis revealed 
that increased salinity upregulated numerous genes 
involved in carbohydrate metabolism and oxidative phos-
phorylation, potentially compensating for growth limita-
tions by boosting energy production. This suggests that 
salinity may act as a restorative growth factor, enhancing 
V. campbellii survival at high temperatures. However, at 
excessive concentrations, salinity could shift from being 
beneficial to detrimental, suppressing critical cellular 
processes, and affecting overall bacterial fitness.

Temperature and salinity-mediated regulation of 
bioluminescence in Vibrio campbellii
Luminous V. campbellii typically harbors the lux operon, 
which governs its characteristic bluish luminescence. In 
this study, bioluminescence was significantly influenced 
by both temperature and salinity. Environmental fac-
tors such as temperature, pollutants, pH, and salinity can 
modulate the function of this operon [68]. Culture con-
ditions not only affect luminescent intensity in V. camp-
bellii but also in other luminous marine bacteria [69, 70]. 
Increasing the temperature to 35  °C resulted in delayed 
or inhibited light emission, correlating with the disrupted 
expression of luxC and luxD. Similar findings in Photo-
bacterium leiognathi and V. harveyi suggest that elevated 
temperatures disrupt luciferase function and structure 
[71]. Consequently, heat stress hindered cellular energy 
production and bioluminescence, which has implications 
for shrimp aquaculture. At temperatures above 35  °C, 
detecting luminous V. campbellii in shrimp may become 
unreliable due to reduced bioluminescence. However, 
increased salinity restored luminescence. Several genes 
within the lux operon at 35 °C were upregulated, aligning 
with the increased luminescence observed in both HY01 
and ATCC BAA-1116. This suggests salinity enhances 
bioluminescence at high temperatures. Similar observa-
tions in V. harveyi support this finding [57]. Our find-
ings highlight temperature and salinity as critical factors 
shaping the physiological behavior of luminous marine 
bacteria.
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Effects of temperature and salinity on polar flagellum-
driven motility in Vibrio campbellii
Swimming motility, driven by the polar flagellum, was 
disrupted under elevated temperature and salinity condi-
tions. DEGs analysis revealed that several genes involved 
in flagellar assembly and flagellin synthesis were down-
regulated in response to elevated temperature. However, 
many of these genes were upregulated under increased 
salinity, indicating that salinity may partially compensate 
for thermal inhibition of motility. This finding is consis-
tent with previous reports demonstrating that salt avail-
ability is essential for flagella-driven motility and energy 
production in marine bacteria [72], including V. salmoni-
cida, where flagellin gene expression is also modulated by 
temperature and salinity [73].

Remarkably, expression of fliP, a key gene in the T3SS 
machinery essential for flagellar assembly [74], was mark-
edly reduced under combined thermal and osmotic 
stress. This downregulation may impair the construction 
of the flagella T3SS channel, thereby affecting bacterial 
adhesion and colonization. Moreover, the broader DEGs 
profile revealed that temperature and salinity stress nega-
tively impacted the expression of multiple genes encoding 
TSS proteins, further suggesting a compromised motility 
and virulence potential under dual-stress conditions.

Combined effects of temperature and salinity on virulence 
gene regulation in Vibrio campbellii
The TSS system is a crucial virulence mechanism that 
enables bacteria to secrete degradative enzymes and tox-
ins into the extracellular environment, facilitating host 
invasion [75]. In this study, many genes encoding TSS 
proteins, including T2SS, T3SS, and T6SS, were down-
regulated at higher temperatures and salinity, suggest-
ing reduced virulence. Previous studies demonstrated 
that T6SS activity decreased with increasing tempera-
ture in V. parahaemolyticus, V. fluvialis, and Pseudomo-
nas plecoglossicida [76–78]. Similarly, salt concentrations 
influence T3SS expression, with low salinity (0.5% NaCl) 
inducing its expression in V. parahaemolyticus [79]. 
However, different TSS proteins respond variably to 
environmental conditions. For example, in V. parahae-
molyticus, T6SS1 (on chromosome I) is induced under 
marine salinity conditions below 37 °C, while T6SS2 (on 
chromosome II) is activated at temperatures below 30 °C 
with low salinity [80]. Despite the general suppression 
of TSS-related genes, our DEG analysis identified the 
upregulation of epsL under combined thermal and salin-
ity stress. The epsL, which encodes a T2SS protein, is a 
key virulence factor responsible for secreting degradative 
enzymes such as chitinase and metallopeptidase, as well 
as biofilm matrix proteins in V. cholerae [81–83]. These 
results indicate that virulence-related gene expression in 
V. campbellii is modulated by environmental factors.

Extracellular enzyme production is another crucial 
virulence factor aiding pathogen invasion by degrad-
ing shrimp shell surfaces and host tissues. DEG analy-
sis revealed upregulation of genes encoding chitinase, 
metallopeptidase, and phospholipase under higher salin-
ity at 30 °C and 35 °C. These findings are consistent with 
previous studies showing that marine bacteria produce 
extracellular enzymes under a wide range of tempera-
tures and salinity [84–86]. For example, V. harveyi pro-
duce chitinolytic enzymes at temperatures ranging from 
16 to 37 °C [87]. Although chitinase production was not 
suppressed under stress conditions, the chiP gene, encod-
ing an outer membrane chitoporin involved in chitinase 
uptake, was downregulated at higher salinity levels. This 
suggests that both temperature and salinity regulate the 
transcript-level expression of genes involved in enzy-
matic production.

Salinity-induced enhancement of biofilm formation in 
Vibrio campbellii under thermal stress
Biofilms provide a protective environment for bacterial 
communities, aiding survival under adverse environ-
mental conditions. Our findings indicate that elevated 
temperatures reduced biofilm formation in both patho-
genic and non-pathogenic V. campbellii strains. How-
ever, increasing salinity, particularly at 60 ppt, enhanced 
biofilm formation and surface adhesion under thermal 
stress. This observation aligns with previous studies 
highlighting the role of biofilm formation in the environ-
mental persistence of marine Vibrio species, such as V. 
vulnificus, V. harveyi, and V. parahaemolyticus [76, 88]. 
Transcriptomic analysis further corroborated the phe-
notypic findings, revealing temperature- and salinity-
dependent regulation of genes associated with bacterial 
adhesion, colonization, and biofilm formation. Notably, 
genes associated with biofilm regulation were upregu-
lated under combined thermal and osmotic stress condi-
tions. In particular, the dctPQM gene cluster, encoding 
components of tripartite ATP-independent periplas-
mic (TRAP) transporters involved in the uptake of TCA 
cycle intermediates, was significantly upregulated. This 
enhanced expression may contribute to increased biofilm 
formation in V. campbellii under high salinity conditions. 
These findings are in line with previous findings in V. 
cholerae and V. alginolyticus, where TRAP transporters 
have been recognized as key virulence factors facilitating 
biofilm formation and host colonization [89–91]. More-
over, the regulatory gene ttrS, which encodes a tetrathi-
onate response regulator, was also upregulated under 
dual-stress conditions. A previous study demonstrated 
that ttrS promotes V. parahaemolyticus colonization in 
murine models [92], suggesting its involvement in stress 
response and environmental persistence. Furthermore, 
several genes involved in flagellar function, TSS, and 
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enzymatic production were also overexpressed, likely 
contributing to biofilm stability and structural integrity.

These findings suggest that increased salinity not only 
mitigates the negative effects of thermal stress on biofilm 
formation but also enhances bacterial adhesion and vir-
ulence potential. The co-regulation of genes involved in 
biofilm formation, motility, and secretion systems under 
these conditions highlights a coordinated stress response 
that facilitates the survival of V. campbellii in marine 
environments.

Future research perspectives
This study elucidated the adaptive response mechanisms 
of V. campbellii under combined temperature and salinity 
stress using transcriptomic profiling. Phenotypic assays 
and transcriptomic findings demonstrate consistency 
between gene expression patterns and physiological 
responses. DEGs identified in this study provide a pool 
of candidate loci potentially involved in stress adapta-
tion, particularly those related to metabolic processes, 
virulence regulation, and osmoregulation. However, 
functional validation of these genes is essential. Future 
studies incorporating targeted gene knockouts, CRISPR 
interference, and host infection models will be crucial 
to determine their specific roles in stress tolerance and 
pathogenicity. Importantly, this investigation focused 

solely on the pathogenic strain V. campbellii HY01, 
limiting the generalizability of findings due to poten-
tial genomic variability across strains. While the results 
offer valuable insights into strain HY01’s stress response, 
they also provide a foundational dataset for comparative 
transcriptomic studies among diverse V. campbellii iso-
lates. Furthermore, the current transcriptomic analysis 
was conducted at a single time point under controlled 
laboratory conditions. Future work should incorporate 
time-course experiments and environmental simula-
tions to explore dynamic gene expression changes under 
fluctuating marine conditions that better reflect natural 
ecosystems. These efforts will enhance our understand-
ing of the ecological fitness and pathogenic potential of 
V. campbellii in response to ongoing ocean warming and 
salinity shifts.

Conclusion
Our RNA-seq analysis provides a comprehensive tran-
scriptomic landscape of shrimp pathogenic V. camp-
bellii exposed to dual temperature and salinity stress. 
Moving beyond primary phenotypic assessments, the 
DEGs uncovered in this study offer mechanistic insights 
into how this marine bacterium adapts at the molecular 
level. This work outlines an integrative model of stress 
adaptation (Fig. 8), revealing that salinity plays a crucial 

Fig. 8  Vibrio campbellii adaptation to elevated temperature and salinity. The schematic illustrates key adaptive mechanisms used by V. campbellii under 
elevated temperatures and salinity conditions. V. campbellii utilizes oxidative phosphorylation for energy production, fueling carbohydrate metabolism 
and compatible solute pathways to enhance survival. Genes related to biofilm formation, adhesion, and virulence factors are upregulated, while secretion 
systems, bioluminescence, and motility genes are downregulated. Heat shock and cold shock proteins protect against protein misfolding and degrada-
tion, while ribosomal protein expression supports protein translation. Transporter systems and compatible solute pathways regulate ion homeostasis and 
prevent cell damage under osmotic stress. These adaptive responses enable V. campbellii to persist in high-temperature and high-salinity environments. 
This image was created using BioRender.com
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role in mitigating thermal stress through the induction 
of genes associated with metabolic pathways, oxidative 
phosphorylation, and ribosomal activity. Although com-
bined stress conditions led to the downregulation of key 
virulence-related genes, such as those associated with 
T6SS and flagellar biosynthesis, V. campbellii compen-
sates by upregulating genes linked to biofilm formation, 
energy production, and compatible solute biosynthe-
sis. These findings suggest an adaptive transcriptional 
shift that supports survival and persistence in adverse 
marine environments. The study contributes to a broader 
understanding of how marine pathogens respond to 
anthropogenic environmental changes, such as rising sea 
temperatures and fluctuating salinity, factors increasingly 
relevant to microbial ecology and aquaculture disease 
management. Understanding the genomic basis of stress 
adaptations in V. campbellii is essential for predicting the 
impact of climate change on Vibrio outbreaks and guid-
ing the development of mitigation strategies in shrimp 
aquaculture. Future research should explore the molecu-
lar interplay between environmental stressors and host–
pathogen interactions to inform sustainable aquaculture 
practices in the context of global ocean change.

Abbreviations
VBNC	� Viable but non-culturable
LB	� Luria–Bertani broth
LBS	� Luria–Bertani broth supplemented with artificial sea salt
CV	� Crystal violet
CLSM	� Confocal laser scanning microscopy
SEM	� Scanning electron microscopy
FITC-ConA	� Fluorescein isothiocyanate-conjugated concanavalin A
PI	� Propidium iodide
RNA-seq	� RNA-sequencing
DEGs	� Differentially expressed genes
FC	� Fold change
FDR	� False discovery rate
GO	� Gene Ontology
COGs	� Clusters of Orthologous Groups
RT-qPCR	� Reverse transcription-quantitative PCR
TSS	� Type secretion systems
BP	� Biological process
CC	� Cellular component
MF	� Molecular function
USPs	� Universal stress proteins
PSPs	� Phage shock proteins
HSP	� Heat shock protein
sHSP	� Small heat shock protein
CSP	� Cold-shock proteins
TCA	� Tricarboxylic acid
PDC	� Pyruvate dehydrogenase complex
ATP	� Adenosine triphosphate
NADH	� Nicotinamide adenine dinucleotide disodium salt
FADH2	� Flavin adenine dinucleotide
TRAP	� Tripartite ATP-independent periplasmic transporter
BCCT	� Betaine-choline-carnitine-transporters

Supplementary Information
The online version contains supplementary material available at ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​​1​1​8​6​​/​s​​1​2​8​6​4​-​0​2​5​-​1​1​9​0​8​-​z.

Supplementary Material 1

Supplementary Material 2

Acknowledgements
Not applicable.

Author contributions
JP: Methodology, investigation, formal analysis, bioinformatic analysis, and 
writing − original draft. TD, NC, KSu.: Investigation and bioinformatic analysis. 
KWJ: Statistical analysis, KSr.: Conceptualization. PM: Conceptualization, 
funding acquisition, writing and revised the manuscript, supervision.

Funding
This research was supported by Prince of Songkla University (PSU), Thailand 
Science Research and Innovation (TSRI), and National Science, Research, and 
Innovation Fund (NSRF) (Grant No. SCI6505107S, SCI6601046S, SCI6701037S). 
Additionally, research funding from National Research Council of Thailand 
(NRCT) through the Royal Golden Jubilee Ph.D. program (Grant No. NRCT5-
RGJ63019-158) is gratefully acknowledged.

Data availability
The raw data presented in the part of transcriptomic analysis are available in 
the NCBI BioProject database under the accession number PRJNA1116105.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1Division of Biological Science, Faculty of Science, Prince of Songkla 
University, Hat Yai, Songkhla 90110, Thailand
2Faculty of Science, Center of Research and Innovation Development of 
Microbiology for Sustainability (RIMS), Prince of Songkla University, Hat 
Yai, Songkhla 90110, Thailand
3Department of Biomedical Sciences and Biomedical Engineering, Faculty 
of Medicine, Prince of Songkla University, Hat Yai, Songkhla  
90110, Thailand
4Faculty of Medicine, Translational Medicine Research Center, Prince of 
Songkla University, Hat Yai, Songkhla 90110, Thailand
5Division of Computational Science, Faculty of Science, Prince of Songkla 
University, Hat Yai, Songkhla 90110, Thailand

Received: 1 March 2025 / Accepted: 14 July 2025

References
1.	 Soto-Rodriguez SA, Roque A, Lizarraga-Partida ML, Guerra-Flores AL, Gomez-

Gill B. Virulence of luminous vibrios to Artemia franciscana nauplii. Dis Aquat 
Organ. 2003;53(3):231–40. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​5​4​​/​d​​a​o​0​5​3​2​3​1.

2.	 Soto-Rodriguez SA, Gomez-Gil B, Lozano-Olvera R, Aguilar-Rendón KG, 
González-Gómez JP. Identification of new Vibrio campbellii strains harboring 
the pVA1 plasmid isolated from Penaeus vannamei postlarvae affected by 
outbreaks of acute hepatopancreatic necrosis disease (AHPND) in Mexico. 
Aquaculture. 2024;579: 740221. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​a​q​​u​a​c​​u​l​t​u​​r​e​​.​2​0​2​3​.​7​4​
0​2​2​1.

3.	 Anetzberger C, Pirch T, Jung K. Heterogeneity in quorum sensing-regulated 
bioluminescence of Vibrio harveyi. Mol Microbiol. 2009;73(2):267–77. ​h​t​t​p​​s​:​/​​/​d​
o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​1​​/​j​​.​1​3​​6​5​-​​2​9​5​8​​.​2​​0​0​9​.​0​6​7​6​8​.​x.

4.	 Pande GS, Natrah FM, Sorgeloos P, Bossier P, Defoirdt T. The Vibrio campbel-
lii quorum sensing signals have a different impact on virulence of the 

https://doi.org/10.1186/s12864-025-11908-z
https://doi.org/10.1186/s12864-025-11908-z
https://doi.org/10.3354/dao053231
https://doi.org/10.1016/j.aquaculture.2023.740221
https://doi.org/10.1016/j.aquaculture.2023.740221
https://doi.org/10.1111/j.1365-2958.2009.06768.x
https://doi.org/10.1111/j.1365-2958.2009.06768.x


Page 19 of 21Pattano et al. BMC Genomics          (2025) 26:736 

bacterium towards different crustacean hosts. Vet Microbiol. 2013;167(3–
4):540–5. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​v​e​​t​m​i​​c​.​2​0​​1​3​​.​0​8​.​0​2​1.

5.	 Yang Q, Defoirdt T. Quorum sensing positively regulates flagellar motility in 
pathogenic Vibrio harveyi. Environ Microbiol. 2015;17(4):960–8. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​
/​​1​0​.​​1​1​1​1​​/​1​​4​6​2​-​2​9​2​0​.​1​2​4​2​0.

6.	 Lorenz N, Shin JY, Jung K. Activity, abundance, and localization of quorum 
sensing receptors in Vibrio harveyi. Front microbiol. 2017;8:634. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​
/​​1​0​.​​3​3​8​9​​/​f​​m​i​c​b​.​2​0​1​7​.​0​0​6​3​4.

7.	 Lin B, Wang Z, Malanoski AP, O’Grady EA, Wimpee CF, Vuddhakul V, Alves N Jr, 
Thompson FL, Gomez-Gil B, Vora GJ. Comparative genomic analyses identify 
the Vibrio harveyi genome sequenced strains BAA-1116 and HY01 as Vibrio 
campbellii. Environ Microbiol Rep. 2010;2(1):81–9. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​1​​/​j​​.​1​7​​
5​8​-​​2​2​2​9​​.​2​​0​0​9​.​0​0​1​0​0​.​x.

8.	 Sheikh HI, Najiah M, Fadhlina A, Laith AA, Nor MM, Jalal KCA, Kasan NA. 
Temperature upshift mostly but not always enhances the growth of Vibrio 
species: a systematic review. Front Mar Sci. 2022. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​8​9​​/​f​​m​a​
r​s​.​2​0​2​2​.​9​5​9​8​3​0.

9.	 Gundogdu K, Orus Iturriza A, Orruño M, Montánchez I, Eguiraun H, Martinez 
I, Arana I, Kaberdin VR. Addressing the joint impact of temperature and pH 
on Vibrio harveyi adaptation in the time of climate change. Microorganisms. 
2023;11(4):1075. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​0​​/​m​​i​c​r​​o​o​r​​g​a​n​i​​s​m​​s​1​1​0​4​1​0​7​5.

10.	 Lee Y, Roh H, Kim A, Park J, Lee J-Y, Kim Y-J, Kang Y-R, Kang H, Kim S, Kim 
H-S, Cha H-J, Choi YH, Nam B-H, Park C-I, Kim D-H. Molecular mechanisms 
underlying the vulnerability of Pacific abalone (Haliotis discus hannai) to 
Vibrio harveyi infection at higher water temperature. Fish Shellfish Immunol. 
2023;138: 108844. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​f​s​i​.​2​0​2​3​.​1​0​8​8​4​4.

11.	 Montánchez I, Ogayar E, Plágaro AH, Esteve-Codina A, Gómez-Garrido J, 
Orruño M, Arana I, Kaberdin VR. Analysis of Vibrio harveyi adaptation in sea 
water microcosms at elevated temperature provides insights into the puta-
tive mechanisms of its persistence and spread in the time of global warming. 
Sci Rep. 2019;9(1):289. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​5​9​8​-​0​1​8​-​3​6​4​8​3​-​0.

12.	 Parada C, Orruño M, Kaberdin V, Bravo Z, Barcina I, Arana I. Changes in the Vib-
rio harveyi cell envelope subproteome during permanence in cold seawater. 
Microb Ecol. 2016;72(3):549–58. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​7​​/​s​​0​0​2​4​8​-​0​1​6​-​0​8​0​2​-​0.

13.	 Orruño M, Parada C, Ogayar E, Kaberdin V, Arana I. Effects of abiotic and biotic 
factors on Vibrio harveyi ATCC 14126T survival dynamics in seawater micro-
cosms. Aquat Microb Ecol. 2019;83:109–18. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​5​4​​/​a​​m​e​0​1​9​1​
0.

14.	 Rattanama P, Srinitiwarawong K, Thompson JR, Pomwised R, Supamattaya K, 
Vuddhakul V. Shrimp pathogenicity, hemolysis, and the presence of hemoly-
sin and TTSS genes in Vibrio harveyi isolated from Thailand. Dis Aquat Organ. 
2009;86(2):113–22. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​5​4​​/​d​​a​o​0​2​1​1​9.

15.	 Bassler BL, Greenberg EP, Stevens AM. Cross-species induction of lumi-
nescence in the quorum-sensing bacterium Vibrio harveyi. J Bacteriol. 
1997;179(12):4043–5. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​2​8​​/​j​​b​.​1​​7​9​.​​1​2​.​4​​0​4​​3​-​4​0​4​5​.​1​9​9​7.

16.	 Mohanty R, Kumar A, A.Mishra, Panda D, Patil D. Water budgeting and man-
agement: enhancing aquacultural water productivity. 2014.

17.	 Parker A. Pattern recognition of ocean pH. Nonlinear Eng. 2016;5(3):205–17. ​h​
t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​5​1​5​​/​n​​l​e​n​g​-​2​0​1​6​-​0​0​0​5.

18.	 Nithya C, Pandian SK. The in vitro antibiofilm activity of selected marine 
bacterial culture supernatants against Vibrio spp. Arch Microbiol. 
2010;192(10):843–54. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​7​​/​s​​0​0​2​0​3​-​0​1​0​-​0​6​1​2​-​6.

19.	 Kirchhoff C, Cypionka H. Propidium ion enters viable cells with high mem-
brane potential during live-dead staining. J Microbiol Methods. 2017;142:79–
82. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​m​i​​m​e​t​​.​2​0​1​​7​.​​0​9​.​0​1​1.

20.	 Liu J, Fu K, Wang Y, Wu C, Li F, Shi L, Ge Y, Zhou L. Detection of Diverse N-Acyl-
Homoserine Lactones in Vibrio alginolyticus and regulation of biofilm forma-
tion by N-(3-Oxodecanoyl) Homoserine Lactone In vitro. Front Microbiol. 
2017;8:1097. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​8​9​​/​f​​m​i​c​b​.​2​0​1​7​.​0​1​0​9​7.

21.	 Han N, Mizan MFR, Jahid IK, Ha SD. Biofilm formation by Vibrio parahaemo-
lyticus on food and food contact surfaces increases with rise in temperature. 
Food Control. 2016;70:161–6. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​f​o​​o​d​c​​o​n​t​.​​2​0​​1​6​.​0​5​.​0​5​4.

22.	 Schober P, Boer C, Schwarte LA. Correlation coefficients: Appropriate use and 
interpretation. Anesth Analg. 2018;126(5):1763–8. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​2​1​3​​/​a​​n​
e​.​​0​0​0​​0​0​0​0​​0​0​​0​0​0​2​8​6​4.

23.	 Luo D, Wu Z, Bai Q, Zhang Y, Huang M, Huang Y, Li X. Universal stress proteins: 
From gene to function. Int J Mol Sci. 2023;24(5):4725. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​0​​/​
i​​j​m​s​2​4​0​5​4​7​2​5.

24.	 Petronella N, Ronholm J. The mechanisms that regulate Vibrio parahaemolyti-
cus virulence gene expression differ between pathotypes. Microb Genom. 
2018;4(6):e000182. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​9​9​​/​m​​g​e​n​.​0​.​0​0​0​1​8​2.

25.	 O’Connor A, Jurado-Martín I, Mysior MM, Manzira AL, Drabinska J, Simpson 
JC, Lucey M, Schaffer K, Berisio R, McClean S. A universal stress protein upreg-
ulated by hypoxia has a role in Burkholderia cenocepacia intramacrophage 
survival: Implications for chronic infection in cystic fibrosis. Microbiologyo-
pen. 2023;12(1):e1311. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​2​​/​m​​b​o​3​.​1​3​1​1.

26.	 Seifart Gomes C, Izar B, Pazan F, Mohamed W, Mraheil MA, Mukherjee K, 
Billion A, Aharonowitz Y, Chakraborty T, Hain T. Universal stress proteins are 
important for oxidative and acid Stress resistance and growth of Listeria 
monocytogenes EGD-e In vitro and In vivo. PLoS ONE. 2011;6(9): e24965. ​h​t​t​p​​s​:​
/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​3​7​1​​/​j​​o​u​r​​n​a​l​​.​p​o​n​​e​.​​0​0​2​4​9​6​5.

27.	 Nyström T, Neidhardt FC. Expression and role of the universal stress protein, 
UspA, of Escherichia coli during growth arrest. Mol Microbiol. 1994;11(3):537–
44. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​1​​/​j​​.​1​3​​6​5​-​​2​9​5​8​​.​1​​9​9​4​.​t​b​0​0​3​3​4​.​x.

28.	 Liu W-T, Karavolos MH, Bulmer DM, Allaoui A, Hormaeche RDCE, Lee JJ, Anjam 
Khan CM. Role of the universal stress protein UspA of Salmonella in growth 
arrest, stress and virulence. Microb Pathog. 2007;42(1):2–10. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​
0​.​​1​0​1​6​​/​j​​.​m​i​​c​p​a​​t​h​.​2​​0​0​​6​.​0​9​.​0​0​2.

29.	 Nachin L, Nannmark U, Nyström T. Differential roles of the universal stress pro-
teins of Escherichia coli in oxidative stress resistance, adhesion, and motility. J 
Bacteriol. 2005;187(18):6265–72. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​2​8​​/​j​​b​.​1​​8​7​.​​1​8​.​6​​2​6​​5​-​6​2​7​2​.​
2​0​0​5.

30.	 Flores-Kim J, Darwin AJ. The phage shock protein response. Annu Rev Micro-
biol. 2016;70:83–101. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​4​6​​/​a​​n​n​u​​r​e​v​​-​m​i​c​​r​o​​-​1​0​2​2​1​5​-​0​9​5​3​5​9.

31.	 Joly N, Engl C, Jovanovic G, Huvet M, Toni T, Sheng X, Stumpf MP, Buck M. 
Managing membrane stress: the phage shock protein (Psp) response, from 
molecular mechanisms to physiology. FEMS Microbiol Rev. 2010;34(5):797–
827. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​1​​/​j​​.​1​5​​7​4​-​​6​9​7​6​​.​2​​0​1​0​.​0​0​2​4​0​.​x.

32.	 Hunke S, Keller R, Müller VS. Signal integration by the Cpx-envelope stress 
system. FEMS Microbiol Lett. 2012;326(1):12–22. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​1​​/​j​​.​1​5​​7​
4​-​​6​9​6​8​​.​2​​0​1​1​.​0​2​4​3​6​.​x.

33.	 Acosta N, Pukatzki S, Raivio TL. The Vibrio cholerae Cpx envelope stress 
response senses and mediates adaptation to low iron. J Bacteriol. 
2015;197(2):262–76. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​2​8​​/​j​​b​.​0​1​9​5​7​-​1​4.

34.	 Zhao Z, Xu Y, Jiang B, Qi Q, Tang Y-J, Xian M, Wang J, Zhao G. Systematic iden-
tification of CpxRA-regulated genes andtheir Roles in Escherichia coli stress 
response. mSystems. 2022;7(5):e00419-00422. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​2​8​​/​m​​s​y​s​t​e​
m​s​.​0​0​4​1​9​-​2​2.

35.	 Miwa T, Chadani Y, Taguchi H. Escherichia coli small heat shock protein IbpA is 
an aggregation-sensor that self-regulates its own expression at posttranscrip-
tional levels. Mol Microbiol. 2021;115(1):142–56. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​1​​/​m​​m​i​.​
1​4​6​0​6.

36.	 Mogk A, Deuerling E, Vorderwülbecke S, Vierling E, Bukau B. Small heat shock 
proteins, ClpB and the DnaK system form a functional triade in reversing 
protein aggregation. Mol Microbiol. 2003;50(2):585–95. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​4​
6​​/​j​​.​1​3​​6​5​-​​2​9​5​8​​.​2​​0​0​3​.​0​3​7​1​0​.​x.

37.	 Jiang W, Jones P, Inouye M. Chloramphenicol induces the transcrip-
tion of the major cold shock gene of Escherichia coli, cspA. J Bacteriol. 
1993;175(18):5824–8. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​2​8​​/​j​​b​.​1​​7​5​.​​1​8​.​5​​8​2​​4​-​5​8​2​8​.​1​9​9​3.

38.	 Yamanaka K, Fang L, Inouye M. The CspA family in Escherichia coli: multiple 
gene duplication for stress adaptation. Mol Microbiol. 1998;27(2):247–55. ​h​t​t​p​​
s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​4​6​​/​j​​.​1​3​​6​5​-​​2​9​5​8​​.​1​​9​9​8​.​0​0​6​8​3​.​x.

39.	 Cardoza E, Singh H. Involvement of CspC in response to diverse environmen-
tal stressors in Escherichia coli. J Appl Microbiol. 2022;132(2):785–801. ​h​t​t​p​​s​:​/​​/​
d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​1​​/​j​​a​m​.​1​5​2​1​9.

40.	 Goldenberg D, Azar I, Oppenheim AB. Differential mRNA stability of the 
cspA gene in the cold-shock response of Escherichia coli. Mol Microbiol. 
1996;19(2):241–8. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​4​6​​/​j​​.​1​3​​6​5​-​​2​9​5​8​​.​1​​9​9​6​.​3​6​3​8​9​8​.​x.

41.	 Jiang W, Hou Y, Inouye M. CspA, the major cold-shock protein of Escherichia 
coli, Is an RNA chaperone. J Biol Chem. 1997;272(1):196–202. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​
0​.​​1​0​7​4​​/​j​​b​c​.​2​7​2​.​1​.​1​9​6.

42.	 Cerda-Maira FA, Ringelberg CS, Taylor RK. The bile response repressor BreR 
regulates expression of the Vibrio cholerae breAB efflux system operon. J 
Bacteriol. 2008;190(22):7441–52. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​2​8​​/​j​​b​.​0​0​5​8​4​-​0​8.

43.	 Hossain A, Gnanagobal H, Cao T, Chakraborty S, Chukwu-Osazuwa J, 
Soto-Dávila M, Vasquez I, Santander J. Role of cold shock proteins B and D 
in Aeromonas salmonicida subsp. salmonicida physiology and virulence in 
lumpfish (Cyclopterus lumpus). Infect Immun. 2024;92(8):e00011-00024. ​h​t​t​p​​s​:​
/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​2​8​​/​i​​a​i​.​0​0​0​1​1​-​2​4.

44.	 Gunde-Cimerman N, Plemenitaš A, Oren A. Strategies of adaptation of micro-
organisms of the three domains of life to high salt concentrations. FEMS 
Microbiol Rev. 2018;42(3):353–75. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​9​3​​/​f​​e​m​s​r​e​/​f​u​y​0​0​9.

https://doi.org/10.1016/j.vetmic.2013.08.021
https://doi.org/10.1111/1462-2920.12420
https://doi.org/10.1111/1462-2920.12420
https://doi.org/10.3389/fmicb.2017.00634
https://doi.org/10.3389/fmicb.2017.00634
https://doi.org/10.1111/j.1758-2229.2009.00100.x
https://doi.org/10.1111/j.1758-2229.2009.00100.x
https://doi.org/10.3389/fmars.2022.959830
https://doi.org/10.3389/fmars.2022.959830
https://doi.org/10.3390/microorganisms11041075
https://doi.org/10.1016/j.fsi.2023.108844
https://doi.org/10.1038/s41598-018-36483-0
https://doi.org/10.1007/s00248-016-0802-0
https://doi.org/10.3354/ame01910
https://doi.org/10.3354/ame01910
https://doi.org/10.3354/dao02119
https://doi.org/10.1128/jb.179.12.4043-4045.1997
https://doi.org/10.1515/nleng-2016-0005
https://doi.org/10.1515/nleng-2016-0005
https://doi.org/10.1007/s00203-010-0612-6
https://doi.org/10.1016/j.mimet.2017.09.011
https://doi.org/10.3389/fmicb.2017.01097
https://doi.org/10.1016/j.foodcont.2016.05.054
https://doi.org/10.1213/ane.0000000000002864
https://doi.org/10.1213/ane.0000000000002864
https://doi.org/10.3390/ijms24054725
https://doi.org/10.3390/ijms24054725
https://doi.org/10.1099/mgen.0.000182
https://doi.org/10.1002/mbo3.1311
https://doi.org/10.1371/journal.pone.0024965
https://doi.org/10.1371/journal.pone.0024965
https://doi.org/10.1111/j.1365-2958.1994.tb00334.x
https://doi.org/10.1016/j.micpath.2006.09.002
https://doi.org/10.1016/j.micpath.2006.09.002
https://doi.org/10.1128/jb.187.18.6265-6272.2005
https://doi.org/10.1128/jb.187.18.6265-6272.2005
https://doi.org/10.1146/annurev-micro-102215-095359
https://doi.org/10.1111/j.1574-6976.2010.00240.x
https://doi.org/10.1111/j.1574-6968.2011.02436.x
https://doi.org/10.1111/j.1574-6968.2011.02436.x
https://doi.org/10.1128/jb.01957-14
https://doi.org/10.1128/msystems.00419-22
https://doi.org/10.1128/msystems.00419-22
https://doi.org/10.1111/mmi.14606
https://doi.org/10.1111/mmi.14606
https://doi.org/10.1046/j.1365-2958.2003.03710.x
https://doi.org/10.1046/j.1365-2958.2003.03710.x
https://doi.org/10.1128/jb.175.18.5824-5828.1993
https://doi.org/10.1046/j.1365-2958.1998.00683.x
https://doi.org/10.1046/j.1365-2958.1998.00683.x
https://doi.org/10.1111/jam.15219
https://doi.org/10.1111/jam.15219
https://doi.org/10.1046/j.1365-2958.1996.363898.x
https://doi.org/10.1074/jbc.272.1.196
https://doi.org/10.1074/jbc.272.1.196
https://doi.org/10.1128/jb.00584-08
https://doi.org/10.1128/iai.00011-24
https://doi.org/10.1128/iai.00011-24
https://doi.org/10.1093/femsre/fuy009


Page 20 of 21Pattano et al. BMC Genomics          (2025) 26:736 

45.	 Maeda S, Shimizu K, Kihira C, Iwabu Y, Kato R, Sugimoto M, Fukiya S, Wada M, 
Yokota A. Pyruvate dehydrogenase complex regulator (PdhR) gene deletion 
boosts glucose metabolism in Escherichia coli under oxygen-limited culture 
conditions. J Biosci Bioeng. 2017;123(4):437–43. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​j​b​​i​o​
s​​c​.​2​0​​1​6​​.​1​1​.​0​0​4.

46.	 Gaupp R, Schlag S, Liebeke M, Lalk M, Götz F. Advantage of upregulation 
of succinate dehydrogenase in Staphylococcus aureus biofilms. J Bacteriol. 
2010;192(9):2385–94. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​2​8​​/​j​​b​.​0​1​4​7​2​-​0​9.

47.	 Trichez D, Auriol C, Baylac A, Irague R, Dressaire C, Carnicer-Heras M, Heux S, 
François JM, Walther T. Engineering of Escherichia coli for Krebs cycle-depen-
dent production of malic acid. Microb Cell Fact. 2018;17(1):113. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​​1​1​8​6​​/​s​​1​2​9​3​4​-​0​1​8​-​0​9​5​9​-​y.

48.	 Liang X, Zhang L, Natarajan SK, Becker DF. Proline mechanisms of stress 
survival. Antioxid Redox Signal. 2013;19(9):998–1011. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​8​9​​/​
a​​r​s​.​2​0​1​2​.​5​0​7​4.

49.	 Mulligan C, Fischer M, Thomas GH. Tripartite ATP-independent periplas-
mic (TRAP) transporters in bacteria and archaea. FEMS Microbiol Rev. 
2011;35(1):68–86. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​1​​/​j​​.​1​5​​7​4​-​​6​9​7​6​​.​2​​0​1​0​.​0​0​2​3​6​.​x.

50.	 Arense P, Bernal V, Iborra JL, Cánovas M. Metabolic adaptation of Escherichia 
coli to long-term exposure to salt stress. Process Biochem. 2010;45(9):1459–
67. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​p​r​​o​c​b​​i​o​.​2​​0​1​​0​.​0​5​.​0​2​2.

51.	 Huang L, Huang L, Yan Q, Qin Y, Ma Y, Lin M, Xu X, Zheng J. The TCA pathway 
is an important player in the regulatory network governing Vibrio alginolyti-
cus adhesion under adversity. Front Microbiol. 2016;7:40. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​
3​8​9​​/​f​​m​i​c​b​.​2​0​1​6​.​0​0​0​4​0.

52.	 Gregory GJ, Boyd EF. Stressed out: Bacterial response to high salinity using 
compatible solute biosynthesis and uptake systems, lessons from Vibriona-
ceae. Comput Struct Biotechnol J. 2021;19:1014–27. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​
c​s​b​j​.​2​0​2​1​.​0​1​.​0​3​0.

53.	 Sévin DC, Stählin JN, Pollak GR, Kuehne A, Sauer U. Global metabolic 
responses to salt stress in fifteen species. PLoS ONE. 2016;11(2): e0148888. ​h​t​t​
p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​3​7​1​​/​j​​o​u​r​​n​a​l​​.​p​o​n​​e​.​​0​1​4​8​8​8​8.

54.	 Ziegler C, Bremer E, Krämer R. The BCCT family of carriers: from physiology to 
crystal structure. Mol Microbiol. 2010;78(1):13–34. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​1​​/​j​​.​1​3​​
6​5​-​​2​9​5​8​​.​2​​0​1​0​.​0​7​3​3​2​.​x.

55.	 Liu M, Liu H, Mei F, Yang N, Zhao D, Ai G, Xiang H, Zheng Y. Identification of 
the biosynthetic pathway of glycine betaine that is responsible for salin-
ity tolerance in halophilic Thioalkalivibrio versutus D301. Front Microbiol. 
2022;13:875843. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​8​9​​/​f​​m​i​c​b​.​2​0​2​2​.​8​7​5​8​4​3.

56.	 Chen D-D, Fang B-Z, Manzoor A, Liu Y-H, Li L, Mohamad OAA, Shu W-S, Li 
W-J. Revealing the salinity adaptation mechanism in halotolerant bacterium 
Egicoccus halophilus EGI 80432T by physiological analysis and comparative 
transcriptomics. Appl Microbiol Biotechnol. 2021;105(6):2497–511. ​h​t​t​p​​s​:​/​​/​d​o​i​​
.​o​​r​g​/​​1​0​.​​1​0​0​7​​/​s​​0​0​2​5​3​-​0​2​1​-​1​1​1​9​0​-​5.

57.	 Kloska A, Cech GM, Nowicki D, Maciąg-Dorszyńska M, Bogucka AE, Markert 
S, Becher D, Potrykus K, Czaplewska P, Szalewska-Pałasz A. Three microbial 
musketeers of the seas: Shewanella baltica, Aliivibrio fischeri and Vibrio harveyi, 
and their adaptation to different salinity probed by a proteomic approach. Int 
J Mol Sci. 2022;23(2):619. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​0​​/​i​​j​m​s​2​3​0​2​0​6​1​9.

58.	 Gel’man NS, Lukoyanova MA, Ostrovskii DN. Oxidative phosphorylation in 
bacteria. In: Gel’man NS, Lukoyanova MA, Ostrovskii DN, editors. Respiration 
and phosphorylation of bacteria. US: Springer; 1967. p. 161–92. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​​1​0​0​7​​/​9​​7​8​-​​1​-​4​​8​9​9​-​​5​5​​2​6​-​5​_​5.

59.	 Vestergaard M, Bald D, Ingmer H. Targeting the ATP synthase in bacterial and 
fungal pathogens: beyond Mycobacterium tuberculosis. J Glob Antimicrob 
Resist. 2022;29:29–41. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​j​g​a​r​.​2​0​2​2​.​0​1​.​0​2​6.

60.	 Huang L, Huang L, Zhao L, Qin Y, Su Y, Yan Q. The regulation of oxidative 
phosphorylation pathway on Vibrio alginolyticus adhesion under adversities. 
Microbiologyopen. 2019;8(8): e00805. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​2​​/​m​​b​o​3​.​8​0​5.

61.	 Williamson JR. Biophysical studies of bacterial ribosome assembly. Curr Opin 
Struct Biol. 2008;18(3):299–304. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​s​b​i​.​2​0​0​8​.​0​5​.​0​0​1.

62.	 Cheng-Guang H, Gualerzi CO. The ribosome as a switchboard for bacterial 
stress response. Front Microbiol. 2021;11:619038. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​8​9​​/​f​​m​i​
c​b​.​2​0​2​0​.​6​1​9​0​3​8.

63.	 Shoji S, Dambacher CM, Shajani Z, Williamson JR, Schultz PG. Systematic 
chromosomal deletion of bacterial ribosomal protein genes. J Mol Biol. 
2011;413(4):751–61. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​j​m​b​.​2​0​1​1​.​0​9​.​0​0​4.

64.	 Soler-Bistué A, Mondotte JA, Bland MJ, Val M-E, Saleh M-C, Mazel D. Genomic 
location of the major ribosomal protein gene locus determines Vibrio chol-
erae global growth and infectivity. PLoS Genet. 2015;11(4): e1005156. ​h​t​t​p​​s​:​/​​/​
d​o​i​​.​o​​r​g​/​​1​0​.​​1​3​7​1​​/​j​​o​u​r​​n​a​l​​.​p​g​e​​n​.​​1​0​0​5​1​5​6.

65.	 Rain-Franco A, Mouquet N, Gougat-Barbera C, Bouvier T, Beier S. Niche 
breadth affects bacterial transcription patterns along a salinity gradient. Mol 
Ecol. 2022;31(4):1216–33. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​1​​/​m​​e​c​.​1​6​3​1​6.

66.	 Burgos HL, O’Connor K, Sanchez-Vazquez P, Gourse RL. Roles of transcrip-
tional and translational control mechanisms in regulation of ribosomal 
protein synthesis in Escherichia coli. J Bacteriol. 2017;199(21):10–1128. ​h​t​t​p​​s​:​/​​/​
d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​2​8​​/​j​​b​.​0​​0​4​0​​7​-​0​0​​4​1​​7​.​1​​0​.​1​​1​2​8​/​​j​b​​.​0​0​4​0​7​-​1​7.

67.	 Männik J, Bailey MW. Spatial coordination between chromosomes and cell 
division proteins in Escherichia coli. Front Microbiol. 2015;6:306. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​​3​3​8​9​​/​f​​m​i​c​b​.​2​0​1​5​.​0​0​3​0​6.

68.	 Syed A, Anderson J. Applications of bioluminescence in biotechnology and 
beyond. Chem Soc Rev. 2021;50:5668–705. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​9​​/​D​​0​C​S​0​1​4​
9​2​C.

69.	 Ramesh C, Mohanraju R, Karthick PJ, Narayana S. Impact of light, tempera-
ture, salinity and glycerol on the intensity of luminescence and growth 
of marine bioluminescent bacteria Vibrio campbellii (strain stf1). Curr Sci. 
2016;106:511–3.

70.	 Daubner SC, Astorga AM, Leisman GB, Baldwin TO. Yellow light emis-
sion of Vibrio fischeri strain Y-1: purification and characterization of the 
energy-accepting yellow fluorescent protein. Proc Natl Acad Sci U S A. 
1987;84(24):8912–6. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​7​3​​/​p​​n​a​s​.​8​4​.​2​4​.​8​9​1​2.

71.	 Deeva AA, Lisitsa AE, Sukovatyi LA, Melnik TN, Kratasyuk VA, Nemtseva EV. 
Structure-function relationships in temperature effects on bacterial lucifer-
ases: nothing is perfect. Int J Mol Sci. 2022;23(15):8119. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​
0​​/​i​​j​m​s​2​3​1​5​8​1​1​9.

72.	 Chen Y-H, Lu C-W, Shyu Y-T, Lin S-S. Revealing the saline adaptation strategies 
of the Halophilic Bacterium Halomonas beimenensis through high-through-
put omics and transposon mutagenesis approaches. Sci Rep. 2017;7(1):13037. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​5​9​8​-​0​1​7​-​1​3​4​5​0​-​9.

73.	 Karlsen C, Paulsen SM, Tunsjø HS, Krinner S, Sørum H, Haugen P, Willassen N-P. 
Motility and flagellin gene expression in the fish pathogen Vibrio salmonicida: 
effects of salinity and temperature. Microb Pathog. 2008;45(4):258–64. ​h​t​t​p​​s​:​/​​
/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​m​i​​c​p​a​​t​h​.​2​​0​0​​8​.​0​6​.​0​0​2.

74.	 Diepold A, Armitage JP. Type III secretion systems: the bacterial flagellum and 
the injectisome. Philos Trans R Soc Lond B Biol Sci. 2015;370(1679):20150020. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​9​8​​/​r​​s​t​b​.​2​0​1​5​.​0​0​2​0.

75.	 Maphosa S, Moleleki LN, Motaung TE. Bacterial secretion system functions: 
evidence of interactions and downstream implications. Microbiology (Read-
ing). 2023;169(4):001326. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​9​9​​/​m​​i​c​.​0​.​0​0​1​3​2​6.

76.	 Billaud M, Seneca F, Tambutté E, Czerucka D. An increase of seawater 
temperature upregulates the expression of Vibrio parahaemolyticus virulence 
factors implicated in adhesion and biofilm formation. Front Microbiol. 
2022;13:840628. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​8​9​​/​f​​m​i​c​b​.​2​0​2​2​.​8​4​0​6​2​8.

77.	 Huang Y, Du P, Zhao M, Liu W, Du Y, Diao B, Li J, Kan B, Liang W. Functional 
characterization and conditional regulation of the type VI secretion system in 
Vibrio fluvialis. Front Microbiol. 2017;8:528. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​8​9​​/​f​​m​i​c​b​.​2​0​1​7​
.​0​0​5​2​8.

78.	 Tao Z, Zhou T, Zhou S, Wang G. Temperature-regulated expression of type VI 
secretion systems in fish pathogen Pseudomonas plecoglossicida revealed by 
comparative secretome analysis. FEMS Microbiol Lett. 2016;363(22):fnw261. ​h​
t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​9​3​​/​f​​e​m​s​l​e​/​f​n​w​2​6​1.

79.	 Zhang Y, Tan X, Li M, Liu P, Jiao X, Gu D. Transcriptome analysis reveals the 
effect of low NaCl concentration on osmotic stress and Type III secretion 
system in Vibrio parahaemolyticus. Int J Mol Sci. 2023;24(3):2621. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​​3​3​9​0​​/​i​​j​m​s​2​4​0​3​2​6​2​1.

80.	 Salomon D, Gonzalez H, Updegraff BL, Orth K. Vibrio parahaemolyticus type VI 
secretion system 1 is activated in marine conditions to target bacteria, and is 
differentially regulated from system 2. PLoS ONE. 2013;8(4): e61086. ​h​t​t​p​​s​:​/​​/​d​
o​i​​.​o​​r​g​/​​1​0​.​​1​3​7​1​​/​j​​o​u​r​​n​a​l​​.​p​o​n​​e​.​​0​0​6​1​0​8​6.

81.	 Park BR, Zielke RA, Wierzbicki IH, Mitchell KC, Withey JH, Sikora AE. A metal-
loprotease secreted by the type II secretion system links Vibrio cholerae with 
collagen. J Bacteriol. 2015;197(6):1051–64. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​2​8​​/​j​​b​.​0​2​3​2​9​-​1​
4.

82.	 Connell TD, Metzger DJ, Lynch J, Folster JP. Endochitinase is transported to 
the extracellular milieu by the eps-encoded general secretory pathway of 
Vibrio cholerae. J Bacteriol. 1998;180(21):5591–600. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​2​8​​/​j​​b​.​
1​​8​0​.​​2​1​.​5​​5​9​​1​-​5​6​0​0​.​1​9​9​8.

83.	 Johnson TL, Fong JC, Rule C, Rogers A, Yildiz FH, Sandkvist M. The Type II 
secretion system delivers matrix proteins for biofilm formation by Vibrio 
cholerae. J Bacteriol. 2014;196(24):4245–52. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​2​8​​/​j​​b​.​0​1​9​4​
4​-​1​4.

https://doi.org/10.1016/j.jbiosc.2016.11.004
https://doi.org/10.1016/j.jbiosc.2016.11.004
https://doi.org/10.1128/jb.01472-09
https://doi.org/10.1186/s12934-018-0959-y
https://doi.org/10.1186/s12934-018-0959-y
https://doi.org/10.1089/ars.2012.5074
https://doi.org/10.1089/ars.2012.5074
https://doi.org/10.1111/j.1574-6976.2010.00236.x
https://doi.org/10.1016/j.procbio.2010.05.022
https://doi.org/10.3389/fmicb.2016.00040
https://doi.org/10.3389/fmicb.2016.00040
https://doi.org/10.1016/j.csbj.2021.01.030
https://doi.org/10.1016/j.csbj.2021.01.030
https://doi.org/10.1371/journal.pone.0148888
https://doi.org/10.1371/journal.pone.0148888
https://doi.org/10.1111/j.1365-2958.2010.07332.x
https://doi.org/10.1111/j.1365-2958.2010.07332.x
https://doi.org/10.3389/fmicb.2022.875843
https://doi.org/10.1007/s00253-021-11190-5
https://doi.org/10.1007/s00253-021-11190-5
https://doi.org/10.3390/ijms23020619
https://doi.org/10.1007/978-1-4899-5526-5_5
https://doi.org/10.1007/978-1-4899-5526-5_5
https://doi.org/10.1016/j.jgar.2022.01.026
https://doi.org/10.1002/mbo3.805
https://doi.org/10.1016/j.sbi.2008.05.001
https://doi.org/10.3389/fmicb.2020.619038
https://doi.org/10.3389/fmicb.2020.619038
https://doi.org/10.1016/j.jmb.2011.09.004
https://doi.org/10.1371/journal.pgen.1005156
https://doi.org/10.1371/journal.pgen.1005156
https://doi.org/10.1111/mec.16316
https://doi.org/10.1128/jb.00407-00417.10.1128/jb.00407-17
https://doi.org/10.1128/jb.00407-00417.10.1128/jb.00407-17
https://doi.org/10.3389/fmicb.2015.00306
https://doi.org/10.3389/fmicb.2015.00306
https://doi.org/10.1039/D0CS01492C
https://doi.org/10.1039/D0CS01492C
https://doi.org/10.1073/pnas.84.24.8912
https://doi.org/10.3390/ijms23158119
https://doi.org/10.3390/ijms23158119
https://doi.org/10.1038/s41598-017-13450-9
https://doi.org/10.1038/s41598-017-13450-9
https://doi.org/10.1016/j.micpath.2008.06.002
https://doi.org/10.1016/j.micpath.2008.06.002
https://doi.org/10.1098/rstb.2015.0020
https://doi.org/10.1098/rstb.2015.0020
https://doi.org/10.1099/mic.0.001326
https://doi.org/10.3389/fmicb.2022.840628
https://doi.org/10.3389/fmicb.2017.00528
https://doi.org/10.3389/fmicb.2017.00528
https://doi.org/10.1093/femsle/fnw261
https://doi.org/10.1093/femsle/fnw261
https://doi.org/10.3390/ijms24032621
https://doi.org/10.3390/ijms24032621
https://doi.org/10.1371/journal.pone.0061086
https://doi.org/10.1371/journal.pone.0061086
https://doi.org/10.1128/jb.02329-14
https://doi.org/10.1128/jb.02329-14
https://doi.org/10.1128/jb.180.21.5591-5600.1998
https://doi.org/10.1128/jb.180.21.5591-5600.1998
https://doi.org/10.1128/jb.01944-14
https://doi.org/10.1128/jb.01944-14


Page 21 of 21Pattano et al. BMC Genomics          (2025) 26:736 

84.	 Sierra EM, Pereira MR, Maester TC, Gomes-Pepe ES, Mendoza ER, Lemos 
EGM. Halotolerant aminopeptidase M29 from Mesorhizobium SEMIA 3007 
with biotechnological potential and its impact on biofilm synthesis. Sci Rep. 
2017;7(1):10684. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​5​9​8​-​0​1​7​-​1​0​9​3​2​-​8.

85.	 Xin L, Hui-Ying Y, Xiao-Xue L, Xiao S. Production and characterization of a 
novel extracellular metalloproteinase by a newly isolated moderate halo-
phile, Halobacillus sp. LY6. Folia Microbiol. 2011;56(4):329–34. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​
1​0​.​​1​0​0​7​​/​s​​1​2​2​2​3​-​0​1​1​-​0​0​4​6​-​9.

86.	 Bhowmick R, Ghosal A, Chatterjee NS. Effect of environmental factors on 
expression and activity of chitinase genes of vibrios with special reference to 
Vibrio cholerae. J Appl Microbiol. 2007;103(1):97–108. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​1​​/​
j​​.​1​3​​6​5​-​​2​6​7​2​​.​2​​0​0​6​.​0​3​2​5​3​.​x.

87.	 Ran L, Wang X, He X, Guo R, Wu Y, Zhang P, Zhang X-H. Genomic analysis and 
chitinase characterization of Vibrio harveyi WXL538: insight into its adaptation 
to the marine environment. Front Microbiol. 2023;14:1121720. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​
/​​1​0​.​​3​3​8​9​​/​f​​m​i​c​b​.​2​0​2​3​.​1​1​2​1​7​2​0.

88.	 Lee K-J, Jung Y-C, Park S-J, Lee K-H. Role of heat shock proteases in quorum-
sensing-mediated regulation of biofilm formation by Vibrio species. MBio. 
2018;9(1):10–1128. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​2​8​​/​m​​b​i​o​.​0​2​0​8​6​-​0​2​0​1​7.

89.	 Sharma SK, Moe TS, Srivastava R, Chandra D, Srivastava BS. Functional 
characterization of VC1929 of Vibrio cholerae El Tor: role in mannose-sensitive 

haemagglutination, virulence and utilization of sialic acid. Microbiology. 
2011;157(Pt 11):3180–6. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​9​9​​/​m​​i​c​.​0​.​0​5​0​2​4​5​-​0.

90.	 Zhang Y, Tan H, Yang S, Huang Y, Cai S, Jian J, Cai J, Qin Q. The role of dctP 
gene in regulating colonization, adhesion and pathogenicity of Vibrio algino-
lyticus strain HY9901. J Fish Dis. 2022;45(3):421–34. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​1​​/​j​​f​d​
.​1​3​5​7​1.

91.	 Zhang YL, Wu F, Huang YC, Jian JC, Cai SH. Mechanisms underlying the 
virulence and intestinal colonization of the Vibrio alginolyticus HY9901 DctP 
protein with proteomic analysis. Appl Biochem Microbiol. 2023;59(5):646–58. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​3​4​​/​S​​0​0​0​3​6​8​3​8​2​3​0​5​0​1​9​8.

92.	 Zhong X, Liu F, Liang T, Lu R, Shi M, Zhou X, Yang M. The two-component 
system TtrRS boosts Vibrio parahaemolyticus colonization by exploiting sulfur 
compounds in host gut. PLoS Pathog. 2024;20(7): e1012410. ​h​t​t​p​s​:​​​/​​/​d​o​​i​.​​o​r​​g​​/​​1​
0​​.​1​3​​​7​1​​/​j​o​​u​r​​n​​a​l​.​​p​​p​​a​t​.​1​0​1​2​4​1​0.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

https://doi.org/10.1038/s41598-017-10932-8
https://doi.org/10.1007/s12223-011-0046-9
https://doi.org/10.1007/s12223-011-0046-9
https://doi.org/10.1111/j.1365-2672.2006.03253.x
https://doi.org/10.1111/j.1365-2672.2006.03253.x
https://doi.org/10.3389/fmicb.2023.1121720
https://doi.org/10.3389/fmicb.2023.1121720
https://doi.org/10.1128/mbio.02086-02017
https://doi.org/10.1099/mic.0.050245-0
https://doi.org/10.1111/jfd.13571
https://doi.org/10.1111/jfd.13571
https://doi.org/10.1134/S0003683823050198
https://doi.org/10.1134/S0003683823050198
https://doi.org/10.1371/journal.ppat.1012410
https://doi.org/10.1371/journal.ppat.1012410

	﻿Genomic adaptations of ﻿Vibrio campbellii﻿ to thermal and salinity stress: insights into marine pathogen resilience in a changing ocean
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Bacterial strains and culture conditions
	﻿Growth and bioluminescence kinetic assays
	﻿Swimming motility assay
	﻿Biofilm formation assay
	﻿Quantitation of biofilm biomass
	﻿Microscopic visualization


	﻿Surface colonization assay
	﻿RNA isolation, sequencing and RNA-seq data analysis
	﻿Reverse transcription-quantitative PCR (RT-qPCR)
	﻿Statistical analysis
	﻿Results
	﻿Temperature and salinity affected the growth kinetics of ﻿Vibrio campbellii﻿
	﻿Bioluminescence of ﻿Vibrio campbellii﻿ is influenced by culture conditions
	﻿Swimming motility of ﻿Vibrio campbellii﻿ is altered by temperature and salinity
	﻿Biofilm formation in ﻿Vibrio campbellii﻿ is influenced by temperature
	﻿Differentially expressed genes of pathogenic ﻿Vibrio campbellii﻿ are primarily affected by temperature and salinity
	﻿Functional analysis of differentially expressed genes
	﻿Dual-stress conditions affect the expression of general stress-responsive genes in ﻿Vibrio campbellii﻿
	﻿Influence of temperature and salinity on heat- and cold-shock genes regulation
	﻿Effect of salinity stress on osmoprotectant-related metabolic pathways
	﻿Regulation of oxidative phosphorylation pathway genes is altered under dual stress conditions
	﻿Regulation of ribosomal protein genes under combined temperature and salinity stress
	﻿Temperature and salinity stresses influence the expression of genes associated with cell division and proliferation
	﻿Regulation of ﻿lux﻿ operon genes under thermal and salinity stress conditions
	﻿Temperature and salinity alter the expression of colonization and virulence-related genes in ﻿Vibrio campbellii﻿
	﻿Expression of virulence-associated genes in ﻿Vibrio campbellii﻿ is modulated by thermal and salinity stress
	﻿Correlation analysis between RNA-Seq and RT-qPCR data

	﻿Discussion
	﻿Stress-responsive gene expression in ﻿Vibrio campbellii﻿
	﻿Role of phage shock proteins and the CpxRA system in ﻿Vibrio campbellii﻿
	﻿Thermal adaptation mechanisms in ﻿Vibrio campbellii﻿
	﻿Osmoadaptation metabolic pathways in ﻿Vibrio campbellii﻿
	﻿Effects of thermal and osmotic stress on the expression of oxidative phosphorylation pathway genes in ﻿Vibrio campbellii﻿
	﻿Enhanced expression of ribosomal protein-encoding genes in ﻿Vibrio campbellii﻿ under combined temperature and salinity stress
	﻿Growth response of ﻿Vibrio campbellii﻿ to combined temperature and salinity conditions
	﻿Temperature and salinity-mediated regulation of bioluminescence in ﻿Vibrio campbellii﻿
	﻿Effects of temperature and salinity on polar flagellum-driven motility in ﻿Vibrio campbellii﻿
	﻿Combined effects of temperature and salinity on virulence gene regulation in ﻿Vibrio campbellii﻿
	﻿Salinity-induced enhancement of biofilm formation in ﻿Vibrio campbellii﻿ under thermal stress
	﻿Future research perspectives

	﻿Conclusion
	﻿References


