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Abstract. Quang NN, Anh NDQ, Linh NTH, Venturini C, Samsing F, Phuoc NN. 2026. Virulence traits and gene profiles of Vibrio
alginolyticus from farmed red drum in Vietnam. Biodiversitas 27 (1): d270145. https://doi.org/10.13057/biodiv/d270145. Vibrio
alginolyticus is an emerging bacterial pathogen associated with hemorrhagic disease and mortality in red drum (Sciaenops ocellatus) and
other marine fish species. This study investigated virulence phenotypes and virulence-associated gene profiles of V. alginolyticus
isolates infecting red drum, which is strain-dependent and reflects the combined expression of multiple phenotypic traits rather than the
presence of individual virulence genes alone. Twenty V. alginolyticus isolates obtained from diseased red drum farmed in Hue City,
central Vietnam, were evaluated for swimming motility, extracellular enzyme activity, and biofilm formation, and a composite virulence
score was calculated using min-max normalized phenotypic data. Based on these scores, ten high-ranking isolates were selected for PCR
screening of sixteen virulence-associated genes. Marked phenotypic variability was observed among isolates, with motility and
extracellular enzyme activity contributing most strongly to virulence differentiation, whereas biofilm formation was generally weak to
moderate. Fifteen genes were detected, including flagellar and motility-related genes (flad, flaC, fIgE, flr4, fIrB, flIrC, and flaK),
hemolysin-related genes (#rh and t/h), an adhesion gene (fcpA), secretion system components (vopB, vopD, and vgrG), and iron-
acquisition genes (pvud and pvsA), whereas tdh was not detected. Among the isolates, VA15 and VA17 exhibited the highest motility
and extracellular enzyme activities, while most isolates formed weak but detectable biofilms. Pathogenicity testing confirmed that
isolate VA15, identified as the most virulent based on in vitro profiling, caused dose-dependent mortality in red drum, with an LDso of
4.0 x 10* CFU/fish (95% CI: 3.2 x 10%-5.1 x 10* CFU/fish). Overall, this study provides baseline phenotypic and molecular data on V.
alginolyticus infecting farmed red drum in central Vietnam and contributes to understanding virulence variability among isolates in
marine cage aquaculture systems.
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INTRODUCTION

The red drum (Sciaenops ocellatus (Linnaeus, 1766)) is
an estuarine fish species native to the Atlantic Ocean that
has become an economically important mariculture species
due to its broad environmental tolerance and rapid growth
(Ackerly et al. 2023). Global production of red drum
reached approximately 77,000 tons in 2019, with an
estimated value of USD 196 million, of which more than
90% was produced in China through intensive cage culture
systems (Xiao et al. 2023). In Vietnam, red drum has been
identified as a strategic species for marine aquaculture
development toward 2030, with a vision to 2045 (MARD
2021), and is currently farmed in several coastal provinces,
including Hue City in central Vietnam (Linh et al. 2022).
However, the rapid expansion of red drum farming has
been accompanied by increasing reports of bacterial
diseases, particularly those caused by Vibrio species.

Despite its commercial importance, red drum remains
susceptible to several major bacterial pathogens, including
Streptococcus iniae (Mmanda et al. 2014), Nocardia seriolae
(Del Rio-Rodriguez et al. 2021), and Vibrio alginolyticus.
Among these, V. alginolyticus has been increasingly

recognized as a primary etiological agent of hemorrhagic
disease outbreaks in farmed red drum in Vietnam and its
pathogenicity is highly strain dependent, with marked
variability in virulence traits and disease severity observed
among isolates, underscoring the need for detailed
characterization of strains circulating in local farming systems
(Linh et al. 2022). Such outbreaks are often associated with
high stocking densities and fluctuating environmental
conditions typical of marine cage culture systems, which
may exacerbate host susceptibility and pathogen virulence.

Vibrio alginolyticus is a Gram-negative, motile bacterium
widely distributed in estuarine and coastal environments
worldwide (Baker-Austin et al. 2018). Its pathogenicity is
multifactorial and involves a combination of phenotypic
traits, including motility, extracellular enzyme production,
and biofilm formation, which facilitate host colonization,
tissue invasion, and environmental persistence. However,
the wvariability of these virulence-associated phenotypes
among V. alginolyticus isolates infecting red drum in
Vietnam has not been systematically evaluated. Moreover,
understanding the combined expression of these phenotypic
traits is essential for explaining differences in disease
severity observed under farm conditions. Differences in the
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expression of these traits among strains may partly explain
the inconsistent disease outcomes reported across farms
and production cycles.

In addition to phenotypic traits, V. alginolyticus harbors
numerous virulence-associated genes involved in adhesion,
cytotoxicity, immune modulation, and nutrient uptake.
These include genes related to hemolytic activity, motility
and chemotaxis, secretion systems, and iron acquisition,
which collectively contribute to host colonization and
pathogenicity (Hernandez-Robles et al. 2016; Echazarreta and
Klose 2019; Yen et al. 2021; Tanabe et al. 2025). While these
gene families have been reported in V. alginolyticus isolated
from shrimp, bivalves, and environmental sources, their
distribution among strains infecting fish, particularly red
drum, remains poorly characterized.

Despite the frequent occurrence of hemorrhagic disease
in red drum farms in central Vietnam, studies integrating
phenotypic virulence profiling with molecular characterization
of V. alginolyticus remain limited. Most previous
investigations have focused on individual virulence traits or
selected genes in isolation, without assessing their
combined contribution to pathogenicity. Moreover, in vivo
pathogenicity validation, particularly LDsy determination in
the target host species, has rarely been reported for V.
alginolyticus isolates from Vietnam. Consequently, the
virulence potential and heterogeneity of strains circulating
in local red drum farming systems remain insufficiently
understood. This knowledge gap limits the development of
effective disease management and prevention strategies for
red drum aquaculture in Vietnam.

In this context, the present study aimed to characterize
key virulence phenotypes, including motility, extracellular
enzyme activity, and biofilm formation, and to detect
virulence-associated genes in V. alginolyticus isolated from
diseased red drum farmed in central Vietnam. The study
further integrated phenotypic assays, PCR-based gene
detection, and in vivo pathogenicity testing in the target
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host species. This study provides region-specific baseline
data on virulence variability among V. alginolyticus isolates
and contributes to a better understanding of pathogenic
mechanisms relevant to marine cage aquaculture of red
drum.

MATERIALS AND METHODS

Study area

Red drum (Sciaenops ocellatus) displaying clinical signs
of hemorrhagic disease, including skin ulceration, scale
loss, fin erosion, and subcutaneous hemorrhage, were
collected from six marine cage-culture farms (three farms
in Phu Loc commune and three farms in Phu Vang
commune), Hue City, central Vietnam. Sampling was
conducted during two periods, March and April 2024
(Figure 1). A total of 20 diseased fish were collected (8 fish
in March and 12 fish in April), representing the typical size
classes cultured at these farms (total length 25-40 cm; body
weight 370-600 g).

Vibrio alginolyticus isolates

Twenty independent V. Alginolyticus isolates (VAO1-
VA20) were obtained, with one isolate recovered from
each diseased fish to ensure isolate independence. Bacterial
colonies were initially isolated on thiosulfate citrate bile
salts sucrose agar (TCBS; Himedia, India) and subsequently
purified on tryptone soy agar (TSA; Himedia, India)
supplemented with 2% NaCl. Preliminary identification
was performed using the API 20E system (bioMérieux,
France). Species-level identification was confirmed by
matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-TOF MS; Bruker Biotyper) at
the University of Sydney, with a log(score) >2.0 considered
reliable for species assignment.
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Figure 1. Location of the sampling sites in Phu Vang commune (16°28'12"N, 107°42'52"E) and Phu Loc commune (16°15'00"N,

107°55'01"E), Hue City, Vietnam
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In vitro virulence phenotype assessment
Motility assay

Swimming motility was assessed following a modified
protocol described by Partridge (2022). Briefly, soft-agar
motility medium was prepared using Tryptone Soy Broth
(TSB; Himedia, India) supplemented with 2% NaCl and
0.3% agar. A 1 pL aliquot of bacterial suspension
standardized to ODsoo = 0.5 was inoculated at the center of
each agar plate and incubated at 28°C for 24 h. Swimming
motility was quantified by measuring the diameter (mm) of
the migration halo formed around the inoculation point.

Extracellular enzyme activity assay

Extracellular enzyme activities were assessed following
Bunpa et al. (2016) with minor modifications. Isolates were
grown on TSA supplemented with 2% NaCl at 28°C for 24
h. Enzyme-specific media were prepared by supplementing
TSA with 1% (v/v) skim milk (caseinase), 1% (v/v) Tween
80 (lipase), 1% (v/v) egg yolk emulsion (phospholipase C),
or 5% (v/v) sheep blood (hemolysin).

A 100 pL aliquot of log-phase bacterial suspension
(ODsoo = 0.5) was spot-inoculated at the center of each agar
plate to produce a localized growth spot. Plates were
incubated at 28°C for 48 h, after which reaction zones
surrounding the growth spot were measured. Enzyme activity
was quantified using an enzyme activity index defined as
the ratio between the diameter of the Clearing or Opalescent
Zone (CZ or OZ) and the diameter of the bacterial growth
spot (CD). Caseinase activity was indicated by transparent
clearing zones, lipase and phospholipase C activities by
opalescent zones, and hemolytic activity by visible hemolysis
on blood agar. Isolates without detectable reaction zones
were classified as non-hemolytic (y-hemolysis).

Biofilm formation assay

Biofilm formation was quantified using the crystal
violet microtiter plate assay following Mitsuwan et al.
(2025) with minor modifications. Isolates were cultured in
TSB supplemented with 2% NaCl at 28°C with shaking
(150 rpm) for 24 h, adjusted to ODeoo = 1.0, and diluted to
approximately 10° CFU mL™. Aliquots of 200 puL were
transferred into sterile 96-well microtiter plates and
incubated statically at 28°C for 24 h.

After incubation, wells were washed twice with
phosphate-buffered saline (PBS, pH 7.4), air-dried, fixed
with 95% ethanol, and stained with 0.1% (w/v) crystal
violet. Bound dye was solubilized with 200 pL of 100%
Dimethyl Sulfoxide (DMSO), selected due to its high and
consistent solubilization efficiency for crystal violet under
the assay conditions. Absorbance was measured at 570 nm.
Negative-control wells containing sterile TSB were processed
in parallel.

The cutoff Optical Density (ODc) was calculated as:

ODc = mean(ODs7 of negative control) + 3 x SD
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Biofilm production was classified according to
Stepanovic¢ et al. (2000). All assays were performed with
three biological replicates and three technical replicates.

Composite virulence score

Virulence potential was assessed based on three
phenotypic traits: swimming motility, extracellular enzyme
production, and biofilm formation. For each isolate, a mean
enzyme activity index was first calculated across all tested
enzymes. Each phenotypic trait was then normalized using
min-max normalization according to the following formula:

X—Xmin
N = xmax— Xmin

Where X represents the mean value of a given
phenotypic trait for an isolate across replicates, and Xmin
and Xax are the minimum and maximum values of that trait
observed among all isolates, respectively.

The composite virulence score was calculated as:

Composite score = Nttty + Nenzyme + Nbiofiim

Yielding a theoretical range from 0 to 3. The ten
isolates with the highest composite scores were selected for
subsequent virulence gene screening.

Detection of virulence genes

Genomic DNA of V. alginolyticus was extracted from
the ten isolates with the highest composite virulence scores
using the QIAamp DNA Mini Kit (Qiagen, Germany) at the
DNA Sequencing Company (Can Tho, Vietnam), following
the manufacturer’s instructions. DNA concentration and purity
were assessed using a NanoDrop 2000 spectrophotometer
(Thermo Scientific, USA).

PCR amplification was performed using a Bio-Rad
T100™ thermal cycler with a 2x PCR master mix (Thermo
Fisher Scientific, USA) and gene-specific primer pairs
(Table 1). The PCR program consisted of an initial
denaturation at 94°C for 5 min, followed by 35 cycles of
denaturation at 94°C for 30 s, annealing at gene-specific
temperatures (listed in Table 1) for 30 sec, and extension at
72°C for 45 sec, with a final extension at 72°C for 5 min.

PCR products were resolved by electrophoresis on 2%
(w/v) agarose gels prepared in 1x TAE buffer and run at
100 V for 20 min. Gels were stained with GelRed and
visualized using the runVIEW™ gel documentation
system. A GeneRuler™ 100 bp Plus DNA Ladder (Thermo
Scientific, USA) was used as a molecular size marker.
Positive controls consisted of genomic DNA from the
reference V. alginolyticus strain ATCC 17749, while negative
controls contained nuclease-free water in place of template
DNA.

Pathogenicity assay and LDsy determination

Based on phenotypic screening, isolate VAI15, which
exhibited the highest composite virulence score, was
selected as a representative high-virulence strain for in vivo
pathogenicity assessment.
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Table 1. Primer sequences, annealing temperatures, and expected amplicon sizes used for PCR detection of virulence-associated genes

in Vibrio alginolyticus

Targeted gene Primer Sequence (5°-3°) (;ré) Protzglc); size References

tlh TLH-L AAAGCGGATTATGCAGAAGCACTG 55 369 Park et al. (2024)
TLH-R GCTACTTTCTAGCATTTTCTCTGC

trh TRH-L TTGGCTTCGATATTTTCAGTATCT 56 486 Park et al. (2024)
TRH-R CATAACAAACATATGCCCATTTCCG

tdh TDH-L GTAAAGGTCTCTGACTTTTGGAC 57 270 Park et al. (2024)
TDH-R TGGAATAGAACCTTCATCTTCACC

tepA tcpA-F CACGATAAGAAAACCGGTCCAAGAG 58 451 Islam et al. (2005)
tcpA-R ACCAAATGCAACGCCGAATGGAGC

flaA Al-F TCAGGTCAATACAAATATCAATGC 52 1062 Madhi et al. (2013)
Al-R CTGCTAACACGCCAATCC

flaC flaC-F ATGGCTGTAACAGTTAGTACT 52 1099 Liang et al. (2010)
flaC-R TTACTGCAATAGTGACATTGC

fIgE flgE-F GGAATGAAGTTTTTAGGGAAGTACG 54 137 Li et al. (2022)
flgE-R CTGGTAAGTATACATGCTCTTCTCG

flaK flak-F CGATTTGTAGTCTGCTGCTG 52 897 Bardy et al. (2002)
flakK-R TTGCTGGTATAGGCTGATGT

vopB vopB-F GAAAGGCGTAACGGACAA 55 225 Hernandez-Robles et al. (2016)
vopB-R CAGGACGGCTTAACACCG

vopD vopD-F GATAAARAATGGTGGAACGGG 55 400 Hernandez-Robles et al. (2016)
vopD-R CGTTCTTCGGCTTGGTTT

vgrG vgrG-F GAAGACGAAGCGAACCAAG 55 532 Hernandez-Robles et al. (2016)
vgrG-R ATTGAACCATCACTGTTCATCAC

pvsA pvsA-F AGCCGCCTTACTTTATCG 50 467 Hernandez-Robles et al. (2016)
pvsA-R CGAGACAATCGAAATTCG

pvud pvuAd-F AATTGCCTACATCCGAGG 52 545 Hernandez-Robles et al. (2016)
pvuA-R CAACATTCATGCGTAACTTG

flrd flrd-F ATGAGCGATGACAACAACAA 55 883 Luo et al. (2016)
SfIrA-R TTAGCTGGTGTTGTTCAGGT

flrB flrB-F CCAAATCTTCCTCCAGCGACA 55 756 Luo et al. (2016)
flrB-R CTACCAACTGGGCAATCGTGAAT

JirC flrC-F AGCGAAGTTGTTGCGTGTTTT 60 894 Luo et al. (2016)
fIrC-R GCGGTAATATAAGTCCTCTCTGA

Juvenile red drum (S. ocellatus; body weight 8-10 g)
were acclimated for two weeks prior to the experiment and
maintained in 120 L plastic tanks at a stocking density of
30 fish per tank, with three replicate tanks per treatment.
Fish were reared in seawater with a salinity of 25-30 ppt at
27+1°C, pH 7.8-8.2, and dissolved oxygen levels above 6
mg L' Five experimental groups were intraperitoneally
injected with 0.1 mL of bacterial suspension at doses of
103-107 CFU fish™, while control fish received sterile PBS.

Fish were anesthetized using AQUI-S (20 mg L") prior
to injection. Humane endpoints were defined as loss of
equilibrium, inability to maintain swimming posture,
unresponsiveness to external stimuli, or severe respiratory
distress. Fish meeting these criteria were humanely euthanized
and recorded as mortalities. Mortality was monitored daily
for 14 days post-challenge. Vibrio alginolyticus was re-
isolated from dead or euthanized fish on HiCrome™ Vibrio
Agar and confirmed by API 20E. The median Lethal Dose
(LDsop) was calculated using the Reed-Muench method
(Reed and Muench 1938).

All experimental procedures involving animals were
conducted in strict accordance with institutional and national
guidelines and were approved by the Animal Ethics

Committee of Hue University (Approval No. HUVNO0054,
2024).

Statistical analysis

Quantitative phenotype data, including swimming halo
diameters, hemolytic clearing zones, lipase opalescent
zones, and ODsw values obtained from the 20 V.
alginolyticus isolates, were expressed as mean+Standard
Deviation (SD). Prior to analysis, data were assessed for
normality using the Shapiro-Wilk test and for homogeneity
of variances using Levene’s test. When required to meet
ANOVA assumptions, data were log- or square-root-
transformed; otherwise, untransformed data were used.

Differences among isolates were evaluated using one-
way Analysis of Variance (ANOVA), followed by Tukey’s
Honestly Significant Difference (HSD) post hoc test for
pairwise comparisons. Effect sizes (n?) were reported where
appropriate. A significance level of p<0.05 was applied for
all tests. Survival data were analyzed using Kaplan-Meier
survival curves, and differences among challenge doses
were evaluated using the log-rank (Mantel-Cox) test. All
statistical analyses were performed using IBM SPSS Statistics
version 20.
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RESULTS AND DISCUSSION

Virulence phenotypes assessment
Motility

All V. alginolyticus isolates examined (n = 20) exhibited
detectable swimming motility on soft agar (Figure 2.A;
Table 2). Swimming halo diameters differed significantly
among isolates (One-Way ANOVA, p<0.05), indicating
marked phenotypic variability. The highest motility was
recorded in isolates VA15 and VAI17 (24.33+£0.58 mm;
Tukey group “a”), followed by VAO08, VA10, VALlI,
VAO04, VA0S, VAOL, and VA18 (23.00-24.00 mm; Tukey
groups “a-ab”; Table 2). In contrast, the lowest motility was
observed in isolates VA09 and VAI19 (17.33+0.58 mm;
group “b”), with VA06, VA12, and VA13 also displaying
significantly smaller migration halos than the highly motile
isolates. These results demonstrate a wide but statistically
structured variation in swimming ability among the isolates
recovered from diseased red drum.

Extracellular enzymes

All isolates produced detectable levels of caseinase,
lipase, phospholipase C, and f-hemolysin (Figures 2.B-2E;
Table 2). Caseinase activity varied significantly among
isolates (p<0.05), ranging from 1.68+0.05 (VA02, VA12)
to 2.00+£0.10 (VAI1S8). Lipase activity showed a similar
pattern, with VA15 and VA17 exhibiting the highest OZ/CD
ratios (1.91-1.92), whereas VA12, VA13, and VA19 displayed
the lowest values (approximately 1.73-1.74). Phospholipase
C activity also differed significantly, ranging from
1.70+0.05 (VA02, VA06, VA12, VA14) to 1.89+0.01 (VAOS,
VAI10, VAIll, VAI17). Overall, extracellular enzyme
profiles revealed consistent clustering, with isolates VAIS5,
VAL17, VA10, VA1l, and VA18 ranking among the highest
performers across multiple enzyme categories, suggesting
coordinated expression of extracellular degradative activities
in these isolates.

Biofilm formation

Biofilm formation was detected in all isolates, with
ODs7o values ranging from 0.20 to 0.23 (Figure 2.F; Table
2). Negative-control wells produced low but non-zero
ODs70 values (0.004-0.010), allowing reliable calculation of
the cutoff Optical Density (ODc) following Stepanovié et
al. (2000). Based on ODc classification, most isolates were
categorized as weak biofilm producers, whereas a subset of
isolates (including VA04, VA0S, VA0S, VA10, VAL,
VALS, and VA17) approached or exceeded the moderate
biofilm threshold. Although biofilm formation exhibited
less variability than motility or enzyme activity, the consistent
detection of biofilms across isolates indicates a conserved
capacity for surface attachment under the in vitro conditions
tested.

Hemolytic activity

B-hemolytic activity was observed in all isolates on sheep
blood agar, with CZ/CD ratios ranging from 1.57+0.07
(VAO03) to 1.9240.09 (VAL1S5) (Figure 2.C; Table 2). Isolates
showing the strongest hemolytic activity included VAOS,
VAI10, VA1l1, VA15, VA17, and VA18, which also ranked
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highly for other virulence-associated phenotypes. This
concordance suggests that hemolytic capacity contributes
to the overall virulence phenotype of these isolates.

Virulence score

Composite virulence scores, calculated from min-max
normalized motility, mean enzyme activity, and biofilm
formation values, ranged from 0.147 to 3.000 among the 20
isolates, reflecting substantial phenotypic heterogeneity
(Table 3). Isolate VA15 exhibited the highest composite
score (3.000), followed by VA17 (2.926), VA10 (2.911),
VAOS8 (2.890), and VAO5 (2.769). In contrast, the lowest
scores were observed in isolates VA19 (0.147), VA13
(0.154), and VA09 (0.491).

Among the three traits, swimming motility contributed
strongly to score differentiation, with high-ranking isolates
showing normalized values of 0.81-1.00, whereas low-
ranking isolates ranged from O to 0.14. Mean enzyme
activity indices similarly distinguished isolates with strong
proteolytic and lipolytic capacities from weaker performers.
By comparison, biofilm formation showed relatively
limited variation and therefore contributed more modestly
to the overall ranking.

Based on these composite scores, the ten highest-ranking
isolates (VA15, VA17, VA10, VA0S, VA0S, VA04, VAL,
VAI18, VAO1, and VAO7) were selected for subsequent
PCR screening of virulence-associated genes (Table 3).

Virulence-associated genes screening

PCR screening of the ten V. alginolyticus isolates with
the highest composite virulence scores revealed a largely
conserved distribution of virulence-associated genes among
the screened isolates (Table 4). Fifteen of the sixteen
targeted genes were detected, whereas tdh was not amplified
in any of the tested isolates. All screened isolates carried
flagellar and motility-related genes (flad, flaC, fIgE, fIrA,

fIrB, fIrC, and flaK), indicating the presence of a complete

flagellar biosynthesis and regulatory machinery. The
ubiquitous detection of these genes is consistent with the
strong swimming motility phenotypes observed among the
high-ranking isolates in the phenotypic assays.

Genes associated with hemolytic activity (¢rh and tlh)
were detected in all screened isolates, in agreement with
the B-hemolytic phenotype observed on sheep blood agar.
In contrast, tdh, a hemolysin gene more commonly
associated with Vibrio parahaemolyticus, was absent. This
finding is consistent with previous reports indicating that
fish-associated V. alginolyticus strains typically rely on trh
and t/h as major determinants of hemolytic activity.

All screened isolates also harbored the adhesion-related
gene fcpA, along with secretion system-associated genes
vopB and vopD (type III secretion system, T3SS) and vgrG
(type VI secretion system, T6SS). In addition, the iron-
acquisition genes pvsA4 and pvuAd, which are involved in
vibrioferrin biosynthesis and uptake, were consistently
detected. The conserved presence of these genes suggests that
the screened isolates share a common genetic repertoire
supporting host colonization, effector delivery, and iron
acquisition under iron-limited conditions typical of the host
environment.
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Figure 2. A. Swimming motility, B. Caseinase activity, C. B-hemolysin production, D. Lipase activity, E. Phospholipase-C activity, F.
Biofilm formation of 20 Vibrio alginolyticus isolates
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Table 2. Motility, extracellular enzyme activities, f-hemolysin production, and biofilm formation in Vibrio alginolyticus isolated from
red drum with hemorrhagic disease

Mean£SD
Isolates Swimming halo Caseinase p-Hemolysin Lipase Phospholipase-C Biofilm
Diameter (mm) Rate CZ/CD Rate OZ/CD ODs7o

VAO1* 23.33%+£0.58 1.912b¢£0.01 1.792b¢d+(.10 1.912+0.01 1.842b¢+£0.08 0.222b¢+0.01
VAO02 18.67°+0.58 1.68°+0.05 1.67°%£0.05 1.74°+0.01 1.72%+0.05 0.21%+0.01
VAO03 18.33%+0.58 1.69°+0.05 1.57°+£0.07 1.74%+0.01 1.70°+0.05 0.222bc+£0.01
VA04* 23.67+0.58 1.945¢+£0.05 1.802%¢4+£0.04 1.91°+0.01 1.85%+0.06 0.232+0.01
VA0S 23.67°+£0.58 1.942b¢+0,14 1.85%¢+0.05 1.922+0.01 1.812%+0.06 0.232+0.01
VA06 17.67°+0.58 1.70°°+0.05 1.70°4£0.05 1.74°+0.01 1.70°+0.05 0.21%+0.01
VAO7* 22.33°+0.58 1.912%¢£0.09 1.832¢+0.08 1.91°+0.01 1.85%+0.06 0.228+0.01
VAO8* 24.00%+1.00 1.94%%¢+£0.14 1.88%+0.05 1.88°+0.05 1.89°+0.01 0.232+0.01
VA09 17.33°+0.58 1.72540.08 1.67°4+0.09 1.74°40.01 1.72%+0.05 0.21%°£0.01
VAI10* 24.00°+1.00 1.94%¢£0.14 1.88%+£0.06 1.90°+0.01 1.89240.01 0.232+0.01
VALT" 23.00%£1.00 1.942b¢+£0.06 1.832b¢+£(0.08 1.913+0.01 1.88%+0.01 0.23%+0.01
VAI2 18.33%+0.58 1.68°+0.03 1.67°4¢£0.05 1.73%+0.03 1.70°+0.05 0.21%+0.01
VAI13 17.67°+1.15 1.71%°+0.08 1.63%£0.05 1.74°+0.01 1.72%4+0.05 0.20%+0.01
VAl4 18.33%+0.58 1.75%¢+£0.09 1.684¢+0.05 1.74°+0.01 1.70°+0.05 0.212b£0.01
VAL15* 24.333+0.58 1.9720+0.11 1.923+0.09 1.913+0.01 1.8520+0.06 0.23%+0.01
VA6 17.67°+0.58 1.75%6°+£0.04 1.66°4¢£0.08 1.74%+0.01 1.72%+0.05 0.21%+0.01
VALT" 24.332+0.58 1.94%¢+£0.14 1.852¢+0.05 1.912+0.01 1.882+0.01 0.232+0.01
VAIL8* 23.33+0.58 2.00°+0.10 1.89%°+0.05 1.91°4+0.01 1.85%+0.06 0.222+0.01
VAI9 17.33%+0.58 1.72%°+0.08 1.68%4¢£0.05 1.74%+0.01 1.70°+0.05 0.2020+0.01
VA20 17.67°+0.58 1.72%40.08 1.68°4+0.05 1.74°40.01 1.72%°+0.05 0.21%°+0.01

Note: CD: Colony Diameter, OZ: Opalescent Zone diameter, CZ: Clearing Zone diameter, ODs7: Optical Density at 570 nm. Different
superscript letters within the same column indicate significant differences among isolates (One-Way ANOVA followed by Tukey’s
HSD test, p<0.05). Values sharing at least one letter are not significantly different. Ten isolates (*) were selected for PCR analysis of

virulence-associated genes

Table 3. Composite virulence scores of 20 Vibrio alginolyticus isolates based on motility, extracellular enzyme activities, and biofilm
formation. Scores were calculated as the sum of min-max normalized values of each trait (range: 0-3), with higher values indicating
greater virulence potential. Raw phenotypic measurements (motility in mm, enzyme indices, and biofilm OD) are presented for
descriptive purposes, whereas only normalized components (0-1) were used to calculate composite scores at the individual-isolate level

- . Mean - . .
Isolate N{?J:::)ty Caseinase Lipase Phospholipase Hemolysin ?6‘;217[:; e:lnzg:;e Nn(l(;)_ t11;1ty Ne(lgi’;n ¢ Nl()(l)(:il‘i)lm CO:CI(I: ::lte Rank
VAIS 24330 1.970  1.910 1.850 1.920 0.230 1.912 1.000 1.000 1.000 3.000 1
VA17 24330 1.940 1.910 1.880 1.850 0.230 1.895 1.000 0.926 1.000 2.926 2
VAIO 24.000 1.940  1.900 1.890 1.880 0.230 1.902 0.953 0.958 1.000 2911 3
VA08 24.000 1.940  1.880 1.890 1.880 0.230 1.898 0.953 0.937 1.000 2.890 4
VA0S 23.670 1.940  1.920 1.810 1.850 0.230 1.880 0.906 0.863 1.000 2.769 5
VA04 23.670 1.940 1910 1.850 1.800 0.230 1.875 0.906 0.842 1.000 2.748 6
VAIl 23.000 1.940 1910 1.880 1.830 0.230 1.890 0.810 0.905 1.000 2.715 7
VAI8 23330 2.000 1.910 1.850 1.890 0.220 1.912 0.857 1.000 0.667 2.524 8
VAOl 23.330 1.910 1.910 1.840 1.790 0.220 1.862 0.857 0.789 0.667 2313 9
VAO07 22.330 1.910 1.910 1.850 1.830 0.220 1.875 0.714 0.842 0.667 2223 10
VAI6 17.670 1.750  1.740 1.720 1.660 0.210 1.718 0.490 0.179 0.333 1.002 11
VA20 17.670 1.720  1.740 1.720 1.680 0.210 1.715 0.490 0.168 0.333 0.991 12
VA06 17.670 1.700  1.740 1.700 1.700 0.210 1.710 0.490 0.147 0.333 0.970 13
VAO03 18.330 1.690  1.740 1.700 1.570 0.220 1.675 0.143 0.000 0.667 0.810 14
VAI4 18.330 1.750  1.740 1.700 1.680 0.210 1.718 0.143 0.179 0.333 0.655 15
VA02 18.670 1.680  1.740 1.720 1.670 0.210 1.702 0.191 0.116 0.333 0.640 16
VA13 17.670 1.710  1.740 1.720 1.630 0.200 1.700 0.490 0.105 0.000 0.595 17
VAI2 18.330 1.680  1.730 1.700 1.670 0.210 1.695 0.143 0.084 0.333 0.560 18
VA09 17.330 1.720  1.740 1.720 1.670 0.210 1.712 0.000 0.158 0.333 0.491 19
VAI9 17.330 1.720  1.740 1.700 1.680 0.200 1.710 0.000 0.147 0.000 0.147 20
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Table 4. PCR detection of virulence-associated genes in the ten Vibrio alginolyticus isolates with the highest composite virulence scores

Isolate

Targeted gene Phenotype

VA15 VA17

VA10

VAO8 VAO5 VA04 VA1l VAI8 VA0l VA(7

flaA

Motility

+

+

flaC
gk
flrd
flrB
firc
flaK
tdh
trh
tlh
tepA
vopB
vopD
vgrG
pvuA
pvsA4

+ 4+ + A+t

Hemolysin
Pili
T3SS

T6SS
Iron acquisition

B S e e

+

+ 4+t

+ o+ o

+

+

+ o+ o+ o+t o+

+ ottt

+

+

+ 4+ +++

+

+

+

+ 4+t

+ o+

+

+

+ o+ o+ o+t o+

+ o+ttt

+

+

+ 4+t

O e

+

+

+ 4+ o+t

e T

+

+ o+ o+ o+t o+

I T A

+

+ 4+ +++

R

Note: +: Indicates presence, and -: Indicates absence of PCR amplification for the corresponding target gene

Table S. Cumulative mortality and onset of mortality (days post-
infection) in red drum challenged with different doses of Vibrio
alginolyticus isolate VA15

Dose Cumulative mortality Mortality onset period
(CFU fish'") (%) (dpi)

10® 33.34£5.7 3-6

104 60.0+5.7 4-5

10° 86.0+10.0 4-6

10¢ 100 4-9

107 100 4-9

Note: Values are presented as mean+SD (n = 3 tanks per dose)

90

80

—+— 1077 CFU/mL
70

—=— 1076 CFU/mL
b= 1075 CFU/mL
—%— 10" CFU/mL
—#—10~3 CFU/mL

50

Survival (%)

40

—&—Control
30 g

20

10

0o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Time (Day)

Figure 3. Survival of red drum challenged with different doses of
V. alginolyticus isolate VA1S5. Fish were injected intraperitoneally
with 103-107 CFU fish™!, the control group received sterile PBS

Pathogenicity assay and LDso determination

Isolate VA1S5, which exhibited the highest composite
virulence score based on in vitro phenotypic profiling, was
selected for in vivo pathogenicity assessment. Survival
analysis revealed a clear dose-dependent increase in

mortality among challenged groups compared with the
control (log-rank test, p<0.01) (Figure 3).

Following intraperitoneal injection, cumulative mortality
increased progressively with challenge dose. Mean
cumulative mortality reached 33.3%, 60.0%, 86.0%, 100%,
and 100% at doses of 103, 104, 10°, 10, and 107 CFU fish™?,
respectively (Table 5). The onset of mortality occurred
between 3 and 6 days post-infection (dpi) in fish
challenged with 10° CFU fish!, 4-5 dpi at 10* CFU fish!,
4-6 dpi at 10° CFU fish™!, and 4-9 dpi at the two highest
challenge doses (10° and 107 CFU fish™!). No additional
mortality was observed beyond these time windows in any
treatment group.

Using the Reed-Muench method, the median Lethal
Dose (LDsp) of isolate VA15 was estimated at 4.0 x 10*
CFU fish™!, with a 95% confidence interval of 3.2 x 104-5.1
x 10* CFU fish. This result confirms the high pathogenic
potential of VAIS5 in juvenile red drum under the
experimental conditions applied. Moribund fish exhibited
gross pathological signs characteristic of vibriosis, including
petechial and subcutaneous haemorrhages, fin erosion, pale
liver, and moderate accumulation of abdominal fluid. V.
alginolyticus was successfully re-isolated from 95-100% of
sampled moribund fish, thereby fulfilling Koch’s postulates
and confirming the bacterial aetiology of observed
mortalities.

Discussion

This study characterized virulence-related phenotypes
and selected genetic features of V. alginolyticus isolated
from diseased red drum in central Vietnam, providing
insight into the multifactorial nature of pathogenicity in
marine cage-culture systems. The examined isolates exhibited
marked variability in swimming motility, extracellular
enzyme production, biofilm formation, and hemolytic
activity. Overall, these findings indicate that the virulence
potential of fish-associated V. alginolyticus isolates examined
in this study is not driven by a single dominant trait, but
rather reflects the combined contribution of multiple
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phenotypic characteristics that may act synergistically
during infection.

Motility is a well-recognized virulence determinant in
Vibrio species, facilitating host colonization, penetration of
mucosal barriers, and early stages of infection (Phuoc et al.
2020; Sheikh et al. 2024). In the present study, isolates
VAI1S5 and VA17 displayed the highest swimming motility,
which coincided with elevated expression of other virulence-
associated phenotypes. Such coordinated expression of
motility and additional virulence traits has been described
in several Vibrio pathogens and is thought to reflect
hierarchical regulation within the flagellar gene cascade.
Moreover, strain-dependent variation in motility has been
widely reported for V. alginolyticus isolated from both fish
and shrimp culture systems (Ayuningrum et al. 2023),
potentially arising from genetic diversity as well as
environmental adaptation prior to host infection.

Extracellular enzymes, including caseinases, lipases,
phospholipases, and hemolysins, play important roles in
tissue degradation, membrane disruption, and nutrient
acquisition during infection (Bunpa et al. 2016). In this
study, isolates VA15 and VAI17 exhibited the highest
overall enzyme activities, consistent with their strong
motility phenotypes and supporting previous observations
that exoenzyme secretion may be co-regulated with
flagellar gene expression and global regulatory networks
(Salamone et al. 2019). Although all isolates produced
detectable levels of extracellular enzymes, the magnitude
of activity varied substantially among strains, suggesting
isolate-specific contributions to lesion development and
disease severity. Similar variability has been reported for
Vibrio isolates from shrimp pond environments
(Ayuningrum et al. 2023), and environmental factors such
as nutrient availability and salinity have been shown to
modulate proteolytic activity in Vibrio spp. (Salamone et
al. 2019). The phenotypic heterogeneity observed here,
therefore, likely reflects an interaction between intrinsic
strain properties and environmental conditioning.

Biofilm formation among the isolates ranged from weak
to moderate, consistent with previous studies reporting
relatively low biofilm biomass in marine Vibrio species
under high-salinity conditions (Mitsuwan et al. 2025).
Although the absolute optical density values were lower
than those typically observed in strong biofilm-forming
bacteria such as Pseudomonas spp., biofilm production was
reproducible across replicates and allowed reliable relative
comparison among isolates. Even weak biofilm formation
may be ecologically relevant in marine cage-culture systems
by promoting environmental persistence, enhancing
tolerance to antimicrobial stress, and facilitating attachment
to fish mucosal surfaces. Accordingly, the observed inter-
isolate variability suggests that biofilm formation, while
not a dominant virulence mechanism, may contribute to
persistence and transmission of V. alginolyticus within
aquaculture environments.

B-hemolytic activity was detected in all isolates,
indicating a conserved hemolytic capability among fish-
pathogenic V. alginolyticus strains (Hernandez-Robles et
al. 2016). Isolates VA5 and VA17 consistently exhibited
the highest hemolytic activity, in agreement with their
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overall high virulence phenotypic profiles. Comparable
hemolytic patterns have been reported in V. alginolyticus
isolated from marine fish and shellfish (Wei et al. 2014;
Vandeputte et al. 2024). However, hemolysin expression is
known to be influenced by environmental conditions and
host-derived signals, suggesting that hemolysis represents
an important but context-dependent component of
virulence rather than a sole predictor of pathogenicity.

To integrate multiple phenotypic traits, a composite
virulence score was applied as a comparative framework
for ranking isolates. High-scoring isolates (>2.2) consistently
combined strong motility with elevated extracellular
enzyme activity, reflecting the co-occurrence of multiple
virulence-associated features. In contrast, low-scoring
isolates (<1.0) were characterized by reduced motility and
enzyme activity, suggesting comparatively lower virulence
potential under the conditions tested. While this composite
scoring approach does not provide an absolute measure of
pathogenicity, it offers a practical phenotypic screening
tool to prioritize isolates for subsequent molecular analyses
or in vivo pathogenicity assessment.

Genetic screening revealed the universal presence of
motility-associated genes (flad, flaC, fIgE, flrA, fIrB,
fIrC, and flaK) among the screened isolates, indicating that
flagellar biosynthesis represents a conserved functional
pathway among the V. alginolyticus isolates examined in
this study. These genes encode key structural and
regulatory components of the flagellar apparatus (Luo et al.
2016; Echazarreta and Klose 2019), with fla4 functioning
as a central flagellin gene essential for filament assembly
and swimming motility (Homma et al. 2022). The uniform
detection of these genes is consistent with the strong
motility phenotypes observed among the high-ranking
isolates in the phenotypic assays.

The hemolysin gene profile detected (¢rh*, tlh*, tdh™) is
also consistent with patterns reported for fish-associated V.
alginolyticus isolates in other regions, including China
(Wei et al. 2014; Vandeputte et al. 2024). In contrast, tdh-
positive strains have been reported primarily in shellfish-
associated isolates from distinct geographic settings, such
as Mexico (Hernandez-Robles et al. 2016), highlighting
host- and region-associated variation in hemolysin gene
distribution. Functional studies have demonstrated that ¢/
and tlh contribute substantially to hemolytic activity and
host cell damage (Gonzalez-Escalona et al. 2006; Wong et
al. 2012), which is in agreement with the B-hemolytic
phenotypes observed among the screened isolates in the
present study.

All screened isolates also carried genes encoding
components of the type III secretion system (vopB and
vopD) and the type VI secretion system (vgrG), both of
which have been implicated in host cell interactions,
cytotoxicity, and interbacterial competition in Vibrio
species (Hernandez-Robles et al. 2016; Huang et al. 2024;
Sun et al. 2024). In addition, the consistent detection of the
siderophore-associated genes pvs4 and pvuAd indicates the
presence of an intact vibrioferrin-mediated iron acquisition
system, which is critical for bacterial survival under iron-
limited conditions within the host environment (Tanabe et
al. 2025).
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Collectively, the uniform presence of secretion system-
and iron acquisition-related genes among the screened
isolates suggests that gene presence alone is insufficient to
account for the observed phenotypic variability in motility,
enzyme activity, and hemolysis. Instead, differences in
gene regulation, expression levels, or post-transcriptional
control are likely to contribute to variation in virulence-
related traits among isolates. These findings underscore the
importance of integrating phenotypic assays with molecular
analyses and indicate that future studies incorporating gene
expression profiling under host-relevant conditions would
be valuable for -elucidating regulatory mechanisms
underlying virulence heterogeneity among V. alginolyticus
isolates infecting farmed red drum in central Vietnam.

The pathogenicity assay demonstrated that isolate VA15
exhibits high virulence in red drum under the experimental
conditions used, with an estimated LDso of 4.0 x 10* CFU
fish™*. This finding is consistent with the strong in vitro
virulence phenotypes and the broad repertoire of virulence-
associated genes identified for this isolate. Reported LDso
values for V. alginolyticus vary widely among host species
and experimental infection models, reflecting differences in
host susceptibility, infection routes, and study design. For
example, Mahmoud et al. (2018) reported an LDsy of 1.5 x
10* CFU g body weight in sea bass (Dicentrarchus
labrax), which is substantially higher than the value
observed in red drum in the present study. In contrast,
severe mortality has been reported in cobia challenged with
10°-107 CFU mL™" (Rameshkumar et al. 2017), while
zebrafish exhibited an LDso of approximately 1 x 10° CFU
mL™' (Muhamad-Sofie et al. 2024), only one order of
magnitude higher than the estimate obtained for VA15. In
combination, these comparisons indicate that the virulence
expressed by V. alginolyticus isolates is strongly influenced
by host species and experimental context, rather than
reflecting a uniform pathogenic potential across hosts.

Nevertheless, the present study has certain limitations
that should be considered when interpreting the results. The
in vivo pathogenicity assessment was conducted using a
single V. alginolyticus isolate (VA15) selected on the basis
of its high in vitro virulence score, which may not fully
represent the range of pathogenic potential among circulating
strains in red drum farming systems. In addition, PCR-
based detection of virulence-associated genes reflects gene
presence but does not account for differences in gene
regulation or expression during infection. Future studies
incorporating multiple isolates spanning a broader range of
phenotypic virulence, together with in vivo or host-relevant
gene expression analyses, would help to more
comprehensively elucidate the relationships between
phenotype, genotype, and pathogenic outcome in V.
alginolyticus infecting farmed red drum.

In conclusion, this study provides an integrated phenotypic
and molecular characterization of V. alginolyticus isolates
associated with hemorrhagic disease in farmed red drum in
central Vietnam. Among 20 isolates examined, substantial
variability was observed in swimming motility (17.33-
24.33 mm), extracellular enzyme activity indices (mean
1.67-1.91), and biofilm formation (ODs» = 0.20-0.23).
Integration of these traits into a composite virulence score
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revealed pronounced heterogeneity, ranging from 0.15 to
3.00, with isolate VA15 ranking highest. Although virulence-
associated genes were largely conserved among high-
ranking isolates—15 of 16 genes detected, with tdh
consistently absent—gene presence alone did not explain
phenotypic differences. In vivo challenge confirmed the
predictive value of phenotypic profiling, as isolate VA15
caused dose-dependent mortality in red drum with an LDso
of 4.0 x 10* CFU fish™ (95% CI: 3.2 x 10*-5.1 x 10* CFU
fish™"). Marked variability in motility, extracellular enzyme
activity, and biofilm formation was observed among
isolates, while a broad set of virulence-associated genes
was consistently detected, supporting the multifactorial
nature of virulence in fish-associated V. alginolyticus.
These region-specific baseline data contribute to improved
understanding of V. alginolyticus virulence in farmed red
drum in central Vietnam and underscore the need for
further studies incorporating broader sampling, multiple
isolates, and in vivo gene expression analyses to elucidate
better host-pathogen interactions in marine fish farming
systems.
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