Open Access Article. Published on 30 June 2025. Downloaded on 6/15/2026 8:28:17 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Environmental

Science

Processes & Impacts

W) Check for updates ‘

Cite this: Environ. Sci.: Processes
Impacts, 2025, 27, 2262

Received 1st February 2025
Accepted 30th June 2025

DOI: 10.1039/d5em00083a

rsc.li/espi

Environmental significance

I ROYAL SOCIETY
PPN OF CHEMISTRY

Virulence gene profiling and cytotoxicity of Vibrio
spp. isolated from treated wastewater effluent and
receiving surface waters in Durban, South Africat

Kerisha Ramessar and Ademola O. Olaniran & *

Untreated or partially treated wastewater often harbours virulent Vibrio species that threaten environmental
and public health. This study aimed to characterize the virulence gene profiles and cytotoxic effects of
Vibrio species isolated from treated effluents and downstream rivers at four wastewater facilities in
Durban, KwaZulu-Natal province, South Africa. A total of 200 Vibrio spp., isolated from treated effluent
and surface waters of four wastewater treatment facilities in Durban, KwaZulu-Natal, were screened,
with Vibrio vulnificus isolates (n = 178) showing high prevalence of iron acquisition genes such as viuB
(72.47%), feoB (56.74%) and fbpC (55.06%) while other virulence genes like ompU, apxIB, and hlyB were
also detected. Vibrio alginolyticus isolates (n = 15) exhibited rtx (66.67%) and pvuA (46.67%), among
others. Five representative isolates caused a progressive decline in cell viability in both HepG2 and
HEK293 cells over 72 h, with final viability dropping below 3% in multiple instances. Morphological
damage confirmed strong cytotoxic activity. Statistical analysis showed significant associations between
specific genes detected among the isolates. These findings demonstrate that treated wastewater still
contains highly virulent Vibrio strains capable of harming human cells, posing ongoing risks in regions
with compromised water infrastructure.

Wastewater treatment plants are vital for reducing microbial contamination in aquatic environments. The persistence of pathogenic bacteria such as Vibrio spp.
in treated wastewater effluents and environmental waters is a public health concern. Consequently, this study profiled virulence genes in 200 Vibrio spp. isolates

obtained from treated effluent and surface waters at four wastewater treatment plants in Durban, KwaZulu-Natal. Additionally, the cytopathic effects of five
selected isolates were assessed in HepG2 and HEK293 cell lines. The results reveal the presence of various virulence genes among Vibrio spp., their significant

associations, and the isolates’ strong cytotoxic effects on human cells. These findings emphasize the need for continuous monitoring and improvement of
wastewater treatment processes to effectively eradicate pathogenic bacteria.

1. Introduction

have documented the occurrence of pathogenic bacteria in
treated effluents,>® limited attention has been given to the

The global burden of waterborne diseases remains a pressing
concern, driven largely by the discharge of inadequately treated
wastewater into surface waters, which serves as a conduit for
pathogenic microorganisms. This scenario poses severe public
health threats, particularly in communities that depend on
these contaminated water bodies for domestic purposes.' The
challenge is most acute in developing regions where wastewater
infrastructure is often under-resourced or poorly maintained.*
South Africa exemplifies this crisis, with an estimated 40 to 50%
of its 1400 wastewater treatment facilities failing to meet
acceptable operational standards.® Although existing studies
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virulence potential and cytotoxicity of Vibrio species within
these systems. This gap is concerning, considering the growing
recognition of Vibrio spp. as significant environmental and
clinical pathogens.

Vibrio species are Gram-negative, facultatively anaerobic
bacteria belonging to the Vibrionaceae family and are increas-
ingly identified as threats in wastewater-contaminated aquatic
ecosystems.” Pathogenic strains of Vibrio have been docu-
mented in treated effluents from wastewater treatment plants
(WWTPs) in the Eastern Cape of South Africa and other areas.”
Among the 147 recognized species, twelve are known to cause
disease in humans.® Notable among these are Vibrio cholerae,
which accounted for over 1.2 million cases, globally, in 2017,° V.
vulnificus, associated with severe septicaemia and high
mortality rates,’ and V. alginolyticus, implicated in wound
infections and otitis."** The pathogenicity of these organisms

This journal is © The Royal Society of Chemistry 2025
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is attributed to a suite of virulence factors, including iron
acquisition systems such as viuB, feoB, and fbpC, cytolytic
hemolysins (hlyA-D), adhesion and colonization factors like
ompU and tcp; and motility-related flagellin genes (flaA-C).**>*
These virulence determinants not only facilitate environmental
persistence but also enhance host invasion and tissue damage,
underscoring the need for targeted surveillance of Vibrio spp. in
treated effluents.

While previous studies have documented the presence of
pathogenic Vibrio spp. in wastewater effluents and receiving
surface waters in South Africa,>® there remains a critical gap in
understanding the virulence potential of these strains in treated
waters and their implications for human health. This study
uniquely addresses this gap by combining molecular profiling
of virulence genes with statistical correlation analyses to eluci-
date the pathogenicity of Vibrio isolates from wastewater efflu-
ents. Additionally, we investigate the cytopathic effects of
selected V. wvulnificus strains on human hepatoblastoma
(HepG2) and human embryonic kidney (HEK) cell lines,
providing novel insights into their potential health risks upon
exposure.

While most prior research has focused on marine or clinical
isolates of Vibrio, our study addresses a critical gap by investi-
gating strains that persist through municipal wastewater treat-
ment processes and their receiving surface waters. We
hypothesize that these environmental isolates harbour enriched
virulence gene repertoires and exhibit heightened cytotoxicity
toward human cells. Ultimately, this approach offers novel
insights into the environmental persistence and health risk
potential of Vibrio spp., with direct implications for water
quality monitoring and public health policy in resource-limited
settings.

2. Materials and methods

2.1
isolates

Isolation and molecular identification of the Vibrio

Wastewater samples were obtained from four wastewater
treatment facilities in Durban, KwaZulu-Natal, South Africa.
The geographical coordinates of the four wastewater treatment
plants are 29°47'43"”S 30°59'52"E (WWTP1), 29°40'43"S 31°
02'01"E (WWTP2), 29°59'25"S 30°54'21"E (WWTP3), and 29°
50'42"S 30°53'27"E (WWTP4). Samples were collected season-
ally from various locations at each wastewater treatment plant
(WWTP), including (1) influent, (2) pre-chlorination, (3) acti-
vated sludge or biofilter, (4) post-chlorination, (5) upstream,
and (6) downstream of the receiving rivers, during the sampling
period from September 2020 to August 2021. Samples were
collected in 5 L sterile bottles, subsequently carried on ice to the
University of KwaZulu-Natal (Westville campus), where they
were maintained at 4 °C and analysed within 48 h of collection.
The materials underwent serial dilution with sterile distilled
water and were subsequently filtered using a 0.45 um cellulose
nitrate filter. The filters were applied to thiosulfate-citrate-bile
salts-sucrose agar (Sigma-Aldrich, St. Louis, MO, USA) and
incubated at 37 °C for 24 h. Green and yellow colonies were
recognized as probable Vibrio isolates. Two hundred putative
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Vibrio spp. were isolated from the treated effluents, as well as
from upstream and downstream locations of the river. PCR
amplification of the V16s housekeeping gene was conducted to
verify the identity of the organisms as Vibrio spp. utilizing the
primers V16s-700F: CGGTGAAATGCGTAGAGAT and Vi6s-
1325R: TTACTAGCGATTCCGAGTTC.?* Species identification for
V. vulnificus was conducted utilizing the primers Vv.hsp-326F:
GTCTTAAAGCGGTTGCTGC and W.hsp-697R:
CGCTTCAAGTGCTGGTAGAAG.”* A semi-nested PCR was con-
ducted to identify V. alginolyticus using the primers: VA16F1:
ATTGAAGAGTTTGATCATGGCTCAGA, VA16F2:
CCTTCGGGTTGTAAAGCACT, VA16R2:
TCCTCCCGTAGTTGAAACTACCT.*

and

2.2 Virulence gene profiling of Vibrio spp.

Detection of virulence genes in V. vuinificus, V. alginolyticus, and
Vibrio spp. was conducted by monoplex PCR. Primers for the
virulence genes were developed utilizing the DNA sequences
from V. vulnificus (ATCC 27562) and V. alginolyticus (ATCC 17749)
received from NCBI GenBank (https://www.ncbi.nlm.nih.gov/)
and were subsequently extracted and aligned for the specific
virulence genes. The primer-BLAST tool facilitated primer
design, and the resulting primers (Table 1) were manufactured
by Ingaba Biotech, Pretoria, South Africa. V. vulnificus was
screened for apxIB, fbpC, feoB, ompU, sodB, tldD, viuB, and hlyB,
whereas V. alginolyticus was checked for asp, pvuA, tih, and rtx. All
amplifications were conducted in 25 uL reactions, comprising
12.5 uL of 2x master mix (Thermo-Fisher, Waltham, MA, USA),
0.2 uM of each primer, 12 puL of nuclease-free water, and 2 pL of

Table 1 Primers used for virulence genes profiling

Target Sequence Product Annealing

gene (5'-3") length (bp) temperature

apxIB  F: GCCAACTGCGTGATGTGTTT 298 55.7 °C for 60 s
R: ATTTGGCCGGTTTGACGTTG

fhpC F: GGAAGTGGAACAAGGGCAGA 159 62.8 °C for 60 s
R: TCAGGTGGAACCCAATGCTC

feoB F: AAGCGTTTCGTTTTGGGAGC 237 64.3°Cfor40s
R: ACCAACTACCGCCTCTTTGG

ompU  F: TGGCGTCTGTCATCGTTITCA 254 55.7 °C for 60 s
R: ACCAGCACCGTTATCACCTG

sodB F: TTGAGTTCCACCACGGCAAA 370 58 °C for 40 s
R: GTGATTGGTGTTGCCGCATT

tldD F: GGCAACAAACGCTGTAGCTC 766 64.3°Cfor40s
R: CATGTCTTTGCCCACCATGC

viuB F: GCCTGAACACAAACCCGTTC 449 62.8 °C for 60 s
R: CCGCGATAAAAGCAGACAGC

hlyB F: GAACGCGAGTAAATCACGCC 481 58 °C for 40 s
R: AAGCGCACGTTATCGAATGC

asp F: AGACCGCATGTCTGGTTTGT 475 64.3 °C for 30 s
R: GCTCAATACTCTCACGCCGA

PVUA F: GATGCGCCGCTGAATGATTT 343 64.3 °C for 30 s
R: CACTGTCGGCAAATGGCAAA

tih F: GTGGTTAGCGCGCAAGAAAA 770 64.3 °C for 30 s
R: GGTGCTTTGGTTGCATCAGG

rtx F: CCGACAGCTTGTTTGTTGGG 473 64.3 °C for 30 s
R: CACGTCAACACCGTCTGGTA
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template DNA. The PCR cycling parameters for V. vulnificus genes
consist of an initial denaturation at 96 °C for 5 min, succeeded by
35 cycles of 94 °C for 60 s, annealing (refer to Table 1), and 72 °C
for 60 s, culminating in a final extension at 72 °C for 7 min. The
PCR cycling parameters for V. alginolyticus genes consist of an
initial denaturation at 93 °C for 15 min, succeeded by 35 cycles of
denaturation at 92 °C for 40 s, annealing (Table 1), elongation at
72 °C for 1 min and 30 s, and a final elongation step at 72 °C for
7 min following the completion of 30 cycles. PCR products were
resolved using gel electrophoresis at 100 V for 45 min on a 1.5%
agarose gel, stained with 5 ug mL™" ethidium bromide, and
visualized under a UV transilluminator utilizing the Chem-
igenius Bioimaging System (Syngene, Cambridge, UK). The
multi-virulence gene index (MVGI) was computed using the
following equation MVGI = VGD/VGT** where VGD denotes the
virulence genes found, and VGT signifies the total number of
virulence genes.

2.3 Cytotoxicity assays

Human embryonic kidney (HEK293) and human hepato-
blastoma (HepG2) cells were cultured in tissue culture (T25)
flasks using Dulbecco's modified Eagle's medium (DMEM),
supplemented with 10% fetal bovine serum and 1% penicillin-
streptomycin (ThermoFisher, Waltham, MA, USA), and incu-
bated at 37 °C in 5% carbon dioxide.

2.3.1 Treatment concentration selection and rationale. The
treatment concentration of 1.5 x 10° CFU mL~" was selected
based on established protocols for evaluating Vibrio cytotox-
icity*>?® and previous studies assessing similar pathogenic
mechanisms.”*® This standardized concentration ensures
direct comparability with established research and supports
cross-study comparisons of Vibrio virulence and cytotoxicity.
Although this concentration exceeds typical levels found in
treated wastewater (10°-10* CFU mL™"), it is representative of
potential bacterial loads encountered in biofilms, during bloom
conditions, or peak exposure events in coastal and estuarine
waters.*

The selected concentration balances several critical factors:
(1) ecological relevance by reflecting potential environmental
exposures, (2) reproducibility across experimental replicates,
and (3) generation of measurable cytotoxic effects suitable for
quantitative analysis. Furthermore, in vitro infection models
commonly employ similar concentrations to assess bacterial
cytotoxicity and virulence factor activity.*>**

To validate that the cytotoxic effects were attributable to
virulence factors rather than the bacterial load alone, additional
dose-response experiments were performed. Serial dilutions of
V. vulnificus suspensions, ranging from 10° to 107°, were
prepared and used to treat HepG2 and HEK293 cells. Cell
viability was then assessed following exposure to each dilution
to observe changes in cytotoxicity.

2.3.2 MTT viability assay. The MTT (3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide) assay is a colorimetric
assay used to assess the percentage of cell viability after expo-
sure of V. vulnificus on HEK293 and HepG2 cells. After 75%
confluence was achieved, the cells were removed from the flask
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using trypsin and resuspended in DMEM, with 100 pL aliquots
planted into each well (2 x 10> cells per well) of a 96-well
microtiter plate. Following incubation at 37 °C for 24 h, the
medium was replaced with 180 pL of fresh DMEM. Five V. vul-
nificus strains (V.v.137, V.v.406, V.v.419, V.v.420, and V.v.444)
were selected for this assay based on their antibiograms (data
not shown) and distinct virulence gene profiles (Table S1}). In
addition to their high antibiotic resistance and virulence
potential, these five isolates exhibited unique combinations of
antibiotic resistance and virulence gene profiles compared to
the rest of the isolates in this study. This made them valuable
for assessing the risks they may pose to human health and for
informing future treatment strategies.

Bacterial cells were cultured in nutritional broth to mid-log
phase and centrifuged, the pellet was rinsed with phosphate-
buffered saline (pH 7.4) and standardized to approximately
1.5 x 10° cells per mL using DMEM.

Twenty microliters of the standardized bacterial suspension
were applied to each well of the 96-well microtiter plate and
incubated for 24, 48, and 72 h. Uninfected cells were used as
a negative control, whereas V. vulnificus ATCC 27562 served as
a positive control. Each experimental condition was performed
in triplicate (three technical replicates), and each experiment
was repeated three times independently (three biological
replicates) to ensure reproducibility and statistical reliability.

Following incubation of V. vulnificus with the cells, 20 pL of
MTT (1 mg mL~") was introduced to each well and incubated for
3 h at 37 °C in 5% carbon dioxide. Following incubation, the
supernatant was carefully removed, and 100 pL of pure dimethyl
sulfoxide (DMSO) was introduced to the wells to solubilize the
purple formazan crystals that developed in the cell cytoplasm.
Optical absorbance was measured with the plate reader at
570 nm.

It is hypothesized that differential cytotoxic responses
between HepG2 and HEK-293 cells may result from their
distinct cellular origins, with HepG2 cells (liver-derived)
potentially exhibiting different detoxification mechanisms and
cellular defence pathways compared to HEK-293 cells (kidney-
derived), leading to varying susceptibilities to V. vulnificus
virulence factors.

2.4 Evaluation of cell morphology

The cell morphology and overall health of HepG2 and HEK293
cells were assessed by capturing multiple field views for each
experimental condition using the Invitrogen EVOS FLoid
EN61326 high-resolution microscope, which is equipped with
phase-contrast and fluorescence capabilities that ensured
a representative and detailed analysis (ThermoFisher Scientific,
Waltham, MA, USA).

2.5 Statistics

The associations between various virulence genes among
isolates were assessed by comparing Pearson chi-square values
(x?), determined using descriptive analysis of crosstabs for
contingency tables, at a significance level of p < 0.05. Further-
more, the odds ratio (OR) for each pair of virulence genes was

This journal is © The Royal Society of Chemistry 2025
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employed to measure the intensity of their correlation. An odds
ratio (OR) greater than 1 indicates a positive correlation,
implying that the presence of one gene enhances the likelihood
of the other being present; an OR less than 1 indicates a nega-
tive association, while an OR equal to 1 shows no association.**
Analyses were conducted using IBM SPSS Statistics 28.0. The
cytotoxicity results were analysed using a completely random-
ized design (CRD) with three replicates. The data underwent
analysis of variance, and means were differentiated using the
Tukey test at p = 0.0001. Additionally, certain data were illus-
trated graphically as mean =+ standard deviation.

3. Results

3.1 Virulence gene signatures of the Vibrio isolates

Two hundred presumptive Vibrio isolates were collected from
the discharge point of treated effluent, as well as from upstream
and downstream locations of receiving surface waters at four
wastewater treatment plants in Durban, KwaZulu-Natal. The
isolates were identified as Vibrio spp. by PCR amplification of
the Vibrio 16s rRNA gene. Out of the two hundred isolates, 178
were identified as Vibrio vulnificus and 15 as Vibrio alginolyticus
via PCR amplification of the Wv.hsp and VA16 genes,
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respectively, while 8 remained unidentifiable at the species level
and were categorized as Vibrio spp.

PCR amplification of virulence genes: apxIB, ompU, sodB, hlyB,
fbpC, viuB, tldD and feoB demonstrated their presence in some V.
vulnificus isolates (Fig. 1a, b and Table 2). Out of 178 V. vulnificus
isolates, viuB was discovered in 72.47% (n = 129) of isolates,
followed by feoB in 56.74% (n = 101) and fbpC in 55.06% (n = 98).
Furthermore, ompU was identified in 35.39% (n = 63), apxIB in
24.72% (n = 44), and hlyB in 13.48% (n = 24) of the isolates. The
tldD gene was identified in 6.74% (n = 12) of isolates, while sodB
was identified in 1.69% (n = 3) of isolates. Additionally, asp, tih,
pvuA, and rtx were identified in certain V. alginolyticus isolates.rtx
was predominantly identified in 66.67% (n = 10) of the isolates,
while pvuA was recognized in 46.67% (n = 7) of the isolates. asp
and tlh were identified in 13.33% (n = 2) and 6.67% (n = 1) of
isolates, respectively. In Vibrio spp., viuB was the most common
gene detected in 42.86% (3) of isolates followed by ompU and
feoB, both, detected in 28.57% (n = 2) isolates. fbpC was only
detected in 14.29% (n = 1) isolates.

3.2 Virulence genes combinations detected in isolates

Multiple virulence genes were present in all three isolate types:
V. vulnificus, V. alginolyticus, and Vibrio spp. (Tables 2 and S17).

-
— o
—
——
e=3
- e
- o
. .
Lt
.- .
-

Fig.1 PCR amplification of virulence genes identified in V. vulnificus. Lanes 1, 18, 19, 36, 100bp molecular marker; lane 2, feoB positive control
(237bp); lane 3, negative control; lanes 4 and 5, positive strains for feoB (237bp); lane 6, hlyB positive control (481bp); lane 7, negative control;
lanes 8 and 9, positive strains for hlyB (481bp); lane 10, apxIB positive control (291bp); lane 11, negative control; lanes 12 and 13, positive strains for
apxIB (291bp); lane 14, fbpC positive control (159bp); lane 15, negative control; lanes 16 and 17; positive strains for fopC (159bp); lane 20, sodB
positive control (370bp); lane 21, negative control; lanes 22 and 23; positive strains for sodB (370bp); lane 24, ompU positive control (254bp); lane
25, negative control; lane 26 and 27, positive strains for ompU (254bp); lane 28, tldD positive control (766bp); lane 29, negative control; lanes 30
and 31, positive strains for tldD (766bp); lane 32, viuB positive control (449bp); lane 33, negative control; lane 34 and 35, positive strains for viuB
(449Dbp).
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Table 2 Number of V. vulnificus isolates, V. alginolyticus and Vibrio spp. harbouring virulence genes

Virulence genes

Isolates apxIB ompU sodB hlyB fhpC viuB tldD feoB

V. vulnificus (n = 178)  24.72% (44)  35.39% (63)  1.69% (3)  13.48% (24)  55.06% (98)  72.47% (129)  6.74% (12)  56.74% (101)

Vibrio spp. (n = 7) 0% (0) 28.57% (2) 0% (0) 0% (0) 14.29% (1) 42.86% (3) 0% (0) 28.57% (2)
asp tlh PVUA rtx

V. alginolyticus (n = 15) 13.33% (2) 6.67% (1) 46.67% (7) 66.67% (10)

Six virulence genes (MVGI = 0.75), namely apxIB, ompU, hlyB,
fbpC, viuB and feoB, were simultaneously identified in V. vulni-
ficus isolates. apxIB, hlyB, fbpC, viuB, tldD and feoB were the
predominant virulence genes identified in two samples. Fifteen
isolates were reported to contain the presence of five virulence
genes (MVGI = 0.625) with the most prevalent pattern of apxIB,
ompU, fbpC, viuB and feoB. Among the thirty-five isolates
exhibiting four virulence genes (MVGI = 0.5), ten isolates
possessed the combination of ompU, fbpC, viuB and feoB; seven
isolates included the combination of apxIB, ompU, fbpC and
viuB; and five isolates included the combination of hlyB, fbpC,
viuB and feoB. The predominant virulence gene profile identi-
fied was fbpC, viuB, and feoB, observed in twenty-five isolates.
Furthermore, eleven isolates exhibited the combination of fbpC
and viuB, whereas 10 isolates demonstrated the combination of
viuB and feoB. In V. alginolyticus, three virulence genes (MVGI =
0.75) were found in two isolates with combinations of asp, pvua
and rtx, and asp, tlh and rtx. The predominant combination of
virulence genes identified was pvud and rtx, observed in five
isolates. In Vibrio spp., two isolates exhibited three virulence
genes (MVGI = 0.375): ompU, viuB, and feoB, with fbpC, viuB,
and feoB present in each sample. One isolate had a combination
of ompU and viuB (MVGI = 0.25).

3.3 The positive and negative associations of virulence genes
detected in isolates

The Pearson x” values at P < 0.05 (unless specified otherwise)
are derived from cross-tabulation data illustrating the associa-
tion between the virulence genes in V. vulnificus, as shown in
Table 3. The data reveal that viuB had a significant association
with AlyB (x*: 10.537, OR = 0.682), fbpC (x*: 50.080, OR =
17.820), feoB (x*: 32.393, OR = 7.972) and tldD (x: 4.888, OR =
1.103). tldD exhibited an association with apxIB (x*: 4.419, OR =
3.368), ompU (x*: 7.049, OR = 0.896), and hlyB (x*: 8.762, OR =
5.526). feoB demonstrated a strong correlation with fbpC (x>
16.592, OR = 3.569). fbpC had a significant association with
apxIB (x*: 5.601, OR = 2.385) and sodB (x*: 6.517, OR = 3.608).
The virulence gene hlyB revealed a significant relationship with
sodB (x*: 7.399, OR = 13.909). The cross-tabulation results
demonstrated a significant correlation between the virulence
genes tlh and asp (x*: 6.964, OR = 0.071) in V. alginolyticus
(Table 3). No positive relationships were discovered between
virulence genes detected in Vibrio spp. (Table 3).

2266 | Environ. Sci.: Processes Impacts, 2025, 27, 2262-2276

In V. vuinificus, the odds ratio and confidence intervals (CI)
indicated relationships (Table 3) involving viuB and fbpC (OR
17.820, CL: 6.992-45.414), viuB and feoB (OR 7.92, CI: 3.695-
17.202), and hlyB and sodB (OR 13.909, CI: 1.210-159.851). The
elevated OR values indicate a robust correlation between these
gene pairs. However, a high confidence interval indicates vari-
ability in the data. Robust relationships were identified between
fbpC and sodB (OR 3.608, CI: 1.282-10.151), ompU and apxIB (OR
3.787, CI: 1.861-7.705), and fbpC and apxIB (OR 2.385, CI:
1.148-4.952), as indicated by significant associations with
confidence intervals that do not include one. Nonetheless,
a negligible connection was noted between the gene pairs rtx
and asp (OR 1.250, CI: 0.917-1.704) in V. alginolyticus, and feoB
and apxIB (OR 1.004, CI: 0.505-1.997) in V. vulnificus, as the
odds ratios were proximate to 1 and accompanied by extensive
confidence intervals. In the Vibrio spp., the odds ratios were
approximately one or lower, accompanied by wide confidence
intervals, indicating no meaningful connections between the
gene pairs.

3.4 Cell morphology of infected and uninfected HEK293 and
HepG2 cells

Cytopathic effects of V. vulnificus on HEK293 and HepG2 cells are
depicted in Fig. 3 and 4, respectively, following infection and
incubation with strains V.v.137, V.v.406, V.v.419, V.v.420, V.v.444,
positive and negative controls over 24, 48, and 72 h. Prior infec-
tion with V. vulnificus the HEK293 cells exhibited a spindle
morphology (Fig. 3a-g); however, after 24 h of incubation
(Fig. 3h-n), the HEK293 cells began to deviate from their char-
acteristic shape and lost their orderly structure. By 48 h (Fig. 30-
u), the cells started to appear rounder in shape and shrivelled,
indicating symptoms of cytopathic stress with detachment of
cells from the surface of the wells. Following 72 h incubation
(Fig. 3v-z, aa, and ab), widespread breakdown of the monolayer
was observed with significant distortion of the cells and cell loss
being obvious. In HepG2 cells, prior to infection with V. vulnificus,
cells exhibited an epithelial shape (Fig. 4a-g). At 24 h post-
infection, the morphology began transitioning from epithelial
shape to showing early symptoms of deformation (Fig. 4h-n). At
48 h (Fig. 40-u), the cytopathic effects were more prominent as
cells appeared rounder, shrivelled, and indications of cell-to-cell
contact were observed. By 72 h (Fig. 4v—z, aa, and ab), cells were
substantially distorted with substantial disintegration of the
monolayer, and some cells were dislodged from the surface of the

This journal is © The Royal Society of Chemistry 2025
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wells, exhibiting serious cellular damage and cell death. The
progressive morphological alterations from spindle-shaped
(HEK293) and epithelial-shaped (HepG2) to rounded, shrivelled,
and deformed, alongside the gradual degradation of the cellular
monolayer, underscore the cytopathic effects of V. vulnificus
strains on both HEK293 and HepG2 cells over a 72-h period.

Uninfected HEK293 and HepG2 cells are demonstrated
throughout the 72-h period, exhibiting the development of cells.
During the initial 24 h of incubation (Fig. 3g), the HEK293 cell
culture demonstrated spheroid and spindle growth patterns. At
48 h (Fig. 3n), most cells adopted a spindle-shaped adherence,
followed by the formation of a dense cell layer over the 72-h
incubation period (Fig. 3u). Throughout the 72-h incubation
period (Fig. 3u), the HEK293 cells remained adhere to the
surface of the wells in the plate displaying no changes in
morphology or any stress-related detachment. As demonstrated
in Fig. 4g, post-24-h incubation, HepG2 cells are epithelial in
nature and maintain their polygonal form throughout the 72-h
incubation period. During the 48-h incubation period (Fig. 4n),
HepGz2 cells exhibited distinct boundaries and established cell-
to-cell contact; by the 72-h incubation period (Fig. 4u), HepG2
cells formed compact clusters. Like the HEK293 cells, the
uninfected HepG2 cells maintained their epithelial
morphology, exhibiting no indications of rounding, detach-
ment, or damage during the 72-h incubation period. Over the
72-h timeframe, both HEK293 and HepG2 cells retained their
unmodified shape as well as established increasing cell
concentrations. No sign of contamination was detected during
the experiment, confirming that external variables did not affect
the results and maintaining the baseline viability and integrity
of the assay.

3.5 Cell viability assay

The cell viability of HEK293 and HepG2 cells (Fig. 5a and b) was
assessed over 24-, 48-, and 72-h following exposure to five Vibrio
vulnificus  isolates (V.v.137, V.v.406, V.v.419, V.v.420
and V.v.444), with comparisons made to V. vulnificus ATCC
27562 (positive control) and uninfected cells (negative control).
Following 24-h incubation, HEK293 cells infected with
isolate V.v.420 exhibited the lowest cell viability (15.53% =+ 0.26)
while those infected with V.v.137 showed the highest (77.34% +
2.2). By 48 h, cell viability had notably decreased for all isolates
exposed to V.v. 420, reducing to 1.01% =+ 0.16 and V.v. 137 to
47.44% =+ 2.2. By 72 h, the cell viability continued to decline,
with HEK293 cells infected with V.v.406, V.v.419, and V.v.420
showing cell viabilities close to or below 1% compared to those
exposed to V.v.137, which exhibited the highest cell viability of
12.07% =+ 0.5. HEK293 cells treated with V. vulnificus ATCC
27562 (positive control) also showed a marked decrease in cell
viability over time, from 58.44% =+ 1.63 at 24 h to 1.70% + 0.15
at 72 h whereas the negative control maintained near-complete
cell viability across all time points (from 99.99% to 99.88%).
HepG2 infected with V.v.419 demonstrated the lowest cell
viability at 24 h (7.7% + 0.89) as compared to V.v.137 (87% =+
1.03). By 48 hours, cell viability decreases markedly with cells
exposed to V.v.419 reducing to 2.18% =+ 0.2 and V.v.137 to
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51.89% =+ 0.65. By 72 h, substantial reduction in cell viability
was observed with V.v.137 infected HepG2 cells decreasing to
7.25% =+ 0.22, while cells infected with V.v.406, V.v.419,
and V.v.420 displayed minimal viability levels below 2%. HEPG2
cells treated with the positive control followed a similar trend,
reducing from 66.73 £ 2.23% at 24 h to 3.43 £ 0.73% by 72 h.
The negative control consistently showed no notable reduction
in cell viability (99.99% to 99.88%) throughout the assay.
Analysis of variance (ANOVA) revealed significant differences
among all samples in comparison to the negative control (P =
0.0001). However, no significant difference was detected
between V.v.419 and V.v.420 at the 48-h incubation period for
HEK293 and HepG2 cells, as well as among V.v.406, V.v.419,
and V.v.420 at the 72-h incubation period for HEK293, and
between V.v.406 and V.v.444 for HepG2. Furthermore, dose-
response experiments, using serial dilutions of V. vulnificus
suspensions demonstrated a proportional decrease in cell
viability, supporting the role of virulence factors in cytotoxicity
(Fig. S1-S67).

4. Discussion

This study investigates the virulence gene profiling and cyto-
toxicity of Vibrio spp. isolated from treated wastewater effluent
and receiving surface waters in South Africa, as inadequate
wastewater management results in the contamination of envi-
ronmental water sources and the proliferation of waterborne
diseases.** The predominant pathogenic species, including
Vibrio cholerae, Vibrio parahaemolyticus, Vibrio vulnificus, and
Vibrio alginolyticus, are implicated in human infections associ-
ated with contaminated aquatic habitats and seafood.**

The PCR amplification of virulence genes in V. vulnificus and
V. alginolyticus isolates elucidated the presence and distribution
of essential virulence components. Of the eight virulence genes
examined (apxIB, ompU, sodB, hlyB, fbpC, viuB, tldD, and feoB) in
V. vulnificus (Fig. 1a and b), viuB, fbpC, and feoB were identified
as the most frequent, indicating a significant frequency of these
genes within the V. vulnificus population. Table 2 indicates that
the virulence gene, viuB, was found in 72.47% (n = 129) of cases.
viuB encodes vulnibactin, a siderophore that facilitates iron
uptake in V. vulnificus.® viuB was detected in all clinical and
environmental V. vulnificus isolates documented in a prior
investigation.® Virulence genes fbpC and feoB were identified in
55.06% (n = 98) and 56.74% (n = 101) of isolates, respectively.
These genes encode ferric (fbpC) and ferrous (feoB) iron trans-
port systems, which are essential for Vibrio spp. survival as iron
plays a crucial role in bacterial metabolism and gene regula-
tion.>* The occurrence of ompU in 35.39% (n = 63), apxIB in
24.72% (n = 44), and hlyB in 13.48% (n = 24) of isolates
demonstrates a heterogeneous distribution of these virulence
genes. Outer membrane protein U (ompU) is a conserved main
outer membrane protein, which is extensively prevalent in
pathogenic Vibrio spp.*” This protein is identified as a signifi-
cant adhesin in V. cholerae and V. vulnificus. Although the apxIB
gene has been documented in Actinobacillus pleuropneumoniae,
our results also identified the apxIB gene in V. vulnificus
isolates.*® It is crucial to mention that the primer employed for

This journal is © The Royal Society of Chemistry 2025
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this detection was created based on the genomic information
collected from the Vibrio vulnificus ATCC 27562. The hemolysin
region has been found to be highly conserved® with studies
reporting hlyB exclusively in V. cholera**** however in contrast
with previous studies, this study reported hlyB in some V. vul-
nificus isolates. Conversely, t/dD was identified in merely 6.74%
(n = 12) of isolates, while sodB was detected in only 1.69% (n =
3) of isolates, indicating a diminished prevalence of these genes
among the examined V. vulnificus isolates. A prior study, simi-
larly, indicated the low incidence of ¢/dD in another Vibrio spp.*
For example, V. anguillarum, the sodB gene, which encodes
superoxide dismutase (SOD), is essential for oxidative stress
tolerance in Vibrio vulnificus. The low incidence of sodB con-
trasted with the previous findings where sewage exposure
elevated the transcription of sodB in Vibrio isolates.**
Virulence gene detection in V. alginolyticus isolates (n = 15)
(Fig. 2) revealed rtxA, encoding for a holotoxin* was the most
prevalent, detected in 66.67% (n = 10) of isolates followed by
pvuA which was detected in 46.67% (n = 7) of isolates. The
prevalence of pvuA in this study was higher than V. alginolyticus
isolated from seafood samples in Mexico city which reported
17.9% (n = 285).*® A low prevalence of asp (13.33%, n = 2) and
tlh (6.67%, n = 1) was observed in the V. alginolyticus isolates.
These genes, asp (encodes for alkaline serine protease) and tlh
(encodes for thermolabile hemolysins), are typically identified
in V. alginolyticus isolated from seafood products®” and were
previously detected in silver sea bream (Sparus sarba) erythro-
cytes.*® Overall, this analysis underscores the diversity in the
distribution of virulence genes among V. vulnificus and V. algi-
nolyticus isolates, providing valuable information for under-
standing the pathogenicity and virulence potential of these
bacteria. Furthermore, the co-existence of two or more virulence
genes in an isolate suggests that a subset of strains can exhibit
multiple virulence factors simultaneously (Table S11). Moderate
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to high multi-virulence gene index (MVGI) displayed among
some strains reflects distinct virulence gene compositions
highlighting pathogenic risks of these species especially in
immunocompromised individuals.*** Further investigation is
warranted into how these virulence factors interact.

As observed in Table 3, descriptive analysis of crosstabs for
virulence genes in V. vulnificus using Chi-squared analysis
highlighted significant associations between these virulence
factors and their contribution to the bacteria's pathogenicity.
feoB and fbpC are both iron-transport related genes that showed
significant association with each other indicating that iron
acquisition is an important strategy contributing to the viru-
lence of V. vulnificus.>® The association between the vulnibactin
encoding gene, viuB, and hlyB, fbpC, feoB, and tldD suggests the
relationship between iron acquisition systems, iron transport
and hemolysins provide a source of iron for these bacterial
strains through lysis of the red blood cells contributing to the
survival and pathogenicity of V. vulnificus in iron-limited envi-
ronments.**> The metalloprotease encoding gene, t/dD, which
is known to degrade host proteins and facilitate tissue invasion,
was found to be associated with apxIB, ompU, and hlyB.** The
association between tldD and ompU implies these adhesion and
invasion mechanisms work together to enhance bacterial
pathogenicity as well as a suggested coordinated response that
results in cell lysis, through hemolysin activity, and tissue
invasion.”** The apxIB encodes for a transport protein that is
involved with the transport of the RTX toxin leading to hae-
molytic and cytotoxic effects.*® Significant association between
tldD and apxIB suggests that once the metalloproteases have
degraded the host's proteins such as the extracellular matrix
components, it will allow apxIB to transport the RTX toxins to
access and cause greater damage in the host tissues.*”*® Addi-
tionally, the association between fbpC and sodB reflect a dual
strategy in the bacterium'’s survival in hostile environments as

Fig.2 PCR amplification of virulence genes identified in V. alginolyticus. Lanes 1 and 14, 1kb molecular marker; lanes 2, 4 shows asp (475bp) in
the positive control and positive strain, respectively; lane 3, negative control; lanes 5 and 7, pvuA (343bp) in the positive control and positive strain,
respectively; lane 6, negative control; lanes 8 and 10, rtx (473bp) in the positive control and positive strain, respectively; lane 9, negative control;
lanes 11 and 13, tlh (770bp) in the positive control and positive strain, respectively; lane 12, negative control.

This journal is © The Royal Society of Chemistry 2025
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not only does it scavenge iron to promote growth but also
enhances its defence against oxidative stress.*®* Despite
a lower frequency of asp and tlh detected in V. alginolyticus,
Table 3 showed a significant association was observed between
these genes suggesting they play a coordinated role in the
pathogenicity of the bacterium as the alkaline serine protease
and thermolabile hemolysin assist with tissue degradation and
breaking down of the host cell membranes, respectively.®
Despite their low prevalence, the co-occurrence of these viru-
lence genes could enhance the bacterium'’s ability to establish
infection by potentially facilitating acquisition and immune
evasion. The significant association between these virulence
genes highlight the multifaceted nature of bacterial pathoge-
nicity which contribute to the bacterium's survival, proliferation
and invasion within a host.** Understanding the genetic asso-
ciations between virulence factors in V. vulnificus, V. alginolyti-
cus and another Vibrio spp. may help predict their pathogenic
potential resulting in the development of targeted treatments or
preventative measures, particularly for immunocompromised
individuals who are vulnerable to severe infections.®

The odds ratio (OR) analysis presented in Table 3 elucidates
potential correlations among several virulence genes within the
examined bacterial strains that may enhance their pathoge-
nicity.** In V. vulnificus, the high odds ratio between ratios
between viuB and fbpC (OR 17.820, CL: 6.992-45.414) and viuB
and feoB (OR 7.972, CI: 3.695-17.202) suggests the presence of
these gene pairs may synergistically enhance pathogenicity in
the bacterial strains even though broad confidence intervals
suggest variability in the data that may be influenced by sample
size or other factors requiring further validation in larger
studies.”” The odds ratio indicated that the associations
between ompU and apxIB (OR 3.787, CI: 1.861-7.705), fbpC and
apxIB (OR 2.385, CI: 1.148-4.952), and fbpC and sodB (OR 3.608,
CI: 1.282-10.151) were more robust, as their confidence inter-
vals do not encompass one, suggesting functional links between
these genes that may enhance virulence.*** In contrast,
minimal association was observed between rtx and asp (OR
1.250, CI: 0.917-1.704) in V. alginolyticus and feoB and apxIB (OR
1.004, CI: 0.505-1.997) in V. vulnificus as the odds ratios were
close to one and confidence intervals overlapped one suggesting
that these gene pairs do not contribute to increased virulence.*
In Vibrio spp., the odds ratios were approximately one or lower,
accompanied by wide confidence intervals, indicating no
significant associations between the gene pairs. However, due
to the limited sample size of these bacterial strains, further
research with a larger dataset is necessary to elucidate the
relationship between the gene pairs in these isolates.®

V. vulnificus, a bacterium present in warm coastal waters,
represents a considerable risk to human health, especially for
those with liver illness or immunocompromised conditions.***
It may lead to severe sepsis and necrotizing infections with
fatality rates of 50%.%° In this work, exposure to V. vulnificus
resulted in severe cytotoxic effects on HEK293 and HepGz2 cell
lines, defined by morphological alterations and decreased cell
viability, underlining the pathogen's potential clinical signifi-
cance. V. vulnificus also elicits robust inflammatory responses,
resulting in cellular damage and death.®”*® The cytotoxicity
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observed at a selected concentration of 10° CFU mL™", while
higher than average environmental levels, provides important
insights into potential health risks during peak exposure
scenarios. The dose-response experiments (Fig. S1-S67t)
confirmed that cytotoxic effects occur proportionally even at
lower concentrations, indicating that environmental Vibrio
strains may pose health risks under real-world conditions,
particularly for immunocompromised individuals."*”> These
findings suggest that Vibrio strains present in wastewater, even
at concentrations lower than those used in this study, may pose
significant health risks, especially through recreational water
activities or consumption of seafood from contaminated waters.
The rounding and detachment of HEK293 cells (Fig. 3) and the
shrinkage and detachment of HepG2 cells (Fig. 4), transitioning
from spindle- and epithelial-shaped forms, indicate that the
cytotoxic effects are not confined to a single cell type but impact
multiple cellular targets. This extensive cytotoxicity corresponds
with prior research emphasizing the virulent characteristics of
V. vulnificus in host tissues.” The disparate reactions noted
between HEK293 and HepG2 cells, with a more significant
cytotoxic effect in HEK293 cells, may be ascribed to intrinsic
variations in cellular pathways and vulnerabilities. HEK293
cells, generated from human embryonic kidney cells, and
HepG2 cells, derived from human liver carcinoma cells, feature
unique metabolic and signalling pathways, which may influ-
ence their response to bacterial toxins and virulence factors.
Additional examination of these cellular pathways may yield
profound insights into the precise connections between V. vul-
nificus and other cell types.

Renal impairment elevates the probability of V. vulnificus
infection, highlighting the necessity of comprehending its
cytotoxic consequence.”® This study revealed V. vulnificus's
capacity to lethally affect HEK293 cells, signifying its potential
to harm renal tissue. While V. vulnificus infections are mostly
linked to gastrointestinal disorders, they may also result in
systemic infections and consequences, such as renal failure.”
Chronic conditions such as liver disease and hemochromatosis
elevate the likelihood of V. vulnificus infections.” Iron is crucial
for bacterial physiological functions, including transcription,
DNA replication, metabolic activities, and energy production
through respiration. Consequently, many pathogenic bacteria,
such as V. vulnificus, have evolved siderophores and iron
acquisition mechanisms to extract iron from their hosts.”
Kidney and liver cells necessitate iron for metabolic functions,
with the liver significantly coordinating iron homeostasis by
storing, using intracellularly, or mobilizing it for systemic
distribution.”®” HepG2 and HEK293 cells, being abundant in
iron due to their origin from human liver and kidney tissue,
respectively, serve as optimal targets for bacterial iron acquisi-
tion systems. As previously stated, viuB encodes the siderophore
vulnibactin, which sequesters iron from the host, hence altering
cellular processes and enhancing cytotoxicity through hepato-
cyte damage.* The ferric and ferrous iron transport systems
encoded by fbpC and feoB, respectively, augment the capacity of
V. vulnificus to assimilate iron, leading to oxidative stress and
ultimately host cell mortality.®* Reactive oxygen species (ROS)
are generated as part of the host's immunological response to

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Cytopathic effects of Vibrio vulnificus (V.v.)
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isolates on HEK293 cells over a 72 h period.
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Images (a—g) correspond to iso-

lates V.v.137, V.v.406, V.v.419, V.v.420, V.v.444, positive control, and negative control, respectively, at O h. Images (h—n) display the same

conditions at 24 h, images (o—u) at 48 h and images (v—ab) at 72 h.

V.v.406 V.v.419

72h

V.v.420

Positive Negative
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Fig. 4 Cytopathic effects of Vibrio vulnificus (V.v.) isolates on HepG2 cells over a 72 h period. Images (a—g) show the effects of iso-
lates V.v.137, V.v.406, V.v.419, V.v.420, V.v.444, positive control, and negative control, respectively, at O h. Images (h—n) represent the same

conditions at 24 h, images (o—u) at 48 h and images (v—ab) at 72 h.

infections; however, bacteria employ enzymes like superoxide
dismutase to mitigate this response.?” The generation of ROS
may elicit an immunological response in HepG2 and HEK293
cells against bacterial infection; however, sodB produces
superoxide dismutase (SOD), which may facilitate the survival
of V. vulnificus, resulting in prolonged infection and harmful

This journal is © The Royal Society of Chemistry 2025

effects.®® The hemolysins encoded by ZlyB may create pores in
the membranes of HepG2 and HEK293 cells, compromising
membrane integrity and leading to cell lysis, while the outer
membrane protein encoded by ompU may facilitate the adhe-
sion of V. vulnificus to HepG2 and HEK293 cells, thereby aug-

menting the bacteria's capacity to colonize host tissues.>”** The
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metalloproteases produced by ¢t/dD may be responsible for the
breakdown of essential cellular proteins, including structural
components or immunological proteins, in HepG2 and HEK293
increasing cytotoxicity.*® Finally, the inclusion of apxIB
enhances the cytotoxicity of the Vibrio isolates, as the RTX-I
toxin it carries creates gaps in the host cell membranes,
leading to cell lysis and apoptosis.®* This will cause cellular
damage and reduce cell viability, as illustrated in Fig. 5, hence
enhancing the virulence of these bacterial strains. Additionally,
analysis of variance (ANOVA) revealed significant differences
among all samples compared to the negative control (P =
0.0001), indicating that infection with the Vibrio vulnificus
strains impacted cell viability.

These findings have significant public health implications
for regions where V. vulnificus is endemic in coastal and estu-
arine waters. Enhanced surveillance of water quality parameters
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Fig. 5 Viability testing of HEK293 (a) and HepG2 (b) cells treated
with V.v.137, V.v.406, V.v.419, V.v.420 and V.v.444 and the positive (V.
vulnificus ATCC 27562) and negative control after incubated for 24, 48
and 72 h. ##** indicates significant difference at p = 0.0001.
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and pathogen monitoring in high-risk areas is essential,
particularly during warmer months when Vibrio populations
typically increase. Public health authorities should prioritize
targeted education campaigns for vulnerable populations,
including immunocompromised individuals and those with
chronic liver disease, regarding risks associated with exposure
to potentially contaminated waters. The identification of key
virulence determinants also provides molecular targets for
developing novel therapeutic interventions, particularly
protease and haemolysing inhibitors that could supplement
current antibiotic treatments. This study provides important
insights into the virulence gene profiles and cytotoxic potential
of environmental Vibrio spp. isolates, though several limitations
warrant consideration. Our analysis focused primarily on gene
presence and in vitro cytotoxicity assessments, which establish
a foundation for understanding pathogenic potential but do not
fully elucidate the functional mechanisms of virulence factor
expression or host-pathogen interactions. Future investigations
incorporating functional assays for haemolytic activity, inflam-
matory cytokine induction, and iron acquisition mechanisms
will be necessary to comprehensively characterize the patho-
genic mechanisms of these environmental isolates.

5. Conclusion

Based on virulence gene profiling and cytotoxic data, this work
examined the pathogenicity of 200 Vibrio isolates from treated
wastewater effluent and receiving surface waters of four waste-
water treatment plants in Durban, KwaZulu-Natal. In V. vulni-
ficus isolates (n = 178), the most frequently detected virulence
gene was viuB, followed by feoB, fbpC, ompU, apxIB, hlyB, tldD,
and sodB whereas highest virulence gene detection rates were
observed for rtx, followed pvuA, asp and tlh in V. alginolyticus (n
= 15). In the Vibrio spp. (n = 7), the most common virulence
gene detected was viuB, followed by ompU, feoB and fbpC.
Significant associations between virulence genes were identified
in V. vulnificus such as between viuB and fbpC, feoB and fbpC,
and hlyB and sodB whereas in V. alginolyticus, significant asso-
ciation were observed between t/k and asp emphasizing the
interactions and robust relationships among virulence genes.
Infection of HEK293 and HepG2 cells with five selected V. vul-
nificus strains, V.v.137, V.v.406, V.v.419, V.v.420 and V.v.444,
highlighted the pathogenic potential of these isolates. HEK293
and HepG2 exhibited morphological changes including,
detachment, shrinkage and cell death following infection with
all five V. vuinificus isolates. Additionally, exposure of these cells
to V.v.419 and V.v.420 resulted in rapid declines in cell viability
falling below 2% within 72 h, indicating severe cytotoxic effects.
In contrast, less virulent strains like V.v.137 enabled HEK293
and HepG2 cells to retain higher cell viability despite demon-
strating a progressive decline over time. These findings high-
light the prevalence and diversity of virulence genes among
Vibrio spp. isolated from wastewater and environmental waters,
their significant associations, and their marked cytotoxic effects
on human cell lines. The study underlines the importance of
constant monitoring and enhancement of wastewater treatment
processes to ensure successful elimination of pathogenic
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bacteria. Furthermore, public health programs should raise
awareness about the dangers of exposure to contaminated water
sources as well as promoting safe practices for recreational
water use and seafood intake.
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