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Abstract

Non-O1/non-0139 Vibrio cholerae (NOVC) species are typically non-toxic and are regarded as
etiological agents of infrequent, but mild to severe human gastroenteritis. In response to the 2022-
2023 cholera outbreak in Tshwane, this study investigated the occurrence of NOVC isolates in
wastewater within the Tshwane district, South Africa. A total of 341 wastewater samples were
screened using Thiosulfate citrate bile salts sucrose (TCBS) media, with subsequent confirmation of
Vibrio cholerae (V. cholerae) isolates by multiplex-PCR assays. Rep-PCR was performed to determine
genetic relatedness of the isolates. Selected isolates were subjected to whole genome sequencing
(WGS). Of the 341 samples; PCR confirmed 143 isolates as NOVC. Genetic fingerprinting grouped
these isolates into 12 distinct clusters, from which 12 representative isolates were selected for WGS,
all of which were confirmed as NOVC. The isolates harboured pathogenicity-related genes, such as
hlyA, rtxA, trkH, tnaA, gyrB and gyrA. Drug resistance was mostly observed to first-line antibiotics,
ciprofloxacin, chloramphenicol, and trimethoprim-sulfamethoxazole. Plasmid analysis showed
seven isolates harboured plasmids (pA, p21L, PVN84) bearing multiple resistance determinants.
Phylogenetic analysis showed evidence of genetic diversity amongst the isolates. Although the
isolates lacked classical toxigenic genes, they carried other virulence determinants associated with
pathogenicity, posing a potential risk for clinical infection, highlighting the need for sustained
surveillance.

Keywords: V. cholerae; non-O1/non-0139; whole genome sequencing; wastewater; South Africa

1. Introduction

Vibrio cholerae (V. cholerae) is a curved, motile, Gram-negative organism found in marine habitats,
which causes acute, watery diarrheal disease known as cholera [1]. V. cholerae may survive in a wide
range of radically diverse conditions, including fresh and salty water; it can also live as cells that
circulate freely or in biofilms on abiotic surfaces like zooplankton or phytoplankton; and it’s capable
of infecting the organism that hosts it [2]. Currently, about 200 different V. cholerae serogroups have
been identified. However, O1 and O139 toxin-producing serogroups have been shown to be
responsible for all significant known epidemics and pandemics [3,4]. Non-O1/non-O139 V. cholerae
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(NOVCQ) are isolates of V. cholerae that are unable to agglutinate with O1 or O139 antiserum. These
isolates are typically non-toxic and are regarded as etiological agents of infrequent but mild to severe
human gastroenteritis [5]. Several investigations have documented the relevance of these strains in
human infections [6,7], even though their clinical significance was previously disregarded [8].
Parenteral invasive infections and sporadic gastroenteritis are the most frequent infections of NOVC
[9]. Due to the immediate results of genetic exchange processes, such as genetic recombination and
horizontal gene transfer (HGT), NOVC strains are also thought to have the ability to aid in the
formation of new virulent strains, including strains that can cause an epidemic [8]. In light of the
recent cholera outbreak in Tshwane, it is therefore imperative to assess the potential public health
risks posed by these NOVC isolates and to advise on surveillance programs in the district.

1. Materials and Methods

2.1. Study Area and Sample Collection

Wastewater samples were collected from seven different wastewater treatment plants (WWTPs),
namely, Babelegi, Temba, Rietgat, Daspoort, Sunderland Ridge, Zeekoegat, and Baviaanspoort, all
within the Tshwane District, South Africa (Figure 1).
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Figure 1. Geographic distribution of wastewater treatment plants in the Tshwane District where wastewater
samples were collected. The map was produced using ArcGIS 10.6.1. Abbreviations: N1; National route 1, N4;

National route 4.

2.2. Identification of V. cholerae

The collected wastewater samples were enriched by inoculating 10 ml of each sample into 15 ml
of alkaline peptone water (APW) (Thermo Fisher, UK) and incubating at 35-37 °C for 24 hours.
Following incubation, the enriched samples were streaked onto TCBS (Thiosulfate citrate bile salts
sucrose) agar (Thermo Fisher, UK) to facilitate the selective isolation of Vibrio species identified by
yellow, smooth and shiny colonies. The presumptive V. cholerae colonies were purified by sub-
culturing on Mueller-Hinton agar (MHA) (Scharlab, Spain). The isolates were further characterised
using Gram staining and oxidase test, with Gram-negative, comma-shaped, oxidase-positive colonies
indicative of V. cholerae.
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2.3. Genus-Specific PCR

Genomic DNA of NOVC isolates was extracted using the boiling method [10]. Briefly, a bacterial
suspension of a pure culture was prepared in one mL of saline. The suspension was vortexed for 20
seconds and centrifuged at 13,000 rpm for 10 minutes. The supernatant was then resuspended in 200
pL of PCR-grade water. To extract DNA, the suspension was boiled on a heating block and ruptured
using a cell disruptor. The suspension was centrifuged at 13 000 rpm for 10 minutes, after which, the
supernatant (200 uL) containing DNA was assessed using a Nanodrop™ LITE spectrophotometer
(Thermo Scientific™, USA) for purity and concentration. Genotypic confirmation of isolates was
performed using multiplex conventional PCR targeting ompW, ctxA and tcpA genes, with primer
sequences shown in (Supplementary Table S1). All primers used in this study were synthesised by
Inqaba Biotechnical Industries (Pty) Ltd, Pretoria, South Africa. A 25 puL PCR reaction mix was
prepared consisting of 12.5 uL. MyTaq™ Red Mix (Bioline; UK), 0.5 uL of each primer (forward and
reverse), 6.5 uL of PCR grade-water (BioConcept Ltd, Switzerland), and 5 uL of DNA template.
Amplification was conducted in a T100™ Thermal cycler (Bio-Rad, USA), following conditions
shown in (Supplementary Table S1). Amplicons were resolved by gel electrophoresis on a 2% agarose
gel prepared in 1X Tris-Borate-EDTA buffer with 5 ul ethidium bromide (Promega, USA) and ran at
100 V for 60 minutes. DNA bands were visualised using the Gel Doc™ EZ system (Bio-Rad, USA).

2.4. Identification of Non-O1/Non-O139 V. cholerae

NOVC isolates were distinguished from O1/0139 strains using multiplex conventional PCR
targeting O1- and O139-specific sequences. Isolates that showed no amplification for O1/0139 were
subsequently subjected to further analysis. The target genes, primer sequences, amplicon sizes and
the optimised PCR conditions are listed in (Supplementary Table S1). The PCR reaction mix was
prepared as in section 2.3 and amplified in a T100™ Thermal cycler (Bio-Rad, USA), using the
conditions listed on (Supplementary Table S1). Amplicons were detected and visualised as in section
2.3

2.5. Repetitive Extragenic Palindromic PCR

Rep-PCR was performed to assess the genetic relatedness of the isolates. The primers and cycling
conditions used for Rep-PCR are listed in (Supplementary Table S2). Amplification was conducted
using the T100™ Thermal cycler (Bio-Rad, USA). Preparation of the reaction, amplicon detection and
visualisation was conducted as in section 2.3. Representative isolates from each cluster were
subsequently subjected to whole genome sequencing (WGS) for further characterisation.

2.6. Whole Genome Sequencing

DNA was extracted using the Zymo Quick-DNA Fungal/Bacteria Miniprep kit (Zymo Research,
USA). The resultant ultra-pure DNA was quality-checked and quantified using a Qubit 4.0
fluorometer (Thermo Fisher Scientific,c, USA). The Rapid Barcoding Kit 96 V14 (SQK-RBK114.96,
Oxford, England) was used for library preparation following the NO-MISS protocol and loaded onto
the Oxford Nanopore Technologies Minion R10.4.1 flow cell (FLO-MIN114, Oxford, England).
Whole-genome sequencing was performed on a Minion Mk1C sequencer platform (Oxford Nanopore
Technology, England) for a 72-hour run length and 200 bp minimum read length. Basecalling and
demultiplexing of the raw FAST5 data were performed using Guppy v 6.5.7 with the super accuracy
model through MinKNOW v24.02 software, which converted data to FASTQ format. The FASTQ files
were subsequently uploaded to the cloud-based EPI2ME platform for further bioinformatics analysis.

2.6. Bioinformatics Analysis

FASTQ files were uploaded to EPI2ME cloud-based platform and analysed using bacterial
genome workflow. These files were concatenated using fastcat v0.18.6 (github.fastcat). The quality
control of sequencing reads was performed using flye [11] and medaka (github.medaka) and high-
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quality reads were generated by removing low-quality reads (g< 10). The read quality ranged from
15.89 to 10.23, with an average median read length ranging from 10.38 to 2.40 kb, and a total yield of
7 to 47.21 Mb. De novo assembly of bacterial genomes was done using Flye v2.9.5-b1801 [11].
Consensus sequences were polished using medaka v2.0.0 (github.medaka). Prokka v1.14.5 was used
to annotate the resulting contigs. In-silico antimicrobial resistance genes were identified using
Resfinder v3.10 [12]. Multilocus sequence typing (MLST) was done using MLST v2.23 [13]. Genome
mapping was constructed using proksee (https://proksee.ca/). Resistance genes on a genome map
constructed from proksee were predicted using the comprehensive antibiotic resistance database
(CARD) resistance gene identifier (RGI) v6.0.3 [14]. Different virulence genes were predicted using
Coding DNA Sequence (CDS). Mobile genetic elements were predicted on proksee using mobileOG-
db v1.1.3 [15]. For plasmid analysis and profiling, the contigs belonging to different isolates were
subjected to blast searches on NCBI database (https://blast.ncbi.nlm.nih.gov/Blast.cgi) to identify
plasmid sequences exhibiting the highest sequence similarity. Thereafter, the contigs were annotated
using PLannotate and Bakta on Proksee.

2.6. Phylogenetic Analysis

To investigate the evolutionary history and genetic relationships of NOVC isolates obtained
from wastewater samples, genomic data from ten reference isolates originating from different
countries were retrieved from the National Centre for Biotechnology Information (NCBI)
(https://www.ncbinlm.nih.gov/) and compared with twelve locally obtained NOVC isolates.
Sequence alignment using ClustalW and phylogenetic analysis was performed with MEGA version
12.0 (https://www.megasoftware.net). Phylogenetic analysis was performed using the Neighbor-
joining method [17], with branch reliability assessed by 1,000 bootstrap replicates [18]. Evolutionary
distances were calculated using the Maximum Composite Likelihood method [19]. Positions with
gaps or missing data were excluded by complete deletion, resulting in a final data set of 70 positions.

3. Results

3.1. Phenotypic and Molecular Identification of NOVC Isolates

Of the 341 wastewater samples collected and analysed, 319 yielded presumptive V. cholerae
isolates. Among these, 189 were confirmed as V. cholerae by PCR targeting the ompW gene, with the
ctxA and fcpA virulence genes detected in 52 and 51 isolates, respectively. Multiplex-PCR targeting
the O1 and O139 serogroups identified 49 isolates positive for O1, while 143 isolates showed no
amplification for either serogroup. Rep-PCR analysis further clustered these isolates into twelve
different clonal groups, from which twelve representative isolates were selected for WGS and
subsequently confirmed as NOVC.

3.2.. Whole Genome Characteristics of NOVC Isolates

The genomic annotations of twelve NOVC isolates generated using EPI2ME are presented in
Table 1. Ten isolates were identified as V. cholerae, with the remaining two classified as Vibrio
species. Genome sizes ranged from 3.73 to 3.95 Mb. No sequence types matched entries in the MLST
database.

Table 1. Taxonomic classification and genome annotation of NOVC isolates, including genome size and contig

information.
Isolate ID Taxon Genome size
BS12 V. cholerae 3.87 Mb
BS13 V. cholerae 4.25 Mb
BS14 V. cholerae 3.73 Mb
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DS12 Vibrio spp. 4.81 Mb
DS13 Vibrio spp. 4.84 Mb
DS14 V. cholerae 3.95 Mb
ZG12 V. cholerae 4.13 Mb
ZG14 V. cholerae 4.92 Mb
RT12 V. cholerae 3.95 Mb
RT14 V. cholerae 3.86 Mb
SR12 V. cholerae 3.84 Mb
SR14 V. cholerae 3.86 Mb

3.3. Genomic Characteristics of NOVC Isolates

Table 2 summarises the key genomic features of NOVC isolates, as predicted by the Proksee
genome analysis software. The analysed genomes exhibit a total number of genes ranging from 3,562
to 8,446, with the CDS ranging from 3,430 to 8,302 and the GC (guanine+cytosine) content showing
significant variation across the genomes. The number of open reading frames (ORFs) ranged from
5,221 to 9,591, which is widely distributed throughout the chromosomes. For RNA elements, the
number of tRNA (transfer RNA) and rRNA (ribosomal RNA) genes ranged from 88 to 109 and 20 to
34, respectively. tmRNA (transfer-messenger RNA) genes were present in eleven out of twelve
genomes, and CRISPR elements found in ten out of twelve genomes. This overview provides insights
into the genomic structure of the isolates.

Table 2. Genomic features of NOVC isolates recovered from wastewater treatment plants in the Tshwane

District.
Isolate id G+C content Genes CDS tRNA tmRNA rRNA sORF CRISPR
(%)
BS12 48% 6,459 6,328 96 1 33 6,800 1
BS13 47% 7,152 7,031 90 1 29 7,273 1
BS14 48% 7,474 7,365 88 0 20 6,180 1
DS13 50% 5,320 5,179 108 1 31 9,591 1
DS12 50% 4919 4,787 105 1 25 9,283 1
DS14 48% 4,289 4,157 102 1 28 5,983 1
ZG12 47% 3,761 3,624 100 1 32 5,221 1
ZG14 48% 8,446 8,302 109 1 34 8,727 0
RT12 48% 3,562 3,430 102 1 29 5,385 0
RT14 47% 5,154 5,022 100 1 29 6,297 2
SR12 47% 3,564 3,434 101 1 27 5,221 1
SR14 44% 4,527 4,397 98 1 27 4,672 4

3.4. Mobile Genetic Elements

Table 3 summarises functional categories consisting of various mobile genetic elements (MGEs)
identified in NOVC isolates, which were analysed using MobileOG in Proksee software. Multiple
functional categories were detected across all isolates, with the phage-related elements and DNA
repair-recombination-repair elements being the most prevalent. These findings highlight the
potential role of MGEs in genomic plasticity, virulence and the dissemination of antimicrobial
resistance among environmental V. cholerae populations.
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Table 3. Prevalence and distribution of functional categories in NOVC isolates.

Isolate ID P 1E RRR STD T Total
BS12 69 31 118 24 29 271
BS13 41 112 119 24 30 326
BS14 74 29 122 19 22 266
DS12 64 45 79 11 23 222
DS13 53 111 88 12 30 294
DS14 33 45 77 47 21 223
ZG12 30 65 69 26 15 205
ZG14 127 54 125 25 37 378
RT12 27 29 70 21 12 159
RT14 44 43 100 11 28 226
SR12 29 26 66 15 16 152
SR14 32 152 99 44 51 378

P(Phage), Integration/ Excision (IE), Replication/Recombination/Repair (RRR), Stability /Transfer / Defense
(STD), and Transfer (T).

3.5. Plasmids

Plasmid profiling based on BLAST analysis from the NCBI database revealed that out of the
twelve examined isolates, seven harboured plasmids. The sizes of these plasmids ranged from 3,200
bp to 28,683 bp. Among these, three distinct plasmid profiles (pA, PVN84 and p21L) were identified
in the isolates, including some unnamed plasmids. Most of the isolates in this study harboured
plasmids which carried multiple resistance determinants, genes encoding toxin-antitoxin systems, as
well as replicase and relaxases. Figure 2 and Supplementary Figure S3 present circular plasmid maps
indicating the distribution of CDS, CARD and toxin-antitoxin genes. These genes confer resistance
mainly to trimethoprim and quinolones. The analysis revealed that some of the isolates carried more
than one plasmid as indicated in Figure 3. The presence of these plasmids underscores the potential
role of mobile genetic elements in disseminating antimicrobial resistance among environmental V.
cholerae populations.

Mcos
Q R_VIBPA M CARD
ASP3-1 QNR_VIBPA W promoter

\\ tray q nrvC ghfrl M Toxin-antitoxin genes
Toxin-antitoxin system, antitoxin component, ribbon-helix-helix domain protein \ dfra3l JTransferred entry: 7-12-2
\ N dF 31
\ o .

V. cholerae RT14
'.‘ 20kbp plasmid 3kbp -

10kbp -/

......

traY
/d“fl ?rn VIBPA
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Figure 2. Circular map of a plasmid from a NOVC isolate RT14 highlighting CDS, antimicrobial resistance

determinants and toxin-antitoxin genes. Plasmid profiling was conducted based on BLAST analysis from the

NCBI database and annotated using pLannotate and bakta on Proksee.
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Figure 3. Linear representation of the whole genome of NOVC isolate BS12, illustrating the location and

integration of plasmids within the genomic sequence which are indicated in an arrow above.

3.6. Antibiotic Resistance Profiles of NOVC Isolates

The analysis predicted 30 antibiotic resistance genes across the isolates, mostly associated with
resistance mechanisms such as efflux pump, antibiotic inactivation, target protection, enzymatic
degradation, enzymatic inactivation, antibiotic efflux, and target replacement. The predicted
resistance genes conferred resistance against multiple drug classes such as aminoglycosides
(streptomycin), cephalosporins (ceftazidime), fluoroquinolones (ciprofloxacin), tetracyclines
(tetracycline), phenicols (chloramphenicol), folate pathway inhibitors (trimethoprim,
sulfamethoxazole), macrolide (erythromycin) and beta-lactams (ampicillin, amoxicillin, piperacillin)
as detailed in Supplementary Table 54. These genes were associated with resistance to various drug
classes, including Aminoglycosides (Alph (6)-id, Alph (3”)-Ib, rsmA), Tetracyclines (TXR), Beta-lactams
(CARB-9), Glycopeptides (VanT in VanG cluster and VanY in VanB cluster), Fluoroquinolones (parE,
QnrVC4, adeF,), Phenicols (flor and adeF), Trimethoprim (dfrA31) and Sulfonamides (sul2). The
distribution and functional classification of these genes is illustrated in Figure 4 and Supplementary
Figure S5. These results highlight diverse AMR potential present in environmental V. cholerae isolates.

3.7. Virulence-Associated Genes of NOVC Isolates

The virulence-associated genes identified in NOVC isolates were categorised by functional
groups. Cytolytic factors included hiyA, rtxA, and stn; adhesion and colonization factors comprised
mshA, ompU, tcpA, HA/P, and nagH; secretion system components included T3SS, T6SS, rtxC, VPI-1,
and VPI-2; biofilm-associated genes comprised VSP1/VSP2, als, and makA; and regulatory/metabolic
elements included toxR, VSPR, rfbv, rfbc, trkH, tnaA, gyrA, and gyrB. These results highlight the
extensive virulence potential present in environmental NOVC isolates. The distribution of the
virulence genes in NOVC and the functional groups is depicted in Supplementary Table Sé.

3.8. Circular Representation of a Whole Genome Map of NOVC Isolates

Genome maps of the twelve NOVC isolates (B12, DS13, BS13, DS14, BS14, ZG14, RT14, SR14,
DS12, ZG12, RT12, and SR12) were generated using Proksee (Supplementary Figure S5). A circular
map of one of the isolates is shown as a representation of the results obtained in Figure 4. The maps
were annotated to display key genomic features, including virulence genes (CDS), resistance genes
(CARD), G+C content, and GC skew. Notable virulence genes detected among the isolates included
hlyA, gyrA/B, trkH, tnaA, while resistance genes comprised rsmA, CRP, APH (6)-1d, floR, dfrA31, almF,
and QnrVC4. The G+C content of these genomes ranged from 44% to 50%, reflecting variability
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among the isolates. These genomic analyses highlight both the virulence potential and antimicrobial
resistance profiles of NOVC from wastewater.

sul2
APH(6)-Id Mcos
dfrA3l /ompu_l M cARD
. floR tnaA M GC Content

B GC Skew+
Il GC Skew-

vanY gene in vanB cluster

Figure 4. Complete genome annotation of the NOVC isolate BS12. The innermost rings represent the G+C content
and GC skew, while the outermost rings display coding DNA sequences (CDS) and antimicrobial resistant genes
identified using the CARD. CDS homologous to known virulence genes (hlyA, gyrA/B, outer membrane proteins
(ompW, ompV, ompA, ompR and ompH), trkH and tnaA) are highlighted, alongside CARD-annotated
resistance genes (rsmA, CRP). This genomic map provides a visual overview of both the virulence potential and
antimicrobial resistance profile of isolate BS12.

3.9. Phylogenetic Analysis of the gyrB Gene in NOVC Isolates

To gain a global perspective on the genetic relationships of NOVC isolates, a Neighbor-Joining
phylogenetic tree was constructed based on the gyrB gene. Reference genomes were selected from
diverse regions including, South Africa, the Netherlands, China, USA, Ghana, Russia, India, Japan,
France, and Australia, to ensure broad representation. The resulting phylogeny revealed notable
genetic diversity among the wastewater-derived NOVC isolates and reference genomes, which
clustered into two distinct groups relative to the international strains. This pattern highlights both
local and global genetic relationship and suggests the presence of genetically divergent lineages
circulating in the Tshwane District wastewater treatment plants, potentially reflecting multiple
sources or evolutionary pathways. The relationship between the NOVC isolates and the reference
genome is shown in Figure 5.
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Figure 5. Neighbour-Joining phylogenetic tree constructed using MEGA v12.0. The tree is based on concatenated

100

51

nucleotide sequences of the gyrB gene from twelve NOVC isolates recovered from wastewater and ten reference
sequences obtained from NCBI. Sequences of the wastewater isolates are highlighted in dots. Alignments were
performed using ClustalW, and bootstrap values at the internodes, calculated from 1,000 replicates, indicate the
robustness of each cluster.

4. Discussion

Wastewater-based epidemiology is an important tool for monitoring the transmission of V.
cholerae in communities [21]. Several studies have detected both the toxigenic and non-toxigenic
strains in wastewater samples [21,22]. The epidemiological significance of environmental V. cholerae
strains remains unclear, as most strains recovered from environmental sources do not produce
cholera toxin and lack the virulence gene cassette [6]. Strains of the non-O1/non-0139 serogroups are
indigenous in the marine, estuarine, and inland water environments. This study aimed to characterise
NOVC isolates in wastewater in the Tshwane district. Of the 341 wastewater samples analysed, 319
yielded V. cholerae isolates, of which 143 were identified as NOVC by PCR. A similar study was
conducted by Baron et al (2017), which reported the presence of NOVC in 75% of wastewater samples
in comparison to other samples used in the study [23].

Whole genome sequencing (WGS) is an important technique used to investigate and characterise
information carried by the genome of bacterial pathogens, such as genetic relatedness between
different isolates and organisms, the mechanism of antimicrobial resistance (AMR) in bacterial
organisms and virulence factors [24]. A total of twelve isolates were fully sequenced, and ten isolates
identified as V. cholerae, while two were identified as Vibrio species. The sequence types of these
isolates were not identified, and this could be attributed to limitations in existing MLST databases or
the presence of novel allelic profiles not yet represented in current MLST schemes, a scenario
commonly observed among diverse NOVC populations [25]. In this study, whole genome sequencing
combined with comparative genomics offers valuable insights into the genetic diversity of the NOVC
isolates from wastewater. The genomic features of NOVC, such as genome size, total number of CDS,
tRNA, rRNA, tmRNA, sORF, CRISPR elements, and GC content reported in this study, are similar to
those of other NOVC strains [4].
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WGS further revealed that none of the isolates harboured toxigenic genes associated with
virulence, confirming their classification as NOVC. The ctxA and tcpA genes, traditionally associated
with cholera epidemics and pandemics, are usually absent from these strains [26,27]. Similar findings
were documented in a study conducted by Mkhize et al (2025) in Johannesburg, South Africa, where
a total of 24 isolates lacked ctxA and tcpA, and were subsequently identified as NOVC species [28].
Several other studies have found that some NOVC strains lack important virulence genes such as
ctxA and tcpA [29,30]. However, these environmental isolates may still possess other virulence factors
contributing to their pathogenicity [29,30]. The isolates analysed in this study were found to harbour
several other virulence-associated genes, including hylA, rtxA, ompU, gyrB, gyrA, trkH, and tnaA,
which are implicated in various infection-related processes and may contribute to the pathogenic
potential of these strains. V. cholerae contains a large amount of hylA, which has a unique structural
domain that binds to target cells and may be a major factor in NOVC's capacity to enter the
bloodstream [31].

The emergence of antimicrobial resistance (AMR) in NOVC strains is being reported with
increasing frequency worldwide, particularly in regions affected by recurrent cholera outbreaks [32].
The consequent decline in the effectiveness of widely accessible antibiotics poses a serious risk to
public health [32]. The genetic antibiotic resistance profiles of the twelve NOVC isolates in this study
were characterised using CARD and ResFinder (EPI2ME). In-silico analysis identified multiple
resistance genes, which confer resistance to a broad range of antimicrobial agents, including the first-
line drugs such as trimethoprim-sulfamethoxazole, ampicillin, and ciprofloxacin. A study conducted
in China by Tang et al. (2023), also revealed the presence of CRP, varG, almG, and QnrVC4 genes
conferring resistance to multiple antibiotics [33]. The isolates also consisted of regulatory genes (CRP,
rsmA and AmlF) involved in controlling efflux pump genes and systems which play a significant role
in the resistance of V. cholerae against antibiotics [34].

Furthermore, these isolates also carried genes conferring resistance to fluoroquinolones (parE,
QnrVC4), aminoglycosides (aph (6)-1d, aph(3”)-1b), polymyxins (AlmF), glycopeptides (vanT in vanG
cluster), trimethoprim-sulfamethoxazole (dfrA31), and P-lactams (CARB-9). V. cholerae typically
acquires antimicrobial resistance through mechanisms such as target replacement, target protection,
and enzymatic inactivation through hydrolysis [35]. This prevents access to the target site by altering
membrane permeability and actively exporting antibiotics from cells [35]. Mobile genetic elements,
plasmids in particular, play a crucial role in the spread of antibiotic resistance [37]. The analysis of
NOVC isolates using mobileOG-db revealed various MGEs across the study isolates. The presence of
phages, replication/recombination/repair, stability/transfer/defense, integration/excision and transfer
functional groups enables these isolates to contribute to disease development, AMR, phage infection
and facilitate HGT [15]. A high prevalence of replication, recombination, and repair (RRR) genes, as
well as phage-associated elements was observed across the isolates. These functional modules are
commonly associated with plasmids and phages, which often carry RRR proteins that have close
homologs in chromosomal DNA [38].

Plasmids have been implicated in HGT and contribute significantly to evolution of
microorganisms [39]. In this study, several plasmids were identified within contigs carrying several
resistance, virulence, and toxin antitoxin genes. Sequence analysis revealed that the plasmids
encoded a range of functional elements, including resistance determinants, relaxase, replicase,
metabolic, hydrolase and transport membrane genes, toxin-antitoxin systems, and hypothetical
proteins, indicating the dissemination of antimicrobial resistance and virulence traits. Resistance
genes such as dfrA31, dfrA6, dfrA1 QNR_VIBPA, dhfrl, qnrVC and qnrVC5 were found exclusively in
plasmids belonging to three distinct isolates, DS13 (contig nine and ten), RT14 (contig six) and BS14
(contig 94). These genes are known to confer resistance to trimethoprim and quinolones. Plasmids of
different enteric pathogens, including V. cholerae, have been reported to have several physically
connected genetic determinants that confer resistance to various antibiotic classes [40].

The replication initiation protein (rep) was identified in a plasmid from one isolate, BS13 (contig
42). This protein is essential for plasmid replication and maintenance and is often used as a marker
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for plasmid compatibility[41]. A pseudoknot structure of the regulatory region of the repBA gene was
also detected in the same isolate. This structure plays an important role in controlling plasmid
replication by regulating translation of the repA replication initiator protein and influencing gene
expression at the RNA level [40]. All plasmids carried hypothetical proteins, which are
uncharacterised since their function is unknown and no close homologs could be identified [41].
Mobilisable plasmids typically possess a mobilisation (mob) region that encodes specific components
of the relaxosome and the origin of transfer (oriT) [42]. Plasmids carrying genes encoding relaxase
enzymes were identified in several isolates, including BS13, BS14, ZG12, and SR12. Relaxases are
essential components of the relaxosome, responsible for initiating DNA transfer in both conjugative
and mobilisable plasmids [43]. The MobM protein was found in two plasmids from isolates BS12
(contig 1) and BS14 (contig 94). This protein encodes a relaxase enzyme, which plays a key role in
conjugative transfer [44]. Additionally, MobA and MobB proteins were identified in a plasmid from
isolate BS13 (contig 42), while MobC was detected in two plasmids from distinct isolates, BS13 (contig
42) and ZG12 (contig 8). MobC forms the relaxosome complex by interacting with MobA and MobB
[45]. To facilitate DNA transfer, MobA proteins bind and nick double-stranded DNA at the origin of
transfer (oriT) site [46]. MobB is also essential for efficient mobilization, as it stabilises the relaxosome
and increases the proportion of plasmid molecules nicked at oriT [47].

MbeA and MbeC proteins were also identified in a plasmid from isolate BS13 (contig 42). The
MbeA protein is essential for plasmid mobilisation, while MbeC plays a key role in facilitating the
specific transfer of the plasmid during conjugation [45]. Detection of relaxase/mobilisation nuclease
domain-containing protein in a plasmid from BS13 (contig 42) supports its potential role in HGT [48].
These plasmids are classified as mobilisable plasmids due to the presence of relaxase genes. The
presence of multiple relaxase enzymes may affect various aspects of the bacterial life cycle beyond
their role in horizontal gene transfer [49]. Relaxases are not limited to initiating conjugative transfer
from their corresponding oriT sites; they can also participate in additional cellular processes that
affect plasmid maintenance, DNA processing, and host adaptation [49].

The TraY protein was identified in plasmids from isolates DS13 (contig 9) and RT14 (contig 6)
and is an important factor for DNA transfer, typically found in conjugative plasmids [44]. Among the
seven isolates analysed, plasmids from two isolates, BS14 (contig 39) and SR12 (contig 1) were found
to encode the MipA protein, which is involved in the synthesis and degradation of peptidoglycan, a
major component of the bacterial cell wall [50]. DUF3552 domain-containing protein was found in a
plasmid belonging to isolate DS13 (contig 9). The biological function of this protein is not fully
understood and remains uncharacterised [51]. DUF (Domain of Unknown Function) families
comprise of functionally uncharacterised protein fragments, as designated by curators, and are often
highly conserved among bacterial plasmids [52]. To the best of our current knowledge, there are no
documented reports describing the DUF3552 domain, suggesting that this plasmid may encode a
novel or poorly understood gene. Other plasmids belonging to isolates DS13 (contig 9), BS14 (contig
94) and RT14 (contig 06) carried toxin—antitoxin genes (parD1, parD, parE, toxin, toxin-antitoxin system,
antitoxin component, ribbon-helix-helix domain protein), which act as plasmid stabilization systems.
These genes help ensure plasmid survival by supporting DNA replication and translation, and by
giving bacteria tolerance to antibiotics, especially under stress [45].

Plasmids are capable of acquiring genes from various organisms through HGT, a mechanism
that plays a crucial role in bacterial evolution, enabling genetic adaptation and transmission of traits
such as stress tolerance and antibiotic resistance [54]. In this study, several proteins often associated
with other organisms were identified in plasmids within various isolates. For example, the CppC
protein was detected in the plasmid of isolate BS13 (contig 42), this protein has previously been
associated with Neisseria gonorrhoeae [55] Additional genes, including udg, ugd, eco47IIM, haellIM,
ybbA, lolD, ESTE_VIBMI, atpF, atpE, atpB, atpA, mnmE, parB, mioC, mnmG, rsmG, so], and fabV, were
found to share similarity with sequences from different organisms such as Escherichia coli, Salmonella
enterica, Salmonella typhimurium, V. cholerae O1 serotype, Haemophilus influenzae, Psychromonas
ingrahamii, Idiomarina loihiensis, Coxiella burnetii, Vibrio mimicus, Bacillus subtilis, and Clostridium
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acetobutylicum. These genes play a significant role in the adaptability, metabolic flexibility, and
plasmid partitioning of the organism [56]. L-asparaginase and CbiA were also detected in isolates
BS14 (contig 94) and RT14 (contig 6). These enzymes contribute to the organism’s ability to adapt to
nitrogen-limited environments, thereby enhancing its metabolic flexibility and ecological fitness [57].

All plasmids in this study were smaller than 50 kb, which explains why they carried only a few
resistance genes. This is consistent with earlier studies which showed that multidrug-resistant
plasmids are usually larger than 50 kb, are self-conjugative, and have more complex systems to
control their copy number and replication [45]. Interestingly, all plasmids lacked the usual origin of
replication, except a plasmid belonging to isolate B514 (contig 19). Reports suggest that such plasmids
may use other replication mechanisms. For example, other plasmids have been shown to replicate
using the ColE1 model of replication [40]. These findings highlight various plasmids found and their
significant role in drug resistance, virulence, toxin acquisition, and their overall contribution to the
adaptive biology of V. cholerae.

5. Conclusions

Wastewater-based epidemiology is a valuable approach for early detection of infectious diseases
within communities. In this study, WGS was used to investigate virulence and antimicrobial
resistance in NOVC isolates from wastewater. Although these isolates did not carry the toxigenic
genes, they harboured alternative virulence factors that may contribute to pathogenicity, posing a
potential risk for clinical infection. Resistance to several first-line antibiotics was also observed,
underscoring the urgent need for continuous surveillance to prevent the emergence of these strains
as a significant public health threat.
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