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Abstract
Cholera infection results from the ingestion of water or food contaminated with toxigenic Vibrio cholerae. This study 
evaluated the occurrence of toxigenic V. cholerae in Asata River, Enugu Metropolis, Nigeria, and estimated V. cholerae 
infection risks from use of the River water for drinking, domestic and recreational purposes. Vibrio was detected and 
quantified using membrane filtration technique and thiosulfate–citrate–bile salts–sucrose agar. Isolates were screened 
by PCR, using specific primers targeting the internal transcribed spacer (its) region between 16 and 23S rRNA and the 
cholera toxin (ctx) gene. Sequenced 16SrRNA gene amplicons of two selected isolates were used for phylogenetic analysis. 
Quantitative microbial risk assessment (QMRA) was conducted using the β-Poisson dose–response model. About 81% 
(58/72) of Asata River samples recorded Vibrio counts above 1.0 ×  103 cfu/100 mL. Of the fifty Vibrio isolates screened, its 
was detected in 54% (27/50), out of which 74% (20/27) had the ctx gene of toxigenic V. cholerae. Evolutionary related-
ness of the sequenced isolates to V. cholerae was revealed. The estimated risks of cholera infection in persons exposed 
to untreated Asata River water were above 0.5 for all the exposure scenarios, for both the rainy and dry seasons. The risks 
were highest (~ 0.9) for exposure via drinking water and annual risk of infection was deduced to have a probability of 1.0. 
Therefore, dependence on the untreated Asata River water for drinking, recreational, domestic and irrigation purposes 
may present a potential public health risk of cholera outbreak. We recommend increased monitoring and surveillance 
of River water for Vibrio abundance and that Asata River be protected from further degradation.
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1 Introduction

Rivers and streams remain a vital source of water for drinking, household, and other purposes in many developing 
countries. Globally, more than 144 million people depend directly on surface waters for drinking water, with 58% of 
these people living in sub-Saharan Africa [1]. Poor sanitation practices in countries in the region have the potential 
to contaminate surface waters with faeces originating from both human and animal sources. In 2019, UNICEF and 
WHO estimated that about 2 billion people lack basic sanitation and that about 673 million people practice open 
defecation worldwide. Notably, Nigeria is among the countries with a high rate of open defecation, with only about 
20% of the population, in both urban and rural areas, using water that is free from faecal contamination [1]. Further, 
over 80% of wastewater from human activities—sewage treatment plants, slaughterhouses, livestock farms and 
household’s wastewater are discharged directly into surface waters with minimal pre-treatment [2]. Combination 
of all these poor practices makes surface freshwater bodies a thriving habitat for waterborne pathogens that cause 
enteric diseases such as diarrhoea, cholera, and other gastrointestinal diseases a major public health concern [3].

Cholera, which is characterized by acute episodes of diarrhoea can occur after ingestion of toxigenic V. cholerae. V. 
cholerae strains that possess the cholera toxin gene ctx are toxigenic [4]. Toxigenic V. cholerae strains produce entero-
toxin, which contributes to its pathogenicity [4]. When the V. cholerae escapes the stomach gastric juice and colonizes 
the small intestinal mucosa, it produces a potent enterotoxin (cholera toxin, or CTX). CTX binds to the intestinal walls 
and disrupts the normal flow of sodium and chloride ions, resulting in the excretion of enormous amounts of fluid 
leading to diarrhoea, water and salt (electrolyte) loss. Diarrhoea is the leading cause of death in people of all ages 
and the fourth leading cause of death in children under the age of five [5]. Further, it is estimated that 3 to 5 million 
cases of cholera occur worldwide with approximately 100,000 to 143,000 deaths annually [6]. According to the World 
Health Organization (WHO), sub-Saharan Africa carries the largest burden of cholera, with Nigeria among the high-
est risk countries. Estimates suggest that there are more than a hundred thousand cholera patients in Nigeria, with 
about 220,000 cases and 8000 deaths predicted each year [5].

Cholera infection can be asymptomatic or symptomatic with moderate, mild, or severe cases. In some cases, cholera 
results in bacteraemia depending on the patients’ predisposing factors such as the presence of chronic medical condi-
tion [7], blood type [8], gastric acidity, and hygienic condition of the infected person [9]. In vulnerable individuals, the 
rapid loss of body fluids can lead to dehydration and shock, and without treatment, death can occur within hours [10]. In 
asymptomatic individuals, the bacterium may remain in the faeces for 1–10 days following infection [11]. In such cases, 
bacterial cells can be released back into the environment to potentially infect healthy people if proper hygienic practices 
are not followed. About 20% of infected individuals will have severe symptoms of the disease characterized by profuse 
watery diarrhoea (with extreme fluid and electrolyte depletion, and severe dehydration), vomiting, and leg cramps [11, 
12]. The risk of cholera infection is highest among the poor, the most vulnerable population groups in developing coun-
tries, particularly in Africa, Asia, and some parts of North and Central America [13], where access to safe drinking water 
and adequate sanitation is a major challenge. Thus, cholera is regarded as a disease of inequity [11].

In Nigeria, cholera is endemic, occurring annually, albeit mainly during the rainy season and mostly in areas with 
insufficient access to drinking water and poor sanitation [12]. This occurs because rainwater carries waste into drains 
and subsequently into surface waters. Intense rainfall during rainy season can lead to overflow of sewage system, 
thereby compromising overall sanitation standards [12]. Increased risks of cholera and other water-borne infections 
has been attributed to climate change, stemming from rising global temperatures and sea levels, combined with 
irregular rainfall patterns leading to more frequent flooding [13]. Floods carry infectious agents from farmlands and 
slaughterhouses to water bodies.

The first series of cholera outbreaks in Nigeria were reported between 1970 and 1971 [14]. Major epidemics also 
occurred in 1992, 1995–1996 and 1997. The Federal Ministry of Health in Nigeria reported 37,289 cases and 1434 deaths 
between January and October 2010, while a total of 22,797 cases of cholera with 728 deaths and a case-fatality rate of 
3.2% were recorded in 2011. Outbreaks were also recorded in 2018 with the Nigeria Centre for Disease Control (NCDC) 
reporting 42,466 suspected cases including 830 deaths from 20 of the 36 States in Nigeria. In addition, the 2021 chol-
era outbreak in Nigeria affected 34 of the 36 states with a fatality rate of 3.2%. By the end of 2021, the NCDC recorded 
approximately 111,000 suspected cases with 3604 suspected deaths from cholera, a number that is higher than the total 
number of COVID-19 deaths reported in Nigeria as of January 2022 [15]. There is currently a lack of data on cholera cases 
for health facilities in Enugu. Nonetheless, an epidemiological study focusing on Nigeria’s cholera outbreak in 2020–2021 
estimated that there were about 127 cholera cases in Enugu, accompanied by a remarkable 10% fatality rate (CFR) [16].
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An abundance of V. cholerae in freshwater bodies has been reported to precede cholera outbreaks [17]. V. cholerae 
has approximately 200 serotypes based on the structure of the lipopolysaccharide (LPS) cell wall ‘O’ antigen. However, 
only two serotypes, O1 and O139, have been associated with large scale, cross-boundary cholera epidemic/pandemic. 
All other serotypes, referred to as non-O1 and non-O139, as well as the non-toxigenic O1 and O139 serotypes, can cause 
gastroenteritis or cholera-like diarrhoea and bacteraemia [7, 20, 21]. Pathogenic V. cholerae strains are distinguished 
from non-pathogenic ones by the presence of specific virulence genes such as tcp, zot, tox, hly, tcol, and especially, the 
ctx gene [4] that can be transferred horizontally between strains [22]. Strains that cause cholera possess a filamentous 
bacteriophage (ctxΦ) gene that encodes the cholera toxin protein. In addition, pathogenic strains of V. cholerae may 
possess a virulent factor-toxin co-regulated pilus (TCP) protein, which is essential for colonization and may also serve 
as a receptor for the CTXΦ protein. V. cholerae O139 was first identified in Bangladesh in 1992 [21]. The serotype, O139 
are mostly restricted to South-eastern Asia and is responsible for many outbreaks in Bangladesh [21]. However, reports 
from several studies on cholera outbreaks suggest that ctx-positive V. cholerae O1 is responsible for most of the recent 
cholera epidemics around the world.

Some studies have reported the occurrence of V. cholerae in water sources and aquaculture [23–30] in outbreak and 
non-outbreak cases in Nigeria. Other studies linked cases of cholera outbreak to the use of surface water [31, 32]. How-
ever, limited studies in Nigeria have quantitatively detected Vibrio in a river water over time and space nor, conducted risk 
assessment of exposure to surface water contaminated with V. cholerae. In this study, we investigated the incidence of 
toxigenic V. cholerae in water samples collected from the Asata River, in Enugu Metropolis, Nigeria. The overarching objec-
tive of the study was to quantitatively assess the public health risk of cholera infection from exposure to the river water.

2  Methodology

2.1  Study area/site description and sample collection

The study area consists of the three Local Government Areas; Enugu North, Enugu South and Enugu East that form the 
Enugu Metropolis, the capital of Enugu State, Nigeria. Asata River is one of the two major rivers that flow through the 
Metropolis and six residential areas that make-up the Enugu urban region. It is a perennial river spanning 19.8 km and 
having Akwata and Idaw rivers, as well as a few streams as its tributaries [33]. Asata River is heavily impacted by anthro-
pogenic activities such as unsafe disposal of untreated sewage, wastewater effluent, open defecation, indiscriminate 
dumping of household and commercial waste, herd watering, direct disposal of slaughterhouse effluent, and fertilizer 
pollution from riverbank farming. Due to unavailability of piped water supply in Enugu Metropolis, which has an esti-
mated population of about 816,000, a significant number of the residents use Asata River water for drinking, domestic, 
irrigation and recreational purposes [34].

On a monthly basis, water samples were collected from six selected sampling sites, S1 to S6 (Fig. 1) along the river 
course, for a sampling period of one year (September 2017 to August 2018). That is, 6 water samples from six sites, every 
month for 12 months, giving a total of 72 samples. March to October was designated as the rainy season and November 
to February the dry season, based on deductions from meteorological data of the study area [34]. The sampling sites 
were chosen based on high rates of anthropogenic activity as well as the availability of access to the river, large water 
usage, and density of human settlement. The geo-coordinates of the selected sites, determined using a GPS navigator, 
are given as footnotes to the Google Earth map (Fig. 1).

Water samples were collected from each of the six sampling sites using sterile 500-ml screw-capped Pyrex glass bottles. 
The collection procedure followed the standard practice for surface water collection, dipping the sterile bottle below 
5 cm and facing upstream, against the flow of the river. The collected water samples were transported to the Water and 
Public Health Research Laboratory, University of Nigeria, Nsukka in an insulation box and analysed in triplicates for the 
presence of Vibrio within 4 h of sample collection.

2.2  Isolation and quantitative evaluation of Vibrio species

Detection and quantification of Vibrio species were carried out using membrane filtration as previously described [35]. 
Briefly, a 100-ml dilution of each water sample was filtered through a sterile 0.45 µm pore size membrane filter (Merck: 
Darmstadt, Germany). The filters were aseptically transferred to sterile thiosulfate-citrate-bile-salts-sucrose (TCBS) agar 
medium (Oxoid: Hampshire, UK) and incubated at 35 °C for 24 h. After incubation, the presumptive Vibrio colonies 
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(appearing as green and yellow colonies, with 2–3 mm in diameter) were counted and cell density was calculated and 
expressed as colony forming units per 100 ml (cfu/100 ml).

The presumptive Vibrio species were isolated and purified using the method described by Nongogo and Okoh [36] 
with slight modifications. Briefly, 2–3 discrete presumptive V. cholerae colonies (yellow 2–3 mm in diameter), representing 
each sampling site per month, were randomly selected and purified by picking from the agar plate and sub-culturing onto 
sterile TCBS agar plates. After 24 h of incubation at 35 °C, pure cultures were incubated in tryptone soy broth, TSB (LAB-
M: Lancashire, UK) at 35 °C for 24 h. The resulting colonies were then stored in 15% sterile glycerol at − 6 °C until further 
analysis. Preliminary identification was made by macroscopic examination, Gram staining, microscopic and biochemical 
(oxidase test) analyses. V. furnissii DSM 19622 and V. harveyi DSM 19623 were used as control strains. One-way ANOVA and 
t-test were used to evaluate if differences in Vibrio concentrations between sites and seasons were statistically significant.

2.3  Molecular identification of Vibrio species

2.3.1  Sanger sequencing of 16 s rRNA

Two pure isolates designated as WZBAV01 and WZBAV02 were sent to Inqaba Biotechnical Industries (Pty) Ltd, South 
Africa for sequencing. First, to confirm the detection of V. cholerae in Asata River water samples, and second, to 
determine the relatedness of Asata River isolates to strains implicated in recurrent cholera outbreaks in Nigeria. 
Genomic DNA was extracted and purified by the Boiling method [36, 37]. The PCR cocktail consisted of 10 µl of 5 × 

Fig. 1  Map showing the six sampling sites (S1–S6) on Asata River. [**S1 (Recreation Point): 6°26′2.977″N; 7°27′50.435″E, S2 (Coal Camp 
Bridge): 6°25′59.303″N; 7°28′30.935″E, S3 (Zik’s Avenue Bridge): 6°26′10.248″N; 7°29′40.092″E, S4 (Presidential Road): 6°26′34.513″N; 
7°30′4.752″E, S5 (EN-PH Road Bridge): 6°27′18.36″N; 7°32′23.136″E, S6 (Before Ekulu-Asata Confluence): 6°44′30.92″N; 7°50′14.21″E]
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GoTaq colourless reaction, 1 µl of 10 mM of dNTPs mix, 3 µl of 25 mM  MgCl2, 1 µl of 10 pmol each of the 16S rRNA 
gene forward (16SF: GTG CCA GCA GCC GCG CTA A) and reverse (16SR: AGA CCC GGG AAC GTA TTC AC) universal primers, 
and 0.3 units of Taq DNA polymerase (Promega, USA) and 8 μl DNA template. PCR reaction mixtures were made up to 
50 µl with sterile distilled water. PCR was carried out in a GeneAmp 9700 PCR System Thermocycler (Applied Biosys-
tem Inc., USA) with a cycle consisting of an initial denaturation at 94 ℃ for 5 min; followed by 30 cycles consisting of 
94 ℃ for 30 s, annealing was set at 56 ℃ and 72 ℃ for 30 s and 1 min 30 s respectively. Cycle termination was at 72 °C 
for 10 min and then, chill at 4 ℃. The PCR amplicons were resolved by gel electrophoresis using 1.5% (w/v) agarose 
and 1 × TAE buffer (40 mM Tris–acetate in 1 mM EDTA, pH 8.0). The gel was pre-stained with 3 µl of 0.5 g/ml ethidium 
bromide and electrophoresed at 120 V for 45 min and visualized by ultraviolet trans-illumination. Thereafter, the 
amplified fragments were ethanol purified to remove the PCR reagents.

The purified amplicons were sequenced using Applied Biosystems Genetic Analyzer 3130xl sequencer according 
to the manufacturers’ protocol. The resulting sequences were used as reference to identify similar/reference 16S rRNA 
gene sequences using the Basic Local Alignment Tool (BLAST) on the National Center for Biotechnology Information 
(NCBI) database. Similar 16S rRNA sequences were aligned using the Cluster W tool on the EMBL/GenBank databases. 
The phylogenetic tree was constructed using MEGA 11 software. The aligned 16S rRNA gene sequences of the samples 
with the reference sequences retrieved from the NCBI database were used to construct the phylogenetic tree using 
the maximum likelihood-based phylogenetic tree and bootstrap values (≥ 50%).

2.4  Molecular characterization and detection of virulence gene

A total of 60 isolates (representing all sampling sites) were sub-cultured onto nutrient agar (LAB-M: Lancashire, UK) 
and incubated at 35 °C for ~ 18 h and subjected to genomic DNA extraction using the boiling method [36, 37]. Discrete 
colonies (10 per culture plate) from the 18-h overnight cultures were picked and suspended in 200 µl of pyrogen-free 
sterile water in 2-ml Eppendorf tubes and vortexed vigorously. The suspended cells were lysed by boiling in Eppen-
dorf heating block thermostat 5320 (Eppendorf Geratebau Netheler, HinzGmbH, Germany) for 10 min at 100 °C. The 
cells were then chilled on ice for 5 min and centrifuged at 3913×g. The DNA-containing supernatant was transferred 
to a fresh sterile Eppendorf tube. The quality of the extracted DNA was then determined using Epoch Nanodrop 
(BioTek Instruments Inc., Winooski, VT, USA) at 260 and 280 nm. DNA samples with 260/280 nm range of 1.80–2.20 
were used as template for the PCR-based assay. A total of fifty DNA samples met the criteria and were screened by 
PCR using primers specific for the internal transcribed spacer (its) region between 16 and 23S rRNA, and ctx were 
used to identify V. cholerae and toxigenic V. cholerae, respectively. The target amplicons (with the respective sizes) 
and primer sequences are listed in Table 1.

PCR was performed in a C1000 Touch™ Thermal Cycler equipped with CFX96™ Deep Well Reaction Module (Bio-
Rad, Hercules, CA, USA). The PCR reaction mixture contained genomic DNA (5 ng/µl), specific primers (0.5 µM each), 
dNTPs (0.1.25 mM) and PrimeStar® GXL DNA polymerase (1 µl; Clontech-Takara, Mountain View, CA) in a 50 µL reaction 
mixture. The thermocycling conditions were as follows: initial denaturation (98 °C for 2 min in 1 cycle), denaturation 
(98 °C for 20 s), annealing (annealing temperature was set between 50 and 58 °C) for 30 s, extension (72 °C for 1 min 
in 35 cycles), final extension (72 °C for 10 min in 1 cycle), and hold (4 °C for 10 min in 1 cycle). The resulting ampli-
cons were resolved by gel electrophoresis using agarose (1.5%, w/v) and 1 × TAE buffer (40 mM Tris–acetate in 1 mM 
EDTA, pH 8.0). Gel electrophoresis was conducted at 125 V and 100 mA for 30 min using EC1000XL programmable 
electrophoresis power supply (Thermo Scientific, Waltham, MA, USA). The agarose gel was pre-stained with ethidium 
bromide (0.2 µg) and the images were viewed under UV (ultraviolet) light using Bio-Rad Chemi-Doc Imager (BioRad, 
Hercules, CA). The bands and sizes were determined from a 1 Kb DNA ladder as a reference.

Table 1  Primers used for PCR 
detection of V. cholerae and 
toxigenic V. cholerae 

its: gene the internal transcribed spacer region between 16 and 23S rRNA, ctx: cholera toxin gene

Target gene Primer sequence (5′-3′) Amplicon size 
(bp)

References

V. cholerae its F: TTA AGC STTT TCR CTG AGA ATG 
R: AGT CAC TTA ACC ATA CAA CCCG 

300 [38]

V. cholerae ctx F: CGG GCA GAT TCT AGA CCT CTTG 
R: CGA TGA TCT TGG AGC ATT CCCAC 

564 [39]
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2.5  Risk assessment [quantitative microbial risk assessment (QMRA)]

QMRA estimates the possibility of an adverse human health effect after contact or exposure with a particular pathogen. 
It involves a four steps approach: hazard identification, exposure assessment, dose–response relationship, and risk esti-
mation [37, 40, 41].

2.5.1  Hazard identification

Pathogenic V. cholerae strains possess virulence determinants, particularly the cholera toxin gene (ctx). V. cholerae is 
transmitted through faecal-oral route via ingestion of contaminated water or food, and to lesser extent, through direct 
contact with an infected person [42]. Although there are reports of transmission through skin cuts, wounds, ears, etc., 
it must be emphasized that these routes of transmission in the environment are rare [43]. The infectious dose can be as 
low as 1 ×  103 in people with reduced gastric acidity [4], and the disease endpoint, cholera, can be mild, moderate, or 
severe, which can quickly lead to death if not promptly treated [10]. The disease can lead to epidemic and pandemic 
proportions, and the burden is greater in developing countries that lack adequate safe drinking water and sanitation [13]. 
In Nigeria, outbreaks are reported annually in different states with a national case fatality rate (CFR) of ~ 3.0% [14, 17].

2.5.2  Exposure assessment

In this study, exposure assessment was based on three variables; mean concentration of Vibrio counts obtained from each 
of the six Asata River sampling sites (X in cfu/100 ml), the percentage of confirmed toxigenic V. cholerae (ctx-positive) 
strains from our PCR-based assay (Y%), and an assumed volume of ingested water via different exposure pathways (W 
in mL). The variables were used to calculate the dose (d) of toxigenic V. cholerae ingested via each exposure route per 
sampling site using a derived formula (Eq. 1) below:

The values and result outputs are shown in Table 2.

2.5.2.1 Assumptions Multiple exposure scenarios considered for ingestion of Asata River water include drinking, acci-
dental ingestion of water during bathing and other recreational activities or while using of the water for household 
purposes such as dishwashing or laundry, and irrigation and the associated consumption of contaminated food. Thus, 
exposure to V. cholerae infection can occur via multiple pathways. For example, a person may drink water from the 
Asata River and consume vegetables from a farm that used the Asata River water for irrigation. The amount of water 
consumed varies by individual, culture, and climate. We assumed that the volume of water consumed/day via different 
exposure scenarios were 1000 ml, 30 ml, 10 ml, and 2 ml for persons exposure by drinking untreated Asata River water, 
and through recreational, domestic, and irrigation purposes respectively [41, 44].

(1)d =
X ∗ Y% ∗ W

100

Table 2  Occurrence of Vibrio 
spp. across the sampling sites

*For each sampling site parameter, having means with different letter (superscripts) are significantly differ-
ent (p < 0.05), using Duncan’s Multiple Range Test

**SE standard error

Sampling sites* Total Vibrio counts (cfu/100 ml)
(N = 36)

Mean ± SE** Range

S1(Recreation point) 2.8 ×  102a ± 6.8 ×  101 1.0 ×  100–1.6 ×  103

S2(Coal camp bridge) 1.2 ×  105c ± 2.5 ×  104 3.2 ×  103–8.0 ×  105

S3(Zik’s avenue bridge) 3.7 ×  104b ± 8.7 ×  103 1.0 ×  102–1.7 ×  105

S4(Presidential road) 5.8 ×  104b ± 1.2 ×  104 1.0 ×  103–2.4 ×  105

S5(EN-PH express way bridge) 3.3 ×  104b ± 1.4 ×  104 1.0 ×  102–4.4 ×  105

S6(Before Ekulu-Asata confluence) 2.4 ×  104b ± 9.1 ×  103 1.0 ×  102–2.1 ×  105
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2.5.3  Dose–response analysis and risk characterization

The dose–response estimates the cholera risk from the dose of toxigenic V. cholerae ingested via each exposure route 
per sampling site, while the risk characterization determines the magnitude of the risk with or without reference 
to uncertainties. In this study, risk characterization integrates the dose (exposure assessment) with risk at different 
doses (dose–response) to estimate a probability of infection. The risk of infection/day (with toxigenic V. cholerae was 
estimated using the β-Poisson model (Eq. 2) which provides a suitable fit to the available data set.

Where,
Pinfection/day = Probability of becoming infected by ingesting dose (d) number of the bacterial pathogens
d = Dose of infectious bacterial cells ingested (Eq. 1)
N50 = Median infectious dose, indicating the number of organisms that will infect 50% of the exposed population 

(a known median infectious dose for V. cholerae was used)
α = β-Poisson model dose-response constant
Previously published dose–response parameters were used, and the reported α and  N50 values for V. cholerae are 

0.2500 and 243 respectively [45]. One of the main flaws of QMRA is the subjectivity in model and parameter selec-
tion [45].

2.5.4  Annual risk of infection

The frequency of Asata River water ingestion and Asata River–irrigated crops consumption is important in deter-
mining the annual risk of infection. Therefore, this study computed the annual risk of infection  (Pinfection/year) for V. 
cholerae as a function of daily risk using Eq. 3. A risk of more than 1 in 10,000 people per year was considered an 
unacceptable risk of infection.

2.5.5  Sensitivity analysis

Sensitivity analysis was performed, following a deterministic approach [46], to investigate the contribution of 
dose–response parameter to the output of the risk model. For deterministic models and for a crude sensitivity 
screening in probabilistic models, the nominal range sensitivity analysis (NRSA) is appropriate in many cases. In NRSA, 
the value of one model input parameter is varied over its range of plausible values while all other model inputs are 
kept at their baseline value, and the magnitude of change of the calculated model output is recorded [44]. In this 
basic method for sensitivity analysis, varied the dose–response parameter for β-Poisson model, to determine the 
magnitude of change of the estimated risk. We used the α values 0.01, 0.05, 0.15, 0.25, 0.35, 0.45, and 0.55, and this 
sensitivity analysis applies to the annual risk of infection, morbidity and mortality as they are all functions of the 
daily risk of infection. The probability of clinical illness was determined by multiplying the daily risks of infection 
by 0.5, while the probability of mortality was determined by multiplying the probability of illness by 0.01% for the 
general population [41].

The occurrence of Vibrio in surface waters is known to be affected by location and season. Two representative sites 
(S1 and S2) and the two seasons (Rainy and Dry), all of which recorded the detection of the toxigenic strain of this 
pathogen, were chosen to determine the influence of dose–response values on the daily risks of V. cholerae infection. 
S1 was selected because it is located in the upper catchment of the Asata River with reduced human activity and 
water is abstracted from this point into reservoirs and, without treatment, distributed by water tankers to residents 
on Enugu metropolis, while S2 has both urban and rural communities in its catchment and the highest mean Vibrio 
count was detected at this site. Also, site S3 was chosen because it recorded the biggest (3.4-fold) higher mean 

(2)Pinfection∕day = 1 −

[

1 +
d

N50

(

2
1∕∝

− 1
)

]

−∝

(3)Pinfection∕year = 1 − (1 − Pinfection∕day)
365
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Vibrio count during the rainy season than the dry season, and changed the input dose–response parameter values 
to determine the magnitude of change of the estimated risks in the two seasons. Opting for the worst-case scenario, 
drinking water use was chosen as it results in the consumption of significantly higher volume of water, compared 
to other exposure scenarios.

3  Results

3.1  Quantitative detection and confirmation of V. cholerae

Vibrio species were widely distribution across the sampling sites and sampling months. The lowest counts were recorded 
at S1, a location near the mouth of the river. The S1 site is characterized with lower human presence and have little to no 
observable anthropogenic activity. Conversely, Vibrio load at site S2 was significantly higher than at all other sites. The 
overall total Vibrio counts in the study river ranged from 1.0 ×  100 to 8.0 ×  105 cfu/100 ml (Table 2). Although we recorded 
mean differences between total Vibrio counts at different sampling sites during the rainy and the dry season (Table 3), 
the counts were not significantly different except at site S3, and for mean value of all river water sample collected per 
season (Table 3).

The sequences of isolates WZBAV_01 and WZBAV_02 (deposited with the NCBI accession numbers OR435834 and 
OR435835, respectively) showed evolutional relatedness to V. cholerae and V. fluvalis, respectively. The phylogenetic 
relatedness using the Neighbour-joining method is illustrated in Figs. 2 and 3.

Detection of its has been used as possible confirmation of V. cholerae, whereas the detection of ctx indicate toxigenic 
strains of V. cholerae [4]. Of the fifty isolates screened for both genes, its was detected in 54% (27/50), out of which 74% 
(20/27) had the ctx gene of toxigenic V. cholerae. Toxigenic V. cholerae (ctx-positive) isolates in this study, accounts for 
40% (20/50) of the screened isolates.

3.2  Risk assessment

The mean Vibrio counts at each sampling site were used to estimate the concentration of toxigenic V. cholerae (based 
on 40% toxigenic V. cholerae (ctx-positive) detected by PCR) per 100 ml water sample. An estimated concentration of 
toxigenic Vibrio, 137 and 71 cfu/100 ml was recorded at (S1) during the rainy and dry seasons, respectively (Table 4). The 
corrected infectious dose was calculated for the different routes of exposure as shown in Table 4. Using the β-Poisson 
dose–response model, it was found that the probability of infection/day after ingestion of the Asata River water was 
above 0.5 during both the rainy and dry seasons, (Table 5) for all possible exposure scenarios—drinking, recreational, 
domestic, and irrigation uses. As expected, the daily risk of cholera infection from drinking water from the Asata River was 
the highest (~ 0.9), at all sampling sites during the raining and dry seasons except at S1 with a daily risk of ~ 0.7 (Table 5). 

Table 3  Comparison of Mean values of Total Vibrio during rainy and dry seasons for each sampling site

* For each sampling site, having means with different superscripts (letters) are significantly difference (p < 0.05), using student’s t-test; SE 
standard error

Sample Sites Total Vibrio (cfu/100 ml)

Rainy season Dry season

(Mean ± SE) Range (Mean ± SE) Range

S1(Recreation point) 3.4 ×  102a ± 9.4 ×  101 1.0 ×  100–1.6 ×  103 1.8 ×  102a ± 7.8 ×  101 6.0 ×  100–8.0 ×  102

S2(coal camp bridge) 1.4 ×  105a ± 3.7 ×  104 3.2×  103–8.0 ×  105 8.5 ×  104a ± 1.7 ×  104 8.0 ×  103–2.2 ×  105

S3(Zik’s avenue bridge) 4.8 ×  104a ± 1.3 ×  104 1.0 ×  102–1.7 ×  105 1.4 ×  104b ± 2.0 ×  103 2.0 ×  103–2.6 ×  104

S4(Presidential road) 5.8 ×  104a ± 1.5 ×  104 1.0 ×  103–2.4 ×  105 5.9 ×  104a ± 1.7 ×  104 4.0 ×  103–1.6 ×  105

S5(EN-PH Express Way Bridge) 3.7 ×  104a ± 2.0 ×  104 1.0 ×  102–4.4 ×  105 2.4 ×  104a ± 9.5 ×  103 2.0 ×  103–1.0 ×  105

S6(Before Ekulu-Asata confluence) 2.9 ×  104a ± 1.3×  104 8.0 ×  102–2.1 ×  105 1.3 ×  104a ± 6.0 ×  103 1.0 ×  102–7.0 ×  104

Mean value for all river water sample 
collected per season

5.3 ×  104a ± 8.7 ×  103 1.0 ×  100–8.0 ×  105 3.3 ×  104b ± 5.6 ×  103 6.0 ×  100–2.2 ×  105
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The annual risk of infection was deduced to have a probability of 1.0 for all exposure scenarios (Table 5). The results from 
the sensitivity analysis simulations are presented in probability plot format in Fig. 4.

4  Discussion

There are increasing reports of Vibrio abundance in water bodies across the world and the threat of vibriosis is becoming 
more common in both developing and developed countries [7]. In this study, we investigated the distribution of Vibrio 
species in the Asata River in Enugu, South-Eastern Nigeria during both the rainy and dry seasons for a 12-month sampling 
period. Our data showed that Vibrio species were widespread during the sampling months and across the sampling 
sites. The abundance of Vibrio in water bodies has been shown to precede cholera outbreaks [19]. For the Vibrio counts 
recorded in this study, 80.5% (58/72) of the samples contained more than 1000 cfu/100 ml. This is a major concern as 
the infectious dose of V. cholerae has been shown to be as low as 1.0 ×  103 cfu [4]. As our climate continues to change, 
there are projections of increased temperature and rainfall patterns. This might give rise to the spread of V. cholerae in 
surface water thereby, increasing the risk of disease.

The high mean Vibrio counts (2.8 ×  102 to 1.2 ×  105) reported in this study (Table 2) could be attributed to the warm 
surface water temperatures > 24 ℃ of the Asata River [33, 34]. Vibrio species have been reported to be more abundant 
in surface waters with temperatures above 15 °C with maximum pathogenic vibrios counts, including V. cholerae and 
V. parahaemolyticus obtained in surface waters > 25 ℃ [19, 35, 47]. In addition to the water temperature, the impact of 
anthropogenic activities evident at the sampling sites could also be responsible for the Asata River’s high Vibrio load and 
the significantly varying counts of Vibrio evident at the sampling sites. Anthropogenic activities were more prominent at 
site S2, hence the significantly higher count at that site. In this study area, there are ample evidences of faecal pollution 
from open defecation, leaking septic tanks, animal waste from slaughterhouses and livestock market. In a case in Kasesse 

Fig. 2  Phylogenetic relatedness of V. cholerae strain WZBAV01 (NCBI accession number OR435834)
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District in Uganda, cholera outbreak was traced to an index case who defecated near a community water collection 
site [48]. We speculate that these activities may be responsible for the high counts of Vibrio species at the sample sites.

Asata River receives a variety of solid and liquid wastes from households, slaughterhouses, and a livestock market, as 
well as leaking and dilapidated septic tanks. A high prevalence of Vibrio species including antibiotic resistant strains have 
been reported for surface waters impacted by wastewater, cow dungs, and slaughterhouses effluents in sub-Saharan 
Africa [25, 27, 49, 50]. Taken together, anthropogenic activities in and around Asata River likely account for the prevalence 
and abundance of Vibrio in this River. It is worth noting, however, that the quantification method used in each analysis 
can affect the counts of Vibrio. In this study we used the membrane filtration (MF) method, and in a study in which three 
cultural methods: MF, direct plating, and most probable number (MPN) were used to determine the prevalence and 
abundance of Vibrio species in freshwater/brackish surface water bodies, MF appeared to be the most sensitive and 
reliable method. Particularly, the MF method was able to detect V. cholerae up to 3900 cfu/100 ml in 22 out of 36 water 
samples, while MPN and direct plating failed to detect V. cholerae in up to 15 and 16 water samples, respectively [51].

The two sequenced isolates, WZBAV_01 and WZBAV_02, showed an evolutionary relatedness to V. cholera and V. 
fluvialis, respectively. The confirmation of cultural isolates of Vibrio by PCR assay most often detects V. fluvialis as one of 
the identified species [49, 50, 52]. This could be because V. fluvialis shares a similar phenotypic and genomic similarity 
with V. cholerae [52]. While V. cholerae is known to cause cholera, an endemic disease in Nigeria and other developing 
countries [13], V. fluvialis, on the other hand, is recognized as an emerging waterborne and foodborne pathogen that 
can cause gastroenteritis, septicemia, and severe diarrhoea [50, 52]. Interestingly, it was found that 54% (27/50) of the 
isolates from this study are V. cholerae (its-positive isolates). This result underscores the importance of molecular tools 
to characterize isolates. It is important to emphasize that 74% (20/27) of the confirmed V. cholerae strains isolated in this 
study had the cholera toxin (ctx) gene. This finding is of concern as the presence of the ctx gene in V. cholerae indicates 
the ability of the strain to cause an infection.

The detection of V. cholerae strains containing the ctx gene could provide a possible explanation for the endemicity of 
cholera in the area and the recurrent outbreaks in and around Enugu [17]. It could further be inferred that toxigenic strains 
of V. cholerae are abundant among the human population in the study area, many of whom might be asymptomatic car-
riers. Asymptomatic infections account for about 80% of cholera cases [11]. Many documented cholera outbreaks have 

Fig. 3  Phylogenetic relatedness of WZBAV02 (V. fluvialis strain: NCBI accession number OR435835)
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been attributed to contamination of surface water with faecal matter, mostly from asymptomatic individuals [31, 32]. 
Considering the amount of human and animal waste that enters the Asata River throughout the year, the percentage 
toxigenic V. cholerae (74%) in this study is not surprising. Furthermore, the significantly lower occurrence of V. cholerae 
and toxigenic V. cholerae in water samples from site S1—which is largely devoid of anthropogenic activities—implicates 
human activities, particularly waste disposal into the Asata River as a major driver of the abundance V. cholerae in areas 
of the Asata River with high human activities.

We observed that the abundance of Vibrio in the water samples collected from Asata River is dependent on season, 
with the rainy season recording a mean Vibrio count (5.3 ×  104a ± 8.7 ×  103) that was significantly higher than that of the 
dry season (3.3 ×  104b ± 5.6 ×  103) as revealed in Table 3. Except for S4 (where the Vibrio counts remained unchanged 
in both season), all the sampling sites, recorded rainy season counts that ranged from 1.5-fold to 3.4-fold higher Vibrio 
counts during the rainy season compared to counts observed during the dry season. This could be attributable to the 
usually higher temperatures of the rainy season as previously reported [34]. Previous studies [19, 35] have reported this 
dependence on season, but the unexpected observation at site S4 might be due to the fact that it is located in a densely 

Table 5  Daily and annual risks of cholera based on different exposure scenario

Sampling sites Exposure scenario

Drinking Recreational Domestic Irrigational

Daily Risk Annual Risk Daily Risk Annual Risk Daily Risk Annual Risk Daily Risk Annual
Risk

Rainy season
 S1_CRP 0.67 1 0.27 1 0.14 1 0.04 0.99
 S2_CCB 0.92 1 0.82 1 0.77 1 0.65 1
 S3_ZAB 0.90 1 0.77 1 0.70 1 0.55 1
 S4_PRS 0.91 1 0.78 1 0.71 1 0.57 1
 S5_EPB 0.90 1 0.75 1 0.68 1 0.52 1
 S6_EAC 0.89 1 0.74 1 0.66 1 0.50 1

Dry season
 S1_CRP 0.61 1 0.19 1 0.09 1 0.02 0.99
 S2_CCB 0.92 1 0.80 1 0.74 1 0.61 1
 S3_ZAB 0.87 1 0.67 1 0.59 1 0.41 1
 S4_PRS 0.91 1 0.78 1 0.71 1 0.57 1
 S5_EPB 0.89 1 0.73 1 0.64 1 0.47 1
 S6_EAC 0.87 1 0.68 1 0.58 1 0.39 1

Fig. 4  The influence of dose–
response parameter on daily 
risk of V. cholerae infection to 
individuals using untreated 
Asata River water for drinking
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populated urban slum where untreated sewage, effluents and waste are continuously discharged into the river, resulting 
in a high propensity to introduce faecal matter and possibly Vibrio species into the Asata River.

The results presented in this study show that Asata River water harbours pathogenic strains of V. cholerae implicated 
in human and animal diseases. Our QMRA data show that the risk of cholera infection was high for all exposure scenarios 
considered and at all sites sampled during both rainy and dry seasons. In addition, our estimates suggest that drinking 
Asata River water is the route with the highest probability of infection when compared to other scenarios (Table 5). Due 
to acute shortage of drinking water, some households, particularly those of low socioeconomic status within the study 
area commonly use surface Asata River water for drinking, and for domestic and other purposes. This unwholesome 
practice will further buttress the probability of infection via the exposure routes. This situation and our findings suggest 
an impending risk of cholera outbreak in Enugu metropolis. With the high probabilities estimated, it would be anticipated 
that cholera outbreak could take place among populations that depend on the River as a source of water. Incidentally, 
towards the middle of the year, 2021, a cholera outbreak occurred in communities bordering the Asata River in Enugu 
metropolis infecting nineteen people and leading to seven deaths [17, 18].

5  Conclusion

In this study, V. cholerae was detected in samples from the Asata River in Enugu metropolis, Nigeria. Although no sero-
logical analysis of the isolated V. cholerae was performed, the cholera toxin gene, ctx was detected in 40% of the isolates 
by PCR. The calculated daily risk of cholera infection from exposure to untreated Asata River water was greater than 0.5 
for most exposure scenarios—drinking water, recreation, domestic and irrigation. The risk was highest with a probability 
of daily infection risk of ~ 0.9 for exposure via drinking water. In addition, the annual risk of infection for all considered 
exposures during the rainy and dry season was deduced to have a probability of ~ 1.0. Therefore, there is a pressing need 
for household water treatment and proper sterilization of fresh vegetables and fruits before consumption. Taken together, 
the Asata River poses a significant health risk to the surrounding communities, particularly given the lack of potable water 
in the Enugu metropolis. The risk is compounded by the fact that the Asata River also serves as an irrigation source for 
growing fresh produce. This increases the risk of infection, as fresh produce from the areas around the Asata River can 
be sold and consumed several miles from where it is grown. A study of the occurrence and density of Vibrio species in 
vegetables and fruits grown with water from the Asata River and tracing the distribution (in the market) of agricultural 
produce grown with water from the River will prove instructive towards delineating the role that this River plays in the 
incidence and spread of cholera in the study area and beyond.

6  Limitations of the study

This study investigated the incidence of pathogenic V. cholerae in water samples collected from the Asata River, an urban 
river in Enugu Metropolis Region in Nigeria and quantified the microbial risk of infection. However, a few limitations exist 
in this original research. Firstly, due to poor data management system in our part of the world, we were unable to deter-
mine the cholera trends in healthcare facilities in Enugu metropolis. Secondly, although our study confirmed culturable 
cholera hazard via PCR and calculated the probability risk of infection using the β-Poisson dose response models, no 
animal studies were carried out to determine if the gene product of ctx in the strains detected in this study is capable of 
engendering illness (cholera). Furthermore, the data presented in this study may represent an underestimate of Vibrio 
abundance in the Asata River due to the use of culturable V. cholerae isolation techniques. It is worth noting that other 
viable but non-culturable (VBNC) strains may also play an important role in disease transmission.

Again, the QMRA for exposure through drinking water was carried out with a conservative volume 1000 ml of untreated 
river water consumed. The estimated risks in this study may well be lower than the actual, knowing that WHO recom-
mended a daily consumption of 2000 ml.
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