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ABSTRACT

Bacteriophages are increasingly recognised as indicators of faecal contamination in aquatic environments, particularly in
regions with limited wastewater management. This study investigated the presence and concentration of somatic coliphages
in the Nwaniba River, a vital artisanal fishing site in southeastern Nigeria, and assessed the potential health risks to fishers
and consumers. The aim was to quantify phage loads in surface water and urine samples and to estimate infection risks using
a Quantitative Microbial Risk Assessment (QMRA) approach. Water samples from multiple points along the Nwaniba River
and urine from bacteriuria-confirmed individuals engaged in fishing were analysed using plaque formation assays. Most
water samples exhibited significant levels of phages, with sample 08 recording 6.32 Log PFU/mL and samples 07 and 10
reaching 8.08 and 11.08 Log PFU/mL, respectively. Urine cultures also revealed varying bacterial loads, with the highest
concentrations found in samples linked to elevated phage levels in the water. QMRA modelling estimated that the daily
infection risk through direct water contact could reach 86%, decreasing to 8.6% with appropriate cooking practices. Annual
infection risk was projected to exceed 99.9% for uncooked exposure and approximately 98% under partial cooking scenarios.
Sensitivity analysis identified key factors influencing risk, including phage persistence in fish and the volume of water
exposure during fishing activities. The findings confirm substantial bacteriophage contamination in the Nwaniba River and
highlight the potential for microbial transmission through fish handling and consumption. These results underscore the need
for improved water quality monitoring, public health education, and occupational safety interventions.
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INTRODUCTION

Bacteriophages, or phages, are viruses that infect bacteria
and are among the most abundant biological entities in
aquatic ecosystems. Their widespread presence and host
specificity have made them useful biological markers in
environmental microbiology, particularly for detecting fecal
contamination in water bodies (Sano et al., 2020). Over the
past two decades, phages have gained renewed attention as
alternative indicators of water quality due to their resistance
to environmental stressors and their ability to mimic the
behaviour of human enteric viruses (Leclerc et al., 2000;
Jofre et al., 2016). This is especially critical in developing
countries like Nigeria, where access to safe water and
improved sanitation remains limited and where artisanal
fishing remains a common livelihood for many rural
communities.

In aquatic ecosystems such as rivers, lakes, and coastal areas,
surface water is often used for multiple purposes, including
fishing, domestic consumption, recreation, and waste
disposal. In regions like Uyo, Akwa Ibom State in southern
Nigeria, the use of untreated surface water is prevalent
among local fishing communities. Unfortunately, these
waters are often subject to microbial contamination from
human and animal faecal sources, including untreated
sewage, agricultural runoff, and open defecation, all of
which contribute to a high pathogen load (Adefisoye and
Okoh, 2017). Bacteriophages, especially somatic
coliphages, F-specific RNA phages, and bacteriophages
infecting Bacteroides spp., serve as reliable proxies for

tracking fecal pollution and associated health risks (Edge et
al.,2021).

Phages are especially suited as indicators because they are
more stable in aquatic environments than bacterial indicators
like Escherichia coli and enterococci. Bacteriophages can
withstand water treatment processes better and persist longer
in the environment, mimicking the survival patterns of
enteric viruses such as noroviruses and adenoviruses
(IAWPRC, 1991; Hata et al., 2016). Their stability and host-
specific nature allow for both general and host-associated
tracking of faecal pollution sources. For instance, F-specific
RNA phages and Bacteroides-infecting phages have been
used effectively in microbial source tracking (MST) studies
to differentiate between human and animal faecal sources
(McMinn et al., 2021).

Surface waters near human habitation are likely to contain
high concentrations of these phages, especially in areas
without proper sanitation or wastewater treatment
infrastructure. In rural and peri-urban areas of Nigeria, these
conditions are widespread. For example, the World Bank
estimates that only 40% of Nigeria’s population has access
to safely managed drinking water, and sanitation coverage is
even lower (World Bank, 2022). In the absence of sewage
treatment, faecal matter often finds its way into rivers and
streams, where it can serve as a reservoir of enteric viruses
and bacteriophages alike. When such water bodies are also
used for fishing, there is a risk of pathogen transfer through
dermal contact during fishing, as well as through the
consumption of contaminated fish.
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Multiple studies have reported the detection of
bacteriophages in water bodies associated with fecal
contamination. According to WHO (2017), coliphages are
proposed as useful indicators of viral pathogen risk in
drinking water guidelines. Their enumeration using plaque
assay methods, such as double agar layer techniques, has
been standardized and can provide quantitative insights into
the level of microbial contamination in a given water sample
(ISO 10705-1:1995). In a study conducted by Lodder and de
Roda Husman (2005), the concentrations of somatic and F-
specific coliphages in surface water samples showed
significant correlation with the occurrence of human enteric
viruses, further validating their use as indicator organisms.
In addition to environmental samples, human excreta and
bodily fluids such as urine have also been shown to contain
bacteriophages, especially in individuals suffering from
urinary tract infections (UTIs). UTIs are prevalent in
Nigeria, with E. coli being the most frequently isolated
uropathogen (Okonko et al., 2010; Salako et al., 2021).
Bacteriophages capable of infecting these bacterial strains
can be isolated from the urine of infected individuals,
highlighting the human body as a potential source of phage
dissemination into the environment. As fishing communities
often engage in open urination near water bodies, the transfer
of these phages from urine to river water is plausible,
particularly in areas with poor sanitation and hygiene
practices.

The detection of host-associated phages in both urine and
surface water provides compelling evidence of human-
associated fecal pollution. Phages targeting E. coli strains,
including the laboratory strains C, B, and K12, have long
been used as model systems for assessing phage prevalence
in water (Grabow, 2001). When comparing environmental
and clinical sources of bacteriophages, it becomes possible
to trace the pathways of microbial contamination and
identify public health risks.

Quantitative microbial risk assessment (QMRA) models
often incorporate phage concentration data to estimate the
likelihood of infection under various exposure scenarios. For
instance, individuals involved in fishing activities may be
exposed through dermal contact or ingestion of
contaminated water. Additionally, fish harvested from
polluted waters may carry phages and enteric pathogens on
their surfaces or within their gut contents. Studies suggest
that cooking practices can reduce phage load by up to 90%,
yet risks remain when fish is improperly cooked or
processed (Ashbolt, 2004; Mena and Gerba, 2009).

In Uyo and other regions with similar environmental and
public health profiles, the lack of effective water treatment
and poor sanitation infrastructure necessitates the use of
surrogate viral indicators to guide water safety interventions.
Monitoring somatic and F-specific phages provides a more
comprehensive view of viral contamination than bacterial
indicators alone. In fact, a growing body of evidence
supports the use of bacteriophage surveillance in low- and
middle-income countries (LMICs) as a cost-effective and
reliable method for microbial water quality assessment
(Jenkins et al., 2022).
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Furthermore, the relationship between environmental
phages and clinical isolates from infected individuals
underscores the interconnectedness of human health and
environmental hygiene. As demonstrated in microbial source
tracking studies, bacteriophages provide a means to link
human fecal pollution with specific health outcomes,
particularly in communities that interact directly with
contaminated water sources. This linkage is essential for
developing targeted public health interventions, such as
community hygiene education, protective equipment for
fishers, and enforcement of environmental regulations to
prevent open defecation and indiscriminate waste disposal
near fishing zones.

While bacteriophage detection is not a substitute for
comprehensive microbial analysis, it offers an important first
line of surveillance. Routine monitoring of phage loads in
surface waters could provide early warning signs of
contamination and help prioritise areas for intervention. In
resource-limited settings like Uyo, phage enumeration using
plaque assays is relatively low-cost and can be implemented
by trained personnel with minimal infrastructure, unlike
advanced molecular methods that require specialised
equipment.

In conclusion, the prevalence and enumeration of general
and host-associated bacteriophages in surface water used for
fishing, when compared to bacteriurial-confirmed urine
samples, represents a valuable approach to assessing
environmental health risks in fishing communities. The high
presence of phages in water suggests ongoing faecal
pollution, likely of human origin, while their detection in
urine points to possible clinical-environmental transmission
pathways. Future studies should aim to expand phage-based
surveillance, incorporate molecular typing for source
attribution, and explore phage—host dynamics within aquatic
ecosystems. Ultimately, improved microbial water quality
monitoring using phage indicators can support the protection
of public health and aquatic food systems in Nigeria and
similar contexts.

MATERIALS AND METHODS

Study Area Description

The study was carried out at Nwaniba River, situated at
coordinates 5°51'N and 8°41'E in South-South Nigeria. This
region is characterized by a humid tropical climate with an
annual rainfall of approximately 2500 mm, an average
temperature of 32°C, and relative humidity around 75%
(NIMET, 2021). The river is fed by the Calabar-Itu River and
experiences bidirectional flow influenced by tidal activities,
alternating between the Atlantic Ocean and Oron River. The
riverbanks host diverse vegetation, including grasses like
Pennisetum purpureum and Nasturtium officinale, as well as
mangrove swamp plants such as Laguncularia racemosa,
Pandamus spp., Nypha fruticans, and aquatic macrophytes
including  Eichhornia  crassipes, Nymphaea lotus,
Ceratophyllum demersum, and Utricularia spp. (Udotong et
al., 2017). The area supports various anthropogenic
activities, including fishing, laundry, bathing, and tourism,
and is adjacent to the Le Meridien Ibom Hotel, which attracts
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visitors and contributes to human-environmental
interactions.
Sample Collection and Bacterial Host Culture
Preparation

Surface water samples were collected aseptically from six
points along the river using 1 L sterilised polyethene bottles,
which were first rinsed with the source water to minimise
contamination. Approximately 30 mm of headspace was left
in each container to facilitate acration and homogenization
(APHA, 2017). Samples were collected from a depth of
about 6 meters below the surface to target sub-surface
microbial populations, in line with methods for aquatic
microbial sampling (Bartram & Rees, 2021). Urine samples,
previously confirmed to be bacteriurial-positive by standard
culture techniques, were used to prepare overnight cultures.
These samples were incubated in nutrient broth at 37°C for
18 hours to achieve optimal bacterial growth for phage-host
interaction studies (Cheesbrough, 2010). To obtain host
bacterial cultures in the logarithmic growth phase, 30 mL of
sterile Tryptic Soy Broth (TSB) was inoculated with 0.1—1
mL of the overnight culture and incubated at 37°C with
intermittent manual shaking for 4 hours.

Bacteriophage Detection and Quantification

Detection and enumeration of bacteriophages were
performed using the double agar overlay plaque assay
method, which remains the gold standard for quantifying
infectious phage particles (Kropinski et al., 2009). Tryptic
Soy Agar (TSA) and Tryptic Soy Broth (TSB) were mixed
in a 7:3 ratio and maintained in a 44°C water bath to prevent
premature solidification. The solidified TSA plates were
labelled appropriately, and in sterile tubes, 1 mL of surface
water sample, 1 mL of log-phase host bacterial culture, and
3 mL of semi-solid agar were mixed. This mixture was
overlaid onto the solidified TSA plates. After solidification,
the plates were incubated at 37°C for 18 + 2 hours. The
appearance of discrete, clear plaques on the lawn of host
bacteria was recorded as evidence of phage presence, with
plaque counts used to estimate phage concentration in
plaque-forming units per millilitre (PFU/mL) (Hyman &
Abedon, 2009). This method allowed for differentiation
between generalised phages and coliphages based on the
host used, enabling a comparative analysis between
environmental and clinical phage prevalence.

Quantitative Microbial Risk Assessment (QMRA)

The Quantitative Microbial Risk Assessment (QMRA) for
bacteriophage contamination in the Nwaniba River fisheries
followed the standard four-step framework, beginning with
hazard identification. In this study, somatic coliphages were
selected as surrogate indicators of faccal contamination in
aquatic environments, based on their environmental stability
and their established correlation with enteric pathogens such
as Escherichia coli and Salmonella, as suggested by Hata et
al. (2016). Although phages are not typically pathogenic to
humans, their presence was used as a proxy to assess the
potential risk posed by associated bacterial contaminants.
This was based on the limit of detection of the protocol
(Faleye et al., 2020).
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Exposure assessment considered two primary scenarios
relevant to fishing communities: direct water contact and
fish consumption. For the direct contact scenario,
individuals involved in fishing were assumed to experience
dermal contact with contaminated water, along with
incidental ingestion. The daily ingestion volume was
estimated at 1 mL, representing a plausible volume of water
swallowed unintentionally during fishing activities.
Environmental monitoring revealed phage concentrations in
the river ranging from 6.32 to 11.08 Log PFU/mL. In the
second scenario, exposure was modelled through the
consumption of fish harvested from the river. Drawing from
the work of Grabow et al. (1999), it was assumed that phages
could accumulate in fish gastrointestinal tracts and on their
skin. Even though cooking is known to reduce phage levels
by approximately 90%, the estimated ingested phage dose
ranged between 10° and 10* PFU per 100 grams of cooked
fish, extrapolated from the concentrations detected in water.
The dose-response assessment applied a conservative model
based on the coliphage ®X174, which, while not pathogenic
to humans, served as a surrogate to estimate potential health
risks. The model used was a standard exponential function,
expressed as equation 1

Pinr=1—exp(—k x D) 1

where k is the infectivity constant (0.02), and D represents
the ingested dose in plaque-forming units (PFU).

This approach allowed the estimation of infection
probability even in the absence of direct phage
pathogenicity.

Risk characterisation involved calculating both daily and
annual probabilities of infection under the two exposure
scenarios (Adegoke and Okoh, 2011). The daily infection
probability was estimated using the maximum phage
concentrations and the dose-response model described
above. Subsequently, annual risk was derived by assuming
200 days of fishing activity per year.

A sensitivity analysis was conducted to identify parameters
with the greatest influence on risk estimates. These included
phage persistence in fish tissues, which may be mitigated by
post-harvest practices such as salting or smoking, and the
volume of water contacted by individuals, which could be
reduced through the use of protective gear such as
waterproof gloves.

Based on these findings, several risk mitigation strategies
were proposed. For water quality improvement, regular
monitoring of somatic coliphages was recommended as a
practical indicator of faecal contamination, in line with
World Health Organisation (WHO, 2017) guidelines.
Community education initiatives promoting water boiling,
filtration, and hygienic practices were also emphasised. In
terms of fish handling, thorough cooking at temperatures
exceeding 70°C was advocated to reduce viable phage loads.
Moreover, the need to avoid cross-contamination during fish
processing was highlighted. Occupational safety measures,
including the distribution of protective equipment such as
gloves, were proposed to minimise dermal exposure during
fishing activities.
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RESULTS

Detection of the Bacteriophages
formation

The results of the plaque formation assay for water samples
are presented in Table 1. All samples except ‘08 and ‘09
showed positive plaque formation. Notably, Figure 1
illustrates a visual representation of plaque formation in
Sample 01, highlighting its significant presence. It is
important to note that no serial dilution was performed in this
experiment.

through Plague

Table 1: Plaque Formation Assay Results for the Water
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Plague-forming unit.
Enumeration of Plague-forming Units (PFU) of Urine
Culture

Figure 3 displays the plaque-forming units (PFU/ml) of
general bacteria from a multi-microbial Urine Culture. The
logarithm (Log) values of PFU/ml for each sample are as
follows: Sample 01 - 2.92, Sample 02 - 3, Sample 03 - 4.20,
Sample 04 - 4.85, Sample 05 - 6.46, Sample 06 - 6.70,
Sample 07 - 8.08, Sample 08 - 0, Sample 09 - 0, and Sample
10 - 11.08. These results provide insights into the bacterial
load and diversity within the urine culture can serve as host
for some viruses/phages.

Samples
Sample 01 <02 ‘03 ‘04 <05 <06 ‘07 <08 <09 ° 14
Code
Plague + + + + + + + - - 12
Forma- 10

tion

NOTE: No serial dilution was done

Figure 1: Sample 01 showing Plague Formation

Enumeration of Plague-forming units (PFU) of the water
sample

The results of the plaque formation assay for the water
samples, represented as the logarithm of plaque-forming
units per milliliter (Log PFU/ml), are as follows: Sample 01
had a Log value of 2.60, Sample 02 had a Log value of 3.45,
Sample 03 had a Log value of 4.30 and Samples 04, 05, 06,
07, 09, and 10 had Log values of 0. Notably, Sample 08
exhibited a significantly higher Log value of 6.32. Details of
the results are depicted in Figure 2.

8
7
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E3i‘
o
S 2
o
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4 01 02 03 708&91J0
2

Sample Code

Figure 2: Plague forming units (PFU/ml) of water sample
from Nwaniba river on E. coli (Coliphage) isolates. PFU =

Log (PFU/mI)
N B o oo

01 02 03 04 05 06 07

o

Sample Codes

Figure 3: Plague forming units (PFU/ml) of General
Bacterial from polymicrobial Urine Culture. PFU = Plague-
forming unit.

Quantitative Microbial Risk Assessment (QMRA)

The study revealed high concentrations of somatic
coliphages in the Nwaniba River, with the highest recorded
level reaching 11.08 Log PFU/mL in sample 10. These
values indicated significant fecal contamination and
suggested a potential presence of enteric pathogens. In
addition to environmental samples, analysis of human urine
samples from individuals involved in fishing activities also
showed high PFU levels. This finding implied possible
carriage of phage-susceptible bacterial hosts, such as
uropathogenic Escherichia coli, further supporting the use of
phages as surrogate indicators in the QMRA framework.
The risk characterisation revealed that under the direct
contact scenario, the daily probability of infection among
fishers could reach approximately 86% based on exposure to
untreated water containing up to 10'' PFU/L. When a 90%
phage reduction was assumed due to cooking or other
mitigating factors, the infection probability was reduced to
about 8.6%. For the fish consumption scenario, annual risk
estimates were computed by multiplying daily risk by the
assumed 200 fishing days per year. This resulted in an annual
infection probability exceeding 99.9% in cases of uncooked
exposure and around 98% when cooked fish was consumed,
reflecting partial risk mitigation.

Sensitivity analysis highlighted that risk levels were
particularly influenced by the persistence of phages in fish
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tissues and by the extent of water contact experienced during
fishing. Salting and smoking of fish, commonly practiced in
local communities, were found to potentially reduce phage
viability. Similarly, reducing the frequency or volume of
dermal contact with river water—such as through the use of
gloves—could significantly lower daily exposure levels.
Additional ecological observations suggested that tidal
influences within the Nwaniba River may contribute to
localized concentration of phages. This phenomenon is
comparable to the tidal-driven aggregation of fungi in
mangrove ecosystems reported in the Finnian study. Such
tidal dynamics could explain spatial variability in phage
loads observed across different sampling points.

It is important to note that this QMRA employed
conservative assumptions, particularly the use of coliphage
presence as a proxy for bacterial pathogen risk. This
approach may lead to overestimations of actual infection
risk. Moreover, the model did not fully account for variations
in local dietary habits, such as the potential consumption of
raw or undercooked fish, which could elevate actual risk
beyond modelled estimates.

DISCUSSION

The current study investigated the prevalence and
concentration of bacteriophages in surface water samples
from the Nwaniba River in Uyo, Nigeria, and compared the
findings with those from urine samples confirmed for
bacteriuria. The detection of clear plaque formation in most
surface water samples—except for Samples 08 and 09—
indicates active lytic phage presence and suggests significant
microbial contamination. Such findings align with previous
reports identifying bacteriophages as reliable indicators of
faecal pollution and viral contamination in aquatic
environments (Jofre ef al., 2016; McMinn et al., 2017).
These results are particularly relevant when considered
through the lens of Quantitative Microbial Risk Assessment
(QMRA), which is a structured framework for estimating the
health risks associated with exposure to pathogenic
microorganisms in environmental media. QMRA involves
four key steps: hazard identification, exposure assessment,
dose-response assessment, and risk characterisation (Haas et
al., 2014). In this context, the identified bacteriophages in
the Nwaniba River represent a biological hazard indicative
of fecal pollution. Their presence implies potential exposure
to enteric viruses and bacterial pathogens for individuals
using the river for domestic or recreational activities.
Exposure assessment in QMRA typically involves
estimating the concentration of microbial indicators or
pathogens in a specific medium (e.g., water) and identifying
potential exposure routes. The detection of high PFU counts
in the water samples—particularly at 10" dilution levels—
suggests that users of the river are at risk of ingesting
infectious viral particles. For instance, if individuals
consume untreated water or accidentally ingest water during
recreational activities, they could be exposed to doses
exceeding infectious thresholds. Studies have shown that
even low doses of enteric viruses such as noroviruses can
cause infection, and bacteriophages are increasingly used as
surrogates to model such viral behaviour due to their
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structural similarities and environmental persistence (Sano
et al., 2016; Petterson et al., 2020).

Using standard QMRA models, the risk of infection (P) can
be estimated using the exponential model in Equation 2.

P=1-exp(-rxd) 2
where 7 is the dose-response parameter, and d is the ingested
dose (based on PFU/ml x ingestion volume). In our study,
the PFU/ml in some water samples reached values above
107, indicating potentially high exposure doses, especially if
10-100 ml of water is ingested per event, as suggested in
similar exposure assessments (WHO, 2017; Hamilton et al.,
2018).

The urine samples served a dual role in this study: as clinical
comparators and as confirmation of microbial lysis in human
infections. The higher PFU observed in urine Samples 07
and 10 (log values of 8.08 and 11.08, respectively) reflects
active bacteriophage propagation during urinary tract
infections (UTIs). These findings suggest that phage
enumeration could complement traditional UTI diagnostics
and could even support QMRA models in clinical settings,
particularly when assessing risks of secondary transmission
through contaminated urine in healthcare environments
(Barr et al., 2013; Forde and Hill, 2018).

On the other hand, Samples 08 and 09 showed no plaque
formation, which may reflect either low pathogen loads,
prior antimicrobial therapy, or phage-host incompatibility.
This outcome emphasises the variability in infection
dynamics and highlights the importance of integrating
molecular detection methods, such as qPCR, into future risk
assessments to overcome culture-based limitations (Alnaseri
etal., 2021).

The comparative analysis between surface water and urine
samples revealed that although both media contained lytic
phages, the environmental samples posed a broader public
health risk due to the unregulated nature of exposure. This
reinforces the need to incorporate QMRA tools in water
quality monitoring frameworks, especially in low-resource
settings where waterborne diseases remain prevalent. The
World Health Organisation has recommended adopting
QMRA in managing microbial water quality, particularly for
sources used in drinking, agriculture, or recreation (WHO,
2017).

Integrating QMRA into routine water quality assessments in
Nigeria and similar regions can aid in prioritising
interventions, optimising water treatment processes, and
enhancing surveillance systems. Moreover, bacteriophages,
due to their low-cost detection and sensitivity to faecal
contamination, could be effectively used as index organisms
in QMRA models, supporting microbial source tracking and
public health decision-making (Hata et al., 2016; Petterson
et al., 2020).

CONCLUSION

This study provides compelling evidence of significant
somatic coliphage contamination in the Nwaniba River,
highlighting its role as a reservoir of faecal pollution and a
potential vector for microbial transmission among artisanal
fishers and local consumers. The detection of high phage
concentrations across multiple sampling points, coupled
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with elevated bacterial loads in the urine of exposed
individuals, underscores a clear link between environmental
exposure and public health risk. Through the application of
Quantitative Microbial Risk Assessment (QMRA), the study
estimated alarmingly high daily and annual infection
probabilities, particularly under scenarios involving raw or
insufficiently cooked fish consumption. These findings not
only confirm the utility of bacteriophages as cost-effective
microbial indicators but also reveal critical gaps in water
safety, hygiene practices, and occupational protection in
riverine communities. There is an urgent need to strengthen
water quality surveillance, implement targeted health
education, and promote safer fish handling and preparation
practices. Integrating phage monitoring into existing public
health frameworks could offer a pragmatic and scalable
strategy for mitigating infection risks in low-resource
settings like southeastern Nigeria.
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