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Abstract
Lake Victoria is the primary source of water for millions of people in the Sub-Saharan Africa region. In recent years, popu-
lation development around the lake has resulted in compromised sanitation standards resulting in increased faecal pollution 
of the lake. Consequently, this condition has increased the chances of waterborne enteric viruses, such as adenoviruses’ 
circulation in the community. Adenoviruses can affect health in both humans and animals by causing a myriad of diseases 
including the gastrointestinal infections. The study aimed to detect contamination of the lake water with pathogenic human 
adenoviruses along Homa Bay town, Homa Bay County, Kenya. To examine the presence of adenoviral genome, we col-
lected a total of 216 (monthly n = 36) water samples from six different locations marked by high levels of anthropogenic 
activities along the shoreline. Molecular amplification technique using the nested PCR procedure was used to detect the 
genomes from the water samples. Human adenoviruses were detected in 11 samples (5.09%). Statistical analyses indicated 
a significant correlation between adenovirus presence and the approximate distance from pit latrines and sewage treatment 
works at the area. The findings indicate that faecal contamination of the lake waters originated from the point sources. The 
findings also suggest a possibility of elevated levels of faecal pollution in different surface waters within the lake basin. The 
findings indicate that some of the enteric viruses circulating in the local community are human adenovirus type 40, and 41. 
The data may provide a basis for recognizing the need to prioritize environmental monitoring for enteric virus contamina-
tion on an on-going basis.
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Introduction

According to the Lake Victoria Environmental Management 
Project (LVEMP 2002), Lake Victoria (LV), the world’s 
second-largest freshwater lake, is a source of livelihood for 
millions of people in sub-Saharan Africa. From the Kenyan 
side of the lake, over 5 million people (Kenya Population 
and Housing Census, KPHC 2019) rely on the lake for rec-
reational, agricultural, industrial, and as a source of drinking 

water among other economic activities like fishing (Baker 
and Eric 2008). The LV ecosystem and its water quality have 
declined considerably over the last five decades (Mwirigi 
et al. 2005). The alarming trends in the deterioration of the 
ecosystem have been attributed to the pollution of the lake 
waters as a result of a rise in the local population (Odada 
et al. 2004). Because there would be a corresponding rise in 
the usage of faecal disposal facilities needed to sustain the 
growing population, the population growth is implicated in 
this pollution equation. There is a risk that the said faecal 
disposal facilities will not be adequate in some areas to sus-
tain the ever-increasing population (UN-HABITAT 2010b). 
Such a situation will inevitably result in a direct contribu-
tion of the lake’s faecal load from open defecation activi-
ties (UN-HABITAT 2010a). Consequently, the increased 
contamination has exposed the lake waters and the local 
population to poor sanitation (Onyuka et al. 2011). Thus, 
the local population is predisposed to pathogenic microbes 
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including faecal bacteria and enteric viruses that have been 
detected around the world from such poor sanitation settings 
(van Zyl et al. 2019).

Enteric viruses have been associated with a wide range 
of human infections ranging from gastrointestinal to respira-
tory syndromes especially in infants (Meqdam and Thwiny 
2007). Their potential to cause a multitude of infections is 
because they can survive longer in the environment and are 
less affected by conventional wastewater treatment com-
pared to faecal bacteria and other microbes (Ogorzaly et al. 
2010; Carter 2005; Baggi and Peduzzi 2000). They are a 
community of viruses that may be found in the gastroin-
testinal tract but are typically released from human waste. 
They are therefore generally present in faecally infected 
areas such as sewage effluent (Gibson 2014). They have 
also been recovered from surface waters (Nascimento 
et al. 2015), and groundwater (Gibson and Schwab 2011). 
Some common families of enteric viruses include picorna-
viridae that include genera enteroviruses (Symonds et al. 
2009), rotaviruses (Chigor and Okoh 2012) and norovi-
ruses (Kabue et al. 2016). These viruses represent diverse 
groups of non-enveloped RNA viruses (Harrach et al. 2012). 
Another widely studied group of enteric viruses are adeno-
viruses. These are double-stranded DNA viruses of the fam-
ily Adenoviridae comprising of over 80 human serotypes 
(Harrach et al. 2012; Dhingra et al. 2019). They have been 
reported as effective indicators for environmental faecal con-
tamination and the general viral water quality (Donaldson et 
al. 2002). This suitability is because they are more stable 
in the environment compared to enteric RNA viruses, as 
they have a double-stranded genome (Kishida et al. 2014). 
They are more likely to tolerate adverse conditions like UV 
exposure (Bofill-Mas et al. 2006). Adenoviruses can be 
inactivated by heat but their heat sensitivity varies by the 
genera (Maheshwari et al. 2004). Formaldehyde or bleach 
(sodium hypochlorite) are substances known to inactivate 
the virus (Dong et al. 2009). Adenoviruses are transmitted 
via the faecal-oral route (Meqdam et al. 2007) or respira-
tory route (Cheng et al. 2016). They have been associated 
with several conditions such as gastroenteritis (Shimizua et 
al. 2007; Akihara et al. 2005); diarrhoea (Jalal et al. 2005), 
keratoconjunctivitis (Chaberny et al. 2003) and respiratory 
diseases (Chmielewicz et al. 2005).

With reported research on the circulation of these enteric 
viruses in various types of surface waters around the world, 
it is important to be vigilant and to track the emergence 
and presence of adenoviruses on a routine basis. The sur-
veillance would be particularly important in areas with a 
high percentage of immunocompromised individuals (WHO 
2015). One of the regions along the LV basin with a large 
percentage of the immunocompromised population is the 
Homa Bay area in western Kenya (UN-HABITAT 2010a). 
Contamination of LV waters with faecal contaminants is a 

significant general concern both locally and regionally, con-
sidering the possible impact on public health to the depend-
ent communities (UN-HABITAT 2010b). According to 
UN-HABITAT (2010a), some of the most prevalent diseases 
around Homa Bay town are both respiratory and diarrhoeal 
in nature. These syndromes have been previously associated 
with adenoviruses (Magwalivha et al. 2010; Chmielewicz et 
al. 2005) even though they may also be linked to other caus-
ative agents including several bacterial species. The risks of 
adenoviral infections have been exacerbated by the fact that 
the surrounding community directly rely on the lake waters 
for drinking (UN-HABITAT 2010a).

Research concerning the contamination of LV waters with 
adenoviruses has not been reported in Kenya. Byamukama et 
al. (2005) conducted a study on the lake water’s microbial 
contamination in Kenya and Uganda with a focus on faecal 
coliforms. However, the use of bacterial indicators for viral 
contamination is not appropriate, as viruses are frequently 
detected without bacterial indication (Haramoto et al. 2018). 
Also, enteric viruses are immune to environmental condi-
tions and can spread further than the bacteria (Prevost et 
al. 2016). Studies on enteric viruses in Kenya have recently 
been conducted from different environmental settings (van 
Zyl et al. 2019; Kiulia et al. 2014; Magwalivha et al. 2010). 
However, these studies were carried out from water sources 
in other parts of the country and did not consider studying 
the situation of adenoviruses in LV waters in Homa Bay 
County. Therefore, this study was conducted to examine the 
possible contamination of the LV waters around Homa Bay 
town with potentially pathogenic adenoviruses. The data 
from this study may be useful as a platform for Enteric Virus 
environmental monitoring. It may be useful in augmenting 
clinical surveillance of respiratory and infantile diarrhoeal 
infections for proper community remediation of disease 
burden.

Materials and Methods

Study Design

Over a cumulative sampling period of six months (October 
2011 to April 2012), a total of 2160 L of water samples 
were collected from six points along the lake shoreline. Ten 
litres of water samples were collected monthly from each of 
six sampling sites using sterilized polyethylene containers 
along approximately 5 kms of shoreline stretch in Homa Bay 
town. The samples collected were packaged and transported 
for immediate processing in iceboxes to the Enteric Viruses 
Research Group (Institute of Primate Research Laboratory) 
in Nairobi. A total of 36 samples per site were collected per 
month for the entire cumulatively 6 months of sampling, 
totalling 216 samples.
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The Study Site

The study site was situated on a shoreline strip in the town 
of Homa Bay, under Homa Bay County in Kenya’s Nyanza 
region between latitudes 0° 31′0′′ S and longitudes 34° 27′0′′ 
E (Fig. 1). The town has a sewage system with inadequate 
coverage as it is only connected to a very small percent-
age of the municipal area (UN-HABITAT 2010a). The sew-
age treatment plant (STP) is located at the lake’s nearshore 
(< 100  m). It discharges directly into the lake thereby 
increasing the potential for the lake’s faecal pollution. The 
treatment system’s stabilization ponds and treatment facili-
ties are in dilapidated condition. Many households and units 
could not be connected to the sewer lines because of high 
connection charges (UN-HABITAT 2010a). Thus, most 
of the town’s inhabitants dispose of faecal waste using Pit 
latrines. The pit latrines are cheap to build and maintain 
as they do not rely on the use of water. Fresh ones are nor-
mally dug to replace the filled ones though in some cases 
especially in institutions, they are treated and exhausted. 
Despite being the most common disposal method, the latrine 

coverage in the area is still inadequate, particularly in the 
surrounding community, leading to open defecation around 
the lake as an alternative (UN-HABITAT 2010a). The sam-
pling points were located in a section of the shore that is 
heavily in contact with the host community. The section is 
hosts to the principal source of faecal pollution; the dilapi-
dated municipal sewage treatment facility serving the town’s 
population of approximately 45,000 (KPHC 2019). It is also 
lined with multiple pit latrines and toilets for the public and 
private use. The segment is ideal for anthropogenic activi-
ties and is characterized by extensive use of the lake waters 
for domestic, agricultural, commercial, recreational, and 
industrial activities. The strip also acts as a source of raw 
water for water treatment plants in the town and the rural 
host community.

The sampling sites were located at the following areas: 
Boat landing area/Jetty, open-air fish market area, Capital 
fish processing plant area, sewage treatment area, residential 
section and open grassland/Livestock feeding ground area 
(Fig. 2). The town is located on a gently sloping topography 
ranging from about 1143 to 1220 m above sea level that 

Fig. 1  Map of Kenya showing the location of Homa Bay town (UN-Habitat 2010a)
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eventually flattens at the shoreline skirting of approximately 
5 km (UN-HABITAT 2010a). Due to the rolling nature of 
the topography of the town towards the strip, both the natural 
and the county drainage systems both drains to the shore-
line strip thereby increasing chances of faecal contamination 
from the stormwater and runoffs. The lake strip stretches 
approximately 16.5 km across the broader town’s surround-
ings that encompass parts of the peri-urban Rangwe and 
Asego. The nearby Arujo stream is an affluent to the lake and 
is a major stream that flows through many rural surround-
ings marked by open defecation before eventually emptying 
into the lake. The town generally lacks proper stormwater 
drainage system, which has also been exacerbated by the 
blockage by solid wastes. Open and broken manhole cover 
slabs and sewer lines are a common sight along the streets. 
These conditions compound faecal contamination to the lake 
during runoffs (UN-HABITAT 2010a).

Virus Recovery

Viruses were recovered using the glass wool adsorption-elu-
tion technique as described in various past reports including 

Vilaginès et al. (1993), Wolfaardt et al. (1995), Vilaginès 
et al. (1997) and Haramoto et al. (2005). The principle of 
the adsorption-elution method is based on the action of 
the negatively charged virus particles electrostatically get-
ting adsorbed to the positively charged filter membranes 
(Lambertini et al. 2008). Briefly, by applying negative pres-
sure, ten litres of the water samples were drained through 
a Perspex glass wool column. The glass wool column was 
prepared by plunging an oiled sodocalcic glass wool (Bourre 
725 QN, Ouest Isol, Alizay, France) into a Perspex glass tube 
measuring 20 cm long with an internal diameter 3 cm. The 
adsorbed viruses on the glass wool were eluted from the col-
umn by washing using 100 ml of 9.5 pH glycine beef extract 
buffer (GBEB) containing a mixture of Glycine (Merck 
GmbH, Darmstadt, Germany) and Beef extract powder (beef 
extract (BBL Becton Dickinson and Company, Sparks, MD) 
for 15 min. For secondary concentration, 100 ml of the viral 
concentrates were mixed with polyethylene glycol (8% PEG) 
(Merck) and 0.2 M NaCl solution (Merck). The mixture was 
then centrifuged at 6000×g at 4 °C for 30 min in Eppendorf 
centrifugation device (Eppendorf 5402 microcentrifuge; 
Eppendorf Gera¨tebau, Netheler and Hinz GmbH, Hamburg 

Fig. 2  Map of Homa Bay town showing the sampling area. *RA-Res-
idential Area (decimal − 0.51918 and 34.46404), ST—Sewage treat-
ment area, (decimal − 0.52001 and 34.46152), OG-Open grassland/
Livestock feeding ground (decimal − 0.52079 and 34.46058), FM-

Open-air fish market area (decimal − 0.52115 and 34.45975), CF-
Capital fish processing plant area (decimal − 0.52201 and 34.45705) 
and LZ-Landing area/Jetty (decimal − 0.52299 and 34.45524)
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Germany). The resulting pellets were dissolved in a 20 ml 
phosphate-buffered saline (PBS) solution (Sigma-Aldrich (St 
Louis, MO) and then centrifuged at 4200 rpm for 45 min 
at 4 °C. The resulting pellets were resuspended in 10 ml of 
the resulting supernatant and centrifuged at 4200 rpm for 
10 min. One ml of the final supernatant was immediately 
used for nucleic acid extraction, while the remainder was 
resuspended in 100 µl PBS and stored at − 70 °C until later 
use.

Nucleic acid extraction

The nucleic acid was extracted from the recovered virus con-
centrates in a MagNA Pure LC instrument (Roche Diag-
nostics) following the manufacturer’s instructions. Com-
mercially available MagNA Pure LC Total Nucleic Acid 
Isolation Kit (Large Volume) (Roche Diagnostics) was used 
to extract the DNA from 1 ml of the concentrates. In brief, 
Proteinase K was first added to the samples followed by 
incubation for about 5 min. The samples were then mixed 
with a mixture of Magnetic glass beads containing silica par-
ticles and a lysis buffer. The glass beads from whose surfaces 
the release DNA particles got bound to were subjected to 
several washing steps using wash buffers to remove unbound 
substances. The Elution buffer (50 µl) was used to elute the 
purified DNA from the beads. The eluate was aliquoted and 
temporarily stored in Tris–EDTA (pH 8.0) at a temperature 
of − 20 °C until use.

PCR amplifications

Viral genomes were detected from the DNA extracts using 
nested PCR (nPCR) procedures adopted from the methods 
previously defined by Allard et al. (1990), and modified 
by Santos et al. (2004) and Rodríguez-Díaz et al. (2009). 
The primer pairs used were adapted from those published 
in various articles (Allard et al. 1992; Puig et al. 1994; 

Rodríguez-Díaz et al. 2009) designed from the open read-
ing frame of the DNA sequence targeting the hexon genes 
of adenovirus type d40 and Ad4l (Table 1).

For the one-step PCR process, 10 µl of the extracted 
adenovirus nucleic acid samples corresponding to 4 dm3 
of the original lake water samples were mixed with 40 µl of 
the PCR mixture to make a final volume of 50 µl. The PCR 
mixture consisted of 5 µl of 1 × PCR buffer, 8 µl of 2.5 mM 
 MgCl2, 2 µl of 200 µM of each dNTP, 20 µl of 1 µM con-
centration of each of the hexAA1885(F) and hexAA1913(R) 
primers, 1 U of thermostable Taq DNA polymerase (Pro-
mega Corp., (Madison, WI)) and 22 µl of nuclease-free 
water. The amplification condition settings were as follows: 
Initial denaturation at 95 °C for 15 min followed by 35 
cycles that consisted of 95 °C for 0.5 min each for dena-
turation, 57 °C for 0.5 min annealing and 72 °C for 0.5 min 
elongation followed by a final elongation step at 72 °C for 
5 min. For the nested PCR process, 1 µl of the first-round 
PCR amplification was subjected to further amplification 
by adding to 40 µl of the reaction mixture containing 5 µl 
of 1 × PCR buffer, 8 µl of 2.5 mM  MgCl2, 2 µl of 200 µM 
of each dNTP, 20 µl of 1 µM concentration of each of the 
nested primers [nehexAA1893 (F) and nehexAA1905(R)], 
1 U of thermostable Taq DNA polymerase (Promega) and 
25 µl of nuclease-free water. The cycling conditions were 
maintained as in the initial amplification in the first-round 
process. The PCR products were confirmed by 2% agarose 
gel electrophoresis visualized by staining using 1 µg/ml eth-
idium bromide. The stained products were illuminated using 
UV transilluminator (Alpha Innotech Corporation). The 
amplicons size was compared to 100 bp molecular weight 
(MW) ladder (Promega) and the positive control.

Quality Control

In all the manipulations, standard measures were applied 
to minimize the risk of cross-contamination between 

Table 1  Primers used in the 
study targeting adenovirus 
hexon gene

* F-Forward primer, R-Reverse primer

Virus Function Sequence(5′-3′) Product length References

Human Adenovirus-F40/41 hexAA1885(F)
hexAA1913(R)

GCC GCA GTG 
GTC TTA CAT 
GCA CAT C

CAG CAC GCC 
GCG GAT GTC 
AAAGT 

301 Allard et al. (1992)

Human Adenovirus nehexAA1893(F)
nehexAA1905(R)

GCC ACC GAG 
ACG TAC TTC 
AGC CTG 

TTG TAC GAG 
TAC GCG 
GTA TCC TCG 
CGGTC 

143 Allard et al. (1992)
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samples and between samples and DNA amplicons. Sepa-
rate laboratories, each fitted with its instruments, pipettes, 
filter tips, and reagent tubes were used for preparing and 
processing of reagents and samples and in the handling of 
the amplified fragments. Negative control (nuclease-free 
water) and a positive control derived from a cell-cultured 
HAdV-C2 human adenovirus strain (ATCC VR-1079 AS/
Rab) were included in each virus detection reaction to 
monitor for false-positive and false-negative reactions. 
Probability of amplifying contaminant DNA was reduced 
by treating the nucleic acid samples with uracil DNA gly-
cosylase (UDG) (Kittigul et al. 2005). The treatment with 
UDG primarily removes carryover contaminants but do 
not normally interfere with the other components of the 
PCR mixture (Tetzner et al. 2007). Nested PCR inhibition 
was evaluated by spiking the sample aliquots with the 
specific virus control for another PCR process. A repre-
sentative 18 samples, comprising of one positive and 2 
negative samples sample from each of the six sampling 
sites were selected for the process. Inhibition was deemed 
absent when the PCR amplification results of all the 18 
spiked samples produced as expected amplifications con-
sistent with the 300 bp fragments.

Data Analysis

Differences in the recovery of the viruses among the 
sampling points were analysed using Analysis of Vari-
ance (ANOVA) and a post hoc Tukey’s HSD test. Linear 
Regression analysis was used to evaluate the association 
between the recovery of the viruses as the dependent 
variable and the independent variables; the estimated 
distances from pit latrines and the sewage treatment site 
from the sampling points. The analyses were performed 
using SAS version 9.1 (SAS Inst., Inc., Cary, NC). P-val-
ues that were less than 0.05 were considered to be statisti-
cally significant.

Results

The water samples were dichotomised into either presence or 
absence of an adenovirus genome. Of the 216 samples that 
were collected during the entire study period, 11 were found 
to be positive for adenoviral genome representing 5.09%. 
Of the 11 positive samples, 72.72% (8/11) were from the 
sites located on the northern region of the sampling strip 
(ST and RA). No viral genomes were recorded from sites 
CF and OG which were both centrally located along the 
study strip. Table 2 shows the detection rates of the viruses 
among the six study sites as well as the mean and standard 
error of recoveries of the viruses from the six sites, while 
Fig. 3 shows the 2% gel electrophoresis showing PCR ampli-
cons generated by the primers. The principal cause of faecal 
pollution at the site of samples collection was the munici-
pal sewage treatment plant located at − 0.52149, 34.46193. 
Table 2 shows the estimated distances from the six sampling 
points form the STP.

When the samples were first analysed in the first month of 
sampling (October 2011), out of the 36 water samples, the 
adenovirus genome was detected in 1 (2.78%). The adenovi-
rus DNA that was detected was from a sample from site ST. 
From this very site, adenovirus DNA was further detected 
from four more samples at different sampling months. Over-
all 5 out of 36 samples from all six months of sampling 
from site ST tested positive with adenovirus. Three of the 
remaining 5 sites tested positive six times with adenoviruses 
during the observation period to bring the total number of 
adenoviruses detected to 11. There was a significant differ-
ence between the sampling points in adenovirus detection 
(P = 0.0373), with mean detection values varying from 0.03 
to 0.14 (Table 2). The furthest site (LZ) was situated at an 
estimated distance of 3000 m from the STP. Less than 500 m 
from the treatment plant was the nearest site (ST), whose 
fence extends up to the shoreline (Table 2).

A total of 16 pit latrines were counted within the 
study area’s capture zone. Some were owned by private 

Table 2  Adenovirus detection 
rates and the mean ± standard 
error from the six sampling 
points

*Values followed by the same letter along the column are not significantly different based on Tukey’s HSD 
at P ≤ 0.05

Site Distance from sewage 
treatment works (m)

Vol. of samples 
filtered (l)

No. of sam-
ples (n)

Adenovirus (%) Mean ± standard 
error (P = 0.0373)

LZ 3000 360 36 1 (2.78) 0.03 ± 0.03a
CF 2000 360 36 0 (0) 0.00 ± 0.00b
FM 1500 360 36 2 (5.56) 0.06 ± 0.04a
OG 700 360 36 0 (0) 0.00 ± 0.00b
ST < 500 360 36 5 (13.89) 0.14 ± 0.06a
RA < 500 360 36 3 (8.33) 0.08 ± 0.05a
Total 2160 216 11(5.09)
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households, while others were public, mainly located in 
public places such as the landing zone and open-air markets 
(Table 3). They were located at varying distances from the 
sampling sites with some in an abandoned condition.

Statistical analyses to assess if detection of the viruses 
was significantly different at distance from the potential 
sources of faecal contaminants revealed positive results. The 
regression analysis to compare the viral contamination rates 
with the pit latrines’ average distances shows that there was 
a significant relationship with R2 being 3.3 and a P-value of 
0.007. The slope coefficient for distance from the pit latrines 
was − 89.08. The detection of adenoviruses increased with a 
decrease in distance from the pit latrines (Fig. 4).

Similarly, linear regression analysis to evaluate the detec-
tion of the relationship between the distance from the STP 
and the sampling points indicated some significant relation-
ships (R2 = 1.9, P = 0.042). Detection increased slightly with 
a decrease of every 500 m in distance from the sewage treat-
ment plant (Fig. 5).

Discussion

Human adenoviruses have been reported to be some of the 
common contaminants of surface waters all over the world 
(Muscillo et al. 2008). The results of this study corroborate 

Fig. 3  Agarose gel electrophoresis showing PCR amplicons. *MW, 
100  bp molecular weight marker (Promega); Lane 1, sample from 
LZ; Lanes 2–5, samples from site ST, Lanes 6–8, samples from site 

FM, Lane 9 and 13 samples from sites CF & OG; Lanes 10 to 12, 
samples from site RA; + C, positive control and − C, negative control

Table 3  Location of the pit 
latrines and distance estimates 
from the nearest sampling point

Estimated distance from 
the nearest site (m)

No. of 
latrines

Global positioning sys-
tem location

Ownership Nearest 
sampling 
site

1–50 2 − 0.51933, 34.46438
− 0.52114, 34.46456

Private
Public

RA
LZ

51–100 5 − 0.52322, 34.45582
− 0.52321, 34.45561
− 0.51923, 34.46421
− 0.52153, 34.45940
− 0.52195, 34.46082

Public
Public
Private
Public
Jua Kali association

LZ
LZ
RA
FM
OG

100–150 5 − 0.52258, 34.45877
− 0.52321, 34.45564
− 0.52188, 34.46111
− 0.52301, 34.45596
− 0.52296, 34.45599

Public
Public
Jua Kali association
Public
Public

FM
FM
OG
LZ
LZ

 > 150 4 − 0.52386, 34.45829
− 0.52222, 34.45942
− 0.52255, 34.46316
− 0.52199, 34.46150

Industrial estate
Feeds Industry
Water Company
Vocational Institution

CF
FM
RA
OG
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previous findings in other parts of the world including Asia 
(Lee et al. 2005), South America (Rigotto et al. 2010), and 
Europe (D’Ugo, et al. 2016), with HAdV being detected 
from 4 of the 6 study sites. The highest detection rate was 
from point ST (13.89%) a site that was characterized by 
lower human traffic. Contrastingly, a lower rate of human 
adenovirus detection was reported from site LZ (2.78%). In 
comparison to the rest of the sites, Site LZ was characterized 
by the highest level of human activity ranging from trans-
port, fishing, recreation and trade. Site ST was situated in 
an area strongly impacted by wastewater discharge from the 
dilapidated sewage treatment works. The higher detection 
from this site could be due to the impact of the sewage efflu-
ent. Despite the sites being located in conventionally busy 
areas with activities such as industrialization and livestock 
farming respectively, no HAdV genomes were detected from 
points CF and OG.

The zero detection from sites CF and OG together with 
the low detection from site LZ may be due to lack of a direct 
source of faecal contamination in the vicinity of the said 
areas. A general potential reason for the poor detection at 
certain sites is that the concentrations of the viruses in envi-
ronmental samples are often low and thus, conventional 

molecular techniques may not easily confirm their presence 
(D’Ugo et al. 2016). Point RA had the second-highest num-
ber of positive samples for the HAdV genome at 8.33% of 
the total 36 samples analysed during the study period. This 
could be attributed directly to an informal urban settlement 
located on the site’s eastern side. The informal settlement is 
characterized by numerous latrines sank as close as about 
50 m from the shore. Both ST and RA tend to be the sam-
pling stretch’s most contaminated area, probably because 
they were situated close to the informal residential portion 
and sewage treatment facility. Site FM had a detection rate 
of 5.56%. The detection from this point could be attributed 
to increased human activities around the site as a result of 
fish trading as well as the use of the nearby pit latrines. How-
ever, it is noteworthy that the detection of the viral genomes 
from the different sites may not necessarily be as a result 
of contamination arising from the nearest possible sources 
of faecal pollutants. The contamination may also be due to 
possible transportation of the viruses from distant sites and 
sources resulting from the frequent changes in lake water 
flow and simulations.

The findings generally indicate that adenoviruses within 
the study environment are steadily circulating and persistent, 
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an observation that is consistent with results published else-
where (Fong et al. 2010). Even though all the adenoviruses 
detected might not necessarily be infectious, the findings 
suggest that the local community is at potential risk of ade-
novirus infection. In past studies, human adenovirus-related 
outbreaks of infection have been reported especially in rec-
reational waters (van Heerden et al. 2005). Human adeno-
viruses are highly stable in the environment. They are less 
influenced by changes in physical environments such as tem-
perature, pH, humidity and UV radiation, as well as the con-
ventional wastewater treatment procedures such as sedimen-
tation and chlorination. Their stability in the environment 
has been attributed to the double-stranded DNA structure 
(Bofill-Mas et al. 2006; Gerba et al. 2008; Fong et al. 2010). 
It has also been reported that they are easily detectable from 
the environmental samples compared to other potential viral 
indicators (Albinana-Gimenez et al. 2009).

The results of the statistical analysis on the correla-
tion between the approximate distance from the key point 
sources of faecal pollution (Pit latrines and sewage treatment 
works) and the detection indicate that viruses may prob-
ably end up in the lake water through various pathways. 
One such pathway is the aquifer pathway which involves 
the movement of viruses to surface waters through the sub-
soil (Fong et al. 2007). Due to their minute size, the viruses 
can pass through porous sediments when infiltration of pol-
luted sources (Fong et al. 2007). The findings indicate that 

establishing such faecal disposal facilities nearshore to the 
surface waters and inadequate maintenance are likely to 
increase the rates of pollution through the localized pathway 
systems. The correlation results are quite in agreement with 
numerous studies published elsewhere relating to the iden-
tification of adenoviruses and sources of faecal pollutants 
(Magwalivha et al. 2010). The findings reaffirm the assump-
tion that HAdVs can be regarded as a reliable predictor for 
viral contamination of the environment. This is critical for 
environmental surveillance in the study region where patho-
gen data are still limited.

Conclusion

The detection of human adenoviruses confirms that the 
LV waters were being impacted by faecal matter. Source 
tracking of the pollution markers suggests a correlation to 
the impact of the wastewater treatment works and the pit 
latrines along the shoreline. This thus demonstrates the value 
of environmental monitoring and the need to implement effi-
cient ways of removing enteric viruses during wastewater 
treatment processes. Continuous monitoring of enteric viral 
contamination of surface waters such as LV is important not 
only as a strategy for mitigating future public health emer-
gencies, but also to raise public awareness on safe meth-
ods of faecal waste disposal. For example, the unregulated 

Fig. 5  Regression analysis between the estimated distance from STP vs mean adenovirus detection
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sinking of pit latrines along the shoreline undermines the 
goal of the much-desired continuous environmental monitor-
ing and effective wastewater treatment processes. The data 
may provide a baseline for information and understanding of 
enteric viral contamination in the region for a proper design 
for environmental surveillance.
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