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A B S T R A C T

In Addis Ababa and its environs, most urban wastewater is discharged into rivers without treatment. This study related
urban wastewater characteristics to the prevalence of faecal, antibiotic resistant, and potentially pathogenic bacteria in
rivers of the Akaki catchment across six locations, for the dry and wet season. Spatiotemporal variation in bacterial
hazards across the catchment was up to 6 log10 units. Cooccurrence of sewage pollution marker gene HF183 in all
river samples testing positive for the Vibrio cholerae marker gene ompW, and high levels of these two genes in untreated
wastewater, identiﬁed human sewage as the likely source of Vibrio cholerae hazards in the catchment. Levels of the
marker genes rodA for E. coli, HF183 for human host associated Bacteroides, ciaB for Arcobacter, and ompW for Vibrio
cholerae were all higher in the dry season than in the wet season. Marker gene gyrB for Pseudomonas aeruginosa was not
detected in the samples. From the sequencing data, notable bacterial genera in the dry season included wastewater pollution indicators Arcobacter and Aeromonas, whereas soil erosion may explain the greater prominence of Legionella,
Vicinamibacter, and Sphingomonas during the wet season. Except for the most upstream location, all faecal coliform
(FC) counts exceeded WHO standards of 1000 CFU/100 mL for unrestricted irrigation. Concerningly, 0.6–20% of
FC had ESBL producing antimicrobial resistance traits. In conclusion, multiple bacterial hazards were of concern for
river water users in the Akaki catchment, and elevated in the dry season, when the river water is being used for irrigation of vegetable ﬁelds that supply the markets of Addis Ababa. This reﬂects inadequate treatment and limited dilution
of urban wastewater by the natural river ﬂows during periods of low rainfall.
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1. Introduction

lactam antibiotics and may help bacteria resist antibiotic treatments.
ESBL-producing bacteria were detected from clinical isolates and drinking
water sources in Ethiopia (Abera et al., 2016; Teklu et al., 2019), but the
prevalence of ESBL producing bacteria in the Akaki catchment has not yet
been investigated. More broadly, there is a lack of comprehensive microbial
water quality reports from the African continent which is largely due to limited access to the required molecular microbiology tools.
Recently, we have built capabilities and competencies in molecular
water microbiology with staff training at the Addis Ababa Water and Sewerage Authority (AAWSA) and the development of an affordable suitcase
laboratory for microbial community characterization by 16S rRNA gene sequencing (Acharya et al., 2020). Building upon this success, the aim for the
current study was to comprehensively characterize the bacterial hazards in
urban wastewater and the rivers of the Akaki catchment with culturing and
molecular microbiology methods, including the study of ESBL producing,
antibiotic resistant bacteria. The data collection enabled us to test the following research hypotheses: 1) There is signiﬁcant spatiotemporal variation in bacterial hazard levels in river water between the rural, periurban,
and urban sampling locations, and between the dry and wet season;
2) urban wastewater pollution is a major driver of bacterial hazard levels
in the rivers as evidenced by positive correlations between human gutassociated bacteria, putative pathogens, and antibiotic resistant bacteria;
and 3) these urban wastewater related bacterial hazards remain evident
in the periurban ﬂoodplain downstream of Addis Ababa, where the river
water is being used for the irrigation of vegetables.

African freshwater ecosystems are increasingly impacted by rapid urbanization and resulting pollution from residencies, industries, and land
cover change (Jordaan et al., 2019; Marie and Lin, 2018; Yohannes and
Elias, 2017). Such pollution will affect the riverside communities which
are often using surface water for household purposes, the mining of construction materials, animal rearing, and crop irrigation (Kookana et al.,
2020). The direct and indirect reuse of partially treated or untreated
urban wastewater in irrigation-dependent urban and peri-urban food production systems is a common practice in many African countries
(Gashaye, 2020; Van Rooijen et al., 2010; Woldetsadik et al., 2017). The
major driving factors for the urban and periurban food production in
Africa are market proximity, freely available irrigation water, low fertilizer
requirement and high-income generation opportunities (Gashaye, 2020;
Qadir et al., 2010). But urban pollution of river ecosystems puts these advantages at risk.
Urbanization related water pollution issues are brought into sharp focus
in Ethiopia's capital Addis Ababa, which is among the most rapidly growing
African cities with a current population of about 5 million. In Addis Ababa,
much of the wastewater from residential areas, commerce, industry, and
agriculture is discharged untreated into local streams and rivers, which riverine communities depend on for animal watering, domestic purposes, and
to grow vegetables (AAEPA, 2007; Colombani et al., 2018; Gashaye, 2020;
Mengesha et al., 2017). Sixty percent of the city's agriculture produce is
being cultivated using river water, which is a public health concern
(Weldesilassie et al., 2011a; Weldesilassie et al., 2011b; Woldetsadik
et al., 2017). A major outbreak of acute watery diarrhea in Addis Ababa
in 2016 was attributed to open defecation, the discharge of untreated sewage, and consumption of food sources contaminated by faecally polluted
river water (Dinede et al., 2020).
There are two major sewage treatment plans (STPs) in Addis Ababa:
Kaliti STP with a designed treatment capacity of 100,000 m3/day uses
upﬂow anaerobic sludge blanket (UASB) and trickling ﬁlter technology
and discharges into the Little Akaki river. Kotebe STPs receives wastewater
via sewers and from vacuum trucks that empty septic tanks for treatment in
lagoons and drying beds with a design capacity of 100,000 m3/day and discharges into the Big Akaki river. In addition, smaller stabilization ponds
and membrane bioreactors have total treatment capacities of 26,760 m3/
day and 15,600 m3/day, respectively (Tadesse, 2021). It is estimated that
actual treatment volumes are about 50% of the design capacities due to limited coverage of the modern sewerage network which reaches only about
23% of residential housing (Tadesse, 2021). There is widespread illegal discharge of wastewater via misconnections into storm drains or direct waste
disposal into ditches and open spaces, which ultimately join the Big and Little Akaki rivers (Van Rooijen and Taddesse, 2009). In the city, 63% of the
households use shared pit latrines, while about 5% do not have access to
any sanitation facility (Tadesse, 2021).
Addis Ababa lays within the catchment of the Akaki rivers, and previous
studies of the Big and Little Akaki rivers have reported signiﬁcant nutrient
pollution issues in the catchment, such as high phosphate, nitrate, and ammonia concentrations (Akalu et al., 2011; Beyene et al., 2009; Mengesha
et al., 2017; Weldesilassie et al., 2011a). For biological parameters, high
concentration of E. coli bacteria showed river contamination with faecal
matter (Mengesha et al., 2017; Weldesilassie et al., 2011a; Woldetsadik
et al., 2017), while an analysis of macroinvertebrates and diatoms showed
low ecological status of those rivers (Akalu et al., 2011; Beyene et al.,
2009).
Currently, there is insufﬁcient knowledge regarding the exact nature of
microbial hazards in the Akaki rivers and emerging threats like the prevalence of antibacterial resistance. Antibiotic resistant bacteria are increasingly recognized as emerging pollutants in aquatic environments and
associated food production systems (Amine, 2013; Belachew et al., 2018;
Bougnom et al., 2019; Gekenidis et al., 2018; Ho et al., 2021; Olaniran
et al., 2009; Thongsamer et al., 2021). For example, extended spectrum βlactamases (ESBLs) are enzymes that degrade a broad spectrum of beta

2. Materials and methods
2.1. Study area and sampling sites
The study was conducted in the catchment of the Akaki Rivers in
Ethiopia, Eastern Africa, which covers the latitude range from 8°46′ to
9°14′ N, and the longitude range from 38°34′ to 39°04′ with a surface
area of 1500 km2 (Fig. 1). Land use in the catchment is changing rapidly
due to the growth and urban sprawl of Addis Ababa, Ethiopia's economic
hub and capital city, which creates infrastructure challenges such as insufﬁcient wastewater treatment (Weldesilassie et al., 2011b), similar to observations in other developing countries (Ho et al., 2021; Mrozik et al., 2019;
Pantha et al., 2021; Thongsamer et al., 2021). The catchment is drained by
the Little and Big Akaki rivers and surrounded by mountain ranges with
ridges in the North and West, which are increasingly affected by deforestation. The north and southeastern parts of the catchment contribute to the
Big Akaki ﬂow and are characterized by a combination of agricultural
land with rain fed crop cultivation and livestock raising and increasing
urban sprawl with scattered towns along the main road. The Kebana river
is a major tributary to the Big Akaki river and ﬂows through the city center
of Addis Ababa. The Little Akaki river drains the north-western part of the
catchment and ﬂows in parallel to the Kebana river through the city center
of Addis Ababa. The Big and Little Akaki rivers merge at the Aba Samuel
reservoir. Downstream of the reservoir, the Akaki catchment drains into
the Awash river basin.
River water samples were collected from six locations, in the dry season (Feb 2020) and wet season (Aug 2020). The sampling sites were
selected based on the land use type, water use by riverine communities,
and potential sources of pollution. Sampling site S1 was selected as rural
reference point in the upper catchment; S2 was at the conﬂuence of the
Ambisa and Arabssa rivers where the periurban land use is affected by
new construction and the urban sprawl from Addis Ababa; Sample site
S3 was selected to determine the effect of Addis Ababa's old city center
activities on the catchment and this site is located at the outlet of the
Kebena river, which drains the highly populated, commercial, and
mostly older part of Addis Ababa; S4 was downstream of the conﬂuence
of the Kebena and Bulbula rivers, and this site was selected to see the effect of the merger of two rivers; S5 was upstream of a major bridge crossing the Big Akaki river and located in an area with increasing urban
sprawl into the agricultural ﬂood plain downstream of the city center,
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Fig. 1. Map of the catchment and sampling sites where WW refers to samples from the Kaliti wastewater treatment plant, and S refers to samples from rivers.

and above Aba Samuel reservoir; this site was selected to see the urban
pollution impacts on periurban food production systems; S6 was in the
downstream section of the Little Akaki river which drains the western
part of the catchment, and ﬂows through urban and industrial areas,
and this site was selected to understand the impact of growing urban
and industrial activities, which includes STP discharge. Kaliti STP discharges its treated wastewater into the Little Akaki river just upstream
of sampling site S6. Untreated wastewater (WWInf) and treated wastewater (WWEff) samples were collected from Kaliti STP.
Streamﬂow measurements were taken during both sampling periods. In
February 2020, when streamﬂow was low, the ﬂow velocity was measured
using a current meter whereas the wetted area of the channel cross-section
was measured with tape meter and graduated stick. Then, the river discharge was estimated as a product of the velocity and wetted area. In August 2020, when streamﬂow was high, the river water level was
measured using tape meter and graduated stick. A rating curve (an equation
describing water level and discharge relationship) was used to convert the
water level to river discharge. The rating curve had previously been established by multiple simultaneous measurements of water, velocity, and wetted area of the channel.

2.2. Enumeration of faecal coliform bacteria, faecal streptococci, and ESBL producing total coliform and E. coli bacteria
Faecal coliform (FC) and faecal streptococci (FS) bacteria were determined by membrane ﬁltration using appropriate media ampules (m-FC 2
mL and KF streptococcal broth ampules from HACH, Düsseldorf,
Germany) and standard methods for the examination of water and wastewater (APHA, 2005). For the detection of ESBL producing E. coli and total
coliform (TC) bacteria, agar media were prepared using a supplement antibiotic and following the manufacturer's instruction: 6.75 g Coliform
ChromoSelect Agar (SIGMA-ALDRICH, St. Louis, USA) was added to 250
mL distilled water, before sterilization. ESBL ChromoSelect Agar supplement (Ceftazidime 1.50 mg, Cefotaxime 1.50 mg, Ceftriazone 1.00 mg, Aztreonam 1.00 mg, Fluconazole 5.00 mg, SIGMA-ALDRICH, St Louis, USA)
was used for the detection of ESBL-producing bacteria. The supplement antibiotic was prepared by adding 5 mL sterile distilled water, and 2.5 mL supplement antibiotic was then added aseptically to 250 mL of sterile, molten
ESBL ChromoSelect Agar cooled to 45–50 °C. The agar was mixed well and
poured into sterile petri dishes. Then 50 μL or 100 μL of the water samples
were spread on the agar and incubated for 24 h at 35 °C for TC and 45 °C for
3
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microbiomes were: 1) the most upstream river water from site S1 which
was considered representative for minimally polluted river water,
2) WWInf from Katili STP as a proxy for the discharges of untreated sewage
into rivers, and 3) WWEff from Katili STP as a proxy for the discharges of
treated sewage into rivers.
For plate count and qPCR data, two-way crossed analysis of variance
(ANOVA) was performed with the Matlab© function anovan using standard
settings to test the effects of river water sampling sites and seasons on the
mean of the log10 transformed concentration of colonies or marker genes
per 100 mL + 1. The Matlab© function multcompare was then used for
post hoc analysis of the ANOVA statistics with the Tukey's honestly signiﬁcant difference (HSD) criterion for pairwise comparison of the marginal
means for the sampling sites.
Finally, Spearman rank correlation analysis between microbial water
quality indicators determined by standard plate counting methods, qPCR,
and next generation sequencing (NGS) approaches was performed in Rstudio (Version; R version 3.6.2).

E. coli. Each sample was analyzed in duplicates. After incubation the numbers of colonies per 100 mL of sample were evaluated for each method
from the plate counts. Blank samples were included for each analysis.
2.3. Molecular microbiology
For DNA extraction 250 mL of water were ﬁltered through 0.2 μm membranes (Sartorius UK Limited, Surrey, UK). DNA was then extracted from
the biomass retained in the membrane using a Power Water DNA Isolation
Kit (QIAGEN, Crawley, UK). DNA concentration was measured using the
Qubit dsDNA HS Assay Kit (Life Technologies, UK). A 16S rRNA gene sequencing library was built from 20 ng of DNA using a 16S barcoding kit
(SQK-RAB204 from Oxford Nanopore Technologies (ONT), Oxford, UK).
Then, the library was loaded onto a MinION sequencing apparatus ﬂow
cell (R9.4.1, FLO-MIN106) for sequencing with the MinION device. The sequencing was controlled using ONT's MinKNOW software.
Real time PCR assays (qPCR) were performed on a portable Q qPCR machine (Quantabio, Beverly, MA, USA) using the primers shown in Table S1.
For quantiﬁcation of the target genes, except for the 16S rRNA gene and
ciaB gene, template DNA was ﬁrst diluted to a working solution of 5 ng/
μL in avoidance of inhibitor effects. Of this working solution, 2 μL were
then used in a reaction mixture containing 5 μL PerfeCTa qPCR ToughMix
(Quantabio, Beverly, MA, USA), 500 nmol L−1 of forward and reverse
primers (Table S1), 250 nmol L−1 of probe, and nuclease free water to
make a ﬁnal volume of 10 μL. Cycling conditions for quantiﬁcation of the
target genes were set at 98 °C for 3 min and 1 cycle, thereafter at 98 °C
for 15 s, and primer annealing temperatures of 60 °C for 30 s at 40 cycles.
The 16S rRNA and ciaB gene quantiﬁcation assay was performed as previously described (Acharya et al., 2020). Standard curves were constructed
every time a qPCR analysis was performed using the synthesized nucleotide
sequence of the target gene (Invitrogen, Life Technologies, Paisley, UK).
Standards were serially diluted by 10-fold to obtain standard solutions in
the range of 101–108 target gene copies/μL. All samples were run in duplicate, and nuclease free water was used as a control.

3. Results
3.1. Faecal and ESBL producing coliform bacteria
Log10 transformed concentrations of faecal coliforms (FC) and ESBL
producing E. coli varied signiﬁcantly among the river sampling sites and
seasons with signiﬁcant interaction effects, while for faecal streptococci
(FS) and ESBL producing total coliforms (TC), only the sampling sites had
statistically signiﬁcant effects (two-way ANOVA, p < 0.05, see Table S2 in
supplementary information for more details). In the post hoc analysis
using Tukey's HSD for the pairwise comparison of sampling sites, the
most upstream site (S1) was signiﬁcantly different from all the other locations across all types of coliform bacteria. At this rural reference site, FS
counts were the lowest among the investigated sites (Fig. 2a), and no FC,
nor ESBL producing TC/E. coli could be detected (Fig. 2b–d). The highest
overall FS counts were detected in site S2 in the dry season and site S6 in
the wet season (Fig. 2a), whereas the highest counts of FC and ESBL producing TC/E. coli, were all detected at the urban site S3 (Fig. 2b–d). For wastewater samples from Kaliti STP, FC and ESBL producing TC/E. coli, were all
signiﬁcantly higher in the untreated (WWInf) compared to the treated
wastewater (WWEff, t-test, p < 0.05), and ESBL producing E. coli were signiﬁcantly lower in urban wastewater in the wet as compared to the dry season (t-test, p < 0.05), mirroring the urban river water observations at sites
S3 and S6 (Fig. 2).

2.4. Data processing and statistical analysis
The raw sequencing reads (HDF5 raw signals) were base-called with
GUPPY software (Version v4.4.2, ONT, Oxford, UK) producing .fastq ﬁles.
Then, the base-called data were uploaded into the EPI2ME interface (v.
3.2.0) of ONT for cloud-based analysis. The FASTQ 16S workﬂow with a
quality score ≥7 was used for the taxonomic classiﬁcation of the basecalled reads. The taxonomic classiﬁcations were then downloaded as CSV
ﬁle containing information on run and read IDs and read accuracy,
barcodes, and matched NCBI taxa IDs. Matlab© scripts developed previously were used for interpretation of the CSV ﬁle and to generate a genuslevel OTU table with 2900 bacterial genera, which was ultimately used
for multivariate statistical analysis (Thongsamer et al., 2021).
Principal component analysis (PCA) represented in a two-dimensional
biplot as much as possible of the relative abundance data variation from
the OTU table after square-root transformation. Square-root transformed
relative abundance data was also translated into a microbial community
dissimilarity matrix using Euclidean distance as the metric. Two-way
crossed analysis of similarity (ANOSIM) in Primer 7 was then performed
to compare the similarity between and within river water samples grouped
according to sampling sites and seasons. A combined hierarchical cluster
analysis (HCA) and heatmap visualization of 56 human gut associated bacterial genera in water samples was performed in R-studio (Version; R version 3.6.2) using the heatmap.2 package. For this analysis, absolute
abundance estimates for the human gut associated bacterial genera were
obtained by multiplying their relative abundance in the OTU table with
the total number of 16S rRNA genes determined by qPCR, followed by
log10 transformation of the estimated genes per 100 mL + 1. The impact
of different sources on river microbiomes was assessed from the 16S
rRNA gene sequencing data using source tracking analysis (Knights et al.,
2011; Pantha et al., 2021). The sources considered for the river

3.2. Bacterial community composition
In an analysis of bacterial community dissimilarities derived from sequencing data using two-way crossed ANOSIM, river water samples
grouped according to sampling sites and seasons had signiﬁcant dissimilarities between these groupings with high R values (location: R = 1, p value
= 0.001, and season: R = 1, p value = 0.001). In the pairwise comparison
of sampling sites, all R values were 1 with p-values of 0.111, which is the
lowest achievable p-value for the 9 possible permutations in these pairwise
comparisons. A principal component analysis (PCA, Fig. 3) also separated
the river samples according to seasons along principal component 1.
River water samples from the dry season (highlighted by the light grey
shading in Fig. 3) had high prevalence of wastewater pollution indicator
genera Arcobacter and Aeromonas (Acharya et al., 2020), which aligned
downstream river samples most closely with the untreated urban wastewater samples (highlighted by the light red shading in Fig. 3). In contrast, the
most upstream site (S1) in the dry season was characterized by freshwater
planktonic bacteria like those from the genus Limnohabitans. River water
samples from the wet season (ﬁlled circles) were generally characterized
by soil associated bacteria like Legionella and Vicinamibacter. The samples
from the urban Kebana river (S3) were outliers in the wet season and clustered most closely with the treated wastewater sample from the same season (WWEff, Fig. 3).
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Fig. 2. a) Faecal streptococci, b) Faecal coliform, c) ESBL producing total coliform and d) ESBL producing E. coli data in the dry and wet seasons for river water and treated
(WWEff) and untreated (WWInf) urban wastewater from Kaliti STP. Missing bars mean: not detectable.

Freshwater bacteria from the most upstream site S1 made more prominent contributions to the downstream river water communities in the
wet season, with unknown sources also becoming prominent (Fig. 4b).
In the dry season, the contribution of the WWEff community was in all
sites higher than in the wet season. Contrariwise, the contribution
from unknown sources was in all sites higher in the wet season than in
the dry season.

3.3. Source tracker analysis
Source tracker analysis revealed that in the dry season, bacterial
community members resembling those of WWEff generally made
the most signiﬁcant contributions to the river water communities
(Fig. 4a). This inﬂuence was most notable for the two urban sampling
locations (S3 on the Kebana river, and S6 on the Little Akaki river).

Fig. 3. PCA analysis at rank genus for 16S rRNA gene sequencing data from the dry (empty symbols) and wet season (ﬁlled symbols). Symbols show the scores of different
samples, while arrows show the most notable variables (loadings) in the principal component (PC) 1&2 space. The percent variance explained by each PC is given in the axis
legends. Underlying light grey shading highlights the river samples from the dry season, whereas light red shading highlights the untreated urban wastewater samples. WWInf
= wastewater inﬂuent, WWEff = wastewater efﬂuent, SW = Surface water and WW = wastewater. (For interpretation of the references to color in this ﬁgure legend, the
reader is referred to the web version of this article.)
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WWEff = wastewater effluent, WWInf = Wastewater influent and S=sample location
Fig. 4. Contribution of different source microbiomes to the river water sink microbiomes in the dry and wet season, derived from SourceTracker analysis.

branching separating the river water samples S2–6 from the wet season in
a cluster SC3b, away from a cluster SC3a containing the corresponding samples from the dry season. The WWEff sample from the dry season was also
in this cluster SC3a. When looking at the dendrogram of the human gut associated bacteria, there was a ﬁrst branch separating out a cluster BC1 of
genera with higher abundance in the wet as compared to the dry season.
This cluster contained genera such as Intestinimonas, Fecalitalea, Haemophilus, Fecalibacterium, Biﬁdibacterium, and Cutibacterium. For the other genera,
they were generally more prominent in the samples from the dry season, especially for a subcluster BC2a which contained genera like Enterococcus,
Streptococcus, Lactococcus, Clostridium, Acidovorax, and Paenibacillus.

3.4. Hierarchical cluster analysis and heat map of human gut associated bacterial genera
The absolute abundance of genera containing human gut associated
bacteria and human putative pathogens was estimated for the river water
and wastewater samples collected in the dry and wet seasons. This was
done by combining the 16S rRNA gene sequencing data and gene copy
numbers quantiﬁed by qPCR (Table 1). The lowest abundance of for these
groups of bacteria was found in the most upstream site S1. The highest
abundance of these bacteria was found in S3 in the dry season, and S4 in
the wet season. The abundances of bacteria from these genera in the rivers
at sites S2–6 in the dry season were generally in between those of treated
and untreated wastewater (WWEff and WWInf). In the wet season the abundances of these bacteria in all the river water samples were lower than in
both WWInf and WWEff samples.
A two-dimensional hierarchical cluster analysis based on the log transformed absolute abundance estimates of 56 human gut associated bacterial
genera is presented in Fig. 5. For the dendrogram of samples, an initial
branching separated out a cluster SC1 characterized by relatively low abundance of human gut associated bacteria. This cluster comprised all samples
from the most upstream site S1 and the samples from site S5 in the dry season. At the next branching, samples characterized by higher abundance of
most human gut associated bacteria were separated out as a cluster SC2
containing all the Kaliti STP samples, except for the WWEff samples collected in the dry season. For the remaining samples there was a further

3.5. Faecal pollution and putative pathogen marker genes
The marker gene gyrB for Pseudomonas aeruginosa was not detected in
any of the samples and was therefore not included in the data analysis.
Log10 transformed concentrations of all the other marker genes (16S for
total bacteria, ciaB for Arcobacter butzleri, rodA for E. coli, HF183 for
human host associated Bacteroides, and ompW for Vibrio cholerae) varied
signiﬁcantly among river sampling sites and the seasons with signiﬁcant interaction effects (two-way ANOVA, p < 0.05, see Table S2 in supplementary
information for more details). In the post hoc analysis using Tukey's HSD
for the pairwise comparison of sampling sites, the most upstream rural
site S1 was signiﬁcantly different from all the other sites across all marker
genes investigated, having the lowest gene concentrations. For the other

Table 1
Total bacteria, and absolute abundance of genera containing human gut associated and putative human pathogenic bacteria in the river and wastewater samples, estimated
from 16S rRNA gene sequencing and qPCR data, average ± standard deviations of duplicates.
Season

Bacterial groups

S1 (16S rRNA
gene copies
per 100 mL)

S2 (16S rRNA
gene copies
per 100 mL)

S3 (16S rRNA
gene copies
per 100 mL)

S4 (16S rRNA
gene copies
per 100 mL)

S5 (16S rRNA
gene copies
per 100 mL)

S6 (16S rRNA
gene copies
per 100 mL)

WWTP Eff (16S
rRNA gene copies
per 100 mL)

WWTP Inf (16S
rRNA gene copies
per 100 mL)

Dry
season

Total bacteria

3.08E+7
±5.54E+5
5.80E+4
±1.11E+3
1.42E+4
±2.85E+2
2.98E+7
±2.45E+6
6.95E+5
±4.64E+5
1.63E+5
±1.28E+5

8.60E+8
±4.76E+8
5.11E+7
±2.82E+7
2.01E+7
±1.11E+7
3.97E+7
±4.46E+6
1.56E+6
±1.71E+5
1.85E+5
±1.91E+4

1.50E+9
±5.55E+7
6.23E+7
±2.67E+6
3.01E+7
±1.24E+6
2.76E+7
±8.91E+5
2.39E+6
±2.21E+3
5.85E+5
±1.75E+4

5.16E+8
±1.56E+8
2.79E+7
±8.47E+6
5.48E+6
±1.67E+6
7.23E+7
±1.97E+6
7.37E+6
±1.77E+5
1.24E+6
±1.28E+4

8.21E+7
±5.43E+7
3.28E+6
±2.16E+6
2.28E+5
±1.50E+5
1.16E+8
±6.06E+6
7.05E+6
±1.52E+6
6.88E+5
±2.21E+5

1.32E+9
±1.17E+9
3.79E+7
±3.35E+7
1.95E+7
±1.72E+7
4.35E+7
±1.43E+6
2.14E+6
±2.09E+5
3.59E+5
±2.07E+4

7.68E+7
±1.19E+7
4.68E+6
±7.34E+5
1.32E+6
±2.07E+5
1.19E+9
±9.90E+7
4.77E+7
±4.82E+6
1.38E+7
±2.93E+6

4.26E+9
±3.50E+8
5.46E+8
±4.50E+7
9.43E+7
±7.82E+6
2.89E+9
±7.20E+8
7.60E+8
±1.77E+8
2.24E+8
±1.58E+7

Wet
season

Genera containing
human gut bacteria
Genera containing
human pathogens
Total bacteria
Genera containing
human gut bacteria
Genera containing
human pathogens
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BC1

BC2a

BC2b

SC2
SC3a

SC3b

SC1

Fig. 5. Combined hierarchical cluster analysis and heatmap at rank genus for 16S rRNA gene sequencing and qPCR data derived, log transformed, absolute abundance
estimates for human gut associated bacteria.

and for Arcobacter bacteria at 4.0 log10 genes/100 mL in the wet season
(Fig. 6a–b). Like some strains of E. coli, several bacterial strains within the
genus Arcobacter are food and waterborne pathogens that may cause abdominal cramps, diarrhea, and gastroenteritis (Amare et al., 2011;
Collado et al., 2010; Ramees et al., 2017). The virulence associated gene
ciaB is involved in the host cell invasion and found in all Arcobacter butzleri
strains, and some other Arcobacter strains isolated from diarrheal stool specimens (Douidah et al., 2012). E. coli and Arcobacter bacteria are prevalent in
the feces of healthy cattle, sheep, and poultry which may serve as reservoirs
for these putative human pathogens (De Smet et al., 2011; Douidah et al.,
2012). Notwithstanding such indications of relatively low-level faecal pollution at site S1, 16S rRNA gene sequencing data suggested that the rural
river microbiome was characterized by bacteria found in the natural environment. Notable genera were Flavobacterium, Pseudomonas, and
Limnohabitans in the dry season, and Legionella, Vicinamibacter, and
Sphingomonas, in the wet season (Fig. 3). The genus Limnohabitans is an important group of the freshwater bacterioplankton (Kasalický et al., 2013),
while Sphingomonas is a diverse genus of bacteria widely found in the natural environment (Balkwill et al., 2003). The genera Pseudomonas,
Flavobacterium, and Legionella contain putative human pathogens like
P. aeruginosa, F. meningosepticum, and L. pneumophila, but also harmless bacteria that are widespread in freshwater and soil environments (Anuj et al.,
2009; Kishor Sureshbhai et al., 2018; Loh and Soni, 2020). A qPCR assay
was performed for the marker gene gyrB of P. aeruginosa, but did not give
positive results in water samples from S1 or from any other Akaki catchment site.
The next sampling site downstream (S2) was located at the conﬂuence
of the Ambisa and Arabssa rivers. The Arabssa river is contaminated by
sewage discharges from recently built condominiums at the edge of the
urban sprawl of Addis Ababa, and consequently, ordinary FC and ESBL producing TC/E. coli became detectable at this site (Fig. 2b–d). In addition,
marker genes HF183 for human host associated Bacteroides and ompW for
Vibrio cholerae were detected at S2 in the dry season (Fig. 6c–d). HF183
was derived from the 16S rRNA gene of Bacteroides dorei as a human sewage
marker (Ahmed et al., 2016), and has high speciﬁcity to human feces with
little cross reactivity to other species, although some detections in chicken,

sites S2–S6, there were no signiﬁcant differences for total bacteria (16S
gene) between any of these sites. For the faecal pollution and putative pathogen marker genes, the urban site S3 differed signiﬁcantly from all the
other sites, being the only site where rodA, HF183, and ompW genes
could be detected in the wet season (Fig. 6). The Arcobacter marker gene
(ciaB) was detected in all river water samples except from site S1 in in
the dry season. The highest Arcobacter marker gene concentration was detected in dry season samples from site S3 in the urban Kebana river. All
marker genes were detected in the WWInf and WWEff samples from Kaliti
STP in both seasons, except for ompW, which was not detectable in WWEff
in the dry season.
3.6. Correlations between the different data sets
Positive Spearman rank correlations were observed between the plate
count, qPCR, and corresponding next generation sequencing (NGS) data,
demonstrating good overall agreement between the outcomes of the different bacterial hazard assessment methods, in line with previous reports
(Acharya et al., 2019; Ho et al., 2021). Most Spearman rank correlations coefﬁcients ranged from 0.4–1.0 with statistical signiﬁcance (Fig. S1 in
supporting information).
4. Discussion
4.1. Spatial variation in river water bacterial community composition and associated hazards
For all the indicators, the lowest bacterial hazard levels were always
found at the most upstream site S1 with rural land use. Neither ordinary
FC nor ESBL producing TC/E. coli were detected at this location (Fig. 2b–
d), which demonstrates that these antimicrobial resistant coliform bacteria
were not abundant in the rural environment. Human host associated
Bacteroides and Vibrio cholerae marker genes were also not detectable at
site S1 (Fig. 6c–d). FS were detected at 2.7 log10 genes/100 mL in both season (Fig. 2a), while real-time PCR methods detected faecal pollution
marker genes rodA for E. coli at 3.1 log10 genes/100 mL in the dry season,
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Fig. 6. Marker genes for a) Arcobacter (ciaB), b) E. coli (rodA), c) human host associated Bacteroides (HF183), and d) Vibrio cholerae (ompW) quantiﬁed by qPCR. The error bars
indicate the standard deviations for the analysis of replicates. Missing bars mean: not detected. Marker genes for Pseudomonas aeruginosa (gyrB) were not detected in any of
the samples and hence not included in this plot.

biological treatment in line with what would occur in a trickling ﬁlter process. Despite this natural attenuation, the Kebena river was a major carrier
of faecal pollution and associated hazards where it merged with the Bulbula
river to form the Big Akaki river.
At site S4 just below the conﬂuence of the Kebana and Bulbula rivers,
and site S5 further downstream on the Big Akaki river, culturable FS, FC,
and ESLB producing TC/E. coli were detectable in the river water in both
seasons (Fig. 2). The marker genes for human host associated Bacteroides
and Vibrio cholerae could also be detected here in the dry season (Fig. 6).
Such observations are concerning, because urban and peri-urban agriculture is practiced along the Big Akaki river and its water is being used for irrigation of crops in the dry season. The Tirunesh hospital is situated here,
and river sand is being dredged with shovels by workers throughout the
year as construction material near location S5.
The sampling site S6 was on the western side of the catchment and on
the Little Akaki river. The Little Akaki river catchment hosts several industries (breweries, tanneries, soap, glass, etc.), and the Kaliti STP discharges
its treated water just upstream of sampling site S6 (Mekuria et al., 2021).
In the dry season, the river microbiome at site S6 had characteristics resembling the other urban sampling site S3, and the highest concentration of Vibrio cholerae marker genes ompW in this study were recorded at site S6
(Fig. 6d).

dog, gull, and deer faecal samples have been reported (Boehm and Soller,
2020). Vibrio cholerae is a genus of aquatic bacteria which contains
toxicogenic strains that cause watery diarrhea (Alam et al., 2006). The cooccurrence of ompW and HF183 genes is of concern, since human-host
adapted Vibrio cholerae are more infectious than those adapted to survival
in the aquatic environment (Nelson et al., 2008).
Location S3 was at the outlet of the Kebena river, which drains the
densely populated, commercial, and mostly older part of Addis Ababa.
The highest levels of sewage marker HF183 were observed at this site,
which was also the only location where HF183 was detectable in the wet
season (Fig. 6c). Here, culturable FS, FC, and ESLB producing TC/E. coli
in river water reached or exceeded the levels observed in the urban wastewater treatment plant efﬂuent (Fig. 2). Source Tracker analysis (Fig. 4) suggested that the river microbiome at site S3 was mostly contributed by
treated urban wastewater (WWEff). The similarity of Kebana river water
with treated, instead of untreated, wastewater was surprising given the limited wastewater treatment capacity in Addis Ababa and high untreated sewage load from the city center. The ﬁndings contrast with observations in the
Bagmati river, Nepal, where the river water microbiome after passage
through Kathmandu resembled the city's untreated, rather than treated,
urban wastewater (Pantha et al., 2021). However, the Kebana river ﬂows
in steep gullies with waterfalls that help aeration and may support natural
8
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two cities in Burkina Faso and Cameroon also found high ESBL resistance
gene abundance which was related to the prevalence of Enterobacteriaceae
(Bougnom et al., 2019). This agrees with our observations of the most
urban river sampling locations S3 and S6 having the highest counts of
ESLB producing E. coli and ordinary FC.
Based on quantitative microbial risk assessment (QMRA), a risk-based
water quality threshold of 525 copies/100 mL of the human sewage marker
HF183 has been proposed as representative for the USEPA Recreational
Water Quality Criteria of 32 illnesses/1000 (Boehm and Soller, 2020). In
the dry season, this proposed standard was exceeded at all except the
most upstream site S1. Co-occurrence of the human host associated
Bacteroides marker gene HF183 in all water samples which tested positive
for the Vibrio cholerae marker gene ompW provides strong evidence for
the human sewage origin of Vibrio cholerae bacteria in the Akaki river catchment, which is a public health concern. Cholera can cause severe watery diarrhea and is seen as a risk for nearly 70 million people in Ethiopia with
275,221 estimated cases and 10,458 deaths per year (Ali et al., 2015;
Dinede et al., 2020). In Addis Ababa, a potential transmission pathway
for diarrheal diseases like the cholera is via the use of sewage polluted
river water for the irrigation of crops sold on the city markets (Dinede
et al., 2020). The present study found higher levels of Vibrio cholerae and
other bacterial hazards in the Akaki catchment during the dry as compared
to the wet season, which means that these hazards were elevated when the
river water would be used for crop irrigation.

4.2. Seasonal variation in river water and wastewater bacterial communities and
associated hazards

River microbiome characteristics in Feb 2020 in the dry season aligned
closely with preliminary observations from the method development work
in Nov 2019, which was also in the dry season (Acharya et al., 2020). Then,
and in the dry season samples from the present study, genera like Pseudomonas, Flavobacterium, and Limnohabitans were the most prevalent in the upstream site S1, whereas Arcobacter and Aeromonas characterized the
increasing urban wastewater signature in the downstream sites S2–5
(Fig. 3). In the present study, the faecal pollution indicators in the river
water samples were generally elevated in the dry as compared to the wet
season, and apart from site S3, marker genes for E. coli, human host associated Bacteroides, and Vibrio cholerae were only detected in river water samples from the dry season (Fig. 6b–d). Such seasonal observations align with
earlier observations for E. coli in the Akaki river catchment (Weldesilassie
et al., 2011a; Weldesilassie et al., 2011b), but differ from observations in
the Apies river in South Africa, where a risk assessment found that 60%
of the samples tested positive for Vibrio cholerae in the dry season, versus
100% in the wet season (Abia et al., 2016). Also, ARG concentrations in a
tropical river in Cuba were reportedly higher in wet-season versus dryseason samples (Knapp et al., 2012), but the present study found similar
or higher ESBL-producing TC/E. coli counts in the dry as compared to the
wet season (Fig. 2). In the present study, seasonal trends reﬂect the Akaki
catchment hydrology with much greater dilution of the urban wastewater
discharges by the rainfall related run-off during the wet season. The stream5. Conclusions
ﬂow was in the range of 0.041–3.09 m3s−1 in the dry season, and in the
3 −1
range of 1.575–44.09 m s in the wet season (Table S3 in supplementary a) Waterborne hazard levels varied by up to 6 log10 units across the catchinformation). The lowest ﬂow was recorded at upstream site S1 while the
ment and seasons, with signiﬁcant spatiotemporal variation in the hazhighest was at S5 in the Big Akaki in both sampling seasons. The ﬂow in
ard levels and nature. Upstream, faecal pollution related hazards were
the wet season was between 3.7 times (site S3 in the urban Kebena river)
comparatively low, but in the downstream, bacterial hazards, incl.
to 38 times (site S1 in the rural Legedadi river) higher than in the dry seaESBL producing antibiotic resistant E. coli, were clearly linked to
son. This was mainly due to surface runoff and precipitation which then afhuman sewage pollution and elevated in the dry season when the river
fected the abundance and composition of the bacterial community in the
water is being used for irrigation.
river water. Higher prevalence of soil related bacterial genera like Legionella
b) Molecular microbiology methods signiﬁcantly augmented the conand Vicinamibacter in the river microbiomes during the wet season (Fig. 3)
ventional plate count data. For example, qPCR assays linked Vibrio
indicates greater soil erosion and enhanced suspended solid concentrations
cholerae marker genes with the detection of a human sewage marker,
that are also visually apparent in the rivers during periods of heavy rainfall.
suggesting human Vibrio cholerae hosts and sources in this catchIn comparison with the river water bacterial communities, there was
ment.
less seasonal variation in the untreated urban wastewater community comc) Surface water quality in the Akaki river catchment exceeded stanposition (WWInf). But there were some consistent seasonal changes across
dards for irrigation use at all except the most upstream sampling lothe urban sewage (WWInf) and urban river water microbiomes from sites
cations. This raises concerns for the public health of riverine
S3 and S6, such as reduced FS and ESBL producing E. coli counts in the
communities, given their reliance on river water resources.
wet season (Fig. 2). Fewer bacteria from the genus Streptococcus in the
d) Future work should integrate the observed spatiotemporal variation
WWInf and river water samples in the wet season as compared to the dry
of the bacterial hazards in the rivers with observations of the spatioseason were also indicated by the heat map derived from 16S rRNA gene
temporal variation in the interactions of the population with the rivdata (Fig. 5). These observations align with observations for the Bagmati
ers for quantitative microbial risk assessments. This can then
river in Nepal, where Streptococcus, Trichococcus, Lactobacillus, and Enteroindicate the times and locations of highest exposure risk for targeted
coccus had a less prominent signature in the monsoon versus post monsoon
interventions.
urban river and wastewater samples (Pantha et al., 2021).
4.3. Comparison with surface water quality standards
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