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Lake Victoria, the second-largest freshwater lake in the world, provides an important source of food and income, particularly fish
for both domestic consumption and for export market. In recent years, Lake Victoria has suffered massive pollution from both
industrial and wastewater discharge. Microplastic biomes, pharmaceutical residues, drugs of abuse, heavy metals,
agrochemicals, and personal care products are ubiquitous in the aquatic ecosystem of Winam Gulf. These pollutants are
known to alter microbial assemblages in aquatic ecosystems with far-reaching ramification including a calamitous consequence
to human health. Indeed, some of these pollutants have been associated with human cancers and antimicrobial resistance.
There is a paucity of data on the microbial profiles of this important but heavily polluted aquatic ecosystem. The current study
sought to investigate the metagenomic profiles of microbial assemblages in the Winam Gulf ecosystem. Water and sediment
samples were collected from several locations within the study sites. Total genomic DNA pooled from all sampling sites was
extracted and analyzed by whole-genome shotgun sequencing. Analyses revealed three major kingdoms: bacteria, archaea and
eukaryotes belonging to 3 phyla, 13 classes, 14 families, 9 orders, 14 genera, and 10 species. Proteobacteria, Betaproteobacteria,
Comamonadaceae, Burkholdariales, and Arcobacter were the dominated phyla, class, family, order, genera, and species,
respectively. The Kyoto Encyclopedia of Genes and Genomes indicated the highest number of genes involved in metabolism.
The presence of carbohydrate metabolism genes and enzymes was used to infer organic pollutions from sewage and
agricultural runoffs. Similarly, the presence of xylene and nutrotoluene degradation genes and enzyme was used to infer
industrial pollution into the lake. Drug metabolism genes lend credence to the possibility of pharmaceutical pollutants in
water. Taken together, there is a clear indication of massive pollution. In addition, carbohydrate-active enzymes were the most
abundant and included genes in glycoside hydrolases. Shotgun metagenomic analyses conveyed an understanding of the
microbial communities of the massively polluted aquatic ecosystem of Winam Gulf, Lake Vicoria, Kenya. The current study
documents the presence of multiclass pollutants in Lake Victoria and reveals information that might be useful for a potential
bioremediation strategy using the native microbial communities.

1. Introduction

Pollution related to freshwater ecosystems is driven by
anthropogenic activities known to alter natural biogeophysi-
cal processes through increase of eutrophication, acidifica-

tion, and the input of toxic pollutants [1, 2]. Changes in
catchment land-use and riparian vegetation, coupled with
downstream sedimentation, nutrient loading, and siltation
of both organic and inorganic materials have negatively
affected water quality variables and lake biodiversity [3].
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The cumulative effects of anthropogenic activities influence
ecosystem productivity, species composition, and the
genetic diversity of aquatic flora and fauna [4]. In addi-
tion, anthropogenic activities lead to massive biodiversity
dysfunction and the alteration of microbial community
structures and functions [5]. Multiclass pollutants includ-
ing microplastics, pharmaceutical residues, heavy metals,
personal care products, agrochemicals, and drugs of abuse
are known to alter microbial assemblages in aquatic ecosys-
tem, and their increased concentration may have deleterious
consequences [6]. Freshwater ecosystems are a powerhouse
of biodiversity threatened by environmental perturbations
including pollution [7]. Ecotoxicological studies indicate that
pollution affects aquatic microbes at different organizational
and functional levels, including genes, cellular process, and
general microbial community responses to polluted ecosys-
tems [8]. Some pathogenic bacterial species are known to
cause cancer in humans and other animals through twomech-
anisms: the production of carcinogenic metabolites and the
induction of chronic inflammations [9]. For instance, Helico-
bacter pylori and Campylobacter jejuni are reported to cause
cancer by induction of chronic inflammation [10]. Several spe-
cies of Fusobactrrium cause colon adenomas as a potential
precursor to colon cancer [11]. While Bacteriodes produce
strong fecal mutagenic compounds, fecapentaenes are associ-
ated with human cancers [12].

Pharmaceuticals are found in large quantities in sewage
and waste water treatment plants and are increasingly pol-
luting terrestrial, freshwater, and marine ecosystems [13].
Aquatic pollution due to pharmaceuticals including antibi-
otics is known to lead to antibiotic resistance in natural
microbial assemblages, and several species of bacteria found
in such a polluted environment have been reported to har-
bor antibiotic resistance genes [14]. Species of Pseudomonas,
Acinobacter, and Burkhoideria isolated from polluted
aquatic environment are reported to show multiple antibi-
otic resistance [15]. Regardless of the negative impacts of
microbial pollutants, microbes play key roles in freshwater
ecosystem, mediating a large role in vital biogeochemical
activities and having a large impact on aquatic community
structures [16]. Processes including cycling of nutrients,
biodegradation, and neutralization of toxins, among other
biogeochemical activities, enhance the flow of matter and
energy in aquatic ecosystem [17].

The desire for a better understanding and analyses of
changes in polluted aquatic ecosystems has led to the design
and application of new technologies like metagenomics [18].
In order to modernize microbiome investigations of microbial
processes in contaminated aquatic ecosystems, next-
generation sequencing (NGS) technology developments have
tended to focus on 16S rRNA. It has been widely employed
to decipher the functional role of microbes in the

Figure 1: Location of Winam Gulf in Lake Victoria, Kenya, and GPS location of the sampling sites.
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transformation, degradation, and detoxification of dangerous
chemicals in contaminated environments [19]. Shotgun meta-
genomics is an advanced method for quantitative characteri-
zation of microbial profiles in different habitats including
polluted aquatic ecosystems [20]. Metagenomics is commonly
used to generate a large quantity and qualitative information
needed to explore the potential roles of the microbial world
including detailed functional analyses of native bacterial pro-
files surviving in multiclass polluted aquatic ecosystems [21].
Such information is important in the management, monitor-
ing, and restoration of polluted aquatic ecosystems [22].

Currently, the spatial and temporal distribution of aquatic
microbial assemblages in relation to pollution levels in offshore
and inshore ecosystems of Lake Victoria, one of the largest
freshwater lakes in the world, remains scanty and poorly docu-
mented. Therefore, the purpose of this study was to evaluate
the microbial assemblages of the polluted aquatic ecosystem
of Winam Gulf in Kisumu, located in the north-eastern part
of Lake Victoria, using shotgun metagenomics analyses. This
approach has detected microbes across all domains of life and
has overcome the bias of the PCR choices used in marker gene
sequencing [23]. The in-depth taxonomy, biodiversity, and
potential functional analyses of the microbial communities
have revealed levels of pollutants that need to be addressed in
order to help inform policymakers on the way forward regard-
ing the health of people living along Lake Victoria region.

2. Materials and Methods

2.1. Study Area. Winam Gulf (Figure 1) is an extension of the
Northeastern part of Lake Victoria and Western Kenya bor-
dering Uganda [24]. It extends into Kisumu, Homabay,
Migori, Busia, and Siaya counties. It is the shallow inlet,
35mi (56 km long and 15mi wide), and connected to the main
lake by a channel 3mi. The Winam Gulf lies on latitude 0°14′
14.40″N and longitude 34° 34′28.79″E and experiences annual
precipitation from 1000mm around the lake shores to more
than 1800mm in higher elevations in the eastern areas. The
average rainfall of the area is around 1966mm while the aver-
age temperature is 23.1°C per year (Kisumu weather & climate
| temperature & weather by month—Climate-Data.Org, n.d.).
The area is estimated to hold a population of 397,957 accord-
ing to the Kenya Population and Housing Census 2019
(KPHC) and is home to small-scale agricultural retail markets,
fishing and small-scale industries like tourism, food process-
ing, oil refining, plastics, furniture, and cement. It has also
been characterized with several commercial outlets such as
supermarkets, educational facilities with a high student popu-
lation such as RIAT, Kisumu National Polytechnic, and
Maseno University, and great lakes. Other major establish-
ments include health and research facilities such as the Kenya
Medical Research Institute (KEMRI), Jaramogi Oginga Odi-
nga Teaching and County Referral Hospital, and several pri-
vately owned hospitals and clinics.

2.2. Study Sites. Sampling was carried out at the flood plains
of the inlet rivers, the Kisumu wastewater treatment plant’s
(WWTP) effluent discharge into the lake, Kisumu industrial
effluent, fish landing beaches, storm water entrance points,

the Kisumu Water and Sewerage Company (KIWASCO)
treatment facility, rivers Kisat, Wigwa, Nyamasaria, Nyando,
and lake locations.

2.3. Sample Collection and Processing. Sediment and water
samples were purposively collected from fifteen different
sites (coordinates and locations: Supplementary material
(available here)) of the Winam Gulf Kisumu (Figure 1). Pur-
posive sampling was preferred to obtain a wide range of
organic and inorganic pollutants of interest. Water samples
were collected in sterile plastic bottles (500ml), sealed, and
transported to the laboratory on cooler boxes (4°C) within
12 hours and stored at −80°C for metagenomics experi-
ments [25]. Sediment samples were collected by scooping
a 0–2 cm layer of each and placing it in sterile bottles
according to [26]. Eighty-nine samples of water and a simi-
lar number of sediments were collected, cleaned with nitric
acid, rinsed in distilled water, and transported to the labora-
tory for processing. A homogenous sample of water and
sediment from all the sampling sites, totaling 130 samples,
was pooled together and thoroughly mixed. The mixture
was sieved using grade 1 filter papers (Whatman ™) to
remove large particles and dirt. 10ml of a 20-liter sample
was taken and centrifuged followed by decantation of the
supernatant. The experiment was repeated for the entire
homogenous sample. The sediment cell debris was vortexed
and placed into 2ml Eppendorf tubes and further centri-
fuged for 10 minutes at 5000 × g for 10 minutes to obtain
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Figure 2: Work flow chart diagram showing sample collection and
processing.
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the pellets for DNA extraction and metagenomics sequenc-
ing [27]. Figure 2 summarizes the steps followed.

2.4. Physicochemical Analyses of the Sampling Sites. Salinity,
total dissolved solids, pH, temperature conductivity, total
dissolved solids, and dissolved oxygen were all measured
according to [28]. Prior to taking the samples, the tempera-
ture of the water was measured with a thermometer, and the
values were recorded. The pH meter was calibrated using
standard buffers of 4.0, 7.0, and 10.0 to ensure its accuracy
before being used to calculate the pH levels. After obtaining
4ml of each sample, individual readings were recoded and
the rod cleansed before taking subsequent pH reading. A
conductivity meter was used to test conductivity, which
determines how well a solution conducts electricity. To test
the electrical conductivity, the conductivity probe was
dipped directly into the water samples after the meter had
been calibrated using a standard solution, and the results

recoded. Using a refractometer, salinity was calculated by
first determining the refractive index of a small water sample
placed on the prism of the instrument. The refractive index
was then translated to salinity using a conversion table that
had been constructed. A water sample was put in a cuvette,
and a light beam was transmitted through it to measure
the turbidity using a turbidimeter. The device determined
the turbidity value by counting the quantity of light reflected
off the suspended particles in the samples.

Prior to weighing the residual solids, 5ml of the water
samples were evaporated in a preweighed container to
measure the total dissolved solids (TDS). The samples were
heated to evaporate the water, and then the container was
weighed again to determine the TDS concentration. To
determine TDS, the volume of the original sample was
divided by the weight of the dried solids, and the results were
expressed in milligrams per liter. Dissolved oxygen levels
were measured using a dissolved oxygen meter. The probe

Table 1: Mean and standard values of physicochemical parameters of water in Winam Gulf of Lake Victoria and WHO standards.

N pH Salinity Turbidity TDS EC COD

Kiwasco water 89 8:50 ± 0:23 0:11 ± 0:04 6:93 ± 2:02 184:42 ± 2:74 368:45 ± 11:60 520:60 ± 39:40
Nyando water 89 7:06 ± 0:05 0:10 ± 0:01 7:29 ± 1:29 182:87 ± 7:02 365:21 ± 3:27 381:50 ± 4:92
Kisat water 89 7:04 ± 0:09 0:04 ± 0:02 6:67 ± 1:28 299:20 ± 1:36 604:00 ± 4:17 272:33 ± 52:54
Lake water 89 7:07 ± 0:38 0:02 ± 0:01 7:12 ± 0:17 41:9 ± 1:46 84:43 ± 0:67 321:00 ± 6:76
Wigwa water 89 7:20 ± 0:12 0:05 ± 0:03 9:74 ± 1:44 284:13 ± 3:18 588:47 ± 5:49 284:00 ± 7:74
Nyamasaria water 89 7:66 ± 0:07 0:21 ± 0:04 11:06 ± 1:54 266:53 ± 28:66 535:84 ± 11:40 397:25 ± 6:64
WHO STDS 6.5-8.5 >0.5 ppt >5NTU >500 >1000S/m <5mg/O2l

There was significant difference between physicochemical parameters in various water sample from different sites (F = ðP < 0:01Þ.

Figure 3: Krona chart showing the taxonomic hierarchy and percentage composition of the microbial community including phyla, class,
family, order, and species. It is evidence that relative abundance is high in Bacteria, Proteobacteria, and Betaproteobacteria, and
antibiotic-resistant species were identified in the Bukholodriales bacterium.
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Figure 4: Relative abundance of bacteria annotated as taxa in samples collected from Winam Gulf showing the distribution percentages of
the bacterial phylum composition in the total sample. The highest relative abundance was bacteria with Proteobacteria depicting the highest
phylum and Verrucomicrobia.

Betaproteobacteria - 533,012 (36.66%)

Verrucomicrobiae - 9,970 (0.69%)

Actinobacteria (class) - 7,696 (0.53%)

Planctomycetacia - 7,529 (0.52%)

Sphingobacteria - 5,356 (0.37%)

Unclassified (derived from Bacteria) - 3,411 (0.23%)

Cytophagia - 4,727 (0.33%)

Clostridia - 11,167 (0.77%)

Bacteroidia - 51,184 (3.52%)

Deltaproteobacteria - 57,482 (3.95%)

Alphaproteobacteria - 79,600 (5.47%)

Flavobacteria - 136,406 (9.38%)

Epsilonproteobacteria - 195,959 (13.48%)

Gammaproteobacteria - 313,560 (21.57%)

(a)

Burkholderiaceae - 21,954 (2.03%)

Geobacteraceae - 21,096 (1.95%)

Bacteroidaceae - 18,454 (1.71%)

Rhodobacteraceae - 13,636 (1.26%)

Sphingomonadaceae - 10,334 (0.96%)

Caulobacteraceae - 11,109 (1.03%)

Helicobacteraceae - 22,145 (2.05%)

Flavobacteriaceae - 25,337 (2.35%)

Unclassified (derived from Flavobacteriales) - 62,530 (5.79%)

Pseudomonadaceae - 78,436 (7.27%)

Rhodocyclaceae - 98,724 (9.15%)

Campylobacteraceae - 140,445 (13.01%)

Moraxellaceae - 166,176 (15.40%)

Comamonadaceae - 176,902 (16.39%)

(b)

Figure 5: (a) Frequencies of the bacteria taxa class showing the percentages of the bacteria in the sample fromWinam Gulf. (b) Frequencies
of the bacteria taxa family showing the percentages of the bacteria in the sample from Winam Gulf.
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was immersed directly into the water samples, and the
instrument measured the partial pressure of oxygen dis-
solved in the solution. The readings were recorded as
dissolved oxygen concentration.

2.5. Genomic DNA Extraction and Shotgun Metagenomic
Sequencing. DNA extraction was accomplished by modify-
ing the protocol according to [22]. The sample was placed
in 2ml Eppendorf tubes, followed by the addition of 2% of
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Figure 6: Relative abundance of bacteria taxa at order level. The x-axis represents the sample name l, and the y-axis represents the relative
abundance.

Sulfuricurvum - 18,625 (2.19%)

Bacteroides - 18,454 (2.17%)

Polaromonas - 12,548 (1.47%)

Burkholderia - 9,108 (1.07%)

Verrucomicrobium - 7,115 (0.84%)

Desulfovibrio - 8,731 (1.02%)

Acidovorax - 19,093 (2.24%)

Thauera - 19,619 (2.30%)

Geobacter - 21,096 (2.48%)

Pseudomonas - 46,969 (5.51%)

Dechloromonas - 55,822 (6.55t%)

Uncleassified (derived from Flavobacteriales) - 62,520 (7.34%)

Arcobacter - 128,813 (15.12%)

Acinetobacter - 161,031 (18.90%)

Figure 7: Relative abundance of the bacteria taxa at genus level; taxonomic category based on shotgun metagenomics datasets showing the
percentages of the bacteria in the sample from Winam Gulf, Kisumu.
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0.7ml of extraction CTAB buffer (20mM EDTA, 0.1M Tris-
HCl pH8.0, 1.4M NaCl, and 2% CTAB). 0.4% beta-
mercaptoethanol was added right away and incubated at
65°C for 45min while gently mixing by inversion after every
15min. The mixture was added with 0.6ml chloroform-
isoamyl in a ratio (24 : 1) and gently mixed for 1min
followed by centrifugation for 10min at 16000 × g and pro-
cedure repeated twice. 0.7ml of cold isopropanol (-20°C)
was added to the mixture, and the mixture was gently mixed
by inversion. The solution was then centrifuged at 16000 × g
for 10min. The extracted DNA was washed twice with 1ml
of 70% ethanol to eliminate salt residues and set to dry over-
night with the tubes inverted over filter paper at room tem-
perature. Pellet was then resuspended in 100ml of TE buffer
(10mM Tris-HCl pH8.0, and 1mM EDTA pH8.0) and
stored at -20°C for shotgun metagenomics. Agarose gel elec-
trophoresis was used to check the quality and integrity of the

DNA sample, while a Qubit 2.0 Fluorimeter (ThermoFisher
Scientific) was used for quantitation of DNA concentration.
Shotgun metagenomics analysis is a potential tool in envi-
ronmental research for identifying microbial assemblages
at a specific location and might be helpful in understanding
the interaction and taxonomic categories between microbes.
The sequencing of the DNA sample was performed at Novo-
gene ((UK) Company Ltd). Genomic DNA fragmentation,
end repair and A-tailing, adapter ligation, and PCR amplifi-
cation were done. The quantified libraries were pooled and
sequenced using the Illumina platform.

2.6. Metagenomics Data Analysis. Taxonomical abundance
was determined by comparing metagenomics reads to a
database of taxonomically informative gene families
(MicroNR database). Gene prediction was done byMetaGene-
Mark based on the scaftigs length, and the gene catalogue for
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each sample was obtained through CD-HIT by keeping the
clustering threshold at 95%. Specie annotation was done using
DIAMOND software (V0.9.9.110) for alignment of unigenes
sequences with those of bacteria, fungi, archaea, and viruses
extracted from NCBI’s NR database. Functional annotation
was inferred based on its similarity to the sequence in the data-
bases (KEGG, eggNOG, and CAZy), while functional category
hit distribution was annotated using MG-RAST Subsystems
classification.

3. Results

3.1. Physicochemical Analysis. The physicochemical and sta-
tistical results in this study were based on eighty-nine water
samples from lake water, River Nyando, River Nyamasaria,
River Kisat, and River Wigwa.

The values pH, salinity, TDS, EC and COD were within
acceptable WHO standards, whereas turbidity was above the
WHO acceptable standards (Table 1).

3.2. Taxonomic Classification of Microbial Communities in
Winam Gulf. Krona analysis revealed the diversity of micro-
bial communities in Winam Gulf (Figure 3). These results
represent pooled samples from different sampling sites. Bac-
teria were highly abundant at 95%, while Eukaryotes and
Archaea were 0.03% and 0.01%, respectively. The unclassi-
fied microbes were 0.3%, while the unknown microorganism
were 4%. A relative abundance of annotated taxa of the bac-
teria phylum with Proteobacteria being highly enriched at
75%, Bacteriodes being enriched at 15%, and Verrucomicro-
bia being least enriched at 2% (Figure 4).
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Figure 9: Relative abundance of the KEGG-level functional categories based on shotgun metagenomics data set for freshwaters and
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Class taxonomic classification was reported as follows:
Betaproteobacteria (36.7%) was the most abundant class,
followed by Gammaproteobacteria (21.6%), Epsilonproteobac-
teria (13.5%), Flavobacteria (9.3), Aphaproteobacteria (5.5%),
Deltaproteobacteria (4%), Bacterioidia (3.5%), Clostridia
(0.8%), Verrumicrobiae (0.7%), Actinobacteria (0.5%), Planc-
tomycetacia (0.5%), Sphingobacteria (0.4%), and Cytophagia
(0.3%). The least was derived from unclassified derived from
bacteria (0.23%) (Figure 5(a)). In family taxonomic classifica-
tion, on the other hand, indicates that Comamonadaceace
(16.4%) was found to be the most abundant, followed byMor-
axellaceae (15.4%), CampylobacteraceaeI (13%), Rhodocycia-
ceae (9.2%), Pseudomonadaceae (7.3%), unclassified derived
from Flavobacteriales (5.8%), Flavobacteriaceae (2.4%), Heli-
cobacteriaceae (2.1%), Bulkholderiaceae (2.%), Geobacterioda-
ceace (2%), Bacteriodaceae (1.7%), Rhodobacteraceae (1.3%),
Caulobacteraceae (1%), and the least abundance was Sphingo-
monadaceae (1%) (Figure 5(b)).

In the order of taxonomic classification, the most relative
abundance order was Burkholderiales (24.7%) and followed
by Pseudomanadales (19.2%), Campylobacterales (13.8%),
Rhodocyciales (7.7%), Bacteroidales (4%), Sphingomonadales
(1.7%), Desulfuromonadales (1.1%), and Rhodobacterales
(1.30%), and the least abundance was Thiotrichales (1. %)
(Figure 6).

In genus taxonomic classification, the most relative
abundance was genus Acinetobacter (18.9%), followed by
Arcobacter (14.1%), unclassified derived from Flavobacter-
iales (7.3%), Dechloromonas (6.6%), Pseudomonas (5.5%),
Geobacter (2.5%), Thauera (2.3%), Acidovorax (2.2%),
Sulfuricurvum (2.2%), Bacteroides (2.2%), Polaromonas
(1.5%), Burkholderia (1.1%), and Desulfovibrio (1.), and the
least abundance was Verrumicrobium (0.8%) (Figure 7).

In species taxonomic classification, the relative abun-
dance of bacteria at species level was genus Arcobacter
(6%), Burkholderiales bacterium RIFOXYC12-FULL-65-23
(6%), Azonexus hydrophilus (2%), Flavobacterium sasan-
gense (2%), Dechloromonas agitata (2%), Arcobacter butzleri
(1%), Comamonas aquatic (1%), Flavobacterium cucumis
(1%), and Cloacibacterium normanemse (1%), and the least
abundance was Giesbergeria annulus (1%) (Figure 8).

3.3. Functional Annotation. According to functional abun-
dance, various analyses were performed to predict functional
groups of operating taxonomic units based on the KEGG
database. The results indicated metabolism activities at
57.8% ( 594,646 genes) with the highest abundance of genes,
followed by genetic information processes at 18.6% (191,290
genes). Environmental information processes at 15.22%
(156.580 genes) and cellular processes at 6.7% (68,939
genes). The human diseases were at 1.26% (12969 genes),
and the organismal system was at 0.40% (4,147 genes)
(Figures 9 and 10).

3.4. KEGG Pathway. KEGG pathway analysis revealed that
metabolism had the highest percentage in the study; we
highlighted the few pathways of importance to bioremedia-
tion. The genes involved in the nitrotoluene breakdown pro-
cess were uncovered by metagenomics analysis. Leucine,

valine, isoleucine, and tuolene, which are safe for the envi-
ronment, were the final organic molecules to degrade, as
shown by the pathway (Figure 11).

The KEGG analysis identified the genes crucial to the
drug’s metabolism. The medications that were broken down
were isoniazid, azathioprine and mercaptopurine, irino-
tecan, and fluorouracil. The process by which bacteria
remove active drug compounds from the aquatic habitat is
shown (Figure 12).

Metagenomic analysis was used to identify the genes
involved in the process that breaks down xylene. The haz-
ardous xylene is degraded, as shown in the route below
(Figure 13). The cytrate cycle and propanoate metabolism
were the last phases.

3.5. Carbohydrate Metabolism. In the determination of car-
bohydrate enzyme (Figure 14), glycoside hydrolases dis-
played the highest number of matched genes (≥4000),
followed by glycosyl transferases with 3800 number of
matched genes. Carbohydrate-binding modules matched
1500 genes, while Carbohydrate esterases matched approxi-
mately 600 genes. Auxiliary activities and polysaccharide
lyases matched genes less than 500.

3.6. eggNOG Functional Classification. In the determination
of orthologous groups (OGs) of proteins (Figure 15), the
highest relative abundance was the genes for unknown func-
tions with above 70,000 matched genes, followed by amino
acid and derivatives and metabolism; replication, recombi-
nation, and repair; energy production; and conversion, while
among the least was RNA processing and modification,
chromatin structure and dynamics, and the cytoskeleton.

3.7. MG-RAST Functional Classification. Functional category
hit distribution annotated subsystems classification (Figure 16).

Organismal systems - 4,137 (0.40%)

Human diseases - 12,969 (1.26%)

Cellular processes - 68,939 (6.70%)

Metabolism - 594,646 (57.81%)

Environmental information processing - 156,580 (15.22%)

Genetic information processing - 191,290 (18.60%)

Figure 10: Relative abundance of the KEGG-level functional
categories based on shotgun metagenomic dataset for freshwaters
and sediments showing the percentages and genes. Metabolism
being the highest relative abundance and organismal the least.
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Most abundant was clustering–based subsystems with 14.1%,
followed by carbohydrates at 10.8%, amino acids at 10.02%,
miscellaneous at 7.5%, protein metabolism at 7.3%, cofactors
vitamins, prosthetic groups, pigments (%), RNA metabolism
at 5.86%, cell wall and capsule at 4.78%, DNA metabolism at
4.3, fatty acids, lipid and isoprenoid at 3.5%, virulence, disease
and defense at 2.9%, respiration 2.6%, and nucleosides and
nucleotides at 2.4%, and the least abundant was the stress
response at 2.3%.

4. Discussion

Shotgun metagenomic analysis is a potential tool in environ-
mental research for identifying microbial assemblages at a
specific location and might be helpful in understanding the
interaction and taxonomic categorization between microbes.
Microbial assemblages, which are essentially bacteria in the
water system, play a significant role in the biogeochemical
processes that support the aquatic ecosystem. The high levels
of diversity in these communities contribute to their func-
tionality and stability. However, the abundance of microbial
communities is significantly impacted by the presence of
multiclass pollutants and other ecological factors [29]. The
current study used shotgun metagenomic analyses to pro-
vide a taxonomic assessment and functional diversity of
microbes in the polluted aquatic ecosystem of Winam Gulf
of Lake Victoria, Kenya. Previous studies have indicated
high levels of pollution in the aquatic ecosystem of Lake Vic-
toria [6, 30, 31]. The presence of pharmaceutical residues,
heavy metals, personal care products, agrochemicals, antire-
trovirals, and drugs of abuse is known to alter microbial
assemblages in aquatic environments with calamitous conse-

quences to human health [14]. Analysis of the physical
chemical properties of the sampling sites showed that pH
ranged from 6.5 to 8.5 which is often considered an ideal
optimal health of freshwater ecosystems and suitable for
the survival of most freshwater organisms [6]. This pH is
favorable for the presence of diverse plants and animals
and for natural breakdown of organic matter and nutrient
cycling [28]. This is consistent with the findings of a previ-
ous study on Lake Victoria [32]. The values of pH, salinity,
TDS, EC, and COD were within acceptable WHO standards,
whereas turbidity was above the WHO acceptable standards,
consistent with previous studies [33].

The findings of this study indicate that the relative
sequence abundance of the bacterial assemblages repre-
sented was the most dominant, as presented by the Krona
charts, pie chart, and bar graphs. (figure/plates). The bacte-
rial structure was further analyzed into relative abundance
of bacteria phyla, and Proteobacteria was found to be the
most abundant. This study is consistent with those reported
by previous studies [23]. Bacteriodes was the second most
dominant phylum, and the least relative abundance was
the Verrucomicrobia at 2%. These results are consistent with
those reported in previous studies, where Proteobacteria and
Bacteriodes were the dominant phyla, and Verrucomicrobia
was among the least phyla reported [34]. The dominant
relative abundance of Proteobacteria may imply pollution
associated with hydrocarbons in water sediments [35].
Bacteroidetes are naturally found in the human gut; there-
fore, their presence in the freshwater signifies sewage pollu-
tion [36]. The presence of Bacteroidetes are organism of
importance, as they have been reported to have carcinogenic
effects on human and animals, such findings were reported

Figure 11: Nutrotuolene degradation pathway showing 1.12.99.6 hydrogenase large subunit biodegradation by microbes. 1.8.99.5
dissimilatory sulfite reductase alpha subunits are responsible for biodegrading nutrotuolene and finally degrading tuolene and amino
acids, namely, valine, leucine, and isoleucine.
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in a study [37]. We hypothesize that the numerous cancer
cases that have been reported in the region near the Lake
Victoria are probably due to the pollution from the Winam
Gulf [9]. It is important for the scientific community to look
into the potential risks posed by these pollutants to fish and
human health because it is noted that the local community
consumes and exports fish; the pollutants enter the food
down the food chain downstream and are likely to have an
impact on the local community and those who import fish
from Lake Victoria. Verrucomicrobia are naturally freshwa-
ter habitats, but they are in lower percentages, proving pol-
lution alters the microbial community structures [38].

The bacteria communities were further categorized into
class, and the relative abundance dominant class was
the Betaproteobactetria, followed by Gammaproteobacteria,

Epsilonproteobacteria, Flavobacteriia, Alphaproteobacteria,
Deltaproteobacteria, Bacterioidia, Clostridia, Verrumicrobiae,
Actinobacteria, Planctomycetacia, Sphingobacteria, Cytopha-
gia and unclassified derived from bacteria, respectively. Beta-
proteobacteria have a wide range of habitats from the natural
waters to human pathogens, so their presence may signify pol-
lution [39]. Epsilonproteobacteria are known to be autotrophic
and play an important role in Co2 fixation in aquatic ecosys-
tem [40]. Epsilonproteobacteria have been known to be preva-
lent in animals and human digestive tracts, serving as
pathogens or symbionts; their energy metabolism involves
hydrogen, oxidizing reduced sulfur or formate, and coupling
with the oxygen or nitrate reduction. Gammaproteobacteria
are widely distributed and abundant in various ecosystems
such as soils, freshwater lakes, and rivers [41].The phylum
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Bacteroidetes is diverse which includes Flexibacter, Cytophaga,
and Bacteroides [42, 43]. The Bacteroidetes phylum is made up
of four classes: Flavobacteria, Bacteriode, Sphingobacteria, and
Cytophaga, with over 7,000 diverse species [44]. The Bacteroi-
detes phylum found in theWinamGulf included the Flavobac-
teria, Bacteriodiia unassigned, and unclassified Bacteriodetes.
Flavobacteria which is made up of many aquatic species). Fal-
vobacteria contains species of opportunistic human pathogens
and antimicrobial-resistant genes [44]. Bacteroidetes species
have economic impacts on freshwater fish, which cause infec-
tions that may have negative effects on wild and farmed fish
[45, 46]. Bacterioidia, which forms the dominant of animal
microbiota especially those found in the gastrointestinal tract,
are pathogens and frequently found in freshwater, oceans, and
soils [47]. The findings of the relative abundance family were
as follows: Commamonadaceae, followed by Moraxellaceae,

then Campilobacteriaceae, Rhodocyliaceae, Pseudomonaceae,
Flavobacteriaceae, among others. Campylobacteriaceae are
natural habitat of birds and warm-blooded animals and thus
may find their way to freshwater systems through pollution.
Commamonadaceae, Pseudomonaceae, have natural habitat
in terrestrial and aquatic ecosystems but make a major group
of human pathogens and are found in water systems through
fecal contamination [48]. The existence of these channels both
validates the cause and provides the public health agency with
information on effective treatments. Pathogenic bacteria, par-
ticularly disease-causing pathogens present in water, have
consistently been linked to cholera instances among people
in Lake Victoria [49]. This category has been documented,
and it follows that this study could suggest a further study to
interrogate the unclassified. Burkhoideriales were the most
abundant order; it naturally occurs in soils and water and is
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known to infect both humans and animals by spreading zoo-
notic illnesses and respiratory disorders through contami-
nated water [50]. Burkholderiales are also known to possess
antibiotic-resistant genes and not easy to remove from the
environment [51]. Rhodocyciales is an abundant bacterium
order found in wastewater treatment plants and plays the
function of denitrifying [52]. Pseudomonas is known to
inhabit soils, water, and vegetation but is also pathogenic to
human health [53]. In the samples from the aquatic ecosystem
of theWinam Gulf in Kisumu, taxonomic diversity reveals the
existence of antibiotic-resistant bacteria. The unclassified
group of Burkholderiales and Burkholderiales bacterium shows
resistance to antibiotics. These groups represent a higher per-
centage of antibiotic resistance, thus posing risk to public
health. Studies have shown Acinetobacter is moderately to
highly resistant to several groups of antibiotics such as fluoro-
quinolones, aminoglycoside, tetracycline, and other classes of
antibiotics [54]. Pseudomonas spp. has been proven to possess
a high level of intrinsic resistance to antibiotic through

restricted outer membrane permeability, thus pumping antibi-
otic out of the cell and producing enzymes such as ß-lactamase
[55]. Sulfuricurvum which are minority sulfur-metabolizing
bacteria [56].

Studies on metagenomics analysis have highlighted the
importance of functional annotation for microbial commu-
nity diversity. KEGG pathways, CAZy, eggNOG, and the
MG-RAST analysis were the four functional analyses carried
out in this work. The relationship between the metabolic
networks and genomic networks, as well as how the encoded
genes for biochemical reactions, have been demonstrated
using the KEGG pathway [57]. In the above findings, the
most abundant KEGG functional categories were metabo-
lism, gene information, environmental formation process,
human diseases, and organismal systems. The genes that
are responsible for metabolisms were higher which was also
observed in a previous study [58]. Microbes have to bio-
synthesize substrate and products to get energy for survival
[59]. Genetic information processing was second dominant
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genetic information systems of microbes which are responsi-
ble for gene transcription, translation, replication, folding
sorting, and degeneration [60]. Environmental information
processing genes were the third predicted by the KEGG
pathway based on shotgun metagenomics. Environmental
information processing is a key due to the interaction of
organisms and the environment for a period of time, result-
ing in evolution and diversity [61]. The fourth functional
genes were the cellular processes of the microbes which are
important in carrying out specialized functions like provid-
ing the body structure, nutrients uptake from food, and con-
verting them to energy [62]. The KEGG pathway and
annotation show the genes for human diseases ranged from
cancers, metabolic disease, cardiovascular disease, endocrine
substance dependence, and drug resistance which may have
been triggered by the presence of pollutants. They imbibe
disease-causing genes through water, aquatic plants, and
animals, causing a lot of health risks in the community using
the water systems at the Winam Gulf ecosystem [63].
Xylene, drug and enzyme metabolism, and nutrotolene
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biodegradation were significant KEGG analytical pathway.
Unsafe for the environment, xylene is a cyclic hydrocarbon
that is utilized as a solvent in dye, paint, medical technology,
and other sectors. In both humans and animals, xylene has
negative effects on the respiratory, neurological, cardiovas-
cular, and renal systems [64]. The metabolic pathway dem-
onstrates the presence of genes that can be explored in the
biodegradation and bioremediation of this harmful chemi-
cal. Nutrotuolene from a manufacturing plant’s waste water
has been dispersed into the atmosphere and surface water
[65]. Public health concerns from nitrotoluene include
breathing difficulties, skin and eye irritation, coughing, a
rapid heartbeat, nausea, vomiting, convulsions, and even
death. By employing the local bacteria, the bioremediation
processes provide a remedy by eliminating the dangerous
chemical from the environment. Previous studies have dem-
onstrated pharmaceutical contamination in Lake Victoria
[66]. Drugs like isoniazid that are used to treat tuberculosis
are found in water, which is a public health problem as the
world fights TB treatment resistance [67]. These xenobiotics
may be removed from aquatic ecosystems by this mecha-
nism, which could be a useful tool.

The CAZyme pathway has been used to encode carbohy-
drate enzymes in the microbial genome, thus having an elab-
orate enzyme mechanism to utilize complex carbohydrates
from different sources [68]. The most relative abundance
genes in CAZyme were the GH, followed by GT, then
CBM, and then CE, and AA and Pl were the least abun-
dance. The above results were found to agree with previous
studies [68, 69]. The GH comprises a large group of enzymes
responsible for polysaccharide metabolism such as chitin,
cellulose, xylan and starch [70]. GT enzymes play a key role
in carbohydrates biosynthesis which is important synthesis
of saccharides and glycosylation of molecules in aquatic
environment [71]. The CAZy relative abundance results at
the Winam Gulf suggest that enzymes responsible in carbo-
hydrates metabolism can be influenced by the adaptation of
microbial profiles in specific community structures [72]. The
other functional annotation carried out was the MG-RAST
subsystem classification and these looks at the sets of pro-
teins that share the protein coding regions from the assem-
bled contigs. Clustering-based subsystems were the largest
category, followed by the carbohydrates, amino acids and
derivatives miscellaneous, protein metabolism, cofactors,
vitamins, prosthetic groups, pigments, RNA metabolism, cell
wall and capsule, DNA metabolism, fatty acid lipids and iso-
prenoid virulence disease, and defense respiration nucleo-
sides and nucleotides, and the least abundant was the
stress response. The presence of the least relative abundance
of the stress response enzymes signifies that the microbial
community structures at the Winam Gulf have adapted to
the multiclass polluted ecosystem. The clustering–based sub-
system that couples with functional evidence among pro-
teins, but its exact role on metabolic pathway is not yet
established [73]. In this study, nonsupervised orthologous
functional annotation, amino acid sequences of predicted
genes were aligned with the eggNOG through the BLAST
database. In this study, a total of twenty-six eggNOG func-
tional categories were observed through the functional anal-

ysis. The metagenomics findings involved in amino acid
transport and metabolism, replication, recombination, and
repair; energy production and conversion; cell wall/mem-
brane/envelope biogenesis; inorganic ion transport and
metabolism; signal transduction and mechanism; and lastly,
translation ribosomal structure and biogenesis. This suggests
that the majority of the functional activities in the Winam
Gulf microbiome collected were involved in replication,
growth, response to changes in the environment, and metab-
olism. The presence of signal transduction and mechanism
among the dominant genes may suggest pollution; thus,
organisms have adapted to changing environmental condi-
tions [74]. This category of metagenome analysis revealed
a gap that exists in the functions of large communities of
microorganisms, thus creating a chance of discovering new
activities in functional library screening.

5. Conclusions

This study revealed, for the first time ever, rare genes impor-
tant in medical, industrial, and environmental microbiology,
which is essential for future investigations of microbial bio-
geochemical connections in ecosystems. In Kenya, inade-
quate water supply is still a significant issue. The Winam
Gulf of Lake Victoria, Kenya, has been examined for its
microbial profiles, which highlight novel microorganisms
of public health interest. The relative abundance and collec-
tive richness of enzymes have a collective ecological purpose
in the environment. A specific tactic employed by microbial
assemblages to deal with the metabolism of organic carbon
in aquatic environments is documented. This study docu-
ments genes for many hydrolases and lipases and two
enzymes with potential biotechnological applications.
Metabolic pathway footprints related to different primary
nutritional groups are reported. The findings of the current
study highlights fundamental aspects influencing water
microbiomes in the aquatic ecosystem of Winam Gulf of
Lake Victoria, Kenya, which make it possible to design an
appropriate bioremediation strategy and develop an envi-
ronmental management system geared towards restoration
of the Winam Gulf ecosystem.

Data Availability

The data is available in this manuscript.

Consent

The authors agreed to publish the manuscript.

Conflicts of Interest

The authors declare no conflict of interest to the research,
authorship, and publication of this manuscript.

Authors’ Contributions

SK, CM, CC, and PO conceptualized the study.SK collected
data analyzed and drafted the original manuscript. JG, ZO,
CW, and KK offered the much-required technical support.

15BioMed Research International



CM, CC, and PO supervised the project and gave technical
expert advice. All authors read and approved the manuscript
for publication.

Acknowledgments

The authors would like to acknowledge Masinde Muliro
University of Science and Technology, Uppsala University,
and Novogene Company UK for the existing facilities to
conduct this research.

Supplementary Materials

The supplementary material consists of a list of coordinates
for the 31 sampling sites found in Figure 1, showing their
precise location on the earth’s surface within the Winam
Gulf. The location was done in UTM, consisting of an east-
ing value representing the distance in meters eastward from
a central meridian within the zone. The northing value rep-
resents the distance in meters north from the equator.
(Supplementary Materials)

References

[1] N. Khatri and S. Tyagi, “Influences of natural and anthropo-
genic factors on surface and groundwater quality in rural and
urban areas,” Frontiers in Life Science, vol. 8, no. 1, pp. 23–
39, 2015.

[2] T. C. Malone and A. Newton, “The globalization of cultural
eutrophication in the coastal ocean: causes and consequences,”
Frontiers in Marine Science, vol. 7, p. 670, 2020.

[3] K. Arinaitwe, B. T. Kiremire, D. C. Muir et al., “Legacy and
currently used pesticides in the atmospheric environment of
Lake Victoria, East Africa,” Science of The Total Environment,
vol. 543, Part A, pp. 9–18, 2016.

[4] M. Elo, J. Alahuhta, A. Kanninen, K. K. Meissner, K. Seppälä,
and M. Mönkkönen, “Environmental characteristics and
anthropogenic impact jointly modify aquatic macrophyte spe-
cies diversity,” Frontiers in Plant Science, vol. 9, p. 1001, 2018.

[5] E. Smeti, D. von Schiller, I. Karaouzas et al., “Multiple stressor
effects on biodiversity and ecosystem functioning in aMediter-
ranean temporary river,” Science of The Total Environment,
vol. 647, pp. 1179–1187, 2019.

[6] F. J. Kandie, M. Krauss, L.-M. Beckers et al., “Occurrence and
risk assessment of organic micropollutants in freshwater sys-
tems within the Lake Victoria South Basin, Kenya,” Science
of The Total Environment, vol. 714, article 136748, 2020.

[7] A. Ratnasari, A. Syafiuddin, N. S. Zaidi et al., “Bioremediation
of micropollutants using living and non-living algae - current
perspectives and challenges,” Environmental Pollution,
vol. 292, article 118474, Part B, 2022.

[8] P. Amoatey and M. S. Baawain, “Effects of pollution on fresh-
water aquatic organisms,” Water Environment Research,
vol. 91, no. 10, pp. 1272–1287, 2019.

[9] M. N. A. Hatta, E. A. Mohamad Hanif, S.-F. Chin, and H. M.
Neoh, “Pathogens and carcinogenesis: a review,” Biology,
vol. 10, no. 6, p. 533, 2021.

[10] E. Shagieva, K. Demnerova, and H.Michova, “Waterborne iso-
lates of campylobacter jejuni are able to develop aerotolerance,
survive exposure to low temperature, and interact with

Acanthamoeba polyphaga,” Frontiers in Microbiology,
vol. 12, p. 3162, 2021.

[11] M. King, H. Hurley, K. R. Davidson et al., “The link between
Fusobacteria and colon cancer: a fulminant example and
review of the evidence,” Immune Network, vol. 20, no. 4,
2020.

[12] F. Haghi, E. Goli, B. Mirzaei, and H. Zeighami, “The associa-
tion between fecal enterotoxigenic B. fragilis with colorectal
cancer,” BMC Cancer, vol. 19, no. 1, pp. 1–4, 2019.

[13] S. D. Kayode-Afolayan, E. F. Ahuekwe, and O. C. Nwinyi,
“Impacts of pharmaceutical effluents on aquatic ecosystems,”
Scientific African, vol. 17, article e01288, 2022.

[14] S. A. Kraemer, A. Ramachandran, and G. G. Perron, “Antibi-
otic pollution in the environment: from microbial ecology to
public policy,” Microorganisms, vol. 7, no. 6, p. 180, 2019.

[15] P. Pachori, R. Gothalwal, and P. Gandhi, “Emergence of anti-
biotic resistance Pseudomonas aeruginosa in intensive care
unit; a critical review,” Genes & Diseases, vol. 6, no. 2,
pp. 109–119, 2019.

[16] K. Arora-Williams, S. W. Olesen, B. P. Scandella et al.,
“Dynamics of microbial populations mediating biogeochemi-
cal cycling in a freshwater lake,” Microbiome, vol. 6, no. 1,
pp. 1–16, 2018.

[17] O. B. Ojuederie and O. O. Babalola, “Microbial and plant-
assisted bioremediation of heavy metal polluted environments:
a review,” International Journal of Environmental Research
and Public Health, vol. 14, no. 12, p. 1504, 2017.

[18] P. Sharma, S. Kumar, and A. Pandey, “Bioremediated tech-
niques for remediation of metal pollutants using metage-
nomics approaches: a review,” Journal of Environmental
Chemical Engineering, vol. 9, no. 4, article 105684, 2021.

[19] B. Gao, L. Chi, Y. Zhu et al., “An introduction to next genera-
tion sequencing bioinformatic analysis in gut microbiome
studies,” Biomolecules, vol. 11, no. 4, p. 530, 2021.

[20] B. Azli, M. N. Razak, A. R. Omar, N. A. Mohd Zain, F. Abdul
Razak, and I. Nurulfiza, “Metagenomics insights into the
microbial diversity and microbiome network analysis on the
heterogeneity of influent to effluent water,” Frontiers in Micro-
biology, vol. 13, p. 715, 2022.

[21] D. Dai, W. J. Rhoads, M. A. Edwards, and A. Pruden, “Shotgun
metagenomics reveals taxonomic and functional shifts in hot
water microbiome due to temperature setting and stagnation,”
Frontiers in Microbiology, vol. 9, p. 2695, 2018.

[22] J. D. Stewart, K. M. Shakya, T. Bilinski, J. W. Wilson, S. Ravi,
and C. S. Choi, “Variation of near surface atmosphere micro-
bial communities at an urban and a suburban site in Philadel-
phia, PA, USA,” Science of The Total Environment, vol. 724,
article 138353, 2020.

[23] I. Boeraş, A. Burcea, C. Coman, D. Bănăduc, and A. Curtean-
Bănăduc, “Bacterial microbiomes in the sediments of lotic sys-
tems ecologic drivers and role: a case study from the Mureş
River, Transylvania, Romania,” Water, vol. 13, no. 24,
p. 3518, 2021.

[24] E. Z. Ochieng, J. O. Lalah, and S. O. Wandiga, “Heavy metals
in water and surface sediments in Winam gulf of Lake Victo-
ria, Kenya,” Bulletin of Environmental Contamination and
Toxicology, vol. 77, no. 3, pp. 459–468, 2006.

[25] A. L. K. Abia, E. Ubomba-Jaswa, and M. N. B. Momba, “Impact
of seasonal variation on _Escherichia coli_ concentrations in the
riverbed sediments in the Apies River, South Africa,” Science of
The Total Environment, vol. 537, pp. 462–469, 2015.

16 BioMed Research International

https://downloads.hindawi.com/journals/bmri/2023/3724531.f1.docx


[26] H. Jiang, R. Zhou, M. Zhang et al., “Exploring the differences of
antibiotic resistance genes profiles between river surface water
and sediments using metagenomic approach,” Ecotoxicology
and Environmental Safety, vol. 161, pp. 64–69, 2018.

[27] Z. Xue, W. Tian, Y. Han, Z. Feng, Y. Wang, and W. Zhang,
“The hidden diversity of microbes in ballast water and sedi-
ments revealed by metagenomic sequencing,” Science of The
Total Environment, vol. 882, article 163666, 2023.

[28] D. El Nahhal, I. El-Nahhal, H. Al Najar, M. Al-Agha, and
Y. El-Nahhal, “Acidity, electric conductivity, dissolved oxygen
Total dissolved solid and salinity profiles of marine water in
Gaza: influence of wastewater discharge,” American Journal
of Analytical Chemistry, vol. 12, no. 11, pp. 408–428, 2021.

[29] Q. Liu, H. Wu, C. Huang et al., “Microbial compositions, eco-
logical networks, and metabolomics in sediments of black-
odour water in Dongguan, China,” Environmental Research,
vol. 210, article 112918, 2022.

[30] C. M. Aura, C. O. Odoli, and S. Musa, “Chapter 16 - Microbial
dynamics within Lake Victoria Basin in relation to human
activities,” in Lakes of Africapp. 455–473, Elsevier.

[31] K. A. Odhiambo, H. J. O. Ogola, B. Onyango, M. Tekere, and
G. N. Ijoma, “Contribution of pollution gradient to the sedi-
ment microbiome and potential pathogens in urban streams
draining into Lake Victoria (Kenya),” Environmental Science
and Pollution Research, vol. 30, no. 13, pp. 36450–36471, 2023.

[32] G. Bwire, D. A. Sack, A. Kagirita et al., “The quality of drinking
and domestic water from the surface water sources (lakes, riv-
ers, irrigation canals and ponds) and springs in cholera prone
communities of Uganda: an analysis of vital physicochemical
parameters,” BMC Public Health, vol. 20, no. 1, p. 1128, 2020.

[33] C. Yona, M. Makange, E. Moshiro, A. Chengula, and
G. Misinzo, “Water pollution at Lake Natron Ramsar site in
Tanzania: a threat to aquatic life,” Ecohydrology and Hydrobi-
ology, vol. 23, no. 1, pp. 98–108, 2023.

[34] S. W. Nho, H. Abdelhamed, D. Paul et al., “Taxonomic and
functional metagenomic profile of sediment from a commer-
cial catfish pond in Mississippi,” Frontiers in Microbiology,
vol. 9, p. 2855, 2018.

[35] G. O. Oyetibo, O. O. Ige, P. K. Obinani, and O. O. Amund,
“Ecological risk potentials of petroleum hydrocarbons and
heavy metals shape the bacterial communities of marine
hydrosphere at Atlantic Ocean, Atlas Cove, Nigeria,” Journal
of Environmental Management, vol. 289, article 112563,
2021.

[36] K. K. Vadde, A. J. McCarthy, R. Rong, and R. Sekar, “Quanti-
fication of microbial source tracking and pathogenic bacterial
markers in water and sediments of Tiaoxi River (Taihu water-
shed),” Frontiers in Microbiology, vol. 10, p. 699, 2019.

[37] Y. K. Lee, P. Mehrabian, S. Boyajian et al., “The protective role
of Bacteroides fragilis in a murine model of colitis-associated
colorectal cancer,” mSphere, vol. 3, no. 6, 2018.

[38] H. Qian, M. Zhang, G. Liu et al., “Effects of soil residual plastic
film on soil microbial community structure and fertility,”
Water, Air, & Soil Pollution, vol. 229, no. 8, 2018.

[39] E. Szekeres, C. M. Chiriac, A. Baricz et al., “Investigating anti-
biotics, antibiotic resistance genes, and microbial contami-
nants in groundwater in relation to the proximity of urban
areas,” Environ Pollut Barking Essex, vol. 236, no. 236,
pp. 734–744, 2018.

[40] H. Dang, M. G. Klotz, C. R. Lovell, and S. M. Sievert, “Editorial:
the responses of marine microorganisms, communities and

ecofunctions to environmental gradients,” Frontiers in Micro-
biology, vol. 10, p. 115, 2019.

[41] L. Tian, Z. Yan, C. Wang, S. Xu, and H. Jiang, “Habitat hetero-
geneity induces regional differences in sediment nitrogen fixa-
tion in eutrophic freshwater lake,” Science of The Total
Environment, vol. 772, article 145594, 2021.

[42] E. L. Johnson, S. L. Heaver, W. A. Walters, and R. E. Ley,
“Microbiome and metabolic disease: revisiting the bacterial
phylum Bacteroidetes,” Journal of Molecular Medicine,
vol. 95, no. 1, pp. 1–8, 2017.

[43] S. Niestępski, M. Harnisz, S. Ciesielski, E. Korzeniewska, and
A. Osińska, “Environmental fate of _Bacteroidetes,_ with par-
ticular emphasis on _Bacteroides fragilis_ group bacteria and
their specific antibiotic resistance genes, in activated sludge
wastewater treatment plants,” Journal of Hazardous Materials,
vol. 394, article 122544, 2020.

[44] F. A. Sebastião, K. Shahin, T. I. Heckman et al., “Genetic char-
acterization of Flavobacterium columnare isolates from the
Pacific northwest, USA,” Diseases of Aquatic Organisms,
vol. 144, pp. 151–158, 2021.

[45] M. J. Grande Burgos, J. L. Romero, R. Pérez Pulido, A. Cobo
Molinos, A. Gálvez, and R. Lucas, “Analysis of potential risks
from the bacterial communities associated with air-contact
surfaces from tilapia (Oreochromis niloticus) fish farming,”
Environmental Research, vol. 160, pp. 385–390, 2018.

[46] A. Pękala-Safińska, “Contemporary threats of bacterial infec-
tions in freshwater fish,” Journal of Veterinary Research,
vol. 62, no. 3, pp. 261–267, 2018.

[47] I. Gyawali, Y. Zeng, J. Zhou et al., “Effect of novel _Lactobacil-
lus paracaesi_ microcapsule on growth performance, gut
health and microbiome community of broiler chickens,” Poul-
try Science, vol. 101, no. 8, article 101912, 2022.

[48] D. Numberger, L. Zoccarato, J. Woodhouse et al., “Urbaniza-
tion promotes specific bacteria in freshwater microbiomes
including potential pathogens,” Science of the Total Environ-
ment, vol. 845, article 157321, 2022.

[49] J. Barasarathi, P. S. Abdullah, and E. C. Uche, “Application of
magnetic carbon nanocomposite from agro-waste for the
removal of pollutants from water and wastewater,” Chemo-
sphere, vol. 305, article 135384, 2022.

[50] D. N. Magana-Arachchi and R. P. Wanigatunge, “Ubiquitous
waterborne pathogens,” in Waterborne Pathogens, pp. 15–42,
2020.

[51] S. Bombaywala, A. Mandpe, S. Paliya, and S. Kumar, “Antibi-
otic resistance in the environment: a critical insight on its
occurrence, fate, and eco-toxicity,” Environmental Science
and Pollution Research International, vol. 28, no. 20,
pp. 24889–24916, 2021.

[52] J. Wang, M. Guo, Y. Li, R. Wu, and K. Zhang, “High-throughput
transcriptome sequencing reveals the role of anthocyanin metab-
olism in Begonia semperflorens under high light stress,” Photo-
chemistry and Photobiology, vol. 94, no. 1, pp. 105–114, 2018.

[53] S. Kumar, S. Kumar, and T. Mohapatra, “Interaction between
macro- and micro-nutrients in plants,” Frontiers in Plant Sci-
ence, vol. 12, article 665583, 2021.

[54] S. N. Abdi, R. Ghotaslou, K. Ganbarov et al., “Acinetobacter
baumannii efflux pumps and antibiotic resistance,” Infection
and Drug Resistance, vol. Volume 13, pp. 423–434, 2020.

[55] D. M. P. De Oliveira, B. M. Forde, T. J. Kidd et al., “Antimicro-
bial resistance in ESKAPE pathogens,” Clinical Microbiology
Reviews, vol. 33, no. 3, 2020.

17BioMed Research International



[56] A. Saghatelyan, A. Margaryan, H. Panosyan, and N. K. Birke-
land, “Microbial diversity of terrestrial geothermal springs in
Armenia and Nagorno-Karabakh: a review,” Microorganisms,
vol. 9, no. 7, p. 1473, 2021.

[57] S. Taussat, M. Boussaha, Y. Ramayo-Caldas et al., “Gene net-
works for three feed efficiency criteria reveal shared and spe-
cific biological processes,” Genetics Selection Evolution,
vol. 52, no. 1, p. 67, 2020.

[58] J. F. Curran, L. Zaggia, and G. M. Quero, “Metagenomic char-
acterization of microbial pollutants and antibiotic-and metal-
resistance genes in sediments from the canals of Venice,”
Water, vol. 14, no. 7, p. 1161, 2022.

[59] S. Park and J. Kim, “Landslide susceptibility mapping based on
random Forest and boosted regression tree models, and a com-
parison of their performance,” Applied Sciences, vol. 9, no. 5,
p. 942, 2019.

[60] H. Zhang, X. Yuan, T. Xiong, H. Wang, and L. Jiang,
“Bioremediation of co-contaminated soil with heavy metals
and pesticides: influence factors, mechanisms and evaluation
methods,” Chemical Engineering Journal, vol. 398, article
125657, 2020.

[61] M. McFall-Ngai and T. C. G. Bosch, “Animal development in
the microbial world: the power of experimental model sys-
tems,” Current Topics in Developmental Biology, vol. 141,
pp. 371–397, 2021.

[62] S. Li, P. L. Show, H. H. Ngo, and S. H. Ho, “Algae-mediated
antibiotic wastewater treatment: a critical review,” Environ
Sci Ecotechnology, vol. 9, article 100145, 2022.

[63] J. P. Receveur, A. Bauer, J. L. Pechal et al., “A need for null
models in understanding disease transmission: the example
of Mycobacterium ulcerans (Buruli ulcer disease),” FEMS
Microbiology Reviews, vol. 46, no. 1, 2022.

[64] M. E. Abduljalel and R. N. Al-Saadi, “Toxicopathological effect
of benzene, toluene, ethylbenzene, and xylenes (BTEX) as a
mixture and the protective effect of citicoline in male rats fol-
lowings 90-day oral exposure,” Revista Electronica de Veteri-
naria, vol. 23, no. 3, pp. 399–414, 2022.

[65] D. Bunke, S. Moritz, W. Brack, D. L. Herráez, L. Posthuma,
and M. Nuss, “Developments in society and implications for
emerging pollutants in the aquatic environment,” Environ-
mental Sciences Europe, vol. 31, no. 1, pp. 1–17, 2019.

[66] S. Dalahmeh, E. Björnberg, A.-K. Elenström, C. B. Niwagaba,
and A. J. Komakech, “Pharmaceutical pollution of water
resources in Nakivubo wetlands and Lake Victoria, Kampala,
Uganda,” Science of The Total Environment, vol. 710, article
136347, 2020.

[67] M. Martini, G. Besozzi, and I. Barberis, “The never-ending
story of the fight against tuberculosis: from Koch’s bacillus to
global control programs,” Journal of Preventive Medicine and
Hygiene, vol. 59, p. E241, 2018.

[68] L. Cabral, G. F. Persinoti, D. A. A. Paixão et al., “Gut micro-
biome of the largest living rodent harbors unprecedented
enzymatic systems to degrade plant polysaccharides,” Nature
Communications, vol. 13, no. 1, p. 629, 2022.

[69] H. Su, Z. Xiao, K. Yu et al., “High diversity of β-glucosidase-
producing bacteria and their genes associated with Scleracti-
nian corals,” International Journal of Molecular Sciences,
vol. 22, no. 7, p. 3523, 2021.

[70] L. S. McKee, S. L. La Rosa, B. Westereng, V. G. Eijsink, P. B.
Pope, and J. Larsbrink, “Polysaccharide degradation by the

Bacteroidetes: mechanisms and nomenclature,” Environmen-
tal Microbiology Reports, vol. 13, no. 5, pp. 559–581, 2021.

[71] F. I. Mohideen, L. H. Nguyen, J. D. Richard, S. Ouadhi, and
D. H. Kwan, “In vitro reconstitution of the dTDP-l-
daunosamine biosynthetic pathway provides insights into
anthracycline glycosylation,” ACS Chemical Biology, vol. 17,
no. 12, pp. 3331–3340, 2022.

[72] I. Rowland, G. Gibson, A. Heinken et al., “Gut microbiota
functions: metabolism of nutrients and other food compo-
nents,” European Journal of Nutrition, vol. 57, no. 1, pp. 1–
24, 2018.

[73] I. A. Figueroa, T. P. Barnum, P. Y. Somasekhar, C. I. Carlström,
A. L. Engelbrektson, and J. D. Coates, “Metagenomics-guided
analysis of microbial chemolithoautotrophic phosphite oxida-
tion yields evidence of a seventh natural CO(2) fixation path-
way,” Proceedings of the National Academy of Sciences of the
United States of America, vol. 115, no. 1, pp. E92–E101, 2018.

[74] R. Yang, G. Liu, T. Chen et al., “Characterization of the
genome of a _Nocardia_ strain isolated from soils in the
Qinghai-Tibetan Plateau that specifically degrades crude oil
and of this biodegradation,” Genomics, vol. 111, no. 3,
pp. 356–366, 2019.

18 BioMed Research International


	Shotgun Metagenomic Analyses of Microbial Assemblages in the Aquatic Ecosystem of Winam Gulf of Lake Victoria, Kenya Reveals Multiclass Pollution
	1. Introduction
	2. Materials and Methods
	2.1. Study Area
	2.2. Study Sites
	2.3. Sample Collection and Processing
	2.4. Physicochemical Analyses of the Sampling Sites
	2.5. Genomic DNA Extraction and Shotgun Metagenomic Sequencing
	2.6. Metagenomics Data Analysis

	3. Results
	3.1. Physicochemical Analysis
	3.2. Taxonomic Classification of Microbial Communities in Winam Gulf
	3.3. Functional Annotation
	3.4. KEGG Pathway
	3.5. Carbohydrate Metabolism
	3.6. eggNOG Functional Classification
	3.7. MG-RAST Functional Classification

	4. Discussion
	5. Conclusions
	Data Availability
	Consent
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments
	Supplementary Materials



