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ABSTRACT

Despite urban rivers/streams draining into Lake Victoria suffering from urbanization-
linked anthropogenic pollution, little is known about their microbiome diversity and structure, or
how they respond to intensive anthropogenic inputs. This study conducted a comprehensive
analysis of the spatial bacterial community distribution in the sediments of Kisat and Auji streams,
that flows through Kisumu City into Lake Victoria's Winam Gulf. Specifically, the study: i) used
16S rRNA gene-based Illumina MiSeq sequencing to determine the diversity and abundance of
sediment bacterial communities along the stream catchment impacted by varying levels of
urbanisation; ii) determined the presence of potential pathogens and the predicted functional
profiles of the sediment bacterial communities in the river to establish their role in the ecosystem,
and (ii1) identified the key environmental factors (nutritional factors and heavy metals) influencing
compositional variations in these communities. The study adopted a stratified purposive sampling,
where 22 sediment samples were randomly collected from Lower, Mid and Upper catchment of
Auji and Kisat streams, stratified as highly, moderate and non-urbanized zones, respectively, based
on land use patterns. Results showed that polluted mid and lower catchment zones stream
sediments were highly enriched (p < 0.05) with Actinobacteria and Proteobacteria, and potential
pathogen groups such Corynebacterium, Staphylococcus, Cutibacterium, Turicella, Acinetobacter
and Micrococcus, including enterics such as Faecalibacterium, Escherichia, Klebsiella,
Enterococcus, Prevotella, Legionella, Vibrio and Salmonella. Further, Phylogenetic Investigation
of Communities by Reconstruction of Unobserved States (PICRUSt) analysis revealed enrichment
of genes associated with carbon and nitrogen metabolism and disease pathogenesis and
virulence in the lower and mid catchment zones stream sediment. Physicochemical analyses also
showed that the highly urbanized mid and lower stream catchment zones had significantly higher
(p < 0.05) total organic carbon (TOC), total nitrogen (TN), and total phosphorous (TP) content,
including severely pollution with toxic heavy metals such as lead (Pb), cadmium (Cd), and copper
(Cu) than the less urbanized upper catchment zone. Multivariate analysis suggested that TOC, Pb,
Cd, TN, pH and Cr were the significant drivers (p < 0.01) of spatial variation in community
structure, with Pb, TOC and Cd content being most influential sediment properties (p < 0.01).
Overall, these results suggest urban pollution significantly affects the stream sediment microbiome
and that the current waste management in Kisumu City is insufficient for the protection of public
health and aquatic ecosystems. Therefore, proactive and sustainable urban waste management

strategies are needed as the city undergoes rapid urbanization.
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CHAPTER ONE

INTRODUCTION

1.1 Background Information

Globally, the majority of human settlement is increasingly moving toward urbanization,
with 70% of the world's population anticipated to live in cities by 2050 (Angel et al., 2012).
However, the growing city populations, the process of urbanization and its associated land-use
change is placing increased pressures on urban infrastructure, utilities and services that may
substantially alter urban water, an important interface between human activity and the natural
environment (McLellan et al., 2015; Numberger et al., 2021). Rivers and streams flowing through
cities are continuously under threat from multiple environmental stressors, as they are important
sinks for waste, sewage, and storm water runoff. The geomorphology, physicochemical properties,
eukaryotic and microbial community structure, function, and health of rivers and streams can all
be altered by this pollution, as well as their structure, composition, and function (Schwarzenbach
et al., 2006). The problem of urban pollution of rivers and streams is high in cities within
developing countries, which lack effective waste management strategies, and has become a major
public concern in most urban metropolis (UNESCO, 2003).

In riverine ecosystem, sediments serve as primary sites for the accumulation and
attachment of microorganisms and chemical pollutants. As a consequence, sediment microbial
communities are more tightly related to environmental conditions within a river/stream since these
habitats are more stable and bacterial residency time is greater (Beattie et al., 2020). Sediment
microbiome composition and biodiversity are highly sensitive to anthropogenic disturbances
(McLellan et al., 2015). As a result, altering the sediment microbiome can reveal important
information about the impact of urban pollution on stream ecosystems, the presence of health
hazards, or even significant clues about short- and long-term ecosystem change (Cui et al., 2019;
Fisher et al., 2015; McLellan et al., 2015; Numberger et al., 2021). In 8 rivers within the Parkers
Creek watershed in Michigan, USA, Hosen et al. (2017) documented compositional shifts in
sediment microbial communities in urbanized streams with an increase in taxa related with human
activities, such as genus Polynucleobacter and potable water and sanitation infrastructure
corrosion-linked genus Gallionella. Similarly, Wang et al. (2018) identified an increase in the
expression of genes related to xenobiotic and nitrogen metabolism as well as possible fecal bacteria
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like Flavobacteria and Bacteroidia in the Jialing River, which flows through numerous Chinese
cities. These findings support the idea that urban discharges may operate as the primary selective
factor to change the microbial populations. In this study, total protein (TP), NO3™ and metals (Zn,
Fe) were the most significant drivers determining the microbial community composition in the
urban river. In the Changzhou region of the Yangtze River Delta Urban Agglomeration, China,
analysis of fifteen rivers affected by residential sewage indicated enrichment of enteric pathogens
(such as Arcobacter and Bacteroides) and environmental pathogens (such as Acinetobacter,
Aeromonas, and Pseudomonas) (Cui et al., 2019). Further, dissemination of virulence/defense
(antibiotic resistance and metal resistance), degradation of organic pollutants and stress response-
related genes in urbanization-impacted stream ecosystems have been reported (Chaudhary et al.,
2018; Medeiros et al., 2016). According to Zhang et al. (2019), sewage inputs also significantly
contributed to the Ganges river in India having a 13-fold higher abundance of human gut
microbiome (HG) associated sequences and a 2-fold higher abundance of antibiotic resistance
genes (ARGs) than other riverine ecosystems in Europe, North America, and South America.
Collectively, these studies provide important insights on the impact of urbanization on bacterial
community composition, giving impetus that continuous monitoring of urban aquatic microbiomes
must be prioritized for the benefit of human and ecological health. Unfortunately, the impact of
urbanization on stream/river microbiome remains overlooked in the sub-Saharan Africa region,
despite the region undergoing rapid urbanization. Albeit few studies have shown metabolic
pathways of bacterial communities found in urbanized impacted rivers/streams, sediment bacterial
communities' functional profiles and potential bacterial pathogens in these lotic ecosystems also
remain unclear.

On the shores of Lake Victoria, the second-largest freshwater lake in the world lies the city
of Kisumu in Western Kenya. After Nairobi and Mombasa, it is the third-largest city in Kenya,
with an estimated urban population of 600,000 (KNBS, 2019). The city is an example of emerging
cities in Africa that are intermediary hubs and centres of agricultural and industrial production,
governance, services and logistics, and estimated to habour 15% of the continent’s population
(Andreasen et al., 2017; Marais and Cloete, 2017). Similar to other rapidly developing cities in
sub-Saharan Africa, Kisumu's insufficient infrastructure and service delivery to keep up with the
city's rapid urban population expansion has led to inefficient spatial development, an increase in

squatter settlements (slums), and a lack of essential facilities like drinkable water and garbage
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disposal. The city is currently dealing with inadequate sewerage system, increasing solid waste
generation, an overflowing open dumpsite, and pollution from uncontrolled solid waste dumping,
which frequently contaminates rivers and the adjacent Lake Victoria via surface run-off (Sibanda
et al., 2017). These current waste management challenges expected to rise with increase in urban
population, that will further escalate the anthropogenic inputs leading to environment destruction
and public health hazards. Few studies done in Kisumu City, have reported severe pollution of
aquatic environment with toxic heavy metals like Cr, Cd, Ag, and Pb, including persistent organic
pollutants (POPs), and pharmaceuticals like antibiotics and antiretroviral drugs (K’oreje et al.,
2016; Mireji et al., 2008; Okungu et al., 2005; Onyari and Wandiga, 1989; Outa et al., 2020). In
addition, fecal contamination of riverine ecosystem associated with high morbidity of diarrheal
diseases within the city has been reported (Baker et al., 2018; Opisa et al., 2012). This information
implies that Kisumu City's rivers and streams have long been subjected to anthropogenic pollution,
becoming a sink for excess nutrients, untreated effluents, heavy metals, and xenobiotics. Little is
known, however, about the diversity and structure of river microbial communities and pathogens,
as well as how they respond to such intensive anthropogenic inputs. Furthermore, the extent to
which bacterial communities exhibit biogeographic patterns in their distribution under urban

pollution in the region remains unclear.

1.2 Statement of the Problem

Kisumu city has inadequate provision of infrastructure and services to meet its rapid human
population growth with only 26 % of Kisumu's population currently connected to a sewer line,
with the majority of people living in settlement areas (LVEMP, 2015). This has resulted into
discharge of effluents into the rivers/streams ecosystem. However, the information on how human
anthropogenic inputs impact Kisumu city’s rivers and streams ecosystem is still unclear. In
addition, the information on metabolic pathways of bacterial communities in Kisumu city’s
rivers/streams that enable them survive in such ecosystem is lacking.

Accumulating evidence show that sediment microbiome composition and biodiversity are
highly sensitive to anthropogenic disturbances (Cui et al., 2019; Fisher et al., 2015; McLellan et
al., 2015; Numberger et al., 2021). Particularly, the natural variability of bacterial community
structure and composition is adversely affected by industrial wastewater discharges, chemical

compounds from agricultural fields, and urban waste water. Unfortunately, the few articles
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published about Kisumu City's rivers and streams have focused on chemical pollution and faecal
contamination. It is therefore, not clear how changes in organic and inorganic nutrient loads affect
variations in bacterial populations in Kisumu City’s rivers and streams draining into Lake Victoria.
In addition, water body's electrical conductivity (EC), total carbon (TC), total nitrogen (TN), soil
organic matter (SOM), and metals are all impacted by rapid changes in nutrient loading (Al, Fe,
Ca, Na, Mg, K and Zn). How the bacterial populations react to such environmental changes at
various watershed locations is also unclear. Furthermore, no metagenomics study has been done
to explain how pollution-related environmental changes in the Winam Gulf of Lake Victoria affect
bacterial community structure and functioning. Therefore, a thorough analysis of the spatial
bacterial distribution in the sediments of the urban streams, which flow through Kisumu City into
the eastern Winam Gulf of Lake Victoria, are warranted. Furthermore, the key environmental
drivers known to affect aquatic ecosystem, potential connections between composition and

environmental factors need to be investigated.

1.3 Objectives of the study

1.3.1 Main objective
To assess the effect of urban pollution on the distribution of bacterial communities in Kisat

and Auji streams in Kisumu.

1.3.2 Specific objectives

1.  To determine the sediment bacterial community structure and diversity along the
river/stream catchment impacted with varying levels of urbanization.

2. Todetermine the sediment microbial communities' functional profiles and the presence
of potential bacterial pathogens to establish their role in ecosystem functioning and
health status urban river ecosystem.

3. To identify the key environmental factors accounting for the variations in sediment

bacterial community composition and structure.



1.3.3 Hypotheses

1. The community structure of sediment bacteria along the catchment of two streams
(Kisat and Auji) affected by varied levels of urbanization shows no discernible
difference in diversity and abundance.

2. In the catchment of two streams (Kisat and Auji) affected by various levels of
urbanization, there are no appreciable differences in the predicted functional profiles
of the sediment microbial communities with regard to potential pathogens.

3. There are no significant correlations between the sediment physicochemical
composition and bacterial community structure sediments in the catchment of two

streams (Kisat and Auji) impacted with varying levels of urbanization.

1.4 Significance of the study

Pollution of water bodies such as the catchment rivers/streams and Winam Gulf of Lake
Victoria due to increased anthropogenic activities requires enhanced scientific attention, to
ameliorate increased risks of depletion of its aquatic biodiversity. Specifically, urban water
pollution, mostly due to the discharge of untreated domestic and industrial wastewater coupled
with other anthropogenic inputs into waterways, is a growing problem in developing countries
(Godoy et al., 2020; Jordaan et al., 2019; Kapembo et al., 2019; Pantha et al., 2021; Zhang et al.,
2019). In this study, the observed decline of river sediment microbial quality and potential public
health safety linked to the spatial distribution of heavy metal and wastewater pollution sources,
illustrated this problem in the Kisumu City watershed. The two rivers under study drain into Lake
Victoria, a freshwater lake that has reported widespread deterioration of water quality (Enander,
2017; Nyilitya et al., 2016; Outa et al., 2020), despite being a major source of potable water and
an important fishing site in the region (Kolding et al., 2013; Nyakeya et al., 2017).

Sediment samples from polluted river sections clustered distinctively and displayed a
higher bacterial diversity than non-polluted zones, strengthening the fact that sediments may serve
as reservoirs of diverse bacterial populations and highlighting the need to include sediments in
river monitoring (Zhang et al., 2018). Furthermore, faecal bacteria and candidate pathogens
accounted for a significant portion microbiota in the pollution affected mid and lower catchment
zones, implying that they have the potential to serve as important indicators for the health and

status of river ecosystems. Further, the results of this study suggest that the current waste
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management and sanitation provisions in Kisumu City are insufficient for the protection of public
health and ecosystems. With urbanisation and rapid population growth in African cities, the
challenges of urban pollution are expected to increase. Thus, immediate safe anthropogenic
pollution management strategies and policies in response to the rapid urban expansion need to be
undertaken to mitigate the expected severe impact on aquatic ecosystems, including disruptive

effects for both humans and the environment.



CHAPTER TWO

LITERATURE REVIEW

2.1 Pollution of fresh water bodies.

All types of life require water to survive. A higher standard of living and the prevention of
disease depend on the availability of potable water. Freshwater lakes are a significant supply of
drinking water, so conserving and improving lake water quality is important (Mou et al., 2013).
Anthropogenic activities have a substantial impact on downstream aquatic ecosystems when they
occur near cities and other locations with a high population density. Waterborne pathogens are the
major contributors of outbreak of infectious diseases and according to WHO (2004), waterborne
pathogens are likely to cause more challenges in the future.

Over the past years, there has been improvement in municipal wastewater treatment and
management of agricultural wastes. However, wastewater treatment plants (WWTPs) continue to
be the main source of anthropogenic effluents entering aquatic environments (Nega et al., 2019).
One of the main causes of persistent water pollution is the improper treatment of sewage or
wastewater before its release into water bodies. Heavy metals and pharmaceuticals are one of the
many pollutants that can be found in wastewater or sewage since some of them cannot be entirely
removed by WWTPs (Nega et al., 2019). Human waste is another component of wastewater, which
raises the level of organic nutrients in water (Nguyen, 2017). Wastewater treatment prior to their
discharge to water bodies is undertaken by many countries as one of the management strategies to
guarantee maintenance of water quality and make it safe for residential use. However, despite the
wastewater treatment processes to reduce pathogens from sewage contaminated water, these
processes are prone to system failures and of varying effectiveness leading to their presence in the

final effluent and water bodies (Domingo and Edge, 2010).

2.2 Pollution of Lake Victoria.

Lake Victoria is an important freshwater resource in terms of fishing, energy, drinking and
irrigation water source, and transport for the lacustrine community that is shared by Kenya (6%),
Tanzania (51%) and Uganda (43%) (Table 2.1). The lake also acts as a sink for human, agricultural
and industrial waste attributed to anthropogenic activities within its catchment. Human activity in

catchments and along shore areas and catchment has been linked to the reduction in water quality
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(Enander, 2017). In Kenya, the lake catchment area is 42460km? out of total catchment area of
193000km? in East Africa. Rivers from this region feed the lake with water, nutrients, sediments,

and pollution (Okungu et al., 2005).

Table 2.1 Land catchment area in the Lake Victoria Basin (Okungu et al., 1922)

Country Catchment area in km? Catchment area in %
Tanzania 84920 44

Kenya 42460 22

Uganda 30880 16

Rwanda 21230 11

Burundi 13510 7

Total 193000 100

The primary factor contributing to the deterioration of Lake Victoria's water quality is the
discharge of untreated sewer and chemical wastes from urban populations, as well as microbe- and
nutrient-rich runoffs primarily from agricultural lands and urban centres. Wastewater from
settlement areas without sewerage systems, greywater (domestic wastewater including water from
baths, showers, hand basins, and washing machines) from these households frequently drained into
rivers and streams that eventually drain into Lake Victoria (LVEMP, 2015; Munala and Moirongo,
2017). The lake is supplied with other rivers such as Mara River in Tanzania and Kagera River in
Uganda (Okungu et al., 2005), including rivers Nzoia, Gucha-Migori, Sondu Miriu, Yala and
Nyando draining into Winam Gulf (Mutuku et al., 2014). In the eastern part of the Winam Gulf,
Kisat and Auji river drain into the Lake Victoria through Kisumu City, Kenya. The rivers
discharge effluents from domestic and industrial sources, and large volumes of eroded soil from
agricultural farms rich in agrochemicals (Mutuku et al., 2014). Kisumu town among other major
towns has a number of industries including brewery, tannery, textiles and fish processing industries
and town sewage plant at Kisat discharge effluent into the lake without treatment (Mutuku et al.,
2014). Untreated sewage ends up in the stream ecosystem through unconnected sources (Plate
1).These effluents contain organic and inorganic contents which cause proliferation of
microorganisms (Mutuku et al., 2014). Kisat and Auji river travers areas characterized by different

land use patterns and degree of urbanization. On that basis, the two streams can be used as
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representative of typical urban river/stream ecosystem in the region and thus, can provide us with

insight of what happens in other rivers/streams draining into L. Victoria.

2.3 Urbanization-linked rivers pollution

Rivers are a continuous flow of liquid water from one location such as a mountain, towards
another location such as a sea, lake, or even another river (Nguyen, 2017). Anthropogenic activities
(e.g., mining, urban and rural settlements, agriculture and sewage works) have been increasing
overtime resulting into disturbances on river systems (Chen et al., 2022; Jordaan et al., 2019). Due
to excessive pollution, including microorganisms, the water quality of the river has degraded
markedly and continues to deteriorate all over the world. Riverine ecosystems are known to be
easily affected by external pollution and because of the flow nature of river water, thus, pollution
spread faster into the entire river ecosystems (Han et al., 2021; Jordaan et al., 2019). These
contaminations may cause undesirable changes in the physical, chemical, and biological
characteristics of water sources, which may have an impact on the aquatic ecosystem and on
people's health. Therefore, various organizations have established acceptable levels for discharge
of industrial, domestic and municipal wastewater into public water. The discharge includes heavy
metals in soils, wastewater, and drinking water. In this study, the recommended limits by World
Health Organization (WHO), United States Department of Agriculture Natural Resource
Conservation Service (USDA NRCS), National Environment Management Authority (NEMA),
Kenya Bureau of Standards (KEBS), and Water Service Regulatory Board (WASREB) (Table
2.2) were used to evaluate the quality of river ecosystem.

In the recent years, pollution of urban rivers has been on rise due to increase in human
population, industrialization and rapid expansion of urban infrastructure which mainly has resulted
into deposition of solid and liquid waste materials into river waters (Saraceno et al., 2021; Wang
et al., 2020a; Zinabu et al., 2019). Pollution of urban rivers have increased mainly due to rapid
urban population growth as compared to industrial and agricultural activities (Li et al., 2022; Wang
et al., 2020b). Pollutants in urban rivers are mainly from domestic and industrial effluents,
agricultural pollution sources and other urban business activities such as car washing among
others. Domestic wastewater and industries account for the majority of organic and inorganic
contaminants. Grey water (domestic wastewater that includes water from baths, showers, hand

basins, and washing machines) from households are often drained into river and streams and are
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known to contain organic contaminants mainly from processing of vegetables, oils and fats, dairy
products, meat, tanning, and paper, as well as synthetic detergents (Bodnar et al., 2014; Kayaga et

al.,2005; O’Toole et al., 2012).

Table 2.2 Guideline values for discharge into public water (The Environmental Management

and Co-ordination (Water Quality) Regulations, 2006)

Parameter unit Guideline value
Cadmium (Cd), max mg/1 0.01
Copper (Cu), max mg/1 1.0
Mercury (Hg), max mg/1 0.005
Total Chromium (Cr), max mg/1 2.0
Lead (Pb), max mg/1 1.0
Zinc (Zn), max mg/1 0.5
Dissolved Iron mg/1 10
Dissolved Manganese mg/1 10
Ammonia Nitrogen mg/1 20
Total Phosphorous mg/1 2
Total Nitrogen mg/1 2

Organic pollutants contain hydrocarbons e.g., oil, polyaromatic hydrocarbons (PAHs) and
polychlorinated biphenyls (PCBs). Polyaromatic hydrocarbon substances are toxic, persistent,
carcinogenic and a mutagen in the environment (Bacosa and Inoue, 2020). The dissolved organic
material is broken down by microorganisms, and it is then made available to the upper trophic
levels of the food chain. Organic materials made of hydrocarbons e.g. oil, polyaromatic
hydrocarbons (PAHs), when decomposed by microorganisms leads to reduced level of oxygen in
river environment (Nguyen, 2017). Given these dramatic effects, there is an urgent need to monitor
diffuse and non-diffuse sources of river water pollution and to assess the status of these pollution
sources for both immediate and future mitigations.

Inorganic substances are also major pollutants in river ecosystem. They include heavy

metals such as Cadmium(Cd), arsenic (As), lead (Pb), silver (Ag), mercury(Hg), Zinc(Zn), copper
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(Cu), chromium (Cr), Iron (Fe), boron (Bo) and platinum (Pt), some of which are non-
biodegradable (Ancion et al., 2010; Lee et al., 2005; Nguyen, 2017). According to Ali et al., (2021)
heavy metals are defined as elements with an atomic number more than 20 and metallic properties
like ductility. Heavy metals occur in the soil in soluble form and in combined state (Chiroma et
al., 2014). In aquatic environments, heavy metals are naturally extremely soluble and poisonous
in mixed or elemental forms (Kinuthia et al., 2020).

Increased production of wastes with high concentrations of heavy metals is the result of
anthropogenic activity. Some heavy metals are essential for normal biological functions but their
elevated concentrations above what is considered safe for biological processes and the
environment could be harmful (Fashola et al., 2016; Kinuthia et al., 2020). The negative health
effects include potential carcinogens, damage to the brain, lungs, and kidneys, harm to growing
fetuses, high blood pressure or heart rate, eye discomfort, and skin rashes (Kinuthia et al., 2020).
Heavy metals that are toxic at elevated levels include Cadmium (Cd), lead (Pb), mercury (Hg),
Zinc (Zn), silver (Ag), copper (Cu), chromium (Cr), arsenic (As), Iron (Fe), Nickel (Ni), Thallium
(TI), boron (Bo) and platinum (Pt) (Fashola et al., 2016; Kinuthia et al., 2020; Nguyen, 2017).
Pollutants from agro based and other chemical industries have high concentration of heavy metals
(Mutuku et al., 2014). Pollutants from industries include heavy metals like mercury, cadmium,
chromium, lead, copper, arsenic, and zinc that are discharged into the waterways (Iloms et al.,
2020). When these pollutants accumulate into toxic levels, they cause deterioration of river water

quality and are very toxic to aquatic organisms (Wang et al., 2020a).

2.4 Urban pollution in Kisumu City

Kisumu City is an example of rapidly growing intermediary urban centres in sub-saharan.
The city has inadequate provision of infrastructure and services to meet its rapid human population
growth. For example, only 26% of the Kisumu population is connected to sewer line with the bulk
of population in the settlement areas including Obunga and Nyalenda slums, Mamboleo, Nyawita,
Kibuye and Manyatta not connected. It is estimated that only about 11,000m?/day of the sewage
generated reaches municipal wastewater treatment facilities against estimate of sewage generated
of 34,000m* (LVEMP, 2015). However, despite low feeds, the two wastewater treatment plants
are also prone to system failure due to poor maintenance, overloading and inefficiency of certain

components. This suggests that inadequately processed sewage from the treatment plants or raw
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sewage from unrelated sources is frequently released into the streams in Kisumu and Lake Victoria
(Plate 2.1). Despite widespread use of septic systems for toilet wastewater management in the
settlement areas not connected to sewerage system, grey water (domestic wastewater that includes
water from baths, showers, hand basins, and washing machines) from these households are often

drained into river and streams that eventually drains into Lake Victoria (Kayaga et al., 2005).
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Plate 2.1. Untreated sewage discharged into River Kisat within Obunga

In addition, the city has a number of industries including a brewery, tannery, textiles and
fish processing industries which discharge treated and untreated effluents into the streams. Other
forms of pollution, such as solid wastes, are challenging to regulate. In addition, it is common for
roadways to be improperly cleaned and for oil spills from carwashes and auto repair shops to
contaminate the soil and rivers. In addition to dealing with liquid wastes, Kisumu is currently
dealing with rising solid waste creation, an overflowing open dumpsite, and contamination from
the careless disposal of solid wastes, which frequently contaminates nearby rivers and Lake
Victoria via surface run-off (Sibanda et al., 2017). According to census projections, Kisumu's
population would grow by 2.8% annually, placing further strain on the city's infrastructure and

provision of essential services (Munala and Moirongo, 2017). With rapid population growth
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coupled with changing lifestyles and consumption patterns, waste generation is likely to increase
further amplifying the current waste management challenges. This will further escalate the
anthropogenic inputs leading to environment destruction and public health hazards. Therefore,
there is an urgent need for effective strategies to address both solid and liquid waste management
in Kisumu City. Furthermore, studies on assessment of urban river water quality and microbiota
in Kisumu City can play a vital role in the management of the environment as the city has a distinct
urban form and land use pattern that affects the kind of wastes created and pollution tendency on
the rivers within its catchment.

The few studies that have been published on the rivers and streams that traverse Kisumu
City have, to date, focused on chemical pollution (Mireji et al., 2008; Okungu et al., 2005; Onyari
and Wandiga, 1989; Outa et al., 2020) and fecal contamination (Baker et al., 2018; Opisa et al.,
2012). These studies have reported severe pollution of toxic heavy metals like Cr, Cd, Ag, and Pb,
including persistent organic pollutants (POPs), and pharmaceuticals like antibiotics and
antiretroviral drugs (K’oreje et al., 2016; Kimosop et al., 2016), which pose serious risks to both
the environment and human health. Thus, it can be postulated that streams and rivers that flow
through Kisumu City have been a sink for the excessive nutrients, untreated effluents, faecal

microbiota, heavy metals and xenobiotics due to long exposure to anthropogenic pollution.

2.5 Bacterial community structure in riverine ecosystems

2.5.1 Bacteria in natural environments

The makeup of the bacterial community in natural habitats has been the subject of
numerous previous studies. The bacterial community composition is influenced by the
environment, which has an impact on the microbial population. When studying bacterial
community composition and diversity in any natural ecosystem, the following questions are
commonly addressed. What bacteria are present and in what proportions? (Nguyen, 2017), how do
they live in the given natural environment? (Haruta & Kanno, 2015). To survive in any natural
environment, bacteria must adapt to overcome various environmental stresses (Haruta & Kanno,
2015). The adaptive strategies may include changes in the cellular membranes, cysts and spores
formation, synthesis of molecules for relieving stresses, chemotactic behavior and programmed
cell death (Haruta and Kanno, 2015). For example, it has been reported that Methylobacterium
may survive and proliferate in environments with little nutrition supply and sporadic exposure to
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cleaning supplies (Zhao, Huang, Zhu & Chai, 2013). By altering their growth rate, cell localisation,
and increasing cell surface lipophilicity, Rhodococcus sp. can become resistant to an organic
solvent (Haruta & Kanno, 2015). In soil sediments, it has been revealed that the phyla
Proteobacteria, Firmicutes, Actinobacteria, Bacteroidetes, Acidobacteria, and Verrucomicrobia
predominate (Nguyen, 2017). At genera level, Norcardia, Agrobacterium, Arthrobacter,
Streptomyces, Alcaligenes, Pseudomonas and Bacillus are found in soil environment in relatively
high proportions (Nguyen, 2017). However, In Kisumu city rivers/streams metagenomics profiling

based on biological functions of bacterial communities’ distribution remains unsolved.

2.5.2 Bacteria in polluted environments

Depending on types of pollutants and environments, studies reveal that different bacterial
taxonomic groups are found in different polluted habitats and can be used as indicator of pollution.
Discharge of sewage into freshwater sources may endanger public health since sewage is thought
to be a habitat for a variety of human bacterial pathogens. Waste water contain numerous pollutants
originating from various effluents such as pharmaceutical effluents, textile effluents and dye
effluents among others (Aneyo et al., 2016). Several bacteria such as Bacillus cereus, Bacillus
subtilis Salmonella typhi and Klebsiella pneumonia have been isolated from both textile and
pharmaceutical effluents (Aneyo et al., 2016). Bacteria such as Arcobacter butzleria, Aeromonas
hydrophila and Klebsiella pneumonia are predominantly common in raw sewage (Lu et al., 2015).
Members of genus Burkholderia, are abundant in oil polluted habitats since they are involved in
oil degradation in soil. Burkholderia cepacia and Pseudomonas sp has been found to be the main
bacteria in the degradation of heavy oil which is a major products from crude oil, utilizing it as the
sole source of carbon (Bacosa and Inoue, 2020).

In soil, Actinobacteria have been found to decompose diesel and fuel oil (Nguyen, 2017).
Heavy oil contains significant amounts of polycyclic aromatic hydrocarbons (PAHs), which are
harmful to the environment (Bacosa and Inoue, 2020). PAHs are broken down in soil by bacteria
such as the Actinobacterial genus Mycobacterium, the Proteobacterial genus Sphingomonas, the
y-Proteobacterial genus Pseudomonas, and the B-Proteobacterial genus Burkholderia. In urban
river sediments that are plentiful in organic compounds, petroleum byproducts, and PAHs,
Cyanobacteria and Bacteroidetes are particularly prevalent (Nguyen, 2017). Various bacteria can
be used to predict type of heavy metal contamination since they respond differently to heavy metal

concentrations. Due to their capacity to adapt to a variety of settings and their capacity to
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biodegrade heavy metals, Proteobacteria have also been discovered to be present in large
quantities in soils that are contaminated with heavy metals (Luo and Ma, 2018). Studies have also
revealed that members of the a-Proteobacteria can be correlated to elevated levels of HMs. For
instance, a-Proteobacteria positively correlated with Zn and Cd, whereas Chloroflexi were
favorably correlated with high levels of Hg (Nguyen, 2017). Nitrospira, Polycyclovorans can be
used to predict pollution with Cu, Ramlibacter to predict Zn contamination while Steroidobacter

can be used as indicator of pollution with Cd (Luo and Ma, 2018).

2.5.3 Impact of pollution on river sediment microbiome

River ecosystems are vital resource for a variety of human uses and are incorporated into
biogeochemical cycles (Kochling et al., 2017). Rivers and streams that flow through cities are
constantly under threat from a variety of environmental stressors because they serve as important
sinks for waste, sewage, and storm water run-off. This pollution has the potential to change the
structure and composition of rivers and streams, affecting their geomorphology, physicochemical
properties, eukaryotic and prokaryotic community structure, function, and health (Beattie et al.,
2020; Chaudhary et al., 2018; Fisher et al., 2015). Contaminations of river sediments are known
to exist for a longer period of time than in river water. Therefore, sediments serve as primary sites
for the accumulation and attachment of microorganisms and chemical pollutants in riverine
ecosystems. Consequently, these habitats are more stable and bacterial residence time is longer,
thus sediment microbial communities are more strongly linked to environmental conditions within
the river/stream (Beattie et al., 2020).

A major change in bacterial community composition has been observed in freshwater
systems due to pollution (Jiang et al., 2006). Bacterial diversity in freshwater ecosystem sediments
are enriched with members of Acidobacteria, Verrucomicrobia, Alphaproteobacteria and
Betaproteobacteria (Wang et al., 2012). In addition, saprophytic microbes such as Bacteroidetes
and Firmicutes are also common in freshwater systems (Wang et al., 2012). However, polluted
rivers are enriched in bacterial families such as Aeromonadaceae, Bacillaceae, Bacteroidaceae,
Bacteroidales, Clostridiaceae, Enterobacteriaceae, Maraxellaceae, Peptostreptococcaceae and
Porphyromonadaceae. Enterobacteriaceae, Bacillaceae and Clostridiaceae with some taxa being
human pathogens transmittable through water (Mukherjee et al., 2016). Other phyla found in
polluted freshwater include Deltaproteobacteria, Epsilonbacteria, Acidobacteria, Fusobacteria,

Flavobacteria and Fibrobacteria (Jordaan and Bezuidenhout, 2013).
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Overall, urban-linked pollution impacts the riverine microbiome due to: i) increased loads
of organic wastes (attributed to domestic and industrial wastewater, including greywater
pollution); i1) inorganic wastes (heavy metals); and 1iii) contamination with fecal and human
associated microbiota from untreated dometic wastewater and grey water contamination. River
system especially sediment are complex primary sites densely settled by various microbial
communities (Beattie et al., 2020). Sediment microbiome composition and biodiversity are highly
sensitive to aforementioned anthropogenic disturbances (McLellan et al., 2015), and can provide
significant insight into the degree of human impacts on stream ecosystems, the presence of human
health risks, or valuable clues on the short- and long-term ecosystem alteration (Cui et al., 2019;
Fisher et al., 2015; McLellan et al., 2015; Numberger et al., 2021). Under conditions of urban
pollution, bacterial communities in rivers and streams play key roles in biogeochemical cycles and
are responsible for breaking down organic material and recycling nutrients (Xie et al., 2022).
Previous research has also demonstrated the interactions between pollutants such as heavy metals
and the river sediment microbiome. For instance, it has been reported that Bacteroidetes,
Acidobacteria, and Proteobacteria are resistant of Zn, Pb, and Cd contamination (Medeiros et al.,
2016; Saraceno et al., 2021; Wang et al., 2018; Zhao et al., 2020). Hosen et al (Hosen et al., 2017)
reported compositional shifts in sediment bacterial communities in urbanized streams with an
increase in taxa associated with human activity such as genus Polynucleobacter and corrosion of
water distribution systems-linked genus Gallionella in 8 rivers within Parkers Creek watershed in
Michigan, USA. Similarly, Wang et al (Wang et al., 2018) reported an increasing trend of potential
faecal bacteria such as Flavobacteria and Bacteroidia, as well as genes associated with xenobiotics
and nitrogen metabolism, in the Jialing River, which flows through many Chinese cities.

Urbanization is also linked with the release of large quantities of greywater into
environment. Greywater is the term for residential wastewater, which makes up between 50 and
80 percent of all domestic wastewater and often comprises water from bathrooms, hand basins,
showers, and washing machines (Gross, 2007; Jefferson et al., 2000). Pathogenic bacteria in
greywater pose potential health risk to humans and is currently a critical issue (Gross, 2007). Even
though grey water does not include toilet waste, presence of fecal coliform have been found to be
high due to washing diapers or children in shower or bath or hand basin (James et al., 2016). Fecal
enterococci, fecal streptococci, Klebsiella pneumoniae, Salmonella spp., Escherichia coli,

Pseudomonas aeruginosa, Staphylococcus aureus, and Clostridia have all been identified as
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bacterial pathogens in greywater (Jefferson, Palmer, Jeffrey, Stuetz, & Judd, 1999; Katukiza,
Ronteltap, Niwagaba, Kansiime, & Lens, 2015; Toole ef al., 2013). However, among the above
bacterial pathogens, E. coli has been the most frequently detected and widely distributed pathogen
(Birks and Hills, 2007; Bodnar et al., 2014). Bathrooms, which have rapid water flow, drying
conditions, low nutrition levels, and sporadic exposure to cleaning products, are another location
where Methylobacterium predominate (Zhao et al., 2013). Despite their important role in river
ecosystems, the assessment of riverine biological diversity and composition of microbial
communities, still remains partly addressed due to methodological constraints (Kochling et al.,
2017). Similarly, in Sub-Saharan Africa, despite rapid urbanisation, the impact of urbanisation on
stream/river microbiome remains unexplored. In the study area, little is known about the
distribution and structure of the microbial population and pathogens in stream sediments, as well
as how they respond to intense anthropogenic inputs. Because each city has a distinct urban
structure and land use pattern that influences the type of waste generated and pollution tendency
on the rivers that flow through it, assessing Kisumu urban rivers and streams water quality and

microbiome can play an important role in environmental management and thus warrants a study.

2.6 Health risks associated with bacterial contamination of water

The spread of water-borne diseases driven by bacteria in polluted waters is a serious global
concern. Millions of people in Africa, for instance, suffer water-borne diseases as a result of using
contaminated water. More than 27% of cases of gastrointestinal disease (GI) are caused by Shigella
spp., whereas only 10.99% are caused by Cryptosporidium parvum. Naegleria fowleri,
Escherichia. coli 0157:H7, and Schistosoma spp. are responsible for about 16.84, 12.63 , and 7.37
%, respectively, of outbreaks of gastrointestinal infections. (Birks & Hills, 2007; Bodnar et al.,
2014; Jefferson et al., 1999; Katukiza et al., 2015; Toole et al., 2013.; Winward et al., 2007) and
can cause serious human diseases (Toole et al., 2013). Vibrio cholera and Salmonella are also
responsible for many water-borne disease outbreaks. Around 3.4 million people died from water-
related diseases in 2014, primarily children (WHO, 2014). Each day, polluted water claims the
lives of about 4,000 youngsters (UNICEF, 2014). WHO estimates that more than 2.6 billion people
lack access to safe water, which results in 2.2 million annual deaths, 1.4 million of which are
children (WHO, 2011). In Kisumu City, there are several reports that urban neighborhoods such

as informal settlements and streams are heavily contaminated by many enteric viral, bacterial,
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protozoan, and helminthic enteric pathogen species (Baker et al., 2018), with records from health
facilities showing that diarrheal diseases are among the top causes of morbidity. High levels of
environmental contamination, often associated with improper waste and excreta management, is
widespread among informal settlements within Kisumu City that contaminates public water

sources (Opisa et al., 2012; Rochelle-Newall et al., 2015).

2.7 Tools used in studying environmental bacteria

2.7.1 The 16S rDNA gene-based bacterial identification

Previous studies have attempted to assess riverine biological diversity and microbial
community composition. However, this still remains partly addressed due to selective bias
introduced by the available methodology, were mainly based on culture based techniques and
limited molecular methods (Kochling et al., 2017). However, in the recent years, this is being
resolved by use of [llumina and 454-pyrosequencing of the 16S gene and these has provided far
more detailing information on riverine microbial communities (Kochling et al., 2017). These
advance techniques utilize the 16S rDNA gene, a roughly 1550 bp long, highly conserved DNA
sequence that is a component of the ribosomal small subunit. The 16S rRNA gene possesses nine
hypervariable regions (V1-V9) that show significant sequence diversity among various bacteria
and can be exploited for species identity (Chakravorty et al., 2007). Greater higher taxa can be
identified by more conservative regions, whilst genus or species can be identified by more
hypervariable ones. For example, hypervariable regions V1-V3 or V3-V5 are usually used to study
16S rDNA for identification of bacteria at most taxonomic levels for example in human
microbiome, while regions V2-V3 is suitable to differentiate bacteria at genus level (Johnson et

al., 2019).

2.7.2 High-throughput metagenomic sequencing (HTS)

DNA sequencing has become one of the most important platforms for the study of
biological systems today (Reuter et al., 2015). When selecting DNA sequencing platform, there
are at least four major options for metagenomic studies including dideoxy sequencing (Sanger),
pyrosequencing (454 — Roche), SOLiD™ (Applied Biosystems), and [llumina® (formerly known

as Solexa).
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2.7.2.1 Dideoxy sequencing (Sanger)

Sequence determination is most commonly performed using di-deoxy chain termination
technology (Reuter et al., 2015). Sanger sequencing is also known as chain termination
sequencing, has become the most widely used method of DNA sequencing since its advent in 1977
by Frederick Sanger and colleagues and still is in use after more than 29 years (Olson et al., 2009).
Despite all the advantages, there are limitations in this method, which could be complemented
with other techniques. In Sanger sequencing, DNA fragments of varying lengths are synthesized

by incorporating both nucleotides and dideoxy terminators (Olson et al., 2009).

2.7.2.2 Pyrosequencing (454 — Roche)

Pyrosequencing is the first alternative to the conventional Sanger method for de novo DNA
sequencing (Reuter et al., 2015). Roche 454 platform is a high-throughput sequencer used as a
method to detect the hidden diversity of microorganisms. It is based on sequencing by synthesis
and relies on the real-time detection of inorganic pyrophosphate (PPi) released on successful
incorporation of nucleotides during DNA synthesis (Olson et al., 2009). It employs a series of four
enzymes to accurately detect nucleic acid sequences during the synthesis (Reuter et al., 2015).
Roche 454 provided relatively long sequences, suitable for amplicon sequencing of specific target
regions (Hirai et al., 2017). Pyrosequencing has the potential advantages of accuracy, flexibility,

parallel processing and can be easily automated (Lightbody et al., 2019; Reuter et al., 2015).

2.7.2.3 Illlumina® (formerly known as Solexa)

Illumina MiSeq is integrated next generation sequencing instrument that uses reversible
terminator sequencing by synthesis technology to provide end-to-end sequencing solution (Bomar,
Maltz, Colston, & Graf, 2011). Illumina MiSeq is becoming more common and most widely used
next generation sequencing platforms in metagenomics and gene expression studies since it can
more than 10 times the number of sequence reads of Roche 454 at a lower cost (Caporaso et al.,
2012; Kozich et al., 2013). The MiSeq instrument is one of the smallest benchtop sequencers that
can perform onboard cluster generation, amplification, genomic DNA sequencing and data
analysis, including base calling, alignment and variant calling, in a single run (Kozich et al., 2013).

The newer methods, including Roche/454 and Illumina/Solexa, are referred to as next-
generation sequencing. Next-generation sequencing technologies have revolutionized the analysis

of microbial communities in diverse environments (Fouad, 2012). One of the advantages of next-
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generation sequencing is the ability to produce an enormous volume of data cheaply. Next
generation sequencing (NGS) technology have led to source identification based on the
comparative characterization of the entire microbial communities of environmental samples and

pollution sources (Ahmed et al., 2015).

2.7.3 Microbial source tracking

Microbial source tracking identify the potential origin of microbiome compositional
structure (Shenhav et al., 2021). Among the different MST-based approaches, the marker gene
approach, which relies on measurement of host source-associated DNA sequences by polymerase
chain reaction (PCR)-based technologies, is among the most utilized (Harwood et al., 2013). These
methods differ from the single marker MST-based approaches by their ability to characterize
thousands of sequences in each sample (Sogin et al., 2006). However, the current methods for
microbial source tracking have some limitations. Earlier methods were limited to contamination,
focusing on detection only specific, predetermined contaminating species. The current methods of
microbial source tracking often lack a proper probabilistic framework or depend on the
identification of indicator species, whose abundance reflects a specific environmental condition
(Shenhav et al., 2021).

Several studies have explored the use of metabarcoding to expand our knowledge about
the river microbial communities as well as their physiological functions in response to changes in
environmental parameters. For instance, a study conducted in intermittent peri-urban Chaudanne
River showed that [llumina and 454-pyrosequencing of the 16S gene appeared more sensitive at
tracking bacterial community changes than microbial source tracking (MST) markers. A study in
Wonderfonteinspruit catchment area, South Africa used 16S rRNA gene high-throughput
sequencing to characterize bacterial communities and their response to various contaminant
sources (Jordaan et al., 2019). These advances in sequencing technology are revolutionizing our
understanding of the roles microbes play in health and disease, biogeochemical cycling and their
response to various contaminations (Knights et al., 2011). Although previous studies have used
various sequencing technologies, high throughput sequencing rarely has been used in studies of

bacterial communities in urban-impacted rivers/streams, particularly in sub-Saharan Africa.
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2.7.4 Use of metagenomics in studying environmental microbiome

Metagenomics involves direct analysis of collective genomes of biological communities
found within environmental samples (Xu, 2006). Metagenomics approach was originally used to
detect unculturable bacteria found in sediments (Jordaan and Bezuidenhout, 2013). Metagenomics
provides extensive information on microbial community structure and composition (Jordaan and
Bezuidenhout, 2013). Metagenomics involve cloning of DNA fragments, followed by sequencing
and finally functional analysis of the cloned segments (Xu, 2006). Only a small portion of bacteria
could be cultivated on selective media, which has long hampered research on wild bacterial
populations (Bryanskaya et al., 2016). Metagenomics answers two questions, “who is there? ” and
“ what might they be doing? ”. Bacterial identification through sequencing of maker genes and
whole genome sequencing answer the question “ what is there? ” (Nguyen, 2017). Using a
metagenomics method, natural bacterial populations of benthic and pelagic bacteria can be
examined by directly sequencing their 16S rDNA genes. A much more comprehensive description,
such as those of bacterial biocatalysts or enzymes, is provided by metagenomics, which enables
access to the functional gene composition of bacterial populations (Mukherjee et al., 2017).
Metagenomics studies have been useful in elucidating microbial communities found in toxic
environments. A metagenomics study conducted in Jialing River, which flows through numerous
Chinese cities showed high abundance of Flavobacteria and Bacteroidia which have been
associated with fecal pollution (Wang et al., 2018). Proteobacteria, Bacteroidetes, Actinobacteria,
Chloroflexi and Acidobacteria were found to be dominant in a tropical river highly impacted by
urbanization activities in northeastern Brazil (Kochling et al., 2017) Therefore, metagenomics can
be used to provide details of interactions between bacterial communities and their natural and
anthropogenic alter environments. Despite the numerous studies conducted to assess the impact of
urbanization in many countries, limited efforts have been put on investigating how microbial
composition and structure are affected by varied levels of urbanization in developing countries.

In this study, [llumina MiSeq sequencing platform for 16S rRNA amplicon analysis was
used to allows assessment of mixed stream sediment microbial communities by directly
sequencing DNA from environmental samples. This approach provided a picture of the diversity
and microbiome structure present in the environment, and it enables studies to understand how
microbial diversity is modulated in response to environmental or anthropogenic impacts. This

method has been found to be particularly appropriate for assessing the taxonomic and functional
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microbial diversity in river sediment biome and monitoring community changes over space and
time (Beattie et al., 2020; Brito et al., 2013; Chaudhary et al., 2018; Wang et al., 2018; Yao et al.,
2017).

2.7.5 Predictive metagenomic function profiling

Technologies used for revealing the functional potential of microbial communities are
hindered by high costs and skills barrier necessary to generate and interpret data (Wilkinson et al.,
2018). One of the tools that have been developed to address this is Phylogenetic Investigation of
Communities by Reconstruction of Unobserved States (PICRUSt). This bioinformatics tool was
developed to predict functional potential of microbial communities from 16S rRNA studies with
little extra work or cost, but its accuracy relies on the availability of complete sequenced genomes
of representative organisms from the community being investigated (Sun et al., 2019; Wilkinson
et al., 2018). Several studies have been conducted to address the metabolic functions of microbial
communities in river ecosystems impacted by varied levels of anthropogenic inputs. A study
conducted along the Apatlaco River, Mexico, reported differential distribution of biodegradative
functions related to the degradation of xenobiotics. The study identified metabolic potential related
to bioremediation activities, of genera Thiomonas, Polaromonas, Pedobacter, Myroides,
Pseudomonas, Acinetobacter, Aeromonas and Thauera (Breton-deval et al., 2020). Another study
conducted in Wonderfonteinspruit Catchment Area (WCA), South Africa, reported higher relative
abundances of genes involved in xenobiotic degradation (Jordaan et al., 2019). Zhang et al (2019)
also found that sewage inputs increased the abundance of human gut (HG) microbiome associated
sequences by 13-fold and antibiotic resistance genes (ARGs) by 2-fold in the Ganges River in
India. Despite several studies on functional profiles of bacterial communities in rivers impacted
by human activities, information of functional profiles of bacterial communities in rivers in
developing countries still remains unclear. The information on metabolic pathways of bacterial
communities in urban impacted rivers to establish their role in the ecosystem can play an important

role in environmental management.

2.8 Organization of the thesis

This research was conducted to determine the diversity and abundance of sediment

bacterial communities along the two urban river/stream impacted by varying levels of
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urbanisation, using 16S rRNA gene-based Illumina MiSeq sequencing (Objective 1). In addition,
to understand the functional and metabolic potential of the microbial communities in Kisat and
Auji streams to establish their role in the ecosystem, Phylogenetic Investigation of Communities
by Reconstruction of Unobserved States (PICRUSt) algorithm was used to predict functional
profiles of bacterial communities by assigning metagenomics reads to the Kyoto Encyclopedia of
Genes and Genomes (KEGG) (Objective 2). Finally, multivariate analyses techniques such as
redundancy analysis (RDA) and linear regression was used toidentify the key environmental
factors that influenced compositional variations in stream sediment bacterial communities
(Objective 3).

The subsequent chapters of this thesis consist of a consolidated theme (based on the three
objectives), which are linked through the 16S rRNA gene-based reconstruction the taxonomic and
functional diversity of the bacterial communities as impacted with varying levels of pollution
(nutrient factors and heavy metals content). Chapter 3 outlines the material and methods used in
the study including the statistical data analysis and visualization. Chapter 4 and 5, further
provides the results and describes the diversity of these stream sediment bacterial community, and
how their taxonomy and functional attributes are affected by urban pollution gradient. The final
chapter (Chapter 6) synthesizes the research contributions of my thesis and gives suggestions for
future research directions.

The output of this study has been submitted for publication in internationally refereed

journal:

1. Odhiambo, K., Henry JO Ogola, Memory Tekere and Grace N. I[joma. Contribution of
pollution gradient to the sediment microbiome and potential pathogens in urban streams

draining into Lake Victoria (Kenya). Environmental Science and Pollution Research

(ESPR) (Accepted).
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CHAPTER THREE
MATERIALS AND METHODS

3.1 Description of study area

This study was conducted between September and December 2019, on two rivers (Kisat
and Auji) that drain into the eastern part of the Winam Gulf of Lake Victoria through Kisumu City,
Kenya (Figure 3.1). The catchment area of the streams is within latitude 00°6’ N and longitude 34°
45' E, covering 417 km? (Figure 1). Kisat and Auji rivers cover a total length of ~7.0 and 10km,
respectively, through Kisumu City, traversing areas characterized by different land use patterns

and degree of urbanization.
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Figure 3.1 A map of the study site. a) A Google Earth map of Kisumu City showing two rivers
under study (Kisat and Auji) draining into Winam Gulf of Lake Victoria, Kenya. The sampling
points are denoted as the red dots. Inset is map of Africa and location of Kenya. b, and c¢) shows

the pictures of the polluted sections of River Kisat and Auji, respectively
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On the basis of land use patterns and degree of urbanization, the catchment zones of both
streams were defined as either highly impacted (Mid and Lower Catchment), and one relatively
less impacted (Upper Catchment). The Upper Catchment included the area covering the streams
origin, either as subterranean or surface groundwater (spring), to the peri urban of the city, largely
characterized by a land use pattern comprising of >70% agricultural area (mainly small-scale
maize farms and large-scale sugar plantations) and < 30% developed urban area. The Mid
Catchment zone is characterized by >70% developed urban area consisting of planned residential
areas and informal settlements (slums) with sparse light industries. In this zone, less 30% of the
population is served with the sewerage system. Finally, the lower catchment zone boarders the
lake front and includes the heavily built central business district characterized by heavy
concentration of industries (such as a brewery, tannery, textiles, steelworks and fish processing
industries), upmarket residential settlements and motor vehicle garages. The zone has two

wastewater treatment plants one draining in Kisat and Auji River, respectively.

3.2 Experimental design and sampling

The study adopted stratified purposive sampling design, where the catchment of the two
streams (Auji and Kisat) were initially stratified into three strata, as either highly impacted (Mid
and Lower Catchment), and one relatively less impacted (Upper Catchment), on the basis of land
use patterns and degree of urbanization as described in subsection 3.1. Based on the nature of the
stream and terrain, simple random sampling method was used select sampling points within each
catchment zone. Specifically, a transect was laid along the river and both sediment and water
samples were collected from at least three sites (0.5 Km apart) within each catchment zone of each
stream. Based on this criterion nine and thirteen samples were collected from Kisat and Auji stream
respectively. Based on catchment zones, six, ten and six samples were collected for the Upper,
Mid and Lower catchments, respectively as shown in Figure 3.1.

Sediments were collected at the bottom of the river (0-10 cm depth) using dredge sampler
(Kajak, KC-Denmark) based on a multi-point mixed sampling method (Jacquiod et al., 2018). For
every sampling site, 6 replicate samples were collected with an area of 2 m x 2 m and then mixed
into one composite sample (the sediment, approximately 250 g) which was placed in pre-sterilized
aluminum boxes and stored in ice bags at low temperatures. Water samples were collected in

triplicate approximately 20 cm below the water surface at each sampling site, in 500 mL sterile
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polyethylene bottles, stored in ice bags and transported quickly to Jaramogi Oginga Odinga
University of Science and Technology laboratory within 12 hours for analysis. In the laboratory,
sediment samples were divided into two groups for molecular and physicochemical parameters

analyses. For metagenomic experiments, samples were stored at -20°C until analysis.

3.3 Laboratory analytical methods, data visualization and statistical analyses

3.3.1 Determining the sediment bacterial community structure and diversity using the

targeted 16S rRNA gene amplicon Illumina MiSeq sequencing

3.3.1.1 Genomic DNA extraction

Using the Fecal/SoilTotal DNA™ extraction kit (Zymo Research Corporation, CA, USA),
genomic DNA was extracted in triplicate from the 0.25 g sediment samples and stored at -80°C
before further analysis. Briefly, 0.25 g of the sediment soil was initially mixed with 5 mL
phosphate-buffered saline (PBS, pH 7.4). The mixture was agitated by vortexing and allowed to
stand for 15 minutes at room temperature to dislodge the bacterial cells adhering to the solid soil
particles. An aliquot of 400 pL resultant supernatant was used for DNA extraction using the
extraction kit according to manufacturer’s instructions. To account for biases introduced during
the DNA extraction step, genomic DNA was extracted in triplicates for each sediment sample and
pooled together before use for downstream analysis. The quantity and the quality of extracted
DNA were checked on Biodrop pLite spectrophotometer (Biochrom Ltd, Cambridge, UK) and
agarose gel electrophoresis, respectively. In this study, only high-quality genomic DNA (20-150

ng/L and Aze0:A280 = 1.8-2.0) was used for downstream PCR and sequencing analyses.

3.3.1.2 Library preparation

Following the procedure outlined by Ogola et al. (2021), initial PCR amplification of the
whole variable region of bacterial 16S rRNA of genomic DNA was done using the universal
primers 27F (5'-AGAGTTTGATCCTGGCTCAG-3") and 1492 (5°-
TACGGYTACCTTGTTACGACTT-3"). Each 25 pL reaction volume contained 0.5 uM of each
primer, 1X OneTaq® Hot Start Master Mix (New England Biolabs, Ipswich, MA, USA) and 20
ng DNA. PCR was performed under following cycling conditions (95 °C, 5 min; 32 x [95 °C, 1
min; 55 °C, 1 min; 72 °C, 1 min]; 72 °C, 7 min; 4 °C, o), and resultant amplicons checked on a
1.5% agarose gel. A second PCR amplification to cover the bacterial 16S rRNA VI1-V3
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hypervariable region was performed using 27 F (5’-
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG- 3’) and
518R (5 GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGT

ATCTAATCC-3') primer pairs, fused with MiSeq adapters and heterogeneity spacers compatible
with [llumina indexes for multiplex sequencing. The resulting amplified products were visualized
in ethidium bromide-stained 1% agarose gel. The DNA pools that yielded amplified products with

fragments of approximately 560 bp were selected.

3.3.1.3 Illumina sequencing and processing

The amplified PCR product was initially cleaned using AMPure XP magnetic beads
(Beckman Coulter, Massachusetts, USA) according to the manufacturer’s instructions. Following
purification, Illumina sequencing dual-index barcodes were added to the amplicon targets using
full complement of Nextera XT® indices (Illumina Inc., San Diego, CA, USA) in 25-uL. PCR
reaction (95 °C, 3 min; 8 x [95 °C, 30s; 55 °C, 30s; 72 °C, 30s]; 72 °C, 5 min; 4 °C, «). PCR
amplicons were cleaned using AMPure XP® beads, and the fragment size (~630 bp) was validated
using the Bioanalyzer DNA 1000® chip (Agilent, Santa Clara, CA, USA) and quantified using the
Qubit™ dsDNA HS Assay kit (ThermoFisher Scientific, Waltham, MA, USA). Five microlitre (5
uL) aliquots of purified equimolar DNA (4 nM) from each library were pooled into a single
amplicon library and stored at —20 °C until sequencing. Pooled libraries were subsequently
sequenced on the Illumina MiSeq 250 platform with v3 chemistry (2x300 cycles kit) (Illumina
Inc., San Diego, CA, USA) at the College of Agriculture and Environmental Sciences (CAES)
Eureka Laboratory, University of South Africa, Johannesburg, South Africa.

3.3.1.4. Bioinformatic analyses of Illumina sequencing data

The raw high-throughput sequencing data of the 22 sediment samples analyzed in this study
have been deposited in the National Center for Biotechnology Information (NCBI) Sequence Read
Archive (SRA) database as BioProject ID PRINAS&55470
(https://www.ncbi.nlm.nih.gov/bioproject/PRINA855470). Standard techniques based on the

Quantitative Insight Into Microbial Ecology (QIIME) v1.7.0 data analysis program (Caporaso et
al., 2011) were used to conduct the bioinformatics analysis. Briefly, forward and reverse reads

were initially merged and truncated to remove the Illumina adaptor and primer sequences. Quality
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filtering for each sample, based on average quality score of <20 over a 50 bp sliding window, was
used to truncate ~450 bp reads. Reads containing ambiguous characters were removed and quality
filtered reads were then compared with the reference database (Ribosomal Database Project (RDP)
Gold database) using the USEARCH and UCHIME utility to detect and remove chimeric
sequences (Edgar et al., 2011). Chimeric sequences are artefact sequences formed by two or more
biological sequences incorrectly joined. The RDP Classifier is a naive Bayesian classifier that can
rapidly and accurately provides taxonomic assignments from domain to genus, with confidence
estimates for each assignment. The resultant quality-filtered sequence reads were aligned against
the SILVA 16S rRNA gene reference database (version 132) with a confidence threshold of 80%
(Quast et al., 2013). Finally, clustering of operational taxonomic units (OTUs) at 97% sequence
identity was done using the furthest neighbor algorithm. OTU refers to operational definition used
to classify closely related sequences (having >97% similarity). Sequences were rarefied prior to
calculation of alpha and beta diversity statistics. Abundant OTUs (>0.01 relative abundance) at
the genus level were utilized in generating the heat map to visualize dominant taxonomy and
determine dissimilarity of bacterial communities between the river catchment samples. For
downstream analysis, the sequences were rarefied to lowest sequence read sufficient capture the
whole bacterial community. Rarefaction involves random subsampling of sequences from the

initial sample library to selected normalized library size.

3.3.1.5 Data visualization and statistical analysis

For visualization of the differences in relative abundance of sediment bacterial community
composition, stacked bar charts and heatmap based on the major OTUs at phylum, class, order,
family, and genus level were generated by ggplot2 (Wickham, 2016) and heatmap.2 packages

(Warnes et al. 2019) in R software version 3.6.1 (http://www.r-project.org), respectively, to

visualize the variations and distributions of bacterial communities. Alpha diversity of sediment
bacterial community was evaluated using rarefied datasets of 18,172 based on observed OTUs, the
abundance-based coverage estimator (ACE), Chaol richness index, Shannon-Weiner (H')
community index, Simpson evenness (D), Phylogenetic Diversity (PD) and Good’s coverage
index; variation was tested statistically using either one-way ANOVA and post-hoc tests (Tukey-
Kramer at 0.95), an effect size (Eta-squared) and multiple test correction using Benjamini-
Hochberg FDR (false discovery rate) procedure. As amplicon sequencing data consist of discrete

counts of sequence reads, with groups of samples typically having different library sizes that are
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not representative of biological variation, library size normalization is required to meaningfully
compare diversity between them (Schloss et al., 2009).

For beta diversity analysis, soil bacterial community dissimilarity between the sediment
samples was performed by non-metric multidimensional scaling (NMDS) and redundancy analysis
(RDA), respectively, based on Bray-Curtis distance matrix using vegan package in R (Oksanen et
al., 2010). The significance of the convergence between stream catchment zones physicochemical
characteristics and sediment bacterial community was validated by performing nonparametric
analysis of similarity (ANOSIM) and adonis PERMANOVA (Anderson and Walsh, 2013) using
vegan package in R. While ANOSIM generates an R statistic and p value, adonis PERMANOVA
gives both F statistic, R? and p values. Both R and R’ are statistics for compositional dissimilarity,
where higher values indicate dissimilarity.

A Venn diagram, generated using ampVis2 package (Andersen et al., 2018) in R software,
was used to evaluate the shared and unique core microbiome at genus level (herein defined as
OTUs present in at least 50% of the samples of each group at 1% minimum relative abundance).
The possible biomarkers with significant differences were identified using the linear discriminant
analysis (LDA) effect size (LEfSe) approach (Segata and Huttenhower, 2011). Linear discriminant
analysis (LDA) is a generalization of Fisher's linear discriminant method used to find a linear
combination of features that characterizes or separates two or more classes of objects or events.
Linear Discriminant Analysis Effect Size (LEfSe) is an algorithm for high-dimensional biomarker
discovery that identifies genomic features, characterizing the differences between two or more
biological conditions (Segata and Huttenhower, 2011). First, the algorithm robustly identifies
features that are statistically different among biological classes, then performs additional tests to
assess whether these differences are consistent with respect to expected biological behavior
(Segata et al., 2011). Linear Discriminant Analysis Effect Size uses LDA to estimate the effect
size of each differentially abundant feature (Segata et al., 2011).

3.3.2 Determining the sediment microbial communities' functional profiles and the presence

of potential bacterial pathogens

3.3.2.1 PICRUSt metagenomic function profiling of bacterial communities
The functional capabilities of identified bacterial communities in sediment samples were

also predicted using phylogenetic study of communities by reconstruction of unobserved states
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(PICRUS) (Douglas et al., 2018). Phylogenetic Investigation of Communities by Reconstruction
of Unobserved States (PICRUSt) uses evolutionary modelling to predict metagenomes from 16S
data and a reference genome database (Langille et al., 2013). It uses an extended ancestral-state
reconstruction algorithm to predict which gene families are present and then combines gene
families to estimate the composite metagenome (Langille et al., 2013). Metagenome predictions
were made by corresponding the 16S rDNA marker gene data and the reference genomes in
databases, including both Cluster of Orthologous Groups (COG) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) databases. One-way ANOVA and post-hoc tests (Tukey-Kramer at
0.95), an effect size (Eta-squared) and multiple test correction using Benjamini-Hochberg FDR
(false discovery rate) procedure was used to detect the differentially abundant KEGG pathways

between the threecatchment zones.

3.3.2.2 Presence of potential bacterial pathogens

National Center for Biotechnology Information-basic local alignment search tool (NCBI-
BLAST) algorithm was used to search the human bacterial pathogen database (HBPD) for human
bacterial pathogens from Illumina sequencing sequences (Cai and Zhang 2013). For the analysis,
only sequences with a blast hit of >97 percent identity was taken into account. A bacterial genus
was regarded as potentially harmful if at least one species with a minimum abundance of 10 strains
classified as biosafety level 2 or 3 by the American Biological Safety Association

(https://my.absa.org/tiki-index.php?page=Riskgroups). According to American Biological Safety

Association, risk group 2 (RG2) are agents that are associated with human disease which is rarely
serious and for which preventive or therapeutic interventions are often available. Risk group 3
(RG3) are agents that are associated with serious human disease for which preventive or

therapeutic interventions may be available.
3.3.3 Identifying the key environmental factors accounting for the variations in sediment
bacterial community composition and structure

3.3.3.1 Stream water physicochemical parameter analyses
The physical and chemical characteristics of water samples such as pH, electrical

conductivity (EC), dissolved oxygen (DO) and turbidity were measured on site using a HANNA
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H1991300 multi-parameter ion-specific meter (Hanna Instruments (Pty) Ltd, Bedfordview, South
Africa).

3.3.3.2 Environmental factors (sediment physicochemical parameter) analyses

In the laboratory, the wet soil sediment samples were spread on aluminium foil that had
been sanitized using 70% ethanol and then dried in the oven at 105°C until a constant weight
(Kinuthia et al., 2020). Non-soil materials such as stones, plastics, pieces of plant residues
including the roots, leaves and stems were manually removed from the sediment samples.
Sediments were then grounded using pestle and motor sieved through a 2-mm mesh and
subsequently divided into two portions. In each portion, about 50g of sieved sediments were
packed in small brown envelopes and labeled.

To measure the pH of the sediment samples, sediment slurry was prepared in deionized
water at sediment water ratio 1:5. The slurry was shaken at 150 rpm for 2 hours at room
temperature. Once settled (after 12 h), the liquid part was carefully decanted and used for pH
analysis using using Adwa AD11 pH meter (Adwa Instruments, Szeged, Hungary). Total organic
carbon (TOC) was measured by combusting 10mg aliquots at 680°C in an Apollo 9000 Total
Organic Carbon Analyzer equipped with a boat sampler (Model 183 Teledyne Tekmar, Mason,
HO). LECO Trumac® Carbon, Nitrogen, and Protein analyzer fitted with boat sampler (Series 828
LECO, Michigan, US) was used for the analysis of total nitrogen (TN) according to manufacturer’s
instructions.

Inductively coupled optical emission spectrometer (Agilent Technologies 700 Series ICP-
OES) analysis of the heavy metal concentration was performed on 0.5g of soil samples after acid
microwave digestion as described previously (Sekhohola-Dlamini et al., 2020). Briefly, 0.5 g of
each sediment sample was digested with concentrated nitic acid (9 mL) and hydrochloric acid (3
mL) in a PTFE microwave bombs in SINEO MDS-6G Microwave (Jinan Hanon Instruments Co.,
Ltd, Jinan, China) at 175°C for 30 minutes at 6W power as per the guidelines provided by the
manufacturers. The digested were filtered and the volume of filtrate quantitavely made up to 50
mL with deionized water. An inductively coupled optical emission spectrometer (Agilent
Technologies 700 Series ICP-OES) was used after proper dilutions to measure the heavy metal

contents.
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3.3.3.3 Heavy metal pollution assessment

Nemerow integrated pollution index (Py) (Hu et al., 2018) was adopted to evaluate overall
heavy metal pollution status in the sediments. Py comprehensively reflects the status of multiple
HMs pollutants and highlights the highest concentration pollutants on the environment. Initially,

single factor pollution index (P;) Pb, Cd, Cr, Cu and Zn was calculated as follows:
P =+ (1)

where Cj and S; are the concentrations of evaluated metal(loid)s in the sample and local
background, respectively. The greater the single factor index, the higher level of the contamination

of the single heavy metal. The P; was used to calculate Py as follows:

(%Z?— Pi)Z"'PiZmax
py = [ @

where % * | P; and P;,,, are the mean and maximum values of P; of all the evaluated metal(loid)s,

respectively, while n is the number of evaluated pollutants.

Pollution of the sediment by the heavy metals was classified into five grades based on the
Nemerow pollution index (Py < 0.7 — non-pollution; Py 0.7-1.0 — pollution warning line; Py
1.0-2.0 — low level of pollution; Py 2.0-3.0 — moderate level of pollution; Py > 3.0 — high level
of pollution) (Hu et al., 2018).

3.3.3.4 Data visualization and statistical analysis

Statistical Analysis Software (SAS) version 9.4 (SAS Institute, Cary, NC, USA) was used
to do a one-way analysis of variance (ANOVA) with Tukey's Honest post hoc test (p < 0.05) to
compare the physicochemical results. The differences were visualized using histograms created
using Prism GraphPad (Vers 8.2.1, GraphPad Software, La Jolla California, USA).

Redundancy analysis (RDA) was used to visualize the stream sediment microbial
community structure from the three catchment zones and to determine its correlation with
environmental factors such as TP, TN, TOC, pH and heavy metals (Pb, Cd, Cr, Cu and Zn).
Redundancy analysis is a constrained method based on multiple linear regressions to extract and

summarize the variation in a set of response variables which can be explained by a set of
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explanatory variables. Prior to RDA analysis, OTU count data were Hellinger-transformed as
implemented in the R package vegan v2.4-1 (Oksanen et al., 2010), and the matrices analyzed
using detrended correspondence analysis (DCA) to evaluate the gradient size of the genus
distribution. In this study DCA indicated linearly distributed data (length of gradient < 3),
suggesting the RDA as the best-fit mathematical model for the data. Forward selection and the
Monte Carlo permutation test were applied with 1,000 random permutations to verify the
significance of environmental parameters upon the biological variables. Contribution of highly
correlating OTUs (p < 0.01) with redundancy axes was identified using the envfit functions from
the R package vegan. RDA plots were generated using R package vegan v2.4—1 and ggplot2
(Wickham, 2016). To further investigate the correlation between Bray—Curtis dissimilarity
distance and environmental factors, linear regression was done using the R package ggpubr

(Kassambara, 2020).
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CHAPTER FOUR

RESULTS

4.1 Sediment bacterial community structure and diversity along the river/stream catchment

using the 16S rRNA gene-based Illumina MiSeq sequencing.

4.1.1 Richness and diversity of sediment microbiome

Illumina sequencing of the 22 samples, delineated into three groups on the basis of urban
pollution, resulted in a total of 1,321,460 reads and 896,567 high-quality sequences with an
average of 39,719+2,964 sequences and read length of 410+50 bp. The detailed global sequencing
data has been provided in Table S1 in the Appendices. Both rarefaction curves and rank abundance
plots asymptotically approached a plateau with increase in the number of sequences, suggesting
that the curves accurately reflected the whole bacterial communities. Good’s coverage across all
the samples was >99% (Table 4.1), indicating that the sampling depth was sufficient to estimate

the bacterial diversity enclosing all major group inhabiting the three stream catchment systems.
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Figure 4.1 Rarefaction curves of operational taxonomic unit (OTUs) diversity of each sample

(a) and rank abundance plot of the OTU accumulation for each river catchment (b).

Table 4.1 show the summary of the sequencing data and alpha diversity indices of the

sediment bacterial community across the different stream catchment zones. Prior to calculating the
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alpha and beta diversity statistics, sequences were rarefied to the lowest sequence read (18,172
sequences). Both species evenness (Simpson) and species richness indices (Observed OTUs, ACE,
Chaol and PD) were significantly higher (p < 0.5) for the lower catchment zone stream sediment
samples, indicating a richer and diverse bacterial community than Upper and Mid catchment zones.
However, no significant differences were observed in Shannon indexes (p > 0.05) between the

different catchment zones of the two streams.

Table 4.1 Summary of sequencing outputs and diversity indices for sediments bacterial

communities from different stream catchments flowing through urbanized Kisumu City

Indices Catchment p-value
Lower Mid Upper

Quality reads 46 534+£12 126 40 709+2 964 34 49944 532

Observed OTUs 1 414£3392 704+59° 807+116° ok

ACE 1 574£350% 749+64° 883+135° ok

Chaol 1 49243392 721£61° 842+127° ok

Simpson (D) 0.1540.05° 0.04+0.01° 0.04+0.01° ok

Shannon (H) 3.9240.25 4.32+0.10 4.50+0.12

PD 1 563+£265% 864+87° 1 055146 *

Good’s coverage (%) 99.7 99.2 99.4

" Sample comparison for diversity indices (observed OTUs, ACE, Chaol, Shannon, Simpson
evenness and Phylogenetic Diversity) were performed using rarefied datasets of 18,172 sequences
representing the lowest number of reads in a sample. One-factor ANOVA was carried out to
compare the sampling sites and post hoc (Tukey’s) tests applied. Different superscript letters
within a row indicate significant differences at p < 0.05, * ; p <0.01, **; and p <0.001, ***. PD,
phylogenetic diversity.

4.1.2 Bacterial compositional structure across the catchment zones

A total of 36 phyla, 91 classes, 193 orders, 429 families and 1483 genera were identified
in the sediment bacterial community across the different stream catchments. The stream sediment
bacterial community composition was dominated by the phylum Actinobacteria (3.4-66.5%),
Proteobacteria (9.4-75.0%), and Firmicutes (3.8-50.6%), followed by Bacteriodetes (0.1-16.4%),
Cyanobacteria  (0.0-20.0%), Verrucomicrobia (0.0-10.3%), Fusobacteria (0.0-1.5%),
Acidobacteria (0.0-1.3%), Chloroflexi (0.0-1.1%) and Gemmatimonadetes (0.0-0.5% (Figure
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4.2a). The relative abundance of all phylum detected in the sediment samples is provided in Table
S2 in the Appendices. The major classes detected in the sediment samples included unclassified
Actinobacteria, Bacilli, Alphaproteobacteria, Gammaproteobacteria, Clostridia, Sphingobacteria

and Bacteroidia (Figure 4.2b).
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Figure 4.2 Composition and diversity of river sediment bacterial community. a) Relative
abundance at phylum level and class level (b). ¢) Significantly different relative abundance of
dominant bacterial phyla (having > 0.1% relative abundance) in three groups of stream catchment
sediments. One-way ANOVA test and post-hoc Tukey’s test with subsequent Benjamini-
Hochberg false discovery rate (FDR) correction was used to evaluate the importance of
comparisons between indicated groups. *, p <0.05; **, p <0.01; and ***, p <0.001. ¢) The non-
metric multidimensional scaling (NMDS) plot based on Bray—Curtis dissimilarity showing
significant differences in similarity tested by ANOSIM (R = 0.5085, p < 0.0001) and adonis
PERMANOVA (F=4.77, R =0.334, p = 0.001).

Differences in sediment bacterial phyla abundances was observed in the upper, mid, and
lower catchment zones of the two streams (Figure 4.2b), suggesting that bacterial diversity was
differentially affected by stream catchment conditions. The mid and lower catchment zone
sediment of the two streams had higher enrichment of phylum Actinobacteria. In contrast, the
upper catchment zones had significant enrichment of phylum Proteobacteria and
Verrucomicrobia, while members of phylum Chloroflexi were significantly (p < 0.5) enriched in
the mid catchment zone. For a further glimpse into the compositional and structural differences of
sediment bacterial communities in the catchment zones, beta diversity analysis based on NMDS
was employed. To test the significance of the observed spatial heterogeneity, NMDS (based on
Bray-Curtis dissimilarity), ANOSIM, and adonis PERMANOVA analysis of community
abundance at phylum level was performed (Figure 4.2¢). Overall, NMDS plots exhibited a clear
separation of sediment samples in the ordination space according to the catchment zones than the
stream. This was further supported by analysis of similarity (ANOSIM) and adonis
PERMANOVA which indicated that sampling sites differed significantly in dispersion when
community structure was considered (ANOSIM R =0.5085, p <0.0001: PERMANOVA, F=4.77,
R?=0.334,p=0.001).

The sediment bacterial composition at the order and family level has been provided in
Figure 4.3. At the family level, Corynebacteriaceae, Micrococcaceae, Staphylococcaceae and
Propionibacteriaceae were the most dominant taxa in the lower and mid catchment stream
sediments accounting for > 35% of recovered sequences (Figure 4.3b). In contrast, the upper

catchment stream samples microbiome was dominated by Proteobacterial (Methylocystaceae
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(33%), Xanthomonadaceae (4.7%)), Firmicutes (Bacillaceae (13.3%) and Clostridiaceae (4.5%))

and Bacteriodetes families (Sphingobacteriaceae (3.9%)).

(a) (b)
Actinobacteria; Corynebacteriales - | 19.6 | 23.8 3.9 Actinobacteria; Corynebacteriaceae - | 18.8 \ 231 3.7
Actinobacteria; Micrococcales - | 16.2 ' 16.9 2.9 Actinobacteria; Micrococcaceae- 7.2 86 1.1
Proteobacteria; Rhizobiales - = 8.5 4.6 - Firmicutes; Staphylococcaceae- 3.9 95 0.9

Firmicutes; Bacillales- 55 | 11.2 | 17.6 Proteobacteria; Methylocystaceae - | 0 0 -
Actinobacteria; Propionibacteriales - = 8.1 8.9 1.5 Actinobacteria; Propionibacteriaceae- 5.6 | 7.7 0.9
Firmicutes; Lactobacillales - 3 57 09 Firmicutes; Bacillaceae- 1.1 1.2 [13.3
Actinobacteria; Streptomycetales- 4.3 33 1.3 Actinobacteria; Streptomycetaceae- 4.3 3.3 1.3
Proteobacteria; Pseudomonadales - 1.8 43 0.7 Proteobacteria; Moraxellaceae- 1.7 4.1 0.7
Actinobacteria; Pseudonocardiales - = 8.4 1.1 0.9 Firmicutes; Streptococcaceae- 16 4.1 0.7
Firmicutes; Clostridiales - 2 1.7 59 Actinobacteria; Brevibacteriaceae- 32 3.4 04
Bacteroidetes; Sphingobacteriales- 27 15 39 Actinobacteria; Pseudonocardiaceae- 84 1.1 0.9
Proteobacteria; Xanthomonadales - 1.2 1 47 Actinobacteria; Microbacteriaceae- 32 2.9 0.6
Proteobacteria; Enterobacterales - (.6 2.2 01 Bacteroidetes; Sphingobacteriaceae - 2.2 1.1 3.9
Proteobacteria; Sphingomonadales- 19 15 | 0.2 Proteobacteria; Xanthomonadaceae - 1.2 1 4.7
Proteobacteria; Burkholderiales- 1.3 0.7 2 Actinobacteria; Nocardioidaceae- 2.5 1.3 0.6
Firmicutes; Tissierellales- 19 09 04 Proteobacteria; Rhizobiaceae- 21 12 1.6
Proteobacteria; Neisseriales- 1.2 12 | 0.3 Firmicutes; Clostridiaceae- 0.6 | 0.2 4.5
Proteobacteria; Pasteurellales- 0.6 14 0.1 Firmicutes; Peptoniphilaceae- 19 09 @ 04
Cyanobacteria; Oscillatoriales - 0 0 5 Proteobacteria; Neisseriaceae- 12 1.2 | 0.3
Bacteroidetes; Bacteroidales- 2.9 | 0.1 0.5 Firmicutes; Aerococcaceae- 1.1 1.2 | 0.1
¢ & & ¢ &
o v & v &

Figure 4.3 Relative abundance of bacterial community at order (a) and family level (b)

The relative abundance of the bacterial communities at the genera level (Figure 4.4a) also
provided more insight into the taxonomic differences between the different stream catchments.
Overall, the top 10 genera across all the stream catchments were in the order: Corynebacterium >
Staphylococcus > Methylocystis > Cutibacterium > Auritidibacter > Brevibacterium >
Acinetobacter > Streptococcus > Streptomyces > Turicella. A dendogram heatmap plot showing
complete-linkage agglomerative clustering based on a Euclidean distance of the top 50 genera is
illustrated in Figure 4.4a. Comparatively, genus Corynebacterium was the most abundant taxa in
lower and mid catchment, constituting ~38.6% of the total sequences. Other major genera
identified in stream samples included Staphylococcus (14.1%), Methylocystis (32.8%),
Cutibacterium (13.6%) and Auritidibacter (11.8%). In addition, both lower and mid catchment
had higher abundance of Cutibacterium (5.4% vs. 7.4%) and Auwritidibacter (5.3% vs. 5.6%).

Enrichment of genus Amycolatopsis (7.6%) was also detected in lower catchment zones.
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Interestingly, higher abundance of genus Methylocystis (32.8%) and Bacilli (7.1%) was detected
in the upper stream catchment.
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Figure 4.4 Relative abundance of bacterial community at order (a) and family level (b). a)

Heatmap of log, normalized counts of the 50 most abundant genera in the sediments of three stream
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catchments. The heatmap color (blue to reddish-brown) represents the row z-score of the mean
relative abundance from low to high. b) Venn diagram showing the unique and shared core

microbiome.

4.1.3 Core microbiome of stream sediments

As illustrated in Figure 4.4a, hierarchical clustering of the top 50 genera revealed no clear
clustering of samples on the basis of catchment zones. This result suggests a shared or co-
occurrence of sediment bacterial genera between the three catchment zones. To support this
finding, a Venn diagram was used to evaluate the shared and unique sediment core microbiome
(Figure 4.4b). A total of 46, 31 and 5 OTUs were obtained as core microbiome for the lower, mid
and upper catchment, respectively, representing 60.1% of the total reads generated for sediment
bacterial community. Overall, there were 3 core OTUs (unclassified Corynebacteriaceae,
Rhizomicrobium and Staphylococcus) accounting for 18.9% of the total OTUs that were shared
among the three catchments. However, differences in variations in the unique OTUs were observed
between the catchment zones. Curiously, no unique core OTUs were detected in the upper
nonpolluted stream catchment sediments. In contrast, mid and lower catchments had 4 (1.2%) and
19 (5.2%) unique OTUs, respectively. In contrast, mid and lower catchments had 4 (1.2%) and 19
(5.2%) unique OTUs, respectively. The bulk of these taxa included Rothia, Stenotrophomonas,
Granulicatella and Dermabacter Acidovorax, Phycicoccus, Pseudolabrys, Aeromonas,
unclassified Rhizobiaceae, Shinella, Variibacter, Bradyrhizobium, unclassified Brucellaceae,
Enhydobacter, Kocuria, Luteimonas, Microbacterium, Mycobacterium, Nakamurella, Olivibacter

and Facklamia.

4.1.4 Taxonomic biomarkers of stream sediments

Biomarker analysis with LEfSe analysis was performed to identify the OTUs with
significant abundance differences in the different types of catchment sediments samples of the two
streams. Overall, 31 differentially abundant taxa (LDA > 2.0, ¢ <0.01) were detected, including
8 orders, 10 families and 12 genera level biomarkers across the catchment zones (Figure 4.5a).
The Cladogram showing the metagenomic biomarkers at phylum, class, order, family and genus

levels is illustrated in Figure 4.5b.
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Figure 4.5 Linear Discriminant Analysis (LDA) effect plot and cladogram showing
differential and phylogenetic lineages of indicator bacteria associated with sediments from
three river catchments. (a) Indicator bacteria with LDA effect size > 2 associated with sediments
from three river catchment zones. (b) Cladogram showing the phylogenetic distribution of the
bacterial lineages in river sediments under different catchments. The phylum, class, order, family,
and genus levels are listed in order from the inside to the outside of the cladogram. Different-
colored nodes correspond to different sample groups, which represent taxa with significant
enrichment in the corresponding group and significant influence on intergroup difference (LDA

effect size > 2.0). Yellow circles stand for taxa with no significant differences in the sediment.

Overall, upper and mid catchment zones had the largest number of taxonomic biomarkers.
Genus Cellulomonas, Lysobacter, Rickettsia, unclassified Xanthobacteriaeceae and unclassified
Bacillaceae were the key taxonomic biomarkers in the upper zone. In contrast, only genus Ensifer

and Amycolatopsis were the main taxonomic biomarkers in lower catchment zone.

4.2 Sediment microbial communities' functional profiles and the presence of potential

bacterial pathogens in the different stream catchment zones

4.2.1 PICRUSt metagenomic function profiling of sediment bacterial communities

The biological function of sediment bacteria related to metabolism, genetic information
processing, environmental information processing, cell processes, human diseases, and organism
systems was predicted using metagenomic profiling based on the Phylogenetic Investigation of
Communities by Reconstruction of Unobserved States Version 2 (PICRUSt2) algorithm (Douglas
et al., 2018). The most abundant level 2 Kyoto Encyclopedia Genes and Genomes (KEGG)
pathways related to metabolism (carbon, sulfur, nitrogen and methanol) and disease pathogenesis
detected are shown in Figure 4.6a. In addition, the three stream catchment sediments had
comparable abundance of pathways related to metabolism (carbon, sulfur, nitrogen and methanol)
and disease pathogenesis. However, significant differences (p < 0.05) in the abundance of key
pathways were identified, mainly related to nitrogen metabolism and pathogenesis. Whereas,
disease/virulence markers such as polymyxin resistance, peptidoglycan biosynthesis V (beta-

lactam resistance) and II (staphylococci), and nitrifier denitrification pathway were significantly
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enriched in lower and mid catchment zone, upper zone sediment was characterized by higher

assimilatory nitrate reduction I and urea cycle pathways.
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Figure 4.6 Functional prediction and potential pathogens distribution in the stream
sediments. a) The level 2 KEGG metabolic pathways of bacterial communities in different stream
catchment sediments predicted by PICRUSt2. P-values denoting the significant difference in
metabolic pathways between the catchment sediment are provided. b) Heatmap showing the
relative abundance of major potential pathogens (>0.1 % average abundance ratio) in the different
catchment sediment samples. The asterisk indicated significant difference in abundance between

different catchments (p < 0.05).

4.2.2 Potential bacterial pathogens distribution
In this study, a total of 39 potential pathogenic bacterial genera were identified (Figure
4.6b). The analysis also indicated that 19 of the 39 potential pathogenic genera displayed average

abundance ratios of >0.1% in at least one of the catchment zones. Among these taxa, 10 potential
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bacterial genera exhibited significant differential enrichment between the different catchment
zones. Overall, lower and mid catchment sediments exhibited enrichment of higher number of
potential pathogenic groups such as Corynebacterium, Staphylococcus, Cutibacterium, Turicella,
Acinetobacter, Micrococcus and Faecalibacterium. Compared with other catchment, upper zone
had significant enrichment (p < 0.05) of Bacillus, Clostridium and Acidovorax, whereas
Methylobacterium and Mycobacterium exhibited significant enrichment (p < 0.05) in the lower
zone. Other important potential pathogenic bacteria detected in lower and mid catchment zones,
albeit at low abundance, included the key gut-associated bacterial genera such as Shewanella,
Escherichia, Klebsiella, Enterococcus, Prevotella, Legionella, Vibrio, Salmonella and urban

wastewater-rich genera such as Campylobacter, Roseomonas, Burkholderia and Actetobacterium.

4.3 Environmental factors affecting the variations in sediment bacterial community

composition and structure

4.3.1 Physicochemical characteristics of stream water and sediments

The physicochemical parameters of surface water such as conductivity was significantly
higher (p < 0.05) for the lower and mid than upper catchment zone. On the other hand, turbidity
was 1.5- and 10.9-fold higher in lower catchment, than mid and upper catchment, respectively.
Similarly, ammonium nitrogen (NH4"-N) levels were 1.8- and 2.8-fold higher in the lower
catchment, than in the mid and upper catchment zone, respectively. In the lower catchment
sampling sites, a characteristic intense (foul) smell was noted, indicating the gross contamination
of the streams catchment with ammonium nitrogen rich wastes. On the other hand, a significantly
higher total organic carbon (TOC), total nitrogen (TN) and total phosphorus (TP) was observed in
stream water from the mid and lower catchments zones. In contrast, dissolved oxygen (DO) and
pH were significantly higher (p = 0.0002) for the upper catchment, than the other two stream
catchment zones (Table 4.2). The significant depletion (p < 0.05) of DO for the lower catchment
zone imply high consumption of available O> by the microbial activity and organic pollutants.
Only alkalinity levels revealed no significant differences across the different stream catchment
zones.

In tandem with the water results, lower and mid catchment zone sediment of the two
streams recorded significant lower (p < 0.05) pH values and elevated (p < 0.01) levels of TOC,
TN and TP than upper catchment zone. The highest mean values for Fe, Mn, Zn, Pb, Cu, Cd and
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Cr were recorded in mid and lower catchment zones (Table 4.2). However, the highly urbanized
lower catchment zone had significant higher levels of Cd, Zn and Cu (p < 0.05), but had
comparable levels of Pb, Cr and Mn with moderately urbanized mid catchment zones.
Comparatively, peri-urban upper catchment sediments samples exhibited two- to ten-fold lower
heavy metal contents than other sampling sites, indicating that river water pollution is mainly

linked to urban anthropogenic inputs.

Table 4.2 The mean (=SD) Nemerow pollution index for single factor (Pi) and integrated

pollution index (PN) for heavy metals in the different stream sediments.

Parameter 7 Catchment p-value
Lower Mid Upper

Sediments
Cd (mg/kg, dry mass) 1.14+0.07a 0.71+0.076  0.11 £0.03¢ <0.0001
Pb (mg/kg, dry mass) 126 £ 15.2a 120 +9.10a 21 +3.70b 0.0012
Zn (mg/kg, dry mass) 152 £15.6a 97 +3.54b 78 +10.0b <0.0001
Cr (mg/kg, dry mass) 354+593a 24.6+3.52a 0.03+0.015 0.001
Fe (mg/kg, dry mass) 1327 + 89a 1074 £ 63b 1241 +£25ab 0.020
Cu (mg/kg, dry mass) 140 + 36a 66 £5.18b 26+3.41b 0.0011
Mn (mg/kg, dry mass) 1114 £ 153a 901 + 73a 482 + 18b 0.0065
TOC (mg/g, dry mass) 11.8+1.12a 9.82+1.02a 545+1.38b 0.0002
TN (mg/g, dry mass) 9.83 + 1.24a 7.37+0.63a 3.11+1.0b 0.0012
pH 6.98 = 0.09a 7.01 £0.02a  7.33+0.12b 0.009
C/N ratio 1.34+0.31 1.47+0.16  2.04+0.49 0.290
TP (mg/g, dry mass) 2.80 +0.28a 1.55+0.146 0.85+0.12¢ <0.0001

Surface water
pH 7.02 £ 0.06a 7.05+0.06a 7.43+£0.09h 0.0121
Conductivity (uS/cm) 831 £ 76a 584 + 80ab 346 £ 63b 0.0286
Alkalinity (mg/L) 443 £ 26 459 + 29 431 £ 45 0.862
Turbidity (NTU) 185 + 24a 120 + 16a 17 +2.85b 0.0004
NH4"-N (mg/L) 2.50+0.41a 1.43+0.106  0.90+0.18b 0.0006
DO (mg/L) 1.56 £ 0.94a 584+0.54a 7.70+£0.28b 0.0002

" One-factor ANOVA was carried out to compare the sampling sites and post hoc (Tukey’s) tests
applied. Different superscript letters within a column indicate significant differences at p < 0.05.
TOC - total organic carbon;, TN — total nitrogen;, NHs-N — ammonia nitrogen, and DO —
dissolved oxygen. NTU — Nephelometric turbidity units

" Consensus-based threshold effect concentration (Simpson et al., 2007)
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¢Shale — Earth’s crust geochemical average background value (Davidson, 2013).

4.3.2 Assessment of pollution of the river sediments

According to the pollution assessment standard proposed by Nemerow (Nemerow, 1974),
the average of the single factor pollution index (P;) of five heavy metals in sediments were in the
order: Pb > Cd > Cu > Zn > Cr (Figure 4.7). Overall, the P; value of Pb, Cd and Cu were
significantly elevated (p < 0.05) mainly in the urbanized lower and mid zones than the peri-urban
upper catchment stream sediments. However, “severe pollution” (P; > 3) by Pb, Cd and Cu was
recorded in the lower catchment zone. Both mid and lower catchment zones recorded “severe
pollution” (P; > 3) by Pb. In contrast, the mid catchment zone recorded “moderate pollution” by
Cd (2 < P; <3) and “light pollution” by Zn (1 < P; < 2). For the upper catchment, “light pollution”
was only recorded for Cd. The integrated pollution index (Py) values can be used as an indicator
of the comprehensive pollution by multiple heavy metals. The average Py of sediments for lower,
mid and upper catchment zones were 4.97+0.98, 4.594+0.47 and 0.84+0.31, respectively, indicating
that the lower and mid catchment zones were “severely polluted” (Py > 3.0 ) with heavy metals

(Figure 4.7).
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Figure 4.7 The mean (£SD) Nemerow pollution index for single factor (P;) and integrated

pollution index (Pn) for heavy metals in the different stream sediments. One-factor ANOVA
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was carried out to compare the P; of each metal and Py and post hoc (Tukey’s) tests applied.
Different italicized letters within a group indicate significant differences at *, p <0.05; **, p <0.01;

*#% p<0.001; and ns, not significant. Pollution grading based on P; values is provided.

4.3.3 Environmental factors influencing sediment microbial community structure

Both redundancy analysis (RDA) and regression analysis were used to assess the
relationship between stream environmental conditions and the composition of the sediment
bacterial population (Figure 4.8). RDA plot revealed that the overall structures of microbial
communities in different stream catchments were significantly linked to the sediment properties
(Figure 4.8a), with the first two axes (RDA1 and RDA2) explaining 80.82% of the total variance.

RDA ordination analysis resulted into two distinct groups where the polluted lower and
mid catchment zones grouped into a cluster, and the upper catchment samples forming the other
cluster. The main factors that grouped the lower and mid catchment samples were TOC, Pb, Cd,
TN and Cr (Figure 4.8a), key indicators of urbanized anthropogenic pollution. Meanwhile, cluster
of upper catchment samples appeared to be mostly influenced by pH. Pb content was the most
influential sediment property (p < 0.01), followed by TOC (p < 0.01) and Cd content (p < 0.01).
In support of this findings, linear regression analysis also revealed significant moderate positive
correlation (R > 0.4, p < 0.01) between Pb and TOC content with microbiome Bray-Curtis
distances (Figure 4.8b).
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CHAPTER FIVE

DISCUSSION

5.1 Stream sediment bacterial compositional structure across the catchment zones

5.1.1 Diversity and composition of sediment bacterial community

Sub-Saharan African cities lack a comprehensive understanding of the precise effects of
microbial and chemical contamination from anthropogenic input on the composition and
organization of sediment microbial communities in urban river ecosystems. In this study, [llumina
targeted 16S rDNA amplicon sequencing was used to determine the bacterial composition of two
urban streams flowing through Kisumu city into Lake Victoria. The sequencing results showed
that the sampling depth was adequate to assess the microbiological diversity containing all main
groups inhabiting the three stream catchment systems, as evidenced by Good's coverage over the
sample being >99 percent (Table 4.1). Rank abundance plots and rarefaction curves,
asymptotically approached a plateau suggesting that sampling size accurately reflected the entire
bacterial populations (Figure 4.1).

Alpha diversity indices such as observed OTUs (1414 + 339), ACE (1574 £ 350), Chaol
(1492 £ 339), Simpson (D) (0.15 £ 0.05) and PD (1563 + 265) were significantly higher in lower
river catchment than mid and upper catchments (Table 4.1). One-factor ANOVA and post hoc
(Tukey’s) tests results indicated significant differences (p < 0.01) in bacterial richness (Observed
OTUs, ACE and Chaol) and species evenness (Simpson and PD). Numerous studies have
demonstrated that urbanization probably increases habitat variability and reduces bacterial
diversity (Wang et al., 2017; Zhang et al., 2020). However, other studies have reported that
increasing environmental heterogeneity may contribute to higher alpha diversity because it affects
the establishment of diffused species and thus reduces the similarity of bacterial community
makeup (Tripathi et al.,2018; Yiet al., 2022). Consistent with the latter school of thought, findings
of this study, therefore, suggests that urbanization anthropogenic inputs increase the river
environmental heterogeneity, that may lead to higher alpha diversity indices in the nutrient-rich
urban polluted environments (Jacquiod et al., 2018; Yi et al., 2022).

It is important to know how varying levels of watershed disturbances affect the microbial
communities in surface water and sediment since they are crucial for driving the biogeochemical

cycles of littoral ecosystems. There is substantial evidence that urbanization affects the variety and
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composition of riverine microbes either through dispersal or by altering the environment at the
local or regional level (Godoy et al., 2020; Hosen et al., 2017; Medeiros et al., 2016; Numberger
etal.,2021). The stream sediment bacterial community composition was dominated by the phylum
Actinobacteria, Proteobacteria, Firmicutes, Bacteriodetes, Cyanobacteria, and Verrucomicrobia
(Figure 4.2a). The major classes detected in the sediment samples included unclassified
Actinobacteria, Bacilli, Alphaproteobacteria, Gammaproteobacteria, Clostridia, Sphingobacteria
and Bacteroidia (Figure 4.2b). A similar taxonomic profile have been reported elsewhere in river
sediments impacted by urbanization (Godoy et al., 2020; Marcial Gomes et al., 2008; Nguyen,
2017). However, subtle variations in the dominant bacterial phyla between the different stream
catchment sediments were observed. Bacterial abundances significantly varied between upper, mid
and lower catchments (p < 0.05, one-way ANOVA test) for the following 4 phyla: Proteobacteria,
Actinobacteria, Chloroflexi and Verrucomicrobia, (Figure 4.2¢c), suggesting that bacterial diversity
was differentially affected by stream catchment conditions. NMDS analyses (based on Bray-Curtis
dissimilarity) also revealed clear clustering of sediments samples according to catchment zones in
the ordination space (Figure 4d). Specifically, samples from highly urbanized catchment (lower
and mid) zones grouping in one cluster, and upper catchment samples into the other cluster.
Analysis of similarity (ANOSIM) and adonis PERMANOVA results also that showed substantial
differences in dispersion between sampling sites when community structure was taken into account
(PERMANOVA, F = 477, R’ =0.334, p = 0.001). Collectively, the observed spatial
differentiations of the samples imply that the stream catchment conditions may be the important
determinants of bacterial community composition and structure.

In this study, mid and lower stream catchments of both streams experienced high
discharges of wastewater that may originate from household grey water, sewage treatment plants,
garages, car washes and industrial waste runoff. Actinobacteria was the most abundant phylum in
both the lower and mid catchments and was mainly composed of Corynebacterium, Cutibacterium,
Auritidibacter and Brevibacterium (Figure 4.4a). It has been established that Actinobacteria are
essential to the carbon cycle in freshwater habitats (Mikhailov et al., 2019). Nguyen (2017) also
have reported that actinobacterial species may be crucial in the breakdown of diesel and fuel oil in
soil and aquatic habitats. Higher abundance (up to 30% of sequences) of Corynebacterium,
including Auritibacter, Brevibacterium and Cutibacterium have been recorded in saline activated

sludge, influent and effluent wastewater (Ye and Zhang, 2011). Members of the family
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Corynebacteriaceae are potentially pathogenic bacterial groups generally associated with humans
and animals (Ye and Zhang, 2011; Zhang et al., 2019).

On the other hand, Proteobacteria, a large bacterial phyla with versatile metabolic
capabilities, are significantly enriched in river sediments exposed to inflow of wastewater
treatment plants (WWTPs) effluents rich in organic compounds (Godoy et al., 2020; McLellan et
al., 2015; Nega et al., 2019; Zhang et al., 2019) and heavy metals pollution (Luo and Ma, 2018;
Ni et al., 2016; Zhao et al., 2020). These studies reported that these bacteria are crucial for the
breakdown of organic matter and the cycling of nutrients. Congruent to current findings, members
of the metal-tolerant Gammaproteobacteria have previously been reported to show high
abundance in ecosystem polluted with heavy metals such as Zn, Pb and Cd (Zhao et al., 2020).
The significant enrichment of phylum Actinobacteria and Proteobacteria, indicates their
collective important role in the elimination of various contaminants, such as carbon, nitrogen, and
phosphorous and heavy metals in the polluted river sediments (mid and lower catchment zones).
Members of phylum Verrucomicrobia are ubiquitous in nature exhibiting a cosmopolitan
distribution in freshwater lakes and rivers, and are suggested to play a key role as polysaccharide
degraders (He et al., 2017). However, they have been reported to be very sensitive to heavy metal
concentrations and cannot adapt to heavy metal polluted environments (Zhao et al., 2020). Herein,
Verrucomicrobia was significantly enriched in the non-polluted upper catchment than polluted
mid and lower river catchment. Therefore, their negative relationships with heavy metals
concentrations can explain their lower abundances in both lower and mid river catchment

sediments.

5.1.2 Core microbiome and taxonomic biomarkers of stream sediments

Overall, there were 3 core OTUs (unclassified Corynebacteriaceae, Rhizomicrobium and
Staphylococcus) accounting for 18.9% of the total OTUs that were shared among the three
catchments (Figure 4.4b). Members of family Corynebacteriaceae and genus Staphylococcus are
human and animal-associated potentially pathogenic bacterial groups (Ye and Zhang, 2011; Zhang
etal., 2019), while Rhizobium are important nitrifiers in freshwater ecosystems (Fisher ez al., 2015)
and urban river affected by agricultural activities and wastewater pollution (Godoy et al., 2020;
Huang et al., 2018; Zhang et al., 2019). Differences in variations in the unique OTUs were
observed between the catchment zones. Curiously, mid and lower catchments had 4 (1.2%) and 19

(5.2%) unique OTUs, respectively; the bulk of these taxa being human- and infrastructure-
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associated bacteria related to greywater and wastewater contamination (Benami et al., 2013;
Mishra and Mohanraju, 2018). These results, therefore, indicates the highly urbanized lower and
mid catchment of the streams flowing through Kisumu City suffers from anthropogenic pollution
mainly associated with wastewater discharges and greywater contamination.

Upper and mid catchment zones had the largest number of taxonomic biomarkers. Genus
Cellulomonas, Lysobacter, Ricketsia, unclassified Xanthobacteriaeceae and unclassified
Bacillaceae were the key taxonomic biomarkers in the upper zone (Figure 4.5a). Similarly, five
taxa (Corynebacterium, Cutibacterium, Staphylococcus, Bravibacterium and unclassified
Micrococcaceae) that have been linked to grey water pollution in urban ecosystems (Benami et
al., 2013; Mishra and Mohanraju, 2018), were detected as the key taxonomic biomarkers for the
mid catchment zone. In contrast, only genus Ensifer and Amycolatopsis were the main taxonomic
biomarkers in lower catchment zone. Consistent with the findings of this study, Ensifer
(Sinorhizobium) are known efficient heavy metals oxidizing (diCenzo et al., 2018) and a common
nitrogen fixing bacteria in wastewater sludge (Ben Rebah et al., 2002). Similarly, Amycolaptopsis
is heavy-metals (Pb, Cr, Zn and Cu) tolerant and nitrile degrading bacterium related to urban

pollution (Ni et al., 2016; Zhao et al., 2020).

5.2 Functional profile of sediment bacterial communities and potential pathogens

distribution

The three stream catchment sediments had comparable abundance of pathways related to
metabolism (carbon, sulfur, nitrogen and methanol) and disease pathogenesis. However,
significant differences (p < 0.05) in the abundance of key pathways were identified, mainly related
to nitrogen metabolism and pathogenesis. Whereas, disease/virulence markers such as polymyxin
resistance, peptidoglycan biosynthesis V (beta-lactam resistance) and II (staphylococci), and
nitrifier denitrification pathway were significantly enriched in lower and mid catchment zones,
upper zone sediment was characterized by higher assimilatory nitrate reduction I and urea cycle
pathways (Figure 4.6a). Members of pathogenic staphylococci (e.g. Stapylococcus aureus) are
renowned for their resistance to many commonly used antibiotics and prevalence in hospitals
attributed to virulence marker peptidoglycan biosynthesis II (Reed et al., 2015). Mycobacteria and
Enterococcus, whose infectivity can be related to peptidoglycan biosynthesis I1I and IV pathways,
respectively, faecal-oral transmission has been reported to occur through sewage contamination
of freshwater sources (Mtetwa et al., 2022; Young et al., 2016). In contrast, antibiotic resistance
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pathway such as polymyxin resistance has been associated with virulence and pathogenesis of
gram-negative pathogens such as E. coli, Klebsiella pneumoniae, and K. oxytoca isolated from
selected sewage polluted urban rivers in Addis Ababa, Ethiopia (Belachew et al., 2018).

There have been numerous reports of significant pathogen contamination of urban surface
waterways in developing nations, which has resulted in outbreaks of a number of waterborne
diseases (Cai and Zhang, 2013; Godoy et al., 2020; Islam et al., 2020; Patel et al., 2016). However,
high throughput sequencing has only seldom been used in studies of waterborne pathogens in
urban surface waters, particularly in sub-Saharan Africa. Ten potential pathogenic bacterial
genera, many of which are connected to human stool, animal feces (especially swine and cattle),
grey water, and household WWTPs (Godoy et al., 2020; McLellan et al., 2015; Nega et al., 2019;
Zhang et al., 2019), showed considerable differential enrichment. Overall, the putative pathogens
distribution in the contaminated lower and mid catchment sediments showed increased alpha
diversity, implying that the local potential pathogen composition was affected by the pollution
inputs. The key putative pathogenic taxa enriched in the lower and mid catchment sediments
included Corynebacterium, Staphylococcus, Cutibacterium, Turicella, Acinetobacter,
Micrococcus and Faecalibacterium. Compared with other catchment, upper zone had significant
enrichment (p < 0.05) of Bacillus, Clostridium and Acidovorax, whereas Methylobacterium and
Mycobacterium exhibited significant enrichment (p < 0.05) in the lower zone (Figure 4.6b). Other
important potential pathogenic bacteria detected in lower and mid catchment zones, albeit at low
abundance, included the key gut-associated bacterial genera such as Shewanella, Escherichia,
Klebsiella, Enterococcus, Prevotella, Legionella, Vibrio, Salmonella and urban wastewater-rich
genera such as Campylobacter, Roseomonas, Burkholderia and Acetobacterium. Interestingly,
enhanced virulence and pathogenesis biomarkers have previously been connected with potential
pathogen dispersal, suggesting that urbanization poses a severe emerging risk for the human
infections dissemination, propagation, and transmission as well as antibiotic resistance
(Numberger et al., 2021).

The findings of this study are important as the urban population in Kisumu City is
continuously exposed to these uniquely hazardous environments that could increase their risk of
infection by multiple pathogen types. Moreover, river water subject to wastewater contamination
is often used for washing of clothes and food utensils and for bathing and even cooking. Results
from the current study corroborates previous work that have reported that neighborhood

landscapes in Kisumu, Kenya, especially urban streams are heavily contaminated by many enteric
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viral, bacterial, protozoan, and helminthic enteric pathogen species (Baker et al., 2018), with
records from health facilities showing that diarrheal diseases are among the top causes of
morbidity. In addition, high levels of environmental contamination, often associated with improper
waste and excreta management, are widespread among informal settlements within urban areas
that contaminates public water sources (Opisa et al., 2012; Rochelle-Newall et al., 2015). Thus,
adequate structures are urgently needed for the long-term monitoring of water borne pathogens in
the environment in Kisumu City and other rapidly growing cities in sub—Saharan Africa.
Furthermore, increasing the knowledge base on the dynamics of the water borne pathogens in river
ecosystems is needed to be able to reduce the risks associated with the use of untreated water in
Kisumu City. The results of this study suggest that sediment bacterial communities may be used
widely across different catchment zones, irrespective of sample location, to monitor the effects of
pollution on the ecological health of urban rivers and streams across sub-Saharan Africa.
Interestingly, sediment samples from polluted river sections clustered distinctively and displayed
a higher bacterial diversity than non-polluted zones, strengthening the fact that sediments may
serve as reservoirs of diverse bacterial populations. This highlights the need to include sediments

microbiome analysis for continuous monitoring of river/stream health.

5.3 Physicochemical characteristics and heavy metal pollution of stream sediments

In this study, results showed that the lower and mid catchment zone sediments had
significant (p < 0.01) elevated levels of TOC, TN, and TP than upper catchment zone (Table 4.2).
In addition, lower and mid catchment zone sediment samples had significantly lower (p < 0.05)
pH values than upper catchment zone. The peri-urban upper catchment sediments samples
exhibited two- to ten-fold lower heavy metal contents than other sampling sites, indicating that
river water pollution is mainly linked to urban anthropogenic inputs. Consistent with this study,
Outa et al (2020) reported higher levels of TOC, TN and TP and heavy metals (Zn, Pb, As, Cu,
Cd and Cr) in the surface water and sediments at the inlets of the Kisat river into Lake Victoria.
The urban segments of the Msimbazi River in Dar es Salaam, Mirongo River in Mwanza, Imeta
River in Mbeya, and Ngerengere-Morogoro River in Morogoro, Tanzania, have previously
observed declines in river water quality caused by enrichment of TP, PO4*, NH4*, CODwn, and
NOs (Chen et al., 2022). Heavy metal concentrations exceeding the values (mg.kg™!) of 180.3 (Cu),
451.5 (Zn), 185.8 (Pb), and 4.1 (Hg) have been in sediment samples from the N'djili River, which
drains through Kinshasa City, Democratic Republic of the Congo, according to Tshibanda et al
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(2021). According to these investigations, both direct and diffuse sources of contamination were
responsible for the pollution of urban rivers.

Domestic raw sewage and grey wastewater runoff from low-income cities in Africa (Chen
et al., 2022; Nyilitya et al., 2016; Outa et al., 2020; Van der Hoven et al., 2017) and elsewhere (Li
et al., 2022; Moncayo-Estrada et al., 2017; Tromboni and Dodds, 2017) have been linked to
anthropogenic C and NH4*-N pollution with increasing population growth. In addition, detergent
use and household food consumption make up the primary sources for TP pollution from urban
households (Xiong et al., 2020). While anthropogenic C and NH4*-N pollution with increasing
population growth have been linked to direct discharge of domestic raw sewage and grey
wastewater or via runoff in low-income cities in Africa and elsewhere, detergent use and household
food consumption constitute primary sources for TP pollution from urban households in SSA
(Xiong et al., 2020). In this study, the lower catchment zone included the heavily built central
business district characterized by presence of several industries and well-built residential estates
in the outskirts, serviced with two wastewater treatment plants and a large open solid waste
dumpsite. The zone is also characterized by heavy vehicular activities and high concentration of
open vehicle repairs garages and carwashes. Abrasion of vehicle tyres, brake discs and other parts
of vehicles are common sources of Cd pollution of soils and water (Adamiec et al., 2016).
Therefore, possible sources of Pb and Cd pollution in the rivers and Lake Victoria include runoff
from polluted roadside soils and open garages and carwashes (with Pb-based paint scrapings and
Cd-rich vehicle part emissions) (Outa ef al. 2020). Additionally, the discharge of treated and
untreated wastewater from commercial and industrial communities, as well as densely populated
places, may be a cause in the organic pollution found in the river sediments from the low
catchment. In contrast to lower catchment zone, the mid catchment zone is mainly residential, with
proliferation of informal settlements (slum) that are generally not serviced with piped sewerage
system and formal solid waste management. The key diffuse sources of river pollution in this zone
included untreated sewage, grey water, surface runoff, uncontrolled landfills and carwashes in
riverbanks, that greatly contributes to both organic and inorganic pollutants loading. For example,
greywater is also a rich source of organic and inorganic pollutants which include heavy metals
such as Mn, Cu, Zn, Fe, Pb, Cr, Ni, Co and Cd (Chiroma et al., 2014; Katukiza et al., 2015; Li et
al., 2021) and potential pathogens (Benami et al., 2013).

Based on the Nemerow pollution assessment index (Py), highly urbanized catchment zones

exhibited severe heavy metal pollution, mainly attributed to Pb, Cd and Cu severe pollution in the
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lower catchment, and Pb severe pollution in the mid catchment (Figure 4.7). The heavy metal
pollution level was comparable to those reported in urban rivers (Allafta and Opp, 2020; Tshibanda
et al.,, 2021), but much lower than urban water ecosystem impacted by intensive mining and
industrial pollution (Dey et al., 2021; Godoy et al., 2020). With increasing urbanization, therefore,
heavy metal pollution of rivers in Kisumu City is expected to worsen, and thus need to be addressed

urgently for improved environmental and public health.

5.4 Environmental drivers of sediment microbiome variation

There is evidence that the dynamics of bacterial populations in surface water and sediment
ecosystems are influenced by a number of physicochemical factors, including TOC, TP, NOs", and
heavy metals (Zn, Fe, and Pb) concentrations (Fisher et al., 2015; Medeiros et al., 2016; Wang et
al., 2018; Zhang et al., 2019). The main factors that grouped the lower and mid catchment samples
were TOC, Pb, Cd, TN and Cr, key indicators of urbanized anthropogenic pollution. Meanwhile,
cluster of upper catchment samples appeared to be mostly influenced by pH (Figure 4.8). The role
of pH as an integrating variable that offers an integrated measure of the soil and water environment
that influences bacterial populations has been noted in a number of research (Liu ef a/., 2015). One
general explanation for why river sediment pH was the best predictor of community composition
in the non-polluted upper catchment is that, soil or sediment pH may directly or indirectly affect
factors such as nutrient availability, cationic metal solubility, organic C characteristics, soil
moisture regime, and salinity (Lauber et al., 2009; Liu et al., 2015; Shen et al., 2013); factors that
may be responsible for the observed changes in the community composition. In contrast,
MonteCarlo permutation test showed that the factor with the most significant influence on
clustering of the bacterial populations to the lower and mid zones was Pb (p < 0.01), followed by
TOC (p <0.01) and Cd content (p < 0.01). In support of this findings, linear regression analysis
also revealed significant positive moderate correlation (R > 0.4, p < 0.01) between Pb and TOC

content with microbiome Bray-Curtis distances (Figure 4.8b).

The amount and the composition of TOC have previously been reported as key determinant
of archaeal and bacterial community structure in the surface and deeper sediments of Helgoland
mud area in North Sea (Oni et al., 2015), where they may serve as microbial energy sources in
methanic subsurface environments. Consistent to current findings, long-term agricultural and

sewage pollution of rivers have also been reported to increase significantly the TOC, TP and TN
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content in river sediments, that affects the distribution of microbial communities in river sediments
(Zhang et al., 2021), with TP and TN levels affecting the proportion of Proteobacteria. In contrast
to the current findings, both Pb and Cd have been reported to show a uniformly negative
associations with the relative abundance of Nitrospirae, Bacteroidetes and Verrucomicrobia;
including affecting predicted functions of microbial communities, such as metabolic functions,
genetic information processes, and functions related to the carbon cycle and the nitrogen cycle.
Overall, the results of the microbial community structure (Figure 4.2) and the analysis of microbial
variations at the genus level (Figure 4.4) and RDA results (Figure 4.8), HMs and organic carbon
inputs associated with urban pollution are the key drivers of river sediment bacterial community
composition and structure. Therefore, there is an urgent need to improve the urban infrastructure
and sanitation management related to both sewage treatment and solid waste management to curb

pollution related to urban rivers/streams.

5.5 Limitations of the study

Despite the study providing valuable information for ecological risk assessment and
management of urban rivers exposed to different types of pollutants, in addition to illustrating the
potential use of sediment bacterial communities in monitoring and controlling urban pollution of

surface waters, the current study had several limitations:

1. The time frame of samples collection was too short to observe the change in bacterial
communities in urban impacted Kisat and Auji streams under long term exposure to the
contaminants. Therefore, a more comprehensive and long-term study (covering more than
two seasons and years) of sediment bacterial communities will be important to provide full
insight into the monitoring and control of contamination in urban rivers.

2. This study's findings only provide insight into the taxonomy and phylogeny of bacterial
communities as influenced by both organic and inorganic pollutants, but it did not identify

the attendant genes that allow the bacterial communities to survive in such an ecosystem.
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CHAPTER SIX

CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

The key findings of this study included:

1.

This study provided an in-depth insight of the link between urban pollution and sediment
microbial community in sediment and potential bacterial pathogens. Despite exhibiting
similarly taxonomic profile consisting of Proteobacteria, Actinobacteria, Chloroflexi and
Verrucomicrobia, sediment microbial abundances significantly varied between upper, mid
and lower catchments. Linear Discriminant Analysis Effect Size (LEfSe) detected five taxa
(Corynebacterium, Cutibacterium, Staphylococcus, Bravibacterium and unclassified
Micrococcaceae) associated with grey water pollution in urban ecosystems as the key
taxonomic biomarkers for the mid catchment zone, whereas Ensifer (Sinorhizobium) and
Amycolatopsis, known efficient heavy metal-tolerant oxidizers, nitrogen fixing bacteria
and xenobiotic degrading bacteria, were the main taxonomic biomarkers in lower

catchment zone.

2. Disease/virulence markers such as polymyxin resistance, peptidoglycan biosynthesis V

and II and nitrifier denitrification pathway were significantly enriched in lower and mid
catchment zones. Upper zone sediment was characterised by higher assimilatory nitrate
reduction I and urea cycle pathways. Mycobacteria and Enterococcus infectivity were
related to peptidoglycan biosynthesis III and IV pathways, respectively. The highly
enriched human pathogenic genera identified included Corynebacterium, Staphylococcus,
Cutibacterium, Turicella, Acinetobacter and Faecalibacterium, and gut-associated
bacterial genera such as Shewanella, Escherichia, Klebsiella, Enterococcus, Prevotella,
Legionella, Vibrio, and Salmonella was detected in polluted mid and lower catchment
zones. In addition, other human-associated potential bacteria pathogens such as Bacillus,
Streptococcus, Clostridium, Micrococcus, Haemophilus, Acidovorax, Veilonella,
Chryseobacterium, Methylobacterium, Dermabacter, Abiotrophia and Mycobacterium
were also identified. These findings imply that human bacterial pathogens are dispersed
via wastewater from domestic effluents and several anthropogenic activities that take

place near the rivers, and thus constitute a serious public health in the study area.
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Moreover, the persistent enrichment of candidate pathogens and faecal bacteria in
sediment in polluted river catchments suggests that they may one day be significant
biomarkers of the health and status of urban river ecosystems under pollution stress.

Water and sediments of Kisat, and Auji river exhibited variable organic and heavy metals
pollution attributed to varying urbanization within their catchment. The average Py of
sediments for lower, mid and upper catchment zones were 4.97+0.98, 4.59+0.47 and
0.84+0.31, respectively, indicating that the lower and mid catchment zones were “severely
polluted” (Py> 3.0 ) with heavy metals. Specifically, the sediment and water samples mid
and lower catchment zones of the two rivers exhibited higher organic (TOC, TN) pollution
and severe Pb, Cd, and Cr pollution (P; > 3.0) related to municipal wastewater effluent
discharge, greywater contamination, industrial wastewater disposal and other point
sources pollution from run-off of contaminated roadside soils and open garages and
carwashes. Multivariate (RDA) analysis revealed that sediment bacterial community
diversity and structure in the two rivers was significantly influenced by TOC, Pb, Cd, TN,
Cr and pH with Corynebacteriales,  Micrococcales,  Pseudonocardiales,
Propionibacteriales and Bacillales were the main bacterial order detected. Higher
bacterial diversity and distinct clustering of sediment samples from polluted river sections
from non-polluted zones, provide evidence that sediments may function as reservoirs of
various microbial groups whose perturbations may be utilised in urban river pollution

monitoring.

6.2 Recommendations and suggestions for further study

1.

Although previous studies have investigated the effect of pollutants on physiochemical
parameters of aquatic ecosystems, an ecological understanding of how organic and
inorganic contaminants mainly the heavy metals and bacterial communities interact due to
long term exposure is needed in future studies. To this end, it will be crucial to conduct a
more thorough and prolonged investigation of sediment bacterial populations
(encompassing more than two seasons and years) to provide insight on the monitoring and
management of contamination in urban rivers at both the local and national scales. This
will be important in understanding the dynamic patterns in bacterial communities for

proper management of urban rivers and large water bodies e.g., Lake Victoria.
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This study showed the distribution of bacterial communities among the three catchment
rivers as influenced by pollutants. Pollutants lead to change in physiochemical parameters
of aquatic ecosystem which eventually change their bacterial composition majority of
which are potential human pathogens. However, previous studies have shown pollutants
can induce adaptive variation in the genetic make-up of bacterial communities which may
lead to mutations (Najafi & Pezeshki, 2013). According to Gao et al., 2021, bacterial
communities are able to develop resistance to heavy metal pollution. It is therefore,
important for future studies to unravel the attendant genes that enable these biological
communities to survive in polluted environments.

Future studies should incorporate other physicochemical parameters not included in this
study but might be important environmental factors influencing sediment bacterial

community composition and structure in urban-impacted rivers/streams.
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Table S1. Global data sequencing

APPENDICES

Catchment ~ Sample Total  Low-quality Non-target Chimeric Total Valid Read length Nulflber f’f sequences Number
reads sequences sequences  sequences reads (bp) identified (%) of OTUs
KID 53137 1575 147 16372 25514 450 31409 (89.6%) 621
K3D 64521 857 40 21965 46256 448 34837 (83.6%) 971
Lower NI1D 60981 405 162 16337 44077 448 37469 (85.0%) 609
N2w 50795 337 21187 11099 18172 445 16525 (90.9%) 546
N4D 46403 664 2 12194 33543 450 29971 (89.4%) 1050
A3W 66610 518 46 20362 27496 451 404678 (88.6%) 1436
A4W 75957 471 0 22839 59785 452 48469 (92.1%) 2320
D5D 52361 348 2055 16978 35043 454 30547 (92.6%) 717
K1W 44467 536 14 18403 41659 450 32235(87.1%) 1114
K4D 73861 2058 510 25037 46256 452 41896 (90.6%) 971
K4w 68504 351 560 17366 50271 452 44111 (87.7%) 962
Mid K5W 53730 439 231 18740 34320 451 31606 (92.1) 651
N2D 54338 369 1877 16396 35696 450 30113 (84.4%) 511
N3D 62089 545 0 21083 40461 452 36439 (90.1%) 621
N3wW 70646 269 6 21420 48951 453 46478 (94.9%) 373
N4wW 83,265 509 503 22,691 59562 454 54380 (91.3%) 655
PGD 56279 1361 0 27475 28443 448 24956 (87.7%) 1043
PGW 41521 482 455 12151 28433 448 25628 (90.1%) 895
A4D 36031 2653 137 5745 52647 280 10956 (39.8%) 561
Upper BRD 77374 4935 4 12650 74021 320 25579 (42.8%) 697
BRW 100000 740 0 25239 32980 450 64723 (87.4) 484
PGW1 28590 1380 838 1536 24836 194 5480 (22.1%) 1205
Total 1321460 21802 28774 384078 896567 (46534) 525 (194-454)




Table S2. Percent relative abundance of sediment bacterial community from the different catchments zone of two urban streams

flowing through Kisumu City

Lower catchment Mid catchment Upper Catchment
Phylum I\DM I\\IVZ 1\?\; I\?VA‘ K1D K3D K1w K4D K4w K5wW NID N2D N3D N3wW N4w A4W I\\IV4 II’GW Sf PGD gR ?VR A4D
AD3 00 00 00 00 00 00| 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00
Acidobacteria 05 13 06 01 08 01| 02 08 08 11 05 02 06 00 00 01 00 02 02 00 00 01 0.1
Actinobacteria 476 607‘ 5 19‘ 579‘ 627 627 | 665 598 502 467 662 693 501 496 421 579 421 74 59.0 817' 36 327 34

Aminicenantes_OP8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Armatimonadetes 00 00 00 00 00 00| 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00
BRCI 00 00 00 00 00 00| 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00
Bacteroidetes 166 24 46 42 1.9 53| 41 12 26 38 41 06 45 29 26 42 26 13 12 07 10 164 0.1
Chlamydiae 00 00 00 00 00 00| 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00
Chlorobi 00 01 00 00 00 00| 00 00 00 00 00 00 01 00 00 00 00 00 00 00 00 00 00
Chloroflexi 01 02 02 05 02 02| 00 05 02 02 00 07 01 00 00 05 00 11 02 00 00 06 07
Cyanobacteria 04 00 00 00 00 01| 00 02 0l 01 00 00 00 00 00 00 00 03 00 00 00 200 00
DQ833500_p 00 00 00 00 00 00| 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00
?ﬁ;ﬁﬁj’s‘”“' 00 00 01 00 00 00| 00 01 00 02 00 00 00 00 00 00 00 00 00 00 00 00 00
EU266861 p 00 00 00 00 00 00| 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00
Elusimicrobia 00 00 00 00 00 00| 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00
Fibrobacteres 00 00 00 00 00 00| 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00
Firmicutes 198' 156 181' 187' 13.8 77| 164 258 246 238 74 147 255 274 166 187 166 38 115 82 506 82 421'
Fusobacteria 12 00 01 07 00 01| o1 02 01 06 03 04 01 L5 0l 07 0.1 01 02 00 04 13 00
GQ246397 p 00 00 00 00 00 00| 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00
Gemmatimonadetes 0.1 00 0.1 00 0. 01| 00 03 02 01 05 00 01 00 0l 00 0.1 01 00 00 00 03 00
HE604052_p 00 00 00 00 00 00| 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00
Lentisphaerae 00 00 00 00 00 00| 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00
Nitrospirae 00 00 00 00 08 00| 00 01 00 01 00 00 00 02 0l 00 0.1 00 00 00 00 00 00

Parcubacteria_OD1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Peregrinibacteria 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0
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