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ABSTRACT
Sewage sludge (biosolids) is a by-product of the waste water treatment plants (WWTPs).
Microbial consortia under anaerobic conditions are involved in the reduction of organic
matter in the wastewater of such sludge to produce methane gas. However, in developing
countries like Kenya, these microbes have not been fully identified in order to target them for
the efficient harnessing of biofuel. In this study, wet sludge samples were collected using
strerile containers from the two anaerobic digestion lagoons at Kangemi sewage treatment
plant, Nyeri County Kenya, between September to December, 2022. This treatment plant is
one of the best managed and accessible treatment plants in Kenya. RNA/DNA shield were
then added to the samples and transported to the laboratory at 4°C and stored at -20°C. Total
community DNA was extracted from samples using available ZymoBIOMICS™ DNA
Miniprep Kit and sequenced using Shotgun metagenomics. Samples were analyzed using
MG-RAST software which allowed for comparison of taxonomic and functional diversity as
well as identification of microorganisms directly involved in various stages of
methanogenesis pathways. In addition, physico-chemical parameters were measured in-situ
from the sludge tank, the two sludge digestion lagoons, and the dry beds. Results showed that
parameters such as bulk density (0.14 + 0.03 and 0.24 + 0.02 g/cm®), pH (5.53 to 6.52), EC
(3.77 £ 0.05 and 4.03 + 0.05 mS/cm) and TS (12.66 + 0.48% and 53.40 * 8.82%) recorded
significant differences between raw and dry sludge respectively. The sludge temperature
(24.910+ 0.910 °C) and TS (17.20 + 0.089%) in lagoon 2 were significantly higher than in
lagoon 1 with temperature (24.36+ 0.85 °C) and TS (11.60 £ 0.036%). Microorganisms
identified from the sequences were directly involved in different stages of methane
production with hydrogenotrophic methanogens, such as Methanospirillum (32%) or
Methanobacterium (27%), being predominant in the lagoon communities, whereas
acetoclastic Methanoregula (22%) and the acetate oxidating bacteria such as Clostridia
(68%) were the key microbes for that pathway in the sewage sludge. Furthermore, the
methylotrophic pathway was carried out by Methanothermobacter (18%), Methanosarcina
(21%), Methanosaeta (15%) and Methanospirillum (13%), which appearing to play an
important role in methane production. In contrast, Methanosarcina (23%), Methanoregula
(14%), methanosaeta (13%) and methnanoprevibacter (13%) seemed to play an important
role in the final step of methane release. This study concluded that the sludge produced from
this WWTP harbours microbes with significant potential for biogas production besides being

an abode for many other unique microbes. The study further recommends investigations into
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efficiency of the identified microbes for biogas production and reduction of the sludge

parameters to the recommended levels for safe agricultural application.
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CHAPTER ONE
INTRODUCTION
1.1 Background information

The biological treatment of wastewater generates a tremendous amount of sludge
(bio-solids). Disposal of the sludge poses a challenge to many wastewater treatment plants
(WWTP). Nevertheless, the same sludge has a potential for reuse in many ways as energy,
biofertilizer, and construction material sources (Sartorius, 2011). Generally, sewage sludge
treatment involves reducing sludge weight and volume to lower disposal costs and minimize
potential health risks of disposal options (Rehman et al., 2015). The treatment processes
occur by decreasing the raw sewage in volume through stages of digestion (US EPA, 2012).

In many developed countries, the treatment processes may include thickening,
dewatering, mesophilic anaerobic digestion, aerobic digestion, Omni-processing, thermal
depolymerization, thermal hydrolysis, phosphorous recovery, and more complex technologies
such as phytoremediation (Sartorius, 2011; US EPA, 2012). However, in developing
countries like Kenya, the existing sludge treatment infrastructures are not sufficient in
treating all the sludge generated sustainably as required in a circular economy (Bora et al.,
2020), majorly due to a lack of funds to properly maintain and upgrade existing plants over
time (Rehman et al., 2015).

Sewage sludge with high organic load, due to poor treatment, causes many ecological
problems when released into receiving water bodies (Andreoli et al., 2007; Manh, 2008;
Rorat et al., 2019) or the environment in general. It may result in eutrophication that affects
aquatic flora and fauna; alters physical and chemical properties of the soil, thus affecting the
suitability of the land for crop production; and makes the water unfit for drinking (Manu,
2011) due to increased health risks. Therefore, environmental agencies and governments are
interested in developing practical and long-lasting solutions for wastewater treatment. One
option is using biotechnological processes to convert the wastewater sludge into
environmentally friendly forms through energy production (Bora et al., 2020; Shivsharan et
al., 2013) and for agricultural use.

Limited research studies have been done on the ecology of wastewater sludge, and
very few focus primarily on microbiological investigations (Ge et al., 2014; Hirakata et al.,
2016; Strong et al., 2015). The biotechnological studies have focused mainly on the
molecular characterization of members of bacteria due to their large populations in sludge
systems. However, Hirakara et al. (2015) reported that eukaryotic populations (protists such
as Colpidium campylum; a free-swimming ciliate) are the predators of prokaryotes and have a
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significant impact on the composition and function of the co-existing prokaryotic
populations. Nevertheless, the effects of prokaryotic communities in anaerobic environments
have not been examined in detail (Hirakata et al., 2016). Thus, the role of protists in
methanogenesis has mostly been overlooked, and the influence of protists needs to be
considered to obtain a better understanding of the structure and function of the microbial
community in methanogenesis.

Even though the microbial community in sludge possesses excellent potential as a
biofuel energy source, appropriate microbial identification techniques have not been applied
to exploit it. Therefore, the sludge has been considered a 'black box with possible unexploited
biotechnological reactions (Lim, 2018). Culture and isolation-dependent methods do not
present the actual methanogenesis reaction in sludge since most microorganisms within the
sludge communities cannot be cultured in vitro (Blasco et al., 2017). Significant
advancements in microbial studies have been made in recent years, and nucleic acid-based
molecular methods can identify methanogenic microorganisms by DNA sequencing of their
ribosomal RNA (r RNA) genes without isolating the microorganisms (Lim, 2018).

In Kenya, the biotechnological production of energy from wastewater sludge is a
potential venture for a relatively efficient, low-cost wastewater-sludge treatment system. The
Nyeri Water and Sewerage Company (NYEWASCO)-Kangemi wastewater treatment plant is
one of Kenya's modern and best-managed WWTP. Its system can also be upgraded to include
biogas production, which is currently lacking. Even-though the general climatic condition
may not favour the biogas production, the specific environmental variables in the anaerobic
sludge are within the regired ranges of methanogens survival and can be further engeneered
for optimum production. However, it is vital to have preliminary baseline information on the
profile of the microbial composition of the sludge from the WWTP. In addition, identifying
the microorganisms which metabolize the organic compounds in the wastewater sludge to
produce the energy (methane) is vital. This will provide tangible evidence for a cheaper
alternative energy source for the Nyeri-Kangemi WWTP and provide information on the
biological properties and possible application of biotechnology, including genetic
modification of methanogenic organisms for technical applications (Blasco et al., 2017).

This study identified microorganisms such as protists, bacteria, and archaea in the
wastewater sludge from the Nyeri-Kangemi WWTP using the metagenomics method. The
shotgun metagenomics techniques will characterize the microorganisms. The genes will be
predicted using the de novo gene prediction pathways (Pyzik et al., 2018) and provide
microbial diversity and help detect their abundances in the sludge samples. The functional
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methanogenic annotation will be performed by classifying predicted metagenomics proteins
into protein families using sequence or hidden Markov models (HMM) databases (Giwa et
al., 2019).
1.2 Statement of the problem

Sewage sludge is composed of unique anaerobic conditions that typically support the
growth of various microbial organisms. Even though there has been evidence of the roles
played by bacteria in the degradation of organic matter in such environments, minimal work
focusing on the methanogen’s ecology has been undertaken for this ecosystem. However, it is
known that sewage sludge methanogens produce methane gas that contributes to climate
change when released into the atmosphere; this leads to global warming and the need to
harness it as a sustainable energy source. This energy source has been vastly underutilized in
developing countries such as Kenya. In most wastewater treatment plants in Kenya, over 70%
of the solid waste and sludge is sent to landfills or dumped (sometimes illegally) in
undesignated areas. One of the main challenges contributing to this is the lack of appropriate
infrastructure and the technical expertise needed to manage the wastewater sludge properly.

Additionally, the inadequate of financial resources to invest in advanced sludge
treatment methods contributes to ecological problems in the receiving water bodies. Despite
these throwbacks, there is a need to reduce further the negative impacts of the partially
treated sludge on the receiving water bodies, the lithosphere, and the atmosphere. This study
investigated the general composition of microorganisms found in NYEWASCO-Kangemi
sewage sludge between September to December, 2022.and specifically identified
methanogens with methane production potential by metagenomics studies by annotating the
metagenomics sequences obtained against the RefSeq, KO, and subsystems database using
the MG-RAST pipeline. Methanogens and their associated microbes were identified by
HMM search of methanogenic related sequences in the MetAnnotate platform by focusing on
genes encoding methyl CoM reductase (mcr), formyl methanofuran dehydrogenase (fmd),
dehydrogenase/acetyl-CoA synthase (cdh), methyl transferase (mta) and the methylamine

methyl transferase (mtm, mtb, mtt) enzymes involved in the methanogenesis process.



1.3 Objectives
1.3.1 General objective
To determine of microorganisms with industrial potential for biogas production from
sewage sludge using molecular method.
1.3.2 Specific objectives
i.  To determine the Physico-chemical parameters (such as temperature, electrical
conductivity (EC), total solids (TS), and Volatile Solids (VS) and pH) of wastewater
sludge at the Nyeri-Kangemi sewage treatment plant at the different sampling points.
ii.  To determine the diversity of microorganisms from the sewage sludge using shotgun
sequencing metagenomics from the different sampling points.
iii.  To determine the diversity of microorganisms from the sewage sludge with potential
application in enhancing methane production from the different sampling points.
1.4 Hypotheses
i.  There are no significant differences in the physico-chemical parameters (such as
temperature, electrical conductivity (EC), total solids (TS), and Volatile Solids (VS)
and pH) of sewage sludge from the different sampling points.
ii.  There are no significant differences in diversity of microorganisms from the different
sampling points in Nyeri-Kangemi sewage sludge.
iii.  There are no significant differences in the diversity of microorganisms with potential
of enhancing production of methane from different sampling points
1.5 Justification of the study
Sewage sludge environments provide distinct biotopes inhabited by microorganisms
with industrial potential for bio-energy production. The anaerobic conditions in
NYEWASCO-Kangemi sewage sludge digesters provide an environment that is expected to
support methanogens and their associates. This study enhances our understanding of the
general composition of microbes found in this sewage sludge ecosystem. The study identified
those microorganisms with genes encoding enzymes responsible for the methanogenesis
process and the final release of methane gas. This study has potential economic impacts as
the knowledge accrued can be applied for future bioenergy production. Therefore, utilizing
these microorganisms for sustainable energy production is a cheap, renewable, and readily
available source of energy. This also ensures that the primary function of the treatment
works, which is removing pollutants and disease-causing pathogens to produce ‘clean water,'
is not interrupted by power outages since bioenergy produced can be used to power the plant
operations as well as contribute to national power grids thus allowing them to be energy self-
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sufficient and reduce their costs of operation and contribute to sustainable development.
Unfortunately, benefits accruing from such studies are not evident in Kenya today compared
to developed countries where tenets of the cellular economy in waste management are being
practiced. The methanogens reported in this study can be used as a starting point for
industrial biogas production and other related exploitations. This study is a good beginning
for registering our contributions to attaining SDG 13 on climate change, the Kenya Vision
2030, and the government's development agenda summarized by the need for environmental
sustainability for socio-economic benefits. The whole-genome metagenomics applied in this
study allows us to examine microbes (culturable and unculturable) in their natural
environments without relying on artificial culturing and whole-genome examination to
capture or amplify individual genomes. This method also takes an unbiased path to offer a
comprehen-sive assessment of genome content in the community and thereby provides in-
depth information on community composition and function. Microorganisms identified were
very diverse, with a good number found to have a high potential for methane gas production.
This discovery can go a long way in solving environmental problems associated with the
disposal of sewage sludge and the production of sustainable energy that can be utilized to
reduce the cost of operation of the NYEWASCO-Kangemi sewage works. Consequently, this
will provide an avenue for biotechnological advancement in the production of sustainable

green energy.

1.6 Definition of terms

Acetoclastic methanogens: These are anaerobic archaea converts acetic acid to
methane.

Acidogenesis: A process by which. Acid forming bacteria hydrolyses the complex
molecules of sludge fermenting them into various volatile fatty acids (VFAS)

Anaerobic digester: a sequence of processes by which microorganisms break down
biodegradable material in the absence of oxygen

Cellular economy: a model of production and consumption of materials, which
involves sharing, leasing, reusing, repairing, refurbishing and recycling existing materials and
products as long as possible

Chemoorganotrophic: These organisms require organic substrates to get both carbon
and energy for growth and development

Depolymerization: a process of converting polymer into a monomer or a mixture of

monomers



Fasta: a text file format used for keeping genetic data

Hydrogenosomes: organelles that have evolved from mitochondria to provide
another mechanism for anaerobic ATP synthesis utilizing pyruvate

Hydrolysis: the chemical breakdown of compounds due to chemical reaction with
water

Mesophilic: microorganisms that grows best in moderate temperature, neither too hot
nor too cold, typically 20°C to 45°C

Metagenomics: a study of collection of genetic material (genomes) from a mixed
community of organisms irrespective of whether they can be cultured or not in order to
provide knowledge of species present and their functionality information.

Methanogenesis: the process of generation of methane by anaerobic organisms called
methanogens

Methylotrophs: a diverse group of microorganisms that can use reduced one-carbon
compounds, such as methanol or methane, as the carbon source for their growth; and multi-
carbon compounds that contain no carbon-carbon bonds, such as dimethyl ether and
dimethylamine

Omni-processor: a range of physical, biological, or chemical treatments to remove
pathogens from human generated faecal sludge, while simultaneously creating commercially
valuable by products.

Sludge (bio-solids): thick, soft, wet mud or a similar viscous mixture of liquid and
solid components, especially the product of an industrial or refining process

Syntrophic: is a mutualistic interaction in which two metabolically different types of
microorganisms are linked by the need to keep metabolites exchanged between the two

partners at low concentrations to make the overall metabolism of both organisms feasible.



CHAPTER TWO
LITERATURE REVIEW

2.1 Wastewater sludge treatment technologies in the tropics

The selection of a sewage treatment system is dependent mainly on the level of the
social and economic conditions of a country (Tandukar et al., 2007). In industrialized or
developed countries, mostly found within the west (Zakkour et al., 2001), the sludge
treatment methods are more advanced and complex. This includes the Omni-processor,
composting, mesophilic anaerobic digestion (MAD), thermal depolymerization, thermal
hydrolysis, phosphorous recovery, and phytoremediation (Rehman et al., 2015). This is due
to their economic abilities and advanced microbiological and technological expertise to run
and maintain these treatment methods under the changing extreme cold and hot climatic
conditions (Raschid & Jayakody, 2008).

Pretreatment Hydrolysis Fermentation
Wet Dry
SEWage i —_— — — ——p sewage
sludge sludge

Biogas

-
i
|
=

Combustion

Heat integration

Heat integration

Figure 1: Energy efficient sewage sludge treatment process (Song et al., 2019)

The wet sludge is first treated by thickening it in a gravity thickener and dewatered in
the pre-treatment process to reduce its volume thus, enabling easy sludge handling (Seong et
al., 2020), as shown in figure 1. Sludge is then hydrolyzed into monomers before it
undergoes acidogenesis, acetogenesis, and methanogenesis during the fermentation process.
Biogas is harvested, and bio-solids are finally dried and discharged as dry sludge (Seong et
al., 2020) or processed into other environmentally green products (Bora et al., 2020). This is

typical in developed countries with enough resources.



In developing countries, primarily found in warm climatic regions (Lim, 2018; Mara,
2004; Von, 2007). There are limited financial and physical resources to treat wastewater, and
the socio-economic situation and the context of urbanization create the conditions for
unplanned and uncontrolled sludge use (Li et al., 2011; Raschid & Jayakody, 2008; Wang et
al., 2014). The little resources available are allocated to the ‘immediate projects of economic
significance such as road construction, the building of hospitals, among others (Tandukar et
al., 2007). Therefore, the wastewater sludge treatment processes in these countries entail
mostly of the convectional anaerobic methods with the primary and secondary processes
(Ujang & Buckley, 2002) and stabilization pond systems (Bora et al., 2020). The warm
climatic conditions are favourable for conventional treatment methods and there is no need
for advanced wastewater treatment methods. The level of economic development in these
countries cannot currently afford advanced infrastructure at the moment for wastewater
treatment (Raschid & Jayakody, 2008). The anaerobic sludge treatment process in sludge
tanks (lagoons) depends on the development of microbial communities under the prevailing
physical chemical conditions to biodegrade sludge. Anaerobic sludge treatment efficiency has
therefore not taken off for decades because the sludge microbial ecology was considered as a
‘black box’ with potential biological reactions due to a lack of appropriate microbiological
techniques to exploit it (Lim, 2018).
2.2 Characteristics and treatment of wastewater sludge

Sludge is the accumulated solids, semisolids, or slurry residue produced as an end-
product of wastewater treatment processes (Zhen et al., 2017). The residue can either be
classified as primary or secondary bio-solids. (1) Primary sludge is produced from chemical
precipitation, sedimentation, and other primary processes, whereas (2) secondary sludge is
the activated waste biomass resulting from biological treatments (Zhen et al., 2017).
Generally, sludge contains five components, namely, (i) non-toxic organic compounds
(nitrogen and phosphorous) and (i) toxic pollutants such as heavy metals (zinc, lead, copper,
chromium, nickel, cadmium, mercury, arsenite), which may vary from less than 1ppm to
1000 ppm (Luo et al., 2014), other components are (iii) organic pollutants, including PCBs,
dioxins, pesticides, and nonyl-phenols (Wang et al., 2005); (iv) pathogens, and (v) other
microorganisms icluding the methanogens (Zorpaset al., 2013). In warm regions, the
Physico-chemical characteristics of sludge recorded are water content of 70% to 80%; and
pH of dry sludge of about 6.5 to 9.0 (Zorpas et al., 2011), he Electrical conductivity (EC) is
about 3000 mS/cm (Zorpas et al., 2013). Total phosphorous content is 20 to 30mg/l because
of the enormous load of the treated municipal wastes. The C/N ratio is meager at below 10
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for producing the high-quality final compost (Luo et al., 2014). The organic matter is
between 50-60%, while the TOC is about 30% (Zorpas et al., 2011).

A study by Keffala et al. (2013) reported the C/N ratio of sludge at Bertrix wastewater
below 10 and indicated its ability to act as a sink in the aquatic environment. Nitrogen and
phosphorus were found to average at 2.5% and 1.1%, respectively, of the dry solids. Fe, Zn,
Mn, Pb, and Cu were also recorded at high levels of above 10 mg/kg. They also recorded a
significantly high concentration of helminth eggs at 1x10'2 eggs/gram of sludge due to
possible high prevalence resulting from poor socioeconomic conditions in the study area.

Papadopoulos et al. (2003) found that there may be different zones in an anaerobic
pond which includes a high-density sludge zone with a water content of 87% at the bottom;
while the zone above contained high biodegradable organic matter mainly made of volatile
solids and was the most active zone where most of the degradation of the sludge occurred.
The third layer was a volatile sludge containing 31.6% suspended and 47% volatile solids.
This was the most biologically active layer of the sludge. A supernatant layer was composed
chiefly of liquid low in suspended solids. It is worthwhile to note that different treatment
processes as observed in Swaziland may have differences in sludge characteristics among
them because different plants undergo different levels of treatment as well they have variable
nature of pollutants; depending on inputs to wastewater, the fertilizer potential and pollutant
risk of sewage sludge intended for agricultural application and as such has to be evaluated
explicitly for each type of sludge (Mtshali et al., 2014). This means that to determine the
suitability in its use for agriculture and rates of application, and health risks from the
pollutants, each sludge digester needs to be evaluated individually. There are very few data
published on the physicochemical conditions of wastewater sludge in Kenya.

The sludge treatment process is essential in reducing the size of the final complex and
hazardous sludge accumulation (Phan et al., 2018). Therefore, it is crucial to consider the full
range of sludge handling and disposal alternatives when planning sewage management
strategies to reduce the final product to environmentally friendly levels. In some countries,
sludge is still utilized directly as fertilizer in agriculture (Zhen et al., 2017). In such countries,
specific quality standard requirements of sludge applied in agriculture should be fulfilled; this
helps prevent the accumulation of toxic substances, especially heavy metals, which might
reach excessive levels in the soil after several applications.

Common sludge disposal methods include incineration, landfilling, agriculture, and
forest land application (Kominko et al., 2018). Various green technologies used in the

valorization and manufacture of valuable products from wastewater sludge boost the
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economy and a clean-up environment for sustainable development (Muia et al., 2021). In
Algeria, sludge is heated and converted to green cement as the ashes contain Aluminum
Oxide and silicon (iv) oxide necessary for making cement (Samolada & Zabaniotou, 2014).
Nikiema et al. (2013) recorded optimized and pelletized sludge in fertilizer production in
Ghana and found that 3% gelatinized starch is the best material to bind dewatered sludge in
fertilizer production. The sludge has components such as organic molecules and essential
plant nutrients like nitrogen, phosphorus, potassium, and various trace elements (Kasza et
al., 2015). When stabilized through a composting process, it can become a good source of
organic fertilizer and soil additive, free of chemicals and pathogens (Kominko et al., 2018).
Earthworms feed readily upon the sludge components, rapidly converting them into
vermicompost, reducing the pathogens to safe levels, and ingesting heavy metals (Sinha et
al., 2010). The sludge can then be used as fertilizers, and the earthworms can be fed to
poultry (Kasza et al., 2015).

In Kenya, sludge has been used to make biofuel briquettes by the Nakuru Water and
Sewerage Treatment Company (NAWASCO) due to the excellent calorific value, combustion
rate, and flame temperatures for use as an alternative source of fuel to charcoal (Gold et
al., 2017). However, the combustion of briquettes produces ash, which poses a potential risk
of producing hazardous waste due to its content of heavy metals and hence requires
additional expenses in handling and disposal (Cieslik et al., 2015).

There are several disadvantages of using untreated or partially treated wastewater,
sludge, or excreta, and the most obvious are the health risks from pathogens (WHO, 2006).
The diseases are linked to the nature of the pathogens in the wastewater and thus vary locally
depending on the local public-health pattern. The risks are also not limited to a particular
population segment but can be observed in four groups: agricultural workers and their
families; crop handlers; consumers of crops or meat and milk coming from cattle grazing on
polluted fields; and those living on or near the areas where wastewater, sludge or excreta is
used. Within these groups, the most vulnerable sections of the population are children and the
elderly.

Anaerobic digestion of organic materials and pollutants in wastewater is an
established technology for environmental protection which reduces sludge to more minor
hazardous forms. These processes produce biogas, a mixture of methane and other gases like
carbon dioxide, a valuable, renewable energy source (Raschid & Jayakody, 2008). Anaerobic
digestion is a technologically simple process, with a low energy requirement, used to break

down organic material from a wide range of wastewater types, solid wastes, and biomass into
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methane. A much broader application of the technology is desirable in the current endeavours
toward sustainable development and renewable energy production (Zhen et al., 2017).

In the 1980's several projects were initiated in the Netherlands to produce biogas from
organic wastes, but many of the projects were terminated due to insufficient economic
viability (Raschid & Jayakody, 2008). Recently, methane production from organic wastes has
been receiving renewed attention. It can potentially reduce CO2 emissions via renewable
energy production and limit the emission of the greenhouse gas methane, especially in animal
manure (Zhang et al., 2016). This trend is supported by the growing market demand for
'green’ energy and the substantial optimization of anaerobic digestion technologies in the past
decades, especially the development of modern ‘high rate' and co-digestion systems (Zhang et
al., 2016).
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2.2 Sewage sludge treatment in Kenya

The general wastewater sludge treatment process is as demonstrated in figure 2.
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Figure 2: Schematic Diagram of a sewage sludge treatment process

The major steps in sewage sludge treatment (figure 2) are the (1) sludge thickening,
where the sludge is collected in the desludging chamber and allowed to thicken by gravity
over time to reduce the volume of sludge for easy handling (Strande, & Brdjanovic, 2014).
(2) The sludge is then allowed into digestion tanks or lagoons, where there is a biological
process in which the organic solids present in the sludge are decomposed into stable
substances. This process also helps reduce the total mass of solids while destroying any
present pathogens and to enable easy dewatering (Mdller, 2000). In the digestion tanks,
anaerobic digestion by extracellular enzymes reduces complex sludge components to simpler
ones for microbial uptake and energy generation. Acid-forming bacteria hydrolyse the large
molecules fermenting them into various volatile fatty acids (VFAS) in acidogenesis, where
other bacteria then act upon it to produce a mixture of carbon dioxide and methane (Strande
& Brdjanovic, 2014). In addition, acetogenic bacteria convert the VVFAS to acetic acid, carbon
dioxide, and hydrogen. Finally, digester fermentation is completed by methanogenic archaea
that combine either CO2 and H2 or acetate to methane gas (CH4) (3). The sludge is allowed
into the dry beds and dewatered over time before disposal (Muller, 200). (4) After sludge has
been effectively dewatered, it can be disposed of by (i) burying it underground in sanitary
landfills or burned, or used as (ii) fertilizers by farmers (US EPA, 2012). It can also be used
as (iii) soil conditioner for crops or ornamental plants, but care must be taken to ensure eggs
of parasitic worms are not present or can safely be (Gold et al., 2017).

The Nyeri-Kangemi wastewater treatment plant is one of the well-managed treatment
plants in Kenya and is very effective in wastewater treatment (Kariunga et al., 2018). The
treatment plant has simple processes such as designing trickling filters, sedimentation tanks,
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anaerobic lagoons, and maturation ponds. The sludge treatment process contains; (i) the
desludging chamber, a tank that separates sludge and the liquid components through
hydraulic pressure and desludges after every three (3) hours. In the wastewater treatment
process, the raw sludge from the different desludging chambers is then pumped into the (ii)
sludge well, where sludge is allowed to settle before it is pumped to (iii) the sludge lagoons.
The sludge lagoons are digestion tanks where anaerobic digestion takes place for three to four
months. Here the vegetation and scum are allowed to accumulate over time as part of the
biological treatment of sludge and later on are removed. The treated sludge is then allowed
through the underground valve to (iv), i.e., the drying beds by gravity. The dry beds are fitted
with concrete slabs with spacing between the water from dewatering to infiltrating to the
ground. The sludge is allowed to dry for a month during the wet season and fourteen days
during the dry season before being sold to farmers for agricultural application. The plant
produces between 75 to 250 tons of dried-up sludge per month. The sludge is sold at USD 5
per ton, making a profit of around USD 330 to USD 1100 per month from sewage sludge
(NYEWASCO, 2007).

2.3 Microbial ecology of sludge

The microbial composition of sludge varies with many factors such as the community
of water users, usage rates, dietary habits, culture, and general lifestyles (Chan et al., 2005).
For example, people with gastrointestinal upsets who might be carrying pathogens will also
likely excrete harmful bacteria in large numbers, unlike the healthy individuals who might
excrete large numbers of harmless bacteria (Seviour & Nielsen, 2010).

Meerburg et al. (2016) record that sludge communities are specialized and have lower
species diversity than a biological filter. They explain that the community is dominated by
heterotrophic bacteria both contained in sludge flocs and dispersed in the liquid. The bacteria
and the saprophytic protozoans from the basic trophic levels are followed by holozoic
protozoans that feed on the bacteria (Garcia et al., 2000). Unless fungi are poor in abundance
in specific bulking conditions, algae are usually absent, but rotifers and nematode worms may
be present (Garcia et al., 2000).

Understanding the ecological behavior of sludge may be difficult because of the
mixed populations and the substrate's complex nature, which is controlled by flow rate and
concentrations of inflows (Luostarinen et al., 2009). Explanations based on kinetic theory and
the ecological behavior of organisms in sludge have proposed that under steady conditions,

the growth rate of sludge organisms is equivalent to the mass of organisms removed in unit
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time during sludge harvesting (Brdanovic, 1998; Liu & Tay, 2002; Makinia, 2010;
Meerburg et al., 2016; Soddell & Seviour, 1990). These organisms may include viruses,
bacteria, fungi, and protozoans and are discussed in ensuing sub-sections.

2.3.1 Viruses

Raw sewage and sludge communities contain many enteric viruses excreted by human
beings in their feces, including the Rotaviruses (Okoh et al., 2010), Adenoviruses,
Caliciviruses, Noroviruses, Hepatitis A virus, Enterovirus, and Poliovirus genera. These
viruses pose a severe health hazard potential if allowed to contaminate food and water
supplies (Enzmann et al., 2018). These viruses are removed through sludge dewatering and
solar drying in drybeds (Kuffour, 2010).

Bacteriophages are always present whenever bacterial hosts are available (Chibani et
al., 2004), although they are relatively poorly understood (Otawa et al., 2007). The phages
are likely considerable if the phages bacteria ratio is similar to other aquatic habitats where
greater than 10:1 would give up to 10*? mI™. These may also be underestimates (Seviour &
Nielsen, 2010). These help in controlling the number of bacteria in this environment.

2.3.2 Bacteria

Bacteria are a group of unicellular organisms with a majority having cell walls but
lacking organelles and an organized nucleus. They are characterized by a lipid bilayer cell
membrane containing fatty acids (Pandur & Stopar, 2021). The phylogenic position of
bacteria in the tree of life is shown in Fig.3. In wastewater sludge, they are represented
mainly by the phyla, Proteobacteria, Bacteroidetes, Acidobacteria, Firmicutes, and
Nitrospirae (Nguyen et al., 2019). Over the years, the bacteria community of particular
interest has been those responsible for removing the nutrients phosphorus and nitrogen from
sludge (Beer et al., 2006). The numbers of bacteria in sludge tanks have been estimated to be
between 1°x10% cells/g total counts, regardless if they are alive or dead (Seviour & Nielsen,
2010). Available information suggests that chemoorganoheterotrophic bacteria are the
majority population (Seviour & Nielsen, 2010). Where culture-dependent methods are used
in nutrient-rich  media, this will favor their growth and, therefore, detect
Gammaproteobacteria (Spring et al., 2004). DNA analysis using 16s RNA sequence using
both the FISH and clone library data suggests that the subgroup of the Beta proteobacteria,
such as the members of the Comamonadanceae and the Acidovorax spp, are among the
dominant bacteria (Seviour & Nielsen, 2010).

Denitrifying bacteria are also present mainly in wastewater plants capable of nitrogen
removal (Rajta et al., 2020). This is because they can grow and assimilate on respirable
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substrates like acetate or the methanol in the presence of NO? or NO* (Nakasaki et al., 2019).
The dominant denitrifiers in sludge are unclear because the ability to denitrify is so
widespread, and the populations vary between different plants with changes in influent and
operational conditions (Seviour & Nielsen, 2010). The potential denitrifying candidates
shown so far includes the Aquaspirillum, Azoarcus and the Thaurea species detected in plants
designed to remove Nitrogen (Morgan et al., 2008). The species Azoarcus spp, Thauera spp,
and Zoogloea spp have been proposed to be the dominant denitrifiers in industrial plants
(Yang, 2019).

The nitrifying bacteria include the Nitrobacter spp and the Nitrospira spp.
Nitrification in sludge is not carried out by the uncultured Nitrospira spp (Seviour & Nielsen,
2010). Other bacteria that are usually present include the sulfur-oxidizing bacteria, the
glycogen accumulating bacteria such as the Actinobacteria, polymer degrading bacteria such
as members of the Saprospiraceae, the iron bacteria such as the iron-reducing Geobacter
sulfurreducens, the sulfate-reducing bacteria such as the Desulfovibrionaceae and
Desulfobacteriaceae families, PAH accumulating bacteria such as the Acinetobacter
spp among others (Seviour & Nielsen, 2010).
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Figure 3: Woese and Fox’s three-domain phylogenetic tree of life (Bartee et al., 2017) with
slight modifications)

2.3.3 Archaea

Archaea are unicellular prokaryotic organisms distinguished by phytanyl's presence
on the cell membrane (Pandur & Stopar, 2021). Fig. 3 shows the major archaeal groups in the
tree of life. The methanogenic Archaea occur in sludge despite their small numbers of less
than 1% of the total cells (Gray et al., 2002). Whether they actively grow in the sludge or are
seeded from the sewers is unclear because only a few studies have explored these
communities (Ren et al., 2008). The commonly occurring nitrifying members are mainly the
archaeal ammonia-oxidizing organisms derived from the PCR analysis targeting the amoA
genes of the phylum Crenarcheota (Park et al., 2006). The members of this domain are
considered to be widely distributed ecologically, and more molecular analysis should be

carried out to give insight into their roles (Seviour & Nielsen, 2010).
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It has long been believed that methanogenesis originated within the phylum
Euryarchaeota. However, the discovery of putative methanogenic genes in members of
Bathyachaeita has surfaced, hinting that methanogenesis might be phylogenetically
widespread (Vanwonterghem et al., 2016). New evidence of methyl coenzyme M reductase
genes in the archeal population genome from anoxic environments with high methane flux
has been discovered in new archaeal phyla such as the Verstraetearchaeota (VVanwonterghem
et al., (2016). Chistoserdova (2011), while investigating the modularity of methylotrophy,
argued that the knowledge gained over the years had shed more light on the role of
methylotrophy ~ modulating microbes such as; Methylococus, Methylobacterium,
Methylacidiphilum, Nitrococcus, Methylophaga among others as methylotrophic bacteria
revealing the existence of alternative enzymes and pathways for specific metabolic goals.
This suggests the need for more studies to understand methanogenic diversity. The new
knowledge from advanced microbial technologies is changing the understanding of the global
carbon cycles, and therefore more research is needed.

Methanogenesis

Methanogenesis is how microbes (commonly known as methanogens) produce
methane (Katz, 2011). According to Kietavainen & Purkamo (2015), methanogenic
organisms identified belonging to the domain of Archaea are a group phylogenetically
distinct from bacteria and eukaryotes. Methane production is an essential aspect of microbial
metabolism, which is significant for natural gas accumulation and has wide applications
(Cramer & Franke, 2005). The two best-described pathways (Eq 1 and 2) for methanogenesis
are the process where acetic acid and inorganic carbon dioxide act as the terminal electron
acceptors (Thauer, 1998).

CO,; +4 H; —» CHy + 2 H,0 1)
CH3COOH — CHj; + CO, (2)
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Figure 4: General methanogenesis pathways (Thauer, 1998).

Methanogenesis involves coenzymes and co-factors such as F420, coenzyme B,

coenzyme M, methanofuran, and methanopterin (Finazzo et al., 2003). The various steps of

methanogenesis are shown in Fig 4. The first step is where the polymeric substrates are
hydrolyzed to monomers by extracellular enzymes released by primary fermenters such as
Caldicellulosiruptor saccharolyticus and other primary fermenters such as Clostridium
acetobutylicum then convert the monomers to hydrogen, carbon dioxide, short-chain fatty
acids and primary alcohols (Angelidaki et al., 2011) in the process of acidogenesis. The
secondary fermenters such as Syntrophomonas wolfei metabolize alcohols and fatty acids to
hydrogen, carbon dioxide, and acetate during acetogenesis. Homoacetogenic bacteria and
hydrogenotrophic methanogens (Angelidaki et al., 2011) then capture the released hydrogen.
The last process is where the acetoclastic methanogens such as Methanosarcina barkeri
consume acetate and convert it to carbon dioxide and methane (Weiland, 2010). The four
main steps described above have to be fully tuned for the continuous yield of biogas (Nielsen
et al., 2009)
2.3.4 Protozoa

The importance of protozoans in sludge is well documented (Hirakata et al., 2016;
Hirakata et al., 2020; Johnke et al., 2014: Neto et al., 2010), but there is still a need to learn
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more about the dynamics and role of the protozoans in methanogenesis as they interact with
other organisms such as bacteria and archaea (Gilbride, 2005). Protozoans such as Metopus
and Caenomorpha ciliates have been found to predate on the bacteria, increasing the
methanogenic activities of granular sludge by 155% compared to those found in an up-flow
anaerobic sludge blanket (UASB) reactor without the ciliates (Hirakata et al., 2020). The
effects of predation by protists in anaerobic systems have mostly been overlooked. Hirakata's
(2020) results show that the influence of predation by protists needs to be examined and
considered to understand the prokaryotic community structure and function in sludge
(Seviour & Nielsen, 2010).

The dominant protozoans in the sludge include the Cryptosporidium parvum, whose
cyst survives in sludge and the subsequent effluent chlorination (Fayer & Xiao, 2007). Cysts
of flagellate protozoans such as the Giardia lamblia have also been successfully identified
using molecular methods. However, they are readily removed from the effluents of the
wastewater treatment plant (Seviour & Nielsen, 2010).

A study by Fenchel and Finlay (2010) found a symbiotic relationship between some
species of methanogens and a few species of anaerobic ciliates, amoebae, and flagellates.
These protozoans harbor methanogens and hence have unique organelles called
hydrogenosomes. The relation between the host cells and their endosymbiotic methanogens is
syntrophic hydrogen transfer; by removing the generated H,, the methanogens stimulate host
H2-production, thus increasing the energetic yield of the energy metabolism. The Symbiotic
methanogenesis of free-living anaerobic protozoa plays a modest quantitative role in CH,4
production in most habitats.

Ciliated protozoans exhibit numerical dominance in wastewater sludge, but they are
highly affected by processes such as chlorination (Salvado et al., 2001). A combination of the
description of protozoans found in wastewater sludge is given in the manual of Foissner and
Berger (1996) with free interactive software also developed in the Natural History Museum,
London, to facilitate the identification of these protozoans (Seviour & Nielsen, 2010).
However, how closely these descriptions relate to the ciliated protozoans in samples from
other regions is not clear. Thus, this study will reduce the uncertainty surrounding the
protozoan biogeography against the available information in the gene banks and other
databases.

2.3.5 Fungi
This group of microorganisms is viewed as unimportant members of the wastewater

sludge community because of their low, competitive ability compared to bacteria (Jernkins et
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al., 2004). The dominant fungi include the Ascomycetes and the Basidiomycetes. Predacious
fungi, such as the Zoophagus insidious that consume rotifers, have also been identified in
sludge (Seviour & Nielsen, 2010).

Detailed information on fungi in wastewater sludge and other aquatic environments in
the tropics is scarce; especially those analyzed using culture-independent techniques (Lu et
al., 2006). However, Kambura et al. (2016) showed the ability of various groups of fungi to
adapt to extreme environments, a finding expected in anaerobic digesters of sludge in
WWTPs. Studies focusing on bacteria suggest that such work is likely to be revealing,
especially with municipal WWTPs, where the well-known ability of fungi to degrade
complex substrates may provide them with more advantages (Seviour & Nielsen, 2010). This
may also be extrapolated to explain the role of fungi in methanogenesis, whose information is
not well known.

2.4 Methanogenic genes in microorganisms

Even though methanogens are defined and unified as a group by the process of
methanogenesis, they are diverse with the SSU rRNA sequences, which may indicate
diversity in the group (Deppenmeier et al., 1996). The methanogens have genomic DNAs that
range from 23 to 61 mol % G + C, which may have bacillary, spiral, or coccal morphologies
with different cell envelope structures (Reeve, 1992).

The methanogens employ elements of the same biochemistry to synthesize methane
(Deppenmeier et al., 1996). These microbes produce methane-using substrates like H,/CO»,
acetate, formate, methanol, and methylamines catalyzed by different enzymes and
coenzymes. There are three main pathways to methanogenesis: hydrogenotrophic,
acetoclastic, and methylotrophic (Fig.5). In Acetoclastic methanogenesis, acetate is activated
to acetyl-CoA by the action of acetate kinase or activity of acetyl-CoA synthetase (Dyksma et
al., 2020). The acetyl-CoA molecule is then dismutated using the enzyme acetyl-CoA
decarbonylase, where the carbonyl group is oxidized to carbon dioxide while the methyl
group is reduced to methane (Kurth et al., 2020). Methylotrophic methanogenesis utilizes
methanol and methylated amines as substrates. The methyl group is transferred to the
corrinoid protein by the methyltransferase. The coronoid protein is then channeled through
the methanogenic pathways in the methyl-CoM stage, where they are finally reduced to
methane (Kurth et al., 2020).
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Figure 5. Three pathways for methanogenesis namely (A) acetoclastic pathway, (B)

hydrogenetrophic pathway, (C) methylotrophic pathway and (D) the final stage of methane
production. Methanogenesis is a form of anaerobic respiration using a variety of one-carbon
(C-1) compounds or acetic acid as a terminal electron acceptor. All three pathways converge
on the reduction of methyl-CoM to methane (Galagan et al., 2022).

The hydrogenotrophic methanogenesis uses the H,/CO, substrate where the CO,
binds to methanofuran, and it is broken down to formyl-methanofuran in the presence of H..
This process is catalyzed by the enzyme formyl-methanofuran dehydrogenase (Sun et al.,
2018). The formal part of formyl-methanofuran is transferred to coenzyme
tetrahydromethanopterin forming formyl-tetrahydromethanopterin catalyzed by enzyme
formyl transferase (Sun et al., 2018). The formyl-tetrahydro-methanofuran is broken down to
methyl-tetrahydromethanopterin catalyzed by coenzyme F4. A methyltransferase-catalyzed
reaction allows the methyl group of methyl-tetrahydromethanopterin to be transferred to
coenzyme M (Sun et al., 2018).
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The final step of methane production involves methyl-coenzyme M reductase and two
coenzymes: N-7 mercapto heptanoyl threonine phosphate (HS-HTP) and coenzyme Faso
(Cohen, 2014).

2.5 Physicochemical factors affecting methanogenesis

Methanogens tolerate a wide range of physicochemical conditions, for example,
temperature ranges of -2 to 122 °C, pH values of 3.0 to 10.2, and salinities of up to halite
saturation (Chen et al., 2020). Variations in methane emissions can be mainly explained by
variations in temperature (Hoehler et al., 2018). The rates of methanogens increase more
steeply with temperature, with the most tolerating temperature from -2 to 122 °C (Chen et al.,
2020). Temperatures for cell growth in psychrophilic and psychrotolerant methanogens range
from -2 to 54°C (Ramirez et al., 2018). Thermophilic and hyperthermophilic methanogens
have a growth optimum of 105°C at 40 MPa and can grow at 122 to 431 °C (Hoehler et al.,
2018).

It is important to note that before the absolute physicochemical tolerances of
methanogens are exceeded, methanogens may be affected (limited) by community-level
factors that disrupt syntrophic interactions (Agnew & Leornard, 2003). For example, the
anaerobic conditions to complete the decomposition of complex organics require collective
activities of diverse methanogens catalyzing individual steps, and therefore methanogenesis
depends on syntrophic partner organisms (Hoehler et al., 2018). When considering the
competition for common substrates among the methanogens, the presence of oxidants such as
NO*-, Mn*, Fe**, and SO, % can limit methanogenesis. Mn** and Fe** usually present in
insoluble forms and may be unavailable for methanogens that depend on dissolved forms;
therefore, such organisms depend on Mn** and Fe** to lower the concentrations of common
substrates, an energetic advantage may be limited (Bretz & Whalen, 2014). In systems with
high concentrations of nitrates and low concentrations of sulfates, such as agricultural waste
sludge tanks, nitrate may be an essential factor for methanogens exclusion (Hoehler et al.,
2018).

Significant changes in pH can adversely affect cellular biochemistry and therefore
affect methanogenesis. Environments with higher or lower than biochemically tolerable pH
values are feasible because the lipid bilayer membrane is an effective barrier to ionic species
like H", OH™ or CO3 # (Hoehler et al., 2018). Conversion of methanogenic substrates into
predominantly ionic forms that cannot diffuse across the cell membrane requires more energy

or increased membrane permeability. Increased membrane permeability increases pH leakage
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and, therefore, limits methanogenesis in alkaline environments. This may be due to the
deprotonation of acetic and carbonic acid, but also crucial for the methanogenic consumption
of methylamines due to its protonation in acidic environments (Hoehler et al., 2018).

Where possible, most developing countries like Kenya use a conventional process for
water treatment due to high turbidity and color and the presence of colloidal matter (Ramirez
et al., 2018). The processes include; screening and pumping, grit removal, primary settling,
aeration / activated sludge, secondary settling, filtration, disinfection, and oxygen uptake
(Richter, 2001). For seven years, Ramirez et al. (2018) investigated moisture content, density,
and total solids for several wastewater sludges. They found that these factors in the
wastewater sludge presented similar characteristics to those of the drinking water sludge. The
average moisture for most tropical wastewater sludge has been found to range between 74 to
76% average moisture content and 24 to 26% of total solids (Tartari, 2008). This is
considered satisfactory because it allows for the mechanical dehydration of the sludge
(Richter, 2001).

The density of wet sludge averages between 1.061 to 1.189 g/cm? for centrifuged
sludge with 25% total solids (Ramirez et al., 2018). Sludge found in tropical areas has an
alkaline characteristic with a hydrogen potential of between 6.7 to 7.9 (Tafarel et al., 2016).

Due to products such as aluminium polychloride, ferrous sulfate, and sodium
aluminate, there might be high amounts of heavy metals in sludge that affect its composition
(Ramirez et al.,2018). A temperature ranging from 0 to 50° C has been recorded in sludge,
especially where there is the release of volatile compounds and degradation of organic
compounds (Gastaldini et al., 2015).

2.6 Methods of characterization of microbial methanogens

There is a wide range of well-elaborated methods used to analyze microbial
methanogenic activities (Heyer et al., 2015). Microscopic analysis of microorganisms, gene
characterization, protein, metabolites analysis, and mRNAs are some of the methods used
(Grotenhuis et al., 1991). These methods have different targets and hence do not only provide
the function and metabolic activity of individual species of microorganisms but also give
details on the taxonomic composition and spatial organization of microorganisms in the
sludge (Heyer et al., 2015).

Microscopy, for example, is a common method for analyzing the abundance and
distribution of microorganisms in space (Grotenhuis et al., 1991). The limitation of
microscopy is that most microorganisms cannot be classified by morphology alone (Heyer et
al., 2015). Dobbernack et al. (1988) improved microscopy in a study that used the F420
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cofactor involved in methanogenesis as a marker allowing septic detection of
hydrogenotrophic methanogens.

To enable further differentiation, specific fluorescence methods such as fluorescence
in situ hybridization (FISH) are used (Nettmann et al., 2010). The only disadvantage is that
sample impurities such as humic and fulvic acid may form a strong background fluorescence
that interferes with the staining procedures (Senesi et al., 1989).

Another widely applied method is flow cytometry, which discriminates between
individual species in the presence of dynamic microbial communities (Dhoble et al., 2016).
However, a more robust and precise method for phylogenetic and functional characterization
is the MRNAs or the molecular biological analysis of genes (Ziganshin et al., 2016). The
presence of the 16S rRNA genes is used for phylogenetic studies, while the corresponding
MRNA is used to measure the functional diversity of the microorganisms (Heyer et al.,
2015). The mRNA is a good indicator of gene expression because of its low stability; RNA
analysis requires a previously reversed transcription to the cONAs (Dhoble et al., 2016).

The DNA is usually amplified using polymerase chain reaction (PCR) with primers
specific to the selected functional genes (Heyer et al., 2015). Later, the PCR products, which
must be equal in size, are separated by denaturing gradient gel electrophoresis (DGGE) or a
terminal restriction frequent length polymorphism (TRFL), revealing the fingerprint, or the
Next-generation sequencing (NGS) method can be used (Heyer et al., 2015).

Where the 16S rRNA based community analysis is applied, identification of
individual microorganism can be made by a clone library where the actual community profile
can be generated by normalization with the abundance of the specific 16S rRNA gene
(Klappenbach et al., 2001) in the case of bacteria and archaeal domains.

Other methods, such as the Illumina sequencing and the 454 pyrosequencing, enable
the assembly of the whole metagenome of microbial communities to give a snapshot of actual
gene expression (Heyer et al., 2015). It is important to note that the final metabolic activity is
determined by the concentrations of proteins, among other factors, and hence the abundance
of the microbial enzymes and proteins (Wilmes & Bond, 2006).

Recently, microbiome research has moved from 16S rRNA gene sequencing to more
comprehensive functional representations via whole genome or shotgun metagenomics
sequencing (Pyzik et al., 2018). This relatively new environmental sequencing approach is
used to examine thousands of microorganisms in parallel and comprehensively sample all
genes, providing insight into community biodiversity and function. Shotgun sequencing
allows for detecting low abundance members of microbial communities (Giwa et al., 2019).
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Studies on microorganisms involved in the general biogas production have been done,
but the bacteria specifically involved have not been fully documented. Therefore the various
bacterial samples in biogas production plants are still unknown and unclassified (Krober et
al., 2009). One study in Kenya (Murunga et al., 2016) only focused on culturing and isolating
methanogenic microorganisms in different sludge environments ignoring the possibilities of
the uncultured bacteria in the sludge microorganisms’ community.

This study focused on identifying high potential methane-producing bacteria from
wastewater sludge using a metagenomic rapid, reliable, and economic molecular genetic
approach without isolation and culturing of bacteria. This favors diverse groups of potential
methanogenic bacteria in sludge. Sequence-based analysis of metagenomic sequences using
the MG-RAST pipeline was applied. This provided an opportunity to explore the metabolic
potential of complex communities. The advantage of the approach is that metagenomics data
also enables simultaneous identification of the functions and microorganisms responsible for

specific processes (Mitchell et al., 2018).
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CHAPTER THREE
MATERIALS AND METHODS

3.1 The study site

Nyeri Water and Sanitation Company Limited is one of the best performing, and well-
managed ISO/IEC certified sewerage treatment plants in Kenya (Kariunga et al., 2018). The
study site, Kangemi Sewage Treatment Works, is near the Chania River at 0°25'S, 36°58"E in
Kangemi ward, Nyeri County. The area receives equatorial rainfall due to its location. The
long rains occur from March to May while the short rains falls from October to December
although sometimes this pattern is occasionally disrupted by abrupt and adverse changes in
climatic conditions (Orodho, 2001). The annual rainfall ranges from 500mm in dry areas of
Kieni plateau to 1,500mm in the Aberdare hills and areas around Mt. Kenya. The climate
contains temperatures ranging from of an annual minimum of 12° C to a mean of 27° C
(Kariunga et al., 2018). It is situated 4 kilometers from the Nyeri town center and was
commissioned in 1988 (NYEWASCO, 2007). The plant is accessible and has well-
maintained wastewater treatment processes with a high potential for methane production
(Orodho, 2001). The wastewater treatment plant has a capacity of over 50,000 m?3 per day. It
serves a population of approximately 36500 people. It is equipped with Infill Sewers of sizes
between 225mm to 300mm and a total length of approximately 20,000 meters, including the
constructed manholes. It has a desludging tank that receives sludge from the wastewater
treatment process and regulates sludge flow to the lagoons. It also has four lagoons that serve
as sludge tank digesters where the sludge stays for four months before being released to the
dry beds. It has fourteen dry beds where the sludge is dried. It is then released to farmers for
agricultural land application (NYEWASCO, 2007).
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Figure 6: A Satellite Map of Kenya showing location of Kangemi WWTP and the sampled sites (Inset: map of Kenya). Source: (ILRI dataset) -
Map Created with QGIS (courtesy of Kariunga Saed, MSc Limnology Egerton University Student, 2021)
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3.2 Sampling sites

Sampling was done between September to December, 2022 at the NYEWASCO-
Kangemi WWTP at selected sites on different sampling occasions within three months. The
geographical position of each site in terms of latitude, longitude, and elevation was taken
using the Global Positioning System called the GARMIN eTrex 20.

Some of the safety precaution measures taken during sampling included using safety
googles to protect the eyes, protective face masks to protect the mouth and nose from wet
sludge splashes, liquid repellent coveralls to keep off sludge from clothing, rubber boots and
water proof gloves to prevent exposure to sewage sludge. After sampling, thorough claning
was done using 0.05% chlorine for contaminated clothes and antibacterial soap for showering
and hand washing.

The zigzag sampling design was used where samples were taken between 0-30 cm
deep at random. Samples were taken in triplicates per point to capture the spatial variability
of the sampling parameters. The samples collected were from the sludge well, lagoon 1 (Pond
1), lagoon 2 (Pond 2), Dry bed 1 (DB1), Dry Bed 2 (DB2), Dry Bed 3 (DB3), and Dry Bed 4
(DB4) located in the treatment plant (see fig. 7). The two lagoons were selected because they
were the only two operational at the time of sampling and showed activity of active methane
production. Lagoon 1 was two weeks old, while lagoon 2 was four months old ready to be
drained to the dry beds. From lagoon 1 (Pond 1) and Lagoon 2 (Pond 2), samples were
collected six different times and made into five composite samples, each with a DNA shield

in the ratio of 1:1.
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Figure 7: Schematic diagram showing the sampling points
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The sampling point ST was situated at the sludge well, where all the sludge from the
treatment plant is received and then pumped to the different lagoons (see plate 1a). The
sampling points Pond 1 and Pond 2 are lagoons around 25 meters high where the sludge is
retained for three to four months (see plate one a-c). The ponds/lagoons are in the
decomposition phase, where the methanogens and other microbes are expected to be active.
DBI1, DB2, DB3, and DB4 are the dry beds receiving ‘treated’ sludge through underground
pipes from the lagoons (Plate 1d and 2e, f, g, h). These dry beds are fitted with concrete slabs
with spacing between them to allow the water in sludge to percolate underground and the

sludge to dry for three months before they are sold to farmers as manure.

b
Sludge digestion
lagoons-P1 >

°

ST

Plate 1: Photographs showing (a) the sludge tank or well, (b) Sludge digestion lagoon-
P1 (C) Sludge digestion lagoon-P2 and (d) sludge drying beds located at NYEWASCO-
Kangemi WWTP

Plate 2: Photographs Showing (e) Sampled Drying Bed 1, (f) Sampled Drying Bed 2,
(g) Sampled Drying Bed 3 and (f) Sampled Drying Bed 4 located at NYEWASCO-Kangemi
WWTP

3.2.1 Sampling and field measurements
The Physico-chemical measurements of pH, Temperatures, and dissolved oxygen
were taken in-situ using calibrated portable multi-meters (HACH, hg40d model) in the sludge

digestion lagoons, i.e., Lagoon 1 and Lagoon 2. During the sampling period, sludge samples
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for determination of total solids (TS), volatile solids (VS), total carbon, total organic matter,
nitrogen (N), phosphorus (P), bulk density, porosity, texture, water content, electrical
conductivity (EC), Zn, Mg, Mn, Ca, K, Cu, Fe, and Na analyses were collected using 500 ml
acid-washed plastic bottles from each sampling point. The samples were then stored in a cool
box at 4°C and transported to Egerton university soil laboratory for further analysis. Sludge
physical-chemical properties analysis was then done using standard methods for wastewater
(APHA, 2005), as briefly described in the appropriate subsection below.

The samples for DNA analyses were collected from the active sludge digestion
lagoons 1 and 2. Thus, grab samples were collected from six sampling points, each using a
2.5 litre container that was acid washed and rinsed with sterile water. The samples were then
composited in one sterile bucket and mixed well using the acid-washed and sterilized shovel.
Then 5ml of the composites were collected into 10ml sterile cryogenic tubes fitted with a cap.
This was done for both sludge digestion lagoons 1 and 2. After that, 5ml of the DNA/RNA
shield was added to each of the samples to preserve the nucleic acids at ambient temperature
and inactivate microorganisms. The samples were stored in a cool box under ice, transported
to the Marker-Assisted Selection Laboratory of the Kenya Agricultural and Livestock
Research Organisation (KALRO), Njoro, and stored at -20°C before DNA extraction.

3.2.2 Determination of physicochemical properties of NYEWASCO-Kangemi WWTP
a. pH and Electrical Conductivity measurements in the laboratory

The electrical conductivity (EC) was determined using a conductivity meter with a
conductivity bridge (Model CM-1 Mark V) for the sludge. A suspension of sludge in water
(1:1) was prepared and filtered through a Buchner funnel. The filtrate was transferred into a
50 ml beaker and a conductivity probe was used to check the EC reading (Okalebo et al.,
2002). The pH was determined using a pH-meter (a digital ion analyzer) according to the
procedure described by Okalebo et al. (2002).

b. Total and Volatile Solids determination

Total solids

The sample (25g) was placed on an evaporating dish covered with a watch glass and
weighed to the nearest 0.01. The weight (W) was recorded for each sample. Each sample was
then spread so that it was evenly distributed across the evaporating dish. The samples were
then evaporated to dryness in a steam bath before being dried at 105°C for 12 hours. After
drying, samples were placed in a desiccator to cool and before weighing. The residue was
then heated at 105°C for 1 hour, cooled to balance the temperature in a desiccator, and
weighed again. The heating, cooling, desiccating, and weighing procedures were repeated
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until the weight change was less than 4%. The final weight was then recorded as W total.
Total solids were then determined by the formula (APHA, 1998) thus;

. (Wtotal-Wdish)x100 .
0 —
Total solids (/0) T Wsample—Wdish) TTTTTTTiiieeeeessseens Equatlon (3)

Where W total = Weight of dish (g) + dry sample

W(dish = weight of dish (g)

Wsample = Weight of dried residue and dish (g)

Volatile Solids

The evaporating dishes containing the dried residues from the total solids section were
transferred to a cool muffle furnace and ignited for 2 hours at 550°C. The residue was then
cooled in a desiccator to balance the temperature and weighed. Igniting (30 min), cooling,
desiccating, and weighing steps were repeated until the weight change was less than 4%. The
final weight as "W,opaie." Volatile solids were then determined by the formula (APHA,
1998);

Wtotal-Wwvolatile
Wtotal-Wdish

10090 i Equation 4
Where Wdish =Weight of dish
Wtotal = Weight of the dried residue and dish
Whvolatile =Weight of the residue and dish after ignition

Volatile solid % =

c. Gravimetric water content determination
The air-dried sludge was weighed, dried at 105 °C for 24 hours, and then weighed at
room temperature. The percentage differences in the two masses before and after drying were
determined as the measure of the water content as described in the Wilke method (Sliz &
Wilk, 2020)
d. Determination of sludge particle size
This was done using the hydrometer method where sludge is air-dried, then sieved
through 75 p sieve. A portion of 50g of the air-dried sludge was mixed with 250 ml of
distilled water and 50 ml Kalgon solution and homogenized for 10 minutes. The solution was
then made to 1litre and measurements taken using a hydrometer. The particle size was then
calculated as described by Bedaiwy (2012). The hydrometer measures the specific gravity of
the soil suspension at the centre of its bulb. The specific gravity depends upon the mass of

solids present, which in turn depends upon the particle size.
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e. Determination of bulk density

Bulk Density is the dry weight of sludge per unit volume of sludge. It is expressed as
the dry weight of sludge devided by its volume in g/cm® (Verheijen et al., 2019). The samples
in this study were processed according to the method in Okalebo et al. (2002). A core ring of
5 cm diameter with initial known weight (W;) and volume (V) was filled to the brim with
sludge. The samples were then removed and placed in an oven at 105°C for 48 hours after
which they were allowed to cool before weighing (W5),

The bulk density was then calculated as follows:

Bulk density (g cm™) = (W- (g) “W1 (9))/V (cm?) Equation 4

Where, W; was the weight of the core and W; was the weight of the dried sample in

the core and V was the volume of the core.
f. Mechanical analysis of sludge texture

A sample of air-dried sludge weighing 50 g placed in a cup was saturated with half-
full distilled water and 10 ml of Calgon solution (10%) added before stirring the cup contents
for 10 minutes. The suspension was transferred to a Bouyouncos cylinder and filled to the
mark with distilled water. The suspension was stirred using a plunger for eight (8) minutes
and a hydrometer was placed in the suspension. The hydrometer reading was taken after 40
seconds and the temperature of the suspension was measured with a thermometer. The
cylinder was then allowed to stand undisturbed for 2 hours, after which both the hydrometer
and the temperature reading were taken. The hydrometer was then calibrated at 20 °C and
hence, for every degree above 20 °C, 0.2 was subtracted and for every degree below 20 °C,
0.2 was added to correct the hydrometer reading as described in Okalebo et al. (2002).

The soil, clay, and silt distributions were then measured, and the sludge was assigned
the texture class using the textural triangle (Yang et al., 2015).

g. Total organic carbon determination by the Walkley-Black method

Total Organic Carbon (TOC) was determined by heating about 50 g of the air-dried
sludge in a muffle furnace for 30 minutes at 250 °C. The weight loss was then determined by
heating the sludge further for 4 hours at 560 °C. The mineral matter content expressed in
percentage(%) was then determined by subtracting the total organic carbon (%) from 100%
(Mannoubi, 2021).
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h. Organic nitrogen and phosphorous determination
Q) Total phosphorus

Total Phosphorous was determined using the total phosphorus soil analysis method as
described in APHA (1998). The phosphorus in sludge was extracted with 0.5M Sodium
hydrogen carbonate solution at pH 8.5, a reagent that controls the removal of calcium
phosphate (Sims, 2000). Phosphorus in solution, derived from calcium and iron phosphate,
was determined colorimetrically as a blue phosphomolybidic complex reduced by a mixed
reagent comprosing of sulphuric acid, ammonium molybdate, ascorbic acid and potassium
antimonyl tartrate (Watanabe & Olsen, 1965).

(i) Nitrogen (Kjeldahl)

Total Kjeldahl Nitrogen was determined by the Kjeldahl method as described in
APHA (1998). The organic nitrogen compound in the dried sludge sample was digested with
concentrated sulphuric acid and selenium mixture as a catalyst. Nitrogen is converted to
ammonium sulphate in the process. The digest was then made alkaline by mixing with
Sodium Hydroxide. Ammonia gas released in the process was distilled off and collected in
boric acid and titrated against the standard solution (Bremner,1960).

i. Determination of mineral elements

The minerals elements viz; Na, Ca, Mg, Fe, Zn, Cu, Mn, Pb, Cu and K were also
determined from sludge samples. The determination of these elements in the substrate was
done using the double acid method of extraction as described in Okalebo et al. (2002). The
AAS was used for the estimation of these available elements in the tested substrate.

3.3 Molecular characterization of microorganisms

The extractions of DNA from the sludge samples were carried out at the Marker
Assisted Selection Laboratory of the Agricultural and Livestock Research Organization
(KALRO)Njoro. Samples were preserved in DNA/RNA Shield and stored at -20°C prior to
extraction. Thereafter extraction was done using ZymoBIOMICS DNA extraction kit as per
the manufacturer’s instruction with a slidght modification. The modification involved
incubating the sample at -20°C for 12 hours after adding the genomic lysis buffer to
maximise DNA recovery.

3.3.1 DNA extraction

DNA was extracted using the commercially available ZymoBIOMICS™ DNA
Miniprep Kit (Zymo Research) designed to extract DNA from a wide array of sample inputs
including sewage sludge, which is immediately ready for metagenomics analyses. Extraction
was done according to Kong et al. (2013).The quality of the extracted DNA was analysed
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using Nanodrop 2000c Spectrophometer (Thermo, USA) to determine the concentration and
purity of the DNA to ensure the recommended minimum DNA concentration of 10 ng/uL
and purity level of optical density (OD) 260/280 above 1.8. The OD260/280>1.8 was attained
(Giwa et al., 2019) (table 1). The total extracted DNA was then stored in PCR tubes and
transported on ice to Ingaba Biotechnical Industries (Pty) Ltd (South Africa) for whole-
genome shotgun metagenomics analysis.

Table 1: Concentration and purity of the total extracted DNA from the samples collected at

Nyeri-Kangemi wastewater treatment plant.

Composite sample name Nano drop 260/280 ratio Concentration (ng/uL)
(Purity)
Sample 1b 1.82 75.2
Sample 1c 1.83 62.1
Sample 2a 1.86 26.4
Sample 2c 1.91 28.4

3.3.2 Whole-genome shotgun metagenomics method

At Ingaba Biotech Industries laboratory, genomic DNA samples were fragmented
using an enzymatic approach with help of NEB Ultra Il FS kit. Resulting DNA fragments
were size selected (>200 base pairs), using AMPure XP beads. The fragments were end
repaired and Illumina specific adapter sequences were ligated to each fragment. Each sample
was individually indexed, and a second size selection step was performed. Samples were then
quantified, using a fluorometric method with NEBNext Library Quant Kit for Illumina,
diluted to a standard concentration (4nM) and then sequenced on Illumina’s NextSeq
platform, using a NextSeq mid out kit (300 cycle), following a standard protocol as described
by the manufacturer. 1Gb of data (2x150bp paired-end reads) were produced for each sample

(Campanaro et al., 2016).
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Table 2: Metagenome data reads for lagoon 1 and lagoon 2

Sampling Metagenome Metagenome First Barcodes Second
site code name code name Sequencing sequencing
(Forward) (Reverse) lanes lanes
Lagoon 1 KA-1b KA-1b D712 AGCGATAG D505
Lagoon 1 KA-1c KA-1c D712 AGCGATAG D506
Lagoon 2 KA-2a KA-2a D712 AGCGATAG D507
Lagoon 2 KA-2c KA-2c D712 AGCGATAG D508

3.4 Data analysis
3.4.1 Analysis of Physicochemical properties data

The data for EC, DO, Temperature, Oxidation-Reduction Potential (ORP), pH, Total
solids (TS), volatile solids (VS), sludge bulk density, moisture content, texture, particle
density, total organic phosphorus (TOP), total organic carbon (TOC), total organic nitrogen
(ON), and Total Organic Matter (TOM) in lagoon 1, together with data for Calcium (Ca),
Sodium (Na), Potasium (K), Magnesium (Mg), Manganese (Mn), Zinc (Zn), Iron (Fe) and
Copper (Cu) in the raw and dry sludge were analysed using Student’s t-test to compare means
and find out if there was significant difference between lagoon 1 and lagoon 2 and between
the raw and the dry sludge. Prior to the analyses, data was subjected to normality and
homogeneity of variance tests.

In the lagoons, the Temperature, pH, EC, DO and ORP passed the normality test and
were subjected to t-test while the data for TS, VS, sludge bulk density, moisture content,
texture, particle density, TOP, TOC, ON, and TOM failed the normality test and were
subjected to non- parametric Mann-Whitney U test. In the raw and dry sludge, the data for
TS, sludge bulk density, particle density, pH, EC, and TOP passed the Shapiro-Wilk
normality test and were subjected to t-test. The data for volatile solids (VS), temperature,
total organic carbon (TOC), total organic nitrogen (ON), porosity, sludge moisture content,
sludge texture, Calcium (Ca), Sodium (Na), Potasium (K), Magnesium (Mg), Manganese
(Mn), Zinc (Zn), Iron (Fe) and Copper (Cu) failed the normality test and was subjected to
non- parametric Mann-Whitney U test.

The tests were done at a significance level of 0.05 (p<0.05). Where the P-value was
less than 0.05 meant that, the differences between means of each of the parameters in the two

lagoons were statistically significant. Therefore, we reject the hypothesis 1. Where P>0.05,
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we accept hypothesis 1. The physical chemical parameters were analysed using R vegan; a
statistical analysis software. Composite samples data were analysed using descriptive data
analysis where the means and standard deviation of the parameters in the sludge tank (sludge
inlet) and the dry bed (sludge outlet) were calculated in Microsoft Excel spreadsheets and
presented in tables.

The collected data on the density of microbes (bacteria, archaea, eukaryotes and
methanogens) from the four (4) composite samples were computed to find the mean densities
at for each of the samples. ANOVA was then used in comparing the means of these densities.
Data was subjected to a normality and homogeneity of variance tests and all tests were
carried out at p<0.05 significance level. The mean values of the different samples were tested
using the Kruskal-Wallis test (ANOVA on ranks). This nonparametric test was chosen
because of the skewness and heterogeneity of the variances of most variables. To find out if
there was any significant difference between the four (4) samples, the significant means of
microbial densities in ANOVA test were separated using the Dunn’s as the Post Hoc test.
3.4.2 Analysis of whole-genome shotgun metagenome sequencing data

a. Sequencing data quality control and pre-sequencing analysis

The shortgun sequencing data was pre-processed by using SolexaQA (Cox et al.,
2010) to trim low-quality regions from FASTA data. Bases from low quality DNA were
removed from the 3' and 5' ends. Bases were removed if the average quality is below 15 bps.
Platform-specific approaches were used for illumina data submitted in FASTA format: reads
more than two standard deviations away from the mean read length were discarded as
recommended by Huse et al. (2007). A dereplication step was performed using a simple k-
mer approach to rapidly identify all 20-character prefix identical sequences. This was to
remove artificial duplicate reads (ADRs) (Alvarez et al., 2009). The ADRs were then set
aside to be used for error estimation.

DRISEE (Duplicate Read Inferred Sequencing Error Estimation) (Keegan et al.,
2012) was used to analyze the sets of ADRs and determine the degree of variation among
prefix-identical sequences derived from the same template as described by Alvarez et al.
(2009). Screening was then done using a fast, memory-efficient, short read aligner called
Bowtie to remove all reads similar to the human genome and render them inaccessible
(Langmead et al. 2009). Technical replicates were identified by binning reads with identical
first 50 base-pairs. One copy of each 50-base-pair identical bin was retained. The FASTA
formatted file 150.dereplication.passed.fna contained the sequences were retained and passed
on to the next stage of the analysis pipeline
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b. General phylogenetic analysis

A prediction server (MG-RAST) for metagenomics computational annotation of non-
assembled DNA was applied to determine taxonomic diversity. This was done by annotating
the metagenomics sequences obtained against the RefSeq database using the MG-RAST
pipeline (Giwa et al., 2019). Sludge community taxonomic profiles were carried out through
identification of similar sequences in reference databases; NCBI (The National Centre for
Biotechnology Information) with the use of the MG-RAST pipeline (Pyzik et al., 2018).
Alpha diversity was calculated in MG-RAST where the Shannon-Wiener diversity index was
calculated as abundance-weighted average of the logarithm of the relative abundances of
annotated species. The species richness was computed as the antilog of the Shannon
diversity:

Richness=102"Piloa(P) Equation 5

Where P; are the proportions of annotations in each of the species categories

Other indices of diversity were also used; Taxa richness (S) obtained is the total
number of species in the community, where relative abundances p = (p1, ..., pS) (Tuomisto,
2010). Where p1 is the first individual and pS is the number of the last individual.

Dominance was obtained through the following formula:

D = Y 'pi? (Simpson, 1949), where pi is the proportion of individuals found in species
i. For a finite community, this is:

D=3 ni(ni—1) N(N-1) Equation 6

Simpson diversity index is derived from the dominance where it is obtained via the
following formula: 1-D (or sometimes 1/D or —InD) (Simpson, 1949).

Shannon-Wiener index (H') most commonly used index in ecological studies values
range from 0 to 5, calculated: HSh= —) Pi In (Pi) where HSh is the Shannon diversity index,
pi is the proportion of individuals found in species i and In = the natural log (Shannon, 1948).

Evenness was obtained J = HSh/H= Sh, where Hx Sh is the maximum value of HSh (a
function of S) (Tuomisto, 2010).

To assess the compositional similarity among sludge samples from different microbial
communities, the Bray-Curtis measure of beta diversity (Xu et al., 2014) was employed to
compare all pairwise taxonomic abundances between each sample using R vegan; an open
source statistical analysis software (Roopnarain et al., 2017).

c. Methanogen phylogenetic analysis

Methanogenic specific phylogenetic characterization was achieved by HMM search

of methanogenic related sequences in the MG-RAST analysis platform by focusing on genes
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encoding to (1) methyl CoM reductase (mcr) responsible for final methane release; (2) formyl
methanofuran dehydrogenase (fmd) that releases CO;; (3) dehydrogenase/acetyl-CoA
synthase (cdh) that releases acetate; (4) methyl transferase (mta) that releases methanol and
(5) the methylamine methyl transferase (mtm, mth, mtt) that release fatty acids: all involved in
the methanogenesis process. The methanogenic taxonomy was obtained by phylogenetic tree
placement of the best-obtained hits (Pyzik et al., 2018).

The methanogenic organism’s compositional similarity from the different sampling
sites were comparatively assessed using the Bray-Curtis measure of beta diversity (Xu et al.,
2014) which compared all pairwise taxonomic abundances between each sample using R
vegan,; a statistical analysis software.

d. Phylogenetic trees for the methanogenesis pathways

The evolutionary analyseswere conducted in MEGA 11 (Tamura et al., 2021). The
evolutionary history was inferred using maximum Parsimony method. The metagenomics
pathway trees were obtained using the Subtree-Pruning-Regrafting with search level 1 in
which the initial trees were obtained by the random addition of sequences (10 replicates)
(SPR) algorithm (Kumar et al., 2000).

3.5 A summary of the methods used in the study

The flow diagram (Fig 8) gives the stepwise summary of this study from collection of
samples in the sampling site at NYEWASCO and onsite physico-chemical data collection. It
also summarises the laboratory analysis from DNA extraction to the subsequent shotgun

metagenomics, bioinformatics and statistical comparative analysis of methanogens found.
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Figure 8: A flow diagram summarizing the materials and methods in this study.

3.6 Research authorization

Research authorization was obtained from National Commission for Science,
Technology, and Innovation (NACOSTI) in Kenya (see Appendix E), and permission to
research the wastewater treatment plant was obtained from Nyeri Water and Sanitation

Company limited (see Appendix F).
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CHAPTER FOUR
RESULTS

The results obtained and recorded in this study are described and sequentially

presented in various sections of this chapter as follows;
4.1 Physicochemical properties of sludge
4.1.1 Physicochemical properties of sludge in the anaerobic sludge digestion tanks

Some of the physical chemical properties recorded in-situ at the sampling sites in the
active anaerobic digesters at lagoon 1 and lagoon 2 of the Nyeri-Kangemi Wastewater
Sewage Plant are shown in Table 3. The measured parameters included; temperature, pH,
oxidation-reduction potential, dissolved oxygen and electrical conductivity.

A slightly higher temperature (24.910 £ 0.910 °C) was recorded in lagoon 2
(compared to temperature (24.360 + 0.850 °C) in lagoon 1. The temperatures in the two
lagoons were significantly different t (34) =1.821, p=0.039. There was no significant
difference in the pH in lagoon 1(7.340 + 0.370) compared to lagoon 2 (7.350 £ 0.160), t (34)
= 0.099, p=0.461. The oxidation-reduction potential (ORP) in the two lagoons demonstrated
anaerobic conditions as indicated by the negative values recorded. However the ORP
measured in lagoon 1(-56.289 + 21.340 Mv) exhibited no significant difference compared to
the ORP measured in lagoon 2 (-56.900 + 0.380 Mv), t (34) =1.081, p=0.542.

Table 3: Means of physicochemical parameters collected in situ in the sludge digestion

lagoons (mean (n) + standard deviation)

SITE Temperature pH ORP (Mv) DO (mg/l) EC (mS/cm)
°C)

Lagoon1l  24.360+0.850 7.340-7.71 -56.289+21.340 0.192+ 0.097 2.370 +1.200

lagoon 2 24910+ 0.910  7.35-7.51 -56.900+0.380 0.220+ 0.180 1.650 +0.200

P-value 0.039 0.461 0.542 0.264 0.214

As expected the dissolved oxygen concentration was very low in both lagoons
indicating anaerobic conditions and possibly low aerobic microbial activities if any. There
was no significant difference in the DO concentrations measured t(34)=0.644, p=0.264
despite lagoon 2 showing a slightly higher DO mean concentration of 0.220 + 0.180 mg/L
compared to lagoon 1 with DO concentration of 0.192 + 0.097mg/L. The EC in lagoon
1(2.370 £ 1.20 Mv) was not significantly different compared to lagoon 2 (1.650 = 0.200Mv).

Both lagoon 1 and 2 recorded a moisture content of 98.05 + 0.151% and 98.91 +
0.218 respectively and above 90%. Bulk density, particle density and porosity in lagoon 1
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were recorded as 0.040 + 0.005 g/cm?®, 1.030 + 0.012 g/cm?®, and 99.270 + 0.125%:; and 0.010
+ 0.008 g/cm®, 1.010 + 0.008 g/cm®, 98.910 + 0.218% respectively in lagoon 2. Bulk density
was significantly different (P=0.0156) in the two lagoons while particle density and porosity
recorded no significance difference with p-value of 0.7184 and 0.6040 respectively. Total
solids were significantly different (P=0.0259) with 11.600 + 0.036% of recorded in lagoon 1
and 17.200 £ 0.089% in lagoon 2 while the volatile solids (P=0.4143) was not significantly
different in lagoon 1 at 15.850 £ 3.324% and 15.880 £ 0.237% in lagoon 2 (see table 4) There
was no significant difference in the moisture contents of the two lagoon with lagoon 1
recording value of 98.05 + 0.151% and value of 98.91 + 0.218%
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Table 4: Means and standard deviation of physico-chemical properties of composite samples analysed in the laboratory

Sample Bulk density Particle Porosity Total solid Volatile Moistur Total Total Total
(9/cm) density (%) (%) solid e (%) Total Organi  Nitroge Phosphoru
(g/cm) (%) Carbo ¢ n (%) s (mg/L)
n (%) Matter
(%)

Lagoon 1 0.04 £ 0.005 1.03+0.012 99.27 + 11.60 £ 1585+ 98.05+ 107+ 172+ 017% 84.88 +

0.125 0.036 3.324 0.151 0.094  0.002 0.005 0.943
Lagoon 2 0.01 +0.008 1.01+0.008 98.91+ 17.20 £ 1588+ 9891+ 024+ 046+ 014z 783+

0.218 0.089 0.237 0.218 0.005  0.040 0.001 0.005
P-Value 0.0156 0.7184 0.6040 0.0259 0.4143  0.6163 0.1240 0.0722 0.8183  0.9608
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Total organic matter (P=0.0722), total organic carbon (P=0.1240), total nitrogen
(P=0.8183) and total phosphorus (P=0.9608) were not significantly different in the two
lagoons. Total organic matter was 1.720 + 0.002% in lagoon 1 and, 0.460 = 0.040% for
Lagoon 2. total organic carbon was 1.070 = 0.094% in lagoon 1 and 0.240 £ 0.005%, in
lagoon 2. Lagoon 1 recorded a value of 0.170 + 0.005% of total nitrogen (TN) and a value of
0.140 + 0.001% in lagoon 2. Total Phosphorus was at 84.880 + 0.943mg/L in lagoon 1 and
of 78.300 + 0.005 mg/L in lagoon 2.

4.1.2 A comparison of physico-chemical properties of sludge in the sludge tank (raw
sludge) and dry beds (composted sludge) composite samples

Table 5 summarizes the selected physical properties of both raw sludge in the sludge
tank/well and the by-product which is dried sludge found in the drying beds. The raw sludge
temperature were not significantly different (P = 0.0765) even though a higher temperature of
23.13+0.15 °C was recorded at the source compared to the dried sludge 21.03+0.06°C. The
bulk density increased significantly (P = 0.0046) through the treatment process from
0.14+0.03 g/cm® in the raw sewage to 0.24 + 0.02 g/cm® in the dry sludge, this can be
attributed to the compactness due to dewatering which reduces pore spaces. The lower
organic matter was low in dry sludge can also be attributed to increased bulk density (table
5). The particle density slightly decreased (P = 0.6164) from 2.33 + 0.15 g/cm? to 2.30 + 0.02
g/cm® in the dried sludge. The raw sludge had a total pore space of 94.4 + 0.01% and
decreased to 90.7 £ 0.01% in the dry beds but not significantly (P = 0.0722), nevertheless the
moisture content in the raw sludge was 77 + 1.00% compared to 11.3 £ 0.700% in the dry
sludge but the difference was not significant (P = 1.000). The Total solids and the volatiles
solids increased from 12.66 + 0.48% to 53.40 + 8.82% and 11.22 + 0.09% to 29.79 + 9.94%
from raw sludge to dry sludge respectively. The Mann-Whitney test showed that TS were
significantly different (P = 0.0419) while the VS were not significantly different (P = 0.1033)

in the raw sludge compared to the dry composted sludge.
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Table 5: Physicochemical properties of sludge tank and dry bed composite samples

PARAMETERS Raw sludge Dry sludge P-Value
Temperature (°C) 23.13+0.15 21.03 £0.06 0.0765
pH 5.53-5.72 6.52 - 6.79 0.0002
EC (mS/cm) 4.03 £ 0.05 3.77 £0.05 0.0020
Total Carbon (%) 2.47 £0.05 2.03 £ 0.05 0.0722
Total Organic Matter (%) 4.27 £0.05 3.42 +£0.05 0.6338
Total Nitrogen (%o) 0.20+£0.01 0.19+0.01 0.1840
Total phosphorus (mg/l) 91.67 £1.25 88 + 1.63 0.9653
bulk density (g/cm®) 0.14+£0.03 0.24 £0.02 0.0046
Particle density (g/cm?®) 2.33+£0.15 2.30 £ 0.02 0.6163
Porosity (%) 94.4£0.01 90.7 £ 0.01 0.722
Total solids (%) 12.66 + 0.48 53.40 £ 8.82 0.0419
Volatile solids (%) 11.22 +0.09 29.792+9.94  0.1033
Moisture (%) 77+ 1.00 11.3+0.70 1.000

Values are means = SD*

It can be seen from Table 5, that the pH ranged from 5.53 to 6.52 from the raw sludge
in the sludge tank and the dry sludge in the dry beds. The pH values recorded were lower and
significantly different in the raw sludge compared to the dry sludge with P value of 0.0002.
The electrical conductivity recorded was 4.03 + 0.05 mS/cm in the raw sludge and dropped
significantly (P = 0.002) to 3.77 = 0.05 mS/cm in dry sludge. This can be attributed to the
drop in temperature recorded in the dry sludge and reduction of dissolved solids as evidence
by reduction of TN and TOP in dry sludge. The total organic carbon showed no significant
difference with the raw sludge recording values of 2.47 £ 0.05% while dry sludge recorded
the values of 2.03+0.05%. The total organic matter was not significantly different (P =
0.6338) with 4.27 + 0.05% recorded in raw sludge and 3.42 + 0.05% in the dried sludge. The
total organic nitrogen was not significantly different (p=0.1840) in the two type of sludge as
evidenced by more or less similar concentrations with values of 0.20 + 0.01% in the raw
sludge and 0.19 £ 0.01% in the dry sludge. The total organic phosphorus was 91.67 + 1.25
mg/l in the raw sludge well and 88 + 1.63 mg/l in the dry beds but recorded no significant
difference between the two.

Table 6 sums up the metal concentrations in both the sludge tanks sample (raw
sludge) and the dry beds (dry sludge). Calcium recorded the highest concentration of 48.59 +
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0.62 mg/l in the sludge tank followed by potassium and sodium at of 21.96 + 0.04 mg/Il and
21.96 + 0.04 mg/l respectively. Copper and Zinc had the lowest concentrations of 0.04 = 0.03
mg/l and 0.04 = 0.01 mg/l. In the dry bed samples, the metals iron, copper, zinc and
manganese increased significantly with the highest concentration recorded for iron at 1896.18
+ 106.20 mg/l while the lowest concentration recorded was that of copper with a
concentration of 5.65 = 0.12 mg/l (see table 6). Despite all the metals showing no significant
difference between the raw and the dry sludge, the above selected metals recorded higher
concentrations in the dry sludge than in the raw sludge.

In the raw sludge, Zinc and copper were within the permissible limits as set by the
Environmental Management and Coordination (EMCA) on Water Quality Regulations (2006)
while the rest of the tested metals exceeded the set standards. In the dry bed samples, it was
only copper that was within the set permissible limit while zinc, manganese and iron were

above the set limits and therefore harmful to the receiving water bodies.
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Table 6: Concentration of selected metals (Means £SD)

Metal P(mg/L) K(mg/L) Ca(mg/L) Mg Na Fe (mg/L) Cu(mg/L  Zn(mg/L) Mn
(mg/L) (mg/L) ) (mg/L)
Sludge Tank 10+ 21.96 + 48.59 + 16.58 + 2196+ 1645+028 0.035+ 0.04% 0.475 +
1.25 0.04 0.62 0.06 0.04 0.03 0.01 0.09
Dry Beds 1896.175 +
800 11438+  266.42 + 19052+ 8461+  106.20 5645+  39.175+ 1393+
38.85 4.81 27.55 4.82 0.71 0.12 0.36 0.29
Permissible limits
(EMCA, 2006) 2 - - - - 1 80 2 1
P- value 0.1678 0.9506 0.3333 0.2593 0.2343 0.9997 0.7366 0.0733 0.0986
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The sludge textural characteristics as it can be seen from table 7, both raw and dry
sludges were mainly of a sandy texture with sand particles constituting 98% in both cases and
with a paltry 2 % of clay. Thus, there was no significance difference in the texture between
the raw and dry sludge (P=0.1236).

Table 7: The raw and dried sludge texture

SAMPLE Sludge Sand (%) Clay (%) Silt (%) Textual Class
Texture
(9/L)
Raw sludge 1.33+£0.47 98 2 0 Sandy
Dry sludge 1.67+047 98 2 0 Sandy
100 = T

foam

37 % \\ clay loam \;il.toya::‘l‘ay
sa v <liay
= o

sift loam

Figure 9: The textual triangle diagram for classification of sludge (Groenendyk et al., 2015)
4.2 Microbiological parameters
4.2.1 The Shotgun metagenomics data sets of microbial community in this study
Samples were analysed using shotgun sequencing metagenomics method. The dataset
obtained contained an average 2,592,135 sequences. The base pairs for the four samples
averaged 310,112,079 base pairs with an average length of 157 bps. Of the sequences tested,
an average of 76,647 sequences failed to pass the quality control (QC) pipeline. The high
quality reads averaged 1,979,866.25 sequences while the low quality reads averaged 181,490
sequences. The total duplicate read inferred sequencing error estimation (DRISEE) of lagoon

1b, 1c, 2a, and 2c metagenomes were 1.602%, 3.310%, 3.310%, and 3.339% respectively.
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The K-mer curve (Fig.10) generated by the MG-RAST pipeline indicated sequence
datasets obtained that can support inferences about genome size and coverage in this study.
The most abundant sequences reported the highest coverage of 10°. The shotgun datasets in
this study produced roughly equal proportions of the A, T, G and C base calls with no vertical
bars or patterns as visualized by the nucleotide histogram (Fig. 11). This meant that the data
set had no contamination by artificial sequences and that there were no untrimmed
contiguous barcodes and therefore the biological information contained in the reads are intact
(not consumed by the untrimmed barcodes).
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Figure 10: The k-mer rank abundance graph plotting the k-mer coverage as a function of

abundance rank, with the most abundant sequences
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Figure 11: This graph shows the fraction of base pairs of each type (A, C, G, T, or ambiguous
base N) at each position
The MG-RAST pipeline uses different data bases to run the hits. These databases
included a stable reference for genome annotation, gene identification and characterization

data base known as Reference sequence database (RefSeq), a database of molecular functions
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represented in terms of functional orthologs called the KO database, and a database used for

predicting gene functions and discovering new pathways called the SEED subsystems among

others as shown in appendix D.

4.2.2 Sequenced data quality metrics

The FASTA formatted file 150.dereplication.removed.fna contained the sequences

that were rejected and not passed on to the next stage of the analysis pipeline. The following

table contains the number of reads mapped to the references for each sample.

Table 8: Sequence quality metrics per sample

SITE  SAMPL TOTAL FAILED HQ READS LQ READS
E READS READS

Lagoon 1b 3,007,248 66,461 (2.21%) 2,720,234 220,553
1 1c 2,755,482 108,996 (90.46%) (7.33%)
(3.96%) 2,396,775 249,711
(86.98%) (9.06%)
Lagoon 2a 919,642 48,473 (5.27%) 781,755 (85.01%) 89,414
2 2¢ 2,269,642 82,659 (3.64%) 2,020,701 (9.72%)
(89.03%) 166,282
(7.33%)

Where; Total Reads= Total number of sequence reads analyzed for each sample.

LQ Reads=: Number (percentage) of low quality reads.

HQ Reads=: Number (percentage) of high quality reads used for further analysis.

4.2.3 Taxonomic profiling

After screening and removing host sequence reads, non-host reads were subjected to

taxonomic profiling algorithm using MG-RAST and the RefSeq genomes reference database.

The final classified and un-classifed reads are reported in table 9 while the number of reads

assigned to each kingdom is reported in table 10.
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Table 8: Taxonomic profiling metrics per sample

SITE SAMPL TOTAL CLASSIFIED UNCLASSIFIED
E READS READS READS
Lagoon  1b 3,007,248 2,720,234 (90.46%) 287,014 (9.54%)
1
1c 2,755,482 2,396,775 (86.98%) 358,707 (13.02%)
Lagoon  2a 919,642 781,755 (85.01%) 137,887 (14.99%)
2
2¢ 2,269,642 2,020,701 (89.03%) 248,941 (10.97%)

Table 9: Number of reads assigned to different kingdoms for samples from lagoons 1
and 2

SITE Lagoon 1 Lagoon 2

KINGDOM 1b 1c 2a 2C

Bacteria 865,103 977,515 225,291 592,525
Archaea (92.33%) (93.41%) (91.13%) (91.63%)
Eukaryotes 66,912 (7.14%) 63,073 (6.03%) 20,305 (8.21%) 49,799 (7.70%)
Viruses 3,782 (0.40%) 4,293 (0.41%) 938 (0.38%) 2,496 (0.39%)
Unclassified 763 (0.08%) 842 (0.08%) 406 (0.16%) 1,111 (0.17%)
sequences 420 (0.04%) 711 (0.07%) 276 (0.11%) 664 (0.10%)
Other sequences 17 (0.00%) 29 (0.00%) 10 (0.00%) 27 (0.00%)

Eukaryotes=: Fungi, Parasitic and non-parasitic Protozoa.
4.2.4 Taxa abundance

Abundance measured by the percentage of OTUs assigned reads from various
taxonomic levels were determined. The metagenomic classification of bacteria, archaea and
eukaryote found in the digestion lagoons are summarized graphically in interactive Krona
plots (Figl2, 13 & 14). The measured taxonomic abundance at phylum levels for Bacteria,
Achaea and Eukarya domains across the samples are presented in stacked bar plots. The
highest taxa abundance were recorded in lagoon 1(sample 1b and 1c) with over 28 phyla in
each sample collected. Sample 1c recorded over 1,600,000 hits of species while sample 1b
recording 1,500,000 hits. Samples 2c recorded 1,000,000 total hits while sample 2a recorded

400,000 hits only (Fig.15A).
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unclassified (derived from Bacteria) 1% 8
Planctomycetaceae 1% @
Cyanobacteria 1% 8
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unclassified (derived from Lentisphaerae) 0.3% M
Aquificales 0.3% Wl
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Nitrospiraceae 0.2% M
Chlamydiales 0.2% W
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unclassified (derived from Candidatus Poribacteria) 0.02% @

Figure 12: An interactive plot generated by Krona on the different hierarchies of metagenomics classification of bacteria in lagoon 1 and 2
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Among the Archaea domain, five (phyla) were represented in these lagoons with the
highest taxonomic abundance recorded in lagoon 1 with sample 1c and 1b recording equal
number of hits of 100,000. Sample 2c recorded 80,000 hits while sample 2a recorded 38,000
hits of Archaeal species (fig. 15B).
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Thermoprotei 1% .

unclassified (derived from Korarchaeota) 0.2% .

unclassified (derived from Thaumarchaeota) 0.2% .

unclassified (derived from Nanoarchaeota) 0.01% .

Figure 13: An interactive plot generated by Krona on the different hierarchies of metagenomics classification of Archaea in lagoon 1 and 2
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The Eukaryotes which included majorly the fungi, parasitic and non-parasitic
protozoans were represented by 24 phyla. Lagoon 1 recorded the highest number of taxa
abundance with sample 1b recording 15,000 hits, and sample 1c recording 9,800 hits. Sample
2¢ recorded 7,500 hits while sample 2a recorded only 3,500 hits of eukaryotic species (see

fig.15C). The eukaryotic metagenomic classification is summarized in fig. 14.
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unclassified (derived from Bdelloidea)
unclassified (derived from Chromerida)

Figure 14: An interactive plot generated by Krona on the different hierarchies of metagenomics classification of Eukaryote in lagoon 1 and 2
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(C) Figure 15: Bar plot(s) showing the
taxonomic abundance across the samples at phylum taxa level. (A) Bacteria; (B) Archaea and
(C) Eukarya
4.2.5 Comparative metagenomics analysis of microorganisms in lagoon 1 and lagoon 2
a. Microbial composition at the domain, phylum, class, and family levels
The sludge in lagoon 2 had just completed the anaerobic digestion period and was
ready to be released into the drying beds. Figure 10 in section 4.2.2 illustrates the general
metagenomic classification found in the two lagoons. Bacteria dominated the microbial
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community of sewage sludge with abundances ranging from 91.13% to 93.41%. Archaea
6.03% to 8.21%, eukaryotes 0.38% to 0.41% and viruses followed it with sub-dominance
ranging from 0.08% to 0.17% (table 10). The paired t-test indicated that there was significant
(P-value<0.05) difference in the domain distribution between lagoon 1 and lagoon 2. The
bacteria abundance was slightly higher in lagoon 1 (92.87 + 0.27%) compared to lagoon 2
(91.13%).

The eukaryotes also recorded a significantly higher dominance (0.41 + 0.01%) in
lagoon 1 than the abundance (0.39 = 0.01) in lagoon 2 but much lower than bacteria or
archaea. In archaea, the abundance (7.96 £ 0.26%) in lagoon 2 was higher compared to the
dominance (6.59 £ 0.28%) of lagoon 1. The viruses also recorded a relatively higher (2 times)
dominance in lagoon 2 of 0.16 + 0.01% compared to 0.08% in lagoon 1 (Table 10). The low
dominance of eukaryotes and viruses suggests their inability to cope with the environmental
conditions in the sludge digesters.

At phylum level, 56 phyla were found in this study and 13 were identified as major
phyla. Among the 13, 11 were bacteria, 1 archaea and 1 eukaryotic (Fig 16). The
metagenomics data sets in this study found that Proteobacteria was the most dominant
phylum ranging between 23.87-27.94% and averaging at 26.41 + 1.57% in the two lagoons.
The sub-dominant phyla were the Bacteroidete (averaging at 19.61 + 4.00%), Firmicutes
(averaging at 18.60 + 1.14%) and the Actinobacteria (averaging at 16.83 + 7.37%). Most of
the archaea belonged to the phyla Euryarchaeota (averaging at 8.77 = 1.13%). The
Cyanobacteria averaged at 0.38 + 0.03%. Fig. 13 section 4.2.2 gives a snapshot of the

different hierarchies of metagenomics classification in this study.
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Eukaryota 0.7% .

Figure 16: An interactive plot generated by Krona on the different hierarchies of metagenomics hits in lagoon 1 and 2
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The dominant classes were Actinobacteria (26.17 + 5.45% in lagoon 1; 12.31 +
0.49% in lagoon 2), Bacteroidia (11.45+ 2.35% in lagoonl; 14.84 + 0.35% in lagoon 2) and
Clostridia (14.1 = 0.22% in lagoon 1; 13.36 £ 0.23 in lagoon 2) (Fig 17). These classes
showed significant differences in their abundance between lagoon 1 and 2 with p-value of

0.989, 0.999 and 0.208 for Actinobacteria, Bacteroidia and Clostridia respectively.
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Figure 17: Bar graph showing the class dominance in the two lagoons
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The subdominant groups were Alphaproteobacteria (7.99 = 0.49% in lagoon 1;
6.27£0.44% in lagoon 2), Methanomicrobia (6.16+0.55% in lagoon 1; 9.63 * 0.38% in
lagoon 2), Gammaproteobacteria (6.5+£0.67% in lagoon 1; 6.63 £ 0.29% in lagoon 2).
Betaproteobacteria (6.88 £ 1.26% in lagoon 1;6.93 + 0.20% in lagoon 2), Bacilli (2.62 +
0.06% in lagoon 1;1.95 + 0.05% in lagoon 2), and Deltaproteobacteria (2.54 + 0.42% in
lagoon 1;6.59 + 0.11% in lagoon 2). The two-sample t-test recorded significant differences in
all the subdominant classes. Class methanobacteria (2.00 £ 0.03%), Epsilonproteobacteria
(1.79 £ 0.06%) and Negativicuetes (0.66 = 0.06%) were unique to lagoon 1. Synergistia
(1.85+0.85%), Planctomycetacia (2.00 £ 0.03%), and Sphingobacteria (0.64 + 0.64%), were
unique classes to lagoon 2.

At the family levels, the Methanosarcinaceae (6.05 + 1.40% in lagoon 1; 2.68 *
0.06% in lagoon 2), Mycobacteriaceae (5.50 = 1.52% in lagoon 1; 2.52 + 0.09% in lagoon 2),
Clostridiaceae (4.87 £ 0.53% in lagoon 1; 4.65 + 0.12% in lagoon 2), and Bacteroidaceae
(5.17 £ 1.40% in lagoon 1; 5.99 + 0.33% in lagoon 2) were the dominant families in the
sludge (Fig 18). T-test recorded no significant difference between lagoon 1 and 2 with a p-
value of 0.9999, 0.9915, 0.3375, and 0.2183 for Methanosarcinaceae, Mycobacteriaceae,

Clostridiacea and Bacteroidaceae abundances.
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Figure 18: Bar graph showing the family dominance in the two lagoons
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The genes placements of the sequences hits indicated that the families Dietziaceae
(1.55 £ 0.19% in lagoon 1; 1.15 + 0.58% in lagoon 2), Moraxellaceae (3.06 + 0.75% in
lagoon 1; 2.16 + 0.08% in lagoon 2), Flavobacteriaceae (2.77 £ 0.60% in lagoon 1; 1.17 £
0.08% in lagoon 2), Comamonadaceae (2.77 + 0.60% in lagoon 1; 1.17 £ 0.08% in lagoon 2),
Anaerolineaceae (1.81 + 0.15% in lagoon 1; 2.34 = 0.23% in lagoon 2) and
Porphyromonadaceae (1.18 + 0.84% in lagoon 1; 207 + 0.05% in lagoon 2). All the families
were significantly different between lagoon 1 compared to lagoon 2. The families
Rhodobacteraceae (1.67 £ 0.36%), Ruminococcaceae (2.64 +0.04 %), Prevotellaceae (3.08
+0.71%), Methanobacteriaceae (1250 + 0.08%) and Rhodocyclaceae (1.75 + 0.43) were the
subdominant groups unique to lagoon 1. Methanospirillaceae (2.82 + 0.25), Synergistaceae
(2.47 £ 0.12), Xanthomonadaceae (1.02 = 0.44), and Syntrophomonadaceae (1.18 £ 0.67)
were the subdominant group unique to lagoon 2.
4.2.3.2 Relative abundances and alpha diversity of the genera in all the samples

The results on genera abundances are shown in Fig 19. Generally, lagoon 1 was
dominated by the Euryarchaeota archaea genus Methanosarcina (6.55 + 1.45%), the gram
positive Mycobacterium (6.31 £ 1.68%), the feacal indicator gram negative Bacteroides (5.95
+ 1.67%), and the gram positive Clostridium (5.95 £ 1.67%). Inlagoon 2, Bacteroides (6.78 +
0.38%), Clostridium (4.81 = 0.12%), and a syntrophic bacteria, Candidatus Cloacamonas
(429 = 0.36%). T-test showed that Methanosarcina (P=0.9998), Mycobacterium
(P=00.9986), Bacteroides (P=0.2465) and the clostridium (P=0.9997) were not significantly

different in the two lagoons. The species Candidatus cloacamonas was unique to lagoon 2
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Figure 19: Bar graph showing the genera dominance in the two lagoons

In composite sample 1b (Fig.20), the highest average abundance was between
Metanosarcina and Mycobacterum but decreased with a relatively steep gradient from
Clostridium to Ruminococcus in the head region. The middle region and the tail region
showed a shallow decrease in the abundances between the genera Actinobacter and
Geobacter. The change of abundance gradient from relatively steep to shallow gradient
indicates that the evenness of the distribution increases as the abundance decreases from

Metanosarcina to Geobacter
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Figure 20: Composite sample 1b rank abundance plot by genus
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Bacteroides and Mycobacterium had the highest average abundance in sample 1c
(Fig.21). The abundance steeply decreases between Clostridium and Anaerolinea in the head
region indicating low genus evenness. Increased genus evenness is noted as the gradient
becomes shallow gradient between genus Methanobrevibacter and Geobacter. The average

abundance of the genera ranged between 10° and 10> hits.
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Figure 21: Composite sample 1c rank abundance plot by genus
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In sample 2a, highest abundance was dominated by the Bacteroides (10 hits) and
decreasing with a shallow gradient to Paentiacillus (Fig.22). Generally, there was a shift of
genera richness compared to samples 1b and 1c. The same pattern is recorded in sample 2c
(fig.23) with Bacteroides occupying the top of the abundance list as the gradient decreases
with a shallow gradient to genus Desulfatibacilium. The highest abundance of the

Bacteroides was recorded in sample 2c (10°) than in 2a (10%).
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The alpha diversity was estimated for each sample by MG-RAST. It was represented
as a single number that summarizes the distribution of species-level annotations in a
composite sample dataset (Fig 24).

Shannon species richness was assigned units of the “effective number of species”.
The species-level annotations were from all the annotation source databases used by MG-
RAST.
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Figure 24: Alpha diversity plots showing the range of a-diversity values in the composite
samples 1b, 1c, 2a and 2c data sets computed by MG RAST. The min, max, and mean values
are shown, with the standard deviation ranges (o and 2o) in different shades. The a-diversity
of each sample metagenome is shown in red.

The highest alpha diversity was recorded in composite sample 2c (779 species)
followed by sample 1c with an a-diversity of 770 species. Sample 2a had an a-diversity of
764 species while the lowest o-diversity of 747 species was recorded in sample 1b.

Generally, lagoon 2 was more diverse in species composition compared to lagoon 1.



4.2.3.3 The compositional similarity among sludge samples
The similarity patterns of the four (4) composite samples were evaluated in the MG-
RAST through the principal coordinate analysis (PCoA) based on Bray-curtis distance

analysis and results presented in Fig. 25.
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Figure 25: Principal coordinate analysis (PCoA) of four composite samples at for various
taxa (a) Domain, (b) Phylum, (c) Class, (d) Order, (e) family and (f) genus levels. PCoA (A
and B) was conducted using the Bray—Curtis distance and a transformation exponent of two
(2). With x-axis representing PCoA 1 while y-axis representing PCoA 2.

It was hypothesized that the aging differences of the sludge lagoons would result in
significant difference in the microbial structure between samples of the two lagoons. As
shown in fig. 25 a-f. The PCoA based on abundance of; (a) domain, (b) phyla, (c) class, (d)
order, (e) family and (f) genus levels, revealed that the four composite samples could be
clustered into three sub groups for all the levels except in the domain level where the
clustering was in two subgroups. As demonstrated in the phyla, class, order, family and genus
levels; sub-group I is composed of sample 2a and 2c; Sub-group Il : Sample 1b and sub-
group IlI: 1c. At the domain level; Sub-group I: Sample 2a and 2c while subgroup II:
Samples 1b and 1c (fAppendix 2). As demonstrated by PCoA, at the domain level, samples
2a and 2c of lagoon 2; and samples 1b and 1c of lagoon 2 were certainly similar to each other
possibly due to the same aging factor. PCoA revealed that the Phyla, class, order, family and
genus levels were similar in samples 2a and 2c of lagoon 2 but samples 1b and 1c from
lagoon 1 were dissimilar to each other. The grouping pattern of the samples of the different
levels displayed by the PCoA patterns were similar to the mixed variation patterns of
Oxidation-reduction potential (ORP), Dissolved oxygen (DO), Electrical Conductivity (EC),
pH, and Temperature (fig.26).
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a) Domain level b). Genus level

3. Temperature

a) Domain level b) Genus level

Figure 26: Principal coordinate analysis (PCoA) of four composite samples at a) Domain and
b). Genus levels of 1. Oxidation-reduction potential (ORP), 2. Disolved oxygen (DO), 3.
Electrical Conductivity (EC), 4. pH, and 5. Temperature. PCoA as conducted using the Bray—
Curtis distance). With x-axis representing PCoA 1 while y-axis representing PCoA 2.
4.3 Functional profiling of methanogenic microbial community
4.3.1 General functional profiles of the two lagoons

To explore the metabolic potential of the studied community, a detailed analysis of
metagenomics sequences was performed against the KO and the SEED Subsystems within
the MG-RAST npipeline. An average of 68363 functional hits were detected of all the
annotated reads (Appendix 3). Genes annotated to metabolism were recorded the highest in
the sludge samples (Fig.27). The functional categories were not significantly different (F

(3,48)=0.768, p=0.5176) in the four samples even through samples 1b and 1c in lagoon one
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recorded a higher functional abundance compared to samples 2a and 2c of lagoon 2 (table

11). This indicates that lagoon 1 was functionally active compared to lagoon two (Fig. 27).

Table 10: ANOVA test for the functional groups

Test for equal means Sumofsqrs Df Mean square F p
Between groups: 410551 3 136850 0.768 0.5176
Within groups: 8.55E+06 48 178185
Total: 8.96E+06 ol 0.5524
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Figure 27: composition of the functional categories across the samples

Analysis of the commonly used diversity, evenness, and richness indices showed that
all the samples were quite similar as far as the indices are concerned (see table 12). The most
functionally diverse and even was sample 2a community (Shannon—Wiener index—1.117,
Pielou index 0.5091) while the least one was sample 1b metagenome (Shannon-Wiener
index—1.112, Pielou index 0.507) (Table 12). Even though samples in lagoon 1 had higher
abundance of species with functional genes, lagoon 2 recorded a higher functionally diverse
and evenly distributed species. Furthermore, similarly to RefSeq Bray—Curtis distances
calculation, some samples similar to each other e.g., 1c and 1b (95%), 1b and 2c (81%) and
sample 1c and 2c (77%). while samples 2a and 1c (39%) were the most different from
majority of the analyzed metagenomes followed by samples 2a and 1b (42%). Even though
samples 2a and 2c were collected from the same lagoon 2, they were relatively dissimilar to

each other at 56% (Table 13).
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Table 11: Common alpha diversity indices of the samples

Sample 2a Sample 2c Sample 1c Sample 1b

Individuals 143270 368760 591151 537534
Dominance_(D) 0.4172 0.4167 0.4169 0.4182
Simpson_1-D 0.5828 0.5833 0.5831 0.5818
Shannon_H 1.117 1.116 1.116 1.112
Evenness_e"H/S 0.5091 0.5087 0.5088 0.507
Equitability J 0.6232 0.6227 0.6229 0.6209
Fisher_alpha 0.4756 0.4399 0.4241 0.4272

Table 12: Bray-Curtis’s beta diversity of (dis)similarity

2a 2C 1c 1b

2a 100% 56% 39% 42%

2c 56% 100% 77% 81%

1c 39% 7% 100% 95%

1b 42% 81% 95% 100%

4.3.2 Functional profiles of relevant metagenomics pathways

The study focused on functional analysis relevant to the metagenomics pathways. The
relative abundance of methanogenesis-related genes was presented from the functional
annotations of SEED subsystems analyzed by MG-RAST server. Annotation were run agaist
methanogenesnis related enzymes namely; formylmethanofuran dehydrogenase (fmd);
formylmethanofuran-H4AMPT formyltransferase (ftr); methenyl-H4AMPT cyclohydrolase
(mch); methylene-5,6,7,8-HAMPT dehydrogenase (mtd); H2-forming N5,N10-methylene-
H4MPT dehydrogenase(hmd); 5,10-methylene-H4MPT  reductase (mer); H4MPT-
methyltransferase (mtr); acetate kinase (ack); phosphate acetyltransferase (pta); acetyl-CoA
synthetase (acs); CO dehydrogenase/acetyl CoA synthase(cdh); methanol-specific
methyltransferase complex (mta); methylamine-specific methyltransferase complex (mtb);
the CoB-CoM heterodisulfide reductase (hdr); and the methyl CoM reductase (mcr) that

participates in the final release of methane gas.
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The hits relating to the methane production genes were not significantly different in

the four composite samples with p=0.2517. Even though the highest number of hits were

recorded in sample 1c (4037) and the least hits in 2a (1065), sample 2a community was the

most functionally diverse and even with (Shannon—Wiener index—1.68, Pielou index

0.4167) while the least one was sample 1b metagenome (Shannon-Wiener index—1.112,

Pielou index 0.507) (Table 14).

Table 13: Alpha diversity indices for the total methane functional categories

Sample 2a Sample 2c Sample 1c Sample 1b

Individuals 1065 2706 4037 3701
Dominance_D 0.2888 0.2932 0.306 0.295
Simpson_1-D 0.7112 0.7068 0.694 0.705
Shannon_H 1.69 1.662 1.605 1.653
Evenness_e"H/S 0.4167 0.4053 0.3831 0.4019
Equitability J 0.6587 0.6479 0.6259 0.6446
Fisher_alpha 2.084 1.773 1.668 1.69

Bray—Curtis similarity calculation (Table 15) indicated a 93% similarity in the

sequence profiles of the selected genes between samples 1b and 1c probably because they

came from the same lagoon. Interestingly, sample 1b and 2b were 84% similar even though

they belonged to different lagoons. Samples 1c and 2c¢ were also considerably similar (80%).

The lagoon two samples 2a and 2c were different from each other with similarity value of

56% (Table 15).
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Table 14: Bray-Curtis similarity analysis of the samples

Sample 2a Sample 2c Sample 1c Sample 1b
2a2c 100% 56% 42% 45%
1c 56% 100% 80% 84%
1b 42% 80% 100% 93%

45% 84% 93% 100%

Among the methane pathway selected genes, the acs genes were over-represented
followed by the ack and the pta genes (see fig 28). Microbial consortia annotated to cdh
genes were the most diverse and evenly distributed (Shannon-Wiener index—1.368, Pielou
index 0.983). The least diverse consortia were annotated from pta genes (Shannon—Wiener
index—1.149, Pielou index 0.7891). The microbial profiles consortia of the mcr gene
responsible for the final release of methane recorded relatively moderate hits of 540 with a
relatively diverse profiles (Shannon-Wiener index—1.317, Pielou index 0.9335) (Table 16).
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Table 15: Alpha diversity of the methanogenesis related genes

Acs cdh fmd mtrB ack Hdr mcr Mer mtb mtd mtdB  mtr pta
complex
Individuals 5518 138 391 35 2727 484 540 411 92 248 30 165 730
Dominance_D 0.2911 0.2591 0.2697 0.2756 0.2929 0.2719 0.2791 0.2992 0.3419 0.2668 0.308 0.2795 0.3577
Simpson_1-D 0.7089 0.7409 0.7303 0.7244 0.7071 0.7281 0.7209 0.7008 0.6581 0.7332 0.692 0.7205 0.6423
Shannon_H 1.291 1.368 1.341 1.322 1.286 1.335 1.317 1.272 1.192 1.347 1.231 1.317 1.149

Evenness_e”H/S  0.9095 0.982 0.9555 0.9381 0.9047 0.9497 0.9335 0892 08232 0.9614 0.8559 0.9335 0.7891
Equitability_J 0.9315 0.9869 0.9671 0.9539 0.9277 0.9627 0.9503 0.9176  0.8597 0.9716 0.8878 0.9503 0.8291
Fisher_alpha 0.422 0.7701 0.6203 1.164 0.4605 0.5971 0.5859 0.6147  0.8528 0.6773 124 0.739 0.5572

Enzymes included; formylmethanofuran dehydrogenase (fmd); formylmethanofuran-H4MPT formyltransferase (ftr); methenyl-HAMPT
cyclohydrolase (mch); methylene-5,6,7,8-H4MPT dehydrogenase (mtd); H2-forming N5,N10-methylene-H4AMPT dehydrogenase(hmd); 5,10-
methylene-HAMPT reductase (mer); HAMPT-methyltransferase (mtr); acetate kinase (ack); phosphate acetyltransferase (pta); acetyl-CoA
synthetase (acs); CO dehydrogenase/acetyl CoA synthase(cdh); methanol-specific methyltransferase complex (mta); methylamine-specific

methyltransferase complex (mtb); the CoB-CoM heterodisulfide reductase (hdr); and the methyl CoM reductase (mcr).
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Among the samples, hits annotated to the mcr genes responsible in the final release of
methene gas were significantly higher in composite sample 1c with 159 hits and 1b with 159 hits
both in lagoon one. Sample 2c recorded 146 hits while the lowest abundance was recorded in

sample 2a with only 56 hits ( Fig. 28).

Metagenomic ezyme abundances in the sludge communities
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Figure 28: Relative abundance of hits annotated to the different methanogesis
related genes.

a. Organisms responsible for the last step of methanogenesis

This analysis revealed profiles annotated to the mcr (methyl CoM reductase) genes that
participate in the final release of methane gas. These were found to be substantially different
between the composite samples analyzed. The analysis of variance (ANOVA) to compare the
means of the different samples revealed that there was significant difference in the abundance of
the different samples (F (3,112) =2.779, p=0.0436) oat p<0.05 (Table 17).
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Table 16: ANOVA analysis of the mcr profiles

Test for equal means

Sum of df Mean square F p

sqrs
Between groups: 1867.03 3 622.345 2.779 0.04443
Within groups: 25078.1 112 223.912
Total: 26945.2 115 0.0436

The Dunn’s post hoc test revealed no significance difference in all the samples except

between sample 1c and 2a (Table 18).

Table 17: Dunn’s Post Hoc test for mcr profiles

Sample 2a Sample 2c Sample 1c Sample 1b
2a 0.09728 0.02642 0.09338
2c 0.09728 0.5742 0.9843
1c 0.02642 0.5742 0.5877
1b 0.09338 0.9843 0.5877

Among the mcr profiles, sample 1c recorded the highest hits while sample 2a recorded
the lowest hits. Lagoon 1 samples recorded a relatively higher taxa score of 24 each while lagoon
2 samples recorded taxa score of 22 for sample 2 ¢ and 21 for sample 2a. There was a generally
low dominance among the lagoons ranging between D value of 0.07753 to 0.08682. Sample 2a
was the most diverse and even (Shannon-Wiener index—2.743, Pielou index 0.7304) while
sample 1b (Shannon-Wiener index—2.674, Pielou index 0.6042) was the leas diverse and least
even (Table 19)

Table 18: Diversity of species annotated to for the mcr genes

Sample 2a Sample 2c Sample 1c Sample 1b

81



Taxa_S 21 22 24 24

Individuals 148 364 460 388
Dominance_D 0.07979 0.07862 0.07753 0.08682
Simpson_1-D 0.9202 0.9214 0.9225 0.9132
Shannon_H 2.743 2.739 2.73 2.674
Evenness_e"H/S 0.7304 0.7029 0.6474 0.6042
Equitability J 0.8968 0.886 0.8632 0.8415
Fisher_alpha 6.684 5.149 5.381 5.657

The composite sample 1b was dominated by the Methanosarcina (23%) which is known
to produce methane using all the three metabolic pathways for methanogenesnis (Gunsalus et al.,
2016). The  thermophilic  hydrogenetrophic ~ Methanothermobacter ~ (19%) and
Methanobrevibacter (18%) were the subdominant groups in this sample (Fig.29). The
Metharnosarcina barkeri (15%) was most of the annotated species followed by
Methernothermobacter thermautotrophicus (14%) and Methanobrevibacter smithii (13%).
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Genus composition of composite sample 1b

= Methanobrevibacter = Methanocaldococcus
Methanococcoides Methanococcus

= Methanocorpusculum = Methanoculleus

= Methanohalophilus = Methanoplanus

= Methanopyrus = Methanoregula

= Methanosaeta = Methanosarcina
Methanosphaera Methanosphaerula
Methanospirillum Methanothermobacter
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Figure 29: Genus level profiles of mcr genes annotated profiles in sample 1b
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In sample 1c, Methanothermobacter (19%) was dominant while Methanobrevibacter
(17%) and Methanosarcina (18%) were subdominant (Fig. 30). Metharnosarcina barkeri
(13%) and Methernothermobacter thermautotrophicus (13%) formed the abundant species in
this composite sample.
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Genus composition of composite sample 1c

= Methanobrevibacter = Methanocaldococcus
= Methanococcoides Methanococcus
= Methanocorpusculum = Methanoculleus
= Methanohalophilus = Methanoplanus
= Methanopyrus = Methanoregula
= Methanosaeta = Methanosarcina
= Methanosphaera = Methanosphaerula
Methanospirillum = Methanothermobacter
= Methanothermus = uncultured methanogenic archaeon RC-I
0%

1
0%

Figure 30: Genus level profiles of mcr genes annotated profiles in sample 1c
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In sample 2c consortium, the dominant groups were the Methanothermobacter (13%),
Methanosaeta (13%), Methanoregula (13%), and the Methanosarcina (12%) (Fig.31). At the
species level, mcr gene hits annotated to Methanosaeta thermophila (14%) and
Methanoregula boonei (13%) were found to be the most abundant in composite sample.

86



Genus composition of composite sample 2¢

= Methanobrevibacter = Methanocaldococcus

= Methanococcoides Methanococcus

= Methanocorpusculum = Methanoculleus

= Methanohalophilus = Methanoplanus

= Methanopyrus = Methanoregula

= Methanosaeta = Methanosarcina

= Methanosphaera = Methanosphaerula
Methanospirillum Methanothermobacter

= Methanothermobacter = Methanothermus

= uncultured methanogenic archaeon RC-I
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Figure 31: Genus level profiles of mcr genes annotated profiles in sample 2c
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In sample 2a consortium, Methanosaeta (15%), Methanothermobacter (14%) and the
Methanosarcina (13%) were the dominant genera (Fig. 32). The Methanosaeta thermophila
(16%) and Methanoregula boonei (14%) were the abundant species in sample 2a. Fig. 32
indicates a cytoscape phylogenetic relationship between the mcr-annotated methanogens. Fig.

33 gives the abundance of the mcr-annotated methanogens in the different samples.
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Figure 32: Cytoscape phylogenetic tree diagram for archaea species annotated to mcr methanogenesis genes

Responsible for the last release of methane gas.
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Figure 33: The abundance of the mcr-annotated methanogens in the different samples
The uncultured methanogenic archaeon RC-1 was also recorded in all the samples
except in sample 1b in low abundances indicating possible presence of lineages of uncultured

archaea especially in lagoon 2.

Phylogenetic tree for archaea responsible for the final release of methane gas as
annotated by mcr genes
In lagoon 1(samples 1c and 1b) the most parsimonious tree with length was 19285 as
shown in link.
(https://www.dropbox.com/s/kpngvelf4mg3uvy/Lagoon%201%20mcr%20annoteted%20gene
s%20phylogenetic%20tree.pdf?dl=0). The consistency index was 0.042053 (0.041954), the
retention index was 0.616841 (0.616841), and the composite index was 0.025940 (0.025879)

for all sites and parsimony-informative sites. This analysis involved 467 nucleotide

sequences. Codon positions included were 1st+2nd+3rd+Noncoding. There were a total of

282 positions in the final dataset.
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Lagoon 2 (samples 2c and 2b) had parsimonious tree with length of 22947 as shown
(https://www.dropbox.com/s/zxkoehpkjf74xbf/Lagoon%202%20mcr%20annotated%20genes
%20phylogenetic%20tree.pdf?dl=0). The consistency index was 0.035647 (0.035647), the
retention index was 0.628290 (0.628290), and the composite index was 0.022397 (0.022397)

for all sites and parsimony-informative sites. This analysis involved 549 nucleotide

sequences. Codon positions included were 1st+2nd+3rd+Noncoding. There were a total of
285 positions in the final dataset.

b. Organisms responsible for the hydrogenotrophic pathway

An analysis of profiles annotated to formylmethanofuran dehydrogenase subunits A,
C and E (fmdACE) was done since fmd acts as an indicator of hydrogenotrophic pathway.
There was no significance differences in the abundance of hits at p<0.05 level for the four
samples (F (3, 364)=1.393, p=0.2447). More hits were recorded in samples 1c (796) followed
by sample 1b (793) drawn from lagoon 1. Lagoon 2 samples recorded lower hits: 2c (671)
and 2a (329).

In accordance with taxa, sample 2c was richer with a score of 67, followed by 1c (65),
1b (59) and the lowest was sample 2a with a score of 44. Sample 2c consortium was the most
diverse (Shannon—Wiener index—3.203) while sample 2a was the least diverse (Shannon—
Wiener index—3.203). Nevertheless, the organisms recorded a lower evenness with sample
2a having a Pielou index 0.4431, 2c (0.3672), 1b (0.3578) and the lowest even was sample 1c
(0.3047) as shown in Table 20.
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Table 19: Diversity indices of profiles annotated to fmd gene

Sample 2a Sample 2c Sample 1c Sample 1b
Taxa_S 44 67 65 59
Hits 329 671 796 793
Dominance_D 0.08683 0.07 0.095 0.08378
Simpson_1-D 0.9132 142 77 0.9162
Shannon_H 2.97 0.92 0.904 3.05
Evenness_e"H/S 0.4431 86 2 0.3578
Fisher_alpha 13.65 3.20 2.986 14.74
Berger-Parker 0.2036 3 0.304 0.1866
0.36 7
72 16.74
18.5 0.218
2 6
0.17
44

Bray-Curtis similarity index recorded a higher similarity score of 91% between the
microbial consortium of samples 1b and 1c probably because they belonged to the same
lagoon. Sample 2a was 65% similar to sample 2c even though they came from the same

lagoon. The lowest similarity score was between samples 2a and 1b at 49% (table 21)

Table 20: Bray-Curtis similarity index among the samples as annotated by fmd

Samples 2a 2C 1c 1b

2a 100% 65% 51% 49%
2C 65% 100% 59% 60%
1c 51% 59% 100% 91%
1b 49% 60% 91% 100%

The fmd profiles were mainly from the archaea (90.17%). Among the archaea,
Methanosarcina (32%) and Methanothermobacter (27%) dominated sample 1b consortium.
A similar scenario was observed in sample 1c with Methanothermobacter (31%) and
Methanosarcina (29%). Sample 2c was dominated by Methanobrevibacter (20%) while
Methanoregula (13%), Methanosarcina (12%) and the Methanobrevibacter (11%) were the

subdominant genera. Sample 2a was similar to 2c with Methanospirillum (22%),
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Methanosarcina (18%), Methanoregula (14%), and the Methanothermobacter (11%) as
shown in fig. 34. Fig 35 gives a summary of abundance of hygrogenetrophic archaea

community in the four samples.
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Figure 34: Genera composition of archaea profiles from fmd annotation
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Figure 35: Abundance of the different genera of archaea in the hydrogenetrophic

Among the bacteria, the Nitrosococcus (22%) dominated sample 1b bacterial
consortium. Caldocellulosiruptor (9%), Methylococcus (7%), Methylocella (7%) and
Methylobasillus (6%) dominated sample 1c bacterial community. Caldocellulosiruptor (9%)
and Desulfurivibrio (10%) were the dominant bacterial groups in sample 2c consortium.
Halanaerobium (17%) was dominant in sample 2a while Desulfovibrio (14%) and
Desulfatibacillum (10%) were the subdominant groups (Fig. 36). Fig. 37 summarizes all the

hydrogenetrophic microbes as annotated by the fmdACE genes for the bacteria genera.
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Figure 36: Genera composition of bacterial profiles from fmd annotation
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Figure 37: Abundance of the different genera of bacteria in the hydrogenetrophic pathway

The archaeal species dominated in all the samples with Methanobrevibacter smithii
(19%, 22%) Methanosarcina berkeri (16%) in samples 1b and 1c respectively while
Methanospirillum hungatei (17%, 20%) and Methanoregula boonei (12%, 13%) dominated
in samples 2c and 2a respectively.

Phylogenetic tree for archaea and bacteria in the hydrogenetrophic pathways.

The Maximum Parsimony for lagoon 1 had parsimonious tree length of 38759 as
shown
(https://www.dropbox.com/s/jkmox3cw2nb2ccc/Lagoon%201%20hydrogenetrophic%20path
way%20phylogenetic%20tree.pdf?dl=0). The consistency index was 0.021595 (0.021368),
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the retention index of 0.519311 (0.519311), and the composite index of 0.011215 (0.011097)
for all sites and parsimony-informative sites. This analysis involved 732 nucleotide
sequences. Codon positions included were 1st+2nd+3rd+Noncoding. There were a total of
288 positions in the final dataset.

Lagoon 2 had parsimonious tree with length of 37141 as shown
(https://www.dropbox.com/s/3c5531ksnij09d9/Lagoon%202%20hydrogenetrophic%20pathw
way%20phylogenetic%20tree.pdf?dl=0) .The consistency index was 0.022670 (0.022670),
the retention index was 0.502958 (0.502958), and the composite index was 0.011402

(0.011402) for all sites and parsimony-informative sites. This analysis involved 654

nucleotide sequences. Codon positions included were 1st+2nd+3rd+Noncoding. There were a
total of 288 positions in the final dataset.

c. Organisms responsible for the acetoclastic pathway

In order to identify microorganisms involved in the acetoclastic pathway, an analysis
of phylogenetic assignments of the D subunit of Carbon monoxide dehydrogenase/acetyl-
CoA synthase (cdnD) was done as it is directly involved in the transmission of a methyl
group from acetate during acetoclastic methanogenenesis (Thauer et al., 2008).

When considering species dominance, the highest D value was recorded in sample 1c
(0.7033) followed by 1b (0.5674), 2c (0.2471) and the lowest was sample 2a (0.1919). The
trend in D values was the same as the total number of hits as lagoon 1 recorded higher values
compared to lalgoon 2. Nonetheless, sample 2a consortium was the most diverse and even
(Shannon-Wiener index—2.142, Pielou index 0.5677), with 2c recording Shannon-Wiener
index of 2.064 and Pielou index 0.3581). Samples 1b recorded Shannon—Wiener index of
1.268, and Pielou index 0.187. The trend here is that samples in lagoon 2 were the most
diverse and even compared to samples in lagoon 1(see Table 22).

98


https://www.dropbox.com/s/3c553lksnij09d9/Lagoon%202%20hydrogenetrophic%20pathwway%20phylogenetic%20tree.pdf?dl=0
https://www.dropbox.com/s/3c553lksnij09d9/Lagoon%202%20hydrogenetrophic%20pathwway%20phylogenetic%20tree.pdf?dl=0

Table 21: Diversity indices for cdh profiles

Sample 2a Sample 2c Sample 1c Sample 1b
Taxa_S 15 22 19 19
Hits 76 162 351 205
Dominance_D 0.1919 0.2471 0.7033 0.5674
Simpson_1-D 0.8081 0.7529 0.2967 0.4326
Shannon_H 2.142 2.064 0.8942 1.268
Evenness_e"H/S 0.5677 0.3581 0.1287 0.187

When considering taxa in the cdh profiles, sample 2c consortium recorded the highest
richness with a score of 22, with the lowest recorded in sample 2a with a score of fifteen 15.
Lagoon 1 samples recorded the same score of 19. Nevertheless, the highest number of total
hits was recorded in samples from lagoon 1 with 1c recording 351 hits while 1b had 205 hits.
Lagoon 2 samples had 162 hits (2c) while the lowest hits were recorded in 2a (76) as shown
in Table 22. Test to compare the means of the abundance between the four samples revealed
no significant difference between the samples (F (3, 104y =0.4574, p=0.7123) as shown in Table
234.

Table 22: ANOVA test for the cdh profiles
Test for equal means

Sum of sqrs  Df Mean square F p (same)
Between groups: 1468.04 3 489.346 0.4579 0.7123
Within groups: 111153 104 1068.77
Total: 112621 107  0.916

Bray-Curtis similarity index recorded a higher similarity score between samples 1b
and 1c. the profiles in lagoon 2a were 60% similar to that of 2c. The lowest similarity was
recorded in between sample 2a and 1c at 28%. Sample 2c was 42% like sample 1c (Table
24).
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Table 23: Bray-Curtis similarity index for cdh profiles in the different samples

2a 2C 1c 1b 1b
2a 100% 60% 28% 43% 43%
2¢ 60% 100% 42% 59% 59%
1c 28% 42% 100% 70% 70%
1b 43% 59% 70% 100% 100%

The cdh consortium structure was made up of archaea (8.79%) and bacteria (
91.21%). Only two genera of archaea were recorded in the cdh-annotated profiles with one
Methanocaldococcus recorded sample 2c¢ only. The Methanoregula dominated in all the
samples 2a, 2c, 1c and 1b (Fig. 38). Fig. 39 summarizes the acetoclastic archaea in the
samples.
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Figure 38: Abundance of the different genera of archaea in the acetoclastic pathway
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Figure 39: Composition of archaeal cdh-annotated profiles in the composite samples
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Among the acetoclastic bacterial consortium, Clostridium dominated in the entire
sample with 79%, 88%, 57% and 47% in samples 1b, 1c, 2c and 2a respectively (see Fig.40).

Fig. 41 summarizes the acetoclastic bacteria in the sample.
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Figure 40: Abundance of the different genera of bacteria in the acetoclastic pathway
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Figure 41: Composition of bacterial cdh-annotated profiles in the four samples
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Species Clostridum difficile was the most abundant at 79% in sample 1b and 84% in
sample 1c. Clostridum difficile also dominated in sample 2c (43%) and 2a (37%) with
Methanoregula boonei forming the subdominant group at 24% in sample 2c and 22% in
sample 2a.

Phylogenetic tree for archaea and bacteria in the acetoclastic pathways.

The evolutionary history was inferred using the Maximum Parsimony method. The
most Lagoon 1 had a parsimonious tree with length 4352 as shown
(https://www.dropbox.com/s/bggb8k8trku2rh4/lagoon%201%?20acetoclastic%20pathway%20
phylogenetic%20tree.pdf?dl=0). The consistency index was 0.170037 (0.168891), a retention
index of 0.524549 (0.524549), and the composite index of 0.089193 (0.088592) for all sites

and parsimony-informative sites. This analysis involved 82 nucleotide sequences. Codon

positions included were 1st+2nd+3rd+Noncoding. There were a total of 276 positions in the
final dataset.

Lagoon 2 on the other hand, had a parsimonious tree with length of 6532 as shown
(https://www.dropbox.com/s/da975hzbpj8tzhb/Lagoon%202%20acetoclastic%20pathway%2
Ophylogeetic%20tree.pdf?dl=0) . The consistency index was 0.115279 (0.112834), the
retention index was 0.474684 (0.474684), and the composite index was at 0.054721

(0.053560) for all sites and parsimony-informative. This analysis involved 105 nucleotide

sequences. Codon positions included were 1st+2nd+3rd+Noncoding. There were a total of
285 positions in the final dataset.

d. Organisms responsible for the methylotrophic pathway

Utilization of methanol or methylamines is the third commonly recognized
methanogenic pathway, which contains genes of methanol and mono-, di- and trimethylamine
methyltransferases (mta, mtm, mtb, mtt, respectively). Comparison of the available domain
profile sequences of mtaB, mtmB, mtbB and mttB showed that their abundances were high in
sample 1c with 34% of the total hits followed by sample 1b (32%), 2c (25%) and the least in
2a (9%). The hits in this category were composed of bacteria (3%) and archaea (97%).

Analysis of variance (ANOVA) was carried out to compare the differences in the
means of the abundances if profiles in the different sampling point and there was significant
difference (F (3, 208)= 3.3103), P=0.02763 between the samples at p>0.05 (see Table 25).
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Table 24: ANOVA analysis for methylotrophic pathway profiles

Test for equal means

Sum Df Mean F p
of sgrs square

Between 2247.4 3 749.13 3.10 0.0276
groups: 1 20 7 3 3

Within 50217. 8 241.43
groups: 5 21 0.0251

Total: 52464. 1 9

9

A post hoc test was carried out to determine which samples were significantly
different from each other and significant differences was noted between sample 2a and 2c, 2a
and 1c, 2a and 1b while all the other samples reported no significant differences (see Table
26).

Table 25: Dunn'’s post hoc test for the methylotrophic pathway" profiles

2a 2¢C 1c 1b
2a 0.04315 0.00407 0.006088
2c 0.04315 0.3951 0.471
1c 0.00407 0.3951 0.8968
1b 0.006088 0.471 0.8968

Taxa richness was higher in sample 1c with a score of 43 and lowest in 2a with a
score of 31. Generally, dominance was low across the samples with a D value ranging
between 0.07018 to 0.07672 with the highest in 2c and lowest in sample 1b. The most diverse
consortium was in sample 1b (Shannon—Wiener index—3.022) and 1c (Shannon-Wiener
index—3.006). Despite sample 2a being the least diverse (Shannon—Wiener index—2.958), it
was the most even consortium with Pielou index of 0.6215 while the least even was sample
1c with the Pielou index of 0.4697 (Table 27).
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Table 26: Diversity indices for methylotrophic pathway* profiles

Sample 2a Sample 2c Sample 1c Sample 1b
Taxa_S 31 38 43 41
Individuals 166 439 601 575
Dominance_D 0.07579 0.07672 0.07115 0.07018
Simpson_1-D 0.9242 0.9233 0.9289 0.9298
Shannon_H 2.958 2.98 3.006 3.022
Evenness_e"H/S 0.6215 0.5179 0.4697 0.5008
Equitability J 0.8615 0.8191 0.7991 0.8138
Fisher_alpha 11.24 9.984 10.6 10.1

Among the archaea, the most dominant group was the Methanosarcina (21%) while
Methanobrevibecter (19%), Methanothermobacter (18%) and Methanosaeta (15%) were
subdominant groups in sample 1b. the same trend is seen in sample 1c with Methanosarcina
(29%), while Methanobrevibecter (15%), and Methanothermobacter (15%) forming the sub
dominant groups. For the lagoon 2 samples, Methanoregula (18%), Methanosarcina (16%)
and Methanospirillum (15%) dominated sample 2c consortium while Methanosarcina (22%),
Methanosaeta (15%), Methanoregula (15%), and Methanospirillum (13%) were the domiant
group in sample 2c archaeal community (Fig. 42). Fig. 43 summarizes the methylotrophic

archaea in the samples.

106



=0

FAet hanobhrewilbascher
At hanoeooesoad e s
FAet hanohealobhiorm
At hanohalophiluas
At hanosancana
Fethanosphasra

Thermeoflurm

Figure 42: Abundance of the different genera of archaea in the methylotrophic pathway
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Figure 43: Composition of the archaea community in the methylotrophic pathway' profiles
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The Nitrosococcus (33%) and the Methylococcus (33%) dominated the bacterial

community in sample 1b. The Methylococcus (31%) and Methylobacterium (31%) dominated

sample 1c consortium. In lagoon 2, Thermincola (25%), Methylobacterium (25%),

Burkolderia (13%) and Methylovorus (13%) dominated in sample 2c. Methylococcus were

the only group found in sample 2a (Fig. 44). Fig. 45 summarizes all the methylotrophic

bacteria in the different samples.

140 —---nmrremmmeren s

Agrobacterium
Candidatus Puniceispirillum
Desulfitcbacterium
Desulfobacterium
Dincrosecbacter
Eubacterium
Jannaschia
Mesorhizobium
Moaorella
Rhodobacter
Rosecbacter
Ruegeria
Sinorhizobium

Thermincola

Figure 44: Abundance of the different genera of bacteria in the methylotrophic pathway
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Figure 45: Composition of the bacterial community in the methylotrophic pathway' profiles
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Methanosarcina barkeri (14%, 15%) and Methernothermobacter themeratotrophicus
(13%, 13%) were the most abundant in sample 1b and 1c respectively. Methanoregula boonei
(15%, 16%) and Methanospirillum hungatei (14%, 14%) were the dominant groups in lagoon
2 (samples 2c and 2b respectively).

Phylogenetic tree for archaea and bacteria in the methylotrophic pathways.

Lagoon 1 had a parsimonious tree with length 17229 as shown in the link;
(https://www.dropbox.com/s/e34ne66m1bu00k9/L agoon%201%20methylotrophic%20phylo
genetic%?20tree.pdf?dI=0). The consistency index was 0.049103 (0.048827), the retention
index was 0.452842 (0.452842), and the composite index was 0.022236 (0.022111) for all

sites and parsimony-informative sites. This analysis involved 283 nucleotide sequences.

Codon positions included were 1st+2nd+3rd+Noncoding. There were a total of 291 positions
in the final dataset.

The evolutionary history was inferred using the Maximum Parsimony method. The
most Lagoon 2 had parsimonious tree with length 4686 as shown in the link; (
https://www.dropbox.com/s/qwub3ub026949nc/Lagoon%202%20methylotrophic%20pathyw
ay%20phylogenetic%20tree.pdf?dI=0). The consistency index was 0.164319 (0.161277), the
retention index was 0.440811 (0.440811), and the composite index was 0.072434 (0.071092)

for all sites and parsimony-informative sites. This analysis involved 72 nucleotide sequences.

Codon positions included were 15+2"+3"+Noncoding. There were a total of 279 positions in

the final dataset.
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CHAPTER FIVE
DISCUSSION

5.1 Physicochemical properties of sewage sludge

The sludge in the Nyeri-Kangemi Wastewater treatment plant marked variations in
the physicochemical parameters between the sludge tanks and the dry beds. Physicochemical
parameters are important because they affect the suitability for beneficial use of sludge,
especially in agriculture. These are assessed by measuring the organic content, toxic organics,
metals, nutrients, and pathogens. The trace element concentrations and availability of N, P,
and K nutrients influence the sludge applicability as a soil conditioner (Malack et al., 2008).

In the Nyeri-Kangemi wastewater treatment plant, the temperature was relatively
higher in the sludge tanks than in the dry beds but within the recommended limits by
Environmental Management and Coordination (Water Quality) Regulations 2006. The
significantly higher temperature (23.13 + 0.15°C) compared to the dried product sludge used
as fertilizer (21.03 £ 0.06°C). The relatively higher temperatures of the liquid raw sludge
received at the sludges tank may be attributed to exothermic digestion processes as
microorganisms present actively metabolize the biodegradable and readily available organic
matter, releasing heat in the process (Sweeten, 2008). Dubey et al. (2021) report that sorption
of some emerging contaminants (EC) such as 17-acthinylestradiol (EE2) in activated sewage
sludge is an exothermic process through both physisorption and chemisorption. This suggests
that the sorption mechanism of substrates and ECs in the liquid raw sludge is the reason for
the higher temperatures of the liquid sludge. Nevertheless, the temperature was within the
standard limit for sludge discharge and agricultural use.

The particle density recorded in both the sludge tanks and the dry bed was ten (10)
times more than the bulk density recorded in the raw sewage (Table 1). The lower bulk
density values in the raw sludge could be attributed to water vapour, void volume, and some
gases that significantly lower the density in the sludge tank (EI-Nahhal et al., 2014). Kelly
(2005) recorded similar values when investigating the specific gravity of solids in digested
sludge material, where the bulk density ranged between 1.55 g/cm3 and 1.72 g/cm3. The
density of the investigated sludge suggested that the samples contained very high fractions of
solid materials, and the mechanical analysis of sludge texture suggested the solid materials
were mainly sand, as shown in Table (3). The sandy nature indicates a high porosity of the
sludge. This is similar to values reported by Ruan and Liu (2013), who found a high porosity
(78%) in the structure of activated sludge. They attributed this to the fact that sludge may
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comprise different layers with different sizes, spaces, and pores that enable a higher void
volume.

The moisture content in the dry bed was low due to the loss of water through the
dewatering processes involving evaporation into the atmosphere and infiltration through the
spaces between the concrete slabs on the floor of the dry beds. These results are similar to
those of Al-Malack et al. (2008) in their investigation of the Physico-chemical characteristics
of municipal sludge produced in three major cities in the eastern province of Saudi Arabia.
They found that the initial moisture contents of the sludges for the wastewater treatment
plants were in the range of 95 - 97 % and 13 — 45 % for the dried sludge samples.

The total solids (TS) and the volatile solids (VS) significantly increased in the sludge
tank and the dry bed, respectively (12.66 + 0.48% to 53.40 + 8.82% for TS and 11.22+0.09%
to 29.79 £ 9.94% for VS). This increase in the values of TS and VS after dewatering agrees
with the study by Douglas et al. (2021), where there was a significant increase of TS of
sludge samples from pit latrine during the dry season. Al-Malack et al. (2008) also recorded
an increase in the VS from 51%, 51%, and 53% to 65%, 62%, and 66% at the sludge tank,
lagoons, and the dry beds, respectively. This can be attributed to infiltration evaporation,
weathering effects and biodegradation activities that help in the dewatering processes and
therefore increase the concentration of the remaining solids in sludge (Doglas et al., 2021).

The pH of both the raw and dried sludge shifted towards neutrality, which was within
the range of 5.5 to 9.5 recommended for agricultural land application (Badza et al., 2020).
This change in pH may be attributed to evaporation and weathering effects in the dry beds,
increasing the sludge's ion concentration (Sweeten, 2008). The relatively low pH value in the
sludge tank can be attributed to nitrate formation, leading to the release of hydrogen ions
during the nitrification process (Céaceres et al., 2018). The increase in pH in the dry sludge
may also be attributed to a loss in concentration of the acetic acid and other acidic molecules
during and after anaerobic processes, as observed in others in Schifman et al. (2018).
Nevertheless, it is essential to note that even though the nitrate component was not analyzed
in this study, generally, the nitrification process causes the oxidation of ammonia to nitrates,
which lowers the pH of the raw sludge in the sludge tank (Bozym & Siemiatkowski, 2018).

Sludge from both the sludge tank and the dry beds had high electrical conductivity
(EC) that indicated a high concentration of organic and inorganic ions in the sludge and,
therefore, high salinity (Suanon et al., 2016). Therefore, this high EC indicates that the sludge
is not ideal for application to all crops unless with the addition of a neutralizer. In other
studies, it was found that EC values of 2.5 — 3.0 mS/cm are harmful to fruit crops (Khadra et
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al., 2019), and EC values of 4.5 — 5 mS/cm are harmful to stem crops as they lower their
germination rates and causes plant withering (Suanon et al., 2016). As such other alternative
sludge products can be made.

The total organic carbon exhibited high values, which could be attributed to the fact
that the total organic matter was significantly low (4.27+ 0.05% in the sludge well and 3.42 £
0.05% in the dried sludge). Sewage sludge is considered a rich source of organic matter and
is therefore considered a good soil conditioner (Badza et al., 2020). Nevertheless; this is
primarily true for sludge with an organic matter content of above 50%. The organic matter
content of the investigated dry sludge was less than the optimal 5% to 6% used for
agricultural soils, indicating that it is not very good for use as a soil ameliorant (Badza et al.,
2020).

According to Srinivasarao et al. (2015), the phosphorous level in the sludge between
0 - 20 mg/l is considered a phosphorus deficiency, while 20 — 80 mg/l phosphorus is
sufficient and above 80 mg/l is a high phosphorus level. The sludge from Kangemi WWTP
exhibited very high levels of total organic phosphorus at 91.67 = 1.25 mg/l in the sludge well
and 88 + 1.63 mg/l in the dry bed. On the other hand, the total organic nitrogen level was
significantly low and showed minimal variation between the sludge tank and the dry bed.
These low values of total organic nitrogen may be due to the degradation of organic
components in the anaerobic digestion process (Singh et al., 2017). These results are similar
to those of Badza et al. (2020). They investigated the sludge characteristics of anaerobic and
aerobic digesters and found 1.4% and 4.1% total organic nitrogen, respectively, suggesting
that the sludge was well nitrified.

The concentration of these essential metals in the sludge tank followed the following
order from the highest to the lowest; Ca>Na>K>Mg>Fe>Mn>Zn>Cu, while in the dry bed
samples, it was; Fe>Ca>Mg>Mn>K>Na>7Zn>Cu which is similar to results reported by
Jodral-Segado et al., (2006). The high calcium concentration in the sludge was attributed to
lower levels of pH in the sludge. Sodium, K, Mg, and Fe recorded in the dry sludge samples
are readily available in sludge as exchangeable ions. Therefore, the lower acidity recorded in
this study means only a few hydrogen ions are available, allowing more metal ions to occupy
the remaining exchange sites in sludge (Segado et al., 2006; Chimdi et al., 2012). The low
concentrations of Zn and Cu recorded in both the sludge tank and the dry beds samples may
be due to high levels of carbonates in the sludge (Santos et al., 2010). There were high metal
concentration levels in the dry bed samples compared to the sludge tank samples. Barraoui et
al. (2021) recorded a similar trend. They explained that this was possibly due to the anaerobic
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digestion process between the two sites leading to more than tenfold increases in the
concentration. Similar increases in the metal concentrations in the dry sludge were also
reported by Shrivastava et al. (1998) and Ajeej et al. (2015). Iron, manganese, and total
phosphorous in the dry sludge exceeded the standard limits for discharge into the
environment.

5.2 Physicochemical parameters of the sludge digestion tanks

The anaerobic digestion tanks represented by lagoons 1 and 2 at different processing
stages at the time of sampling were the leading sites for biochemical decomposition of the
organic waste by various microbial activities in the absence of oxygen (Bano et al., 2017). It
is critical to note that the total dry matter content, also referred to as Total Solids (TS), is
found in these lagoons. Only the organic biodegradable fraction, also known as Volatile
Solids, contributes to biogas production (Nong et al., 2020). The volatile solids are typically
used to characterize organic waste for anaerobic digestion. The TS range of a suitable bio-
waste substrate is 70% to 95% (Vogeli, 2014). Substrates with VS below 60% are rarely
considered valuable substrates for anaerobic digestion. The TS and VS recorded in this study
were way below 60%, and therefore the need to introduce thickening sludge techniques such
as gravity thickening, centrifugal thickening, Floatation thickening, and belt-type thickening
to effectively increase TS prior to anaerobic digestion in the lagoons as far as targeting biogas
production in the plant is concerned (Mathimani & Mallick, 2018).

The temperatures in lagoons 1 and 2 were slightly above 24°C. Even though this
favors the growth of most bacteria, there is a need to keep the temperature either in the
mesophilic range (30°C to 40°C) for the effective functioning of mesophilic bacteria or in the
thermophilic range (45°C to 60°C) for effectiveness thermophilic microorganisms with an
optimum temperature of 37°C or 55°C respectively (Vogeli, 2014). This can be done by
installing heating systems or insulation of the lagoons (Bano et al., 2017). Stiborova et al.
(2015) recorded temperature in mesophilic sludge conditions (24-46°C) compared to
thermophilic temperatures of 46-60°C to be the effective temperatures for biogas production
in wastewater treatment plants. The mesophilic range may be the suitable approach because it
is more stable; therefore, most microorganisms can tolerate it, and the slightly lower
temperatures compared to the thermophilic range reduces inhibition of methanogenesis by
ammonium as there is lower content of free ammonia at lower temperatures (Ryue et al.,
2019).

The pH recorded in lagoons 1 and 2 is within the optimum values for a stable
anaerobic digestion process ranging between 6.5 to 7.5. Even though it is also important to
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note that hydrolysis and acidogenesis thrive at an acidic pH of 5.5 to 6.5, while the
methanogenetic phase is at a pH of 6.5 to 8.2 (Vdgeli, 2014). The oxidation-reduction
potential (ORP) for optimum methane production by methanogens is between -175 mV and -
400mV (Environmental, 2008). Other studies, such as Vongvichiankul et al. (2020), recorded
ORP of -100 mV and -300mV as the required values for anaerobic digestion systems. The
ORPs in lagoons 1 and 2 are within -50 mV and -250mV mV, which is within the
denitrification and sulfide (H2S) formation process (Environmental, 2008). This is further
evidenced by the low total nitrogen levels in both lagoons 1 and 2, as outlined in table 4. The
optimum ORP for acidogenesis and methanogenesis have been recorded at -284 mV and -336
mV, respectively (Vongvichiankul et al., 2020).

Objective one (1) of this study was to determine the Physico-chemical characteristics
of the sludge processed at the Nyeri wastewater and treatment plant in Kangemi, Nyeri
County. In situ measurement and laboratory analysis of temperature, PH, DO, EC, ORP, and
TS achieved the objective. VS, TC, TN, TP, Calcium (Ca), Sodium (Na), Potassium (K),
Magnesium (Mg), Manganese (Mn), Zinc (Zn), Iron (Fe), and Copper (Cu). The data
obtained was then tested for normality. The significant difference was determined using the t-
test and Mann-Whitney U test and visualized using graphs and tables. This study investigated
the sludge from the inlet, the concentration point in the sludge tank, and at the end of the
process in the dry bed where sludge is collected for agricultural application. The
investigations showed that the sewage sludge produced is slightly acidic and has high salinity
making it unsuitable for agricultural application in some crops.

Further processing to neutralize salinity may be suitable. The organic matter was
relatively low, and therefore the sludge is not a good soil ameliorant. The sludge contained a
high fraction of solid materials and, therefore, a high porosity, making it suitable for irrigated
agricultural land due to its high water holding capacity. The metal concentrations
significantly increased in the dry bed sludge. Generally, the land application of the sludge
from the Kangemi WWTP may lead to secondary pollution of iron, manganese, and
phosphorus elements in the environment and, therefore, a negative impact on the receiving
water bodies and their associated organisms. Bulk density, particle density, porosity, PH, DO,
EC, ORP, and moisture were not significantly different, and therefore we accept hypothesis 1
for these parameters. We reject hypothesis 1 for Temperature, TS. VS, TC, TN, and TP since
they showed significant differences between the sampling points.

116



Table 27: Biochemical reacations and their corresponding ORP values in wastewater sludge
(Environmental, 2008).

Biochemical Reactions and Corresponding ORP Values

Biochemical Reaction ORP, mV

Nitrification +100 to +350
cBOD degradation with free molecular oxygen +50 to +250
Biological phosphorus removal +25 to +250
Denitrification +50 to -50
Sulfide (H,S) formation -50 to -250
Biological phosphorus release -100 to -250
Acid formation (fermentation) -100 to -225
Methane production -175 to -400

The optimal C:N ratio for anaerobic digestion is between 16 and 25. The TOC and TN
for both the lagoons are very low and therefore the C:N ratio is below 16, this means higher
accumulation of ammonia but the fact that the pH is at 7.3-7.4 range, suggests that the lagoon
environments were not that toxic for methanogens (Osagie, 2019). The optimum: N ratio can
be achieved by mixing the sewage waste with materials that contains high C:N ratios such as
organic solid wastes (Vogeli, 2014).

5.3 The sludge microbial communities

This study presents whole-genome shotgun metagenomic profiling of sewage sludge
communities in the two lagoons at different sludge treatment stages. Lagoon 1 was at the
initial stages of sludge digestion, while lagoon 2 had just completed the 4 months’ digestion
period and was set to be released into the drying beds. Our analysis demonstrated that some
dominant groups were shared by the four composite samples but presented different
abundances in lagoons 1 and 2. The analysis based on the RefSeq database further
demonstrated that the abundance of different groups of microbes was significantly different
between lagoons 1 and 2.

The MG-RAST pipeline to visualize the taxonomic richness and evenness of the
composite samples collected did the rank abundance. Lagoon 1 was represented by composite
samples 1b and 1c, while lagoon two was represented by composite samples 2a and 2c. In the
rank abundance chart (see figures 18,19,20 and 21), the x-axis gives the abundance rank
where the most abundant species is given rank 1, the second most abundant is 2, and so on.
The y- axis represents the relative abundance; measured on a log scale, this is a measure of

species abundance (e.g., the number of individuals) relative to the abundance of other
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species. A steep gradient indicates low evenness as the high-ranking species have much
higher abundances than the low-ranking species. A shallow gradient indicates high evenness,
as the abundances of different taxa are similar taxa richness can be viewed as the number of
different taxa on the chart (Saeedghalati et al., 2017).

The results revealed that the sludge communities in the two lagoons are dominated by
the bacteria domain, which is involved in organic matter degradation by organisms such as
Bacteroides and Clostridium. Other studies (He et al., 2017; Lim et al.,2018; Liu et al., 2016;
Pyzik et al., 2018; Sotto et al., 2018; Stiborova et al., 2015) recorded similar findings. Their
abundance can be attributed to the fact that they are ubiquitous and are resistant to extreme
environmental factors (Niestepski et al., 2020). The higher dominance of bacteria can also be
attributed to the complexity of the feed domestic wastewater sludge containing a broad
spectrum of substances (Liu et al., 2016). Despite the importance of the organic matter
degraders in this system, the key players in biogas production are usually the methanogenic
archaea. They often contribute to a small fraction of the total microbial communities in
sewage sludge (Pyzik et al., 2018) and are recorded in this study. Lagoon 1(fresh sludge) was
dominated by the Methanosarcina, while lagoon two (aged sludge) was dominated by the
Methanospirillum. The predominance of syntrophic propionate oxidizers Candidatus
cloamonas in lagoon 2 has been linked to propionate oxidation to acetate and hydrogen with
energy generated through substrate-level phosphorylation on the propionyl-CoA (Lovely,
2008; Metcalf, 2016; Stems & Plugge (2009). This suggests a possible syntrophic
relationship between the bacteria and the methanogenic archaea in this lagoon.

The dominant phyla identified in the fresh and aged lagoons were similar to those
detected in other studies but in varying proportions (Little et al., 2020; Pyzik et al., 2018;
Yergeau et al., 2016). Pyzil et al. (2018) demonstrated that aged sludge was dominant with
Bacteroides, Clostridium, and Candidatus cloamonas but a comparatively lower diversity and
abundance of the same organisms in the fresh sludge. The predominance of these genera can
be attributed to their ability to resist heat, desiccation, toxic chemicals, and detergents (Todar,
2006). Yergeau et al. (2016) found that in dewatered sludge, the dominant phyla were
Bacteroidetes, Proteobacteria, and Firmicutes. However, a comparatively lower abundance
of Actinobacteria (Little et al., 2020) demonstrated that in biosolids stored in windrows, the
abundance of Firmicutes decreased significantly, with Proteobacteria becoming the
dominant phyla. Among the communities analyzed in this study, lagoon 2 (aged sludge) was
the most enriched with archaea, with sample 2a having the highest abundance. Kanokratana
et al. (2011), in metagenomics investigations of anaerobic sludge communities, recorded
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bacterial phyla annotated to Proteobacteria, Acidobacteria together with Firmicutes,
Bacteroidetes, Chlamydiae/Verrucomicrobia, and Actinobacteria, suggesting the critical role
of these microbes in plant biomass degradation.

Most of the studies on the microbial composition of sludge communities in
developing countries have focused on traditional molecular procedures such as the
polymerase chain reaction (PCR) and sequencing, where 454 pyrosequencing analyses such
as 16S and 18S rRNA targeting specific genes in studying microbial sludge composition
(Osunmakind et al., 2018). To the best of our knowledge, this is the first, if not the only,
study in Kenya where Next-generation sequencing and whole-genome shotgun metagenomics
technique provide a comprehensive understanding of the microbial composition of sewage
sludge microbial communities.

Our findings demonstrate that the annotated metagenomics samples had significantly
distinct dominant groups of microorganisms in lagoons 1 and 2. The four composite samples
indicated different alpha species diversity, with composite sample 2c (779 species) of lagoon
2 having the highest alpha diversity while sample 1b (747 species) of lagoon 1 portraying the
lowest diversity. The Bray-Curtis measure of beta diversity by the PCoA analysis method
demonstrated similarities in the community structure between samples 1b and 1c of lagoon
one and dissimilarities between samples 2a and 2c of lagoon 2 at the genera level. The
findings also indicate that the aging factor of the two lagoons contributed to the overall
community structure similarity. It also suggests that environmental parameters such as
oxidation-reduction potential (ORP), dissolved oxygen (DO), electrical conductivity (EC),
pH, and temperature significantly played a role in shaping the similarity and the dissimilarity
of the genera structure observed. However, it is not easy to establish if the observed
community structure affects the different environmental parameters. More studies focusing
on the significant effect of the environmental factors on the community structure dynamics of
lagoon 1 and lagoon 2 will be prudent for gaining a better insight.

Objective two (2) was achieved by shotgun whole-genome metagenomics. The
FASTQ data produced was run in MG-RAST bioinformatics software, where the generated
sequences were run against the NCBI gene bank. Taxonomic profiles were then generated
and analyzed using the MG-RAST analysis platform and R vegan software. Samples from
aged lagoon 2 showed a significantly higher microbial community alpha diversity than
lagoon 1. The Bray-Curtis similarity index showed some similarities between samples of
lagoon 1 and that of lagoon 2. This is a possible indication of a correlation relationship
between the microbial structure of the two digestion lagoons and the environmental
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parameters. Because of the significant difference in the general composition of the microbial

consortium, we, therefore, reject the second hypothesis of this study.

5.4 The methane producing communities

The whole-genome metagenomic analysis is a useful approach for comprehensively
describing complex microbial communities (Pyzik et al., 2018). A variety of tools are
available for metagenomic analysis to enable different insights into the environmental
community function and performance. This study applied a commonly used metagenomic
analytical tool (MG-RAST) to describe and compare four composite samples sequence
through deep shotgun metagenomics. The MG-RAST pipeline features made it possible to
get the functional structure of the representative samples' phylogenetic placement of
methanogenesis-related genes.

The metagenomic analysis with the MG-RAST pipeline offered an insight into the
metagenomic community structure and the abundance of genes involved in methanogenesis.
However, it should be noted that this is a general approach and, therefore, challenging to
determine interactions between microorganisms involved in each pathway (Pyzik et al.,
2018). MG-RAST provides an analysis platform where KO, SEED subsystems, and the
RefSeq databases are explored to allow for a more detailed view and identify a specific
function with the simultaneous assignment to a taxonomic group.

The abundance of archaea corresponded well with the proportions of the different
samples' functional annotations related to methanogenesis. Even though higher hits were
recorded in lagoon one compared to the aged lagoon 2 for all the genes responsible for the
different methanogenesis pathways, this is probably attributed to the fact that the sludge has
stabilized over time and, therefore, more microbes can now thrive. Lagoon 2 recorded a
higher diversity of the profiles except in the methylotrophic pathway, where lagoon 1
recorded both higher numbers of hits and diversity of organisms (Fig. 26). This can be
attributed to the presence of more algal blooms on the liquid surface of lagoon 1 because
some of the one-carbon compounds used by methylotrophs, such as methanol and TMAO,

are produced by phytoplankton (Dinasquet et al., 2018).

All the pathways recorded higher diversity with Shannon Wiener indices above 2.5
except for the hydrogenotrophic pathway, which had a lower diversity of organisms but
recorded the highest hits compared to the other pathways. Similar results were recorded by
Pyzik et al. (2018). The metagenome had a relatively high abundance of genes of the

hydrogenotrophic pathway despite a low abundance of Archaea in the samples analyzed. The
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results revealed Metharnosarcina as the most abundant archaea in the fresh lagoon 1, while
Methanospirillum was abundant in the aged lagoon 2. Similar trends are recorded in other
studies (Diaz et al., 2002, Li et al., 2021). Diaz et al. (2002) reported the Firmicutes and
Nitrospira genera as the predominant bacteria while the archaea were dominated by
Methanosaeta, Methanosarcina, and the Methanospirillum. On the other hand, Li et al.
(2021) recorded a shift in the composition of archaea from Methanosaeta to Mycobacterium.

The majority of the annotated mcr sequences were assigned taxonomically to the
genera Methanoregula and Methanospirilum in both lagoons suggesting these genera play a
dominant role in the last step of methane production in the sludge. There is no information
linking the acidophilic Methanoregula with the MCR genes as encountered in this study.
Other studies suggest Methanospirillum (Gunsalus et al., 2016); Methanocorpusculum,
Methanobacterium (Keerthana et al., 2019); and Methnanosaeta (Ellis et al., 2012) as the
major taxonomic groups assigned to the mcr genes sequences. The Methanospirillum
identified in this study is well adapted with a large genome suggesting the presence of
unrecognized biochemical/physiological properties that likely extend to the other
Methanospirillaceae and include the ability to form the unusual sheath-like structure and to
successfully interact with syntrophic bacteria (Gunsalus et al., 2016).

The phylogenetic placement of hydrogenotrophic pathway organisms were annotated
to Methanobrevibacter and Methanosarcina genera in lagoon one, while in lagoon 2, the
Methanoregula and Methanospirillum were the dominant hydrogenotrophic genera. Pyzik et
al. (2018) reported Methanobrevibacter, Methanomassiliicoccales, Methanoregula, and
Methanoculleus as the major contributors to methane production in sewage sludge. The study
proved that the hdr genes are found in the methanogenic archaea and acid and thiosulphate
reducing bacteria such as Halanaerobium, sulfate-reducing Desulfovibrio, and the alkene
degrading Desulfatibacilum. Other studies (Kaster et al., 2011; Strittmatter et al., 2009) have
supported this finding where "methanogenic™" genes are also present in other archaea and
bacteria. Kaster et al. (2011) reported the sulfate-reducing Archaeoglobus fulgidus using
many enzymes and coenzymes in anaerobic lactic acid oxidation to produce CO2, also used
by methanogenic archaea in the reduction of CO, to methane. Desulfobacterium
autotrophicum contains gene clusters for the heterodisulfide reductase HdrABC (Strittmatter
etal., 2009).

The acetoclastic pathway is the most active and essential methanogenesis pathway,
especially in sludge anaerobic digesters where acetate contributes two-thirds of the total
methane production (St-Pierre et al., 2013). The Methanosarcina and Methanosaeta have
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been described as the genera where acetoclastic methanogenesis occurs (Fenchel et al., 2012;
Vincent et al., 2021). The phylogenetic placement of the cdr genes was assigned to
Clostridium and Methanoregula as the major taxonomic groups in this category in lagoon 1
and the aged lagoon 2, respectively. The abundance of Clostridium in lagoon 1 acetoclastic
pathway consortium compared to methanogens is an exciting phenomenon suggesting the
possibility that they play a role in the production of acetate. Dyksama et al. (2020) support
the involvement of some bacteria, such as clostridia, when studying metabolic reconstruction
of metagenome-assembled genomes (MAGs) from a thermophilic sewage waste biowaste
digester covering the essential functions of the biogas microbial community; consistently
identified the uncultured Dethiobacteraceae together  with  Syntrophaceticus,
Tepidanaerobacter, and unclassified Clostridia as members of a potential acetate-oxidizing
core community in nine full-scale digesters, whereas acetoclastic methanogens were barely
detected. This may be annotated to the fact that acetoclastic methanogens and syntrophic
acetate-oxidizing bacteria (SAOB) compete for acetate, a central intermediate in the
mineralization of organic matter. The results presented in this study may provide new insights
into a remarkable anaerobic digestion ecosystem where members of the Bacteria domain
possibly realize acetate catabolism. Dyksama et al. (2020) further demonstrated this by
metagenomics and enrichment cultivation, revealing a core community of diverse and novel
uncultured acetate-oxidizing bacteria and concluding that their genomic repertoire suggests
metabolic plasticity besides the potential for syntrophic acetate oxidation. Gou et al. (2020)
found that contaminants such as antibiotics limit acetoclastic methanogens, and the resistant
syntrophic acetate bacterial oxidants take over from the methanogens. A suggestion has been
given that there might be a shift where syntrophic acetate oxidation replaces acetoclastic
methanogenesis during thermophilic digestion of bio-waste (Campanaro et al., 2020).
Nevertheless, there is a need for more studies to quantify syntrophic acetate oxidation versus
acetoclastic methanogenesis.

The methylotrophic  pathway was dominated by Methanosaeta and
Methernothermobacter genera in the lagoons 1. Methanoregula and Methanospirillum were
the dominant methylotrophic methane producers in the aged lagoons. Buan (2018) reported a
similar result in anaerobic digesters with Methanomassiliicoccus, Methanosarcina,
metanospirillum, and methanosaeta in the list of organisms representing the methylotrophic
pathway. Nitrosococcus, Methylococcus, and Methylobacterium were the abundant bacteria
in this freshly prepared lagoon 1, while the Thermincola, Mycobacterium, and Methylococcus
were abundant bacteria in the methylotrophic annotated consortium. Kaster et al. (2011)
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suggest the existence of the methylotrophic bacteria that use methanogenic enzymes and
coenzymes in their energy metabolism. According to Gilmore et al. (2017),
Methanobacterium, Methanosarcina, Methanosphaera, and Methanocorpusculum are
suggested to be capable of methylotrophic, acetoclastic,c and hydrogenotrophic
methanogenesis. In this study, Methanoregula seemed to be dominating all the three
methanogenesis pathways. This is probably because they have an ability that trends towards
energy conservation in genome composition (Kaster et al., 2011).

Objective three (3) was achieved by the best hit search of the microbes responsible for
the different stages of methane formation. The approach presented in this study allowed
exploration in detail of complex microbial communities coming from methane-producing
environments. Microbial communities in methane-producing sludge environments would be
expected to contain a high abundance of genes of different steps of hydrogenotrophic,
acetoclastic, and methylotrophic pathways, which optimally are encoded by a few microbes.
This view was accurate for the two lagoons under investigation, especially in the freshly
created lagoon 1. Nevertheless, we observed different levels of methanogenesis genes and
their dispersion amongst various microorganisms. This was especially apparent for the
acetoclastic pathway suggesting that the syntrophic acetate oxidation bacteria are reservoirs
of metagenomic genes that contribute to the methane cycle. There was no significant
difference in the diversity of acetoclastic and the hydrogenotrophic pathways. However, the
methylotrophic pathways were significantly different between the lagoons. The organisms
responsible for the last step release of methane gas were significantly different among the

four samples, and therefore we reject hypothesis 3.
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CHAPTER SIX
CONCLUSIONS AND RECOMENDATIONS

6.1 Conclusions

Very high concentarions of Calcium (Ca), Sodium (Na), Potassium (K), Magnesium
(Mg), Manganese (Mn), Zinc (Zn), Iron (Fe), and Copper (Cu) in the dry beds
compared to the sludge tank. In the lagoons, bulk density, particle density, porosity,
PH, DO, EC, ORP, and moisture were not significantly different, and therefore we
accept hypothesis 1 for these parameters. We reject hypothesis 1 for Temperature, TS.
VS, TC, TN, and TP since they showed significant differences between the sampling
points.

Samples from aged lagoon 2 showed a significantly higher microbial community
alpha diversity than lagoon 1. The Bray-Curtis similarity index showed some
similarities between samples of lagoon 1 and that of lagoon 2. Because of the
significant difference in the general composition of the microbial consortium, we,
therefore, reject the second hypothesis of this study.

There was no significant difference in the diversity of acetoclastic and the
hydrogenotrophic pathways. However, the methylotrophic pathways were
significantly different between the lagoons. The organisms responsible for the last
step release of methane gas were significantly different among the four samples, and

therefore we reject hypothesis 3.

6.2 Recommendations

Based on the findings of this study, there is a need to do more research on how to
improve and stabilize the Physico-chemical parameters in the sludge treatment before
agricultural use. In addition, more research should be done to investigate the
suitability of the sludge as a substrate for different crops grown in the region around
Nyeri County. The utilization of this sewage sludge to manufacture other products in
line with tenets of the cellular economy is also an option that can be explored in due
course. There is also a need to improve the TS, VS, ORP, and Temperature to levels
that favour biogas production in the two lagoons as far as improvising the plant for
biogas production is concerned.

There is a need to quantify the methane produced by the different pathways of

methanogenesis. An investigation of the effect of factors such as heavy metals and
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antibiotics on microbes responsible for the different stages of methane production at
the plant will also be prudent.

iii.  Proceed to pilot experiment on the efficiency of the main methanogens identified in
this study to produce biogas, individually and as a consortium.
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APPENDICES

Appendix A: Statistical analyses for the physico-chemical parameters comparing the

raw and the dry beds sludge

No. Parameters Shapiro- Mann-Whitney U test T-test
Wilk (p=0.05) (P=0.05)
normality
test

1 Bulk density Passed N/A 0.004615

2 total carbon failed 0.0722 N/A

3 EC passed N/A 0.0002

4 Moisture passed N/A 1

5 particle density passed N/A 0.6164

6 PH passed N/A 0.000222

7 Porosity failed 0.0722 N/A

8 Temperature failed 0.07652 N/A

9 Total Nitrogen failed 0.184 N/A

10 Texture failed 0.6193 N/A

11 Total Phosphorous  passed N/A 0.9653

12 Total solids passed N/A 0.05197

13 Volatile solids failed 0.1 N/A

14 Calcium failed 0.33333 N/A

15 Copper failed 0.7366 N/A

16 Iron failed 0.9997 N/A

17 Potassium failed 0.9506 N/A

18 Magnesium failed 0.2593 N/A

19 Sodium failed 0.2343 N/A

20 Phosphorous failed 0.1678 N/A

21 Zinc failed 0.0733 N/A

22 Manganese failed 0.0986 N/A
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Appedix B: PCoA clustering of the composite samples

Sub-groups Samples Lagoon
I 2a and 2c 2
I 1b 1
Il 1c 1

Appendix C: Composition of top 20 functional categories for all sample(s)

Function Sample 2a Sample 2c Sample 1c Sample 1b
Cellular Processes 6321 16287 24185 21088
Environmental Information 18745 47756 82072 76063
Processing 31421 81787 126389 113514
Genetic Information Processing 1345 3712 6360 6234
Human Diseases 84748 217758 349788 318862
Metabolism 690 1460 2357 1773

Organismal Systems
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Appendix D: Database sources for the hits distribution
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ARTICLE INFO ABSTRACT

Keywords: Microbial consortia under anaerobic conditions are involved in oxidizing organic matter in the
Sewage sludge sludge to produce methane gas. However, in developing countries like Kenya, these microbes
Methanogens . have not been fully identified to target them for the efficient harnessing of biofuel. This study
::Vd':dmmw collected wet sludge from two anaerobic digestion lagoons 1 and 2 that were operational during
Mt:tlhvk;‘:phir sampling at Kangemi Sewage Treatment Plant, in Nyeri County, Kenya. DNA was extracted from

ples using cc ially available ZymoBIOMICS™ DNA Miniprep Kit and sequenced using
Shotgun metagenomics. Samples were analyzed using MG-RAST software (Project ID:
mgpl100988), which allowed for identifying microorganisms directly involved in various stages of
methanogenesis pathways. The study found hydrogenotrophic methanogens, such as Meth-
anospirillum (32%), Methanobacterium (27%), Methanobrevibacter (27%), and Methanosarcina
(32%), being predominant in the lagoon communities, whereas acetoclastic microorganisms such
as the Methanoregula (22%) and the acetate oxidazing bacteria such as Clostridia (68%) were the
key microbes for that pathway in the sewage digester sludge. Furthermore, Methanothermobacrer
(18%), Meth cina (21%), Meth (15%), and Methanospirillum (13%) carried out the
methylotrophic pathway. In contrast, Methanosarcina (23%) Methanoregula (14%), meth-
anosaeta (13%), and methnanoprevibacter (13%) seemed to play an important role in the final
step of methane release. This study concluded that the sludge produced from the Nyeri-Kangemi
WWTP harbors microbes with significant potential for biogas production. The study recommends
a pilot study to investigate the efficiency of the identified microbes for biogas production.
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Abstract

This study was conducted to assess the physico-chemical properties and
changes that occur in the composting process between raw sewage
sludge inflow at the sludge tank and the composted end product in the
dry beds used for agricultural application at the MNyeri-Kangemi
wastewater treatment plant in Nyeri County, Kenya. Sludge samples were
collected between June and Cctober in different stages of the sludge
treatment process; the sludge tank received from the primary and
secondary wastewater treatment processes and the composted sludge
from the dry beds. Results showed the final composted dry sludge had a
pH ranging from 5.53 to 6.52. The mean values were; ECwas 3.77 + 0.05
mS5/cm, TOC of 2.03 + 0.05 per cent, ON of 0.19 + 0.01 per cent, TOP 88
+ 1.6 mg/L, Temperature 21.03 + 0.06 °C, particle density of 2.30 + 0.02
g/cm®, Bulk density of 0.24 + 0.02 g/cm?®, 90.7 £ 0.01 per cent pore
space, moisture content of 11.3 £ 0.70 per cent, TS of 53.40 £ 8.82 per
cent and VS of 29.72 £ 9.94 per cent. The concentrations of Fe, Ca, Mg,
Mn, K, Na, Zn and Cu were 1896.15 + 106.2 mg/l, 266.42 £ 27.55 myg/l,
190.52 £ 4.82 mg/l, 139.3 £ 0.29 mg/l, 114.38 + 4.81mg/l, 84.61 £ 0.71
mg/l, 39.18 + 0.36 mg/l and 5.65 + 0.12 mg/| respectively. This study
recommends the need to do more research on how to improve and
stahilise the physico-chemical parameters in the sludge treatment before
agricultural use,

Key terms: Compaosted, particle size, sewage sludge, sludge density,
total organic carbon.
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