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ABSTRACT

Hygienic problems in drinking water distribution systems may originate from
contamination by external microorganisms or growth of indigenous biomass. Among all
water related disease outbreaks, 33% waterborne diseases were caused by contaminated
source water, 39% by inadequate or interrupted treatment processes and 18% by
distribution systems and premise plumbing deficiencies (Craun et al., 2010). The
Mombasa County water distribution systems have since inception undergone a sanitary
survey and there has-been no information on the bacterial community composition
therein. The primary focus of this study therefore was to generate detailed information
on the genome information stored within the water distribution system microbiome.
This was achieved through an analysis of the 16S rRNA phylotypes of the microbes
present within the microbial community of 21 water and biofilm samples collected from
Mzima and Baricho water lines, which have been operational for more than 50 years,
making them excellent sources of mature distribution system biofilms. Physico-
chemical characteristics of the water were determined by a portable Palin Photometer
and Atomic Absorption Spectrophotometer; while bacterial taxonomic affiliations were
analyzed using 16S rRNA based 454-FLX Titanium pyrosequencing. Water from both
water lines registered pH, nitrates, phosphates and residual chlorine levels that were
within the limits stipulated for drinking water by the Kenya Bureau of Standards
(KEBS). All Baricho line samples had iron and lead levels way above the maximum
allowable limit of 0.05 mg L!. Nitrates, iron and temperature correlated positively with
bacterial community composition and diversity in all samples as shown by Canonical
correspondence analysis (Mantel test: r = 0.27, P = 0.001). Pyrosequencing yielded
27,937 sequences, which were denovo clustered into 2,294 unique operational
taxonomic units (OTUs) based on their sequence similarity (3%). A total of 20 bacterial
phyla and 6 candidate phyla were identified from pooled samples and were dominated
by the Proteobacteria (73.2%), Firmicutes (13.4%), Bacteriodetes (5.9%) and
Candidate divisions at 0.9% of thetotal phylotypes. Rényi diversity profiles
demonstrated that all sampled sites regardless of source or type have larger species
richness, but lower species evenness. Shannon—Wiener diversity (H') index of each
sampling site ranged from 0.00 to 1.725. The highest bacterial diversity was found in
Baricho water (1.725) and Mzima biofilms (1.391). Biofilms featured characteristically
higher bacterial diversity, richness and abundance than bulk water. Bulk water was
predominated by Nitrospirae (20.2%), Betaproteobacteria  (15.9%) and
Alphaproteobacteria (6.4%), while Favobacteria (8.6%), Deltaproteobcteria (3.2%),
bacteria NPL.UPA2 and Candidate division ODI were characteristic of biofilms.
Redundancy analysis indicated substantial comparative differences in water and
biofilms bacterial community composition among the two water lines. Nitrospirae,
Elusimicrobia, Cyanobacteria, Gemmatimonadetes, NP-UPA2, and Candidate
Divisions TM7, OP11 and ODI were present only at source but not at endpoints.
Differences in community structure and abundance were noted between Baricho water
line source and endpoint water and biofilms bacterial composition (p= 0.013). A total of
140 phylotypes of potentially pathogenic species including; Pseudomonas, Escherichia,
Shigella, Aeromonas, Enterobacter and Bdelovibrio were identified. Metagenome
analyses also confirmed the ubiquity of mycobacteria in drinking water distribution
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systems. Maintainance of the integrity of water systems, periodic monitoring and
effective treatment techniques should take precedence in water delivery services to
reduce the risk of contaminating the drinking water with pathogenic microorganisms.



CHAPTER 1: INTRODUCTION

1.1 Background

Microbial contamination of water resources continues to be a major threat to human
health. The presence of microorganisms in drinking water distribution systems causes
problems of corrosion, quality deterioration, and outbreak of waterborne diseases, of
which public health risks associated with the outbreak of waterborne diseases is of the
most concern (Craun et al., 2010; Li et al., 2010). About 88% of diarrheal disease,
which are estimated to account for 4.1% of the total daily global burden of disease and
the annual deaths of 1.8 million people, (mostly children in developing countries), are
attributable to the consumption of water with microbial contamination (WHO, 2009).
Surveys conducted by the Center for Disease Control and Prevention (CDC) show that
from the year 1971 to 2006, 780 disease outbreaks were associated wi;ch drinking water
contamination. These resulted in 577,094 cases of illness and 93 deaths. Among all the
outbreaks, 33% waterborne diseases were caused by contaminated source water, 39%
by inadequate or interrupted treatment processes and 18% by distribution systems and
premise plufnbing deficiencies (Craun et al., 2010). It is therefore very important to
understand the survival, growth and proliferation of microorganisms in drinking water
and water distribution systems for the surveillance, assessment, control, and prevention

of public health risks associated with drinking water supply.

Microbial contamination challenges associated with drinking water distribution systems
include biofilm gromh (Camper, 2004), nitrification (Regan et al., 2003), microbe

mediated corrosion (Beech and Sunner, 2004), and the persistence of pathogens



(Emtiazi ef al., 2004). Microorganisms are always present in drinking water no matter
how rigorous the precautions taken during the production and distribution. Drinking
water transporteci through the distribution networks is subject to both chemical and
microbial quality changes. A variety of microbes, including pathogens, are able to
proliferate in such an environment, forming biofilms on the interior surface of the pipes.
This oc‘curs despite the presence of disinfectant residues, although drinking water
distribution systems are generally perceived as unsuitable for microbial growth since
they are oligotrophic. In biofilms, microbes are embedded in a matrix of extracellular
polymeric substanées, which protect them from disinfectants and high-shear flow. They
also provide nutrients for microbes by accumulating organic and inorganic debris from
external sources through adsorption (Brown et al., 1995; Hoyle ef al., 1992). In water
distribution systems, biofilms periodically break off and cause hygienic problems of
drinking water (Stoodley et al., 2002). In the presence of biofilms, drinking water
distribution systems could encounter operational problems such as pipe corrosion, water
quality deterioration brought about by contamination by undesirable substances. In
addition, hygienic problems may also originate from contamination by external

microorganisms or growth of indigenous biomass (Hu et al., 2005).

Identifying the members of a core microbiomé (the suite of members shared among
microbial consortia from similar habitats) is critical to understanding the stability and
components consistency across complex microbial assemblages (Shade and
Handelsman, 2012). The hunt for a core microbiome of the water distribution system

correlates with the patterns of beta-diversity (differences in community composition



among sites) and distribution of microorganisms across separated sites of the system.
To unravel this great diversity, modern and more powerful estimation methods, such as
high through put molecular extraction and next generation sequencing (Rothberg ef al.,

2011; Andersen et al., 2010; Bentley ef al., 2008; Bentley, 2006; Margulies et al., 2005)

have been applied.

Water distribution systems biofilms have received much focus due to their importance
in potable water delivery to end-point consumers (Feazel ef al., 2009). Both culture-
based and culture independent molecular approaches have been used to establish the
bacterial communities of different locations or pipe materials within a water distribution
system and diverse sources and nutrient levels. Studies on the bacterial communities of
a water distribution system have indicated that populations can differ significantly from
source water to tap water (Eichler ef al., 2006). Activities of microbial growth and the
presence of potential opportunistic pathogens have been detected in tap water, faucets,
and showerheads, which are end points of the water distribution systems (Kormas et al.,
2010; Feazel et al., 2009). Many studies attribute the survival of pathogens to resistance
mechanisms like cell wall permeability and biofilm formation (Freeman et al., 2006;
Grobe et al., 2001), for instance the type of bacterial communities present in a water
distribution systems and the disinfection regime applied may also influence pathogen
retention in the water distribution systems. Nitrifying microorganisms, for instance, can
contribute to the depletion of monochloramine and subsequently lead to increased

overall microbial growth (Eichler et al., 2006).
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Compared to the analysis of microbial communities in source water and end-point
drinking water, investigations related to the delivery process are difficult due to limited
access and the high cost involved in sampling within the water distribution systems.
Earlier studies have reported that episodic chlorination may accelerate the development
of micrpbial communities with increased resistance to disinfectants (Codony et al.,
2005). Studies als show that bacterial diversity can also affect disinfection efficacy and
pathogen survival (Batte et al., 2003). Many studies have used surrogates such as model
distribution systems and removable coupons for biofilm attachment inserted for short
times, in real distribution systems. Studies suggest that biofilm development may
require several years before a steady state is achieved, which limits the relevance of
short-term model studies (Martiny et al., 2003). The occurrence of bacterial community
succession was observed in a model water distribution systems (Martiny et al., 2003),
which indicated the importance of long-term monitoring and suveillance of bacterial
biofilm development in the water distribution systems. These findings also
demonstrated the need for the direct evaluation of microbial communities within the
water distribution systems, which would complement studies of the source water and
end points. Free chlorine is used as the primary disinfectant in most drinking water
distribution systems. However, chlorine disinfection promotes the formation of
disinfectant by-products (DBPs). Chlorination aims at mitigating the presence of
pathogens, but does not completely eradicate the growth of microorganisms in water
distribution systems. Diverse microbial communities have been shown to inhabit water

distribution systems.



As drinking water systems distribute treated water, they should be devoid of
microorgé.nisms, especially waterborne pathogens. This is because the goal of water
treatment is to minimize microorganisms, besides eliminating waterborne pathogens.
Early studies relied upon relatively small sample sizes to estimate microbial diversities
in the population (Colwell and Coddington, 1994; Schmidt ef al., 1991; Trudel ef al.,
1986). The implication of this is that in the event of contamination, conventional
methods used for routine microbial water quality testing may not detect the same. Only
high-throughput and high-resolution detection methods, such as those offered by next-
generation sequehcing (NGS) techniques, can adequately assist in the task of
extensively and intensively investigating patterns of distribution of microbial

communities in this environment.

Although next generation sequencing technologies are not exempt from a number of
potential sources of bias (Gihring et al., 2012) they allow the investigation of microbial
diversity at an unprecedented level of resolution. By contrast, while allowing one to
gain information on how the dominant members of microbial communities differ in
composition across ecological landscapes. Diversity profiling techniques suffer from
inherently low levels of taxonomic discrimination (Griffiths er al. 2011). Deep
sequencing allows an overview of the communities as a whole, overcoming the limited

views experienced using previously employed techniques.

The adaptation of culture-based assays (Figueras and Borrego, 2010) and culture-
independent approaches, such as 16S rRNA that target gene sequence analysis using

Sanger chemistry (Revetta ef al., 2011) and pyrosequencing (Hong et al., 2010) have



been use to show the diverse microbial communities inhabiting water distribution
systems. <Additionally, fluorescence in situ hybridization (FISH) targeting the 16S
rRNA gene has been used to detect active bacteria in drinking water biofilms (Williams
and Braun-Howland, 2003). Most of these previously used methods are generally
limited in scope by targeting specific indicator species. For example, culture-based
techniqﬁes are biased toward a small fraction of the inhabiting microbiota. On the other
hand, most studies using DNA-based approaches have targeted phylogenetic genes,
which provide limited information on the public health relevance of the microbial

groups detected.

The distribution system is the remaining component of public water supplies yet to be
adequately addressed in national efforts to eradicate waterborne disease. The ecology of
the distribution system is poorly understood, making risk assessment via pathogen
occurrence measurements difficult. There is very little information available about the
types, activities, and distribution of microorganisms in distribution systems. Limited
heterotrophic plate count data are available for some systems, but these data are not
routinely collected, they underestimate the numbers of organisms present, and they
include many organisms that do not necessarily present a health risk. Recently
completed epidemiological studies have either not focused on the specific contribution
of distribution system contamination to gastrointestinal illness, or they have not

identified a direct link between illness and sources of drinking water.

It is against this background that the study seeks to adopt ultra modern molecular

biology techniques for evaluation of bacteria composition and diversity in the drinking



water distribution systems bulk water and pipe interface biofilms and their possible link

to waterbourne disease, so as to guide in the mitigation of the associated health risks.

1.2 Problem Statement

Recent survey on disease outbreaks have revealed that a significant portion were
associated with drinking water contamination. Among all the outbreaks, 33%
waterborne diseases were caused by contaminated source water, 39% by inadequate or
interrupted treatment processes and 18% by distribution systems and premise plumbing
deficiencies (Crauh et al., 2010). Cases of cholera and other water associated diarrhoeal
diseases continue to cause death and suffering in Mombasa County, raising a lot of
querries on the quality of water consumed by the public. Whereas a lot of work has
been done on the contamination and microbial composition of source water using the
traditional culture methods, information on water distribution systems remains scanty.
The traditional culture dependent methods of microbe isolation and identification ignore

substantialy viable nonculturable populations.

The analysis of microbiological biodiversity has advanced significantly with the
inclusion of Next Generation Sequencing (NGS) technologies (Shokralla et al., 2012).
Modern sequencing technology allows data retrieval from possibly thousands or even
millions of microorganisms, hence rendering more reliable and comprehensive studies
(Edwards et al., 2006). This capability can be further exploited by combining several
samples in a single experiment using tag-encoded amplicon pyrosequencing (Binladen
et al., 2007) which permits subsequent binning of data to samples. Traditionally,

bacterial biodiversity has been measured by estimating the number of culturable species



present in the population. However, it is now possible to collect genetic information
from unculturable organisms, which frequently cannot be ascribed to characterized
species. Operational Taxonomic Units (OTUs) at 3%, 5% and 10% dissimilarity are
commonly used to estimate richness of species, genus and phylum respectively (Creer

et al., 2010).

The purpose of this study was to characterize the bacterial communities of operational
drinking water distribution networks. The study also sought to determine the diversity
of bacteria and their role in microbiologically induced water quality change and the
success of water treatment. Use of molecular microbial ecology tools was employed to
improve the understanding of the total microbiota, since the conventional culture-based
methods are selective and do not cover the entire microbial diversity of complex
environments. Pyrosequencing provides rapid and accurate screening of total bacterial
populations, and the opportunity to sample biofilms from a real distribution system,

provided needed insights on bacterial community diversity in these engineered systems.



1.3 Justification

The fundamental goal in microbial ecology is to characterize all microbial communities,
and to explain how abiotic and biotic environmental factors and interactions impact
these communities (Gentry ef al., 2006). Information on the water distribution systems
microbiome composition will enhance the understanding on the core populations,
occuneﬁce of pathogenic bacteria, and their growth in the presence of disinfectants.
This will serve as guide in designing innovative and effective control strategies that will

ensure safe and high quality drinking water (Xi et al., 2009).

The scale of the problems caused by the activity of the indigenous microorganisms
remains virtually unknown, since the monitoring frequency by the water supplies in the
distribution networks is generally sparse and the microbial techniques used are
inadequate for the characterization of the indigenous microorganisms. Several novel
bacterial strains have been isolated from municipal distribution systems during the
process of characterizing microbial diversity (Rickard et al., 2005; Kalmbach et. al.,

1997). A rigorous characterization of these strains has been achieved in this study.

Local water quality surveillance employs culture techniques. It has been shown that less
than 1% of environmental bacteria are able to grow in the laboratory (Hugenholtz ef al.,
1998). This would leave the remaining 99 % of environmental bacteria out of reach if
culture independent methods like metagenomics did not exist. Application of Next-
generation sequencing to this study provided an enabling technology that allows for the

study of the genetic makeup of such microbial communities at a higher taxonomic
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resolution that can enable interpretation of both biogeographic patterns and the

processes driving such patterns.

Waterborne pathogens that are able to persist and reproduce in the distribution system
can cause infections of the gastrointestinal tract, skin and lymph nodes (Szewzyk et al.,
2000). The distribution system pathogens comprising the Mycobacterium avium
complex, for example, have been identified as the most common source of bacterial
infection in AIDS patients (Kunimoto ez al., 2003). Microbes in biofilms, rather than
those in the bulk water, are mostly responsible for the deterioration of the drinking
water quality during the drinking water transport (Block, 1992). It is therefore critical to
know the nature of biofilms formed in water distribution systems for the protection of

public health.

The appearance of potential antibiotic resistance in drinking water distribution systems
requires increased surveillance for risk assessment and prevention strategies to protect
the health of the public. With metagenomic and computational techniques, it is possible
to identify antibiotic resistance bacteria and their genes in environmental microbiomes.
The availability of metagenomic data sets not only enables the study of known
antibiotic resistance genes in such environments, but also provides the possibility of
finding new, previously undiscovered antibiotic resistance genes. Members of rare
biospheres such as Water distribution systems, may act to form a seedbank that provide
the genetic potential to respond to dramatic ecosystem changes, and thus any rare

species may become a dominant species in the future.
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Using the metagenome-based approaches, this study offers a more comprehensive view
of the genetic complexity of natural and engineered microbial communities. This allows
for better assessment of the bacterial taxonomic diversity and metabolic potential within

the distribution system community.

1.4  Null Hypotheses

1) The bacterial composition and diversity of the drinking water distribution
systems of Mombasa is not different from the typical bacterial flora of water

distribution systems

ii) There is no difference in the relative abundance of different bacterial community

members in Baricho and Mzima water distribution systems.

iii) There is no relationship between the bacterial community composition of

drinking water distribution systems and its physico chemical quality.
1v) The bacterial communities of biofilm and bulk water populations are similar.

V) There is no variation in bacterial composition and diversity at the source and end

point phases of the different of the water distribution systems.

1S Objectives

1.5.1 The General Objective
To determine the community structure of bacteria in Baricho and Mzima drinking water

distribution systems in Mombasa County using metagenomic approaches.
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1.5.2 Specific Objectives

i)

To determine the bacterial community composition and diversity in water

distribution systems of Mombasa.

To estimate the relative abundance of different bacterial taxa in Baricho and

Mzima water distribution systems.

To establish the relationship between bacterial composition and the physico

chemical characteristics of water.
To compare the bacterial composition and abundance in biofilm and bulk water.

To assess the changes in bacterial community composition at different phases of

the water distribution systems.
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CHAPTER 2: LITERATURE REVIEW

2.1  Microbial Contamination of Water Distribution Systems

Water distribution systems are generally perceived to be unsuitable for microbial
growth because of their oligotrophic and high-shear conditions, plus the presence of
disinfectant residues. However, various microbes are able to survive in this
environrﬁent, forming biofilms on the pipe interior surface and embedding in a matrix
of extrapolymeric substances, which protects them from disinfectants and high-shear
flow (Brown et al., 1995; Hoyle et al., 1992). The conventional approach to Water
treatment, which iAnvolves maintaining a disinfectant residual, is often ineffective at

controlling microbial growth (LeChevallier et al., 1996).

The biological and physico-chemical processes that take place during drinking water
distribution, at the consumers’ taps generally results in a lower quality than the treated
water at the treatment plant (Verberk, ef al., 2007; Vreeburg and Boxall 2007; Lee,
O'Conner ef al., 1980). Most challenges in water distribution systems such as pipe wall
biofilm growth (Camper 2004), nitrification (Regan et al, 2003 and 2002), bio-
corrosion of' pipe material (Beech and Sunner, 2004; Lee O'Conner et al, 1980),
deterioration of taste and odor (Hoehn 1988) and proliferation of opportunistic

pathogenic bacteria are microbial in nature, (Feazel et al., 2009; Emtiazi et al., 2004).

Microbes may grow on the submerged surface in drinking water distribution systems,
forming a biofilm, which may provide favorable conditions for the growth of pathogens
(Parsek and Singh, 2003). These organisms can detach from the pipe surface with

biofilms threatening the safety of drinking water (Obst et al., 2006; Flemming ef al.,
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2002; Stoodley et al., 2002). Many factors have been reported to account for biofilm
growth in drinking water distribution system (DWDS), including water source,

environmental and hydraulic conditions (Lehtola et al., 2004; Angles et al., 1999).

It has been estimated that over 90% of microorganisms in nature are present in the form
of biofilm (Flemming et al., 2002; Costerton et al., 1995). Previously, biofilm was
considered to be a homogeneous layer covering the substratum. However, the
introduction of confocal scanning laser microscopy (CSLM), which enables study of
biofilm in its natural hydrated state and allows for observation of thin optical sections
across the biofilm profile generating three-dimensional image of the biofilm, has
changed this perception (Wimpenny and Colasanti, 1997). The heterogeneity of the
biofilm permits formation of different microenvironments and thereby different

ecological niches inhabited by specialized microorganisms.

2.2 Complexities Associated with Controlling Microbial Growth

Optimizing the management of distribution systems and controlling microbial growth is
difficult because of the complexity of these systems. The survival of microorganisms is
based upon the interactions of many variables, including temperature (Ndiongue ef al.,
2005), pipe surface (Lehtola er al, 2005), nutrient levels (Wijeyekoon et al., 2004,
Butterfield et al,, 2002) and type and concentration of disinfectants (Norton er al.,

2004).

A number of studies have confirmed the complex behavior of micro-orgnanisms in

drinking water. Flow chamber studies have concluded that the presence of high
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concentrations of disinfectants is not sufficient to eliminate the survival of pathogens,
including Legionella pneumophila and E. coli (Williams and Braun-Howland, 2003). In
a related study, Langmark et al. (2005) found out that the application of two common
disinfectants, monochloramine and ultra-violet light did not deter L. preumophila from
accumulgting in biofilms in a pilot-scale distribution system. In a study focusing on
accumulated growth, Pozos e al. (2004) observed that biofilms exposed to strains of E.
coli and Klebsiella pneumoniae developed stable populations of both opportunistic
pathogens proportipnal to the biofilm density of heterotrophic bacteria. Another study
focusing on the behaviour of Mjycobacterium xenopi in biofilms revealed that it
exhibited long-term persistence in biofilms and that a steady concentration of M. xenopi

cells was returned to the water column from biofilms (Dailloux et al., 2003).

2.3  Biofilm Biology

Biofilm formation is a dynamic process and comprises a serries of steps. The process
starts with preconditioning of the adhesion surface. The preconditioning film is a thin
layer of organic molecules and ions covering the adhesion surface that is formed before
any microorganisms attach to the surface. These molecules may adhere to the surfaces
through physical or chemical adsorption. The strength of biofilm adhesion is largely
dependent on the cohesion of this conditioning (Bos et al., 1999; Busscher et al., 1995).
Effective adhesion of microorganisms to surfaces starts by the transport of microbial
cells to the adhesion surface either by fluid dynamics, gravitational forces and

Brownian motion, or by migration through active cell motility.
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The attached microorganisms start growing and form microcolonies, excreting organic
polymers and initiating the formation of the biofilm matrix. Exopolysaccharide
synthesis has been shown to be very important in the formation of microcolonies
(Watnick and Kolter, 1999). As biofilm thickness increases, transport of nutrients from
the external liquid media to the inner layers of biofilm and transport of excreted
metabolites in the opposite direction are important for biofilm maintenance. This leads
to the development of a complex and organized consortia of microorganisms embedded
in an organic matrix that protects the microorganisms inside from stress factors. It is at
this stage that micfoorganisms produce large amounts of EPS. The structure of a mature
biofilm depends on the microbial composition, EPS production, the nutrient availability,
hydrodynamic conditions and temperature. In a mature biofilm, several processes may
occur simultaneously: bacteria detachment into water, attachment of planktonic
bacteria, growth and death. However, in this stage these processes are at equilibrium
and the number of attached cells per unit surface area is constant in time, although with

periodic fluctuations (Bryers, 2000; Vieira et al., 1993).

Hydraulic shear stress provoked by high flow velocities can lead to detachment of
bacteria and biofilm aggregates (sloughing), with higher detachment rates at increasing
shear (Characklis et al., 1990). Detachment occurs due to different mechanisms: erosion
(the continuous release of single cells or small clusters of cells), sloughing (the rapid
detachment of large portions of the biofilm), abrasion (collision of solid particles with
the biofilm), and predator grazing. Erosion and sloughing can result from biofilm-

associated processes such as enzyme production (Allison ef al., 1998), excretion of
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certain signalling molecules (Wuertz et al., 2004), cell-cycle mediated events (Gilbert et
al, 1993; Allison et al, 1990), and the excretion of surface modified products
(surfactants) by certain bacteria (Rosenberg and Ron, 1999). It may also arise from
external factors such as shear forces (Picioreanu et al., 2001), variations in the nutrient
concentration (Sauer ef al., 2004), chemical change in EPS due to the presence of

chelating agents.

The biofilm matrix (composed by all inorganic and organic substances surrounding the
cells) has several ﬁnctions. Acting as a structural backbone, the biofilm matrix protects
bacteria from being washed out, from mechanical shocks, from toxic/lethal attacks by
antibiotics (Stewart and Costerton, 2001), disinfection chemicals (Costerton et al.,
1995; LeChevallier et al., 1988a), UV radiation (Hijnen et al., 2006), predators (Keevil
and Walker, 1992) and from desiccation (Sutherland, 2001; LeChevallier et al., 1988b).
The matrix promotes the storage of nutrients for intake during periods of limitation
(Wolfaardt er al, 1998), retention of extracellular enzymes (Flemming, 2002),
horizontal gene transfer (Molin and Tolker-Nielsen, 2003), and exchange of signalling

molecules and metabolites (Wuertz ef al., 2004).

24  The Importance of Biofilms

Biofilms are suspected to be the primary source of microorganisms in distribution
systems that are fed by adequately treated water and have no pipeline breaches
(LeChevallier ef al., 1987) and are a particular concern in older distribution systems
(Geldreich, 1996). In a recent study of distribution systems in Parisian suburbs, it was

found that biofilms attached to the surface of a 100 mm diameter pipe contained 25
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times more bacterial cells per unit length than the adjacent bulk water (Servais et al.,
2004). Biofilms predominate because attached cells have certain advantages over
planktonic cells, such as the ability to metabolize recalcitrant organic compounds
(Camper, 2004) and increased resistance to chlorine and other biocides (Tachikawa et.

al., 2005; Emtiazi et al., 2004).

When pathogenic bacteria enter a distribution network, they are retained in biofilms
where they can remain for a prolonged period of time. The biofilm may act as a safe
haven for the pathogenic bacteria since they are able to survive or even grow in it. In
addition, the biofilm bacteria have been shown to be more resistant to disinfection
(Armon et al., 1998) hence protecting these harmful organisms against disinfectants like
chlorine. Some pathogens have a potential for growth in distribution networks. In a
study by Szewzyk et al. (1994) pathogenic Escherichia coli was able to grow in a
benzoic acid degrading biofilm and re-enter the bulk water. Recent studies have shown
that Helicobacter sp. can be present in seemingly uncontaminated drinking water

biofilms (Park et al., 2001).

2.5  Antibiotic Resistance Genes in Drinking Water

Modern health care is highly reliant on effective antibiotics to treat bacterial infections.
However, bacteria are becoming resistant to many of the commonly used antibiotics,
hence the need for careful usage of antibiotics (Andersson and Hughes, 2012 and
2010,). Microbial organisms have a long history of withstanding antibiotics (D’Costa et
al.,2011; Davies and Davies, 2010). Bacteria have several mechanisms with which they

can exchange genetic material with other bacteria through a process called horizontal
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gene transfer (Bennett, 2008; Aminov and Mackie, 2007). This enables bacteria to share
genes for antibiotic resistance. Many common bacterial antibiotic resistance genes
originate from the environment (Allen ef al., 2010; Canton, 2009). There is therefore
increasing resistanc;e rates and the potential impact of antibiotic residues in aquatic
environments in the recent past (Kemper, 2008; Wright, 2007; Sarmah et al., 2006).
Apart frbm the chemical pollution caused by antibiotics themselves, use of antibiotics
may also accelerate the development of antibiotic resistance genes (ARGs) in bacteria,
which could pose health risks to humans and animals (Kemper, 2008). There is growing
evidence that clinfcal resistance is intimately associated with environmental ARGs and

bacteria (Abriouel et al., 2008; Prabhu ef al., 2007).

Prevalence and resistance patterns of various microbial genera isolated from drinking
water distribution system have been recently reported (Koksal ef al., 2007; Ram ef al.,
2008). Multiple-antibiotic-resistant E. coli strains isolated from drinking water was
found to carry ARGs encoding resistances to aminoglycoside, B-lactam, tetracycline,
and trimethoprim-sulfamethoxazole (Alpay-Karaoglu et al., 2007; Cernat et al., 2007),
as well as cla;ss 1 integrons (Ozgumus ef al., 2007). In order to indicate possible ARGs
transfer from wastewater and surface water to the drinking water distribution network,
Schwartz et al., (2003) and Obst et al., (2006) investigated biofilms in hospital and
municipal wastewater, as well as drinking water from river bank filtrate, and found that
vanA and ampC genes occurred not only in wastewater biofilms but also in drinking
water biofilms. Florfenicol resistance gene floR and penicillin resistance gene penA has

also been found in Listeria monocytogenes isolated from drinking water in dairy farms
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(Srinivasan et al., 2005). These bacteria might be transmitted from environment to

human via direct or indirect contact (Rodriguez et al., 2006; Iversen et al., 2004).

2.6  Microbial Community Diversity in Water Distribution Systems

A recent analysis of the bulk water of a chlorinated DS found that Gram-positive
bacteria” and Alpha-, Beta- and Gammaproteobacteria constituted the major groups
among heterotrophic isolates (Tokajian er al, 2005). Alphaproteobacteria are the
dominant isolates in both chloraminated and chlorinated water from model Distribution
systems, whereas Betaproteobacteria have been found to be more abundant in
chloraminated water than in chlorinated water (Williams et al., 2004). 16S rRNA gene-
directed PCR and denaturing gradient gel electrophoresis (DGGE) revealed that
Betaproteobacteria were also abundant in biofilms of non-chlorinated distribution

systems (Emtiazi et. al., 2004).

A variety of microbes found in biofilm are nonpathogenic bacteria according to DNA
sequences analysis of HPC isolates and clone libraries (Martiny et al.,2005; Lee et al.,
2005; Williams et al., 2005 and 2004; Santo Domingo et al., 2003; Lee and Kim, 2002).
Hyphomicrobium spp. has been widely found in chloraminated and chlorinated water
(Williams et al., 2004), and mineral drinking water. However, no pathogenic species
have been isolated from this group so far. Although non-pathogens do not cause
diseases directly, they are also important for the drinking water safety since pathogens
can find favorable conditions for their proliferation in the bio.ﬁlm formed by the non-

pathogens (Parsek and Singh, 2003; Rogers et al., 1994; LeChevallier et al., 1987).
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Pathogens, such as Legionella bozemanii, Mycobacterium smegmatus, and
Cryptosporidium parvum readily colonize the biofilm formed by Acidovorax spp. and
Bacillus spp. (Arrage and White, 1997). In water distribution systems some
copiotrophic bacteria may also survive in biofilms even though the bulk water is
oligotrophic. This is because they can use remnants and excretions of oligotrophic
bacteria.as sources of carbon and nutrient. For example, the presence of oligotrophic
bacteria was reported to enhance the survival of Aeromonas spp. in water distribution

systems biofilms (Messi et al., 2002).

Studies of model distribution systems by 16S rRNA gene sequence analysis show that
biofilm species richness was comparable to the species richness in the bulk water during
the initial stages then decreased as a dominant bacterium related to Nifrospira colonized
the surfaces, comprising 78% of the biofilm cells. Biofilm species richness increased
again as a stable biofilm community composition was achieved after almost two years
(Martiny et al., 2003). Consistent with this observation, other studies with model
Distribution systems suggest that as biofilms age, cell density stabilizes and species

diversity increases (Lee et al., 2005).

2.7  Factors Affecting Biofilm Growth in Water Distribution Systems

Biofilm growth in water distribution systems is caused by the microbial utilization of
biodegradable organics and nutrients, mainly nitrogen and phosphorus (Van der Kooij
et al, 2005; Bachmann and Edyvean, 2005; Charnock and Kjenng, 2000). The

estimated proper molar ratio of carbon, nitrogen and phosphorus required for bacterial
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growth varies from 100:10:1 to 100:25:4 (Bachmann and Edyvean, 2005; Chandy and
Angles, 2001; Ollos et al., 1998; USEPA, 1992). Since both N and P are relatively
abundant in most treated drinking water, organic carbon is often considered as the

limiting factor (Bachmann and Edyvean, 2005).

Nitrate nitrogen levels in drinking water normally ranges from 0 to 10 mg L™, with an
average of about 1.4 mg L, a level which is sufficient for biofilms growth in water
distribution systems (Donlan, 2002; Miettinen et al., 1997). Phosphate concentration in
water distribution systems is normally below 1 mg L' (Mannuel et al., 2007; Lehtola et.
al., 2006). Adding phosphate may affect the biofilm growth and the biomass content in
bulk water in water distribution systems, depending on the Asimilable organic carbon
(AOC) and biodegradable dissolved organic carbon (BDOC) concentrations (Park et al.,

2008; Volk and LeChevallier, 2000).

Pipe materials in water distribution systems can generally be classified into three types;
cement (either solid or coated), metals and plastics. Niquette e al, (2000) reported that
metals (tarred steel and grey iron), produced the most amount of biofilm followed by
cements including cemented steel, cemented cast iron and asbestos cement. Plastics
such as polyvinyl chloride and polyethylene produce the least amounts of biofilm.
Corrosion products, such as iron oxides, might adsorb and concentrate organic carbon
and nutrients in the water, such as humic substances, to promote biofilm formation
(Camper, 2004; Butterfield et al., 2002; Gu et al., 1994). The scale (rust) of corrosion
could provide mére surfaces for biofilm growth and reduce shearing force to avoid

biofilm detachment. Some bacteria can also directly utilize ferrous iron or hydrogen



23

produced from iron corrosion as energy source for growth (Videla and Characklis,
1992). PVC and cement pipes are generally preferred over metal pipes to avoid
corrosion and reduce bacterial growth in water distribution systems (Niquette et al.,

2000).

Disinfection by chlorination, UV irradiation or ozonation is the traditional method for
microbial control in water distribution systems (Biswas ef al., 1993). Chlorination by
either free chlorine or chloramines is the most common disinfection process. Studies
have shown that biofilm densities decrease exponentially with the increase of residual
free chlorine (Ndiongue et al., 2005). Application of 0.57 mg Cl> L! to chlorine-free
water was reported to decrease bacteria in biofilm from 5.8 to 0.3 CFU cm™ (Tsai,
2006). Increasing free chlorine from 0 to 0.5 mg Cl> L™ reduced biofilm HPC levels by
about four orders of magnitude (Ollos et al., 2003). Disinfection with chlorine dioxide
and chlorite, can reduce the concentration of planktonic bacteria, but has little to no
effect on the concentration of biofilm bacteria (Gagnon et al., 2005). The mechanism
behind the observed resistance of biofilm cells to disinfection is not known, although
hypotheses include mass transfer resistance (Stewart et al., 1996), the formation of
persistor cells (Roberts and Stewart, 2005), and protection owing to the production of

extracellular polymeric substances (Allesen-Holm ef al., 2006).

Temperature plays important role in biofilm growth in water distribution systems (Lund
et al., 2003; Smith ef al., 2000; Ormerod, 1995; Havelaar et al., 1990). Results from
coliform occurrence tests in drinking water over a wide range of 0-48°C indicated that

systems under 10 — 20 °C had the most coliform, about 2.5 — 3.0 fold higher than that of
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under 0 — 5 °C (LeChevallier et al., 1996). The amount of biofilm formed under a
temperature range of 36 — 38 °C was 2-20 fold of that under 15 — 19 °C based on PLFA

analysis (Smith et al., 2000).

2.8  Significance and Public Health Concerns Associated with Biofilms
(Pathogens)

The persistence and growth of pathogens is a central concern in distribution systems.
Many pathogenic bacteria have been detected in WDS biofilm. These bacteria include,
Pseudomonas aerﬁginosa (Lee and Kim, 2002), Campylobacter sp. (Buswell et al.,
1998), Acinetobacter sp. (Nagy and Olson, 1985) and Escherichia coli (LeChevallier et
al., 1987). These bacteria were identified by the cultivation method while Legionella
pneumophila (Williams et al., 2004) was identified by use of clone libraries analysis.
The presence of E. coli, Pseudomonas Aeromonas, Artrobacter, Caulobacter, Klebsiella
Bacillus, Enterobacter, Citrobacter, Acinetobacter, Prosthescomicrobium, Alcaligenes,
Serratior and Actinolegionellahas have also been reported. Pathogenic bacteria such as
Pseudomonas, Mycobacterium, Klebsiella, Aeromonas, Legionella spp., Yersinia
enterocolitica, Salmonella typhimurium and enterotoxigenic E. coli have also been

reported to attach to the pipes surfaces

in water distribution systems (Engel et al, 1980; Wadowsky et al., 1982; Camper et
al., 1985). Mycobacterium xenopi was found to colonize drinking water biofilms
(Dailloux et al, 2003). Other pathogenic bacteria such as Campylobacter spp.,
Helicobacter pylori and Cryptosporidium parvumin have been reported to have the

capacity to survive in biofilms (Armon et al., 1998; Buswell ef al., 1998).
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2.9  Molecular Analysis of Biofilm Communities

Field surveys using PCR and Southern blot hybridization reported regular detection of
pathogens, like Legionella spp. and atypical mycobacteria (Emtiazi et al., 2004).
Cryptosporidium spp. oocytes were detected in bulk water samples and Helicobacter
spp. were identified in biofilms (Park ef al., 2001) in distribution systems using nested
PCR méthods. Multiplex PCR analysis was used to detect Mycobacterium avium and
Mycobacterium intracellulare as well as several other Mycobacterium spp. in water
column and biofilm samples (Falkinham et al., 2001). Aeromonas spp. have also been
found in distributién systems and PCR-based methods have been used to quantify the
abundance of specific virulence factor genes in isolated Aeromonas strains in drinking
water (Sen and Rodgers, 2004). In addition to the detection of specific pathogens and
virulence factors, one study monitored antibiotic resistance genes in distribution system
biofilms. Using PCR-based methods, resistance genes responsible for vancomycin-
resistance and for PBlactamase activities were detected in distribution system biofilms

(Schwartz et al., 2003).

The use of molecular tools in the detection of pathogens in drinking water systems,
including PCR-based methods, DNA and RNA-targeted hybridizations, and microarray-
based technologies, allows for much more sensitive detection of pathogens compared to
traditional culture based methods. Research on biofilm has developed and advanced
rapidly in recent years, with the application of the denaturing gel gradient
electrophoresis (DGGE) and clone libraries. DGGE is usually applied for community

comparison (Hoefel et al., 2005; Lee et al., 2005 Emtiazi et al., 2004; Santo Domingo



pa

26

et al,, 2003) while clone libraries are used for bacterial species analysis (Hipsey, 2007,

Keindnen-Toivola et al., 2006; Williams ef al., 2005 and 2004).

2.10 Molecular Methods of Studying Microbial Diversity

Biological study is technology driven and therefore microbial ecology is not an
exception. Major advances in the field have followed revolutionary instrument
innovations, such as the microscope, the discovery of DNA, PCR and most recently the
advent of next generation sequencing technology (Xu, 2011; Shendure et al, 2005;
Margulies ef al., 2005). The current range of molecular methods available are extensive,
covering all the techniques relying on extracted community DNA, RNA and proteins,

but not requiring cultivation of pure microbial cultures (Prosser et al., 2010).

Today, molecular methods are applied to determine the identities and functions of
microbes in diverse communities, with a focus on the whole community and its
interactions. This is in contrast to traditional methods that typically separated the
microbe of interest from its natural physical and biological environment (Prosser ef al.,
2010). Before the advent of next generation sequencing technologies the term
“molecular methods™ typically meant either fingerprinting or cloning and sequencing

based techniques (Oros-Sichler et al., 2007).

Fingerprinting methods are PCR based techniques that in most cases detect differences
in the marker gene among diverse community by electrophoretic separation of produced
DNA fragments (Oros-Sichler et al., 2007). The resolution power and identification

precision of community members are often relatively constricted. The number of
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microbial groups, Operational Taxonomic Units, detected by fingerprinting methods is
usually far lower than the actual richness of natural communities with long-tailed rank
abundance distribution and the diversity indices calculated based on fingerprints which
do not provide reliable information on the true bacterial community diversity (Bent et

al, 2007).

These methods therefore work best as a rapid and comparative analysis of multiple
samples, for comparing the diversity and community structure of samples with fairly
considerable differences along environmental gradients or experimental factors, or for
characterizing rather simple and well-studied communities (Nieminen et al., 2012;
Juottonen et al., 2008;). With diverse environments, such as seawater and soil with
potentially thousands species per gram of sample and potentially billions of
microorganisms the resolution power is typically not sufficient (Daniel, 2011;

Kirchman, 2008).

2.10.1 DNA Sequencing

DNA sequeﬂcing is a process of determining the order of nucleotides in a stretch of
DNA. The first sequencing methods were first published in the 1970s when Sanger and
colleagues and then Maxam and Gilbert published their sequencing methods (Maxam
and Gilbert, 1977; Sanger and Coulson, 1975). Upon its publication in 1977, the
Maxam-Gilbert sequencing system became more popular because of the ease of use
compared to the first Sanger method. However, later in the same year Sanger and

colleagues published a new sequencing strategy relying on sequencing by synthesis and
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natural 2’-deoxynucleotides (ANTP) and chain terminating 2°, 3’-dideoxynucleotides
(ddNTPs) (Sanger et al., 1977). The new Sanger sequencing method soon became the
most popular way of determining the nucleotide sequence and later improvements with
automation in laboratory work and electrophoresis allowed parallel running of samples

and more throughput (Metzker, 2005).

Sanger sequencing method was the first sequencing technique applied in metagenomic
studies of natural environments (Hugenholtz and Tyson, 2008). However, despite the
automation in methodology, the list of required steps in protocol is long and the stages
laborious. This is because the gene of interest needs to be amplified or the
environmental DNA fragmented followed by construction of the clone libraries of the
resulting amplicons or DNA fragments and then these fragments are sequenced
individually (Metzker, 2005). However, Sanger sequencing method has been widely
applied with functional genes and community structure and diversity studies using 16S
rRNA gene (Rastogi and Sani, 2011), and it is still in use in many laboratories. It is not
feasible to sequence tens of thousands or millions sequences per project using Sanger
sequencing and therefore the rare microbial groups in studied environment can be easily
overlooked (Rastogi and Sani, 2011). Consequently, the limiting factors such as cost
and laboriousness and the significant PCR and cloning bias related to the method led to
development of new and more powerful technologies for sequencing. Over the last few
years the next generation sequencing (NGS) technologies have revolutionized the field

of genome and community sequencing, and consequently microbial ecology (Metzker,
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2010). NGS technologies typically pursue high throughput by parallelizing the

sequencing process, producing thousands to millions of sequences concurrently.

The major advance in NGS is indeed the huge amount of data produced at considerably
low cost compared to the Sanger method (Rastogi and Sani, 2011; Metzker, 2010).
Projects that took years or months to finish with Sanger sequencing can now be carried
out in days, at a fraction of the cost. Divergent features of different NGS technologies,
such as read length, throughput and differing error types (homopolymer,
insertion/deletion, substitution, random) facilitates the coexisting of multiple platforms
in the market (Stahl and Lundeberg, 2012). Decisions as to which NGS platform to use
depends on various factors. The drawback of most of these new technologies is their

short read length (Stahl and Lundeberg, 2012; Mardis, 2008).

Currently DNA sequencing is one of the most rapidly developing technology of
biology. Future advances promise single-molecule sensitivity, uninterrupted real-time
sequencing and low cost, but these innovations depend on the development of advanced
micro- and nanostructures (Stahl and Lundeberg, 2012). Three major high-throughput
sequencing platforms are in use today: the Genome Sequencers from Roche/454 Life
Sciences [GS-20 or GS-FLX; (Margulies et al., 2005), the 1G Analyzer from
[llumina/Solexa (Bennett et al.,2005) and the SOLiD System from Applied
Biosystems. Comparison across the three platforms reveals a trade-off between average
sequence read length and the number of DNA molecules that are sequenced. At present,
the Solexa and SOLiD systems provide many more sequence reads, but render much

shorter read lengths than the 454/Roche Genome Sequencers. This makes the
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454/Roche platform appealing for use with barcoding technology, as the enhanced read
length facilitates the unambiguous identification of both complex barcodes and

sequences of interest.

The 454/Roche Genome Sequencers are called pyrosequencers because their
sequencing technology is based on the detection of pyrophosphates released during
DNA synthesis (Ahmadian et al., 2006). A few sequencing runs using 454/Roche's
pyrosequencing platform can generate sufficient coverage for assembling entire
microbial genomes (Hofreuter et al.,2006; Oh et al., 2006), for the discovery,
identification and quantitation of small RNAs (Kasschau et al., 2007; Ruby et al.,
2006), and for the detection of rare variations in cancers (Thomas et al., 2006), among
many other applications. Due to the advantages of the relative long sequence and high
throughput, 454 pyrosequencing has been the most popular techniques in the past

several years.

Amplicon sequencing has been applied to almost all imaginable environments from
deep sea and deep biosphere (Nyyssonen et. al., in press) to upper troposphere
(DeLeon-Rodriguez et. al., 2013). There are publications about microbial diversity in
domestic showerheads (Vornhagen et. al, 2013), human body parts such as belly
buttons (Hulcr et. al., 2012), skin (Hanski et. al., 2012) and mouth (Huang et. al., 2011),
cow rumen (Fouts et. al., 2012; Mao et. al., 2012), intestines of various animals (Su et.
al., 2013; Le Roy et. al., 2012), food products (Nam et. al., 2012; Nieminen et al.,
2012) as well as soil, water and sediment (Comeau et al., 2012; Deng et. al., 2012; Siam

et. al., 2012; Zhang et. al., 2012).
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2.11 Measuring Microbial Diversity

Microbial diversity can be defined by the number of species or different groups (e.g.
OTUs) of microbes living in a certain environment, as well as the evenness of the
species abundance distribution (Magurran, 2004). In natural environments, microbial
communities are typically complex and the diversity is difficult to assess and compare.
In order‘to quantify the diversity as objectively as possible, a variety of diversity indices
and richness estimates have been developed and applied (Magurran, 2004). These
estimators present the diversity data as a single number that takes various aspects,
depending of the indices used, of diversity into consideration. The diversity within
individual samples or locations can be assessed using alpha diversity measurements,
whereas comparing the community membership and structure between samples or
habitats is accomplished by applying beta diversity calculators (Magurran, 2004;

Whittaker, 1972 and 1960).

2.11.1 Alpha Diversity

One aspect of alpha diversity is community richness, which describes the number of
species present in a certain community (Magurran, 2004). The simplest way of
representing the community richness is by the determination of the number of species
present a given sampling effort. Different richness estimate calculators, such as Chaol
(Chao, 1984), Abundance Coverage Estimator (Chao and Lee, 1992), jackknife
(Burnham and Overton, 1979; Heltshe and Forrester, 1983) and bootstrap (Smith and
van Belle, 1984) estimators are applied in measuring the community richness. These

nonparametric estimators use the species abundance and occurrence information and



31

2.11 Measuring Microbial Diversity

Microbial diversity can be defined by the number of species or different groups (e.g.
OTUs) of microbes living in a certain environment, as well as the evenness of the
species abundance distribution (Magurran, 2004). In natural epvironments, microbial
communities are typically complex and the diversity is difficult to assess and compare.
In order to quantify the diversity as objectively as possible, a variety of diversity indices
and richness estimates have been developed and applied (Magurran, 2004). These
estimators present the diversity data as a single number that takes various aspects,
depending of the indices used, of diversity into consideration. The diversity within
individual samples or locations can be assessed using alpha diversity measurements,
whereas comparing the community membership and structure between samples or
rhabitats is accomplished by applying beta diversity calculators (Magurran, 2004;

Whittaker, 1972 and 1960).

2.11.1 Alpha Diversity

One aspect of alpha diversity is community richness, which describes the number of
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nonparametric estimators use the species abundance and occurrence information and
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nonparametric model to estimate the total number of species present (Hortal et al.,
2006). Regardless of sampled environment and organisms of interest, the observed
richness is often far lower than the true richness, indicating that more extensive

sampling would yield higher number of observed taxa.

In addition to species richness, another important aspect of alpha diversity is
community evenness, which is a measure of the evenness in the distribution of species
in a sample or environment (Magurran, 2004). The evenness in environmental samples
can be represented by Pielou’s evenness index or Heip’s index of evenness. Pielou’s
evenness index compares the maximum diversity and estimated diversity derived from
Shannon index while Heip’s index of evenness measure evenness independently of
species richness, working more reliably with communities carrying very low evenness
(Magurran, 2004). The concept of community diversity retains both species richness
and evenness. A more evenly distributed community is more diverse than a community
with few dominant species but the same species richness. Community diversity can be
assessed employing a variety of diversity indices including Shannon index and
nonparametric Shannon index, Simpson index and inverse Simpson index (1/D)

(Magurran, 2004).

These richness estimates and diversity indices, as well as the whole ecological theory,
were originally developed for studying macrobiota and not microbes using sequence
data and OTUs. It is therefore challenging to assess the suitability of a certain estimate
or index for a given dataset and research question, and draw the right conclusions. The

relevance of singleton and doubleton OTUs in sequence dataset can easily be
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overestimated since they may be products of sequencing or PCR errors (Quince ef al.,
2011; Kunin ef al., 2010; Huse et al., 2010). A more reliable approach for comparing
alpha diversity between samples is rarefaction analysis combined with community
diversity metrics. The rarefaction analysis compares the samples at a certain sequencing
depth, which eliminates the impact of sampling effort. It has been estimated that the
Shannon- index applied for rarefied data is a fairly reliable measure (Gihring et al.,

2012).

2.11.2 Beta Diversity
A major goal in ecological research is recognizing the processes causing spatial

variation between communities. This variation is called beta diversity (Whittaker,

1960), which compares the membership and structure of multiple communities and
quantifies differences in both taxon composition and relative abundance. As with alpha

diversity, beta diversity can be presented using a range of indices. The main measures
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of B-diversity include Whittaker’s measure AW (Whittaker, 1960, 1972), Cody’s
measure fC (Cody and Diamond, 1975), Routledge’s measures SR, I and SE
(Routledge, 1977, 1984) and Wilson and Shmida’s measure 7 (Wilson and Shmida,
1984). With modern sequencing technologies and large sequence datasets, programs
such as LIBHUFF (Singleton et al., 2001), TreeClimber (Schloss and Handelsman,
2006) and UniFrac (Lozupone and Knight, 2005) have been applied in describing beta
diversity. Various practical applications are also implemented in popular data analysis

pipelines: in Mothur (Schloss ef al., 2009) it is possible to compare the membership and

structure of multiple communities by creating heatmaps, venndigrams, calculating the
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share of overlapping community members as well as drawing dendrograms and
calculating the statistical significance of the clustering. Qiime (Caporaso ef al., 2010)
package contains many similar components. These tools are commonly used in

visualizing beta diversity (Magurran, 2004).

2.12 Baricho Water Works
This project was implemented in early 1980s as the first Mombasa and Coastal Water
Supply Project funded by World Bank. The main components of the project were as
follows: - An intake to abstract raw water from the Sabaki River and a raw water
pumping station, treatment works and treated water pumping station to pump water to
Mombasa and Kilifi and the construction of Sabaki Pipeline to Mombasa (including a
booster pumping station at Jaribuni) and with branches to serve both north and south
Kilifi and Mtwapa areas. The World Bank also funded the second Mombasa and
Coastal Water Supply Engineering and Rehabilitation Project, which included the
development and equipping of wells. There are 8 boreholes which have a daily
production potential of 96,000 m? of water. However, production is limited to 72,000
b m’ day due to the limitation capacity of the transmission mains. The Sabaki-Nguu Tatu
Pipeline has a maximum capacity of 60,000 m® day' while the water demand for
Malindi is about 12,000 m? day!. Five pumping sets were installed under the treated
water pumping and have been numbered one, two, three, four and five while the old

treated water pump is numbered as six. However all these highlift pump sets are not

operational except for No’s one, two and six.
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Wéter from Baricho Water Works is pumped through the Sabaki pipeline to Nguu-Tatu
Reservoirs of capacity 18,000 m*® which are located some 10 Km from Mombasa. The
Sabaki Pipeline is 110 Km long and is made of bitumen varnished ductile iron pipes
manufactured in West Germany. The size of the pipeline ranges from 600 to 800 mm in
diameter. A balancing tank is located at Lower Ribe terminating the pumping section
and with a bypass pipeline. From the reservoirs, water is conveyed to Mombasa North
Mainland through a 20” diameter gravity trunk line to Kisauni. A second trunk main of
28” diameter conveys water by gravity across the Nyali Bridge to Mombasa Island.
Under the Second Mombasa and Coastal water supply Project, a rehabilitation works
and a bypass to Lower Ribe tanks was commissioned to pump water directly to Nguu-
Tatu reservoirs. At the same time, a section of 10 km long from Lower Ribe was

duplicated to reduce head losses.

2.13 Mzima Pipeline System

Mzima Springs are located squth west of the Chyulu Hills in Tsavo West National Park
(Appendix I). The springs have been gauged since 1951 and shown a flow variation
between 2.6 m® s (225,000 m® day™!) and 5.9 m? s (510,000 m® day™') with a mean of
3.5 m? s (302,000 m® day™). The current abstraction is about 0.4 m* s (35,000 m*
day™!). Water from the springs flows through three large pools: Hippo pool, Long pool
and Chalk beach pool before discharging into the Mzima River, which is 4 km further
downstream. The existing source works comprises a 670 m long sheet pile cut-off wall
with infiltration trench/gallery. Depending on groundwater table level, between 0.8 and

1.1 m* s’! is abstracted by this cut-off and conveyed to an overflow chamber at the end
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of an initial conveyance section comprising some 1200 metres of 30” diameter pipe
work. At this point all but about 0.4 m> s™! overflows into the long pool about half way
along its length. From this overflow chamber, the conveyance section continues for a
further 1,880 metres (110 metres in a tunnel of 42 inches wide x 72 inches deep and the
balance in 48 inches diameter pipe work) before the Head works of the Mzima Pipeline
proper. At the head works, which is some 3 km away from the source works, there is a
provision for a duplication of the existing pipeline (Mzima II). Water from the springs
is believed to possess excellent chemical, physical and biological characteristics, which
do not require any particular form of treatment except for disinfection. However, as a
precaution, water is usually disinfected. Tropical Chloride of Lime or High Test

Hypochlorite (HTH) is used as the disinfectant.

The construction of the pre-stressed concrete Mzima pipeline started in 1953 and
reached Mazeras in 1957 and is 220 km long. The diameter of the pipeline ranges from
36 inches to 21 inches and has been in operation for 50 years. Certain sections of the
’pipeline are prone to bursts or leakages and due to this about 15 km of the pipeline have
already been replaced by steel pipes. The springs are located at an altitude of 2230 feet
(680 metres) above sea level and therefore water flows by gravity to Mombasa. The
pressures along the pipeline are controlled by 10 Break Pressure Tanks (BPT), serially
numbered 1 to 10 in the direction of flow of water, before discharging into the
reservoirs at Mazeras (81,000 m?). The principle branch lines are at Voi and Mariakani.

Altogether, there are an estimated 300 off-takes (varying in diameter from 12 mm to

250 mm) which supply water to a 10 km wide corridor of the pipeline. From the
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Mazeras reservoirs, water gravitates to six (6 No.) reservoirs situated at Changamwe
with total capacity 6,600,000 gallons before water flows by gravity to Mombasa Island.
Immediately after Mazeras tanks, there is a take-off which supplies water by pumping
to Kaloleni Trading Centre, including all the consumers en-route the pipeline strip. The
pipeline is about 22 km long and is 200 mm in diameter, (Asbestos and concrete) which

was commissioned in 1969.
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CHAPTER 3: MATERIALS AND METHODS

3.1  Study Area

The study focused on Mombasa County which is part of the Coastal Kenya region
bodering the Indian Ocean. The region is supplied with water from five bulk supply
systems, which currently provide an estimated total of 115,000 m* day™ of water. The
bulk water sources include the Baricho Water Works, Mzima Pipeline System, Marere
Pipeline System, Tiwi Boreholes and Taveta-Lumi Water System, which provide water
at rates of 60,000 m? day™, 35,000 m? day™', 7,000 m® day™!, 10,000 m? day™!, and 3,000

m’ day™! respectively. The present total water demand is 250,000m? day'.
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Fig. 3.1  Schema of water distribution systems supplying water to Mombasa County showing
the points sampled

Key: The red stars indicate the sampling points while the arrows indicate
distribution lines for communities supply.
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32  The Sampling Points

Two of the three water distribution networks supplying water to the Mombasa County,
the Mzima and Baricho waterworks, were studied. Samples were collected from the
water sources, that is Mzima Springs intake and the Sabaki River boreholed aquifer, and
along the distribution lines to user point meters, both in the sparsely populated areas of
Mazeras and the densely populated city estates of Kibokoni and Mnazi moja (Fig. 3.1)

The sampling points included the initial water intakes, chlorination tanks, break
pressure tanks, main pipes, T- junctions and household meters. These points were
purposively selected for sampling to deliberately include key representations of the

distribution system.

33  Sampling
Water sampling was carried out thrice; May 2013, September 2013 and March 2014, so

as to obtain samples during the dry, long and short rain seasons. Twenty one samples
(13 water and 8 biofilms), were collected at each sampling points using clean two liter
sterile glass stoppered bottles giving a total of sixty three samples over the three
sampling episodes. Biofilm samples were collected by scrapping from the internal pipe
surfaces accessed through break pressure and chlorination tank openings, using a sterile
scoop and bottled in 100 ml of sterile water. The areas of pipe from which the samples
were scrapped were from 3 to 6 cm?, based on site accessibility and shear pressure. The
samples were kept in airtight bottles in an icebox upon collection, for delivery to the

laboratory.
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34  Determination of Physico-chemical Quality of Water

In establishing the physical and chemical quality of water in the distribution systems:
pH, temperature, residual chorine, nutrients and selected metals were measured.
Nutrients levels were estimated as nitrate nitrogen and phosphate phosphorus using the
Palintest ® meter which applies the photometer method. To determine the concentration
of phosphate phosphorus in water samples, 2.0 ml of water sample was pipetted in to a
Phosphate/12P Tube. One Tubetests Phos No 1 tablet was added, crushed and mixed to
dissolve. This was followed by the addition of one Tubetests Phos No 2 tablet, which
was crushed and mixed to dissolve. The tube containing the resultant mixture was
gently inverted several times to mix and left to stand for 10 minutes to allow colour
development. Color intensity was was determined by reading light extinction using a

Palintest Photometer (phot 91) which gives extinction values in mg L' PO4.-P

Nitrate nitrogen (NOs.-N) levels were determined using the nitrate nitrogen test kit of
the Palin test meter. In the Palintest Nitratest method, nitrates are first reduced to nitrites
and the resulting nitrites determined by a diazonium reaction method. The reduction
stage was carried out using the unique zinc-based Nitratest Powder, and Nitratest
Tablet, which aids rapid flocculation after the one minute contact period. The nitrites
resulting from the reduction stage are coupled with sulphanilic acid in the presence of
N-(1-naphthyl)-ethylene diamine to form a reddish dye. The reagents are provided in a
single Nitricol tablet which is simply added to the test solution. The intensity of the

colour produced in the test is proportional to the nitrate concentration
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To each Nitratest Tubes, water samples were added up to the 20 ml mark. A level
spoonful of Nitratest Powder and one Nitratest tablet were added, the tubes shaken and
allowed to stand for one minute. The tubes were next gently inverted three or four times
to aid flocculation and left to stand for three minutes to ensure complete settlement. The
clear solution was decanted into a round test tube to the 10 ml mark. A Nitricol tablet
was added crushed and mixed to dissolve then allowed to stand for 10 minutes to allow
full colour development. Color imtensity was was determined by reading light
extinction using a Palintest Photometer phot 63. The photometer gives extinction values

inmg L' NOs-N.

Levels of iron, manganese, lead and zinc were determined using the atomic absorption
mass spectrophotometry (Aurora Al 1200, Vancouver Canada). Analytical grade
reagents and double distilled water were used throughout the study. All glassware and
plastic containers used were washed with detergent solution followed by 20% nitric acid
and then rinsed with tap water and finally distilled water. Lead nitrate, iron chloride,
manganese chloride and zinc chloride were used for preparation of lead, iron,
manganese and zinc standards respectively. To ensure the removal of organic impurities
from the samples and therefore prevent the interference in analysis, the samples were
digested with concentrated nitric acid. An amount of 5 mL of concentrated HNO; was
added to 100 mL of a water sample in a 250 mL conical flask then heated on a hot plate
and evaporated until 20 mL was left. After cooling, another 5 mL of concentrated HNO3

was added and the digestion continued until 10 mL of sample was left. The digestate
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was next filtered and diluted with distilled water to a volume of 100 mL and stored in

the refrigerator.

The stock solution of lead, iron, manganese and zinc were prepared by dissolving 24.62,
4.84, 391 and 1.60 g of lead nitrate, iron chloride, manganese chloride and zinc
chloride respectively in 68% of nitric acid in a one litre volumetric flask. Each mixture
was shaken and the flask filled up to the 1 L mark with the nitric acid solution for each
* metal. Calibration solutions of the target metal ions were prepared from the standard
stock by serial dilution. The digested water samples were analyzed for the presence of
lead, iron, manganese and zinc using Aurora Al 1200, Vancouver Canada Atomic
Absorption Spectrophotometer. Standards of known metal ion concentration were
subjected to same treatment as the water samples and used to determine actual metal ion
concentration. The wavelengths for the determination of lead, iron, manganese and zinc
were 283.31, 248.33, 279.48 and 213.9 nm respectively. The digested samples were
analyzed in triplicates with the average concentration of metals being read in mg L™ by

the instruments after extrapolation from the standard curve.

3.5  Characterization of the Bacterial Community

3.5.1 DNA Extraction

Two liters of water were filtered through 0.45 pm filter polycarbonate membranes
(Milipore, MA) to concentrate suspended bacteria for subsequent DNA extraction. The

bacteria on the polycarbonate membrane were re-suspended in water in a 1.5 ml
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microcentrifuge tube, vibrated for 10 minutes and finally collected by centrifugation at
10000 xg for 5 min for DNA extraction. Extraction followed the phenol/chloroform
method (Sambrook ez al., 1989). The cultures were transferred into 1.5 mL of eppendorf
tubes, centrifuged at 13000 xg for five minutes and the supernatants discarded. The cell
pellets were re-suspended in 200 pL of solution A (50 mMTris pH 8.5, 50 mM EDTA
pH 8.0 aﬁd 25 % sucrose solution). To this SpL of Lysozyme (20 mg mL™') and 5 pL of
RNAse A (20 mg mL™!) were added, gently mixed and incubated at 37 °C for 1 hour.
Following incubation, 600 pL of solution B (10 mMTris pH 8.5, 5 mM EDTA pH 8.0
and 1 % SDS) was édded and contents mixed by inverting the eppendorfs several times.
10 uL of Proteinase K (20 mg mL™') was then added, mixed gently and incubated at 50
~ °C for 1 hour. Presence of DNA was checked on 1 % agarose and visualization under
ultraviolet of ethidium bromide stained extracts. The extracted genomic DNA was used

as a template for subsequent PCR amplification.

3.5.2 PCR Amplification

”

The twenty one DNA samples extracted were independently amplified using paired
primer sets, 338F (5-ACTCCTACGGGAGGCAGCAG-3’) and 533R (5’-
TTACCGCGGCTGCTGGCAC-3’) (Huse et al., 2008) targeting the V3 hypervariable
region of the 16S RNA gene. Polymerase chain reaction (PCR) mixes contained 17.1
puL of sterile water, 2.5 pl. 10X of reaction buffer (Sigma), 2.5 pL of each
deoxyribonucleotide triphosphate (ANTP 2.0 uM), 0.5 pL of each primer (10 uM), 0.4
uL of DNA polymerase (High Fidelity Taq, Roche) and 2 pL. of DNA template in a

final volume of 25 pL. The DNA was amplified using a T3000 thermal cycler
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(Biometra, Gottingen, DE). The following conditions were used; initial denaturation at
94 °C for 3 min, followed by 35 cycles of denaturation at 94 °C for 45 s, annealing at 50
°C for 45 s, extension at 72 °C for 1 min and a final extension at 72 °C for 7 min
(Zhang et al., 2009). The PCR products obtained were purified with the Agencourt®
AMPure® Kit (Agencourt Bioscience Corporation, MA, USA). The quality of these
samples was assessed using 1.5% agarose gel, and evaluation of the AD260/280 ratio
calculated using the ND-1000 Spectrophotometer NanoDrop® (Thermo Scientific,
Wilmington, DE) The different amplicons 6btained from each studied plot were pooled

before sequencing. |

3.6 454 Sequencing

Pyrosequencing of the 16S rRNA gene amplicon libraries was performed to
characterize the bacterial diversity in drinking water following whole community DNA
extraction and purification. For each DNA sample, amplicon libraries were generated
with primers targeting the V3 hypervariable region of the 16S rRNA gene: 338F (5°-
ACTCCTACGGGAGGCAGCAG-3’) and 533R (5’- TTACCGCGGCTGCTGGCAC-
3’) (Huse et _al., 2008). To pool multiple samples for one run of 454 sequencing,
barcode sequences unique to each sample were attached to the primers (Hamady et al.,
2008). Polymerase Chain Reaction (PCR) amplification was performed with the
FastStart High Fidelity PCR system in a total volume of 50 pL, containing 5 pL of
FastStart High Fidelity Reaction Buffer with 1.8 mM MgCl,, 4% DMSO, 200 uM
dNTPs, 0.4 uM forward and reverse primers, 10-100 ng of DNA, and 2.5 U FastStart
High Fidelity Enzyme Blend (Roche Diagnostics, Germany). All amplicon products

from different samples were mixed in equal concentrations and purified using
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Agencourt Ampure beads (Agencourt Bioscience Corporation, MA, USA). The purified
samples were sequenced utilizing Roche 454 FLX titanium instruments and reagents

following manufacturer’s guidelines.

3.7  Bacterial Community Analysis

The 454.datasets were processed with the QIIME (Quantitative Insights Into Microbial
Ecology) (Caporaso et al., 2010), which is an open-source metagenomics pipeline
designed to provide self-contained microbial community analyses. It integrates
commonly used tﬁird-party tools and implements many diversity metrics, statistical

methods, and visualization tools for analyzing microbial data.

73.7.1 Upstream Analysis

Sequences were depleted of barcodes and primers (Appendix II). Short sequences of <
200bp, sequences with ambiguous base calls, and sequences with homopolymer runs
exceeding 6bp were also removed. The remaining sequences were then denoised and
operational taxonomic units defined by clustering at 3% divergence (97% similarity)

followed by removal of singleton sequences and chimeras using the Uclust algorithm.

The cleaned datasets were clustered into molecular Operational Taxonomic Units
(OTUs) with a 97% identity threshold, using the Uchime algorithm (Edgar et al., 2011),
which is integrated in the Usearch 6.1 (Edgar, 2010) pipeline and implements a native
de novo chimera identification and removal feature. The longest sequence from each

cluster was selected as the OTU representative sequence to be adopted for use in
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taxonomic identification of the OTU. Assigning taxonomic ranks and nomenclature to
each sequence of the representative set was carried out by querying with RDP classifier
(Wang et al., 2007) with a confidence level of 0.8 against the Silva database (Quast et
al., 2013) which includes microbial eukaryotes in order to infer the likely functional
roles for members of the community. PyNAST (Caporaso, Bittinger, et. al., 2010) was

used to align the sequences against a template sequence alignment.

A phylogenetic tree representing the relationships among sequences was inferred from
the multiple sequence alignment generated in the heatmap function of Biodiversity R
using Phyloseq and the Neighbor Joining algorithms in GGplot. The stage upstream in
QIIME involved constructing an OTU table using the Genomics Standards Consortium
candidate standard Biological Observation Matrix (BIOM) format (McDonald,

Clemente, et. al., 2012).

3.7.2 Downstream Analysis

; A second level of quality-filtering based on OTU abundance was applied, discarding
OTUs with a number of sequences <0.005% of the total number of sequences (Bokulich
et al., 2013). This step greatly reduced the problem of spurious OTUs, most of which
were present at very low abundance. Taxa summaries indicating relative abundance in
samples on multiple taxonomic levels were generated. These were used to identify
outliers, visually identify expected patterns and differences between and among

samples.
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3.7.2.1 Alpha-diversity Analysis

Alpha-diversity is the diversity of organisms in one sample or environment. QIIME was
used to generate plots showing alpha-diversity at different rarefaction levels.
Rarefaction curves were used for assessing the sequencing effort, representing and
comparing the microbial communities. The resulting images were used to estimate the
true spe(;ies richness and evenness of communities. Phylogenetic distance (PD) (Faith,
1992) was used to generate an interactive HTML document with figures showing the
results for each alpha-diversity metric and for each group of samples. The diversity was
estimated using Shannon, Simpson and Inverse Simpson indices for diversity
comparisons determined as the ratio of the number of OTUs shared and the total

number of OTUs in the two water line samples.

3.7.2.2 Beta-diversity Analysis

Beta-diversity is the difference in diversities across samples or environments. The
bacterial assemblages retrieved in the different samples were compared by means of
Principal Components Analysis (PCA) (Chen et al., 2009a). The beta-diversity distance
matrices were analyzed using UPGMA. OTU heatmaps were generated using the
phyloseq package for R (McMurdie and Holmes, 2013) for exploratory analysis of
microbiomes by mapping abundance values to a color scale in a condensed, pattern-rich
format, in which each row corresponds to an OTU and each column corresponds to a
sample. Nonmetric multidimensional scaling (NMDS) of the Bray—Curtis distance was

used to determine the order of the OTUs and samples.
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373 Statistical Analysis

- Several visual and statistical tests were conducted. Distance histograms were used to
compare distances graphically. The diversity indices were also used to calculate Mantel
statistics (correlation coefficients) between bacterial community and sampling site
matrices. The correlation between OTU abundance and levels of selected physico-
] _chemicai properties was determined using Pearson’s correlation test. Multivariate
analyses were performed to explore relationships between the beta-diversity distance

matrix or covariates.

Analysis of variance (ANOVA) was used to compare the relative abundance of each
taxon in the OTU table of the two water lines and sample types. Analysis of similarities
(ANOSIM) and redundancy analyses were employed to test variation within and

between water distribution systems and sample types. The Kruskal-Wallis test was used

to determine whether the bacterial composition and diversity significantly differed

between distribution systems.
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CHAPTER 4: RESULTS

41 Bacterial Community Composition and Diversity in the Water Distribution
Systems

The 454-FLX Titanium run generated a total of 27,937 sequences after quality filtering
and multiplex binning from the 21 samples. After quality checking of V4 region of the
16s RNA, reads were denovo clustered into operational taxonomic units (OTUs) based

on their sequence similarity giving rise to 2,294 unique OTUs.

The rarefaction analysis of 454-FLX amplicon data sequences indicates the sampling
effort adequately captures the entire diversity of the bacterial community (Fig. 4.1). The
rarefaction curve for all samples approaches an asymptote indicating proper sampling of
‘hyper diverse communities. The composite rarefaction curve of all treatments follows
roughly the same trajectory as individual treatment curves. This suggests that if one
were to sample more deeply within a given treatment, new OTUs would be encountered

less often.
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Fig. 4.1  Sample rarefaction curves for -the microbial community in water distribution
systems.
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A total of 2,294 OTUs were detected in the water distribution systems of Mzima and
Baricho. From Mzima water distribution systems, 424 OTUs were detected in the water
with 372 being unique to Mzima water only while 419 OTUs were identified from
biofilms collected from the Mzima pipeline with 348 being unique to these biofilms. A
total of 40 OTUs were found to be common in both Mzima water and its pipeline
biofilms. Baricho water distribution system yielded 635 and 587 OTUs in its water and
biofilms respectively, out of which 587 and 534 were unique to the water and biofilms
respectively. A total of 22 OTUs were detected in both Baricho water and biofilm
samples. Only three OTUs were common to the water and biofilms of both Mzima and

Baricho water distribution systems (Fig. 4.2).

KEY

MZW - Mzima line water
MZB - Mzima line biofilms
BRW - Baricho line water

BRB - Baricho line biofilms

Fig. 42  Venn diagram representing shared and unique bacteria OTUs at 97% sequence
similarity between Water distribution systems and sample types
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A total of 20 bacterial phyla and 6 candidate phyla were identified from pooled
samples. The bacteria phyla were dominated by the Proteobacteria (73.2% of total
bacterial genomes), followed in abundance by Firmicutes (13.4%), Bacteriodetes
(5.9%), Actinobacteria at 2.3% and Planctomycetes (1.2%). Candidate phyla accounted
for 0.9% of the total bacterial genomes (Fig. 4.3). Candidate divisions are a lineage of
bacteria, the existence of which until recently was known solely through environmental
16S rRNA sequences and for which no cultured representatives have been found as is

the requirement for taxonomy. There was no successful blast hit for 0.1% of the OTUs.

The phylum Proteobacteria consistently contributed the highest proportion of
phylotypes in all water samples making up all (100%) bacteria phylotypes in BRW&6.
The lowest representation of 47.8% of the phylotypes was recorded in MZB4.
Firmicutes contributed the highest proportion of phylotypes in MZW5 at 50%, with
BRBI recording 0.3% of phylotypes from the phylum and none recovered in BRW6
and MZB4. MZB4 recorded the highest proportion of Bacteroidetes at 37% with none
being recovered in MZW2, MZW5, MZW6, MZB5 and BRW6 (See Appendix III for
the absolute proportion phylotypes). The Actinobacteria were generally more common
in biofilm samples compared to water samples and had a 17% representation in MZB1
but was not recovered in MZW?2, 3, 4, 5, 6 and 7, BRW1, 4 and 6 BRB2 and BZB2. All
sequences denoting candidate divisions were identified in BRWS and BRB1, while CD
TM7 and CD OD]I accounting for 7.3% and 4.6% of the phylotypes respectively were

recovered in BRB1.



52

Phyla Composition in DWDS
100%  mo = = Bl bd B B B B B B B W B B B B
90% | 1 | 7
80%
70%

60%

50%

40%

30% =

20%

{l

10%

0% -
\& ’&,\,@ & $<, Q%m < P @""5\ O '&: @ O é\ig; é‘?& %@V%sﬁ

R FFFFIF IS TP J

H Acidobacteria H Actinobacteria # Armatimonadetes EBDI1-5

# Bacteroidetes @ Cd BRC1 BCd ODI ECdOP11

#Cd OP3 #Cd T™M7 BCd WS3 # Chlorobi

# Chloroflexi # Cyanobacteria i Deinococcus-Thermus ® Elusimicrobia

# Firmicutes u Gemmatimonadetes M Lentisphaerae M NPL-UPA2

u Nitrospirae M Planctomycetes i Proteobacteria W SM2F11

M TM6 i Verrucomicrobia u Other
KEY
MZW- Mzima line water MZB- Mzima line biofilms
BRW- Baricho line water BRB- Baricho line biofilms

Fig.43  Taxonomic affiliation of metagenomic reads obtained from the Mzima and Baricho
water distribution systems of Mombasa County

Results for complete datasets were evaluated by BLASTX analysis against SILVA
119 reference database using QIIME v 1.8.0 software

Considering the class level distributions of phylotypes in the two water lines, a total 68

classes were recovered at two water distribution systems. The dominant class in terms
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of the percentage contribution of phylotypes was Gammaproteobacteria (38%) with
Betaproteobacteria (21.6%), Fimircute Bacilli (11.4%) and Alphaproteobacteria
(11.2%) occurring at subdominant positions. Clostridia, Bacteroides Flavobacteria,
Sphingobacteria, Actinobacteria and Cytophagia contributed 1.9%, 3%, 1.6%, 2.0%
and 1.2% of the bacterial phylotypes respectively. Of the recovered classes 0.9% reads

were of uncultured bacteria and 0.1% generated no blast hits.

The Baricho water line was predominated by the Proteobacteria phylotypes with the
Gammaproteobacteria dominating at 37.5% of the phylotypes followed by
Alphaproteobacteria at 16.7% and Betaproteobacteria at 13.8% (Fig. 4.4). Other
classes occurring at subdominant levels were Nitrospirae (11.6%) and Bacilli (4.8%).

Unidentified classes constituted 2.7% of the total OTUs in the water line.

Dwds: Baricho

e Other (2.7%)
g Mel3inabactena (0 3%)

e NRrospira (11.6%)

Gammaproteobactena (37 5%)

Flavobacterua (1 6%) — .
Elusimicrobia

Deraprojgobaciens ¢ 8%

Betaproteobacteria (13 8%) -/ o e Bacilll (4.8%)

e Alphaproteobactena (16 7%)

S

Fig. 4.4  Class level bacteria distribution in Baricho water line
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The Mzima water line on the other hand, had Gammaproteobacteria phylotypes
dominating at 39.1% followed by Betaproteobacteria at 24.0% and Bacilli at 16.3%.
Alphaproteobacteria contributed only 5.6% of the phylotypes, with other subdominant
classes being the Flavobacteria (4.0%) and Clostridia at 3.1% (Fig. 4.5). Unidentified

classes constituted only 0.7% of the total OTUs in Mzima water line.

Dwds: Mzima

Gammaproteobacteria (39.1%)

Flavobacterua (4.0%) —
other
Deupm%eobactem

WI 6%)

N Bacilh (16.3%)
Bacteroidia (0.1%)

Betaproteobactena (24.0%) ——

Fig. 4.5  Class level distribution in Mzima water line

At the ordinal level of taxa distribution, the Pseudomanadales were the dominant group
contributing 24.9% of the phylotypes. Subdominant groups included Burkhoderiales
and Bacilliates at 12.7% and 10.3% of the phylotypes respectively. Other notable
genera were Neisseriales (5.2%) and Enteriobacteriales (3.0%) which are made up of
critical human pathogens. Rhizobiales which are usually soil inhabitants and plant

symbionts contributed 4.6% of the 136 identified order phylotypes.
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A total 246 families were identified from all the analysed samples, and found to be
dominated by Moraxellallaceae (20%) followed by Comamodaceae (8.2%). Identified

~ families known to be sources of pathogenic bacteria were Bacillaceae (5.6%),

Neisseriaceae  (5.2%),  Pseudomonaceae (4.9%), Enterobacteriaceae (3%),

Aeromo_nadaceae 1.7% and Clostridiaceae (1%).

The total number of genera recovered was 498, the most abundant being the genus
Acinetobacter (19.5%) which was recorded in all samples except MZW2 and BRB2.
Rheinheimera, Bacillus and Pseudomonas contributed 5.8%, 5.5% and 4.6% of the total
genera respectively. Samples from the Baricho water line evidently displayed more
diverse generic composition comparable to Mzima water line samples (Fig. 4.6). Other
rgenera with high occurrence were Vogesella (4.6%), Flavobacterium (2.8%),
Exignobacterium (2.4%), uncultured Comamodaceae (2.2%), Massilia (2.1%) and

Rhizobium (1.6%).
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The Shannon index of diversity (H') was determined for all samples at phylum level
(Table 4.1). The Shannon index of each sampling site at a genetic distance of 3%
ranged from 0.00 to 1.725. The highest bacterial diversity was found in BRWS5
(1.725), followed by MZB1 (1.391) and MZB4 (1.201). Simpson indices indicate
BRWS having the greatest diversity (0.702) and hardly any diversity in BRW6

(0.000).

Table 4.1 Summary diversity indices for each water distribution system samples at phylum
level using 97% similarity values

Sites Shannon Simpson Inverse Simpson
MZW1 0.950 0.493 1.97
MZW2 0.639 0.447 1.81
MZW3 0.492 0.247 133
MZW4 0.740 0.452 1.82
MZW5 0.693 0.500 2.00
MZW6 0.685 0.492 1.97
MZW7 0.440 0.212 1.27
MZB1 1.391 0.652 2.88
MZB2 0.503 0.236 1.31
MZB4 - 1.201 0.628 2.68
MZB5 0.388 0.153 1.18
MZB7 0.799 0.429 1.75
BRW1 0.585 0.311 1.45
BRW4 0.615 0.314 1.46
BRW5 1.725 0.702 3.35
BRW6 0.000 0.000 1.00
BRB1 1.173 0.456 1.84
BRB2 0.739 0.282 1.39
BRB3 0.654 0.352 1.54

BRB4 0.712 0.316 1.46
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. Shannon diversity indices at the genus level (Table 4.2) ranged from 4.54 in BRB1 to
2.65 in MZWS and MZBS5 with the highest diversity being displayed by Baricho
biofilms at 3.825+0.618. The Simpson indices (expressed a 1 — D) for all 454-FLX
amplicon communities at genus level (Table 4.2) were close to 1, indicating a very high
heterogeneity at each site. Simpson diversity index was highest in BRWS5 (0.982) and

lowest in BRW6 (0.916), both values being close to the maximufn possible value of 1.

Table 4.2 A summary of diversity values in each water distribution system sample at genus
level using 97% similarity values

Sites Shannon Simpson Inverse Simpson
MZW1 3.84 0.961 25.86
MZW2 3.05 0.928 . 1392
MZW3 3.27 0.935 15.39
MZW4 3.16 0.938 16.10
MZWS5 2.65 0.919 12.30
MZW6 2.84 0.927 13.73
MZW7 3.11 0.920 12.56
MZB1 4.15 0.966 29.38
MZB2 3.48 0.938 16.25
MZB4 3.57 0.956 22.76
MZB5 2.65 0.879 8.28
MZB7 3.54 0.948 19.14
BRWI1 3.33 0.935 15.34
BRW4 3.38 0.938 16.25
BRWS5 5.10 0.982 54.61
BRW6 2.88 0.916 11.87
BRB1 4.54 0.965 28.23
BRB2 4.13 0.952 20.81
BRB3 3.42 0.938 16.09

BRB4 3.21 0.926 13.51
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42 Relative Abundance of Bacterial Communities in Water Distributions
Systems

Based on the Chao richness estimator, an overall phyla richness of approximately 32.6
and a total abundance 2331 were computed. The sample with highest phylum richness
was BRWS5 (20) and lowest number was 1 in BRW6. Other sites with high phylum
richness- were BRB1 (17), BRB2 and MZB1 both with a richness of 11 (Table 4.3).
These sites had a correspondingly high abundance with BRWS5 recording the highest
abundance value of 423 followed by BRB1 (303) BRB2 (200) MZW7 (179) and MZB1
(139). The lowest number of phyla abundance was 40 in MZWS5. The highest recorded

evenness was in MZW5 and BRW6, while the lowest was in BRB 1 and BRB2.
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Table 4.3 Taxa richness, evenness, and abundance in the different samples of each water
distribution systems at phylum level using 97% similarity values

Sites Richness Abundance Evenness
MZW1 4 70 0.646
MZW2 2 83 0.948
MZW3 3 58 0.545
MZW4 3 51 0.699
MZWS5 2 40 1.000
MZW6 2 48 0.992
MZW7 4 179 0.388
MZB1 11 139 0.366
MZB2 -+ 100 0.413
MZB4 6 46 0.554
MZB5 5 62 0.295
MZB7 6 129 0.370
BRW1 3 55 0.598
BRW4 4 104 0.463
BRWS5 20 423 0.281
BRW6 1 104 1.000
BRB1 17 303 0.190
BRB2 11 200 0.190
BRB3 4 70 0.481
BRB4 6 67 0.340

Using the chao richness estimator, the total richness of bacterial genera was estimated to
be approxima-.tely 673 with an abundance of 11655 genera recoveries from samples of
both water distribution lines. Samples from Mzima and Baricho water lines had a mean
richness of 71.33+42.58 and 155.75+147.121 respectively. The sample with highest
phylum richness was BRWS (453) and lowest number of different genera was 22 in
MZWS5 (Table 4.4). Other sites with high genera richness were BRB1 (290), BRB2

(189) and MZB1 (185). These sites had a correspondingly high abundance BRW35
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highest with 2115 followed by BRBI (1515) BRB2 (1000) MZW7 (895) and MZB1

'

i (695). The lowest number of genera was 200 in MZWS5.

~ Table4.4 Estimated richness, evenness, and abundance of genera for each sample of the water
distribution systems investigated using a 97% similarity value

Sites Richness Abundance Eevenness
MZW1 86 350 0.543
MZW2 45 415 0.467
MZW3 56 290 0.467
MZW4 45 255 0.523
MZW5 22 200 0.644
MZW6 31 240 0.553
MZW7 78 895 0.286
MZB1 185 695 - 0.344
MZB2 84 500 0.387
MZB4 69 230 0.514
MZB5 57 310 0.248
MZB7 98 645 0.354
BRW1 61 275 0.459
BRW4 71 520 0.416
BRW5 453 2115 0.361
BRW6 39 520 0.459
BRB1 290 1515 0.323
BRB2 189 1000 0.328
BRB3 76 350 0.403
BRB4 67 ‘ 335 0.370

Rényi diversity profiles curves, which order samples on the basis of diversity and
evenness from fhe lowest to highest diversity, revealed that all sampling sites have
profiles that decline from left to right. This indicates that species are not evenly
distributed for all the sampled sites (Fig. 4.7). The starting position at the left-hand side

of the profile is an indication of the species richness and these profiles start at a higher
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level indicating that they have higher richness. Since some of the profiles intersect, it is
not possible to order the sites from lowest to highest diversity. On a general scale all

sampled points have higher species richness, but lower species evenness.
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Fig. 4.7  Rényi diversity profiles on overall taxa richness and evenness of water distribution
systems.

Non-metric multi dimension scaling ordination of class phylotype matrix maximizing
the rank order correlation, yielded a two dimensional solution (final stress = 0.2009464)
(Fig. 4.8). Stress is the mismatch between the rank order of distances in the data, and
the rank order of distances in the ordination. Samples grouped by source are oriented in
such a manner that variance is minimized. SIMPER (Similarity percentage) breakdown
was carried out to identify OTUs that contributed most to dissimilarity (Brays-Curtis

distance) observed at 999 permutations.
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Fig. 4.8 Non metric dimensional scaling of bacterial class phylotypes clusters of
Baricho and Mzima water lines

The highest levels of dissimilarity at class level was 82.5% between biofilms sampled
from Baricho and Mzima wat\er lines, followed by 82.01% between the water of Mzima
water line aI;d its biofilms (Table 4.5). Percentage of dissimilarity between Baricho
water and Mzima line water was 80.49 and 78.55 between Baricho line water and its

biofilms.
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Table 4.5 SIMPER class dissimilarity using Brays Curtis Dissimilaity distances measure

MZW MZB BRW BRB

MZW 82.01 80.49

MZB 825
BRW 78.55
BRB

Redundancy analysis indicate that the classes of bacteria that contributed significantly
to the dissimilarity between the two water sources (p= 0.019) and their different sample
types (p= 0.026) are summarized (Table 4.6). Notable is the Candidate division’s
contribution to variation between the water lines both in bulk water, where they
constituted all dissimilar phyla, and in biofilms where 3 of the 7 phyla causing

disimillarity were candidate divisions.
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Redudancy analysis indicating the contribution of different classes to the the
dissimilarity between different source and sample types
Contribution P
Mzima water and Baricho water
Armatimonadetes 0.001010 0.014 **
Candidate division OP3 0.001010 0.014 **
Candidate division BRC1 0.000505 0.014 **
Candidate division WS3 0.000505 0.014 **
Mzima water and Baricho biofilms
Proteobacteria 0.310866 0.080°
Candidate division TM7 0.014697 0.028 *
Candidate division OD1 0.010279 0.029 *
Elusimicrobia 0.008336 0.013 *
Nitrospirae 0.006377 0.015 *
NPL.UPA2 0.002262 0.063’
Candidate division OP11 0.002004 0.060°
SM2F11 0.001336 0.009 ***
™6 0.000926 0.013 **
Chlorobi -0.000668 0.009 ***
Mzima biofilms and Baricho water
Planctomycetes 0.028784 0.100°
Verrucomicrobia 0.012692 0.094°
Chloroflexi 0.010689 0.048 *
Acidobacteria 0.006526 0.078 °
Armatimonadetes 0.000970 0.084°
Candidate division OP3 0.000970 0.084°
Candidate division BRC1 0.000485 0.084°
Candidate division WS3 0.000485 0.084°
Mzima biofilms and Baricho biofilms
Candidate division OD1 0.009725 0.066°
Elusimicrobia 0.007742 0.077°
Nitrospirae 0.006416 0.040 *
Cyanobacteria 0.004822 0.087°
SM2F11 0.001266 0.094°
T™6 0.000860 0.077°
Chlorobi 0.000633 0.094°

Signif. codes: 0 <p <0.001***,0.001 <p<0.01**, 0.0l <p<0.05*%,0.05<p<0.I"



66

Analysis of Similarities (ANOSIM) of the taxonomical profiles was used to establish
whether the similarity values of the two water distribution systems based on bray Curtis
distance measure at 999 permutations were significant. Evidently the profiles were not
similar regardless of the taxonomic rank levels as all similarity p values were greater

than 0.05 (Table 4.7).

Table 4.7 ANOSIM of the taxonomic profiles of Baricho and Mzima water distribution

systems
Taxa . R ¥
Class 0.08466 0.119
Order 0.06771 0.175
Family 0.05474 0.22
Genus 0.05053 0.197

NPMANOVA analyses testing the hypothesis of no difference between bacterial
communities based on source type were rejected (p = 0.028). A 2 way NPMANOVA
indicated significant interaction between bacterial community diversity and source type

at 5% significance.

A heat map showing pairwise distance between all the sampling points relative
abundances of phyla compared to those in other samples and the clustering of the
samples based on similarity was generated. It also shows the phylogenetic clustering of
the phyla using an embedded ultrameric phylogenetic tree. Four clusters of samples
were generated based on the the relative abundance of phyla in the samples (Fig. 4.9).
The first cluster was made up of MZB1, MZB2, MZB7, BRW4 and BRW6,

predominated by Proteobacteria and Firmicutes. MZW4, MZWS5, MZW6 and MZB4
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were aligned into the second cluster where besides the Proteobacteria and Firmicutes,
Bacteroidetes also show highest abudance. The BRB1, BRB2, BRW5 and MZW7
cluster has all the other predominant phyla and also Actinobateria, Acidobacteria and 2
candidate divisions (001 and TM7) being highly abundant. The most heterogenous
cluster was made up of MZW1, MZW2, MZW3, MZB5, BRW1, BRB3 and BRB4 with
high per;:entage of abundance of Proteobacteria and Firmicutes as indicated by high

color intensity in each cell.
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in Biodiversity R.
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Each column represents a different sampling point while each row represents a different
phylum; the color of the cells represents the frequency of that phylum within the
sampling points (percentage of the sampling points from which the phylum was

retrieved).

43  Physico-Chemical Characteristics of Water in Water Distribution Systems

Water from all sources complied with the pH, nitrates, phosphates and residual chlorine
limits stipulated for drinking water by the Kenya Bureau of Standards (KEBS). A single
occurrence of zinc Awas detected in a sample from BRB2 (Table 4.8). However, it was
also within the acceptable limits. The maximum allowable iron in drinking water is 0.3
mg L' and while all the water samples from the Mzima line met this requirement, all
samples from the Baricho water line had iron levels above acceptable limits. Lead levels
were not within the stipulated acceptable limits in the 3, 4" and 7% Mzima water
samples. All Baricho line samples had lead levels of 0.3 mg L' way above the set

maximum limit of 0.05 mg L', making water from the Baricho water line not potable.

Correlation tésts carried out to establish the relationship between changes in levels of
selected physico-chemical properties using Pearson’s correlation gave varied results. A
positive correlation between pH and Mn (r = 0.942, p = 0.000); temperature and pH, Fe
and Mn (r = 0.597, p = 0.004; r = 0.896, p = 0.000; r = 0.835, p = 0.000 respectively)
was observed. A negative correlation between temperature and NO3—N (r = - 0.908, p =

0.000); POs-P and Mn (r = - 0.440, p = 0.046) nitrate nitrogen and pH, iron and
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manganese (r = - 0.705, p = 0.000; r = - 0.879, p =0.000 and r = - 0.821, p = 0.000

respectively) was observed.

Table 4.8 Mean of physico-chemical characteristics of in the Mzima and Baricho water
distribution systems of Mombasa City

Sample ;

Residual
ID . Temp pH Chlorine NO3-N POs-PPb Fe Zn Mn
MZW.1 233 7.65 0 4.3 0.01 0.025 0.006 ND 0.013
MZB.1 233  7.65 0 4.3 0.01 0.026 0.006 ND 0.013
MZW.2 236 7.74 0.08 391 <0.01 0.045 0.01 ND 0.014
MZB.2 236 17.74 0.08 391 <0.01 0.045 0.01 ND 0.014

MZW.3 242 802 <0.01 3.78 0.01 0.051* 0.02 ND 0.018
MZW4 242 8.06 <0.01 294 0.04 0.05*% 0.109 ND 0.02
MZB.4 242 8.06 <0.01 294 0.04 0.05* 0.17 ND 0.02

MZW.S 243 7095 0.02 2.6 0.04 0.031 02 ND 0.02
MZB.5 243 1.95 0.02 2.6 0.04 0.031 02 ND 0.018
MZW.6  24.1 7098 0.06 245 0.03 0.04 023 ND 0.02
MZW.7 252. 7.99 0.14 241 0.06 005 0.14 ND 0.013
MZB.7 282 799 0.14 241 0.06 0.05 0.14 ND 0.013
BRW.1 26 8.12 0 1.28  0.01 0.303 0.599 ND 0.192
BRB.1 26 . 8.12 0 1.28 0.01 0.303 0.599 ND 0.192
BRB.2 26  8.09 0.19 141 0.02 0377 0.8 0.085 0.204
BRW.5 256 7.84 0.11 .52 0.01 0315 0.67 ND 0.19
BRW.3 26:1 7.95 0.22 1.66 0.01 03 075 ND 0.176
BRB.3 26.1 7.95 0.22 1.66 0.01 03 075 ND 0.176

BRW.4 25.8 793 0.02 2.17 0.03 036 063 ND 0.11
BRB.4 258 7.93 0.2 2.17 0.03 036 063 ND 0.11
BRW.6 263 187 0.01 216 0.03 034 045 ND 0.102
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Water temperatures ranged from 23.3°C to 26.3°C, with relatively higher temperatures
in the Baricho water samples (26°C) as compared to Mzima waters (24°C). Median pH
values in water samples from both water lines were almost similar with values of 7.9
and 7.8 in Baricho and Mzima respectively. Residual chlorine levels were quite variable
ranging from no chlorine in some sources to 0.2 and 0.1 mg L! in Baricho and Mzima

respectively.

Nitrate nitrogen levels were comparatively higher in Mzima water samples an unsually
high value of 4.3 ﬁg L! while the mean nitrate nitrogen values of Baricho samples was
1.7 mg L', Phosphate phosphorus values were comparatively low at 0.01 and 0.03 mg
L in Baricho and Mzima respectively (Table 4.9). Lead, iron and manganese levels
were abnormally high in Baricho yielding means of 0.33, 0.65 and 0.16 mg L
respectively, all of which are above acceptable limits of potability, while all Mzima

water samples met the potablity requirements on lead, iron and manganese.

Table 4. 9 Physico-chemical characteristics of Mzima and Baricho water distribution systems

Temp pH Residual NOs3-N POsP Pb Fe Zn Mn

chlorine

BWW 2597+ 7.99+ 0.11+0.097 1.70+ 0.02+ 0.33= 0.65+ *0.09+ 0.16+

0.206  0.098 0.375 0.010 0.031 0.105 0.000 0.042
Max  26.3 812 022 2.17 0.03 0377 0.8 0.085 0.204
Min 25.6 784 0 1.28 0.01 0.3 045 0 0.102
MWL 24.13+ 7.90+ 0.08+ 3204 0.03= 0.04+ 0.10= ND 0.02+

0.625  0.156 0.050 0.764 0.019 0.010 0.088 0.003
Max 25.2 8.06 0.14 4.3 0.06 0.051 023 O 0.02
Min 233 765 0 241 0.01 0.025 0.006 0 0.013

*outlier (single occurrence)
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A comparison of the mean values of the physico-chemical properties of the different
sampling sites of the two water lines using a one-way ANOVA test gave varied
findings. There were no significant difference in the median values of pH, residual
chlorine, phosphates and lead within and between the sampling points. However,
significant differences were noted in the case of temperature, nitrates, iron and
manganése (df = 21, p<0.001) between Mzima and Baricho water lines but not within

individual water line samples.

Principal Components Analysis (PCA) resulted in projection of samples covariance
matrix onto a set of axes using the Euclidean distance metric. The environmental
variables representing the original axes are projected as biplot arrows which greatly aid
in interpretation. Two distinct groups are clustered by water source type are evident.
Mzima and Baricho water line are different in terms of their physic chemical
characteristics. Phosphates were the critical determinant in the ordination of MZW7
water and biofilm (Fig. 4.10). Nitrates were the critical determinant in Mzima water at
the source (MZW1 and 2), while temperature was key in BRW 6. Notably pH does not
play a key role in the ordination of any of the samples, which implies that change in pH

is not likely to change the taxa abundance at any sampling site.
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Corrpanat 2

Lq

Component 1

Fig. 4.10  Principal Compohent Analysis plots showing clustering of samples along critical
environmental determinants of diversity

Red and yellow symbols correspond to biofilms and water from Mzima respectively.
While blue and green représent Baricho line water and biofilms. Environmental
variables were represented by arrows. The concentration of the parameters is
continuously increasing in the direction of the arrow, and decreasing in the opposite

direction.

Principal coordinates analysis (PCoA) was conducted to evaluate similarities of
different samples using SILVA Classifier taxa, which were ordinated using their real
distances rather than ranks with Bray Curtis distance measure. PCoA arranges samples

between endpoints or ‘poles’ according to the distance matrix in an attempt to represent

KENYATTA UNIVERSITY LIBRAR!
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the distances between samples. The PCoA algorithm is analogous to rotating the
multidimensional object such that the distances (lines) in the ‘shadow’ are maximally
correlated with the distances (connections) in the object. The linear correlation between
the distances in the distance matrix, and the distances in a space of low dimension was
maximized. The distance between two samples was represented by one dimension (a
line). Distances between the samples in a group were represented in a similar number of
dimensions as the samples. Four planular clusters were created from the PCoA, with
largest distances among Baricho water samples, followed by Mzima biofilms and
Mzima water samples (Fig. 4.11). However the plane hulls overlap indicating that the

samples have very high levels of similarity.

«0.05+ jne

0104

-0154

-0.204

0204

-0 50 .0.4a8 -0.40 -0.32 -0 24 -0.10 .0.08 000 008
Coordinate 1

Fig.4.11 Principal Coordinates Analysis showing similarity distances between sample types
of Mzima and Baricho water lines.

Key: Red and yellow symbols correspond to biofilms and water from Mzima
respectively. While blue and green represent Baricho line water and biofilms.
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To discern the possible relationship between microbial community structure and
' environmental parameters, Canénical Correspondence Analysis (CCA) was performed
(Fig. 4.12). Based on variance inflation factors with 999 Monte Carlo permutations,
nine environmental variables, pH, temperature, residual chlorine, nitrate nitrogen (NO3-
N), phosphate phosphorus (POs-P), iron (Fe), manganese (Mn), Zinc (Zn) and lead (Pb),
were selected in the CCA biplot. The length of an environmental parameter arrow in the
ordination plot indicates the strength of the relationship of that parameter to community
composition. As such, temperature, iron and nitrates appear to be the most important
environmental properties in determining the composition and diversity of bacteria in all

samples (p<0.01).
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Fig. 4.12 Triplot from a CCA of the microbial community structure clustered along the physico-chemical variables influencing
compostion and diversity

Environmental variables are represented by green arrows, samples (quadrats) by small red, yellow, blue and green circles.
Arrows indicate the direction and magnitude of measurable variables associated with bacterial community structure.

planctomyc
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44 Biofilm and Bulk Water Bacterial Communities

A comparison of bacterial composition between biofilms and bulk water from the two
pipelines (Fig. 4.13) shows a clear difference as indicated by higher species richness in
biofilms recovered from all sampling sites comparable to the cumulative richness in

bulk water samples.
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Fig. 4.13 Cumulative species richness of pooled water and biofilm samples

Comparison of bacterial community composition of biofilms and bulk water was carried
out using Mantel statistic, which is based on Pearson'sr product-moment correlation with
999 permutations. The Mantel test was used to test the null hypotheses that the there is
no relationship between sample type (water and biofilms), and bacterial diversity. The
Mantle test revealed the existence of a significant relationship b¢tween sample type and

diversity (r= 0.412, p= 0.002) indicating that bacterial communities of biofilm and bulk




78

water are separated in terms of dissimilarity but overlap due to some shared phylotypes.
Hence the null hypothesis was rejected. Biofilms microbiomes had higher bacterial
diversity richness, abundance, Shannon, Simpson and Inverse Simpson indices than
water microbiomes, which on the other hand had a slightly higher evenness than

biofilms (Table 4.10).

Table 4.10 Mean +SD of diversity measures in water and biofilm samples at genus level

Water Biofilm
Richness 89.727+122.082  125.888+79.722
Abundance 552.2724554.713  620+43.58
Shannon index 3.326+0.667 3.632+0.320

Simpson index 0.9362+0.0195 0.940+0.0266
Inverse Simpson 18.902+12,442 19.383+6.801
Evenness 0.470+0.0970 0.363+0.072

Non Metric Dimensional Scaling (NMDS) plots were ordinated in two-dimensions to
visualize overall similarities and differences in community structure between water and
biofilm samples, by calculating pairwise Bray-Curtis and weighted UniFrac

~ dissimilarities (Fig. 4.14).

Non metric multi dimension scaling ordination of class phylotype matrix yielded an
acceptable representation of the observed distances of bacteria classes in bulk water and
biofilms (final stress = 0.2011934) (Fig. 4.14). Several points are sparsely ordinated
indicating that they are not similar (p=0.013). However extensive overlaps occur in the

bacterial diversities of bulk water and biofilms.




79

‘o
e - o
w
o
. o®
o~
w
- ®
g OG[Olpalwmg ® oe
o
w
Q
® ©
0.
T T T T

-10 05 00 05 10
NMDS1

Fig. 4.14 NMDS plot of the two sample types illustrating their statistical compositional
difference.

Comparing Baricho water and biofilm profiles at class level, minor differences were
observed in the relative abundances of Gammaproteobacteria at 39.1% in water and
35.6% in biofilms. However, there were some notable differences in the relative
abundances of Nitrospira (20.2%) in water and a mere 0.8% in biofilms (Fig. 4.15).
Other dominant classes in Baricho water were Betaproteobacteria at 15.9% followed by
Alphaproteobacteria at 6.4%, while Alphaproteobacteria (29.6%), Betaproteobacteria

(11.1%) and Deltaproteobacteria (3.2%) were prominent in biofilms.
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Sample_type: BW

% —_— . Betaproteobactenia (15 9%)

Fig.4.15 Relative abundance of different bacteria classes in Baricho water to the total
bacterial phylotypes based on Metageneassist analysis 454 pyrosequencing of the
16S rRNA gene.

Bacilli were the most abundant classes of Firmicutes in both microbiomes making up

6.4% and 3.6% of the total number of analyzed reads, in biofilms and water respectively

Va

(Fig. 4.16). The biofilm profile uniquely yielded the uncultured bacterial classes (3%).
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Sample_type: BB

Gammaprotecbactena (35 6%)

)(0 6%)
s 01— -
Deltaproteobacteria (3 2%) —— (5 SL))
Cytophagia (1 5%) —

Betaproteobactena (11.1%)—

Bacilli (6.4%) ———/

Alphaproteobactena (29 6%)

Fig. 4.16 Relative abundance of different bacteria classes in Baricho biofilms to the total
bacterial phylotypes based on Metageneassist analysis 454 pyrosequencing of the
16S rRNA gene

The bacterial profiles diversity of biofilms and water sample of the Mzima water line
were also compared. Comparing Mzima water and biofilm profiles at the class level,
minor differences were observed in the relative abundances of Gammaproteobacteria
- (41.1% in water and 38.0% in biofilms), Betaproteobacteria (23.8% in water and 27.3%
in biofilms) and Alphaproteobacteria (8.7% in biofilms and 4.3% in Mzima water).
Bacilli and Clostridia were the most abundant classes of Firmicutes in both profiles
making up 24.3% and 2.1%; and 6.4% and 4.7%, of the total number of analyzed reads

in water and biofilms respectively (Fig. 4.17).
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Sample_type: MW
r Gammaproteobactena (41 1%)

Flavobacterua (1 5%)——.

i o
R

- Alphaproteobactena (4.3%)

Betaproteobacternia (23 8%) -

N Bacilll (24.3%)

Bacteroidia (0.2%) —

Fig. 4.17 Relative abundance of different bacteria classes in Mzima water to the total bacterial
phylotypes based on Metageneassist analysis 454 pyrosequencing of the 16S rRNA
gene

Biofilms featured high proportions of Flavobacteria (8.6%) and Deltaproteobacteria at
2.3% comparable to water profiles that had 1.5% Flavobacteria with no

Deltaproteobacteria being identified in Mzima water samples (Fig. 4.18).
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Sample_type: MB

Gammaproteobactena (38 0%)
Flavobacteria (8.6%) —
utes (0 3%
; T %c‘éés) © 5%)
Deltaproteobactena (2. 3%) —| - - ppr o ‘0 o
Cytophagia (1.1%) — : etacls &01 %)
Clostridia (4 7%) — Mﬁ\lﬁu X8 S [

Caldilineae (0.2%) ——
N Bacilli (6.4%)

Betaproteobactena (27.3%)

Fig. 4.18 Relative abundance of different bacteria classes in Mzima biofilms to the total
bacterial phylotypes based on Metageneassist analysis 454 pyrosequencing of the
16S rRNA gene

Redundancy analyses (RDA) was computed to find out the bacteria phyla that
contribute significantly to the dissimilarity between the bacterial profiles of the different

sample types from the two water sources (p=0.026) (Table 4.11).

Table 4.11 Redudancy analysis indicating the contribution of different phyla to the the
dissimilarity between different source and sample types

Contribution p

Mzima water and biofilms

Firmicutes 0.090340 0.015 *
Actinobacteria 0.033299 0.052°
Acidobacteria 0.005986 0.071°
Baricho water and biofilms

Candidate division OD1 0.009848 0.096’
NPL UPA2 0.002669 0.058’

Signif. codes: 0 <p <0.001***,0.001 <p<0.01**,0.01 <p<0.05*%0.05<p<0.1’
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Analysis of similarities (ANOSIM) was used to check for levels of similarity between
the bacterial profiles of the two sample types from the two water distribution systems
based on Bray Curtis distance measure at 999 permutations. Analysis of similarity test
at 999 permutations confirmed that there was no similarity between bulk water and
biofilms at all taxonomic rank levels (R: -0.0919, p >0.05). Class similarity of 0.0899
was observed in the 90% quantile, 0.1300 at 95%, 0.1836 at 97.5%, while at 99% only

0.2411 classes were similar (Table 4.12).

Table 4.12  Analysis of similarities of the taxonomic profiles of respective biofilm and water
samples of different taxonomic ranks

R P
Class 0.000999 0.392
Order 0.0131 0.492
Family 0.01709 0.534
Genus -0.01576 0.526

Using a Non-Parametric multivariate analysis of variance (NPMANOVA) test to
evaluate the difference in bacterial communities, the hypothesis that there is no
difference between bacterial communities obtained from different sources was rejected
(F= 0.8035, p = 0.8489). A two way NPMANOVA indicated that there were no
significant interaction between bacterial community diversity and sample type. The
levels of dissimilarity between bacterial classes in water and biofilms (Table 4.13)
consistently increased from the lower to upper quartiles of the sequences representative

of the samples.
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Table 4.13 Dissimilarity ranks between and within classes based on sample type

0% 25 50 75 100 N
Between 1 48 102 152 209 108
Biofilm 6 47.8 94 140 193 36
water 4 71.2 124 172 210 66

4.5 Patterns of Variation of Bacterial Communities in Different Sections of the
Water distribution System

Comparative analysis of the microbiomes at the source and endpoint of Mzima and
Baricho water line revealed that as the pipeline runs its course, some changes in phyla
composition both in diversity and the proportion of OTUs occurred. Proteobacteria
remain the dominant phyla at all levels, making up 81% and 68.6% of the bacterial
composition in Baricho and Mzima water. Firmicutes contributed 13% and 12.9% while
the Bacteriodetes contributed 5% and 12.3% in Baricho and Mzima water respectively
(Fig. 4.19). At the Mzima water source, the proportion of Actinobacteria was 5.7%. The
Proteobacteria also dominated the Baricho water end point where it accounted nearly
all the OTUs (100%). A totai of eight phyla, most of which occurred in biofilms, were
present only. at source but not at endpoints. These phyla comprised Nitrospirae,
Elusimicrobia, Cyanobacteria, Gemmatimonadetes, NP-UPA2, and Candidate
Divisions M7, OP11 and ODI. A two way ANOVA test confirmed the existence of a
significant difference in bacterial phyla diversity (p = 0.0111) between source and end
point biofilms but no significant difference between source and endpoint water phyla

(p=0.814).
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Fig. 4.19 Relative abundance of phyla at the source and endpoint of Baricho and Mzima water

lines based on SILVA 119 reference database
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The distribution of bacterial classes at the source and endpoint (household water meters)
of the different water lines (Mzima and Baricho), and the different sample types (water
and biofilms), gave varied results (Fig. 4.20). Mzima water at source was dominated by
Betaproteobacteria (28.7%) followed by Alphaprotobacteria (24.3%) and
Gammaproteobacteria (15%). The end point water was characterized by a high
proportion of Betaproteobacteria (67%). The proportion of Gammaproteobacteria also
increased to 21%. Present at the source water but missing at the endpoint water were the
Alphaproteobacteria. On the other hand, Clostridia, which contributed 8.4% were

present in end point water but not at source water.

MZW7

Abacera 574 Bacteroida (1.7%)

ariicra 44 Betaproteobacteria (67.0%)

— Clostrida (8%
Beaprtenbacteri 864

Erysipelotrchia (0.6%)
(yophaga (L4%)

) Flavobacteriia (0.6%)
» FHlavobacteia (4.3%)

R— Gammaproteobacteria (21.2%)-
Sohgohacteria 1 1%) ; Holophagae (0.6%)
0 50 5 » 5 ¥ 0 lb 2 % 50 0 70
Abundance (%) Abundance (%)
Source Endpoint

Fig. 4.20 Percentage distribution of bacteria class phylotypes in Mzima bulk water at source
and endpoint

Mzima biofilms were dominated by Alpha, Beta and Gamma Proteobacteria both at

source and endpoint although the proportion of the Gammaproteobacteria increased



88

from 3.6% at the source to 22.5% at the endpoint (Fig. 4. 21). Also notable was the
increase in class Clostridia from 2.2% in biofilms at source to 20.9% in endpoint
biofilms. Source biofilms had a greater bacterial diversity with more than 20 classes

represented while end point biofilms feature around 10 different bacterial classses.

MZB1

Actinobactera (0.8%)
Bacl 1.6%)

Betaproteobactera (49.6%)
Caldineae (0.8%)

Chstid 209¥)
(yophaga 08%)
Canmapreshacena (2254
Hanctomycetaca (08%)
Sphinotacnia (164)
Themeophiia (05%)

0 5 0 5 5 N 5 ' » 8 % & 9
Abundance (%) urdance 8

Source Endpoint

_Fig. 4.21 Percentage distribution of bacteria class phylotypes in Mzima water source and
endpoint biofilms

Baricho water was noticeably low in bacterial classes and endpoint water had a
characteristically low diversity represented by two classes, Betaproteobacteria (46.2%)
and Gammaproteobacteria (53.8%) (Fig. 4. 22). Source water was also dominated by
Gammaproteobacteria (60%) while Betaproteobacteria and Alphaproteobacteria
contributed 9.1% and 12.7% of the phyotypes respectively. Bacilli (12.7%) was present

only in source water but not the endpoint water.
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Fig. 4.22 Percentage distribution of bacteria class phylotypes in Baricho bulk water at source
and endpoint .

Baricho biofilms revealed a greater bacteria class diversity at source, as compared to the
end point although most of the classes had very low abundance of less than 1% of the
phylotypes. The most abundant class was Alphaproteobacteria (44.2%) followed by
Betaproteobacteria (13.9%) Deltaproteobacteria (8.3%) and Gammaproteobacteria
{ (6.6%) (Fig.4.23). Also notable was the presence of 8 classes of the uncultured bacteria
and Sphingobacteria at 5.6%. The endpoint biofilms were dominated by
Gammaproteobacteria (55.2%) Alphaproteobacteria (16.4%) and Betaproteobacteria

(9%). A notable increase in Bacilli from 0.3% at the source biofilms to 7.5 at end point

biofilms.
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Fig. 4.23 Percentage distribution of bacteria class phylotypes in Baricho source and endpoint
biofilms

‘Pairwise comparisons of water and biofilm samples from both Mzima and Baricho
waterlines at source and at endpoint meters confirmed that the bacterial communities of
most sampling sites where more or less similar (Table 4.14). Significant differences
were noted in the source water and source biofilms of the Baricho line (p= 0.013) and

between source and endpoint biofilm bacterial communities of the Baricho water line

(p=0.025).
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Table 4.14 Wilcoxon pairwise comparisons of sample types at source and endpoint

water in Mzima.

0.6 1
0s 1
0.4 1
& Pb
03 @ Fe
o Mn

BR Source MZ Source MZ Usepoint BR Usepoint

0 MZW- MZW- MZB- MZB- BRW- BRW- BRB- BRB -
S E S E S E S E
MZW1 O 0.814 0.3538 0.8908 1 0.6923 0.2238 0.5814
MZW7 1 0 0.5198 0.7154 0.5692 0.4462 0.013* 0.9455
MZB1 1 1 0 1 0.3112 0.1259 0.3576 0.3229
MZB7 1 1 1 0 0.5331 0.1829 0.1727 0.1579
BRW1 1 1 1 1 0 0.8182 0.013* 0.8462
BRW6 1 1 1 1 1 0 0.013* 0.5814
BRB1 1 0.364 1 1 0.364 0364 O 0.02032*
BRB4 1 1 1 1 1 1 0.5691 0
S- Waterline source E- Waterline end or userpoint

Nitrates and phosphates levels were higher in Mzima source water comparable to water
at the endpoint. The levels of lead increased slightly in at endpoints of both Mzima and
Baricho water comparable to the sources (Fig. 4.24). Iron and manganese levels were
higher in the Baricho source water with a notable decline at the endpoint. The reverse

was visible for Iron, which notably increased at the endpoint comparable to the source

Fig. 4. 24 Levels of metal ions in Mzima and Baricho water lines at source and end point.



92

There was no significant difference in the physico-chemical characteristics of water at
source and endpoint (p=0.0494). Residual chlorine levels were definitely higher at the
endpoint due to chlorination before endpoint distribution, but no trace of chlorine in

source water as a result of no chlorination.

46  Pathogenic Species in Water Distribution Systems

Blasting against the Green gene's database at 97% sequence similarity threshold
generated a total of 617 species from both the bulk water and biofilms of the two
distribution systems. Although it is impossible to predict the pathogenicity of a strain
based on 16S rRNA sequences, several sequences retrieved from the metagenomes were
associated with bacterial groups with potential public health relevance. Some genera,
such as  Acinetobacter  Stenotrophomonas,  Burkholderia,  Flavobacterium,

Pseudomonas, Staphylococcus and Escherichia/Shigella, which are known for their

facultative pathogenic and nosocomial character, were identified. Gram-negative

P

pathogens, such as E. coli, Klebsiella, Pseudomonas, Serratia, Enterobacter,

Edwardsiella, Proteus and Chryseobacterium were also identified.

Approximately 146 potentially pathogenic species were identified from the 21 water
and biofilm samples (Fig. 4.25). The most abundant pathogens in different Mzima water
line samples were Bacillus thureingensis, Bacillus niacin, Bacillus flexus, Pseudomonas
aeruginosa, Pseudomonas stastzeri, Pseudomonas putida, Pseudomonas guinea,
Pseudomonas mosselii, Eenterobacter hormaechei, Bdellovibrio species, Hymenobacter

species, Acinetobacter johnsonii, Aeromonas veronii, Aeromonas taiwanensis and
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Clostridium tunisiense. The dominant potentially pathogenic species on the Baricho
water line were Bacillus thureingensis, Pseudomonas stastzeri, Pseudomonas guinea,
Aeromonas veronii, Aeromonas taiwanensis, Acinetobacter johnsonii, Candidate
division TM7, Pseudomonas alkalygenes, Aeromonas hydrophila, Dermatophilus

species, Staphylococcus scivius and Bacillus cereus.
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Fig. 4.25 Relative abundance of pathogenic species of the water distribution
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The metagenomic data indicates that Mycobacterium spp. occur in lower abundance in
the water samples (found in BRW 4 and 5 only) but is very abundant in biofilms of both
the Mzima and Baricho water lines. The truly pathogenic bacterial species are very few

as compared to the opportunistic pathogens.

Ordination of potentially pathogenic species by water lines (Stress: 0.1782518 ) with
obvious overlaps indicating that a large percentage of species occur in both Mzima and
Baricho water lines (Fig. 4.26). Mycobacterium species notably ocurred in the Baricho
water line while most of the Bacillus species featured in the Mzima water line.
Clustering partterns clearly show ordination of simillar pathogens closer to one another.
Regardless of the water line the Bacillus species and various species of Mycobacterium

are ordinated in similar planes.
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Fig. 4.26 NMDS of pathogenic species in Mzima and Baricho water lines

Ordination of pathogenic species by sample type indicates a good representation of
distance among the two water lines (Stress: 0.1782497). Most pathogenic species were
detected in both water and biofilm samples (Fig. 4. 27). Klebsiella, Leptospirillum and
Serratia species were unique to water samples while different species of Bacillus and
Clostridium were unique to the biofilms. Again Bacillus species are ordinated along the

right plane showing higher abundance in biofilm samples.
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Big. 4. 27 NMDS of pathogenic species in bulk water and biofilms

Both water lines had fairly similar species of pathogenic bacteria which is a good fit of
the diversity by sample type (Stress: 0.1360182), with Leptospirilla, Bdellovibrio and
Corynebacteria species being unique to the Baricho water line while Klebsiella,
Shigella, Aeromonas and Clostridium species were unique to Mzima water line (Fig.
4.28). Generally the pathogenic species are not ordinated close to each other and bulk

water and biofilms pathogenic composition is therefore not simillar.
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Fig. 4.28 NMDS of true pathogenic species in Mzima and Baricho water lines

Several pathogenic species were clustered by NMDS with lack of clearly distinct
clusters in an excellent representation of the summarized observed distance among
bioflm and bulk water pathogens (Stress: 0.063383) in the Baricho water line (Fig. 4.
29). Baricho bulk water had Mycobacterium, Aeromonas and Enterobacter species.
Biofilms on the other hand featured Agrobacterium, Escherichia, Enterococcus,

Legionella, Bdellovibrio and Acenotobacter species. Pseudomonas species featured in

both water and biofilms.
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Fig. 4.29 NMDS of true pathogenic species in the Baricho water line

_ Ordination of pathogenic species of the Mzima water line yielded two very distinct
clusters whose distance is excellently represented (Stress: 0.06591182) with very
minimal overlaps. The water samples were uniquely dominated by the Pseudomonas,
Klebsiella, Escherichia, Shigella and Bacillus species (Fig. 4. 30). Mzima biofilms were
dominated by Aeromonas, Bartonella and Clostridium species. However, the

Acinetobacter species were abundant in both water and biofilms of the Mzima line.
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Fig. 4.30 NMDS of true pathogenic species in the Mzima water line
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CHAPTER 5: DISCUSSION

5.1  Bacterial Community Composition and Diversity in the Water Distribution
Systems

Pyrosequencing of the 21 water and biofilm samples yielded 27,937 sequences, from
which 2,294 unique OTUs were identified. A previous pyrosequencing survey of
drinking. water meters in Urbana Illinois revealed a similarly high number of total
bacterial OTUs (Hong et al., 2010). Similarly, the number of sequences from
pyrosequencing is also much greater than those reported in other studies using 16S
rRNA géne baseci conventional molecular analyses of drinking water, which are
typically in the hundreds (Revetta et al., 2010; Poitelon et al., 2009). This confirms the
great potential of pyrosequencing for assessment of the full extent of micrdbial diversity

in drinking waters.

A total of 20 bacterial phyla and 6 candidate phyla were identified from pooled samples
and were dominated by the Proteobacteria (73.2%), followed in abundance by
" Firmicutes (13.4%), Bacteriodetes (5.9%), Actinobacteria at 2.3% while
Planctomycetés made upl.2% of the total bacterial phylotypes. Candidate divisions
contributed 0.9% of the phyla (Fig. 4.3) while only 0.1% were unclassified. Dominance
of Proteobacteria has been reported for freshwater ecosystems, including drinking
water systems (Poitelon, e al., 2009; Kormas et al., 2010; Pinto et al., 2012). Another
study in Ohio, using similar techniques revealed the presence of Proteobacteria,
Cyanobacteria, Actinobacteria, Bacteriodetes, and Planctomyetes. However, 57.6% of
the sequences could not be classified (Revetta et al., 2010). A fairly exhaustive

classification in this study that saw only 0.1 % of the phylotypes not being classified
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may be due to the use of the new SILVA database system. This system has been
reported to provide a comprehensive, quality controlled, richly annotated and aligned,
reference rRNA databases to support the molecular assessment of biodiversity,
especially of bacteria (Elmar et al., 2007). The candidate bacterial division 7A/7 which
was recovered in significantly high proportions in the biofilms from the Baricho water
line at source is highly ubiquitous. It has been detected in environments ranging from
soils, sediments and wastewater sludge and is also an aetiologic agent for periodontitis
and inflammatory bowel disease (IBD) in humans (Dinis et al., 2011; Hugenholtz et al,

2001).

Previous studies which indicated that Alpha-, Beta- and Gammaproteobacteria were
among the predominant bacteria in drinking and mineral water (Falcone-Dias et al.,
2012; Manuel et al., 2010; Williams ef al., 2004) as was seen in the Baricho line. The
study observed dominance of the Proteobacteria, similar to previous studies, but with
higher propotions of Nitrospirae and Bacillus as recovered in the Baricho line.
Members of the genus Bacillus form environmentally resistant spores that can withstand
L
prolonged and constant contact with chlorine allowing their persistence in the water

system. The presence of Nitrospirae species in the biofilm samples suggests the

occurrence of nitrite oxidation in the water lines.

Relative abundance of bacterial taxa was generally high in the two water lines in both
the bulk water and biofilms, although the highest abundance was recorded in the

Baricho water line. This phenomenon may be due to the poor maintenance of the line
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leading to frequent breakdown of the break pressure tanks and also vandalization by the

public in an attempt to access free water.

With regard to Shannon, Simpson and Inverse Simpson indices, BRWS recorded the
greatest diversity, while BRW6 exhibited the lowest diversity both at phylum and
generic levels. Interestingly, both sampling points are household meters at the use point
of the v;later and are therefore accessed more often compared to the main water line.
This observation could be contributing to the introduction of bacteria and growth factors
in to the system during the day to day anthropogenic activities. Compared to BRWS,
BRW6 has detectable levels of residual chlorine of 0.01 mg L™ (Table 4.7) and this may

explain the drastic reduction in bacteria proportions.

Sequences corresponding to Methylobacteria were detected in this study indicating the
activity of methanogen associated process in the distribution systems.
Methylobacterium adhaesivum, Candidatus Methylacidiphilum spp., Methylotenera
spp., Methylophilus spp., uncultured Methylotenera bacteria of freshwater sediment,
Methylomonas spp., Methylosinus spp., Methylibium petroleiphilum, Methyloversatilis
spp., Methylos‘inus sporium and Methylocella palustris were detected in different
biofilm samples of the two water lines and BRWS5 water. Methylobacteria phylotypes
were recovered in two water samplesN (MZW1 and BRWS), and four biofilm samples
(BRB 1, 2 and MZB 1, 4) and were particularly abundant in biofilms comparable to
bultk water. This may be due to the creation of anoxic cores in the biofilm matrix due to
the accumulation and death of bacteriaand archaea. Recent studies of water meter

biofilms detected sequences corresponding to the family Methylococcaceae (Revetta et
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al., 2010; Hong er al., 2010). Methylomonas sequences have also been detected
previously in drinking water (Revetta et al, 2010; Hong et al, 2010).
Methylobacterium, a genus of methylotrophic bacteria that oxidize methyl compounds
such as methanol but cannot metabolize methane, was also one of the most commonly
detected taxa in the biofilms, though at low proportions of about 1% of the total
sequences. Methylophilus, a methylotrophic bacterium, has also been detected in

biofilms within drinking water meters (Hong et al., 2010).

The factors favoring high abundance of methanotrophic and methylotrophic taxa within
drinking waterldism'bution systems are unclear. High concentrations of methane or
methanol in drinking water are not expected, though these compounds could be
produced in anoxic sites within water distribution systems via anaerobic processes such
as methanogenesis or fermentation. Utilization of haloacetic acid, which is a common
by-product of chlorination of drinking water could be another factor favouring
abudance. A recent study isolated a Methylobacterium strain from a water distribution

systems biofilm that was capable of growth with haloacetic acid as the sole carbon

source (Zhang et al., 2009).

From the bacterial community information obtained, the potential functions of some
species were inferred. Among these species were Thioclava, Thiobacillus, Thiothrix,
Acidothiobacillus, Bosea thioxidans, Thioalkalispira, Blastochoris sulfoviridis and

Sulfurimonas ~ which  are  sulfur-oxidizing bacteria and  Desulfuromonas,

Desulfatibacillum  alkenivorans,  Desulfobulbus, Geobacillus, Geoalkalibacter,

Geothrix, Geobacter grbiciae, Geobacter spp, Geobacter bemidjiensis, and
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Desulfovibrio which are sulfate-reducing bacteria. These bacteria may have an
important role in sulfur transformation in water. "Sulfur bacteria" or "sulfate-reducing
bacteria" can change sulfate and other sulfur containing compounds, including natural
organic materials, to hydrogen sulfide gas. Although sulfur bacteria are not harmful, the
hydrogen sulfide gas can be hazardous at high levels. Sulfur bacteria also produce slime
and caﬁ promote the growth of other bacteria, such as iron bacteria. The slime is known
to clog plumbing and corrode pipes and other metal components of the water
distribution system. Microbial heterotrophic sulfur cycling has been shown to be
significant in othér environments (Sorokin, 1996). Flavobacterium species have been
also shown to oxidize thiosulfate (Teske et al., 2000) and dimethyl sulfide (Green et al.,

2011) in culture, although organic carbon was still required for growth.

The principal components analysis (Fig. 4.11) indicated that nitrate nitrogen
concentration was a significant driver of the composition of the bacterial communities.
In the Mzima water line, the source water had high NO3-N content and an equally high
proportion of Nirospirae. The ammonia-oxidizing bacteria (AOB) (Nitrosococcus) and
(NOB) (Nitrospira) found in the water and biofilm samples suggested that nitrification
possibly occurs in the water lines. The nitrite-oxidizing communities were composed
primarily of Nitrospira, with higher numbers of the Nitrospira occurring in biofilm
samples. The presence of Nitrospirae species in the biofilm samples suggests the
occurrence of nitrite oxidation in the water lines. Previous studies have indicated that
the presence of free ammonia is the principal cause of nitrification in DWDS (Wilczak

et al., 1996). Nitrification is a two-step biological process that converts ammonia into
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nitrite by AOB and further into nitrate by nitrite-oxidizing bacteria (NOB) (Zhang et al.,
2009; Regan et al., 2002). Nitrification occurrence is conceptually considered a balance
between AOB growth on free ammonia and the inactivation from residual chlorine.
Certain nitrobacteria (Nitrospira, Nitrosococcus, Nitrobacter, Candidatus Nitrotoga spp
and Pseydomonas nitroreducens) were found mostly in the biofilm samples. Multiple
studies have identified nitrifying bacteria in drinking water distribution systems
(Lipponen et al., 2002, Regan et al., 2002). Although nitrobacteria are not considered
human pathogens,v nitrification can affect drinking water quality and results in

regulatory violations.

The Xanthomonadaceae which are obligate aerobic chemoorganotrophs were also
abundant in the distribution system. This family includes some well-known plant
pathogens (Brenner et al., 2005). Organisms from the family were identified both in
bulk water and biofilms of the two water lines (Xanthobacter autrophicus,
Pseudoxanthobacter spp, and Pseudoxanthomonas mexicana). Being plant pathogens,
’the bacteria are likely to be transient in the water system, being introduced in water
through plant- debris or soil and then getting incorporated into biofilms. These
organisms have previously been isolated from drinking water and drinking water pipe
biofilms using culture based techniques (Critchley and Fallowfield, 2001). A previous

pyrosequencing survey of drinking water biofilms however did not detect family

Xanthomonadaceae (Hong et al., 2010).
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5.2 Relative Abundance of Bacterial Communities in Water Distribution
Systems

The study findings revealed that the distributions of bacterial classes among sources and
sample types is relatively even (Table 4.4) despite differences in overall richness of the
samples. MANOVA analyses revealed that bacterial communities differ with source
and sample type, suggesting that the differences in community structure is likely driven
at taxonbmic levels lower than Class (Family, Order and Genus.). The heterogeneity
among samples is demonstrated by the occurrence of only three shared OTUs between
the water and biofilms of both the Mzima and Baricho lines. This demonstrates
variations in bacteﬁal composition in different sample types that is biofilms and bulk

water.

Notably high bacterial genus richness was also recorded in MZB1, BRB1 and BRB2.
These three samples actually represent biofilms sampled from the source points of the
two water lines. The results confirm that bacterial richness at genus level is greater in
biofilm samples and the water lines at sources. BRWS and BRW6 had the highest and
~lowest bacterial taxa richness respectively. This could probably be as a result of lack of
selective pressure exerted by chlorine since the water is not chlorinated at the point of
abstraction. Another possible reason for a greater richness at the source is the
particularly high nutrient levels, especially in Mzima water line (Table 4.8) where

nitrate and phosphate levels were exceptionally high.

The Renyi profiles (Fig. 4.7) confirm that all samples were low in species evenness.
The highest recorded evenness was in MZWS and BRW6 (1.000). Water therefore has

less variation in bacterial community species unlike biofilms samples BRB 1 and BRB2
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from which the lowest evenness was recorded (0.19), indicating biofilms are species
poor communities. This phenomenon may be as result of the freely available nutrient
for bacterial growth in water comparable to the fairly constrained environment in
biofilms that would require special adaptations evident only in some bacteria species,

for bacterial survival.

Generally, drinking water distribution systems are considered oligotrophic
environments (with low contents of nutrients like carbon, nitrogen and phosphorous).
However, an increase in nutrient levels in water promotes biofilm formation. Studies
have shown a positive relationship between the concentration of nutrients in drinking
water and bacterial regrowth in drinking water distribution systems (Owen et al., 1995;
Van der Kooij, 1992). Servais et al., (2004) and Batté et al., (2003) observed that the
addition of phosphorus did not affect the accumulation of biofilm although phosphorus
was being incorporated into the biofilm. Other researchers observed that the limiting
nutrient was phosphorus in drinking water distribution systems in Japan (Sathasivan and
_ Ohgaki, 1999) and Finland (Lehtola et al., 2002). The detection of the limiting nutrient
in drinking water distribution systems is very important since the addition of phosphate
based compounds has been proposed to prevent pipe corrosion and the bacterial
regrowth (Appenzeller et al, 2002). The concentration of nutrients such as
carbon/nitrogen ratio is important to the production of extracellular polymers that
affects the adhesion of microorganisms to surfaces (Veiga ef al., 1997). Hydrodynamic
conditions and nutrients are the two main parameters that influence biofilm growth in

particular the biofilm structure, density and thickness (Horn ef al., 2002; Wasche et al.,
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2002; Wimpenny and Colasanti, 1997). High shear stress and nutrient limitations lead to
thin and dense biofilms that will have reduced internal nutrient diffusion (Melo and
Vieira, 1999; Zhang and Bishop, 1994) and increased resistance to removal and
cohesion (;Paris et al., 2007; Chen et al., 2005; Van Loosdrecht et al., 1997; Vieira et

al., 1993).

In terms of abundance, MZW7 had the highest bacterial abundance (897 phylotypes)
while MZWS5 had the lowest (200 phylotypes) (Table 4.4). MZW?7 was sampled from a
water meter at a user point, a community water kiosk, while MZW5 was sampled from
a household meter in close proximity to the chlorination tank, where illegal and cross

connections with the potential of introducing contaminating bacteria are absent.

Nonmetric dimensional scaling (Fig. 4.8) revealed the clustering of bacterial phyla by
water lines to show how the observed phylogenetic distances of the phyla is distributed
in the two water lines. The ordination ellipses show distinct clusters of phyla with
obvious overlaps in a large number of phyla between the two water lines.This implies
that though most phyla are unique to one water line, some can be found in both water
lines in similar. proportions. There was dissimilarity in phyla composition of the two
water lines (Mantel correlation test r = 0.27, p = 0.001) despite being operational for
more than 50 years in almost similar climatic conditions. Both lines convey abstracted
ground water whether springing naturally or pumped from boreholes. These lines have
therefore attained a level of equilibrium in the microbial processes and interactions that
lead to generation of the bacterial biomass in the systems by virtue of being operational

for more than 50 years.
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Redundancy analysis also confirmed that there was a significant difference in bacteria
taxa diversity of Mzima and Baricho water lines (1?=0.1902, F=4.228, p=0.01).
Similarity percentages (Table 4.5) confirmed this dissimilarity and the phyla that
contributed significantly to dissimilarity in the two lines were Bacteria 7M7, TM6 and
NPL-UPA2, and ODI, OP3, BRCI, WS3 and OPII Candidate divisions. ANOSIM
analysis confirmed that the bacterial diversity in the two water lines was not similar
(p>0.01). The depth of genome characterization may be the key contributor to detection
of this dissimilarity.Use of pyrosequencing allowed for the identification of these
candidate phyla, which would otherwise not be identified by culture dependent

techniques and which notably contributed to the dissimilarity.

Predominance of the Gammaproteobacteria population over the Alpha- and
Betaproteobacteria populations in most of the samples was evident in this study
finding. In contrast, previous studies have reported the predominance of
Alphaproteobacteria or Betaproteobacteria or both in the drinking water (Williams er
“al., 2004). This could be attributed to the differences in the source water quality
(borehole water from Baricho line, versus the spring water of Mzima line), physico-
chemical variables of the water, and efficiency of disinfection treatment (Poitelon ef al.,

2010).

5.3  Physico-chemical Characteristics of Water in Water Distribution Systems

The environmental variables of the water such as pH, temperature and nutrient levels

(Table 4.7) from which bacterial sequence reads were obtained provide useful
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information on water quality or the potential of water to support bacterial growth. All
Baricho water samples had high levels of iron above the acceptable limits. The source
of the high amounts is likely to be the metallic pipes used for water transport.
- Noticeable during sampling was the extensive rusting of the metal rungs in the
chloﬁna?ion and break pressure tanks of the Baricho water line. Manganese and lead
levels were also above acceptable limits in the Baricho water line, while Mzima water

samples 3, 4 and 7 also had lead levels above the acceptable limits.

Another aspect that may be contributing to high levels of metals in water is the leaching
of volatile components from pipe materials that can be metabolized by biofilm
microorganisms. Van der Kooij et al. (1995) also observed that the polymeric materials .
in contact with drinking water could release biodegradable compounds, thus enhancing
biofilm formation. Corroded iron pipes may offer numerous bacterial attachment sites
and bacteria protection from the effect of flow rate and of disinfectants as well as may
release undesirable products to the water (LeChevallier ef al., 1993). Also, the corrosion
products may retain nutrients (such as, humic matter) for subsequent utilization by
biofilm bacteﬁa (Butterfield er al., 2002). The corrosion on metallic surfaces may be
induced by the activity of physiologically diverse microbial species within the biofilms

(Beech, 2004).

Whereas both Mzima and Baricho water lines supply ground water, the Mzima water is
abstracted from six spring eyes while the Baricho water is abstracted from seven
boreholes sunk on the bank of Sabaki River. The Mzima intake is in a game reserve

which is a forest area characterized by trees and thickets which serve as habitats for
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wild animals. This may account for the low water temperatures at source due to the
shade effect and also for the high levels of nitrates and phosphates as a result of
introduction of organic matter into the water from the surrounding environment.
~ Although the Baricho water is from an underground source, it is important to note that
refill may occur from the Sabaki River, which may be the source of high levels of lead
and maﬁganese. High lead levels may also have been as a result of pump replacement

and on going repair work of the water line.

The single occurrence of zinc in BRB2 may have resulted from the introduction of zinc
during repairs of the water line since the sample was collected two months after the
laying of a new pipe joint and so far no other sample recorded detectable levels of zinc
in water. Probably the pipe linings or some of the sealants used may have incorporated
in them some zinc compounds. A significant difference in the pH, nitrates, iron and
manganese levels between the two water lines is probably as a result of the bioleached
metals and nutrients accumulated in the water lines as well as the bacteria that have

“ability to utilize these nutrients.

Principle Components Analysis (Fig. 4.11) showed that pH, phosphates and nitrates
were the critical determinants of variations in bacterial composition in the water lines.
Principal Coordinates Analysis (Fig. 4.12) revealed that the most similar samples were
those of Baricho biofilms followed in order by Mzima water samples and Mzima
biofilms. Samples with the greatest distance or dissimilarity were Baricho water
samples. One unicjue factor about Baricho water samples is their residual chlorine

values which are varied along the different phases of the system. Chlorination therefore
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may be the single most critical determinant of the variation in the composition and
abudance of bacteria in Baricho water samples. Biofilm samples are fairly similar due to
stabilization over time as the films mature giving rise to a more or less similar matrix
and flora composition. Also the nature of the biofilm hinders penetration of disinfecting

agents contributing further to the compositional stability.

Canonical Correspondence Analysis (Fig. 4.13) showed that the physico-chemical
variables that significantly affected bacterial diversity and abundance in the two water
lines were temperature, iron and nitrates. Iron is probably introduced in the water from
corroded and rusted water pipes and metal rungs in the water storage tanks, while
nitrates are from organic matter which in the case of the Mzima water line, was
abundant at the spring eyes which are located in Tsavo forest. The microbial
composition of drinking water distribution systems communities is influenced by
several factors and reflects the microflora characteristics of the raw water source
(Eichler et al., 2006). Previous studies have shown that distribution system pipe
material, temperature, the level of organic carbon available, velocity of water and the
disinfectant used in a system are among the factors that may impact the growth and
community structure of drinking water distribution systems biofilms (Williams et al.,

2004; Camper et al., 2003; Percival et al., 1999).

Median pH values of water in distribution systems regardless of the type of source were
close to neutral (7.84). The highest pH value recorded was in Baricho water at source,
while the lowest pH values (7.65) were recorded among Mzima water samples

(MZW1). Baricho water line recorded pH values as high as 8.12 with a median of 7.95
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(Table 4.8) with the genera Paracoccus, Alcaligenes, Staphlococus and Limnobacter
being recovered in samples with highest pH values. Higher pH values in Baricho water
are probably due to groundwater exposure to salts and metal ions leading to a rise in
pH. The proposed WHO guideline for pH is 6.5 - 9.0 while the Kenya Bureau of
vstandards (2005) recommends a pH of 6.5 — 8.5 for drinking water. As such, all of the
water samples meet the KEBS standards for drinking water. Other studies have shown
that pH strongly influences bacterial community structure at large geographic scales or
artificial gradients (Rousk ef al., 2010). Extremes of pH (less than 6.5 or greater than 9)
can be toxic to aquatic organisms. Eye irritation and exacerbation of skin disorders have
been associated with pH values greater than 11. Although pH has no direct impact on
consumers, it is one of the most important operational water quality parameters (WHO,

2003).

Absence of a significant relationship between the abundance of bacteria within the
biofilms and the concentrations of residual chlorine suggests that low concentrations of
~chlorine disinfectants may not be effective in limiting biofilm growth within water
distribution systems. This can be attributed to the protection provided by the biofilm
matrix, as has been demonstrated by previous studies (Liu e al., 2011; LeChevallier et
al., 1988; Ridgway and Olson, 1982). Studies have also demonstrated the influence of
disinfectants on the Profeobacteria populations where Alphaproteobacteria
predominated in both chloraminated and chlorinated water (Williams et al., 2004),
while Betaproteobacteria and Gammaproteobacteria in drinking water biofilms were

favored by increased chlorination (Mathieu et al., 2009). According to Williams ef al.,
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(2004), following exposure to free chlorine and monochloramine, proteobacteria was
the predominant phylogenetic group observed in the treated distribution water,
suggesting that these organisms are well suited to survive in potable water supplies.
Conversely, Proteobacteria were found to be more abundant in chloraminated water
than in chlorinated water. In another study, Emtiazi er al, (2004) revealed that
Proteobécteria were also abundant in biofilms of non-chlorinated DW. These studies
indicate that microbial community diversity is impacted by the disinfection strategy.
There is also evidence that greater bacterial diversity can affect disinfection efficacy
and pathogen s@ival. Simdes et al. (2010) and Berry et al. (2006), provide
experimental evidences on the role of the microbial diversity of drinking water isolated

bacteria biofilms in their resistance to chlorine disinfection.

5.4 Biofilm and Bulk Water Bacterial Communities

Comparison of bulk water and biofilm microbiomes yielded very interesting findings.
_Despite the large numbers of OTUs observed in bulk water and pipe biofilms, these
communities were not very diverse, with all samples having Shannon index scores of
less than two. These low diversity values is a reflection of dominance of these
communities by a small number of taxa. Generally biofilms had higher bacterial phyla
and generic richness and abundance (Fig. 4.14). This can be attributed to the ability of
biofilms to allow microbes to persist and grow in hostile environments such as water
distribution systems under low nutrient conditions. In this protected environments,
extrapolymeric substances (EPS) provide a diffusional barrier against disinfectants and

other deleterious chemicals. Hence, EPS increases the resistance of biofilms and any
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detached biofilm clusters to chlorine (Xue et al, 2013b). Using model water
distribution system, it was found that during the initial stages of biofilms formation the
16sRNA sequences in biofilms are similar to those found in bulk water. However, DNA
and RNA based fingerprints of 20 year old biofilms have shown higher diversity in
biofilms communities than in bulk water (Henne ef al., 2012). This could be due to the
protectivé barrier generated in biofilms by extrapolymeric substances, nutrients and
microbial cells. However, its still unclear the effects of surface materials on biofilm
development when polymeric materials such as plastics and metallic materials are
compared. Some pfevious reports have demonstrated that drinking water biofilms grew
less on polymeric materials than on iron matrices (Chang ef al, 2003; Hem and
Skjevrak, 2002; Niquette ef al., 2000; Kerr et al., 1999). This observation was attributed
to iron corrosion products that favor biofilm protection from mechanical and chemical
stresses. Other studies have reported higher biofilm formation on PVC and PE surfaces
than on galvanized steel materials (Bachmann and Edyvean, 2006; Cloete et al., 2003;
Schwartz et al., 1998). It is important to note that most of the distribution system flow

pipes are made of PVC, especially those leading from storage and chlorination tanks to

the households or other userpoints.

Alphaproteobacteria  dominated in the bulk water while Beta and
Gammaproteobacteria (which include many primary and opportunistic pathogens) were
predominant in biofilms. Examination of biofilms from household water meters showed
that the major bacteria genera were Sphingomonas (Alphaprotebacteria) Acidovorax,

Methylophilus,  (Betaproteobacteria) and Lysobacter = (Gammaproteobacteria).
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Examination of the Ann Harbor drinking water by 16S rRNA gene sequencing also
showed that most of the bacteria were Proteobacteria and belonged to the genera

Acidovorax, Variovorax, Sphingopyxix, Ralstonia and Novosphingobium (Lee et al.,

2010).

Bulk water on the other hand featured greater species evenness (Table 4.9). Both
bioﬁhﬁs and bulk water samples are dominated by the Proteobacteria, especially of the
Beta and Gamma type. However, Baricho water had very high levels of Nitrospirae
(20.2%) (Fig. 4.16) which was were very low in biofilms (0.8%) (Fig. 4.17). The
reverse is true for Alphaproteobacteria and Flavobacteria which are abundant in
biofilms (29.6%, 0.4%) but low in water (6.4%, 2.6%) respectively. Bacteria generally
found in water distribution systems include Pseudomonas, Acinetobacter,
Flavobacterium, Alkaligenes, Aeromonas, Moraxacella, Enterobacter, Citrobacter,
Sphingomonas, Klebsiella, Burkholderia, Xanthomonas, Methylobacteria and Bacillus.
These findings are in line with previous studies, which also identified these genera in
drinking water distribution systems (Berry er al., 2006; Block er al., 1997). The
taxonomic analyses of the bulk water samples in this study generated findings similar to
those of the analyses of two former studies of the city of Braunschweig, Germany
drinking water distribution systems (Kahlisch e al., 2012; Eichler et al., 2006). Notable
are the 3% of all classes which are uniquely uncultured directly and the
Deltaproteobacteria were recovered only in the biofilms and not from the bulk water

samples. Drinking water biofilms are well known to carry diverse microbial

communities. Many of the microbes identified in this work are indeed very closely
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related to typical drinking water or fresh water microbes, and their presence in biofilms

has been described before (Poindexter ef al., 2000; Ribas ef al., 2000).

Redundacy analysis indicated that Firmicutes, Actinobacteria, Acidobacteria, bacteria
NPL- UPA2 and Candidate division ODI contributed greatly to the dissimilarity
between biofilms and bulk water microbiomes. This scenario was also evident in studies
of divérsity of biofilms and bulk water in the individual water line. The phyla causing
dissimilarity are generally culturable with only one candidate phylum, unlike the
comparison of the two water lines where majority of the phylotypes contributing to

dissimilarity beldnged to candidate phyla.

The study findings suggest that in mature water distribution system biofilms, as is the
case with both the Mzima and Baricho biofilm sample, bacterial communities generally
showed similarity in structure. These observations are corroborated by Martiny ef al.,
(2003), who showed in their model water distribution system that after 3 years most
biofilms from different sampling positions clustered together, to form a homogeneous
community structure. With respect to the diversity and structure of biofilm
communities, there are similar mechanisms employed by microbes in structuring these
communities in water distribution systems. This behavior suggests that all biofilms
provide a similar number of niches but are filled with different species. During the
initial stages of biofilm development microcolonies are usually formed following the
attachment of single cells to the pipe surface. Species diversity increase thereafter and
the biofilms fqrmed may reach steady state and high ecological diversity, comprising

both heterotrophs and autotrophs, only after 2-3 years (Martiny et al., 2003; Berry et al.,
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2000). A rapid decrease of abundant species with a long “tail” of rare species in
drinking water biofilms was also observed in a recent study using pyrosequencing
(Hong et al., 2010). The current model of abundant and rare members describes the
bacterioplankton community in pelagic ecosystems, consisting of a core community
with few taxa that are highly abundant and a seed bank with nearly infinite numbers of
low-abundance phylotypes (Hofle et al., 2008; Huber, et al., 2007; Pedros-Alid, 2006).
The Mzima and Baricho water distribution lines have been operational for over 50 years
guaranteeing that the biofilms are truly representative of mature water distribution

systems biofilms.

Previous studies have indicated that some bacteria, which might be resistant to
chlorination at a certain degree, could survive after disinfection and proliferate in the
water distribution systems (Wang et al., 2010; Norton et al., 2004). This is consistent
with the findings of the present study, which strongly suggested that the bacterial
community in BRW 6 a sampling point that occurred after chlorination had an
increase in diversity comparable to the prior sampling points which had detectable
residual chlorine in the water line. The high diversity may be due to poor efficiency of
residual disinfectants in drinking water to inactivate pathogens (Payment, 1999);
especially considering the oligotrophic conditions in the drinking water distribution
system networks. Studies by Poitelon er al., (2010) showed that the bacterial

community composition changed following chlorine disinfection as Alpha, Beta and

Gamma-proteobacteria decreased after chlorination. It is also important to note that
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Baricho water from sampling point 6 is located at community level and anthropogenic

activities may also be contributing to the higher bacterial diversity and abundance.

In biofilms of both water lines, a few methanotrophs belonging to the family
Methylococcaceae of the Gammaproteobacteria were detected. Methanotrophs can play
a role in the nitrogen cycle through mechanisms such as their coexistence with
heterotrophic nitrifiers via cross-feeding of metabolites (Modin et al., 2007). In the
presence of environmental gradients of oxygen and methane, methanotrophs can also
support denitrification by both creating anoxic environments conducive for
denitrification during methane oxidation and releasing organic substances that can be
used by coexisting heterotrophic denitrifiers (Modin er al., 2007). The association
between the two groups of microorganisms has led to the suggestion of using methane
as an external carbon source for biological denitrification of nitrate contaminated waters

(Modin et al., 2007).

Unlike Mzima water line, Baricho water line had a relatively high abundance of
members of the genus Methylophilus, especially in its biofilms. The genus
Methylophilus consists of a group of bacteria that oxidize methyl compounds but not
methane. An abundance of Methylophilus bacteria in cave water that receives a high
flux of methane has been reported (Chen ef al., 2009b). It has been suggested that the
methylotrophs possibly fed on methanol produced by the methanotrophs during
methane oxidation (Chen er al., 2009b; Qiu ef al., 2009) or that the methylotroph-like
sequences were in fact from as yet uncultured methanotrophs in the Betaproteobacteria

(Chen et al., 2009b). Since members of the genus Methylophilus can use nitrate as a
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nitrogen source (Jenkins er al., 1987), it is also possible that the Methylophilales
detected in Mzima and Baricho water and biofilms can carry out denitrification using
the methanol supplied by the methanotrophs. Methanol dependent denitrification by
members of the family Methylophilaceae has recently been reported suggesting a

potential role of this group of bacteria in both nitrogen and carbon cycling

(Kalyuhznaya et al., 2009).

The genera Sphingomonas and Acidovorax recorded in both the Mzima and Baricho
lines were more predominant in biofilms as compared to water. These two genera
comprise of metabolically diverse species capable of using a wide range of naturally
occurring compounds. With respect to the water distribution systems, members within
these two genera have been implicated in copper pipe corrosion (Critchley et al., 2004)
and demonstrated to enhance biofilm formation by other bacterial groups (Simoes ef al.,
2007). Members of these two genera could be potential opportunistic pathogens
(Koskinenn et al., 2000; Zanetti et al., 2000). In contrast to bulk water, the majority of
biofilm phylotypes were coﬁsidered to be of soil, sludge or sediment origin. Members
of the key éenera Rhizobiales, Nitrospira, and Thiobacillus, which were found in
drinking water biofilms, are known to contribute to the biogeochemical cycling of
nitrogen or sulfur and their presence is indicative of their active participation in the

ammoniam decomposition component of the nitrogen cycle.
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5.5 Patterns of Variation of Bacterial Communities in Different Phases of the
Water Distribution Systems

As the pipeline runs its course, significant changes could be seen in phyla composition
both in diversity and proportions of operational taxonomic units (Table 4.1).
Proteobacteria dominated Baricho water at endpoint (100%). A total of 8 phyla were
preseqt at the source only but not at endpoints, most of which occurred in biofilms only.
These were Nitrospirae, Elusimicrobia, Cyanobacteria, Gemmatimonadetes, NP-UPA2,
and Candidate Divisions 7M7, OP11 and ODI. Cyanobacteria have previously been
found in drinking water (Revetta ez al., 2010). It is suspected that they may have found
their way into the distribution system from the open break pressure tanks. It is possible
that some of the cyanobacterial populations detected in this study can temporarily
survive in the darkness under anaerobic, reducing conditions. It is also possible that
they are only trapped in the biofilms and are not metabolically active. Some species of
cyanobacteria are considered contaminants in drinking water, since they can produce

toxins.

Mzima water at source was dominated by Betaproteobacteria (28.65%) followed by
Alphaprotob'acteria (24.3%) and Gammaproteobacteria at 15%. The endpoint water
registered a a high increase in Betaproteobacteria (67%) followed by
Gammaproteobacteria, which increased to 21%. Notably absent were
Alphaproteobacteria. Clostridia, which contributed 8.4% of the class phylotypes was
present in end point water but not at the source. As the water gets subjected to

chlorination and the shear pressure increases as water flows gravitationally or through
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pumping, the biofilms may slough off and some bacteria may die off from the effect of

the chlorine.

Mzima biofilms were predominated by Alpha, Beta and Gammaproteobacteria both at
source and endpoint although the proportion of the Gammaproteobacteria increased
significantly between the source (3.6%) and endpoint (22.5%). Previous studies have
reported the predominance of Alphaproteobacteria or Betaproteobacteria or both in
drinking water distribution systems (Williams et al., 2004). In contrast, the findings of
this study revealed the predominance of the Gammaproteobacteria population over the
Alpha- and Betaproteobacteria populations in most of the samples. This difference can
be as a result of differences the molecular methods applied, variations in water quality,
the nature of pipe materials (Poitelon, et al., 2010) and the growth stages and the ages
of the studied biofilms. Pyrosequencing and blasting against SILVA and Greengenes
databases have been shown to yield variations in taxa recoveries (Elmar et al., 2007).
Studies have also demonstrated a greater adverse influence of disinfectants on the
. Proteobacteria populations leading to the domination by Alphaproteobacteria in both
chloraminated and chlorinated water (Williams et al., 2004). Similarly, the presence of
Betaproteobacteria and Gammapro{eobacteria in drinking water biofilms has been

shown to be favored by increased chlorination (Mathieu ef al., 2009).

Another notable observation was the increase in class Clostridia from 2.2% in biofilms
at source to 20.9% in endpoint biofilms. Interference by chlorine at the source is lacking
due to the lack of chlorination and the high flow velocity may also contribute to this

increase. Biofilm density and detachment increase with the flow velocity (Melo, 2003).
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Higher flow velocities increase the cellular hydrophobicity promotes cell aggregation
and hence biofilm accumulation. Under low flow velocities and in the presence of
nutrients, biofilms grow quickly with a low dense structure but with many pores,
channels and protuberances (Van Loosdrecht er al., (1995). Nutrient transport rates
within the biofilm increase with the flow velocity until a maximum value is reached,
and then ‘decrease as the velocity is further increased. This transport rate promotes
bacterial growth within the biofilm. Research on effects of flow velocity on biofilm
accumulation has yielded some controversial results. A larger majority of studies have
concluded that bioﬁlm formation increases with flow velocity (Paris et al, 2007,
Simdes, 2006; Lehtola er al., 2006: Percival et al, 1999), others have come with
contrary findings (Chen ef al., 2005; Tsai, 2005 Soini, 2002). Several studies focusing
on biofilm growth have provided a mechanistic explanation of the effects of
hydrodynamics on biofilm growth (Liu ef al., 2003; Liu and Tay, 2001). This may also
account for why source biofilms having a greater bacterial diversity with more than 20
classes represented while endpoint biofilms featured around 10 different bacterial

”

classses.

Intakes at the source encounter minimal disturbance from man and are likely to have
developed a stable microflora comparative to the other phases of the distribution
systems. This is evident in the Baricho water which had a noticeably low number of
bacterial classes. Endpoint water had a characteristically low diversity represented by
two classes; Betaproteobacteria (46.2%) and Gammaproteobacteria 53.8%. Source

water was also predominated by Gammaproteobacteria (60%) while Beta and
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Alphaproteobacteria were 9.1% and 12.7% respectively. Bacilli (12.7%) were present
only in source water but not water at the endpoint. Baricho biofilms also displayed a
greater bacteria class diversity at source, comparable to the end point although most of

the classes had very low abundance values of less than 1%.

Higher diversities at source may also be as a result accumulated sediemnts in the water
collection tanks. Such sediments can consist of either organic matter, including micro-
organisms, or insoluble material, mainly iron and manganese. Significant microbial
activity may occur in accumulated sediments. Organic and inorganic particles can also
accumulate in low-flow areas or dead-ends of the drinking water distribution systems,
and enhance microbial activity by providing protection and nutrients (EPA, 2002).
Biofilms that slough can accumulate in the periphery of distribution systems leading to
sediment accumulation and the proliferation of some microorganisms (Van der Kooij,
2000). Sediment accumulation may also lead to decrease of disinfectant residual in

water resulting in lower bacterial diversities along the distribution lines.

Even so, regrowth may occur when the residual chlorine decays further down in the
distribution system (Chandy and Angles, 2001). This may account for the high bacterial
composition and diversity at distribution systems endpoints. Some studies have
demonstrated that chlorine is able to control biofilm formation by reducing the rate of
biofilm growth, promoting the biofilm detachment and decreasing the activity of
microorganisms (; Codony et al., 2005; Codony ef al., 2002; Lund and Ormerod, 1995;
De Beer et al., 1994). However, the presence of residual chlorine is also one of the

stress factors that lead to biofilm formation (Kokare et al., 2009).
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Interestingly, Agrobacterium tumefaciens an organism extensively exploited in genetic
engineering for its potential to initiate faster and gigantic growth of cells was recovered
in both water line sources, raising queries on the implications of lateral gene transfer
within the water distribution systems. Studies have shown that Agrobacterium
tumefaciens is one of the viable but nonculturable bacterial communities that can
survive in water (Byrd et al,, 1990). The implication is that there is a possibility that
being a soil organism it may get into drinking water at the soil water interfaces but

probably was not detected using culture dependent techniques.

The taxonomic analyses revealed that drinking water treatment significantly influence
the microbial structure, as indicated by the large drop of several dominant bacterial
phyla in BRW 3 after treatment except Proteobacteria (Fig. 4.20). The dominant
classes in Proteobacteria obviously shifted from Alpha and Betaproteobacteria in
Mzima water and biofilms at source respectively (Fig. 4.21) to Betaproteobacteria
and Gammaproteobacteria at Mzima endpoint water and biofilms respectively. A
general shift in dominance from Gammaproteobacteria at source to
Alphaproteobacteria and Betaproteobacteria at endpoint in the Baricho water line
suggests that Alphaprotebacteria and Betaproteobacteria are tolerant to chlorination
which occurs during water treatment. A study by Koskinen et al. (2000) reported that
Alphaproteobacteria  can  persist after  chlorination. The survival of
Sphingomonadaceae, a family under Alphaproteobacteria has been associated with its

high resistance to chlorination. Thus, the bacteria in Sphingomonadaceae family are
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often abundantly found in drinking water systems (Vaz-Moreira ef al., 2011;

Srinivasan et al., 2008).

Acinetobacter which was present in all sampling points is a genus of Gram-negative,
heterotrophic bacteria (Brenner er al., 2005) that is commonly found in soils and
ground\;vater (McKeon ef al., 1995; Shirey and Bissonnette, 1991). Acinetobacter is also
one of the most common groups of bacteria usually isolated from drinking water
(Szewzyk et al., 2000). A number of Acinetobacter species have been shown to produce
biofilms (Hansen, '2007; Tomaras et al., 2003). Hence the presence of Acinetobacter in
the pipe biofilms was not surprising. However, the dramatic variation in Acinetobacter
abundance between source and endpoints samples was remarkable with higher
proportions being recorded at the end points. Although bacteria from the genus
Acinetobacter are generally aerobes, there are some species within the genus that can
utilize nitrate as an electron acceptor when oxygen is not present (Wentzel ef al., 1986),
allowing them to thrive in anoxic environments like water conveying pipelines, there by

accounting for the Acinetobacter increase at endpoints.

5.6  Pathogenic Species in Drinking Water Distribution Systems

According to the guidelines for drinking water quality, there is no tolerable lower limit
for pathogens in water intended for consumption, preparing food, drink or for personal
hygiene. Hence drinking water should not contain human pathogenic (KEBS, 2005;
WHO, 2003). In the present study, at least 140 species of potentially pathogenic

bacteria were identified in the water distribution system. Opportunistic pathogens
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present a unique challenge in drinking water systems. Waterborne opportunistic
pathogens, including Legionella pneumophila, Mycobacteria (NTM), Pseudomonas
aeruginosa, and Acanthamoeba spp., have become an emerging public health concern
(September et al., 2004). Several genera known to carry pathogenic strains were
detected in the water samples by the pyrosequencing analysis (Fig. 4.26).
Escheriéhia/Shigella was recorded in the source water in both water lines at different
proportions. Some Staphylococcus, Pseudomonas, and Enterococcus species were also
detected in the water samples. The high levels of pathogenic species in drinking water
may indicate that .either disinfection is not effective or the bacteria are developing
mechanisms of resistance to the disinfectants. In this study particularly, there was
notably some occasion when chlorination was not carried out due to administrative
challenges. Past studies have cited Legionella and Mycobacterium as the most
commonly detected pathogenic bacteria in drinking water systems and that the two are
typically present in trace quantities (Holinger er al., 2014; Revetta et al., 2013;

Marciano-Cabral et al., 2010; Feazel et al., 2009;Vaerewijck et al., 2005).

Generally the'number of truly pathogenic species in Mzima water line was not different
at source and endpoint, but there was a very significant reduction in pathogenic species
in Baricho water line endpoints comparable to the source. Baricho source water and
biofilms featured 31 and 24 species respectively, while endpoint water featured 20
species and biofilms 15 species. This could be as a result of the effect of chlorination at

BRW4 where there is a reduction in pathogenic species. More Mycobacterium,
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Pseudomonas, Acinetobacter and Aeromonas species were found in the Mzima and

Baricho water lines compared to previous studies.

Past studies have reported that Acinetobacter, Aeromonas, Alcaligenes, Bacillus,
Burkholderia, Citrobacter, Enterobacter, Flavobacterium, Klebsiella,
Methylobacterium, Moraxella, Pseudomonas, Serratia, Mycobacterium, Sphingomonas
and  Xanthomonas, which are Gram negative, and Staphylococcus and
Arthrobacter/Corynebacterium which are gram positive, are the predominant bacterial
genera in drinking water distribution systems (Berry et al., 2006; Block et al., 1997).
The study findings indicated that Gram-negative bacteria are usually predominant over
Gram-positive bacteria while Pseudomonas species are the most abundant bacterial

organism in supply systems, regardless of the water source.

Some gehera such as Acinetobacter, Stenotrophomonas, Burkholderia, Flavobacterium,
Pseudomonas, Staphylococcus and Escherichia/Shigella are known for their facultative
pathogenic and nosocomial character (Das et al., 2002). Gram-negative pathogens such
as E. coli, Klebsiella, Pseudomonas, Serratia, Enterobacter, Edwardsiella and Bacillus
species were also identified. Although they can cause facultative infections in those

with certain predispositions, they can also live in symbiosis with plants or can be used

as pro- and prebiotics for both plants and humans (Ryan ez al., 2009).

Metagenome analyses confirmed the ubiquity of mycobacteria in drinking water
distribution systems. Other microbial diversity studies have documented the presence of

mycobacteria in drinking water distribution systems (Covert ef al., 1999). The genus
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Mycobacterium consists of approximately 100 species, including a large number of
species that are either non-pathogenic or pathogenic under certain situations
(Vaerewijck et al., 2005). Mycobacteria have been detected previously in drinking
water distribution systems via culturing with M. gordonae and M. intracellulare being
the most frequently detected Mycobacterium species (Pryor et al., 2004). M. gordonae,
which is among the most frequently reported mycobacteria in drinking water and water
distribution systems (Vaerewijck ef al., 2005), is generally considered non-pathogenic
(Weinberger et al., 1992). In this study, the Mycobacteria species of pathogenic value
were identified as; M. mucogenicum, M. brumae, M. senegalense, M. duvalii, M.
mageritense, M. asiaticum, M. gadium, M. laticola and M. poriferae. Several recent
studies have detected species related to Mycobacterium in chlorinated drinking water
(Gomez-Alvarez et al, 2012; Beumer et al., 2010). Among the mycobacterial sequences
identiﬁed, the nontuberculous mycobacteria (NTM) were relatively abundant,
specifically, Mycobacterium mucogenicum (Fig. 4.30). Members of the NTM group are
_considered ubiquitous in the environment and potentially pathogenic to individuals with
predisposing - conditions. A notable observation was the occurrence of these
mycobacteria in biofilm samples and not water samples with the exception of BRWS5
from which all the identified mycobacteria were recovered. Mycobacterium
mucogenicum was first discovered in a dialysis patient who developed septicemia via a
catheter line that had been washed in infected water (Shehan and Sarma 2008). M.
mucogenicum is associated with a wide range of clinical diseases and has been observed
in complex infectibns of both immunocompromised and immunocompetent individuals.

The bacterium is able to tolerate various disinfectants including chlorination and
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extreme temperature (Reddy et al., 2012). Their resistance to disinfectants can be
attributed to their complex cell wall (Liu, 2012; Szewzyk et al., 2000). There are also
many species of mycobacteria that normally live as environmental saprophytes. These
environmental mycobacteria (EM) are also opportunistic causes of disease in humans
and animals. They are frequently found in drinking water distribution systemss (Liu,
2012; Vaerewijck et al., 2005; September ef al., 2004) where they form biofilms on the
surface of pipelines. Hence, eliminating mycobacteria from drinking water distribution

systems is more difficult than other pathogens because of their tolerance to disinfection.

Achromobacter xylosoxidans, which was recovered in MZW1 should be considered a
potential pathogen in patients with skin and soft tissue infections, especially in patients
with vascular diseases or after surgery or trauma. A history of contact with water is
likely to be traced during investigation of cases of Achromobacter xylosoxidans
infection. Dietzia maris found in Mzima biofilms at source, has been isolated from soil
and the skin and intestinal tract of carp. A case associating D. maris bacteremia with the
a presence of a catheter in an immunocompromised patient presenting with septic shock
and pneumotﬁorax has also been reported. Micrococcus oxydans and paraoxydans are
known to cause Endophthalmitis, UTI, endocarditis, soft tissue infection,
hypersensitivity pneumonitis, meningitis, CAPD peritonitis and bacteraemia. Several
pathogenic corynebacterial species including Corynebacterium cylea, C. macginley and
C. tuscaniae were recovered from Baricho source biofilm. These Corynebacterium
species are known to cause septicaemia, peritonitis, urinary tract infections, eye

infection, wound infection, endocarditis, osteomyelitis, septic arthritis, meningitis and
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abscesses. Unfortunately they are also known to be multi-drug resistant and are

increasingly detected in immunosuppressed patients (Tatsumi and Inui, 2012).

Pseudomonas species were recovered from all water and biofilm samples in different
proportions. Pseudomonas aeruginosa P. alcaligenes, P. mendocina, P. chlororaphis,
P. fluorescens, P. mosselii, P. putida and P. stutzeri are pathogenic causing
bactefaemia, UTI, wound infection, abscesses, septic arthritis, conjunctivitis,
endocarditis, meningitis and otitis media, most of which are nosocomial infections
associated with invasive devices in debilitated patients. Pseudomonas stutzeri is
uncommonly isélated from patients and rarely causes disease. Clinical isolates of P.
stutzeri from a university hospital were reviewed over a 16-year period (Bisharat ef al.,
2012). In this hospital experience, only three patients were identified with P. stutzeri
infection, and in only one of these was the organism present as the sole isolate. A
review of the literature shows that P. stutzeri is most frequently isolated from blood,
wounds, the respiratory tract, and urine. P. stutzeri has also been associated with
septicemia and bacteremia, as well as endocarditis on a prosthetic mitral valve,
Meningitis due to P. stutzeri has also been described (Sunbul ef al., 2009). Bone and
joint infections included vertebral osteomyelitis. Other reports include continuous
ambulatory peritoneal dialysis (CAPD), P. stutzeri associated peritonitis (Ceri et al.,
2010), conjunctivitis and corneal infections. Cases of nosocomial transmission of P.
stutzeri include secondary bacteremia caused by contamination of a dialysate, in
hemodialysis patients (Goetz et al., 1983). Patients with P. stutzeri infections often have

serious underlying disease but generally respond to treatment with antibiotics including
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the  aminoglycosides, the  antipseudomonal  penicillins, trimethoprim—
sulfamethoxazole, and the third-generation cephalosporins. P. oryzihabitans
(Flavimonas oryzihabitans) found in two of the Mzima water samples causes

septicaemia, eye infection, CAPD and peritonitis.

Bacillus anthracis which causes anthrax was identified in eight water sample
predominantly of Mzima line, and two biofilm samples of the Baricho line. Bacillus
spp. rarely cause focal and systemic sepsis, some of whose isolates are resistant to
vancomycin. Bacillus thuringiensis is a biological insecticide which has caused corneal
infection. It was identified in very high abundance in source water both in Mzima and
Baricho. Other pathogenic bacilli were Bacillus. cereus and Bacillus subtilis which
cause food poisoning, wound infection, cutaneous lesions, bacteraemia, endocarditis,
eye infection and self-limiting diarrhea. Bacillus cereus is also notably resistant to -
lactams antibiotics and may contribute antibiotic resistant genes to other bacteria in the

systems.

.Enterococci are known human pathogens mostly associated with water and foodborne
diarrheal diseases. The pathogenic species identified in the water distribution systems
were Enterococcus gilvus, E. gallinarum, E. mundltii, E. pallens, E. Durans, E. faecalis,
E. faecium and E. avium, all implicated in bacteraemia, abscesses, endocarditis,
meningitis, UTI, peritonitis, osteomyelitis and wound infections. Enterobacter
hormaechei is a common cause of nosocomial infection characterized by bacteraemia,

respiratory tract infections and UTIs (September et al., 2004).
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Three Clostridial species (Clostridium spp., Clostridium peptidivorans and Clostridium
subterminale) were identified mostly in the Mzima water line both in the water and
biofilms. Of the three, only Clostridium subterminale is a confirmed pathogen causing
wound infections, bacteraemia and abscesses. Escherichia coli is associated with UTIs,
bacteraemia, wound infections, meningitis, enteric infections, hemolytic, uraemic
syndrome. Escherichia fergusonii on the other hand causes bacteraemia, wound

infections and UTIs. Cases of Ampicillin-resistance have been recorded.

Pathogenic Aerompnas species were noticeably abundant in both water lines but
distinctinctly more abundant in end point water and biofilms. These included
Aeromonas enteropelogenes, A. hydrophila, A. media, A. schubertii and A. veronii,
which have been implicated in wound infections, abscesses, septicaemia, meningitis,
leech-bite infections, alligator-bite infections and acute diarrhea infections associated
with aquatic exposure. Aeromonas spp. has also been found in drinking water
distribution systems (Sen and Rodgers, 2004).

_Bacteria from the genus Acinetobacter which was abundant in endpoint water and
biofilms of Mzima and Baricho water lines, are a common causes of nosocomial
infections among immunocompromised patients, with the most common being
respiratory infections of ventilated patients (Forster and Daschner, 1998). Acinetobacter
baumannii, A. junii, A. johnsonii, A. calcoaceticus, A. schindleri, A. haemolyticus, A.
radioresistens anci A. Ilwoffi have been implicated in septicaemia, urinary tract

infections, wound infections, abscesses, endocarditis, meningitis and osteomyelitis.



135

Klebsiella oxytoca and K. variicola found mostly in the Mzima water samples and a few
Baricho biofilm samples causes urinary tract infections, bacteraemia, wound infections
and respiratory tract infections. Agrobacterium tumefaciens found in both water lines at
source causes endocarditis, CAPD peritonitis, urinary tract infections and line sepsis.
This suggests that consumption of the water may be one of the causes of the increased
prevalen;:e of respiratory diseases. Use for hygienic cleansing while bathing may also
be contributing to the rise in urinary tract infections especially in immunocompromised

individuals.

Bacterial genera which contain plant-associated taxa such as Burkholderia,
Pseudomonas, Lactobacillus, or Methylobacterium were also identified. These bacteria
can also undergo bivalent interactions that enable them to colonize both plants and
humans. Depending on the genera or species of these groups, the high frequency of
occurrence of members of these classes in drinking water deserves some attention as
they include many ubiquitous and opportunistic bacteria, with potential public health
- implications. For example, uSing culture-dependent methods, it was shown that some
Proteobacteria, such as Acinetobacter, Sphingomonadaceae, Pseudomonas, Variovorax
or Ralstonia, occur in tap or bottled mineral water, and may be sources of antibiotic
resistance (;Casanovas-Massana and Blanch, 2012; Falcone-Dias et al, 2012; Vaz-
Moreira et al., , 2012 and 2011a; Tokajian ef al, 2005; Norton and LeChevallier,
2000). Other published studies have reported on the occurrence of several pathogens in
drinking water distribution systems. Such potentially potentially pathogenic

mycobacteria detected in water samples collected in France (Le Dantec et al., 2002).
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Opportunistic pathogens, Mycobacterium sp., Legionella spp. and P. aeruginosa were
detected in biofilms and drinking water in Germany (Emtiazi et al., 2004); Helicobacter

spp. was also identified in biofilms (Park et al., 2001).
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CONCLUSION
The bacterial community in drinking water distribution systems is consistent with that
of other freshwater environments such as rivers and springs where distribution system
waters originate.
Sequences that made up the water distribution systems dominant bacterial phyla
are  Proteobacteria, Firmicutes, Bacteriodetes, Actinobacteria  and
Planctomycetes. Other predominating phyla phylotypes of interest were the
Candidate divisions 7M7 and ODI. The bacterial composition and diversity of
the drinking water distribution systems of Mombasa is not different from the
typical bacterial flora of water distribution systems.
The relative abundance estimates of different members of bacterial communities in

Mzima and Baricho distribution systems were not similar.

There was a higher bacterial richness and abundance in the Baricho water line
than the Mzima line, which had superior bacterial evenness. Equally high
bacterial diversity was evident in the Baricho water line, especially in biofilms.

The bacterial community composition of drinking water distribution systems is related

to its water quality.

While water from the distribution system has acceptable pH, temperature,
residual Chlorine, Nitrate and Phosphate levels, Iron Lead and Manganese levels
are above acceptable limits of potability. Temperature, Iron and Nitrates appear
to be the most important environmental parameters in determining the
compositidn and diversity of bacteria in the different phases of the system.

The bacterial communities of biofilm and bulk water populations are different.
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Biofilms microbiomes featured characteristically higher bacterial diversity
richness and abundance than water. Gammaproteobacteria and Bacilli, and
Clostridia of the Firmicute class appeared in both biofilms and water. Water was
predominated by Alphaproteobacteria, Betaproteobcteria and Nitrospirae, while
Favobacteria, Deltaproteobcteria, bacteria NPL.UPA2 and Candidate division
ODI were characteristic of biofilms. A significant fraction of unclassified
bacteria biofilm samples which showed that there are still many unknown

bacteria remaining to be characterized in these oligotrophic environments.

There is 2 sigmficant variation in bagterial composition and diversity at the souree and

end point phases of the water distribution systems.

Persistent dominat bacteria populations which survived different phases of the
distribution steps and appeared in the two water lines were Proteobacteria,
Firmicutes and Bacteroidetes. The Nitrospirae, Elusimicrobia, Cyanobacteria,
Gemmatimonadetes, NP-UPA2, and Candidate Divisions 7M7, OP11 and ODI
were present only at source but not at endpoints and mostly in biofilms.
Substantial differences were observed in bacterial community diversity and

abundance at source and endpoint biofilms but not in bulk water.
The water distribution system is rich in facultative and potentially pathogenic bacteria.

Presence of potentially pathogenic bacteria in both bulk water and biofilms with
140 phylotypes of potentially pathogenic species including; Mycobacterium,
Pseudomonas, Escherichia, Shigella, Aeromonas, Enterobacter and Bdelovibrio

were detected.
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RECOMMENDATIONS
The evident presence of pathogens in these water distribution systems indicates

potential health threat for humans. This can be minimized through;
Adherence to stipulated water disinfection strategies

‘More frequent sampling of individual water distribution systems to identify their

unique challenges of contamination.

Implementation of cross connection detection programs involving real-time
water quality sensors to detect and minimize possibility of chemical or

microbiological contamination.
Implementation of a leak detection system and repair program.

Adoption of DNA pyrosequencing-based bacterial identification can be a valuable tool

that markedly improves bacterial pathogen identification.

The identification of sequences unrelated to common microbial indicators demonstrates

_ the presence of yet-to-be-characterized disinfectant-resistant microbial risks in drinking

water, suggesting the importance of developing additional microbial indicators and

techniques for the monitoring of these microbial risks.
Areas for further research include;

Isolation of candidate phyla and to continue analysing all members of the

phylum Proteobacteria prominent in Water distribution systems.

Effects of seasonality on bacterial community structure.
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Functional analyses of bacterial groups and associated functional genes and their
potential role in disinfectant-resistance allowing for bacteria survival

mechanisms in Water distribution systems.

Further genomic DNA sequencing should be performed to find the other
microbial (Archeae, viruses and eukaryotic microbes) members of the

communities in oligotrophic environments.

Additional metagenomic approaches will a more comprehensive understanding of the
microbial ecology of drinking water distribution systems relative to disinfection
regimes. Such information is critical to the design of effective management practices

and subsequently helps to safeguard human health.
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APPENDICES

Appendix I: Map of Kenyan Coastal Region
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Appendix II: List of primers used for 16 S rRNA gene amplification

Sample ID  Barcode Sequence Linker Primer Sequence
BRB.1 ACTCACAG AGRGTTTGATCMTGGCTCAG
BRB.2 ACTCACTC AGRGTTTGATCMTGGCTCAG
BRB.3 ACTCCAGA AGRGTTTGATCMTGGCTCAG
BRB.4 ACTCGAGT AGRGTTTGATCMTGGCTCAG
BRW.1 ACGTTGGT AGRGTTTGATCMTGGCTCAG
BRW.3 ACTCCACT AGRGTTTGATCMTGGCTCAG
BRW 4 ACTCGACA AGRGTTTGATCMTGGCTCAG
BRW.5 ACTCTCAC AGRGTTTGATCMTGGCTCAG
BRW.6 ACTCTCTG AGRGTTTGATCMTGGCTCAG
MZB.1 ACGTGATC AGRGTTTGATCMTGGCTCAG
MZB.2 ACGTGTTG AGRGTTTGATCMTGGCTCAG
MZB .4 ACGTTGCA AGRGTTTGATCMTGGCTCAG
MZB.5 ACTCAGTG AGRGTTTGATCMTGGCTCAG
MZB.7 ACTCGTGA AGRGTTTGATCMTGGCTCAG
MZW.1 ACGTGAAG AGRGTTTGATCMTGGCTCAG
MZW 2 ACGTGTAC AGRGTTTGATCMTGGCTCAG
MZW.3 ACGTTCCT AGRGTTTGATCMTGGCTCAG
MZW 4 ACGTTCGA AGRGTTTGATCMTGGCTCAG
MZW.5 ACTCAGAC AGRGTTTGATCMTGGCTCAG
MZW.6 ACTCCTGT AGRGTTTGATCMTGGCTCAG
MZW.7 ACTCGTCT AGRGTTTGATCMTGGCTCAG
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Appendix III: The proportion of phyla phylotypes recovered in distribution systems samples

AY

Taxon BRW.1 BRB.1 MZB.1 MZW.2 BRW.5 BRB.2 MZW.7 MZW.4 MZW.5 BRW.6 MZB.7
Acidobacteria 0 0.0033 0.007194 0 0.014184 0.005 0.005587 0 0 0 0
Actinobacteria 0 0.013201 0.172662 0 0.06383 0 0 0 0 0 0.015504
Armatimonadetes 0 0 0 0 0.004728 0 0 0 0 0 0
Bacteria;BD1-5 0 0 0 0 0.004728 0 0 0 0 0 0
Bacteroidetes 0.054545 0.059406 0.014388 0 0.12766 0.03 0.022346 0.039216 0 0 0.023256
CD BRC1 0 0 0 0 0.002364 0 0 0 0 0 0
cp oD1 0 0.046205 0 0 0.01182 0.005 0 0 0 0 0
cDp oP11 0 0.009901 0 0 0.002364 0 0 0 0 0 0
CD OP3 0 0 0 0 0.004728 0 0 0 0 0 0
cD TM7 0 0.072607 0 0 0.004728 0 0 0 0 0 0
CD WS3 0 0 0 0 0.002364 0 0 0 0 0 0
Chlorobi 0 0.0033 0 0 0 0 0 0 0 0 0
Chloroflexi 0 0.0033 0.028777 0 0.037825 0 0 0 0 0 0.007752
Cyanobacteria 0 0.0033 0.007194 0 0.002364 0.02 0 0 0 0 0
Deinococcus-
Thermus 0 0 0 0 0 0 0 0 0 0 0
Elusimicrobia 0 0 0 0 0 0.045 0 0 0 0 0
Firmicutes 0.127273 0.0033 0.201439 0.337349 0.002364 0.005 0.089385  0.27451 0.5 0 0.224806
Gemmatimonadetes 0 0.0033 0.014388 0 0.004728 0 0 0 0 0 0
Lentisphaerae 0 0 0 0 0 0 0 0 0 0 0
NPL-UPA2 0 0.006601 0 0 0.007092 0.005 0 0 0 0 0
0 0.013201 0.014388 0 0.009456 0.02 0 0 0 0 0

Nitrospirae




Planctomycetes 0 0.009901 0.007194\ 0 0.130024 0.015 0 0 0 0 0.007752
Proteobacteria 0.818182 0.729373  0.52518 0.662651  0.50591 0.845 0.882682 0.686275 0.5 1 0.72093
SM2F11 0 0.006601 0 0 0 0 0 0 0 0 0
TM6 0 0 0 0 0 0.005 0 0 0 0 0
Verrucomicrobia 0 0.013201 0 0 0.056738 0 0 0 0 0 0
Other 0 0 0.007194 0 0 0 0 0 0 0 0
Taxon MZW.1 MZB.2 BRW.4 BRB.3 MZW.3 MZW.6 MZB.5 MZB.4 BRB.4
Acidobacteria 0 0 0 0 0 0 0.016129  0.043478  0.014925
Actinobacteria 0.057143 0 0 0.014286 0 0 0.032258  0.065217 0.014925
Armatimonadetes 0 0 0 0 0 0 0 0 0
Bacteria;BD1-5 0 0.01 0 0 0 0 0 0 0
Bacteroidetes 0.128571 0.07 0.125 0.028571 0.051724 0 0 0.369565 0.059701
CD BRC1 0 0 0 0 0 0 0 0 0
CD OD1 0 0 0 0 0 0 0 0 0
CD OP11 0 0 0 0 0 0 0 0 0
CD OP3 0 0 0 0 0 0 0 0 0
CD TM7 0 0 0 0 0 0 0 0 0
CD WS3 0 0 0 0 0 0 0 0 0
Chlorobi 0 0 0 0 0 0 0 0 0
Chloroflexi 0 0 0 0 0 0 0 0 0
Cyanobacteria 0 0 0 0 0 0 0 0.021739 0
Deinococcus-Thermus 0 0 0 0 0 0 0 0 0
Elusimicrobia 0 0 0 0 0 0 0 0 0
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Appendix IV: Heat map of the OTUs occurring in all Mzima and Baricho water

lines
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Each column represents a different sample group; each row represents a different OTU; the
color of the cells represents the frequency of that OTU within the sample group (percentage of
the group samples the OTU was retrieved from).
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The phylogenetic data indicated that the microbial community is constructed out of a
significant number of different and mostly nonpathogenic proteobacterial species. Of

these many are probably novel and have not yet been cultured.
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