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ABSTRACT

The earth is a reservoir of genetic and metabolic diversity of microbial cells, mainly
represented by uncultured groups. Previously, both culture-dependent and independent
methods have been applied to study the diversity of microorganisms in extreme
environments such as soda lakes. High throughput methods that involve direct isolation
and analyses of nucleic acids from samples have been found more feasible in microbial
ecology studies. Although earlier reports point to low microbial diversity, most recent
studies indicate enormous diversity close to that found in soil. However, these studies
have relied on the analysis of metagenomic DNA and may have a bias, since it
incorporates both dead and live cells in the analysis. The main objective of this study
was the application of metagenomic (DNA) and metatranscriptomic (RNA) analysis to
study the diversity and function of active microbial communities within hot springs of
Lake Magadi and Little Magadi in Kenya. Lake Magadi is hypersaline, alkaline lakes
situated in the southern part of Kenyan Rift Valley. Solutes are supplied mainly by a
series of akaline hot springs with temperatures as high as 86 °C. Preceding culture
independent studies were based on the analysis of 16S rDNA but were done on less
saline lakes. In thisinitia study, illumina sequencing and analysis of amplicons of both
total community rDNA and 16S rRNA cDNA; aswell as mRNA transcript analysis were
combined to determine the diversity and community structure of bacteria, archaea and
fungal communities within 3 hot springs of Lake Magadi and Little Magadi.The samples
collected included water, wet sediments and microbial mats from the hot springsin Lake
Magadi at 45.1 °C and from Little Magadi “Nasikie eng’ida” at 81 °C and 83.6 °C. Total
community DNA and RNA were extracted from samples using phenol-chloroform and
Trizol RNA extraction protocols respectively. The 16S rRNA gene variable region (V4 —
V7) of the extracted DNA and RNA; and Fungal Internal Transcribed Spacer region,
were amplified. Library construction was performed following Illumina sequencing
protocol. Sequences were analyzed using QIIME pipeline. The R programming language
and Vegan package were used to calculate Bray-Curtis dissimilarities between datasets,
hierarchical clustering, Non Metric Dimensional Scaling (NMDS), redundancy anaysis
(RDA) and diversity indices. The Illumina HiSeq 2000 platform was used to analyze
pool of metabolic genes in wet sediments, microbial mats and water samples collected
from 83.6°C hot spring without amplification. Metabolic genes data was analyzed at
Computational Bioscience Research Center, King Abdullah University of Science and
Technology on Dragon Metagenomic Analysis Platform (DMAP) using the Automatic
Annotation of Microbial Genomes (AAMG) pipeline.Results showed that 3502 and
1913 Operational Taxonomic Units (OTU) were recovered from 16S rDNA and 16S

XVviii



rRNA cDNA respectively. Uncultured diversity accounted for 89.35% 16S rDNA and
87.61% 16S rRNA cDNA reads. The most abundant phyla in both the 16S rDNA and
16S rRNA cDNA datasets included: Proteobacteria (8.33 — 50 %), Firmicutes 3.52 —
28.92 %, Bacteroidetes (3.45 — 26.44 %), Actinobacteria (0.98 - 28.57 %) and
Euryarchaeota (3.55 - 34.48 %) in al samples. The NMDS analyses of taxonomic
composition clustered the taxa into three groups according to sample types (i.e. wet
sediments, mats and water samples). There was evident overlap of clusters between wet
sediments and microbia mats from the three sample types in both DNA and cDNA
datasets. The hot spring at 45.1 °C contained |ess diverse populations compared to those
in Little Magadi at 81-83 °C. There were significant differences in microbial community
structure at 95 % level of confidence, for both total diversity (P value, 0.009), based on
16S rDNA analysis and active microbia diversity (P value, 0.01) based on 16S rRNA
cDNA analysis, within the three hot springs. Using the Fungal ITS dataset, a total of
334, 394 sequence reads were obtained within which, 151 OTUs were readized at 3%
genetic distance. Taxonomic analysis revealed that 80.33 % of the OTUs belonged to the
Phylum Ascomycota, 11.48 % Basidiomycota while the remaining consisted of
Chytridiomycota, Glomeromycota and early diverging fungal lineages. The most
abundant Ascomycota groups consisted of Aspergillus (18.75%), Stagonospora and
Ramularia (6.25% each) in wet sediment at 83.6 °C. Penicillium and Trichocomaceae
(14.29% each) were dominant in wet sediment at 45.1 °C. The results revealed
representatives of thermophilic and akaliphilic fungi within the hot springs of Lake
Magadi and Little Magadi suggesting their ability to adapt to high akalinity,
temperature and salinity. Microbial taxonomic classification of mMRNA transcript
comprised of cellular organisms and viruses across al samples. Differencesin microbial
composition and structure were observed as a function of sample type and temperature,
with wet sediments harboring the highest diversity. More than 50% of microbial species,
KEGG Orthologs, Gene Ontology and Enzymes were found to be unassigned within in
the various functional classifications. Consequently, it can be concluded that the alkaline
saline hot springs are inhabited diverse microorganisms that can be revealed by
application of next generation sequencing technology in microbia ecological studies.
Further research should focus on culturing the revealed uncultured groups of bacteria,
archaea, fungi and viruses, and possible bioprospecting for their applicability in
biotechnology industries.
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CHAPTER ONE
INTRODUCTION
1.2 General Introduction

Extreme alkaline environments include naturally occurring soda lakes, soda deserts,
soils and artificial industrial-derived waters. Soda lakes represent the most stable
naturally occurring highly alkaline environments on earth. They commonly have pH
values greater than 10 (occasionaly reaching pH 12) and are characterized by the
presence of large amounts of NaCOjs, (usualy as NaCO03.10H,O or NaCOs,
NaHCO;.2H,0) and are depleted of Mg® and Ca’™* because of the insolubility of
carbonates under alkaline conditions (Duckworth, 1996; Grant, 2006). Environmental
conditions such as pH, temperature and salinity are extremely high or low in these
habitats (Horikoshi, 1991). They are often remote from the main centers of human
activity and perhaps for this reason, they have been little studied. These environments
are home to various groups of microorganisms adapted to these specific conditions.
They include alkaliphiles, thermophiles, halophiles and acidophiles, depending on the
type of extreme environment in which they inhabit (Horikoshi, 1991).

1.2 Distribution and featur es of soda lakes

Soda lakes are natural alkaline environments that are widely spread in the world
(Table 1.1). Examples include Mono Lake and Summer Lake in North America
(Raymon & Sistrom, 1967), Lake Van in Turkey (Kempe & KaZmierczak, 2002),
Lake Malyi Kasytui, Siberia (Bryantseva et al., 19994) and L akes; Magadi, Elmenteita,
Sonachi, Nakuru and Bogoria in the East African Rift Valley (Baumgarte, 2003). The
salinity of East African Rift Valley lakes varies from 5% in the Northern lakes
(Bogoria, Nakuru, Sonachi, and Elmenteita) to approximately 30% (saturation)
halite/trona saturation (Lake Magadi, Little Magadi and Lake Natron), with



approximately equal proportions of sodium carbonate and sodium chloride as the main
salts (Grant, 1992). Lake Magadi is one of the smallest and most saline lakes in the
East Rift Valley (Warren, 2006). These lakes are found in hydrologicaly closed
basins, either due to being crater lakes, or due to their position in a natural depression
(Warren, 2006). The pH ranges from 9 to 11.5 in the more akaline depressions (Grant,
1992; Duckworth et al., 1996). Detailed limnological and microbiological studies
have been carried out in East African Rift Valley lakes since the early 1930s (Grant
et al., 1990; Jones et al., 1994; Duckworth et al., 1996; Jones et al., 1998; Tindall,
1988; Baumgarte, 2003).



Table1l.1: Soda lakesin theworld

Country Lakes

Canada Lake Manito
Albert Lake, Lake Lenore, Soap Lake, Big Soda Lake, Owens Lake,
Mono Lake, Searles Lake, Marsh, Harney Lake, Summer Lake, Pyramid

United States Lake, Walker Lake

Mexico Lake Texcoco

Hungary Lake Feher

Russia Tanatar Lakes

Turkey LakeVan

India Lake Loner, Lake Sambhar

Chi Lake Chahannor; Lake Zabuye; Bange Lake; Lake Baer; Lake Wudunao;

ina :

Lake Hamatai

Libya Lake Fezzan

Egypt Wadi Natrun

Ethiopia Lake Aranguadi, Lake Kilotes, Lake Abiata, Lake Shala, Lake Chilu,
Lake Hertale, Lake Metahara

Sudan Dariba lakes

Kenya L.ake. Bogoria, Lake Nakuru, Lake Elmenteita, Lake Magadi, Lake
Simbi, Lake Sonachi
Lake Natron, Lake Embagi, Lake Magad, Lake Manyara, Lake

Tanzania Bal angic_:la, Bosotu Crater, Lakes, Lake K.u&are, Lake Tgl usﬁa, El
Kekhooito, Momela Lakes, Lake Lekandiro, Lake Reshitani, Lake
Lgarya, Lake Ndutu, Lake Rukwa North

Uganda Lake Katwe, Lake Mahega, ITake Kikorongo, Lake Nyamunuka, Lake
Munyanyange, Lake Murumuli, Lake Nunyampaka

Chad Lake Bodu, Lake Rombou, Lake Dijikare, Lake Momboio, Lake Y oan

Austraia Lake Corangamite, Red Rock Lake, Lake Werowrap, Lake Chidnup

Adapted from: Grant and Sorokin, 2011




1.3 Theformation of Soda lake environment

Soda lakes are characterized by large amounts of sodium carbonate, or carbonate
complexes, shaped by evaporative concentration (Grant, 1992; Jones & Grant,
2000). Factors leading to formation of alkaline saline deposits indude geographical,
geological and climatic conditions (Tindall, 1988). Climatic influence controls the
amount of water entering the system as rainfall or surface runoff and the amount
leaving by evaporation, hence favoring saline lake formation. Geochemical impacts
determine the ions flowing into the system. The carbon dioxide solution forms
carbonic acid, which undergoes ion exchange with the surrounding rock thus leaching
the minerals. The geochemistry of the region specifically influences the ionic
structure of groundwater (Tindall, 1988; Baumgarte, 2003). However, this may be
modified further by precipitation of insoluble salts or replenishment of lost
carbonate/bicarbonate by additional solution of carbon dioxide (Grant et al., 1990;
Behr & Rohricht, 2000; Baumgarte, 2003).

The most important contributing factor in alkaline environment is lack of alkaline
earth cations (Mg”* and Ca*) in the surrounding landscape, meaning that there’s an
absence of rocks of sedimentary origin. Concentration of the ions in groundwater
through evaporation leads to a shift in the carbon dioxide/bicarbonate/carbonate
equilibrium in favor of carbonate ions. This result in precipitation of insoluble
carbonates of calcium and magnesium, removing them from solution and allowing the
more soluble carbonates of sodium and potassium to build up (Baumgarte, 2003).
The topography allows concentration of these salts in a shallow depression forming a
closed drainage basin with a high marginal relief, having adequate rainfall to sustain
streams entering the basin to produce a standing body of water (Grant et al., 1990).
Generally, there’s little or no out flow and water loss is by evaporation. In arid zones
with high rates of evaporation exceeding inflow, salts accumulate (Jones et al., 1994,
Baumgarte, 2003).



Therift valley lakes are sustained by hot springs that are less concentrated and akaline.
However, gradients of temperature, salinity and pH occur where there is blending, in
this way making a scope of diverse soda lake habitats (Duckworth et al., 1996).
The chain of lakes occupying the Rift valley floor represents remnants of lakes of the
pluvial period that occurred 10,000 years back (Zavarzin et al., 1999). They are
Situated in a region with an extremely large geothermal gradient and associated with
underground agueous steam vents, for instance in Lake Bogoria and thermal outlets
found in Lake Magadi. The vicinity of hot springsin L. Magadi may also realize some
dispersion of the salt waters. However, there's no proof that this adds more solutes to
the brackish waters or that different wellsprings of sodium carbonate, for example, the
fountain of liquid magma Ol Doiny Lengai, which lies south of Lake Magadi, add to
the alkalinity and saltiness of this lake, or the neighboring Lake Natron (Baker, 1958;
Eugster, 1970; Joneset al., 1977).
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Figure 1.1: Map of Rift valley, Kenya, showing position of the lakes in relation to main

topographical features of therift. Lake Hannington is now called Lake Bogoria

(Brown, 1973; Baumgarte, 2003)



1.4 Microbial Diversity and productivity

Despite the extreme nature of soda lake environments, they are characterized by high
productivity probably as aresult of the high ambient temperatures, high light intensities,
accessibility of phosphates and unlimited access to carbon dioxide (Melack & Kilham,
1974; Grant et al., 1990). They have been found to support a dense and different
groups of heterotrophs, organotrophs, halophiles, alkaliphiles, and alkalitolerant
representatives of most important bacterial and Archaeal phyla (Duckworth et al.,
1996; Jones et al., 1998; Grant et al., 1999; Zavarzin et al., 1999; Mwirichia, 2009).
Among these microbial groups, there exists cycling of carbon, sulfur, and nitrogen
under aerobic and anaerobic conditions within the lakes.

A marked difference in microbial communities has been observed between the
hypersaline, alkaline brines of Lakes Magadi and Natron (Rift Valley), Owens Lake
(California) and some of the Wadi Natrun depression (Egypt) with salt concentration
approaching saturation (30 % or greater) and the more dilute waters of lakes
Elmenteita, Nakuru and Bogoria with about 5 % (w/v) salinity (Jones et al., 1994;
Jones et al., 1998). The less alkaline lakes are usually dominated by dense blooms of
cyanobacteria while the hypersaline lakes, on occasion (i.e. after extensive rainfall
causes dilution of the brines) support blooms of both cyanobacteria and alkaliphilic
anoxygenic phototrophs (Jones et al., 1998; Grant et al., 1999).

Although the soda lakes of the Rift Valley are eutrophic, moderately shallow and
probably oxygen limited, they maintain dense populations of non-phototrophic aerobic
organotrophic microbes that utilize products of photosynthesis as well as products of
anaerobic degradation. Viable counts of aerobic organotrophs from diluted lakes range
between 10° and 10° cfu ml ! (Grant et al., 1990). Therefore these diverse groups play
different roles in the biogeochemical cycles.



1.5 Statement of the problem

Kenyan soda |l akes are an example of relatively simple but highly productive ecosystems
that can serve as models for studying microbial diversity under extreme conditions. The
soda lakes are also characterized by hot springs which host both hyperthermophillic and
hal oalkalithermophilic microorganisms. These represent the organisms at the upper-
temperature limits of life (Stetter & Zillig, 1985; Brock, 1986; Stetter, 1996). They
grow optimally at temperatures between 80 and 105 °C and are unable to grow below
60 °C. Their adaptation to high pH and devated temperatures draws consideration not
just as a source of industrial enzymes, but also for studying adaptive mechanisms of
organisms to extreme environmental parameters. However due to the unculturability of
most microbes, very few organisms have been isolated from these extreme
environments. Culture independent studies done so far have focused on the diversity and
not on the function. Therefore, a better understanding of the structure, functions, and
interactions of the different microbial communities is required. This can be done using
novel high throughput techniques that explore both the diversity and function of the total
microbial community. In this study a combination of metagenomic and
metatranscriptomic analysis was used to study the diversity and function of microbial

communities within the hot springs of Lake Magadi and Little Magadi in Kenya.
1.6 Justification

The use of an integrated approach to understand microbial ecology and function is vital
for explaining the biochemica and ecological roles of uncultured microorganisms and
their interaction with biotic and abiotic factors. Culture dependent methods are valuable
in the detailed investigation of pure cultures to develop a better understanding of
microbia physiology and genetics. Culture dependent approach cannot be used for
objective analysis of populations within natural communities because, less than 1% of
the observed diversity can be cultured in the laboratory. It is therefore doubtful that such

would help in the accurate description of microorganisms as they occur within natural



habitats. Through the application of new sequencing technologies, it is possible to
observe the occurrence patterns of individual populations upon which the structure of
microbial communities is based. Earlier culture independent studies on Rift valley soda
lakes, based on the analysis of 16S rDNA were conducted on less saline (5%), akaline
lakes with lower temperatures. Moreover, such information on Little Magadi has not
been documented. This study involved application of metagenomic (DNA) and
metatranscriptomic (RNA) analysis to determine the diversity and function of microbial

communities within the hot springs of Lake Magadi.

1.7 Hypotheses

1. The hot springs of Lake Magadi arerich in microbial diversity.
2. The hot springs of Lake Magadi harbors active microbial diversity.
3. The hot springs of Lake Magadi are rich in diverse metabolic genes.

1.8 Objectives

1.8.1 General Objective

To study the functional microbia diversity within the hot springs of Lake Magadi and

Little Magadi, using metagenomic and metatranscriptomic analysis.

1.8.2 Specific Objectives

1. Toassessthetotal microbia diversity in the hot springs of Lake Magadi

2. To assess the active microbial community in the hot springs using I[llumina
sequencing of cDNA libraries generated from rRNA.

3. To assess the diversity of metabolic genes expressed in the hot springs using
[llumina sequencing of cDNA libraries generated from mRNA.



CHAPTER TWO

GENERAL LITERATURE REVIEW

2.1 Microbial diversity of soda lakes

The East African Rift valley soda lakes have been shown to support a dense and diverse
population of autotrophic, heterotrophic, organotrophic, halophilic, alkaliphilic and
alkalitolerant representatives of major bacterial, archaeal and fungal phyla (Duckworth
et al., 1996; Jones et al., 1998; Grant et al., 1999; Zavarzin et al., 1999). The lakes are
dominated by anaerobic breakdown of organic matter, with relatively limited obligate
alkaliphilic anaerobes, mostly of the clostridium group having been isolated (Grant et
al., 1999).

2.2 Diversity of haloalkaliphilesin Lake M agadi

Despite the elevated saline conditions coupled with high pH and low ammonium ion
concentrations in the soda lake environments (McGenity & Oren, 2012), studies have
demonstrated that this niche is home to a specialized groups of organisms. Although
species diversity is often lower in extreme environments (Kristjansson and
Hreggvidsson, 1995) such as Lake Magadi (Jones et al., 1994), the degree of
specialization of microbes in this carbonate rich environment is thought to have arisen
from long and complex evolutionary processes (Zavarzin et al., 1999; Bell, 2012). It is
hypothesized that the relationship between salt tolerance and efficient energy
metabolism in organisms as the partial reason for the decline in community composition
(Oren 1999). The study of total mineralization; rather than high alkalinity is the main
limiting factor of the whole trophic system present in soda lakes (Zhilina et al., 2012).

The hypersaline brines of Lake Magadi harbor a unique population of prokaryotes as the
dominant microbial biomass. Many of these microorganisms have been reported from

previous studies as being obligately akaliphilic or akalitolerant (Grant & Sorokin,
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2011) which represent separate akaliphilic lineages within pre-established taxa
(Zavarzin et al., 1999). These microbes are extremely prolific due to the high ambient
temperatures, high light intensities, availability of phosphates and an unlimited supply of
carbon dioxide from carbonates in solution (Melack & Kilham, 1974; Grant & Tindall,
1986).

Seasonally, Lake Magadi exhibits the pinkish-red coloration of the haloalkaliphilic
archaea due to the synthesis of Csy carotenoids by these microorganisms. In addition the
colorful blooms (green, pink or red) of cyanobacteria and akaliphilic anoxygenic
phototrophs are also visible periodically due to dilution of the brines (Rodriguez-Vaera
et al., 1981; Mwatha & Grant, 1993). Gram-negative bacteria have been reported to be
the magjor populations in this soda lake environment. The variabilities in conductivity,
alkalinity, phosphate and nitrogen levels determine species dominance during a

particular season (Jones et al., 1994).

Studies on microbial species from Lake Magadi have been an interesting area of
research and many haloakaliphilic strains have been retrieved using isolation media
enriched with appropriate concentrations of sodium carbonate and sodium chloride
(Jones & Grant, 1999; Baumgarte, 2003; Kambura et al., 2012). Biochemically reactive
microorganisms that are able to produce various extracellular hydrolytic enzymes such
as lipases, proteinases and cellulases have been isolated from Lake Magadi (Kambura et
al., 2012). Some of the groups obtained through culture dependent techniques have been
assigned to existing taxonomic groups while most fall into new microbial assemblages.
The 16S rRNA and 18SrRNA gene based studies of the organisms within soda lakes
have revealed novel taxa yet to be cultivated and characterized (Salano, 2011; Kambura
et al., 2012).

The presence of representatives of all the main trophic groups involved in the active
nutrient cycling (carbon, sulfur and nitrogen) under both aerobic and anaerobic
conditions in Lake Magadi, has been reported (Grant and Sorokin, 2011). The basis of
primary production within Lake Magadi is however unclear, since the trona beds are
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often dominated by organotrophic archaea (Grant, 2006). Grant and Tindall (1986)
suggest that primary productivity is probably driven by the genus Halorhodospira, a
typical soda lake component. A representative of this genus the sulfur oxidizing
Halorhodospira halophila has been isolated from Lake Magadi. The obligately
halophilic and alkaliphilic archaea present at densities of 10° -10” ml™ are presumed to
be vital for secondary productivity. The representatives of mgor trophic groups
identified under aerobic and anaerobic conditions within Lake Magadi are summarized

on Table2.1.
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Table 2.1: Representatives of trophic groups previoudly identified within Lake

M agadi

Trophic level Examples of aerobes

Phototrophs Arthrospira platensis (Grant, 2006) Oscillatoria limnetica
and Synechocytis salina (Dubinin et al.,1995)

Eukaryotic Chlorella minutissima (Gerasimenko et al., 1999)

microalgae

Sulfur-oxidizers Halomonas magadiensis (Duckworth et al., 2000) and
Thioalkalivibrio nitratis (Sorokin et al., 2011)

Haloalkaliphilic archaea Natrialba magadii; Natronobacterium pharaonis and

Natronobacterium gregoryi (Tindall et al., 1984)

Examples of anaerobic alkaliphiles
Anoxygenic phototrophs Tindallia magadiensis (Kevbrin et al., 1998)

Sul phate-reducing bacterium Halorhodospira halophila (Grant and Tindall, 1986)

Saccharol ytic anaerobes E)esulfonatronovi brio hydrogenovorans (Zhilina et al., 1997

Saccharolytic spirochetes  Halonatronum saccharophilum (Zhilina et al., 2001a)
Amphibacillus fermentum and Amphibacillus tropicus
(Zhilina et al., 2001b)

Acetogenic organotrophs Spirochaeta alkalica and Spirochaeta africana (Zhilina et al.,
19964)

Natroniella acetigena (Zhilina et al., 1996b)
Methanohal ophilus zhilinae strain Z7936 (Zhilina and
Zavarzin, 1994, Kevbrin et al., 1997)

M ethanotrophic methanogen

Adapted from: Mwatha and Grant, 1993; Jones and Grant, 1999; Zavarzin et al., 1999.
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2.3. Molecular microbial ecology

Molecular methods provide tools for analyzing the entire microbial community,
including those that have not been cultured. Such methods became essential in
microbial ecology in the early 90s (Pickup, 1991; Stackebrandt et al., 1993; Amann et
al., 1995; Holben & Harris, 1995). DNA analysis has been applied to analyze whole
communities, individual isolates, and clones of particular genes. Low resolution and
broad scale analysis of community DNA like DNA reassociation, allow assessment of
total diversity of microbial communities (Torsvik et al., 1996).

The use of 16S rRNA gene sequences has been the most common genetic marker in
studying the taxonomy and phylogeny of prokaryotes. This could be attributed to its
occurrence in almost all bacteria and archaea; commonly existing as a multigene
family or operons (Patel et al., 2000). Previously, severa studies to describe new
species are based upon small subunit (SSU) sequences or other polyphasic
information. Asindicated by Stackebrandt and Goebel, 1994, the emergence of SSU
sequence technology and its potential usefulness was summarized in the definition
of a gpecies. Although 97% similarity of 16S rRNA gene sequence data on an
individual strain, with a nearest neighbor has been shown to represent a novel species,
its significance is not clear, since it can demonstrate grouping inside of a formerly
characterized taxon (Petti, 2007).

2.4 Restrictions of 16SrRNA approach to diver sity studies

The earth is a pool of genetic and metabolic diversity of prokaryotic cells, mainly
represented by uncultured groups (Sleator et al., 2008). This reservoir has been
studied through isolation, and identification of microorganisms as well as sequencing
of cloned libraries (Grant et al., 1990; Duckworth et al., 1996; Cardenas & Tiedje,
2008; Lorrayne et al., 2012). Microbial conventional cultivation methods are redricted
to the minority of culturable species (Chistoserdova, 2010) and therefore most of the
microbial diversity is mainly represented by uncultured groups. The cultured diversity
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has helped shape understanding of physiology and metabolic functions of diverse
groups of organisms. However, this is laborious, time consuming, selective and biased

for growth of specific microorganisms.

Libraries of PCR - amplified 16S rRNA genes may not represent an accurate picture
of prokaryotic diversity within a given community. Some of the molecular
fingerprinting approaches (RFLP, ARDRA) are too sensitive; giving too high
resolution gives dependable genotypic description at community level. Total DNA
from complex microbial communities contain too much information to be analyzed
directly by high resolution methods (Torsvik et al., 1996). The species diversity is so
great that sequencing may be biased because of unequal amplification of species 16S
rRNA genes.

Riesenfeld et al. (2004), reported that regardless of the fact that all presently accessible
sequences were joined, they would not constitute a complete statistics of the
considerable number of 16S rRNA qualities on earth. There may be predispositions of
the impacts of different prokaryotic groups to libraries. The efficiencies of nucleic
acid extraction may also vary for different bacteria and the number of copies of 16S
rRNA genes. There may be preferential amplification of some sequence types in
respect to others (Frostegard et al., 1993; Embley & Stackebrandt, 1997, Von
Wintzingerode et al., 1997) and some sequences may arise from contaminating DNA,
hence may not represent the genuine microorganisms present in the sample being
concentrated on (Tanner et al., 1998).

2.5 Next Generation sequencing technology

Molecular based methods involving direct isolation and analyses of nucleic acids
from samples have been revealed to help overcome some of the biases experienced in
culture dependent studies. These include metagenomics and metatranscriptomics
(Hugenholtz, 2002; Handelsman, 2004; Xu, 2006; Warnecke & Hess, 2009;
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Chistoserdova, 2010), and they assist in exploration of mixed microbial communities
existing in various natural environments (Shi et al., 2009; Gifford et al., 2010). Their
approaches involve sequencing of random DNA or cDNA profiles, determining
taxonomic diversity and prospective genes related to environmental responses
(Handelsman, 2004).

Metagenomics enables discovery of interactions between microorganisms and the
environment, and assignment of ecosystem functions to various communities
(Hugenholtz, 2002; Handelsman, 2004; Lopez-Garcia & Moreira, 2008). Functional
genes of uncultured organisms can be linked to phylogenetic groups by cloning and
sequencing of large genomic DNA fragments (S 6ling & Cowan, 2008; Carola & Rolf,
2009). This enables assessment of dominant biosynthetic pathways and primary energy
sources (Biddle et al., 2008; Frias-Lopez et al., 2008; Carola & Rolf, 2009). A research
on microbial assemblages from surface water at the Hawaiian Ocean Time-Series
revealed community-wide metabolic activities and day-night patterns of differential
gene expression (Poretsky et al., 2009). The transcript pools composition was found to
be consistent with various models of prokaryotic gene expression (Poretsky et al.,
2009; Lorrayne et al., 2012).

Metatranscriptomics allow monitoring of microbial gene expression profiles in natural
environments by studying global transcription of genes by random sequencing of
MRNA transcripts pooled from microbial communities at a particular time and place
(Moran, 2009). RNA extracted from environmental samples provides more valuable
information than DNA in revealing active microbial communities versus dormant
microbial communities (Torsvik & @vreds, 2002). Several genes, e.g., ammonia
oxidation, nitrogen fixation, denitrification and sulfate reduction, have been amplified
from DNA/RNA isolated from microbial communities to obtain insights into key
microbial processes (Hansdl et al., 2008). These techniques have been applied to water
samples from Mono Lake, an alkaline, hyper saline lake in California (Poretsky et al.,
2005), a salt marsh off the coast of Georgia (Linhoss et al., 2011) and the North Pacific
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Ocean (Poretsky et al., 2005). Combining metatranscriptomic approaches with new
sequencing methods has been demonstrated as a powerful approach in the study of
marine microbes (Frias-Lopez et al., 2008; Segata et al., 2013).

These novel methods have been invigorated by the introduction of next generation
sequencing technologies whereby more data can be practically generated in a
reasonably short time and in cost-effective way (Elahi & Ronaghi, 2004; Kozarewa et
al., 2009; Creer et al., 2010). They allow direct sequencing of DNA or cDNA, hence
avoid possible cloning bias leading to large-scale studies (Adams et al., 2009).
Advances in throughput and cost-reduction of sequencing technologies have also
increased the number and size of metagenomic sequencing projects. The data
obtained helps in the exploration of biodiversity and performance of various

organisms in diverse ecosystems (Carola & Rolf, 2009).
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CHAPTER THREE
GENERAL MATERIALSAND METHODS
3.1 Research authorization

Research authorization was obtained from the National Commission for Science,
Technology and Innovation (NACOSTI) on 30™ August 2013 in Kenya, (Research
Permit Number NCST/RCD/12B/103/61) and permission to conduct research in Lake
Magadi (Reference Number KWS/BRM/5001) was obtained from the Kenya Wildlife
Service (KWS) on 24™ September 2013.

3.2 Study site

Lake Magadi is a hypersaline lake that lies in the southern part of the Kenyan Rift
Valley close to the Tanzanian border, between Lake Natron in the south and fresh water
Lake Naivasha to the north. It is approximately 2° S and 36° E of the Equator at an
elevation of about 600 m above sea level, and lies in the lowest part of the trough in a
naturally formed closed |ake basin. The lake covers an area of 90 km? and is one of the
smaller Rift Valley lakes (Behr & Roéhricht, 2000).

Evaporation is intense during the dry season (3500 mm per annum), the range of
temperature being between 22 °C and 34 °C. The Loita hills and the Mau escarpment to
the west shield the valley floor from rainfall resulting in an annual total of
approximately 500 mm of rainfal in the two rainy seasons (Behr & Rd&hricht, 2000).
The lake water lies below the surface and surface water is usually only found around the
edges of the crystalline deposits where thermal springs feed the lake (Tindall, 1980).

There are no permanent rivers entering Lake Magadi basin and solutes are supplied
mainly by a series of alkaline springs with temperatures as high as 86 °C. The springs
are located around the perimeter of the lake. Where the salinity is low enough and the

temperatures are not too high, these periphera lagoons support a thriving colony of fish
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Tilapia grahami, which can tolerate a pH of 10.5 and temperature of 39 °C. In some
saline lagoons, probably in the absence of Tilapia, mass accumulations of
microorganisms may be observed (Tindall, 1988). The crystalline trona deposits of the
lake itself are colored off-white, red/orange, or red/purple. Closer examination of the
surface trona deposits show that under appropriate conditions, a visible microbial
stratification occurs which resembles stromatolitic formations found in other benthic
saline environments (Tindall, 1980). The lower layer of the lake is aregion of degrading
organic matter rendered black by sulfate reduction (Behr & Raéhricht, 2000).

In summary, in terms of water chemistry and mineralogy, Lake Magadi is an example
of a typical alkaline saline lake at the stage of maximum evaporite productivity. It is
located in the rain shadow of mountains with a large catchment area. Samples analyzed
in this study were collected from 3 hot springs. one hot spring within the main Lake
Magadi (02° 00’ 3.7"S 36° 14’ 32" E) at 45.1 °C and pH 9.8; and two hot springs within
Little Magadi “Nasikie eng’ida” (01° 43 28"S 36° 16' 21"E), and (01° 43' 56" S 36° 17"
11" E) at elevations of 611 m and 616 m, temperatures of 81 °C and 83.6 °C and pH range
of 9.2 and 9.4, respectively.

3.3 Measurements of physicochemical parameters

A Garmin eTrex 20, a hand-held GPS receiver with multi-constellation ability assuring
an absolute positioning accuracy of 3 meters, was used to sample the points. The GPS
was set up to use the local datum approved by the Survey of Kenya, which is Arc 1960.
To accurately show the sampled hot springs to scale, maps were constructed in ArcGIS
10.3 using the GPS coordinates captured from the lake during fieldwork. The layers for
towns, rivers, lakes and roads were added from ArcGIS Online database to enrich the
thematic maps, as shown in Figure 3.1A and B. The right cartographic standards were
adopted to ensure adequate visualization and scale for the two maps.
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LAKE MAGADI AND SURROUNDING SPATIAL LOCATIONS OF HOT SPRINGS IN LAKE MAGADI
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Figure 3.1 showing amap of L ake Magadi and Little Magadi study area and

locations of the sampled Hot Springs

The pH for each sampling point was measured with a portable pH-meter (Oakton pH
110, Eutech Instruments Pty. Ltd) and confirmed with indicator strips (Merck, range 5~
10). Temperature, Electrical Conductivity (EC), Total Dissolved Solids (TDS) and
dissolved oxygen (DO) were measured on site using Electrica Chemical Analyzer

(Jenway - 3405) during sampling. In situ temperature was recorded once for each study

site and assigned to all the three sample types for that site. Other physical features at

sampling site included presence of salt lake Tilapia fish in large numbers, heavy

presence of algae and flamingos as well as rocks that had been degraded by salt crystals

(Figure 3.2).
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Figure 3.2: Other observations at sampling sites. a, b and ¢ shows presence of
flamingos and fish at 45.1°C. d and e showsrocksthat have been degraded by salt
crystals

3.4 Sample Collection

All samples were collected randomly in triplicates from each hot spring. Water samples
were collected using sterile 500 ml plastic containers that had been cleaned with 20 %
sodium hypochlorite and UV-sterilized for one hour. Wet sediments were collected by
scooping with sterilized hand shovel into sterile 50 ml Falcon tubes. The upper 5 mm
from each microbial mat developing on the hot spring water margins was collected into
sterile 500 ml plastic jam jars (Figure 3.3). All samples were transported on dry ice to
the laboratory at Jomo Kenyatta University of Agriculture and Technology. Water for
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nucleic acid extraction (500 ml) was filtered through a 0.22 pM filter papers (Whatman)
and all filter papers containing samples were stored at -80 °C. Pellets were obtained from
water samples by re-suspending the filter papers in phosphate buffer solution, and
centrifuging 5ml of the suspension at 13000 rounds per minute for 10 minutes. These

were used for nucleic acid extraction.

v, o=
o

Figure 3.3: Samples collected from thethreepling sites. a, b and c represents

wet sediments, microbial mats and water samples, respectively.

3.5 Water analysis of samples from the hot springs of Lake Magadi and Little
Magadi

In order to identify and quantify the chemical components and properties of the hot
spring waters, the samples were subjected to water chemistry analyses for pH, major
cations, anions and trace elements. Water analysis of samples from Lake Magadi and
Little Magadi was carried out at Crop Nutrition Laboratory Services (CNLS), Coopers,
Nairobi. Cations such as Ca, Mg, K, Na, Mn, Fe, Cu, Mo, B, Zn, S were analyzed using
Atomic Absorption Spectrometry (AAS) while anion analysis was carried out using
Mass spectrometry.
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3.6 Total DNA extraction

The sediments, microbial mats and the pellets were obtained from water samples
(described in section 3.4 above) were thawn from -80 °C. 0.2 g of sediment samples and
0.4 g of microbial mat samples were weighed into separate sterile eppendorf tubes. DNA
extraction was carried out as described by Sambrook et al., (1989). 500 pl of solution A
(50 mM Tris pH 8.5, 50 mM EDTA pH 8.0 and 25 % sucrose solution) was added to
each tube and mixed by gently inverting several times and centrifuged at 13000
revolutions per minute for one minute to remove sats and exopolysaccharides from
sediment samples. The supernatant was discarded and the sample re-suspended in 200 pl
of solution A. To this were added 5 ul of Lysozyme (20 mg/ml) and 5 ul of RNAse A
(20 mg/ml), gently mixed and incubated at 37 °C for one hour. Following incubation,
600 ul of solution B (10 mM TrispH 8.5, 5mM EDTA pH 8.0 and 1 % SDS) was added
and contents were mixed by inverting the eppendorf several times. 10 ul of Proteinase K
(20 mg/ml) was added, mixed gently and incubation at 50 °C for 1 hour.

DNA was extracted by adding equal volumes of phenol: chloroform, mixed by inverting
several times and centrifuged for 15 minutes at 13000 revolutions per minute. This step
was repeated once and a second extraction was done with equal volume of Chloroform:
Isopamyl alcohol (24:1) mixed by inverting several times and then centrifuged for 15
minutes at 13000 revolutions per minute. The agueous phase was carefully transferred
into a new tube. This step was repeated once to remove al the phenol from the sample
and DNA precipitation was done overnight at -80 °C, by adding an equal volume of
isopropanol and 0.1 volumes of 3M NaCl. DNA pellets were washed twice by use of
70% Ethanol, air dried at room temperatures for 20 minutes and stored at -20 °C.

3.7 Total RNA Extraction

Total RNA was extracted from 0.25 g of sediment and mat samples, and pellets obtained
from the water samples (described in section 3.4 above), in triplicates using Trizol RNA
extraction protocol (Chomczynski & Sacchi, 1987). Briefly, 750 pl of Trizol LS and 250
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pl of each sample were added to a 2 ml eppendorf tube and vortexed for 5 seconds. The
samples were incubated at room temperature for 10 minutes to alow complete lysis of
the cells; and then centrifuged for 30 seconds to get the liquid down the tube. 200 pl of
chloroform (Molecular grade) was added to the sample supernatant and vortexed in
order to get the phases mixed. The samples were incubated at room temperature for 10
minutes and then centrifuged at 12000 revolutions per minute for 10 minutes at 4 °C.
The aqueous phase (500-550 pl) was transferred to a new 1.5 ml eppendorf tube. 1 ul of
glycogen and 500 pl of isopropanol (Molecular grade) were added, vortexed for 30
seconds and then centrifuged at 12000 revolutions per minute for 10 minutes at 4 °C. At
this stage, RNA precipitate formed a gel-like pellet on side/bottom of the tube. The
supernatant was removed and discarded. 500 pl of 75 % ethanol was added to the RNA
precipitate and the tube was inverted gently, centrifuged for 2 minutes at 12000 rounds
per minute at 4 °C and the supernatant was removed and discarded. The RNA pellet was
air dried at room temperature for 10 minutes and stored at —80 °C awaiting cDNA
synthesis.

3.8 Synthesisof cDNA from 16SrRNA

cDNA synthesis, amplification and sequencing were performed at Molecular Research
DNA Lab (www.mrdnaab.com, Shallowater, TX, USA). The quality of total RNA was
assessed using gel electrophoresis. The extracted RNA was dissolved in RNase-free
water and subsequently treated to remove DNA contaminants using the Amplification
Grade DNase | Kit (Sigma, MO) according to manufacturer’s instructions. cDNA first-
strand and second-strand synthesis was done using the Superscript 11l First-Strand
Synthesis SuperMix (Invitrogen, CA) and the Second-strand cDNA Synthesis Kit
(BeyoTime, Jiangsu, China), respectively, following manufacturer’s instructions. Single-
strand reverse transcription was done to provide template for amplicon libraries using
Superscript 111 (Invitrogen) according to the manufacturer’s protocol, random hexamer
primed and with subsequent RNAse H digestion. The Double stranded cDNA synthesis
was carried out as described by Urich et al. (2008).
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3.9 Amplicon Library Preparation and Sequencing

PCR amplification of the 16S rRNA gene V4 variable region was carried out from
extracted DNA and cDNA generated from rRNA, using bacteria/archaeal primers 515F
(GTGCCAGCMGCCGCGGTAA) that had barcode and 806R
(GGACTACHVGGGTWTCTAAT) according to Caporaso et a. (2012). Amplification
proceeded in a 30 cycle PCR using the HotStarTagq Plus Master Mix Kit (Qiagen, USA)
with initia denaturation heating at 94 °C for 3 minutes, followed by 28 cycles of
denaturation at 94 °C for 30 seconds, annealing at 53 °C for 40 seconds and extension at
72 °C for 1 minute, and a final elongation at 72 °C for 5 minutes. The quality of PCR
products was assessed on 2 % agarose gel to determine the success of amplification and
the relative intensity of bands. Multiple samples, tagged with different barcodes, were
pooled in equimolar ratios based on their DNA concentrations from the gel images.
Pooled samples were purified using calibrated Ampure XP beads (Beckman Coulter) for
use in library preparation. The pooled and purified PCR products were used to prepare
16S rDNA and cDNA library by following Illumina TruSeq DNA library preparation
protocol (Yu & Zhang, 2012). Sequencing was perfoomed a MR DNA
(www.mrdnalab.com, Shallowater, TX, USA) on MiSeq 2 x 300 base pairs Version 3

following the manufacturer’s guidelines.

3.10 Sequence analysisand taxonomic classification

Sequences obtained from the Illumina sequencing platform were depleted of barcodes
and primers using a proprietary pipeline (www.mrdnalab.com, MR DNA, Shallowater,
TX) developed at the service provider’s laboratory. Low quality sequences were
identified by denoising and filtered out of the dataset (Reeder & Knight, 2010).
Sequences which were < 200 base pairs after phred20- based quality trimming,
sequences with ambiguous base calls, and those with homopolymer runs exceeding 6bp
were removed. Sequences were anayzed by a script optimized for high-throughput data

to identify potentia chimeras in the sequence files, and al definite chimeras were
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depleted as described previously by Caporaso et al. (2010a). De novo OTU clustering
was done with standard UCLUST method using the default settings as implemented in
QIIME pipeline Version 1.8.0 at 97 % similarity level. Taxonomy was assigned to each
OTU using BLASTn against SILVA SSU Reference 119 database at default e-value
threshold of 0.001 in QIIME (Oksanen et al., 2012).

3.11 Statistical analysis

Diversity indices (Shannon, Simpson and Evenness) for each sample were calculated
using R software version 3.1.3 (DelLong et al., 2006). Community and Environmental
distances were compared using analysis of similarity (ANOSIM) test, based upon Bray-
Curtis distance measurements with 999 permutations. Significance was determined at 95
% confidence interval (p = 0.05). Calculation of Bray-Curtis dissimilarities between
datasets, hierarchical clustering, Non Metric Dimensional Scaling (NMDS), redundancy
analysis (RDA) and parameter correlation were carried out using the R programming
language (DelL.ong et al., 2006) and the V egan package (Roesch et al., 2007). To support
OTU-based analysis, taxonomic groups were derived from the number of reads assigned
to each taxon at al ranks from domain to genus using the taxa_summary.txt output from
QIIME pipeline Version 1.8.0.
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CHAPTER FOUR

BACTERIA AND ARCHAEA DIVERSITY WITHIN THE HOT SPRINGS OF
LAKE MAGADI AND LITTLE MAGADI IN KENYA

4.1 Introduction

Extreme environment refers to any setting that exhibits life conditions detrimental to
living organisms with respect to its physicochemical properties such as pH, temperature,
pressure, nutrient and saline concentration (Thiel, 2011). Extreme physicochemical
parameters include acidity (pH<5), akalinity (pH>9), hyper salinity (salinity >35 %),
pressure (>0.1 MPa), high temperature (>40 °C), low temperature (<5 °C), water stress
(aw<0.80), and high-radiation environments (Takai et al., 2008). The extreme
environments are inhabited by organisms referred to as extremophiles that are so well-
adapted that they readily grow and multiply (Rothschild & Mancinelli, 2001). In Kenya,
the haloalkaline soda lakes are characterized by exceptionaly rich productivity rates
presumably because of the high ambient temperatures, high light intensities, availability
of phosphates and unlimited access to CO; in these carbonate rich waters (Melack &
Kilham, 1974; Grant et al., 1990). Salinity levels can be as high as 30% to saturation in
Lake Magadi, whereas the pH ranges between 9 and 11.5 (Warren, 2006). In Lake
Magadi, solutes are supplied mainly by a series of akaline springs with temperatures
varying from 33 °C to 86 °C (Warren, 2006; Baumgarte 2003).

Previous culture dependent and culture independent studies on Lake Magadi have
revealed a dense and diverse popul ation of aerobic, organotropic, halophilic, alkaliphilic,
and haloalkaliphilic and alkalitolerant representatives of major bacterial phyla (Tindall et
al., 1980, 1984; Mwatha & Grant, 1993; Duckworth et al., 1996; Jones et al., 1998;
Grant et al., 1999; Zavarzin et al., 1999; Kamburaet al., 2012).

Although conventional microbia cultivation methods have helped shape understanding
of physiology and metabolic functions of diverse organisms, they are laborious, time
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consuming, selective and biased for specific microbial growth. On the other hand,
culture - independent studies done on soda lakes in Kenya have been based on the
analysis of clone libraries of PCR amplified rDNA. This may not represent an accurate
picture of prokaryotic diversity within a given community due to low speed and
coverage of a cloning and Sanger-sequencing based approach, which gives a lower
number of amplicon sequences compared to the millions of generated by High
Throughput Sequencing technologies such as Illumina Sequencing (Pawlowski et al.,
2014).

This is the first culture independent study of the microbial community within the hot
springs located around the hypersaline Lakes Magadi and Little Magadi. This study
employed Illumina Sequencing of PCR products of both 16S rDNA and 16S rRNA
cDNA to obtain a less biased estimation of microbial community within the hot springs’
ecosystem. The main objective of this study was to analyze the targeted total community
rDNA and cDNA generated from rRNA so as to compare the total versus active
microbial communities within the hot springs of Lake Magadi and Little Magadi in

Kenya.
4.2 Materialsand methods

Research authorization, Study site, Measurements of physicochemical parameters,
Sample collection, and Nucleic acid extraction, cDNA Synthesis, Amplicon library
preparation, amplicon sequencing, sequence analysis and dtatistical analysis are
described in chapter 3. Initial sequence quality control was done using a proprietary
pipeline (www.mrdnalab.com, MR DNA, Shallowater, TX) developed at the service
provider’s laboratory. De novo OTU clustering was done with standard UCLUST
method using the default settings as implemented in QIIME pipeline Version 1.8.0 at
97% similarity level. Taxonomic classification was done using BLASTn against SILVA
SSU Reference 119 database at default e-value threshold of 0.001 in QIIME (Caporaso
et al., 2010a and Quast et al., 2013). The obtained sequences were submitted to the

28



NCBI Sequence Read Archive with SRP# Study accessions. SRP061805. These
included SRX1124606: RNA-Seq of Prokaryotes. Alkaline Hot springs and
SRX1124607: DNA-Seq of Prokaryotes: Alkaline Hot springs (Appendix 1 - 2).

4.3 Resaults

4.3.1 Sampling

Three hot springs of Lake Magadi and Little Magadi were selected based on different
temperature and pH levels. Temperatures ranged from 45.1 °C to 83.6 °C while pH
ranged from 9.2 to 9.8. The Total Dissolved Solids (TDS) was above the measurement
range for the Electrical Chemical Analyzer; hence al the readings appeared as one (1).
The metadata collected before sampling is summarized in Table 4.1.
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Table 4.1: Parameters of sampling sites analyzed in this study

Parameter
Sampling sites Latitude®S Longitude Elevation Temperature pH EC TDS Dissolved
°E (m) °C (mScm)  (mg/l) Oxygen
(mgll)
Hot spring 1 02000 3.7" 36014 32" 603 45.1 9.8 0.03 1 12.4
Hot spring 2 01°43 28" 36°16 21" 611 83.6 9.4 1 1 0.04

Hot spring 3 01°43 56"  36°17 11" 616 81 9.2 1 1 0.71
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4.3.2 Composition and diversity of the microbial communities

After denoising and demultiplexing, atotal of 271,345 and 214,663 sequence reads were
generated from 16S rDNA and 16S rRNA cDNA data respectively. Total OTU richness
at 3% distance amounted to 3502 and 1915 Operational Taxonomic Units (OTUS)
respectively. Eighty five (85) and sixty two (62) OTUs were shared across al hot
springs while 82 and 45 OTUs were shared across all sample types in the two data sets
respectively. Figure 4.1A and B shows the distribution of OTUs across hot springs and
sample types. For 16S rDNA data, hot spring 83.6 °C and 45.1 °C showed a relatively
larger overlap (142 OTUs) than other hot springs, while 45.1 °C harbored most OTUs

unique to one hot spring in both datasets.
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16S rDNA 16S rRNA ¢DNA
Site A Site A
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Figure 4.1: Venn diagrams showing the distribution of unique and shared OTUs
within various sampletypes (B) in thethree sampling sites (A). The number of
OTUsin each hot springisindicated in therespectivecircle. Site A, B and C
represent hot springs 83.6 °C, 81 °C and 45.1 °C, respectively.
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4.3.3 Total diversity taxonomic composition analysis based on 16SrDNA

4.3.3.1 Bacterial taxonomic composition

16S rDNA OTUs comprised of Bacteria (85.55%) and Archaea (11.27%) while 16S
rRNA cDNA OTUs comprised of Bacteria (83.22 %) and Archaea (13.95 %). The
groups with highest relative abundances at phylum level belonged to members of
Proteobacteria (16 — 31.4%), Firmicutes (2.8 — 28.9 %), Bacteroidetes (3.4 — 23.8 %),
Actinobacteria (1.0 — 14.4 %), Cyanobacteria (1.1 — 8.3 %, Chloroflexi (0.3 — 7.2 %),
and Deinococcus-thermus (0.3 — 5.3 %) (Fig. 4.2). Other groups scoring high relative
abundance in some samples include Gemmatimonadetes (24.1 %) in water samples at 81
oC, Planctomycetes (15.9 %) in water samples at 83.6 °C, Lentisphaerae 5.3% in mat
samples at 81 °C, Spirochaetae 4.5 % in wet sediment samples at 45.1 °C, Thermotogae
(1.7 %) in wet sediment samples at 83.6 °C and Verumicrobia (3.9 %) in mat samples at
45.1°C.

At family level, OTUs were distributed in 292 bacterial families with the most abundant
(9.43%) belonging to Rhodobacteraceae in wet sediment samples at 45.1 °C,
Cyanobacteria Family 1 (5.89%), Desulfonatronaceae (4.55%), Thermaceae (4.01%),
Ectothiorhodospiraceae (3.71%), Spirochaetaceae (3.34%), Nitriliruptoraceae (3.19%),
Anaerolineaceae (3.03%), Peptococcaceae (3.03%) and uncultured gamma
proteobacterium (3.03%) in various samples.

4.3.3.2 Archaeal taxonomic composition

The OTUs were distributed among three Archaeal phyla; Euryarchaeota (1.76 - 34.48
%) across al samples, Crenarchaeota (up to 2.46 %) and Thaumarchaeota (up to 2.78
%) in wet sediment samples at 81 °C (Figure 4.2 and 4.3). At the family level, OTUs
were distributed in 24 families with the most abundant belonging to Hal obacteriaceae
(27.06%) in water samples at 81 °C, Deep Sea Hydrothermal Vent Gp 6 (DHVEG-6)
(0.35 - 5.15%) across al samples, South African Goldmine Gp (SAGMEG); Uncultured
Archaeon (4.01%) and Methanocal dococcaceae (2.47%) in wet sediment samples at 81
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9C. Crenarchaeota phyla members identified belonged to the families
Desulfurococcaceae (0.93%), Thermoproteaceae (0.93%), Thermofilaceae (0.61%) in
wet sediment samples at 81 °C and Sulfolobaceae (0.42%) in wet sediment samples at
83.6 °C, while Thaumar chaeota were mainly assigned to uncultured archaeon with up to
1.68% relative abundance in wet sediment samples at 83.6 °C.

4.3.4 Taxonomic composition based on 16SrRNA derived from cDNA

4.3.4.1 Bacterial taxonomic composition

The 1913 OTUs of 16S rRNA cDNA data set were dominated by bacterial phyla
comprising Proteobacteria (8.3 — 50 %) and Actinobacteria (2.0 — 28.6 %) across all
samples. The data confirm the predominance of previously defined groups belonging to
Proteobacteria (Tekere et al., 2011). Other groups scoring high relative abundance in
some samples include Bacteroidetes (26.4% in wet sediment samples at 45.1 °C),
Chloroflexi (5.3% in water samples at 45.1 °C), Firmicutes (23.9% in mat samples at
45.1 °C), Cyanobacteria (8% in mat samples at 45.1 °C), Gemmatimonadetes (25% in
water samples at 81 °C), Lentisphaerae (7.1% in wet sediment samples at 83.6 °C) and
Planctomycetes (6.6% in mat samples at 83.6 °C) (Fig. 4.2).

Unlike 16S rDNA dataset, the most abundant bacterial families found within cDNA
dataset belonged to Methylophilaceae; scoring up to 8.3 % relative abundance in some
samples, Corynebacteriaceae, Dermatophilaceae, Micrococcaceae, Nocardioidaceae,
Bacteroidaceae; ML635J-40 aquatic group, Sphingomonadaceae, Burkholderiaceae,
and Myxococcales; 0319-6G20, Alcanivoracaceae, Pseudomonadaceae (7.14%),
Desulfuromonadales; GR-WP33-58 (5.11%), Cyanobacteria; Subsection Il1; Family I,
Syntrophomonadaceae (4.7%), Spirochaetaceae (3.7%), Anaerolineaceae (3.44%),
Gemmatimonadetes; BD2-11 terrestrial  group; uncultured bacterium  3.3%,
Rhodospirillaceae (3.3%) and Lentisphaerae (ML1228J-2; uncultured bacterium)
(2.6%).



4.3.4.2 Archaeal taxonomic composition

16S rRNA cDNA OTUs were distributed among three Archaeal phyla, similar to those
obtained from the 16S rDNA dataset. These were Euryarchaeota (6.6 - 28.4 %) across
all samples, Crenarchaeota (up to 1.38 %) in water samples at 81 °C and
Thaumar chaeota (up to 1.15 %) in wet sediment samples at 45.1 °C (Fig. 4.3). The most
abundant families belonged to Halobacteriaceae (21.31%), Deep Sea Hydrothermal
Vent Gp 6 (DHVEG-6) (8.59%), and Marine Benthic Group D and DHVEG-1 (2.29%).
Crenarchaeota phyla members identified belonged to the families Desulfurococcaceae
(1.11%) in wet sediment samples at 81 °C and Sulfolobaceae (0.28%) in wet water
samples at 45.1 °C, while Thaumarchaeota were mainly assigned to uncultured
archaeon with up to 1.15% relative abundance in wet sediment samples at 45.1 °C.
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level in samples collected from the hot springs of L. Magadi. ‘Others’ representsall

taxa that scored arelative abundance of below 1% acrossall samplesin both data

sets.

4.3.5 Microbial richnessand diversity indices

Using rarefaction, the same number of sequences from each sample was used in

comparison of community alpha and beta diversity measures. Paired t-tests at class
taxonomic level of both 16S rDNA and 16 rRNA cDNA indicated that significant

differences between samples based on apha diversity indices whose values obtained

were as follows: Shannon diversity index (H’); wet sediment 83.6 °C (7.9 vs 3.8), water
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81 °C (9.1 vs 3.6) and Simpson (1/D); wet sediment 83.6 °C (34.54 vs 12.2); water 81°C
(7.76 vs 6) and water 45.1°C (28.53 vs 10.3), respectively (Table 4.2).

Table 4.2: Diversity indices computed on all OTU-based microbial taxonomic units
within DNA and RNA datasets

No. of No. of Shannon (H’) Simpson
Sample D Dataset sequences OTUs (1/D) Evenness
wet sediment  16SrDNA 38753 238 55 34.54 0.658
(83.6°C) 16SrRNA
cDNA 1625 14 2.6 12.2 0.975
Mats 16SrDNA 7575 66 4.2 27.41 0.475
(83.6°C) 16SrRNA
cDNA 21451 212 5.3 32 0.632
water 16SrDNA 19186 680 6.5 14.88 0.356
(83.6°C) 16SrRNA
cDNA 5124 151 5.0 18.1 0.594
wet sediment  16SrDNA 36047 324 5.8 22.57 0.427
(81°C) 16SrRNA
cDNA 67235 361 5.9 53.6 0.636
16SrDNA 24252 282 5.6 34.55 0.61
Mats (81°C)
16SrRNA 33751
cDNA 349 5.8 34.3 0.538
16SrDNA 36126 568 6.3 7.76 0.278
Water (81°C)
16SrRNA 638 12 6
cDNA 25 0.866
wet sediment  16SrDNA 52115 509 6.2 35.09 0.577
(45.1°C) 16SrRNA 27.7
cDNA 11471 87 a4 0.784
Mats 16SrDNA 37446 382 6.0 22.45 0.785
(45.1°C) 16SrRNA
cDNA 48578 375 6.0 374 0.572
16SrDNA 19789 377 6.0 28.53 0.461
water
(o]
(45.1°C) 16SIRNA 24790 250 104
cDNA 5.9 ) 0.346
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Total microbia diversity based on 16S rDNA and 16S rRNA cDNA ANOSIM at order
level showed that there were significant differences in microbial community structure in
the samples at 95% level of confidence (P value, 0.009), and 0.383 R statistic value
while active microbia diversity based on 16S rRNA cDNA had (P value, 0.01), and
0.333 R gtatistic value. Samples from 45.1 °C harbored more closely related populations
because it had | ess extreme conditions as compared to the two other hot springs.

Distance based redundancy analysis showed that the microbial community evenness
significantly differed from each site for both 16S rDNA and 16S rRNA cDNA. 16S
rDNA ordination of the three sample types showed a significance of 0.017 and while
16S rRNA cDNA dataset showed a significance of 0. 011. Samples from each site
clustered close to each other in separate quadrants indicating high beta diversity between

the three sampling sites.

NMDS analyses supported by OTU and taxonomic composition, divide the datasets into
three ellipses: one for each hot spring (Figure 4.4). The taxa were also observed to
cluster according to sample types (i.e. wet sediments, microbia mats and water
samples). There was an overlap of taxonomic clusters between wet sediments and
microbial mats from the three sample types in both 16S rDNA and 16S rRNA cDNA
derived datasets. However, water samples formed separate clusters from the other two
sample typesin both 16S rDNA and 16S rRNA cDNA datasets (Figure 4.4 and 4.5).
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Site A, B and C represent hot springs 83.6 °C, 81 °C and 45.1 °C respectively. The
boxes 1 - 3 represent wet sediments, mats and water samples from 83.6 °C, 4 - 6
represent wet sediments, mats and water samples from 81 °C and 7 - 9 represent wet

sediments, mats and water samples from 45.1 °C.
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The boxes 1 - 3 represent wet sediments, mats and water samples from 83.6 °C, 4 - 6
represent wet sediments, mats and water samples from 81 °C and 7 — 9 represent wet

sediments, mats and water samples from 45.1 °C.

Hierarchical clustering between samples collected from lake Magadi and Little Magadi
revealed samples from the two hot springs in Little Magadi “Nasikie eng’ida” were
closer than samples from the hot spring in the main lake (Figure 4.6 (a and b) and
(Figure 4.7 (aand b)).
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clustering to assess the relationships between samples and taxa. “Sed” represent wet
sediment samples from respective temperature.
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Figure 4.7 a- Comparative analysis (UPGMA similarity tree) of total microbial
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The numbers at the nodes denote bootstrap values inferred on distances after 999
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Figure 4.7 b: Comparative analysis (UPGMA similarity tree) of active microbial
diversity of various sample types within hot springs of L. Magadi. The numbers at
the nodes denote bootstrap values inferred on distances after 999 permutations.

4.4 Discussion

Differences in relative abundance were seen as a function of sample type and
temperature, with wet sediments harboring the highest taxa. Active microbial diversity
richness based on cDNA of 16S rRNA was comparable to that of 16S rDNA - derived
dataset in most samples, indicating that the observed diversity is real. Although rRNA
richness cannot theoretically be higher than that of available DNA, richness estimates
suggested this in microbial mats samples from hot springs at 81°C, 83°C and wet
sediments samples from hot springs at 81°C samples. The difference in abundance of

different groups may have been due to several factors such as possible DNA
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contamination in the RNA that could have caused false positives in the final PCR,
challenges encountered during sampling leading to low quality RNA and PCR bias that
might have favored amplification of the RNA (cDNA) templates more than the rDNA
template which isrelatively longer, as reported by Lanze'n et a. (2013).

The dominant taxa corresponded with those reported in previous studies conducted on
deep sea and marine sediment community composition (DeLong et al., 2006; Brown et
al., 2009; Liao et al., 2011). For example, areview by Brown et al. (2009) on microbial
life in extreme environments that compared metagenome anayses of different high
thermal habitats, observed that microbes adapted to these habitats, are different with
respect to species abundance and community structure. However, some bacteria taxa
such as Thermotoga, Deinococcus-Thermus and Proteobacteria, were common within
the samples under review (Brown et al., 2009). These bacterial taxa were also found
within the samples from the hot springs of Lakes Magadi and Little Magadi. The deep-
sea hydrothermal vent chimneys have been found to harbor Proteobacteria (Brazelton et
al., 2011; Nakai et al., 2011), Bacteroidetes and Planctomycetes (Xie et al., 2011).

Severa 16S rRNA gene sequences related to novel Archaea (Euryarchaeota) were
previoudy retrieved from the alkaline satern a Lake Magadi (Grant et al., 1999).
Haloakaliphilic Archaea related to Natronomonas, Natrialba, Natronolimnobius
and Halorubrum spp. have aso beenisolated from Lake Magadi and Inner
Mongolian soda lakes (Grant & Sorokin, 2011). Other previous studies on thermal
groundwater in a thermal field in Russia showed that Archaea is dominated by a novel
division in the phylum Euryarchaeota related to the order Thermoplasmatales (39% of
all archaea) and by another abundant group (33% of al archaea) related to the phylum
Crenarchaeota. Both groups are widely spread in hot springs all over the world
(Mardanov et al., 2011). Some Archaeal taxa such as Methanococcus, Thermoprotel and
Thermococcus were also common within the samples under review by Brown et al.

(2009). These are similar to the classes obtained in this study, indicating that Archaea
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are well adapted to extreme conditions and could be responsible for various functional
processes within the ecosystem.

Non Metric Dimensional Scaling (NMDS) analysis indicated some microbial taxa to be
shared between habitats in both 16S rDNA and 16S rRNA cDNA derived datasets. This
scenario was more pronounced in 16S rDNA - derived dataset, indicating that DNA pool
contained a ‘‘seed bank’’ of inactive and sporulating organisms (Jones and Lennon
2010), while fewer taxa were active within the ecosystem as shown in the 16S rRNA
cDNA derived dataset. NMDS analyses supported by OTU and taxonomic composition,
divide the datasets into three ellipses: one for each hot spring (Figure 4.4). Similar
results were observed in a study on Ethiopian soda lakes where NMDS analyses
supported both by OTU and taxonomic composition; divided the datasets into six well-
separated habitats with relatively few OTUs that were shared between more than one or
two habitats (Lanze'n et al., 2013). The significant differences in microbial community
structure in the samples at 95% level of confidence could be attributed to differencesin

temperature and pH of the specific sites during sampling.

45 Conclusion

The combined findings of this study show that estimated diversity and richness within
the hot spring samples were found to be as high as those found in other environments
such as soil and deep-sea hydrothermal environments (Zavarzin et al., 2000). The results
confirm that different groups of microorganisms have the capacity to adapt and thrive
even in the most hostile environments. Some of these groups (Acidobacteria;
Blastocatella, Bryobacter and Telmatobacter genera, Bacteroidetes, Bacteroidales,
Rhodothermaceae,  Flavobacteriaceae, = Sphingobacteriales and  Chloroflexi;
Dehalococcoidales and Thermomicrobia) also obtained from previous similar studies
were reported to have a fermentative ability (Lanze'n et al., 2013). It was observed that
from the cDNA dataset, photosynthetic taxa were represented by Cyanobacterial genera
Leptolyngbya and Lyngbya, among other uncultured groups. Primary production within
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the hot springs is probably supported by some groups of non-sulfur purple bacteria from
the family Rhodobacteraceae (specifically the genera Roseobacter that scored 1.1 %
relative abundance), and purple sulfur bacteria from the family Ectothiorhodospiraceae
present across samples at different relative abundance. The presence of Planctomycetes
within samples could be an indicator that anaerobic ammonium oxidation may be
another metabolic pathway supporting primary production in the low-oxygen, saine
environment, since the dissolved oxygen concentration of the sampling sites ranged
between 0.04 — 12.4 mg/l. Actinobacteria and Firmicutes are believed to have adaptive
advantage under low-nutrient conditions of the highly akaline, saline hot springs hence
their high relative abundance levels. The presence of sulfate reducers in the family
Desulfohalobiaceae (mainly Desulfonatronovibrio), suggested an internal sulfur cycle
within the lake, as previously suggested for Khadin, Tuva, Russia and Natron soda lakes
(Zavarzin et al., 2000; Sorokin et al., 2011). Taxa typical for highly specialized
metabolisms that were encountered in this study include Nitriliiruptor, known for their
ability to catabolize nitriles or cyanides (Bengtsson et al., 2010) and heterotrophic
Oceanospirillaceae (Marinospirillum). Other functional taxa encountered include
aerobic heterotrophs (e.g. Bacteroidetes, Marinicella) and fermentative anaerobes such
as Thermoplasmatales among other uncultured groups. Euryarchaeota members were
clustered into the classes, Halobacteria, Methanobacteria, Methanomicrobia,
Methanococci, Thermococci and Thermoplasmata while Crenarchaeota phyla
comprised Thermoprotei class. Previously, Methanobacteria and Methanomicrobia have
been reported in oilfields, while Halobacteria and Thermoprotel have been reported in
petroleum reservoirs (Lenchi et al., 2013). Some Halobacteria members are important in
organic fertilizer production industry as Lignin decomposers (Nura et al., 2015).
However, most of the genera identified in this study are known to be heterotrophs
responsible for the primary degradation of organic matter (Grant & Sorokin, 2011). The
actual function of microbial taxa reported in this study could further be explored and

established using culture dependent methods as well as MRNA transcripts.
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This study presented microbia diversity anaysis of samples collected from the hot
springs of L. Magadi and Little Magadi based on both DNA and RNA, using Illumina
Sequencing Technology. The results showed comparable profiles of microbial
community using 16S rDNA and 16S rRNA cDNA derived datasets, hence indicating
that the observed diversity is real. The findings showed a broad microbial distribution
with water from the spring at 83.6°C found to be the richest sample, constituting 680
observed species. Despite the fact that the sampling environment is multi-extreme due to
high pH, temperature, and salinity, this study shows that there are stable and active
microbial communities that have adapted to this environment.
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CHAPTER FIVE

DIVERSITY OF FUNGI IN SEDIMENTSAND WATER COLLECTED FROM
THE HOT SPRINGS OF LAKE MAGADI

5.1 Introduction

Fungi have colonized diverse habitats such as tropical regions (Hawksworth, 1991),
extreme environments such as deserts, areas with high salt concentrations (Vaupotic et
al., 2008), ionizing radiation (Dadachova et al., 2007), deep sea sediments (Raghukumar
& Raghukumar, 1998) and ocean hydrothermal areas (Le Calvez et al., 2009). Most
fungi grow in terrestrial environments, though severa species live partly or solely in
aguatic habitats, such as the chytrid fungus Batrachochytrium dendrobatidis, a parasite
that has been responsible for a worldwide decline in amphibian populations (Brem &
Lips, 2008).

In most ecosystems, fungi are the maor decomposers, playing an essential role in
nutrient cycling as saprotrophs and symbionts that degrade organic matter into inorganic
molecules (Barea et al., 2005, Lindahl et al., 2007 and Gadd, 2007). While there are
well-known examples of bacteria that can grow in a variety of natural environments
including hot springs and geysers where temperatures can reach 100 ‘C, eukaryotes are
much more sensitive because, above 65 °C, their membranes become irreparably
damaged (Magan & Aldred, 2007). However, mesophilic thermo-tolerant fungi exist.
For example, some Deuteromycetes isolated from thermal springs have maximum
growth temperature of 61.5 -C (Magan, 2006). The presence of fungi in extreme alkaline
sdline environments has been recognized by culture-dependent methods, with the
majority showing similarity to terrestrial species (Mueller & Schmit, 2006; Salano,
2011, Ndwigah et al., 2015). Culture-independent methods have revealed highly novel
fungal phylotypes such as Chytridiomycota and unknown ancient fungal groups (Y uriko
& Takahiko, 2012). pH tolerance in fungi has been attributed to efficient control of
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proton movement into and out of the cells, and is able to meet necessary energy
requirements (Magan & Aldred, 2007). The exact diversity and function of fungi in
extreme environments is still poorly understood. The aim of this study was to explore
the fungal diversity within the hot springs of Lake Magadi and Little Magadi in Kenya

using metagenomic anaysis.

5.2 Materialsand Methods

Research authorization, study site, measurements of physicochemical parameters,
Sample collection, and DNA extraction are described in chapter 3. PCR amplification
of ITS region was done using ITS1 (TCCGTAGGTGAACCTGCGG) and ITSA
(TCCTCCGCTTATTGATATGC) primers with barcode according to (White et al.,
1990). Amplification proceeded in a 30 cycle PCR using the HotStarTaq Plus Master
Mix Kit (Qiagen, USA) with initial heating at 94 °C for 3 minutes, followed by 28
cycles of denaturation at 94 °C for 30 seconds, annealing at 53 °C for 40 seconds and
extension at 72 °C for 1 minute, after which a final elongation step at 72 °C for 5
minutes was performed. PCR products were visualized on a 2% agarose gel to
determine the success of amplification and the relative intensity of bands. Multiple
samples were pooled together in equal proportions based on their DNA concentrations.
Pooled samples were purified using calibrated Ampure XP beads (Agencourt Bioscience
Corporation, MA, USA). The pooled and purified PCR product was used to prepare
DNA library by following Illumina sequencing protocol (Yu & Zhang, 2012).
Sequencing was performed at Molecular Research DNA (www.mrdnalab.com,
Shallowater, TX, USA) on a MiSeq platform following the manufacturer’s guidelines.
Sequence analysis, taxonomic classification and data Submission are described in
chapter 3. The obtained sequences were submitted to the NCBI Sequence Read Archive
with SRP# Study accessions. DNA-Seq of Funga ITS. Alkaline Hot springs:
SRP061806.

51



5.3 Results

Wet sediment and water samples were randomly collected at three different locations in
hot springs of Lake Magadi and Little Magadi. Physico-chemical parameters of
sampling stations in Lake Magadi and Little Magadi measured before sampling. The
physio-chemical parameters of sampling stations in Lake Magadi and Little Magadi

measured before sampling are summarized in Table 4.1 shown in chapter 4.

Temperature measurement showed a gradient from hot spring in the main Lake
Magadi, with the springs at Little Magadi measuring between 81 °C and 83.6 °C.
Cation analysis of the water samples showed that the levels of calcium range between
0.33-0.62 ppm, iron (<0.01- 0.014 ppm) and magnesium (<0.02 - 0.026 ppm). Sodium
levels were very high (11,300 ppm, 17,300 ppm and 17,700 ppm) and potassium
levels were 225 ppm, 458 ppm and 287 ppm. Anion anayss showed that phosphorus
range from 2.72 ppm - 6.31 ppm. Chloride levels were high in al samples ranging from
4000 ppm — 4640 ppm (Table 5.1).
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Table 5.1: Chemical analyses of samples from the Hot Springs L ake M agadi

Parameter Sampling sites
Hot springs Hot springs Hot springs

Chemical properties 45.1°C 81°C 83.6°C
pH 9.61 9.2 941
EC (mScm-1) 30.3 30.5 29.9
Ammonium (ppm) 0.94 2.66 257
Calcium (ppm) 0.62 0.53 0.33
Magnesium (ppm) <0.02 0.026 <0.02
Potassium (ppm) 287 458 225
Phosphorus (ppm) 6.31 4.17 2.72
Nitrate N (ppm) 0.53 0.67 0.67
Nitrates (ppm) 2.35 2.98 2.97
Sulphur (ppm) 129 107 58.9
Sulphates (ppm) 387 322 176
Iron (ppm) <0.01 0.012 0.014
Manganese (ppm) 0.016 0.012 <0.01
Zinc (ppm) <0.01 <0.01 <0.01
Boron (ppm) 9.3 155 8.06
Copper (ppm) 0.043 <0.01 <0.01
Molybdenum (ppm) 0.14 0.12 0.071
Sodium (ppm) 17700 17300 11300
Chlorides (ppm) 4000 4640 4220
Bicarbonates (ppm) 14200 17500 17100
Silicon (ppm) 28.1 511 23.8

5.4 Sequence data

Four (4) out of the nine (9) sequenced hot spring samples (three sediment and one water
sample) generated a total of 548,639 sequences, of which 334, 394 sequences were
retained after removing sequences with different tags at each end for quality filtering

and denoising. All mat samples and two water samples did not generate sufficient
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sequence data for further analysis. After removing singletons, chimeric sequences and
OTUs of non-fungal organisms (< 200 base pairs after phred20- based quality trimming,
sequences with ambiguous base calls, and those with homopolymer runs exceeding 6bp),
atotal of 151 fungal OTUs recovered at 3% genetic distance, were included in the fina

analysis.
5.5 Composition and diversity of fungal communities

Based on BLASTnN searches in SILVA SSU Reference 119 database, 151 OTUs were
identified, most of which had their best matches against accessionsin SILVA database.
These 151 OTUs spanned 5 phyla namely; Ascomycota, Basidiomycota, Fungi
unspecified phylum, Chytridiomycota and Glomeromycota. Sediment samples collected
from 81 °C had the highest number of OTUs (135 OTUs) while 88 OTUs were shared
among all sampletypes (Figure5.1).



ediments_45.1°C

cdiments §1°C § gdiments_83 6fC

Figure5.1: Venn diagram showing the distribution of unique and shared OTUs
within various sampletypesin thethree sampling sites. The number of OTUsin

each hot springisindicated in the respective circle.
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The shared OTUs were distributed among the phyla; Ascomycota (up to 42.9% relative
abundance in sediment sample at 45.1 °C), Fungi unspecified phylum (up to 6.2%
relative abundance in sediment sample at 83.6 °C), Basidiomycota (up to 3.3% relative
abundance in sediment sample at 81 °C), Chytridiomycota and Glomeromycota (up to
1.5% relative abundance each in water sample at 81 °C. OTUs belonging to the Phylum
Ascomycota were the most abundant and were represented by the most genera as shown
in Figure 2. In sediments at 45.1°C the OTUs were affiliated to the genus Aspergillus,
Penicillium and Trichocomaceae. Aspergillus oryzae was the most abundant species
with a relative abundance of 42.86%. Other species present were Penicillium sp. 5/975
and Trichocomaceae sp. Im65 with 14.29% rel ative abundance (Figure 5.2). However in
the sediment sample at 83.6 °C genera represented were Aspergillus, Aureobasidium,
Cladosporium, Malassezia, Neurospora, Penicillium, Phaeosphaeria, Pleosporales,
Radulidium and Trichocomaceae. Basidiomycota phylum comprised Rhodotorula and
Termitomyces species (Figure 5.2). Malassezia sp., Neurospora sp., Ascomycota sp.
Im221, Aspergillus aculeatus, Aureobasidium pullulans and Cladosporium
cladosporioides are unique to sediment samples at 83.6 °C. In the sediment sample
collected at 81 °C, Aspergillus sp. (terreus, oryzae, flavus and Aspergillus sp. bf7) within
the phylum Ascomycota were the most abundant with Aspergillus oryzae scoring
18.75%. Other taxa represented in the sample included Ascomycota sp. ar 2010,
Ramularia eucalypti, and Stagonospora sp. vegae284 each scoring a relative abundance
of 6.25%. Antarctic fungal sp. gi944 of Fungi unspecified phylum also scored arelative
abundance of 6.25% (Figure 5.2). The water sample collected at 81 °C was found to

harbor a higher diversity of fungi with low species richness (Figure 5.2).
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Figure 5.2: Relative abundance of the most predominant fungal species in various
samples collected from the hot springs. Maor species belong to Ascomycota,
Basidiomycota, Chytridiomycota, Glomeromycota and unspecified fungal phyla
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Hierarchical clustering between samples collected from Lake Magadi revealed sediment
samples from the two hot springs in Little Magadi “Nasikie eng’ida” to be closer than
the sample from the hot spring in the main lake. Mgority of the groups at species level
included Aspergillus, Ascomycota, Penicillium, Neurospora, Termitomyces, Malassezia,
Trichocomaceae, Sagonospora, Ramularia and Hypocreales (Figure 5.3). The

dendogram shows relationship between the four samples.
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Figure 5.3: Hierarchical clustering of DNA samples collected from the three hot
springs of L. Magadi and Little Magadi. Species level was chosen to be used in
hierarchical clustering to assess the relationships between samples and taxa.
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5.6 Fungal richness and diversity indices

Richness (S) estimated the water sample (81°C) to be the richest site, constituting 35
taxa. Sediment samples from the three sites had Evenness (J’) scores close to 1 (0.663 -
0.897), hence showing evenness in their number of taxa members than the water sample
(81°C). Simpson (1/D) aso indicated the sediment 45.1°C to harbor the most diverse
taxa (9.98). The Shannon’s index (H” = 1.28-2.63) indicated low variation in the level of
diversity among the sediment and water samples (Table 5.2).

Table5.2: Diversity indices computed on all OTU-based fungal taxonomic units
obtained from samples collected from the hot springs of L. Magadi and Little

M agadi
Sample No. of No.of Richness Shannon(H’) Simpson Evenness
sequences OTUs (S (YD) (J)
after
filtering
Wet sediment (81°C) 112,262 61 9 1.90 4.92 0.739
Wet sediment (45.1°C) 59,138 7 21 2.63 9.98 0.663
Wet sediment (83.6°C) 80,702 16 4 1.28 3.27 0.897
Water (81°C) 82,292 67 35 2.66 5.06 0.410
Total 334,394 151

Analysis of similarity and distance based redundancy analysis at genus level showed
connectivity of distance matrix with threshold dissimilarity of 1 indicating that data of
the four samples are connected ([1] 1 1 1 1), hence there were no significant differences

in community structure in the samples at 95% level of confidence (P value, 0.05).

5.7 Discussion

The significance of fungal communities in the hot springs of hypersaline lakes is
unclear, mainly because data on the fungal species in these habitats is limited. Using
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traditional culture-based methods, researchers reported relatively low levels of diversity
for fungal communities in extreme environments (Salano, 2011). In this study high-
throughput sequencing technology was used in order to comprehensively analyze fungal
communities within the hot springs. The high sensitivity of 1llumina sequencing enables
the detection of rare species, thus providing more detailed information on fungal
diversity in these habitats. Members of Ascomycota were more frequently identified in
the hot springs than those of Basidiomycota, whereas members of Chytridiomycota and
Glomeromycota represented only a small proportion of the hot spring funga
communities. The abundance of Ascomycota is similar to the abundance of fungi
determined in the previous study on soda soils at the edge of severa lake basins, where
filamentous fungi that could grow at high ambient pH values were isolated (Alexey et
al., 2015). The results in that study revealed 100 strains of fungi with various degrees of
alkali tolerance and taxonomic affinity within Ascomycota (Alexey et al., 2015).
Additionally, 6.2% of the fungi detected in wet sediment at 83.6°C were unspecified
Phylum. These may be undiscovered and possibly indigenous speciesin the hot springs.
Some of the groups in this study are similar to those recovered from a previous culture
dependent study conducted on the Hot spring in main Lake Magadi (Salano, 2011). The
isolates recovered in that study belonged to Aspergillus, Penicillium, Neurospora,
Polyozellus multiplex, Pycnoporus sp., Teratosphaeria, Acremonium, Talaromyces,
Sagenomella, Paecilomyces and Aphanoascus genera (Salano, 2011). Filamentous fungi
like Aspergillus and Penicillium are attractive organisms for production of useful protein
and biological active secondary metabolites. They have high secretion capacity and are
effective hosts for the production of foreign proteins (Tsukagoshi et al., 2001).

Penicillium genus were found in wet sediments 45.1 °C and 81 °C with relative
abundance of 14.29 % and 3.28 % respectively. This is similar to previous studies in
hypersaline water of salterns that revealed different species of Aspergillus, Penicillium
and diverse non-melanised yeasts (Gunde-Cimerman et al., 2005). Another study that
used morphological and molecular techniques to identify a series of halotolerant fungi

from hypersaline environments of solar salterns revealed 86 isolates of 26 species from
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salt ponds, which were identified as Cladosporium cladosporioides, nine Aspergillus sp.,
five Penicillium sp. and the black yeast Hortaea werneckii (Cantrell et al., 2006).
Rhodotorula mucilaginosa, a yeast species and Rhizopus sp. 30795, a Zygomycota were
found in wet sediment at 81 °C while unclassified Antarctic fungal sp. gi944 dominated
wet sediment at 83.6 °C. Other plant pathogenic fungi recovered included Fusarium sp.,
Cladosporium cladosporioides, Aspergillus flavus, Aspergillus japonicas and
Aspergillus oryzae. Most of these organisms may have found their way to the hot springs
through various dispersal mechanisms or may be adapted in these extreme

environments.

According to Frontier (1985), harsh environments experiencing one or more extreme
conditions tend to harbor fewer species. In contrast, wet sediments at hot spring 45.1 °C
were found to have the least OTUs (107 OTUs) as compared to higher temperature
samples, distributed within Aspergillus oryzae (42.86 %), Penicillium sp. 5/97_5 (42.28 %)
and Trichocomaceae sp. Im65 (42.28 %). Although water samples at 81 °C were found to
harbor a higher diversity of fungi with lower species richness, wet sediments showed a
lower diversity with high abundance of present groups. This could be due to high
abundance of organic matter and lower oxygen levels which favored decomposition
processes; hence the groups present have sufficient carbon sources (Neira et al., 2001;
Buee et al., 2009). The widespread funga groups within the wet sediments may
therefore be degraders of organic matter (Edgcomb et al., 2011a; Nagahama et al., 2011,
Burgaud et al., 2013; Coolen et al., 2013).

This study revealed presence of moderate and weak akalitolerant fungi such as
Alternaria alternata, Penicillium sp., Cladosporium sp. and Fusarium sp. previously
reported to grow optimally at neutral or below neutral pH values. These species have
previously appeared in existing reports on the alkalitolerant and halotolerant fungi
(Kladwang et al., 2003; Gunde-Cimerman et al., 2009). They have therefore been
considered as transition species in the alkaline environments, since they are also known

to inhabit neutral soils worldwide. Hypocreal es and Pleosporaceae have been reported
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as strong alkalitolerants and effective alkaliphiles inhabiting soda soils at the edge of
lake basins (Alexey et al., 2015). In this study, Hypocreales sp. Im 566 was identified in
water samples at 81 °C while Pleosporales sp. was found in wet sediment and water
samples at 83.6 °C and 81°C respectively. Other interesting groups recovered from this
study include Pestalotiopsis sp., Neurospora sp., and Xylariaceae sp. These have been
reported to have various applications in Biotechnology industries (Russell et al., 2011,
Roche et al., 2014; Healy et al., 2004; Posada et al., 2007).

5.8 Conclusion

This study presented fungal diversity analysis of samples collected from the hot springs
of L. Magadi and Little Magadi, using Illumina sequencing technology. The results
revealed representatives of thermophilic and akaliphilic fungi within the hot springs,
suggesting their ability to adapt to a multi-extreme sampling environment due to high
pH, temperature, and salinity. Culture dependent and independent studies in future will

help us unravel the survival mechanisms used by these pol yextremophilic fungi.

63



CHAPTER SIX

METABOLIC POTENTIAL OF THE PROKARYOTIC COMMUNITIES
WITHIN THE HOT SPRINGSOF LITTLE MAGADI IN KENYA

6.1 Introduction

The East African Rift Valley exhibits active volcanism with numerous hot springs on
the shores of some lakes (Baumgarte, 2003). These hot springs are less akaline and
saline than the lakes they feed. However where mixing occurs complex pH, temperature
and salinity gradients occur thus creating a range of soda lake habitats (Duckworth et
al., 1996). The chain of l1akes occupying the rift floor depressions represent remnants of
lakes of the pluvia period that occurred 10,000 years ago (Zavarzin et al., 1999). The
lakes are located in an area with an extremely large geothermal gradient and are
connected with underground hydrotherms forming gas-steam vents, as in Lake Bogoria
or thermal outlets in Lake Magadi. These environments have been shown to support a
dense and diverse population of aerobic, organotropic, halophilic, akaliphilic, and
alkalitolerant representatives of major microbial phyla (Duckworth et al., 1996), (Jones
et al., 1998), (Grant et al., 1999), (Zavarzin et al., 1999). Between these groups, there is
cycling of carbon, sulfur, and nitrogen under aerobic and anaerobic conditions present in
the lakes (Baumgarte, 2003).

Next-generation sequencing of PCR-amplified regions of 16S rRNA gene and reverse
transcribed mRNA have been used to investigate the genes and gene expression levels
of microbia communities in Ethiopian soda lakes (Lanzen et al., 2013). However,
there’s no evidence of similar work that has been conducted on microbial communities
of Kenyan sodalakes and only a few limited high-throughput sequencing metagenomic
studies have been reported (Akanga et al., 2015). A recent amplicon-based Illumina
sequencing of 16S rRNA genes has provided an indication of the microbes present
within the hot springs of Lake Magadi and Little Magadi and focused on the total

versus active diversity (Kambura et al., 2016). However, a comprehensive study of
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microbial activities and their function in the ecosystem has not been conducted. In the
present study, the pool of metabolic genes in wet sediments, microbial mats and water
samples collected from the hot spring (83.6 °C) were analyzed. Anaysis of the gene
profiles and genetic diversity from samples collected in the hot springs could provide
insight into the microbial ability within these extreme environments. In the present
study, the pool of metabolic genesin wet sediments, microbial mats and water samples

collected from 83.6 °C hot spring were analyzed.
6.2 Materialsand methods
6.2.1 Research Authorization

Research authorization, Study site, measurements of physicochemical parameters

sample collection and total RNA extraction were described in chapter 3.
6.2.2 cDNA synthesisfrom mRNA, library construction and deep sequencing

cDNA synthesis, library construction and short gun sequencing were performed at
Molecular Research DNA Lab (www.mrdnalab.com, Shallowater, TX, USA). The
quality of total RNA was assessed using gel electrophoresis. The extracted RNA was
dissolved in RNase-free water and subsequently treated to remove DNA contaminants
using the Amplification Grade DNase | Kit (Sigma, MO) according to the
manufacturer’s instructions. cDNA first-strand and second-strand synthesis was done
using the Superscript Il First-Strand Synthesis SuperMix (Invitrogen, CA) and the
Second-strand cDNA Synthesis Kit (BeyoTime, Jiangsu, China), respectively, following
the manufacturer’s instructions. Single-strand reverse transcription was done to provide
template for amplicon libraries using Superscript Il (Invitrogen) according to the
manufacturer’s protocol, random hexamer primed and subsequent RNAse H digestion.
The double stranded cDNA synthesis was carried out as described by Urich et al. (2008).
PCR enrichment was done to add the barcode to the cDNA library using phusion high
fidelity tag polymerase enzyme (NEB, USA). The library concentration was determined
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using Quant-iT dsDNA HS assay kit and a Qubit fluorometer (Invitrogen GmbH,
Karlsruhe, Germany) as recommended by the manufacturer. The library was then
concentrated using Ampure beads, eluted in 10ul TE buffer and used as template for
[llumina Sequencing following manufacturer’s instructions (Yu & Zhang, 2012).
Sequencing was done at the Molecular Research DNA Lab on an [llumina HiSeq 2000
platform without amplification.

6.2.3 Data analysis

Data analysis was done at Computational Bioscience Research Center, King Abdullah
University of Science and Technology in Saudi Arabia, on Dragon Metagenomic
Anaysis Platform (DMAP) using the Automatic Annotation of Microbia Genomes
(AAMG,) pipeline (Alam et al., 2013). Assemblies of the hot spring transcriptomes were
generated using AAMG pipeline (Alam et al., 2013). After quality control, genome
annotation for each of the transcriptomes was carried out as described by Alam et al.
(2013). Prediction of Open Reading Frames (ORF) was done using Prodigal (Hyatt et al.,
2010) and MetaGeneAnnotator (Noguchi et al., 2008). A series of similarity searches
were performed to select optima gene annotations using UniProt, NCBI’s NR, NCBI’s
Conserved Domain Database (CDD), Kyoto Encyclopedia of Genes and Genomes
(KEGG) database and Interproscan. Filtered shotgun reads were subjected to taxonomic
classification using BLASTn against SILVA SSU Reference 119 database (Quast et al.,
2013). Assembly full-length rRNA contigs was carried out independently using shotgun
reads from taxonomic groups as described previously (Radax et al., 2012).
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6.3 Results

Based on temperature, the hot spring 83.6 °C of Little Magadi was selected for
metatranscriptome analysis as shown on Figure 6.1. The site pH was 9.4 while
Dissolved Oxygen was 0.04 mg/l. The Total Dissolved Solids (mg/l) and Electrical
Conductivity (mS/cm) were beyond the range of Electrical Chemical Analyzer that was
used during sampling.
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Figure 6.1: Geographic map of 83.6 oC hot spring sampling site in Little Magadi.
The map was generated from the GPS coordinates captured from the lake during
fieldwork using ArcGIS 10.3
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6.3.1 Composition and diversity of microbial communities within the three sample

types

The 16S rRNA gene fragments were extracted from the hot spring transcriptomes to
obtain an initial overview of the microbial community based on BLASTn. Microbial
taxonomic classification comprised cellular organisms, viruses and fungi across all
samples. Cellular organisms included the super kingdom Bacteria and Archaea while
viruses included unclassified phages, sSDNA viruses, dSDNA viruses, Retro-transcribing
viruses, dsRNA viruses, environmental samples and ssRNA viruses. In sediments, mats
and water samples, Archaea accounted for about 11 %, 1% and 6 % of their 16S rRNA
fragments, respectively. The sediments and water samples were dominated by
Gammaproteobacteria scoring 47 % and 37 %, respectively. The dominant class in mat
samples was Al phaproteobacteria having scored 51 %. At genus level, Halorhodospira
halophila (23 % in sediments), Dinoroseobacter shibae (13 % in mats) and;
Thioalkalivibrio sulfidophilus and Halorhodospira halophila (16 % each in water) were
the mgjor communitiesin the hot spring transcriptomes.

The comparison of the three datasets within this study; 16S rDNA, 16S rRNA cDNA
and mMRNA cDNA results aso indicated that Proteobacteria was the most dominant
phyla across all samples (Figure 6.2). The highest relative abundance was 42.2 % in wet
sediment within the MRNA dataset. There were representatives of major bacterial and
archaeal phyla across the samples indicating that the prokaryotic diversity is rea
(Figure6.2).
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Figure 6.2: Comparison of the most predominant prokaryotic taxa at phylum level
within the 16SrDNA, 16SrRNA cDNA and mRNA cDNA.

The most abundant phyla include: Proteobacteria, Firmicutes, Bacteroidetes,
Actinobacteria, Cyanobacteria, Chloroflexi, Deinococcus-thermus, Euryarchaeota,

Nanoarchaeota and Crenarchaeota.

Other than the dominant proteobacteria phylum, there was a significant manifestation of
Firmicutes, Actinobacteria and Bacteroidetes that could be the maor functional groups
within the ecosystem. The comparison of prokaryotic taxa within the three sample

types at class level (Figure 6.3).
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Figure 6.3: Taxonomic classification of the most predominant prokaryotic groups
at class level within the various samples collected from the hot springs of Little
Magadi. Gammaproteobacteria and Alphaproteobacteria are among the most
predominant Proteobacteria phyla.

6.3.2 Bacterial taxonomic composition analysis

Proteobacteria was the most dominant bacterial phylum within the wet sediment,
mats and water samples from the hot springs of Little Magadi. The other major
bacterial phyla included Firmicutes, Bacteroidetes, Cyanobacteria, Actinobacteria,
Planctomycetes, Thermotogae, Deinococcus-thermus, Gemmatimonadetes and

Aquificae among others (Figure 6.4).
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Figure 6.4: Taxonomic classification of relatives of the most predominant bacterial
phyla in various samples collected from the hot springs of Little Magadi. Most
abundant phyla included: Proteobacteria, Firmicutes, Bacteroidetes, Actinobacteria,
Cyanobacteria, Chloroflexi and Deinococcus-ther mus.
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At species level,

campestris,

Halothece sp.

Rhodothermus marinus, Bacillus azotoformans, Xanthomonas

Thioalkalivibrio  sulfidophilus, PCC 7418 and

Dactylococcopsis salina were the predominant of relatives of bacterial groups within

the samples. The top ten functional classifications of relatives of bacterial species within

the three sample types are shown in Table 6.1.

Table6.1: Top ten functional classifications of relatives of bacterial specieswithin

the three sampletypes collected from the hot springsof Little Magadi

Sediment Mats Water
Absolute Absolut Absolute

Species (Blast) counts Species (Blast) ecounts Species (Blast) counts

Xanthomonas Rhodother mus Xanthomonas

campestris 435 marinus 484 campestris 254
Bacillus Bacillus

Escherichia coli 139 azotoformans 342 azotoformans 204

Burkholderiales

bacterium Thioalkalivibrio Propionibacteriu

JOSHI_001 113 sulfidophilus 302 m acnes 135

Propionibacterium Halothece sp.

acnes 110 PCC 7418 286 Escherichia coli 118
Dactyl ococcopsis

Bacillus cereus 102 salina 240 Bacillus cereus 101

Methylibium Thiorhodovibrio Microcystis

petrole philum 101 sp. 970 181 aeruginosa 89

Burkholderiales

Salinibacter bacterium

Leptothrix cholodnii 81 ruber 178 JOSHI_001 74
uncultured uncultured

Meiother mus silvanus 76 bacterium 141 bacterium 64

Agrobacterium Thiocapsa Phycisphaera

tumefaciens 69 marina 134 mikurensis 61

Hydrogenabacter Thioflavicoccus Leptothrix

thermophilus 55 mobilis 130 cholodnii 60
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6.3.3 Archaeal taxonomic composition

In this study, the most predominant archaeal phylum within the three sample types
was found to be Euryarchaeota. The other major phyla included Crenarchaeota,
Thaumarchaeota, Korarchaeota, Nanoarchaeota, Nanohaloarchaeota, Parvarchaeota

and unclassified archaea (Figure 6.5).
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Figure 6.5: Taxonomic classification of the most predominant relatives of archaeal
phyla in various samples collected from the hot springs of Little Magadi. Most
abundant phyla include: Euryarchaeota, Crenarchaeota, Thaumarchaeota,
Korarchaeota and Nanoarchaeota.
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At species level, sediment samples were dominated by relatives of uncultured archaeon,
Halorhabdus utahensis and Methanopyrus kandleri. Candidatus Korarchaeum
cryptofilum, Thermofilum pendens and Methanothermus fervidus were the dominant
archaea groups in water samples while mat samples were dominated by
Thermoplasmatales archaeon SCGC AB-540-F20, Thermoplasmatales archaeon SCGC
AB-539-N05 and Candidatus Nanosalinarum sp. JO7AB56 among others. The top ten

functiona classifications of relatives of archaeal species within the three sample types

(Table6.2).

Table 6.2: Top ten functional classifications of relatives of archaeal specieswithin

the three sample types collected from the hot springs of Little Magadi

Sediment Mats Water
Absolu Absolu
te te Absolut
Species (Blast) Count Species (Blast) Count Species (Blast) e Count
Thermoplasmatal es Candidatus
archaeon SCGC AB- Korarchaeum
uncultured archaeon 8 540-F20 14 cryptofilum 52
Thermoplasmatal es
Halorhabdus archaeon SCGC AB-
utahensis 7 539-N05 9 Thermofilumpendens 42
Candidatus
Methanopyrus Nanosalinarum sp. Methanothermus
kandleri 4 JO7AB56 8 fervidus 41
Methanothermobacte Thermococcus Methanopyrus
r ther mautotrophicus 4 barophilus 8 kandleri 35
Thermococcus Pyrococcus
litoralis 4 nanoar chaeote Nst1 8 horikoshii 30
Thermococcus Hyperthermus
sibiricus 4 uncultured archaeon 8 butylicus 29
Candidatus Candidatus
Thermofilum Korarchaeum Nitrososphaera
pendens 4 cryptofilum 7 gargensis 25
Archaeoglobus Methanopyrus
fulgidus 3 kandleri 7 Pyrococcus furiosus 25
Halalkalicoccus Methanothermus
jeotgali 3 fervidus 7 Pyrolobus fumarii 25
Halobacterium Archaeoglobus
salinarum 3 Methanotorrisigneus 7 fulgidus 24
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6.3.4 Viral taxonomic composition

In this study, some lineages of viruses were obtained from the mRNA transcripts in
various samples collected from the hot springs of Little Magadi. These include ssDNA
viruses, ssRNA viruses, dsDNA viruses, Retro-transcribing viruses, unclassified phages,
unclassified viruses and unassigned viruses (Figure 6.5). At species level, Geobacillus
virus E2, Bathycoccus sp. RCC1105 virus BpV, Deep-sea thermophilic phage D6E,
Cafeteria roenbergensis virus BV-PW1, Lactococcus phage 949 and Cotesia congregata
bracovirus were the predominant neighbors of viral groups within the samples. The top
ten neighbors of viral species functional classifications within the three sample types
(Table 6.3).
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Table 6.3: Top ten functional classifications of relatives of viral species within the three

sample types collected from the hot springs of Little Magadi

Sediment Mats Water
Absolu Absolu Absolu
te te te
Species (Blast) Count  Species (Blagt) Count  Species (Blagt) Count
Bathycoccus sp.
Geobacillus virus RCC1105 virus
Geobacillus virus E2 45 E2 19 BpV 41
Deep-sea Cafeteria
thermophilic phage Lactococcus phage roenbergensis
D6E 24 949 13 virus BV-PW1 36
Deep-sea
Lactococcus phage thermophilic phage Bovineviral
949 20 D6E 11 diarrheavirus 1 33
Bacillus phage Bacillus phage Geobacillus virus
0305phi8-36 11 S Ophi 4 E2 24
Bovineviral Bovineviral
Bacillus phage S Ophi 8 diarrheavirus 2 4 diarrheavirus 2 21
Chaetoceros Cotesia
Clostridium phage c- tenuissimus RNA congregata
st 5 virus 01 4 bracovirus 20
Diachasmimorph
Bacillus phage a longicaudata
Bacillus phage G 4 0305phi8-36 3 entomopoxvirus 19
Bathycoccus sp.
Bacillus phage RCC1105 virus Moloney murine
phiNIT1 4 BpV 3 sarcoma virus 19
Bacillus phage Pandoravirus
vB_BceM-Bc431v3 4 Cannes 8 virus 3 salinus 19
Enterobacteria Deep-sea
Clostridium phage D- phage phiX174 thermophilic
1873 4 sensu lato 3 phage D6E 17
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6.3.5 Fungal taxonomic composition

The dataset revealed sixty one sequences that were affiliated to eukaryotic groups.
Nucleotide blast against sequences on NCBI database showed twenty six of them to be
related to the fungal phyla. Some of their neighbors included uncultured groups of
Hypocreales sp, Aspergillus oryzae, Harpochytrium sp., Acremonium sp., and
Cladosporium sp. among others, some of which had been observed in the DNA dataset.
There were no common nucleotide sites found within the obtained sequences using

M ega software, hence the groups could not be phylogenetically compared.

6.3.6 Categories of Clustersof Orthologous Groups (COG) in thethree

transcriptomes

COGs in the reads were sorted into categories. The sediment samples had COGs in the
following categories: metabolism 39 %, cellular processes and signaling 24 %,
information storage and processing 19 % and poorly characterized COGs scored 18 %.
The mat samples COGs included: metabolism 37 %, cellular processes and signaling 25
%, information storage and processing 21 % and poorly characterized COGs scored 17
%. The water samples COGs included: metabolism 29 %, cellular processes and
signaling 31 %, information storage and processing 21 % and poorly characterized
COGs scored 15 %. Metabolism category included energy production and conversion,
inorganic ion transport and metabolism, coenzyme transport and metabolism, nucleotide
transport and metabolism, lipid transport and metabolism, secondary metabolites
biosynthesis, transport and catabolism, amino acid transport and metabolism;
and carbohydrate transport and metabolism. The cellular processes and signaling
category included cell wall/membrane/envelope biogenesis, signal transduction
mechanisms, intracellular trafficking, secretion, and vesicular transport, post-
trandational modification, protein turnover, chaperones, cell motility and defense
mechanisms. Information storage and processing category included; transcription,

trandation, ribosomal structure and biogenesis, replication, recombination and repair
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while the poorly characterized category comprised general function prediction and

unknown function.

6.3.7 Diversity of genes and pathways between samples

Sixty nine percent (69 %) of genes in the wet sediment samples were affiliated to
metabolic pathways. These include pathways that participate in the metabolism of
carbohydrates, carbon, amino acids, energy, cofactors and vitamins, lipids, nucleotides,
oxocarboxylic acids, terpenoids and polyketides, biosynthesis of amino acids and other
secondary metabolites, biodegradation and metabolism of xenobiotics, glycan
biosynthesis and metabolism and degradation of aromatic compounds. Ten percent (10
%) of the genes were affiliated to environmental information processing which include
signa transduction, membrane transport, signaling molecules and interaction. Eight
percent (8 %) of the genes were affiliated to genetic information processing which
include transcription, translation, replication and repair, Folding, sorting and
degradation. The rest of the genes were affiliated to cellular processes (3 %),
organismal systems (4 %) and human diseases (6 %). Seventy percent (70 %) of genesin
the mat samples were affiliated to metabolic pathways. The others included genetic
information processing (9 %), environmental information processing (8 %), cellular
processes (3 %), organismal systems (4 %) and human diseases (6 %). Sixty one percent
(61 %) of genes in the water samples were affiliated to metabolic pathways. The others
included genetic information processing (18 %), environmental information processing
(6 %), cellular processes (2 %), organismal systems (4 %) and human diseases (9 %). A
heat map of gene profiles grouped the metabolic pathways into five gene clusters (I-V)
as shown in Figure 6.7 and 6.8.
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Anaysis of KEGG pathways Enzyme Commission (EC) between the samples indicated
mat samples to have the highest abundance of pathways with dominant pathways being
xenobiotics biodegradation and metabolism, and biosynthesis of other secondary
metabolites. This was followed by sediment samples while trandation pathway scored
the least abundance across all samples. Other major pathways include metabolism of
carbohydrates, energy, terpenoids and polyketides, cofactors and vitamins as well as
biosynthesis and metabolism of glycan. The EC super pathways obtained are shown in
Figure 6.9. Sugar utilization in the samples was inferred from starch and sucrose
metabolism pathway, in which carbohydrates and derivatives such as starch, sucrose,
isomaltose, trehalose, and cellulose among others were potential sugar sources based
on level three of Enzyme Commission (EC) numbers 5.1.3. There was representation
of carotenoid biosynthesis and oxidative phosphorylation in mat samples showing an
absolute abundance of 312 and 254 counts followed by water samples that scored an
absolute abundance of 181 and 174 counts respectively. Although amino acid
metabolism has relatively high absolute abundant, the tranglation pathway is shown to
score very low abundance. This could be attributed to the fact that amino acids occur as

isomers, several of which could code for biosynthesis of the same protein.
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Figure 6.9: Sorting of sample-specific KEGG pathways Enzyme Commission (EC)
between the samples. Microbial mat samples were shown to score the highest absolute

abundance as compared to water and sediments.

6.3.8 Gene Ontology

The Gene Ontology functional classification revealed three gene categories namely
biological process, cellular component and molecular function. Some of the biological
processes included metabolism, reproduction, growth, response to stimulus, localization,
biological regulation, multicellular and single-organism process while the major cellular
components included macromolecular complex, cell, membrane, organelle and virion
(Figure 6.10).
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Figure 6.10: Summary of Gene Ontology functional classification of the samples
collected from the hot springs of Little Magadi. A, B and C represent; biological

processes, cellular components and molecular function, respectively.



Further classification of Gene ontology a molecular function level 2 reveaed four

clusters, most of which were harbored in mats and sediment samples. These are shown

on Figure 6.11.
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6.3.9 Metacyc pathways

The major metacyc pathways obtained included biosynthesis of energy, lipids, fatty
acids, secondary metabolites and co-factors, degradation / utilization / assimilation,
detoxification, generation of precursor metabolites and energy, signal transduction
pathways, superpathways, transport and tRNA processing pathway (Figure 6.12). Signal
transduction and tRNA processing pathways scored zero hits across all samples.

Signal fransduction pathways

. Superpathways
Genearation of precursor metab.... Ll y

Detoxification

Tranzport
tAMA processing pathway

Degradation/Utilization/A. ..

Biosynthesis

Figure 6.12: Summary of metacyc pathwaysin the samples collected from the hot
springsof Little Magadi



The results indicated that mat samples harbored the highest abundance of metabolic
pathways as compared to sediments and water samples (Figure 6.13). The least scoring
pathways included acid resistance, aldehyde degradation, arsenate detoxification and
protein degradation among others. Transport pathways identified within the hot spring
samples include copper transport |, calcium transport |, calcium transport |1, calmodulin
regulated calcium transport, nucleobase ascorbate transport | and starch plastidic
trandocation |I. Anaerobic aromatic compound degradation (Thauera aromatica) and
aerobic respiration-electron donor I11 pathways also scored high abundance across all

samples (Figure 6.13).
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Figure 6.13: Comparison of metacyc pathways between the samples collected from the hot springs of Little
Magadi. Microbial mat samples were shown to score the highest absol ute abundance across all samples.
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6.3.10 Functional classification of enzymes and their application in biotechnology

The anaysis of enzyme groups obtained indicated the presence of the six groups of
enzymes. These include: EC 1: oxidoreductases, EC 2: transferases, EC 3: hydrolases,
EC 4. lyases, EC 5: isomerases and EC 6: ligases Enzyme comparison indicated the mat
samples to contain high levels of Oxidoreductases, Ligases and Transferases while
sediment samples contained high levels of Lyases and water samples had high levels of
Hydrolases as shown in Figure 6.14. The average enzyme clustering based on bray
curtis dissmilarity at level one (1) grouped them into two clusters. The dendogram
indicated the mat samples to contain high levels of Oxidoreductases, Ligases and
Transferases while sediment samples contained high levels of Lyases and water samples
had high levels of Hydrolases (Figure 6.14).
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Figure 6.14: Clustering of the six enzyme groups between the samples collected from the hot springs of Little
M agadi
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Table 6.4: Absolute abundance of enzymesrevealed within samples

Absolute abundance

Enzyme Category Wet

(Class) Industrial applications Sediment Mats Water
Hydrolases (3.-.-.-) Pharmaceutical 418 997 790
| somer ases (5.-.-.-) Catelyze biosynthetic 80 183 118

reactions by:
Ligases (6.-.-.-) - Addition of 165 459 285
groups
- Rearrangement of
atoms
Lya%s (4.'.'.') - Join mol ecules 136 342 220
together with
covalent bonds
. Catalyze biological
Oxidoreductases (1.-.-.-) OXi da?t/io r edugtion reactions 389 1030 650
- |abel DNA
Transferases (2.-.-.-) ) ng;‘f plasmid 518 1393 764

- create biosensors

6.4 Discussion

6.4.1 Active microbial diversity

The comparison of prokaryotic diversity within 16S rDNA, 16S rRNA cDNA and
MRNA cDNA datasets indicated Proteobacteria as the most dominant phyla across all
samples. The dominant taxa related to those obtained from a previous research on deep
sea and marine sediments community composition (DeLong et al., 2006; Brown et al.,
2009; Liao et al., 2011). The groups are aso similar to the groups obtained from the
deep-sea brine sediment samples collected from the Red Sea, which indicated that
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proteobacteria are well adapted to extreme conditions and could be responsible for
various functional processes within the ecosystem (Yong et al.,, 2013).
Hyperthermophillic communities have been found to be complex systems of primary
producers and decomposers of organic matter. All hyperthermophillic primary producers
are chemoalithoautotrophs (i.e., sulfur oxidizers, sulfur reducers, and methanogens)
(Viellle & Zeikus, 2001).

Most of the observed taxa are relatives to organisms that are unique to the high
temperature and saline environments such as the Rhodothermus marinus which is an
example of obligately aerobic, halophilic, thermophilic, Gram-negative bacterial
inhabiting the hot springs (Bjornsdottir et al., 2006). Thioalkalivibrio sulfidophilus
denotes obligately chemolithoautotrophic, haloakaliphilic sulfur-oxidizing bacteria
groups that play a key role in primary production within the ecosystem (Muyzer et al.,
2011). Bacillus species are remarkably diverse bacterial groups, capable of growth
within diverse environments. Comparative genomic anayses have aso reveaed that
members of this genus exhibit considerable genome diversity (Earl et al., 2008); hence
their ability to survive in the highly akaline saline hot springs of Little Magadi.
Thermotogales and Aquificales have been described in deep-sea hydrothermal
environments (Stetter, 1996). Previous studies have shown archaea from
hyperthermophillic environments to be composed of three branches. Crenarchaeota,
Euryarchaeota and Korarchaeota (Barns et al., 1996). Crenarchaeota include

hal ophiles while among the Euryar chaeota, methanogens have mesophilic relatives.

Microbia populations have various associations within their habitats. Some viruses are
common in the environment especially bacteriophages that reside within bacterial hosts.
There was presence of some mammalian viruses like Bovine viral diarrhea virus 1 and
Moloney murine sarcoma virus. These could be contaminants from livestock and other
wildlife or could have been dispersed through erosion from previous rainfall and later
found suitable hosts within the hot spring. The viral lineages obtained in this study could

be responsible for a significant proportion of microbial mortality and thus have a
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profound influence on carbon and other nutrient cycles as previously reported by Suttle,
(2007). The viruses could be important vehicles for lateral gene transfer through
lysogeny and transduction; and probably promote microbia diversity by preferentialy
lysing the most abundant species (Weinbauer & Rassoulzadegan, 2004). These could
also have arole in latera gene transfer and non-orthologous gene replacement in cellular
genomes. They may have played critica roles in the evolution of DNA and DNA
replication mechanisms and separation of the three domains of life within the hot spring
ecosystem (Filee, et al., 2003; Forterre, 2006).

6.4.2 Diversity of genes and pathways

Some of the gene clusters revealed were affiliated to carbon fixation and methane
metabolism pathways, demonstrating a high level of totality of different genes
contained within the organisms present in the hot spring ecosystem. This was similar to
the results of a study on metagenomes and metabolic pathways to differentiate
adjacent Red Sea Brine Pools (Yong et al., 2013). A high level of pathway
completeness suggested their adaptive importance within the akaline hot spring
ecosystem. For instance, region V on figure 6.7 comprised genes affiliated with
pathways that participate in the carbohydrate, energy and amino acid metabolism as
well as global and overview pathways which include: carbon metabolism, biosynthesis
of amino acids, oxocarboxylic acid metabolism, xenobiotics biodegradation and
metabolism and degradation of aromatic compounds. Other major pathways include
butanoate metabolism, nitrogen metabolism, unsaturated fatty acids synthesis and lipid
metabolism. The extensiveness of these pathways and carbohydrate transport and
metabolism obtained from the COG category analysis suggest that some of the
microbes present were largely heterotrophic prokaryotes that depended heavily on

extracellular aromatic compounds as well as other sources of organic carbon.
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6.4.3 Application of various enzymes obtained from the hot springin
biotechnology

Oxidoreductases such as oxidases and laccases catalyze biological oxidation/reduction
reactions (May and Padgette 1983). These enzymes account for the highest proportion
(32.4%) of the six categories of enzymes (Straathof, 2002). An example of an
oxidoreductase enzyme isolated from the marine hyperthermophillic strain of the
archaeon Pyrococcus furiosus is a soluble hydrogenase | (H2: NADP+ oxidoreductase,
EC 1.18.99.1), which has been partially purified by anion-exchange chromatography
(Sogin et al., 2006).

Transferases enzymes such as acyltransferases and glycosyltransferases catalyze the
transfer of groups of atoms from one molecule to another or from one position in a
molecule to other positions in the same molecule. Terminal transferases can be used to
label DNA or to produce plasmid vectors (Bowen, 2013), while glutathione transferases
can be used to create biosensors. Glutathione transferases are also used in transgenic
plants to increase resistance to biotic and abiotic stress (Chronopoulou and Labrou
2009). In this study, transferases were dominant in mat and sediment samples (Figure
6.14). Hydrolytic enzymes catalyze reactions with the substrate through the hydrolysis

of chemical bonds. They include amylases, proteases, |ipases and esterases.

The study of hydrolytic enzymes is of interest due their potential applications in the
medical, chemical and pharmaceutical industries. Hydrolases from extremophiles have
advantages when compared to chemica biocatalysts as their catalyses processes are
clean, ecologically friendly, and highly specific, which take place in mild reaction
conditions (Dama et al., 2015). They can aso be active in the presence of organic
solvents, an important feature for the preparation of single-isomer chiral drugs in
pharmaceutical industry (Dalma et al., 2015). Hydrolases such as peptidases are useful
catalysts for inorganic synthesis and have many industrial applications in the

pharmaceutical field, such as anti-inflammatory and digestive agents (Trincone, 2010).
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Peptidases can be isolated from marine extremophiles such as from Thermotoga
maritime, a hyperthermophillic isolate from a marine geothermal area near Vulcano,
Italy (Hicks et al., 1998). In this study, members of Thermotogae phylum obtained from
the hot spring mRNA transcripts could be candidates for use in bioprospecting for more
pharmaceutical products. Peptidases from halophiles such as Halobacterium halobium
have been used in peptide synthesis; which has been exploited for efficient peptide
synthesis in Water-N'-N'-dimethylformamide (Kim & Dordick, 1997). Members of the
class Halobacteria were also found within the hot spring samples under investigation in
this study and could be exploited in search for peptidases. Lyases, Isomerases and Ligases
catalyze the addition of groups, rearrangement of atoms and join molecules together

with covalent bonds in biosynthetic reactions.

6.5 Conclusion

This study compared microbial communities, genes and their potential functions,
metabolic pathways as well as enzymes within the sediments, mats and water samples
collected from the hot springs of Little Magadi. The results revealed differences in
microbial composition and metabolic pathways between the hot spring transcriptomes;
as well as prokaryotic taxa and metabolic pathways previously un-observed. The results
provide evidence that microbes existing within the hot spring depended heavily on
organic carbon, aromatic compounds, heterocyclic compounds, amino acids, storage and
structural sugars within the surrounding environment. Some of the maor sugar
metabolism pathways across the samples were represented by glycolysis, TCA cycle and
Pentose phosphate pathway among others. The maor enzymes involved include: EC
1.1.1.267: 1-deoxy-D-xylulose-5-phosphate reductoisomerase (2.66 %), EC 3.2.1.52:
beta-N-acetylhexosaminidase (2.66 %), EC 1.2.1.2: formate dehydrogenase. (1.93%) and
EC 1.2.1.3: addehyde dehydrogenase (NAD+) (1.93%). Severa like pathways were
revealed in arecent study on metabolic traits of an uncultured archaeal lineage -MSBL 1-
from brine pools of the Red Sea (Mwirichia et al., 2016). This confirms that different
groups of microorganisms have the capacity to adapt and thrive even in the most hostile
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environments. The magjor pathways in energy metabolism included carbon fixation in
prokaryotes and photosynthetic organisms, oxidative phosphorylation, methane
metabolism, and nitrogen metabolism. These are important in supporting various
metabolic pathways and enhancing microbial survival within the hot spring ecosystem.
The presence of DNA binding proteins within the samples possibly maintained microbial
DNA in a double-stranded form at high temperatures within the hot spring environment
(Pereira and Reeve 1998). Amino acid biosynthetic pathways enabled the cytoplasmic
proteins of the microbes present to adapt to the environment by accumulating anionic
amino acids on the cell surfaces, improving their stability and activity in saline alkaline
waters (Hendry 2006). The study gives an insight of possible metabolic processes within
the hot spring ecosystem and the genes possibly responsible for specific pathways. More
than 50% of microbial species, KEGG Orthologs, Gene Ontology and Enzymes were
unassigned within in the various functional classifications, being denoted as ‘other’. A
comprehensive survey of microbial communities should therefore be undertaken at
more sampling sites to establish an actual picture of various pathways within the hot

spring and how they occur.
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CHAPTER SEVEN

GENERAL DISCUSSION, CONCLUSIONS AND RECOMMENDATIONS

7.1 General discussion

Studies in microbial ecology have helped researchers to recognize and appreciate the
extent of diversity owing to the recent awareness created by metagenomic studies of
components within the interactive assemblage of microorganisms, most of which are not
achievable by standard culturing techniques (Woese, 1990; Head et al., 1998; Bull,
2004; Handelsman, 2007).

Hypersaline-alkaline ecosystems such as soda lakes are one of the unique ecological
niches considered to harbor a physiologically highly diverse group of microorganisms,
adapted to survive under at least dual extreme environmental conditions (Nissenbaum,
1980; Singh et al., 2009). Their salt pans are sites for the evolution of haophilic
microbia groups which dominate while suppressing the less halophilic and halotol erant
representatives (Ahmad et al., 2008). The hot springs of Lake Magadi and Little Magadi
are environments that experience multiple extremophilic features. Enzymes, compatible
solutes and exopolysaccharides amongst all other metabolites derived from
microorganisms native to these environments may be biocaugumented to drive processes
with such development requirements as their natural habitat and are likely to offer more
versatile bioactive compounds than the existing pool obtained from mesophiles
(Ibrahim, 2013)

In this study, the total and active microbia diversity of Bacteria, Archaea and Fungal
communities within the hot springs of Lake Magadi and Little Magadi were assessed
using amplicon sequencing of 16S rDNA and 16S rRNA cDNA libraries generated from
rRNA on Illumina platform. The diversity of metabolic genes expressed within the hot

97



spring at 83.6 © C was explored using Short Gun Sequencing of cDNA libraries
generated from mRNA.

Results from this study indicated that bacteria were the most dominant taxa in the three
datasets explored. The most predominant bacteria phyla included Proteobacteria,
Firmicutes, Bacteroidetes, Actinobacteria, Cyanobacteria, Chloroflexi, and
Deinococcus-thermus among others; while Archaea were distributed among eight (8)
phyla; Euryarchaeota, Crenarchaeota, Thaumar chaeota, Korarchaeota,

Nanoar chaeota, Nanohal oar chaeota, Parvarchaeota and unclassified archaea.

Most prokaryotic and eukaryotic taxa diversity revealed in this study is presumed to be
involved in nutrient cycling processes in the ecosystem i.e., carbon, sulfur and nitrogen
cycling. Key processes like carbon fixation, methane and ammonia oxidation were also
confirmed by mRNA transcript analysis. Considering the high pH, sainity and
temperature of the hot springs under investigation, there were inexplicably diverse
microbial communities; almost similar to that of fresh water environments. The relative
abundance of microbial diversity within samples from the three hot springs appeared to
be a function of sample type and hot spring temperature, with wet sediments harboring

majority taxa across all samples.

The 16S rDNA and 16S rRNA cDNA amplicon datasets obtained were a representative
for majority of taxa in the underlying prokaryotic community. This was confirmed using
complementary shotgun sequencing of samples collected from the hot spring at 83.6 °C.
The resulting dataset conformed to sample type specific clustering patterns and shared
amost similar relative abundances for most taxa when compared to corresponding

amplicon datasets.

The study revealed presence of various groups that appeared to contribute to primary
production within the hot springs. Some of these include a diversity of non-sulfur purple
bacteria from the family Rhodobacteraceae, purple sulfur bacteria from the family

Ectothiorhodospiraceae while an internal sulfur cycle was suggested by presence of
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sulfate reducers from the family Desulfonatronaceae. Other taxa encountered at high
abundance include aerobic heterotrophs (Bacteroidetes) and fermentative anaerobes
(Thermoplasmatales). This conforms to the widespread and diverse microbia groups
previously observed in soda lake environments (Zavarzin & Zhilina, 2000; Sorokin et
al., 2011).

The findings of this study also revealed presence of moderate and weak alkalitolerant
fungi such as Alternaria alternata, Penicillium sp., Cladosporium sp. and Fusarium sp.
previously reported to grow optimally at neutral or below neutral pH values. Majority of
the obtained fungal groups at species level included Aspergillus, Ascomycota sp.,
Penicillium, Neurospora, Termitomyces, Malassezia, Trichocomaceae, Stagonospora,

Ramularia and Hypocreal es.

When linking microbial communities, genes and their potential functions, metabolic
pathways and enzymes within the wet sediments, mats and water samples collected from
the hot spring at 83.6 °C, there were marked differences in microbial composition and
metabolic pathways between the hot spring transcriptomes; prokaryotic taxa and
metabolic pathways previously un-detected. There was evidence that the survival of
microorganisms existing within the hot spring depend heavily on organic carbon,
aromatic compounds, heterocyclic compounds, amino acids, storage and structura

sugars within the surrounding environment.

A diversity of viruses and eukaryotes other than fungi was observed in this study. This
could be attributed to the fact that some viruses exist in association with prokaryotic
groups either as hosts or in symbiotic relationship. Several viruses are also common in
the environment and due to their fast growth rates; they are candidate for utilization
during cloning. However, the extent to which they regulate microbial community
diversity and structure within these extreme environments remains unknown. A few
presumed bacteriophage transcripts were found among the mRNA reads from samples

collected from the hot spring at 83.6 °C. Previously, similar results were observed in a
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study conducted on five Ethiopian soda lakes (Lanze'n et al., 2013), thus pointing to
possible areas of further investigation.

The heavy presence of transferases, Oxidoreductases and hydrolases within mat samples
could be attributed to the mats containing a higher biomass that possibly acted as

organic carbon sources for diverse microorganisms.

The outcome of this study supports previous observations which propose that soda lakes
are home for unique microbial communities which may be regarded as centres of
evolution of microbial diversity (Zavarzin et al., 1999; Mesbah et al., 2007). It confirms
earlier reports that indicated soda lakes are an important unique niche that harbors
numerous bacterial, archaeal and fungal taxa, some of which could possibly have
originated from the terrestrial environments. However, the ecological roles of these

microorganisms and their adaptive mechanisms remain poorly investigated.

7.2 Conclusions

0 The assessment of total and active diversity of bacterial, archaea and fungal
communities in the hot springs of Lake Magadi and Little Magadi revealed 3502
and 1913 Operational Taxonomic Units (OTUs) that were recovered from 16S
rDNA and 16S rRNA cDNA, respectively.

0 The predominant Bacterial phyla obtained from the OTUs were Proteobacteria,
Firmicutes, Bacteroidetes, Actinobacteria, Cyanobacteria, Chloroflexi, and
Deinococcus-thermus.

o The most dominant Archaeal phyla included Euryarchaeota, Crenarchaeota,
Thaumarchaeota and Korarchaeota.

0 There was presence of moderate and weak alkalitolerant fungi such as Alternaria
alternata, Penicillium sp., Cladosporium sp. and Fusarium sp. previousy
reported to grow optimally at neutral or below neutral pH values.

o There was abroad microbial distribution with water samples from the hot spring

at 83.6°C found to be the richest sample, constituting 680 observed species.
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The study of diversity of metabolic genes expressed in the hot springs provide
evidence that microorganisms existing within the hot spring depended heavily on
organic carbon, aromatic compounds, heterocyclic compounds, amino acids,
storage and structural sugars within the surrounding environment.

Some of the microorganisms obtained are relatives of viral lineages that could be
controlling microbial mortality rates within the ecosystem.

This study has provided new insights into the prokaryotic and eukaryotic
composition of the environment as well as their possible ecological function.
This data could serve as starting points for the development of new culture
dependent techniques for as yet uncultivated microorganisms and unrecognized

Species.

7.3 Recommendations

1

Integration of data from metagenomics, metatranscriptomics, proteomics, and
classica microbiology can help culture more uncultured organisms from these
unique environments and manipulate them for practical applications in
biotechnol ogy.

More studies should be done on fungi from soda lake hot springs in order to
reveal their diversity and functional role within the ecosystem.

Studies on viruses and other eukaryotes exposed in this study should also be
donein order to reveal their role within the hot spring environment.

More applied research should be done in order to retrieve some of the enzymes

shown in this study for future application in biotechnology
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APPENDICES

Appendix 1. Total diversity environmental data sheet of the samples collected from the hot springs of L. Magadi and Little

M agadi

Sample Bioproject I solation Collection Geo_loc Barcode Barcode  Latitude/

name ID source date _name  Sequence Name Longitude Linker Primer Sequence
Alkaline Hot

1 PRINA289092 Spring 1-Oct-13 Kenya ~ GAGAGTGT  515Fbarl 01S036E GTGCCAGCMGCCGCGGTAA
Alkaline Hot

2 PRINA289092 Spring 10/1/2013 Kenya  GAGATCAG  515Fba2 01S036E GTGCCAGCMGCCGCGGTAA
Alkaline Hot

3 PRINA289092 Spring 10//2013 Kenya  GAGATCTC 515Fbar3 01S036E GTGCCAGCMGCCGCGGTAA
Alkaline Hot

A PRINA289092 Spring 10/1/2013 Kenya  GAGTACTC 515Fbar7 02S036E GTGCCAGCMGCCGCGGTAA
Alkaline Hot

B PRINA289092 Spring 10//2013 Kenya  GAGTAGAC  515Fba8 02S036E GTGCCAGCMGCCGCGGTAA
Alkaline Hot

C PRINA289092 Spring 10/1/2013 Kenya  GAGTAGTG  515Fba9 02S036E GTGCCAGCMGCCGCGGTAA
Alkaline Hot

X PRINA289092 Spring 10//2013 Kenya  GAGATGAC  515Fbar4d 01S036E GTGCCAGCMGCCGCGGTAA
Alkaline Hot

Y PRINA289092 Spring 10//2013 Kenya  GAGATGTG  515Fba5 01S036E GTGCCAGCMGCCGCGGTAA
Alkaline Hot

Z PRINA289092 Spring 10/Y/2013 Kenya  GAGTACAG  515Fbar6 01S036 E = GTGCCAGCMGCCGCGGTAA
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Appendix 2: Active diversity environmental data sheet of the samples collected from the hot springs of L. Magadi and Little

M agadi

Sample Bioproject I solation Collection Geo loc Barcode Barcode Latitude/

name ID source date _hame Sequence Name Longitude Linker Primer Sequence
Alkaline Hot

1 PRINA290229 Spring 1-Oct-13 Kenya GAGAGTGT 515Fbarl 01S036E GTGCCAGCMGCCGCGGTAA
Alkaline Hot

2 PRINA290229 Spring 1-Oct-13 Kenya GAGATCAG 515Fbar2 01S036E GTGCCAGCMGCCGCGGTAA
Alkaline Hot

3 PRINA290229 Spring 1-Oct-13 Kenya GAGATCTC 515Fbar3 01S036E GTGCCAGCMGCCGCGGTAA
Alkaline Hot

A PRINA290229 Spring 1-Oct-13 Kenya GAGTACTC 515Fbar7 02S036E GTGCCAGCMGCCGCGGTAA
Alkaline Hot

B PRINA290229 Spring 1-Oct-13 Kenya GAGTAGAC 515Fbar8 02S036E GTGCCAGCMGCCGCGGTAA
Alkaline Hot

C PRINA290229 Spring 1-Oct-13 Kenya GAGTAGTG 515Fbar9 02S036E GTGCCAGCMGCCGCGGTAA
Alkaline Hot

X PRINA290229 Spring 1-Oct-13 Kenya GAGATGAC 515Fbar4 01S036E GTGCCAGCMGCCGCGGTAA
Alkaline Hot

Y PRINA290229 Spring 1-Oct-13 Kenya GAGATGTG 515Fbar5 01S036E GTGCCAGCMGCCGCGGTAA
Alkaline Hot

Z PRINA290229 Spring 1-Oct-13 Kenya GAGTACAG 515Fba6 01S036E GTGCCAGCMGCCGCGGTAA
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Appendix 3: Absolute abundance of KEGG Pathway (KO) within the samples

KEGG Pathway (KO) Sediment Mats  Water

Signaling molecules and interaction 11 13 8
Immune diseases 9 19 13
Excretory system 5 21 25
Substance dependence 10 32 12
Circulatory system 6 21 33
Development 11 46 18
Digestive system 16 41 23
Cell communication 21 46 21
Nervous system 14 58 41
Transcription 21 52 40
Environmental adaptation 10 46 68
Neurodegenerative diseases 22 47 80
Endocrine and metabolic diseases 12 51 87
Immune system 26 67 64
Transport and catabolism 34 9 127
Biosynthesis of other secondary metabolites 55 155 106
Cell motility 76 200 81
Glycan biosynthesis and metabolism 83 191 111
Cell growth and death 79 213 105
Endocrine system 75 167 185
Metabolism of terpenoids and polyketides 88 212 142
Cancers 78 178 202
Replication and repair 160 275 159
Metabolism of other amino acids 115 253 247
Lipid metabolism 146 300 269
Xenobiotics biodegradation and metabolism 161 316 257
Folding, sorting and degradation 64 321 375
Infectious diseases 100 284 460
Nucleotide metabolism 224 514 304
Membrane transport 269 635 275
M etabolism of cofactors and vitamins 225 714 289
Signal transduction 336 745 500
Overview maps 315 842 530
Energy metabolism 262 887 566
Amino acid metabolism 357 821 673
Tranglation 135 655 1421
Carbohydrate metabolism 414 1131 682
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Appendix 4: Absolute abundance of Metacyclic Pathway within the

samples

M etacyclic pathways Sediment Mats Water

Acid resistance 0 5 3
Alcohols degradation 45 85 56
Aldehyde degradation 13 26 12
Amines and polyamines biosynthesis 195 396 237
Amines and polyamines degradation 218 472 354
Amino acids biosynthesis 500 1275 840
Amino acids degradation 452 1101 840
Aminoacyl-tRNA charging 69 207 125
Antibiotic resistance 43 100 85
Aromatic compounds biosynthesis 67 168 126
Aromatic compounds degradation 345 814 611
Arsenate detoxification 0 1 1
Other biosynthesis 1593 4107 2547
C1 compounds utilization and assimilation 256 671 432
Carbohydrates biosynthesis 379 927 577
Carbohydrates degradation 253 642 431
Carboxylates degradation 132 388 259
Cell Structures biosynthesis 474 1247 801
Chemoautotrophic energy metabolism 13 42 10
Chlorinated compounds degradation 163 435 288
Cofactors biosynthesis 750 2017 1159
Cofactors degradation 0 1 0
Degradation/utilization/assimilation 1120 2787 1797
Other degradation 195 463 357
Detoxification 222 593 409
Electron transfer 21 125 31
Fatty acid and lipids degradation 163 363 260
Fatty acids and lipids biosynthesis 1092 2000 1784
Fermentation 163 441 308
Energy metabolism 669 1736 1120
Glycolysis 80 201 185
Hormones biosynthesis 788 2030 1207
Hormones degradation 595 1522 891
Inorganic nutrients metabolism 122 277 170
Metabolic regulators biosynthesis 17 28 32
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M etacyclic pathways Sediment Mats Water
Methanogenesis 138 322 185
Methylglyoxal detoxification 13 26 12
Nucleo-biosynthesis 190 420 322
Nucleo degradation and recycling 136 309 208
Other energy 10 21 13
Other biosynthesis 158 404 244
Pentose-phosphate-cycle 9 42 22
Photosynthesis 50 159 102
Polymer degradation 84 166 133
Protein degradation 2 6 1
Respiration 415 1090 697
Secondary metabolites biosynthesis 1045 2653 1685
Secondary metabolites degradation 714 1884 1193
Siderophore biosynthesis 2 17 37
TCA cycle 91 253 205
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Appendix 5: DNA Extraction Reagents

Solution 1
o 50mM TrispH 8.5
o 50mM EDTA pH 8.0

0 25 % Sucrose solution

Solution 2
o 10mM TrispH 8.5
o 5mM EDTA pH 8.0
o 1%SDS
Lysozyme 20 mg/ml
RNaseA 20 mg/ml
Proteinase K 20 mg/ml
Phenol
Chloroform
Absolute ethanol.
3 M NaCl

| sopropanol
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Appendix 6: RNA Extraction Reagents

TRIZOL LS reagent
Chloroform

| sopropanol

Ethanol

Glycogen or GlycoBlue

RNAse free water
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