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Abstract Lake Elmenteita is one of the alkaline saline
lakes within the Kenyan Rift valley. The lake is situated on
the floor of the Kenyan Rift Valley at 1,776 m above sea
level and has no direct outlet. The microbial diversity of
the lake was investigated using a culture-independent
approach. Five different sampling points were selected
randomly within the lake. Wet sediments and water sam-
ples were collected from each sampling point. In addition,
dry mud cake was collected from three points where the
lake had dried. DNA was extracted from the samples and
the 16S rRNA genes amplified using universal primers for
Bacteria. Thirteen clone libraries were constructed using
the PCR amplified 16S rRNA genes. A total of 1,663
clones were picked. Representative clones were selected
using ARDRA technique for sequencing. 655 partial and
non-chimeric clone sequences indicated the presence of 37
orders in the Domain Bacteria. Cyanobacteria were the
most abundant clones in terms of numbers whereas mem-
bers of the phylum Firmicutes group were the second in
terms of numbers but the most diverse in terms of genera
represented. All clones affiliated to the class Betaproteo-
bacteria originated from DNA obtained from the water
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samples. Analysis using BLAST showed that 93.1% of the
sequenced clones had similarity values below 98% to both
cultured and as yet uncultured bacteria, resulting in 596
phylotypes. Therefore, it can be concluded that Lake El-
menteita harbours phylogenetically diverse groups of bac-
teria involved in complex metabolic interactions within the
Lake’s ecosystem.

Introduction

The soda lakes environments are extremely productive
because of high ambient temperatures, high light intensities
and unlimited supplies of CO, [1]. They are also regarded
as naturally eutrophic reservoirs hence they feature con-
siderable microbial diversity [2]. From culture-dependent
studies, the soda lakes of the East African Rift Valley have
been shown to support a dense and diverse population of
aerobic, organotrophic, halophilic, alkaliphilic and alkali-
tolerant representatives of major bacterial and archaeal
phyla [2-5]. A combination of both culture-dependent and
culture-independent methods has been used previously to
document the microbial diversity of Lake Magadi [6] and
some other lakes [7]. Results from the culture-independent
studies on Lake Elmenteita pointed towards an underesti-
mation of the microbial diversity [7] when compared to
other well-studied lakes such as the Wadi al Natrun in
Egypt [8]. Like other environments, Lake Elmenteita has
been adversely affected by climatic changes and long
periods of drought have led to fluctuation in the water
levels. In ecological terms Lake Elmenteita serves as an
important refuge for vast flocks of flamingos during the dry
seasons. The aim of this study was to assess the microbial
diversity of Lake Elmenteita using a culture-independent
approach.
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Materials and Methods
Study Site

Lake Elmenteita is situated 0°27'S, 36°15’E on the floor of
the Kenyan Rift Valley at 1,776 m above sea level and has no
direct outlet [9]. The region is characterized by a hot, dry and
semi-arid climate with a mean annual rainfall of about
700 mm. Due to the high temperatures; there are very high
evaporation rates during the drier seasons leading to a
reduction in the total surface area. The present size of Lake
Elmenteita is roughly 20 km? and the depths rarely exceed
1.0 m According to Mwaura [10] the water temperature
ranges between 30 and 40°C, the alkalinity of the water is
high (1,200 mg CaCO5/1) and the pH is above 9 with a high
concentration of carbonates, chlorides and sulphates.

Sampling Site Description and Sample Collection

The sample site, sampling and DNA extraction are
described elsewhere [11].

PCR Amplification

Almost full-length 16S rDNA bacterial genes were amplified
using the primers bac8f (5-AG(A/G)GTTTGAT
CCTGGCTCAG-3') and bac1492r (5'-CGGCTACCTTGT-
TACGACTT-3'). These primers for PCR amplification of
bacteria were based on the fD1 and rP1 primers described by
Weisburg et al. [12] and modified by Sgrensen et al. [13].
PCR cycling consisted of a 3 min initial pre-incubation step
at 94°C followed by 28 cycles of a denaturation step at 93°C
for 1 min, a 1 min annealing step at 58°C, and a 1 min
elongation step at 72°C and a final extension step at 72°C for
5 min. The PCR mix consisted of 5 pl of 10x PCR buffer
[100 mM Tris—HCI (pH 9), primers at a concentration of
0.5 mM, each deoxynucleoside triphosphate at a concen-
tration of 200 mM, 2.0 mM MgCl,, 20 ng of bovine serum
albumin (BSA), 0.5 pl of template DNA, and 2.5 U of Taq
DNA polymerase (Roche). The volume was adjusted to a
final volume of 50 pl with sterile MQ water. The presence of
PCR products and their concentration were determined by
analysing 5 pl of product on 2% agarose gels after staining
with ethidium bromide. The products were compared with a
molecular weight marker (Smartladder; Eurogentec). The
ladder has a molecular weight ranging from 200 to 10,000 bp
and is used for easy quantification as well as size determi-
nation of DNA.

Clone Library Construction and ARDRA Screening

These methods were done as previously described [11].
The presence of clone inserts with the expected size was
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determined by PCR using the primers MI3F (5'-GTA
AAACGACGGCCAG-3') and MI3R (5'-AGGAAA-
CAGCTATGAC-3'). These primers flank the cloning site
on the vector. The PCR products were checked on 1%
agarose gel. Further screening of PCR fragments was done
via ARDRA to determine unique pattern profiles, repre-
sentatives clones of which were selected for subsequent
sequence analysis. A double digestion was done using the
restriction enzymes EcoNI and Stul (New England Biolabs
[NEB], Beverly, Mass.). The fragments were then sepa-
rated on 2% agarose gel at 37°C for 2 h and 100 V. Rep-
resentative profiles were picked and the PCR amplicons
purified with QIAquick® spin columns (Qiagen, Hilden,
Germany).

Sequencing

Partial sequences were generated using the primer
518r which targets one of the conserved regions. The reads
were manually edited and the sequence data were BLAST
(www.ncbi.nlm.nih.gov/BLAST/) analyzed against the
GenBank 16S rRNA database. The sequences were then
aligned using the CLUSTAL W program against the
nearest neighbours [14], and checked for chimeric struc-
tures by using the Mallard program [15]. Phylogenetic
relationship of the partial sequences was determined using
neighbour-joining [16] and maximum-likelihood analyses
[17]. These analyses were conducted in MEGA 4 [18]. The
evolutionary distances were computed using the Maximum
Composite Likelihood method [19]. The resultant tree
topologies were evaluated in bootstrap analyses of the
Neighbour-joining method based on 1,000 re-samplings
[20]. Only representative partial sequences are indicated in
dendrograms.

Nucleotide Sequence Accession Numbers

A total of 560 clone sequences that could be properly
aligned to the closest neighbours without distorting the
phylogenetic trees were deposited in the GenBank under
accession numbers FI764199-FJ764759.

Results

A total of 1,663 clones were picked (sediment samples: 694
clones; water: 644 clones; dry mud: 325 clones). All the
clones from sampling sites 1 and 2 were sequenced in order
to obtain high coverage of the bacterial diversity. In
addition, ARDRA was done for the samples from sites 1
and 2 and these patterns were used as a reference in
selecting representative ARDRA profiles from most of the
other sites for subsequent clone sequence analyses. In total
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g}?}lf)l:)etylpe?lr?;rl:srz]n?efd in the Phyla/class Order Dry mud Sediment Water
165 rRNA gene clone library Cyanobacteria Chroococcales + + +
Nostocales + +
Oscillatoriales + + +
Stigonematales + - —
Firmicutes Bacillales + + -
Clostridiales + + +
Dethiobacter + + -
Thermoactinomycete - + —
Thermoanaerobacteria - + -
Lactobacillales + —
Alphaproteobacteria Rhizobiales + + —
Rhodobacterales + + +
Spingomonadales — + +
Betaproteobacteria Burkholderiales - +
Methylophilales - - +
Gammaproteobacteria Chromatiales + + +
Methylococcales - + -
Thiotrichales + + +
Xanthomonadales - + -
Deltaproteobacteria Bdellovibrionales + + +
Desulfovibrionales — + -
Desulfuromonadales - + -
Myxococcales - + -
Bacteroidetes Bacteroidales + + +
Flavobacteriales + + +
Sphingobacteriales + + +
Chlorobi Chlorobiales + + -
Planctomyces Planctomycetales — + +
Acidobacteria Acidobacateriales — + -
Solibacteriales + + -
Actinobacteria Actinomycetales + + +
Chloroflexi Chloroflexales - + —
Deinococcus- Thermus Deinococcales - + —
Aquificae Agquificales + + -
Gemmatimonadetes - - +
Spirochetes Spirochete + - -
Verrucomicrobia Verrucomicrobiales — + -
37 20 30 17

875 clones were selected. Supplementary Table S1 gives a
summary of the number of clones picked per site, selected
ARDRA profiles that were sequenced per site and the
number of non-chimeric sequences per site. Supplementary
Fig. S1 shows an example of the range of ARDRA pattern
diversity for clones from sample site 2 (ES2-065 to ES2-
080), resulting in the formation of 11 unique pattern.

A total of 655 clones gave non-chimeric partial
sequences and the affiliation of these clones to different

orders of the Domain Bacteria is shown on Table 1.
Analysis of the sequences via BLAST showed that 525
(80.15%) sequences were related to as yet uncultured
members as recorded in the BLAST database. About 75%
of the 655 clones had similarity values between 80 and
97% to both cultured and as yet uncultured microorgan-
isms. Eighty-five clones (13%) had a similarity value of
98%, whereas only 45 clones (6.9%) had similarity values
between 99 and 100% to cultured and uncultured
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microorganisms, indicating that they may be affiliated to
described species. The four dominant phyla determined by
in the clone library analyses were the Cyanobacteria
(24.4% of sequences), Firmicutes (18.4%), Proteobacteria
(16.8%) and Bacteroidetes (17.4%).

A few unique groups were site-specific: clones only
retrieved from the hot spring sampling site 2 include
members of the orders Methylophilaceae (13 clones),
Polyangium (1 clone), Thermosynechococcus (14 clones),
Chloroflexi (1 clone) and from the phylum Acidobacteria
(7 clones). From water sample W2, only clones related to
Limnothrix (5 clones) were retrieved. All the 13 clones
related to the phylum Actinobacteria were from water of
sampling site 1. All the other clones were retrieved from
two or more samples.

Predominance of Different Groups
The Phylum Cyanobacteria

As judged from the 160 sequences affiliated to Cyano-
bacteria, these aerobic phototrophs comprise the most
abundant group of microorganisms within the soda lake
environment. Four orders of Cyanobacteria were repre-
sented with clones originating from members of the genus
Synechococcus being the most common (Table 2). Cya-
nobacteria groups reported so far from Lake Elmenteita
include Arthrospira spp., A. fusiformis, A. arnoldii, Syn-
echococcus spp., Synechocystis spp., Spirulina subtiliss-
ima, Spirulina subsalsa and Pseudanabaena spp. ([4, 5, 9,
21-24], respectively). Except for the latter taxon members

Table 2 Cyanobacterial groups represented in the 16S rRNA gene
clone library for Lake Elmenteita

Order Genus Dry mud Sediment Water Total
Chroococcales Cyanobium - - 2 2
Gloeothece - 1 -
Microcystis - - 1 1
Synechococcus 3 8 75 86
Synechocystis — — - 3 3
Nostocales Anabaena - 1 2 3
Nodularia - - 2 2
Nostoc - 1 5 6
Calothrix - 3 4 7
Oscillatoriales  Arthrospira - 3 - 3
Leptolyngbya - 14 1 15
Oscillatoria 6 - - 6
Spirulina 1 18 - 19
Trichodesmium — 4 1 5

Stigonematales Stigonema 1 - -
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of these genera were also retrieved in this study which
increased the range of diversity significantly by reporting
the presence of additional 11 genera. Figure 1 shows the
phylogenetic affiliation of representative clones to other
groups in the phylum.

The Phyla Firmicutes, Spirochetes, Actinobacteria
and Planctomyces

Of the 121 clones affiliated to the phylum Firmicutes, the
majority of 85 clones were affiliated to the Clostridiales.
Also present were clones from the orders Lactobacillales
(15 clones), Dethiobacter (8 clones), Bacillales (7 clones),
Thermoactinomycete (3 clones) and Thermoanaerobacter
(3 clones). Clones belonging to the order Clostridiales
were found to be related to the genera Alkaliphilus,
Anoxynatronum, Clostridium and Sporacetigenium; the
closest affiliates of clones were in most cases clones from
diverse environments (Fig. 2b). Four clones related to the
genus Bacillus (similarity values 88-98%) and were from
hotspring sediment samples and one clone (ED3-020) was
from a dry mud sample. Low G+C isolates from soda lake
environments are represented especially by Bacillus al-
calophilus [25] and Bacillus clarkia group, [3]. Clones
related to Alkalibacteria were similar to Alkalibacterium
olivapovliticus and clone ED4-015 was related to Isolate
WNI16 from the geographically neighbouring Lake Nakuru
(Fig. 3)

Only two clones belonging to the phylum Spirochetes
were detected and they were related to a uncultured spi-
rochete clone WN-FWB from the Wadi An Natrun, Egypt
[8]. Spirochaeta halophila, a facultative anaerobe, was also
previously detected in clone libraries of Wadi Al Natrun,
Egypt [8]. The species was fist isolated from lake Eilat in
Israel. This indicates that members of this species are
present in the soda lakes and probably participate in the
sulphur cycle through anaerobic sulphate reduction [26].

Thirteen clones were affiliated to uncultured members of
the family Microbacteriaceae in the Actinobacteria. All
these clones were affiliated to as-yet uncultured bacteria.
Within the Planctomyces, 18 clones were retrieved. Five of
the clones aligned to the Pirellula group, eight to the
Blastopirellula and one clone formed a deep branch within
the Rhodopirellula. Clone EW-053 was affiliated to
Planctomycete str. 449 [27]. Two clones (ES1-102 and
EW2-020) were not affiliated to any cultured plancto-
mycete. Clone ES2-165 was related to a clone retrieved
from the Yellowstone National Park.

The Class Alphaproteobacteria

A total of 44 clones were affiliated to members of the class
Alphaproteobacteria. The most common representatives of
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Fig. 1 16S rRNA gene
sequence relationships of taxa in
the phylum Cyanobacteria.
Clones from Lake Elmenteita
are indicated in bold font. ES
wet sediment, EW water, ED
dry mud, U uncultured

48

89

Clone W1-132 (FJ764638)

40 Clone W4-085 (FJ764748)

75 | Cyanobium sp. JUM10D4 (AM710359) / freshwater reservoir
Clone EW1-132 (FJ764638)

Cyanobium sp. JINV (AM710351) / freshwater reservoir

Synechococcus sp. CENA108 (EF088334) / waste stabilization pond, Brazil

Clone ES1-128 (Accession number missing)
Clone EW1-048 (FJ764698)
Clone ES1-060 (FJ764690)

Clone EW2-027 (FJ764655)

100 L Microcystis aeruginosa SPC 777(EF121241) / Billings Reservoir in Sao Paulo, Brazil

Clone EW2-009 (FJ764683)

— Clone ES2-101 (FJ764639)

Leptolyngbya sp. (DQ431002) / hot spring. Greenland

39 58
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Clone ES2-029 (FJ764644)
Clone ES2-178 (FJ764652)

54 [
99 | Clone ES2-004 (FJ764640)

Clone ES1-039 (FJ764757)

46
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83
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Clone EW1-143 (FJ764676)
494[[ Clone EW1-033 (FJ764672)
60 L Spirulina laxissima (DQ393278)

Clone EW4-054 (FJ764657)
Nodularia sphaerocarpa (AJ781147)

Anabaenopsis sp. 1A (AF516747)
Tolypothrix sp. PCC 7415 (AM230668) / greenhouse soil, Sweden
L Clone EW2-079 (FJ746879)

Clone EW2-003 (FJ764636)

ﬂmn’x sp. CAL3363 (AM230684) / Lake Enaejaervi, Finland

. Clone EW1-123 (FJ764627)

CLONE ES1-063 (FJ764690)

100

99

Synechocystis sp (EF545641) geothermal spring, Costa Rica
Clone ED5-003 (FJ746852)

Clone EW4-055 (FJ746876)

Clone EW1-129 (FJ764720)

Clone ED4-078 (FJ764689)

93

Arthrospira platensis CG590 (EF222475)
Arthrospira platensis PCC 9223 (DQ393285)
Clone ES2-074 (FJ764630)

Clone ES2-040 (FJ764629)

Clone EW2-049 (FJ764660)

22

0.01

this group are related to members of the genera Rhodobaca
and Rhodobacter. 17 clones were related to Rhodobaca
bogoriensis. Ten clones were related to Rhodobacter, six of
them aligning to uncultured members of this genus. Other
genera represented include Mesorhizobium (clone ES1-
022), Rhodoblastus (clone ES1-09), Methylobacterium
(clone EDS5-027), Erythrobacter (clones EW4-036 and
EW2-036). The genera Sphingomonas, Rubrimonas and
Sandracinobacter were represented by one clone each.
Four clones affiliated to the Methylococcales were

u. Limnothrix sp. clone EC2 (DQ889938)/ Erythropodium caribaeorum

Clone ED5-007 (FJ764664)

Oscillatoria acuminata (AB039014)

Clone ED5-096 (FJ764669)
Clone ED5-090 (FJ764668)

retrieved from the wet sediments. Several clones in this
group especially those from the hotspring (sampling site 2)
show phylogenetic affiliation to phylotypes retrieved from
similar environments around the world (Fig. 4).

The Class Betaproteobacteria
A total of 38 clones were affiliated to members of the class

Betaproteobacteria (Fig. 5). All the clones in this group
were from the water samples. BLAST analysis showed that
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Clone ED5-056 (FJ764322)
u. low G+C bacterium clone WN-FWB-117(DQ432446) / Wadi An Natrun, Egypt
Clone ED5-092 (FJ764329)
Clone ES1-031 (FJ764341)
Alkalliphilus auruminator (AB037677) / Deep South African gold mine
Clone ES1-074 (FJ764333)
Clone ES3-054 (FJ764368)
Clone ED5-068 (FJ764325)
Anoxynatronum sibiricum Z-7981 (AF522323) / cellulolytic community of Nizhnee Beloe
100 - Clone ES2-021 (FJ764360)
4[ Clostridium bifermentans TYR6 DSM 13560(AF320283) / Oil mill wastewater
Clone ES1-001 (FJ764336)
W{ Sporacetigenium mesophilum AY682207) / Anaerobic solid waste &sewage
9% Clone ES1-051 (FJ764286)
u. bacterium clone OIV32 (AY780039) / Hindgut of temperate marine herbivorous fishes
Clone ES4-048 (FJ764377)
W’_?/ostridium straminisolvens CSK1 (AB125279) / cellulose-degrading bacterial community
59 L u. bacterium clone AA94 (EF016617) / Cellulose in microbial Fuel Cells
Clostridium hastiforme (X80841)
00 Clone ED5-087 (FJ764328)
9 | Clone ED5-050 (FJ764321)
100 Clone ED5-006 (FJ764608)
L u.spirochete clone WN-FWB-135(DQ432450) / Wadi An Natrun, Egypt
Clone ES2-082 (FJ764538)
100 [ u. bacterium clone EV1E04 (EF470447) / Nevada and California Hot Springs
Clone ED3-020 (FJ764224)

88
97 Bacillus pseudofirmus OF4 (AB029256)
88 Bacillus arbutinivorans (AF519469) / Tropical rice soils
Clone ES2-189 (FJ764229)

b 9 | Clone ED5-079 (FJ764464)
Alkalibacterium sp.G-He1 G-He1 (EF554904)
Alkalibacterium olivapovliticus WW2-SN4a (AF143511) / Edible-olive wash-waters
Clone ED4-015 (FJ764454)
Lake Nakuru isolate WN16 (X92169) Lake Nakuru, Kenya
100 (Clone ES3-055 (FJ764401)
u. low G+C bacterium clone WN-FWB-126(DQ432449) / Wadi An Natrun, Egypt
93 - U. low G+C bacterium clone WN-FSB-22 (DQ432093) / Wadi An Natrun, Egypt
99 |lu. low G+C bacterium clone WN-USB-21 (DQ432172) / Wadi An Natrun, Egypt
Clone ES5-036 (FJ764389)

53

28

32

62

68

©

[

96

38
Clone ES3-068 (FJ764370)

T’—l} Clone ES1-021 (FJ764339)
55 u. bacterium clone LCKS40-B3 (DQ129947) / Athalassohaline, northwestern china

Clone ES1-044 (FJ764331)
u. low G+C bacterium clone ML635J-34 (AF507889) / Mono Lake, California
Clone ES1-015 (FJ764413)
Clone ES5-032 (FJ764418)
Dethiobacter alkaliphilus AHT 1 AHT 1 (EF422412) / Soda lakes
Clone ED5-088 (FJ764412)
u. low G+C bacterium clone ML635J-4 (AF507887) / Mono Lake, California
u. bacterium clone LC2.42.E12 (AY396023) / Extremely Alkaline groundwater
Clone EW1-055 (FJ764203)
u. actinobacterium clone ADK-SGe02-63 (EF520366) / Acid-impacted lakes
Clone EW1-154 (FJ764523)
Candidatus Aquiluna rubra (AJ565416) / Fresh water pond Tanzania
Clone EW1-023 (FJ764210)
Clone EW1-068 (FJ764213)
u. Actinobacteria clone ML602M-18 (AF448182) / Mono Lake, California
Clone EW4-013 (FJ764204)
u. Actinobacteria clone ML817J-9(AF448198) / Mono Lake, California
u. actinobacterium clone WN-HWB-115 (DQ432396) / Wadi An Natrun, Egypt

60

45
27

87

Planctomycetes (10 clones)

Fig. 2 16S rRNA gene sequence relationships of taxa in the phyla Firmicutes and Actinobacteria. Clones from Lake Elmenteita are indicated in
bold font. Abbreviationsas in legend to Fig. 1
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Fig. 3 16S rRNA gene
sequence relationships of taxa in
the phylum Planctomyces.
Clones from Lake Elmenteita
are indicated in bold font.

Clone ES1-004 (FJ764202)

1 0%
u. forest soil bacterium DUNssu137 (AY913344) / German forest soil

Clone ES2-165 (FJ764481)

1 00’7

Abbreviations as in legend to
Fig. 1

68

54

0.05

two clones from the sampling site 2 were similar to
uncultured members of the genus Macromonas [28]. Sev-
enteen clones were affiliated to uncultured members of
Hydrogenophaga. Clone EW2-021 was found to be affili-
ated to Aquabacterium citratiphilum [29]. Others clones
were affiliated to the genera Alcaligenes and Lautropia and
the family Methylophilaceae was represented by six clones
all affiliated to uncultured members of the genus.

The Class Gammaproteobacteria

A total of 20 clones representing various groups were
retrieved (Fig. 6). The order Xanthomonadales was repre-
sented by three clones affiliated to as yet uncultured bac-
teria. Other genera detected were Nitrosococcus (7 clones)
and Thioalkalivibrio (1 clone). Four clones affiliated to the
family Ectothiorhodospiraceae were identified. Clone
EDS5-037 was closely related to Ectothiorhodospira sha-
poshnikovii while clone EW4-003 and EW2-059 were
related to Ectothiorhodosinus mongolicum isolated from a
Mongolian soda lake. Three clones from the hotspring

u. bacterium clone 7 06 MAT RED(DQ984461) / Yellowstone National Park

Clone EW1-053 (FJ764485)

1 0%
Planctomycete strain 449 (AJ231177)

Clone EW4-062 (FJ764491)

99
60 u. Planctomycete clone DSP08 (AJ290171) / Spittelwasser river, Germany

Clone ES1-102 (FJ764478)

Clone EW2-020 (FJ764489)

u. bacterium clone (EU037330) / chromium contaminated soil, Gujarat

u. Pirellula clone 5H12 (AF029076) / marine environmental genomic DNA

L Clone ES2-182 (FJ764482)

Clone EW1-094 (FJ764486)
10

u. bacterium clone CCSD DF1080 B6 (AY820691) / drilling fluid, china
Clone EW1-134 (FJ764487)
98|
Planctomycete strain 337 (AJ231171)

Clone ES1-088 (FJ764474)

£Pirellula clone 9NBGBact 17(DQ070794) / marine basalts

samples were related to Thiothrix nivea [30]. This genus
comprises filamentous sulphide oxidizing bacteria.

The Class Deltaproteobacteria

Eight clones were affiliated to members of the class Del-
taproteobacteria (Fig. 6). Clone S2-056 from the hotspring
sample was closely affiliated to Polyangium. Other
taxa include Bacteriovorax (EW4-075), Desulfobulbus
(ED5-036) and Desulfosarcina (ES1-119). Clone ES1-134
was closely affiliated to Desulfonatronum cooperativum
(50) and D. thiodismutans [31], the latter being a sulphate
reducing bacteria isolated from Mono Lake California.
Three clones were affiliated to wunclassified Delta-
proteobacteria.

Phylum Bacteroidetes, Chloroflexi and Chlorobi
Hundred and fourteen clones belonging to the phyla Bac-
teroidetes, Chloroflexi and Chlorobi were retrieved

(Fig. 7). The Chitinophaga-Flexibacter clone sequences
were from sediment sample, site 1. All clones in the family

@ Springer



216 R. Mwirichia et al.: Bacterial Diversity in the Haloalkaline Lake Elmenteita, Kenya

Fig. 4 16S rRNA gene
sequence relationships of taxa in
the class Alphaproteobacteria.
Clones from Lake Elmenteita
are indicated in bold font.
Abbreviations as in legend to
Fig. 1

o6 | Clone EW1-063 (FJ764517)
Clone ES1-138 (FJ764508)
u. bact. clone CCSD DF1080 B15 (AY820696) / drilling fluid, China
Clone ES1-003 (FJ764506)
u. Alphaproteobacterium.cl. WN-HSB-248(DQ432298) / Wadi An Natrun, Egypt
Rhodobaca bogoriensis LBB2 (AF384205) / African Rift Valley soda lakes
Clone EW2-033 (FJ764526)
73 Clone EW4-033 (FJ764529)
Clone ES5-052 (FJ764515)
Clone EW1-054 (FJ764516)
Clone ED5-055 (FJ764502)
u. Alphaproteobacterium. Cl WN-FWB-38(DQ432440) / Wadi An Natrun, Egypt
u. Alphaproteobacterium cl. WN-FSB-111(DQ432069) / Wadi An Natrun, Egypt
u. bacterium M35.1 (AJ517872) / Rift Valley, Lake Magadi
Clone EW1-093 (FJ764518)
Clone EW1-179 (FJ764525)
u. bacterium BF0002C036 (AM697339) / indoor dust, Finland
u. bacterium Clone TFOa21 (AY351636) / activated sludge
u. bacterium clone B24 (EF655639) / wastewater treatment biofilm reactor
u. bacterium clone EV1A06 (EF470427) / Nevada and California Hot Springs
Clone ES2-152 (FJ764514)
Clone ES2-051 (FJ764512)
u. Alphaproteobacterium CloneA08 MO03 (EF220748) / Antarctic terrestrial habitats
Clone EW1-119 (FJ764519)
u. Rhodobacteraceae Clone (DQ191822) / fractured metabasalt, South Africa
100 | u. bacterium clone B30 (EF655643) / wastewater treatment biofilm reactor
Rhodobacter veldkampii (D16421) / tidal and seawater pools

u. bacterium clone YCB80 (EF205473) / geothermal spring mat, Tibet
u. Rhodobacteraceae bact. EG12 (AM691103) / Canadian hypersaline spring system
Clone EW4-087 (FJ764532)
u. bacterium clone 175up (AY212626) / water 20 m upstream of manure
99 I u. bacterium clone BCM3S-3B (AY102 910) / subtropical freshwater marsh
Mesorhizobium sp. NH-14
u. bacterium TFOa21 (AY351636) / activated sludge, Singapore
Clone ES1-022 (FJ764496)
M. albiziae CCBAU 61158 (DQ100066)

Clone ES1-098 (FJ764495)

Rubrimonas cliftonensis OCh317 (D85834)

Clone ED5-027 (FJ764494)
100 L— u. bacterium clone aab58b10 (DQ813987) / zebrafish digestive tract
80| U. Alphaproteobacteria cl. WN-HWB (DQ432334) / Wadi An Natrun, Egypt
Sphingomonadaceae Bact. KMM 6042(AY676115)
u. Alphaproteobacteria c. WN-FSB-117 (DQ432070) / Wadi An Natrun, Egypt
u. bacterium clone B2C70D4 (AY957898) / drinking water biofilm
u. Alphaproteobacteria clone MU059 (AM157616) / hypersaline wastewater
Clone EW4-036 (FJ764607)
Clone EW2-036 (FJ764605)
u. bacterium BF0001C028 (AM697187) / indoor dust, Finland
Clone EW1-099 (FJ764604)
Novosphingobium nitrogenifigens Y88 (DQ448852)
Clone ES2-032 (FJ764556)

u. bacterium clone7 06 MAT RE D (DQ984469) / microbial mat
Sandracinobacter sibiricus RB16-17 (Y10678) / hydrothermal vent
Sphingobacterium asaccharolytica 15499-T (Y09639)
Clone EW2-067 (FJ764606)
u. bacterium clone EV1H09 (EF470461) / Nevada and California Hot Springs

98

22

44

63

100

0.02

Saprospiraceae aligned to members of Haliscomenobacter
and all of them were from the hot spring sediment sample.
Three clones from the hot spring were affiliated to
Sphingobacteriaceae. Eight clones from the Saprospira-
ceae, four from Lewinella and seven from the phylum
Chlorobi formed distinct clades which were only distantly
related to other members of their respective groups. Phy-
logenetic analysis reveals similarity in the habitat from
which the clones were retrieved. Three clones were affili-
ated to Chloroflexi group. “Candidatus Chlorothrix halo-
philus” is an obligately anaerobic sulphide-dependent

@ Springer

phototrophic green nonsulfur bacterium that was cultured
from a hypersaline microbial mat [32].

Discussion and Conclusion

The results from this study suggest that the bacterial
diversity within Lake Elmenteita is significantly higher
than reported before [7]. This is confirmed by the finding
that of the 655 clones sequences selected for analysis, 525
(80.2%) were more closely related to uncultured members
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Fig. 5 16S rRNA gene
sequence relationships of taxa in
the class Betaproteobacteria.
Clones from Lake Elmenteita
are indicated in bold font.
Abbreviations as in legend to
Fig. 1

74
u. P

98

u. soil bacter

u. bacterium C
84| CLONE EW2-0

u. bacteri

97

u. bacterium clone SAK44 (DQ088755) / groundwater, South Africa
CLONE EW1-079 (FJ764257)

Uncultured bacterium G1Clone47 (EF149060) / Anopheles gambiae larval habitats
u. Hydrogenophaga Clone DS062 (DQ234146) / mangrove, Northern Taiwan
CLONE EW1-010 (FJ764270)

CLONE EW1-120 (FJ764260)

CLONE EW4-044 (FJ764278)

Malikia granosa type strain: P1 (AJ627188) / activated sludge

Hydrogenophaga sp. GPTSA14 (DQ854970) / warm spring of Assam, India

u. bacterium Clone CJRC170 (DQ202200) / fluidized bed reactor

u. proteobacterium clone (DQ230947) / subsurface water, Kalahari

75

u. bacterium clone 124b1 (EF459884) / Baltic Sea sediment

u. bact. clone BE24FW032601C (DQ088741) / groundwater, South Africa

u. proteobacterium clone LiUU-30-393(EF066723) / Lake Ekoln

Clone EW2-078 (FJ764273)
u. Proteobact. Clone MVS-56 (DQ676404) / suboxic freshwater-pond sediment

70 CLONE EW1-042 (FJ764252)
u. bacterium clone G3DCM-259 (EU037357) / chromium contaminated soil
CLONE EW4-064 (FJ764280)
u. Proteobacterium Clone TK-SE4 (DQ463713) / Lake Tanganyika oxic epilimnion

roteobacterium Clone TH1-69 (AM690866) / Fresh water Lake, China

CLONE EW4-034 (FJ764277)

ium Clone W4Ba40 (DQ643704) / agricultural soil

u. proteobacterium Clone AKYG464 (AY922020) / farm soil
Aquabacterium citratiphilum (AF035050) / Berlin drinking water system

lone 261ds10 (AY212711) / water 10 m downstream of manure
21 (FJ764271)

u. proteobacterium Clone TK-NE3 (DQ463723) / Lake Tanganyika oxic epilimnion
CLONE EW4-018 (FJ764283)

u. bact. clone EV818EB5CPSAJJ4 (DQ337044) / subsurface water, Kalahari
u. bacterium Clone RH.204i-20 (DQ458382) / high salinity industrial wastewater
CLONE EW4-019 (FJ764284)

um Clone SS-4 (AY945899) / sludge-seeded bioreactor

u. bacterium FukuN65 (AJ290001) / Lake Fuchskuhle north basin, Germany

CLONE EW4-032 (FJ764276)

u.

4

u. pr

u. bacterium clone 2B02 (DQ346474) / compost
100) CLONE EW1-077 (FJ764215)

CLONE EW1-026 (FJ764211)
bacterium Clone Lgja-64 (AY381286) / Laogang landfill, China
u. Proteobacterium Clone (AY792265) / Humic Lake, USA

u. bacterium Clone HKT448 (DQ439598) / activated biomass, India

oteobacterium Clone HKT909 (DQ989447) / activated biomass

u. Proteobacterium Clone BIfci36 (AJ318116) / industrial biofilter, Austria
CLONE EW1-121 (FJ764470)

100l CLONE EW1-130 (FJ764471)

0.02

of the Domain Bacteria than to described species. Inter-
esting is the occurrence of clones representing members of
the class Betaproteobacteria which have not been previ-
ously reported from the East African soda lakes [7] or the
other soda lakes such as Wadi al-Natrun in Egypt [8]. The
functional role of members of this phylum in the soda lake
environment needs to be further investigated preferably
using a culture-dependent approach. The dominance of
Cyanobacteria concurs with earlier reports that the less
alkaline lakes such as Lake Elmenteita are usually domi-
nated by dense blooms of Cyanobacteria while the hyper-
saline lakes occasionally support blooms of both
cyanobacteria and alkaliphilic anoxygenic phototrophs
belonging to the genera Halorhodospira and Ectothiorho-
dospira [4, 5, 21, 33, 34]. Members of the latter genus have
also been identified, though in small numbers only.

Primary productivity is driven by several groups within
the soda lake environment. The Cyanobacteria form the
dominant group as shown by their diversity. Organic matter
is also produced by anoxygenic phototrophic purple bac-
teria of the family Ectothiorhodospiraceae [2] as well as
the order Chromatiales [35]. Eight clones affiliated to the
order Chromatiales were retrieved from the water, dry mud
and wet sediment samples. The alkaliphilic Rhodobaca
bogoriensis, originally isolated from Lake Bogoria in
Kenya, is capable of both phototrophic and chemotrophic
growth and is a representative of purple nonsulfur bacteria
described from soda lake environments [36]. The fila-
mentous green nonsulfur bacteria are among the most
abundant organisms in both oxic and anoxic layers of
microbial mats from a variety of environments [37-40].
The occurrence of clones from both Chlorobi and
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Fig. 6 16S rRNA gene 3
sequence relationships of taxa in
the class Gammaproteobacteria
and Deltaproteobacteria.
Clones from Lake Elmenteita
are indicated in bold font.
Abbreviations as in legend to
Fig. 1

97

o8 U. bacterium
u. bact
100! u. proteoba
Ectothiorhodo.

Clon

Clone

Clone E

100 Clone EW.

87
100 Clone ES2-0
Clone ES2-1
u. bacterium clone J56-814 (EF174287) / Activated sludge, Greece
u. proteobacterium clone HF071 (EF417660) / Soil, China
Clone ES4-042 (FJ764246)

70

100~

100
80

—

Clone ES1-119 (FJ764405)

Clone ES2-147 (FJ764617)

Thiothrix nivea JP2 (L40993) / sulfide oxidizing bacteria, Louisiana, USA.
u. bacterium clone ORCA-17N122(DQ823225) / Oregon Caves , USA

100l u. bacterium clone IC-32 (AB255060) / Corroding concrete, Japan

Thiothrix flexilis EJ2M-B (AB042545) / Activated sludge, Japan

Dokdonella koreensis DS-123 (AY987368) / Soil, Korea

100) Clone ES2-114 (FJ764465)

Clone ES2-179 (FJ764468)

Clone ES1-136 (FJ764311)

u. Proteobact clone B1-29 (AM229469) / Polluted microbial mat, France

clone H49-814 (EF174279) / Activated sludge

u. bacterium clone Niitsu24-17(AB187922) / Garbage composting, Japan

erium ORCA-17N112 (DQ823216) / Oregon Caves, USA

u. bacterium clone aquased44 (DQ028263) / Aquaculture pond sediment, China

cterium clone MSB-4C11 (DQ811841) / Mangrove soil, China

Clone EW2-059 (FJ764314)

sinus mongolicum Strain M9 (AY298904) / Soda Lake, Mongolia

Thiorhodospira sibirica A12 (AJ006530) / Siberian soda lake

e ES1-111 (FJ764309)

Thioalkalivibrio denitrificans (AF126545) / Soda Lake
u. bacterium Clone CJRC49 (DQ202169) / Fluidized bed reactor, USA

ES2-160 (FJ764618)

Clone ES2-136 (FJ764311)
Clone ES2-170 (FJ764467)

W1-056 (FJ764312)

Phototrophic bacterium DSM 2111 (X93478)

2-053 (FJ764313)

u. Proteobacteria clone WN-FSB-157(DQ432081) / Wadi An Natrun, Egypt
Ectothiorhodospira shaposhnikovii Z1 (AY974609)

72 (FJ764623)
59 (FJ764625)

Clone ES2-056 (FJ764472)

L Polyangium sp 4943 (M94280)
Clone ED5-095 (FJ764245)

u. bacterium cl. FS140-91B-02 (DQ513018) / Crustal fluid, USA

Clone EW4-075 (FJ764247)

u. proteobacterium clone SIMO-842 (AY712379) /Salt Marsh, Georgia
Desulfonatronum lacustre DSM 10312 (AF418171)

Desulfonatronum thiodismutans MLF1 (AF373920) / Mono Lake, California

Clone ES1-134 (FJ764402)

Desulfonatronum cooperativum (AY725424) / Soda lake Chadin

Desulfobulbus propionicus DSM 2032 (AY548789)

Desulfobulbus elongatus DSM 2908 (X95180)

u. bacterium SSCP band LS1 (DQ463287) / Acidogenic sulfate-reducing reactor
Clone ED5-036 (FJ764404)

Clone ES4-078 (FJ764407)

u. bacterium clone Phe4A (EF467179) / Hydrocarbon-contaminated marine sediments

Desulfosarcina variabilis (M26632)
u. deltaproteobacterium clone PA2 (AY771978) / Intertidal mud, Wadden Sea

94l u. Desulfosarcina (AY177791) / Antarctic sediment

0.02

Chloroflexi shows that these groups are present and con-
tribute to primary production in the Lake.

A number of aerobic chemoorganotrophic, alkaliphilic
isolates obtained from several soda lakes in East Africa
have been studied in detail [3, 41]. Organotrophic bacteria
of the Actinobacteria phylum, i.e., Bogoriella caseilytica
[42] and Cellulomonas bogoriensis [43] have also been
described from Lake Bogoria in Kenya. Others are mem-
bers of the genus Dietzia natronolimnaea [16], the genera
Arthrobacter and Terrabacter [3] from Lake Oloiden,
Kenya. The phylum Planctomyces probably contribute to
the mineralization of organic material created by photo-
trophic primary producers. Saccharolytic spirochetes uti-
lize sugars and a limited range of polysaccharides to
produce acetate, lactate, ethanol and hydrogen under
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anaerobic conditions [2]. Two haloalkaliphilic strains Spi-
rochaeta alkalica and S. africana have been isolated from
Lake Magadi, and an alkaliphilic species S. asiatica from
Lake Khatyn, Central Asia [44]. The Bacilli are aerobic or
facultatively spore forming heterotrophs whereas clostridia
are anaerobic fermentors and some groups are sulphate
reducers. Other heterotrophic groups detected in the clone
libraries were from the phylum Bacteroidetes. The orders
Sphingobacteriales and Flavobacteriales consist mainly of
aerobic heterotrophic organisms while strains of order
Bacteroidales are all anaerobic [45, 46].

The occurrence of clones affiliated to the orders Des-
ulfobacterales, Desulfovibrionales and Desulfomonadales
and the genus Desulfitibacter confirms the fact that the
microbial sulphur cycle seems to be one of the most active
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Fig. 7 16S rRNA gene
sequence relationships of Taxa
in the phylum Bacteroidetes,

s u. bacterium clone FFCH9847 (EU133745) / mixed grass prairie
{[{u bacterium cl. biogas-DE-b44(DQ419642) / biogas

Clone EW2-005 (FJ764597) Chloroflexi

u. Bacteroid.clone FO9 WMSP2 (DQ450746) / tundra wet meadow soil

Chlorobi and Chloroflexi. o — Clone ES1-100 (FJ764428)
Clones from Lake Elmenteita o u. bacterium clone DSBR-B011 (AY302115) / sludge
are indicated in bold font. Clone EW1-113 (FJ764440)

Abbreviations as in legend to
Fig. 1

Clone

Clone EW1-11

—
0.05

in the soda lakes with anaerobic phototrophic purple sul-
phur bacteria and sulphate reducing alkaliphiles as the
main actors [47]. It has been proposed that sulphate
reduction is responsible for generating alkaline conditions
as a result of transformation of sulphate to sulphide [2].
The genus Methylobacterium contains strictly aerobic,
facultatively methylotrophic bacteria that are able to grow
on C1 compounds more reduced than carbon dioxide as the
sole carbon and energy sources [48]. In spite of the limi-
tations of the molecular approach such as differential DNA
extraction, primer selectivity, and variable rRNA gene
copies [49], the approach remains as an effective method to
identify the most prominent microorganisms in a natural
environment. From the data obtained in this study it can be
concluded that the microbial communities within the soda

EJ

Clone EW1-135 (FJ764589)
u. Bacteroid.clone WN-USB-58(DQ432188) / Wadi An Natrun, Egypt

u. bacterium clone Blli23 (AJ318157) / Waste-gas biofilter

Clone ES2-062 (FJ764565)

u. organism cl. MAT-CR-H3-E04(EU245170) / hypersaline microbial mat
Clone ES2-041 (FJ764560)
u. Bacteroid. OTU18/APA (AM902639) / subsurface thermal spring
u. bacterium clone 1.9.7 (AY887012) / fresh water
u. Flexibacter clone MB-11 (DQ507161) / DEAMOX reactor
Flexibacter flexilis IFO 15060 (AB078050)
Clone EW2-061 (FJ764595)
Flexibacter tractuosus (M58789)
Clone ES2-109 (FJ764569)

EW4-068 (FJ764600)

Chimaereicella alkaliphilus (AJ717393)

u. Hongiella clone 1-D (EU305566) / wastewater plant

Algoriphagus balticum T (AJ744861)

u. Bacteroidetes clone WN-FSB-75(DQ432102) / Wadi An Natrun, Egypt
S Clone Ewz

u. Bacteroidetes clone SM1C08 (AF445665) / Yellowstone National Park
Clone EW4-060 (FJ764447)

5 Clone EW4-052 )
Owenskia hongkongensis UST20020801 (AB125062)

u. bacterium clone N67e 43 (EF646127) / Namibian upwelling system
Clone ES5-004 (FJ764242)
Clone ES1-081 (FJ764233)
u. Bacteroid.clone WN-HSB-94 (DQ432272) / Wadi An Natrun, Egypt
Clone EW4-089 (FJ764395)

030 (FJ764446)

(FJ764599

2 (FJ764439)

Clone ES2-173 (FJ764241)

u. bacterium clone Amb 16S 599(EF018245) / trembling aspen rhizosphere
Clone ES2-110 (FJ764570)

u. Bacteroidetes clone CYC 29 (EF562574) paper pulp column
Clone ES5-051 (FJ764583)

u. bacterium clone 02N1A240 (DQ330406) / Wadi An Natrun, Egypt
o Clone ED5-091 (FJ764230)

u. Bacteroidetes clone WN-FWB-107 (DQ432444) / Wadi An Natrun, Egypt
Clone ES2-035 (FJ764559)

Clone ED5-085 (FJ764548)

u. Bacteroidetes clone WN-FWB-9 (DQ432435) / Wadi An Natrun, Egypt
Clone ES3-059 (FJ764582)

u. bacterium clone ELB19-204 (DQ015831) / ice-covered Lake Bonney, Antarctica
Clone EW1-015 (FJ764249)

u bacterium clone (AB369186) / Riser drIIIIn'g

mud fluid

u. bacterium clone SR FBR L7 (AY340835)

u. Chlorobi clone Cart-N2 (AY118151) / benzene-degrading mixed cultures
Clone ES2-026 (FJ764295)

u. bacterium clone G3BDCM-198 (EU037344) / chromium contaminated soil
Clone ES3-002 (FJ764622)

u. Verrucomicrobium clone ML623J-15 (AF507898) / Mono Lake

lakes are complex and major trophic groups are repre-
sented. Novel approaches for enrichment and isolation will
further deepen our understanding of the roles played by the
different groups within the ecosystem.
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