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Abstract A non-culture approach was used to study the

archaeal diversity in Lake Elmenteita, Kenya. Five differ-

ent sampling points were selected randomly within the

lake. Wet sediments and water samples 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 these samples and the 16S rRNA genes

were amplified using primers described to be Domain-

specific for Archaea. Eleven clone libraries were con-

structed using PCR-amplified 16S rRNA genes. A total of

1,399 clones were picked and analysed via ARDRA. 170

ARDRA patterns were unique and the respective clones

were selected for sequencing. 149 clones gave analysable

sequences. BLAST analysis showed that 49 belong to the

Domain Archaea while the others were either chimera or

affiliated to eukaryotic taxa. Comparative sequence anal-

ysis of archaeal clones affiliated them to a wide range of

genera. The order Halobacteriales was represented by

members of the genera Natronococcus, Halovivax, Halo-

biforma, Halorubrum, and Halalkalicoccus. The highest

percentage (46%) of the clones, however, belonged to

uncultured members of the Domain Archaea in the order

Halobacteriales. The results show that the archaeal diver-

sity in the lake could be higher than previously reported.

Introduction

Soda lakes are characterised by high salinity and alkalinity and

many represent highly productive environments [16]. Studies

on the lakes of the East African Rift Valley in Kenya have

shown that they are habitats for novel species of Bacteria and

Archaea [9]. The ability to recover and analyse 16S rRNA

genes directly from environmental DNA provides a means to

investigate the taxonomic composition of microbial popula-

tions in any environment without the need for cultivation [1, 8,

15, 23, 36]. The application of this method to study marine

bacteria and archaea has revealed large numbers of novel

microorganisms, which appear to be largely unaffiliated with

previous isolates from the same environment [7]. Such

methods have also been applied to a number of soil, thermal,

and hypersaline environments resulting in the description of

as-yet uncultivated groups of both Bacteria and Archaea [1, 5,

17, 27, 28]. These novel phylotaxa expand our knowledge

about diversity though they do not unravel their metabolic

capabilities. Over the past years several archaeal species, all of

which were relatively closely associated with the genera Na-

tronobacterium and Natronococcus, have been identified in

hypersaline soda lakes, i.e. Lake Natron, Little Lake Magadi

and Lake Magadi [12, 34]. To date no detailed phylogenetic

study had been done on Lake Elmenteita. The objective of this

study was to apply a culture independent approach to elucidate

the archaeal diversity in Lake Elmenteita.

Materials and Methods

Study Site

Lake Elmenteita is situated 0�270 S, 36�150 E on the floor

of the Kenyan Rift Valley at 1776 m above sea level and
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has no direct outlet [18]. The region is characterised by a

hot, dry and semi-arid climate with a mean annual rainfall

of about 700 mm. Due to the high temperatures very high

evaporation rates occur during the dry seasons leading to a

reduction in the total surface area. The present size of Lake

Elmenteita is roughly 20 km2 and the depths rarely exceed

1.0 m. According to Mwaura [21] the water temperature

ranges between 30 and 40�C, the alkalinity of the water is

high (1,200 mg CaCO3/l) and the pH is above 9 with a high

concentration of carbonates, chlorides and sulphates.

Sampling Site Description and Sample Collection

Water and mud (sediment) samples were collected from

five different sampling sites (Fig. 1). At sampling site 1 the

water was almost clear and warm, sampling site 2 harbours

a hot spring (76�C) whereby water seeps from the rocks

and flows into the lake. Turbidity increased from site 3–5

as a result of Cyanobacteria blooms and mixing by fla-

mingos which feed on the cyanobacteria.

In addition three dry mud samples were collected from

areas where the lake had dried out. Water samples were

collected in sterile bottles, capped on site, labelled and

preserved in cooled boxes for transportation back to the

laboratory. Wet sediment and the dry mud samples were

collected by scooping, placed into sterile 1.5 ml Eppendorf

tubes, packed in sterile bags, labelled and preserved under

dry ice. Wet sediment samples were labelled as ES1–ES5,

water samples were labelled EW1–EW5 and the dry sedi-

ment samples were labelled ED3–ED5. The letter E refers

to Elmenteita while S, W and D refer to Wet sediment,

Water and Dry mud, respectively.

In the laboratory the water samples were initially filtered

through Nucleopore filter (GF/F; Whatman) of 0.45 lm

pore size and then through a glass fiber filter (Type GS;

Millipore) of 0.22 lm pore size using a vacuum pump. The

filter papers were properly folded in an aluminium foil,

labelled and preserved in dry ice. The samples were ship-

ped via courier service to DSMZ in Braunschweig, Ger-

many, under dry ice for analysis. At the DSMZ, the

samples were stored at -80�C.

DNA Extraction Protocol

The sediment and filter papers were thawn and 200 mg

from each of the wet sediment sample weighed into a

sterile 2 ml Eppendorf� tube. The filter sandwich was cut

into small pieces with a sterile scalpel and transferred to a

sterile 2 ml Eppendorf� tube. DNA extraction protocol

was a modification of the method described by Sambrook

and Russel [29]. In order to remove the salts and exo-

polysaccharides from the sediments samples, to each tube

was added 500 ll of solution A (50 mM Tris pH 8.5,

50 mM EDTA pH 8.0, 25% sucrose solution) and mixed by

gently inverting several times and centrifuged at

13,000 rpm for 1 min [4]. The supernatant was discarded

and the sample re-suspended in 200 ll of solution A. 5 ll

of Lysozyme (20 mg/ml), 5 ll of RNAse A (20 mg/ml)

were added and mixed gently. The samples were allowed

to incubate at 37�C for 1 h. To this mix was added 600 ll

of solution B (10 mM Tris pH 8.5, 5 mM EDTA pH 8.0

and 1% SDS) and mixed by inverting several times after

which 10 ll of Proteinase K (20 mg/ml) and mixed gently.

The mix was incubated at 50�C for 50 min.

DNA extraction was via the method described by

Sambrook and Russel [29]. Removal of humic substances

from the DNA was done using the caesium chloride

method [30]. Presence of DNA was checked on 1% agarose

gel. The DNA was aliquoted in 10 ll. Short-term storage

was at -20�C, while long storage was done at -80�C.

Almost full-length archaeal 16S rDNA genes were

amplified using the primers arc8f (50-TCCGGTTGATC

CTGCC-30) and arc1492r (50-GGCTACCTTGTTACG

ACTT-30) as described [31]. A gradient PCR was done

a priori to check for the optimum annealing temperature.

Thereafter PCR cycling consisted of a 3-min initial pre-

incubation step at 94�C followed by 35 cycles of a dena-

turation 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 ml of 109 PCR buffer [100 mM Tris–HCl (pH 9)],

primers at a concentration of 0.5 mM, each deoxynucleo-

side triphosphate at a concentration of 200 mM, 2.0 mM

MgCl2, 20 ng of bovine serum albumin (BSA), 0.5 ll of

template DNA, 2.5 U of Taq DNA polymerase
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Fig. 1 Aerial view of Lake Elmenteita, Kenya, showing the various

sampling points 1–5 and the source of the dry mud samples as D3–D5
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(Roche).The volume was adjusted to a final volume of

50 ll with sterile MQ water. The presence of PCR products

and their concentration were determined by analysing 5 ll

of product on 2% agarose gels.

Clone Library Construction

The PCR products were purified with QIAquick� spin

columns (Qiagen, Hilden, Germany) according to the

manufacturer’s instructions. The PCR products were eluted

using 50 ll of TE Buffer (pH 8.0). 1 ll of the cleaned PCR

products was ligated onto pGEM-T� Easy vector system II

(Promega) and transfected through heat shock to E. coli

JM109 high efficiency competent cells (Promega). Selec-

tion of transformants and extraction of plasmid DNA fol-

lowed described protocols [3]. The presence of correct

inserts was determined by performing a PCR using the

primers M13F (50- GTA AAACGACGGCCAG-30) and

M13R (50-AGGAAACAGCTATGAC-30). These primers

flank the cloning site on the vector. The PCR products were

checked on a 1% agarose gel. Further screening was done

via ARDRA to select for a few representative clones for

sequencing. Restriction digests of cloned PCR products

were done using the restriction enzyme CviII from New

England Biolabs [NEB] (Beverly, Mass.). Samples S4 and

W5 were neither analysed by the ARDRA approach nor

sequenced. Partial sequences were generated using the

primer 514r. This primer is group specific and targets one

of the conserved regions of the Domain Archaea [4]. Seven

clones were sequenced using primer 1492r, as the forward

primer resulted in unreadable sequences, probably due to

the presence of microheterogeneities. The reads were

manually edited and the sequence data were BLAST

(www.ncbi.nlm.nih.gov/BLAST/) analysed against the

GenBank 16S rRNA gene sequence database. The

sequences were then aligned using the CLUSTAL W

program against the nearest neighbours [14], and checked

for chimeric structures by using the Mallard program [2].

Phylogenetic relationship of the partial sequences was

determined using neighbour-joining [10] and maximum-

likelihood analyses [22]. These analyses were conducted in

MEGA 4 [32]. The evolutionary distances were computed

using the Maximum Composite Likelihood method [27].

The resultant tree topologies were evaluated in bootstrap

analyses of the Neighbour-joining method based on 1000

re-samplings [10]. Only representative partial sequences

are indicated in the trees.

Nucleotide Sequence Accession Numbers

The sequences were deposited in GenBank under accession

numbers FJ746846–FJ746893.

Results and Discussion

A total of 1,399 clones were picked and analysed via

ARDRA. The selected restriction enzyme (CviII) does not

cut the cloning vector. From the eleven samples, a total of

170 unique ARDRA patterns were selected for sequencing

using the Primer 514r. Some patterns are indicated in

Fig. 2.

Of the sequenced clones 149 gave good readable

sequences. BLAST analysis, however, indicated that only

73 belonged to the domain Archaea, 24 of which were

chimera, hence discarded, while the other 76 clones were

affiliated to the 18S rRNA genes of eukaryotic groups such

as bacterivorous nematode Diplolaimella dievengatensis

(Clone EW4-023), Chlamydomonad spp (Clone EW4-

011), Gelastocoris oculatus (Clone EW1-091), Ecumeni-

cus monohystera (Clone ES3-039) and Brachionus plica-

tilis (Clone ES5-092). This indicates that the Archaeal

primers were not domain-specific. A total of 49 non-chi-

meric archaeal sequences were aligned to the ARB data-

base and all of them were affiliated to the phylum

Euryarchaeota [11]. Of these, 13 were affiliated to cultured

members while the remaining 36 were affiliated to as-yet-

uncultured members of the phylum. Figure 3a shows the

phylogenetic relationship of 38 clones to other members of

the phylum Euryarchaeota.

Sequence analysis indicates that the majority of the

clones belonged to the family Halobacteriaceae. Members

of this family require high salt for growth and are che-

moorganotrophic, aerobic or facultatively anaerobic and

are ubiquitous where salt concentration is high. BLAST

analysis showed that seven clones belonged to the genus

Natronococcus and the closest isolated relative was Na-

tronococcus amylolyticus. Clone EW4-046 was 96% sim-

ilar to Halobiforma lacisalsi but its position on the tree

indicates that it could belong to the genus Natronococcus.

ES2-027                               ES2-044 

Fig. 2 ARDRA pattern for representative archaeal clones ES2-027–

ES2-044. ES2-027–ES2-044 refers to Lanes 1–18. The arrow in the

gel shows a plasmid with no DNA insert. Only representative unique

ARDRA profiles were selected for sequencing
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a  ED3-029 (FJ746848)
 EW4-044 (FJ746875)
 ED5-001 (FJ746851)

ED5-045 (FJ746856)
Natronococcus amylolyticus (D43628)

 Uncultured haloarchaeon clone TX4CA 54(EF690609)
 Uncultured haloarchaeon clone TX4CA 19(EF690574)

ED3-007 (FJ746846)
 Uncultured archaeon clone ss015 (AJ969915)

Natronococcus aibiensis AB1 (AY277581)
Halobiforma lacisalsi AJ5 (AY277582)

ED3-017 (FJ746847)
EW3-001 (FJ746871)
 Uncultured haloarchaeon clone TX4CA 19(EF690574)
 Uncultured haloarchaeon clone TX4CA 74(EF690629)

EW4-046 (FJ746877)
 Uncultured haloarchaeon clone TX4CA 47(EF690602)
 Uncultured haloarchaeon clone TX4CA 12(EF690567)

EW3-009 (FJ746873)
ED5-109 (FJ746861)

 EW3-004 (FJ746872)
 Uncultured haloarchaeon clone TX4CA 24(EF690579)
Halorubrum sp. EN-2 (AM268115)

 ES5-005 (FJ746865)
 ES5-058 (FJ746866)

EW2-079 (FJ746879)
Halovivax asiaticus (AM039978)

EW4-050 (FJ746876)
Haloterrigena limicola AX-7 (DQ367241)

 ES2-019 (FJ746878)
 Uncultured haloarchaeon clone TX4CA 33(EF690588)

 Halalkalicoccus sp. C15 (DQ373058)
Halalkalicoccus tibetensis (AF435112)

EW4-012 (FJ746874)
 Uncultured haloarchaeon clone TX4CA 75(EF690630)
 Uncultured haloarchaeon clone TX4CA 65(EF690620)
ED4-008 (FJ746880)
Cluster 1 (15 clones)

ED3-042 (FJ746849)
ED5-024 (FJ746855)
ES1-010 (FJ746892)

 Uncultured haloarchaeon clone TX4CA 37(EF690592)
EW1-001 (FJ746881)

 Uncultured archaeon clone MKCST-B2 (DQ363832)
Methanosaeta sp. clone A1 (AJ133791)

 Uncultured archaeon clone PL-21A5 (AY570675)
 Uncultured Methanospirillaceae (AB236096)

Methanocalculus halotolerans (AF033672)
Methanocalculus pumilus 16S ribosomal RNA

ES5-050 (FJ746884)
Methanocalculus sp. LA1 (DQ987520)

Sulfolobus solfataricus (X03235)
Sulfolobus acidocaldarius DSM639(D14053)

Pyrodictium occultum (M21087)
Desulfurococcus mobilis (M36474)99

100

91

100

100

70

84

77

98

80

94

100

99

99

99

98

99

78

100

99

99

91

0.5

b  Uncultured haloarchaeon clone TX4CA 75(EF690630)

Uncultured haloarchaeon clone TX4CA 65(EF690620)

ED4-008 (FJ746880)

ED5-104 (FJ746860)

EW2-090 (FJ746870) 

ED5-046 (FJ746857) 

ED4-007 (FJ746850)  

ED5-009 (FJ746853) 

ES5-090 (FJ746869) 

ED5-058 (FJ746858) 

ED5-003 (FJ746852)

ED5-130 (FJ746862)

ED5-020 (FJ746854)

ES5-075 (FJ746868)

ES5-056 (FJ746864) 

ES5-060 (FJ746867) 

ED5-100 (FJ746859)

ED5-133 (FJ746863)

Cluster 1

99

91

0.05 

Fig. 3 a Evolutionary

relationships of partial 16S

rRNA gene clone sequences to

selected taxa of the phylum

Euryarchaeota, Domain

Archaea, b Cluster 1

extrapolated from (a).

Phylogenetic relationship of the

partial sequences was

determined using neighbour-

joining [10] and maximum-

likelihood analyses [22]. The

analyses were conducted in

MEGA 4 [33]. The evolutionary

distances were computed using

the Maximum Composite

Likelihood method [32]. The

resultant tree topologies were

evaluated by bootstrap analyses

based on 1000 re-samplings

[10]. Only values above 70 are

included
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Members of the Genus Natronococcus are alkaliphilic and

require a pH of at least 8.5 for growth. Saline soda lakes are

known to support blooms of halobacteria and harbour al-

kaliphilic representatives of the genera Natronobacterium

and Natronococcus, Natronomonas, Natrialba, Natro-

norubrum and Halorubrum. Functionally, Halobacteria

flourish on the organic matter concentration arising from

evaporation of brine and the death of its microbial popu-

lation [37]. Clones EW3-009, ED5-109 and EW3-004

formed a cluster and BLAST analysis showed they were

affiliated to as-yet uncultured Halobacteriaceae. EW4-012

and clone ES2-019 were related to Halalkalicoccus tibet-

ensis but with moderately high similarity values of 94 and

95%, respectively. Clones ES5-005 and ES5-058 were

related to uncultured Halorubrum species whereas clone

EW2-079 aligned with Halovivax asiaticus. Clone EW4-

050 was 94% similar to Haloterrigena limicola

The remaining 20 halobacterial clones were affiliated to

as-yet uncultured members of the family Halobacteria-

ceae. Within the 20 clones cluster 1 (Fig. 3b) of 15 highly

similar sequences emerged, consisting exclusively of

clones retrieved from Lake Elmenteita. Outside this cluster

were the remaining five clones (ES1-010, ED3-042, ED5-

024, EW1-001 and EW4-008) and these too were affiliated

to as-yet uncultured Halobacteriaceae with a similarity

value of 97–98%. Whether these clones originate from

novel taxa have to await the characterisation of pure cul-

tures. According to BLAST analysis, clone ES5-050 was

affiliated to Methanocalculus. Members of the genus

Methanocalculus obtain their metabolic energy via reduc-

tion of CO2 to methane whereas H2 and formate are elec-

tron donors. Their distinguishing feature is tolerance to

high salt concentration.

Seven clones are not included in the tree since they

could not be aligned with the other clone sequences as they

were sequenced using the PCR primer 1492r. These seven

clones showed BLAST similarity values below between 94

and 98% to both cultured and cultured members of the

phylum Euryarchaeota. Clone EW1-009 was related to

uncultured Methanospirillaceae whereas clones EW1-017

and EW1-087 were 98% similar to Methanocalcu-

lus pumilus. Within the order Methanomicrobiales, two

clones (EW1-031 and EW4- 058) were affiliated to Meth-

anosaeta, indicating that members of this taxon are rep-

resented in Lake Elmenteita. The remaining two clones

(EW1-093 and EW1-025) were affiliated to uncultured

euryarchaeota.

The findings of this study concur with other studies on

other Kenyan soda lakes [4, 26], Lake Wadi-el-Natrun,

Egypt [19] but also with the hypersaline, endoevaporitic

microbial community in the pH-neutral brine of Eilat,

Israel [25]. It is unclear whether the exclusive members of

the phylum Euryarchaeota are due to primer bias or

whether they are actually the only representatives of the

archaeal domain within the soda lake environments. In a

previous study by Rees et al. [26] on Lake Elmenteita, of

the 14 archaeal-related amplicons retrieved, three were

related to the genera Halobacteria, Haloarcula and Na-

tronobacterium. DNA from the Halobacteriales has also

been extracted from the Dead Sea, solar salterns, Antarctic

hypersaline lakes, alkaline African hypersaline lakes, and

Solar Lake, Sinai [5, 6, 20, 24]. Isolated strains of this

group are aerobic halophiles growing at salinities up to

NaCl precipitation, although some are capable of anaerobic

growth either in the light using bacteriorhodopsin or in the

dark by fermentation [13, 25].

A number of factors including relatively low cell num-

bers, a variable number of rRNA operons among organ-

isms, as well as extraction and PCR bias, may lead to

under-representation of phylotypes relative to their in situ

abundance [35]. Therefore novel approaches to enrichment

and isolation are needed to deepen our understanding of the

roles played by the different groups within Lake

Elmenteita.
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