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Abstract Soda lakes are highly alkaline extreme environ-
ments that form in closed drainage basins exposed to high
evaporation rates. Because of the scarcity of Mg’" and Ca®*
in the water chemistry, the lakes become enriched in CO;*~
and Cl", with pHs in the range 8 to >12. Although there is
a clear difference in prokaryotic communities between the
hypersaline lakes where NaCl concentrations are >15%
w/v and more dilute waters, i.e., NaCl concentrations about
5% w/v, photosynthetic primary production appears to be
the basis of all nutrient recycling. In both the aerobic and
anaerobic microbial communities the major trophic groups
responsible for cycling of carbon and sulfur have in general
been identified. Systematic studies have shown that the mi-
crobes are alkaliphilic and many represent separate lin-
eages within accepted taxa, while others show no strong
relationship to known prokaryotes. Although alkaliphiles
are widespread it seems probable that these organisms, es-
pecially those unique to the hypersaline lakes, evolved
separately within an alkaline environment. Although
present-day soda lakes are geologically quite recent, they
have probably existed since archaean times, permitting the
evolution of independent communities of alkaliphiles since
an early period in the Earth’s history.
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Alkaline environments

Alkaline environments can be placed into several broad
categories depending on the nature of the process generat-
ing alkalinity. All depend on a continuous process, either
microbial or chemical, to maintain an alkaline pH and
counter the buffering effect of CO,, which at a macroscale
tend to maintain more a neutral or acidic pH. Soil microbial
processes such as ammonification and sulfate reduction
rarely lead to stable pHs in excess of pH 10 and may be
transient and localized unless unrestricted by factors such as
nutrient supply. Human industrial activity by processes such
as cement manufacture [Ca(OH),], mining operations,
paper and pulp production (NaOH), and food-processing
effluents all generate examples of highly alkaline environ-
ments, often in excess of pH 11. Natural geochemical pro-
cesses such as the weathering of silicate minerals can lead to
alkaline water about pH 11 because of Ca(OH), (Grant
1992; Grant et al. 1990; Bath et al. 1987). The chemistry of
these silicate waters is rather dilute and comparable to that
in oligotrophic environments; they have an extremely low
buffering capacity, the pH stability being rather limited by
the low solubility of Ca(OH), (about 10mM) and exposure
to atmospheric CO,. Carbonate ions are rapidly removed
from solution as insoluble calcium or magnesium minerals.
In volcanic areas, alkaline hot springs have been reported
with pHs to pH 9.5 (Hensel et al. 1997) where alkalinity is
probably also generated by decomposition of silicates.
Here too, the maintenance of a stable alkaline pH is
limited (Jones, personal observations) probably because of
exposure to O, and outgassing of CO,.

Soda lakes and soda deserts are naturally occurring alka-
line environments. They represent the most stable high-pH
environments on Earth, where large amounts of carbonate
minerals can generate pH values >11.5. Although these
environments are widely distributed, they are often located
in inaccessible continental interiors, which has hindered
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their detailed and systematic study. The best studied soda
lakes are those of the East African Rift Valley, where de-
tailed limnological and microbiological investigations have
been carried out over many years (Jones et al. 1994; Grant
et al. 1990; Rich 1933; Beadle 1932; Jenkin 1932). Microbial
studies of Central Asian soda lakes have also been docu-
mented (Zhilina and Zavarzin 1994; Issatchenko 1951).

The genesis of the soda lake environment

The conditions necessary for the formation of a soda lake
have much in common with those for the generation of an
athalassohaline salt lake, but with the major difference that
in a soda lake carbonate (or carbonate complexes) becomes
the major anion in solution. The most important contribut-
ing factor is a lack of alkaline earth cations (Ca** and Mg’")
in the surrounding topography, which essentially means an
absence of rocks of sedimentary origin. Further circum-
stances include a shallow depression forming a closed drain-
age basin with a high marginal relief, having sufficient
rainfall to sustain streams entering the basin to produce a
standing body of water. In arid zones with high rates of
evaporation exceeding inflow, salts accumulate by evapora-
tive concentration (Jones et al. 1994).

In the Rift Valley of Kenya-Tanzania, the graben is com-
posed of Pleistocene alkaline trachyte lavas (high Na*, low
Ca’" and Mg”"). Under the prevailing conditions, ground-
water of meteoric origin saturated with CO,, the molar
concentration of HCO, /CO,’~ greatly exceeds that of Ca®*/
Mg*". As a result of evaporation in this arid tropical zone,
saturation of the alkaline earth cations is rapidly achieved,
and they precipitate out of solution as insoluble carbonates;
this leaves Na*, Cl", and HCO,; /CO;> as the major ions in
solution.

The soda lake aerobic environment

One of the noticeable features of many soda lakes is their
color. The water may be various shades of green or red
because of the massive blooms of microorganisms. This
coloring is a reflection of the very high primary
productivities associated with these lakes. The almost un-
limited supply of CO, combined with high ambient tem-
peratures and high daily light intensities in the tropics
contribute to making the East African soda lakes among the
most productive of the naturally occurring aquatic environ-
ments in the world (Melack and Kilham 1974).

The photosynthetic primary productivity, mainly the
result of the dense populations of cyanobacteria, presum-
ably supports the rest of the microbial community. These
blooms of cyanobacteria are usually dominated by Spirulina
spp., but in different lakes and also depending on seasonal
factors Cyanospira spp. and unicellular forms, which might
be Synechococcus or Chroococcus, may also be common.
Not only are the cyanobacteria critical for the fixation of

nitrogen in this environment but they are also producers of
O,. Daytime rates of oxygen production >2g O, m *h™'
have been recorded from Spirulina spp. (Melack and
Kilham 1974). However, during a 12-month survey of
aerobic organotrophic bacterial numbers in relation to
cyanobacterial numbers, no correlation was found between
secondary productivity and the timing of a cyanobacterial
bloom (Jones et al. 1994; Mwatha 1991; Grant et al. 1990).
In fact, bacterial numbers were remarkably constant at
about 10°cfuml ', although the dominant types varied. The
Rift Valley soda lakes maintain dense populations of
nonphototrophic, aerobic organotrophic bacteria, which

Table 1. Taxonomic groups containing prokaryotes isolated from soda
lakes (boldface type)

Eubacteria
Cyanobacteria
Chroococcales
Oscillatoriales
Spirulina spp.
Firmicutes (gram-positive bacteria)
Actinomycetes (high G+C gram-positive bacteria)
Actinomycetales
Micrococcaceae
Nocardiform actinomycetes
Streptomyces
Low G+C gram-positive bacteria
Bacillaceae
Clostridiaceae
Haloanaerobiales
Proteobacteria
Beta subdivision?
Delta subdivision
Gamma subdivision
Ectothiorhodospira
Halomonadaceae
Pseudomonas
Spirochaetales
Spirochaetaceae
Spirochaeta
Thermotogales
Thermopallium
Thermopallium natronophilum

Archaea
Euryarchaeota
Halobacteriales
Halobacteriaceae

Halorubrum
Halorubrum (Natronobacterium) vacuolatum

Natrialba
Natrialba (Natronobacterium) magadii

Natronobacterium
Natronobacterium gregoryi
Unclassified Natronobacterium spp.

Natronococcus
Natronococcus amylolyticus
Natronococcus occultus
Unclassified Natronococcus spp.

Natronomonas
Natronomonas (Natronobacterium) pharaonis

Methanomicrobiales
Methanosarcinaceae

Methanohalophilus
Methanohalophilus oregonensis
Methanohalophilus zhilinaeae
Methanohalophilus sp. Z-7936
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may be somewhat surprising considering the lakes are
eutrophic, rather shallow, and presumably oxygen limited.
These bacteria may be readily isolated on appropriate me-
dia (Horikoshi and Akiba 1982; Grant and Tindall 1980).
Viable counts of aerobic organotrophs from a range of di-
lute lakes indicate 10°-10°cfuml™' (Mwatha 1991; Grant et
al. 1990). Many isolates of organotrophic bacteria obtained
from these lakes have been subject to phenotypic (numeri-
cal taxonomy), chemotaxonomic, and phylogenetic analysis
(Duckworth et al. 1996; Jones et al. 1994). Not surprisingly,
most of the isolates are obligately alkaliphilic or at the very
least alkali tolerant and represented considerable phyloge-
netic diversity (Table 1). The majority of gram-negative
isolates were members of the gamma subdivision of the
Proteobacteria (Woese et al. 1985). Organisms related to
but not identical with members of the Halomonas group
were well represented. These strains are currently undergo-
ing detailed examination because they appear to represent
at least two novel genera and several new species within
currently accepted taxa. Other gram-negative isolates
grouped closely with Pseudomonas sensu strictu (rRNA
group 1) while other strains formed distinct groups without
any close affinity to known taxa, although their closest
association was with typical aquatic bacteria such as
Aeromonas, Vibrio, and Pseudomonas spp. (Duckworth
et al. 1996).

Gram-positive isolates are more diverse, being found in
both the high G+C and low G+C divisions. Only two of
the high G+C isolates closely identified with established
taxa, in this case Dietzia, resulting in our proposal of a
second species of this genus as Dietzia natronolimnaios
(Duckworth et al., in press). Other high G+C types are
distinct and only loosely associated with known species of
Arthrobacter and Terrabacter. Low G+ Cisolates were asso-
ciated with members of the Bacillus spectrum, especially B.
alcalophilus. Recent comparative 16S rDNA sequence
analysis of B. alcalophilus and some alkaliphilic Bacillus soil
isolates has established that they form a distinct phyloge-
netic group (rRNA group 6) within the Bacillus radiation

(Nielsen et al. 1994). Some of our isolates were closely
related to but not identical to members of the rRNA group
6 bacilli. A second more diverse group of strains were re-
lated to the alkaliphilic species Bacillus agaradherens and
Bacillus clarkii (Nielsen et al. 1995), which form the nucleus
of another distinct rRNA group (“group 77). This has been
confirmed by signature analysis and the presence of an in-
sertion between positions 70 and 100 (Nielsen et al. 1994)
(Fig. 1). However, isolates in this group were phenotypi-
cally diverse. Strains isolated from the hypersaline lakes
Little Magadi and Natron were in addition highly halo-
philic, growing well in 30% w/v NaCl. These strains, for
example, isolate 105Nt.4, have a different signature
sequence, namely a larger terminal loop in the V1 region
of the 16S rRNA (Fig. 1). There is some evidence to sug-
gest that the two groups of bacilli are segregated within the
soda lake environment. The strains associated with B.
alcalophilus seem to predominate in shoreline muds and dry
foreshore soda soils that are subjected to fluctuating condi-
tions of alkalinity and salinity as water levels change with
the seasons. The “group 7” strains, which also have a high
Na“ requirement for growth, are seemingly more prevalent
in lake waters and sediments where conditions are less
variable.

A quite different population of prokaryotes is present in
the trona and concentrated brines of the hypersaline lakes
of the Magadi-Natron basin. Although cyanobacteria of the
genus Cyanospira have been isolated from Lake Magadi
(Florenzano et al. 1985), cyanobacterial blooms occur only
occasionally after extensive rainfall causes dilution of the
brine; hence, it is unclear what organisms are responsible
for primary production. Red anoxygenic, phototrophic,
halophilic Ectothiorhodospira spp. have been isolated at
Magadi and other soda lakes (Grant and Tindall 1986;
Imhoff et al. 1979), but normally the trona crusts are
colored red by the presence of large numbers of
haloalkaliphilic Archaea. Until recently these obligately
halophilic and alkaliphilic Archaea were classified in two
genera, Natronococcus and Natronobacterium (Kamekura
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et al. 1997; Grant 1989). Phylogenetic analysis of our
more recent isolates indicated they were closely related to
these genera but distinct from known species (Duckworth
et al. 1996). There are few phenotypic features that can be
used to distinguish the strains or the recognized species,
but investigations are continuing (S. Grant, personal
communication).

Although these results extend our understanding of the
diversity of soda lake alkaliphiles, they are clearly biased by
the manner of sampling, culture conditions employed, and
the choice of isolates for study. Recently, we examined
littoral mud and dry soda soils using alternative culture
techniques designed to isolate filamentous actinomycetes at
pH 10. Numerous spore-forming bacteria with the typical
morphology of Streptomyces were isolated. These are
clearly different from the recently described Bogoriella
caseilytica (Groth et al. 1997), and preliminary evidence
from 16S rDNA sequencing indicates that some strains at
least represent new alkaliphilic species of Streptomyces
(Jones, Meijer, and Van Solingen, unpublished).

The soda lake anaerobic environment

In contrast to aerobic habitats, the anaerobic alkaline envi-
ronment has received little attention. Because these are
very productive environments (Talling et al. 1973; Melack
and Kilham 1974) with a concomitant shortage of dissolved
O,, anaerobic processes are bound to play a significant role.
Lacustrine muds are black and anoxic, implying the pres-
ence of sulfides and the presence of specific anaerobic
populations of sulfate-reducing bacteria (SRB). Indeed,
geochemists have invoked the presence of sulfate-reducing
bacteria to explain the relative depletion of sulfate in the

brines of Lake Magadi (Jones et al. 1977), although sulfate
levels of 12.8-17.5mM in Lake Magadi brines (Jones et al.
1994) would not limit microbial activity. Even so, the dis-
tinctive odor of H,S associated with SRB activity is often
not apparent in these sediments (Owenson and Jones, per-
sonal observations), presumably because of the high pH
(Hao et al. 1996), although sulfide concentrations of 6.2mM
have been recorded (Jones et al. 1994). The sediments also
have a sufficiently low redox potential to permit the activity
of SRBs; values of —310 to —470mV were measured in situ
(Owenson and Jones, unpublished). Furthermore, there is a
substantial if unquantified contribution to primary produc-
tivity by anoxygenic phototrophic bacteria of the genus
Ectothiorhodospira. These bacteria require reduced sulfur
compounds as photosynthetic electron donors and clearly
play a role in the cycling of sulfur. By evoking the activity of
SRBs, the cycle is completed (Fig. 2).

In 1992 we attempted a systematic study of soda lake
sediments with the aim of characterizing obligately an-
aerobic alkaliphiles, especially sulfate-reducing bacteria
(Owenson 1997). Anaerobic sediment samples were col-
lected under anaerobic conditions (Duckworth et al. 1996)
from five soda lakes in the Kenyan section of the East
African Rift Valley. A total of 16 samples were abstracted,
11 from the more dilute “northern” lakes (Elmenteita,
Sonachi, Nakuru, and Bogoria), and 5 from the hypersaline
Lake Magadi. Previous observations (Jones et al. 1994) sug-
gested that positive enrichments for sulfate-reducing bacte-
ria had been obtained from sediments from Lake Magadi,
but no strains were recovered in pure culture. From a total
of 161 enrichment cultures performed on the sediment
samples, only 16 cultures showed stable sulfate reduction on
repeated subculture (Table 2). Anaerobic incubations were
performed under a head-space gas phase containing 10%
v/v H, and 90% v/v N,; the formation of a black precipitate

Fig. 2. A simple model for nutrient cycles in
soda lakes
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Table 2. Positive enrichment cultures for sulfate-reducing bacteria

Lake Enrichment substrate
Lactate Acetate Butyrate Formate Fumarate Ethanol
Elmenteita + + + +
Nakuru + + + +
Bogoria + +
Sonachi +
Magadi +
Table 3. The origins of obligate anaerobic strains
Isolate Location Sample type Water
pH Temperature (°C) Conductivity (mScm ™)
E2/B Littoral zone sediment
} Elmenteita core } 10.0 25 25.0
E2/C
B7/A Bogoria Littoral zone (grit and
silt) sediment core 11-11.5 34 723
B8/A Littoral zone sediment
B8/C Bogoria core } 11 33 59.6
BS8/CFT
M12/2 Magadi (saltern P1) Sediment core 10.5 33 33.8
M14/4 Magadi, western Mud under trona beds 12 32 114.7
causeway
M16/4 Magadi, northwestern Dredged mud 11 34 112.5
causeway

of FeS was used as an indicator of H,S production. Growth
was often very slow, typically several months between
transfers. A variety of cell morphologies were observed
including vibrio-shaped, straight rods, cocci, and cells with a
spiral morphology similar to the Spirochaeta sp. described
by Zhilina et al. (1996a). Attempts to purify the SRBs by
plating did lead to the growth of typical black colonies after
extended incubation, but subculturing to obtain axenic cul-
tures was unsuccessful, suggesting perhaps that the organ-
isms survived only as members of syntrophic associations.
Zhilina and Zavarzin (1994) had more success, reporting
the isolation of several organisms from Lake Magadi form-
ing a mixed anaerobic community, one of which was an H,-
utilizing SRB later characterized as Desulfonatronovibrio
hydrogenovorans (Zhilina et al. 1997).

The isolation of chemoorganotrophic alkaliphiles under
anaerobic conditions proved to be more tractable. Viable
counts on a complex alkaline agar medium indicated 1.85
X 10° to 2.5 X 10° bacteria per ml at 37°C. Enrichments
performed on complex substrates such as guar gum
(galactomannan; 2:1 mannose:galactose), birchwood
xylan, carboxymethyl cellulose, and starch yielded almost
exclusively faculatative anaerobes, while the direct plating
of sediment or sediment suspensions on agar containing
glucose with an appropriate amount of NaCl and incubating
under H,/N, provided some obligately anaerobic isolates.
Most of the obligate anaerobes could not be maintained in

prolonged culture during the course of the study, and only
nine strains survived long enough to permit a partial charac-
terization. These nine strains represent only three of the
five soda lake basins sampled (Table 3). This poor harvest
undoubtedly reflects the technical difficulties associated
with culturing obligate anaerobes under a high-salt, high-
pH regimen and maintaining strains having unknown
growth requirements. An examination of the colony and
cell morphology of these strains indicates an apparent di-
versity of organisms. An analysis of the substrates utilized
(using the Biolog system; Biolog, Hayward, CA, USA),
fermentation products, and the pH and salt ranges for
growth (Table 4) clearly indicated two groups of organisms.
The three strains from Lake Magadi are all obligately
haloalkaliphilic, requiring at least 12%-16% w/v NaCl for
growth, and produce isovaleric acid as a fermentation end
product with smaller amounts of isobutyric and acetic acids.
The strains from Lakes Elmenteita and Bogoria are less salt
tolerant, reflecting the conditions in these lakes, and pro-
duce acetate and propionate or butyrate as fermentation
products.

Phylogenetic analysis inferred from 16S rDNA se-
quences served to underline two groups of organisms (Figs.
3 and 4), although all the isolates grouped with the “low
G+C mol% division of the gram-positive bacteria.” The
least halotolerant strains from Elmenteita and Bogoria clus-
tered within “group XI” of the Clostridium spectrum
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Table 4. Growth properties of obligate anaerobic strains

Isolate pH Range NaCl range  Substrates utilized Fermentation products
(at 4% w/v NaCl)* (% w/v)
E2/B 8.5->10.5 0-8 No data Acetate, propionate
E2/C 7.5->10.5 0-4 Sugars Acetate, butyrate
B7/A 8.5->10.5 0-8 Amino acids, sugars Acetate, propionate
limited
BS8/A 8.5->10.5 0-8 Sugars Acetate, propionate
B8/C 8.5->10.5 0-12 Sugars Acetate, propionate
B8/CFT  8.5->10.5 0-12 Sugars Acetate, propionate
M12/2 9.5->10.5 16-24 Sugars Isovalerate,
Isobutyrate, acetate
M14/4 9.5->10.5 12-26 Sugars Isovalerate,
Isobutyrate, acetate
M16/4 8.5->10.5 12-26 Sugars + amino acids  Isovalerate,

Isobutyrate, acetate

*Except Magadi isolates: 16% w/v NaCl.
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Fig. 3. Phylogenetic tree of the anaerobic soda lake isolates associated
with members of the Clostridium “cluster XI” (Collins et al. 1994).
Evolutionary distances were calculated using the substitution calibra-
tion method (Van de Peer et al. 1996), and the topology was inferred
using the neighbor-joining method (Saitou and Nei 1987) based on
bootstrap analysis of 1000 trees. Bar, 0.05 substitutions per nucleotide
position

(Collins et al. 1994) (Fig. 3), where they formed a distinct
group separate from the previously described alkaliphiles
Clostridium paradoxum (Li et al. 1993) and Clostridium
thermoalcaliphilum (Li et al. 1994). A further
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Fig. 4. Phylogenetic tree showing the relationship between
haloalkaliphilic isolates and members of the Clostridium spectrum
(Collins et al. 1994). Bar, 0.05 substitutions per nucleotide position

chemoorganotrophic isolate from a SRB enrichment on lac-
tate was also sequenced before the strain was permanently
lost. Phylogenetic analysis recovered this strain within
“cluster V” of the Clostridium group. Although this strain
was found to be most closely related to members of the
genus FEubacterium, sequence similarity levels suggested



that this organism might belong to a new genus (data not
shown). The haloalkaliphilic strains isolated from Lake
Magadi were clearly different, and detailed phylogenetic
analysis placed them between clostridial “clusters VIII
and XI” in the scheme of Collins et al. (1994) (Fig. 4),
forming a separate, well-defined group with Clostridium
thermoaceticum and Clostridium thermoautotrophicum
(“cluster VI”) as closest relatives. The evidence is compel-
ling that these strains represent a new genus of obligately
anaerobic haloalkaliphiles (Owenson 1997).

The Rift Valley is a volcanically active region, and many
of the soda lakes are fed by hot springs at temperatures of
45°-96°C. These are complex habitats, often characterized
by a variety of algal mat types whose true nature has never
been investigated. These ecosystems provide some inter-
esting gradients of pH, salinity, and temperature. From
anaerobic sediments of hot springs at Lake Bogoria, we
isolated strictly anaerobic rod-shaped bacteria having a
typical outer sheathlike structure and growing optimally at
70°C and pH 9.5. The isolates were gram-negative, fermen-
tative bacteria growing up to 78°C and above pH 10.5 in a
low-salts medium containing carbonate (Meijer et al. 1996).
16S rDNA sequencing placed these isolates among the
Thermotogales but without any close association with
known genera (Duckworth et al. 1996). The assignment
“Thermopallium natronophilum” (“the soda-loving hot
cloak”) will be proposed to accommodate these strains.

Soda lakes past and present

Although we can try to construct some unifying theory to
describe nutrient cycling and the microbial community
structure in soda lakes, it can only be superficial (Fig. 2). In
the East African Rift Valley there is an obvious difference
between the hypersaline lakes of the Magadi-Natron basin
with salt concentrations approaching saturation (30% w/v
or greater) and the “northern” lakes (Elmenteita, Nakuru,
Bogoria, etc.) with salinities of the order of 5% w/v. Soda
lakes in other parts of the world may have different chem-
istry, reflecting local conditions, and these in turn may har-
bor other specific organisms. However, soda lakes are
essentially closed systems, and as Zavarzin (1993) observed
should exhibit complete nutrient recycling. The input of
carbon and nitrogen into the soda lake ecosystem (if we
ignore the obvious contribution by grazing flamingos, etc.)
is predominantly through CO, and N, fixation by photosyn-
thetic cyanobacteria (see Fig. 2). In the oxic zone, a variety
of chemoorganotrophs utilize the products of primary pro-
duction. Many of our aerobic isolates are nutritionally
undemanding, producing a wide variety of hydrolytic en-
zymes, proteinases, cellulases, lipases, amylases, etc. for the
recycling of biopolymers. In the anoxic zone some of the
elements of nutrient cycling are clear. Clostridium spp. use
fermentable carbohydrates and amino acids, producing
volatile fatty acids (Table 4) (Owenson 1997). Saccharolytic
spirochetes perform a similar function, utilizing sugars and
a limited range of polysaccharides to produce acetate, lac-
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tate, ethanol, and H, (Zhilina et al. 1996a). In hypersaline
lakes such as Lake Magadi these products may be con-
sumed by the haloalkaliphilic homoacetogen Natroniella
acetogena (Zhilina et al. 1996b).

Sulfur plays a critical role as interspecies electron carrier.
Sulfate-reducing bacteria are a H, sink for anaerobic
fermentative bacteria and provide sulfide as the electron
donor for autotrophic sulfur-oxidizing bacteria, anaerobic
Ectothiorhodospira spp., and aerobic autotrophs and het-
erotrophs (Sorokin et al. 1996a,b). Methanogenic bacteria
so far identified in soda lakes are obligately methylotrophic
and do not use acetate or H,-CO, as energy-yielding
substrates (Kevbrin et al. 1997; Lui et al. 1990; Mathrani
et al. 1988) but use methanol, methylamines (from
betaines?), and dimethyl sulfide, probably derived from
the anaerobic degradation of algal mats. However, all the
methane is not lost from the system. From Central Asian
soda lakes methane-oxidizing bacteria have been isolated
(Khmelenina et al. 1997), thus effectively closing the carbon
cycle in our soda lake model.

Alkaliphiles are not just confined to soda lakes but may
be found almost anywhere, even in deep-sea trenches and in
soils whose bulk pH measurements would not suggest the
presence of alkaliphiles (Horikoshi 1991). However, it is
equally clear that some organisms are unique to soda lakes,
especially the haloalkaliphiles found in the hypersaline
lakes such as Lake Magadi. While we suggest that extremely
halophilic alkaliphiles are confined to the hypersaline
alkaline lakes, this is clearly not the case for the
halotolerant and alkali-tolerant alkaliphiles found in
the less saline soda lakes. Some of the species found in the
Kenyan soda lakes, or their close relatives, have been found
in different environments around the world. In particular,
common endospore-forming alkaliphilic gram-positive bac-
teria, which are currently assigned to the genus Bacillus, are
fairly ubiquitous. They may even turn up in man-made alka-
line environments. For example, an alkaliphile isolated
from olive-processing effluent was most closely related
to an unclassified “low G+C gram-positive” bacterium
isolated from Lake Nakuru (N.J. Russell, personal com-
munication). We can probably assume that many of the
nonexacting alkaliphiles have spread beyond the borders of
their soda lake environs. From an experience of the Rift
Valley situation it is not difficult to suggest mechanisms for
dispersal. In this arid region, dust storms are common and
great whirlwinds carry the soda dust vast distances. More-
over, the soda lakes are not entirely closed systems. They
suffer considerable disturbance from wildlife, in particular,
the vast flocks of wading flamingos that feed on Spirulina
and return their feces to the nutrient cycle. These birds nest
in the most inaccessible parts of Lake Natron and fly up and
down the Rift Valley in search of lakes with cyanobacterial
blooms on which to feed and freshwater to drink. They even
penetrate the olive-growing regions of the Mediterranean.
The Rift Valley is also a popular route for migratory birds
that spend the summer in northern Europe and thus con-
tribute to the spread of some alkaliphiles.

The apparent uniqueness of some of the soda lake
prokaryotes implies that they must have evolved in an alka-
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line, saline environment. Although soda lakes may be rela-
tively uncommon, being confined to specific geographic re-
gions (Zavarzin 1993; Grant and Tindall 1986), they are not
insignificant because they comprise more than 80% of all
inland waters by volume (Hammer 1986). It is obvious that
soda lakes must have existed throughout the geological
record. Even so, evaporites are ephemeral and are quickly
recycled and unless deposits are large may go unrecognized.
Present-day soda lakes are geologically very recent. Lake
Magadi along with Lake Natron must be the oldest of the
Rift Valley lakes since they are in the final active evolution-
ary phase of trona (sodium sesquicarbonate) production.
The more dilute “northern” lakes are still in a much earlier
phase of soda lake evolution. Lake Magadi in its present
form is no older than 10000 years (in evolutionary terms a
very short time span), but there were precursors to Lake
Magadi. During the Middle Pleistocene, 800000 years ago,
the area was covered by Lake Olorongo, a vast deep lake
that covered a much larger area than the present Lake
Magadi (Eugster and Hardie 1978). At times the water of
Lake Olorongo was quite fresh; at other times in its history
it had a pH of 9.5, probably with a chemistry similar to the
present-day lakes to the north (Elmenteita, Nakuru, etc.).
So, when we attempt to explain the diversity in the soda
lake environment we may need to take into account their
relatively short life span. Certainly, if our aim to describe
diversity in terms of microbial communities and their inter-
actions, we do need to relate these to the available nutrient
and energy sources, the chemical and physical nature of the
environment, and the range over which these may fluctuate.
For example, essential cations (e.g., Mg”") become seques-
tered and microbes must evolve efficient means for their
uptake. NH," as a nitrogen source would be limited by
becoming volatile NH; at high pH, and levels of 0.3-5.4mM
total (Kjeldahl) nitrogen recorded in 20 water samples re-
covered from a variety of soda lake locations suggests con-
centrations can fluctuate enormously (Jones, unpublished).

One of the largest fossil soda lakes is the Green River
formation in Utah and Wyoming (USA), created from two
lakes (Lake Gosiute, Lake Uinta) covering an area of
100000 km® during the Eocene (55 to 36 million years ago)
(Eugster and Hardie 1978). Over a period of more than 12
million years, sediments as much as 3km thick were laid
down together with trona in vast quantities. Underlying the
trona beds are carbonaceous oil shales rich in kerogen,
which would seem to indicate that organic matter does ac-
cumulate in soda lakes and that recycling is not complete.
Sulfides are common in the oil shales, pointing to sulfate-
reducing bacteria activity in the anaerobic muds. The trona
deposits are mined commercially, and mine brine samples
have yielded alkaliphilic and haloalkaliphilic Bacteria and
Archaea, although the isolates have not been characterized
in any detail (Grant, unpublished).

Fossil soda lakes of even greater age have been inferred
from secondary characteristics. The 2.3-billion-year-old
Ventersdorp Formation in South Africa, which dates from
the Late Archean to Early Proterozoic era, shows evidence
of processes similar to those presently going on in Lake
Magadi (Karpeta 1989). More important to these argu-

ments are the presence of stromatolites in the Precambrian
Ventersdorp strata (Buck 1980). The layered rock columns
known as stromatolites are fossilized cyanobacterial mat
communities thought to have been laid down in shallow
alkaline seas in arid zones. Modern equivalents of Precam-
brian stromatolites have been recorded in the East African
Rift Valley (Casanova 1986), Lake Tanganyika (Kempe
and Kazimerczak 1989), Lake Van (Kempe et al. 1991), and
Lake Salda (Russell 1996), two alkaline lakes in Turkey.
Cyanobacteria have evolved little in their long history. In-
deed, there is little basis in morphology to distinguish extant
cyanobacteria from their Proterozoic counterparts (Schopf
1992). Spirulina, a coiled cyanobacterium common in Rift
Valley soda lakes, has an apparent parallel in Heliconema, a
fossil cyanobacterium (Schopf 1992). The earliest evidence
of stromatolites and cyanobacteria date back 3.5 billion
years, perhaps only half a billion years after life began
(Miller 1992).

Zavarzin (1993) has argued convincingly that alkaline
soda lakes are ancient prokaryotic communities. Because
there is considerable phylogenetic diversity among soda
lake prokaryotes (see Table 1), which our work confirms
and extends, and that the metabolic diversity this represents
is sufficient to maintain an autonomous microbial commu-
nity, Zavarzin speculates that continental (soda) lakes are
the origin of prokaryotic diversity. Certainly, many of the
problems assigning branching orders to 16S rDNA se-
quences arise because many of the major taxa diverged
from each other over a relatively short time span. Arguably,
this was the prokaryotic equivalent of the “Cambrian explo-
sion,” the sudden appearance of many different animal
phyla in the fossil record (Runnegar 1992). The reconstruc-
tion of the paleoclimate is problematic (Miller 1992), and
even if we discount the theory that the Archaean oceans
were soda oceans (Kempe and Degens 1985), we may
accept that the weathering of volcanic rocks on the
megacontinents of the late Archaean era could lead to the
conditions necessary for the formation of vast inland soda
lakes. We have shown that alkaliphiles are not monophyl-
etic, being found in most of the major prokaryotic groups
(although, perhaps significantly, not in the Crenarchaeota,
the extreme thermophiles) as separate lines of descent
(Table 1). If the “Precambrian explosion” of prokaryotic
diversity did take place in alkaline and probably saline envi-
ronments (even if life itself began elsewhere), the hypoth-
esis raises important questions about the nature of early
biochemistry and ancestral lineages.

A major hurdle to our complete understanding of soda
lake microbial communities is our ability to culture the
microorganisms. At present our comprehension is based on
organisms isolated offsite in a distant laboratory. These may
not even be dominant microorganisms. Indeed, we have
evidence that if experiments are conducted in situ then a
different spectrum of organisms is isolated (Mwatha 1991).
Recently, we attempted to circumvent this problem by a
molecular approach. Soda lake water was filtered onsite
through a series of membrane filters. The different colors of
the filters indicated that some size fractionation of the or-
ganisms was achieved. From the filters DNA was extracted



and transported back to the laboratory. Attempts were
made to amplify by PCR 16S rRNA genes using both bacte-
rial and archaeal primers and to clone the products for
sequence determination. The preliminary results are re-
markable. From the clear, warmwater (48°C, pH 10.5)
springs at Lake Magadi an archaeal signal was obtained,
hinting at a hitherto uncultured thermoalkaliphile. From
the Magadi salterns, which by conventional culturing tech-
niques would appear to be a virtual monoculture of
Natronobacterium, only archaeal primers were successful
in generating the 16S rRNA gene product. Phylogenetic
analysis of ten clones indicated that nine of these cloned
16S rRNA genes are distinct from those of cultivated
haloalkaliphiles and other halobacteria, forming three
groups on the periphery of the halobacterial branch of the
Euryarchaeota. One cloned gene shows only 75% similarity
to all known archaeal sequences, representing a new dis-
tinct archaeal line (Grant et al. 1998). While these studies
are only at an early stage and will contribute to our under-
standing of soda lake diversity, there remains the challenge
to obtain these organisms in culture so we may study
their physiology. Only then will we understand their im-
portance and contribution to these fascinating extreme
environments.
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