
 

ISSN 0026-2617, Microbiology, 2007, Vol. 76, No. 5, pp. 511–522. © Pleiades Publishing, Ltd., 2007.
Original Russian Text © E.N. Detkova, Yu.V. Boltyanskaya, 2007, published in Mikrobiologiya, 2007, Vol. 76, No. 5, pp. 581–593.

 

511

 

12

 

Living organisms exist practically everywhere on
the surface of the Earth, including extreme environ-
ments. Since the physical and chemical parameters of
most habitats vary constantly, organisms must adapt to
changing environmental conditions in order to support
life. In such extreme biotopes as saline soils, salt
marshes, and saline or soda lakes, the availability of
water is among the most important parameters. Fre-
quent climatic fluctuations (drought or rain) result in
changes in water availability and cause osmotic stress
to the organisms inhabiting these environments.
Increased osmotic pressure can cause cell dehydration
and decrease viability; capability to adapt to osmotic
stress is therefore of utmost importance for living
organisms in order to protect cells from changes in
water activity and in the content of dissolved com-
pounds in water. Both pro- and eukaryotes possess
mechanisms for adaptation to abrupt environmental
changes. The cell response aimed at the maintenance of
their volume, turgor, and normal biological activity is
termed osmotic regulation. For example, when lack of
water in soil leads to decreased water content within
plant cells, their turgor is maintained due to accumula-
tion of inorganic [1] or organic [2] compounds (osmo-
regulators). The latter are capable of stabilizing the cel-
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lular structures not interfering with cellular metabo-
lism; they are therefore termed compatible solutes. The
biochemical mechanisms of their action are as yet
unknown. They are hydrophilic in nature; it is therefore
supposed that they can prevent the dehydration of pro-
tein complexes and membranes [2]. Other eukaryotes
(halotolerant fungi, yeasts, and microalgae) are known
to utilize organic osmoregulatory compounds to com-
pensate for external osmotic pressure.

Similar osmoregulation strategies have been
revealed in prokaryotes. In order to adapt to an increase
in external osmotic pressure, bacteria either accumulate
ions from the environment, or accumulate or synthesize
osmoregulators. Presently, the mechanisms of osmoad-
aptation are of intense interest, partly due to the pros-
pects of biotechnological application for halophilic
microorganisms and their enzymes and osmoregulatory
compounds.

A number of publications consider the mechanisms
of osmoadaptation in halophilic microorganisms. Infor-
mation concerning haloalkaliphilic microorganisms
(which undergo osmotic stress under conditions of high
carbonate alkalinity) is, however, scarce; it is mostly
related to the study of the osmoregulator types [3–7].
Research on osmoadaptation in haloalkaliphiles is of
both theoretical and practical interest. The first implies
the study of the specific characteristics of the osmoad-
aptation mechanisms of these organisms as compared
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—The review discusses osmoadaptation of haloalkaliphilic bacteria from diverse taxonomic and
physiological groups, inhabiting soda lakes. Our experimental research has confirmed the similarity of the
osmoregulation strategies in neutrophilic and alkaliphilic halophiles, independent of their pH homeostasis
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ment, or by accumulation or synthesis of cytoplasmic osmoregulatory compounds. The alkaliphiles following
the “compatible solutes” strategy contain low or moderate concentrations of salts in their cytoplasm; their pro-
teins do not require adaptation to salts. Those that follow the “salt-in” strategy do not synthesize osmoregula-
tors; they accumulate high levels of salts within the cell and thus equilibrate the osmotic pressures of the cell
and the environment. The proteins of these bacteria contain more acidic amino acid residues compared to the
proteins of neutrophiles. The functions of bacterial organic osmoregulatory compounds are discussed, as well
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the published data.
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to neutrophilic halophiles. The second implies the pros-
pects of the practical application of osmoregulatory
compounds. Their production by haloalkaliphilic
microorganisms can be carried out on highly selective
media (at high pH and salinity); the risk of contamina-
tion is therefore significantly reduced.

A number of haloalkaliphilic microorganisms are
presently known; they belong to novel taxa of the spe-
cies and genus levels. Russian microbiologists, in par-
ticular workers at the Institute of Microbiology, Rus-
sian Academy of Sciences, have contributed greatly to
the study of the diversity of haloalkaliphilic microor-
ganisms; to our knowledge, they have described ca. 50
new species and 20 new genera. The present review
summarizes the results of our investigations on the
osmoadaptation of the haloalkaliphilic bacterial iso-
lates from soda lakes, which have been obtained and
described in the Laboratory of Relic Microbial Com-
munities, Institute of Microbiology [8–13]. The practi-
cal application of the organic osmoregulators revealed
in the haloalkaliphiles are under study.

STRATEGIES OF OSMOADAPTATION

The existence of two fundamental strategies of
microbial adaptation to osmotic stress has long been
established [14]. The cells can maintain high intracellu-
lar concentrations of salts, which are osmotically
equivalent to external concentrations (the “salt-in”
strategy). The main intracellular cation is K

 

+

 

, which is
usually equilibrated with Cl

 

–

 

. Due to its significantly
lower water binding, the potassium ion is preferable to
Na

 

+

 

 [15]. In the case of this strategy, all the intracellular
systems are adapted to high concentrations of salts.
Alternatively, the cells can remove the salts actively and
maintain their low cytoplasmic concentration. The
external osmotic pressure is then equilibrated by means
of small organic molecules (the “compatible solutes”
strategy); these are either synthesized within the cell or
transported inside from the environment. Compared to
ionic compounds, uncharged and zwitterionic ones are
preferable for protein stabilization. In the case of this

strategy, the intracellular systems do not require spe-
cific adaptation to salts. This strategy and the types of
osmoregulators are discussed in more detail in the rele-
vant section of this review.

The “salt-in” strategy is usually applied by two
microbial groups: extremely halophilic archaea of the
order 

 

Halobacteriales

 

 and anaerobic halophilic bacteria
of the order 

 

Halanaerobiales

 

 [16–18]. This strategy has
also been recently revealed in an aerobic extremely
halophilic bacterium 

 

Salinibacter

 

 

 

ruber

 

 (order 

 

Cytoph-
agales

 

) [19, 20]. The overall content of salts in the cells
of these bacteria is approximately equivalent to their
external concentration. The intracellular concentration
of chloride is usually close to that in the medium; the
sodium concentration is somewhat lower and the potas-
sium concentration several times higher than in the
medium. Most of the remaining halophilic and halotol-
erant microorganisms apply the “compatible solutes”
strategy. However, some halophiles that accumulate
organic osmoregulators also contain moderate intracel-
lular concentrations of Na

 

+

 

, 

 

K

 

+

 

, and Cl

 

–

 

; they, therefore,
apply both strategies [21]. The majority of the haloalka-
liphilic microorganisms discussed in this review use the
“compatible solutes” strategy.

THE “SALT-IN” STRATEGY

 

Intracellular concentrations of Na

 

+

 

, 

 

K

 

+

 

, and Cl

 

–

 

.

 

Determination of the exact concentrations of ions is
hindered by the difficulty of determination of the cell
volume. Moreover, Na

 

+

 

 and other ions can bind to
external cell layers; their amount then increases with
increasing salinity [21]. Strictly speaking, the existing
methods provide an estimate of the cytoplasmic ion
concentrations, rather than their exact values. This esti-
mate, however, is sufficient to determine which osmo-
adaptation strategy is used.

The acetogenic haloaenaerobic 

 

Natroniella

 

 

 

aceti-
gena

 

 is one of the haloalkaliphiles that apply the “salt-in”
strategy [22] (Table 1). This bacterium was shown to
maintain very high intracellular concentrations of Na

 

+

 

,
ä

 

+

 

, and Cl

 

–

 

; these concentrations increase with increas-

 

Table 1.  

 

Characteristics of halophilic bacteria

Microorganism Order, family pH range/optimum Relation to Na

 

+

 

Na

 

+

 

, M, growth 
range/optimum Reference

 

Halomonas campisalis

 

 
Z-7398-2

 

Oceanospirillales 
Halomonadaceae

 

7.5–10.4/8.8–9.5 
alkaliphilic

Moderate halophile 0.16–3.1/1.0 [12]

 

‘Halomonas kenyensis’ Oceanospirillales 
Halomonadaceae

 

7.5–10.6/9.5 
alkaliphilic

Facultative, moderate 
halophile

0.04–2.2/0.5–1.2 [13]

 

Tindallia magadiensis Clostridiales 
Clostridiaceae

 

7.5–10.5/8.5 
alkaliphilic

Moderate halophile 0.17–1.7/0.51–1.0 [44]

 

Tindallia californiensis Clostridiales 
Clostridiaceae

 

8.0–10.5/9.5 
alkaliphilic

Moderate halophile 0.17–3.4/0.51–0.85 [11]

 

Natroniella acetigena Halanaerobiales 
Halobacteroidaceae

 

8.1–10.7/9.7–10.0 
alkaliphilic

Extreme halophile 1.7–4.4/2.0–2.56 [22]
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ing NaCl content in the medium. Thus, the organism
balances internal against external osmotic pressure and
provides for cell turgor (Table 2) [23]. In 

 

N. acetigena

 

,
the intracellular concentrations of Na

 

+

 

, ä

 

+

 

, and Cl

 

–

 

 are
close to those known for other haloanaerobes [18]. The
intracellular concentration of potassium ions (ca. 0.9 M) is
almost two orders of magnitude higher than in the
medium; K

 

+

 

 can therefore participate in osmoregula-
tion in 

 

N

 

. 

 

acetigena

 

. The cytoplasmic ionic composi-
tion and the concentration gradients across the cyto-

plasmic membrane are determined by the combined
action of a number of ion pumps, antiporters, and other
transport proteins [18]. In 

 

N. acetigena

 

, very high 

 

∆

 

ä

 

+

 

and significant 

 

∆

 



 

Na

 

+

 

 values are the result of bioener-
getic processes. The proton electrochemical transmem-
brane gradient (

 

∆

 

) is known to be the primary

energy source for Na

 

+

 

 removal and K

 

+

 

 accumulation in
the cells of most halophiles. The proton gradient has
been previously shown to be the major factor of ATP

µ
H+

 

Table 2.  

 

Intracellular concentrations of Na

 

+

 

, K

 

+

 

, and Cl

 

–

 

 ions and the transmembrane concentration gradients in haloalka-
liphilic bacteria

Microorganism and culti-
vation conditions

Na

 

+

 

 
ext (M)

Na

 

+

 

 
int (M)

K

 

+

 

 
ext (M)

K

 

+

 

 
int (M)

Cl

 

– 

 

ext (M)
Cl

 

–

 

 
int (M)

 

∆

 

pNa

 

+

 

∆

 

pK

 

+

 

 
(rev)

 

∆

 

pCl

 

–

 

Natroniella acetigena

 

1% NaCl (0.17 M NaCl)

1.91 M  

2.07 0.91 0.013 0.83 0.18 0.29 2.3 63.8 0.62

5% NaCl (0.85 M NaCl)

2.59 M 

2.78 1.98 0.013 0.94 0.86 0.89 1.4 72.3 0.97

 

Halomonas campisalis 
Z-7398-2

 

3% NaCl (0.51 M NaCl)

0.70 M 

0.75 0.23 0.015 0.12 0.42 0.22 3.3 8.0 1.9

10% NaCl (1.71 M NaCl)

1.90 M 

2.06 0.24 0.015 0.26 1.47 0.22 8.6 17.3 6.7

 

‘Halomonas kenyensis’

 

2% NaCl (0.34 M NaCl), 

0.53 M 

0.60 0.49 0.015 0.2 0.34 0.08 1.2 13.3 4.25

8% NaCl (1.37 M NaCl), 

1.56 M 

1.73 0.58 0.015 0.34 1.27 0.16 3.0 22.7 7.9

 

Tindallia californiensis

 

Without NaCl, 

0.39 M 

0.31 0.14 0.004 0.03 ND ND 2.2 7.5 ND

Without NaCl, 

1.20 M 

1.26 0.92 0.004 0.17 0.007 0.008 1.4 42.5 0.88

 

Tindallia magadiensis

 

Without NaCl, 

0.48 M 

0.49 0.40 0.004 0.17 0.012 0.009 1.23 42.5 1.3

Without NaCl, 

1.03 M 

1.15 0.65 0.004 0.22 0.015 0.014 1.77 55.0 1.1

4% NaCl (0.68 M NaCl), 

1.16 M 

1.19 1.09

 

a

 

0.004 0.33 0.66 0.39 1.1 82.5 1.7

 

Note: Ext, ion concentration in the supernatant after cell precipitation; int, intracellular ion concentration; 

 

∆

 

pNa

 

+

 

, 

 

∆

 

pK

 

+

 

, 

 

∆

 

pCl

 

–

 

, concen-
tration gradients across the cytoplasmic membrane; 

 

∆

 

pK

 

+

 

 (rev), reverse gradient of potassium; a, concentration is possibly overes-
timated due to the superimposition of errors of each stage of the procedure; ND, not determined.

NaTotal
+

NaTotal
+

NaTotal
+

NaTotal
+

NaTotal
+

NaTotal
+

NaTotal
+

NaTotal
+

NaTotal
+

NaTotal
+

NaTotal
+
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synthesis in 

 

N

 

. 

 

acetigena

 

 [24, 25]. High intracellular
salt concentrations in 

 

N

 

. 

 

acetigena

 

 imply the absence of
organic osmoregulators [23]; this is common to all pre-
viously known members of the order 

 

Halanaerobiales

 

[17, 18]. Thus, the ions K

 

+

 

 and, possibly, Cl

 

–

 

 perform an
osmoprotective function; under high external concen-
trations of salts this is energetically more advantageous
than synthesis of organic osmoregulators [26].

 

Amino acid composition of the bulk cell protein
and salt tolerance of the enzymes.

 

 High concentra-
tions of salts in the cytoplasm are usually very unfavor-
able for proteins and other macromolecules. Salt causes
protein aggregation due to enhanced hydrophobic inter-
actions; due to the hydration of ions, it decreases the
availability of free water; it also prevents intra- and
intermolecular electrostatic interactions [15].

In order to maintain the activity of the cellular met-
abolic systems under high concentration of salts in the
cytoplasm, specific adaptation of all proteins is
required [27, 28]. Salt resistance of the proteins of halo-
philic bacteria is achieved due to significant changes in
their amino acid composition. Increased content of
acidic amino acid residues (glutamate and aspartate) as
compared to the proteins of neutrophiles is the general
direction of evolution of these proteins [15]. The acidic
residues, located mainly on the surface of the protein

globule, are highly hydrated. Their increased amount
makes a protein more hydrophilic and its structural col-
lapse or conglomeration is thus prevented. In order to
maintain their metabolically active state, the proteins
with enhanced content of acidic amino acids require,
however, anti-ions in the cytoplasmic space, which can
neutralize their charges [14, 27]. A number of enzy-
matic reactions therefore depend on high 

 

ä+ concentra-
tions; they are also tolerant to NaCl [29]. Moreover, the
stability of these proteins is determined by the condi-
tions when hydrophobic interactions intensify due to
high NaCl or KCl concentrations.

Although data on the amino acid composition of the
bulk cell protein of neutrophilic halophiles exist
[20, 21, 30], such research on haloalkaliphiles has not
been performed. Analysis of the amino acid composi-
tion of the bulk cell protein of a number of haloalka-
liphilic bacteria revealed a much higher content of
acidic amino acids in N. acetigena compared to micro-
organisms, which apply the “compatible solutes” strat-
egy (Table 3) [31]. In N. acetigena, the surplus of acidic
amino acids compared to the basic ones is close to that
observed in archaea (order Halobacteriales) [20]. The
results of amino acid analysis of N. acetigena proteins
suggest salt resistance of the proteins of this organism.
CO dehydrogenase, the key enzyme of its metabolism,

Table 3.  Amino acid composition of the bulk cell protein of haloalkaliphilic, neutriophilic halophilic, and nonhalophilic bac-
teria

 Amino acid Acetobacterium 
paludosum

Halomonas 
campisalis

‘Halomonas 
kenyensis’

Tindallia 
magadiensis

Halanaerobium 
saccharolyticum

Natroniella 
acetigena

Ala 11.94 13.35 12.57 11.17 10.73 10.02

Gly 10.95 12.14 10.66 9.60 9.80 9.84

Thr 6.94 5.61 5.39 5.69 5.69 4.71

Ser 6.54 5.00 5.03 4.88 5.33 3.92

Val 9.56 8.71 9.11 9.54 9.36 9.39

Leu 7.70 8.82 9.12 8.16 8.66 8.35

Ile 7.73 4.95 5.83 7.37 8.47 7.33

Pro 3.89 5.15 4.71 4.06 3.66 3.88

Asx 10.50 10.94 10.87 12.31 13.33 13.66

Glx 10.27 12.21 12.71 12.05 12.36 17.25

Phe 3.21 3.37 3.88 3.64 3.54 3.01

Lys 5.58 4.42 3.03 5.26 4.02 4.84

Tyr 2.41 2.26 2.17 2.16 2.35 1.70

Arg 2.78 3.06 4.93 4.10 2.70 2.08

Glx + Asx 20.77 23.15 23.58 24.36 25.69 30.91

Lys + Arg 8.36 7.48 7.96 9.36 6.72 6.92

(Glx + Asx)–(Lys + Arg) 12.41 15.67 15.62 15.00 18.97 23.99

Note: The data of at least three experiments are presented. Glx and Asx, total concentrations of Glu + Gln and Asp + Asn, respectively.
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was indeed exceptionally resistant to NaCl (Table 4).
Under salt concentrations from 0 to 3.5 M, its activity
remained practically constant; higher concentrations
caused an insignificant decrease in activity. The high
salt resistance of N. acetigena CO hydrogenase is sim-
ilar to that of the enzymes of other haloanaerobes
[17, 32].

Comparison of two haloanaerobes which apply the
“salt-in” strategy (an alkaliphilic N. acetigena and a
neutrophilic Halanaerobium saccharolyticum [33])
revealed a similar percentage of basic amino acids in
their proteins (Table 3). The percentage of acidic amino
acids is, however, higher in N. acetigena than in H. sac-
charolyticum. Such an excess of acidic amino acids is
possibly required not only for osmoadaptation, but also
for the regulation of intracellular pH in this haloalka-
liphilic organism. The values of intracellular pH in obli-
gate alkaliphiles are known to be within the range
8.0−9.0, i.e., at least two units lower than in the envi-
ronment [34].

THE “COMPATIBLE SOLUTES” STRATEGY

Since organic intracellular osmoregulators main-
tain the osmotic balance without interfering with the
metabolic functions, they are termed compatible sol-

utes. Even at molar concentrations, they do not inhibit
most cellular processes, but rather stabilize proteins
and lipids [35]. Accumulation of osmoregulatory com-
pounds promotes the maintenance of cell volume, tur-
gor, and electrolyte concentration [36]. Moreover,
osmoregulators protect proteins and membranes
against such damaging factors as decreased water
activity, changes in the concentration of salts, freezing,
heating, and drying [37].

Osmoregulatory compounds can be accumulated in
the cell either by synthesis or by transport from the
medium; the latter is more preferable energetically. The
transport systems responsible for the transport of osmo-
regulators from the environment depend on ATP or are
coupled to ç+(Na+) symport [38].

Most of the various compounds used as osmoregu-
lators belong to one of the following four groups: poly-
ols (usually glycerol), sugars (sucrose, trehalose),
amino acids (proline, glutamic acid), and quaternary
amines (glycine betaine, ectoine, hydroxyectoine)
[39, 40]. Of these compounds, glycine betaine and
ectoine are the most widespread. Glycine betaine is the
preferable osmolyte for most prokaryotes and plants
and for some animals [1]. Ectoine, which was origi-
nally isolated from the phototrophic bacterium
Ectothiorhodospira halochloris [40], is the most com-

Table 4.  Enzymes of haloalkaliphilic bacteria

Microorganism  Enzyme Activity range Optimal concentration

Natroniella acetigena CO dehydrogenase 0–4.1 M NaCl 0.7 M NaCl

0–0.95 M NaHCO3 0–0.7 M NaHCO3

Halomonas campisalis  Lactate dehydrogenase 0–2.3 M NaCl 0.3 M NaCl

0–1.8 M KCl 0.24 M KCl

0–1.1 M NaHCO3 0.4 M NaHCO3

Glyceraldehyde-3-phosphate dehydrogenase 0–2.2 M NaCl Without NaCl

0–2.2 M KCl Without KCl

0–1.2 M NaHCO3 Without NaHCO3

Nitrate reductase 0–4.1 M NaCl 0.3–2.0 M NaCl

0–3.2 M KCl 0.2–2.1 M KCl

‘Halomonas kenyensis’ Nitrate reductase 0–4.1 M NaCl 0.3–2.0 M NaCl

0–3.2 M KCl 0.2–1.6 M KCl

Tindallia magadiensis Hydrogenase 0–4.3 M NaCl Without NaCl

0–2.6 M KCl 0–2.0 M KCl

0–1.2 M NaHCO3 0.24 M NaHCO3

CO dehydrogenase 0–4.3 M NaCl Without NaCl

0–3.4 M KCl 0.2–2.2 M KCl

0–1.2 M NaHCO3 0.25 M NaHCO3

Tindallia californiensis Hydrogenase 0–4.3 M NaCl Without NaCl

0–1.2 M NaHCO3 Without NaHCO3

CO dehydrogenase 0–4.3 M NaCl Without NaCl

0–1.2 M NaHCO3 Without NaHCO3
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mon osmolyte among aerobic chemoheterotrophic
eubacteria. Hydroxyectoine, its derivative, is more
widespread among halophilic and halotolerant gram-
positive bacteria [41]. Ectoine and especially hydrox-
yectoine provide much more efficient enzyme protec-
tion against diverse stressing factors than other osmo-
regulators.

The presence of osmoregulatory compounds
increases the salt resistance of the cells. Thus, their
accumulation can be the limiting factor in salt toler-
ance. The chemical nature of the major osmolyte is
important for the degree of salt resistance of the organ-
ism. Glycine betaine provides for higher osmotolerance
than proline, which, in turn, is more preferable than
glutamate [42]. The type of the osmoregulatory com-
pound depends on the bacterial species and, to a lesser
extent, on the growth conditions. Nonhalophilic and
weakly halophilic bacteria usually accumulate amino
acids (glutamate, proline, etc.), ä+, and certain sugars
(sucrose, fructose, glucose, or trehalose). Moderately
and extremely halophilic and halotolerant bacteria
accumulate mainly glycine betaine or glutamate
betaine, glycozyl glycerol, ectoine, and sometimes
glutamate, ä+, trehalose, or sucrose as minor compo-
nents.

Intracellular concentrations of Na+, K+, and Cl–.
The microorganisms which use the “compatible sol-
utes” strategy do not maintain the cytoplasmic concen-
tration of salts sufficient to equilibrate external osmotic
pressure. Unlike the haloanaerobe N. acetigena, haloal-
kaliphilic members of the genera Halomonas and Tin-
dallia maintain low or moderate intracellular concen-
trations of Na+, K+, and Cl– [23, 43] (Table 2).

Haloalkaliphilic Halomonas species [12, 13] had
low intracellular concentrations of Na+ and Cl–, which
either did not change or increased insignificantly with
increasing salinity of the medium. In the cells of both
species, the K+ concentration was approximately an
order of magnitude higher than in the medium; it
increased with increasing concentrations of external
Na+ (Table 2). Such accumulation weakly correlates
with the increasing salinity of the medium and is insuf-
ficient to equilibrate external osmotic pressure. Thus,
potassium ions play a secondary role in the osmoadap-
tation of these bacteria. Potassium probably plays a cer-
tain part in osmoadaptation on low-mineral media. The
results of our investigation are in accordance with the
known data concerning this group of halophilic micro-
organisms [21]. Although the intracellular ion concen-
trations vary somewhat between the Halomonas spe-
cies, they are never sufficiently high to equilibrate
osmotic pressure under high salinity.

In the haloalkaliphilic Tindallia magadiensis [44],
intracellular concentrations of Na+, K+, and Cl– were
determined on media containing NaHCO3 alone or
NaHCO3 + NaCl [43]. Importantly, the intracellular ion
concentrations were significantly lower in the first case,
in spite of the approximately equal molar concentration

of Na+ (Table 2). In both cases, Na+ and K+ concentra-
tions increased with increasing salinity of the medium.
When Cl– was present in the medium in trace amounts,
its intracellular accumulation was insignificant. We
have revealed similar patterns of intracellular Na+, K+,
and Cl– concentrations in the newly described species
T. californiensis [11] grown on bicarbonate-containing
media.

The membranes of most halophiles are known to
exhibit high activity of Na+/H+ antiporters, which uti-
lize the proton electrochemical gradient to remove Na+

from the cell [45]. Alkaliphilic halomonads probably
also use the Na+/H+ antiporter in order to maintain low
intracellular concentrations of inorganic ions. This
sodium gradient can be used to power certain endoergic
processes in the cells. The higher sodium gradient in
these organisms as compared to the N. acetigena ∆pNa+

may indicate higher efficiency of the sodium pumps
which remove Na+ from the cytoplasm. Increase of the
reverse potassium gradient with increasing medium
salinity indicates the growing role of ä+ in the osmoad-
aptation of these microorganisms.

Osmoregulators. Since the low (Halomonas spe-
cies) or moderate (Tindallia species) concentrations of
inorganic ions are insufficient for an osmotic balance,
the possibility of accumulation of organic osmolytes
was to be verified. Ectoine and glutamate were revealed
in the cells of Halomonas campisalis Z-7398-2 by
means of 13C-NMR [23]; when the growth medium
contained yeast extract, betaine was also detected. The
cells of Halomonas species usually contain more than
one osmolyte; their composition and ratio depend on
both the species and the growth conditions. In all cases,
however, ectoine is the main component of the osmo-
protective cocktail. Glutamate is also known to perform
the osmoprotective function [21]. Since this is an
anionic compound, its accumulation depends on the
presence of equivalent amounts of cations in the cyto-
plasm. For example, accumulation of glutamate (and of
other weak acids) is stimulated by potassium [14]; thus,
they are probably accumulated together as potassium
glutamate. For H. elongata, the key role of potassium
glutamate in osmoadaptation was shown for salt con-
centrations below 0.51 M Na+; at higher salinity, how-
ever, ectoine becomes the major osmolyte [46]. In the
case of H. campisalis, the pattern is probably the same.
Since yeast extract contains compounds which are
betaine precursors, detection of betaine in the cells
grown in its presence also conforms to the published
data.

Glycine betaine, the osmoregulator typical for
chemotrophic bacteria, was revealed when similar
research methods were applied to haloalkaliphilic Tin-
dallia magadiensis; glycine betaine is, like ectoine, a
promising biologically active compound.

Amino acid composition of the bulk cell protein
and salt-resistance of the enzymes. Comparative
study of various haloalkaliphilic bacteria revealed that
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the ratio of acidic amino acids (glutamate and aspar-
tate) in bulk cell protein and their excess compared to
the basic amino acids (lysine and arginine) increased in
more halophilic microorganisms. In Acetobacterium
paludosum, a typical freshwater organism [47], which
was used as the reference strain, these values were the
lowest; the highest values were recorded for extremely
halophilic Natroniella acetigena, which uses the “salt-
in” strategy (Table 3). Moderately halophilic Tindallia
magadiensis, Halomonas campisalis, and ‘H. kenyen-
sis’ exhibited intermediate values of these parameters
(Table 3).

Since the moderately halophilic T. magadiensis and
H. campisalis (and possibly 'H. kenyensis' and T. cali-
forniensis, as well) contain organic osmolytes, which
provide for the major part of the osmotic equilibrium,
their proteins do not need significant adaptation to salts.
The cytoplasmic enzymes are usually most active in the
absence of salts. However, since the concentrations of
salts in the intracellular space are moderate, halophilic
properties can be expected from some enzymes, espe-
cially from the membrane-bound ones [21]. In our case,
salt tolerance correlated with the amino acid composi-
tion of the cell protein and with the intracellular con-
centrations of salts. Although the investigated enzymes
are salt-tolerant, their sensitivity to salts varies signifi-
cantly. For instance, CO dehydrogenase and hydroge-
nase from T. magadiensis were most active in the
absence of NaCl; NaHCO3, however, did not suppress
their activity (Table 4). Although NaCl had an inhibi-
tory effect, the enzymes retained up to 40% of their
maximal activity at the salt concentration above 4.0 M
[31]. T. californiensis CO dehydrogenase and hydroge-
nase were less resistant to salts; both NaCl and
NaHCO3 suppressed the enzymatic activity. The activ-
ities of these enzymes were maximal in the absence of
salts; at near-saturating concentrations of NaCl or
NaHCO3, their residual activity was 10–20%. In
H. campisalis, lactate dehydrogenase was most active
at moderate concentrations of NaCl, KCl, and
NaHCO3; compared to salt-free conditions, its activity
increased by 10–12%. However, further increase in the
concentrations of salts resulted in the inhibition of the
enzyme. In the case of glyceraldehyde-3-phosphate dehy-
drogenase, these three salts had a similar effect: the enzy-
matic activity was the highest in their absence and was
completely suppressed by 2.2 M NaCl or 1.8 M KCl [48].
Nitrate reductases of H. campisalis and ‘H. kenyensis’
were more resistant to both NaCl and KCl; their highest
activities were revealed at moderate concentrations of
these salts (Table 4). The enzymatic activity was retained
throughout the whole experimental range of concentra-
tions (0–4.1 M NaCl and 0–3.2 M KCl).

PRACTICAL APPLICATION
OF OSMOREGULATORS

Unlike neutrophilic halophiles, haloalkaliphiles can
act as producers of both alkaline enzymes and organic

osmoregulatory compounds. Discussion of the biotech-
nological potential of certain organic osmoregulators is
one of the goals of this review. The specific character-
istics of these compounds make them valuable in vari-
ous fields, including biotechnology, cosmetology, phar-
macy, medicine, and agriculture.

Biotechnological application for osmoregulatory
compounds. 1. A significant number of in vitro biolog-
ical applications for osmoregulators are concentrated
on the development of advanced buffer systems for the
preservation of activity of commercially important
enzymes. Both ectoine and hydroxyectoine stabilize
nucleic acids and a number of labile enzymes in vitro
and thus increase their working life. They can also pro-
tect them against high or low temperatures, salts, and
desiccation [49]. Large amounts of purified osmolytes
are required for in vitro applications; the search for eas-
ily cultivable producers is therefore important.
Halomonas elongata is presently one of the most
important producers of ectoine and hydroxyectoine
[50]; when grown on media with 10% NaCl, it accumu-
lates intracellularly up to 2.25 M ectoine per liter of
osmotic volume [21, 51]. The species of haloalka-
liphilic halomonads are also among the promising pro-
ducers, due to their ease of cultivation, selectivity of
growth media, and extensive organotrophic potential.
They do not require specific growth factors and can
grow in a wide range of pH, salinity, and temperature.

2. Organic osmolytes are used as cryoprotectors.
Betaine was shown to be a more effective protective
agent for freezing and long-term storage of microbial
cells than such known compositions as albumin serum or
the mixture of trehalose and dextran [52]. Betaine pro-
vides for the longer preservation of microbial viability.

3. Osmolytes are chemical chaperones; their func-
tions include participation in protein folding. Protein
folding was long believed to be a spontaneous process;
however, since macromolecular aggregation or forma-
tion of incorrect structures is possible, specific protein
molecules, molecular chaperones, are often involved in
this process [53]. Moreover, molecular chaperones can
maintain the native conformation of a protein under
stresses of various nature. Physicochemical interac-
tions between the chaperones and the proteins they pro-
tect prevent unfolding and subsequent aggregation of
protein molecules and thus preserve their native organi-
zation. Chemical chaperones can also protect native
structures from damaging influences by forming com-
plexes with protein macromolecules. As a result of the
diversity and broad spectrum of action of chaperones,
they are objects of constant interest; the number of
newly discovered chaperones is still increasing. It was
also found that insoluble hyperexpressed or heterolo-
gous proteins or those with an incorrect tertiary struc-
ture can be refolded in the presence of osmolytes
[36, 54].

4. PCR optimization. Some osmolytes can be used
for PCR amplification of DNA with high G+C content
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and therefore with a high melting point [55]. Betaine
and ectoine, for example, have been shown to decrease
the DNA melting temperature; ectoine was more effi-
cient in this respect. Homoectoine, a synthetic deriva-
tive of ectoine, is, however, the most suitable agent for
this purpose [56].

Cosmetology. Osmolytes are compatible with cellu-
lar metabolic processes but do not interfere with them;
they can also stabilize biomolecules, cells, and tissues.
These features have found application in cosmetology.
Ectoine and hydroxyectoine are the most commonly
used compounds. Ectoine has been found to protect
human skin against harmful ultraviolet irradiation [57];
it also protects the skin microflora against unfavorable
environmental factors. Introduction of ectoine or its
derivatives into cosmetic preparations increases their
humidifying activity and provides for the stabilization
of the skin [58].

Since osmolytes can suppress the liberation of cera-
mides from skin cells, cosmetic preparations contain-
ing osmoregulators are used for protection of the skin
against premature aging and wrinkling [59].

Medicine and pharmacy. The main metabolic
function of ectoine is to be a donor of methyl groups;
these are transported to homocysteine by betaine–
homocysteine methyltransferase. Methionine is
formed, the precursor of S-adenosyl methionine
(SAM), which is an important participant in a number
of biochemical processes, including the synthesis of
nucleic acids, lipids, and proteins [60, 61]. In the course
of certain diseases, the SAM level decreases. Success-
ful application of SAM is known as a therapeutic agent
for homocystinuria (this condition is related to the inhi-
bition of homocysteine decomposition) and for liver
disorders resulting from alcohol abuse. Formation of
methionine and SAM is inhibited in the course of alco-
hol assimilation. SAM, however, is a rare natural com-
pound; its high price limits its applications for thera-
peutic purposes. Since betaine is the precursor of SAM,
it has been suggested for application in such cases. In
fact, betaine can be used to protect the liver from such
hepatotoxic compounds as ethanol or CCl4. Introduc-
tion of betaine into the ration of rats has been found to
stimulate the formation of methionine and SAM in the
liver [62, 63]. Therefore, betaine can be expected to
have therapeutic potential for the treatment and prophy-
laxis of the adipose infiltration of the liver; this disease
is accompanied by decreased SAM levels and the initial
stages of cirrhosis. A similar effect can be expected in
the case of treatment of homocystinuria and other dis-
eases which are accompanied by decreased SAM levels
[64, 65].

Cardiovascular diseases [66] and neurological and
psychological disorders [67] can be indirectly linked to
impaired homocysteine metabolism. Betaine is used in
the complex therapy of such diseases [68]. Betaine
decreases the probability of heart attacks, infarctions,
strokes, and diseases of peripheral arteries. Its anticoag-

ulant properties help to prevent thrombus formation
and proliferation [69]. The combination used in medi-
cine contains vitamin Ç6 and betaine, choline, or leci-
thin, as well as folic acid or vitamin Ç12 [68]. Betaine
can be used as an anticoagulant for the storage of blood
preparations. It has also been shown to decrease the
side effects of anti-inflammatory preparations (diclo-
phenac, indometacin). Moreover, this compound
blocks the spasms caused by high homocysteine levels
[70]. The cause of this anticonvulsant activity is not
known; it is assumed to be related to the specific struc-
ture of the betaine molecule, which can compete with
neurotransmitters for binding to synaptic receptors.

Ophthalmologic preparations containing osmoregu-
lators and polyanionic components are useful for eye
treatment to decrease the dryness syndrome, to protect
the mucous membranes of the eye against unfavorable
factors, and for more rapid healing after surgery [71].
Introduction of ectoine and its derivatives into prepara-
tions for oral care has also been suggested [72]. Effects
of betaine on lipid metabolism, including cholesterol
metabolism have been demonstrated in experiments on
rabbits; it has also been shown to be applicable for the
treatment of atherosclerosis, which results from high
cholesterol levels [73].

Agriculture. Agricultural productivity depends on
soil salinity. The negative effect of salts on plants is
caused by water deficiency (the result of osmotic stress)
and by the effect of excessive Na+ ions on important
biochemical processes. Under these conditions, nitro-
gen consumption, the efficiency of its transport from
root to stem, and nitrate assimilation in leaves decrease
[74]. In response to salt stress, plants accumulate such
low-molecular osmoregulatory compounds as sugar
alcohols and amino acids. Accumulation of these com-
pounds is the basic mechanism of salt tolerance and
adaptation to osmotic stress in plants; in some cases,
however, the amount of osmoregulators is insufficient.
Since the effect of the osmoregulators of bacterial ori-
gin is not species-specific, alien systems of their bio-
synthesis can be introduced into plants to protect the
new host [75].

The introduction of genes responsible for the syn-
thesis of osmolytes into nonhalophilic organisms
increases their resistance to salt stress. Since plants are
often subject to droughty conditions, which increase
soil salinity, they are suitable objects for such experi-
ments. For example, the introduction of the Halomonas
elongata genes responsible for ectoine biosynthesis
[76] increased the salt tolerance of the plants. Water
delivery from roots to stems was improved, as was
nitrogen supply to the leaves; the latter was the result of
enhanced transpiration. The rates of photosynthesis
increased due to the protection of RuBisCO against
salts.

Expression of the system of glycine betaine synthe-
sis has also contributed to the development of stress-
resistant commercially important plant cultures, for
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example, transgenic tobacco plants exhibiting
enhanced salt resistance. Experiments on the leaves of
such plants have revealed that the damage caused by
intense illumination and salt stress is repaired more
quickly; resistance to photoinhibition at low tempera-
tures also increases [77]. Agricultural plants, especially
those in the reproductive phase, are known to be highly
sensitive to low temperatures. Cold results in signifi-
cant productivity losses. Expression in the genome of
tomato plants of the genes responsible for glycine
betaine synthesis has been shown to increase the cold
resistance of both plants and seeds [78].

Direct treatment of plants with osmolyte-containing
preparations is an alternative to the expression of sys-
tems of osmoregulator synthesis. Glycine betaine is
successfully used to alleviate the low-temperature
stress in a number of agricultural plants [79–81]. Plants
treated with glycine betaine proved to be more resistant
to decreased temperatures; the decrease in their produc-
tivity was insignificant. Use of betaine treatment in
order to increase the cold resistance of seeds has also
been suggested [82].

CONCLUSIONS

Detailed analysis of the bacterial mechanisms which
regulate the system of response to salt stresses
improves our understanding of bacterial growth and
survival in natural environments and enables the devel-
opment of new technological processes in various fields
of industry. The data presented in this review confirm
the productivity of industrial application of osmoregu-
lators; the presented results on haloalkaliphilic organ-
isms suggest the possibility of their use as producers of
such compounds.
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