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Summary

Halophiles, which require more than 0.5 mol L™ NaCl for optimal growth, have
developed two different basic mechanisms of osmoregulatory solute accumulation to
cope with ionic strength and the considerable water stress: the salt-in-cytoplasm
mechanism and the organic-osmolyte mechanism. The salt-in-cytoplasm mechanism is
employed by extremely halophilic archaea and by bacterial fermenting and acetogenic
anaerobes and sulfate reducing bacteria. The organic-osmolyte strategy is widespread in
bacteria and also present in methanogenic archaea. To achieve an osmotic equilibrium,
the latter group accumulates nonionic, highly water-soluble organic compounds called
compatible solutes. Both mechanisms allow halophilic microorganisms to proliferate
even in saturated salt solutions of varying salt composition, but the osmolyte strategy
allows a more flexible adaptation to environments with changing salt concentrations.
This paper discusses the characteristics of compatible solutes and their contribution to
stress protection, as well as the accumulation of osmolytes by de novo synthesis and
osmoregulatory transport from the medium. The adaptation of halophiles using the
osmolyte mechanism to sudden fluctuations in salinity of the surrounding environment
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is also considered. The focus will be on the export of compatible solutes via
mechanosensitive channels to cope with stress caused by dilution of the medium (e.g.,
by rainfall) and the role of inorganic ions in the adaptation to sudden increases in
salinity.

1. Introduction

Concentrated salt solutions, like salt lakes, coastal lagoons, or human-made salterns,
inhabited by only a few forms of higher life, are dominated by prokaryotic
microorganisms. Global salt deposits show that evaporation of marine salt water and the
development of hypersaline habitats has been an ongoing process for millions of years,
providing ample time for the evolution of specialized halophilic bacteria and archaea.
Halophilic prokaryotes, which require more than 0.5 mol L™ NaCl, have developed two
different basic mechanisms of osmoregulatory solute accumulation to cope with ionic
strength and the considerable water stress. These mechanisms allow halophiles to
proliferate in high saline solutions of varying salt composition, even at saturated
concentration. High saline waters originate either by seawater condensation
(thalassohaline) or by evaporation of inland surface water (athalassohaline). The salt
composition of thalassohaline waters resembles that of seawater, with NaCl as the main
constituent. Athalassohaline lakes can differ in their ion composition from seawater-
derived lakes. Some athalassohaline waters have a very high concentration of divalent
cations (e.g., the Dead Sea with Mg®*, not Na', as the main cation), while others are free
of magnesium and calcium due to the presence of high levels of carbonate. Increased
carbonate concentrations lead to the formation of soda lakes, which have pH-values well
above 10 (e.g., the Wadi Natrun in Egypt). Microflora have been found in all of the
above types of saline waters, indicating that halophilic microorganisms tolerate high
salinity and can adapt to additional different stressors like high pH or extreme
temperatures.

Halophilic bacteria and archaea are not only found to exist in concentrated brines of
different mineral composition, but can even survive entrapment in salt rock. This was
recently proven by the isolation of a viable halophilic bacterium related to the genus
Bacillus from subsurface salt deposits of Permian age (~250 million years). This finding
brought halophiles into focus in the discipline of astrobiology; if halophilic bacteria can
remain in viable states for long periods of time, it is reasonable to consider the existence
of life in similar extraterrestrial environments, such as Mars.

The ability of halophilic microorganisms to withstand extreme stress factors is not only
fascinating from a pure scientific viewpoint, but also from the viewpoint of
biotechnology. For applied sciences, it is of interest to understand how halophilic
bacteria can stabilize biomolecules when subjected to harsh conditions. As shown
below, organic osmolytes, which some halophiles synthesize and accumulate to
establish an osmotic equilibrium, were determined to also act as stabilizers of biological
structures. Research in this field since the early 1990s led to the development of novel
biotechnological processes and the exploitation of halophilic bacteria for the production
of stabilizing osmolytes, which are now marketed successfully.
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The objective of this review is to describe the osmoregulatory mechanisms in halophilic
bacteria, which allow them to survive in extreme environments and which brought these
organisms into the focus of different research areas. To understand the phenotypic
responses of bacteria to high salinity, it is important to recall the principles causing
osmotic stress. Starting with the thermodynamic principles underlying osmotic stress,
this review will introduce the different strategies of osmotic adaptation found in
prokaryotes. This will be followed by a discussion of the osmoregulatory mechanisms
used by halophilic bacteria to adapt to constantly high salinity (chronic stress),
compared to osmoregulatory mechanisms necessary to cope with fluctuations in salt
concentration (acute stress).

2. Mechanisms of Osmoadaptation in Prokaryotes
2.1. Thermodynamic Principles Underlying Osmotic Stress

Adding a solute like NaCl to water will lead to changes in the characteristics of the
solvent water’s freezing and boiling points as well as vapor and osmotic pressures.
These changes are caused by the decrease of the water’s chemical potential p, (in J),

which can be expressed as:
Apy = AHy — TASy, )

where AH (in J) is the change in enthalpy (the heat of reaction), T (in K) is temperature,
and AS (in J K™) is the degree of randomness (change in entropy).

According to Sweeney and Beuchat, the second term of Eg. 1 (TAS,,) is dominating, and
the decrease of the chemical potential largely depends on the change in entropy of the
water. This is explained by the interference of salt with the ordered water structure,
thereby increasing the randomness of the solvent molecules. The entropy of the solvent,
ASy, Wwill therefore be positive, resulting in a reduction of the chemical potential for
water, Ww. An unadapted organism exposed to a saline environment must cope with a
higher chemical potential in its cytoplasmic water than in the water of the surrounding
environment. Water always flows from a high to low chemical potential until the
potential gradient is abolished. Thus, the cytoplasm, which is surrounded by a
cytoplasmic membrane freely permeable to water, will lose its cytoplasmic water,
resulting in cell shrinkage. The reduction in cell volume is mainly caused by the loss of
free water (~80% of total water in a fully hydrated cell), while the bound water level
remains unchanged. This results in the cessation of growth, possibly due to molecular
crowding, and thus reduced diffusion rates of proteins and metabolites. In order to gain
sufficient free water and to maintain an osmotic equilibrium across the membrane, the
cell has to reduce the chemical potential of the cytoplasmic free water. Two principle
mechanisms have evolved to lower the chemical potential of cell water, allowing an
osmotic adaptation of microorganisms: the salt-in-cytoplasm mechanism and the
organic-osmolyte mechanism.

e Salt-in-cytoplasm strategy: Organisms following this strategy adapt the interior
protein chemistry of the cell to high salt concentration. The thermodynamic
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adjustment of the cell can be achieved by raising the salt concentration in the
cytoplasm to a similar concentration as in the surrounding environment.

e Organic-osmolyte strategy: In this strategy, organisms keep the cytoplasm, to a large
extent, free of NaCl and the design of the cell’s interior remains basically
unchanged. The chemical potential of the cell water is mainly reduced by an
accumulation of uncharged, or zwitterionic, highly water-soluble, organic solutes.

2.2. Salt-in-Cytoplasm Mechanism

The “salt-in-cytoplasm mechanism,” first discovered in halobacteria, is considered the
typical archaeal strategy of osmoadaptation. Fermenting bacteria, bacterial acetogenic
anaerobes (Haloanaerobium, Halobacteroides, Sporohalobacter, Acetohalobium), and
sulfate reducers are now known to employ this strategy as well.

Despite the abundance of NaCl in the typical haloarchaeal environment, halophilic
archaea keep the cytoplasm relatively free of sodium. Instead, potassium accumulates in
the cell (as proven for Haloferax volcanii through an energy-dependent potassium
uptake system) and, together with its counterion CI-, K" can be found in molar
concentrations in the cytoplasm. Because the K™ concentration inside the cell is 100
times higher than in the surrounding environment, a part of the proton motive force
must be used to maintain the ion gradient. In this energetic respect, the situation in
halophilic anaerobic bacteria is thought to be different; there is evidence that these
organisms invest as little as possible in the maintenance of ion gradients. Measurements
of the ion composition of exponentially growing cells of Haloanaerobium praevalens
show that K* is the dominating cation, but that Na" levels are also relatively high. Cells
entering the stationary phase eventually replace K with Na’. Analysis of
Haloanaerobium acetoethylicum even suggests that Na* could be the main cation in
stationary cells as well as in exponentially growing cells.

The effect of the accumulation of potassium and/or sodium in the cytoplasm is that the
cytoplasm is exposed to an increased ionic strength. To adapt the enzymatic machinery
to an ionic cytoplasm, proteins of halophilic anaerobic bacteria and halophilic archaea
contain more acidic amino acids than basic residues. This leads to a predominance of
charged amino acids on the surface of enzymes and ribosomes, which is thought to
stabilize the hydration shell of the molecule when in highly ionic surroundings. In low-
saline environments, the excess of negatively charged ions will destabilize the
molecule’s structure due to repulsion when the shielding cations are removed. This
mechanism explains the fact that organisms employing the salt-in-cytoplasm strategy
display a relatively narrow range of adaptation and that their growth is restricted to
highly saline environments. However, in habitats with saturated salt concentrations,
halophilic archaea out-compete compatible solute producers, establishing users of the
salt-in-cytoplasm mechanism as extreme halophiles.

2.3. Organic-Osmolyte Mechanism
The organic-osmolyte mechanism is widespread among bacteria and eukayortes and is

also present in some methanogenic archaea. In response to an osmotic stress, these
organisms mainly accumulate organic compounds like sugars, polyols, amino acids,
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and/or amino acid derivatives, either by de novo synthesis or by uptake from the
surrounding environment. These nonionic, highly water-soluble compounds do not
disturb the metabolism, even at high cytoplasmic concentrations, and are thus aptly
named compatible solutes. Halophilic cells using compatible solutes can basically
preserve the same enzymatic machinery as nonhalophiles, needing only minor
adjustments in their interior proteins (i.e., ribosomal proteins), which are slightly more
acidic than the cytoplasmic proteins in Escherichia coli. Halophiles employing the
organic-osmolyte mechanism are more flexible than organisms employing the salt-in-
cytoplasm strategy because, even though they display wide salt tolerance, they can also
grow in low salt environments. If the solutes must be synthesized de novo, however, this
flexible mode of osmoadaptation is a more energy-demanding process than the
accumulation of inorganic ions. It was calculated that the synthesis of one compatible
solute like ectoine or glycine—betaine, which are commonly found in halophiles as main
osmolytes, requires about 40 ATP-equivalents. In comparison, organisms using salt-in-
cytoplasm mechanism are assumed to invest as little as one molecule of ATP to
transport two K* and two CI~ from the environment. Organisms of the organic-osmolyte
strategy can also switch to the energetically favorable mode of solute accumulation by
transporting organic osmolytes into the cytoplasm as outlined below.

2.3.1. Stress Protection by Compatible Solutes

In addition to their function of maintaining an osmotic equilibrium across the cell
membrane, compatible solutes are effective stabilizers of proteins and even whole cells.
They can act as protectors against heat, desiccation, freezing and thawing, and
denaturants such as urea and salt. The reason why these organic compounds are
compatible with the metabolism and can even act as stabilizers of labile biological
structures is explained at the molecular level by the preferential exclusion model.
According to this theory, compatible solutes are absent from protein surfaces due to the
dense structural water bound to the protein.

Compatible solutes show a preference for the less dense free-water fraction in the
cytoplasmic surroundings. They stabilize the two water fractions by fitting into the
lattice of the free water and allowing for the formation of hydration clusters. As a
consequence, unfolding and denaturation of proteins becomes thermodynamically
unfavorable (reinforcement of hydrophobic effect). This explains why organisms
adapted to other low-water-potential environments take advantage of the beneficial
properties of compatible solutes. It is not surprising that cyanobacterial species found in
deserts accumulate the compatible solute trehalose to compensate for the deleterious
effects of desiccation.
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