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7.1
Introduction

Variations in the supply of water and the concomitant changes in salinity and
osmolality are among the most significant environmental parameters affect-
ing the survival and growth of microorganisms (Galinski and Triiper 1994;
Csonka and Epstein 1996; Wood 1999; Bremer and Kriamer 2000). Microor-
ganisms can colonize a wide variety of ecological niches with a considerable
spectrum of salinitiFs and osmotic conditions that range from concentrated
salt brines to fresh water sources (Ventosa et al. 1998). Furthermore, within a
single bacterial habitat, there also can be drastic fluctuations from the preva-
lent osmotic milieu.

Here, we focus on the adaptation of Bacillus subtilis, the model organism
for Gram-positive bacteria, to changing osmolalities (Kempf and Bremer
1998; Bremer and Kramer 2000). B. subtilis is certainly not a halophile, but it
can grow over a considerable range of osmotic conditions (Boch et al. 1994)
and hence needs effective genetic and physiological adaptation mechanisms
to cope with changing osmotic conditions in its habitat. The challenge posed
to B. subtilis by variations in the environmental osmolality and salinity is
vividly illustrated by envisioning the conditions in its common ecological
niche, the upper layers of the soil. Drought and rain drastically alter the water
supply in this ecosystem (Miller and Wood 1996), thereby threatening the cell
with dehydration under hypertonic conditions or rupture under hypotonic
circumstances as water permeates across the cytoplasmic membrane along
the osmotic gradient. Like many other bacteria (Booth and Louis 1999), B.
subtilis avoids these devastating alternatives by actively modulating its ion
and organic solute pool to retain a suitable level of cytoplasmic water and tur-
gor. These adaptation reactions allow B. subtilis to readjust its cellular water
content by osmosis and thereby readjust its physiology to the prevalent
osmotic conditions in its immediate surroundings.
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7.2
The Cell and the Surrounding Solvent

Each bacterial cell is enclosed by a semipermeable cytoplasmic membrane
that restricts the free movement of most ions and metabolites, but not of
water. The total concentration of osmolytes within a cell is generally higher
than that in the environment, causing water to flow down its chemical poten-
tial into the cell thereby building up a hydrostatic pressure, the turgor (Wood
1999). Maintenance of turgor within physiologically acceptable boundaries is
considered essential for cell viability and critical for growth and is thought to
provide the mechanical force for expansion of the cell wall (Héltje 1998). In B.
subtilis, turgor has been estimated at 19 atm (1.9 MPa; Whatmore and Reed
1990).

Microorganisms lack systems for active water transport. Hence, water
fluxes across the cytoplasmic membrane are determined by osmotic
processes (Booth and Louis 1999) and are accomplished by two distinct
mechanisms. Simple diffusion of water across the lipid bilayer is usually suffi-
cient to balance intracellular solute levels, but a much accelerated water tran-
sit is achieved by diffusion through water-selective channels, the aquaporins.
The Escherichia coli aquaporin (AqpZ) serves as a model for bacterial water
channels (Calamita et al. 1995) and is a member of the ubiquitous major
intrinsic protein family (MIP). Expression studies in Xenopus oocytes rigor-
ously established the functions of AqpZ as a water channel (Calamita et al.
1995). Cryoelectron microscopy examinations revealed that AQpZ mediates
rapid and large water fluxes in both directions in response to sudden osmotic
up- or downshifts (Delamarche et al. 1999), suggesting an important role for
this channel-forming protein in the cell’s management of water flow across
the cytoplasmic membrane. Inspection of the B. subtilis genome revealed that
it does not encode an AqpZ-related protein (Calamita 2000). Hence, either B.
subtilis contains no aquaporins at all or it possesses water channels of a yet
unidentified type.

7.3
Microbial Strategies for Coping with Hyperosmotic
Environments

Microorganisms have developed two fundamentally different schemes for
maintaining turgor under hyperosmotic conditions. These are frequently
referred to as the “salt-in” and “salt-out” strategies (Galinski and Triiper 1994).
Microorganisms whose entire physiology has been adapted to a permanent
life in high salinity surroundings have adopted the former strategy. They take
up molar concentrations of K+ and Cl” and they usually actively extrude the
cytotoxic Na* ions, resulting in a cytoplasmic ion composition substantially
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different from the surroundings (Galinski and Triiper 1994; Ventosa et al.
1998). As a result, extremely halophilic microorganisms require high salt con-
centrations (frequently K+) for most biochemical reactions, and charge repul-
sion of the many acid amino acids present in proteins of extreme halophiles
frequently leads to cell disintegration at lower salt concentrations. Further-
more, the high ion content of the cytoplasm forced evolutionary changes in
essentially all cellular proteins (Dennis and Shimmin 1997). This “salt-in”
strategy turns out to be remarkably effective for colonizing of habitats with
permanent high salinities, but is far less useful in coping with habitats of
moderate salinity or environments that experience drastic fluctuations in
their osmotic conditions. Ultimately, the “salt-in” strategy confines to very
high saline surroundings.

A more versatile and flexible osmostress response is provided by the “salt-
out” strategy (Galinski and Triiper 1994; Ventosa et al. 1998). Bacteria and
Archaea that live either in environments of moderate salinity or in ecological
niches that are only periodically subjected to conditions of low water activity
and increased salinity ubiquitously use this adaptation response. These
microorganisms avoid high ionic conditions in their cytoplasm and instead
amass large amounts of specific organic osmolytes, the so-called compatible
solutes (Brown 1976). These compounds are highly congruous with cellular
functions and can be accumulated up to molar concentrations in the cyto-
plasm without disturbing essential cellular processes and the functioning of
cell components. Consequently, they can be effectively used to maintain tur-
gor under hyperosmotic conditions. Because the “salt-out” adaptation mech-
anism does not require evolutionary adaptation of proteins and cellular
processes to high salt concentrations, this response to osmotic stress is preva-
lent not only in Bacteria (Csonka and Epstein 1996; Ventosa et al. 1998; Wood
1999; Bremer and Kridmer 2000) and Archaea (Martin et al. 1999; Roberts
2000), but also in fungal, plant, animal and human cells (Burg et al. 1997;
Hohmann 1997; McNeil et al. 1999).

7.4
Compatible Solutes: Characteristics
and Physiological Functions

By definition, compatible solutes are compounds that can be accumulated to
very high intracellular levels (several moles per liter) without disturbing cel-
lular physiology and protein folding (Brown 1976). Because only a limited
number of compounds meet these criteria, it is not surprising that certain
compatible solutes have been widely adopted as osmostress protectants
across the kingdoms (Le Rudulier et al. 1984). The spectrum of known com-
patible solutes comprises amino acids, amino acid derivatives, small peptides,
methylamines and their sulfonium analogs, sulfate esters, polyols, and sugars



118 G. Holtmann et al.

T,
0 C
H;C—Nt- CHZ—Cf H
| o- +

Fig.7.1. Chemi-
cal structures of
the compatible

CH3 7/ \ solutes glycine
H H betaine, proline
and ectoine
Glycine betaine Proline Ectoine

(da Costa et al. 1998). In the past few years, as more organisms have been
examined, in particular those that thrive in extreme environments, additional
organic osmolytes have been identified (Martins et al. 1997; Martin et al.
1999). In general, the compatible solutes used by Bacteria are polar, highly sol-
uble molecules, and they usually do not carry a net charge at physiological
pH. Glycine betaine, proline, ectoine (Fig.7.1) - and their structural analogs -
are the most important compatible solutes used by B. subtilis and taxonomi-
cally closely related species (Boch et al. 1994; Kempf and Bremer 1995; Jebbar
et al. 1997; von Blohn et al. 1997; Kappes and Bremer 1998; Nau-Wagner et al.
1999; Kuhlmann and Bremer 2002).

Although the exact biochemical mechanism(s) through which compatible
solutes act is not completely understood, their functioning is generally
explained in terms of the preferential exclusion model (Arakawa and Timash-
eff 1985). This predicts that compatible solutes are excluded from the imme-
diate hydration shell of proteins because of unfavorable interactions with the
polypeptide backbone (Bolen and Baskakov 2001), resulting in a nonhomoge-
neous distribution of these solutes within the cell water and a preferential
hydration of protein surfaces. This disequilibrium provides a thermodynamic
force driving the protein to occupy a smaller volume in order to reduce the
amount of excluded water and thereby stabilizes the native structure of pro-
teins. In addition to maintaining cellular water content at high external osmo-
lalities, compatible solutes also protect proteins in vitro from denaturation
caused by freezing, heating, desiccation and high ionic conditions and they
have beneficial effects on membrane integrity, protein stability and folding
(Lippert and Galinski 1992; Canovas et al. 1999). Recent in vivo studies sup-
port the role of compatible solutes in stabilizing proteins (Bourot et al. 2000)
and in protecting cells from the detrimental effects of high salinity and from
high and low temperatures (Caldas et al. 1999; Canovas et al. 2001; Mendum
and Smith 2002).

7.5
The Initial Stress Response of B. subtilis: Uptake of K*

When B. subtilis experiences a sudden osmotic upshift and the resulting loss
of cell water, it first responds by rapidly accumulating K* from environmental
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sources. In cells subjected to an osmotic upshock with 0.4 M NaCl, the K* level
rises from a basal value of approximately 350 mM to approximately 650 mM
within 1 h (Whatmore et al. 1990).

Recently, a new type of potassium transport system (Ktr) has been recog-
nized both in microorganisms and plants. These systems consist of two com-
ponents: a membrane-spanning subunit (KtrB) that is evolutionarily related
to the KcsA potassium channel (Durell and Guy 1999; Durell et al. 1999;
Tholema et al. 1999) and a membrane-associated polypeptide (KtrA) that
binds both NAD* and NADH in different conformations. The interaction of
these dinucleotides with KtrA has been proposed to regulate KtrB activity
through a ligand-mediated conformational switch mechanism (Roosild et al.
2002). Inspection of the entire B. subtilis genome sequence revealed the pres-
ence of genes that potentially could encode two Ktr-type K+-uptake systems
(Nakamura et al. 1998). We have investigated the physiological role of the K*-
uptake systems operating in B. subtilis and found that there are indeed two
major K+ transporters: the KtrAB transporter with a K value of approxi-
mately 1.2 mM and the KtrCD transporter with a K, value of approximately
12 mM (Holtmann et al. 2003). Northern analyses have demonstrated that the
structural genes (ktrAB) for the KtrAB system are organized as an operon,
whereas the genes (ktrC, ktrD) encoding the subunits for the KtrCD trans-
porter are positioned at different locations on the B. subtilis chromosome and
are expressed as single transcription units. Transcription of the various ktr
genes is not up-regulated in response to K* limitation, nor is their expression
enhanced when the cells are subjected to high salinity. Gene disruptions that
destroy the KtrAB or KtrCD transporters exhibit major defects in K* uptake,
and a double mutant is almost entirely defective in K* acquisition, demon-
strating that the two Ktr transporters are the major K*-uptake systems oper-
ating in B. subtilis. In contrast to the B. subtilis wild-type strain, mutants
defective in the KtrAB systems cannot resume growth in a basal minimal
medium containing 2 mM K* when they are subjected to a sudden osmotic
upshock with 0.6 M NaCl. They also exhibit a growth defect when they are
continuously cultured in media of increased salinity. These data therefore
illustrate the fundamental importance of K* acquisition for both initial and
sustained adaptation of B. subtilis to high salinity and high osmolality sur-
roundings.

Despite the importance of K* in the osmostress reaction of B. subtilis, high
intracellular concentrations of this ion interfere with many important cellular
functions (e.g. protein synthesis). Therefore, in the second phase of its
osmoadaptation, B. subtilis accumulates large quantities of compatible solutes
through synthesis and uptake. This permits the reduction of the K* pool as
the cell expands and proliferates under high osmolality conditions (What-
more et al. 1990).
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7.6
Accumulation of Compatible Solutes Through Biosynthesis
in Bacillus spp.

7.6.1
Osmoregulatory Synthesis of Proline

Proline plays a crucial role in osmotolerance in many bacteria. Its effective-
ness as an osmostress protectant is also demonstrated by plant cells that pro-
duce it as a defense against high salinity and drought (Delaunay and Verma
1993). It has been known for over 25 years that B. subtilis belongs to the group
of microorganisms that accumulate large amounts of proline in response to
increased medium salinity (Measures 1975). Whatmore et al. (1990) investi-
gated proline accumulation via de novo synthesis in B. subtilis cultures grow-
ing in a chemically defined medium. When the cells were subjected to a sud-
den but relatively mild osmotic upshift by the addition of 0.4 M NaCl, the
cellular proline pool increased from a basal level of 16 mM to approximately
700 mM within 7 h. Our own investigations into the pattern of proline synthe-
sis in osmotically stressed cells revealed that there is essentially a linear rela-
tionship between the proline content of the cells and the salinity of the growth
medium (]. Brill and E. Bremer, unpubl. results). This allows B. subtilis to accu-
mulate proline levels well above 1 M when they are grown in a basal minimal
medium containing 1 M NaCl.

Recent studies in our laboratory have revealed the molecular details of this
osmoregulatory proline synthesis. B. subtilis possesses a dedicated pathway
for the synthesis of proline under osmotic stress conditions and this route is
connected with that used for anabolic purposes (J. Brill and E. Bremer,
unpubl. results). The anabolic pathway proceeds from glutamate and is cat-
alyzed by the sequential reactions of ProB (y-glutamyl kinase), ProA (y-glu-
tamyl phosphate reductase) and Prol/ProG (A!-pyrroline-5-carboxylate-
reductases; Belitsky et al. 2001; Fig. 7.2). The proH] operon, encoding
orthologues of the proline biosynthetic proB and prol genes, is specifically
needed for high-level proline synthesis under osmotic stress conditions. In
contrast, the ProA protein is used for both proline anabolism and proline-
mediated osmoprotection (Fig. 7.2). The proHJ operon is transcribed from a
SigA-type promoter; its level of expression rapidly increases upon osmotic
upshock and is linked in a linear fashion to the degree of osmotic stress. Dis-
ruption of the proHJ operon does not cause a proline auxotrophic phenotype,
but it completely prevents proline buildup in osmotically challenged cells. The
proHJ mutant exhibits a severe growth defect under high osmolality growth
conditions, attesting to the importance of de novo proline synthesis for the
osmostress response of B. subtilis. Gene fusion studies with the proHJ operon
have demonstrated that a 153-bp DNA fragment comprising the proHJ pro-
moter contains all DNA sequences required in cis for full osmoregulated gene
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expression; however, the signal transduction cascade that leads to osmoregu-
lated proHJ expression is not understood.

7.6.2
Osmoregulatory Synthesis of Ectoine

The identification of B. subtilis as a proline producer under conditions of
osmotic stress prompted the question of whether most other members of the
genus Bacillus and closely related species synthesize proline as their domi-
nant compatible solute. We therefore used natural-abundance 3C-nuclear
magnetic resonance (NMR) spectroscopy and high-performance liquid chro-
matography (HPLC) to investigate the types of compatible solutes that are
synthesized de novo in a wide variety of Bacillus species under high osmolal-
ity growth conditions (Kuhlmann and Bremer 2002). These experiments
revealed that in addition to proline, ectoine and its hydroxylation derivative,
hydroxyectoine, are the dominant compatible solutes synthesized within the
genus Bacillus. Among the 22 Bacillus species investigated so far, we detected
five patterns of endogenously synthesized compatible solutes: (1) strains that
produce only glutamate; these species are the most salt-sensitive Bacillus
strains that we have tested, (2) strains that produce proline, (3) strains that
produce ectoine, (4) strains that synthesize both ectoine and hydroxyectoine,
and (5) strains that produce both proline and ectoine (N. Pica, A. Kuhlmann
and E. Bremer, unpubl. results). None of the Bacillus species investigated was
capable of synthesizing glycine betaine de novo. We note that in particular the
halophilic and halotolerant Bacillus spp. are ectoine and hydroxyectoine pro-
ducers.

To analyze osmoregulatory ectoine production in the genus Bacillus in
greater detail, we chose Bacillus pasteurii (recently reclassified as Sporosar-
cina pasteurii) as a representative of ectoine-synthesizing Bacillus spp.
Growth of B. pasteurii in minimal media of different salinities revealed an
essential linear relationship between ectoine content of the cells and the salin-
ity of the growth medium, demonstrating that B. pasteurii sensitively adjusts
its ectoine pool to the degree of the prevalent osmotic stress. The ectoine
biosynthetic genes (ectABC) of B. pasteurii were cloned, and it was demon-
strated that they are coordinately expressed as an operon from a unique and
osmoregulated promoter (Kuhlmann and Bremer 2002). Hence ectoine accu-
mulation in B. pasteurii depends primarily on increased ectABC transcription
under hyperosmotic growth conditions (Kuhlmann and Bremer 2002). A
comparison of the EctABC proteins from B. pasteurii with those of
Halomonas elongata (Goller et al. 1998), Chromohalobacter salexigens
(Canovas et al. 1998) and Marinococcus halophilus (Louis and Galinski 1997)
revealed that these enzymes are evolutionarily closely related. This finding
demonstrates that the ectoine biosynthetic pathway is well conserved
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between the Gram-negative (H. elongata, C. salexigens) and Gram-positive
(M. halophilus, B. pasteurii) branches of the bacterial world. Tracer studies,
NMR spectroscopy and enzymatic analysis previously revealed both the iden-
tity of the precursor (L-aspartate-f-semialdehyde) for ectoine production
and the three enzymatic steps involved in the formation of this compatible
solute (Peters et al. 1990; Ono et al. 1999). This pathway also operates in B. pas-
teurii (Fig. 7.2).

7.6.3
Osmoregulatory Synthesis of Glycine Betaine from Choline

Glycine betaine (Fig. 7.1) is one of the most potent and widely used compati-
ble solutes found in nature (Le Rudulier et al. 1984). Several routes for the syn-
thesis of this trimethylammonium compound exist in microorganisms. The
extreme halophiles Actinopolyspora halophila and Ectothiorhodospira halo-
chloris produce glycine betaine de novo through a three-step series of methy-
lation reactions of the amino acid glycine with sarcosin and dimethylglycine
as intermediates and S-adenosyl methionine as methyl donor (Nyyssola et al.
2000). B. subtilis cannot synthesize glycine betaine de novo and instead pro-
duces it via two sequential oxidation reactions of the precursor choline (Boch
et al. 1994, 1996). Since B. subtilis is unable to synthesize choline, it must
actively acquire this precursor from exogenous sources through transport
processes involving the highly substrate-specific ABC-transporter OpuB and
a closely related ABC-transporter (OpuC) with a broad substrate specificity
(Fig. 7.3; Kappes et al. 1999). Subsequent to choline import via OpuB and
OpuC, glycine betaine synthesis proceeds via a two-step oxidation process
involving a soluble type-III alcohol dehydrogenase (GbsB) and a highly salt-
tolerant glycine betaine aldehyde dehydrogenase (GbsA; Fig. 7.2; Boch et al.
1996, 1997). The genes for these enzymes are encoded by the gbsAB operon.
Glycine betaine production depends on the availability of choline in the
environment. The presence of exogenous choline stimulates the expression of
the loci encoding the systems for its high-affinity uptake (OpuB) and its enzy-
matic oxidation (GbsAB) to glycine betaine (G. Nau-Wagner and E. Bremer,
unpubl. results). High osmolality does not directly stimulate ghsAB transcrip-
tion to any significant degree (Boch et al. 1996), whereas expression of the
opuB operon is subjected to both induction by choline and osmotic control.
The GbsR repressor, a novel type of choline-sensing protein (G. Nau-Wagner
and E. Bremer, unpubl. results), mediates the induction of the opuB and gbsAB
operons in response to exogenous choline levels. Consequently, GbsR coordi-
nates the choline-to-glycine betaine synthetic pathway by simultaneously
controlling the genes for the high-affinity choline-uptake system OpuB
(Fig. 7.3) and those encoding the glycine betaine synthetic enzymes GbsAB
(Fig. 7.2). The OpuC system is also involved in the high-affinity uptake of
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Fig.7.3. Systems for the uptake and expulsion of compatible solutes in B. subtilis

choline (Fig. 7.3; Kappes et al. 1999), but the expression of the opuC operon is
not under the control of the GbsR repressor (G. Nau-Wagner and E. Bremer,
unpubl. results). This observation can readily be put in a physiological con-
text: OpuC transports a wide variety of compatible solutes (Fig. 7.3) and it
would be counterproductive for the B. subtilis cell to control the synthesis of
OpuC solely on the basis of the availability of choline in the environment.
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7.7
Acquisition of Preformed Compatible Solutes by B. subtilis
from Environmental Resources

The varied habitats of B. subtilis (soil, roots, rotting plant material, etc.) offer
a wide variety of preformed compatible solutes, which are released into
ecosystems by primary producers from osmotically downshocked microbial
cells, by root exudates and by decaying microbial, plant and animal cells
(Welsh 2000). B. subtilis can effectively use these preformed compatible
solutes and their accumulation allows it to grow over a wide range of osmotic
conditions and to colonize habitats that are otherwise inhibitory for its prolif-
eration. The compatible solutes employed by B. subtilis are all structurally
related to the amino acid proline, the trimethylammonium compound glycine
betaine and the tetrahydropyrimidine ectoine (Fig. 7.1); it does not use any
sugars, such as trehalose, for osmoprotective purposes.

A detailed genetic and physiological analysis has demonstrated that B. sub-
tilis can take up a wide variety of compatible solutes via multiple osmopro-
tectant transport systems (Opu) that have overlapping substrate specificity
and energy coupling mechanisms (Fig. 7.3). Each of these transporters
exhibits a high affinity for its various substrates with K values in the low
micromolar range (Kempf and Bremer 1995; Kappes et al. 1996, 1999; von
Blohn et al. 1997; Nau-Wagner et al. 1999), thereby permitting the efficient
scavenging of osmoprotectants that are usually present in natural habitats in
very low concentrations. The Opu transporters also possess substantial trans-
port capacities (V_,,,), which allow the accumulation of compatible solutes to
the exceedingly high intracellular levels that are required for the effective
maintenance of turgor under hyperosmotic conditions. Whatmore et al.
(1990) determined the intracellular pool of glycine betaine and found that in
a basal minimal medium B. subtilis accumulates this compatible solute to a
level of 175 mM. The glycine betaine pool rose within 2 h subsequent to a sud-
den osmotic upshock with 0.4 M NaCl to a level of approximately 700 mM. We
determined the correlation between cellular glycine betaine content and the
salinity of the growth medium in more detail in actively growing cells and
found that there is a linear relationship between the intracellular glycine
betaine concentration and the osmolality of the environment. Cellular glycine
betaine content rose from a basal level of approximately 200 mM in non-
osmotically stressed cultures to a level of 1.4 M when cells were grown in a
minimal medium containing 1 M NaCl and 1 mM glycine betaine (S. Moses, E.
P. Bakker and E. Bremer, unpubl. results).

The proline transporter OpuE (von Blohn et al. 1997) is a member of the
sodium/symporter family (Fig. 7.3). The glycine betaine transporter OpuD
(Kappes et al. 1996) is a member of the BCCT (betaine/choline/carnitine/
transporters) family of secondary uptake systems, which also includes com-
patible solute transporters from a variety of Gram-negative and Gram-posi-
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tive bacteria. Like the glycine betaine transporter BetP from Corynebacterium
glutamicum (Riibenhagen et al. 2001), OpuD transport activity is enhanced by
osmotic upshifts (Kappes et al. 1996), but the activity of OpuE is not regulated
by medium osmolality (von Blohn et al. 1997). Activation at the level of trans-
port activity as exhibited by OpuD allows the cells to take advantage of pre-
existing OpuD proteins and thus permits immediate import of compatible
solutes when the cell is osmotically challenged. The expression of both the
opuE and opuD genes is interwoven with the general, SigB-controlled stress
regulon of B. subtilis (von Blohn et al. 1997; Spiegelhalter and Bremer 1998;
Spiegelhalter and Bremer, unpubl. results). A sudden increase in salinity is
among the environmental cues that trigger the transient expression of the
entire SigB regulon (Price 2000; Hecker and Vélker 2001). SigB activity is con-
trolled through a complex signal transduction cascade that involves an anti-
sigma factor and several regulatory proteins whose activity is controlled
through phosphorylation and dephosphorylation events. However, the actual
mechanism by which changes in environmental salinity are detected by the
cell and fed into this signal transduction cascade that controls SigB activity is
still elusive. Both the opuE (von Blohn et al. 1997; Spiegelhalter and Bremer
1998) and opuD genes (F. Spiegelhalter and E. Bremer, unpubl. results) are part
of the SigB-controlled general stress regulon but each has an additional, inde-
pendently controlled promoter that responds to increases in medium osmo-
lality. Thus, at least two different pathways for the transduction of osmotic
signals must operate in B. subtilis: one of which relies on the sensory and reg-
ulatory proteins that control SigB activity (Price 2000; Hecker and Volker
2001) and another which is dependent on an unidentified signal transduction
cascade.

The OpuA, OpuB and OpuC transport systems (Fig. 7.3) are members of
the ABC-family of transporters (Kempf and Bremer 1995; Kappes et al. 1999).
Their extracellular substrate-binding proteins are tethered to the cytoplasmic
membrane via a lipid modification at their amino-terminal cysteine residues
(Kempf et al. 1997; Kappes et al. 1999). The opuB and opuC operons are located
near one another on the B. subtilis chromosome, and the high amino acid
sequence identity of the encoded gene products strongly suggests that these
two ABC-transport systems have evolved from a duplication event of a pri-
mordial gene cluster (Kappes et al. 1999). Despite the close relatedness of the
OpuB and OpuC systems, these transporters exhibit a striking difference in
substrate specificity for osmoprotectants. OpuB is highly specific for choline,
the precursor for glycine betaine synthesis, whereas OpuC transports a broad
range of compatible solutes, most of which are structurally related to glycine
betaine (Fig. 7.3). Collectively, the Opu transporters can provide B. subtilis
with at least eight preformed osmoprotectants and also with the precursor
(choline) for the biosynthesis of glycine betaine (Kempf and Bremer 1995;
Jebbar et al. 1997; von Blohn et al. 1997; Kappes and Bremer 1998; Nau-Wag-
ner et al. 1999). The complex arsenal of osmoprotectant transporters operat-
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ing in B. subtilis (Fig. 7.3) highlights the important role of compatible solute
acquisition in this bacterium’s adaptation to high salinity and high osmolality
surroundings.

Unlike opuB expression, which is induced by choline and is under the neg-
ative control of the GbsR repressor, expression of the opu4, opuC, opuD and
opuE loci is not enhanced when a substrate for the encoded transporter is pre-
sent in the growth medium. However, transcription of the structural genes of
each of the B. subtilis Opu transporters is induced when cells are exposed to
increased medium osmolality, and the level of expression is sensitively linked
to the degree of osmotic stress. The mechanism(s) through which B. subtilis
senses osmotic changes in the environment and communicates this informa-
tion to the transcription apparatus of the cell is completely unknown.

7.8
Expulsion of Compatible Solutes:
Protection Against Extreme Turgor

Rain, flooding and washout into freshwater sources exposes B. subtilis to
rapid and sometimes severe osmotic downshocks that cause a sudden entry
of water into the cell and a drastic increase in turgor. The severity of this effect
is exemplified in E. coli, where osmotic downshift equivalent to 0.3 M salt was
calculated to increase turgor from a basal level of approximately 4 atm
(0.4 MPa) to approximately 11 atm (1.1 MPa; Booth and Louis 1999). To a cer-
tain extent, elevated turgor can be accommodated by the elasticity of the
murein sacculus (Holtje 1998; Wood 1999), but when this capacity is exceeded
the cell must eliminate water-attracting osmolytes and ions to avoid bursting,.
It has become clear in recent years that mechanosensitive channels act as
safety valves for the rapid release of these compounds when turgor rises
beyond a threshold level (Blount and Moe 1999; Booth and Louis 1999). Such
mechanosensitive channels have been detected both in Bacteria and Archaea
and the physiological function of two such channel types, MscL and MscS
(YggB, KefA), have been characterized in E. coli. Their simultaneous disrup-
tion (MscL, YggB) resulted in cell death following a severe osmotic down-
shock (Levina et al. 1999).

In B. subtilis, the presence of ion-conducting channels that respond to
mechanical forces has been demonstrated through electrophysiological stud-
ies. These channels display conductances ranging from a few hundred pS to
more than 3 nS, and most exhibit complex gating kinetics, suggesting that at
least some are composed of subunits that function cooperatively (Alcayaga et
al. 1992; Szabo et al. 1992). The MscL protein (Moe et al. 1998) is evolutionar-
ily well conserved, and a single copy of the mscL gene is present in the B. sub-
tilis genome. When this mscL gene was heterologously expressed in E. coli, its
product formed an ion-conducting mechanosensitive channel with a conduc-
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tance of 3.6 nS (Moe et al. 1998). We disrupted the chromosomal copy of the B.
subtilis mscL gene and found that this mutant strain can only partially with-
stand an osmotic downshock equivalent to 0.8 M salt (C. Boiangiu and E. Bre-
mer, unpubl. results). Three YggB homologues (ydhY, ykuT, yfkC) that might
function as MscS-type channels are also present in B. subtilis (Levina et al.
1999). However, when we disrupted these three yggB-related genes either indi-
vidually or in combination, the resulting mutant strains did not exhibit any
phenotype with respect to their survival subsequent to a severe osmotic
downshock. In contrast, combination of a mscL mutation with a gene disrup-
tion in ykuT (MscS) yielded a B. subtilis strain that was extremely sensitive
against osmotic downshifts (C. Boiangiu and E. Bremer, unpubl. results).
Taken together, these data and observations strongly suggest that
mechanosensitive channels of the MscL and MscS type (Fig. 7.3) play a pivotal
role in managing the transition of B. subtilis from high- to low-osmolality
environments.

7.9
Perspectives

A solid framework for understanding how B. subtilis and closely related
species adapt to changing osmolality has now been laid (Fig. 7.3). Further-
more, the participation of the SigB-controlled general stress response
network in osmoadaptation has been demonstrated (Vélker et al. 1999). B.
subtilis mutants lacking SigB are highly sensitive to sudden and growth-
restricting upshocks with NaCl. This observation implies that osmotic stress
resistance is conferred by members of the SigB regulon, but the proteins that
participate in this particular stress response are unknown (Price 2000; Hecker
and Volker 2001). The general and specific osmostress response systems are
interwoven (Bremer and Kramer 2000) and both enable B. subtilis to cope
with growth-restricting and growth-preventing osmotic and high-salinity
stress. This is particularly important since the prime defensive strategy of B.
subtilis, the formation of a highly desiccation-resistant endospore, is severely
impaired by high salinity (Kunst and Rapoport 1995; Ruzal et al. 1998).

The cellular responses of B. subtilis to high osmolality and salinity are not
limited to the adaptation systems described above because high salinity
exerts pleiotropic effects on the physiology of B. subtilis. Mutants lacking the
alternative transcription factor SigM are sensitive to high salt concentrations
(Horsburgh and Moir 1999), but this may be an indirect phenotype related to
the major cell wall defects exhibited by such mutants. Interestingly, a sudden
osmotic upshift triggers the induction of the structural gene for the extracy-
toplasmic sigma factor SigW and the entire regulon controlled by this alter-
native transcription factor (Petersohn et al. 2001). Increases in salinity also
affect the phospholipid composition of the cytoplasmic membrane (Lopez et
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al. 2000), the properties of the cell wall (Lopez et al. 1998), and the synthesis of
the cell-wall-associated protein WapA (Dartois et al. 1998). In addition, the
production of several extracellular degradative enzymes is regulated in a
DegS/DegU-dependent manner at high salinity (Kunst and Rapoport 1995).
Furthermore, increases in medium salinity transiently induce the structural
gene for the membrane-associated protease FtsH, and ftsH mutants can grow
efficiently in media with NaCl concentrations greater than 0.2 M only if the
compatible solutes proline or glycine betaine are added (Deuerling et al.
1995). One also observes increases in negative supercoiling of reporter plas-
mids when B. subtilis is subjected to salt stress (Krispin and Allmansberger
1995; Alice and Sanchez-Rivas 1997), and such changes in DNA topology
might have profound influences on gene expression under high osmolality
growth conditions. Furthermore, sudden osmotic changes trigger a behav-
ioral response (osmotaxis) such that the B. subtilis cells are repelled by both
high and low osmolality (Wong et al. 1995). However, this response is of lim-
ited use when the entire habitat of B. subtilis undergoes a change in salinity
and osmolality. Furthermore, proteome analysis has demonstrated that the
synthesis of the major structural component of the flagellum, Hag, is strongly
repressed in cells grown at high salinity, implying that B. subtilis can no longer
effectively swim in hypertonic media (Hoffmann et al. 2002). Proteome analy-
sis of B. subtilis cells grown at high salinity unexpectedly revealed an overlap
between the cellular responses and iron limitation. Growth in high-salinity
minimal media triggered the expression of the genes encoding the iron chela-
tor bacillibactin and of transport systems involved in the scavenging of iron
from the environment (Hoffmann et al. 2002). The unexpected finding that
high salinity stress has an iron limitation component might be of special eco-
physiological importance for the growth of B. subtilis in natural settings, in
which bioavailable iron is usually scarce.

The adaptation of the B. subtilis cell to salt stress and osmotic challenges
apparently has many facets. We have now begun to employ the method of
transcriptional profiling of salt-stressed B. subtilis cells on a genome-wide
scale (L. Steil, T. Hoffmann, U. Vilker and E. Bremer, unpubl. results). This
global look at the B. subtilis transcriptome revealed that the expression of
approximately 120 genes is induced upon salt stress whereas transcription of
approximately 100 genes is simultaneously repressed. Hence approximately
5% of all B. subtilis genes are either positively or negatively affected by
increases in the salinity of the growth medium. It will be a challenging task in
the coming years to characterize the physiological function of the salt-
induced and salt-repressed B. subtilis genes, to study the molecular mecha-
nisms of their gene regulation in response to increased salinity, and to unravel
possible regulatory networks that control and integrate the cellular responses
of B. subtilis to hypertonic environments.
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