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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 (Höltje 1998). In B.
subtilis, turgor has been estimated at 19 atm (1.9 MPa; Whatmore and Reed 
1990). 

Microorganisms Jack 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 !arge 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 Trüper 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 c1- and they usually actively extrude the 
cytotoxic Na+ ions, resulting in a cytoplasmic ion composition substantially 
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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 13C-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 (Göller 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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