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Bacillus subtilis possesses five osmotically regulated transporters (Opu) for the uptake of various compatible
solutes for osmoprotective purposes. We have now found that compatible solutes also function as thermopro-
tectants for B. subtilis. Low concentrations of glycine betaine enhanced the growth of the B. subtilis wild-type
strain JH642 at its maximal growth temperature (52°C) but did not allow an extension of the upper growth
limit. A similar enhancement in the growth of B. subtilis was also observed by the addition of several other
compatible solutes that are structurally related to glycine betaine or by the addition of proline. Each of these
compatible solutes was taken up under heat stress by the cell through the same Opu transporters that are used
for their acquisition under osmostress conditions. Northern blot analysis revealed a moderate increase in
transcription of the structural genes for each of the Opu transport systems in cells that were propagated at
52°C. In contrast, the uptake level of radiolabeled glycine betaine was very low under high-temperature growth
conditions but nevertheless allowed the buildup of an intracellular glycine betaine pool comparable to that
found in cells grown at 37°C in the absence of salt stress. Although exogenously added glutamate has only a
limited osmoprotective potential for B. subtilis, it was found to be a very effective thermoprotectant. Collectively,
our data demonstrate thermoprotection by a variety of compatible solutes in B. subtilis, thus ascribing a new
physiological function for this class of compounds in this microorganism and broadening the physiological role
of the known osmoprotectant uptake systems (Opu).

Although some microorganisms contain water-selective
channels, or aquaporins, in their cytoplasmic membranes (20),
bacteria cannot actively transport water in or out of the cell.
Their intracellular water content is therefore determined by
purely osmotic processes. When the osmolality in their habitat
fluctuates and water passes through the cytoplasmic mem-
brane, microorganisms must actively adjust their intracellular
solute pool to prevent dehydration under hypertonic growth
conditions and bursting under hypotonic circumstances (13).
Most bacteria accomplish this task through the accumulation
of ions, in particular K�, and specific organic osmolytes at high
osmolalities (26, 30, 38, 61, 63), and they expel these com-
pounds through mechanosensitive channels when the external
osmolality drops (4, 9, 48, 60).

A common response of many Bacteria and Archaea to high-
osmolality growth conditions is the high-level accumulation,
either through synthesis or uptake from the environment, of
organic osmolytes, the so-called compatible solutes (26, 27, 30,
38, 50, 61, 63). These compounds are highly congruous with
cellular functions and can be accumulated up to molar con-
centrations in the cytoplasm without disturbing essential cel-
lular processes and the functioning of cell components (19, 42).
Consequently, the high-level accumulation of compatible sol-
utes makes a major contribution to curbing the outflow of
water from the cell under hypertonic growth conditions (49)

and to maintaining turgor within physiological acceptable
boundaries under these circumstances (65).

Many microorganisms are able to acquire preformed com-
patible solutes from environmental sources through high-affin-
ity transport systems (17, 26, 46, 57). Five osmotically regulated
osmoprotectant uptake systems (OpuA to OpuE) operate in
the gram-positive soil bacterium Bacillus subtilis (16, 17, 38)
which collectively allow the uptake of 13 preformed compati-
ble solutes or the biosynthetic precursor of glycine betaine
(16). The uptake and high-level intracellular accumulation of
compatible solutes, in particular glycine betaine, provide effec-
tive osmoprotection to the B. subtilis cell and allow its growth
over a wide range of external salinities (10). In addition to the
effective acquisition of preformed compatible solutes, B. sub-
tilis can also synthesize glycine betaine from the precursor
choline via the GbsB and GbsA enzymes (10, 11); choline is
taken up by the cell via the OpuB and OpuC ABC transport
systems (36). In the absence of preformed compatible solutes
in the growth medium, B. subtilis adjusts its intracellular solute
pool through the de novo synthesis of the compatible solute
proline (45, 64). Osmoregulatory proline biosynthesis involves
sequential reactions of the ProJ, ProA, and ProH enzymes (7,
16; J. Brill and E. Bremer, unpublished results). It is thus
apparent that the uptake and synthesis of compatible solutes
play a central role in the cellular adaptation of B. subtilis to
high-osmolality environments (16, 17).

Compatible solutes also function as protein stabilizers both
in vitro (22, 25, 39, 43) and in vivo (15, 21, 28). This aspect of
the physiological function of these compounds is generally
explained in terms of the preferential exclusion model (3, 12).
The protein-stabilizing properties of compatible solutes are
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likely to explain the protective functions of these compounds
against heat stress in both the Bacteria and the Archaea (14, 21,
23, 41, 50, 54). Compatible solutes have also been shown to
serve as chill protectants for the human pathogen Listeria
monocytogenes (5, 40) and for B. subtilis (18).

The function of compatible solutes as osmoprotectants has
been firmly established for B. subtilis, and the molecular details
of the uptake and synthesis of these compounds have already
been studied in quite some detail (16, 17). We have now asked
whether the acquisition of preformed compatible solutes or
their synthesis also plays a role in the adaptation of this soil
microorganism to elevated growth temperatures. B. subtilis is
well suited for such an investigation because a comprehensive
set of mutants that disrupt the transporters for compatible
solutes (Opu) (16) or the biosynthetic routes for proline (J.
Brill and E. Bremer, unpublished results) and glycine betaine
(11) are available. We report here that glycine betaine and
several structurally related compatible solutes serve as effective
thermoprotectants for B. subtilis and demonstrate that the pre-
viously characterized osmoregulated Opu transporters are re-
quired for their acquisition under elevated growth tempera-
tures.

MATERIALS AND METHODS

Bacterial strains. The B. subtilis strains used for this study are all derivatives
of the wild-type strain JH642 (trpC2 pheA1; BGSC 1A96), a kind gift of J. Hoch,
La Jolla, Calif., and are listed in Table 1.

Media, chemicals, and growth conditions. B. subtilis strains were routinely
maintained and propagated on Luria-Bertani agar plates. For all growth exper-
iments, Spizizen’s minimal medium (SMM), with 0.5% (wt/vol) glucose as the
carbon source, L-tryptophan (20 mg liter�1), L-phenylalanine (18 mg liter�1), and
a solution of trace elements (31), served as a chemically defined medium. The
osmolality of growth media was increased by the addition of NaCl from a 5 M
stock solution. Growth of the cultures was monitored by measuring the optical
density at 578 nm (OD578). All cultures were grown aerobically at either 37 or
52°C in a shaking water bath set at 220 rpm. For the determination of growth
curves at 37°C, 75-ml portions of prewarmed SMM were inoculated with an
exponentially growing preculture to an optical density of 0.1. For the determi-
nation of growth curves at 52°C, 75-ml portions of SMM (prewarmed to 37°C)
were inoculated with exponentially growing cultures (pregrown at 37°C) to an
OD578 of 0.1 and were heated within 15 min to 52°C in a water bath.

Glycine betaine, choline chloride, �-butyrobetaine, and carnitine were pur-
chased from Sigma (Deisenhofen, Germany). Proline betaine (stachydrinehydro-
chloride) was synthesized by Extrasynthese (Genay, France). Ectoine was pur-
chased from BIOMOL (Hamburg, Germany). Crotonobetaine was a kind gift
from J. Brass (Lonza AG, Visp, Switzerland). Dimethylsulfoniumpropionate
(DMSP) was kindly provided by T. Hansen (University of Groningen, Gro-
ningen, The Netherlands). Homobetaine and choline-O-sulfate were synthesized

by G. Nau-Wagner (Marburg, Germany). Radiolabeled [1-14C]glycine betaine
(55 mCi mmol�1) was purchased from American Radiolabeled Chemicals Inc.
(St. Louis, Mo.), and radiolabeled [1-14C]glutamate (45 mCi mmol�1) was ob-
tained from DuPont (Boston, Mass.).

Transport assays and determination of the glycine betaine and glutamate
pools. The initial transport rates of [1-14C]glycine betaine and [1-14C]glutamate
were measured in exponentially growing cells of B. subtilis strain JH642. Cells
were grown to an OD578 of 0.5 to 1 at either 37 or 52°C. [1-14C]glycine betaine
(10 �M) or [1-14C]glutamate (60 �M) was added to 2 ml of cells, and at different
time points, 300-�l aliquots were passed through 0.45-�m-pore-size nitrocellu-
lose filters (Schleicher and Schuell, Dassel, Germany) and the filters were then
washed with 20 ml of SMM of the same osmolality. The radioactivity remaining
on the filters was determined by liquid scintillation counting. For the determi-
nation of the glycine betaine and glutamate pools in B. subtilis cells, SMM
containing either 1 mM radiolabeled glycine betaine or 1 mM radiolabeled
glutamate was inoculated with exponentially growing cells to an OD of 0.1 and
grown at the given temperature to an OD578 of 0.5. Three-hundred-microliter
aliquots of the cell suspension were then sucked onto a 0.45-�m-pore-size ni-
trocellulose filter, and the cells were washed with 20 ml of SMM of the same
osmolality as that used for originally growing the cells. The radioactivity remain-
ing on the filters was then determined by liquid scintillation counting. The
intracellular solute concentrations of glycine betaine and glutamate in B. subtilis
were calculated by using a cell volume of 6.7 �l per mg of cell protein (S. Moses,
E. P. Bakker, and E. Bremer, unpublished results).

Northern blot analysis. Total RNAs were isolated from B. subtilis log-phase
cells (OD578, 0.5 to 1) grown either at 37 or 52°C by the acid-phenol method (2,
44). Various amounts of total RNA were separated on a denaturing 1.4%
agarose gel, transferred onto a nylon membrane (NY13N; Schleicher and
Schuell), and hybridized with digoxigenin-labeled single-strand antisense RNA
probes specific for the transcript of interest. Probes for the various opu genes,
proHJ, and proBA were generated by in vitro transcription with a Strip EZTM
RNA T7 kit (Ambion, Austin, Tex.). Templates for the transcription reaction
were generated by PCR with synthetic oligonucleotides that carried an artificially
added T7 promoter sequence at the 5� end of the reverse primer. RNA-RNA
hybridization was performed at 68°C in a hybridization solution containing 50%
formamide, 5� SSC (1� SSC is 0.15 M NaCl plus 0.015 M sodium citrate), 2%
blocking reagent (Roche Diagnostics, Mannheim, Germany), 0.1% N-lauroylsar-
cosine, and 7% sodium dodecyl sulfate. The filters were washed according to
standard procedures (52) and the transcripts were detected with chemilumines-
cent ECF-Vista (Amersham Biosciences, Freiburg, Germany) as the substrate in
a Storm 860 phosphorimager (Amersham Biosciences).

Primer extension analysis. For primer extension analysis of the proHJ operon,
the total RNA was isolated by the acid-phenol method from exponentially grow-
ing (OD578, 0.5 to 1) B. subtilis cells grown at 37°C with and without 0.6 M NaCl
or at 52°C. A reverse transcriptase reaction was set up with 20 �g of total RNA
and 2 pmol of a synthetic proHJ-specific oligonucleotide (5�-GGCTACTTTCT
TTTGATCAAAGATCGG-3�) labeled at its 5� end with the infrared dye IRD-
800 (MWG Biotech, Ebersberg, Germany). The B. subtilis total RNA, the proHJ-
specific oligonucleotide, and the reverse transcriptase buffer (Promega,
Mannheim, Germany) were mixed in a volume of 20 �l, heated to 75°C for 3 min,
and then allowed to slowly cool to 42°C. One microliter of avian myeloblastosis
virus reverse transcriptase (Promega) and 1 �l of an 8 mM nucleotide solution
were added, and the reaction mixture was incubated for 1 h at 42°C. The cDNA
was precipitated by the addition of ice-cold ethanol and was resuspended in
stop-buffer solution from a Thermo Sequenase DYEnamic Direct cycle sequenc-
ing kit (Amersham Biosciences). In parallel, a sequencing reaction (53) was
carried out with the same proHJ-specific primer and the proHJ� plasmid pJS13
(J. Brill and E. Bremer, unpublished results) as the template. The primer exten-
sion and DNA sequencing reactions were separated side by side on a sequencing
gel in a LI-COR DNA sequencer (MWG Biotech) to determine the exact
position of the 5� end of the proHJ mRNA.

HPLC determination of the proline and glutamate pools of B. subtilis. For a
quantitative high-performance liquid chromatography (HPLC) analysis of the
amino acids glutamate and proline in B. subtilis, cells were grown in SMM at
either 37 or 52°C to an OD578 of 1 to 1.5. Cells were harvested by centrifugation
(3,000 � g) and subsequently lyophilized. The dry weight of the cell pellets was
determined, and cells were extracted according to a method described by Bligh
and Dyer (8). The cells were homogenized by ultrasound in 500 �l of extraction
mixture (methanol-chloroform-water at 10:5:4 [vol/vol/vol]) and were shaken
vigorously for 30 min. Subsequently, equal volumes (130 �l) of chloroform and
water were added and shaking was continued for another 30 min. Phase sepa-
ration was enhanced by centrifugation in an Eppendorf table-top centrifuge; the
upper aqueous phase was recovered and evaporated to dryness at 55°C. The

TABLE 1. B. subtilis strains

Straina Relevant genotype Reference or source

JH642 trpC2 pheA1 J. Hoch, BGSC1A96
BLOB9 �(opuE::tet)1 62
JBB5 �(gbsAB::neo)2 11
JSB8 �(proHJ::neo)1 J. Brill
RMKB20 �(opuA::erm)4

opuC-20::Tn10(spc)�(opuD::neo)2
36

RMKB22 �(opuA::erm)4 opuB-20::Tn10(spc)
�(opuD::neo)2

36

RMKB24 �(opuA::erm)4 �(opuBD::tet)23
opuC-20::Tn10(spc) �(opuD::neo)2

36

RMKB33 �(opuA::erm)4 �(opuBD::tet)23
opuC-20::Tn10(spc)

36

RMKB34 �(opuBD::tet)23 opuC-20::Tn10(spc)
�(opuD::neo)2

36

a All strains are derivatives of JH642.
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dried residue was resuspended in 200 �l of water prior to a reaction with
9-fluorenyl-methoxycarbonyl chloride (FMOC). Samples and standards were
allowed to react with FMOC according to the precolumn derivatization protocol
with FMOC and 1-aminoadamantane (E. Grom, Application Service, Rotten-
burg-Hailfingen, Germany), with minor modifications. We added 40 �l of the
sample or standard of a suitable concentration (5 to 220 �M) to 40 �l of internal
standard (50 �M taurine) in 0.5 M sodium borate buffer (pH 7.7), followed by
the addition of 80 �l of FMOC reagent II (E. Grom). The vial was vortexed for
45 s. For removal of the excess of the fluorescent dye FMOC, 100 �l of 1-ami-
noadamantane solution (40 mM in acetone-borate buffer at a 1:1 ratio [vol/vol])
was added and left to react for at least 45 s. Afterwards, 140 �l of solvent A (20%
acetonitrile and 0.5% tetrahydrofurane in 50 mM sodium acetate buffer, pH 4.6)
was added and the sample was then loaded onto a reversed-phase column (125-
by 4-mm LiChroCart cartridge [E. Grom] packed with 4 �m of Supersphere 60
RP-8 [Merck, Darmstadt, Germany]) by an automated injection system. The
solvent system employed for amino acid separation consisted of solvent A and
solvent B (80% acetonitrile in sodium acetate buffer, pH 4.6). The chromato-
graphic separation of amino acids was performed at a flow rate of 1.25 ml min�1

at 45°C, using a solvent gradient established between solvents A and B. Fluo-
rescently labeled amino acids were detected by a fluorescence detector (model
821-FP; Jasco, Gross Umstadt, Germany) set at an excitation wavelength of 254
nm and an emission wavelength of 316 nm. The quantitation of proline and
glutamate was done with Pyramid 2000 software (Axxiom, Moorpark, Calif.).

RESULTS

Thermoprotection of B. subtilis by glycine betaine. Compat-
ible solutes have a well-established role as osmoprotectants
(17, 30, 63), but recently these compounds were also shown to
confer thermoprotection both in microorganisms (21, 23) and
in plants (1, 24). To test whether the potent osmoprotectant
glycine betaine (10) could serve as a thermoprotectant in B.
subtilis, we first tested the maximal growth temperature of the
B. subtilis wild-type strain JH642 in a chemically defined min-
imal medium (SMM). This strain was able to grow at 52°C, but
clearly at a reduced growth rate compared to that at 37°C (Fig.
1A and B). There was no growth of JH642 when it was cultured
at 53°C (data not shown). The addition of 1 mM glycine be-
taine had no appreciable effect on the growth of strain JH642
cultured at 37°C (Fig. 1A), but a clear thermoprotective func-
tion of glycine betaine was noticeable at 52°C (Fig. 1B). At this
temperature, the lag phase of the cells grown in the presence
of 1 mM glycine betaine was shortened compared to that of
cells grown without this compound. The doubling time (td) of
the JH642 culture was decreased from 3.4 h without glycine
betaine to 1.7 h with glycine betaine at 52°C (Fig. 1B). Hence,
the compatible solute glycine betaine serves as a thermopro-
tectant for B. subtilis. We also tested whether the addition of 1
mM glycine betaine would increase the upper temperature
limit of growth of B. subtilis, but we found that this was not the
case. Strain JH642 was not able to grow at 53°C in SMM,
regardless of whether glycine betaine (1 mM) was present or
not (data not shown).

Glycine betaine is taken up under heat stress via the OpuA,
OpuC, and OpuD transporters. At a high salinity, B. subtilis
employs three transport systems (OpuA, OpuC, and OpuD)
for the acquisition of glycine betaine for osmoprotective pur-
poses (35–37). To investigate whether these transporters are
also responsible for the uptake of glycine betaine under heat
stress, we grew strain RMKB24 (OpuA� OpuB� OpuC�

OpuD�), which lacks all of these transporters, at 52°C in the
presence and absence of 1 mM glycine betaine. In contrast to
the case for the parent strain, JH642 (Fig. 1B), glycine betaine
was unable to protect strain RMKB24 from the detrimental

effects of high temperature (Fig. 1C). It is thus apparent that B.
subtilis employs already characterized glycine betaine transport
systems for thermoprotective purposes and that no new glycine
betaine uptake system beyond those of the described OpuA,
OpuC, and OpuD transporters is operational at 52°C.

To test which of the known glycine betaine transport systems
(35–37) was responsible for glycine betaine uptake under heat
stress, we used the following isogenic set of B. subtilis mutants
that express only one of the glycine betaine transporters:
RMKB34 (OpuA�), RMKB22 (OpuC�), and RMKB33
(OpuD�) (Table 1). Each of these strains was protected from
heat stress at 52°C (Fig. 2), but no such heat stress protection
was noticeable when strain RMKB20 (OpuB�), or as already
noted (Fig. 1C), RMKB24 (OpuA� OpuB� OpuC� OpuD�)
was used for this experiment (Fig. 2). Hence, each of the

FIG. 1. Effect of glycine betaine on the growth of B. subtilis at 37
and 52°C. Cells of the B. subtilis wild-type strain JH642 (A and B) and
the mutant strain RMKB24 [�(opuA::erm)4 �(opuBD::tet)23
opuC-20::Tn10(spc) �(opuD::neo)2] (C) were grown in the presence
(closed squares) and absence (open squares) of 1 mM glycine betaine
at 37°C (A) and 52°C (B and C). Growth was monitored over time by
measuring the OD578.

VOL. 186, 2004 THERMOPROTECTION BY COMPATIBLE SOLUTES 1685



glycine betaine transporters involved in the acquisition of gly-
cine betaine as an osmoprotectant is also involved in glycine
betaine acquisition at high temperatures.

Low concentrations of glycine betaine are sufficient for ther-
moprotection. To test the concentration dependence of ther-
moprotection by glycine betaine, we grew the wild-type strain
JH642 in SMM at 52°C in the absence or presence of various
low concentrations of this compatible solute and monitored
growth yields after 13 h (Fig. 3). A thermoprotective effect of
glycine betaine was already noticeable when 20 �M glycine
betaine was added to the culture, and half-maximal thermo-
protection was achieved by the addition of 50 �M glycine
betaine. Hence, very low concentrations of glycine betaine are
sufficient to exert a clear thermoprotective effect on the growth
of B. subtilis.

A variety of compatible solutes serve as heat protectants for
B. subtilis. In addition to glycine betaine, B. subtilis is known to
acquire a variety of preformed compatible solutes from envi-

ronmental sources for osmoprotective purposes (16, 33, 34, 37,
47). This soil bacterium can also synthesize glycine betaine
from the precursor choline under osmostress conditions via the
GbsA and GbsB enzymes (10, 11). To test whether the known
osmoprotectants of B. subtilis also could serve as heat pro-
tectants, we grew strain JH642 at 52°C in the presence of 1 mM
glycine betaine, homobetaine, proline betaine, carnitine, buty-
robetaine, crotonobetaine, choline-O-sulfate, proline, ectoine,
DMSP, or choline (Fig. 4). With the notable exceptions of
ectoine, choline-O-sulfate, and proline betaine, each of these
compatible solutes protected B. subtilis strain JH642 from the
detrimental effects of high temperature.

Choline functions as the precursor for glycine betaine and
exerts osmoprotection, but it does not possess an osmoprotec-
tive function per se (10, 11, 36). To test whether the thermo-
protective effect of choline was dependent on its GbsA- and
GbsB-mediated enzymatic conversion to glycine betaine (11),
we grew the �(gbsAB::neo)2 strain JBB5 in the presence of
either glycine betaine or choline. In this strain, choline did not
function as a thermoprotectant, although glycine betaine did
(data not shown). Consequently, the thermoprotective effect of
choline on the growth of B. subtilis was dependent on its con-
version into glycine betaine.

We tested whether the above identified thermoprotectants
(Fig. 4) were also taken up by the same transport systems that
are used by B. subtilis for their acquisition under osmostress
conditions (16). For these experiments, we again used an iso-
genic set of mutants that express only one of the osmopro-
tectant uptake systems (Table 1). Homobetaine and DMSP
were taken up through both OpuA and OpuC; carnitine, bu-
tyrobetaine, and crotonobetaine were solely taken up through
OpuC; choline was acquired through OpuB and OpuC; and
proline was transported into the cell via OpuE (data not
shown). Hence, the transport profile of the compatible solutes
is exactly the same for thermoprotection as for osmoprotection
(16). In no case did we detect an additional uptake activity for
these compatible solutes at 52°C, since there was no thermo-
protection (with the exception of proline) in an OpuA�

OpuB� OpuC� OpuD� OpuE� strain (RMKB24) and the
thermoprotective effect of proline was lost in an OpuE� strain
(BLOB9) (data not shown).

Northern blot analyses of the opu transcripts under heat
stress. The opuA, opuB, and opuC loci are genetically orga-
nized as osmotically inducible operons (36, 37; G. Nau-Wagner

FIG. 2. Glycine betaine is taken up under heat stress by the OpuA,
OpuC, and OpuD transporters. Cells of the B. subtilis wild-type strain
JH642 and its mutant derivatives were grown at 52°C in SMM con-
taining 1 mM glycine betaine (GB). Seventy-five-milliliter cultures
were inoculated to an OD578 of 0.1 and their growth yields were
measured after 13 h. The following B. subtilis strains were used for this
experiment: JH642 (OpuA� OpuB� OpuC� OpuD�), RMKB34
(OpuA� OpuB� OpuC� OpuD�), RMKB20 (OpuA� OpuB� OpuC�

OpuD�), RMKB22 (OpuA� OpuB� OpuC� OpuD�), RMKB33
(OpuA� OpuB� OpuC� OpuD�), and RMKB24 (OpuA� OpuB�

OpuC� OpuD�).

FIG. 3. Low concentrations of glycine betaine are sufficient for
thermoprotection. Cells of the B. subtilis wild-type strain JH642 were
grown at 52°C in medium (SMM) containing different concentrations
of glycine betaine. Twenty-milliliter cultures were inoculated to an
OD578 of 0.1 and their growth yields were measured after 13 h.

FIG. 4. Thermoprotective effect of various compatible solutes.
Cells of the wild-type strain JH642 were grown in the absence or
presence of a 1 mM concentration of various compatible solutes at
52°C. Seventy-five-milliliter cultures were inoculated to an OD578 of
0.1 and their growth yields were measured after 12 h.
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and E. Bremer, unpublished results). opuD is cotranscribed
with ytfP (a locus of unknown function located upstream of
opuD) from one promoter that is not osmotically regulated and
another, positioned immediately upstream of opuD, that is
osmotically controlled and SigB dependent (F. Spiegelhalter
and E. Bremer, unpublished results). The opuE gene is co-
transcribed with the downstream sapB gene; their osmoregu-
lated transcription stems from a SigA-dependent promoter
and an additional SigB-dependent promoter positioned just
upstream of opuE (58, 62).

To test whether growth at high temperatures induces the
transcription of the various opu genes, we performed Northern
blot experiments. The total RNA was isolated from cells grown
at either 37 or 52°C, separated on a denaturing 1.4% agarose
gel, blotted onto a nylon membrane, and separately reacted
with single-stranded antisense RNA probes that were specific
for the opuA, opuB, opuC, opuD, or opuE mRNA. In each case,
we detected a moderate up-regulation of the various opu tran-
scripts (Fig. 5).

Influence of heat stress on glycine betaine transport and its
intracellular pool in B. subtilis. Since the transcription of the
various opu genes from B. subtilis is induced upon heat stress,
we tested whether the uptake of glycine betaine also increased
under this growth condition. The uptake of radiolabeled gly-
cine betaine was measured in cells grown at 37°C, 37°C with 0.4
M NaCl (because the glycine betaine transport rate is known to
be induced by osmostress [37]), and 52°C. The uptake of gly-
cine betaine in strain JH642 (OpuA� OpuC� OpuD�) under
these conditions is a reflection of the joint contributions of the
OpuA, OpuC, and OpuD transporters (35–37). The uptake of
glycine betaine occurred at a rate of 63 nmol min�1 mg of
protein�1 in cells that were grown in SMM at 37°C (Fig. 6A)
and increased to 128 nmol min�1 mg of protein�1 in the
culture of JH642 that was grown in SMM in the presence of 0.4
M salt (Fig. 6A). The overall uptake of glycine betaine was very
low in cells that were cultured in SMM at 52°C and occurred at

FIG. 5. Northern blot analyses of the transcripts of different opu genes at 37 and 52°C. The total RNA was isolated from exponentially growing
(OD578 � 0.5 to 1) B. subtilis cells that were cultivated either at 37 or 52°C. Equal amounts of the obtained RNA (1 �g for the detection of the
opuA transcripts and 4 �g for the detection of the opuB, opuC, opuD, and opuE transcripts) were separated on denaturing agarose gels and
subjected to Northern blot analyses using single-stranded antisense RNA probes specific for opuA, opuB, opuC, opuD, and opuE. Lanes 1, RNA
isolated from cells grown at 37°C; lanes 2, RNA isolated from cells grown at 52°C. In all blots, the detected transcript comprising the whole
transcriptional unit is marked with an asterisk. **, the transcript detected probably resulted from a readthrough of the gene found upstream (ytfP)
of opuD; ***, the detected transcript includes a gene (sapB) located downstream of opuE. In each of these Northern blots, we detected additional
bands that are likely a result of mRNA degradation.

FIG. 6. Glycine betaine uptake and its intracellular pool in cells
grown at 37°C, 37°C with 0.4 M NaCl, and 52°C. (A) For determination
of the initial transport rate of radiolabeled glycine betaine under dif-
ferent temperature and salinity conditions, cells were propagated at
37°C (closed triangles), 37°C with 0.4 M NaCl (open triangles), and
52°C (closed squares) to an OD578 of approximately 0.5. These cells
were then assayed for glycine betaine uptake at a final substrate con-
centration of 10 �M. (B) For determination of the intracellular glycine
betaine pool under the same growth conditions, cells were inoculated
to an OD578 of 0.1 and grown in the presence of 1 mM radiolabeled
glycine betaine at 37°C, 37°C with 0.4 M NaCl, and 52°C. After the
cells reached an OD578 of 0.5, the amount of radiolabeled glycine
betaine taken up by the cells was determined by scintillation counting,
and their glycine betaine contents were calculated by using an intra-
cellular volume of 6.7 �l mg of cell protein�1.
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a rate of 7 nmol min�1 mg of protein�1 (Fig. 6A). This low
glycine betaine uptake rate of the cultures grown at 52°C is
surprising in view of the fact that the transcription of the opuA,
opuC, and opuD loci is increased at this growth temperature in
comparison to the mRNA levels detected at 37°C (Fig. 5).

To assess the size of the intracellular glycine betaine pool of
cells grown at various temperatures and salinities, we mea-
sured the glycine betaine content. Cells were inoculated to an
OD578 of 0.1 in medium containing 1 mM radiolabeled glycine
betaine and were allowed to grow to an OD578 of 0.5 at either
37°C, 37°C with 0.4 M NaCl, or 52°C. After the cells had
reached this optical density, samples were removed from the
cultures and used to determine the radiolabeled glycine be-
taine content. Using a cell volume of 6.7 �l mg of cell pro-
tein�1 for B. subtilis (S. Moses, E. P. Bakker, and E. Bremer,
unpublished results), we calculated a glycine betaine content of
130 	 5 mM glycine betaine for cells that were grown at 37°C.
As expected, osmotic stress increased the glycine betaine pool,
and we found 300 	 30 mM glycine betaine in cells grown at
37°C in the presence of 0.4 M NaCl. Cells that were subjected
to heat stress at 52°C contained 110 	 4 mM glycine betaine,
a cellular level similar to that of unstressed cells that were
propagated at 37°C (Fig. 6B). Hence, despite the strongly
reduced glycine betaine transport rate found at 52°C (Fig. 6A),
B. subtilis is capable of accumulating a substantial glycine be-
taine pool, but the intracellular level of this compatible solute
is not increased in comparison to cells grown at 37°C (Fig. 6).

The pool of endogenously synthesized compatible solute
proline is not increased during heat stress. It is known that
Salmonella enterica serovar Typhimurium produces increased
levels of the compatible solute trehalose when it is challenged
by heat stress (23). Proline serves as the primary endogenously
synthesized osmoprotectant for B. subtilis (64), which uses an
osmotically responsive synthesis pathway that is dependent on
the sequential reactions of the ProJ, ProA, and ProH enzymes
(J. Brill and E. Bremer, unpublished results) and that uses
glutamate as the precursor molecule (7). The transcription of
the proHJ operon is up-regulated in response to osmotic stress,
whereas the transcription of the proBA gene cluster is not
responsive to this environmental cue (J. Brill and E. Bremer,
unpublished results).

To test whether the transcription of the proHJ and proBA
genes is induced upon cultivation of the cells at 52°C, we
performed Northern blot experiments with cells that were
grown at either 37 or 52°C. Transcription of the proHJ operon
was clearly induced upon growth of the cells at 52°C (Fig. 7A),
whereas that of the proBA gene cluster was not responsive to
heat stress (Fig. 7B). This situation is therefore comparable to
that found under osmostress conditions (J. Brill and E. Bre-
mer, unpublished results). The osmostress-responsive tran-
scription of the proHJ operon depends on a SigA-type pro-
moter (Fig. 7D) (J. Brill and E. Bremer, unpublished results).
To test whether the same promoter was also involved in me-
diating the heat stress induction of the proHJ genes, we per-

FIG. 7. Northern blot analyses of the proHJ and proBA genes under heat stress and mapping of the transcriptional start of proHJ. (A and B)
The total RNA was isolated from B. subtilis cells grown at 37°C (lanes 1 and 3) or 52°C (lanes 2 and 4). Samples (4 �g for the detection of proHJ
and 10 �g for the detection of proBA) of the total RNA were separated in a denaturing agarose gel, blotted onto a nylon membrane, and hybridized
with digoxigenin-labeled single-stranded antisense probes specific for proHJ (A) and proBA (B). (C) Total RNAs were prepared from cells grown
at 37°C (lane 1), 37°C with 0.6 M NaCl (lane 2), and 52°C (lane 3), and 20 �g of each was used for a reverse transcription reaction with a
proH-specific oligonucleotide. The same oligonucleotide was used for a sequencing reaction to size the cDNA. (D) Nucleotide sequence of the
proHJ promoter region. The transcription initiation site is indicated by an arrow and the �10 and �35 sequences are boxed. The putative
ribosome-binding site is printed in bold and underlined. The part of the coding sequence of proH shown here is printed in bold.
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formed a primer extension analysis. The total RNA was iso-
lated from cells that were grown either at 37°C, at 37°C with 0.6
M NaCl, or at 52°C in the absence of salt and were used for a
reverse transcription reaction with a proH-specific primer. As
observed previously, the proHJ promoter responded to salt
stress with increased transcription (Fig. 7C), and we now found
that the same promoter is also responsive to heat stress (Fig. 7C).

Since the genes (proHJ) for the enzymes that are centrally
involved in proline biosynthesis under osmostress conditions
are also induced upon heat stress (Fig. 7), we measured the
proline contents of cells grown at 52°C and also determined the
pool for the biosynthetic precursor (glutamate) of proline by
HPLC analysis. Cells of strain JH642 were grown at 37 and
52°C to an OD578 of 1 to 1.5 and were harvested; the soluble
components were extracted and the extract was used for HPLC
analysis. The growth temperature did not significantly influ-
ence the glutamate content of the cells: cells grown at 37°C had
a glutamate content of 378 	 7 �M g of dry weight�1, while
cells grown at 52°C had a glutamate content of 352 	 5 �M g
of dry weight�1. The proline content of cells grown at 37°C was
about 5 �M mg of dry weight�1, whereas there was no detect-
able proline in cells grown at 52°C. Hence, despite the in-
creased transcription of the proHJ genes at high temperatures,
there was no concomitant increase in cellular proline content.

A derivative of strain JH642 that carries a gene disruption
mutation in the proHJ genes, strain JSB8, shows severely re-
tarded growth in high-osmolality media in comparison to its
proHJ� parent since it cannot synthesize the large amounts of
proline required for osmoprotection (J. Brill and E. Bremer,
unpublished results). To test whether such a mutation in proHJ
would influence growth at a high temperature as well, we
propagated strains JH642 and JSB8 in parallel at 52°C. There
was no difference in the growth rates of the strains at this
elevated temperature (Fig. 8).

Glutamate is an effective thermoprotectant for B. subtilis.
We also investigated whether exogenously added glutamate
would enhance the growth of B. subtilis at a high temperature.
Glutamate has only a modest osmoprotective effect in B. sub-
tilis (A. D. Kerres, M. Dolezal, and E. Bremer, unpublished
results), but we found that it can effectively protect strain
JH642 from growth retardation at high temperatures (Fig. 8A).
Its thermoprotective effect is even slightly stronger than that
mediated by glycine betaine. The presence of 1 mM glutamate
in the growth medium decreased the lag phase of cells that
were grown at a high temperature and decreased the td from
3.4 to 1.6 h (Fig. 8A). As observed with glycine betaine (Fig. 3),
the addition of very low concentrations of glutamate to the
heat-stressed cells substantially increased the growth yield
within a defined time frame (11 h) (Fig. 9).

Since glutamate serves as the precursor for proline biosyn-
thesis in B. subtilis (7), we wondered whether the thermopro-
tective effect of glutamate was dependent on its ProH- and
ProJ-mediated enzymatic conversion into proline. We there-
fore monitored the thermoprotective effect of glutamate in
strain JSB8 [�(proHJ::neo)2] and found that this amino acid was
still as thermoprotective as in the wild-type strain (Fig. 8B).

Thermoprotection by glutamate does not depend on an in-
creased cellular pool of this amino acid. Since exogenously
provided glutamate exerts a thermoprotective effect on the
growth of B. subtilis, we tested whether there was an increase

in glutamate transport in heat-stressed cells. The rate of glu-
tamate transport was determined for cells (OD578 � 0.5) that
were grown at 37°C, 37°C with 0.4 M NaCl, and 52°C (Fig.
10B). An increased salinity had no significant effect on the rate
of glutamate uptake at 37°C, and glutamate transport was
decreased in cells propagated at 52°C. Cells grown without
osmotic stress took up glutamate at a rate of 30 nmol min�1 mg
of protein�1, while cells grown in the presence of 0.4 M NaCl

FIG. 8. Thermoprotection of B. subtilis by glutamate. Cells of the
B. subtilis wild-type strain JH642 (A) and the proJH mutant strain JSB8
(B) were inoculated to an OD578 of 0.1 and incubated at 52°C in the
absence (open squares) and presence of 1 mM glycine betaine (closed
squares) and 1 mM glutamate (triangles). Growth was monitored over
time.

FIG. 9. Low concentrations of glutamate are sufficient for thermo-
protection. Cells of the B. subtilis wild-type strain JH642 were grown at
52°C in medium (SMM) containing different concentrations of gluta-
mate. Twenty-milliliter cultures were inoculated to an OD578 of 0.1
and their growth yields were monitored after 11 h.
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show a transport rate of 27 nmol min�1 mg of protein�1. At
52°C, the transport rate dropped to 15 nmol min�1 mg of
protein�1 (Fig. 10A).

We also determined the intracellular pool of glutamate.
Cells were grown in the presence of 1 mM radiolabeled gluta-
mate at 37°C, 37°C with 0.4 M NaCl, and 52°C. At an OD578 of
0.5, the amount of accumulated radiolabeled glutamate was
determined and its intracellular concentration was calculated
by using a cell volume of 6.7 �l mg of protein�1 (S. Moses and
E. Bremer, unpublished results). Cells grown at 37°C accumu-
lated 510 	 15 mM glutamate. The increase in the salinity of
the growth medium had only a very moderate effect on the
glutamate pool, since these cells accumulated glutamate to a
level of 595 	 48 mM. Despite the reduced rate of glutamate
uptake found in cells grown at 52°C (Fig. 10A), the glutamate
pool was comparable (500 	 47 mM) to that measured in cells
grown at 37°C (Fig. 10B).

DISCUSSION

In its natural habitats, B. subtilis is exposed to sudden in-
creases in growth temperature, and it has therefore developed
sophisticated cellular adaptation reactions, collectively known

as the heat shock response, that help it to refold temperature-
damaged proteins through chaperones and to degrade ther-
mally denatured polypeptides through proteases (55). While
the cellular adaptation reactions of B. subtilis to heat shock
have already been investigated at the molecular level in con-
siderable detail, less attention has been paid to the continued
growth of B. subtilis at high temperatures. We have demon-
strated here that the addition of low concentrations of glycine
betaine (Fig. 3) and other compatible solutes provide thermo-
protection to B. subtilis in a chemically defined minimal me-
dium by shortening the lag phase and by enhancing the growth
rate at 52°C (Fig. 1B). However, these compounds do not
extend the maximal growth temperature of B. subtilis, since
there was no growth of the B. subtilis wild-type strain JH642 at
53°C.

Because exogenously provided compatible solutes afford
thermoprotection, those cells that can acquire these com-
pounds from exogenous sources will have a selective growth
advantage at high temperatures. A set of five transport systems
(OpuA to OpuE) for compatible solutes in B. subtilis that are
responsible for the uptake of these compounds under condi-
tions of high osmolality were previously characterized (35–37,
62). We found in this study that these Opu transporters are
also responsible for compatible solute acquisition at continued
elevated growth temperatures (52°C). There is no thermopro-
tection by compatible solutes in a mutant strain that lacks all
known Opu transporters (Fig. 1C). Likewise, the recently ob-
served chill protection of B. subtilis by exogenously provided
glycine betaine (18) and structurally related compatible solutes
also depends on the Opu uptake systems (T. Hoffmann and E.
Bremer, unpublished results). Collectively, these data there-
fore ascribe a physiological function to these transporters not
only for cellular osmoprotection (16, 17), but also for cellular
adaptation to continued growth at low (18) and high (this
study) temperatures.

Previous experiments have shown that the transcription of
the structural genes for the various Opu transporters (OpuA to
OpuE) is increased in response to increases in the external
salinity, resulting in the enhanced uptake of compatible solutes
under high-osmolality growth conditions (36, 37, 58, 62; F.
Spiegelhalter and E. Bremer, unpublished results). Our North-
ern blot analyses showed that there is also a moderate up-
regulation in the transcription of each of the opu genes in
response to cell growth at a high temperature (52°C) in com-
parison to the level of transcription detected in cells propa-
gated at 37°C in the absence of osmotic stress (Fig. 5). In
contrast to the situation found in osmotically stressed cells, this
increase in transcription is not reflected in the level of glycine
betaine transport (35, 37) in heat-stressed B. subtilis cells (Fig.
6). The rate of glycine betaine uptake in the B. subtilis wild-
type strain JH642 at 52°C (7 nmol min�1 mg of protein�1) was
9-fold lower than that observed in cells grown at 37°C in the
absence of osmotic stress (63 nmol min�1 mg of protein�1)
and 18-fold lower than that found in cells propagated at 37°C
in the presence of 0.4 M NaCl (128 nmol min�1 mg of pro-
tein�1) (Fig. 6). We speculate that the low rate of glycine
betaine transport observed in heat-stressed cells is attributable
to substantial damage of the transporters for this compatible
solute when B. subtilis is grown at the cutting edge of its
maximal growth temperature (52°C).

FIG. 10. Determination of glutamate transport and its intracellular
pool under different growth conditions. (A) Cells of the wild-type
strain JH642 were grown at 37°C (closed triangles), 37°C with 0.4 M
NaCl (open triangles), and 52°C (closed squares) to mid-exponential
phase (OD578, 0.5 to 0.8) and were assayed for radiolabeled glutamate
uptake at a final concentration of 60 �M. (B) Cells of the B. subtilis
wild-type strain JH642 were inoculated to an OD578 of 0.1 in medium
containing 1 mM radiolabeled glutamate. Cells were grown at 37°C,
37°C with 0.4 M NaCl, and 52°C. At an OD578 of 0.5, the amount of
radiolabeled glutamate taken up by the cells was determined by scin-
tillation counting and the intracellular glutamate pool was calculated
by using an intracellular volume of 6.7 �l mg of cell protein�1.
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Although the rate of glycine betaine uptake in heat-stressed
cells is substantially lower than that for cells propagated at
37°C, heat-stressed B. subtilis cells eventually accumulate a
glycine betaine pool (110 mM) that is comparable to that
accumulated by non-heat-stressed cells (130 mM) (Fig. 6). Our
determination of the glycine betaine pool in cells grown at
37°C is in very good agreement with that found by Whatmore
et al. (175 mM in B. subtilis cells grown at 25°C) (64). The
glycine betaine pool in heat-stressed cells is considerably
smaller than that found in cells moderately osmotically
stressed with 0.4 M NaCl (300 mM) and substantially smaller
than that accumulated by truly osmotically stressed B. subtilis
cells (1.3 M glycine betaine in cells propagated in a minimal
medium containing 1 M NaCl) (S. Moses, E. P. Bakker, and E.
Bremer, unpublished results). Hence, in contrast to the case
for osmotically stressed cells, a moderate glycine betaine pool
is apparently sufficient to provide thermoprotection to B. sub-
tilis cells. A small pool size (40 to 50 mM) for glycine betaine
was also found by Caldas et al. (21) to be sufficient for ther-
moprotection of Escherichia coli cells by this compatible solute.

As shown in Fig. 2 for glycine betaine, each individual Opu
transporter retains the same substrate specificity for compati-
ble solutes under high growth temperatures that it exhibits
under conditions of high osmolality (16). Most of the tested
compatible solutes known to function as osmoprotectants for
B. subtilis (10, 16, 33–35, 47, 62) also serve as effective ther-
moprotectants (Fig. 4). There are three notable exceptions,
ectoine, choline-O-sulfate, and proline betaine. The lack of
thermoprotection by ectoine can probably be explained by the
very low affinity (Ki � 1.5 mM) of the sole uptake system
(OpuC) for this compound in B. subtilis cells (33). Choline-O-
sulfate is also accumulated via OpuC. As an osmoprotectant it
is as effective as glycine betaine, and it is efficiently taken up in
salt-stressed B. subtilis cells, with a Km value of approximately
4 �M and a maximum rate of transport (Vmax) of approxi-
mately 45 nmol min�1 mg of protein�1, yet it does not serve as
a thermoprotectant (Fig. 4). This compatible solute does not
function as a chill protectant either, although it is accumulated
by B. subtilis cells grown at a low temperature (15°C) (T.
Hoffmann and E. Bremer, unpublished results). The lack of
thermoprotection by proline betaine in B. subtilis (Fig. 4) is
quite puzzling, since we have recently shown that this compat-
ible solute provides effective thermoprotection to the hyper-
thermophilic sulfate-reducing archaeon Archaeoglobus fulgidus
(G. Holtmann and E. Bremer, unpublished results). The lack
of thermoprotection by the osmoprotectants choline-O-sulfate
and proline betaine exemplifies the fact that without detailed
physiological tests one cannot simply ascribe both a thermo-
protective and osmoprotective function to the same compati-
ble solute for a given microorganism. The exact biophysical
explanation for these functional differences is unclear at
present.

Like E. coli (59), S. enterica serovar Typhimurium accumu-
lates the compatible solute trehalose in response to osmotic
stress. Canovas et al. (23) recently reported that the increased
synthesis of this disaccharide provides thermoprotection to S.
enterica serovar Typhimurium, and a thermoprotective effect
of this sugar was also ascribed to the increased thermotoler-
ance of stationary-phase E. coli cells (32). These observations
raised the question of whether the amount of proline, the

compatible solute synthesized by B. subtilis in response to os-
motic stress (45, 64), was also increased in response to growth
at high temperatures. We found that this was not the case.
Fully consistent with this observation, we noted that a mutant
that is entirely defective in osmoregulatory proline biosynthesis
[�(proHJ)] does not have a growth disadvantage at 52°C (Fig.
8). However, we detected in heat-stressed B. subtilis cells a
substantial increase in the amount of proHJ mRNA (Fig. 7A)
that is transcribed from the same SigA-dependent promoter
that directs proHJ production under high-osmolality growth
conditions (Fig. 7C). A possible explanation for this phenom-
enon might be that the proline biosynthetic enzymes are dam-
aged in heat-stressed cells and that the cell tries to compensate
for this by increasing the level of transcription of the proHJ
operon.

Exogenously provided glutamate has only a moderate osmo-
protective effect in B. subtilis (A. D. Kerres, M. Dolezal, and E.
Bremer, unpublished results), but we found that it served as a
very effective thermoprotectant. Its thermoprotective capacity
exceeds even that of the compatible solute glycine betaine (Fig.
8). The thermoprotection of B. subtilis by glutamate does not
depend on its function as the precursor for proline biosynthesis
(7), since a mutant [�(proHJ)] defective in osmoregulatory
proline production was protected from the detrimental effects
of high temperature as well as its proHJ� parent strain, JH642
(Fig. 8). As was observed for exogenously provided glycine
betaine (Fig. 6), the pool size of glutamate did not increase in
thermally stressed B. subtilis cells (Fig. 10). Internally accumu-
lated glutamate might serve a stabilizing function for thermo-
labile proteins in vivo; such a function was recently ascribed to
this amino acid through in vitro analysis (29). This amino acid
also specifically activates the chaperone ClpB in E. coli, result-
ing in an increased efficiency of chaperone-mediated protein
disaggregation (29). Alternatively, the thermoprotective effects
of glutamate might be a reflection of its central role in cellular
metabolism (6). Ron and Davis (51) observed that in E. coli,
one of the first processes to be inhibited by growth at a high
temperature (42°C) is methionine biosynthesis. Supplementa-
tion of the growth medium with methionine rescues this
growth defect and increases the maximal growth temperature
of E. coli to 43 to 44°C. In view of the mentioned data on
methionine biosynthesis in E. coli (51), it appears possible that
the thermoprotective function of glutamate for B. subtilis is
connected to the supplementation of a thermolabile biosyn-
thesis route.

The osmoprotective effects of compatible solutes appear to
be largely dependent on their ability to curb the outflow of
water from the cell (49) and to stabilize turgor under high-
osmolality growth conditions (65). Consequently, compatible
solutes need to be amassed by the cell either through synthesis
or transport processes to exceedingly high intracellular con-
centrations to maintain an appropriate water balance in the
osmotically challenged cell (17, 26, 30). Such large pool sizes of
compatible solutes appear not to be necessary for their func-
tioning as thermoprotectants (reference 21 and this study). We
consider it likely that the thermoprotective effect of compatible
solutes reflects their ability to stabilize proteins both in vitro
(14, 22, 28, 29, 39, 43, 56) and in vivo (15, 21, 28). The data
presented here on the thermoprotection of B. subtilis by com-
patible solutes and previous studies on thermoprotection by
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these compounds in E. coli (21, 32) and on their chill-protec-
tive function in L. monocytogenes (40) and B. subtilis (18)
demonstrate that the physiological functions of compatible
solutes extend beyond their traditionally recognized role in
osmoprotection.
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46. Morbach, S., and R. Krämer. 2002. Body shaping under water stress: osmo-
sensing and osmoregulation of solute transport in bacteria. Chembiochem-
istry 3:384–397.

47. Nau-Wagner, G., J. Boch, J. A. Le Good, and E. Bremer. 1999. High-affinity
transport of choline-O-sulfate and its use as a compatible solute in Bacillus
subtilis. Appl. Environ. Microbiol. 65:560–568.

1692 HOLTMANN AND BREMER J. BACTERIOL.



48. Pivetti, C. D., M. R. Yen, S. Miller, W. Busch, Y. H. Tseng, I. R. Booth, and
M. H. Saier, Jr. 2003. Two families of mechanosensitive channel proteins.
Microbiol. Mol. Biol. Rev. 67:66–85.

49. Record, M. T., Jr., E. S. Courtenay, D. S. Cayley, and H. J. Guttman. 1998.
Responses of E. coli to osmotic stress: large changes in amounts of cytoplas-
mic solutes and water. Trends Biochem. Sci. 23:143–148.

50. Roessler, M., and V. Müller. 2001. Osmoadaptation in bacteria and archaea:
common principles and differences. Environ. Microbiol. 3:742–754.

51. Ron, E. Z., and B. D. Davis. 1971. Growth rate of Escherichia coli at elevated
temperatures: limitation by methionine. J. Bacteriol. 107:391–396.

52. Sambrook, J., E. F. Fritsch, and T. E. Maniatis. 1989. Molecular cloning: a
laboratory manual, 2nd ed. Cold Spring Harbor Laboratory, Cold Spring
Harbor, N.Y.

53. Sanger, F., S. Nicklen, and A. R. Coulson. 1977. DNA sequencing with
chain-terminating inhibitors. Proc. Natl. Acad. Sci. USA 74:5463–5467.

54. Santos, H., and M. S. da Costa. 2002. Compatible solutes of organisms that
live in hot saline environments. Environ. Microbiol. 4:501–509.

55. Schumann, W., M. Hecker, and T. Msadek. 2002. Regulation and function of
heat-inducible genes in Bacillus subtilis, p. 359–368. In A. L. Sonenshein,
J. A. Hoch, and R. Losick (ed.), Bacillus subtilis and its closest relatives. ASM
Press, Washington, D.C.

56. Shima, S., D. A. Herault, A. Berkessel, and R. K. Thauer. 1998. Activation
and thermostabilization effects of cyclic 2,3-diphosphoglycerate on enzymes
from the hyperthermophilic Methanopyrus kandleri. Arch. Microbiol. 170:
469–472.

57. Sleator, R. D., and C. Hill. 2002. Bacterial osmoadaptation: the role of
osmolytes in bacterial stress and virulence. FEMS Microbiol. Rev. 26:49–71.

58. Spiegelhalter, F., and E. Bremer. 1998. Osmoregulation of the opuE proline
transport gene from Bacillus subtilis—contributions of the 
A- and 
B-de-
pendent stress-responsive promoters. Mol. Microbiol. 29:285–296.

59. Strøm, A. R., and I. Kaasen. 1993. Trehalose metabolism in Escherichia coli:
stress protection and stress regulation of gene expression. Mol. Microbiol.
8:205–210.

60. Sukharev, S. I., P. Blount, B. Martinac, and C. Kung. 1997. Mechanosensi-
tive channels of Escherichia coli: the MscL gene, protein, and activities.
Annu. Rev. Physiol. 59:633–657.

61. Ventosa, A., J. J. Nieto, and A. Oren. 1998. Biology of moderately halophilic
aerobic bacteria. Microbiol. Mol. Biol. Rev. 62:504–544.

62. von Blohn, C., B. Kempf, R. M. Kappes, and E. Bremer. 1997. Osmostress
response in Bacillus subtilis: characterization of a proline uptake system
(OpuE) regulated by high osmolarity and the alternative transcription factor
sigma B. Mol. Microbiol. 25:175–187.

63. Welsh, D. T. 2000. Ecological significance of compatible solute accumulation
by micro-organisms: from single cells to global climate. FEMS Microbiol.
Rev. 24:263–290.

64. Whatmore, A. M., J. A. Chudek, and R. H. Reed. 1990. The effects of osmotic
upshock on the intracellular solute pools of Bacillus subtilis. J. Gen. Micro-
biol. 136:2527–2535.

65. Wood, J. M. 1999. Osmosensing by bacteria: signals and membrane-based
sensors. Microbiol. Mol. Biol. Rev. 63:230–262.

VOL. 186, 2004 THERMOPROTECTION BY COMPATIBLE SOLUTES 1693


