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In this study we correlate the presence of genes leading to the synthesis of trehalose and mannosylglycerate
(MG) in 17 strains of the genus Thermus with the ability of the strains to grow and accumulate these compatible
solutes in a defined medium containing NaCl. The two sets of genes, namely, otsA/otsB for the synthesis of
trehalose and mpgS/mpgP for the synthesis of MG, were necessary for the growth of Thermus thermophilus in
a defined medium containing up to 6% NaCl. Strains lacking a complete otsA gene did not grow in defined
medium containing >2% NaCl. One strain of T. thermophilus lacking the genes for the synthesis of MG did not
grow in a medium with >1% NaCl. We did not identify any of these genes in the type strains of the other seven
species of Thermus, and none of those strains grew in defined medium with 1% NaCl. The results strongly
indicate that the combined accumulation of trehalose and MG is required for optimal osmotic adjustment.

The species of the genus Thermus have optimum growth
temperatures of 70 to 75°C, and the majority of them, being
isolated from continental hydrothermal springs venting fresh
water, do not grow in media containing 1% NaCl. Strains of
the species Thermus thermophilus, many of which were isolated
from marine hot springs, generally have higher growth rates in
media without added salt, but in contrast to the strains of all
other species of this genus, they grow in media containing 3 to
6% NaCl (7).

Trehalose is the major compatible solute of T. thermophilus
strains HB8, B, RQ-1, and PRQ-14 during salt-induced os-
motic stress, but these strains also accumulate smaller amounts
of mannosylglycerate (MG) in media containing yeast extract
(21). Trehalose is a very common compatible solute of pro-
karyotes and eukaryotes (11), but MG, which was initially
identified in marine red algae of the family Ceramiales (3), has
otherwise only been detected in hyperthermophilic archaea
and thermophilic bacteria, in which it may be the major or sole
compatible solute during osmotic stress (18, 21, 25).

The most common pathway for the synthesis of trehalose in
bacteria involves trehalose-phosphate synthase (Tps), encoded by
otsA, and trehalose-6-phosphate phosphatase (Tpp), encoded by
otsB (1, 29). Trehalose may also be synthesized directly from
maltose via trehalose synthase, which is encoded by treS (31). A
third pathway found in several bacteria (9, 20) and in the ar-
chaeon Sulfolobus acidocaldarius (19) converts the terminal unit
of a glucose polymer to trehalose via maltooligosyltrehalose syn-

thase, encoded by treY, and maltooligosyltrehalose trehalohydro-
lase, encoded by treZ. Some organisms have one of these path-
ways, others have two, and a few even possess all three pathways
(9). Thermus thermophilus RQ-1 possesses otsA, otsB, and treS
arranged sequentially in the genome (26).

The synthesis of MG in Thermus thermophilus HB27 proceeds
via a two-step pathway by which mannosyl-3-phosphoglycerate
synthase (MpgS, encoded by mpgS) catalyzes the conversion of
GDP-mannose and 3-phosphoglycerate to mannosyl-3-phospho-
glycerate. The phosphorylated intermediate is subsequently con-
verted to MG by mannosyl-3-phosphoglycerate phosphatase
(MpgP, encoded by mpgP) (13). This pathway has also been
found in the hyperthermophilic archaea Aeropyrum pernix and
Pyrococcus horikoshii and the thermophilic bacterium Rhodother-
mus marinus (2, 12). However, in R. marinus the synthesis of MG
can also proceed via a one-step pathway in which GDP-mannose
is condensed with D-glycerate to yield MG by mannosylglycerate
synthase (Mgs, encoded by mgs) (17).

The role of trehalose during osmotic stress in T. thermophi-
lus strain RQ-1 was recently established by the production of a
mutant with a disruption in otsA and otsB that was deficient in
the synthesis of this disaccharide. The mutant did not grow in
a defined medium (TD) with NaCl above 3% unless trehalose
was supplied to the medium. MG was the only compatible
solute detected during the growth of this mutant in the defined
medium, and it appeared to be essential for low-level osmotic
adaptation (26).

For this study, we assessed the presence of otsA, otsB, treS,
mpgS, and mpgP in 10 strains of T. thermophilus and in repre-
sentative strains of all other species of the genus Thermus. We
correlated the presence of these genes with the ability of the
organisms to grow and accumulate compatible solutes in a
salt-containing defined medium.
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MATERIALS AND METHODS

Strains and culture conditions. Thermus thermophilus strains HB8 (DSM
579T), AT-62 (DSM 674), and HB27 (DSM 7039) were obtained from the
Deutsche Sammlung von Mikroorganismen und Zellkulturen, Braunschweig,
Germany. T. thermophilus Fiji3 A1 was donated by Hugh Morgan (University of
Waikato, New Zealand), and T. thermophilus strains GK24 (30), T-2 (ATCC
27737; American Type Culture Collection, Manassas, Va.), and B (NCIB 11247)
were a gift from Richard Sharp, PHLS, Salisbury, United Kingdom. Strains RQ-1
(DSM 9247), CC-16, and PRQ-14, classified as T. thermophilus, are laboratory
strains (7). The type strains of Thermus aquaticus YT-1 (DSM 625), Thermus
scotoductus (DSM 8553), Thermus antranikianii (DSM 12462), Thermus filiformis
(DSM 4687), Thermus igniterrae (DSM 12459), Thermus oshimai (DSM 12092),
and Thermus brockianus (NCIB 12676; National Collection of Industrial and
Marine Bacteria Ltd., Aberdeen, Scotland) were also used for this study.

The organisms were grown in defined medium (TD) containing basal salts of
Degryse medium 162 (8), 1.0 g l�1 tryptone, and a vitamin solution (24) at 70°C;
this medium lacked yeast extract, which is a source of trehalose (32). Growth of
the organisms was also performed in TD medium to which filter-sterilized tre-
halose (0.26 mM) or maltose (0.26 mM) was added. These media were used
without added NaCl or were supplemented with NaCl to a final concentration of
1 to 7% (wt/vol). Cultures grown in TD medium without NaCl were inoculated
into experimental flasks at an initial turbidity (optical density at 610 nm) of 0.05.
The growth of the organisms was examined in 1-liter metal-capped Erlenmeyer

flasks containing 200 ml of medium in a reciprocal water bath shaker (120 rpm)
at 70°C.

DNA manipulations. The isolation of DNA from Thermus strains was per-
formed as described previously (5). PCR amplifications were performed by use
of a GC-rich PCR kit (Roche). The reaction mixtures were preincubated for 5
min at 94°C and then subjected to 30 cycles of denaturation at 94°C for 1 min.
Several annealing temperatures between 46 and 60°C were tested for 1 min, and
primer extension reactions were done at 72°C for 1 min. The extension step in the
last cycle was prolonged for 7 min.

For PCR amplification of the otsA and otsB genes, primers were designed
based on the corresponding RQ-1 gene sequences (GenBank accession number
AY275558) (Fig. 1A). The primers used for amplification of the treS gene were
based on the AT-62 gene sequence (GenBank accession number D86216). Two
separate amplifications were necessary to obtain the complete sequence of the
treS gene. The first PCR product was a 1.482-kbp fragment and the second PCR
product was a 1.683-kbp fragment. Primers for the amplification of mpgS and
mpgP were designed based on the HB27 gene sequences (GenBank accession
number AY193871). The primers designed for amplification of the mgs gene
were based on the Rhodothermus marinus gene sequence (GenBank accession
number AF173987).

For sequencing purposes, PCR-amplified genes were visualized by agarose gel
electrophoresis, purified by use of a DNA purification kit (Promega), and cloned
into the pGEM-T Easy vector (Promega). Transformations of Escherichia coli

FIG. 1. Schematic representation of primers used for PCR amplifications (A) and comparison of the organizations of genes for the synthesis
of trehalose and mannosylglycerate (B) in T. thermophilus strains RQ-1, HB27, Fiji3 A1, PRQ-14, AT-62, B, T-2, CC-16, HB8, and GK24. The
mpgS and mpgP sequences of strain HB27; the otsA, otsB, and treS sequences of strain RQ-1; the treS sequence of strain AT-62; and the otsB and
treS sequences of strain GK24 were previously described (12, 16, 26, 31). The identities (%) of the deduced amino acid sequences to the
corresponding proteins from RQ-1 and HB27 are shown inside the arrows. Unshaded arrows represent the �-glucosidase gene (EC 3.2.1.20).
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XL1-Blue were carried out as described previously (22). Ampicillin was added to
the medium at a final concentration of 100 �g/ml for plasmid selection.

Southern blot analysis was performed essentially as described previously (22).
Purified DNAs (5 �g) were digested overnight with BamHI and electrophoresed
in agarose gels (1% [wt/vol]). DNAs were capillary transferred for 16 h onto a
nylon membrane (positively charged; Roche) in 0.4 N NaOH, 1 M NaCl buffer.
Hybridization steps were carried out overnight at temperatures between 55 and
68°C, using a DIG High Prime DNA labeling and detection starter kit II
(Roche). The membrane was washed in 2� SSC (1� SSC is 0.15 M NaCl plus
0.015 M sodium citrate)-0.1% sodium dodecyl sulfate for 5 min at room tem-
perature and in 0.5� SSC-0.1% sodium dodecyl sulfate for 15 min at 65°C with
shaking. After the immunological detection steps, the membrane was sealed in a
hybridization bag, exposed to Lumi-Film (chemiluminescent detection film;
Boehringer Mannheim) in a hypercassette, and incubated for 45 min at 37°C to
enhance the luminescent reaction. The probes used were PCR-amplified indi-
vidual otsA (1.350 kbp) and otsB (0.705 kbp) or otsA/otsB-linked genes (2.055
kbp), the 5� end of the treS (1.482 kbp) gene from strain RQ-1, mpgS (1.194 kbp)
and mpgP (0.780 kbp) from strain HB27, and the mgs (1.191 kbp) gene from
Rhodothermus marinus.

Inverse PCR to obtain the genes flanking otsB was performed by use of the
primers TPP132 (5�-GCGCCGTGACCACGTAGACG) and TPP640 (5�-GCG
CGGCTCAAGGACGTGGAGG), which were designed from the sequence of
the otsB gene of strain HB8. Genomic DNAs (3.5 �g) from strains HB8, AT-62,
and GK24 were digested with 5 U of HindIII for 30 min at 37°C, and the
restriction endonuclease was then inactivated by heating at 80°C for 20 min. The
digested DNAs were diluted to 2.8 ng of DNA per �l (total, 50 �l) and circu-
larized with 2 U of T4 DNA ligase (Roche) for 16 h at 16°C. Inverse PCRs were
performed with a GC-rich PCR kit (Roche) in mixtures containing 56 ng circu-
larized DNA, 0.5 �M primers, and 125 �M of each deoxynucleoside triphos-
phate. The thermal cycler parameters were as follows: preincubation for 5 min at
94°C; an initial denaturation step of 1 min at 94°C; 30 cycles of 1 min at 94°C, 1
min at 60°C, and 2 min at 72°C; and a final extension step of 7 min at 72°C.
Inverse PCR products were visualized by agarose gel electrophoresis, purified by
use of a DNA purification kit (Promega), cloned into the pGEM-T Easy vector
(Promega), and sequenced by AGOWA GmbH (Berlin, Germany).

Gene sequence analysis. The otsA genes from T. thermophilus strains CC-16
and Fiji3 A1, the otsB genes from strains AT-62, HB8, GK24, and Fiji3 A1, and
the mpgS and mpgP genes from T. thermophilus strains Fiji3 A1, AT-62, HB8,
and RQ-1 were cloned into the pGEM-T Easy vector and sequenced in one
direction by the use of vector- and insert-specific oligodeoxynucleotide primers
by AGOWA GmbH (Berlin, Germany). Nucleic acid and protein sequence
analyses were performed with programs in the Wisconsin Genetics Computer
Groups software package (10).

Extraction of organic solutes and their quantification by nuclear magnetic
resonance. Thermus thermophilus cells were harvested by centrifugation (7,000 �
g, 10 min, 4°C) during mid-exponential growth (optical density at 610 nm, 0.4)
and washed twice with a NaCl solution identical in concentration to that of the
growth medium. Cell pellets were extracted twice with boiling 80% ethanol as
described previously (26). The protein content of the cells was determined by the
Bradford assay (4) after sonication of the cells, using an aliquot of the suspension
before the extraction of compatible solutes. Freeze-dried extracts were analyzed
by nuclear magnetic resonance as described previously (26).

Nucleotide sequence accession numbers. Sequences containing partial otsA
and complete otsB genes and their flanking regions from Thermus thermophilus
strains HB8 and AT-62 have been deposited in GenBank under the accession
numbers AY836576 and AY836577.

RESULTS

Identification and organization of genes for synthesis of
trehalose and mannosylglycerate. The genes involved in the
synthesis of trehalose, namely otsA, otsB, and treS, are struc-
turally linked in T. thermophilus RQ-1 (26), and those leading
to the synthesis of MG are structurally linked in T. thermophi-
lus HB27 (13). Different primer combinations ensured that the
associations between otsA and otsB, between otsB and treS, and
between mpgS and mpgP could be determined in this study
(Fig. 1A). All PCR results were confirmed by Southern blot
analysis using otsA, otsB, treS, mpgS, mpgP, and mgs sequences
as probes (Fig. 2). Thermus thermophilus strains Fiji3 A1, CC-

16, T-2, PRQ-14, and B have otsA, otsB, and treS arranged
sequentially in their genomes. However, strains GK24, HB8,
and AT-62 lack a complete otsA gene, whereas strain HB27
lacks otsA, otsB, and treS (Fig. 1B). Although our PCR results
suggested that otsA was absent from strains GK24, HB8, and
AT-62, Southern blots using the otsA probe showed one hy-
bridization band at 60°C (Fig. 2A). This band became progres-
sively weaker with higher stringencies (65 and 68°C), unlike the
bands showing otsA hybridization in the lanes corresponding to
strains RQ-1, Fiji3 A1, CC-16, and B. One recognition site for
BamHI was present in all complete otsA sequences, except for
that of strain Fiji3 A1, which had two sites. The partial otsA
gene of strains GK24, HB8, and AT-62 lacked the BamHI site,
explaining the single hybridization signal with the otsA probe
(Fig. 2A, lanes 4 and 5). The presence of a partial otsA gene in
strains GK24, HB8, and AT-62 was demonstrated by inverse
PCR. The complete otsA gene of strains RQ-1, Fiji3 A1, CC-
16, B, T-2, and PRQ-14 was 1,350 bp long, while the partial
otsA sequences of strains GK24, HB8, and AT-62 contained
232, 216, and 216 bp of the 3� end of the gene, respectively. We
detected an intergenic region of 174 bp followed by an �-glu-
cosidase gene (EC 3.2.1.20) upstream of the truncated otsA
gene in GK24, HB8, and AT-62. With the exception of strain
CC-16, consecutive mpgS and mpgP genes, involved in the
synthesis of MG, were detected in all strains of T. thermophilus
examined (Fig. 1B and 2B). Homologues of the mgs gene
found in R. marinus were not detected in any Thermus strain.
Moreover, genes encoding enzymes for the synthesis of treha-

FIG. 2. Southern blot analysis of BamHI-digested genomic DNA
(5 �g) probed with the otsA gene of strain RQ-1 (A) and the mpgS
gene of strain HB27 (B) at 60°C. Lane 1, strain RQ-1; lane 2, strain
Fiji3 A1; lane 3, strain HB27; lane 4, strain HB8; lane 5, strain AT-62;
lane 6, strain CC-16; lane 7, Thermus aquaticus (DSM 625); lane 8,
Thermus scotoductus (DSM 8553); lane 9, Thermus filiformis (DSM
4687); lane 10, strain B.
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lose or MG were not detected by PCR and Southern analysis
in the type strains of T. aquaticus, T. scotoductus, T. filiformis,
T. igniterrae, T. brockianus, T. oshimai, and T. antranikianii
(Fig. 2). The otsA genes of strains Fiji3 A1 and CC-16 and the
otsB genes of strains Fiji3 A1, CC-16, AT-62, and HB8, as well
as the mpgS and mpgP genes of strains RQ-1, Fiji3 A1, AT-62,
and HB8, were cloned and sequenced to confirm their authen-
ticity and to evaluate their degrees of identity to those in
strains RQ-1 and HB27. The predicted amino acid sequences
of the genes for the synthesis of trehalose and MG had ex-
tremely high identities that ranged between 90 and 100% (Fig.
1B).

Halotolerance of Thermus strains. The strains of T. ther-
mophilus examined had higher growth rates in TD medium
without added NaCl or containing 1.0% NaCl than in TD
medium containing higher levels of NaCl. Moreover, only the
strains of T. thermophilus, except for strain CC-16, which lacks
mpgS/mpgP, grew in TD medium with NaCl concentrations
higher than 1.0%. Strains RQ-1, B, Fiji3 A1, T-2, and PRQ-14,
which have the complete otsA/otsB/treS and mpgS/mpgP gene
clusters, grew in TD medium containing up to 5 or 6% NaCl
(Fig. 3A). Strains HB8, AT-62, and GK24, which completely
lack the otsA gene, and strain HB27, which lacks otsA/otsB/treS,
grew only in TD medium containing 2% NaCl (Fig. 3B).
Strains HB8 and GK24 grew in medium containing 3% NaCl
after the addition of exogenous trehalose to the growth me-
dium, but strains HB27 and AT-62 did not (results not shown).
The addition of maltose to the medium as a substrate for TreS
did not lead to the growth of strains HB8, AT-62, GK24, and
HB27 at salinities higher than 2% (results not shown). Strain
CC-16, which has the three genes involved in the synthesis of
trehalose but lacks mpgS and mpgP, only grew in TD medium
with 1% NaCl (Fig. 3C). The addition of trehalose or maltose
did not lead to the growth of this organism in medium with 2%
NaCl.

Accumulation of compatible solutes. An analysis of the ac-
cumulation of compatible solutes by T. thermophilus strains
showed that the strains with the full set of genes for the syn-
thesis of trehalose and MG, namely, strains B, RQ-1, Fiji3 A1,
T-2, and PRQ-14, accumulated high levels of trehalose and
small amounts of MG in response to salt stress in TD medium.

Strains B and PRQ-14 also accumulated trace levels of glycine
betaine (Fig. 4). Strains HB8, AT-62, GK24, and HB27 only
accumulated MG in TD medium containing 2% NaCl without
exogenous trehalose (Fig. 5A). Strains HB8, AT-62, and GK24
accumulated trehalose when this disaccharide was added to the
salt-containing medium with a concomitant decrease in the
accumulation of MG, but with the exception of strain HB8,
trehalose was not the major compatible solute of these organ-
isms under salt stress (Fig. 5B). Strain HB27, on the other
hand, did not accumulate trehalose in TD medium to which
trehalose had been added (Fig. 5B). None of the T. thermophi-
lus strains lacking the complete otsA gene or the otsA/otsB/treS
gene cluster accumulated trehalose after the addition of exog-
enous maltose (results not shown). Strain CC-16 accumulated
small amounts of trehalose (0.075 � 0.015 �mol/mg protein),
but not MG, in TD medium containing 1% NaCl.

DISCUSSION

Previous studies had identified complete otsB and treS genes
in T. thermophilus strain GK24 (16) and incomplete otsB and
treS genes in strain AT-62 (31), but the presence of a complete

FIG. 3. Effect of NaCl concentration in TD medium on the growth rate of T. thermophilus. (A) Strains B (F), Fiji3 A1 (E), T-2 (■ ), PRQ-14
(�), and RQ-1 (Œ); (B) strains HB8 (‚), HB27 (�), AT-62 (�), and GK24 (�); (C) strain CC-16 (ƒ).

FIG. 4. Accumulation of compatible solutes in TD medium by
Thermus thermophilus strains B, Fiji3 A1, T-2, PRQ-14, and RQ-1. The
concentrations of compatible solutes were determined for cultures
grown in medium containing 4% NaCl. Bars represent the intracellular
concentrations of mannosylglycerate (black), trehalose (white), and
glycine betaine (gray).
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otsA gene was only recently shown for strain RQ-1, which
possesses three genes involved in the synthesis of trehalose
(26), leading us to assume that the otsB gene of strain AT-62
had not been completely sequenced. Our PCR results showed
a complete sequence for otsB from this strain but failed to
confirm the presence of full-length otsA genes in strains GK24,
AT-62, and HB8. Southern blot experiments with these strains
indicated weak hybridization signals with otsA probes at high
stringencies, while strains RQ-1, T-2, PRQ-14, Fiji3 A1, CC-
16, and B clearly showed strong signals for the otsA genes at
the highest hybridization temperature. Only an inverse PCR
strategy unambiguously demonstrated the presence of a partial
otsA sequence immediately upstream of otsB, comprising
about 20% of the full-length otsA gene from T. thermophilus
strains RQ-1, T-2, PRQ-14, Fiji3 A1, CC-16, and B.

To our surprise, there was a large amount of diversity with
respect to the presence of otsA, otsB, and treS among these
organisms. Some strains possessed all three genes, other
strains had a truncated otsA gene and complete otsB and treS
genes, and strain HB27 had none of the genes. The absence of
the three genes from the genome sequence of strain HB27 was,
in fact, the first hint that some strains lacked some or all of the
genes for trehalose synthesis (15). We also wrongly assumed
that all T. thermophilus strains have the genes leading to the
synthesis of MG. However, strain CC-16 does not possess these
genes, and unlike all other T. thermophilus strains known, is not
halotolerant, making it more difficult to identify strains of this
species by the ability to grow in media containing 2 to 3% NaCl
(7).

Our results show that T. thermophilus strains can be divided
into three groups based on their osmotic relations. Strains
RQ-1, Fiji3 A1, PRQ-14, B, and T-2, with the full set of genes
leading to the synthesis of trehalose and MG, grew in TD
medium containing up to about 6% NaCl (Fig. 6). Strains HB8,
HB27, AT-62, and GK24, all of which were isolated from hot
springs in Japan and appear to be closely related (7), have an
incomplete otsA gene or lack the otsA/otsB/treS gene cluster
and did not grow in TD medium containing more than 2%
NaCl. Strain CC-16, which lacks mpgS/mpgP but possesses the
three genes leading to the synthesis of trehalose, grew only in
TD medium containing up to 1% NaCl.

This study reinforces our earlier observations that trehalose
is crucial for the growth of strain RQ-1 in salt concentrations

ranging from 3 to 6% (26). Strains RQ-1, B, Fiji3 A1, T-2, and
PRQ-14 accumulated primarily trehalose and small amounts of
MG, corroborating previous results (21, 26), while strains HB8,
AT-62, GK24, and HB27, which only accumulated MG in TD
medium, only grew in medium containing up to 2% NaCl. The
accumulation of trehalose and small amounts of MG by strain
HB8 had been reported before for medium containing yeast
extract (a source of trehalose) with 3% NaCl (21). The present
study confirms these results, since the addition of trehalose to
TD medium also led to the accumulation of the disaccharide
and the growth of strain HB8 in medium containing 3% NaCl.

The presence of Tps and Tpp, encoded by otsA and otsB,
respectively, appears to be crucial for the synthesis of trehalose
in the otsA/otsB-negative mutant RQ-1M6 under osmotic
stress, as the maltose-converting TreS (encoded by treS) pro-
tein did not lead to the accumulation of trehalose when exog-
enous maltose was added to salt-containing medium (26). Sim-
ilar results were obtained in this study with otsA-negative
variants (HB8, AT-62, and GK24), which also did not accumu-
late trehalose when maltose was added to the medium, even
though they possess treS. Moreover, trehalose was not formed
in cell extracts after the addition of radiolabeled maltose, nor
was maltose formed from radiolabeled trehalose (26), al-
though a recombinant TreS protein has been shown to convert

FIG. 5. Accumulation of compatible solutes by Thermus thermophilus strains AT-62, HB27, GK24, and HB8. The concentrations of compatible
solutes were determined for cultures grown in TD medium containing 2% NaCl (A) and TD medium containing 2% NaCl and exogenous trehalose
(B). Bars represent the intracellular concentrations of mannosylglycerate (black) and trehalose (white).

FIG. 6. Representation of maximum NaCl concentrations for
strains of Thermus thermophilus during growth in TD medium at 70°C.
The strains clustered into three groups according to their halotoler-
ance and the nature of accumulated compatible solutes. MG, manno-
sylglycerate; Tre, trehalose.
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maltose to trehalose (16). It is possible, therefore, that the
gene is not expressed under the conditions examined.

The absence of a full-length otsA gene, which codes for Tps,
from the genomes of some Thermus strains raises the question
of the function of Tpp, encoded by otsB, in strains that lack a
functional Tps protein. This phosphatase is quite specific for
trehalose-6-phosphate and does not have significant activity on
other phosphorylated substrates (27). The otsB gene could
represent a remnant gene without a specific function or it
could code for an enzyme with a different activity in vivo (6).

Surprisingly, trehalose did not accumulate in strain HB27
under osmotic stress when it was supplied in the growth me-
dium. Trehalose and maltose are, in fact, taken up from the
medium via an ATP binding cassette transporter which was
identified and characterized for strain HB27 (28). Moreover,
this organism grows in a minimal medium with trehalose as the
sole source of carbon and energy. It is possible that strain
HB27 lacks an appropriate regulatory system that would in-
duce the accumulation of trehalose under salt stress. The up-
take of compatible solutes such as trehalose and their accumu-
lation from the medium to relieve salt stress are very common
in prokaryotes (14, 23), but this mechanism does not appear to
be important for osmotic adjustment in strain HB27 (28), since
compatible solutes other than MG did not accumulate during
salt stress in this organism.

T. thermophilus strain CC-16 does not possess mpgS or
mpgP. Although strain CC-16 accumulated low levels of treha-
lose in TD medium containing 1% NaCl, it was unable to grow
in medium with 2% NaCl, like the other strains that were
unable to synthesize trehalose, because it did accumulate MG.
Many prokaryotes accumulate glutamate to relieve low-level
osmotic stress and as a counterion to potassium, but as the salt
concentration of the growth medium increases, neutral or zwit-
terionic compatible solutes such as ectoine, trehalose, and gly-
cine betaine become the predominant osmolytes (14, 23). Our
results led us to conclude that trehalose is unable to relieve
low-level salt stress and that MG appears to have a role in T.
thermophilus similar to that of glutamate in low-level osmotic
adjustment in other organisms.

This study clearly indicates that the genes for the synthesis of
trehalose and mannosylglycerate are necessary for the organ-
isms of the genus Thermus to grow in media with elevated
concentrations of salt and that these solutes have a synergistic
effect on osmotic adjustments of these thermophilic bacteria.
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