
APPLIED AND ENVIRONMENTAL MICROBIOLOGY, Apr. 1994, p. 1206-1212 Vol. 60, No. 4
0099-2240/94/$04.00+0

Effects of Temperature Stress on Bean-Nodulating
Rhizobium Strains

JAN MICHIELS, CHRISTEL VERRETH, AND JOS VANDERLEYDEN*
F. A. Janssens Laboratory of Genetics, Catholic University of Leuven, B-3001 Heverlee, Belgium

Received 26 July 1993/Accepted 31 January 1994

High soil temperatures in tropical areas limit nodulation and dinitrogen fixation by strains of Rhizobium.
Several heat-tolerant bean-nodulating Rhizobium strains have been isolated previously. However, the basis of
their resistance to heat remains unknown. In this study, we compared the effects of heat on symbiotic nitrogen
fixation, cell survival, amino acid uptake, and protein synthesis in a heat-tolerant (CIAT899) and a
heat-sensitive (CNPAF512) bean-nodulating Rhizobium strain. Acetylene reduction activity of nodulated roots
excised from unstressed plants was strongly diminished at 35 or 40°C when plants were nodulated either by
CIAT899 or by CNPAF512. When these strains were tested under free-living conditions, survival at 40°C as well
as the kinetics of L- [35S] methionine uptake and protein synthesis at 35 and 40°C indicated the higher tolerance
of CIAT899 than of CNPAF512 to thermal stress. The synthesis of heat shock proteins was detected in both
strains, although at different temperatures. Increased synthesis of 14 heat shock proteins in CNPAF512 and
of 6 heat shock proteins in CIAT899 was observed at 40 and 45°C, respectively. A heat shock protein of
approximately 21 kDa, ofwhich the synthesis was strongest in both Rhizobium strains upon a temperature shift
up, was also conserved in several other bean-nodulating rhizobia. Acquired thermotolerance in CIAT899 was
shown to depend on protein synthesis.

High soil temperatures in tropical areas are a major problem
for biological nitrogen fixation by legume crops. Common
beans (Phaseolus vulgaris L.) are considered to be particularly
sensitive. High root temperatures have been shown to strongly
affect bacterial infection and N2 fixation in several legume
species, including soybean (30), clover (38), pea (8), guar (2),
peanut (19), cowpea (36, 39), and beans (17, 37). Critical
temperatures for N2 fixation are 30°C for clover and pea and
range between 35 and 40°C for soybean, guar, peanut, and
cowpea. Nodule functioning in common beans is optimal
between 25 and 30°C and is hampered by root temperatures
between 30 and 33°C (15, 35, 37). Temperature dependence of
nodulation and symbiotic nitrogen fixation has been shown to
depend on, in addition to the plant cultivar, the nodulating
strain (2, 22, 30). Several bean-nodulating rhizobia that are
able to nodulate beans and fix atmospheric nitrogen on a
40/23°C (day/night) regime have been described recently (18).

Although a considerable amount of work has been invested
in the study of the effect of elevated temperature on nodule
development and functioning, no such an analysis has been
conducted at the level of the microsymbiont. In order to gain
better insight into the adaptation of bacteria to high temper-
atures, we studied the effects of heat on the rate of symbiotic
nitrogen fixation, bacterial survival, amino acid uptake, and
protein synthesis in a heat-tolerant (CIAT899) and a heat-
sensitive (CNPAF512) bean-nodulating Rhizobium strain.

MATERIALS AND METHODS

Bacterial strains. The bacterial strains used in this work are
Rhizobium leguminosarum biovar phaseoli CNPAF512 (29);
Rhizobium tropici CIAT899 (13, 27), CFN299 (26, 27), and
F98.5 (28a); Rhizobium etli CFN 42 (41); and Rhizobium fredii
BR814 and Rhizobium sp. BR816 (18).

* Corresponding author. Phone: (32-16)220921. Fax: (32-16)200720.
Electronic mail address: Janssens%faj%agr@CC3.KULEUVEN.AC.
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Media and growth conditions. Rhizobium strains were grown
in TY (0.5% tryptone, 0.3% yeast extract, 7 mM CaCl2) or
yeast extract-mannitol medium (47) at 30°C. Cultures contain-
ing approximately 5 x 108 cells per ml were used in all
experiments.

Viable cell counts. Cells were grown overnight at 30°C.
Portions (1.5 ml) of each culture were incubated in a water
bath at 40°C. Samples (0.1 ml) were removed at various times.
Serial dilutions of each sample were spread onto TY solid
medium and incubated at 30°C. Colonies were counted after 2
to 3 days.
To determine the induction of thermotolerance, 1.5-ml

samples of an overnight culture were incubated for 1 h at 40°C
or for 10 min at 45°C and subsequently shifted to 50°C. At
intervals, 0.1-ml samples were removed. Controls were kept at
30°C prior to a shift to 50°C. Viable cell counts were performed
as described. To inhibit protein synthesis during the 1-h
preincubation period at 40°C, tetracycline was added to a
concentration of 4 ,g/ml. Such a concentration inhibits cell
growth at 30°C but does not affect cell viability as judged from
the number of viable cells after a 1-h incubation period at 40°C
in the presence of tetracycline at 4 ,ug/ml.

In vivo labeling of proteins with L-[35S] methionine and gel
electrophoresis. Cultures in exponential phase were divided
into 1.5-ml aliquots and preheated at the appropriate temper-
ature for 5 min or otherwise as indicated. Rhizobium cells were
pulse-labeled for 5 min with L-[35S]methionine (Amersham)
added at 15 ,uCi/ml. The labeling was stopped by transfer of
the samples to ice. Samples were centrifuged for 5 min at room
temperature and washed twice in phosphate-buffered saline
(pH 7.2) containing K2HPO4 (1.24 g/liter), KH2PO4 (0.39
g/liter), and NaCl (8.8 g/liter).

For one-dimensional (1D) sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE), the cell pellet was
solubilized in 200 ,lI of SDS-lysis buffer consisting of 25 mM
Tris-HCl (pH 6.8), 20% glycerol, 2% SDS, 100 mM dithio-
threitol, and 0.002% bromophenol blue. Samples were heated
at 95°C and centrifuged for 5 min. The lysed cell samples were
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FIG. 1. ARAs of roots nodulated by R. tropici CIAT899 (A) or R leguminosarum bv. phaseoli CNPAF512 (B) at elevated temperatures.
Nodulated roots were preincubated at 28°C for 30 min prior to transfer to 28°C (0), 35°C (A), or 40°C (-). Plants were assayed for ARA at 30-min
intervals. The amount of ethylene produced during the 30-min preincubation period at 28°C was set to 100%. Nitrogen fixation activity is expressed
as a percentage of the initial ARA. Data are the means for six independent plant cultures.

loaded onto slab gels (14.5 by 17 by 0.15 cm, 5% stacking gel,
15% separating gel, 0.1% SDS). Electrophoresis was carried
out according to the method of Laemmli (21) at 150 V for 4 h.
Following electrophoresis, gels were stained with Coomassie
brilliant blue R-250, destained, and dried prior to autoradiog-
raphy.
For 2D gel electrophoresis, cell pellets were suspended in

0.75 ml of extraction buffer (0.7 M sucrose, 0.5 M Tris, 30 mM
HCl, 50 mM EDTA, 0.1 M KCI, and 40 mM dithiothreitol).
Preparation of proteins and 2D gel electrophoresis were
performed as previously described (6, 33). Immobiline Dry-
Strip (Pharmacia) was used when a narrow pH gradient was
required.

L- [35S] methionine uptake and incorporation. Cells were
grown in yeast extract-mannitol medium containing 0.1 g of
yeast extract per liter instead of 0.4 g/liter. Cultures were
labeled as described above, and protein samples were prepared
as for SDS-PAGE. To determine the amount of L-[3 S]methi-
onine accumulated in the cells, 5-pl aliquots of the lysed cell
samples were spotted on Whatman 3MM filter paper and
allowed to dry for 5 min. For counting radioactivity, filters were
put into scintillation vials, mixed with 3.5 ml of liquid scintil-
lation cocktail (Instagel II; Packard), and analyzed in a Phar-
macia Wallac 1410 liquid scintillation counter. To assay the
amount of L-[35S]methionine incorporated into proteins, 5-,l1
aliquots of each lysed cell sample were spotted on Whatman
3MM filter paper, dried for 5 min, and washed in 10% (wt/vol)
trichloroacetic acid, 5% trichloroacetic acid, and 100% etha-
nol, consecutively. Radioactivity was counted as described
above. Protein concentration was determined by the bicincho-
ninic acid assay (42) with bovine serum albumin as a standard.

Plant culture and acetylene reduction assay. Phaseolus
vulgaris cv. Negro Argel seeds were surface sterilized by
consecutive immersion in concentrated H2SO4 for 2 min, in
sterile distilled H20 several times, in 100% ethanol for 1 min,
and in 0.2% HgCl2 (wt/vol) for 2 min and washed 10 times in
sterile distilled H20. The treated seeds were germinated for 2
days in the dark on 1.5% water agar plates. The seedlings were
transferred aseptically to sterile test tubes (15 by 200 mm)
containing a 1:1 mixture of quartz sand and vermiculite and 20
ml of Jensen medium (47). The seedlings were inoculated with
approximately 108 Rhizobium cells resuspended in 10 mM
MgSO4. Plants were grown in the growth chamber (12-h day,
28°C during the day, 24°C during the night) and harvested 5
weeks after inoculation.

Nitrogen fixation was assayed by the acetylene reduction
method. The roots of the plants were excised and placed in test
tubes (15 by 200 mm). The tubes were tightly stoppered with
rubber caps, and acetylene was injected to a final concentration
of 10%. To determine the initial acetylene reduction activity
(ARA) of each sample, the tubes were incubated for 30 min in
the water bath at 28°C prior to the incubation at the appro-
priate temperature (28, 35, or 40°C). Ethylene production was
assayed at 30-min intervals. Ethylene production was quanti-
fied on a Hewlett Packard 5890A gas chromatograph equipped
with a PLOT fused silica column. Propane was used as an
internal standard. At 28°C, ARAs of 20 plants nodulated by
CNPAF512 and CIAT899 were 1.9 ± 0.7 (mean ± standard
deviation) and 2.7 ± 1.5 ,umol of C2H2 plant -' h-', respec-
tively.

RESULTS

Effect of temperature on nitrogen fixation. To determine the
effect of elevated temperature on nitrogen fixation activity, the
ARAs of roots excised from unstressed plants nodulated either
by CIAT899 or by CNPAF512 were measured at 28, 35, and
40°C. The kinetics of temperature repression of nitrogenase
activity were determined as described for Fig. 1. When plants
were shifted to 35 or 40°C, ARA was dramatically reduced.
Repression of nitrogen fixation activity was most dramatic at
40°C. Similar decreases in ARA on plants nodulated either by
CNPAF512 or by CIAT899 were observed.

Survival and protein synthesis at high temperature. Cell
viability of both strains at 40°C was determined. A clear
difference in survival between CIAT899 and CNPAF512 was
observed at this temperature (Fig. 2). In contrast to CIAT899,
the number of viable cells of CNPAF512 starts to decline
immediately after the temperature shift. Likewise, a compari-
son of cell viabilities of both strains at 45 and 50°C indicated
the higher resistance of CIAT899 to thermal stress (results not
shown). These results are in agreement with the data obtained
by Martinez-Romero et al. (27) describing R. tropici as a

relatively temperature-tolerant strain compared with R. legu-
minosarum bv. phaseoli.
The effect of temperature on the rate of protein synthesis

was monitored. In order to take into account possible artifacts
due to differences in amino acid transport at various temper-
atures, the amount of L-[355]methionine incorporated in pro-
teins precipitable with 10% trichloroacetic acid was normal-
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45°C, CNPAF512 cells accumulated L-[35S]methionine at a
constant rate during the first 60 and 20 min, respectively;
thereafter, accumulation rates rapidly declined. These data
indicate that, as opposed to CIAT899, substrate transport in
CNPAF512 cells was hampered at 40 and 45°C after 60 and 20
min, respectively.

In Fig. 3B and D, protein synthesis is expressed as the
percentage of incorporated L-[35S]methionine (cpm of L-[35S]
methionine incorporated [min * pLg of cells] - I)/(cpm of L-[35S]
methionine accumulated [min * ,g of cells] - '). Clear differ-

3- ences in protein synthesis were observed between both strains
upon increase of the incubation temperature. Firstly, in con-

'
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trast to CNPAF512, an increased protein synthesis in CIAT899

Time (h)
235 6was observed at 40°C compared with synthesis at 30°C. Sec-

Time (h) ondly, whereas protein synthesis in CIAT899 at 40°C was

J. 2. Survival of R. leguminosarum bv. phaseoli CNPAF512 (A) reduced by one-fifth after 5 h of incubation, a reduction of
tropici CIAT899 (0) at high temperature. Cells grown at 30°C one-half was observed in CNPAF512 after 2 h. Similarly, at

shifted at time zero to 40°C and bacterial survival was determined 45°C protein synthesis in CIAT899 decreased by a factor of 2
indicated times. after 50 min of incubation; the same reduction of protein

synthesis in CNPAF512 was reached in less than 20 min. These
results were confirmed by analysis of the 1D protein profiles of

by the amount of L-[35S]methionine accumulated in the the L-[35S]methionine-labeled cells (see Fig. 5A and B).
as determined in whole-cell extracts. The results are Protein analysis by 1D and 2D PAGE. Synthesis of specific
n in Fig. 3. proteins in CIAT899 and CNPAF512 was investigated by
iring incubation at 30, 40, or 45°C, no clear increase or pulse-labeling with L-[35S]methionine at 30, 40, and 45°C and
-ase of the rate of accumulation of L-[35S]methionine in analysis by 1D or 2D gel electrophoresis. Following a shift
r899 cells was observed (Fig. 3C). Accumulation rates from 30 to 40°C, the intensity of most proteins in CNPAF512
d between 0.68 and 1.00 times the initial rate at 30°C. At remained unaffected or decreased (Fig. 4A and B). The
,the accumulation rates in CNPAF512 varied between synthesis of at least 14 proteins increased after shift up. The
and 1.00 times the initial rate at 30°C (Fig. 3A). At 40 and sizes of these heat shock proteins (hsps) were about 122, 172,
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FIG. 3. Effects of temperature on the accumulation (A and C) and incorporation (B and D) of L-[3"S]methionine in R. leguminosarum bv.

phaseoli CNPAF512 (A and B) and R. tropici CIAT899 (C and D) cells. Cells grown at 30°C were shifted at time zero to 30°C (0), 40°C (A), or

45°C (D) and pulse-labeled for 5 min with L-[35S]methionine at the indicated times. The results are the means of two independent experiments.
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FIG. 4. 2D resolution of L-[355]methionine-labeled proteins fromR leguminosarum bv. phaseoli CNPAF512 (A and B) and R tropici CIAT899
(C and D). Proteins were separated in the first dimension by isoelectric focusing (pH range, acid [left] to basic [right]) and then resolved in the
second dimension by SDS-PAGE. Cells were pulse-labeled for 10 min, 20 min after transfer to the appropriate incubation temperature. The
incubation temperature was 30°C (A), 40°C (B and C), or 45°C (D). hsps of CNPAF512 (B) and CIAT899 (D) are circled. The corresponding
proteins in CNPAF512 at 30°C (A) or in CIAT899 at 40°C (C) are indicated by arrowheads. The molecular mass standards (in kilodaltons) are
indicated on the right.

192, 212, 33, 582, 61, 68, and 97 kDa (the numbers of proteins
with the same molecular mass but differing in isoelectric
points, possibly isoforms, are indicated as subscripts). Synthesis
of the 12-, 17-, 19-, and 21-kDa proteins was not observed at
30°C. Similar patterns of hsp synthesis were observed 5, 20, 40,
and 60 min after the temperature shift up to 40°C. Protein
synthesis was completely stopped after 3 h postshift (data not
shown). The synthesis of these hsps was also observed follow-
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FIG. 5. hsp synthesis in R leguminosarum bv. phaseoli CNPAF512
(A) and R tropici CIAT899 (B). Cells grown at 30°C were pulse-
labeled with L-[35S]methionine for 5 min either at 30°C (lanes 1) or

45°C (lanes 2 to 10). At 45°C, cells were labeled 5 (lanes 2), 20 (lanes
3), 30 (lanes 4), 40 (lanes 5), 50 (lanes 6), 60 (lanes 7), 80 (lane 8), 100
(lane 9), and 120 (lane 10) min after transfer. The molecular mass

standards (in kilodaltons) are indicated on the left.

ing a temperature shift up from 30 to 45°C (Fig. 5A). Synthesis
of the 21-kDa band was particularly strong compared with that
of the other hsps. While protein synthesis in CNPAF512
decreased as a function of time, the highest intensity of the
21-kDa protein band was obtained after 20 min of incubation
at 45°C. Protein synthesis had completely ceased after 60 min
of incubation at this temperature.

In CIAT899, the specific synthesis of hsps was observed at 45
but not at 40°C (Fig. 4C and D). At 40°C, the synthesis of all
proteins was increased from the levels at 30°C and was
maintained for at least 5 h (data not shown). At 45°C, only five
major protein spots were observed. The sizes of these hsps
were 12, 21, 652, 68, and 97 kDa. The 65-kDa protein repre-
sents a doublet. This was demonstrated by 2D analysis with
isoelectric focusing carried out in a narrow pH-4.5-to-5.4
gradient. At 45°C, incorporation of L-[35S]methionine into hsps
decreased gradually as a function of time (Fig. SB). The
synthesis of the 21-kDa protein band was particularly strong
compared with that of the other hsps and continued to show
label incorporation during the first 2 h of incubation. The
synthesis of hsps was also observed 5 min after shift to 46 or
47°C but was strongly reduced when the incubation tempera-
ture was shifted to 48°C and was completely inhibited at 50°C
(data not shown).
To investigate whether the strongly synthesized 21-kDa

protein was also present in other bean-nodulating rhizobia,
their heat shock response was determined (Fig. 6). The
Rhizobium strains used were CFN 42 (R. etli), BR814 (R.
fredii), BR816 (Rhizobium spp.), CFN299 (R. tropici, formerly
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FIG. 6. Protein synthesis in R. etli and R. tropici strains at 45°C.
Cells grown at 30°C were pulse-labeled with L-[35S]methionine for 5
min at 45°C, 5 min after shift. Rhizobium strains are CFN-42 (lane 1),
CIAT899 (lane 2), BR814 (lane 3), BR816 (lane 4), CFN299 (lane 5),
and F98.5 (lane 6). The positions of the molecular mass standards (in
kilodaltons) are indicated on the left.

R. leguminosarum bv. phaseoli type Ila), and F98.5 (R. tropici).
CIAT899 was included as a control. BR814, BR816, and F98.5
are heat-tolerant strains (18). Protein synthesis in CFN 42 is as
temperature sensitive as that in CNPAF512 (data not shown).
In all strains tested, we observed the strong synthesis of a
low-molecular-weight protein with an apparent molecular
mass ranging between 19 and 21 kDa. This protein is present in
heat-tolerant as well as in heat-sensitive strains. Whether this
protein is related to other known hsps remains to be deter-
mined.

Acquired thermotolerance. The capacity of adapting to high
temperatures by a short pretreatment at a sublethal tempera-
ture has been documented for a great variety of cell types. We
observed survival after 30 min at 50°C enhanced by as much as
4 orders of magnitude compared with the controls when cells
were preincubated at 40°C (Fig. 7). When cells were preheated
at 45°C, cell viability after 30 min at 50°C was 100-fold higher
than in the control culture. To determine the role of protein
synthesis in the acquisition of thermotolerance, tetracycline, an
inhibitor of protein synthesis, was added during the preincu-
bation period. Cells incubated at 40°C in the presence of
tetracycline (4 pLg/ml) were as thermosensitive at 50°C as cells
kept at 30°C during the preincubation period.
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FIG. 7. Survival of R. tropici CIAT899 at 50°C following exposure

at 30°C for 60 min (-), at 40°C for 60 min (A), at 45°C for 10 min (-),
or at 40°C for 60 min in the presence of 4 ,ug of tetracycline per ml (*).

DISCUSSION

R. tropici CIAT899, in contrast to R. leguminosarum bv.
phaseoli CNPAF512, is able to nodulate beans and fix atmo-
spheric nitrogen on a diurnal 40/23°C (day/night) regime. The
ability to fix nitrogen was assessed on the basis of total N
accumulation in shoots (18, 28a).

In this study, we have compared the effects of heat on the
rates of nitrogen fixation, cell survival, amino acid uptake, and
protein synthesis in CIAT899 and CNPAF512. From our data,
it appears that the symbiotic performance of CIAT899 on a
40/23°C (day/night) regime is due not to its ability to fix
atmospheric nitrogen at high temperature but probably to its
capacity to survive the periods of thermal stress and to recover
afterwards.

In a first experiment, nitrogen fixation activities in plants
nodulated by CNPAF512 or CIAT899 were determined at
different temperatures. ARA by nodulated roots excised from
unstressed plants declined sharply when roots were incubated
at 35 or 40°C, when plants were nodulated either by CIAT899
or by CNPAF512. The temperature dependence of nitrogen
fixation may be partly due to a decreased nif gene expression.
The temperature sensitivity of nif gene expression has been
demonstrated in Klebsiella pneumoniae (49), Bradyrhizobium
japonicum (1), and Azospirillum brasilense (45) and is probably
due to the temperature sensitivity of the NifA protein, the
central activator protein of nif and fix genes (5, 23, 49).

Several observations indicate a higher tolerance of CIAT899
than of CNPAF512 to thermal stress. Firstly, survival of
CIAT899 cells in liquid medium at elevated temperatures was
significantly higher than that of CNPAF512 cells. Secondly, in
contrast with CNPAF512, the uptake of L-[35S]methionine in
CIAT899 was not affected by a temperature increase. Finally,
protein synthesis in CIAT899 was less thermosensitive than in
CNPAF512. At 40°C, synthesis of normal proteins in CIAT899
was maintained for at least 5 h whereas this was drastically
reduced in CNPAF512 2 h after temperature shift up. The
higher tolerance of CIAT899 towards elevated temperatures
may allow this strain to survive periods of thermal stress.
Under these conditions, nitrogen fixation activity is shut off but
may resume when temperatures are lower.
The effect of high temperatures on protein synthesis has

been studied in bacteria, plants, and animals. All organisms so
far examined respond to a sudden increase in growth temper-
ature by inducing the synthesis of a small number of hsps (24,
32). Some of them have been highly conserved throughout
evolution (3, 4, 14, 28). The induction of the heat shock
response in Escherichia coli involves the synthesis of at least 20
proteins (31). Although the exact function of the heat shock
response remains unclear, hsps have been shown to be involved
in important cellular functions such as the initiation of DNA
replication (34, 40), transcription (43, 48), protein synthesis
(46), the correct folding of proteins, the assembly of multipro-
tein complexes (9, 10), and protein degradation (11). Several
hsps or homologs thereof have been shown to be involved in
the processes of nodulation and nitrogen fixation. GroEL may
assist in the correct folding or assembly of Rhizobium meliloti
NodD into an active form (25). In K pneumoniae, GroEL
interacts with several Nif polypeptides and determines their
rates of synthesis and levels of accumulation (12). In B.
japonicum, the anaerobic expression of a GroEL homolog is
dependent on NifA and NtrA (7). The R. fredii NolC protein,
involved in cultivar-specific nodulation of soybean, is homolo-
gous to the E. coli hsp DnaJ (20).
An increase in growth temperature of CNPAF51 2 and

CIAT899 cells was accompanied by the specific synthesis of
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several hsps. Whether these hsps contribute to the observed
differences in heat tolerance between both strains is unclear.
The synthesis of two hsps of 12 kDa and approximately 21 kDa
after temperature shift up was also observed in several other
bean-nodulating Rhizobium strains belonging to different spe-

cies. Such a conservation may be indicative of an important
cellular function of these proteins. The establishment of a

correlation between thermotolerance and the synthesis of
specific proteins would be greatly facilitated by the use of
(nearly) isogenic strains differing only in heat tolerance.
The phenomenon whereby cells can adapt to high temper-

atures when they are first exposed to a sublethal dose of heat
has been termed acquired thermotolerance. In several organ-

isms, the appearance of thermotolerance has been correlated
with the production of hsps (24). Several hsps, including hsp70,
strongly conserved over large taxonomic distances, have been
shown to be directly implicated in acquired thermotolerance
(16). Enhanced cell survival at 50°C was observed when
CIAT899 cells were first exposed to a temperature of 40 or

45°C. The acquired thermotolerance was found to be depen-
dent on protein synthesis. It can be speculated that the
appearance of thermotolerance at 50°C after a preincubation
at 45°C is related to the synthesis of six major proteins at 45°C,
as no additional protein synthesis occurs during incubation at

50°C. A much higher level of thermotolerance was obtained
when cells were preheated at 40°C than at 45°C. This differ-
ence may be accounted for by quantitative and/or qualitative
differences in the synthesis of proteins at both temperatures.
Although resistance to temperature stress may constitute a

prerequisite for symbiotic nitrogen fixation in tropical areas,

heat may also affect other properties. High temperatures have
been shown to affect the stability of the symbiotic properties of
Rhizobium strains. The loss of Rhizobium symbiotic effective-
ness at elevated temperature was attributed to deletions or to

the curing of the symbiotic plasmid (44, 50). In R. tropici
strains, the symbiotic plasmid seems to be particularly stable,
even after prolonged incubation at high temperature (27). In
addition to the resistance of CIAT899 to thermal stress, the
stability of its symbiotic properties may constitute a second
advantage in tropical and subtropical areas.
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