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Abstract Our goals were to evaluate the tolerance of mes-
orhizobia to acid and alkaline conditions as well as to
investigate whether acid tolerance is related to the species
or the origin site of the isolates. In addition, to investigate
the molecular basis of acid tolerance, the expression of
chaperone genes groEL and dnaKJ was analyzed using
acid-tolerant and sensitive mesorhizobia. Tolerance to pH
5 and 9 was evaluated in liquid medium for 98 Portuguese
chickpea mesorhizobia belonging to four species clusters.
All isolates showed high sensitivity to pH 9. In contrast,
mesorhizobia revealed high diversity in terms of tolerance to
acid stress: 35 % of the isolates were acid sensitive and 45 %
were highly tolerant to pH 5 or moderately acidophilic. An
association between mesorhizobia tolerance to acid condi-
tions and the origin soil pH was found. Furthermore, signif-
icant differences between species clusters regarding
tolerance to acidity were obtained. Ten isolates were used
to investigate the expression levels of the chaperone genes
by northern hybridization. Interestingly, most acid-tolerant
isolates displayed induction of the dnaK and groESL genes
upon acid shock while the sensitive ones showed repression.
This study suggests that acid tolerance in mesorhizobia is
related to the pH of the origin soil and to the species cluster
of the isolates. Additionally, the transcriptional analysis
suggests a relationship between induction of major chaper-
one genes and higher tolerance to acid pH in mesorhizobia.

This is the first report on transcriptional analysis of the
major chaperones genes in mesorhizobia under acidity, con-
tributing to a better understanding of the molecular mecha-
nisms of rhizobia acidity tolerance.

Introduction

Agricultural practices and environmental changes increase
the amount of land affected by acidity, limiting crop pro-
ductivity worldwide. Most leguminous plants require a neu-
tral or slightly acidic soil for growth, especially when they
depend on symbiotic nitrogen fixation. Soil acidity affects
the nodulation and nitrogen fixation processes undertaken
by rhizobia since it reduces rhizobial persistence and sur-
vival in the soil as well as nodulation efficiency [20, 25].

In Portugal, most of the soils are acid mainly due to the
agricultural practices and the mild and dry climate, which
favors a fast mineralization of the organic matter [45]. This
results in an important constraint to most agricultural crops,
such as chickpea production. This legume has a great eco-
nomic importance due to its use worldwide as food for both
humans and animals. Although chickpea (Cicer arietinum
L.) is a successful legume on alkaline soils [39], its symbi-
otic relationship with mesorhizobia is better adapted to
acidity [24, 44].

To avoid losses in the productivity of leguminous crops
in acidic soil conditions, the development of legume–
rhizobia associations able to tolerate such stress [16] or
the selection of rhizobia tolerant to low pH [42] are possi-
ble strategies. Chen et al. [13] described the pH range for
mesorhizobia growth between 4 and 10, although the
optimal pH range was between 6 and 8. Some exceptions
have been identified as is the case of strains of M. loti
that showed a high tolerance to acidity (pH 4) [14, 28] as
well as chickpea mesorhizobia isolates that could grow at
pH 3 [8].
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Stress response in bacteria is essential for effective adap-
tation to changes in the environment. Bacteria have the
ability to sense protein folding and other signals, leading
to the activation of proteins such as molecular chaperones,
proteases, and regulatory factors, which play an important
role in promoting homeostasis under stress conditions, such
as acidity [19, 21, 26]. Molecular chaperones recognize non-
native states of other proteins and assist their folding and/or
prevent their aggregation. The DnaK–DnaJ–GrpE and
GroEL–GroES complexes are the best characterized molec-
ular chaperone systems, especially in Escherichia coli [43].

Although several studies evaluated the tolerance to acid
and alkaline pH of strains belonging to the Mesorhizobium
genus [8, 31], little is known about the factors that determine
acid tolerance in rhizobia. Furthermore, the molecular
mechanisms enabling tolerant strains to endure low pH,
and thus the molecular basis of rhizobia tolerance to acidity,
remain mostly unknown.

The present study evaluates the tolerance to acid and
alkaline conditions of a Portuguese chickpea rhizobia col-
lection and investigates whether acid tolerance is related to
the species cluster, origin soil pH, or geographical origin of
the isolates. Additionally, it investigates changes in the
expression levels of the major chaperone systems groESL
and dnaKJ upon acidic shock, using tolerant and sensitive
mesorhizobia isolates, belonging to several Mesorhizobium
species.

Materials and Methods

Bacterial Isolates

A total of 98 isolates from a chickpea rhizobia collection,
which covers almost all Portuguese territory including Ma-
deira Island, were used in the present study (Table 1). These
isolates were previously characterized regarding the 16S
rRNA gene sequence, plasmid number, and symbiotic per-
formance [1, 9]. The isolates used in this study were
obtained from 26 sampling sites. All isolates were preserved
in 30 % (v/v) glycerol at −80 °C and cultured in yeast
extract mannitol (YEM) broth [46] at 28 °C for routine use.

pH Stress Tolerance

The pH stress tolerance of the bacterial isolates was
screened by evaluating their growth based on optical
density (OD) readings at 540 nm. The pH stresses and
control conditions were performed according to Laranjo
and Oliveira [31]. Briefly, the YEM medium was buffered
with 25 mM homopiperazine-N, N′-bis-2-(ethanesulfonic
acid) (Homopipes) for pH 5 and with 26 mM 2-amino-
2-methyl-1,3-propanediol (AMPD) for pH 9. For control

conditions, YEM was buffered with 20 mM 2-
morpholinoethanesulfonic acid (MES) at pH 7. After over-
night growth, bacterial cultures were standardized to an
initial OD of 0.03 and grown for 48 h at 28 °C. Three
replicas per isolate under each condition were used.

Statistical Analysis

In order to compare isolates tolerance, optical density values
were converted into percentage values, considering growth
at control conditions (pH 7) as 100 %. Average value and
standard deviations of the three replicas were calculated.
Statistical analyses were performed using SPSS 17.0 soft-
ware (SPSS Inc., Chicago, USA). Both Kruskal–Wallis and
the Welch tests were used when there is no homogeneity of
variances in order to explore the relationship between stress
tolerance (continuous dependent variable) and categorical
independent variable, as for instance species group or prov-
ince of origin. To identify categories that differ significantly
from others, three different post hoc tests (Tamhane, Dun-
nett T3, and Games–Howell) were used. To detect structure
in the relationships between categorical variables, the cor-
respondence analysis (CA) was conducted as an exploratory
data analysis technique [7]. In order to investigate whether
distinct acid tolerance phenotypes were related to the pH
value of the origin soil of the isolates, these were divided
into four classes according to their growth at pH 5: sensitive
(growth<30 %), tolerant (growth between 30 % and 70 %),
highly tolerant (growth between 70 % and 100 %), and
moderately acidophilic (growth>100 %).

Non-parametric correlations between percentages of
growth at acid pH and symbiotic effectiveness as well as the
soil pH value from the origin site of isolates were determined
using Spearman’s rank order correlation coefficient.

RNA Extraction and Northern Hybridization

The transcription of groEL and dnaKJ genes was analyzed
in ten isolates showing different phenotypes upon acid con-
ditions in order to investigate the involvement of these
genes in tolerance to acidity. The transcriptional levels of
the major chaperone genes were evaluated by northern
hybridization after an acid shock and compared to those of
control conditions. Total RNA extraction was performed
using cell cultures in exponential growth phase, submitted
to an acidic shock in YEM (pH 3) for 1 h. Control RNAwas
extracted from cells grown in YEM (pH 7). Total RNA
extraction was performed according to the protocol for rapid
isolation of RNA from Gram-negative bacteria [6].

The non-radioactive DIG system (Roche Applied Sci-
ence) was used for northern analysis. RNA samples were
denatured in the loading buffer (50 % deionized formamide;
6.1 % formaldehyde; 1× MOPS) and separated by
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Table 1 List of the isolates used in the present study and the geographical distribution of isolates by provinces

Province Origin site
(soil pH)a

Isolate SE
(%)

Species
cluster

Province Origin
(soil pH)a

Isolate SE
(%)

Species
cluster

Trás-os-Montes
e Alto Douro

Bragança (6.7) BR-8 45 B Estremadura Alenquer (ND) AL-13 15 A

BR-9 43 B Caldas da Rainha (6.8) CR-3 77 C

BR-15 21 B CR-18 41 C

BR-16 35 B CR-32 57 C

BR-28 48 B Leiria (8.2) L-19 48 A

Lamego (6.6) LM-1 14 A Salir (8.9) SL-1 21 C

LM-9 55 A SL-2 5 D

LM-13 11 A SL-3 26 A

LM-18 61 B SL-5 30 C

LM-21 22 A SL-6 33 A

Douro Litoral Porto (6.4) PII-1 58 B SL-7 39 C

PII-2 71 B SL-9 5 C

PII-3 47 B Setúbal (8.1) ST-2 4 C

PII-4 31 B ST-5 21 C

Beira Litoral Aveiro (7.1) A-3 36 A ST-8 7 C

Aveiro II (6.1) AII-5 26 A ST-20 43 C

AII-7 32 A ST-33 44 C

Coimbra (5.7) C-3 15 A Sintra (7.8) S-1 53 D

C-7 14 A S-8 83 B

C-9 20 A S-15 79 B

C-13 49 A S-24 100 B

C-14 32 A S-26 68 B

C-15 20 A Ribatejo Santarém (7.8) STR-2 40 A

C-23 23 A STR-4 50 A

C-24 39 A STR-10 28 A

C-25 21 A STR-14 64 C

C-27b 62 A STR-16 49 C

Beira Baixa Castelo Branco (6.5) CB-10 56 B Alto Alentejo Elvas (6.2) 75 35 B

CB-19 30 B 78 63 A

CB-23 52 B 85 60 A

CB-30 45 B ENMP (7.9) EE-7 84 B

CB-38 61 B Évora (5.1) 90 49 A

CB-75 38 B 93 17 C

Telhado (7.3) T-3 32 A 94 33 A

T-4 86 A 98 72 A

T-5 56 A 102 54 A

T-7 54 A Baixo Alentejo Beja (8.2) 6b 76 D

T-8 31 A 7a 39 B

Algarve Portimão (8.7) PM-1 51 D 27 41 B

PM-14 33 D 29 71 D

PM-17 84 D Beira Alta Guarda (7.4) G-1 34 B

Portimão I (7.2) PMI-1 80 B G-4 41 B

PMI-6 81 A G-10 48 B

Praia do Alemão (7.8) PA-5 0 D G-24 58 B

PA-6 6 D G-55 88 B

Madeira Serra d’ Água (7.6) SA-9 36 A Viseu (5.9) V-15b 23 A

SA-12 56 A V-18 67 A

SA-13 58 A V-20 67 A
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electrophoresis on a 1.5 % agarose gel containing 2 %
formaldehyde in 1× MOPS (20 mM MOPS buffer, 5 mM
sodium acetate, 2 mM EDTA, pH 7.0). After electrophore-
sis, capillary transfer into a positively charged nylon mem-
brane (Roche Applied Science) was carried out in 20× SSC
(3 M NaCl; 300 mM sodium citrate, pH 7.0). RNA was
fixed by baking the membrane at 120 °C for 30 min. The
groEL and dnaKJ RNA probes were obtained as previously
described [3]. All RNA probes were obtained by in vitro
transcription labeling, using DIG Northern Starter Kit
(Roche Applied Science). The DNA probe for 16S rRNA
was labeled using DIG High Prime DNA Labeling and De-
tection Starter Kit II (Roche Applied Science). The 16S rRNA
gene PCR amplification was performed using DNA ofMeso-
rhizobium mediterraneum Ca36T as previously described [3].

Hybridizations were carried out overnight at 68 °C after a
pre-hybridization period of 30 min at the same temperature.
For the 16S rRNA detection, the membranes were re-
hybridized overnight at 50 °C with a DNA probe. After hy-
bridization, stringency washes and immunological detection
were performed according to the manufacturer’s instructions.

Hybridization signals were analyzed using Image-
QuantTL™ v7.01 (GE Healthcare). The 16S rRNA signals
were used as internal control of the amount of total RNA
loaded. To determine the expression levels, the ratio be-
tween the transcript signals and the corresponding 16S
rRNA signals was calculated and the number of folds was
determined using the ratio of the previous value between
control and the pH shock conditions minus 1.

Results

Evaluation of Mesorhizobia Tolerance to Acidic and Alkaline
Stresses

Isolates from the chickpea mesorhizobia collection were
tested for tolerance to pH 5 and 9 (Fig. 1). The screening
revealed that chickpea mesorhizobia varies in terms of tol-
erance to acid conditions (pH 5). In contrast, all chickpea
mesorhizobia were sensitive to alkaline conditions (pH 9).

Interestingly, isolates from M. mediterraneum/M. temper-
atum and M. tianshanense clusters are highly sensitive to
both tested pH stress conditions, whereas isolates belonging
to the other two species clusters (M. ciceri/M. loti and M.
huakuii/M. amorphae) showed high diversity in tolerance to
pH 5. In total, only 35 % of the isolates tested were sensitive
to acidic conditions. On the other hand, 45 % of the isolates
were highly tolerant or prefer acidic pH. Moreover, isolates
C-25, T-5, and Al-13 belonging to M. huakuii/M. amorphae
cluster as well as isolates 27 and S-8 from the M. ciceri/M.
loti cluster can be considered as moderately acidophilic
(growth above 100 % in pH 5).

Statistical analysis indicated that there are significant
differences between species clusters regarding their toler-
ance to acidic conditions (χ20125.822; df03; P<0.01).
For instance, M. ciceri/M. loti isolates showed the highest
growth average at pH 5 while the M. tianshanense iso-
lates showed the lowest growth average, and are signifi-
cantly different from each other and from the other two
species clusters. Actually, these results are reinforced by
the post hoc tests, which indicate that the growth aver-
ages at pH 5 are significantly different among species
clusters.

Similarly, the statistical analysis showed that provinces of
origin are significantly different in terms of the isolates
tolerance to acid pH (χ20102.260; df010; P<0.01). The
three provinces with the highest growth averages at pH 5
(Beira Alta, Trás-os-Montes e Alto Douro, Beira Litoral)
were found to be significantly different from the provinces
with the lowest growth average (Ribatejo, Algarve, Estre-
madura). In order to investigate whether the pH value of the
sampling site is one of the explanations for the significant
differences found between provinces of origin, the sampling
soils were classified into three classes based on their pH
values. Sampling soils with pH values below 6.5 were
considered acid soils, whereas the neutral soils include soils
with pH values ranging from 6.5 to 7.4 and the alkaline soils
represented the soils with pH values above 7.4. The corre-
spondence analysis biplot (Fig. 2) shows an association
between the pH class of the origin soil and the isolate’s
ability to tolerate pH 5. Additionally, a negative correlation

Table 1 (continued)

Province Origin site
(soil pH)a

Isolate SE
(%)

Species
cluster

Province Origin
(soil pH)a

Isolate SE
(%)

Species
cluster

SA-17 16 A V-25b 69 A

Some isolates characteristics, such as species cluster defined from the 16S rRNA gene sequence analysis and symbiotic effectiveness (SE) values
are indicated for each isolate (data from Alexandre et al. [1] and Brígido et al. [9])

A—M. huakuii/M. amorphae species cluster, B—M. ciceri/M. loti species cluster, C—M. tianshanense species cluster, D—M. mediterraneum/M.
temperatum species cluster, ND—not determined
a pH value from the origin site
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was found between the isolates growth at acid pH and the
pH value of the sampling soil (r0−0.358; P<0.01). For
instance, isolates from alkaline soils were more sensitive
to pH 5 than the isolates from neutral or acidic soils. Sen-
sitivity to acid conditions is clearly associated to alkaline
soils whereas the acid tolerance is associated to neutral or
acidic soils. Our results indicate an association (χ20

156.863; df06; P<0.01) between the origin soil pH of the
isolates and species clusters. Moreover, a CA biplot also
detects an association between species clusters and soil pH

classes, where the M. ciceri/M. loti and M. huakuii/M.
amorphae species clusters are associated to neutral soils
and acidic soils, respectively, and the remaining species
clusters are associated to the alkaline soils (Fig. 3).

Curiously, a positive correlation between tolerance to
acidic conditions and symbiotic effectiveness was found
(r00.139; P<0.05). For example, the isolate G-55 showed
a growth of 106 % at pH 5 and it is also highly efficient with
a symbiotic effectiveness of 88 %.

Figure 2 CA biplot of the relationship between origin soil pH and
tolerance to acid pH of the isolates

Figure 3 CA biplot of the relationship between origin soil pH and the
isolates species clusters

Figure 1 Growth of chickpea mesorhizobia under acid and alkaline
stress conditions: pH 5 (squares) and pH 9 (circles). Percentages were
calculated considering the control condition (pH 7) as 100 % growth.

Presented values are the average of three replicas (standard deviation
bars are shown)
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Transcriptional Analysis of the Major Chaperones Genes
upon Acidic Shock

In order to investigate the involvement of the major chaperone
genes in tolerance to acidic conditions, the transcription of
groEL and dnaKJ genes was analyzed. Using northern hy-
bridization, the transcriptional levels of these chaperone genes
upon an acidic shock were compared to those under control
conditions. Based on the pH stress tolerance screening
(Fig. 1), ten chickpea mesorhizobia isolates, from the four
species clusters, with different phenotypes under acidic con-
ditions, were selected. From the M. huakuii/M. amorphae
species cluster, the following isolates were chosen: isolate
PMI-6 as acid sensitive, V-15b and C-9 as acid tolerant, and
AL-13 as moderately acidophilic. From the M. ciceri/M. loti
cluster, the isolate PII-4 as acid sensitive, G-55 and G-10 as
acid tolerant, and S-8 as moderate acidophilic were selected.
The clusters M. tianshanense and M. mediterraneum/M. tem-
peratum only include isolates sensitive to acidity, so only one
isolate from each of these two clusters was chosen, namely
ST-33 from the M. tianshanense and PM-14 from M. medi-
terraneum/M. temperatum.

The northern blot analysis using the dnaKJ mRNA probe
allows the detection of three different transcripts, with 1,917,
1,131, and 3,048 nucleotides in size, corresponding to the
predicted mRNAs of dnaK, dnaJ, and also the bicistronic
dnaKJ, respectively, according to the Mesorhizobium sp.
MAFF303099 genome. A transcript with approximately
2 kb, which is consistent with the size of the dnaK gene
transcript, was detected in all isolates under control condi-
tions and upon acidic shock (Fig. 4a). The majority of the
isolates showed an increase in the dnaK transcript levels
(Fig. 5) after acidic shock.

The tolerant isolates belonging to M. ciceri/M. loti cluster
showed an increase in the dnaK mRNA level after acidic
shockwhen comparedwith the control. However, the sensitive
isolate PII-4 showed a decrease in the expression of the dnaK
gene after acidic shock. Similarly, in isolates from the M.
huakuii/M. amorphae cluster, the level of dnaK gene transcrip-
tion was positively related to the acid tolerance of the isolates
since a slight repression of the dnaK gene was observed in the
sensitive isolate (PMI-6) while induction was observed in the
acid-tolerant ones (V-15b, C-9, and AL-13) (Fig. 5).

No significant changes in the transcriptional levels of
dnaK gene were observed in the sensitive isolates neither
from theM. tianshanense norM. mediterraneum/M. temper-
atum clusters upon acidic shock.

Regarding the analysis of the groESL chaperone system, the
groEL RNA probe allows the detection of two putative tran-
scripts with 1,947 and 1,632 nucleotides, corresponding to the
bicistronic groESL transcript and to the groEL transcript, re-
spectively, according to theMesorhizobium sp. MAFF303099
genome. In this study, the signal detected was approximately

2 kb, which corresponds to the bicistronic groESL mRNA
(Fig. 4b). Most isolates showed an increase of the groESL
mRNA transcript levels after the acidic shock.

Interestingly, isolates belonging to the M. ciceri/M. loti
cluster presented the same pattern in the groESL chaperone
gene transcription as obtained for the dnaK chaperone gene
(Fig. 5): tolerant isolates (G-10, G-55, and S-8) showed an
increase of the groESL mRNA levels while the sensitive
isolate (PII-4) revealed a repression of this chaperone gene
after acidic shock.

Concerning the clusterM. huakuii/M. amorphae, the toler-
ant isolates (V-15b and C-9) showed an increase in the groESL
mRNA levels after acidic shock, whereas the sensitive isolate
(PMI-6) showed repression of the groESL gene. Although the
moderately acidophilic isolate (AL-13) showed a repression
of the groESL gene, it shows one of the highest levels of dnaK
gene induction upon acidic shock.

The acid-sensitive isolates belonging to theM. tianshanense
andM. mediterraneum/M. temperatum cluster showed a slight
induction of the groESL genes compared to the control.

For both dnaK and groESL transcription levels, the isolates
from the M. ciceri/M. loti and M. huakuii/M. amorphae seem
to exhibit a similar relationship between transcription levels
and tolerance to acid pH, with the exception of the moderately
acidophilic isolate AL-13 for the groESL analysis.

Discussion

In this study, evaluation of growth in acid and alkaline con-
ditions was performed for 98 isolates from a collection of
Portuguese native chickpea mesorhizobia previously charac-
terized [1, 9]. All mesorhizobia showed sensitivity to alkaline
stress, which is in agreement with previous studies [8, 31]. In
contrast, the mesorhizobia isolates tested herein showed high
diversity regarding tolerance to acid pH. Interestingly, almost
half of the tested isolates were highly tolerant (growth>70%),
including 11 isolates with a higher growth at pH 5 than at pH
7, indicative of moderately acidophilic isolates. High

Figure 4 Comparison of transcriptional analysis of the dnaK gene (a)
and the groESL operon (b) between acid-tolerant and acid-sensitive
isolates submitted to acidic shock. Northern blot hybridization of total
RNA with probes specific for dnaKJ, groEL, and 16S rRNA under
control conditions (C) and upon acidic shock (S)
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tolerance to low pH has been previously reported in Meso-
rhizobium species, namelyM. huakuii [11],M. ciceri [38],M.
loti [27], andM. amorphae [47], which are all able to grow at
pH 5. On the other hand, M. mediterraneum and M. tiansha-
nense cannot grow at pH 5 [12, 37]. Brígido et al. [8] have
already identified moderately acidophilic chickpea mesorhi-
zobia isolates. More recently, a high diversity in tolerance to
acidic conditions within the Mesorhizobium genus was
reported by Laranjo and Oliveira [31].

Amarger et al. [4] reported that tolerance to salinity, acidity,
and alkalinity is more strain specific than species specific.
However, other studies suggest that the tolerance to pH stress
in rhizobia is species-related [8, 40]. Herein, the evaluation of
tolerance to acidity of a large set of chickpea mesorhizobia
suggests that acid tolerance phenotype is related to the species
clusters. Significant differences between species clusters re-
garding tolerance to acidity were obtained. For instance, the
majority of isolates from M. ciceri/M. loti cluster are acid
tolerant whereas isolates belonging toM. tianshanense cluster
are acid sensitive. Moreover, several studies in rhizobia have
reported that stress tolerance seems to be species related
namely temperature stress tolerance [3] and tolerance to cop-
per [30] as well as antibiotic resistance [2].

An association between species clusters and origin soil pH
of the isolates was found in Portuguese chickpea rhizobia [1]
and recently in Chinese soybean rhizobia [34]. Our results are
in agreement with these reports, suggesting that soil pH
contributes to determine the species that prevail in the rhizo-
bia population. This type of association was found in several
studies addressing soil bacterial communities, indicating soil
pH as the variable that better explains the population diversity
and mainly the community composition [17]. On the other
hand, in this study, the tolerance to acid pH of the chickpea
mesorhizobia isolates was found to be associated to the origin
soil pH, agreeing with some previous reports [8, 29, 41].
These results suggest that isolates collected from acidic or
neutral soils may be more resistant to acidic environmental
conditions than the ones from alkaline soils.

Interestingly, our results also reveal a positive correlation
between the tolerance to acid pH and the symbiotic

effectiveness of isolates, suggesting that the establishment
of an effective symbiosis is related to tolerance to acidity.
Bacterial persistence in soil is significantly dependent on
soil pH, which may affect the symbiotic performance by
reduction of the nodulation efficiency [10, 20, 25]. In addi-
tion, it is known that the pH in the rhizosphere of the
leguminous host plant is lower due to the protons and
organic acids excreted by the plants [35], suggesting that
the rhizobial partner has to deal with this stressful condition
to achieve effective symbiosis. Previous studies in our lab-
oratory [8] indicated that the maximum symbiotic perfor-
mance achieved by a specific strain is related to its optimal
growth pH. This suggests that reaching a higher symbiotic
performance of rhizobia inoculants in chickpea crops should
require the selection of a strain whose preferred pH is
similar to the pH of the soil to be cultivated. Similar results
were found in peanut rhizobia by Angelini et al. [5].

Despite the fact that several studies have attempted to
characterize the genes involved in tolerance to acidity, the
molecular mechanisms to respond to acidity are still un-
known in rhizobia. Molecular chaperones form a multi-
protein network that prevent protein denaturation, and also
help in the proper protein folding and refolding, transport,
degradation, and regulation. The functioning of this network
is particularly important under stress conditions, such as
acidic shock [22]. Our results from the transcriptional anal-
ysis of ten mesorhizobia isolates show a relationship be-
tween higher levels of transcriptional induction of both
dnaK and groESL genes upon acidic shock and a higher
ability of mesorhizobia to tolerate acid pH. Upon acid
shock, both dnaK and groESL genes were induced only in
acid-tolerant isolates and not in sensitive isolates, with the
exception of the moderately acidophilic isolate (AL-13),
which showed a repression of the groESL gene but one of
the highest levels of dnaK gene induction. These results
suggest that increased expression of chaperone genes may
contribute to a higher tolerance to acid stress in rhizobia.
However, these results only refer to the isolates belonging to
M. ciceri/M. loti andM. huakuii/M. amorphae species clusters
since no comparison between tolerant and sensitive isolates

Figure 5 Expression levels of dnaK and groESL genes after salt shock evaluated by northern analysis using tolerant and sensitive isolates from the
four species clusters
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was available for the remaining species. Foster [18] suggested
a model to explain the acid response in Salmonella cells
involving DnaK and GroEL due to their ability to refold acid
denatured proteins. Studies in Streptococcus mutans revealed
that dnaK and groEL are part of the general stress response
being both induced during the acid shock response [32, 33,
36]. Other studies in E. coli showed that the expression of the
chaperones DnaK, DnaJ, and GrpE was inducible under acid
shock [49]. However, contrary to these results, dnaK and dnaJ
chaperone genes were found to be down-regulated upon
acidic stress in Streptococcus suis S2 [48].

In rhizobia, little is known about acid response. Recently,
transcriptional analysis using Ensifer meliloti 1021 cells
following an acidic upshift showed increased groEL5 tran-
script levels [15, 23]. Hellweg et al. [23] verified that the
groEL5 gene was not immediately up-regulated after the pH
shift, but slowly increased its expression level during the
time course (1 h, pH 5.75).

Our previous studies in chickpea mesorhizobia suggest the
existence of a relationship between higher levels of transcrip-
tional induction of the dnaK and groESL chaperones genes
and a higher ability of isolates to endure heat stress [3]. In
contrast, no correlation between salt tolerance and expression
levels of these chaperones genes in mesorhizobia was found
[9]. Altogether, it seems that dnaK and groESL genes may be
involved in acid and heat tolerance in chickpea mesorhizobia.

Here we evaluated the diversity of tolerance to acid and
alkaline stress conditions of a collection of chickpea meso-
rhizobia isolates belonging to four species clusters and
investigated possible relationships between acid tolerance
phenotype of isolates and their species cluster, geographical
origin, origin soil pH, and symbiotic effectiveness. Our
findings suggest that tolerance to acid stress is related to
the species clusters and to the origin soil pH. A clear
relationship between induction of dnaK and groESL genes
upon acidic shock and tolerance to acidic conditions was
found, suggesting that induction of these chaperone genes is
involved in the chickpea mesorhizobia tolerance to acid pH.
However, further studies are required to clarify the role of
these chaperone genes in acid stress tolerance of rhizobia.
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