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Abstract To investigate whether leucine biosynthesis
plays a role in survival and growth under acidic condi-
tions, leucine auxotrophs were produced from acid-
tolerant Rhizobium tropici CIAT899. An internal frag-
ment of the R. tropici leuA gene was PCR amplified using
degenerate primers and cloned into an integrative plasmid
for mutagenesis of the locus. Sequence and homology
analysis confirmed the identity of the 550-bp gene
fragment, with highest similarity (86% identity) to leuA
from Sinorhizobium meliloti. The resultant mutants were
strict leucine auxotrophs when tested on solid and liquid
media. The mutants could be divided into two groups
dependent on their ability to grow in the presence of
leucine at both pH 6.8 and pH 5.5, or only at pH 5.5. One
mutant, HS20, which could only grow properly in the
presence of leucine at pH 5.5, was tested for its acid
tolerance. When inoculated into medium at pH 3.5, the
mutant was able to survive and to alter the pH from 3.5 to
3.8 whereas the wildtype could not. The wildtype was
able to grow at pH 4.0, 4.5 and 5.0 without raising the
extracellular pH, indicating that alteration of extracellular
pH is not one of the strategies used by the wildtype for
growth under acidic conditions. The ability of the mutant
to raise the extracellular pH from 3.5 to 3.8 may enable it
to survive at the extreme of its pH range of growth.
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Introduction

Soil acidity is one of the main environmental factors
limiting the establishment of the Rhizobium-legume
symbiosis. Rhizobial species vary in their ability to

survive under acidic conditions. For example, decimal
reduction time, D values, for Rhizobium tropici
UMR1899, Bradyrhizobium japonicum USDA110 and
Rhizobium leguminosarum 3001 at pH 5.0 are 56, 86 and
6 min respectively (O’Hara and Glenn 1994). In many
cases it is the inability of the microsymbiont to persist
under acidic conditions from one season to the next which
reduces the effectiveness of the symbiosis.

Acid-tolerant strains of Rhizobium have been isolated,
but all the mechanisms they use to survive and grow
under acidic conditions have not been fully elucidated. As
many as 20–50 different genes may be involved (Glenn
and Dilworth 1994; Glenn et al. 1999).

When rhizobia are exposed to acidic conditions, the
presence of a carbon source and the rhizobial ability to
take it up enhances their survival (Clarke et al. 1993;
Steele et al. 1999). Rhizobia are capable of metabolising
many different carbon sources releasing products which
alter the environmental pH, in some cases leading to
amelioration of unfavourable conditions. Under acidic
conditions they can catabolise organic acids and amino
acids which results in alkalinisation (Dilworth and Glenn
1999).

Proteomics have revealed that glutamine synthetase
and its regulator are down regulated under pH stress
indicating a possible link between acid stress and nitrogen
cycling in rhizobia (Tiwari et al. 1999). This corresponds
to the detection of glutamate accumulation in rhizobia
when grown under acid stress (Graham et al. 1994).
Glutamate may only play a limited role in buffering the
internal pH (pHi) as its pKa of 4.07 is much lower than the
normal range of pHi for bacteria capable of growing under
acidic conditions, which is between pH 6.0 and 7.6
(Booth 1999).

As amino acids can be catabolised to result in
alkalinisation of an acidic environment and nitrogen
cycling is altered in response to acid stress, it is possible
that alterations in amino acid biosynthesis are part of the
co-ordinated response of rhizobia to acidic conditions,
and disruption of this may alter acid tolerance (Bearson et
al. 1997).
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Leucine auxotrophs are known to have an altered
symbiotic phenotype in that they are not released from the
infection thread (Kuykendall 1981). To investigate the
free-living phenotype in terms of whether leucine
biosynthesis plays a role in survival and growth under
acidic conditions, we created leucine biosynthesis (leuA)
mutants from the acid-tolerant strain Rhizobium tropici
CIAT899 and characterised them in terms of leucine
auxotrophy, pH range of growth and ability to nodulate
their host.

Materials and methods

Construction of leucine auxotrophs

An internal fragment of the R. tropici leuA gene, confirmed by
sequencing, was PCR-amplified using degenerate primers, cloned
into an integrative vector which carries a kanamycin resistance
cassette (pk18mob; Sch�fer et al. 1994) and used for mutagenesis
of the locus. Mutants were streaked in parallel onto minimal
medium containing 75 mg kanamycin l-1, solidified with 1.5% agar,
with or without leucine to directly select for leucine auxotrophs.

To determine how often the vector had integrated in the
genome, DNA from two of the mutants, HS17 and HS20, was
restricted separately with BamHl and EcoRl and subjected to
Southern blot hybridisation analysis using a probe for the
kanamycin resistance cassette of the vector.

To check that the mutants were derived from R. tropici
CIAT899 wildtype, repetitive extragenic palindromic PCR genomic
fingerprinting (REP-PCR) was performed (Vinuesa et al. 1998).
The resultant banding pattern from the mutants was compared to
that of the wildtype.

Leucine auxotrophy experiment in liquid medium

A basic salt liquid medium, 20 N (Werner and Stripf 1978),
consisting of 87 mg l-1 K2HPO4, 68 mg l-1 KH2P04, 370 mg l-1

MgSO4.7H2O, 506 mg l-1 KNO3, 147 mg l-1 CaCl2, 6.95 mg l-1

FeSO4.7H2O, 9.3 mg l-1 Na2-EDTA, 4.84 mg l-1 Na2MoO4.2H2O,
0.66 mg l-1 Kl, 0.025 mg l-1 CuSO4.5H2O, 0.024 mg l-1

CoCl2.6H2O, 0.287 mg l-1 ZnSO4.7H2O, 0.169 mg l-1 MnSO4.H2O,
0.61 mg l-1 H3BO4 with 20 mM MES buffer for buffering at pH 5.5,
and 10 mM mannitol as carbon source was prepared and then
divided into two flasks. To one of the flasks leucine [50 mg l-1

(380 �M)] was added and the pH adjusted to 5.5. Then, 10-ml
aliquots were removed and sterile-filtered into sterile 25-ml test
tubes. The pH of the remaining medium was then altered to pH 6.8
and 10-ml aliquots taken as before. The second flask of medium,
without leucine, was treated in the same way. This was to ensure
that mutants and wildtype were grown under identical conditions.

Cultures were grown in TY medium (5 g l-1 tryptone, 3 g l-1

yeast extract, 860 mg l-1 CaCl2) on a rotary shaker at 28�C and
pH 6.8 (mutants in medium with 75 mg kanamycin l-1) to OD600
=0.5, washed in 0.85% NaCl solution and 100 �l inoculated into the
test medium. Cultures were grown at 28�C on a rotary shaker to
ensure aerobic growth conditions. Growth was monitored as cfu ml-

1 by removal of 100 �l at each sampling time, and the final pH of
the medium was determined. Cfu/ml was determined by serial
dilution of the 100-�l culture subsample in 0.85% NaCl solution,
and plating out of three of the dilution steps onto replicate YEMA
(0.5 g l-1 K2HPO4, 0.2 g l-1 MgSO4.7H2O, 0.1 g l-1 NaCl, 0.5 g l-1

yeast extract, 10 g l-1 mannitol, 15 g l-1 agar) plates. Colonies
growing after 2-days incubation at 28�C were counted and the cfu/
ml calculated. This experiment was carried out twice with two
replicates per treatment within the individual experiments.

Lower limit of pH range of growth

To investigate the lower limit of the pH range of growth, mutant
HS20 was inoculated into medium at pH 3.5, 4.0, 4.5 and 5.0, and
the cfu ml-1 and pH alteration was measured daily over 5 days and
compared with the wildtype as control. The 20 N medium was
prepared with leucine as above except no buffer was used. Each of
the four 500-ml flasks contained 200 ml medium. The cultures were
grown in TY medium at 28�C and pH 6.8 on a rotary shaker to
OD600 =0.5, subcultured into fresh TY medium and allowed to
grow to OD600 =0.2. The inoculum was then washed in 0.85% NaCl
solution and 100 �l inoculated into each flask. Flasks were
incubated at 28�C on a shaker to ensure aerobic growth conditions.
The cfu ml-1 of the initial inoculum was determined. Cfu/ml was
determined by serial dilution of a 1-ml culture subsample in 0.85%
NaCl solution, and plating out of three of the dilution steps onto
replicate YEMA plates. Colonies growing after 2-days incubation
at 28�C were counted and the cfu/ml calculated. Survival was
monitored using cfu ml-1 over 5 days at 28�C. A 20-ml aliquot was
removed daily to measure the pH. This experiment was carried out
twice with two replicates per treatment within the individual
experiments.

Nodulation assays

Leucaena leucocephala cv Cunningham (Commonwealth Scientific
and Industrial Research Organisation, Canberra, Australia) seeds
were surface sterilised and germinated as described in Vinuesa et
al. (1998). Phaseolus vulgaris cv saxa seeds were surface sterilised
with 3% sodium hypochlorite solution for 3 min, washed five times
with sterile water, soaked in water for 4 h, washed again and plated
onto water agar plates for germination at 28�C over 2 days. The
nodulation assays were performed in growth pouches or in Leonard
jars with vermiculite/perlite (1:1) as the substrate. For growth of P.
vulgaris nitrogen-free rooting solution was used, and for L.
leucocephala the rooting solution was supplemented with 3:1
KNO3:NH44NO3 to a final concentration of 2 mM. The cultures
were grown and washed with 0.85% NaCl solution to remove all
traces of antibiotic. The cfu ml-1 was determined and the antibiotic
resistance of the mutants was confirmed by plating dilutions of the
culture onto medium with kanamycin (75 mg l-1). Seeds were
submerged in the culture for 10 min and then transferred to the
growth assembly. Plants were grown in growth chambers (15-9 h
light-darkness cycle with a 25-18�C temperature regime and 70%
relative humidity) for 3 weeks. Finally, rhizobia were reisolated
from nodules and tested for antibiotic resistance, the wildtype being
resistant to streptomycin and mutants being resistant to streptomy-
cin and kanamycin.

Results and discussion

Genotypic analysis

Sequence and homology analysis of the cloned PCR
product confirmed the identity of the 550-bp gene
fragment, with highest similarity (86% identity) to leuA
from Sinorhizobium meliloti (Sanjuan NCBl accession
number AJ132004). leuA encodes 2-isopropylmalate
synthase (E.C. 4.1.3.12) involved in the first step of
leucine biosynthesis: 3-hydroxy-4-methyl-3-carboxypen-
tanoate + CoA! acetyl CoA + 2-oxo-3-methylbutanoate
+ H2O.

Southern analysis of BamHl restricted DNA from two
of the leuA mutants, HS20 and HS17, using a probe for
the kanamycin resistance cassette of the vector revealed
that it had integrated one time in the genome of both
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mutants and was located on a single band of approxi-
mately 4.5 kb. A second Southern experiment using
EcoRl restriction and the same probe revealed that for
both the mutants the vector had integrated in a 12-kb
fragment (data not shown). The leuA mutants were shown
to be derivatives of R. tropici CIAT899 using REP-PCR
pattern analysis (data not shown).

Leucine auxotrophy at pH 6.8 and 5.5

Mutants HS17, HS20, HS21, HS23, HS24, HS50, HS51
and HS52 were tested for leucine auxotrophy by inocu-
lation into buffered minimal medium at pH 6.8 with or
without leucine (50 mg l-1). Their growth was compared
with the wildtype under identical conditions. The wild-
type was able to grow in the presence and absence of
leucine at both pH 6.8 and 5.5. The mutants could be
divided into two groups: mutants HS17, HS24, HS50,
HS51 and HS52 were strict leucine auxotrophs displaying
no growth in medium without leucine and growth
comparable to the wildtype in medium with leucine
(Fig. 1a). Mutants HS20, HS21 and HS23 were not
leucine repairable at pH 6.8, but when the experiment was
repeated at pH 5.5, all mutants were repairable in the
presence of leucine (Fig. 1b). This could not be explained
by differences between the mutants in the location of the
vector integration. Southern analysis had revealed no

difference between the two sorts of mutants in the
location of the single vector insertion, and all were
leucine auxotrophs. It is possible that these mutants were
also influenced in their ability to transport leucine and
that they could only grow properly at more acidic pH
because rhizobia produce more transporters under acidic
conditions. Mutants HS20, HS21 and HS23 showed an
alteration in the pH range of growth. The lower limit of
the pH range of growth of mutant HS20 was investigated
further.

pH range of growth

One method that rhizobia could use to survive under
acidic conditions is the selective catabolism of carbon
sources which result in the amelioration of the environ-
mental pH (Dilworth and Glenn 1999). However, as
rhizobia typically live under nutrient limited conditions in
the soil this ability is unlikely to significantly contribute
towards survival. Possibly the legume rhizosphere con-
tains sufficient carbon sources to allow root nodule
bacteria to use pH amelioration. Experiments with R.
leguminosarum biovar viciae indicated that the strain
showed no preference for carbon sources that could result
in amelioration when grown at pH 5.5 and 7.0 (Castro et
al. 2000). However, it may be that rhizobial ability to alter
the environmental pH is more significant when they have
to grow and survive at the extremes of their pH range. As
leucine biosynthesis mutant HS20 appeared to be better at
growing under acidic conditions than at the more neutral
pH 6.8, the lower limit of the growth range of the mutant
was investigated and compared with the wildtype.
Unbuffered minimal salt medium was prepared with
leucine and mannitol. The pH range was from pH 3.5 to
5.0 in 0.5 steps. The mutant and wildtype were not
preadapted. The alteration to pH was measured daily to
give a more accurate picture of the pattern of extracellular
pH alteration as the wildtype and mutant grow. When the
mutant was inoculated into medium at pH 3.5 it was able
to survive whereas the wildtype could not (Fig. 2a).
Measurement of the pH during the experiment indicated
that the mutant was able to raise the pH from 3.5 to 3.8,
possibly enabling it to survive.

At pH 4.0 the wildtype still grew more slowly than the
mutant. This may be because the mutant is able to alter
the pH from 4.0 to 5.2 in the first day, whereas the
wildtype does not alter the pH (Fig. 2b). At each pH
tested this initial alkalinisation of the medium by the
mutant was observed (Fig. 2). As the wildtype did not
alter the pH of the unbuffered medium, it is clear that
alteration of the external pH is not a strategy used by this
acid tolerant strain to survive under acidic conditions.

That the mutant and the wildtype respond differently to
acidic conditions may have something to do with
exchange between the rhizobia and their environment.
As the mutant needs to take up leucine from its
environment before it can grow, it is clear that it can
transport leucine. It has been shown, that the transporter,

Fig. 1 a Growth of Rhizobium tropici wildtype and leuA mutants
in minimal medium at pH 6.8. b Results of the same experiment
carried out at pH 5.5. Wildtype without leucine (u); leuA mutant
type 1: HS24 with (�) and without (l) leucine; leuA mutant type
2: HS20 with (h) and without (n) leucine
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encoded by operon aapJQMP, involved in the uptake of
leucine is non-specific, affected by alterations in the
external pH and has a pH optimum between pH 6.0 and
7.0 (Poole et al. 1985). It is possible that rhizobia
overcome the reduced efficiency of transporters at lower
pH by producing more transporters to maintain the
transport rate. It has also been proposed that the general
l-amino acid permease of R. leguminosarum is involved
in activating other unrelated ion channels and transporters
(Walshaw and Poole 1996). This may alter the membrane
permeability of the mutants, increase their ability to
exchange with their environment, and could influence
their ability to grow under acidic conditions.

The ability to ameliorate the environmental pH,
especially at the extremes of pH range of growth, is
important if you consider that R. tropici has already been
shown to be able to nodulate host plants growing in soils
at pH 4.0. In soils with a slightly lower pH, coinoculation
of the R. tropici wildtype with the mutant described in this
study may be possible. Under these circumstances the
mutant, which is unable to nodulate the host plant, could
alkalinise the environmental pH and the wildtype would
then be able to survive and nodulate the host plant.
Coinoculation could further extend the pH range of
growth and nodulation of the wildtype.

Nodulation assays were performed in Leonard jars for
L. leucocephala and in growth pouches for P. vulgaris.
The plant experiments showed that the R. tropici leuA

mutants created here were unable to form nodules on P.
vulgaris and L. leucocephala plants. Some small white
pseudonodules were formed by the mutants. No rhizobia
could be isolated from them. The wildtype formed
nodules on both types of host plants. Antibiotic resistance
testing of rhizobia recovered from nodules indicated that
the R. tropici CIAT899 wildtype was present in the
nodules. Uninoculated controls contained no nodules.
This agrees with previous research which showed that
leucine mutants are not released from the infection
threads (Kuykendall 1981).

Under acidic conditions, the leucine auxotroph is
better able to survive and grow than the wildtype. This
may be explained by the ability of the mutant to alkalinise
its environment whereas the wildtype cannot.
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