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A succinate dehydrogenase mutant strain of Rhizobium meliloti was isolated
after nitrosoguanidine mutagenesis. It failed to grow on succinate, glutamate,
acetate, pyruvate, or arabinose but grew on glucose, sucrose, fructose, and other
carbohydrates. The mutant strain showed delayed nodulation of lucerne plants,
and the nodules were white and ineffective. A spontaneous revertant strain of
normal growth phenotype induced red and effective nodules.

Organic acid metabolism in Rhizobium species has not been extensively studied. Graham
reported that tricarboxylic acid (TCA) cycle
intermediates promote growth of different species of fast-growing rhizobia; however, growth
of slow growing strains was much more limited
(13). Oxidation of several TCA cycle intermediates has been studied both in cultured (15, 23)
and in nodule-extracted Rhizobium species (20,
22, 23). Organic acids are present in soybean
nodules in lower concentrations than carbohydrates (2). Nevertheless, they support the highest rate of oxygen respiration by bacteroid suspensions (23), and succinate in particular is the
most effective substrate for supporting nitrogen
fixation (3).
These observations warranted further study of
succinate catabolism by rhizobia. The isolation
of a succinate dehydrogenase mutant strain
would be useful for study of this catabolism and
exploration of the relationship between the TCA
cycle and symbiotic nitrogen fixation by Rhizobium species. A mutant strain defective in aketoglutarate dehydrogenase has already been
isolated from Rhizobium meliloti (7).
This paper reports the isolation, identification, and symbiotic properties of a succinate
dehydrogenase mutant of R. meliloti L5-30.
(A preliminary report of this work has been
presented [Proc. 4th Int. Symp. Nitrogen Fixation, Canberra, Australia, December, 1980,
abstr. no. 240].)
The parent strain used was R. meliloti L5-30
(strr) reisolated from nodules of lucerne (Medicago sativa var. Du Puits). The parent and
mutant strains were maintained on mannitol
minimal medium (MM) (1). Cells were grown in
MM containing mannitol (0.5%) plus succinate
(0.3%) and 3 mg of mono- and dipotassium
t Present address: Department of Microbiology and Public
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phosphates per ml. Plates also contained 2%
agar. Rich medium (RM) was described previously (10). All sugars were of the D-configuration except for L-arabinose.
Nitrosoguanidine mutagenesis (20% survival)
was performed as earlier described (1) and was
followed by one penicillin enrichment cycle in
succinate minimal medium to enrich for mutants
unable to grow on succinate. Surviving cells
(0.6%) were cloned on RM containing succinate
(0.3%), and the plates with isolated colonies
were overlaid with nitrotetrazolium blue (NBT)
reagent in the presence of phenazine methosulfate (8). Colonies which failed to reduce this dye
were picked as presumptive mutant strains deficient in succinate dehydrogenase. One of these
isolates (UR6) which was unable to grow on
succinate MM but still grew on mannitol MM
was selected for further studies. Spontaneous
revertants, which were phenotypically similar to
the wild-type strain, were selected on MM containing succinate (0.3%). One of them (UR7) was
used in these studies. Reversion of strain UR6
on succinate occurred at a frequency of 5 x
10-6.
Published methods were used for assaying
succinate dehydrogenase (EC 1.3.99.1) (15), malate dehydrogenase (EC 1.1.1.37) (7), isocitrate
dehydrogenase (EC 1.1.1.42) (7), citrate synthase (EC 4.1.3.7) (19), a-ketoglutarate dehydrogenase (EC 1.2.4.2), and pyruvate dehydrogenase (EC 1.2.4.1) (17). Protein was measured
by the method of Bucher (5), with bovine serum
albumin as a standard. Nitrogen fixation activity
in root nodules of lucerne plants was performed
by the acetylene reduction assay as previously
described (1).
Growth properties of R. meliloti L5-30 and
mutant strain UR6 are shown in Table 1. Strain
UR6 grew on several carbon sources but produced smaller colonies than did the parent
strain. The inability to grow on succinate and
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TABLE 1. Growth of parent (L5-30) and mutant

(UR6) strains of R. meliloti on several carbon
sources

Colony diam (mm)b
L5-30
UR6
None
0.4
0.0
Glucose
1.9
0.5
Fructose
1.9
0.5
Mannose
2.0
0.5
Galactose
1.8
0.6
Lactose
1.8
0.4
Sucrose
1.6
0.5
Maltose
2.1
0.4
Mannitol
2.0
0.6
Sorbitol
1.8
0.6
Arabitol
2.0
0.9
Ribose
2.4
0.7
1.5
Xylose
0.4
Glycerol
1.3
0.3
Fumarate
1.2
0.5
Malate
0.8
0.5
Succinate
1.5
0.0
Glutamate
1.5
0.0
0.5
Acetate
0.0
1.4
Pyruvate
0.0
L-Arabinose
2.0
0.0
a Cultures were diluted to produce approximately 50
colonies and spread on minimal medium plates containing the indicated carbon source at 0.5%, except for
acetate at 0.2% and malate at 0.1%.
b Average colony diameters were measured after 8
days of incubation at 30°C.
Carbon sourcea

glutamate was expected as these substrates are
channeled via the TCA cycle, which is blocked
at the level of succinate dehydrogenase in UR6
(Table 2). Failure to grow on L-arabinose could
be explained by similar reasoning since the
parent strain metabolizes this sugar through a
pathway leading to a-ketoglutarate. The glyoxylate cycle is probably used for acetate growth,
and an a-ketoglutarate dehydrogenase mutant of
R. meliloti was also unable to grow on acetate
and pyruvate (7). UR6 was able to grow on
fumarate and malate similarly to a mutant strain
of R. leguminosarum with reduced succinate
dehydrogenase activity (9). The nature of the
mutation is not known. However, the phenotype
seemed to be caused by a single mutation since
revertants selected on succinate grew also on
pyruvate, arabinose, acetate, and glutamate.
Table 2 shows the specific activity of several
enzymes of the TCA cycle in each strain. Succinate dehydrogenase activity was not detected in
UR6, and the revertant UR7 regained the activity. Succinate dehydrogenase was also detected
in R. meliloti L5-30 grown in MM containing
succinate, mannitol, mannitol plus succinate,
glycerol, glucose, fructose, xylose, or L-arabinose. [14C]succinate uptake activity was present

in the mutant strain, although with a lower rate
than in the parent strain. Ammonia assimilatory
enzymes, NADH-linked glutamate dehydrogenase, NADPH-linked glutamate synthase, and
glutamine synthetase were also present in cellfree extracts of parent and mutant strains (data
not shown).
Nodule formation and acetylene reduction activity were assayed (Table 3). Nodulation induced by UR6 was delayed, and the nodules
formed were white and unable to fix nitrogen as
measured by the acetylene reduction assay.
Bacteria recovered from these nodules had the
same phenotype as the mutant strain. However,
both R. meliloti L5-30 and UR7 induced the
normal formation of red nodules with similar
nitrogenase activities.
The failure of mutant strain UR6 to induce
effective nodules suggests that a complete TCA
cycle is needed for a functional symbiosis. This
supports many observations pointing to the role
of the TCA cycle for uptake and metabolism of
organic acids in the nitrogen fixation process of
legume root nodules. Succinate, fumarate, malate, and malonate have been detected in root
nodules of soybean plants in higher concentrations than in roots or leaves (21); organic acid
production, mainly of malate, has been demonstrated in Psium sativum root nodules; and a
high rate of malate and succinate uptake has
been reported for isolated bacteroids of R. leguminosarum (6). Pea nodules which are ineffective because of the plant genotype have been
incubated in the presence of succinate or pyruvate and regained the ability to reduce acetylene
TABLE 2. TCA cycle enzymes in the parent (L530), mutant (UR6), and revertant (UR7) strains'
Sp act (nmol/min per
mg of protein)b
L5-30 UR6 UR7
Pyruvate dehydrogenase
5.1
4.0
3.9
Citrate synthase
78
156
83.3
Isocitrate dehydrogenase
241
195
135
2.4
oa-Ketoglutarate dehydrogenase 7.1 3.0
Succinate dehydrogenase
38
0
15
Malate dehydrogenase
704 533
572
0 Cells were grown in minimal medium containing
0.5% mannitol plus 0.3% succinate.
b Cell-free extracts were prepared by French press
treatment as previously described (1), except that
0.025 M Tris-hydrochloride buffer (pH 7.6) containing
10 mM 2-mercaptoethanol and 0.1% bovine serum
albumin was used to resuspend the cell pellet. All
enzyme activities were measured in a Gilford spectrophotometer model 250 and expressed as nanomoles of
substrate consumed or product formed per minute per
milligram of extract protein. Corrections were made
for the small changes in controls without substrate.
Enzyme
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TABLE 3. Acetylene reduction by lucerne plants
inoculated with parent (L5-30), mutant (UR6), and
revertant (UR7) strains of R. melilotia
Acetylene reduction activityb
Strain
(nmol of

C2H4 per plant per h)

L5-30 .
92
4
UR6 .
UR7 ..96
a Activity was measured on whole plants of lucerne
21 days after inoculation.
b Data are mean values obtained from several
plants. (Three independent experiments were run.)
Corrections were made for the small amounts of
ethylene produced in uninoculated controls. Ethylene
formation was measured by gas chromatography with
the use of a column (0.5 m by 3 mm) packed 0.25 m
with Porapak N and 0.25 m with Porapak G (80 to 100
mesh) at 20°C and a flame ionization detector of a
Glowall 310 gas chromatograph. Ethylene peaks were
measured by using an ethylene standard curve.
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(14). TCA cycle intermediates have been used
for nitrogenase production in free-living cultures
of Rhizobium sp. strain 32H1, and the highest
activity is with succinate (11); omitting succinate
from the culture medium causes the concentration of dissolved oxygen to rise, and nitrogenase
activity is lost (4). Similar to the UR6 mutant
strain, R. trifolii mutant strains defective in C4dicarboxylate transport (18), R. leguminosarum
mutant strains with decreased uptake and metabolism of succinate (12), and an a-ketoglutarate dehydrogenase mutant strain of R. meliloti
(7) also form ineffective nodules on their respective hosts.
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