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The nitrogen-fixing symbiont of alfalfa, Sinorhizobium meliloti, is able to use myo-inositol as the sole carbon
source. Putative inositol catabolism genes (iolA and iolRCDEB) have been identified in the S. meliloti genome
based on their similarities with the Bacillus subtilis iol genes. In this study, functional mutational analysis
revealed that the iolA and iolCDEB genes are required for growth not only with the myo-isomer but also for
growth with scyllo- and D-chiro-inositol as the sole carbon source. An additional, hypothetical dehydrogenase
of the IdhA/MocA/GFO family encoded by the smc01163 gene was found to be essential for growth with
scyllo-inositol, whereas the idhA-encoded myo-inositol dehydrogenase was responsible for the oxidation of
D-chiro-inositol. The putative regulatory iolR gene, located upstream of iolCDEB, encodes a repressor of the iol
genes, negatively regulating the activity of the myo- and the scyllo-inositol dehydrogenases. Mutants with
insertions in the iolA, smc01163, and individual iolRCDE genes could not compete against the wild type in a
nodule occupancy assay on alfalfa plants. Thus, a functional inositol catabolic pathway and its proper
regulation are important nutritional or signaling factors in the S. meliloti-alfalfa symbiosis.

The sugar alcohol inositol, or cyclohexanehexol, occurs in sev-
eral different stereoisomers, of which the myo-form (Fig. 1, com-
pound 1) is the most abundant (1). myo-Inositol plays important
structural and signaling roles in animal and plant cells (22). In the
environment, myo-inositol mainly occurs in the phosphorylated
form and is involved in the phosphate cycle of terrestrial and
freshwater ecosystems (41). The stereoisomers D-chiro- and scyllo-
inositol have recently attracted attention, because they have
shown therapeutic potentials for diabetes and Alzheimer’s dis-
ease, respectively (11, 21). Although there is only limited knowl-
edge about the metabolism of D-chiro- and scyllo-inositol (25, 50),
the catabolism of myo-inositol has been studied in a variety of
microorganisms, including some members of the Firmicutes (17,
46, 51), Enterobacteriaceae (4, 19, 40), and Rhizobiaceae (16, 29).
The myo-inositol catabolic pathway and its regulation are best
understood in the Gram-positive bacterium Bacillus subtilis. The
B. subtilis iol genes are organized in a divergon comprising
iolABCDEFGHIJ and iolRS (47–49). In the proposed inositol
catabolic pathway, the myo-inositol dehydrogenase oxidizes myo-
inositol to its corresponding ketone 2-keto-myo-inositol (2KMI),
which is then further catabolized by the actions of IolE, -D, -B, -C,
-J, and -A (Fig. 1). The inducer of the inositol catabolic pathway
in B. subtilis is the product of the IolC reaction, 2-deoxy-5-keto-
D-gluconic acid 6-phosphate (DKGP; compound 6 in Fig. 1),
which antagonizes the binding of the IolR repressor to the iol
promoter region (51).

Sinorhizobium meliloti, the nitrogen-fixing symbiont of al-
falfa, can use myo-inositol as the sole carbon source (15). The

idhA-encoded myo-inositol dehydrogenase had been shown to
be required for myo-inositol catabolism (15), and more re-
cently, an S. meliloti iolA mutant was reported that could not
grow with myo-inositol as the sole carbon source (5). Based on
comparisons with B. subtilis, a cluster of genes (iolRCDEB) was
identified in the genome of S. meliloti (http://sequence
.toulouse.inra.fr/S.meliloti), but their functional role has not
been described. Rhizobial inositol metabolism is of special
interest because of its link to the catabolism of a group of
nutritional mediators in plant-bacteria interactions known as
the rhizopines. Rhizopines, produced by several symbiotic S.
meliloti and Rhizobium leguminosarum bv. viciae strains, are
inositol derivatives, namely, scyllo-inosamine and L-3-O-methyl-
scyllo-inosamine (26, 36, 38, 43). The ability to catabolize these
inositol derivatives (rhizopines) has been shown to play a role
in competition for nodule occupancy (35), but it seems that the
ability to catabolize myo-inositol itself may also play a role in
plant-bacteria interactions. For example, R. leguminosarum bv.
viciae iolA and iolD mutants were reported to be strongly
impaired in their ability to compete with the wild type during
the nodulation process (14), and a Sinorhizobium fredii idhA
mutant induced nodules with aberrant ultrastructure and
showed reduced nitrogen-fixing ability (16). In contrast, an S.
meliloti idhA mutant was not affected in the ability to nodulate
its host plant or to fix nitrogen, but results from competition
experiments have not been reported for S. meliloti (15). Here,
we present a detailed analysis of the S. meliloti smc01163, iolA,
and iolRCDEB genes and elucidate their roles in the catabo-
lism of different inositol isomers and in plant-bacteria interac-
tions.

MATERIALS AND METHODS

Microbiological methods. The bacterial strains and plasmids used in this study
are listed in Table 1. Escherichia coli strains were grown at 37°C in LB medium
(37). Antibiotic concentrations for E. coli were 50 �g/ml ampicillin (Ap), 30
�g/ml chloramphenicol (Cm), 15 �g/ml gentamicin (Gm), 25 �g/ml kanamycin
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(Km), 25 �g/ml spectinomycin (Sp), and 10 �g/ml tetracycline (Tc). S. meliloti
cultures were grown at 28°C. Rich media for S. meliloti were tryptone yeast (TY)
(3) or LB medium supplemented with 2.5 mM MgSO4 and 2.5 mM CaCl2
(LBMC); minimal media were minimal M medium (34) with 0.1% KNO3 or
0.1% NH4Cl as sole nitrogen source for the catabolism studies and enzyme
assays and GTS minimal medium (18) for the selection of exconjungants. Carbon
sources were added to the minimal media at a final concentration of 0.2% unless
otherwise indicated. Antibiotic concentrations for S. meliloti were 15 �g/ml Gm,
200 �g/ml Km, 250 �g/ml streptomycin (Sm), 200 �g/ml Sp, and 10 �g/ml Tc. For
the catabolism studies, S. meliloti strains were inoculated 1:100 from TY precul-
tures into liquid minimal M medium. Cultures were grown on a shaking incu-
bator, and the growth was determined spectrophotometrically at 600 nm after 3,
5, and 7 days. Catabolism studies were carried out in duplicate, and values
represent the averages of two independent experiments � the standard errors of
the means (SEM).

Preparation of 2-keto-myo-inositol. The 2KMI used in this study was synthe-
sized using Gluconobacter oxydans (Acetobacter suboxydans ATCC 621) accord-
ing to the methods described by Carter et al. (7) with the following adaptations:
G. oxydans was grown on sorbitol agar containing 2.5% sorbitol, 0.5% yeast
extract, 0.3% peptone, and 1.5% agar or in sorbitol broth containing 10%
sorbitol and 0.5% yeast extract. G. oxydans was inoculated 1:100 from an over-
night preculture into oxidation medium containing 3% myo-inositol, 0.5% yeast
extract, and 0.1% sorbitol. The oxidation was carried out at 28°C for 4 days.
Bacteria were removed from the medium via centrifugation at 6,000 � g. The
crude product was concentrated and recrystallized from a water-methanol mix-
ture to afford the clean 2KMI.

2-Keto-myo-inositol. Melting point 199°C (lit. m.p. 201°C); 1H NMR (400
MHz, D2O): � 4.38 (d, J � 10.2 Hz, 2 H), 3.78 (t, J � 9.5 Hz, 1 H), 3.45 to 3.34
(m, 2 H). The melting point was determined in open capillaries using a Thomas-
Hoover Unimelt instrument. The nuclear magnetic resonance (NMR) spectrum
was recorded using a 400-MHz Jeol Eclipse nuclear magnetic resonance instru-
ment.

DNA manipulations and microbiological methods. Preparation of plasmid
DNA, DNA digests, agarose gel electrophoresis, cloning, and transformation of
E. coli cells were performed following established protocols (37). Di- and tripa-

rental conjugations were performed according to the methods reported by Ross-
bach and de Bruijn (33).

Construction of S. meliloti mutants. Internal DNA fragments of the individual
iolCDEB genes and a 1,121-bp DNA fragment that contained smc01163 were
PCR amplified from cultures of S. meliloti 1021 with the primers listed in Table
S1 of the supplemental material. The iolCDEB and the smc01163 PCR products
were initially cloned into the pGEM-T or pCR2.1-TOPO vectors (Table 1). The
individual iolCDEB inserts were recloned into the insertion vector pVO155
(Table 1) and smc01163 was cloned into the sacB-containing suicide vector
pJQ200SK (Table 1). An � Sm/Sp fragment replaced the 341-bp NruI fragment
of smc01163, resulting in plasmid pPK63::�. The pVO155 vectors carrying the
internal fragments of the iolBCDE genes and pPK63::� were conjugated into S.
meliloti 1021 with the helper plasmids pRK600 and pRK2013 (Table 1), respec-
tively. The insertion events of the pVO155 derivatives were selected by plating
the conjugation mixture onto LBMC Sm Km. The double homologous recom-
bination event with pPK63::� was selected for by plating on GTS Sm Sp, fol-
lowed by counterselection on TY Sm Sp containing 5% sucrose and screening for
the absence of the suicide vector on TY Sm Gm. The correct insertions of
pVO155 in the individual iolCDEB mutants, as well as of the � fragment in the
smc01163 deletion mutant, were confirmed by PCR. The transposon (mTn5-
STM) mutants of S. meliloti strain 2011 were provided by Anke Becker (28).

Construction of plasmids for complementation analysis. DNA fragments con-
taining the complete open reading frames (ORFs) of the wild-type iolC, iolD,
iolE, and iolB genes, including their ribosomal binding sites, were PCR amplified
from a liquid S. meliloti 2011 culture with primers that were engineered to
contain either PstI or NsiI at their 5� end and BamHI or BglII sites at their 3�
ends (see Table S1 in the supplemental material). The PCR products were
cloned into the broad-host-range expression vector pTE3 (Table 1), bringing the
PCR products in correct orientation under the control of the Salmonella trp
promoter, which allows constitutive expression in S. meliloti (10). The resulting
plasmids carrying the individual iolCDEB genes (Table 1) as well as pTE3 as an
empty vector control were introduced into the individual S. meliloti 1021 and
2011 iolC, iolD, iolE, and iolB mutants via triparental mating (33). The presence
of the wild-type and of the mutated iol genes in the mutant strains was confirmed
with PCR.

FIG. 1. The proposed myo-inositol catabolic pathway (http://www.genome.jp/kegg/). Compound 1, myo-inositol (MI); compound 2, 2KMI;
compound 3, 3D-(3,4/5) trihydroxycyclohexane-1,2-dione (THcHDO); compound 4, 5-deoxy glucuronic acid (5DG); compound 5, 2-deoxy-5-keto-
D-gluconic acid (DKG); compound 6, DKGP; compound 7, dihydroxyacetone phosphate (DHAP); compound 8, malonic semialdehyde (MSA);
compound 9, acetyl coenzyme A (acetyl-CoA). Enzymes: IdhA, myo-inositol dehydrogenase; IolE, 2KMI dehydratase; IolD, THcHDO hydrolase;
IolB, 5DG isomerase; IolC, DKG kinase; IolJ aldolase (not yet identified in S. meliloti); IolA, MSA dehydrogenase.
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�-Glucuronidase assays. The �-glucuronidase assays were optimized based on
the methods of Wilson et al. (44). Precultures of S. meliloti strains were inocu-
lated 1:100 in 5 ml minimal M medium containing NH4Cl as N source and either
myo-inositol, 2KMI, glycerol, glucose, or succinate as C sources. Aliquots (350
�l) of mid-exponential-phase cultures (optical density at 600 nm [OD600], 0.7 to
1) were harvested by centrifugation at 4,500 � g for 10 min. The pellet was
resuspended in 350 �l GEB buffer (50 mM sodium phosphate buffer [pH 7],
0.6% �-mercaptoethanol, 10 mM EDTA, 1% Triton X-100, 0.1% sodium lauryl
sarcosine). After an initial equilibration period of 15 min at 37°C, 35 �l of 20 mM
4-nitrophenyl-�- D-glucuronide (PNPG) was added to the cell lysate. A 100-�l
aliquot of the reaction mix was transferred into 800 �l of a 400 mM NaCO3 stop
solution after 5, 10, and 15 min. Cell debris was removed by centrifugation at
16,000 � g for 30 s, and the OD405 was determined spectrophotometrically. The
reaction rate was expressed in nmol of p-nitrophenol produced per min per
OD600 unit, � the SEM. The values represent the means of two independent
experiments, and each assay was carried out in duplicate.

NAD(H)-dependent dehydrogenase assays. S. meliloti precultures were inoc-
ulated 1:100 into 500-ml Erlenmeyer flasks containing 100 ml minimal M me-
dium with NH4Cl as the N source, glycerol as C source, and either 0.02%
myo-inositol or 2KMI as inducer. Late-exponential-phase cultures (OD600, 1 to
1.25) were harvested via centrifugation at 6,000 � g, washed with 40 mM HEPES
buffer (pH 7) containing 10 mM �-mercaptoethanol, and resuspended in 5 ml 40
mM HEPES buffer (pH 7). Cell extracts were prepared with a sonicator at 50 W

with three 30-s sonication periods (Misonix XL-2020 [Farmingdale, NY]). The
myo-, scyllo-, and D-chiro-inositol dehydrogenase activities were determined at
room temperature (21 to 23°C). Each reaction mix (1 ml) contained 50 mM
NH4Cl, 50 mM Na2CO3, 100 �l cell extract, and 0.4 mM NAD	. A baseline of
background reduction of NAD	 in the absence of substrate was established at a
wavelength of 340 nm for slope correction. The increase in absorbance (A340) in
the presence 25 mM myo-, scyllo-, or D-chiro-inositol was monitored for 3 min.
The protein content of the cell extracts was determined with a Bradford assay
(Pierce Coomassie Plus: the Better Bradford assay kit; Thermo Fisher Scientific,
Rockford, IL). The specific myo-, scyllo-, and D-chiro-inositol dehydrogenase
activities are expressed as nmol NAD	 reduced min
1 mg of protein
1, � the
SEM. The values represent the means of two independent experiments, each of
them performed in duplicate, unless otherwise indicated.

Competition assay for nodule occupancy. Axenic alfalfa (Medicago sativa)
plants were prepared by germination from surface-sterilized seeds on folded
Whatman filter paper in 20 ml of nitrogen-free B&D growth medium (6) in
25-mm-diameter tubes as described previously (36). Plants were grown at room
temperature under a cycle of 16 h of light and 8 h of dark. Before inoculation,
rhizobial cultures were pelleted, washed, and resuspended in sterile deionized
H2O, and their optical density at 600 nm was determined spectrophotometrically.
Mixed cultures of the S. meliloti 2011 wild-type and individual mutant strains
were prepared in a 1:1 ratio based on the OD600 values. In addition, the 1:1 input
ratio was verified via serial dilution and plating on TY Sm and TY Sm Km.

TABLE 1. Bacterial strains and plasmids used

Strain or plasmid Relevant characteristics Reference
or source

Escherichia coli strains
DH5� supE44 �lacU169(
80lacZ�M15) hsdR17 recA1 endA1 gyrA96 thi-1 relA1 37
HB101 supE44 hsdS20 recA13 ara-14 proA2 lacY1 galK2 rpsL20 xyl-5 mtl-1 37

Sinorhizobium meliloti strains
1021 Wild type, Smr derivative of SU47 23
2011 Wild type, Smr derivative of SU47 24
TIDHA 1021 idhA::Tn5-56, Smr Kmr 15
T63 1021 smc01163::�, Smr Spr This study
TIOLC 1021 iolC::pVO155, Smr Kmr This study
TIOLD 1021 iolD::pVO155, Smr Kmr This study
TIOLE 1021 iolE::pVO155, Smr Kmr This study
TIOLB 1021 iolB::pVO155, Smr Kmr This study
WIDHA 2011mTn5STM.5.11.A04, idhA::gus, Smr Kmr 28
W63-1 2011mTn5STM.2.07.F05, smc01163::gus, Smr Kmr 28
W63-2 2011mTn5STM.5.07.B01, smc01163::gus, Smr Kmr 28
WIOLR 2011mTn5STM.4.13.C12, iolR::gus, Smr Kmr 28
WIOLC 2011mTn5STM.1.11.A02, iolC::gus, Smr Kmr 28
WIOLD 2011mTn5STM.1.13.D10, iolD::gus, Smr Kmr 28
WIOLE 2011mTn5STM.1.01.B03, iolE::gus, Smr Kmr 28
WIOLA 2011mTn5STM.4.03.B06, iolA::gus, Smr Kmr 28
WGLYA 2011mTn5STM.4.01.D11, glyA2::gus, Smr Kmr 28

Plasmids
pVO155 Vector with promoterless gusA gene, Apr Kmr 27
pJQ200SK Suicide vector with sacB gene, Gmr 31
pGEM-T Cloning vector, Apr Promega
pCR2.1-TOPO Cloning vector, Apr Kmr Invitrogen
pHP45� Source for � fragment, Apr Smr Spr 30
pRK2013 mob tra, Kmr 12
pRK600 mob tra, Cmr 13
pJZ1 pVO155 containing 301-bp fragment of iolC, Kmr This study
pJZ2 pVO155 containing 270-bp fragment of iolD, Kmr This study
pJZ3 pVO155 containing 226-bp fragment of iolE, Kmr This study
pJZ4 pVO155 containing 399-bp fragment of iolB, Kmr This study
pPK63-1 pJQ200SK containing 1,121-bp fragment of smc01163, Gmr This study
pPK63� pPK63-1 containing �, Gmr Smr Spr This study
pTE3 Broad-host-range expression vector, Tcr 10
pIOLC pTE3 containing 2,412-bp fragment of iolC This study
pIOLD pTE3 containing 2,776-bp fragment of iolD This study
pIOLE pTE3 containing 945-bp fragment of iolE This study
pIOLB pTE3 containing 881-bp fragment of iolB This study
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Seven-day-old alfalfa seedlings were inoculated with 1 ml of the mixed cultures
or 1 ml of the wild-type or the individual mutant strains. One milliliter of sterile
deionized H2O was added to control plants. The total number of nodules per
plant was determined, and after 20 weeks, the nodules were harvested and
surface sterilized with 70% ethanol. Plant fresh and dry weights were determined
and averaged from six plants of each treatment group. Rhizobia were reisolated
by homogenizing the nodules in sterile H2O, and serial dilutions were prepared.
The wild-type versus the mutant strain output ratio was determined by selective
plating on TY Sm and TY Sm Km. The values represent the averages of two
independent studies � the SEM, with six plants each.

RESULTS

Structure and organization of the inositol catabolism genes
in S. meliloti. In contrast to the organization of the iol genes in
B. subtilis, the inositol catabolism genes of S. meliloti are not
arranged in a single gene cluster. The idhA gene is located on
the pSymB plasmid, whereas the putative iolR, iolC, iolD, iolE,
and iolB genes are organized in one cluster on the chromo-
some, all oriented in the same direction (Fig. 2). The iolA gene
is located a further 400 kb away on the chromosome. An
additional gene of interest, smc01163, encoding a putative de-
hydrogenase of the IdhA/MocA/GFO family, is located di-
rectly upstream of iolR (Fig. 2). The S. meliloti transcriptional
regulator encoded by iolR belongs to the RpiR repressor fam-
ily and is a homologue of the IolR regulator in Caulobacter
crescentus (5). The iolCDEB genes are predicted to comprise
an operon, whereas the smc01163 and iolR genes seem to be
transcribed separately (www.microbesonline.org) (Fig. 2).

Catabolism studies. To conduct a complete study of the
roles of the predicted iol genes in the catabolism of different
inositol stereoisomers, mutants of S. meliloti strain 2011 were
obtained that contained mTn5-STM transposon insertions in
the idhA, iolA, and the individual iolRCDE genes, as well as
two mutant strains with different insertions in the smc01163
gene (28). As part of a comparative analysis, mutants were also
constructed in the S. meliloti 1021 strain, specifically, insertions
in smc01163 and the individual iolCDEB genes. The 1021 and

2011 strains are both streptomycin-resistant derivatives of S.
meliloti SU47 wild type (23, 24), but years of culturing in
different laboratories have resulted in minor differences be-
tween these two strains (20, 42).

When grown in minimal medium with myo-inositol as the
sole C source, both wild-type strains grew to an OD600 of
around 1.2, while their corresponding idhA, iolC, iolD, iolE,
iolB, and iolA mutants did not grow (Fig. 2; see also Fig. S2A
in the supplemental material). The iolR and the three different
smc01163 mutants grew to similar optical densities as the wild
type (shown for W63-1 and W63-2 in Fig. 2; also shown for
W63-1 in Fig. S2A). In a control experiment, all strains were
able to grow with glucose as the sole C source (data not
shown). Hence, the idhA, iolA, and iolCDEB genes are es-
sential for myo-inositol catabolism in S. meliloti. Since the
iolCDEB genes are predicted to form an operon, the mTn5-STM
transposon and the plasmid insertions in the iolC, iolD, and
iolE genes could have polar effects. We cloned the individual
iolCDEB genes under the control of a constitutive promoter in
the broad-host-range expression vector pTE3 (Table 1). The
resulting plasmids were conjugated into the respective S. me-
liloti 1021 iolC, iolD, iolE, and iolB mutants as well as into the
strain 2011 iolC, iolD, and iolE mutants. The mutant strains
containing the plasmids with the individual iolC, iolD, iolE, and
iolB genes were able to grow with myo-inositol as the sole C
source, whereas the same strains carrying the empty vector as
control could not (see Fig. S3 in the supplemental material).
The growth of the mutant strains containing the plasmid with
the iolC, iolD, and iolE genes was delayed compared to the wild
types or the iolB mutant strain containing the iolB-carrying
plasmid (see Fig. S3). Thus, we conclude that the mTn5-STM
transposon and the plasmid insertions seem to allow a low level
of expression of the downstream iol genes, probably due to a
weak read-through from the integrated kanamycin resistance
genes.

We investigated which other inositol isomers can be catab-

FIG. 2. Ability of S. meliloti wild-type and the idhA, smc01163 (1163), iolR, iolC, iolD, iolE, iolA, and iolB mutant strains to grow with 0.2%
myo-inositol, D-chiro-inositol, scyllo-inositol, or 2KMI as the sole carbon source in minimal medium. Open reading frames are depicted as open
arrows. The locations of the mini-Tn5 insertions in the S. meliloti 2011 mutants are marked by vertical arrowheads. The star indicates the position
of the plasmid insertion in the S. meliloti iolB mutant. Horizontal arrows above the genes indicate predicted transcriptional units. Each mutant’s
ability (	) or inability (
) to use inositol compounds as the sole carbon source is indicated.
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olized by S. meliloti. Strains 1021 and 2011 were grown with
commercially available scyllo-, muco-, allo-, D-chiro-, and L-
chiro-inositol as sole C source (see Fig. S1 in the supplemental
material). Both wild-type strains could grow with scyllo- or
D-chiro-inositol (shown for strain 2011 in Fig. S2B and C in the
supplemental material), but they were not able to use L-chiro-,
muco-, or allo-inositol (data not shown). The roles of the iol
genes in the catabolism of scyllo- and D-chiro-inositol were
further investigated. The idhA and the iolR mutants could grow
with scyllo-inositol, but the iolC, iolD, iolE, iolB, and iolA mu-
tants could not (Fig. 2; see also Fig. S2B). Interestingly, all
three smc01163 mutants were unable to grow with scyllo-ino-
sitol as the sole C source (see Fig. S2B, W63-1). Thus, the
smc01163 gene product appears to be essential for the catab-
olism of scyllo-inositol. D-chiro-Inositol was used as the sole C
source by the iolR and the smc01163 mutants but not by the
idhA, iolC, iolD, iolE, iolB, and iolA mutants (Fig. 2; see also
Fig. S2C), suggesting that the idhA-encoded myo-inositol de-
hydrogenase facilitates the oxidation of both myo- and D-chiro-
inositol.

We also tested the first proposed intermediate in the myo-
inositol catabolic pathway, 2KMI, which was synthesized in our
laboratory (see Materials and Methods). The iolC, iolD, iolE,
iolB, and iolA mutants did not catabolize 2KMI, but the idhA,
iolR, and smc01163 mutants could (Fig. 2; see also Fig. S2D).
The fact that the idhA mutant grew on 2KMI as the sole C
source while the iolA and iolCDEB mutants failed to do so
strongly supports the notion that, also in S. meliloti, 2KMI is
the product of the myo-inositol dehydrogenase (IdhA) reac-
tion.

Regulation of S. meliloti inositol catabolism. The 2011 idhA,
smc01163, iolR, iolD, and iolE mutants contain the
mTn5-STM::gusA transposon in the same orientation as the
respective genes, creating a transcriptional fusion and there-
fore allowing us to investigate the regulation of the inositol
genes by measuring the �-glucuronidase activity (28). Mu-
tant strains were grown in minimal medium with either
myo-inositol, 2KMI, glycerol, glucose, or succinate as car-
bon source, or in combinations, to analyze the effects of
different carbon sources. Cells were harvested and solubi-
lized, and their �-glucuronidase activities were determined.
The wild-type strain, which does not contain a gusA gene,
served as a negative control and did not exhibit any detect-
able �-glucuronidase activity (data not shown). The expres-
sion of the idhA gene in its corresponding mutant was not
inducible by myo-inositol but was induced in the presence of
2KMI with all carbon sources tested (Fig. 3A). This finding
indicates that not myo-inositol itself but either 2KMI or a
later pathway intermediate functions as an inducer in S.
meliloti, as has been shown for B. subtilis (51). The expres-
sion of smc01163 in its corresponding mutant was induced
by myo-inositol or 2KMI with all carbon sources tested (Fig.
3B). We did not notice any major catabolite repression
effect when glycerol, glucose, or succinate was present in the
medium (Fig. 3A and B). The iolR gene, encoding the RpiR-
like repressor, was constitutively expressed in its corre-
sponding mutant, since high �-glucuronidase activities were
displayed under all growth conditions, even for growth with-
out inducer (Fig. 3C). It is interesting that only very low
�-glucuronidase activities were observed in the iolD and

iolE mutants in the presence or absence of the inducers
myo-inositol or 2KMI (between 2 and 3 nmol min
1 OD600

unit
1). This further supports the notion that neither myo-
inositol nor 2KMI, but a later pathway intermediate which

FIG. 3. �-Glucuronidase activities of the S. meliloti idhA (A),
smc01163 (B), and iolR (C) gusA reporter gene fusions in the respec-
tive mutant strains. The reaction rate is expressed in nmol p-nitrophe-
nol produced per minute per OD600 unit. Cultures were grown in
minimal medium containing 0.2% of the following carbon sources:
myo-inositol (MI), 2KMI, glycerol (Gly), glucose (Glu), succinate
(Suc), or combinations thereof. Bars represent the averages of two
independent experiments, and error bars denote SEM. MI* indicates
that the idhA mutant did not grow with myo-inositol as the sole carbon
source in minimal medium, but the residual �-glucuronidase activity is
probably due to the carryover of cells from the TY preculture.
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cannot be synthesized by the iolD or iolE mutant, serves as
the true inducer in S. meliloti.

Determination of myo-inositol dehydrogenase activity. For
the determination of the myo-inositol dehydrogenase activity,
an NAD(H)-dependent dehydrogenase assay was used. Cul-
tures were grown in minimal medium containing glycerol as C
source and with either myo-inositol or 2KMI as inducer. The
specific myo-inositol dehydrogenase activities of the wild types,
the idhA, the smc01163, and the individual iolCDEB mutant
strains were low without prior induction (0.2 to 21 nmol min
1

mg of protein
1) (Table 2). Upon induction with myo-inositol,
the 2011 and 1021 wild types displayed myo-inositol dehydro-
genase activities of 103 and 131 nmol min
1 mg of protein
1,
respectively (Table 2). When grown with 2KMI as inducer, the
wild-type cells exhibited �30% lower myo-inositol dehydroge-
nase activities (Table 2). Regardless of whether the idhA mu-
tant was induced with myo-inositol or 2KMI, its myo-inositol
dehydrogenase activity was basically abolished (Table 2), which
confirmed the results of Galbraith et al. (15), who found that
the idhA gene, located on the pSymB plasmid, encodes the
myo-inositol dehydrogenase. All three mutants with insertions
in smc01163 exhibited myo-inositol dehydrogenase activities
comparable to the wild type (Table 2, W63-1). The iolR mutant
displayed a 4- to 5-fold-higher myo-inositol dehydrogenase ac-
tivity than the wild type, even when not induced (Table 2). The
iolC, iolD, iolE, and iolB mutants, however, exhibited very low
myo-inositol dehydrogenase activities (Table 2), regardless of
whether they were grown with or without myo-inositol or
2KMI as inducers, indicating that all four gene products (IolC,
IolD, IolE, and IolB) are needed for inducer production.

Determination of scyllo-inositol dehydrogenase activity. The
results of the catabolism studies suggest that the dehydroge-
nase encoded by smc01163 functions as a scyllo-inositol dehy-
drogenase. Thus, the scyllo-inositol dehydrogenase activities of
the wild type and the smc01163 mutants were investigated.
Based on our findings that the smc01163 gene was inducible by
myo-inositol and 2KMI (see above), wild-type and mutant
strains were grown in minimal medium with glycerol as C
source and with myo-inositol or 2KMI as inducer. The specific
scyllo-inositol dehydrogenase activities of the uninduced wild
type and the smc01163 mutants were very low (10 and 5 nmol
min
1 mg of protein
1, respectively). Upon induction with
myo-inositol, the 2011 and 1021 wild types displayed scyllo-

inositol dehydrogenase activities of 69 and 91 nmol min
1 mg
of protein
1, respectively, while the three smc01163 mutants
showed between 58% and 75% of the wild-type scyllo-inositol
dehydrogenase activity (Table 3). The results of the scyllo-
inositol dehydrogenase assay were unexpected. The smc01163
mutants were unable to use scyllo-inositol as sole C source,
suggesting that the smc01163 gene encodes the scyllo-inositol
dehydrogenase and the mutants would not exhibit any scyllo-
inositol dehydrogenase activity. Nevertheless, we obtained the
same results for all three smc01163 mutants, which were con-
structed independently in two different genetic backgrounds.
The scyllo-inositol dehydrogenase activities of the iolR and iolE
mutants were also determined. The iolR mutant displayed an
almost-7-fold-higher scyllo-inositol dehydrogenase activity
than the wild type (Table 3). The scyllo-inositol dehydrogenase
activity of the iolE mutant was very low (Table 3). When the
scyllo-inositol dehydrogenase activity was determined from cul-
tures grown with 2KMI as inducer, similar results were ob-
tained (Table 3).

Determination of D-chiro-inositol dehydrogenase activity.
The 2011 wild type and the corresponding idhA and iolR mu-
tants were subjected to a D-chiro-inositol dehydrogenase assay.
The wild type displayed a D-chiro-inositol dehydrogenase ac-
tivity of 52 � 0.2 nmol min
1 mg of protein
1, while the idhA
mutant showed only marginal dehydrogenase activity in the
presence of D-chiro-inositol (0.3 � 0.1 nmol min
1 mg of
protein
1). The D-chiro-inositol dehydrogenase activity of the
WIOLR mutant was increased 4-fold (235 � 10 nmol min
1

mg of protein
1).
Competition assay for nodule occupancy. To investigate the

role of S. meliloti inositol catabolism during symbiotic interac-
tions, a competition assay for nodule occupancy was performed
with the 2011 wild type and each of the idhA, smc01163, iolR,
iolC, iolD, iolE, and iolA mutants. The wild type and the indi-
vidual mutant strains were inoculated onto axenic alfalfa plants
in a 1:1 ratio and as single inoculants as controls. All strains
nodulated the host plants successfully when inoculated indi-
vidually. Plants developed six nodules on average, and there
was no difference between the average fresh and dry weight of
the plants nodulated by the wild type (average fresh weight,
131 � 12 g; average dry weight, 14 � 2 g) or by the individual
mutant strains (average fresh weight, 138 � 16 g; average dry
weight, 14 � 2 g). Twenty weeks postinoculation, the nodules

TABLE 2. Specific myo-inositol dehydrogenase activities of S.
meliloti wild-type and mutant strains

Strain Relevant
genotype

myo-Inositol dehydrogenase sp act
(nmol/min/mg of protein)

Uninduced 2KMI
induced

myo-Inositol
induced

2011 Wild type 5 � 0.3 65 � 9 103 � 4
1021 Wild type 21 � 4 79 � 10 131 � 7
WIDHA idhA 2 � 0.3 0.6 � 0.3 0.5 � 0
W63-1 smc01163 10 � 4 55 � 5 103 � 42
WIOLR iolR 522 � 2 337 � 6 410 � 24
WIOLC iolC 0.2 � 0.1 0.4 � 0.1 8 � 0
WIOLD iolD 2 � 2 5 � 1 5 � 0
WIOLE iolE 0.4 � 0.2 0 � 0 5 � 0
TIOLB iolB 5 � 1 2 � 0.3 0.4 � 0.2

TABLE 3. Specific scyllo-inositol dehydrogenase activities of S.
meliloti wild-type and mutant strains

Strain Relevant
genotype

scyllo-Inositol dehydrogenase sp
act (nmol/min/mg of protein)

2KMI
induced

myo-Inositol
induced

2011 Wild type 74 � 2 69 � 1
1021 Wild type NDa 91 � 2
WIOLR iolR ND 477b

W63-1 smc01163 50 � 5 40 � 1
W63-2 smc01163 39b 52b

T63 smc01163 ND 62 � 1
WIOLE iolE ND 3 � 0.5

a ND, not done.
b Value is based on one experiment.
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were harvested and rhizobia were reisolated from surface-
sterilized nodules. On average, 106 bacteria were reisolated
from the nodules of one plant, and the output ratio of kana-
mycin-resistant (mutant) to kanamycin-sensitive rhizobia (wild
type) was determined by selective plating. If a gene does not
play a role in the competition for nodule occupancy, the same
output as input ratio (50:50) is expected. This was true for a
control mutant (WGLYA) that carried an mTn5-STM inser-
tion in an unrelated gene, since WGLYA was reisolated from
the nodules with a frequency of 60%, which was similar to the
input ratio of 50% (Fig. 4). In contrast, the mutants with
insertions in the idhA, smc01163, iolR, iolC, iolD, iolE, or iolA
genes represented only a small fraction of the rhizobia reiso-
lated from the nodules. The values varied between 0.15% for
the iolA mutant and 25% for the smc01163 mutant (Fig. 4).
Thus, the idhA, smc01163, and iol mutants were outcompeted
by the wild type in all cases, showing that a functional inositol
catabolic pathway, the transcriptional regulator IolR, and the
dehydrogenase encoded by smc01163 are all required for suc-
cessful competition during alfalfa nodulation. We also deter-
mined the wild type/mutant output ratios after 10 and 15
weeks, with essentially the same results (data not shown).

DISCUSSION

We have shown that the iolA and iolCDEB genes are essen-
tial not only for myo-inositol but also for scyllo- and D-chiro-
inositol catabolism in S. meliloti. It is interesting that myo- and
especially scyllo-inositol serve as excellent carbon sources for S.
meliloti, since the wild types grew to an OD600 of �1 in min-
imal medium, which is comparable to growth with other C
sources, such as glucose, glycerol, or succinate. This is in con-
trast to B. subtilis, which does not grow as efficiently with myo-
or scyllo-inositol as with glucose (25). Similarly, a lag time of

60 h has been reported for Salmonella enterica when grown
with myo-inositol (19).

The idhA-encoded myo-inositol dehydrogenase acts on myo-
and D-chiro-inositol. The idhA mutant could not grow with
myo- or with D-chiro-inositol as the sole C source. As confir-
mation, cell extracts of the idhA mutant did not display any
detectable dehydrogenase activity when myo- or D-chiro-inosi-
tol was offered as substrate in the enzyme assay. Thus, we
conclude that the initial dehydrogenation of myo- as well as of
D-chiro-inositol is carried out by the idhA-encoded dehydroge-
nase. This is not without precedent; the purified myo-inositol
dehydrogenase of B. subtilis has been shown to oxidize both
myo- and D-chiro-inositol (8). The S. meliloti idhA mutant was
able to use scyllo-inositol as the sole C source, indicating that
there is at least one other dehydrogenase involved in the oxi-
dation of scyllo-inositol and that scyllo-inositol is probably not
a substrate for the myo-inositol dehydrogenase. In fact, scyllo-
inositol could not react with the purified myo-inositol dehydro-
genase of B. subtilis (32), and our preliminary data revealed
that scyllo-inositol is not a substrate for the idhA gene product
overexpresssed in E. coli (P. R. A. Kohler, unpublished obser-
vation).

Inositol catabolism in S. meliloti requires induction through
a pathway intermediate. The results from the �-glucuronidase
and NAD(H)-dependent dehydrogenase assays clearly demon-
strated that functional idhA, iolC, iolD, iolE, and iolB genes are
required for induction of the iol genes. Thus, the inositol ca-
tabolism genes are not necessarily induced by inositol but by a
later pathway intermediate. This is comparable to B. subtilis, in
which the binding of DKGP to the negative regulator IolR
antagonizes the transcriptional repression of the iol genes (51).
DKGP is the fifth intermediate in the pathway and the product
of the IolC reaction (Fig. 1). Usually, myo-, scyllo-, and D-chiro-
inositol occur together in soil (41), and that may explain the
advantage a common pathway intermediate would offer as an
inducer over a specific inositol isomer.

IolR negatively regulates the activities of the myo- and scyllo-
inositol dehydrogenases. The iolR mutant was able to grow
with myo-, scyllo-, and D-chiro-inositol and 2KMI as sole C
sources, demonstrating that the iolR gene is not a structural
gene in the inositol catabolic pathway. Nevertheless, the iolR
gene is required for the regulation of the myo- and scyllo-
dehydrogenase activities in S. meliloti, since the activity of both
enzymes was 4- to 7-fold higher in the iolR mutant than in the
wild type (Tables 2 and 3). The S. meliloti IolR, like IolR from
C. crescentus, belongs to the RpiR repressor family (5). In C.
crescentus, a conserved DNA sequence, GGAANATNCGTT
CCA, was identified in the promoter region of the iol genes as
a probable IolR-binding site (5). Computational predictions
revealed related motifs in S. meliloti upstream of the idhA,
iolR, and iolC genes (5). Interestingly, we detected a similar
sequence �80 bp upstream of the start codon of smc01163
(CGAATAAATATTCCA). Our biological data confirm that
IolR represses the myo- and scyllo-inositol dehydrogenase ac-
tivities. The presence of a putative IolR-binding site upstream
of iolR and the constitutive expression of the iolR-gusA fusion
in the iolR mutant indicate that IolR negatively regulates its
own expression.

The smc01163 gene is essential for scyllo-inositol metabo-
lism. None of the three different smc01163 mutants con-

FIG. 4. Competition assay for nodule occupancy. The S. meliloti
2011 idhA (WIDHA), smc01163 (W63-1 and W63-2), iolR (WIOLR),
iolC (WIOLC), iolD (WIOLD), iolE (WIOLE), iolA (WIOLA), and
glyA2 (WGLYA) mutant strains were inoculated on alfalfa plants in a
1:1 ratio with the wild type. After 20 weeks nodules were harvested and
surface sterilized, and rhizobia were reisolated from the nodules. The
wild-type versus the mutant output ratio of the reisolated rhizobia was
determined via selective plating. Bars represent the averages of two
independent experiments representing nodules from six plants each.
Error bars denote SEM.
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structed in two different strains was able to grow with scyllo-
inositol as the sole C source. Thus, the putative dehydrogenase
encoded by the smc01163 gene is essential for scyllo-inositol
catabolism. Nevertheless, the smc01163 mutants displayed 58
to 75% of the wild-type dehydrogenase activity when scyllo-
inositol was offered as the substrate in the enzyme assay. We
can exclude nonspecific NAD	 reduction through background
activity, because the background NAD	-reducing activity was
determined for each cell extract in the absence of the substrate
for slope correction. All strains showed little NAD	-reducing
background activities (1 to 5% of the myo- and scyllo-inositol
dehydrogenase activities). In addition, we determined the en-
zyme activities in the presence of various substrate concentra-
tions to ensure substrate specificity (data not shown).

Although smc01163 encodes a dehydrogenase essential for
scyllo-inositol catabolism, this enzyme may not be the only
dehydrogenase that interacts with scyllo-inositol. Recently, two
scyllo-inositol dehydrogenases were identified in B. subtilis,
IolX and IolW (25). Both purified enzymes reacted with scyllo-
inositol, but only the iolX mutant showed impaired growth with
scyllo-inositol as the sole C source (25). Interestingly, our com-
putational analysis of the smc01163-deduced protein predicts
the presence of an N-terminal signal peptide. Thus, a periplas-
mic location of SMc01163 is probable. We conclude that the
catabolism of scyllo-inositol in S. meliloti may require at least
one additional, probably cytoplasmic enzyme. This might ex-
plain the results of the growth studies compared to the results
from the scyllo-dehydrogenase assays using crude cell extracts.
SMc01163 seems to be essential for the initial interaction with
scyllo-inositol in the periplasm, but this reaction is bypassed
when the cell is lysed by sonication for the dehydrogenase
assay. Another enzyme, not the one encoded by smc01163,
oxidizes scyllo-inositol in the cytoplasm of S. meliloti and was
detectable as scyllo-inositol dehydrogenase activity in the en-
zyme assay with the crude cell extract. Further work will be
necessary to experimentally verify the periplasmic location of
the smc01163-encoded dehydrogenase and to identify the sub-
strate(s) and product(s) of the purified enzyme.

The inositol catabolism genes and their regulation are re-
quired for successful competition during alfalfa nodulation.
The idhA mutants of S. meliloti and R. leguminosarum bv. viciae
nodulated their host plants and fixed nitrogen at the same
levels as the wild-type strains (14, 15, 29). Nevertheless, the
iolA and iolD mutants of R. leguminosarum bv. viciae could not
compete with the wild type in a competition assay (14). Our
results showed that the idhA, smc01163, iolA, and the
iolRCDEB mutants of S. meliloti nodulated alfalfa successfully
when inoculated onto plants individually, but in cochallenge
experiments the mutants were outcompeted by the wild type.
This demonstrates that a functional inositol catabolism is re-
quired for S. meliloti to successfully compete during the pro-
cess of host nodulation and colonization of nodules. It is worth
emphasizing that the iolR mutant also could not compete
against the wild type for nodule occupancy. The inositol cata-
bolic genes are derepressed in the iolR mutant, which should
allow an even higher rate of inositol catabolism. Thus, the
correct regulation of inositol catabolism genes also appears to
be required for S. meliloti to successfully compete for nodule
occupancy, suggesting that the role of inositol isomers extends
beyond being a nutrient source.

Recently, some inositol isomers have gained great interest in
the medical field because of their therapeutic potentials (11,
21). Our study contributes a better understanding of inositol
metabolism and emphasizes its role in symbiotic nitrogen fix-
ation in agriculture. Since legume crops such as alfalfa plants
contain inositol (9), the presence of inositol compounds may
act as one of the signals for rhizobia in communicating the
presence of potential host plants and may also sustain the
rhizobia while they are moving toward the plant, during root
hair attachment or multiplication in the infection thread or
nodule. In fact, in soybean nodules induced by Bradyrhizobium
japonicum, the second and third most abundant carbohydrates
after sucrose are myo- and D-chiro-inositol, with 1 to 2 mg per
g of nodule fresh weight (39). Also, inositol has been found to
be exuded into soil by legume plants (45). Other inositol de-
rivatives, the rhizopines scyllo-inosamine and L-3-O-methyl-
scyllo-inosamine, have been termed nutritional mediators, be-
cause they represent exclusive carbon and nitrogen sources for
the rhizobial strains that carry the rhizopine catabolism genes
(26, 36, 38, 43). Rhizopine and inositol catabolism are inter-
related, because a functional inositol catabolic pathway was
shown to be required for the catabolism of rhizopines (2, 15,
38). Clearly, inositol compounds and the ability to catabolize
them play important nutritional or signaling roles in the sym-
biotic relationship between rhizobia and legume plants.
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