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Abstract Main nodulation signal molecules in the pea-
nut–bradyrhizobia interaction were examined. Flavonoids
exuded by Arachis hypogaea L. cultivar Tegua were geni-
stein, daidzein and chrysin, the latest being released in
lower quantities. Thin layer chromatography analysis from
genistein-induced bacterial cultures of three peanut brady-
rhizobia resulted in an identical Nod factor pattern, suggest-
ing low variability in genes involved in the synthesis of
these molecules. Structural study of Nod factor by mass
spectrometry and NMR analysis revealed that it shares a
variety of substituents with the broad-host-range Rhizobium
sp. NGR234 and Bradyrhizobium spp. Nodulation assays in
legumes nodulated by these rhizobia demonstrated diVer-
ences between them and the three peanut bradyrhizobia.
The three isolates were classiWed as Bradyrhizobium sp.

Their Wxation gene nifD and the common nodulation genes
nodD and nodA were also analyzed.
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Abbreviations
NMR Nuclear magnetic resonance 
LCO Lipochitooligosaccharide
pSym Symbiotic plasmid
GlcNAc N-acetyl-D-glucosamine
YMB Yeast extract-mannitol broth
YMA Yeast extract-mannitol agar
NJ Neighbour-Joining
TLC Thin layer chromatography
LSIMS Liquid secondary ionisation mass spectrometry
DMSO Dimethylsulfoxide
COSY Correlation spectroscopy
RFLP Restriction fragment length polymorphism
ARDRA AmpliWed ribosomal DNA restriction analysis
HPLC High performance liquid chromatography
FAB MS Positive fast atom bombardment mass 

spectrometry

Introduction

Plants are able to establish symbiotic interactions with sev-
eral microorganisms. Among ecologically and agricultur-
ally important symbioses are the interactions of plants with
nitrogen-Wxing bacteria called rhizobia. These bacteria are
able to invade the roots of leguminous plants and trigger the
formation of nodules. They are classiWed in several genera
included in the subclass �-proteobacteria. Furthermore,
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species from the �-proteobacteria subclass, such as Ralsto-
nia and Burkholderia were described to be also able to
nodulate legumes (Moulin et al. 2001; Chen et al. 2003)
and �-proteobacteria subclass bacteria were observed to be
associated to legumes nodules (Benhinzia et al. 2004).

A molecular dialog between the two partners is required to
coordinate the events leading to the symbiosis (Long 1989;
Nap and Bisseling 1990). Plant roots continuously release
Xavonoids that accumulate in the rhizosphere and constitute
the Wrst signals. These molecules belong to a relatively
diverse family of aromatics compounds derived from the sec-
ondary plant metabolism, including six major subgroups:
chalcones, Xavones, Xavonols, Xavandiols, anthocyanins and
condensed tannins (proanthocyanidins). A seventh group, the
aurones, is widespread, but not ubiquitous. Depending on the
host and the bacterium, these compounds serve as signals,
activating the bacterial transcriptional regulator protein
NodD, which in turn induces the translation of other rhizo-
bial nodulation genes (nod, nol and noe genes) involved in
the synthesis and secretion of the main bacterial nodulation
signals called Nod factors or lipo-chito oligosaccharides
(LCOs) (Spaink 2000). Nod factors cause morphological
changes in legume root hairs, leading to infection thread for-
mation, nodule development and symbiotic nitrogen Wxation.
The bacterial symbiotic genes may be localized on the chro-
mosome (e.g., Bradyrhizobium japonicum, Azorhizobium
caulinodans) or on large symbiotic plasmids (pSym) (e.g.,
Rhizobium leguminosarum, Sinorhizobium meliloti, Rhizo-
bium sp. NGR234) (Sessitsch et al. 2002). All Nod factors so
far identiWed consist of a backbone of two to six �-(1 ! 4)-
linked N-acetyl-D-glucosamine (GlcNAc) residues. Depend-
ing on the species, this basic structure has several variations.
Among the substitutions found on the terminal non reducing
N-acetyl-D-glucosamine are N-methyl groups, carbamoyl
groups, acetyl groups, and various fatty acids. The reducing
N-acetyl-D-glucosamine residue may be substituted with a
sulfate group or with D-arabinose, L-fucose, or 2-O-methylfu-
cose, etc. Furthermore, this additional saccharide may be
acetylated or sulfated (Downie 1998; Perret et al. 2000).
Both the amount and the structural variations of Nod factors
are important in determining the host speciWcity in rhizobia–
legume symbiosis (Dénarié et al. 1996; Bladergroen and
Spaink 1998). However, some reports indicated that rhizobia
producing diVerent Nod factors can eVectively nodulate the
same plants (Poupot et al. 1993, 1995).

The biochemical functions of most of the nodulation
genes involved in the biosynthesis of LCOs have been
directly or indirectly revealed. The nodABC genes are com-
mon to all rhizobia and mutation in these genes abolishes
Nod factor production. In addition to these, host-speciWc
nod genes (nodFE, nodH, nodSU, nodZ, nodX, etc) are
involved in the Nod factor substitutions synthesis (Cloutier
et al. 1996, 1997).

Although much of the research on signal molecules
involved in the interaction legumes–bradyrhizobia has been
focused on the soybean symbiont Bradyrhizobium japoni-
cum USDA 110 (Sanjuan et al. 1992; Carlos et al. 1993;
Ikeshita et al. 1994), other legumes of signiWcant economic
importance such as peanut (Arachis hypogaea L.) are also
nodulated by Bradyrhizobium sp.

Peanut is an important crop that provides direct subsis-
tence and several food products. Bacteria that nodulate pea-
nut have been classiWed as Bradyrhizobium (Arachis
hypogaea) sp. However, when the rhizobial population
associated with peanut in the Argentinean area of produc-
tion was analyzed, it was demonstrated that this legume is
eYciently nodulated by both slow and fast growing rhizo-
bia (Taurian et al. 2002).

In spite of the importance of peanut production in some
countries, little is known about the interaction of this
legume with rhizobia. In peanut the rhizobial infection
mechanism diVers from other herbaceous legumes. Rhizo-
bia penetration into the root and in the cortex as well as
spreading inside the nodules occurs without intracellular
infection threads formation and involves intercellular pene-
tration (crack entry). The infection site is at the junction of
a hair cell with epidermal and cortical cells, and rhizobia
penetrate into the root by breaching the epidermal barrier
instead of entering through curled root hairs. After entry,
rhizobia occupy the space between epidermal and cortical
cells and further spread through the root cortex. Within cor-
tical cells, they multiply rapidly and the invaded cells
divide repeatedly to form a determinate nodule (Boogerd
and van Rossum 1997). Thus, several of the phenomena
those are essential in the infection thread mode and are elic-
ited by Nod factors do not occur in the crack entry infection
process. This infection mechanism also occurs in other gen-
era of legumes such as Stylosanthes (Chandler et al. 1982;
Boogerd and van Rossum 1997).

The aim of this study was to contribute to the knowledge
of the peanut–bradyrhizobia interaction describing for the
Wrst time the signal molecules (Xavonoids and Nod factors)
involved in this economically important symbiosis.

Materials and methods

Bacterial isolates and reference strains growth 
and maintenance

The peanut bradyrhizobia NDEHE, NLH25 and NOD31
were isolated from nodules of Weld-grown plants of the pea-
nut production area in Argentina, Córdoba. Their symbiotic
behaviour and other phenotypic traits were previously
described (Taurian et al. 2002). Additionally, the following
bacteria were used for comparison: Bradyrhizobium sp.
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SEMIA 6144, a peanut nodulating bacterium recommended
as inoculant (IPAGRO, Brasil), Rhizobium sp. NGR234, a
broad host range rhizobia isolated from Lablab purpureus
and the soybean symbionts Bradyrhizobium japonicum
USDA110 and Bradyrhizobium elkanii USDA 76. Rhizobia
were grown in yeast extract-mannitol broth (YMB) or yeast
extract-mannitol agar 1.5% (YMA) (Vincent 1970).

DNA preparation, PCR ampliWcation and restriction 
digestion

For the preparation of DNA template, total DNA was iso-
lated using a modiWed procedure of Meade et al. (1982).

Nearly full-length 16S rRNA gene was PCR-ampliWed
by using primers fD1 (5�-AAGGAGGTGATCCAGCC-3�)
and rD1 (5�-AGAGTTTGATCCTgGCTCAG-3�) (Weis-
burg et al. 1991).

The nitrogen Wxing nifD gene and the nodulation nodA
gene were PCR ampliWed using the primers FdB261 (5�-TG
GGGICCIRTIAARGAYATG-3�)/FdB260 5�-TCRTTIGC
IATRTGRTGNCC-3�) and NodA-1 (5�-GCRGTGGAARN
TRNNCTGGGAAA-3�)/NodA-2 (5�-GGNCCGTCRTCR
AAWGTCARGTA-3�), respectively (Stoltzfus et al. 1997;
Haukka et al. 1998).

The resulting DNA products were analyzed by horizon-
tal electrophoresis on 1.2% agarose gels and were visual-
ized by ethidium bromide staining.

Restriction patterns analysis of the PCR products was
done using the following restriction endonucleases: (a) for
nifD: MspI, HaeIII, HinfI, HhaI, NdeII, RsaI; (b) for nodA:
HhaI, RsaI, HinfI (Promega). The resulting DNA products
were analyzed by horizontal electrophoresis on 2.5%
agarose gels and were visualized by ethidium bromide
staining.

The reproducibility of PCR ampliWcations was veriWed
in at least two independent experiments.

DNA Southern hybridization

Genomic and plasmid DNAs were isolated using bacterial
cultures and miniprep kits (Qiagen, Germany), respec-
tively. DNA manipulations, including restriction digests
and electrophoresis were performed according to Sambrook
et al. (1989). The Rhizobium tropici digoxigenin-labeled
(Roche, Germany) nodD1 probe was the 2.4 kb HindIII
fragment of plasmid pCV3805 (Sousa et al. 1993). Hybrid-
ization conditions were 50% formamide at 42°C.

Sequencing and phylogenetic analysis of 16S rRNA 
and nifD genes

The nearly full-length 16S rRNA gene and the ampliWed
fragments of nifD genes obtained as described above were

precipitated by adding 1 volume of isopropanol and 0.1 vol-
ume of sodium acetate (3 M) and collected by centrifugation
for 10 min in a microcentrifuge. The resulting DNA pellets
were washed with 70% ethanol, air-dried and suspended in
double-distilled water (Sambrook et al. 1989). The nucleo-
tide sequences of puriWed PCR products were determined by
Oswell Sequencing (Lab 3145, Medical and Biological Sci-
ence Building University of Southampton, Boldrewood,
Southampton, UK) and MACROGEN Inc (Korea). Molecu-
lar sequence analyses were performed by using the algo-
rithm BLASTN (Altschul et al. 1997) to identify similarities
and to perform alignments. Multiple alignments and Neigh-
bour-Joining (NJ) trees were constructed by using CLU-
STALX 1.64b software (Thompson et al. 1997).

Nucleotide sequence accession numbers

The nucleotide sequence of the 16S rRNA gene of strains
NLH25, NOD31 and NDEHE have been deposited in Gen-
Bank data bank under accession No. AY427207, EF202193
and EF158295, respectively. Partial nifD gene sequences of
the strains have been deposited in GenBank data bank
under accession No. DQ295199 (NLH25), DQ295200
(NOD31) and DQ295201 (NDEHE).

Detection of LCOs by thin layer chromatography

It was performed according to Spaink et al. (1992). BrieXy,
bacteria were grown on 5 ml minimal B¡ medium supple-
mented with each Xavonoid solution (1 �g ml¡). For in
vivo labelling of LCOs, 0.2 �Ci of D-[1-14C]-glucosamine
hydrochloride (speciWc activity 50–60 mCi mmol¡1, Amer-
sham Biosciences, Germany) was used. Cultures were
grown to saturation and the supernatants were extracted
with 0.5 ml of water-saturated n-butanol. Samples were
concentrated by evaporation and the resulting powder sus-
pended in 40 �l of n-butanol. A measure of 10 �l of this
solution was chromatographed on TLC plates (HPTLC
plates RP-18 F254s, Merck, Germany) using a mobile
phase of acetonitrile–water (1:1, vol/vol). TLC plates were
exposed to Kodak BioMax MR-2 Wlm for 15 days and the
Wlm was developed with Kodak reagents according to the
manufacturer’s instructions.

LCO puriWcation 

To obtain large quantities of LCOs, 10 l of genistein-
induced bacterial culture medium were extracted with 3 l
of n-butanol. The butanol extract was evaporated to dry-
ness under vacuum and the concentrates containing the
LCOs were suspended in 50 ml of acetonitrile–water (3:2,
v/v) which was then brought to acetonitrile–water (1:4,
vol/vol). A pre-puriWcation step was performed by passing
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the crude extract through a C18 cartridge (Resprep, USA).
The solid phase extraction column was eluted with diVer-
ent acetonitrile–water solutions (20, 45 and 60%). The
45% fraction was further puriWed by high performance liq-
uid chromatography (HPLC) (Highon a semi-preparative
C18 reverse-phase column, 250 £ 7.5 mm, Spherisorb
ODS2, 5 �m, Tracer) using the following elution program:
acetonitrile–water (20%, 5 min; 30%, 30 min, 40%,
30 min, 60%, 15 min), and then using a linear gradient for
10 min from 60 to 100% acetonitrile. The eluent from
HPLC was monitored at 206 nm and 2.5 ml fraction col-
lected.

Mass spectrometry and NMR analysis of LCOs 

Positive ion mode LSIMS and HR-LSIMS was performed
on a Micromass AutoSpecQ instrument with a cesium ion
gun at an acceleration voltage of 8 kV. Either glycerol-m-
nitrobenzyl alcohol (1:1) or thioglycerol containing NaI as
the cationizing agent was used as matrices. The samples
were dissolved in 0.2 ml DMSO.

For NMR analysis, the sample was deuterium exchanged
several times by freeze drying from D2O and then exam-
ined as solutions (1 mg ml¡1) in d6-dimethylsulfoxide
(DMSO) containing the highest amount of D2O possible
before causing the precipitation of the samples (approxi-
mately 8% in D2O). Spectra were recorded at 303 or 343 K
on a Bruker AMX500 spectrometer operating at 500.13
MHz (1H). Chemical shifts are given in ppm, using the
DMSO signal (2.49 ppm) as reference. The correlation
spectroscopy (COSY) experiment was performed according
to standard Bruker parameters.

Growth of seedlings and preparation of root exudates 

Peanut cultivar Tegua was provided by J. Soave, criadero
“El Carmen”. Seeds were sterilised and germinated as pre-
viously described (Taurian et al. 2002; Angelini et al.
2003). Seedlings were individually transferred to 50 ml
tubes containing 20 ml sterile distilled water. Roots were
passed through a tube hole and ensured that only the organ
was submersed in the water. Plants were grown in a con-
trolled environmental chamber under 16 h light:8 h dark
cycles, 26/19°C and a photosynthetic photon Xux density
of 124 �mol m¡2 s¡1 provided by Xuorescent tubes. After
7 days of incubation, the solution bathing roots, termed
root exudates, were collected. The microbial contamina-
tion of the root exudates was monitored by streaking
100 �l in Petri dishes with TY (Beringer 1964) or LB
media (Sambrook et al. 1989) that were incubated at 28
and 37°C for 7 days. Sterile root exudates were centri-
fuged at 6,200 rpm for 15 min and Wltered through 0.8 and
0.2 �m polycarbonate Wlters. Then, they were concentrated

to dryness using a Speedvac concentrator and stored at
¡20°C in dark until use.

Flavonoid sources and preparation 

Flavonoids standards naringenin (4�,5,7 trihydroxyXava-
none), apigenin (4�,5,7 trihydroxyXavone), chrysin (5,7
dihydroxyXavone), luteolin (3�,4�,5,7 tetrahydroxyXavone),
genistein (4�,5,7 trihydroxyisoXavone) and daidzein (4�,7
dihydroxyisoXavone) were provided by Sigma Chemical,
St Louis, MO. Flavonoid solutions were prepared gravimet-
rically as 1 mg ml¡1 stock solutions in methanol with
warming.

Flavonoids from root exudates identiWcation 

Dried peanut root exudates were suspended in 3 ml sterile
water and adsorbed to 900-mg C18 Maxi-Clean cartridges.
Flavonoids were eluted with 0, 30, 50, 80 and 100% metha-
nol and partitioned against an equal volume of hexane to
remove lipids as described by Dakora et al. (1993). Extracts
were evaporated under vacuum to dryness, suspended in
1 ml HPLC grade methanol and stored at ¡20°C in dark.
Compounds were separated by HPLC performed at 25°C
on an HPLC system (Hewlett Packard) equipped with a
250 mm £ 4 mm, 5 �m particle size Phenomenex LUNA
C18 reverse-phase column using methanol:water:acetic acid
gradients at a Xow-rate of 1 ml min¡1 and spectrometric
detection at 280 nm, as described by Hakamura et al.
(2001). Calibration was achieved with 1 mg ml¡1 standards
solutions. The injection volume of the Wltered methanolic
extract as well as the mixture of the samples was 50 �l.
Compounds were identiWed on the basis of retention times
and quantiWed by comparison of peak area with those of
standards.

Plant nodulation assays

To determine the host range of the peanut isolates, the fol-
lowing legumes were selected: Glycine max, Phaseolus vul-
garis, Medicago sativa, Leucaena leucocephala,
Macroptilium atropurpureum and Vigna unguiculata.
Seeds of G. max, P. vulgaris, L. leucocephala and V.
unguiculata were surfaced sterilized with sodium hypo-
chlorite (20%) or hydrogen peroxide (15%) solutions (Vin-
cent 1970), while M. sativa and M. atropurpureum seeds
were sterilized with mercuric chloride 2.5% as described by
Somasegaran and Hoben (1994). They were germinated for
48 h and the seedlings were transferred to plastic pots con-
taining sterilized vermiculite. After 5 days, each seedling
was inoculated with 3–5 ml of the appropriate bacterial cul-
ture (YMB) in stationary growth phase (109 cells ml¡1). Six
replica were done for each bacteria. Plants were grown in a
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controlled environmental chamber as described above and
watered regularly with sterilized tap water and twice a
month with nitrogen free Hoagland medium (Hoagland and
Arnon 1950). Nodulation was observed 5 weeks after inoc-
ulation.

Results

Genetic characterization of the peanut rhizobia isolates 

Peanut bradyrhizobia NDEHE, NLH25 and NOD31 were
isolated from Weld peanut nodules or Weld soil samples
from Córdoba (Argentina) by using peanut as trapping host.
Their eYciency in peanut nitrogen Wxation and genetic
diversity by rep-Wngerprint and AmpliWed ribosomal DNA
restriction analysis (ARDRA) were previously reported
(Taurian et al. 2002, 2006).

The nucleotide sequence of nearly full length (1,300 bp
approximately) 16S rRNA gene from the three isolates were
determined and compared to sequences of known rhizobia
species available in data banks. Phylogenetic 16S rDNA
sequence analysis revealed that strains NLH25, NDEHE
and NOD31 clustered together with Bradyrhizobium indi-
cating that they belong to the Bradyrhizobium genus (data
not shown).

Symbiotic genes analysed were the Wxation gene nifD
and the nodulation genes nodD and nodA. Gene nifD, in
conjunction with nifK and nifH, encodes for the subunits of
the nitrogenase enzyme complex. This enzyme catalyzes the
reduction of atmospheric nitrogen to an assimilable form for
plants. The product of nifD gene ampliWcation (390 bp) was
digested with restriction enzymes (MspI, HaeIII, HinfI,
HhaI, NdeII, RsaI) and restriction fragment length polymor-
phism (RFLP) proWles obtained were compared among the
strains NDEHE, NLH25 and NOD31, and with reference
strains. As it is shown in Table 1, RFLP patterns of the three
peanut strains obtained with all enzymes used were identi-
cal but diVer from those of the reference strains, suggesting
that they are polymorphic. The nucleotide sequence of this
PCR product was determined and the alignments revealed

high level of similarity with Bradyrhizobum sp. (Fig. 1).
However, the sequences from the three peanut strains
formed an independent cluster in a tree, illustrating dis-
tances among nifD sequences from bradyrhizobia.

Genes nodABC were identiWed as encoding the
enzymes that synthesize the basic backbone of Nod fac-
tors. NodA is an acyl transferase that adds an acyl group to
the non-reducing end of the N-acetyl-D-glucosamine back-
bone. The product of nodA gene ampliWcation (670 bp
approximately) was digested with enzymes HhaI, HinfI
and RsaI. As it was observed in the nifD-RFLP analysis,
all the patterns were identical for the three peanut strains
(Table 1), but they diVered with those obtained from the
reference strains used in this study. Due the lack of nodA
gene data of peanut bradyrhizobia in public data base we
were unable to establish further relationship among our
isolates and these rhizobia. 

The number of nodD gene copies was analyzed in the
three strains by “DNA Southern hybridization” employing
probe nodD1 (2.4 Kb HindIII fragment of plasmid
pCV3805) and, opposite to what was reported for Brady-
rhizobium (Arachis) sp. NC92 (Gillette and Elkan 1996),
only a single copy was identiWed (data not shown).

Flavonoid composition in root exudates 

Arachis hypogaea L. cultivar Tegua was chosen because it
is widely used in Argentina. The array of root Xavonoids
released was qualitatively and quantitatively estimated
(data not shown). Compared to standard Xavonoid solutions
retention time, Xavonoids daidzein, genistein and chrysin
(retention time 19.5, 22.8 and 34.7 min, respectively) were
found in peanut root exudates. Analysis of the identiWed
Xavonoids by HPLC indicated that the quantities of the iso-
Xavones daidzein and genistein produced per plant were
almost 2-fold higher than that of chrysin.

Production and structural analysis of Nod factors

Nod factor production by the three peanut nodulating
strains NDEHE, NLH25 and NOD31 was studied by TLC.

Table 1 RFLP pattern of 
390 bp fragment of gene nifD 
and 670 bp fragment of gene 
nodA

Strains RFLP nifD RFLP nodA

MspI HaeIII HinfI HhaI NdeII RsaI HinfI HhaI RsaI

NDEHE A A A A A A A A A

NLH25 A A A A A A A A A

NOD31 A A A A A A A A A

Bradyrhizobium sp. SEMIA 6144 D D C A C B B A B

Bradyrhizobium japonicum USDA110 B B B B B B C C C

Bradyrhizobium elkanii USDA76 C C C A B B ND D D

Rhizobium sp. NGR234 A E C C D B E E E

Letters indicate diVerent restric-
tion proWles

ND PCR-product not digested
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Flavonoids daidzein, chrysin, genistein, apigenine, naringe-
nin, luteolin, and quercetin were used as nod gene inducers.
Nod factor production was only detected when 10¡6 M
genistein was added, and all the isolates produced LCOs in

an identical pattern (Fig. 2). This was constituted by diVer-
ent molecules as revealed by the presence of Wve spots in
TLC plates. Only in strain NOD31, LCO synthesis was also
induced by apigenine.

Fig. 1 Phylogenetic tree based on aligned sequences of nifD genes,
showing relationship among the strains NLH25, NOD31 and NDEHE
and known bradyrhizobia. Multiple alignments of DNA sequences
were done with the CLUSTAL X 1.64b software and phylograms were

edited with Tree View. Sequences of the PCR products were always
analyzed by editing out primer sequences. Phylograms were con-
structed by the neighbor-joining method with 1,000 replicate trees
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Fig. 2 A In vitro analysis of 
14C-labelled Nod factors by C18 
reverse phase TLC produced by 
the three peanut strain (spots 1, 
2, 3, 4 and 5); lanes 1 and 2: 
NDEHE, 3 and 4: NLH25 and 
lanes 5 and 6: NOD31, lanes 2, 4 
and 5 with the inducer genistein, 
lanes 1, 3 and 6 without geni-
stein. B HPLC proWles of n-
butanol extract induced with 
genistein (a) and not induced (b) 
from strain NDEHE. Fractions 
collected are indicated 
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Since the three strains produced identical LCOs pattern
in TLC, and NDEHE showed higher production, it was
selected to analyze Nod factor structure. HPLC analysis of
NDEHE Nod factors revealed the presence of Wve fractions
(F45, F50, F55, F60 and F70) (Fig. 2). Fractions F45 to F60
were eluted at 40% acetonitrile, while fraction F70 was
eluted at 60% acetonitrile. Positive fast atom bombardment
(FAB MS) and positive liquid secondary mass spectrome-
try (LSIMS) spectra were performed (Fig. 3). On the basis
of the pseudomolecular ions [M + Na]+ and Bn oxonium
fragments ions, it was determined that Nod factors con-
tained fucose, methyl fucose, acetyl fucose, and methyl
acetyl fucose as substituents at the reducing end glucosa-
mine residue. At the non-reducing end, the presence of

C18:1, C16:1, C16:0 and C14:0 acyl substituents were deter-
mined. Finally, it was found that all Nod factors contained
an N-methyl and two carbamoyl groups at the non-reducing
glucosamine residue (Table 2).

To conWrm these assignments, high resolution LSIMS
were performed. Exact mass and formula of the pseudomo-
lecular ions and the B1 ions are shown in Table 3 and con-
Wrm the above results. From the exact mass and formula of
B1 fragments we propose the presence of two carbamoyl
groups as substituents at the non-reducing end glucosamine
residue. This was conWrmed by performing the constant B/
E scans of some of B1 oxonium ions (m/z 526 and m/z 500)
(Fig. 4). These B-ions correspond to N-methylated non-
reducing glucosamine bearing two carbamoyl groups and a

Fig. 3 Fast atom bombardment 
(FAB) spectrum of the HPLC 
fraction F70. The spectrum 
shows the pseudomolecular ion 
[M + Na]+ at m/z 1,580 and the 
B-type fragment ions

Table 2 Lipochitin-oligosac-
charides (LCOs) produced by 
peanut strain NDEHE in the 
presence of genistein

[M + Na]+ (m/z) N R1 R2 R3 R4 R5 Designation

1,580 3 C18:1 Me Cb Cb MeFucAc V (C18:1, NMe, 2Cb, MeFucAc)

1,554 3 C16:0 Me Cb Cb MeFucAc V (C16:0, NMe, 2Cb, MeFucAc)

1,552 3 C16:1 Me Cb Cb MeFucAc V (C16:1, NMe, 2Cb, MeFucAc)

1,538 3 C16:1 Me Cb Cb AcFuc V (C16:1, NMe, 2Cb, AcFuc)

1,538 3 C18:1 Me Cb Cb MeFuc V (C18:1, NMe, 2Cb, MeFuc)

1,526 3 C14:0 Me Cb Cb MeFucAc V (C14:0, NMe, 2Cb, MeFucAc)

1,524 3 C18:1 Me Cb Cb Fuc V (C18:1, NMe, 2Cb, Fuc)

1,512 3 C16:0 Me Cb Cb MeFuc V (C16:0, NMe, 2Cb, MeFuc)

1,510 3 C16:1 Me Cb Cb MeFuc V (C16:1, NMe, 2Cb, MeFuc)

O

HO
NHAc

CH2OH

O

O

HO
NHAc

CH2OR5

OH

O

...O
...O

N

...OH2C

O

R1 R2

R3, R4

n

Me Methyl, Fuc fucose, Ac 
acetyl, Cb carbamoyl
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C18:1 or C16:0 acyl group, respectively. It was observed the
loss of one and two molecules of carbamic acid (¡61 Da)
and they were the main daughter ions observed. This fact
suggests that this O-carbamoyl groups could be located on
O-3 and O-4. In addition, it was observed another daughter
ions and they are indicated in the spectrum.

The major HPLC-isolated fraction (F60) was studied by
500 MHz 1H NMR spectrum and 2D-COSY experiments.
Due to the high complexity of this fraction, complete
assignment was not possible. Signal belonging to an acyl
group, and N-methyl (at non-reducing terminal), N-acetyl
groups, H6 and O-methyl (in O–Me–Fucose), and the ano-
meric region was assigned (Fig. 5).

Host range of the strains

Considering the structural similarity between Nod factors
from strain Rhizobium sp. NGR234 and the peanut nodulat-
ing isolates, six legumes nodulated by NGR234 were
selected to evaluate the nodulation ability of these peanut
strains. All of them were able to induce nodules in M. atro-
purpureum and in V. unguiculata. Strains NLH25 and
NOD31 were also able to nodulate P. vulgaris. Nodules
formed in all the legumes were red, indicating the presence
of leghemoglobin. Nodules were not observed in M. sativa,
G. max, and L. leucocephala inoculated with the peanut
bradyrhizobia.

Discussion

Sterile peanut roots from Arachis hypogaea L. cultivar
Tegua released three diVerent Xavonoids, genistein and

daidzein being the quantitatively dominant Xavonoids in
the exudates. We have previously reported that the Xavo-
noids chrysin, apigenin, genistein, daidzein, naringenin and
luteolin are able to induce the nodC promoter in diVerent
peanut rhizobia strains (Angelini et al. 2003). The under-
standing of how legumes beneWt from releasing more than
one nod genes inducing Xavonoid is not clear up today
(Begun et al. 2001). For peanut this fact would be corre-
lated with the ability of this legume to be nodulated by rhi-
zobia belonging to Bradyrhizobium and Rhizobium genera
(Taurian et al. 2002). Gillette and Elkan (1996) reported
that isoXavones genistein and daidzein induced expression
of the nodA-lacZ fusion in Bradyrhizobium (Arachis) sp.
NC92. In B. japonicum, NodD1 is a transcriptional activa-
tor also induced by genistein and daidzein (Göttfert et al.
1992). In soybean root exudates, only four compounds
were detected in measurable quantities, the concentration of
daidzein being greater than the sum of the remaining three
compounds combined (Pueppke et al. 1998). Sesbania
rostrata is a tropical legume infected by A. caulinodans by
a related mechanism to that occurring in peanut. The bacte-
ria enter to this host via intercellular spaces (as peanut) but
then infection threads guide them to nodule primordia. It
was reported for this bacterium that Xavonoid naringenin
induced the nod gene expression (D´Haeze et al. 1998).

In this work three peanut bradyrhizobia isolates were
genotypically characterized. The results obtained from the
16S rRNA gene sequencing revealed that strains NLH25,
NDEHE and NOD31 are chromosomally close to Brady-
rhizobium species. On the other hand, the phylogeny
obtained from the sequence analysis of genes nifD and
nodA revealed that the strains isolated from Córdoba soils
clustered separately from the bradyrhizobia reference
strains. Parker et al. (2002) informed that diVerent Brady-
rhizobium species with similar or identical nifD sequences
showed a signiWcant tendency to group according to their
geographic origins. In contrast, the diVerent lineages of 16S
rRNA gene were distributed across all the geographic
regions sampled. Similar results were obtained by Haukka
et al. (1998) for nifH and nodA phylogeny in sinorhizobia
isolated from Prosopis and Acacia growing in diVerent
geographic areas.

Gene nodD is constitutively expressed in rhizobia, and
its product is able to perceive very small quantities of Xavo-
noids and then activate the expression of other genes in nod
regulon (Schlaman et al. 1992). It was informed that spe-
cies with NodD protein(s), which recognizes a wide spec-
trum of compounds, have a corresponding large host range
(Györgypal et al. 1991). Strains such as B. japonicum, Rhi-
zobium sp. NGR234, S. meliloti and R. tropici carry two to
Wve copies of nodD (Broughton et al. 2000).

All the isolates analyzed in this study produced Nod fac-
tors when induced by genistein (one of the quantitatively

Table 3 High resolution LSIMS of the chromatographic fractions of
LCOs of strain NDEHE: exact mass and formula of the pseudomolec-
ular and B1 ions

Observed Calculated Formula

[M + Na]+ m/z 1580.758089 1580.743350 C66H111N7O33Na

1554.728423 1554.727700 C66H113N7O33Na

1552.710962 1552.712050 C66H111N7O33Na

1538.728311 1538.732786 C66H113N7O32Na

1538.703041 1538.696400 C65H109N7O33Na

1526.668359 1526.696400 C64H109N7O33Na

1524.723389 1524.717136 C65H111N7O32Na

1512.717982 1512.717136 C64H111N7O32Na

1510.698586 1510.701486 C64H109N7O32Na

Oxonium ion B1 m/z 498.316345 498.317926 C25H44N3O7

472.298504 472.302276 C23H42N3O7

500.329192 500.333576 C25H46N3O7

526.344580 526.349556 C27H48N3O7
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dominant Xavonoid in peanut exudates). TLC of Nod fac-
tors revealed identical proWle, suggesting low variability in
genes involved in the synthesis of these molecules, as it
was observed in the nodA-RFLP.

As strain NDEHE produced LCOs in higher quantities, it
was selected for the structural analysis of these molecules.
This study revealed that LCOs consist of a pentameric chi-
tin backbone, sharing with soybean Bradyrhizobium symbi-
onts some substitutions such as C18:1, C16:0, C16:1, methyl
fucose, carbamoyl groups and fucose (D´Haeze and

Holsters 2002). However, strain NDEHE was unable to
nodulate soybean, possibly due to the fact that these substi-
tutions are of little or no consequences to the nodulating
activity of soybean symbionts. Reinforcing this hypothesis
are the results obtained by Stokkermans et al. (1995) dem-
onstrating that, despite all strains isolated from soybean
synthesize Nod factors with fucose or methyl fucose, this
substitution is not required for the induction of nodule pri-
mordia. In addition, myristic acid (C14:0) and acetylated
methyl fucose, which are not present in soybean symbionts

Fig. 4 Constant B/E scans of B1 
oxonium ions originating from 
fragmentation of the non-reduc-
ing end of Nod Factors from 
strain NDEHE. a Scans of the B1 
ion at m/z 526 and b scans of B1 
ion at m/z 500. These B-ions cor-
respond to N-methylated non-
reducing glucosamine bearing 
two carbamoyl groups and a 
C18:1 or C16:0 acyl group. CbOH 
Carbamic acid
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Nod factors, were found in the NDEHE LCOs. It was inter-
esting to Wnd myristic acid as a structural adornment of the
Nod factor since this molecule was reported to be a substi-
tution only in the LCOs produced by R. galegae HAM-
BII207 (Yang et al. 1999).

Structural study of Nod factors synthesized by NDEHE
also revealed some substitutions shared with the molecules
produced by Rhizobium sp. NGR234, such as palmitoleic,
vaccenic and palmitic acids, methyl and carbamoyl groups
in the non-reducing end, and acetylmethyl fucose or methyl
fucose in the reducing end (Perret et al. 2000; D´Haeze and
Holsters 2002). However, other structural substituents
reported for strain NGR234 were not determined in the
LCOs of NDEHE. For example, strain NGR234 produces
sulfated LCOs and it was proposed that this substitution is
responsible for the ability of this broad host range strain to
nodulate Medicago (Lerouge et al. 1990), a legume not
nodulated by NDEHE. Although speciWc nod genes are
responsible for host speciWcity, it has been shown that com-
mon genes nodABC also contribute to this phenotype
(Schultze et al. 1994). Acyl group C18:2, is another struc-

tural substitution found in strain NGR234 Nod factor but
not in the LCOs produced by strain NDEHE. Considering
this Nod factor structural variation, RFLP patterns of nodA
gene revealed some diVerences between the three isolates
and strain NGR234. All these variations in the LCOs struc-
ture would be related with the diVerences observed between
the host ranges of NGR234 and the peanut nodulating
strains. Despite Nod factors elaborated by NDEHE and
NGR234 are structurally similar, their host ranges are
diVerent even when NGR234 nodulates peanut ineYciently
(Pueppke and Broughton 1999; Broughton W.J., personal
communication). In the same way, Rhizobium etli and Mes-
orhizobium loti produce similar Nod factors, but they nodu-
late diVerent legumes (Phaseolus spp. and Lotus spp.,
respectively) (Cárdenas et al. 1995; López-Lara et al.
1995). Also Phaseolus plants are nodulated by R. etli and
by other broad host range strains, but their Nod factors
diVer in the variety of acyl groups and in the nature of the
substitutions (Promé et al. 1998). It is clearly evident from
these data that it is not possible to establish a direct correla-
tion between Nod factor structure and legume host range.

Fig. 5 500 MHz 1H NMR spectrum and COSY NMR obtained for the fraction F60 isolated from strain NDEHE
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In several cases it was shown that a single substituent can
drastically change the host range of a bacterium, whereas
other LCO decorations have little or no detectable eVect on
the symbiotic behaviour. Lastly, it must be pointed out that
Nod factors are always produced as more or less complex
LCO structures, and it is somewhat diYcult to evidence
which are the active components in the mixture (Promé
et al. 1998).

In order to assess whether rhizobial Nod factors struc-
tural features could be associated with the legume infection
process, we compared the molecules produced by NDEHE
with those synthesized by A. caulinodans, since both Ara-
chis and Sesbania legumes are colonized intercellularly,
even when Wnal cell penetration in the latter plant occurs
via infection threads (Boogerd and van Rossum 1997; van
Rhijn and Vanderleyden 1995). A. caulinodans produces
arabinosylated and/or fucosylated Nod factors, these gly-
cosylations being important for the biological activity. In
both peanut bradyrhizobia and A. caulinodans LCOs, it was
found vaccenic acid (C18:1) (Mergaert et al. 1997) and a N-
methyl or a 6-O-carbamoyl group was present at the non
reducing end. To investigate the involvement of Nod fac-
tors in this root infection process in peanut, mutant defec-
tive in Nod factor production are being analysed.

In this study, the genetic characterization of slow-grow-
ing peanut nodulating strains revealed that they are closely
related and form an independent cluster in the Bradyrhizo-
bium genus. This is also the Wrst report for molecules
involved in the peanut–bradyrhizobia symbiotic interaction
such as root Xavonoids composition and microsymbiont
Nod factor structure. All these results are contributing to
make progress in our understanding of the peanut–brady-
rhizobia interaction.

Acknowledgments This work was supported by ANPCyT, CONI-
CET and SECyT-UNRC grants to A. Fabra, and AGL2002-04188-C06
grant to M. Megías Guijo and A. Gil-Serrano. J. Angelini is a recipient
of scholarship from CONICET. T. Taurian and A. Fabra are members
of the Research Career from CONICET.

References

Altschul S, Madden T, SchäVer A, Zhang J, Zhang Z, Miller W, Lipman
D (1997) Gapped BLAST and PSI-BLAST: a new generation of
protein database search. Nucleic Acids Res 25(17):3389–3402

Angelini JG, Castro SM, Fabra A (2003) Alteration in root coloniza-
tion and nodC gene induction in the peanut–rhizobia interaction
under acidic conditions. Plant Physiol Biochem 41:289–294

Begun A, Leibovitch S, Migner P, Zhang F (2001) SpeciWc Xavonoids
induced nod gene expression and pre-activated nod genes of Rhi-
zobium leguminosarum, increased pea (Pisum sativum L.) and
lentil (Lens culinaris L.) nodulation in controlled growth chamber
environments. J Exp Bot 52:1537–1543

Benhinzia Y, Benhinzia H, Benguedouar A, Muresu R, Giacomini A,
Squartini A (2004) Gamma proteobacteria can nodulate legumes
of the genus Hedysarum. Syst Appl Microbiol 27:462–468

Beringer JE (1964) R factor transfer in Rhizobium leguminosarum. J
Gen Microbiol 84:188–198

Bladergroen MR, Spaink HP (1998) Genes and signal molecules in-
volved in the rhizobia–leguminoseae symbiosis. Curr Opin Plant
Biol 1:353–359

Boogerd FC, van Rossum D (1997) Nodulation of groundnut by
Bradyrhizobium: a simple infection process by crack entry.
FEMS Microbiol Rev 21:5–27

Broughton WJ, Jabbourl S, Perret X (2000) Key to symbiotic harmony.
J Bacteriol 182:5641–5652

Cárdenas L, Dominguez J, Quinto C, López-Lara IM, Lugtenberg BJJ,
Spaink HP, Rademaker GJ, Haverkamp J, Tomas-Oates JE
(1995) Isolation, chemical structure and biological activity of the
lipo-chitin oligosaccharide nodulation signal from Rhizobium etli.
Plant Mol Biol 29:453–464

Carlos RW, Sanjuan J, Bhat UR, Glushka J, Spaink HP, Wijfjes HW,
van Brussel AN, Stockermans TJW, Peters NK, Stacey G (1993)
The structures and biological activities of the lipo-oligosaccha-
ride nodulation signals produced by type I and type II strains of
Bradyrhizobium japonicum. J Biol Chem 268:18372–18381

Chandler M, Date R, Roughley R (1982) Infection and root nodule
development in Stylosanthes species by Rhizobium. J Exp Bot
33:47–57

Chen WM, Moulin L, Bontemps C, Vandamme P, Béna G, Boivin-
Masson C (2003) Legume symbiotic nitrogen Wxation by beta-
proteobacteria is widespread in nature. J Bacteriol 185:7266–
7272

Cloutier J, Laberge S, Castonguay Y, Antoun H (1996) Characteriza-
tion and mutational analysis of nodHPQ genes of Rhizobium sp.
strain N33. Mol Plant Microbe Interact 9:523–531

Cloutier J, Laberge S, Antoun H (1997) Sequence and mutational anal-
ysis of the 6.7-kb region containing nodAFEG genes of Rhizo-
bium sp. strain N33: evidence of DNA rearrangements. Mol Plant
Microbe Interact 10:401–406

D´Haeze W, Holsters M (2002) Mini Review: Nod factors structures,
responses, and perception during initiation of nodule develop-
ment. Glycobiology 12:79–105

D´Haeze W, Gao M, De Rycke R, Van Montagu M, Engler G, Holsters
M (1998) Roles for azorhizobial Nod factors and surface polysac-
charide in intercellular invasion and nodule penetration, respec-
tively. Mol Plant Microbe Interact 11:999–1008

Dakora F, Joseph C, Phillips D (1993) Common bean exudates contain
elevated levels of daidzein and coumestrol in response to Rhizo-
bium inoculation. Mol Plant Microbe Interact 6:661–668

Dénarié JF, Debellé F, Promé J (1996) Rhizobium lipochitooligosac-
charide nodulation factors: signaling molecules mediating recog-
nition and morphogenesis. Annu Rev Biochem 65:503–535

Downie JA (1998) Functions of rhizobial nodulation genes. In: Spaink
HP, Kondorosi A, Hooykaas PJJ (eds) Rhizobiaceae. Kluwer,
Dordrecht, , pp 387–402

Gillette W, Elkan G (1996) Bradyrhizobium (Arachis) sp strain NC92
contains two nodD genes involved in the repression of nodA and
a nolA gene required for the eYcient nodulation of host plant. J
Bacteriol 176:2757–2766

Göttfert M, Holzhäuser D, Bäni D, Hennecke H (1992) Structural and
functional analysis of two diVerent nodD genes in Bradyrhizobi-
um japonicum USDA110. Mol Plant Microbe Interact 5:257–265

Györgypal Z, Kiss GB, Kondorosi A (1991) Transduction of plant sig-
nal molecules by the Rhizobium NodD proteins. BioEssay
13:575–581

Hakamura Y, Kaihara A, Yoshii K, Tsumura Y, Ishinitsu S, Tonogai Y
(2001) Content and composition of isoXavonoids in mature or
immature beans and bean sprout consumed in Japan. J Health Sci
47:394–406

Haukka K, Lindström K, Young PW (1998) Three phylogenetic
groups of nodA and nifH genes in Sinorhizobium and Mesorhizo-
123



356 Arch Microbiol (2008) 189:345–356
bium isolates from leguminous trees growing in Africa and Latin
America. Appl Environ Microbiol 64:419–426

Hoagland DR, Arnon DI (1950) Water culture method for growing
plants without soil. California Agricultural Experiment Station
Circular 347

Ikeshita S, Nakahara Y, Ogawa T (1994) Synthesis of lipooligosaccha-
ride nodulation signals NodBj-V(RCO, MeFuc) and NodBj-
IV(RXO,MeFuc) of Bradyrhizobium japonicum. Glycoconj J
11:257–261

Lerouge P, Roche P, Faucher C, Maillet F, Truchet G, Promé JC,
Dénarié J (1990) Symbiotic host-speciWcity of Rhizobium meliloti
is determined by a sulphated and acylated glucosamine oligosac-
charide signal. Nature 344:781–784

Long SR (1989) Rhizobium-legume nodulation: life together in the
underground. Cell 56:203–214

López-Lara IM, van der Berg JDJ, Thomas-Oates JE, Glushka J, Lug-
tenberg BJJ, Spaink HP (1995) Structural identiWcation of the
lipo-chitin oligosaccharide nodulation signals of Rhizobium loti.
Mol Microbiol 15:627–638

Meade HM, Long SR, Ruvkun GB, Brown SE, Ausubel FM (1982)
Physical and chemical characterization of auxotrophic mutant
Rhizobium meliloti by tn5 mutagenesis. J Bacteriol 149:114–122

Mergaert P, Van Montagu M, Holsters M (1997) Molecular mecha-
nisms of Nod factor diversity. Mol Microbiol 25:811–817

Moulin L, Munive A, Dreyfus B, Boivin-Masson C (2001) Nodulation
of legumes by members of �-subclass of proteobacteria. Nature
411:948–950

Nap JP, Bisseling T (1990) Developmental biology of a plant-prokary-
ote symbiosis: the legume root nodule. Science 250:948–954

Parker MA, Lafay B, Burdon JJ, van Berkum P (2002) ConXicting
phylogeographic patterns in rRNA and nifD indicate regionally
restricted gene transfer in Bradyrhizobium. Microbiology
148:2557–2565

Perret X, Staehelin C, Broughton WJ (2000) Molecular basis of sym-
biotic promiscuity. Microbiol Mol Biol Rev 64:180–201

Poupot R, Martinez-Romero E, Promé JC (1993) Nodulation factors
from Rhizobium tropici are sulphated or nonsulphated chitopenta-
saccharides containing an N-methyl-N-acylclucosamimyl termi-
nus. Biochemistry 32:10430–10435

Poupot R, Martinez-Romero E, Maillet F, Promé JC (1995) Rhizobium
tropici nodulation factor sulfation is limited by the quantity of
activated form of sulfate. FEBS Lett 368:536–540

Promé JC, Dénarié J, Truchet G (1998) Acylated chitooligomers are
molecular signals that mediate the symbiotic interactions between
nitrogen-Wxing bacteria and their host plants. Pure Appl Chem
70:55–60

Pueppke SG, Broughton WJ (1999) Rhizobium sp strain NGR234 and
R. fredii USDA257 share exceptionally broad, nested host ranges.
Mol Plant Microbe Interact 12:293–318

Pueppke SG, Bolaños-Vásquez MC, Werner D, Bec-Ferté MP, Promé JC,
Krishnan HB (1998) Release of Xavonoids by the soybean cultivar
McCall and Peking and their perception as signals by the nitrogen-
Wxing symbiont Sinorhizobium fredii. Plant Physiol 117:599–606

Sambrook J, Fritsch EF, Maniatis T (1989) Molecular cloning: a labo-
ratory manual, 2nd edn. Cold Spring Harbor Laboratory Press,
New York 

Sanjuan J, Carlos RW, Spaink HP, Bhat UR, Barbour WM, Glushka J,
Stacey G (1992) A 2-O-methylfucose moiety is present in the
lipo-oligosaccharide nodulation signal of Bradyrhizobium japon-
icum. Proc Natl Acad Sci USA 89:8789–8793

Schlaman HR, Okker RJ, Lugtenberg BJ (1992) Regulation of nodula-
tion gene expression by NodD in rhizobia. J Bacteriol 174:5177–
5182

Schultze M, Kondorosi E, Ratet P, Buire M, Kondorosi A (1994) Cell
and molecular biology of Rhizobium-plant interactions. Int Rev
Cytol 156:1–75

Sessitsch A, Howieson J, Perret X, Antoun H, Martínez-Romero E
(2002) Advances in Rhizobium research. Crit Rev Plant Sci
21:323–378

Somasegaran P, Hoben HJ (1994) In: Somasegaran P, Hoben HJ (eds)
Handbook of rhizobia. Springer, New York

Sousa C, Folch JL, Boloix P, Megías M, Nava N, Quinto C (1993) A
Rhizobium tropici DNA region carrying the amino-terminal half
of a nodD gene and a nod-box-like sequence confers host-range
extension. Mol Microbiol 9(6):1157–1168

Spaink HP (2000) Root nodulation and infection factors produced by
rhizobial bacteria. Annu Rev Microbiol 54:257–88

Spaink HP, Aarts A, Stacey G, Bloemberg G, Lugtenberg BJ, Kennedy
EP (1992) Detection and separation of Rhizobium and Bradyrhiz-
obium Nod metabolites using thin layer chromatography. Mol
Plant Microbe Interact 6:72–80

Stokkermans T, Ikeshita S, Cohm J, Carlson R, Stacey G, Ogawa T,
Peters N (1995) Structural requirements of synthetic and natural
product lipo-chitin oligosaccharides for induction of nodule pri-
mordial on Glycine soja. Plant Physiol 108:1587–1595

Stoltzfus JR, So R, Malarvithi PP, Ladha JK, de Bruijn FJ (1997) Iso-
lation of endophytic bacteria from rice and assessment of their po-
tential for supplying rice with biologically Wxed nitrogen. Plant
Soil 194:25–36

Taurian T, Aguilar OM, Fabra A (2002) Characterization of nodulating
peanut rhizobia isolated from a native soil population in Córdoba,
Argentina. Symbiosis 33:59–72

Taurian T, Ibañez FJ, Fabra A, Aguilar OM (2006) Genetic diversity
of rhizobia nodulating Arachis hypogaea L. in central Argentin-
ean soils. Plant Soil 282:41–52

Thompson J, Gibson T, Plewniak F, Jeanmougin F, Higgins D (1997)
The CLUSTAL_X windows interface: Xexible strategies for mul-
tiple sequence alignment aided by quality analysis tools. Nucleic
Acids Res 25:4876–4882

van Rhijn P, Vanderleyden J (1995) The Rhizobium-plant symbiosis.
Microbiol Rev 59:124–142

Vincent JM (1970) A manual for the practical study of root nodule bac-
teria. IBP Handbook N° 15. Blackwell, Oxford

Weisburg WG, Barns SM, Pelletier DA, Lane DJ (1991) 16S ribo-
somal DNA ampliWcation for phylogenetic study. J Bacteriol
173:697–703

Yang GP, Debellé F, Savagnac A, Ferro M, Schiltz O, Maillet F,
Promé D, Treilhou M, Vialas C, Lindström K, Dénarié J, Promé
JC (1999) Structure of Mesorhizobium huakuii and Rhizobium
galegae Nod factors: a cluster of phylogenetically related
legumes are nodulated by rhizobia producing Nod factors with
�,�-unsaturated N-acyl substitutions. Mol Microbiol 34:227–237
123


	Signal molecules in the peanut-bradyrhizobia interaction
	Abstract
	Introduction
	Materials and methods
	Bacterial isolates and reference strains growth and maintenance
	DNA preparation, PCR ampliWcation and restriction digestion
	DNA Southern hybridization
	Sequencing and phylogenetic analysis of 16S rRNA and nifD genes
	Nucleotide sequence accession numbers
	Detection of LCOs by thin layer chromatography
	LCO puriWcation
	Mass spectrometry and NMR analysis of LCOs
	Growth of seedlings and preparation of root exudates
	Flavonoid sources and preparation
	Flavonoids from root exudates identiWcation
	Plant nodulation assays

	Results
	Genetic characterization of the peanut rhizobia isolates
	Flavonoid composition in root exudates
	Production and structural analysis of Nod factors
	Host range of the strains

	Discussion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


