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Two lines of Medicago truncatula, R-108-1 and Jemalong 
J5, exhibit differences in their symbiotic properties, mor-
phological markers, and capacity for regeneration and 
transformation. Using cytogenetic techniques, we detected 
differences in chromomycin A3 staining on the two sides of 
the secondary constriction of the nucleolar chromosome 
pair of J5 and R-108-1, while DAPI (4', 6-diamidino-2-
phenylindole) staining revealed no differences between the 
two lines. FISH (fluorescent in situ hybridization) analysis 
showed a difference between J5 and R-108-1 for the same 
5S rRNA genes; three loci were found in J5 but only two 
loci in R-108-1. However, for the 18S-5.8S-26S rDNA genes 
only a single locus was found in both lines. Based on these 
analyses, a karyotype for the two lines was established. 

The tetraploid Medicago sativa (alfalfa) is a major forage 
crop all over the world. Due to its capacity to establish sym-
biosis with Sinorhizobium meliloti and mycorrhizal fungi, M. 
sativa can have a direct impact both on ecology and agricul-
ture. Recently, a detailed genetic map has been constructed for 
alfalfa and about 1,300 markers (RFLP [restriction fragment 
length polymorphism], RAPD [random amplified polymor-
phic DNA], cDNA, isozyme, and morphological markers) 
have been mapped on the eight linkage groups representing 
the haploid chromosome set of the diploid M. sativa (Kiss et 
al. 1993). However, the out-crossing nature of M. sativa and 
the relatively large genome size make genetic studies difficult 
in this species. Therefore, M. truncatula, an annual autoga-
mous, diploid species with a small genome size (0.98 to 1.15 
pg; Blondon et al. 1994) was proposed as a model plant for 
the Leguminosae (Barker et al. 1990). Efficient and repro-
ducible regeneration and transformation methods have been 
worked out for two lines of M. truncatula, Jemalong JS and R-
108-1 (Chabaud et al. 1996; Trieu and Harrison 1996; Trinh et 
al. 1998). These two lines exhibit differences in several mor-
phological markers, such as the shape and pigmentation of 
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leaves and flowers, the form of seed pods, and also in their 
symbiotic properties (Hoffmann et al. 1997). In addition, in 
various Medicago spp. only a few karyological data are avail-
able, like the C-banded karyotype in M. sativa subsp. coerulea 
(Bauchan and Hossain 1997). In the same species, cytological 
studies on the nucleolar organizer regions (NORs) have been 
conducted by chromomycin banding and in situ hybridization 
of ribosomal DNA (Calderini et al. 1996). However, until now 
no karyotype has been available for M. truncatula. Therefore, 
we carried out cytogenetical studies on the M. truncatula lines 
JS and R-108-1 with fluorochrome banding and in situ hy-
bridization to learn if there are differences in genome organi-
zation between the two lines. This molecular cytogenetic ap-
proach may serve as a basis for the integration of genetic and 
physical maps and for the fine analysis of the chromosome 
structure including mutations as well as individual genes. 

For the cytological studies, young root meristems excised 
from plants cultivated in the greenhouse (Trinh et al. 1998) 
were pretreated with a-bromonaphtalene at 4°C for 2.3 h and 
fixed in 3:1 ethanol-acetic acid. Chromosome spreads were 
obtained by isolation of protoplasts after incubation in an en-
zyme mixture of 4% hemicellulase (Sigma, St. Quentin Falla-
vier, France), 1% pectolyase Y23 (Seishin, Tokyo), and 4% 
cellulase R10 Onozuka (Yakult Honsha, Tokyo), by the air-
drying technique of Geber and Schweizer, with light modifi-
cations described in Cerbah et al. (1998). Protoplasts were 
obtained after sequential centrifiigations of S min in microvol-
umes of 100 pi in 0.01 M citrate buffer and fresh fixative (3:1 
ethanol-acetic acid). 

For fluorochrome banding, chromomycin A3 (CMA3) and 
DAPI (4', 6-diamidino-2-phenylindole) were used. The GC-
rich heterochromatin was stained with CMA3 according to 
Schweizer (1976). The AT-rich heterochromatin regions were 
revealed by DAPI counterstaining of chromosomes after in 
situ hybridization. CMA3 staining revealed large GC-rich het-
erochromatin blocks in both sides of the secondary constric-
tion (SC) of the nucleolar chromosome pair. In JS, the two 
CMA3 bands were the same size (Fig. 1A), while in R-108-1 
they were asymmetric—one band was smaller than the other 
(Fig. IB). Another difference was that in JS a thin band at the 
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they were found not only at the centromeric position but also 
on each side of the SC (Fig. 1C, D). 

For in situ hybridization, two ribosomal DNAs (18S-5.8S-
26S and SS rDNA) were used because they present the highly 
conserved families of repeated sequences in plants (Lapitan 
1992). Therefore, their loci can be visualized on the chromo-
somes with the use of heterologous probes. The 1SS-5.8S-26S 
rDNA allows the localization of NORs in nucleolar chromo-
somes. The SS rDNA was used as tandemly repeated units 
with a high copy number (1,000 to 50,000 copies per haploid 
genome for 200 to 900 bp long; Goldsbrough et al. 1982). To 
localize these two ribosomal genes (18S-S.8S-26S and SS 
rDNA) on the chromosomes, fluorescent in situ hybridization 
(FISH) was carried out with two probes simultaneously ac-
cording to the protocol of Heslop-Harrison et al. (1991) and 
with the modifications of Cerbah et al. (1998). One of the 
probes was a 4-kb EcoRI fragment containing a part of the 
18S-S.8S-26S rDNA as well as intergenic spacers from Arabi-
dopsis thaliana. The second probe was the pTA 794 clone 
(Gerlach and Dyer 1980), which contains a 410-bp BamYU. 
fragment of the SS wheat rDNA, recloned in pUC. Both 
probes (18S-5.8S-26S and 5S rDNA) were labeled by the po-
lymerase chain reaction (PCR) with digoxigenin-ll-dUTP 
(Boehringer Mannheim, Meylan, France) for the 18S-5.8S-
26S rDNA and Fluoro-Red-dUTP (Amersham, Les Ulis, 
France) for the SS rDNA. The slides containing the chromo-
some spreads were incubated with 100 pg of DNase-free 
RNase per ml in 2x SSC (lx SSC is 0.1S M NaCl plus 0.01S 
M sodium citrate) for 1 h at 37°C, then with S fig of pepsin per 
ml in 0.01 M HC1 for 15 min at 37°C, followed by a wash in 
2x SSC and dehydration with an ethanol series. Approxi-
mately 0.S fig/ml of the rDNA probes was mixed with 50% 
(vol/vol) formamide, 10% (wt/vol) dextran sulfate, 0.1% 
(wt/vol) sodium dodecyl sulfate, 250 fig of salmon sperm per 
ml, and 2x SSC. The mixtures were denatured at 80°C for 10 
min and immediately chilled on ice. After addition of the hy-
bridization mix, the slides were also denatured at 80°C for 10 
min (for chromosome denaturation), and hybridization was 
carried out overnight at 37°C. Post-hybridization washing 
consisted of a 5 min immersion in 2x SSC at 42°C followed 
by two stringent washes in 20% formamide in O.lx SSC at 
42°C. Slides were washed in O.lx SSC for 5 min at 42°C, in 
2x SSC for 3 x 5 min and in 4x SSC, 0.2% Tween 20 (4x 
SSCT) for S min at room temperature. For detection of the 
18S-S.8S-26S signal, the slides were treated with 5% (wt/vol) 
bovine serum albumin (BSA) in 4x SSCT for S min, incu-
bated for 1 h at 37°C in 20 fig of anti-digoxigenin-fluorescein 
per ml (Boehringer Mannheim) in the same buffer, and rinsed 
with 4x SSCT three times for 5 min at room temperature. 
Chromosomes were counterstained for 30 min with 2 fig of 
DAPI per ml in Mcllvaine solution at pH 7 (0.11 M Na2HP04 
plus 0.006 M citric acid). Preparations were mounted in anti-
fade solution (AF1 citifluor) and examined with a Zeiss Axio-
phot microscope. Forty metaphase chromosomes isolated 
from root tips of different individuals were analyzed for each 
line—J5 and R-108-1. These metaphase chromosomes were 
digitized with a highly sensitive CCD camera (Princeton In-
struments, Evry, France) and an image analyzer system 
(Graftek; Fluograb, CITY, France), allowing superimposed 
images. Photographs were obtained with a Sony color printer 
(Sony, Paris). In situ hybridization of rRNA genes is shown in 

Figure IE and F. The 18S-5.8S-26S rRNA genes (green) were 
found on the nucleolar chromosome pair in both lines and co-
localized with the GC-rich heterochromatin at the SC. In con-
trast, the SS rRNA gene (red) was detectable in three chromo-
some pairs of JS while it was found on only two chromosome 
pairs of R-108-1. In R-108-1, the SS and 18S-S.8S-26S rRNA 
genes were carried by different chromosomes while in JS one 
of the three SS rRNA gene loci was observed near the 18S-
S.8S-26S rRNA genes in the chromosome pair 1. The re-
maining two SS rRNA gene loci were carried by two meta-
centric chromosome pairs in both lines (pairs 6 and 8). The SS 
loci were co-localized with DAPI bands. 

As shown in Figure 1G and H, most of the M. truncatula 
chromosomes have similar morphology, especially the chro-
mosome pairs 2, 3, 4, and S, which were difficult to distin-
guish from each other. The karyotype of M. truncatula is con-
stituted by metacentric (chromosome pairs 6 and 8) and 
submetacentric chromosomes. The length of the largest chro-
mosome pair (1) was about 4.S fim, while that of the smallest 
pair (8) was about 3 fim. An SC, which is the site of the 
NORs, was observed adjacent to the centromere on the short 
arm of chromosome pair 1. Despite the difficulties of the 
karyotype analysis, an ideogram was built for the two lines 
with the aid of an image analyzer by measuring chromosome 
length, centromere position, detection of DAPI and CMA3 
bands, and rDNA localization. Other cytogenetic markers, like 
C-bands and FISH experiments with other probes, are needed 
for further specific marking of the chromosome. 

The major difficult step of in situ hybridization is the 
spreading of the chromosomes directly on slides. It is rare to 
obtain metaphases with all chromosomes well separated (Fig. 
IE and F): in most cases, some chromosomes are always 
stuck together (Fig. 1A and B). 

Our results show that in addition to differences in symbiotic 
properties and morphological markers, the lines Jemalong JS 
and R-108-1 also exhibit some distinct cytogenetical proper-
ties as well as differences in the location of the SS rDNA. 
However, no differences were found in the number and loca-
tion of the 18S-S.8S-26S rDNA between the two lines, as was 
also observed in the diploid M. sativa subsp. coerulea and 
subsp. falcata (Calderini et al. 1996). The additional locus of 
SS in JS and the larger CMA3 band observed in the same lo-
cation might reflect a larger genome size in JS (2C =1.15 pg) 
than in R-108-1 (2C = 0.98 pg) and differences in base com-
position (38.6% GC and 38.1% GC, respectively; Blondon et 
al. 1994). The absence of the third SS locus in the R-108-1 
line seems to correlate with the small CMA3 band observed in 
this chromosome pair. Nevertheless, from these results, it is 
difficult to know whether the chromosomal locations of SS 
rDNA observed are due to differences in the copy number of 
rDNA sequences between the two lines, followed by translo-
cation mechanisms. Comparison of the number and location 
of the 18S-S.8S-26S and SS rDNA genes in related species of 
Medicago may shed some light on the chromosome evolution 
in this genus. 
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Abstract Roots of the non-nodulating Medicago sativa 
mutant MN-1008 neither undergo root-hair curling, 
cortical cell division nor any of the early molecular 
events that accompany nodule initiation and develop-
ment following rhizobial infection or treatment with 
Nod factor. These observations suggested that the mu-
tation(s) impaired a pivotal function in Nod factor 
perception or in the signal transduction pathway. In this 
paper we show that the genetic lesion conditioning the 
recessive non-nodulation phenotype in the tetraploid 
alfalfa mutant MN-1008 can be localized to a single 
region on LG5 of the M. sativa genetic map. This con-
clusion is based on genetic analyses conducted at the 
tetraploid level, involving both segregation analysis and 
genetic mapping of the trait with respect to molecular 
DNA markers. The genetic mapping of the Nod phe-
notype was performed in a segregating tetraploid F2 
population, taking advantage of the availability of an 
advanced genetic map for diploid alfalfa. Two tightly 
linked flanking markers have been identified which will 
facilitate the physical mapping and cloning of the gene(s) 
that underlie(s) the non-nodulation phenotype. 

Keywords Symbiotic nitrogen fixation • Nodulation 
mutant • Genetic mapping • Medicago sativa • 
Rhizobium Nod factor 

Introduction 

The first exchange of signals between a leguminous plant 
and its microsymbiont is crucial for the formation of the 
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nitrogen-fixing symbiotic nodule. Rhizobial nodulation 
genes are mainly induced by flavonoid-type molecules 
excreted by the host plant. This results in the production 
by the bacteria of specific lipochito-oligosaccharide 
compounds, called Nod factors (Lerouge et al. 1990; 
Schultze and Kondorosi 1996). The first morphological 
plant responses upon rhizobial inoculation are root-hair 
curling and cortical cell division, leading to bacterial 
invasion and nodule development. Purified Nod factors 
alone can also evoke root-hair deformation and cortical 
cell division in a host-specific manner. Several studies 
have begun to explore the subcellular events involved in 
this signal transduction cascade (for review, see Downie 
and Walker 1999; Stougaard 2000), but the genetic de-
terminants that control them have not yet been identi-
fied. An increasing number of induced mutants is 
available in several legume species, which can be used to 
dissect the signal transduction pathway, and efforts to 
identify the genes responsible for the nodulation phe-
notype are underway (for review see Stougaard 2001). 

The non-nodulating alfalfa (Medicago sativa) mutant 
MN-1008 was among the first symbiotic mutants 
(Caetano-Anolles and Gresshoff 1991) to be identified. 
Different alfalfa lines were crossed, and progeny were 
self-pollinated; nodulation screening then determined 
that MN-1008 was unable to form symbiotic nodules in 
the presence of the compatible rhizobial cells (Peterson 
and Barnes 1981). Based on segregation data for the 
non-nodulation phenotype in tetraploid F2 populations, 
Peterson and Barnes (1981) concluded that the trait was 
determined by two, unlinked, recessive genes. Further 
studies of MN-1008 revealed a lack of characteristic 
nodulation responses, like root-hair deformation, corti-
cal cell division (Dudley and Long 1989; Endre et al. 
1996), and calcium spiking (Ehrhardt et al. 1996). 
Changes were also detected in membrane depolarization 
activity (Felle et al. 1996). In addition, MN-1008 was 
unable to form a vesicular-arbuscular mycorrhizal 
symbiosis (Bradbury et al. 1991). However, an alfalfa-
specific phenomenon, the infrequent appearance of 
spontaneous nodules on the root in the absence of 
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rhizobia (Truchet et al. 1989), was observed in this 
mutant (Caetano-Anolles et al. 1993). This suggests that 
nodule organogenesis is intact, but the plant is missing a 
key element in the perception or transduction of the 
bacterial signal molecules that normally induce the 
specific initiation of nodule formation. 

We decided to use map-based cloning to identify the 
gene(s) in MN-1008 responsible for the mutant phe-
notype. Initially, we attempted to reduce the ploidy of 
the mutant line to the diploid level in order to facilitate 
genetic mapping. We identified a single diploid non-
nodulating derivative (Endre et al. 1996); however, the 
reduced ploidy level impaired the viability of the 
diploid individual, so that no segregating population 
could be produced. We therefore took the only avail-
able option, and mapped the non-nodulation pheno-
type in a tetraploid segregating population, with the 
indispensable aid of the improved genetic map avail-
able for diploid M. sativa (Kiss et al. 1993; Kalo et al. 
2000). 

Materials and methods 

Plant material, nodulation testing and growth conditions 

The non-nodulating tetraploid alfalfa mutant line designated as 
MnNC-1008(NN) (Peterson and Barnes 1981; Barnes et al. 1988) 
is referred to throughout the paper as MN-1008. Tetraploid 
M. saliva cv. Nagyszenasi (Michaud et al. 1988) was used as the 
wild-type nodulating parent. Plants were maintained in pots in the 
greenhouse at constant temperature (22-25°C), with a 16-h 
photoperiod. The tetraploid mapping population was initiated by 
applying pollen from the nodulating M. sativa cv. Nagyszenasi 
(MsNA/5, male parent) to the stigma of the mutant alfalfa MN-
1008 (MN-1008/17, female parent). The F2 progeny were gener-
ated by self-pollinating the F1 hybrid plants. Seeds were collected 
after maturation and kept at 4°C for at least 2 weeks. To test the 
progeny in a nodulation assay, seeds were sterilized prior to ger-
mination by rinsing in ethanol and treating with 0.1% HgCl2 so-
lution for 5 min, then rinsing in sterile distilled water at least six 
times. For germination, the imbibed seeds were placed on the 
surface of plates containing 1 % agar in distilled water, and stored 
upside down overnight. The germinated seedlings were then placed 
on the surface of 1 % agar slants made with nitrogen-free Gibson 
medium (Gibson 1980). The seedlings were inoculated with 0.2-
0.4 ml of a suspension (108-109 cells/ml) of Sinorhizobium meliloti 
AK631 in 0.9% NaCl solution (Putnoky et al. 1990) 2-4 days later. 
The nodulation phenotype was scored 6 weeks after inoculation, 
after which plants were potted. Plants scored as non-nodulating 
were evaluated once more for the presence or absence of nodules 
2 months later. 

The diploid mapping population used for the construction of 
the basic (Kiss et al. 1993) and the improved (Kalo et al. 2000) 
genetic maps of alfalfa was described previously. 

DNA isolation and hybridization 

Total DNA was isolated from young leaves according to Kiss et al. 
(1993). Aliquots (15 pg) of total DNA were digested with the re-
striction enzymes £coRI, £coRV, Hindlll, Dral and BamHl 
(Amersham or Fermentas) according to the suppliers' instructions. 
The DNA fragments were fractionated on a 1.1% agarose gel and 
transferred by the capillary method (Southern 1975) to nylon 
membranes (Hybond-N+, Amersham), in accordance with the 
supplier's protocol. For probe preparation, PCR-amplified DNA 

fragments were isolated from agarose gels using the QIAEX Gel 
Extraction Kit (Qiagen), and were labelled with [a-32P]dCTP by 
random priming (Feinberg and Vogelstein 1983), using the Phar-
macia Ready-to-go labelling kit. Hybridization experiments were 
performed at 55-60°C, and the washes were carried out as de-
scribed by Kiss et al. (1993). 

PCR amplification 

PCR amplification with random amplified polymorphic DNA 
(RAPD) primers (Operon Technologies) was based on a modifi-
cation of the method of Williams et al. (1990). The 25-pl reaction 
mix consisted of 25 ng of total plant DNA template, 5 pmol of 10-
mer primer, 200 pM of each dNTP, 2.4 mM MgCl2, and 1 U of 
Taq polymerase in lx Taq polymerase buffer (Promega). PCR cy-
cling conditions were as follows: 5 s at 94°C, 1 min at 37°C, 1 min 
at 72°C for 40 cycles in a Programmable Thermal Controller (MJ 
Research). 

For specific PCR amplifications the MgCl2 concentration was 
reduced to 1.5 mM, and the PCR cycling conditions were: 30 s at 
94°C, 1 min at the annealing temperature (depending on the 
primers) and 1 min at 72°C for 35 cycles, with a final extension step 
at 72°C for 4 min. 

Genetic markers 

Primers SHMTul (5'-GAGAAAGCTAGACAATGGAAG-3') 
and SHMTdl (5'-GCTTGCATAACAGATAGAGA-3') were used 
to amplify the Shmt fragment, which was then used for labelling 
and hybridization. 

The primers CADu3 (5'-CTAAGAAAGGCTTTGGTTGG-3') 
and CADd3 (5/-TCACGAATCGATATTTGACA-3/) were used to 
identify the presence of the N5 allele of the Cad marker, and the 
primer pair CADu2 (5'-GTCAAATATC-GATTCGTGAT-3') and 
CADdl (5'-TATTCGACTCATCATGGTTA-3') identified the al-
lele N6. Both alleles are derived from the Nod+ male parent. 

The primers Comaul (5'-CTCAACTCACATGATCTA-3') and 
Comadl (5'-CTCAACTCACATGATCTA-3') were used to am-
plify the Coma fragment, which was then used for labelling and 
hybridization. 

For OT18B, RAPD PCR was done with Operon Technologies 
primer T18 (5'-GATGCCAGAC-30, the fragment linked to the 
Nod region was isolated and used for labelling and hybridization. 

All other markers were described previously by Kalo et al. 
(2000). 

Genetic nomenclature, genotyping and genetic analysis 

In the present study, the Nod" phenotype was localized to a single 
region on the genetic map of alfalfa (see below). However, the 
nature of the genetic alteration and the number of genes affected in 
this region are not known; therefore, the chromosomal region re-
sponsible for the non-nodulation trait will be referred to as "the 
genetic locus", "the genetic region", "the Nod locus", "the nod 
region" or "the Nod mutation(s)". This region covers the part of 
Linkage Group 5 (LG5) between the markers U71 and U492 (see 
Fig. IB). Molecular cloning and sequence analysis will reveal 
whether the genetic alteration that conditions this Nod' trait was 
caused by a single mutation in a single gene or by multiple events 
affecting more than one gene. 

Genotyping and genetic analysis in the diploid population were 
performed as described previously (Kiss et al. 1993, 1998; Kalo 
et al. 2000). In the tetraploid population, dominant-type scoring 
(presence or absence of band) was performed by identifying Nod 
male parental (MsNA/5) alleles N5 and N6, and Nod" female pa-
rental (MN-1008/17) alleles nl, n2 in the Nod region. Genetic 
analysis and mapping were conducted by the non-mathematical 
colormapping procedure described previously (Kiss et al. 1998). 
Genetic maps are shown as the classical chromosome-like struc-
ture. 
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Fig. 1A-C Genetic maps of the 
nod region. A The four RAPD 
markers showing linkage to the 
Nod ' phenotype in the tetrap-
loid population. 
B The RAPD markers mapped 
on the LG5 of the published 
map of the diploid M. saliva 
population, between the two 
RFLP markers U584B (at 
6 cM) and U202 (at 39 cM) 
(Kalo et al. 2000). C RFLP and 
PCR markers mapped in the 
tetraploid population showing 
the inferred position of the nod 
locus 
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Results 

Generation of an F2 mapping population segregating 
for the Nod" phenotype of MN-1008 

In order to map the genetic determinant of the non-
nodulation (Nod-) trait in the tetraploid M. saliva mu-
tant MN-1008, segregating F2 progeny were produced 
from a hybrid F1 generation. Flowers of a single indi-
vidual of MN-1008 (MN-1008/17) as female parent were 
fertilized with pollen originating from the flowers of a 
single individual (MsNa/5) of the nodulation-competent 
(Nod+) M. sativa cv. Nagyszenasi (male parent). F1 
seeds were collected, germinated and the seedlings were 
tested for symbiotic nodulation. The nodulation-com-
petent phenotype of the progeny confirmed the hybrid 
nature of the F1 plants and the recessive character of the 
non-nodulating trait of the maternal parent MN-1008. 
After being replanted in pots, F1 individuals were grown 
and self-pollinated by tripping the flowers as they de-
veloped. F2 seeds from 44 F1 plants were collected and 
each family was examined for seed production, germi-
nation ability, viability and vigour of the progeny. In 
addition, nodulation tests were conducted using as many 
individuals as possible from each family to estimate the 
Nod"/Nod+ segregation ratios. This survey revealed 
distinct differences in viability and fitness among indi-
viduals of the different F2 families, but the Nod"/Nod+ 

segregation ratios in independent families were similar 
(see Table 1 for the survival rates and nodulation phe-
notype of the F2 families). Since many seedlings of the 
F2 progeny exhibited slow growth and development 
under the conditions used to test for the symbiotic no-
dulation phenotype, we extended the time of evaluation 
of nodulation by an additional 2 months, compared to 
the 6-week period used by Peterson and Barnes (1981; 
see also Materials and methods). The range of values 
(1:25-1:57; Table 1) found for the segregation ratios of 
the Nod" vs. Nod+ phenotypes in the F2 families 
showed the closest correlation with the theoretical 
segregation ratio for a single, recessive gene in the 

tetraploid F2 population (1:35), with a duplex configu-
ration for the nodulation trait in the F1 parents (see 
below). Based on their viability, vigour and other char-
acteristics, two families (NAB and NBW) were selected 
for further studies, in which several thousands of F2 
seeds were investigated. 

Identification and mapping of RAPD markers linked 
to the non-nodulation phenotype 

The mapping of the genetic alteration that conditions 
the non-nodulation phenotype in MN-1008 was begun 
by identifying linked RAPD markers using Bulked 
Segregant Analysis (BSA, Giovannoni et al. 1991; 
Michelmore et al. 1991). For this, the self-pollinated F2 
progeny of two F1 hybrids, NAB and NBW, were used. 
One bulk representing the mutant plants and another 
representing the wild-type nodulating plants were cre-
ated with the members of the NAB and NBW families, 
respectively. DNA samples from five individuals were 
combined in each bulk for use as the template in RAPD 
PCR amplification. Several polymorphic amplification 
products were identified after testing more than 500 
different 10-mer primers (Operon Technologies). These 
putative linked RAPD fragments were re-tested by PCR 
amplification using genomic DNA templates from the 
individual F2 plants to confirm the linkage of the 
polymorphic amplification products. Eventually four 
RAPD markers (OA6a, OB 13b, OE8c and OW8a) were 
identified that showed unambiguous co-inheritance with 
the nodulation trait (Fig. 1A). In other words, the 
dominant Nod+ phenotype co-segregated with the 
presence of the amplification product, while the recessive 
Nod" character associated with the absence of the am-
plification product (Table 2). Among the RAPD mark-
ers, OA6a (~650 bp) was identified only in the NBW 
family, OW8a (~300 bp) was identified only in the NAB 
family, whilst OB 13b (~850 bp) and OE8c (~480 bp) 
could be detected in both F2 populations. This variance 
reflects the inheritance of different chromosomes from 
the heterozygous wild-type parent in the two F1 hybrids 
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Table 1 Germination, viability and nodulation abilities in the F2 generation 

F2 family" Number of Number of Number of Number of Number of Nod' /Nod+ F2 family" 
sterilized F2 seeds germinated F2 seeds F2 plants lost Nod" F2 plants Nod + F2 plants 

Nod' /Nod+ 

NAA 773 748 387 8 353 1/45 
NAB 5571 4988 2412 50 2526 1/52 
NAC 482 446 266 4 176 1/45 
NAK 400 392 213 6 173 1/30 
NAX 646 575 230 14 331 1/25 
NBI 202 189 68 4 117 1/30 
NBO 120 118 12 3 103 1/35 
NBW 1285 1199 460 13 726 1/57 

"Only those families are listed in which at least 100 plants survived and were scored in the nodulation test 

Table 2 Genotypic categories of the plants in the NAB and NBW families 

Marker Genotypic categories 

1 2 3 4 5 6 7 8 

NAB family 
OW8a Y N N N N Y Y Y 
OE8c Y Y N N N N Y Y 
Nod + + + - — - — + 
OB13b Y Y Y Y N N N N 
Total numbers of plants 773 5 1 3 8 2 1 4 Total numbers of plants 

NBW family 
OE8c Y N N N N Y Y Y 
Nod + + - - - - + + 
OB 13b Y Y Y N N N N Y 
OA6a Y Y Y Y N N N N 
Total numbers of plants 432 3 0 2 6 0 3 1 

"Genotype scores: Y, presence, and N, absence (highlighted in bold type and underlined) of a PCR product originating from the Nod + 

parental alleles; + , Nod + phenotype; - , Nod - phenotype (highlighted in bold face) 

and thereby in the two segregating populations. The 
maximum parsimony principle was used to determine 
marker order by identifying the minimum number of 
recombination events (transition from normal to bold-
face type in Table 2). Based on the recombination de-
tected, plants were classified into eight genotypic 
categories as shown in the columns of Table 2. All cat-
egories were represented among the individuals of the 
NAB family, but two categories (3 and 6) were not 
represented in the NBW family. The total numbers of 
plants tested were 797 and 447, respectively. 

The next phase in determining the location of the no-
dulation trait on the genetic map of alfalfa was to map the 
linked RAPD amplification products as RFLP markers 
on the genetic map of diploid alfalfa (Kal6 et al. 2000). 
For this purpose the amplified fragments (OA6a, OB 13b, 
OE8c and OW8a) were used as hybridization probes on 
filters bearing genomic DNA samples from individual 
members of the diploid mapping population, digested 
with different restriction enzymes (Dral, EcoKl, EcoRV, 
///ndlll). At least one of the digests resulted in a poly-
morphic hybridization pattern that could be used for 
genotyping and mapping of these markers on the diploid 
alfalfa map. The linkage analysis revealed that all four 
RAPD markers mapped to linkage group (LG) 5, between 
RFLP markers U584B and U202 (Fig. 1B), which define a 
genetic distance of about 30 cM (Kalo et al. 2000). 

Confirmation of the map position of the nodulation 
trait in the tetraploid population 

To ensure that the non-nodulating phenotype in the 
original tetraploid plants mapped to the same region of 
LG5, we analyzed the segregation of selected RFLP 
markers (U71, CycIIIMs, U224, CGI 3, and U492) 
identified previously in the diploid mapping population 
(Kal6 et al. 2000, and Fig. IB). For this purpose the 
NAB family was selected, and the hybridization exper-
iments with the appropriate RFLP probes were carried 
out on filters containing genomic DNA samples of se-
lected Nod' and Nod + F2 individuals. Total DNA was 
digested with the restriction enzymes EcoRI, EcoRV, 
Dral, BamHl and /ft/idlll. The main aim of this thor-
ough restriction analysis was to try to visualise all four 
alleles of a marker in the population (two alleles, 
designated as nl and n2, originating from the mutant 
MN-1008, two, N5 and N6, from the nodulating 
M. sativa parent). Identifying as many alleles as possible 
increases the probability of detecting recombination 
events between the Nod' phenotype and the molecular 
markers in the region. Figure 2 shows an example of the 
hybridization experiments, in which the four alleles of 
marker CycIIIMs were identified. 

To position a particular marker relative to the Nod -

locus, genotypic scoring was done by determining the 
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Fig. 2 Visualization of the four 
alleles of CycIIIMs. Total DNA 
from NAB F1 and F2 individ-
uals (their numbers are indicat-
ed above the lanes), was 
digested with £coRV and 
hybridized with a CycIIIMs-
specific probe. Plant No. 701 
contains hybridizing bands nl 
and n2 originating from the 
Nod~ maternal plant. N5 and 
N6 indicate the alleles inherited 
from the paternal Nod+ parent 

NAB F2 individual 
plants 

NAB F2 individual 
plants 

Nod 

presence or absence of any N o d + parental alleles. Fol-
lowing the inheritance of every allele helped to order the 
molecular markers unambiguously relative to each oth-
er. Genotypic data were stored and analyzed according 
to the colormap procedure (Kiss et al. 1998) adapted for 
the tetraploid situation. A recombination event between 
the molecular markers and the Nod locus could be ob-
served only in the rare cases in which an individual plant 
was Nod but carried at least one N o d + allele for the 
marker, or when the plant was Nod + , but did not carry 
any Nod + allele for the marker. Based on the recom-
bination events detected, plants were classified into five 
genotypic categories as shown in columns 1-5 in 
Table 3. No other genotype configuration was observed 
(e.g. double recombination category). The total number 
of plants tested was 797. This mapping experiment 
showed that the non-nodulation phenotype was indeed 
linked to RFLP markers selected from LG5. Moreover, 
the order of the markers was conserved as in the diploid 
alfalfa map (Fig. IB, C), indicating a high degree of 
synteny between the two M. sativa subspecies, which 
have different ploidy levels. Specifically, two recombi-
nation events between the non-nodulation locus and 
marker CycIIIMs, and a single recombination event 
between the locus and marker U492, were used to place 
the non-nodulation locus between these markers. The 
recombination events were detected in the primary 
population of the NAB family, consisting of about 800 
individuals. No recombination was detected between the 
nodulation locus and the markers U224 and CGI3. 

Fine mapping in the nodulation region 

In order to identify tightly linked molecular markers for 
use in chromosomal walking experiments, we continued 
to saturate the region between markers CycIIIMs and 
U492 with molecular markers using BSA. However, in 
this phase of the experiments, the diploid alfalfa map-
ping population was used to create maternal and pa-
ternal homozygote bulks, and more than 300 RAPD 
primers were tested with them. This screen resulted in 

Table 3 Genotypic categories of the plants in the primary 
tetraploid mapping (NAB) population 

Marker Genotypic categories" 

1 2 3 4 5 

U71 Y N N N Y 
CycIIIMs Y N N N Y 
U224 Y Y N N N 
CG13 Y Y N N N 
Nod + + - - -

U492 Y Y Y N N 
Total numbers 782 1 1 12 1 

of plants 

"Genotype scores are as indicated in Table 2 

the identification of 20 new RAPD markers that mapped 
between the markers CycIIIMs and U492 (data not 
shown). In addition to the RAPD markers, a new RFLP 
marker (Shmt, Turner et al. 1992) and two specific (se-
quence-based) PCR markers (Coma, Cad) were also 
located in this segment of the diploid alfalfa map. Af-
terwards, four selected markers (Shmt, Coma, Cad, and 
RAPD marker OT18B) were transferred from the dip-
loid map onto the tetraploid map to determine their 
positions with respect to the nodulation locus. Markers 
OT18B and Shmt were mapped as RFLP markers using 
their labelled fragments as hybridization probes. Coma 
and Cad were genotyped as specific PCR amplification 
products. The inheritance of the polymorphic alleles 
showed linkage with the nodulation trait in the primary 
NAB population; no recombination event was detected, 
suggesting tight linkage. 

To determine the order and the relative position of 
these closely linked markers, a larger population with 
more individuals was needed in the tetraploid segregat-
ing population. Therefore the NAB F2 family was ex-
tended by continuously tripping the flowers of the NAB 
F1 plant, and the new F2 individuals were tested for 
symbiotic nodulation. A final population of more than 
2500 individuals (among them 50 with the mutant phe-
notype; see Table 1) was used for fine-scale mapping. 
The results of a thorough analysis for markers U224, 
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OT18B, Coma, Shmt, Cad, and U492 in this extended 
population are summarized in Table 4. Based on the 
recombination events detected, plants were classified 
into 11 genotypic categories as shown in the columns of 
Table 4. Three of the fourteen theoretical recombination 
categories were not represented in the population. The 
total number of plants tested was 2576. No other 
genotypic configuration (e.g. a double recombination 
category) was observed. As a result of the fine-scale 
mapping, the location of the non-nodulation trait could 
be narrowed down further (Fig. 1C). 

Based on the linkage analysis of these markers, the 
marker most closely linked to the Nod' locus was the 
RFLP marker Shmt, with no recombination event being 
detected in the population consisting of more than 2500 
plants. Two other markers, Coma and Cad, exhibited 
one and two recombinations, respectively, flanking both 
sides of the Nod locus. The order of all tested molecular 
markers was conserved in both the tetraploid and dip-
loid alfalfa populations. Based on the number of the 
recombination events in the two populations, the genetic 
distance between the two markers flanking the locus 
responsible for the non-nodulation trait is estimated to 
be about 0.4 cM. 

Discussion 

We have shown in this paper that the mutation(s) that 
condition the recessive non-nodulation phenotype in the 
tetraploid alfalfa mutant MN-1008 can be localized to a 
single region on LG5 of the M. saliva genetic map. This 
conclusion is based on genetic analyses conducted at the 
tetraploid level, involving both segregation analysis and 
genetic mapping of the trait with respect to molecular 
DNA markers. The genetic mapping of the Nod" phe-
notype was performed in a tetraploid F2 segregating 
population with the aid of the advanced genetic map of 
diploid alfalfa. The transfer of genetic markers back and 
forth between the maps for the two subspecies (diploid 
and tetraploid) of M. sativa was made possible by the 
high degree of synteny shared between genomes. 
Screening both populations for linked markers resulted 
in the saturation of this region with molecular markers 
and the identification of two tightly linked flanking 

markers, which are well suited for physical mapping and 
cloning of the gene(s) that underlie(s) the non-nodula-
tion phenotype. 

To map the non-nodulation trait in MN-1008, a tet-
raploid mapping strategy was adopted, because our 
initial efforts to produce diploid segregating population 
was unsuccessful. We had originally tried to isolate 
suitable diploid derivatives from a 4x-2x cross (Bingham 
1969). This would simplify the analysis of segregation, 
and thus facilitate genetic mapping. However, although 
diploid progeny of MN-1008 could be isolated (Endre 
et al. 1996), the viability of the derived diploid plants 
was dramatically diminished, and appropriate mapping 
populations could not be established. As a consequence, 
a tetraploid genetic mapping strategy was implemented, 
even though the non-nodulating phenotype of MN-1008 
was previously associated with two unlinked recessive 
genes (Peterson and Barnes 1981), which would make 
the genetic analysis much more difficult. 

Genetic analyses of the mutation(s) responsible for 
the non-nodulation phenotype were started by deter-
mining the segregation ratio of the Nod" trait. This in-
vestigation was conducted on the tetraploid F1 hybrid 
plants and their F2 progeny. Determination of the seg-
regation ratios would indicate the number of loci con-
ditioning the Nod" phenotype. In the present study the 
Nod"*" phenotype of all F1 plants obtained from the 
cross of the mutant (MN-1008/17) with a nodulation-
competent M. sativa plant (MsNa/5) confirmed the 
recessive nature of the Nod" mutation(s), and also 
indicated that the parental plant MsNa/5 could not 
carry two or more recessive alleles. When the segrega-
tion of the Nod" phenotype was tested in the F2 families, 
the segregation ratio ranged from 1/25 to 1/57 (Table 1). 
The two extended F2 families (NAB and NBW) which 
were investigated in more detail gave an average ratio of 
1/52. These experimental segregation data correlated 
best with the theoretical ratio (1/36) expected for the 
Mendelian segregation of a single recessive allele in a 
tetraploid F2 population originating from a duplex 
(ninjNiNj) F1 hybrid. Since all families tested showed 
similar inheritance, these F1 plants must have originated 
from a nulliplex (n^i^n;) x quadruplex (NjNjNjNi) 
parental cross. In a case where two unlinked recessive 
loci determine a trait, the expected segregation ratios in 

Table 4 Genotypic categories of the plants in the extended tetraploid mapping (NAB) population 

Marker Genotypic categories" 

1 2 3 4 5 6 7 8 9 10 11 

U224 Y N N N N N N Y Y Y Y 
OT18B Y Y N N N N N N Y Y Y 
Coma Y Y Y N N N N N N Y Y 
SHMT Y Y Y Y N N N N N N Y 
Nod + + + + - - - - - - + 
CAD Y Y Y Y Y N N N N N Y 
U492 Y Y Y Y Y Y N N N N N 
Number of plants 2516 4 2 1 2 1 41 3 2 1 3 

"Genotype scores are as indicated in Table 2 



1018 

the F2 populations can be 1/1296 (if the F1 plant was 
njnjNjNi njnjNjNj), 1/144 (if the F1 was n ^ n M 
njnjNjNj), 1/36 (if the FT was n ^ n ^ njnjNjNj), 1/16 (if 
the F1 was n ^ n N njnjnjNj), or 1/4 (if the F1 was n ^ . 
njnj njnjiuNj), depending on the allelic configuration of 
the Nod parent. We have not detected any F2 families 
showing the extremely high (1/4 or 1/16) or low (1/144 
or 1/1296) incidence of individuals with the Nod" phe-
notype. A segregation ratio of 1/36 is also possible in the 
progeny of an F1 plant with an allele configuration 
n^n^i njnjNjNj. This situation, however, can be con-
sidered as single-locus segregation since the second locus 
does not segregate. 

The tetraploid segregation data and the conclusion 
reached in this study concerning the number of segre-
gating loci differ from the those originally published by 
Peterson and Barnes (1981). The contradiction might 
originate from the fact that the two genetic analyses 
differed in several aspects. The main differences were: (1) 
the evaluation of the nodulation phenotype; i.e. the de-
termination of the number of Nod" individuals in the F2 
families; and (2) the use of different nodulation-compe-
tent parents, which could have different effects on seg-
regation. In their original paper, Peterson and Barnes 
(1981) scored the plants for their nodulation ability 
6 weeks after inoculation with rhizobia. In our experi-
ments we found that in many cases the evaluation of 
nodulation phenotype at this time point resulted in some 
false Nod" scores in several F2 families; hence we re-
peated the scoring 2 months later. No data were pro-
vided for the number of individuals lost in the 
populations studied by Peterson and Barnes (1981), but 
some kind of inbreeding depression effect could proba-
bly result in different types of distortion in the segrega-
tion of the non-nodulation phenotype in their F2 
populations as well. 

Based on our detailed segregation studies, the non-
nodulation trait is likely to be due to a single genetic 
locus. However, the distorted segregation, and the loose 
correlation between the theoretical value (1/36) and the 
experimental value (1/52), meant that a final conclusion 
could only be drawn after mapping the non-nodulation 
trait. 

The genetic mapping was started by collecting linked 
RAPD markers using BSA with two families (NAB and 
NBW). Each of the bulks contained five individuals 
from the Nod" and Nod + plants, respectively. The Nod" 
bulk represented the homozygote recessive genotype and 
was consequently equivalent to 20 chromosomes carry-
ing Nod" alleles only. On the other hand the Nod + bulk 
represented heterozygote genotype containing Nod+ 

dominant and Nod" alleles as well (the exact ratio of 
Nod" to Nod+ chromosomes was not determined). The 
identification and verification of the linked markers 
(OA6a, OB 13b, OE8c and OW8a) was straightforward, 
irrespective of the genetic configuration of the chromo-
somes in the Nod region of the two F1 parents (NAB 
and NBW), which was unknown. The purpose of the 
BSA was to identify markers linked to the phenotype 

which could be transferred to the diploid map to de-
termine the map position. The molecular markers linked 
with the non-nodulation mutation were all mapped to 
the same region of LG5 of the alfalfa genetic map, 
supporting the idea that a mutation in a single locus was 
responsible for the phenotype. The existing detailed 
diploid genetic map and the mapping population used to 
construct it (Kiss et al. 1993; Kaló et al. 2000) were 
indispensable for mapping. Besides facilitating the 
mapping of the RAPD markers linked to the Nod" 
mutation, it provided RFLP markers that had previ-
ously been mapped in the region, and was used to enrich 
the region with additional markers. The genetic analysis 
of more than ten molecular markers in this ~30-cM 
region of the LG5 in both diploid and tetraploid pop-
ulations showed overall synteny. 

The mapping procedure in the tetraploid population 
was more complex. On the one hand, we had to follow 
the segregation of four alleles instead of two, and on the 
other hand only a fraction of the F2 progeny was suitable 
for mapping the recessive/dominant trait. Several meth-
ods were used to detect polymorphism among all four 
alleles of a gene, of which RFLP hybridization proved to 
be the most efficient. As shown in Fig. 2, the four seg-
regating alleles in the NAB family could be clearly dis-
tinguished: those inherited by the two chromosomes 
from the mutant parent were labelled as nl and n2, while 
those carried by the chromosomes originating from the 
normal nodulating parent were designated as N5 and N6. 
The fact that we could distinguish and follow all four 
alleles for most of the molecular markers enabled us to 
identify the recombination events between them, and 
hence determine their order in the tetraploid alfalfa. 
Detection of a recombination event between closely 
linked markers and the non-nodulation phenotype was 
more difficult. Only two subpopulations of the F2 
individuals were appropriate for this: those with a Nod" 
phenotype (1/36 of the F2 progeny), i.e. with homozy-
gous configuration at the Nod" locus (quadruplex 
configuration, nknknknk, where nk could be either nl or 
n2), and those Nod"1" individuals with triplex (nknknkN)i 
where N| could be either N5 or N6) configuration (1/9 of 
the F2 progeny). Thus, only 5/36 of the progeny provided 
a genetic background in which a recombination event 
could be positioned in relation to the Nod phenotype and 
the molecular marker. Therefore the tetraploid mapping 
population was extended to over 2500 plants and all were 
screened for their chromosomal configurations. The 
genotypes of those individuals belonging to the "useful" 
5/36 set were carefully scored for all markers in the 
region to localize the recombination events precisely. 

The genetic mapping of the Nod" trait supported the 
inference drawn from the segregation analysis - that 
only one recessive locus was responsible for the 
nonnodulation phenotype. Following the original 
nomenclature used by Peterson and Barnes (1981), we 
designated this mapped region as nnt locus. With the 
help of the tightly linked molecular markers identified in 
this study, the localization and eventual isolation, by 
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chromosomal walking, of the gene nnt that conditions 
the non-nodulation phenotype seems feasible. 
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Leguminous plants are able to establish a nitrogen-fixing sym-
biosis with soil bacteria generally known as rhizobia. Metabolites 
exuded by the plant root activate the production of a rhizobial 
signal molecule, the Nod factor, which is essential for symbiotic 
nodule development1'2. This lipo-chitooligosaccharide signal is 
active at femtomolar concentrations, and its structure is corre-
lated with host specificity of symbiosis3, suggesting the involve-
ment of a cognate perception system in the plant host. Here we 
describe the cloning of a gene from Medicago sativa that is 
essential for Nod-factor perception in alfalfa, and by genetic 
analogy, in the related legumes Medicago truncatula and Pisum 
sativum. The identified 'nodulation receptor kinase', NORK, is 
predicted to function in the Nod-factor perception/transduction 
system (the NORK system) that initiates a signal cascade leading 
to nodulation. The family of 'NORK extracellular-sequence-like' 
(NSL) genes is broadly distributed in the plant kingdom, 
although their biological function has not been previously 
ascribed. We suggest that during the evolution of symbiosis an 
ancestral NSL system was co-opted for transduction of an 
external ligand, the rhizobial Nod factor, leading to development 
of the symbiotic root nodule. 

The tetraploid alfalfa non-nodulation mutant MN-1008 (ref. 4) is 
known to lack all symbiotic responses upon inoculation with 
compatible Sinorhizobium meliloti or treatment with the corre-
sponding cognate Nod factor5-7. But spontaneous nodulation in 
the absence of Sinorhizobium, a Nod-factor-independent phenotype 
reported so far only on alfalfa8, could be detected in the mutant''. 
Consequently, the perception of the extrinsic signal was abolished in 
MN-1008, but the capacity for nodule initiation and development, 
as an internal developmental programme of the plant, remained 
intact. Like several other non-nodulation mutants, MN-1008 is also 
resistant to colonization by vesicular-arbuscular mycorrhizal fungi 
(the Myc~ phenotype)10. This genetic intersection between mycor-
rhizal and rhizobial associations has attracted significant interest 
because it suggests that symbiotic nitrogen fixation may be derived, 
in part, from the more ancient and widely distributed mycorrhizal 
symbiosis11. Thus, determining the molecular basis of mutations 
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such as in MN-1008 is central to understanding two of the most 
important symbiotic associations of plants, and their genetic 
overlap in legumes. 

Map-based cloning of the genetic determinant responsible for the 
non-nodulation trait o fM. sativa MN-1008 was initiated by map-
ping the Nod phenotype in a tetraploid segregating population of 
alfalfa12. As this study demonstrated a high level of synteny between 
the A4. sativa and M. truncatula genomes, a bacterial artificial 
chromosome (BAC) library of M. truncatula11 was used to construct 
a contig spanning the mutation. Two tightly linked restriction-
fragment length polymorphism (RFLP) markers'2, SHMT and 
CAD, were used to isolate primary BAC clones, and a 600-kilobase 
(600-kb) contig (the 'Nod contig') was assembled based on a 
combination of chromosome walking from BAC end sequences 
and restriction endonuclease fingerprinting of the clones. Genetic 
markers internal to the Nod contig were used to position the Nod" 
mutation within a fine-structure linkage map (Fig. la). Genotypes 
were scored in a segregating tetraploid M. sativa F2 population 
(NAB population12) with the help of recombinant plants. This 
analysis revealed correspondence between the M. truncatula physi-
cal map and the genetic map positions in M. sativa. Moreover, two 
recombinant plants, NAB 4156 and 4443, served to delimit the MN-
1008 non-nodulation mutation (mil) to a ~160-kb interval (Fig. 
la, b). BAC clones containing the minimum tiling path of the Nod 
region (part of BAC 67A11, and the entirety of BACs 2D11 and 
28112; Fig. lb) were subcloned and sequenced (data available at 
(http://www.szbk.u-szeged.hu/ ~ alfi/)). A total of 15 open reading 
frames were identified and putative functions were assigned based 
on sequence homologies (see Fig. lb and Supplementary Infor-
mation). The predicted gene content of the Nod contig shared 

limited microsynteny with regions of the Arabidopsis thaliana 
genome (Fig. lc), but functional information for the syntenic 
counterparts in Arabidopsis did not enhance our ability to identify 
candidate genes. 

The non-nodulation phenotype of MN-1008 could be explained 
by an alteration in several candidate genes in this region, including 
genes predicted to code for an ATP-binding cassette (ABC) trans-
porter, a receptor kinase, a MADS-box protein and lectin proteins. 
We first chose the ABC transporter and receptor kinase, membrane-
spanning proteins to analyse for genetic alterations by comparing 
the sequence of alleles from wild-type nodulating alfalfa and the 
mutant MN-1008 plant material. To reduce confusion from differ-
ent F2 alleles, F3 individuals that were homozygous throughout the 
Nod contig region were identified and used for sequencing. Based 
on the M. truncatula BAC sequences, exon-specific primers were 
designed to amplify both genomic and complementary DNA 
templates. At least three clones from independent amplifications 
of overlapping portions of both genes were analysed from the wild-
type and mutant backgrounds of M. sativa. Based on this analysis, 
only synonymous changes were detected in the ABC transporter 
coding genes, whereas an unambiguous mutation, an 'in frame' stop 
codon, was identified in the receptor kinase gene from the mutant. 
This mutation was found consistently in independent amplification 
products from both genomic and cDNA templates of MN-1008 
mutant. We have named this receptor kinase gene 'nodulation 
receptor kinase', NORK. 

In addition to the analyses of Medicago species, we sequenced the 
candidate NORK gene from related legume species Melilotus alba, P. 
sativum, Vicia hirsuta and Lotus japonicus, and in each case the 
deduced proteins exhibited high overall homology. As shown in Fig. 
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LRRPK (accession number X97774); 0s, Oryza sativa (accession number AAK92623); Pi, 

Pinus taeda (accession number BE758674); co, consensus. AA residues are coloured 
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Supplementary Information): hydrophobic (h: ACFGHIKLMRTVWY) and their aliphatic 
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sequences. 

2a, the predicted proteins possess an amino-terminal signal peptide 
motif, a putative extracellular domain containing three leucine-rich 
repeat (LRR) motifs14, as well as a transmembrane segment and an 
intracellular domain with typical serine/threonine protein kinase 
signatures15'16. Several putative phosphorylation sites (see Supple-
mentary Information) suggest a possible role also for (auto)phos-
phorylation in the protein's function. The predicted LRR motifs 
may indicate interaction with other protein(s)17. Although the N-
terminal extracellular domain is well conserved among the legume 
proteins (Fig. 2b), this stretch, roughly 400 amino acids (AA) long, 
did not show homology to any known domain. 

To further substantiate that in fact the mutation in the NORK 
gene was responsible for the non-nodulation phenotype, a similar 
sequencing strategy was undertaken on different Nod mutants. In 
M. truncatula and P. sativum, mutagenesis programmes have 
yielded non-nodulation mutants with phenotypes and syntenic 
map positions that are suggestive of orthology with the alfalfa nnl 
gene18'19. Each sequenced NORK gene from the Nod" alleles of M. 
truncatula and P. sativum contained single base-pair alterations that 
are predicted to abolish NORK function. The nucleotide changes 
and their possible effects are shown in Table 1. Among the seven 
mutant alleles of NORK, six resulted in a Nod~/Myc phenotype. It 
is interesting to note that a non-synonymous substitution (see Table 
1) in the mutant AL truncatula R38 resulted in Nod"/Myc+ 

phenotype. This suggests a composite role for NORK, branching 
the signal towards nodule formation and mycorrhiza colonization. 
The identification of molecular lesions in seven alleles, obtained 
from independent non-nodulation mutants in three legume species, 
provides strong circumstantial evidence of a role for NORK in 
nodulation and mycorrhizal association. 

To directly test this hypothesis, we analysed the ability of the wild-
type NORK gene of AL truncatula to complement the non-nodula-
tion mutant, TR25, following transformation by Agrobacterium 
rhizogenes20. Roots appearing on the seedlings of the TR25 Nod 
mutants after Agrobacterium infection were tested for nodulation by 
inoculating with S. meliloti. Plants transformed by A. rhizogenes 
carrying an empty vector control tested positive for (3-glucuroni-
dase (GUS) staining of transgenic roots, but were unable to form 
nodules. By contrast, TR25 plants infected by A. rhizogenes carrying 
the NORK gene on the same plasmid tested positive for GUS 
staining and developed nodules containing bacteroids (see Supple-
mentary Information). The combination of the positive comple-
mentation tests and the genetic evidence provided by sequencing of 
multiple independent non-nodulation mutants, suggest that NORK 
is an essential component of the host plant nodulation signalling 
pathway. 

To determine the range of legume and non-legume species in 
which the NORK protein is conserved, we used the DNA region 
coding for the postulated extracellular domain of NORK as a 
hybridization probe on Southern blots of total genomic DNA. 
Specific hybridizing bands could be detected (Fig. 3) in each of 
the legume genera tested (Sesbania, Cassia, Trifolium, Desmodium, 
Vicia, Melilotus, Vigna, Macroptilium, Lotus, Glycine, Pisum, Pha-
seolus, Medicago). Homology in Cassia emerginata is particularly 
interesting because this Caesalpinoid legume species lacks symbio-
tic nodule formation21. Genetic mapping of the NORK gene in 
Medicago demonstrated only one segregating locus (data not 
shown). Similarly, in most other legume species that we tested, 
only one strong hybridizing band was detected, suggesting the 
presence of a single copy gene. In a few cases, however, more than 
one equally hybridizing band could be detected, indicating either a 
single copy gene with an internal restriction site, or the presence of a 
small NORK gene family. Representative members of non-legume 
plants (maize, tobacco, wheat, rice and Arabidopsis) did not show a 
specific hybridization signal, indicating that high homology to 
NORK is restricted primarily to legumes. 

Despite the absence of high nucleotide similarity outside of 
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Four genes encoding small proteins with significantly high 
glycine content have been identified from root nodules of 
Medicago sativa. All of these proteins as well as their Medi-
cago truncatula homologues carried an amino terminal sig-
nal peptide and a glycine-rich carboxy terminal domain. 
All except nodGRP3 lacked the characteristic repeat struc-
ture described for cell wall and stress response-related gly-
cine-rich proteins (GRP). Expression of these GRP genes 
was undetectable in flower, leaf, stem, and hypocotyl cells, 
whereas expression was highly induced during root nodule 
development, suggesting that GRP genes act as nodulins. 
Moreover, none of these nodule-expressed GRP genes were 
activated by hormones or stress treatments, which are in-
ducers of many other GRPs. In Rhizobium-free spontane-
ous nodules and in nodules induced by a noninfective mu-
tant strain of Sinorhizobium meliloti, all these genes were 
repressed, while they were induced in Fix- nodules, unaf-
fected in bacterial infection, but halted in bacteroid differ-
entiation. These results demonstrated that bacterial infec-
tion but not bacteroid differentiation is required for the 
induction of the nodule-specific GRP genes. Differences in 
kinetics and localization of gene activation as well as in the 
primary structure of proteins suggest nonredundant roles 
for these GRPs in nodule organogenesis. 

Additional keyword: leguminous plants. 

Glycine-rich proteins (GRP) exhibit high structural diversity 
in plants. This large gene family is characterized by quasi-re-
petitive glycine-rich domains, most frequently with GGGX, 
GGXXXGG or GXGX repeats, resulting in proteins of distinct 
sizes (Sachetto-Maitins et al. 2000). In most proteins, amino 
terminal signal peptides as well as other specific structures, 
such as cold shock domain (Kingsley and Palis 1994), cystein-
rich pattern (Rohde et al. 1990), or RNA-binding motifs (RNP-
1 and RNP-2) (Dreyfuss et al. 1988) have also been identified. 

The diverse expression pattern and subcellular localization 
of various GRPs suggest their implication in different physio-
logical processes. Most GRPs are developmentally regulated 
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and induced by biotic and abiotic factors. Salicylic acid 
(Hammond-Kosack and Jones 1996), abcisic acid (de Oliveira 
et al. 1990), methyl jasmonate (Molina et al. 1997), or ethylene 
induce many GRP genes (Memelink et al. 1990), while auxin 
has a negative effect on the expression of certain GRPs (Reddy 
and Poovaiah 1987). Pathogenic attacks such as viral 
(Linthorst et al. 1990) or fungal infections (Molina et al. 1997) 
also modulate GRP expression. Root knot nematode Meloi-
dogyne incognita infection in alfalfa results in the induction of 
a GRP possessing an RNA-binding motif (Potenza et al. 2001). 

Among the abiotic factors, regulation of GRPs can be elic-
ited by osmotic stress (G6mez et al. 1988; Xu et al. 1995). 
Cold shock (Carpenter et al. 1994) and wounding (Showalter et 
al. 1991) activate GRP genes, while light (Kaldenhoff and 
Richter 1989) and circadian rhythm modulate GRP expression 
(Cretin and Puigdomenech 1990). 

At the subcellular level, many GRPs were localized in the cell 
wall or were membrane-associated, but they were found also in 
the nucleus and cytosol (Sachetto-Martins et al. 2000). Organ-
and tissue-specific expression studies showed the presence of 
GRP transcripts in the protoxylem (Keller et al. 1989), xylem, 
(Harrak et al. 1999) and phloem, as well as in epidermal tissues 
(Condit 1993). Moreover, anther-specific GRPs were identified 
from flowers (Mousavi et al. 1999), while other GRPs were 
detected during fruit development (Santino et al. 1997). 

Based on their cell wall localization, several highly ex-
pressed GRP were reported as structural components of the 
plant cell wall, similar to proline-rich or hydroxyproline-rich 
proteins (Cassab 1998). Various studies on the regulation of the 
GRP genes suggest multiple roles in plant development. Func-
tional studies revealed that GRPs might be implicated in cell 
lignification (Condit 1993) and mediating membrane-cyto-
skeleton or membrane-cell wall interconnections (Marty et al. 
1996). GRPs with RNA-binding motifs might be involved in 
RNA processing or in the control of gene expression (Heintzen 
et al. 1994). Other GRP may be implicated in the stabilization 
of lipid-containing structures (Ross and Murphy 1996). So far, 
only the Arabidopsis thaliana AtGRP3 function has been dem-
onstrated. This protein plays a role in the WAK1 (wall-associ-
ated receptor kinase) signaling pathway, where its binding to 
the WAK1 receptor kinase is necessary for the activation of 
KAPP, a kinase-associated phosphatase (Anderson et al. 2001; 
Park etal . 2001). 

GRPs were also isolated from nitrogen-fixing root nodules 
of Vtciafaba (KUster et al. 1995; Schroder et al. 1997). This 
unique plant organ develops in leguminous plants under com-

950 / Molecular Plant-Microbe Interactions 



bined nitrogen limitation in a symbiotic interaction with the 
rhizobial partner. Bacterial signal molecules (Nod factors) are 
required for nodule induction and different surface polysaccha-
rides (EPS, KPS, and LPS) are involved in the invasion of 
plant cells. The indeterminate nodules developing in temporal 
legumes contain a persistent apical meristem (zone I), an inva-
sion zone (zone II), in which cells arrested in division become 
infected with rhizobia and differentiate gradually along a few 
cell layers to reach the terminal phase for nitrogen fixation in 
zone III. In addition to housekeeping genes, consecutive acti-
vation of specific gene sets producing nodule-specific plant 
proteins (nodulins) are required for the various stages of nod-
ule development. 

Nodulin genes are classified as early and late nodulins, de-
pending whether their expressions precede or accompany nitro-
gen fixation (Crespi and Gálvez 2000; Schultze and Kondorosi 
1998). The GRP genes isolated from Vicia faba (Vfnod-GRPl, 
Vfenod-GRP2, Vfenod-GRP3, Vfnod-GRP4, and Vfenod-GRPS) 
exhibited nodule-specific expression, and tissue print hybridiza-
tion localized their transcripts, mainly in the interzone IT-III and 
the nitrogen-fixing zone HI of the indeterminate nodules. 
Nodulin 24, a constituent of the peribacteroid membrane in soy-
bean (Cheon et al. 1994) was also classified as GRP. In the nitro-
gen-fixing symbiosis between Frankia and the actinorhizal plant 
Alnus glutinosa, nodule-specific GRP were also detected in the 
cortical cells of infected nodules (Pawlowski et al. 1997). In 
Medicago spp., NMs22 (Ganter et al. 1998) appears to encode a 
nodule-specific alfalfa glycine-rich protein. Screenings and se-
quencing of Medicago cDNA libraries in our laboratory also re-
sulted in the identification of homologues of the broad bean 
Vfenod-GRPS from M. sativa (Jiménez-Zurdo et al. 2000) and 
from M. truncatula (Gyorgyey et al. 2000). 

Our goal in this work was to isolate GRP genes from M. sa-
tiva and M. truncatula nodules and to get an insight into their 
function during nodule development. We addressed the follow-
ing questions, i) Is the expression of the GRP genes nodule 
specific? ii) What are the requirements and signals for gene 
activation? iii) At what stage or stages of nodule development 
are the genes switched on? iv) Are the gene expressions spe-
cific for the different nodule zones or cell layers? 

Our study revealed that all the isolated GRPs expressed ex-
clusively in the nodules and encoded small proteins with a hy-
drophobic signal peptide that shared no homology with other 
GRPs in the databases. They represented nodulins as well as a 
novel subfamily of GRP that showed structural similarity only 
to Vicia GRP nodulins. The studied GRP genes were induced at 
different time points after inoculation and also exhibited differ-
ences in the kinetics and localization of gene expression. 
Moreover, we demonstrated that expression of these GRP 
genes was dependent on the infection of nodule cells by the 
microsymbiont Sinorhizobium meliloti but was not induced by 
abiotic or biotic factors. Analysis of the kinetics of gene ex-
pression and the localization of their transcriptions in nodules 
suggests that the nodule-specific GRPs might play nonredun-
dant roles required at specific stages of nodule development. 

R E S U L T S 

Identification of cDNAs coding for GRP 
from Medicago nodules. 

For the isolation of genes encoding GRP, a cDNA library 
made of young nodules of Medicago sativa subsp. varía A2 
was hybridized with the VI faba Vfnod-GRPl, Vfenod-GRP2, 
Vfenod-GRP3, Vfnod-GRP4, or Vfenod-GRP5 cDNA clones 
(Schroder et al. 1997) under low stringency to obtain both 
orthologue and related genes. These screenings resulted in the 
isolation of 37 cDNAs that represented four distinct genes en-

coding GRP. MsnodGRPl (accession number AF498986), rep-
resented by 11 cDNAs, was isolated with the Vfnod-GRPl 
probe that displayed limited homology (66% identity at nucleic 
acid level) with the probe. Screening with Vfnod-GRP4 led to 
the isolation of 16 clones corresponding to two types of 
cDNAs; MsnodGRP2A and MsnodGRP2B (accession numbers 
AF498987 and AF498988, respectively) that were highly ho-
mologous to each other but distinct from Vfnod-GRP4. The 
MsnodGRP3 (accession number AF498989) cDNAs (10 
clones) were obtained with Vfenod-GRP5 and exhibited 72% 
identity with the probe. In some cases due to the low strin-
gency of hybridization, the screening also resulted in the isola-
tion of non-nodule specific GRPs, like the homologue of 
polyadenylate-binding protein (Le et al. 1997) isolated from 
several plants and the recently described alfalfa GRP induced 
by root knot nematode (Potenza et al. 2001), which were not, 
however, studied further. 

The MsnodGRPl, MsnodGRP2A, and MsnodGRP2B cDNA 
clones were partial. A homology search in the M. truncatula 
expressed sequence tag (EST) database has led, however, to 
the identification of the full-length sequences of these clones. 
All of these cDNAs coded for small putative proteins. 
MsnodGRPl was 112, MsnodGRP2A was 101, MsnodGRP2B 
was 114, and MsnodGRP3 was 217 amino acids long (Fig. 1). 
All of them possessed a putative hydrophobic amino terminal 
secretory signal peptide predicted by the algorithm of von 
Heijne (1986) and a glycine-rich carboxy terminal part. Al-
though, glycine-rich repeats are the major structural features of 
GRPs, in the MsnodGRPl, MsnodGRP2A, and MsnodGRP2B 
gene products, no glycine-rich repetitive blocks were present, 
in contrast to MsnodGRP3, which contained four repeats of 42, 
40, 42, and 42 amino acids. Within these repeats, a WRDWG-

MsnodGRPl-112aa » 
MKTKLFVSACFXALLFIFLVAIMPSEatQSGVTKKSMINIGV 42 
HGYANWLGRGAVQDGGKHSWANVKGSKGTSWWASGGKGGVGA 84 
KGDKGGKGGGGGYKI PI PGEOKGGGGKL 112 
MsnodGRP2A-10laa 
mktksiisvsficalvfisvvaiesJ'kdekkfgemeefklkv 42 
swrppggswtshgvkrkggkggskggsgsegnggeggaqggg 84 
gqieggkdkgsgldarg 101 

MsnodGRP2B-114aa 
mktksiisfsfica1vfis wat̂ pskdekqfgeieefkfkv 42 
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Fig. 1. Primary structure of glycine-rich proteins from Medicago sativa 
nodules. Glycine residues are in bold; signal peptides are underlined. In 
the four repeats of MsnodGRP3 (33-74, 75-114, 115-156, and 157-198), 
identical amino acid residues present in at least two repeats are on black 
background, while similar amino acids are shown on gray. The start and 
the end of WRDWGGSFW motifs are indicated with vertical arrows. 
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GSFW oligopeptide sequence was conserved (Fig. 1). An 
orthologue of the MsnodGRP3 cDNA, MtnodGRP3 (accession 
number AF498995), was found also in M. truncatula by sys-
tematic sequencing of a nodule cDNA library (MtNo388) in 
our laboratory (Gyorgyey et al. 2000). The MtnodGRP3 
protein displayed 94% similarity and 88% identity to 

MsnodGRP3. The molecular structure of MsnodGRP3 resem-
bled to that of NMs22 from alfalfa and that of Vfenod-GRP5 
(Fig. 2A). Although the sizes of these proteins were different, 
all of them carried an N-terminal signal peptide and down-
stream repetitive glycine-rich blocks. In contrast to the four re-
peats in MsnodGRP3, NMs22 contained three repeats with 
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Fig. 2. Multiple alignments of homologous glycine-rich proteins. A, Comparison of the MsnodGRP3, Vfenod-GRP5 (VfGRP5), and alfalfa NMs22 pro-
teins. Repetitive blocks of MsnodGRP3 are marked with horizontal arrows; conservative amino acid motifs are between vertical arrows. B, Multiple align-
ments of MsnodGRP2A, MsnodGRP2B, MtnodGRP2A, MtnodGRP2B, MtN29, and proteins deduced from the Medicago truncatula TC40868, TC41363, 
and TC35313 expressed sequence tags. The end of putative signal peptides is marked with arrows in each sequence. C, Comparison of MsnodGRPl and 
MtnodGRPls. Identical amino acid residues are on black background, while similar amino acids are shown on gray. In B, and C, amino acid residues con-
served in at least four sequences are indicated. 
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conservation of the WRDWGG oligopeptide, while Vfenod-
GRP5 had only two repeats but with the same WRDWGGSFW 
oligopeptide sequence as MsnodGRP3. In contrast to 
MsnodGRP3, MsnodGRPl, lacking the characteristic glycine-
rich repeats, shared no homology with known proteins. 

MsnodGRP2A and MsnodGRP2B showed only a weak ho-
mology to Vfenod-GRP4 (62% similarity and 43% identity 
with MsnodGRP2A, 64% similarity and 46% identity with 
MsnodGRP2B). The MsnodGRP2A and MsnodGRP2B pro-
teins exhibited 85% similarity and 80% identity to each other 
(Fig. 2B). To determine whether MsnodGRPlA and 
MsnodGRPlB represented allelic variants in the tetraploid, 
allogamous M. sativa genome or two distinct genes, a M. 
truncatula nodule cDNA library was screened with the M. 
sativa cDNA clones. This resulted in the isolation of both 
MtnodGRP2A and MtnodGRP2B (accession numbers 
AF498993 and AF498994, respectively) cDNA clones, re-
vealing that these GRPs are encoded by different genes. The 
signal peptides of MtnodGRP2A and MtnodGRP2B proteins 
shared significant homology with the putative signal peptides 
of MtN29 (Gamas et al. 1996) and a few other GRP pre-
dicted from EST sequences (TC40868, TC41363, and 
TC35313) present in the M. truncatula databases (Fig. 2B). 
The respective genes also encoded small proteins that exhib-
ited significantly high glycine content beside the putative hy-
drophobic signal peptide. The homology values between the 
signal peptides of these GRPs were around 80% or higher, 
while their glycine-rich domains displayed only 60 to 65% 
similarity and 30 to 35% identity. By screening the M. trun-
catula nodule cDNA library with the MsnodGRPl probe, we 
obtained three variants, MtnodGRPlA, MtnodGRPlB, and 
MtnodGRPIC (accession numbers AF498990, AF498991, 
and AF498992, respectively). The encoded proteins were ho-
mologous to MsnodGRPl, both at the N-terminal signal pep-
tide region and in the C-terminal part. Downstream of the 
signal peptide, one oligopeptide block was conserved in 
MtnodGRPlB, MtnodGRPIC, and MsnodGRPl, but not in 
MtnodGRPlA; while in the central region a 30-amino-acid-
long sequence was present in the MtnodGRPs but absent in 
MsnodGRPl (Fig. 2C). 

Expression of the four MsnodGRPs is nodule specific, 
requires rhizobial infection, 
and is unaffected by other GRP inducers. 

Expression of the isolated GRP genes was investigated by 
Northern analysis using total RNA isolated from different or-
gans of alfalfa (flower, root, hypocotyl, leaf, and stem) includ-
ing young (7-day-old) and mature (21-day-old) nodules, as 
well as spontaneous nodules developed in the absence of 5. 
meliloti. RNA samples (5 pg) were used for Northern hybridi-
zation, and equal loading was visualized by ethidium-bromide 
staining. The blots were also hybridized with the constitutive 
Msc27 gene probe, which can be reliably used for normaliza-
tion of the signals in roots and nodules in contrast to aerial 
plant organs, which express Msc27 at different levels. No ex-
pression of any of the four GRP genes was detected in flowers, 
leaves, stems, hypocotyls, roots, or spontaneous nodules. In 
contrast, all were expressed in S. meliloti-mduced nodules. Ex-
pression of the MsnodGRPl as well as the MsnodGRP2A and 
MsnodGRP2B genes was predominant in young nodules, while 
the MsnodGRP3 transcript accumulation increased during nod-
ule development (Fig. 3A). The MsnodGRPl probe revealed 
two transcripts, the smaller one corresponded to the size of the 
MsnodGRPl cDNA. The larger one might originate from a re-
lated gene; however, screening of the M. sativa subsp. varia 
A2 young nodule cDNA library resulted only in the isolation of 
MsnodGRPl in spite of the similar abundance of the two tran-

scripts. Therefore, it may be that both transcripts derive from 
the MsnodGRPl gene but that they differ in their polyadenyla-
tion or alternative splicing during RNA maturation. 

Northern analysis of GRP genes thus revealed that they were 
real nodulin genes. The lack of expression in spontaneous nod-
ules demonstrated that bacterial infection is indispensable for 
the induction of MsnodGRPl, MsnodGRP2A, MsnodGRP2B, 
and MsnodGRP3 genes. The possible requirement of bacteria 
for the expression of MsnodGRP genes was further studied 
with the help of two S. meliloti mutants that were wild type in 
respect to Nod factor production and initiation of nodule organ-
ogenesis but were defective in the invasion process or in their 
differentiation to nitrogen-fixing bacteroids. AK1492 is a dou-
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Fig. 3. Expression of Ms/MtnodGRP genes is nodule specific and 
requires Sinorhizobium meliloti infection. Hybridization probes are indi-
cated on the right. Msc/Mtc27 and ethidium bromide stain of RNA gel 
served as controls for loading. A, Northern analysis of nodGRPs in 
alfalfa flowers (F), spontaneous nodules (SN), young nodules at 7 dpi 
(YN), mature nodules at 21 dpi (MN), roots (R), hypocotyls (H), leaves 
(L), and stems (S). B, Reverse transcription-polymerase chain reaction 
(RT-PCR) analysis of MsnodGRP expression in alfalfa roots (R), nodules 
induced by Bac~ (BN) and Exo" (EN) S. meliloti mutants and by sponta-
neous nodules (SN) developed in the absence of rhizobia. C, RT-PCR 
results of the expression of TC40868, TC41363. and MtN29 genes in 
Medicago truncatula R-108 roots (R), young nodules collected 9 dpi 
(YN), nitrogen-fixing nodules collected 20 dpi (NFN), and nodules at 29 
dpi (ON). 
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Fig. 4. Reverse transcription-polymerase chain reaction (RT-PCR) analy-
sis of MsnodGRP and Msenod40 genes in the course of nodule develop-
ment. cDNAs were synthesized from total RNAs isolated from roots and 
nodules at 0, 1, 2, 3, 4, 5, 7, 10, 15, 18, 21, and 28 dpi and were used for 
PCR with gene-specific primers A, nGl for MsnodGRP 1, B, nG2A and B 
for MsnodGRP2A and B, respectively, C, nG3 for MsnodGRP3, and D, 
en40 for Msenod40. PCR products were detected by Southern hybridiza-
tion. Histograms show the normalized hybridization signal intensities 
calculated on the basis of Msc27 (c27) signals. 

ble mutant of S. meliloti 41, unable to produce wild-type 
exopolysaccharide (EPS) and capsular polysaccharide (KPS) 
and thereby impaired in the infection process (Exo"Kps~Inf 
mutant). The other mutant, strain 8368, produced wild-type 
polysaccharides but was defective in bacteroid differentiation 
(Bac~). In the nodules induced by strain AK1492, the expres-
sion of all four GRPs was drastically reduced, in contrast to the 
nodules induced by the Bac" mutant in which expression of 
GRP genes was unaffected (Fig. 3B). These results indicated 
that the expression of these GRP genes might be controlled by 
bacterial polysaccharide signals or that they might require in-
vasion of the nodule cell by Rhizobium, or both. 

Since it was shown that expression levels of several GRP 
genes were regulated by hormones and osmotic stress, we in-
vestigated whether expression of these nodule-specific, rhizo-
bia-induced, GRP genes was induced by factors other than 
rhizobia. Treatment of alfalfa roots with naphthalene acetic 
acid (NAA), absicic acid (ABA), kinetin and gibberelic acid 
(GA3), or with exposure to heat (37°C) and cold (4°C) shocks, 
hypoxia (+H20), and drought (-H20) stresses, however, did 
not result in the expression of the nodule-specific GRPs tested 
by reverse transcription-polymerase chain reaction (RT-PCR) 
(data not shown). These results further strengthen the nodule-
specific function of these GRPs. 

MsnodGRP2A- and MsnodGRP2B-related M. truncatula 
genes are also nodule specific. 

Although the proteins encoded by the M. truncatula ESTs 
TC40868 and TC41363 as well as MtN29 exhibited homology 
to Ms/MtnodGRP2 only in the signal peptide region, their rela-
tively high glycine content prompted us to study their expres-
sion profiles. Using specific oligos, each gene was amplified 
from cDNAs prepared from mRNAs isolated from M. trunca-
tula R108 nodules of different ages and roots treated with Nod 
factors (Fig. 3C). No expression of any of these genes was de-
tected in roots, while all of them were induced during nodule 
development, albeit with different kinetics. The maximal tran-
script level for TC40868 was detected in the nitrogen-fixing 
nodules, while for TC41363, it was in the young nodules. Ex-
pression of MtN29 was similar in the young and the nitrogen-
fixing nodules. As nodules aged, the transcript level of all the 
three genes declined. 

MsnodGRP nodulins exhibit different 
temporal expression patterns. 

The induction of GRP genes during nodule development was 
studied by RT-PCR experiments. Total RNA samples for 
cDNA preparation were isolated from roots of sterile seedlings 
grown on agar plates in nitrogen-free medium after inoculation 
of roots with S. meliloti at 0 to 3 days post inoculation (dpi), 
from nodule primordia (4 to 5 dpi), and from young (7 to 10 
dpi) and mature nodules (15 to 28 dpi). Accumulation of the 
GRP mRNAs was measured during nodule development and 
compared to that of Msc27 used as a control for the quantifica-
tion of the cDNAs in the different samples (Fig. 4). As a con-
trol for nodule development, expression of early nodulin gene 
Msenod40 was included (Fig. 4D). In the case of MsnodGRP 1, 
a weak background signal was detectable in the root, while a 
significant increase in mRNA abundance was observed at 4 
dpi, reaching its maximum at 5 dpi, which was maintained dur-
ing the development and maturation of nodules (Fig. 4A). 
MsnodGRP2A and MsnodGRP2B had no background signal in 
the root and were strongly induced at 5 dpi (1 day later than 
MsnodGRP 1), with a maximal transcript accumulation at 7 dpi 
that then decreased gradually (Fig. 4B). Induction of the 
MsnodGRP3 gene started at day 7 and was maximal through 
the active, nitrogen-fixing period (Fig. 4C). In comparison with 
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nodGRP genes, expression of Msenod40 was induced at 2 dpi, 
thus 2 days earlier than MsnodGRPl, but both of them before 
nitrogen fixation. Expression of MsnodGRPlA and 
MsnodGRP2B exhibited a three-day delay and MsnodGRP3 a 
five-day delay compared with Msenod40. These differences in 
the expression kinetics indicated that MsnodGRPs might be in-
volved in consecutive stages of nodule development with dif-
ferent functions. 

Distinct spatial expression patterns 
of the GRP nodulin genes. 

To determine the spatial expression patterns of GRP genes in 
nodules, in situ hybridizations were carried out with sense and 
antisense RNA probes that were synthesized from cDNAs 
encoding the glycine-rich domains and that were specific for 
MsnodGRPl, MsnodGRP2, and MsnodGRP3 but did not 
distinguish MsnodGRPlA from MsnodGRP2B. The sections 

Fig. 5. Localization of MsnodGRP transcripts in Medicago sativa nodules by in situ hybridization. Hybridization of antisense riboprobes specific for A 
and B, MsnodGRPl, D and E, MsnodGRPl, and G and H, MsnodGRP3. Hybridization with sense probes of C, MsnodGRPl, F, MsnodGRPl, and I, 
MsnodGRP3. Bars correspond to 200 pm. 
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derived from alfalfa nodules of different ages that represented 
all stages of nodule development. The MsnodGRPl transcripts 
were localized in the nodule apex in zone n , while no signals 
were detected in the nitrogen fixation zone III (Fig. 5A). In zone 
n , the highest expression level was found in cells adjacent to 
interzone II-III, where MsnodGRPl transcripts were also present 
(Fig. 5B). The MsnodGRP2 gene exhibited expression exclu-
sively in interzone II-III (Fig. 5D) and predominantly in a single 
cell layer (Fig. 5E). In the case of MsnodGRP3, no hybridization 
signals were detected in the nodule apex, and the expression ap-
peared to be associated with the nitrogen-fixing symbiotic cells 
in zone i n (Fig. 5G). In a few cases, the hybridization signals 
were stronger in the early symbiotic zone than in the older cells 
of zone m (Fig. 5H). The lack of background signals on nodule 
sections hybridized with the sense RNA probes (Fig. 5C, 5F, 51) 
and the restricted signal localizations obtained with the antisense 
probes confirmed that these hybridizations were specific for all 
three nodGRPs. 

DISCUSSION 
In this paper, we presented the isolation and characterization 

of cDNAs coding for different GRP from M. saliva and M. 
truncatula nodules. These proteins, like most GRP, were com-
posed of a secretory signal peptide followed by a glycine-rich 
domain. However, their glycine content was lower (20 to 30%) 
than that of other GRPs (where it was around 80% or even 
higher) although still significantly higher than in other proteins 
not considered rich in glycine. In addition, these nodulin genes 
were exclusively expressed in Medicago nodules, confirming 
that they represent a novel subfamily of the GRP genes. 

All nodule-specific GRPs described in this study were small 
proteins, and most of them lacked the glycine-rich repetitive 
motifs characteristic for non-nodule-specific GRPs (Sachetto-
Martins et al. 2000). In these proteins, only few repetitions of a 
GGX sequence were present. MsnodGRP3 was the only one 
that contained four repeats of an oligopeptide with the 
WRDWGGSFW motif. This motif was present in two other 
nodule-specific proteins, NMs22 (Ganter et al. 1998) and 
Vfenod-GRP5 (Schroder et al. 1997) that differed from 
MsnodGRP3, however, in the number of repeats. The protein 
encoded by a M. truncatula EST, TC40954, and predicted as a 
homologue of NMs22 (NMt22) had only two oligopeptides of 
the four repeats, likewise Vfenod-GRP5. These differences 
suggest that the functions of these nodulins are distinct from 
that of MsnodGRP3. Moreover, database search carried out 
with the signal peptide of MsnodGRP3 revealed similarity to 
the signal peptide of nodulin DD17, a recently available se-
quence in the database (accession number CAC84521) from 
another leguminous plant, Trifolium repens, which also con-
tained several glycine residues at carboxy terminal region. 

The primary structures of MsnodGRP2A and MsnodGRP2B 
were highly homologous and were encoded by different genes, 
as it was revealed by isolation of the corresponding M. trunca-
tula clones. These proteins showed a weak homology to 
Vfnod-GRP4, excluding the signal peptide that was present in 
alfalfa but not in broad bean. In contrast, the signal peptides of 
MsnodGRP2A and MsnodGRP2B exhibited significant homol-
ogies with three proteins predicted from M. truncatula EST se-
quences (TC40868, TC41363, and TC35313). These proteins 
also displayed glycine-rich domains but without homology to 
Ms/MtnodGRP2A and Ms/MtnodGRP2B or to each other. One 
of the signal peptide homologues was MtN29, identified as a 
nodulin (Gamas et al. 1996). Moreover, a similar signal peptide 
was present in the early nodulin Enod7 (accession number 
CAA63660) from Pisum sativum, but the glycine content of 
this putative protein was relatively low. 

MsnodGRPl was the only GRP that did not show homology 
to other proteins in the databases. Screening of a M. truncatula 
library with the MsnodGRPl probe resulted in three homo-
logues but not the real orthologues of the alfalfa protein. The 
homology was extended to the signal peptide and the carboxy 
terminal part of the proteins, while the central regions were 
less conserved (Fig. 2C). 

Relatedness of the GRP nodulins is presented in a phyloge-
netic tree (Fig. 6). As it was expected, MsnodGRPl and the 
MsnodGRPl-related M. truncatula proteins MtnodGRPlA, 
MtnodGRPlB, and MtnodGRPIC formed one group. Interest-
ingly, the signal peptide homologues of Ms/MtnodGRP2s, 
TC40868, TC41363, and TC35313, were on distinct branches 
from the Ms/MtnodGRP2 proteins. TC40868 and TC41363 
proteins were in the group of Ms/MtnodGRP3 proteins. This 
group also included NMs22/NMt22, Vfenod-GRPS, DD17, 
and Vfenod-GRP3. TC35313 was more related to nodGRPl 
proteins. The MsnodGRP2 and MtnodGRP2 proteins were re-
lated to Vfnod-GRP4. MtN29, the signal peptide homologue of 
Ms/MtnodGRP2s, exhibited distinct origin. Taking into ac-
count that most of these nodGRPs showed no homology to 
other GRP, these nodulation-related GRPs represent both a 
novel class of GRPs and a novel group of nodulins. 

Expression of all Medicago nodGRPs was nodule specific 
and required infection of rhizobia; however, their activation 
and maximal transcript accumulation differed during nodula-
tion. The MsnodGRPl gene was induced at 4 dpi, two days 
later than Msenod40, an early nodulin gene that is required for 
cell proliferation and for initiation of the nodule primordium 
(Crespi et al. 1994). At day 4, nodule primordium differentiates 
to a meristem and an invasion zone in which infection of plant 
cells with bacteria occurs. Consistently with the expression ki-
netics, MsnodGRPl transcripts were localized by in situ hy-
bridization along all cell layers of zone II, where they were 
particularly abundant in distal cell layers and in interzone II-III 
but were absent in zone m . This expression profile suggests 
that nodGRPl might be involved in differentiation of symbi-
otic tissue. This localized zone II-associated expression pattern 
also explains the decrease in the transcript level during nodule 
maturation detected by Northern analysis and RT-PCR. By 
nodule growth, the mass of zone III increases while that of 
zone II remains constant, thus, although the expression level of 
MsnodGRPl does not change, the concentration of their tran-
scripts decreases with the increasing amount of mRNAs from 
zone m . From M. truncatula, we have isolated three homolo-
gous nodGRPl cDNAs (MtnodGRPlA, MtnodGRPlB, and 
MtnodGRPIC). This suggests that additional nodGRPl-related 
proteins might be produced in M. sativa nodules as well. 

Transcripts of MsnodGRP2A and MsnodGRP2B were indis-
tinguishable by Northern analysis, due to the cross-hybridiza-
tion of the genes. Using specific oligos for each gene, RT-PCR 
experiments demonstrated that neither of the two genes ex-
pressed in roots and that both were activated at 5 dpi. At days 5 
to 7, the distal cell layers of zone n are converted into nitro-
gen-fixing symbiotic cells. During this period, transcript accu-
mulation of MsnodGRP2s increased fivefold and then de-
creased gradually. In situ hybridization revealed the exclusive 
presence of MsnodGRP2 transcripts in interzone n - m in two 
or a maximum of three cell layers, where the most drastic and 
probably the most critical developmental changes occur prior 
to terminal differentiation of nitrogen-fixing symbiotic cells. 
This expression profile is in perfect agreement with transient 
expression of MsnodGRP2 detected by RT-PCR analysis, re-
vealing an illusive and more drastic decrease in MsnodGRP2 
transcript levels than in those of MsnodGRPl by nodule 
growth and maturation. As revealed by RT-PCR analysis of 
root and nodule RNAs, expression of the signal peptide homo-
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logues of Ms/MtnodGRP2s (TC40868, TC41363, and MtN29) 
was nodule specific as well. 

Northern analysis demonstrated that expression of 
MsnodGRP3 was induced at 7 dpi in the young nitrogen-fixing 
nodules and was predominant during the period of active nitro-
gen fixation. By in situ hybridization, the MsnodGRP3 tran-
scripts were detected in the nitrogen-fixing cells in zone III 
that correlated with the relatively retarded induction of 
MsnodGRP3 compared with MsnodGRPl and MsnodGRP2A/B 
and with the elevated transcript levels through the active nitro-
gen-fixing period. 

The expression pattern of nodGRP genes in nodules induced 
by S. meliloti mutant strains demonstrated that activation of all 
the nodGRP genes we studied required bacterial infection but 
was indifferent of bacteroid differentiation. Differential activa-
tion kinetics of these genes and distinct spatial localization of 
the nodGRP mRNAs indicate that they might have distinct 
functions during nodule organogenesis. Their expression in 
particular zones and cell layers suggests that these nodGRPs 
may be involved in signaling processes, similar to AtGRP3, 
which is a binding partner of the cell wall-integrated WAK1 
protein that is responsible for development of leaf cells 
(Kohorn 2001). During nodule differentiation, when bacteria 
invade the host cells, nodGRP 1 and nodGRP2A/B might func-
tion or be involved as signals for the production of specific 
molecular structures (such as peribacteriod membranes) that 
are required for the development of symbiotic cells. The func-
tion of nodGRP2A/B appears to be, however, more specific 
and might be required for terminal differentiation of symbiotic 
cells. In contrast to nodGRPl and nodGRP2A/B, nodGRP3 
plays a role in a later stage of symbiosis associated with nitro-
gen fixation. The possible involvement of these nodGRPs in 
Rhizobium-eliciled signaling processes is in line with their ex-
clusive nodule-specific expression and with the finding that 
none of the MsnodGRPs were induced by biotic and abiotic 
regulators of the other, non-nodule-specific GRPs. 

Elucidation of the real nodGRP functions would necessitate 
the analysis of knock out M. truncatula mutants. Although, 
construction of tagged M. truncatula mutant banks is in pro-
gress in the laboratory, their creation will take several years. 
Therefore, as alternative approaches for gene silencing, we 
have started the generation of antisense and RNAi transgenic 
M. truncatula plants to evaluate the importance of nodGRPs in 
nodule development. For transgenic studies in nodulation, iso-
lation of the promoter regions of nodGRP genes could also be 
extremely useful to drive localized and nodule-specific gene 
expression. The identification of interacting protein partners of 
the nodGRPs is expected to give an insight into putative sig-
naling pathways. Therefore, yeast two-hybrid screens will be 
performed for isolation of nodGRP partners. All these future 
studies will contribute to elucidation of the biological functions 
of nodGRPs, which appear to be specific for leguminous plants 
forming indeterminate nodules. 

MATERIALS AND METHODS 

Bacterial strains. 
In the M. sativa and M. truncatula nodulation assays, the 

following Rhizobium strains were used: wild-type S. meliloti 
Rm41; Sm8368, a Bac derivate of Sml021 carrying a TnphoA 
insertion in the bacA gene (Glazebrook et al. 1993); and 
AK1492, an Eps" Kps" Fix" mutant strain of Rm41 containing 
a deletion in ExoB and a Tn5 insertion in the fix23 region en-
coding capsular polysaccharide production (Kondorosi et al. 
1984; Putnoky et al. 1988). Bacteria were grown at 30°C in 
tryptone-agar medium (Orosz et al. 1973) that was supple-
mented for the mutant strains with kanamycin (100 pg ml-1). 

Plant material. 
Seeds of alfalfa (AL sativa subsp. sativa cv. Sitel) and AL trun-

catula ecotype R-108 (Hoffman et al. 1997) were sterilized by 
gentle agitation in 20% Pasti-chlor (Argos, Bondoufle, France) 
for 30 min at room temperature, then washed four times with 
sterile water, and germinated in the dark on 1% water agar plates 
for 24 h. For the time course experiments, the seedlings were 
transferred to square petri dishes containing nitrogen-free solu-
tion (Crespi et al. 1994) with 1% agar and incubated in a growth 
chamber at 28°C. After 4 to 5 days, the roots were spot-inocu-
lated with S. meliloti Rm41 and samples were collected from 1-, 
2-, 3-, 4-, 5-, 7-, 10-, 15-, 18-, 21-, and 28-day-old nodule primor-
dia or nodules, as well as from noninoculated roots as a control. 

For large scale RNA isolation, seedlings were grown in aero-
ponic factories (Hoffman et al. 1997). For nodulation assay, 
seedlings were grown for one week in nitrogen-limiting me-
dium and then inoculated with wild-type or mutant S. meliloti 
strains. Wild-type nodules were harvested at 7 and 21 dpi from 
AL sativa and at 9, 20, and 29 dpi from M. truncatula. In the 
case of Bac" and Exo" mutants, the nodules were collected 2 to 
3 weeks after infection. Flowers, roots, hypocotyls, leaves, and 
stems of alfalfa were collected from 2- to 3-week-old plants 
grown in nitrogen-containing solution. Spontaneous nodules 
were collected from the highly embryogenic AL sativa subsp. 
varia A2 line after three weeks of nitrogen starvation. 

Library screening and sequencing. 
Alfalfa GRP cDNA clones were obtained by screening a 

cDNA library of young AL sativa subsp. varia A2 nodules 
(Crespi et al., 1994) using the Vfnod-GRPl, Vfenod-GRP2, 
Vfenod-GRP3, Vfnod-GRP4, and Vfenod-GRP5 cDNA probes 
of Vicia faba (KUster et al. 1995; Schroder et al. 1997). 
MtnodGRP2A and MtnodGRP2B cDNA clones were isolated 
from a AL truncatula R-108 nodule cDNA library (Gyorgyey et 
al. 2000). The cDNA clones were sequenced by the chain ter-
minator method (Pharmacia kit; Pharmacia SAS, Saint Quen-
tin-en-Yveline, France) using an automatic laser sequencer 
373A (Applied Biosystems, Foster City, CA, U.S.A.). 
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Fig. 6. Phylogenetical tree of MsnodGRPs and their homologues. 
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Northern and RT-PCR analysis 
Total R N A was isolated f rom alfalfa by the RNeasy plant 

mini kit (Qiagen, Hilden, Germany) f rom nodules, roots, 
leaves, stems, flowers, and hypocotyls. For Northern blots, 8 
pg of total R N A was used. For RT-PCR, c D N A s were synthe-
sized by the treatment of 1 pg of total R N A with DNase (FPLC 
pure; Amersham Pharmacia Biotech, Uppsala, Sweden) that 
was retrotranscribed in the presence of M-MLV reverse tran-
scriptase (Promega, Madison, WI, U.S.A.) , RNase inhibitor 
(RNasin, Promega) and oligo-dT primers. Msc27 (Gyorgyey et 
al. 1991) and Mtc27 were amplified in 17 cycles (94°C for 30 
s, 55°C for 30 s, and 72°C for 1 min) while MsnodGRPl, 
MsnodGRP2A, MsnodGRP2B, MsnodGRP3, TC40868, 
TC41363, and MtN29 were amplif ied in 21 cycles. Af ter aga-
rose gel electrophoresis, RT-PCR products were blotted on ny-
lon membranes (BioTrans; ICN, Costa Mesa , CA, U.S.A.). 
a [ 3 2 P]-dCTP radiolabeled D N A probes were generated by 
random priming (Amersham Pharmacia Biotech). Hybridiza-
tions were performed in 0.5 M Na-phosphate, p H 7.2, and 7% 
sodium dodecyl sulfate (SDS) buffer (Church and Gilbert 
1984) for 36 h at 65°C; then the membranes were washed 
twice with 2x SSC ( l x SSC is 0.15 M NaCl plus 0.015 M so-
dium citrate) and 0 .1% SDS and with l x S S C and 0.1% SDS. 
Hybridization signals were exposed on phosphor-imager 
screens. For hybridization signals, intensities were quantified 
and normalized by Phosphor-imager S T O R M (Molecular Dy-
namics, Sunnyvale, CA, U.S.A.) and specific computer pack-
ages. 

In situ hybridization. 
In situ hybridizations were carried out according to de 

Almeida Engler and associates (2001) using 200-bp-long 35S-
labeled sense and antisense riboprobes (corresponding to the 
glycine-rich domains). Slides were exposed to Kodak NTB-2 
emulsion, and signals were detected with fluorescent-light mi-
croscope and CDD-camera. 
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