
Abstract A synteny based positional cloning approach
was started to clone the pea SYM2 gene by using locally
conserved genome structure with the model plant Medic-
ago truncatula. We reported that a pea marker tightly
linked to SYM2 was used to screen a M. truncatula BAC
library, and two contigs named C1/C2 and C3 were con-
structed that are both located on the long arm of M. tru-
ncatula chromosome 5 and separated by 9 cM. C1/C2 is
highly microsyntenic to the pea SYM2 genomic region
and corresponds to the M. truncatula SYM2-orthologous
region, which is delimitated to 350 kbp. In this manu-
script we analyze the distribution in the three contigs of
22 sequences and their homologues, including eight
C1/C2 and two pea RFLP markers linked to SYM2.
Among the analyzed sequences are several different (re-
ceptor) kinase-like gene sequences and two classes of
LRR-containing resistance protein-like sequences. From
all the studied sequences only four detected homologous
sequences in C3, and their distribution is comparable in
C1/C2 and C3, suggesting that a 70-kbp and a 120-kbp
segments of these two contigs, respectively, arose
through a duplication. The implications of these findings
for the cloning of SYM2 are discussed.
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Introduction

A distinguishing property of legumes that contributes to
their agronomic importance is their ability to establish a

symbiosis with rhizobia, resulting in the formation of ni-
trogen-fixing root nodules. The legume sub-family of
Papilionoideae contains many agronomically important
species, including soybean (Glycine sp.), alfalfa (Medic-
ago sativa) and pea (Pisum sativum). Although pea is ge-
netically well characterized and about 30 SYM genes that
are essential for the formation of nitrogen-fixing root
nodules have been genetically mapped (Borisov et al.
2000), positional cloning of these genes is limited by the
large genome of this species. Therefore, two legume spe-
cies, Medicago truncatula (Cook 1999) and Lotus japon-
icus (Jiang and Gresshoff 1997), have been proposed as
model systems for the study of legume biology. In partic-
ular, M. truncatula (Trifoleae tribe) is closely related to
pea (Vicieae tribe) (Doyle 1995; Gualtieri and Bisseling
2000) and has a simple genome organization (Kulikova
et al. 2001). Moreover, numerous genomic and genetic
tools (e.g. Covitz et al. 1998; Nam et al. 1999; Cook
1999) have been developed for M. truncatula.

Recent studies have shown that M. truncatula chro-
mosome 5 and pea linkage group I are syntenic, and that
M. truncatula can be used as an intergenomic cloning
vehicle for the pea SYM2 gene (Gualtieri et al. 2002). In
general, synteny was observed between species belong-
ing to the same plant family and was mostly studied
within the families Solanaceae, Poaceae and Brassicac-
eae (reviewed in Bennetzen 2000; Devos and Gale 2000;
Paterson et al. 2000; Schmidt 2000), and to a less extent
within the Leguminosae (Weeden et al. 1992; Menancio-
Hautea et al. 1993; Boutin et al. 1995; Gualtieri et al.
2002). These studies have shown a conserved gene com-
position and order both at the chromosome and at the
megabase/submegabase levels. In addition, they revealed
that genome evolution is accompanied by gene and chro-
mosomal segmental rearrangements such as deletions,
insertions, translocations and duplications. These rear-
rangements result in synteny disruption and increased
complexity in synteny studies aiming at the identifica-
tion of orthologous genomic regions in the compared
species. Rearrangements were also reveled after the
completion and analysis of the Arabidopsis genome se-
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quence (The Arabidopsis Genome Initiative 2000) that
provided the first knowledge about the structure and
composition of a plant genome. The Arabidopsis genome
evolved through whole-genome duplication, accompa-
nied by subsequent gene loss and extensive local gene
duplications. In addition, 24 large duplications of at least
100 kbp are present within different chromosomes. The
sequence conservation and the number of copies of
genes within duplicated segments varies considerably.

Linkage group I of pea is the genomic region with the
highest density of legume genes involved in the symbio-
sis with Rhizobium leguminosarum bv viciae, containing
several symbiotic genes within a 20-cM interval
(Weeden et al. 1990; Temnykh et al. 1995a, b; Kozik et
al. 1996; Schneider et al. 1999). One of these genes is
SYM2 that was first identified in the pea accession ‘Af-
ghanistan’ where it controls infection by rhizobia in a
Nod factor structure-dependent manner (Firmin et al.
1993; Geurts et al. 1997). Nod factors are the rhizobial
signal molecules that are involved in the induction of
various host responses (Heidstra and Bisseling 1996).

Within a synteny-based positional cloning approach,
the isolation and delimitation of the M. truncatula
SYM2-orthologous region has been reported (Gualtieri et
al. 2002). This region maps on M. truncatula chromo-
some 5 and is highly microsyntenic with the pea SYM2
region located on linkage group I. This research was ini-
tiated by the isolation of two M. truncatula BAC contigs,
named C1/C2 and C3, hybridizing with the pea RFLP
marker PscW62-1 that is tightly linked to SYM2. Micro-
synteny was demonstrated by the isolation of several
RFLP markers (Mtc831, Mtc923, Mtc411, MtgG28,
Mtg3556, Mtc7x1, Mtg3552 and Mtg63EB4) from the
M. truncatula C1/C2 contig and the genetic mapping of
these markers in pea. Markers Mtc831 and Mtc923, and
Mtg63EB4, have shown recombination between their
hybridizing homologous pea sequences and SYM2, there-
by delimiting the M. truncatula C1/C2 SYM2-ortholog-
ous region to 350 kbp. C3 was mapped at a genetic dis-
tance of 9 cM to C1/C2 on the long arm of chromosome
5 (Gualtieri et al. 2002). Apart from their hybridization
to C1/C2, markers PscW62-1, and Mtc411 and Mtg3552,
showed a strong and very weak hybridization with C3,
respectively. Therefore, to study the level of parasynteny
between C1/C2 and C3, and to confirm that C1/C2 is in-
deed the SYM2-orthologous region, we constructed de-
tailed contig physical maps and studied the distribution
within these contigs of several sequences isolated from
C1/C2 (including the previously described RFLP mark-
ers) and homologous sequences isolated from the pea
SYM2 region. These studies confirmed that C1/C2 is in-
deed the SYM2-orthologous region. Moreover, the pres-
ence and similar distribution of four sequences in both
C1/C2 and C3 suggests that a segment of each contig
arose through duplication.

Materials and methods

BAC clone isolation and construction of contig physical maps

The BAC clones composing C1, C2 and C3 belong to the M.
truncatula A17 BAC library constructed by Nam et al. (1999), and
were isolated by screening with the pea RFLP marker PscW62-1
that is tightly linked to SYM2 and by PCR- and hybridization-
based chromosome walking (Gualtieri et al. 2002). BAC clone
DNA was isolated according to Nam et al. (1999) and contigs
were constructed by a combination of AFLP and restriction/
hybridization BAC DNA fingerprinting. These studies resulted in
arrays of overlapping BAC clones that formed contigs and defined
different regions within each contig. Fingerprint DNA fragments
were manually assigned to the different contig regions thereby
generating a physical contig map. The sequences studied in this
manuscript were assigned to different contig regions by hybridiza-
tion. In M. truncatula chromosome 5, the tightly linked contigs C1
and C2 were initially separated by a small gap of about 10 kbp
that was closed (Gualtieri et al. 2002) after screening an expanded
version of the M. truncatula BAC library (Cook et al. unpub-
lished) with the C1 and C2 end subclones Mtg2511 and Mtg3556,
respectively. Although this 10-kbp sequence is not included in the
present study, contigs C1 and C2 are sometimes referred here to as
C1/C2.

Contig DNA blots and M. truncatula genomic blots

A set of BAC clones with a minimal overlap and representing the
complete contig sequence was selected. Contig-1 DNA samples
included BAC clones 63010, 11I01, 20K04, 52010, 56F17 and
59K07. Contig-2 DNA samples included BAC clones 21J05 and
15B03. Contig-3 DNA samples included BAC clones 27H19,
30F10 and 46I13. For Southern-blot analysis 2 µg of BAC DNA
from each selected BAC clone and 5 µg of M. truncatula A17 ge-
nomic DNA were used per lane. The individual BAC DNA sam-
ples and the M. truncatula genomic DNA were digested to com-
pletion with HindIII (Gibco BRL) and analyzed by electrophoresis
on 20-cm long 1% agarose gels prepared and run in 1 × TAE at
45 V. Electrophoreses were done overnight. DNA was stained
with ethidium bromide 0.05% (w/v) in running buffer and visual-
ized by UV illumination.

Blot transfers and hybridizations

After agarose-gel electrophoresis, DNA was transferred to a Hy-
bond N+ (Amersham) nylon membrane. The conditions for DNA
transfer and for pre-hybridization and hybridization with probes
were as recommended by the membrane manufacturer (Amers-
ham).

Probes were prepared by random-priming labeling (Feinberg
and Vogelstein 1983) of 50 ng of template DNA, including four
units of Klenow DNA polymerase and 2 µCi of [32P] dATP in the
reactions. The reactions were incubated for 1 h and probes were
purified from non-incorporated nucleotides through a Sephadex
G50-medium column prepared in a 1-ml syringe.

In order to visualize the different hybridization specificities,
pre-hybridizations and hybridizations were done at 60 °C-65 °C,
and blots were usually washed and exposed after both low- and
high-stringency washings. Washings were generally done in 5 ×
SSPE 0.1% SDS for 10 min, 2 × SSPE 0.1% SDS for 20 min 1 ×
SSPE 0.1% SDS for 15 min and in 0.5 SSPE 0.1% SDS for
20 min. Blots were analyzed with a Storm 840 phosphor imager.

cDNA libraries and screenings

The pea root-hair cDNA library was constructed by Stratagene in
a Lambda ZAPII vector system using equal amounts of poly (A)+
RNA isolated from root hairs of 6-day old cv Finale plants non-in-
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oculated and 48-h inoculated with R. leguminosarum bv viciae
248 (Josey et al. 1979). The M. truncatula A17 root-hair cDNA
library (Covitz et al. 1998) was screened by using digested BAC
clone inserts or contig subclones as probes. The cDNA library
screenings were done with Hybond-N+ membranes using the con-
ditions recommended by the library manufacturer (Stratagene).
DNA probes for the cDNA library screenings were labeled as de-
scribed above.

Results and discussion
Distribution of studied sequences and their homologues
in C1/C2 and C3

A M. truncatula A17 BAC library (Nam et al. 1999) was
used to isolate the overlapping BACs composing the
three contigs, named C1, C2 and C3, as previously de-
scribed (refer to Materials and methods). Figure 1 shows
a HindIII restriction map of the contigs in which the po-
sition of several HindIII restriction sites have been indi-
cated. These restriction sites divide the contigs into so-
called “contig regions” which have been numbered (bold
numbers below the contig lines). To simplify the discus-
sion, some contiguous contig regions have been grouped
and indicated by a numbered line below the contig. Only
the HindIII fragments within a contig region that hybrid-
ized with any of the 22 numbered sequences studied in
this manuscript are indicated as a bar above the contig
and the characteristics of these sequences are given in
Table 1. Many HindIII fragments hybridized with more
than one sequence. The studied sequences include sever-
al cDNA clones isolated from a M. truncatula and a pea
root hair cDNA library, respectively. Some of these
sequences were previously described (Gualtieri et al.
2002), while others are described in this manuscript. The
cDNA clones have a prefix Mtc or Psc, for M. truncatula
and P. sativum, respectively. We demonstrated that the
genes corresponding with the M. truncatula cDNA
clones are located in C1/C2 by comparing the hybridiza-
tion of these cDNAs to M. truncatula genomic DNA and
contig DNA blots. In addition to these cDNAs, several
genomic subclones were made of C1/C2 and these ob-
tained the prefix Mtg. 

773

Fig. 1 Physical distribution of sequences within the contigs.
HindIII restriction maps of C1, C2 and C3. The thick horizontal
black/gray line represents a contig were black lines correspond
to the contig sequence isolated by hybridization screening
of the BAC library with PscW62-1, whereas gray lines correspond
to the contig sequence obtained by PCR- or hybridization-based
chromosome walking. The vertical thin lines are HindIII restric-
tion sites (HindIII sites that have not been mapped are not indicat-
ed). The contig segment located in between two HindIII restriction
sites is defined as a “contig region” and is denoted by bold num-
bers under each contig. To simplify the discussion in the text,
some contiguous contig regions, are grouped and referred to as
a single contig region indicated by a thin line under the contigs
and denoted by a common bold number. In general, a contig re-
gion is composed of several HindIII fragments, but in some cases
it contains a single HindIII fragment. Note that contig maps show
the linear order of regions within each contig, but the linear order
of HindIII fragments within each region has not been determined.
Only the HindIII fragments that hybridized with the 22 studied se-
quences are indicated as black lines located above their respective
contig region, and the numbers above these lines correspond
to hybridizing sequences (genomic, cDNAs) whose characteristics
are given in Table 1. “S" and “W" following the clone numbers in-
dicate a strong or weak hybridization signal, respectively. Under-
lined sequence numbers indicate that the HindIII restriction frag-
ment is the source of the corresponding genomic contig subclone
that always shows the strongest (“S") hybridization of the pattern;
underlining is not used for cDNAs. Although a 10-kbp scale bar
is given, due to drawing constraints, the size of contig regions
and hybridizing HindIII fragments is in some cases out of scale
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Table 1 Properties of the 22 single- and low-copy studied
sequences. The first column shows the numbers given in Fig. 1
to the studied sequences, whose names appear in the second col-
umn (prefixes Mtc and Psc indicate M. truncatula or P. sativum
cDNAs, while Mtg means the M. truncatula genomic subclone).

The third and fourth column indicates which sequences hybridize
with other contigs apart from the contig where they are located.
The fifth column gives the sequence homologies as determined
by BLAST searches. ND: not determined

Sequence Contig subclone Location Hybridization Blast homologies
number (size kbp)/cDNA with contig/s
in Fig. 1

1 Mtc7x1e C2 C2 ND
2 Mtc156 C1 C1 ESTs from M. truncatulad

Homology with receptor kinases/kinases
3 Mtc411e C1 C1/C3 ND
4 Mtc424a ? C1/C2 ESTs from M. truncatulad

Homology with non-cyanogenic and cyanogenic
beta glucosidase precursors, and beta glucosidases

5 Mtc831f C1 C1 ESTs from M. truncatulad

Homology with receptor kinases/kinases
6 Mtc923f C1 C1 ESTs from M. truncatulad, and several other organisms

Phosphatase-like protein (A. thaliana)
Putative membrane trafficking factor
(A. thaliana)/Similarity to rat P47 protein

7 Mtg2114 (1.4 kbp) C2 C2 No homology with ESTs
Homology with putative protein (A. thaliana)

8 Mtg2.4 (2.4 kbp) C2 C2/C3 ND
9 Mtg2128 (2.8 kbp) C2 C2 Low homology with M. truncatula ESTsd

Putative non-LTR retroelement reverse transcriptase
(Arabidopsis thaliana)

10 Mtg63EB4(4 kbp)f C2 C2 ND
11 Mtg1957 (2 kbp)b C2 C2 No homology to ESTs

Putative disease resistance protein TMV N-like
(Arabidopsis thaliana); disease resistance protein RPS4 
(Arabidopsis thaliana); disease resistance RPP5 like protein
(Arabidopsis thaliana)

12 Mtg2511 (2.5 kbp) C1 C1 ND
13 Mtg3552 (5.2 kbp)e C2 C2/C3 (clone end sequence)

No homology to ESTs
LRR motif of Cf-4 (Lycopersicon); putative disease resistance 
protein (A. thaliana)

14 Mtg3556 (5.6 kbp)e C2 C1/C2 Homology to M. truncatulad and Glycine max
(protein kinase isolog) ESTs.
Similarity to receptor-like protein kinase 
(Arabidopsis thaliana); putative protein kinase 
(Arabidopsis thaliana)

15 MtgG28 (0.18 kbp)c,e C1 C1 Homology with M. truncatula ESTsd

Probable Transport ATP-binding protein MSBA, 
Escherichia coli

16 MtgHC2.8 (2.8 kbp) C2 C2 ND
17 MtgLRR52 (0.43 kbp)e C2 C2 No homology to ESTs

Cf-4 and Cf-9-like disease resistance proteins (Lycopersicon) 
(including LRR motif)

18 MtgX3.2 (3.2 kbp) C2 C2 ND
19 PscLRR52 Tightly linked C2 No homology to ESTs

to pea sym2
Cf-4 and Cf-9-like disease resistance proteins (Lycopersicon) 
(including LRR motif)

20 PscW62-1 Tightly linked C1/C2/C3 Receptor-like protein kinases
to pea sym2

21 MtgG5 C2 C2 No homology to ESTs
Polyproteins from retrotransposons, reverse transcriptase, 
polyproteins (Sorgum bicolor) (Oryza sativa)

22 MtgG6 C2 C2 No homology to Ests
Putative sulfite reductase (E. coli)

a The weak hybridization of Mtc424 with a single fragment in C1
and C2 suggests that this cDNA is probably not encoded by any 
of these two contigs
b No cDNA hybridizing with this sequence was found in the 
M. truncatula root-hair library
c A single transcript hybridized with this clone on Northern blots
containing 4-days old non-inoculated root total RNA

d These sequences had homology with cDNAs from several Med-
icago EST libraries
e These C1/C2 sequences correspond to RFLP markers tightly
linked to SYM2
f These C1/C2 sequences correspond to RFLP markers that delimi-
tated the SYM2-orthologous region to 350 kbp



Fig. 2A–H Southern-blot hybridization of kinase-like and LRR-con-
taining sequences with the contigs. BAC clones with minimal over-
lap and representing the complete sequence from the three contigs
were digested with HindIII. Lanes 1 to 6 corresponds to C1 DNA:
lane 1, BAC 63010; lane 2, BAC 11I01; lane 3, BAC 20K04; lane 4,
BAC 52010; lane 5, BAC 56F17; lane 6, BAC 59K07. Lanes 7
and 8 correspond to C2 DNA: lane 7, BAC 21J05; lane 8, BAC
15B03. The 10-kbp overhanging sequence from the C2 end BAC
63C24 (Gualtieri et al. 2002) does not hybridize with any of the se-
quences described in this manuscript (data not shown). Lanes 9 to 11
correspond to C3 DNA: lane 9, BAC 27H19; lane 10, BAC 30F10;
lane 11, BAC 46I13. A size marker in kbp units is included at the left
side of the blot pictures. The 7.3-kbp band observed in all the lanes
of blots A, C, F, G and H corresponds to linear BAC vector DNA.
Similar BAC DNA amounts were loaded in all lanes, but since lanes
1 and 11 have a lower concentration, conclusions about the hybrid-
ization intensity of these lanes are based on several additional experi-
ments not shown in this figure. The probes used in each blot were

Mtg3552 in A, MtgLRR52 in B, PscLRR52 in C, PscW62-1 in D,
Mtg3556 in E, Mtg1957 in F, Mtc831 in G, Mtc156 in H. Black ar-
rows in A, B, E, and F indicate the fragment from which the probe
originates. In D the white arrowheads show the C1 and C3 sequences
most homologous to PscW62-1 (weaker signals in lanes 1 and 11 are
due to a lower DNA concentration). The black arrow in D points
to the Mtg3556 HindIII fragment that shows a weak hybridization
with PscW62-1. In E the white arrowheads show that Mtg3556 does
not hybridize with sequences most homologous to PscW62-1 (indi-
cated by a white arrowhead in D) and the asterisks indicate the frag-
ments that hybridize with Mtg3556 but not with PscW62-1. G and
H show that Mtc831 and Mtc156, respectively, represent C1 specific
kinase-like genes that do not hybridize with the PscW62-1 homo-
logues in C1 and C3, or with Mtg3556. In addition, these two cDNAs
co-hybridize with a HindIII fragment of BAC 59K07 (indicated
by a dashed line). Mtc831 and Mtc156 do not hybridize with BAC
30F10 (data not shown in G and H)



genome and hybridizes to a single C2 contig region
(Fig. 1, Fig. 2F).

Most kinase-like sequences are localized on C1
(Fig. 3A) and include the PscW62-1 weakly and strongly
hybridizing homologues (Fig. 2D), the Mtg3556 weakly
hybridizing homologues (Fig. 2E), and the fragments
containing the genes of the cDNAs Mtc156 (Fig. 2H)
and Mtc831 (Fig. 2G). In C1, the PscW62-1 homologues
are located on two contig regions separated by about
50 kbp (Fig. 1 region 2 and region 6; and Fig. 3A). The
C1 fragments that weakly hybridize with PscW62-1 also
hybridize with Mtg3556 (the C2 subclone containing
kinase-like sequences), but this M. truncatula subclone
hybridizes with two additional small C1 HindIII frag-
ments located in region 6 (Fig. 1, indicated by asterisks
in Fig. 2E) that are not detected by PscW62-1. This re-
veals that Mtg3556 contains unique kinase motives that
are not present in PscW62-1. Mtg3556 is homologous to
PscW62-1, but their hybridization is very weak (Fig. 2D,
black arrow), and Mtg3556 does not hybridize with the
sequences most homologous to PscW62-1 in C1 and in
C3 (Fig. 2D and E, white arrows). Thus, Mtg3556 is re-
lated to the C1 PscW62-1 distant homologues but not to
the sequences in C1 and in C3 with high homology to
PscW62-1. In addition to these kinase sequences from
the three contigs that hybridize with PscW62-1 and with
Mtg3556, the C1 Mtc831 and Mtc156 (Fig. 1, region 12;
Fig. 3A) form a separate group of kinase sequences that
does not cross-hybridize with PscW62-1 and Mtg3556.
One HindIII fragment of BAC 59K07 hybridizes with
both Mtc831 (Fig. 2G) and Mtc156 (Fig. 2H), indicating
the presence of common sequence motives in these two
cDNAs (shown by a dashed line connecting these
HindIII fragments between Fig. 2G and Fig. 2H). 

LRR-like sequences exclusively occur in C2 and three
distinct LRR-containing regions can be distinguished in
this contig. Region 2 is separated by about 55 kbp from
region 8, which is separated by about 15 kbp from region
10 (Fig. 1, Fig. 3A). These three contig regions contain
restriction fragments that hybridize with the M. tru-
ncatula genomic sequence MtgLRR52 that is homolo-
gous to the LRR domain of the Cf4/Cf9 proteins.
Figure 2B shows that seven HindIII fragments in C2 hy-
bridize with MtgLRR52. Some of these bands also hy-
bridize with the LRR-containing clones Mtg3552 (con-
taining MtgLRR52) (Fig. 2A) and PscLRR52 (Fig. 2C),
while additional C2 bands that only hybridize with these
two clones are homologous to non-MtgLRR52-like se-
quences present in Mtg3552 (5.2 kbp) and PscLRR52
(compare Figs. 2A, B and C).

In addition to these Cf4/Cf9-LRR domain-like se-
quences in C2, the single-copy sequence Mtg1957
(Fig. 2F) is highly homologous to the LRR motives of
the TMV N-like and RPS4 disease resistance proteins of
Arabiposis thaliana (Table 1), and is located on a single
HindIII restriction fragment of C2 region 8 that does not
hybridize with MtgLRR52.

Thus, two main types of LRR-like sequences that do
not cross hybridize can be distinguished in C2: the

The majority of the studied sequences only hybridize
with the contig HindIII fragments from which they origi-
nate (Fig. 1). The C1 Mtc831 (Fig. 2G), Mtc923, Mtc156
(Fig. 2H), Mtg2511, and the C2 Mtg63EB4, Mtg2114,
Mtg2128, Mtg1957 (Fig. 2F), MtgHC2.8, MtgX3.2, are
located on a single contig region (Fig. 1). The C2 Mtc7x-
1, MtgG5 and MtgG6, are located on two adjacent regions
of this contig (Fig. 1). MtgG28, is a subclone of C1 (re-
gion 6) that hybridized with two additional fragments
within the same contig and these two fragments also hy-
bridizes with PscW62-1 (Fig. 1). The 5.2-kbp C2 genomic
subclone Mtg3552 contains an end sequence, MtgLRR52
(0.43 kbp), which has homology with the LRR domain of
the Cf4 and Cf9 tomato (Lycopersicon) disease resistance
proteins (Parniske et al. 1997). RFLP analysis using
EcoRI to digest pea DNA, showed that MtgLRR52 is
tightly linked to SYM2. MtgLRR52 was used to isolate the
pea cDNA PscLRR52 from the pea root-hair cDNA libra-
ry. RFLP mapping showed that PscLRR52 is tightly linked
to SYM2 (Gualtieri 2001). PscLRR52 also contains a se-
quence homologous to the LRR domains of Cf4 and Cf9.
Mtg3552 (Fig. 2A), MtgLRR52 (Fig. 2B) and PscLRR52
(Fig. 2C) hybridize with several fragments in C2 (Fig. 1,
Fig. 2) (see next section). 

Some sequences hybridize with other contigs apart
from the one from which they originate (Fig. 1). The C2
5.6-kbp subclone Mtg3556 hybridizes with several frag-
ments of C1 (Fig. 1, Fig. 2E). In addition to MtgLRR52,
Mtg3552 contains a sequence homologous to Mtc424, a
cDNA with high homology to beta glucosidases that was
isolated by screening the M. truncatula root-hair cDNA
library with Mtg3552. Mtc424 hybridizes weakly with a
fragment in C1 as well as in C2 (to the Mtg3552 frag-
ment) (Fig. 1). This weak hybridization indicates that the
gene corresponding with Mtc424 is probably not located
on these two contigs, but sequences with some homolo-
gy to Mtc424 are present in these contigs.

Out of the 22 studied sequences only four hybridized
with C3 (Fig. 1). Mtc411 and Mtg3552 (Fig. 2A), and
Mtg2.4 (C2-end genomic subclone), hybridize with C3
with low and high intensity, respectively (Fig. 1). In ad-
dition, the pea cDNA clone PscW62-1 hybridizes with a
similar high specificity to restriction fragments of C1
and C3, and with low specificity to a fragment in C2
(Fig. 1, Fig. 2D). These four sequences reveal homology
between C1/C2 and C3. However, the rest of the studied
sequences are specific for the SYM2-orthologous M. tru-
ncatula C1/C2 genomic region.

Distribution of kinase and LRR sequence-families
in the contigs

The LRR-containing sequences MtgLRR52 and
PscLRR52, and the kinase-like sequences PscW62-1 and
Mtg3556, hybridized to many fragments that occur in
several regions within the contigs (Fig. 1, Fig. 2B, C, D,
E). On the other hand, the LRR-containing subclone
Mtg1957 is a single-copy sequence in the M. truncatula

776



Cf4/Cf9 LRR motif-like sequences that hybridize with
MtgLRR52, and the TMV N-like and RPS4 LRR motif-
like sequence of Mtg1957. Neither C1 nor C3 contain
homologues of these two types of LRR-like sequences.

Similar to Arabidopsis (The Arabidopsis Genome Ini-
tiative, 2000), kinase-like, LRR-containing, and other
sequences from C1/C2 belong to families with several
duplicated members. However, when some of these se-
quences are present in C3 it does so as a single-copy se-
quence. The latter is comparable to what is found in
Arabidopsis where members of a given sequence family
are present as a single-copy on a certain chromosomal
segment whereas several copies are located within an-
other chromosomal region. These copy number differ-
ences have been postulated to result from tandem dupli-
cation and/or gene loss after segmental duplication (The
Arabidopsis Genome Initiative, 2000). Furthermore, it
seems likely that sequence insertions in C1/C2 and/or
deletions in C3 have occurred (see below).

Organization of homologous sequences within C1/C2
and C3

Figures 1 and 3B show that members of the four se-
quence families that hybridize with both C1/C2 and C3
are distributed in these contigs in a similar way. The C3
region 1 (about 50 kbp) contains the homologues of
Mtg2.4 and Mtg3552, and this is separated by about
50 kbp from region 8 (about 20 kbp) containing the ho-
mologues of PscW62-1 and Mtc411 (Fig. 1, Fig. 3B). In
C1, Mtc411 as well as PscW62-1 homologues are local-
ized in region 2 (about 20 kbp) that is at a 10-kbp dis-
tance from the proximal contig-end; while in C2,
Mtg3552 homologues are localized in region 10 (about
20 kbp) that is only 3-kbp apart from region 13 (about
7 kbp) containing Mtg2.4 (Fig. 1, Fig. 3B). Considering
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Fig. 3A, B Distribution of kinase-like and LRR-containing
sequences and sequences occurring in a duplicated segment
of C1/C2 and C3. Black/gray thick vertical lines represent
the contigs as in Fig. 1. C1 and C2 are drawn in the orientation as
they occur in M. truncatula chromosome 5 (Gualtieri et al. 2002).
Since the orientation of C3 in M. truncatula chromosome 5 is un-
known, its orientation in this figure is arbitrary. The short double
arrowhead line in between C1 and C2 indicates the sequence
of C1/C2 not studied in this manuscript and corresponding to a re-
gion of about 10 kbp. Contig regions containing the cDNAs
and subclones (and their homologues) presented in this figure are
drawn as lines aside the contigs, and when these regions are con-
tiguous or close to each other they are drawn as a single line. 
A (left side) Distribution of kinase and LRR-containing sequences
in the three contigs. Contig regions containing these sequences are
indicated as black lines at the left side of the contigs. B (right side)
Distribution in C1/C2 and C3 of sequence family members corre-
sponding to Mtg2.4, Mtg3552, Mtc411 and their homologues,
and homologues of PscW62-1. Gray lines aside the contigs repres-
ent contig regions containing a similar grouping of these sequences
in both the 70-kbp C1/C2 and the 120-kbp C3 duplicated contig
segments, while black lines represent other contig regions
in C1/C2 containing additional homologues of these four sequenc-
es. The double arrowhead line aside C3 indicates the 50-kbp dis-
tance separating contig regions 1 and 8 as described in the text



that C1 and C2 were separated on chromosome 5 by
about 10 kbp (Gualtieri et al. 2002), then the C2 region
10 and region 13 are together separated by about 20 kbp
from the C1 region 2 (Fig. 1, Fig. 3B). Therefore, a 
M. truncatula chromosome-5 segment of about 70 kbp,
which spans from C1 region 10 to C2 region 2, has a dis-
tribution/grouping of these four sequences that is similar
to that of a 120-kbp segment of C3, which spans from re-
gion 1 to region 8. This indicates that these two chromo-
some-5 regions arose through a chromosomal segmental
duplication, since the probability that these two regions
originate independently is very low. However, since the
orientation of C3 in chromosome 5 has not been deter-
mined it is not known whether these duplicated genomic
regions have a direct or inverse chromosomal orienta-
tion. The duplication of these C1/C2 and C3 segments,
separated by 9 cm within the same chromosome arm, is
comparable to the duplications of large chromosomal
segments within Arabidopsis chromosomes 1,4 and 5
(The Arabidopsis Genome Initiative, 2000) and within
rice chromosome 9 (Foote et al. 1997).

It is worth noting that, as already mentioned, addi-
tional members of three (PscW62-1, Mtc411, and
Mtg3552) of these four sequences families are present in
C1/C2 beyond the duplicated segment of this contig
(Fig. 1, Fig. 3B). These additional family members prob-
ably arose by duplications within C1/C2. The absence in
C3 of these additional family members, particularly of
PscW62-1 and Mtc411, could be due to deletions in this
region. Moreover, post-duplication deletions within C3
and/or insertions within the C1/C2 region could account
for the absence and presence of MtgG5-, MtgG6-,
MtgG28-, Mtg2511-, MtgLRR52- and Mtg3556-like se-
quences in these two duplicated chromosomal regions,
respectively.

Our studies confirm that C1/C2 represents the M. tru-
ncatula SYM2-orthologous genomic region, since no ho-
mologues of the SYM2-linked RFLP markers MtgG28,
Mtg3556, MtgLRR52 and PscLRR52 are present in the
120-kbp C3 duplicated segment, but these markers or
their homologues are present within the 70-kbp C1/C2
duplicated segment. In addition, the hybridization of
Mtg3552 and Mtc411 within the C3 duplicated segment
is very weak as compared to their hybridization in
C1/C2. However, the cloned sequences described in this
manuscript represent only about 2% of the total sequence
of the three contigs, and the complete sequencing of the
contigs could reveal additional sequence homologues
present both in C1/C2 and C3, which are linked to the
pea SYM2 gene. The latter becomes relevant if M. tru-
ncatula is used as a functional test-system to identify the
M. truncatula SYM2-orthologue, because SYM2 itself
could belong to a family of homologous sequences pres-
ent in both C1/C2 and C3.
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