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Abstract The identification of the molecular polymor-
phisms giving rise to phenotypic trait variability—both
quantitative and qualitative—is a major goal of the
present agronomic research. Various approaches such
as positional cloning or transposon tagging, as well as
the candidate gene strategy have been used to discover
the genes underlying this variation in plants. The
construction of functional maps, i.e. composed of
genes of known function, is an important component
of the candidate gene approach. In the present paper
we report the development of 63 single nucleotide
polymorphism markers and 15 single-stranded con-
formation polymorphism markers for genes encoding
enzymes mainly involved in primary metabolism, and
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their genetic mapping on a composite map using two
pea recombinant inbred line populations. The com-
plete genetic map covers 1,458 cM and comprises 363
loci, including a total of 111 gene-anchored markers:
77 gene-anchored markers described in this study, 7
microsatellites located in gene sequences, 16 flowering
time genes, the 7ri gene, 5 morphological markers,
and 5 other genes. The mean spacing between adjacent
markers is 4 cM and 90% of the markers are closer
than 10 ¢cM to their neighbours. We also report the
genetic mapping of 21 of these genes in Medicago
truncatula and add 41 new links between the pea and
M. truncatula maps. We discuss the use of this new
composite functional map for future candidate gene
approaches in pea.

Introduction

The identification of the molecular polymorphisms
giving rise to phenotypic trait variability—both
quantitative and qualitative—is a major goal of the
present agronomic research. Different approaches such
as positional cloning or transposon tagging (for a re-
view, see Morgante and Salamini 2003), as well as the
candidate gene approach (Bhattacharrya et al. 1990;
Martin and Smith 1995; Byrne et al. 1996; Harrison
et al. 1998; Craig et al. 1998, 1999; Pelleschi et al.
1999; Frewen et al. 2000; Thornsberry et al. 2001;
Osterberg et al. 2002; Page et al. 2002; Foucher et al.
2003) have been used to discover the genes underlying
phenotypic variation in plants. The construction of
functional maps including genes of known function is
an important component of the candidate gene ap-
proach. In this approach, two types of candidates can
be defined: (i) functional candidates are genes of
known function whose expression may affect the trait
of interest; or (ii) positional candidates are genes that
are located in the region of a quantitative trait loci
(QTL) or of a mutation affecting the trait of interest.



A functional map allows to verify for any mapped
QTL or mutation, if any of the mapped genes is a
good candidate. Numerous functional maps have been
built in various species, using genes from specific
pathways (Causse et al. 1995; Byrne et al. 1996; Chen
et al. 2001), RGA genes (Pflieger et al. 1999; Wang
et al. 2001; Pfaff and Kahl 2003; Lanaud et al. 2004),
or ESTs expressed in specific organs and/or for spe-
cific treatments or stages (Ishimaru et al. 2001; Causse
et al. 1996, 2004; Potokina et al. 2004; Ren et al.
2004).

In pea, there is a long history of genetic and
mutation mapping (for a review see, McPhee 2005).
The first mutation map was published by Wellensiek
as early as 1925 (cited by Rozov et al. 1999), and
numerous mutations were mapped on different
segregating populations afterwards (for a synthesis see,
Weeden and Wolko 1990). More recently, different
types of molecular markers were used to map
expressed genes in pea: firstly isozymes (Weeden and
Marx 1987; Irzykovska et al. 2001), later cDNAs
through the RFLP technique (Hall et al. 1997) and
genes of known function or ESTs through PCR-based
techniques (Gilpin et al. 1997; Weeden et al. 1999;
Timmerman-Vaughan et al. 2000; Konovalov et al.
2005). A consensus map was calculated in order to
place 46 genes (Weeden et al. 1998) and 104 mutations
(Ellis and Poyser 2002) on the same map. However,
the number of markers mapped in any single
population was limited, and expressed sequences were
not all of known function. Another opportunity for
candidate gene approaches is now offered through
advances in genome sequencing of the legume model
species Medicago truncatula (Young et al. 2005). The
annotation of the genome sequences will allow
precise definition of the position of most of the genes
in these model species. Establishing the syntenic rela-
tionship between pea and the model species M. trun-
catula will permit to infer gene positions in the pea
genome from M. truncatula gene positions. Two recent
comparative mapping studies reported a good
conservation of marker order between pea and
M. truncatula for a set of 57 genes (Choi et al. 2004),
and between pea and M. sativa, a crop species closely
related to M. truncatula for a set of 103 genes (Kalo
et al. 2004).

In the present paper we report: (i) the development
of 63 single nucleotide polymorphism (SNP) markers
and 15 single-stranded conformation polymorphism
(SSCP) markers for genes encoding enzymes mainly
involved in primary metabolism, (ii) their genetic
mapping in pea, and (iii) the genetic mapping of 21 of
these genes in M. truncatula and the map correspon-
dence for 44 genes between pea and M. truncatula
genetic map. Our main objectives were to provide an
enriched functional map of pea including 111 genes
and mutations, and to add new links between the pea
and M. truncatula maps, for future candidate gene
approaches in pea.
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Materials and methods
Plant material

In order to develop SNP markers in pea, DNA
sequence data were obtained in three genotypes used
as parents of two mapping populations: ‘Térése’,
‘Champagne’, and K586. Then, the markers developed
were genotyped in one of the two pea recombinant
inbred line populations (RILs) developed by single
seed descent from the cross between Térése x K586
(Popl, 139 F7 RILs, Laucou et al. 1998), and from
the cross between Térése x Champagne (Pop2, 164 F8
RILs, Loridon et al. 2005). Total DNA was extracted
from leaf tissue harvested on plants grown in a
glasshouse, following two methods (Dellaporta et al.
1983 for the parental genotypes and Popl, and Mur-
ray and Thompson 1980 for Pop2). Some markers
were also genotyped in an M. truncatula (M. tr.)
recombinant line population derived from Jemalong
x DZA315.16 (Thoquet et al. 2002) for an insight into
the syntenic relationship between the two species.
Total DNA was extracted using the Qiagen DNeasy
96 Plant Kit following the manufacturers instructions
(Qiagen S.A, Courtaboeuf, France).

SNP and indel discovery

Gene sequences were selected from GenBank and
EMBL databases, with a special focus on genes in-
volved in carbon and nitrogen primary metabolism,
transport, and proteolysis. PCR amplifications of the
selected sequences were carried out on genomic DNA
of the three parental genotypes for 49 genes and on
DNA of K586 and Térése only for 38 genes. Primer
pairs were designed to amplify 0.3-3.0 kb sized frag-
ments (Table 1), depending on the length and type of
sequence available—genomic DNA or ¢cDNA. PCR
reactions were carried out in a total volume of 25 pl
containing 20 ng of template genomic DNA, 0.2 mM
of each primer, 0.2 mM dNTP, 1.5 mM MgCl,, 1X
Taq buffer, and 1.5 U Taq polymerase (Eurobio, Les
Ulis, France), in a PTC-200 thermocycler (MJ
Research, Waltham, MA, USA). After an initial 3 min
denaturation step at 94°C, 35 cycles each of 50 s
denaturation at 92°C, and 50 s at the required tem-
perature (Tm) (locus-dependent, not shown) and 3 min
elongation at 72°C, were performed. These cycles were
followed by a final 5 min elongation step at 72°C.
PCR products were purified from 1-2% agarose gels
using the NucleoSpin gel-extraction kit (Macherey-
Nagel, Diiren, Germany) and sequenced directly
(MWG, Ebersberg, Germany). Sequences were aligned
using  ClustalW  (http://www.infobiogen.fr/services/
analyseq/cgi-bin/clustalw_in.pl). Sequence comparisons
revealed insertions/deletions and SNPs among the
parents.
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Looking for putative orthologous genes in M. truncatula

In order to map putative orthologous genes in M. tr., a
number of strategies were used. When possible, we
amplified the genomic DNA of the two M. tr. parental
lines using the same primer pairs as used in pea. PCR
conditions used for pea were tried initially, and PCR
conditions were optimized in order to obtain a single
band in the electrophoretic profile (Table 2). In eight
cases, where there was no amplification using the pea
primers, we looked for the orthologous sequence of the
pea gene in the M. tr. EST databases (http://www.
medicago.toulouse.inra.fr/Mt/EST/ or http://www.tigr.org/
tigr-scripts/tgi/T_index.cgi?species = medicago), and de-
signed specific primers for M. tr. (Table 2). The amplifi-
cation products were sequenced directly and screened for
polymorphism between Jemalong and DZA315.16. In the
remaining cases we looked for putative orthologous genes
in M. tr. BAC sequences, and their linkage group
assignment and position when available, on http://
www.medicago.org/genome/ (Table 4).

We also used the reverse strategy, starting from M.
tr.-mapped gene markers to design putative orthologous
gene markers in pea. EST-derived microsatellite markers
have been designed and mapped in M. fr. in the Jem-
along x DZA315.16 genetic map (T. Huguet, unpub-
lished data, http://www.medicago.toulouse.inra.fr/Mt/
GeneticMAP/LR4_MAP.html). We searched the EMBL
database and a pea EST database (http://www.gene-exp.
ipk-gatersleben.de/pea_ests.html, H. Weber, personal
communication) to find homologous sequences in pea.
Where good homology was found, primer pairs were
designed in order to amplify, sequence, and detect
polymorphism between the corresponding Térése and
K586 sequences (Table 3).

Design of gene-anchored markers and population
genotyping

Depending on the type of polymorphism found, differ-
ent strategies were used to design new primers in order
to optimize polymorphism scoring (Table 1).

1. If insertion/deletion events (indels) were present in
the sequenced fragments, PCR products showing
length polymorphism were separated directly on
either 1-2.5% agarose gels, or on 6% polyacrylamide
gels for genes containing a microsatellite motif.

2. If polymorphic restriction sites were present, CAPS
markers (cleaved amplified polymorphic sequence)
were designed: polymorphic profiles were obtained
after cleavage by a restriction enzyme following the
manufacturers’  instructions  (http://www.rebase.
neb.com). Alternatively, a modified primer was de-
signed when it was possible to create a restriction site
at the level of the SNP for one of the parental
genotypes, leading to deviated CAPS (dCAPS)
markers (Neff et al. 1998). Restriction products were
electrophoresed on 1-2.5% agarose gels and and
visualized after Ethidium Bromide staining.

3. Alternatively, bi-directional allele-specific PCR was
performed as described by Délye et al. (2002): two
internal allele-specific primers (ASP) were designed
(the 3’ end of the primer corresponding to a poly-
morphic region) and added to the two external
primers of the PCR reaction, producing three am-
plimers (two specific for each genotype and one
common to both parents). PCR products were elec-
trophoresed on 1-2.5% agarose gel and visualized
after Ethidium Bromide staining.

PCR reactions were carried out with the protocol
described above. The markers were then genotyped in
the different segregating populations. Mapping condi-
tions are summarized in Tables 1, 2 and 3.

Detection of SNP/indel and genotyping using CE-SSCP
assay

We also used the CE-SSCP technique (Andersen et al.
2003)—SSCP on Applied Biosystems Capillary Elec-
trophoresis Systems (CE)—to detect sequence poly-
morphism between Térése and Champagne. Primers
were designed from EST sequences from the databases.

Table 2 PCR amplification conditions for allele sequencing in Medicago truncatula

Function assignment Species-accession Medicago Locus Primer 5" to 3’ Tm
number marker (°O)
RNA helicase H. Weber, personal MTIC 243 RNAhel AAGGTTGACGGGGTGCAAGGTC 53
communication CGACCTAATTCTTACAATTTCCTG
UDP-glycose: flavonoid H. Weber, personal MTIC 75 Ugfgt CAAGTGCGATAGAAGCATCGGG 55
Glycosyltransferase communication AATCTGCCTTAATCGCTTAAGCTC
Nj;-like protein H. Weber, personal MTIC 97 Njslike GAGCCCATGCTTCTATCAACTC 57
communication TATATCACCATCTGAATTATGCC
Malate dehydrogenase H. Weber, personal MTIC135 MalDH CCATGCAGGAGTTACTATTCTTCC 54
communication GGTTTTAATTTCAATCCCTGCGGC
Unknown protein H. Weber, personal MTIC153 Mpl53 GCTTTTGAAGCTGTTGCTGCTGTC 55
communication CTGAGCTAATCAAACCACTCCC
Mp312 H. Weber, personal MTIC312 Mp312 GTTCAAATATCGCCCTGATCCC 57
communication CCAATTGCAATTACATATCAGCC
Early nodulin 12B Ps-X57232 MTIC 459 Enol2B GAGGATCCTTACTAGTATAAAACC 57

CCTGAAACACATATACCAAAAGAC




Table 3 Genotyping conditions
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for mapping in M. truncatula ocus Primer 5" to 3’ Tm (°C) Marker assay

PsAATI GTTGTGACTTGTGAAGCTTACGC 60 Size
CATTAGTGTCGTGTCCGATGTCC

Agpll GCCACAAGATGCATTGAACTCGCC 66 ASP
CAAATATTGTGTGTTCTCTATTTACG

Bfruct GGACCAATGAGATATGGAGG 60 CAPS, HpyF10VI
CTTGGTTGGCCAATTTACCGG

Elsa GAATGGTCTCCGACGTGGAGG 65 CAPS, BspCNI
GCCACACTAACAGGCCGAGC

Gpt TGCACACACAATTGGACTTGTCG 65 CAPS, NlallI
CTTACCTCAAGCTTCTACCTTGCC

PsAAPI CCAAGAGCTTGCAAACTCCCCCAAGC 65 dCAPs, HindIII
ACATGATTTCATTTGGTGCAGTGC

Rgp CAATTTGAATAGATCCAGCTGAG 55 CAPs, Bspl191
GTATCTCCTTCAAGGATTCGGC

Sbe2 CCCCGATGCTGATGGAAATCC 62 CAPs, Ndel
CTTTGGCCCACATCAAAGCCG

PepC CTCATCCTACTCAGTCGGTTCGTCG 60 CAPs, Rsal
ACACGTAGCTCATCGTTGCAACGCC

Agps2 CACTCAATCGACATCTTTCTCGCG 60 CAPs, Trudl
GCACCAGGAATCATCTCACTCCC

Clpser GCATTTCCCACCTTCACTATCGC 55 CAPs, Mboll
CTGCATCTGGATCAATAGTAGCC

Cwil TCCCAAAGGAGCTGTTTGGGG 55 CAPs, Mboll
GAATCGGGTGCTTGGCCCG

Egll CAGTTTGCTTTGCAGTATCAAGG 60 CAPs, Alul
CAGGTAACTTGAACATGAGTCC

Ga20ox CAGGGGAACATTGTGGTTATGC 60 CAPs, Tru9l

GTCTTGTTGTTCACCACTGCC

Cwi2 (TC72333)
Gbstsl (TC59742)
SS (TC62069)
ThiolP (TC59458)
Xyft (TC66794)

PsAS2 (TC67975)

CTGATCTTGTTAACTGGACCCC 57 dCAPs, Hpall
TAATCCATTCCCTTAGAAAAGGGCC
GATCAATACAAGGATGCATGGG 55 CAPs, Taql
CACACCTTTCATATTCCAAATGCC
GGCATGATGTTCAAATAATGC 64 ASP
CTCGGCAGCAATTTCACTGGC
GAGAAATGAATGGAAAGTGTCGCAATT 57 dCAPS, Munl
GAAGGATAGTTAGAGCAAAACC
GTGTTCCCAAACGATAAACCAATT 57 dCAPS, Munl
CTTAAATGGCCAGAATTGAGATCC
CTAATCACACATTCCGAACGGG 60 Size
GGTGTTGTGGGGGTAGATATTGCC
CATTCTGCTCTTGTTGCTGAGGG 60 Size

Gns2 (TC60980)

CTCTGTGCATTGCGCAAGATTCC

Prior to primer design, sequences alignment between pea
EST sequences and homologue genomic DNA from full
sequenced species (Arabidopsis thaliana and/or Oriza
sativa) were performed to determine the expected intron
position along the pea sequence. Primers were then se-
lected in order to surround the hypothetical intronic
region of pea genomic sequence. For CE-SSCP analysis,
one primer was labelled with the fluorescent dyes 6-
FAM or HEX. PCR assay was performed in 15 pul
containing 1XPCR buffer with 1.5 mM MgCl,, 330 uM
of each dANTP, 0.170 uM of reverse and forward prim-
ers, 0.625 U Taq polymerase (Biolabs) and 40 ng of
template DNA. PCR conditions were 4 min at 94°C
followed by 35 cycles of 30 s at 94°C, 30 s at 52-65°C
(depending on the primers Tm), and 30 s at 72°C. PCR
cycling was terminated by a 72°C extension step of
10 min. Denaturation and CE-SSCP fractionation was
as described in the ABI3100Avant Reference Guide
(Applied Biosystems). The labelled fragments were
visualized on an Applied Biosystems DNA analyzer.

The GeneScan™-500 LIZ® or ROX™ size standard
used in all samples served as an internal ladder to align
data from different capillaries and eliminate capillary-to-
capillary or run-to-run variability. Peaks with peak
height under 10 U in fluorescence intensity were ex-
cluded from the analysis. Polymorphic markers were
genotyped in Pop2.

Map construction

The markers derived from genes described in Table 1
were added to other molecular markers (RAPD, RFLP,
SSR) and placed onto the individual maps of Popl and
Pop2 described in Loridon et al. (2005) using the try
command of MAPMAKER/EXP version 3.0b (Lander
et al. 1987; Lincoln et al. 1992). Markers exhibiting
segregation distortion («=0.01) were discarded for this
first mapping step. Afterwards, the consensus map was
built and marker order was refined using the ‘annealing’
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Table 4 Linkage group assignment for 45 genes in pea and M.
truncatula (M. tr.)

LG Pea Locus Pea Locus M tr. LG M tr.
1 AgpS2 AgpS2 5
ACCox mth2-11j1 S
PsAS2 PsAS2 5
Rgp Rgp 5
11 ThiolP ThiolP 1
Gbstsl Gbstsl 1
P54 mth2-166m22 1
PPIlike mth2-34021 7
Cwil Cwil 1
MDHc¢ mth2-116k17 1
pPpgm mth2-49g13 1
111 Sbe2 Sbe2 3
PsAATI1 PsAATI1 3
NIP mth2-10n2 3
PsAAP2 mth2-15m12 3
DiPeptlV mth2-6¢16 3
PsAAP1 PsAAP1 3
PsASI PsASI 3
Gpt Gpt 3
Enol2B MTIC459 3
Egll Egll 3
PepC PepC 2
PGK1 mth2-11n13 2
bfruct bfruct 2
v Elsa Elsa 8
Sucsyn mth2-13h21 8
Ugfgt MTIC75 8
SPS mth2-16a6 8
Xyft Xyft 3
Cwi2 Cwi2 8
\% Violal mth2-144;8 7
PM34like mth2-6g4 7
TE002M 14 mth2-2719 7
SS SS 7
PsGAPA1 mth2-24f15 7
Gns2 Gns2 7
VI Ga20oxal Ga20oxal 6
RNAhel MTIC243 6
VIl N3like MTIC97 4
SOD9 mth2-1104 4
Htrans mth2-32m20 4
Sym29 mth2-181h2 4
Nlm mth2-7617 4
Clpser Clpser 4
FabatinL mth2-24n16 4

algorithms using CarthaGene software (Schiex et al.
2001). Finally, markers exhibiting segregation distortion
were placed on the map. The Haldane function was used
to calculate centiMorgan (cM) distances. The M. tr. map
was built as described in Thoquet et al. (2002). Map
were drawn using MapChart © Version 2.1 (Voorrips
2002, Plant Research International, Wageningen).

Results
Development of SNP/indel markers into genes
Public databases were searched for plant gene sequences

encoding mainly proteins involved in carbon/nitrogen
metabolism and transport, with a focus on available

legume sequences. The first strategy was to obtain pea
sequence information on the parents of the mapping
population in order to develop PCR-based marker as-
says. In most cases, Genbank information was used di-
rectly to design gene-specific primers. Nevertheless,
sequence comparisons were necessary to design gene-
specific primers for members of gene families or to define
the most conserved regions for sequences available in
several legumes but not in pea. Specific primer pairs
were designed for 104 genes and used to amplify DNA
for the pea genotypes: Champagne, K586, Térése.
Seventeen primer pairs produced many bands, smears,
non-reproducible bands, or no amplimer at all, despite
several attempts to amplify with different primers and
PCR conditions. The remaining 87 genes gave unique
and reproducible fragments for all samples. These PCR
products were systematically sequenced (approximately
500-700 bp for each fragment) to identify polymor-
phism. Altogether, sequence data were obtained for 49
genes in 3 genotypes and additional sequence data were
obtained for a further 38 genes in 2 genotypes. Out of
the 49 gene fragments sequenced in 3 genotypes, 7 were
monomorphic, 31 were polymorphic in Popl, and 33 in
Pop2, including 22 polymorphic in both populations.
Out of the 38 gene fragments sequenced in 2 genotypes,
21 were polymorphic in Popl. Polymorphism consisted
of indels or SNP. New primers were designed around or
close to the polymorphic sites, leading PCR-based
markers to easily score for segregation analyses
(Table 1). The primer pair designed for gene Agpsl
yielded a 500 bp allele for Térése and a null allele (i.e. no
product) for Champagne. Fourteen genes were scored by
direct length polymorphism, with indels varying from a
few nucleotides (polymorphic microsatellite in gene
Sutl) to hundreds of base pairs (Gns2). In 43 cases, PCR
products had to be digested by a restriction enzyme to
generate polymorphic fragments (CAPS and dCAPS
markers). For the five remaining genes, internal allele-
specific primers were added to the PCR reaction, pro-
ducing three products for each sample, two specific of
each parental genotype (their size had to be different)
and one common to both parents. All the markers de-
scribed in Table 1 were genotyped in the mapping
populations 1 (52 loci) or 2 (11 loci). Using the CE-SSCP
technique, about one-third of the genes tested for poly-
morphism appeared polymorphic. Fifteen genes were
genotyped in Pop2 using this technique. Altogether, 52
genes were genotyped in Popl and 26 in Pop2.

The pea composite map

The addition of gene-anchored markers allowed us to
improve the individual maps obtained for Popl and
Pop2, by joining two linkage groups corresponding to
LGI in Popl, two linkage groups -corresponding
to LGIV in Pop2 and two linkage groups corresponding
to LGVI in Pop2 (Loridon et al. 2005). As reported in
Loridon et al. (2005), there was a good alignment of the



two maps obtained for these two populations except for
LGII which showed an inversion of marker order in the
fragment Y02_1200—C01_580. Bridge markers, that
were mapped in the two populations, were distributed
throughout the genome : 7 on LGI, 13 on LGII, 24 on
LGIII, 9 on LGIV, 5 on LGV, 8 on LGVI, and 7 on
LGVII. A ‘composite’ genetic map based on the two
segregating populations Popl and Pop2 (303 RILs) was
built using mapping information from a previously
published composite map (Loridon et al. 2005). This
new composite map included gene-anchored markers
described in the present paper, RAPD, RFLP, SSR
markers (Laucou et al. 1998; Loridon et al. 2005), and
other gene-anchored markers described elsewhere. The
complete genetic map covers 1,458 cM (Haldane) or
1,351 cM (Kosambi) and comprises 363 loci (Fig. 1),
including a total of 111 gene-anchored markers: 77 gene-
anchored markers described in this study, 7 microsatel-
lites belonging to genes (Loridon et al. 2005; Burstin
et al. 2001), 16 flowering time genes (Hecht et al. 2005),
the Tri gene (Page et al. 2002), 5 morphological markers,
and 5 other genes published in Laucou et al. (1998). The
mean spacing between adjacent markers is 4 cM and
90% of the markers are closer than 10 cM. Because we
wanted to place a maximum of gene-anchored markers,
we placed markers exhibiting distorted segregation in
the second step (Fig. 1). This resulted in an increase of
the map length, from 1,370 to 1,458 cM (Haldane).

Pea—M. truncatula marker synteny

Twenty five genes were mapped both in pea and M.
truncatula. Forty primer pairs designed for pea were
tested on DNA from the two parents of an M. tr.
mapping population. Twenty primer pairs gave single
bands in PCR and clear sequence data after direct
sequencing of the PCR products. In all cases, the
sequencing revealed a single amplified product and a
high similarity of the sequences between the two species.
Fifteen of these primer pairs revealed polymorphic loci,
11 of which have been mapped in the M. tr. mapping
population. A second approach to map putative ortho-
logues of the mapped pea genes in M. tr. involved using
homologous sequences, obtained after searching the M.
tr. EST databases, to design new primer pairs for
detecting polymorphism between Jemalong and
DZA315.16. Ten additional polymorphic loci were
mapped in this way. Finally, the reverse approach was
taken: we looked for putative orthologues in pea of
ESTs already mapped in M. tr. Four polymorphic loci
showing clear sequence data out of six genes amplified
were mapped in Popl. We also used the genomic data
available from the M. fr. sequencing and physical
mapping project to look for orthologues of mapped pea
genes in M. tr. BACs that were assigned to contigs and
linkage groups. This allowed us to compare the linkage
group assignment for another 20 putative orthologues of
the mapped pea genes. Linkage group assignment as
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revealed by the 45 gene-specific markers, mapped both
in pea and M. tr., showed a high level of conservation
between the two species (Table 4): all genes mapped on
the pea LGI were placed on LGS in M. tr. Similarly, all
markers from pea LGV mapped to M. tr. LG7, those
from LGVI to LG6, and those from LGVII to LG4.
Gene markers of pea LGII mapped to M. tr. LG1 except
for TE005114 whose putative orthologue was found on
M. tr. LG7, and gene markers of pea LGIV had their
putative orthologues located on M. tr. LG8, except for
Xyft whose homologous locus mapped on LG3. The
putative orthologues of 10 out of the 13 genes mapping
on LGIII in pea were located on LG3 in M. tr. The three
remaining genes (PepC, CE007D2la, and bfruct) that
mapped to the same extremity of pea LGIII, mapped on
LG2in M. tr. We also observed an overall conservation
of marker orders between pea and M. tr. maps. Marker
order was conserved for three markers from pea LGI
and M. tr. LGS (Agps2, PsAS2, and Rgp). For pea
LGIII and M. #r. LG2 and LG3, marker order was
generally well conserved, except for the closely linked
Sbe2 and PsAATI (1.4 cM distant in M. tr.). For pea
LGV and LGVII and M. tr. LG7 and LG4, respectively,
there was a good conservation of marker order for four
markers common between pea and UMN M. ¢r. map.
For pea LGII and M. tr. LG1, marker orders were in-
verted for Gbstsl and Cwil (LIPM M. tr. map) and for
P54 and MDHc (UMN M. tr. map).

Discussion

Correspondence of the composite functional map
with previous maps

The functional composite map developed in the present
study (Fig. 1) is intrinsically related to two previously
published maps (Laucou et al. 1998; Loridon et al.
2005) : all three maps were built using the RILs mapping
population derived from Térése x K586 (Popl) and all
three are based on common RAPD and RFLP markers.
The microsatellite composite map described in Loridon
et al. (2005) and the functional composite map were also
built using the RIL mapping population derived from
Térése x Champagne (Pop2), and are based on com-
mon microsatellite markers. Thus, marker content and
order are very similar among the three maps.

The functional composite map shares 45 common
microsatellite markers with the map from Prioul et al.
(2004), and numerous RAPD markers with that of
Laucou et al. (1998), allowing to approximately place
the genes mapped in these studies on the functional map.
Several gene-anchored markers are also shared with
other pea genetic maps. Some markers corresponding to
the same genes may appear under different names: pID5
and Gbsts1 (granule-bound starch synthase 1) on LG 11,
TPPA and ThiolP (thiol protease) on LG II, pID18 and
Gbsts2 (granule-bound starch synthase 2) on LG VII,
Gsnl and GS3B (glutamine synthase) on LG VIIL.
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markers is indicated as follows: + markers from present study,

- morphological markers, x Loridon et al. 2005, o Hecht et al.
2005, # Laucou et al. 1998 or C. Rameau, personal communica-

tion, ~ Page et al. 2002

distorted segregation, the levels of the distortion as revealed by a
chi-square test in are indicated within brackets (significant at *5%,
**1%, ***0.1%). Distances are in cM (Haldane). The origin of the

Fig. 1 Composite gene-anchored marker map in pea. Gene-
anchored markers are indicated in bold. For markers that show a



We have tried to use names that are easy to decipher, in
order to facilitate the use of the functional map. Three
genes located on LGIII—Rb, PepC, and FEgll—are
common with Konovalov et al. (2005), one gene—
GSp—is common with Hall et al. (1997), and six gen-
es—TPP, pIDS5, pID68, Glucanase, GSnl, and GSp—are
common with Gilpin et al. (1997). The functional map is
connected to the pea consensus map (Weeden et al.

1998) by common morphological and gene markers : Af

located on LG1, TPPA, pIDS5, A, Fum, Pgmp on LGII,
Aate, Rb, M, UNI, Enodl2, and Le on LGIII, none on
LGIV, Det, Tri, Rbcs on LGV, Gsp and P/ on LGVI,
and Gsnl and Aldo on LGVII. Except for LGIV, linkage
groups on Fig. 1 were oriented according to Weeden
et al. (1998). It is also connected to the mutation con-
sensus map (Ellis and Poyser 2002) by af on LGI, «a, lam
(=Gbstsl), rug3 (= Pgmp), LF (=Tfllc) on LGII, Rb
(=Agpll), M, Uni, Le on LGIII, , DET (=1Tflla) on
LGV, and rug5 (=Gbsts2) and Pl on LGVI. Thirteen
genes are common to the flowering time gene map
developed by Hecht et al. (2005). In most cases, markers
mapped in the same order.

The functional map as a tool for candidate gene
approaches in pea

Waddington (1943) suggested in a controversial letter to
Nature that even though there was a true difference
between polygenic variation ‘“determined by numerous
genes” and oligogenic variation ‘“‘determined by few
genes”’, that did not imply that the kind of genes in-
volved was different. Much later, Robertson (1985)
emphasized this idea and suggested that oligogenic
variation could be the result of large effect mutations,
and polygenic variation the result of minor effect
mutations, in the same genes. Indeed, recent studies
aimed at identifying QTL report that genes known to
have drastic effects in mutant phenotypes may also
control quantitative trait variation. Thévenot et al.
(2005) showed that several genes involved in carbon
metabolism and identified as starch-deficient mutants in
maize (mnl, shl, btl, and sh2) are good candidates for
controlling QTLs of the corresponding enzyme activities
as well as kernel carbohydrate composition. Among
others, Shi, which encodes sucrose synthase, is signifi-
cantly associated with kernel filling traits. Prioul et al.
(1999) showed that Sh2, a gene encoding ADPglucose-
pyrophosphorylase, was a good candidate for control-
ling maize kernel starch content. A potato functional
map including 69 genes, corresponding to 85 loci in-
volved in carbohydrate metabolism and transport, re-
vealed associations between several of these genes and
QTLs for tuber starch content. Fridman et al. (2000)
showed that a mutation within an invertase gene corre-
spond to a QTL for tomato sugar content.

In pea, five genes have been shown to determine the
wrinkled-seed character of well-known mutants. The five
genes encode enzymes involved in starch synthesis:
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starch branching enzyme I (r, Bhattacharrya et al. 1990),
ADPglucose pyrophosphorylase (rb, Martin and Smith
19995), plastidial phosphoglucomutase (Harrison et al.
1998), sucrose synthase (rug4, Craig et al. 1999), and
granule bound starch synthase II (rug5, Craig et al.
1998). Other genes, including AGPase, PepC, and
AAPI, had drastic effects on seed size and composition
when their expression was altered in transgenic legumes
(Rolletschek et al. 2004; Weber et al. 2005). In the
present paper, we have developed and mapped markers
for genes involved in primary carbon metabolism and
transport, as well as genes for which mutant or trans-
genic seed phenotypes have been observed. Mapping
bridging markers on maps that have served for mapping
QTLs for size and seed protein content (Timmerman-
Vaughan et al. 1996; Tar’an et al. 2004) could suggest
some positional candidates for some of these QTLs. In
Timmerman-Vaughan et al. (1996) a major QTL for
seed size was located around the marker M27 on LGIII.
This marker was not polymorphic in our populations.
The genes located in this region (Pip1, PepC, Egll) could
be mapped on the ‘Primo’ X ‘OSU442-15 map to con-
firm their role as good candidates. PepC which has been
shown to control seed size by transgenic approaches in
Vicia and pea could well correspond to this QTL for
seed size that is conserved in different legume species. In
Tar’an et al. (2004), a QTL for seed protein content was
located on LGVI between markers G4_2000 and
B7_1750. Three genes are located in this interval on our
composite map: Sus3, PsKao2, and Gsp. Sus3 which
encodes a sucrose synthase and Gsp which encodes a
plastidial glutamine synthetase are good candidates and
should be mapped on the ‘Carneval’ x ‘MP1401° map.

The functional map as a tool for investigating synteny
between pea and M. truncatula

The difference in genome size between pea (5 x 10° bp
per haploid genome) and M. truncatula (5 x 10% bp per
haploid genome) makes the latter species a potentially
very useful legume model where the sequencing of the
gene space is possible. M. truncatula data can be used
to reinforce functional map development in pea, pro-
vided there is a good conservation of synteny between
the species. To check this last point, we have mapped
21 genes both in pea and M. truncatula using different
approaches. Using pea sequences, 50% of the primer
pairs could amplify a fragment in M. #r. The presence
of a single amplified product and the similarity of
the sequence data between the two species strongly
suggests that the fragments amplified correspond to or-
thologous gene loci. One-third of the amplified prod-
ucts were polymorphic among the parents of theM. tr.
mapping population (Jemalong x DZA315.16, Thoquet
et al. 2002). Eleven markers were mapped following this
approach. The second approach involved designing new
primer pairs after searching putative orthologues of
the mapped pea genes in the M. tr. EST databases.
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map (this study) and on linkage maps of M. truncatula (UMN,

Fig. 2 Correspondence between the pea map and the Medicago

available at http://www.medicago.org/genome/ and LIPM, this

study)

truncatula map, as revealed by 42 gene-anchored markers. Gene
markers were mapped both on the composite gene-anchored pea

ESTs already mapped in M. tr. Four polymorphic loci

Ten additional polymorphic loci were mapped this way.

sequence data were mapped in this way in

pea. This permitted us to check for the conservation of
the synteny among the two species (Fig. 2). We ob-

This approach, which was used by Zhu et al. (2003) to with clear

evaluate the synteny between M. tr. and Arabidopsis

thaliana, should be more powerful when the sequencing
of the genespace of M. tr. is achieved (Young et al.

served a conservation of marker orders in most cases,

for example, between pea LGI and M. tr. LG5 and for

most of markers on pea LGIII and M. tr. LG3. How-
ever, we also found some inversion of marker order (for

logue which is not the orthologue will be reduced.
Finally, we looked for putative orthologues in pea of

2005): the number of sequences available will be dra-
matically increased and the risk of choosing a homo-

example on pea LGII and M. tr. LG1). No inversion of
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order was identified by Choi et al. (2004) between pea
LGIT and M. tr. LG1l. However, the position of
markers HRIP and TUP appeared closer to SCP mar-
ker in M. tr. and to CYSP in pea, suggesting a possible
rearrangement in this region between the two species,
and emphasizing the need for a denser coverage of
linkage groups with bridge markers to clarify the syn-
tenic relationship between the two species. Moreover,
this region may also be subjected to rearrangements in
pea (Ellis and Poyser 2002). To compare the linkage
group assignment of other gene markers in the two
species, we looked for orthologues in M. tr. of the genes
mapped in pea BACs which were assigned to contigs
and linkage groups. This added linkage group assign-
ment information for another 20 putative orthologues
of the mapped pea genes, and provided a connection to
the UMN M. tr. map. Linkage group assignments, as
revealed by 45 gene-specific markers localized both in
pea and M. tr. (Table 4), showed a high conservation of
the genome structure between the two species and
indicated a correspondence between linkage groups of
pea and M. tr.: the pea LGI corresponded to M. tr.
LGS, LGII to LGl (except for marker TE005114),
LGIV to LG8 (except for the marker Xyft), LGV to
LG7, LGVI to LG6, and LGVII to LG4. The pea
LGIII corresponded to M. tr. LG3 for ten markers
placed at one extremity of LGIII, and to M. tr. LG2 for
the three markers placed at the other extremity of
LGIII. These results confirm a good conservation of
gene content and linkage group assignment between M.
tr. and pea genomes. These are consistent with those
obtained by Gualtieri et al. (2002) and Choi et al.
(2004) with M. tr. and with those obtained by Kalo
et al. (2004) with M. sativa. They add 41 further gene
correspondences between pea and Medicago. Of the 45
gene correspondences described in this study, 2 were
described by Kalo etal. (2004)—PepC and AATI
(Aatc), and 2 by Choi et al.(2004)—Sucsyn (susy) and
PsAS2 (asn2). The data also suggested an overall con-
servation of marker orders, with some inversions (for
example middle of pea LGII and M. rr. LG1). Addi-
tional markers need to be mapped in both species for a
clearer vision.

In the present study, we developed and mapped new
gene-anchored markers in pea. Using bridge markers,
such as microsatellite markers, to connect our map with
other pea maps would allow the construction of a new
consensus map in pea, including a larger number of
expressed sequences, and would be useful for future
candidate gene approaches. We also developed and
mapped gene-anchored markers in M. truncatula that
constitute new links between the maps of the pea and
Medicago species, adding to the links published by Choi
et al. (2004) and Kalo et al. (2004). The task of con-
necting the pea genetic map to the genetic and/or
physical map of M. truncatula should be pursued, to
allow transfer of information collected in the model
plant to the pea crop. This will be enhanced by the
completion of the M. tr. sequencing project.

1039

Acknowledgments We acknowledge the excellent and reliable
technical assistance of J. Potier, A. Chauveau for gene markers
genotyping in pea and some gene markers in M. #r., and G.
Cardinet, M. Gherardi, for genotyping in M. tr. We are very
grateful to H. Weber who gave us access to his pea sequence re-
sources. We warmly thank K. Lievre, C. Rochat, J.P. Boutin, C.
Masclaux, C. Damerval, and J.L. Prioul for helpful discussion on
the choice of genes to be mapped. Thanks to J.M. Prosperi for
providing seeds of the Medicago truncatula mapping population.
Thanks also to P. Touzet for providing us with a copy of Wadd-
ington’s paper a long-time ago. This work was supported by the
French national program Genoplante GOP-PEAA and by INRA
program ATS Medicago. F. J. and K. L. were appointed on
Genoplante grants. Thanks to R. Thompson for his suggestions on
the manuscript.

References

Andersen PS, Jespersgaard C, Vuust J, Christiansen M, Larsen LA
(2003) High-throughput single strand conformation polymor-
phism mutation detection by automated capillary array elec-
trophoresis: validation of the method. Hum Mutat 21(2):116—
122

Bhattacharyya MK, Smith AM, Ellis THN, Hedley C, Martin C
(1990) The wrinkled seed character of pea described by Mendel
is caused by a transposon-like insertion in a gene encoding
starch branching enzyme. Cell 60:115-121

Burstin J, Deniot G, Potier J, Weinachter C, Aubert G, Baranger A
(2001) Microsatellite polymorphism in Pisum sativum. Plant
Breeding 120:311-317

Byrne PF, McMullen MD, Snook ME, Musket TA, Theuri JM,
Widstrom NW, Wiseman BR, Coe EH (1996) Quantitative trait
loci and metabolic pathways: genetic control of the concentra-
tion of maysin, a corn earworm resistance factor, in maize silks.
Proc Natl Acad Sci USA 93(17):8820-8825

Causse M, Rocher JP, Henry AM, Charcosset A, Prioul JL and De
Vienne D (1995) Genetic dissection of the relationship between
carbon metabolism and early growth in maize, with emphasis
on key-enzyme loci. Mol Breed 1:259-272

Causse M, Santoni S, Damerval C, Maurice A, Charcosset A,
Deatrick J and De Vienne D (1996) A composite map of ex-
pressed sequences in maize. Genome 39:418-432

Causse M, Duffe P, Gomez MC, Buret M, Damidaux R, Zamir D,
Gur A, Chevalier C, Lemaire-Chamley M, Rothan C (2004) A
genetic map of candidate gene and QTLs involved in tomato
fruit size and composition. J Exp Bot 55:1671-1685

Chen X, Salamini F and Gebhardt C (2001) A potato molecular
function map for carbohydrate metabolims and transport.
Theor Appl Genet 102:284-295

Choi HK, Mun JH, Dong-Jin K, Zhu H, Baek JM, Mudge J, Roe
B, Ellis N, Doyle J, Kiss GB, Young ND, Cook DR (2004)
Estimating genome conservation between crop and model le-
gume species. Proc Natl Acad Sci USA 101(43):15289-15294

Craig J, Lloyd JR, Tomlinson K, Barber L, Edwards A, Wang TL,
Martin C, Hedley CL, Smith AM (1998) Mutations in the gene
encoding starch synthase II profoundly alter amylopectin
structure in pea embryos. Plant Cell 10:413-426

Craig J, Barratt P, Tatge H, Déjardin A, Handley L, Gardner CD,
Barber L, Wang TL, Hedley C, Martin C, Smith AM (1999)
Mutations at the rug4 locus alter carbon and nitrogen metab-
olism of pea plants through an effect on sucrose synthase. Plant
J 17:353-362

Dellaporta SL, Wood J, Hicks JB (1983) A plant DNA mini-
preparation: version II. Plant Mol Biol Rep 1:19-21

Délye C, Calmes E, Matejicek A (2002) SNP markers for black-
grass (Alopecurus myosuroides Huds.) genotypes resistant to
acetyl CoA-carboxylase inhibiting herbicides. Theor Appl
Genet 104(6-7):1114-1120

Ellis THN, Poyser SJ (2002) An integrated and comparative view
of pea genetic and cytogenetic maps. New Phytol 153:17-25



1040

Foucher F, Morin J, Courtiade J, Cadioux S, Ellis N, Banfield MJ,
Rameau C (2003) Determinate and late flowering are two ter-
minal flowerl/centroradialis homologs that control two distinct
phases of flowering initiation and development in pea. Plant
Cell 15(11):2742-2754

Frewen BE, Chen TH, Howe GT, Davis J, Rohde A, Boerjan W,
Bradshaw HD Jr (2000) Quantitative trait loci and candidate
gene mapping of bud set and bud flush in populus. Genetics
154(2):837-845

Fridman E, Pleban T, Zamir D (2000) A recombination hotspot
delimits a wild species quantitative trait locus for tomato sugar
content to 484 bp within an invertase gene. Proc Natl Acad Sci
USA 97:4718-4723

Gilpin BJ, McCallum JA, Frew TJ, Timmerman-Vaughan GM
(1997) A linkage map of the pea Pisum sativum L. genome
containing cloned sequences of known function and expressed
tags ESTs. Theor Appl Genet 95:1289-1299

Gualtieri G, Kulikova O, Kim D-J, Cook DR, Bisseling T, Geurts
R (2002) Microsynteny between pea and Medicago truncatula in
the SYM2 region. Plant Mol Biol 50:225-235

Hall KJ, Parker JS, Ellis THN, Turner L, Know MR, Hofer JMI,
Lu J, Ferrandiz C, Hunter PJ, Taylor JD, Baird K (1997) The
relationship between genetic and cytogenetic maps of pea. II.
Physical maps of linkage mapping populations. Genome
40:755-769

Harrison CJ, Hedley CL, Wang TL (1998) Evidence that the rug3
locus of pea (Pisum sativum L.) encodes a plastidial phospho
glucomutase confirms that the imported substrate for starch
synthesis in pea amyloplasts is glucose-6-phosphate. Plant
J 13:753-762

Hecht V, Foucher F, Ferrandiz C, Macknight R, Navarro C,
Morin J, Vardy ME, Ellis N, Beltran JP, Rameau C, Weller JL
(2005) Conservation of Arabidopsis flowering genes in model
legumes. Plant Physiol 137:1420-1434

Irzykowska L, Wolko B, Swiecicki WK (2001) The genetic linkage
map of pea (Pisum sativum L.) based on molecular, biochemi-
cal, and morphological markers. Pisum genetics 33:13-18

Ishimaru K, Yano M, Aoki N, Ono K, Hirose T, Lin SY, Monna
L, Sasaki T, Ohsugi R (2001) Toward the mapping of physio-
logical and agronomic characters on a rice function map: QTL
analysis and comparison between QTLs and expressed sequence
tags. Theor Appl Genet 102:793-800

Kalo P, Seres A, Taylor SA, Jakab J, Kevei Z, Kereszt A, Endre G,
Ellis TH, Kiss GB (2004) Comparative mapping between
Medicago sativa and Pisum sativum. Mol Genet Genomics
272:235-246

Konovalov F, Toshchakova E, Gostimsky S (2005) A CAPS
marker set for mapping in linkage group III of pea (Pisum
sativum L.). Cell Mol Biol Lett 10:163-171

Lanaud C, Risterucci AM, Pieretti I, N’Goran JAK, Forgeas D
(2004) Characterisation and genetic mapping of resistance and
defence gene analogs in cocoa (Theobroma cacao L.). Mol Breed
13:211-227

Lander ES, Green P, Abrahamson J, Barlow A, Daly M, Lin-
coln S, Newberg L (1987) MAPMAKER: an interactive
computer package for constructing primary genetic linkage
maps of experimental and natural populations. Genomics
1:174-181

Laucou V, Haurogné K, Ellis N, Rameau C (1998) Genetic map-
ping in pea. 1. RAPD-based genetic linkage map of Pisum
sativum. Theor Appl Genet 97:905-915

Lincoln S, Daly M, Lander ES (1992) Constructing genetic maps
with MAPMAKER/EXP 3.0. Whitehead Institute Technical
Report, 3rd edn. Whitehouse Technical Institute, Cambridge

Loridon K, McPhee K, Morin J, Dubreuil P, Pilet-Nayel ML,
Aubert G, Rameau C, Baranger A, Coyne C, Lejeune-Hénaut I,
Burstin J (2005) Microsatellite marker polymorphism and
mapping in pea (Pisum sativum L.) Theor Appl Genet. DOI
10.1007/s00122-005-0014-3

Martin C, Smith AM (1995) Starch biosynthesis. Plant Cell 7:971—
985

Mc Phee KE (2005) Pea. In: Kole C (ed) Genome mapping and
molecular breeding, vol III: pulse and tuber crops. Science
Publishers, Enfield (in press)

Morgante M, Salamini F (2003) From plant genomics to breeding
practice. Curr Opin Biotech 14:214-219

Murray MG, Thompson WF (1980) Rapid isolation of high-
molecular-weight plant DNA. Nucleic Acids Res 8:4321-4325

Neff MM, Neff JD, Chory J, Pepper AE (1998) dCAPS, a simple
technique for the genetic analysis of single nucleotide poly-
morphisms: experimental applications in Arabidopsis thaliana
genetics. Plant J 14(3):387-392

Osterberg MK, Shavorskaya O, Lascoux M, Lagercrantz U (2002)
Naturally occurring indel variation in the Brassica nigra COL1
gene is associated with variation in flowering time. Genetics
161(1):299-306

Page D, Aubert G, Duc G, Welham T, Domoney C (2002) Com-
binatorial variation in coding and promoter sequences of genes
at the Tri locus in Pisum sativum accounts for variation in
trypsin inhibitor activity in seeds. Mol Genet Genomics
267(3):359-369

Pelleschi S, Guy S, Kim JY, Pointe C, Mahé A, Barthes L, Leo-
nardi A, and Prioul JL (1999) Ivr2, a candidate gene for a QTL
of vacuolar invertase activity in maize leaves. Gene-specific
expression under water stress. Plant Mol Biol 39:373-380

Pfaff T, Kahl G (2003) Mapping of gene-specific markers on the
genetic map of chickpea (Cicer arietinum L.). Mol Gen
Genomics 269:243-251

Pflieger S, Lefebvre V, Caranta C, Blattes A, Goffinet B, and
Palloix A (1999) Disease resistance gene analogs as candidates
for QTLs involved in pepper/pathogen interactions. Genome
42:1100-1110

Potokina E, Caspers M, Prasad M, Kota R, Zhang H, Sreenivasulu
N, Wang M, Graner A (2004) Functional association between
malting quality trait components and cDNA array based
expression patterns in barley (Hordeum vulgare L.). Mol Breed
14:153-170

Prioul JL, Pelleschi S, Sene M, Thevenot C, Causse M, de Vienne
D, Leonardi A (1999) From QTLs for enzyme activity to can-
didate genes in maize. J Exp Bot 50:1281-1288

Prioul S, Frankewitz A, Deniot G, Morin G, Baranger A (2004)
Mapping of quantitative trait loci for partial resistance to
Mycosphaerella pinodes in pea (Pisum sativum L.), at the seed-
ling and adult plant stages. Theor Appl Genet 108:1322-1334

Ren X, Wang X, Yuan H, Weng Q, Zhu L, He G (2004) Mapping
quantitative trait loci and expressed sequence tags related to
brown planthopper resistance in rice. Plant Breed 123:342-348

Robertson DS (1985) A possible technique for isolating genic DNA
for quantitative traits in plants. J Theor Biol 117:1-10

Rolletschek H, Borisjuk L, Radchuk R, Miranda M, Heim U et al
(2004) Seed specific expression of a bacterial phosphoenolpyr-
uvate carboxylase in Vicia narbonensis increases protein content
and improves carbon economy. Plant Biotech J 2:211-220

Rosov SM, Kosterin O, Borisov AY, Tsyganov V (1999) The
history of the pea gene map: last revolutions and the new
symbiotic genes. Pisum genetics 31:555-570

Schiex T, Chabrier P, Bouchez M, Milan D (2001) Boosting EM
for radiation hybrid and genetic mapping. In: Proceedings of
the WABI'2001 (First workshop on algorithms in biolnfor-
matics), LNCS 2149, pp 41-51

Tar’an B, Warkentin T, Somers DJ, Miranda D, Vandenberg A,
Blade S, Bing D (2004) Identification of quantitative trait loci
for grain yield, seed protein concentration and maturity in field
pea (Pisum sativum L.). Euphityca 136:297-306

Thévenot C, Simond-Coéte E, Reyss A, Manicacci D, Trouverie J,
Le Guilloux M, Ginhoux V, Sidicina F, Prioul JL (2005) QTLs
for enzyme activities and soluble carbohydrates involved in
starch accumulation during grain filling in maize. J Exp Bot
56:945-958

Thoquet P, Ghérardi M, Journet EP, Kereszt A, Ané JM, Prosperi
JM, Huguet T (2002) The molecular genetic linkage map of the
model legume Medicago truncatula: an essential tool for com-



parative legume genomics and the isolation of agronomically
important genes, BMC Plant Biol 2:1. http://www.biomedcentral.
com/1471-2229/2/1

Thornsberry JM, Goodman MM, Doebley J, Kresovich S, Nielsen
D, Buckler ES IV (2001) Dwarf8 polymorphisms associate with
variation in flowering time. Nat Genet 28(3):286-289

Timmerman-Vaughan GM, McCallum JA, Frew TJ, Weeden NF,
Russell AC (1996) Linkage mapping of quantitative trait loci
controlling seed weight in pea (Pisum sativum L.). Theor Appl
Genet 93:431-439

Timmerman-Vaughan GM, Frew TJ, Weeden NF (2000) Charac-
terization and linkage mapping of R-gene analogous DNA se-
quences in pea (Pisum sativum L.). Theor Appl Genet 101:241—
247

Voorrips RE (2002) MapChart: software for the graphical pre-
sentation of linkage maps and QTLs. J Hered 93(1):77-78

Waddington CH (1943) Polygenes and oligogenes. Nature 151:394

Wang Z, Taramino G, Yang D, Liu G, Tingey SV, Miao GH,
Wang GL (2001) Rice ESTs with disease resistance gene- or
defence-response gene-like sequences mapped to regions con-
taining major resistance genes or QTLs. Mol Genet Genomics
265:302-310

1041

Weber H, Borisjuk L, Wobus U (2005) Molecular physiology of
legume seed development. Annu Rev Plant Biol 56:253-279
Weeden NF, Marx GA (1987) Further genetic analysis and linkage
relationships of isozyme loci in pea. J Hered 78:153-159

Weeden NF, Wolko B (1990) Linkage map of the garden pea
(Pisum sativum). In: O’Brien SJ (ed) Genetic maps—locus maps
of complex genomes, 5th edn. Book 6 Plants. Cold Spring
Harbor, New York

Weeden NF, Ellis THN, Timmerman-Vaughan GM, Swiecicki
WK, Rozov SM, Berdnikov VA (1998) A consensus linkage
map for Pisum sativum. Pisum genetics 30:1-3

Weeden NF, Tonguc M, Boone WE (1999) Mapping coding se-
quences in pea by PCR. Pisum genet 31:30-32

Young ND, Cannon SB, Sato S, Kim D, Cook DR, Town CD,
Roe BA, Tabata S (2005). Sequencing the genespaces of
Medicago truncatula and Lotus japonicus. Plant Physiology
137:1174-1181

Zhu HY, Kim DJ, Baek JM, Choi HK, Ellis LC, Kuester H,
McCombie WR, Peng HM, Cook DR (2003) Syntenic rela-
tionships between Medicago truncatula and Arabidopsis reveal
extensive divergence of genome organization. Plant Physiol
131:1018-1026



	Sec1
	Sec2
	Sec3
	Sec4
	Tab1
	Tab1
	Tab1
	Tab1
	Sec5
	Sec6
	Sec7
	Tab2
	Sec8
	Tab3
	Sec9
	Sec10
	Sec11
	Tab4
	Sec12
	Sec13
	Sec14
	Fig1
	Sec15
	Sec16
	Fig2
	Fig2
	Fig2
	Ack
	Bib
	CR1
	CR2
	CR3
	CR4
	CR5
	CR6
	CR7
	CR8
	CR9
	CR10
	CR11
	CR12
	CR13
	CR14
	CR15
	CR16
	CR17
	CR18
	CR19
	CR20
	CR21
	CR22
	CR23
	CR24
	CR25
	CR26
	CR27
	CR28
	CR29
	CR30
	CR31
	CR32
	CR33
	CR34
	CR35
	CR36
	CR37
	CR38
	CR39
	CR40
	CR41
	CR43
	CR66
	CR44
	CR45
	CR46
	CR47
	CR48
	CR49
	CR50
	CR51
	CR52
	CR53
	CR54
	CR55
	CR57
	CR58
	CR59
	CR60
	CR61
	CR62
	CR63
	CR64
	CR65
	CR67

