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Variability in six pea gene sequences
and mapping through PCR-based markers
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Abstract - Despite the rapid increase in sequence databases, gene sequences are still under-used in the plant breeding
and genetic mapping area. This study was conducted to determine whether pea gene sequences contained enough poly-
morphism to be used as genetic markers. Molecular variability was examined at the DNA sequence level within differ-
ent lines and wild ecotypes of Pisum sativum. The analysis was conducted for several introns, exons and 5’UTR
sequences from six nuclear genes (GAPC, PHYA and IAA-related genes). Each region was specifically amplified and
polymorphism was identified by electrophoretic mobility and by direct sequencing of PCR products. The observed poly-
morphism illustrates the possibility of developing molecular markers since all the analyzed loci have been successfully
localised. Polymorphism was detected either as DNA conformational polymorphism following non-denaturing poly-
acrylamide gel electrophoresis or as CAPS (cleaved amplified polymorphism sequence). The noteworthy property of
such genetic markers is their ability to establish bridges between different existing pea genetic maps. (&copy; Inra/Elsevier,
Paris.)

DNA sequence polymorphism / DSCP / intron / genetic marker / Pisum sativum

Résumé - Analyse de la variabilité des séquences de six gènes de pois et cartographie génétique par PCR. Malgré
l’accroissement rapide des bases de données, les séquences des gènes sont encore sous-exploitées dans le domaine de
l’amélioration des plantes et de la cartographie génétique. Cette étude a été menée pour déterminer si les séquences des
gènes du pois renferment suffisamment de polymorphisme pour générer des marqueurs génétiques. La variabilité molé-
culaire a été examinée au niveau de la séquence de l’ADN entre différentes lignées et écotypes sauvages de Pisum sati-
vum. Cette analyse a été effectuée pour plusieurs séquences introniques, exoniques et promotrices de six gènes
nucléaires (GAPC, PHYA, et gènes apparentés aux gènes IAA). Chaque région a été amplifiée spécifiquement et le poly-
morphisme a été identifié par la mobilité électrophorétique et par séquençage direct des produits de PCR. Le polymor-
phisme observé illustre la possibilité de développer des marqueurs moléculaires puisque tous les loci analysés ont pu
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être cartographiés. Le polymorphisme est détecté soit comme un polymorphisme de conformation de l’ADN après une
électrophorèse dans un gel d’acrylamide dans des conditions non dénaturantes, soit comme des CAPS (Cleaved
Amplified Polymorphism Sequence). La propriété remarquable de tels marqueurs génétiques est leur capacité à établir
des ponts entre les différentes cartes génétiques existantes chez le pois. (&copy; Inra/Elsevier, Paris.)

polymorphisme de séquence de l’ADN / DSCP / intron / marqueur génétique / Pisum sativum

Abbreviation: DSCP: double strand conformation polymorphism

1. INTRODUCTION

The amount of polymorphism which can be
revealed is a critical parameter for the evaluation of
a genetic marker system. A whole range of molec-
ular tools have proved useful for detecting poly-
morphism in many species. As far as the genus
Pisum is concerned, the variability has been well
studied at the molecular level by several methods
including isozymes [32], separation of RAPD frag-
ments on polyacrylamide gels [26], and RFLPs as
well as AFLP or inter SSR-PCR [21]. Thus, sever-
al genetic maps of the pea genome based on
isozymes [32], RFLPs [9, 11], AFLPs [14] and
RAPDs are now available. Increasing the use of
sequences which are potential markers of impor-
tant agronomic traits in mapping experiments
would be of interest for plant breeders.

The rapid growth of the sequence databases and
the ease of access to this information about genes
are attractive reasons for developing genetic mark-
ers which enable one to localise gene sequences on

genetic maps. Until now, gene mapping in plants
has mainly consisted of using RFLP probes from
cDNA libraries. The use of these gene sequences
has enabled the establishment of expressed-gene
maps which have proved important in rice [19] and
maize [4]. PCR markers relying on gene sequence
polymorphism have so far been of limited use for
plant breeding. However, techniques such as CAPS
(cleaved amplified polymorphism sequence) [18]
or SSCP (single strand conformation polymor-
phism) [23-28] are available which have proved
useful in revealing polymorphism in gene

sequences in several species. Indeed, although
some features of introns, such as length, splicing
sites and some signals involved in gene expression
are sometimes strikingly conserved between
species, introns exhibit sequence polymorphism
which is being used more and more for population
genetics studies [24, 25], or systematics [2]. By
using primers homologous to splice site junctions
for PCR, this kind of variability has also been use-
ful for distinguishing barley varieties [6] or for the
identification of commercial yeast strains [7]. More
recently, the 5’ untranslated regions have been suc-
cessfully used to develop genetic markers, as for
instance for discriminating Vitis vinifera genotypes
[12]. Some examples of genotype-specific gene
sequences have already been described in compar-
isons of wild type and mutant plants in pea [15].

In this study, we have focused on sequence dif-
ferences revealing polymorphism in genes from
non-mutant phenotypes of pea. We describe genet-
ic markers which were obtained by PCR amplifica-
tion with primers derived from available data. We
investigated exons, introns and 5’UTR sequences
in six genes. Sequence polymorphism was shown
to be present in all the sequenced genes and these
markers are good landmarks for the pea consensus
genetic map whose construction is hampered by
chromosomal rearrangements and a lack of anchor
markers [31]. The development of such molecular
markers, which are based on sequences having a
known biological role, will help in the construction
of a map of known function sequences in pea.

The studied sequences include: GAPC, PHYA
and IAA-related sequences. The GAPC gene is a
nuclear gene encoding the cytosolic form of glyc-



eraldehyde phosphate dehydrogenase, an enzyme
taking part in glycolysis. Since plant architecture
and development are important selection critera for
pea breeders the other genes used in this study
were selected on this basis. Phytochrome A is
involved in photoreception. The IAA genes belong
to a family of genes whose transcription is affected
by auxin.

2. MATERIALS AND METHODS

2.1 Plant material

To evaluate polymorphism, seven ecotypes from
diverse geographic origins including cultivars or wild
populations were examined: Champagne, Chine, P.
sativum ssp. abyssinicum, P. sativum ssp. transcauca-
sicum, P. sativum ssp. palestinicum, P. jomardi and P.
fulvum. For each ecotype, genomic DNA was extracted
from a bulk of three plantlets. Thus, as the plants are
supposed to be diploid homozygous, six alleles were
analysed in each ecotype for each locus. For the cultivar
Champagne, a study was performed with four plants
whose DNA was extracted individually in the aim of
analysing heterogeneity in that population. The PHYA
gene is single copy in the pea genome [27]. For the
other genes, as a first approximation, we consider that
all loci are present in a single copy in the genome.
Therefore, fragments which are specifically amplified
with primers defined from a particular gene will be con-
sidered as allelic forms. This aspect will be discussed
later.

Seven lines already used in three mapping pro-
grammes were introduced in the study:

- cv. Térèse (a French proteaginous cultivar) and cv.
Torsdag (a central European cultivar), used to build a
RAPD-based map (C. Rameau, in prep.);

- 661 (a French proteaginous line) and cv. Erygel (a
garden pea cultivar), used to build a RFLP-based map
[9];

- JI281 (an ethiopian line), JI399 (cv. Cennia) and
JI15, lines from the John Innes Pisum germplasm col-
lection which were used to build a RFLP-based map
[11].

For the mapping analysis, two populations of recom-
binant inbred lines were used: one consisting of 139
lines from the cv.Térèse x cv.Torsdag cross (provided

by C. Rameau, Inra), the other consisting of 71 lines
from the JI281 x JI399 cross (provided by M.Ambrose,
John Innes Centre).

2.2. Targeted sequences and PCR
primer design

Table I lists the six studied loci, the accession num-
bers in GenBank, the sequences of the primers, the type
and the size of the PCR products. Degenerate consensus
primers were deduced from the alignment of the pea
gene IAA4/5D and the Arabidopsis gene At-AUX211. In
all the genotypes, which were analysed in pea, these
primers enabled the amplification of three genes:
IAA1300, IAA4/5D, IAA850 which are, respectively,
1 300, 900 and 850 bp long. These genes as well as
IAA6 belong to the same multigenic family and share
sequence similarity in their coding sequences in four
domains. The precise positions of the sequences and the
structure of the genes studied are shown in figure 1.

Specific primers of 20-23 bases were designed from the
sequences available in GenBank using the OLIGO4S
program (National Biosciences Inc.) [25]. The oligonu-
cleotide primers were purchased from Genosys
Biotechnologies.

2.3. PCR amplification and electrophoresis

Genomic DNA was extracted according to Doyle and
Doyle [10]. PCR amplifications were performed on 100
ng of DNA template per 50 pL reaction volume; each
reaction contained 100 ng of each primer, 1.5 mM

MgCl2, 0.1 mM of each dNTP and 1.25 units of Taq
DNA polymerase (Eurobio) in the reaction buffer pro-
vided by the supplier. PCR reactions were performed in
a thermal cycler apparatus (MJ Research, Inc.), with the
following conditions: 94 °C for 4 min, 35 cycles com-
prising 94 °C for 1 min, 53 °C for 1 min, 72 °C for
2 min, and a last elongation step at 72 °C for 6 min. The
presence of PCR products was checked on 1 % agarose
gels. Amplified bands were separated by electrophoresis
on 5 % polyacrylamide (acrylamide: N-N’ methylen-
bisacrylamide 29:1) non-denaturing gels in 1X TBE,
thermostabilised at 20 °C (1.5 mm thickness, 32 cm
height). After a migration time of 20 h at 210V the gels
were stained with ethidium bromide and visualised
under ultraviolet light. A HaeIII digest of &phiv;x174 DNA
(Gibco BRL) was used as a molecular weight marker.





2.4. Sequencing

Once the purity of the PCR product was verified,
excess primers and salt were eliminated by centrifuga-
tion on microconcentrators with a 100 kD cut-off

(Amicon, Inc.). Direct sequencing of PCR products was
performed on 100 ng of template and 20 ng of primer
with the Dye-Terminator kit supplied by Perkin Elmer
in a thermal cycler (MJ research, Inc). After cycle
sequencing, extension products were precipitated by
adding 2 &mu;L sodium acetate (3 M) and 50 &mu;L ethanol
(95 %). The pellet was rinsed with 250 &mu;L ethanol
(80 %). The sample was resuspended in a formamide:
EDTA/blue dextran (in a 5:1 ratio) buffer, heated at
90 °C and loaded on a denaturing gel. Gel analysis was
performed using an ABI 373A DNA sequencer. The
sequencing method enabled us to obtain the sequence of
500-600 bases in a single reaction.

2.5. Data scoring and analysis

Sequences were analysed using the GCG package
[8].

Mutation frequency was calculated using the ratio of
the number of mutations to the sequence length.
Variation among genotypes was estimated with the
number of pairwise nucleotide differences. The k para-
meter was calculated as follows: k = &Sigma;i&Sigma;j

kij/[(N(N-1)/2]/m, where kij is the number of differences
between the sequences i and j and where N is the num-
ber of compared sequences (N = 16) and m the sequence
length.

Multipoint linkage analysis was performed using the
MAPMAKER software [20] with a LOD score value of
3.0.

3. RESULTS

3.1 Amplification results

Ten introns, 12 exons, two promoters and a third

promoter including an intron, of six nuclear genes
were completely or partially amplified and



sequenced in DNA from 14 pea genotypes. To
appreciate the polymorphism, direct sequencing of
the PCR products was chosen for its rapidity, preci-
sion and reliability. During PCR amplification, Taq
polymerase introduces errors. Nevertheless, data
derived from direct sequencing of PCR products
have been demonstrated to be more reliable than

sequences obtained after a cloning step [30]. PCR
product identity was systematically confirmed by
sequence comparison with data available in
GenBank.

Mostly, a single amplified fragment was
observed on a polyacrylamide gel from the DNA of
each ecotype. However, in two cases (PHYA and
IAA6), with the DNA from Champagne and from
the subspecies palestinicum, two bands were
amplified and separated after polyacrylamide gel
electrophoresis (PAGE). For each gene, the two
bands differed in their sequences at only a few
sites. Thus we will consider 16 genotypes (the two
genotypes from Champagne and P. sativum ssp.
palestinicum will be called Champagne 1,
Champagne2, palestinicum1 and palestinicum2).

3.2. Polymorphism analysis

The number of variants which were observed for
each sequence was relatively low. Polymorphism
in the studied sequences mainly consisted of sub-
stitutions, whereas insertion/deletion events are
rare: among the 4 617 compared bases, 126 substi-
tutions and 15 insertion/deletions were observed.
All substitutions involved two nucleotides except
for three sites, where at least three substitutions
occur. DNA sequence variability can be evaluated
by the number of polymorphic sites in each
sequence and by the number of polymorphic geno-
types per site. These two parameters are quantified
in table II.

3.2.1. Insertion/deletion polymorphism

In our sample, the only polymorphism in the
PHYA gene was an insertion/deletion of three bases

in the repeated motif (AAT)n in the 5’UTR

sequence. This microsatellite is polymorphic
between JI281 and JI399 and between 661 and

Erygel. In order to highlight this difference,
primers flanking the motif were used to amplify a
small fragment (112 bp). This microsatellite gener-
ated little polymorphism among the analysed geno-
types, three genotypes share the (AAT)5 allele, the
13 other genotypes share the (AAT)4 allele.

3.2.2. Substitution polymorphism

In some cases, the differences can be detected

directly after separation with a 5 % non-denaturing
polyacrylamide gel. Examples of the observed
variability are illustrated in figure 3 showing
migration of PCR products from the 5’UTR of the
IAA4/5D gene. The multiple sequence alignment
reveals that polymorphism is due only to base sub-
stitutions. For instance, there are only four substi-
tutions between the fragments produced from cv.
Térèse and cv. Torsdag (figure 2). The difference in
migration reflects different conformations of the
DNA (DSCP: double strand conformation poly-
morphism). The difference between the JI399 and
JI15 samples which is visible on the gel (figure 2)
involves only a G to C transversion. Whenever
polymorphism was not directly revealed after elec-
trophoresis, comparison of sequences and of
restriction maps enabled us to choose restriction

enzymes distinguishing the genotypes after diges-
tion. The enzymes employed to reveal these CAPS
markers are indicated in table III.

3.3. Genotype distinction

The ability of the markers to distinguish each
genotype was evaluated as the ratio of polymorphic
genotype pairs in each gene sequence.
Qualitatively, polymorphism distribution among
genotypes is an important criterion for evaluating
the efficiency of the markers. Considering all the
analysed genes, all the genotypes studied can be
individually identified. By adding all data concern-
ing one gene, we note that PHYA enables the dis-





tinction of five ecotypes, while the GAPC sequence
discriminates all analysed ecotypes. The number of
alleles which were identified for each gene is
detailed in table III.

The dispersion and clustering of the genotypes
are represented by a dendrogram (figure 3). It is
not our intention to reconstruct the evolutionary
history of these genotypes but it serves as a sum-

mary of all the observations made from the multi-

ple sequence alignments. P. fulvum and the sub-
species abyssinicum are clearly separated from the
other genotypes in the genus Pisum. This separa-

tion is due to more frequent insertion/deletions in
introns and to a higher level of substitutions.
Except for these two genotypes, the wild ecotypes
which were analysed do not reveal more sequence
variation than the cultivated genotypes used for

genetic mapping. Lu et al. [21], who analysed
genetic diversity in pea with several molecular
tools, came to similar conclusions. Varieties form a
group in which the subspecies palestinicum is
included. The genotypes which were selected for

genetic mapping represent a large and diverse pop-
ulation since JI281, JI15 and P. jomardi form a
separate group from JI399 (cv. Cennia) which





belongs to a cultivated group. The proximity
shared by the two proteaginous cultivars Térèse
and 661 may reflect the narrow genetic basis of
these varieties.

3.4. Genetic mapping

The genes IAA4/5D, IAA6 and GAPC were

mapped on the RAPDs-based map constructed in
our laboratory by Laucou V., Haurogne K., Ellis N,
Rameau C. (Theor. Appl. Genet., accepted). PHYA,
IAA850 and IAA1300 were mapped on the refer-
ence pea genetic map constructed by Ellis et al.

[11]. PHYA and IAA850 are linked to the legJ gene
and to the morphological marker a. The IAA1300
gene is on the same linkage group (I) as the classi-
cal gene i and the reference marker cDNA44 which
is tightly linked to the sym2 locus. The linkage
groups to which the analysed genes belong are
summarised in table III. Interestingly, four of the
six loci have been localised on at least two genetic
maps. The gene, IAA4/5D can be mapped on three
pea genetic maps (figure 2). The markers which are
common to several maps are indicated in table III.

3.5. Polymorphism description within
the different regions of the genes

The amount of polymorphism cannot be easily
correlated with the sequence type (intron/exon) but
it is generally higher in introns than in exons.

There are 21 synonymous sequence substitutions
in all the exons. Fifteen of them appear only once
(seven of them concerning P. fulvum) and six are
observed for at least two genotypes. Only four
amino acid changes were found: Leu/Val (in the
IAA850 gene from P. fulvum and P. sativum ssp.
abyssinicum), Arg/Met (in PHYA in P. fulvum),
Glu/Ala (in IAA6 in P. sativum ssp. abyssinicum
and P. sativum ssp. palestircicum) and Phe/Tyr (in
GAPC in P. jomardi).
Two extreme situations illustrate the relationship

between the amount of polymorphism and its dis-

tribution. When only one genotype is affected by
several mutations, polymorphism may appear high
(substitution number/sequence length is high), but
it does not generate markers which are useful for
the mapping analysis. However, when a single
mutation affects several genotypes, the sequence
presents little polymorphism (substitution num-
ber/sequence length is low) but generates discrimi-
nating markers for mapping purposes. These two
cases are represented in figure 4 showing the allele
repartition in each sequence according to its size.
In each sequence, the most frequent allele is repre-
sented by grey boxes. The higher this kind of bar
is, the less we find genetic markers. For example,
the IAA1300 exon generates no genetic markers;
most exons and introns in PHYA and exon 5 in
GAPC generate only a few genetic markers.

As few alleles are detected, their distribution is
crucial for the evaluation of the genetic markers. In
the IAA4/5D exon, the two alleles enabled us to dis-
criminate 63 of the 120 genotype pairs and generate
CAPS markers which can be localised on three

genetic maps (table III) whereas the two alleles in
exons 1 and 3 of PHYA separate only P. fulvum
from all the other genotypes. The more mosaic the
bar is (figure 4), the easier is the characterisation:
intron 5 in GAPC, IAA850 intron and the 5’UTR
sequences in the IAA genes generate genetic mark-
ers which are of interest both for genetic mapping
and for the classification of the studied genotypes.
The highest level of polymorphism is in GAPC
intron 5, distinguishing 113 of the 120 genotype
pairs with 341 sequenced base pairs. Intron1 in the
IAA850 sequence, which is 174 bp long, enables the
distinction of 105/120 genotype pairs. Although the
number of polymorphic sites is not higher in
5’UTR sequences than in other analysed sequences,
the level of molecular markers found in 5’UTR

sequences is high: IAA4/5D and IAA6 5’UTR
sequences discriminate 105/120 genotype pairs. As
can be seen in figure 4, the number of detected alle-
les does not result from an experimental bias due to
variability in the length of the sequenced DNAs.
For example, intron 6 in GAPC is shorter but
reveals more alleles than intron 3 in PHYA.

Examination of multiple sequence alignments
shows that polymorphism is not equally distributed





along the sequences. GAPC and the IAA850
sequences both include a region whose mutation
frequencies are higher than the average frequency
observed for the whole sequence. For example, 12
mutations are observed in a region of 37 bp in the
intron of IAA850.

In our sample, we note a heterogeneous degree
of polymorphism between genes. Two groups of
sequences can be distinguished: PHYA and
IAA1300 show few differences, while GAPC and
IAA850 show much more polymorphism. The
PHYA gene has been difficult to map because of a
lack of polymorphism within its intron sequences.
However, a single polymorphic site, consisting of
an insertion/deletion, has been found in its 5’UTR
sequence. In all the other genes, genetic markers
were easily found in introns and even some exons
generated variability. With a substitution frequency
of 0.1, the intron 5 in GAPC and the intron in
IAA850 show more polymorphism than the others.
Nevertheless, 23 of the 35 observed mutations in
intron 5 in GAPC occur only in one genotype and
more frequently in P. jomardi. Variations in the
IAA850 intron occurred at the borders of a A
stretch.

4. DISCUSSION

All analysed genes have been successfully
mapped. In order to develop a protocol for design-
ing gene specific PCR markers, the first step
should be to target intron sequences. However, we
show that exonic polymorphism must not be under-
estimated.

4.1. Polymorphism rates in pea gene
sequences

Our results suggest a variation in the polymor-
phism rate and distribution between and within
genes. This heterogeneity was expected in the exons
because of the selection pressure exerted on coding
regions, whereas intron polymorphism was expected

to be higher and more homogeneous between genes.
Further studies including the analysis of more genes
are needed to improve this description of sequence
polymorphism in pea genes.
The difference between PHYA and the other

sequences is striking. In this more complicated sit-
uation where introns are monomorphic, as well as
in genes having no intron, one can ask which will
be the technical solution. The frequency of genes
which have no introns is unknown in pea, but

progress made in the sequencing of the

Arabidopsis genome is revealing a growing num-
ber of such genes. Considering our results, two
strategies could be made for the use of the present-
ed technique, based on exons or on 5’UTR
sequences.

Although we do not have enough data to esti-
mate the exonic polymorphism in pea, four of six
analysed loci can be localised on at least two
genetic maps thanks to the polymorphism that has
been found in exons. The investigation for enzyme
restriction sites which discriminate lines used in

genetic mapping reveals that four of the six
analysed genes could have been mapped with only
the knowledge of the exonic sequence.

There has been one other report of genetic mark-
ers based on 5’UTR sequence polymorphism in
plants [12]. In their study, the authors show the
presence of repeated sequences which were remi-
niscent of microsatellites in the Stilbene synthase-
chalcone synthase gene in Vitis vinifera.
Interestingly, we encounter the same type of poly-
morphism in the promoter sequence of the PHYA
gene in pea. Variability in 5’UTR sequences is
attractive in order to create new markers.

Nevertheless, their sequences are not available in
GenBank for every gene and their utilisation to

develop markers would in some cases require to
clone the promoter.

4.2. Heterogeneity detected in the ecotypes
Champagne and P. sativum ssp. palestinicum

With the primers amplifying the PHYA and IAA6
genes, the co-amplification of the two fragments



with the DNA from the plants Champagne can be
interpreted in two ways. Either they are the two
allelic forms of the same gene in a heterozygous
plant, or they are forms of two nearly identical and
tightly linked duplicated genes (since these genes
have been easily localised on the pea genetic map).
Concerning PHYA (which is single copy in the pea
genome according to Sato [27]), the heterogeneity
of the PCR products reflects heterozygosity at that
locus since we detect, in the Champagne popula-
tion, plants which are homogeneous for one or the
other PCR product. With the primers amplifying
the PHYA gene, two fragments were amplified
from the DNA of two plants and a single fragment
was amplified from the DNA of the two other
analysed plants. For the IAA6 gene, a single band
is amplified with the DNA from three plants and
two bands are amplified with the DNA from the
fourth plant. Therefore, a complementary genetic
analysis of the selfing progeny of that plant is
required to determine whether it is heterozygous at
the IAA6 locus.

4.3. Polymorphism detection tools

The polymorphism described here relies on
DNA conformation within a polyacrylamide gel.
The different migration rates of DNA fragments of
the same size may depend on physical properties of
DNA. Phenolic treatment of the PCR products did
not affect the differences observed in migration
rates, indicating that an interaction between DNA
and proteins in the Taq polymerase preparation
cannot explain the observed conformational poly-
morphism. These migration anomalies of double
strand DNA are well recognised but they are not
often used for the development of genetic markers.
For example, although the utility of DSCP to
detect DNA sequence polymorphism has already
been proved by using introns as a source of vari-
ability in bovine genes [17], until now no examples
have been described in plants.

Even if this kind of polymorphism is particularly
interesting for differentiating alleles, the polymor-
phism detected is underestimated. Indeed, some

sequence differences do not generate any differ-
ences in migration. In the case of the IAA6 gene
only, the substitutions existing in the 5’UTR
sequence between cv. Térèse and cv. Torsdag do
not modify the migration of the PCR products in
the tested conditions.

On most occasions, a single band was visualised
after PAGE. Whenever two alleles were simultane-

ously amplified, three bands were observed corre-
sponding to homoduplex and heteroduplex DNA.
A strategy involving either DSCP (as described
here) or SSCP methods enables the detection of the
markers with a high level of sensitivity.
Simplification of the currently used SSCP protocol
(using ethidium bromide staining for example)
should make this method attractive for genotyping
in pea. The sequences of the different alleles will

provide the basis for the development of molecular
tools which will enable routine detection of any
DNA polymorphism. CAPS, allele specific PCR or
the combined chain reaction [3] are three systems
which do not require any polyacrylamide gel elec-
trophoresis.

4.4. Advantages of gene-based sequence
tagged site markers

All the analysed genes were successfully
localised on one map. As a consequence, the mark-
ers described could be integrated in the establish-
ment of a map of known function sequences in pea.

Gilpin et al. [13] have recently published the map-
ping of 18 cloned sequences of known function in
pea by revealing CAPS or RFLP polymorphism.
One of these sequences is related to the IAA family.
Sequence alignments show a high sequence simi-
larity between this sequence (accession
AA427337) and the IAA850 sequence (accession
AF026531) (97.6 % identity in a 254 bp overlap).
Both sequences are linked to the LegJ gene. They
probably correspond to the same locus unless they
are two tightly linked (duplicated?) sequences.
Concerning the GAPC sequence, localisation of the
markers seems ambigous between the two genetic
maps ([13] compared to our results). The co-locali-



sation of the sequence on other pea genetic maps
should be confirmed (and could be validated by
using the CAPS marker described which is poly-
morphic between 661 and Erygel and between
JI281 and JI399).

Our study was preliminary and was conducted to
develop a protocol for designing genetic markers
which are based on gene sequences and PCR. It is
now possible to map gene sequences involved in
agronomic traits. In the plant materials studied, the
mapping population derived from the crosses JI281
x JI399 or JI399 x JI15 are the most appropriate
from this perspective.

Sequences which are available in GenBank
could be used for genetic mapping even if only the
coding sequences are known, since in some cases
exon polymorphism is sufficient. Whenever
homologous genes have been sequenced in other
species, knowledge concerning intron positions in
other species can be used as they are often con-
served between species.
One noteworthy property of the described sys-

tem is the ability to transfer markers from one map
to another, since each map has been established
with mapping populations which were obtained
with different parental lines. More than 1 000
markers or polymorphic genes are available, but
they are generally mapped with a single cross and
integrating these maps to a single consensus map
underlined the difficulty in finding common mark-
ers [31]. The molecular markers described will be
of general interest for integrating all existing maps
in pea as they are homologous PCR-based markers.

One extension we can imagine for these markers
is an extrapolation to other plant species. The
primers designed on the GAPC sequence efficient-
ly amplified faba bean DNA and the identity of the
PCR product was validated by sequencing. It will
be possible in many cases to map the same genes
in several species by using species specific primers
or degenerate primers. Thus, gene markers identi-
fied in pea could be useful for all the leguminous
species. Moreover, Strand et al. [29] have already
published the possibility of designing universal
degenerate consensus PCR primers enabling the
amplification of homologous genes in diverse plant

taxa (monocots and dicots) thus demonstrating the
broad taxonomic usefulness of this kind of marker

[29]. Similar PCR-based markers which are com-
mon to several species were also developed in ani-
mals in order to integrate mammalian genetic maps
[22] and called comparative anchor tagged
sequence (CATS). The genes which have been
sequenced in Arabidopsis and rice may provide
enough data concerning conserved domains to
develop consensus markers. The rapid growth of
the sequence databases promises in the near future
the development of CATS markers in plants.
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