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Abstract Microsatellites have currently become the
markers of choice for molecular mapping and marker-
assisted selection for key traits such as disease resistance
in many crop species. We report here on the mapping of
microsatellites which had been identified from a genomic
library of lentil (Lens culinaris Medik.). The majority of
microsatellite-bearing clones contained imperfect di-
nucleotide repeats. A total of 41 microsatellite and 45
amplified fragment length polymorphism (AFLP)
markers were mapped on 86 recombinant inbred lines
derived from the cross ILL 5588 · L 692-16-1(s), which
had been previously used for the construction of a ran-
dom amplified polymorphic DNA and AFLP linkage
map. Since ILL 5588 was resistant to fusarium vascular
wilt caused by the fungus Fusarium oxysporum Shlecht.
Emend. Snyder & Hansen f.sp. lentis Vasud. & Srini.,
the recombinant inbreds were segregating for this char-
acter. The resulting map contained 283 markers covering
about 751 cM, with an average marker distance of
2.6 cM. The fusarium vascular wilt resistance was
localized on linkage group 6, and this resistance gene
was flanked by microsatellite marker SSR59-2B and
AFLP marker p17m30710 at distances of 8.0 cM and
3.5 cM, respectively. These markers are the most closely

linked ones known to date for this agronomically
important Fw gene. Using the information obtained in
this investigation, the development and mapping of
microsatellite markers in the existing map of lentil could
be substantially increased, thereby providing the possi-
bility for the future localization of various loci of
agronomic interest.

Introduction

Microsatellites or simple sequence repeats (SSRs) are
small tandem repeats of DNA, usually 2–5 bp in length,
that occur in most eukaryotic genomes. They are being
widely applied in plant genome mapping and phyloge-
netic analysis because of their co-dominant inheritance
and high degree of polymorphism. Microsatellite
markers had been used in various plants for genome
mapping (Röder et al. 1998; Winter et al. 1999; Cho
et al. 2000) and tagging various traits of agronomic
importance.

Lentil (Lens culinaris Medik.) is an important crop
throughout Western Asia and Northern Africa, the
Indian subcontinent and North America (Webb and
Hawtin 1981; Erskine 1996). It is a diploid (2n=2x=14
chromosomes), self-pollinating annual crop, with a
haploid genome size of 4,063 Mbp (Arumuganathan
and Earle 1991). Lentil is an important source of dietary
protein in both the human diet and in animal feed, and it
also helps in the management of soil fertility. A major
constraint in its production in Western Asia and
Northern Africa is fusarium vascular wilt caused by the
soil borne fungus Fusarium oxysporum Shlecht. Emend.
Snyder & Hansen f.sp. lentis Vasud. & Srini., which can
account for a total yield loss in heavy infested areas. As
the most effective and economical ways to manage this
disease is to cultivate resistant varieties (Beniwal et al.
1993), current breeding programs aim at developing
high-yielding cultivars which carry resistances against
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fusarium wilt. Even though very little preliminary work
had been carried out on the genetics of this pathosystem,
Komboj et al. (1990) and Abbas (1995) reported that
inheritance of the resistance to vascular wilt is controlled
by the monogenic dominant gene, Fw. Abbas (1995)
based his conclusions that this single dominant gene
conferred resistance on crosses studied at the Interna-
tional Centre for Agricultural Research in the Dry Areas
(ICARDA). Although resistance to fusarium wilt is
simply inherited, the present field-based screening
methods for resistance to fusarium vascular wilt are
time-consuming and yield inconsistent results, and they
cannot be performed everywhere because of the vari-
ability of the pathogen. The screening tests always have
to be repeated to ensure accuracy. Therefore, there is a
need to explore more efficient and effective breeding
strategies to develop fusarium vascular wilt-resistant
varieties.

In recent years, the use of DNA markers has im-
proved the efficiency and effectiveness of breeding for
disease resistance in various crops (Baum et al. 2000).
The availability of molecular maps has facilitated gene
tagging, marker-assisted selection and the positional
cloning of resistance genes. The first genetic maps of
lentil consisted of a small number of markers, mainly of
isozymes, restriction fragment length polymorphisms
(RFLPs) and some morphological markers, that covered
a relatively small portion of the genome (Havey and
Muehlbauer 1989a; Weeden et al. 1992; Tahir et al.
1993). The Lens sp. map constructed by Eujayl et al.
(1998a) was based on 86 recombinant inbred lines
(RILs) and consisted primarily of 89 random amplified
polymorphic DNAs (RAPDs) and 79 A FLPs together
with six co-dominant markers, most of the latter being
RFLPs. The lentil linkage map developed by Rubeena
et al. (2003) using an F2 population encompassed 100
RAPDs, 11 ISSRs (inter-simple sequence repeats) and
three resistance gene analog (RGA) markers. The most
recent Lens sp. map contains 62 RAPDs, 29 ISSRs 65
AFLPs and four morphological and one microsatellite
marker (Durán et al. 2004). To date, this latter marker is
the only microsatellite marker reported for lentil. We
report here the development of microsatellite markers
and their application with some 50 AFLP markers to
enhance the existing Lens sp. linkage map (Eujayl et al.
1998a) and to localize the fusarium vascular wilt resis-
tance gene.

Materials and methods

Plant material and DNA isolation

The 86 RILs used in this study were developed from the
cross ILL 5588 · L 692-16-1(s) using the random single
seed descent (SSD) method (Eujayl et al. 1998a). Total
genomic DNA was isolated from young seedling of the
parents and their RILs according to Edwards et al.
(1991).

Development of microsatellite markers

Genomic DNA (200 lg) from ILL 5588 was digested
to completion with Sau3AI and electrophoretically
fractionated on a 0.75% agarose gel. Fragments
varying between 500 bp and 1,500 bp length were
eluted from the gel using the gel extraction kit
(QIAGEN, Valencia, Calif.) cloned into the BamHI
site of the plasmid vector pUC18. The recombinant
plasmids were electroporated into Escherichia coli, and
resulting transformants were plated onto 22·22-cm
plates containing Luria broth (LB) agar medium
supplemented with 50 mg/l ampicillin), 50 mg/l X-gal
and 24 mg/l IPTG and incubated overnight at 37�C.
Approximately 200,000 colonies were transferred onto
Hybond-N+ membrane (Amersham Pharmacia Bio-
tech, Piscataway, N.J.) and lysed; their DNA was then
fixed on the membranes and hybridized with radiola-
belled y-[32]ATP oligonucleotide repeats, namely
(GT)10, (GA)10, (GC)10, (GAA)8, (TA)10 and (TAA)5.
The filters were hybridized overnight at 45�C, washed
twice at 55�C with 2· SSC and 1% sodium dodecyl
sulfate (SDS) for 10 min each time and exposed to X-
ray films (Amersham Pharmacia Biotech) overnight at
�70�C. All colonies giving strong signals were picked
out and transferred to small petri dishes filled with LB
agar containing with ampicillin (in two replications)
and re-screened as before. The GFX Micro Plasmid
Prep kit 250 (Amersham Pharmacia Biotech) was used
for plasmid DNA isolation and purification according
to the protocol of the kit. Approximately 200 clones
were sequenced with M13 primers (both forward and
reverse) on either a LI-COR DNA sequencer (mod-
el 4000;LI-COR Biosciences, Lincoln, Neb.) or on a
MegaBACE 1000 DNA Sequencing System (Amer-
sham Pharmacia Biotech). The contig analysis was
performed to avoid duplicate clones, if any, using SE-

QMANII-DNASTAR software (DNASTAR, Madison,
Wis.). Functional primers for 124 sequences were
produced, of which 56 produced products of the ex-
pected size. The primers were further tested on the
parents of the mapping populations: about 30 primers
were polymorphic and are described in detail in this
article. Primers that failed to produce amplification
products were re-designed. Re-designed primers and
monomorphic primers were tested extensively on a
panel of germplasm, including cultivated and wild
relatives. A detailed description of the methodology
applied in isolating the microsatellites in this crop,
including details on the abundance and polymorphism
of microsatellites in a mini-core collection of lentil
germplasm, will be published in the near future, once
the methods have been sufficiently tested. SEQMANII-

DNASTAR software was used to design primers at the
flanking sites of the microsatellite motifs. The length
of the primers varied between 18 and 23 bases. The
melting temperatures of the primers were determined
as presented in Baldino et al. (1989), using SEQMANII-

DNASTAR software.
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Microsatellite marker analysis

The primers (Table 1) were used for PCR amplification
of corresponding microsatellites in both the parents and
the RIL populations. The PCR mixture (20 ll) con-
tained 10 ng genomic DNA and 10 pmol of each primer,
0.2 m M dNTP, 1· PCR buffer and 1 U Taq DNA
polymerase (Invitrogen, Carlsbad, Calif.). PCR was
performed in a thermocycler (PE 9600; Perkin-Elmer,
Foster City, Calif.) with the following profile: an initial
denaturing cycle of 94�C for 3 min, followed by 35 cy-
cles of 94�C for 30 s (denaturation), a specific tempera-
ture depending upon the primer pair (listed in Table 1)
for 35 s (annealing) and 72�C for 60 s (extension); this
was followed by a final extension at 72�C for 5 min. The
PCR products were electrophoresed on 6% polyacryl-
amide gels and the fragments were visualized by silver
staining using a silver staining kit (Promega) as de-
scribed by the supplier.

AFLP analysis

AFLP procedures were performed as outlined by Vos
et al. (1995) with minor modifications (von Korff et al.
2004). Initially 24 Tru9I (MseI) and PstI selective PCR
primers combinations were tested, and eight primer
combinations (p20m95, p11m43, p100m43, p101m43,
p104m43, p11m95, p16m95 and p294m43) were iden-
tified for mapping using the RILs. AFLP fragments
were separated on 6% denaturing polyacrylamide gels
and the fragments visualized by a silver staining using
silver staining kit (Promega) as described by the sup-
plier.

Screening for fusarium vascular wilt resistance

Screening for disease resistance and rating of disease
reaction were performed according to Eujayl et al.
(1998b) in a well-established wilt-sick plot.

Linkage analysis and integration with existing map
of lentil

Genotypic data from the existing lentil map (Eujayl
et al. 1998a) with 89 RAPD markers, 79 AFLP
markers and four morphological markers [pod inde-
hiscence (Pi), seed coat pattern (Scp) and flower color
(W) and radiation frost tolerance (Rft)] were used to-
gether with the new SSR and AFLP markers and
fusarium vascular wilt resistance scoring data to con-
struct a linkage map by means of JOINMAP ver. 3.0 (Van
Ooijen and Voorrips 2001). For linkage analysis, LOD
scores of 3.00–6.00 and maximum distance between
markers of 25 cM were used. Final map distances were
calculated by applying the Kosambi function (Kosambi
1944).

Results

Characteristics of microsatellite markers

Table 1 summarizes the marker names, the primer se-
quences, the repeat sequence, Tm (�C) and the expected
size of the amplified loci. The three types of repeats de-
fined byWeber andMay (1989) were found among the 30
microsatellite loci sequences shown, with the imperfect
repeat being the most common (12), followed by the
compound repeat (11) and lastly by the perfect repeat (7).
All of the microsatellites except for four (SSRs 151, 309,
317-1 and 336) had di-nucleotide repeat units.

Primers were designed from sequences flanking the
SSRs, and PCR was performed using the DNA of the
two parents [ILL 5588 and L 692-16-1(s)] of the map-
ping population. Following polyacrylamide gel electro-
phoresis, all PCR fragments revealed polymorphism
between the two parents. Most of the PCR fragments
from ILL 5588 were of the same length, as was expected
from sequence analysis (Table 1). While most of the
primer pairs (70%) amplified single fragments, four
amplified two fragments, two amplified four fragments
and one amplified three fragments. When two or more
fragments were amplified, one of them showed co-
dominant inheritance and the other(s) showed dominant
inheritance, with exception of two loci, SSRs 233 and
154, for which all of the fragments showed dominant
inheritance.

Construction of a genetic map

Following a screening for the highest polymorphism
rates between both parents, eight PstI/MseI primer
combinations (p20m95, p11m43, p100m43, p101m43,
p104m43, p11m95, p16m95 and p294m43) were identi-
fied. Each primer combination generated up to 60 bands,
of which on average six were polymorphic. A total of 50
polymorphic AFLP bands were generated and used for
mapping.

In addition, 30 primer pairs from microsatellite
flanking loci were used for PCR with 86 RILs from the
mapping population; this gave rise to 42 polymorphic
fragments. Table 2 provides a summary of microsatellite
and AFLP marker distribution on different linkage
groups.

Chi-square analysis indicated that the segregation
rates of four microsatellite loci and eight AFLP loci
developed in this study deviated significantly (P<0.05)
from the expected 1:1 ratio. Of these distorted loci, three
microsatellite loci and three AFLP loci showed highly
significant (P<0.01) deviation, and these were excluded
from linkage analysis. Among the distorted micro-
satellites, the locus SSR 199C on linkage group (LG) 1
was skewed towards the L 692-16-1(s) parental allele,
whereas loci SSR 113 and SSR 213 on LG 8 were
skewed towards the ILL 5588 parental alleles. The dis-
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torted AFLP markers P100m43k (on LG 1) and
p11m43f (on LG 5) were skewed towards the L962-16-1
parental alleles, whereas the distorted AFLP markers
p104m43i (on LG 6) and P100m43i (on LG 5) were
skewed towards the ILL 5588 parental alleles.

All marker data were used for developing an inte-
grated map of lentil. This map comprises a total of 283
markers, which includes 49 AFLPs and 39 SSRs markers
of this study and 194 loci (110 RAPDs and 80 AFLPs
and four morphological markers) previously mapped by
Eujayl et al. (1998a).

Among the four morphological markers mapped,
seed coat pattern (Scp) and flower color (W) were lo-
cated on LG 3 flanked by two AFLP markers, p11m43h
and p16m4315 at a distance of 3.5 cM and 3.4 cM,
respectively. The Pod indehiscence (Pi) locus was lo-
cated on LG 2 linked at a distance of 0.6 cM to two
new AFLP markers, p294m43c and p100m43c. There
was a good correspondence between this map and that
of Eujayl et al. (1998a) with respect to the genetic
location of these morphological markers. The radiation
frost tolerance locus (Rft) (Eujayl et al. 1999) was linked
at a distance of 8.4 cM to RAPD marker OPS-16b but
was not assigned to any of the major linkage groups.

Localization of fusarium vascular wilt resistance

Eujayl et al. (1998b) screened 71 RILs for fusarium
vascular wilt resistance in the wilt sick plot along with
their parents, ILL 5588, which was resistant, and L 962-
16-1 (s) which was susceptible to fusarium vascular wilt.
The disease reaction of each RIL was scored as either
resistant or susceptible, as described by Bayaa et al
(1995). The population segregated for 37 resistant versus
34 susceptible RILs, which is in accordance with a 1:1
segregation rate (v2=0.1; df=1; P>0.05), indicating
that the fusarium vascular wilt resistance is controlled by
a single gene (Fw). The microsatellite and AFLP marker
data (Eujayl et al. 1998a and current study) were then
used to determine the genetic linkage of the marker and
its position to the locus conferring resistance. Our link-
age analysis revealed that fusarium vascular wilt resis-
tant locus (Fw) was located on LG 6 and that this locus
was linked to microsatellite marker SSR59-2B and
AFLP marker p17m30710 at distances of 8.0 cM and
3.5 cM, respectively (Fig. 1).

Discussion

The purpose of this study was to isolate microsatellites
from lentil and to map them using an existing mapping
population (Eujayl et al 1998a). We have isolated a set of
30 microsatellite clones from which 30 primer combi-
nations were derived. Using these primer pairs, we
amplified 42 PCR fragments between both parents of the
mapping populations, out of which we mapped 39 onto
the linkage map. The high degree of microsatelliteS
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polymorphism that we observed in lentil is not surpris-
ing and is comparable to the results of related legumes
such as chickpea (Udupa et al. 1999; Winter et al. 1999)
and Medicago truncatula (Eujayl et al. 2004). The degree
of polymorphism that we have detected using micro-
satellites in lentils is relatively high compared to previ-
ous mapping efforts using isozymes, RFLPs, RAPDs
and AFLPs (Havey and Muehlbauer 1989a; Weeden
et al. 1992; Eujayl et al. 1998a; Rubeena et al. 2003).

On the basis of v2 analysis (P>0.05), our results
showed that four microsatellite loci (9.5%) and eight
AFLP loci (17.8%) followed a distorted segregation. In
the same population with fewer markers, Eujayl et al.
(1997, 1998a) previously observed only 8.4% segrega-
tion distortion (P>0.05). Rubeena et al. (2003) observed
a segregation distortion of about 14% in an F2 popu-
lation of lentil. The segregation distortion in F6:8 pop-
ulation that we observed is comparatively low when
compared with that of the RILs derived from an inter-
specific cross of Cicer sp. (38.4% segregation distortion;
Winter et al. 2000) and other crops such as rice (39.4%
segregation distortion; Xu et al. 1997). Our results are
based on the selection of a population with a low
amount of segregation distortion in early generations
(Eujayl et al. 1997).

The clustering of markers in the middle or upper
middle or lower middle part of the linkage groups in this
study may also indicate the location of centromeres. The
centromere regions experience up to tenfold less
recombination than other areas of the genome (Tanksley
et al. 1992). Heterogeneity in recombination along the
genome has implications on the development of high-
resolution linkage maps as the latter are much easier to
develop for regions of higher recombination. On the
other hand, mapping of suppressed recombination

requires much larger progeny sizes in order to allow the
rare recombination events to occur, which is necessary
for the construction of fine maps (Tanksley et al. 1992).

Previous maps of this species differed with respect to
marker type and number, genome coverage (span) and
marker density (Havey and Muehlbauer 1989b; Weeden
et al. 1992; Eujayl et al. 1998a; Rubeena et al. 2003;
Durán 2004). The most recently constructed maps based
on an F2 population developed by Rubeena et al. 2003
(784.1 cM, 114 markers) and Durán et al. 2004
(2,172.4 cM, 161 markers including one microsatellite)
were developed with AFLP, RAPD, ISSR and mor-
phological markers. In addition to the addition of mi-
crosatellite markers, our map sees the addition of 50 new
AFLP markers to the old one (Eujayl et al. 1998a) using
a RIL population. This has resulted in an increase in the
total number of markers to 289. The map spans 792 cM
and is distributed over 14 LGs. Seven of these 14 LGs
have more than 18 markers each, while the others con-
tain only ten or fewer markers. The average distance
between the markers in our map is 2.7 cM, which is
shorter than those reported in the previous maps
(6.0 cM, Eujayl et al. 1998a; 6.9 cM, Rubeena et al.
2003; 15.87 cM, Durán et al. 2004).

The linkage distance between the markers on our
map also varies greatly across the different linkage
groups, and the size of the LG does not necessarily re-
flect the number of linked markers. For instance, LG 1,
with a total linkage distance of 95.25 cM, was covered
by 50 markers, whereas in LG 3, a 172-cM distance was
covered by only by 41 markers. Linkage distances of
more than 10 cM were observed only between 12 dif-
ferent loci, with the maximum distance being 16.1 cM
(on LG 3). Similar results were also reported by Winter
et al. (2000) in the Cicer sp. map.

Table 2 Summary of the
marker distribution on different
linkage groups of the Lens sp.
genome

Linkage
groups

Length (cM) Number of
markers

Number of
SSRs

Number of
new AFLPs

LOD

1 93.3 50 12 12 4
2 63.5 47 4 6 5
3 171.9 41 4 10 5
4 90.1 45 5 5 4
5 69.6 19 2 3 4
6 98.3 35 4 8 4
7 47.4 21 1 1 4
8 41.6 10 5 0 5
9 26.5 3 1 1 4
10 13.4 3 0 2 4
11 8.5 2 0 0 4
12 3.5 2 0 1 3
13 7.7 3 0 0 3
14 15.2 2 1 0 3
Total 750.5 283 39 49

Fig. 1 A genetic linkage map of Lens sp. based on microsatellite,
AFLP, RAPD and morphological markers. The map shows the
position of microsatellite (denoted as SSR_), AFLP (denoted as
p_m_), RAPD (OP_) and morphological markers, namely seed
color pattern (Scp), flower color (W) pod indehiscence (Pi),
Fusarium wilt resistance (Fw) and radiation frost tolerance locus

(Rft) distributed on 14 linkage groups (LG) at LOD score ‡3. The
marker names beginning with an asterisk are those markers
mapped by Eujayl et al. (1998a). The values on left side of the
individual linkage groups represents distance in centiMorgans
calculated using the Kosambi mapping function

c
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With respect to the morphological markers, seed coat
pattern (Scp) and flower color (W) were localized on
LG 3 flanked by the new AFLP markers p11m43h and
p16m4315 at a distance of 3.5 cM and 3.4 cM, respec-
tively, while in the earlier map (Eujayl et al. 1998a),
these morphological markers were linked to RAPD
marker OPs10 at a distance 10.6 cM on the same linkage
group (LG 3). Pod indehiscence (Pi) was located on
LG 2 linked at a distance of 0.6 cM from two new
AFLP markers, p294m43c and p100m43c, while previ-
ously the Pi marker was linked to RAPD marker
OPp03c at 19.5 cM (Eujayl et al. 1998a). We were not
able to integrate the radiation frost tolerance (Rft) locus
into any of the major linkage groups (Eujayl et al. 1999).
More markers are needed to cover the entire genome
and to localize this locus onto a linkage group.

The expected number of seven linkage groups for a
comprehensive linkage map of lentil (2n=2x=14) was
exceeded by seven linkage groups, out of which three
linkage groups had only two markers and three linkage
groups had only three markers. Since some linkage
groups are extremely small, it is safe to conclude that
the apparent excess of linkage groups might be due to
incomplete coverage of the genome with the marker
loci.

One of the major aims of molecular mapping in lentil
is the tagging of genes for resistance to fusarium vas-
cular wilt. Eujayl et al. (1998b) reported earlier that the
fusarium vascular wilt in lentil is controlled by a single
dominant gene. We were able to successfully localize the
resistance gene on LG 6. This resistance gene is flanked
by microsatellite marker SSR59-2B and AFLP marker
p17m30710 at a distance of 8.0 cM and 3.5 cM,
respectively. Further fine mapping of the locus and the
use of the SSR59-2B marker will greatly help in the
marker-assisted breeding of lentils for fusarium wilt
resistance.

The microsatellite markers developed in this study
are highly polymorphic and locus-specific and the
majority of them are co-dominant. This type of mar-
ker is highly useful for mapping because they allow
for the differentiation of homozygous and heterozy-
gous genotypes. In marker-assisted breeding (both in
selection and backcross breeding), co-dominant
markers are effective in identifying desirable genotypes
as homozygous at early stages of selection. Therefore,
the co-dominant markers developed in this study
could be an important asset for lentil, which until
recently has lacked co-dominant markers. Future re-
search should be aimed at developing more microsat-
ellite markers for this crop and using these for tagging
various traits of agronomic importance and marker-
assisted selection.
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