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5.1
Introduction

5.1.1
Origin, Domestication and Taxonomy

Lentil, Lens culinaris ssp. culinaris Medic., was do-
mesticated with wheat, barley and other pulses in
the Fertile Crescent of the Near East and spread
through southern Europe, the Middle East, North
Africa and across the Indo-Gangetic plain before
1000 BC (Cubero 1981). The current distribution of
lentil ranges over subtropical and temperate crop-
ping regions of Europe, Asia, northern Africa and
Ethiopia, the Indian subcontinent, North and South
America, southern Africa and Australia, grown
either as a spring crop or a winter crop (Blain 1988).

The earliest evidence of lentil cropping is in asso-
ciation with wheat and barley at Mureybit in Syria
8500–7500 BC, Hacilar and Cayonu in Turkey 7500-
6500 BC, and other sites from western Iran to Pales-
tine before 7000 BC (Cubero 1981). In many of these
sites, wild lentil is rare and it is likely that the seed
remains are of cultivated lentil, especially in associa-
tion with cultivated wheat. The migration of lentil to
Europe and Asia matched the initial spread of cereal
and other legume crops (Hancock 2004).

Domestication of lentil led to the evolution of
two major seed groups: macrosperma (6 to 9 mm
diameter) in the Mediterranean Europe and Africa
plus Asia minor and microsperma (2 to 6 mm di-
ameter) in western Asia and in northern Africa
(Cubero 1981). Macrosperma and microsperma len-
tils are useful functional groups within cultivated
lentil as they relate to processing and consumer
end uses that are different for each type (Barulina
1930; Erskine 1996).

According to the United States Department of
Agriculture (USDA) and the International Legume
Database and Information Service (ILDIS), the
genus Lens comprises the cultivated Lens culinaris
ssp. culinaris and the wild relative subspecies and
species; L. c. ssp. orientalis, L. c. ssp. odemensis, L. c.
ssp. tomentosus, L. c. ssp. nigricans, L. ervoides, L.
montbretii, and L. lamottei. The USDA also classi-
fies L. nigricans as a separate species and places all
the above species in the family Fabaceae, but with
the family Papilionaceae as an alternate. Histori-
cally the Lens genus has also been placed in the
genus Ervum, and some species have been placed
in genus Vicia as botanically there is a continuum
between the Vicia and Lens genera (Cubero 1981).

The Lens genus is primarily self-pollinated, with
a chromosome number of 2n=14. Wide intraspecific
variations in chromosomal rearrangements occur
within the wild species, which affects the success of
both intraspecific and interspecific crossing (Ladi-
zinsky 1979). Hancock (2004) listed three groups:
Group 1 comprises L. c. ssp. culinaris and L. c. ssp. or-
ientalis with overlapping ranges, similar morphol-
ogy and a high percentage of shared molecular
markers. These species are intercrossable and also
crossable with L. c. ssp. odemensis, but the interspe-
cific hybrids are only partially fertile (Ladizinsky
et al. 1984). Group 2 contains the intercrossable spe-
cies L. nigricans, L. ervoides and L. lamottei. Hybrids
of L. culinaris, L. orientalis and L. odemensis with L.
nigricans have irregular meiosis and do not produce
viable seed (Ladizinsky et al. 1984, 1985). However,
hybrids of L. culinaris with L. ervoides can produce
viable seed but only with the use of embryo rescue
culture (Ladizinsky et al. 1985). Group 3 contains
L. tomentosus as a single species group. Between
these groups no viable crosses have been achieved.
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The probable progenitor species for domesti-
cated lentil is Lens c. ssp. orientalis, which has a
center of origin in the Middle East Fertile Crescent
(Zohary 1972). Although many endemic and rare
forms of lentil occur in the Hindu-Kush region, the
geographic distribution of L. c. ssp. orientalis is
centered in southern Turkey – Lebanon. L. c. ssp.
orientalis is able to form interspecific hybrids with
the domesticated subspecies, which undergo nor-
mal meiosis resulting in seven bivalents (Ladizins-
ky 1979). Morphologically, L. c. ssp. orientalis has
the appearance of miniaturized L. c. ssp. culinaris;
however, some accessions differ from the cultivated
subspecies by one or two chromosomal inversions
and were found to be cross incompatible (Ladizins-
ky 1979).

5.1.2
Botany and Ecology

Domesticated lentil is an annual bushy herb, has
very branched with slender, soft-haired angular
stems, 25 to 75 cm tall, has compound pinnate
leaves often ending in a tendril, one to four flowers
per raceme with colors of white to blue and purple,
one- to two-seeded oblong flattened pods, and bi-
convex rounded seed 4 to 8 mm in diameter and 2
to 3 mm thick (Duke 1981). The plant may exhibit
considerable variation in the growth habit: low and
bushy, suberect or erect. Flowering and branching
are indeterminate. The 100-seed weight ranges
from 2 to 8 g, with the seed coat varying in color
from green, green-brown, to light red with black
speckles (Duke 1981). Cotyledons may be red/or-
ange, yellow or green.

Seed protein content varies from 22 to 35%,
with relatively high levels of lysine, leucine and sul-
phur-amino acids (Muehlbauer and Tullu 1997).
Anti-nutritional factors include trypsin inhibitors,
haemoglutinins and oligosaccharides. Williams et
al. (1994) suggested that seed nutritional quality
might be improved by increasing both protein con-
tent and amino acid balance and by reducing the
levels of anti-nutritional factors.

Lentil is produced as a winter crop in the semi-
arid tropics, mild temperate and Mediterranean re-
gions but is spring grown in climates with very
cold winters. Lentil grows best on neutral to alka-
line well-drained clay to sandy loam soils. Lentil is
a quantitative long-day plant with a flowering re-
sponse pattern that is independently controlled by

photoperiod and temperature. A wide genetic varia-
tion for these traits was detected within a world
collection (Erskine et al. 1990).

5.1.3
Genetic Resources

The largest and most representative collection of
lentil landraces is maintained by the International
Center for Agricultural Research in the Dry Areas
(ICARDA), Syria (Erskine et al. 1989), currently at
3351 accessions. Large collections are also held in
the USA (2807), Russia (2857), Australia (2847)
and Turkey (1435) (European Genetic Resources
Database 2004: www.ecpgr.cgiar.org).

The first systematic analysis of genetic diversity
in lentil was performed by Barulina (1930) with the
Vavilov collection, defining the macrosperma and
microsperma types as subspecies and describing
regional groups (grex) according to geographic dis-
tribution of qualitative traits, chiefly seed charac-
teristics, pubescence and size of vegetative organs,
phenology, height and pod shape. Landraces held
at the ICARDA were later characterized and four
major regional groups were identified through
analysis of variability in quantitative and qualita-
tive morphological traits (Erskine and Witcombe
1984; Erskine et al. 1989). These were the Levantine
group (Egypt, Jordan, Lebanon, Syria), northern
group (Greece, Iran, Turkey, USSR, Chile), Indian
subcontinent group and Ethiopian group. The most
discriminating traits were in time to maturity, low-
est pod height and 100-seed weight, but seed color
was also important. The ecological environment
was a major evolutionary force in the spread of cul-
tivated lentil (Erskine et al. 1989). For example, the
importance of flowering response for adaptation in
south Asia caused a bottleneck in the introduction
of lentil and subsequently low genetic variability
among landraces into this region (Erskine 1997;
Erskine et al. 1998). Extensive variation within
landraces and between landraces within a region
was found for both morphological traits and allelic
variation of isozymes, indicating a complex organi-
sation of lentil populations with co-adapted multi-
locus allelic combinations mediated by a very low
frequency of outcrossing (Erskine and Choudhary
1986; Erskine and Muehlbauer 1991).
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5.1.4
Economic Importance
and Current Breeding Objectives

World production of lentil was predicted to reach
3.3 million metric tons in 2004 (Agriculture Cana-
da Market Analysis). Lentil is currently grown in
the Indian subcontinent, Middle East, northern
Africa, southern Europe, North and South America,
Canada, Australia and New Zealand. India is the
leading producer of lentil, producing about one
third of the total world production, predominantly
for its own domestic usage. With the exception of
Chile (Barulina 1930), lentil production in the
Americas is a relatively recent event (Muehlbauer
and McPhee 2002). However, Canada has since be-
come a major world producer and the largest ex-
porter of lentil. There has also been a considerable
increase in the area (125,000 ha in 2002) under len-
til in Australia since 1991 (293 ha) (Carter and Ma-
terne 1997).

Water Availability and Waterlogging. Lentil yields
are very dependent on available soil moisture dur-
ing the growing season (Erskine and Saxena 1993;
Erskine et al. 1994 a). Although mechanisms such
as good early vigour and early flowering and ma-
turity (Erskine et al. 1994 a), higher osmotic adjust-
ment (Leport et al. 1998), deeper rooting (Budden-
hagen and Richards 1988; Turner et al. 2001) or
tolerance to subsoils constraints (Materne et al.
2002) have been advocated as ways of increasing
legume productivity under moisture limiting con-
ditions, they are unproven over seasons. Selection
is typically based on grain yield under variable
rainfed conditions to increase water use efficiency
(Erskine and Saxena 1993). Furthermore, drought
may occur during plant establishment, intermit-
tently during the vegetative growth period, termin-
ally or progressively during the season depending
on the environment (Rahman and Mallick 1988;
Erskine et al. 1994 a).

Excess water and waterlogging during winter and
late spring to summer can reduce lentil yields in
Mediterranean and subtropical environments respec-
tively. The sensitivity of lentil to waterlogging and
anaerobic conditions is thought to account for the
poor response of the crop to irrigation, although re-
sponsive genotypes have been identified with larger
parenchyma in their roots (Erskine and Saxena
1993; Erskine et al. 1994 a; Bejiga and Anbessa 1995).

Diseases. A wide range of pathogens infect lentil
crops worldwide (Brouwer et al. 2000). The diseases
rust, caused by Uromyces viciae-fabae (Pers.), vas-
cular wilt, caused by Fusarium oxysporum f.sp. len-
tis Vasd. and Srin. and ascochyta blight, caused by
Ascochyta lentis Vassilievsky, are the key fungal dis-
eases of lentil worldwide (Erskine and Saxena 1993;
Erskine et al. 1994 c). Other important fungal dis-
eases are powdery mildew, caused by Erysiphe poly-
goni D.C. and downy mildew, caused by Pero-
nospora lentis Gauman (Khare et al. 1993). An-
thracnose, caused by Colletotrichum truncatum
(Schwein.) Andrus and Moore, and stemphylium
blight, caused by Stemphylium botrysum Wallr., are
locally of major economic importance in Canada
and Bangladesh respectively. Botrytis cinerea is re-
garded as a major problem in Pakistan (Brouwer et
al. 2000) and Botrytis fabae is the major Botrytis
pathogen on lentil in Australia (Materne et al.
2002). Lentil also has viral pathogens such as pea
seed-borne mosaic virus (PSbMV), bean leaf roll
virus (BLRV) and pea enation mosaic virus
(PEMV) as well as several bacteria, nematodes, in-
sects and parasitic weeds (Erskine et al. 1994 a).
Tolerance to many viruses has been identified at
ICARDA and in Australia (ICARDA 1994; Latham
and Jones 2001; Latham et al. 2001).

Research, including breeding, has been initiated
for many diseases in lentil. The highest level of un-
derstanding of these diseases in terms of the host-
pathogen relationships and genetic improvement
can be demonstrated using ascochyta blight as an
example. Many sources of foliar resistance to asco-
chyta blight have been recorded, but resistance to
seed infection is more limited (Andrahennadi et al.
1996; Nasir and Bretag 1997a). Pathogen variability
also exists (Ahmed et al. 1996; Ahmed and Morrall
1996) and of most significance was the identifica-
tion of an isolate that was virulent on accession
ILL5588 (Nasir and Bretag 1997b), a major source
of resistance used in breeding programs around the
world. Importantly, the accession ILL7537 was
shown to be highly resistant to this isolate (Nasir
and Bretag 1997b; Nguyen et al. 2001) and, with
ILL5588 and Indianhead, is a key source of resis-
tance genes for breeding. Breeding is well advanced
for ascochyta blight, and resistant cultivars have
been released in many countries. Individually these
genes can be selected for in well-designed field
screening nurseries; however, differentiating geno-
types with a combination of these genes is more
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difficult. Resistance to anthracnose was recently
found in accession PI320937 and is being selected
for in elite genotypes along with resistance to asco-
chyta blight (Tullu et al. 2003).

Temperature Stress. Hot or dry weather during
flowering and pod fill causes severe constraints on
the productivity of lentil crops in many regions of
the world, including the Mediterranean (Erskine
1985b). In colder areas such as in the USA and
Turkey, large yield increases can be achieved by
sowing lentil in winter rather than spring (Muehl-
bauer and McPhee 2002). However, problems asso-
ciated with a lack of winter hardiness, increased in-
cidence of diseases and weed control issues must
be addressed before winter sowing becomes wide-
spread. Kahraman et al. (2004) identified the most
winter-hardy accessions in the USA and Turkey as
WA8649041, WA8649090, ILL1878 and ILL669. In-
heritance was shown to be quantitative, indicating
that several genes of varying effect may be required
for survival. Frost at flowering is a major limitation
to lentil production in Australia, but genetic varia-
tion has not been identified.

Flowering. The timing of flowering is a particular-
ly important event as it determines the duration of
the vegetative phase, which establishes the potential
of the crop and determines the climatic conditions
to which the crop will be exposed during reproduc-
tive growth. The optimal flowering response differs
between regions and is simple to measure within a
target region (Erskine et al. 1994b). Presently, the
understanding of the genetic control of flowering is
limited (Sarker et al. 1999).

Nutrient Imbalances. Boron toxicity is increasingly
being recognised as a problem in the arid areas of
west Asia and Australia, where lentil is widely grown
(Yau and Erskine 2000). Tolerance to high soil boron
was identified in lentil (Yau and Erskine 2000; Hob-
son et al. 2003), and breeding was initiated in Aus-
tralia using soil-based screening methods. Conver-
sely, boron deficiency has been identified as a limita-
tion to production in Nepal. However, genetic varia-
bility was identified and field-based selection is cur-
rently under way (Srivastava et al. 1999). There is in-
creasing evidence that the same genetic mechanisms
are likely to control tolerance to both boron deficien-
cy and toxicity, predominantly boron exclusion (Yau
and Erskine 2000; Dannel et al. 2002).

Lentil is sensitive to zinc and iron deficiency and
poor nitrogen fixation due to factors that affect the
host, rhizobia and the symbiosis between the two.
Interactions between rhizobia and host have been
identified with the potential for future selection of
genotypes with improved nitrogen fixation (Slattery,
personal communication, 2004).

The major lentil growing areas of the world are
regions with a high frequency of saline or sodic
soils (Saxena 1993). Variation in tolerance to a
range of salts was initially identified in the USA
(Jana and Slinkard 1979), and NaCl-tolerant acces-
sions have been identified by others (Rai et al.
1985; Ashraf and Waheed 1990). The inheritance of
salt tolerance has been investigated and recessive
genes were implicated (Ashraf and Waheed 1993).

Harvestability. Hand harvesting is considered a
major constraint to lentil production in the Middle
East and northern Africa (Erskine and Goodrich
1988; Erskine et al. 1991). The development of cul-
tivars for mechanised harvesting is a prime re-
search goal in these countries and in countries
where lentil is machine harvested, such as Australia
and North America (Erskine and Goodrich 1988;
Erskine et al. 1991; Materne et al. 2002). Plant
breeding can assist harvest mechanisation through
the development of taller, non-lodging cultivars
that retain their pods and seeds at maturity and
mature uniformly. Genetic variability exists for
height (Erskine and Witcombe 1984; Muehlbauer et
al. 1995), lodging resistance (Muehlbauer et al.
1995), pod dehiscence (Erskine 1985a) and unifor-
mity of maturity.

Quality. Lentil quality is largely defined by visual
characteristics such as size, shape and color and
contamination of the sample. The preferred appear-
ance is most often that which mimics the local
product. Lentil seeds are susceptible to mechanical
damage due to their thin shape and sharp edges.
Therefore, the development of rounder seeded cul-
tivars offers potential for reduced mechanical dam-
age, while these types are also the preferred quality
in many markets.
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5.1.5
Limitations of Classical Breeding Approaches
and the Need for Molecular Breeding

Although lentils are an old crop species, genetic
improvement other than farmer selection has only
occurred relatively recently, led by establishment of
an international breeding program at ICARDA dur-
ing the late 1970s. In the last 20 years limitations
to lentil production have been defined in many
countries, genetic variability sought for economi-
cally important traits and breeding initiated to
overcome these limitations. Lentil is also a relative-
ly small crop compared to crops such as wheat,
rice, maize and soybean, and consequently funding
for research is more limited and often directed at
applied research to address the large number of
limitations to production. Also, much of the crop is
grown in economically poor countries where re-
search funding and expertise in novel molecular
breeding approaches such as biotechnology and
genomics have often been limited. This lack of
funding and expertise, the short period of breeding
history and the large number of limitations to be
addressed have meant that molecular research for
lentil has been much less extensive than for many
other crop species. However, even with these re-
strictions, some substantial advances have been
made towards understanding the lentil genome and
the development and application of molecular
markers in breeding.

Much of the focus has been on developing mo-
lecular markers for resistance to a few major dis-
eases, especially where research was complementary
between countries, for example ascochyta blight.
Molecular markers have also been invaluable in un-
derstanding the inheritance of resistance and in
identifying novel genes (Nguyen et al. 2001). In the
near term, potential exists to develop markers for
many traits where genetic variability exists, for ex-
ample boron and salinity tolerance, and resistance
to botrytis grey mould, anthracnose, rust, Fusar-
ium and stemphylium diseases. Where classical
breeding attempts have been limited, markers will
become invaluable if genetic variability for diffi-
cult-to-measure traits, such as frost and drought
tolerance, is identified. The devastating effect that
the introduction of ascochyta blight had on chick-
pea production in Australia and North America
highlighted the potential effect of exotic diseases
on lentil cultivation. Molecular markers offer po-

tential to improve pre-emptive breeding strategies
and overcome the difficulties associated with
screening in distant localities.

The implementation of markers for routine use
in lentil breeding programs is currently very lim-
ited, often because the traits investigated can be
phenotyped relatively cost effectively. The key to
both research and implementation of markers for
lentil lies in the integration of the markers within
the breeding program to ensure that cost-effective
utilisation of the technology is achieved.

5.2
Genetic Markers
and Lentil Genome Mapping

5.2.1
Morphological and Biochemical Markers

Morphological and biological markers have been
used by lentil researchers and breeders as useful
tools for the purposes of diversity analysis, taxon-
omy and trait selection (Barulina 1930; Ladizinsky
and Sarkar 1982; Erskine and Choudhary 1986; Ers-
kine et al. 1989; Ferguson and Robertson 1999).
Cotyledon color has been used to estimate the per-
centage of natural outcrossing (Wilson and Law
1972). Other useful morphological markers include
number of days to flowering (Sn), seed coat pattern
(Scp) and pubescent peduncle (Pep). These were
found to be linked together and mapped in linkage
group (LG) 5 of the lentil genome, whereas ten-
drilled leaf (Tnl) was linked with colored stem (Gs)
in LG 1 (Sarker et al. 1999). Linkage was also re-
ported between spreading-erect growth habit,
brown-green stem and brown green leaf (Emami
and Sharma 1999).

Similar to morphological markers, biochemical
markers have also demonstrated allelic variation of
gene expression products, and isozyme markers
have been used for lentil genome mapping and trait
association (Vaillancourt and Slinkard 1993; Tahir
and Muehlbauer 1994; Rodriguez et al. 1997). How-
ever, accuracy of linkage with these markers may
be limited due to the relatively small number of
morphological and isozyme loci which may be as-
sessed and potential restriction of their expression
to a specific development stage or tissue type.
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5.2.2
DNA-Based Markers

Many types of DNA-based markers, arising from
point mutations, insertions or deletions or errors
in replications of tandem-repeated DNA, have been
developed for interrogating the Lens genome. Re-
striction fragment length polymorphism (RFLP)
markers, developed from cutting genomic DNA
with restriction enzymes and electrophoretic sepa-
ration of the resulting DNA fragments, were the
first type of molecular markers used in the con-
struction of a Lens genome linkage map (Havey
and Muehlbauer 1989).

More recently, arbitrarily produced polymerase
chain reaction (PCR)-based markers, such as ran-
dom amplified polymorphic DNA (RAPD) markers,
have been used to study the diversity, phylogeny
and taxonomy of Lens (Sharma et al. 1996; Ford et
al. 1997; Ferguson et al. 2000), to develop linkage
maps (Eujayl et al. 1997; Rubeena et al. 2003), to
tag genes of interest (Eujayl et al. 1998 b, 1999; Ford
et al. 1999; Chowdhury et al. 2001; Tullu et al.
2003) and to determine pathogen population struc-
ture (Ford et al. 2000). Amplified fragment length
polymorphism (AFLP) markers have also been
used in Lens linkage mapping (Eujayl et al. 1998 a;
Durán et al. 2004; Kahraman et al. 2004) and to
study genetic diversity (Sharma et al. 1996), differ-
entiate cultivars (Závodná et al. 2000) and identify
markers linked to a specific trait (Tullu et al. 2003).

Simple sequence repeats (SSR), also known as
microsatellites, consist of tandem repeats of two to
five nucleotide DNA core sequences spread
throughout the genome. The DNA sequences flank-
ing microsatellites are generally conserved within
individuals of a given species, allowing the design
of PCR primers that amplify the intervening SSR.
Variation in the number of tandem repeats results
in PCR products of different lengths. A library of
lentil-specific microsatellite markers was previously
developed by Závodná et al. (2000) and more re-
cently at ICARDA by Hamwieh et al. (2004). The
ICARDA SSR library was developed from the ge-
nome of the Northfield cultivar (ILL5588) and was
found to have (CA)n as the most abundant repeat
type (Hamwieh et al. 2004).

Inter simple sequence repeat (ISSR) markers are
detected using repeat-anchored primers that amplify
between SSR, and these have been used in lentil ge-
nome mapping (Durán et al. 2004; Rubeena et al.

2003). Resistance gene analogue (RGA) markers are
developed from degenerate PCR primers based on
conserved regions of cloned plant resistance genes.
RGA markers have also recently been used in lentil
genome mapping (Rubeena et al. 2003) and in the fu-
ture will be used to aid in the localisation of disease
resistance genes via a candidate-gene approach. This
approach has been used to identify pathogen resis-
tance genes in other plant genomes (Kanazin et al.
1996; Leister et al. 1996; Feuillet et al. 1997).

5.2.3
Lens Genome Mapping

Genome mapping is the act of putting genomic
markers in order, indicating the relative genetic
distances between them and assigning them to LGs
that represent chromosomes (Jones et al. 1997).
This technique was pioneered by Morgan (1911),
who stated that Mendelian genetic factors, which
lie close together on a chromosome, are usually co-
transmitted from parent to progeny. Although some
markers are physically linked on LGs, they are
sometimes split during recombination. The amount
of recombination between markers is taken as the
measure of distance separating them (Winter and
Kahl 1995). Lentil (2n=2x=14) has a genome size
of 4063 Mbp/C (Arumuganathan and Earle 1991),
which is about four and ten times larger than the
genomes of tomato and rice respectively.

Maps are developed using genetic markers,
which segregate in patterns or sequences among
progeny of a single genetic cross. The choice of
parents for use in constructing a mapping popula-
tion is crucial. Parents that are homozygous but
highly variable from each other in the traits
mapped are preferable. Due to limited polymorph-
ism, mapping in inbreeding species often requires
the selection of parents that are distantly related or
belong to different subspecies or even species. To
achieve this, the progeny of crosses between wild
progenitors and cultivars have been employed as
mapping populations in Lens (Havey and Muehl-
bauer 1989; Muehlbauer et al. 1989; Weeden et al.
1992; Tahir et al. 1993; Vaillancourt and Slinkard
1993; Tahir and Muehlbauer 1994; Eujayl et al.
1997, 1998 a; Durán et al. 2004). However, the use
of more divergent parents often results in lower re-
combination rates and, therefore, smaller map sizes
(Tadmor et al. 1987). Indeed, the first Lens maps
comprised relatively small marker numbers and
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spanned relatively small amounts of the genome
(Havey and Muehlbauer 1989; Weeden et al. 1992;
Eujayl et al. 1997).

Segregation distortion due to irregular chromo-
some pairing is also thought to cause bias esti-
mates of marker distances in wide interspecific
populations (Tadmor et al. 1987; Lorieux et al.
1995; Collard et al. 2003). Also, maps based on dis-
tantly related parents are less useful in breeding ap-
plications, as polymorphic markers linked to traits
of interest may not be present within the cultivated
gene pool. Therefore, intraspecific L. c. ssp. culina-
ris genome maps have recently been constructed
using PCR-based markers (Rubeena et al. 2003;
Kahraman et al. 2004).

Various types of populations may be used to
study the inheritance and segregation of genetic
markers, to enable determination of recombination
and hence localisation within LGs. Factors that

should be considered include the mating system of
the organism, the kind of traits to be analysed, the
time available, and the cost and technical demands
to develop the population. To date, published Lens
maps have been produced using F2 and recombi-
nant inbred line (RIL) populations (Eujayl et al.
1998 a; Rubeena et al. 2003; Durán et al. 2004; Kah-
raman et al. 2004). In the case of an F2 population,
each individual represents a set of unique recombi-
nation events. In addition, all possible combina-
tions of parental alleles are assumed to be present
within the population. Therefore, the size of such a
mapping population will greatly impact on the ulti-
mate resolution of a map (Young 1994).

The major drawback in using F2 populations is
that they are ephemeral and determinate, unlike an
RI population. Doubled-haploid (DH) populations,
produced by regenerating plants from single pollen
grains and inducing chromosome doubling, may
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Table 1. Published Lens linkage maps

Population typea Popula-
tion size

Number
of
markers

Marker type Length
(cM)

Reference

(L. c. ssp. c.�L. c. ssp. o.) F2 94 5 Allozymes and morphological 2 LGs Zamir and Ladizinsky
(1984)

(L. c. ssp. c.�L. e.) F2 107 18 Isozymes, morphological and
translocation

258 Tadmor et al. (1987)

(L. c. ssp. c.�L. c. ssp. o.) F2 66 34 Morphological, isozymes and
RFLP

333 Havey and Muehl-
bauer (1989)

(L. c. ssp. c.�L. c. ssp. o.) F2 n.i. 14 Allozymes and morphological 6 LGs Muehlbauer et al.
(1989)

(L. e.�L. c. ssp. c) F2, F3 100 64 Morphological, isozymes and RFLP 560 Weeden et al. (1992)
L. c. ssp. c.� (L. c. ssp. o.�L. c. ssp.
od.,�L. n.�L.e.)

n.i. 76 Morphological, isozyme, RFLP
and seed protein

10 LGs Tahir et al. (1993)

(L. c. ssp. c.�L. c. ssp. o.) n.i. 18 Isozymes and morphological 4 LGs Vaillancourt and Slin-
kard (1993)

(L. c. ssp. c.�L. c. ssp. o.) F2 40 33 RAPD, RFLP, morphological and
oligonucleotides

206 Eujayl et al. (1997)

(L. c. ssp. c.�L. c. ssp. o.) RIL 86 177 RAPD, AFLP, RFLP and morpho-
logical

1073 Eujayl et al. (1998a)

(L. c. ssp. c.�L. c. ssp. c.) F2 150 114 RAPD, ISSR and RGA 784.1 Rubeena et al. (2003)
(L. c. ssp. c.�L. c. ssp. o.) F2 113 161 RAPD, AFLP, ISSR, SSR and

morphological
2172.4 Durán et al. (2004)

(L. c. ssp. c�L. c. ssp. c.) RIL 106 130 RAPD, ISSR, AFLP and morpho-
logical

1192 Kahraman et al.
(2004)

(L. c. ssp. c.�L. c. ssp. o.) RIL 86 283 SSR, RAPD, AFLP, RFLP and
morphological

715 Hamwieh et al. (2005)

aPopulation types: L. c. ssp. c.=Lens culinaris ssp. culinaris, L. c. ssp. o.=Lens culinaris ssp. orientalis, L.e.=Lens erviodes,
L.n.=Lens nigricans, L. c. ssp. od.=Lens culinaris ssp. odemensis
bn.i.=not indicated



represent a far better solution for reproducible and
multiple environment lentil trait mapping, where,
after recombination, each locus is fixed and self-
pollination can create an infinite amount of geneti-
cally identical individuals in a relatively short peri-
od of time. However, the production of a lentil DH
population is dependent on amenability to another
culture, and in general grain legumes are more re-
calcitrant to in vitro manipulation than many other
species (reviewed by Christou 1997).

Many Lens genome linkage maps have been
produced over the past 20 years (Table 1). Histori-
cally, Lens maps comprise a small number of mark-
ers, covering a relatively small portion of the lentil
genome. The first map of Lens was constructed
using morphological and isozyme markers (Zamir
and Ladizinsky 1984; Tadmor et al. 1987) and the
first map with DNA-based markers (RFLP) was de-
veloped by Havey and Muehlbauer (1989). PCR-

based markers subsequently revolutionized the con-
struction of linkage maps, and the first extensive
linkage map of Lens comprised 177 markers
(RAPD, AFLP, RFLP and morphological markers)
and was developed from an RIL population created
from an intersubspecific cross (Eujayl et al. 1998 a).
The first intraspecific linkage map of lentil was
constructed with 114 RAPD, ISSR and RGA mark-
ers (Rubeena et al. 2003, Fig. 1). Recently, two
more extensive molecular linkage maps have been
reported, one using an intraspecific population
(Kahraman et al. 2004) and the other based on an
intersubspecific population (Durán et al. 2004). The
lentil linkage map, produced by Durán et al.
(2004), contained 62 RAPD, 29 ISSR, 65 AFLP, 4
morphological and 1 SSR markers and spanned a
distance of 2172 cM within 10 LGs. This was the
first time a lentil-specific SSR marker was mapped.
The map of Kahraman et al. (2004) covered 1192
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Fig. 1. Intraspecific map of lentil (ILL5588� ILL7537) at a LOD score of 4.0 (Rubeena et al. 2003). The LGs are numbered
from LG1 to LG9. Loci names are indicated on the right side of the vertical lines and genetic distances (cM) are on the left
side of the vertical lines. ISSR markers are italicized, RGA markers are underlined and RAPD markers are in normal type.
Distorted markers are indicated with stars



cM within 9 LGs and comprised a total of 130 arbi-
trarily produced (RAPD, ISSR and AFLP) markers.
Most recently a comprehensive intersubspecific
Lens map was developed by enriching the previous
map of Eujayl et al. (1998 a) with 39 new lentil-spe-
cific SSR and 50 new AFLP markers (Hamwieh et
al. 2005). The map comprised a total of 283 mark-
ers spanning 751 cM within 14 LGs (8 with more
than 3 markers).

To date, all Lens and lentil genome maps devel-
oped have more LGs than the species haploid chro-
mosome number (n=7). The amount of the ge-
nome mapped varies from 751 to 2172 cM with an
average marker density of 2.7 to 15.87 cM (Table
1). The expected full genome length is as yet un-
known. However, given the close phylogeny among
the species, perhaps the expected length would be
close to that of field pea, which is 700 to 800 cM as
determined by cytological studies (Hall et al.
1997 a,b).

Other important characteristics of the current
maps include the clustering of markers at various
regions and the inclusion of distorted markers.
Clustering may be indicative of centromeric and
telomeric regions, which experience up to ten-fold
less recombination than other areas of the genome
(Tanksley et al. 1992). This was also observed in
Pisum and Cicer maps (Laucou et al. 1998 and
Winter et al. 2000 respectively). Segregation distor-
tion is the consequence of unequal inheritance of
parts of chromosomes, which may affect the order-
ing of markers within a LG (Lorieux et al. 1995).
Factors that contribute to marker distortion include
recessive alleles, structural rearrangements or dif-
ferences in DNA content, abortion of male and fe-
male gametes and the selective fertilization of a
particular gametic genotype (Tadmor et al. 1987;
Barzen et al. 1995; Berry et al. 1995; Quillet et al.
1995; Jenczewski et al. 1997; Xu et al. 1997).

Until recently, a major limitation to Lens map-
ping has been the unavailability of locus-specific
PCR-based and co-dominant markers such as ex-
pressed sequence tag (EST), cleaved amplified poly-
morphic sequences (CAPS), single nucleotide poly-
morphism (SNP) or SSR microsatellite markers,
which are more robust and informative than arbi-
trary DNA markers. The lack of such markers has
largely hampered the ability to compare various
published linkage maps. However, the development
of SSR markers for lentil was recently achieved by
researchers at the ICARDA (Hamwieh et al. 2004,

2005). At present, one SSR marker has been
mapped by Durán et al. (2004), and a further 39
SSR loci have been mapped by Hamwieh et al.
(2005).

5.2.4
Towards a Lens Consensus Map

The existing maps have not been well linked to
each other due to the lack of common markers.
However, morphological markers and the recently
developed lentil SSR markers (Hamwieh et al.
2005) should prove useful in assigning common
LGs. Of the seven morphological markers already
mapped, cotyledon color (orange vs. yellow; Yc),
presence or absence of anthocyanin in the stem
(Gs), seed coat pattern or spotting (Scp), pod de-
hiscence-indehiscence (Pi), ground color (brown
vs. tan) of the seed (Ggc), erect or prostrate growth
habit (Gh) and presence or absence of anthocyanin
in the pod (Pdp), four have been placed on multi-
ple maps (Yc, Gs, Scp and Pi) (Table 2).

Other markers that may be useful for consensus
mapping include the repetitive DNA sequences that
have been localised by fluorescent in situ hybridi-
zation (FISH) (Patil et al. 1995) and other gene-
specific markers such as expressed sequence tag
(EST) markers. Also, gene-specific markers trans-
ferable from related model legume crop species
such as Medicago truncatula and Lotus japonicus
and converted to SNP or cleaved amplified poly-
morphism (CAP) type markers. Such markers will
also be useful for comparative mapping across spe-
cies, to assign genetic LGs to specific Lens chromo-
somes and for integrating information from both
physical and genetic maps (Galasso et al. 2001).

Chapter 5 Lentil 99

Table 2. Morphological markers mapped on different LGs in
Lens genome may be useful as anchor markers

Marker locus Linkage group in different studies

Tahir et al.
1993

Eujayl et al.
1998

Durán et al.
2004

Scp V III I
Yc II – II
Gs I – IV
Pi IV II –



5.3
Marker-Assisted Trait Mapping
and Selection

5.3.1
Trait Mapping

Many simply inherited traits have been placed
upon Lens genome maps. By knowing the map po-
sition of a gene, one can diagnose the presence of
the gene using flanking DNA markers without wait-
ing for the gene effect to be present in the pheno-
type (Paterson et al. 1991).

Bulked segregant analysis (BSA), first described
by Michelmore et al. (1991), is one method used
for linking molecular markers to phenotypic traits
controlled by single major genes. This method re-
lies on the availability of two bulked DNA samples
collected from individuals that segregate for an ex-
treme phenotype within a single population. One
bulk contains the DNA of the trait being targeted,
while the other contains DNA from individuals
lacking the trait. DNA polymorphisms between the
bulks are therefore likely to be linked to genes that
govern the trait. In lentil, this method has been
used to identify markers that are tightly linked to
genes for resistance to Fusarium vascular wilt and
ascochyta blight (Eujayl et al. 1998b; Ford et al.
1999; Chowdhury et al. 2001).

Eujayl et al. (1998 b) used an RIL mapping pop-
ulation to identify linked molecular markers to the
single dominant gene conditioning Fusarium vas-
cular wilt resistance (Fw). They subsequently iden-
tified a RAPD marker (OPS16750) that was 9.1 cM
from the radiation-frost tolerance locus (Frt) (Eu-
jayl et al. 1999). However, most probably due to in-
sufficient genome map coverage, the Frt locus and
the linked RAPD marker were unable to be placed
on the existing linkage map developed by Eujayl et
al. (1998 a).

Ford et al. (1999) identified RAPD markers,
RV01 and RB18, approximately 6 and 14 cM, re-
spectively away from and flanking the foliar asco-
chyta blight resistance locus Ral1 (AbR1) in
ILL5588. These were subsequently converted to lo-
cus-specific sequence characterized amplified re-
gion (SCAR) markers and screened for applicability
across parental lines in the Australian breeding
program. Although the linkage was not maintained
across all parental genotypes, great potential exists

for the targeted use of these markers in breeding
and the pyramiding of resistance genes in ILL5588-
derived genetic backgrounds. Subsequently, two
RAPD markers, UBC2271290 and OPD-10870, were
identified that flanked and were linked in repulsion
phase to the resistance gene ral2 in the cultivar In-
dianhead at 12 and 16 cM respectively (Chowdhury
et al. 2001). Most recently, molecular markers were
developed linked to the complementary dominant
resistance genes in ILL7537 (Rubeena, unpubl.).
The resistance sources within these genotypes were
shown to be novel using pathogenicity tests
(Nguyen et al. 2001). Thus the potential exists to
use markers to pyramid ascochyta blight resistance
genes to develop durably resistant varieties.

Two RAPD markers, OPE061250 and UBC704700,
linked at 6.4 cM (in repulsion) and 10.5 cM (in
coupling) respectively, were recently identified for
selecting the anthracnose resistance locus LCt-2 in
accession PI 320937 (Tullu et al. 2003). Three AFLP
markers were also identified linked in repulsion
phase to LCt-2; however, the closest of these was
21.5 cM. Most recently, an SSR marker and an
AFLP marker were identified flanking the Fw locus
in ILL5588 at 8.0 and 3.5 cM respectively (Ham-
wieh et al. 2005).

5.3.2
Quantitative Trait Loci Mapping

When a trait is governed by multiple and quantita-
tive trait loci (QTL) and/or co-dominantly inher-
ited genes, a more holistic genome mapping
approach may be undertaken to identify relative
genome loci location, interaction and subsequent
molecular markers for accurate trait selection.

A few QTL studies have been reported thus far
for lentil. The first one employed a genetic linkage
map developed from an intersubspecific population
(L. c. ssp. culinaris�L. c. ssp. orientalis). A total of
22 QTLs were placed upon the map including five
for height of the first ramification, three for plant
height, five for flowering, seven for pod dehiscence,
one for shoot number and one for F3 seed diameter
(Durán et al. 2002). QTLs governing winter hardi-
ness were recently mapped using an F6-derived RIL
population of 106 individuals of a cross between
WA8649090 and Precoz (Kahraman et al. 2004). For
this, a framework map was produced with 9 LGs
comprising a total of 130 markers and spanning
1192 cM. Quantitative survival and injury data were
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collected at two locations in 1997 (Pullman, WA,
USA and Haymana, Turkey) and three locations in
1998 and 1999 (Pullman, WA, USA, Haymana and
Sivas, Turkey). Five independent QTLs were de-

tected to account for survival with a LOD score >2.
These were located on LGs 1, 3, 4 and 6 with two
QTLs on LG 1 (Table 3). One QTL on LG 4 was
common among locations, although the effect and
position differed. The maximum of the winter sur-
vival phenotype variation that these accounted for
was 33.4%. One ISSR marker, ubc808-12, was iden-
tified that may be useful for MAS of winter surviv-
al. A further four QTLs were reported to influence
winter injury in the USA location and together ac-
counted for 42.7% of the trait variation.

Preliminary QTL analysis of the ascochyta blight
resistance in ILL7537 was conducted using a popula-
tion comprising 153 F2 individuals [ILL7537
(R)� ILL6002 (S)] and a linkage map comprising
72 markers spanning 412.5 cM anchored to a pre-ex-
isting map (Rubeena et al. 2003). The disease reac-
tion was scored using a 1–9 scale on each of the F2

individuals at 14, 21 and 28 d after inoculation,
and three QTL peaks (two on LGI and one on LGII)
were observed using composite interval mapping
(CIM) (Fig. 2). Two QTLs (QTL-1 and QTL-2) were
observed on LG I in close proximity; since these were
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Table 3. Putative QTL for winter hardiness in lentil (Kahra-
man et al. 2004)

Location Linkage
group

QTL
position
(cM) a

LOD R2 (%)

Haymana 1997–98 3
4
6

28
118
80

2.3
7.3
3.2

10.9
28.8
17.7

Total 33.4
Pullman 1998–99 4 110 2.5 11.5
Haymana 1999–2000 1

1
4

38
146
132

2.3
2.2
2.0

9.5
10.1
9.5

Total 22.9
Combined 4

6
116
80

6.9
3.1

28.8
14.2

Total 31.5
aQTL position from bottom of LG

Fig. 2. Four LGs with significant markers shown by stars and distorted markers by dots. QTL regions are shown as filled ver-
tical bars and named QTL-1, QTL-2 and QTL-3. All three QTL were observed by CIM, whereas only QTL-2 and QTL-3 were
detected by MIM



>10 cM apart, they were considered to be separate
QTLs (Table 4). They accounted for ca. 47%, whereas
QTL-3 on LG II accounted for ca. 10% of the variance
of the trait. The position of the QTL changed slightly
over the different scoring periods after inoculation.
The AFLP marker C-TTA/M-AC285 was found to be
3.4 cM away from QTL-1 and 12 cM away from
QTL-2. The RAPD marker M20700 was located at
the same position as QTL-3. When multiple interval
mapping (MIM) was performed, only two significant
QTLs (QTL-2 and QTL-3) were identified. These two
QTLs may potentially be the major effects of the two
co-dominant resistant genes previously identified to
govern resistance in ILL 7537 (Nguyen et al. 2001).
However, the QTLs identified must be validated in
different genetic backgrounds and populations be-
fore incorporation into breeding programs.

Recently, resistance gene analogues belonging to
the nucleotide binding site gene families were iso-
lated from the lentil genotype ILL5588 (Yaish et al.
2004). Mapping of RGA, together with the ascochy-
ta blight resistance trait, may be useful to validate
the location of genes that are functional in the re-
sistance mechanism, a step towards map-based
cloning of the active resistance genes.

5.3.3
Marker-Assisted Selection and Trait Pyramiding

Marker-assisted selection (MAS) is the ability to se-
lect for and breed for a desirable trait with a mark-
er, or suit of markers, from within a plant genotype
without the need to express the associated pheno-
type. Therefore, MAS offers great opportunity for
improved efficiency and effectiveness in the selec-
tion of plant genotypes with a desired combination
of traits. This approach relies upon the establish-
ment of a tight linkage between a molecular marker
and the chromosomal location of the gene(s) gov-
erning the trait to be selected in a particular envi-
ronment. Once this has been achieved, selection
can be conducted in the laboratory and does not
require the expression of the associated phenotype.
For example, using MAS, disease resistance can be
evaluated in the absence of the disease and in the
early stage of plant development.

Markers used for MAS are also termed sequence
tagged sites (STSs). These are mapped loci for which
all or part of the corresponding DNA sequences has
been determined. This information can be used to
design PCR primers for amplification of all or part
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Table 4. Putative QTL for ascochyta blight resistance identified in the F2 population (ILL7537/ILL 6002) by composite inter-
val mapping (CIM)

Test para-
meter

QTL Linkage
group

Interval
length
(cM) a

Flanking markers QTL posi-
tion (cM) b

LR c Additive
effect

R2 d

(%)

14 DAI QTL-1 LG I 5.4 C-CTA/M-ACC190 – C-TTA/M-AC285 2.0 12.78 –0.48 7.82
QTL-2 LG I 29.0 C-TTA/M-AC285 – C-TTA/M-AC165 14.0 13.83 –1.03 26.80
QTL-3 LG II 6.3 M20700 – C-GTA/M-GC191 0.0 10.49 –0.59 6.19

Total 40.81
21 DAI QTL-1 LG I 5.4 C-CTA/M-ACC190 – C-TTA/M-AC285 4.0 20.35 –0.65 11.02

QTL-2 LG I 29.0 C-TTA/M-AC285 – C-TTA/M-AC165 12.0 26.36 –0.95 33.62
QTL-3 LG II 6.3 M20700 – C-GTA/M-GC191 0.0 17.38 –0.72 9.25

Total 53.89
28 DAI QTL-1 LG I 5.4 C-CTA/M-ACC190 – C-TTA/M-AC285 2.0 31.19 –0.89 16.41

QTL-2 LG I 29.0 C-TTA/M-AC285 – C-TTA/M-AC165 8.0 34.70 –1.06 30.70
QTL-3 LG II 6.3 M20700 – C-GTA/M-GC191 0.0 20.80 –0.73 10.25

Total 57.36
MDS QTL-1 LG I 5.4 C-CTA/M-ACC190 – C-TTA/M-AC285 2.0 24.05 –0.74 13.76

QTL-2 LG I 29.0 C-TTA/M-AC285 – C-TTA/M-AC165 12.0 29.12 –0.98 33.80
QTL-3 LG II 6.3 M20700 – C-GTA/M-GC191 0.0 18.73 –0.70 10.10

Total 57.66

a Interval between the two flanking markers (cM)
b QTL position from left flanking marker (cM)
c Peak value of maximum likelihood ratio (LR) test statistic observed for QTL
dProportion of phenotypic variance explained by QTL



of the original sequence. They are more robust and
reproducible than the arbitrary sequences they are
designed from, such as RAPD markers, as they are
developed from the known sequences and produce
an amplicon from longer primers. Differences in
the lengths of amplified fragments serve as genetic
markers for the locus. If no length polymorphism
is detected, the amplified fragments can be cleaved
with restriction enzymes to observe subsequent
length differences. This technique is often referred
to as cleaved amplified polymorphic sequences or
CAPS (Jarvis et al. 1994).

The use of converted locus-specific PCR markers
is also referred to as a specific polymorphic locus
amplification test (SPLAT), as well as sequence char-
acterized amplified region (SCAR) markers and al-
lele-specific associated primer (ASAP) markers.
SPLAT markers are designed from sequencing the in-
sert of a polymorphic RFLP marker (Gale and Wit-
combe 1992), whereas SCAR and ASAP markers
are developed from sequencing specific RAPD mark-
ers (Paran and Michelmore 1993; Gu et al. 1995; Ford
et al. 1999). The conversion of more technically de-
manding RFLP markers into PCR-based markers
(e.g. SPLAT) may provide a more rapid, cost-effec-
tive and efficient tool in lentil breeding.

Nguyen et al. (2001) first converted an arbitrari-
ly produced lentil sequence to a SCAR marker
(SCARW19) for selecting resistance to ascochyta
blight in lentil accession ILL5588. Tar’an et al.
(2003) converted the RB18680 RAPD marker, for-
merly also shown to be linked to the AbR1 gene
(Ford et al. 1999), into a robust SCAR marker. They
subsequently used SCAR markers linked to the
AbR1 gene and the ral2 gene (Chowdhury et al.
2001), together with a marker linked in repulsion
to a gene for anthracnose resistance (LCt2), to pyr-
amid the traits in an RIL population. Using the
linked markers, 11 of 156 RILs were shown to re-
tain all three resistance genes. Of these, 82%, which
contained the markers linked to AbR1 and ral2,
were resistant to a highly virulent A. lentis isolate.
Furthermore, 85% of the lines that did not contain
the marker linked to the LCt2 gene were resistant
to the virulent 95B36 isolate of C. truncatum. This
is the first evidence of validating the use of molec-
ular markers for marker-assisted trait selection in
lentil. Pyramiding of multiple resistance genes to
foliar fungal pathogens should provide a broader
and more durable resistance, as similarly shown in
rice against bacterial blight (Singh et al. 2001).

5.4
Future Scope of Works

To date, no gene-specific, SSR or arbitrarily pro-
duced molecular marker has been identified in ex-
tremely close proximity (<1 cM) to any mapped
lentil quality, disease resistance or stress tolerance
gene locus. Hence, in order to increase the accu-
racy of MAS, the identification of tightly linked
markers is an ongoing goal for researchers target-
ing many traits.

Of the specific traits for which molecular mark-
ers could provide considerable benefit to current
breeding practices, water usage and drought toler-
ance are paramount. Furthermore, breeding for a
flowering response that gives broad adaptation is
currently a goal of the lentil breeding program in
Australia, and markers that are proven stable across
multiple environments have great potential in im-
proving grain yield across variable locations and
years in water-limited regions of the world.

To densely map the genomic areas surrounding
the genes governing traits of interest, highly robust,
unilocus, co-dominant and transferable markers
are required. In particular, those that may be trans-
ferred among multiple different genetic back-
grounds, and hence applicable across a broad range
of breeding programs, would be most useful. Mark-
ers such as SSRs and ESTs are only now being de-
veloped for lentil by several groups. Alternatively,
sequences from the model species Medicago tranca-
tula are showing great promise for their transfer-
ability to Lens (R. Oliver, personal communica-
tion). Such sequences are particularly useful since
many have already been assigned function and as-
sociated with desirable traits. Furthermore, the
gene space of the M. trunculata genome will be
fully sequenced using a bacterial artificial chromo-
some (BAC) library approach by the end of 2006
(Young et al. 2004), enabling the elucidation of syn-
tenic relationships among the grain legumes.

Another requirement necessary for the future of
fine genome mapping in lentil is the availability of
large fixed mapping populations, such as single seed
descent RILs and DHs. Such populations would allow
for the identification and validation of trait-asso-
ciated markers across different environments and
at different plant growth stages. For map-based clon-
ing of genes shown to be associated with desirable
traits, a BAC library of lentil is required with good
genome coverage (>5). Furthermore, the ability to
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tile the lentil BAC clones along the M. truncatula se-
quenced genome will also negate the necessity to se-
quence the entire lentil genome. Naturally the choice
of genotypes for mapping populations and BAC li-
brary construction will need to be carefully consider-
ed in order to produce tools that are compatible with
as many breeding priorities and programs through-
out the world as possible.

Once genes have been isolated from the lentil
genome they will need to be validated for function
using a differential or transgenic approach. Already
differential array chips exist that were constructed
from expressed sequences within related legume
species such as soybean (Vodkin et al. 2004).
Through gene conservation and intergeneric syn-
teny, these chips may be useful for determining the
orthologous genes up-regulated in lentil in re-
sponse to similar stimuli, such as exposure to a
fungal pathogen. However, correct gene identifica-
tion is still very much reliant on the sequences al-
ready present within existing databases. Agrobac-
terium-mediated and particle bombardment gene
transfer protocols have been developed for lentil
(Sarker et al. 2003 and Gulati et al. 2002 respec-
tively), and ultimately these will serve as a means
to prove gene function via gene silencing and gene
expression in alternate genetic backgrounds.

References

Ahmed S, Morrall RAA (1996) Field reactions of lentil lines
and cultivars to isolates of Ascochyta fabae f. sp. lentis.
Can J Plant Pathol 18:362–369

Ahmed S, Morrall RAA, Sheard JW (1996) Virulence of Asco-
chyta fabae f.sp. lentis on lentil. Can J Plant Pathol
18:354–361

Andrahennadi CP, Slinkard AE, Vandenberg A (1996) Asco-
chyta resistance in lentil. LENS Newslett 23:5–7

Arumuganathan K, Earle ED (1991) Nuclear DNA content of
some important plant species. Plant Mol Biol Rep 9:208–
218

Ashraf M, Waheed A (1990) Screening of local/exotic acces-
sions of lentil (Lens culinaris Medic.) for salt tolerance
at two growth stages. Plant Soil 128:167–176

Ashraf M, Waheed A (1993) Responses of some local/exotic
accessions of lentil (Lens culinaris Medic.) to salt stress.
J Agron Crop Sci 170:103–112

Barulina H (1930) Lentil of the U.S.S.R. and other countries.
Bull Appl Bot, Genet Plant Breed, Leningrad Suppl 40:1–
319

Barzen E, Mechelke W, Ritter E, Schulte-Kappert E, Salamini
F (1995) An extended map of the sugar beet genome
containing AFLP and RFLP loci. Theor Appl Genet
90:189–193

Bejiga G, Anbessa Y (1995) Waterlogging tolerance in lentil.
LENS Newslett 22:8–10

Berry ST, Leon AJ, Hanfrey CC, Challis P, Burkholz A,
Barnes SJ, Rufener GK, Lee M, Caligari PDS (1995) Mo-
lecular marker analysis of Helianthus annuus L. 2. Con-
struction of an RFLP linkage map for cultivated sun-
flower. Theor Appl Genet 91:195–199

Blain HL (1988) Future trends in supply and demand of pea
and lentil. In: Summerfield RJ (ed) World Crops: Cool
Season Food Legumes. ISBN 90-247-3641-2:501–511

Brouwer JB, Sharma B, Malik BA, Hill GD (2000) Region 6:
Asia-Pacific: Meeting the challenge. In: Knight R (ed)
Linking Research and Marketing Opportunities for
Pulses in the 21st Century. Proc 3rd Int Food Legumes
Res Conf on Current Plant Science and Biotechnology in
Agriculture. Kluwer, Dordrecht, vol 34, pp 115–129

Buddenhagen IW, Richards RA (1988) Breeding cool season
food legumes for improved performance in stress envir-
onments. In: Summerfield RJ (ed) World Crops: Cool
Season Food Legumes. Kluwer, Spokane, WA, pp 81–95

Carter JM, Materne MA (1997) Lentil growers guide: a guide
for the production of lentils. Department of Natural Re-
sources and Environment, Victoria, Australia

Chowdhury MA, Andrahennadi CP, Slinkard AE, Vandenberg
A (2001) RAPD and SCAR markers for resistance to as-
cochyta blight in lentil. Euphytica 118:331–337

Christou P (1997) Biotechnology applied to grain legumes.
Field Crops Res 53:83–97

Collard BCY, Pang ECK, Ades PK, Taylor PWJ (2003) Prelim-
inary investigation of QTLs associated with seedling re-
sistance to ascochyta blight from Cicer echinospermum, a
wild relative of chickpea. Theor Appl Genet 107:719–729

Cubero JI (1981) Origin, taxonomy and domestication. In:
Webb C, Hawtin G (eds) Lentils. CAB, Slough, UK, pp
15–38

Dannel F, Pfeffer H, Romheld V (2002) Uptake on boron in
higher plants – uptake, primary translocation and com-
partmentation. Plant Biol 4:193–204

Duke JA (1981) Handbook of Legumes of World Economic
Importance. Plenum, New York, pp 110–113, 317–338

Durán Y, Fratini R, Morales S, Fernández M, García P, Pérez
de la Vega M (2002) A genetic map of lentil. In: 1st Int
Conf Legume Genom Genet: Translation to Crop Improv,
2–6 June 2002, Minneapolis-St. Paul, MN

Durán Y, Fratini R, García P, Pérez de la Vega M (2004) An
intersubspecific genetic map of Lens. Theor Appl Genet
108:1265–1273

Emami MK, Sharma B (1999) Linkage between three mor-
phological markers in lentil. Plant Breed 118:579–581

R. Ford et al.104



Erskine W (1985a) Selection for pod retention and pod de-
hiscence in lentils. Euphytica 34:105–112

Erskine W (1985 b) Perspectives in lentil breeding. In: Saxe-
na MC, Varma S (eds) Faba Beans, Kabuli Chickpeas
and Lentils in the 1980’s. ICARDA Aleppo, Syria, pp 91–
100

Erskine W (1996) Seed-size effects on lentil (Lens culinaris)
yield potential and adaptation to temperature and rain-
fall in West Asia. J Agric Sci 126:335–341

Erskine W (1997) Lessons for breeders from land races of
lentil. Euphytica 93:107–112

Erskine W, Choudhary MA (1986) Variation between and
within lentil landraces from Yemen Arab Republic. Eu-
phytica 35:695–700

Erskine W, Goodrich WJ (1988) Lodging in lentil and its re-
lationship with other characters. Can J Plant Sci 68:929–
934

Erskine W, Muehlbauer FJ (1991) Allozyme and morphologi-
cal variability, outcrossing rate and core collection for-
mation in lentil germplasm. Theor Appl Genet 83:119–
125

Erskine W, Saxena MC (1993) Problems and prospects of
stress resistance breeding in lentil. In: Singh KB, Saxena
MC (eds) Breeding for Stress Tolerance in Cool-Season
Food Legumes. ICARDA/Wiley, Chichester, UK, pp 51–62

Erskine W, Witcombe JR (1984) Lentil Germplasm Catalog.
ICARDA, Aleppo, Syria

Erskine W, Adham Y, Holly L (1989) Geographic distribution
of variation in quantitative traits in a world lentil collec-
tion. Euphytica 43:97–103

Erskine W, Ellis RH, Summerfield RJ, Roberts EH, Hussain
A (1990) Characterisation of responses to temperature
and photoperiod for time to flowering in a world lentil
collection. Theor Appl Genet 80:193–199

Erskine W, Diekmann J, Jegatheeswaran P, Salkini A, Saxena
MC, Ghanaim A, Ashkar FEL (1991) Evaluation of lentil
harvest systems for different sowing methods and culti-
vars in Syria. J Agric Sci 117:333–338

Erskine W, Tufail M, Russell A, Tyagi MC, Rahman MM,
Saxena MC (1994 a) Current and future strategies in
breeding lentil for resistance to biotic and abiotic stres-
ses. Euphytica 73:127–135

Erskine W, Hussain A, Tahir M, Bahksh A, Ellis RH, Sum-
merfield RJ, Roberts EH (1994 b) Field evaluation of a
model of photothermal flowering responses in a world
lentil collection. Theor Appl Genet 88:423–428

Erskine W, Tufail M, Russell A, Tyagi MC, Rahman MM,
Saxena MC, Muehlbauer FJ (1994 c) Expanding the pro-
duction and use of cool season food legumes. In: Kaiser
WJ (ed) Proc 2nd Int Food Legume Res Conf on Pea,
Lentil, Faba Bean, Chickpea, and Grasspea, Cairo, Egypt,
pp 559–571

Erskine W, Chandra S, Chaudhury M, Malik IA, Sarker A,
Sharma B, Tufail M, Tyagi MC (1998) A bottleneck in

lentil: widening its genetic base in South Asia. Euphytica
101:207–211

Eujayl I, Baum M, Erskine W, Pehu E, Muehlbauer FJ (1997)
The use of RAPD markers for lentil genetic mapping
and the evaluation of distorted F2 segregation. Euphytica
96:405–412

Eujayl I, Baum M, Powell W, Erskine W, Pehu E (1998 a) A
genetic linkage map of lentil (Lens sp.) based on RAPD
and AFLP markers using recombinant inbred lines. The-
or Appl Genet 97:83–89

Eujayl I, Erskine W, Bayaa B, Baum M, Pehu E (1998 b) Fu-
sarium vascular wilt in lentil: inheritance and identifica-
tion of DNA markers for resistance. Plant Breed
117:497–499

Eujayl I, Erskine W, Baum M, Pehu E (1999) Inheritance and
linkage analysis of frost injury in lentil. Crop Sci
39:639–642

Ferguson ME, Robertson LD (1999) Morphological and phe-
nological variation in the wild relatives of lentil. Genet
Resource Crop Evol 46:3–12

Ferguson ME, Maxted N, van Slageren M, Robertson LD
(2000) A re-assessment of the taxonomy of Lens Mill.
(Leguminosae, Papilionoideae, Vicieae). Bot J Linn Soc
133:41–59

Feuillet C, Schachermayr G, Keller B (1997) Molecular clon-
ing of a new receptor-like kinase gene encoded at the
Lr10 disease resistance locus of wheat. Plant J 11:45–52

Ford R, Pang ECK, Taylor PWJ (1997) Diversity analysis and
species identification in Lens using PCR generated mark-
ers. Euphytica 96:247–255

Ford R, Pang ECK, Taylor PWJ (1999) Genetics of resistance
to ascochyta blight (Ascochyta lentis) of lentil and the
identification of closely linked RAPD markers. Theor
Appl Genet 98:93–98

Ford R, Garnier-Géré P, Nasir M, Taylor PWJ (2000) The
structure of Ascochyta lentis in Australia revealed with
RAPD markers. Aust Plant Pathol 29:36–45

Galasso I, Schmidt T, Pignone D (2001) Identification of
Lens culinaris ssp. culinaris chromosomes by physical
mapping of repetitive DNA sequences. Chrom Res 9:199–
209

Gale MD, Witcombe JR (1992) DNA markers and marker-
mediated applications in plant breeding, with particular
reference to pearl millet breeding. In: Moss JP (ed) Bio-
technology and Crop Improvement in Asia. ICRISAT, Pa-
tancheru, AP, India, pp 323–332

Gu WK, Weeden NF, Yu J, Wallace DH (1995) Large-scale, cost-
effective screening of PCR products in marker-assisted se-
lection applications. Theor Appl Genet 91:465–470

Gulati A, Schryer P, McHughen A (2002) Production of fer-
tile transgenic lentil (Lens culinaris Medik.) plants using
particle bombardment. In Vitro Cell Dev Biol Plant
38:316–324

Chapter 5 Lentil 105



Hall KJ, Parker JS, Ellis THN (1997 a) The relationship be-
tween genetic and cytogenetic maps of pea. I. Standard
and translocation karyotypes. Genome 40:744–754

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

Hamwieh A, Choumane W, Udapa SM, Dreyer F, Jung C,
Baum M (2004) Development of microsatellite markers
for the genus Lens. In: Plant and Animal Genome XII
Conf, San Diego, p 135

Hamwieh A, Udapa SM, Choumane W, Sarker A, Dreyer F,
Jung C, Baum M (2005) A genetic linkage map of lentil
based on microsatellite and AFLP markers and localiza-
tion of Fusarium vascular wilt resistance. Theor Appl
Genet 110: 669–677

Hancock JF (2004) Plant Evolution and the Origin of Crop
Species, 2nd edn. CABI, Wallingford, UK

Havey MJ, Muehlbauer FJ (1989) Linkages between restric-
tion fragment length, isozyme, and morphological mar-
kers in lentil. Theor Appl Genet 77:395–401

Hobson K, Armstrong R, Connor D, Nicolas M, Materne M
(2003) Genetic variation in tolerance to high concentra-
tions of soil boron exists in lentil germplasm. In: Solu-
tions for a Better Environment. Proc 11th Aust Agron
Conf, Victoria, Australia

ICARDA (1994) Legume viruses. In: Germplasm Program: Le-
gumes. Annual report for 1994, ICARDA, Syria, pp 285–294

Jana MK, Slinkard AE (1979) Screening for salt tolerance in
lentils. LENS Newslett 6:25–27

Jarvis P, Lister C, Szabó V, Dean C (1994) Integration of
CAPS markers into the RFLP map generated using re-
combinant inbred lines of Arabidopsis thaliana. Plant
Mol Biol 24:685–687

Jenczewski E, Gherardi M, Bonnin I, Prosperi JM, Olivieri I,
Huguet T (1997) Insight on segregation distortions in
two intraspecific crosses between annual species of Med-
icago (Leguminosae). Theor Appl Genet 94:682–691

Jones N, Ougham H, Thomas H (1997) Markers and map-
ping: we are all geneticists now. New Phytopathol
137:165–177

Kahraman A, Kusmenoglu I, Aydin N, Aydogan A, Erskine
W, Muehlbauer FJ (2004) QTL mapping of winter hardi-
ness genes in lentil. Crop Sci 44:13–22

Kanazin V, Marek LF, Shoemaker RC (1996) Resistance gene
analogs are conserved and clustered in soybean. Proc
Natl Acad Sci USA 93:11746–11750

Khare MN, Bayaa B, Beniwal SPS (1993) Selection methods
for disease resistance in lentil. In: Singh KB, Saxena MC
(eds) Breeding for Stress Tolerance in Cool-Season Food
Legumes. ICARDA/Wiley, Chichester, UK, pp 107–121

Ladizinsky G (1979) The origin of lentil and its wild gene
pool. Euphytica 28:179–187

Ladizinsky G, Sakar D (1982) Morphological and cytogeneti-
cal characterisation of Vicia montbrettii (synonym: Lens
montbrettii [Fisch. And Mey.] Davis and Plitmann). Bot
J Linn Soc 85:209–212

Ladizinsky G, Braun D, Goshen D, Muehlbauer FJ (1984) The
biological species of the genus Lens L. Bot Gaz 145:253–
261

Ladizinsky G, Cohen D, Muehlbauer FJ (1985) Hybridization
in the genus Lens by means of embryo culture. Theor
Appl Genet 70:97–101

Latham LJ, Jones RAC (2001) Alfalfa mosaic and pea seed-
borne mosaic viruses in cool season crop, annual pas-
ture, and forage legumes: susceptibility, sensitivity and
seed transmission. Aust J Agric Res 52:771–790

Latham LJ, Jones RAC, McKirdy SJ (2001) Cucumber mosaic
cucumovirus infection of cool season crop, annual pas-
ture, and forage legumes: susceptibility, sensitivity, and
seed transmission. Aust J Agric Res 52:683–697

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

Leister D, Ballvora A, Salamini F, Gebhardt C (1996) A PCR-
based approach for isolating pathogen resistance genes
from potato with potential for wide application in plants.
Nat Genet 14:421–429

Leport L, Turner NC, French RJ, Tennant D, Thomson BD,
Siddique KHM (1998) Water relations, gas exchange and
growth of cool-season grain legumes in a Mediterra-
nean-type environment. Eur J Agric 9:295–303

Lorieux M, Goffinet B, Perrier X, Gonzalez de Leon D, La-
naud C (1995) Maximum-likelihood models for mapping
genetic markers showing segregation distortion. 1. Back-
cross populations. Theor Appl Genet 90:73–80

Materne M, McMurray L, Nitschke S, Regan K, Heuke L,
Dean G, Carpenter D (2002) The future of Australian
lentil production. In: Brouwer JB (ed) Proc Lentil Focus
2002 Meeting, Horsham, Victoria, Australia

Michelmore RW, Paran I, Kesseli RV (1991) Identification of
markers linked to disease-resistance genes by bulked
segregant analysis: a rapid method to detect markers in
specific genomic regions by using segregating popula-
tions. Proc Natl Acad Sci USA 88:9828–9832

Morgan TH (1911) Random segregation versus coupling in
Mendelian inheritance. Science 34:384

Muehlbauer FJ, McPhee KE (2002) Future of North American
lentil production. In: Brouwer JB (ed) Proc Lentil Focus
2002 Meeting, Horsham, Victoria, Australia

Muehlbauer FJ, Tullu A (1997) Lens culinaris Medik. In:
NewCROP FactSHEET, www.hort.purdue.edu/newcrop/
cropfactsheet/lentil.html p 8\CEnote{ This link didn’t
work. Please send valid link.}

Muehlbauer FJ, Weeden NF, Hoffman DL (1989) Inheritance
and linkage relationships of morphological and isozyme
loci in lentil (Lens Miller). J Hered 80:298–303

R. Ford et al.106



Muehlbauer FJ, Kaiser WJ, Clement S L, Summerfield RJ
(1995) Production and breeding of lentil. Adv Agron
54:283–332

Nasir M, Bretag TW (1997 a) Prevalence of Ascochyta fabae
f.sp. lentis on lentil seed from Victoria, Australia. Aust
Plant Pathol 26:117–120

Nasir M, Bretag TW (1997 b) Pathogenic variability in Aus-
tralian isolates of Ascochyta lentis. Aust Plant Pathol
26:217–220

Nguyen TT, Taylor PWJ, Brouwer JB, Pang ECK, Ford R
(2001) A novel source of resistance in lentil (Lens culi-
naris ssp. culinaris) to ascochyta blight caused by Asco-
chyta lentis. Aust Plant Pathol 30:211–215

Paran I, Michelmore RW (1993) Development of reliable
PCR-based markers linked to downy mildew resistance
genes in lettuce. Theor Appl Genet 85:985–993

Paterson AH, Tanksley SD, Sorrells ME (1991) DNA markers
in plant improvement. Adv Agron 46:39–90

Patil PB, Vrinten PL, Scoles GJ, Slinkard AE (1995) Variation
in the ribosomal RNA units of the genera Lens and Ci-
cer. Euphytica 83:33–42

Quillet MC, Madjidian N, Griveau Y, Serieys H, Tersac M,
Lorieux M, Bervillé A (1995) Mapping genetic factors
controlling pollen viability in an interspecific cross in
Helianthus sect. Helianthus. Theor Appl Genet 91:1195–
1202

Rahman MM, Mallick RN (1988) Factors which limit cool
season food legume productivity in Bangladesh. In:
Summerfield RJ (ed) World Crops: Cool-Season Food Le-
gumes. Kluwer, Spokane, WA, pp 230–234

Rai R, Nasar SKT, Singh SJ, Prasad V (1985) Interactions be-
tween Rhizobium strains and lentil (Lens culinaris Linn.)
genotypes under salt stress. J Agric Sci 104:199–205

Rodriguez MM, Paredes OM, Becerra VL (1997) Isozyme diver-
sity of Chilean lentil germplasm (Lens culinaris Medik). In:
Int Food Legume Res Conf III, Adelaide, Australia, p 135

Rubeena, Ford R, Taylor PWJ (2003) Construction of an in-
traspecific linkage map of lentil (Lens culinaris ssp. culi-
naris). Theor Appl Genet 107:910–916

Sarker A, Erskine W, Sharma B, Tyagi MC (1999) Inheritance
and linkage relationships of days to flower and morpho-
logical loci in lentil (Lens culinaris Medikus subsp. culi-
naris). J Hered 90:270–275

Sarker RH, Biswas A, Mustafa BM, Mahbub S, Hoque MI
(2003) Agrobacterium-mediated transformation of lentil
(Lens culinaris Medik.). Plant Tiss Cult 13:1–12

Saxena MC (1993) The challenge of developing biotic and
abiotic stress resistance in cool-season food legumes. In:
Singh KB, Saxena MC (eds) Breeding for Stress Toler-
ance in Cool-Season Food Legumes. ICARDA/Wiley, Chi-
chester, UK, pp 3–14

Sharma SK, Knox MR, Ellis THN (1996) AFLP analysis of
the diversity and phylogeny of Lens and its comparison
with RAPD analysis. Theor Appl Genet 93:751–758

Singh S, Sidhu JS, Huang N, Vikal Y, Li Z, Brar DS, Dhaliwal
HS, Khush GS (2001) Pyramiding three bacterial blight
resistance genes (xa5, xa13 and Xa21) using marker-as-
sisted selection into Indica rice cultivar PR106. Theor
Appl Genet 102:1011–1015

Srivastava SP, Joshi M, Johansen C, Rego TJ (1999) Boron
deficiency of lentil in Nepal. LENS Newslett 26:22–24

Tadmor Y, Zamir D, Ladizinsky G (1987) Genetic mapping of
an ancient translocation in the genus Lens. Theor Appl
Genet 73:883–892

Tahir M, Muehlbauer FJ (1994) Gene mapping in lentil with
recombinant inbred lines. J Hered 85:306–310

Tahir M, Simon CJ, Muehlbauer FJ (1993) Gene map of len-
til: a review. LENS Newslett 20:3–10

Tanksley SD, Ganal MW, Prince JP, de Vicente MC, Bonier-
bale MW, Broun P, Fulton TM, Giovannoni JJ, Grandillo
S, Martin GB, Messeguer R, Miller JC, Miller L, Paterson
AH, Pineda O, Röder MS, Wing RA, Wu W, Young ND
(1992) High density molecular linkage maps of the to-
mato and potato genomes. Genetics 132:1141–1160

Tar’an B, Buchwaldt L, Tullu A, Banniza S, Warkentin TD,
Vandenberg A (2003) Using molecular markers to pyra-
mid genes for resistance to ascochyta blight and an-
thracnose in lentil (Lens culinaris Medik). Euphytica
134:223–230

Tullu A, Buchwaldt T, Warkentin T, Tar’an B, Vandenberg A
(2003) Genetics of resistance to anthracnose and identi-
fication of AFLP and RAPD markers linked to the resis-
tance gene in PI 320937 germplasm of lentil (Lens culi-
naris Medikus). Theor Appl Genet 106:428–434

Turner NC, Wright GC, Siddique KHM (2001) Adaptation of
grain legumes (Pulses) to water-limited environments.
Adv Agron 71:193–231

Vaillancourt RE, Slinkard AE (1993) Linkage of morphologi-
cal and isozyme loci in lentil, Lens culinaris L. Can J
Plant Sci 73:917–926

Vodkin LO, Khanna A, Shealy R, Clough SJ, Gonzalez DO,
Zabala G, Thibaud-Nissen F, Sidarous M, Srömvik MV,
Shoop E, Schmidt C, Retzel E, Erpelding J, Shoemaker
R, Rodriguez-Huete AM, Polacco JC, Coryell V, Keim P,
Gong G, Liu L, Pardinas J, Schweitzer P (2004) Microar-
rays for global expression constructed with a low redun-
dancy set of 27,500 sequenced cDNAs representing an
array of developmental stages and physiological condi-
tions of the soybean plant. http://www.biomedcentral.-
com/1471-2164/5/73

Weeden NF, Muehlbauer FJ, Ladizinsky G (1992) Extensive
conservation of linkage relationships between pea and
lentil genetic maps. J Hered 83:123–129

Wilson VE, Law AG (1972) Natural crossing in Lens esculen-
ta Moench. J Am Soc Hort Sci 97:142–143

Williams PC, Bhatty RS, Deshpande SS, Hussein SA, Savage
GP (1994) Improving the nutritional quality of cool sea-
son food legumes. In: Muehlbauer F, Kaiser WJ (eds) Ex-

Chapter 5 Lentil 107



panding the Production and Use of Cool Season Food
Legumes. Kluwer, Dordrecht, pp 113–129

Winter P, Kahl G (1995) Molecular marker technologies for
plant improvement. World J Microbiol Biotechnol
11:438–448

Winter P, Benko-Iseppon AM, Hüttel B, Ratnaparkhe M, Tul-
lu A, Sonnante G, Pfaff T, Tekeoglu M, Santra D, Sant VJ,
Rajesh PN, Kahl G, Muehlbauer FJ (2000) A linkage map
of the chickpea (Cicer arietinum L.) genome based on
recombinant inbred lines from a C. arietinum�C. reticu-
latum cross: localization of resistance genes for fusarium
wilt races 4 and 5. Theor Appl Genet 101:1155–1163

Xu Y, Zhu L, Xiao J, Huang N, McCouch SR (1997) Chromo-
somal regions associated with segregation distortion of
molecular markers in F2, backcross, doubled haploid,
and recombinant inbred populations in rice (Oryza sati-
va L.). Mol Gen Genet 253:535–545

Yaish MWF, Sáenz de Miera LE, Pérez de la Vega M (2004)
Isolation of a family of resistance gene analogue se-
quences of the nucleotide binding site (NBS) type from
Lens species. Genome 47:650–659

Yau SK, Erskine W (2000) Diversity of boron-toxicity toler-
ance in lentil growth and yield. Genet Resource Crop
Evol 47:55–61

Young ND (1994) Constructing a plant genetic linkage map
with DNA markers. In: Phillips RL, Vasil IK (eds) DNA-
Based Markers in Plants. Kluwer, Dordrecht, pp 39–57

Young ND, Roe B, Town C (2004) Sequencing the gene space
of the model legume Medicago trunculata. In: Plant and
Animal Genome XII Conf, San Diego, USA: http://
www.medicago.org/genome/downloads/young_poster.pdf
(accessed 08/11/04)

Zamir D, Ladizinsky G (1984) Genetics of allozyme variants
and LGs in lentil. Euphytica 33:329–336

Závodná M, Kraic J, Paglia G, Gregova E, Morgante M
(2000) Differentiation between closely related lentil (Lens
culinaris Medik.) cultivars using DNA markers. Seed Sci
Technol 28:217–219

Zohary D (1972) The wild progenitor and the place of origin
of the cultivated lentil: Lens culinaris. Econ Bot 26:326–
332

108 R. Ford et al.: Chapter 5 Lentil




