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Abstract

The International Center for Agricultural Research in the Dry Areas (ICARDA) is participating in
a large-scale programme, Subprogram 1 of the Consultative Group on International Agricul-
tural Research (CGIAR) Generation Challenge Program, that aims to explore the genetic diver-
sity of the global germplasm collections held by the CGIAR research centres. This project will
identify a ‘composite collection” of germplasm for individual crops, representing the range of
diversity of each crop species and its wild relatives, and characterize each composite set using
anonymous molecular markers, mainly simple sequence repeats (SSRs). The overall goal of
this project is to study diversity across given genera and identify genes for resistance to
biotic and abiotic stresses that can be used in crop improvement programmes. ICARDA was
responsible for creating the composite collection for lentil. ICARDA has the global mandate
for lentil and houses the largest global collection of this crop with 10,509 accessions. From
this collection, a global composite collection of 1000 lentil accessions was established with
the aim to represent genetic diversity and the agro-climatological range of lentil. Accessions
for the composite collection were compiled from landraces, wild relatives, and elite germplasm
and cultivars. The methodology presented here combined classical hierarchical cluster ana-
lyses using agronomic traits and two-step cluster analyses using agro-climatological data
linked to the geographical coordinates of the accessions’ collection sites. Genotyping for 30
SSR loci will be carried out for all 1000 accessions. Plants grown for DNA analysis will be har-
vested and progeny will be evaluated under field conditions at ICARDA.
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Introduction

Lentil (Zens culinaris Medik.) is an important cool-season
crop and dietary mainstay in North Africa, West Asia and
the Indian Subcontinent (Erskine, 1996; Robertson and
Erskine, 1997). Although traditionally cultivated from the
Atlantic coastal regions of Spain and Morocco to South
Asia, cultivation has more recently extended into North
and South America (Sharma et al., 1995). It is an important
source of dietary protein (25%) in both human and animal
diets, second only to soybeans as a source of usable protein
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(Consultative Group on International Agricultural Research
(CGIAR), 2005). Lentil ranks seventh among grain legumes
and is grown on over 3.5 million hectares in over 48
countries with a total production of over 3 million metric
tons (Food and Agriculture Organization of the United
Nations (FAO), 2004). The major lentil-producing regions
are South Asia (58% of the area) and the West Asia—North
Africa region (37% of the hectarage of developing
countries).

Lentils originated in the Fertile Crescent of the Near
East and date back to the very beginning of agriculture
(Ladizinsky, 1979; Webb and Hawtin, 1981; Zohary and
Hopf, 1988; Harlan, 1995); archeological records place
domesticated lentil in Syria and Turkey as early as
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ca 8500 Bc (Cubero, 1981). The genus Lens comprises
seven taxa within four species (Ferguson et al., 2000)
including the cultivated type, Lens culinaris Medikus
subsp. culinaris. Cultivated lentil includes two varietal
types: small-seeded microsperma and large-seeded macro-
sperma (Barulina, 1930). L. culinaris subsp. culinaris is
grouped with its three putative wild progenitors, L. culinaris
Medikus subsp. orientalis (Boiss.) Ponert, L. culinaris Medi-
kus subsp. odemensis (Ladizinsky) Ferguson, Maxted, van
Slageren & Robertson, and L. culinaris subsp. tomentosus
(Ladizinsky) Ferguson, Maxted, van Slageren & Robertson.
The remaining wild species include L. nigricans (M.Bieb.)
Godron, L. ervoides (Brign.) Grande and L. lamottei Czefr.
All members of Lens are self-pollinating diploids
(2n = 2x = 14; Sharma et al., 1995). The haploid genome
size of the cultivated genome is 4063 Mbp (Arumuganathan
and Earle, 1991).

Lentil is a cool-season annual grain legume. The most
suitable conditions for lentil production include areas
with limited rainfall and drier growing season (Johnson
and Jimmerson, 2003). Average lentil yields tend to be
low due to vulnerability of local landraces to abiotic and
biotic stresses (Robertson and Erskine, 1997; A. Sarker, per-
sonal communication). Constraints to lentil production
include high temperature and low moisture in the spring
and cold temperatures in the winter. The major biotic stres-
ses include rust caused by Uromyces vicia-fabae (Pers.)
Schroet., vascular wilt caused by Fusarium oxysporum f.
sp. lentis Schlecht. and Aschochyta blight caused by Ascho-
chyta fabae Speg. f. sp. lentis (Robertson and Erskine,
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1997). Agronomic constraints include lodging and pod
dehiscence. Lentil improvement has stressed the use of
landraces which are adapted to specific growing environ-
ments and may provide useful genes for breeding stress-
tolerant varieties adapted to the varied target areas and
farming systems (Solh and Erskine, 1981; Valkoun et al.,
1995). Wild Lens species are also a potential source for
improvement of lentil for stress tolerance (Ferguson and
Robertson, 1999).

The International Center for Agricultural Research in
the Dry Areas (ICARDA) has a global mandate for
research on lentil improvement. As such, ICARDA
houses the world collection of Lens, totalling 10,509
accessions. The ICARDA lentil genetic resources collec-
tion includes 8789 accessions of landraces and cultivars
from 70 different countries representing 12 geographic
regions, 1146 ICARDA breeding lines and 574 accessions
of six wild Lens taxa representing 23 countries (Fig. 1.
The majority of the collection (53%) consists of acces-
sions from West Asia and North Africa, the centre of
origin and primary diversity (Zohary and Hopf, 1988;
Ferguson and Erskine, 2001), while South Asia represents
an additional 26%. Accessions in the collection were
obtained from ICARDA collection missions (46%),
59 donor institutions (44%) and ICARDA’s breeding
programme (11%).

In 2004, ICARDA began participation in a large-scale
programme that aims to explore the genetic diversity of
the global germplasm collections held by the CGIAR
research centres. Subprogram 1 of the CGIAR Generation

Fig. 1. Distribution of ICARDA lentil collection.
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Challenge Program (http://www.generationcp.org) will
identify a global composite collection of germplasm for
individual crops and characterize each set using anon-
ymous molecular markers, mainly simple sequence
repeat (SSR) markers. This will allow researchers to
study diversity across a given genus and identify genes
for resistance to biotic and abiotic stresses that can be
used in crop improvement programmes. The ‘composite
collection’ developed will be similar in size and structure
to the ‘core collection’ conceptualized by Frankel and
Brown (1984) and Brown (1989a, b). A core collection
is defined as a limited set of accessions derived from an
existing larger collection chosen to ensure representative
variation of the larger collection, and was suggested as a
means to utilize collections too large to evaluate effec-
tively. It was proposed that such a core collection
should contain approximately 10% of the accessions
found in the larger collection, which would allow for
approximately 80% of the total alleles represented
(Brown, 1989a). A number of different strategies for
selecting representatives of a core collection have been
put forward and may be adapted for the development
of Generation Challenge Program global composite col-
lections (Spagnoletti Zeuli and Qualset, 1993; Crossa
et al., 1995, Schoen and Brown, 1995; van Hintum,
1995, 1999; Yonezawa et al., 1995; Greene and Morris,
2001; Tai and Miller, 2001; Upadhyaya et al., 2001).

ICARDA was responsible for creating a global compo-
site germplasm collection of 1000 accessions of lentil
which will then be characterized utilizing microsatellite
(SSR) markers and evaluated under field conditions for
growth and morphological characters. The composite
collection developed here differs from the classical defi-
nition of a core collection in that it also includes
additional accessions chosen for containing specific ben-
eficial traits (i.e. resistances to biotic and abiotic stresses).
It also differs in that it is a representative sample to be uti-
lized for further analysis and not maintained as a singular
working collection while designating the remaining
accessions into an unutilized ‘reserve collection’. The
objective of this paper is to present the methodology
and results in the development of ICARDA’s global
composite collection of lentil as part of the Generation
Challenge Program SP1.

Materials and methods

A candidate set of lentil accessions was derived from the
global collection at ICARDA. The candidate accessions
were chosen by identifying material with sufficient seed
for distribution, evaluation data, and which are FAO
designated and thus property of the global community,
allowing for unrestricted distribution. The candidate set
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comprised a total of 7345 cultivated lentil accessions
from 65 different countries representing 12 geographic
regions, and included cultivated landraces, cultivars,
breeding materials, 45 accessions of unknown type and
238 wild Lens accessions from 12 different countries
(Table 1). The wild Lens accessions considered were lim-
ited to the three putative progenitor species, L. culinaris
subsp. orientalis, L. culinaris subsp. odemensis and
L. culinaris subsp. tomentosus.

Characterization and evaluation data were available for
all cultivated candidate accessions and were separated
into four separate data sets representing different evalu-
ation years. Within each of these sets, data were further
separated by geographic location/region, giving a total
of 50 data sets for analysis. These 50 data sets were
then subjected to hierarchical cluster analysis based on
12 phenological and agronomic characteristics (Table 2)
following Upadhyaya et al. (2001) using SPSS version
12.0.1. Approximately 10% of the accessions in each clus-
ter within a set were then selected randomly and
included in the ICARDA composite collection (Fig. 2).

In addition, to ensure that cultivated lentil’s full agro-cli-
matological range was represented, accessions were sub-
jected to a two-step cluster analysis using agro-
climatological data linked to the geographical coordinates
of the accessions’ collection sites (Table 3). Two hundred
clusters were produced, and one accession was selected
randomly from each cluster, unless a cluster was already
represented from the previous methodology (Table 4).
Researchers at ICARDA also included 64 accessions of
breeding material and landraces important to lentil
improvement for their resistances to biotic and abiotic
stresses.

Representatives from the three putative wild progeni-
tors were also included. A total of 238 accessions were
separated by species and by geographical origin within
species. A similar hierarchical cluster analysis was carried
out for phenological and morphological characters.
Approximately 5% of the accessions within a cluster
were randomly chosen. An additional 16 accessions
were chosen by researchers for their resistances to
biotic and abiotic stresses.

For each evaluation year, means, variances and ranges
of each trait were calculated for both the candidate and
chosen accessions of cultivated lentil using GenStat
version 7.2. Diversity analysis to calculate genotypic
coefficients of variation (GCV) for each of the 12 pheno-
logical and agronomic traits was carried out for each
year’s data of both the candidate and chosen accessions
as described by Empig et al. (1970) according to the
formula: GCV = ({/8%g)/x X 100, where 3°g is the
genotypic variance and x is the sample mean.

Genotypic variance was calculated by the formula
PV — EV, where PV is the phenotypic variance of all
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Table 1. Composition of candidate set and composite collection
Candidate set Composite collection

Region No. of countries  No. of accessions  No. of countries  No. of accessions
Africa 1 2 1 1
Arabian Penninsula 2 62 2 13
Asia 4 2172 4 224
Central Asia and the Caucasus 5 24 5 12
E. Europe 14 148 12 37
N. Africa 6 616 6 107
N. America 5 71 4 21
Oceania 1 1 0 0
Russia 1 75 1 14
S. America 6 363 5 34
W. Asia 10 2726 10 372
W. Europe 10 336 9 66
Unknown — 45 — 7
ICARDA breeding material - 704 - 64
Wild Lens 12 238 9 28
Total 65 7583 59 1000

accessions excluding check varieties and EV is the
environmental variance calculated as the variance of the
check variety. To determine the representativeness of
the chosen accessions from each data set, 95% and 99%
confidence intervals were calculated for means and
variances of each trait for each year using GenStat
Version 7.2. The chosen accessions are considered as
representative of the candidate accessions for a data set

Table 2.

if the mean and variance of a trait of the candidate acces-
sions fell within the respective confidence intervals of
that trait of the chosen accessions. Shannon Weaver Indi-
ces for morphological and qualitative traits (Table 2)
were also calculated for the candidate set and composite
collection using POPGENE version 1.32 (Yeh et al., 1997)
to provide a non-biased estimate of the amount of
variation maintained in the composite collection.

Quantitative and qualitative traits of lentil accessions at ICARDA

Trait Abbreviation

Description

Phenological and agronomic traits

Days to 50% flowering dflr
Days to maturity dmat
Plant height ptht
Height of first pod hlp
Number of pods per plant ppp
Number of seeds per pod spd
Biological yield byld
Seed yield syld
Straw yield styld
Harvest index hi
Number of seeds per plant spp
100-seed weight hsw
Morphological and qualitative traits
Leaflet size Ifs
Leaf pubescence Ifp
Tendril length tl
Flowers per peduncle fpi
Flower ground colour fgc
Lodging lod
Pod dehiscence pdh
Pod shedding pss

Number of days from planting to the stage when 50% of the
plants have begun to flower

Number of days from planting to the stage when 90% of the
plants have matured

Mean of five plants at pod-filling stage (in cm)

Mean height of first pod from ground level at harvest (in cm)

Mean number of pods from five plants at harvest

Mean number of 10 pods each from five plants at harvest

Biological yield in kg/ha

Seed yield in kg/ha

Straw yield in kg/ha

Harvest index as a percentage

Mean number of seeds from five plants at harvest

Weight of 100 seeds in g

Size of fully extended leaflet on lower flowering node (score)
Amount of leaf hairiness (score)

Length of tendril during pod-filling stage (score)

Number of flowers per peduncle (score)

Ground colour of standard petal (code)

Amount of lodging (score)

Amount of shattering 1 week after maturity (score)

Amount of pod loss 1 week after maturity (score)
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Fig. 2. Example cluster for North African accessions from
1980 evaluation year. Bold accessions were randomly cho-
sen for inclusion into the composite collection.

Results and discussion

A global composite collection of 1000 lentil accessions
was created at ICARDA consisting of landraces, wild
relatives, and elite germplasm and cultivars. The method-
ology presented here combined classical hierarchical
cluster analyses using agronomic traits and two-step
cluster analyses using agro-climatological data linked to
the geographical coordinates of the accessions’ collection
sites, ensuring that the resulting composite collection
contains representative genetic diversity and that the
agro-climatological range of the species is represented.
The composite collection represented the candidate set
of accessions both in distribution and type. The composite
collection consists of 972 cultivated lentil accessions

Bonnie J. Furman

representing 59 different countries from 11 different
regions (Table 1). In the candidate set, 2726 (37.1%) were
from West Asia, 2172 (29.6%) from Asia, 616 (8.4%) from
North Africa, 484 (6.6%) from Europe and 434 (5.9%)
from the Americas. In the composite collection, 372
(38.3%) were from West Asia, 224 (23%) from Asia, 107
(8.4%) from North Africa, 103 (10.6%) from Europe and
55(5.7%) from the Americas (Fig. 3). The candidate set con-
tained 6161 (81.1%) cultivated landrace accessions, 894
(11.8%) breeding lines, 93 (1.2%) cultivars, 207 (2.7%)
accessions of unknown origin and 238 (3.1%) wild
Lens accessions (Fig. 3). The composite collection
consists of 829 (82.9%) cultivated landrace accessions, 78
(7.8%) breeding lines, 25 (2.5%) cultivars and 41 (4.1%)
accessions of unknown status (Fig. 4). A total of 28 (2.8%)
wild Lens accessions representing nine countries were
also included.

Evaluation of the lentil candidate accessions was car-
ried out over 4 years during 1980, 1987, 1992 and 1997.
Each year’s data were thus used separately for hierarchi-
cal cluster analyses and calculation of means, variances
and GCV. Comparative data were not calculated for
those accessions chosen from agro-climatological data
or for those accessions chosen for their resistances to
biotic and abiotic stress, as evaluation data for these
groups were carried out over a number of vyears,
making comparison difficult. As a result, it is not possible
to assess the entire candidate and composite collections
for validation purposes. For individual evaluation years,
however, genetic variances, means, ranges and GCV
were similar or higher for all traits (Table 5). GCV was
only slightly lower for plant height, height of lowest
pod and 100-seed weight for the chosen accessions
from the 1980 composite accessions, and for height of
lowest pod for the 1987 composite accessions. Variation
ranges maintained in the composite accessions were
high for most traits (Table 5). The percentage of the
range maintained was higher than 80% for the majority

Table 3. Agro-climatological data linked to the geographical coordinates of accessions’ collection sites

Data type Abbreviation Description

Longitude lon_dd Longitude of collection site (decimal degrees)
Latitude lat_dd Latitude of collection site (decimal degrees)
Altitude alt_dem Altitude of collection site (m)

Monthly precipitation precyr Amount precipitation for each of 12 months (mm)
Monthly max. temperature tmaxyr Maximum temperature for each of 12 months (°C)
Monthly min. temperature tminyr Minimum temperature for each of 12 months (°C)
Monthly potential evapotranspiration Potential evapotranspiration for each of 12 months
Aridity index Aridity index for each of 12 months

Aridity class ariclass Aridity class (code)

Agro-climatic zone acz Agro-climatic zone linking to UNESCO-ACZ

Soil type

classification
FAO code of soil
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Fig. 3. Area represented by percentage of accessions represented in the ICARDA candidate and composite collections.

CWANA, Central and Western Asia and North Africa.

of the traits. These results suggest that a sufficient amount
of the variation found in the candidate set was main-
tained in the composite collection for phenological and
agronomic characters.

Representativeness of the chosen accessions was
estimated for phenological and agronomic characters
for each evaluation year (Table 6). The chosen accessions
are considered representative of the candidate
accessions if the means and variances of the candidate
accessions fall within the confidence intervals of the
means and variances of the chosen accessions. The
chosen accessions were representative for the majority
of traits for all evaluation years. Low representation was
noted for variance of four yield traits in 1980, two yield
traits in both 1992 and 1997, and two phenological

90.0 7

O candidate
B Ccomposite

80.0 1
70.0 1
60.0 1
50.0 1
40.0 1
30.0 1
20.0 1
10.0 1

traits in 1992. Low representation was only noted for
means of days to maturity in 1987 and harvest index in
1992. Shannon Weaver Indices were also calculated for
morphological characters as an unbiased estimate of
representativeness of the composite collection as the
selection of accessions was not based on morphological
diversity. Morphological characters are generally not
affected by environment and were thus calculated for
all years combined. Shannon Weaver Indices for the can-
didate set and composite collection were similar or
higher for all traits (Table 7).

The hierarchical cluster analysis ensured that an
acceptable level of variation found in the candidate set
is maintained in the composite collection for those acces-
sions chosen by this method. In addition, accessions

0.0

Landrace Breeding material

Cultivars

Unknown Wild species

Fig. 4. Type represented by percentage of accessions represented in the ICARDA candidate and composite collections.
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from a total of 200 agro-climatological clusters were
represented in the composite collection (127 accessions
already included from the hierarchical cluster procedure
and an additional 73 accessions, representing 73 clusters,
not previously included). Although the amount of vari-
ation maintained cannot be calculated for these accessions,
landrace materials are adapted to micro-environments
(Solh and Erskine, 1981; Valkoun et al., 1995) and would
thus suggest that additional variation would result from
their inclusion into the composite collection.

Researchers at ICARDA suggested inclusion of 64
accessions of landraces, released cultivars and breeding
materials for their resistances to a number of stresses
affecting lentil production. These materials include
resistance to high temperatures (Summerfield et al.,
1985), drought (Hamdi et al., 1992; Silim et al., 1993a,
b; Hamdi and Erskine, 1996), boron deficiency (Yau
and Erskine, 2000), lodging (Erskine and Goodrich,
1991; Ibrahim et al., 1993), rust (Robertson et al.,
1996), fusarium wilt (Robertson ef al., 1996; Bayaa
et al., 1997), downy mildew (Abou-Zeid et al., 1995)
and Ascochyta blight (Robertson et al., 1996). A
number of these accessions possessed multiple resist-
ances (Robertson et al., 1996). An additional 18 wild
Lens accessions included in the composite collection
contained resistance to drought (Hamdi and Erskine,
1996), cold (Hamdi et al., 1996; Robertson et al.,
1996), wilt (Bayaa et al., 1995) and Ascochyta blight
(Bayaa et al., 1994; Robertson et al., 1996). The
inclusion of these materials should further ensure that
important alleles will be available for Generation
Challenge Program researchers in their efforts to mine
valuable genes for crop improvement.

The global composite collection of lentil developed at
ICARDA should provide ample diversity to realize the
ultimate goal of the Generation Challenge Program.
This collection has been planted for DNA extraction
and analysis of microsatellite diversity will be completed
for 30 SSR markers (Hamwieh et al., 2005). Integral to this
procedure will be future phenotypic characterization.
Plants grown for DNA analysis will be harvested and pro-
geny will be evaluated under field conditions at ICARDA.
The information gathered will allow for the selection of a
‘reference sample’ for advanced characterization. Ulti-
mately, these procedures will hopefully lead to the identi-
fication of important traits and the genes that control
them. Methodologies for allele mining might include
the use of tilling and ecotilling to identify allelic variants
of candidate genes associated with beneficial traits.
Scientists will utilize these materials for functional and
comparative genomics, molecular mapping, gene cloning
and applied plant breeding, providing the best means to
incorporate these traits into plants and into farmers’
fields.
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Methodology to establish a composite collection

Table 6.
details of traits)

Representativeness of composite collection based on confidence intervals (see Table 2 for

1980 1992 1997
Trait Mean Variance Mean Variance Mean Variance Mean Variance
dflr ++ ++ ++ ++ + - ++ ++
dmat  ++ -+ - ++ + - ++ -
ptht + ++ ++ ++ + + ++ +
hlp ++ ++ + ++ ++ - ++ +
ppp nd nd nd nd ++ - ++ ++
spd ++ ++ ++ ++ ++ ++ ++ ++
byld + - ++ ++ ++ + ++ ++
syld ++ - ++ ++ ++ ++ ++ ++
styld + - ++ ++ ++ - ++ ++
hi ++ - ++ ++ - - ++ -
spp nd nd nd nd ++ ++ ++ -
hsw ++ ++ ++ ++ ++ ++ ++ ++

+, Representative at 0.99; ++, representative at 0.95; nd, no data.

Table 7. Shannon Weaver Indices (I') for morphological and qualitative traits of candidate set and composite collec-
tion (see Table 2 for details of traits)
Trait Ifs Ifp tl fgc lod pdh pss I
Candidate collection

n 3042 3042 3042 996 1368 3042 2599 2599 2488

I 1.03 0.82 0.41 1.23 1.19 1.27 1.31 0.90
Composite collection

n 368 368 368 164 204 368 331 331 314

I 1.06 0.85 0.38 1.25 1.20 1.33 1.32 1.03

I, mean index over all traits.
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