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Abstract
Grasspea (Lathyrus sativus L.) is an annual, herbaceous, drought-resistant legume and staple

crop in Asian and African countries. Little is known about the nature and the amount of genetic

diversity present in existing grasspea seed collections, yet this information is pivotal for future

breeding programmes, such as those striving to reduce high neurotoxin levels present in seeds.

Here we report on the level of genetic diversity within a world-wide collection of L. sativus,

determined by isozymatic analysis. Although grasspea is generally considered a predominantly

self-pollinating species, we found that the population genetic structure of these accessions

showed a considerable outcrossing rate of 36%. The identification of a mixed mating system

in L. sativus has significant implications for collecting and multiplying genetic resources for

conservation and for future breeding purposes. In addition, we determined the genetic close-

ness of grasspea accessions from different geographical regions around the world. While we

noticed an allelic richness in this species that was conserved across the regions, we did not

find any evidence of high genetic identity between accessions, even when originating from

the same geographical location. Instead, we found that greater genetic variability existed at

the intra-regional level than at the inter-regional level.

Keywords: Genetic resources; genetic variability; grasspea; isozymes; Lathyrus sativus; mating system

Introduction

Grasspea or Lathyrus sativus L. (also referred to as vetch-

ling, khesari or chickling vetch) is an annual, herbaceous

legume of the family Fabaceae. L. sativus has been tra-

ditionally considered a cultivated form of its genetically

closest wild species, L. cicera (Hopf, 1986). The principal

centre for the domestication of L. sativus is thought to

have been the Balkan Peninsula, due to the Near East

agricultural expansion into the Mediterranean basin and

from there throughout the world (Kislev, 1989). Cur-

rently, grasspea is widely grown as a winter season

crop in several South-East Asian countries (India, Bangla-

desh, Pakistan and Nepal) and East African countries

(Egypt, Somalia, Sudan and Ethiopia), where it is culti-

vated for livestock and human consumption (Zohary

and Hopf, 1988). Grasspea is an attractive crop in these

countries because of its tolerance to both drought and

excessive rainfall (McCutchan, 2003). This is mainly due

to its very robust and penetrating root system, which

allows cultivation on a variety of soil types, ranging

from very poor soils to heavy clays. The robust

growth of grasspea, together with its ability to fix atmos-

pheric nitrogen, makes this species highly suitable for
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cultivation under very adverse climatic and agronomical

conditions (Campbell, 1997).

One of the major disadvantages of the cultivation of

this species is that its excessive consumption causes

lathyrism, a neurodegenerative disorder attributed to

the presence of a glutamate analogue neurotoxin in the

seeds (Getahun et al., 2003). The presence of neurotoxin

in grasspea seeds could be reduced or eliminated

through breeding programmes. A vital component of all

breeding programmes is the awareness of the genetic

diversity and of genetic resources for any given species.

Marker-mediated characterization of germplasms can

reveal variations in accessions. This not only helps germ-

plasm managers, but also provides useful information

that can be used to enhance the efficiency of a breeding

programme (Farooq and Azam, 2002).

The utilization of different geneticmarkers in population

genetic studies has been essential to undertake germplasm

collection for ex situ conservation and to identify geo-

graphic areas with high genetic diversity for in situ conser-

vation (Bekele, 1983; Abebe and Bjørnstad, 1996; Seifu,

1997). Unfortunately, the absence of a definitive corre-

lation between different types of markers in previous

works (Yunus et al., 1991; Tadesse and Bekele, 2001,

2003) suggests that there is no one suitable marker for gen-

etic diversity studies. Isozymatic analysis by gel electro-

phoresis has been demonstrated to be a valuable tool as a

genetic marker to estimate genetic diversity, and to analyse

evolutionary patterns in natural populations. This is mainly

because of their variability, codominant expression and

absence of epistatic interactions (Brown and Weir, 1983).

Furthermore, associations between isozymatic genotypes

and environmental factors have been detected (Allard

et al., 1993; Pérez de la Vega et al., 1994), as well as those

between agronomic traits and isozymatic patterns (Singh,

2001; Singh et al., 1991).

Grasspea has been traditionally considered a predo-

minantly self-pollinating species (Campbell, 1997). As

a consequence, most studies on genetic diversity in

this species using a range of morphological (De la

Rosa and Martı́n, 2001), isozymatic (Przybylska et al.,

1998; Chowdhury and Slinkard, 2000) or molecular

markers (Croft et al., 1999), have only been conducted

on very small sample sizes. It is however worth noting

that cross-pollination by insects has also been reported

in grasspea (Rahman et al., 1995). Therefore the genetic

diversity estimates for this species may be somewhat

underestimated.

We therefore undertook a necessary study to under-

stand better the nature and the extent of genetic diversity

present in existing grasspea seed collections. Using isozy-

matic markers, we report here on the high levels of gen-

etic diversity identified in a world-wide collection of

Lathyrus sativus. From our findings, it can be deduced

that: (i) the seed collections we have examined show a

high genetic variability randomly distributed over all geo-

graphical regions; (ii) this high level might be related to

the substantial levels of cross-pollination detected; and

(iii) from this estimated genetic variability, there is no evi-

dence that very high genetic identity exists between

accessions.

Material and methods

Plant material

A total of 2987 individuals belonging to 110 differentworld-

wide samples of grasspea L. sativus L. (2n ¼ 2x ¼ 14)

were analysed. Accessionswere kindly supplied by several

germplasm banks and botanical gardens (listed in

Table 1). For each accession, crude extracts from

cataphyls of 20-day-old germinated seeds (average

number of 27 seeds per accession) were analysed for

nine isozymatic systems (14 loci), as described previously

(Gutiérrez et al., 2001).

Electrophoretical procedures

Horizontal starch gel electrophoresis was performed for

nine different isozymatic systems: aspartate amino trans-

ferase (AAT, EC 2.6.1.1), phosphoglucose isomerase

(PGI, EC 5.3.1.9), phosphoglucose mutase (PGM, EC

2.7.5.1), peroxidase (PRX, EC 1.11.1.7), leucin aminopep-

tidase (LAP, EC 3.4.11.1), malate dehydrogenase (MDH,

EC 1.1.1.37), esterase (EST, EC 3.1.1.–), alkaline phos-

phatase (ALP, EC 3.1.3.2) and 6-phosphogluconic dehy-

drogenase (PGD, EC 1.1.1.44). Electrophoretic and

staining procedures were carried out following the

methods previously described for these enzymes (Gutiér-

rez and Vences, 1992; Gutiérrez et al., 1994, 2001).

Genotypes of the isozymes were determined genetically

by segregation analysis (Gutiérrez and Vences, 1992;

Gutiérrez et al., 2001).

Statistical procedures

From the scored genotypes of the 2987 individuals ana-

lysed, the Garret software program (L. E. Sáenz

de Miera, unpublished) was used to calculate the follow-

ing genetic diversity parameters: the observed

number of alleles for each locus (A); the average

number of alleles per locus (A/L) for each accession;

the effective number of alleles per locus (ne ¼ 1=Sx2
i ;

where x2
i is the the frequency of the ith allele in each
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Table 1. Geographical origin of the 110 grasspea accessions, and different variability indices at both accession and regional
levels

Accession no. Name Origina A/L ne HI HS %P FIS

Africa
PI283570 Africa-Al Algeria (8) 1.9 1.3 0.112 0.178 57.14 0.371
PI283546 Africa-Eg Egypt (8) 1.7 1.3 0.093 0.162 57.14 0.426
PI19381 Africa-Et1 Ethiopia (8) 2.1 1.3 0.074 0.172 71.43 0.570
PI193814 Africa-Et2 Ethiopia (8) 1.9 1.4 0.093 0.170 64.29 0.453
PI193815 Africa-Et3 Ethiopia (8) 1.9 1.5 0.119 0.276 71.43 0.569
PI193816 Africa-Et4 Ethiopia (8) 1.9 1.3 0.061 0.164 71.43 0.628
PI195998 Africa-Et5 Ethiopia (8) 2.4 1.5 0.123 0.259 92.86 0.525
PI195999 Africa-Et6 Ethiopia (8) 2.0 1.5 0.168 0.243 71.43 0.309
PI283569 Africa-Li LIberianPya (8) 1.9 1.4 0.118 0.203 50.00 0.419
MG100291 Africa-Mor1 Morocco (5) 1.9 1.5 0.114 0.244 71.43 0.533
PI283560 Africa-Mor2 Morocco (8) 2.0 1.4 0.074 0.206 71.43 0.641
PI283564 Africa-Sud Sudan (8) 2.1 1.4 0.148 0.228 71.43 0.351
LSLAT45473Africa-Tun Tunisia (3) 1.9 1.4 0.143 0.212 64.29 0.325
S2 S Africa-Tun Tunisia (1) 1.9 1.4 0.059 0.230 71.43 0.743
S84 92 Africa-Tun Tunisia (1) 1.3 1.1 0.011 0.061 21.43 0.820
Average 1.9 1.4 0.104 0.201 65.24 0.512
Pool 3.8 1.8 0.104 0.378b 100.00

Anatolian P.
S34 85 AnatolianP-Az Azerbaijan (1) 1.7 1.3 0.114 0.188 50.00 0.394
S32 85 AnatolianP-Geo Georgia (1) 1.6 1.4 0.105 0.207 42.86 0.493
S97 83 AnatolianP-Tur1 Turkey (1) 1.5 1.3 0.091 0.145 35.71 0.372
TR12621 AnatolianP-Tur2 Turkey (7) 1.9 1.5 0.121 0.258 64.29 0.531
TR15373 AnatolianP-Tur3 Turkey (7) 1.6 1.4 0.091 0.213 57.14 0.573
TR39180 AnatolianP-Tur4 Turkey (7) 1.9 1.4 0.079 0.213 71.43 0.629
TR47649 AnatolianP-Tur5 Turkey (7) 2.4 1.5 0.152 0.258 78.57 0.411
Average 1.8 1.4 0.106 0.207 57.10 0.481
Pool 3.4 1.9 0.106 0.374b 92.86

Asia–Russia
LSLAT46578Asia-Russia01 Russia (3) 1.8 1.4 0.083 0.214 57.14 0.612
PI283551 Asia-Russia02 Russia (8) 2.4 1.6 0.155 0.312 85.71 0.503
PI283552 Asia-Russia03 Russia (8) 1.6 1.4 0.071 0.213 42.86 0.667
PI422522 Asia-Russia04 Russia (8) 1.4 1.1 0.051 0.075 28.57 0.320
PI422531 Asia-Russia05 Russia (8) 1.9 1.5 0.097 0.240 57.14 0.596
S28 87 Asia-Russia06 Russia (1) 1.4 1.3 0.127 0.148 35.71 0.142
S33 85 Asia-Russia07 Russia (1) 1.7 1.5 0.121 0.219 50.00 0.447
S35 85 Asia-Russia08 Russia (1) 1.5 1.2 0.050 0.133 42.86 0.624
S36 85 Asia-Russia09 Russia (1) 1.5 1.3 0.133 0.179 42.86 0.257
S37 85 Asia-Russia10 Russia (1) 1.4 1.3 0.121 0.187 42.86 0.353
S39 85 Asia-Russia11 Russia (1) 1.3 1.2 0.048 0.119 28.57 0.597
Average 1.6 1.3 0.098 0.181 46.80 0.469
Pool 3.2 1.7 0.098 0.375b 100.00

South-East Asia
PI212312 SEAsia-Af1 Afghanistan (8) 1.8 1.5 0.106 0.254 57.14 0.583
PI219923 SEAsia-Af2 Afghanistan (8) 1.7 1.5 0.087 0.233 50.00 0.627
PI317439 SEAsia-Af3 Afghanistan (8) 1.6 1.3 0.087 0.190 57.14 0.542
PI317441 SEAsia-Af4 Afghanistan (8) 1.5 1.2 0.071 0.150 42.86 0.527
LSLAT44079SEAsia-Ind1 India (3) 1.6 1.4 0.075 0.210 57.14 0.643
PI163293 SEAsia-Ind2 India (8) 1.9 1.3 0.089 0.160 57.14 0.444
PI391430 SEAsia-Ind3 India (8) 1.3 1.1 0.019 0.043 21.43 0.558
PI391431 SEAsia-Ind4 India (8) 1.7 1.4 0.076 0.193 42.86 0.606
PI442801 SEAsia-Ind5 India (8) 1.6 1.3 0.067 0.164 50.00 0.591
PI227450 SEAsia-Ir1 Iran (8) 2.4 1.6 0.097 0.262 64.29 0.630
PI251413 SEAsia-Ir2 Iran (8) 1.4 1.2 0.071 0.114 35.71 0.377
PI218082 SEAsia-Pak Pakistan (8) 1.4 1.1 0.009 0.043 28.57 0.791
Average 1.7 1.3 0.071 0.165 47.00 0.568
Pool 3.2 1.7 0.071 0.318b 85.71
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Table 1. Continued

Accession no. Name Origina A/L ne HI HS %P FIS

Cyprus
MG112390 Cyprus01 Cyprus (5) 2.4 1.5 0.111 0.244 85.71 0.545
MG112398 Cyprus02 Cyprus (5) 2.3 1.5 0.140 0.250 85.71 0.440
MG112403 Cyprus03 Cyprus (5) 2.1 1.4 0.092 0.242 71.43 0.620
MG112406 Cyprus04 Cyprus (5) 3.0 1.6 0.144 0.327 100.00 0.560
MG112408 Cyprus05 Cyprus (5) 1.9 1.3 0.132 0.208 64.29 0.365
MG112410 Cyprus06 Cyprus (5) 2.0 1.5 0.138 0.265 78.57 0.479
MG112411 Cyprus07 Cyprus (5) 2.1 1.5 0.157 0.273 71.43 0.425
MG112412 Cyprus08 Cyprus (5) 2.2 1.4 0.146 0.226 78.57 0.354
MG112414 Cyprus09 Cyprus (5) 2.4 1.6 0.208 0.297 92.86 0.300
MG112416 Cyprus10 Cyprus (5) 2.3 1.6 0.137 0.262 78.57 0.477
MG112417 Cyprus11 Cyprus (5) 2.7 1.6 0.184 0.276 92.86 0.333
MG112418 Cyprus12 Cyprus (5) 2.4 1.6 0.141 0.296 85.71 0.524
MG112419 Cyprus13 Cyprus (5) 2.1 1.4 0.124 0.205 78.57 0.395
Average 2.3 1.5 0.142 0.255 81.80 0.441
Pool 3.9 1.6 0.142 0.308b 100.00

Northern Europe
S2 87 NEurope-Bel Belgium (1) 1.1 1.1 0.105 0.072 14.29 20.458
PI283588 NEurope-Czech1 Czech Rep. (8) 2.0 1.3 0.083 0.189 57.14 0.561
LSLAT48777NEurope-Czech2 Czech Rep. (3) 1.9 1.4 0.092 0.211 57.14 0.564
S72 83 NEurope-Czech3 Czech Rep. (1) 1.4 1.2 0.029 0.138 35.71 0.790
S88 83 NEurope-Czech4 Czech Rep. (1) 1.6 1.4 0.071 0.177 42.86 0.599
MG100292 NEurope-Fr France (5) 1.9 1.5 0.167 0.246 57.14 0.321
S101 83 NEurope-Fr1 France (1) 1.8 1.4 0.114 0.207 50.00 0.449
S3 85 NEurope-Fr2 France (1) 1.5 1.3 0.153 0.146 35.71 20.048
DRF 02 NEurope-Ger1 Germany (2) 2.0 1.6 0.168 0.280 71.43 0.400
LSLAT44473NEurope-Ger2 Germany (3) 2.0 1.4 0.101 0.195 57.14 0.482
PI209789 NEurope-Ger3 Germany (8) 1.6 1.4 0.124 0.183 50.00 0.322
PI283595 NEurope-Pol1 Poland (8) 1.9 1.4 0.103 0.200 57.14 0.485
PL 114661 NEurope-Pol2 Poland (8) 2.3 1.7 0.176 0.330 71.43 0.467
PL114613 NEurope-Pol3 Poland (8) 2.1 1.5 0.131 0.249 64.29 0.474
PL114668 NEurope-Pol4 Poland (8) 1.7 1.3 0.086 0.159 50.00 0.459
Average 1.8 1.4 0.116 0.195 51.40 0.416
Pool 3.9 1.9 0.116 0.388b 100.00

Iberian Peninsula
LSLAT45675IberianP-Por Portugal (3) 1.9 1.5 0.158 0.252 57.14 0.373
BG13223 IberianP-Sp01 Spain (6) 1.6 1.3 0.067 0.173 42.86 0.613
BG13261 IberianP-Sp02 Spain (6) 2.3 1.6 0.145 0.292 71.43 0.503
BG1487 IberianP-Sp03 Spain (6) 2.2 1.5 0.117 0.233 71.43 0.498
BG2259 IberianP-Sp04 Spain (6) 2.2 1.4 0.158 0.242 78.57 0.347
BG3712 IberianP-Sp05 Spain (6) 1.9 1.4 0.104 0.230 64.29 0.548
BG4211 IberianP-Sp06 Spain (6) 2.2 1.5 0.129 0.265 71.43 0.513
BG4212 IberianP-Sp07 Spain (6) 2.3 1.5 0.161 0.253 85.71 0.364
BG4216 IberianP-Sp08 Spain (6) 1.9 1.4 0.113 0.244 71.43 0.537
BG4217 IberianP-Sp09 Spain (6) 2.3 1.6 0.104 0.322 78.57 0.677
BG4218 IberianP-Sp10 Spain (6) 1.9 1.4 0.140 0.217 57.14 0.355
Average 2.1 1.5 0.126 0.248 68.18 0.484
Pool 3.3 1.6 0.126 0.319b 100.00

Italian Peninsula
MG100955 ItalianP01 Italy (5) 1.9 1.5 0.159 0.228 64.29 0.303
MG110263 ItalianP02 Italy (5) 2.1 1.5 0.093 0.288 71.43 0.677
MG110434 ItalianP03 Italy (5) 1.6 1.4 0.121 0.184 50.00 0.342
MG110435 ItalianP04 Italy (5) 1.7 1.4 0.143 0.196 57.14 0.270
MG110492 ItalianP05 Italy (5) 1.9 1.5 0.097 0.225 71.43 0.569
MG110955 ItalianP06 Italy (5) 1.6 1.4 0.113 0.191 35.71 0.408
MG110956 ItalianP07 Italy (5) 1.8 1.4 0.115 0.196 57.14 0.413
MG110957 ItalianP08 Italy (5) 2.3 1.4 0.183 0.215 78.57 0.149
MG111983 ItalianP09 Italy (5) 1.6 1.4 0.124 0.206 50.00 0.398
MG111985 ItalianP10 Italy (5) 2.4 1.4 0.090 0.241 71.43 0.627
MG112251 ItalianP11 Italy (5) 1.9 1.5 0.162 0.279 64.29 0.419

José Francisco Gutiérrez-Marcos et al.162

https://doi.org/10.1079/PGR2006115 Published online by Cambridge University Press

https://doi.org/10.1079/PGR2006115


locus); and the percentage of polymorphic loci at 0.99

level (Nei, 1975).

In addition, Nei’s (1973) genetic diversity statistics (HT,

HS, DST, GST) were calculated. HS (expected intra-popu-

lation gene diversity) represents the average expected

number of heterozygous individuals under Hardy–Wein-

berg equilibrium in each subpopulation. HT (expected

gene diversity for the entire population) refers to the

expected number of heterozygous individuals under

Hardy–Weinberg equilibrium when all individuals

are taken as belonging to a single population (non-

subdivided population). Finally, DST (expected inter-

population gene diversity) was calculated from

DST ¼ HT 2 HS : The relative magnitude of the gene

differentiation among subpopulations was subsequently

measured as GST ¼ DST =HT :

Also, deviations of genotype frequencies in a subdi-

vided population were measured by Wright’s (1951)

F-statistics (FIS, FST and FIT) or fixation indices, which esti-

mate the deviation between the number of heterozygotes

observed and the expected under Hardy–Weinberg equi-

librium at three different levels. For a given locus, if the

observed heterozygosity proportion of heterozygous

individuals is HI, then FIS is defined as FIS ¼ ðHS 2

HI Þ=HS ; and measures the degree of genetic

differentiation within subpopulations; FST is calculated as

FST ¼ ðHT 2 HSÞ=HT ; which measures the genetic

differentiation between subpopulations; FIT, which rep-

resents the genetic differentiation within a population

can be calculated as FIT ¼ ðHT 2 HI Þ=HT : The outcross-

ing rate t (t ¼ (1 2 FIS)/(1 þ FIS)) (Wright, 1951) and the

number of migrants Nm ðNm ¼ 0:25ð12 FST Þ=FST Þ (Slat-

kin, 1987) were also calculated.

Nei’s genetic identity (I) and distance (D ¼ 2 lnI) indi-

ces (Nei, 1973) between accessions pairs were

calculated from their allelic frequencies. A genetic dis-

tance matrix was then used to elaborate a dendrogram

by the unweighted pair-group method of arithmetical

means (UPGMA) algorithm (Sneath and Sokal, 1973)

using the MEGA version 3.0 software program (Kumar

et al., 2004).

Finally, the TFPGA 1.3 sofware program (Miller, 1997)

was used to determine Nei’s genetic identity (I) and dis-

tance (D) at the regional level. A loci bootstrap procedure

was then carried out using 1000 replicates to confirm the

topology of the dendrogram.

Table 1. Continued

Accession no. Name Origina A/L ne HI HS %P FIS

MG113089 ItalianP12 Italy (5) 1.9 1.6 0.187 0.292 78.57 0.360
MG113090 ItalianP13 Italy (5) 2.1 1.4 0.095 0.236 71.43 0.597
Average 1.9 1.4 0.125 0.225 63.20 0.438
Pool 3.1 1.6 0.125 0.306b 92.86

Ukraine
S38 85 Ukraine-Ukr1 Ukraine (1) 1.6 1.4 0.095 0.210 50.00 0.548
S41 85 Ukraine-Ukr2 Ukraine (1) 1.3 1.2 0.050 0.107 21.43 0.533
LSLAT45277Ukraine-Bul1 Bulgaria (3) 1.6 1.2 0.079 0.132 35.71 0.402
LSLAT41982Ukraine-Bul2 Bulgaria (3) 2.1 1.5 0.104 0.242 71.43 0.570
HU030191 Ukraine-Hun1 Hungary (4) 1.9 1.3 0.092 0.164 64.29 0.439
HU040191 Ukraine-Hun2 Hungary (4) 2.0 1.3 0.127 0.198 71.43 0.359
HU050191 Ukraine-Hun3 Hungary (4) 1.6 1.3 0.071 0.154 35.71 0.539
HU060191 Ukraine-Hun4 Hungary (4) 1.7 1.3 0.067 0.170 50.00 0.606
LS118229 Ukraine-Hun5 Hungary (3) 1.9 1.4 0.104 0.217 57.14 0.521
LSLAT46179Ukraine-Hun6 Hungary (3) 1.9 1.4 0.106 0.228 71.43 0.535
PI255368 Ukraine-Ser Serbia (8) 1.5 1.3 0.093 0.163 50.00 0.429
LSLAT43580Ukraine-Rus1 Ukraine (3) 2.1 1.5 0.109 0.268 78.57 0.593
S42 85 Ukraine-Rus2 Ukraine (1) 1.6 1.2 0.043 0.120 42.86 0.642
Average 1.8 1.3 0.088 0.175 53.90 0.511
Pool 3.4 1.7 0.088 0.334b 92.86

Mean per accession (mean of averages) 1.9 1.4 0.108 0.205 59.40 0.480
Mean per region (mean of pools) 3.5 1.7 0.108 0.344 96.03
Pool of all accessions 5.2 1.8 0.110 0.380 100.00

A/L, number of alleles per locus; ne, effective number of alleles; HI, observed heterozygosity; HS, expected heterozyg-
osity; P, percentage of polymorphic loci at 0.99 level (Nei, 1975); FIS, genetic differentiation.
a 1, Universite de Pau et Pais L’adour, Pau, France; 2, Institut für Nutzpflanzenforschung, Berlin, Germany; 3, Zentralinstitut
für Genetik und Kulturpflazenforschung, Gatersleben, Germany; 4, Hungarian Plant Genetic Resources, Tapioszele,
Hungary; 5, National Research Council Germplasm Institute, Bari, Italy; 6, Banco de Germoplasma INIA, Alcala de
Henares, Spain; 7, Plant Genetic Resources Institute, Izmir, Turkey; 8, Western Regional Plant Introduction Station, USDA-
ARS, Pullman, WA, USA.
bHS pool value ¼ HT(R) value in Table 2.
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Results

Genetic diversity in Lathyrus sativus

To facilitate analysis of the data generated in this study,

the 110 accessions were categorized into nine groups

based on their geographical location. These regions com-

prised Africa, Anatolian Peninsula (Anatolian P.), Asia–

Russia, South-East Asia (SE Asia), Cyprus, Northern

Europe, Iberian Peninsula (Iberian P.), Italian Peninsula

(Italian P.) and Ukraine (Table 1).

We found an elevated number of polymorphisms for

all isozymes analysed in all accessions, revealing a signifi-

cant number of alleles present in each accession and

each region (Table 1). The average number of alleles

per locus (A/L) ranged from 1.6 (Asia–Russia) to 2.3

(Cyprus), and the effective number of alleles (ne) was

greater than 1.0 for most loci. We also found the percen-

tage of polymorphic loci (P) to be 100 in five of the

regions, while SE Asia possessed the lowest value of

less than 90 (Table 1).

Seven isozymatic alleles were specific to three geo-

graphical regions (i.e. three in African accessions, three

in Cypriot accessions and one in Northern European

accessions), whereas the other six regions characteristi-

cally showed common alleles, some of which were

more abundant (see Tables A1 and A2 in the Appendix).

We then calculated the observed heterozygosity (HI)

and the expected heterozygosity (HS and HT) values

(Nei, 1973) for each accession, region and for all the

regions pooled in a single group (Tables 1 and 2). From

these data we were able to calculate the inter-population

variability for each region (DST(R)), for the nine regions

(DS(R)T) and for the pooled 110 accessions (DST), respect-

ively. To dissect the genetic structure of the subdivided

populations, we then calculated the genetic differentiation

(GST < FST) and the Wright’s F-statistics (FIS and FIT fix-

ation index) at the same hierarchical levels (Table 2).

For all calculations, the expected heterozygosity was

higher than the observed heterozygosity. Similar results

were obtained for each of the individual accessions,

although only two accessions belonging to Northern

Europe showed a HI value higher than HS (see Table 1).

With the exception of Asia–Russia, the intra-population

(HS) component of the variability was always higher

than the inter-population component (DST(R)) at the

regional level (DST(R)/HS) (Table 2). This result was also

observed when the 110 accessions were either not

grouped (DST), or when the accessions belonging to a par-

ticular region were counted as a single population (DS(R)T,

pool-regions). The average genetic differentiation (GST(R))

between accessions for each region (i.e. intra-region aver-

age gene differentiation) was 39.8%; slightly lower than

the 46.1% that was calculated for samples when they

were not grouped (intra-population level, GST). These

data indicate that the intra-population variability contrib-

utes around 53.9% of the total variability found within

the 110 accessions studied. Further, the calculated GS(R)T

for pooled regions was 0.094, indicating that the genetic

variability within regions accounts for 90.6% of the total

estimated variability.

Because the unusual occurrence of out-crossing has

been reported in L. sativus (Rahman et al., 1995), we

decided to also calculate the rate of outcrossing for all

Table 2. Genetic diversity (Nei, 1975) and genetic variability (Wright, 1951) values for each geographical region

n HI HS HT(R) DST(R) DST ðRÞ=HS GST(R) F IS FIT(R) t

Africa 15 0.104 0.201 0.378 0.181 0.919 0.479 0.512 0.735 0.399
Anatolian P. 7 0.106 0.207 0.374 0.167 0.807 0.447 0.481 0.711 0.350
Asia–Russia 11 0.098 0.181 0.375 0.194 1.068 0.516 0.469 0.739 0.361
SE Asia 12 0.071 0.165 0.318 0.153 0.928 0.481 0.568 0.777 0.276
Cyprus 13 0.142 0.255 0.308 0.053 0.209 0.173 0.441 0.540 0.388
Northern Europe 15 0.116 0.195 0.388 0.194 0.995 0.499 0.416 0.708 0.412
Iberian P. 13 0.126 0.248 0.319 0.076 0.312 0.238 0.484 0.606 0.352
Italian P. 13 0.125 0.225 0.306 0.081 0.358 0.264 0.438 0.586 0.391
Ukraine 13 0.088 0.175 0.334 0.155 0.865 0.464 0.511 0.733 0.324
Average 0.108 0.205 0.344 0.140 0.723 0.398 0.480 0.683 0.361

HIðRÞ HSðRÞ HT DS(R)T DST ðRÞT=HSðRÞ GS(R)T F IðRÞSðRÞ FI(R)T
Pool-regions 9 0.108 0.344 0.380 0.036 0.104 0.094 0.685 0.717

HI total HS total HT DST DST=HS GST F IS total FIT
Total (samples) 110 0.110 0.205 0.380 0.176 0.856 0.461 0.472 0.714

n, number of subpopulations in each hierarchical level; HI, average observed heterozygosity; HS , average expected hetero-
zygosity (intra-population diversity); HT, expected heterozygosity; DST, inter-population diversity; GST < FST ¼ DST=HT ;
differentiation among subpopulations; FIS , genetic differentiation within subpopulations; FIT, total genetic differentiation.

(R), parameters calculated at the regional level.
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110 accessions based on the inbreeding coefficient (FIS).

We found that the outcrossing rate (t-value) ranged

from 27.6% (SE Asia) to 41.2% (Northern Europe)

(Table 2).

Genetic similarity between Lathyrus sativus
accessions

Taking into account the 14 polymorphic loci analysed,

we calculated the Nei’s genetic identity (I) for each pair

of accessions and arranged the data into a Nei’s genetic

identity matrix (110 £ 110 matrix, data not shown). The

average genetic identity between accessions was 0.778

(SD ¼ 0.099) with a maximum of 0.991 and a minimum

of 0.417. We then carried out a cluster analysis using

the UPGMA algorithm to generate a dendrogram that dis-

played the genetic distances (D) between accessions. We

found that, with the exception of the Euro-Mediterranean

accessions, most accessions were not arranged according

to geographical origin (Fig. 1).

To determine the genetic identity between regions

we calculated two different genetic identity matrices

(Table 3). The first was made by considering all acces-

sions of each region as a single population. From this

parameter, the average genetic identity between regions

was 0.934 (SD ¼ 0.034), with values ranging from 0.974

(Asia–Russia versus Anatolian P.) to 0.841 (Italian P.

versus Anatolian P.). A second matrix was made by calcu-

lating the mean genetic identity between regions. This

was based on the average genetic identity value calcu-

lated for every possible pairing of any accession from
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Fig. 1. Nei’s genetic distances between 110 grasspea accessions.
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each region. In this matrix the mean genetic identity

between regions was 0.776 (SD ¼ 0.040) with values ran-

ging from 0.891 (Cyprus versus Italian P.) to 0.715 (Italian

P. versus Anatolian P.). From this matrix we also calcu-

lated the mean intra-region genetic identity (0.813,

SD ¼ 0.069). The highest value was found in Cyprus

accessions (0.921), Italian P. (0.889) and Iberian P.

(0.888).

We then generated a dendrogram for Nei’s genetic dis-

tance between regions by considering all accessions as a

single population (Fig. 2). The consistency of the dendro-

gram topology was calculated by a loci bootstrap pro-

cedure (see Material and Methods). This analysis placed

accessions from Euro-Mediterranean regions (Iberian P.,

Italian P. and Cyprus) in a cluster separate to a second

group of accessions from Euro-Asiatic and African

regions (Fig. 2).

Discussion

In this paper we report the isozymatic genetic structure

for a large collection of L. sativus accessions, from

which we are able to reach several conclusions about

the genetic variability and mating system of this species.

We found (see Table 1) that the mean number of alleles

per locus observed (A/L ¼ 3.5) in each region was higher

than previously described for a collection of 348 acces-

sions (five individuals per accession) also derived from

different geographical regions (Chowdhury and Slinkard,

2000). The mean A/L per accession was 1.9, also slightly

higher than those estimated from a collection of 10 acces-

sions from Ethiopia (Tadesse and Bekele, 2001) and from

the analysis of 10 Lathyrus species (Ben Brahim et al.,

2002). Although some of the geographical regions

chosen for this study are very extensive, the mean A/L

per accession was also higher in the smaller geographical

regions (Cyprus, A/L ¼ 2.3; Iberian P., A/L ¼ 2.1; Italian

P., A/L ¼ 1.9) compared to those in previously studied

collections (Tadesse and Bekele, 2001; Ben Brahim

et al., 2002). From our study, it is noticeable that not

only is there a conserved allelic richness across all

these regions, but also that this richness is present even

in agronomically selected accessions.

Further, we discovered that the mean number of effec-

tive alleles per accession (ne) was about five-tenths lower

than the observed value (ne ¼ 1.4, A/L ¼ 1.9). The pool

ne value was slightly higher than the average ne value

in each region, but in all cases ne values were in the

range described for other plant species (Berg and Ham-

rick, 1997). Two factors might explain why ne values

were, in most cases, much lower than A/L. First, most iso-

zymatic loci had several alleles but only one or two were

common in all accessions. Second, there might be some

accession-specific alleles present at very low frequency

in some accessions. These specific alleles could also

explain why the difference between the observed (A/L)

and the effective number (ne) was always higher at the

accession level than at the regional level.

The percentage of polymorphic loci (%P) was high

for all nine regions, with a mean per region of 96%.

Table 3. Nei’s genetic identities between regions

Africa Anatolian P. Asia–Russia SE Asia Cyprus
Northern
Europe Iberian P. Italian P. Ukraine

Africa 0.758 0.745 0.742 0.771 0.753 0.741 0.799 0.767 0.774
Anatolian P. 0.941 0.759 0.764 0.752 0.755 0.746 0.754 0.715 0.763
Asia–Russia 0.953 0.974 0.751 0.749 0.745 0.748 0.771 0.719 0.775
SE Asia 0.964 0.927 0.940 0.800 0.831 0.744 0.817 0.801 0.791
Cyprus 0.913 0.878 0.885 0.9559 0.921 0.762 0.864 0.891 0.805
Northern Europe 0.955 0.960 0.973 0.935 0.894 0.744 0.788 0.751 0.770
Iberian P. 0.954 0.877 0.920 0.9486 0.937 0.944 0.888 0.870 0.830
Italian P. 0.921 0.841 0.867 0.932 0.966 0.899 0.970 0.889 0.787
Ukraine 0.966 0.941 0.970 0.965 0.923 0.968 0.963 0.914 0.804

Above diagonal bold values: calculated mean of genetic identities between accessions from two regions. Below diagonal
bold values: calculated genetic identities between regions when all accessions from a region are considered as belonging to
a single population. Diagonal bold values: calculated mean of genetic identities between accessions from a region.

Nei’s genetic distance

0.100 0.075 0.050 0.025 0.000
Anatolian P.
Asia–Russia
Northern Europe
Ukraine
Africa

Iberian P.
Italian P.
Cyprus

SE Asia

Fig. 2. Nei’s genetic distances between regions. Note
that three of the eight nodes have bootstrap values higher
than 50%.
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These values are substantially higher than those pre-

viously reported for this species when studying 20 isozy-

matic loci (Chowdhury and Slinkard, 2000). In this

study, the average values of polymorphic loci for each

region ranged between 46.9% for Asia–Russia and

81.8% for Cyprus, but the total polymorphism in each

region (pool) was equal or close to 100%. Consequently,

each accession was polymorphic for different loci.

The decrease in the %P value from pool to average for

each region coincided with a decrease in ne. This indi-

cates that some of the alleles present at very low frequen-

cies in accessions belonging to one region were also

present in other accessions of this region.

In our study, the expected Hardy–Weinberg hetero-

zygosity was always higher than the observed frequency.

From the FIT Wright’s parameter calculated for each

region FIT(R) and between regions FI(R)T, we discovered

a deficit of heterozygotes. This could be explained by

the spatial variance in allele frequencies (Wahlund

effect) (Hedrick, 1983). Because in our study the acces-

sions were grouped in nine categories according to

their geographical location, we would expect a Walhund

effect. Given that in all cases the FST (<GST(R)) was

greater than 0.173 (and with an average value of 0.398),

preferential local mating must have an important effect

on the genetic structure of these accessions. In addition,

because grasspea has been traditionally considered a self-

pollinating species, we would also expect this factor to

contribute to a deficit of heterozygotes in our study. Sur-

prisingly, our calculated FIS values indicated a high value

of cross-pollination (where t values ranged from 0.276 to

0.412), five times greater than cross-pollination values

previously reported for this species (Rahman et al.,

1995). Although the floral structure of grasspea is sugges-

tive of a totally autogamous breeding system (Rahman

et al., 1995), out-crossing in natural populations has

been described (Yunus et al., 1991; Rahman et al.,

1995; Chowdhury and Slinkard, 1997). Similarly, other

legumes have been found not to be absolute inbreeders,

and should therefore be regarded as mixed mating

species, in which self-pollination and outcrossing both

occur at significant rates. Mixed mating legumes have

been reported in recent years, for instance for Centro-

sema spp. (Penteado et al., 1996), Medicago truncata

(Vitale et al., 1998) or Phaseolus vulgaris L. (Ibarra-

Perez et al., 1997). The mixed mating system in L. sativus

is a major factor to be taken into consideration when col-

lecting and multiplying seed stocks for future conserva-

tion of genetic resources in this species. Also, careful

attention must now be taken to prevent contamination

by out-crossing when isolating L. sativus lines for the pro-

duction of pure breeds. Clearly, the existence of a mixed

mating system in L. sativus adds further complexity to our

understanding of the level and extent of genetic diversity

in this species. Interestingly, most of the genetic diversity

in grasspea was found within each geographic region

tested (HS/HT(R)). These results are in agreement with

those previously reported when using isozymatic mar-

kers (Chowdhury and Slinkard, 2000). The highest gen-

etic diversity levels (HT(R)) were found in Northern

Europe, Africa, Asia–Russia and Anatolia. The lowest

genetic variability values were found in Mediterranean

accessions (Iberian P., Italian P. and Cyprus). Further-

more, these Mediterranean accessions also showed the

lowest GST(R) values, indicating that they are most similar.

This behaviour is especially marked in Cyprus. Some of

the homogeneity for genetic variability found across the

13 accessions from Cyprus could be explained by the

rate at which genes are exchanged between accessions

due to pollen or seed dispersal. This phenomenon can

be evaluated by the number of migrants (Nm), which

for Cyprus had a value five times higher than any of

the other regions (data not shown). Although it has

been shown that Nm values have great limitations in

some population studies, comparisons between large

groups of accessions are likely to be more informative

(Whitlock and McCauley, 1999).

Our calculations for Nei’s genetic identity values

between accessions revealed that they do not share a high

degree of identity (average value ¼ 0.778, SD ¼ 0.099).

These values are similar to those reported by Tadesse and

Bekele (2001) for a collection of 10 grasspea accessions.

Surprisingly, these genetic identity values were about

five-tenths lower than those described for other species

(Crawford, 1983), including wild populations of legumes

(Papa and Gepts, 2003).

The UPGMA dendrogram (Fig. 1) showed that

especially most of the accessions belonging to Cyprus

were grouped in three main clusters. Furthermore,

these accessions displayed very low distance between

them. This framework was not clearly observed for the

rest of the accessions, which appeared not to be distrib-

uted in relation to their geographical origin.

When we calculated the average genetic identity

between accessions from different regions, it was in

most cases lower than the average genetic identity

between accessions from within a region (Table 3). On

the other hand, when all accessions from a region were

considered as a single population, the average genetic

identity values were always higher (Table 3), suggesting

that most accessions from a region shared distinct isozy-

matic alleles and with similar allelic frequencies. When we

plotted a dendrogram for these genetic distances

(Fig. 2), we found two clearly distinct groups; the first

included Euro-Mediterranean regions (Cyprus, Iberian P.

and Italian P.). The second group included regions

from two main geographical areas, the Africa–SE

Asia regions and the central Euro-Asiatic regions
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(Anatolian P., Asia–Russia, Northern Europe and

Ukraine). The latter were grouped in two small clusters

(Anatolian P. and Asia–Russia; Northern Europe and

Ukraine), according to geographical proximity.

In conclusion, our study has revealed that considerable

genetic diversity exists in grasspea seed collections

throughout the world. Because genetic diversity is an

essential prerequisite for crop improvement, our findings

indicate that the primary gene pool of L. sativus is a valu-

able resource suited to the genetic improvement of this

crop species. Increased exploration, characterization

and utilization of grasspea genetic resources are long

awaited and required to develop this neglected crop to

its full potential for the benefit of mankind.
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