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Abstract Knowledge of genetic diversity and population

structure is a crucial step for an efficient use of available

material in a plant breeding program and for germplasm

conservation strategies. Current study undertakes an

assessment of the genetic variations and population struc-

ture of Moroccan lentil including nine landraces and eight

released varieties using sequence-related amplified poly-

morphism (SRAP) and random amplified polymorphism

DNA (RAPD) markers. Results revealed that the two

markers used have a good efficiency to assess genetic

diversity in lentil. A total of 115 and 90 bands were

respectively scored for SRAP and RAPD, of which 98.3%

and 93.3% were polymorphic. The polymorphic informa-

tion content values were 0.350 with SRAP and 0.326 with

RAPD. Analysis of molecular variance based on the

combined data sets of both markers revealed lower varia-

tions within (35%) than among (65%) landraces (PhiPT =

0.652), implying significant genetic differentiation

between landraces. Principal coordinate analysis and the

ascendant hierarchical classification clustered samples into

groups that were consistent with the geographical origin of

the cultivars. Population structure corroborated the main

groups and confirmed the high differentiation among them.

Moroccan lentil germplasm showed a wide genetic diver-

sity that might be conserved and assessed for tolerance to

biotic and abiotic stresses.
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Introduction

Lentil (Lens culinaris Medik.) is an annual food legume

and one of the four most important legume crop in the

world. It is a self-pollinated diploid plant with

2n = 2x = 14 chromosomes and a genome size of 4 Gbp

(Arumuganathan and Earle 1991). This species has been

cultivated for 10,000 years in several regions worldwide,

especially in West Asia, Australia, North and South

America, Mediterranean basin, Middle East, and in the

Indian sub-continent (Cubero et al. 2009). Lentil seeds are

a good source of human nutrient, containing proteins,

carbohydrates, fibers, minerals and antioxidant compounds

(Solanki et al. 1999; Boye et al. 2010; Alghamdi et al.

2014; Migliozzi et al. 2015). Moreover, lentil straw is used

as high-quality animal feed (Erskine et al. 1990; Devendra

1997; Abd El Moneim and Ryan 2004; Lardy and Ander-

son 2009). In addition, lentil provides interesting possi-

bilities for sustainable agriculture due to its nitrogen fixing

capacity that enable low use of fertilizers in cereal-based

cropping system (Prakesh et al. 1986; Shah et al. 2003).

In Morocco, lentil is essentially produced in constrain-

ing environments, using landraces maintained by farmers.

Landraces are characterized by specific and evolutionary
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adaptation as well as high nutritional and organoleptic

qualities (Benbrahim et al. 2017). However, their low yield

implies the development of novel cultivars with high yield

potential and resistance to biotic and abiotic stresses.

Breeding could therefore lead to reduction or loss of lentil

genetic diversity over time (Kumar et al. 2018). Thus, an

assessment of plant genetic diversity for an efficient use in

both breeding and conservation programs is worth carrying

out.

Morphological and isozymes markers were first used for

lentil genetic diversity assessment (Ladizinsky 1979; Pin-

kas et al. 1985; Erskine and Muehlbauer 1991; Ahmad and

McNeil 1996). However, those markers are influenced by

environmental conditions (Marić et al. 2004). For that

reason, molecular markers are being largely used for this

purpose. These markers are advantageous as they cover the

entire genome, hence their high number, and are unaffected

either by environmental factors or by plant development

stages. Different molecular markers such as random

amplified polymorphism DNA (RAPD), amplified frag-

ment length polymorphism (AFLP), simple sequence

repeats (SSR), inter simple sequence repeats (ISSR),

sequence-related amplified polymorphism (SRAP), and

single nucleotide polymorphism (SNP) has been used to

assess genetic diversity of lentil (Abo-elwafa et al. 1995;

Toklu et al. 2009; Tewari et al. 2012; Zaccardelli et al.

2012; Joshi et al. 2013; Rana et al. 2013; Alghamdi et al.

2014; Bermejo et al. 2014; Lombardi et al. 2014; Seyedi-

moradi and Talebi 2014; Khazaei et al. 2016). It is note-

worthy that the genetic diversity of Moroccan lentil is not

yet well studied. Recently, some Moroccan lentil geno-

types, including landraces from five regions and two local

released varieties, have been assessed by using SSR and

AFLP markers (Idrissi et al. 2015, 2016). These studies,

which focused merely on diversity among cultivars rather

than within cultivars, revealed moderate to high genetic

variations (Idrissi et al. 2015). Thus, the principal purpose

of this study was to assess genetic variations among and

within Moroccan lentil cultivars using SRAP and RAPD

markers, as genetic variations within populations is a

fundamental component to guide decision-making by

breeders. Certain invaluable information on the basis of

this investigation regarding breeding programs is expected.

Materials and methods

Plant materials

A set of nine landraces from different origins in Morocco

and eight local registered varieties from National Institute

of Agricultural Research (INRA) were assessed (Table 1).

DNA extraction

Molecular analyses were performed using young leaves

collected from lentil seedlings, placed in liquid nitrogen

and stored at - 80 �C before lyophilization. Genomic

DNA was extracted according to CTAB protocol, descri-

bed by Lassner et al. (1989). Extracted DNAs from 89

individual plants were evaluated for quality by elec-

trophoresis in agarose gel, and then quantified using Nano

- 100 micro spectrophotometer (Xian Yima Opto-electri-

cal Technology, Shaanxi, China).

SRAP analysis

A total of 30 SRAP combinations of five forward (ME) and

six reverse (EM) primers (Table 2) (Li and Quiros 2001),

purchased in commercially available kits from Eurogentec,

were screened for polymorphism on three randomly chosen

lentil genotypes. SRAP fragments were generated in a

reaction volume of 20 ll containing 1X PCR buffer

(BIOLINE, London, UK), 250 lM of each dNTP, 3 mM of

MgCl2, 1 U of TaqTM DNA polymerase (BIOLINE, Lon-

don, UK), 0.5 lM of each forward and reverse primers, and

50 ng of genomic DNA sample. Amplifications were car-

ried out according to Li and Quiros (2001) PCR program,

with an initial denaturation at 94 �C for 5 min, followed by

5 cycles of 94 �C, 35 �C, and 72 �C for 1 min each, as

denaturation, annealing and extension respectively. Then

the annealing temperature was set to 50 �C for other 35

cycles, followed by 5 min of final extension at 72 �C. PCR
products were resolved using 6% polyacrylamide gel. After

electrophoresis, the gel was carefully removed from the

plates and stained in an ethidium bromide solution for

5 min. It was then rinsed with tap water before viewing the

bands under ultraviolet light in Molecular Imager� Gel

DocTM XR System.

RAPD analysis

A set of 62 decamer primers (Online resource 1), purchased

in commercially available kits from OPERON (OPERON

Technologies, Alameda, CA, USA), were screened on three

lentil samples. Primers revealing clear polymorphisms

were used on the 89 lentil DNA samples. RAPD-PCR was

performed in a final volume of 20 ll containing 25 ng of

DNA, 1X buffer (Bioline, London, UK), 250 lM of each

dNTP, 3 mM of MgCl2, 1 U of TaqTM DNA polymerase

(Bioline, London, UK), and 0.5 lM of primer. PCR

amplification was set in a thermocycler Applied Biosys-

tems (Foster City, CA, USA) programmed as followed:

2 min of initial denaturation at 94 �C, followed by 45

cycles of 94 �C for 1 min, 36 �C for 1 min and 72 �C for

1 min with a final elongation at 72 �C for 5 min.
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Amplification products were fractioned by 1.5% agarose

gel electrophoresis. Gels were stained with ethidium bro-

mide before the visualization of amplified fragments using

Molecular Imager� Gel DocTM XR System.

Statistical analyses

RAPD and SRAP profiles were scored as present (1) or

absent (0) for each primer or primer combination to gen-

erate a binary format matrix. Only clearest and repro-

ducible bands were recorded. Polymorphic Information

Content value (PICv) was calculated for each primer

according to Roldán-Ruiz et al. (2000), in order to measure

the efficiency of polymorphic loci. GenAlex ver. 6.5 soft-

ware (Peakall and Smouse 2006) was used to perform

genetic diversity analysis within landraces by calculating:

percentage of polymorphic loci (PPL), expected heterozy-

goty (He), and Shannon’s information index (I). Analysis

of molecular variance (AMOVA) was performed, using

data from SRAP and RAPD, to estimate variations within

and among landraces. Comparison of genetic distance from

SRAP and RAPD markers of all single DNA samples

(landraces and varieties) was computed using Mantel test.

For cluster and relationships analysis among cultivars,

SRAP and RAPD data of all samples were combined in a

single matrix. GenAlEx ver. 6.5 software was used to

calculate Nei genetic distance among cultivars. Their

relationships were visualized through principal coordinates

analysis (PCoA), and a dendrogram based on an

unweighted pair-group method with arithmetic averages

(UPGMA) was constructed on XLSTAT 5.14 software

(XLSTAT 2017) using Jaccard’s similarity index. To infer

population structure and assign individuals to populations,

molecular data were analyzed using STRUCTURE soft-

ware v.2.3.4 (Pritchard et al. 2000) based on a Bayesian

clustering approach. The number of assumed clusters

(K) was set from two to eight. Each simulation consisted in

100,000 Monte-Carlo Markov Chain (MCMC) iterations

Table 1 List of Moroccan

lentil (landraces or varieties)

and number of samples used for

molecular analysis

N� Cultivars/Landraces Code Status Number of samples

1 Ain Sbit LR1 Landrace 9

2 Ait Attab/Beni Mellal LR2 Landrace 9

3 Ajdir/El Houceima LR3 Landrace 9

4 Larache LR4 Landrace 9

5 Moulay Bouslham LR5 Landrace 9

6 Ouled Lhaj/Fes LR6 Landrace 9

7 Taza LR7 Landrace 9

8 Tétouan LR8 Landrace 9

9 Precoce/Zaer LR9 Landrace 9

10 Abda V01 Variety (2004a) 1

11 Bakria V02 Variety (1989a) 1

12 Bichette V03 Variety (2000a) 1

13 Chakkouf V04 Variety (2009a) 1

14 Hamria V05 Variety (2003a) 1

15 L24 V06 Variety (1989a) 1

16 L56 V07 Variety (1989a) 1

17 Zaaria V08 Variety (2003a) 1

aRegistration year of variety in the Moroccan national catalogue

Table 2 Forward and reverse

primers names and sequences

used for SRAP analysis

Forward Reverse

Name Sequence (50-30) Name Sequence (50-30)

ME1 TGAGTCCAAACCGGATA EM1 GACTGCGTACGAATTAAT

ME2 TGAGTCCAAACCGGAGC EM2 GACTGCGTACGAATTTGC

ME3 TGAGTCCAAACCGGAAT EM3 GACTGCGTACGAATTGAC

ME4 TGAGTCCAAACCGGACC EM4 GACTGCGTACGAATTTGA

ME5 TGAGTCCAAACCGGAAG EM5 GACTGCGTACGAATTAAC

EM6 GACTGCGTACGAATTGCA
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after a burn-in period length of 50,000. The output of

STRUCTURE software was then uploaded in the

STRUCTURE HARVESTER online tool (Evanno et al.

2005) implementing the Evanno method to identify the

most probable structure with the best K value.

Results

A total of eight SRAP primers pairs (ME1-EM3, ME1-

EM4, ME1-EM5, ME2-EM6, ME3-EM4, ME4-EM1,

ME5-EM3, and ME5-EM5) and nine RAPD primers (OPD

13, OPL 12, OPL 16, OPL 19, OPX 04, OPX 08, OPX 12,

OPX 13, and OPX 17) were selected as they generated

robust amplification products and showed clear

polymorphism.

Characterization and efficiency of SRAP markers

SRAP primer combinations produced 115 fragments

among which 113 (98.3%) were polymorphic. The number

of polymorphic bands by primer combination ranged from

11 (ME5-EM5) to 18 (ME2-EM6) with an average of 14.1

bands. Six primer combinations (ME1-EM4, ME1-EM5,

ME2-EM6, ME3-EM4, ME5-EM3, and ME5-EM5) pre-

sented 100% of polymorphic rates. The PICv varied from

0.31 (ME5-EM3) to 0.39 (ME5-EM5) with an average of

0.35 (Table 3).

Characterization and efficiency of RAPD markers

RAPD primers generated 84 polymorphic bands out of 90

identified (93.3%). The number of fragments amplified by

each primer varied from five (OPX 12) to 13 (OPL16).

Polymorphism rates generated with RAPD primer ranged

from 71.4% (OPX12) to 100% (OPD13, OPL12, OPX04,

OPX08, OP13, and OPX17). The PICv ranged from 0.24

(OPL 12) to 0.40 (OPX 08), with an average of 0.33

(Table 3).

Genetic diversity of lentil landraces

SRAP and RAPD markers revealed various levels of

genetic diversity within and among lentil landraces

(Table 4). Considering SRAP markers, the highest values

of number of different alleles (Na), number effective

alleles (Ne), Shannon’s information index (I), and expected

heterozygosity (He) were recorded in LR9, with val-

ues 1.26, 1.33, 0.25, and 0.18, respectively. While, the

lowest values were observed in LR2 and LR3, with values

1.10, 1.26, 0.20, and 0.14, respectively. Percentage of

polymorphic loci (PPL) of landraces with SRAP markers

ranged from 31.30 (LR2 and LR3) to 40.0 (LR4). RAPD

markers revealed high diversity indexes values (Na, Ne, I,

He, and PPL) in LR8 with values 1.23, 1.28, 0.23, 0.16,

and 41.1 (Table 4). Combination of data from both markers

produced high genetic diversity indices in LR8 and low

values in LR2.

Analysis of molecular variance performed with SRAP

and RAPD matrix revealed high variance among lentil

landraces (61% and 70% respectively) than within lan-

draces (39% and 30% respectively). Combining data from

SRAP and RAPD showed 65% of variation among lan-

draces and 35% of variations within landraces, with a

significative PhiPT value (PhiPT = 0.652, p = 0.001)

(Table 5).

Genetic distance

Results of Mantel test showed high correlation among

genetic distance revealed by SRAP and RAPD (r = 0.68,

p = 0.01). Thus, the genetic distance of 17 tested lentils,

based on combined SRAP and RAPD matrix revealed a

wide range of values (Table 6). Genetic distance (GD)

varied from 0.149 and 0.630. LR1 and LR9 presented the

lowest GD, while LR2 and V05 exhibited the highest GD.

Cluster analysis

The Jaccard’s index calculated with data from combined

matrix of SRAP and RAPD markers, and used to build an

UPGMA tree ranged from 0.503 to 0.969. At 60% of

similarity, the dendrogram clustered all cultivars into four

main groups, which fit their origin (Online resource 2).

Cluster I included four landraces (LR4, LR5, LR9, and

LR1) and five varieties (V07, V02, V03, V05, and V04).

Cluster II grouped three landraces (LR3, LR6, and LR7)

and one variety (V06). Cluster III consisted of individuals

from one landrace (LR2) and two varieties (V01 and V08).

The last cluster contains only representatives of LR8.

Principal coordinate analysis (PCoA)

and population structure

The principal component analysis (PCoA) of 89 lentil

samples was performed to establish relationships among

individuals. Total variation explained by PCoA was

37.08%, with 14.83% for the first principal component

(PCo1), 12.55% for the second (PCo2), and 9.70% for the

third (PCo3). Biplot generated by PCoA showed a clear

repartition of landraces according to their origins (Fig. 1).

Varieties were widely scattered in the plot.

Characterization of genetic structure of 89 individuals

using STRUCTURE software, following the Bayesian

approach, allowed identification of the best K value. In

fact, STRUCTURE output extracted with Structure

968 Physiol Mol Biol Plants (July–August 2019) 25(4):965–974

123



Harvester, detected the highest delta K value with K equals

four, suggesting that the most probable structure of tested

samples is their distribution into four main populations

(Fig. 2). This population structure is associated with a high

gene flow within populations and a low gene flow among

them.

Individuals are represented by vertical colored columns.

Same color in different individuals indicates that they

belong to the same genetic group. Different colors in the

same individual indicate the posterior probability to belong

to different genetic clusters.

Table 3 Bands number, polymorphism rate, and PIC values generated with eight SRAP primers pairs and nine RAPD primers on 17 lentil

cultivars

Primers Total number of bands Number of polymorphic bands Polymorphism rate (%) PICva

SRAP ME1-EM3 14 13 92.9 0.32

ME1-EM4 15 15 100.0 0.36

ME1-EM5 13 13 100.0 0.37

ME2-EM6 18 18 100.0 0.36

ME3-EM4 15 15 100.0 0.35

ME4-EM1 14 13 92.9 0.35

ME5-EM3 15 15 100.0 0.31

ME5-EM5 11 11 100.0 0.39

Total 115 113 – –

Mean 14.4 14.1 98.3 0.35

RAPD OPD 13 6 6 100.0 0.37

OPL 12 8 8 100.0 0.24

OPL 16 15 13 86.7 0.30

OPL 19 11 9 81.8 0.30

OPX 04 12 12 100.0 0.36

OPX 08 11 11 100.0 0.40

OPX 12 7 5 71.4 0.29

OPX 13 11 11 100.0 0.32

OPX 17 9 9 100.0 0.36

Total 90 84 – –

Mean 10 9.3 93.3 0.33

aPICv polymorphic information content values

Table 4 Genetic diversity

indices for each lentil landraces

revealed by SRAP and RAPD

markers

Landraces SRAP RAPD

Na Ne I He PPL Na Ne I He PPL

LR1 1.20 1.27 0.22 0.15 36.5 1.13 1.22 0.17 0.12 28.8

LR2 1.10 1.26 0.20 0.14 31.3 0.92 1.13 0.10 0.07 15.5

LR3 1.10 1.26 0.20 0.14 31.3 1.04 1.22 0.17 0.12 28.8

LR4 1.23 1.30 0.24 0.17 40.0 0.91 1.15 0.11 0.08 16.6

LR5 1.26 1.27 0.22 0.15 39.1 0.99 1.21 0.16 0.11 25.5

LR6 1.19 1.29 0.22 0.15 33.9 1.04 1.19 0.16 0.11 27.7

LR7 1.20 1.29 0.22 0.15 36.5 0.94 1.19 0.15 0.10 24.4

LR8 1.16 1.27 0.21 0.15 34.8 1.23 1.28 0.23 0.16 41.1

LR9 1.26 1.33 0.25 0.18 39.1 0.96 1.13 0.10 0.07 14.4

Mean 1.19 1.28 0.22 0.15 35.9 1.02 1.19 0.15 0.10 24.8

Na number of different alleles; Ne number of effective alleles; I Shannon’s information index; He expected

heterozygosity; PPL percentage of polymorphic loci
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Discussion

Various molecular markers were used in lentil genetic

studies, including RFLP, RAPD, SSR, ISSR, AFLP, and

SRAP. The choice of molecular marker is a critical step for

geneticists and breeders. Our study reports genetic diver-

sity and population structure of Moroccan lentil, including

landraces and released varieties, using two PCR-based

marker systems. SRAP and RAPD markers cover the entire

genome and are easy techniques that can detect DNA

polymorphism without knowledge of genome sequence.

Whereas RAPD uses a single primer that amplifies DNA

arbitrarily (Williams et al. 1990), SRAP detects

polymorphism with a primer pair that targets open reading

frames (ORFs) (Li and Quiros 2001).

Both molecular markers generated high polymorphism

levels, although the average number of fragments per pri-

mer, polymorphism rates, and PICv were slightly higher

with SRAP primer combinations (14.4, 98.3, and 0.35

respectively) compared to those of RAPD primers (10,

93.3, and 0.33 respectively). This finding is in accordance

with several studies reporting the high efficiency of SRAP

and RAPD markers (Keify and Beiki 2012; Yin et al.

2014). Polymorphism rates obtained with SRAP primers

combinations during this study were consistent with those

observed with 35 lentil breeding lines by Alghamdi et al.

Table 5 Analysis of molecular

variance (AMOVA) of nine

landraces based on data from

SRAP, RAPD and combined

SRAP and RAPD markers

Marker Source of variation Df SS VC %VC

SRAP Among landraces 8 1015.185 13.179 61

Within landraces 72 596.667 8.287 39

Total 80 1611.852 21.466 100

RAPD Among landraces 8 840.074 11.148 70

Within landraces 72 336.444 4.673 30

Total 80 1176.519 15.821 100

Combined SRAP and RAPD Among landraces 8 1855.259 24.328 65

Within landraces 72 933.111 12.960 35

Total 80 2788.370 37.287 100

Stat Value p

PhiPT 0.652 0.001

Df degree of freedom; SS sum squares; VC variance components; %VC percentage of variation components

Table 6 Pairwise matrix of Nei genetic distance among 17 lentil cultivars, calculated using SRAP and RAPD data

LR1 LR2 LR3 LR4 LR5 LR6 LR7 LR8 LR9 V01 V02 V03 V04 V05 V06 V07 V08

LR1 0.000

LR2 0.368 0.000

LR3 0.380 0.508 0.000

LR4 0.291 0.497 0.483 0.000

LR5 0.323 0.470 0.463 0.168 0.000

LR6 0.378 0.410 0.324 0.401 0.391 0.000

LR7 0.377 0.470 0.193 0.343 0.342 0.320 0.000

LR8 0.482 0.546 0.388 0.417 0.363 0.358 0.368 0.000

LR9 0.149 0.386 0.410 0.302 0.365 0.376 0.392 0.492 0.000

V01 0.419 0.386 0.350 0.507 0.485 0.476 0.398 0.489 0.421 0.000

V02 0.317 0.424 0.460 0.404 0.416 0.390 0.371 0.383 0.342 0.339 0.000

V03 0.381 0.527 0.501 0.344 0.285 0.430 0.385 0.442 0.373 0.455 0.448 0.000

V04 0.370 0.497 0.391 0.382 0.411 0.360 0.253 0.317 0.341 0.418 0.299 0.273 0.000

V05 0.413 0.630 0.439 0.461 0.432 0.408 0.358 0.380 0.448 0.536 0.495 0.418 0.326 0.000

V06 0.469 0.518 0.370 0.435 0.390 0.381 0.259 0.379 0.431 0.487 0.360 0.448 0.353 0.463 0.000

V07 0.243 0.469 0.478 0.336 0.369 0.395 0.412 0.456 0.246 0.495 0.367 0.410 0.346 0.440 0.519 0.000

V08 0.406 0.315 0.346 0.529 0.481 0.374 0.352 0.462 0.385 0.389 0.381 0.587 0.418 0.519 0.367 0.448 0.000
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(2014). However, the polymorphism levels were higher

than those obtained by Bermejo et al. (2014) using SRAP

on 25 lentil recombinant inbred lines. The average of

polymorphism rate (93.3%) generated with RAPD markers

was similar to those reported by Tewari et al. (2012) in 83

lentil genotypes and Abo-elwafa et al. (1995) in 36 geno-

types of wild and cultivated lentils, reaching 91.3% and

90% respectively. In contrast, low polymorphism rates

(54%) were detected in two different studies using RAPD

in lentil (Sonnante and Pignone 2001; Yüzbaşıoğlu et al.

2006). In another study including Italian lentil landraces,

57% of bands were polymorphic using AFLP markers

(Torricelli et al. 2012). Furthermore, Moroccan lentil

expressed moderate polymorphism (54.78%) and PICv

(0.3391) with AFLP markers on 51 landraces (Idrissi et al.

2015). Discrepancies of polymorphism indices among

studies could be attributed to the informativeness level of

selected primers.

Landraces expressed different genetic diversity levels,

which varied. The genetic diversity indexes recorded

within landraces with SRAP and RAPD markers were

relatively close (0.15 and 0.13 respectively). This is in

accordance with Idrissi et al. (2015) study in Moroccan

landraces where they detected a genetic diversity of 0.13

with AFLP markers. Similarly, Toklu et al. (2009) found a

mean of 0.18 after analyzing Turkish lentil landraces using

AFLP and ISSR markers. In contrast, higher genetic

diversity values were obtained by Tewari et al. (2012) with

RAPD and SSR in Indian lentil (0.29, 0.24 respectively)

and by Zaccardelli et al. (2012) using SSR markers in some

Italian landraces (0.29). Among our landraces, LR2

expressed the lowest genetic diversity with the combined

data from SRAP and RAPD markers. This could be the

consequence of its geographic origin. LR2 is a landrace

collected in Beni Mellal, a region that is geographically

distant in comparison with the original regions of other

landraces used in this study. Furthermore, this area is

characterized by low rainfall which affects negatively the

yield. Reduction of the plant yield could probably con-

tribute to the loss of available diversity. This is in accor-

dance with Sonnante and Pignone (2007) who indicated

that low genetic diversity of a landrace is a result of a

bottleneck effect when grown in an isolated area.

No report of variations within Moroccan landraces is

available; previous study focused on variations among

landraces rather than within landraces (Idrissi et al. 2015).

Results of AMOVA test showed larger variations among

than within landraces (65% and 35% respectively). The

same pattern was reported by Tewari et al. (2012), who

observed that variation among lentil accessions (63%) were

higher than within them (37%). This suggests that lan-

draces have a very low overlap, which may lead to a low

gene flow among them. Furthermore, since lentil is a self-

pollinating plant and farmers generally maintain their own

seeds, reduction in variations within population are

observed over time, resulting in an increase of inter-pop-

ulation variation. This is generally the case in Moroccan

lentil, which is essentially produced by farmers using their

own landraces. In this context, LR1 landrace was labelled

with a Geographical Indication (GI) in 2015 because of its

seeds nutritional quality that is associated to specific

environment and agricultural practices of its production

(Benbrahim et al. 2017).

Variable genetic distances among lentil cultivars were

recorded in this study. Results revealed that landraces with

the lowest distance (LR1 and LR9: 0.149; LR4 and LR5:

0.168; LR3 and LR8: 0.193) are cultivated in adjacent

geographic regions. This suggests a possible existence of

Fig. 1 Principal coordinates analysis (PCoA) of 89 lentil samples

from 17 lentil cultivars based on combined data from SRAP and

RAPD markers

Fig. 2 Genetic assignment of

individuals to populations

according to the Bayesian

method implemented in the

program STRUCTURE at

K = 4 based on SRAP and

RAPD markers
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seed movement among these areas, unlike populations of

distant geographic origins (LR2 and LR8; LR2 and LR3),

which exhibited higher genetic distances (0.546 and 0.508

respectively).

PCoA and cluster analysis displayed relationships

among individuals and grouped landraces into four clus-

ters. STRUCTURE analysis consolidated this result, and

confirmed that population genetic structure of tested lan-

draces is essentially based on their geographic origin. It

also highlighted high gene flow within populations, espe-

cially between LR1 and LR9 (from Zaer), LR4 and LR5

(from Gharb), LR3, LR6, LR7 and LR8 (from Rif and

Saı̈s), and a high inter-population differentiation among

them. This result is in accordance with the positive and

significant correlation between the genetic and the geo-

graphic distances, calculated with Mantel test (r = 0.673,

p = 0.01). Separation of landraces could be the result of a

long evolution process caused by various climatic condi-

tions of the regions where they are cultivated, associated

with agricultural practices. Geographically isolated popu-

lations accumulate genetic differences as they acclimatize

themselves to different environments (Tewari et al. 2012).

This is consistent with the studies that established, immi-

gration rates in plants are inversely proportional to the

distance between populations and suggested that the most

common gene flow pattern is isolation by distance (IBD)

(Sexton et al. 2014). The genetic variation among the plant

material studied reflects varied responses observed by

Mbasani-Mansi et al. (2019) while assessing its resistance

to Orobanche crenata, a parasitic plant that is threatening

to lentil production. These authors detected some sources

of resistance to include in a breeding program.

The limited number of populations revealed by the

structure analysis in this study can help to select lentils to

include in a core collection for conservation in Moroccan

lentil gene bank. A core collection is important, as it allows

working with fewer accessions, representative of a crop

species with minimum repetitiveness (Arber et al. 1984;

Khazaei et al. 2013).

Improved varieties were not affected to a unique cluster;

however, most of them were grouped in cluster I. Results

of our investigation also confirmed the origin of V07 (L56)

that is a released cultivar from LR9 (Precoce), as supposed

by Benbrahim et al. (2017). Similar result was reported by

Idrissi et al. (2015) who used combined data sets from the

SSR and AFLP analyses and clustered this variety into the

same group with a landrace from Zaer.

The genetic diversity detected in the plant material

studied is consistent with varying responses it expressed to

Orobanche crenata infection.

Conclusion

This study reports population structure and genetic diver-

sity among and within a Moroccan lentil collection using

SRAP and RAPD markers. These makers revealed high

polymorphism rates and PIC values. Combination of the

two markers targeting different regions of the genome

provided adequate information on the genetic diversity

among genotypes. Within landraces variation was lower

than among landraces. PCoA and cluster analysis displayed

groups based on their geographic origins. The genetic

diversity and the differentiation among populations asso-

ciated with characterization of this plant material will offer

breeders opportunities to develop new varieties with ben-

eficial agronomic traits to cope with climate changes and

biotic stresses. In parallel, ex situ conservation of local

landraces should be a priority. In this study, structure

analysis indicated a low gene flow among populations.

Regrouping the studied genotypes into reduced number of

populations consolidates the usefulness of structure anal-

ysis while managing conservation strategies and develop-

ing core collections.
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