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ABSTRACT. Six Medicago species were investigated to characterize 
and valorize plant genetic resources of pastoral interest in Morocco. 
Samples were obtained from the core collection of the South Australian 
Research and Development Institute (SARDI). The transferability of 
single sequence repeat markers of Medicago truncatula was successful 
with 97.6% efficiency across the five species. A total of 283 alleles and 
243 genotypes were generated using seven SSR markers, confirming 
the high level of polymorphism that is characteristic of the Medicago 
genus, despite a heterozygosity deficit (HO = 0.378; HE = 0.705). In 
addition, a high level of gene flow was revealed among the species 
analyzed with significant intra-specific variation. The unweighted pair 
group method with arithmetic mean dendrogram generated by the 
dissimilarity matrix revealed that M. polymorpha and M. orbicularis 
are closely related, and that M. truncatula is likely the ancestral species. 
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The Pearson correlation index revealed no significant correlations 
between the geographic distribution of the Moroccan species and 
genetic similarities, indicating local adaptation of these species to 
different ecological environments independent of their topographical 
proximities. The substantial genetic variation observed was likely 
due to the predominance of selfing species, the relative proximity of 
prospected sites, human impacts, and the nature of the SARDI core 
collections, which are selected for their high genetic diversity. The 
results of this first report on Moroccan Medicago species will be of great 
interest for establishing strategies aiming at reasonable management 
and selection programs for local and Mediterranean germplasm in the 
face of increasing environmental change.
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INTRODUCTION

The Fabaceae, also called Leguminosae, is the third largest family of Angiosperms 
in terms of agricultural and economical importance. It includes more than 650 genera and 
20,000 species, with a large number of domesticated species harvested as crops for human 
and animal consumption, as well as for oils, fuel, fertilizers, and medicinal and horticultural 
varieties (Lewis et al., 2005). Belonging to the tribe Trifolieae (Fabaceae) and the subtribe 
Trigonellinae, Medicago is an extensive genus comprising more than 83 different species and 
18 intraspecific taxa of flowering plants, which are annuals (66%) or perennials (33%). Annual 
species of Medicago, commonly known as medics, are currently found in flora bordering or 
close to the northern coast of the Mediterranean Sea, the Arabian Peninsula, Iraq, and the east-
ern Balkans. However, many of these species are endemic to restricted subsets of these areas 
(Lesins and Lesins, 1979; Maureira-Butler et al., 2008; Yousfi et al., 2010). Medics combine 
traits such as vigorous seedling growth and cold tolerance with high forage quality, prolific 
seed production, resistance to pests, and high morphological diversity. They are considered 
as potential species for pasture improvement in Mediterranean regions (Yousfi et al., 2010).

Medicago truncatula Gaertn originated from the Mediterranean area is used as stock 
feed in leys or permanent pastures of the subtropical areas of Australia and the United States 
of America. The genome size of this autogamous, diploid, annual plant is approximately 470 
Mb, which is three times larger than that of Arabidopsis thaliana (125 Mb). M. truncatula is 
considered to be very closely related to legumes of Fabaceae genera, and was selected as a model 
legume species that would serve as reference for all Fabaceae species (Sanders et al., 2011).

In the Mediterranean basin, Medicago species are currently threatened by severe re-
ductions in number and size due to rapid urbanization and irregular precipitation patterns 
(Birouk, 1993). Therefore, it is imperative to promote and conserve these phytogenetic re-
sources in order to provide alternative approaches toward the valorization and promotion of 
these important forage crops in order to introduce them to fallow and marginal pastoral zones. 
The evaluation of the genetic diversity among populations is an essential prerequisite for the 
preservation of endangered species (Park et al., 2009). To improve the conservation of these 
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species, morphological and isoenzyme markers have so far been used to characterize Medi-
cago species in Morocco (Birouk, 1993; Haddioui et al., 2012).

Because molecular markers show Mendelian inheritance, it is possible to trace the 
fingerprint of each individual and determine the evolutionary history of the species by phylo-
genetic analysis and population genetic structures (Hoshino et al., 2012). Molecular analysis 
of germplasm diversity will provide information for use in plant improvement programs re-
garding the level of genetic variation within and between species. This information could then 
be used for interspecific crosses, to increase heterozygosity, and to incorporate desirable genes 
from more diverse backgrounds into elite germplasm (Phansak et al., 2005).

Microsatellite markers, known to be ubiquitous in eukaryotic genomes, are thought 
to play an active role in genome evolution by creating and maintaining genetic variability due 
to their high mutability, which can be exploited in conservation and improvements of forage 
production (Jayashree et al., 2006).

Simple sequence repeats (SSRs) are short stretches of DNA sequences occurring as 
tandem repeats of mono-, di-, tri-, tetra-, penta-, and hexa-nucleotides in both protein coding 
and non-coding regions of DNA sequences (Toth et al., 2000; Lai et al., 2012). The polymor-
phism in microsatellite sequences consists of variation in the length of the repeated motif, and 
can be easily detected using a polymerase chain reaction (PCR)-based technique with primers 
flanking the SSR motif (Phansak et al., 2005). Compared to other molecular markers, SSRs 
are characterized as simple, abundant markers, and by their cost-effective deployment. Their 
broad utility has been revealed in phylogenetic and phylogeographic analyses in plant species 
(Powell et al., 1996; Varshney et al., 2005). SSRs are also locus-specific, thereby facilitat-
ing the use of these codominant markers for comparative mapping studies (Varshney et al., 
2005). Among the legumes, the availability of SSRs is limited to species for which sequencing 
databases already exist. The legume model M. truncatula, exhibiting genetic proximity with 
Fabaceae genera, offers the potential to easily transfer information about its genome structure 
onto other legume crops (Gutierrez et al., 2005).

In this context, the close association between M. truncatula genome and that of five 
other Medicago species was exploited in the present study. The identified M. truncatula SSR 
markers were used to quantify i) the transferability of M. truncatula SSR markers, ii) the 
neutral genetic diversity at both intra- and interspecific levels, and iii) the relationships among 
the six Moroccan species, M. truncatula, M. minima, M. orbicularis, M. scutellata, M. poly-
morpha, and M. murex.

MATERIAL AND METHODS

Geographic distribution of the plant material

The diploid Medicago species (M. truncatula, M. scutellata, M. minima, and M. orbi-
cularis), characterized by 2n = 16, and M. polymorpha and M. murex (2n = 14) were provided 
by the core collection of the Genetic Resource Centre of the South Australian Research and 
Development Institute (SARDI), representing specimens collected from different Moroccan 
provinces. This core collection consists of sub-samples of populations chosen to represent the 
majority of the genetic diversity contained in a larger collection. The latitude, longitude, and 
altitude of each species’ collection location are listed in Table 1.
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Germination

Ten randomly collected seeds from each species were scarified and soaked in water for 
48 h. Seeds were then transferred to Petri dishes on moist blotting paper and exposed to light until 
the emergence of roots and cotyledons. When the radicle was 4-5 cm in length, DNA was isolated.

DNA isolation

Genomic DNA was extracted from individual seedlings with the Pure Link DNA Ex-
traction and Purification kit (Invitrogen, France) following manufacturer instructions. DNA 
quality was assessed on 0.8% agarose gel stained with ethidium bromide, and visualized under 
UV-light. Quantification was then carried out using a Gene-Quant spectrophotometer (Phar-
macia), and samples were stored at -20°C.

PCR amplification and SSR fingerprinting

To efficiently exploit the variation in the SARDI collection, a set of seven M. truncatula 
SSR primers, designed by Huguet T (unpublished data), were tested among the six considered 
species (Table 2). Each 25-mL PCR mixture contained 30 ng template genomic DNA, 100 mM 
dNTP, 2 mM MgCl2, 2.5 mL 10X Taq buffer, 2 U Taq DNA polymerase (Invitrogen), 50 ng/mL of 
each forward and reverse primer, and distilled water. The touchdown PCR amplification profile 
had an initial denaturation step for 4 min at 94°C, followed by 35 cycles of 30 s at 94°C, 45 s 
at the annealing temperature (depending on the locus), and 60 s at 72°C, with a final extension 
at 72°C for 4 min. PCR was carried out in a TC512-TECHNE thermal controller. The amplified 
banding patterns were first checked on 1.5% agarose gels stained with ethidium bromide. The 
molecular size of each fragment was approximately estimated using the Invitrogen 100-bp 
DNA ladder as a standard. PCR products were then applied to a 1-K DNA LabChip, and were 
detected with the Experion automated capillary electrophoresis system (Biorad, Hercules, CA, 
USA). All gels, electrophoregrams, and the concentration areas of each peak were reported 
using the Experion System Operation software and Data Analysis Tools (version 1.0).

Statistical analysis

The clearly distinguishable amplified bands were scored as genotypes according to the 
molecular weight of alleles. As all species analyzed are diploids (2n = 14 or 16), individuals 
are represented by one allele (for the homozygotes) or two alleles (for the heterozygotes). Null 
alleles were recorded as 0.

Species	 Accession’s code	 Latitude	 Longitude	 Altitude (m)

M. scutellata	 SA29511	 32°60'	 6°35'	 1100
M. murex	 SA25862	 33°21'	 6°30'	   800
M. truncatula	 SA10406	 33°00'	 6°00'	   790
M. polymorpha	 SA32297	 33°00'	 5°45'	 1000
M. minima	 SA29446	 32°06'	 6°35'	 1800
M. orbicularis	 SA29544	 32°50'	 5°54'	   800

Table 1. Spatial repartition of the six Moroccan species of Medicago provided from the SARDI core collection.
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Following the numerically coded data format required by the GenAlEX6 software 
(Peakall and Smouse, 2006), SSR data were presented as two columns per locus. Molecular 
diversity was scored for each species according to the following parameters: 1) number of 
observed alleles (NA), 2) the ratio of effective alleles (NE), 3) observed genotypes (NGA), 4) 
expected genotypes (NGE), 5) the fixation index (F), 6) the observed (HO) and expected hetero-
zygosities (HE), and 7) the percentage of polymorphic loci (P). Wright’s indices (FST, FIT, and 
FIS), F, and the Shannon-Weaver diversity index (I) were calculated per locus. The matrix of 
similarities was obtained based on the Nei (1972) formula. The gene flow estimate, based on 
the NM pairwise matrix, was computed using the Genetix software 4.5 (Belkhir et al., 2002). 
Geographic Distance Matrix Generator version 1.2.3 (Ersts, 2010) was used to generate a 
geographic distance matrix between pairs of species. The genetic identity matrix was used for 
hierarchical clustering analysis with the unweighted pair-group method with the arithmetic 
average (UPGMA) to demonstrate genetic relationships among the six Moroccan Medicago 
species using the MEGA program, version 5 (Tamura et al., 2011). Correlations between ge-
netic similarities and geographic distance were estimated according to the Mantel test in the 
XLStat software (www.xlstat.com).

RESULTS AND DISCUSSION

A total of seven primers were screened for their ability to generate consistently am-
plified patterns and to reveal polymorphisms among the six Medicago species analyzed. The 
SARDI core collection is highly polymorphic, exhibiting 283 polymorphic markers with an 
average of 40.428 bp, ranging from 74 to 283 bp. Alleles were visualized using the Experion 
software, revealing electropherograms and concentration areas as illustrated in Figure 1.

Transferability of M. truncatula SSRs to other medic species

The length variations of SSR sequences result from insertions/deletions (In/Dels), and 
single nucleotide polymorphisms (SNPs) within the microsatellite motif/repeat region, or in 
sequences flanking the repeat regions (Calonje et al., 2008). SSRs demonstrate a high degree 
of transferability between species, as PCR primers designed for a specific genus frequently 

Primer code	 Sequence (5'-3')	 Amplicon [Tm (°C)]	 Size range	 Repeated motif

MTIC138	 F: CCAGACCACAAGAAATTCCAC	 50	 234-382	 [AT]5
	 R: ATGGTTTCTGAGCAGCTGGA
MTIC160	 F: GAGGGGAGCACCTCAAAGTT	 50	 137-238	 [AG]5
	 R: GTATCTGCCGGTGGGAAGT
MTIC338	 F: TCCCCTTAAGCTTCACTCTTTTC	 48	   93-195	 [CTT]5
	 R: CATTGGTGGACGAGGTCTCT
MTIC354	 F: AAGTGCCAAAGAACAGGGTTT	 50	 102-155	 [TGG]7
	 R: AACCTACGCTAGGGTTGCAG
MTIC375	 F: ATGCTCGCCGTAAGACTGTT	 48	   74-126	 [AT]5
	 R: GAGCTCAAGTGCGGTTACAA
MTIC470	 F: GGTTCGTGTATTTGTTCGAT	 55	 114-164	 [TG]10
	 R: CCCTTCACAGAATGATTGAT
MTIC27	 F: CGATCGGAACGAGGACTTTA	 48	 144-248	 [AAG]6
	 R: CCCCGTTTTTCTTCTCTCCT

Primers were designed by Huguet T (unpublished data).

Table 2. Primers designed for SSR-PCR.
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amplify a corresponding locus in related species, enabling comparative genetic and genomic 
analyses (Lai et al., 2012).

Figure 1. Example of PCR amplification’ fingerprint using the EXPERION software (electropherogram, virtual gel 
and table of concentration).

In order to determine the potential for cross-species amplification, primer pairs of 
seven mapped M. truncatula SSR markers were tested in five related Medicago species (M. 
orbicularis, M. polymorpha, M. minima, M. murex, and M. scutellata) under the same PCR 
conditions. The transferability was revealed to be almost perfect with 97.6% efficiency. In 
fact, only M. minima did not amplify with the MTIC470 primer. Among the transferable SSRs, 
the size of the alleles did not differ between M. truncatula and the other species, except for 
MTIC354, for which the predicted size is 250 bp for M. truncatula, and the generated alleles 
for the five other species ranged from 284 to 382 bp.

These results are in agreement with other studies using SSR cross-species amplifi-
cation between legume genera or species. In fact, Yan et al. (2009) reported a 100% rate of 
transferability of M. truncatula SSRs with two related species, M. lupulina and M. ruthenica. 
A high level (81.1%) of cross-amplification was also detected in several Medicago species 
using expressed sequence tag (EST) SSRs from M. truncatula (Julier et al., 2003; Eujayl et al., 
2004). Gutierrez et al. (2005) revealed significant transferability of M. truncatula microsatel-
lites to the three pulses (40% in fava bean, 36.3% in chickpea, and 37.6% in pea). The extent 
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of transferability of the M. truncatula EST database, which ranges from 40.6 to 32.3%, has 
been demonstrated in fodder legumes such as Trifolium alexandrinum, Clitoria ternatea, Sty-
losanthes sp, Macroptelium atropurpureum, Desmanthus virgatus, Cyamopsis tetragonoloba, 
Lablab purpureus, Lathyrus sativus, Vicia narbonensis, and Melilotus parviflora (Chandra, 
2011). Wang et al. (2004) reported 30.8% successful cross-genus amplification between Medi-
cago, soybean, cowpea, and peanut SSR markers across the legume family.

Allele and genotype numbers and frequencies

Surveying a core collection of Morrocan species with a set of seven microsatellite 
loci distributed throughout the genome, we revealed a large amount of genetic variability in 
Medicago species. In fact, a total of 243 different alleles and 283 genotypes were identified. 
This result was expected considering the power of the microsatellite markers to display high 
mutation rates, which generally reveal fairly high amounts of polymorphisms, especially when 
used at the species level (Ronfort et al., 2006).

The allele and genotype distributions per locus and per species are reported in Table 
3. The most polymorphic locus was MTIC338, and the least was MTIC354, with 54 and 22 
alleles, respectively. M. scutellata was the most polymorphic species with 56 alleles. Genetic 
variation comparison among the six species revealed the highest level of polymorphism in M. 
scutellata with the primer MTIC138 (13 alleles), while the lowest (2 alleles) was obtained for 
M. polymorpha based on the MTIC354 locus. Among M. polymorpha, two unequally distrib-
uted alleles, 365 and 360 bp, were observed; with frequencies of 0.95 (for the allele 365 bp) 
and 0.05 (for the allele 360 bp). Two sector diagrams are represented in Figure 2, illustrating 
the proportion of alleles generated for M. scutellata and M. polymorpha, respectively.

	 M. orbicularis	 M. polymorpha	 M. minima	 M. scutellata	 M. murex	 M. truncatula	 Total

MTIC354
   NA	   4	   2	   4	   8	   2	   2	 22
   NG	   4	   2	   4	   6	   2	   1	 19
MTIC338
   NA	   9	   9	   8	 10	 13	   5	 54
   NG	   7	   8	   8	   7	 10	   5	 45
MTIC138
   NA	 12	   7	   5	 13	   7	   7	 51
   NG	   8	   6	   4	 10	   6	   6	 40
MTIC160
   NA	 10	   7	 11	   5	   3	   6	 42
   NG	   9	   7	   9	   5	   3	   6	 39
MTIC27
   NA	   5	   7	   9	   7	   4	   7	 39
   NG	   5	   7	   9	   5	   3	   7	 36
MTIC470
   NA	   7	   2	   0	   8	   3	   9	 29
   NG	   7	   2	   0	   5	   3	   8	 25
MTIC375
   NA	   6	   8	   9	   5	 10	   8	 46
   NG	   6	   7	   8	   5	   7	   6	 39
Total
   NA	 53	 42	 46	 56	 42	 44	 283
   NG	 46	 39	 42	 43	 34	 39	 243
NA = number of alleles; NG = number of genotypes.

Table 3. Alleles and genotypes’ distribution per species and per locus.



1555

©FUNPEC-RP www.funpecrp.com.brGenetics and Molecular Research 13 (1): 1548-1562 (2014)

Phylogeny of Moroccan Medicago using SSR markers

A maximum of 10 genotypes was observed using the MTIC138 primer for M. scu-
tellata. Furthermore, for the most segregating locus, M. scutellata with its 13 obtained al-
leles was expected to generate more than the 10 genotypes. Only the heterozygous genotype 
(234//250) was generated by the locus MTIC354 for M. truncatula. This result is illustrated in 
Figure 3, representing two histograms with the genotype frequencies.

The NA obtained was higher than the NE with mean values of 6.738 and 4.841, re-
spectively. The mean number of NGE (18,499) was considerably higher than the NGA (5.785) 
(Table 4).

The percentage of polymorphism was maximal (100%) for all species except for M. 
minima. In this case, the transferability did not produce amplification with the MTIC470 primer. 
The SSR’s flanking regions in M. minima can present mutations (In/Dels or SNPs), which 
prevents the hybridization of this pair of primers. This result agrees with reports of the genera 
of Vitaceae (Rossetto et al., 2002), which shows highly divergent flanking regions of SSRs. 
The effectiveness of the selected microsatellite markers to detect molecular polymorphisms 
demonstrates that they can be used for genetic diversity studies in the Moroccan Medicago 
phytoresources.

A

B

Figure 2. Repartition of the highest and the lowest allele values generated by the species. A. Distribution of the 
two alleles on Medicago polymorpha using the MTIC354. B. Repartition of the 10 alleles generated by Medicago 
scutellata using MTIC138.
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Genetic diversity detected by transferable M. truncatula SSRs

The HO was lower than the HE with averages of 0.705 and 0.278, respectively. This 
result suggests a heterozygote deficit. The HO varied from 0.160 (M. polymorpha) to 0.740 

A

B

Figure 3. Histograms of the higher and lower numbers of genotypes represented per locus per species. A. Expected 
versus observed genotypes among Medicago truncatula using MTIC354. B. Expected versus observed genotypes 
among M. scutellata using MTIC138.

Species	 NA	 NE	 NGA	 NGE	 %P	 HO	 HE	 F

M. orbicularis	 7.571	 5.580	 6.571	 21.571	 100	 0.263	 0.800	 0.670
M. polymorpha	 6.000	 4.045	 5.571	 18.714	 100	 0.160	 0.643	 0.661
M. minima	 6.571	 4.487	 6	 15.571	   85.71	 0.330	 0.671	 0.536
M. scutellata	 8.000	 6.372	 6.142	 20.714	 100	 0.740	 0.823	 0.105
M. murex	 6.000	 4.371	 4.857	 15	 100	 0.207	 0.580	 0.607
M. truncatula	 6.286	 4.190	 5.571	 19.428	 100	 0.565	 0.715	 0.158
Mean	 6.738	 4.841	 5.785	 18.499	   97.62	 0.378	 0.705	 0.454

NA = No. of different alleles; NE = No. of effective alleles; NGA = No of different genotypes; NGE = expected number 
of genotypes; %P = percentage of polymorphic loci; HO = observed heterozygosity; HE = expected heterozygosity; 
F = fixation index.

Table 4. Genetic diversity across the six species.
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(M. scutellata), reflecting the high level of polymorphism generated, especially within 
M. scutellata, which seems to be the most polymorphic. The substantially higher selfing 
rate in the six medics analyzed might have contributed to a lower overall level of HE. In 
addition, alleles might have been lost through drift (gene flow) if they are not favored 
by selection. Furthermore, migrating alleles are especially susceptible to loss through 
drift in annual species. A low level of heterozygosity was also found for the selfing spe-
cies M. truncatula in the French Mediterranean region (Bonnin et al., 2001; Ellwood et 
al., 2006).

F is a measure of the difference between the mean heterozygosity among the subdivi-
sions in a population and the potential frequency of heterozygotes, assuming that all members 
of the population mix freely and non-assortatively (Hartl and Clark, 1997). F ranges from 0 
(indicating no differentiation across the entire population and its subpopulations) to a theoreti-
cal maximum of 1. The mean value of F was 0.454, which indicates a deficit in the ratio of 
heterozygotes. This suggests that population subdivision results in a deficit of heterozygosity 
compared with the expected value under random mating, assuming that the entire population 
is a single breeding unit. The F values per species were approximately 0.105 and 0.670 for 
M. scutellata and M. orbicularis, respectively. This result confirmed that heterozygosity was 
highest in M. scutellata.

FS were evaluated for population subdivision as defined by Wright (1965): FIS (the 
inbreeding coefficient, which measures the reduction in heterozygosity of an individual due 
to non-random mating within its subpopulation), FIT (the overall inbreeding coefficient, which 
measures the reduction in heterozygosity of an individual relative to the total population), and 
FST (the fixation coefficient, which measures the reduction in heterozygosity of a subpopula-
tion due to random genetic drift). The mean values of FIS, FIT, and FST were 0.452, 0.594, and 
0.244, respectively (Table 5). The intraspecific FIS variation was more important than the inter-
specific variation, which reflects the predominantly selfing behavior of Medicago species. 
Substantial genetic differentiation was found among the six analyzed species, where the FST 
values ranged from 0.137 to 0.451, indicating a high level of genetic exchange, which might 
be due to the relative proximity of the geographical areas of the studied accessions or due to 
human impacts.

Locus	 FIS	 FIT	 FST	 I

MTIC354	 0.107	 0.509	 0.451	 3.686
MTIC338	 0.467	 0.544	 0.145	 4.680
MTIC138	 0.483	 0.571	 0.169	 4.145
MTIC160	 0.548	 0.643	 0.211	 4.224
MTIC27	 0.450	 0.571	 0.220	 4.229
MTIC470	 0.615	 0.760	 0.376	 4.235
MTIC375	 0.493	 0.563	 0.137	 4.396
Mean	 0.452	 0.594	 0.244	 4.227

FIS = intra-specific differentiation; FIT = total population differentiation; FST = inter-specific variation; I = Shannon 
and Weaver’s index.

Table 5. F-Wright’s parameters (1965) and Shannon and Weaver’s index (1949) for the 7 SSR primers.

Accordingly, the NA, the ratio of NE, and I (Shannon and Weaver, 1949) can reflect 
differences in genetic diversity among species, of which Shannon’s information index is an 
integrated parameter. The average I was 4.227, with a maximum of 4.680 for MTIC338 and 
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a minimum of 3.686 for MTIC354. The locus MTIC338 showed the highest polymorphism, 
which is in agreement with its higher number of alleles.

Although these species are geographically and, therefore, genetically separated, 
there was some evidence of positive gene flow between populations of both species and 
among individuals. A partial exclusion Bayesian-based individual assignment test was 
used to assess the contemporary rates of genetic exchange between pairs of populations. 
The NM matrix (Table 6) demonstrates the relatively high level of pairwise gene flow 
among the six species. The maximum level of gene flow was found between M. scutellata 
and M. orbicularis (2.18), while the minimum was found between M. polymorpha and M. 
murex (0.60).

	 M. orbicularis	 M. polymorpha	 M. minima	 M. scutellata	 M. murex	 M. truncatula

M. orbicularis	 0	 -	 -	 -	 -	 -
M. polymorpha	 1.37	 0	 -	 -	 -	 -
M. minima	 1.83	 1.43	 0	 -	 -	 -
M. scutellata	 2.18	 1.03	 1.91	  0	 -	 -
M. murex	 0.86	 0.60	 0.87	 0.88	  0	 -
M. truncatula	 1.28	 0.78	 1.12	 1.29	 0.61	 0

Table 6. Matrix of the pairwise gene flow among Medicago species.

Genetic identity and cluster analysis

Plants and their genes migrate through seed and pollen dispersal. The study of the 
interplay between seed dispersal and pollination is essential for understanding plant popula-
tion structure and distribution. In the present study, the genetic identities confirmed the high 
value of gene flow. Modified from Nei (1972), values ranged from 0.012 for M. murex and 
M. truncatula to 0.216 for M. orbicularis and M. polymorpha (Table 7). The two assignments 
(M. orbicularis/polymorpha and M. truncatula/murex) are represented by plots, and show the 
convergence of the first pair and the divergence of the second pair of species (Figure 4).

	 M. orbicularis	 M. polymorpha	 M. minima	 M. scutellata	 M. murex	 M. truncatula

M. orbicularis	 1	 -	 -	 -	 -	 -
M. polymorpha	 0.216	 1	 -	 -	 -	 -
M. minima	 0.093	 0.215	 1	 -	 -	 -
M. scutellata	 0.083	 0.071	 0.128	 1	 -	 -
M. murex	 0.027	 0.119	 0.152	 0.099	 1	 -
M. truncatula	 0.060	 0.075	 0.086	 0.093	 0.012	 1

Table 7. Matrix of Nei’s genetic identity.

The genetic identity matrix permitted the construction of a UPGMA dendrogram (Fig-
ure 5). The dendrogram shows one distinguishable cluster regrouping M. orbicularis and M. 
polymorpha, which are recorded as the most similar species. The UPGMA also revealed sig-
nificant differentiation of M. truncatula from the other five species, suggesting that this spe-
cies is likely the ancestor of the Medicago genus. The relatively close relationship between M. 
truncatula with both M. scutellata and M. murex is in agreement with previous study based 
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on isoenzymatic and plastid trnK/matK analyses (Birouk, 1993; Steele et al., 2010). The re-
latedness between M. truncatula and M. scutellata was observed on the basis of internal and 
external transcribed spacers (Bena, 2001). In this study, the segregated SSR markers exhibited 
the distinctiveness of M. polymorpha and M. murex.

A

B

Figure 4. Assignment graphs for the most identic and divergent pairwise species. A. Assignment between the most 
identic Medicago orbicularis and M. polymorpha species. B. Assignment between the most divergent M. truncatula 
and M. polymorpha species.

Figure 5. UPGMA dendrogram elaborated with 6 Medicago species elucidating the phylogenetic relationships. 
MO = Medicago orbicularis; MP = M. polymorpha; MM = M. minima; MX = M. murex; MS = M. scutellata; 
MT = M. truncatula.
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Correlation between genetic and geographic distances

Theory suggests that the heterogeneous distribution of genetic variation within and 
among populations is due to mutation, genetic drift due to finite population size, and hetero-
geneous natural selection, whereas gene flow and homogeneous directional selection tend to 
produce genetic homogeneity (Badri et al., 2008). On a broad scale, the factors affecting diver-
sity at the ecological level can also affect or shape genetic differentiation at the molecular level 
(Tilman, 1999). The correlation between genetic and geographic distances was determined. 
Based on the latitude and altitude position of each prospected Moroccan station, kilometric 
distances were obtained (Table 8). Using the Pearson index (r), no significant correlation be-
tween genetic and geographic distance was found overall (r = 0.271, P = 0.322). This result 
suggests that the preferentially autogamous Medicago species are well adapted to their pros-
pected sites in Morocco. These wild species contain a rich source of natural variation that can 
be used to gain a deeper understanding of plant population dynamics and for the improvement 
of Medicago species. This result is in line with a phylogenetic study (Ellwood et al., 2006) 
among M. truncatula’s accessions from the SARDI core collection, which also revealed no 
clear associations between genotype and geographic origin. Ellwood et al. (2006) explained 
this result based on the nature of the SARDI core, which represents more of an admixture of 
accessions that were selected for diversity rather than a systematically sampled collection.

	 M. orbicularis	 M. polymorpha	 M. minima	 M. scutellata	 M. murex	 M. truncatula

M. orbicularis	 0	 -	 -	 -	 -	 -
M. polymorpha	 57.404	 0	 -	 -	 -	 -
M. minima	 78.210	 127.089	 0	 -	 -	 -
M. scutellata	 66.496	   77.800	   11.131	 0	 -	 -
M. murex	 80.244	   80.008	 139.368	 39.727	  0	 -
M. truncatula	 56.441	   23.340	 127.089	 54.460	 60.732	 0

Geographic distances are in kilometer (km).

Table 8. Geographic distance.

CONCLUSION

M. truncatula’s SSR markers were found to be highly transferable across five related 
species, with an amplification efficiency of 97.6%. A total of 283 alleles and 243 genotypes 
were generated with the seven M. truncatula SSR markers, confirming the high level of poly-
morphism characterizing Medicago species. In addition, the results showed high intra-specific 
variation with a heterozygote deficit, and a high level of gene flow among the analyzed spe-
cies. The preferentially autogamous species and the relative proximity of prospected sites or 
human impacts reflect the significant genetic differentiation observed. The UPGMA dendro-
gram generated by the dissimilarity matrix revealed that M. polymorpha and M. orbicularis 
are the mostly related species, and that M. truncatula appears to be the ancestral species. This 
study is the first investigation of Moroccan Medicago species, which will be of great inter-
est for amelioration programs of Mediterranean germplasms in light of rapid environmental 
changes. Furthermore, this study will enable researchers to more efficiently exploit this diver-
sity in order to make informed polymorphic crosses, and to maximize diversity in the collec-
tion into a more refined core.
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