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Introduction
Alfalfa (Medicago sativa L.) is one of the most important forage crops in the world, and is believed to have originated in
the Caucasus region: northeastern Turkey, Turkmenistan and
northwestern Iran (Michaud et al. 1988). Cultivated alfalfa is
autotetraploid (2n = 4x = 32) (McCoy and Bingham 1988),
cross-pollinated (allogamous) and seed propagated. Severe
inbreeding depression and tetrasomic inheritance make it difficult to carry out many types of population-genetic studies in this species. Therefore, breeding approaches to develop new (synthetic) cultivars usually consist of intermating
a number of superior selected individual plants in a crossing
block. One way to identify the maximally diverse parental
genotypes is through an evaluation of genetic diversity using molecular markers. In addition, the analysis of genetic
diversity in outbreeding forage species such as alfalfa is an
important step for cultivar identification, seed purity analysis, and germplasm management.
Microsatellites, also known as simple sequence repeats
(SSR), consist of a 2–5-nucleotide core unit that is tandemly
repeated; these repeats are randomly interspersed in eukaryotic genomes (Wang et al. 1994) and are codominantly inherited. Ten SSR loci have been identified and developed
for genetic mapping in diploid and tetraploid alfalfa (Diwan et al. 1997, 2000). No attempts have been made so
far to characterize the widely used Iranian alfalfa populations using SSR markers. These populations are routinely

diﬀerentiated using mosphological descriptors, and although
such descriptions are indeed useful from a breeding perspective, they are inadequate for analysis of population genetic
structure. Because alfalfa is native to northwestern Iran, a
high level of genetic diversity may be expected among individual plants within and between populations. Thus, the objectives of the present study were to (a) identify polymorphic
SSR markers with high informative value for the Iranian alfalfa in terms of population diﬀerentiation and identification,
(b) estimate the genetic population structure, and (c) compare
the genetic diversity between diﬀerent geographical regions,
especially across diﬀerent latitudes.
The average within-population genetic diversity evaluated using eight simple sequence repeat (SSR) markers
ranged from 0.82 in the Kerman population (low latitudes)
to 0.93 in the Ghareyonjeh population (higher latitudes). The
genetic relationships among populations were analysed using
cluster analysis by UPGMA algorithm based on the coancestry coeﬃcient matrix. The higher distance between Ghareyonjeh population and others was due to the presence of a specific allele in all plants within this population. The trend of
changes in genetic diversity across populations was concordant with latitude changes. The obtained results suggest that
SSR markers are useful for identification of alfalfa populations, for assessing interpopulation and intrapopulation genetic diversity, and for estimation of genetic diﬀerentiation.

Material and methods
Plant material
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Six cultivated alfalfa populations from diﬀerent geographical regions of Iran, together representing a majority of the
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*D, Diwan et al. 1997; M, Mengoni et al. 2000.
PIC value at AFct11 locus was significantly diﬀerent between subtropical and semi-cold region (P < 0.05).
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Fragments amplified by SSR primers were scored as 1 or 0
for presence or absence of bands, respectively. The average
genetic diversity was estimated by computing the mean number of pairwise diﬀerences over all loci. Pairwise FST matrix

Previous
studies*

Statistical analysis

Range of allele size (bp)

Total genomic DNA was extracted following Dellaporta et al.
(1983) with minor modifications. Eight primer pairs detecting SSR loci in alfalfa, as described by Diwan et al. (2000),
were used in the amplification reactions (see table 1). The
PCR reactions were performed in a mixture containing 10 ng
template DNA, 1.5 mM MgCl2 , 50 mM KCl, 10 mM TrisHCl buﬀer pH 8.3, 0.1% gelatin, 0.2 mM of each dNTP, 20
pmol of each primer, and 1 U Taq DNA polymerase in a total reaction volume of 15 µl using the following PCR profile:
94◦ C for 5 min; 10 initial cycles as touchdown PCR; 25 subsequent cycles at 94◦ C for 30 s, 52◦ C for 30 s, 72◦ C for 30
s, and a final extension at 72◦ C for 5 min. The PCR products
were mixed with an equal volume of formamide dye (98%),
and then 5 µl of the sample was loaded onto standard 6%
polyacrylamide denaturing gels, run at 90 W for 30–40 min
in 1× TBE buﬀer, and visualized by silver staining (Bassam
et al. 1991).

Number of alleles

SSR analysis

Locus

Figure 1. The geographical distribution of Iranian alfalfa populations, their centres of origin, and level of genetic diversity (GD) in
diﬀerent latitudes. Genetic diversity increases from south to northwestern Iran.

Table 1. Population-genetic data for eight SSR loci in six alfalfa populations from Iran.

PIC

FST

Number of diﬀerent
alleles per plant

cultivated acreage of alfalfa in the country, were selected for
this study (figure 1). The seed material was obtained from
the National Plant Gene Bank of Iran, Karaj. Ten plants per
population were randomly selected, and green healthy leaves
from each plant were collected for DNA extraction.
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Genetic diversity in alfalfa
and hierarchical analysis of molecular variance (AMOVA)
(Excoﬃer et al. 1992) were carried out using ARLEQUIN
2.000 software (Schneider et al. 2000). The pairwise FST
matrix was used for cluster analysis. Cluster analysis and
calculation of genetic similarity were performed using the
NTSYS-pc 2.02 package (Rohlf 1998). Allelic polymorphic
information content (PIC) was calculated using the formula
PIC = 1 − Σ(Pi j )2 , where Pi j is the frequency of the ith allele in the jth population, for each SSR locus (Botstein et al.
1980).

Results
A total of 68 alleles were detected across all eight SSR
primer pairs, with the number of alleles per SSR locus ranging from 4 to 14 (table 1). The majority of the loci scored
in this study were highly polymorphic, having 8.5 alleles per
locus on average. The PIC value for each locus was also estimated in two population subsets, representing the subtropical
and semi-cold regions (table 1). The PIC values ranged from
0.60 at AFct11 and AFat15, to 0.83 at AFca11. PIC values at five SSR loci—AFct32, AFct45, AFct11, AFat15 and
MTLEC2A—diﬀered between semi-cold and subtropical regions, but only the diﬀerence between regions for AFct11
was statistically significant (P < 0.05). F statistics over the
six populations were also estimated for each SSR locus (table
1). The average number of alleles observed per plant at each
locus ranged from 1.60 in AFct11 to 2.7 in AFca16, and the
average for all loci was 2.26. The proportion of plants containing one allele or two, three and four diﬀerent alleles at
each locus is given in table 1, and the frequency of plants
with either one allele or four diﬀerent alleles was less than
those with two and three alleles in all populations. AFca16
was the most informative locus for population identification,
with one specific 89-bp-long allele being present in all genotypes of the Ghareyonjeh population (Hamedan ecotypes),
which was not detected in other populations. This specific
allele was also observed in Ardabil ecotype of Ghareyonjeh
population.
Interpopulation and intrapopulation genetic diversity

A high level of genetic diversity (average 0.89) at all the SSR
loci was found in all Iranian alfalfa populations studied (figure 1). Mean genetic diversity ranged from 0.82 in the Kerman population (from subtropical region of Iran) to 0.93 in
Ghareyonjeh population from Hamadan (from semi-cold region of Iran). The genetic similarity among individual plants
varied from 0.22 to 0.62, indicating a low level of genetic
similarity among individuals within populations.
To study population diﬀerentiation and to estimate the
percentage of intrapopulation and interpopulation genetic
variation based on 68 diﬀerent alleles, analysis of molecular
variance (AMOVA) was performed (data not shown). Significant variation was observed among the studied populations
(FST = 0.024; P = 0.00081). Although the variation ob-

served among populations was statistically significant, it only
accounted for 2.4% of the overall genetic diversity present
within these populations; the remaining 97.6% of the genetic
variability was explained by the diﬀerences among genotypes within populations. Pairwise comparisons of populations based on the FST values indicated that the Ghareyonjeh
population was significantly diﬀerentiated (P < 0.05) from
all other populations except the Lorestan population. The
Kerman population from the subtropical region was significantly diﬀerent (P < 0.05) from the Khorasan and Lorestan
populations, which originated from the semi-cold region.
The UPGMA clustering algorithm based on the coancestry coeﬃcient matrix was used to group the alfalfa populations. The resulting dendrogram showed a remarkable distinctness of the Ghareyonjeh population from all other populations (figure 2).
Distribution of genetic diversity across diﬀerent latitudes

The populations studied originated from diﬀerent latitudes,
ranging from 30◦ N to 36◦ N. The average genetic diversity
in populations from higher latitudes was greater than that of
those from lower latitudes (figure 1). A significant positive
correlation (r = 0.88; P < 0.01) was found between latitude
and genetic diversity of the populations. The cluster analysis based on the coancestry coeﬃcient also confirmed that
populations located in the same climatic conditions clustered
together.

Discussion
SSR polymorphism and genetic diversity in Iranian cultivated
alfalfa

To evaluate the informativeness and eﬃciency of SSR loci in
analysis of genetic diversity as well as population diﬀerentiation assessments, the total number of alleles, PIC value, and
FST for each SSR locus were estimated. The three SSR loci
with PIC values above 0.80, AFct32, AFca11 and AFctt1,
showed a total allele number of 14, 12 and 11, respectively.
This indicates that markers with large number of alleles are
informative for population studies. The high average number of alleles per locus per plant in alfalfa could be due to
very high level of heterozygosity and allogamous nature of
cultivated alfalfa. In contrast to cultivated alfalfa, in annual
medics only one allele per locus per plant was observed using the same SSR loci (Falahati-Anbaran et al. 2006). This
could be attributed to autogamous and diploid nature of annual medics. A low frequency of plants with either one allele
or four diﬀerent alleles, compared to those with two or three
alleles, and normal distribution of the total number of alleles
within each plant suggest that breeding programmes were not
carried out on Iranian alfalfa populations. Therefore these
alfalfa populations could be considered as valuable genetic
material for alfalfa improvement programmes.
The level of genetic diversity in Iranian alfalfa populations (on average, 0.89) was as high as or higher than that
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Figure 2. UPGMA clustering of Iranian alfalfa populations using coeﬃcient of coancestry
based on 68 SSR alleles.

reported in similar studies on populations from other countries using diﬀerent marker systems, such as mitochondrial
DNA (Muller et al. 2001), RAPD (Jenczewski et al. 1999;
Mengoni et al. 2000) and nuclear microsatellite (Mengoni
et al. 2000) markers. The most likely explanation for the
high level of genetic diversity within and among Iranian alfalfa populations is probably that these populations are located in the primary diversity centre of alfalfa. The genetic
diﬀerences between Italian and Iranian populations may be
due to diﬀerences in population structure, with the Italian
populations being improved cultivars in which breeding processes have decreased the genetic diversity, whereas the Iranian populations are natural populations.
Distribution of genetic diversity across diﬀerent latitudes

In the absence of other sources of information about the level
of genetic diversity in plant germplasm, such as pedigree,
and morphological and molecular data, breeders mostly use
the geographical distribution of plant materials and the assessment of genetic variation for parental selection. A strong
correlation (r = 0.88, P < 0.01) was found in the present
study between the level of intrapopulation genetic diversity
revealed by SSR markers and the geographical distribution of
the population. The results indicated a low level of genetic
diversity in populations located further from the centres of
origin compared to those that are closer to the centres of origin.
Diﬀerentiation and relatedness among populations

From SSR analysis, a higher level of genetic variation was
observed among individual plants within populations, compared to variation among populations in the Iranian alfalfa
62

populations studied. This suggests that these populations
have a high genetic overlap as a result of gene flow through
seed and pollen from cultivated populations to others (Muller
et al. 2001). In this study, although SSR markers could diﬀerentiate the populations, overall genetic diﬀerentiation among
populations was low (FST = 0.024, P = 0.00075) compared
to results of other studies.
Determining the relatedness among potential parents is
the basis for choosing genetically distant parents in a breeding programme. Cluster analysis indicated the ability and
usefulness of SSR markers for studying the diﬀerentiation
and relatedness among alfalfa populations. The higher distance of the Ghareyonjeh population from the other populations is due to the presence of a specific and exclusive allele
at AFca16 locus, with an approximate length of 89 bp. The
UPGMA dendrogram clearly shows separation of subtropical and semi-cold populations, such that the Kerman, Yazd,
and Isfahan populations, located in adjacent areas and latitudes (30–33◦N), cluster together. The alfalfa centre of origin
and primary diversity includes the northwestern areas of Iran
with semi-cold climatic conditions. The area under Ghareyonjeh is close to the alfalfa centre of origin in Iran and probably other Iranian populations have originated from these regions and were cultivated in other regions in the southern
areas of Iran.
In conclusion, the high level of genetic variation within
Iranian populations indicates the usefulness of each population, particularly the Ghareyonjeh population, as a valuable genetic source for selection of superior genotypes for
development of synthetic varieties with high level of heterosis. The observed specific allele for Ghareyonjeh population
could be useful for future studies. This population-specific
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marker could be used for identification of the Ghareyonjeh
population, which is one of the widely distributed populations in the cold regions, and for determination of the genetic
purity of Ghareyonjeh seeds. The level of within-population
genetic diversity decreased with distance of the studied populations from the alfalfa centre of origin. The results of
the present study indicated greater genetic variation in semicold-area populations compared to those from subtropical regions. This study also demonstrated that SSR markers are
useful in assessment of genetic relationships among alfalfa
populations and population identification, and could, therefore, be used for identifying duplicate accessions, managing
conserved germplasm, assessing seed purity in alfalfa collections, and protecting plant breeder rights.
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