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Abstract Lentil (Lens culinaris Medik.) is an important
widely cultivated food legume crop in Iran. Wilt disease
caused by Fusarium oxysporum f.sp. lentis has been observed
with high losses in some of cultivated areas during recent
years. Simple sequence repeat (SSR) were used to determine
the genetic structure, and estimate genetic diversity in 101 of
Fusarium oxysporum f. sp. lentis (FOL) isolates from five
counties in Ilam provinces of western Iran (Sarableh, Sirvan,
Ivan, Badreh, Darehshahr). A set of five microsatellite primer
pairs revealed a total of 10 alleles each locus across the five
populations; the number of alleles varied from 6 to 9 for each
population. A low level of genetic variability was observed
among FOL isolates in the region. Genetic diversity was low
(H = 0.234) within populations with corresponding high av-
erage gene flow and low genetic distances between popula-
tions. The smallest genetic distance was observed between
isolates from Sirvan and Badreh. Observed allele number
(Na) and effective numbers (Ne) of alleles were higher in
Ivan in comparison to other populations. The number of (H)
and (I) were also higher in Ivan (H = 0.301; I = 0.442). The
total gene diversity (Ht) and gene diversities between subpop-
ulation (Hs) were estimated 0.267 and 0.233, respectively.
Gene diversity attributable to differentiation among popula-
tions (Gst) was 0.126, while gene flow (Nm) was 3.439.
Cluster analysis based on UPGMA showed the lowest genetic
distance between Sirvan and Badrah, than between Sarableh
and Sirvan. The dendrogram indicated a clear break between
the population from Darehshahr and the four remaining

populations. Results from this study will be useful in breeding
for Crown and root rot resistant cultivars and developing nec-
essary control measures.
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Introduction

Lentil (Lens culinaris Medikus sub sp. culinaris) was among
the first crops domesticated and has become an important food
legume crop in the farming and food systems of many coun-
tries globally (Sarker and Erskine 2006). Vascular wilt caused
by Fusarium oxysporum Schlecht. Emend. Snyder and
Hansen 1940 f. sp. lentis Vasudeva and Srinivasan (FOL) is
one of the most important biological constraints to productiv-
ity of lentil worldwide except Australia (Bhalla et al. 1992;
Beniwal et al. 1993; Tosi and Cappelli 2001). General symp-
toms at the seedling stage include seed rot and sudden
drooping more like wilting and damping off (Khare 1980).
The disease may cause complete crop loss under favorable
conditions, and can be the major limiting factor for lentil cul-
tivation in certain areas (Chaudhary and Amarjit 2002).
Identification of Fusarium according to morphological and
pathological characteristics is time consuming, labor intensive
and subject to varying environmental or cultural growth con-
ditions during the experiments (Woo et al. 1996). Molecular
biology techniques such as RAPD-PCR and SSR overcome
all limitations and provide additional information for fungal
characterization (Ouellet and Seifert 1993). Molecular tech-
niques based on the polymerase chain reaction (PCR) have
been used as a tool in genetic mapping, molecular taxonomy,
evolutionary studies, and diagnosis of several fungal species
(Williams et al. 1990; Clulow et al. 1991; Nasir and Hoppe
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1991;Welsh et al. 1991 andMcDonald 1997). F. oxysporum f.
sp. lentis (FOL) is a soil borne pathogen; chlamydospores can
survive either dormant form or saprophytic in soil for several
years without a suitable host (Yadav et al. 2007). FOL isolates
exhibit great variability in morphology and aggressiveness
(Abbas 1995; Belabid et al. 2004). Control of FOL infection
in the field is difficult because the pathogen can survive for a
long time in the form of mycelium in infected plant debris or
in the form of chlamydospores in soil (Haware et al. 1996;
Agrios 1997). Fusarium wilt disease can be managed by the
use of resistance cultivars (Jalali and Chand 1992).
Knowledge of the amount and distribution of genetic diversity
between and within pathogen populations is a prerequisite for
the development of resistant cultivars. Identification of diver-
sity by morphological characters is highly variable in
Fusarium isolates, these characters are influenced by cultural
conditions. In recent years, numerous DNA based methods
have been increasingly used to study variability in pathogenic
Fusarium population (Kiprop et al. 2002; Sivaramakrishnan
et al. 2002a, b; Belabid et al. 2004). SSRs provides a
powerful tool for taxonomic and population genetic stud-
ies (Britz et al. 2002). Alleles vary according to the num-
ber of repeat units present but other mutations have also
been shown to be responsible for allele length variation in
SSR analysis (Burgess et al. 2001; Slippers et al. 2004b).
SSRs have also been used in other fungal species includ-
ing Sclerotinia sclerotiorum (Sirjusingh and Kohn 2001),
Rhizoctonia. solani (Mwang Òmbe et al. 2007) and
Ascochyta rabiei (Nourollahi et al. 2011) because of the
high resolution that they provide (Jarne and Lagoda 1996;
Barnes et al. 2005; Enjalbert et al. 2005). Numerous re-
searchers have already worked on molecular variation of
different F. oxysporum formae specials (Baayen et al.
2000; O’Donnell 2000; Abd-Elsalam et al. 2004; Bogale
et al. 2006; Groenewald et al. 2006; Stewart et al. 2006).
ISSR marker has been used for determining of genetic
variations between several populations of F. oxysporum
f. sp. cicer (Bayraktar and Dolar 2008). SSR markers
distinguished the four races of F. oxysporum ciceri caus-
ing varied levels of wilting with differential host cultivars
(Barve et al. 2001). Bogale et al. (2005) showed that
polymorphism revealed with 8 SSR markers should be
sufficient for study of genetic diversity in F. oxysporum
complex. Most studies of F. oxysporum have focused on
the plant pathogenic isolates (Mohammadi et al. 2004;
Pasquali et al. 2003). Fungi with a high level of genetic
variation can be difficult to control, they adapt more
quickly to any control measure, such as resistant cultivar.
Therefor knowledge of the genetic diversity of FOL has
contributed to the development of disease control strate-
gies (Kistler 2001), this study was conducted to assess the
genetic diversity of Iranian FOL isolates in lentil farms
using SSR marker.

Materials and methods

Fungal isolates and pathogenicity test

Lentil plants with wilt symptoms and brown or black lesions
on root were randomly collected in 2012–13 from five differ-
ent regions in Ilam province of the western Iran. For the pur-
poses of this study, isolates of each region was considered as a
population (Fig. 1; Table 1). The regions are different in alti-
tude and climate, and separated by substantial mountain
ranges. Diseased samples were cut into 2- to 5-mm-long
pieces, surface sterilized by dipping into domestic bleach so-
lution (5% NaOCl) for 2–3 min, washed three times with
sterile distilled water, dried with sterile filter paper and plated
on potato dextrose agar (PDA). Samples were incubated for
three days in an incubator at 25 °C with a 12-h photoperiod to
induce production of conidia. The fungus was isolated and
purified using the hyphal tip and single spored method
(Hawker 1950). One hundred one FOL isolates were initially
identified according to their morphological and microscopic
characters as described by (Jens et al. 1991; Nelson et al.
1983; Barnett and Hunter 1972; Leslie et al. 2006).
Identified isolates were stored for short time on SNA at
4 °C, but for perennial time stored in tube containing sand at
4 °C. Detail of the FOL isolates are presented in Table 1. The
pathogenicity of FOL isolates were tested in the greenhouse
on wilt susceptible local cultivar artificially inoculated. Lentil
plants were grown in pots containing sand-maize meal and
10% w/w fungus inoculums (Miller 1946). Control plants
were grown in a comparable mixture of non-infested sand-
maize meal medium with autoclaved soil.

DNA extraction and SSRs analyses

To obtain the mycelia mass, liquid cultures were initiated by
adding 2–4 mm 2 pieces of filter paper to 250-mL Erlenmeyer
flasks containing 100 mL PDB medium (potato dextrose
broth). Flasks were incubated at room temperature approxi-
mately 25 °C on a rotary shaker for 6–8 days. Mycelium was
collected by filtration through sterile filter paper with a vacu-
um funnel. Mycelia were harvested, frozen and stored at
−20 °C. DNA was extracted using a modified hexadecyl
trimethyl-ammonium bromide (CTAB) procedure (Doyle
and Doyle 1987). Genomic DNA was isolated from single
spore culture of each isolates (Murray and Thompson 1980).
Mycelia were ground in liquid nitrogen and suspended in 2%
CTAB extraction buffer (1.4MNaCl, 0.1M Tris-HCl, pH 8.0,
20 mM EDTA, 0.2% β-mercaptoethanol). Samples were
treated with 5 units RNAse at 37 °C for 30 min., and then
extracted with chloroformisoamyl alcohol 24:1 (v/v). DNA in
the supernatant was precipitated with isopropanol, rinsed with
ethanol, and adjusted to a final concentration of 20 ng/μl in TE
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(pH 7.4). The quality of the extracted DNA was visually
checked on 0.8% agarose gels.

A set of five locus-specific primers pair for SSRs (Table 2)
described by (Bogale et al. 2005) were selected. Primer ali-
quots for each marker were prepared by mixing equimolar
amounts of appropriate forward and reverse primer in 1× TE
(1 mM EDTA, 10 mM Tris–HCl, pH 8.0) and used for the
amplification of individual microsatellite loci. PCR amplifica-
tion was performed in a 25 μl reaction volume containing
2.5 μl of 10X PCR Buffer, 1.5 mM MgCl2, 0.2 mM of
dNTPs mix (100 mM of each dNTPs), 1 μl of each forward
and reversed primer, 0.6 U of Taq polymerase with 25 ng of
template DNA. Amplification was performed using Biometra
thermal cycler (USA), PCR conditions for SSR were as
Follows; the PCR programmed had one initial denaturation
step at 94 °C for 4 min Followed by 35 cycles of 94 °C for
30 s, annealing for 30 s (appropriate annealing temperature
were used for each primers set, Table 2) and 72 °C for 5 min.
The thermal cycles were terminated by a final extension of

10 min at 72 °C. Amplified products were resolved in 2.0%
agarose gel at 60 V cm-1 using in Tris Boric Acid EDTA (1X
TBE) buffer and stained with DNA Safe Stain at 0.5 mg ml-
and photographed under UV Trans laminator with Gel Doc.
Intas. A 1kbp ladder (Gene Ruler TM, Fermantas,) was used
as a molecular size standard.

Molecular analysis of the data

Data analyses of populations were defined according to the
geographic locations. The bands generated by SSR primers
that were repeatable and clearly visible with a high intensity
were scored manually for the presence (1) or absence (0) of
bands in each isolate. The pair-wise distance among the iso-
lates was calculated from the binary matrix using the simple
mismatch coefficient (Sneath and Sokal 1973) that is recom-
mended for haploid fungi (Kosman and Leonard 2005).
Genetic similarity between pairs was estimated using
Jaccard’s similarity coefficient. Similarity coefficients were
used for the construction of UPGMA (Unweighted Pair
Group Method with Arithmetic Average) dendrogram (Rolhf
1990). For each primer pair, the polymorphic information
content (PIC), marker index (MI) was calculated. The poly-
morphic information content (PIC) was calculated using
PICi = 2fi (1-fi), where i is the information of marker I, fi is
the frequency of the amplified allele (presence of fragments)
and (1 – fi) is the frequency of the null alleles (Roldan-Ruiz
et al. 2000). The genetic variation was measured in terms of
genetic diversity and was computed by averaging PIC esti-
mates over all loci (Nei and Li 1979). The marker index
(MI) was calculated by MI = PIC x EMR, where EMR is
the Beffective multiplex relationship^ given by the product
of the total number of fragments per primer (n) and the frac-
tion of polymorphic fragments (β) (Varshney et al. 2007).

Genotypic diversity (H) among isolates was estimated from
allelic frequencies using the eq. H = 1 - Σ xi2, where, xi is the
frequency of the ith allele (Nei 1973). The coefficient of pop-
ulation subdivision (GST) was computed as (Ht – Hs)/Ht,
where, Ht is the total genetic diversity and Hs is the average
gene diversity over all subgroups (Nei 1973). the allele fre-
quencies at polymorphic loci, the Nm values (effective migra-
tion rate), and the genetic identity among populations for char-
acterize genetic variation, observed number of alleles (Na),
effective number of alleles (Ne), Nei’s gene diversity (He)
and Shannon’s information index (I) were calculated in both
origin sites and subspecies levels. Mean values of gene diver-
sity in total populations (Ht), gene diversity between popula-
tions (Hs), proportion of gene diversity attributable to differ-
entiation among populations (Gst) and estimate of gene flow
from Gst (Nm) were obtained across loci (McDermott and
McDonald 1993). Relationships of the populations were esti-
mated from the SSR data using the UPGMA (Unweighted
Pair GroupMethod with ArithmeticMean), clusteringmethod

Fig. 1 Geographical origins of the five FOL populations in western Iran
used in this study

Table 1 Geographical origin of FOL populations from western Iran

Code of isolates Origin site No. of isolates Population
number

F0-F19 Sarableh 20 1

F20–40 Sirvan 21 2

F41-F64 Ivan 24 3

F65-F82 Badreh 18 4

F83–97 Darehshahr 18 5

F00-F02

Population genetic structure of Iranian Fusarium oxysporum f. sp. lentis isolates 37



on the basis of Nei’s (1978) unbiased genetic distance, Based
on SSR data, Analysis of molecular variance (AMOVA) tests
were performed to assess population variance among and
within populations and Principal coordinate analysis (PCA)
was performed to evaluate the genetic differences among iso-
lates within populations too, all above calculations were per-
formed using POPGENE ver. 1.31 (Yeh et al. 1999) and Gen
Alex ver. 6.5 (Peakall and Smouse 2006).

Results

Distribution of alleles at polymorphic SSR loci

Five pair SSR primers were used for amplification loci of 101
FOL isolates. A total of 28 alleles were produced by SSR
primers with an average of 7 alleles in all populations. All
isolates amplified a single band ranging from 100 to 1000 bp.

Three microsatellite loci were polymorphic when consid-
ered over all isolates. The average of allelic variability per
locus was the highest (0.245) in Darehshahr population and
the lowest in Sarableh with 0.156 alleles. The allele’s

frequency is the highest in Ivan with nine and lowest in
Sarableh and Sirvan with six alleles (Table 3).

A summary of the genetic diversity data of five microsat-
ellite loci in populations is given in Table 3. Observed allele
number (Na =1.70) and effective numbers (Ne = 1.533) of
alleles were higher in Ivan compared to other populations.
The number of (H) and (I) were also higher in Ivan
(H = 0.301; I = 0.442) but lower values were estimated for
Sarableh (H = 0.156; I = 0.252).

Primers information

On basis of microsatellite data, the polymorphic information
content (PIC) varied from 0.287 (primer MB13) to 0.491
(primers MB18), with an average of 0.424, which reflects
the informative content of the primers used. EMR (effective
multiplex relationship) varied from 100 to 300. The marker
index (MI), which incorporates the informative content of the
marker (PIC), the number of fragments per primer pair and the
fraction of polymorphic fragments (EMR), varied from 1.49
(MB11) to 8.96 (MB5) (Table 2).

Genetic variability of populations

The average genetic distance was calculated among the five
populations. Nei’s pairwise genetic distances between the
populations varied from 0.007 to 0.123. The lowest genetic

Table 2 SSR primer sequences used in this study (Bogale et al. 2005)

Primer locus Primer sequence(5′ → 3′) Annealing
temperature (Ta)

Repeat motif Expected
size (bp)

PIC EMR MI

MB2 F: TGCTGTGTATGGATGGATGG
R:CATGGTCGATAGCTTGTCTCAG

57 (GT)11(GA)6 500–200 0.442 300 6.13

MB5 F:ACTTGGAGAAATGGGCTTC
R:GGATGGCGTTTAATAAATCTGG

54 (TG)9 1000–900 0.484 200 8.96

MB11 F:GTGGACGAACACCTGCATC
R:AGATCCTCCACCTCCACCTC

60 (GGC)7 150–100 0.491 100 1.49

MB13 F:GGAGGATGAGCTCGATGAAG
R:CTAAGCCTGCTACACCCTCG

60 (CTTGGAAGTGGTAGCGG)14 150–200 0.287 100 7.28

MB18 F:GGTAGGAAATGACGAAGCTGAC
R:TGAGCACTCTAGCACTCCAAAC

61 (CAACA)6 300–100 0.420 300 6.12

Average - - - - 0.424 200 5.99

Table 3 Genetic diversity estimates in FOL populations based on
microsatellite loci

population No. allele Na Ne I H

Sarableh 6 1.20 1.231 0.252 0.156

Sirvan 6 1.20 1.417 0.341 0.233

Ivan 9 1.70 1.533 0.442 0.301

Badreh 7 1.40 1.408 0.354 0.235

Darehshahr 7 1.40 1.383 0.374 0.245

average 7 1.38 1.394 0.352 0.234

I = Shannon’s Information index

H = Nei’s (1973) gene diversity

Ne = Effective number of alleles

Na = Observed number of alleles

Table 4 Information about genetic distance between pairs of FOL
counties

Darehshahr Badreh Ivan Sirvan Sarableh Population

* Sarableh

* 0.033 Sirvan

* 0.047 0.059 Ivan

* 0.056 0.007 0.043 Badreh

* 0.033 0.109 0.056 0.123 Darehshahr
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distance was found between Badreh and Sirvan, while the
highest genetic distance was revealed between Sarableh and
Darahshahr (Table 4). Cluster analysis (UPGMA) was used to
produce a dendrogram showing the genetic relationships be-
tween the populations based on the SSR data, the dendrogram
showed a distinction between the Darehshahr population and
the four remaining populations (Fig. 2).

The total gene diversity (Ht) and gene diversities between
subpopulations (Hs) were estimated to be 0.267 and 0.233,
respectively. Gene diversity attributable to differentiation
among populations (Gst) was 0.126, while gene flow (Nm)
was 3.439 (data not shown). The genetic similarity varied
from 88% to 99%, in isolates with different geographical or-
igins, the most similar isolates were F33 with F36, and F32
with F84. The cophenetic correlation indicated a high level of
accuracy between the original data of the genetic distance
matrix and the data represented in the dendrogram (data not
shown). A dendrogram based on UPGMA analysis showed
three major groups containing isolates with different origins.
Group I, II and III. Group I, with F43, F44, F45 showing
broad molecular differences in relation to those of FOP iso-
lates. Group II consisted of Different isolates such as: F2, 10,
31, 34, 42, 50, 63, 80, 87, 01, 8, 35, 61, 65, 85, 62, 68, 33, 36,
20, 30, 46, 64, 81, 82, 83, 32, 84, 88, 80, 00, 02, 28, 60, 66, 70,
58, 86, 47, 48. Group III contains other isolates except Group I
and II.

The AMOVA of genetic variation in FOL populations re-
vealed that 11% of the variance occurred among populations
and 89% within populations (Table 5).

PCA using SSR data showed the genetic differences
among isolates within populations and gene flow between
different populations (Fig. 3), this suggests the geographical
regions play important role for the formation of populations.
PCA allows for visualizing the patterns of genetic relationship
without altering the data itself and finds patterns within a
multidimensional data set.

Discussion

Present study clearly indicated the variation among 101 FOL
isolates, collected from different regions. The present work
was carried out to explore the possible utilization of SSR
technique for identifying genetic structure in FOL isolates too.

The advantage of microsatellite markers over Random
Amplified Polymorphic DNA (RAPD) and Restriction
Fragment Length Polymorphism (RFLP) markers are their
high specificity, high polymorphism, good reproducibility
and unambiguous scorability (Tenzer et al. 1999; Saharan
and Naef 2008).

In this research SSR markers grouped FOL isolates into
three major groups based on their geographical regions as
earlier reported by Belabid et al. (2004). Similar studies on
other plant pathogenic fungi have emphasized the importance
of molecular approaches to characterize genetic diversity
within and between isolates (Sivaramakrishnan et al. 2002a,
b; Bentley et al. 1995; Belabid et al. 2004). By SSR markers,
different allele sizes were recorded in FOL genome, the
smallest allele size was detected as 120 bp and the largest
one was 1000 bp as reported by Mohammadi et al. (2004).
The polymorphic character of SSRs produces highly discrim-
inating fingerprints that often allow characterization of fungi
at a strain level (Migheli et al. 1998; Barres et al. 2006). The
variable numbers of alleles per loci is an indication of high
level of polymorphism and was reported by Mwang Òmbe
et al. (2007) in Kenyan R. solani isolates. Polymorphism has
been observed in other fungi as a direct record of genetic
evolution (Sanders 2002). The results showed that there was
a low level of genetic variation among the isolates of FOL
populations in Iran. In this study the relationship detected
between isolates within the five populations was probably
due to exchange of lentil seeds between sampled regions and
geographical closeness as well. In this study, Iranian FOL
isolates showed a different level of diversity within and

Fig. 2 Dendrogram of genetic
relationships between each FOL
county constructed by UPGMA

Table 5 Hierarchical molecular
analysis of variation (AMOVA)
within and between FOL
populations based on SSR
markers

Source of variation df. Sum of
squares (SS)

Mean of
squares (MS)

percentage
of variation

P value

Among populations 4 15.771 3.943 11 0.107

within populations 81 106.816 1.228 89

Total 91 122.587 100
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between populations in comparison with the international
isolates. Similar results were also reported in F. oxysporum
f.sp. phaseoli by Woo et al. (1996) and in F. oxysporum f.
sp. ciceris by Jimenez-Gasco et al. (2001). Similar findings
have also been reported in the Ethiopian F. oxysporum isolates
by AFLP, SSR and ITS sequence analysis by Bogale et al.
(2006). In Iranian populations, over 89% of the gene diversity
was distributed on a local level within populations. However
there was a high degree of genetic similarity among popula-
tions separated by low geographical distances. The low level
of gene diversity (Gst = 0.126) was detected among all five
populations. The low Gst value indicated little genetic differ-
entiation among the five populations and showed little evi-
dence for geographical subdivision among populations
(Bayraktar et al. 2010).

The genetic distances were very small, indicates that pop-
ulations linked bymovement of conidia through contaminated
seeds, infected plant debris as gene flew because the geo-
graphic distances between sampling regions are short with
range of 50 to 300 km. Gene flow is one of the evolutionary
forces that can have a significant force on the genetic diversity
of a population. In the absence of gene flow, genetic drift
cause developing different allele frequencies at neutral loci,
leading to differentiation in isolate populations (Keller et al.
1997). The high genetic similarity among FOL populations
suggests that gene flow occurred across long distances.
Infected seed can lead to persistence of genotypes; we consid-
er that infected seed can explain the distribution and diversity
of genotypes found at the end of the growing season in natural
populations. Genetic drift and selection would limit the num-
ber of genotypes present in field populations (Shah et al.
1995). In this study genetic characterization of FOL isolates
could be essential for the efficient management of Fusarium
wilt through use of resistant cultivars in Lentils growing areas.
Low FOL genetic diversity in the west of Iran is a warning for

breeder to apply the successful use of resistance genes in local
disease management.

However, an understanding of occurrence, distribution, and
genetic relatedness of such pathogenic variants is a necessary
for developing effective and efficient integrated disease man-
agement. Quarantine regulations will need to prevent the in-
troduction of more diverse isolates into these populations and
prevent transmission any isolates from these area to other
regions of the country. Understanding the genetic structure
of pathogen populations in the present study may provide
insights into the epidemiology and evolutionary potential of
pathogens and could lead to developing integrated strategies
for disease management and breeding programs.
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