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Flax (Linum usitatissimum  L.) is one of the most important fiber and oil crop 

plants cultivated since ancient time. The flax seeds contain high amount of omega- 3-fatty 

acids and biologically active lignans. In spite of economic importance of cultivated flax, 

no information is available on its genetic variability and population structure in Iran. 

Therefore, we used six inter-retrotransposon amplified polymorphism (IRAP) markers 

and 15 combined IRAP markers to reveal within and among population genetic diversity 

in this crop plant. We used 30 randomly selected plants in three geographical populations 

for present investigation. AMOVA test produced significant genetic difference (PhiPT = 

0.40, P = 0.010) among the studied populations and also revealed that, 40% of total 

genetic variability was due to within population diversity while, 60% was due to among 

population genetic differentiation. Gst (0.78, P = 0.001), Hedrick, standardised fixation 

index (G'st = 0.83, P = 0.001), revealed that the studied populations are genetically 

differentiated. STRUCTURE plot based on admixture model revealed that the studied 

populations differed extensively in their genetic content, but some degree of shared 

alleles occurred between them. Some adaptive IRAP loci were identified by LFMM 

analysis. These loci were private alleles restricted to geographical populations. Data 

obtained may be used in breeding and hybridization program of flax in the country.  
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INTRODUCTION 

Flax (Linum usitatissimum  L.) is one of the oldest domesticated plants. The historical 

data indicate that flax was cultivated in ancient Egypt and Samaria 10,000 years ago (ZOHARY and 

HOPF, 2000) as the source of fiber and oil. Moreover, during historic investigations 30,000-year 
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old processed and colored flax fiber was found, indicating that early humans made fabric or 

threads from the flax (KVAVADZE et al., 2009).  

The flax seeds contain high amount of omega-3-fatty acids and active lignans and 

therefore are used in animal feed and human food. Linseed oil issued in the production of paint, 

soap and polymers (SOTO-CERDA et al., 2012).  

Flax (Linum usitatissimum L.) is predominantly self-pollinated, diploid (2n = 30). The 

center of origin of cultivated flax is believed to be the Middle East, although other secondary 

diversity centers have been proposed such as the Mediterranean basin, Ethiopia, Central Asia and 

India (ZOHARY and HOPF, 2000).  

Population genetics analyses are important in genetic and breeding studies. They provide 

information on the levels of genetic variation, partitioning of genetic variability within/between 

populations, inbreeding or outcrossing, effective population size and population bottleneck (ELLIS 

and BURKE, 2007).  

The advent of molecular markers has greatly improved population genetic studies. These 

markers have been used to identify potentially novel genotypes among the many flax accessions, 

and to assess genetic diversity of the flax germplasm (SHEIDAI et al., 2014).  

In recent years, molecular marker systems such as randomly amplified polymorphic DNA 

(RAPD), amplified fragment length polymorphism (AFLP), inter simple sequence repeat (ISSR), 

simple sequence repeat (SSR) and inter-retrotransposon amplified polymorphism (IRAP) have 

been used to measure genetic variation and relationships in cultivars and landraces of flax 

(EVERAERT et al., 2001; WIESNEROVA and WIESNER, 2004; DIEDERICHSEN and FU, 2006; FU, 2006; 

UYSAL et al., 2010; BICKEL et al., 2011; DENG et al., 2011; ŢIAROVSKA et al., 2012; ABOU EL-NASR 

et al., 2013; SHEIDAI et al., 2014). These studies show that cultivated flax has low genetic diversity 

compare to wild relatives or some other crops (SMYKAL et al., 2011), possibly resulting from a 

domestication bottleneck. However, the flax genome (686 Mbp) shows environmentally induced 

yet heritable genomic changes known as genotypic plasticity due to the activation of transposable 

elements (CHEN et al., 2005, 2009). Therefore, transposable elements are suitable molecular 

markers for studying genetic diversity in cultivated flax.  Transposable elements, particularly 

retrotransposons, comprise most of plant genomes. Their replication generates genomic diversity 

and makes them an excellent source of molecular markers (SMYKAL et al., 2011). The inter-

retrotransposon amplified polymorphism (IRAP) method displays insertional polymorphisms by 

amplifying the segments of DNA between two retrotransposons. It has been used in numerous 

studies of genetic diversity (SMYKAL et al., 2011). 

Due to importance of cultivated flax and lack of information on its genetic variability in 

our country, we performed population genetic study of three available germplasm by using IRAP 

method. Data obtained on genetic structure and genetic variability of flax genotypes may be used 

in future breeding of this important crop plants in the country.  

MATERIALS A ND METHODS 

Thirty randomly selected plants of three flax germplasm (L. usitatissimum L.) were used 

in present study. These germplasms were located in three different cities and provinces of Iran 

namely: 1- Saveh in Markazi province, 2- Orumieh in West-Azarbayejan, and 3- Shiraz in Fars 

province (Table 1). 

 

http://link.springer.com/search?facet-author=%22Axel+Diederichsen%22
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Table 1. Genetic diversity parameters in three germplasms of L. usitatissimum and localities, 

coordinates. Altitude in paranthesis  

Pop 
Coordinates and altitude Accession No 

Na Ne I He %P 

Saveh 

(N 34°  48´)  (E  050° 22´)  

(867m) 

    2011165 

HSBU 
0.827 1.156 0.168 0.104 41.36 

Orumieh 

(N 37°  43´)  (E 044° 54´)  

(1656m) 

    2011316 

HSBU 
1.095 1.375 0.308 0.210 54.53 

Shiraz 

(N 29°  36´)  (E 052° 33´)  

(1500m) 

    2011317 

HSBU 
1.053 1.333 0.277 0.188 52.26 

Na=number of different allele, Ne= effective allele, I= Shannon index, He= expected heterozygosity, P%= percentage of polymorphism 

 

DNA extraction and IRAP markers 

Genomic DNA was extracted from silica gel dried leaves by using CTAB activated 

charcoal protocol (KRIZMAN et al., 2006). The quality of extracted DNA was assessed by 0.8% 

agarose gel electrophoresis. The quantity of DNA samples were measured by NanoDrop® 

spectrometer.  

A set of six outward-facing LTR primers (SMYKAL et al., 2011; Table 2) were used for 

IRAP analysis. We also used 15 different combinations of outward-facing LTR pair primers. 

IRAP-PCR was performed in Bio-Rad thermocycler (Bio-Rad Laboratories Inc., Hercules, CA, 

USA) in a total volume of 15 µl, containing 50 ng template DNA,1X PCR buffer (10 mM Tris-

HCl buffer, pH 8, 50 mM KCl), 2.0 mM Mg
2+

, 200 μM dNTP mix, 0.4 μM primer (Bioron, 

Germany), and 2 U Smart Taq polymerase (Cinnagen, Iran). The thermal program was carried out 

with an initial denaturation for 1 min at 95°C, followed by 40 cycles in three segments: 30 s at 

95°C, 45s at 47°C and 60s at 72°C. Final extension was performed at 72°C for 5 min. PCR 

productions were visualized by 2% agarose gel electrophoresis following GelRed™ Nucleic Acid 

Gel Staining. Band size was assessed by using a 100 bp molecular size ladder (Vivantis, 

Malaysia). 

 

Table 2. Linum IRAP primers based on Smykal et al. (2011) study  

IRAP Sequence (5´-3´) 

GU735096 ACCCCTTGAGCTAACTTTTGGGGTAAG 

GU980589 AGCCTGAAAGTGTTGGGTTGTCG 

GU929878 GCATCAGCCTGGACCAGTCCTCGTCC 

GU735096 CACTTCAAATTTTGGCAGCAGCGGATC 

GU929877 TCGAGGTACACCTCGACTCAGG 

GU980590 ATTCTCGTCCGCTGCGCCCCTACA 
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Data analysis  

Genetic diversity and population structure 

The IRAP profiles obtained for each samples were scored as binary characters. Genetic 

diversity parameters were determined in each population. These parameters were Nei’s gene 

diversity (H), Shannon information index (I), number of effective alleles, and percentage of 

polymorphism (WEISING, 2005; FREELAND et al., 2011). Nei’s genetic distance was determined 

among the studied populations and used for clustering (WEISING, 2005; FREELAND et al., 2011).  

For grouping of the plant specimens, Neighbor Joining (NJ) clustering method, maximum 

parsimony and MinSpanning method of networking as well as principal coordinate analysis 

(PCoA) were performed after 100 times bootstrapping/ permutations (HUSON and BRYANT, 2006; 

FREELAND et al., 2011). 

The Mantel test was performed to check correlation between geographical distance and 

the genetic distance of the studied species (PODANI, 2000). PAST ver. 2.17 (HAMER et al., 2012), 

DARwin ver. 5 (2012) and SplitsTree4 V4.13.1 (2013) and PHYLIP ver. 3.6 (2013) programs 

were used for these analyses.  

Significant genetic difference among the studied populations was determined by: 1- 

AMOVA (Analysis of molecular variance) with 1000 permutations by using GenAlex 6.4 

(PEAKALL and SMOUSE, 2006), and 2- Nei
,
s Gst analysis of GenoDive ver.2 (2013) (MEIRMANS and 

VAN TIENDEREN, 2004). Furthermore, populations
, 
genetic differentiation was studied by G'st_est = 

standardized measure of genetic differentiation (HEDRICK, 2005), and D_est = Jost measure of 

differentiation (JOST, 2008).  

The genetic structure of geographical populations was studied by two methods. First we 

carried out Bayesian based model STRUCTURE analysis (PRITCHARD et al., 2000). Data were 

scored as dominant markers (FALUSH et al., 2007) and Evanno test was performed on 

STRUCTURE result to find proper number of K by using delta K value (EVANNO et al., 2005).  

Secondly, we performed K-Means clustering as done in GenoDive ver. 2. (2013). Here, 

the optimal clustering is the one with the smallest amount of variation within clusters. This is 

calculated by using the within-clusters sum of squares. The minimization of the within-groups sum 

of squares that is used in K-Means clustering is, in the context of a hierarchical AMOVA, 

equivalent to minimizing the among-populations-within-groups sum of squares, SSDAP/WG 

(MEIRMANS, 2012). We used two summary statistics to present K-Means clustering, 1- pseudo-F 

(CALINSKI and HARABASZ, 1974), and 2- Bayesian Information Criterion (BIC) (SCHWARZ, 1978). 

The clustering with the highest value for pseudo-F is regarded to provide the best fit, while 

clustering with the lowest value for BIC is regarded to provide the best fit (MEIRMANS, 2012).  

Gene flow  

 Determination of the gene flow was done by three methods. These methods provide data 

on different aspects of gene flow. These methods are:  

 1- Calculating Nm an estimate of gene flow from Gst by PopGen ver. 1.32 (1997) as: Nm = 0.5(1 

- Gst)/Gst.  

2- Population assignment test based on maximum likelihood as performed in Genodive ver. 2. 

(2013). 
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RESULTS  

Genetic diversity  

 Genetic diversity parameters determined in L. usitatissimum L. populations (cultivated 

flax) are presented in Table 1. The studied populations in L. usitatissimum L. (cultivated flax), had 

low genetic variability with mean gene diversity He = 0.16. Orumieh population had the highest 

value for polymorphism percentage (54.53), Shannon information index (I = 0.308) and gene 

diversity (He = 0.210).   

 

Population genetic structure 

 Analysis of molecular variance (AMOVA) produced significant genetic difference 

(PhiPT = 0.40, P = 0.010) among the studied populations in L. usitatissimum. It also revealed that, 

40% of total genetic variability was due to within population diversity while, 60% was due to 

among population genetic differentiation. Pairwise AMOVA produced significant difference 

among three studied populations.  

 Gst (0.78, P = 0.001), Hedrick, standardised fixation index (G'st = 0.83, P = 0.001) and 

Jost
,
 differentiation index (D-est = 0.43, P = 0.001), revealed that the studied populations are 

genetically differentiated. 

 Neighbor Joining (NJ) tree and PCoA plot produced similar results. Therefore, only 

PCoA plot is presented and discussed here (Fig. 1). This plot grouped plants of each population in 

a separate cluster, which was in agreement with AMOVA result. It also revealed a degree of 

within population genetic variability in three populations, which is in agreement with genetic 

diversity parameters presented before. PCoA plot revealed higher genetic affinity between 

populations 1 and 2 (Saveh and Shiraz populations, respectively).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. PCoA plot of IRAP data in L. usitatissimum populations. 

 

Network analysis (Fig. 2) not only supported genetic distinctness of three studied populations but 

also revealed some more details about within population genetic diversity. It also showed that 

plants studied in populations are genetically different from each other. 
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Figure 2. MinSpanning Network diagram of L. usitatissimum populations showing more numerous 

and complicated lines within Shiraz population due to within-population genetic variability. 

  

 

Table 3. K-Means clustering of IRAP data. 

* Best clustering according to Calinski & Harabasz' pseudo-F: k = 3, & Best clustering according to Bayesian Information Criterion: k = 3. 

 

 

Evanno test based on STRUCTURE analysis as well as K-Means clustering (Table 3) 

produced k = 3 as the optimal genetic groups. STRUCTURE plot (Fig. 3) based on k = 3, 

supporting PCoA plot and identified three distinct genetic groups (gene pools) for flax. 

STRUCTURE plot based on admixture model revealed that the three studied populations differed 

extensively in their genetic content (differently colored segments). However, some degree of 

shared alleles (similarly colored segments) occurred between them.  

k SSD(T) SSD(AC) SSD(WC) r-squared pseudo-F AIC BIC Rho 

1 415.529 0 0 0 0 56.604 105.336 0 

2 415.529 192.901 222.629 0.464 12.997 48.586 97.56 0.593 

3&* 415.529 314.184 101.345 0.756 21.701 38.197 87.015 0.789 
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Figure 3. STRUCTURE plot of IRAP data in L. usitatissimum populations. Populations 1-3 are: 1- Saveh, 2- 

Orumieh, and 3- Shiraz. 

 

 The Mantel test produced significant correlation between genetic distance and 

geographical distance of the studied populations (r
2
 = 0.79, P = 0.01). This indicated the 

occurrence of isolation by distance (IBD) in flax.  

Gene flow  

 Nm estimation was performed on 486 IRAP loci obtained. The Nm value ranged from 

0.0-10.0 in these loci. The mean Gst and Nm values for flax were 0.6682 and 0.2483 respectively. 

It showed strong population differentiation and restricted gene flow among the studied 

populations. This result is in agreement with STRUCTURE plot as it also showed limited amount 

of shared alleles. Eight loci had high gene flow rate among the studied populations (>1.0).  

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

Figure 4. Reticulogram of the studied L. usitatissimum populations. Dashed lines indicate gene 

flow.  

Reticulation analysis (Fig. 4) also revealed that limited amount of shared alleles or gene 
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flow occurred more frequently between populations 1 and 2 (Saveh and Orumieh). This result is in 

agreement with Mantel test result, as the populations 1 and 2 are geographically closer to each 

other compared to the third population (Shiraz). However, all three populations had few shared 

alleles that might be due to historical gene flow (ancestral) or ongoing process.  

The population assignment test for L. usitatissimum produced 100% correct assignment 

for all 30 studied plants in three populations. This clearly support low gene flow obtained before. 

LFMM analysis revealed that 33 IRAP loci out of 486 were adaptive and produced -log10 (p-

value) >1.0 (P <0.05). These loci are significantly correlated with environmental features of the 

studied populations. It was interesting to see that these adaptive loci are all among those with low 

Nm value (<1.0) and are mostly among private alleles.  

 

DISCUSSION 

Investigating genetic diversity of important crop plants germplasm including flax is of 

immediate importance studies provide valuable data that can be used in breeding and hybridization 

programs. Genetic diversity is one of the main factors in the continuity of a species as it provides 

the necessary genetic material for adaptation to the prevailing biotic and abiotic environmental 

conditions, and enables populations to cope with changes in the environment (ÇALISKAN, 2012; 

SHEIDAI et al., 2013, 2014).  

 In general, we found very low degree of within-population genetic diversity in all three 

studied flax populations. However, the present study showed that the three germplasms available 

in Iran are genetically different and are valuable sources for hybridization program.  

 The occurrence of significant genetic differentiation among the studied flax populations 

as revealed by STRUCTURE analysis and K-Means clustering indicate that very limited gene flow 

occurs among populations. This in turn reduces the entrance of new genes into the populations and 

lowers genetic variability within populations due to genetic drift (SETSUKO et al., 2007, HOU and 

LOU, 2011). Usually high degree of within population genetic variability is related to the out-

crossing nature of plant taxa (SHEIDAI et al., 2012, 2013). The cultivated flax (L. usitatissimum) is 

a self-pollinated plant species, therefore, the low degree of within-population genetic variability 

observed might be due to its breeding behavior. Heterozygosity is not always beneficial, nor does 

inbreeding always have adverse effects (HUTCHISON and TEMPLETON, 1999). In some 

circumstances, a population may be so well adapted to its local circumstances that introducing 

alleles from other populations actually reduces its performance (outbreeding depression). Many 

plant species have evolved breeding strategies, such as self-pollination, that allow successful 

persistence in small populations without apparent short-term effects of inbreeding depression 

(HUTCHISON and TEMPLETON, 1999). As LFMM results indicated several IRAP loci were adaptive 

in three studied populations and were among private loci not being shared among populations. 

Therefore, both inbreeding and presence of adaptive private alleles help cultivated flax to adapt to 

its local environment.  

 The Mantel test revealed a pattern of isolation-by distance across the distribution range of 

the studied flax populations. This pattern suggested that the dispersal of these populations might 

be constrained by distance and gene flow is most likely to occur between neighboring populations. 

As a result, more closely situated populations tend to be more genetically similar to one another 

(SLATKIN, 1993; HUTCHISON and TEMPLETON, 1999). In fact Saveh and Orumieh populations that 

are geographically closer to each other shared a higher degree of shared alleles/ gene flow 

compared to that of Shiraz population.  
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 It is usually expected that due to long and complex domestication and divergent breeding 

history, and limited gene flow in L. usitatissimum, the flaxseed populations exhibit complex 

population structures (SOTO-CERDA et al., 2012), as was observed by present study.  

IRAP molecular markers are known to vary with environmental conditions (CHEN et al., 

2005, 2009) and the present study showed that IRAP markers are able to differentiate geographical 

populations of flax well enough.  

 In conclusion the present study may provide some useful information about population 

genetic structure and genetic variability of flax species of the country that may be used in breeding 

and hybridization program of these important crop plants.  
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Izvod 

U ispitivanju genetičkog diverziteta unutar i između populacija lana korišćeno je šest inter – 

retrotranspozon (IRAP) markera i 15 kombinovanih IRAP markera Ispitivano je 30 slučajno 

odabranih biljaka u tri populacije na različitim lokacijama. AMOVA testom su dobijene značajne 

genetičke razlike (PhiPT = 0.40, P = 0.010) između ispitivanih populacija. Utvrđeno je da 40 % 

ukupne genetičke varijabilnosti otpada na varijabilnost unutar populacija, a 60 % se odnosi na 

razliku između populacija. Gst (0.78, P = 0.001), Hedrick, standardizovan indeks fiksacije (G'st = 

0.83, P = 0.001), potvrđuje da su ispitivane populacije genetički različite. Dobijeni rezultati su 

pokazali da, iako se genetički jako razlikuju, u ispitivanim populacijama postoje isti aleli. 

Koristeći LFMM analizu identifikovani su adaptivni IRAP lokusi koji nisu prisutni u svim 

populacijama. Dobijeni podaci mogu da se koriste u programima oplemenjivanja i hibridizacije 

lana.  
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