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Abstract 

Main conclusion: We identified and characterized EST-SSRs with strong discrimination power against L. 

angustifolia and L. x intermedia species. The markers also showed considerable cross-species transferability rate 

into six related Lavandula species. 

Lavenders (Lavandula) are important economical crops grown around the globe for essential oil 

production. In an attempt to develop genetic markers for these plants, we analyzed over 13,000 unigenes developed 

from L. angustifolia and L. x intermedia EST databases, and identified 3,459 simple sequence repeats (SSR), which 

were dominated by trinucleotides (41.2%) and dinucleotides (31.45%). Approximately 19% of the unigenes 

contained at least one SSR marker, over 60% of which were localized in the UTRs. Only 252 EST-SSRs were 18 bp 

or longer from which 31 loci were validated, and 24 amplified discrete fragments with 85% polymorphism in L. x 

intermedia and L. angustifolia. The average number of alleles in L. x intermedia and L. angustifolia were 3.42 and 

3.71 per marker with average PIC values of 0.47 and 0.52, respectively. These values suggest a moderate to strong 

level of informativeness for the markers, with some loci producing unique fingerprints. The cross-species 

transferability rate of the markers ranges in 50 to 100% across eight species. The utility of these markers was 

assessed in eight Lavandula species and 15 L. angustifolia and L. x intermedia cultivars, and the dendrogram 

deduced from their similarity indexes successfully delineated the species into their respective sections and the 

cultivars into their respective species. These markers have potential for application in fingerprinting, diversity 

studies and marker-assisted breeding of Lavandula. 
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Abbreviations:  

CDS: protein coding regions, EST: Expressed sequence tags, EO: essential oil, He: genetic diversity, Na: number of 

alleles, PIC: polymorphic information content, PFR: primer flanking regions, SSR: Simple sequence repeats, UTR: 

Untranslated regions  

 

Introduction  

Several members of the genus Lavandula (Lamiaceae) are cultivated worldwide for their essential oils 

(EOs), which are used in perfumes, cosmetic products, antiseptics, pharmaceutical preparations, alternative 

medicine, etc. Over 400 cultivars and their numerous hybrids are identified in the genus, which are grouped into 

three subgenera, eight sections and 39 species based on habit, indumentums, leaf shape and inflorescence structure. 

For example, the subgenus Lavandula comprises of three sections; Lavandula, Dentatae and Stoechas that are 

characterized by their multi-flowered cymes and woody shrubs with narrow leaves. On the other hand, the subgenus 

Fabricia – comprising the sections Pterostoechas, Subnudae, Chaetostachy and Hasikenses – and the subgenus 

Sabaudia (with Sabaudia as the only section) have single-flowered cymes with the former section lacking bracteoles 

(Upson and Andrew, 2004). These morphological markers, however, are influenced by environmental conditions 

and lack the power to discriminate cultivars/hybrids derived from genetically related species. Thus, developing 

appropriate markers that could delineate different species and their cultivars irrespective of their geographic origin 

and environmental conditions is of high priority as the market value and bioactivity of lavender oils largely relies on 

the species and/or cultivars used (Cavanagh and Wilkinson 2002). In line with this, recent Lavandula taxonomic 

classification research has focused on developing DNA-based markers. In addition to aiding genetic identification, 

the development of DNA-based markers would also provide an opportunity to exploit the genetic pool of Lavandula 

for targeted breeding and genetic conservation efforts. 
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Although different types of DNA markers have been developed and employed to characterize diverse 

crops, simple sequence repeats (SSRs; commonly referred to as microsatellites) are the preferred markers next to 

single nucleotide polymorphism (SNPs) in recent plant genetics and breeding studies. SSRs have been successfully 

applied in genetic variation, linkage and comparative mapping, functional diversity and evolutionary relationship 

analysis of several crop species including Salvia spp (Radosavljević et al. 2011; Radosavljević et al. 2012; Karaca et 

al. 2013), Rosmarinus spp (Segarra-Moragues and Gleiser 2008)and Origanum vulgare (Novak et al. 2008), 

Triticum aestivum L. (Gao et al. 2004), Medicago truncatula (Eujayl et al. 2004), Citrus (Liu et al. 2013) and so 

forth. Recent genetic studies favor SSRs over randomly amplified polymorphic DNA (RAPD) and amplified 

fragment length polymorphism due their multi-allelic nature, reproducibility, co-dominant inheritance, relative 

abundance, extensive genome coverage, ability to discriminate both inter- and intra-species variations, and relatively 

simple to analyze them (Li et al. 2004; Liu et al. 2013).  

Depending on the source database, two types of SSR markers called genomic-SSRs and expressed sequence tag 

SSRs (EST-SSRs) are known. Genomic-SSRs are the most abundant SSRs in nature because SSRs are often located 

in non-coding regions of the genome. Genomic-SSRs are generally mined from SSR-enriched or non-enriched 

(random) genomic libraries. SSR-enriched genomic DNA libraries are constructed either through selective 

hybridization of genomic portions containing SSRs or by selective amplification of microsatellite containing 

genomic DNA fragments using SSR specific primers. On the other hand non-enriched or random libraries, as the 

name implies, are derived from randomly cloned genomic DNA fragments (Senan et al. 2014). However, in addition 

to being limited to model-organisms, genomic-SSR development is labor intensive, costly and time-consuming, and 

provides limited information about variations in the expressed regions of genomes (Li et al. 2004; Duran et al. 2009; 

Guichoux et al. 2011; Liu et al. 2013). EST-SSRs, on the other hand, are repeats located in expressed regions of a 

genome and mainly derived from EST databases. Although repeat numbers and total lengths of EST-SSRs are 

relatively small compared to genomic-SSRs (Li et al. 2004), previous reports indicated that they are: (1) uniquely 

informative as they represent alterations in structural and regulatory genes of an organism (Li et al. 2004; Chabane 

et al. 2005), (2) easily transferable among closely related species, (3) can distinguish varieties/cultivars of a given 

species, and (4) identified from EST databases that are cheap to develop and also not limited to model organisms. 

For example, Qureshi et al. (2004) reported that 26% of the EST-SSR primer pairs they tested showed intra-species 

polymorphism among G. hirsutum cultivars and 52% interspecies polymorphism between G. hirsutum and G. 

barbadense. EST-SSRs located in untranslated regions (UTRs) of a gene are more polymorphic than those located in 

coding regions (CDS) in the same gene, but the later is often associated with biochemical and/or physiological 

changes (Li et al. 2004). 

Despite the economic importance and social value of lavenders, to our knowledge little attempt has been made to 

develop and apply DNA-based molecular tools to fingerprint species and cultivars, and to study the untapped genetic 

diversity in Lavandula. Upson and Andrews (2004) employed internal transcribed spacer data to discern the genetic 

relationship in the genus, while Hnia and Mohamed (2010) used RAPD markers to characterize the sub-genus 

L.multifodia. Recently, Karaca et al. (2013) reported the cross-genera transferability of Salvia officinales EST-SSRs 

to Lavandula hybrid, but only 7 of the 75 (~9%) loci were positive. To benefit Lavandula from recent advances in 

genomics, our group has recently reported three EST databases corresponding to cDNA libraries of L. angustifolia 

leaf and flower (Lane et al. 2010), and L. x intermedia secretory cells isolated from glandular trichome tissues 

(Demissie et al. 2012; Sarker et al. 2012). These libraries contain 22,290 ESTs that were assembled into 13,625 

unigenes, and have already been used to isolate and functionally characterize key cDNAs involved in Lavandula 

isoprenoid biosynthesis (Demissie et al. 2011; Demissie et al. 2012; Sarker et al. 2012; Demissie et al. 2013). Given 

that genomic sequence of Lavandula is not yet available, we analyzed the above databases to identify, characterize, 

validate EST-SSRs and assess their cross-species transferability and suitability to analyze genetic relationship in 

Lavandula. Here, for the first time we report (1) the in silico identification and characterization of 3,459 novel EST-

SSRs from Lavandula, (2) high polymorphism and cross-species transferability rate of 31 EST-SSRs, and (3) the 

genetic relationship assessment of eight species and fifteen cultivars belonging to L. angustifolia and L. x intermedia 

using the EST-SSR markers. The identified markers have shown promising polymorphism level to be developed to 

species and cultivar specific genetic markers. In addition, the identification of these markers would aid future 

Lavandula genetic studies including fingerprinting, diversity analysis, targeted breeding, genetic resource 

conservation and management practices, etc. 
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Materials and methods 

EST-SSR motif identification, characterization and primer designing  

The 13,625 unigenes (6,316 and 3,193 from L. angustifolia flower and leaf libraries, respectively, and 

4,116 from L. x intermedia gland library) with an average length of 714 bp were screened in silico to identify SSR 

motifs using the web-based SSR mining tool ‘SSR server’ available at the Genome database for Rosaceae (GDR) 

(Jung et al. 2008). The following parameters were used during the screening: minimum motif length of 15 base pairs 

(bp) for mono- and penta-nucleotides, 12 bp for di-, tri- and tetra-nucleotide, and 18 bp for hexa-nucleotides, 

modified from Iorizzo et al. (2011). In addition to searching motifs from our unigenes, the SSR server was also used 

to calculate the number, frequency and size of repeats, location of motifs (CDS or UTR), possible primer pairs and 

expected amplified fragment lengths of identified motifs. The frequency of motifs residing in CDS and UTR were 

then manually calculated based on their location determined by the mining tool. Further, the average distance 

between two SSR motifs in ESTs was calculated as: EST-SSR density = (number of unigenes/number of 

SSRs)*average bp per unigene. 

SSRs with primer-flanked regions (PFRs) identified by the SSR server tool often do not meet primer 

designing criterions. Thus, all unigenes, except mononucleotides, were submitted to BatchPrimer3 software to 

screen PFRs that meet primer designing criterions and pick their corresponding primers using the default parameters 

of the “SSR screening and primers” module (You et al. 2008). Depending on repeat length determined by 

BatchPrimer3 for PFRs meeting primer designing criterions, motifs were classified into category I and II. Category I 

included tri-nucleotide repeats with ≥ 18 bp and di-, tetra-, penta and hexa-nucleotides with ≥ 20 bp. Di-, tetra-, 

penta and hexa-nucleotide motifs with 12 - 20 bp and trinucleotides with 12 - 18 bp length were classified in 

category II. Since high rate of polymorphism is generally expected in longer SSRs (Temnykh et al. 2001), only 

category I members were advanced for further analysis. The frequency of each motif located in CDS or 5’ and 3’ 

UTR was calculated manually based on the location of the motif after determining the ORF location of the unigene 

using the NCBI ORF-finder software. From the 252 EST-SSRs classified in category I, 31 EST-SSRs were used for 

detailed validation.  

 

Functional annotation of SSR containing unigenes  
The functional annotation of Lavandula unigenes containing SSR markers was performed using the 

Blast2GO online platform. Briefly, the sequences were blasted against the nr NCBI database using the BlastX 

module default parameters, gene ontology (GO) identifiers are mapped to the blast results, putative functions were 

assigned to the unigenes and analyzed, and finally the annotation of results were visualized using the direct acyclic 

graph (DAG) module (Conesa et al. 2005). 

 

Plant materials and genomic DNA extraction  
The plant materials used in this study comprises of fifteen cultivars, eight from L. angustifolia and seven from L. x 

intermedia and of six cultivars from six other species, one cultivar per species, for transferability studies (Table 1). 

Leaf tissues of these cultivars were collected from The Okanagan Lavender and Herb Farm and The Greenery 

Garden Center (Kelowna, BC, Canada), freeze-dried in liquid nitrogen and genomic DNA was extracted using 

Geneaid Genomic DNA extraction kit (plant) (Geneaid Biotech Ltd. Taiwan) as per the manufacture’s instruction. 

The quantity and quality of extracted DNA was determined using NanoDrop 2000 spectrophotometer (Thermo 

Scientific, Wilmington, DE, USA) and agarose gel (1%), and the DNA was stored in – 20 °C until used.  

 

EST-SSR analysis and cross-species transferability study 

 

PCR conditions (annealing temperatures) for each primer set were optimized by amplifying the 

corresponding DNA fragment from genomic DNAs extracted from leaf tissues of L. angustifolia cv. Maillette and L. 

x intermedia cv. Grosso individuals harvested from The University of British Columbia Okanagan lavender farm. 

The primers were then used for assessing genetic relationship by amplifying their respective loci from genomic 

DNAs isolated from L. angustifolia (8 cultivars) and L. x intermedia (7 cultivars). PCR amplifications were carried 

out at optimal conditions in a 25μL reaction volume containing 70 ng genomic DNA, 0.3 μM of each forward and 

reverse primers, 2.5 μl of the 10x reaction buffer, 250 μM each dNTP, 1.5 mM MgCl2, 0.5 μg BSA and 1.25 unit of 

Taq DNA polymerase (NEB, Ipswich, MA). The PCR program used was: initial denaturation at 95 °C for 15 min, 

followed by 11 cycles of denaturation at 95 °C for 30 s, annealing temperature stepping down every cycles by 1°C 

from either 64 °C to 54 °C or 62 °C to 52 °C depending on the primer type, and extension at 72 °C for 2 min. This 

was followed by a second round amplification of 24 cycles with the following program: denaturation at 95 °C for 30 
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s, annealing temperature of 54 °C or 52 °C (depending on the primer type), and extension at 72 °C for 2 min, 

followed by a final extension at 72 °C for 10 min. Amplified fragments were visualized using SYBR safe-stained 6 

% polyacrylamide gels. Clear and indisputable bands that were consistent in three separate amplifications were 

scored as present (1) and absent (0). Fragments with identical molecular weight across all species or cultivars were 

considered as monomorphic. 

Cross species amplification of EST-SSRs generated from L. angustifolia and L. x intermedia were tested in 

six Lavandula species (Table 1): in PCR conditions described above. The genetic relationship among eight species, 

including the two EST-SSRs donor species, was analyzed using 18 cross transferred EST-SSR markers. Similarly, 

24 loci were used to analyze the genetic diversities among eight L. angustifolia and seven L. x intermedia cultivars.  

 

Data analysis 

Lavandula species are characterized by complex polyploidy with significant variation in chromosome 

numbers, ranging from 18 – 75 chromosomes (Upson and Andrew 2004). Hence, to avoid errors associated with 

distinguishing alleles of homologous chromosomes, the co-dominant SSR markers were considered as dominant 

markers. Assuming every allele as a single locus, all alleles detected in all species were recorded as present (1) and 

absent (0) binary data matrix. The binary data matrix was then used to determine the total number of alleles, the 

number of polymorphic alleles, the number of alleles per marker (Na) and polymorphic alleles per marker (Pa). The 

genetic diversity (He) = 1 - (1/m)∑L∑uP
2

lu, where plu is the frequency of the uth allele at the lth locus and m is the 

number of loci (Weir 1996) and polymorphic information content (PIC) = 1 - ∑p
2
i, where pi is the frequency of the 

ith allele for individual p were calculated after determining the allele frequencies using PowerMarker v3.25 software 

(Liu and Muse 2005). The genetic similarity level among L. angustifolia and L. x intermedia cultivars, and among 

eight species representing four sections and one inter-section hybrid were estimated based on Jaccard’s similarity 

coefficient and clustered with the UPGMA analysis and SAHN procedure of the NTSYS-PC v2.10t (Rolf 2000). 

The UPGMA dendrogram confidence limits were determined from 2000 bootstraps using WinBoot software 

program (Yap and Nelson 1996). 

 

Results 

Identification and in silico characterization of EST-SSRs 

A total of 3,459 EST-SSR motifs were identified in our unigene libraries of which 1,641 were from flower 

database, 953 from leaves and 865 from oil glands (Figure 1). The 3,459 SSRs motifs were identified from 2,556 

(18.8 %) unigenes because more than one SSR loci, up to five per unigene, were identified in some instances (Table 

2). The distribution density of the EST-SSRs in Lavandula unigenes was one locus for every 2.81 kb distance and 

the number of repeat units per locus ranged from 3 for tetranucleotides - 40 for dinucleotides. The majority of the 

identified motifs (~60%) were located in the UTR of the unigenes. Although the EST databases of flower tissues 

resulted in the highest number of SSR motifs, the number of SSR motifs identified in each tissue was proportional to 

the number of unigenes present in the database. For example, the proportion of SSR motifs in L. angustifolia flower 

database was 26% and that of leaf was 29%. 

Trinucleotide SSRs were the most abundant motifs in Lavandula unigenes, with 41% occurrence 

frequency, followed by di- (31.45%) and tetra-nucleotides (11.51%), while the frequencies of mono-, penta- and 

hexa-nucleotides were 6.07%, 3.79% and 5.98%, respectively (Figure 2). However, when different repeat types were 

considered, the dinucleotide motif type AG/GA/CT/TC showed the highest occurrence (26.2%), followed by the 

trinucleotide motif groups GGC/GCG/CGG/GCC/CCG/CGC and AAG/AGA/GAA/CTT/TTC/TCT with occurrence 

frequencies of 10 % and 8.09 %, respectively (Table 2). All other motif types had relatively low distribution, 0.35 - 

5.72%, while the GC/CG motif types were completely absent in Lavandula unigenes. The same motif types also 

dominated the three tissue specific databases at comparable frequencies. For example, the dinucleotide motif group 

AG/GA/CT/TC is the dominant marker in flower, leaf and oil gland accounting for 26%, 27.2% and 25.6% of the 

total SSR motifs, respectively (Table 2). 

SSRs are generally characterized by the presence of conserved flanking sequences. However, often not all 

EST-SSRs contain these sequences due to limitations associated with the nature of EST database or because some 

conserved sequences are too short to satisfy primer-designing parameters. From the 3,459 SSR motifs we identified, 

only 1,812 (about 52.4%) were flanked by conserved sequences, also called primer-flanking regions (PFRs), of 

which 1,108 were mined from flower unigene library, 300 from leaf and 404 from oil gland (Figure 1). The 1,812 

motifs were grouped into two categories based on their repeat length where 252 (13.9%) EST-SSRs were clustered 

into category I and the rest, 1,560 (86.1%), were clustered into category II. Category II type EST-SSRs were 
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excluded from subsequent analysis because previous researches have established that they are inefficient in 

detecting polymorphism (Singh et al. 2009). 

Category I member EST-SSRs were dominated by the dinucleotide repeat type AG/GA/CT/TC motif (99 of 

the 252 loci) followed by hexanucleotide repeats (30), the AT/TA repeat type (21), the trinucleotide repeats 

GGC/GCG/CGG/GCC/CCG/CGC and AAG/AGA/GAA/CTT/TTC/TCT (14 each), in their respective order (Table 

3). Of the 252 category I loci, 140 (55.2%) were located in the CDS of the unigenes while 80 loci (32.1%) were 

found in the 5’ UTR and 32 loci (12.7%) were in the 3’ UTR region. This was contrary to the localization of the 

overall SSRs where only 40% of them were located in the CDS region. When the location of different motif types 

were compared, dinucleotides were predominantly found in the 5’ UTR region while all the other motif types were 

predominantly located in the CDS region. Unlike the overall SSRs, the distribution of the dominant category I 

member motif types showed considerable variation among the three databases. For example, out of the 99 

AG/GA/CT/TC motif types 48 (48.4%) were identified from L. angustifolia flower database and only 26 and 15 loci 

were identified from L. x intermedia gland and L. angustifolia leaf databases, respectively. Similarly, tri- and hexa-

nucleotides were distributed unevenly in the three databases whereas, except for few outliers, tetra- and penta-

nucleotides were generally less abundant in all databases (Table 3).  

 

Lavandula EST-SSR validation and polymorphism 

Since the SSR markers were derived from L. angustifolia and L. x intermedia libraries, we used genomic 

DNAs extracted from the two species to study the polymorphism of 31 category I loci. Among the selected motifs 

13 were dinucleotides, 12 were trinucleotides and 6 belongs to tetra-, penta- and hexa-nucleotide. In addition, 20 of 

the 31 randomly selected EST-SSRs were located in the CDS while seven of them were located in the 5’ UTR and 

the remaining four in 3’ UTR (Table 4). Of the total primer sets tested, 24 of them successfully amplified genomic 

DNA fragments in three different attempts, while seven markers failed to do so in five different attempts. All 

positive loci were multi-allelic and all alleles, but LAF6 in L. angustifolia, were polymorphic (Table 5). The LAF6 

locus was polymorphic in L. x intermedia genomic DNA but was monomorphic in L. angustifolia and three loci, 

LAF8, LINT5 and LINT14, produced alleles greater than the expected sizes.  

A total of 201 alleles (with 85% polymorphism), 103 (with 86% polymorphism) of which were from L. 

angustifolia and 98 (with 84% polymorphism) from L. x intermedia, were detected with an average 4.29 and 4.08 

alleles per marker, respectively. The polymorphic information content (PIC) values of L. angustifolia plants were 

between 0.0 (LAF6 and LINT5) to 0.81 (LAL4) with an average value of 0.52. The PIC values for L. x intermedia 

plants were between 0.0 (LAF6 and LAF8) and 0.82 (LAF13) with an average value of 0.47. These values indicate 

that the selected markers have high levels of informativeness in L. angustifolia (0.52) but were moderate in L. x 

intermedia (0.47) according to the classification proposed by Vaiman et al. (1994). LAL4 and LAF13 loci have the 

highest number of alleles and PIC values in L. angustifolia and L. x intermedia, respectively, suggesting that they 

were the most informative markers in their respective species. In L. angustifolia the SSR loci LAF6 and LINT5 

produced the minimum (0.0) gene diversity (He) level while the locus LAL4 produced the maximum He value 

(0.83). For L. x intermedia the minimum He value (0.0) was obtained at the LAF6 and LAF8 loci while the 

maximum value (0.84) was detected at the LAF13 locus (Table 5). This implies that these novel markers were able 

to detect relatively high genetic variations in both species. 

 

Functional annotation of SSR containing unigenes 

 From the 2,556 SSR containing unigenes, BLAST hits were obtained for 2,321 (90.8%) of them while 

putative functions could be assigned to 1,933 (83.3%) unigenes. The majority of SSR containing unigenes have 

homology to nucleic acid binding and catalytic activity, 41.23 % and 38.9 %, respectively, and other functions like 

transporter (5.02%), transcription factors (4.24 %), structural molecule activity (3.72 %) and so forth (Figure 3). 

Some of the highly polymorphic loci were associated with functional genes including monoterpene synthases, 

implying their potential for functional adaptation genetic studies in addition to classical genetics (Table 4). 

 

Cross-species transferability of EST-SSR markers in Lavandula 

As shown in Table 5, L. angustifolia SSRs showed 100% cross-species amplification with comparable 

polymorphism level in L. x intermedia. In fact the loci with the highest He and PIC value (LAF13) and highest 

number of alleles (LAL4) in L. x intermedia were identified from L. angustifolia (Table 5). Similarly, 100% 

transferability rate with comparable polymorphism level was also obtained for SSRs identified from L. x intermedia 

in L. angustifolia, although the number of alleles detected was considerably lower in both species. L. angustifolia 

EST-SSRs amplified a total of 75 alleles with 88% polymorphism in L. angustifolia and 74 alleles with 85% 
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polymorphism in L. x intermedia. On the other hand, the L. x intermedia EST-SSRs detected 19 alleles with 79% 

polymorphism in L. x intermedia and 14 alleles with 78% polymorphism in L. angustifolia. The number of alleles 

detected by L. x intermedia SSRs was low because only six of the 24 loci were from L. x intermedia. This 

considerably higher cross-species loci transferability and polymorphism level was expected since the two species are 

genetically related, L. x intermedia is a natural half progeny of L. angustifolia.  

We also tested the cross-species transferability of these markers in six other species identified in different 

sections of the genus Lavandula (Table 1). The markers showed 100 % transferability rate in L. latifolia species 

followed by rates ranging from 50 % in L. buchii, L. lusitanica and L. stoechas to 83.3% in L. x ginginsii, a natural 

inter-section hybrid between L. latifolia and L. dentata (Table 6). LAF5, LAF9, LAF21 and LAL4 loci showed 

100% cross-species transferability in tested species (Table 6), albeit with different level of polymorphism (data not 

shown). Sizes of the alleles amplified across species were within the ranges detected in the donor species for each 

locus, suggesting that the products were likely derived from the same loci and that the primer binding sites of the 

alleles were highly conserved.  

 

 

EST-SSR based genetic relationship analysis  

Eighteen cross-species amplified EST-SSR markers were used to analyze genetic similarity levels among 

eight different species (including donor species) identified in different section of Lavandula according to previous 

taxonomic classifications (Upson and Andrew, 2004). The genetic similarity index, as explained by the Jaccard 

Similarity Coefficient, among the eight species ranged between 0.11 – 0.6 (Figure 4a). The SSR loci were effective 

in categorizing the different species into their respective sections as described previously using both morphological 

and inter-spacer transcribed markers (Upson and Andrew 2004). It is, however, worth to note that although L. x 

intermedia was grouped between its parental lines in the deduced tree, it was rooted closer to L. angustifolia than L. 

latifolia. The most likely explanation for this is the fact that most of the polymorphic SSR loci were derived from L. 

angustifolia unigenes and also those derived from L. x intermedia showed considerable polymorphism in L. 

angustifolia than L. latifolia (Table 5 and 6). Similar trend was also observed in L. x ginginsii – an inter-section 

hybrid of L. latifolia and L. dentate – where it was closely rooted with L. latifolia than L. dentate. This was also 

likely because the selected markers showed 100% cross-species transferability with higher number of alleles in L. 

latifolia as opposed to the 77.8% rate seen in L. dentate. 

Similarly, 24 loci successfully discriminated fifteen cultivars belonging to L. angustifolia and L. x 

intermedia according to their species with Jaccard's similarity coefficient ranging from 0.4 – 0.74. In the deduced 

dendrogram, the cultivars were grouped in their respective species (Figure 4b). The maximum similarity level (74% 

similarity) was detected between L. angustifolia cv Folgate and Sachet, suggesting that the markers were also 

effective in discriminating the cultivars from each other. Figure 5a showed LAL4 locus amplification in L. 

angustifolia and L. x intermedia cultivars (given in Table 1) while the amplification of LAL4 and LAL5 loci from 

the eight species (Table 1) was presented in Figure 5b and c, respectively.  

 

Discussion 

Lavandula EST-SSRs identification and characterization 

Of the 39 species and their numerous inter-species and inter-section hybrids, L. angustifolia, L. latifolia and 

their natural hybrid L. x intermedia are the major sources of essential oils sold worldwide. The market value and 

bioactivities of these oils are mainly determined by their monoterpene profiles, which in turn depend on the species 

and/or cultivars used and environmental conditions (Cavanagh and Wilkinson 2002). Thus, in order to ensure 

genetic purity of species or cultivars used, a marker that can transcend environmental effects and phenotypic 

overlaps among genetically related species is required. However, to our knowledge such markers have not yet been 

reported in Lavandula. SSRs are polymorphic DNA sequences with proven potential to successfully distinguish both 

intra-species and inter-species diversities in both model and non-model plants (Varshney et al. 2005; Sharma et al. 

2007). Given that genomic sequences are not available for Lavandula, we identified 3,459 EST-SSR motifs from 

13,625 Lavandula unigenes (Lane et al. 2010; Demissie et al. 2012; Sarker et al. 2012), and validated 31 of these 

SSRs for their polymorphism and discrimination power among cultivars and species.  

Approximately 18.8% of the unigenes contained at least one SSR locus. Although this ratio was higher 

compared to previous reports like 7 – 10 % in cereals (Varshney et al. 2002), 7.71% in soybean (Xin et al. 2012), 

9.3% in sugarcane (Singh et al. 2013) etc, it was less than the 35% ratio reported for citrus EST-SSR (Palmieri et al. 

2007). The 2.81 kb per unigene SSR density obtained in this study was also higher than that reported in rice (3.4 kb), 

wheat (5.4 kb) and soybean (7.4 kb), but comparable with the 2.4 kb per locus density reported for D. versipellis 
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(Guo et al. 2014). These variations in the frequency, distribution and abundance of SSRs identified from different 

species and databases are commonly associated with the use of different search criterions, size of the database and 

database-mining tools employed (Sharma et al. 2009). In fact, Peng and Lapitan (2005) identified 36,520 (7.41%) 

EST-SSRs from wheat database that contains 492,832 ESTs compared to the 22,290 ESTs (13,625 unigenes) we had 

in our library.  

Of the 1,812 PFR containing EST-SSRs, only category I EST-SSRs (252 of them or ~14%) were 

considered for further characterization. This was because previous researches had confirmed that polymorphic 

capacity of SSR is directly proportional to its length (Temnykh et al. 2001; Singh et al. 2009). More than 49% of the 

category I EST-SSRs were dinucleotide motifs, which was contrary to the overall SSR motif distribution (Table 2) 

where trinucleotides were dominant. This result was obtained despite using 18 bp length as the minimum 

requirement for trinucleotide repeat classification under this category while that of dinucleotide was set at 20 bp. 

Nonetheless, similar types of results have been reported in other crops (Lagercrantz et al. 1993; Grover et al. 2007). 

Interestingly, only ~33% of the dinucleotides were located in the CDS of the unigenes compared to ~81% of the 

trinucleotides and 83% of the hexanucleotides (Table 3). These results were also consistent with previous reports. 

For example, only 19 % of the dinucleotides in wheat were located in CDS, while 74% of their trinucleotides were 

located in CDS (Yu et al. 2004). This tendency of organisms to tolerate tri- and hexa-nucleotide repeats in their 

translated genomic region as opposed to di-, tetra- or penta-nucleotides likely stems from the fact that the later 

motifs are vulnerable for frame-shift mutations (Duran et al. 2009; Guichoux et al. 2011). It is also worth to note that 

EST-SSRs located in the 3’ UTR are generally less abundant across the three Lavandula unigene databases, 8.73% 

in flower, and 1.98% in leaf and oil gland (Table 3). This was likely because our EST databases were developed by 

sequencing the 5’ end of our cDNA library (Lane et al. 2010; Demissie et al. 2012; Sarker et al. 2012), which 

favored the enrichment of the 5’ end sequences in the database. 

 

EST-SSR polymorphism 

EST-SSR polymorphism is generally lower than that of genomic-SSRs. However, previous research has shown that 

EST-SSRs with longer repeat size had sufficient level of polymorphism to distinguish closely related species (Yu et 

al. 2000; Singh et al. 2009; Dutta et al. 2011). This is particularly true for plants with complex polyploidy structure 

where their genome complexity favors polymorphism for a given locus. For example, the number of alleles per locus 

in sugarcane, a complex polyploid plant, ranged from 2 – 22 alleles with 65.5% polymorphism (Oliveira et al. 2009). 

In addition, Pinto et al (2006) compared 51 EST-SSRs with 50 genomic-SSRs and found that their mean 

discrimination power among 18 sugarcane varieties was non-significant. He also reported that dendrograms 

developed using the two SSR types were in agreement with documented pedigree information. Most loci in 

Lavandula, like sugarcane, were multi-allelic (with 2 – 10 alleles per locus) and 85% of them were polymorphic 

(Table 5). The higher allele number recorded in sugarcane could be due its superior complex polyploidy and genome 

size (10 Gb) (Souza et al. 2011) compared to the estimated 900 Mb size of Lavandula (Urwin et al. 2007; Urwin 

2014). However, the loci identified from Lavandula were more polymorphic likely due to the heterogeneity of 

source material we used (Table 1) compared to the clonally propagated sugarcane varieties used by Pinto et al. 

(2006). Also all loci, but three, produced amplicons within the expected size ranges (Table 5), implying that most 

loci and their primer binding sites were highly conserved between the two species. This was not surprising 

considering the high genetic similarity shared between L. angustifolia and L. x intermedia. Similar high levels of 

loci conservation with sporadic unexpected amplicon sizes have also been reported in other crops (Pinto et al. 2004; 

Xin et al. 2012). The main reason for this variation is differences in number and sizes of introns among alleles 

(Varshney et al. 2006). 

One of the major advantages of EST-SSRs is their uniqueness in revealing alterations in expressed 

structural and regulatory genes. Thus, the fact that putative function could be assigned to 1,933 (83.3%) of the ESTs 

containing SSRs (Figure 3) prompted us to study the localization of highly polymorphic loci and correlate that with 

their assigned function. We were particularly interested in polymorphic loci located in CDS of genes whose 

alteration is likely to be accompanied by phenotypic consequences. To our surprise, despite the fact that SSRs 

located in CDS are less polymorphic than those in UTRs (Li et al. 2004; Dutta et al. 2011) and EST-SSRs of closely 

related species are mostly conserved owing to their genic nature (Li et al. 2004), polymorphic loci located in CDS of 

functionally important lavender genes were identified. For instance, the locus LAF20 – with PIC values of 0.76 and 

0.69 in L. angustifolia and L. x intermedia, respectively – was located within the coding region of a RHOMBOID-

like serine protease homolog while the locus LAF18 – with PIC values of 0.59 and 0.64 in L. angustifolia and L. x 
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intermedia, respectively – was located in the coding region of an ABA inducible bHLH-type transcription factor 

homology. These proteins play key role in plant development and ecological interactions. Plant RHOMBOID-like 

serine proteases are believed to play role in correct root growth, floral development, fertility and photoprotection 

(Thompson et al. 2012) while bHLH-type transcription factors are involved in stress induced signal transduction 

pathway regulation (Nakata et al. 2013). The locus LINT12 was also located in the CDS of a gene our group 

previously characterized as 1,8-cineole synthase, an enzyme catalyzing the synthesis of one of the major Lavandula 

EO constituents (Demissie et al. 2012). With PIC values of 0.35 and 0.41 in L. angustifolia and L. x intermedia, 

respectively, the locus LINT12 showed a moderate genetic diversity level. This result was not surprising as we 

previously reported slight variations among the genomic sequences of 1,8-cineole synthases of L. x intermedia, L. 

angustifolia and L. latifolia (Demissie et al. 2012). In addition, the locus that produced the highest heterozygous 

alleles (He = 0.83) and genetic diversity level (PIC = 0.81) in L. angustifolia was located in CDS of a hypothetical 

protein (Table 4 and 5). This implies the potential use of EST-SSR markers in gaining insights into functional 

diversification, including alterations in monoterpene profile, in Lavandula. 

 

Cross-species transferability and application in genetic relationship analysis 

Prior sequence information (genomic or EST) is a prerequisite to develop SSR markers. However, since 

flanking sequences of SSRs are highly conserved in related species – sometimes even across genera – SSR primers 

obtained from well-studied species are often successfully used to cross amplify polymorphic loci from non-model 

species (Gupta and Varshney 2000; Pierantoni et al. 2004; Varshney et al. 2005).  For example, Singh et al. (2013) 

reported 87 – 93 % inter-species and 80 – 87% inter-genera cross transferability for sugarcane EST-SSRs. A similar 

trend has been reported for other EST-SSRs as well (Sharma et al. 2009; Gong and Deng 2010; Dutta et al. 2011). In 

this study, L. angustifolia EST-SSRs showed 100% transferability and 85% polymorphism in L. x intermedia while 

those from L. x intermedia showed 100% transferability and 78% polymorphism in L. angustifolia (Table 5). 

Therefore, we decided to test their cross-species transferability EST-SSRs in six other Lavandula species that have 

different levels of genetic relationships with the donor species. Owing to the fact that L. latifolia belongs to the same 

section with the donor species (Upson and Andrew 2004), it was expected to find 100% transferability. The 

transferability rate recorded for other species (50 – 83.3%) was also consistent with the genetic distance of the 

species from the donor species (Table 6). For instance, 50% of the loci were amplified in L. buchii that shared only 

11% similarity with L. angustifolia and L. x intermedia (Figure 4a). However, even this lowest transferability rate 

(50%) is ~490% higher than the only other SSR marker transferability study reported for Lavandula to date (Karaca 

et al. 2013). 

Although the bulk of lavender oils sold worldwide are derived from L. angustifolia and L. x intermedia, 

their market value and application is largely determined by the species/cultivars used. Hence, obtaining a marker 

that has the power to discriminate these two species and their cultivars is of paramount interest both from quality 

maintenance point of view and genetic diversity studies aimed at improving the quality and quantity of oil 

production. As presented in Figure 4 a & b, the loci reported here delineated the two species and their cultivars into 

their respective group in separate clades. The markers were also able to discriminate all the cultivars from each 

other; the maximum similarity level recorded among all cultivars used in this study was the 74% similarity level 

between L. angustifolia cv Folgate and Sachet (Figure 4b). This together with the fact that some loci produced novel 

fingerprints with high PIC values (0.83 and 0.84 for L. angustifolia and L. x intermedia, respectively) implies the 

likely chance of identifying species and cultivar specific markers (Figure 5 a-c) through further detail analysis of the 

loci reported here and by identifying more EST-SSRs from our libraries. 

 

In conclusion, we identified and characterized 3,459 EST-SSR markers from Lavandula ESTs databases. 

Approximately 19% of the unigenes harbor at least one SSR marker, implying the widespread distribution of 

microsatellites in Lavandula encoded genome. The selected EST-SSRs were highly polymorphic (>85%), showed 

considerable transferability (50 – 100%) into six other Lavandula species, and displayed strong discrimination 

power in L. angustifolia and L. x intermedia species. Thus, the identified markers could be very useful for 

identification of these economically important lavender species and their cultivars, and study the genetic diversity in 

the genus Lavandula. Overall, the SSR markers reported here are useful in genetic fingerprinting of economically 

important Lavandula species and cultivars. They might also have applications in quality control, targeted breeding, 

association mapping and assessing the genetic diversity in Lavandula. In addition, since the markers showed a 

remarkable cross-species transferability rate and polymorphism, they might be useful in fingerprinting and related 

genetic studies of other closely related Lavandula species.  
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Figure and Table Legends 

 

 

Table 1. List of Lavandula species and cultivars used in this study.  

 

Table 2. The occurrence of different SSR motif types in unigenes of Lavandula EST databases derived from flower, 

leaf and glandular trichome cDNA libraries. 

 

Table 3. The occurrence and localization of category I SSRs in unigenes of Lavandula EST databases derived from 

flower, leaf and glandular trichome tissue cDNA libraries. 

Table 4. List of selected Lavandula EST-SSRs along with their primer pairs, motif type, location and putative 

function.  

Table 5. Validation of 31 EST-SSR markers in L. angustifolia and L. x intermedia species. 

 

Table 6. Cross-species transferability of 18 EST-SSR markers in six Lavandula species.  

 

Figure 1. A flow chart presenting a stepwise in silico analysis of EST resources to identify EST-SSRs from cDNA 

libraries derived flower and leaf tissues in L. angustifolia and glandular trichome tissues of L. x intermedia. PFR- 

primer flanking region, category I- long SSR repeats as ≥ 18 bp for trinucleotide and ≥ 20 bp for others; category II 

- short SSR repeats 12 - 18 bp for trinucleotides and between 12 and 20 bp for other motifs.  

Figure 2. The overall frequency of SSR motifs in unigenes of Lavandula EST databases derived from flower, leaf 

and glandular trichome cDNA libraries.  

 

Figure 3. Molecular level functional annotation of Lavandula unigenes containing SSR markers using Blast2GO 

software. 

 

Figure 4. Phylogenic relationship among Lavandula species and cultivars deduced from similarity index results of 

the EST-SSR markers. UPGMA dendrograms showing genetic relationship among (a) eight Lavandula species 

based on 18 EST-SSRs markers; and (b) among L. angustifolia and L. x intermedia cultivars using 24 EST-SSRs 

markers. L. x ginginsii is an inter-sectional hybrid between L. lantata (Lavandula subsection) and L. dentata 

(dentatae section). The scale bar indicates the level of Jaccard's similarity coefficient between samples. Bootstrap 

values after 2000 replicates are shown if ≥ 35%. 

 

Figure 5. PCR amplification of SSR loci in selected Lavandula species and cultivars. A) LAL4 locus amplified 

from genomic DNAs of L. angustifolia (Lane 1-8) and L. x intermedia (Lane 9-15) cultivars, B) LAL4 locus 

amplified from genomic DNAs of eight Lavandula species and C) LAF5 locus amplified from genomic DNAs of 

eight Lavandula species. Lane descriptions a) M: 50 bp DNA ladder (NEB, Ipswich, MA), 1) L. a. cv Tucker's early 

purple, 2) L. a. cv Betty's Blue,  3) L. a. cv Folgate, 4) L. a. cv Sachet, 5) L. a. cv Sharon Robert, 6) L. a. cv Royal 

velvet, 7) L. a. Subsp. angustifolia, 8) L. a. cv Maillette, 9) L. x i. cv Hidcote Giant, 10) L. x i. cv Grosso, 11) L. x i. 

cv Provence, 12) L. x i. cv Supper, 13) L. x i. cv Fred Boutin, 14) L. x i. cv Seal and 15) L. x i. cv Abrialli; b and c) 

50 bp DNA ladder (NEB, NE), 1) L. angustifolia,  2) L. latifolia, 3)  L. x intermedia, 4) L. buchii, 5) L. dentata, 6)  

L. lusitanica, 7) L. x ginginsii and 8) L. stoechas. PAGE (6%) stained with SYBR safe were used for resolution. 
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 Table 1  
 

Section  Species  Chromosome 

numbers* 

Cultivars Origin 

 

 
 

 

 

 

 

Lavandula 

 

 

 
 

L. angustifolia 

 

 

 
2n = 36, 42, 

48, 50, 54 

 

Tucker's early purple OLHF 

Betty's Blue OLHF 

Folgate OLHF 

Sachet OLHF 

Sharon Robert OLHF 

Royal velvet OLHF 

Subsp. angustifolia OLHF 

Maillette OLHF 

 

L. x intermedia 

2n= 51 Grosso OLHF 

 

unknown 

Provence OLHF 

Supper OLHF 

Hidcote Giant OLHF 

Fred Boutin OLHF 

Seal OLHF 

Abrialli OLHF 

L. latifolia 2n=36, 48, 
50, 54, 75 

Latifolia CUBG 

Inter-section 

hybrid 

L. x ginginsii unknown Goodwin Creek Grey GGC 

Dentatae L. dentata 2n= 42, 44, 

45 

Dentata GGC 

 

Stoechas 

L. lusitanica  

2n = 30 

Lusi pink GGC 

L. stoechas Anouk GGC 

Pterostoechas L. buchii 2n= 22 Jagged GGC 

*Chromosome numbers were adopted from Upson and Andrew (2004); OLHF = The Okanagan Lavender and Herb 

Farm, Kelowna, BC; GGC = The Greenery Garden Center, Kelowna, BC; CUBG= Cambridge University Botanic 

Garden, UK 
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Table 2 

 

 Flower tissues Leaf tissues Oil glands Overall 

Motif types 

Occur

rence % 

Occur

rence % 

Occur

rence % 

Occur

rence % 

Mononucleotides         

A/T 105 3.03 69 1.99 24 0.69 198 5.72 

G/C 7 0.2 3 0.09 2 0.06 12 0.35 

Subtotal  112 3.23 72 2.08 26 0.75 210 6.07 

Dinucleotides                 

AG/GA/CT/TC  427 12.34 259 7.49 221 6.39 907 26.22 

AC/CA/TG/GT  27 0.78 10 0.29 14 0.40 51 1.47 

AT/TA 56 1.62 38 1.10 36 1.04 130 3.76 

GC/CG - - - - - - - - 

Subtotal  510 14.74 307 8.88 271 7.83 1088 31.45 

Trinucleotides                 

AAT/ATA/TAA/ATT/TTA/TAT 34 0.98 14 0.40 27 0.78 75 2.17 

AAC/ACA/CAA/GTT/TTG/TGT 24 0.69 14 0.40 13 0.38 51 1.47 

AAG/AGA/GAA/CTT/TTC/TCT 138 3.99 76 2.20 66 1.91 280 8.09 

ACC/CCA/CAC/GGT/GTG/TGG 80 2.31 41 1.19 31 0.90 152 4.39 

AGG/GGA/GAG/CCT/CTC/TCC 87 2.52 49 1.42 44 1.27 180 5.2 

ATG/TGA/GAT/CAT/ATC/TCA 49 1.42 33 0.95 34 0.98 116 3.35 

ACG/CGA/GAC/CGT/GTC/TCG 16 0.46 9 0.26 13 0.38 38 1.1 

AGC/GCA/CAG/GCT/CTG/TGC 77 2.23 54 1.56 37 1.07 168 4.86 

AGT/GTA/TAG/ACT/CTA/TAC 7 0.20 7 0.20 5 0.14 19 0.55 

GGC/GCG/CGG/GCC/CCG/CGC 167 4.83 107 3.09 72 2.08 346 10.00 

Subtotal  679 19.63 404 11.68 342 9.88 1425 41.19 

Tetranucleotides                 

TAAA/TTTA 10 0.29 3 0.09 5 0.14 18 0.52 

AAAT/ATTT 11 0.32 4 0.12 10 0.29 25 0.72 

Others 148 4.28 78 2.25 129 3.73 355 10.26 

Subtotal  169 4.89 85 2.46 144 4.16 398 11.51 

Pentanucleotides (sum) 67 1.94 31 0.90 33 0.95 131 3.79 

Hexanucleotides (sum) 104 3.01 54 1.56 49 1.42 207 5.98 

Overall sum 1641 47.44 953 27.55 865 25.01 3459  
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Table 5 

 L. angustifolia (n=8) L. x intermedia (n=7) 
Allele size 

ranges (bp) Loci 

name 
Na Pa HE PIC Na Pa HE PIC 

LAF1  6 6 0.8 0.77 6 6 0.78 0.75 240-400 

LAF2 4 4 0.68 0.62 2 2 0.47 0.36 240-350 

LAF3 - - - - - - - - No amplicon 

LAF4 4 4 0.66 0.61 3 2 0.5 0.36 135-170 

LAF5 4 4 0.61 0.54 4 4 0.5 0.38 225-320 

LAF6 3 0 0 0 5 1 0 0 150-325 

LAF7 - - - - - - - - No amplicon 

LAF8 2 2 0.38 0.3 1 1 0 0 275-350 

LAF9 4 4 0.72 0.67 3 3 0.64 0.54 140-200 

LAF10 2 2 0.35 0.29 2 2 0.41 0.32 175-450 

LAF11 4 4 0.73 0.68 4 4 0.69 0.63 180-380 

LAF12 - - - - - - - - No amplicon 

LAF13 7 4 0.55 0.5 7 7 0.84 0.82 150-500 

LAF14 - - - - - - - - No amplicon 

LAF15 5 4 0.72 0.67 5 5 0.79 0.75 145-200 

LAF16 6 6 0.75 0.72 1 1 0 0 130-160 

LAF18 3 3 0.66 0.59 4 4 0.7 0.64 200-300 

LAF19 5 5 0.76 0.72 5 5 0.75 0.71 145-200 

LAF20 5 5 0.79 0.76 4 4 0.73 0.69 165-260 

LAF21 4 3 0.64 0.57 2 1 0 0 140-400 

LAL2 7 7 0.8 0.77 7 6 0.76 0.72 170-420 

LAL3 - - - - - - - - No amplicon 

LAL4 10 8 0.83 0.81 9 5 0.78 0.74 160-365 

Subtotal 85 75 (88%)     74 63 (85%)       

Mean  4.72 4.17 0.64 0.59 4.11 3.5 0.52 0.47   

LINT1 - - - - - - - - No amplicon 

LINT4 6 5 0.78 0.74 7 5 0.74 0.69 130-200 

LINT5 1 1 0 0 2 2 0.5 0.38 250-275 

LINT6 2 2 0.22 0.19 3 2 0.32 0.27 165-350 

LINT10 3 2 0.41 0.37 3 2 0.5 0.38 135-150 

LINT11 - - - - - - - - No amplicon 

LINT12 2 2 0.46 0.35 2 2 0.41 0.32 175-265 

LINT14 4 2 0.3 0.25 7 6 0.79 0.75 330-550 

Subtotal 18 14 (78%) 2.17 1.9 24 19 (79%) 3.26 2.79   

Mean 3 2.33 0.36 0.32 4 3.17 0.54 0.47   

Grand 

total 
103 89 (86%) - - 98 82 (84%) - -   

Overall 

mean 
4.29 3.71 0.57 0.52 4.08 3.42 0.53 0.47   

Max 10 8 0.83 0.81 9 7 0.84 0.82   

Min 1 0 0 0 1 1 0 0   

n= number of cultivars; Na= Number of alleles; Pa= Polymorphic alleles; He= genetic diversity; PIC= Polymorphic 

information content 

 



Table 6 

Loci 

name 

L. latifolia L. buchii L. lusitanica L. dentata L. x ginginsii 

      

L stoechas Allele size 

(bp) 

LAF2 + + - + + + 240-350 

LAF4 + - - - + + 135-170 

LAF5 + + + + + + 225-320 

LAF6 + + + + + - 150-325 

LAF8 + - - - + - 275-350 

LAF9 + + + + + + 140-200 

LAF11 + - + + + + 180-380 

LAF13 + - - + + - 150-500 

LAF15 + + - - + - 145-200 

LAF18 + - + + + + 200-300 

LAF19 + - + + - - 145-200 

LAF20 + - - + - - 165-260 

LAF21 + + + + + + 140-400 

LAL2 + - - - + - 170-420 

LAL4 + + + + + + 160-365 

LINT4 + + - + + - 130-200 

LINT6 + - - + + + 165-350 

LINT14 + + + + - - 330-550 

TR (%) 100 50 50 77.7 83.3 50  

TR= cross-species transferability rate 

 


