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Abstract Scarcity of molecular markers in tobacco has been a limitation, hampering the acceleration of breeding efforts. 

Development of microsatellite markers is a prerequisite for mapping, tagging of many useful qualitative and quantitative traits and 

also for the generation of saturated linkage map. Use of microsatellite-enriched genomic libraries an efficient and rapid method for 

the identification of clones harboring microsatellite motifs leading to the development of microsatellite markers. In the present study, 

a total of 111 microsatellite motifs was identified from the enriched library, of which, 70 motifs (which includes perfect and 

imperfect repeat) were used for marker development. These newly developed markers could successfully differentiated different 

types of tobacco and diverse cultivars of Flue Cured Virginia (FCV) tobacco. The high rate of transferability (95.5% - 100%) of these 

microsatellite markers in a wide range of Nicotiana species indicated their potential as viable resources in the inter-specific gene 

transfer programme. The set of microsatellite markers developed in this study is a valuable addition to the already available DNA 

marker resources in tobacco. 
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1 Background 

Tobacco (Nicotiana tabacum L) is one of the major 

commercial crops, belonging to the family Solanaceae, 

which contains many genuses, including Nicotiana. 

Several efforts are being undertaken to improve this 

crop, which could not be accelerated due to the 

non-availability of sufficient number of molecular 

markers. It is necessary to develop adequate molecular 

markers for reducing the time, effort and cost in 

breeding programs like gene targeting, selection and 

pyramiding. These molecular genetic markers have 

become useful tools to provide a relatively unbiased 

estimation of genetic diversity in plants.  PCR-based 

markers like randomly amplified polymorphic DNA 

(RAPDs), amplified fragment length polymorphism 

(AFLPs) and simple sequence repeats (SSRs) have an 

apparent advantage as cultivar descriptors since they 

are unaffected by environmental or physiological 

factors (Bowditch et al., 1993; Khan et al., 2008). 

Among the different types of molecular markers, 

SSRs are more abundant, ubiquitous in presence, 

hyper variable in nature and exhibit high polymorphism 

(Gupta et al., 1996; Senan et al., 2014). Moreover,  

they are highly reproducible, easy to apply, less cost, 

less laborious and hence used for cultivar identification in 

many crop plants such as barley (Russel et al., 

1997;Maniruzzaman et al., 2014), soybean (Song et al., 

1999; Bisen et al., 2015), potato (Barandalla et al., 

2006; Carputo et al., 2013), Solanum melongena 

(Behera et al., 2006), rice (Yadav et al., 2008; Molla et 

al., 2015) and jute (Khan et al., 2008). Microsatellites 

have been shown to be almost twice as informative as 

dominant markers (RAPDs and AFLPs) and much 

more informative than RFLPs in soybean (Powell et 

al., 1996) and approximately six times more 

informative than RAPD (Rajora and Rahman, 2003). 

In addition to their use in determining the genomic 

structure and organization, these markers are also 

useful for the development of improved variety 

through marker aided selection. Through  

microsatellite markers were reported by few  earlier 

studies in tobacco (Bindler et al., 2007; 2011;Tong et 

al., 2012; Hughes et al., 2014), their number is limited 

as compared to other commercial crops, thereby 

demanding the development of more markers.  

Generally, tobacco cultivars are distinguished by 
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morpho-physio-chemical characters, but this method 

is slow, unrealistic and identification based on 

morphological traits is prone to environmental 

variations. At the same time, a low level of genetic 

diversity exists within and among cultivated tobacco 

types (Ren and Timko, 2001). Cultivars that are 

closely related or less diverse cannot be easily 

distinguished by morphological indices (Degani et al., 

1998). Accurate identification of cultivars has become 

increasingly important in realm of Plant Breeders 

Rights and cultivar registration. Hence, the molecular 

marker-based diversity analysis among the cultivars 

will provide the precise data for cultivar identification. 

The frequency of microsatellites in plant genomes is 

low compared to animal genomes (Maguire et al., 

2000; Squirrell et al., 2003) and this feature makes the 

isolation of microsatellites, a technically demanding 

task. With an objective of developing more SSR 

markers, the present study helped in the identification 

of microsatellite motifs using microsatellite enriched 

library, developed 70 SSR markers and demonstrated 

their use in understanding of genetic diversity among 

different types of tobacco. In addition to this, 

transferability of these markers across different 

species of Nicotiana was tested and a minimal set of 

markers that could differentiate various species of 

Nicotiana was identified.  

2 Results 

2.1 Identification of microsatellites loci from the 

tobacco enriched library 

Screening of microsatellite-enriched library of N. 

tabacum cv. Jayasree resulted in the identification of 

1152 putative recombinants, which were then sequenced. 

Good quality sequences were obtained for 946 clones 

and all sequences (100%) contained microsatellite 

motifs. However, only 224 sequences were considered 

for designing primers. Considering the 224 clones 

possessing class I and class II SSRs as described by 

Mc Couch et al., 2002, AG/TC repeats were found to 

be abundant (56 clones, 25.3%) followed by CT/GA 

(38 clones, 17.2%), AC/TG (25 clones, 11.3 %), 

GT/CA (20 clones, 9.0%) and rest of the clones 

contained AG and CT compound repeats. The repeat 

length was highly variable at these loci with maximum 

for TbM13 with (GA)29 and TbM22 with (AGA)24. 

These sequences were submitted to NCBI Genbank 

and details of the sequence with accession numbers 

were tabulated (Table 2).Seventy motifs containing 

class I SSRs were targeted for marker development, of 

which, thirty nine (55.8%) were perfect repeats 

[(TC/AG)n, (GT/CA)n, (GA/CT)n and (AC/TG)n,], five 

(7.1%) were compound repeats and twenty six (37.1%) 

were interrupted repeats. The homology searches with 

the primers of these markers against the primers of 

markers reported earlier by Bindler et al., 2011; Tong 

et al., 2012 showed no significant homology.  

2.2 Diversity among Flue Cured Virginia (FCV) 

tobacco 

All the 70 SSR markers had shown clear and robust 

amplification with expected product size. Further, 

these markers were used in the diversity analysis of 24 

FCV varieties of N. tabaccum. The pair-wise 

similarity measures among the tested varieties ranged 

from 0.54 to 0.91 revealing a broad genetic base 

(Figure 1). The varieties were mainly grouped into 

two main clusters. Cluster-A consisted of varieties 

developed indigenously by different breeding methods, 

while Cluster-B consisted of exotic introductions and 

their derivatives. The mean genetic similarity among 

the indigenously developed cultivars was 0.72. 

2.3 Characterization of different types of tobacco: 

The microsatellite marker analysis of different types 

of Indian tobaccos revealed that the varieties 

belonging to the same category were grouped together. 

There were different clusters for each tobacco type 

and the clustering pattern supports the traditional 

classification, except for the grouping of GC-2 

(chewing type) and Dharla (Hookah type) in the same  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 Clustering of tobacco varieties using SSR markers 
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Table 2 Primer sequences, accession numbers, and characteristics of the 70 SSR markers in 24 Nicotiana species 

Locus Repeat motif Primer sequence (5'-3') Forward/Reverse GenBank Accession no. No. of alleles Allele size range (bp) He Ho R PI 

TbM1 (ttc)7 ttgcttagatctggactatccgtag/cggtttttcccttgtatataggtgt DQ777877 5 150-300 0.32 0.48 -0.12 0.30 

TbM2 (tc )16 agaatactcaagctatgcatccaac/ ttccttagatctggactatgtgctc DQ865406 6 200-350 0.24 0.49 -0.01 0.18 

TbM3 (ac)14 (n)59 (ac)20 (n)22 (ac)52 agtgattctcttgcttagatctgga/gggaattcgattctcttgcttagat DQ865407 6 200-700 0.29 0.40 0.19 0.34 

TbM4 (ag)10 ttctcttgcttagatctggactacc/ccctactgttggtttagtaggtgaa DQ865408 4 150-500 0.17 0.42 -0.09 0.13 

TbM5 (tc)18 tttagtagcacttaggttcctgcat/attcgattctcttgcttagatctgg DQ865409 5 200-400 0.38 0.43 0.34 0.44 

TbM6 (ag)11 agagtgtacgcagaccttaccctac/atacgactcactatagggcgaattg DQ865410 5 200-400 0.36 0.46 0.25 0.37 

TbM7 (gt)28 cttgcttagatctggactatgtgct/cacacacacactcagattttctctt DQ865411 5 190-300 0.11 0.49 -0.27 -0.04 

TbM8 (tc)20 tccctgcatagaactatctcaactc/tcatgctcttcttgtactccctact DQ865412 6 180-400 0.18 0.49 -0.14 0.08 

TbM9 (ct)19 gtttgaataaccgattgctcgt/ggtgtgctccttggcttagat DQ865413 6 200-500 0.09 0.41 -0.23 0.01 

TbM10 (tc)22 attgtctgtcttgtacagtctttgg/ccattctcccagaatagctctaagt DQ865414 7 200-400 0.32 0.47 0.17 0.32 

TbM11 (ac)14 tgattctcttgcttagatctggact/attcgattctcttgcttagatctgg DQ865415 6 200-300 0.27 0.47 0.07 0.25 

TbM12 (tct)7tg (ttc)7 acacgaggcttgattttagcag/tcgaagggttaggagagaagtaatc DQ865416 5 200-400 0.12 0.46 -0.23 0.01 

TbM13 (ga)29 cagtttaagcatctctagcagggta/caataaacctccttactctctctctcc DQ865417 6 200-500 0.34 0.50 0.19 0.32 

TbM14 (ag )16 atagcaatcaacaccaacctcat/cttatacttcgtgccatgtcaaagt DQ865418 7 200-300 0.22 0.48 -0.05 0.16 

TbM15 (aga)7 aaaagcagactctgttctgttgact/ctcttgcttagatctgtgctctctt DQ865419 6 200-400 0.18 0.20 0.16 0.29 

TbM16 (tct)7 tacttctgctctatacttggggaag/gtaaacaacaggcagcctacaaat DQ865420 5 200-300 0.30 0.48 0.12 0.28 

TbM17 (ac)14 tgattctcttgcttagatctggact/atacgactcactatagggcgaattg DQ865421 6 200-500 0.14 0.49 -0.20 0.02 

TbM18 (tct)9 gaatatgtccatggttttctcactc/tgcttagatctggactagaagaagg DQ865422 7 200-400 0.17 0.43 -0.09 0.13 

TbM19 (ct)11 attcgattctcttgcttagatctgg/tggaattagggattgagagatagag DQ865423 6 150-500 0.00 0.00 0.00 0.00 

TbM20 (ga)11 gggagcagtttacagtgttgtttat/aaagtgatctcactcctagccatct DQ865424 6 200-300 0.15 0.15 0.15 0.25 

TbM21 (aag)18 aagagaacagcttgtaaacccaag/agtgattctcttgcttagatctgga DQ865425 6 150-500 0.16 0.38 -0.07 0.15 

TbM22 (atc)5 (aga)7 actaggaagtccactctcatttcag / caaagtcagagtgagagaagtgatg DQ865426 7 200-500 0.18 0.48 -0.12 0.10 

TbM23 (tct)11 ctcggaaaaggtcagaagagaaag/tgattctcttgcttagatctggact DQ865427 7 200-300 0.32 0.49 0.16 0.30 

TbM24 (ag)10 ctaatttcttactcgaccccatgt/taggtgcctttcttgacatatcttc DQ865428 5 200-500 0.12 0.31 -0.07 0.13 

TbM25 (ga)11 atctggactagtagtttgcgtgtct/aagaaatctcactcccagtctcttt DQ865429 5 200-500 0.09 0.46 -0.28 -0.04 

TbM26 (tg)5 (tg)9(tg)5 (tg)6 gtaacgactactatagggcgaattg/ctcacacacacacatactcacacac DQ865430 5 150-500 0.13 0.50 -0.24 -0.01 

TbM27 (ct)10 ctggactacaataaacctcatcacc/ggagtagttcacacagctattctgg DQ865431 6 200-500 0.21 0.44 -0.03 0.18 

TbM28  (ggagaa)6 agaggaagagtagagatcgggatag/aagagtgttgtcacctgctgtct DQ865432 5 200-300 0.26 0.49 0.02 0.21 

TbM29 (tc)11 tagaagtggaccacctgtcaagtaa/gcagatgaaaagagtgagagtacag DQ865433 6 200-400 0.16 0.38 -0.07 0.14 
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       Continuing table 2 

Locus Repeat motif Primer sequence (5'-3') Forward/Reverse GenBank Accession no. No. of alleles Allele size range (bp) He Ho R PI 

TbM30 (ag)13 gacacagtatgagatgggattttct/atgtcgacaacctcatcaaaagtag DQ865434 6 200-500 0.16 0.46 -0.15 0.08 

TbM31 (ag)10 agtgagaacaagcaagttagaaagg/tctccataactttacggctaatacg DQ865435 6 150-300 0.17 0.39 -0.05 0.16 

TbM32 (ga)15 cgattctcttgcttagatctggact/agaatactcaagctatgcatccaac DQ865436 7 200-300 0.27 0.49 0.05 0.23 

TbM33 (ag)20 cgattctcttgcttagatctggact/gacctccttgagtaagaaccatttt DQ865437 6 150-300 0.15 0.31 -0.02 0.18 

TbM34 (gaa)8 atgtcggtatcagcacttttgac/tattctaactcctcgaccattgact DQ865438 8 200-400 0.04 0.35 -0.28 -0.05 

TbM35 (aga)11 gattcaatcttacaaccacagtcct/ctcctctgcttcttcttcttctttt DQ865439 6 200-300 0.06 0.45 -0.32 -0.08 

TbM36- (ttc)7 gtgattctcttgcttagatctggac/aggggaaagaaaagaaacgaag EF375958 6 200-400 0.10 0.45 -0.25 -0.01 

TbM37 (ttc)5 n3 (tc)3 ctgtcaccttagcccataagc/cgggaattcgattctcttgc EF375959 6 200-500 0.15 0.38 -0.08 0.13 

TbM38 (ag)9 (at)5 caatacactctccctcgttgc/ttgatacgacttatccaatacgg EF375960 7 200-300 0.24 0.48 -0.01 0.19 

TbM39 (ct)6 n2(tc)3 aatcacaccacccaatttcg/cctggttttctatgcgaagg EF375961 6 200-400 0.11 0.50 -0.28 -0.04 

TbM40 (tc)3 n11(tc)6 tagtgattctcttgcttagatctgg/tttcttatgagtctttaggccttgc EF375962 7 150-500 0.18 0.50 -0.14 0.08 

TbM41 (ga)8n9(ag)9 ggactaatgctcttcttgtacttcc/ccacttccctgagctagaacc EF375963 6 200-300 0.07 0.47 -0.33 -0.09 

TbM42 (ag)11(tg)7 ttgcttagatctggactaagatacg/tctatcacatttcatttttgtctgc EF375964 7 150-300 0.14 0.48 -0.19 0.04 

TbM43 (ag)9n3(ag)11 aatccccctcattcatcagc/cgtcgtagggaggaatttagg EF375965 8 200-500 0.12 0.49 -0.25 -0.01 

TbM44 (ag)12 Gtgtctgagtatgttatgaggtttcc/acggatacactccaatctcttagc EF375966 7 200-500 0.14 0.49 -0.21 0.02 

TbM45 (ctt)9 ctcgatagctctcgcagatcg /ggaaagacaagaagcaaaaagc EF375967 7 200-300 0.30 0.49 0.12 0.28 

TbM46 (ctt)9 aatctcttcggtcgtgaagg/agcccgttacttcaactgc EF375968 9 200-400 0.26 0.43 0.08 0.26 

TbM47 (tc)9n2(ct)6 cctatagcagaaccaaaactcatcc/gaagtgagaggagagagaaatgagg EF375969 7 150-500 0.06 0.49 -0.37 -0.13 

TbM48 (ag)6 tagtgattctcttgcttagatctgg/gtttctctctccactcatcattagc EF375970 6 150-300 0.10 0.35 -0.14 0.07 

TbM49 (tc)6 Ccttagccatctgcaatctaatagg / tctcttgcttagatctggactatcg EF375971 6 200-300 0.13 0.48 -0.23 0.01 

TbM50 (gt)7n9(ag)9 gctttgccacaagtgggtat/cacaagagaagtccaggttgg EF375972 6 150-300 0.23 0.48 -0.02 0.18 

TbM51 (ag)4 n2(ga)4 cactagtgattctcttgcttagacc/atcacaatcatccctgacatagc EF375973 5 200-500 0.14 0.47 -0.19 0.04 

TbM52 (ag)4 n2(ga)6 cgcttcttgatttcgtgtcc/gaagatgggcaaatcagagg EF375974 9 200-300 0.14 0.49 -0.21 0.02 

TbM53 (aga)3n2(gca)3 gtgactcagaagcccagattatcc/tccttcacttccctatcttctaacc EF375975 7 150-500 0.09 0.41 -0.23 0.01 

TbM54 (ag)7n7(ag)4 gggtttggtaggagaaagtgg/tcaacccttaatttctgcatcc EF375976 8 200-300 0.15 0.48 -0.18 0.05 

TbM55 (ga)3n5(ga)7 tacctttggttttgatatgtgtgg/aagtatttggtttctcttcaatctcc EF375977 7 200-400 0.04 0.24 -0.16 0.03 

TbM56 (aga)11n4 (agg)3 ctgtcggaagatcacgtaatagc/aaagtcagagtgagagaagtgatgc EF375978 9 200-500 0.06 0.48 -0.35 -0.11 

TbM57 (tc)7n2(tc)3 tgtatattgtgctataaccgagttcc/tagtgattctcttgcttagatctgg EF375979 8 200-300 0.17 0.48 -0.14 0.08 

TbM58 (ag)4n5(ag)8 aaatatccggcataaaaactaagc/tcttttaattaacacaagattctctcc EF375980 7 200-400 0.24 0.49 -0.01 0.18 
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       Continuing table 2 

Locus Repeat motif Primer sequence (5'-3') Forward/Reverse GenBank Accession no. No. of alleles Allele size range (bp) He Ho R PI 

TbM59 (gaa)5 n2(ga)4 caattaaggcattgaacttgc/ttcacccatctcctctctcc EF375981 9 200-500 0.24 0.49 -0.02 0.18 

TbM60 (gag)6(gag)7 cgggaattcgattctcttgc/ggtgtggcggtctagttcc EF375982 8 200-300 0.11 0.48 -0.25 -0.02 

TbM61 (tc)9 n(tc)8 aactcctcacgatcccttcc /tccttttagataagcaacttcacg EF375983 8 200-300 0.26 0.47 0.05 0.23 

TbM62 (gaa)4 ggttgtcgacggacagtagc/ccctccatcctcctcacc EF375984 6 150-500 0.36 0.45 0.27 0.38 

TbM63 (gaa)5n9(aga)5 ggaagttcctacacccaaacc/cctatcttgttccttttcagattcc EF375985 7 200-500 0.24 0.50 -0.02 0.17 

TbM64 (ttc)3n30(ttc)4 ttaaaggaatctggtcgaacg/cacaagcatgaaagataagaaagg EF375986 7 200-300 0.15 0.50 -0.20 0.03 

TbM65 (ag)9 atgctccttgttccatttcc/aacgcggactttcctattcc EF375987 8 150-500 0.07 0.36 -0.23 0.00 

TbM66 (ga)9n2(ag)3N2(ag)6 cgggaattcgattctcttgc/cactagtttgattagtattggcttgc EF375988 6 150-500 0.18 0.48 -0.11 0.10 

TbM67 (aga)6(tga)3 catggaagatgatgaaaatgg/ccgggtcacattcaactgc EF375989 6 200-300 0.11 0.50 -0.28 -0.04 

TbM68 (ctc)3 n6(ga)3 gacctgtgccgcaataacc/ctggactaaggacgctttgg EF375990 6 200-400 0.18 0.20 0.16 0.29 

TbM69 (gaa)4n82(agg)6 ggcgataagaactaagaataaagg/tgaaagtcaccgaaagatgc EF375991 5 200-500 0.32 0.48 0.16 0.30 

TbM70 (ct)9 n7(tc)17 tctccttgggcatctgtagc/gtttgagcatccctaacaagg EF375992 6 200-300 0.18 0.20 0.16 0.29 

Note: HE, expected heterozygosity; HO, observed heterozygosity; r, frequency of null alleles; PI, probability of identity 
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cluster (Figure 2). The genetic diversity analysis of 12 

accessions from eight types of cultivated tobacco 

using 35 microsatellite markers revealed that all 

markers were polymorphic exhibiting an average 

polymorphic information content (PIC) of 0.55 (range 

0.15-0.99) (Table 3). A total of 260 alleles were 

produced by these loci with an average of 7.4 alleles 

per marker in the size range of 150 to 500 bp. Among 

these markers, TbM28 had the highest PIC value of 

0.99 followed by TbM9, TbM10, TbM14, TbM16 and 

TbM30 (0.97). It was observed that the mean PIC 

value was higher for markers developed by targeting 

perfect repeats (0.57), while it was lower for markers 

targeting imperfect repeats (0.19). The markers with 

higher PIC values will be useful for diversity analysis, 

varietal identification, mapping of traits, etc. The type 

specific markers identified in the present study would 

be useful in testing of purity of different types of 

tobaccos (Table 4). 

2.4 Understanding the diversity among the genus 

Nicotiana 

A total of 455 alleles were obtained from 70 markers 

using 24 Nicotiana spp. with an average of 6.4 alleles 

per locus (Table 2). A maximum of nine alleles was 

detected for four markers (TbM46, TbM52, TbM56 

and TbM59) while a minimum of four alleles was 

detected for TbM4 with the allele size ranging from 

150 to 700 bp.  

All the 70 markers were showed high observed 

heterozygosity (Ho) than expected heterozygosity (He). 

The expected heterozygosity ranged from 0 to 0.38 

(mean 0.18) while the observed heterozygosity ranged 

from 0 to 0.50 (mean 0.43) (Table 2). The markers  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 Characterization of different types of tobacco using 

SSR markers. 

Table 3 Characteristics of the SSRs among tobacco genotypes 

Locus Allele size range (bp) No. of alleles PIC 

TbM1 150-200 5 0.94 

TbM2 150-200 5 0.94 

TbM3 150-200 5 0.15 

TbM4 150-200 5 0.15 

TbM5 150-200 5 0.15 

TbM6 200-250 5 0.94 

TbM7 150-200 5 0.15 

TbM8 150-200 5 0.94 

TbM9 150-200 6 0.97 

TbM10 150-200 6 0.97 

TbM11 150-200 6 0.15 

TbM12 200-250 6 0.15 

TbM13 150-200 6 0.15 

TbM14 150-200 6 0.97 

TbM15 150-200 6 0.15 

TbM16 150-200 6 0.97 

TbM17 150-200 6 0.94 

TbM18 250-300 8 0.94 

TbM19 150-200 8 0.15 

TbM20 150-200 8 0.15 

TbM21 200-250 8 0.15 

TbM22 150-200 8 0.94 

TbM23 150-200 8 0.15 

TbM24 150-200 8 0.94 

TbM25 200-250 8 0.28 

TbM26 150-200 8 0.28 

TbM27 250-300 8 0.15 

TbM28 150-200 6 0.99 

TbM29 150-200 6 0.15 

TbM30 150-200 6 0.97 

TbM31 150-200 6 0.15 

TbM32 150-200 6 0.94 

TbM33 150-200 6 0.94 

TbM34 150-200 6 0.94 

TbM35 200-250 6 0.15 

PIC-polymorphism information content 

 

developed from both perfect and imperfect SSR 

motifs exhibited slight difference in He (mean 0.19) 

and Ho (0.16) values. Similarly, the mean value of Ho 

for di and trinucleotide repeats were also showed less 

variation, while the He values for di nucleotides (0.18) 

were slightly lesser than trinucleotides (0.21). The 

estimated frequency of null alleles was not zero for 19 

of the 70 loci. The probabilities of identity ranged 

from 0.13 to 0.44 with a mean value of 0.13.  

The genetic diversity analysis among the genus 

Nicotiana using Unweighted Pair Group Method on 

Arithmetic averages (UPGMA) method of clustering  
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Table 4 List of markers for Nicotiana species identity and 

types/group identity within cultivated tobacco-Nicotiana tabacum 

 Species/types Markers 

Species 

 N. gluaca TbM44, TbM46, TbM59 

 N. paniculata TbM3, TbM29, TbM41 

 N. thrisiflora TbM32, TbM41 

 N. rustica TbM60 

 N. undulate - 

 N. trigo TbM52 

 N. plub TbM61 

 N. sylves TbM49 

 N. rependa TbM33 

 N. nesophila - 

 N. corymbosa TbM60 

 N. acuminatae TbM41 

 N. clevlandii TbM35, TbM45, TbM47 

 N. nudicaulis TbM16, TbM30, TbM31, TbM33, 

TbM47 

 N. suav TbM7, TbM31 

 N. debnyi - 

 N. gossei TbM4, TbM20, TbM33, TbM35 

 N. maritama TbM43, TbM47 

 N. velutiana TbM20, TbM43 

 N. occi TbM31, TbM44, TbM48, TbM57 

 N. simulans TbM43, TbM46 

 N. goodsp TbM37, TbM44 

 N. rosulata TbM21, TbM46, TbM46, TbM52 

Types 

 FCV TbM1, TbM9, TbM17, TbM25, 

TbM33 

 Chewing TbM6, TbM14, TbM22, TbM30 

 Chewing (rustica)  

and Hookah 

TbM8, TbM16, TbM24, TbM32 

 Burley TbM2, TbM10, TbM18, TbM26, 

TbM34 

 Cheroot TbM4, TbM12, TbM20, TbM28 

 Bidi TbM7, TbM15, TbM23, TbM31 

 Cigar wrapper TbM5, TbM13, TbM21, TbM29 

 Natu TbM3, TbM11, TbM19, TbM27, 

TbM35 

 

revealed that the Nicotiana species studied were 

separated into three main clusters (Figure 3). The 

cluster-I is formed by the 11 species; all the species 

are belongs to the subgenus Rustica and Petunoides. 

In this cluster the species gluaca and paniculta formed 

small sub cluster (Ia), similarly, thrisiflora, rustica and 

undulate formed sub cluster (Ib). Among the cluster- I, 

rependa and nesophila were showed higher similarity 

(91%), since both are belong to the section Rependae 

and have the similar chromosome number 24. The 

second cluster formed with 7 species of Nicotiana, in 

which all the species are belongs to the subgenus 

Petunioides and section Suaveolentes except N. 

tabaccum which belongs to the subgenus Tabacum. 

The third cluster is formed by 6 species, among those 

3 species belongs to the section Suaveolentes and rest 

are belongs to the different sections of subgenus 

Petunoides. 

2.5 Transferability of tobacco SSRs to other 

Nicotiana species 

Amplification of the 70 SSRs in 23 species of 

Nicotiana revealed an amplification of at least one 

allele and the cross transferability of these markers 

ranged from 95.7% to 100% (Table 5). All the markers 

developed in the present study were transferable to 

eight species and 26 markers showed 46 exclusive 

alleles. However, no exclusive alleles were identified 

for N. undulata, N. nesophila and N. debanyi (Table 4). 

In general, about 20 Nicotiana species could be easily 

discriminated using a minimal set of 11 markers 

(TbM31, TbM33, TbM41, TbM43, TbM44, TbM46, 

TbM47, TbM49, TbM52, TbM60, and TbM61). 

3 Discussions 

Microsatellite markers are considered as versatile 

tools for genetic analysis and breeding applications  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 Grouping of Nicotiana species using SSR markers 
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Table 5 Transferability of 70 microsatellite markers to other 

Nicotiana species 

Species No. of markers producing  

atleast one amplicon 

% 

transferability 

N. gluaca 69 98.6 

N. paniculata 68 97.1 

N. thrisiflora 68 97.1 

N. rustica 67 95.7 

N. undulate 69 98.6 

N. trigo 69 98.6 

N. plub 70 100.0 

N. sylves 70 100.0 

N. rependa 69 98.6 

N. nesophila 69 98.6 

N. corymbosa 70 100.0 

N. acuminatae 69 98.6 

N.clevlandii 69 98.6 

N. nudicaulis 70 100.0 

N. suav 70 100.0 

N. debnyi 67 95.7 

N. gossei 70 100.0 

N. maritama 70 100.0 

N. velutiana 68 97.1 

N. occi 69 98.6 

N. simulans 70 100.0 

N. goodsp 69 98.6 

N. rosulata 69 98.6 

 

due to their abundance in the genome, high degree of 

variability and reduced time, effort and cost etc. 

However, the availability of microsatellite markers is 

limited in tobacco. Although many molecular markers 

were recently reported (Bindler et al., 2007; 2011, 

Tong et al., 2012; Hughes et al., 2014), they are not 

sufficient enough to use in inter specific hybridization 

programs and to develop a core genetic map like rice 

(Orjuela et al., 2010). Hence, there is an immense need 

to develop additional markers for the construction of 

dense genetic map, which would be the starting point 

for genetic mapping and eventual cloning of important 

genes from this crop. Therefore, we have employed a 

genomic enrichment method to capture the SSR 

motifs for the development of new microsatellite 

markers. Earlier, Sethy et al., 2006, developed 74 

functional sequence-tagged microsatellite sites (STMS) 

primer pairs in chickpea by using genomic enrichment 

method. However, no attempt has been made to isolate 

microsatellite markers from the tobacco genome using 

the enrichment procedure, though this provides an 

attractive choice for targeted microsatellite development. 

The enrichment protocol used in the present study has 

resulted in the identification of clones containing the 

SSR motifs with 82% success rate, which is 

significantly higher than any conventional methods 

exhibiting varying efficiency ranging from 0.045% to 

12% (Zane et al., 2002). The genomic enrichment 

method for capturing SSRs is fast and convenient to 

handle compared to the conventional method involving 

the genomic library preparation and sequencing. 

Using the enrichment method, high efficiency of 

microsatellite identification was also achieved in 

several crops (Gaitan-Solis et al., 2002; Riaz et al., 

2004; Lowe et al., 2004) with varying success rates. 

By employing microsatellite-enrichment procedure, 

Marinoni et al., 2003, obtained 23% of clones containing 

SSR motif in chestnut, while Acquadro et al., 2003, 

obtained 85% in Cynara cardunculus. All the clones 

harboring SSR motif were made publicly available 

through GenBank submissions (Table 2). 

More number of dinucleotide repeats (AG/TC) was 

observed than any other repeats, which supported the 

fact that di-nucleotide repeats are the most frequently 

occurring microsatellites in plants (Lagercrantz et al., 

1993; Thomas and Scott, 1993; Wang et al., 1994). 

However, a significant proportion (35.7%) of tri- and 

hexa-nucleotide repeat motifs were also observed, 

which could have resulted due to the chance cross 

hybridization of dinucleotide probes with other repeat 

region of the genome. Sequence analysis of 952 

clones yielded 221 sequences with class I and II SSR 

motifs (Mc Couch et al., 2002). About 70 class I 

microsatellite loci were targeted for marker development.  

All the identified SSR motifs showed more observed 

heterozygosity than expected heterozygosity. Both 

perfect and imperfect SSR motifs showed less variation of 

mean He and Ho values. Whereas the mean Ho for di- 

and tri-nucleotide repeats were also found to be slight 

difference. The results with more number of alleles 

amplified per locus (6.4) combined with the mean 

observed heterozygosity (Ho) values; suggest that 

considerable polymorphism is present at these 

microsatellite loci. The same results were represented 

in the earlier studies, reported in chickpea (Sethy et al 

2006). The highest heterozygosity detected at SSR loci, 

is potentially meaningful because high heterozygosity 

would indicate that the plant population likely has a 

substantial amount of adaptive genetic variation to 
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escape the effects of a control agent that limits the 

development and maintenance of the plants (Allendorf 

and Luikart, 2007; Maranho et al., 2014), in contrast 

to plant populations showing a lower level of 

heterozygosity. 

The occurrence of null alleles has been pointed out as 

a possible problem associated with the use of 

microsatellite markers (Callen et al., 1993), which 

might result in an individual being scored as homozygote 

instead of heterozygous and thus resulting in loss of 

information. Our results indicated that out of 70 

markers, 19 markers showed less positive values for 

the frequency of null alleles, might be regarded as loci 

with a possible occurrence of null alleles (O’Reilly 

and Wright 1995). On the other hand, the negative 

value for the frequency of null alleles (r) observed in 

most loci might associate the homozygotes with negative 

characters that have been eliminated by humans in 

cultivated germplasm (Marinoni et al. 2003). In the 

present study most of the markers showed (51 out of 

70 ) negative values for the frequency of null allele 

occurrence, it indicates that developed markers in the 

present study are potential tools for the  

differentiation of tobacco species without losing any 

information. 

In the present study, the probability of identity was 

moderately high, which represents the power of each 

microsatellite to contribute to a unique genotype for 

each species (Dangl et al., 2005). Polymorphic 

Information Content (PIC) provides an estimate of 

discriminatory power of a marker to differentiate 

genotypes based on both the number of alleles 

expressed and their relative frequencies (Nagl et al., 

2011). The average of PIC value was 0.57 for perfect 

repeats where as for imperfect repeats 0.19, indicates 

an isolation of highly polymorphic microsatellites in 

Nicotiana species. These polymorphic markers were 

should provide sufficient level of genetic diversity to 

investigate the fine scale population structure and 

evaluate the breeding strategy (Xu et al., 2008). We 

have also used microsatellite markers for revealing 

polymorphism among the different Nicotiana species 

and also assessed for their cross-species transferability. 

All the species of Nicotiana principally divided based 

on the subgenus to which they belong and the number 

of chromosomes. The species of subgenus Petunoides 

have 9 sections, mostly species belong to the same 

section were grouped together. For instance, two 

species of Rependae section and two species of Alatae 

section were grouped in the same cluster (Ib) with 

higher percentage of similarity.  Similarly 6 species 

of section Suaveolentes used in the present study were 

grouped in cluster II. The clustering pattern of the 

tobacco species based on the nuclear SSR profile 

supports the traditional classification of genus 

Nicotiana with exception of grouping of N. rustica 

and N. undulate.  Among the subgenus Petunioides, 

the section Undulatae and Trigonophyllae are 

considered to be close to the subgenera Rustica, so the 

species N. undulata was grouped along with the 

species belongs to the subgenus Rustica as these two 

species shares the same number (12) of chromosomes 

(Khan and Narayan, 2007) (Figure 3). The microsa- 

tellite-based dendrogram was congruent with existing 

sectional representations based on morphological, 

chromosome and DNA information (Moon et al., 

2008).  

In general, the transferability rates observed in this 

study were higher than those reported earlier (Moon et 

al., 2008), which could be due to high rates of 

conservation of primer binding sites. A minimal set 

comprising of 11 markers was constituted for the 

identification of most of the Italics species. However, 

it should be pointed out that only one accession was 

used for each species, as the objective was to 

demonstrate the feasibility of these markers for 

studying genetic variation and relationships at species 

level and a detailed study involving more number of 

accessions for each species is warranted to validate 

these markers. Perfect clustering of genotypes belongs 

to the all the eight tobacco types were observed with 

these markers. Hence, the type specific markers 

identified in the present study for various tobacco 

types as well as various species specific markers 

belongs to Nicotiana would be useful in testing of 

purity of different types of tobaccos, studying the 

genetic variation among varieties, true hybrid 

identification, monitoring introgression of the target 

gene(s) and relationships between different tobacco 

types within cultivated tobacco using the cultivars 

representing a wide range of morphological diversity 

present within N. tabacum. The devloped markers also 

exhibited high PIC values, suggesting their potential 
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for genetic polymorphism studies in cultivated tobacco. 

In conclusion, a set of 70 new microsatellite markers 

was developed in tobacco through microsatellite- 

enrichment method with high success rate, highlighting 

the efficiency of this method for the isolation of SSR 

motifs in tobacco as well as other crop species, for 

which genome sequence is not available. These 

markers were characterized in tobacco and in other 

Nicotiana species, thereby demonstrating the utility of 

these markers in genetic diversity assessment. The 

study also demonstrated the cross-species transferability 

of these markers to other Nicotiana spp resulting in 

the identification of species-specific markers. The 

microsatellite-enrichment technique used for the capturing 

of SSRs in tobacco and the markers developed in this 

study will be useful for fingerprinting, genetic 

diversity analysis, linkage map construction and 

genetic mapping studies in tobacco. 

4 Material and Methods 

Genomic DNA was extracted from fresh leaves of N. 

tabacum cv. Jayasree using CTAB method (Murray 

and Thompson, 1980).  Around 25 µg genomic DNA 

was taken in a nebulizer and passed through inert 

Nitrogen gas to fractionate into 0.1-1 kb size fragments. 

The nebulized fragments were run on the gel and the 

desired size range of fragments was eluted. These 

fragments were polished to make blunt ends and 

adapters were ligated to them. Four biotinylated SSR 

probes [(TC)15, (GT)15, (GA)15, (AC)15] rich in other 

plant species, were hybridized with adapter-ligated 

fragments. Approximately 200 ηg of the fragments 

(100 bp - 1 000 bp) were added to a single reaction 

mixture containing 4.2 × SSC (Saline-Sodium Citrate, 

pH 7.0), 0.07 % SDS (sodium dodecyl sulfate), and 10 

ρmol biotinylated probe. The mix was incubated at 

95°C for 5 minutes and chilled quickly on ice for 2 

minutes. It was then kept at proper annealing 

temperatures (depending on the melting temperature 

of each probe) for an hour to perform annealing [60°C 

for probe (GT)15, 37°C for (AT)15 and 57°C for 

(GA)15]. Meanwhile, Dynabeads M-280 Streptavidin 

(10 µg/µl) was prepared by gently shaking the vial to 

obtain a homogenous slurry. About 20 µl of the beads 

slurry was transferred to a 1.5 ml tube and washed 

four times with 300 µl of bead washing buffer (1x TE 

+ 100 mM NaCl). The beads were re-suspended with 

50 µl of the same buffer, added into the fragment-probe 

mix and incubated at room temperature for 30 minutes 

with constant gentle agitation. After immobilization, 

the supernatant was removed by applying a magnetic 

field to precipitate the beads, which were attached to 

the SSR containing fragments that hybridized to 

biotinylated probe. The bead-probe-fragment complex 

was washed three times each for 5 minutes with 400 

µl non-stringency washing buffer (1 x TE + 1 M NaCl) 

at room temperature. The complex was further washed 

with 400 µl of stringency buffer (0.2 x SSC + 0.1% 

SDS) for three times each for 5 minutes at room 

temperature. After the final wash, the washing buffer 

was completely removed and 40 µl of sterile water 

was added, tapped gently and incubated at 95°C for 5 

minutes. The eluted solution containing single strand 

SSR-enriched fragments was cloned into the pGEM-T 

easy vector, and the recombinants were transformed to 

DH 10 B E. coli electro-competent cell by electroporation. 

4.1 Microsatellite identification and primer design 

The enriched library was screened with pooling 

strategy by picking up individual clones from the agar 

plate and kept into 96-well format plates for further 

growth and subsequent isolation of plasmid DNA. The 

DNA of all clones was isolated by using 96-well 

format Qiagen DNA extraction kit (Qiagen, USA). 

The isolated DNA was pooled into row and column-wise 

and screened by PCR using anchored PCR. The 

positive pools were screened by demerging into 

individual samples. The plasmids were sequenced 

using the Big Dye Terminator reaction kit on the ABI 

3700 prism automated DNA sequencer (Applied 

Biosystems, USA). The microsatellite motif in each 

sequence was identified using the software SSRIT and 

each sequence was compared against the local and 

NCBI sequence databases in order to identify the 

redundant clones. The unique sequences were retained 

and submitted to GenBank. Primers were designed 

based on the sequences flanking the microsatellite 

motifs using the PRIMER 3.0 software (Rozen and 

Skaletsky, 1998) using the following criteria: (1) 

Primer length 18-25 nucleotide with an optimal length 

of 20 nucleotides (2) primer Tm=50-60
0
C (3) 

amplified PCR product size 100 - 400 bp, and (4) an 

optimal 40% GC content. The presence of structures 

such as hairpin or short repeat motifs was also 

considered while designing the primers. All primers, 

which flank the perfect repeats of the form (N1N2)X 

or (N1N2N3)X; imperfect repeats of the form N1N2 
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Table 1 List of tobacco genotypes and other Nicotiana species 

used in this study 

Species / Cultivar Features/types 

N. gluaca Resistance to PM 

N. paniculata - 

N. thrisiflora - 

N. rustica - 

N. undulate Resistance to RV, TE, TMV, WF 

N. trigonophylla Resistance to An, PM 

N. plumbagenifolia Resistance to BS, PM, WF 

N. sylvestris - 

N. repanda Resistance to An, CN, PM, RK, TMV 

N. nesophila Resistance to An 

N. corymbosa - 

N. acuminatae - 

N. clevlandii - 

N. nudicaulis Resistance to An, PM, RK, WF 

N. suav - 

N. debneyi Resistance to An, PM, BM, PM, RV 

N. gossei Resistance to RR, PM, TMV, TS 

N. maritama - 

N. velutina - 

N. occidentals Resistance to An, SP, PM 

N. simulans - 

N. goodspeedi - 

N. rosulata - 

N. tabacum cv. 

Jayashree 

- 

Hema FCV 

Kanchan FCV 

Abhirami Chewing 

Lichchavi Chewing 

GC-2 Chewing - N. rustica 

Dharla  Chewing and hookah 

Banket A1 Burley 

HDBRG Burley 

Sendarpatty Special Cheroot 

Bhagyasri Bidi 

S-5   Cigar wrapper 

Lanka Special Natu 

An: Anthracnose, BM: Blue mold, BS: Black shank, FCV: Flue 

Cured Virginia; SP: Brown spot, CN: Cyst nematode, TMV: 

Tobacco mosaic virus, TE: Tobacco Etch Virus, PM: Powdery 

mildew, RR: Black Root-Rot, RK: Root-Knot nematode, RV: 

Rattle virus, WF: Wild fire 

 

N1N2N2N1N2N2N2N1N2; interrupted repeats of the 

form (N1N2)X(N)Y(N1N2)Z; and compound repeats 

of the form (N1N2)X(N3N4)Y were synthesized from 

IDT, Canada and they were standardized with gradient 

PCR to obtain the perfect annealing temperature to 

avoid non-specific amplification.  

4.2 Testing of microsatellite markers 

Each primer pair was tested by the amplification of 

genomic DNA isolated from the tobacco cultivar, 

Jayasree. PCR amplification was done in 25 µl 

reaction volume containing 200 mM Tris-HCl (pH 

8.0), 500 mM KCl, 2 mM MgCl2, 0.25 mM of each 

dNTPs, 0.5 µM of each primer, 25 ng of genomic 

DNA and 1.0 U of Taq DNA polymerase (MBI 

Fermentas, Lithuania). Reactions were carried out in 

thermal cycler following the thermo-profile of an 

initial denaturation at 94ºC for 5 min followed by 35 

cycles of 94ºC for 1 min, 55-57ºC for 1min, 72ºC for 

2 min and a final extension of 7 min at 72ºC. 

Amplified products were resolved on 6% polyacrylamide 

gels and stained with ethidium bromide. Initially, all 

the 70 primer pairs were used to amplify the DNA 

from 12 different tobacco types (Table 1) and one wild 

species of Nicotiana in order to establish their 

usefulness in the detection of intra- as well as 

inter-species-specific polymorphism. In order to 

check the transferability of these markers to other 

Nicotiana species, these primer pairs were further 

checked with 24 wild species of Nicotiana (Table 1). 

4.3 Data analysis 

The size of the alleles for each microsatellite locus 

was estimated by comparison with standard size DNA 

markers and scored across all the 24 Nioctiana species 

as well as genotypes from different types of cultivated 

tobacco using the gel documentation system (Alpha 

Innotech Corp., USA). A binary matrix was developed, 

in which 1 (one) represents the presence of an 

amplicon and 0 (zero) represents the absence of an 

amplicon. Genetic parameters like alleles per locus, 

the expected heterozygosity (He) were calculated as 

He = 1 – ∑ pi
2
 (Nei 1973), where pi represents the 

frequency of allele i among the varietal set. The 

observed heterozygosity (Ho) was obtained by direct 

calculation. The null allele frequency was calculated 

as r = (He – Ho)/(1 + He) (Brookfield, 1996). The 

probability of identity was calculated as PI = 1 – ∑pi
4
 

+ ∑∑ (2pipj)
2
 (Paetkau et al., 1995), where pi and pj 

represent the frequency of alleles i and j, respectively. 

Pair-wise genetic similarity was calculated among the 

24 accessions of wild species as well as 12 genotypes 

belonging to different types of tobacco using Jaccard’s 

similarity coefficient. The similarity matrix was used 
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for the construction of dendrogram using the UPGMA 

(Unweighted Pair Group Method with Arithmetic 

Averages) algorithm using the software, NTSYS-pc 

(version 2.1, Rohlf, 1998).  
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