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IntroductionIntroduction
Tobacco (Tobacco (Nicotiana tabacumNicotiana tabacum L.) is one of the  L.) is one of the 

most important industrial crops worldwide (24). It most important industrial crops worldwide (24). It 
is cultivated in more than 100 countries on approxi-is cultivated in more than 100 countries on approxi-
mately 4.2 million hectares of crop land (http://www.mately 4.2 million hectares of crop land (http://www.
fao.org/docrep/006/y4956e/y4956e00.htm). Despite fao.org/docrep/006/y4956e/y4956e00.htm). Despite 
its high economic importance, tobacco is also con-its high economic importance, tobacco is also con-
sidered as a model plant in molecular biology and sidered as a model plant in molecular biology and 
farming for producing commercially important sub-farming for producing commercially important sub-
stances such as medical drugs and vaccines (7,12,24). stances such as medical drugs and vaccines (7,12,24). 
Oriental-type tobacco is of high quality, highly desir-Oriental-type tobacco is of high quality, highly desir-

able by the industry and a crop with further poten-able by the industry and a crop with further poten-
tial especially for marginal or declining regions. It tial especially for marginal or declining regions. It 
is grown in Iran, Turkey, Greece, Bulgaria, Lebanon is grown in Iran, Turkey, Greece, Bulgaria, Lebanon 
and the Republic of Macedonia (15). Northwest of and the Republic of Macedonia (15). Northwest of 
Iran is one of the most favorable regions for oriental Iran is one of the most favorable regions for oriental 
tobacco cultivation. tobacco cultivation. 

Potato Virus Y (PVY) is a plant pathogenic virus Potato Virus Y (PVY) is a plant pathogenic virus 
from the family Potyviridae which possessed char-from the family Potyviridae which possessed char-
acteristics including mono-partite single-stranded, acteristics including mono-partite single-stranded, 
positive-sense RNA genome (27). It affects tobacco positive-sense RNA genome (27). It affects tobacco 
production worldwide (8,27,34). PVY creates typical production worldwide (8,27,34). PVY creates typical 
symptoms on plant tissues such as vein clearing, vein symptoms on plant tissues such as vein clearing, vein 
banding and necrosis on leaves. An effective way to banding and necrosis on leaves. An effective way to 
control the disease is genetic resistance. This method control the disease is genetic resistance. This method 
is cost-effective and environmentally safe method to is cost-effective and environmentally safe method to 
limit impacts of PVY in tobacco fields. Partial resist-limit impacts of PVY in tobacco fields. Partial resist-
ance to PVY in ance to PVY in N. tabacumN. tabacum germplasm (14,16,34) as  germplasm (14,16,34) as 
well as some other species in Solanaceae family has well as some other species in Solanaceae family has 
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Abstract
Potato Virus Y (PVY) is one of the most important pathogenic agents that reduce the yield and 
quality of tobacco (Nicotiana tabacum L.). DNA-based molecular markers are valuable tools for 
identifying germplasm in gene banks, assessing kinship ties, and doing marker-assisted selection 
(MAS) for resistance to pests, diseases, and some crop traits of interest. This work presents the 
results of association analysis for resistance to PVY with SSR markers. A total number of 66 alleles 
were detected using 26 SSR primer pairs on 90 oriental-type tobacco genotypes with an average 
of 2.54 alleles per locus. A model-based Bayesian approach was used to subdivide 90 tobacco 
genotypes into three subgroups. Approximately 5.85% of the 325 SSR locus pairs showed a signif-
icant level of linkage disequilibrium (LD) (P < 0.01). By using GLM procedure, 3 loci (PT30260, 
PT30046 and PT30061) from linkage groups 8a, 6, and 11 of the tobacco reference map were 
identified to associate with resistance to PVY in a 10% probability level (P ≤ 0.0615, 0.0839, and 
0.072, respectively). SSR locus PT30260 (P ≤ 0.077) was also detected with the mixed linear mod-
el (MLM) accounting for population structure and kinship relatedness (Q+K model). Linked-re-
sistant SSR markers can be used as indicators of PVY resistance and interest in marker-assisted 
selection (MAS) in tobacco breeding programs.
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rus; Tobacco. 
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been reported (6,28). been reported (6,28). 
Identification of molecular markers associated Identification of molecular markers associated 

with resistance gene(s) would facilitate resistance with resistance gene(s) would facilitate resistance 
breeding programs via marker-assisted selection breeding programs via marker-assisted selection 
(MAS). Molecular markers associated with gene(s) (MAS). Molecular markers associated with gene(s) 
of interest permit selection for disease resistance of interest permit selection for disease resistance 
without concern for pathogen pressure. Several without concern for pathogen pressure. Several 
methods have been developed for detecting QTLs methods have been developed for detecting QTLs 
using molecular marker information. Currently struc-using molecular marker information. Currently struc-
tural linkage disequilibrium (LD)-based mapping has tural linkage disequilibrium (LD)-based mapping has 
been introduced for detecting markers linked with been introduced for detecting markers linked with 
interest traits (1,5,29,32). LD refers to historically interest traits (1,5,29,32). LD refers to historically 
increased non-equilibrium (reduced level of recom-increased non-equilibrium (reduced level of recom-
bination) of specific alleles at various loci (10). The bination) of specific alleles at various loci (10). The 
pattern of LD is depend on the occurrence of a new pattern of LD is depend on the occurrence of a new 
mutation, demographic factors like population size, mutation, demographic factors like population size, 
selection, migration, and founder effects; thereby, the selection, migration, and founder effects; thereby, the 
LD pattern is essential to feasibility and resolution LD pattern is essential to feasibility and resolution 
of LD-based mapping. Population structure, sample of LD-based mapping. Population structure, sample 
size, and frequency of specific alleles may influence size, and frequency of specific alleles may influence 
the ability to detect false-positive associations be-the ability to detect false-positive associations be-
tween markers and traits (37). Methods incorporating tween markers and traits (37). Methods incorporating 
population structure (Q) or kinship (K) matrices or a population structure (Q) or kinship (K) matrices or a 
combination of Q and K (Q + K) has been proposed combination of Q and K (Q + K) has been proposed 
to minimize the false-positive association in associa-to minimize the false-positive association in associa-
tion analyses (36). tion analyses (36). 

Opposite to narrow information about utilization Opposite to narrow information about utilization 
of structural LD-based mapping approach in tobacco of structural LD-based mapping approach in tobacco 
breeding programs, DNA markers linked with dis-breeding programs, DNA markers linked with dis-
ease resistance loci in tobacco have been reported ease resistance loci in tobacco have been reported 
using conventional bi-parental mapping approach using conventional bi-parental mapping approach 
for black root rot (2) and black shank diseases (17). for black root rot (2) and black shank diseases (17). 
About PVY resistance in tobacco, Noguchi et al. (20) About PVY resistance in tobacco, Noguchi et al. (20) 
identified RAPD markers linked to a recessive gene identified RAPD markers linked to a recessive gene 
(va gene) conditioning virus resistance. In the other (va gene) conditioning virus resistance. In the other 
study, Julio et al. (18) identified AFLP markers as-study, Julio et al. (18) identified AFLP markers as-
sociated with genomic regions controlling resistance sociated with genomic regions controlling resistance 
to blue mold (to blue mold (Peronospora tabacina AdamPeronospora tabacina Adam), PVY ), PVY 
susceptibility, and black root rot (susceptibility, and black root rot (Chalara elegansChalara elegans) ) 
diseases in tobacco using Fdiseases in tobacco using F77 bi-parental population.  bi-parental population. 
Also, Nishi et al. (19) identified an AFLP marker Also, Nishi et al. (19) identified an AFLP marker 
associated with genomic regions controlling resist-associated with genomic regions controlling resist-
ance to bacterial wilt disease explaining 34% of the ance to bacterial wilt disease explaining 34% of the 
phenotypic variance. Despite of narrow studies about phenotypic variance. Despite of narrow studies about 
genetic control of PVY resistance in tobacco, there genetic control of PVY resistance in tobacco, there 
are numerous studies in the field of PVY resistance are numerous studies in the field of PVY resistance 
in potato. For instance, Ye-Su (35) identified some in potato. For instance, Ye-Su (35) identified some 
AFLP markers which closely linked with resistance AFLP markers which closely linked with resistance 
to PVY (Rysto) located on chromosome XII based on to PVY (Rysto) located on chromosome XII based on 
the potato reference map. the potato reference map. 

Markers can exhibit two modes of inheritance, Markers can exhibit two modes of inheritance, 

i.e. dominant/recessive or co-dominant. If the ge-i.e. dominant/recessive or co-dominant. If the ge-
netic pattern of homozygotes can be distinguished netic pattern of homozygotes can be distinguished 
from that of heterozygotes, then a marker is said to from that of heterozygotes, then a marker is said to 
be co-dominant. Generally co-dominant markers are be co-dominant. Generally co-dominant markers are 
more informative than the dominant markers. Sim-more informative than the dominant markers. Sim-
ple sequence repeats (SSRs) due to co-dominant ple sequence repeats (SSRs) due to co-dominant 
nature and multi-allelic, polymorphic information nature and multi-allelic, polymorphic information 
content and random distribution in the genome are content and random distribution in the genome are 
suitable tools for genetic variation study and quan-suitable tools for genetic variation study and quan-
titative traits loci mapping (26). The objectives of titative traits loci mapping (26). The objectives of 
the present study were to characterize the population the present study were to characterize the population 
structure within tobacco genotypes, analysis the LD structure within tobacco genotypes, analysis the LD 
pattern in germplasm collection and to identify SSR pattern in germplasm collection and to identify SSR 
markers associated with PVY resistance in tobacco markers associated with PVY resistance in tobacco 
using association analysis. The SSR markers associ-using association analysis. The SSR markers associ-
ated with Potato Virus Y resistance could be used in ated with Potato Virus Y resistance could be used in 
pyramiding polygenes in tobacco genotypes in dis-pyramiding polygenes in tobacco genotypes in dis-
ease breeding programs.ease breeding programs.

Materials and methodsMaterials and methods
A population of 90 oriental and semi-oriental to-A population of 90 oriental and semi-oriental to-

bacco genotypes was used for the present study (Ta-bacco genotypes was used for the present study (Ta-
ble 1). The study was done in Institute of Biotechnol-ble 1). The study was done in Institute of Biotechnol-
ogy, Urmia University, Urmia, Iran during 2015 to ogy, Urmia University, Urmia, Iran during 2015 to 
2016. Genomic DNA was extracted from the leaves 2016. Genomic DNA was extracted from the leaves 
of tobacco seedlings using the method defined by of tobacco seedlings using the method defined by 
Hatami Maleki et al. (15). Twenty six microsatellite Hatami Maleki et al. (15). Twenty six microsatellite 
markers (Table 2) were used for DNA fingerprinting. markers (Table 2) were used for DNA fingerprinting. 
The choice of SSR markers was based on clarity of The choice of SSR markers was based on clarity of 
produced bands and their genetic locations in order to produced bands and their genetic locations in order to 
give a uniform coverage of the tobacco genome (4). give a uniform coverage of the tobacco genome (4). 
Amplifications were performed in a volume of 25 μl Amplifications were performed in a volume of 25 μl 
containing 1 μl of each primer with 10 μM concen-containing 1 μl of each primer with 10 μM concen-
tration, 0.3 μl of 5 unit Taq DNA polymerase (Cinna-tration, 0.3 μl of 5 unit Taq DNA polymerase (Cinna-
Gen, Tehran, Iran), 0.5 μl of 25 mM dNTP (Cinna-Gen, Tehran, Iran), 0.5 μl of 25 mM dNTP (Cinna-
Gen, Tehran, Iran), 2.5 μl of 10× PCR buffer, 0.7 μl Gen, Tehran, Iran), 2.5 μl of 10× PCR buffer, 0.7 μl 
of 50 mM MgClof 50 mM MgCl22 (CinnaGen, Tehran, Iran), ddH (CinnaGen, Tehran, Iran), ddH22O O 
and 50 ng DNA by using a 96-well Eppendorf Mas-and 50 ng DNA by using a 96-well Eppendorf Mas-
tercycler Gradient (Type 5331, Eppendorf AG, Ham-tercycler Gradient (Type 5331, Eppendorf AG, Ham-
burg, Germany). Thermal cycles were programmed burg, Germany). Thermal cycles were programmed 
for 36 cycles as follows: 1 min at 94 °C, 1.5 min at for 36 cycles as follows: 1 min at 94 °C, 1.5 min at 
55 °C, and 1.5 min at 72 °C, with an initial melting 55 °C, and 1.5 min at 72 °C, with an initial melting 
of 4 min at 94 °C, and a final extension of 10 min at of 4 min at 94 °C, and a final extension of 10 min at 
72 °C. The reaction products were mixed with 5 μl 72 °C. The reaction products were mixed with 5 μl 
of formamide dyes (98% formamide, 10 mM EDTA, of formamide dyes (98% formamide, 10 mM EDTA, 
0.05% bromophenol blue and 0.05% xylene cyanol) 0.05% bromophenol blue and 0.05% xylene cyanol) 
and resolved in a 3% (w/v) agarose gel in 0.5× TBE and resolved in a 3% (w/v) agarose gel in 0.5× TBE 
buffer, stained with 1.0 μg mlbuffer, stained with 1.0 μg ml-1-1 ethidium bromide and  ethidium bromide and 
photographed under UV light using a Gel-Doc image photographed under UV light using a Gel-Doc image 
analysis system (Gel Logic 212 PRO, USA). analysis system (Gel Logic 212 PRO, USA). 

The phenotypic data (susceptibility of tobacco The phenotypic data (susceptibility of tobacco 
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genotypes against PVY) was picked from our pre-genotypes against PVY) was picked from our pre-
vious report (16). Brifely, the susceptibility of 90 vious report (16). Brifely, the susceptibility of 90 
genotypes was evaluated against PVY under green-genotypes was evaluated against PVY under green-
house conditions. The samples were investigated for house conditions. The samples were investigated for 
the presence of PVY individually via indirect-en-the presence of PVY individually via indirect-en-
zyme-linked immunosorbent assay (I-ELISA). zyme-linked immunosorbent assay (I-ELISA). 

Data analysis Data analysis 
The SSR data were scored as co-dominant mark-The SSR data were scored as co-dominant mark-

ers in order to distinguish homozygotes and hete-ers in order to distinguish homozygotes and hete-
rozygotes for each locus. Population structure was rozygotes for each locus. Population structure was 
analyzed using a model based Bayesian approach in analyzed using a model based Bayesian approach in 
the software package Structure 2.3.4 (21). Five inde-the software package Structure 2.3.4 (21). Five inde-
pendent runs were performed setting the number of pendent runs were performed setting the number of 
subpopulations (K) from 1 to 10, burn in time, and subpopulations (K) from 1 to 10, burn in time, and 
Markov Chain Monte Carlo (MCMC) replication Markov Chain Monte Carlo (MCMC) replication 

number both to 100,000, and a model for admixture number both to 100,000, and a model for admixture 
and correlated allele frequencies. The K value was and correlated allele frequencies. The K value was 
determined by the log likelihood for each K; Ln P(D) determined by the log likelihood for each K; Ln P(D) 
= L(K) (25). Since the distribution of Ln P(D) did not = L(K) (25). Since the distribution of Ln P(D) did not 
show a clear number of true K, delta K (ΔK) based show a clear number of true K, delta K (ΔK) based 
on the second-order rate of change in the likelihood on the second-order rate of change in the likelihood 
(ΔK) (9) was used alternatively to identify a clear (ΔK) (9) was used alternatively to identify a clear 
peak to represent the true K value. Inferred ancestry peak to represent the true K value. Inferred ancestry 
estimates of individuals (Q-matrix) were derived for estimates of individuals (Q-matrix) were derived for 
the selected subpopulation (21).the selected subpopulation (21).

 The kinship coefficients (K-matrix), r The kinship coefficients (K-matrix), r22, and D′ , and D′ 
were estimated in TASSEL 2.1 software. Associa-were estimated in TASSEL 2.1 software. Associa-
tion analysis was performed to reveal marker-trait tion analysis was performed to reveal marker-trait 
association by structured association approach using association by structured association approach using 
ancestry coefficient (Q values) estimate as covari-ancestry coefficient (Q values) estimate as covari-
ate in a general linear model (GLM) by using TAS-ate in a general linear model (GLM) by using TAS-

Table 1: Tobacco genotypes used in the experiment.

Code Genotype Code Genotype Code Genotype

1 Alborz 23 31 L17 61 SPT 414XPobeda
2 Basma 104-1 32 Line 20 62 SPT403
3 Basma 12-2 33 Matianus 63 SPT405
4 Basma 181-8 34 Melnik 261 64 SPT406
5 Basma Mahalades 35 Mutant 4 65 SPT408
6 Basma S.31 36 Mutant No3 66 SPT409
7 Basma16-10 37 Nevrokop 67 SPT410
8 ch.t 209-12e 38 Nevrokop261 68 SPT412
9 ch.T 269-12 39 Ohdaruma 69 SPT413
10 ch.T.266-6 40 Orumia 205 70 SPT420
11 CH.T.273.38 41 Orumia 379 71 SPT430
12 ch.T.283-8 42 PBD 6 X Mut 4(f1) 72 SPT432
13 ch.Trabzon 269-12B 43 PD324 73 SPT433
14 CHT269-12XFK401 44 PD325 74 SPT434
15 D566 45 PD328 75 SPT436
16 Erzeogovina 46 PD329 76 SPT439
17 FK 40-1 47 PD336 77 SPT441
18 GD165 48 PD345 78 SS289-2
19 Harmanli 11 49 PD364 79 TB22
20 Izmir 50 PD371 80 TK FK401(MutantGH)
21 Jahrom 14 51 PD371 81 TK23
22 KB101 52 PD381 82 TK28
23 Kharmanli163 53 PL7 83 TR1
24 KP14/a 54 Ploudiv 84 TR21
25 Krumograd 55 Pobeda 1 85 Trabzon
26 Krumovgrad kanti 56 Pobeda 2 86 Trabzon H.T.1
27 Krumovgrad42 57 PZ17 87 Trabzon No 23
28 KrumovgradN.H.H.659 58 Samson Katerini 88 Trimph (TypeVirginia)
29 Kuklen 6 59 Samsoun Dere 89 TS8
30 L16 60 Samsoun959 90 Xanthi
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SEL 2.1 software. Multiple testing corrections were SEL 2.1 software. Multiple testing corrections were 
performed by adjusting maker probability values performed by adjusting maker probability values 
for multiple test runs, by a permutation test in the for multiple test runs, by a permutation test in the 
TASSEL 2.1 software. The association analysis was TASSEL 2.1 software. The association analysis was 
also performed using mixed linear model (MLM) also performed using mixed linear model (MLM) 
approach in TASSEL 2.1 accounting for population approach in TASSEL 2.1 accounting for population 
structure and kinship relatedness (Q+K model). structure and kinship relatedness (Q+K model). 

ResultResult
Previous study showed that there is a wide range Previous study showed that there is a wide range 

of variation in susceptibility to PVY within tobacco of variation in susceptibility to PVY within tobacco 
genotypes (from OD=0.0005 in 'KB101' genotype genotypes (from OD=0.0005 in 'KB101' genotype 

to OD=0.69 in 'Erzeogovina' genotype; 16). A total to OD=0.69 in 'Erzeogovina' genotype; 16). A total 
number of 66 alleles were detected by using 26 SSR number of 66 alleles were detected by using 26 SSR 
primer pairs on 90 oriental-type tobacco genotypes primer pairs on 90 oriental-type tobacco genotypes 
with an average of 2.54 alleles per locus. The band-with an average of 2.54 alleles per locus. The band-
ing patterns of the three SSR loci are shown in Figure ing patterns of the three SSR loci are shown in Figure 
1. According to previous reports in tobacco (4,15), 1. According to previous reports in tobacco (4,15), 
tobacco microsatellite markers are not so similar in tobacco microsatellite markers are not so similar in 
allele size and therefore it is possible to detected them allele size and therefore it is possible to detected them 
with purified agarose gel. Also, compared to poly-with purified agarose gel. Also, compared to poly-
acryl-amide-gel electrophoresis, or automated analy-acryl-amide-gel electrophoresis, or automated analy-
sis, agarose-gel electrophoresis is the most-appropri-sis, agarose-gel electrophoresis is the most-appropri-
ate and safe technology for routine analyses of these ate and safe technology for routine analyses of these 

Table 2:  Primer sequences and linkage groups of the 26 SSR loci applied to 90 tobacco genotypes
Primer Forward sequence 5΄→3΄ Reverse sequence 5΄→3΄ Linkage group size (bp) Number of alleles

PT30021 CATTTGAACATGGTTGGCTG CTCAACTCTCGTCGCTCTTG 4 224 3

PT30132 CCTAACAGCATTTGCTACCCA GATGGACAAGAGTGGCCTTT 10 216 2

PT30202 TCGAAACCTCGAGGACAGTT TATCCAAATCTCCAAAGCCC 7 225 2

PT30159 GCATGCATATGAACATGGGA TTTGACATCTCTACTCTTCCGTTT 14b 197 2

PT30027 CCGAGAGTTGCATTTGAATTT AGGGTTCTACGCAAGAGATTG 13 168 3

PT30285 CATCATGGCAAGTCACCATC TGCTGGAAATTAGCGAGGTT 18 177 3

PT30324 TGCTCTGCGTTAGAACAGGA CGACGAGAGAAGATTAGTGAAAGA 12 151 2

PT20343 GGAACACCACCACCATAA GGAGCTCAGGTTCCAATG 4 322 3

PT30075 CGATCGGGTCGTTACACAAT CCCATCAGGTTGTTGGGTTA 11 195 3

PT30241 AAGTCTCGTGTGGTTGCTTT AAAGGGCAATGTGTCTAGCTC 15 199 2

PT30061 TCGTCCATTTCTTTCTCTCTCA CATAAATAGTTGCTCATTCAATCG 11 182 3

PT30110 TTGTACGTTCCTCGCTGATG GGCCGACAATAAAGTGGCT 21 213 2

PT30134 TCCTCCAACCAAACTCAAGC TTTCTGTTCGCGTTTCAAAT 4 228 3

PT30250 GAACACACGTTCGTCATTGG ATAAGTCCCTTTAATTTAATTGCG 10 177 2

PT30292 AAGACAGATTGGTGCGGAAC AGCACTTGGACAGGCGAATA 7 156 2

PT30139 ACAACAACTACGTTAGTGTGAGAA TCATGTGTGCCAAGCTCTT 4 186 3

PT30260 GGTAGGGTGGAACAAATTTATCA AATATGGTCTATGCCCGCAA 8a 225 2

PT30067 AAGCCTGGTCAGTTATCCCA ATTCGCACCACTTAATCCCA 2 204 3

PT30126 GTGATTCCAGCGGAAGACAT TTCGAAATAAGTACCTAGAGTCGG 10 208 3

PT30008 CGTTGCTTAGTCTCGCACTG GGTTGATCCGACACTATTACGA 11 192 3

PT30165 ACCTCTGTGGCCGTAAGCTA CCTCTACTTCAACAGGGTAAGAAA 19 224 2

PT30014 TGCCGTGTAAATTTCATTTGG AGGATTCCTAACGTGTATTATGTTCT 11 205 3

PT30046 GATAGGTAGATTATCCTCTGCAACA GGTGCTAGCAACATCATCAA 6 214 3

PT30172 AAACAACGTCGAAGCATTTG ACGCATGAAATTGTAAGGGC 4 216 3

PT30205 GGTCGATCCACAATTTAAACG GCACTTGCTCCTTTGTACCC 3b 193 2

PT30094 GGGTCATGCGTTCGAATTAT AACAAGAACGACGGTTACGC 8 214 2

Reza Darvishzadeh, Ahmad Heidari, Hamid Hatami Maleki
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types of markers (26). Ninety oriental-type tobacco types of markers (26). Ninety oriental-type tobacco 
genotypes were partitioned in three subgroups (K) genotypes were partitioned in three subgroups (K) 
based on Bayesian clustering approach (Figure 2, 3). based on Bayesian clustering approach (Figure 2, 3). 
A short to medium range of LD was observed in the A short to medium range of LD was observed in the 
90 tobacco genotypes. The triangle plot for pair-wise 90 tobacco genotypes. The triangle plot for pair-wise 
LD between markers in the genome was depicted in LD between markers in the genome was depicted in 

Figure 4. Above diagonal display rFigure 4. Above diagonal display r2 2 values and below values and below 
the diagonals display the correspondence P-values the diagonals display the correspondence P-values 
from 1000 permutation test. In the germplasm un-from 1000 permutation test. In the germplasm un-
der investigation, 5.85% of possible SSR locus pairs der investigation, 5.85% of possible SSR locus pairs 
showed a significant level of linkage disequilibrium showed a significant level of linkage disequilibrium 
(LD) (P < 0.01) (Figure 4). By using GLM proce-(LD) (P < 0.01) (Figure 4). By using GLM proce-
dure, 3 loci (PT30260, PT30046 and PT30061) from dure, 3 loci (PT30260, PT30046 and PT30061) from 
linkage groups 8a, 6 and 11 of tobacco reference map linkage groups 8a, 6 and 11 of tobacco reference map 
were identified to associate (P ≤ 0.0615, 0.0839 and were identified to associate (P ≤ 0.0615, 0.0839 and 
0.072, respectively) with the gene(s) controlling re-0.072, respectively) with the gene(s) controlling re-
sistance to PVY in 10% probability level (Table 3). sistance to PVY in 10% probability level (Table 3). 
SSR locus PT30260 (P ≤ 0.077) was also detected SSR locus PT30260 (P ≤ 0.077) was also detected 
by running mixed linear model (MLM) approach in by running mixed linear model (MLM) approach in 
TASSEL that account for population structure and TASSEL that account for population structure and 
kinship relatedness (Q+K model). kinship relatedness (Q+K model). 

Discussion Discussion 
Recently, LD-based association mapping has been Recently, LD-based association mapping has been 

introduced (37) to locate genomic regions involved in introduced (37) to locate genomic regions involved in 
controlling quantitative traits due to co-segregation controlling quantitative traits due to co-segregation 
of specific marker alleles and traits (22); meantime, of specific marker alleles and traits (22); meantime, 
its success depends on the possibility of detecting LD its success depends on the possibility of detecting LD 

Figure 1: Molecular fingerprints of some tobacco lines detected 
by simple sequence repeat (SSR) primers: P30061, P30110 and 
P30265. Fist lane from left presents 1kb DNA ladder (Fermentas).

Figure 2: Bilateral charts to determine the optimal number of K (K = 3).

Figure 3: Genetic relatedness of 90 genotypes of oriental and semi-oriental tobacco with 26 simple sequence repeats (SSRs) as 
analyzed by the Structure program. The color of the bar indicates the three groups identified through the Structure program (Red: PD 
(RILs); Green: Tikolak; Blue: SPTs (Chopogh). Numbers on the y-axis indicate the membership coefficient and on the x-axis indicate 
the genotypes code. Genotypes with the same color belong to the same subgroup.
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between marker alleles and alleles affecting the ex-between marker alleles and alleles affecting the ex-
pression of phenotypic traits (30,31). SSR markers pression of phenotypic traits (30,31). SSR markers 
have more affinity toward genome-wide association have more affinity toward genome-wide association 
mapping than either AFLP or SNPs (23). High varia-mapping than either AFLP or SNPs (23). High varia-
bility with more extensive recombination in the his-bility with more extensive recombination in the his-
tory of germplasm is determinant points to do map-tory of germplasm is determinant points to do map-
ping with high resolution. However, our estimate of ping with high resolution. However, our estimate of 
genome-wide averages for the extent of LD in tobac-genome-wide averages for the extent of LD in tobac-

Figure 4: LD plot generated by 26 SSR markers. Each cell represents the relationship between two markers with the color codes for 
the presence of significant LD. 

co may not adequately reflect LD patterns of specific co may not adequately reflect LD patterns of specific 
regions or specific population groups and, therefore regions or specific population groups and, therefore 
the low level LD may indicate that marker density is the low level LD may indicate that marker density is 
not enough in a genome-wide manner. Although it re-not enough in a genome-wide manner. Although it re-
quires additional quantification of LD, each targeted quires additional quantification of LD, each targeted 
region or population group for effective association region or population group for effective association 
mapping of variants within regions or populations of mapping of variants within regions or populations of 
interest in the future, our study can serve as initial interest in the future, our study can serve as initial 

 Table 3: SSR loci identified for virus accumulation in oriental-type tobacco genotypes using association mapping by GLM and
MLM procedures.

Locus Sequence of primer (5′→3′) Linkage group F-Marker

GLM (Ancestry coefficient (Q values) estimates as covariate)

PT30260 F: GGTAGGGTGGAACAAATTTATCA
R:  AATATGGTCTATGCCCGCAA 13 (Bindler et al. 2007) 2.7088*

PT30046
F: GATAGGTAGATTATCCTCTGCAACA
R: GGTGCTAGCAACATCATCAA 6 (Bindler et al. 2007) 2.6344*

PT30061 F: TCGTCCATTTCTTTCTCTCTCA
R: CATAAATAGTTGCTCATTCAATCG 11 (Bindler et al. 2007) 2.7515*

MLM (Population structure and kinship relatedness (Q+K model) estimates as covariates)

PT30260 F: GGTAGGGTGGAACAAATTTATCA
R:  AATATGGTCTATGCCCGCAA 13 (Bindler et al. 2007) 2.5015*

F: Forward, R: Reverse, *: Significant at 0.1 probability level.  
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effort for the association mapping studies in tobacco. effort for the association mapping studies in tobacco. 
Among the factors influencing marker- traits associ-Among the factors influencing marker- traits associ-
ation, the admixture of populations is very important ation, the admixture of populations is very important 
(36,38). Force statistical models such as GLM and (36,38). Force statistical models such as GLM and 
MLM that incorporate Q or/and K as covariates in MLM that incorporate Q or/and K as covariates in 
data analysis, are introduced for reducing false-posi-data analysis, are introduced for reducing false-posi-
tive association (13). It has been shown that a Q + K tive association (13). It has been shown that a Q + K 
matrices incorporated into the MLM model was im-matrices incorporated into the MLM model was im-
portant to minimize false-positive associations (38). portant to minimize false-positive associations (38). 

Several SSR loci associated with genes con-Several SSR loci associated with genes con-
trolling trait were identified. In several researches trolling trait were identified. In several researches 
bi-parental mapping population has been used to de-bi-parental mapping population has been used to de-
tect QTLs controlling traits in tobacco genome. Ju-tect QTLs controlling traits in tobacco genome. Ju-
lio et al. (18) reported 7 AFLP markers out of the 33 lio et al. (18) reported 7 AFLP markers out of the 33 
were associated with diseases resistance in tobacco were associated with diseases resistance in tobacco 
genotypes. They found that 3 out of 7 markers were genotypes. They found that 3 out of 7 markers were 
associated with the black root rot resistance, two ones associated with the black root rot resistance, two ones 
with ‘va’ gene conferring PVY susceptibility, and rest with ‘va’ gene conferring PVY susceptibility, and rest 
with blue mold resistance. Noguchi et al. (20) using a with blue mold resistance. Noguchi et al. (20) using a 
small Fsmall F22 population from a cross BY4×Perevi identi- population from a cross BY4×Perevi identi-
fied 10 RAPD markers associated with susceptibility fied 10 RAPD markers associated with susceptibility 
to PVY. They found that identified RAPD markers are to PVY. They found that identified RAPD markers are 
present in susceptible lines but not in resistant ones present in susceptible lines but not in resistant ones 
and confirmed that the resistance to PVY in tobacco and confirmed that the resistance to PVY in tobacco 
was induced by recessive gene (va). Hatami Maleki was induced by recessive gene (va). Hatami Maleki 
et al. (15) developed a genetic linkage map for ori-et al. (15) developed a genetic linkage map for ori-
ental-type tobacco by using Fental-type tobacco by using F22 individuals from the  individuals from the 
cross between two divergence oriental-type tobacco cross between two divergence oriental-type tobacco 

genotypes including ‘SPT406’ and ‘Basma seres 31’. genotypes including ‘SPT406’ and ‘Basma seres 31’. 
They (15) reported two QTLs for chloride accumula-They (15) reported two QTLs for chloride accumula-
tion rate in the leaf, namely, ChlIM and ChlCIM with tion rate in the leaf, namely, ChlIM and ChlCIM with 
RR22 values of 0.4 and 0.07, using interval and compos- values of 0.4 and 0.07, using interval and compos-
ite interval mappings, respectively. ite interval mappings, respectively. 

There have been only a few reports on the patterns There have been only a few reports on the patterns 
and prospect of LD (11), population structure (33) and prospect of LD (11), population structure (33) 
and association mapping (3) in tobacco. Basirnia et and association mapping (3) in tobacco. Basirnia et 
al. (3) using MLM procedure based on Q + K model al. (3) using MLM procedure based on Q + K model 
reported 1 SSR locus (PT30027) from linkage group reported 1 SSR locus (PT30027) from linkage group 
13 possessing significant association (P ≤ 0.04) with 13 possessing significant association (P ≤ 0.04) with 
the QTL controlling chloride accumulation rates in the QTL controlling chloride accumulation rates in 
oriental-type tobacco genotypes. To our knowledge, oriental-type tobacco genotypes. To our knowledge, 
this is the first report on the identification of responsi-this is the first report on the identification of responsi-
ble locus for resistance to PVY via association map-ble locus for resistance to PVY via association map-
ping in tobacco. SSR markers linked to resistant gene ping in tobacco. SSR markers linked to resistant gene 
can be used as indicators to PVY resistance in resist-can be used as indicators to PVY resistance in resist-
ance breeding programs.  ance breeding programs.  

The result of this study declared the feasibility of The result of this study declared the feasibility of 
association analysis in oriental tobacco. Our results association analysis in oriental tobacco. Our results 
suggest that population structure and genotype relat-suggest that population structure and genotype relat-
edness should be taken into account to perform unbi-edness should be taken into account to perform unbi-
ased population-based association analysis in orien-ased population-based association analysis in orien-
tal tobacco and highlight the potential of MLM and tal tobacco and highlight the potential of MLM and 
GLM association analysis in tobacco. SSR markers GLM association analysis in tobacco. SSR markers 
associated with resistance to PVY could be useful in associated with resistance to PVY could be useful in 
tobacco improvement using MAS.tobacco improvement using MAS.
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