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Abstract Tobacco (Nicotiana tabacum L., 2n = 48)

is an important agronomic crop and model plant. Flue-

cured tobacco is the most important type and accounts

for approximately 80 % of tobacco production world-

wide. The low genetic diversity of flue-cured tobacco

impedes the construction of a high-density genetic

linkage map using simple sequence repeat (SSR)

markers and warrants the exploitation of single nucleo-

tide polymorphic (SNP)markers fromgenomic regions.

In this article, initially using specific locus-amplified

fragment sequencing, we discovered 10,891 SNPs that

were subsequently used as molecular markers for

geneticmap construction. Combinedwith SSRmarkers,

a final high-density genetic map was generated con-

taining 4215 SNPs and 194 SSRs distributed on 24

linkage groups (LGs). The genetic map was

2662.43 cM in length, with an average distance of

0.60 cM between adjacent markers. Furthermore, by

mapping the SNP markers to the ancestral genomes of

Nicotiana tomentosiformis and Nicotiana sylvestris, a

large number of genome rearrangementswere identified

as occurring after the polyploidization event. Finally,

using this novel integrated map and mapping popula-

tion, two major quantitative trait loci (QTLs) were

identified for flue-curing and mapped to the LG6 of

tobacco. This is the first report of SNP markers and a

SNP-based linkage map being developed in tobacco.

The high-density genetic map and QTLs related to

tobacco curing will support gene/QTL fine mapping,

genome sequence assembly and molecular breeding in

tobacco.
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Introduction

Common tobacco (Nicotiana tabacum L.) is an

important non-food crop grown worldwide that also

serves as a model organism. Tobacco is an
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allotetraploid (2n = 4x = 48) belonging to the Sola-

naceae family and is most likely the result of a

tetraploidization event involving Nicotiana sylvestris

(S-genome) and Nicotiana tomentosiformis (T-gen-

ome) (Lim et al. 2004; Clarkson et al. 2005).

Substantial and rapid research progress in Nicotiana

genomics has been made in recent years (Wang and

Bennetzen 2015). Multiple genetic maps have been

constructed for tobacco to better understand its

genome and assist in breeding efforts, among other

applications. Targeting unmethylated gene-rich

regions, more than 1.3 million genome survey

sequences were produced by the Tobacco Genome

Initiative (Gadani et al. 2003). Based on these

sequences, a simple sequence repeat (SSR)-based

linkage map was generated using an F2 population

derived from two different parental tobacco lines

(‘Hicks Broad Leaf’ 9 ‘Red Russian’), containing

2317 microsatellite markers and 2363 loci (Bindler

et al. 2007, 2011). A linkage map of flue-cured

tobacco was constructed based on a double haploid

population from a cross between ‘HHDJY’ and ‘Hicks

Broad Leaf’ using 851 markers, including SSRs, and

diversity array technology (DArT) (Lu et al. 2013). As

observed in many other crops, stringent quality

requirements in breeding selection have resulted in a

reduction in tobacco genetic diversity over recent

decades (Moon et al. 2009a, b). An extremely narrow

genetic diversity in the flue-cured tobacco pool was

revealed by several molecular marker-based studies

(Zhang et al. 2006; Yang et al. 2007). Single-

nucleotide polymorphisms (SNPs) have provided

abundant variability for developing markers in many

crop species, including maize (Ching et al. 2002) and

soybean (Zhu et al. 2003).

The rapid development of next-generation sequenc-

ing technologies has made it possible to complete the

genome sequencing of many larger crop species

(Tomato Genome Consortium 2012; Potato Genome

Sequencing et al. 2011; Kim et al. 2014; Wang et al.

2012a; Brenchley et al. 2012), including four allote-

traploid Nicotiana (N. benthamiana plus three culti-

vars of N. tabacum: TN90, K326 and Basma Xanthi)

and three diploid Nicotiana (N. otophora, N. sylvestris

and N. tomentosiformis) (Bombarely et al. 2012;

Sierro et al. 2014, 2013a). The genome sizes were

estimated to be 4.5 Gb forN. tabacum. Approximately

3.7 Gb of assembled sequences is available for each

variety in GenBank. However, for large genomes and

populations, whole-genome resequencing remains

cost-prohibitive. Hence, efficient methods for large-

scale genotyping based on a reduced representation

library combined with high-throughput sequencing,

restriction site-associated DNA sequencing (Miller

et al. 2007), two-enzyme genotyping by sequencing

(Poland et al. 2012) and specific-locus amplified

fragment sequencing (SLAF-seq) (Sun et al. 2013)

have been developed. Many high-density genetic

maps have been constructed using these methods in

species such as pear (Wu et al. 2013), eggplant (Barchi

et al. 2012), ryegrass (Pfender et al. 2011), grape

(Wang et al. 2012b) and sesame (Zhang et al. 2013).

As for flue-cured tobacco, due to the large genome

size, SLAF-seq is an appropriate high-resolution

strategy for the large-scale SNP discovery and geno-

typing required to create a genetic map.

In this study, we employed SLAF-seq to achieve

the first rapid mass discovery of SNP markers and

high-density genetic mapping in flue-cured tobacco.

Additionally, a comparative genome analysis and the

identification of curing-related quantitative trait loci

(QTLs) based on these markers and the resulting

genetic map are presented.

Materials and methods

Plant materials and DNA extraction

A population of 100 F2 plants derived from ‘‘Yunyan

85’’ 9 ‘‘Dabaijin 599’’ was used to construct the

genetic map and detect curing-related QTLs. The

breeding lines were different from one another in

curing traits. ‘‘Yunyan 85’’ is easy to cure, while

‘‘Dabaijin 599’’ is difficult to cure. Young leaves were

collected and frozen in liquid nitrogen for DNA

extraction. Total genomic DNA was extracted accord-

ing to the cetyltrimethylammonium bromide method.

DNA concentrations and qualities were estimated

using a NanoDrop 2000 spectrophotometer (Thermo

Scientific, Milan, Italy) and electrophoresis in agarose

gels.

Marker data generation

The mapping population was genotyped with SSR and

SNP markers. In total, 4710 SSR markers for tobacco

were used, with 2363 being reported previously
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(Bindler et al. 2011), and 2347 SSR markers were

developed with MISA software using the tobacco

genome (Thiel et al. 2003). Repeat units of 2–6

nucleotides were considered. The minimum number of

repeats for SSR detection was defined as six for di-

SSRs, five for tri-SSRs, four for tetra-SSRs, three for

penta-SSRs and three for hexa-SSRs. The sequence of

the tobacco genome assembly was downloaded from

GenBank (AWOJ00000000). Polymerase chain reac-

tions (PCRs) were performed in 10-ll reactions,

containing 25 ng DNA, 2 pmol of each primer,

2 nmol dNTPs, 20 nmol MgCl2, 2U Taq DNA

polymerase and 1 9 PCR buffer supplied together

with the enzyme. The PCR cycles were 94 �C for

5 min, 33 cycles of 94 �C for 15 s, 55–62 �C
(depending on the primers) for 15 s, 72 �C for 30 s

and 7 min at 72 �C for the final extension. PCR

products were separated in 8 % polyacrylamide gels

and were visualized by silver staining.

SLAF-seq was used for the rapid and effective

discovery of SNP markers. The SLAF library was

constructed as described by Sun et al. (2013), with

small modifications. The digestion sites and the

length and distribution of the resulting fragments in

the reference genome were investigated, and the

genomic DNA of the two parents and the F2
population was digested using the restriction

enzymes HaeIII and BfaI. Each DNA sample was

assigned a unique barcode. The fragments of

330–380 bp were selected to generate paired-end

reads on an Illumina HiSeq-2000 sequencing plat-

form (Illumina, San Diego, CA, USA). Then low-

quality reads (quality score B Q20) were filtered out

and barcode sequences were trimmed. Finally, we

selected 45-bp paired reads to develop SLAF loci. All

of the reads were mapped onto the tobacco genome

sequence using SOAP2 software (Li et al. 2009).

SOAP2 is an improved ultrafast tool for short read

alignments. Additionally, SOAP2 is compatible with

both single- and paired-end reads. Sequences map-

ping to the same position defined an SLAF locus if

the polymorphism between the parents was identi-

fied. SLAF markers were filtered and assessed for

quality using the methods described by Sun et al.

(2013). A high-quality SLAF marker contains \3

SNPs, and the average depth of each sample is[3.

Markers having full parental homozygosity were

used to construct the genetic map.

Linkage map construction

The HighMap method was used to order the SNP and

SSR markers and correct genotyping errors (Liu et al.

2014). The MSTmap algorithm was used to order

markers (Wu et al. 2008), and the SMOOTH algorithm

(van Os et al. 2005) was used to correct genotyping

errors following marker ordering. The processes of

ordering and error correction were conducted itera-

tively to produce an accurate map order and distance.

Finally, heat and haplotype maps were constructed to

evaluate the map quality (West et al. 2006). Map

distances were estimated using the Kosambi mapping

function (Kosambi 1944).

Ancestral origin assignment

The sequences of map-assigned SNPs were used to

perform alignment with the genome assemblies of the

two diploid ancestors N. tomentosiformis and N.

sylvestris (GenBank BioProjects no: PRJNA182500

and PRJNA182501). The SOAP2 program (Li et al.

2009) was used to conduct similarity searches.

Trait evaluation and QTL analysis

In total, 100 F2 plants from ‘‘Yunyan 85’’ 9 ‘‘Dabai-

jin 599,’’ as well as both of the parental lines, were

grown under normal greenhouse conditions in 2011.

Additionally, 100 F2:3 families obtained by selfing

each F2 individual were grown on the Jimo Experi-

ment Farm in 2012 and 2013. The tobacco seedlings

were transplanted into cell trays 3 weeks after the

beginning of germination. One month after transplan-

tation, the tobacco plants were transferred to the field.

After 3 months, the tops can be removed before any

flowers have opened, and the plant retains 20 leaves.

Then, axillary buds or suckers were removed. The

11th and 12th leaves were cut approximately 1 month

after topping. The curing traits were measured using

the leaf yellowing percentage (LY) in a dark thermo-

static-humidistatic cultivating box with an air temper-

ature of 36 �C and relative humidity of 90 %. The

demarcation of the border between yellow and green

was obvious. The ‘‘yellowing percentage area’’ can be

calculated using the histogram window in Photoshop

software after treatments of 24, 48, 72 and 96 h. The

higher mean values represent easy curing. Meanwhile,
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the LY indices for each F2:3 generation were scored as

the mean values of ten progeny.

MapQTL 5.0 was used to map the QTLs using the

interval mapping method (Ooijen 2004). A QTL was

declared as significant when its logarithm of odds

(LOD) value exceeded the threshold of 3. The

maximum LOD score in the interval was taken as

the position of the QTL. The confidence intervals were

established as the map intervals corresponding to 1

LOD on either side of the LOD peak. Additive and

dominant genetic effects, as well as the proportion of

the variance explained by each QTL (PVE), were

estimated.

Results

SSR and SNP discovery

A total of 2347 novel markers were developed under

the minimal stringency conditions, and 77 SSRs

(3.3 %) had polymorphic band patterns between the

parents of the mapping population, which were used

for additional analysis. In total, 160 (6.8 %) of 2363

known SSR markers were polymorphic between the

parents. Subsequently, a large number of SNPmarkers

was discovered by means of SLAF-seq. After high-

throughput sequencing and preprocessing,

223,005,697 high-quality paired-end reads were

obtained, with each read being *45 bp in length. Of

these, 31,459,177 reads were from themale parent, and

16,205,350 readswere from the female parent, with the

remaining being from 100 individuals of the F2
population. Read numbers for the individuals ranged

from 667,049 to 4,924,655, with an average of

1,719,887. The supporting data are available in the

NCBI SRA repository (PRJNA269005). Furthermore,

379,006 SLAFs were detected by group, and the

numbers of SLAFs in themale and female parents were

355,343 and 265,414, respectively. For the F2 popu-

lation, the number of SLAFs in each individual ranged

from 147,650 to 304,268 with an average of 218,907

(Fig. 1). The average sequencing depth of the SLAFs

was 51.91 in the male parent, 33.33 in the female

parent, and 4.23 in the progeny (Fig. 2). Among these

SLAFs, 21,959 were polymorphic, indicating a poly-

morphism rate of only 5.79 %. After filtering out the

SLAFs that lacked parental information, 14,252 could

be classified into eight segregation patterns, and

ultimately 10,891 high-quality markers had parental

homozygosity with over 70 % integrity and were

chosen to construct a linkage map.

Genetic mapping

A total of 11,125 markers (10,891 SNPs and 237

SSRs) were used to construct a high-density genetic

map. Finally, 4409 markers (4215 SNPs and 194

SSRs) were mapped to 24 linkage groups (LGs)

(Fig. 3; Additional files 1, 2 and 3). However, 38.58 %

of the markers cosegregate, and the genetic map

contains 2781 loci. The average sequencing depths of

these markers were 78.86 9 in ‘Yunyan 85,’

40.08 9 in ‘Dabaijin 599’ and 5.04 9 in each F2
individual (Fig. 2). The number of LGs corresponded

to the number of chromosomes (x = 24). The final

map covered 2662.43 cM, with an average distance of

0.60 cM between adjacent markers (Table 1). Each
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Fig. 1 Number of SLAFs in each progeny. The x-axis represents individual F2 plant accessions, and the y-axis represents the number of

specific locus-amplified fragments (SLAFs)
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LG contained an average of 184 markers covering an

average of 110.93 cM. The genetic length of the LGs

ranged from 26.35 to 273.25 cM. The largest LG

(LG2) included 288 markers spanning 273.25 cM,

with an average intermarker distance of 0.95 cM. The

smallest LG (LG7) contained 95 markers covering a

length of 26.35 cM, with an average intermarker

distance of 0.91 cM. LG2 and LG20 had the highest

average marker density (0.17 cM and 0.19 cM),

whereas LG10 and LG14 had the greatest average

intermarker distance (1.47 cM). The degree of linkage

between markers was reflected by ‘‘Gaps B 5,’’ which

ranged from 97.50 to 100.00 %, with an average value

of 99.27 %.

The haplotype map reflects genotyping errors

caused by double crossovers and the recombination

events of each individual (Additional file 4). Most of

the recombination blocks were exactly defined. The

heat map reflects the relationship of the recombination

between markers and is used to find ordering errors

and evaluate map quality (Additional file 5). Most of

the LGs performed well based on these visualizations.

Ancestral origin assignment

According to the alignment, 3900 (92 %) markers

could be mapped to the assembly of the flue-cured

tobacco ‘K326’ (Sierro et al. 2014). Furthermore, the

SNP markers were assigned to the two diploid

ancestral genomes of common tobacco. Of all of the

markers, 49.7 % were mapped to the S-genome and

38.7 % to the T-genome. Those remaining could not

be assigned because of sequence diversity or poor

genome coverage. The genetic distance covered on the

S-genome with 2095 markers was longer than that

covered on the T-genome with 1633 markers

(Table 1). For most of the LGs, the markers were

predominantly derived from one of the two genomes.

Seventeen LGs could be clearly assigned to either the

S- or T-genome. Seven LGs contained both S- and

T-genome-specific markers, most of which were

grouped in different parts of the LGs (Fig. 3). For

example, on LG1, the top half of the LG was derived

from the S-genome and the rest was derived from the

T-genome.

QTL analysis

The two parents differed markedly (P\ 0.01), and the

progeny displayed a continuous distribution, in the

aspect of curing. The LY was 30 % for ‘Dabaijin 599’

and 55 % for ‘Yunyan 85.’ The correlation of LY to

different years was strong, with coefficients [0.65.

Based on the high-density genetic map, the QTLs

associated with leaf curing in the F2 population over

1 year and in the F2:3 over 2 years were analyzed

separately. Seven QTLs on LG6 and one QTL on LG4

were detected at a LOD score[3 (Table 2). Among

them, two major QTLs, 2011QLY-6-1 and 2011QLF-

6-2, on LG6 were reliably detected in the F2 and F2:3
populations over 3 years. 2011QLY-6-1 explained

19.3 % of the total variation of leaf LY and was

located at 58.7 cM based on the peak marker Mark-

er23312 on LG6, with an LOD value of 4.36. QTL

2011QLF-6-2 explained 15.2 % of the total variation

of LY and was located at 97.6 cM on the same
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Fig. 2 Sequencing depth of SLAFs and markers in each progeny. The x-axis represents individual F2 plant accessions, and the y-axis

represents the average sequencing depth of the specific locus-amplified fragments (SLAFs) and markers
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chromosome, with an LOD value of 3.59 and the peak

marker Marker42089. 2012QLY-6-1 and 2013QLY-6-

1 were located in the same region as 2011QLY-6-1 on

LG6 and explained higher percentages of variation.

2012QLY-6-2, 2013QLY-6-2, and 2011QLY-6-2 were

found to be located in the same chromosomal region.

One major QTL, 2011QLY-4-1, was only found in the

F2 population and explained 13.8 % of the total LY

variation.

Discussion

Construction of a high-resolution genetic map

based on the SLAF-seq

A high-density linkage map could bridge the gap

between genomic and targeted breeding. The level of

polymorphisms presented in cultivated flue-cured

tobacco is low, as in many other crop species. A total

of 2415 (47 %) functional markers were polymorphic

between the parent ‘Hicks Broadleaf’ (a flue-cured

tobacco type) and ‘Red Russian’ populations (specialty

tobacco) (Bindler et al. 2011). In contrast, there is only a

4.9 % polymorphism rate for SSRmarkers between the

flue-cured tobacco parents of the mapping population,

indicating that an extremely narrow genetic diversity

range impedes the construction of a high-density

genetic linkage map using SSR markers. Fortunately,

current high-throughput sequencing technologies com-

bined with SLAF have facilitated the rapid discovery of

a large number of SNPs in flue-cured tobacco. We

discovered more than 21,959 SNPs from *380 K

SLAF tags. The polymorphism rate of SLAFs was

5.78 %, and one SNP was observed per 1.5 kbp across

the genome. These results accurately reflect the genetic

and polymorphic characteristics of flue-cured tobacco

and the great advantage of SNP markers, which have a

much higher frequency than SSRs (Bindler et al. 2011).

SNPs are more useful as genetic markers than SSRs

because they are stable in most genomes and their

detection is adaptable to high-throughput automation.A

total of 10,891 high-quality polymorphic SNP markers

were identified for genetic linkage map construction.

Thus, SLAF-seq is suitable for the large-scale devel-

opment of molecular markers, having a high success

rate, specificity, and stability at a low cost.

Furthermore, 4215 novel developed SNPs were

assigned to 24 LGs corresponding to the 24

chromosome pairs of the tobacco genome. As an

allotetraploid species, polyploidization makes the

identification of SNPs more complicated. The large

number of homoeologous and paralogous sequences in

the genomes resulted in the discovery of many useless

non-allelic SNPs. Moreover, it was difficult to obtain

accurate genotyping based on short reads because of

the low genome coverage and sequencing errors. Thus,

many polymorphic markers could not be mapped and

were eliminated from the mapping experiment. The

entire genetic length of the map was 2662 cM, slightly

shorter than that obtained by Bindler et al. (2011).

However, the length was substantially longer than that

of the DArT-based flue-cured tobacco map (Lu et al.

2013). Compared with previously published genetic

maps of tobacco, the map in the present study has a

higher marker density, with a mean intermarker

distance of 0.60 cM. The marker density was nonuni-

form because of sequence depth, reference genome

quality and restriction enzymes. Meanwhile, most of

the chromosomes indicated a marker cluster, which is

usually associated with the centromere and its consti-

tutive heterochromatin (Tanksley et al. 1992). In this

work, the abundant number of SNP markers and the

small plant populations caused the map to be satu-

rated, and 38.58 % of the markers cosegregated. A

larger mapping population could increase the resolu-

tion of the map. In further research, we will increase

the population size to finely map the associated QTLs.

Applications of the genetic map

Next-generation sequencing technology has enabled the

rapid generation of draft genomes for tobacco (Sierro

et al. 2013a, 2014). Nevertheless, the large number of

repetitive DNA sequences in tobacco has hindered

assembly accuracy and length. Consequently, a high-

quality genetic map is an appropriate way to anchor

scaffolds onto chromosomes. In this study, 3900 (92 %)

SNP markers were mapped to the de novo assembly of

the flue-cured tobacco ‘K326.’ However, these scaffold

sequence lengths were too short; thus, most of the

scaffolds could not be anchored to the genetic map.

cFig. 3 High-density genetic map of the flue-cured tobacco

genome. Co-segregating markers (± 0.5 cM) were collapsed

into unique loci with a single representativemarker.Redmarkers

are assigned to the S-genome. Blue markers are assigned to the

T-genome. Marker names are shown to the right of each

chromosome, with map distances (in cM) shown on the left

100 Page 6 of 12 Mol Breeding (2016) 36:100

123



Marker315970
Marker778281
Mark57436482
Marker1360673
Marker1180024
Marker894535
Marker1389856
Mark7135737
Marker1143748
Mark385661110
Marker14581414
Marker12546116
Marker5452119

Marker6274523

Marker4609627
Marker2021229

PT5190833
Tp364a34
Sca45235
PT5311339
Marker445941
Marker3651242
Mark574307444
PT5095746
Marker7686149
Marker5666151
Marker10417352
Marker4524153
Mark452823854
Marker7932955
Marker723956

Mark166737160

Marker4802863
Mark48303765
Marker13273468
Mark229745370
Marker10147274
Marker3657578
Marker13941582
Mark245956183
Mark166731984
Marker14315585
Mark324078888
Marker12283890
Marker12897593
Mark368489094
Marker14569796
Marker14643898
Marker8289899
Mark2494506100
Mark668255101
Mark2380247102
Marker102904103
Marker127636104
Mark2788635105
Marker106301106
Marker137443107
Marker76218108
Mark3283147109
Marker130646110
Mark5075748111
Mark5174100114
Mark4262798115
Mark5174563117
Mark3273655118
Mark4468230119
Mark1251989122
Marker77594123
Marker88832126
Marker75882128
Marker99332130
Mark3452085133
Mark1664555135
Mark3450047136
Mark4897365138
Marker109441140
Marker110149142
Mark3026358144
Mark5350230146
Marker120890148
Marker14979151
Mark5194144152
Mark3028007157
Mark3027186158
Mark3027152159
Marker132587162
Mark2009048163
Marker81612165
Marker64495168
Marker116303170
Marker112087171
Marker98229172
Mark834283173
Marker127013176
Mark1350511178
Marker149536179
Marker132501180
Marker83660181
Marker122818182
Mark2430947184
Marker116968185
Mark4925576186
Marker134459188
Marker149343192
Marker83993193
Marker118392194
Marker147171195
Marker81739198
Marker116552200
Mark1897415203
Marker150184204
Marker115077206
Marker113555208
Mark5428605209
Marker89894210
Marker105738211
Marker9930213
Marker75446214
Marker101699215
Marker134004217
Mark1883788218
Marker108456219
Marker8535220
Marker53042223
Mark3371854224
Marker26096225
Marker100995226
Marker104825227
Marker137165228
Marker33910229
Marker28511230
Marker131122231
PT51508233
PT50392234
PT54543235

Mark31012260
Mark31085401
Mark47548493
Mark6179624
Mark47551555
Mark2421097
Mark2410639
Mark24250110
Mark310624411
Mark484693413
Mark441211915
Mark126343917
Mark579662320
Marker14897521
Mark581772122
Mark508734025
Marker6138326
Mark77068527
Marker4923329
Marker5274530
Mark318874331

Tp17337
PT5101338
Tp08041
Thdp07 344
PC45049345
Marker6910247
Mark170479448
Marker2585549
PT5357450
Marker11802951
Mark192652153
Marker6508154
Marker2178156
Marker6078657
Marker7583959
Marker5636461
Marker2474963
Marker11953264
Marker1562065
Marker254166
Marker8672567
Marker3412368
PT5351570
Marker13428772
Marker13652874
Marker8290675
Mark520887676
Mark544223077
Mark159771678
Mark529847082
Marker3414984
Marker14672785
Mark294480286
Marker15020887
Mark355019188
Marker10496689
Mark192754790
Marker11430391
Marker13054992
Marker10537493
Marker11060094
Marker12478995
Marker11110296
Marker8252898
Mark170730499
Marker74630100
Mark5491807101
Marker122797103
Mark4694802105
Marker144089106
Mark5297993107
Marker98401108
Marker107125109
Marker101754110
Mark1467988111
Mark501182113
Marker119266114
Marker132986115
Mark1924666116
Mark1926542117
Marker150409119
Mark1928147120
Marker126796121
Marker99510123
Mark2418640126
Marker93509130
Marker149363133
Mark2419550135
Marker5490136
Marker142338138
PT30307140
Marker5653141
Marker60400142
Mark1341328146
Marker98320148
Mark2686963152
Mark1340001157
Mark1930489161
Mark3646379163
Marker103998165
Marker67140166
Mark5208927168
Marker126351170
Mark1737062172
Mark5275475175
Mark5275958176
Mark1797396177
Mark3402092180
PT61220185
PT20172186
Mark1774864188
Marker97504189
Mark5601790190
Marker149099193
Marker101552194
Mark3531091195
Marker83112197
Marker102433199
Mark5206219201
Mark2276856202
Marker88353204
Marker86469205
Marker75462208
Marker108294209
Marker92083210
Mark5205409211
Marker144114212
Mark5435801213
Mark4989687215
Mark365463216
Mark3408621218
Marker91644219
Mark1236911220
Mark1407507222
Mark1235795224
Mark3830773227
Mark3831865230
Mark3634916233
Mark1632289235
Mark1409620240
Mark3010605243
Mark264161247
Mark5961203248
Marker151086249
Marker142855251
Mark1708143253
Marker111567254
Marker131496255
Marker104365257
Marker118463258
Marker100448259
Marker116211260
Mark5602102262
Mark1772694264
Mark4693060267
Mark1234003268
Marker115479270
Mark613825272
Mark5973857273

1        4 
Mark35956240
Mark12347991
Marker788492
Marker449854
Marker1045566
Mark30865367
Marker743289
Marker15017412
Marker13193113
Marker9511916
Marker6319619
Marker5697321
Marker8595723
Marker10903924
Marker8321025
Mark58307026
Marker5408928
Mark460646229
Marker8031931
Marker6191232
Marker5575233
Marker4456534
PT5075436
Mark524163037
Marker11654338
Marker8194240
Mark206503541
Marker8439542
Marker10013144
Marker10616646
Marker9164147
Marker8123148
Marker8690049
Marker10312951
Marker13749952
Marker10867953
Mark451953654
Marker11262655
Mark551661056
Marker13436457
Marker13685958
Mark58410360
Marker12005961
Mark519474862
Marker14372163
Marker14665964
Marker12188166
Marker11081367
Marker9849669
Mark231093770
Mark524094671
Mark384070872
Marker11263273
Mark337973378
Mark394568979
Mark557345480
Mark337848782
Mark337849283
Mark394706785
Mark557289586

PT612990
PT514651
Mark46319167
Marker1058938
Marker14734310
Marker12348611
Mark228535412
Mark485642114
Mark534934016
Mark275775017
Mark467621419
Marker12317520
Marker13433922
Mark467446423
Marker9009024
Mark467629725
Marker14302127
Mark427860528
Marker14789029
Mark467638430
Marker13335231
Mark161251232
Marker9668333
Marker14361735
Marker11167936
Mark437756138
Marker13223340
Marker7711441
Mark41575042
Marker14818043
Marker9678444
Marker11204745
Marker14937947
Mark362993048
Marker12689850
Marker12300351
Mark428056052
Marker13422054
Marker8907655
Marker9626056
Marker12486057
Mark161097459
Marker13843560
Mark350675261
Marker15060463
Marker9263665
Mark424763966
Marker13287968
Mark26807269
Marker4782270
Marker12835973
Mark396728374
Marker1635376
Marker1885177
Mark148021679
Marker1201081
Marker7752182
Mark62386784
Marker7851585
Mark483476686
Marker8909490
Marker9042791
Marker4745693
Marker7547896
Mark186545297

5

Marker270480
Marker191381
PT202133
Marker991384
Mark18518046
Mark50993327
Marker680769
Marker11906010
Marker5707512
Mark558772813
Marker5984915
Marker4602616
Mark432605518
Marker1653819
PT6098121
Mark206433922
Marker10720024
Marker14567525
Marker9925727
Marker13384229
Marker11870230
Marker3664332
Marker4570133
Mark527251435
Marker1522436
Mark290809938
Marker5488839
Mark481768441
Marker14450242
Mark214627744
Marker7921745
Marker4134346
PT6008048
Mark372683249
Mark316878750
Mark357169252
Mark206418453
Marker11690055
Marker10229156
Mark493666458
Mark11173459
Mark1072960
Marker8221862
Marker7021763
Mark11181065
Marker8613066
Mark4933868
Mark81751169
Mark28953871
Mark85014772
Mark336076874
Marker4059075
Mark213014077
Marker13317178
Marker14033080
Mark378068381
Marker12677983
Marker11886684
Mark525497386
Mark469781787
Mark24754689
Mark378007290
Mark362101092
Mark290892993
Marker11931695
Mark29106196
Mark378175998
Marker9781099
Mark3780924101
Marker150672102
Marker52703104
Mark5459402105
Marker75933107
Marker96222108
Marker98238110
Marker94011111
Marker62823113
Marker63641114
Mark5345726116
Marker146703117
Marker55035119
Marker126719120
Marker36535122
Marker117476123
Mark5354342124
Tp162125
Marker144102127
Mark3510382128
Marker107970130
Mark3476238131
Mark4936097133
Mark248623134
Mark1229267136
Marker120575137
Marker106178139
Marker128474140
Marker148153142
Mark5646091143
Mark3826531145
Marker118395146
Marker98169147
Mark2146125148
Mark5228815150
Marker131415152
Marker142867153
Mark334108155
Mark1813560156
Mark3889464158
Marker108925159
Marker120758160
Mark4501091162
Mark5141659163
Marker133812165
Marker145375166
Mark4167234167
Mark325951169
Mark325129172
Mark3889215176

32

Marker1158310
Mark32075831
Mark39724222
Mark25253663
Mark6387065
Marker903866
Marker406029
Mark93042812
Mark509479713
Mark294597514
Mark91551316
Mark347169917
Mark397171718
Mark93108419
Mark397210220
Marker10872621
Marker10141523
Mark16297126
Marker10397427
Marker10337528
Mark297448229
Mark78924530
Mark97574832
Mark341219633
Mark239808934
Mark28829437
Mark106498139
Mark157001341
Mark462349643
Marker12908644
Mark84130247
Marker2550551
Marker8743653
Mark312352454

Marker12328957
Marker2331259

Sca87862
Sca8764
Tep08865

PT5205469
PT5276370

Tp06975
Tp164a76
Tp10678

Marker835382

Marker4748685

Marker819489

Mark239626992
Marker1538594

Marker4208998
PT5540 0100

Mark5042852103
Marker136359104

Mark3971242107
Marker138129109
Marker82071111
Marker91468114
Mark5043030116
Marker98081118
Marker99218120
Marker130740121
Marker150129122
Marker71159124
Mark5169046125
Mark614122127
Marker84532128
Marker88734129
Marker134629130
Mark3971425133
Marker93783134
Marker124718136
Marker80709138
Marker43563140

Marker110168145

Marker66888150

Mark932456153
Marker142268156
Marker133736157
Marker147807158
Marker70885159
Marker10617160
Marker65480161
Marker64561162
Marker8540163
Marker96392164
Mark3971439166
Marker75012169
Marker82763170
Mark386300172
Mark5960660174
Marker6632177
Mark3140883179
Marker119743180
Mark2885620181
Mark3970656184
Mark3972177186
Marker140826188
Mark5010568190
Mark1097414192
Mark2333144194
Mark4127890195
Marker120008196
Mark3969748198
Marker140873199
Marker83918202
Mark1807315203
Marker45838204
Marker97733205
Mark2396860206
Mark1204270207
Marker67643209
Marker131621210
Marker115711212
Marker110676213
Marker93144215
Marker129603217
Mark2836340220
Mark5476660223
Mark288394226

Mark805971230

Mark805650233
Mark909375235
Mark909745237

Marker594250
Mark25905332
Mark3948533
Mark41733454
Marker1259035
Marker295916
Marker761387
Marker7979211

Marker6201215
Marker7313318
Marker7365420
Marker8015821
Marker9470322
Marker11861124
Mark291937325
Marker11701626

6 7

Marker1121060
Marker1308881
Mark30019742
Mark57134753
Mark10004824
Marker938845
Marker560366
Marker488739
Mark590328510
Marker9503511
Marker14083112
Mark288774413
Marker4784617
Mark75619621
Marker4869122
Marker6606524
Marker6710726

Marker5558329
Marker10626430

Marker3077633

Marker9174436
Marker13272339
Mark94669341
Marker12055843
Marker10449944
Mark585629845
Mark567262846
Marker9326448
Mark113140949
Mark240325552
Marker9886353
Marker9538055
Marker11991356
Marker4296159
Mark75618063
Marker5565864
PC45412865
Marker4272866
Mark391672868
Mark585296769
Marker8865971
Marker7066272
Marker5384573
Marker3699274
Mark241442877

Marker2736482

Mark51048885

PT5000190

Marker1100693
Mark147491195
Marker767796

8

Marker1350940
Marker124551
Mark31346202
Marker451955
Mark43137936
Marker363098
Marker402729
Marker3984411
Mark551105712
PT2028913

Tp31614
PT5297516
Marker10139518
Mark70561819
Mark70593321
Mark331295623
Marker4715924
Marker3708126
Marker7093728
Marker1002030
Mark536798031
Marker10444232
Mark536610034
Mark585140236
Mark222741741
Mark259840942
Marker5148644
Mark210869945
Marker4572247
Mark12936450
Mark324542751
Marker8516354
Marker12665956
Mark208269457
Mark551177958
Marker9200259
Marker9205060
Mark159965662
Mark537057063
Marker10473264
Mark519924765
Mark146994767
Mark281890268
Mark259824569
Mark492292370
Marker6078771
Marker13865072
Mark70764373
Marker8685075
Mark16344576
Marker5178978
Marker14716679
Mark16333482
Marker8466284
Marker11502485
Marker9404386
Marker11029187
Mark371197088
Marker9817390
Mark114276993
Mark331314294
Marker12213596
Marker12059198
Marker145599100
Marker109474101
Mark4313203102
Mark1875187104
Mark4514154105
Marker102087106
Mark2871513107
Marker124161108
Marker109895110
PT54576113
Marker142723116
Marker67931117
Marker70556120
Mark2328506122
Marker82249125
Marker61900128
Marker57629131
Mark3972679132
Mark4148020133
Marker137815134
Marker41702135
Mark4985863136
Marker22684137

Mark1827910
Mark37591772
Mark1818944
Mark1840116
Mark1824558

Mark129046512
Mark18327614

Mark18315118
Mark367513719
Mark179236221
Mark264552922
Mark214769924
Mark320605625
Mark76387927
Mark269506128
Mark269483829
Mark179248231
Mark93209932
Mark267849033
Marker13784034
Mark459484936
Marker14687138
Marker14788440
Marker10022742
Marker12475443
Marker9597844
Marker5324447
PT5273649
Marker2648552
Marker3084955

Mark72938659
Marker10069661
Marker10752064
Marker10847965
Marker12608467
Marker4033769
Marker7416570
Marker5938472
Marker12652874
Marker9131776
Marker5502977
PT5197679
Marker3238580
Marker9885383
Mark258275885
Marker7113787

Marker10351890

Marker13129393
Marker12305897
Marker10820599
Mark896622100
Marker134849101
Marker98346102
Mark627581103
Mark730749104
Marker137512106
Mark4364436107
Marker151231109
Mark1935166111
Mark627788112
Mark2509638113
Marker88933114
Mark4681287115
Mark1197235118
Mark5328420121
Mark1440481123
Mark2147363124
Mark3510777125

10

9

Marker419650
Marker1389281
Marker644233
Mark1913835
Marker1484906
Mark36451837
Marker1063598
Mark35047239
Marker10550310
Marker11891112
Marker13245713
Marker10654914
Marker8099315
Mark508073917
Marker8555318
Mark78678219
Marker8060920
Marker11626821
Mark121187223
Marker3451824
Mark302883225
Marker8102526
Marker12792127
Mark205366828
Mark329139929
Mark336814030
Mark104802231
Mark7657732
Marker9661234
Marker8100735
Marker11602436
Marker8329337
Marker11503138
Mark382791939
Marker12114541
Marker13629642
Marker12260243
Marker10150745
Marker9258448
Marker10080049
Marker9288950
Marker14371652
Marker15001153
Mark6927054
Mark120240757
Marker12008960
Marker10129463
Mark149844565
Marker8598367
Mark379975068
Mark205529869
Marker14272971
Marker4071572
Mark266282475
Mark421391376
Marker12373177
Mark126599679
Mark15032880
Mark78663281
Mark171479083
Mark120126084
Marker13443486
Mark6990687
Marker6712788
Marker1693089
Mark205437390
Marker4733291
Marker4572992
Marker960493
Marker1628794
Marker14400695

11

Mol Breeding (2016) 36:100 Page 7 of 12 100

123



Marker1154780
Marker758871
Marker1264732
Mark51850153
Marker955294
Marker1162065
Marker1404126
Mark1656919
Mark599273010
Marker9614111
Marker10127113
Marker10737515
Mark145016116
Mark325411917
Marker8889119
Marker10307820
Marker4921321
Mark370010422
Mark225504023
Marker9056624
Mark145033825
Marker12446726
Mark355352227
Mark17222228
Marker8248429
Marker9550731
Marker9637832
Marker13730533
Marker11068035
Mark422683236
Marker5824237
Marker4126938
Marker3519140
PT6087641
Mark183533742
Marker14626944
Mark268945246
Marker13611947
Mark158543648
Mark156781049
Marker5342850
Mark511683152
Mark381389353
Mark145290255
Marker14471556

12

Mark21947230
PT604691
Marker502672
Mark9847013
Mark50313325
Marker1136936
Mark11140417
Mark54121188
Marker452279
Marker11048411
Marker12925512
Mark434101413
Marker10438715
Marker8605020

Mark294830424

Marker6810827

Marker3489331

Tp36536
PT6051337
Marker13242639
Marker14524342
Marker8052644
Mark507483745
Marker6442248
Marker13113849
Mark253972350
Marker2749251
PT5075 952

13

PT5358 30
Sca1782
Sca663

PT5399 36

Marker9163912
Mark246548514
Marker12580916
Marker9476017
Marker3911519
Marker7865421
Mark179873722
Mark87394323
Mark301211225
Marker9024826
Marker8327427
Marker11848629
Mark499405130
Marker9279832
Marker10353434
Mark136175338
Mark409035141
Marker5050543
Mark35560345
Marker10534347
Mark346330450
Marker7193551
Mark198118453
Marker12971054
Marker11145755
Mark346319156
Marker7953957
Marker5113258
PT5314359
Marker14968760

14

Mark19620930
Marker669711
Marker859772
Mark58987953
Marker433954
Marker757345
Marker1268966
Marker850337
Marker7083411
Marker8516512
Marker8781913
Marker9533814
Mark345740815
Marker7470216
Marker11750117
Marker11418320
Mark383739721
Marker13103722
Marker14980223
PT5530725
Marker5258027
Mark491534531
Marker2193432

15
Marker1122700
Marker1136261
Marker914443
Marker1414655
Mark28911196
Marker1037457
Mark40856698
Marker9718810
Mark124431614
Mark295760615
Marker405416
Marker1069517
Marker1625918
Marker11997921
Marker9448323
Marker12226126
Mark537110527
Marker10754228
Marker9043429
Mark518100930
Mark27823331
Mark522169932
Marker13703233

16
PT529880
Marker624463
Marker549304
Marker547556
Marker655688
Marker1152729
Marker14311510
Marker12366712
Marker9723115

PT5008318

Marker721422
Marker7688123
Marker4920624
Marker13582926
Mark10136028
Mark24272129
Mark24271932
Mark178321734

Marker13583937
Mark501573039
Marker8325440
Mark597876042

Marker14194945
Marker14204548
Marker14718050
Marker6144751
Mark194153752
Mark504904854
Marker13891455
Mark572421856

17
PT609850

Marker112986
Mark58317267
Marker370229
Mark99938510
Mark464398012
Marker10139014
Marker3913917
Marker12574921
Marker9313926
Marker12974628
Mark73507630
Mark163647431
Marker13775632
Mark211140333
Mark480218534
Marker4870935
Mark574225337
Mark585106738
Mark18045439
Mark354999741
Mark539023042
Mark543044643
Mark260913244
Mark111977645
Marker5549046
Mark439189447
Marker14229748
Mark487279249

18

Tp2660
PT523472
PT550303
PT512185

Marker9937118
Marker13865919
Marker14449221
Mark445446323
Mark441252025
Mark248206327
Mark356485328
Marker10500531
Mark472351032
Mark148708434
Mark472401735
Marker10407536
Mark461950437
Mark350116639
Mark8629840
Marker12605342
Mark471481044
Marker12580646
Mark449016947
Marker11167449
Mark251438250
Mark472641851
Marker10684552
Marker14060055
Marker4328757
Marker4758459
Marker4972562
Marker3837465
Mark173559867
Marker3088468

Tp27269
Marker14385670
Marker5559971
Marker3615272
Marker7130473
Marker6849674
PT6036975
PT5230676
Marker6792877
Marker6243278
Marker13897879
Mark167967480
Marker8196282
Marker13505085
Mark155829590
Marker14364292
Marker11087694
Marker10953295
Mark251689196
Mark88506597
Mark204221498
Marker9356499
Marker98115100

19

Marker428590
Marker277242
Marker1038304
Marker610815
Marker400737
Marker878298
Marker14946910
Marker13002811
Marker10837113
Mark252821414
Mark215904516
Mark219148517
Mark407042119
Marker8481020
Marker13784122
Mark268587323
Marker13537425
Marker10421227
Mark219256328
Marker14759929
Mark461927831
Marker8520632
Marker11808934
Marker13307535
Mark3943136
Mark493729738
Mark384148939
Marker13961441
Marker10313042
Marker8710944
Mark135872446
Marker9856348
Marker9495449
Marker11287751
Mark150594652
Mark219214854
Marker6853855
Marker1769157
Mark436910658
Marker4092260
Marker508761
Mark150746363
Marker2495064
Mark406980166
Mark415040167
Marker855669
Marker6104071
Marker9778272
Marker2793574
Marker10035075
Mark252711177
Mark437499978
Marker11143080
Marker7171681
Mark519853483
Marker5778284
Mark395786086
Marker10222487
Marker10639889
Marker8327991
Marker6612592
Marker9322494
Marker12002295
Marker9099297
Marker9002098
Mark678834100
Marker150819101
Marker111015103
Marker125139104
Mark4150481106
Mark38417107
Mark4153518109
Marker31390110
Marker136590112
Mark4069376113
Marker82904115
Marker21726116
Marker127439118
Marker45120119
Mark4067406121
Marker93600122
Marker98380124
Mark3787382125
Marker137207126
Marker148316128
Marker93327129
Marker115134131
Mark2551788132
Marker118616134
Marker139751135
Marker59962137
Marker115296138
Mark4374680139
Mark3900864142
Marker122349143
Mark2665352145
Marker73893147
Mark4870810148
Marker58412150
Marker86276152
Mark1642566154
Marker110895156
Mark2683887157
Mark2528863159
Mark4069221160
Mark5543656161
Mark3900584163
Marker88963165
Marker45717166
Marker149771168
Mark5622990169
Mark3570479171
Marker69099172
Mark2667489174
Mark404618177
Mark4752318178

20

Marker824590
Marker1079631
Marker546882
Marker1104813
Marker737724
Mark53784316
Mark29933878
Mark28373569
Mark55059511
Mark374109513
Mark48016414
Marker7397316
Marker13754618
Marker11636919
Mark69729220
Marker8528921
Marker9964123
Mark315096124
Marker10477325
Mark93890626
Marker14698727
Marker14679329
Marker8963430
Marker11447433
Marker9361736
Marker10009937
Mark335195138
Marker9512542
Marker6005643
Marker15117544
Marker5159246
Marker2326347
Marker7551248
Marker14446250
Marker10298352
Mark541188053
Marker7588654
Mark315387955
Marker8327057
Mark28597858
Mark93999760
Mark69846362
Mark451704463
Marker12213764
Mark316091465
Marker11003066
Mark520308667
Mark158893168
Mark555251069
Marker9175371
Marker12738673
Marker11624574
Marker11659175
Mark143460876
Marker14503577
Mark215825778
Marker12661479
Marker12812181
Marker13782082
Marker14288985
Mark223898886
Mark151682587
Mark155115589
Marker15071396
Marker6835098
Marker11594299
Marker38294100
Marker87028103
Marker133748105
Marker148721107
Marker10454108
Marker47843109
Mark3134701110
Marker80043111
Marker30213112
Mark495033113
Mark4304080114
Marker18521115
Marker57178117
Marker144694118
Marker91897123
Marker46481124
Marker14417125
Marker121242126
Marker54109127
Marker149769129
Marker96880130
Marker107915132
Marker42414133
Mark2575555134
Marker53853136
Mark1742449139
Marker56136142
Marker67387144
Marker17661146
Mark4735018150
Marker81591152
Marker145754155
Marker143654157
Marker39392158
Mark5551892159

21

PT530400
Mark23254232
Marker15754
Marker655645
Marker873938
Mark55743989
Marker11558911
Mark504450013
Mark359866615
Mark110615216
Mark161035517
Marker7878118
PT6034222
PT2029123
Tep01424
Marker7094529
Marker10337931
Mark515288632
Mark338290734
Mark585987636
Mark302128238
Mark341886639
Mark189055840
Mark229517341
Marker9070442
Mark265485643
Marker12748744
Mark277245946
Marker12608347
Mark85151448
Marker14928949
Mark216040451
Marker14374852
Marker10238253
Marker14790154
Marker14398756
Marker8770357
Marker8748459
Marker14059660
Marker9208161
Marker9865462
Mark468591363
Marker2216764
Mark517486565
Marker4693466
Marker4454668
Marker9504470
Marker9135973
Mark56061674
PT6056376
Marker7382678
Marker10586980
Marker14546381
Mark357915083
Mark301536085
Marker10293987
Marker8944388
Marker5505789
Marker4423190

PT500450
Mark42387691
Mark27280582
Marker744503
Mark24053254

Marker919609
Mark541921911
Mark84407813

Mark23819519
Mark474318220
Marker15079422
Mark112674524
Marker14910325
Mark142573726
Mark429273827
Mark569670929
Marker4566232

Marker7580936
Marker7628337
Marker3641539
Mark570077340
Marker12946142
Marker8459044
Marker6863847
PT5529648
Marker3045549
Marker10096552
Mark84458653

Mark112510057

Marker13259660
Mark334804562
Mark112935163
Mark334675165

Mark39569468
Marker9445872
Mark186858174
Marker11571975
Mark186846476
Marker10756377
Mark575843878
Mark142896679
Marker14835481
Mark142404283
Marker8469384
Mark330527785
Mark186396186
Mark186545687
Mark90045089
Mark405344190
Marker13095391
Marker11115592
Marker11010794
Mark186484695
Mark153474096
Marker8155297
Marker98633100
Marker65422104
Marker63378109
Mark4105628111
Marker39585113
Marker136347115
Marker46467117
Marker93502118
Marker100164119
Marker48524122
Marker55777124
Mark4056592128
Marker72163130
Marker61172131
Marker94521132
Marker37945133
Marker62598134
Mark1445439135
Marker49664136
Marker128268137
Marker52864138
Tp022139
PT50346141
Tep048142
PT52156144
PT20192145
PT51922147
PT53595148
PT60177149

22

23

24

Marker498130
Marker704541
Marker1336562
Marker878414
Marker802017
Mark49146348
Marker3896410
Mark487890512
Marker8950214
Marker10414215
Marker5113119
Mark240802421
Marker3473222
Marker1913024
Marker2196025
Marker7342326
Marker3533128
Marker14624329
Marker14068332
Mark411504533
Mark382563435
Mark102150936
Marker15030337
Marker13438138
Mark236564539
Mark534607240
Marker14183041
Marker12769443
Marker12379244
Marker12726047
Marker9720148
Marker12808249
Marker10681050
Mark486212651
Mark400443852
Marker9421053
Mark486200955
Marker12604456
Mark147357358
Mark226659
Marker10253160
Mark284814161
Marker10013662

Fig. 3 continued

100 Page 8 of 12 Mol Breeding (2016) 36:100

123



Table 1 Distribution of mapped markers on the 24 linkage groups of flue-cured tobacco

Linkage group Number of marker Mapping genome Total distance (cM) Average distance (cM) Gaps B 5 (%)

Total SNP SSR T S

LG1 227 201 26 91 78 235.12 1.04 100.00

LG2 1017 993 24 46 867 176.50 0.17 100.00

LG3 159 156 3 6 127 86.12 0.54 100.00

LG4 288 271 17 33 215 273.25 0.95 99.65

LG5 114 106 8 88 1 97.38 0.85 99.12

LG6 172 161 11 48 96 237.28 1.38 98.83

LG7 29 27 2 0 25 26.35 0.91 100.00

LG8 76 73 3 1 61 96.47 1.27 98.67

LG9 136 130 6 2 113 137.31 1.01 99.26

LG10 85 81 4 21 50 124.61 1.47 100.00

LG11 162 157 5 1 142 95.17 0.59 100.00

LG12 104 95 9 48 27 56.10 0.54 100.00

LG13 47 41 6 1 31 52.49 1.12 97.83

LG14 41 35 6 26 1 60.14 1.47 97.50

LG15 40 37 3 28 1 31.76 0.79 100.00

LG16 40 36 4 1 29 56.06 1.40 100.00

LG17 36 35 1 28 0 33.08 0.92 100.00

LG18 46 42 4 1 34 48.74 1.06 97.78

LG19 87 77 10 68 0 100.36 1.15 97.67

LG20 958 946 12 839 16 177.98 0.19 100.00

LG21 206 205 1 2 177 158.85 0.77 99.51

LG22 99 87 12 64 1 90.24 0.91 98.98

LG23 149 134 15 109 2 149.31 1 98.65

LG24 91 89 2 81 1 61.76 0.68 100.00

Max 1017 993 26 839 867 273.25 1.47 100.00

Min 29 27 1 0 0 26.35 0.17 97.50

Total 4409 4215 194 1633 2095 2662.43 0.60 99.27

T and S indicate presumed linkage group assignment to N. sylvestris and N. tomentosiformis, respectively. ‘Gap B 5’ indicates the

percentage of gaps in which the distance between adjacent markers was smaller than 5 cM

Table 2 QTLs of curing traits detected in the mapping population

Population (year) QTL QTL peak position CI(cM) Closest marker LOD PVE A D

F2 (2011) 2011QLY-4-1 59.14 50.44–63.07 Marker75839 3.22 13.8 -4.75 -7.45

2011QLY-6-1 58.70 51.29–69.51 Marker23312 4.36 18.9 -8.47 -4.79

2011QLY-6-2 97.66 88.95–103.10 Marker42089 3.59 15.2 -7.09 -4.13

F2:3 (2012) 2012QLY-6-1 58.70 52.89–62.40 Marker23312 6.84 27.3 -9.57 -1.81

2012QLY-6-2 97.66 95.05–103.06 Marker42089 6.22 25.1 -8.52 -2.65

F2:3 (2013) 2013QLY-6-1 58.70 52.89–62.40 Marker23312 6.50 25.9 -5.08 -1.22

2013QLY-6-2 97.66 94.05–103.06 Marker42089 3.06 24.2 -4.54 -1.81

CI confidence interval, LOD maximum LOD score (QTL peak), PVE percentage of the variance explained by the QTL, A additive

effects, D dominance effects
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More effort into the genome sequencing of tobacco is

necessary to anchor and orient the scaffolds on the

chromosomes using the high-resolution SNP genetic

map of this species. By mapping SNP markers to the

sequenced ancestral genomes ofN. tomentosiformis and

N. sylvestris, corresponding regions of the N. tabacum

genome with different ancestral origins have been

identified. Seven LGs contained both S- and T-genome-

specific markers, indicating that the two genomes were

rearranged after the polyploidization event, which was

similar to the result ofBindler et al. (2011). Based on the

SSR amplification in N. sylvestris and N. tomentosi-

formis, the four linkage groups consisted of both S- and

T-genome-specific markersmainly grouped in different

sections of their respective linkage groups (Bindler et al.

2011). Moreover, the sequence identity with diploid

donor species and theWGP physical map indicated that

a number of chromosomal loci rearrangements occurred

in every linkage group and in the inversion of the S and

T assignments in linkage group 22 (Sierro et al.

2013b, 2014).Our analysis confirms the rearrangements

in most linkage groups. This result is also supported by

cytogenetic analyses (Lim et al. 2007) and COSII

genetic maps (Wu et al. 2010). Additionally, genome

deletions may have occurred since the speciation event

(Lim et al. 2004; Doyle et al. 2008; Renny-Byfield et al.

2011; Sierro et al. 2014).

Base on this high-density linkage map, we first

reported QTL influencing a flue-curing trait. LY is an

important index for evaluating curing traits. The

average phenotypic values of the F2:3 progeny derived

from selfing F2 plants, and the F2 phenotype itself, were

used in this study. A QTL is only classified as ‘‘major’’

if it accounts for[10 % of the PVE (Collard et al.

2005). In this study, three major QTLs in the F2 plants

and fourmajorQTLs in the F2:3 progenywere detected.

Furthermore, major QTLs must be stable across mul-

tiple seasons/locations (Li et al. 2001; Pilet-Nayel et al.

2002). The two major QTLs on LG6 were stably

identified over 3 years, which together explained

*50 % of the phenotypic variance for LY. These

stable QTLs are the most promising for the marker-

assisted selection of curing traits in tobacco.

Conclusions

Despite the low level of genetic variation present in

flue-cured tobacco, a large number of SNP markers

using SLAF-seq technology were generated, and a

high-density SNP genetic map was successfully

constructed. This genetic map is the densest map to

date for tobacco. Complex genomic rearrangements

were identified using comparative genomic analyses

with the two diploid ancestral genomes. In addition,

two repeatable major QTLs for curing traits were

located, and these loci together explained the majority

of the phenotypic variance. These results confirmed

the reliability of the genetic map for future gene/QTL

fine mapping, sequence assembly, comparative geno-

mic analysis and molecular breeding in tobacco.
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