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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 from genomic regions.
In this article, initially using specific locus-amplified
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fragment sequencing, we discovered 10,891 SNPs that
were subsequently used as molecular markers for
genetic map construction. Combined with SSR markers,
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 rearrangements were 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.

Keywords Single nucleotide polymorphism -
Genetic map - Quantitative trait locus - SLAF-seq -
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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 F, population
derived from two different parental tobacco lines
(‘Hicks Broad Leaf’ x ‘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 for N. tabacum. Approximately
3.7 Gb of assembled sequences is available for each
variety in GenBank. However, for large genomes and
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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 F; plants derived from “Yunyan
85” x “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-pl reactions,
containing 25 ng DNA, 2 pmol of each primer,
2 nmol dNTPs, 20 nmol MgCI2, 2U Taq DNA
polymerase and 1 x PCR buffer supplied together
with the enzyme. The PCR cycles were 94 °C for
5 min, 33 cycles of 94 °C for 155, 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 F,
population was digested using the restriction
enzymes Haelll and Bfal. 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 < 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. fomentosiformis and N.
sylvestris (GenBank BioProjects no: PRINA182500
and PRJINA182501). The SOAP2 program (Li et al.
2009) was used to conduct similarity searches.

Trait evaluation and QTL analysis

In total, 100 F, plants from “Yunyan 85” x “Dabai-
jin 599,” as well as both of the parental lines, were
grown under normal greenhouse conditions in 2011.
Additionally, 100 F,.; families obtained by selfing
each F, 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 F,.; 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 SNP markers
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 the male parent, and
16,205,350 reads were from the female parent, with the
remaining being from 100 individuals of the F,
population. Read numbers for the individuals ranged
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from 667,049 to 4,924,655, with an average of
1,719,887. The supporting data are available in the
NCBI SRA repository (PRINA269005). Furthermore,
379,006 SLAFs were detected by group, and the
numbers of SLAFs in the male and female parents were
355,343 and 265,414, respectively. For the F, 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 x in  ‘Yunyan 85,
40.08 x in ‘Dabaijin 599’ and 5.04 x in each F,
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

1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49 52 55 58 61 64 67 70 73 76 79 82 85 88 91 94 97
Plant Accession

Fig. 1 Number of SLAFs in each progeny. The x-axis represents individual F, plant accessions, and the y-axis represents the number of

specific locus-amplified fragments (SLAFs)
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Fig. 2 Sequencing depth of SLAFs and markers in each progeny. The x-axis represents individual F, plant accessions, and the y-axis
represents the average sequencing depth of the specific locus-amplified fragments (SLAFs) and markers

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 < 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 LG, 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 F, population over
1 year and in the F,.; 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, 20/1QLY-6-1 and 2011QLF-
6-2, on LG6 were reliably detected in the F, and F,.5
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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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 201 1QLY-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
F, 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 SSR markers 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
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Fig. 3 High-density genetic map of the flue-cured tobaccop
genome. Co-segregating markers (£ 0.5 cM) were collapsed
into unique loci with a single representative marker. Red markers
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 /eft

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.
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Fig. 3 continued
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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 < 5 (%)

Total SNP SSR T S
LGl 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
LGl11 162 157 5 1 142 95.17 0.59 100.00
LGI12 104 95 9 48 27 56.10 0.54 100.00
LG13 47 41 6 1 31 52.49 1.12 97.83
LGl14 41 35 6 26 1 60.14 1.47 97.50
LG15 40 37 3 28 1 31.76 0.79 100.00
LGl16 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
LGI19 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 929 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 < 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

F, (2011) 2011QLY-4-1  59.14 50.44-63.07 Marker75839 3.22 13.8 —475 =745
2011QLY-6-1  58.70 51.29-69.51 Marker23312 4.36 189 —847 —4.79
2011QLY-6-2  97.66 88.95-103.10  Marker42089 3.59 152 =7.09 —4.13

F,.3 (2012) 2012QLY-6-1  58.70 52.89-62.40 Marker23312 6.84 273  —957 -—1.81
2012QLY-6-2  97.66 95.05-103.06  Marker42089 6.22 25.1 —8.52  -2.65

F».5 (2013) 2013QLY-6-1  58.70 52.89-62.40 Marker23312 6.50 259 =508 —-1.22
2013QLY-6-2  97.66 94.05-103.06  Marker42089 3.06 242  —454 181

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 of N. 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 of Bindler 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 markers mainly grouped in different
sections of their respective linkage groups (Bindler et al.
2011). Moreover, the sequence identity with diploid
donor species and the WGP physical map indicated that
anumber 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 F,.; progeny derived
from selfing F, plants, and the F, 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 F, plants
and four major QTLs in the F,.5 progeny were 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

@ Springer

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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