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Abstract: Backcrossing is a powerful tool for plant breeding. The improved marker-assisted backcrossing intends to
transfer targeted genes or quantitative trait loci (QTLs) of interest from a donor parent into a recurrent parent. In this
study, a tobacco BC4F3 population was generated using Y3 and K326 as hybrid parents and YF1-1 as F; parents. High-
-throughput sequencing data of 381 pedigree populations were used to construct high-density genetic maps containing
24 142 high-quality single nucleotide polymorphism (SNP) markers with an average genetic distance of 0.59 cM. A ge-
nome module analysis was then performed for all the offspring. A total of forty-three candidate QTLs for six agrono-
mics traits were identified. This study provides original biomarkers for tobacco breeding and offers clues for prospective
backcrossing applications in other plants.
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Nicotiana, commonly referred to as tobacco, is
a genus of annual or limited perennial herbs belonging
to the nightshade family. The genus consists of many
species, all of which exhibit glandular hairs on their
surface. The most common species of Nicotiana are
Nicotiana tabacum and, to a lesser extent Nicotiana
rustica (Saini et al. 2013). Tobacco originated from the

Americas, Oceania, modern Africa, and some South
Pacific islands (Swanson 1956; Baldwin 1992). It is
one of the most extensively grown non-food crops
with a high economic value in commercial agricul-
ture. Currently, the crop is cultivated in more than
120 countries with trillions of values (Nawaz et al.
2019). Tobacco dry leaves are used to manufacture
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nicotine products, such as cigars, cigarettes, snuff,
tobacco, chewing tobacco, and flavoured shisha.
Recently, the potential application of tobacco as
a biomass in biopharmaceutical and biofuel applica-
tions has generated renewed interest from research-
ers. Thus, improving tobacco genomic resources is
necessary (Tusé et al. 2014; Vanhercke et al. 2014;
Ma et al. 2015).

Backcrossing is a powerful tool in plant breeding
and can be employed to introduce a specific trait,
such as disease resistance, from one line to another
(Priyadarshan & Priyadarshan 2019). Marker-assisted
backcrossing is an advancement of conventional
backcrossing processes, which enable the precise
selection and transfer of targeted genes or quantita-
tive trait loci (QTLs) of interest from a donor parent
into a recurrent parent (Pandey et al. 2019). Marker-
assisted backcrossing has been used to transfer diverse
traits of interest, such as those that confer disease
and pest resistance or abiotic stress tolerance into
many crops (Hasan et al. 2016; Ofner et al. 2016;
Kimurto et al. 2017; Xu et al. 2018; Pandey et al.
2019). Specifically, marker-assisted backcrossing
has been applied to improve virus resistance, thus
increasing the yield for commercial release (Amankwa
etal. 2019; Zhao et al. 2019). Molecular markers are
essential tools of QTL research. At present, the most
widely used molecular markers in tobacco breed-
ing are simple-sequence repeats (SSRs) and single
nucleotide polymorphisms (SNPs) (Julio et al. 2006;
Tong et al. 2019; Agacka-Motdoch et al. 2021). For
example, a recent study identified an important QTL
trait for improving brown spot in tobacco through
marker-assisted backcrossing (Sun et al. 2018). The
number of detected SNPs in the QTL analysis and
genome-wide association studies is key to ensuring
analytical precision. In one study, SNP markers were
identified based on a reference genome without ref-
erence to their backcross population. The markers
were 4 138 and 2 162 in number, with a total length
of 1 944.74 and 2 000.9 cM in the genetic maps,
respectively (Xiao et al. 2015).

Nicotiana tabacum is an allotetraploid species
(2n = 4x = 48) with a massive and complex genome
of approximately 4.5 Gb, which is 1.5 times bigger
than the human genome. This complex genome
arose through intraspecific hybridisation between
Nicotiana Sylvestris (2n = 24, maternal donor with
S genome) and Nicotiana tomentosiformis (2n = 24,
paternal donor with T genome) (Gazdova et al. 1995;
Leitch et al. 2008). The Tobacco Genome Initiative

has been carried out in many countries to obtain
more information on the tobacco genome. Till now,
more than 300 000 expressed sequence tags have been
identified. These sequence tags are published on the
RIKEN Center for Biosystems Dynamics Research
(http://www.brc.riken.jp/lab/epd/catalog/n_tabacum.
html) and the NCBI Gen Bank (http://www.ncbi.nlm.
nih.gov/bioproject). At present, only a few studies
have focused on the genome-wide SNP identification
and genetic map construction in tobacco (Matsuoka
et al. 2004; Edwards et al. 2010; Xiao et al. 2015;
Tong et al. 2020).

In this study, the elite flue-cured tobacco varie-
ties Nicotiana tabacum Y3 and K326 were used as
parents. Y3 has excellent elite agronomic traits,
whereas K326 has moderate agronomic traits, but
a high disease resistance level; it is one of the most
famous commercial varieties grown in the USA.
The KYF1 as F; parents was used to generate the
tobacco BC4F3 population, and the whole-genome
resequencing of 381 pedigree populations and the
three parents were performed. High-quality SNP
markers were acquired and used for the genome
module analysis and construction of a high-quality
and density genetic map. The genetic information
obtained in this study will assist in the molecular
marker discovery, which is crucial in genetic breed-
ing to improve specific crop phenotypes.

MATERIAL AND METHODS

Construction of tobacco BC4F3 population and
trait evaluation. The inbred tobacco line Y3 (recur-
rent parent) was crossed with another inbred tobacco
line K326 (donor parent) to create F; crosses. KYF1
is the F; parent and was backcrossed with Y3 until
BC4F1 was generated. BC4F1 was used to gener-
ate BC4F2 through inbreeding; this process was
repeated to obtain the BC4F3 population. Then,
it was crossed with Y3 to generate the offspring.
After four backcrosses and two self-crosses, the
BC4F3 mapping population was created, from which
a high-density genetic map was constructed. Crop
management, including disease and insect pest con-
trol, was performed as recommended locally. Before
the plants blossomed, the stamens and pistils were
bagged and self-pollinated to obtain homozygous
seeds. The construction process is shown in Figure 1.
For the agronomic trait evaluation, six agronomic
traits, including the plant height, nature leaf, topping
height, efficient leaf, pitch, and middle leaf length,
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were measured at the Yanhe and Shilin stations for
two consecutive years (2018 and 2019). Nature leaf
refers to the total number of leaves in a plant and was
recorded after the normal flowering of the tobacco
plant. Effective leaf is the number of leaves left on
the plant after the plant is cut from the top to about
1/5 of the total height after flowering (topping). The
natural plant height is the height of the entire plant
(from the ground to the position of the flowers)
when the tobacco plant blooms. The topping plant
height is the height of the plant after topping. These
agronomic traits were measured in the field 65 days
after planting. The phenotypic distribution char-
acteristics are shown in Figure S1 in the Electronic
Supplementary Material (ESM).

DNA extraction and Sequencing strategy. The
genomic DNA of BC4F3 was extracted from the
leaves of the 7-week-old tobacco seedlings using
a Qiagen DNeasy Plant Mini Kit (Qiagen, Hilden,
Germany) per the manufacturer’s instructions. The
high-throughput sequencing of the tobacco DNA
samples was performed on the MGIseq-500 platform
using PE100 (MGI, Shenzhen). The DNA molecular
anchor and fluorescence probe were polymerised
on the nanospheres, and then the optical signal was
collected using a high-resolution imaging system.
After the digital processing of the collected optical
signal, a valid sequence was obtained. A DNA nano
ball (DNB) reduces the error rate of a single copy by
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Figure 1. The process of constructing the tobacco BC4F3
population

Y3 and K326 species are hybrid parents; KYF1 is the F, parent
and backcrossed with Y3 until BC4F1 was generated; BC4F1
generated BC4F2 by inbreeding; this process was repeated to
obtain the BC4F3 population
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enhancing the signal through linear amplification.
Moreover, the size of the DNB matches the size of
the active sites on the chip, and each site combines
with a DNA nanosphere. This improves the utilisa-
tion efficiency of the sequencing chip while ensuring
the accuracy of the sequencing.

Data filtering. The raw data were filtered and
processed to remove adaptor contamination, and low-
quality reads. The specific filtering process was per-
formed using SOAPnuke (Chen et al. 2018) developed
by the Beijing Genomics Institute (BGI), as follows:
(1) remove the reads containing the adaptor; (2) re-
move the low-quality reads (the bases with a quality
value < 20 that account for 40% of the bases); (3) the
reads with an N base ratio above 5% were removed.

A tetraploid genome K326 reported in a previ-
ous study was used as the reference genome (ftp://
ftp.sgn.cornell.edu/genomes/Nicotiana_tabacum/
edwards_et_al_2017/assembly/Nitabv4.5_genome_
Scf_Edwards2017.fasta.gz) (Edwards et al. 2017).
This reference genome had 1 084 432 scaffolds. The
genome size was 4 694 948 798 bp with an effective
genome size of 4 049 118 047 bp. All scaffolds less than
500 bp in length were filtered, and the remains were
used for the analysis. The remaining 942 190 scaffolds
(with a total length of 4 651 541 558 bp) were con-
nected to 40 pseudo-groups for analysis (150 N Scaf-
fold for connection between each scaffold). The
“mem” algorithm of the short sequence alignment
software BWA (Ver. 0.7.12-r1039) was used to align
the clean reads to the reference genome (alignment
parameters: -t 8 -k 19 -M -R). Two tools SortSam.jar
and MarkDuplicates.jar of Picard (Ver. 1.117) were
used to sort and eliminate the redundancy from the
alignment result. The alignment files from different
libraries/lanes of the same sample were merged using
the MergeSamFiles.jar tool. Given that the reference
genome was of a tetraploid species, only reads with
a mapQ value above 10 and properly paired were
selected for the subsequent mutation detection and
analysis (filtration parameter: samtools view -f 2-q 10).

SNPs and Indels detection. We used GATK
(GATK3.3.0) (McKenna et al. 2010) to detect the
SNP and indel variation in the tobacco population.
To improve the accuracy of the SNP sites around the
indel, the RealignerTargetCreator and IndelRealigner
tools of GATK were used to re-align and correct the
sequences near the indel. Bam files after treatment
were used for the mutation detection. The Haplo-
typeCaller in the GATK was adopted to conduct the
individual SNP mutation detection on the alignment


https://www.agriculturejournals.cz/publicFiles/373410.pdf

Czech Journal of Genetics and Plant Breeding, 57, 2021 (3): 102—-112

Original Paper

https://doi.org/10.17221/8/2021-CJGPB

files after filtering and generated the GVCF files of
each chromosome for each individual. The Geno-
typeGVCFs were used to integrate the information on
each chromosome variation of all the individuals in
the population. A VCF format file of the population
mutation results was generated, including the SNP
and indel mutation. The SNP and indel mutation
were extracted and filtered through the SelectVari-
ants and VariantFiltration tools in GATK to acquire
highly credible population variation information.

Construction of genetic map. The original SNP
loci were filtered to remove the SNPs with a missing
rate above 80% using the VCFtools software (Ver. 4.2),
and only the second class was retained. Due to the
high missing rate, Beagle software (Ver. 4.1) was ap-
plied to impute the missing loci of the genotype. The
completed population SNPs were filtered under the
following rules: (1) only SNPs in which both parents
had polymorphic loci and where F; was heterozygous
were selected; (2) the loci according to a chi-square
test of the population separation by a significant level;
(3) only one marker was reserved within a physical
distance of 50 k (theoretically, the closer the physical
distance between markers, the lower the probability
of recombination and the higher the probability of
marker redundancy). The filtered population SNPs
were analysed using LepMap3 software (Rastas 2017).
Firstly, the ParentCall2 function was applied to ob-
tain markers for the subsequent analysis. Then, the
JoinSingles2All function was performed to regroup
the single marker into the linkage group. The Sepa-
rateChromosomes2 function was used to divide the
linkage group. Finally, the genetic distance between
each linkage group was calculated using the Order-
Markers2 function.

The analysis of the offspring genome module was
also performed herein. A chromosomal level genome
mounted on 274 inbred tobacco lines was used for the
module analysis. The markers in the BC4F3 population
were targeted on the G1 genome based on the marker
location on the original scaffold. A binmap module
diagram was constructed utilising the 24 142 markers
located on the chromosome. Of note, the chromosome
was regarded as a unit during the process. A specific
number of continuous SNP markers on the chromo-
some were used as the unit to estimate the chromosome
recombination time. This assisted in predicting the
probability that each bin of the individual offspring
came from the male and female parent.

QTL mapping. MapQTL 6.0 (Van Ooijen 2009)
was adopted for the QTL analysis of the phenotypes

with the related traits. The phenotypic data, includ-
ing the trait, linkage group, and sample genotype,
were sorted into MapQTL in the required format.
The PERMUTATION test was utilised to obtain the
genome-wide limit of detection (LOD) thresholds.
A total of 10 000 permutations were used for each
trait to derive the empirical LOD threshold. Next,
the interval mapping model with a regression ap-
proach was introduced to obtain the LOD values of
markers associated with the candidate traits. Finally,
the multiple-QTL mapping (MQM) analysis was
performed to connect the identified markers to the
significant QTLs in each group. The markers from
the candidate regions with LOD values greater than
the threshold were annotated.

RESULTS

Sequencing data evaluation. A total of 3.51 Tb of
raw data were obtained from 381 offspring samples.
Subsequently, 3.24 Tb of clean data were retained after
filtering out the adapter-containing reads, duplicates
arising from the polymerase chain reaction (PCR)
amplification during the library construction, and
low-quality reads. The average sequencing data per
sample was around 8.5 Gb with an average sequencing
depth of about 1.8 X. The clean data of 381 offspring
samples were mapped to the pseudochromosome of
the reference genome, and the statistics of each sample
on the mapping rate, coverage rate, and depth were
collected. The mapping rate of each sample was above
95%, with a pair mapping rate of over 90% (Table S1
in the ESM). The coverage rate was around 55% with
a float of 5%, whereas the sequencing depth of every
sample was more than 1X (Figure S2 in the ESM).

SNPs and Indels calling. The population SNP
and indel variation were filtered according to the
requirements of the map population type. In total,
10915 091 original population SNPs were obtained
from 384 samples, including two hybridisation parents
and one F; parent. In addition, 1 257 782 original
population indels were obtained. All the SNPs and
indels were distributed across the 40 pseudochromo-
somes. To obtain the density of the SNPs and indels,
the original population of the SNPs and indels were
anchored to the chromosomes based on the physical
location between the chromosomes and scaffolds.
As aresult, 5844 611 SNPs and 570 728 indels were
restored to the chromosomes, and the density was
calculated with a 200 kb window (Figure 2A, B).
A transition and transversion analysis of the original
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Figure 2. Statistics of the SNPs and indels: the density of the indels within a 200 kb window size (A), density of the
SNPs within a 200 kb window size (B), variation types (transition and transversion) of the SNPs (C), statistics of all the
polymorphic marker isolation types between the parents (D); the abscissa represents the type of markers between the

parents, and the ordinate represents the number of markers

population of SNPs indicated that the nn X np form
occupied the highest number of markers in various
segregation patterns (Figure 2C, D).

Genetic map. The originally acquired popula-
tion SNP loci were selected using VCFtools, and
10 610 359 loci were retained. After imputation
filtering and the chi-square test (P = 0.01; value
< 9.2103), 815 986 candidate loci were obtained.
Notably, the number of our candidate loci (815 986)
was above the upper limit of the major composition
analysis software. Therefore, a filtering process was
performed before constructing a genetic map. Nota-
bly, one marker was reserved within a 50 k physical
distance on one scaffold. After the filtering step,
we found 24 647 markers suitable for the genetic
map construction. These markers were distributed
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over 15 669 scaffolds. A total of 24 632 information
markers were obtained after the software screening.
By setting the LOD value to 20, all the markers were
divided into 24 linkage groups. Finally, a high-density
genetic map containing 24 142 SNP markers was suc-
cessfully constructed. The map included 4 895 bin
markers with a genetic distance of 2 885.36 cM and
an average genetic distance of 0.59 ¢cM (Figure 3
and Table 1, Table S2 in the ESM). In addition, the
analysis of the offspring genome module was per-
formed using the same 24 142 markers of the BC4F3
population. Based on the marker location on the
original scaffold, 17 970 markers were located on
the G1 genome. A binmap was constructed based
on the genotype of these located markers using the
chromosome as a unit (Figure 4).
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The background colour of the linkage group, from red to blue, represents the marker density from large to small; the

‘LinkageMapView’ R package was used to graph the distribution of the genetic markers

Table 1. Statistics of the genetic map

. . . Average . . . Average
Linkage SNP Bin Distance distance  Linkage SNP Bin Distance distance
map marker marker map marker marker

(cM) (cM)

LG1 3118 339 135.7 0.4 LG14 665 172 97.11 0.565
LG2 2139 179 103.2 0.577 LG15 632 205 130.71 0.638
LG3 2032 234 99.72 0.426 LG16 612 213 107.99 0.507
LG4 1851 195 90.67 0.465 LG17 540 204 122.02 0.598
LG5 1503 303 190.14 0.628 LG18 483 107 47.1 0.44
LG6 1442 213 92.84 0.436 LG19 442 139 75.41 0.543
LG7 1397 285 121.8 0.427 LG20 386 169 148.07 0.876
LG8 1303 155 91.4 0.59 LG21 377 149 110.59 0.742
LG9 1262 269 161.81 0.602 LG22 358 137 106.11 0.775
LG10 858 224 140.71 0.628 LG23 319 178 214.46 1.205
LG11 759 215 123.26 0.573 LG24 285 117 55.36 0.473
LG12 706 243 132.38 0.545 Total 24142 4 895 2 885.36 0.59
LG13 673 251 186.8 0.744

SNP markers were separated into 24 linkage group; LOD value equal to 20; LG — linkage group; cM — centimorgan
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QTL mapping. The quantitative trait loci were
located based on the genetic map and provided the
phenotype information. The selected LOD value
was 3.0. In total, forty-three candidate loci were
identified in six agronomic phenotypes, including
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Figure 4. Binmap module profile; the
genome for this module analysis is
a chromosomal level genome based
on 3 tobacco inbred genetic maps; for
the convenience of the presentation,
the genome is defined as G1
YY3-1and YK326-1 are the individual
parents used for the initial hybridisati-
on; Het stands for KYF1 as F, parents
were used to generate the tobacco
BC4F3 population
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the plant height, nature leaf, topping height, efficient
leaf, pitch, and middle leaf length. Among these
phenotypes, fifteen candidate loci were obtained
in the nature leaf phenotype; however, only two
loci were found in the efficient leaf loci (Table 2).
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activity were the most enriched pathways by the KEGG (A) and gene ontology (B) analysis in the nature leaf QTL mapping
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Table 2. Statistics of the QTLs
Phenotype LG Dl(sct;/gce Marker ID LOD value COE:;::)‘:;SOH
17 1.29 Nitab4.5_0122456_697 3.7 11.2
17 14.95 Nitab4.5_0000198_371816 3.7 11.2
17 101.54 Nitab4.5_0001520_266999 3.09 9.5
19 3.88 Nitab4.5_0279350_588 3.7 11.2
Plant heights 21 7.93 Nitab4.5_0002849_129028 3.7 11.2
21 8.86 Nitab4.5_0000823_523053 3.7 11.2
21 9.04 Nitab4.5_0023910_506 3.7 11.2
21 9.41 Nitab4.5_0002017_328447 3.7 11.2
21 9.04 Nitab4.5_0000823_397377 3.03 9.3
15 98.6 Nitab4.5_0267005_237 4.1 12.4
15 40 Nitab4.5_0000313_734881 3.59 10.9
15 129.24 Nitab4.5_0004179_68394 3.59 10.9
15 40.18 Nitab4.5_0000313_796187 3.4 10.4
15 40.37 Nitab4.5_0000313_1028406 3.4 10.4
15 40.37 Nitab4.5_0000313_856745 3.4 10.4
15 40.37 Nitab4.5_0000313_924575 3.4 10.4
Nature leaf 15 40.37 Nitab4.5_0000313_608579 3.4 10.4
15 40.37 Nitab4.5_0000313_974890 3.4 10.4
15 98.6 Nitab4.5_0028180_3778 3.3 10.1
17 1.29 Nitab4.5_0122456_697 4.1 12.4
17 14.95 Nitab4.5_0000198_371816 3.59 10.9
17 14.95 Nitab4.5_0000198_543642 3.4 10.4
18 13.86 Nitab4.5_0179109_695 3.4 10.4
18 16.81 Nitab4.5_0007820_23752 3.4 10.4
2 59.61 Nitab4.5_0002134._311833 3.71 11.3
2 58.14 Nitab4.5_0002908_16685 3.15 9.6
4 85.5 Nitab4.5_0352858_493 3.94 11.9
Topping heights 6 66.27 Nitab4.5_0228918_1293 3.33 10.2
7 6.46 Nitab4.5_0409488_602 3.17 9.7
8 55.42 Nitab4.5_0085135_247 3.57 10.8
17 76.24 Nitab4.5_0002102_222217 4.07 12.3
Efficient leaf 3 34.87 Nitab4.5_0910012_297 3.07 9.4
16 61.08 Nitab4.5_0014263_14206 3.04 9.3
3 22.69 Nitab4.5_0248435_973 3.48 10.6
8 64.09 Nitab4.5_0000016_1193474 3.12 9.6
12 95.26 Nitab4.5_0762992_363 3.22 9.8
Pitch 15 46.27 Nitab4.5_0000249_992265 3.57 10.9
15 112.07 Nitab4.5_0270462_111 3.57 10.9
17 101.54 Nitab4.5_0001520_266999 3.56 10.8
17 13.29 Nitab4.5_0000009_454740 3.13 9.6
48.53 Nitab4.5_0000289_510228 3.31 10.1
Middle leaf lengths 6 83.24 Nitab4.5_0028993_2042 3.8 11.5
11 53.15 Nitab4.5_0000030_2269959 3.19 9.8

A total of 43 candidate loci in 6 agronomic phenotypes were separated into 14 linkage groups (LG), LOD value equal to 3.0
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All the genes in the loci were annotated (Table S3
in ESM). The loci were separated into 14 linkage
groups (LG). We found nine markers in LG17 across
four kinds of phenotypes, including the plant height,
nature leaf, topping height, and pitch. Ten markers
in LG15 were obtained in the nature leaf, whereas
two markers were discovered in the pitch phenotype.
In addition, seven loci were observed in the topping
height trait. These seven loci could be grouped into
six different LGs. The Kyoto Encyclopedia of Genes
and Genomes (KEGQ) analysis and Gene Ontology
(GO) terms indicated that these loci were enriched
in the metabolic pathway and catalytic activity in
the nature leaf QTL mapping (Figure 5). A gene
pbsr (N0000313g0040), which is a photosystem II
subunit R, was identified in the QTLs. Pbsr was
closely related to the photosynthesis, which might
be a critical factor for the nature leaf trait. Another
gene Root phototropism protein 3 (N0000313g0110),
a light-dependent dynamic modulator of phototro-
pin, was also identified in the QTLs relating to the
nature leaf trait. The interaction between the key
genes and the traits underlies their important role
in tobacco development and breeding.

DISCUSSION

Backcrossing is one of the most basic methods of
germplasm improvement. The approach can be used
to develop new tobacco varieties with high quality,
disease resistance, and high yield. Marker-assisted
backcrossing is the simplest form of marker-assisted
selection (MAS), which plays a crucial role in DNA
marker identification (Xiao et al. 2015). The present
study provides an excellent example for construct-
ing a high-density linkage map and downstream
genetic investigations, such as QTL mapping. Herein,
5844 611 SNPs and 570 728 indels were restored
to the chromosomes and used for the genetic map
construction and QTL mapping.

Developing molecular markers for the genetic map
construction is the basis of QTL mapping and MAS
breeding. The first tobacco genetic map was estab-
lished using 99 F; plants, obtained by hybridisation
of N. plumbaginifolia x N. longiflora (Lin et al. 2001).
The genetic similarity of cultivated tobacco is consid-
ered high, which was difficult in the polymorphism
detection (Ren & Timko 2001; Qi et al. 2006; Xiao &
Yang 2007). Another widely acknowledged tobacco
SSR genetic map was published in 2011. The genetic
map had 2 363 loci distributed on 24 chromosomes
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with a total distance of 3 270 ¢cM and an average
distance of 1.5 cM (Bindler et al. 2011). In the pre-
sent study, high-throughput sequencing was used
to construct high-quality and high-density genetic
maps. Furthermore, QTL mapping was performed,
and a total genetic distance of 2 885.36 cM and an
average distance of 0.59 ¢cM were obtained. These
data were in line with the requirement for the QTL
mapping analysis. Moreover, we identified 43 trait loci
of six agronomic traits through the QTL mapping.

A few studies have conducted a QTL mapping
analysis of tobacco and attempted to identify the
QTLs of different traits, including the agronomic
traits, chemical components, and quality (Julio et
al. 2006; Li et al. 2011; Cai et al. 2014). However,
the average number of QTLs identified for one trait
was low due to various reasons. One of the reasons
could be that the quality of the genetic map used
for the QTL scanning analysis of the whole genome
was poor. Notably, a poor-quality genetic map can
lead to a low QTL detection ability of the targeted
phenotype. The genetic map constructed in this study
is of high quality and saturation, enabling a more
robust QTL mapping analysis of the whole tobacco
genome. This study provides more evidence for the
large-scale identification of QTLs of important traits
in tobacco. Thus, the findings of this study will be
useful in the marker-assisted selection breeding of
tobacco in the future.
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