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Abstract: Solanesol, which accumulates predominantly in the leaves of tobacco plants, has medically
important bioactive properties. To investigate the genetic basis of solanesol in tobacco (Nicotiana
tabacum), the solanesol contents of 222 accessions, 206 individuals from an N. tabacum Maryland609
(low-solanesol) x K326 (high-solanesol) F2 population and their corresponding F1 self-pollinations,
were determined using ultra-performance liquid chromatography. Genome-wide quantitative trait
locus (QTL) and association analysis were performed to identify QTLs and markers associated
with solanesol content based on simple sequence repeat molecular markers. A total of 12 QTLs
underlying solanesol content were mapped to seven linkage groups (LGs), with three of the QTLs
(QTL3-1, QTL21-6, and QTL23-3) explaining 5.19-10.05% of the phenotypic variation. Association
analysis revealed 38 significant marker-trait associations in at least one environment. The associations
confirmed the QTLs located on LG3, LG10, LG14, LG21, and LG23, while new elite makers were
located on 11 additional LGs, each explaining, respectively, 5.16-20.07% of the phenotypic variation.
The markers LG14-PT54448, LG10-PT60114-2, LG10-PT60510, LG10-PT61061, and LG-21PT20388 may
be useful for molecular-assisted selection of solanesol content in tobacco leaves. These results increase
our understanding of the inheritance of solanesol-associated genes and will contribute to molecular-
assisted breeding and further isolation of regulatory genes involved in solanesol biosynthesis in
tobacco leaves.

Keywords: N. tabacum; solanesol content; QTL; association analysis

1. Introduction

Nicotiana tabacum L., a member of the Solanaceae family, is native to the Americas,
Oceania, and the South Pacific but is widely cultivated throughout the world as an impor-
tant economic crop [1,2]. Tobacco leaves contain an abundance of secondary metabolites
such as solanesol, rutin, and chlorogenic acid, which have significant medicinal value.
Solanesol in particular has many useful properties, including anti-fungal, anti-viral, anti-
inflammatory, and anti-ulcer activities. In addition, solanesol can be used to synthesize
coenzyme Q10, vitamin K analogs, and derivatives for the treatment of cardiovascular
diseases [3-7]. Despite extensive research, the industrial-scale production of solanesol is
limited by the complicated synthesis pathway of the 45-carbon backbone [8]. Currently,
the solanesol used by the pharmaceutical industry is mainly extracted from the leaves of
tobacco plants [4]. Therefore, it is very important to study the genetic basis of solanesol
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in tobacco, which might contribute to enhancing the solanesol exploitation and use of
tobacco leaves.

DNA-based molecular markers have been widely used in plant genetic research be-
cause they are generally unaffected by environmental and agronomic factors. Recently,
large-scale simple sequence repeat (SSR) markers with the advantages of co-dominance,
abundant producibility, and high stability and specificity have been successfully devel-
oped [9-12]. These SSR markers have been used for quantitative trait locus (QTL) mapping
and association mapping of quantitative traits in tobacco. For example, Abl and BMVSE
were identified as being associated with cis-abienol and sucrose ester accumulation fol-
lowing linkage group analysis based on a doubled haploid population [13]. In addition,
linkage mapping successfully identified two major QTLs associated with tobacco plant
height, with the results confirmed by combined association analysis [14]. These previous
studies using SSR markers have provided a theoretical basis and technical support for the
breeding of new high-yielding, high-quality tobacco varieties [14-26].

Notably, the genetic basis of solanesol production is less well understood than other
tobacco traits, limiting the exploitation of its medicinal value. Levels of solanesol accumu-
lation vary considerably between different tobacco varieties, organs, and developmental
stages of tobacco plants. For example, the solanesol content of flue-cured and cigar tobac-
cos is higher than that of burley and oriental tobaccos. However, the solanesol content of
tobacco leaves is higher than that in any other organ of the plant and generally reaches
a maximum during vegetative growth [26]. Joint segregation analysis of a major gene
plus the polygene mixed genetic model revealed that the solanesol content of tobacco
leaves is predominantly controlled by a set of genes with a heritability of 56-65% [27].
Although the genes encoding key enzymes in the solanesol synthesis pathway have been
identified, molecular markers associated with these genes have not yet been identified.
Such information would be helpful to reduce the detection cost of secondary metabolites
and improve the selection efficiency during the early stages of plant growth.

In this study, the solanesol content of mature middle leaves of parental, F1, and F2
plants (n = 206), along with 222 accessions, was determined by ultra-performance liquid
chromatography (UPLC) analysis. By combining QTL mapping and association analysis,
molecular markers putatively associated with solanesol content were identified and used
to explain the phenotypic variation. The information obtained in this study will potentially
aid in germplasm selection and breeding for specific solanesol content and provide a novel
approach to studying the genetic basis of secondary metabolites in tobacco.

2. Materials and Methods
2.1. Plant Materials

Based on the identified solanesol content and diversity data from our previous
study [28], we selected the high-solanesol Nicotiana tabacum cultivar K326 and the low-
solanesol N. tabacum cultivar Maryland609 as parental lines. Maryland609 was used as
the maternal parent and K326 as the paternal parent. An F, population consisting of
206 individuals derived from F; self-pollinations was used for QTL mapping. A panel
of 222 tobacco accessions selected from tobacco core collections (listed in Table Al of
Appendix A) was used for association analysis. All tobacco germplasm resources, includ-
ing 86 introduced, 80 breeding, and 56 local germplasms, were provided by the National
Infrastructure for Crop Germplasm Resource (Tobacco; Qingdao, China) of the Chinese
Academy of Agricultural Sciences.

2.2. Field Trial Design

Field trials for QTL mapping were conducted at the Hubei Burley Experimental Station,
Hubei Province, China. P1, P2, F1, and F2 populations were sown at the experimental
station in 2015. A total of 50 individuals were planted for each of the P1, P2, and F1
populations, while 250 individuals were planted for the F2 population. Plants were grown
at a density of 25 plants per row, with a plant spacing of 50 cm and a row spacing of 120 cm.
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For association analysis, 222 natural accessions were planted at 4 experimental stations (E1,
E2, E3, E4) located in Shandong and Sichuan provinces. The experiments were conducted
at Xichang (E1) of Sichuan, Zhucheng (E2) of Shandong in 2014, and Huili (E3) of Sichuan,
Jimo (E4) of Shandong in 2015. Sichuan and Shandong represent the southern and northern
tobacco-growth regions of China, respectively. The field trials of natural accessions were
arranged in a randomized block design and replicated three times. The inter-plant and
inter-row spacing were the same as described above.

2.3. Sampling and Treatment

Middle leaves (mature stage; n = 3) were collected from each plant 90 days after
transplanting. The main vein was removed and the three leaves from each plant were
combined, wrapped in foil, and stored in the freezer at —20 °C. After freeze-drying, the
lyophilized tobacco leaves were ground using a Q-400B steel grain mill grinder (Shanghai
Bingdu Electric Co., Ltd., Shanghai, China). For QTL mapping, solanesol content was
determined in three leaf samples from each plant (all P1, P2, F1, and F2 individuals).
For association analysis, leaf samples from three representative individuals were used to
determine solanesol content for each replication of the 222 accessions.

2.4. UPLC-Based Quantification of Solanesol Content

Samples were prepared as follows. Powdered, freeze-dried leaf samples were passed
through a 40-mesh sieve. A 0.1 g aliquot (to the nearest 0.0001 g) of each sample was added
to a 20 mL glass centrifuge tube with a polytetrafluoroethylene stopper(spica, Shanghai
Jiayi Biotechnology Co., Ltd., Shanghai, China). A 1 mL volume of 0.1 M sodium hydroxide
ethanol solution and 5.0 mL of n-hexane were then added sequentially to each sample
tube. The tubes were then capped, shaken, and placed in a thermostatically controlled
ultrasonic extractor at a frequency of 45 kHz and a temperature of 40-50 °C for 30 min.
After cooling, 8.0 mL of deionized water was added to each sample, then the tubes were
capped tightly and centrifuged at 16,000 g for 10 min. A 500 pL aliquot of the top layer
of the n-hexane solanesol extract was collected from each tube and mixed with 4.5 mL of
acetonitrile (mobile phase). The mixtures were then filtered through 0.2 uM filters (spica,
Shanghai Jiayi Biotechnology Co., Ltd., Shanghai, China). Quantification of solanesol
content was performed by UPLC (Waters Technologies Ltd., Milford, MA, USA) analysis
as described by Pan et al. [29] under the optimized conditions described by Xiang [27].
Comparisons between the P1, P2, F1, and F2 populations and the 222 natural accessions
were performed using SPSS 23.0 analysis software (IBM, Corp., Armonk, NY, USA).

2.5. DNA Extraction and Selection of Polymorphic Primers

Genomic DNA was isolated from individual plants of the F2 population and mixed
samples of young leaves of 10 plants from the P1, P2, and F1 populations and each accession
using the CTAB method [30] optimized by Xiang [28]. The SSR primers used in this study
were synthesized according to the sequence published by Bindler and Tong [10-12]. PCR
amplification was performed as described by Xiang [28]. A total of 1880 pairs of SSR primers
evenly distributed among 24 linkage groups were first screened for the polymorphism
using Maryland609, K326, and F1 individuals. In total, 187 pairs of polymorphic primers
were selected and used to genotype the parental lines and F1 and F2 individuals. Next,
1381 pairs of primers, consisting of the previously selected polymorphic primers and
1194 SSR primers, were screened for polymorphism using eight relatively genetically
distant natural accessions. A total of 143 pairs of polymorphic SSR primers were selected
and used to genotype the 222 natural accessions.

2.6. Molecular Data Obtained

Sodium dodecyl sulfate polyacrylamide gel electrophoresis and silver staining were
performed as described by Xiang [28]. For individuals in the F2 population, the bands
on the 8% non-denaturing polyacrylamide gels were recorded as “A”, “B”, “H”, and “-”,
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where “A” indicated bands that were the same as in Maryland609, “B” indicated bands that
were the same as in K326, and “H” indicated bands that were the same as in F1 individuals.
“-” indicated the absence of bands (Figure A1l). For the natural accessions, bands were
scored as present (1) or absent (0). No amplification was indicated by a “9” at the given
position (Figure A2).

2.7. Analysis of Phenotypic Data

Phenotypic data were recorded in an Excel spreadsheet. Basic statistical parameters,
and analysis of variance for solanesol content of the P1, P2, F1, F2, and natural populations
in 4 environments were performed using SPSS 23.0 (IBM, Corp., Armonk, NY, USA)
analysis software.

2.8. Construction of the Genetic Map

The data from the genetic and the natural populations were entered into an Excel
spreadsheet and formed into matrices for data analysis, and a genetic map was constructed
using Join Map version 4.0 [31] based on the genotyping data from the mapping population.

2.9. QTL Mapping

The genetic map and the solanesol content data for the F2 genetic population were
used for QTL mapping using the full QTL model implemented in QTLNetwork2.2 [32] with
a step length of 1 cm. LOD > 3 was defined as an effective locus. The QTLs were named
using the format: QTL + linkage group (LG) number + “-” + serial number (if there were
multiple QTLs on one LG). The genetic effect of the QTL on the corresponding phenotypic
variation was estimated using Markov chain Monte Carlo (MCMC) [33].

2.10. Association Analysis

For association analysis, rare alleles were filtered at the 5% level using DataFor-
mater2.6.2 [34], and data with values of 0 and 1 were then converted to a data format that
met the analysis requirements of the Structure v2.3.4 [35], PowerMarker 3.0 [36], and Tassel
3.0 [37] programs.

The population structure of the 222 accessions was analyzed using STRUCTURE
v2.3.4 [35]. The number of populations (K) was set between 1 and 10. Based on an
independent allele frequency model, 10 simulation runs were performed after a burn-
in period of 100,000 iterations and 100,000 MCMC iterations. The AK value was then
determined using the method described by Evanno [35]. Based on the LnP (D) values, the
highest value of AK was chosen as K minus (the population number).

A total of 588 polymorphic loci were used to perform the association analysis between
the SSR markers and the solanesol content data in 4 environments using the general
linear method in Tassel 3.0. Polymorphisms with a p value < 0.01 were considered to be
significantly associated with the trait [37].

3. Results
3.1. Analysis of Phenotypic Data

The solanesol content of K326, Maryland609, F1, F2 population, and the natural
population was determined by UPLC, and the statistical analysis was performed using
SPASS 23.0. The basic statistical parameters are presented in Table 1. An F-test showed
significant differences in solanesol content between the two parents (p < 0.01). The mean
solanesol content of the F2 population was 2.292%, with a range of 0.531-3.558%. The
differences in the mean solanesol content among the 4 environments were significant
(p < 0.05), and the range in solanesol content of the 222 acessions was 0.589-4.131%. This
indicated that there was a large variation in solanesol content in the F2 population, with a
large variation also observed in that of the natural poplation. The coefficients of kurtosis
and skewness were between 0 and 1. The frequency distribution plot of the five populations
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(Figure 1) indicated that the distribution of solanesol content fitted a typical quantitative
trait inheritance model and was suitable for further analytical study.

Table 1. Basic data characteristics of the solanesol content of the tested materials.

Populations Environment Number Mean =+ SD (%) Range (%) CV (%) Kurtosis Skewness

K326 50 2909+ 0201 A  2.868-3.05 10.215
Maryland609 Hube 50 1126 +0.143C  0.768-1.788 10.484
F1 50 263+0203A  2516-2.823 12.548

F2 population 206 229+0459B  0531-3558  26.285 0.956 0.386

E1 173 1830 £ 0438 ¢ 0.695-3248  33.725 0.293 0.458

E2 222 2683+ 0447a  1.535-4.131 26.782 0.404 0.389

piﬁ&rt?(lm E3 187 1428 +0.402d  0.589-3.386 34.129 0.303 0.462

F4 222 2368 +0426b  1.690-3.969  28.264 0.412 0391

Average 222 2.077+0428b  1.127-3.1684  30.725 0353 0.425

Different letters (A-C) and (a—d) in the same column (mean) indicate extremely significant and significant
differences at the level of p < 0.01 and p < 0.05, respectively.
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Figure 1. The bar graphs of the frequency distribution of the natural populations of E1, E2, E3, E4,
and F2 populations by SPSS 23.0.
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3.2. Quantitative Trait Locus Mapping for Solanesol Content

The parental lines Maryland609, K326, and F1 were used for the selection of poly-
morphic primers. A total of 187 pairs of SSR primers were selected from the 1880 primers
screened in this study and were subsequently used to genotype the F2 population. A total of
15 linkage groups consisting of 95 microsatellite markers were then constructed (Figure 2).
These linkage groups corresponded to Bindler’s linkage groups LG1, LG3, LG6, LG8, LG10,
LG11, LG12, LG13, LG14, LG17, LG20, LG21, LG22, and LG23, and were designated Chl,
Ch3, Ch6, Ch8, Ch10a and Ch10b, Ch11, Ch12, Ch13, Ch14, Ch17, Ch20, Ch21, Ch22, and
Ch23, respectively. Ch10a and Ch10b corresponded to two segments of LG10. The total
coverage length of the constructed genetic map was 1129 cm. The coverage length of
each genetic map ranged from 36.5 to 114.3 cm, and the mean genetic distance between
markers was 11.88 cm. The minimum genetic distance between markers was 2.3 cm and
the maximum was 32.6 cm. The number of markers in each linkage group ranged from 3

to 12.
Ch1 Ch3 Ch6 Ch8
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Figure 2. Tobacco solanesol linkage map based on 206 F2 individuals from Maryland609 x k326 cross.

QTL analysis for solanesol content in the tobacco leaves was performed using the full
QTL analysis model. A total of 12 QTLs (Figure 2) related to solanesol content were detected
and distributed among eight genetic linkage groups. Among the QTLs, QTL8-2, QTL13-3,
QTL21-6, QTL21-9, and QTL21-11 showed complete co-segregation with microsatellite
markers PT51116, PT60428, PT50971, PT54819, and PT61114, respectively. The genetic
distance between the markers associated with the remaining seven QTLs ranged from 0.4
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to 24.4 cm. The number of QTLs detected within each linkage group ranged from 1 to
3. Three QTLs associated with solanesol content were detected on linkage group Ch21,
linkage groups Ch10b and Ch23 contained two QTLs each, and one QTL each was detected
on each of the genetic linkage groups Ch3, Ch8, Ch10a, Ch13, and Ch14.

Among the 12 QTLs, QTL3-1, QTL21-6, and QTL23-3 all had higher phenotypic
variation explained, additive, and dominant effects (Table 2). The calculated additive
effect values ranged from 0.0685 to 0.1820, while the dominant effect values ranged from
0.0463 to 0.1886. QTL3-1 was located between PT61043 and PT55428 on linkage group
LG3, with observed genetic distances between the right and left markers of 2.0 cm and
24.4 cm, respectively. The dominant effect value was —0.1886, and the genetic effect was
associated with the paternal parent, K326. The additive effect value was 0.0685, and the
genetic effect was attributed to the maternal parent, Maryland 609. QTL21-6 was located
between PT50971 and PT51289 on LG21 and cosegregated with PT50971. The additive and
dominant effect values were —0.0866 and —0.2010, respectively, and the genetic effects were
from the paternal parent, K326. QTL3-1 and QTL21-6 had mainly dominant effects and
explained 5.19% and 7.59% of the phenotypic variation of solanesol content, respectively.
QTL23-3 was located between PT54748 and PT52585 on LG23. The genetic distances to the
left and the right markers were 1.0 cm and 3.6 cm, respectively. The additive and dominant
effect values were 0.1820 and 0.0463, and the genetic effects were attributed to the material
line, Maryland 609. QTL23-3 was mainly an additive effect and explained 10.05% of the
phenotypic variation of solanesol content.

Table 2. Estimates of QTL positions, effects, and explained phenotypic variation from the full
QTL model.

Left Right Position LOD

. [a] [b] [e] (9
QTL Linkage Group Marker Marke (cm) Value A D PVE '/ (%)
QTL3-1 3 PT61043 PT55428 2.0 4.34 0.0685 —0.1886 5.19
QTL21-6 21 PT50971 PT51289 49.4 5.18 —0.0866 —0.2010 7.59
QTL23-3 23 PT54748 PT52585 30.8 8.6 0.1820 0.0463 10.05

2 Additive effects. ® Dominant effects. © Phenotypic variation explained (%) by the QTL.

3.3. Association Analysis of SSRs and Solanesol Content

Based on 143 pairs of polymorphic primers (Table A2), the population structure of
the 222 accessions was analyzed using STRUCTURE v2.3.4. The LnP (D) value increased
gradually with increasing K values (hypothetical population number), and there was no
inflection point. Therefore, AK was used to determine the K value. The largest AK value
was obtained when K = 2 (Figure 3), and so the natural population was divided into two
groups. Based on the K-value obtained, the population structure of 222 flue-cured tobacco
germplasm was plotted (Figure 4). Group 1 and Group 2 contained 92 and 130 tobacco
varieties, respectively. This indicated that the natural population structure was simple and
clear. This helped reduce the false positive correlation caused by the complex population
structure and to improve the effect of the association analysis. Therefore, the Q matrix with
K =2 was used as a covariate for further association analysis.

Association analysis was performed between the markers and the solanesol content
of tobacco leaves from 4 different environments using a general linear model in Tassel
3.0. The general linear model threshold was set at p < 0.01 for the selection of association
markers. A total of 38 significant (—log [p value] > 3) marker-trait associations located
among 16 linkage groups were detected in at least one environment (Table 3), with the
phenotypic variation ranging from 4.22 to 20.07%. Overall, a larger number of associated
markers were distributed on LG3, LG10, LG14, LG21, and LG23 compared to the other
linkage groups, with LG10 containing the highest number of markers.
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Figure 3. Distribution plot of K and AK value by STRUCTURE v2.3.4.
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Figure 4. Diagram of population structure of 222 tobacco germplasm resources (K = 2). G1, group 1;

G2, group 2 by STRUCTURE v2.3.4.

Table 3. The SSR markers associated with solanesol content and their explained phenotypic variance
(%) (p < 0.001) based on the GLM procedure.

E1 E2 E3 E4 Average

Marker LG Position

4 R? (%) 4 R? (%) P R? (%) 4 R? (%) P R? (%)
PT50457 1 100.72 8.50 x 1074 8.31 ns ns ns ns 4.77 x 107® 12.47 5.67 x 1077 12.69
PT55428 3 114.06 ns ns 9.43 x 107° 7.29 ns ns ns ns 4.67 x 107° 10.38
PT55117 3 114.06 ns ns 1.67 x 1074 9.33 ns ns ns ns ns ns
PT60524 3 122.13 ns ns 3.02 x 107° 10.30 5.48 x 107° 10.38 ns ns 2.12 x 107 10.56
PT54245 4 38.74 1.48 x 104 8.43 ns ns 455 x 1074 7.74 ns ns ns ns
PT61187 5 130.24 8.67 x 107° 11.46 ns ns 1.02 x 107° 14.58 ns ns 1.14 x 1077 12.45
PT50923 6 136.38 ns ns 9.89 x 1077 11.47 7.62 x 107° 10.20 ns ns 6.97 x 107° 7.73
PT50392 9 48.65 ns ns 6.52 x 107° 8.73 2.04 x 107* 10.51 ns ns 5.45 x 107 10.85
PT60510 10 0.00 331 x 1074 11.92 ns ns 8.85 x 107° 14.49 158 x 105 13.99 3.14 x 1078 18.34
PT50759 10 1.65 ns ns ns ns ns ns 402 x 1074 8.63 4.06 x 1074 8.62
PT61154 10 4.16 ns ns 7.88 x 107> 7.30 398 x 1074 7.21 1.01 x 10~* 7.23 7.68 x 108 13.35
PT61061 10 9.84 398 x 1074 12.21 ns ns ns ns 7.68 x 1078 13.35 397 x 1078 20.07
PT61339-1 10 51.35 ns ns 1.81 x 107* 6.30 ns ns 1.28 x 107° 11.76 1.54 x 1078 13.80
PT51005 10 55.23 ns ns ns ns ns ns 225 x 107* 12.73 1.34 x 107° 14.26
PT60114-1 10 57.16 2.63 x 107* 13.06 ns ns ns ns ns ns 1.46 x 10~° 12.07
PT60114-2 10 57.16 1.63 x 104 10.10 2.61 x 10~* 7.59 3.89 x 10~° 12.58 ns ns 6.07 x 10~8 18.42
PT60172 12 89.26 226 x 1074 9.62 1.33 x 1074 8.04 ns ns ns ns 5.15 x 107 10.80
PT60863 14 35.13 ns ns 3.09 x 107 9.69 429 x 107* 7.76 ns ns 2.03 x 10° 8.15
PT60868 14 37.34 ns ns 2.13 x 107 7.57 ns ns ns ns 372 x 107° 9.05
PT54448 14 42.08 3.03 x 1074 7.50 1.96 x 107* 6.20 2.39 x 107 13.33 1.51 x 107* 7.33 7.59 x 1078 12.50
PT52906 15 102.76 ns ns 227 x 107° 7.99 ns ns 1.86 x 107° 9.31 3.00 x 107° 9.63
PT54811 16 130.98 ns ns 233 x 107° 7.87 ns ns ns ns 427 x 107° 7.38
PT61633 17 75.26 ns ns ns ns ns ns 6.83 x 107+ 6.54 ns ns
PT52838 21 24.05 ns ns 0.0231 4.55 ns ns ns ns 0.04700421 4.86
PT61192 21 45.54 0.0020 5.92 ns ns ns ns ns ns 0.007355 4.22
PT51054 21 49.70 ns ns 353 x10°% 1333 ns ns 541 x 1074 6.25 3838 x107° 1506
PT52536 21 49.70 ns ns 1.48 x 10~* 6.83 ns ns ns ns 1.96 x 107° 8.57
PT61114 21 49.70 ns ns 7.52 x 10~* 7.81 ns ns ns ns 498 x 10~° 10.30
PT55472 21 49.70 ns ns ns ns ns ns ns ns 5.09 x 10~* 10.67
PT30355 21 52.43 ns ns 5.50 x 10™* 12.50 ns ns ns ns ns ns
PT20388 21 72.14 ns ns 1.45 x 1075 11.56 ns ns 5.84 x 1077 16.39 2.61 x 1078 17.03
PT52760 22 30.24 ns ns ns ns 7.13 x 107° 14.60 ns ns 2.97 x 107* 9.32
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Table 3. Cont.

Marker

LG

Position

E1 E2 E3 E4 Average

p R (%) ) R? (%) ) R (%) p R? (%) p R? (%)

PT60494
PT52736
PT54707
PT60520
PT61584
PT51170

22
22
23
23
23
24

47.55
68.26
23.21
63.69
61.71
49.25

ns ns 243 x 10~* 7.23 ns ns 3.57 x 10~* 5.67 0.03087387 7.52
ns ns 131 x 107 8.05 ns ns ns ns 1.07 x 107 8.22
ns ns ns ns 1.82 x 1074 10.98 ns ns ns ns
ns ns 3.77 x 107° 8.40 ns ns ns ns 6.16 x 107° 7.96
ns ns 427 x 107° 9.38 ns ns ns ns 3.11 x 107° 7.77
ns ns ns ns 5.86 x 1074 7.60 3.03 x 107° 9.05 2.99 x 107¢ 9.94

The p-value indicates the significance between the marker and solanesol content; the R? value indicates the
percentage of phenotypic variation explained by the marker; ns indicates no significance; average: the mean value
of E1, E2, E3, and E4.

Except for PT55117, PT54245, PT61633, PT30355, and PT54707, the other markers were
detected by association analysis of markers and means. A total of 15 markers were detected
in two environments. Some of them, including PT61339-1, PT52906, PT51054, PT20388,
and PT60494, were detected only at two sites in the northern (Shandong Province) tobacco-
growing region of China, while PT54245 and PT61187 were detected only at two sites in the
southern (Sichuan Province) tobacco growing region of China. PT60510, PT60114-2, and
PT11154 were detected in three environments and accounted for 7.30-18.34% of the phe-
notypic variation. PT54448 was detected in four environments and explained 6.20-13.33%
of the phenotypic variation. Overall, PT61061 explained the highest amount of pheno-
typic variation, with 20.07%. It was located on LG10 and was also detected by association
analysis of SSR markers and means.

3.4. The Confirmed Markers Related to Solanesol Content by Two Methods

The 143 pairs and 187 pairs of SSR primers used in the association analysis and
QTL mapping, respectively, were from the SSR marker data published by Bindler and
Tong [10-12]. Therefore, the results were comparable. Table 4 shows the 14 significant
marker-trait associations located near nine QTLs and distributed on LG3, LG10a, LG10b,
LG14, LG21, and LG23. Markers PT55428, PT50759 and PT60510, PT61114, and PT60520 and
PT53595, which were significantly associated with solanesol content, were detected in the
natural population as the right marker of QTL3-1, the left and right markers of QTL10a-2,
the left marker of QTL21-11, and the left and right markers of QTL23-1, respectively. Marker
PT55117, detected in the natural population, and PT55428, the right marker of QTL3-1, are
located at the same site on the linkage map constructed by Bindler et al. [10,11]. Markers
PT51054, PT52536, PT61114, and PT55472, the right marker of QTL21-9 (PT51289), and
the left marker of QTL21-11 (PT61114) were also located at the same site. Many of the left
and right QTL markers were repeatedly detected at the same location using association
analysis, confirming the reliability of the results.

Table 4. Location and minimum genetic distance from left or right QTL marker, which was determined
by association analysis.

QTL

Linkage Group

Molecular Marker

Interval Marker Location [ D [?] (cm) . .
Localization

QTL3-1
QTL10a-2
QTL10b-6

QTL14

3
10a
10b

14

PT61043-PT55428 PT55428 114.06 0.00 138,644,270-138,644,484
PT50759-PT60510 PT60510 0.00 0.00 3,640,102-3,640,139
PT54436-PT52002 PT60114-1 57.16 2.479 490,772-490,852
PT60114-2 57.16 2.479 73,974,226-73,974,332
PT60379-PT20376 PT60868 35.13 —2.48 59,135,301-59,135,403
PT60863 37.34 3.651 65,675,209-65,675,347
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Table 4. Cont.

Molecular Marker

QTL Linkage Group Interval Marker Location 2] D [®1 (¢m) Localization
QTL21-6 21 PT50971-PT51289 PT51054 49.70 0.00 51,260,251-51,260,374
PT52536 49.70 0.00 52,765,747-52,765,930
PT55472 49.70 0.00 54,904,073-54,904,263
QTL21-9 21 PT54577-PT61281 PT54707 23.21 1.49 628,952-629,173
QTL21-11 21 PT61114-PT50399 PT61114 49.70 0.00 108,401,173-108,401,338
PT20388 49.70 0.00 927,449,98-92,745,182
QTL23-1 23 PT60520-PT53595 PT60520 63.69 0.00 40,922,488-40,922,687
QTL23-3 23 PT54748-PT52585 PT61584 61.71 —0.55 330,872 - 331,056

2 Location of markers on the linkage group constructed by Bindler [11]. ® Minimum genetic distance of identified
associated markers from the left or right QTL marker. The information was obtained in the confirmed interval
regions from the Tobacco Genome Database (https:/ /solgenomics.net/organism/Nicotiana_tabacum/genome,
accessed on 21 May 2024).

4. Discussion
4.1. Solanesol of Tobacco Leaves

Solanesol is an important natural product due to its anti-cancer, anti-ulcer, anti-aging,
neurodegenerative, and immune-enhancing properties, as well as its effect on the quality of
flue-cured tobacco leaves [5-7,38]. At present, most of the solanesol used in pharmaceutical
applications is derived from tobacco leaves; however, the low solanesol content of the
raw materials limits its utilization [3,4,8,9]. Therefore, increasing the solanesol content
of tobacco leaves is beneficial for exploiting the medicinal value and discovering new
applications of solanesol. To achieve this goal, it is necessary to investigate the genetic basis
of solanesol accumulation in tobacco leaves. Previous research has shown that solanesol
content is a complex quantitative trait that is significantly influenced by genotype and
environment. For example, there are significant differences in solanesol content between
tobacco varieties. In this study, solanesol content ranged from 0.589% to 4.131%, with
breeding variety 7514 having the highest solanesol concentrations. These phenotypic data
provided a solid basis for investigating the genetic architecture of solanesol content.

4.2. QTL Mapping and Association Analysis for Tobacco Traits

QTL mapping is an effective method for studying complex quantitative traits, and
the construction of a linkage map is the basis of QTL analysis. Linkage maps based on
molecular markers have been widely used in many crops, including maize, rice, wheat,
and cotton [39—42]. In tobacco, many linkage maps have been constructed using molecular
markers. For example, Lin et al. constructed the first molecular linkage map of tobacco by
genotyping 99 F2 individuals derived from a cross between Nicotiana plumbaginifolia and
Nicotiana longiflora using restriction fragment length polymorphism and random amplified
polymorphic DNA analyses [43]. The first linkage map included 19 linkage groups and
spanned a total genetic distance of 1385.6 cm. In 2007, Bindler et al. constructed a linkage
map with 24 linkage groups and a total genetic distance of 1920 cm [11]. Then, in 2011,
Bindler et al. developed 5119 pairs of SSR primers based on sequence data from the US
Tobacco Genome Sequencing Project, further increasing the density of the linkage map [11].
The high-density linkage map included 24 linkage groups consisting of 2036 pairs of SSR
primers and covered 3270 cm. Based on this early work, Tong et al. subsequently developed
4886 pairs of SSR primers to study genetic traits in tobacco [12]. In the current study, we
constructed a genetic map with 15 linkage groups using SSR molecular markers. Our
primer sequence information was obtained from the studies of Bindler et al. and Tong et al.
The molecular markers in the linkage map constructed in the current study were located
on the same LGs as those of Bindle et al. In addition, Ch6, Ch10a, Ch10b, Ch17, Ch20, and
Ch22 had the same marker order as that reported by Bindler et al. However, the number
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of LGs was <24 and had low coverage, which could be caused by the limited genetic base
of the bi-parental. A larger population size, representing a broader genetic base, would
be helpful for further dissection of the solanesol content in tobacco leaves. In addition,
QTL3-1, QTL21-6, and QTL23-3 explained 22.83% of the phenotypic variation in solanesol
content. Overall, the phenotypic variation among individual QTLs ranged from 5.19% to
10.05%, which was greater than that of the chemical constituents of tobacco leaves [21].
Compared to linkage mapping, genome-wide association analysis has several advan-
tages for dissecting the genetic basis of quantitative traits. First, association analysis uses
natural populations (diverse germplasm) as experimental material in which recombination
events have occurred during evolution. Therefore, association analysis can identify a larger
number of alleles than those from the two parents. Secondly, there is no need to construct a
genetic map, which saves time and reveals environmental effects. The number and resolu-
tion of QTLs are mainly determined by genetic diversity, population structure, and linkage
disequilibrium, among other factors. To date, association analysis has been used to identify
molecular markers associated with agronomic traits, disease resistance, nicotine content,
tobacco-specific nitrosamine content, aroma components, and chemical constituents in
tobacco. The results have shown that the phenotypic variation associated with agronomic
traits and disease resistance is generally greater than that associated with chemical and
aroma components [44,45]. With regard to secondary metabolites, previous research has
mainly focused on the expression patterns and functions of genes encoding for key biosyn-
thetic enzymes, with very few studies focusing on molecular markers associated with
secondary metabolite production. Vontimitta et al. identified several microsatellite markers
that co-segregated with Abl and BMVSE, which affect the accumulation of cis-abienol and
sucrose esters, respectively, in tobacco. The markers have improved our understanding of
these two leaf surface components and allowed marker-assisted selection in tobacco [13].
In the current study, 222 core collections with high genetic variation were selected as exper-
imental material. A total of 38 markers were found to be significantly associated (p < 0.01)
with solanesol content in at least one environment. The 38 markers were distributed among
16 LGs and explained 5.64-20.08% of the phenotypic variation, respectively. The phenotypic
variation explained by LG14-PT54448, LG10-PT60114-1, LG10-PT11154, LG10-PT60510,
LG10-PT61061, and LG21-PT51054 was relatively high and could be detected stably under
different environmental conditions. Therefore, the primers selected in the current study
will be useful for future molecular-assisted selection of solanesol content in tobacco. It is
difficult to detect polymorphic alleles beyond those inherited from the parental strains
using linkage mapping. In addition, association analysis could provide opportunities to
identify additional markers associated with a trait due to the increased allelic variation in
natural populations resulting from the large number of accessions [46]. However, linkage
analysis can detect the additive/dominant effect of QTL and overcome the drawbacks of
low efficiency of association analysis for rare alleles detected [47—49]. Thus, the combination
of linkage mapping and association analysis can significantly improve the reliability of
the located QTL and associated allele. This combination of analysis methods has been
widely used for QTL mapping of quantitative traits in crops [50]. In the present study, we
identified 12 QTLs for solanesol content located on 8 LGs and 38 significant marker-trait
associations located on 16 LGs. The 9 QTLs distributed on LG3, LG10a, LG10b, LG14,
LG21, and LG23 were confirmed by association analysis. Through the Tobacco Genome
Database (https://solgenomics.net/organism/Nicotiana_tabacum/genome, accessed on
21 May 2024), gene function annotation information was obtained in the confirmed interval
regions. Based on the results linked/associated with the solanesol content, many genes
were screened in the marker intervals corresponding to the above nine QTLs. Phosphotrans-
ferase, tyrosine ferulic transferase, acetyltransferase, and xylosyltransferase were linked
to the markers of LG23. Of particular interest were the linked transcription factors bHLH,
MYB, ERF, WRKY, and bZIP distributed on LG3, LG10a, LG10b, LG14, and LG21. Previous
studies of plant transcription factors have mainly focused on their developmental and
physiological regulatory functions. More recently, the function of regulating secondary
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metabolites has been a concern. Here, the present results related to solanesol content could
be used as a reference for further studies to improve the accumulation of terpenoids in
plants by applying metabolic engineering.

4.3. Analysis of Plant Metabolites

With the development of molecular markers, QTL and association analysis of metabo-
lites have advanced significantly over the past 10 years. For example, Keurentjes et al.
investigated metabolites in Arabidopsis leaves using non-targeted liquid chromatography
quadrupole time-of-flight mass spectrometry analysis of 160 inbred lines and revealed
the genetic pathways involved in aliphatic thioglycoside synthesis based on PCR-based
molecular markers [50]. Matsuda et al. determined the primary and secondary metabolites
in rice seeds and constructed a metabolic library containing 759 metabolic signals [51].
Glycosyltransferase genes encoding components of the flavone synthesis pathways were
also analyzed by linkage analysis [50,52]. To date, there has been a lack of studies on the
genetic basis of tobacco metabolites, especially secondary metabolites. The lack of studies
may be a consequence of the fact that tobacco has a large, hetero tetraploid genome, narrow
genetic background, and low polymorphism, all of which contribute to the high cost of
determining the metabolite levels. However, this information gap has severely limited
metabolite genetic research and molecular-assisted breeding in tobacco.

5. Conclusions

In the present study, the identified markers were mainly located on LGs 10 and
21, which are referred to as “hot regions”. The markers PT61061, PT54448, PT60510,
PT60114-2, and PT20388, which have a high phenotypic variation explained, could be
used to select lines with high solanesol content by marker-assisted selection at any stage
of tobacco growth. This would dramatically reduce costs and facilitate studies on the
genetic basis of solanesol content in tobacco. The identified hot regions contain genes
encoding for the major regulatory factors controlling solanesol accumulation in tobacco.
Thus, the information obtained in this study will contribute to further fine mapping of
genes regulating solanesol content and provide a new avenue for investigating the genetic
basis of secondary metabolites in tobacco. In addition, by analyzing the genetic interactions
of metabolites, we can further investigate specific metabolic pathways or reconstruct a
metabolic network model in the future.
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Appendix A
Table A1. List of 222 accessions in natural population tested.

No. Name No. Name No. Name No. Name
1 NC82 57 86-3002 113 Speight G-41 169 Jintai66-4
2 V2 58 82-3041 114 Virginia 182 170 Wenganpipaye
3 Xiaohuangjin1025 59 7514 115 P3 171 G80B
4 Speight G-28 60 C151 116 Qiannan? 172 Wenganzhongpingkaoyan
5 Dabaijin599 61 7411 117 T.L.706 173 Fuquangaojiaohuang
6 Zhongyan90 62 B22 118 Yunduol 174 Jintai88
7 Zhongyanl5 63 CV58 119 Xilouyan 175 Chunleil
8 9201 64 K149 120 Dabaijin2522 176 Bijinl
9 NC567 65 NC 2326 121 Chunlei4 177 Liaoyanll
10 K346 66 Yongding1 122 Changbaziyan 178 Wanye
11 Baihua205 67 Danyu2 123 Baijinhuangmiao 179 JB-200
12 Coker 176 68 Guanghuang54 124 Wuming?2 180 Dixie Bright 101
13 Yunyan85 69 Jinxing6007 125 Red Hort 181 Mudan79-2
14 Cuibil 70 Panyuanhuang 126 H68E-1 182 H80A432
15 CF80 71 Puyoul 127 Vesta 30 183 TI1112
16 NC89 72 Yunyan2 128 Zhubol 184 CNH-NO.7
17 K326 73 CF90NF 129 Kuiyan2487 185 CU263
18 CF965 74 Changbohuang 130 Liaoyan9 186 K358
19 Vall6 75 Tailifu1060 131 Angiumanwuxiang 187 MRS-2
20 Yunyan87 76 Lushanxiaoliuye 132 Changmaohuang 188 NC1108
21 NC55 77 Gexin5 133 Majiangliyan 189 NCTG60
22 RG13 78 Special 401 134 Oxford 4 190 NCTGé61
23 CV088 79 Qinyan95 135 Damiaohuang 191 0X2028
24 Ccvs7 80 Qinyan96 136 Gedajinyan 192 0X2101
25 FC8 81 Longjiang851 137 Wengantieganyan 193 RG3414
26 Zhongyanl4 82 Longjiang925 138 Hicks 55 194 SPG-169
27 RG8 83 Longjiang935 139 8813 195 SPG-172
28 RG89 84 Yuyan3 140 Daliutiao 196 T11597
29 Zhongyan102 85 Special 400 141 Anxuan4 197 Va80
30 9111-21 86 Cash 142 Taoliuzi 198 Va4ll
31 T.T.9 87 Qiaozhuangduoye 143 Wangengzi 199 Chunlei3
32 TT.11 88 Black Shantk 144 Pingbanliuye 200 Damo

Resistant

33 Honghuadajinyuan 89 Harrison Special 145 Luodihuang 201 TI448A
34 Speight G-80 90 Longyanl 146 ETWM 10 202 Fandi3-bing
35 RG11 91 Kutsaga E1 147 NC71 203 84-3117
36 RG17 92 Virginia Gold 148 Criollo c-1-1 204 Enshu
37 Yanyan97 93 SH.86-1 149 Xiaohuangjin0138 205 K730
38 09-53 94 NC-22-NF 150 Y-2 206 0OX2007
39 Gexin3 95 TL 106 151 TI1500 207 SPG-168
40 Jingyehuang 96 78-3012 152 Tailifu1011 208 Changgeliuye
41 T.T.8 97 Baisezhong 153 8022 209 Dashuba(Straight)
42 Zhongyan86 98 1-35 154 Changboyan 210 Dashuba2106
43 Zhongyan103 99 Tailiful061 155 Heimiaoshuba2104 211 Yuyeshuba2109
44 Kang88 100 Longshe 156 77089-12 212 Kaiyangtuanyuye
45 CVal 101 Heiyeyan 157 Va458 213 Huangpingmaoganyan
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No. Name No. Name No. Name No. Name
46 Speight G-140 102 Yuanyeyan 158 Coker187-Hicks 214 Fuquanzheyan
47 Beinhart 1000-1 103 Dagingjin 159 Jiyanb 215 Fuquandapipa
48 T.1.245 104 Xiaojianshao 160 Coker 206 216 Huangpingdaliuye
49 Kang66 105 Liuyejian2017 161 Manguangliuyejian 217 Fuquandajiwei
50 Tiebaziyan 106 Dashuba2101 162 CT709 218 Fuquanchaotianli
51 Manwuxiang 107  Huangmiaoyu2235 163 Xiaohuangyan 219 Lushandawojuye
52 Hicks(Broad Leaf) 108 Fuquanhoujieba 164 Renshenyan 220 K394
53 NC 95 109 Jintai49 165 Coker9 221 Xiaoyehuang
54 Coker 319 110 Pelo De Oro P-1-6 166 Boheyan 222 Hicks
55 Coker 139 111 Jiulouyan 167 Hyco Ruce
56 By 4 112 Ky 151 168 Wajiaoyan
Figure A1. Amplification results of SSR-PT54023 in K326 Maryland609, F1, and part of F2 population.
Figure A2. Amplification results of SSR-PT50136 in representative flue-cured tobacco
germplasm resources.
Table A2. Genetic diversity for 143 pairs of polymorphic SSR primers.
Marker Na @ pIC [P Marker Na PIC Marker Na PIC
PT54245 2 0.323 PT53936 3 0.473 PT53595 3 0.558
PT51682 4 0.660 PT53089 2 0.308 PT50136 2 0.355
PT61187 2 0.232 PT51206 3 0.304 PT50727 5 0.546
PT61210 2 0.375 PT60435 3 0.466 PT50472 6 0.725
PT60345 3 0.485 PT50670 2 0.370 PT55266 2 0.310
PT50392 3 0.439 PT51144 6 0.688 PT61428 4 0.547
PT61010 3 0.474 PT53796 2 0.354 PT54887-1 2 0.254
PT52958 2 0.260 PT53362 3 0.359 PT54887-2 2 0.344
PT60369 3 0.345 PT61564 6 0.757 PT54887-3 3 0.484
PT55030 4 0.598 PT61061 4 0.521 PT55296 3 0.272
PT61396 2 0.277 PT51145 3 0.402 PT53026 3 0.436
PT60172 2 0.369 PT60080 6 0.520 PT53915 2 0.245
PT61499 3 0.412 PT60606 8 0.772 PT61339-1 2 0.358
PT60863 2 0.370 PT30355 8 0.788 PT61339-2 3 0.475
PT60868 4 0.505 PT20388 4 0.299 PT60114-1 2 0.284
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Table A2. Cont.

Marker Na @ pIC [V Marker Na PIC Marker Na PIC
PT53829 2 0.230 PT54644 4 0.412 PT60114-2 5 0.587
PT52906 2 0.366 PT50077 4 0.491 PT30311 3 0.471
PT54448 2 0.348 PT51415 3 0.408 PT60177-1 3 0.514
PT51411 3 0.382 PT55319 5 0.676 PT60177-2 2 0.269
PT54811 2 0.347 PT51085 3 0.554 PT30380 4 0.479
PT53384 3 0.382 PT54778 5 0.711 PT50245 4 0.561
PT61286 3 0.511 PT60427 4 0.648 PT61386 3 0.279
PT60494 2 0.317 PT52838 4 0.623 PT60520 3 0.557
PT50500 2 0.195 PT54819 3 0.589 PT55117 3 0.379
PT60271 3 0.403 PT51951 5 0.693 PT20445 5 0.561
PT51976 2 0.254 PT61192 2 0.151 PT52002 2 0.364
PT61584 2 0.375 PT51054 2 0.370 PT54336 3 0.374
PT54342 2 0.141 PT51289 3 0.412 PT61043 4 0.501
PT52736 3 0.546 PT55472 3 0.554 PT50513 3 0.446
PT52353 3 0.448 PT61114 3 0.460 PT60908 3 0.352
PT52585 2 0.374 PT61319 4 0.512 PT51005 3 0.346
PT54629 2 0.159 PT50352 2 0.333 PT1154 2 0.368
PT54759 2 0.270 PT60946 4 0.588 PT54711 2 0.133
PT54707 3 0.348 PT55428 4 0.681 PT61612 2 0.132
PT51152 4 0.488 PT53466 2 0.364 PT50923 2 0.363
PT50457 4 0.430 PT60524 2 0.328 PT52760 3 0.301
PT60404 3 0.205 PT60510 3 0.471 PT52418 2 0.323
PT61367 2 0.330 PT50759 4 0.555 PT60581 3 0.361
PT60257 2 0.201 PT54061 2 0.305 PT53223 3 0.314
PT60146 2 0.151 PT50062 4 0.513 PT61160 3 0.431
PT60886 5 0.561 PT55453 2 0.271 PT50736 2 0.326
PT60123 5 0.648 PT52718 3 0.480 PT51170 2 0.198
PT52804 6 0.521 PT60861 3 0.547 PT52318 2 0.364
PT52536 2 0.373 PT52509 3 0.463 PT53847 3 0.447
PT51130 10 0.586 PT50346-1 5 0.736 PT50501 3 0.366
PT50434 6 0.616 PT50346-2 2 0.368 PT61633 2 0.365
PT55162 2 0.266 PT51065 3 0.479 PT50488 2 0.191
PT52133 4 0.691 PT52156 2 0.369 Mean 3.133 0.422
@ Number of alleles. ® Polymorphism information content.
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