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Genetic variation in alkaloid accumulation in leaves of Nicotiana
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Abstract: Alkaloids are plant secondary metabolites that are widely distributed in Nicotiana species and contribute
greatly to the quality of tobacco leaves. Some alkaloids, such as nornicotine and myosmine, have adverse effects on
human health. To reduce the content of harmful alkaloids in tobacco leaves through conventional breeding, a genetic
study of the alkaloid variation among different genotypes is required. In this study, alkaloid profiles in leaves of five
Nicotiana tabacum cultivars and Nicotiana tomentosiformis were investigated. Six alkaloids were identified from all six
genotypes via gas chromatograph-mass spectrometry (GC-MS). Significant differences in alkaloid content were ob-
served both among different leaf positions and among cultivars. The contents of nornicotine and myosmine were
positively and significantly correlated (R2=0.881 ), and were also separated from those of other alkaloids by clustering.
Thus, the genotype plays a major role in alkaloid accumulation, indicating a high potential for manipulation of alkaloid

content through traditional breeding.
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1 Introduction

Tobacco includes any plant of the genus
Nicotiana of the nightshade family (Solanaceae).
Cultivated tobacco (Nicotiana tabacum) is the most
widely planted species and is grown worldwide for
the production of tobacco leaf. The presence of
alkaloids, such as nicotine, nornicotine, anabasine,
and anatabine, is characteristic of Nicotiana species.
Nicotine is synthesized in the tobacco roots and
transported in the xylem to the shoots (Hibi et al.,
1994; Shi et al., 2006). Nicotine is synthesized from
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the polyamine putrescine, which is produced either
directly from ornithine or indirectly from arginine.
The first step in nicotine biosynthesis is the conver-
sion of putrescine to N-methylputrescine, catalysed
by putrescine N-methyltransferase (Hashimoto and
Yamada, 1994). N-methylputrescine is then oxidized
by N-methylputrescine oxidase and cyclized to form a
pyrrolidine ring, while quinolinic acid phosphori-
bosyl transferase serves in the pyridine ring synthesis
that provides nicotinic acid (Hibi et al., 1994; Shoji et
al., 2010). Nicotine is formed by a condensation of
N-methylpyrrolinium and nicotinic acid, and can be
further metabolized to form other alkaloids, such as
nornicotine, nicotyrine, and myosmine (Leete and
Chedekel, 1974; Hékkinen et al., 2007; Shoji et al.,
2010).

The chemical composition of tobacco leaves is
extremely complex, with one alkaloid, nicotine, being
the most characteristic constituent of tobacco and
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responsible for its addictive nature (Cai et al., 2003).
Therefore, the composition and content of alkaloids in
leaves are critical to tobacco quality (Lewis, 2006).
However, some types of alkaloids including nornico-
tine and myosmine, have adverse effects on human
health (Dickerson and Janda, 2002; Wilp et al., 2002;
Hecht, 2003; Brogan et al., 2005). Nornicotine is a
biochemical precursor of N'-nitrosonornicotine, a
tobacco-specific nitrosamine that has been shown to
exhibit carcinogenic properties in laboratory animals
(Hecht, 2003). In addition, upon nitrosation, myos-
mine can yield 4-hydroxy-1-(3-pyridyl)-1-butanone
and N'-nitrosonornicotine, which are strong carcino-
gens (Wilp et al., 2002). Currently, there is no effi-
cient approach for selectively reducing the amount of
harmful alkaloids in tobacco leaves. The analysis of
genetic effects is one useful method to improve nu-
trient quality traits, and has been applied in many
crops, such as rice and cotton (Shi ef al., 1996; Feng
et al., 2011). Many previous studies have shown ob-
vious differences in alkaloid profiles among tobacco
cultivars (Shi et al., 2001; Lin et al., 2002; Lian et al.,
2008), but there have been few reports on the effects
of genetic variation on alkaloid accumulation in to-
bacco leaves.

Plant metabolism is controlled by genetic and
environmental factors (Yan and Chen, 2007). Tobacco
cultivation in China is widely dispersed. The differ-
ences in geographical and climatic conditions might
be the main factors related to different plant metabo-
lite levels. To exclude environmental interference,
cultivars originating from different countries were
grown in Yunnan Province, one of the best areas for
tobacco cultivation in China. In this study, we used
leaves from various positions on plants of five com-
mon tobacco cultivars and Nicotiana tomentosiformis
grown at the same location, to investigate genetic

variation in alkaloid accumulation in Nicotiana leaves.

The study will lay the theoretical basis for selectively
reducing the levels of harmful alkaloids through tra-
ditional breeding at the given location.

2 Materials and methods
2.1 Plant materials

Five commercial tobacco cultivars, including
two Chinese (Cuibiyihao and Honghuadajinyuan),
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one American (NC297), and two Zimbabwean culti-
vars (KRK26 and T66), and Nicotiana tomentosi-
formis, were chosen and used in this study. In Feb.
2011, sterilized seeds were germinated and planted in
a floating system in the World Tobacco Species
Garden, Yuxi City, Yunnan, China. The seedlings
were grown in a controlled environment greenhouse
equipped with supplemental lighting providing a
14 h/10 h light/dark cycle, and at an average temper-
ature of 25 °C during the day and 20 °C at night. Two
hundred seedlings with 7-9 true leaves were trans-
planted into an agricultural field with 60 cm between
plants within rows and 120 cm between rows. The
field design was completely random. Water, fertilizer,
and pesticides were applied, as and when required.

Plant material (free of any insects and mechan-
ical damage) was obtained from three different leaf
positions [upper (No. 17), middle (No. 12), and lower
(No. 5) leaves)] at the mature leaf stage. For sampling,
leaves from five tobacco plants were collected as a
replicate, and three independent replicates were taken
for analysis. After harvest, the leaf samples were
immediately frozen in liquid nitrogen, lyophilized to
dryness, and ground to a coarse powder with a coffee
grinder.

2.2 Sample preparation

Alkaloid was extracted from lyophilized samples
and analyzed as previously described by Cai et al.
(2011) with minor modification. A 300-mg sample of
leaf powder was added to 2.0 ml of 5% NaOH
(0.05 g/ml) in a 50 ml conical flask until mixed, and
then incubated for 15 min at room temperature. Al-
kaloids were extracted by addition of 20 ml extraction
solution [180 mg/L 2-methylquinoline and 10 mg/L
2,4"-bipyridyl (Tokyo Chemical Industry Co., Ltd.,
Tokyo) dissolved in 0.01% triethylamine (Fluka,
USA)/chloroform (Merck, Germany)] and ultrasoni-
cally extracted for 15 min at room temperature. Fol-
lowing phase separation, an aliquot of the organic
phase was filtered through a column filled with an-
hydrous sodium sulfate. The filtrate (2 ml) was
transferred to a sample vial for further analysis.

2.3 Gas chromatograph-mass spectrometry (GC-
MS) analysis

GC-MS analysis of the alkaloids in the tobacco
leaves was carried out using an Agilent 7890A GC
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interfaced to an Agilent 5975C mass-selective de-
tector (Agilent, USA), controlled by an Agilent
G1701EA GC-MSD ChemStation. Chromatographic
separations were achieved in an HP-35 (30 mx
0.250 mm, 0.25 pm film thickness) capillary column
(Agilent Technologies Inc., USA). The column tem-
perature was set to 100 °C for 3 min, and programmed
to 260 °C at 8 °C/min and kept at this temperature for
10 min. The column flow, using helium as the carrier
gas, was held constant at 1.0 ml/min. The injector
temperature was 250 °C, and the injector was set in
split mode (10:1) with an injection volume of 2 pl.

The ion source temperature was 230 °C and the
interface temperature 280 °C. Mass spectra were
recorded at 70 eV, scanned from 30 to 500 amu, and
compared to authentic standards (retention time and
mass spectra) for verification. Quantitative analysis
was carried out in selected ion monitoring (SIM)
mode. Tons were acquired in SIM mode with a solvent
cut time of 8.0 min (Cai et al., 2011).

2.4 Statistical analysis

The genetic model, including genotypex
environment interactions, was used for the analysis of
inheritance (Zhu, 1996). The model used for the
analysis was

Yi=pt GrHE+GE e,

where Y is the phenotypic mean of the cross of cul-
tivar i and leaf position j in the kth block, u is the
population mean, G; is the cultivar effect, £ is the leaf
position effect, GE;; is the cultivarxleaf position effect,
and e is the residual error.

The TestR Model was analyzed using the
MINQUE method in QGAStation 2.0 software
(http://ibi.zju.edu.cn/software/qga/v2.0/index c.htm)
for estimating variances and covariances and further
calculating the ratios of genetic variance to pheno-
typic variance. The adjusted unbiased prediction
method was adopted to estimate different effects (Zhu
and Weir, 1996). The Jackknife resampling method
(Miller, 1974) was used to calculate the standard
errors of the estimated values for #-test, and the sig-
nificance of differences was tested by #-test.

TIGR MeV software (version 4.1) was used for
t-test clustering of significant differences in alkaloid
level. The clustering of alkaloids by degree of simi-
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larity (or dissimilarity) was computed using K-mean
and Euclidian distance. Data normalization was cal-
culated using the formula x=(value—average)/standard
deviation (SD) (Scherling et al., 2009).

Statistical analysis was performed using the
SPSS package program version 11.5 (SPSS Inc.,
Chicago, IL, USA). Data were analyzed with a
one-way analysis of variance (ANOVA) model. The
variables were cultivars and leaf positions. The means
were compared through the least significant differ-
ence (LSD) test at a significance level of 0.05. The
values were reported as mean+SD.

3 Results

3.1 Composition and content of alkaloids in Nico-
tiana leaves

The leaves of five commercial tobacco cultivars
and N. tomentosiformis were evaluated to determine
variation in the amounts and types of alkaloids
present in samples grown under identical conditions
using the same analytical procedure. Six alkaloids
(nicotine, nornicotine, myosmine, anabasine, anata-
bine, and cotinine) were identified via GC-MS
(Table 1). A typical total ion chromatogram (TIC) of
the alkaloids in the tobacco leaves is shown in Fig. 1.

Six alkaloids were detected in the collection of
tobacco leaves studied (Table 2), and significant dif-
ferences were noted in the contents of total alkaloids
and of all individual alkaloids from different leaf
positions and cultivars. Nicotine was the predominant
alkaloid in all the analysed cultivars, followed by

Table 1 Data from GC-MS analysis of alkaloids in
Nicotiana leaves

Peak

RT Quantitative Qualitative

No. Alkaloid (min)  ion m/z ion m/z

1 Nicotine 10.44 84 133

2 Nornicotine 12.39 119 147

3 Myosmine 12.71 146 118

4 Anabasine 13.31 84 105

5 Anatabine 14.13 160 105

6 Cotinine 17.86 98 176
IS1 2-Methylquinoline 10.27 143 128
IS2 2,4'-Bipyridyl 14.71 156 129

IS: internal standard; RT: retention time
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Fig. 1 Total ion chromatogram (TIC) of alkaloids in Nicotiana leaves with 2-methylquinoline and 2,4'-bipyridyl
as internal standards 1 and 2 (IS1 and IS2), respectively

Table 2 Alkaloid composition and content in Nicotiana leaves (dry weight) from different leaf positions
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Leaf Nicotine Nornicotine Myosmine Anabasine Anatabine Cotinine Total alkaloids
position  (mg/g) (ng/g) (ng/g) (ng/g) (ng/g) (ng/g) (mg/g)
Cuibiyihao
Upper  20.83+0.44° 665.85£11.55"7 18.60£0.76"  238.94£0.87°% 958.70+36.98" 152440238  22.73+0.48°
Middle 14.69£0.378 608.17+1.30%  20.37+2.55™" 22736+1.1757  779.79+11.278" 16.17+1.14%  16.34+0.39¢
Lower 14.79£0.91% 608.93+56.39% 19.48+1.77¢" 223.01+1.83"7  686.62+25.53"  14.91+0.812"  16.34+0.99¢
Honghuadajinyuan
Upper  32.69+0.48° 830.65£14.79"  22.94+0.73%¢ 307.82+2.42°  1798.32+30.28" 19.48+0.08™  35.67+0.51°
Middle 18.72+1.317 611.56+10.24% 21.93+3.50°" 241.77+3.41  1006.91+44.06" 18.22+1.75°T  20.62+1.37"
Lower 18.05+0.22" 619.61+13.72"% 20.68+1.68™ 230.90+1.52™  830.23+7.38% 16.69+1.29°%  19.77+0.22°
NC297

Upper  35.55+2.06° 1164.99429.61¢ 25.49+3.70% 310.28+7.56°  1684.47£79.75° 20.92+144®  38.76+2.18"
Middle 25.0240.23° 840.64+12.757 20.66+0.20"" 266.69+1.52°  1099.48+14.75° 15.85+0.33¢  27.27+0.24°
Lower 23.27+£0.88% 706.88+22.17¢" 22.92+1.79"¢ 228.88+3.2057  743.81£30.06™ 16.75£1.04°%  24.99+0.93¢
KRK26
Upper  31.28+2.05° 1070.39+37.34° 21.58+1.99"" 293.40+6.64°  1780.93+101.30° 18.50+0.81°°  34.47+2.20°
Middle 25.99+1.00° 887.37+30.607 25.66+3.18% 255204222  1419.29+47.25° 21.82+1.33*  28.60+1.08°
Lower 15.68£0.52% 652.75+10.06™7 22.04+2.63%" 226.23+3.22"  790.94+15.008" 16.63+1.38°¢  17.39+0.54¢
T66
Upper  14.60+0.57%  679.78+16.30" 18.65+0.93"  253.79+4.27%  1149.09+37.92° 15.44+0.66° 16.72+0.63¢
Middle  9.79+0.20" 584.79+1.80% 20.06£0.265" 256.19+26.50°  808.81+19.47% 19.85+2.61°°  11.48+0.19"
Lower 22.96+0.77% 752.82+16.43% 24.03+1.44%" 247.00£2.54%°  1309.79+46.94% 18.83£0.77°¢  25.31+0.82
Nicotiana tomentosiformis

Upper  0.73+0.05" 124427+47.64° 69.41£3.24° 211.39+2.29 393.65+7.24%  11.70£0.67 2.66+0.11
Middle  0.76+0.110 2260.34+94.86° 136.12£3.26° 219.39+2.84" 507414844  12.99+1.92" 3.90+0.13%
Lower 0.35+0.03' 3342.53+95.38" 111.51+2.08" 217.30+1.50" 4932749.66  11.23+0.14' 4.5240.13'

Data are expressed mean+SD, n=3. Values in the same column followed by the same letter are not significantly different at P<0.05
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anatabine, nornicotine and anabasine. Nornicotine
was the abundant alkaloid in N. tomentosiformis, and
its content was significantly higher than that of other
alkaloids. In our work, the highest total alkaloids level
[(38.76+2.18) mg/g] was observed in the upper leaves
from NC297, while the lowest level [(2.66+
0.11) mg/g] was observed in the upper leaves from
N. tomentosiformis (Table 2).

Evaluation of alkaloid levels showed significant
differences between leaf positions in each tobacco
cultivar. In four N. tabacum cultivars, the highest
nicotine and total alkaloids levels were found in the
upper leaves (Table 2). However, there were some
exceptions. For example, the highest level of alkaloid
in T66 was in the lower leaves. The variation in the
alkaloid content among leaf positions in N. tomento-
siformis was also determined, and results indicated
that the alkaloid levels increased gradually from the
upper to the lower leaves (Table 2).

Considering N. tabacum cultivars, the highest
levels of total alkaloids were found in NC297, with a
mean value of 30.34 mg/g, followed by KRK26
(26.82 mg/g) and Honghuadajinyuan (25.35 mg/g). N.
tomentosiformis accumulated nornicotine as the ma-
jor alkaloid, with a 3.72-fold higher level than nico-
tine (Table 2). Although the nornicotine level in N.
tomentosiformis was more than twice that of found in
the N. tabacum cultivars, the nicotine content was less
than 4% of that found in the N. tabacum cultivars.

3.2 Correlations between the contents of different
alkaloids in Nicotiana leaves

The phenotypic and genotypic correlation coef-
ficients between pairs of alkaloids were extremely
significant at the 0.01 level (Table 3). According to
their values, the correlation coefficients were divided
into two categories: nornicotine and myosmine con-
tents were negatively correlated to those of the five
other alkaloids, and the contents of the other alkaloids
were positively correlated among themselves. The
highest negative phenotypic and genotypic correla-
tions (—0.724 and —0.729, respectively) were found
between myosmine and nicotine, while the highest
positive phenotypic and genotypic correlations (0.998
and 0.998, respectively) were found between nicotine
and the total alkaloids content (Table 3). The values of
phenotypic correlation in our study were almost lower
than those of the genotypic correlations. This is

probably because the phenotypic correlations include
the correlations of the interactions between the ge-
notypes and other factors.

To further elucidate the correlation between
pairs of alkaloids, different genetic effects were taken
into consideration and the genetic correlation coeffi-
cient was divided into component parts (Table 3). The
correlation coefficients of cultivar and cultivarxleaf
position interaction in our work were significant,
whereas fewer than half of the leaf position correla-
tions were significant. As in the case of the pheno-
typic and genotypic correlation coefficients, nornico-
tine and myosmine were compared with the other
alkaloids. The correlations with other alkaloids based
on cultivars were negative and extremely significant,
with R? values close to —1.000. Interestingly, the leaf
position correlation coefficients for nornicotine and
other alkaloids were zero, while the values of myos-
mine and other alkaloids (except nornicotine) were
close to —1.000 and not significant. However, the cor-
responding correlation coefficients for the cultivarx
leaf position interaction were positive and highly
significant. The highest positive cultivar correlation
coefficients were those among nicotine, anabasine, and
total alkaloids, while nornicotine was negatively
correlated with nicotine and total alkaloids, and
myosmine was negatively correlated with anabasine
and anatabine.

The variation in the alkaloid levels of tobacco
leaves among leaf positions and cultivars was visua-
lized by #-test clustering (Fig. 2). Significant variation
was found among the six alkaloids. Nornicotine and
myosmine were separated from the other alkaloids by
clustering (Fig. 2). In addition, the percentages of
nornicotine and myosmine were significantly lower in
commercial tobacco than in N. tomentosiformis.

3.3 Variance analysis of genetic effects

Analysis of the results using the TestR Model in
QGAStation showed that total and individual alkaloid
levels were markedly affected at the 0.01 level by cul-
tivar and cultivarxleaf position interaction (Table 4).
Apart from anabasine and anatabine, the alkaloid
concentrations were primarily determined by the cul-
tivar effect, with the genetic component accounting for
more than 50% of the variance. In particular, the va-
riance of the cultivar effect on myosmine was as high
as 85.0%, which was about six times the genetic
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Table 3 Correlation coefficients between pairs of alkaloids in Nicotiana leaves

Trait Nicotine ~ Nornicotine Myosmine Anabasine  Anatabine Cotinine Total alkaloids
Nicotine —0.540" -0.724" 0.810" 0.891" 0.744" 0.998"
—0.544"" -0.729" 0.827" 0.891"" 0.793" 0.998™

Nornicotine ~ —1.000" 0.881" -0.275" -0.364" -0.556"" -0.488"
0.000 0.883"" -0.283" -0.367"" -0.598" -0.492"
0.468"

Myosmine —0.969" 1.000" —0.443"  -0.544"  —0.629" —0.684"
-1.000 0.000 -0.456"" —0.549" -0.695"" -0.689"
0.439" 0.637"

Anabasine 1.000™ -1.000"" -1.000"" 0.927" 0.642" 0.829"
0.9917 0.000 -1.000 0.944" 0.725" 0.846"
0.759" 0.696"" 0.513"

Anatabine 0.940" -1.000"" -1.000"" 0.981" 0.731" 0.906"
0.975™ 0.000 -1.000 1.000" 0.782" 0.906™"
0.955" 0.642"" 0.519" 0.879"

Cotinine 0.938" -1.000"" -1.000"" 1.000"™ 1.000" 0.735™
-0.988 0.000 -0.214 1.000° 0.629° 0.783"
0.692" 0.237" 0.211" 0.636" 0.620"

Total alkaloids ~ 1.000™ -1.000"" -0.969"" 1.000"™ 0.927" 0.937"
1.000™ 0.000 -1.000 0.992" 0.973" -1.000
0.996" 0.543" 0.481" 0.794" 0.972" 0.680""

The phenotypic correlation coefficient and genotypic correlation coefticient were in the upper and lower lines in the upper right corner of
the table, respectively. The variety correlation coefficient, leaf position correlation coefficient, and varietyxleaf position interaction
correlation coefficient were in the upper, middle, and lower lines in the lower left corner of the table, respectively. ~ and ™" indicate
significance at 0.05 and 0.01 probability levels in the same column, respectively

051580
0.242089

Nornicotine
Myosmine

r Nicotine
‘ Anabasine

Anatabine
Cotintine

Fig. 2 Significant differences in the alkaloid levels of Nicotiana leaves from different positions on the plant, illu-
strated by #-test clustering

‘A—F’ stand for the cultivars, as follows: Cuibiyihao, Honghuadajinyuan, NC297, KRK26, T66, and Nicotiana tomento-
siformis, respectively. Numbers ‘1-3 stand for the three replicates of the upper leaves, ‘4—6’ stand for the three replicates
of the middle leaves, ‘7-9’ stand for the three replicates of the lower leaves. The clustering visualizes the abundance of the
alkaloids in each of the samples ranging from high (red) to average (black) to low (green). Data normalization results from
the formula x=(value—average)/SD (Note: for interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article)

Table 4 Estimated proportions of variance components for alkaloids in Nicotiana leaves

Parameter Nicotine  Nornicotine Myosmine  Anabasine  Anatabine Cotinine Total alkaloids
Vel Ve 0.686" 0.580" 0.850" 0.249" 0.343" 0.544" 0.633"
Vi/ Ve 0.085" 0.000 0.001 0.320" 0.227" 0.004 0.089”
Vei/Ve 0.223" 0.418" 0.145" 0.385" 0.423" 0.313" 0.271"
VoV 0.006" 0.003 0.004" 0.046" 0.007" 0.139™ 0.007"

Vc/Vp: ratio of cultivar variance to phenotypic variance; V/Vp: ratio of leaf position variance to phenotypic variance; Ve /Vp: ratio of
cultivarxleaf position interaction variance to phenotypic variance; ¥./V5: ratio of error variance to phenotypic variance. “ and * indicate
the significance at 0.05 and 0.01 probability levels in the same column, respectively
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interaction variance. Unlike the other alkaloids, al-
though the cultivar variances for anabasine and anata-
bine were significant, the values were smaller than
those of their interaction effects. In addition, the leaf
position effects on anabasine and anatabine were equal
to their genetic variance components at 32.0% and
22.7%, respectively. However, the leaf position va-
riances of other alkaloids were much lower and not
significant (Table 4). Taken together, the data demon-
strated that the cultivar effect played the major role in
determining the accumulation of alkaloids in the to-
bacco leaves, but for anabasine and anatabine the effect
of the cultivarxleaf position interaction could not be
ignored.

4 Discussion
4.1 Alkaloid content

In this study, we found significant differences in
alkaloid content among different cultivars and leaf
positions. The highest level of total alkaloids in M.
tabacum was found in NC297, with a mean value of
30.34 mg/g. The lowest content was found in T66,
which had less than 60% of the total alkaloids content
found in NC297. From a random examination of 152
cultivars of Nicotiana tabacum, Djordjevic and Doran
(2009) found a range of alkaloid contents between 1.7
and 49.3 mg/g. Our results showed that the total al-
kaloids content in N. tabacum was obviously higher
than that in N. tomentosiformis (Table 2). N. tabacum
is a natural allotetraploid derived from the interspe-
cific hybridization of ancestral N. sylvestris and N.
tomentosiformis, while N. tomentosiformis is a dip-
loid species (Gavilano et al., 2007; Zhao et al., 2011).
The differences in species and ploidy between N.
tomentosiformis and commercial tobacco (N. taba-
cum) may be the cause of the differences in alkaloid
accumulation between them. In addition, the alkaloid
content in the upper leaves was evidently higher than
those of the middle and lower leaves of N. tabacum
(Table 2). Similar results have been reported pre-
viously (Djordjevic et al., 1989; Shi et al., 2001; Lin
et al., 2002). Djordjevic et al. (1989) found that in
NC95, the contents of nicotine, nornicotine, and
anatabine from upper stalk positions exceeded those
from lower and middle stalk positions.

In this study, all five N. tabacum cultivars and M.

tomentosiformis were grown at the same location.
Different from our results, Lin et al. (2002) found that
the total alkaloids contents of upper, middle, and
lower leaves of plants grown in Cuibiyihao in Fujian
Province, Southeast China, were 51.35, 41.19, and
28.06 mg/g, respectively. Yunnan Province is located
in Southwest China and is influenced by a low lati-
tude plateau, mountainous terrain, a monsoon climate
with strong ultraviolet light, long total sun exposure
time, relatively stable average temperature, and dis-
tinct, alternating dry and rainy seasons (Zhang et al.,
2013). The huge differences between locations in
temperature, illumination, water, and soil conditions
might be responsible for the large differences found in
the alkaloid contents from the same cultivars and leaf
positions.

In most previous studies, baked tobacco leaves
were used (Shi et al., 2001; Lin et al., 2002; Lian et al.,
2008). However, each step in the processing of to-
bacco leaves that affects plant metabolism may result
in changes in the alkaloid content to a certain degree
(Djordjevic and Doran, 2009). Djordjevic et al. (1989)
found that the contents of nicotine, nornicotine, ana-
tabine, and anabasine increased in NC95 from har-
vesting through curing. By using fresh leaves, we
were able to exclude the effects of various curing
methods on alkaloid content.

4.2 Genetic variation in alkaloid accumulation

Nicotine is synthesized in the roots of tobacco
plants and is transported via the xylem to the shoots
(Hibi et al., 1994; Shi et al., 2006). Besides biosyn-
thesis, transportation, phytohormones, and other
unknown regulatory factors also influence the levels
of alkaloids in tobacco leaves. All these factors vary
between cultivars and give rise to genotype variation.
Therefore, analysis of genetic effects on alkaloid
accumulation in tobacco leaves is needed. In the
present study, total alkaloids levels were significantly
affected by a cultivar effect, and the different indi-
vidual alkaloids varied in their response to the cultivar
effect (Table 4). The highest variance ratio for the
cultivar effect (V¢/Vp, ratio of cultivar variance to
phenotypic variance) was for one of the carcinogenic
alkaloids, myosmine, which had a concentration as
high as 85.0% and for which the variance ratio was
more than three times that of anabasine (V¢/Vp=
0.249). Such differences indicate a high potential for
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improvement of the composition and content of
alkaloids.

The analysis of genetic effects is widely used to
improve the quality of many crops. Shi et al. (1996)
investigated genetic effects in indica rice, and re-
ported that nutrient quality traits were controlled by
cytoplasmic and maternal effects, and by direct seed
effects. Thus, they proposed that selection could be
applied to these traits in early generations. Significant
negative correlations between fibre color and lint
percentage, fibre length, and elongation, indicated
that the lint percentage and fibre qualities of brown
cotton could be improved by taking advantage of
environmental variation (Feng et al., 2011). Therefore,
it is important to evaluate genetic effects on alkaloid
accumulation in tobacco leaves. In our study, the
alkaloid profiles varied among different cultivars and
leaf positions of plants grown in Yunnan Province.
Using the alkaloid content data, the genetic effects of
alkaloid accumulation were analyzed for the given
location.

The results showed that the contents of nornico-
tine and myosmine were significantly and positively
correlated (Table 3), and that they clustered separately
from those of other alkaloids (Fig. 2). Previous stu-
dies indicating that nornicotine is converted by nico-
tine in the leaf, were confirmed by 2'-'*C-labeled
alkaloid feeding experiments (Zador and Jones, 1986).
Siminszky et al. (2005) found that the demethylation
of nicotine to nornicotine was catalyzed by the cy-
tochrome P450 enzyme CYP82E4. Nornicotine was
also shown by an analytical method to be the possible
precursor of myosmine (Leete and Chedekel, 1974;
Zwickenpflug et al., 1998). These observations might
explain why the phenotypic and genotypic correla-
tions for nornicotine and myosmine were so different
from those of other alkaloids.

Because of their potential carcinogenic proper-
ties, the accumulation of nornicotine and myosmine
in tobacco plants is undesirable. Previous studies have
shown that the nornicotine content can be reduced by
molecular biotechnology (Gavilano et al., 2006) and
hybrid technology (Shi et al., 2007). However, these
methods were focused mainly on burley converter
plants, not burley non-converters or other kinds of
tobacco, such as flue-cured tobacco. In addition, there
was no associated decline in the contents of other
alkaloids. In our study, highly positive correlations
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between nornicotine and myosmine indicated that
they could be reduced simultaneously. Our genetic
analysis implied that some particular cultivars (for
instance, Cuibiyihao and NC297) could be selected to
breed new cultivars that contain a normal content of
nicotine, but low contents of nornicotine and myos-
mine. Therefore, our results suggest that there is good
potential to manipulate alkaloid content via conven-
tional breeding.

5 Conclusions

In summary, six alkaloids were separated and
identified via GC-MS, and significant differences
were noted among different leaf positions and culti-
vars in both total alkaloid content and individual al-
kaloid profiles. Analysis of genetic correlations
showed that the correlation between nornicotine and
myosmine content was extremely significant and
positive. Nornicotine and myosmine contents were
also separated from those of other alkaloids by #-test
clustering. In summary, it is feasible to reduce the
content of harmful alkaloids in specific cultivars by
conventional breeding based on the genetic analysis
of parental lines.
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