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Abstract
Background: Nicotine is a stimulant and potent parasympathomimetic alkaloid that accounts for 96–98% of
alkaloid content. A reduction in the amount of nicotine in cigarettes to achieve a non-addictive level is necessary.
We investigated whether replacing tobacco root with eggplant by grafting can restrict nicotine biosynthesis and
produce tobacco leaves with ultra-low nicotine content, and analyzed the gene expression differences induced by
eggplant grafting.
Results: The nicotine levels of grafted tobacco leaves decreased dramatically. The contents of nornicotine,
anabasine, NNN, NNK, NAT, total TSNAs and the nicotine of mainstream cigarette smoke decreased, and the
contents of amino acids and the precursors of alkaloids increased in grafted tobacco. Eggplant grafting resulted in
the differential expression of 440 genes. LOC107774053 had higher degrees in two PPI networks, which were
regulated by LOC107802531 and LOC107828746 in the TF-target network.
Conclusions: Replacing tobacco root with eggplant by grafting can restrict nicotine biosynthesis and produce
tobacco leaves with ultra-low or zero nicotine content. The differential expression of LOC107774053 may be
associated with eggplant grafting.
Keywords: Nicotine content, Tobacco, Grafting, Differentially expressed genes, Transcription factors

Background
Alkaloids are a class of naturally occurring organic compounds that primarily contain basic nitrogen atoms [1].
Nicotine is a stimulant and potent parasympathomimetic
alkaloid found in the nightshade family of plants, Solanaceae, and a stimulant drug present in tobacco [2].
Additionally, nicotine is the most important neuroteratogen component of tobacco smoke [3]. As the main active component in tobacco leaves, nicotine can induce
addiction [4, 5]. Benowitz et al. [6] first put forward the
idea that reducing tobacco nicotine content below the
threshold of addiction could effectively reduce smokers’
dependence on tobacco. The food and drug administration has considered forcing a reduction in the amount of
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nicotine in cigarettes to achieve a non-addictive level [7].
The World Health Organization suggests that the nicotine content in cigarette tobacco should be reduced
below 0.4 mg/g [8] to between 0.2 and 0.3 mg/g, which is
lower than the threshold of maintaining addiction [6].
Therefore, studies relating to low/ultra-low nicotine tobacco technology and its influence on tobacco quality
are urgently needed.
Current techniques for reducing nicotine content in
tobacco include mutation breeding [9], chemical and
agronomic regulation [10], and industrial methods [11].
However, these methods have some limitations. For example, the range of chemical and agronomic regulation
to reduce nicotine content in tobacco leaves is very limited [12]. Inhibition or knockout of the key genes of
nicotine synthesis can effectively reduce nicotine synthesis and content in tobacco leaves to levels of near zero,
but it is difficult to apply this in production due to the
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impact on quality and restrictions on genetically modified
organisms [13, 14]. Industrial methods, such as chemical
extraction, can reduce nicotine content in tobacco leaves
to very low levels, but they also have adverse effects, such
as the decrease of aroma components [11].
Grafting can delay the occurrence of tobacco bacterial
wilt, reduce the incidence and disease index, and increase
the yield, output value, and average price of tobacco plants
[15]. The synthetic site of tobacco nicotine is located at
the root [16]. The resistance of grafted eggplant seedlings
with tobacco as scion to bacterial wilt is increased [17]. In
1942, Dawson [16] grafted tobacco on tomato and found
that there was no significant accumulation of nicotine in
tobacco leaves or stems when the tobacco scion was
grown on tomato rootstock. Because this study mainly focused on the distribution of nicotine between stock and
scion in reciprocal grafts of tobacco and tomato, there was
no experiment about chemical composition detection as
well as gene expression changes.
Therefore, in the current study, using flue-cured tobacco as scion and eggplant of the same family as rootstock, the interspecific grafting technology of tobacco
and eggplant was explored, and the agronomic characteristics and chemical composition of fresh and roasted
tobacco were determined during the growth and development of the plants. The effects of ultra-low nicotine
content on the sensory quality of tobacco leaves and
some harmful components in tobacco leaves and smoke
were clarified. Furthermore, the gene expression differences induced by eggplant grafting were explored via

Page 2 of 10

bioinformatics analyses for the tobacco/tobacco and tobacco/eggplant groups, which included principal component analysis (PCA), differentially expressed genes (DEGs)
analysis, gene ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway enrichment analysis, protein-protein interaction (PPI) network analysis,
and transcription factors (TFs)-target network analysis.
We aimed to study whether replacing tobacco root with
other species by grafting restricts nicotine biosynthesis
and produces tobacco leaves with ultra-low or zero nicotine content.

Results
Agronomic traits

There were no significant differences in maximum
leaf length and width, plant height, stalk circumference, or internode between tobacco/tobacco and tobacco/eggplant groups without hilling up as well as
tobacco/eggplant with hilling up 65 and 80 days after
grafting (P < 0.05) (Fig. 1).
Alkaloids

The alkaloid contents in tobacco leaves significantly decreased and the proportion of anabasine to total alkaloids increased with tobacco and eggplant grafting.
Nornicotine and anatabine contents were not detectable
in fresh leaves produced by tobacco and eggplant grafting. The nicotine levels of grafted tobacco leaves decreased dramatically, with nicotine content in fresh
tobacco leaves being lowered to 0.08% and in flue-cured

Fig. 1 The effect of tobacco and eggplant grafting on agronomic traits of flue-cured tobacco
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without hilling up were the lowest. According to the
total amino acid contents, there were significant differences between tobacco/eggplant without hilling up as
well as tobacco/eggplant with hilling up and tobacco/tobacco (P < 0.05). No significant difference between tobacco/eggplant without hilling up and tobacco/eggplant
with hilling up were observed, and the total amino acid
contents of tobacco/eggplant treatments were significantly higher than the control (Tables S1 and S2). In
summary, tobacco and eggplant grafting was conducive
to the accumulation of amino acids.
For the 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNN), (R,S)-N-nitrosoanatabine (NAT), (R,S)-Nnitrosoanabasine (NAB), 4-(methylnitrosamino)-1-(3pyridyl)-1-butanone (NNK), and total TSNAs contents
of tobacco produced by grafting, there were significant
differences compared to the control (P < 0.01). The
NNN, NNK, and total TSNA contents of the upper leaf
in the tobacco/eggplant without hilling up were 82.71,
79.46, and 68.78% lower than for the control, respectively. The NNN, NNK, and total TSNA contents of the
middle leaf in the tobacco/eggplant without hilling up
were 79.68, 79.80, and 68.63% lower than in the control,
respectively. The decrease of total TSNA content was
mainly caused by the decrease of NNN and NNK contents (Table S3).

leaves to 0.09% (decreased 95% compared to tobacco/tobacco control). The proportion of nicotine to total alkaloids decreased, and the proportions of nornicotine,
anabasine, and anatabine in total alkaloids increased in
fresh and cured tobacco leaves (Tables 1 and 2).
Feeding selection behavior

The results of feeding selection behavior showed that
(Fig. S1), under the same conditions, the ultralow nicotine tobacco/eggplant leaves were preferred, and the
feeding area of the tobacco/eggplant increased significantly over time. However, there was no significant difference in the feeding area of the control. When the leaf
area of low nicotine tobacco was zero, the Heliothis
assulta began to eat the control leaves.
Main chemical constituents

Significant differences were found for fresh tobacco in
total nitrogen, total sugar, reducing sugar, and nicotine
after grafting (P < 0.05). The total nitrogen contents increased, and total sugar, reducing sugar, and nicotine
significantly decreased in tobacco/eggplant with hilling
up. After grafting, significant differences were observed
in the chemical composition of cured tobacco (P < 0.05).
Nicotine was 95% lower than the control in both the
upper and middle leaves. Starch of the upper and middle
leaves increased by 79 and 55% for tobacco/eggplant
without hilling up compared to the control, respectively
(Tables 3 and 4).
After grafting, significant differences were observed in
amino acids between tobacco with eggplant grafting and
the control in fresh and cured tobacco leaves (P < 0.05).
In fresh tobacco leaves, except for the contents of Tyr,
the amino acid contents of the tobacco leaves grafted
with eggplant were significantly higher than the control.
In cured tobacco leaves grafted with eggplant, significant
differences were observed in amino acids (P < 0.05), and
the contents of Glu, Tyr, and Phe in tobacco/eggplant

Characteristics of smoke and changes of sensory
response

There was no significant difference in the total particulate matter, tar in smoke, or carbon monoxide emissions
among tobacco/tobacco, tobacco/eggplant without hilling up, and tobacco/eggplant with hilling up treatments
(P < 0.05). There were significant differences in nicotine
release compared to the control (P < 0.01). The nicotine
release of the tobacco/eggplant without hilling up and
tobacco/eggplant with hilling up were 94.12 and 92.66%
lower than tobacco/tobacco, respectively. The results

Table 1 Effect of tobacco and eggplant grafting on alkaloid contents in fresh tobacco
Time/d Treatments

Alkaloid content (%)
Nicotine

65

80

Tobacco/tobacco

Percentage of total alkaloids (%)

Nornicotine Anabasine

0.4876 ± 0.02aA 0.0239

Anatabine Total alkaloids

Nicotine Nornicotine Anabasine Anatabine

0.0052 ± 0aA 0.0249

0.5416 ± 0.01aA 90.03

4.41

0.96

4.6

Tobacco/eggplant 0.0834 ± 0cC
without hilling up

–

0.0049 ± 0bB –

0.0883 ± 0cC

94.45

–

5.55

–

Tobacco/eggplant 0.1416 ± 0bB
with hilling up

–

0.0048 ± 0bB –

0.1464 ± 0.01bB 96.72

–

3.28

–

0.0046 ± 0aA 0.0317

0.7047 ± 0.01aA 90.83

4.02

0.65

4.5

Tobacco/tobacco

0.6401 ± 0.01aA 0.0283

Tobacco/eggplant 0.0804 ± 0cC
without hilling up

–

0.0034 ± 0cC –

0.0838 ± 0cC

95.94

–

4.06

–

Tobacco/eggplant 0.1507 ± 0bB
with hilling up

–

0.0039 ± 0bB –

0.1546 ± 0.01bB 97.48

–

2.52

–

Note: The difference between treatments is significant (P < 0.05) if the same number is not marked with the same lowercase letter and the difference between
the treatments is extremely significant (P < 0.01) without the same capital letter
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Table 2 Effect of tobacco and eggplant grafting on alkaloid contents in cured tobacco
Position Treatments

Alkaloid content (%)

Upper
leaf

1.9237 ± 0.02aA 0.0460 ± 0aA

Nicotine

Middle
leaf

Tobacco/tobacco

Nornicotine

Percentage of total alkaloids (%)
Anabasine

Anatabine

Total alkaloids

Nicotine Nornicotine Anabasine Anatabine

0.0175 ± 0aA

0.0672 ± 0aA

2.0544 ± 0.02aA

93.64

0.0087 ± 0cC

–

0.1123 ± 0cC

2.24

0.85

3.27

Tobacco/eggplant 0.0999 ± 0cC
without hilling up

0.0037 ± 0cC

88.96

3.20

7.84

–

Tobacco/eggplant 0.2742b ± 0B
with hilling up

0.0109 ± 0bB 0.0168 ± 0bB 0.0118 ± 0bB 0.3137 ± 0.01bB 87.41

3.47

5.36

3.76

Tobacco/tobacco

1.9423 ± 0.03aA 0.0664 ± 0aA

0.0110 ± 0bB 0.0714 ± 0aA

Tobacco/eggplant 0.1068 ± 0cC
without hilling up

–

Tobacco/eggplant 0.3205 ± 0bB
with hilling up

0.0134 ± 0bB 0.0228 ± 0aA

0.0094 ± 0cC

–

2.0911 ± 0.03aA

92.88

3.18

0.53

3.41

0.1162 ± 0cC

91.91

–

8.09

–

3.62

6.15

3.73

0.0138 ± 0bB 0.3705 ± 0.01bB 86.5

Note: The difference between treatments is significant (P < 0.05) if the same number is not marked with the same lowercase letter and the difference
between the treatments is extremely significant (P < 0.01) without the same capital letter

showed that tobacco and eggplant grafting can control
nicotine release in cigarette smoke to a large extent
(Fig. 2a).
For the effect of tobacco and eggplant grafting on the
sensory quality, the upper and middle leaves of cured tobacco were the same. Compared to the control, there was a
smaller reduction in aroma quality, undesirable taste, and
after taste in the tobacco/eggplant with hilling up and tobacco/eggplant without hilling up, and there were no differences in concentration, irritancy, and burning quality. After
grafting with eggplant, there were significant changes in the
quality of the aroma and impact (Fig. 2b, c).
The effect of upper leaves on the response of smokers was
the same with middle leaves. Compared to the control, the
satisfaction, pleasure, and acceptance of the tobacco/eggplant with hilling up and tobacco/eggplant without hilling
up were lower than the control. The scores of satisfaction,
pleasure, and acceptance between the tobacco/eggplant with
hilling up and tobacco/eggplant without hilling up were the
same. The results showed that the ultra-low nicotine tobacco produced by the grafting of tobacco and eggplant had
an effect on the smokers’ reactions (Fig. 2d).

Data preprocessing

A total of 49.54 G raw data were obtained through sequencing, and 48.80 G clean data were obtained after

screening. After data preprocessing, 45,956 genes were
obtained for the present study.
Correlation analysis and PCA between samples

The correlation coefficient P between the samples was
0.982–1. The mean of similarity in the intra-group sample was 0.9999, and in the inter-group sample was 0.983
(Fig. S2a). PCA results showed that the tobacco/tobacco
group was obviously separated from the tobacco/eggplant group (Fig. S2b).
DEGs analysis

After analysis, 440 DEGs (212 up- and 228 downregulated) were obtained between the tobacco/tobacco
group and tobacco/eggplant group 2. The heatmap and
volcano plot (Fig. S3) indicated that DEGs could separate the samples completely according to pre-grouping
(tobacco/tobacco group and tobacco/eggplant group),
suggesting that these genes were associated with different alkaloid synthesis capabilities.
GO and KEGG pathway enrichment analyses

The analyses showed that 440 DEGs were enriched in 78
MF, 23 CC, 180 BP, and 12 KEGG pathways. The top 10
GO and all KEGG pathways are presented in Fig. S4.
The genes were significantly enriched in the pathway of
vitamin B6 metabolism, transporters, and riboflavin

Table 3 Effect of tobacco and eggplant grafting on the chemical composition of fresh tobacco
Time /d

Treatments

Total nitrogen

Total sugar

Reducing sugar

Nicotine

65

Tobacco / tobacco

3.50 ± 0.15cB

8.23 ± 0.30aA

7.79 ± 0.10aA

0.75 ± 0.02aA

Tobacco / eggplant without hilling up

4.17 ± 0.08bA

7.32 ± 0.27bB

6.78 ± 0.33bB

0.07 ± 0cC

Tobacco / eggplant with hilling up

4.35 ± 0.19aA

7.35 ± 0.33bB

5.93 ± 0.27cC

0.15 ± 0.01bB

Tobacco / tobacco

2.54 ± 0.01cC

8.43 ± 0.22aA

6.10 ± 0.17aA

1.16 ± 0.04aA

Tobacco / eggplant without hilling up

2.84 ± 0.02aA

5.78 ± 0.13cC

3.90 ± 0.10cC

0.06 ± 0cC

Tobacco / eggplant with hilling up

2.71 ± 0.10bB

6.75 ± 0.24bB

5.39 ± 0.21bB

0.21 ± 0.01bB

80

Note: The difference between treatments is significant (P < 0.05) if the same number is not marked with the same lowercase letter and the difference between
the treatments is extremely significant (P < 0.01) without the same capital letter
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Table 4 Effect of tobacco and eggplant grafting on the chemical composition of cured tobacco
Position

Treatments

Protein

Upper leaf

Tobacco / tobacco

13.89 ± 0.33bA 19.30 ± 0.18aA 17.17 ± 0.25aA

Tobacco / eggplant without hilling up 14.15 ± 0.07aA
Tobacco / eggplant with hilling up

Total sugar

Reducing sugar Nicotine

18.12 ± 0.47bB 15.84 ± 0.12cB

Total nitrogen Starch

1.89 ± 0.03aA 3.11 ± 0.03cB

3.05 ± 0.08cC

0.10 ± 0.01bB 3.21 ± 0.01aA

5.46 ± 0.05aA

14.26 ± 0.21aA

18.98 ± 0.30aA 16.13 ± 0.10bB

0.27 ± 0.01bB 3.15 ± 0.07bA

3.41 ± 0.14bB

12.27 ± 0.43bB

16.87 ± 0.44aA 15.79 ± 0.25aA

2.00 ± 0.04aA 2.34 ± 0.03bB

3.41 ± 0.03cB

Tobacco / eggplant without hilling up 13.60 ± 0.30aA

14.88 ± 0.02bB 12.77 ± 0.18bB

0.11 ± 0.01bB 2.45 ± 0.05aA

5.29 ± 0.22aA

Tobacco / eggplant with hilling up

14.00 ± 0.05bB 12.26 ± 0.32bB

0.31 ± 0.02bB 2.49 ± 0.08aA

3.67 ± 0.16bB

Middle leaf Tobacco / tobacco

13.85 ± 0.12aA

Note: The difference between treatments is significant (P < 0.05) if the same number is not marked with the same lowercase letter and the difference between
the treatments is extremely significant (P < 0.01) without the same capital letter

metabolism, and the BP of the cellular response to phosphate starvation, cellular response to external stimulus,
and phosphate ion homeostasis.
PPI network construction and network degree analysis

PPI networks for Nicotiana sylvestris (Fig. S5a) and Nicotiana tomentosiformis (Fig. S5b) were constructed.
There were 113 protein nodes and 167 protein pairs in
the PPI network for N. sylvestris. There were 104 protein
nodes and 142 protein pairs in the PPI network for N.
tomentosiformis. After network degree analysis, the corresponding proteins of LOC107758934, LOC107774053,
LOC107792960, LOC107820178, LOC107821210, and
LOC107824707 had higher degrees in two networks and
might be hub proteins.
PPI module analysis

A module was identified in PPI for Nicotiana sylvestris
(Fig. S6a). It included 10 proteins (nine up- and one
down-regulated) corresponding to 13 genes. GO and
KEGG pathway analyses showed that these 13 genes
were enriched in 27 MF, 17 CC, 58 BP (e.g., nucleosome
assembly, chromatin assembly, and protein-DNA complex assembly), and two KEGG (chromosome and associated proteins and exosome) pathways. The top 10
results are presented in Fig. S6b.
TFs prediction and TF-target network construction

TFs were predicted and the TF-target network is presented in Fig. S7. The TF-target network includes seven
TFs (LOC107789709, LOC107827800, LOC107802531,
LOC107828746, LOC107777554, LOC107767686, and
LOC107765920) and 58 differentially expressed target
genes regulated by these TFs. LOC107774053, regulated
by LOC107802531 and LOC107828746, had higher degrees in the PPI network.

Discussion
Our present grafting results show that the nicotine levels
of grafted tobacco leaves decreased dramatically, while
the botanical and agronomic characteristics of the tobacco leaves did not change significantly in the tobacco

and eggplant grafting group. The contents of nornicotine
and anabasine decreased, and the contents of amino
acids and the precursors of alkaloids increased significantly in grafted tobacco. Higher levels of protein,
starch, and total nitrogen and lower levels of sugar
contents were also observed. The contents of NNN,
NNK, NAT, total TSNAs, and the nicotine of mainstream cigarette smoke decreased significantly. Bioinformatics analysis revealed 440 DEGs in the leaves
of grafted tobacco, which were significantly enriched
in the pathways of vitamin B6 metabolism and transporters and riboflavin metabolism. LOC107774053
had higher degrees in two PPI networks, which were
regulated by LOC107802531 and LOC107828746 in
the TF-target network.
In this study, the growth appearance and characteristics of grafted tobacco were similar to those of the control. The tobacco grafted with eggplant had an effect on
the contents of the chemical components in tobacco
leaves, and the contents of the amino acids and protein
in grafted tobacco were higher than in the control. The
decrease in sugar content may be correlated with the
distribution and metabolism changes of carbon and nitrogen. The amino acids of the tobacco grafted with eggplant may not enter the alkaloid synthesis pathway and
may be used more in protein synthesis or other metabolic pathways. The low content of nicotine was still detected in the tobacco/eggplant without soil covering,
which indicated that it had a weak ability for nicotine
synthesis. However, further studies are required regarding whether the trace nicotine came from the eggplant
or grafted sections. This result was in accordance with
the findings of Dawson [16]. There was no significant
accumulation of nicotine in tobacco leaves or stems
when the tobacco scion grew on tomato rootstock. He
also found that the nicotine remained in the stem and
lower leaves, initially present in the scion, and leaves and
stem tissues that subsequently developed were nicotinefree. In our study, adventitious roots were induced from
the base of scion by culturing, and the nicotine content
of the tobacco leaves increased significantly compared to
that of the grafted tobacco without soil, indicating that
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Fig. 2 a: The effect of tobacco and eggplant grafting on the composition of mainstream cigarette smoke; b: The effect of tobacco and eggplant
grafting on the sensory quality in upper tobacco leaves; c: The effect of tobacco and eggplant grafting on the sensory quality in middle tobacco
leaves; d: The effect of tobacco and eggplant grafting on the response of smokers

the adventitious roots of scions could synthesize nicotine; thus, the soil culture affected the nicotine synthesis
of adventitious roots. In addition, the content of anabasine in grafted tobacco leaves did not decrease

synchronously with the content of nicotinic acid, but its
proportion in total alkaloid content increased significantly, which might be due to anabasine having a synthetic ability in leaves [18].
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For the present study, the contents of NNN, NNK,
NAT, and total TSNAs decreased significantly with the
decrease in nicotine content after grafting with eggplant.
Furthermore, the total particulate matter, tar, and carbon monoxide in cigarette smoke after grafting were
similar to those of the control, and the nicotine content
in flue gas was significantly lower than in the control.
After reducing the nicotine content of tobacco leaves by
grafting technology, the aroma quality and quantity, undesirable taste, impact, irritancy, satisfaction, pleasure,
and acceptance decreased. Nicotine and alkaloids are the
precursors of TSNAs, and there is a direct correlation
between tobacco alkaloids and TSNAs [19, 20]. There
was a significant positive correlation between the content of TSNAs and alkaloids in tobacco leaves under the
same conditions of nitrate nitrogen content and a modulating environment [21]. The contents of nicotine and
nornicotine were positively correlated with the contents
of NNN and TSNA [22]. Nicotine and total nitrogen
contents in tobacco leaves are the main influencing factors of tobacco internal quality and sensory quality [23].
Nicotine was the main chemical component restricting
the taste quality of flue-cured tobacco [24]. Based on
conventional breeding and chemical extraction, the quality and sensory quality of ultra-low nicotine tobacco
leaves is poor, thus, the consumer acceptance degree is
reduced, and it is difficult for this to be used in cigarette
formulations [25]. The contents of nicotine in flue-cured
tobacco were correlated with aroma quality and the neutral aroma substance content of tobacco leaves [23]. Due
to the low nicotine content, it cannot meet the physiological requirements for smoking. The satisfaction and
pleasure of smokers are not met, which affects the acceptance of the tobacco leaves. Therefore, the decrease
of nicotine content has an effect on the quality of TSNA,
aroma, and sensory quality of tobacco leaves.
In the present bioinformatics analysis, the PPI module
analysis showed that DEGs were significantly enriched in
the BPs of nucleosome assembly, chromatin assembly,
and protein-DNA complex assembly, and chromosome
pathways and associated proteins and exosomes. Nucleosome assembly following DNA replication, DNA repair,
and gene transcription is critical for the maintenance of
genome stability and epigenetic information [26]. Chromatin assembly is a fundamental biological process that
is essential for the replication and maintenance of the
eukaryotic genome [27]. As mentioned above, nicotine was
synthesized in the tobacco root [16], which may explain the
phenomenon that none of the enriched KEGG pathways
and GO terms of DEGs were related to nicotine biosynthesis. LOC107774053 had higher degrees in two PPI networks, which were regulated by LOC107802531 and
LOC107828746 in the TF-target network. Therefore, we
speculated that the differentially expressed LOC107774053
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after eggplant grafting may be regulated by LOC107802531
and LOC107828746. Further studies are needed to verify
our conjectures.

Conclusions
In conclusion, replacing tobacco root with eggplant by grafting can restrict nicotine biosynthesis and produce tobacco
leaves with ultra-low or zero nicotine content. However, the
underlying molecular mechanisms need to be verified.
Methods
Study design and materials

A pot experiment was conducted in 2017 using eggplant
(Solanum melongena L.) as rootstock and flue-cured variety Yunyan 87 as scion. There were three groups: (1)
the control group of tobacco/tobacco, both scions and
rootstock were Yunyan 87; (2) tobacco (scion)/eggplant
(rootstock) group 1 without hilling up and without soil
covering the bottom of the scion; (3) tobacco (scion)/
eggplant (rootstock) group 2 with hilling up and with
soil covering beyond the grafting interface to induce the
adventitious roots of tobacco. The plant materials used
in this study were obtained from the Luoyang Tobacco
Company and Henan Agricultural University.
Selection behavior of Heliothis assulta

This experiment was carried out in a 39 × 54 cm foam
incubator with humidity maintained at a constant level
to prevent the tobacco leaves from wilting. The fresh tobacco leaves (top tender leaves) were collected and the
treated and control leaves were cut into 10 equal portions (2 × 12 cm), respectively, arranging according to
ABABAB … (Fig. S8). The distance between the two adjacent leaves was the same, with an interval of 2 cm. A
total of 25 H. assulta of the same size were placed into
the center of the box, which was sealed and observed
every 3 h. After 12 h, the remaining leaf area was measured using transparent coordinate paper (Fig. S8).
Fresh tobacco samples

After grafting for 65 or 80 days, the middle leaves (the
12th leaf) were taken from each group. When the oven
temperature reached 105 °C, the tobacco leaves were
placed into the oven for approximately 15 min to kill the
leaf, which was then dried at 50 °C. After grinding, 60
mesh sieves were used to determination the chemical
composition, alkaloids, amino acids, and tobacco-specific
nitrosamines (TSNAs).
Flue-curing tobacco samples

Mature tobacco leaves were normally harvested. The
middle leaves (7–14 leaf position) and upper leaves (15–
20 leaf position) of the tobacco leaves were selected for
each treatment. After the tobacco leaves were made into
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the pole, a label was added, and the three-stage fluecuring process was used to cure the leaves. Cured samples were removed, oven-dried at 50 °C, ground, and filtered through 60 mesh sieves.
Statistical analysis

Statistical analysis was conducted using Excel 2010 and
SSP17.0 software. The Duncan method was used for
multiple comparisons.
RNA-seq and data preprocessing

Samples (tobacco/tobacco group and tobacco/eggplant
group 2) were collected from the leaves of N. tabacum
(common tobacco) with different alkaloid synthesis ability. Six samples (tobacco/tobacco 1, tobacco/tobacco 2,
tobacco/tobacco 3, tobacco/eggplant 1, tobacco/eggplant
2, and tobacco/eggplant 3) were included in this study.
Total RNA was isolated from the leaves using a Qiagen
Plant RNA Mini Kit, as previously described [28]. All
possible DNA contamination was removed by treating
RNA with RNase-free DNase I (TaKaRa, Dalian, China)
at 37 °C for 30 min. Gel electrophoresis was applied to
check RNA quality. The concentration of RNA was determined by detecting absorbance at 260 nm using Agilent 2100 BioAnalyzer (Agilent Technologies, USA) and
NanoDrop ND-2000 Spectrophotometer (Thermo Scientific, USA). mRNA was extracted from total RNA by
utilizing magnetic oligo (dT) beads Then, based on the
random hexamer-primed reverse transcription, the firststrand cDNA was synthetized. Next, using buffer, RNase
H, DNA polymerase I, and dNTPs, second-strand cDNA
was obtained. Short fragment was purified with a QIAquick Gel Extraction Kit (Qiagen, Frankfurt, Gremany)
and resolved for adaptor ligation and end reparation. Approximately 200 bp cDNA fragments were isolated after
gel electrophoresis. Finally, following the manufacturer’s
instructions, the samples were performed single end read
sequencing with 50 cycles (Illumina HiSeq 2000).
The sequencing data were deposited in National Center of Biotechnology Information database (https://www.
ncbi.nlm.nih.gov/bioproject/PRJNA626466).
Quality control was first performed for the raw data of
six samples, and the clean data were obtained. The clean
reads were mapped to the reference genome of N. tabacum (assembly Ntab-TN90) (ftp://ftp.ncbi.nlm.nih.gov/
genomes/all/GCF/000/715/135/GCF_000715135.1_NtabTN90/GCF_000715135.1_Ntab-TN90_genomic.fna.gz)
using tophat software [29] (v2.1.0). The parameter was
set to default. Read counts information for each gene
were obtained based on tobacco genome annotation information (ftp://ftp.ncbi.nlm.nih.gov/genomes/all/GCF/
000/715/135/GCF_000715135.1_Ntab-TN90/GCF_
000715135.1_Ntab-TN90_genomic.gff.gz) using FeatureCounts software [30] (v1.6.0).
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Correlation analysis and PCA between samples

The expression level correlation between samples is an
important index to test the reliability of the experiment
and whether the sample selection is reasonable or not.
We used cor function (https://stat.ethz.ch/R-manual/Rdevel/library/stats/html/cor.html) in R3.4.1 to calculate
the Pearson correlation coefficient (P). The closer the P
to 1, the higher the similarity in the expression patterns
between samples.
PCA aims to transform the multi-index into a few
comprehensive indexes using dimension reduction. After
PCA, the first two principal components were selected.
According to the scores of the principal components,
the distribution of the samples on the 2D plane could be
drawn, and the classification of the samples could be determined from the graph. In this study, the prcomp
function was used (https://stat.ethz.ch/R-manual/Rdevel/library/stats/html/prcomp.html) to perform dimension reduction, and the ggfortify (Version: 0.4.5,
https://mirrors.tuna.tsinghua.edu.cn/CRAN/bin/windows/contrib/3.4/ggfortify_0.4.5.zip) package was used
to construct the PCA diagram.
Screening of DEGs

Data normalization for raw counts was performed using
the topological MM algorithm in the edgeR package [31,
32] (Version:3.4). Meanwhile, it was converted to the
logCPM value, and DEGs analysis for the tobacco/eggplant group vs. the tobacco/tobacco group was conducted. The corresponding p-value and log-fold change
(FC) for all genes were obtained, and p-value < 0.05 and
|logFC| > 1 (|FC| > 2) were set as the threshold values.
GO and KEGG pathway enrichment analysis

All obtained genes were mapped to the SWISS-PROT
database [33], and GO terms, including molecular function (MF), cellular component (CC), and biological
process (BP), for each gene were obtained. KEGG pathway analysis was conducted using the online automatic
annotation web site KAAS [34] (https://www.genome.jp/
tools/kaas/). The parameters were set as follows: search
program = blast,
organism = nta,
and
assignment
method = BBH (bi-directional best hit).
Then, GO and KEGG pathway enrichment analyses
for DEGs were conducted using R package GOstats (version: 2.40.0) [35]. Terms (GO-BP, GO-MF, GO CC, and
KEGG pathway) with at least five genes were selected as
the enrichment background. Finally, terms with p-value
< 0.05 were regarded as significantly enriched results.
PPI network construction and network degree analysis

STRING [36] (Version: 10.0, http://www.string-db.org/)
database was used to predict interactions between proteins encoded by genes. There were no interactions
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between N. tabacum, which was an allotetraploid produced by the interspecific hybridization between N. sylvestris and N. tomentosiformis [37]. Therefore, DEGs
were mapped to the protein sequence of N. sylvestris
and N. tomentosiformis to obtain the corresponding relationship between DEGs and N. sylvestris as well as N.
tomentosiformis, respectively. Then, the PPI network for
N. tabacum was constructed by searching the interactions of N. sylvestris and N. tomentosiformis in the database. The PPI score was set as 0.4 (medium confidence).
After obtaining the PPI pairs, the network was constructed using Cytoscape software (version 3.4.0, http://
chianti.ucsd.edu/cytoscape-3.4.0/) [38].
The network degree analysis for the node was conducted using the CytoNCA plugin [39] (Version 2.1.6,
http://apps.cytoscape.org/apps/cytonca). The parameter
was set as without weight. The important nodes involved
in protein interactions in the PPI network (hub protein)
were obtained by ranking of the degree of each node.
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Additional file 4: Fig. S4. The top 10 results of gene ontology (GO)
and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analyses for differentially expressed genes (DEGs).
Additional file 5: Fig. S5. Protein-protein interaction (PPI) networks for
Nicotiana sylvestris (a) and Nicotiana tomentosiformis (b). Red: upregulated
proteins; green: downregulated proteins; deeper color indicates bigger
|logFC|; gray lines: interactions between proteins; bigger nodes indicate
bigger degrees.
Additional file 6: Fig. S6. a: A module identified in the protein-protein
interaction (PPI) network for Nicotiana sylvestris; b: the top 10 results of
gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment analyses for the 13 genes.
Additional file 7: Fig. S7. Transcription factors (TFs) target regulating
network for differentially expressed genes (DEGs). Red square:
upregulated target genes; green square: downregulated target genes;
light-purple inverted triangle: downregulated TFs; yellow triangle: upregulated TFs; black arrow line: TFs regulating target genes.
Additional file 8: Fig. S8. a: The arrangement of fresh tobacco leaves
before Heliothis assulta consumption; b: the condition of the leaves after
12 h.
Additional file 9: Table S1. Effect of tobacco and eggplant grafting on
amino acids in fresh tobacco. Table S2. Effect of tobacco and eggplant
grafting on amino acids in cured tobacco. Table S3. Effect of tobacco
and eggplant grafting on the content of TSNAs in flue-cured tobacco.

PPI module analysis

The modules with score > 5 were screened using the
MCODE plugin [40] in Cytoscape software, and the parameter was set to default (Degree Cutoff = 2, Node Score
Cutoff = 0.2, K-core = 2, and Max. Depth = 100). GO and
KEGG pathway enrichment analyses were conducted
using the R package GOstats. Terms (GO-BP, GO-MF,
GO-CC, and KEGG pathway) with at least five genes
were selected as the enrichment background. Finally,
terms with p-value < 0.05 were regarded as significantly
enriched results.
TFs prediction and TF-target network construction

The online database PlantRegMap [41, 42] (http://plantregmap.cbi.pku.edu.cn/) was used to predict the TFs for
DEGs, and the differentially expressed TFs and corresponding differentially expressed target genes. The parameters were set as follows: Species = N. tabacum, Organ =
All, Method = Motif, Mode = Genes (retrieve regulations
among them). After obtaining the TF target, the TF target
network was constructed using Cytoscape software.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s12870-020-02459-4.

Abbreviations
PCA: Principal component analysis; DEGs: Differentially expressed genes;
GO: Gene ontolog; KEGG: Kyoto Encyclopedia of Genes and Genomes;
PPI: Protein-protein interaction; TF: Transcription factor; TSNA: Tobaccospecific nitrosamine; MF: Molecular function; CC: Cellular component;
BP: Biological process; FC: Fold change; NNN: 4-(methylnitrosamino)-1-(3pyridyl)-1-butanone; NAT: (R,S)-N-nitrosoanatabine; NAB: (R,S)-Nnitrosoanabasine; NNK: 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone
Acknowledgements
None.
Authors’ contributions
Conception and design of the research: HS; acquisition of data: MZ, HY;
analysis and interpretation of data: MZ, HY; statistical analysis: MZ, HY;
drafting the manuscript: MR; revision of manuscript for important intellectual
content: HS. All authors read and approved the final manuscript.
Funding
This work was supported by Research on Reducing Nitrate Content in
Tobacco (grant number 2019110004340244); and Research on Production of
Ultra-low Nicotine Tobacco by Grafting with Eggplant (grant number
20193100001).
Availability of data and materials
The sequencing data were deposited in National Center of Biotechnology
Information database (https://www.ncbi.nlm.nih.gov/bioproject/PRJNA626466).
The datasets used and/or analyzed during the current study are available
from the corresponding author on reasonable request.

Additional file 1: Fig. S1. The feeding selection behavior of Heliothis
assulta on tobacco leaves after grafting with eggplant.

Ethics approval and consent to participate
Not applicable.

Additional file 2: Fig. S2. a: Correlation heatmaps between two
samples based on expression abundance; b: principal component
analysis (PCA) between two samples; yanyan = tobacco/tobacco;
yanqie = tobacco/eggplant.

Consent for publication
Not applicable.

Additional file 3: Fig. S3. The heatmap (a) and volcano plot (b) for
differentially expressed genes (DEGs).

Competing interests
The authors declare that they have no conflicts of interest.

Ren et al. BMC Plant Biology

(2020) 20:285

Received: 2 September 2019 Accepted: 24 May 2020

References
1. Giuseppe D, Pamela M. Alkaloids in the nature: pharmacological
applications in clinical practice of berberine and mate tea. Curr Top Med
Chem. 2014;14(2).
2. Benowitz NL. Pharmacology of nicotine: addiction, smoking-induced
disease, and therapeutics. Annu Rev Pharmacol Toxicol. 2009;49:57–71.
3. Orellana JA, Busso D, Ramírez G, Campos M, Rigotti A, Eugenín J, Von BR.
Prenatal nicotine exposure enhances Cx43 and Panx1 unopposed channel
activity in brain cells of adult offspring mice fed a high-fat/cholesterol diet.
Front Cell Neurosci. 2014;8:403.
4. Fowler CD, Gipson CD, Kleykamp BA, Rupprecht LE, Harrell PT, Rees VW,
Gould TJ, Oliver J, Bagdas D. Damaj: basic science and public policy:
informed regulation for nicotine and tobacco products. Nicotine Tob Res.
2018;20(7):789–99.
5. Smith TT, Rupprecht LE, Denlinger-Apte RL, Weeks JJ, Panas RS, Donny EC,
Sved AF. Animal research on nicotine reduction: Current evidence and
research gaps. Nicotine Tob Res. 2017;19(9).
6. Benowitz NL, Henningfield JE. Establishing a nicotine threshold for
addiction. The implications for tobacco regulation. N Engl J Med. 1994;
331(2):123–5.
7. Jr LR: Tobacco under the FDA: a summary of the family smoking prevention
and tobacco control act. Health Care Law Monthly. 2009;2009(9):2.
8. Hatsukami DK, Zaatari G, Donny E. The case for the WHO advisory note,
Global Nicotine Reduction Strategy. Tob Control. 2017;26(e1):e29–30.
9. Julio E, Laporte F, Reis S, Rothan C, de Borne FD. Reducing the content of
nornicotine in tobacco via targeted mutation breeding. Mol Breed. 2008;
21(3):369–81.
10. Zi-Cheng XU, Zhang T, Cong MA, Jing-Min MA, Cheng CX, Huang PJ.
Agronomic regulation on NR and POD activities, K and nicotine contents after
topping in flue-cured tobacco leaf. Plant Nutr Fertilizer Sci. 2006;12(5):701–5.
11. Yang YK, Mei LX, Jin Z, Lan XL, Tao Y. Reduction of nicotine in upper leaves
by supercritical CO_2 fluid extraction. Tob Sci Technol. 2006.
12. Shao H, Jiao G, Liu J, Yu J. Influential factors and regulation on nicotine
content. Chin Agric Sci Bull. 2007.
13. Lewis RS, Jack AM, Morris JW, Robert VJM, Gavilano LB, Siminszky B, Bush LP,
Hayes AJ, Dewey RE. RNA interference (RNAi)-induced suppression of
nicotine demethylase activity reduces levels of a key carcinogen in cured
tobacco leaves. Plant Biotechnol J. 2010;6(4):346–54.
14. Lewis RS, Lopez HO, Bowen SW, Andres KR, Steede WT, Dewey RE.
Transgenic and mutation-based suppression of a berberine bridge enzymelike (BBL) gene family reduces alkaloid content in field-grown tobacco. PLoS
One. 2015;10(2):e0117273.
15. Yanyan LI, Wang L, Peng W, Sun Y, Rubing XU, Huang J, Xihong LI. Effects
of grafting on bacterial wilt resistance, yield and quality in tobacco. Acta
Tabacaria Sinica. 2016;22(5):63–9.
16. Dawson RF. Accumulation of nicotine in reciprocal grafts of tomato and
tobacco. Am J Bot. 1942;29(1):66–71.
17. Yang-Xian OU, Chao J, Bai ZB, Yi-Fei WU, Chen QF, Tian MC, Zhu SR, Zhou
XB, Zhang ZH, Tian F. Preliminary study on grafting cultivation of tobacco
with eggplant. Hunan Agric Sci. 2015.
18. Dawson RF. on the biogenesis of nornicotine and anabasine1. Jamchemsoc.
2002;19(6):219–32.
19. Djordjevic MV, Gay SL, Bush LP, Chaplin JF. Tobacco-specific nitrosamine
accumulation and distribution in flue-cured tobacco alkaloid isolines.
Jagricfood Chem. 1989;37(3):752–6.
20. Caldwell WS. The nitrosation of nicotine: a kinetic study. Chem Res Toxicol.
1991;4(5):513–6.
21. Wang Jun SH, Tong J. Effect of composition differences of alkaloid in burley
tobacco leaves on TSNAs formation before and after high temperature
storage. Acta Tabacaria Sinica. 2017;23(6):69–76.
22. Shi HZ, Fa-Hua XU, Yang XY, Wang RY, Chu R, Qing-Wen BI, Sun JW, Deng
DQ. The relationships between TSNAs and their precursors in different
burley tobacco varieties from different regions. Acta Tabacaria Sinica. 2012;
10(3–4):1048–52.
23. Shi HZ, Hui-Hui DI, Zhao XD, Liu GS, Yong-Jian MA, Wang WC. Relationship
of nicotine and Total nitrogen contents with neutral aroma components in
flue-cured tobacco in central area of Henan Province. Acta Agron Sin. 2009:
1299–305.

Page 10 of 10

24. Shou-bin X. Correlation between nicotine content and smoking quality in
flue-cured tobacco [J]. J Henan Agric Sci. 2009;4.
25. Mckinney DL, Frost-Pineda K, Oldham MJ, Fisher MT, Wang J, Gogova M,
Kobal G. Cigarettes with different nicotine levels affect sensory perception
and levels of biomarkers of exposure in adult smokers. Nicotine Tob Res.
2014;16(7):948–60.
26. Burgess RJ, Zhang Z. Histone chaperones in nucleosome assembly and
human disease. Nat Struct Mol Biol. 2013;20(1):14.
27. Kornberg RD, Lorch Y. Chromatin-modifying and-remodeling complexes.
Curr Opin Genet Dev. 1999;9(2):148–51.
28. Lu K, Chai YR, Zhang K, Wang R, Chen L, Lei B, Lu J, Xu XF, Li JN. Cloning and
characterization of phosphorus starvation inducible Brassica napus PURPLE
ACID PHOSPHATASE 12 gene family, and imprinting of a recently evolved
MITE-minisatellite twin structure. Theor Appl Genet. 2008;117(6):963–75.
29. Kim D, Salzberg SL. TopHat-Fusion: an algorithm for discovery of novel
fusion transcripts. Genome Biol,12,8(2011-08-11). 2011;12(8):R72.
30. Liao Y, Smyth GK, Shi W. featureCounts: an efficient general-purpose read
summarization program; 2013.
31. Nikolayeva O, Robinson MD. edgeR for differential RNA-seq and ChIP-seq
analysis: an application to stem cell biology; 2014.
32. Robinson MD, McCarthy DJ, Smyth GK. edgeR: a bioconductor package for
differential expression analysis of digital gene expression data.
Bioinformatics. 2010;26(1):139–40.
33. Emmanuel B, Damien L, Michael T, Michel S, Parit B, Bridge AJ, Sylvain P,
Lydie B, Ioannis X. UniProtKB/Swiss-Prot, the manually annotated section of
the UniProt KnowledgeBase: how to use the entry view. Methods Mol Biol.
2016;1374:23–54.
34. Moriya Y, Itoh M, Okuda S, Yoshizawa AC, Kanehisa M. KAAS: an automatic
genome annotation and pathway reconstruction server. Nucleic Acids Res.
2007;35(Web Server issue):25.
35. Falcon S, Gentleman R. Using GOstats to test gene lists for GO term
association. Bioinformatics. 2007;23(2):257–8.
36. Damian S, Andrea F, Stefan W, Kristoffer F, Davide H, Jaime HC, Milan S,
Alexander R, Alberto S, Tsafou KP. STRING v10: protein-protein interaction
networks, integrated over the tree of life. Nucleic Acids Res. 2015;
43(Database issue):D447.
37. Yukawa M, Tsudzuki T, Sugiura M. The chloroplast genome of Nicotiana
sylvestris and Nicotiana tomentosiformis: complete sequencing confirms
that the Nicotiana sylvestris progenitor is the maternal genome donor of
Nicotiana tabacum. Mol Gen Genomics. 2006;275(4):367–73.
38. Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D, Amin N,
Schwikowski B, Ideker T. Cytoscape: a software environment for integrated
models of biomolecular interaction networks. Genome Res. 2003;13(11):
2498–504.
39. Tang Y, Li M, Wang J, Pan Y, Wu FX. CytoNCA: a cytoscape plugin for
centrality analysis and evaluation of protein interaction networks.
Biosystems. 2015;127:67–72.
40. Bandettini WP, Kellman P, Mancini C, Booker OJ, Vasu S, Leung SW, Wilson
JR, Shanbhag SM, Chen MY, Arai AE. MultiContrast delayed enhancement
(MCODE) improves detection of subendocardial myocardial infarction by
late gadolinium enhancement cardiovascular magnetic resonance: a clinical
validation study. J Cardiovasc Magn Reson. 2012;14(1):83.
41. Jin J, Tian F, Yang DC, Meng YQ, Kong L, Luo J, Gao G. PlantTFDB 4.0:
toward a central hub for transcription factors and regulatory interactions in
plants. Nucleic Acids Res. 2017;45(Database issue):D1040–5.
42. Jinpu J, Kun H, Xing T, Zhe L, Le L, Yi Z, Jingchu L, Ge G. An Arabidopsis
transcriptional regulatory map reveals distinct functional and evolutionary
features of novel transcription factors. Mol Biol Evol. 2015;32(7):1767.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

