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Abstract
Background  Nicotiana tabacum is an important economic crop. Topping, a common agricultural
practice employed with �ue-cured tobacco, is designed to increase leaf nicotine contents. Many genes are
found to be differentially expressed in response to topping, particularly genes involved in nicotine
biosynthesis, but comprehensive analyses of early transcriptional responses induced by topping are not
yet available. To develop a detailed understanding of the mechanisms regulating nicotine biosynthesis
after topping, we have sequenced the transcriptomes of N. tabacum roots at seven time points following
topping.  Results  Differential expression analysis revealed that 4,830 genes respond to topping across
all time points. Amongst these, nine gene families involved in nicotine biosynthesis and two gene
families involved in nicotine transport showed signi�cant changes during the immediate 24 hour period
following topping. No obvious preference to the parental species was detected in the differentially
expressed genes (DEGs). Signi�cant changes in transcript levels of nine genes involved in nicotine
biosynthesis and phytohormone signal transduction were validated by qRT-PCR assays. 549 genes
encoding transcription factors (TFs), found to exhibit signi�cant changes in gene expression after
topping, formed 15 clusters based on similarities of their transcript level time-course pro�les. 336 DEGs
involved in phytohormone signal transduction, including genes functionally related to the phytohormones
jasmonic acid, abscisic acid, auxin, ethylene, and gibberellin, were identi�ed at the earliest time point after
topping.  Conclusions  Our research provides the �rst detailed analysis of the early transcriptional
responses to topping in N. tabacum , and identi�es excellent candidates for further detailed studies
concerning the regulation of nicotine biosynthesis in tobacco roots.

Background
For tobacco (Nicotiana tabacum L.) plants, topping (de�ned as the removal of the �owering head and
young leaves) is an essential cultivation practice. Topping switches the plant from a seed reproductive to
a leaf vegetative phase, and this signi�cantly increases leaf nicotine contents [1]. A number of studies,
employing a variety of experimental techniques, have investigated tobacco responses to topping [2-4]. An
up-regulation of nicotine biosynthesis, found to occur exclusively in roots, and particularly in growing root
tips, is one of the typical responses of tobacco plants to topping [5].

Nicotine plays pivotal roles both in establishing the commercial quality of tobacco, and in defending
plants against herbivores. Biosynthesis of nicotine, a secondary metabolite associated with the tobacco
stress response, is reproducibly promoted by topping in tobacco roots [6]. Nicotine comprises two main
nitrogen-containing rings, the pyrrolidine ring and the pyridine ring [7]. Biosynthesis of the pyrrolidine ring
involves arginine decarboxylase (ADC) [8], ornithine decarboxylase (ODC) [9], S-adenosylmethionine
decarboxylase (SAMDC), S-adenosyl-L-methionine synthetase (SAMS), putrescine N-methyltransferase
(PMT) [10, 11], and N-methylputrescine oxidase (MPO) [12, 13]. Biosynthesis of the pyridine ring starts
with the nicotinic acid dinucleotide (NAD) biosynthetic pathway. Enzymes participating in the early
metabolic conversion steps of this pathway include aspartate oxidase (AO), quinolinate synthase (QS),
and quinolinic acid phosphoribosyl transferase (QPT) [14-16]. The A622 gene (encoding an iso�avone
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reductase-like protein) is responsible for nicotine ring coupling, and the BBL genes (encoding berberine
bridge enzyme-like proteins) are involved in the subsequent oxidation step that leads to nicotine [17, 18].

A recent report [19] employed suppression subtractive hybridization (SSH) techniques to further examine
the transcriptional responses of tobacco roots during the �rst 24 hours after topping. Of the 129 high
quality expressed sequence tags identi�ed as representing DEGs, most were involved in stress/defense, in
secondary metabolism, and in signaling/transcription [19]. The regulation of nicotine biosynthesis has
long been considered a complex physiological response, and many TFs are directly or indirectly involved
in its regulation [20, 21]. Further insights into the transcriptional regulation of the nicotine biosynthetic
pathway have come from the analysis of two subtractive cDNA libraries of jasmonate-treated Nicotiana
benthamiana roots, and through examination of the effects of virus-induced gene silencing (VIGS)
technologies. Of the sixty-nine TFs, six (from three TF families) affect nicotine metabolism, with
NbbHLH1 and NbbHLH2 (basic helix-loop-helix) genes positively regulating the jasmonate activation of
nicotine biosynthesis, as evidenced by overexpression [22].  

Although speci�c genes regulating nicotine synthesis after tobacco topping have been identi�ed, a
detailed description of the transcriptional regulatory network that responds to topping is not available.
The situation is further complicated by the allotetrapoid status of N. tabacum, formed through the
hybridization of N. sylvestris (S-subgenome) and N. tomentosiformis (T-subgenome), and how these two
subgenomes respond to topping is unclear. In this study, we have sequenced tobacco root transcriptomes
at seven different time points (0, 0.5, 1, 3, 5, 8 and 24 h) after topping. These time points were chosen to
identify candidate genes associated with the regulation of nicotine biosynthesis at the earliest stages, as
well as to allow discovery of upstream regulators of nicotine synthesis through clustering of the time-
course pro�les of TF gene expression, and to compare the responses of the two subgenomes to topping.
This comprehensive approach to characterization of the transcriptional responses of tobacco, especially
focusing on the early regulation of nicotine biosynthesis, should serve to advance genetic improvement in
this crop.

Results

Transcriptome sequencing and quality assessment
Total RNA of tobacco roots, isolated separately from 18 individual plants, was employed for RNA
sequencing (RNA-Seq) library construction. The 18 RNA-Seq libraries were sequenced using the Illumina
platform. After �ltering out low quality sequences (quality scores <25), 105 Gb of cleaned data was
obtained, representing approximately 6 Gb per sample. The cleaned sequence GC content varied from
42.1% to 42.7% (Table S1). The mapping rates for the cleaned sample reads aligned against the reference
genome sequence ranged from 91.6% to 97.8% (Table S1). The sequencing quality and gene expression
levels were generally consistent across the sequenced samples (Figure S1).
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Identi�cation and veri�cation of differentially expressed
genes (DEGs)
The expression levels of the genes from the tobacco transcriptomes were calculated and normalized to
FPKM values (Fragments Per Kilobase of transcript per Million fragments mapped). The values of
Pearson's Correlation Coe�cient across biology replicates exceeded 0.82. In terms of the correlation
between samples from different time points, some samples displayed higher values with those from
other time points. For example, BWR3-2A showed a correlation coe�cient of 0.96 as compared to
BWR24-1A, and 0.95 with BWR5-2A (Figure S2). Further experiments will be required to elucidate this
unexpected observation. Through comparison of the samples at each time point to the t=0 sample, and
using a fold-change (FC) > 2, and a false discovery rate (FDR) < 0.05 as selection criteria, 4,830 DEGs
were identi�ed after topping. An almost identical number (2,082 and 2,075 genes) came from the N.
tomentosiformis and N. sylvestris genomes, respectively (Table S2). Notably, the number of DEGs at 0.5 h
(2,562) was much greater than those at any other time point, indicating that more genes respond to
topping at earlier times. The number of DEGs dropped to its lowest level (815) at 1 h after topping (Figure
1a). However, a second burst of differential gene expression was observed at t=8 h (1,756), followed by a
decrease at t=24 h (Figure 1a). The results imply that the N. tabacum root produces two discrete peaks of
transcriptional activity, at 0.5 h and 8 h after topping. This result is consistent with the gene numbers
identi�ed as speci�cally induced at each of the six time points after topping, the largest number being
1,186 at t=0.5 h and the second highest number being 585 at t=8 h after topping (Figure 1b).

To validate the transcriptional results obtained by RNA-Seq, we selected nine genes related to nicotine
biosynthesis and phytohormone signal transduction, and examined their transcriptional responses by
qRT-PCR. The expression trends of these genes analyzed by qRT-PCR were consistent with the RNA-Seq
analysis performed at the corresponding time points (Figure 2). The changes of selected DEGs obtained
by RNA-Seq analysis had good correlations with those obtained by qRT-PCR (R2 = 0.674). These results
con�rm that the alterations in gene expression detected by RNA-Seq accurately re�ect transcript
differences at the different time points after topping.

Functional classi�cation and enrichment analysis of DEGs
4,830 DEGs showing signi�cant variation at the different time points after topping were selected for
further analysis. Based on their relative expression levels, the DEGs were divided into different categories
using hierarchical clustering, being distinguishable in terms of the temporal patterns of the transcriptional
responses of the roots at the various time points after topping (Figure S3). The predicted functions of the
DEGs were then obtained from their GO (Gene Ontology) annotations, and using KEGG (Kyoto
Encyclopedia of Genes and Genomes) pathway analysis. According to GO annotation, the DEGs were
distributed across 42 functional terms, as follows: 19 terms for biological process, 12 terms for molecular
functions, and 11 terms for cellular component (Figure S4).
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GO enrichment analyses were performed to classify the putative functions of DEGs in the comparisons of
libraries prepared from the different time points. The DEGs in GO enriched categories of biological
process were mainly involved in response to oxidative stress (GO:0006979), the phenylpropanoid
metabolic process (GO:0009698 ), the lignin metabolic process (GO:0009808), and response to abiotic
stimulus (GO:0009628). The DEGs of GO enriched categories of cellular component were mainly involved
in the apoplast (GO:0048046), the extracellular region (GO:0005576), the external encapsulating structure
(GO:0030312), and the cell wall (GO:0005618). The DEGs of GO enriched categories of molecular
function were mainly associated with peroxidase activity (GO:0004601), antioxidant activity
(GO:0016209), and a series of transporter activities (GO: GO:0006857, GO:0008272, GO:0008509, and
GO:0008271) (Figure 3).

To further investigate the functions of differentially expressed transcripts in response to topping, we
performed enrichment analyses by mapping the sequences to the KEGG database categories. The DEGs
with KEGG annotation were assigned to 28 classes, mainly related to signal transduction (221),
carbohydrate metabolism (212), biosynthesis of other secondary metabolites (166), and metabolism of
terpenoids and polyketides (69) (Figure S5). KEGG enrichment analyses also indicated the DEGs were
signi�cantly enriched in the main pathways of phenylpropanoid biosynthesis (ko00940), of starch and
sucrose metabolism (ko00500), and in the plant MAPK signaling pathway (ko04016) (Figure 4).

DEGs involved in nicotine synthesis and transport
We further investigated whether the genes activated by topping were involved in nicotine biosynthesis
and transport. As expected, nine gene families involved in nicotine biosynthesis (AO, QS, ODC, ADC, SAMS,
PMT, A622, MPO, and BBL) (Figure 5), and two gene families involved in nicotine transport (MATE, NUP),
as identi�ed by showing at least 93% identities with the primary sequences of previously reported
enzymes, were found in the DEG dataset (Table S3). All genes showed transcriptional up-regulation, with
most being up-regulated at 8h and 24h after topping; our qPCR assay also veri�ed the expression
changes of four genes (PMT1a, PMT1b, MPO, ODC) at the corresponding time points (Figure 2). Both
gene families encoding MATE and NUP in nicotine transport were found to be up-regulated (Table S3).
Similar to the situation across all DEGs, most of those involved in nicotine synthesis and transport were
found in both subgenomes. One DEG encoding AO was derived from the T-subgenome and all the DEGs
encoding MPO and ODC were from the S-subgenome.

Transcription factors (TFs) of DEGs, and gene clustering by
expression patterns
To investigate the upstream regulatory mechanisms of nicotine biosynthesis after topping, we next
focused on the types of TFs represented in the DEGs from the tobacco root transcriptome. In our study, a
total of 549 DEGs encoding TFs were identi�ed (Table S4), being divided into 49 TF families. Amongst
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these, the number of TFs was highest at t=0.5 h (355), accounting for 65% of all TFs, with 240 being up-
regulated and 115 down-regulated. This was followed by the t=8 h timepoint (253), accounting for 46% of
all TFs, with 94 being up-regulated and 159 down-regulated. This suggests that many TFs genes
participate in instant early gene activation. Notably, and representing most of these TFs, 18 families were
found to contain more than 10 gene members: AP2-EREBP (75), MYB (69), bHLH (44), NAC (30), bZIP
(30), Orphans (26), HB (24), WRKY (23), HSF (19), C2C2-Dof (17), GRAS (16), LOB (15), MADS (12), GNAT
(11),AUX / IAA (11), G2-like (11), C3H (10) and C2H2 (10) (Figure 6).

To further examine the contributions of speci�c TFs to the regulatory network of nicotine biosynthesis, we
performed clustering using the 549 TFs and the up-regulated structural genes associated with the
nicotine biosynthesis pathway. Fifteen clusters showing similar expression pro�les were obtained (Figure
7 and Table S5). It can be observed that several clusters are similar but with minor differences. For
instance, the TFs of Clusters 2 and 12 were up-regulated at t=0.5 h, and the TFs in Cluster 9 and 10 were
up-regulated at 0.5-1 h. They then returned to the expression levels found before topping (Figure 7).
Notably, most of the up-regulated DEGs in nicotine biosynthesis were in Cluster 11 (20 DEGs), which
displayed the greatest up-regulation at t=8h and at t=24 h after topping (Figure 7 and Table S5).
Seventeen genes from the bHLH family and the AP2-EREBP family were found in Cluster 11, including
ERF189 (Nitab4.5_0003090g0030 and Nitab4.5_0015055g0010), and ERF91 (Nitab4.5_0004620g0030)
(Table S5).

DEGs connected with phytohormone signal transduction
As phytohormones are known to quickly respond to tobacco topping and to also in�uence nicotine
biosynthesis in tobacco roots, we examined the role of phytohormone signal transduction in the
transcriptional responses induced by topping. We identi�ed 336 DEGs, including those related to the
biosynthesis, metabolism and action of auxin (IAA), abscisic acid (ABA), ethylene, gibberellin (GA), and
jasmonic acid (JA) (Table S6). The 53 DEGs involved in IAA signal transduction included the ARF (auxin
response factor) family (4), the AUX/IAA (auxin responsive protein) family (11), the AUX1 (amino acid
transporter protein) family (22), the GH3 (GH3 auxin-responsive promoter) family (7), and the SAUR
(auxin responsive SAUR protein) family (9). Most of the DEGs associated with the IAA signaling pathway
showed signi�cant up-regulated expression changes, 21 of 36 genes being up-regulated at t=0.5 h, and
10 of 18 genes being up-regulated at t=8 h. For the ABA signal transduction pathway, six gene families
were identi�ed, including the PYL/PYR (abscisic acid receptor) family (5), the SAPK (Serine threonine
protein kinase) family (2), the PP2C (protein phosphatase 2C) family (28), the CIPK (CBL-interacting
protein kinase) family (19), the CDPK (Calcium-dependent protein kinase) family (9), and the Calmodulin
(Calmodulin-like protein) family (8). 43 expression changes were detected at t=0.5 h, and 19 at t=8 h. 83
DEGs were implicated in ethylene signaling, including the AP2-EREBP (ethylene responsive transcription
factor) family (75), and the ETR (ethylene receptor) family (8), with most DEGs identi�ed at t=0.5 h (55).
The GA and the JA signaling pathways (four and three gene families, respectively) also showed
signi�cant transcriptional changes after topping.
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Quanti�cation of phytohormones and nicotine

Phytohormones play a vital role in regulating plant defense and development. To gain insights into the
mechanisms whereby phytohormones affect the responses of tobacco to topping, we measured the
levels of IAA, JA, JA-Ile, and ABA in the root samples at the various timepoints after topping. Both JA and
auxin signaling pathways were induced by topping at t=3 h. JA levels at t=3 h were signi�cantly
increased by almost 34% (P=0.035, paired t test), and reduced by 23.5% and 18.9% at t=8h and t=24h
(Figure 8). The dynamics of JA-Ile levels elicited by topping closely followed those of JA, the levels of JA-
Ile signi�cantly increasing to about 3-fold at t=24 h (P=0.014, paired t test) as compared with untreated
plants. The levels of IAA signi�cantly increased at t=3 h (P=0.024, paired t test), whilst declining to initial
levels at t=24h (Figure 8). The levels of ABA gradually increased to 2.3-fold at t=8 h (P=0.0003, paired t
test), and to 1.6-fold at t=24 h (P=0.009, paired t test), as compared to the untreated plants. We also
measured nicotine levels after topping. Our analyses indicated the nicotine levels signi�cantly increased
to 1.5-fold at t=24 h (P=0.01, paired t test) after topping (Figure 8).

Discussion

Transcriptome sequencing and DEGs responses to topping
Nicotine is a characteristic secondary product of tobacco. In most Nicotiana species, it is synthesized in
the roots, being then transported to the leaves where it accumulates [23]. Nicotine synthesis and
accumulation is controlled not only by various environmental cues but also by managerial practices
including topping [2, 6]. The factors controlling the topping-induced increase in alkaloid biosynthesis are
not well understood, but involve a complex physiological response in the plant as a result of altered
phytohormone induced signaling [24]. In order to better understand the mechanism of the tobacco
response to topping, we have sequenced and analyzed the transcriptomes of N. tabacum roots at early
time points after topping. We identi�ed a total of 4,830 topping-responsive DEGs, with representatives
being distributed across a number of different molecular functional categories, including secondary
metabolism, plant hormone signaling transduction, stress defense, and other metabolism.

DEGs involved in nicotine biosynthesis and subgenome
transcriptional preference
We detected 1.5-fold changes in nicotine levels at t=24 h after topping with each biological replicates
containing 4 individual plants, which is consistent with previous report [25]. It was worth to mention that
no signi�cant changes of nicotine content were detected at this time point with each biological replicates
containing a single plant (data not shown), indicating that the individual plants response differently in the
short time of decapitation. We then inspected more closely the transcriptional changes of genes known to
be involved in nicotine biosynthesis and transport. Nine gene families in the nicotine biosynthesis
pathway were identi�ed within the DEGs. Their functions included pyridine ring synthesis (AO and QS),
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pyrrolidine ring synthesis (ODC, ADC, PMT, SAMS, MPO), and the coupling of the two nicotine rings (A622
and BBL). Ornithine decarboxylase (ODC) catalyzes the �rst and rate-limiting step of polyamine
biosynthesis that converts ornithine into putrescine. Down-regulation of ODC transcript levels using RNAi
led to lower leaf levels of nicotine in N. tabacum [26, 27]. Correspondingly, in our study, one ODC gene
was signi�cantly up-regulated at t=8 h and t=12 h. A second example involves PMT, which converts
putrescine into N-methylputrescine [28]. In that previous study, �ve PMT genes were investigated
(NtPMT1a, NtPMT1b, NtPMT2, NtPMT3 and NtPMT4). Transcripts derived from NtPMT2 and NtPMT1b
showed the greatest increase in abundance (about 3-fold) during the �rst 24 h after topping [29]. In line
with these �ndings, the expression levels of all the �ve PMT genes in our study were signi�cantly up-
regulated at different time points after topping (Table S2). A further example is provided by SAMS, which
indirectly contributes to nicotine biosynthesis by supplying the S-adenosylmethionine cofactor for the
PMT reaction [30]. In our study, �ve SAMS genes were signi�cantly up-regulated at early time points after
topping (Table S3).

The enzyme QPT plays a critical role in the synthesis of the pyridine moiety of nicotine in Nicotiana, in
addition to its ubiquitous role in NAD(P)(H) synthesis [31]. The tobacco genome contains two duplicated
QPT genes (designated QPT1 and QPT2). QPT1 is expressed at a constitutive basal level in all plant
tissues, with somewhat higher levels of expression within the apical meristem. In comparison, QPT2 is
expressed exclusively in the tobacco root and is regulated coordinately with other structural genes for
nicotine biosynthesis [31, 32]. Although QPT1 and QPT2 were not present in our list of DEGs, the gene of
QPT2 (Nitab4.5_0000742g0010) showed signi�cant up-regulation at 3 h and 24 h in our qPCR assay
(data not shown).

Finally, we consider A622, which is expressed in the root, and may be involved in the �nal condensation
reaction of nicotine biosynthesis [33]. The capacity of N. glauca to produce anabasine was markedly
reduced when an RNAi approach was used to down-regulate gene expression, thereby decreasing A622
protein levels. This resulted in plants having almost undetectable levels of pyridine alkaloids in their
leaves, even after suffering damage to apical tissues [18]. In our work, the expression of A622 was
signi�cantly up-regulated at t=8 h and t=24 h after topping (Table S2), implying that A622 positively
regulates the biosynthesis of nicotine in the �nal coupling ring step. Consistent with the results for A622,
BBL genes were also found to be induced after topping, as previously reported [17].

N. tabacum is hypothesized to be a consequence of hybridization of two parental genomes (N. sylvestris
and N. tomentosiformis). N. tomentosiformis displayed much lower nicotine levels than N. sylvestris in
both roots and leaves [34]. All DEGs, especially those involved in nicotine biosynthesis and transport,
showed no obvious preference to any of the two subgenomes. More experimental work will be required to
elucidate the molecular basis of heterosis and the dramatic domestication selection following the
hybridization.
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Differential expressed transcription factors related to
regulation of nicotine synthesis
The pattern of expression changes induced by topping for the structural genes of nicotine biosynthesis
was initially derived from bioinformatics analyses of sequence data, but was con�rmed by the qRT-PCR
experiments. It was therefore reasonable to speculate that the sequence data could also be used to
identify the TF(s) that actively regulate the production of nicotine at the early time points after topping.
As reported previously, many TFs play important roles in regulating nicotine biosynthesis, including
members of the AP2/EREBP, bHLH, ARF, and WRKY families [35, 36]. The AP2/EREBP family is the largest
TF family in the tobacco genome [37], and ERF-type TFs of the group IX subfamily, including ERF1,
ERF189, and ERF32, have been recently identi�ed as direct regulators of the structural genes of nicotine
biosynthesis [22, 31, 38]. The second largest class of TFs shown to induce alkaloid biosynthesis in
Nicotiana is the MYC2-like bHLH family. MYC2, belonging to the bHLH-family of TFs, is a key component
in conserved jasmonate signaling [39]. It positively regulates nicotine production either directly, through G-
box-mediated binding and activation of nicotine structural genes, or indirectly, through the activation of
the ERF genes [40, 41]. Wang et al. [42] found that overexpression of NtMYC2a led to great enhancement,
under �eld testing, of nicotine levels in the transgenic lines. Although the mechanism by which ARF1
regulates nicotine synthesis remains unclear, VIGS (virus-induced gene silencing) of bHLH3 and ARF1
results in a signi�cant increase in nicotine content as compared to control plants [22]. In addition, WRKY-
R1, the Group II member of the WRKY family, was speci�cally and highly expressed in tobacco roots. This
suggests it regulates the expression of genes related to nicotine synthesis, like PMT [35].

Screening the DEGs in our study led to the identi�cation of 549 DEGs annotated as TFs, including
members of the AP2/EREBP (75), bHLH (44), WRKY (23), and ARF (4) families. (Figure 6 and Table S4).
To elucidate patterns of co-regulation of TFs, we clustered all DEG TFs along with the structural genes
involved in nicotine biosynthesis. We found that Cluster 11 contained 20 of 28 structure and transporter
genes in the DEGs, as well as a total of 17 genes from the bHLH and AP2-EREBP families. We selected
one of seven genes in the bHLH family (Nitab4.5_0000093g0110) for study using RNAi, �nding the
resultant plant showed an altered nicotine level (unpublished data), and implying an important regulatory
role in nicotine biosynthesis. Other newly identi�ed AP2/EREBP, bHLH, WRKY, ARF, MYB, and NAC TF
genes might also be involved in nicotine biosynthesis, since all of these TF families have been described
as functioning in the regulation of plant secondary metabolism [43-45]. These are therefore good targets
for further experiments.

Involvement of DEGs responsive to topping in
phytohormone signal transduction
Plant hormones play pivotal roles in regulating numerous aspects of plant growth and development,
including secondary metabolism. Five major classes of plant hormones are known to be involved in the
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regulation of nicotine biosynthesis, including JA, IAA, GA, ethylene, and ABA [30, 46-49]. It is known that
JA treatment effectively induces nicotine biosynthesis in tobacco by regulating genes encoding enzymes
of nicotine biosynthesis, including QPT, ODC, and PMT [32, 36, 50, 51]. Yang et al. [52] reported an
analysis of the effects of JA on tobacco BY-2 cells, �nding that transcript levels were increased for 12
ethylene response factors and 4 basic helix-loop-helix factors associated with alkaloid formation. JAs are
known to operate in complex networks with crosstalk to other phytohormone signaling pathways in the
regulation of tobacco nicotine biosynthesis. Examples include the JA ZIM-domain 1(JAZ1) protein (a key
repressor of JA signaling) which interacts in vivo with DELLA proteins (repressors of the GA pathway)
[46], and NtPYL4 (a functional ABA receptor) whose transcription is regulated by JAs [47].

In the present study, we propose that topping, as a form of mechanical wounding, activates JA signaling
as one of the earliest events. JA-Ile, as the only JA derivative known to be involved in JA signaling,
displayed continuously increasing levels over the �rst 24 h after topping, indicating a vital role in the
regulation of nicotine biosynthesis. The expression levels of the two JAZ-encoding genes were
signi�cantly up-regulated at t=0.5 h and t=8 h, respectively, which is consistent with the observed
increases in JA and JA-Ile levels. Our experimental data also indicated similar patterns of changes in
concentrations of JA and IAA following topping. This is consistent with the report that JA and auxin have
very similar signal transmission mechanisms. However, how JA and IAA collaboratively respond to
topping stimulation and regulate nicotine biosynthesis remains unclear [35], and will require further
investigation.

As a consequence of phytohormone changes, genes in the downstream of regulation network also
showed corresponding variation. Notably, all the genes encoding AUX/IAA were found to be up-regulated
at t=0.5 h, which implies that IAA levels increased at an early time point. Similarly, all ABA receptor PYL
genes exhibited lower expression levels at t=0.5 h and t=8 h, suggesting that altered PYL expression
affects the JA response to nicotine biosynthesis in tobacco. Finally, in our study, we found that a large
number of regulatory genes associated with auxin signaling, ABA signaling, ethylene signaling, and
gibberellin signaling showed signi�cantly altered expression levels at t=0.5 h after topping, indicating the
complex networks with crosstalk are promptly constructed across these phytohormonal signaling
pathways as an early response to topping (Table S6).

Methods

RNA extraction, library preparation, and transcriptome
sequencing
The seeds of Nicotiana tabacum Yunyan 87 were kindly provided by the Tobacco Seed Bank of the
Yunnan Academy of Tobacco Agricultural Sciences. The plants were identi�ed by Dr. Zhongbang Song.
The voucher specimen is accessible at the Herbarium of the Kunming Institute of Botany, Chinese
Academy of Sciences (accessions No. SGL-001-1). All the materials were grown for 8 weeks in
commercial potting soil in a Percival PGC-10 incubator set for a 16 hour day/8 hour night cycle at 28°C.
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Individual plants with the most similar morphology were selected for topping by removing the apices
above the youngest unfolded leaf. Roots were washed with water, and tissues excised using a surgical
blade, 18 samples being taken 0, 0.5, 1, 3, 5, 8 and 24 h after topping, with 2-3 replicates at each time
point (Table S1). For RNA extraction, root tissues were frozen in liquid nitrogen and ground into a powder
using a mortar and pestle. RNA was extracted using TRIzol (Invitrogen Life Technologies) according to
the manufacturer’s instructions. Extracted RNA was assessed for quality and quantity using an Agilent
2100 Bioanalyzer (Agilent Technologies). Dried RNA pellets were diluted in RNase-free distilled water and
stored at -80°C until used. The integrity of total RNA was determined by running samples on 1%
denaturing agarose gels. RNA concentrations and quality were initially assessed using a
spectrophotometer (NanoDrop, Technologies Inc.) measuring absorbance ratios of A260/230 and
A260/280 nm. A Bioanalyzer (Agilent) was used to perform a �nal assessment of RNA quality prior to
sequencing.

Magnetic beads with Oligo (dT) are used to isolate mRNA from total RNA.  Puri�ed mRNA was then
fragmented in fragmentation buffer. Using the short fragments as templates, random hexamer-primers
were used to synthesize the �rst-strand cDNA. The second-strand cDNA was synthesized using buffer,
dNTPs, RNase H and DNA polymerase I. Short double-stranded cDNA fragments (200 bp) were puri�ed
with a QIAquick PCR extraction kit and eluted with EB buffer for end repair and the addition of an “A”
base. Next, the short fragments were ligated to Illumina sequencing adaptors. DNA fragments of a
selected size were gel-puri�ed and ampli�ed by PCR. The ampli�ed library was sequenced on an Illumina
HiSeq™ 2000 sequencing machine in October 2013 at BGI (Shenzhen, China). Reads were generated in 90
bp paired-end format. The sequencing data was deposited in the National Center for Biotechnology
Information (NCBI) Sequence Read Archive (SRA) database with accession number SRP154415.

Mapping of sequencing reads and quanti�cation of gene
expression
Before further analysis, the raw reads were �ltered to remove adaptor sequences, low-quality reads, and
reads containing poly-N, using CutAdapt (http://code.google.com/p/cutadapt/) [53] and Btrim [54]. Next,
we processed and mapped the clean reads onto the Nicotiana tabacum genome [55](Edwards, 2017
#656;Edwards, 2017 #656) using Hisat2 version 2.1.0 [56] with default parameters. The reference
genome can be found on the Sol Genomics Network website
(ftp://ftp.solgenomics.net/genomes/Nicotiana_tabacum/edwards_et_al_2017/assembly/Nitab-
v4.5_genome_Chr_Edwards2017.fasta.gz). Gene expression levels were estimated as FPKM (fragments
per kilobase of exon per million fragments mapped reads) values [57] using Cu�inks software version
1.2.1 [58].

Identi�cation and enrichment Analysis of DEGs

ftp://ftp.solgenomics.net/genomes/Nicotiana_tabacum/edwards_et_al_2017
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Differential expression of genes between the t=0 h sample and other samples at different time points
were calculated with the cuffdiff program in Cu�inks [58]. Gene abundance differences among these
samples were established on basis of the fold change (FC) of the FPKM values. The genes with an
absolute value of log2 fold changes (FC) ≥ 1 and an adjusted p-value (q-value) ≤ 0.05 were de�ned as
differentially expressed genes (DEGs). The FPKM values of the DEGs were normalized and clustered by
pheatmap with parameters "scale=row, cluster_rows=T, cutree_rows=8", where cutree function in R was
used to estimate category number and eight categories were obtained when h=4.8.

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses were performed to
identify the enrichment of DEGs in GO terms and metabolic pathways, respectively. For functional
categorization and pathway visualization of DEGs, the metabolic pathways of DEGs were predicted using
the KEGG Automated Annotation Server (KAAS) with default parameters. The DEGs in the KEGG
pathways and GO analysis were enriched using ClusterPro�le R and WEGO [59] [60]. A corrected p-value
(q-value) ≤ 0.05 was chosen as the threshold for signi�cantly enriched KEGG pathways and GO terms.

Clustering of differentially expressed TFs and the DEGs
involved in nicotine biosynthesis by Expression Pro�les
Clustering of differentially expressed TFs and the DEGs involved in nicotine biosynthesis was performed
using R package mfuzz with the cluster number assigned to 15 using the Dmin function and others as
defaults on the pro�les of FPKM at the different time points after topping.

Subgenome Assignment of All the DEGs
All DEGs were used as queries to search against all the annotated proteins in the genomes of N.
tomentosiformis and N. sylvestris. Subgenomes were assigned based on the �rst hit species if the �rst hit
had at least 90% identity and the second hit showed a lower identity value than the �rst hit. For the DEGs
involved in nicotine biosynthesis and transport, a manual check was performed based on previous
reports.

Quantitative Real-Time PCR analysis (qRT-PCR)
To con�rm the gene expression levels of the RNA-Seq assay, 1 μg total RNA mixed equally from 3 plants
for each RNA-Seq sample was used for the qRT-PCR assay. The RNA, following elimination of residual
genomic DNA using DNase I, was reverse transcribed into cDNA using the PrimeScript RT reagent Kit with
gDNA Eraser (Perfect Real Time) (Takara, Japan). qRT-PCR was performed in a 20 μL reaction volume
using the LC480 system (Roche, SUI) and with three biological replicates. Three technical replicates were
used for the samples at different time points with the tobacco Actin gene as an internal standard for
normalization, and SYBR Green as the �uorochrome. A three-step PCR process was performed with a pre-
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denaturation at 95° C for 30 s, followed by 45 cycles of denaturation at 95° C for 30 s, annealing at the
optimal temperature of each primer pair for 20 s, and elongation at 72° C for 20 s, and �nally for melting
point curve analysis (95° C for 15 s, 60° C for 1 min and 95° C for 15 s) to test amplicon speci�city.
Relative quanti�cation of gene expression level was carried out using the 2-△△Ct method. The speci�c
primer sequences of the selected genes for qRT-PCR validation were designed based on the divergent
regions among the orthologous genes and listed in Table S7.

Measurement of Nicotine Content and Hormone Levels

For measurement of nicotine content, roots were dried at 105o C for 30 minutes and at 60o C for 3d. Each
sample (100 mg) equally mixed from 4 individual plants was mixed with 1 mL of extraction solution (40%
methanol containing 0.5% acetic acid (v/v)), and nicotine was quanti�ed by HPLC as previously
described [61]. Three  biological replicates each with four technical replicates were performed. For
quanti�cation of phytohormones, approximately 200 mg of tobacco roots were ground in liquid nitrogen
and 1 mL of ethyl acetate spiked with the internal standards was added to each sample. 13C2-JA, 13C2-JA-
Ile, D4-SA, D6-ABA and D5-IAA were used as the internal standards for JA, JA-Ile, SA, ABA and IAA,
respectively. Phytohormone extraction and quanti�cation were described as previously by HPLC-MS/MS
(LCMS-8040, Shimadzu) system [62]. Three biological replicates were used for each sample.
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Figures

Figure 1

DEGs statistics at different stages after tobacco topping. a In the stacked bar-graphs, the up-regulated
DEGs are located in the red regions, and the down-regulated DEGs in the blue regions. b Venn diagram of
DEGs at different time points after topping in tobacco.
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Figure 2

Validation of RNA-Seq data by qRT-PCR. a Expression levels of 9 randomly-selected DEGs of the nicotine
anabolic pathway as measured by qRT-PCR (the columns) and the corresponding expression trends
measured by RNA-Seq (the lines). The error bars represent SDs (n = 3). Asterisks represent significantly
different transcript levels between the topping treatment and control plants at the indicated times. (t-test;
*, P < 0.05; **, P < 0.01; ***, P < 0.001). b Correlation analysis of fold-change data between qRT-PCR and
RNA-Seq. Scatterplots are generated from the log2 expression ratios of qRT-PCR analyses (x-axis) and
from RNA-Seq analyses (y-axis). Each scatter point depicts a time point at which signi�cant differences
in gene expression levels were found. The equation of the linear regression relationship and the
associated correlation coe�cient (R2) are provided.
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Figure 3

Gene Ontology (GO) term enrichment analysis. Signi�cantly enriched GO terms were selected based on a
FDR < 0.05. GO terms of the categories of Biological Processes, Cellular Components, and Molecular
Functions are depicted in red, green, and blue, respectively.
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Figure 4

KEGG enrichment analysis. Each circle in the �gure represents a KEGG metabolic pathway, and the
number of genes enriched in a pathway corresponds to the size of the circle. The degree of signi�cance
of the enrichment of DEGs in a pathway is represented by -log10 (qvalue). The abscissa indicates the
ratio of the number of DEGs annotated to a particular pathway to the number of the DEGs annotated to
all pathways.
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Figure 5

The DEGs involved in nicotine biosynthesis. Solid and dashed lines indicate de�ned and unde�ned
reactions, respectively, with the DEGs shown in red. Abbreviations: ADC, arginine decarboxylase; ODC,
ornithine decarboxylase; SAMS, S-adenosyl-L-methionine synthetase; SAMDC, S-adenosylmethionine
decarboxylase; PMT, putrescine N-methyltransferase; MPO, N-methylputrescine oxidase; AO, aspartate
oxidase; QS, quinolinate, synthase; QPT, quinolinic acid phosphoribosyl transferase; A622, iso�avone
reductase-like protein; BBLs, berberine bridge enzyme-like proteins. The genes with signi�cantly up-
regulated transcription levels are shown in red.
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Figure 6

TFs classi�cation of DEGs in tobacco. DEGs at different time points after topping are represented by
different colors, the abscissa representing the number of transcription factors at each time point.
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Figure 7

The clustering of gene expression pattern of DEGs on the TFs and the genes involved in nicotine
biosynthesis and transport across different time points after topping in tobacco. The x-axis represents
treatment conditions and the y-axis represents centralized and normalized expression values. The red
lines indicate the mean expression trends of the TFs (dotted lines) belonging to each cluster. The gene
number is marked following the cluster ID.
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Figure 8

Mean (+SE) concentrations of phytohormones and nicotine from three replicates of roots harvested after
topping treatment within the indicated times. a Mean (+SE) concentrations of JA, JA-Ile, IAA, and ABA
from N. tabacum roots were measured using HPLC-MS/MS within 24 hours after topping. b The level of
nicotine from roots within 24 hours after topping treatment, untreated plants served as controls. Asterisks
represent significantly different hormone and nicotine levels between control and treatment plants after
the indicated times. (t-test; *, P < 0.05; **, P < 0.01).
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