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Abstract
Main conclusion  The role of six alkaloid biosynthesis genes in the process of nicotine accumulation in tobacco was 
investigated. Downregulation of ornithine decarboxylase, arginine decarboxylase, and aspartate oxidase resulted in 
viable plants with a significantly lower nicotine content.

Abstract  Attenuation of nicotine accumulation in Nicotiana tabacum was addressed upon the application of RNAi tech-
nologies. The approach entailed a downregulation in the expression of six different alkaloid biosynthesis genes encoding 
upstream enzymes that are thought to function in the pathway of alkaloid and nicotine biosynthesis. Nine different RNAi 
constructs were designed to lower the expression level of the genes that encode the enzymes arginine decarboxylase, agmatine 
deiminase, aspartate oxidase, arginase, ornithine decarboxylase, and SAM synthase. Agrobacterium-based transformation of 
tobacco leaves was applied, and upon kanamycin selection, T0 and subsequently T1 generation seeds were produced. Mature 
T1 plants in the greenhouse were topped to prevent flowering and leaf nos. 3 and 4 below the topping point were tested for 
transcript levels and product accumulation. Down-regulation in arginine decarboxylase, aspartate oxidase, and ornithine 
decarboxylase consistently resulted in lower levels of nicotine in the leaves of the corresponding plants. Transformants with 
the aspartate oxidase RNAi construct showed the lowest nicotine level in the leaves, which varied from below the limit of 
quantification (20 μg per g dry leaf weight) to 1.3 mg per g dry leaf weight. The amount of putrescine, the main polyamine 
related to nicotine biosynthesis, showed a qualitative correlation with the nicotine content in the arginine decarboxylase 
and ornithine decarboxylase RNAi-expressing transformants. A putative early senescence phenotype and lower viability 
of the older leaves was observed in some of the transformant lines. The results are discussed in terms of the role of the 
above-mentioned genes in the alkaloid biosynthetic pathway and may serve to guide efforts to attenuate nicotine content in 
tobacco leaves.

Keywords  Alkaloids · Gene expression · Nicotiana tabacum · Nicotine · Putrescine · RNAi
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Introduction

Plant alkaloids comprise a large group of nitrogen-con-
taining metabolites that are widely distributed throughout 
the plant kingdom. Alkaloids of Nicotiana tabacum L. 
(tobacco), and especially so that of nicotine, are secondary 
metabolites that have, since long ago, attracted widespread 
attention in biology, commerce, society, and medicine (Tso 
and Jeffrey 1961; Leete 1977; Waller and Nowacki 1978; 
Baldwin 1989; Dewey and Xie 2013; Patra et al. 2013). 
Commercial tobacco cultivars typically produce alkaloids 
at levels between 2 and 6% of the total dry biomass weight. 
In typical commercial tobacco plants, nicotine accounts 
for about 90% of the total alkaloid pool (Tayoub et al. 
2015; Moghbel et al. 2017), with the secondary alkaloids 
nornicotine (a demethylated derivative of nicotine), ana-
tabine, and anabasine making up most of the remainder 
(Saitoh et al. 1985; Sisson and Severson 1990). Recent 
advances in sequencing and molecular biology have led 
to the characterization of the majority of the genes coding 
for the enzymes that are responsible for the biosynthesis 
of these secondary metabolites (Dewey and Xie 2013).

Availability of the genome sequence of tobacco and 
the knowledge of many of the structural and regulatory 
genes involved in the nicotine biosynthetic pathway (Kaji-
kawa et al. 2017) afforded the possibility of manipulating 
tobacco gene expression to perturb biosynthetic pathways 
and, thereby, alter the leaf alkaloid content. For exam-
ple, Kajikawa et al. (2017) reported on phylogenetic and 
expression analyses, which revealed a series of structural 
genes of the nicotine biosynthetic pathway, forming a 
regulon and operating under the control of jasmonate-
responsive ETHYLENE RESPONSE FACTOR (ERF) 
transcription factors.

Putrescine, an important polyamine precursor, is 
thought to be derived from ornithine via the activity of 
the enzyme ornithine decarboxylase (ODC) and possibly 
from arginine via the activity of the arginine decarboxy-
lase (ADC). Putrescine may serve as the reactant to gener-
ate the pyrrolidine ring of nicotine in Nicotiana tabacum 
and related species. To test for the arginine biosynthetic 
route in N. tabacum, Chintapakorn and Hamill (2007) used 
an antisense approach with the hairy root culture system 
of tobacco, to down-regulate ADC activity in transfor-
mant plants. They found concentrations of nicotine to be 
comparable in antisense-ADC and control lines through-
out most of their respective culture cycles, except at the 
later stages of growth, when the nicotine content of ADC-
antisense lines was ∼ 20% lower than that of the controls 
(Chintapakorn and Hamill (2007). They found levels of 
anatabine, the second most abundant alkaloid typically in 
N. tabacum, to be slightly elevated in two ADC-antisense 

lines at the latter stages of their culture cycles compared 
to controls. Their work suggested that the ADC medi-
ated route to putrescine plays a role, but is not of primary 
importance, in providing the pyrrolidine ring for nicotine 
synthesis.

To test for the ornithine biosynthetic route in N. tabacum, 
DeBoer et al. (2011) used RNAi methodology with the hairy 
root culture system to down-regulate ODC transcript lev-
els in N. tabacum. They observed a marked effect upon the 
alkaloid profile of transgenic tissues, with ODC transcript 
down-regulation leading to lower nicotine (about − 50%) 
and increased anatabine levels (about + 400%) in both cul-
tured hairy roots and greenhouse-grown leaves. They con-
cluded that the ornithine metabolite and the ODC-catalyzed 
biosynthetic pathway to putrescine is more important than 
the ADC-mediated pathway in nicotine biosynthesis and in 
defining the nicotine:anatabine ratio in N. tabacum. These 
findings were further validated by DeBoer et al. (2013), who 
showed that RNAi-mediated down-regulation of the ornith-
ine decarboxylase (ODC) expression in Nicotiana glauca 
hindered the well-known wound-stress stimulation of nico-
tine and anabasine biosyntheses and accumulation.

In the present work, a systematic effort was undertaken to 
apply RNAi technology and to down-regulate the expression 
of several alkaloid biosynthesis-related genes in Nicotiana 
tabacum, including the arginine decarboxylase, agmatine 
deiminase, aspartate oxidase, arginase, ornithine decarboxy-
lase, and S’adenosyl-L:-methionine (SAM) synthase in an 
attempt to contribute to this body of the scientific literature 
and to arrive at a more integrated understanding of the inter-
play between these different genes and pathways in nicotine 
biosynthesis and accumulation. The results are discussed 
in terms of a pathway model for alkaloid biosynthesis in 
tobacco.

Materials and methods

Plant material

The plant material employed in this work was Nicotiana 
tabacum, cv K326-ALCS3 (wild-type tobacco). Seeds were 
provided by the Altria Client Services, Inc., Richmond, VA, 
USA. Plantlets in Dixie cups on agar were obtained after 
seed germination and initial growth on solid (Murashige and 
Skoog 1962) agar media, supplemented with vitamins and 
30 g L−1 sucrose. Seedlings were maintained at 24 °C under 
a 16-/8-h photoperiod (Fig. 1a).

For stable transformation, 1-cm × 1-cm leaf pieces from 
these tobacco seedlings were infected with transgenic Agro-
bacterium tumefaciens upon immersing the leaves for 5 min 
in 25 mL YEB cell suspension containing 1 g L−1 yeast 
extract, 5 g L−1 meat extract, 5 g L−1 bacto peptone, 5 g L−1 
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sucrose, 492.8 mg L−1 MgSO4-7H2O, plus 0.2 mM of ace-
tosyringone, pH 6.8. The optical density (OD600) of the A. 
tumefaciens cells in the YEB media was between 0.8 and 

1. After immersing, the leaf pieces were dried upon gentle 
blotting with sterile Whatman paper, then transferred to Petri 
agar plates containing MS media and incubated in the dark 
for 2 days.

For selection and regeneration, the treated leaf pieces 
were transferred to agar plates containing MS media sup-
plemented with 500 mg L−1 cefotaxime, 150 mg L−1 kana-
mycin, 1 mg L−1 6-benzylaminopurine (BA), 1 mg L−1 
thiamine-HCl and 100 mg L−1 myoinositol. Three rounds 
of transfer under selection (2-week duration each) were 
sufficient to enable rooting of the regenerants, upon which 
the latter were transferred to MS agar media in Dixie cups 
containing 500 mg L−1 cefotaxime and 150 mg L−1 kanamy-
cin. The plantlets obtained after these steps of selection and 
regeneration in the presence of kanamycin were considered 
to be the T0 transformant lines.

Rooted transformants, after approximately 5 weeks of 
growth in the Dixie cups, were transferred to soil in the 
greenhouse and cultivated under ambient sunlight condi-
tions (Fig. 1b). After flowering, T1 seeds were collected, 
sterilized, cataloged, germinated under kanamycin selection, 
and individually cultivated in Dixie cups on agar in the pres-
ence of 150 mg L−1 kanamycin. These T1 plantlets were 
later transferred to the greenhouse, as the T1 transformant 
generation. The entire process is pictorially summarized in 
Fig. S1.

Topping of the T1 tobacco plants in the greenhouse was 
performed when they started to flower. In this approach, 
the flower head and the shoot down to the first completely 
expanded leaf from the top were removed. After 2 weeks 
of further growth and leaf expansion, the third and fourth 
leaves from the top were harvested for analysis.

Bacteria and plasmids

To transform the tobacco plants, ten strains of Agrobacte-
rium tumefaciens LBA4404 were used: the wild-type con-
trol and nine engineered strains carrying the binary plant 
expression vector p45-2-7-1 with the respective nucleotides 
encoding the RNAi sequences and the sequence for antibi-
otic selection (kanamycin) to serve as the selectable marker 
in both bacteria and plant transformants. These sequences 
were preceded by the constitutive Cassava Vein Mosaic 
Virus (CsVMV), serving as the promoter, and followed by 
the nopaline synthase gene (NOS) terminator.

The RNAi designs were based on the transcript sequences 
that encode the proteins listed in Table  1. The coding 
regions of the genes of interest [Ornithine decarboxylase, 
ODC; Arginine decarboxylase, ADC; Aspartate oxidase, 
AO; S-adenosylmethionine synthetase, SAMS; Agmatine 
deiminase, AIC; Arginase, ARG] were retrieved from our 
in-house NT3.1 database. The cDNA sequences of the 
above-mentioned genes, and the RNAi construct design 

Fig. 1   a Nicotiana tabacum (tobacco) plantlets in Dixie cups on agar 
were obtained after seed germination and initial growth on solid 
Murashige and Skoog agar media, supplemented with vitamins and 
30 g L−1 sucrose. Seedlings were maintained at 24 °C under a 16-/8-h 
photoperiod. b Rooted transformants, after approximately 5 weeks of 
growth in Dixie cups, were transferred to soil in the greenhouse and 
cultivated autotrophically under ambient sunlight conditions
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along with the corresponding nucleotide sequences are 
given in the Supplementary Materials for this work. For each 
gene of interest, a unique region of about 230–350 bp was 
selected and inserted in the forward and reverse orientation 
across the second intron of Arabidopsis thaliana Actin-11 
gene (GenBank accession # BT005593.1), respectively. The 
entire cassette was synthesized at GenScript (Piscataway, 
NJ, USA) and cloned under the control of the Cassava vein 
mosaic virus promoter and nopaline synthase-terminator. 
The binary vector contained the kanamycin resistance gene, 
NPTII, for transgenic plant selection. The plasmid sequences 
were verified by PCR and Sanger sequencing using two sets 
of primers: CSVMV-F (CCA​GAA​GGT​AAT​TAT​CCA​AG) 
with Intron-R ACA​AAG​CCA​AGA​AAG​GGT​ACT, and 
Intron-F AGA​TCT​TCA​ACA​CCT​ACA​CCATT with NosT-
R AGT​TGC​TCG​AGG​AAT​TCC​CG. The plasmids were then 
transformed into Agrobacterium tumefaciens and positive 
clones were used for the transformation of tobacco. The 
aspartate oxidase and SAM synthase entailed the design, 
construction, and use of two and three different RNAi con-
structs, respectively. A single RNAi construct was employed 
for the other RNAi constructs.

Agroinfiltration

About 15-cm tall greenhouse-cultivated tobacco plants at 
about the same developmental stage were used for transient 
expression experiments with the various RNAi constructs. 
For infiltration, an overnight culture of Agrobacterium 
tumefaciens, with cells grown at 28 °C, was centrifuged 
and the cell pellet was resuspended in agroinfiltration 

buffer (10 mM MES, pH 5.7, 10 mM MgCl2, and 0.2 mM 
acetosyringone) to a final OD600 = 0.5. Cells were incu-
bated in this medium for 3 h without shaking. A minimum 
of three leaves per Agrobacterium type, including the wild-
type control, were infiltrated by pressing the tip of a 3-mL 
sterile syringe with the Agrobacterium mix into the abaxial 
side of the leaves (Fig. 2). The agroinfiltrated leaves were 
harvested 2 days later, frozen in liquid nitrogen and sub-
sequently kept at − 80 °C until use.

Alkaloid extractions

Total leaf alkaloid extractions were made using fresh or 
frozen leaf material. Fresh leaf pieces of 1 cm × 1 cm or 
50 mg of freeze-dried leaf material were macerated in 
1 mL of 100% methanol and incubated in the presence of 
this solvent for 2 h. During this time, the samples were 
subjected to an ultrasonic ice-water bath. Following a brief 
centrifugation (10,000 g for 3 min at room temperature) to 
pellet debris, the supernatant was collected and acidified 
with 500 μL of 2% (v:v) H2SO4, and the hydrophobic neu-
tral compounds were removed with CHCl3 (2 × 500 μL). 
The remaining polar fraction was subsequently basified 
upon the addition of 200 μL NH4OH (25%), and alkaloids 
extracted with CHCl3 (3 × 500 μL). The organic solvent 
(CHCl3) was evaporated, and the samples were dissolved 
in pure methanol prior to gas chromatography (GC), or in 
phosphate buffer solution (71.6 g L−1 of Na2HPO3, pH 4.7) 
for colorimetric analysis.

Table 1   Gene name, GenBank 
ID, and locator number for the 
alkaloid biosynthesis genes 
manipulated in this work. 
RNAi constructs were designed 
(please see Supplementary 
materials, page 12) and through 
Agrobacterium tumefaciens 
transformation were installed 
in the nuclear genome of 
Nicotiana tabacum 

Gene name, GenBank ID, and locator number Protein name RNAi desig-
nation

Agrobacte-
rium
tume-
faciens 
construct

ADC-1a: NM_001325190.1 (g67073)
ADC-1b: XM_016577301.1 (g1739)

Arginine decarboxylase ADC At-ADC

AIC-1a: XM_016610112.1 (g78883)
AIC-1b: XM_016615863.1 (g61368)

Agmatine deiminase AIC At-AIC

AO-1: XR_001648132.1 (g34809)
AO-2a: XM_016595053.1 (g34814)
AO-2b: XM_016633697.1 (g83551)

Aspartate oxidase AO1
AO2

At-AO1
At-AO2

Arginase-1a: XM_016589408.1 (g76552)
Arginase-1b: XM_016589407.1 (g29644)

Arginase ARG​ At-ARG​

ODC-1a: NM_001325697.1 (g49499)
ODC-1b: AF233849.1 (g65779)

Ornithine decarboxylase ODC At-ODC

SAMS-1a: XM_016641833.1 (g95117)
SAMS-1b: XM_016625263.1 (g23092)
SAMS-2a: XM_016583083.1 (g22730)
SAMS-2b: AF321140.1 (g94670)
SAMS-3a: XM_016608142.1 (g10384)
SAMS-3b: NM_001325403.1 (g41661)

SAM synthase S1
S2
S3

At-S1
At-S2
At-S3
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Total alkaloid quantifications

A spectrophotometric method, developed by Patel et al. 
(2015), was applied with some modifications. Briefly, 
alkaloids extracted from each single fresh leaf disc 
(1.5 cm diameter) were resuspended in 200 μL phosphate 
buffer solution (pH 4.7), mixed with 200 μL bromocresol 
green solution (BCG) (1 mM stock), then 400 μL of chlo-
roform was added to extract the alkaloids. Finally, the 
absorbance spectrum of the solution was measured in the 
350–550 nm region with a UV–VIS Shimadzu UV-1800 
spectrophotometer (Fig. 3, upper). A calibration curve 
was constructed of the absorbance maximum at 415 nm, 
as a function of the concentration of nicotine in the solu-
tion. Nicotine was selected as the molecule of choice for 
this calibration curve, as it is the most abundant alka-
loid in tobacco leaves. The calibration curve served as 
a standard, comprising 0.375, 0.75, 1.50, 3, 6 and 12 μg 
nicotine in 400 μL volume (Fig. 3, lower). As nicotine 
comprises > 90% of all leaf alkaloids, this calibration 
curve was applied in total alkaloid quantification (nico-
tine equivalents).

Direct nicotine detection and quantification

To quantify the specific level of nicotine in the leaves, alka-
loids extracted from 50 mg of freeze-dried material were 
subjected to a GC-FID analysis with a Shimadzu GC-2014 
Gas Chromatography apparatus equipped with a flame-
ionization detector (FID). A fused silica capillary column 
of 30 m, 0.32 mm ID and 0.25 μm of film thickness (Rtx-5 
Resteck) was used with N2 as the carrier gas at a flow rate 
of 1 mL min−1. The temperature profile was 60 °C, followed 
by a temperature rate increase of 12 °C min−1 up to 290 °C. 
The injector and detector temperatures were set to 290 °C, 
the injection volume was 8 μL and the split was set at 20:1 

(Fig. 4). This analysis showed a linear response of the appa-
ratus to nicotine concentration and a quantification limit of 
20 μg nicotine per g dry leaf weight.

Fig. 2   Transient expression upon in vitro agroinfiltration of Nicotiana 
tabacum (tobacco) leaves with Agrobacterium transformants com-
prising the RNAi constructs used in this work. A minimum of three 
leaves per Agrobacterium transformant, including the wild-type con-

trol, were infiltrated by pressing the tip of a 3-mL sterile syringe with 
the Agrobacterium mix into the abaxial side of the leaves. Samples 
were collected for analysis 48 h after the agroinfiltration

Fig. 3   Spectrophotometric determination of total alkaloid leaf 
extracts from Nicotiana tabacum (tobacco). Upper panel: absorbance 
spectrum of the alkaloid-containing solution measured in the 350–
550 nm region defining a 415-nm absorbance band. Lower panel: cal-
ibration curve of the absorbance maximum at 415 nm, as a function 
of the concentration of nicotine in the 400 μL assay solution
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Genomic DNA PCR and RT‑qPCR

To identify and verify positive RNAi transformants, the 
presence of the kanamycin selectable marker was tested by 
genomic DNA PCR using the Phire Plant Direct PCR Master 
Mix (Thermo SCIENTIFIC) (Fig. S2). Experimental con-
ditions for the PCR were 95 °C for 5 min, then 35 cycles 
comprising 95 °C for 60 s; 60 °C for 30 s; 72 °C for 60 s, 
and 72 °C for 5 min.

Transient expression of the target genes in tobacco leaves 
after agroinfiltration was verified by resolving the cDNA 
(RT-qPCR) products in an agarose gel (1%), as detailed in 
recent work from this lab (Kirst et al. 2018). The elongation 
factor 1a (EF-1a) was used for expression normalization, 
as a nuclear-encoded reference gene. For RT-qPCR, 2 μL 
of cDNA was used and each sample was run in triplicate, 
under the following conditions: 95 °C for 2 min, then 35 
cycles comprising 95 °C for 10 s; 60 °C for 20 s; 72 °C for 
20 s, and 72 °C for 2 min.

Total RNA from the plant material was isolated using the 
TRI Reagent® (Sigma-Aldrich). cDNA was prepared from 
1 μg total RNA treated with DNase I, RNase-free (Thermo 
Scientific) and synthesized with M-MuLV Reverse Tran-
scriptase (New England BioLabs®Inc.). Expression levels in 
the seedlings were tested with the CFX96 Touch Real-Time 
PCR Detection System (Bio-Rad). The reaction mix was 
prepared with Luna® Universal qPCR Master Mix (NEB) 
and each sample was run in triplicate, under the following 
conditions: 95 °C for 2 min, then 40 cycles comprising 95 °C 

for 10 s; 60 °C for 20 s; 72 °C for 20 s, followed by a melt-
ing curve. For these experiments, primers specific for the 
various genes of interest were designed with the assistance 
of Primer-BLAST (Table 2).

Polyamines extraction and quantification

To extract free polyamines, 250 mg of fresh leaves were 
homogenized and incubated with 1 mL 5% perchloric acid 
on ice for 30 min. The mix was centrifuged at 12,000 g for 
10 min at 4 °C, and 0.8 mL of the supernatant was trans-
ferred to a new 2-mL tube. This supernatant was mixed with 
0.8 mL of oversaturated sodium carbonate solution, 40 µL 
of 0.5 mM 1,7-heptanediamine (HDT), and 10 μL of isobu-
tylchloroformate. Following incubation for 30 min at 35 °C, 
200 µL of toluene were added, mixed well, and centrifuged 
at 10,000g for 1 min. Aliquots of 100 μL of the organic layer 
were used for analysis by GC-FID.

The GC-FID analysis was performed with a Shimadzu 
GC-2014 Gas chromatography apparatus equipped with a 
flame-ionization detector (FID), as above. The temperature 
profile, in this case, was 110 °C, followed by a temperature 
rate increase of 30 °C min−1 up to 320 °C held for 13 min. 
The injector and detector temperatures were set to 250 °C, 
the injection volume was 8 μL and the split was set at 15:1. 
Calibration curves were conducted using putrescine (PUT), 
cadaverine (CAD), HDT-like internal standard, spermidine 
(Spd), and spermine (Spm) (Fig. S3). Calibration curves 
were measured with the above standards at concentrations of 

Fig. 4   GC-FID analysis with a Shimadzu GC-2014 Gas Chroma-
tography apparatus equipped with a flame-ionization detector (FID) 
showing the signal amplitude of the samples with different concentra-
tions of nicotine. The latter had a retention time of 10.2  min under 
the experimental conditions employed. The analysis showed a linear 
response of the apparatus to nicotine concentration and a detection 
limit of 12.5 μg nicotine mL−1

Table 2   Primers specific for the various genes of interest employed 
in this work

KanR kanamycin resistance

Primer id Sequence

ODC_qPCR_FW ACG​TTT​CCG​ACG​ACT​GTG​TT
ODC_qPCR_RV GCA​GCT​CCG​GTA​ACT​GGT​AA
ADC_qPCR_FW GTG​TCA​CAG​AGC​GAT​AGC​CC
ADC_qPCR_RV TGC​TTG​AGC​GTC​TCG​AAC​AT
AO_qPCR_FW TGT​TGT​GCC​AAC​CTG​GTA​GT
AO_qPCR_RV GTT​GGC​AAC​CTC​TCG​CTT​TC
SAM_qPCR_FW TGA​CTT​CAG​GCC​TGG​AAT​GAT​
SAM_qPCR_RV CCT​TGA​CAG​TCT​CCC​AGG​TG
AIC_qPCR_FW GGT​ACA​AGG​CTT​GCT​GCT​TC
AIC_qPCR_RV TCT​GGA​AAC​GCC​AGT​GAG​AG
Arg_qPCR_FW GCG​GTC​TCT​CTT​TCC​GTG​AT
Arg_qPCR_RV GCA​GTC​ATG​CCA​TCA​ACA​GT
ElongationF_FW TGG​TCA​GGA​GAT​TGC​GAA​AGAGC​
ElongationF_RV ACG​CAA​AAC​GCT​CCA​ATG​GTG​
KanR_FW CAA​GAT​GGA​TTG​CAC​GCA​GG
KanR_RV TGA​TAT​TCG​GCA​AGC​AGG​CA
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10, 5, 2.5, 1.25 and 0.625 mM for each of these compounds 
(limit of detection was 0.5 mM).

Statistical analysis

Statistical analysis of the results was performed using the 
software package Past3.20 (Øyvind Hammer, April 2018). 
All experimental results were expressed as mean ± standard 
deviation (SD). Analysis of variance (ANOVA) and mean 
comparison were performed using Tukey’s multiple-range 
test. A P value of < 0.05 was considered to be statistically 
significant.

Results

Evaluation of transient expression

To obtain an initial evaluation of the effectiveness of the 
RNAi constructs to downregulate the respective gene expres-
sion, leaves from tobacco plants in the same developmental 
stage were agroinfiltrated for transient expression measure-
ments. Nine different Agrobacterium tumefaciens strains 
(At-ADC, At-AIC, At-AO1, At-AO2, At-ARG, At-ODC, 
At-SAMS 1, At-SAMS 2, and At-SAMS3) containing the 
respective RNAi constructs (Table 1) and the control strain 
were used to inoculate the tobacco plants (see “Materials and 
methods”). The agroinfiltrated leaves were harvested 2 days 
later, frozen in liquid nitrogen, and stored at − 80 °C until 
ready to use. Total RNA was extracted from each leaf sam-
ple and RT-qPCR analysis was performed. Levels of gene 
expression at the mRNA level are reported as the percentage 
for each gene transcript in the presence of the RNAi con-
struct, compared to those of the control. The following lev-
els were noted (± standard error of the mean): ADC = 88% 
(± 10%), AIC = 33% (± 28%), AO1 = 63% (± 14%), 
AO2 = 67% (± 30%), ARG = 84% (± 15%), ODC = 62% 
(± 15%), SAMS1 = 62% (± 10%), SAMS2 = 70% (± 16%), 
SAMS3 = 67% (± 17%). These results (Fig. S4) provided an 
initial assessment of the effect of the RNAi constructs on the 
corresponding gene expression.

Screening of the genomic transformants

About 120 T0 RNAi and control plants were cultivated, first 
in Dixie cups on agar in the lab, until they reached a height 
of about 10 cm. These were selected for antibiotic resist-
ance and further tested by PCR analysis for the presence 
of the RNAi transgenes (Fig. S2). They were transferred to 
the greenhouse for growth in soil, and for T1 seed genera-
tion by self-fertilization. T1 seeds were harvested, sterilized, 
and germinated first in Dixie cups on agar in the lab in the 
presence of kanamycin. Leaf samples from the emanating 

T1 seedlings were tested to evaluate the level of target gene 
expression by RT-qPCR (Fig. 5). Transcript levels were plot-
ted as a fraction (%) of the corresponding one in the wild 
type, thus providing a measure of gene expression in T1 
RNAi transformant tobacco plants, and also a measure of the 
efficacy of the RNAi approach to gene expression downregu-
lation. The results showed a substantially lower transcript 

Fig. 5   Transcript levels as a measure of gene expression in T1 RNAi 
transformant tobacco leaves. The results showed a substantially lower 
transcript level for all independent event lines derived from the ADC, 
AIC, AO, and ODC RNAi transformations. The ARG and SAMS 
transformant lines showed mixed and/or inconsistent results, with 
some lines having transcript levels comparable to the wild type, while 
others showed lower levels. Levels of gene expression at the mRNA 
level are reported as percentage of each gene transcript in the pres-
ence of the RNAi construct, compared to those of the control. Each 
sample was run in triplicate
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level, reaching as low as 1% of those in the wild type, for all 
independent event lines derived from the ADC, AIC, AO, 
and ODC RNAi transformations (Fig. 5). The ARG and 
SAMS transformant lines showed mixed and/or inconsistent 
results, with some lines having transcript levels comparable 
to the wild type, while others showed substantially lower 
levels. A minimum of three plants from each transformation 
event with lower levels of expression of the target genes was 
selected for further growth in the greenhouse and subse-
quent analysis. In total, 37 lines comprising the nine RNAi 
constructs plus the wild type were evaluated. The specific 
number of transformants by each RNAi construct is shown 
in Table 3 and Fig. 5 (RNAi transformant lines). Only three 
lines from independent events were examined for the ADC 
and AO2, whereas four lines of SAMS1 and six lines from 
independent events were examined for the ODC RNAi trans-
formants. Intermediate number of lines from independent 
events were examined in the case of the other RNAi trans-
formants (Table 3).

A preliminary measurement of total alkaloid content 
was performed in each of the T1 Dixie cup seedlings ref-
erenced in Table 3. Figure 6 shows the values for these 
37 lines selected to be transferred to the greenhouse. 
In this early vegetative stage, only the AO1 RNAi lines 
showed a systematically and substantially lower-than-
wild-type alkaloid content. Some of the ODC RNAi 
lines also showed a statistically significant lowering in 
total alkaloid content compared to the wild-type control 
(WT). In contrast, all AO2 and most of the SAMS RNAi 
lines showed significantly greater alkaloid content val-
ues than the WT. A subsequent alkaloid quantification 
was undertaken later, following the early budding stage, 
with mature plants grown in the greenhouse (Fig. 7). At 
this mature plant development stage, the content of total 
alkaloids in most of the transgenic lines was lower com-
pared to the control (WT), except for some of the AO2 

Table 3   RNAi constructs and RNAi transformant lines with the low-
est level of transcripts (RT-qPCR analysis) detected in T1 tobacco 
seedlings (please see “Results” on screening of the genomic transfor-
mants)

RNAi construct Lines with lowest gene expression 
and low content of total alkaloids

ADC 3, 4, 5
AIC 3, 4, 8, 9
AO1 1, 7, 10, 11, 14
AO2 3, 4, 5
ARG​ 3, 4, 5, 6, 9
ODC 1, 7, 9, 13, 14,15
SAMS 1 1, 2, 3, 7
SAMS 2 2, 8, 11, 12
SAMS3 1, 3, 10

Fig. 6   Total alkaloid content of leaves from 37 independent transfor-
mant lines with six different RNAi constructs of T1 plants plus the 
wild-type control in the early growth phase, while seedlings were 
still in Dixie cups in the lab. Note that at this early vegetative stage 
only the AO1 RNAi and some of the ODC RNAi lines showed sig-
nificantly lower total alkaloids content than the wild type (WT). In 
contrast, all AO2 and SAMS RNAi lines showed significantly greater 
alkaloid content values than the WT. Guide to the color-coded bars: 
Blue bars: alkaloid content of the WT. Orange bars: statistically sig-
nificant alkaloid content above that of the WT. Grey bars: no statisti-
cally significant alkaloid content difference, compared to that of the 
WT. Green bars: statistically significant alkaloid content below that 
of the WT. Results are the mean ± SD; n = 3
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and ODC lines, which gave mixed results, with some of 
these lines showing significantly greater than wild-type 
alkaloid content.

Leaf nicotine analysis

For the quantification of nicotine, the flower head and the 
shoot down to the first completely expanded leaf from the 
top were removed. Two weeks after this topping off, the 
third and fourth leaves from the top were harvested, mid-
rib removed, and the leaves were frozen in liquid nitrogen 
and lyophilized. The samples were ground and used for 
total alkaloid extraction. The average nicotine content of 
the leaves in three biological replicates from each T1 line 
is shown in Fig. 8. All transformants expressing the AO1-
RNAi and AO2-RNAi had the lowest values of nicotine 
compared to the control (WT). The latter had 3.9 ± 1.3 mg 
NCT per g DW. The nicotine content range of the AO1-
RNAi lines varied from below the limit of quantification 
(20 μg per g dry leaf weight) to 0.54 ± 0.13 mg per g dry leaf 
weight. The nicotine content range of the AO2-RNAi lines 
varied between 0.63 ± 0.3 and 1.3 ± 0.58 mg NCT per g DW. 
The next most significant suppression of nicotine content 
was observed in the ODC-RNAi lines 1, 13, 14 and 15. Also, 
ADC-RNAi had at least two lines with lower than wild-type 
nicotine content. In contrast, lines AIC-RNAi, ARG-RNAi 
and SAMS2-RNAi did not display significant differences 
compared with the wild-type control.

It is of interest that the effect of the AO1 RNAi construct 
increased with the plant developmental status, going from 
an average of 0.34 g alkaloids per g FW in the seedling stage 
(Fig. 6) to as low as 0.06 g alkaloids per g FW in developed 
leaves harvested just prior to budding (Fig. 7). This was fur-
ther attenuated later in the development that was measured 
after plant topping, as evidenced from the near absence of 
nicotine in these AO1 transformants (Fig. 8).

Polyamine profile

Leaf samples for polyamine determination were taken from 
the topped-off plants, as was the case of the samples for 
nicotine analysis. Figure 9a shows the mean putrescine 
content in the various RNAi lines. Compared to wild type, 
ADC-RNAi and ODC-RNAi lines had significantly lower 
content of putrescine, while AIC-RNAi, ARG-RNAi, and 
SAMS-RNAi lines had levels of putrescine equivalent to 
that measured in the control (Fig. 9a, WT). AO lines were 
not tested in this respect because AO functions in a different 
pathway (please see discussion, below). Putrescine levels 
seemed to be lower in the ADC-RNAi than the ODC-RNAi 
lines; however, the difference was not statistically signifi-
cant and the uncertainty (error bars) in the two measure-
ments prevented drawing an unequivocal conclusion. The 

Fig. 7   Total alkaloid content of mature leaves harvested at the green-
house from 37 independent transformant lines with six different 
RNAi constructs of T1 plants plus the wild-type control following the 
early budding plant development stage. The total alkaloid content of 
all AO1 lines was substantially lower than that of the wild type (WT), 
whereas other transgenic lines yielded mixed results. Some of the 
AO2 and ADC lines continued to show significantly greater than wild 
type values. Guide to the color-coded bars: Blue bar: alkaloid con-
tent of the WT. Orange bars: statistically significant alkaloid content 
above that of the WT. Grey bars: no statistically significant alkaloid 
content difference compared to that of the WT. Green bars: statisti-
cally significant alkaloid content below that of the WT. Results are 
the mean ± SD; n = 3
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spermidine (Fig. 9b) and cadaverine (Fig. 9c) contents of 
the RNAi transformants were not statistically different from 
that of the control.

Fig. 8   Nicotine content of leaves from T1 plants grown at the green-
house. The assay included 37 independent transformant lines with 
six different RNAi constructs of T1 plants plus the wild-type control 
2 weeks after topping. Transformants expressing the AO1-RNAi and 
AO2-RNAi had the lowest nicotine content compared to the control 
(WT). The next most significant suppression of nicotine content was 
observed in the ODC-RNAi lines 1, 13, 14, and 15. Also, ADC-RNAi 
had at least two lines with lower than wild-type nicotine content. In 
contrast, lines AIC-RNAi, ARG-RNAi, and SAMS2-RNAi did not 
display significant differences compared with the wild-type control. 
Guide to the color-coded bars: Blue bars: no statistically significant 
nicotine content difference compared to that of the WT. Green bars: 
statistically significant nicotine content below that of the WT. Results 
are the mean ± SD; n = 3

a

b

c

Fig. 9   Mean content of a putrescine, b spermidine, and c cadaver-
ine in each type of RNAi line examined in this work. A minimum of 
three biological replicates and maximum of six (mean ± SD; n = 3–6) 
were applied to each of the polyamines quantified. The values shown 
are the average of all the lines for each type of RNAi construct 
employed. Compared to wild type, ADC-RNAi and ODC-RNAi 
lines had significantly lower content of putrescine, while AIC-RNAi, 
ARG-RNAi, and SAMS-RNAi lines had levels of putrescine equiva-
lent to that measured in the control (WT). The spermidine and cadav-
erine contents of the RNAi transformants were statistically invariable 
from that of the control. Guide to the color-coded bars: Blue bars: no 
statistically significant putrescine, spermidine, or cadaverine content 
difference compared to that of the WT. Green bars: statistically sig-
nificant putrescine content below that of the WT
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Leaf phenotype of the RNAi transformants

Differences in the phenotype of the leaves were noted 
between the various transformants and the wild-type con-
trol. In all AIC-RNAi lines (Fig. 10a), the fully expanded 
and oldest (lower) leaves showed a premature turning to 
yellow then reddish-brown coloration. They initially devel-
oped concentric ring spots, which expanded and merged to 
form larger leaf areas of tissue reminiscent of senescence. 
In general, the photosynthetic viability of the mature and 
oldest (lower) leaves was negatively affected in the plants 
expressing the AIC-RNAi construct. This phenomenology 
was limited to the lower leaves and did not seem to affect 
the upper leaves of these plants, including those that were 
sampled for alkaloids, nicotine, and polyamines analysis.

In only some of the AO1-RNAi lines (Fig. 10b), the 
fully expanded and oldest (lower) leaves also turned yel-
low, developed white spots, which later became reddish-
brown. The lines that developed this phenotype (AO1 lines 
7, 10, and 11) were the ones with the lowest level of nico-
tine content in the upper leaves. Interestingly, none of the 

AO-2-RNAi plants developed the early senescence pheno-
type (not shown).

It should be noted that these coloration changes described 
above affected the oldest leaves of these transformants, 
whereas higher up leaves, including the third and fourth 
leaves from the top that were harvested for alkaloids and 
nicotine analyses, had a normally green pigmentation and 
otherwise healthy phenotype, very much like the wild-type 
control.

Discussion

A systematic effort was undertaken to assess the role of 
a number of alkaloid biosynthesis enzymes in the pro-
cess of nicotine synthesis and accumulation in Nicotiana 
tabacum. RNAi technology was applied to down-regulate 
the expression of several alkaloid biosynthesis-related 
genes in tobacco, including the aspartate oxidase (AO), 
ornithine decarboxylase (ODC), arginine decarboxylase 
(ADC), agmatine deiminase (AIC), arginase (ARG), and 

a

b

Fig. 10   Phenotypic variation noted for the older leaves in a the AIC-
RNAi and b AO1-RNAi lines. In all AIC-RNAi lines in a, the fully 
expanded and oldest leaves showed signs of early senescence-like 
discoloration. Similarly, in some of the AO1-RNAi lines in b, the 
fully expanded and older (lower) leaves also showed symptoms of 
early senescence-like discoloration. Lines that showed this phenotype 
(AO1 lines 7, 10, and 11) were the ones with the lowest level of nico-

tine content. It should be noted that these “early” coloration changes 
affected the oldest leaves of the transformants, as compared with the 
wild-type control, whereas upper leaves of these plants, including the 
third and fourth leaves from the top that were harvested for alkaloids 
and nicotine analyses had a normally green pigmentation and other-
wise healthy phenotype, very much like the wild type
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S’adenosyl-L:-methionine (SAM) synthase. Results pre-
sented in this work showed that nicotine content in tobacco 
leaves was attenuated the most in plants expressing ADC, 
ODC, and AO in an RNAi configuration. The ODC results 
are consistent with the findings of DeBoer et al. (2011, 
2013) showing that an ornithine to putrescine reaction 
(Fig. 11), catalyzed by ODC, is an important step in alka-
loid and nicotine biosynthesis and accumulation. The results 
also showed that the nicotinate and nicotinamide metabolic 
pathway is also important in the synthesis and accumula-
tion of nicotine, in a putative process schematically shown 
in Fig. 11. Conversely, the results strengthen the notion that 
steps of the arginine and proline metabolism and the asso-
ciated enzymes, including AIC and ARG (Fig. 11), do not 
play a significant role in determining leaf nicotine levels. An 
intermediate nicotine attenuation effect was noted upon the 
RNAi-mediated down-regulation of SAM synthase enzymes, 
suggesting that methionine to spermidine to putrescine may 
also contribute to nicotine synthesis and accumulation. In 
sum, results from this work suggested that multiple differ-
ent biosynthetic pathways catalyzed by a variety of different 
enzymes may feed substrate toward nicotine biosynthesis in 
commercial cultivars of tobacco.

The complexity of the alkaloids and nicotine biosynthetic 
pathways shown in Fig. 11 could be seen in light of the 
origin of the tobacco species employed in this work. Nico-
tiana tabacum is a tetraploid species that originated from 
the natural hybridization of two Nicotiana diploid species, 
i.e., N. tomentosiformis and N. sylvestris (Goodspeed and 
Clausen 1928; Smith 1968; Gray et al. 1974; Kung et al. 
1975). Gray et al. (1974) and Kung et al. (1975) employed 

an analysis of the polypeptide composition of fraction I 
protein in Nicotiana tabacum to show the distinct origin of 
subunits from two species, thereby supporting the hypoth-
esis of a natural hybridization of two Nicotiana species (N. 
tomentosiformis and N. sylvestris) to yield what is now the 
commercial cultivars of Nicotiana tabacum. Similarly, Bai 
et al. (2011) reported on two flavonoid-related basic helix-
loop-helix regulators, NtAn1a and NtAn1b, of tobacco as 
originating from two Nicotiana ancestors that are functional 
but independently active. It is tempting to speculate that dis-
tinct nicotine biosynthetic pathways originated in the two 
different diploid tobacco species, i.e., N. tomentosiformis 
and N. sylvestris, and they now coexist but differentially reg-
ulated, e.g. by environmental and developmental conditions 
(Payyavula et al. 2012, 2013), in the tetraploid Nicotiana 
tabacum. Further work is needed to delineate the origin of 
the alkaloid biosynthetic pathway and that of the nicotinate 
and nicotinamide metabolism (Fig. 11) as contributors to 
nicotine biosynthesis and accumulation among the distinct 
N. tomentosiformis and N. sylvestris diploid tobacco species.

In the present work, the target genes investigated 
pertain to polyamine and alkaloid biosynthesis and the 
objective of this work was to test for the effect of their 
downregulation on leaf alkaloids and nicotine content. 
Expression of the genes examined is known to occur in all 
plant tissues and has been investigated in Arabidopsis thal-
iana (Jumtee et al. 2008; El Amrani et al. 2019). This was 
further confirmed by us via gene leaf expression analysis, 
using the appropriate software found in the ePlant tool 
(https​://bar.utoro​nto.ca/eplan​t), developed by Waese et al. 
(2017). The latter is designed to explore and corroborate 

Fig. 11   Putative alkaloid 
biosynthetic pathway schematic 
in Nicotiana tabacum. Shown 
are the putative arginine and 
proline metabolism, alkaloids 
biosynthesis, and nicotinate 
and nicotinamide metabolism 
pathways, as they may be 
involved in the analysis reported 
in this work. Schematics are 
based on pathway information 
summarized in https​://www.
genom​e.jp/dbget​-bin/www_
bget?R0907​7+RC000​53, https​
://www.genom​e.jp/kegg-bin/
show_pathw​ay?rn003​30, https​
://www.genom​e.jp/kegg-bin/
show_pathw​ay?rn009​60, https​
://www.genom​e.jp/kegg-bin/
show_pathw​ay?rn007​60

https://bar.utoronto.ca/eplant
https://www.genome.jp/dbget-bin/www_bget?R09077+RC00053
https://www.genome.jp/dbget-bin/www_bget?R09077+RC00053
https://www.genome.jp/dbget-bin/www_bget?R09077+RC00053
https://www.genome.jp/kegg-bin/show_pathway?rn00330
https://www.genome.jp/kegg-bin/show_pathway?rn00330
https://www.genome.jp/kegg-bin/show_pathway?rn00330
https://www.genome.jp/kegg-bin/show_pathway?rn00960
https://www.genome.jp/kegg-bin/show_pathway?rn00960
https://www.genome.jp/kegg-bin/show_pathway?rn00960
https://www.genome.jp/kegg-bin/show_pathway?rn00760
https://www.genome.jp/kegg-bin/show_pathway?rn00760
https://www.genome.jp/kegg-bin/show_pathway?rn00760
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gene expression and localization in different plant tissues. 
Additionally, localization of expression of these genes has 
been independently reported in the leaves of tobacco and 
tomato plants (Kwak and Lee 2001; Bortolotti et al. 2004).

Of interest in this work is also the observation of an 
earlier-than-wild type initiation of a senescence-like phe-
nomenon in the primary fully expanded and mature leaves, 
observed mainly with AIC and secondarily with AO trans-
formants (Fig. 10). On the basis of the pathway schematic 
of alkaloid biosynthesis in Nicotiana tabacum (Fig. 11), 
the AIC functions as an intermediate in the arginine and 
proline metabolism, whereas AO functions in the nicoti-
nate and nicotinamide metabolism. A cross-talk between 
the two pathways is not evident on the basis of Fig. 11 
and related biosynthetic pathway schematics in the litera-
ture, and the RNAi down-regulation of the corresponding 
AIC and AO genes does not bring about the same effect 
on intermediate metabolites. More research is needed to 
address the physiology and etiology of this senescence-
like phenomenon in the primary fully-expanded and 
mature leaves of these transformants.

Results in this work serve as a guide for the selection 
of target genes and transformant lines with a consist-
ently downregulated nicotine content. The RNAi method 
applied in this work provided a proof-of-concept, showing 
down-regulation in gene expression at the mRNA level and 
down-regulation in the corresponding amount of product 
accumulated. Important in the context of this study is the 
effect of RNAi application on nicotine levels, measured 
two weeks after the topping of fully-grown plants (Fig. 9). 
Topping and subsequent harvesting of mature leaves is 
a common agronomic practice that significantly impacts 
the transcript levels, yield, and quality of the product in 
various crop plants (Singh et al. 2015; Henry et al. 2019).
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