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 ❀ Background. Agrobacterium rhizogenes rol genes cause not only hairy root syndrome in plants, but also affect their 

secondary metabolism. There are cases of increasing of nicotine content in transgenic tobacco roots expressing rolC alone 

or in combination with other rol genes. In this work, we evaluated the change in the expression of nicotine synthesis genes 

and their regulators in response to the induction of expression of rolC.

Materials and methods. Plant material was represented by three Nicotiana tabacum genotypes: cv. Samsun and two 

transgenic lines, derived from this cultivar and containing rolC under dexamethasone inducible promoter: A. rhizogenes 

rolC (Pdex-A4rolC) and N. tabacum rolC (Pdex-trolC) correspondingly. Fluidigm Biomark RT-PCR was used for evalu-

ation of expression of QPT1, QPT2, A622, ODC, ADC, PMT1, PMT2, PMT3, PMT4, MPO1, MPO2, BBL, MATE1, 

MATE2, ARF6, ERF168, ERF189, A4rolC, NtrolC, and reference gene gapdh. HPLC-MS / MS analysis was used to 

determine content of nicotine and its derivatives in plant tissues.

Results. Expression of PMT genes for the synthesis of the pyrrolidine ring, as well as the genes, controlling enzyme for 

final stages of nicotine synthesis, was higher in transgenic lines without induction of rolC expression. Regulatory genes 

were activated by dexamethasone in both transgenic and control lines, indicating the inapplicability of rolC dexametha-

sone induction for their study. The level of expression of PMT and MPO genes increased over time in transgenic dexameth-

asone-induced lines. Nicotine content decreased in transgenic dexamethasone-induced plants.

Conclusions. The rolC gene does not play a primary role in the regulation of nicotine synthesis genes. The mechanism 

of regulation of different nicotine biosynthesis genes and TFs varies.

 ❀ Keywords: nicotine production; gene expression; rolC; transgenic plants.

ИНДУЦИРОВАННАЯ ЭКСПРЕССИЯ rolC ДЛЯ ИЗУЧЕНИЯ ЕГО ВЛИЯНИЯ 
НА ЭКСПРЕССИЮ ГЕНОВ, СВЯЗАННЫХ С СИНТЕЗОМ НИКОТИНА В ТАБАКЕ
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 ❀ Гены rol Agrobacterium rhizogenes вызывают не только синдром волосистых корней у растений, но и влияют 

на их вторичный метаболизм. Описаны случаи увеличения содержания никотина в трансгенных корнях табака, 

экспрессирующих rolC отдельно или в комбинации с другими rol-генами. В этой работе мы оценили изменение 
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экспрессии генов синтеза никотина и их регуляторов в ответ на индукцию экспрессии rolC. Растительный мате-

риал был представлен тремя генотипами Nicotiana tabacum: сорт Samsun и две трансгенные линии, полученные 

на основе этого сорта, и содержащие rolC под индуцируемым дексаметазоном промотором A rhizogenes rolC

(Pdex-A4rolC) и N. tabacum rolC (Pdex-NtrolC) соответственно. Систему ПЦР в реальном времени Fluidigm Biomark 

использовали для оценки экспрессии QPT1, QPT2, A622, ODC, ADC, PMT1, PMT2, PMT3, PMT4, MPO1, MPO2, 

BBL, MATE1, MATE2, ARF6, ERF168, ERF189, A4rolC, NtrolC и контрольного гена gapdh. Анализ ВЭЖХ-МС/МС

использовали для определения содержания никотина и его производных в растительных тканях. Экспрессия генов 

синтеза пирролидинового кольца РМТ, а также генов, контролирующих фермент конечной стадии синтеза нико-

тина, была выше в трансгенных линиях без индукции экспрессии rolC. Регуляторные гены были активированы 

дексаметазоном как в трансгенных, так и в контрольных линиях, что указывает на неприменимость индукции rolC 

дексаметазоном для их исследования. В то же время уровень экспрессии генов PMT и MPO со временем повы-

шался в трансгенных дексаметазон-индуцированных растениях, а содержание никотина снижалось. Таким образом, 

ген rolC не играет первостепенной роли в регуляции генов синтеза никотина. Механизм регуляции изученных 

генов неодинаков.

 ❀ Ключевые слова: синтез никотина; экспрессия генов; rolC; трансгенные растения.

INTRODUCTION
Representatives of Nicotiana genus are the most 

well studied plants, carrying homologs of T-DNA 

genes of agrobacterial origin (called cT-DNA). Their 

ancestral forms were transformed by some Agrobac-

terium strains. For generations, cT-DNA genes have 

been transmitted from parents to descendants. Many 

cT-DNA sequences still contain intact ORFs; some 

of cT-DNA genes are expressed. However, there 

is no consensus on the function of сT-DNA genes 

[1–3].

Several possible functions of cT-DNA genes are 

stated in the literature. The most probable functions 

are increasing of regeneration ability and influence 

on microbial communities within the plant rhizo-

sphere and phyllosphere. This can be achieved by 

attracting beneficial microbes by secreted opines, 

or by repelling unwanted neighbors with secondary 

metabolic products. In tobacco, rolC is the most 

conserved cT-DNA gene [3, 4].

It was initially thought that T-DNA functions 

are related to regulation of the hormonal status of 

transgenic cells. As early as 1987, it was reported 

that cultures of “hairy roots” are notable for their 

increased content of secondary metabolites [5–7]. 

Since those observations, it was hypothesized that 

T-DNA genes have additional functions and this led 

to the study of effects of T-DNA genes on plant sec-

ondary metabolism. The effects of particular T-DNA 

genes (rolA, rolB, and rolC) and their combinations 

on secondary metabolism have been discussed. More 

details are provided in T.V. Matveeva et al. [8].

Plants of the genus Nicotiana, are widely used in 

folk medicine because of high levels of alkaloids in 

their tissues [9]. Alkaloids are not unique for natural-

ly transgenic species and are synthesized in different 

representatives of the Nicotiana genus. However, 

it seems quite possible that some of T-DNA genes 

may increase the levels of major fractions of second-

ary metabolites of plants. As an example, we can 

describe interesting data that have been obtained on 

tobacco grown in tissue culture. J. Palazon et al. [10]

have shown that Nicotiana tabacum transformed 

with a rolC gene had increased level of nicotine. 

Growth capacities and nicotine production were 

also greatly increased in lines transformed with 

combination of rolA, rolB, and rolC [10]. Alkaloids 

play an essential role in protection of Nicotiana 

plants from biotic and abiotic stress [11]. Unfortu-

nately, the mechanism of the effect of T-DNA genes 

on secondary metabolism is poorly studied. In the 

presented work we used tobacco lines with induc-

ible by dexamethasone expression of the rolС gene. 

The genetic construct for dexamethasone induc-

tion encodes chimeric transcription factor (GVG) 

comprising the DNA-binding domain of the yeast 

transcription factor GAL4, the transactivating do-

main of the herpes viral protein VP16 and hormone 

(dex) receptor, under 35S promoter. As a binding 

site for GVG, a DNA fragment containing six copies 

of the GAL4 UAS is fused 5' to the minimal CaMV 

35S promoter [12]. A DNA fragment encoding the 

A4rolC or NtrolC gene is placed downstream of the 

promoter. The chimeric protein acts as a strong 

transcription factor, activated by dexamethasone. 

Pdex-A4rolC и Pdex-NtrolC plants were earlier 

used to study sugar transport in tobacco [13],

but not for alkaloid content.
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The main alkaloid of cultivated tobacco is nico-

tine. It is produced in roots and translocated to the 

leaves [11]. Nicotine consists of a heterocyclic pyri-

dine and pyrrolidine ring. Its biosynthesis pathway is 

shown in Fig. 1. It consists of two parts. The syn-

thesis of the pyridine ring begins with aspartate 

and includes reactions catalyzed by aspartate oxi-

dase (AO), chinolinate synthase (QS), quinolinate 

phosphoribosyltransferase (QPT). The synthesis of 

the pyrrolidine ring begins from ornithine and in-

cludes reactions catalyzed by ornithine decarboxy-

lase (ODC), putrescine-N-methyltransferase (PMT),

and N-methylputrescine oxidase (MPO). Enzymes of 

some stages of the synthesis are still under discus-

sion. Enzymes can be encoded by several homolo-

gous genes, since cultivated tobacco is allotetraploid 

[11, 14]. The transfer of nicotine from the cytoplasm 

to vacuole helps to reduce the potential cytotoxic-

ity caused by this alkaloid. MATE type transport-

ers (multidrug resistance): NtMATE1 and -2 are 

located in the tonoplast and help in the transfer of 

cytoplasmic nicotine through the tonoplast of root 

cells [11].

Nicotine biosynthesis is regulated by two different 

loci: NIC1 and NIC2. They contain genes for tran-

scription factors (ERF). NIC2 has a greater effect 

on nicotine level. TFs, encoded by NIC2, recognize 

the GCC box in the promoters of the genes of the 

nicotine pathway of biosynthesis and specifically acti-

vate all known structural genes of this pathway [15].

Aspartate
ODS

QS

AO

PMT

MPO

ADS

QPT

A622
BBL

α-Iminosuccinate

Quinolinate

Nicotine
mononucleotide

Nicotine

Arginine

Putrescine

N-Methylputrescine

4-Methylaminobutanal

Ornitine

Fig. 1. Nicotine biosynthesis: aspartate oxidase (AO), quinolinatesynthase (QS), quinolinatephosphoribosyl transferase (QPT),

ornithine decarboxylase (ODC), putrescine N-methyltransferase (PMT), N-methylputrescine oxidase (MPO), PIP-family oxidoreduc-

tase (A622), berberine bridge enzyme-like (BBL)



416

❀ экологическая генетика ТОМ  18   № 4   2020 ISSN 1811–0932

ГЕНЕТИЧЕСКИЕ ОСНОВЫ ЭВОЛЮЦИИ ЭКОСИСТЕМ

MYC2-like bHLH family TFs are also shown to in-

duce alkaloid biosynthesis in Nicotiana. ARFs (auxin 

response factors) are involved in regulation of nico-

tine synthesis, but mechanism of this regulation re-

mains unclear [16].

The aim of our research was to analyze the dy-

namics of the expression of mentioned above nico-

tine synthesis genes, their regulators, and nicotine 

transporters, in response to the induction of the 

rolC gene with dexamethasone, and to analyze 

the alkaloid content in transgenic and control to-

bacco plants, induced by dexamethasone and non-

induced.

MATERIALS AND METHODS
Plant material

T3 generation obtained from transgenic lines of 

tobacco Pdex-A4rolC and Pdex-NtrolC and the origi-

nal form (plants of the Samsun variety) were kindly 

provided by Prof. L. Otten (IBMP, France). Trans-

genic plants contain the rolC gene under the control 

of the dexamethasone-induced promoter.

Seeds of tobacco lines were sterilized by 30% 

H
2
O

2
,

 
washed with sterile water and placed on Petri 

dishes with Murasige-Skoog medium (MS) for ger-

mination [17]. Plants were cultivated on MS medium 

under a 16-hour photoperiod and propagated by cut-

tings.

A month after the last cuttings plants were placed 

on MS medium containing 10 μM dexamethasone 

for inducing of rolC expression (Stock solution con-

tained 4 mg dexamethasone in 1 ml deionized wa-

ter). Control plants were maintained on MS medium 

without inducer. This procedure was performed both 

for transgenic plants and for the original Samsun va-

riety.

Pieсes of plant roots were collected for RNA isola-

tion from the same plants prior to transfer onto the 

medium with an inducer, and then after 6 hours, 1, 

2, 7 days from the start of induction. Non-transgen-

ic plants were exposed to the same dexamethasone 

treatment as transgenic lines.

For biochemical analysis plant leaves were col-

lected from plants after 7 days of cultivation on 

MS media (control) andMS media with dexameth-

asone.

In each experiment, there were at least three 

plants (biological replicates).

RNA isolation

RNA was isolated from 50 mg of roots tissues us-

ing the RNeasy Plant Mini Kit (Qiagen) according to 

the instructions of the kit.

Reverse transcription, preamplification, Flui-

digm Re-PCR

Reverse transcription, preamplification, Fluidigm 

Re-PCR were performed as described in our previous 

paper [18]. The panel included primers for analysis of 

the expression of genes QPT1, QPT2, A622, ODC, 

ADC, PMT1, PMT2, PMT3, PMT4, MPO1, MPO2, 

BBL, MATE1, MATE2, ARF6, ERF168, ERF189.

A4rolC, NtrolC, and reference gene gapdh. Analysis 

of the results was carried out using software supplied 

with Fluidigm BioMark HD PCR System (Fluidigm).

Alkaloid extraction

Alkaloids extraction and analysis were performed 

according to C. Ruprecht et al. (2014) with modifica-

tions [19]. 200 mg of upper plant leaves was placed 

in a pre-cooled mortar, frozen with liquid nitrogen and 

grinded, gradually adding 10 ml of 80% ethanol. Ex-

traction was carried out for 30 minutes at 80 °C. The 

precipitate was separated by centrifugation at 7500 g 

for 10 minutes. Prior to HPLC-MS / MS, the crude 

extract was further purified using a CHROMAFIL 

Xtra filter (0.45 μm) (Macherey-Nagel, Germany).

HPLC-MS / MS analysis

We used an LCMS-IT-TOF system (Shimad-

zu, Japan) equipped with an electrospray ionization 

source. For chromatography, a Hypercil gold PFP col-

umn with a length of 150 mm, an internal diameter of 

2.1 mm, and a sorbent grain size of 3 μm was used 

as the stationary phase (Thermo Scientific, USA).

Sample separation took place at a flow rate of

0.4 ml/min. The mobile phase consisted of two com-

ponents: water with the addition of 0.05% acetic acid 

(eluent A) and acetonitrile (eluent B). Gradient elu-

tion was carried out according to the following pro-

gram: gradient 0–4 min 5% B, 4–7 min 5–95% B, 

7–9 min 95% B, 9–14 min 5% B. The temperature 

of the column thermostat was 25 °C. The volume of 

injected sample was 20 μl.

To determine the components, we used an ion 

source for electrospray ionization in the mode of 

positively charged ions (heat block temperature 
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200 °C; capillary voltage 4.5 kV; desolvation line 

temperature 200 °C; nebulizer gas flow 1.5 L/min). 

The MS spectra were collected in positive ion mode 

over an m/z range of 100–1200. For quantification 

of nicotine, anatabine, and nornicotine peak areas 

were recorded in extracted ion chromatograms of

[M + H] + ions at m/z 163.1225, 161.1074, 

149.1074 respectively [20].

The experimental data were recorded and pro-

cessed using a personal computer and the GCMS 

Solution software package (Shimadzu, Japan). Con-

firmation of the elemental composition of alkaloids 

(nicotine, anatin, nornicotine) was carried out ac-

cording to the pattern of isotopic cleavage. The 

experiment was done in three biological and three 

technical replicates. Statistical processing was per-

formed by analysis of variance (ANOVA) [21].

RESULTS AND DISCUSSION
In the framework of this study, we analyzed the 

level of expression of genes that affect the level of 

nicotine in plant tissues. Since the secondary meta-

bolism is influenced by many factors, it was decided 

to take material from the same plants for analysis at 

different time points in order to minimize the influ-

ence of individual differences in the dynamics of the 

studied process. It is known, that after wounding of 

tobacco plants, roots synthesize a large amount of 

nicotine. Its concentrations in leaves reaches peak 

on 5th day after wounding [22]. In our study, the 

plants were equally exposed to injury, therefore, this 

factor could not significantly affect the results of the 

study.

It is interesting to note that the studied lines dif-

fered in the level of expression of nicotine biosynthesis 

genes in the absence of an inducer (1st time point). 

Fig. 2 shows the expression levels of some genes for 

the synthesis of the pyrrolidine ring, as well as the 

genes, controlling enzyme for final stages of nicotine 

biosynthesis.

As can be seen from the figure, there is a tenden-

cy to increase the expression of A622, PMT1, PMT3 

in uninduced transgenic lines.

NtrolC and A4rolC have a similarity of 79%, at 

the nucleotide level, which makes it possible to eval-

uate the expression of each gene separately [13, 23].

It was previously shown that NtrolC is expressed 

in tobacco young leaves and shoot tips, but not 

in roots [24]. When dexamethasone was added to 

the medium, a gradual increase in the intensity 

of rolC expression was observed starting from the 

6 hourstime point (Fig. 3). The highest expres-

sion level for both types of genetic constructs was 

observed on day 2 of the study. Further its expres-

sion has decreased. Unfortunately, the expression 

dynamics of the transcription factors studied by us 

coincided with that in rolC, even in plants without 

Fig. 2. Relative gene expression level of A622, PMT1, PMT3 in roots of uninduced tobacco lines
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a dexamethasone-inducible gene (Fig. 4). This sug-

gests that dexamethasone itself affects the expres-

sion of studied transcription factor genes. It should 

be recalled that for activation of the rolC homologs in 

our constructs, dexamethasone interacts with a chi-

meric transcription factor, which then recognizes the 

recombinant promoter sequence, located upstream 

from the rolC coding sequence Thus, the produc-

tion of a chimeric transcription factor is a necessary 

condition for the induction of rolC. Some differences 

in the timing of rolC activation as compared to TF 

genes may be associated with differences in the bind-

ing of dexamethasone to chimeric protein and plant 

proteins, activating transcription, and the degree of 

their availability.

A more pronounced effect of dexamethasone in 

the non-transgenic line may be due to the lack of 

competition for binding with the dexamethasone be-

tween regulators of the expression of these TFs and 

the rolC activation system in tobacco tissues. Thus, 

the dexamethasone system is not suitable for study-

ing the regulation of transcription factor genes, in-

volved in regulation of nicotine synthesis, by means 

of rolC induction by dexamethasone. This result was 

quite unexpected, since no dexamethasone receptors 

are known in plants [23]. This system has been used 

many times to induce gene expression and study the 

functions of their products [23], including experi-

ments conducting in our laboratory with the same 

plant material [25].

The dynamics of expression of genes encoding the 

enzymes of the early stages of pyrrolidine ring bio-

synthesis coincided in general with TFs, but charac-

terized by certain delay, which can be explained from 

the point of view of regulation of their expression by 

these TFs.

Nevertheless, transgenic lines grown on a me-

dium with dexamethasone, showed a tendency 

to increase the expression of genes encoding en-

zymes of the later stages of pyrrolidine ring syn-

thesis (Fig. 5), that illustrates different mechanisms 

of regulation of early and late stages of pyrrolidine 

ring synthesis.

For the pyridine ring synthesis enzyme genes and 

genes encoding transporters, changes in expression 

in response to rolC were not detected.
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Fig. 4. Dynamics of expression of genes of transcription factors ARF6, ERF168 and genes ADS and ODS, encoding enzymes of the 

initial stages of the synthesis of the pyrrolidine ring. The expression levels of genes of interest of the Samsun variety at the start of the 

experiment was taken as 1



419

❀ ecological genetics 2020;18(4)   eISSN 2411-9202

GENETIC BASIS OF ECOSYSTEMS EVOLUTION

Summarizing the data obtained, the following ob-

servations can be made. Firstly, we can assume some 

non-canonical scheme of acting of the rolC gene in 

plants. This conclusion can be drawn, since the pres-

ence of a non-induced rolC gene (of both agrobacte-

rial and “plant” origin) in plants of two independent 

tobacco lines leads to increased expression of certain 

nicotine synthesis genes. An alternative explanation 

could be the influence of other elements of T-DNA 

on nicotine synthesis genes. However, the data on 

the increased synthesis of nicotine by hairy roots and 

tobacco tissues transformed with rolC, as compared 

to the tissues of wild-type plants [10], make the first 

version more plausible. Secondly, dexamethasone 

activates expression of genes of some transcription 

factors that regulate nicotine synthesis genes, inde-

pendently from rolC. And thеse TFs, in turn, activate 

expression of genes of the early stages of nicotine 

synthesis. Thus, different mechanisms take part in 

the regulation of the expression of the genes stud-

ied by us, which is confirmed by differences in the 

dynamics of their expression in the framework of our 

experiment.

Since the total biosynthesis rate of any substance 

is determined by the slowest stage, in our experiment 

we expected no increase of the level of nicotine and its 

derivatives in induced transgenic lines. Analyzing of 

alkaloids content on the 7th day from the beginning of 

exposure to dexamethasone, we revealed a slight de-

crease in the nicotine content in both transgenic lines 

compared to the control (Fig. 6). At the same time,
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Fig. 5. Dynamics of expression of genes of pyrrolidine ring synthesis enzymes. The expression level of genes or interest of the Samsun 

variety at the start of the experiment was taken as 1

Fig. 6. The content of alkaloids in leaf extracts of tobacco lines 

after dexamethasone treatment (MS-dex – plants, cultivated on 

MS media with dexamethasone; MSO – control plants cultivated 

on MS media without dexamethasone)
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we observed a slight increase of the nicotine content 

in the control line in response to dexamethasone.

Statistically significant differences in the nico-

tine content are shown for the shoots of plants of 

each line grown on a medium without dexametha-

sone and with dexamethasone (p ≤ 0.05), also be-

tween the Nicotiana tabacum line, Samsun variety 

and the N. tabacum, Pdex-NtrolC and N. tabacum 

Pdex-A4rolC lines when grown on medium without 

dexamethasone (p ≤ 0.05). No significant differences 

in the content of other alkaloids were found.

This effect, observed by us, can be explained by 

the discoordination of different systems for regulat-

ing the synthesis of alkaloids in the conditions of our 

experiment. In addition, most likely the rolC does not 

play primary role in the regulation of nicotine syn-

thesis.

Our results are consistent with data of Hidalgo 

Martinez et al. [26], who showed that a downregula-

tion of the enzymes, controlling early stages of nico-

tine synthesis leads to decrease of nicotine content. 

Dexamethasone is not acceptable for enhancing the 

synthesis of alkaloids through the induction of ex-

pression of rolC, because this compound itself leads 

to the activation of expression of genes of TFs, such 

as ARF6, ERF168, followed by the decrease of their 

expression. The dynamics of expression of genes of 

early stages of nicotine synthesis coincides with that 

for TFs. Thus, at the time of measuring the nicotine 

content, expression of ODC and ADC was reduced, 

which reflected the level of nicotine.

In subsequent experiments, it is necessary to 

choose a different system of gene induction to study 

its role in the regulation of secondary metabolism. 

The choice of such a system is a rather difficult 

task, since many factors affect the secondary me-

tabolism. A preliminary assessment of the influence 

of various factors used to induce the expression of 

transgenes is required to select the optimal experi-

mental design.
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