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Abstract. Agrobacterium-mediated transformation is the most popular approach for obtaining transgenic plants
nowadays. There are plenty of protocols developed for different plant species. These protocols usually include the
medium composition, the technology for preparing plant explants and cultivation conditions, as well as the choice
of agrobacteria strains. Nicotiana tabacum, or cultivated tobacco, was one of the first successfully transformed plant
species. Nicotiana tabacum is a model object in plant genetics, particularly due to its ability for transformation and
regeneration. N. tabacum is a naturally transgenic plant since its genome contains a cellular T-DNA acquired from
Agrobacteria. The significance of cT-DNA for plants has not yet been established. Some assume that cT-DNA can in-
crease the ability of plants to regenerate due to some of the genes they contain. For example, rolC has been shown to
affect the hormonal balance of plants, but the molecular mechanisms underlying this have yet to be found. Rol/Cis also
somehow involved in the secondary metabolism of plants. Like N. tabacum, Nicotiana glauca produces a wide range of
secondary metabolites and contains an intact rolC gene in its genome. At the same time, unlike N. tabacum, N. glauca
is a diploid species, which makes it more suitable for genetic engineering approaches. Nicotiana sylvestris is one of
the ancestral species of N. tabacum and does not contain cT-DNA. The aim of this work was to develop a protocol for
transformation and regeneration of N. glauca and N. sylvestris. We managed to find an optimum ratio of auxins and cy-
tokinins that promotes both active callus formation and organogenesis in N. glauca and N. sylvestris leaf explants. The
developed technique will be useful both for fundamental research that includes the N. glauca and N. sylvestris species,
and for practical application in the pharmaceutical industry and biosynthesis.
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AHHoTayuma. ArpobaktepranbHas TpaHcpopmMaLmsa — Hambonee NONyNAPHbLIA METOA NONyYeHUA TPAHCreHHbIX pac-
TeHWI. [na MHOTVX BMLOB pacTeHUiA pa3paboTaHbl MPOTOKOSIb, BKOYAIOLME OMNUCaHNe YCIOBUI TpaHChopmMaLuu,
COCTaB NMUTATENIbHbIX Cpef, METOAMKY MOLArOTOBKM PAaCTUTENbHbIX SKCMIAHTOB M BbIOOP LITaMMOB arpobakTepuid, a
TaK>Ke COOTHOLLEHVE PacTUTESNIbHbIX FOPMOHOB, HEOOXOAUMbIX AA NoCeAyoLWeln pereHepaumm 3KCnaaHTos. OgHUM
13 MepBbIX YCMelwHo TPaHCGOPMMPOBaAHHbIX BULOB CTan KynbTypHbI Tabak, Nicotiana tabacum, KoTopbln cerogHa
CNYXUT MofenbHbIM 0O0BbEKTOM reHeTukn pacteHuin. Nicotiana tabacum s¢deKkTBHO TpaHchopMUpyeTCa 1 Nerko
pereHepupyer, 4To fenaet ero ygobHbIM ASiA reHHO-MHXXeHepPHbIX MaHunynauuin. Mpwu atom N. tabacum oTHoCKTCA K
NPVPOLHO-TPAHCTEHHbIM BUAAM, NMOCKOJbKY COLEPXKUT B CBOEM FreHOME MOC/e0BaTENbHOCTM arpobakTepuanbHoro
npouncxoxaeHus, knetouHyto T-AHK, 3HaueHre KOoTopon Ana pacTeHUn Noka He yctaHoBneHo. OfHUM 13 NPefKOBbIX
Bupos ana N. tabacum asnaetca N. sylvestris, reHom KoToporo He cofepxut KnT-OHK. Mpegnonaratot, uto kKnT-AHK
MOET MOBbILWATb pPereHepaLoHHble CMOCOBHOCTM PAacTeHNA 3a CYET reHOB, BXOAALLMX B €€ COCTaB, TaKMX Kak, Ha-
npumep, rolC. Ana rolC pencTBUTENbHO NOKa3aHo BAMAHME Ha 6anaHC pacTUTesibHbIX FOPMOHOB, OfHAKO CToALMe 3a
3TM MOJNeKyNAPHble MeXaHU3Mbl OCTalOTCA HeM3BeCTHbIMU. MoMmmo yyactna B mopdoreHese, rolC BnnseT Ha 6mo-
CUHTE3 BTOPUYHBIX MeTabonnToB B pacTeHun. Bug N. glauca, kak n N. tabacum, cunTaeTcs NpUPOAHO-TPaHCTEHHBIM,
HeceT B KNT-OHK rHTaKkTHbIN rolC 1 cOOepXUT LUMPOKMIA CNEKTP BTOPUYHbLIX MeTabonutos. MNpu 3Tom, B OTAInUME OT
N. tabacum, N. glauca -gunnovgHbIn B, YTO fienaeT ero ropasfo 6onee yno6HbIM 06bekTOM A1 NPOBeAeHWsA FreHHO-
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VHXeHepHbIX paborT. Llenbto aaHHOM paboTbl Gbina pa3paboTka NPOTOKoNa TpaHCPOpMaLmMn 1 pereHepaumn ans Bu-
noB N. glauca v N. sylvestris. Ha oCHOBaHWW y»ke N3BECTHbIX MPOTOKONOB ANA APYrvx npefcTaButenein poaa Nicotiana
Hamu 6bl1/10 NOAO6PAHO TaKOEe COOTHOLLEHWE aYKCUHOB U LIUTOKMHUHOB, MPU KOTOPOM NIMCTOBbIe 3KcnnaHTbl N. glauca
n N. sylvestris nepexofAT K akTUBHOMY Kanlycoobpa3oBaHuio, a 3aTeM K opraHoreHesy. C ncnonb3osaHvem paspabo-
TaHHOW METOAVKM NOMYyYEeHbl TPaHCreHHble pacTeHnA 3TMX BUAOB. PaspaboTaHHana meToguka TpaHcdhopmauuy 1 pere-
Hepauuu nonesHa Kak Ana yHhaMeHTanbHbIX MCCnefoBaHunii, 3aTparusatolmx Buabl N. glauca v N. sylvestris, Tak n ana
NpPaKTNYeCKoro NprYMeHeHNs B 06nactyi GapMUHAYCTPUM U BUOCHHTE3a.

KnioueBble cnioBa: arpobaktepuanbHas TpaHchopMauus; pereHepauus; Nicotiana.

Introduction

Agrobacterium-mediated transformation has been the main
approach for obtaining transgenic plants in laboratories for
over 30 years (Sawahel, Cove, 1992). To date, transformation
protocols have been developed for many plant species repre-
sented by various life forms, such as herbs, shrubs, and trees
(Wang, 2015). The main differences between these protocols
are determined by the choice of the agrobacterium strain, the
vector, the type of plant explant and the way to prepare it for
transformation. It is also necessary to select certain conditions
of inoculation and co-cultivation processes, such as their
duration, as well as lighting and temperature values. Due to
various modifications of the protocols, it was possible to sig-
nificantly increase the efficiency of agrobacterium-mediated
transformation of various plant species, including economi-
cally important crops (Cheng M. et al., 2004). The process
of plant regeneration that usually follows transformation also
requires specific conditions for each particular species.

Nicotiana tabacum is one of the first transformed spe-
cies. Development of the transformation and regeneration
protocols for N. tabacum led to the first transgenic tobacco
plants resistant to antibiotics (Herrera-Estralla et al., 1983).
To date, N. tabacum is a classic model object of plant genetics
and is widely used in genetic engineering. Since N. tabacum
is a valuable agricultural crop, it is well studied, and a high-
quality reference genome is available in the open database
(Edwards et al., 2017). The N. tabacum species includes
many cultivars that differ in a number of ways, including the
efficiency of the regeneration process (Ali et al., 2007), which
allows researchers to choose the most suitable ones for the
transformation process.

The genome of N. tabacum contains DNA sequences ac-
quired from Agrobacteria. These sequences, homologous to
the agrobacterial T-DNA, are called cellular T-DNA (cT-DNA)
(White et al., 1983). Plants that carry cT-DNA are considered
natural transgenic species or natural genetically modified
organisms (nGMOs) (Matveeva, 2018). To date, the list of
nGMOs includes more than 40 genera of angiosperms (Mat-
veeva, 2021). The function of cT-DNA for plants has yet to be
established. Several hypotheses are discussed in the literature,
such as increasing the adaptive capacity to arid conditions,
impact on the microbial communities of the rhizosphere,
enhancing regenerative abilities and resistance to subsequent
agrotransformation (Chen, Otten, 2017; Matveeva, Sokor-
nova, 2017). In addition, an increased sensitivity of natural
transgenic plants to agrobacterium-mediated transformation is
assumed. The experimental data obtained for different nGMO
species do not add up to a unified picture. However, to date,
only five natural transgenic species belonging to the genus
Nicotiana have been studied for the transformation efficiency
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(Matveeva, Sokornova, 2017). Expanding the list of studied
species may clarify this issue.

Some of cT-DNA genes have retained their activity in
natural transgenic species for generations, suggesting the
importance of these genes for the plant. One of these genes
is 7olC in the cT-DNA of N. tabacum (Chen et al., 2014) and
N. glauca (Intrieri, Buiatti, 2001). The ro/C gene activity
is known to affect morphogenetic processes, as well as the
secondary metabolism of plants, although the molecular
mechanisms underlying its effects have not yet been elucidated
(Khafizova, Matveeva, 2021). For studying gene activity, va-
rious approaches can be used. Silencing and controlled gene
activation are the most popular among them. However, they
require developed methods of transformation and regeneration
under in vitro conditions for specific plant species.

This work is devoted to the development of transformation
and regeneration methods for the N. glauca and N. sylvestris
species. N. glauca, like N. tabacum, is a natural transgenic
plant carrying an intact 70/C in its cT-DNA. And, like N. taba-
cum, it contains a wide range of secondary metabolites (Long
et al., 2016). At the same time, N. glauca is a diploid, which
makes it a much more convenient object for genetic engineer-
ing manipulations comparing to allotetraploid N. tabacum.
N. sylvestris is one of the ancestral species of N. tabacum and
its genome does not contain cT-DNA (Yukawa et al., 2006).
Like N. glauca, N. sylvestris is a diploid species.

Two plasmids were constructed in this work: the first con-
tains 7o/C under an inducible promoter to create N. sylvestris
plants with controlled expression of 70l/C. The second plasmid
contains a CRISPR/Cas9 cassette with 2 guide RNAs targeting
rolC aiming to “turn off” this gene in N. glauca. However,
protocols for the transformation and regeneration of N. syl-
vestris and N. glauca have not previously been developed.
Therefore, it was necessary to design such protocols based
on existing ones. The possibility to create transgenic N. syl-
vestris and N. glauca plants will expand the range of research
involving these species. For example, N. glauca mutants for
various genes in biosynthesis pathways will contribute to the
study of the molecular mechanisms of secondary metabolism.
N. glauca plants with inactivated ro/C and N. sylvestris plants
carrying rolC, obtained in this work, will be further used to
investigate the functions of the ro/C gene, contributing to
fundamental studies in horizontal gene transfer from agro-
bacteria to plants.

Materials and methods

Aseptic plants Nicotiana glauca (var. 359 from the Federal
state budget scientific institution “All-Russian Scientific Re-
search Institute of Tobacco, Makhorka and Tobacco Products”
collection) and Nicotiana sylvestris (obtained from the Federal
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state budget scientific institution “All-Russian Scientific Re-
search Institute of Tobacco, Makhorka and Tobacco Products”
collection) were used in this work. Plants were grown in vitro
and maintained by cuttings on Murashige—Skoog (MS) me-
dium (Murashige, Skoog, 1962) with 20 g/L sucrose at 23 °C
and a photoperiod of 16 hours day/8 hours night.

For the transformation of N. glauca plants, a pHSE401 roC
vector was prepared. It contained a cassette for the ro/C
gene editing: 2 guide RNAs and Cas9 under the control of
CaMV 35S; as well as kanamycin and hygromycin resis-
tance genes. For the transformation of N. sylvestris plants,
the pPB7WG2D_PdexA4rolC vector was prepared. The
pB7WG2D PdexA4rolC vector contained the r0/C gene se-
quence from 4. rhizogenes under a dexamethasone-inducible
promoter along with spectinomycin and glufosinate resistance
genes.

Vector design. The sequence of the ro/C gene and the
dexamethasone-inducible promoter was obtained from trans-
genic plants previously created by colleagues (Mohajjel-Shoja
etal.,2011). PCR was carried out in a volume of 20 pL using
DreamTaq PCR master mix (Thermo Scientific) according to
the prescription into a Tertsik amplifier (DNA-technology) by
the following program: 95 °C — 5 minutes, 40 cycles (95 °C —
20 sec, 60 °C —30 sec, 72 °C — 90 sec), 72 °C — 5 minutes. To
obtain the sequence “promoter + r0/C”, the following primers
were used, DexF: CGCTACTCTCCCAAAACCAA, DexR:
GGCCAGTGAATTCTCGACTC. Primers were synthesized
by Evrogen. The resulting sequence was placed into the
pENTR/D-TOPO cloning vector (https://www.addgene.org/
vector-database/2519/), which was used to transform E. coli
Top10 strain. Bacteria grew on LB medium with kanamycin
(100 mg/L) at 37 °C for 14 hours. Isolation of plasmid DNA
from the resulting colonies was carried out using a Plasmid
Miniprep Kit (Evrogen). PCR with primers DexF and DexR
was performed to detect the insertion of r0/C with an indu-
cible promoter. The insert was then cloned into the destination
vector pB7WG2D (https://gatewayvectors.vib.be/collection/
pb7wg2d) using the Gateway system (Invitrogen, USA). The
resulting plasmids were tested by PCR with primers DexF and
DexR. After plasmid verification, the Agrobacterium EHA105
strain was transformed with pPB7WG2D_PdexA4rolC.

The pHSE401 roC vector was created using the pHSE401
plasmid (https://www.addgene.org/62201/), according to the
protocol described by Xing (Xing et al., 2014). The pHSE401
vector was kindly provided by the senior researcher of the De-
partment of Genetics and Biotechnology, St. Petersburg State
University, Tvorogova V.E. The NgrolC gene (Acs. X03432.1;
145-687) was chosen as a target. The selection of 19-nt target
sequences and the final verification of the vector by PCR and
restriction methods were carried out according to the proto-
cols described by Xing (Xing et al., 2014). After verification,
pHSE401 roC was used to transform the Agrobacterium
strain AGL1.

Plants transformation. For plant transformation, over-
night cultures of agrobacteria were prepared. Young leaves
(3—4 upper leaves) were selected from aseptic plants in laminar
box. Along the perimeter of the leaf blade, incisions 2—-3 mm
long were made with a sterile scalpel. The cuts crossed the
leaf vein. The leaves were then placed in a mixture of liquid
Murashige—Skoog medium (MS without agar) and overnight
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bacteria culture in a ratio of 1:1 for 2 hours. At the end of
cultivation, the liquid from the leaves surfaces was removed
with sterile filter paper, and the leaves were transferred to a
solid MS medium.

Plants regeneration. Plates with leaf explants were kept
for 2 days at 23 °C in the dark. Then the explants were trans-
ferred to MS medium containing 250 mg/L of cefotaxime,
2 mg/L of 6-benzylaminopurine (BAP), and 1 mg/L of naph-
thylacetic acid (NAA). Every 8-10 days the explants were
transplanted onto a fresh medium containing hormones and
an antibiotic. After the formation of organogenic calli and the
initiation of shoot formation (4-6 weeks from the moment
of transformation), the calli were placed on a hormone-free
MS medium containing an antibiotic. The grown shoots
were separated from the calli and placed on the MS me-
dium with a mixture of antibiotics: 50 mg/L of cefotaxime,
10 mg/L of a selective antibiotic. Cefotaxime was used to kill
agrobacteria. A selective antibiotic was used to select trans-
formants.

Hygromycin was used for N. glauca because pHSE401 roC
contains the HygR gene providing hygromycin resistance.
For N. sylvestris, glufosinate was used as a selective anti-
biotic, since the pPB7WG2D PdexA4rolC vector contains
the BAR gene.

Transformants analysis. Those shoots that remained
green on the selecting medium were checked by PCR for the
presence of a transgenic insert. DNA was isolated using the
CTAB method (Murray, Thompson, 1980). For N. glauca,
PCR analysis was carried out with primers pHSE401RolCF
(5'TGTCCCAGGATTAGAATGATTAGGC) and
pHSE401Ro0ICR (5'AGCCCTCTTCTTTCGATCCATC
AAC) to a CRISPR cassette. PCR was performed in a volu-
me of 20 pL using DreamTaq PCR master mix (Thermo Sci-
entific) according to the prescription in the Tertsik amplifier
(DNA-technology) by the following program: 95 °C — 5 mi-
nutes, 40 cycles (95 °C — 10 sec, 58 °C — 30 sec, 72 °C —
30 sec), 72 °C — 5 minutes. The amplicons were visualized
and separated on a 1 % agarose gel in TAE buffer.

Validation for N. sylvestris was performed by real-time
PCR with primers for the BAR gene contained in the vector
(BarF: AGCCCGATGACAGCGACCAC; BarR: CGCCGAT
GACGCGGGACAA). The DNA of the transgenic N. tabacum
plant containing the r0o/C gene was used as a positive control.
A sample without DNA was used as a negative control. PCR
was performed in a volume of 20 uL using Fast SYBR Green
master mix (Thermo Scientific) according to the prescription
in ANK-32-M amplifier (Synthol) by the following program:
95 °C — 5 minutes, 40 cycles (95 °C — 10 sec, 58 °C — 30 sec,
72 °C—30 sec), 72 °C — 5 minutes. Primers were synthesized
by Evrogen.

Results

Transformation and regeneration protocols for N. sylvestris
and N. glauca were developed by optimization of existing
protocols for different Nicotiana species. We conducted a pre-
liminary experiment to evaluate the regeneration efficiency
of N. sylvestris and N. glauca explants. The explants were
put on media with different hormone ratios: 2 mg/L. BAP
and 1 mg/L NAA, 1 mg/L BAP and 1 mg/L NAA, 0.1 mg/L
BAP and 1 mg/L NAA. At first, all explants actively formed
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Fig. 1. Results of a preliminary experiment on the regeneration of N. sylvestris and N. glauca leaf explants.

Fig. 2. Regeneration of shoots from leaf explants after co-cultivation with
agrobacteria, N.sylvestris (a) and N. glauca (b).
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Fig. 3. Confirmation of transgenic inserts in regenerated plants:

a, N. sylvestris (9 — positive control, 10-15 — regenerated plants, 16 — negative
control); b, N. glauca (1-6 - regenerated plants).
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callus, no differences were observed on various media at this
stage. However, upon transition to organogenesis, the amount
of cytokines began to affect the efficiency of regeneration
(Fig. 1). While 100 % of explants of both N. sylvestris and
N. glauca formed shoots on a medium with a high content of
cytokinins, only 50 % of explants of N. sylvestris and 10 %
of N. glauca switched to organogenesis on 1 mg/L BAP and
1 mg/L NAA medium. Shoots did not develop on the medium
0.1 mg/L BAP and 1 mg/L NAA.

Thus, in a preliminary experiment, we noted active rege-
neration and shoot formation processes on leaf explants when
2 mg/L BAP and 1 mg/L NAA were added to the medium.
For comparison, the traditional medium for the induction
of callus formation in N. tabacum contains 0.5 mg/L BAP
and 2 mg/L NAA (Draper et al., 1991), and the medium for
N. benthamiana contains 1 mg/L BAP and 0.1 mg/L NAA
(Hasan et al., 2014). Analyzing the literature, we also noticed
different ways of preparing explants: in the classic version of
“leaf disk transformation” cut out fragments of the leaf blade
that do not contain veins are used (Wang, 2015). There are
also options for cutting the leaf blade into pieces (Draper et al.,
1991) and the deep vein incision method. We used the cutting
method and the deep vein incision method in the preliminary
experiment. The way of the explant preparation did not affect
the efficiency of transformation.

Using the developed protocols we performed the transfor-
mation of N. sylvestris and N. glauca leaf explants, 500 for
each species. As a result, regenerated plants were obtained
from 498 N. sylvestris explants and 491 N. glauca explants
(Fig. 2). Several explants (2 and 9, respectively) were con-
taminated during transplantation and removed from the
experiment. Thus, the results obtained on a large sample are
consistent with the results of the preliminary experiment.

The shoots formed on the medium with BAP and NAA were
transplanted onto the medium with a selective antibiotic. For
N. sylvestris, 15 plants were obtained on the medium with
glufosinate, and 12 plants for N. glauca on the medium with
hygromycin, which is 3 and 2.4 % of the regenerated explants.
Plants that remained green and rooted on the selective me-
dium were tested for the presence of the transgenic insert.
Positive results were obtained for all N. glauca regenerants
and 12 N. sylvestris regenerants (Fig. 3). For N. sylvestris,
real-time PCR was used to detect a signal in transgenic plants,
indicating the presence of the BAR gene contained in the vec-
tor (see Fig. 3, a). In the case of V. glauca, 423 bp sequences
corresponding to the fragment of the CRISPR cassette were
obtained (see Fig. 3, b).
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Therefore, N. sylvestris plants with the ro/C gene under
a dexamethasone-inducible promoter were created, as well
as N. glauca plants carrying a CRISPR cassette for “turn-
ing off”” the rolC gene. Currently, some plants are planted in
a greenhouse and some are grown in vitro. Next, they will
be used to study the function of the ro/C gene by controlled
activation of its expression in N. sylvestris and by gene silenc-
ing in N. glauca.

Agrobacterium-mediated transformation and regeneration
protocols for N. sylvestris and N. glauca were developed in
this study. We have shown transformation efficiencies of 3
and 2.4 % for these species, respectively. The efficiency can
be increased by adding acetosyringone to the medium. How-
ever, the described protocol is sufficient to obtain transgenic
N. sylvestris and N. glauca plants, which was successfully
demonstrated in this work.

Discussion

Agrobacterium-mediated transformation is the most com-
mon way to obtain transgenic plants today. For many plant
species, protocols for transformation and regeneration have
been developed (Wang, 2015). While some species regene-
rate easily through the stages of organogenic callus and shoot
development, other species show low regeneration efficiency.
For example, in Pisum sativum, less than half of the somatic
embryos develop into plants (Loiseau et al., 1995).

Many Nicotiana species regenerate easily and can also be
grouped according to their tendency to shoot formation or
root formation when regenerating (Matveeva, Sokornova,
2017). N. tabacum actively forms both roots and shoots. At
the same time its ability to form callus on media with dif-
ferent ratios of hormones is of particular interest. There are
protocolos describing N. tabacum callus formation on both
auxin-dominated media (Draper et al., 1991; Ali et al., 2007)
and cytokinin-dominated media (Horsch et al., 1985; Otten,
Helfer, 2001). Researchers note the active formation of calli
on explants, regardless of the protocol chosen. A similar pic-
ture is shown for V. rustica, which equally forms both roots
and shoots during regeneration (Gill et al., 1979; Furze et al.,
1987; Tinland et al., 1992). For other Nicotiana species, this
feature has not been noted in the literature.

Cellular T-DNA was named as a possible explanation of
the increased ability to regenerate, since T-DNA contains
genes that affect the plant hormonal balance (Ichikawa et
al., 1990). At the same time, those genes, which are called
plast genes, differ in their effects (Otten, 2018). Therefore,
it is important which plast genes carry cT-DNA and whether
their reading frames remain intact. The N. tabacum genome
holds three cT-DNAs of different composition, containing
plast genes with intact frames (Chen et al., 2014). How-
ever, the N. rustica genome lacks cT-DNA (Intrieri, Buiatti,
2001). Our results also refute this hypothesis. Likewise, we
did not confirm the assumption about the increased sensitiv-
ity of natural transgenic species to agrotransformation. The
transformation efficiency turned out to be about the same for
N. glauca containing cT-DNA and for N. sylvestris that does
not contain cT-DNA in the genome. A similar trend was noted
at the stages of callusogenesis and subsequent organogenesis.
While N. glauca contains an intact ro/C gene, which affects the
balance of cytokinins in the plant (Schmulling et al., 1988),
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and N. sylvestris does not contain cT-DNA (Intrieri, Buiatti,
2001), regeneration in these species is triggered by the same
ratio of hormones.

At the same time, differences in the efficiency of regene-
ration were noted at the intraspecific level. For example,
N. tabacum cultivar SPTG-172 regenerates better on a me-
dium containing 0.2 mg/L BAP and 2 mg/L. NAA, while for
cultivar K-399, the ratio of 0.2 mg/L BAP and 1 mg/L NAA
is preferable. But even on a more suitable medium, K-399
forms less callus and shoots than SPTG-172 (Ali et al., 2007).
Ali and colleagues explain such differences by the genotype
influence. The effect of genotype on callusogenesis and or-
ganogenesis has already been shown for peas (Lutova et al.,
1994; Saschenko, 2014) and cruciferous plants (Ockendon,
Sutherland, 1987; Narasimhulu, Chopra, 1988). Particular
qualities of the genotype, which determine the response to
the medium and cultivation conditions, are often called the
main factor that affect the regeneration efficiency (Pang et al.,
2000). Ali and colleagues also noted that auxin-rich media
are preferred for some tobacco cultivars, while cytokinin-rich
media are preferable for others (Ali et al., 2007). In order to
confirm or refute this hypothesis, it is necessary to conduct a
study on a larger number of N. tabacum cultivars.

Despite a significant number of developed protocols for
regeneration and studies on this topic (Wang, 2015), the
genetic mechanism responsible for morphogenetic reactions
remains unknown. In an attempt to establish it, geneticists
and biochemists are actively studying both the biosynthesis
pathways of plant hormones and their signaling, as well as
the mutual influence of various hormones on regeneration
processes in different plant species (Su, Zhang, 2014). More
and more specific points of hormones interaction are being
identified. For example, it has been shown that a participant
in the auxin signaling pathway ARF3 (AUXIN RESPONSE
FACTOR3) directly suppresses cytokinin biosynthesis during
shoot regeneration by binding the A#/PT5 gene promoter
(Cheng Z.J. et al., 2013). However, the questions of why some
plants regenerate more easily than the others, and what fac-
tors directly affect these processes, have yet to be answered.

The techniques we have developed for N. glauca and N. syl-
vestris expand our knowledge of the regeneration conditions
of various Nicotiana species. In the case of N. glauca, this
technique can contribute to the development of the pharma-
ceutical industry, since it allows to create various mutants for
studying the biosynthesis of secondary metabolites. Both the
transgenic N. glauca and N. sylvestris created in this work
will advance fundamental studies of horizontal gene transfer.
Despite the fact that the species N. glauca and N. sylvestris
are not closely related (Clarkson et al., 2004), the same ratio
of hormones triggers the induction of callusogenesis and re-
generation. In this regard, the proposed technique can become
a starting point for the development of new protocols based
on it, as was described in this article.

Conclusion

A technique for agrobacterium-mediated transformation and
effective regeneration of N. glauca and N. sylvestris species
has been developed. On its basis, it is possible to create pro-
tocols for other Nicotiana species by varying the ratio of the
main exogenous plant hormones added to the medium. The

701



G.V. Khafizova
T.V. Matveeva

technique includes agrotransformation of plant explants using
the leaf disk method, followed by cultivation on MS nutrient
medium containing antibiotics as well as plant hormones in
the amount of 2 mg/L BAP and 1 mg/L NAA. The choice of
antibiotic is determined by the resistance genes in the vector
used for the transformation. On this medium, leaf explants
of N. glauca and N. sylvestris actively regenerate with the
formation of first callus mass, and then with the develop-
ment of shoots. The designed protocol will be useful both for
fundamental research involving N. glauca and N. sylvestris
species and in practical areas. For example, to study the phe-
nomenon of horizontal gene transfer and related changes in
the plant genome, as well as in the researches related to the
biosynthesis of various metabolites, a wide range of which is
synthesized in N. glauca.
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