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Abstract Stevia rebaudiana accumulates steviol glyco-
sides (SGs) that are used as noncaloric, natural sweeteners
in food industry. The most important SGs are rebaudioside
A (Reb A) and stevioside (St), and they are markers of the
quality of S. rebaudiana lines. In this work, the production
and physiology of SGs in Agrobacterium rhizogenes-
transformed plantlets were analyzed. By means of HPLC—
DAD, the production of St and Reb A was quantified,
resulting in a 1.4- and 1.5-fold production increase of St
and Reb A, respectively, in transformed compared to wild-
type plantlets. Superior phenotype of transformed plantlets
was observed in comparison with wild type, represented as
an increase of 25% in biomass of aerial parts, 43% in
biomass of roots, 20-30% of leaf area and 24% of
chlorophylls content. Moreover, the SG production profiles
evaluated in a 20-d period showed higher yield in the
transformed line. The results of this work demonstrated the

usefulness of S. rebaudiana transformation via A.
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rhizogenes as a strategy to explore new approaches for the
improvement of SGs production.

Keywords Stevia rebaudiana - Stevioside -
Genetic transformation - Rebaudioside A - Agrobacterium

Introduction

Stevia rebaudiana, which is commonly known as stevia or
honey leaf, is a perennial herbaceous plant belonging to the
Asteraceae family and is used as a medicinal plant and
sweetener. Steviol glycosides (SG) are diterpenoid com-
pounds that accumulate in the leaves of S. rebaudiana. The
main application of SG is as sweetener, because they are
300 times more intense than sucrose (Yadav and Guleria
2012). In addition, SG are compounds with multiple
medicinal properties, such as antibacterial (Gamboa and
Chaves 2012), antioxidant (Bender et al. 2015), immune-
modulatory and antihyperglycemic effects (Ruiz-Ruiz et al.
2017), antitumor (Gupta et al. 2017), and prevent chronic
liver inflammation (Ramos-Tovar et al. 2018). The use of
S. rebaudiana extracts helps diminishing blood glucose
levels in type II diabetes and control high blood pressure in
patients that suffer from mild hypertension (Gupta et al.
2013).

Different biotechnological strategies have been
employed to increase the production of SG in S. rebaudi-
ana, for instance micropropagation using different explants
and growth regulators (Razak et al. 2014; Namdari et al.
2015); stress conditions, some of which are salinity (Fallah
et al. 2017); incorporation of copper and zinc nanoparticles
(Javed et al. 2017a, b); additions of nutrients, including
sucrose (Ghorbani et al. 2017) and sources of nitrogen and
phosphate (Magangana et al. 2018); elicitation (Bayraktar
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et al. 2016); chemical and physical mutagenesis with EMS
and gamma radiation (Khan et al. 2016); and Agrobac-
terium-mediated transformation using A. fumefaciens
(Khan et al. 2014) and A. rhizogenes (Pandey et al. 2016).

Agrobacterium rhizogenes induces the formation of
roots at infection points by transferring its T-DNA (transfer
DNA) from its root-inducing (Ri) plasmid to the genome of
various plant species (Tzfira and Citovsky 2006). These
induced transformed roots, also known as hairy roots, have
been reported to exhibit spontaneous as well as induced,
direct and indirect, organogenesis that leads to regenerate
whole transgenic plants, often referred as morphogenesis
(Christey 2001; Roychowdhury et al. 2013). The mor-
phogenic response in hairy roots is facilitated by the
expression of the rol oncogenes, mainly rolA, rolB, rolC
and rolD, present in the Ri plasmid from A. rhizogenes, as
recently reviewed (Sarkar et al. 2018).

The process of regenerating plants from transformed
roots has been observed previously in different species, for
instance, Panax ginseng (Yang and Choi 2000), Spinacia
oleracea (Ishizaki et al. 2002), Catharanthus roseus (Choi
et al. 2004), Solidago nemoralis (Gunjan et al. 2013), Ni-
cotiana tabacum L. (Gurusamy et al. 2017), where in
general there have been found plants with normal or
improved phenotypes compared to wild type. The majority
of the hairy roots and transformed plants regenerated from
them are known to be morphologically stable in long-term
culture (Sarkar et al. 2018), given that it has been reported
that these transformed plants able to inherit their traits in a
Mendelian pattern due to the insertion of the T-DNA in the
host genome (Tepfer 1984) can be considered genetically
stable.

A. rhizogenes-mediated transformation is an approach
that has proven useful in a diversity of plants for the study
of gene function and biotechnology (Christey 2001).

To our knowledge, there are few reports regarding the
genetic transformation mediated by Agrobacterium of
Stevia rebaudiana and the main objectives have been the
establishment of transformed root cultures and the evalu-
ation of their capacity to produce SG (Yamazaki et al.
1991; Fu et al. 2015; Pandey et al. 2016). Khan et al.
(2014) used A. tumefaciens to obtain transformed in vitro
plantlets through direct and indirect organogenesis, and
they observed somaclonal differences in SG accumulation.
Transformed roots established by Yamazaki et al. (1991)
and Fu et al. (2015) showed no accumulation of SG.
Pandey et al. (2016) correlated the photosynthetic
machinery functionality and the expression of the gluco-
syltransferase UGT85C2 gene with the accumulation of SG
using transformed root cultures.

The objective of this work was to compare transformed
plants, which were obtained via transformation mediated
by Agrobacterium rhizogenes, to the plants with a wild

phenotype cultivated in vitro in terms of SG production,
total phenols and growth parameters to explore the utility
of the transformation as an alternative strategy to increase
SG production in S. rebaudiana.

Materials and Methods
Plant Material and Growth Conditions

Stevia rebaudiana in vitro plantlet culture was established
from foliar explants obtained of 2-month-old plants that
were grown in greenhouse. The leaves were washed with
water and soap for 5 min to remove dust particles, and then
they were subjected to a disinfection cycle with sodium
hypochlorite at 5% (v/v) for 2 min and 70% ethanol (v/v)
for 1 min, followed by two rinses with sterile distilled
water. Induction of S. rebaudiana shoots was carried out
using leaf explants from plants in Murashige and Skoog
(MS) basal medium (Murashige and Skoog 1962) in half
supplemented with 2% sucrose (w/v), 1 mg/L benzyl
amino purine (BAP), 0.5 mg/L indoleacetic acid (IAA) and
8 g/L agar according to Anbazhagan et al. (2010), and pH
was adjusted with 1 M sodium hydroxide (NaOH) to
5.8-6.0 before sterilization. After 15 days, the shoots of
wild S. rebaudiana were transferred to medium for rooting,
which contained the MS culture medium supplemented
with 2% sucrose (w/v) and 0.5 mg/L indolebutyric acid
(IBA). For in vitro propagation of S. rebaudiana wild type,
the same culture mediums described above were used.

Induction of S. rebaudiana transformed shoots was
carried out using leaf explants from transformed plantlet
with MS culture medium in half supplemented with 2%
sucrose (w/v), 8 g/L. agar and without growth regulators.
The shoots obtained were rooted in MS medium supple-
mented with 2% sucrose (w/v) and 2.2 g/L of phytagel and
without growth regulators, and pH was adjusted with 1 M
sodium hydroxide (NaOH) to 5.8-6.0 before sterilization.

All cultures were maintained at 25 + 2 °C in a pho-
toperiod of 16-8 h at 26 umols™' m™2 of light intensity
and were subcultured every 25 days. Wild type and trans-
formed Stevia rebaudiana plantlets have been subcultured
for 4 and 2 years, respectively.

Transformation of S. rebaudiana

The transformed S. rebaudiana plants were obtained by
transformation mediated with Agrobacterium rhizogenes
(strain K599) containing the binary plasmid pCAMBIA
1105.1, which includes the 35S promoter of the cauliflower
mosaic virus. For the infection, hypocotyls of in vitro
plantlets were punctured with an insulin needle previously
submerged in a cellular suspension (0.5 OD at 600 nm) of
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A. rhizogenes strain AR4. The infected material was
maintained at the same conditions described in the previous
section until the emergence of hairy roots from punctured
sites, typically after 7 days. These roots were periodically
subcultured in semisolid full MS medium added with
cefotaxime (400 pg/ml) to eliminate the remaining bacteria
(Calderon-Gabriel et al. 2016), and they were subsequently
used to regenerate adventitious shoots putatively trans-
formed in semisolid MS medium without growth regulators
and with cefotaxime (100 g/1).

Confirmation of Genetic Transformation

For the confirmation of the genetic transformation of the
plantlets, the extraction of genomic DNA (gDNA) was
performed according to what was reported by Edwards
et al. (1991). The gDNA was quantified by spectropho-
tometry at 260 nm, while its purity regarding proteins was
calculated by the 260 nm/280 nm absorbance ratio. Sub-
sequently, the samples were amplified using polymerase
chain reaction (PCR). A fragment of the 35S promoter
(250 bp) present in the transfer DNA (T-DNA) of the
binary vector was amplified using DNA primers designed
by the working group with the following sequence: direct
(5'-gaactcgcecgtaaagactgg-3’) and reverse initiator (5'-agc-
caccttcttecttttccact-3"). The PCR conditions used were the
following: 94 °C for 10 min, followed by 35 cycles of 15 s
at 94 °C, 15 s at 62 °C and 15 s at 72 °C; the amplification
was finished with 10 min at 72 °C. The fragments were
separated at 80 V for 1 hour in a horizontal electrophoretic
chamber in 2% agarose gels and were later visualized by
staining with ethidium bromide under ultraviolet light in a
photodocumentation device. Binary vector plasmid DNA
and gDNA from non-transformed plantlets were used as
positive and negative control amplification, respectively.

Kinetics of Metabolite Accumulation and Growth
Parameters in Wild and Transformed in Vitro
Plantlets of S. rebaudiana

For the kinetic comparison of wild and transformed
plantlets, a two-factor experimental design was used. Two
groups of flasks containing 2-week-old plantlets were
incubated under the conditions previously mentioned for
35 days. Samples were taken at 15, 20, 25, 30 and 35 days;
three flasks were used for each of the following determi-
nations: SG quantification, total phenols content, chloro-
phyll and carotenoids contents and growth parameters.

SG Extraction and Quantification

The in vitro plantlets were lyophilized and then mixed with
a 30% (v/v) acetonitrile solution followed by sonication
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treatment for 30 min at room temperature. During extrac-
tion, a biomass—solvent ratio of 20% (w/v) was maintained.
The obtained extract was centrifuged at 14,000 rpm for
10 min, and the supernatant was placed in a clean tube.

The stevioside (St) and rebaudioside A (Reb A) contents
were determined by HPLC-DAD using an Acquity Arc
chromatographic system (Waters, MA, USA) following the
report by Tada et al. (2013). The separation was carried out
in isocratic mode with 32% acetonitrile and 10 mM
phosphate buffer (pH 2.6), a flow of 1 mL/min, at a tem-
perature of 30 °C, and in a 5 um Luna CI18 column
(250 x 4.6 mm, Phenomenex). Chromatograms were
monitored at wavelength of 210 nm, while identifying SG
was conducted by comparing the UV absorption spectrum
from 200 to 400 nm and the retention time of the standards:
7.6 min for Reb A (1432 Sigma Aldrich) and 8.08 min for
St (S3572 Sigma Aldrich). The concentration of Reb A and
St in the samples was determined using the calibration
curves in the range of 25-500 g/mL.

Extraction and Quantification of Total Phenols

The samples of dry in vitro plantlet were macerated with
80% ethanol (v/v). During the extraction, a biomass—sol-
vent ratio of 10% (w/v) was maintained. Subsequently, the
samples were centrifuged at 14,000 rpm for 10 min, and
the recovered extract was dried at 60 °C. To determine the
total phenol content (TPC), the methodology described by
Lopez-Laredo et al. (2009) was followed. The extracts
were resuspended in an ethanol: H20 (80:20 v/v) mixture
at a final concentration of 50 mg/mL. The reaction mixture
consisted of 100 pL of extract, 100 pL of 1 N Folin—Cio-
calteu reagent (F9252 Sigma Aldrich) and 500 pL of 20%
sodium carbonate (Na2CO;3/230952 Sigma Aldrich). This
mixture was incubated for 30 min at room temperature, and
the absorbance was read at 760 nm in a spectrophotometer
(UV/VIS Optizen pop). The calibration curve was gener-
ated with gallic acid (C1251 Sigma Aldrich), and the TPC
was expressed in microgram equivalents of gallic acid per
milligrams of extract (LgGAE/mg ext).

Growth Parameters

To compare the growth parameters of both lines, samples
were taken 15, 20, 25, 30 and 35 days after the plantlets
were rooted.

The parameters of growth were as follows: the biomass
of aerial parts (ps) and roots (pf), the number of leaves, leaf
area, the plantlet length and the diameter of the stem. For
the foliar area, one leaf was taken from the lower part, one
leaf from the intermediate part, and one leaf from the upper
part of ten in vitro plantlets that served as sample. Leaf area
was analyzed and determined using ImageJ software.



Sugar Tech (May-June 2019) 21(3):398-406

401

Quantification of Chlorophyll and Carotenoids

The extraction and quantification of chlorophylls A and B,
the total chlorophyll and the carotenoids were carried out
according to the method described by Lichtenthaler and
Wellburn (1983), which consisted of crushing 200 mg of
fresh tissue in liquid nitrogen and homogenization with
3 mL of 96% ethanol (v/v). The sample was sonicated for
10 min at room temperature and protected from light. The
mixture was the centrifuged for 10 min at 4000 rpm. The
supernatant was gauged to 5 mL with 96% ethanol (v/v),
and the absorbances at 665 (chlorophyll A), 649 (chloro-
phyll B), 652 (total chlorophylls) and 470 (carotenoids) nm
were measured in a spectrophotometer (UV/VIS Optizen
pop).

The concentration (mg L™") of the chlorophylls A and
B, A + B and the carotenoids was calculated using the
following equations:

Chlorophyll A = 13.95 X Ages— 6.88 X Agsg
Chlorophyll B = 24.96 X Ags9— 7.32 X Ages

Total chlorophyll = 27.8 X Agsz

Carotenoids = 1000 X A470—2.05 x Ca—114.8 x Cb/245

where A is the absorbance at the indicated wavelength, Ca
is chlorophylls A and Cb is chlorophylls B.The
concentration was also calculated in mg/g of fresh tissue
using the following equation:

mg/lg = CxV/W

where C is the concentration (mg LY, V final volume
(mL) and W weight of the sample (g).

Statistical Analysis

The analysis of variance for all the evaluated factors was
carried out by applying a general linear model, while the
means were compared using Tukey’s multiple range test
with P < 0.05 to define significance for both analyses
using Minitab 16.

Results

Agrobacterium rhizogenes—Transformed S.
rebaudiana Plantlets

Roots induced by A. rhizogenes (strain K599) were
recovered one week after infection. After 15 days of
growth in MS medium with cefotaxime (100 g/l) and free
of growth regulators, some of the cultivated roots began to
regenerate the aerial part of the plant producing

adventitious shoots. These shoots were allowed to develop
for one more week until they were transferred for growth in
semisolid MS medium where they finished the rooting
process.

Verification of the Transformation of S. rebaudiana
Plantlets

The regenerated plantlets were later analyzed by PCR to
confirm the genetic transformation by searching for the 35S
promoter (transferred by A. rhizogenes) in the genomic
DNA. The amplification analysis was performed on the
original plants and the micropropagated plantlets. Figure 1
shows an example of the recurrent PCR amplification for
the plantlets analyzed. The amplification of a 250 bp band
was observed, and the results agree with the expected size
according to the primers used, which shows the insertion of
the T-DNA of the binary vector and, consequently, the
genetic transformation. In addition, note the band with a
similar size in the lane with the plasmid and template DNA
and the absence of amplification of gDNA from the non-
transformed plants.

Production of Steviol Glycosides (SG) and Phenolic
Compounds in Wild and Transformed Plantlets

The quantification of St and Reb A was carried out after
15 days of rooting the plantlets. St and Reb A accumula-
tion was superior by 1.4- and 1.5-fold in comparison with
transformed plantlet compared to the wild plantlet over the
20 days of kinetics. The maximum content of St and Reb A
of the transformed plantlet was 4.26 + 0.21 mg St/gDW
and 5.36 £ 0.19 mg RebA/gDW, and that of wild plants
was 3.22 £ 0.13 mg St/gDW and 3.85 4+ 0.16 mg RebA/
¢DW (Fig. 2a, b). The accumulation of total phenolic
contents (TPC) between the two lines was compared, and
no significant difference was found (Fig. 3).

MW PC NC TP

500 bp

300 bp

€250 bp
200 bp

Fig. 1 PCR analysis of 35S promoter in genomic DNA from
transformed plantlets. MPM molecular weight ladder, PC positive
control of amplification, NC negative control of amplification, PT
fragment of 35S promoter amplified from genomic DNA from
transformed plantlets. The arrow indicates the expected size of
amplicons
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Fig. 2 Production of steviol 51 A 61 B
glycosides, a stevioside and 4l n 5 m
b rebaudioside A in wild-type = g n .
: = ] D4
(white square) and transformed 834 - 2 - g ]
(black square) plantlets of S. K . E3 =
rebaudiana gz . E, ;; 2 H
18 z,
0 ; . . . 0 . . : .
15 20 25 30 35 15 20 25 30 35
Time (d) Time (d)
30 - where the aerial parts and root biomass at 35 days in the
transformed plants was 52.9 + 1.1 mg dry weight and
_ 251 w 49.5 £+ 1.3 mg fresh weight, which is an increase of 25 and
g 43%, respectively, compared with the wild plant. The final
220 1 length of the plantlets was 16.45 4+ 0.3 cm with
% n 114.50 £ 08.01 leaves and a diameter of 1.55 mm,
g 15 1 reflected as an increase of 14.2, 18.6 and 30%, respectively,
2 o in comparison with the wild plant. Table 2 summarizes the
E 10 E] u u analysis of variance of the effect of the type of plantlet and
= 5m the time of cultivation. Both factors significantly affected
the different parameters of growth, morphology and pro-
0 duction of SG. In addition, both factors significantly
15 20 25 30 35 influenced the leaf area of the plants (Table 3).
Time (d) The leaves of the transformed plantlets were larger and

Fig. 3 Production of total phenolic contents (TPC) in wild-type
(white square) and transformed (black square) plantlets of .
rebaudiana

Plantlet Growth of S. rebaudiana

The growth of the transformed plantlets was visibly supe-
rior compared to the wild plantlets (Fig. 4a, b). Growth
parameters, such as the biomass of aerial parts and roots,
the length, the stem diameter and the number of leaves,
were significantly greater than the wild plants (Table 1),

-

Fig. 4 a S. rebaudiana transformed plantlet growing in MS without
exogenous growth regulators and b wild type growing in MS with
1 mg/ml BAP and 0.5 mg/ml IAA. Foliar area from lower, middle
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greener (Fig. 4c—g). The comparison of the lower, middle
and upper parts of the leaf area of the plantlet showed that
these leaves were significantly larger, between 20 and 30%,
compared to wild plantlets, with a content of chlorophyll
and carotenoids of 1.03 £ 0.019 and 0.16 &£ 0.010 mg/
gFW, respectively, which is 24 and 33% greater than the
wild plant (Table 1).
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Table 1 Growth parameters of S. rebaudiana wild-type and transformed plantlets at 35 days in in vitro conditions

Growth parameters

S. rebaudiana wt

S. Rebaudiana transformed plantlets

Biomass of aerial part (mg DW) 42.1 £ 04 529 + 1.1
Seedling length (cm) 14.4 + 0.7 16.45 £ 0.3
Diameter of the stem (mm) 1.19 £ 0.02 1.55

Number of leaves per seedling 96.50 £ 0.4 114.50 = 1.8
Biomass of roots (mgFW) 346 £ 2.1 495+ 1.3
Leaf area from the lower part (cm*/leaf) 0.19 + 0.024 0.24 + 0.013
Leaf area from the intermediate part (cm?/leaf) 0.3 £ 0.016 0.4 + 0.02
Leaf area from the upper part (cm*/leaf) 0.25 £ 0.016 0.3 £ 0.017
Chl a + b content (mg/gFW) 0.83 £ 0.016 1.03 £ 0.019
Carotenoid content (mg/gFW) 0.12 £ 0.003 0.16 + 0.010

Table 2 Resumed analysis of variance for growth parameters, SG production and TPC for wild-type and transformed plantlets of S. rebaudiana

during 35 days of culture

Source  Degree (MS) mean of square
of of
variation freedom Bioma}ss Number Plantlets D?ameter Biomass Chl a Chl b Chl Carotenoid TFC St Reb A
of aerial of leaves length of the of roots content content a4+ b content (ng (mg/  (mg/
part (mg (cm) stem (mgFW) (mg/ (mg/ content (mg/gFW) GAE/ gDW) gDW)
DW) (mm) gFW) gFW) (mg/ mg
gFW) DW)
Plantlets 1 316.41 765.4 12.880  0.20301  223.78 1.03937 0.18739 1.3382  2.3491 4.70 2.7349 7.3055
Time 4 773.96 2463.6  86.291 0.27735  850.01 1.81076 0.39317 3.4580 1.8703 409.67 4.1517 4.6140
Error 20 0.39 11.6 0.24 0.00344 4.03 0.00061 0.00083 0.0020  0.0002 0.14 0.0292 0.0095
Ccv - 0.51 0.35 0.51 0.24 0.66 0.38 0.39 0.52 0.37 0.50 039 0.36
R? - 0.99 0.98 0.99 0.97 0.98 0.99 0.99 0.99 0.99 0.99 098 0.99

Table 3 Resumed analysis of variance for leaf area from lower, intermediate and upper parts from wild-type and transformed plantlets of S.

rebaudiana during 35 days of culture

Source of Degree of (MS) mean of square

variation freedom - -
Leaf area from the lower part Leaf area from the intermediate part  Leaf area from the upper part
(cmzlleaf) (cmzlleaﬁ (cmzlleaf)

Plantlets 1 0.026739 0.143187 0.093391

Time 4 0.078989 0.162544 0.089834

Error 90 0.001017 0.001196 0.000932

CVv - 0.48 0.39 0.39

R’ - 0.79 0.88 0.84

Discussion showed greater height and wider leaves compared to the

In this work, roots induced due to the infection of A. rhi-
zogenes in S. rebaudiana demonstrated that it was possible
to spontaneously regenerate adventitious shoots that were
later propagated for the establishment of a line of trans-
formed in vitro plantlets. The transformed in vitro plantlets

non-transformed plantlets (Fig. 4) in addition to main-
taining growth and production stability during the contin-
uous subcultures. Also, these in vitro plantlets are
considered homogeneous or nonchimeric, since they come
from roots that originated from a single transformation
event (Choi et al. 2004; Zhou et al. 2011). Plant
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regeneration from transformed roots has been reported
before using different species (Gunjan et al. 2013; Gur-
usamy et al. 2017), and it produces plants with normal or
improved phenotypes in comparison with the wild type;
this was also the case of the plants regenerated in this work
(Table 1). Until now, the effect described above had not
been observed in Stevia rebaudiana, although there are
reports of direct and indirect regeneration from explants
and calli transformed with Agrobacterium tumefaciens
(Khan et al. 2014) and in applications where mutagenic
agents, for instance ethyl methanesulfonate (EMS) and
gamma radiation, directly on leaves were later used for
direct regeneration of genetically modified plants (Khan
et al. 2016). Unlike what was observed in our transformed
in vitro plantlets, when EMS was used to induce mutations
in S. rebaudiana, the plants exhibited a reduced height and
wider leaves compared to the wild plants. The plants
exposed to gamma radiation generally showed a greater
size than those modified with EMS but were still smaller
than the wild plants in addition to featuring narrower
leaves. These events impacted both modification events in
terms of the decrease in the foliar area compared to the
wild plants (Khan et al. 2016). According to our observa-
tions, the transformation of S. rebaudiana mediated by A.
rhizogenes did not negatively affect plant growth parame-
ters, suggesting this as an appropriated strategy for appli-
cations in which the production of biomass is a desirable
characteristic.

Particularly, in the case of regeneration of whole plants
from transformed roots, the integration of T-DNA that is
present in wild-type root-inducing plasmids (pRi) and in
binary expression vectors favors the correct cell differen-
tiation (David et al. 1984) often without the need for
exogenous plant growth regulators, as observed in the
current study (Fig. 4a), in addition to a lower prevalence of
aberrant phenotypes, which is frequently observed in
regeneration events from A. fumefaciens and other muta-
genesis processes.

Conversely, both genetically modified plants (EMS and
gamma rays), as well as Agrobacterium-transformed
plants, have increased the production of SG compared to
wild plants. Low doses of EMS increased St and Reb A by
1.5- and twofold, respectively. However, the use of gamma
rays increased the content of Reb A twofold with a
decrease in the St content compared to the control (Khan
et al. 2016). Our transformed plantlets showed similar
behaviors to the aforementioned: 1.4- and 1.5-fold greater
St content and Reb A, respectively, as shown in Fig. 2a, b.
Khan et al. (2014) observed that in transformed plantlets
generated by direct organogenesis, there was an increase in
the St and steviol content and that the clones generated by
indirect organogenesis (S2) were able to accumulate
greater St, while the rest of the clones kept a profile similar
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to the mother plant. In contrast, in the case of regenerated
plantlets via A. rhizogenes- mediated transformation
(Fig. 2), the production profile of St and Reb A was similar
in all the in vitro plantlets and maintained a similar pro-
portion (Reb A/St) over the time evaluated. The increased
accumulation of secondary metabolites can be attributed to
the variation in the pattern and copy number of T-DNA
integration within the genome of the host plant which can
cause the expression of biosynthetic regulators (Amselem
and Tepfer 1992; Bulgakov 2008). In addition, the induc-
tion effect of the secondary metabolism in Ri-transformed
roots, plants and calli has been associated with the “rol
effect,” due to the expression of rol oncogenes present in
the Ri plasmid T-DNA (Matveeva et al. 2015), particularly
the ro/B gene (Bulgakov 2008), which has been detected in
the genome of transformed S. rebaudiana in vitro plantlets
(Fig. 1). The expression of ro/B gene has been co-related
to the enhanced secondary metabolite accumulation in
transformed calli cultures and plants with respect to their
non-transformed counterparts (Shkryl et al. 2007; Dilshad
et al. 2016). Furthermore, it has been also reported that
there is a synergistic effect over the secondary metabolism
due to the simultaneous expression of the rol A, B, C and D
genes (Bonhomme et al. 2000; Shkryl et al. 2007), simi-
larly to the case of the currently transformed in vitro
plantlets of S. rebaudiana.

Ladygin et al. (2008) showed a positive correlation
between the development of plastid membranes and the
photosynthetic capacity with an accumulation of SG, and
this production was compared between plants grown in a
greenhouse and in vitro, in vitro etiolated, green calli and
etiolated. Those plants or cultures with chloroplasts and
photosynthetic pigments showed a greater capacity to
produce SG. Note that the in vitro transformed plantlets in
the present work accumulated 24 and 33% more chloro-
phylls and carotenoids, respectively, compared to the wild
plantlets suggesting a better development of chloroplasts in
the transformed plantlets. Therefore, these plantlets were
able to produce 1.36 times more SG than in vitro wild
plantlets. The mutated plants developed by Khan et al.
(2016) had a lower photosynthetic capacity that resulted in
varying contents of the main accumulated SG among the
lines, suggesting there was a negative effect on the
chloroplast membrane structure, which is unlike the SG
accumulation determined in our plantlets using genetic
transformation mediated by A. rhizogenes. Libik-
Konieczny et al. (2018) also observed a strong correlation
between the efficiency of photosynthesis and the concen-
tration of SG in lines of stevia plants grown in vivo, sug-
gesting that these metabolites could participate in the
protection of the photosynthetic apparatus against adverse
environmental conditions.
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In the present study, the spontaneous generation of
adventitious shoots and transformed plantlets of S. rebau-
diana from roots induced by A. rhizogenes without growth
regulators was demonstrated. According to our results,
in vitro plantlets, regenerated from A. rhizogenes-trans-
formed roots, had a superior phenotype mainly reflected in
greater leaf area and higher chlorophyll and carotenoid
content compared to in vitro wild-type plantlets, which in
turn are closely involved with higher SG accumulation.
These plants have still important potential to improve their
levels of SG production once they are cultivated ex vitro
and increase their photochemical efficiency. This, besides
the stability of production observed, remarks the potential
of transformation of S. rebaudiana via A. rhizogenes as an
interesting approach for the study of alternatives for SG
production.
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