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Abstract

Sesamum indicum is an important oilseed crop with beneficiary nutrients such as essential fatty acids, proteins, and lignan.
S. indicum crop improvement using conventional breeding methods was disastrous. Moreover, no reproducible regeneration
and transformation protocol for large-scale generation of independent primary transformed plant lines of S. indicum virtually
exists. Therefore, in the present study, a reproducible regeneration and transformation method was developed for S. indicum.
Direct shoot regeneration (94.44%) was achieved using plumule tips as an explant source and when maintained on regenera-
tion medium (BM11) an amalgamation of half the strength of MS macronutrients and B5 macronutrients together with MS
micronutrients and vitamins. Maximum number of shoots (~ 16—19 shoots/explant) was obtained on BM11 medium sup-
plemented with TDZ (1 mg/L) and BAP (0.1 mg/L). High root induction efficiency (~97%) was observed on RM4 medium
consisted of half MS macronutrients, SH micronutrients and vitamins. The developed protocol was found effective for other
commercially valuable genotypes such as Co 1, Phule til and Tilottama as well. Successful regeneration was subsequently
extended to transformation of reporter gene (gfp: green fluorescent protein) as revealed by molecular analyses includes
Southern hybridization, northern hybridization, real time PCR and histological study of the transformants developed in the
present study. Based on the Southern analysis the calculated transformation frequency was found to be 1.33%. The presently
developed regeneration and transformation system might facilitate any desired improvement of sesame crop.

Key message
The present study demonstrated an improved regeneration and transformation method for S. indicum, which is genotype
independent and can undergo desired modifications.

Keywords Direct regeneration - Indirect regeneration - Agrobacterium-mediated transformation method - Green
fluorescence protein

Introduction

Sesame (Sesamum indicum L.), an oldest oilseed crop, is
widely cultivated in tropical and subtropical regions belong
to the Sesamum genus of the Pedaliaceae family (Ashri
2010), is rich in oil (48.5%), proteins (20%), carbohydrate
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et al. 2001; Sankar et al. 2005; Tsuruoka et al. 2005; Nakano
et al. 2008; Siao et al 2015). In addition to food consump-
tion, sesame has many potential applications such as manu-
facturing paints, soap, perfumes, pharmaceutical products
and insecticides (Oplinger et al. 1990). However, despite
its nutritional, medicinal and industrial applications the
crop productivity worldwide is low due to various biotic
and abiotic stresses (Pathak et al. 2014). To surmount these
restrictions, developments of a new sesame stress resistant
variety are of urgent need. Furthermore, there remains cer-
tain possibility for nutritional improvement in its oil quality
that could contribute to human health.

Due to the sexual incompatibility, the sesame crop
improvement via conventional breeding method between the
cultivated and wild species was of limited success (Tiwari
et al. 2011; Kulkarni et al. 2017). Genetic modification of
crops by introducing desired genes has evolved as an alterna-
tive biotechnology approach and has been practiced for dec-
ades. Reproducible regeneration and transformation systems
form the foundation for genetic engineering strategy. How-
ever, genetic engineering of sesame is mostly limited due
to unavailability of suitable and reproducible regeneration
and transformation system (Zimik and Arumugam 2017). In
recent times, many researchers attempted to establish in vitro
regeneration protocol for sesame without much success.
Indirect regeneration via intervening callus phase was tried
using various explants such as cotyledon and/or hypocotyls
(Younghee 2001; Baskaran and Jayabalan 2006; Were et al.
2006; Chakraborti and Ghosh 2009; Rao and Honnale 2011;
Shashidhara et al. 2011a; Pusadkar et al. 2015), embryo
(Saravanan and Nadarajan 2005), shoot tip (Baskaran and
Jayabalan 2006). All these studies claimed induction of good
callus growth; however, in most cases the induced calluses
were turned out to be non-regenerative. Shoot regenera-
tion from callus remained a barrier in indirect regeneration
approaches in sesame (Pusadkar et al. 2015). Direct shoot
regeneration from de-embryonated cotyledon isolated from
mature seeds (Seo et al. 2007; Lokesha et al. 2012; Mala-
ghan et al. 2013; Chowdhury et al. 2014; Pusadkar et al.
2016), cotyledon (Yadav et al. 2010; Al-Shafeay et al. 2011;
Honnale and Rao 2013) and shoot tip taken from the germi-
nated seedlings (Baskaran and Jayabalan 2006; Chakraborti
and Ghosh 2009) was achieved with varying degree of suc-
cess. However, cotyledonary explants were found to undergo
necrosis on MS medium only or on cytokinins supplemented
medium (Baskaran and Jayabalan 2006; Were et al. 2006).
The variation in regeneration response was found to be due
to the differences in selected genotypes. Successful regen-
eration through internodal transverse thin cell layer culture
was reported by Chattopadhyaya et al. (2010) but at low
frequency (29%). Overall, sesame genotypes, explant type
and age of the explants were detected as a crucial factor that
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influenced in vitro shoot regeneration (Malaghan et al. 2013;
Zimik and Arumugam 2017).

Despite of lack of good regeneration system, few
researchers reported Agrobacterium-mediated transforma-
tion in sesame. For instance, the first Agrobacterium-medi-
ated transformation was reported by Taskin et al. (1999),
however, their study failed in generating fertile transgenic
lines. Thereafter, few successful attempts were reported but
the frequency (<2%) was less (Yadav et al. 2010; Al-shafeay
et al. 2011). Chowdhury et al. (2014) reported transforma-
tion efficiency of 42.66% in sesame cv. VRI 1 using de-
embryonated cotyledon explants. However, all these stud-
ies emphasised the significance of age of explant, bacterial
cell density, co-cultivation period and genotypic variations
on the transformation efficiency. Hence, development of
genotype independent regeneration and transformation sys-
tem is of foremost necessity. Keeping the above in view,
an approach was taken to develop a reproducible regenera-
tion and Agrobacterium-mediated transformation system
for S. indicum in the present study. Different explant type,
media compositions and growth regulators were assessed
to develop a suitable regeneration system that could be
applicable for wide range of genotypes. Likewise, various
physical parameters such as bacterial culture density and
co-cultivation period were studied to achieve a suitable
Agrobacterium-mediated transformation system. Combina-
tion of MS and B5 media components was established to be
effective in increasing regeneration efficiency (~94%) in S.
indicum. In addition, supplementation of medium with BAP
(0.1 mg/L) and TDZ (1 mg/mL) was found to facilitate the
shoot multiplication tendency (~ 16—19 shoots/explant). PCR
followed by Southern and RT-PCR analyses were performed
to confirm the integration and expression of gfp gene. The
expression of the gene in T, transformants was finally vali-
dated by green confocal microscopy.

Materials and methods
Plant material

Seven cultivars of sesame viz. Rama, Lambasuti, Col,
Tillottama, DS1, CST 2001 and Phule til were used for the
present study. These are widely cultivated varieties in differ-
ent regions of India. Among them cv. Rama is high yielding
variety and its seed contains high oil content, therefore, con-
sidered for detailed study (Sagar and Ganesh 2004; Chong-
dar et al. 2015). Initially, culture conditions were optimized
for cv. Rama. Seeds were surface sterilized by washing with
0.2% HgCl, for 2 min and then rinsed thrice with sterile
distilled water. Seed coat was removed with the help of a
scalpel and placed on MS medium to assist germination.
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Mature seed and 2 days older germinated seedlings were
considered as a source of explant.

Explant preparation and optimization of media
composition for indirect regeneration

Embryos from mature seeds, hypocotyls and cotyledons
from 2 days older germinated seedlings were used as
explants for callus induction. The explants were incubated
on different basal media includes MS (Murashige and Skoog
1962), BS (Gamborg et al. 1968), N6 (Chu et al. 1975) and
SH (Schenk and Hildebrandt 1972). All the media was sup-
plemented with fixed concentration of 2, 4-D (0.25 mg/L) to
determine the suitable basal medium and explant for callus
induction. Subsequently, 2, 4-D (0.5, 1, 2, 3 and 4 mg/L),
NAA (0.5, 1, 2, 3 and 4 mg/L) alone or in combination with
BAP/Kinetin (0.25, 0.5, 1, 1.5 mg/L) was tested to assess
their effect on selected explants for callus induction. Callus
induction frequency was recorded for every explant type in
all the treatments. Callus obtained from various explants
were tested for shoot regeneration on MS basal medium sup-
plemented with varying concentrations of BAP, zeatin, kine-
tin and TDZ (0.5, 1, 1.5 and 2 mg/L) alone or in combination
with 2, 4-D (0.5 mg/L).

Explant preparation and optimization of media
composition for direct regeneration

De-embryonated cotyledon, embryonic axis from mature
seed, plumule tip and cotyledons from 2 days older germi-
nated seedlings were used as explants for direct regenera-
tion study. The apical meristematic region of embryonic
axis and plumule tip was wounded by making a longitudi-
nal incision. Preliminary studies were conducted to select
explant type able to regenerate on MS medium containing
BAP at 0.25 mg/L. Consequently, the selected explants
were used to examine the effect of basal salt composition
on regeneration frequency. Four different basal media
components namely MS, B5, N6 and SH media were
used further. For shoot multiplication, cytokinins such
as BAP (0.5, 1, 2, 3 mg/L), Kinetin (0.5, 1, 2, 3 mg/L),
TDZ (0.5, 1, 2, 3 mg/L), Zeatin (0.5, 1, 2, 3 mg/L) and

NAA (0.1 and 0.5 mg/L) were tested. All the cultures
were incubated in growth chamber at 25 °C with moder-
ate relative humidity (50%) and with a photoperiod of
16:8 (light:dark) cycle. The optimized media were further
assessed for regeneration and multiple shooting capacities
of other genotypes used in the present study.

Construction of gene cassette

The gfp gene encoding green fluorescent protein was used
for transformation method optimization. cDNA sequence of
gfp was amplified from pX6 vector by performing PCR using
the gfp gene specific primers (forward: 5'-AGTAGGTAC
CATGGGTAAGGGAGAAGAAC-3' and reverse: 5-ACG
CTGGAGCTCTTATTTGTATAGTTCATCC-3’). contain-
ing restriction sites Kpnl and Sacl in forward and reverse
direction respectively. 35S promoter (HindIIl/BamHI),
cDNA sequence of gfp (Kpnl/Sacl) and nos terminator
(Sacl/EcoRI) were cloned in pCAMBIA1300 vector. The
construct developed was designated as pCAMBIA/gfp
(Fig. 1). Prior to use in plant transformation, the plasmid
pCAMBIA/gfp isolated from transformed E.coli cells was
digested with different restriction enzymes available within
the expression construct in order to confirm the proper align-
ment of the genetic elements. Analysis of the bands gen-
erated by restriction digestion of the isolated recombinant
DNA showed that the genetic elements were arranged as per
the designed order (Fig. 2). The cassette (P CAMBIA/gfp)
was finally transformed into Agrobacterium EHA105 strain
for its utilization in Agrobacterium-mediated plant transfor-
mation in S. indicum.

Assessment of antibiotic sensitivity
of the untransformed plants

The T-DNA region of pPCAMBIA/gfp containing hptllgene
(hygromycin phosphotransferase Ilgene: confers resist-
ance to hygromycin) was helpful in screening transformed
shoots in presence of hygromycin avoiding large population
of false positives. Different concentrations of hygromycin
(30, 35, 40 mg/L) were applied to untransformed shoots in

EcoRI  Sacl BamHI
S il i Kpnl ™ Hindil
CaMV35S hptll CaMV35S promoter nos gfp CaMV35S
Poly A (1026 bp) (enhanced) terminator (717 bp)  promoter
(175 bp) (678 bp) (275 bp) (346 bp)

Fig.1 Schematic diagram of plant expression cassette of gfp gene
(pCAMBIA/gfp). The relevant restriction sites for construction were
shown. Aptll indicates hygromycin phosphotransferase resistant gene.

nos indicates nopaline synthase transcriptional terminator. LB indi-
cates Left border. RB indicates Right border
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Fig.2 Digestion pattern of pCAMBIA/gfp expression vector. Lane
1-Uncut, Lane 2-HindIll/BamHI, Lane 3- Kpnl/Sacl, Lane M- Molec-
ular weight marker (pUC18 digested with Hinfl)

order to determine the minimal dosage required for complete
elimination. Mortality rates were recorded after 10 days of
treatment.

Explant preparation  Agrobacterium infection

PN

% A
A

Hygromycin screening

Fig.3 Representative figures depicting steps involved in Agrobac-
terium mediated transformation a The apical meristematic region of
plumule tip was wounded by making a longitudinal incision. b Plu-
mule tips explants immersed inAgrobacterium suspension culture. ¢
Blot dried infected explants placed on cocultivation medium(BM11
medium containing 20 uM acetosyringone). d Shoots regenerated
from infected explants after cocultivation. e Multiple shoots formed
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Co-cultivation

Root induction

Transformation and selection of shootlets

EHA105 cells harboring pCAMBIA/gfp vector were cul-
tured in LB medium in presence of Rifampicin (10 mg/L)
and Kanamycin (50 mg/L) for overnight. The next day, Agro-
bacterium cells were harvested from bacterial culture of dif-
ferent ODg, (0.2-0.8) and resuspended in fresh medium
containing acetosyringone (20 uM). Plumule tips were iso-
lated from 2 days old germinated seedlings and wounded at
tip by making a longitudinal incision (Fig. 3a). Plumule tip
explants were incubated along with Agrobacterium cell sus-
pension and kept idle for 1 h (Fig. 3b). Instantaneously, the
explants were picked up, blotted to eliminate excess bacteria
and transferred to co-cultivation medium (BM11 containing
20 uM acetosyringone) following incubation in dark for 48
to 72 h (Fig. 3c). Explants regenerated after Agrobacterium
treatments (Fig. 3d) were subcultured on multiple shoot
induction medium (BM11-TB1) containing cefotaxime at
every 10 days of interval for 6-8 weeks to induce multi-
ple shoots (Fig. 3e). Cefotaxim at 250 mg/L concentration
was used to avoid bacterial contamination. Shoots formed
were separated and placed on selection medium containing
optimum dosage of hygromycin for 2 weeks (Fig. 3f). The
green healthy shoots recovered on selection medium were
incubated on RM4 medium for rooting (Fig. 3g). Plantlets
with well-developed roots were acclimatized to sand and soil
(1:1) mixture (Fig. 3h).
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after 6-8 weeks of subculture on multiple shoot induction medium
(BM11-TB1 containing 250 mg/L of cefotaxim). f Shoots formed
were screened on BM11 medium containing hygromycin for 4 weeks:
green shoots showing resistance to hygromycin antibiotic. g The
green healthy shoots recovered from hygromycin screening formed
roots on RM4 medium. h Plantlets with roots were hardened to sand
soil (1:1) mixture and established in green house
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Molecular analyses of generated putative
transformants

Total genomic DNA was extracted from fresh leaves of
hygromycin resistant sesame plantlets by following modi-
fied CTAB method (Doyle and Doyle 1990).Untransformed
line and pCAMBIA/gfp vector were taken as negative and
positive control respectively.Transgene integration in the
infected plantlets was initially detected by PCR usinghptIl
gene specific primers (Forward: 5'-ATGAAAAAGCCTGAA
CTCACCGCGACGTCT-3' and reverse: 5'-GCATCAGCT
CATCGAGAGCCTGCGCGACGG -3'). PCR was carried
out under the following conditions: initial denaturation at
94 °C for 4 min; 30 cycles consisted of denaturation at 94 °C
for 30 s, annealing at 60 °C for 40 s, extension at 72 °C
for 1 min; final extension of 72 °C for 10 min. Further, for
detection of presence of gfp gene the plants were subjected
to PCR analysis usinggfp gene specific primers (forward:
5'-AGTAGGTACCATGGGTAAGGGAGAAGAAC-3' and
reverse: 5'-ACGCTGGAGCTCTTATTTGTATAGTTCATC
C-3'). PCR was carried out under the following conditions:
initial denaturation at 94 °C for 4 min; 30 cycles consisted
of denaturation at 94 °C for 30 s, annealing at 62 °C for
40 s, extension at 72 °C for 1 min; final extension of 72 °C
for 10 min.

To validate the transgene integration, Southern hybridiza-
tion was performed. Genomic DNA of the S. indicum plant
was digested with Pstl enzymes andelectrophoresed on 0.8%
agarose gel. Genomic DNA (~ 12 pg) isolated from both the
untransformed control and transformed lines were digested
with Pstl enzyme (Since the cassette does not contain any
internal restriction site for Pstl enzyme). pCAMBIA/gfp
vector (~ 10 ng)digested with HindIII was taken as positive
control. The DNA thus prepared were electrophoresed on
0.8% agarose gel followed by transfer to nylon membrane.
The blot was hybridized with gfp gene specific radiolabelled
probes.

Transcript expression of gfp transgene was detected
by northern hybridization technique. Total RNA was
extracted from seeds of S. indicum using the Trizol rea-
gent (Ambion) following the method described by Chom-
czynski and Sacchi (1987). The uniformity in amount of
RNA loaded in the northern gel was confirmed by rehy-
bridizing the blot with actin specific radiolabelled probe.
To quantitate the transcript expression, real time PCR
was conducted using gfp and actin gene specific prim-
ers: GFP qRTFP: 5" GGCCAACACTTGTCACTA 3’ and
GFP qRTRP: 5' TTCCTGCACGTATCCCTCAGGCA 3’
for amplification of GFP cDNA and RT ACT FP: 5' CTG
GATTTGCTGGTGATGATGC 3’ and RT ACT RP: 5’
CATGTCATCCCAGTTGCTGACT 3’ for amplification
of actin cDNA. The PCR conditions are as follows: initial
denaturation at 95 °C for 2 min followed by 40 cycles of

denaturation at 95 °C for 15 s, primer annealing at 58 °C
for 15 s, extension at 72 °C for 30 s. All reactions were
carried out in triplicates.The 2722C method for relative
quantification was followed in the present study to esti-
mate the expression levels of gene of interest in all trans-
genic plants (Livak and Schmittgen 2001). Knowing the
fact that sesame genome does not contain endogenous
gfp gene, the least expressing transgenic line (analysed
by northern blotting technique) was taken as control for
relative quantification of rest of the transformants.

Detection of green fluorescence by confocal
microscopy

Transverse sections of fresh leaf petiole were treated with
80% ethanol and were kept overnight to remove chlorophyll.
Following chlorophyll removal, the tissue sections were
placed under confocal microscope. The DIC images of the
tissue were captured. Subsequently, the tissue sections were
exposed under UV light (488 nm) to detect green fluores-
cence using 505-530 nm band pass filter. The DIC and con-
focal images were overlapped to identify the fluorescence
in tissue sections.

Statistical analysis

All the media optimization experiments were performed in
three replicates with minimum of 30 explants per experi-
ment. Data for callus induction, shoot regeneration, shoot
multiplication and root induction were recorded and ana-
lyzed using one way ANOVA test. Transformation efficiency
was determined for the positive plants detected in South-
ern hybridization analysis with respect to total number of
explants taken for infection.

Results

Effect of growth regulators and media on indirect
regeneration

Among the basal media, MS basal medium supplemented
with 2, 4-D was found to be more prominent for callus
induction (Supplementary Table S1). Callus induction
potential varied for different explants. Cotyledons showed
higher frequency of callus induction in the MS basal
medium compared to hypocotyl and embryo. Hence, coty-
ledon was considered as an ideal explant for callus induction
in the present study. The evaluation of auxins (2, 4-D and
NAA) for callus induction showed that MS basal medium
fortified with 2, 4-D profoundly influenced callus induction,
while NAA was found to have comparatively less significant
influence (Supplementary Table S2). A high incidence of
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callus induction (~71%) was observed under 2 mg/L of 2,
4-D supplementation. Apart from auxins, cytokinins also
had positive impact on callus induction. Callus induction
frequency was effectively enhanced by supplementing cyto-
kinins along with auxins rather than auxin alone (Table 1).
Highest callus induction frequency (~ 89%) was exhibited on
MS medium supplemented with 2, 4-D (2 mg/L) and BAP
(1.5 mg/L). However, the calluses induced on different com-
binations of growth regulators were found to be of different
morphological patterns including green friable callus, yel-
lowish green friable callus, green compact callus and white
watery callus (Table 1; Supplementary Fig. S1). Watery cal-
luses (Supplementary Fig. S1b) were observed to turn brown
faster with prolonged subculturing, whereas green compact
calluses (Supplementary Fig. Slc), green friable calluses
(Supplementary Fig. S1d) and yellowish green friable cal-
luses (Supplementary Fig. Sle) were found to be growing
normally. The healthy growing calluses were considered
for organogenesis and therefore transferred to MS basal
medium fortified with different types of cytokinins alone or
in combination with 2, 4-D for shoot regeneration. None of
the callus type was found to regenerate shoots, rather each
type of callus behaved differently on regeneration media.
The green compact calluses were found to grow profusely
maintaining similar nature up to 3—4 cycles of subculturing.
Likewise, green and yellowish green friable calluses were
found to undergo necrosis on regeneration media in most of
the cases. In contrast, green friable calluses showed occa-
sional shoot bud like structures (indicated with arrows) on
medium supplemented with TDZ, which eventually did not
develop into shoots (Supplementary Fig. S1f). On the other
hand, root induction from yellowish green friable calluses
was observed on addition of TDZ and 2, 4-D rather than
shoot regeneration (Supplementary Fig. S1g).

Effect of growth regulators and media on direct
regeneration

Among the explants tested, embryonic axis and plumule tips
were found to produce shoots, whereas cotyledon and de-
embryonated cotyledon did not show any positive response.
However, plumule tips were observed as competent explant
for shoot regeneration (~78%) than embryonic axis (Sup-
plementary Table S3). Therefore, plumule tips were con-
sidered further for direct regeneration capacity. Based on
the basal media composition assessment MS was found to
be more effective in inducing shoot generation (~78.89%)
than the other basal media (Table 2). However, combining
media components with B5 macronutrients and MS micro-
nutrients (BM6 medium) resulted in more positive shoot
regeneration response (~ 86.67%). Interestingly, the shoot
regeneration frequency was further enhanced (~94.44%),
when MS and B5 macronutrient components were diluted
to half of its original strength (BM11). Approximately, ~5
shoots per explants were observed under the said condition.
Henceforth, BM11 medium was considered suitable for
shoot regeneration capability from plumule tips.

Effect of growth regulators and media on shoot
multiplication

The BM11 medium supplemented with varying concentra-
tions of cytokinins from different sources were assessed for
multiple shoot induction capacity (Table 3; Fig. 4). BM11
medium containing BAP or zeatin was found to induce
approximately 4—7 shoots from each explant. On the other
hand, BM11 medium containing kinetin induced lesser num-
ber (~2-6 shoots) of explants. In contrast, BM11 medium
containing TDZ alone was observed to produce high num-
ber of shoots (~7—-12 shoots/explant). The shoot induction
efficiency was found to increase further to~ 12—19 shoots/
explants on addition of BAP (0.1 mg/L) along with TDZ
(BM11-TB1). Furthermore, addition of NAA along with

Table 1 Effect of cytokinins

. 2,4-D (mg/L) Kinetin (mg/L) BAP (mg/L) Callus induction Nature of callus
filong Wlth 2, 4-D for callus frequency (%)"
induction from cotyledons of S.
indicum cv. Rama and nature of 2 0.25 60.00+0.99 Green compact callus
the callus obtained 0.5 68.89+0.57 Green compact callus
1 73.33+0.99 White watery callus
1.5 77.78+0.57 White watery callus
0.25 73.33+0.99 Green friable callus
0.5 75.56+0.57 Green friable callus
1 82.22+0.57 Yellowish green friable callus
1.5 88.89 +1.15 Yellowish green friable callus

“Data presented in mean + SE, Significant at P <0.05
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Table 2 Effect of different basal media compositions supplemented with 0.25 mg/L concentration of BAP for shoot regeneration from plumule
tips of S. indicum cv Rama

Media name Basal media Shoot regeneration fre- Morphological development
quency (%)*

BM1 MS 78.89+0.70 Green healthy shoots

BM2 B5 70.00+1.05 Green healthy shoots

BM3 SH 54.44+0.35 Stunted shoot growth with basal callus, roots induced
BM4 N6 68.89+0.93 Green healthy shoots

BM5 MS macro+ B5 (micro + vit.) 74.44+0.70 Green healthy shoots

BM6 B5 macro+ MS (micro + vit.) 86.67+0.61 Green healthy shoots

BM7 MS macro+ SH (micro + vit.) 76.67+1.61 Green healthy shoots with multiple root system
BMS8 BS5 macro+ SH (micro + vit.) 48.89+0.93 Green healthy shoots with multiple root system
BM9 MS macro+ N6 (micro + vit.) 53.33+0.61 Green healthy single shoot

BM10 BS5 macro+ N6 (micro + vit.) 58.89+0.35 Green healthy single shoot

BM11 Y2 MS macro +%2 B5 macro+MS 94.44 +0.70 Green healthy multiple shoots regenerated

micro and vit

Macro macronutrients, Micro micronutrients, Vit vitamins
“Data presented in mean + SE, Significant at P <0.05

30 explants per experiment, repeated in triplicate

Table 3 Effect of various cytokinins on shoot multiplication efficiency of plumule tips S. indicum cv. Rama

Medium name BAP (mg/L) KIN (mg/L) Zeatin (mg/L) TDZ (mg/L) NAA (mg/L) No. of shoots/explants®
Plumule tip
0.679348
BM11-B1 0.5 - - - - 4.87+1.07
BM11-B2 1 - - - - 7.43+1.40
BM11-B3 2 - - - - 6.03+1.14
BM11-B4 3 - - - - 4.14+0.78
BMI11-Kl1 - 0.5 - - - 1.39+0.26
BMI11-K2 - 1 - - - 3.04+0.57
BMI11-K3 - 2 - - - 5.61+1.06
BM11-K4 - 3 - - - 3.46+0.65
BM11-Z1 - - 0.5 - - 3.50+0.66
BM11-72 - - 1 - - 5.96+1.13
BM11-Z3 - - 2 - - 7.11+1.34
BM11-7Z4 - - 3 - - 4.53+0.86
BM11-T1 - - - 0.5 - 7.14+1.35
BM11-T2 - - - 1 - 11.75+2.22
BM11-T3 - - - 2 - 8.53+1.61
BM11-T4 - - - 3 - 5.18+0.98
BM11-TB1 0.1 - - 1 - 15.96 +3.01
BM11-TB2 0.5 - - - 8.39+1.59
BMI11-TN1 - - - 1 0.1 5.07+0.96
BM11-TN2 - - - 0.5 3.53+0.67

*Data presented in mean + SE, Significant at P <0.05

TDZ negatively impacted on multiple shoot induction effi- Shoots obtained on TDZ, zeatin and kinetin supplemented
ciency of the explants. media were healthy in nature whereas shoots produced on
BAP (>0.25 mg/L) containing media were found to become
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Fig.4 Representative pictures showing multiple shoot induction
efficiency of plumule tips on multiple shooting medium. a Explants
observed to produced only~5 shoots on BM11 medium supplied
with 0.25 mg/LL BAP. b BM11 medium supplemented with BAP
(>0.25 mg/L) was observed to induced~4-7 shoots from each
explants, that were succulent in nature. ¢ BM11 medium containing

vitrified. However, low concentration of BAP (0.1 mg/L) in
combination with TDZ in medium (BM11-TB1) was found
to have no adverse effect on the physiology of regenerated
shoots rather enhanced the multiple shoot induction effi-
ciency of the explants (Table 3). The results indicated that
TDZ (1 mg/L) along with BAP (0.1 mg/L) was found to
be appropriate for growth regulators that actually promoted
large number of healthy shoots per explant.

Effect of growth regulators and media on root
induction from the shootlets

The effect of SH medium on induction of multiple roots
can be observed in Table 2. Full strength of SH medium
without any aid of auxin (RM1) was found to promote root
growth from shootlets, initiated around 2-3 roots per shoot
with ~62% frequency (Supplementary Table S4). However,
modification of SH medium by supplementing with MS
macronutrients (RM2) or B5 macronutrients (RM3) in place
of SH macronutrients was noticed to enhance the root forma-
tion efficiency by ~76% and ~ 65% respectively. Significant
increment in root induction efficiency (~97%) was observed
in RM4 medium prepared on diluting the MS macronutrients
salt concentration to half of its original strength.
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zeatin induced ~4—7 shoots per explants, that were healthy in nature.
d Kinetin supplemented BM11 medium showed least multiple shoot
induction efficiency (~2-6 shoots per explant). e TDZ was found to
be efficiently produce ~7—12 shoots/explants. f Highest multiple shoot
(~16-19 shoots) formed on BM11 medium supplemented with TDZ
(1 mg/L) and BAP (0.1 mg/L)

Different types of auxins at varying concentrations were
tested for further enhancement of root induction efficiency
(Data not shown). However, auxins were not found to have
any significant effect on root induction from shootlets.
Instead, addition of NAA and IAA at a concentration of
0.5-1.5 mg/L concentrations resulted in growth of basal
callus that interfered with the shoot growth. Furthermore,
higher concentration (2—4 mg/L) of all the three auxins
affected the shootlets to become succulent, followed by
tissue necrosis leading to shoot fatality. Thus, it could be
suggested that RM4 medium alone is suitable for root induc-
tion. Well-developed multiple roots were observed after
10-14 days of culture on root induction medium (Supple-
mentaryFig. S2a). Shoots with multiple roots were trans-
ferred to glass bottles containing same medium and allowed
to grow full plantlets until 6—7 cm height was attained
(Supplementary Fig. S2b).

Effect of the optimized media on shoot regeneration
and multiplication in different S. indicum varieties

The optimized culture conditions were applied to different
S. indicum genotypes to test their regeneration and multiple
shoot induction efficiency (Supplementary Table S5). It was
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observed that with the newly developed modified regenera-
tion condition helped in shoot induction in genotypic inde-
pendent way. However, varied degrees of response were
observed. Apart from Rama, CO1, Phule til and Tilottama
varieties were found to be more effective in regenerating and
shoot multiplication capability. However, least regeneration
and multiple shoot formation were observed for CST2001
variety of S. indicum.

Effect of hygromycin on the growth
of untransformed shoots

Hygromycin concentration up to 35 mg/L was found insuf-
ficient to completely suppress shoot growth. Few of them
were able to survive in presence of hygromycin (Supple-
mentary Fig. S3a-c), while medium containing 40 mg/L
of hygromycin was observed to drastically affect shootlets
health that resulted in complete elimination of shootlets
(Supplementary Fig. S3d).

Influence of Agrobacterium cell density
and co-cultivation period on transformation

In the present study, bacterial culture density and co-culti-
vation period were considered as the crucial factors affect-
ing transformation efficiency. However, it was observed that
bacterial cell density had remarkable effect on regeneration
frequency. Probably, the increasing bacterial culture den-
sity decreased the shoot regeneration frequency of treated
explants. Least regeneration frequency was observed for
explants infected with Agrobacterium culture of 0.8 ODgy,
(Supplementary Fig. S4a). In contrast, increase in bacterial
density upto 0.6 ODg, was found to increase transforma-
tion efficiency (number of hygromycin resistance shoots
with respect to number of explants regenerated upon coc-
ultivation). Explants infected with bacterial density of 0.8
ODyg could not survive due to bacterial overgrowth, hence

no transformants were recovered. Similarly, co-cultivation
period was found to play an important role in increasing
transformation efficiency. The co-cultivation of infected
explants (explants infected with Agrobacterium culture of
ODyy, 0.6) for 72 h was found to increase the transformation
efficiency (Supplementary Fig. S4b).

Following the optimized condition for Agrobacterium
mediated transformation method, 44, 32 and 38 putative
transformed shoots were recovered from three independent
transformation attempts respectively (Table 4; Fig. 3). All
the shoots produced roots on rooting media (RM4) and suc-
cessfully transferred to soil. The putative transformant lines
were subjected to molecular and histological analysis.

Molecular analyses of putative T, transformants

On PCR analysis, amplification of 1026 bp in six (GTy1,
GTy3, GTy4, GT,5, GT6 and GT(8)of the transformants
indicated the presence of hptll gene (Fig. 5a; Table 4).
Moreover, rest of the putative transformants (GT,2 and
GT,7) did not show any amplification. As expected, ampli-
fication of 717 bp fragmentwas observed in six transfor-
mants (GTy1, GT,3, GTy4, GT,5, GT (6 and GT,8) in PCR
analysis (Fig. 5b). However, identical amplifications were
absent in untransformed control in both cases (Fig. Sa, b).
Southern hybridization using gfp gene specific probe fur-
ther proved the presence of gfp transgene in the genome of
all PCR positive transgenic lines (Fig. 5¢). Among them, 3
plants (GT(3, GT4 and GT;8) showed single integration,
while 2 plants (GTy1 and GT;5) exhibited double and one
plant (GT(6) displayed multiple integrations. Furthermore,
individuality of transformants was identified by different
transgene integration pattern. Based on Southern analysis
results, the average transformation frequency of the three
independent transformation attempts is (Number of trans-
formants showing transgene integration with respect to total
explants taken for transformation experiments) calculated to

Table 4 Summery of Agrobacterium mediated transformation of S. indicum (cv. Rama)

Number of Number of Regeneration Hygromycin ~ Transformation efficiency for ~ PCR posi- ~ Southern Final transforma-
explants explants regen-  efficiency (%) resistant hygromycin resistant shoots tive positive  tion efficiency
infected erated shoots (%) ——— (%)
hptll  Gfp
451 363 80.49 44 9.76 1.33
440 356 80.90 32 7.27 1.14
460 322 70.00 38 8.26 1.52
Mean transformation efficiency (Mean + SE) 1.33+0.109

Regeneration efficiency (%) =Number of shoots regenerated after infection/Number of explants infected * 100

Transformation efficiency for hygromycin resistant shoots (%)=Number of shoots survived upon hygromycin screening/Number of explants

infected * 100

Final Transformation efficiency (%) =Number of southern positive samples/Number of explants infected * 100

Mean transformation efficiency =Mean + Standard Error
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Fig.5 Representative figures depicting detection of the transgene
in transformants. a Ethidium bromide stained agarose gel show-
ing amplification of hptll gene using gene specific primers. UC
denotes untransformed control plant, GT,1-GT8 indicates puta-
tive transgenic lines, PC denotes positive control and M denotes
molecular size marker (pUCI18 digested with Hinfl). b Ethidium
bromide stained agarose gel showing amplification of gfp gene using
gene specific primers. UC denotes untransformed control plant,

Fig.6 Representative picture of
primary transformants in com-
parison to control plant under
field conditions. GT,3, GTy4
and GT8 indicate primary
transformants and UC indicates ’
untransformed control plant

GT(1-GT8 indicates putative transgenic lines, PC denotes posi-
tive control and M denotes molecular size marker (pUC18 digested
with Hinfl). ¢ Autoradiogram of Southern blot analysis showing the
presence of transgene as well as difference in integration pattern in
T, putative transgenic sesame lines. UC denotes untransformed con-
trol, GT(1-GTy8 indicates putative transformants, PC denotes posi-
tive control and M denotes molecular size marker (EcoRI/HindIIl
digested A DNA)

be 1.33% (Table 4). The transgenic lines with single inte-
gration (GT(3, GTy4 and GT,8) were considered for further
analysis in order to avoid any possibility of co-suppression
(Fig. 6).

Analysis of gfp gene expression at transcript level
in sesame

The northern autoradiogram showed the existence of tran-
scripts of gfp in varied proportions in transgenic plants
whereas no such expression was detected in untransformed
line (Fig. 7a). The variation in expression of gfp transgene
among transformants could possibly be due to variation in
site of integration of the transgenes which is evident from

@ Springer

Southern blot analysis. High level of expression was found
in GT,,3 followed by GTy4 and GT,8 respectively as revealed
by real time PCR (Fig. 7b). There was no such amplifica-
tion in untransformed control sample; therefore, for rela-
tive quantification of transgene in transformants the least
expressing line GT,8 (evident from northern blot analysis)
was taken as control.GT,3 transgenic line was found to show
4.9-fold higher expressions with respect to GT,8 line. The
least expressing transgenic line (GT;8) was considered as
control to determine relative fold expression in other two
lines (GT,3 and GTy4). The GT,3 line was found to show
higher expression followed by GTy4 and GT 8 respec-
tively. Therefore, the expression levels in figure represent-
ing real time data (Fig. 7b) are shown in reverse order. The
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-gfp (700 bp)

-actin (~1.3 kb)

Fig.7 Analyses of transcript expression of gfp in untransformed and
T, transgenic lines. a Northern blot analysis showing variation in
transcript expression of gfp among T transgenic lines. UC indicates
untransformed control plant. GT,3, GTy4 and GT,8 denote transgenic
lines. The blots were subsequently stripped and re-hybridized with

transgenic line with higher transcript expression compared
to other lines was considered for histological analyses.

Histological analysis of GFP fluorescence by confocal
microscopy

The tissues of transformed lines were found to show green
fluorescence confirming the expression of GFP protein
(Fig. 8). In contrast, the untransformed tissue did not show
green fluorescent signals. These results suggest successful
expression of gfp transgene in transformed sesame lines.

DIC

Green
fluoroscence

Merge

Fig.8 Expression of GFP in petiole tissue of the transgenic sesame
lines. Upper panel a-d represents DIC image, middle panel e-h
showing green fluorescence signal and lower panel i-l showing over-
lay projection of DIC and GFP fluorescence. a, e and i represent tis-

>

Relative expression level

GT,8 GT 4 GT,3

B-actin gene probe to demonstrate uniform loading of total RNA.
b Bar diagram representing relative gfp transcript expression in the
transformants. The actin gene was used as the internal control for nor-
malization

Discussion

Regeneration and Agrobacterium-mediated transforma-
tion has been successfully achieved in several oilseed crop
species, viz., sunflower (Sujatha et al. 2012), Safflower
(Shilpa et al. 2010; Belide et al. 2011), rapeseed (Boszo-
radova et al. 2011), groundnut (Tiwari et al. 2015) and ses-
ame (Yadav et al. 2010; Al-Shafeay et al. 2011). However,
almost all the studies suggested about genotype depend-
ent regeneration and transformation system. Genotype

sue of untransformed control (scale bar in red—40 um). b, f and j
represent tissue of GT3 (scale bar in red—30 um). ¢, g and k rep-
resent tissue of GTy4 (scale bar in red—40 um). d, h and 1 represent
tissue of GT8 (scale bar in red—40 pum)
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dependent regeneration and transformation is the major
constraint in genetically modified crops including sesame.
Although, these studies have discussed the effect of fac-
tors such as genotype, explant type, explant age, growth
regulator type and concentration, Agrobacterium bacterial
cell density, cocultivation period etc., on regeneration and
transformation efficiency. Therefore, an attempt was made
in the present study to standardize regeneration and trans-
formation system for S. indicum.

Regeneration through indirect organogenesis under the
influence of media and variable concentration of growth
regulators resulted in better induction of calli formation
from cotyledons compared to other explants on MS medium
containing 2, 4 D (0.25 mg/L) (Supplementary Table S1).
MS medium was observed to have influential effect on cal-
lus initiation and growth of tissues in several plant spices
including different varieties of sesame (Zouzou et al. 2000;
Kouakou, 2003; Baskaran and Jayabalan 2006; Michel et al.
2008; Gtowacka et al. 2010; Shashidhara et al. 2011a; Yuan
et al. 2013; Pusadkar et al. 2015; Gerszberg et al. 2016;
Osman et al. 2016). The induction aggravated further around
71% with 2, 4-D at 2 mg/L concentration (Supplementary
Table S2). The finding was in agreement with the earlier
observations in callus induction in other sesame varieties
(Jeyamary and Jayabalan 1997; Chakraborti and Ghosh
2009). On the contrary, few studies showed NAA to be the
suitable auxin for callus induction in S. indicum (Baskaran
and Jayabalan 2006; Rao and Honnale 2011). The variation
in callus response could possibly be due to difference in
endogenous auxin among the genotypes (Khemkladngoen
et al. 2011; Zimik and Arumugam 2017). Furthermore,
supplementation of the medium with cytokinins was shown
to have callus promoting effect in different plant species
including Malus domestica (Caboni et al. 2000) and Hol-
ostemmaada-kodien (Martin 2002) as well as in S. indicum
cv. SVPR—1 (Raja and Jayabalan 2010). In consistent with
previous findings, addition of BAP along with 2, 4-D in MS
basal medium was found to enhance callus induction fre-
quency (~89%) remarkably from cotyledons in the present
study (Table 1). However, the combination of cytokinins
and 2, 4-D was found to produce calluses of varied texture
(Supplementary Fig. Sla—e). In sesame, induction of various
kinds of calluses in presence of 2, 4-D and BAP was already
established in previous studies by Baskaran and Jayabalan
(2006) and Pusadkar et al. (2015). Unfortunately, none of
the callus types was found to regenerate shoots in cytokinin
supplemented regeneration medium except the green friable
calluses, those were found to show shoot bud like structures
occasionally. Eventually, the shoot buds failed to develop
into shoots (Supplementary Fig. S1f). In addition, yellow-
ish green friable callus regenerated roots rather than shoots
were observed (Supplementary Fig. S1g). The present find-
ing was in concurrence with the earlier studies wherein the
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efficiency of regeneration through indirect organogenesis
was limited by genotypic variation (Rao and Honnale 2011;
Pusadkar et al. 2015). This unsuccessful event of shoot
regeneration from calluses led to adopt direct regeneration
strategy. Direct regeneration from various explants of imma-
ture inflorescence, cotyledonary node, leaf, apical shoot bud
and cotyledon was achieved in other crops includes giant
miscanthus, soybean, pistachio and sesame (Ma and Wu
2008; Tilkat et al. 2009; Yadav et al. 2010; Perera et al.
2015). In direct organogenesis, plumule tip was found to
result in high regeneration frequency than embryonic axis,
while cotyledon explants were failed to produce shoots. In
contrast, it underwent necrosis when cultured for long hours
on MS supplemented medium with BAP (0.25 mg/L) (Sup-
plementary Table S3). Likewise, necrosis of cotyledon tis-
sue on cytokinins supplemented media was also observed in
previous studies (Baskaran and Jayabalan 2006; Were et al.
2006). The plumule tip was observed to be the most potential
explant undergoing regeneration experiments in many plant
species such as pigeon pea, cowpea, peanut, lentil and chick
pea (Surekha et al. 2007; Aasim et al. 2009, 2013; Singh
and Hazra 2009; Aasim 2012). By culturing plumule tip
explants on different media helped in assessing the effect
of basal media composition on regeneration frequency. It
was observed that by replacing MS micronutrients with B5
macronutrient in MS basal media had encouraged in shoot
regeneration from explant up to~86% as opposed to full MS
basal media~78% (Table 2). However, the shoots emerged
were turning yellowish and the growth was stunted after
5-6 days of regeneration. This was probably due to the pres-
ence of high nitrate ions that made the media less acidic that
interfered with nitrate uptake and resulted in stunted plant
growth (George et al. 2008).Therefore, a modified basal
medium was formulated by combining half the concentra-
tion of MS and B5 macronutrients of their original strength
(BM11) and was used to check their effect on regeneration
frequency. Surprisingly, the media was observed to enhance
regeneration frequency up to ~94%, while managing good
plant growth (Table 2). These results supported the earlier
observation that the presence of moderate proportion of
NO,7/NH,* could be an essential factor to retain good plant
growth (Ramage and Williams 2002; Were et al. 2006). Fur-
thermore, combination of MS and B5 media components has
already been proven to be effective in increasing regenera-
tion efficiency in Psidium guava (Chandra et al. 2004) and
in Cichoriumintybus (Nandagopal and Kumari 2006).
Cytokinins are known to have an inducing effect on
regeneration of shoots from explants of S. indicum (Shashid-
hara et al. 2011b; Malaghan et al. 2013). Among the cyto-
kinins tested in the present study, TDZ (1 mg/L) was found
to be superior over other cytokinins for inducing maximum
number of shoots from excised plumule tip explant (~7-12
shoots/explant) (Table 3; Fig. 4). Furthermore, addition of
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BAP (0.1 mg/L) at low concentration along with TDZ was
found to enhance the shoot multiplication tendency of plu-
mule tip (~ 16—19 shoots/explant). A combinatorial effect
of TDZ and BAP in promoting shoot multiplication has
already been documented in different varieties of S. indicum
(Shashidhara et al. 201 1b; Malaghan et al. 2013; Chowdhury
et al. 2014).

Apart from shoot formation, root regeneration is also an
essential part of tissue culture to develop a complete plant.
Among the defined basal media, MS and SH basal media
were used for root regeneration from various plant species
and indicated that the efficiency of root generation in SH
was better over MS media (Vookové and Kormutak 2001;
Baque et al. 2010; Cui et al. 2010; Chae 2014). High root
induction efficiency of SH medium was suggested to be
due to high thiamine concentration compared to other basal
media. High thiamine concentration was found to have root
promoting effect in other plants (Chee 1995; Sepahvand
et al. 2012). However, the root regeneration efficiency in S.
indicum cv. Rama was found to be moderate (~62%) in SH
medium (Supplementary Table S4), while the shoot growth
was affected inversely. Furthermore, in the present study
the retardation of shoot growth was probably due to the
effect of high nitrate concentration. Like shoot regeneration
study, to overcome the shoot growth problem, amalgamation
of SH media components with other basal media compo-
nents were tested for root induction in S. indicum cv. Rama
(Supplementary Table S4). It was found that the SH media
modified by replacing its own macronutrient content with
MS macronutrients was found to increase the root induc-
tion efficiency up to ~76%. Further, dilution of MS macro-
nutrient salt concentration to half of its original strength
remarkably enhanced root regeneration efficiency (~98%)
(Supplementary Fig. S2a). The results indicated that macro-
nutrient composition had greatly influenced the root regen-
eration. This showed that salt strength of the media could
be another factor responsible for root induction. The result
was in agreement with the previous findings for Chrysan-
themum sp. (Verma 2012). Variation in shoot regeneration
efficacy among different genotypes was reported in previous
studies on sesame (Were et al. 2006; Al-Shafeay et al. 2011;
Malaghan et al. 2013). In the present study, it was observed
that direct regeneration was suitable for in vitro tissue cul-
ture of sesame than indirect regeneration. The optimized
direct regeneration protocol was found to influence shoot
regeneration and multiplication in different varieties of S.
indicum, but with varying extent depending on the varieties
(Supplementary Table S5). Thus, it could be suggested that
the developed tissue culture system can be a better method
in comparison to previous studies reported for other sesame
varieties as well.

Agrobacterium-mediated transformation in plant spe-
cies is a widely accepted method of choice as it results in

integration of lower copy number and least rearrangement
of transgene (Karami 2008). Thus, a reliable and reproduc-
ible Agrobacterium-mediated transformation system for S.
indicum cv. Rama was established using pPCAMBIA/gfp
cassette (Fig. 1). However, a remarkable effect of density
of Agrobacterium culture harboring pCAMBIA/gfp cas-
sette and co-cultivation period, on regeneration as well as
transformation frequency was observed.The regeneration
frequency was found to decrease with the increasing den-
sity of the Agrobacterium culture, while transformation
frequency was found to gradually increase with increasing
density of Agrobacterium suspension up to 0.6 ODy,, and
then started to decrease (Supplementary Fig. S4a). The
transformation frequency was found to increase further
with the increase of co-cultivation period to 72 h (Sup-
plementary Fig. S4b). The results were in agreement with
the previous observations that suggested high bacterial
inoculum concentrations and longer cocultivation period
had resulted into rapid tissue necrosis and cell death due to
hypersensitive response around the infection site (Hansen
2000; Richter and Ronald 2000; Chakrabarty et al. 2002;
Das et al. 2002; Opabode 2006; Hasnatet al. 2008; Yadav
et al. 2010; Al-shafeay et al. 2011; Sun et al. 2011; Zie-
mienowicz 2014). Finally, Agrobacterium-mediated trans-
formation of pPCAMBIA/gfp cassette resulted in generation
of only eight prospective hygromycin resistant plants. The
transformants were preliminary analysed by PCR (Fig. 5a
and 5b) followed by Southern analysis (Fig. 5c). Integra-
tion of the gfp transgene into the genome of S. indicum
was found to vary in number and in loci as revealed by
Southern blot analysis. Single integration was observed
in GT(3, GTy4 and GT(8 while GT,1 and GT5 displayed
double integration and GT,6 displayed multiple integra-
tions as evidenced by Southern blot analysis. Moreover,
the integration pattern of the transgene was found to be
different among all the transformants as well as among the
transformants with single integration.

The transgenic lines with single integration (GT,3, GT4
and GT,8) were considered for further analysis in order to
avoid any possibility of co-suppression (Fig. 6). In spite of
having single gfp transgene, northern blot analysis of the
transformants revealed different level of expression of gfp
gene in the independent T, transformants and 4.9-fold higher
expression was observed in GT,3 line compared to GT,8
line as revealed by real time PCR data analysis (Fig. 7). The
occurrence of variation in the expression of gfp transgene, in
the present study, could possibly be explained by site of inte-
gration of the transgenes as has been suggested previously
(Matzke and Matzke 1998; Day et al. 2000). The finding was
further validated by histological analysis of the transversely
dissected leaf petiole tissue of transgenic lines and wild type
plants. Green fluorescence was observed in tissue sections
of transgenic lines while such fluorescence was absent in
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control plant (Fig. 8). This confirmed the presence of GFP
protein in the transgenic line only.

Based on the Southern analysis data the calculated
transformation frequency in the present study was found
to be 1.33% (number of plants showing positive response
in Southern analysis with respect to number of explants
infected). However, previous studies claimed transforma-
tion efficiencies determined for the transformants against
the number of explants regenerated after infection (Yadav
et al. 2010; Chowdhury et al. 2014). The present result is in
agreement with the previous findings observed in S. indi-
cum (Kapoor et al. 2015) but in contrast with the findings
of Chowdhury et al. (2014). Chowdhury et al. (2014) sug-
gested high Agrobacterium culture density (ODg,1.6) and
cocultivation of infected explants for one day resulted in
high transformation efficiency, however following these con-
ditions failed to produce any transgenic in the present study.
Low Agrobacterium culture density and longer co-cultiva-
tion duration was found to be suitable for transformation of
the genotype used in the present study and in case of other
sesame genotypes as well (Yadav et al. 2010; Al-shafeay
et al. 2011).This indicated that the transformation efficiency
in S. indicum is highly variety specific (Chowdhury et al.
2014). Factors influencing transformation efficiency varies
for different genotypes.

In conclusion, the present study could be considered as
a major breakthrough in sesame research with respect to
establishment of regeneration and transformation protocol of
sesame which is highly recalcitrant in nature. The genotypes
chosen in the present study are widely cultivated varieties,
among them cv. Rama is high yielding variety and also pos-
sess high oil content. This is the first study where regenera-
tion and transformation protocols have been developed for
cultivars of commercial importance. Most of the genotypes
was found to be responded to the optimized regeneration
media, hence could be used for further biotechnological
studies. The transformation system developed in the pre-
sent study is efficient and easy. Transformation efficiency
reported here might not be too high but could be of help
for transformation of similar genotypes or more recalcitrant
species of sesame.
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