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Abstract An in vitro plant generation and genetic transfor-
mation protocol was established in sesame (Sesamum indicum
L. cv Rama) through biolistic particle gun bombardment.
5-day-old apical, meristematic tissues of in vitro-germinating
seedlings were used as explants. 10—15 Multiple shoots were
generated from each explant using Murashige and Skoog basal
medium containing 18.0 pM benzylamino purine and 5.37 pM
naphthalene acetic acid. Four independent sets of transforma-
tion were carried out and each set consisted of three indepen-
dent experiments each comprising three replications with 30
explants per replication. A synthetically designed bialaphos
resistance gene (bar) was used for transformation. The positive
transformants containing the bar gene were selected in growth
medium containing 2.5 mg/L bialaphos. Green shoots recov-
ered from bombarded explants were subjected to root devel-
opment on Murashige and Skoog basal medium containing
5.37 uM naphthalene acetic acid. The rooted shoots were
established in soil and grown to maturity in greenhouse.
Polymerase chain reaction (PCR), Southern and reverse-tran-
scription PCR, real-time quantitative PCR, western blot and
enzymatic assay of four putative transformants from indepen-
dent sets provided evidence for full-length gene integration as
well as high level expression of the transgene. Analysis of the
T, plants revealed a stable inheritance of the transgene through
the progenies. This is the first report of biolistic mediated stable
transformation of sesame and should pave the way for future
genetic engineering strategies to be employed for improvement
of this very important oil-seed crop.
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Introduction

Sesame (Sesamum indicum L.) of Pedaliaceae family is an
important oil seed crop, cultivated in the tropics and the
temperate zone of the world (Biabani and Pakniyat 2008).
The major producers include India, China, Korea, Turkey,
several countries of Latin America and Africa (FAOSTAT
2008). India ranks first in the area of land covered under its
cultivation (www.crn.india) and also in the export of
sesame. Sesame is known for its superior oil quality and
quantity in comparison to other vegetable oils. The oil
content ranges from 35 to 55 % in different cultivars with
an average of about 50 % of the seed weight (Ashri 1989).
The oil has long shelf life due to the presence of a variety
of lignans or natural antioxidants, like sesamolin, sesamin
and sesamol with medicinal and pharmaceutical value
(Kamal-Eldin and Appleqvist 1994). Despite these nutri-
tional and medicinal merits, the sesame oil contains sub-
stantially low amount (<1 %) of a-Linolenic acid (Mondal
et al. 2010), which is an important health-beneficial ®»-3
polyunsaturated fatty acid. Also, yield loss due to different
biotic (including fungal diseases) and abiotic stress factors
poses major challenge to sesame cultivation (Silme and
Cagirgan 2010; Chowdhury et al. 2014a). Introgression of
desired trait from wild varieties into the cultivars through
conventional breeding approach is rather limited due to
post fertilization barrier (Tiwari et al. 2011). Genetic
engineering through plant transformation can serve as an
alternative in this regard.

Sesame is known for its recalcitrance to in vitro
regeneration due to the production of various secondary
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metabolites (Bhaskaran and Jayabalan 2006). There were
early efforts towards successful in vitro multiplication of
sesame (George et al. 1987). This led to establishment of
tissue culture system from seven different cultivars of
sesame using seedling explants. Multiple shoot buds were
obtained from shoot tip cultures and rooted plantlets
obtained from shoot buds were established in soil (George
et al. 1989). High-frequency in vitro plant regeneration
without transformation has been reported from seedling
cotyledon, hypocotyl explants (Were et al. 2006; Younghee
2007), internodal transverse thin layer culture (Chat-
topadhyaya et al. 2010) and through adventitious shoot
formation from de-embryonated cotyledon of mature
sesame seeds (Seo et al. 2007). Somatic embryogenesis
from zygotic embryo (Ram et al. 1990), hypocotyl seg-
ments (Mary and Jayabalan 1997; Xu et al. 1997),
cotyledons, root and subapical hypocotyl parts of young
seedlings (Shashidhara et al. 2011) has also been reported,
however, without successful plant regeneration. In this
context, hairy root cultures using Agrobacterium rhizoge-
nes have also been established (Ogasawara et al. 1993; Jin
et al. 2005). Despite of susceptibility of sesame to
Agrobacterium tumefaciens, no transformed shoot or plant
was recovered (Taskin et al. 1999). However, in recent
years, there have been a few reports of successful
Agrobacterium-mediated genetic transformation of sesame
(Yadav et al. 2010; Al-shafeay et al. 2011; Chowdhury
et al. 2014b) with transformation and regeneration of fertile
transgenic sesame plants. Among them, Chowdhury et al.
(2014b) reported high regeneration and transformation
efficiencies of 57.33 and 42.66 %, respectively. However,
till date, there is no report of direct gene delivery system in
sesame via microprojectile-mediated particle-gun bom-
bardment. This method has been employed successfully in
many crops such as rice (Datta et al. 1990), soybean
(Christou et al. 1990), maize (Gordon-Kamm et al. 1990)
and recalcitrant plants like jute (Ghosh et al. 2002; Bhat-
tacharyya et al. 2015). Shoot tips have been successfully
employed for efficient biolistic-based genetic transforma-
tion, such as in Zea mays (Zhong et al. 1996), Glycine max
(Aragao et al. 2000) and Sorghum bicolor (Devi and Sticklen
2003). Recently, our group reported biolistic-mediated
genetic transformation in Corchorus capsularis using 1-day-
old apical meristematic tissue from germinating seedling as
explants (Bhattacharyya et al. 2015). With this background,
the present study was undertaken for establishing an efficient
and reproducible in vitro plant generation and genetic trans-
formation system in sesame using particle-gun bombardment.
The bialaphos resistance gene (bar) of Streptomyces hygro-
scopicus that codes for phosphinothricin acetyl transferase,
has been reported to be a useful selectable and screenable
marker (Rathore et al. 1993) for the transformation of crop
plants. It confers resistance against L-phosphinothricin, the
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active ingredient in the commercial herbicides, Basta and
Liberty (De Block et al. 1987; Christou et al. 1991). Thus, bar
gene was chosen as the candidate gene for transformation and
subsequent selection of the putative transformant lines. We
report on molecular level analysis of the transformants in T,
and T, generations and also analyzed transgene expression
level in quantitative terms.

Materials and methods
Plant materials and seed germination conditions

Seeds of Sesamum indicum cv Rama strain were used as
the experimental plant material. Mature seeds were soaked
in 0.1 % (v/v) Tween 20 for 25 min, followed by rigorous
rinsing with sterile water. Seeds were then surface disin-
fected with 0.2 % (w/v) HgCl, for 10 min and rinsed five
times in sterile water. Aseptic seeds were germinated in
90 mm x 20 mm petri plates (30 seeds per plate) in the
dark at 25 °C for 5 days on hormone-free seed germination
medium consisting of Murashige and Skoog basal salt
mixture (MS medium, Murashige and Skoog 1962) sup-
plemented with 3 % (w/v) sucrose and 0.80 % agar (as a
gelling agent) (Table 1). All the tissue culture media
components were purchased from HiMedia, India.

Construction of chimeric gene cassette for biolistic
gene delivery

The 555 bp fragment of the bar gene coding DNA sequence
(CDS) was synthetically reconstructed (Genscript Corporation
Inc. USA) using plant preferred codons for optimal expression
using the protocols of Grantham et al. (1986) and Murray et al.
(1989). It was fused with the CaM V35S promoter at the 5’ end
and the nopaline synthase (nos) gene termination sequence at
the 3’ end. The chimeric gene cassette was cloned in pUC18
vector at the EcoRI/HindIll sites to generate the chimeric gene
construct pPBAR (Bhattacharyya et al. 2015), subsequently used
for plant transformation (Fig. 1).

Explant preparation, biolistic gene delivery,
multiple shoot development and plant generation

The apical meristematic region was isolated from in vitro
seedlings grown on seed germination medium (Table 1)
after elimination of the cotyledon and the root. Apical
meristematic tissues from 5-day-old germinating seedlings
were found to be best suited for multiple shoot generation.
3 mm long shoot tips were dissected out from apical
meristem and were used as explants. Around 30, 5-day-old
apical meristems from germinating seedlings were arran-
ged in a circle (1.0-1.5 cm in diameter) on multiple shoot
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Table 1 Composition of culture media for Sesamum indicum (cv Rama) tissue culture

Medium Composition

Application

Media for seed
germination

MSGM (multiple shoot
generation medium)

MS salts (Macro + Micro, without plant growth regulator) + vitamins + 3 %
sucrose (pure) + 0.05 % (w/v) myo-inositol, agar 0.8 % (w/v)

MS (Macro + Micro salts) + 18 uM BA + 5.37 uM NAA + 27 pM Glycine,
4.06 UM Nicotinic acid, 1.18 uM Thiamine-HCI, 4.06 uM Pyridoxine, 555 uM

Seed germination

Multiple shoot formation

Myoinositol, Sucrose-3 %, agar 0.8 % (w/v)

SM (selection medium)

RIM (root inducing
medium)

PM (potting medium) Y2 Soilrite + 2 clay Soil (autoclaved)

MSGM + Bialaphos (2.5 mg/L) + agar 0.8 % (w/v)

MSGM + 5.37 uM NAA + Sucrose-3 % + agar 0.8 % (w/v)

Selection of transformed
cells/tissues

Rooting from screened
shoots

Transplantation of
regenerated plants in
pots

MS Murashige and Skoog, BA benzylamino purine, NAA naphthalene acetic acid

Hind 11l BamHI Sacl

——

CaMV 35S

EcoRl

Syn bar Nos

Fig. 1 Schematic map of synthetic bar gene cassette (pBAR) with
the reconstructed bar gene under CaMV35S promoter

generation medium (MSGM) (30 ml per 90 mm x 20 mm
petri plate) (Table 1) at the centre of each petri plate.
Coating of the plasmid DNA on gold particles (1 uM) was
carried out following the method of Cao et al. (1992).
Particles were coated with DNA of pBAR (2.5 pg per
30 pL of particle containing 1.5 mg suspension). Particle
bombardment was carried out at 1100 psi at a target dis-
tance of 11 cm using a Bio-Rad 1000/He Biolistic gun
(Bio-Rad, USA) according to the manufacturer’s protocol.
Four sets of bombardment experiments were carried out
(Table 2). Each experimental set comprised of three inde-
pendent experiments each comprising three replications
with 30 explants per replication. Thus, three plates were
bombarded per individual experiment and approx. 250-275
Explants were subjected to particle bombardment in each
set. The bombarded explants were kept overnight in the
dark at 28 °C in the same petri plate. The next day, 15-20
explants each were transferred to fresh MSGM with
5.37 uM naphthalene acetic acid (NAA) and 18.0 uM
benzylamino purine (BA) (Table 1). Multiple shoots
(10-15) were produced from each explant in about 6 weeks
after the bombardment experiment. Transfer to fresh
MSGM was carried out at 15 day intervals for these
6 weeks, until multiple shoots developed. Putative trans-
genic shoots from bombarded explants were separated,
with shoots generated from individual explant maintained

in a separate cluster with proper marking and placed on
selection medium (SM) in 90 mm petri plates containing
2.5 mg/L bialaphos (Table 1) for an additional 2 weeks at
28 °C under a 16:8 h photoperiod (light: dark) with light
intensity of 150-200 pE m 2 s~' in a Percival plant
growth chamber with periodic sub culture every 1 week.
Surviving shoots were subjected to further screening for
another 2 weeks following similar protocol. Surviving
green shoots (after attaining height of at least 3 cm and
bearing at least two—three leaves) were finally transferred
to root inducing medium (RIM; containing 5.37 pM NAA
as auxin supplement) (in plain top round bottom hard glass
culture tubes of dimension 25 mm x 150 mm containing
20 mL medium) (Table 1) for 2 weeks. Plantlets were
transferred to potting medium (PM) for hardening in a
mixture of Y2 soilrite (Keltech Energies Ltd) and '2 clay
soil (autoclaved) for 2-3 weeks (pot size:
20 cm x 19 cm). Putative transformed plants were trans-
ferred to the greenhouse, replanted in sand:peat:soil (1:1:1)
and covered with a transparent sheet for 5 days. The covers
were removed as the plants acclimatized to the greenhouse
conditions. All plants were normal fertile and produced
seeds upon maturity (approx. 2 months after transfer to
greenhouse). Similar acclimatization conditions were fol-
lowed when T, plantlets were transferred to greenhouse.
The entire protocol of biolistic gene delivery to transgenic
plant generation is schematically represented in Fig. 2.

Isolation of genomic DNA from sesame plants

Genomic DNA was isolated from young, tender leaves
(3—4 cm long) of transgenic (Ty and T; progeny) and non-
transgenic sesame plants grown in the greenhouse, fol-
lowing the hexadecyl trimethyl ammonium bromide
(CTAB) method (Doyle and Doyle 1990; Bhattacharyya
et al. 2015).
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Table 2 Summary of results of

Bialaphos resistant shoots PCR™* shoots Trans. efficiency (%)

four independent sets of particle Set Explants bombarded
bombardment experiments with I 260
pBAR

I 275

I 250

1AY 265

Control 250

40 40 15.38
45 45 16.36
46 46 18.4
35 35 13.2
0 0 Mean = 15.835

Each set represents combined data of three independent experiments, each of which comprised three
replications with 30 explants per replication. Trans. Efficiency (%) = percentage of explants transformed

into PCR™ shoots

Flow chart for particle-gun mediated genetic transformation of Sesame (Sesamum indicum L.)

Sterilization of mature seeds and transfer to germination media; incubation in dark at 25°C

Apical meristematic tissue was excised from 5-day-old germinating seedling (explants) and arranged in circle in MSGM

Explants bombarded with plasmid DNA

Transferred to dark at 28°C and overnight incubation

Transfer of bombarded explants to fresh MSGM (with NAA and BA)

l

Subculture for 6 weeks with fresh mediumadded every 15 days interval

multiple shooting (10-15 / explant)

Transfer to SM for stringent screening for 2 weeks with subculture at 7 days interval

Surviving shoots transferred to SM for additional 2 weeks with subculture at 7 days interval

Induction of rooting in RIM for 2 weeks (with NAA supplement)

Transferred to PM for hardening (2-3 weeks) and established in greenhouse after acclimatization

Transgenic plants grown to maturity and seeds collected for progeny analysis

Fig. 2 Schematic overview of the protocol for biolistic mediated sesame transformation and transgenic plant generation

Polymerase chain reaction (PCR) of T, sesame
plants

PCR was performed with synthetic bar gene CDS
specific primers (SynBar FP and synBar RP, 0.5 uM
each; Table 3) using 100-200 ng of template DNA,
according to the protocol described in Bhattacharyya
et al. (2015).
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Southern blot analysis of Ty and T, sesame plants

Southern blot analysis was performed in accordance with
the standard protocol described in Bhattacharyya et al.
(2015). 10-pg aliquots of total genomic DNA were diges-
ted with EcoRI. The transgene cassette contained only one
EcoRI site and thus, digestion by EcoRI helped in identi-
fication of the number of transgene integration sites in
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Table 3 Primers used in the study

Name and sequence Purpose Tm (©)

Syn bar FP: Forward primer for PCR screening of syn bar gene and RT-PCR 65.7
ATAAGGATCCATGAGCCCAGAACGACGCCC

Syn bar RP: Reverse primer for PCR screening of syn bar gene and RT-PCR 64.4
ATCGGAGCTCTTATCAGATCTCGGTGACGG

Syn bar RT FP: GGTCAACTTCCGTACCGAGC Forward primer for real time qPCR analysis of syn bar gene 60.74

Syn bar RT RP: CAGTCGTAGGCGTTGCGTG Reverse primer for real time qPCR analysis of syn bar gene 61.72

Si actin FP: GTAAAGCAGATCGAAGCGCAA Forward primer for real time qPCR analysis of actin gene and RT-PCR  59.61

Si actin RP: CCGACCCACTATGCTAGGGA Reverse primer for real time qPCR analysis of actin gene and RT-PCR  60.47

sesame genome. o-[*>P]-dCTP-labeled synthetic bar gene
was used as probe.

Isolation of RNA from sesame plants

RNA was isolated using a hot-phenol extraction method
(Verwoerd et al. 1989; Bhattacharyya et al. 2015).

Reverse-transcription PCR (RT-PCR) analysis of T,
sesame plants

RNA was isolated from transgenic and non-transgenic
sesame plants according to the protocol described above.
First strand cDNA was synthesized with Syn Bar RP using
transcriptor 1% strand cDNA synthesis kit (Roche). RT-PCR
was carried out with synthetic bar gene CDS specific primers
(SynBar FP and synBar RP, 0.5 uM each, Table 3) using
2 uL cDNA using Taq DNA polymerase with the following
thermal cycle profile: initial denaturation at 94 °C for 4 min,
followed by 30 cycles of 94 °C for 30 s, 62 °C for 30 s,
72 °C for 1 min, and a final extension at 72 °C for 7 min in a
Veriti gradient thermocycler (Applied Biosystems). In
another case, first strand cDNA was synthesized with Si actin
RP from the same stock of RNA samples and RT-PCR was
carried out with actin gene CDS specific primers (Si actin FP
and Si actin RP, 0.5 pM each, Table 3) using 2 L. cDNA
using Taq DNA polymerase with the following thermal cycle
profile: initial denaturation at 94 °C for 4 min, followed by
30 cycles of 94 °C for 30 s, 60 °C for 30 s, 72 °C for 1 min,
and a final extension at 72 °C for 7 min in a Veriti gradient
thermocycler (Applied Biosystems).

Real-time quantitative PCR (qRT-PCR) analysis
of T sesame plants

Real-time PCR was carried out in an Eppendorf Realplex”
Master Cycler using SYBR green based relative quantifi-
cation method with the 5 prime kit (Eppendorf) according to
Wang et al. (2006) in 20 pL reaction volume. First strand
cDNA (using Syn Bar RT RP) was synthesized from 1 pg of

total RNA according to the protocol mentioned previously.
Thermal cycling conditions were 2 min at 94 °C followed
by 40 cycles of 94 °C for 30 s, 58 °C for 15 s, and 68 °C for
30 s using oligo pair Syn Bar RT FP and Syn Bar RT RP
(0.5 uM each, Table 3). For each reading, triplicate Cr
values were averaged. Melting curve analysis in each case
confirmed the amplification of specific product.

Western blot analysis of T sesame plants

Western blot was performed with 60 pg of leaf protein,
according to a protocol described in Bhattacharyya et al.
(2015). Total protein was isolated from 100 mg leaf tissue
of transgenic and untransformed sesame plants and was
quantified according to Bradford (1976). Affinity-purified
rabbit polyclonal antibody against Bar (Sigma, P0374) was
used as the primary antibody (1:1000 dilution). Mouse
monoclonal plant Actin antibody (Sigma, mabGPa) was
used as loading control (1:500 dilution).

Phosphinothricin acetyl transferase (PAT) activity
assay of bar gene in T, sesame plants

The protein extraction from leaf tissue (250-500 mg) and
PAT activity assay were carried out according to protocol
described in Shaw (1975) and Bhattacharyya et al. (2015).

Analysis of stable inheritance of the bar transgene
in T, generation

Seeds were collected from the T, plants and were subjected
to germination (in 90 mm x 20 mm petri plates with 30
seeds per plate) in seed germination medium (Table 1)
containing 2.5 mg/L bialaphos for 4 weeks with periodic
sub-culture every 7 days. Generated resistant plantlets
were transferred to the greenhouse after proper acclimati-
zation as described before. The representative plants were
subjected to Southern blot analysis for assessment of stable
inheritance of transgene. All plants were normal fertile and
produced seeds upon maturity.
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Oligonucleotides used in the study

The oligos used in the study were listed in Table 3.

Results

Transformation of sesame by microprojectile
bombardment, multiple shoot formation
and recovery of transgenic plants

Microprojectile bombardment was carried out in replicate
petri plates containing 30 explants arranged in the centre
(Fig. 3a). Following microprojectile bombardment, use of
MS medium (macro and micro salts) supplemented with
18.0 uM BA and 5.37 pM NAA promoted multiple shoot
formation after 6 weeks with transfer to fresh medium
every 2 weeks (Figs. 2, 3b, c). BA (25 uM) (Yadav et al.
2010) and a combination of BA (30 pM) + Indole-3-acetic
acid (IAA; 5.7 uM) (Chowdhury et al. 2014b) were also
successfully used for multiple shoot regeneration following
Agrobacterium-mediated transformation. However, in our
initial trials, a combination of BA + NAA in the aforesaid
concentrations was found to be most suitable for multiple
shoot development (10-15 per explant). Explants were
transferred to MSGM containing 2.5 mg/L bialaphos for
2 weeks for screening. After 2 weeks of screening, sur-
viving green shoots (Figs. 2, 3d, e, indicated by arrow)
along with some yellowish-white or white shoots were
transferred to fresh MSGM containing 2.5 mg/L bialaphos
and further screened for another 2 weeks (Figs. 2, 3f).
Most of the shoots turned brownish to black indicating

elimination of the untransformed tissues in the stringent
selection process. Elimination of all chimeric untrans-
formed shoots was accomplished by repeated separation.
Green shoots (Fig. 3f) were subsequently cultured in RIM
for root development for 2 weeks (Figs. 2, 3g). The roots
appeared normal and continued to grow in culture in the
same medium. Rooting was successfully obtained for 85 %
of the developed shoots. The putative transformed plant-
lets, after selection, were hardened and finally grown under
greenhouse conditions to maturity (Figs. 2, 3h). 5 Trans-
genic plants from each of the four sets of experiments were
grown to maturity after transformation and stringent
selection. The plants showed no apparent morphological
change and were fully fertile (Fig. 31, j).

PCR screening and Southern blot analysis of the T,
sesame plants

Four independent sets of biolistic bombardment experi-
ments were carried out and Table 2 summarizes the results
of the experiments. PCR was performed to screen for
putative transformants after bialaphos screening (Fig. 4).
No amplification was visible in the untransformed control
line. Four putative transformants (one each from each
experimental set) were chosen for further molecular level
analysis. The four plant lines (#ST1-ST4) were subjected
to Southern blot analysis to confirm the integration of the
transgene and the number of transgene integration sites.
Three plant lines (ST2, ST3, and ST4) were found to have
single site of insertion whereas one (ST1) had two sites of
insertion of the bar gene in T, progeny (Fig. 5a). All bands
were of different size indicating different genomic sites of

Fig. 3 Different stages of tissue culture to generate mature sesame
transgenic plants. a Explants arranged for biolistic bombardment (bar
0.5 cm). b—c Stages showing multiple shoot formation after the
bombardment experiment (bar 0.5 cm). d—f Stages showing selection
of shoots against bialaphos (2.5 mg/L) after culture in MSGM.
Arrows indicate the shoots that can survive the selection pressure (bar
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0.5 cm). g Generation of root from putative transformants in rooting
medium (bar 0.75 cm). h Surviving plantlets growing under green-
house condition to maturity (bar 2.5 cm). i Leaves of the transformed
(T) and non-transformed (UT) sesame plants (bar 0.75 cm). j Mature
seeds from transformed sesame plants (bar 0.75 cm)
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bp M uc ST1 ST2 ST3 ST4

1000

500

Fig. 4 PCR screening for the bar transgene in T, putative sesame
transformants. UC Non-transformed control showing no amplification
of bar gene, STI-ST4 sesame transformants ST1-ST4 showing
amplification of the synthetic bar gene. Lane M NEB 100 bp ladder

transgene integration in each case, and thus all the primary
transformant lines were independent. No visible band could
be detected in the untransformed control line.

Expression analysis of the synthetic bar transgene
in T, sesame plants

RNA level
Reverse-transcription (RT) PCR

The T, plants were subjected to RT-PCR with the synthetic
bar gene specific SynBar FP and synBar RP oligos. All the
four plants (ST1-ST4) revealed a detectable level of genera-
tion of the transcripts (Fig. 5b). However, we could not detect
much difference in the transcript level between individual
transgenic plants, probably due to saturation of the end prod-
uct. No band could be detected in the untransformed control
line. Amplification of beta-actin gene specific product (using
oligos Si actin FP and Si actin RP, Accession number for beta-
actin gene of Sesamum indicum: AB158612) in different
transgenic and untransformed control plants served as loading
control, indicating integrity of RNA from each sample.

Real time gPCR analysis

To obtain a quantitative estimate of the level of transcript
generation, qPCR was performed using bar gene CDS
specific primers (Syn Bar RTFP and Syn Bar RTRP,
Table 3) which amplified a product of 150 bp. A relative

quantification approach was followed, with sesame actin
gene being used as an internal control (using oligos Si actin
FP and Si actin RP). The relative level of generation of the
bar gene transcript was represented in terms of fold change
of the transcript generation (Fig. 5¢). No amplification was
detected in the untransformed control line. The T, proge-
nies with single site of transgene integration (ST2, ST3,
and ST4) were found to contain a higher level of transgene
expression and the normalized expression level of the bar
gene in the plant line ST1 (containing two transgene inte-
gration sites) was set at unity.

Protein level
Western blot analysis

To confirm expression of the full-length bar gene, the
translated product in each of the individual transgenic lines
was monitored by western blot analysis (Fig. 6a). The
transgenic lines revealed distinct band in the 21 kDa region.
No band could be found in the untransformed control line.
Also, no detectable difference could be obtained in the
protein level among individual transgenic lines with single
site of transgene integration (ST2-ST4) in terms of band
intensity. This may be due to saturation of the band intensity
with the amount of total protein used for the study. In each
case equal loading of the protein was detected by plant actin
antibody. This also confirmed specific expression of the bar
transgene in the transgenic sesame plants.

Activity assay of the bar gene

In order to get a quantitative estimate of the transgenic protein
level, spectrophotometric PAT activity assays of the T,
transgenic plants were carried out. The activity was repre-
sented in terms of micromoles of substrate acetylated per min.
In order to determine the specific activity, the protein con-
centration was determined by Bradford protein assay using
BSA as the standard. The activity assay (Fig. 6b) correlated
well with the relative transcript level of the bar transgene as
obtained by real time qPCR. Plants with high level of bar gene
transcript showed high PAT activities (Table 4). Incidentally,
the plants with high PAT activities were found to contain a
single site of transgene integration. The untransformed control
plants had no detectable enzyme activity. The activity assay
further confirmed the integration and expression of the full-
length transgene, apart from western blot.

Analysis of stable inheritance of the bar transgene in T,
generation after bialaphos selection

Seeds were harvested from the T, sesame plants (ST2-
ST4) and they were subjected to germination in 2.5 mg/L
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Fig. 5 Analysis of T, sesame plants a Southern blot analysis of T,
sesame lines using synthetic bar gene as radiolabeled probe. UC
Untransformed control line. ST/-ST4 hybridization pattern for sesame
transformants ST1-ST4. Lane M EcoRI/HindIIl digested A DNA
marker. b RT-PCR analysis of Ty sesame lines using bar gene specific
oligo (Upper Panel). UC Untransformed control, ST/-ST4 Lanes
showing bar gene CDS specific transcript in sesame transgenics ST1,
ST2, ST3 and ST4, respectively (Lower panel) amplification of beta-

bialaphos containing seed germination medium. To
maintain the selection pressure, the surviving seedlings
were sub-cultured in fresh medium with bialaphos every
7 days. The ratio of surviving: etiolated plantlets germi-
nating from the seeds were scored after 4 weeks and it
was found to be 3:1 in each case, indicating Mendelian
mode of inheritance for the monohybrid cross (Table 5).
The surviving plantlets were finally established in the
greenhouse after proper acclimatization and grown to
maturity. Two representative T, plants from each cate-
gory were analyzed further by Southern hybridization
(Fig. 7). All the T, plants revealed a similar transgene
integration pattern as the T, plant.

@ Springer

actin transcript from each RNA sample representing equal loading of
RNA in each case. M NEB 100 bp ladder. ¢ Real time qPCR analysis
of the T transgenic lines. Bar diagram represents the expression level
of synthetic bar gene in various transgenic lines in terms of fold
change of relative expression level taking the normalized expression
level in ST1 as unity. Results are expressed as mean + SD, for
triplicate readings

Discussion

Success of plant genetic engineering largely depends on
development of efficient, reproducible and genotype-inde-
pendent plant transformation techniques. Microprojectile
bombardment was developed in 1980s as a direct gene
transfer method for development of transgenic plants. Over
the years, the technique became widely popular, beside
Agrobacterium mediated transformation and has been
employed for transgene delivery in a variety of agronomi-
cally important crop species (Christou 1995; Breitler et al.
2002). The present study, however, stands out as the first
report of an efficient and reproducible genetic
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Fig. 6 Analysis of the translated product of the bar transgene and its
activity. a (Upper panel) ST1-ST4: Lanes showing bar gene
translated product in sesame transgenics ST1, ST2, ST3 and ST4,
respectively; UC Untransformed control; (Lower panel) equal loading
of proteins shown by stripping and probing the same blot with plant
actin antibody. b In vitro PAT activity assay of the transgenic sesame
plants. Bar diagram represents the specific activity of the synthetic
bar gene in various transgenic lines with one unit representing pmol
of PPT acetylated per min at 37 °C. Results expressed as mean & SD,
for triplicate readings

Table 4 Phosphinothricin acetyl transferase (PAT) activity in crude
leaf extracts of transgenic sesame plants

Plant ID Specific activity (107¢ unit/mg
of extracted protein)

Control N.D

ST1 120

ST2 305

ST3 450

ST4 390

N.D Not detected
Unit umol of PPT acetylated per min at 37 °C

transformation system of Sesamum indicum (cv Rama) by
particle gun bombardment. The study gains more signifi-
cance in the backdrop of recent availability of genome

M (Kb)

Fig. 7 Southern blot analysis of two randomly chosen T, progenies
from each of the transgenic sesame plants with single site of
transgenic insertion. Lane I Untransformed control; lanes 2, 3
progeny from ST2; lanes 4, 5 progeny from ST3; lanes 6, 7 progeny
from ST4; lane M EcoRI/HindIII digested A DNA marker. Synthetic
bar gene CDS was used as radiolabeled probe

sequence of sesame (Zhang et al. 2013) that has further
opened up possibilities of development of genetically
modified sesame line with improved nutritional and disease
resistant traits using endogenous genetic elements. Particle
bombardment has the advantage of transferring foreign
DNA independent of cell or tissue type, provided the cell
wall and plasma membrane can be penetrated. Also
expression of multiple transgenes is possible in the target
tissue by fusion of genes within the same plasmid that is
bombarded into the target tissues. This is desirable some-
times, keeping in mind, the complexity of particular trait to
be conferred in target crop and similar strategies have been
successful in recent years in both monocot as well as in
dicot plants such as wheat, rice, and soybean (Campbell
et al. 2000; Agrawal et al. 2005; Schmidt et al. 2008)

Table 5 Segregatlon analysis Plant ID  Total seeds tested  Bialaphos™  Bialaphos™  Bar™: bar~  Segregation ratio  **

of bar gene in T, progeny of the

transgenic sesame lines with ST2 52 38 14 271 3:1 0.101

single site of synthetic bar

transgene ST3 48 35 13 2.69 3:1 0.110
ST4 55 40 15 2.66 3:1 0.150
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thereby enhancing agronomic traits. In the present study,
the apical meristem tissue from the 5-day-old germinating
seedling was used as an explant. An earlier study on sesame
showed the development of multiple shoot bud (7-12 per
explant) from shoot tip as explant in a media supplemented
with BA and zeatin with NAA used for subsequent rooting
(Chakraborti and Ghosh 2009). Following a similar way,
our protocol led to direct plant generation utilizing the
morphogenic potential of the apical meristem and thus,
intervening steps of dedifferentiation and redifferentiation
could be avoided (Sticklen and Oraby 2005). This also
reduced chances of somaclonal variation and chromosomal
abnormalities. The results were reproducible as the four
independent sets of experiments suggest (Table 2). Fre-
quency of multiple shoot formation and plant generation
was moderate to high. From the range of 250-275 starting
explants, up to 46 transformed shoots could be generated
after stringent screening. There are a few reports of stable
transformation of sesame via Agrobacterium-mediated
genetic transformation. In a recent comprehensive study
(Chowdhury et al. 2014b), a mean transformation efficiency
of 42.66 % was reported. Except only this, other reports
(Yadav et al. 2010; Al-shafeay et al. 2011) showed trans-
formation efficiency of <2 %. Our method was based on
direct gene delivery to explant followed by tissue culture
mediated multiple shoot development and generation of
stable transgenic plants after stringent screening. Transfor-
mation efficiency is calculated on the basis of frequency of
explants transformed. Stable transformation was substanti-
ated by molecular evidences in DNA, RNA and protein
level. The mean transformation frequency (15.835 %) was
significant when compared to various monocot and dicot
plants, where foreign gene(s) could be transferred by parti-
cle-bombardment. Though certain monocots, such as rice,
showed transformation frequency up to 79.5 %, among the
dicot plants the transformation frequency was found to be
moderate as in Arachis hypogea (12.3 %), in Brassica
oleracea (11.1 %) except in Glycine max (60 %) (Baram-
puram and Zhang 2011). Considering the overall recalcitrant
nature of sesame, our results showed a significant advance-
ment in developing a stable and reproducible transformation
system in sesame with moderate transformation efficiency.
This is also significant compared to some of the previous
reports in sesame (Yadav et al. 2010; Al-shafeay et al. 2011).
Efforts are already in progress to reproduce the results in
some other indigenous sesame genotypes, coming from
distant geographical locations, to ensure genotype inde-
pendence of the transformation system.

Efficient selection of transformed cells and tissues is a
crucial step in any plant genetic transformation protocol. In
most attempts, antibiotic resistance gene(s), viz., neomycin
phosphotransferase II and hygromycin B resistance genes,
in combination with antibiotics had been used as selectable

@ Springer

markers. This holds true for the earlier reports of sesame
transformation also (Yadav et al. 2010; Chowdhury et al.
2014b), where neomycin phosphotransferase II has been
used as the selection marker. In the present study, we have
successfully utilized the bar gene that gives resistance to
phosphinothricin, the active ingredient in the broad spec-
trum herbicide bialaphos, to produce transgenic sesame
plants. This selection marker had been used earlier in
genetic transformation of several crop species including rice
(Rathore et al. 1993) and maize (Gordon-Kamm et al. 1990).
However, this is the first report of use of bar as selection
marker in case of sesame. The development of bar gene as
selection marker carries significant agronomic importance
because it can provide resistance to herbicides such as Basta
or Ignite (or Liberty). Dose optimization for selection
pressure is important in any transgenic experiment, as a
suboptimal dose results in high frequency of escapes. On the
other hand, unnecessarily high doses not only kill untrans-
formed tissues, but also inhibit normal growth of trans-
formed cells, thereby delaying the regeneration process
(Wilmink and Dons 1993). Kill-curve experiments revealed
an optimal dose of 2 mg/L. with two repeated passages of
15 days. However, our recent study in jute (Bhattacharyya
et al. 2015) revealed that a selection of higher stringency at
2.5 mg/L could help us to eliminate most of the non-trans-
formed shoots. Following the same strategy, we used bia-
laphos at an optimal dose (2.5 mg/L) which led to a very
stringent selection and eliminated most of the untrans-
formed tissue as was evident in Table 2. In replicate
experiments, resistant shoots after stringent screening led to
generation of PCR-positive transgenic plantlets. The use of
a synthetic bar gene reconstructed with codons optimized
for high level of plant expression has enabled us to conduct
such stringent screening. Stable transformation of the host
and transmission of the synthetic bar transgene to its pro-
geny could be detected for representative transgenic events
analyzed. All the transgenic plants were fertile and showed
moderate to high level of transgene expression. Segregation
of bar into the T; progeny plants followed Mendelian
inheritance pattern for a single dominant locus, i.e. 3:1. All
the progenies were phenotypically normal and fertile. Thus
the selection process was reproducible and stringent, sig-
nifying feasibility of the synthetic bar gene as a potential
selectable and screenable marker to be used in future genetic
engineering strategies to be employed in sesame. This car-
ries further significance, because bialaphos spray can be
developed as a handy and useful method for selection of T,
plants eliminating the need of labor and cost intensive PCR
mediated screening. We have already used a similar
approach in case of jute (Bhattacharyya et al. 2015) and
would like to extend the same to sesame.

A moderate to high level of target gene expression is the
most important attribute in any transgenic approach to
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achieve the required agronomic or commercial gains. Thus,
evidence for genetic transformation and stable inheritance
of the transgene to the next progeny should be supple-
mented by expression level analysis which allows us to
select out the most suitable transgenic event for our pur-
pose. In the present study a detailed expression analysis of
the bar transgene was carried out in both RNA and protein
level in qualitative (RT-PCR and western blot) and quan-
titative (QPCR and enzyme activity assay) terms. All the
results were found to be consistent with each other. Among
the four transgenic plants tested, three plants (ST2-ST4)
showed higher level of transgene expression level as
compared to other lines. Incidentally, all the plant lines
with higher level of transgene expression showed integra-
tion of transgene at a single site. This was in accordance
with some other earlier reports (DeBuck et al. 2001, 2004).
The variation in the transgene expression level among
individual transformants could be due to “position effect”
(Matzke and Matzke 1998).

Despite its usefulness, the particle bombardment tech-
nology has several drawbacks, such as the integration of
multiple copies of transgene as well as integration of
superfluous DNA sequences associated with the plasmid
vector. This could be overcome by transferring the desired
coding region only with its control elements into the target
cells of the plant genome (Lowe et al. 2009). The transgene
copy number can also be determined as has been shown in
Chowdhury et al. (2014b). Also the transformation effi-
ciency needs to be improved if we intend to employ this
technique as a regular molecular tool in genetic engineering
approaches involving sesame. Our future research will be
directed towards making this microprojectile bombardment-
mediated sesame transformation more accurate, efficient and
handy for conferring desired traits into sesame cultivars.
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