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Abstract An efficient protocol was developed for Agro-
bacterium tumefaciens-mediated transformation of tomato
(Solanum lycopersicum) cultivars using cotyledon explants.
The transformation frequency was assessed in response to
several different factors, including seed germination medi-
um, seedling age, pre-culture duration, pre-culture and co-
cultivation media, inoculation medium, medium pH, wash-
ing medium, and kanamycin concentration in initial selec-
tion medium. Cotyledons excised from 6-d-old seedlings
germinated on half-strength Murashige and Skoog’s (MS)
basal medium containing 8.9 μM benzyladenine (BA) pro-
duced the most suitable explant material. Six days of explant
pre-culture and 5 min inoculation with Agrobacterium cul-
ture in MS medium, containing 8.9 μM BA, 9.3 μM kinetin,
and 0.4 mg l−1 thiamine at pH 5.0, significantly improved
the transformation frequency. The addition of a tobacco
feeder cell layer, however, did not lead to any significant
improvement in the transformation rate. Kanamycin at
20 mg l−1 in the selection medium for the initial 10 d
resulted in the highest transformation frequency. Combining
the best conditions for each parameter resulted in an overall
transformation efficiency of 44.3 %. Gene transfer was
confirmed through PCR and Southern blot analyses. Men-
delian inheritance ratios were found in 71.5 % of the inde-
pendent transgenic lines from self-fertilized T1 progeny. The

optimized transformation procedure showed high transfor-
mation frequencies for all three tomato cultivars tested,
namely, Kashi Vishesh (H-86), Hisar Anmol (H-24), and
Kashi Amrit (DVRT-1), and is also expected to give repro-
ducible results with other tomato cultivars.
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Introduction

In recent times, genetic transformation of plants by intro-
ducing a specific DNA fragment into a plant genome has
become an integral tool in both basic and applied research.
Transgenic technology has advanced to such an extent that it
is now widely exploited to study various biological phe-
nomena, viz., the influence of biochemical pathways, re-
sponse to stresses, resistance to pathogens, and, more
importantly, to obtain commercial crops with improved
herbicide resistance and abiotic stress tolerance (Liénard et
al. 2007). Among the different plant transformation meth-
ods, Agrobacterium-mediated transformation is an efficient
and low-cost system that has been most extensively utilized
for stable gene transfer. Agrobacterium-mediated plant
transformation exploits the natural ability of Agrobacterium
tumefaciens cells to transfer and integrate a fragment of
DNA (T-DNA) into the host plant genome.

Tomato (Solanum lycopersicum), a member of the Solana-
ceae family, is a major fruit crop consumed all over the world.
It has also been extensively utilized as a model plant system to
understand biological processes and to study functional
genomics, proteomics, and metabolomics (Arumuganathan
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and Earle 1991). Agrobacterium-mediated transformation of
tomato has become routine, and tomato plants have been
engineered for a variety of purposes, such as improving biotic
and abiotic stress tolerance (Jia et al. 2002), characterization
of gene functions (Goel et al. 2010; Khare et al. 2010), and
production of foreign proteins (Salyaev et al. 2007; Youm et
al. 2008). One of the major obstacles in engineering econom-
ically important tomato cultivars, however, is the absence of a
highly efficient and a reproducible transformation system
(Velcheva et al. 2005). Agrobacterium-mediated tomato trans-
formation was first reported in 1985 (Horsch et al. 1985), and
since then, several refinements have been reported by different
investigators (McCormick et al. 1986; Hamza and Chupeau
1993; van Roekel et al. 1993; Frary and Earle 1996; Ellul et al.
2003; Park et al. 2003; Cortina and Culianez-Macia 2004;
Velcheva et al. 2005; Gao et al. 2009; Sharma et al. 2009).
Many of these reports, however, do not provide critical details
of the transformation process and are restricted to “model”
genotypes, which makes it difficult to reproduce and apply the
findings from other research groups to additional tomato
cultivars (Sun et al. 2006).

The Agrobacterium-mediated transformation process
includes preparation of explants, inoculation of explants
with Agrobacterium cells, co-cultivation, selection of trans-
formed cells from the bulk of the non-transformed cells, and
regeneration of transformed cells to obtain a complete trans-
formed plant. A number of factors involved in genetic
transformation greatly influence the overall gene transfer
efficiency (Hu and Phillips 2001). The effect of explant type
(Davis et al. 1991; Hamza and Chupeau 1993; Park et al.
2003; Wu et al. 2006), different regimes of plant growth
regulators (Frary and Earle 1996; Park et al. 2003; Cortina
and Culianez-Macia 2004; Wu et al. 2006; Sharma et al.
2009), the effect of pH in co-cultivation medium ( Stachel et
al. 1986; Vernade et al. 1988; Gao et al. 2009; Wu et al.
2006), and Agrobacterium cell density in the inoculum
(Davis et al. 1991; Wu et al. 2006 Gao et al. 2009) have
been amply discussed. However, reports on the influence of
parameters including the germination medium, explant age,
pre-culture period, pH of pre-culture and co-cultivationmedia,
inoculation medium, washing medium, and initial selection
pressure on genetic transformation of tomato are scarce.

As a part of an ongoing program toward the development
of transgenic tomato lines for improved water-deficit stress
tolerance, various parameters related to Agrobacterium-me-
diated transformation were evaluated for their role in overall
transformation efficiency. The DREB1A/CBF3 gene from
Arabidopsis thaliana was used as a marker gene in this
study. AtDREB1A is a transcription factor that provides
enhanced tolerance to water deficit ( Oh et al. 2005;
Behnam et al. 2007). DREB/CBF proteins bind to the cis-
acting 5-bp DRE/C-repeat core sequence (CCGAC) present
in the promoter region of many downstream water-deficit

stress-inducible and cold-regulated (COR) genes in Arabi-
dopsis (Gilmour et al. 1998), Oryza sativa (Oh et al. 2005),
and Solanum tuberosum (Behnam et al. 2007). An elite
tomato cultivar H-86 (Kashi Vishesh) developed at the
Indian Institute of Vegetable Research, Varanasi, India,
was used throughout the study. Following optimization
experiments, an application of the enhanced protocol was
assessed using a further two economically important culti-
vars, H-24 (Hisar Anmol) and DVRT-1 (Kashi Amrit). In an
earlier study, the genotype H-86 was reported to be the most
responsive for organogenesis, followed by H-24 and DVRT-
1 (Singh et al. 2010), respectively. These three cultivars
perform very well in the Indian subcontinent and show field
resistance to tomato leaf curl virus. To date, there is no
published report on the transformation of these cultivars.
In the present study, a highly efficient Agrobacterium-me-
diated tomato transformation protocol was developed by
optimizing factors including explant age, germination me-
dium, pre-culture period, pre-culture and co-culture media,
feeder layer, pH, inoculation medium, inoculation duration,
washing medium, thiamine concentration, and kanamycin
concentration in the initial selective regeneration medium,
resulting in successful and equally efficient transformation
of all three tomato varieties.

Materials and Methods

Gene construct, Agrobacterium strain, and culture condi-
tions. A. tumefaciens strain GV3101 harboring a binary
vector based on pCAMBIA2300 (Hajdukiewicz et al.
1994) was used for transformation (Fig. 1). The pCAM-
BIA2300 vector harbors a neomycin phosphotransferase
(npt II) selection marker gene driven by a duplicated Cauli-
flower Mosaic Virus 35S (CaMV35S) promoter. The entire
cassette was fused with AtDREB1A/CBF3 cDNA (GenBank
accession no. AF074602; Gilmour et al. 1998) driven by
water-deficit stress-inducible rd29A promoter of Arabidop-
sis (GenBank accession no. D13044; Yamaguchi-Shinozaki
and Shinozaki 1993). For the Agrobacterium culture, a
single colony from a fresh bacterial culture plate was inoc-
ulated in 50 ml liquid Luria–Bertani medium containing
25 mg l−1 kanamycin, 25 mg l−1 gentamycin, and
25 mg l−1 rifampicin and grown overnight at 28°C on a
rotary shaker at 200 rpm. Overnight cell cultures were
harvested by centrifugation at 5,000×g for 10 min at room
temperature, and cells were resuspended in 20 ml inocula-
tion medium (IM; Table 1) to OD60000.8.

Culture conditions and media. Murashige and Skoog’s
(MS; Murashige and Skoog 1962) basal salts supplemented
with 3 % (w/v) sucrose was used as the base culture medi-
um. For the aseptic germination of seeds, half-strength MS
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basal salts were used. The required quantities of salts were
mixed and appropriate pH was adjusted using 1 N NaOH or
1 N HCl prior to the addition of 0.5 % (w/v) agar (Duchefa,
Haarlem, the Netherlands). Media were autoclaved at 121°C
for 20 min. The cultures in all the experiments were incubated
at 25±2°C with a 16-h photoperiod provided by cool white
fluorescent lights of 40 W (Philips India Ltd.) providing a
photosynthetic photon flux density of 80 μmol m−2 s−1. The
composition of the media used in different transformation
experiments and stages are described in Tables 1 and 2.

MS medium supplemented with 6-benzyladenine (BA;
8.9 μM), kinetin (Kin; 9.3 μM), and kanamycin (50 mg l−1)
was used as the basis for the selective regeneration medium
(SRM; Table 1). In order to arrest the growth of Agrobacte-
rium cells, cefotaxime (500 mg l−1) was added to the selec-
tion medium. For shoot development, shoot buds were
cultured on MS medium containing 50 mg l−1 kanamycin
and 500 mg l−1 cefotaxime for 15 d. Shoots were then rooted
in rooting medium (RM) comprising growth regulator-free
MS basal salts containing 100 mg l−1 kanamycin and
400 mg l−1 cefotaxime. Rooted shoots were acclimatized
in sterile soil and sand mixture (1:1) and irrigated with
sterile water containing 50 mg l−1 kanamycin.

Donor material and explant preparation. To generate coty-
ledon explants, seeds of tomato (S. lycopersicum) var. H-86,
DVRT-1, and H-24 were extracted from fresh ripe fruits
collected from the field. Fruits were washed thoroughly
under running water, wiped with ethanol, and then flamed
under a laminar airflow cabinet (Klenzaids, India). Surface-
sterilized fruits were cut open and the seeds, together with
mucilaginous pulp, collected in a sterile beaker and thereaf-
ter treated with 3 % (v/v) hydrochloric acid (HCl) for 3 min
with gentle shaking to dissolve the pulp. Seeds were again
treated with 2 % (v/v) HCl for 3 min and rinsed two to three
times with sterile double distilled water. The seeds were
finally surface-sterilized using 3 % (v/v) sodium hypochlorite

(NaOCl) solution for 3 min and thereafter rinsed four to five
times with sterile double distilled water, blotted dry, and
inoculated in magenta boxes containing 50 ml germination
medium (GM1, GM2, or GM3; Table 1). The cultured seeds
were kept in the dark for the initial 3 d and thereafter trans-
ferred to the light.

Transformation and plant regeneration. Cotyledons were
cut at the tips as well as at the base, inverted onto the pre-
culture and co-culture media (PCM; Table 1) in 90×15-mm
Petri dishes (Tarsons, Kolkata, India), and pre-cultured for
0–8 d. The tobacco feeder cell layer was prepared by plating
2 ml of actively growing tobacco cell suspension onto 20 ml
of solidified medium in Petri dishes. After 1 d of incubation
in the growth chamber, dried sterile filter paper discs were
placed on top of the tobacco cells and the cotyledon explants
then placed on the filter paper. The tobacco feeder cell
suspensions were replaced weekly by 1:10 dilutions into
fresh liquid medium containing casein hydrolysate
(200 mg l−1) and 2,4-dichlorophenoxyacetic acid
(0.2 mg l−1), as per the procedures of Hamza and Chupeau
(1993) and Cortina and Culianez-Macia (2004). Pre-cultured
explants from the PCM plates were dipped in prepared Agro-
bacterium suspension cultures for different time periods in
the dark at 26°C for inoculation. Only inoculation buffer
during the transformation was used as the control. After
inoculation, excess bacterial suspension was removed by
pipetting and the explants kept on sterile filter paper to drain
extra bacterial suspension. Agrobacterium-inoculated
explants were returned to the same PCM plates for 48 h of
co-cultivation. Co-cultivated explants were washed three
times using a washing medium (WM; Table 2) with gentle
shaking, treated with cefotaxime (5 mg ml−1 in WM for
20 min), rewashed once, and then blotted dry. The washed
explants were incubated for the next 10 d on SRM (Table 1)
containing 20–50 mg l−1 kanamycin and 500 mg l−1 cefotax-
ime. The green and regenerating cotyledons were sub-

Figure 1. Map of the T-DNA region of binary vector pCAMBIA2300.
LB left border, RB right border, nptII neomycin phosphotransferase,
CaMV35S cauliflower mosaic virus 35S promoter, 35S poly A

CaMV35S poly A signal, Nos Ter terminator sequence of nopaline
synthase, AtDREB1A Arabidopsis thaliana dehydration responsive
element binding factor 1A, Prd29A promoter rd29A.
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cultured after every 14 d onto fresh SRM of the same type,
containing 50 mg l−1 kanamycin. Regenerated shoots from
putatively transformed explants were excised and cultured
on RM for ∼25 d; no subcultures were performed during this
period.

Transformation parameters. Based on the information from
the available literature for the transformation of S. lycoper-
sicum genotypes, a general protocol (non-optimized param-
eters) was devised, combining various optimal parameters
for transformation. In this protocol, cotyledons derived from
6-d-old seedling were germinated on half-strength MS basal
medium containing 8.9 μM BA; pre-cultured on MS basal
medium containing BA (8.9 μM), Kin (9.3 μM), and thia-
mine (0.4 mg l−1); and inoculated with Agrobacterium cells
for 5 min. Inoculated explants were co-cultivated on the
same pre-culture medium for 48 h. After co-cultivation,
explants were washed with a medium having only one
fourth-strength MS macronutrient salts and finally selected
on the regeneration medium containing 0.4 mg l−1 thiamine
and 30 mg l−1 kanamycin for 10 d; thereafter, the kanamycin
concentration was increased to 50 mg l−1. Later, each pa-
rameter was varied, keeping other non-optimized parame-
ters from the general protocol, in a sequential order, one at a
time. A particular condition optimized in one experiment
was used in the subsequent experiments. In this way, 11
parameters were systematically tested; details of the media
composition are given in Table 1.

To investigate the effect of the seed germination medium
(GM), seeds were germinated on three different germination
media: GM1, GM2, or GM3 (Table 1). The effect of the age
of explants was evaluated using cotyledon explants isolated
from 3- to 9-d-old (post-emergence) seedlings. The explants
on the pre-culture medium were maintained for 0–8 d prior
to inoculation with Agrobacterium cells. Cotyledons were
pre-cultured and co-cultured on one of the six different pre-
culture and co-culture media (PCM1–PCM6 media; Table 1)
varying in their pH, Kin, and thiamine concentrations. The
cotyledon explants were cultured on a layer of tobacco
feeder cells, applied onto PCM5 plate either from the pre-
culture or from the co-cultivation (a new PCM5 medium
plate). To investigate whether pH, BA, and Kin in the IM
influence the transformation efficiency, the pre-cultured
explants were immersed in 20 ml of different liquid inocu-
lation media (IM1, IM2, IM3, or IM4) containing Agro-
bacterium cells. To investigate the effect of pH on the
transformation efficiency, the pH values of both PCM and
IM were adjusted to 4.2, 5.0, or 5.8 using diluted HCl or
NaOH solution. The cotyledon explants were inoculated
with the A. tumefaciens cell suspension for 5, 10, 15, 30,
or 45 min. The growth of Agrobacterium cells after co-
cultivation was inhibited by washing with one of six differ-
ent washing media (WM1–WM6; Table 2). To evaluate theT
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effect of thiamine on the transformation efficiency, two dif-
ferent concentrations of thiamine (0.1 and 0.4 mg l−1) were
used in the selective regeneration medium (SRM1 and SRM2,
respectively; Table 1). To investigate the effect of kanamycin
concentration for first 10 d of selection, kanamycin at concen-
trations of 20, 30, 40, or 50 mg l−1 was added to the respective
SRM (Table 1). Subsequently, the cultures were transferred to
fresh medium, the selection pressure was increased to
50 mg l−1 kanamycin (SRM2), and further subcultures were
conducted every 14 d to the same medium.

Transformation efficiencies were calculated as the per-
cent co-cultivated explants producing independent transfor-
mation events. An independent transformation event is
defined as an explant or callus which regenerated after
8 wk culture on the selection medium.

PCR analysis of transgenic plants. The presence of trans-
gene in transformed shoots was confirmed through PCR
amplification of AtDREB1A and nptII genes using gene-
specific primers. Genomic DNA was isolated from leaves
of putative transformed shoots by the Purelink plant DNA
purification kit (Invitrogen, Carlsbad, CA, USA). The primer
pair for the amplification of the AtDREB1A gene was F-5′-
ttggctccgattacgagtcttcg-3′ and R-5′-aacgatacgtcgtcatcatcg-3′,
which produced an amplified product of 607 bp. The expected
product size for nptII gene-specific primer pair F-5′-
gcgataccgtaaagcacgaggaa-3′ and R-5′-gatggattgcacgcaggttctc-
3′ was 728 bp.

Southern blot analysis. The Southern (DNA) blot was pre-
pared by digesting 15 μg of genomic DNA with HindIII,
which was expected to generate a T-DNA junction fragment
of size ≥4.05 kb. Digested DNA samples were separated on a
0.8 % agarose gel and transferred to a positively charged
nylon membrane (Hybond-N+, Amersham Biosciences, Ltd.,
Little Chalfont, UK). The membrane was hybridized with a
digoxigenin-11-dUTP-labeled AtDREB1A probe; the probe
was prepared following PCR amplification of the internal
fragment of the AtDREB1A gene. Hybridization was carried
out in DIG Easy Hyb buffer overnight at 50°C following the
DIG High Prime DNA Labeling and Detection Starter Kit I

(Roche, Mannheim, Germany) application manual. The mem-
brane was washed twice in 2× solution of sodium chloride/
sodium citrate (SSC)+0.1 % sodium dodecyl sulfate (SDS) at
25°C for 5 min and twice in 0.5× SSC+0.1 % SDS at 68°C for
15 min with constant agitation. Hybridized DNA bands were
visualized following the DIG immunological detection protocol.

Inheritance patterns of the transgene. Segregation of the
AtDREB1A as well as the nptII transgenes in T1 progeny
seedlings of 56 independent transformation events was an-
alyzed. For each of the 56 independent transformed plants,
120 T1 generation seeds from self-fertilized T0 fruits were
germinated in pots filled with sand and soil mixture (1:1).
After 25 d growth, leaf tissue was taken for genomic DNA
isolation and further PCR analysis was conducted using
AtDREB1A and nptII gene-specific primers.

Statistical analyses. Each experiment was set up in a ran-
domized block design with three replications per treatment,
where each replicate had minimum 50 explants. Data were
analyzed using ANOVA appropriate for the design using
SPSS 11.5; the differences among the treatment means were
compared using Fisher’s least significant difference test
(LSD) at the 5 % probability level. Tukey’s test at the 5 %
probability level was used to separate treatment mean values
by SPSS 11.5. Chi-square analysis of the goodness of fit
was performed to analyze the T1 segregation ratios.

Results and Discussion

The tomato cultivar H-86 was used in the experiments to
optimize transformation factors. A transformation frequency
of 22.05 % was recorded when using the protocol with non-
optimized parameters. During the standardization of the
parameters, at least 150 explants were used to test each
treatment; the initial response of explants could be scored
as early as 5 wk on the selection medium in terms of dark
green swelling and incipient regeneration from the embryo
axis (Fig. 2c). Pre-cultured control explants which did not
receive co-cultivation became necrotic and died on the
selection medium after 5 wk (Fig. 2d). Adventitious shoot
regeneration in cotyledons predominantly occurred at the
cut ends resulting from the broken embryo axis (Fig. 2c).
The putative transformed shoots rooted on 100 mg l−1

kanamycin rooting medium were found to be trans-
formed (Fig. 2g–i). The presence and transmission of
the AtDREB1A gene was confirmed by PCR assays of
leaves randomly chosen from putatively transformed
shoots (Fig. 3), Southern blot analysis (Fig. 4), and
PCR assays of progeny (T1) from T0 transgenic plants
(Fig. 5b, c). Transformation efficiencies were calculated
as the percent co-cultivated explants producing independent

Table 2. Composition of washing media (WM) used in tomato trans-
formation experiments

Washing
medium/additive

WM0z WM1 WM2 WM3 WM4 WM5 WM6

MS basal saltsy – 1x 0.5x 0.33x – – –

MS macronutrient
salts only

– – – – 0.5x 0.33x 0.25x

Sucrose (g l−1) – 30 15 10 – – –

z Sterile water only
yMurashige and Skoog medium (1962)
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transformation events. An independent transformation event
is defined as an explant or callus which regenerated after 8 wk
culture on the selection medium.

Germination medium. There were significant differences in
the transformation frequencies obtained using cotyledon
explants (∼200) derived from seeds germinated on the dif-
ferent GM (Table 3). GM supplemented with 8.9 μM BA
(GM2; Table 1) was found to improve the transformation
efficiency to 22.05 % compared to 6.22 % for growth
regulator-free germination medium (GM1). In general, the

seedlings germinated on GM2 were more vigorous than
those from GM1. The explants from seedlings grown on
BA-supplemented medium produced the highest frequency
of regenerated plants when sub-cultured to media also con-
taining BA. The regeneration of explants obtained from
seedlings grown on media lacking BA was subsequently
inhibited when transferred to BA-containing regeneration
medium. These results are in agreement with the findings
of Newman et al. (1996) who specifically studied the effects
of BA on tomato transformation. In the present study, GA3

was found to compromise the transformation rates by reducing

Figure 2. Different stages of Agrobacterium-mediated transformation
of tomato var. H-86. In vitro-germinated seedlings on GM2. (a) Pre-
cultured cotyledon explants on PCM. (b) Shoot initiation on selection
medium after 5 wk. (c) Non-transformed cotyledons on selection
medium after 4 wk. (d) Shoot development from transformed callus

on selection medium after 12 wk of culture. (e) Multiple shoots from
regenerating callus on selection medium. (f) Well-rooted plantlets on
selection medium. (g) Acclimatization of a transgenic plant. (h) Mature
transgenic tomato T0 plants under containment conditions bearing
normal fruits.
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the number of independent transformation events (to 15.67 %)
when GA3 (5.8 μM) and BA (8.9 μM) were added to the
medium (GM3; Table 3). GA3 has been reported to accelerate
seed germination in tomato (Andreoli and Khan 1999). How-
ever, the incorporation of 2.89 μM GA3 in the shoot regener-
ation medium along with 8.9 μM BA has been reported to
adversely affect the regeneration response of tomato hypocotyl
and cotyledon explants (Shivakumar et al. 2007). GA3 partially
inhibits starch accumulation in tomato cotyledons (Branca et al.
1994), a prerequisite for the development of shoots in vitro. It
has been reported that pretreatment of source plants with anti-
GA3 compounds such as 2-chloroethyl trimethyl ammonium
chloride caused an increase in the frequency of shoot regener-
ation in tomato (De Langhe and De Bruijne 1976).

Age of explants. It is well established that the age of the
explants greatly influences their transformation and regeneration
potential (Davis et al. 1991). Although transformation was
achieved with cotyledons of all ages (3–9 d), significant differ-
ences were noted among different explant ages (Fig. 6a). An
increase in the transformation frequency was observed with
increasing age of the explant until 6 d, when the maximum
transformation frequency of 22.44 % (44/193) was achieved,
after which it gradually declined. The higher frequencies ob-
served for up to 6-d-old seedlings may be attributed to the fact
that active plant cell metabolism is required for the synthesis of
vir-inducing factors (Stachel et al. 1986), leading to effective
plant transformation.Mazumdar et al. (2010) reported that in the
case of Jatropha curcas, the cotyledonary explants excised from
freshly in vitro-germinated seedlings were the most amenable to
Agrobacterium-mediated transformation as compared to older
explants. Similarly, Famiani et al. (1994) demonstrated that
explants derived from young apple leaves showed more regen-
eration potential than older leaves. Developing leaves have less
differentiated and more metabolically active cells, and show
improved plant regeneration responses, when provided with
suitable hormonal and nutritional conditions. In contrast, Davis
et al. (1991) found a higher percentage of transformation and
less necrosis when using older tomato leaves. The majority of
reports for tomato transformation suggest using cotyledons from
6- to 10-d-old seedlings for transformation (Davis et al. 1991;
Frary and Earle 1996; Park et al. 2003; Sun et al. 2006;
Wu et al. 2006; Shivakumar et al. 2007; Gao et al. 2009).

Pre-culture period. The transformation frequency was signif-
icantly affected by the pre-culture period (Fig. 6b). During
pre-culture, most of the explants swelled substantially.
Lower transformation frequencies (0.45 % for explants

Figure 3. PCR amplification of the AtDREB1A gene from genomic DNA of putative transgenic plants (T0). Lanes M, 1-kb DNA ladder; P, plasmid
DNA; NT, genomic DNA from non-transformed plant; 1-46, genomic DNA from transformed plants.

Figure 4. Southern blot analysis of ten randomly selected transgenic
events using the AtDREB1A gene-specific probe. Transgenic plants
showed transgene integration, whereas no hybridization signal was
detected in the untransformed WT control. Signals corresponding to
transgenic events represent the T-DNA left border/plant junction frag-
ments ≥4.05 kb. P plasmid pCAMBIA2300. Numbers 30, 34, 39, 44,
53, 68, 71, 79, 63, and 96 represent independent transgenic events.
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without pre-culture and 6.32 % for those with 2 d pre-
culture) were recorded with short pre-culture periods (1–
2 d), whereas pre-culture beyond 2 d significantly im-
proved transformation (18.49 and 22.48 % for 3 and 6 d,
respectively). These results are in contrast to the reports
of pre-culture for 1 d (10.6 %: Frary and Earle 1996;
20.0 %: Park et al. 2003) and 2 d (12.5 %: Cortina and
Culianez-Macia 2004; 11.3 %: Ellul et al. 2003). Actively
dividing cells, particularly those in the S phase of the cell
division cycle, are the most amenable to genetic transfor-
mation by Agrobacterium (Villemont et al. 1997; Gordon-
Kamm et al. 2002). Over the past two decades, several
studies revealed the existence of a “window of competence,” a
time during which the cells are susceptible to Agrobacterium
transformation, although the basis for this response has not yet
been completely established (Sunilkumar et al. 1999; Costa et
al. 2002). Pre-culture facilitates active cell division, and pre-
culture treatment of tissues has been observed to improve the
transformation frequency in tomato (Park et al. 2003; Cortina
and Culianez-Macia 2004). It has also been reported that a

pre-culture period increases the regeneration percentage and
cell or tissue vitality to overcome the stress resulting from the
co-cultivation withAgrobacterium (Arcos-Ortega et al. 2010).
Tomato tissues have also been transformed without a pre-
culture phase, but the transformation frequency was reported
to be low (2–15.5 %; Sigareva et al. 2004).

Pre-culture and co-culture media. A significant difference
in the transformation frequency of cultivar H-86 was noted
due to the different pre-culture and co-culture media
(PCM1–PCM6; Table 1), which varied mainly in terms of
Kin (0.0, 2.3, and 9.3 μM) and thiamine (0.1 and 0.4 mg l−1)
concentrations and the pH (5.8, 5.0, and 4.2) of the medium
(Fig. 6c). In general, the transformation efficiency (based on
∼200 explants per treatment) increased with an increase in
Kin and thiamine concentrations. In the case of Kin, the
transformation efficiency increased from 8.02 % (2.3 μM
Kin, PCM2) to 13.32 % (9.3 μM Kin, PCM3). This effect
may be attributed to the ability of Kin to induce cell division
leading to enhanced regeneration (An 1985). Chateau et al.

Figure 5. T1 seedlings derived from self-fertilized primary trans-
formed plants (T0) germinated in seed trays under containment con-
ditions (a). PCR amplification products of AtDREB1A (b) or nptII (c)

genes from genomic DNA of T1 seedling progenies. Lanes P, plasmid
DNA; NT, DNA from non-transformed seedling; numbers in lanes b
and c correspond to individual T1 seedlings; M, 1-kb DNA ladder.
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(2000) reported the positive roles of growth regulators since
they stimulate cell division and dedifferentiation, and set the
phase of the plant cell cycle for efficient Agrobacte-
rium-mediated transformation. Based on the results of
preliminary regeneration experiments (data not shown),
a considerable degree of regeneration from cotyledon
explants was obtained on MS medium supplemented
with 9.3 μM Kin and 8.9 μM BA (PCM3). The addition
of 0.4 mg l−1 thiamine in MS medium (PCM4) caused a
dramatic increase in the transformation efficiency to
23.53 % compared to that of 0.1 mg l−1 thiamine (13.32 %).
However, among the different PCMs, the highest transforma-
tion frequency (30.89 %) was found on MS medium

supplemented with 9.3 μM Kin, 8.9 μM BA, and 0.4 mg l−1

thiamine (PCM5), pH 5.0.

Tobacco feeder cell layer. The effect of tobacco feeder cell
layer during pre-culture and co-cultivation or only during the
co-cultivation of tomato cotyledon transformation (Fig. 6d)
was studied; this experiment was conducted on MS medium
containing BA (8.9 μM), kinetin (9.3 μM), and thiamine
(0.4 mg l−1) having pH 5.0 (PCM5). The results indicated that
the use of tobacco feeder cells during pre-culture and co-
cultivation is beneficial to the transformation rate (24.23 %),
but not essential (19.47 %; Fig. 6d). Furthermore, a compara-
ble rate of transformation could be achieved even in the ab-
sence of a feeder layer, which is consistent with that of Sharma
et al. (2009). Previous reports indicated the necessity of tobac-
co or petunia cells as a feeder layer during the pre-culture and
Agrobacterium co-cultivation of tomato explants, which may
be attributed to the phenolic compounds that enhance Agro-
bacterium-mediated DNA delivery (McCormick et al. 1986;
van Roekel et al. 1993; Frary and Earle 1996; Cortina and
Culianez-Macia 2004; Frary and Van Eck 2005). Interestingly,
a sharp decline was noted in the transformation frequency (to
8.94 %) when tobacco feeder cells were used during co-
cultivation only. However, the reasons for this response require
further investigation.

Inoculation medium. The composition of the IM had a sig-
nificant effect on the transformation efficiency of cotyledon
explants. The use of sterile water (Wu et al. 2006) or MS basal
salts (Davis et al. 1991) for Agrobacterium inoculation of
explants has been previously reported. Three different pH
values (5.8, 5.0, and 4.2) and two concentrations of thiamine
(0.1 and 0.4 mg l−1), along with 8.9 μM BA and 9.3 μM Kin,
were tested in IM, and their effect was recorded on the trans-
formation efficiency. No significant difference in the transfor-
mation frequency was recorded between IM1 (30/208, 14.4%)
and IM2 (32/186, 17.16 %). However, IM2 effected a slight
increase in the transformation frequency (Table 3), whereas a
sharp improvement was recorded with IM3 (24.86 %). It is
worthwhile to note that IM3 differed from IM2 and IM4 only
with respect to pH. In addition, the medium composition of
IM3 was similar to PCM5, except the addition of agar in
PCM5 which used for pre-culture and co-cultivation. These
results are in agreement with the report of Vernade et al. (1988)
which indicates that a significant difference between the pre-
induction medium and the wound site environment may result
to the inactivation of vir gene expression.

Influence of medium pH. It has been reported that the sur-
rounding pH of the medium is crucial for Agrobacterium
virulence (Vernade et al. 1988). Three different pH values
(4.2, 5.0, and 5.8) were evaluated both for IM as well as the
PCM using approximately 200 explants per treatment. The

Table 3. Effect of various parameters on the transformation frequency
of tomato genotype H-86

Transformation factor Transformation frequency (%)

Germination medium (GM)

GM1 6.22c

GM2z 22.05a

GM3 15.67b

LSD0.05 5.41

Inoculation medium (IM)

IM1 14.40bc

IM2 17.16ab

IM3z 24.86a

IM4 7.77c

LSD0.05 6.58

Thiamine in SRM (mg l−1)

0.1 (SRM1) 18.85

0.4 (SRM2)z 37.89

LSD0.05 10.87

pH of the medium

5.8 (PCM4, IM2) 20.35b

5.0z (PCM5, IM3) 27.88a

4.2 (PCM6, IM4) 8.89c

LSD0.05 5.28

Period of inoculation (min)

5z 25.34a

10 15.07b

15 8.61bc

30 4.63cd

45 0.45d

LSD0.05 4.99

Values are the means (n03); differences between means were com-
pared by Fisher’s LSD (P00.05). Minimum of 150 cotyledon explants
were used for each transformation procedure. Means were separated by
Tukey’s test (P00.05). Mean values followed by a different letter
under different treatments are significantly different

SRM selective regeneration medium, PCM pre-culture and co-culture
medium
z Chosen conditions for subsequent experiments
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Figure 6. Effect of different parameters on the transformation fre-
quencies of cotyledon explants from tomato var. H-86: explant age
(a); pre-culture period (b); pre-culture and co-culture medium (c);
tobacco feeder cell layer: No FL no feeder layer, Pre-cul+co-cul FL
feeder layer during pre-culture and co-cultivation, Co-cul FL feeder
layer during co-cultivation only (d); washing medium (e); kanamycin

concentration in initial selection medium (f). Data represent the mean
values±SE of three different experiments, where a minimum of 50
explants were taken in each experiment. Differences between means
were compared by Fisher’s least significant difference test (LSD; P0
0.05). Means were separated by Tukey’s test (P00.05); mean values
having the same letter are not significantly different.
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highest transformation frequencies of 30.89 and 24.86 % were
obtained using the pH value of 5.0 in media PCM5 and IM3,
respectively. A lower pH value (4.2) either in PCM (PCM6) or
in IM (IM4) drastically reduced the transformation frequency
(Table 3). These results are in agreement with the findings of
Wu et al. (2006) where the highest transformation frequency
was obtained with inoculation and co-cultivation media having
pH 5.0 coupled with acetosyringone. Similarly, Gao et al.
(2009) reported that pH 5.2 was the best for the co-cultivation
of tomato cotyledons. The dependence of vir genes induction
on pH values between 5.0 and 6.0 has also been noted by other
investigators during the co-cultivation of A. tumefaciens with
plant cells (Stachel et al. 1986; Usami et al. 1988; Vernade et
al. 1988). Stachel et al. (1986) obtained a maximal level of vir
induction at pH 5.1, while Vernade et al. (1988) reported a fall
in vir induction when the pH increased from 5.1 to 5.6. The pH
control of vir gene expression is known to act at the level of
expression of virG (Vernade et al. 1988). In addition, induction
of the vir cascade absolutely requires an intact virA gene, which
takes place only under acidic pH conditions (Usami et al.
1988). Our study confirms that a lower pH (5.0) of inoculation
and pre-culture and co-cultivation media produced the highest
transformation frequency.

Period of inoculation. The time period provided for A. tume-
faciens cells to adhere to the plant tissue surface also affects the
transformation rates. Different inoculation periods (5, 10, 15, 30,
or 45 min) produced significantly variable results. The maxi-
mum transformation frequency of 25.34 % (47/184; Table 3)
was obtained when the tissue was inoculated with A. tumefa-
ciens cells for 5 min. Inoculation beyond 5 min resulted in a
gradual decrease in the frequency of transformation, andmost of
the explants died due to Agrobacterium overgrowth and necro-
sis. A similar response for tomato explants was observed by
both Frary and Earle (1996) and Shivakumar et al. (2007). In
contrast, a longer inoculation period (30 min) has been also
reported to give a comparable (22 %) transformation frequency
(Cortina and Culianez-Macia 2004); however, such a result
might be attributed to a different genotype used in the study.

Washing medium. Removal of the excess Agrobacterium
cells from the explant tissue after co-cultivation using a WM
is critical as it prevents Agrobacterium overgrowth during
subsequent subcultures. The washing medium (WM5) con-
sisting of one third-strengthMSmacronutrient salts resulted in
the highest transformation efficiency, using 200 explants per
treatment (36.6 %; Fig. 6e), while quarter-strength MS mac-
ronutrient salts (WM6) also produced a reasonable rate of
transformed plants (26.15 %). Washing of the co-cultivated
explants with sterile water was ineffective, leading to a signif-
icantly reduced transformation frequency, to just 1.04 %. In
contrast, washing with full-strength MS medium (WM1)
attracted fungal contamination and caused Agrobacterium

overgrowth. Previous reports on tomato transformation used
only full-strength MS basal salts for washing of co-cultivated
explants (Davis et al. 1991; Sharma et al. 2009).

Effect of thiamine on transformation. Two different concen-
trations of thiamine (0.1 and 0.4 mg l−1) were tested both in
PCM and SRM (Table 1) based on Cortina and Culianez-Macia
(2004). Thiamine at 0.4 mg l−1 in the PCM4 and SRM2 media
significantly improved the transformation efficiency to 37.89%,
which was approximately double that of SRM1 containing
0.1 mg l−1 thiamine (18.85 %; Table 3). When SRM1 was
tested, PCM3 medium containing 0.1 mg l−1 thiamine was used
for pre-culture and co-cultivation. A higher concentration
(0.4 mg l−1) of thiamine in the medium resulted in a decrease
in the number and size of necrotic lesions and promoted cell
growth that resulted in a two fold increase in the transformation
efficiency. In contrast, a four fold increase in the transformation
frequency was reported by Cortina and Culianez-Macia (2004),
but this may be attributed to the genotypic differences.

Kanamycin concentration in selection media. An effective
selection regime is very important for developing an effi-
cient plant transformation procedure. Among the different
concentrations (20, 30, 40, or 50 mg l−1) of kanamycin
tested for the initial selection period of 10 d, the highest
(44.30%, 82/185 explants) transformation efficiency was
recorded with medium containing 20 mg l−1 kanamycin. A
further increase in kanamycin concentration resulted in a
reduced rate of transformation: 35.85, 30.17, and 29.59 %
for 30, 40, and 50 mg l−1, respectively (Fig. 6f). A kanamy-
cin sensitivity test of untransformed tomato cotyledons
revealed complete yellowing and bleaching of explants on
medium containing 30 mg l−1 kanamycin (Fig. 2d; data
not shown). At a high initial selection pressure (40 or
50 mg l−1 kanamycin), non-transformed cells died rapidly
and it is possible that the dead tissues may have poisoned
the selection medium, leading to slow or non-proliferation
of transformed cells (Pacurar et al. 2008). In the case of
Brassica oleracea, delays in the transfer of co-cultivated
explants to a higher kanamycin concentration in the se-
lection medium by 7–10 d have been recommended
(Chakrabarty et al. 2002). A similar result was also
reported with the transformation of Brassica campestris
hypocotyls, where 30 mg l−1 kanamycin was used for
initial 4 d before transferring the explants to a medium
containing 50 mg l−1 kanamycin (Xiang et al. 2000). In
contrast, Shivakumar et al. (2007) applied no selection
pressure for the initial 5 d after the co-cultivation of
tomato cotyledons and then transferred the shoots to a
selection medium containing 75 mg l−1 kanamycin. A
rather low selection pressure early in the selection process
might allow transformed cells to reach the phase of high
regeneration capacity, and plants can be regenerated from
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transformed cells with the support of cross-feeding from
surrounding non-transformed tissue (D’Halluin et al. 1992).

Southern analysis of primary transformants (T0 plants). Sou-
thern blot analysis of the transgenic events using AtDREB1A
probe confirmed the integration of the target gene into the
genome of tomato plants (Fig. 4). Genomic DNA isolated
from leaves of ten randomly selected events of the H-86
genotype was analyzed. Genomic DNA of the putative trans-
formed and non-transformed wild-type (WT) control plants
was digested with HindIII which cuts once within the T-DNA
between the right border and upstream of the rd29A promoter.
Since the HindIII site is unique in the T-DNA and the other
site originates from the flanking plant genomic sequence, a T-
DNA left border (LB)/plant junction fragment(s) of size
≥4.05 kb is expected. As shown in Fig. 4, all ten transformed
plants analyzed revealed single or multiple insertions of the
transgene. Interestingly, nine of ten transformed plants
showed a single band, indicative of being single-copy T-
DNA insertions. The sizes of the LB junction fragments in
the plants analyzed were greater than 4.05 kb. As expected, no
signal was detected in the non-transformed control.

Inheritance of transgene. T1 seeds from putative trans-
formed plants were grown in a glasshouse and all were
observed to be normal in development and morphology
(Fig. 5a). The presence of the transgene in the T1 progeny
plants of 56 independently transformed lines was confirmed
through PCR amplification of AtDREB1A (Fig. 5b) and
nptII genes (Fig. 5c). PCR analysis revealed that 71.5 %
of the seedling progenies from independent events showed a
good fit to typical Mendelian segregation ratios (64.3 %
with a 3:1 ratio indicating one transgene locus, 5.4 % indicat-
ing two transgene loci, and 1.8 % indicating three transgene
loci; Table 4). Some distortion (28.5 %) from Mendelian
segregation ratios was also observed in transformed lines
(10.7 % for 1:3 and 17.8 % for 1:1; Table 4). The segregation
data permit the estimation of the number of unlinked T-DNA
inserts present in the transformed lines (Katavic et al. 1994).
Taken together, the results from the Southern analysis and
inheritance studies indicate that stable transformation with
single-copy insertion events occurred in the majority of trans-
formed lines, but few multiple-copy transformation and

chimeric events were also obtained. Interestingly, progenies
of 17.8 % (10 out of 56) plants segregated as a 1:1 ratio in the
T1 generation, suggesting that the transgene was inherited
exclusively through one gamete with the insertional mutation
compromising the viability of the other gamete (Cooley et al.
1995; Mohanty et al. 1999). The non-Mendelian segregation
ratios recorded in the present study may be alternatively
attributed to chimeras in the primary transformed plants
containing both transformed and non-transformed cells
(McHughen and Jordan 1989).

Optimizing the transformation parameters resulted in a two
fold increase in the transformation efficiency of the H-86
genotype to 44.3 %. To determine the adaptability of the
optimized transformation protocol for S. lycopersicum var.
H-86 for other tomato genotypes, varieties H-24 and DVRT-
1 were also tested. A similar level of increase was recorded for
the transformation rates for the other two varieties, which is
obvious since all the three varieties share a common lineage
involving Lycopersicon hirsutum f. grabratum. In the case of
H-24, a transformation frequency of 42.7 % was obtained
compared to 18.7 % with non-optimized factors, while for
DVRT-1, a 35.3 % frequency was recorded compared to
16.7 % for non-optimized parameters (Table 5). The higher
transformation efficiencies are probably attributable to the
cumulative effects of optimized factors for tomato cultivar
H-86 and to the better regeneration capability of the genotype
H-86 (Singh et al. 2010). The results also indicate that the
protocol can be successfully applied to other tomato varieties.
In previous studies with other varieties of tomato, transforma-
tion efficiencies of 6 % (var. Pusa Ruby; Vidya et al. 2000),

Table 4. Segregation ratios of AtDREB1A gene among T1 progenies of 56 independent transformation events of tomato var. H-86

Segregation ratios

<3:1 1:1 3:1 15:1 63:1

Apparent transgene copy numberz 1 locus chimeric 1 locus (on either gamete) 1 locus 2 loci 3 loci

Frequency among independent transformed lines (%) 10.7 17.8 64.3 5.4 1.8

z Based on χ2 analysis

Table 5. Transformation efficiencies for three tomato varieties com-
paring optimized and non-optimized factors

Tomato variety Average transformation
efficiency with optimized
protocol (%±SE)

Average transformation
efficiency with non-
optimized protocol
(%±SE)

Kashi Vishesh (H-86) 44.3±1.69 22.1±1.60

Hisar Anmol (H-24) 42.7±1.96 18.7±1.44

Kashi Amrit (DVRT-1) 35.3±1.44 16.7±1.96

Standard error (n03) is shown for the mean transformation efficien-
cies. Minimum of 150 cotyledon explants were used for each transfor-
mation procedure

576 RAI ET AL.



9 % (var. Moneymaker; van Roekel et al. 1993), 11 % (var.
Moneymaker; Frary and Earle 1996), 14 % (var. UC82B;
Hamza and Chupeau 1993), 25 % (UC82; Hu and Phillips
2001), 37 % (var. Moneymaker; Ling et al. 1998), and 41.4 %
(var. Pusa Ruby; Sharma et al. 2009) have been achieved.

In summary, this present study revealed that the parame-
ters including cotyledon age, pre-culture and co-cultivation
on the regeneration medium, pre-culture duration, pH of the
medium, inoculation medium, washing medium, thiamine
concentration, and kanamycin concentration for initial se-
lection are critical to achieve high transformation rates. The
improved tomato transformation system described here is
reliable, suited for small-scale as well as large-scale trans-
formation experiments generating a large number of trans-
genic lines. However, still there is need to test the protocol
with other popular tomato lines, especially which are com-
pletely unrelated to those tested in the present experiment.
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