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Abstract

The co-transformation system using mixture of two Agrobacterium cultures, one harbouring bacterial mannitol-1-
phosphate dehydrogenase (mtID) as gene of interest, whereas the other harboring the neomycin phosphotransferase
(nptll) marker gene for selection, was successfully used to develop selectable marker-free transgenics of tomato
with engineered mannitol accumulation, to improve tolerance against multiple abiotic stresses. We have achieved
high co-transformation frequency (up to 24%), and segregation frequency (up to 22-24%) for obtaining marker-free
transgenics. Marker-free transgenic tomato plants resulted in mannitol accumulation, as evident by HPLC analysis,
that leads to substantial protection of the vigour of the plants under multiple abiotic stress conditions, such as high
salinity (up to 200 mM NaCl), drought (up to 15% PEG), and heavy-metal toxicity (up to 2 mM CdCl,). Under stress,
transgenics performed well in comparison to wild type (WT), with high percentage of seed germination and seedling
growth both in vitro and in vivo. They also performed better than WT, in terms of high chlorophyll content and other
photosynthetic parameters such as Fv/Fm ratio, Electron Transport Rate (ETR), photosynthetic yield, and low Non
Photochemical Quenching (NPQ). Thus, high mannitol level not only increases the nutritional value of the fruit, but
also improves tolerance of transgenic tomato plants by increasing its physiological and photosynthetic efficiency,
suggesting that carbohydrate alterations produced by mannitol biosynthesis may be linked to the stress response.

mannitol, if present at all, is only present in trace amounts [25], that
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Introduction

Tomato (Solanum lycopersicum) is one of the most popular and
widely consumed vegetables grown worldwide [1]. It is a rich source
of vitamins (A and C), nutrients, minerals and health promoting
compounds, such as lycopene, whose antioxidant and anticarcinogenic
nature is very well studied [2-5]. Recently, the tomato genome has been
successfully sequenced and assembled, that open the areas of intensive
research such as functional genomics, proteomics and metabolomics of
tomato, as till now all the species of tomato are highly susceptible to all
kind of abiotic stresses [6].

Abiotic stresses such as salinity, drought and heavy-metal toxicity
are major factors limiting the productivity and adversely affect the
vegetative and reproductive phases of tomato, and ultimately reduce
the yield and fruit quality [7,8]. According to FAO [9], approximately
22% of the agricultural land is saline globally, and areas under drought
and heavy-metal toxicity are already expanding and expected to expand
further. Therefore, it is of significant importance to produce transgenic
cultivars that can tolerate these stresses, so as to increase crop yield and
thus, meet the increasing need of food production [8,10,11].

To cope up with the adverse environmental conditions, plants
adapt themselves by employing various mechanisms, such as shifts
in physiology and increased expression of stress-associated genes,
leading to the formation of low-molecular-weight, non-toxic
metabolites widely known as osmoprotectants or osmolytes [12-14].
These osmolytes include mannitol, fructans, proline, trehalose, myo-
inositol, glycine betaine and polyamines (PAs), which accumulate in
significant amounts, and are helpful in maintaining osmotic potential,
ionic balance, membrane integrity and oxygen free radical level, and in
protecting chromatin under stress conditions [12,14-22].

Mannitol is a six-carbon non-cyclic sugar alcohol, widely
distributed in nature, and synthesized in bacteria, fungi, algae, and
lichens, and in more than 100 species of vascular plants, including many
families like Brassicaceae, Cucurbitaceae, Fabaceae, etc. [23]. Mannitol
plays an important role in stress tolerance [14,24]. In higher plants,

are inadequate to contribute to abiotic stress tolerance. For instance,
the expression of bacterial mannitol-1-phosphodehydrogenase (mtD)
gene in transgenic tobacco [26-28], Arabidopsis [29], eggplant [14], rice
[30], wheat [16] and pine [31] has led to the accumulation of mannitol
in the cytoplasm, and increased tolerance to salt stress. Later, this gene
was targeted into chloroplast of tobacco, and they have observed the
accumulation of mannitol in the chloroplast and enhanced tolerance to
oxidative stress [32,33].

In order to develop transgenics, selection marker genes (SMGs) are
used mainly for the initial screening of the putative transgenic shoots,
to identify the transformed plants from the untransformed ones [34].
SMGs are conditionally dominant genes that confer an ability to grow
in the presence of applied selective agents (such as antibiotics and
herbicides), that are normally toxic to plant cells or inhibitory to plant
growth [35]. Subsequent to the generation of transgenic plants, the
presence of these SMGs becomes no more of practical utility, and thus,
arguably a matter of public euphoria, speculating the risk they can pose
to the environment and health [36-38]. The development of marker-
free transgenic plants could thus solve the issues of biological and bio-
safety in the genetically engineered crops, besides supporting multiple
transformation cycles for transgene pyramiding [39,40]. Several
strategies that have been used for the elimination of selectable markers
include co-transformation [41-43], multi-auto-transformation system
(MAT) [44,45], site-specific recombination system [46,47], transposon-
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based marker methods, Intra-chromosomal recombination system and
transplastomics [48,49].

In the present study, for the first time, marker-free transgenic
tomato plants were generated via co-transformation strategy, by the
introduction of the mannitol 1-phosphate dehydrogenase (mtID) gene
of E. coli, under the control of the cauliflower mosaic virus (CaMV35S),
for mannitol accumulation, as previous work with model transgenic
plants has demonstrated that cellular accumulation of mannitol confers
abiotic stress tolerance.

Materials and Methods
Plant material and plasmid

The seeds of tomato (Solanum lycopersicum) variety “Pusa Ruby”
were obtained from National Seeds Corporation, Indian Agriculture
Research Institute, New Delhi, India. We have used two binary
plasmids, pMVRmtID (-HPT) having mtlD gene without plant
selection marker (HPT), and pCAMBIA2300 having nptIl gene as
plant selection marker, for co-transformation (Figure la and 1b). Both
plasmids were confirmed by PCR and restriction-digestion, and then
mobilized into Agrobacterium tumefaciens strain LBA 4404 separately
by freeze thaw method for tomato transformation.

Tomato transformation and regeneration

Tomato seedlings were raised, and fully expanded cotyledons were
collected from 10-12 days old seedlings. After surface sterilization,
the cotyledon explants were trimmed on all sides and placed with
abaxial side up for 2 days of pre-culture on shoot regeneration medium
(SRM), i.e. Murashige and Skoog (MS) medium [50], fortified with
2.5 mg/l BAP+0.5 mg/l IAA+0.5 mM putrescine (Put)+3% maltose
[51]. For co-transformation, two different Agrobacterium (LBA
4404): one containing binary vector pMVRmtID (-HPT) and other
containing binary vector pCAMBIA2300 were cultured overnight.
The Optical Density (O.D.) of each Agrobacterium culture was 0.2 to
0.4, and was mixed in 1:1 ratio to transform the cotyledonary explants
for 10 min. The infected explants were transferred to co-cultivation
medium (SRM) for two days, and then to selection medium (SRM
containing 30 mg/l kanamycin and 300 mg/l augmentin) for about
two months, with subculture every fortnight at 26 + 1°'C and 16 h
photoperiod with irradiance of 40 pE mol m?s'. The regenerated small
shoots were transferred to shoot proliferation medium (MS+0.5 mg/1
BAP+300 mg/l augmentin), and after about 30 days, the well-grown
individual shoots were excised and transferred to rooting medium (1/2
MS-+augmentin 300 mg/l). The rooted plants were transferred to pots
and after two weeks of hardening, they were transferred to transgenic
green-house [51].

Polymerase chain reaction

The putative cotransformants and their progenies were analyzed
by PCR, for the integration of the transgene to screen out marker-free
transgenics. DNA was isolated from the leaves by CTAB method [52].
About 100 ng of DNA from untransformed plants, as well as putative
transgenic lines, was taken and mixed with 100 mM of primer pair of
mtlD and npt II genes individually, 1X PCR buffer, 2 mM MgCl, 100
uM dNTP mix and 0.5 U of Taq polymerase (BIOTOOLS). The PCR
program included denaturation at 94°C for 5 min, followed by 30 cycles
of denaturation at 94°C for 1 min, annealing at appropriate temperature
(59°C for npt IT and 50°C for mtID) for 1 min, and synthesis at 72°C for
2 min, and final extention for 10 min at 72°C. The primer pairs specific
for the amplification of 1 kb fragment of mtD gene is 5-TGT TGC
GGA CCT CGG AGA CAT TCT T-3’ (FP) and 5-ACG CCG TGA
TAG TCG CACTTG AGC-3’ (RP), and 750 bp fragment of npt II gene
is 5-CGC ATG ATT GAA CAA GAT GGATTG CAC-3’ (FP) and
5-TGA TCA GAA CTC GTC AAG AAG-3’ (RP). The PCR products
were analyzed on 1% agarose gel.

Southern blot hybridization

Tomato genomic DNA (10 pg) was restricted with EcoRI to detect
the copy number of the transgene. Southern blots were prepared by
standard procedure [53], using Hybond-N Nylon membrane (MDI).
The mtID and npt II gene probes were prepared using **P-labeled dCTP
by Random priming kit, as per the manufactures guidelines (Takara,
Japan). Hybridization was carried out for 18-24 h at 42°C. After
washing, the membrane was exposed to X-ray film (Kodak) at -70°C,
and finally developed to detect signals.

RNA extraction, RT-PCR and northern blot

Total RNA was isolated using TRIzol (Invitrogen) and iRIS kit
(IHBT, India), treated with RNase-free DNase (supplied by Taurus
Scientific), and was used as a template for doing one step RT-PCR
reaction. The 25 pl of reaction mixture included 1X RT-PCR buffer, 10
mM of dNTP mix, 5 uM of each primer, 40 U of RNase inhibitor, 2.5 U
Reverse Transcriptase and Taq Polymerase each, and 250 ng of RNA.
The reaction mixture was incubated at 48°C for 30 min. After reverse
transcription by omniscript and sensiscript reverse transcriptase,
reaction mixture was heated at 94°C for 5 min, followed by 35 cycles
of 30 s denaturation at 94°C, primer annealing at 59°C for 30 s,
extension at 72°C for 1 min, and final extension for 10 min. The PCR
products were analyzed on 1.2% agarose gel. For Northern blotting,
about 25 micrograms of total RNA was electrophoresed through a
denaturing formaldehyde (18% v/v)/agarose gel (1.1%), and blotted
to a Nylon membrane by the capillary blot method. Prehybridization
and hybridization were done at 42°C for 8 and 18 h, respectively, using

Xhol EcoRI Xbal Hindlll
(a) ‘ PolyA | 355 CamMv —I— 35S CalMV mitiD Nos T =
Xhol Xhol
Figure 1: T-DNA map of binary vector pMVRmt/ID(-HPT) with mtID gene (a) and pCAMBIA2300 with nptl/ gene (b).
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an [32P]-labeled mtID cDNA probe. Washing of the membrane was
carried out first with 2X SSC, 0.1% SDS for 5 min, and then 0.2X SSC,
0.1% SDS at 65°C for 5 min, finally exposed to X-ray film.

Transgene segregation analysis

Transgenic tomato T, seeds were inoculated on % MS medium
in sterile Petriplate without any antibiotics. Once the seedlings were
grown upto two leaf stages, the DNA was isolated and checked for the
presence and absence of mtID and npt II gene by PCR analysis.

Mannitol estimation

Mannitol estimation was done in all the marker-free m#D tomato
transgenics, before and after stress conditions. Mannitol was extracted
from leaf tissue by grinding 1 gm (fresh weight) of the frozen tissue
with 1-3 ml of methanol/ chloroform/water, 12:5:3 (v/v), at 4°C [26].
The extract was centrifuged at 1000xg for 5 min, and supernatant was
collected and vacuum dried. The resulting pellet was resuspeded in
100 pl of water, and passed through the nylon membrane to remove
hydrophobic compounds. The purified samples were used for mannitol
estimation. HPLC analysis was performed on Shimadzu LC-10A
system using RID detector.

Abiotic stress tolerance assays

The tolerance of the marker-free tomato transgenics lines and
untransformed control (UT) to multiple abiotic stress conditions, such
as salinity (NaCl), drought (PEG) and heavy-metal (CdCl,) was tested
by the following methods.

In vitro seed germination assay

The seeds from untransformed control and T, transgenic lines were
surface-sterilized and inoculated on MS basal medium supplemented
with NaCl (150 and 200 mM), PEG (MW 8000) [10% and 15%] and
CdCl, (1 and 2 mM) and incubated at 26'C + 1. The UT and transgenic
seeds were inoculated on the half- half portion of the same Petriplate.
Tolerance was considered on percent seed germination. In case of
control, the seeds were germinated on MS medium without any stress
agent. After one month, data was scored for percent seed germination
[54].

In vitro seedling growth assay

The seedlings of UT and T, transgenic lines with well-developed
root system were grown in test tubes containing liquid MS (1/10%
strength) medium, supplemented with 200 mM NaCl (salt stress) or
15% PEG, MW 8000 (drought stress) or 2 mM CdCl, (heavy-metal).
The tolerance was measured on the surviva, and growth of the seedlings
under stressed conditions. Data on seedling height, fresh weight and
dry weight was scored after a period of one month for control and
transgenic seedlings grown under stress conditions. The control
seedlings were maintained in the same manner, but without stress
agents [54].

In vivo seedling growth assay

Three-weeks-old PCR positive T, and T, seedlings of transgenic
lines with well developed root system were grown in plastic pots
containing vermiculite: soil (1:1) mix, along with UT seedlings. 15 ml
of 1/10" MS solution supplemented with 200 mM NaCl (salt stress),
15% PEG (drought), and 2 mM CdCl, (heavy-metal) was poured per
pot once a day for 14 days. The tolerance was based on the survival and
growth of seedlings under stressed conditions [54].

Chlorophyll determination

Tomato leaves (0.1 g) were homogenized with 80% acetone
(v/v), and the total amount of chlorophyll was determined
spectrophotometrically, according to the formulae given by Arnon [55].
Total amount of chlorophyll was estimated in UT and transgenic lines
before and after salinity, drought and heavy-metal stress treatment.

Photosynthetic efficiency assessment

One month old tomato transgenic and UT seedlings were
exposed to different abiotic stress conditions for 4-5 days. The other
set containing UT, as well as transgenic seedlings without stress
treatments, was considered as control. At the end of the abiotic stress
treatment period, stressed and control plants were pre-darkened for 40
min, before measuring the different photosynthetic parameters, such as
chlorophyll-fluorescence (Fv/Fm), photosynthetic Electron Transport
Rates (ETR), yield of Photosystem II (YII) and Non-Photochemical
quenching (NPQ), by using JUNIOR-PAM Chlorophyll fluorometer
system (H. Walz, Effeltrich, Germany) under photosynthetic steady-
state conditions, using a photon flux density of 1550 umol m2s” as
actinic light and 10 mM ms™ for the saturating flashes (with a duration
0f 0.8 5). JUNIOR-PAM fluorometer system contains WINCONTROL
software (Walz, Germany) [56]. Treatments and measurements were
carried out on uniform leaves.

Data analysis

All the experiments were repeated 2-3 times, and the data presented
are average (mean) with the standard error from all the experiments.
The data were analyzed statistically using student’s t-test.

Results

Co-transformation, regeneration and PCR analysis of
primary (T ) co-transformants

The Agrobacterium-mediated co-transformation of tomato
cotyledonary explants was successfully done. The co-cultivated
explants exhibited the appearance of shoot buds within 10-15 days
of transfer to selection medium. Several putative transgenic tomato
plants were generated, which were found to be normal like UT plants
in morphology, vegetative and reproductive growth. The primary
co-transformants (CoT) were analysed by PCR for the presence of
transgene. About 83% (25/30) of putative CoT lines were found to
be positive for nptIl marker gene (Figure 2a). PCR analysis of same
lines using mtID gene-specific primers revealed an amplicon of 1 kb in
about six (lane 3, 5, 6, 9, 11 and 17) of them (Figure 2b) Thus, the co-
transformation frequency was about 24% (6/25). The co-transformants
(CoT), containing both nptII gene and mtID gene, were transferred to
soil and maintained in transgenic net-house. These transgenic lines
were designated as CoT 3, 5, 6, 9, 11 and 17. The seeds were collected
from these primary transgenics and used for the segregation analysis of
both the genes (mtD and nptIl) in T, progenies.

Segregation analysis of transgenes

All the six confirmed co-transformed T, plants were selfed; seeds
were collected and germinated on half-strength MS medium. In order
to get marker-free plants, we used the PCR to screen the large amount of
progenies. In PCR analysis of CoT6 line, nptII marker gene was found
in about 75% of segregants, while 22% of the progenies contained only
mtID gene without nptII selection marker like S, S, and S, (Figure 2c).
The segregation frequency of the mtID and the nptII genes also differed
among different transgenic lines (Table 1). For example, in the case of
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1 kb amplicon is for mtID gene and 750 bp amplicon is for nptll gene.

Figure 2: PCR analysis of primary co-transformants with primers specific to nptll marker gene (a) and mt/D gene (b) and of T, segregants of CoT8 line (c) L-1 kb ladder;
P- PCR amplicon in positive control; N-DNA of untransformed control; 1-30-PCR amplicon seen in primary transformants, S-S, ~PCR amplicon seen in T, segregants,

i Number of T, progeny screened (PCR analysis) o
T ic line (T) Total number of T, progenies % of marker-free mtiD
ransgenic i 1 screened by PCR analysis mtiD (+) mtiD (+) mtiD (-) mtiD (-) transgenics obtained
nptl (+) nptll (-) nptll (+) nptll (-)

CoT 3 70 46 17 0 7 24

CoT 5 100 80 18 2 0 18

CoT 6 64 34 14 13 3 22

CoT 9 60 31 12 1 16 20

CoT 11 66 50 2 10 4 03

Table 1: PCR analysis for segregation of the transgenes in T, progeny of primary co-transformants to obtain marker-free transgenic lines.

transgenic line CoT3, about 24% of the T, seedlings were confirmed to
be marker-free, but only 3% in case of CoT11 (Table 1).

Analysis of transgene copy number and expression

The PCR positive marker-free T, transgenic progenies of co-
transformants lines were further employed for confirmation of the
integration, as well as for determination of the copy number of the
transgene by Southern analysis. Only CoT6 transgenic line displayed
single copy insertion, whereas CoT11 and CoT 17 displayed double
copy and CoT3 and CoTS5 displayed multiple copy integration (Figure
3a). The same marker-free T, progeny of each CoT transgenic lines
were also analyzed with nptII gene (marker gene) probe. As these lines
are marker-free as evident by PCR results, none of them showed any
signals, further substantiating the absence of marker gene in these
transgenics (Figure 3b).

To assess the expression of mtID gene, the transgenics were
subjected to semi-quantitative RT-PCR and northern hybridization.
In case of semi-quantitative RT-PCR, CoT3 and CoT11 transcript
levels appear to be more or less similar, but higher than the CoT6,
which showed low titers of transcripts (Figure 4a). Northern analysis
revealed the presence of mtID transcripts in all the CoT lines, whereas
no transcripts were detected in the UT. The co-transformants showed

variation in the transgene expression (Figure 4b), and more or less
followed the same trend, as in case of RT-PCR analysis.

Mannitol content

Higher mannitol content was found in all the CoT transgenic
lines (CoT3, CoT6 and CoTl1l), as compared to untransformed
control plants, which exhibited no mannitol under normal as well as
in salt-stressed conditions. Under unstressed condition, the amount of
mannitol in CoT6, CoT11 and CoT3 was about 2.0, 2.8 and 3.0 umol
gm dry weight, whereas mannitol levels were not detectable in the UT
plants. After 5-6 days of salt stress treatment with 1/10" MS nutrient
solution containing 200 mM of NaCl, the mannitol level in the leaves
of all CoT lines increased up to 29-39%. After salt stress, the mannitol
levels in CoT6, CoT11 and CoT3 were found to be 2.4, 3.9 and 4.0 pmol
gm™ dry weight, respectively, and were much higher in comparison
to unstressed condition, and was found to be statistically significant
(Figure 5).

Testing of transgenic lines for abiotic stress tolerance

In vitro seed germination: Under multiple stress conditions, the
seeds from marker-free CoT lines showed a higher percentage of seed
germination than the untransformed control (Figure 6). On a medium
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Figure 3: Southern blot analysis of T, progenies of CoT lines using mtlD (a)
and npt Il (b) gene probe. CoT3, CoT5, CoT6, CoT9, CoT11 and CoT17:
Genomic DNA of marker-free mtID lines restricted with EcoR| enzyme, UT:
Genomic DNA of Untransformed control plant which as expected does not
show any hybridization signal. +ve—Plasmid DNA as positive control.

L uT CoT3 CoTs CoTe CoTé CoT11 CoT17 —

—{a)

T ——]

uUT CoT3

CoTS5 CoTé CoT92 CoTi1 CoT17

Figure 4: RNA expression analysis of T1 progenies of CoT lines: RT-PCR
analysis of T, progeny of CoT lines with primers specific to mt/D gene. Lower
Panel shows internal control of same samples with tomato actin primers (a).
Northern Blot hybridization of T, progeny of CoT lines hybridization with radio
labeled mt/D gene. Lower panel shows internal control of same samples with
tomato actin primers (b).

without stress, there was no noticeable difference in seed germination
percentage and seedling growth in UT and CoT lines. At 200 mM
NaCl, CoT lines exhibited low percent seed germination with a delay
in germination by about 6-8 days, when compared with the medium
devoid of NaCl. The percentage of seed germination from CoT lines
on salt-amended MS medium ranged from 64-88% on 150 mM and
38-56% on 200 mM NaCl, depending upon the transgenic line tested
(Table 2). In drought stress, the transgenic seeds were able to germinate,
but with a delay of 2-3 days and the seedlings grew well (Figure 6). The
percent germination in the CoT lines varied from 44 to 66% in 15%
PEG, but the untransformed control seeds failed to germinate (Figure
6) (Table 2). Under heavy-metal stress, the T, seeds from the different
CoT lines were able to germinate in MS medium containing 1 and 2
mM of cadmium (Figure 6) (Table 2). At 1 mM cadmium, the percent
seed germination of the CoT lines varied from 62-86%, and it was
further reduced with the increasing concentration of cadmium i.e. 48-
60% at 2 mM cadmium (Table 2).

In vitro seedling growth: Under multiple abiotic stresses, the
marker-free CoT seedlings were green and exhibited a low degree
of necrosis (Figure 7). All the tested transgenic lines survived stress
conditions, though they did suffer some growth penalty. On the
contrary, the UT seedlings in 200 mM NaCl showed extensive necrosis
and died within 7-10 days, showing that this concentration is lethal
for UT seedlings (Figure 7). Enhanced growth was reflected by a
significant increase in seedling height in CoT transgenic lines (49-72%)
over the UT. The co-transformed seedlings also contained higher fresh
and dry weight than the UT control seedlings, which was increased by
37-68% and 47-83%, respectively (Table 3). Overall, CoT11 responded
best among the marker-free CoT lines. Similarly, CoT3 performed
consistently well among all the CoT lines.

Also, clear growth differences were apparent when the seedlings
were subjected to drought stress. During stress treatment, the
transgenic seedlings remained green and healthy, whereas there was
inhibition of growth and visible damage, such as wilting, bleaching of
chlorophyll and total collapse in UT seedlings, which ultimately led
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Figure 5: Mannitol content of transgenic and WT seedlings at unstressed and
stressed conditions (200 mM NaCl). Values are means +* standard deviation
of five seedlings per line. Asterisks indicate significant difference from the WT
at * P<0.05 or ** P<0.01 by t-test.

SALINITY
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DROUGHT
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Figure 6: Seed germination assay: Multiple abiotic stress tolerance assay
of marker-free CoT transgenic lines, based on germination of T, transgenic
seeds on different concentration of NaCl (0 mM, 150 mM and 200 mM), PEG
(0%, 10% and 15%) and CdCl, (0 mM, 1 mM and 2 mM) for salinity, drought
and heavy metal stress respectively. UT-seeds of untransformed control;

CoT6: Seeds of marker-free CoT6 transgenic lines.
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to their death. In the presence of PEG, the marker-free CoT seedlings
displayed better growth as compared to the UT seedlings. For instance,
the co-transformed lines showed a 24-44% increase in the height and
49-112% increase in the fresh weight in comparison to the respective
UT. Similarly, about 40-71% increase in dry weight was observed in the
CoT seedlings, in comparison to the untransformed control seedlings
(Table 3). However, there was some growth penalty in co-transformed
lines, as compared to the unstressed seedlings.

Under heavy-metal stress of 2 mM CdCl, seedlings of the
transgenic CoT line remained green and healthy, whereas visual
symptoms of chronic cadmium phytotoxicity, including growth
reduction, interveinal foliar chlorosis, wilted leaves and necrotic leaf
tips were observed in UT seedlings, which resulted in major growth
inhibition. The roots of UT seedlings were the most affected and turned
brown after few days (Figure 7). There was also increase in height, fresh
and dry weight of co-transformants than the control plants. The co-
transformants showed 29-76% increase in the height, 40-69% increase
in the fresh weight and 58-98% increase in dry weight, in comparison
to the untransformed control seedlings (Table 3). Cadmium is
considered to be one of the most harmful heavy-metal and induces the
accumulation of reactive oxygen species [7,57].

In vivo seedling growth: Under salt stress (200 mM NaCl), the
lower older leaves of seedlings of co-transformants became chlorotic

and withered, while the younger leaves remained green and healthy.
The transgenic lines showed better growth and could withstand salt
stress. On the other hand, the UT control stopped growing, and the
leaves turned yellow on seventh to eighth day under the same level of
salt stress, and the whole untransformed control turned yellow and
necrotic within two weeks and eventually died (Figure 8).

During drought stress (15% PEG), visible differences were evident
between the UT control and the co-transformants (Figure 8). The
transgenic seedlings exhibited delay in appearance of stress symptoms,
in comparison to the UT seedlings. PEG (15%) resulted inleaf drying
and wilting in the UT seedlings by fourth to fifth day, while in the
transgenic seedlings, these symptoms were delayed until the eighth day.
During recovery, the transgenic seedlings responded well and could
recover after normal watering (rehydration). They displayed vigorous
growth and survived. Conversely, the UT control seedlings could not
revive (Figure 8).

The tolerance of the co-transformants to cadmium-induced heavy-
metal stress was tested under in vivo growth conditions by watering
with 2 mM cadmium solution, the transgenic lines showed better
growth than the untransformed control, which displayed reduced
growth and “burned” leaves, and subsequently they died (Figure 8).

Chlorophyll content: Under unstressed conditions the chlorophyll

SALINITY
0 mM NaCl 150 Mm NaCl 200 mM NaCl
Co-transformants lines | % Seed germination "liﬁ;aztjlsaetzzs Zzlr::i::fe%s % Seed germination Ni(:\'(::fulsaizgs ':;‘r;fi::;%s ge:/om?::t(i’on
uT 90 50 0 0 50 0 0
CoT 3 94 50 44 88 50 28 56
CoT 6 92 50 32 64 50 19 38
CoT 11 92 50 40 80 50 26 52
DROUGHT
0 % PEG 10% PEG 15% PEG
uT 98 50 2 4 50 0 0
CoT 3 97 50 44 88 50 33 66
CoT 6 97 50 32 64 50 22 44
CoT 11 98 50 42 84 50 30 60
HEAVY-METAL
0 mM CdCl, 1 mM CdCl, 2 mM CdCl,
uT 98 50 2 4 50 0 0
CoT 3 98 50 43 86 50 30 60
CoT 6 97 50 31 62 50 24 48
CoT 11 96 50 41 82 50 30 60

Table 2: Percent seed germination based on the germination of T, seeds from marker-free mt/ID tomato co-transformant lines and untransformed control (UT) on MS
medium containing different concentration of NaCl (0, 150 and 200 mM), PEG (0, 10 and 15%) and CdCl, (0, 1 and 2 mM), for salinity, drought and heavy-metal stress.

CoT6

200 mM Nacl

CoT11

15% PEG

2 mM CdCl,

S S

Figure 7: In vitro salt tolerance assay. 1/10" MS+200 mM NaCl (a) 1/10" MS+15% PEG (b) 1/10" MS+2 mM CdCl, (c). UT-untransformed control; CoT 3, CoT6,
CoT11 and CoT12-marker-free transgenic lines generated by Co- transformation.
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SALINITY (200 mM NacCl)
Seedling height (cm) Fresh weight (gm) Dry weight (gm)

Lines Unstressed Stressed Unstressed Stressed Unstressed Stressed

uT 17.58 + 1.26 6.97 £ 0.42 (100) 0.155 £ 0.028 0.057 + 0.005 (100) 0.0274 + 0.0021 0.0060 + 0.0005 (100)
CoT 3 16.32+0.45 11.18 £ 0.52* (160) 0.151 £ 0.012 0.096 + 0.004* (168) 0.0224 + 0.0027 0.0102 + 0.0005* (170)
CoT 6 17.46 £ 0.71 10.36 + 0.49* (149) 0.150 + 0.015 0.078 £ 0.001* (137) 0.0200 + 0.0021 0.0088 + 0.0003* (147)
CoT 11 17.31 £ 0.63 11.99+ 0.46* (172) 0.153 + 0.006 0.088+ 0.003* (154) 0.0238 + 0.0010 0.0110 + 0.0004* (183)

DROUGHT (15% PEG)

uT 17.44 £1.01 7.09 £ 0.39 (100) 0.160 + 0.030 0.059 £ 0.003 (100) 0.0236 + 0.0023 0.0070 + 0.0008 (100)
CoT 3 15.66 + 0.73 9.24 + 0.50* (130) 0.158 £ 0.005 0.098 + 0.020 (166) 0.0220 + 0.0007 0.0120 + 0.0015* (171)
CoT 6 156.70 £ 0.24 8.80 + 0.25* (124) 0.150 £ 0.017 0.088 + 0.013 (149) 0.0208 + 0.0012 0.0098 + 0.0009* (140)
CoT 11 16.36 + 0.24 10.22 + 0.90* (144) 0.158 £ 0.017 0.125 £ 0.008* (212) 0.0236 + 0.0012 0.0132 £ 0.0011* (186)

HEAVY-METAL (2 mM CdCl,)

uT 17.12 £1.22 6.38 + 0.32 (100) 0.162 + 0.038 0.058 + 0.004 (100) 0.0254 + 0.0025 0.0057 + 0.0004* (100)
CoT 3 16.22 +0.72 10.3 £ 0.45 * (162) 0.156 + 0.004 0.094 + 0.022* (162) 0.0236 + 0.0009 0.0104 + 0.0010 (182)
CoT 6 16.50 + 0.24 8.20 £ 0.85 * (129) 0.145 £ 0.013 0.081 £ 0.013* (140) 0.0230 + 0.0011 0.0090 + 0.0009* (158)
CoT 11 16.61 +£0.23 11.22 + 0.25* (176) 0.160 £ 0.018 0.098 + 0.008 * (169) 0.0248 + 0.0021 0.0113 £ 0.0012 (198)

Values represent the mean + SEM, and the data was recorded after a period of one month. *Significant differences from control (stressed) at 5% level. Percent control

values are in parenthesis.

Table 3: Seedling growth performance of T, seedlings of marker-free mtID tomato co-transformants and untransformed control under salt, drought and heavy-metal stress.

Figure 8: In vivo salt tolerance assay. UT-untransform

SALINITY DROUGHT HEAVY-METAL

ed control; CoT6, & CoT11-Marker-free transgenic lines.

12

10

MW
Y

Chlorophyll Content mg g* DW

linity

Unstressed S

]

Figure 9: Chlorophyll content of transgenic and WT seedlings at unstressed and
heavy metal (2 mM CdCl,). Values are means + standard deviation of five seedl
P<0.01 by t-test.

BUT
CoT3
CoT6
E CoT1l1

7

Drought Heavy-metal

different stress conditions such as salinity (200 mM NaCl), drought (15% PEG) and
ings per line. Asterisks indicate significant difference from the WT at *P<0.05 or **

content in CoT lines and UT remained same. But on application of
different stresses, the drastic differences of chlorophyll content were
found in the UT and CoT lines. Under stress conditions, chlorophyll
content of CoT was quite high and remained stable than the UT
(Figure 9). This showed that CoT seedlings with higher accumulation

of mannitol maintained relative steady content of chlorophyll under
multiple abiotic stresses.

Photosynthetic efficiency: The Fv/Fm ratios in UT were
significantly reduced during stress, while the ratios were not
dramatically decreased and remained stable in marker-free CoT lines
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(Figure 10a). On 5" day of stress, Fv/Fm ratio was reduced up to 43-
57% in UT, but only 10-20% in CoT lines. Moreover, the Fv/Fm ratios
in CoT3 and CoT11 remained high than CoT6 on stress treatment
(Figure 10a). Under different stresses, ETR was also reduced drastically
in the UT, in comparison to CoT lines on 5% day. The reduction
was up to 42-50% in UT, but only 8-10% in CoT lines (Figure 10b).
Photosynthetic yield, Y(II) of CoT lines was also increased up to 50-
60% in comparison to UT control (Figure 10c). Interestingly, there
was increase in the value of NPQ of UT in comparison to CoT lines.
An increase in NPQ suggested that abiotic stress treatment induced
dissipation of damaging excess energy (Figure 10d).

Discussion

Our main objective was to generate marker-free transgenic tomato
plants against multiple abiotic stresses via co-transformation strategy,
by the introduction of mtID gene for mannitol accumulation. There are
few reports in which different scientific groups had demonstrated that
cellular accumulation of mannitol can confer abiotic stress tolerance
[14,16,26-28]. We have successfully used co-transformation strategy
using mixed Agrobacterium cultures to obtain marker free transgenics
with high co-transformation and segregation frequency. Our co-
transformation frequency is relatively high (up to 24%), compared to

(a)

EUT
0.9 4 @CoT3
HCaTé
0.8 :
] BCoTlil
0.7
0.6 H=
Eos =
15
5 :
0.3 =
0.2 =
0.1 g
0 : : T
Unstressed  Salinity Drought Heavy-metal
(c)
muT
[@CoT3
ECoT6
=CoT11

ET

PR

A

PHOTOSYNTHETIC YIELD, Y{ll)

Unstressed Heavy-metal

Drought

Salinity

the previous reports, where only 2-4% of co-transformation frequency
was reported [41,58]. The segregation frequency to obtain marker-free
transgenic is also quite high, ranging from 20-24% in CoT3, CoT6
and CoT9. The lower segregation frequency in some lines such as
CoT11 was observed, that may contribute to the reason that the two
separate T-DNAs integrate with a higher frequency at linked loci.
Also, multi-copies of transgene in the transgenic plants may be one of
the other reasons for the low segregation frequency of the target and
marker genes. Komari et al. [58] reported that the frequency of co-
transformation of the target gene and SMG was 2%, while the frequency
of segregation of the two genes was 100% when two binary vectors were
used separately (1:1 mixture). In another study, a higher frequency of
co-transformation (82-90%, and lower efficiency of segregation (14.3-
17.4%) of two genes was also observed when the twin T-DNA binary
vector system was employed [59]. It was found to be technically simple
and an effective approach for segregating the transgene and the marker
gene, and for subsequent marker removal. This strategy was successfully
used by other groups with low co-transformation frequency, but high
segregation frequency [41-43,58,59].

Wehavesuccessfullyraised many mtlD gene overexpressing marker-
free transgenics of tomato by Agrobacterium-mediated transformation
protocol standardized in our lab [51]. Transgene integration and copy

(b)
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Figure 10: Photosynthetic parameters of transgenic and WT seedlings at different abiotic stress conditions such as salinity (200 mM NaCl), drought (15% PEG)
and heavy metal (2 mM CdCl,). (a) Fv/Fm ratios (b) Electron transport ratio (ETR) (c) Photosynthetic yield, Y(II) (d) Non photochemical quenching (NPQ) of WT and
transgenic. Values are means + standard deviation of five seedlings per line. Asterisks indicate significant difference from the WT at *P<0.05 or **P<0.01 by t-test.
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number was confirmed by PCR and Southern blot analysis, respectively,
whereas its expression was confirmed by RT-PCR and Northern
blotting. In case of semi-quantitative RT-PCR, there is a variation in the
transcript level of transgenics. CoT3 and CoT11 transcript levels appear
to be more or less similar, but higher than the CoT6 which showed
low titers of transcripts (Figure 4a). This may be due to the single copy
of transgene in CoT6, as compared to CoT3 and CoT11 lines which
have multiple transgene insertions. CoT5 showed highest level of
transcripts, and it has multiple copies of T-DNA insertions (Figure 4a).
In Northern blotting, co-transformants also showed variation in the
transgene expression (Figure 4b), and more or less followed the same
trend, as in case of RT-PCR analysis. The disparity in the transcript
levels among the double copy lines (CoT11 and CoT17), as well as
with the multiple copy lines (CoT3 and CoT5), may be attributed to
the positional effect. It is well known that the transgene expression can
be strongly influenced by site of integration, which can lead to low or
high level of transgene expression [60,61]. Moreover, variabilities in
the level of gene expression from independent transformants are very
common in plant transformation systems [62]. Certain other factors,
such as transgene copy number and construct fidelity of the transgene,
also influence transgene expression [60,63]. Under normal condition,
high expressing line CoT3 and CoT11 accumulated higher amounts
of mannitol than CoT6 line, which was low expressing line, indicating
a positive correlation between mtID transcript level and mannitol
accumulation. Although mtID gene is driven by constitutive promoter
(CaMV 358), higher mannitol accumulation was seen under salt stress
condition, suggesting that CaMV 35S promoter might be responding
to salt stress.

Osmotic stress mediated by salinity, drought and heavy-metal
conditions in tomato primarily causes ionic and metabolic imbalance,
thus disrupting cell homeostasis [57,64,65]. Hence, the integrity of
cellular membranes, the activities of various enzymes and function of
photosynthetic apparatus are all known to be prone to the toxic effects
of stress causing molecular damage, growth arrest and even cell death
[13,57,66]. Marker-free CoT lines performed better in all the stresses,
but showed variation in tolerance level. Under abiotic stress conditions,
CoT3 and CoT11 showed higher tolerance than the CoT6 line. This
could be due to higher accumulation of mannitol in these transgenics,
as they are high expressing lines, whereas CoT6 was a low expressing
line. Comparison between the tolerance levels of CoT lines suggested
that these differences could be due to the positional effects mediated
variations are more critical for the transgene expression than the
transgene copy number [67]. In addition, multiple transgene insertions
are often associated with gene silencing, which could also possibly have
affected its mannitol levels and consequently, the tolerance pattern.

Abiotic stress indirectly inhibits the photosynthetic activity of
plants and thus, reduces its productivity [68,69]. The decrease in
photosynthesis induced by abiotic stress can be associated with partial
stomatal closure and reduced chlorophyll content. The survival of the
marker-free CoT seedlings under stress may be due to the retention
of photosynthetic capacity, as a result of increased levels of mannitol.
Under stress conditions, chlorophyll content of CoT was quite high
and remained stable than the UT (Figure 9). This meant that CoT
seedlings with higher accumulation of mannitol maintained relative
steady content of chlorophyll under multiple abiotic stresses, and thus,
increases the photosynthetic capacity of transgenics [14,16,29,30].
The Fv/Fm ratio is the most frequently used parameter to indicate
injury to the PSII complexes due to abiotic stress factors, including
salinity, drought and heavy-metal [70]. The Fv/Fm ratios in UT were
significantly reduced during stress, while the ratios remained stable in

marker-free CoT lines (Figure 10a). On 5% day of stress, Fv/Fm ratio
was reduced up to 43-57% in UT, but only 10-20% in CoT transgenics.
Moreover, the Fv/Fm ratios in CoT3 and CoT11 remained high than
CoT6 on stress treatment, indicating that the PSII complexes had not
suffered serious injury due to high accumulation of mannitol during
stress treatment (Figure 10a). This suggests the protective effect of
mannitol on Photosystem II activity, and cell membrane integrity.
Under different stresses, ETR was also reduced drastically in the UT,
in comparison to CoT lines on 5" day. The reduction was up to 42-
50% in UT, but only 8-10% in CoT lines (Figure 10b). ETR provides
a good way to evaluate the photosynthetic performance in stressed
plants [71], and to gain insight into the behavior of the photosynthetic
machinery under stress [70]. Photosynthetic yield, Y(II) of CoT lines
were also increased up to 50-60%, in comparison to UT control (Figure
10c). Interestingly, there was increase in the value of NPQ of UT, in
comparison to CoT lines. An increase in NPQ suggested that abiotic
stress treatment induced dissipation of damaging excess energy (Figure
10d). This energy could be dissipated at the antennae through heat
emission, although other mechanisms involved in energy dissipation
related to a transmembrane H* gradient generated by ATPase activity
and uncoupling of electron transport, that may lead to oxidative stress,
could also be involved [70,72].

However, having potential to act as free-radical scavengers,
mannitol can protect the membranes and other macro-molecules
from oxidative damages, and thus, can stabilize biological membranes
under stressful conditions [16,54]. Due to its free-radical scavenging
properties, mannitol accumulation also provide tolerance against
heavy metal, such as cadmium, which is considered to be one of the
most harmful heavy-metal and induces the accumulation of reactive
oxygen species [7,57].

In conclusion, expression of the mtID gene in marker-free
transgenic tomato plants resulted in higher levels of mannitol
accumulation and substantial protection of the vigour of the plants
under multiple abiotic stress conditions. Mannitol not only improved
tolerance, but also increased the photosynthetic efficiency, suggesting
that carbohydrate alterations produced by mannitol biosynthesis be
linked to the stress response. Our results would provide a helpful tool
for understanding the physiological function of mannitol under abiotic
stress in tomato plant.

Acknowledgments

This work is supported by Defense Research Development Organization
(DRDO), New Delhi, India. We thank Prof. Hans J. Bohnert, University of Arizona,
USA for providing E. coli mtID gene. The pCAMBIA 1380 was kindly provided by Dr.
R. Jefferson, Centre for Application of Molecular Biology in Agriculture (CAMBIA),
Australia. The Agrobacterium strain LBA 4404 and the binary plasmid pBinAR were
obtained from Dr. P. Anand Kumar, Indian Agricultural Research Institute (IARI),
New Delhi. Brijesh Gupta is thankful to the University Grant Commission (UGC),
Government of India for the award of senior research fellowship. We also thank
UGC, New Delhi for special assistance programme and Department of Science
and Technology, New Delhi for FIST programme and Ms. Sneha Yogindran for
her help.

References

1. Mueller LA, Tanksley SD, Giovannoni JJ, van Eck J, Stack S, et al. (2005)
The Tomato Sequencing Project, the first cornerstone of the International
Solanaceae Project (SOL). Comp Funct Genomics 6: 153-158.

2. Gerster H (1997) The potential role of lycopene for human health. J Am Coll
Nutr 16: 109-126.

3. Rao AV, Agarwal S (2000) Role of antioxidant lycopene in cancer and heart
disease. J Am Coll Nutr 19: 563-569.

4. Pohar KS, Gong MC, Bahnson R, Miller EC, Clinton SK (2003) Tomatoes,

Cell Dev Biol
ISSN: 2168-9296 CDB, an open access journal

Volume 2 + Issue 2 + 1000113


http://www.ncbi.nlm.nih.gov/pubmed/18629226
http://www.ncbi.nlm.nih.gov/pubmed/18629226
http://www.ncbi.nlm.nih.gov/pubmed/18629226
http://www.ncbi.nlm.nih.gov/pubmed/9100211
http://www.ncbi.nlm.nih.gov/pubmed/9100211
http://www.ncbi.nlm.nih.gov/pubmed/11022869
http://www.ncbi.nlm.nih.gov/pubmed/11022869
http://www.ncbi.nlm.nih.gov/pubmed/12756488

Citation: Gupta B, Rajam MV (2013) Marker-free Transgenic Tomato with Engineered Mannitol Accumulation Confers Tolerance to Multiple Abiotic

Stresses. Cell Dev Biol 2: 113. doi:10.4172/2168-9296.1000113

Page 10 of 11

lycopene and prostate cancer: a clinician’s guide for counseling those at risk
for prostate cancer. World J Urol 21: 9-14.

29.

Thomas JC, Sepahi M, Arendall B, Bohnert HJ (1995) Enhancement of seed
germination in high salinity by engineering mannitol expression in Arabidopsis
thaliana. Plant Cell Environ 18: 801-806.

5. Basu A, Imrhan V (2007) Tomatoes versus lycopene in oxidative stress and
carcinogenesis: conclusions from clinical trials. Eur J Clin Nutr 61: 295-303. 30. Huizhong WH, Ruifang LU, Junjun L, Qian Q, Xuexian P (2000) Salt tolerance

of transgenic rice (Oriza sativa L.) with mtiD and gutD gene. Chinese Sci Bul

6. Tomato Genome Consortium (2012) The tomato genome sequence provides 45: 1685-1690.
insights into fleshy fruit evolution. Nature 485: 635-641.

. . . ) 31.Tang W, Peng X, Newton RJ (2005) Enhanced tolerance to salt stress in

7. Chamseddine M, Wided BA, Guy H, Edith CM, Fatma J (2009) Cadmium transgenicloblolly pine simultaneously expressing two genes encoding mannitol-
and copper induction of oxidative stress and antioxidative response in tomato 1-phosphate dehydrogenase and glucitol-6-phosphate dehydrogenase. Plant
(Solanum lycopersicum) leaves. Plant Growth Regul 57: 89-99. Physiol Biochem 43: 139-146.

8. Khoudi H, Khemakhem AN, Gouiaa S, Masmoudi K (2009) Optimization of 32.Shen B, Jensen RG, Bohnert HJ (1997) Increased resistance to oxidative
regeneration and transformation parameters in tomato and improvement of its stress in transgenic plants by targeting mannitol biosynthesis to chloroplasts.
salinity and drought tolerance. African J Biotechnol 8: 6068-6076. Plant Physiol 113: 1177-1183.

9. FAO Statistical Database (2004) FAOSTAT agriculture data. 33. Shen B, Jensen RG, Bohnert HJ (1997) Mannitol protects against oxidation by

10. Rajam MV, Madhulatha P, Pandey R, Hazarika PJ, Razdan MK (2007) hydroxyl radicals. Plant Physiol 115 527-532.

Applications of genetic engineering in tomato. In: Genetic Improvement of 34. Miki B, McHugh S (2004) Selectable marker genes in transgenic plants:
ﬁoﬁﬁiceouzsc'&oi)& Vol 2: Tomato, Razdan MK, Mattoo AK (Edn.), Science applications, alternatives and biosafety. J Biotechnol 107: 193-232.
ublishers, .
35. Sundar IK, Sakthivel N (2008) Advances in selectable marker genes for plant

11. Bhatnagar-Mathur P, Vadez V, Sharma KK (2008) Transgenic approaches for transformation. J Plant Physiol 165: 1698-1716.
abiotic stress tolerance in plants: retrospect and prospects. Plant Cell Rep 27:

411-424. 36. Gay PB, Gillespie SH (2005) Antibiotic resistance markers in genetically
modified plants: a risk to human health? Lancet Infect Dis 5: 637-646.

12. Rajam MV, Dagar S, Wai B, Yadav JS, Kumar PA, et al. (1998) Genetic
engineering of polyamine and carbohydrates metabolism for osmotic stress 37.Natarajan S, Turna J (2007) Excision of selectable marker genes from
tolerance in higher plants. J Biosci 23: 473-482. transgenic crops as a concern for environmental biosafety. J Sci Food Agric

87: 2547-2554.

13. Zhu JK (2001) Plant salt tolerance. Trends Plant Sci 6: 8-13.

38. Keese P (2008) Risks from GMOs due to horizontal gene transfer. Environ

14. Prabhavathi V, Yadav JS, Kumar PA, Rajam MV (2002) Abiotic stress tolerance Biosafety Res 7: 123-149.
in transgenic eggplant (Solanum melongena L.) by introduction of bacterial . i ) )
mannitol phospho dehydrogenase gene. Mol Breed 98: 137-147. 39. Naqvi S, Farré G, Sanahuja G, Capell T, Zhu C, et al. (2010) When more is

better: multigene engineering in plants. Trends Plant Sci 15: 48-56.

15. Bohnert HJ, Shen B (1999) Transformation and compatible solutes. Sci Hortic
78: 237-260. 40. Ramana Rao MV, Parameswari C, Sripriya R, Veluthambi K (2011) Transgene

stacking and marker elimination in transgenic rice by sequential Agrobacterium-

16. Abebe T, Guenzi AC, Martin B, Cushman JC (2003) Tolerance of mannitol- mediated co-transformation with the same selectable marker gene. Plant Cell
accumulating transgenic wheat to water stress and salinity. Plant Physiol 131: Rep 30: 1241-1252.

1748-1755. 41.Yu H, Yao Q, Wang L, Zhao Z, Gong Z, et al. (2009) Generation of selectable
17.Rajam MV (2005) Genetic engineering of polyamine metabolism for crop marker-free transgenic rice resistant to chewing insects using two co-
improvement. Proc AP Akad Sci 9: 209-218. transformation systems. Progress Natural Sci 19: 1485-1492.

18. Bhattacharya E, Rajam MV (2006) Polyamine biosynthesis as a novel target 42.Ramanna Rao MV, Veluthambi K (2010) Selectable marker elimination in

for engineering crop plants for abiotic stress tolerance. J Plant Biol 33: 99-105. the TO generation by Agrobacterium-mediated co-transformation involving
) . . . Mungbean yellow mosaic virus TrAP as a non-conditional negative selectable

19. Park EJ, Jeknic Z, Pino MT, Murata N, Chen TH (2007) Glycinebetaine marker and bar for transient positive selection. Plant Cell Rep 29: 473-483.
accumulation is more effective in chloroplasts than in the cytosol for protecting
transgenic tomato plants against abiotic stress. Plant Cell Environ 30: 994- 43.Dutt M, Li ZT, Dhekney SA, Gray DJ (2012) Co-transformation of grapevine
1005. somatic embryos to produce transgenic plants free of marker genes. Methods

Mol Biol 847: 201-213.

20. Naama MA, Ewaze JO, Green BJ, Scott JA (2009) Trehalose accumulation
in  Baudoinia compniacensis following abiotic stress. Int Biodeterior 44. Ebinuma H, Sugita K, Matsunaga E, Yamakado M (1997) Selection of marker-
Biodegradation 63: 765-768. free transgenic plants using the isopentenyl transferase gene. Proc Natl Acad

Sci U S A 94: 2117-2121.

21.He C, Yang A, Zhang W, Gao Q, Zhang J (2010) Improved salt tolerance of
transgenic wheat by introducing beta gene for glycine betaine synthesis. Plant 45. Khan RS, Ntui VO, Chin DP, Nakamura I, Mii M (2011) Production of marker-
Cell Tiss Org Cult 101: 65-78. free disease-resistant potato using isopentenyl transferase gene as a positive

selection marker. Plant Cell Rep 30: 587-597.

22.Gill SS, Tuteja N (2010) Polyamines and abiotic stress tolerance in plants.

Plant Signal Behav 7: 1-2. 46. Zhang Y, Liu H, Li B, Zhang JT, Li Y, et al. (2009) Generation of selectable
marker-free transgenic tomato resistant to drought, cold and oxidative stress

23. lwamoto K, Shiraiwa Y (2005) Salt-regulated mannitol metabolism in algae. using the Cre/loxP DNA excision system. Transgenic Res 18: 607-619.

Mar Biotechnol (NY) 7: 407-415.
47. Kopertekh L, Schulze K, Frolov A, Strack D, Broer I, et al. (2010) Cre-mediated

24. Akinterinwa O, Khankal R, Cirino PC (2008) Metabolic engineering for seed-specific transgene excision in tobacco. Plant Mol Biol 72: 597-605.
bioproduction of sugar alcohols. Curr Opin Biotechnol 19: 461-467.

48. Darbani B, Eimanifar A, Stewart CN Jr, Camargo WN (2007) Methods to

25. Zimmerman MH, Zeigler H (1975) List of sugars and sugar alcohols in sieve produce marker-free transgenic plants. Biotechnol J 2: 83-90.
tube exudates. Encyc Plant Physiol 1: 480-503.

49. Tuteja N, Verma S, Sahoo RK, Raveendar S, Reddy IN (2012) Recent

26. Tarczynski MC, Jensen RG, Bohnert HJ (1992) Expression of a bacterial mtiD advances in development of marker-free transgenic plants: regulation and
gene in transgenic tobacco leads to production and accumulation of mannitol. biosafety concern. J Biosci 37: 167-197.

Proc Natl Acad Sci U S A 89: 2600-2604.
50. Murashige T, Skoog F (1962) A revised medium for rapid growth and bioassays

27. Tarczynski MC, Jensen RG, Bohnert HJ (1993) Stress protection of transgenic with tobacco tissue cultures. Plant Physiol 15: 473-497.
tobacco by production of the osmolyte mannitol. Science 259: 508-510.

51. Madhulatha P, Pandey R, Hazarika P, Rajam MV (2007) High Transformation

28. Karakas B, Qzais-Akins P, Stushnoff C, Suefferheld M, Rieger M (1997) frequency in Agrobacterium-mediated genetic transformation of tomato by
Salinity and drought tolerance of mannitol-accumulating transgenic tobacco. using polyamines and maltose in shoot regeneration medium. Physiol Mol Biol
Plant Cell Environ 20: 609-616. Plants 13: 191-198.

Cell Dev Biol

ISSN: 2168-9296 CDB, an open access journal

Volume 2 + Issue 2 + 1000113


http://www.ncbi.nlm.nih.gov/pubmed/12756488
http://www.ncbi.nlm.nih.gov/pubmed/12756488
http://www.ncbi.nlm.nih.gov/pubmed/16929242
http://www.ncbi.nlm.nih.gov/pubmed/16929242
http://www.ncbi.nlm.nih.gov/pubmed/22660326
http://www.ncbi.nlm.nih.gov/pubmed/22660326
http://link.springer.com/article/10.1007/s10725-008-9324-1
http://link.springer.com/article/10.1007/s10725-008-9324-1
http://link.springer.com/article/10.1007/s10725-008-9324-1
http://www.google.co.in/url?sa=t&rct=j&q=optimization of regeneration and transformation parameters in tomato and improvement of its salinity and drought tolerance&source=web&cd=1&ved=0CDEQFjAA&url=http%3A%2F%2Fwww.ajol.info%252
http://www.google.co.in/url?sa=t&rct=j&q=optimization of regeneration and transformation parameters in tomato and improvement of its salinity and drought tolerance&source=web&cd=1&ved=0CDEQFjAA&url=http%3A%2F%2Fwww.ajol.info%252
http://www.google.co.in/url?sa=t&rct=j&q=optimization of regeneration and transformation parameters in tomato and improvement of its salinity and drought tolerance&source=web&cd=1&ved=0CDEQFjAA&url=http%3A%2F%2Fwww.ajol.info%252
http://books.google.co.in/books/about/Genetic_Improvement_of_Solanaceous_Crops.html?id=5nMjAQAAMAAJ
http://books.google.co.in/books/about/Genetic_Improvement_of_Solanaceous_Crops.html?id=5nMjAQAAMAAJ
http://books.google.co.in/books/about/Genetic_Improvement_of_Solanaceous_Crops.html?id=5nMjAQAAMAAJ
http://books.google.co.in/books/about/Genetic_Improvement_of_Solanaceous_Crops.html?id=5nMjAQAAMAAJ
http://www.ncbi.nlm.nih.gov/pubmed/18026957
http://www.ncbi.nlm.nih.gov/pubmed/18026957
http://www.ncbi.nlm.nih.gov/pubmed/18026957
http://link.springer.com/article/10.1007%2FBF02936141
http://link.springer.com/article/10.1007%2FBF02936141
http://link.springer.com/article/10.1007%2FBF02936141
http://www.ncbi.nlm.nih.gov/pubmed/11173290
http://link.springer.com/article/10.1023%2FA%3A1026765026493
http://link.springer.com/article/10.1023%2FA%3A1026765026493
http://link.springer.com/article/10.1023%2FA%3A1026765026493
http://www.ufv.br/dbv/pgfvg/BVE684/htms/pdfs_revisao/estresse/Transformation and compatible solutes.pdf
http://www.ufv.br/dbv/pgfvg/BVE684/htms/pdfs_revisao/estresse/Transformation and compatible solutes.pdf
http://www.ncbi.nlm.nih.gov/pubmed/12692333
http://www.ncbi.nlm.nih.gov/pubmed/12692333
http://www.ncbi.nlm.nih.gov/pubmed/12692333
http://www.ncbi.nlm.nih.gov/pubmed/17617827
http://www.ncbi.nlm.nih.gov/pubmed/17617827
http://www.ncbi.nlm.nih.gov/pubmed/17617827
http://www.ncbi.nlm.nih.gov/pubmed/17617827
http://www.sciencedirect.com/science/article/pii/S0964830509001140
http://www.sciencedirect.com/science/article/pii/S0964830509001140
http://www.sciencedirect.com/science/article/pii/S0964830509001140
http://link.springer.com/article/10.1007%2Fs11240-009-9665-0
http://link.springer.com/article/10.1007%2Fs11240-009-9665-0
http://link.springer.com/article/10.1007%2Fs11240-009-9665-0
http://www.ncbi.nlm.nih.gov/pubmed/20023386
http://www.ncbi.nlm.nih.gov/pubmed/20023386
http://www.ncbi.nlm.nih.gov/pubmed/16088352
http://www.ncbi.nlm.nih.gov/pubmed/16088352
http://www.ncbi.nlm.nih.gov/pubmed/18760354
http://www.ncbi.nlm.nih.gov/pubmed/18760354
http://www.researchgate.net/publication/52001695_List_of_sugars_and_sugar_alcohols_in_sieve-tube_exudates
http://www.researchgate.net/publication/52001695_List_of_sugars_and_sugar_alcohols_in_sieve-tube_exudates
http://www.ncbi.nlm.nih.gov/pubmed/1557364
http://www.ncbi.nlm.nih.gov/pubmed/1557364
http://www.ncbi.nlm.nih.gov/pubmed/1557364
http://www.ncbi.nlm.nih.gov/pubmed/17734171
http://www.ncbi.nlm.nih.gov/pubmed/17734171
http://onlinelibrary.wiley.com/doi/10.1111/j.1365-3040.1997.00132.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.1365-3040.1997.00132.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.1365-3040.1997.00132.x/abstract
file:///D:/Total_Journals/CMT/CMT-Volume2/Volume2.1/CMT2.1_AI/onlinelibrary.wiley.com/doi/10.1111/j.1365-3040.1995.tb00584.x/abstract
file:///D:/Total_Journals/CMT/CMT-Volume2/Volume2.1/CMT2.1_AI/onlinelibrary.wiley.com/doi/10.1111/j.1365-3040.1995.tb00584.x/abstract
file:///D:/Total_Journals/CMT/CMT-Volume2/Volume2.1/CMT2.1_AI/onlinelibrary.wiley.com/doi/10.1111/j.1365-3040.1995.tb00584.x/abstract
http://link.springer.com/article/10.1007%2FBF02898987
http://link.springer.com/article/10.1007%2FBF02898987
http://link.springer.com/article/10.1007%2FBF02898987
http://www.ncbi.nlm.nih.gov/pubmed/15820661
http://www.ncbi.nlm.nih.gov/pubmed/15820661
http://www.ncbi.nlm.nih.gov/pubmed/15820661
http://www.ncbi.nlm.nih.gov/pubmed/15820661
http://www.ncbi.nlm.nih.gov/pubmed/9112772
http://www.ncbi.nlm.nih.gov/pubmed/9112772
http://www.ncbi.nlm.nih.gov/pubmed/9112772
http://www.ncbi.nlm.nih.gov/pubmed/12223821
http://www.ncbi.nlm.nih.gov/pubmed/12223821
http://www.ncbi.nlm.nih.gov/pubmed/14736458
http://www.ncbi.nlm.nih.gov/pubmed/14736458
http://www.ncbi.nlm.nih.gov/pubmed/18789557
http://www.ncbi.nlm.nih.gov/pubmed/18789557
http://www.ncbi.nlm.nih.gov/pubmed/16183518
http://www.ncbi.nlm.nih.gov/pubmed/16183518
http://www.ncbi.nlm.nih.gov/pubmed/20836160
http://www.ncbi.nlm.nih.gov/pubmed/20836160
http://www.ncbi.nlm.nih.gov/pubmed/20836160
http://www.ncbi.nlm.nih.gov/pubmed/18801324
http://www.ncbi.nlm.nih.gov/pubmed/18801324
http://www.ncbi.nlm.nih.gov/pubmed/19853493
http://www.ncbi.nlm.nih.gov/pubmed/19853493
http://www.ncbi.nlm.nih.gov/pubmed/21327387
http://www.ncbi.nlm.nih.gov/pubmed/21327387
http://www.ncbi.nlm.nih.gov/pubmed/21327387
http://www.ncbi.nlm.nih.gov/pubmed/21327387
http://www.sciencedirect.com/science/article/pii/S100200710900241X
http://www.sciencedirect.com/science/article/pii/S100200710900241X
http://www.sciencedirect.com/science/article/pii/S100200710900241X
http://www.ncbi.nlm.nih.gov/pubmed/20204372
http://www.ncbi.nlm.nih.gov/pubmed/20204372
http://www.ncbi.nlm.nih.gov/pubmed/20204372
http://www.ncbi.nlm.nih.gov/pubmed/20204372
http://www.ncbi.nlm.nih.gov/pubmed/22351010
http://www.ncbi.nlm.nih.gov/pubmed/22351010
http://www.ncbi.nlm.nih.gov/pubmed/22351010
http://www.ncbi.nlm.nih.gov/pubmed/11038607
http://www.ncbi.nlm.nih.gov/pubmed/11038607
http://www.ncbi.nlm.nih.gov/pubmed/11038607
http://www.ncbi.nlm.nih.gov/pubmed/21184230
http://www.ncbi.nlm.nih.gov/pubmed/21184230
http://www.ncbi.nlm.nih.gov/pubmed/21184230
http://www.ncbi.nlm.nih.gov/pubmed/19263233
http://www.ncbi.nlm.nih.gov/pubmed/19263233
http://www.ncbi.nlm.nih.gov/pubmed/19263233
http://www.ncbi.nlm.nih.gov/pubmed/20076992
http://www.ncbi.nlm.nih.gov/pubmed/20076992
http://www.ncbi.nlm.nih.gov/pubmed/17167767
http://www.ncbi.nlm.nih.gov/pubmed/17167767
http://www.ncbi.nlm.nih.gov/pubmed/22357214
http://www.ncbi.nlm.nih.gov/pubmed/22357214
http://www.ncbi.nlm.nih.gov/pubmed/22357214
http://onlinelibrary.wiley.com/doi/10.1111/j.1399-3054.1962.tb08052.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.1399-3054.1962.tb08052.x/abstract

Citation: Gupta B, Rajam MV (2013) Marker-free Transgenic Tomato with Engineered Mannitol Accumulation Confers Tolerance to Multiple Abiotic

Stresses. Cell Dev Biol 2: 113. doi:10.4172/2168-9296.1000113

Page 11 of 11

52.

53.

54.

Doyledd, Doyle JL (1990) Isolation of plant DNA from fresh tissue. Focus 12:
13-15.

Mayer MP (1995) A new set of useful cloning and expression vectors derived
from pBlueScript. Gene 163: 41-46.

Prabhavathi V, Rajam MV (2007) Polyamine accumulation in transgenic
eggplant enhances tolerance to multiple abiotic stresses and fungal resistance.
Plant Biotechnol 24: 273-282.

63.

64.

overexpressing apple spermidine synthase in response to salinity and
hyperosmosis. Phytochemistry 69: 2133-2141.

Mette MF, van der Winden J, Matzke MA, Matzke AJ (1999) Production of
aberrant promoter transcripts contributes to methylation and silencing of
unlinked homologous promoters in trans. EMBO J 18: 241-248.

Jia GX, Zhu ZQ, Chang FQ, Li YX (2002) Transformation of tomato with the
BADH gene from Atriplex improves salt tolerance. Plant Cell Rep 21: 141-146.

55. Arnon DI (1949) Copper enzymes in isolated chloroplasts. polyphenoloxidase 65. Roy R, Purty RS, Agrawal V, Gupta SC (2006) Transformation of tomato cultivar

in beta vulgaris. Plant Physiol 24: 1-15. “Pusa Ruby” with bspA gene from Populus tremula for drought tolerance. Plant
. Cell Tissue Org Cult 84: 55-67.

56. Kooten V, Snell J (1990) The use of chlorophyll fluorescence nomenclature in

plant stress physiology. Photos Res 25: 147-150. 66. Bohnert HJ, Jensen RG (1996) Strategies for engineering water stress
i ) ) X tolerance in plants. Trends Biotechnol 14: 89-97.

57. Poschenrieder C, Gunsé B, Barcelo J (1989) Influence of cadmium on water
relations, stomatal resistance, and abscisic Acid content in expanding bean 67. Marchant A, Kargul J, May ST, Muller P, Delbarre A, et al. (1999) AUX1
leaves. Plant Physiol 90: 1365-1371. regulates root gravitropism in Arabidopsis by facilitating auxin uptake within

. o . . . . root apical tissues. EMBO J 18: 2066-2073.

58. Komari T, Hiei Y, Saito Y, Murai N, Kumashiro T (1996) Vectors carrying
two separate T-DNAs for co-transformation of higher plants mediated by 68. Cornic G, Massacci A (1996) Leaf photosynthesis under drought stress. In:
Agrobacterium tumefaciens and segregation of transformants free from Baker NR (Ed.) Photosynthesis and the environment. Kluwer Academic
selection markers. Plant J 10: 165-174. Publication, Dordrecht, Netherlands.

59. Breitler JC, Meynard D, Van Boxtel J, Royer M, Bonnot F, et al. (2004) A novel 69. Holmstrom KO, Somersalo S, Mandal A, Palva TE, Welin B (2000) Improved
two T-DNA binary vector allows efficient generation of marker-free transgenic tolerance to salinity and low temperature in transgenic tobacco producing
plants in three elite cultivars of rice (Oryza sativa L.). Transgenic Res 13: 271- glycine betaine. J Exp Bot 51: 177-185.

287. 70. Maxwell K, Johnson GN (2000) Chlorophyll fluorescence--a practical guide. J

60. Kooter JM, Matzke MA, Meyer P (1999) Listening to the silent genes: transgene Exp Bot 51: 659-668.
silencing, gene regulation and pathogen control. Trends Plant Sci 4: 340-347. . . .

71. Jimenez MS, Gonzalez-Rodriguez AM, Morales D, Cid MC, Socorro AR, et al.

61. Yasuhara JC, DeCrease CH, Wakimoto BT (2005) Evolution of heterochromatic (1997) Evaluation of chlorophyll fluorescence as a tool for salt stress detection
genes of Drosophila. Proc Natl Acad Sci U S A 102: 10958-10963. in roses. Photosynthetica 33: 291-301.

62.He L, Ban Y, Inoue H, Matsuda N, Liu J, et al. (2008) Enhancement of 72. Calatayud A, Barreno E (2004) Response to ozone in two lettuce varieties on
spermidine content and antioxidant capacity in transgenic pear shoots chlorophyll a fluorescence, photosynthetic pigments and lipid peroxidation.

Plant Physiol Biochem 42: 549-555.

Cell Dev Biol

ISSN: 2168-9296 CDB, an open access journal

Volume 2 + Issue 2 + 1000113


http://www.ncbi.nlm.nih.gov/pubmed/7557476
http://www.ncbi.nlm.nih.gov/pubmed/7557476
http://www.ncbi.nlm.nih.gov/pubmed/16654194
http://www.ncbi.nlm.nih.gov/pubmed/16654194
http://www.researchgate.net/publication/226714092_The_use_of_chlorophyll_fluorescence_nomenclature_in_plant_stress_physiologyThe use of chlorophyll fluorescence nomenclature in plant stress physiology.
http://www.researchgate.net/publication/226714092_The_use_of_chlorophyll_fluorescence_nomenclature_in_plant_stress_physiologyThe use of chlorophyll fluorescence nomenclature in plant stress physiology.
http://www.ncbi.nlm.nih.gov/pubmed/16666937
http://www.ncbi.nlm.nih.gov/pubmed/16666937
http://www.ncbi.nlm.nih.gov/pubmed/16666937
http://www.ncbi.nlm.nih.gov/pubmed/8758986
http://www.ncbi.nlm.nih.gov/pubmed/8758986
http://www.ncbi.nlm.nih.gov/pubmed/8758986
http://www.ncbi.nlm.nih.gov/pubmed/8758986
http://www.ncbi.nlm.nih.gov/pubmed/15359604
http://www.ncbi.nlm.nih.gov/pubmed/15359604
http://www.ncbi.nlm.nih.gov/pubmed/15359604
http://www.ncbi.nlm.nih.gov/pubmed/15359604
http://www.ncbi.nlm.nih.gov/pubmed/10462766
http://www.ncbi.nlm.nih.gov/pubmed/10462766
http://www.ncbi.nlm.nih.gov/pubmed/16033869
http://www.ncbi.nlm.nih.gov/pubmed/16033869
http://www.ncbi.nlm.nih.gov/pubmed/18586287
http://www.ncbi.nlm.nih.gov/pubmed/18586287
http://www.ncbi.nlm.nih.gov/pubmed/18586287
http://www.ncbi.nlm.nih.gov/pubmed/18586287
http://www.ncbi.nlm.nih.gov/pubmed/9878066
http://www.ncbi.nlm.nih.gov/pubmed/9878066
http://www.ncbi.nlm.nih.gov/pubmed/9878066
file:///D:/Total_Journals/CMT/CMT-Volume2/Volume2.1/CMT2.1_AI/Transformation of tomato with the BADH gene from Atriplex improves salt tolerance
file:///D:/Total_Journals/CMT/CMT-Volume2/Volume2.1/CMT2.1_AI/Transformation of tomato with the BADH gene from Atriplex improves salt tolerance
http://link.springer.com/article/10.1007%2Fs11240-005-9000-3
http://link.springer.com/article/10.1007%2Fs11240-005-9000-3
http://link.springer.com/article/10.1007%2Fs11240-005-9000-3
http://www.sciencedirect.com/science/article/pii/0167779996809292
http://www.sciencedirect.com/science/article/pii/0167779996809292
http://www.ncbi.nlm.nih.gov/pubmed/10205161
http://www.ncbi.nlm.nih.gov/pubmed/10205161
http://www.ncbi.nlm.nih.gov/pubmed/10205161
http://www.worldcat.org/title/photosynthesis-and-the-environment/oclc/802100743?referer=di&ht=edition
http://www.worldcat.org/title/photosynthesis-and-the-environment/oclc/802100743?referer=di&ht=edition
http://www.worldcat.org/title/photosynthesis-and-the-environment/oclc/802100743?referer=di&ht=edition
http://www.ncbi.nlm.nih.gov/pubmed/10938824
http://www.ncbi.nlm.nih.gov/pubmed/10938824
http://www.ncbi.nlm.nih.gov/pubmed/10938824
http://www.ncbi.nlm.nih.gov/pubmed/10938857
http://www.ncbi.nlm.nih.gov/pubmed/10938857
http://link.springer.com/article/10.1023%2FA%3A1022176700857
http://link.springer.com/article/10.1023%2FA%3A1022176700857
http://link.springer.com/article/10.1023%2FA%3A1022176700857
http://www.ncbi.nlm.nih.gov/pubmed/15246069
http://www.ncbi.nlm.nih.gov/pubmed/15246069
http://www.ncbi.nlm.nih.gov/pubmed/15246069

	Title
	Corresponding author
	Abstract
	Keywords
	Introduction 
	Materials and Methods 
	Plant material and plasmid 
	Tomato transformation and regeneration 
	Polymerase chain reaction 
	Southern blot hybridization 
	RNA extraction, RT-PCR and northern blot 
	Transgene segregation analysis 
	Mannitol estimation 
	Abiotic stress tolerance assays 
	In vitro seed germination assay 
	In vitro seedling growth assay 
	In vivo seedling growth assay 
	Chlorophyll determination 
	Photosynthetic efficiency assessment 
	Data analysis 

	Results 
	Co-transformation, regeneration and PCR analysis of primary (T0) co-transformants 
	Segregation analysis of transgenes 
	Analysis of transgene copy number and expression 
	Mannitol content 
	Testing of transgenic lines for abiotic stress tolerance 

	Discussion 
	Acknowledgments  
	Figure 1
	Figure 2
	Table 1
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Table 2
	Figure 7
	Table 3
	Figure 8
	Figure 9
	Figure 10
	References



