INTERNATIONAL JOURNAL OF AGRICULTURE & BIOLOGY
ISSN Print: 1560-8530; ISSN Online: 1814-9596
15-565/2016/18-3-471-482

DOI: 10.17957/1JAB/15.0107
http://www.fspublishers.org

Full Length Article

Genetic Improvement of Tomato (Solanum lycopersicum) with
AtDREB1A Gene for Cold Stress Tolerance using Optimized
Agrobacterium-mediated Transformation System

Sabir Hussain Shah'*, Shaukat Ali?, Zahid Hussain®, Sohail Ahmad Jan?, Jalal-ud-Din® and Ghulam Muhammad Al

!Department of Agricultural Sciences, Allama Igbal Open University, Islamabad, Pakistan

National Institute for Genomics & Advanced Biotechnology (NIGAB), National Agricultural Research Centre (NARC),
Islamabad, Pakistan

3Centre for Biotechnology and Microbiology, University of Swat, KPK, Pakistan

“PARC Institute of Advanced Studies in Agriculture (PIASA), National Agricultural Research Centre (NARC), Islamabad,
Pakistan

SPlant Physiology Program, National Agricultural Research Centre (NARC) Islamabad-Pakistan

“For correspondence: sabir.hussain@aiou.edu.pk

Abstract

Cold is a serious threat that limits the productivity of tomato as it is a cold-sensitive crop. The cold tolerant gene DREB1A
plays crucial roles in the survival of plants under cold stress. We have developed cold stress tolerant transgenic plants of
tomato by the overexpression of an Arabidopsis DREB1A gene. They were obtained by using EHA-105 strain of
Agrobacterium harboring pBIH binary vector that contained DREB1A controlled by an inducible promoter Lip9 and
hygromycin phosphotransferase gene (hpt) as a plant selectable marker. Sequential 15 day old in vitro seedlings, 48 h pre-
culture period, Agrobacterium density (ODesoo nm = 0.2), 3 min infection period and 60 UM acetosyringone yielded 15-18%
TE. Ty transformants were identified by PCR and then they were self-pollinated to generate T1 progeny that was evaluated by
gene expression and cold tolerance analyses. AtDREB1A transcript expression was detected by RT-PCR and stable integration
of AtDREB1A gene was confirmed by Southern blotting. Morphological analyses of T, generations demonstrated that there
were no significant differences among transgenic and NT plants under normal growth conditions. The T, transgenic lines
exhibited more cold stress tolerance when exposed to 4°C as compared to their NT counterparts. These findings clearly
indicate that transgenic tomato plants over-expressing Arabidopsis DREB1A gene enhanced protection and provided cold
tolerance under controlled conditions in transgenic containment. © 2016 Friends Science Publishers
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Introduction plants (Lee et al., 2002). Cold tolerance is controlled by
multiple genes and it is difficult to engineer multigenic traits
Cold has a giant blow on agriculture since there are a small for resistance like that of monogenic traits of resistance for

number of areas liberated of abiotic stresses in which crops herbicides and pests (Roy et al.,, 2006). Therefore, the
can attain their utmost potential. The damage caused by transformation of transcription factors (regulatory genes) in
freezing is a major limiting factor on crop production and place of one or a few genes has been well-liked among
geographical distribution (Li et al, 2004). These researchers (Singh et al., 2011). Cold acclimatization is
unfavorable environmental stresses can cause the death of directly associated with signal transduction pathways that
plants and restricts the agricultural yield (Jan et al., 2009). ensure the regulation of genes under cold stress
The chilling temperature between 0 and 12°C produces  (Thomashow, 1998). Dehydration-responsive-element-
serious harm to tropical and subtropical plants including binding protein or C-repeat-binding protein (DREBS/CBFs)

tomato (Zhang et al., 2009). Tomato is very sensitive to low is a well-known set of transcriptional factors that are up-
temperature (Shah et al., 2015a). Plant acts in response to regulated in response to cold (Liu et al., 1998). These
cold stress to stay alive and various sorts of changes occur proteins contain a sole chain of DNA binding AP2

in the cellular, molecular and physiological levels of their domain of 60 amino acids that allows them to recognize
growth and development (Porta et al., 2014). Gene and attach as a single molecule to the DRE/CRT
expression is induced by various abiotic stresses in different sequences of cold tolerance genes promoters (Khan, 2011).
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The overexpression of cDNA encoding DREB1A activates
many other stress tolerance genes and improves tolerance
against chilling stress (Kasuga et al., 1999).

Tomato (Lycopersicon esculentum Mill) has been used
as a representative plant for Agrobacterium mediated
transformation (Romero et al., 2001) due to its distinctive
uniqueness that build it a suitable form of plant species
(Carvalho et al., 2011), like its comparatively compact
genome (950 Mb, n = 12) (Wang et al., 2006; Yarra et al.,
2012), for fruit maturity (Giovannoni, 2004), plant
protection (Pedley and Martin, 2003) and improving other
dicot plants (Paramesh et al., 2010). Recently, tomato
utilization has increased that could defend against tumor and
heart diseases for its antioxidant characters (Rein et al.,
2006). Modern techniques of biotechnology and genetic
engineering can generate gorgeous agronomic characters
more efficiently for recombinant proteins (Arokiaraj et al.,
2002).

This study was conducted to optimize in vitro seedling
age, pre-culture period, Agrobacterium density, infection
duration and acetosyringone concentration that have direct
effect on transformation efficiency in tomato, screen three
tomato transgenic lines namely Rio Grande, Moneymaker
and Roma by various molecular analyses, and to evaluate
chilling tolerance efficiency in three tomato transgenic lines.

Materials and Methods
Cloning Vector

A binary vector pBIH was provided by NIGAB, NARC,
Islamabad, Pakistan. It contained AtDREB1A gene under the
influence of an inducible lip9 promoter (Fig. 1).

Transformation of Escherichia coli (DH5a)

The E. coli strain DH50, was transformed with the plasmid
(pBIH) under aseptic conditions in order to get the multiple
copies of the desired plasmid. For this purpose, the
competent cells of DH5 alpha (without its plasmid) were
prepared by following protocol devised by Sambrook and
Russel (2001). The bacterial culture (E. coli; DH5a) was
grown overnight in Luria Broth medium (3 mL) by inserting
single colony from selection plates. The LB medium was
also fortified with kanamycin sulphate (50 mg L™). The
recombinant plasmid DNA from DHS5a was isolated and
purified from the culture using a Miniprep method
(Birnboim and Doly, 1979).

with

Agrobacterium  tumefaciens  Transformation

Recombinant Plasmid

The plasmid pBIH containing DREB1A gene was
transformed in a super virulent A. tumefaciens strain,
EHA105 under aseptic conditions. The electro-competent
cells of A. tumefaciens strain (EHA105) were made ready
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by the procedure followed by Sambrook and Russel (2001)
and transformation of Agrobacterium was done through
electroporation.

Genetic Transformation of Tomato via A. tumefaciens

The genetic transformation of three tomato genotypes
through Agrobacterium-mediated method was performed by
optimizing the following parameters for improving overall
genetic transformation efficiency in tomato.

Bacterial Culture Preparation

A. tumefaciens culture was prepared by scrapping a single
colony from selection plate with the help of a flame-
sterilized metal loop and put in 5 mL liquid YEP medium
having kanamycin sulphate (50 mg L%). The bacterial
suspension was incubated at 160 revolutions per minute
with constant temperature (28°C) for 24 h. The suspension
was spun at 8000 revolutions per minute for ten minutes in a
large centrifuge tube. The pellet was dissolved in sterilized
water and effects of various cell densities of Agrobacterium
(ODggo nm = 0.1, 0.2, 0.3, 0.4 and 0.5) were evaluated on
transformation efficiency. Acetosyringone (AS) solution
was prepared by dissolving in DMSO or ethanol to requisite
stock concentration, sieved through filter and then preserved
at — 20°C. Different concentrations of AS (0, 20, 40, 60, 80
and 100 pM) were added in two experiments for the
improvement of transformation efficiency. In one
experiment, acetosyringone (0-100 pM) was added in
inoculation medium (Table 1; IM) and its effect on
transformation efficiency was investigated. The hypocotyls
and leaf discs were excised to about 0.5 cm segments from
different ages of in vitro seedling (5, 10, 15, 20 and 25 days)
to check the influence of seedling age on transformation
efficiency. Before co-cultivation, the explants were pre-
cultured on pre-culturing media (Table 1; PCM) for various
time periods (0, 24, 48, 72 and 96 h) and their impact on
transformation efficiency was examined.

Co-infection and Pre-selection

The pre-cultured explants were immersed in
Agrobacterium culture for 2, 3, 5, 8 and 10 min in order
to optimize the co-infection duration. After co-infection,
the hypocotyls and leaf discs were blotted dry on sterilized
filter papers in order to avoid surplus bacteria. The explants
were then transferred to co-cultivation media (Table 1;
CCM) having various AS concentrations (0, 20, 40, 60, 80
and 100 pM) were also optimized in transformation
experiments. The co-cultivation media plates were covered
with filter papers to control the bacterial overgrowth, and
incubated in dark at 28°C. The explants without co-infected
were also treated with the same growth conditions and
used as control. During co-cultivation period, the
material was monitored regularly for any contamination.
After exposure to co-cultivation duration, hypocotyls and
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Table 1: Different types of culture media used for regeneration and transformation of three genotypes of tomato

Culture media

Composition

Germination medium (GM)
YEP medium

LB medium

Inoculation medium (IM)
Pre-culture medium (PCM)
Co-cultivation medium (CCM)
Washing medium (WM)
Pre-selection medium (PSM)
Selection medium (SM)

Shoot induction medium (SIM)

Shoot elongation medium (SEM)

MS basal medium (Murashige and Skoog, 1962), 30 g/L sucrose, 3.0 g/L phytagel, pH 5.7

10 g/L yeast extract, 10 g/L bacto-peptone, 5 g/L NaCl, pH 7.0, + 7.0 g/L phytagel (for solid and liquid medium)
(Sambrook and Russell, 2001)

5 g/L yeast extract, 10 g/L bacto-tryptone, 10 g/L NaCl, pH 7.0, + 7.0 g/L phytagel (for solid and liquid medium)
(Sambrook and Russell, 2001)

MS basal medium, 30 g/L sucrose, 1.0 g/L casein hydrolysate, 60 LM acetosyringone, 3.0 g/L phytagel, pH 5.7

MS basal medium, 30 g/L sucrose, 2.0 mg/L IAA, 2.5 mg/L BAP, 1.0 g/L myo-inositol, 3.0 g/L phytagel, pH 5.7

N6 basal medium, 30 g/L sucrose, 2.0 mg/L IAA, 2.5 mg/L BAP, 0.5 g/L cysteine, 60 UM acetosyringone 3.0 g/L phytagel, pH 5.7
N6 basal medium, 30 g/L sucrose, 1.0 mg/L 1AA, 1.5 mg/L BAP, 0.5 mg/L cysteine, 500 mg/L cf, 3.0 g/L phytagel, pH
5.7

N6 basal medium, 30 g/L sucrose, 1.0 mg/L 1AA, 2.0 mg/L BAP, 0.5 mg/L cysteine, 1.0 g/L myo-inositol, 30 g/L
sorbitol, 500 mg/L cf, 3.0 g/L phytagel, pH 5.7

N6 basal medium, 30 g/L sucrose, 1.0 mg/L IAA, 2.0 mg/L BAP, 0.5 g/L cysteine, 1.0 g/L myo-inositol, 30 g/L sorbitol,
500 mg/L cf, 35 mg/L hygromycin, 3.0 g/L phytagel, pH 5.7

N6 basal medium, 30 g/L sucrose, 0.1 mg/L 1AA, 1.0 mg/L ZEA, 2.0 mg/L BAP, 0.5 g/L cysteine, 1.0 g/L myo-inositol,
30 g/L sorbitol, 500 mg/L cf, 35 mg/L hygromycin, 3.0 g/L phytagel, pH 5.7

N6 basal medium, 30 g/L sucrose, 0.5 g/L cysteine, 1.0 mg/L glycine, 1.0 g/L myo-inositol, 30 g/L sorbitol, 500 mg/L cf,

35 mg/L hygromycin, 3.0 g/L phytagel, pH 5.7

Root induction medium (RIM)

MS basal medium, 30 g/L sucrose, 0.4 mg/L IBA, 500 mg/L cf, 35 mg/L hygromycin, 3.0 g/L phytagel, pH 5.7

NG6; 4.0 g/L N6 salts and vitamins (Chu, 1978), IAA; Indole-3-acetic acid, BAP; 6-benzylaminopurine, cf; cefotaxime

leaf discs were washed with ddH,O four to five times
followed by four times washing with washing medium
(Table 1; WM) fortified with 500 mg/L claforan®
(cefotaxime sodium) (Sanofi-aventis, Pakistan) for about 40
min to limit the Agrobacterium growth in co-infected
explants during callus induction and morphogenesis phases.
The explants were then blotted on autoclaved filter papers
and transferred to pre-selection medium (Table 1; PSM).
In this medium, hygromycin was not added in order to
prevent the direct shock of antibiotics. The explants after
washing were also shifted directly to selection medium
(Table 1; SM) and used as control.

Transformants Selection

After pre-selection, the explants were transferred to
selection medium supplemented with hygromycin and
cefotaxime (Table 1; SM) and incubated at 25°C in dark in
order to select the transformants. After 4-5 weeks, the
resistant calli were initiated. These calli were transferred to
shoot induction medium (Table 1; SIM) and were sub-
cultured twice after every two weeks. The shoots were
regenerated from resistant calli clumps on shoot induction
medium within 3-4 weeks (Shah et al., 2013; 2014a, b;
2015b). The regenerated shoots (2-3 cm) were separated
from calli clumps, washed with tap water and shifted to root
induction medium (Table 1; RIM). However, the smaller
shoots were excised and cultured on shoot elongation
medium (Table 1; SEM). Transformation efficiency was
measured by the number of hygromycin resistant explants
showing regeneration divided by the total number of
explants cultured on selection medium, expressed in
percentage. The plantlets with efficient roots were
acclimatized in culture tubes having tap water for five days
at 25°C. Subsequently, the plants were shifted to optimized
growth medium such as soil and vermiculite (1:1) and
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maintained under glasshouse conditions. The plantlets
survival rate was recorded periodically for each experiment
and they were allowed to grow until maturity to bear fruit
and seeds.

Molecular Analyses

The three tomato transgenic lines To — T, were confirmed by
following molecular analyses.

Genomic DNA Extraction and PCR Analysis

Genomic DNA was isolated from leaf samples by CTAB
method based on the procedure given by Murray and
Thomson (1980). The desired incorporated genes namely
DREBI1A and hpt were identified by PCR analysis. The
primers pairs sequence, optimized PCR reagents and
optimized PCR profile have been shown in Table 2-4.

RNA Isolation and Expression Analysis

Total RNA from transgenic and NT tomato plants was
extracted from leaf samples using NucleoSpin RNA kit
(MACHEREY-NAGEL GmbH, Germany) following
manufacturer’s instructions. The isolated RNA by this
method was quantified using spectrophotometer (IMPLEN,
Germany) at 260 nm. Semi-quantitative RT-PCR detected
differential expression pattern of AtDREB1A gene. Two
steps were followed to run RT-PCR. In step one; cDNA was
prepared from pure RNA following the instruction of
RevertAid Reverse Transcriptase kit, Catalog # EP0442
(Thermo Scientific). In step two, cDNA was used as a
template for running PCR by using DREB1A specified
primer pairs. The primers pairs sequence, optimized PCR
reagents and optimized PCR profile have been shown in
Table 2-4.
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Table 2: List of primer pair sequences used for
confirmation and expression analyses of AtDREB1A and
hpt genes

S.No. Gene amplified Product size Sequence (5° to 3”)

1 DREB1A 649 bp TGAACTCATTTTCTGCTTT
TAATAACTCCATAACGATA

2 hpt 399 bp TCGTGCTTTCAGCTTCGATG
TCCATCACAGTTTGCCAGTG

Table 3: Optimized PCR reagents used for the

confirmation of AtDREB1A and hpt genes by PCR analyses

S. No. Reagent Quantity
1 10 x Taq DNA Buffer (Fermentas) 2L

2 50 mM MgCl, (Fermentas) 24puL
3 10 mM dNTPs (Fermentas) 0.4 uL
4 DREB1A forward primer 1.0pL

5 DREBI1A reverse primer 1.0puL

6 Taq DNA polymerase (Fermentas) 0.3 uL

7 DEPC-treated water 109 uL
8 DNA template 2.0pL
Total volume in PCR reactions system 20 pL

These reactions were done in PCR machine (Applied Biosystem)

Table 4: Optimized PCR profile used for PCR analyses

S.No. Stages Temperature Time (min) ~ No. of
(°C) cycles
1 Initial Denaturation 94 5 1
Final Denaturation 94 1
2 Annealing 50 1 35
3 Initial Extension 72 1 1
Final Extension 72 10

Southern Blot Analysis

Genomic DNA from T1 generation was isolated by CTAB
method (Murray and Thomson, 1980) and Southern blot
was performed by following standard procedure (Southern,
2006). Briefly, 10 pg pure DNA was digested by 2 pL
BamHI and transferred to nylon membrane. Subsequently,
the nylon membrane loaded with DNA was UV cross linked
to avoid DNA partial digestion, dried and incubated at 42°C
for 2 h in prehybridization solution to remove non-precise
binding of probe to DNA. The Biotin Decalabelled probe
after denaturing at 100°C for 5 min was hybridized with
target DNA by incubating in hybridization solution at 44°C
for 12 h.

Chilling Tolerance Assessment Test in T2 Transgenic
Lines

The T, transgenic plants of three tomato genotypes (Rio
Grande, Moneymaker and Roma) that followed Mendelian
segregation ratio (3:1) were chosen for cold tolerance
analysis. Three weeks old transgenic and NT plants
(obtained from normal seeds) of all the genotypes were
exposed to low temperature stress (4°C) under controlled
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environment conditions (16/8 h photoperiod and 50 pumole
m2 s fluorescence light) for seven days and then returned
to 25°C for recovery. The plant survival rate was
determined after seven days of stress when plants regained
their growth under normal conditions.

Statistical Analysis

Completely randomized design with factorial arrangement
was used to perform all experiments. Data for each
experiment (repeated thrice) was analyzed by analysis of
variance at p<0.05. LSD test was used to compare logical
differences among means (Steel et al., 1997). All the
statistical analyses were performed by statistical software
namely The Statistic v. 8.1 (Analytical Software, 2005) at
95% confidence interval.

Results

Assessment of In Vitro Seedling Age on Transformation
Efficiency

Effect of in vitro seedling age on transformation efficiency
(TE) was investigated in three tomato genotypes (Rio
Grande, Moneymaker and Roma). A significant difference
of seedling age was noticed for both hypocotyls and leaf
discs in all the genotypes. The TE increased with the
increase in seedling age up to fifteen days. It was observed
that TE was higher in 15 days old in vitro seedlings as
compared to 5 and 10 ays old seedlings in both types of
explants in all the genotypes (Table 5; Fig. 2a). Similarly,
20 and 25 days old seedlings showed lower transformation
efficiencies than that of fifteen days old seedlings. The
highest TE was recorded in Roma (15.71%) followed by
Rio Grande (14.61%) and Moneymaker (13.74%)
respectively. Leaf discs derived maximum transformation
efficiency which was 11.62, 10.52 and 9.5% in Roma, Rio
Grande and Moneymaker at fifteen days old seedlings
(Table 5). These results indicated that fifteen days old in
vitro seedling was ideal for maximum TE in tomato.

Assessment of Pre-culture Period on Transformation
Efficiency

To investigate the effect of different pre-culture periods
on TE in tomato, hypocotyls and leaf discs were pre-
cultured on optimized in vitro shoot regeneration media
(Shah et al., 2014a). During this study, continual pre-
culture experiments were conducted at regular intervals
of 0, 24, 48, 72 and 96 h. Most of the explants increased
significantly in size during pre-culture period. The
lowest TE (0.57 and 1.27%) was secured using leaf discs
and hypocotyls without pre-culturing. The highest TE
(8.25, 9.88 and 10.69%) was recorded in Moneymaker,
Roma and Rio Grande when hypocotyls were pre-
cultured for 48 h (Table 6; Fig. 2b). Similarly, the highest
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Table 5: Assessment of in vitro seedling age on transformation efficiency in tomato

In vitro seedling age

Transformation efficiency culturing hypocotyls (%)

Transformation efficiency culturing leaf discs (%)

(days) Rio Grande Moneymaker Roma Rio Grande Moneymaker Roma
5 2,697 3.33m 2145 157 0.53" 1.00%
10 5.97m 6.664 5.00" 3.1 3.92% 2.89%
15 14.61° 13.74° 15.712 10.52% 9.5n 11.62%
20 10.99° 9.93" 12.13¢ 7.11 6.50¢ 7.90
25 8.07) 8.05 8.92' 5.25™ 4.09° 4.65™
The values are means and percentages of three separate experiments. Mean values following by the different letters show significant differences (p<0.05).
LSD value is 0.75 at p<0.05
pBIH-1ip9:DREB1A
1A-543R
<
DREB1-Join
HPTR1 HPTF1 lip9-seq3 = NosT-prox
> <
| | (I
BR T-G7 P-NOS P-UBI T-NOS BL

Fig. 1: Schematic diagram of the structure of the T-DNA
region in the plasmid pBIH-lip9: DREB1A. LB; Left
border, RB; Right border, T-G7; Terminator, hpt;
hygromycin phosphotransferase gene, T-NOS and P-NOS
(terminator and promoter sequences of nopaline synthase
aene, Lin9; Lipase 9 promoter

TE (6.4, 9.18 and 9.88%) was recorded in Moneymaker,
Rio Grande and Roma culturing leaf discs for 48 h (Table 6;
Fig. 2c). The pre-culture period beyond 48 h significantly
decreased TE in all the genotypes (Table 6).

Assessment  of  Agrobacterium Densities

Transformation Efficiency

on

Bacterial densities significantly affected TE in all the
genotypes. Different optical densities (0.1, 0.2, 0.3, 0.4 and
0.5) at 600 nm were scrutinized their influence on TE giving
infection to explants. Statistically, significant results for
genotype, explants type and OD were recorded in all the
genotypes that showed maximum TE at ODgoonm = 0.2. The
highest TE (8.83%) at ODsoo nm = 0.2 was secured in Rio
Grande culturing hypocotyls as a source of explants,
followed by Moneymaker (7.33%) and Roma (6.66%)
(Table 7; Fig. 2d). When OD was increased from 0.2, TE
gradually decreased due to excessive growth of bacteria
causing necrosis in both types of explants in all genotypes
tested (Table 7). There was a significant linear relationship
between bacterial concentration and percentage of necrotic
explants and also a significant interaction of cultivar with
bacterial concentration. On average, irrespective of
genotype and explants, ODgoo nm = 0.2 was found optimum
for further tissue-culture based transformation experiments.

Assessment of Infection Durations on Transformation
Efficiency

Effect of various infection durations (the time for which
explants were submerged in the co-cultivation liquid media
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Fig. 2: Development of tomato transgenic plants in a
sequential manner  via  Agrobacterium-mediated
transformation method (a) Two-three week old in vitro
seedlings for hypocotyls and leaf discs explants (b) Pre-
culturing stage of hypocotyls for 48-h (c) Pre-culturing
stage of leaf discs for 48-h (d) Co-cultivation stage of
hypocotyls after infecting them with Agrobacterium (OD,
o = 0-2) for 3 min and incubated on autoclaved filter paper to

avoid access bacterial growth (e) Co-cultivation stage of
leaf discs after infecting them with Agrobacterium (OD, =

0.2) for 3 min and incubated on autoclaved filter paper to
avoid access bacterial growth (f) Pre-selection stage of
hypocotyls after incubating them on co-cultivation media
supplemented with 60 UM acetosyringone (g) Pre-selection
of leaf discs after incubating them on co-cultivation media
supplemented with 60 uM acetosyringone (h) Hygromycin
resistant calli showing root and shoot development (i)
Hygromycin resistant plants produced on MS medium
fortified with 10 mg/l AgNO,, 0.1 mg/l 1AA, 1.0 mg/l ZEA,

2.0 mg/l BAP and 35 mg/l hygromycin (j) Hygromycin
resistant plants produced on MS medium enriched with
sucrose: sorbitol (30:30 g/L) and 35 mg/L hygromycin (K)
Acclimatization of hygromycin resistant plants on soil:
vermiculite (1:1) growth medium for 4-week in growth
room

containing the bacterial suspension) (2, 3, 5, 8 and 10 min)
was investigated on TE. The bacterial ODgoo nm = 0.2 was
maintained in all of the experiments. No transformant was
obtained at 1 min infection duration in both types of
explants in all the genotypes, indicating that bacterial
culture did not properly associate with explants. Among
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Table 6: Assessment of various pre-culture periods on transformation efficiency in tomato

Pre-culture period (h)

Transformation efficiency culturing hypocotyls (%)

Transformation efficiency culturing leaf discs (%)

Rio Grande Moneymaker Roma Rio Grande Moneymaker Roma
0 1.39°" 1.83™® 1.27°¢ 0.91%* 0.74% 057
24 438" 5.12% 4,051 3.02¢ 3.20 3.42k
48 10.69° 8.25¢ 9.95% 9.18° 6.40% 9.88°
72 7.44¢ 6.36% 7.00% 5.83% 4.80" 5.81%
96 2.32'™ 2.04m 2.82Km 1.42°7 1.60™ 1.14p¢

The values are means and percentages of three separate experiments. Mean values following by the different letters show significant differences (p<0.05).
LSD value is 0.79 at p<0.05

Table 7: Assessment of various Agrobacterium (EHA105) cell densities on transformation efficiency in tomato

Cell densities of Agrobacterium (ODeoo nm)

Transformation efficiency culturing hypocotyls (%)

Transformation efficiency culturing leaf discs (%)

Rio Grande Moneymaker ~ Roma Rio Grande Moneymaker Roma
0.1 5.66° 4,00 4.00° 3.87% 2779 2.21M
0.2 8.83* 7.33° 6.66° 5.55° 5.00% 4.44%
0.3 6.58° 5.33° 4.00% 3.069 3.88° 3.330
04 2.89% 2.66°% 2.00¢ 1.10¢ 1.66% 1.10¢
0.5 0.00' 0.00' 0.00' 0.00' 0.00' 0.00'

The values are means and percentages of three separate experiments. Mean values following by the different letters show significant differences (p<0.05).
LSD value is 0.79 at p<0.05

Table 8: Assessment of different time periods of transfection on transformation efficiency in tomato

Infection time (min)

Transformation efficiency culturing hypocotyls (%)

Transformation efficiency culturing leaf discs (%)

Rio Grande Moneymaker Roma Rio Grande Moneymaker Roma
2 6.31° 5.00" 6.22° 4,200 2.79 3.68"
3 9.21° 8.50° 10.66% 7.44¢ 7.64¢ 8.94%
5 3.67" 4,501 4,851 2.66% 3.05Y 2.104
8 257k 1.85™ 1.35™° 1.33™° 1.46'™ 1.04™
10 0.521 1.00™ 1.47™ 0.66" 0.58" 0.70%

The values are means and percentages of three separate experiments. Mean values following by the different letters show significant differences (p<0.05).
LSD value is 0.68 at p<0.05

Table 9: Assessment of various concentrations of acetosyringone on transformation efficiency in tomato

Acetosyringone

Transformation efficiency culturing hypocotyls (%)

Transformation efficiency culturing leaf discs (%)

concentration (M) Rio Grande Moneymaker Roma Rio Grande Moneymaker Roma
0 2.41% 1.87" 3.05M 1.13 0.57 0.92¢
20 5.55m 4.28™ 4.90™ 4.07"° 3.63% 3.72%
40 9.00" 10.35¢ 10.18° 713 6.36" 6.86%
60 18.322 16.13° 15.73% 15.00¢ 13.77¢ 12.39¢
80 12.22¢ 11.42¢ 11.69° 10.71% 8.63' 9.76%"
100 10.00% 6.78 7.16 6.42 5.45™ 6.04

The values are means and percentages of three separate experiments. Mean values following by the different letters show significant differences (p<0.05).
LSD value is 1.02 at p<0.05

various infection durations examined, 3 min at ODgoo nm =
0.2 was found optimum for explants survival and efficient
transformation for all the cultivars. When the infection
duration was increased beyond 3 min, TE gradually
decreased and necrosis occurred in the same manner due to
excessive amount of bacteria (Table 8). To prevent the
explants from necrosis, they were sub-cultured on fresh MS
media supplemented with 300 mg/L claforan® (cefotaxime
sodium). The highest TE (10.66%) was achieved in Roma
followed by Rio Grande (9.21%) and Moneymaker (8.5%)
at 3 min infection period culturing hypocotyls explants
(Table 8; Fig. 2d). Similarly from leaf discs, the best TE
(8.94%) was recorded in Roma followed by Moneymaker
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(7.64%) and Rio Grande (7.44%) at 3 min infection period
(Table 8; Fig. 2e). From the present investigation, we
concluded that infection period more than three minutes
caused necrosis in explant tissues and reduced TE (Table 8).

Assessment of Acetosyringone on Transformation
Efficiency

Different concentrations of acetosyringone (0, 20, 40, 60, 80
and 100 pM) were added in two experiments for the
improvement of TE. In first experiment, 0-100 puM
acetosyringone was supplemented with inoculation medium
(Table 1; IM), while in second experiment, the hypocotyls
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Fig. 3: Confirmation and expression analyses of T - T, tomato transgenic lines by PCR, segregation analysis and semi-

quantitative RT-PCR (a) PCR analysis showing 649 bp fragment of AtDREB1A; Lane M shows DNA ladder (1 kb)
(Fermentas), Lane P shows positive control, Lane N shows negative control, Lanes 1-5 show transgenic Roma, Lanes 6-9
show transgenic Moneymaker, Lanes 10-12 show transgenic Rio Grande (b) PCR analysis showing 399 bp fragment of hpt;
Lane M, P and N show DNA ladder, positive control and negative control, respectively, Lanes 1-3 show transgenic Roma,
Lanes 4-6 show transgenic Moneymaker, Lanes 7-9 show transgenic Rio Grande (c) T, transgenic Roma showing Mendelian

ratio (3:1) by segregation analysis (d) T, transgenic Moneymaker showing Mendelian ratio (3:1) by segregation analysis (e)
T, transgenic Rio Grande showing Mendelian ratio (3:1) by segregation analysis (f) Expression analysis of AtDREB1A by

semi-quantitative RT-PCR which depicts various expression pattern of desired gene in three tomato transgenic lines; Lanes 1-
4 show transgenic Roma, Lanes 5-7 show transgenic Moneymaker, Lanes 8-10 show transgenic Rio Grande

18000bp —4g8 §° 5 @B 4 8 % 7 g
14000hp

10000hp ——
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Fig. 4: Southern blot study showing stable integration of AtDREB1A gene in T, generation. Lane M shows molecular weight

marker. Lane 1 shows pBIH-AtDREB1A plasmid, Lane 2 shows NT plants, Lane 1-3 shows transgenic Roma, Lane 4-6
shows transgenic Moneymaker, Lane 7-9 shows transgenic Rio Grande

and leaf discs were co-cultivated for two days on co-

cultivation media (Table 1; CCM) supplemented with the Molecular Analyses for Confirmation and Expression of
same concentrations of acetosyringone. The TE was Desired Gene

compared after four weeks of culture on selection medium.

The minimum TE (0.57%) was recorded in an experiment Identification and segregation analysis of desired gene:
with no acetosyringone (Table 9). It was found that TE o confirm the integration of AtDREBIA and hpt genes,
increased up to 60 puM acetosyringone concentration, PCR was done. For that purpose, genomic DNA from

while further increase of acetosyringone gradually transgenic and NT plants was extracted. The plasmid DNA
decreased TE. The TE increased considerably in explants  of Agrobacterium was used as positive control, while DNA
cultured on co-cultivation media supplemented with 60 HM from NT p|ants was used as negative control. The gene
acetosyringone. The highest TE (18.32%) was noticed in fragments (649 and 399 bp) of DREBIA and hpt,
cv. Rio Grande followed by Moneymaker (16.13%) and respectively were amplified from T, putative transgenic
Roma (15.73%) culturing hypocotyls using 60 uM plants only by using specific primer pairs (Fig. 3a and b).
acetosyringone (Table 9; Fig. 2f). Similarly, leaf discs  The seeds of T, putative transgenic lines were harvested

derived maximum TE was 15 and 13.77% in Rio Grande individually. Then, healthy seeds were self-fertilized under
and Moneymaker followed by Roma (12.39%) at 60 uM controlled conditions to give rise Ty progeny that was
acetosyringone (Table 9; Fig. 2g). scrutinized by PCR analysis. T1 generation of all the
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Fig. 5: Evaluation of cold tolerance in 3 tomato transgenic
lines (T,) at 4°C under controlled environment in

glasshouse (a) Phenotypic responses of first three
transgenic plants from right and NT plants of Rio Grande,
where NT plants showed severe wilting symptoms as
compared to transgenic plants after 4°C cold stress (b)
Phenotypic changes of first three NT plants from left and
transgenic plants of Moneymaker by exposing to low
temperature (4°C) for seven days followed by maintenance
at 25°C for one day (c) Phenotypes of first three NT plants
of Roma from left showing clearly the wilting and dried
leaves symptoms compared to their counterparts showing
almost normal growth at 4°C temperature stress

transgenic lines showed normal Mendelian ratio (3:1) by
segregation analysis done by gel electrophoresis (Fig. 3c—e).

Expression Analysis

To assess the expression of mMRNA transcript, we performed
semi-quantitative RT-PCR in three tomato transgenic lines.
The T transgenic and NT plants were exposed to 4°C for 3
days plus one day recovery period and then RT-PCR
analysis was done. This assay depicted that relative
transcript was expressed only under chilling stress and it
produced differential pattern of mRNA transcript in leaf
tissues of transgenic lines (Fig. 3f).

Southern Blot Analysis

To investigate the stable integration of AtDREBIA in T;
generation, we performed Southern blot experiment. The
putative transgenic lines (To) were self-pollinated to
generate Tp transgenic lines. Afterwards, segregation
analysis was done via PCR that confirmed 3:1 of transgenic
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lines. The plants of each line were exposed to Southern
blotting. The DNA of 8 transgenic plants was incubated
with BamH1 for digestion. The results showed the presence
of one to two copies of AtDREB1A in transgenic lines, while
no signal was found in NT lines (Fig. 4).

Chilling Trials

To investigate the cold tolerance potential of AtDREB1A
gene, transgenic as well as NT plants of three transgenic
lines (T2) were subjected to 4°C for seven days under
controlled conditions in transgenic containment. Both
transgenic and NT plants of same age were given cold
stress. The phenotypic differences were evident among
transgenic and NT plants after stress application (Fig. 5).
NT plants of all the genotypes showed severe wilting
symptoms after 3—4 days of cold stress. After 8-9 days of
cold stress, the maximum leaves of NT plants became
brown, dried up and ultimately died. The converse was true
in case of all transgenic plants having AtDREB1A gene (Fig.
5). These plants exhibited healthy appearance and survived
under severe cold stress period. After two weeks of cold
spell, the transgenic plants were shifted to normal phenotype
and yielded new leaves and branches, while NT plants failed
to regain normal growth (Fig. 5).

Discussion

The comprehensive investigation of this study demonstrated
that gene transfer efficiency decreased by increasing more
than fifteen days old seedlings. TE was approximately two
times higher in 15 days-old seedlings than that of 25 days
old seedlings. Our results demonstrated that younger
seedlings (15 days old) were more effective for gene
transfer than that of older ones. It might be due to the reason
that younger seedlings were more susceptible to
Agrobacterium and might also be due to increase in active
surface area i.e. more number of dividing plant cells
facilitating efficient T-DNA transfer in younger seedlings
than that of older ones, consistent with the other recent
report (Ribas et al., 2011). Sharma et al. (2009) optimized
an efficient Agrobacterium-mediated transformation
protocol culturing cotyledons from ten days old seedlings
and reported the highest TE (41.4%) in tomato cv. Pusa
Ruby. Li et al. (2009) used FAST technique for transient
expression analysis of desired gene in Arabidopsis. The
cotyledons from 3-5 days old seedlings were employed in
transformation experiments and more than 50% TE was
obtained. They also found that older seedlings (more than
seven days old) had a sharp decline in TE. Dan et al. (2006)
reported that twenty days old seedling proved to be the best
age of explants for TE that ranged between 1.00 to 4.08%.
Our findings were not consistent with the earlier report by
Arcos-Ortega et al. (2010) who evaluated the influence of
seedling age over TE in Capsicum chinense Jacg. The
maximum TE (55%) secured culturing four weeks old leaf
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explants, while it decreased and serious tissue necrosis
occurred when eight week old explants were cultured.
Hence, it is clear from this study that age of in vitro
seedlings has a significant effect on TE in tomato.

Several studies have revealed the animation of
“window of competence”; a time during which the plant
cells are more vulnerable to A. tumefaciens transformation.
It has been suggested that during the pre-culturing stage, the
plant cells become more competent for transformation by
physiological adaptation (Gao et al., 2009). The pre-culture
period increases the regeneration percentage by eliminating
the hypersensitive response of explants induced by
Agrobacterium in co-cultivation stage (Arcos-Ortega et al.,
2010). The pre-culture period is an important factor that
significantly affects the TE in tomato (Rai et al., 2012). TE
is closely linked with cell division or dedifferentiation
(Arias et al., 2006). The major limiting factor in
regeneration and TE is the phase of plant cell cycle. It has
been reported that TE of cells with nuclei at the S phase of
the cycle was higher (Pena et al., 2004). The delivery of
foreign DNA through A. tumefaciens occurs through S
phase of cell cycle; therefore the actively growing cells
particularly in S phase are the most responsive for plant
genetic transformation via Agrobacterium. Our findings
were supported by the earlier reports in which the highest
TE recorded at 48 h pre-culture period (Sharma et al.,
2009). In contrast, Park et al. (2003) established an efficient
Agrobacterium-mediated transformation system in tomato
culturing cotyledons and hypocotyls explants from 10 days-
old seedlings and ascertained that pre-culturing of these
explants for 24 h gave the highest TE (20%). These
differences might be due to difference in Agrobacterium
strain, type and age of explants and genotypes. Rai et al.
(2012) optimized an efficient Agrobacterium-mediated
transformation protocol for tomato cultivars using
cotyledons explants and reported that six days pre-culturing
period significantly improved the TE upto 44.3% in tomato.
Similarly, Duan et al. (2010) conducted a study on tomato
cv. MicroTom and reported that pre-culturing of cotyledon
on pre-cultured medium for 24 h decreased the TE and
promoted browning of some tissues. While freshly isolated
cotyledon explants improved the TE. These diverse
observations might be due to disparity of tomato genotypes
and explants used.

Our findings coincided with the earlier report by Qiu
et al. (2007) who engineered tomato cv. Micro-Tom with
CsZCD gene utilizing an improved transformation protocol
via Agrobacterium and reported that among various
Agrobacterium concentrations, ODgoo nm = 0.2 was found to
be the best level for securing the highest TE (20.87%) in
tomato. Duan et al. (2010) generated tomato (cv. Micro-
Tom) transgenic plants through Agrobacterium-mediated
method based on bacterial titers and argued that at OD
reading of 1.0, the explants death occurred due to bacterial
overgrowth, while the intermediate Agrobacterium titer
(ODgoo nm = 0.1 — 0.5) was found optimum for efficient
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genetic transformation in tomato and no significant
differences were noticed between TE at ODggo nm = 0.1 and
at ODgoonm = 0.5. They also claimed that ODgoo nm = 0.1 was
used in further transformation experiments. Contrary to our
findings, high concentration of OD increased the TE in
some species as supported by Guo et al. (2012) who
optimized various factors for efficient gene transfer in
tomato cv. Micro-Tom and concluded that Agrobacterium
suspension (ODggo nm = 0.5) along with other optimized
parameters yielded the maximum TE (5.1%) culturing
cotyledonary explants. Similarly, Cruz-Mendivil et al.
(2011) conducted transformation study and inferred that leaf
explants co-infected with bacterial density (ODgoo nm = 0.5)
produced the maximum TE (19.1%) in tomato cv. Micro-
Tom.

A peculiar infection period plays an important role for
T-DNA transfer into plant genome as low infection duration
ensures very less TE due to improper association of
Agrobacterium with host tissues. While high infection time
generates hypertonic conditions due to excessive growth of
bacteria that ultimately burst the plant cells (Thiruvengadam
et al., 2013). Optimization of transformation protocols is
necessary to combat all these problems faced in the
development of transgenic tomato (Gao et al., 2009).
Random integration of T-DNA in multiple copies can be
found in the plant genome. Gene silencing can result very
poor or no expression at all (Chalfun et al., 2003). As a
result, the rate of expression of the desired characters might
be very low. For this purpose, an efficient transformation
protocol can raise the amount of transgenic plants (Van et
al., 2010). Our findings indicated a specific range of
Agrobacterium density and infection period for obtaining
maximum TE. Guo et al. (2012) optimized various
transformation factors in tomato cv. Micro-Tom culturing
cotyledon explants and proclaimed that bacterial
concentration and infection time had significant effect on
contamination, necrosis and ultimately TE. They
recommended 5 min infection period for maximum TE
(5.1%) in Micro-Tom. Similarly, Rai et al. (2012)
developed an efficient procedure for genetic transformation
of tomato culturing cotyledonary explants from six days old
in vitro seedlings and suggested 5 min infection duration for
maximum TE (44.3%). This is contradictory to our findings,
as in our experiment, necrosis started in explants at five min
infection duration. Duan et al. (2012) optimized various
transformation factors in tomato (cv. Lichun) and pointed
out that inoculation period of ten minutes was optimum for
obtaining maximum TE (27%) in tomato. Higher infection
period of 30 min has been reported in the previous report by
Sharma et al. (2009) who developed Agrobacterium-
mediated system for tomato transformation culturing
cotyledonary explants. This inconsistency of infection
duration might be due to different genotypes and bacterial
strain used.

Pitzschke and Hirt (2010) identified several steps
involved for studying the interaction between
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Agrobacterium and plant cells such as recognition and
expression of Vir genes, targeting of Vir factors, transfer
and integration of T-DNA into host cells. The Vir region
(30-40 kb) of Ti plasmid was responsible for T-DNA
transfer into host plant cells. This region made up of six
necessary operons (Vir A, Vir B, Vir C, Vir D, Vir E and
Vir G) and two unnecessary operons (Vir F and Vir H). The
only two operons (Vir A and Vir G) constituted two
component systems (Vir A/NVir G) that activated the
transcription of other Vir genes (Riva et al., 1998). This Vir
ANVir G system recognized a diversity of phenolic
compounds such as AS that behaves as the inducers of Vir
gene expression for stable genetic transformation.
Agrobacterium  strains showed different sensitivity
responses to various concentrations of AS (Subramanyam et
al., 2011). Similarly, TE varied with different concentration
of AS and their interaction with various genotypes.
Although, AS like compounds were secreted by
dicotyledonous plants themselves but the addition of AS in
inoculation and co-cultivation media improved tomato TE
(Mahmoudian et al., 2002). Therefore, for the improvement
of TE, different concentrations of AS (0-100 uM) were
added in inoculation and co-cultivation media and were
scrutinized in three tomato genotypes. In our study, 60 pM
AS concentration enhanced TE in all the genotypes, while
further increase of AS gradually decreased the
transformation efficiencies. Our findings assisted the
findings of Duan et al. (2012) who recorded the highest TE
(73.2%) with the application of 50 uM AS using A.
tumefaciens strain LBA4404 culturing hypocotyls and
cotyledons of ten days old seedlings. Guo et al. (2012) used
100 uM acetosyringone in culture medium for
Agrobacterium strain, EHA105 inoculating cotyledonary
explants of tomato cv. Micro-Tom and obtained 5.1% TE.
AS (100 uM) has also been reported in other previous
studies (Costa et al., 2002). Our results clearly demonstrated
the effect of low levels of AS on regeneration and TE along
with high levels which adversely affected the regeneration
and subsequent TE in tomato due to overgrowth of
Agrobacterium.

Zhang et al. (2004) conducted a similar type of study
and reported that like Arabidopsis CBF1-3 genes, tomato
possesses 3 CBF homologs namely Lycopersicum
esculentum CBF1-3 (LeCBF1-3). Among them, only
LeCBF1 was functional in cold stress. They transformed
LeCBF1 in Arabidopsis under the control of 35S
constitutive promoter and found aberrant growth and
phenotypes of Arabidopsis transgenic plants. But the
overexpression of this gene induced the expression of cold
regulated (COR) genes and hence increased freezing
tolerance in Arabidopsis without any chilling stimulus.
From this experiment they inferred that LeCBF1 was an
active homolog of AtCBF genes. To prove these logic
consequences, they performed another experiment in which
they transformed LeCBF1 or AtCBF3 in tomato under
constitutive 35S promoter and reported inhibitory effects of
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LeCBF1 or AtCBF3 on growth as well as yield
characteristics including stunted growth, delay in flowering
and few numbers of fruit per plants in transgenic plants as
compared to their isogenic control plants. From this
experiment, tomato transgenic plants didn’t exhibit any
freezing tolerance. But our research study is contrasting
from that of Zhang et al. (2004) and signifies the importance
of lip9 inducible promoter which triggers AtDREB1A gene
to regulate the expression of multiple cold stress responsive
genes to create chilling tolerance in tomato with no
abnormal phenotypic changes. From present study, we also
conclude that under normal growth conditions no
distinguishable differences were noticed in transgenic and
NT tomato plants. But under various levels of chilling
stress, improved chilling tolerance was noticed in all the
transgenic lines with no inhibitory effects of AtDREB1A
gene on growth as well as yield characteristics of all the
transgenic lines.

Conclusion

An efficient and quick transformation system has been
established for three local tomato cultivars namely Rio
Grande, Moneymaker and Roma assessing various critical
factors that affect transformation efficiency in tomato. The
resultant transgenic plants at T, stage were identified by PCR
using gene specific AtDREB1A primers. These putative
transgenic plants of all the lines were self-fertilized that
generated T, progeny. For expression analysis, two steps RT-
PCR was done that confirmed differential expression profile
of our transgene in transgenic lines, while stable integration
of the transgene was confirmed by southern blot analysis.
The chilling tolerance of these transgenic lines was assessed
at T, stage by exposing the transgenic lines as well as NT
counterparts to 4°C, which showed that only transgenic lines
exhibited chilling tolerance, while their NT counterparts
showed symptoms of wilting, necrosis and ultimately died.
The transgenic lines developed in this study could be further
used in breeding programs to develop tomato cold tolerant
cultivars.
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