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ABSTRACT

The objective of the present study is to develop an efficient protocol for plant
regeneration and Agrobacteriumr-mediated transformation of potato cultivars
Desiree, Agria and Marfona grown under Iranian agricultural conditions. The
regeneration efficiency frominternode, leaf and petiole explantswasexamined. The
results from all Shoot Induction Medium (SIM) combinations and al cultivars
together indicate highly efficient shoot regenerationfrominternode (4.56 shoots per
explant). Theresponse of petiole and leaf explantswaslower, 3.83 and 2.55 shoots
per explant, respectively. The highest efficiency of shoot regeneration was
achieved with internode explants of cultivar Desiree (6.64 shoots per explant) on
Murashige and Skoog (MS) medium supplemented with thidiazuron (TDZ)
1 mg L= + 6-benzyladenine (BAP) 1 mg L. For plant transformation, internode
explantswereinocul ated and co-cultivated with Agrobacteriumtumefaciens strain
LBA4404 harboring a binary vector pBI-121 containing B-glucuronidase (GUS)
and nptll genes. Reverse transcriptase-polymerase chain reaction analysis and
histochemical assay for B-glucuronidase indicated that the gene coding for this
enzyme was integrated in the potato genome and could be expressed in potato
tissues. The presence of nptll gene in the kanamycin resistant plants was verified
by polymerase chain reaction analysis. The transformation frequency ranged from
22-42%.

K ey wor ds: Agrobacteriumtumefaciens, plant regeneration, potato, transformation

INTRODUCTION

Potato (Solanum tuberosum) is one of the most
economically important annual vegetable crops of Solanaceae
family. It is the fourth most cultivated food crop in the world
after wheat, rice, maize and is the most important
dicotyledonous tuber crop. The edible part of plant is tuber
used as cheap food, industrial raw material, animal feed and
seed tuber. Potato is sensitive to anumber of biotic and abiotic
factors. Several approaches including traditional breeding
techniques have been made in the past to overcome these
constraints. But traditional methods are considered to be
complicated in nature and consumed comparatively a longer
periodto produceavariety with desired characters. To address
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some of these limitations, plant genetic engineering using
desirable genes from various organisms has provided
promising results. Most of the transformation studies were
conducted with the intention to transfer genes/traits expected
to increase the resistance of potato against predators and
pathogens (Chye et al., 2005) or to modify common
metabolic pathways, such as starch and sucrose synthesis
(Edwards et al., 1999).

Genetic engineering of potato cultivars requires the
development of transformation protocol sand the establi shment
of efficient regeneration systems. Various important factors
such as genotype, source of explants and plant growth
regulators significantly influence regeneration of potato.
Among thefactorsthat influencegrowth, thetypeof cytokinin,
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such as thidiazuron (TDZ) and 6-benzyladenine (BAP), is
critical for initiation of shoot primordiafrom cultured explants.
TDZ, a phenylurea-type cytokinin, has been used as a plant
growth regulator to induce organogenesis, including
adventitious regeneration of transformed plants in many
plant species that were thought to be recalcitrant to
regeneration (Cuenca et al., 2000; Corredoira et al., 2008;
Sriskandarajah and Lundquist, 2009).

Transformation efficacy in potato is actually highly
genotype-dependent, which is the main reason for the
existence of many different protocols. The objective of this
study isto establish an effective protocol for plant regeneration
and transformation of local Iranian varieties, using different
types of explants that would allow genetic engineering for
important traits. Three cultivars, Agria, Marfona and Desiree
were used for transformation with an Agrobacterium binary
vector (pBI121) which included genes for GUS and nptl 1.

MATERIALSAND METHODS

Plant materialsand cultureconditions: Invitrogrown plants
of potato cultivars Agria, Marfonaand Desiree prepared from
Genetic Engineering Laboratory, University of Tabriz, Tabriz,
Iran. These cultivars were propagated using single-node
segments on MS medium (Murashige and Skoog, 1962)
containing 2% w/v sucrose and 0.8% w/v agar. The pH of the
medium was adjusted to 5.8 before autoclaving and the
cultures were grown under a 16 h day~" photoperiod with a
light intensity of 56 umol m~2 sec™* provided by cool white
fluorescent tubes and incubated a 22+2°C ambient
temperature.

Regeneration experiments. Internode, petiole and leaf
segments of in vitro grown potato cultivars were cut into
sections (1 cm each) or small pieces (1 cm?) as explants for
calus induction. The explants were cultured on callus
induction medium [M S agar medium containing 2% sucrose
supplemented with 2 mg L~* 6-benzyladenine (BAP) and
1 mg L™ a-naphthalene acetic (NAA)] and incubated at
22+2°C under alight intensity of 56 umol m—2sec™2. The calli
were transferred to the fresh callus induction medium about
21 days interval for further proliferation and maintenance.
After 2-3 weeks of incubation, the well-developed compact
calli were cultured in Shoot Induction Media(SIM) containing
M S basal medium supplemented with various combinations of
BAP (1 and 2 mg L™, kinetin (1 and 2 mg L™) and
thidiazuron (1 and 2 mg L=%). Approximately 40-45 explants
were cultured on each of the 8 types of SIM combination.
Each experiment was repeated three times. The cultures were
incubated in agrowth chamber under same conditions of light
and temperature, as that of callusinduction. After 4-6 weeks,
shoot formation was observed. The shoots were excised and
transferred to root induction medium (M 'S medium containing
0.1 mg L~*NAA) for root induction.
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Bacterial strains: Agrobacterium tumefaciens strain
L BA4404 possessing binary vector pBI121 wasinoculated on
Y EB medium and used for gene transfer into potato.

Agrobacterium tumefaciens-mediated transformation:
Internodal (5-6 mm) explantswere prepared from 4 weeksold
plants for transformation. The internodes were wounded
several times leaving about a one mm gap between the cuts.
The internode pieces were placed in MS liquid medium
containing 1 mg L™*NAA, 2 mg L~*BAP and 2% sucrose at
pH 5.7, in Petri dishes for 48 h at room temperature for
co-cultivation. After the dark incubation period, internode
pieces were washed three times in sterile water and in a
cefotaxime solution (250 mg L) to remove bacterial excess.
The explants were blotted dry with a sterile filter paper and
then placed in calus induction medium (MS medium
containing 1 mg L™ NAA, 2 mg L™ BAP, 50 mg L™
kanamycin, 250 mg L ~*cefotaxime, 3% sucrose and 0.8% agar
at pH 5.7). After 7 days of incubation, the explants were
transferred to the shoot induction medium (MS medium,
supplemented with 1 mg L= TDZ+2mg L~* BAP, 75mg L~*
kanamycin, 250 mg L~ cefotaxime, 3% sucrose at pH 5.7
solidified with 0.8% agar). The explants were transferred
every week to fresh shoot induction medium. After four
weeks, shoots formed at the cut end of the internodes.
Regenerated shoots of 2.0-2.5 cmin length were then excised
and transferred into rooting medium (MS solidified medium
supplemented with 0.1 mg L™*NAA, 2% sucrose, 100 mg L~
cefotaxime and 75 mg L~ kanamycin).

B-glucuronidase (GUS) histochemical assay: The
B-glucuronidase assay was carried out essentially asdescribed
by Jefferson et al. (1987). Leaves from kanamycin resistant
shoots were tested for histochemica GUS expressionin
X-gluc solution consisting of 2 mM X-gluc, 0.1 M phosphate
buffer (pH 7.0) and 5 mM each of potassium ferricyanide and
ferrocyanide with 0.1% (v/v) Triton X-100. After incubating
overnight in the substrate solution at 37°C, the stained tissues
were rinsed several times with 70% ethanol to remove
chlorophyll.

Polymer ase Chain Reaction (PCR) analysis. Genomic DNA
wasisolated from 100 mg of young |leaves of transformed and
untransformed potatoes by the method of Dellaporta et al.
(1983). The PCR amplification was carried out using the gene
specificprimers(5'-GAACAAGATGGATTGCACGC-3') and
(5'-GAAGAACTCGTCAAGAAGGC-3') for nptll generating
786 bp product. PCR was performed in a 25 pL reaction
mixture containing 50 ng of genomic DNA astemplate, 1xTaq
DNA polymerase buffer, 400 uM each dNTPs, 10 pmol of
each oligonucleotide primer and 0.3 U of Tag DNA
polymerase (ASTEC PC-818; Fukuka, Japan). DNA
amplifications were done in athermal cycler (Takara, Japan)
using the following program: Initial denaturation at 94°C for
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5min, followed by 35 cycles of denaturation at 94°C for
45 sec, annealing at 55°C for 45 sec and extension at 72°C for
2minfollowed by final extensionfor 5min at 72°C. The PCR
productswere separated by el ectrophoresisinal1% agarosegel
containing ethidium bromide and visualized under UV using
Gel Documentation System OptiGo 600/650 (ISOGEN).

Reverse Transcriptase-PCR (RT-PCR): Total RNA was
isolated from the transgenic as well as from untransformed
control plantsusing TRIZOL reagent (Invitrogen, USA). Five
milligram of total RNA wastaken in anucleasefreetube. One
microliter of oligo(dT),, primer (50 pM), 1 pL of annealing
buffer and DEPC treated water were added to it so that the
final volume was made up to 8 pL. This mixture was
incubated at 65°C for 5 min and then slowly cooled to room
temperature so that the oligo(dT)s bind to polyA tail. About
10 L of 2X First-Strand Reaction Mix (Invitrogen, USA) and
2 UL of SuperScript® 111/RNaseOUT™ Enzyme Mix were
added. The enzyme mixture was gently mixed and incubated
at 50°C for 1 h. The enzyme was deactivated by heating the
reaction mixture at 85°C for 5 min. The cDNA (1 puL)
synthesized from the transgenic and untransformed control
lines were taken as template for PCR using the GUS gene
specific primers(5-CCCTTACGCTGAAGAGATGC-3' and

5'-GAGCGTCGCAGAACATTACA-3) with same PCR
condition. Actin was used as a loading control with PCR
primers described by Nicot et al. (2005). Reaction products
were separated on 1% agarose gel stained with ethidium
bromide and visualized under UV light.

Statistical analysis: The data pertaining to shoot regeneration
was analyzed using two-way analysis of variance to examine
the main and interaction effects of cultivar and SIM
combination. Thedifferencesamong meanswere compared by
Least Significant Difference (LSD) at p<0.05 significance
level. Analysis was performed using programsin MSTAT-C
(Michigan State University, Ann Arbor, MI).

RESULTS

Plant regeneration: It is important to optimize the
regeneration frequency of potato to increase the likelihood of
recovery of transformants; therefore, different combinationsof
BAPwith TDZ and Kin were evaluated for their regeneration
ability of the leaf, internode and petiole explants of
Marfona, Agriaand Desireecultivars. Figure 1 showsdifferent
developmental stages of regeneration of potato. Calus
formation was observed from all types of explants after they

Fig. 1(a-d): In vitro plant regeneration of potato, (a) Callus formation on the internodal explants cultured on CIM medium for
4 weeks, (b) Shoot formation from the explants cultured on SIM medium, (c) Rooting of regenerated shootson MS
medium and (d) Hardening of rooted plants in the green house
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were cultured on callus induction medium (Fig. 1a). After 2
weeks, calli weretransferred to Shoot Induction Media(SIM).
Shoots were regenerated from nodular callus of all type of
explants (Fig. 1b). The evaluation of shoot induction was
based on the mean number of shoots per explant. Adventitious
roots could be seen forming within 1 week after the
regenerated shoots were placed on root induction medium
(Fig. 1c). Finally, rooted plants were transferred to pots and
grown under greenhouse conditions (Fig. 1d).

Table 1 gives the results of two-way ANOVA for the
differences between SIM combinations and between cultivars
with regard to number of shoots per explant from particular
explants. All null hypotheses regarding the effect of SIM
combination, cultivar and explants type were rejected at the
0.01 probability level. The SIM combinationxcultivar
interaction was significant for all explant sources, indicating
that the cultivars differed in the various SIM combinations.

Averaging the results from all SIM combinations and all
cultivarstogether indicates highly efficient shoot regeneration
from internode (4.59 shoots per explant). Shoot
regeneration from petiole and leaf explants were 3.83 and
255 shoots per explant, respectively (Table 2). The
highest efficiency of shoot regeneration wasachieved onMS

medium supplemented with1 mgL—*BAP+1mgL ' TDZ and
2mg L~ BAP+1 mg L™ TDZ for al cultivars, respectively
(Table 2).

Plant transformation: Among the different explants tried,
internode explants were found to be best for shoot induction.
For transformation, M S medium supplemented with2 mg L~*
BAP and 1 mg L™' NAA (callus induction medium)
followed by MS medium supplemented with 2 mg L~ BAP
and 1 mg L ~* TDZ for subsequent shoot proliferationwas used
routindly. A concentration of 75 mg L~ kanamycin was
chosen for selection of transformants. The same parameters
were used routinely for transformation studiesin all the three
varieties. A total of 150 internode explants were cocultivated
in the three varieties (Table 3). The highest number of

Table 1: Analysisof variance for effect of growth regulators on regeneration
from Solanum tuberosum L. explant sources

Mean squares
Source of variation df Leaf Petiole Internode
Cultivar 2 6.31** 2.03** 2.77**
SIM combination 7 3.57** 7.07%* 18.77**
CultivarxSIM combination 14 0.59** 1.37%* 1.65**
Error 48 0.054 0.125 0.092

**Significant at the 0.01 probability level, df: Degree of freedom

Table 2: Effect of different plant growth regulator combinations, explants and cultivar on plant regeneration

Growth regulators (mg L ™)

Number of shoot per explants

BAP TDZ Kin Cultivars L eaf Petiole Internode
1 1 - Agria 2.87 4.41 5.71
1 2 - 171 3.37 5.25
1 - 1 2.04 4.08 4.46
1 - 2 1.33 1.75 2.08
2 1 - 2.60 4.82 6.03
2 2 - 211 3.40 4.17
2 - 1 2.16 3.58 4.85
2 2 1.72 2.07 2.47
1 1 - Marfona 2.70 491 6.58
1 2 - 2.08 3.42 5.00
1 - 1 1.75 3.08 254
1 - 2 2.20 3.83 2.96
2 1 2.94 4.46 6.31
2 2 - 2.61 3.11 5.43
2 - 1 1.60 3.34 3.08
2 2 1.96 3.60 3.20
1 1 - Desiree 4,58 5.62 6.46
1 2 - 3.12 4.20 5.25
1 - 1 3.46 4.16 4.92
1 - 2 2.16 2.91 3.58
2 1 - 4.06 511 5.80
2 2 - 371 4.67 5.66
2 - 1 3.21 4.78 5.20
2 2 253 3.24 3.10
Mean 2.55 3.83 4.59
LSD (0.05%) 0.23 0.34 0.29

LSD: Least significant difference, BAP: 6-benzyladenine, TDZ: Thidiazuron, Kin: Kinetin

Table 3: Efficiency of potato internode transformation mediated by Agrobacterium tumefaciens

Cultivars No. of explants No. of shoots on selection medium No. of shoots rooted in rooting medium Transformation efficiency (%)
Desiree 50 122 21 42
Marfona 50 108 15 30
Agria 50 86 11 22
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kanamycin resistant shoots was recorded with Desiree (122)
followed by Marfona (108) and Agria (86). Although, the
explants remained green, some of the shoots did not grow
morethan 10-15 mm. Only those shoots measuring 2.0-2.5cm
were transferred to rooting medium (MS medium

supplemented with 0.1 mg L= NAA and 75 mg L™t
kanamycin). Similarly, highest transformation efficiency were
recorded in Desiree (42%), followed by Marfona(30%) and
lowest in Agria (22%) (Table 3). All rooted plants were
planted in pots and molecular analysis was carried out to
confirm the transgenic nature.

Confirmation of transgenic plants. In comparison with
untransformed wild-type plants which did not contain any
expression of GUS, the transgenic plant lines showed the
typical dark-blue after the GUS assay. Upon histochemical
staining of leaves from kanamycin resistant rooted plants, all
lines showed expression of GUS gene (Fig. 2). Besides the
GUS assay, the expression of GUS gene was also carried out
by RT-PCR analysis. The presence of a band of 362 bp was
amplified from the cDNA products of transformed plants
while the cDNA products of untransformed plants (control)
cDNA showed no amplification (Fig. 3). The presence of the

500 b g
250 bp

Gus

Actin

Fig. 3(a-b): Reverse transcription (RT)-PCR analysis of transgenic potato lines. RT-PCR amplification of the 362 and 101 bp
fragments corresponding to (a) GUS gene and (b) Actin asan internal control, respectively. Lanes 1-5: Transgenic
lines, Lane C: Nontransformed plant (contral), Lane: M,1 kb BLUE DNA Marker
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Fig. 4: PCR analysisof putative transgenic potato linesfor the nptll gene. Lanes 1-6: Transgenic lines, Lane C: Nontransformed

plant (control), Lane M:1 kb BLUE DNA Marker

transgenes was further confirmed by PCR analysis using total
genomic DNA isolated from leaves of transformed and
untransformed (control) plantsusing specific primersdesigned
to amplify nptll gene. The GUS-positive lines were used for
PCR analysiswith one non-transgeniclineas negative control.
Fragments of 786 bp (Fig. 4) were amplified from genomic
DNA of all thetransgenic plants, whereas, corresponding band
was not detected in the untransformed control plant. Rooting
on selective (kanamycin) medium was found to be a good
indicator of transformation, as 100% of rooted shoots were
positive when tested by PCR.

DISCUSSION

The objective of the present study is to develop an
efficient Agrobacteriumtumefaciens-mediated transformation
protocol for important Iranian potato cultivars Agria and
Marfona. For this purpose, two separate experiments, plant
regeneration and transformation were carried out.

In plant regeneration experiment, we studied the effects of
various concentrations and combinations of plant growth
regul atorson plant regeneration from different explant sources
(leaf, petiole and internode) of potato cultivars. First, all
explants were placed on callus induction medium (1 mg L~*
NAA and 2 mg L~* BAP). Calli were obtained from all three
types of explant of the three investigated cultivars. The BAP
and NAA combination have been shown to be an efficient
combination for induction of callusin potato (Beaujean et al.,
1998). Medium combination and explant source had an
important influence on plant regeneration. I nthe present study,
BAP in combination with Kin induced a lower plant
regeneration but it promoted the highest plant regeneration in
combination with TDZ (4.86 shoot per explant). The
highest efficiency of shoot regeneration was obtained in
internode explants of cultivar Marfona on MS medium
supplemented with 1 mg L= TDZ+1 mg L~ BAP (Table 2).
AbdElaleemet al. (2009) and Khalafallaet al. (2010) reported
that MS medium containing 5 mg L= TDZ was the best for
days to shoot initiation, the highest percentage of callus with
shoot and highest number of shoot per callusin potato.
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Deore and Johnson (2008) suggested that TDZ and BAP
together had a synergistic effect in adventitious shoot-bud
induction in Jatrophacurcas. Also they reported that TDZ
promoted higher regeneration from leaf explantsthan Kinetin.
Huetteman and Preece (1993) reported that TDZ, a synthetic
phenylurea, is considered to be one of the most active
cytokinins for shoot induction in plant tissue culture.
Husain et al. (2007) suggested that TDZ induces shoot
regeneration better than other cytokinins. Apart from
cytokinin-like activity, TDZ has been suggested to be a
modulator of the endogenous auxin levels. There is
experimental evidence that TDZ stimulates de novo synthesis
of auxins by increasing the levels of IAA and its precursor,
tryptophan (Murthy et al., 1995). Increases in endogenous
auxin, cytokinin and ethylene have been seen in response to
TDZ treatment (Murthy et al., 1995). Also, TDZ has been
shown to be useful for rapid plant regeneration in several
recal citrant speci esthrough organogenesis(Malik and Saxena,
1992). Similarly, in our studies, it was observed that TDZ is
essential for the high-frequency induction of adventitious
shoots from all kind of explants.

Transformation efficiency of 22-42% was observed and
truetransformed shootswere rooted within 1 week in selection
medium. This efficiency is high, as can be seen when
comparing this internode transformation protocol with direct
selection in kanamycin to other potato transformation
protocolsthat employ leaf segmentsasexplants (Barrell etal.,
2002; Soto et al., 2007). Soto et al. (2007) reported higher
transformation efficiency (68%) in potato cultivar Desiree
using internodal stems as explant and phosphinothricin as a
selection agent. While De Block (1988) obtained a
transformation efficiency of only 30% withthecultivarsBintje
and Desiree using phosphinothricin as selection marker.
Moreover, the leaf explants were easily injured during the
manipulation, which resulted in a low percentage of
transformation (De Block, 1988) whiletheinternodal explants
are much more resistant during manipulation and more
amenable to in vitro conditions. It was also observed that the
transformed cells were located essentialy at the section
and in the cambium/pericycle cell (Higgins et al., 1992).
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Longitudinal sectioning of internodes considerably increased
the section, with the vascular bundle zone being fully
accessible to Agrobacterium and this allowed alarge number
of transgenic buds to be obtained (Beaujean et al., 1998).
Analysisof all putativetransgenic linesusing PCR established
the presence of the nptll genein al regenerated lines (Fig. 4),
thereby confirming their transgenic status and a high rate of
successfor the Agrobacterium-mediated gene transfer system
of potato using kanamycin resistance as a selectable marker
(Barrell et al., 2002).

Based on the data of the present study, it was concluded
that the reported regeneration system is repeatable and can be
easily used to regenerate transgenic potato plants expressing
the genes present in the Agrobacteriumbinary vector T-DNA.
Using this regeneration and transformation protocol,
transgenic potato with higher contents of pharmaceutical
compounds or modified secondary metabolic profiles will be
produced in the future by approaches of specific metabolic
engineering.
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