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Development of transgenic lines from a male-sterile potato
variety, with potential resistance to Tecia solanivora Povolny
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ABSTRACT

Male sterility is a very important characteristic for environ-
mental safety in genetically modified (GM) plants, particularly
in the release of transgenic plants in the centers of origin or
high biodiversity areas. In order to contribute to the develop-
ment of environmentally safe agricultural technologies that
allow the proper use of transgenic potato crops in Colombia,
this project developed transgenic potato crylAc of Bacillus
thuringiensis (Bt), lines that are potentially resistant to T. so-
lanivora, from the male-sterile variety Pastusa Suprema (PS)
(Solanum tuberosum ssp. andigena). Modifications were made
to the Agrobacterium tumefaciens mediated-transformation
protocol which allowed the genetic transformation of leaves of
in vitro plants, with transformation efficiencies of 22 and 37%.
CrylAc protein levels in transgenic leaves ranged from 88 to
639 ng mg" of fresh leaf tissue, suggesting a better potential
plant resistance. This is the first report on transgenic lines with
potential resistance to T. solanivora from a male-sterile variety
of S. tuberosum ssp. andigena.

Key words: Solanum tuberosum, Agrobacterium tumefaciens,
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La androesterilidad es una caracteristica de importancia en
la bioseguridad ambiental de las plantas modificadas gené-
ticamente para la liberacion de éstas en los centros de origen
o en areas de alta biodiversidad de los cultivos. Como una
contribucion al desarrollo de tecnologias agricolas medioam-
bientalmente seguras, que permitan el uso adecuado de cultivos
transgénicos de papa en Colombia, en este trabajo se desarro-
llaron lineas transgénicas de papa con el gen crylAc de Bacillus
thuringiensis (Bt), potencialmente resistentes a T. solanivora,
a partir de la variedad androestéril, Pastusa Suprema (PS)
(Solanum tuberosum ssp. andigena). Modificaciones realizadas
con Agrobacterium tumefaciens mediante el protocolo que
permitieron la transformacion genética de hojas de plantulas
in vitro, con eficiencias de transformacion de 22y 37%. En las
plantulas transgénicas se obtuvieron niveles de expresion de
la proteina Cryl Ac, con valores entre 88 a 639 ngmg ' de tejido
foliar fresco, lo cual sugiere un buen potencial de resistencia de
las plantas. Este es el primer reporte de lineas transgénicas, con
resistencia potencial a T. solanivora, a partir de una variedad
androestéril de S. tuberosum ssp. andigena.

Palabras clave: Solanum tuberosum, Agrobacterium tumefa-
ciens, transformacion genética, Bacillus thuringiensis, polilla
guatemalteca de la papa.

Introduction

Potatoes (Solanum tuberosum L.) are grown in 125 coun-
tries and consumed by more than one billion people world-
wide, and are the fourth most important food crop, after
wheat, rice and maize. Its annual production is more than
320 million t and constitutes an important dietary source
of fiber, carbohydrates, protein, vitamins C, minerals and
trace elements (Mullins et al., 2006; FAOSTAT, 2010). In
Colombia, this crop ranks fourth in agricultural produc-
tion, with 2.2 to 3.0 million t per year, and the ninth in size,
with about 128,701 ha (Agronet, 2009).
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Tecia solanivora Povolny, commonly known as the guate-
malan potato moth, is one of the principal entomological
pests of economic importance for the potato; found mainly
in Central and South America, and in parts of southeast
Europe (Child, 2004; EPPO, 2006;). This insect has become
aserious pest in Colombian agriculture, as it attacks tubers
in the field and in storage, causing losses of up to 100% of
total production (Osorio et al., 2001). To control the moth,
farmers use indiscriminate applications of chemical pesti-
cides which contribute to the selection of resistant insects,
mortality of non-target species and destruction of natural
enemies. Additionally, these substances generate pollution
and adversely affect human health (Arévalo, 2003).
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Integrated pest management programs (IPMP) of the potato
have not had enough success in the field, due to serious dif-
ficulties in implementing the management practices for this
pest. Genetically modified potato plants carrying Bacillus
thuringiensis (Bt) genes constitute a viable alternative to
produce plants which are resistant to moths (Meiyalaghan
et al., 2006; Estrada et al., 2007; Kumar et al., 2010).

In previous studies, the transformation of Colombian
potato varieties (S. tuberosum ssp. andigena) has been re-
ported (Valderrama et al., 2007). Potato lines of Colombian
varieties Diacol Capiro and Parda Pastusa expressing 0.02
to 17 ug g, CrylAc protein in tubers and fresh tissue were
shown to be able to cause 87 to 100% mortality of T. sola-
nivora larvae under laboratory and greenhouse conditions
(Torres, 2010; Valderrama et al., 2007).

Although these transgenic potato lines represent a promis-
ing future for control of the Guatemalan potato moth, in
general, the release of genetically modified (GM) organisms
for agricultural production has generated considerable
debate, particularly among the general public, biotech-
nologists, international food safety organizations and
government officials (Nap et al., 2003). The concerns are
related to the possible risk that GM plants may present to
the environment. Among the main biological risks that
have been cited are: horizontal gene transfer mainly of
antibiotic resistance, possible adverse effects in the host
organism, negative effects on non-target species, insect
resistance, increased invasive weeds, and impact on bio-
diversity (Conner et al., 2003; Chaparro, 2011). One of the
most important concerns is associated with the potential
risk of gene flow from GM crops to neighboring plants of
the same or related species, which may generate plants that
invade agricultural or natural habitats and adversely affect
biodiversity (Conner et al., 2003).

As part of the evaluation of the biosafety of transgenic
potato plants for release in centers of origin and diversity,
studies have been conducted to measure the flow of genes
from wild to cultivated potatoes (Celis et al., 2004). A
solution for the problem of possible gene flow is the use
of male-sterile transgenic potato lines. Celis et al. (2004)
suggested the use of male-sterile varieties as a basis for
field testing in the Andean region. They report the use of a
transgenic male-sterile potato variety called revolution (S.
tuberosum ssp. tuberosum X S. tuberosum ssp. andigena)
that is resistant to Globodera pallida.

In Colombia, the only male-sterile potato variety that has
been produced by conventional breeding is the so called
Pastusa Suprema variety. This variety was the result of
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the interspecific hybridization of a clone of Solanum
stoloniferum 230490 x Solanum phureja (Juz. et. Buk)
var. Yema de huevo, as the maternal parent and Solanum
tuberosum ssp. andigena var. Parda Pastusa as the paternal
parent. This new variety has high resistance to Phytoph-
thora infestans, the causal agent of gout and also has high
commercial potential in Colombian markets (Segura et al.,
2006; Lopez and Chaparro, 2007; Nustez, 2011).

The present study reports of development of transgenic
potato lines of this male-sterile variety with potential resis-
tance to T. solanivora. For this purpose, an Agrobacterium
transformation system for the variety was optimized, using
a transformation vector carrying a cassette containing the
CrylAc gene of Bacillus thuringiensis.

Materials and methods

Plant material

Plantlets of S.tuberosum ssp. andigena variety Pastusa Su-
prema were provided by Universidad Nacional de Colom-
bia, Bogota. The plantlets were aseptically micropropagated
using internodal cuts in polypropylene vials containing a
solid propagation medium (MP) consisting of Murashige
and Skoog salts (MS) supplemented with 2.0 mgL™" of
D-pantothenic acid, 0.4 mgL"of thiamine, mgL" of myo-
inositol, 20.0 gL of sucrose, 1.7 gL of phytagel (pH 5.7)
and 12 uM of silver thiosulfate (STP) sterilized by filtration
(Rodriguez et al., 2000). The plant material was grown at
an average temperature of 20£2°C, relative humidity of
60-70%, light intensity of 3,000 lux and a photoperiod of
12 h. The plantlets were subcultured every month, and
the leaves were used for transformation experiments and
kanamycin selection.

Transformation vector and Agrobacterium

The plAcPRD vector was obtained from University of
Ottawa, under a material transfer agreement (MTA).
This plasmid carries two constructs: a selection marker
cassette containing the nptII gene under regulation of
the nos promoter and nos terminator, and a cassette of
interest, which carries a sybnthetic cryl Ac gene together
with the 2X CaM V35S promoter and the nos terminator
(Fig. 1).

The vector was transferred to the Agrobacterium tumefa-
ciens LBA4404 strain by the method described by Hofgen
and Willmitzer (1988). The transformed Agrobacterium
strain was grown in 50 mL of liquid LB medium supple-
mented with 100 mgL™" of kanamycin and 25 mgL™ of strep-
tomycin, for 16 h at 28°C in an orbital shaker at 200 rpm
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FIGURE 1. Linear map of the cassette containing nptll and cry1Ac genes. RB, right border of the T-DNA region; LB, left border of the T-DNA region;
CaMV35S-2X, Cauliflower mosaic virus 2 x promoter; P nos, nopalin sintetase promoter; T nos, nopalin sintetase terminator; nptll, neomycin fos-

fotransferase gene; cry1Ac, B. thuringiensis cry1Ac gene.

and cryopreserved at -70°C for use in the transformation
experiments.

Determination of the optimal concentration of

kanamycin for the selection of transformed explants

To estimate the optimum concentration of kanamycin for
the selection of transformed explants, its effect on callus
and shoot formation and viability was evaluated as follows:
leaves approximately 5x5 mm in size from 4-week-old
in vitro plantlets were cut and placed in basal and apical
contact with the beam with a regeneration medium (RM)
which consisted of MS salts supplemented with 3% sucrose
(w/v), 0.05% casein enzymatic hydrolyzate, 1 mgL" of GA;,
40 mgL™" of ascorbic acid, 1 mg L' of IAA and 3 mgL™" of
zeatine riboside ZR (Rodriguez et al., 2000) supplemented
with different concentrations of kanamycin (0, 25, 50, 100
and 150 mgL™"). For each concentration of kanamycin, 6
petri dishes with 10 leaf explants were used. The explants
were incubated in the dark for 15 d at 20+2°C to allow callus
formation. Afterwards, during eight weeks, under a photo-
period of 12 h, the explants were transferred every 15 d to
fresh RM medium with the corresponding concentration
of kanamycin. The number of viable explants and/or calli
and shoots was then determined.

The evaluation of the response variables was done under
an experimental design of randomized blocks with 30
experimental units. The explants were considered as vi-
able when they remained green with no signs of necrosis
or chlorosis, and as non-viable when the explants were
necrotic or chlorotic in appearance.

Transformation and plant regeneration

For the plant transformation experiments, 50 mL of AB
liquid medium which consisted of 5 g L™ glucose; 50 mL
of Buffer AB (20x) (60 gL' K,HPO,,20 gL NaH,PO,,6 g
L' MgSO,7H,0); and 50 mL of AB salts (20x) (3 g L KCl,
20 g L' NH,Cl, 6 g L' MgSO,-7H,0, 0.2 g L' CaCl7H,0
and 0.72 g L' NaFe-EDTA supplemented with 50 mg L™
of kanamycin were inoculated with 100 pL of aLBA4404
strain culture carrying the plAcPRD vector and grown
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to an optical density (OD 4,) of 0.6. The culture was then
centrifuged at 1,000 g, for 30 min at 4°C, the supernatant
was discarded and the bacterial pellet was kept on ice for
the explant co-culture.

The transformation experiments were carried out follow-
ing the protocol described by Trujillo et al. (2001) with
some modifications generating two new protocols. In the
first protocol (Trujillo modified 1), acetosyringone was
added to 100 uM final concentration to AB medium MS
salts (supplemented with 1% sucrose) and RM media were
used in the activation, infection and co-cultivation steps
respectively. In the second protocol (Trujillo modified
2), the bacterial infection medium MIB which consisted
in 50 mL AB salts, 5 g glucose, 0.24 g NaH,PO,, 39 g
de MES (Sigma-Aldrich, St. Louis, MO) and 100 uM
acetosyringone finally adjusted to pH 5.6), MIB medium
(Gelvin et al., 1989; Ramirez et al., 2009) was used as the
infection medium and the infection time was prolonged
for 1 h. Transformation controls were treated in the same
manner but without Agrobacterium.

The transformation experiments were conducted under
a completely randomized design where each treatment
(transformation protocol) was done with five experimental
units. Each experimental unit was a petri dish with 10 leaf
explants of the Pastusa Suprema variety. Response variables
evaluated were: callus formation, shoot regeneration and
root formation.

Molecular characterization

PCR analysis. Total genomic DNA of the in vitro plantlets
(corresponding to the independent putative transformants)
and control plants was extracted using the protocol des-
cribed by the International Potato Center (CIP) (Ghislain
et al., 1997). PCR was done to detect the crylAc gene by
specific amplification of a 766 pb fragment. The primers
used were: CRYC1 (5-ATCTTCACCTCAGCGTGCTT-3")
and CRYC2 (5-GGCACATTGTTGTTCTGTGG-3) (Val-
derrama et al., 2007). Each PCR reaction was adjusted to a
final volume of 25 uL containing 1X PCR buffer (50 mM of
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KCl, 10 mM of Tris-HCI, pH 8.3), 1.5 mM of MgCl,, 0.2 mm
of ANTPs, 0.4 uM of each primer, 1.5 U of Taq polymerase
and 100-200 ng of genomic DNA.

DNA amplifications were performed in an iCycler™ (Bio-
Rad, Hercules, CA) thermocycler using the following
temperature profile: an initial step of 94°C for 3 min, 25
amplification cycles of 1 min, denaturation at 94°C, 1 min
annealing at 55°C and 1 min extension at 72°C, followed by
an additional extension cycle of 10 min at 72°C. The PCR
products (5 pL) were mixed with 6X DNA Loading Dye
and ran in a 1% (w/v) agarose gel at 70 V for 45 min. The
DNA bands were observed using a UV transiluminator.

DAS-ELISA assay. For this assay, extracts of leaves of in
vitro plantlets were prepared. The presence of the CrylAc
protein was detected using an ELISA kit Bt-Cryl Ab/1Ac”
(Agdia, Elkhart, IN). The ELISA protocol was performed
following the manufacturer’s instructions. Readings
were done at 650 nm in an ELISA Bio-Rad (Model 680)
Microplate-Reader (Molecular Devices, Sunnyvale, CA).
To quantitate the amount of Cryl Ac protein in pygmL™, a
standard curve was constructed using the control provided
in the kit. To determine the percentage of Cryl Ac (% Cry-
1Ac), the total protein concentration was estimated using
the Bradford method (Bradford, 1976). The OD was read
in each microplate and the ratio of pug of CrylAc protein
per ug of total protein was estimated for each transgenic
line. Additionally, we calculated: pg CrylAc per mg of
fresh leaf tissue.

Statistical analysis

Results were analyzed using SAS® 9.1 statistical software
(SAS Institute, 2003). The association between each con-
centration of kanamycin and response variables (callus
formation, shoot regeneration and viability) was determi-
ned by logistic regression analysis.

The effect of transformation protocols on callus formation,
regeneration of shoots and root formation was determined
by one-way ANOVA and Duncan test. Likewise, for each
modified protocol, the regeneration frequency and the
transformation efficiency were calculated. The first was
calculated as the number of explants that formed shoots
divided by the total number of treated explants and the
second as the number of PCR and DAS-ELISA positive
plantlets divided by the total number of treated explants.
To determine significant differences between the percent-
ages of Cryl Ac protein expression of transformed plantlets,
an ANOVA and a Duncan test for comparison of means
were performed.
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Results and discussion

Effect of kanamycin on explant regeneration and viability
Callus formation was found to be decreased with increa-
sing concentrations of kanamycin. Callous formation of
leaf explants exposed to 0 and 25 mg L™ of kanamycin was
100 and 94%, respectively, while at 50, 100 and 150 mgL™
callous formation was 70, 5 and 0%, respectively (Fig. 1).
The effect of kanamycin on shoot regeneration was obser-
ved on leaf explants cultured in kanamycin concentrations
equal to or greater than 50 mgL™". The percentage of shoot
regeneration at this concentration was 0% (Fig. 1). Addi-
tionally, 99% of the explants were not viable at 50 mgL" of
kanamycin. This was evidenced by the calli not being able
to produce shoots and by the appearance of the explants,
which became oxidized and necrotic. (Fig. 2).
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FIGURE 2. Effects of kanamycin concentrations on the callus formation
and regeneration of explants. The vertical bars indicate standard de-
viation.

The Pastusa Suprema variety was able to tolerate levels of
kanamycin of 25 mgL", with explants remaining green
at this dose, with many calluses and high percentages of
shoot regeneration at week 3 of the culture . Furthermore,
concentrations equal to or above 50 mg L™ were toxic to the
explants, drastically inhibiting shoot formation.

Analysis of these data allowed for the selection of the con-
centration of 100 mgL™" of kanamycin for the selection of
transformed leaf explants. Higher antibiotic concentrations
were not used because they could exert strong selection
pressure and cause the loss of transformed explants by
oxidation due to necrosis or chlorosis of non-transformed
tissues (Quissen et al., 2009).

The effect of kanamycin on callus formation and regenera-
tion has been extensively studied in S. tuberosum. In most
studies, concentrations above 50 mg L™ have been used
and 100 mg L is the most common concentration used
for the selection of transformed leaf explants (De Block,
1988; Tavazza et al., 1988 Wenzler et al., 1989; Visser et al.,
1991; Beaujean et al., 1998; Trujillo et al., 2001; Banerjee et
al., 2006). The toxic effect of kanamycin observed at these
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FIGURE 3. Regeneration of transformed Pastusa Suprema leaf explants in regeneration medium RM media supplemented with kanamycin 100 mg L
A, Calli produced 3 weeks after transformation. B, Regeneration of shoots at 5 weeks after transformation. C, Stems grown at 6 weeks. D, Regene-
ration after 8 weeks. Source photographs: Torres, E.S.

TABLE 1. Regeneration and transformation frequency obtained in the transformation protocols.

% Explants with callus % Explants with shoots % Shoots with roots % Regeneration % Transformation

Treatments

(mean=sp) (mean=sp) (mean=sp) frequency® efficiency®
Trujillo 9.0+£29 0 0 0 0
Trujillo M1 38.0+£4.0 28.0+4.0 28.0+£4.0 28 22
Trujillo M2 52.0+3.3 44.0+4.6 44.0+4.6 44 37

“Regeneration frequency was calculated as the number of explants that formed shoots divided by the total number of treated explants. ® Transformation efficiency was calculated as the number
of PCR, DAS-ELISA positive seedlings divided by the total number of treated explants. Trujillo M1, acetosyringone in AB medium MS salts and regeneration medium for activation, infection and

co-cultivation steps respectively. Trujillo M2, the bacterial infection medium MIB and acetosyringone prolonged 1 h.

concentrations is explained by its direct action on mito-
chondria and chloroplast ribosomes of plant cells, resulting
in inhibition of protein synthesis. This causes failures in the
synthesis of chlorophyll evidenced by chlorosis and growth
inhibition (Brasileiro and Aragéo, 2001).

Transformation and regeneration of the potato lines

Comparison of transformation protocols showed that the
method by Trujillo et al. (2001) produced 9% callus forma-
tion but no shoot regeneration. Friable calli were produced
but they became oxidized. The Trujillo modified 1 protocol
gave 38% callus formation and 28% shoot regeneration
frequency. When Trujillo modified 2 Protocol was used,
52% of explants formed callus and 44% regenerated shoots
(Tab.1 and Fig. 3). In both protocols, all regenerating shoots
were transferred to a MP medium supplemented with kana-
mycin, in order to form rooted plantlets. Statistical analysis
showed that callus formation, shoot formation and root
formation differed significantly in the modified protocols
with respect to the original protocol by Trujillo et al. (2001),
with Trujillo modified 2 being significantly better.

The results show that the protocol published by Trujillo
et al. (2001) is less efficient for the transformation of PS.
However, the success of this protocol for transformation
of other varieties of S. tuberosum ssp. andigena (Diacol
Capiro and Parda Pastusa, among others) suggests an
influence by the genotype on the regeneration efficiency,
and transformation (Dale and Harnpson, 1995; Heeres et
al., 2002). This is especially important when considering
that PS is an interspecific hybrid, unlike the Parda Pastusa
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and Diacol Capiro varieties, and therefore there may have
a marked influence from the genotype. The results of this
study, together with other reports in the literature, favor the
dependency relationship between genotype and transfor-
mation, although others claim that transformation is inde-
pendent of genotype (De Block, 1988; Kumar et al., 1995).

The large difference between the transformation efficiency
of the original protocol of Trujillo et al. (2001) and the
modified protocols is probably due to the addition of ace-
tosyringone to all the culture media used for transforma-
tion, as this substance acts as a transcriptional activator
of the vir genes, which encode proteins responsible for
transfer of T-DNA into the plant genome (Stachel et al.,
1986; Gelvin, 2006). This is in agreement with reports by
Hamdi et al. (2003) who had higher rates of transforma-
tion and regeneration when acetosyringone was added at a
concentration of 10 mg L™ to a co-culture medium during
A. tumefaciens mediated genetic transformation of the S.
tuberosum var. Desirée. Henzi et al. (2000) were also able
to observe increases in the efficiency of transformation of
Brasica oleracea L. var. Italics, with the addition of aceto-
syringone to the infection medium.

Moreover, the difference between the frequencies of trans-
formation in the Trujillo modified 1 and Trujillo modified
2 protocols might have been influenced by the parameters:
time of infection and infection medium, since these were
the basic differences between the two protocols.

The infection medium MIB (Gelvin et al., 1989) used in
Trujillo modified 2 contains substances that activate the
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virulence of Agrobacterium: glucose and acetosyringone
(Doty et al., 1993; Gelvin, 2003; Gelvin, 2006; Higgins et al.,
1992), and compounds which act as buffers or pH stabiliz-
ers: sodium dihydrogen phosphate (NaH,PO,), morpholino
ethanesulfonic acid (MES) (Gelvin, 2006).

Glucose may also be involved in stimulating the virulence
of Agrobacterium. Monosaccharides such as glucose,
fucose, arabinose and acids such as D-glucuronic acid
and D-galacturonic have been identified as inducers of
vir genes of Agrobacterium. The ChvE gene is required
for the induction of the vir genes by sugars (Doty et al.,
1993; He et al., 2009). Peng et al. (1998) and Ramirez et al.
(2009) reported that an important condition for achieving
high vir gene induction is the presence of glucose in the
infection medium. Glucose is generally substituted for
sucrose in the activation and infection media. However,
this substance is not as effective as the co-inducer of vir
genes (Gelvin, 2006).

NaH,PO, and MES can affect vir gene expression due to
the interactions that occur between the pH, temperature
and inorganic phosphate levels (Gelvin, 2006). In some
cases, the environment surrounding wounded plant cells
is inhibitory to bacteria because of acid exudates of plant
cells (Gelvin, 2006). It is necessary to ensure that Agro-
bacterium is in an environment or culture medium with
good buffering capacity, to help facilitate transformation
(Kanemoto et al., 1989).

The MES concentration appears to be critical to determine
the transformation efficiency. Ramirez et al. (2009) used
the culture media MIB, PIM2 (Aldemita and Hodges,
1996) and Gelvin-Liu (Gelvin and Liu, 1994) for infec-
tion and co-cultivation in the genetic transformation of
the tomato var. Unapal-Arreboles. These media differed
only in the concentration of MES (20, 75 and 50 mM,
respectively). Transient expression of the B-glucuronidase
gene (GUS) used was increased when the MIB medium
was used.

For the influence of the time of infection in the frequen-
cies of transformation, it has been reported that successful
transformation of explants can depend on the time of ex-
posure with the inoculum; if it is very long, high-mortality
of plant cells occurs due to bacterial infection and if it is
very short, only transient expression might be observed
(Ramirez et al., 2009). Most research in potato transfor-
mation (S. tuberosum spp.) proposes inoculation times
between 2 and 15 min (Gustafson et al., 2006; Trujillo et
al.,2001). However Lopez and Chaparro (2007) inoculated
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FIGURE 4. Amplification of the cry7Ac gene by PCR in putative trans-
formed plantlets. Lane 1, 100 bp molecular weight marker; lanes 2-11,
putative transformed plants; lane 12, negative control (non-transformed
plantlet); lane 13, positive control (transgenic line 40.7 a DC); lane 14,
p1AcPRD vector; lane 15, absolute control (no DNA mix).

explants for 30 min, while others, like De Block (1988), per-
formed a single inoculation and co-culture for 2 d. Finally,
others, like Hamdi et al. (2003) and as in the present study,
had success using 1 h of infection in darkness.

Molecular characterization
The presence of the crylAc gene was evaluated by PCR in
38 putative transformants, showing the expected band of
766 bp corresponding to the amplification product of the
crylAc genein 31 plants. The non-transformed control plant
was PCR negative (Fig. 4).

All 31 PCR positive lines were tested by ELISA to determine
CrylAc protein expression. All lines expressed CrylAc
protein. The CrylAc protein percentage ranged between
2.5 and 6.4% of the soluble proteins extracted from the leaf
tissue of in vitro plants, corresponding to expression levels
between 88 and 639 ng mg" of fresh-leaf tissue (Tab. 2).

TABLE 2. Bt transgenic lines of the Pastusa Suprema variety with the
highest Cry1Ac protein expressions.

Plants grown in kanamycin Cry1Acng protein / mg of leaf tissue

PS 40.10 614
PS 4013 573
PS 4014 575
PS 4017 492
PS 4018 491
PS 40.23 469
PS 40.24 463
PS 40.27 639

According to the PCR and DAS-ELISA analysis, the
transformation protocols Trujillo modified 1 and Trujillo
modified 2 were effective for regenerating transgenic po-
tato shoots. Transformation efficiencies were 22 and 37%,
respectively. The difference between these efficiencies
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confirms the effectiveness of the changes made in the
Trujillo modified 2 protocol to induce Agrobacterium viru-
lence and consequently increase the number of transgenic
shoots. The obtained transformation efficiencies are higher
than those reported by Lépez and Chaparro (2007), who
obtained initial transformation efficiencies of 31.0+2.5%,
expressed in the formation of callus and a final eficiency
of 30%, based on the GUS assay.

The difference in the level of expression of Cryl Ac protein
in the transgenic plants obtained in this study (88 to 639
ng mg" of leaf tissue) can be explained by the fact that
such variation in expression is common between popula-
tions that are independently transformed with the same
transgene (Meiyalaghan et al., 2006; Estrada et al., 2007).
This unpredictability of transgene expression is usually
attributed to differences in the integration site of the T-
DNA into the plant genome (Conner and Christie, 1994;
Davidson et al., 2004) and or differences in the number of
gene copies (Hobbs et al., 1993). Therefore, further work
is required for the determination of the number of crylAc
gene copies by Southern blot or real time PCR, in order to
relate the differences found in the crylAc gene expression
with the gene copy number.

These results are similar to those obtained in other studies
of genetic transformation of plants with cry genes, includ-
ing transgenic lines with cry genes under the regulation of
the CaM V35S promoter (Meiyalaghan et al., 2006; Estrada
et al., 2007; Valderrama et al., 2007; Jacobs et al., 2009;
Kumar et al., 2010).

The levels of protein expression in vitro in our study (639
ng mg" of leaf tissue) are comparable with those reported
by Torres (2010) on the expression of the CrylAc protein
in DC variety in vitro plantlets (to 620 ng/mg of leaf tis-
sue), also under the control of the CaM V35S 2X promoter.
Nevertheless, they are superior to those obtained by Es-
trada et al. (2007) in greenhouse plants, resulting from the
transformation of the potato ND5873 line with the crylAc
gene under regulation of the CaMV35S promoter-1X (up to
0.58 ng/mg of leaf tissue). This difference in Cryl Ac expres-
sion may be due, among other factors, to the variety used
for each study, the transformation vector (the promoter
having great influence), the plant tissue and the growth
condition (in vitro or greenhouse) (Valderrama et al., 2007;
Torres, 2010; Vanegas et al., 2010). Of the above factors,
the most important factor is probably the use of the 2X
CaMV35S promoter. The results of several studies suggest
greater activity of the CaM V35S 2X promoter for protein
expression compared to the single promoter (1X) (Torres,
2010; Vanegas et al., 2010). In a study on CrylAb protein

expression in potato tubers, it was found that the amount
of this protein was three to four times higher under the
CaMV35S 2X promoter compared to the single promoter
(Canedo et al., 1998).

The high CrylAc protein expression in the leaves of the
transgenic plantlets obtained in this study could sug-
gest a potential high expression in tubers. Valderrama
et al. (2007), who also transformed varieties of potato
S. tuberosum ssp. andigena with the crylAc gene under
regulation of the 2X CaMV35S promoter, found CrylAc
protein expression levels between 0.02 and 17.00 ng g of
tuber tissue. Additionally, Torres (2010) reported increased
levels of Cryl Ac protein expression in fresh tuber tissue (up
to 1528 ng/mg of tuber tissue) as compared to the levels
obtained in in vitro leaves (210-620 ng/mg tissue). Other
studies have also reported a correlation between the Cry
protein expression in leaves and tubers (Caiiedo et al., 1998;
Estrada et al., 2007; Jacobs et al., 2009; Kumar et al., 2009;
Meiyalaghan et al., 2006).

Since high levels of crylAc gene expression were obtained
in the PS transgenic lines developed in this study (88 to 639
ng mg"), it is possible that the resistance to T. solanivora of
these lines is good, considering that tubers from transgenic
plants that express similar quantities of Cryl Ac protein in
leaf tissue have shown between 80 and 100% larval mortal-
ity (Valderrama et al., 2007; Torres, 2010).

Conclusions

In this study, two protocols were optimized for the genetic
transformation of the male-sterile Colombian potato vari-
ety Pastusa Suprema. These protocols allowed the transfor-
mation of this variety with transformation efficiencies 22
to 37% better than other protocols previously reported by
other authors. The availability of these protocols allows the
possibility of introducing other agronomically important
genes, such as those conferring resistance to other pests
and/or abiotic stress.

The transgenic Pastusa Suprema male-sterile variety pro-
vides a basis for solving the problem of gene flow in potato
in the Andean region. The possibility of using these lines
in national markets will require safety assessments of the
phenotypic characteristics of substantial equivalence and
productivity as well as biosafety trials under greenhouse
and field conditions. This is the first report to our knowl-
edge on the development of cryl Ac transgenic potato lines
potentially resistant to T. solanivora, developed from a
male-sterile variety.
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