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Abstract
Gene isolation from plants by positional cloning frequently requires several rounds of transformation. To reduce
the resources invested and to accelerate the process, we have used large DNA fragments in transformation experiments, followed by analysis of transgenic plants to assess functional complementation. Specifically, the
transformation of potato with DNA from the 106 kb BAC plasmid BA87d17 is described. The large fragment
was introduced into the potato genome by biolistic transformation, while attempting to clone the R1 gene conferring a race specific resistance to Phytophthora infestans. Thirty-one kanamycin resistant plants were regenerated of which thirteen showed the necrotic lesions typical for the hypersensitive response after infection with the
incompatible P. infestans race 4, which carries the avirulence gene Avr1. The successful complementation supported the location of the R1 gene in the BAC insertion of the BA87d17 plasmid. Based on PCR and Southern
gel blot analysis, both complete and incomplete integrations of the large construct into the recipient genome
were demonstrated.

Introduction
In plant biology, the modification of the genome by
recombinant technologies provides a tool for addressing multiple questions. For this reason, transformation techniques have become routine for many plant
species. Agrobacterium-mediated transformation is
the most popular method, but other gene delivery
systems, among them microprojectile bombardment,
have several advantages 共Potrykus 1991兲. This
method has made possible, in fact, the stable transformation of important but recalcitrant agricultural
species 共Christou 1996兲. Romano et al. 共2001兲 have
reported regeneration of transgenic potato plants via
particle bombardment.

The introduction and stable integration of DNA
fragments of 100 kb or more into plant genomes is
another step forward in transformation technology
that could accelerate the map-based cloning and
functional characterization of target genes 共Shibata
and Liu 2000兲. The construction of high-density molecular linkage maps and the preparation of genomic
DNA libraries with insertions of foreign DNA larger
than 50 kb have contributed to the success of the positional cloning strategy. Once a contig of overlapping
large insert genomic clones has been assembled for
the map region containing a gene of interest, it is
necessary to determine by functional complementation which clone in the contig contains the target
gene. This task requires transformation experiments
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with all DNA sequences in the contig that cannot be
separated from the target gene by recombination
events. When the target locus resides in a chromosomal region with low recombination frequency
and/or a low level of DNA polymorphism, several
hundred kb of sequence may have to be tested for
functional complementation. These experiments are
very laborious and time consuming when stable
transformation cannot be circumvented by transient
transformation assays. Complementation analysis using large DNA fragments, like those represented by
whole BAC 共Bacterial Artificial Chromosome兲
clones, could contribute to overcome this problem. In
addition, transformation with large DNA fragments
allows simultaneous transfer of two or more genes,
thus facilitating the molecular analysis of complex
traits. Such transformation technologies could be particularly helpful to associate quantitative agronomic
traits with specific genes via map-based cloning
共Lukowitz et al. 2000兲.
Whereas plant transformation with DNA fragments
up to circa 20 kb is routine, success in stable plant
transformation with DNA fragments larger than 50 kb
is limited. Hamilton et al. 共1996兲 reported stable integration of 150 kb of human DNA in the tobacco
genome by Agrobacterium-mediated transformation
with a binary BAC vector. A TAC 共transformationcompetent artificial chromosome兲 binary vector was
used for Agrobacterium–mediated transformation of
Arabidopsis with large DNA fragments 共Liu et al.
1999; Sawa et al. 1999; Sato et al. 2001兲. Biolistic
transformation with whole BAC DNA offers an alternative method for transferring large DNA fragments
into plant genomes. Tobacco transgenic plants have
been obtained after biolistic transformation with up to
230 kb of cotton DNA cloned in the pBACwich vector 共Choi et al. 2000兲. We examined the feasibility of
this approach in potato by using a functional assay,
which was the hypersensitive response conferred by
the R1 gene for resistance to late blight. A physical
map has been constructed in the region harboring R1
and the minimal tiling path consisted of several overlapping BAC clones, containing inserts with an average size of 80 kb. Based on genetic and sequencing
data, the BAC clone BA87d17 was the best candidate
for hosting the R1 gene 共Ballvora et al. 2002兲. The
whole plasmid DNA of BA87d17 was used for
complementation analysis of the R1 resistance phenotype in stably transformed potato plants. The results
reported here demonstrate that a DNA fragment with
a size of about 106 kb can be stably integrated into

the potato genome via biolistic transformation. In addition, we show that transgenic plants expressed the
race specific hypersensitive resistance to Phytophthora infestans, as expected when the R1 gene is
present in the BAC DNA.

Materials and Methods
Plant material and test for resistance to
Phytophthora infestans
The potato cultivar Desirée, susceptible to Phytophthora infestans, was used in all transformation
experiments. The P. infestans resistant clone
H79.1506/1 共R1r1兲 referred to as P41 in LeonardsSchippers et al. 共1992兲 was the source of the R1 gene
and was used as R1 resistant control.
P. infestans race 4 共Avr1, avr4兲 and race 1,4 共avr1,
avr4兲 were kindly provided by Dr. Francine Govers,
Wageningen University, The Netherlands. Resistance
was determined as described by Ballvora et al.
共2002兲. Plants with clear hypersensitive resistance response were classified as HR 共Figure 1 B, C兲 and
fully susceptible plants as S 共Figure 1A兲. Plants with
phenotypes intermediate between full resistance and
susceptibility were classified as URS 共unclear resistance status兲. After inoculation of detached leaves
from this group of transgenic plants with P. infestans
race 4, low and inconsistent hyphae formation was
observed.
Plasmids
The large insert plasmid, the BAC clone BA87d17
carrying the putative R1 gene 共Ballvora et al. 2002兲,
the vector pCLD04541 共Jones et al. 1992兲 used to
construct the large insert BAC library and plasmid
pAHC25 bearing the gusA gene 共Christensen et al.
1996兲 were the source of DNA for biolistic transformation. BAC plasmid DNA was isolated using the
QIAfilter Plasmid Purification Kit 100 共Qiagen,
Hilden, Germany兲 according to manufacturer’s instructions, with some modifications 共Ballvora et al.
2002兲 and used for bombardment without linearization.
Transformation via particle gun
Twenty-five to thirty g DNA of BA87d17 were
bombarded onto detached leaves. The DNA was

17

Figure 1. Complementation of the Phytophthora infestans 共Avr1兲 susceptible variety Desirée via biolistic transformation with the BAC clone
BA87d17 carrying the R1 resistance gene. Plant-pathogen interaction responses are shown 9 days post-inoculation with P. infestans race 4
共Avr1, avr4兲 on leaflets from 共A兲 untransformed Desirée 共r1r1r1r1兲 – phenotype: S; 共B兲 transgenic Desirée transformed with plasmid
BA87d17 – phenotype: HR; 共C兲 the resistant line P41 共R1r1兲 that was the source of the R1 gene – phenotype: HR; and 共D兲 the same transgenic plant as 共B兲 infected with P. infestans race 1,4 共avr1, avr4兲 – phenotype: S.

coated to 2 mg of gold resuspended in ethanol. Microprojectile bombardment was carried out using a
helium-driven BioRad PDS-1100/He 共Bio-Rad, Richmond, CA, USA兲 following the instructon protocol.
A disc-rupture pressure of 1100 psi and a vacuum
pressure of 27.5 inches of mercury were applied. The
distance between the stopping screen and the Petri
dishes containing target plant material was approximately 6 cm. The diameter of the bombarded area was
circa 2-2.5 cm. Leaves of three to four weeks old Desirée shoots grown in vitro were used for transformation. Several small leaves laying on MS medium
without kanamycin within the bombarded area were
bombarded and cultivated for 24 hours at 24 °C with
16 hours light. The following day leaves were transferred onto MS1 medium containing 300 g/ml
kanamycin and after one week onto MS2 medium in
the presence of the same amount of kanamycin.
Leaves were further incubated until the formation of
microcalli was observed. The microcalli were transferred onto kanamycin-containing 共300 g/ml兲 MS3
medium to induce the regeneration of shoots 共RochaSosa 1989兲.
Two days after bombardment with vector pAHC25
containing the gusA reporter gene, leaves were analyzed for transient GUS expression 共Gallagher 1994兲
by counting the number of blue spots under a microscope.

Isolation of total genomic DNA and Southern gel
blot analysis
Potato genomic DNA was isolated as described
共Oberhagemann et al. 1999兲. For Southern gel blot
analysis, 5 g total DNA were digested to completion with HindIII. Fragments were separated on a
0.9% agarose gel. The gel was processed and blotted
onto a membrane 共PALL, Biodyne, Portsmouth, UK兲,
according to Sambrook et al. 共1989兲. Filter hybridization with a radioactive labeled probe was as described
by Gebhardt et al. 共1989兲. The probe was about 1 kb
in length and comprised the coding DNA sequence of
the R1 gene from position 1575 to 2630, including the
leucine-rich-repeats 共LRR兲 domain 共Ballvora et al.
2002兲.
Polymerase Chain Reaction analysis
Polymerase Chain Reaction was performed according
to standard protocols 共Saiki et al. 1985兲. For PCR
analysis, small scale plant genomic DNA was
prepared using the DNeasy-Kit 共Qiagen, Hilden, Germany兲 according to the manufacturer’s instructions
with modifications. One hundred mg fresh plant material were ground by vortexing for a few seconds in
a 2 ml plastic tube containing two metal beads. After
adding AP2 buffer, the mixture was incubated for 15
min on ice and then for 30 min at ⫺ 70 °C. Primer
sequences used for PCR analysis are listed in Table
3. The annealing temperature was 55 °C in all PCR
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Table 1. Biolistic transformation of S. tuberosum cv Desirée with the plasmids BA87d17 共vector plus 77 kb potato DNA insertion兲 and
pCLD04541 共vector control; 29kb兲
Experiment

A
B
C
Total

Plasmid

BA87d17
BA87d17
pCLD04541
BA87d17
pCLD04541
BA87d17
pCLD04541

No. of kanamycin
resistant plants

2
26
2
3
3
31
5

No. of plants tested for resistance
URS1

No. of plants characterized molecularly
HR

S

URS

1
8

1
10

0
2

1
5

1

1

1

1

0

8

10

12

3

6

HR

S

1
11

0
7

1
13

共1兲 URS ⫽ plants with partial resistance status 共see materials and methods兲.

reactions. The PCR product obtained by primers
122A and 122B was transformed into a CAPS
marker: the 450 bp product amplified from Desirée
was digested by MseI in two fragments of 200 and
250 bp, whereas the fragment of BA87d17 did not
contain the MseI recognition site 共data not shown兲.
The R1 specific primers 76-2sf2 and 76-2SR have
been described elsewhere 共Ballvora et al. 2002兲.

for the transformation efficiency in experiments B and
C.
The three transformation experiments are summarized in Table 1. In total, thirty-one kanamycin resistant plants were regenerated from calli appearing with
low frequency in three independent transformation
experiments with BA87d17 DNA.
Complementation of the R1 resistance phenotype
after biolistic transformation

Results
Transformation of potato cv Desirée with the large
insert plasmid BA87d17
Production of transgenic plants 共cv Desirée兲 with the
BAC clone BA87d17 was carried out via biolistic
transformation. The shooting efficiency was assessed
by bombardment of young potato leaves with gold
particles coated with DNA from plasmid pAHC25
carrying the gusA reporter gene. Two days after bombardment, the leaves were analyzed for GUS expression. Between 250 and 300 blue spots per shot were
counted in several experiments, a frequency sufficient
to allow the selection of kanamycin resistant calli
when using a plasmid containing the nptII gene.
Under the same conditions as adopted for the control plasmid pAHC25, three biolistic transformation
experiments 共A to C in Table 1兲 were carried out, each
consisting of several bombardments with whole plasmid DNA of BAC clone BA87d17. This plasmid has
an insertion of 77 kb of potato DNA in the
pCLD04541 vector which has a size of 29 kb. The
vector alone carrying the kanamycin resistance nptII
gene was used in equimolar DNA amounts as control

Leaves of kanamycin resistant plants were tested for
response to infection with P. infestans race 4 共Avr1,
avr4兲 共Figure 1兲. Of 31 plants tested, 13 reproducibly
showed the same hypersensitive response 共HR兲 共Figure 1B兲 that was observed when line P41 carrying the
R1 resistance gene was inoculated with the same race
共Figure 1C兲. Two HR plants originated from experiments A and C while the remaining eleven HR plants
were from experiment B 共Table 1兲. Eight plants were
susceptible 共S兲, while the remaining ten plants were
of intermediate susceptibility, showing an unclear
phenotypic response to infection 共URS in Table 1兲.
The 13 transgenic plants that showed hypersensitive
resistant to P. infestans race 4 共Avr1, avr4兲 showed a
susceptible response upon inoculation with race 1,4
共avr1, avr4兲 共Figure 1D兲. It was concluded that about
40 percent of the transgenic plants transformed with
the 106 kb plasmid BA87d17 were functionally
complemented for the R1 resistance phenotype.
Molecular analysis of BA87d17 transgenic plants
Twenty-one transgenic plants representing the phenotypic categories HR, S and URS 共Table 1兲 were characterized by PCR to assess the extent to which the
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Figure 2. Schematic representation of plasmid BA87d17 共106 kb兲
showing the position of DNA sequences amplified by PCR. The
DNA fragments used to characterize the transgenic potato lines
were amplified with primers CLPD1/CLPD2 共position 400 bp 5'
after the pCLD04541 – insert junction; NPT2r/NPT2f 共2400 bp兲;
CLPD3/CLPD4 共28,000 bp兲; 122A/122B 共78,000 bp兲; c762sf2/
c76-2SR 共88,000 bp兲.

BA87d17 DNA was present in the potato genome.
Leaf DNA was amplified by the polymerase chain reaction 共PCR兲 using specific primers designed for five
different segments of the 106 kb construct 共Figure 2兲.
The primers 76-2sf2 and 76-2SR amplified part of the
R1 resistance gene 共Ballvora et al. 2002兲. Primers
122A and 122B amplified a fragment of the BA87d17
insertion other than R1 共Figure 2兲. The three primer
pairs CPLD1 / CPLD2, CPLD3 / CPLD4 and NPT2r
/ NPT2f, were designed based on sequence information of the vector on both sides of the cloning site and
of the neomycine phospho-transferase gene 共nptII兲,
respectively. Based on resistance phenotype and
presence or absence of the five PCR products, the
plants fell into eight different groups 共Table 2兲. As
expected, all plants were positive for the nptII specific PCR marker. All HR plants 共groups I to IV in
Table 2兲 had also the R1 specific PCR product. HR
plants of groups II, III and IV lacked one or both of
the amplification products derived from the vector
borders, indicating an incomplete integration of the
DNA sequences used for biolistic transformation.
The susceptible plants showed two different patterns. Plants in group V lacked all PCR products except the NPTII marker, whereas the plants in group
VI showed all three vector specific amplicons but
none of those derived from the BAC clone. Plants
with unclear resistance status were positive for all
PCR markers, similarly to those of group I 共Table 2兲,

with the exception of one plant 共group VIII兲 that
lacked one of the BAC insertion specific PCR products.
Southern gel blot analysis confirmed the correlation between the HR phenotype and integration of the
R1 gene. DNA from HR and S transgenic plants, untransformed Desirée, clone P41, the donor of the R1
gene and plasmid BA87d17 carrying R1 was digested
with HindIII restriction enzyme and hybridized with
an R1 probe 共Figure 3兲. The probe hybridized to several genomic fragments in all potato genotypes, indicating that R1 is a member of a gene family. Plasmid
BA87d17 that carries in addition to the R1 gene a
second member of the gene family 共Ballvora et al.
2002兲 showed a 9 kb HindIII fragment as was
expected from the R1 genomic sequence 共Ballvora et
al. 2002兲 and an additional 3 kb fragment corresponding to the second gene. The 9 kb HindIII fragment
共marked by an arrow in Figure 3兲 was present in the
R1 donor line P41 and in all HR plants tested, and
was absent in untransformed Desirée and in susceptible plants.

Discussion
Results described in this paper provide an important
contribution to gene cloning and characterization in a
major crop. The results we have obtained indicate that
biolistic transformation is a suitable strategy to produce transgenic plants carrying large DNA fragments.
Mullen et al. 共1998兲 and Choi et al. 共2000兲 have reported biolistic transformation of tobacco plants using YAC DNA from the fungus Cochliobolus
heterostrophus and BAC DNA from cotton, respectively. In these papers, however, the functionality of
the DNA that was integrated into the tobacco genome
was not tested. Here we show that a resistance gene
included in a BAC DNA was capable of complementing in a race specific way a susceptible genotype of
potato. Out of 31 plants regenerated from three independent transformation experiments, 13 showed the
necrotic lesions typical for the HR response after infection with the incompatible P. infestans race 4.
While the results we report here clearly support the
possibility of functionally evaluating large DNA inserts in complementation tests, it is not clear whether
the 106 kb DNA of BA87d17 were completely transferred without any DNA rearrangements, at least for
the eight resistant plants included in group I that were
positive for all PCR markers tested 共Table 2兲. The
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Table 2. Extent of BA87d17 integration in transgenic plants representing the phenotypic categories HR 共hypersensitive resistant兲, S 共fully
susceptible兲 and URS 共unclear resistance status兲. Plants were analyzed by PCR using five primer pairs positioned in BA87d17 as reported in
Figure 2. Plus 共⫹兲 and minus 共-兲 indicate presence and absence, respectively, of the specific PCR fragment
Transgenic plant groups 共No. of plants per Resistance
group兲
phenotype

76-2sf2/
76-2SR

122A/122B

CPLD1/CPLD2

CPLD3/
CPLD4

NPT2r/NPT2f

I 共8兲
II 共1兲
III 共1兲
IV 共2兲
V 共1兲
VI 共2兲
VII 共5兲
VIII 共1兲

⫹
⫹
⫹
⫹
⫺
⫺
⫹
⫹

⫹
⫹
⫹
⫹
⫺
⫺
⫹
⫺

⫹
⫺
⫺
⫹
⫺
⫹
⫹
⫹

⫹
⫹
⫺
⫺
⫺
⫹
⫹
⫹

⫹
⫹
⫹
⫹
⫹
⫹
⫹
⫹

HR
HR
HR
HR
S
S
URS
URS

Figure 3. Southern gel blot analysis of BA87d17 transformed Desirée plants. DNA of transgenic hypersensitive resistant 共HR兲 and susceptible 共S兲 plants, of untransformed Desirée 共D兲; line P41 共donor of the R1 gene兲 and BAC BA87d17 共B兲 were digested with HindIII, transferred to nylon membrane and hybridized to a R1 probe. The group to which the line belongs according to Table 2 is shown in parenthesis.
The susceptible plant marked with * was not analysed by PCR. The R1 specific 9 kb HindIII fragment present in all HR plants, in P41 and
in BA87d17 is indicated by the arrow. The fragment sizes 共in kilobases兲 are shown on the right.

available data suggest, nevertheless, that at least a
large part of a complex plasmid can be transferred in
plants, using the biolistic transformation procedure.
Agrobacterium-mediated transformation can also
transfer large DNA inserts: up to 150 kb of human
DNA were transferred, for instance, to the tobacco
genome 共Hamilton et al. 1996兲. Liu et al. 共1999兲 have
reported functional complementation in Arabidopsis
with fragments between 40 to 80 kb via Agrobacterium transformation using the TAC 共transformationcompetent artificial chromosome兲 binary vector.
However, the biolistic transformation offers a simpler
approach to the evaluation of BAC-clones for the
presence of candidate genes.
From 31 transgenic plants, while 13 showed the
typical HR response after infection with P. infestans
race 4, the others were fully susceptible or expressed

an intermediate resistance phenotype. Failure of the
transgene to complement the resistance phenotype
can be due to various reasons and is commonly observed in transgenic plants produced via Agrobacterium tumefaciens 共Whitham et al. 1994; Grant et al.
1995; Ballvora et al. 2002兲. Incomplete DNA integration, fragmentation or rearrangements either during
the bombardment process or during and after DNA
integration into the plant genome can result in transgenic plants that are not complemented. Such events
are likely to be present in several of the transgenic
lines where one or more PCR products indicative for
presence of five different DNA segments of the plasmid BA87d17 were absent. The expression of the HR
was strictly correlated with the presence of a PCR
product and a genomic HindIII fragment specific for
the R1 resistance gene. Five URS transgenic lines that
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Table 3. Primer sequences used in PCR analyses
Primer

Sequence 共5'- 3'兲

Size of PCR product 共bp兲

PCLD1
PCLD2
NPT2r

agt gag ggt taa ttt cga gct tgg
agg tgt tgc tga ctc atc cca ggc
aag aag gcg ata gaa ggc gat
gcg
tcg gct atg act ggg cac aac ag
gcg tta ccc aac tta atc gcc ttg
cag ca
gtg aaa tgg gct gca ctc c
gta gtt gag aat agg agg cct aac
ctg cta tca taa atg ata ggc aag
cac tcg tga cat atc ctc act a
caa ccc tgg cat gcc acg

750
750
700

0.4
0.4
2.400

700
500

2.400
28.000

500
400
400
1,400
1,400

28.000
78.000
78.000
88.000
88.000

NPT2f
PCLD3
PCLD4
122A
122B
76-2sf2
76-2SR

did not clearly express the HR had, nevertheless, all
PCR products expected for a complete BA87d17
plasmid, including the R1 specific fragment 共group
VII plants in Table 2兲. Small rearrangements not detected by the PCR analysis, the position effect of the
plasmid integration 共Allen et al. 1993兲, co-suppression 共Matzke and Matzke 1995兲 or DNA methylation
共Mayer et al. 1993兲 are possible reasons for this finding.
Biolistic transformation with large insert plasmid
DNA facilitated the identification of the R1 resistance
gene starting with a physical map of about 200 kb
共Ballvora et al. 2002兲. Alternative strategies available
to us were: 共I兲 subcloning and individual complementation analysis of smaller DNA fragments from each
BAC spanning the candidate region; 共II兲 increasing
the genetic resolution across the candidate region to
reduce the size of the physical map to be tested for
complementation. Both approaches would have been
more laborious and time consuming, particularly
when transient complementation assays are not available, as it is the case for testing against resistance to
P. infestans.
Biolistic transformation has been reported to be
successful in a variety of plant species, including
several that are not amenable to Agrobacterium-mediated transformation 共Potrykus 1991兲. Therefore, the
transfer of large DNA fragments and the complementation analysis of the transgenic lines is likely to work
not only in potato but also in other plant species that
can be regenerated from in vitro cultures. Application
of this strategy could accelerate the functional analysis of single genes or complex loci and the positional
cloning of plant specific genes.

Location 共kb兲 of amplified sequences
in BA87d17 共Figure 2兲
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