Identification of potato genes

involved in Phytophthora infestans resistance

by transposon mutagenesis

NTRALE LANDBOUWCATALOGUS

0000 0872



Promotor:

Co-promotor:

dr. ir. E. Jacobsen
Hoogleraar in de Plantenveredeling
in het bijzonder genetische variatie en reproductie

dr. A. Pereira
Clusterleider Gencomanalyse

BU Genomica, Plant Research International B.V.




PrjoZ 20t enof Stellingen

1. De transpositie activiteit van het autonome mais transposon Ac in aardappel wordt
bepaald door de genoom positie.
Peterson, P.A. (1977) The pasition hypothesis for controlling elements in maize.
In DNA insertion elements, plasmids and episomes (Bukhari, A.l., Shapiro, J.A.
and Adhya, S., eds). New York: Cold Spring Harbor laboratory, pp. 429-435.
Dit proefschrift.

2. De resistentie reactie geinduceerd door een dominant R gen is altijd afhankelijk
van de expressie van andere genen.
Dit proefschrift

3. Elkgeniseen QTL.

4. Nu we met het beschikbaar komen van de humane DNA-sequentie het "boek des
levens” grotendeels in handen hebben, zullen we opnieuw moeten leren lezen.

5. Transposons zijn er omdat ze in staat zijn zichzelf te vermenigvuldigen, het lijken
wat dat betreft wel mensen.
Vrij naar Ronald Plasterk, Het nut van junk-DNA, Intermediair, 17 september 1998.
6. Elke boer is een biologisch ondernemer, ook de biologische boer.
7. RSl is een gevolg van werkhouding.
8. Rondom DNA bestaan veel misverstanden.
Stellingen behorende bij het proefschrift: “Identification of potato genes involved in

Phytophthora infestans resistance by transposon mutagenesis”, door L. J. G. van
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Bibliografic abstract Potato genes acting in the R7 type HR resistance reaction upon
infection with Phytophthora infestans were identified using a transpason tagging strategy in
diploidised potato. Somatic and germinal Ac and Ds transposition was characterised both
phenotypically and malecularly. Protoplast isolation and cell specific selection for Ds excision
enabled the direct selection of somatic excision events, resulting in the regeneration of a
potato transposon tagged population with predominantly new independent Ds mutations.
Inoculation with P. infestans race 0 and quantification of the HR resistance response identified
four putative transposon tagged mutants that showed a distinct altered R7 resistance
response. Sequence analysis on the Ds insertions in one mutant identified significant
homology to receptor kinase-like proteins. in total 11 different Solfanum tuberosum protein
kinase {StPK) homologs were isolated and the transposon mutated StPKs were designated
rort and rpr2, genes required for P. infestans R1 resistance.

Key words Solanum tuberosum, Phylophthora infestans, Ac/Ds transposon tagging, somatic
selection, R gene mediated resistance
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Chapter 1

General introduction




Chapter 1

Potato and Phyfophthora infestans

Potato is one of the world's most important food crops, exceeded only by maize, rice
and wheat in total production {(FAO, 2000). In The Netherlands, potato is the largest
food crop with a total production of 8,200,000 metric ton in 1999 (FAO, 2000). The
most serious disease affecting a potato crop during the growing season is late blight, in
Dutch ‘de aardappelziekte’. Destruction of foliage and stems, particularly under moist
and warm weather conditions, results in serious harvest damage, which is followed by ’
a decay of tubers while in storage. |
The first outbreak of late blight in Europe was reported by the end of June 1845
in Belgium and extended all over Europe during that season (Bourke, 1964). Losses in
the potato crop were most severe in Belgium, The Netherlands and northeast of
France. In 1846 the effect of the late blight attack was most dramatic in Ireland where
in early August the crop was destroyed in most areas and the year which followed
marked an intense period of great hunger, the Irish Potato Famine (Salaman, 1949).
By 1851 the population of Ireland had decreased by 2,5 million people due to |
starvation, disease and emigration.
The fungus causing this devastating potato disease was named by de Bary in
1876 Phytophthora infestans (Mont.) (Bary, 1876). The genus Phytophthora is
classified in the family Pythiaceae and belongs to the class oomycetes, order
Peronosporales. Oomycetes have many fungus-like characteristics but biochemical
and phylogenetic analyses of ribosomal and mitochondrial gene sequences suggest
that comycetes be more closely related to golden-brown algae and heterokont algae in
the Kingdom Protista (Kumar and Rzhetsky, 1996; Paquin ef al., 1997; Peer and de
Wachter, 1997).
Nowadays P. infestans is still worldwide the main pathogen of the potato crop.
Detection of the A2 mating type in Europe in the early 1980s indicated that the
papulation composition of P. infestans was changing. Also in The Netherlands the P.
infestans populations were much more diverse then those prevailing before 1980
{Drenth ef al., 1993; 1994). The displacement of old populations by genotypically new
ones and subsequent migrations in the 1980s and 1990s resulted in increasingly
diverse P. infestans populations all over the world {Fry et al., 1993; 1992; Goodwin,
1997). in The Netherlands an increase in the severity of potato late blight epidemics is
observed since 1979 (Zwankhuizen and Zadoks, 1998).
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Chapter 1

Chemical control by application of fungicides is still the most important measure
for controlling a potato late blight epidemic. This generates environmental concern and
also contributes to the emergence of resistant isolates (Davidse ef al., 1981). In the
short term, a reduction of the volume of fungicides used can be achieved by increased
efficacy of compounds (Egan et al., 1995) and, to a lesser extent, by substitution of
calendar spraying with supervised control via decision support systems {Schepers et
al., 1995). In the long term, resistant potato cultivars should reduce the dependence on

fungicides.

Resistance to Phytophthora infestans

Disease development of P. infesfans in potato is well studied and characterised
{Coffey and Gees, 1991). P. infestans enters the plant by penetration of an epidermal
cell. Branching hyphae expand from this site of penetration through the intercellular
space and feeding structures, known as haustoria, enter neighbouring cells. In this way
the hyphae colonises the leaf, finally resulting in sporulation. These spores can be the
start of a late blight epidemic in the field when weather conditions are favourable.

In a resistant potato genotype the infection process is blocked at an early stage
due to recognition of the pathogen and subsequent activation of host defence
responses. Potato breeding for resistance to P. infestans in the first decades of the
20™ century resulted in the identification of P. infestans resistance genes from the
Mexican wild species Solanum demissum (Black et al., 1953; Mastenbroek, 1952} and
8. stoloniferum (McKee, 1962). Segregation analysis among tetraploid potato cultivars
demonstrated the Mendelian inheritance of these resistances as single dominant
factors (Malcolmson and Black, 1966; Mastenbroek, 1952). In total 11 R (resistance)
genes were identified in the hexaploid wild species Solanurn demissum and
introgressed in tetraploid potato cultivars {Malcolmsaon, 1969; Umaerus ef al., 1983;
Wastie, 1991).

In R gene resistant potato genotypes with high resistance levels, a group of
cells around the first site of attempted infection display the hypersensitive response
(HR) leading to local cell death causing necrotic spots and stopping the P. infestans
infection. This activation of HR is highly specific and is induced in a specific genotype

upon recognition of a specific race of the pathogen. Many plant species use the HR
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Chapter 1

response to defend themselves against infection by viruses, bacteria, fungi,
oomycetes, nematodes, insects, and even other plants. The mechanism is
characterised by the gene-for-gene relationship that requires a specific resistance (R)
gene from the plant and a corresponding avirulence (Avr) gene from the pathogen
(Flor, 1942; Hammond-Kosack and Jones, 1997; Keen, 1990). Without these genes
plant defences are not quickly activated and infection by the pathogen is permitted. R
genes in most species do not provide durable resistance because of the rapid
evolution of new virulent races of the pathogen. Plants and pathogens can harbour a
number of corresponding pairs of resistance and avirulence genes that interact to
provide the signals for induction of disease resistance (Keen, 1990). To understand
how specific plant defence is regulated, it is necessary to learn the nature of the R and
Avr gene products, the way they interact, and the chain of events that result.

Due to the rapid occurrence of virulent races of P. infestans, R genes as a
source of resistance have been abandoned and breeding efforts started to concentrate
on the increase of unspecific resistance to P. infestans which seems to be
polygenically inherited (Umaerus ef al., 1983; Wastie, 1991) and is found in S.
demissum and in other wild Solanum species (Colon and Budding, 1988; Toxapeus,
1964). This horizontal resistance to P. infestans is, however, methodologically difficult
to test and frequently the resistance reaction cannot be separated from the effect of
major R genes present in the same genetic background {Colon and Budding, 1988;
Gees and Hehl, 1988; Graham, 1963; Swiezynski ef af., 1991).

Genetic mapping

Since the first maize map in 1935 (Emerson st al., 1935), maps of morphological
characters and later isozymes have been published, however these have often limited
numbers of characters per linkage group. With the development of the DNA based
methods RFLP (restriction fragment length polymorphisms; Botstein ef af., 1980),
RAPD (randomly amplified polymorphic DNA; Williams ef al., 1990) and AFLP
(amplified fragment length polymorphism; Vos ef al., 1995) detailed linkage maps have
been developed for a number of species, including potato.

The tetrasomic inheritance of the potato crop prevented the development of a
classical genetic map of potato. Dihaploids made genetic analysis more
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Chapter 1

straightforward, although male sterility and self-incompatibility prevented the
construction of pure potato lines. Therefore, the first molecular marker maps of potato
were derived from highly heterozygous diploid parents (Bonierbale et al., 1988,
Gebhardt et al., 1991; 1989). The use of molecular markers in diploid populations,
segregating for specific resistances to nematodes, viruses and oomycetes, enabled
the localisation of several resistance genes on the potato genome.

The top arm of chromosome 5 has been shown to contain a number of
resistance loci including Rx2 conferring extreme resistance to most strains of the virus
PVX (Ritter ef al., 1991); the P. infestans resistance gene R7 (Leonards-Schippers et
al., 1992); Gpa giving resistance to the nematode Globodera paliida (Kreike et al.,
1994); Nb conferring hypersensitive resistance against the virus PVX (Jong ef &/.,
1997) and Grp1 contributing major resistance to a G. rostochiensis strain and partial
resistance to a G. pallida strain (Rouppe van der Voort et a/., 1998). In this same
chromosome V region a homolog of the tomato Pseudomonas syringae pv. lomato
resistance gene Pfo was identified by PCR analysis {Leister et al., 1996). QTL
mapping in 8. tuberosum lines identified strong effects on P. infestans foliage
resistance {Lecnards-Schippers ef al., 1994}, tuber resistance, foliage maturity, vigour
(Collins et af., 1999; Oberhagemann et al., 1999} and tuberization (Berg ef al., 1998) in
this chromosome 5 region. These QTLs very likely represent minor genes in many
genotypes that play a role in both P. infestans resistance and developmental
processes which indirectly influence the resistance response. This potato genomic
region is therefore, one of the most interesting chromosomal locations for studying the
evolution of resistance gene mechanisms in the Solanaceae.

R gene isolation

Over the last few years a large number of resistance genes (reviewed in Hammond-
Kosack and Jones, 1997) have been isolated. In the complex genome of maize, the
HM?1 gene, which confers resistance to the fungal pathogen Cochliobolus carbonum
race 1 was first cloned by transposon-induced mutagenesis (Johal and Briggs, 1992).
The availability of a high density RFLP map (Tanksley ef al., 1992) combined with an
indirect resistance screen and the availability of near isogenic lines made tomato
amenable to positional cloning. The Pto? gene, conferring resistance to avrPfo races
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of P. syringae pv. tomato, was the first resistance gene to be isolated using a map-
based-cloning strategy (Martin ef al.,, 1993). Genetic mapping in Arabidopsis combined
with the availability of a mutant phenotype enabled the localisation and map-based-
cloning of RPS2, conferring resistance to P. syringae avrRpt2 (Bent et al., 1994). The
isolation of resistance genes was continued by the application of the maize
transposable elements Ac or Ds combined with positive selection schemes for the
tagging of the mapped fungal resistance gene Cf-9 in tomato {Jones ef al., 1994) and
the viral resistance gene N in tobacco (Whitham ef al., 1994). In flax, using a linked Ac
(29 cM), one mutant was selected which facilitated the isolation of the L6 resistance
gene (Lawrence ef al., 1995). In subsequent years advances in map-based-cloning
strategies using high density linkage maps in rice, tomato and Arabidopsis have
resulted in the isolation of almost 20 resistance genes to date.

The development of high-density linkage maps in potato was stimulated by the
availability of the AFLP technique (Eck ef al., 1995; Vos ef al., 1995). The generation
of many closely linked markers is a prerequisite for accurate map-based cloning
strategies. The potato virus X resistance gene Rx? (Bendahmane ef al., 1999) and the
G. palflida resistance gene GpaZ2 (Vossen et al., 2000), both located and linked in a
cluster on chromosome 12, are the first potato resistance genes isolated using a map-
based-cloning approach.

Among the isolated R genes, 5 classes are identified based on common
characteristics that include the nuclectide binding site, leucine-rich repeats, a
transmembrane domain and a serinefthreonine protein kinase domain (Bent, 1996;
Ellis and Jones, 1998; Hammond-Kosack and Jones, 1997). Genetic mapping of
resistance gene specificities has indicated that they frequently cluster at complex loci
and cosegregate with different resistance specificities (Jia et al., 1997; Leister of al.,
1996; Ori et al., 1997; Pan et al,, 2000; Parniske et al., 1997; Song et al., 1997). The
shared motifs among R proteins identified in different plant species and for different
pathogen types, suggest conservation in caontrolling strain-specific pathogen resistance
in plants by similar signalling mechanisms. Despite these significant insights into R
gene structure, much remains to be elucidated about the mechanisms by which R
proteins recognise pathogens and transduce this information in the plant cell to initiate
defence responses.

On the basis of the gene-for-gene model, R genes were suggested to encode
receptors specific for the corresponding Avr gene product. One structural motif shared
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Chapter 1

by almost all isolated resistance genes is the leucine-rich repeat (LRRY), which is found
to be involved in protein-protein interactions (Kobe and Deisenhofer, 1994; Leckie et
al., 1999). It has been postulated that the product of an avirulance gene directly
interacts with the LRR region, triggering a pathway that eventually leads to HR. Recent
evidence for an in planta interaction was found for the NBS-LRR R protein RPS2 and
the Avr protein AvrRpt2 in Arabidopsis protoplasts (Leister and Katagiri, 2000).

Receptor-like protein kinases identified in tomato (Pto and Pti; Martin &t al.,
1993; Tang et al., 1996; Zhou ef al., 1995) and rice (XA21; Song ef al., 1995) probably
play an important role in activating the downstream signalling by phosphorylation after
recognition between the R protein and the Avr product. While this interaction seems to
be highly specific, in several species it is shown that R gene mediated HR resistance
responses are not always complete, indicating that other genes play an additional role
in their expression levels (El-Kharbotly ef al.,, 1996b; Hammond-Kosack and Jones,
1994; Ordoriez et al., 1997).

Maize transposable elements

A transposable element is a piece of DNA that can move around the genome and is
recognised phenotypically when it inserts into a gene and causes a visible mutation.
The characteristic property of a transposable element mutation is somatic instability
displayed as variegation or chimerism for wild type and mutant sectors. This feature is
common to the class of active transposable elements that transpose via a DNA
intermediate, by a cut-and-paste mechanism.

McClintock’'s genetic studies in maize (Zea mays) resulted in the initial
discovery of elements that caused chromosome breakage displayed by the loss of
visual genetic markers (McClintock, 1948; 1950). The site of chromosome breakage
was termed Dissociation (Ds), and the element inducing the breakage events in frans
was called the Activator (Ac) (McClintock, 1947). The critical discovery was that the
site of breakage (Ds) could move (franspose) to another position, resulting in gene
insertion and disruption of function. This could be restored by Ac element mediated
excision of the Ds element from the disrupted gene {(McClintock, 1951). The molecular
isolation and characterisation of the maize Ac-Ds eiements suppiied the evidence that

the autonomous Ac encodes an element specific transposase protein (Fedoroff et al.,
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1983). Members of the Ac-Ds family contain a specific 11 bp terminal inverted repeat
(TIR) and create an 8 bp target site duplication {TSD) on insertion. The 4.565 kb long
Ac element produces a 3.5 kb mRNA which encodes an 807 amino acid putative
transposase (Kunze et al., 1987; Pohiman et al., 1984). This protein has been shown
in vitro to bind to subterminal sequences at the termini, which are essential for
transposition (Kunze and Starlinger, 1989).

Different endogenous transposable element systems are also found in maize
{Peterson, 1987) as well as in Anfirrhinum majus (snapdragon; Coen et al., 1989) and
Petunia hybrida (Gerats ef al., 1990) and in at least 35 other plant species (Nevers ef
al., 1988). In fact all living organisms probably contain transposable elements at some
time in their history but they have not all been genetically characterised as in maize. In
some cases these elements are not mobile at present, but are recognised only by the

characteristic structural features of transposable elements (Flavell et al., 1994).

Transposon tagging strategies for gene isolation

Transposon tagging enables the isolation of genes based on mutant phenotypes and
does not require prior knowledge of the gene’s primary function. A mutant allele which
is genetically "tagged’ with the transposon, can be molecularly isolated by homology to
the cloned transposon-tag sequences. DNA sequence information of the transposons
can also be used to design primers to isolate the flanking DNA of the tagged gene by
PCR. The adjacent gene sequence of the cloned mutant allele is then used to isolate
the corresponding wild type gene (Pereira, 1998; Walbot, 1992). This technique is
particularly suited for the isolation of genes, whose product is unknown or produced in
too little quantities to permit analysis. The scope of transposon tagging is limited by the
fact that not all genes display a mutant phenotype when inactivated. This situation can
be remedied by the use of heterologous transposons which are modified to function as
gene detectors, without necessarily causing a mutant phenotype (Pereira, 1998).

The molecular isolation and characterisation of the maize transposable element
Ac directly lead to the isolation of the Bz gene that was ‘tagged’ by this element
(Fedoroff et al., 1984). Transposon tagging experiments in maize with specific
autonomous elements vielded tagged mutants at frequencies of 10 to 10°® (Déring,
1989). Efforts to increase mutation frequencies at target loci originally made use of
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well-characterised high transposon lines. Studies on the transpositional behaviour of
the Ac elements revealed that the {ransposed elements reinserted predominantly at
positions linked to the original donor site. This information led to the development of
strategies (Walbot, 1992) for the use of autonomous elements close to the target locus
for tagging, and consequently to high tagging efficiency leading to the isolation of
genes involved in plant phenotypes.

In plant species lacking well-characterised transposons, the transposable
elements Ac-Ds (Baker et af., 1988), En-I(Spm} (Masson and Fedoroff, 1989; Pereira
and Saedler, 1989), Tam3 (Martin et al., 1989) and Tnt7 (Lucas ef al., 1995) have
been shown to be functional. To monitor excision of transposable elements in
heterologous plant species, phenotypic assays were developed using selectable
(antibiotic resistance) or visual marker genes (reviewed in Haring et al,, 1991; Pereira,
1998). In a typical construct the transposon is inserted in the 5' untranslated leader of a
marker gene, blocking its expression. Excision of the element in the plant restores the
activity of the marker gene, which can be visualised as resistance to the particular
antibiotic. Reinsertion of a transposed element can be selected for when the non-
autonomous element contains a marker gene (Masterson et al., 1982). Thus the use of
a combination of markers for excision and examination of the element presence
reveals that the complete process of transpaosition has taken place.

The use of transposition markers enabled the comparison of the germinal
excision frequency (Jones et al., 1989; Schmidt and Willmitzer, 1988} i.e. the fraction
of seedlings displaying excision events, inherited through the germ line and excluding
somatic events, among the total number of seedlings in the progeny of a plant.
Combined with molecular evidence it was also shown that most properties and
features of transposition in heterologous species were found similar to that in maize,
e. g. target site duplications and excision footprints. The behaviour of Ac to transpose
to positions that are closely linked to the original donor site has now been observed in
several heterologous species (reviewed in Pereira, 1998). An interesting deviation is
found in the excision rate of Ac, which shows a negative dosage effect in maize {e.g. 1
Ac element displays twice the variegation as 2 Ac elements), while in heterologous
plants a positive dosage is evident (Hehi and Baker, 1990; Jones ef al., 1989).

Excision markers enabled the efficient selection for plants that had undergone
transposition events. After selfing, distinct criteria for mutant designation allowed the
identification of mutant phenotypes in Arabidopsis (Aarts et al., 1993; Bancroft et al.,
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1993; Long et al., 1993) and petunia (Chuck et al., 1993). This demonstrated the
effectiveness of random or non-targeted transposon tagging experiments of maize
transposable elements for the identification of mutants in heterologous species and
enabled the subsequent isolation of the corresponding genes. Pre-selected target
genes that were only known by their phenotype were also efficiently isolated, e. g. the
tomato Cf-9 gene (Jones ef al., 1994), the Arabidopsis FAET gene (James et al.,
1995}, the L6 resistance gene from flax (Lawrence et al., 1995) and the tobacco N
gene (Whitham et al., 1994). The effectiveness of these targeted transposon tagging
procedures depended on the activity of the transposons and the genetic distances of
the transposons from the target genes. in addition, positive selection strategies in
tobacco and tomato facilitated the most direct selection of a mutant phenotype.

Some of the problems associated with heterologous tagging systems have been
initially approached by the use of appropriate promoters for expression of the
transposase genes {reviewed in Pereira, 1998). The low transcription levels of wild-
type transposase genes have been remedied by using the strong CaMV 355 promoter.
This increased the excision and transposition rates to useful proportions (Aarts et al.,
1993; Honma et al., 1993) but, studies in tobacco showed that a high level of
constitutive transposase expression for Ac, induced only early excisions and was
inhibitory for late transpositions {Scofield et al., 1993). A variety of promoters have
been experimented with to control transposition, enabling the creation of a large
number of independent insertions for different tagging purposes.

Mutants tagged with transposable elements that are still active may display a
phenotype characterised by variegation or chimeric wild-type and mutant clonal
sectors. This chimerism is often the first indication for a tagged mutant when it displays
a cell-autonomous mutant phenotype. Co-segregation of the mutant phenotype and
the specific element is the next step to test (Walbot, 1992). This is best done by DNA
blot analysis using first the transposon and then the putative gene after isolation as
hybridisation probes. A transposon flanking DNA fragment can be obtained by Inverse
PCR (IPCR; Earp ef af., 1990), or plasmid rescue if the transposon contains
sequences for maintenance and selection in bacteria (Rommens et al., 1992b).
Presence of a marker gene within the transposon can aid analysis when no other
transposon copies are present in the genome. Later, primers from the putative gene
sequences can be used, which in combination with transposon primers, will help

distinguish the different alleles in segregation experiments. These primers enable also
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the recovery of the wild-type gene sequence from a genomic or cDNA library. To prove
that a wild-type allele has been reconstructed and that it can correct the mutant

phenotype, a complementation test by transformation is required.

Identification of potato genes involved in Phytophthora infestans resistance by
transposon mutagenesis, outline of the thesis

To identify genes acting in the R7 type HR resistance reaction in potato upon infection
with a virulent P. infestans race, a transposon tagging strategy in diploidised potato
was developed. Chapter 2 describes the selection of suitable populations for efficient
transposon tagging strategies in potato. The frequencies and patterns of Ac and Ds
transposition, both somatically and germinally, were phenotypically and molecularly
characterised (Enckevort et al., 2000b). Using a visual marker, the granule-bound
starch synthase (GBSS) gene that is responsible for the production of amylose in
starch containing organs like tubers, enabled the study of Ac excision by monitoring
GBSS transgene expression in an amylose-free (amf) potato clone.

The selection of diploid potato clones homozygous for the R resistance gene
{R1R1) was hindered by the heterozygosity for deleterious alleles and self-
incompatibility. Several generations of crossing and selection were needed to produce
vigorous R1R1 plants which showed simultaneously high transposition frequencies for
mutant selection, R1Ds/R1-;Ac/- {unpublished). Therefore, an alternative and quicker
method was developed to employ directed transposon tagging in diploid potato clones
that were heterozygous for R7 {(R1r1).

Chapter 3 describes the selection of diploid R1r1 potato plants with a linked Ds
and active transposition, R1Ds/r1-;Ac/- (Enckevort ef al., 2000a). Instead of searching
for germinal transmission, direct selection of somatic excision events was performed in
these highly chimaeric plants. Protoplast isolation and the use of hygromycin as a cell
specific selection marker for Ds excision enabled the direct regeneration of potato
plants with new independent Ds insertions. Molecular analysis confirmed that
predominantly independent Ds mutations were selected among the 2000 protoplast
regenerants. This approach showed that the somatic selection for Ds excision and
prabably independent transposition could facilitate the production of large tagging

populations from R1r1 potato.

19



Chapter 1

The somatically selected protoplast regenerants, R1Ds/r1-;Ac/- with
predominantly new independent Ds insertions, were inoculated with P. infestans race 0
and this first screening identified 33 plants with and altered P. infestans R1 resistance
response (Chapter 4). The detached leaf assay with stringent inoculation conditions on
replicate samples enabled quantification of the R type HR resistance response for the
parental seedlings and the 33 putative resistance variants. This enabled the
identification of four plants, putative transposon tagged mutants, with a distinctly
altered R7 resistance response. Preliminary sequence analysis on the Ds insertions in
these putative mutants, identified for the tagged genes in mutant 1000 significant
homology to receptor kinase-like proteins and for mutant 994 a striking homology to
cis-responsive regions of defence related genes. So, the screening of the Ds
transposon-mutagenised population was validated by the identification of these
potential HR signalling mutants.

Further molecular analyses were performed to characterise the two Ds insertion
loci in mutant 1000 {Chapter 5). The Ds flanking sequences both showed high
homology to the serine/threonine protein kinase domain of the rice Xanthomonas
resistance gene Xa27 including all conserved domains and a conserved intron
position. In different potato clones a total of 11 different Sofanum tuberosum protein
kinase (StPK) homologs were identified independent of the R1 locus. The observed P.
infestans R1 resistance mutation is very likely due to the Ds transposon insertions in
one or both StPKs. The transposon mutated StPKs were designated rprf and rpr2,
required for P. infestans R1 resistance.

This thesis concludes with a general discussion (Chapter 6) addressing:
‘Transposon tagging strategies for the highly heterozygous diploid potato’; ‘R gene
signalling’; and ‘Semi-dominant mutations due to transposon insertions’.
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Chapter 2

Key words Ac/Ds transposition, GBSS excision assay, germinal transmission,
Solanum tuberosum

Abstract

For the development of an efficient transposon tagging strategy it is important to
generate populations of plants containing unique independent transposon insertions
that will mutate genes of interest. To develop such a transposon system in diploid
potato the behavior of the autonomous maize transposable element Ac and the mobile
Ds element was studied. A GBSS (Waxy) excision assay developed for Ac was used
to monitor excision in somatic starch-forming tissue like tubers and pollen. Excision of
Ac results in production of amylose starch that stains blue with iodine. The frequency
and patterns of blue staining starch granules on tuber slices enabled the identification
of transformants with different Ac activity. After excision the GBSS complementation
was usually not complete, probably due to the segment of DNA flanking Ac that is left
behind in the GBSS gene, Molecular and phenotypic analysis of 40 primary
transformants classified into 4 phenotypic classes revealed reproducible patterns. A
very high percentage (32.5%) of the primary transformants clearly showed early
excision in the first transformed cell as displayed both by the analysis of the GBSS
excision marker gene as well as DNA blot analyses. Genotypes useful for tagging
strategies were used for crosses and the frequency of independent germinal
transpositions was assessed. In crosses to Ds genotypes, excision of Ds was revealed
that correlated to the activity of the Ac genotype. A line displaying Ac amplification to
multiple copies conferred a high frequency of independent Ds transpositions. The
genotypes described here are useful in somatic insertion mutagenesis aimed at the
isolation of tagged mutations in diploid potato.
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Introduction

Transposable elements are useful molecular genetic tools to mutate and identify
genes. The transposable elements Ac and Ds were first characterised in maize
{McClintock, 1950) and their molecular isolation led to the identification of maize genes
that were tagged by these elements (Fedoroff et al., 1983). The Ac element is able to
transpose autonomously and also to induce transposition of the non-autonomous Ds
elements that are transposase defective. Introduction of these elements in
heterologous species demonstrated their utility for isolating genes in self-fertilising
plant species such as petunia {Chuck et al., 1993), Arabidopsis (Bancroft ef al., 1993),
tobacco (Whitham et al., 1994), tomato (Jones et al., 1994) and flax (Lawrence et al.,
1995). Also in the highly heterozygous and tetraploid potato, Ac and Ds were shown to
be functional in diploid genotypes that are essential for tagging (Enckevort et al.,
2000a; Chapter 3; Knapp et al., 1988; Pereira et al., 1991). Tetraploid potato can be
diploidised but becomes self-incompatible {Cipar, 1964; Jong and Rowe, 1971) and
therefore, stays highly heterozygous in subsequent generations. In comparison to a
self-fertilising crop like tomato, the selection of homozygous potato clones needed for
the production of efficient transposon tagging populations is hindered by
heterozygosity for deleterious alleles and self-incompatibility. Several generations of
crossing and selection are needed to produce tagging lines, which are homozygous for
the gene of interest and show high transposition frequencies for mutant selection.

To develop suitable populations for efficient transposon-tagging strategies in
potato it is important io know from selected lines the frequencies and patterns of Ac
and Ds transposition, both somatically and germinally. The occurrence and frequency
of transposition events can be studied using visual markers like streptomycin
resistance (Jones ef al., 1989), R-glucuronidase (GUS; Finnegan ef al., 1989), rolC
(Spena et al.,, 1989) and L¢ (Goldsbrough et al., 1996). These cell specific marker
genes enable the detection of transposition during plant development. In potato
another visual marker is available, the granule-bound starch synthase (GBSS) gene
that is responsible for the production of amylose in starch containing organs like tubers
(Leij et al.,, 1991). Normal wildtype potato starch consists of approximately 20%
amylose and 80% amylopectin. The cell specific GBSS gene expression pattern can
easily and accurately be determined by iodine staining of starch granules. Low

expression levels of the GBSS gene results in less or no formation of amylose and the
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starch granules stain red with iodine. Starch granules with some expression of the
GBSS gene, resulting in low amounts of amylose, display a blue staining central core
surrounded by red staining growth rings. Starch granules that contain full GBSS gene
expression, resulting in wildtype levels of amylose, stain completely blue {Kuipers et
al., 1994). With these visual differences in amylose formation in starch granules it is
possible to phenatypically semi-gquantify GBSS gene expression.

By introducing a GBSS transgene into a potato clone that was mutated for the
GBSS gene (Hovenkamp-Hermelink et al., 1987), frequent full complementation,
based on iodine staining and restored GBSS gene activity was documented (Flipse ef
al., 1994). For monitoring Ac excision in potato an autonomous Ac element including
about 60-bp of flanking DNA from the maize Waxy gene (Behrens et al., 1984) was
inserted between the transcription and translation starts of a genomic GBSS clone.
Introduction of this Ac GBSS transgene in an amylose-free (amf) potato clone enabled
the study of Ac excision by monitoring GBSS transgene expression using iodine
staining of starch tissue. Preliminary data on the use of the GBSS gene as a visual
marker for displaying Ac excision in potato starch tissue has been reported (Pereira et
al., 1991). The present paper describes the further phenotypic and molecular
characterisation of the somatic Ac excision patterns of 40 Ac T-DNA transformants and
adds information on T-DNA copy number, Ac excision and transposition frequencies.
The GBSS gene expression visualised in individual starch granules of the primary Ac
GBSS transformants and the Ac excision pattern is discussed in relation to these data.

Transposition events that pass through meiosis and are inherited in the sexual
progeny of a plant are referred to as germinally transmitted transposition events. The
germinal transmission frequency of transposition events determines the number of
potentially useful mutagenic events in progeny seedlings. In developing an effective
two-element transposon tagging strategy knowledge on the germinal transmission
frequency of non-autonomous Ds elements, induced by an autonomous Ac element, is
important. The observed levels of autonomous Ac and induced Ds transposon

frequencies are discussed.
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Materials and methods
Plant material

The diploid potato clones 87.1029-31, 87.1030-09 and 87.1031-29 are amylose-free as
the result of a recessive mutation in the GBSS gene (amf/amf) responsible for amylose
production in starch containing organs like tubers {Jacobsen ef a/., 1989). These
potato clones were used for Agrobacterium mediated transformation (Visser et al.,
1989) with the vector pMK1GBSSAc (Ac T-DNA, Fig. 1; Pereira et al., 1991) using the
strain GV3101 (pMPI0ORK; Koncz and Schell, 1986). Primary transformants were
indicated TM15-x, TM16-x and TM17-x where x stands for the independent
transformant number,

For studying germinal transmission of autonomous Ac transposition a few
selected TM17 primary transformants were crossed with diploid untransformed potato
clones J91-6164-11 (El-Kharbotly et af., 1994), J91-6167-2 {El-Kharbotly ef al., 1995)
or J92-6570-6, derived from the cross J91-6164-1 (El-Kharbotly ef af., 1994) X J91-
6146-15 (El-Kharbotly et al., 1995). These AmfAmf potato clones were selected for
Phytophthora infestans R1 resistance.

Ds excision frequencies induced by the autonomous Ac element were studied
after crossing primary Ac T-DNA transformants with Ds transposon containing
{pHPT::Ds-Kan, Fig. 1; Pereira ef al., 1992) diploid potato clones BET92-Ds-A16-259
(Ds259), Dsb3-22 and Ds53-34 (Ds53-22 and 34 are selected from the cross BET92-
Ds-A16-Ds416 X J83-5040-20) (El-Kharbotly et a/., 1596a).

In vitro and in vivo analysis of Ac T-DNA transformants

The primary Ac T-DNA transformants were transferred to the greenhouse and assayed
for ploidy level by counting the number of chioroplasts in stomata guard cells
{Frandsen, 1968). All primary Ac T-DNA transformants were studied for somatic
excision of Ac by monitoring the expression of the GBSS gene excision marker in
tubers using iodine staining of starch (Kuipers st al., 1994; Pereira et a/., 1991). For
this purpose microtubers were induced on in vitro grown stem segments by placing

them on MS medium (Murashige and Skoog, 1962} supplemented with 60 g I sucrose
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and 2 mg I BAP. In the dark, at room temperature, microtubers were formed in the
axillary buds after three to four weeks. In vitro grown microtubers and also mature
greenhouse-grown tubers were analysed for starch composition by staining the surface
of tuber slices with jodine (Kuipers et al., 1984). In addition, starch granules were
washed from the iodine stained tuber slices and the percentage of blue, red and blue-

red staining starch granules was determined microscopically.

A
coRl  Xbal Hindlll amHl|
Hindil HindIll
— I
re] NPTU  JpNOS [ pGBSS || GBSS// || ampicitin | LB
i i
B
Pstl Pstl

5 Ac

3 Ac

Fig. 1 Schematic drawing of (A) pMK1GBSS5Ac and (B) pHPT::Ds-Kan showing the important
restriction sites (vertical lines), probe positions (horizonial black lines} and positions of primer 1
{p1, gcg cgt tca aaa gtc gec ta), primer 2 (p2, gtc aag cac tic cgg aat cg), primer 3 {p3, aaa agt
tcg aca geg tet ceg ace) and primer 4 (p4, tct aca cag cca teg gic cag acg). Abbreviations: LB =
left border, RB = right border, pNOS = nopaline synthase promoter, NPT I/ = neomycin
phosphotransferase gene, pGBSS = granule bound starch synthase promoter, GBSS =

granule bound starch synthase gene, HPT /! = hygromycin phosphotransferase gene

Molecular analysis
Plant genomic DNA was isolated from leaves of greenhouse-grown plants (Pereira and

Aarts, 1998) and used for Southern blot analysis to study the copy number of the Ac T-

DNA integrations, the presence of the Ds T-DNA and the excision and re-insertion of

26




Chapter 2

the Ac and Ds elements. The number of Ac T-DNA integrations in each transformant
was determined by Southern blotting using Hindlll digested genomic DNA probed with
kanamycin (NPT 1} and ampicillin (Amp} resistance gene fragments. The NPTII probe
determines the right T-DNA border (RB probe) and the Amp probe the left T-DNA
border (LB probe; Fig. 1). To study Ac excision and re-insertion, Hindlll digested DNA
was probed with either the complete Ac sequence (4.5 kb), the 5' site of Ac {0 - BamH|
site, 181 bp) or the 3' site of Ac (Xbal - EcoR1, isolated from a wx-m7 clone; Behrens
ef al., 1984; Fig 1). Expected HindIli fragments (Fig. 1) are the intemal Ac HindIll
restriction fragment (1605 bp), the 5' Ac up to the Hindlll site in the GBSS gene (1935
bp) and the 3’ Ac up to the Hindlll site in the promoter region of the GBSS gene (2235
bp).

The presence of pHPT::Ds-Kan in seedlings was studied using HPT specific
primers (p3 and p4, Fig. 1) in PCR. To reveal excision of the Ds transposon from the
pHPT::Ds-Kan T-DNA, genomic DNA was restricted with Pstl and, after blotting,
probed with the NOS promaoter fragment (Fig. 1). With the NOS-promoter probe the Ds
T-DNA revealed a hybridising Pstl fragment of 4.0 kb, the full donor site (FDS). After
excision of Ds an empty donor site (EDS) of 2.3 kb is detectable. In plants that contain
an Ac T-DNA, this analysis also dispiays a hybridising fragment with a size dependent
on the site of integration of the Ac T-DNA. In this way the presence of Ds as well as
the Ac T-DNA and excision of Ds could be studied in a single hybridisation analysis. A
more rapid screening for Ds excision was performed using primers flanking the Ds
excision site (p1 and p2, Fig. 1) resulting in an EDS-PCR fragment after excision of Ds
(Enckevort ef al., 2000a; Chapter 3).

Results

Somatic Ac transposition in amylose-free (amf) potato background

1) Phenotypic analysis

Excision of the autonomous Ac element from the Ac T-DNA construct in tubers of an

amf potato was previously described (Pereira et al., 1991). Here, 40 of such Ac T-DNA
transformants were studied in more detail with respect to their ploidy level, T-DNA
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Fig. 2 GBSS gene expression observed on amf-mutant potato tuber slices after excision of Ac
from the GBSS T-DNA transgene resulting in complementation of the amf~mutant. Blue-black
coloured parts represent amylose staining and red or colourless parts represent the amf-
mutant phenotype. a) complete reversion, class A; b) many small and larger reversion sectors,
class B; ¢) class A detail with small red sectors probably due to re-insertion of the excised Ac
in the GBSS transgene; d) class B detail including single cell excision; e) few reversion

sectors, class C; f) no visible reversion, class D
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copy number and Ac excision behaviour. By iodine staining of tuber slices and of
individual starch granules Ac excision was monitored in the amf background. As
expected, tuber slices of untransformed amf genotypes stained red with icdine. On
tuber slices of the Ac T-DNA transformants different reversion patterns resulting from
blue staining sectors became visible due to excision of Ac and expression of the GBSS
transgene (Fig. 2). Starch granules were washed from these coloured tuber slices and
the percentage of revertant starch granules was determined (Table 1).

Combining the data of tuber slice patterns and the frequency of revertant starch
granules enabled a compilation of the 40 transfarmants into 4 classes {Fig. 2 and
Table 1). Class A transformants (12 transformants) showed almost 100% revertant
tuber slices and 96-100% revertant starch granules. Class B transformants (9
transformants) displayed various sméll and larger sectors of reversion on all tubers
analysed and maximal 25% revertant starch granules. The small sectors of reversion
on the tubers were sometimes even restricted to single cells. Transformant TM15-12
was classified intermediate between class A and B because some in vitro tubers
showed complete reversion patterns (class A) while other tubers showed sectors with
reversion {(class B). Class C transformants {12 transformants) showed reversion
sectors in only a part of the analysed tubers of each plant and 1-6% revertant starch
granules. Class D transformants (6 transformants) did not show any visible reversion
sectors or revertant starch granules.

Individual starch granules of the transformants showed three different colour
phenotypes: red like in the amf~mutant indicating no reversion, normal blue indicating
complete reversion, and blue-red indicating an intermediate phenotype. Table 2 shows
a more detailed overview for the phenotype of the transformants that showed complete
reversion (class A}. Only one transformant, TM15-19, displayed an almost normal
wildtype blue starch granule phenotype in in vitro tubers (97,2%) as well as in in vivo
tubers (99.7%) indicating nearly complete GBSS gene complementation. Transformant
TM15-28 displayed in vitro tubers with 59.5% and in vivo tubers with 56.4% blue
staining starch granules. All other transformants predominantly showed intermediate
blue-red staining starch granules. Transformants that displayed only sectors (1-25%)
of reversion also had high percentages of blue-red instead of blue staining starch
granules (data not shown). This intermediate GBSS complementation phenotype was
found in 33% of the amf-mutants complemented with the GBSS genomic sequence
(Flipse ef al., 1994).
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Table 1 Analysis for ploidy level, T-DNA copy number and Ac excision from Ac T-DNA

transformed diploid amfmutants

Class' Transformant Genotype Ploidy T-DNA jn vitrotubers  in vivo tubers

level copy
# %’blueand # % biue and
blue-red blue-red

A TM15-3 87.1029-31 2x 2 5 99 5 100
A TM15-7 87.1029-31 2x 2 5 100 3 100
A TM15-8 87.1029-31 2x 2 10 100 10 100
A TM15-11 87.1029-31 2x nc? 10 96 10 99
A TM15-19 87.1029-31 2X 1 4 100 5 100
A TM15-22 B7.1029-31 2x 2 15 100 5 100
A TM15-28 87.1029-31  2x 3 15 100 5 100
A TM15-31 87.1029-31 2x 2 6 100 3 100
A TM15-32 87.1029-31 2x 2 0 - 10 100
A TM16-3 87.1030-09 2x 3 (4] 99 3 100
A TM17-2 87.1031-29  2x 2 7 100 3 100
A TM17-5 87.1031-29  2x 2 4 100 3 100
AB TM15-12 87.1029-31  4x 1 15 90 § 99
B TMi59 87.1029-31 2x 5 15 18 7 4
B TM15-10 87.1029-31 2x 2 5 5 5 2
B TM15-23 87.1029-31 2x 1 5 7 3 5
B TM15-24 87.1029-31 2x 2 15 15 15 23
B TM15-26 87.1029-31 2x 3 8 5 3 7
B TM15-27 87.1029-31  2x 1 4 12 3 0
B TM15-29 87.1029-31  4x 2 5 15 5 4
B TM17-4 87.1031-20  2x 2 4 9 3 5
B TM17-7 87.1031-28 2x 1 15 25 5 5
C TM15-13 87.1029-31 2x 1 6 5 5 0
C TM15-14 87.1029-31 - 2 4 4 5 5
C TM15-15 87.1029-31 2x 1 15 4 5 1
C TMI5-17 87.1029-31  4x 1] 5 1 3 0
C TM15-18 87.1029-31  4x 1 4 2 3 1
C TM15-25 87.1029-31  4x 2 4 1 3 0
C  TM16-1 87.1030-09 - nd’ 4 2 3 0
C TM18-5 87.1030-08 4x 2 8 3 3 0
C TM16-6 87.1030-08 2x 1 15 6 3 1
C TM17-6 87.1031-29  4x n.d. 0 - 3 1
CcC TM17-8 87.1031-29  4x 2 7 5 3 1
c TM17-9 87.1031-29  4x n.d. 4 2 3 0
D TM154 87.1029-31  4x 0 5 0 3 0
D TM15-8 87.1029-31  4x n.c. 6 0 3 0
D TM15-30 87.1029-31  4x n.c. 15 0 3 )
o TM16-4 87.1030-09 4x 2 5 0 3 0
D TM16-7 87.1030-09 2x n.c. 6 0 3 0
D TM17-10 87.1031-20  2x 1 8 0 3 0
control 87.1028-31 2X 0 5 0 5 0
control 87.1030-09 2x 1] 5 0 5 0
control 87.1031-29  2x 1] 5 0 5 0

" Classification by pattern as displayed in Fig. 2, > Number of analysed tubers, > % revertant
starch granules {see text), * n.c. = no complete T-DNA detected, ° n.d. = not determined
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In three of the transformants of class A (TM15-08, TM15-11 and TM15-32)
some tuber slices displayed small sectors without GBSS gene expression (Fig. 2).
These are probably due to re-insertion of the excised Ac in the GBSS transgene.
Almost all transformants of class A and B appeared to be diploid, while tetraploid
transformants predominantly exhibited small or no reversion sectors and were in class

C or D. No clear differences were observed between axenically and soil grown tubers.

Table 2 The number of blue, blue-red and red staining starch granules and the frequency of

blue granules from class A transformants

Transformant in vitro tubers in vivo tubers

blue bluered red %blue | blue  blue-red red % blue
TM15-03 27 2152 28 1.20 10 2213 3 0.45
TM15-07 40 2075 0 1.90 25 2648 1 0.94
TM15-08 49 2163 6 2.20 26 2056 2 2.20
TM15-11 87 2139 90 3.80 40 2063 15 1.90
TM15-19 2592 63 12 97.20 | 2333 7 1 99.70
TM15-22 1 2875 0 0.04 14 2990 8 0.46
TM15-28 2265 1536 8 59.50 | 3290 2534 14 56.40
TM15-31 5 2722 10 0.18 2 3100 6 0.06
TM15-32 - - - 72 2031 2 3.40
TM16-03 27 2152 28 1.20 1 3000 5 0.03
TM17-02 27 3540 0 0.76 2 3375 2 0.06
TM17-05 392 2760 8 12.40 6 2617 2 0.23
TM15-12 100 2490 275 3.00 95 2213 20 410
wildtype 100.00 100.00
amf-mutant 0.00 0.00

2) Molecular characterisation of Ac T-DNA’s and Ac excision

The T-DNA copy number of all 40 Ac T-DNA transformants was determined by
analysing Hindlll digested genomic DNA hybridised to the RB and LB T-DNA probes
{Table 1). Four transformants of class D showed no or an incomplete T-DNA insertion
explaining the absence of GBSS gene reversion in these transformants. TM15-3 and
TM15-7 showed identical T-DNA insertion fragments, which indicated that they are
similar regenerants from one transformation event.

From the four reversion classes, a set of 15 mostly diploid Ac T-DNA
transformants with 1 or 2 T-DNA copies was further analysed for Ac excision by DNA
blot hybridisatian using the complete Ac as probe (Fig. 3). From the six analysed

plants of class A transformants with 100% reversion, five plants {lane 11-14, 16)
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lacked the full donor site (FD'S) which corresponded to the 5’ and 3" ends of Ac in the
T-DNA. Transformant TM17-5 (lane 15) with two Ac T-DNA loci showed one early
excision and one remaining FDS. These molecular observations on leaf material
confirmed the phenotypes of early Ac excision for which these plants were selected
using the GBSS gene excision marker. All class A plants showed new Ac insertion
sites visible as additional hybridising fragments. in TM15-11 (lane 11} two strong, one
intermediate and two weak hybridising Hindlll fragments are visible besides the
internal Ac Hindlll fragment c, indicating the presence of 2 or 3 new Ac insertions. After
hybridisation of this same blot with the 5' Ac probe, revealing Ac left junction fragments
(indicated with * in Fig. 3), it was concluded that at least 2 Ac’s transposed early and
the remaining weak hybridising fragment is very likely a third Ac. However, this third Ac
was not identified with the 5" Ac probe indicating a deletion of this Ac that has resulted
from a somatic transposition event. In analysing the Ac T-DNA copy number of TM15-
11 (Table 1), the T-DNA seemed to be deleted or partly integrated. Still two or three Ac
copies were present, probably due to multiplication of one original Ac. In TM15-8, a 2-
copy T-DNA insertion was identified (Table 1} but only one Ac re-insertion (lane 12} is
visible on the blot represented by three hybridising Hindlll fragments from one single
Ac {confirmed with 5" Ac probe). The two identical transformants, TM15-3 and TM15-7
(lane 13 and 14), showed identical re-insertion sites for the two Ac's present. This
indicates early Ac transposition in the primary transformed tissue and low somatic
transposition after regeneration. The 2-copy number transformant TM17-5 (lane 15)
showed both an original Ac T-DNA (fragments a, b and ¢) as well as a new Ac
insertion site. In TM17-2 {lane 16) the two original Ac T-DNA integration sites were
completely empty (absence of fragments a and b) and both Ac elements re-inserted at
new positions.

Molecular analysis of four of the nine transformants from class B showed the
presence of the criginal Ac T-DNA configuration in all cases (Fig. 3, lanes 7 to 10,
fragments a, b and c). The phenotypically visible reversion in the tuber starch granules,
was not revealed in Ac re-insertions except for TM17-4 (lane 10). This transformant
with two T-DNA copies showed a unique hybridisation pattern with 6 complete Ac
hybridisation fragments corresponding to 3 new Ac re-insertion sites {confirmed with 5'

Ac probe). This is similar to TM15-11, an example of multiplication of Ac transposons.
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3[4 56 6/7 8 9 10|11 1213 14 15 16{17

1.6 kb

Fig. 3 Hindlll digested genomic DNA hybridised to a complete Ac probe. Fragment a and b
correspond to the full donor site (FDS) Hindlll fragments of the 3’ site (2235-bp) and the 5’ site
(1935-bp) of Ac in the Ac T-DNA. Fragment c is the Ac internal Hindlll fragment present in Ac
transformants (1605-bp). Fragments marked with * are new Ac insertions that displayed
hybridisation with the 5' Ac probe. Lane 1 shows the 1.6 kb marker hybridisation; fane 2 and 3
are class D plants TM15-4 and TM17-10; lane 4 to 6 are class C plants TM16-6, TM15-15 and
TM15-13; lane 7 to 10 are class B plants TM17-7, TM15-24, TM15-23 and TM17-4; /ane 171 to
16 are class A plants TM15-11, TM15-8, TM15-3, TM15-7, TM17-5 and TM17-2; fane 17 is an

untransformed control

From class C, phenotypically displaying 1- 6% reversion in starch granules,
three plants were analysed molecularly and two of them did not show re-insertion of an
Ac element as could be expected from the late and low level of reversion in tubers
(Fig. 3, lanes 4 to 6). However, TM15-15 {lane 5) exhibited a new Ac hybridising
fragment and a strong hybridisation of the 1935-bp &' Ac T-DNA fragment. This
indicates one Ac excision and re-insertion despite the detected very low levels (4 - 1%)
of reversion with amylose synthesis in the analysed tubers. As TM15-15 contained
only one complete T-DNA, judged from the RB and LB probe hybridisations (Table 1),
the transposed Ac may be from an incomplete or lost T-DNA insertion.

From class D without reversion in tuber slices, two transformants (Fig. 3, lane 2
and 3} were analysed. TM15-4 (lane 2) showed no hybridisation and was thus not
transformed. Surprisingly, TM17-10 {lane 3) revealed excision and transposition. One
complete Ac T-DNA seemed to have given rise to a new Ac insertion and two
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additional deleted Ac's. This is revealed by three 5’ A¢ hybridising fragments (*) and a
remaining 3' Ac fragment. In this transformant a deletion or mutation of the transgenic
GBSS gene resulting from Ac transposition could probably explain the difference in
GBSS complementation in somatic tuber tissue and the transposition observed at the
DNA level.

Table 3 Summarised data for the three selected TM17 transformants used for crossings

TM17-2 TM17-4 TM17-5
Reversion class A B A
Right border NPT Il probe 1 nd nd
Left border ampicillin probe 2 1 2
Copy number 2 2 2
Complete Ac T-DNA - 1 1
Ac re-insertion 1Y% 3 1

nd = not determined

3) Description of selected Ac crossing parents

Class A transformants TM17-2 and TM17-5 and the class B transformant TM17-4 were
used as parents in crosses to study germinal transmission of Ac transposition to next
generations and to study induction of Ds transposition by combining Ac and Ds in
these plants. Table 3 summarises the data obtained for these three primary
transformants. The primary class A transformant TM17-2 (Fig. 3, lane 16) contains 2 T-
DNA'’s in inverted orientation as determined with RB and LB T-DNA probes. Complete
early Ac excision of the 2 Ac’s was detected on analysing the Hindlll fragments probed
with the complete Ac (Fig. 3). The largest fragment corresponds to the 5 site of a new
insertion site of Ac (confirmed by hybridisation with the 5’ Ac probe). Fragment ¢ of
about 1.6-kb corresponds to the internal Hindlll fragment of Ac. The two lower
fragments are almost equal in size and correspond to two 3’ sites of Ac¢ insertions.
From these observations we conclude that two Ac T-DNA’s were present in the
primary transformant, both Ac’s excised with one deleted at the 5’ site (dAc) and the
other being a complete functional Ac.

The primary class B transformant TM17-4 represents a 2-copy number plant
with high levels of Ac transposition. In leaf material this transformant exhibited one

original T-DNA insertion together with three Ac re-insertions at new positions (Fig. 3,
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lang 10). The three smallest fragments (fragments a, b and c) corresponded to the
original Ac T-DNA configuration (1605, 1935 and 2235-bp). From the new fragments
the three strong hybridising fragments correspond to the 5 site of new Ac insertions
{confirmed by hybridisation with the §' Ac probe). From these observations it is
concluded that TM17-4 contained two T-DNA copies in inverted orientation including
probably one incomplete copy. The presence of both an original Ac T-DNA and
transposed Ac’s suggests that at least one Ac copy transposed early in development
and amplified to multiple insertion sites. This same phenomena of rapid multiplication
of a single Ac was earlier found in tomato (Yoder, 1980).

The primary class A transformant TM17-5 (Fig. 3, lane 15) contained one
original Ac T-DNA and one new Ac insertion visible as two additional fragments, one
corresponding to the 3’ site and the other one to the 5’ site of Ac (confirmed by
hybridisation with the 5’ Ac probe).

Parents Progeny genotype
Ac @ X-48 Ac present Ac absent
Parental Ac’s linked Parental Ac’s unlinked
Parental | With new |New A¢| Ac Ac
Ac's [somatic Ac|position| T-DNA | re-insertion
TM17-2 X J91-8164-11[13 7 ] 4 I 2 9
TM17-4 X J91-6167-2 1
{1 AcT-DNA and 1 Ac
re-insertion)
TM17-5 X J92-68570-8 | 4 [ 2 | 1 K 5 | 1 7

Fig. 4 Scheme showing Ac segregation analyses in sexual progeny

Gemninal transmission of autonomous Ac transposition events

Transfarmant TM17-2 of class A was crossed with J91-6164-11 and 22 seedlings were
analysed for the segregation of Ac excision and for new Ac excision and re-ingertions.
Fig. 4 shows the Ac segregation for all progeny seedlings determined by DNA blot
analyses of Hindlll digested genomic DNA probed with the 3’ Ac fragment (Fig. 5).
Thirteen seedlings (7+4+2) inherited two Ac loci {of which one is the incomplete Ac,
dAc) while nine did not inherit an Ac. This clearly indicates monogenic inheritance and
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linkage between the two Ac loci in the original TM17-2 transformant (x21;1 =072, p>
0.1). Two of the thirteen Ac containing seedlings showed independent new Ac insertion
sites due to transposition of the functional Ac element (Fig. 5, lane 2 and 3}. In these
seedlings Ac excision events were very likely present in the gamete and transmitted to
the progeny {germinal excisions). Additional somatic Ac transposition events (fane 1)
were observed in 4 of the other eleven Ac containing seedlings.

Seeds from the cross TM17-4 (class B} X J91-6167-2 germinaied very poorly
and only ohe seedling could be analysed (Fig. 4). It contained one of the three Ac re-
insertions together with the original Ac T-DNA insert, indicating that probably not all Ac
re-insertions were ciosely linked in the original transformant TM17-4 leading to
segregation of the Ac elements in the gametes. No new Ac re-insertions were found in
this seedling.

TM17-5 (class A) was crossed with J92-6570-6 and 17 seedlings were analysed
(Fig. 4). Four seedlings inherited both the Ac T-DNA as well as the Ac re-insertion, 5
seedlings inherited only the Ac T-DNA, one seedling inherited only the Ac re-insertion
and 7 seedlings inherited no Ac. Since all four segregation classes were found in these
17 seedlings, the two Ac positions seemed to segregate independently. From the four
seedlings with both the Ac T-DNA as well as the Ac re-insertion, in one seedling the Ac
re-insertion is at a new position indicating germinal transmission of this late Ac
transposition. Another seedling of these four contained additional new somatic Ac

insertions.

1.2 3 4,
it

L

__Ac

dAc

Fig. 5 Hindlll digested genomic DNA hybridised to the 3’ Ac probe. Lane 4 shows the Ac and
dAc fragments present in the Ac parental line TM17-2. Lane 1 to 3 represent 3 progeny plants
from the coss TM17-2 X J91-6164-11. In both fane 2 and 3 new positions of the active Ac are

present (*). In lane 1 a somatic Ac is present (+)
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