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Abstract. In potato, two different in vitro approaches were used to generate recessive mutants. In the
first method, monoploid plant material was irradiated to isolate and identify amylose-free (amf)
mutants in potato. For isolating secondary mutants in the aw/background new monoploids of the amf
type were developed. A few selected amf monoploids showed excellent vigour in vitro, large leaves
and microtuber formation. A diploid and a monoploid were tested for in vitro mutation induction and
irradiated with 0 to 16 Gy X rays. The optimal dose for survival and mutation induction was between
4 and 8 Gy and plants were regenrated from irradiated leaf explants. In the second approach, mutants
were induced by insertion of transposable elements in the diploids. This method was used to mutate R
genes for resistance to Phytophthora infestans. Diploid heterozygous Rr plants with the immobilised
Ds element, closely linked to one of theR genes, were selected. Mobilisation of Ds using Ac element
transposase resulted in the selection of plants with active somatic Ds excision frequency of about
10%. In vitro protoplast isolation and plant regeneration from such plants enabled the selection of
regenerants with new independent Ds insertions. Hygromycin selection (Ds excision marker on the T-
DNA) during protoplast regeneration increased the frequency of Ds excision regenerants to 56%. A
total of 582 hygromycin resistant plants were regenerated and selected in vitro. Preliminary analysis
of the regenerants showed re-insertions of Ds in the predicted coding sequences of genes.

1. INTRODUCTION

Cultivated potato is an autotetraploid, hence, recessive mutations are not easy to isolate.
Induced mutations are valuable in plant breeding and for molecular isolation and functional
analysis of genes coding important traits. Two different in vitro approaches can be used to
generate recessive mutants for biochemical pathways, which change biosynthesis of starch. In
the first in vitro approach, mutants can be induced with X rays. Monoploid plant material is
also a prerequisite because of self-incompatibility of potato at the diploid level and high
inbreeding depression after selfing of diploids. The in vitro selection of an earlier described
amylose-free (amf) potato mutant, which is mutated in the gene coding for granule bound
starch synthase (GBSS), was done by X ray irradiation of leaf explants of a monoploid plant
[1]. Amylose alone, loosely branched amylopectin or a mixture of amylose with amylopectin
stains blue, but amylose-free starch stains red with iodine. Jacobsen et al. [2] tried to induce
revertants of the original amf mutant by in vitro irradiation and selection for blue staining
starch. The blue staining starch is theoretically the result of a reversion of the GBSS-gene,
giving rise to normal starch with amylose and amylopectin or of a mutation of the branching
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enzyme (BE) causing loosely branched amylopectin or only synthesis of amylose. However,
all the selected revertants showed a restored GBSS activity, which was probably caused by the
existing chimerism within the originally selected monoploid amf mutant. Hence, new stable
monoploids of the amf type are needed. The required monoploids should also contain
excellent in vitro vigour, large leaves for regeneration of many shoots after irradiation, and
microtuber formation ability. In addition they have to be tested for the optimal irradiation dose
in order to have a balance between mutation induction and survival of irradiated cells.

The second approach of mutation induction is the use of homologous or heterologous
transposon insertions leading to interrupted genes, which can be cloned. This approach has
been successfully used for the isolation of specific genes, for example, those coding for
disease resistance [3, 4, 5]. Maize AclDs transposons, introduced by Agrobacterium
transformation with Ac or Ds containing T-DNA, have proven to be functional in crops like
potato and tomato [6, 7, 8]. Ds is an Ac element, which is deleted in the transposase gene, and
consequently becomes immobile. It can be mobilised in the presence of the transposase gene
of an Ac element. In the present studies, the Ds element is interrupting the hygromycin
resistance gene, which reverts after excision of Ds. In previous research, sixty Ds containing
T-DNA insertions have been introduced in diploid potato and localised by RFLP analysis [9].
Among the population of transformants, linkage was found between some Ds containing T-
DNA's and R genes, coding for resistance to Phytophthora infestans. Additional crosses were
made to select for recombinants between the Ds containing T-DNA and the R gene in cis
position, because the transposed Ds elements frequently re-insert nearby on the same
chromosome [10, 11]. The Ac transposase source was introduced by crossing, and AclDs
plants with relatively high frequencies of independent somatic Ds transpositions were
selected. In vitro protoplast isolation and culture enabled the selection of regenerants with
independent Ds excision events. A hygromycin assay on regenerated plants resulted in
selection of plants with Ds excision. Hygromycin selection during protoplast culture resulted
in an increased frequency of Ds excision regenerants. Selected plants have been used for
preliminary molecular experiments to search for gene insertions.

2. MATERIALS AND METHODS

2.1. Production of monoploids

Monoploid (2n=x=12) amf plants (Mo) were obtained by prickle pollination of seven
diploid (2n=2x=24) Solarium tuberosum genotypes (KA91-895, 5002-18, 880004-2, 880004-
3, 880004-6, 880004-9 and 880004-11) with S. phureja pollinators IVP35, IVP48 and IVP101
[12]. Two of the genotypes, 5002-18 and KA91-895, were homozygous for amylose-free
starch (amf), and the others were heterozygous Amflamf. To obtain monoploids from seed-
bulks from crosses between the diploid S. tuberosum genotypes and S. phureja, seeds without
an embryo-spot were selected, and cultured singly in vitro. The plantlets with 'nodal bands',
controlled by the same genes as embryo-spot, were removed [13]. In non-hybrid seedlings
without nodal band, the ploidy level was measured by Flow cytometry [14]. The starch
composition was tested by iodine staining of tubers from the monoploids (amfwt). Vegetative
propagation was done from cuttings; shoot cultures were cultured in vitro on Murashige and
Skoog (MS) medium [15], supplemented with 30 g/1 sucrose and 8 g/1 agar, and maintained at
24 °C, 16 hr light, at intensity of 40 Tmolm'V1.
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2.2. In vitro culture protocol

Before large-scale experiments were undertaken, a diploid and a monoploid genotype
were tested to establish protocol. Adventitious shoots were produced according to the
procedure of Hovenkamp-Hermelink et al. [16]. The leaves from sterile shoots were floated
on a solution of 147 mg/1 CaCl2.2H2O and 80 mg/1 NH4NO3, supplemented with 10 mg/1 BAP
and 10 mg/1 NAA. After floating for one night, the leaf explants were cut into 3-4 mm wide
segments, and placed on callus induction (CI) MS medium containing 40 g/1 mannitol, 10 g/1
sucrose, 2.25 mg/1 BAP, 0.0175 mg/1 IAA and 8 g/1 agar. Large-scale irradiation of leaf
explants was done one day after culture on CI medium [1]. After 6 days, the segments were
transferred to regeneration (RE) MS medium, supplemented with 15 g/1 sucrose, 2.25 mg/1
BAP, 5 mg/1 GA3 and 8 g/1 agar. The segments were transferred to fresh RE medium every 3
weeks. Harvested adventitious shoots were cultured on MS medium with 10 g/1 sucrose.
When a shoot had formed more than five nodes, single defoliated nodes were placed on tuber
induction (TI) MS medium, supplemented with 80 mg/1 sucrose, 0.5 mg/1 ABA and 2.5 mg/1
kinetin [16]. The Petri dishes were maintained in dark at 18°C, and the first microtubers were
formed after 5 weeks. All Petri dishes and containers were sealed to prevent infection.

2.3. Mutation induction with X rays

To find the optimal radiation dose, single nodes were irradiated with X rays at TNO-
SCD (Arnhem, Netherlands) from a Rontgen apparatus at 200 kV, 2 mA, without filter from a
distance of 80 cm. This resulted in a dose rate of 1.5 Gy/min at the centre of the field (40 cm
diameter) and a dose rate of 1.1 Gy/min, measured 20 cm from the center. Seven Petri dishes
were placed in a circle at approximately 13 cm from the center of the field. Six doses 2, 4, 6,
8, 10 and 16 Gy were used to determine the optimal dose. For each dose, plant growth and
vigour (Mi) were scored.

2.4. Mutation induction with transposable elements

The genotype Ds (Ds 53-34) is derived from BET92-Ds-A16-416 and contains a Ds-
transposon-containing T-DNA construct (pHPT:Ds-Kan [17]) on chromosome 5 [9]. This Ds
plant was crossed with TM (TM 17-2), a diploid potato transformed with an ylc-transposon-
containing T-DNA construct (pMKGBSS^c [8]), and selected for Ac excision events during
development.

The seeds from the cross DsxTM gave 76 in vitro plants on MS medium, supplemented
with 30 mg/1 sucrose and 8 g/1 agar (MS30). After 6 to 8 weeks, one shoot tip from each plant
was transferred to fresh MS30 medium, and after 2 weeks transferred to a greenhouse. For
testing of resistance to Phytophthora, race 0 inoculum was prepared and inoculated according
to the procedure of El-Kharbotly et al. [18]. Shoot tips or axillary buds from in vitro grown
plants were tested for their rooting ability on MS30, supplemented with 100 mg/1 kanamycin
or 30 mg/1 hygromycin. Plant genomic DNA was isolated from greenhouse grown plants
according to the method of Dellaporta et al. [19]. Primers designed on the Ds-containing T-
DNA construct (pHPT::£>s-Kan) were used in PCR to detect the presence or absence of the Ds
in its original T-DNA configuration (Fig. 1).
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Fig. I. Schematic drawing of pHPT::Ds-Kan showing the position of the primers used for
detecting Ds element in the T-DNA construct. Primer lf'GCG CGT TCA AAA GTC GCC
TAy) and primer 2 (yGTT TCC GTT TCC GTT TAC CGT TTI8') give an amplification
product when Ds is in the T-DNA (Full Donor Site = FDS). Primer 1 and primer 3 f GTC
AAGCAC TTC CGG AATCG3') give amplification product after excision ofDs (Empty donor
site=EDS). LB- left border. RB- right border. pNOS- nopaline synthase promoter. NPTII-
neomycin phosphotransferase gene. HPT- hygromycin phosphotransferase gene.

2.5. Protoplast isolation and culture

Protoplasts were isolated from four-week old in vitro grown shoots according to
Uijtewaal et al. [20]. Before use, the plants were placed in dark at 4°C for 6 hr. After second
centrifugation, the protoplast pellet was not purified further but immediately re-suspended in
culture medium TM2G [21] to a final concentration of 500.000 protoplasts/ml. After one
week, the protoplast cultures were diluted 1:1 with fresh TM2G medium. After 2 weeks the
cultures were diluted 1:1 with TMD medium [21]. In the selection experiment, 10 mg/1
hygromycin was added. In the control experiments, no hygromycin was added during the
whole protocol. After three weeks, the largest micro-calli were transferred to callus growth
medium [22], and in the selection experiment, hygromycin concentration was increased to 20
mg/1. This concentration was maintained during regeneration of calli on shoot induction and
shoot elongation media [22].

2.6. Hygromycin resistance of protoplast regenerants

To compare regeneration with or without hygromycin selection, the regenerated plants
were re-tested for their resistance on MS30 medium, supplemented with 40 mg/1 hygromycin.
The number of roots was scored after 10 days of growth. Regenerants with two or more well
growing roots were considered to be hygromycin resistant. Regenerants with no roots or with
one small slow-growing root were considered to be sensitive.

3. RESULTS

3.1. Mutation induction using X ray on monoploids

Prickle pollination of the selected diploid potato genotypes with S. phureja produced
480 berries from which 995 spotless seeds (putative monoploids) were selected. On in vitro
culture, only 604 of the seeds germinated; some seedlings died immediately after germination,
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and the others were diploid (Table I). Finally, from 8 crosses, 26 monoploids were obtained.
Of the seed parents, 880004-2, 880004-9 and 880004-11 gave more than one monoploid,
indicating a clear genotype effect for this trait.

TABLE I. EFFECT OF SEED PARENT ON MONOPLOID PRODUCTION FROM
SPOTLESS SEED

Parent

880004-2
880004-3
880004-6
880004-9
880004-11
KA91-895

No. of
spotless

seeds
38
18
21

189
89
19

Seeds
germinated

No.
24

6
5

120
40
14

Dead*

1
0
1

22
2
0

Plants without nodal
Diploids**

1
0
0

10
21

1

band (No.)
Monoploids#

3
1
1

14
6
1

*Plants died before analysis. **Ploidy level determined by flow cytometry. #Some monoploids could not be
maintained in vitro.

During in vitro propagation, several monoploids were lost due to poor genetic
constitution. After one year, 13 monoploids survived and differed markedly in their growth
habit. Of these, 10 monoploids were investigated for vigour, leaf size, starch composition and
ploidy level from leaf cells by flow-cytometry (Table II). In some plants, it was necessary to
determine starch composition of the progeny because the wild type background was
heterozygous Amf/amf. The vigour and leaf size of the monoploids varied considerably. The
amylose-free monoploid genotypes, TH96-1022M-54 and TH96-1022M-118, were vigorous
as well as had large leaves under in vitro condition. The C-value of the leaf cells varied from
1C to 4C. The frequency of 1C cells was variable and ranged from 34% to 65%. There was no
indication for instability in the ploidy level of 10 intensively investigated monoploids.

A selected monoploid, amf type 1022M-54, was tested together with a diploid (5002-18)
as control. Its regeneration capacity was investigated, and the number of regenerating leaves
was counted. In addition, the number of primordia was recorded to determine the potential
number of shoots per leaf segment. The monoploid had more regenerating leaf segments (72.2
% versus 65.6 %), but developed far less primordia per leaf segment (13 versus 92) than the
diploid (Table III). Tuber induction from the diploid was much more successful than the
monoploid. Irradiation experiments with single nodes of both genotypes showed that there
was stimulation of growth at low doses but a negative effect on growth at higher doses (Table
IV). The monoploid was affected much more by radiation at a lower dose (>4 Gy) than the
diploid (>10 Gy). These observations suggested that for mutation induction, the dose between
4 and 8 Gy would be suitable for monoploids.

3.2 Mutation induction using transposable elements

3.2.1. Selection for active Ds excision

Seventy-six vigours plants from the cross Ds (R Ds/r -) x TM (r -Ir-Ac) were tested for
Phytophthora (race 0), kanamycin (100 mg/1) and hygromycin (30 mg/1) resistance.
Kanamycin resistant plants were expected to be the result of the presence of the Ds containing
and/or the Ac containing T-DNA. Hygromycin resistance occurs when the Ds element excises
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TABLE II. MONOPLOIDS CULTURED IN VITRO, THEIR GROWTH VIGOUR, STARCH
COMPOSITION AND PLOIDY LEVEL

Genotypes
5002-18d

TH98-1017M-15
TH96-1022M-47
TH96-1022M-54
TH96-1022M-66
TH96-1022M-76
TH98-1022M-118
TH96-1023M-2
TH96-1025M-12
TH96-1025M-17
TH96-1026M-6

Vigoura

4
2
3
4
3
3
4
3
2
2
2

Leaf sizea

4
1
3
4
3
2
4
2
2
1
2

amf!wtc

amf
n.d.
n.d.
amf
n.d.
wt
amf
n.d.
n.d.
wt
n.d.

n
2
1

10
12
11
9

13
8
2
4
3

1C
0

34.1
51.5
34.9
45.1
53.0
52.6
54.4
47.3
64.6
39.3

C-value (%)b

2C
86.1
49.4
40.2
44.9
45.5
39.2
39.6
37.9
37.9
33.2
43.9

4C
13.9
16.5
8.3

20.2
9.4
7.8
7.8
7.7

14.8
2.2

16.8
a Scored on a scale of 0 to 4, 0 being poor and 4 being excellent. Ploidy level determined by flow cytometry.c

n.d. = Not determined.d Diploid control

TABLE III. IN VITRO REGENERATION AND TUBER FORMATION IN DIPLOID AND
MONOPLOID

Regenerating leaf segments8 (%)
Primordia number (mean)
Tuber formation (%)b

5002-18

66
5

92

(2x)
n
50
50
36

TH96-1022M-54(x)

72
3

13

n
36
36
45

aAfter 9 weeks of regeneration from non- irradiated leaves. Tuber induction after 9 weeks of transfer on inducing
medium from adventitious shoots of non-irradiated leaves

TABLE IV. INTERNODE NUMBER OF PLANTS GROWN IN VITRO FROM SINGLE
NODES IRRADIATED AFTER TWO WEEKS OF CULTURE

Dose
(Gy)
0
2
4
6
8
10
16

5002-18(2x)
Average

No. of internodes*
4.8"
4.9"
5.3"
4.9 x

4.6 xy

4.3 y

3.2z

n

48
24
24
24
24
24
24

TH96-1022M-54
Mean

No. of internodes*
4.6"
4.4"
5.0"
2.7"
3.0x

0.9 y

0 z

(x)
n

47
24
23

. 24
24
24
24

*Numbers followed by the same letter do not differ significantly (p= 0.05), based on Duncan's multiple range test

from the Ds containing T-DNA. Since, we were interested in the selection of Phytophthora
resistant plants containing both transposable elements on T-DNA's, the Phytophthora and
kanamycin resistant plants were tested for hygromycin resistance and analysed by PCR (data
not shown). Finally, 20 Ds and Ac containing plants, resistant (Rr) to Phytophthora infestans,
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were selected by PCR for having ca. 10% cells with somatic excision of Ds. These plants were
not able to grow on hygromycin (30 mg/1) containing medium.

3.2.2. Protoplast isolation and regeneration of hygromycin resistant plants

From the 20 Ds and Ac containing Rr plants, 5 plants (3, 5, 6, 14, and 23) were used for
protoplast isolation and plant regeneration to select for hygromycin resistant regenerants after
Ds excision in individual cells. As a negative control, the plant 21, with only Ds T-DNA
construct, was used. As a positive control, a kanamycin and hygromycin resistant Ds
containing segregant was used that resulted from a Ds excision event early in embryo or
seedling development. This plant was resistant on 40 mg/1 hygromycin. Regeneration of at
least 25 plants in the control experiments and about 200 plants in the selection experiment
was attempted (Table V). As expected, in the negative control no hygromycin resistant plants
were obtained whereas this class of plants frequently appeared from protoplasts of the positive
control. The five selected plants showed regeneration of hygromycin resistant plants. The use
of hygromycin in the culture medium greatly increased the isolation of the resistant plants.
Without hygromycin, selection frequency of resistant plants varied between 13 and 40%, and
with selection between 43 and 68%. These results clearly indicate the occurrence of Ds
excision in the tested plants. A total of 582 hygromycin resistant plants are individually tested
for instability in resistance to Phytophthora infestans as a first indication of insertion in the
resistance gene involved. In addition, inverse PCR experiments were started to classify the
new independent Ds insertion sites. Sequence analysis of the PCR products and database
searches showed homology with known coding sequences.

TABLE V. REGENERATION OF PROTOPLASTS WITH OR WITHOUT SELECTION FOR
HYGROMYCIN RESISTANCE FROM DIFFERENT PLANTS AND CONTROLS

Plant

3
5
6
14
23
Total
+ control
- control

Regeneration
No.
23
29

6
70
51

179
49
21

without
R*
3
8
2

15
2

30
22

0

selection
%
13
28
33
21
40
17
45

0

Regeneration
No.
166
198
205
208
211
988
198

10

with
R*
83

121
139
118
91

552
98

0

selection
%
50
61
68
57
43
56
50

0
*R- resistant to hygromycin.

4. DISCUSSION

The induction and selection of mutants is highly valuable, especially, to obtain
biochemical pathway variants. In self-fertilising crops like flax, soybean and rice, the
mutational approach has been frequently used. In vegetatively propagated crops like potato,
this approach is much more complicated but valuable for generating new material for use in
breeding. The existing amf mutant is a clear example of this approach. This mutant was
isolated in 1986, and it will be 2005 before the first variety is approved based on this mutant.
The reason for this long duration of breeding lies in the monoploid nature of the original
mutant, and in the need to combine such new recessive trait with many other important traits
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at the tetraploid level. In the meantime, new varieties have been developed with amylose-free
starch by using antisense gene approach. This approach until now was not successful for the
development of plants with amylopectin-free starch. Therefore, the selection of an
amylopectin-free mutant is important despite the long duration it takes to produce a new
variety.

In the present studies, new amf type monoploids were obtained. The frequency of
monoploids was influenced by the genotype in specific combinations, as reported elsewhere
[13]. With optimised in vitro culture, new am/monoploid mutants could be selected at tissue
culture level. A similar wild type monoploid '79.7322' was described earlier during the
induction and selection of the amf mutants [16]. Flow cytometry showed that monoploids
were ploidy stable during in vitro multiplication of these plants, although previous findings
had suggested that monoploids can change in ploidy level during multiplication (unpublished).
Therefore, testing of new monoploids for the unwanted ploidy change is essential. Moreover,
the present investigations that amylose-free monoploids can be obtained, which are not only
vigorous with relatively large leaves but also produce microtubers in sufficiently high number.
It is important to perform irradiation experiments with optimised material for selecting new
mutants either without starch or with amylopectin-free starch. The following procedure is
suggested to obtain new starch mutants using in vitro techniques in combination with
radiation (Fig. 2).

Diploid
i

Prickle pollination with S. phureja
i

Regeneration from leaves <— Monoploid (Mo)—> Tuber formation

4,
Leaf segments (5000)

I
Irradiation (X rays) -» Determine radiation dose

I
Regeneration

Adventitious shoots (Mi; 15000)
I

Tuber induction (20000)
I

Screening

Mutants (1-2)
- blue staining starch
- no starch

Fig. 2. A schematic view for obtaining new mutants in potato

The second method to induce mutations is based on molecular cloning and functional
analysis of the desired genes. In this approach, heterozygosity for the particular trait is
important at the diploid level. The use of heterologous transposon systems in potato is new,
and the isolation of R genes, coding for Phytophthora resistance, is not yet described. The
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material that has been developed during the past eight years is unique, and highly useful for
modern molecular biology. In vitro induction and selection of independent transposon
insertional events is crucial to obtain mutants. The present study showed that a combination of
Ds and Ac elements in one genotype causes mobilisation of the Ds element. In the present
case, the Ds element is closely linked with the Rl gene and a large number of individual
excisions can be isolated in individual plants by regeneration from protoplasts. Presently,
more than 1500 hygromycin resistant regenerants have been selected, and are being tested
individually for resistance to Phytophthora infestans. Preliminary experiments with a number
of hygromycin-resistant regenerants showed excision of the Ds element and independent re-
insertions into coding regions of the potato genome. It is not known if the Ds transposition
behaviour in the investigated DslAc plants is restricted to the neighbouring DNA on the same
or different chromosome. To isolate Rl gene, it is crucial that the Ds transpositions are located
near to one another on the same chromosome. The described material is a good basis for the
molecular isolation of the Rl gene. Both examples discribed in this contribution show the
importance of in vitro techniques for mutation breeding in vegetatively propagated crops.
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