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Abstract Fourteen somatic hybrids generated by electro- 
fusion of mesophyll protoplasts from a non-flowering di- 
haploid S. tuberosum clone, DHAK- 11, and a male-sterile 
dihaploid clone S. tuberosum, DHAK-33, were grown in 
the greenhouse and subjected to morphological assess- 
ments and tests for fertility and resistance to the white po- 
tato cyst nematode GIobodera pallida pathotypes Pa2 and 
Pa3. The ploidy level of the hybrids ranged from 38 to 63 
chromosomes. All hybrids developed flowers with violet 
petals except for one, hy-56, that possessed red petals. The 
colour of the tuber skin was purple in all hybrids except in 
hy-56 where the tuber skin was red. All of the hybrids were 
female fertile and generated viable seeds. Near-tetraploid 
hybrids produced the highest number of seeds per fruit and 
these seeds had a normal size. Hybrids with 58 or more 
chromosomes produced smaller seeds and less seeds per 
fruit. The germination frequency of the seeds was not in- 
fluenced by the chromosome number of the hybrids. Pol- 
len viability was determined and the male fertility of three 
hybrids was tested. Pollination with these three hybrids 
gave rise to fruit development, but only one produced 
viable seeds. The hybrids were tested for resistance to G. 
pallida pathotypes Pa2 and Pa3. A high level of resis- 
tance to Pa3, inherited from one parental clone, DHAK-11, 
and a high level of resistance to Pa2, inherited from the 
other parental clone, DHAK-33, was combined in four 
hybrids. These results demonstrate, that protoplast fusion 
is an efficient method for restoring the fertility of somatic 
hybrids generated from sterile parent clones, and is a 
powerful procedure for the complementation of multi- 
genetic disease resistance traits in potato breeding lines. 
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Introduction 

The heterozygous and tetraploid nature of cultivated po- 
tato cultivars (2n=4x=48) complicates the predictability of 
identifying genotypes with desirable agronomical traits in 
sexual progeny. Aimed at improvements in breeding effi- 
ciency, a number of reports propose dihaploid breeding 
methods (Wenzel et al. 1979; Ross 1986; Deimling et al. 
1988). Dihaploid clones, obtained by either anther cultures 
(Sopory and Bajaj 1987) or by pollination with Solarium 
phureja (Hermsen and Verdenius 1973), show distinct mor- 
phological features and agronomical characteristics due to 
the reduced ploidy level. 

However, one major obstacle in dihaploid potato breed- 
ing is that dihaploids extracted from tetraploid cultivars 
are predominantly male sterile (van Eck et al. 11993; Hut- 
ten et al. 1994). Preparatory crosses between Solanum tu- 
berosum and S. phureja performed in our laboratory con- 
firm a high frequency of sterile, dihaploid plants. Conse- 
quently many dihaploid clones with valuable agronomical 
traits can not be directly employed in sexual breeding pro- 
grams. However, somatic hybridization by use of proto- 
plast fusion has shown to be an attractive method to cir- 
cumvent this problem. By protoplast fusion important 
agronomical traits can be combined into new tetraploid hy- 
brids and concomitantly a high level of heterozygosity is 
obtained. Intraspecific hybridization between dihaploid 
S. tuberosum clones has been reported by several authors 
(Austin et al. 1985; Waara et al. 1991; Thach et al. 1993). 
Interspecific protoplast fusion within different Solanum 
species was originally developed to introduce novel germ 
plasm from sexually non-compatible Solanum species in 
order to broaden the genetic base of S. tuberosum (Pehu et 
al. 1989). Protoplast fusion is, however, not only a tech- 
nique to broaden the gene pool of potatoes and to over- 
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come sexual  i ncompab i l i t y  barr iers  but  is also a rap id  pro-  
cedure  for the combina t ion  of  impor tan t  mul t igene t ic  
ag ronomic  traits wi th in  the S. tuberosum gene pool .  

The white potato cyst  nematode  Globodera pallida 
(Jones et al. 1970; Stone 1972) causes severe damage  to po-  
tato crops.  Three  pathotypes  of  G. palIida, P a l ,  Pa2 and 
Pa3, can be d is t inguished with a set of  different ia ls  der ived  
f rom the wi ld  species  S. multidissectum and S. vernei (Kort  
et al. 1977). Res is tance  to pa thotypes  Pa2 and Pa3 is re- 
por ted  in S. kurtzianum, S. multidissectum and S. vernei 
(Ross 1986), S. circaeifolium subsp, circaeifolium cab 
(Mattheij  et al. 1992), S. spegazzinii (Del laer t  et al. 1988) 
and S. tuberosum subsp, andigena CPC 1673 (Turner 1989). 
It has been shown that res is tance to the pa thotypes  Pa2 and 
Pa3 is quant i ta t ively  and po lygen ica l ly  inheri ted,  and that 
res is tance to Pa2 and Pa3, der ived  f rom the wi ld  species  S. 
spegazzinii, is cont ro l led  by  the H1 locus on ch romosome  
5 and by at least  two minor  loci  on ch romosomes  4 and 7 
(Kreike  et al. 1994). The genet ica l  complex i ty  of  G. pallida 
res is tance hampers  sexual  b reed ing  programs a imed at a 
complementa t ion  of  the res is tance to the different  patho-  
types.  Unt i l  now only a few pota to  breeding  lines, and no 
commerc ia l  potato cult ivars,  with comple te  res is tance to 
both Pa2 and Pa3 have been reported.  

For  the wi ld  species  S. vernei knowledge  concern ing  
the genet ic  background  for Pa2 and Pa3 res is tance  is, 
scanty. P la is ted  et a1.(1962) conc luded  f rom a series of  
in tercrosses  be tween  dif ferent  S. vernei l ines that at least  
two, and p robab ly  three, loci  are invo lved  in the G. pallida 
res is tance.  Later  it was repor ted  that  only  by incorpora t ion  
f rom var ious  S. vernei sources,  each with a quant i ta t ive ly  
inher i ted  pa tho type - spec i f i c  res is tance,  could  geno types  
be ob ta ined  with a res is tance  to a large number  of  G. pal- 
lida popula t ions  (Turner et al. 1983; Del laer t  and Vinke 
1987). Ross (1986) summar iz ing  the sources of  major  re- 
s is tance genes,  repor ted  that there  were  l ike ly  to be four 
ma jo r  dominan t  genes f rom S. vernei inher i ted  in a Men-  
de l ian  way  and that a high level  of  res is tance  to Pa2 and 
Pa3 only seems to occur  in pota to  cul t ivars  that carry  sev-  
eral minor  genes in addi t ion  to the major  ones. 

In the present  paper  we descr ibe  the use of  in t raspeci f ic  
symmet r i c  p ro top las t  fusion be tween  two steri le,  d ihap lo id  
pota to  b reed ing  l ines in order  to achieve  res tora t ion  of  fer-  
t i l i ty  of  the hybr ids  and to ach ieve  a successful  comple -  
menta t ion  of  a high level  of  res is tance  to G. pallida path-  
o types  Pa2 and Pa3 in a number  o f  hybr ids .  

confering partial resistance to Pa2 and a high level of resistance to 
Pa3, and S. tuberosum N81-ARQ-09 (obtained from a cross with 
S. vernei SVP-VTn-2-62-33-3) confering a high level of resistance 
to Pa2 and partial resistance to Pa3. Extraction of dihaploids from 
these two tetraploid lines following pollination with S. phureja IVP 
101 was carried out. All crosses were made at The Danish Potato 
Breeding Foundation, Vandel. The results of two representative 
S. phureja crosses are listed in Table 1. From the S. phureja crosses 
two dihaploid clones were selected with respect to resistance to Pa2 
and Pa3. These two clones, used throughout this study, were S. tu- 
berosum, DHAK-1 l(code 88-0-02-09), characterized by no flower 
formation, red tuber skin, partial resistance to Pa2 and resistance to 
Pa3, and S. tuberosum, DHAK-33 (code 89-0-18-01), characterized 
by white flowers, incomplete anther development, white tuber skin, 
resistance to Pa2 and partial resistance to Pa3. 

Somatic hybrids 

Electrofusion of mesophyll protoplasts was performed in order to 
combine the genomes of the two dihaploid clones. Selection of fu- 
sion products and characterization of the somatic hybrids by means 
of chromosome counting, RAPD (random amplified DNA polymor- 
phism) and isozyme analysis were all accomplished according to 
Rasmussen and Rasmussen (1995). The hybrids were grown in 
growth chambers for 16 weeks and then transferred to the green- 
house. Fourteen hybrids were selected, representing a ploidy range 
of 38-66 chromosomes. Eight hybrids, hy-19, hy-24, hy-30, hy-31, 
hy-34, hy-49, by-53 and hy-56, were previously analyzed by chro- 
mosome counting, RAPD and isozyme analysis (Rasmussen and Ras- 
mussen 1995). In addition six verified hybrids, hy-61, hy-70, hy-71, 
hy-72, hy-73 and hy-74, from an additional fusion experiment 
between DHAK-11 and DHAK-33, were included in the present 
study. 

Transfer to soil 

In vitro internodes of regenerated plants were transferred to pith box- 
es (Veil, Larvik, Norway), and rooted in the greenhouse in soil ("Mix- 
ture- 1", Pindstrup, Denmark) supplemented with 0.1 mg/1 IAA and 
0.3% Previcur-N (Schering A/S, RCdovre, Denmark). The plantlets 
were hardened under a layer of white plastic for 5 days, then the plas- 
tic was gradually removed. After the adaptation period the plants 
were irrigated with 0.5%o "Pioner-mixture" supplemented with 
"Pioner-micronutrient" (R BrCste A/S, Denmark). 

Morphological assessments 

Hybrids and parental plants were characterized by petal colour dur- 
ing flowering and by tuber colour after harvest. Assessment of flow- 
er and tuber skin colour was according to the Nickerson Color Fan 
(1957; Published and Distributed by Munsell Color Co., Inc., 2441 
N. Calvert Street, Baltimore, Maryland 21218, USA). 

RAPD 

Materials and methods 

Plant material 

Resistance to G. pallida pathotypes Pa2 and Pa3 was introduced into 
different tetraploid S. tuberosum breeding lines by the use of sexual 
crossing with two diploid clones of the wild species S. vernei. In wild 
diploid Solarium species approximately 2% of the pollen is non-re- 
duced, so giving rise in crosses with tetraploid plants to a limited 
amount of tetraploid seeds (Yerk and Peloquin 1988). From these 
crosses two tetraploid cultivars were selected. S. tuberosum N80- 
APZ-12 (obtained from a cross with S. vernei accession no 1642-2) 

In this study 140 decamer oligonucleotide primers from seven se- 
ries, AC, AQ, AR, AS, AT, AW and AX (Operon Kit, Alameda, Cal- 
if., USA), were tested for the generation of polymorphic RAPD 
bands. DNA isolation and PCR amplification were performed as de- 
scribed earlier (Rasmussen and Rasmussen 1995). 

Pollen morphology and viability 

Pollen grains from mature anthers of each hybrid were analyzed three 
times over a period of 2 weeks. The morphology of the hybrid pol- 
len was compared with that of pollen from a tetraploid standard 
cultivar which showed 90% uniform pollen size. A population of 



Table 1 Interspecific crosses were performed between two tetra- 
ploid S. tuberosum lines and the diploid S. phureja IVP 101. From 
each cross one plant with a high level of resistance to either G. pal- 
lida Pa2 or Pa3 was selected and used as a parent plant for somatic 
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hybridization. A phenotypic characterization of the two selected 
parental clones DHAK-11 and DHAK-33 is listed in Materials and 
methods 

Cross Offspring 

Number Number Dihaploid Female Male Selected 
of fruits of seeds plants fertile fertile clone 

S. tub. N80-APZ- 12 x S. phureja IVP 101 8 17 11 1 0 DHAK- 11 

S. tub. N81-ARQ-09 x S. phureja IVP 101 2 11 8 1 0 DHAK-33 

pollen showing 90% uniform size was categorized as normal, while 
pollen with less than 90% uniform size was categorized as varying. 
Pollen viability was determined by staining with 1% w/v acetocar- 
mine according to Pehu et a1.(1989). 

Fertility test 

Fertility tests of the hybrids were performed by using three tetraploid 
standard cultivars: S. tuberosum cv 89-BHZ-5 (pollen donor B, LKF 
Vandel), S. tuberosum cv DTO-2 (pollen donor D, received from CIR 
Lima, Peru), and S. tuberosum cv "Gordana" (female G, received 
from Saatzucht F. Lange, Bad Schwartau, Germany). Prior to open- 
ing of the flower buds all recipient flowers in a cluster were emas- 
culated to avoid self-pollination. Each stigma was pollinated three 
times. Pollen donor B was used to test the female fertility on nine 
hybrids. In addition, pollen donor D was used for a supplementary 
test to analyze the female fertility of four of these hybrids. Tests for 
the male fertility of three hybrids were performed with S. tuberosum 
cv "Gordana" as female partner. 

Seed harvest and germination 

Mature fruits from each inflorescent cluster were collected in nylon 
bags. After harvest the fruits were opened and the seeds were trans- 
ferred to blotting paper to dry. Seed morphology was examined and 
the seeds were stored at 4~ for at least 8 weeks. Prior to germina- 
tion seeds were surface sterilized for 20 min in 3% Korsolin (Ferro- 
san Fine Chemicals A/S, K0ge, Denmark) and washed three times 
in sterile water for 20 min. Seeds were germinated at 24~ in 9-cm 
Petri dishes on ~ strength MS salt and vitamins (Mnrashige and 
Skoog 1962), 1.5% sucrose, 10 mg/1 GA3, 0.8% Bactoagar, pH 5.8. 
Germination with 15 seeds per Petri dish was performed in the dark 
for 3 days and then continued in dim light, 5000 lx, for 3-6 weeks. 
The seeds were transferred to fresh media every 3rd week. When less 
than 100 seeds were produced from a hybrid all seeds were used for 
germination. For hybrids that produced more than 100 seeds, 100 
seeds were randomly selected and used for germination. 

Screening of hybrids for Pa2 and Pa3 resistance 

Analysis ofG. pallida pathotype Pa2 and Pa3 resistance was accom- 
plished by the Dutch Breeding Company, Ropta-ZPC, Metslawier, 
The Netherlands. Ten tubers from each hybrid were used for the ana- 
lysis of G. paIlida resistance. Using the close-container test five tu- 
bers from each hybrid were standard inoculated with Pa2 or Pa3 cysts. 
Three months after inoculation the total number of cysts formed on 
the roots were scored. The average number of cysts per tuber was 
calculated, and the level of resistance was categorized into the fol- 
lowing groups: 

0 cysts per tuber: complete resistance CR 
0 < x < 8 cysts per tuber resistance RR 
8 < x < 12 cysts per tuber: partial resistance R 
> 12 cysts/tuber susceptible S 

Results 

Morpho log i ca l  assessments  

In total  14 somat ic  hybr ids ,  genera ted  by  the fusion of  pro-  
toplas ts  f rom the non- f lower ing  d ihap lo id  c lone S. tubero- 
sum D H A K -  11 and the male -s te r i l e  d ihap lo id  c lone S. tu- 
berosum D H A K - 3 3 ,  were  analysed.  Se lec t ion  of  puta t ive  
hybr ids ,  based  on v igorous  cal lus growth,  and ver i f ica t ion  
o f  the hybr id  nature of  the plants  by the use o f  ch romo-  
some count ing,  R A P D  and i soz yme  analysis ,  was per-  
fo rmed  as descr ibed  in Rasmussen  and Rasmussen  (1995). 
The somat ic  hybr ids  were  grown in boxes  in a we l l -de f ined  
soil  in the greenhouse  and only one shoot per  p lant  was al- 
lowed  to grow. The morpho logy  of  the somat ic  hybr ids  
showed  only minor  di f ferences  in respect  of  p lant  height,  
leaf  m o r p h o l o g y  and leaf  p igmenta t ion .  Dif ferent  deve lop-  
menta l  s tages of  the g reenhouse -g rown  hybr ids ,  i l lustrat-  
ing f lower ing ,  fruit  sett ing,  seed format ion,  seed germina-  
t ion and mature  tubers,  are shown in Fig.  1. Data  on the 
p lo idy  level ,  petal  colour,  tuber  colour,  female  and male  
fertil i ty,  seed germina t ion  f requency  and res is tance  to the 
two G. pallida pa tho types  Pa2 and Pa3 of  the hybr ids  are 
shown in Table 2. 

The  c h r o m o s o m e  number  of  the hybr ids  ranged f rom 
38 in hy-72 to 66 in hy-61.  Al l  hybr ids  f lowered  profuse ly  
over  a per iod  of  severa l  weeks.  Asses smen t  of  petal  co lour  
showed  that the te t raplo id  S. tuberosum N 8 0 - A P Z - 1 2  
deve loped  red petals .  The d ihap lo id  parenta l  c lone 
D H A K - 3 3  deve loped  whi te  petals .  Al l  hybr ids  possessed  
v io le t  petals  except  for hy-56 which  had red petals.  

The tuber  skin colour  of  all hybr ids  was purple ,  ex- 
cept  for hybr id  hy-56 with 46 chromosomes ,  which  pos-  
sessed a red tuber  skin, as did  the d ihap lo id  parenta l  c lone 
D H A K - 1 1 .  The d ihap lo id  parental  c lone D H A K - 3 3  was 
charac te r ized  by  a white  tuber  skin. 

Fer t i l i ty  

The d ihap lo id  parenta l  c lone D H A K - 1  1 never  genera ted  
f lowers ,  whi le  the d ihap lo id  parenta l  c lone  D H A K - 3 3  de- 
ve loped  normal  s tamens  but  the anthers never  matured.  In 
contras t  to the parenta l  c lones  all tested hybr ids  p roduced  
normal  anthers.  Al l  hybr ids  genera ted  p len ty  of  pol len  
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Fig. la-f  Developmental stages of somatic hybrids generated by 
the fusion of protoplasts from two dihaploid clones, S. tuberosum 
DHAK-11 and S. tuberosum DHAK-33. a Flowers from a hybrid, 
hy-31, with violet petals and mature anthers, b Fully developed fruits 
on hy-53 after pollination with the tetraploid pollen donor B, S. tu- 
berosum cv 89-BHZ-5. e Fully developed fruits on the standard fe- 
male partner S. tuberosum cv "Gordana" after pollination with 
by-31, d Cross section of a hy-31 fruit with normal seeds obtained 
after pollination with S. tuberosum cv 89-BHZ-5. e Seeds from 
hy-31 obtained by pollination with the tetraptoid pollen donor D, 
S. tuberosum DTO-2, germinated for 3 weeks, f Purple tubers from 
hy-31 (left) and red tubers from hy-56 (right) 

grains in the anthers. Some differences in the pollen mor- 
phology between the hybrids were observed. Ten hybrids 
formed pollen with normal size, while three hybrids formed 
pollen with varying size. 

The pollen viability of nine hybrids was in the range of 
70-90%, while four hybrids showed a viability lower than 
70%. No correlation between the ploidy level of the hy- 
brids and the pollen morphology and viability was de- 
tected. 

To test the female fertility of the hybrids the tetraploid 
standard pollen donor B was used. All hybrids generated 
fruits and developed seeds. The number of fruits per plant 
varied from 1 in hy-34 to 18 in hy-53. After fruit ripening, 
the total number of seeds was scored and the seed yield per 
fruit was calculated; hy-34 produced only one fruit with 
one seed, while hy-53 produced many fruits (Fig. lc), of 
which two were selected containing 191 seeds in total. 
Other hybrids, like hy-24, gave nine fruits with a total of 
39 small seeds. 

As a further test of female fertility, hy-30, hy-31, hy-49 
and hy-53 were pollinated with the tetraploid standard pol- 

len donor D. A calculation of the number of seeds per fruit 
showed that the standard pollen donor B gave rise to a 3-4- 
times higher yield of seeds per fruit compared to the stan- 
dard pollen donor D. However, the relative number of seeds 
in the hybrids as a result of pollination with the two polli- 
nators was not changed. The highest number of seeds per 
fruit for both pollen donors scored was in hy-31. 

Near-tetraploid hybrids with 42-48 chromosomes de- 
veloped seeds with normal size compared to standard seeds 
(Fig. ld), while aneuploid hybrids with 58 chromosomes 
or more developed small seeds. The germination frequency 
of the seeds was scored after 6 weeks. Seeds with normal 
size started germinating after 10-12 days, while the small 
seeds did not start germination until after 3-6 weeks. The 
germination frequency ranged between 79 and 100%. 

To evaluate male fertility three hybrids, hy-31, hy-34 
and hy-53, were used as pollen donors for the tetraploid 
standard cultivar S. tuberosum cv "Gordana". Seeds that 
developed after pollination with by-31 were harvested and 
germinated. All seeds had a normal size and 149 out of 162 
seeds germinated, giving a germination frequency of 92%. 
Pollen from hy-34 and hy-53 gave rise to fruit develop- 
ment on S. tuberosum cv "Gordana" but these fruits did not 
develop seeds. 

Resistance to G.pall ida 

Analysis of the dihaploid clone DHAK-11 and its tetra- 
ploid parent N-80-APZ-12 showed that both clones con- 
ferred partial resistance to G. pal l ida Pa2 and resistance to 
Pa3. DHAK-33 and its tetraploid parent N81-ARQ-09 
showed resistance to Pa2 and partial resistance to Pa3. Tu- 
bers from all hybrids were analyzed for Pa2 and Pa3 resis- 



Table 2 Fourteen somatic hybrids, generated by fusion of S. tube- 
rosum DHAK-11 and S. tuberosum DHAK-33 protoplasts, were an- 
alyzed for chromosome number, petal colour, tuber skin colour, pol- 
len morphology and viability. Nine hybrids were pollinated with the 
tetraploid standard cultivar B (S. tuberosum cv 89-BHZ-5) and four 
hybrids were pollinated with the tetraploid standard cultivar D 
(S. tuberosum cv DTO-2). Three hybrids hy-31, hy-34 and hy-53 
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were used as pollen donors for the tetraploid cultivar G (S. tubero- 
sum cv "Gordana"). Fertility was listed as F/M: F - female fertile; 
M - male fertile. Seeds from each cross were harvested and analyzed 
for the number of seeds per fruit, seed size and germination frequen- 
cy. Hybrids analyzed for Pa2 and Pa3 resistance were categorized 
as: RR - resistant ; R - partial resistant; S - susceptible, nt - not test- 
ed; *one seed germinated 

Clone no. Chromo- Petal Tuber Pollen 
some colour skin 
number colour 

Morphology %Viability 

Ferti- No. Seed % G. palIida 
lity seeds size Germi- resistance 

per hating 
fruit seed Pa2 Pa3 

N80-APZ- 12 48 Red Red 
DHAK- 11 24 Red 
N81-ARQ-09 48 White White 
DHAK-33 24 White White 

hy-19 58 Violet Purple 
hy-24 63 Violet Purple 

hy-30 42 Violet Purple 

Normal 50-60 
Normal 70 

Normal 80-90 

hy-31 48 Violet Purple Normal 70-80 

by-34 58 Violet Purple Normal 50 

hy-49 45 Violet Purple Normal 90 

hy-53 47 Violet Purple Varying 70 

hy-56 46 Red Red Normal 80 
hy-61 66 Violet Purple Varying 5-10 
hy-70 39 Violet Purple Normal 80-90 
hy-71 48 Violet Purple nt nt 
hy-72 38 Violet Purple Normal 90 
hy-73 43 Violet Purple Normal 80-90 
hy-74 42 Violet Purple Varying 60 

F/M R RR 
R RR 

F/M RR R 
F/ RR R 

F/nt B 1,6 Small 85.7 RR R 
F/nt B 4,3 Small 86.8 RR R 

F/nt B 89 Normal 99.2 RR RR 
D 24 Normal 95.7 

F/M B 181 Normal 94.8 RR S 
D 49 Normal 89.2 
G 90 Normal 92.0 

F/M B 1 Small 100" RR RR 
GO 

F/nt B 96 Normal 95.3 RR S 
D 29 Normal 98.1 

F/M B 56 Normal 85.0 RR RR 
D 23 Normal 95.6 
GO 

F/nt B 38 Normal 79.0 RR R 
F/nt B 3,4 Small 80.0 R S 
nt nt RR S 
nt nt RR RR 
nt nt R S 
nt nt RR R 
nt nt R S 

tance. Four  hybr ids ,  hy-30,  hy-34,  hy-53 and hy-71,  
showed res is tance  to both Pa2 and Pa3. The highest  level  
of  res is tance  was found in hy-53,  with only one Pa2 cyst  
scored on f ive tubers.  Four  hybr ids ,  hy-19,  by-24,  hy-56 
and hy-73,  showed  res is tance  to Pa2 and par t ia l  res is tance  
to Pa3. Six hybr ids ,  hy-31,  hy-49,  hy-61,  hy-70,  hy-72 and 
hy-74,  showed  no de tec tab le  Pa3 res is tance.  

Ident i f ica t ion  of  R A P D  marker  bands  for tuber  co lour  

Tubers  f rom all hybr ids  possessed  a purple  skin except  for 
one hybr id ,  hy-56,  wi th  46 ch romosomes ,  that posses sed  
a red tuber  skin (Table 2). D N A  p o l y m o r p h i s m  be tween  
the two parenta l  c lones,  D H A K - 1 1  and D H A K - 3 3 ,  a mix-  
op lo id  hybr id ,  hy-61,  with 66 ch romosomes ,  a tetra-e~a- 
p lo id  hybr id ,  hy-31,  wi th  48 ch romosomes  and the near-  
t e t rap lo id  hybr id ,  hy-56,  with 46 c h r o m o s o m e s  was de- 
tec ted  by  use of  the R A P D  technique  (Fig. 2). In a de ta i led  
RAPD analysis  of  hy-56, 140 primers  were tested (Table 3). 
A total  o f  105 p o l y m o r p h i c  D N A  bands  were  de tec ted  for 
the two parenta l  c lones,  and an examina t ion  of  hy-56 re- 

vea led  that this hybr id  was lacking  three unique RAPD 
marker  bands,  all ident i f ied  as D H A K - 3 3  parenta l  bands 
(Fig. 2). One of  the miss ing  D N A  bands,  a 800-bp band 
(h ighl ighted  by *), was de tec ted  by the p r imer  AQ-07  and 
the other  band,  a 1500-bp band (h ighl igh ted  by  **) was 
de tec ted  by  the pr imer  AW-15.  A third miss ing  band,  a 
394-bp band de tec ted  by  the p r imer  AC-02 ,  was descr ibed  
ear l ier  (Rasmussen  and Rasmussen  1995). 

Table 3 RAPD analysis of the two dihaploid parental clones 
DHAK-11 and DHAK-33 and the hybrid hy-56, performed with 140 
decamer oligonucleotide primers 

Score of polymorphic RAPD bands 

DHAK- 11 DHAK-33, Total 

Parental clones 54 51 105 
hy-56 54 48 102 

Abscence of DNA bands in hy-56 3 
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Fig. 2 RAPD profiles of the two parental clones, DHAK-11 and 
DHAK-33, and four hybrids generated by two decamer oligonucleo- 
tide primers AQ-07 and AW-15. Amplified DNA fragments from 
eight samples were loaded in the following order (the chromosome 
number of the hybrids is shown in brackets): lane 1, DHAK-11 (24); 
lane 2, DHAK-33 (24); lane 3, a mixture (1:1) of DHAK-11 and 
DHAK-33; lane 4, hy-71 (48); lane 5, hy-61 (66); lane 6, hy-31 (48); 
lanes 7 and 8, two different extracts of hy-56 (46). PstI-digested 
~-DNA was used as DNA size marker (lane 9). Unique DHAK-33 
DNA bands not amplified in hy-56 extracts are highlighted by * 
and ** 

Discussion 

Conventional breeding of tetraploid heterozygous potato 
lines has been shown to be inefficient because of the com- 
plex segregation of valuable agronomic characters such as 
yield and disease resistance. A widely advocated alterna- 
tive is breeding at the diploid, instead of the tetraploid, 
level and restoration of the tetraploid level by use of pro- 
toplast fusion (Wenzel et al. 1979; Ross 1986; Deimling et 
al. 1988). Dihaploid breeding lines can be generated by the 
pollination of tetraploids with a S. phureja dihaploid in- 
ducer line. Pollination with S. phureja may stimulate un- 
fertilized ovules in the tetrapolid parent to develop parthe- 
nogenetically (Hermsen and Verdenius 1973) or may add 
some genetic information to the dihaploid progeny (Waugh 
et al. 1992). However, a major bottle-neck in dihaploid po- 
tato breeding is the high number of non-tuberizing and of 
non-flowering dihaploids in the progeny. From a study 
where tetraploid varieties of S. tuberosum were crossed 

with S. phureja, Hutten et al. (1994) reported that 68% of 
the vigorous dihaploids formed flowers but only 4% had a 
pollen stainability higher than 60%. Our results with 
crosses between S. phureja and two tetraploid S. tubero- 
sum breeding lines also reveal a high frequency of stertile 
dihaploids (Table 1). In two crosses with S. phureja we ob- 
tained no male-fertile dihaploid plants and 6% and 9% fe- 
male-fertile plants, respectively. In spite of the low ferti- 
lity rate many dihaploids convey valuable genetic charac- 
ters. The dihaploid plants in the present study were tested 
for resistance to G. pallida pathotypes Pa2 and Pa3 and the 
two clones that possessed the highest level of resistance to 
Pa2 or to Pa3 were selected for protoplast fusion. 

The fusion products gave rise to somatic hybrids with 
a broad ploidy range from 38 to 63 chromosomes. Only 
two euploid hybrids with 48 chromosomes were scored. It 
is likely that variation in the chromosome number of so- 
matic hybrids after protoplast fusion depends both on the 
genotypes used as parental plants and on the experimental 
conditions during the fusion and the regeneration proce- 
dure. In a study with intraspecific protoplast fusion 
between two S. tuberosum cultivars, Waara et al. (1992) 
obtained mainly hybrids which either lost or gained only 
one chromosome, while Chaput et al. (1990) demonstrated 
a wide distribution range from the diploid to the octoploid 
level in intraspecific S. tuberosum hybrids. 

All somatic hybrids in the present study generated tu- 
bers and flowers (Table 2). The flowers from all hybrids 
were violet, except for one hybrid, hy-56, that possessed 
red flowers. The tetraploid S. tuberosum N80-APZ-12, the 
mother plant of the non-flowering dihaploid DHAK-11 
clone, also had red petals. The flowering dihaploid clone 
DHAK-33 developed white petals. 

The dihaploid clones DHAK-11 and DHAK-33 had tu- 
bers with red and white skins, respectively, while all hy- 
brids produced tubers with purple skin, except hy-56 which 
produced a red tuber skin. No obvious differences in the 
form and size of the tubers from the different hybrids were 
observed. Tuber skin colour is dependent on anthocyanin 
pigmentation in the phelloderm layer of the tuber. The 
genes controlling the production and distribution of an- 
thocyanin pigmentation have been shown to be excellent 
marker genes (De Jong 1991). From a study of anthocya- 
nin pigmentation in potato van Eck et al. (1993) proposed 
a genetic model with five main loci as the genetic elements 
responsible for the colour of flowers and tuber skin. The 
D and P loci are assumed to be the basic factors involved 
in the biosynthesis of red and blue anthocyanin, respec- 
tively. Locus R is tissue specific for the pigmentation of 
tubers while locus F is tissue specific for the pigmentation 
of the flowers. Loci D/d, P/p and F/fwere mapped on chro- 
mosomes 2, 11 and 10, respectively. Dihaploids with the 
genetic combination D-ff develop white petals, while 
D-F-combinations develop red petals. Expression of the 
anthocyanin genes in the tubers are regulated by the R/r 
loci. The rr constitution results in white tubers, while 
R-results in pigmented tubers determined by D and/or P. 

The dihaploid parental clone DHAK-11 developed red 
tubers. According to the genetic model of van Eck et al. 



(1993) it can be predicted that the genetic composition of 
DHAK-11 is D-pp-F-R-. The dihaploid parental clone 
DHAK-33 possessed faint purple stems (Rasmussen and 
Rasmussen 1995) but developed white petals and white tu- 
ber skin. From these phenotypic characters the genetic 
composition of DHAK-33 isffrr  in combination with P and 
either D or d. Purple tuber skin was a phenotypical char- 
acter for all hybrids in this study, except for hy-56, indi- 
cating that the genetic composition of these hybrids was 
D-(D)-P-ppF-ffR-rr which allows expression of both blue 
and red anthocyanin in the tuber skin cells. In a study on 
intraspecific somatic hybridization between different S. tu- 
berosum clones, M/311ers et al. (1994) reported that fusion 
combinations in which one of the parent clones had a red 
tuber skin showed dominance over light yellow although 
the red tuber skin colour of the hybrids was not so intense 
as that of the parent clones. Our results show that in so- 
matic hybrids between two dihaploid S. tuberosum clones 
with red and white tuber skins, respectively, a dominance 
of purple tuber skin was detected in the hybrids. We con- 
clude that the dominance of purple tuber skin colour may 
be due to at least one D- and one P-allele in combination 
with at least one modifying R-allele conferring tissue-spe- 
cific expression of anthocyanin in the tubers. 

We discovered only one hybrid, hy-56, that gave rise to 
tubers with red skin, Fig. If. This particular hybrid was 
subjected to further study and it was shown by RAPD ana- 
lysis that, of 140 decamer oligonucleotid primers tested, a 
total of 105 polymorphic DNA bands from the two diha- 
ploid parental clones DHAK-11 and DHAK-33 could be 
detected (Table 3). Analysis of by-56 showed that in this 
particular aneuploid hybrid three DNA bands were lack- 
ing. These bands were all shown to be unique for the di- 
haploid parental clone DHAK-33. Therefore, we conclude 
that of the two chromosomes lacking in hy-56 at least one 
was a DHAK-33 chromosome, and more likely both were. 
The red tuber skin of by-56 may be caused by the abscence 
of the dominant P allele responsible for the synthesis of 
blue anthocyanin. This indicates that one of the missing 
chromosomes in hy-56 is chromosome 11. 

The female fertility of the hybrids was tested by crosses 
with two different tetraploid S. tuberosum pollen donors 
and expressed as the number of seeds per fruit. A 3-4-fold 
higher seed-production capability of the pollen donor B 
compared to pollen donor D was observed (Table 2), while 
the relative order of the seed yield per fruit in the hybrids 
was the same, irrespective of the pollinator. Seed produc- 
tion was highly efficient in hybrids within a chromosome 
range of 42-48, while the aneuploid hybrids with 58-63 
chromosomes showed a lower seed yield per fruit. As a 
further analysis of the hybrid female fertility a germina- 
tion test of seeds from all crosses was performed. A cor- 
relation between the size of the seeds and the time for 
initiation of germination was observed. The small seeds 
produced by hy-19, hy-24, hy-34 and hy-61 germinated af- 
ter 3-6 weeks, while normal seeds germinated within 2-3 
weeks. The germination delay of the small seeds may be 
due to either the high ploidy level or the reduced endo- 
sperm in these seeds. 
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The male fertility of three somatic hybrids was tested 
with the standard cultivar S. tuberosum cv "Gordana" as 
female partner. Fruits were developed from the three 
crosses, but only pollen from hy-31 gave rise to seed for- 
mation. The germination frequency of the seeds was 92%, 
which is of the same magnitude as the germination fre- 
quency of seeds developed from crosses where hy-31 was 
used as pollen donor. 

Ten randomly selected tubers from each of the hybrids 
were used to test the resistance against G. pallida patho- 
types Pa2 and Pa3. For the classification of the resistance 
levels we have employed the system developed by the ZPC 
company, Metslawier, The Netherlands, with the only mo- 
dification that a subgroup named partial resistance, R, sco- 
ring 8<x<12 cysts per tuber was included (see Materials 
and methods). 

The tetraploid cultivar N-80-APZ-12 and its dihaploid 
progeny DHAK-11 carried partial resistance, R, to Pa2 and 
resistance, RR, to Pa3. The tetraploid N-81-ARQ-09 and 
its dihaploid progeny DHAK-33 carried resistance, RR, to 
Pa2 and partial resistance, R, to Pa3. Analysis of 14 so- 
matic hybrids revealed that in four (26%) a complementa- 
tion of a high resistance to both Pa2 and Pa3 was obtained. 
Five hybrids (33%) conferred a similar resistance as the 
dihaploid parentals, while six hybrids have lost the Pa3 re- 
sistance, but still conferred partial Pa2 resistance.We have 
thus demonstrated for the first time that the quantitative 
resistance traits of the pathotypes Pa2 and Pa3 from either 
of two parental clones can be combined in somatic hybrids 
produced by the use of protoplast fusion. Furthermore, all 
the hybrids were shown to be fertile, which opens up new 
possibilities for protoplast fusion in future breeding pro- 
grams. 

The transfer of Pa2 and Pa3 resistance from the diploid 
wild species S. circaifolium subsp, circaifolium to a diploid 
S. tuberosum subsp, tuberosum by use of both somatic hy- 
bridization and sexual crossing, where the wild-type was 
used as female partner, has been reported (Louwes et al. 
1992; Mattheij et al. 1992). In the somatic as well as the 
crossed hybrids these authors found a high transmission 
rate of Pa2 and Pa3 to the F 1 generation and a slightly lower 
transmission rate of resistance to Phytophtora infestans. 
A number of other valuable agronomic traits have been 
transferred by protoplast fusion. In a study with two diha- 
ploid genotypes of potato, containing the monogenic do- 
minant alleles for resistance to PVX (virus X) and virus 
PVY (virusY), 18 different fusion combinations were per- 
formed (Thach et al. 1993). In most of these combinations 
an addition of the two qualities was found, although a few 
deviating clones were observed. Additionally, the produc- 
tion of frost-tolerant somatic hybrids and their adaptabil- 
ity to cold were achieved by the fusion of mesophyll pro- 
toplasts from a frost-tolerant diploid species Solanum com- 
mersonii and a dihaploid S. tuberosum (Cardi et al. 1993). 
These authors found that except for one these hybrids were 
female fertile but male sterile. 

Taken together, these reports demonstrate the potential 
of protoplast fusion in practical plant breeding. Inclusion 
of several of the recently discovered chromosomal mar- 
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kers (Ritter et al. 1991; Leonards-Schippers  et al. 1992; 
Gebhardt  et al. 1993; Kreike et al. 1993, 1994) in the stud- 
ies on mul t igenet ic  disease-resistant  traits may contr ibute 
to the local izat ion and regulat ion of these genes in planta.  
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