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Where normal meiosis (1) generally gives rise to the formation of a tetrad of 
reduced (n) megaspores (2) and desynaptic meiosis (3) causes sterility (4), 
pseudo-homotypic division of univalent chromosomes in desynaptic mutants (5) 
is followed by dyad formation and subsequent development of a single so called 
FDR 2n-megaspore (6). 



A/Aj o2id\ }^0<ï 

STELLINGEN 

1. "First division restitution (FDR)" en "second division restitution (SDR)" 2n-gametenvorming 
als gevolg van voortijdige, equationele chromosoomdeling dienen in genetisch en 
cytologisch opzicht beschouwd te worden als extremen van een kontinuum. 
Dit proefschrift. 

2. De door Iwanaga en Peloquin gerapporteerde, uitsluitend in de megasporogenese van 
diploide aardappelklonen tot expressie komende synaptische mutant sy-1 bestaat niet. 
Iwanaga M & Peloquin SJ (1979) J. Heredity 70: 385-389. 
Dit proefschrift 

3. De door Gustafsson gerapporteerde vorming van ongereduceerde megasporen in 
diplospore apomikten door middel van de zogenaamde pseudo-homotypische deling 
wordt door Nogler ten onrechte als onwaarschijnlijk afgedaan en verdient op z'n minst 
nader onderzoek. 
Gustafsson A (1935) Hereditas 21: 1-111. 
Nogler GA (1984) In: Johri BM (Ed.) Embryology of Angiosperms. pp. 475-518. 

4. De evolutionaire rol van synaptische mutanten bij het ontstaan van polyploide complexen 
en diplospore apomixis wordt sterk onderschat. 

5. "De bewering dat genetische modifikatie van plantenrassen onvermijdelijk leidt tot een 
ongewenste vernauwing van het rassensortiment in de land- en tuinbouw, is onjuist. 

6. Verlening van afhankelijk kwekersrecht op genetisch gemodificeerde plantenrassen dient 
afhankelijk te worden gesteld van de aantoonbaarheid van zowel de in deze rassen 
ingebouwde nieuwe genen als de geclaimde, daarmee samenhangende, nieuwe 
phenotypische eigenschappen. 

7. De door Bonierbale er al. met een So/anum-soorthybride gekonstrueerde koppelingskaart 
onderschat de genetische lengte van het aardappelgenoom. 
Bonierbale MW, Plaisted RL & TanksleySD (1988) Genetics 120: 1095-1103. 

8. Genetische kaarten die zijn gebaseerd op zogenaamde "random amplified polymorphic 
DNA markers" of "RAPD's", zijn in de veredeling slechts beperkt bruikbaar. 

9. De door "De Ziedende Bintjes" en "De Woedende Escorts" ondernomen akties tot 
sabotage van veldexperimenten met genetisch gemodificeerde gewassen zijn in meer dan 
één opzicht als milieugevaarlijk aan te merken. 

10. De grootschalige ontduiking van de wettelijk voorgeschreven melkquota rechtvaardigt het 
gebruik van de slogan "Melk de Zwarte Motor". 

Stellingen behorende bij het proefschrift "Desynapsis and FDR 2n-megaspore formation in 
diploid potato; potentials and limitations for breeding and for the induction of diplosporic 
apomixis", door Erik Jongedijk in het openbaar te verdedigen op vrijdag 15 maart 1991 in de 
aula van de Landbouwuniversiteit te Wageningen. 
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INTRODUCTION 

The cultivated potato, Solanum tuberosum L, is a highly heterozygous autotetraploid 
(2n=4x=48) plant species of South American origin. Following its introduction into Europe in 
the 16th century it has been spread globally and developed into one of the world's major food 
crops. The traditional and still most widely applied method in potato breeding basically 
consists of intercrossing superior parental clones and subsequent selection of the best F1 
hybrids under continued vegetative propagation. Though apparently simple, this procedure 
since the early twenties has yielded only a relatively slow progress in varietal improvement. 
This has been attributed to the generally minor chances of finding superior F1 hybrids in 
consequence of (i) the tetrasomic inheritance and the extreme heterozygosity of parental 
clones employed, (ii) the narrow genetic base of the cultivated potato as a result of the limited 
number of accessions originally imported in Europe and (iii) further reduction of genetic 
variation through severe diseases. 

As proposed by Chase (1963) these limitations might be largely avoided by the adoption 
of the so-called "Analytic Breeding" scheme, which basically consists of (i) haploidization of 
the tetraploid potato, (ii) subsequent breeding at the diploid level, taking advantage of disomic 
inheritance and the convenient use of the vast array of diploid Solanum species, and (iii) 
eventual return to the potentially better performing tetraploid level. Essentially two factors have 
rendered this approach feasible for practical potato breeding. Firstly, methods enabling routine 
extraction of dihaploids (2n=2x=24) from tetraploid potato through either pseudogamous 
seed development following pollination with marked S.phureja genotypes (Hougas ef al., 1964; 
Hermsen and Verdenius, 1973) or anther culture (Mix, 1982; Wenzel and Foroughi-Wehr, 1984) 
have now been well established. Secondly, adverse effects of increased levels of 
homozygosity on the performance of tetraploids following mitotic tetraploidization (colchicine) 
of enhanced diploids may now be circumvented by employing either somatic hybridization 
techniques (Wenzel er al., 1979; Puite ef al., 1986; De Vries ef al., 1987) or meiotic (sexual) 
polyploidization via numerically unreduced (2n) gametes (Mendiburu et al., 1974; Peloquin, 
1982; Hermsen, 1984a; Veilleux, 1985). As yet routine production of extensive tetraploid 
populations by somatic hybridization is hampered by the strong genotype dependence and 
a number of practical imperfections of the technique. However, the frequent occurrence of 
genetically determined 2n-gamete formation in diploid S. tuberosum and related diploid species 
has enabled routine transfer of enhanced diploid germplasm to tetraploids by means of 
unilateral (4x-2x crosses) or, in a few cases, bilateral (2x-2x crosses) sexual polyploidization. 

Although 2n-gametes may result from a number of meiotic modifications, depending on its 
genetic consequences only two distinct modes of formation are currently being distinguished: 
first division restitution (FDR) and second division restitution (SDR). Basically FDR 2n-gametes 
may be considered to originate from an equational division of the entire (i.e., numerically 
unreduced) chromosome complement after the completion of prophase I and thus include 
non-sister chromatids, whereas SDR 2n-gametes, in a strict sense, can be regarded to result 
from chromosome doubling in the haploid nuclei that are formed after the completion of the 
first meiotic division and therefore comprise sister chromatids. The actual mode of 2n-gamete 
formation (i.e., FDR or SDR) in the diploid parental clones is of practical significance in 
breeding schemes employing sexual polyploidization. Whereas FDR 2n-gametes are expected 
to preserve a relatively large proportion of the parental heterozygosity and epistasis and thus 
to strongly resemble each other and the parental clone from which they derive, SDR is 
expected to yield a relatively heterogeneous population of highly homozygous 2n-gametes 
(Mendiburu ef a/., 1974; Peloquin, 1983; Hermsen, 1984b). As multi-allelism, allowing for higher 
order intra-locus interactions and complex types of epistasis in tri- and tetra-allelic genotypes, 
has been inferred to contribute considerably to the performance of autopolyploid crops 
(Demarly, 1963; Dudley,1964; Busbice and Wilsie, 1966; Lundqvist, 1966; Mendoza and 
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Haynes, 1974), FDR is generally considered by far superior to SDR. This superiority of FDR 
has been well established in 4x.2x crosses (Mok and Peloquin, 1975; Mendiburu and 
Peloquin, 1977; De Jong and Tai, 1977; McHale and Lauer, 1981). In this respect mutant 
synaptic genes are of special interest. Owing to reduced gene recombination they would 
provide an opportunity to maximize the ability of FDR 2n-gametes to pick up the genetic 
constitution of parental clones, including complex types of favourable epistasis, with a 
minimum amount of reassortment (Peloquin, 1982, 1983; Iwanaga, 1984; Hermsen, 1984Ö). 
Maximum performance and uniformity would thus be attained in 2xFDR-2xFDR crosses when 
genetic recombination is largely lacking in both parental diploids. 

Except for its use in breeding 2xFDR-2xFDR crosses are particularly important for the 
production of true potato seed (TPS) varieties. The technology of growing potatoes from true 
seeds has received considerable attention in response to the urgent need for cheap and 
disease-free plant material in developing countries and requires production of vigorous 
tetraploid seedling populations that are sufficiently uniform to be released as varieties. In this 
perspective also the possibility for identical or near-identical reproduction of superior 
genotypes through the experimental induction of apomictic seed production has received 
considerable attention (Hermsen, 1980). 

Apomixis sensu stricto (agamospermy) is the asexual formation of maternal embryos or 
seeds and is subdivided into gametophytic apomixis and adventitious embryony on the basis 
of presence or absence of a gametophytic stage respectively. In gametophytic apomixis 
unreduced embryosacs and thus 2n-egg cells are formed that can be of either aposporic or 
unreduced embryosacs develop directly from vegetative, usually nucellar cells of the ovule 
through mitotic divisions. In diplospory unreduced embryosacs derive from generative 
archesporial cells of the ovule, either directly by mitotic divisions or indirectly by modified 
meiosis. In the latter case neither reduction in chromosome number nor substantial crossing-
over occurs during meiosis and functional unreduced megaspores develop into embryosacs 
through successive mitotic divisions. Both in aposporic and diplosporic apomixis fertilization 
of the secondary embryosac nucleus cell may or may not be required for the endosperm 
formation and subsequent parthenogenetic development of the unreduced egg cell 
(pseudogamous and autonomous apomixis respectively). 

The occurrence of latent tendencies for the formation of unreduced gametophytes (Harlan 
and De Wet, 1975) and parthenogenesis (Kimber and Riley, 1963) in many Angiosperm plant 
species is consistent with the recent hypothesis that gametophytic apomixis consists of a 
number of distinct and genetically controlled elements which are within the reproductive 
potentialities of sexual plant species (Petrov, 1970) and has resulted in several attempts and 
propositions for its introduction in cultivated and largely sexual crops (Knapp, 1975; Petrov 
et al.,1979; Asker, 1980; Hermsen, 1980; Matzk, 1982; Savidan, 1986; Hanna and Bashaw, 
1987). As to potato Hermsen (Ic) suggested that apomictic reproduction might be achieved 
by combining either mutant genes for asynapsis/desynapsis and FDR 2n-megaspore formation 
(diplospory), or induced aposporic mutants, with genes for pseudogamous seed development. 

The investigations on diploid potato hybrids described in this thesis were originally started 
to test the feasibility of inducing gametophytic apomixis in potato. Because initial studies 
revealed that unreduced embryosacs of aposporic origin had never been detected 
unambiguously in Solanaceae the research was primarily focussed on the possibilities for 
inducing diplospory and thus (i) the identification and characterization of mutant synaptic 
genes that are expressed in female meiosis and (ii) identification of potato clones with 
consistent FDR 2n-megaspore formation and elucidation of the mechanisms of FDR 2n-
megaspore formation. Special attention is paid to the use of mutant synaptic genes for 
maximizing the ability of FDR 2n-megaspores to pick up the genetic constitution of parental 
clones with a minimum amount of reassortment and its application in potato breeding, 
including the production of true potato seed varieties through 2xFDR-2xFDR crosses, and the 
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experimental induction of diplosporic apomixis. 
Chapter 1 describes the normal course of female meiosis and its implications for the origin 

of FDR (and SDR) 2n-megaspore formation and the experimental induction of gametophytic 
apomixis. Chapters 2 and 3 deal with the optimization and development of cytological 
techniques required for large-scale screening and detailed observations of female meiosis. 
Chapters 4 and 5 report on the identity and expression of mutant synaptic genes and the 
effect of one of these genes, ds-1, on chiasma frequencies in both male and female meiosis. 
In chapter 6 the formation of consistent FDR 2n-megaspore formation in ds-1 mutants through 
direct equational division of univalent chromosomes and subsequent omission of the second 
meiotic division (pseudo-homotypic division) is reported. In addition, data suggesting that both 
FDR and SDR 2n-megaspore formation are closely interrelated are provided. In chapter 7 the 
effect of the ds-1 gene on genetic recombination in male and female meiosis and its effect on 
the the ability of FDR 2n-megaspores and 2n-pollen to preserve the genetic constition of 
parental clones is reported. Finally, some of the genetic markers used herein are characterized 
in chapter 8. 
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CHAPTER 1 

THE PATTERN OF MEGASPOROGENESIS AND 
MEGAGAMETOGENESIS IN DIPLOID SOLANUM 

SPECIES HYBRIDS; ITS RELEVANCE TO THE 
ORIGIN OF 2N-EGGS AND THE INDUCTION OF 

APOMIXIS 
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Megasporogenesis and megagametogenesis in diploid tuber-bearing Solanum species hybrids were studied 
and illustrated in detail. Megagametogenesis followed the normal or Polygonum type of embryo sac develop­
ment. In megasporogenesis a few regularly occurring deviations from what is usually considered to be 
the normal course of megasporogenesis were detected. 

Firstly, the development of a surplus of adjacent or non-adjacent megaspore mother cells in a single 
ovule was frequently observed. As they eventually may give rise to normally reduced, sexual embryo sacs, 
it is concluded that the archesporium in potato cannot be delimited to a single cell or even a group of 
adjacent cells in the ovule. Secondly, the micropylar daughter cell which is formed after completion of 
the first division was often found to degenerate before the onset or completion of the second division giving 
rise to a triad instead of a tetrad of megaspores. The spatial arrangement of megaspores within the ovule 
was found to vary according to the variation in the relative orientation of second division spindles. 

It is concluded that these deviations should be considered random legitimate variations of megasporoge­
nesis rather than systematic abnormal events. 

The implications of the overall pattern of megasporogenesis for the formation of 2n-eggs and the attempts 
to induce diplosporic or aposporic apomixis in potato are discussed. 

INTRODUCTION 

During the last decade, considerable attention has been paid to the potential use of 
2n-gametes (i.e. gametes with the unreduced, somatic chromosome number) in the 
cultivated potato, Solanum tuberosum L. (2n = 4 x = 48), both in relation to the devel­
opment of alternative and more efficient breeding strategies (MENDIBURU et al., 1974; 
MENDIBURU & PELOQUIN, 1977; PELOQUIN, 1981, 1982; HERMSEN, 1984b, c) and the 
new technology of growing potatoes from true seeds (HERMSEN, 1977; PELOQUIN, 

1983a). As to the latter, in recent years the possibility of inducing either diplosporic 
apomixis (HERMSEN, 1980; HERMSEN et al., 1985) or aposporic apomixis (HERMSEN, 

1980; IWANAGA, 1980, 1982) has been promoted. 
Apomixis sensu stricto (or agamospermy) may be defined as the formation of mater-
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nal embryos or seeds by various types of asexual reproduction (RUTISHAUSER, 1967). 
It is subdivided into gametophytic apomixis and adventitious embryony (STEBBINS, 

1950), on the basis of presence or absence of a gametophytic stage respectively. In 
gametophytic apomixis an unreduced embryo sac is formed that can be of either di-
plosporic or aposporic origin (RUTISHAUSER, 1967). 

In apospory an unreduced embryo sac develops directly from a somatic (vegetative) 
cell of the ovule through mitotic divisions. In diplospory an unreduced embryo sac 
derives from an archesporial (generative) cell of the ovule, but neither reduction in 
chromosome number (apomeiosis) nor crossing over occurs during megasporogenesis. 
The functional megaspore develops into the unreduced embryo sac through successive 
mitotic divisions. Both apospory and diplospory involve the formation of female 2n-
gametes. In apospory 2n-egg formation is a consequence of the absence of megasporo­
genesis, whereas in diplospory 2n-eggs result from 'abnormal' megasporogenesis 
(RUTISHAUSER, 1967). 

To decide whether an unreduced embryo sac is of diplosporic or aposporic origin 
and to be able to recognize abnormalities in megasporogenesis giving rise to 2n-eggs, 
an accurate knowledge of the delimitation of the archesporium in developing ovules 
and of the usual pattern of megasporogenesis and megagametogenesis is a prerequisite. 

In this respect, surprisingly little work has been carried out in the tuber-bearing 
wild and cultivated potato species. The only thorough study, as a matter of fact, is 
that by REES-LEONARD (1935) on the cultivated potato, Solanum tuberosum L. 

The aims of this study in diploid S. phureja-S. tuberosum hybrids, in which it is 
tried to induce apomixis, were to determine to what extent the archesporium actually 
is delimited, to establish a standard for the usual course or female meiosis and embryo 
sac development in these species hybrids and to discuss its implications in relation 
to 2n-egg formation and the induction of apomixis in potato. 

MATERIALS AND METHODS 

Ovule development, female meiosis and embryo sac development were studied in 20 
diploid genotypes (2n = 2x = 24) that were obtained from eight crosses, involving 
the diploid parental clones USW 5293-3 (A). USW5295-7 (B), USW 5337-3 (C), USW 
7589-2 (D) and 77-2102-37 (E): AB(1), BC(3), CB(3), BE(3), CE(3), EC(1), DE(3) 
and ED(3), with in parentheses the respective number of genotypes from each cross. 

The USW clones were selected by Dr S. J. Peloquin and associates at the University 
of Wisconsin (Madison, USA) from crosses between Solanum phureja and dihaploid 
S. tuberosum. The clone 77-2102-37 was selected by Dr E. Jacobsen at the Max-Planck 
Institute (Cologne, FRG) from the cross VH3 x USW 5337-3 (JACOBSEN, 1978) and 
has S. vernei, S. phureja and S. tuberosum in its ancestry. 

For cytological studies ovaries were collected from flower buds representing the 
different stages of ovule development. They were fixed in CRAF V (BERLYN & 
MIKSCHE, 1976) for 24 hours and next rinsed and stored in ethanol (70%). The material 
was dehydrated in a tertiary buthanol-ethanol series (GERLACH, 1977) and embedded 
in paraplast plus (m.p. 56-57'C, BDH Chemicals). Sections were cut at 8-16 um. 
and stained with safranin-fast green (GERLACH, 1977 with slight modifications) and 
mounted in Canada balsam. 
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RESULTS 

The ovary is usually composed of two carpels and is two-chambered. Each carpel 
forms an enlarged placenta on which many ovules are born. 

The ovule initials differentiate as groups of cells from the sub-epidermal tissue (Fig. 
1A) and as they protrude, the placental epidermis looses its initial smooth surface 
(Fig. IB). Ultimately many anatropous-amphitropous ovules, each with a single inte­
gument, are formed. 

The integument primordia arise as a ring of meristematic tissue near the base of 
the tenuinucellate nucellus. As megasporogenesis proceeds the single layer of nucellar 
tissue degenerates and an integumental tapetum surrounding the embryo sac is estab­
lished from the inner integumental epidermis. 

The archesporial cells are of hypodermal origin and mostly differentiate from a 
group of sub-epidermal cells (Fig. 1C). With the start of meiosis, the archesporial 
cell is regarded as the megaspore mother cell (MMC). The earliest meiotic activity 
is seen as the appearance of granular chromatin within the nucleus (Fig. 1D), which 
like the MMC itself enlarges distinctly. The chromosomes spiralise increasingly and 
the MMC passes through the successive stages of prophase I (Figs. 1E-I). It should 
be emphasized that in potato a distinct despiralisation-respiralisation of completely 
paired bivalents occurs between pachytene and diplotene stage (diffuse stage). 

At metaphase I the two centromeres of a bivalent are co-oriented to opposite spindle 
poles and the bivalents are regularly arranged at the equatorial plate (Fig. 2A). Homo­
logous chromosomes separate disjunctionally and move to opposite poles (Fig. 2B). 
This movement is usually synchronized, but irregularities may occur in low frequen­
cies. A cell plate is formed across the persisting phragmoplast at telophase (Fig. 2C), 
resulting in a dyad of reduced(n) daughter cells. 

During interkinesis despiralisation of univalent chromosomes is often far from com­
plete since the daughter cells quickly enter into prophase II (Fig. 2D). The haploid 
chromosome complement in both daughter cells divides equationally and sister chro­
matids move to opposite poles (Figs. 2E-H), resulting in a tetrad of reduced mega-
spores after completion of equational cell wall formation at telophase II (Figs. 21, 
3A). 

Though it is generally believed that a linear tetrad of megaspores is formed, this 
does not have to be necessarily so. As cell plate formation in both daughter cells is 
across the persisting phragmoplasts, the spatial arrangement of megaspores within 
the ovule will correspond with the relative orientation of the second division spindles 
to each other. Because the spindles may be oriented at different angles (Figs. 2E-H) 
the spatial arrangement of the four megaspores actually varies from truly linear (if 
both spindles aline) to T shaped (perpendicular spindle orientation). This is especially 
apparent in young tetrads; In older tetrads the three non-functional megaspores have 
degenerated and may be forced in a more or less linear arrangement by the excessive 
growth of the ovule. 

A tetrad of megaspores need not always be formed. In many ovules the micropylar 
dyad cell was found to degenerate before the onset or completion of the second division 
(Figs. 4G-H). The chalazal dyad cell in these cases divided normally and after cell 
wall formation a triad (two degenerating cells + one developing chalazal megaspore) 
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Figs. IA-I. Megasporogenesis in diploid potato. Micropylar end at the top, bars represent 10 urn. (A) 
Differentiation of ovule initials. (B) Differentiation of ovules. (C) Archesporial cell. (D) Megaspore mother 
cell. (E) Leptotene-zygotene. (F) Zygotene-pachytene. (G) Pachytene. (H) Diffuse stage. (I) Diakinesis. 
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Figs. 2A-I. Megasporogenesis in diploid potato. Micropylar end at the top, bars represent 10 urn. (A) 
Metaphase I. (B) Anaphase I. (C) Telophase I, cell plate formation. (D) Prophase II (E-H) Metaphase 
II-anaphase II; varying spindle orientations. (I) Telophase II; cell plate formation. 
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Figs. 3A-I. Megagametogenesis in diploid potato. Micropylar end at the top, bars represent 10 urn. (A) 
Tetrad of young megaspores. (B) Tetrad; functional chalazal megaspore. (C) 1-nucleate embryosac. (D) 
1st mitotic division. (E) 2-nucleate embryo sac. (F) 2nd mitotic division. (G) 4-nucleate embryo sac. (H) 
Mature 7-nucleate embryo sac. (I) Egg-apparatus, s = synergid, en = egg cell nucleus, sen = secondary 
embryo sac nucleus. 
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Figs. 4A-I. Development of a surplus of MMCs (A-F) and the formation of a triad at sporad stage (G-I) 
in diploid potato. Micropylar end at the top, bars represent 10 um. (A) Differentiation of two adjacent 
archesporial cells. (B) Two adjacent MMCs; early leptotene. (C) Two adjacent MMCs; early pachytene. 
(D) Three adjacent MMCs; two degenerating. (E) Two non-adjacent MMCs; broad nucellar tissue. (F) 
Two non-adjacent MMCs; one MMC (early pachytene) differentiated within the chalazal tissue. (G-H) 
Early degeneration of the micropylar daughter cell. (I) Triad: functional chalazal megaspore. 
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