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Propositions (Stellingen)

1. Despite the complicated genetic control and great influence of environment on
2n-pollen formation in potato, it is still possible to use 2n-pollen for practical
breeding (this thesis; Veilleux & Lauer, 1981. Theor. Appl. Genet., 59:95-100).

2. The frequencies of 2n-pollen can be increased through recurrent selection, but
it requires great efforts (this thesis; Ortiz & Peloquin, 1992, J. Genet. & Breed.
46:383-390).

3. Although genetic engineering is potentially promising for genetic improvement
of existing potato varieties, the use of 2n-gametes is promising for the efficient
production of new varieties in which diploid wild species are involved (this
thesis; Watanabe, 1994. in J.E. Bradshaw & G.R. Mackay (Ed). Potato Genetics,
Mol. genet. pp 213-229).

4, In breeding for TPS varieties, it is important to screen many agricultural traits
in seedling as well as clonally propagated population (this thesis).

5. Sexual polyploidization simulates procedures of natural evolution of auto- and
allo-polyploid crops (this thesis, Bingham, 1980. in W.H. Lewis (Ed).
Polyploidy, Biological Relevance pp 471-489).

6. Contribution to social progress does not depend on how much you have
promised but how much you have done.

7. History teaches you to be experienced, Mathematics tells you to be smart and
potato genetics reminds you that life is short.

8. Sustainable agriculture can not be established unless sufficient number of
students retain in agricultural sciences after graduation.

9. There is a popular song in Chinese that says, it is not because I could not
understand what is happening in the world, but it is because the world is
changing so quickly.

Stellingen behorende bij proefschrift getiteld “Use of unreduced gametes of
diploid potato (Solanum tuberosum L.) for true potato seed production through
4x-2x crosses” by Qu Dongyu

Wageningen, Febuary 12, 1996.
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Chapter 1
General introduction
1.1 History of potato

Potato has been in cultivation in South America for almost ten thousand years
(Hawkes, 1992), and became a world crop relatively recently. The plant first entered
Europe during the last quarter of the sixteenth century and the approximate date is
supposed to be 1571. But there were probably two introductions into Europe, one
into Spain, in 1570 and the other into England in 1590. When potato entered
Europe, it was adapted to the short day conditions (12-hour day) of the Andes and
did not tuberize in the long day conditions (16-18-hour day) of the tempcrate
Europe. The first introductions were the Andean tetraploid potato (2n=4x=48,
Solanum tuberosum L, subspp. andigena Hawkes). As a result of unconscious
selection during a few centuries, it became adapted to the long day conditions and
spread out as a tuber crop into central and eastem Europe. This crop is the present
day potato, S. tuberosum L., subspp. tuberosum. Among the most important world
crops, potato occupies the fourth place in terms of growing area, distribution and
production when compared to wheat, rice and maize.

1.2 Potato in China

It was the Dutch who introduced potato into China in 1619-1662 when they
occupied Taiwan during this period. Songxi county of Fujian province was the first
place on mainland to grow potato before 1700 (Songxi county Archives, 1700).
Later on potato was introduced from Korea, Japan and Russia into Northeastern
China, from Germany into Shandong, from France and Belgium into Shanxi, Shaanxi
and Gansu, from England, America and Canada into Sichuan (Yang Hongzu, 1983).
Before 1950s the potato growing area in China was about 300,000 ha.
Nowadays it has reached three million ha. The top twelve potato growing provinces
are listed below: They are predominantly located in the single cropping arcas, either
in humid or arid regions. Diversity of environments made potato to be grown all year
round in China. The major cultivation regions are classified into:
Single Cropping area including Northeast China, Northwest China and highland
(1500m ASL} in Southwest China which accounted for 85% of the total area.
Double cropping area including Northem China plain, Yangtze River area and
lowlands of Southwest China which amounts to 12%.
Winter cropping area including Southern China provinces like Fujian, Taiwan,
Guandong, Guanxi and Hainan, occupying about 3% of the total growing area.



Province  Potato growing area in 1000 ha (approximately)

Sichuan 340
Gansu 300
Helongjiang 200
I.Mongolia 200
Shanxi 200
Shaanxi 200
Yunnan 180
Hubei 170
Hebei 100
Xinjiang 100
Qinghai 80
Liaoning 80

1.3 Potato in developing countries

In the developing world potato production is mainly confined to the subtropical
lowlands that are comparable to temperate highlands and double cropping regions
of China (CIP report, Table 1.1). Although potato has been introduced into lowland
tropical countries more than a century ago, locally selected potato cultivars were few
until recently, Substantial production in these areas depended, and still depends, on
the cultivars of the northern temperate regions of Europe or Northern America.
Some of the old varieties of these regions, which are still in cultivation, are given in
Table 1.2. They range from the Russet Burbank released in the USA in 1876 upto
Epoka selected in Poland in 1955. Not unexpectedly, these cultivars produce low
yvields and are wunable to meet the requirements of present day competitive
agriculture.

Besides directly cultivating old European and North American cultivars, they
have also been used extensively as parents in breeding local cultivars. For example,
a number of cultivars from Eastern Europe (Poland, former East Genmany and
Russia) have been introduced into China since 1950s. These include Epoka
(Poland), Mira and Aquila (East Germany) which have been grown predominantly in
S.W. China. During this period about 200 cultivars have been released in China and
of these, 93 superior cultivars have only six cultivars in their parentage (Table 1.3).
This obviously means that the local cultivars have a too narrow genetic background
(Qu and Chen, 1988). This clearly illustrates that in the first place, there is a lack of
fully adapted cultivars, and secondly, even those that have been bred and selected as
local cultivars have a narrow genetic base. It is imperative, therefore, for a more
successful development of potato as crop, better strategies of crop improvement are
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required. In this context it should be emphasized that the cultivated potato has many
wild relatives which also can contribute to the local improvement of this crop.

1.4 Potential of wild species and primitive cultivars

There are some 228 tuberous Solanum species recognized so far, and they are
widely distributed in the Americas. They form a polyploid series based on the basic
chromosome number of x=12 and there are triploids, tetraploids, pentaploids and
hexaploids. Although there are polyploid forms, most of the wild species are diploids
(Ochoa, 1990; Hawkes, 1992 and Human, 1994). Apart from the wild species there
are cultivated species that are grown almost exclusively in the center of origin, Peru
and Bolivia. These are S. phureja, S. goniocalyx, S. ajanhuiri, S. stenotomum, S.
chaucha and S. juzepczukii and S. tuberosum, subspp. andigena.

Tuberous Solanum species have a wide geographical distribution and a very
large range of ecological adaptations. In the Northern and Central Americas, they are
found in Arizona, Colorado, New Mexico and Texas, Mexico, Guatemala,
Honduras, Costa Rica and Western Panama, generally at medium to fairly high
altitudes. In Southemn America the wild species are found along the Andes from
Venezuela through Colombia, Ecuador, Peru, Bolivia and Northwest Argentina.
They also occur in the lowlands of Chile, Argentina, Uruguay, Paraguay and
Southeast Brazil. Thus, some species are adapted to grow in the cold, very high
Andean regions from 3000 to 4500 m, where frosts are very common (S. acaule and
S. megistacrolobum). Whilst others occur in dry semi-desert conditions (e.g. S.
berthaultii S. tarijense and S. neocardenasii), n cool temperate rain forest (e.g. S.
violaceimarmoratum and S. colombianum), or some on the coastal plains of
Argentina and surrounding countries (S. commersonti and S. chacoense).

There is, therefore, an extraordinarily wide range of habitats in which wild
potatoes are found, and this underlines that they became adapted to several stress
environments and developed strong resistances to a wide range of pests and
diseases. On the other hand, cultivated potato has evolved under a very limited range
of environmental conditions in cool temperate regions and is thus often less able to
resist the attacks of pests and diseases occurring over the much wider range of
conditions in which it is now cultivated. However, knowledge of the great
ecogeographical range of wild species, contrasted with the originally very narrow
range of cultivated ones, can assist in an understanding of the need for the use of
wild species in potato breeding,

In view of the availability of more valuable sources of genetic variability in
tuberous Solamums, there is great potential to adopt this crop more easily to new
environments than it has been possible in the past. Besides many agronomic
characters that can be introduced from wild species and pnmitive cultivated forms
into the modem potato, there are numerous sources of disease resistance available.
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Some of the wild species that can be important as sources of resistance for the major
potato diseases are listed below.

1.4.1. Fungus resistance

Phytophthora infestan (late bhight)

S. berthaultii, S. bulbocastanum, S. demissum, S. microdontum, S. phureja, S.
pinnatisectum, S. polyadenium, S. stoloniferum, S. tarijense, S. tuberosum subspp.
andigena, S. vernei, S. verrucosum.

Synchytrium endobioticum (wart)

S. tuberosum (both subspecies), also to R2 and R3 races in a range of wild species
from Bolivia including S. acaule, S. sparsipilum and S. spegazzinii (from
Argentina).

Streptomyces scabies (common scab)
S. chacoense, S. commersonii, S. yungasense and various cultivated species.

1.4.2. Bacterial resistance

Pseudomonas solanacearum (bacterial wilt)
Promising species are, in particular, S. chacoense and S. sparsipilum. Resistance is
also found in S. microdontum, S. phureja and S. stenotonum.

Erwinia carotovora (softrot, blackleg)

Resistance found in some accessions of S. bulbocastanum, S. chacoense, S.
demissum, S. hjertingii, S. leptophyes, S. megistacrolobum, S. microdontum, S.
Dphureja, S. pinnatisectum, S. tuberosum subspp. andigena etc.

1.4.3. Virus resistance

Potato virus X (PVX)
S. acaule, S. chacoense, S. curtilobum, S. phureja, S. sparsipilum, S. sucrense, S.
tarijense, S. tuberosum subspp. andigena.

Potato virus Y (PVY)
S. chacoense, S. demissum, S. phureja, S.stoloniferum, S. tuberosum subspp.
andigena and S. brevidens.

Potato leaf roll virus (FLRV)
S. acaule, S. brevidens, S. etuberosum, S. raphanifolium.
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Potato spindle tuber viroid (PSTV)
S. acaule from Peru (good resistance), S. berthaultii and S. guerreroense.

1.4.4, Insect resistance

Leptinotarsa decemlineata (Colorado beetle)
S. berthaultii, S. chacoense, S. commersonii, S. demissum, S. polyadenium, S.
tarijense.

Myzus persicae, Macrosiphum euphorbiae (aphids)

S. berthaultii, S. brevidens, S. bukasovii, S. bulbocastanum, S. chomatophilum, S.
infundibuliforme, S. lignicaule, S. marinasense, S. medianse, S. multidissectum, S.
stoloniferum.

1.4.5. Nematode resistance

Globodera rostochiensis, G. pailida (potato cyst nematode)
S. acaule, S. boliviense, S. bulbocastanum, S. capsicibaccatum, S. cardiophyiium,
S. gourlayi, S. oplocense, S. sparsipilum, S. spegazzinii, S. sucrense and S. vernei.

Meloidogyne incognita, M. chitwoodi and M. hapla (root-knot nematode)

S. bulbocastanum, S. chacoense, S. curtilobum, S. microdontum, S. phureja, S.
sparsipilum, S. stoloniferum and S. tuberosum subspp. andigena (Janssen, et al.,
1995, unpublished data).

1.5 Scope of the research

Looking to the economic importance and the world wide distribution of the
cultivated potato, the efforts needed for the genetic improvement of this crop are
self-evident. The availability of abundant sources of valuable genes from the wild
relatives offers enormous possibilities for the improvement of this crop through
breeding. In the prosperous North, as a result of intensive breeding, considerable
success has been achieved. So much, that potato is an inexpensive source of food
and an attractive industrial raw material. On the other hand, in the less prosperous
South, the yields of potato are far below that of the Northem temperate regions.
Because of its high yielding potential, it is attractive to grow potato in the more
populous South where there is a need for cheaper food. As it is, the European and
American cultivars cannot be as successful in the Southern tropical and subtropical
regions as they are in the North. There are several reasons for this : 1} tuber yields
will be low when the long day cultivars are grown in the short day conditions; 2)
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higher temperature in the tropics can reduce yields; most importantly 3) the ravage
of diseases and pests are generally more severe in the tropics than in the temperate
regions.

The above problems can be solved only through the development of cultivars
that are more suitable for tropical and subtropical regions. There are, however,
difficulties to breed potato because it is a highly heterozygous, vegetatively
propagated polyploid crop. The heritance of characters in autotetraploid potato is
complicated and therefore, breeding of this crop is difficult and time consuming.

1.6 The problem of polysomic inheritance

It is now well established that S. tuberosum is a tetraploid (2n=4x=48) of complex
origin. Probably, an F1 hybrid between the two closely related diploid (20=2x=24)
species, S. stenotomum and S. sparsipilum, gave rise to the tetraploid after
chromosome doubling. Subsequently, because of extensive hybridization with the
wild relatives in its natural habitat as well as in the process of crop breeding, the
genome composition of the potato was drastically altered. Besides the complicated
origin, this crop is vegetatively propagated and has retained a high degree of
heterozygosity. As may be expected, because of its complex origin, its tetraploid
constitution and the high degree of heterozygosity, the inheritance of characters in
potato is highly unpredictable. This, obviously, complicates the breeding procedures.

One method of simplifying potato breeding is to produce diploid forms of
cultivated potato, the so-called dihaploid (2n=2x=24), and to breed them at the
diploid level. The use of diploid cultivated potato in breeding was first suggested by
Chase (1963), the so-called “analytic breeding”. Fortunately, dihaploids of potato
can be produced from the cultivars routinely in relatively large numbers (Hermsen
and Verdenius, 1973). The advantages of breeding potato at the diploid level are: 1)
undesirable recessive alleles can be eliminated; 2) Mendelian inheritance will be
more straightforward and, therefore, the selection for desirable characters can be
more convenient; 3) dihaploids can be easily hybridized with the large number of
diploid wild species to introduce valuable genes from the latter. Because of these
advantages, potato breeding at the diploid level is becoming increasingly popular.

Once the diploids are improved through breeding, they can be used to
produce the tetraploid cultivars. For this purpose, the selected dihaploids are
sexually polyploidized through the use of numencally unreduced gametes
(2n-gametes). This implies that the improved diploids must be selected in such a way
that, besides desirable agronomic traits, they also produce 2n-gametes.

In the past, research on potato at the University of Wisconsin (USA) and the
Department of Plant Breeding at the Wageningen Agricultural University in the
Netherlands, has opened the possibilities for producing dihaploids on a large scale
and for selecting diploid genotypes that produce sufficient frequencies of 2n-gametes
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(Hougas and Peloquin, 1964; Hermsen and Verdenius, 1973; Mendiburu and
Peloquin, 1971; Mok and Peloquin, 1975; Ramanna, 1979, 1983; Jacobsen, 1980;
Jongedijk, 1991; Jacobsen et al., 1991, among others). Dihaploids are produced
through the so-called “prickle pollination™ of potato styles with the pollen of S.
phureja, a diploid cultivated species. With this method, the occasional
parthenogenetically developed seeds can be selected out with help of the dominant
genetic marker “embryo-spot”. Thus, the parthenogenetically developed sceds
without embryo spot give rise to dihaploids (Hermsen and Verdenius, 1973).

With respect to 2n-gametes, there are genetically two different types
produced. These are the so-called first division restitution (FDR) and second division
restitution (SDR) gametes. FDR gametes originate through one equational division
of the whole chromosome compliment during second meiotic division. Genetic
recombination is restricted to crossing-over during pairing of homologous
chromosomes. Because of this, all FDR gametes can be genetically similar, and
parental gene combinations remain mainly intact. They are favourable for
transferring heterosis from the diploid parent to the progeny. SDR gametes, on the
other hand, onginate through endomitosis of the products of meiotic reduction. This
means, they will be highly dissimilar to each other (heterogeneous), homozygous and
split up the parental gene combinations both by random chromosome assortment and
crossing-over. Both types of 2n-gametes can be useful in different situations, but
FDR gametes are most pertinent in analytic breeding and TPS production (see
later).

The selected diploid clones which produce 2n-gametes can be used for
inducing sexual polyploids in two ways: a) unilateral sexual polyploidization and b}
bilateral sexual polyploidization. If only one of the parents contributes the
2n-gametes to produce a polyploid progeny in 4x-2x or 2x-4x crosses, it is called
unilateral. If 2n-gametes from both parents have contributed to the polyploid
progeny in 2x-2x crosses, it is bilateral. As a final step in analytic breeding, both of
the methods can be useful. However, for practical breeding 4x-2x crosses may be
more attractive.

1.7 Production of true potato seed progenitors

Because of the vegetative propagation of potato, it is almost impossible to avoid
infections with viruses. Such diseases, besides other causes, are responsible for the
so-called seed degeneration. This means that once the tubers are multiplied in a
tropical arca, they can no longer be used as planting material because the yield of
tubers will be highly reduced. To avoid this, as a rule, the planting material grown in
a cooler area has to be imported time and again. Such imported seed tubers are
prohibitively expensive and a risky investment for the small farmers. One solution to
this problem is to raise the potato crop through sowing true botanical seed. There are
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many advantages in this method: a) diseases that are not transmitted through seeds,
such as virus diseases, can be prevented; b) seed material is quite inexpensive and
the small farmers can easily afford it, c) the technology does not require highly
skilled labour or investments and the farmer can produce seed material on his own if
necessary.

There are, however, problems to produce TPS cultivars. First, as was already
pointed out, the potato is a highly heterozygous and vegetatively propagated crop.
Generally, the seeds produced either by selfing or crossing of tetraploid cultivars
give rise to highly heterogeneous progenies genetically and phenotypically. This can
be a limitation when highly uniform yields and other tuber characters are desired.
Secondly, because of vegetative propagation, potato cultivars can be highly sterile
and harbour many deleterious recessive genes. These can limit the production of
hybrid seeds and seedlings on a large scale due to inbreeding depression.

The problem of heterogeneity of the tetraploid potato can be resolved to some
extent through the use of diploids. For example, the diploids can be crossed with
diploid primitive cultivars of the species such as S. phureja or S. stenotomum and
the progeny be selected for agronomic characters. The desirable genotypes which
also produce high frequencies of 2n-gametes, especially 2n-pollen through FDR, can
be selected and used as parent in TPS varieties via 4x-2x crosses. Because FDR can
parlly preserve the heterozygosity and favourable intralocus and interlocus
interactions of the selected diploid genotypes, these can be directly used as male
parent in TPS varieties based on 4x-2x crosses. Because the 4x female can offer
horticultural traits and FDR 2n-pollen contribute uniformity, resistance and other
counterpart traits in the 4x-2x crosses, the resulting tetraploid progenies of such
crosses are expected to be frequently more wvigorous, more uniform and
agronomically more acceptable not only phenotypically but also genetically than 4x-
4x progenies. Thus, the outlined procedure meets the essential requirements for
developing TPS cultivars.

1.8 The aim of this research

Based on the available basic knowledge of the 2n-gametes in potato, it was
proposed to develop systematic methods of using 2n-pollen in analytic breeding and
in TPS cultivar development suitable for tropical and sub tropical regions. In this
context, the experimental work was directed to answer the following specific
questions:

1). What is the genetic basis of 2n-pollen occurrence?

2). What are the strategies for sclecting diploid clones that produce high
frequencies of 2n-pollen?
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3). How effective are the 2n-pollen producing genotypes for breeding and
selecting of agronomically desirable traits in the progenies like resistance to bacterial
wilt?

4). Is it possible to attain the required vigour, uniformity and agronomic traits
in the sexual polyploid progeny of 4x-2x crosses more frequently than 4x-4x crosses
expressed in the seedling and/or clonal generation for the development of TPS
cultivars?

In compiling of this thesis, Chapter 2 describes the results on the quantitative
estimates of 2n-pollen formation in the progenies of diallel crosses among five well-
known diploid potato clones. In addition, heritabilities of 2n-pollen formation in
broad and narrow sense are estimated. In Chapter 3, estimates of the frequencies of
2n-pollen in different types of populations of crosses involving low (low frequency
of 2n-pollen) x low, low x high, high x high and high x high-backcrosses, are
presented. Based on these results, an insight has been gained into the methods of
increasing the frequencies of 2n-pollen during selection, In Chapter 4, in order to test
the effectiveness of 2n-pollen genotypes in analytic breeding, a quantitative character
that controls the resistance against bacterial wilt, caused by Pseudomonas
solanacearum, has been transferred through 2n-pollen into the 4x progenies. Finally,
in Chapter 5, the possibilities for TPS production and the scope for analytic breeding
through the use of 4x-2x and 4x-4x crosses have been assessed. In the case of the
progenies of 4x-2x crosses about 15 characters including four agronomic traits (tuber
number, tuber yield, marketable rate and specific gravity) have been evaluated in the
seedling and/or clonal generation and the implications for TPS breeding are
discussed.
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Table 1.1 Share (%) of potato production in developing countries by agroecology (A) and by continental region (B) .*
A

Latin N. Africa Asia sub Saharan Total

America W. Asia %
Semi arid wopics 7.9 0.0 0.0 26.1 100
Humid tropics 6.1 0.0 907 32 100
Subtropical lowlands 3.0 0.0 97.0 0.0 100
Arid and Mediterranean 15,5 54.7 296 0.2 100

i 556 156 12.5 16.3 100

Temperate 10.0 170 73.0 0.0 100
B.

sub-Saharan Asia N.Africa Latin Total

Africa W.Asia America America %
Semiarid tropics 53 0.0 0.0 29 0.7
Humid Tropics 0.9 1.3 0.0 03 0.9
Subtropical lowlands 0.0 586 0.0 68 387
Arid and Mediterranean 0.7 6.7 520 132 146
Highlands 9.1 37 19.2 61.5 19.0
Temperate 00 297 288 153 26.1

100 100 100 100 100

* (Adopied from CIP publication 1993: programme report).
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Table 1.2 Some of the older cultivars still in cultivation in their native countries and China (Qu, et al., 1988).

Cultivar Year released Country still growing
Russet Burbank 1876 US.A

May Queen 1900 Britain

Bintje 1910 Netherlands
Irish Cobbler 1878 US.A, Japan
Chippenwa 1933 US.A

Early Rose 1861 USA
Triumph 1878 USA

Hourna 1936 US.A
Katahdin 1932 USA

Mira 1952 Germany, China
Epoka 1955 Poland, China
292 (origin: Houma) 1944 China

18



Table 1.3 The genetic background of major cultivars released in China since 1950s (Qu, et al., 1988).

Parents Cultivars involved in parentage Examples of Chinese cultivars
Number Percentage

292-20 (Houma) 23 25 Kexin series

Katahdin 14 15 BS series, Tigerhead

Epoka 14 15 Heap

Mira 8 85 Xinyu 4

Anemome 6 6.5 NEA3(3, early cultivars

Local varicty 7 7.5 Bashu series
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Chapter 2

A comparison of progeny from diallel crosses of diploid potato with regard to
the frequencies of 2n-pollen

Qu Dongyu ', Zhu Dewei !, M. S. Ramanna® and E. Jacobsen®

[1. Institute of Vegetables and Flowers (IVF), CAAS, Beijing 100081, People’s Republic of China,
2. Depariment of Plant Breeding (IvP), WAU, P.OBox 386, 6700AJ Wageningen, The
Netherlands.]

(Submitted)
Summary

Selection of diploid potato genotypes that produce high frequencies of 2n-pollen in
different environments is an important requirement for analytic breeding as well as
for true potato seed production. In this context, quantitative estimates of 2n-pollen
formation were made in two types of diploid potato populations. One population set
consisted of the progeny from diallel crossings of five well-known diploid potato
clones (A=USW5293-3, B=USW5295-7, C=USWS5337-3, D=USW7589-2 and
E=77-2102-37). Another population set was obtained by pollinating three genotypes
of Solanum phureja, IVP35, IvP48 and IvP101 with clones A, C and E. It was
observed that the behaviour of the parental clones with respect to 2n-pollen
formation in different environments, such as in Europe and China, was rather stable.
The coefficient of comrelation between means of 2n-pollen frequency of
combinations and percentage of genotypes with more than 5% of 2n-pollen in a
given combination was estimated as also the coefficient of correlation between mean
and maximum frequency of 2n-pollen formation in each combination. The results
showed that the former coefficients were significant and the latter were not. The
combining ability analysis indicated variation between families. Variation in specific
combining ability (SCA) effects contributed much more than general combining
ability (GCA) wvariation to variation in 2n-pollen formation. The broad-sense
heritability of 2n-pollen formation was estimated to vary between 0.45 and 0.53 and
the narrow-sense heritability was calculated to be 0.15 and 0.20 in the two types of
populations, This means that additive variance was relatively low.

Key words: combining ability, diallel cross, diploid potato, heritabihty, unreduced
gametes
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Introduction

Numerically unreduced gametes (2n-gametes) are very useful in the breeding of
polysomic polyploid crops such as potato, alfalfa and red clover among others
(Peloquin, 1983; Bingham, 1980; Parrott and Smith, 1986; Mariani and Tavolatti,
1992). In these crops, 2n-gametes have been used for inducing polyploids through
the so-called process of sexual polyploidization. This process is helpful for
increasing crop yields through maximizing heterozygosity (Mendoza and Haynes,
1973; Bingham, 1980; Watanabe, 1991; Hutten, 1994) as well as for the
enhancement of germplasm (Peloquin et al., 1989; Qu et al., 1988, 1993).

In the cultivated potato, Solanum tuberosum (2n =4x=48), the use of 2n-
gametes was first proposed by Chase (1963) who suggested a breeding method
called “analytic breeding”. According to this method, tetraploid cultivars are reduced
to diploid level (2n=2x=24). These “dihaploids™ are used for breeding potato at the
diploid level using diploid wild species. From the improved diploid clones tetraploid
cultivars are produced through sexual polyploidization. In this context efficient
methods have been developed for the production of potato dihaploids (Hermsen and
Verdenius, 1973), and diploid potato clones that produce 2n-gametes have been
selected in the past (Mendiburu and Peloquin, 1977; Jacobsen, 1980).

Among many of the 2n-gamete forming diploid potato clones, the following
five genotypes have been widely used in breeding programmes as well as in
cytogenetic investigations: USW5293-3, USW5295-7, USW5337-3, USW7589-2
and 77-2102-37. In some of these clones simple recessive genes that control 2n-
gamete formation were reported (Mok and Peloquin, 1975a; 1975b) and the
cytological modes of their origin were studied (Ramanna, 1979; 1983; Jongedijk
and Ramanna, 1988). Although the cytological abnormalities that lead to 2n-gamete
formation in these clones are reported to be controlled by single recessive genes,
these have been found to be major genes which are highly influenced by the
environment (Jacobsen, 1980; Ortiz and Peloquin, 1992; Veilleux et al., 1982).

If 2n-gametes have to be exploited more efficiently in potato breeding, there
are three itnportant prerequisites: a) they should be produced in high frequencies; b)
the genotype should be stable with respect to 2n-gamete formation; and c) the mode
of their origin should be known. In order to pave the way for the selection of such
clones, the five above mentioned diploid potato clones were crossed in a half diallel
combination and the progeny was evaluated for the frequencies of 2n-pollen
formation. Besides these, the progeny from crosses between three clones of S.
phureja and three of the above mentioned clones, A, C and E, were used for
comparison. These results form the subject of this article.
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2.1. Material and methods
2.1.1 Material

Eight diploid potato clones (2n=2x=24) which were selected at the University of
Wisconsin (USA), the Max-Planck Institute, Cologne, Germany and at the
Department of Plant Breeding (IvP), Wageningen, the Netherlands were used.
Among these, five clones were originally derived from crosses between dihaploids
of Solanum tuberosum and the diploid species S. phureja (for details of the
pedigree, see Jongedijk and Ramanna, 1988). These five clones were: USW5293-3
(coded as A), USW5295-7 (B), USW5337-3 (C), USW7589-2 (D) and 77-2102-37
(E). The other three clones, IvP35, IvP48, and IvP101, were selected originally from
S. phureja as pollinator for parthenogenetic dihaploid production through 4x-2x
crosses. All these eight clones have been used world-wide (i.e., USA, Canada,
Mexico, Peru, Chile, Argentina, Italy, France, Germany, the Netherlands, UK and
China) in potato research. Besides these clones, a number of other diploid
genotypes were used for evaluation of 2n-pollen formation in the Netherlands and
China,

2.1.2 Methods

Two types of crosses were made in 1992 by using plants grown in greenhouses at
the Department of Plant Breeding, Wageningen: 1) diallel crosses involving clones
A, B, C, D and E; and 2) three IvP clones, which produced a very low frequency or
no 2n-pollen, were pollinated by clones A, C and E.

The seeds resulting from these crosses were used for growing progeny in
China during 1993. About 100-200 seeds per combination were soaked at 30° Cin a
solution of 0.2% potassium nitrate (KNO; ) for 24 hours and then incubated at 25° C
in water for five days, each day rinsing with fresh water. Subsequently, these seeds
were sown in seed beds made of a mixture of sandy soil and peat with a 2-3 cm top
layer of that mixture substrate. Moisture and temperature of the seed bed was
regulated by covering with a plastic tunnel. Four weeks later the plastic tunnel was
removed in order to acclimatize the seedlings to field conditions and allowed them
for another two weeks. These seedlings were transplanted into the field with a
spacing of 40 x 60 cm during early June. The tuber families (one tuber from each
plant was assorted) collected from the seedling generation in 1993 were grown in
early May, 1994, The experimental field was located at the Research Station for
Highland Agriculture in Bashang, Hebei province, China at 41° N with an altitude of
1,500 m.

The plants flowered during July. Pollen was collected from fully opened
flowers, mounted in a 2% solution of acetocarmine on a microscopic slide; the
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pollen size and the number of pollen germpores were monitored. The classification
of pollen into n- and 2n- was according to Ramanna (1979) and Jacobsen (1980)
where a diameter of less than 23 mpu with three germpores was scored as n-pollen
and larger than this size with four germpores as 2n-pollen.

Frequencies of n- and 2n-pollen were estimated. Ten out of 18 combinations
from diallel crosses of A, B, C, D and E clones with four replicates of 10 plants of
each were evaluated according to the fixed model of Griffing's Method IV (Liu, et
al., 1984). The other derived from crossing IvP35, IvP48 and IvP101 with clones A,
C and E formed the so-called primary population. The statistics were based on the
model of incomplete diallel crosses. The number of genes determining the 2n-pollen
expression was estimated using the approximate formula, n=R%*/(8 8%,) (Falconer
1981), where R is the total range of response to selection, in this case being 0 to 1,
with 1 (100% 2n-pollen frequency) being a theoretical maximum. Narrow-sense
heritability (h%y) was estimated as a ratio of the additive genetic variance (3%, to the
phenotypic variance. Broad-sense heritability (h’%s) was estimated as a ratio of the
total genetic variance to the phenotypic variance.

2.2. Results
2.2.1 Stability of 2n-pollen formation in diploid clones

For the classification of plants as n- and 2n-pollen producers, the pollen size and
number of germpores were quite clear criteria in these materials. In most cases, it
was possible to classify 2n-pollen based on their larger size as compared to the n-
pollen grains. As a first step, all 19 diploid parental clones were examined for the
presence or absence of 2n-pollen. A notable feature was that their behaviour with
respect to 2n-pollen formation was highly correlated across three locations even
though when the plants were grown in different environments (Table 2.1). For
example, clones A and D produced relatively low frequencies (5% or less) whereas
clones B, C and E produced more than 5% 2n-pollen in three locations. So also, the
IvP clones produced very low frequencies or no 2n-pollen in all the four places. As
in the case of the parental clones, some of the hybnd lines, e.g., CD1045 (line from
C x D), CE1063 and ED1022 produced high frequencies of 2n-pollen in different
environments. Thus the performance of these clones was relatively stable.

Besides the occurrence of 2n-pollen, the stainability of pollen in general was
an important consideration because it was an indication of the level of fertility. In
most of the clones the pollen stainability exceeded 50% (Table 2.1) and therefore
they were potentialty useful as male parents.
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2.2.2 Frequencies of 2n-pollen formation in sexual offspring

The frequencies of 2n-pollen were estimated in two types of populations. One
population set was derived from crossing the IvP clones, which produced either very
low frequencies or no 2n-pollen, with clones A, C, and E. These formed the so-
called “Primary population” and the mean percentages of 2n-pollen across 40
randomly selected plants from four replicates for each combination are presented in
Table 2.2.

Unlike the above population, another population set was derived from a
diallel crossing of the five clones, A, B, C, D and E. These clones, as different from
the IvP clones, were previously selected for 2n-pollen production (see material and
methods). Because of this, the progenies of these clones were indicated as
“Secondary population”. The mean percentages of 2n-pollen estimated across 40
randomly selected plants, as described for the primary population, are given in Table
23.

The sexual progenies included in Table 2.2 and 2.3 can be roughly classified
into three categories. There were the progenies resulting from crosses in which a)
both parents produced either a low frequency (less than 5%} or no 2n-pollen (e.g.,
IvP35 x A, IvP48 x A, IvP101 x A and A x D); b) only one of the parents produced
high frequency of 2n-pollen (e.g., IvP35 x C, IvP35 x E, IvP48 x C, IvP48 x E,
WPI01 xCand WPIO1 xE; AxB, AxC,AXE, CxDand D x E); ¢) both
parents produced high frequencies of 2n-pollen (e.g., Bx C,BxE and Cx E).

There was a clear variation for the frequencies of 2n-pollen between the
combinations (Tables 2.2 and 2.3). Based on the criterion of mean of the
percentages, the highest frequency was observed in the combination A x B (12.88%
in Table 2.3) in which one of the parents (A) was a low 2n-pollen producer. This
was significantly different from other similar combinations as well as from the
progeny of parents both of which produced high frequencies (e.g., B x E). This
means that a clear pattem was lacking with respect to the performance of the
progeny; in other words, the outcome was clearly not predictable.

A comparison of the overall means of the primary and secondary population
indicated that there was a notable increase in the frequencies of 2n-pollen in the
latter (5.24 and 8.06, Tables 2.2 and 2.3 respectively). The genotypes that produced
more than 5% of 2n-pollen also varied considerably across combinations. The
highest frequencies of plants with more than 5% 2n-pollen was found in the AX E
combination (69.8%), followed by B x C, A x B and D x E with more than 50%
(Table 2.3).

In the primary population IvP35 x E gave the highest 2n-pollen frequency
(8.34%), which was 4.54% lower than the highest combination of the secondary
population (A x B =12.88%). IvP35 x E was also significantly different from those
combinations with less than 5.51% (e. g., IVP101 x A). IvP48 x A produced the
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lowest frequency of 2n-pollen (1.36%) (Table 2.2). The coefficient of correlation
between the percentage of plants with more than 5% 2n-pollen and mean of 2n-
pollen frequency in a combination was found to be r=0.89 and significant at p=0.01
level. In the secondary population, the coefficient of comelation between the
percentage of plants with more than 5% of 2n-pollen and combination means
indicated r= +0.88 which is a significant difference at p=0.05 level. The coefficient
of correlation between the mean of 2n-pollen and maximum 2n-pollen frequency in a
given combination =0.15 amounted to the primary population and to r=0.46 for the
secondary population (Table 2.2 and Table 2.3). Meanwhile the coefficient of
correlation between maximum 2n-pollen frequency and the percentage of plants
with more than 5% 2n-pollen were estimated at 0.12 for the primary population and
0.35 for the secondary population and both were not significantly different (Table
2.2 and Table 2.3).

2.2.3 Analysis of combining ability of 2n-pollen formation

The combining ability analysis was carried out for both the primary and the
secondary population. In the primary population, IvP35 and IvP101 had a similar
GCA, with 0.68 and 0.69 respectively, whereas IvP48 had a negative value of -1.37
(Table 2.2). So also, there was a clear difference between clones A, C and E with
respect to GCA (Table 2.2) within the primary population in which the clone A
showed a negative value (-1.56) whereas C and E showed positive values of 0.58
and 0.98 respectively.

In the secondary population there were also clear differences in GCA values
between the genotypes (Table 2.3). The highest positive value was observed for
clone A (+3.54) and the lowest negative value was found for clone D (-1.55).
Clones B, C and E had more or less similar GCA values for 2n-pollen formation. A
notable feature was that clone A showed a negative value (-1.56) in the primary
population, whereas a positive value (+3.54) was highly evident in the secondary
population.

In general, GCA was an indication for additive gene effects and SCA was a
reflection of non-additive gene effects. In the primary population SCA was the
highest for the combination of IvP48 x C (2.78). It was that the combination
produced the highest mean percentage of 2n-pollen (IvP35 x E) differed from the
combination with the highest SCA value (IvP48 x C) (Table 2.2). In secondary
population SCA varied from +2.28 (B x C) to -2.37 (B x E). For other combinations,
DxE, AxE, AxB and C x D there were positive values in a decreasing order
(Table 2.3). The overall conclusion from the analyses of GCA and SCA was that the
evaluation of only GCA was insufficient. However, from the point of view of
selection for high frequencies of 2n-pollen formation, SCA of each combination
might be more helpful. Based on these analyses of all the clones, it appeared that E
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and IvP35 were probably the best parents followed by C and IvP101 (Table 2.2 and
2.3).

2.2.4 Genetic control of 2n-pollen formation

Broadly, the phenotypic behaviour of different parental clones in diverse
environments was according to prediction. For example, all the parental clones
(Table 2.1) were tested over the years for 2n-pollen production at the Department of
Plant Breeding (Wageningen). It was found that some of the clones produced a low
frequency of 2n-pollen (e.g., IvP35, IvP48, IvP101, A and D) whereas others had
relatively high frequencies of 2n-pollen (e.g., B, C, E, CD1045, CE1063, ED1022
and CE10). This phenotypic behaviour persisted when these clones were grown in
different environments in China (IVF, Bashang and Hainan). This means, despite
environmental effects, that the influence of a genotype on the frequencies of 2n-
pollen was evident. It was, therefore, an indication that 2n-pollen formation was
genetically controlled. From a comparison of additive variance, non-additive
variance, genotypic and phenotypic variance (Table 2.4), it was evident that the
primary population showed a relatively limited variation as compared to the
secondary population. The estimate of broad-sense heritability in the primary
population was 0.53 and the namrow-sense heritability was 0.15. For the secondary
population these were 045 and 020 for broad- and narrow-sense heritability
respectively (Table 2.4). This suggested that genetic differences existed among the
parents of the primary population so that non-additive vanance contributed more
than the additive variance. There were, however, relatively small differences
between the parents in the secondary population. Consequently, the non-additive
effect was relatively less conspicuous than the additive variance. This was probably
due to the increment of the number genes that influenced the occurrence of 2n-
pollen.

The number of genes that determine 2n-pollen formation in the two sets of
populations were estimated according to the formula, n= R*/(8 6%,) (Falconer, 1981).
The results suggested that in the primary population two genes (n=1.55) and in the
secondary population probably four genes (n=3.75) were involved. From the
combining ability estimates in two populations, it was evident that the SCA variation
was predominant with 97.05% of variance in the primary population, whereas the
GCA variation amounted to 28.43% in the secondary population, as compared to
2.95% in the primary population.

2.3. Discussion

All diploid potato clones used in this study have been previously investigated for the
cytological modes of origin of 2n-pollen (Mok and Peloquin, 1975a, 1975b;
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Ramanna, 1983; Jongedijk and Ramanna, 1988; Hutten, 1994). From these
investigations it is clear that there are several cytological mechanisms existing within
these clones. A remarkable feature is that some of the cytological abnormalities that
lead to 2n-gamete formation, such as “parallel spindle” (ps), “precocious
cytokinesis” (pc) were shown to be controlled by a single recessive gene (Mok and
Peloquin, 1975a; 1975b). If there were such clear-cut single recessive genes, the task
of mtroducing 2n-pollen formation into the desirable clones would be straight
forward. Unfortunately, the cytological mechanisms that give rise to 2n-pollen are
not that simple (Ramanna, 1979), nor is their genetic control straight forward
(Veilleux and Lauer, 1981; Jacobsen, 1976; Ramanna, 1983). Nevertheless, there
are indications that the 2n-pollen formation in potato is genetically controlled,
probably by both major and minor genes, whose actions are influenced by the
environment {Veilleux et al., 1982, Ramanna, 1979; Jacobsen, 1976).

The complicated genetic control of 2n-pollen formation in potato is evident
from the fact that a clearcut classification into distinct phenotypic classes is not
possible in a segregating population. For example, Mok and Peloquin (1975a and
1975b), using a criterion of 5% 2n-pollen producers as recessive homozygotes
(ps/ps or pcl/pel) found a clear cut monogenic Mendelian segregation. Later,
however, 1% 2n-pollen was used as a criterion to score for a similar segregation
(Iwanaga and Peloquin, 1984), which was once again inadequate to explain the
segregation (Hermsen et al., 1985; Bani-Aameur et al., 1992). In view of these
difficulties, the present approach of quantifying the frequencies of 2n-pollen in the
progenies of diallel crosses might be useful for the elucidation of the genetic control
of 2n-pollen formation as well as for selecting desirable clones.

Generally, the genotypes that produce high frequencies of 2n-pollen are
considered to be good parents and used for the production of progenies with
improved performance for the trait (Ortiz and Peloquin, 1992; Barone et al., 1993).
However, in these investigations only the progenies that produced higher frequencies
of 2n-pollen were taken into account, but not the percentage of superior genotypes
that occurred in a particular combination. If the aim is to combine several agronomic
characters with 2n-pollen production, it is important to use superior parents that give
rise to a higher percentage of genotypes in their progeny that produce high
frequencies of 2n-pollen. In this context, the clones A, IvP35 and IvP48 provide
good examples. Although these clones produce relatively low or no 2n-pollen (Table
2.1), they are good parents in certain combinations such as A x B, IvP35 x E and
IvP48 x C (Table 2.2 and 2.3). On the contrary, some of the parents that produce
high frequencies of 2n-polien (e.g., B, C and E) give rise to progenies that produce
low mean percentages of 2n-pollen (e.g., B X E; C x E, Table 2.3).

The genetic control of 2n-pollen formation is much more complicated than
originally reported by Mok and Peloquin (1975a and b). From the results of the
present investigation, as in previous studies (Jacobsen, 1976; Veilleux et al., 1982),
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the inheritance of 2n-pollen formation in potato is quantitative rather than qualitative.
It is also evident that on the one hand, the environmental conditions greatly
influences the occurrence of 2n-pollen, on the other hand, such selected 2n-pollen
producers can be used in different climates as significant correlation coefficients of
2n-pollen production between three locations indicated (Table 2.1). Besides these
two constraints, for a critical study of the genetic control of 2n-pollen formation, it
should be pointed out that potato is highly heterozygous and that a distorted
Mendelian segregation is common. Despite such constraints, the approximate
number of genes involved in 2n-gamete formation has been estimated in potato as
well as other crops (Ortiz and Peloquin, 1992; Parrott and Smith, 1986). In the
present investigation the number of gene involved in 2n-pollen formation appears to
be 24 rather than a single gene.

The genetic parameters estimated (Table 2.4) suggest that the heritability of
2n-pollen formation i the populations was not high. However, there are indications
that the additive genetic variance is increased in the secondary population. This
means that recurrent selection can be effective. In potato, a vegetatively propagated
crop, the non-additive effects can be fixed and additive effects be accumulated by
recurrent selection. The selection response may increase quickly by adopting these
two kinds of genetic effects and such clones can probably be utilized in breeding
programmes in the different regions.
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