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Bibliographic Abstract: This thesis describes the development of onions and shallots (Allium cepa L.)
resistant to beet armyworm (Spodoptera exigua) via genetic transformation and via molecular marker-assisted
breeding (MAB). Firstly, an in vive and in vitro bio-assay for the Spodoptera exigua was developed. Because no
high level of resistance was found in A. cepa and its wild relatives, a marker-assisted breeding approach was
abandoned and emphasis was laid on the development of a genetic transformation system. First of all a reliable
plant regeneration system from callus cultures and suspension cultures had to be established. It was found that
plant regeneration capacity significantly decreased with time and that it was highly dependent upon the callus line
used. On the basis of these results it was concluded that only relatively young callus (less 3 months) could be
used for transformation. Eventually, an Agrobacterium tmmefaciens-mediated transformation system both for
anion and shallot was developed using three-week old callus derived from mature embryos with two different
strains EHA105(pCAMBIA1301) and LBA4404(pTOK233) carrying a binary vector coding for uidA and hpt.
This transformation system for onion and shallot can be used year-round. A total of 11 independent callus lines
regenerated transgenic plants. These transformants were molecular genetically characterized by means of
standard PCR, genomic DNA blot hybridization and FISH (fluorescence in situ hybridization). An adapator
ligation PCR (AL-PCR) fellowed by sequencing of the genomic DNA flanking the T-DNA borders was
developed. The AL-PCR patterns obtained were specific and reproducible for a given transgenic line. The resulis
showed how T-DNA integration took place and also gave insight in the number of T-DNA copies present. After
cloning and sequencing the AL-PCR products, the junctions between plant genomic DNA and the T-DNA insert
were analysed in detail. We concluded that in case of the introduction of resistance to beet armyworm into onion

and shallot genetic transformation is the most promising method.
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Propositions

Adaptor ligation PCR (AL-PCR) is a very powerful technique for the molecular
genetic characterization of transgenic plants especially in the case of large genome
species such as Allium cepa (this thesis).

The monocotyledonous nature of species no longer prevents the application of
Agrobacterium-mediated techniques to transfer genes to these species as soon as
methodological parameters are optimized (Hiei et al., 1997. Plant Molecular Biology
35: 205-218; this thesis).

The number of truncated T-DNA copies in transgenic plants is probably highly
underestimated because of the use of conventional genomic DNA blot (Southemn)
hybridization (this thesis).

Marker-assisted breeding is an attractive strategy for crop improvement, however, the
obstacles have turned out to be much bigger than originally thought (Young, 1999,
Molecular Breeding 5: 505-510; this thesis).

Fluorescence in situ hybridization (FISH) is a necessary, yet not fully appreciated,
technique to study the effect of T-DNA insertion on the plant genome organization in
addition to Southern and PCR analysis (Wolters et al., 1998. Plant Journal 13: 837-
847; this thesis).

In onion and shallot, insect resistance can be more easily obtained by transgenesis than
by conventional breeding (this thesis).

The beet armyworm (Spodoptera exigua) larva falls down easily during its climbing on
the onion plant after inoculation just like an inexperienced child climbing a tree.

The best way in life (and research) is to follow your intuition.

Reading is leaming, seeing is believing, doing is knowing (Chinese proverb). All this
is also true for carrying out research.



10.  Anonion a day keeps the doctor away.

11.  The longer the road, the better you know the strength of the horse; the longer you get
along with each other, the better you know the heart of each other {Chinese proverb).

12.  ABCDis very important in the daily life of Plant Research International.
Agenda; Birthday celebration; Coffee and tea break; Discussion.

{Checking your agenda, you know who has a birthday party and when you have an
appointment for a meeting. Attending a birthday party, you share friendship with your
colleagues. During coffee and tea break, you can freely talk with your colleagues and

have an informal discussion. During discussion, you know the research progress and
can fix a date in your agenda for next meeting).

Propositions associated with the Ph.D. Thesis of Si-Jun Zheng:

Towards onions and shallots (Allium cepa L.} resistant to beet armyworm {(Spodoptera
exigua Habner) by transgenesis and conventional breeding

Wageningen, The Netherlands

20 November, 2000
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This thesis was carried out within the framework of the BIOBREES (Biotechnology,
Plant Breeding and Seed Technology for Horticulture) programme and therefore I
gratefully acknowledge the financial support of the Dutch Ministry of Agriculture,
Nature Management and Fisheries and the Indonesian Ministry of Agriculture. The
thesis contains the results that were obtained during the past four years of my study
entitled "Towards onions and shallots (Allium cepa L.) resistant 10 beet armyworm
(Spodoptera exigua Hibner) by transgenesis and conventional breeding". It would
have been impossible for me to complete my PhD research without the help from
many people in the Netherlands and in China. It is my great pleasure to take this
opportunity to thank all of them.

I am very grateful to my promotor, Prof. Dr. Evert Jacobsen, for his scientific
guidance. He always encouraged me and provided me with useful advice for my
scientific research and for daily life. I appreciated very much his way of thinking and
openness when [ discussed with him.

I wish to express my sincerest thanks to my co-promotors Dr. Chris Kik and
Dr. Frans A. Krens. Together with Prof. Dr. Evert Jacobsen they proved to be a strong
supervision group. Frans gave me numerous valuable comments and suggestions
when I encountered problems. 1 will always remember the pleasant weekly
discussions with Frans. His profound knowledge of cell biology provided me a solid
basis to carry out smoothly this research. I have always enjoyed showing him my
fatest unexpected results. His critical comments greatly helped in accomplishing this
thesis.

Discussions with Chris on scientific topics or daily life were also of great
value to me. His open mind and bright charisma encouraged me and was a constant
source of inspiration. His strong logical thinking and sharpness helped greatly in
accomplishing this thesis. We have had uncountable meetings and discussions. Also
he gave me a lot of good suggestions, which made practical work and scientific
writing much easier to me. His remarks on many draft manuscripts and his own style
of efficiently "quick-doing" has been a major stimulant for me to produce the final
manuscripts. Due to his help, my English writing has improved to a large extent,
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particularly after I got used to his comments in his specific red handwriting. Chris also
made the Dutch translation of the summary of this thesis. I met Chris and Evert in
1995 during the 25" International Course on Applied Plant Breeding. One year later, I
was their student by ‘arrangement of fate’. As my co-promotor, Chris approached me
as a friend, providing me and my family valuable support during our stay in
Wageningen. Without his kind help and his car, it is hard to imagine how I could have
picked up my wife and daughter at Schiphol airport very early in the moming when
no train was available. After our son was born in Wageningen, the visits and kind help
from Chris and his family was most appreciated: we did not feel lonely anymore and
could face difficultics and problems much better. We will never forget the friendship
and hospitality from him and his wife Adrie.

[ am greatly indebted to Betty Henken. Her hard work made research very
efficient and fruitful. Her smart mind and skilful hands helped to avoid a lot of
trouble. Also I highly appreciate her positive way of thinking. I am very pleased that
we cooperated very well in practical research and also shared the great success of the
results. Her patience and kind help in translating different Dutch letters, notes, forms
and bills made daily life in Holland for my family and me much easier. Betty
especially decorated the office for my birthday and thus helped me to enjoy the Dutch
custom of birthday celebrations. I was very glad to share the same office with her
during these four years, and appreciated the open, free and pleasant conversations. [
am very happy to have such a kind colleague and friend.

1 am also very grateful to Sjaak van Heusden, who picked me up at the
Schiphol airport and let me choose the two most important things from his home
immediately - a pillow and a lamp. This made it possible for me to stay in the student
flat without any problem the first night. With the pillow, I could sleep quite well
which prevented that I missed my family too much. The light from his lamp filled me
with hope and warmth in my heart. Now his lamp, still kept in my home, continues to
make my life easy: Tf there is a light, there will be a road’. Sjaak is a very kind person
and colleague. His critical comments and valuable advice on my research were also
highly beneficial especially for the molecular characterization of the transgenic onions
and shallots.

Special thanks to Willem Wietsma, who provided me with a huge amount of
onion and shallot seeds. Together with Jaap van de Berg he also provided me with
good plant material. Thanks aiso to Dick Geurtsen for taking care of these transgenic
onion and shallot plants. I was very glad to share the office with Willem, and to have
the opportunity for open and free discussions. I am also very glad to have a chance
working together with Jeroen Nannes.
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Many thanks go to my colleagues of the Cell Biology Lab where 1 almost
worked for three years. Greetje Kuiper, Bernadette Kronenburg, Herma Koehorst-van
Putten, Iris Capel, Ingrid Maas, Annecita Noppert, Yvonne Néllen, Marian van
Harmelen, Lim Ki-Byung gave me all kinds of help. Greetje and Bernadette: 1 am
sorry that our 'one Dutch sentence a day' did not result in much progress. It was a
great pity that I never actually understood what my colleagues were talking about
when they spoke Dutch. But, inadequate knowledge of the Dutch language gave me
the opportunity 1o fully concentrate on the job.

I would also like to thank my colleagues of the Molecular Marker Lab: Ria
Jongerius, Ria Vrielink-van Ginkel, Richard Finkers, Linda Kodde, Vagner Benedito
and Chai Min for their co-operation and help. Especially 1 would like to thank Ria
Vrielink-van Ginkel for her help and assistance in performing Southern hybridizaticn.
The successful results from the Southern hybridization analysis contributed very
much to the molecular characterization of the transgenic Aflium plants. Many thanks
goes to: Ludmila Khrustaleva for her contribution in making the beautiful FISH
slides; Sheree Cato for her kind help in adaptor ligation PCR; Asaph Aharoni for his
help in cloning and sequencing PCR products; and Silvia Ferrario for providing me
with the Agrobacterium strain EHA105 (pCAMBIA1301).

I am also grateful for the birthday presents from my colieagues of the Cell
Biology Lab and Molecular Marker Lab for my son and myself.

My special thanks to Paul Keizer for his kind help on the statistical analysis of
much of the data in this thesis. Many thanks to Peter Bos and Roelie Molenaar from
the Helpdesk for their enthousiastic and on-time help with respect to the computer
problems that I encountered.

I thank Cai Lin, Robert Hall, Tjitske Riksen and Jan Schaart, for their kind
help, so that I was quickly familiar with the rules' of the Cell Biology Lab where 1
worked during the first seven months of my PhD research. Robert Hall, Jan Schaart
and Marian Boone also arranged for me that my films were developed.

Martin Beek was the co-ordinator of the 25" International Course on Applied
Plant Breeding and I was very glad to be one of participants of this course. I would
like to thank Martin and his wife Ineke for their hospitality and friendship. I never
forget the international dinner we prepared at their home. Because of this course 1 had
the chance to meet my promotor Professor Evert Jacobsen and co-promotor Dr. Chris
Kik. During the years we kept contact, whenever we met in the supermarket,
openmarket or at home, we always had a lot to talk about.

My special thanks go to Professor Martin Verstegen and his wife Mariet
Verstegen. Both of them are kind, friendly and sincere people. I will never forget all
the different kinds of help, hospitality and friendship for myself and for my wife,
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daughter and son that they gave us. Since March 1998, Mariet has helped me to
improve my English speaking and reading skills. Because of her help, my English has
improved to a large extent. Mariet not only helped me with my English, but also gave
my family great help in other aspects. I enjoyed the good times we had at their home.
My daughter could not believe her eyes when she received a present from them after
she obtained her swimming diploma.

My children, my wife and myself will never forget Jos Kanne for giving us so
many delicious and wonderful strawberries, apples and different kinds of other fruits.
I am very grateful for Jos his kindness.

I would like to thank my colteagues from the Business Unit of Genetics and
Breeding and of the former Department of Vegetable and Fruit Crops for their
friendship. Special thanks to the former "Quality Group"” now "Allium Group”
colleagues for letting me share their good ideas and providing me with comments and
suggestions. Thanks to Dr. Chris Mollema for his comments on the Spodoptera
exigua experiment. Many thanks to Dr. Ton den Nijs for giving me the opportunity fo
work at Plant Research International and for his critical comments on the various
progress reports and manuscripts. Thanks also to Petra van Boetzelaer and Ankie
Groothuijzen for their secretarial help. Special thanks to Gerard Grubben for his
involvement and encouragement in my PhD) research: shallots for ever’

Many people have made my family and my life more interesting and enjoyable
during our stay in the Netherlands. I thank them all and in particular Ximing and his
wife Ziyan. The world is becoming smaller and smaller, [ could not believe that I
would meet my old roommate and friend Ximing from the former Zhejiang
Agricultural University again in Wageningen. Nani and her family gave my family
great help; her daughter MeiMei was my daughter’s first Dutch-girl friend. I would
like to thank many of my Chinese friends: Li Guangming and Ge Yaxin, Wang
Minghui and Liu Fengrong, Lao Guan and Xingyan, Luo Weihong and Zheng
Yonghua, Huang Caicheng and Hong Lie, Huang Jiang and He Qian, Yin Yingyou
and Qi Yarong, Qi Xiaoquan and Wang Yinkuen, Liu Chun-Ming, Cheng Dongsheng,
Xu Xin, Li Yaling, Zheng Xianming, Cai Xinzhong, Yuan Fengmin, Gao Zhongshan,
Li Junlan, Zhang Xinguo and Zhang Leming. Mr. Hu Fuyi from Asia Plaza gives me
and my family a great help. Many thanks to the members of the Dean’s office of the
University, and special thanks to Ankie Lamberts for arranging a family flat for me.
Because of them, my family and I felt that living in the Wageningen is very enjoyable.

I take this opportunity to sincerely thank my previous MSc. supervisors Prof.
Ji Daofan and Prof. Xu Fuhua for their kind care and help during my career
development and daily life. Many thanks go to Prof. Shen Zongian, Prof. Zhu Jun,
Prof. Xue Qingzhong and Prof. Zhu Shuijin. Prof. Shen sent me a lot of information
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about China and the university via e-mail, My special thanks goes to my classmate,
roommate, colleague and close friend Dr. Yan Jugiang for his long-term friendship.
We understood and supported each other during our stay in Hangzhou during the past
16 years and even now when we are both abroad. T am grateful to my colleague and
friend Hong Caixia for her support and kind help. So many friends and colleagues
from the former Zhejiang Agricultural University have given me different kinds of
help during my study and work for the past 16 years: I thank all of them.

My parents, brothers and sisters in China have always been very much
interested in my family life in the Netherlands and my research progress. They have
always encouraged and supported me. My deep gratitude goes to my parents for
bringing me up, giving me a firm background and emotional strength that have
enabled me to do what T have been doing. My parents-in-law and family members-in-
law also have given me a ot of moral support. I thank all of them.

I feel guilty that I have not spent much time at the weekends with my wife Ye
Xiv-Hua (Hua) and my children Zheng Tian-Lun (BeiBei) and Zheng Tian-Yu
(ShuangShuang) during these four years. The separation fromn my wife and daughter
during the first seven months of my PhD study were also not easy for all of us. My
wife’s deep love for me made her give up her good job in China and join me in
Wageningen. Reunion with my family and the companionship of my wife gave me a
solid basis to work more efficiently. I am deeply indebted to my dear wife Hua,
beautiful and lovely daughter BeiBei and son ShuangShuang for their patience,
tolerance, understanding, love and support. I am very proud of my daughter because
she is so excellent at school and also in music and ballet. The birth of my son in
August 1998 in Wageningen brought us a lot of new colour and excitement in our
daily life.

All of these people I have mentioned have contributed greatly to the success of
this research project and the completion of this thesis.

Now the best thing I can give them is this book!

I \o

Si-Jun Zheng

Wageningen, 7 July, 2000
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General introduction

Chapter 1

General introduction

Onion (Allium cepa L. group Common Onion) and shallot (A. cepa L. group
Agpregatum) are two subspecies of A. cepa. Both are members of the genus Allium
(Family Alliaceae), a genus which comprises more than 600 species (Hanelt, 1990).

A. cepa originates from central Asia and it is thought that A. vavilovii is its wild
progenitor (Hanelt, 1990). A. cepa is one of the few vegetable species that was
domesticated in the Old World at a very early stage. It has been in cultivation for more
than 4000 years. The earliest records come from Egypt, where it was cultivated at the
time of the Old Kingdom. Onions appear as carvings on pyramid walls and in tombs
from the third and fourth dynasties (2700 BC),

Nowadays both onion and shallot are very important vegetable crops on a
worldwide scale {(Anonymous, 1999). Onion is cultivated mainly as a biennial but
some types are treated as perennials. Tt is propagated by seeds, bulbs, or sets (small
bulbs). Onion bulbs are quite variable with respect to shape, size, skin and flesh
colour, pungency, skin retention, storage ability, hardiness, and dry matter content.
Shaliot differs from common onion primarily in bulb characteristics. The bulbs of
common onion are large, normally single, and plants are grown from seeds or from
seed-grown sets. The bulbs of shallot are smaller compared to the bulbs of common
onion, they form an aggregated cluster of small bulbs as a result of the rapid formation
of lateral bulbs or shoots. Reproduction of shallot is predominantly vegetative via
daughter bulbs (sets) although seed production is possible,

General breeding

Onion is generally regarded as an outcrossing species. Onion populations are
genetically heterogeneous with a high degree of heterozygosity maintained by
substantial levels of outcrossing. Thus, individual populations or varieties provide a
source of genetically plant-to-plant variation on which the breeder can impose
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selection. Bulbs are the predominant yield component and their development is
daylength dependent and hence there are different types of onion cultivars for specific
latitudes. Long-daylength (16h) onions are adapted to the Northern and Southemn
hemispheres, while short-daylength (12 h) onions are suitable for the tropics. Bath
open-pollinated varieties and F; hybrids are grown in these areas (Kik et al., 1998).
Open-pallinated (OP) varieties are defined as genetically variable populations, which
are maintained and multiplied by mass pollination in isolation. A major contribution
to onion breeding has been the development of F; hybrids since an early identification
of CMS (cytoplasmic male sterility} in the cultivar Italian Red (Monosmith, 1926} and
its later application for producing hybrids (Jones & Clarke, 1943). This male sterility
resulted from an interaction between nucleus and cytoplasm. The genetic basis of the
CMS is simple: a sterility-inducing cytoplasm (S) and a nuclear restorer locus with
two alleles, Ms and ms. Male fertility is restored by the dominant allele. In the 1960s,
another CMS cytoplasm, namely the T-cytoplasm, was discovered (Berninger, 1965;
Schweisguth, 1973). This source of male sterility was found in the French cultivar
Jaune Paille de Vertus. The T-cytoplasm is restored by two independently operating
restorer systems. The first restorer systern comprised a single locus, A, with two
alleles, in which male fertility is restored by the dominant allele. The second restorer
system is composed of two loci, B and C, with complementary gene action. Male
fertility in this system is restored only when a dominant allele is present on both B and
C loci. Onion breeding based on Fy hybrids is now widespread. The main reasons why
F, hybrids have become popular is probably the opportunity for breeders to protect
their parental lines more efficiently, combined with the possibility to improve F,
hybrids more quickly than OP cultivars.

Onion and shallot are vulnerable to a number of diseases and pests
{Rabinowitch, 1997). In temperate zones Botrytis and Fusarium diseases, downy
mildew (Peronospora destructor), white rot (Sclerotium cepivorum), thrips (Thrips
tabaci) and onion fly (Delia antiqua) can cause substantial yield losses. In tropical
zones purple blotch (Alrernaria porri), anthracnose (Colletotrichum gloeosporioides)
and beet armyworm (Spodoptera exigua) are threatening the onion and shaliot
cultivations. This thesis is focussed on the development of transgenics for the
introduction of resistance to beet armyworm into A. cepa, as this pest represents one
of the major problems nowadays in tropical onion and shallot cultivation. The thesis is
carried out in the framework of the BIOBREES (BIOtechnology, BREEding and Seed
technology for horticulture) programme. The programme is a joint initiative of the
Dutch and Indonesian Ministry of Agriculture for the improvement of tropical crops.

10
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Beet armyworm (Spodoptera exigua, Hiibner)

Description

Beet armyworm has four life cycle stages namely adult, egg, larva and pupa. The
moth has a wingspan of 25 to 32 mm. The ribbed egg is white to pink and is roughly
spherical in shape and slightly peaked on top. Scales and hairs from the moth give the
egg cluster a gray, fuzzy appearance. The larva of §. exigra is a green or black
caterpillar with a dark head, five pairs of prolegs, and sometimes three lightly
coloured stripes running over the length of the body. On the second segment behind
the head, there is a small black spot on each side of the body. This spot usually
becomes visible to the field observer when the caterpillar reaches a length of 7 - 8
mm. About 1 mm long when newly emerged, a larva may be 25 - 30 mm long when
fully grown. The pupa of S. exigua is about 15 - 20 mm long, the pupa is light brown
with dark brown margins along the abdominal segments.

Distribution, host plants and damage

The beet armyworm originates from Southern Asia and has spread throughout most
temperate and tropic zones. It has an extremely wide host range including numerous
weeds, trees, grasses, legumes, ornamental crops, and field crops such as onion and
shallot. Beet armyworms weave foliage together with a web and feed within this
shelter. They also bore into leaves and flowers. Early instars most frequently damage
the young terminal growth of plants. Profuse silk webbing may give infested plants a
shiny appearance. Old instars do not feed gregariously and the production of webbing
is discontinued, they feed extensively on leaves, flowers and buds. In heavily infested
fields total yield losses can amount up to 70 %.

Life history

The beet armyworm has several generations per year. Eggs are laid in masses of 15 -
150 mostly on the undersides of leaves and mostly within 10 cm of the soil surface.
Fernales may cover the eggs with a mat of scales that protects them from parasites but
also from insecticides. Females prefer younger plants to older plants. Two to nine days
later the eggs hatch. First and second instar beet armyworms feed in groups, especially
in the growing tips where they weave several leaves together with a web. Older larvae

11
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do not restrict feeding to young leaves. The third and fourth instars last one to three
days. The fifth instar feeds for two to six days. Beet armyworms are cannibalistic,
particularly when feeding on plants with low nitragen levels. Moths that develop from
cannibalistic caterpillars lay more eggs than moths that developed from caterpillars
that fed only on plant material. Mature beet armyworms tunnel into the soil 2.5 cm
and form a cell in which they pupate. The pupal stage lasts four to eleven days. The
moths are nocturnal and mating and egg laying occur at night. Females deposit up to
600 eggs during their seven or eight-day life at this stage. However, moths may live
up to 30 days altogether.

Control

The beet armyworm is difficult to control with chemicals because the young larvae
weave leaves together and feed under the webbing that protects them from
insecticides. Older larvac are more tolerant to pesticides. In addition, some beet
armyworm populations have acquired resistance to methomyl and other pesticides.
Pheromone traps can help to monitor for moth flight activity.

Introduction of resistance to 8. exigua has been carried out in tomatoes
(Eigenbrode & Trunkle, 1993a; Eigenbrode & Trunkle, 1993b; Eigenbrode et al.,
1996; Hartman & Clair, 1999). It was shown that Lycopersicon hirsutum harbours two
types of resistance, namely a trichome-based and a lamellar factor-based. For onion
and shallot such a study has never been performed. Introduction of resistance to S.
exigua by means of genetic transformation is also possible (Fischoff et al., 1987,
Bosch et al., 1994; Schuler et al., 1998). However, the introduction of alien genes into
the genome of A. cepa was, until recently (see this thesis) not feasible, as no reliable
transformation system was available,

Introduction of resistance to S. exigua into A. cepa

In this thesis a two-way strategy will be followed to develop onions and shallots
which are resistant to S. exigua. Firstly, we will explore the possibility if there is
natural variation present in A. cepa and its wild crossable relatives for resistance to the
beet armyworm. Secondly, we will develop a regeneration and transformation system
for onions and shallots to introduce gene sequences, which are expected to confer

12
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resistance to beet armyworm, e.g. coding for Bacillus thuringiensis insecticidal
proteins or proteinase inhibitors.

Marker-assisted breeding

Introduction of resistant onion and shallot cultivars is of significant importance to
enhance the sustainability of (sub)tropical onion and shallot cultivations. Recent
developments in DNA marker technology provide new solutions for selecting and
maintaining desirable genotypes. Once molecular markers closely linked to desirable
traits are identified, marker-assisted breeding can be performed in early segregating
populations and at early stages of plant development. Marker-assisted breeding can be
used to pyramid disease and pest resistance genes, with the ultimate goal of producing
high quality varieties. The essential requirements for marker-assisted breeding are:
marker(s) should be closely linked with the desired traits; an efficient means of
screening large populations for the molecular marker(s) should be available, the
screening technique should have high reproducibility, be economical to use and be
user-friendly (Mohan et al., 1997).

Molecular marker studies in A. cepa are scarce because of the biennial nature
of the crop, its severe inbreeding depression (Jones & Davis, 1944) and its huge
genome size (Labani & Elkington, 1987). King et al. (1998) presented a low-density
RFLP map based on an intraspecific onion cross. This study showed that the genome
organization of onion is complex and involves many duplicated loci. Van Heusden et
al. (2000) constructed a high density AFLP marker map based on an interspecific
cross between onion and A. reylei. The alliinase gene involved in pungency and a
SCAR marker linked to the downy mildew disease resistance gene are present on this
map. Furthermore, Van Heusden and Shigyo et al. (2000) used a complete set of A.
fistulosum - A. cepa monosomic addition lines (2n=2x+1=17) to assign the physical A.
cepa chromosomes to their respective molecular marker linkage groups.

Genetic transformation

Regeneration system

The development of an efficient system for genetic transformation might be a valuable
extension of the tools for further crop improvement. In order to establish a successful

13
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onion genetic transformation system, two key factors should be taken into account,
One is the development of sophisticated methods to recover intact plants, either from
fully dedifferentiated tissue or from organized tissues that are easy to regenerate. The
other is the refinement of methods for the introduction of exogenous DNA into Allium
germplasm.

In Allium, various plant regeneration systems have been developed using
different starting material. Eady {1995) reviewed the different source materials used
for in vitro culture of Allium species. The most successful regeneration systems in
Allium are using (im)mature embryos, root tips, flower buds, suspension cultures or
protoplasts as starting materials (Table 1).

Transformation system

Transformation of recalcitrant monocots like rice, wheat, bariey and maize has been
achieved by using direct gene delivery systems: chemical methods, electroporation,
particle bombardment and silicon carbide fibres. Recently, Agrobacterium-mediated
transformation of monocots has gained favour and many transgenic plants have been
obtained using specific Agrobacterium strains ( Hiei et al., 1994; Rashid et al., 1996;
Cheng et al., 1997; Tingay et al., 1997; Ishida et al., 1996; Arencibia et al., 1998). The
progress of transformation research in Alliwm is summarized in Table 2. It is already
more than ten years since Klein et al. (1987) first developed a high-velocity
microprojectile method and demonstrated that epidermal tissue of onion could take up
foreign DNA sequences. Wang (1996) obtained transgenic leek plants by particle
bombardment with barnase gene and barstar gene, and il was shown that the genes
were present in the Jeek genome, Dommisse et al. (1990) demonstrated that onion is
also a host for Agrobacterium as evidenced by tumorigenic responses and opine
production inside these tumours. Recently, successes have been reported in the
transformation of immature embryos of A. cepa using Agrobacterium tumefaciens
{Eady et al., 2000).

Molecular characterization of transgenic plants

Characterization of transgenic plants can be carried out by histochemical, molecular or
genetic analysis. The histochemical assays, GUS or Green Fluorescent Protein (GFP)
demonstrate expression of introduced DNA sequences and activity of the foreign gene
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Chapter 1

products. Of the molecular methods, standard PCR only proves the evidence for the
presence of a foreign gene sequences; Southern hybridization demonstrates the
presence, integration and copy number. Genetic characterization entails checking of
the progeny and gives additional information on presence, integration and genome
organization (loci number). Progeny analysis is easy but time-consuming. Although
Southern hybridization can be used to determine the presence of T-DNA and copy
number, it becomes labour-intensive when many samples have to be assayed, and it
consumes relatively large amounts of genomic DNA. This is especially true for large
genome species, like lily, onion and tulip, where genome sizes are much more than a
hundred times larger than Arabidopsis (Arumuganathan & Earle, 1991). Southern
hybridization analysis for these large genome crops is very difficult. Recently, Watad
et al. (1998) reported some success in analysing transgenic lily plants via Southern
hybridization after microprojectile bombardment. However, the molecular
characterization of transgenics via Southern hybridization remains difficult. Therefore,
it is of importance to find an alternative technique for Southern hybridization to prove
stable integration of alien DNA into the host genome in large genome species. Several
approaches based on different PCR techniques to confirm stable integration have been
put forward (Campisi et al., 1999; Devic, et al., 1997; Does et al.,, 1991; Liu et al.,
1995; Mathur et al., 1998; McGarvey & Kaper, 1991; Padegimas & Reichert, 1998;
Spertini et al., 1999; Trueba & Johnson, 1996; Zhou et al., 1997). By cloning and
sequencing , foreign gene transfer and integration into the plant genome can be further
analysed (Krizkova & Hrouda, 1998; Ponce et al., 1998). However, most of the
aforementioned techniques have only been applied in Arabidopsis genome research.
Therefore, it would be of value to test some of these techniques also in a large genome

species like A. cepa.

Outline of the thesis

This thesis starts with the development of an in vive and in vitro bio-assay to test
whether sources of resistance are present in A. cepa and its crossable wild relatives
(Chapter 2). Unfortunately, no high level of resistance was found and, therefore, the
marker-assisted breeding approach to introduce beet armyworm resistance in A. cepa
was abandoned. Consequently, the rest of the study was focussed on introduction of

resistance via genetic transformation. Firstly, a reliable regeneration system (Chapter 3
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and 4) was developed and secondly a reliable transformation system was established
based on Agrobacteriumn tumefaciens as a vector (Chapter 5). A number of stably
transformed onion and shallot plants were obtained and these transformants were
molecularly characterized by means of standard PCR, Southern hybridization and
FISH (Chapter 5). Because of the large genome size of Allium species, an alternative
method was developed for the molecular genetic characterization of the transgenic
plants obtained. A so-called adaptor ligation PCR {AL-PCR) technique followed by
sequencing of the genomic DNA flanking the T-DNA borders was set up (Chapter 6).
Chapter 7 provides a general discussion, and in this chapter aspects of the intreduction
of resistance to S. exigua in onions and shallots via molecular marker-assisted
breeding and genetic transformation are discussed. Furthermore, the results obtained
in this study are placed in perspective of future breeding activities in onions and
shallots.
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Abstract

The beet armywormn (Spodoptera exigua Hiibner) is the most important pest in
tropical Allium cultivations. All shallot (Allium cepa L. group Aggregatum) cultivars
are susceptible to this pest. Therefore accessions from three wild Allium species,
namely A. galanthum Kar. et Kir,, A. fistulosum L. and A. roylei Stearn, next to A.
cepa L. were used to screen for resistance. First of all, a reliable bio-assay had to be
developed. To this end transparent plastic cages with in total 5 plants of one accession
per cage were placed on perlite in a heated greenhouse. Five 3-day old larvae were
inoculated on each plant. Eight days after inoculation the number of surviving larvae
per cage and the mean fresh weight per larva was determined. The lowest larval
survival (36 %) was found on A. roylei. This was not, however, significantly different
from other Allium accessions. Significant differences were found in the fresh weight
per larva fed on different Allinm accessions. The larvae survived on A. roylei had a
very low fresh weight (10.3 mg per larva), while those on an accession of A.
fistulosum had the highest fresh weight (45.1 mg per larva). The larval fresh weight on
A. roylel was lower than all the other accessions except from the tropical shallot
cultivar Bawang Bali.

To check whether or not a toxic compound was involved in the resistance
present in A. roylei, ten accessions from four Allium species were screened. Five 3-day
old larvae were inoculated on regularly replaced leaf material of each accession of
Allium species. No significant differences were found in mean fresh weight per larva
and mean survival of larvae among different accessions. There were also no
significant differences in pupal weight and developmental time. All larvae became
pupae 10 days after inoculation. The data indicate that there is no toxic compound
present in A. roylei. These results are underlined by the observation in the greenhouse
bio-assay that A. roylei plants were equally damaged by the beet armyworm compared
to other Allium species.

The results obtained so far therefore suggest that introduction of resistance to
S. exigua via the exploitation of variation for resistance to the beet armyworm in A.
roylei is unclear and that genetic engineering using Cry sequences could provide a
way forward.
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Introduction

Both onion (Allium cepa L. group Common Onion) and shallot (A. cepa L. group
Aggregatuin) are very important vegetable crops on a worldwide scale. The cultivation
of these crops is sometimes severely limited due to the occurrence of pests. The most
important pest in A. cepa cultivation for (sub)tropical zones is the beet armyworm
(Spodoptera exigua Hiibner). The beet armyworm is an extremely polyphagous insect
(Goh et al., 1991). Current methods for controlling §. exigua are the use of sex
pheromone, pesticides and cultural measures. The success of sex pheromone in Allium
cultivation until now is limited (Mitchell et al., 1983; Park & Goh, 1992; Takai &
Wakamura, 1990; 1996; Wakamura et al., 1989; 1990; Yoo et al, 1993).
Consequently, farmers are heavily dependent upon chemical control or cultural
measures like handpicking. These practices provide some protection but still far from
adequate. A problem with spraying chemical agents is that the caterpillars in the
hollow leaves of onion and shallot are protected against contact insecticides.
Furthermore, chemical control is expensive, causes environmental pollution, and is a
threat to the health of farmers and consumers. Moreover insecticide resistance is
reported to occur in Spodoptera (Brewer et al., 1990; Brewer & Trumble, 1991a;
1991b; Cheng & Kao, 1993). Sterile insect technique (SIT) has been successfully used
to control the onion fly (Delia antiqua Meigen; Tichelaar et al., 1974; Theunissen et
al., 1974; 1973). However, SIT is very laborious to apply and only effective when
used by all farmers in an Afliwm cultivation area.

The introduction of resistance to S. exigua via genetic methods has not yet
been carried out in an A. cepa breeding programme. Two strategics are open to
introduce resistance to S, exigua into A. cepa, i.e. via conventional methods if reliable
sources of resistance are available or via genetic engineering if a transformation
system and gene constructs are present which confer resistance to S. exigua. The latter
strategy has been applied in other crops (Adamczyk et al., 1998; Hardee & Bryan,
1997; Harris et al., 1996; Motoyama, 1998; Schuler et al., 1998; Stapel et al., 1998),
but it is not yet an option for Alfium because no transformation system is present for
Allinm (Eady, 1995; Eady et al., 1996). The focus in this paper is on the development
of reliable bio-assays and screening strategy for resistance 1o S. exigua in A, cepa and
its wild species.
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Materials and methods

Plant material

Seeds of thirteen accessions of four Allinm species, namely A. cepa L., A. galanthum
Kar. et Kir, A. fistulosum L. and A. roylei Stearn (Table 1), were sown on in a
greenhouse at 16 / 20°C (night / day) with additional light for 16 hours (approx. 100
ME s'm” lamps used: SON-T 400 Watt), Several weeks later, seedlings were
transplanted into pots (8 x 8 x 8 cm’). There was one plant in each pot and no
insecticide was applied. Plants with 5-6 leaves were used in greenhouse screening and
for toxic compound tests.

Table 1. Allivm cepa and its wild relatives used to screen for resistance to S. exigua.
Accessions 96181, 96179 and 97208 were not used in the toxic compound test. The
number column is used in combination with Figure 3.

Species CPRO-DLO | Number | Origin
Accession
numbet
A. cepa cv. Sturon | 96209 1 Novartis Seeds, The Netherlands
A. cepacv. Hyton | 96211 2 Bejo Zaden, The Netherlands
A. cepgcv. Tropix | 96181 3 Bejo Zaden, The Netherlands
A. cepa cv. Atlas 96179 4 Bejo Zaden, The Netherlands
A. cepa cv. Bawang | 97208 5 Indonesia
Bali
A, galanthum 97171 6 All 256/84, Gatersleben, Genmany
A. galanthum 97200 7 Bot. Garden, Berlin, Germany
A. galanthum 97205 8 H.B. Alma-Ata, Kazahkstan
A. fistulosum 96201 9 Leningrad, Russia
A. fistulosum 96202 10 Japan
A. fistulosum 96203 11 Japan
A. fistulosum 96217 12 H.B. Odessa, Ukraine
A. roviei 97175 13 PI 243009 (C502), Beltsville USA
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