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Propositions (Stellingen)

1. 1t is difficult to say whether dry neem seeds are dead or alive. Their viability can be
tested by vital staining or standard germination. However, if none germinate, the viable
seed may have been killed by handling rather than they being previously dead.

This thesis

2. Although being the only obvious means of testing for viability, standard germination
tests do not reveal how, when and where damage occurs in seeds.
This thesis

3. The high intrinsic gel-to-liquid transition temperature (Tr) of membranes in tropical
seeds is responsible for their extreme sensitivity to imbibitional and chilling stress
below these temperatures.

This thesis

4. The insecticidal and insect-repellent properties of compounds in neem kermnels have
attracted worldwide attention. However, the availability of good quality seeds limits
their exploitation.

This thesis

5. A plant is just a seed’s way of making another seed.
Bradford KJ and Cohn MA (1998) in Seed Science Research 8, 1353-160; after Richard
Dawkins " Selfish Gene (Dawkins, 1976).

6. The challenge today is no longer to decide whether the conservation of genetic
resources is a good idea, but rather how it can be implemented in the interest of
nationals and within the means of each country.

Brundtland GH, 1987. Our common fiture. Oxford University Press, UK.

7. All reactions are slowed down to a vanishing point, that is reactions at —200°C, if at
all possible in the solid state of the matter, would be about eight million times slower

than at 20°C.

Becquerel, 1951 quoted by Keilin, 1959. Proc R Soc London B Biol Sci 150: 149-191.

8. The concept of life as applied to an organism in the state of anhydrobiosis becomes
synonymous with that of the structure, which supports all the components. Only when
the structure is damaged or destroyed does the organism pass from the state of
anabiosis, or latent life, to that of death,

Keilin, 1959. Proc R Soc London B Biol Sci 150: 149-191.

9. Science is like a hungry furnace that must be fed logs from the forests of ignorance
that surround us. In the process, the clearing we call knowledge expands, but the more
it expands, the longer its perimeter and the more ignorance comes into view.

Matt Ridley (1999) Genome. London 4" Estate.




10. Development aid should always help us to put an end to aid.
Thomas Sankara (1949-1987). Late President of Burkina Faso (1983-1987).

11. 1t is circumstances which show what men are.
12. What we call the beginning is often the end, and to make an end is to make a

beginning. The end is where we start from.
Eliot TS (1942). Little Gidding. Collected Poems 1909-1962. (1963 edn). London,

Faber & Faber.

These propositions belong to the PhD thesis entitled: “Stress,
Storage & Survival of Neem Seed” by Moctar Sacandé.

Wageningen, 26 April 2000
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Preface

The first time that T met the Neem tree was when I was a child, growing up in a large
family in Bobo Dioulasso — the second city of Burkina Faso. My father used to bring
back sticks collected from the neem trees that lined the wide earth avenues of the town.
When we misbehaved my father threatened to use the sticks on us, though he did not
often have to carry out the threat. One such stick was carefully planted in a corner of
the compound to remind us to behave and to produce lots more sticks. Today it is a big
tree. I firmly believe that without my late father’s loving discipline I would never have
achieved all that [ have today. This thesis on neem is dedicated to him.

Although discipline may be a little out of fashion these days, I think that it gave
me a good basis for my career. What I have leamed through the planning, execution
and finally the writing of this thesis has been another major step forward for me. I have
leamt how to face and to overcome many difficulties, both technical and social. What
has helped me most has been the ready coilaboration and tolerance of colleagues, the
support of my friends and the faith my family had in me.

Scientific curiosity was one of the reasons that led me to work on the biology
of neem seed. The other reason was to do something of immediate practical
significance. [t has therefore been particularly satisfying to be able to use the insights
gained from explorations of cell physiology, biochemistry and biophysics to
understand and predict how tropical seeds will perform in storage. I am very
encouraged to see that our results are beginning to have an impact on the way that
recalcitrant and intermediate tropical tree seed species are handled and stored in
international projects and at my home institute, the Centre National de Semences
Forestiéres (CNSF) in Ouagadougou, Burkina Faso.

This thesis could not have been completed without the contributions and the
collaboration of the CNSF, the Laboratory of Plant Physiology of Wageningen
University and the Plant Research International/Centre of Plant Breeding and
Reproduction Research (PRI/CPRO), in the Netherlands. It benefited from the inputs
of many partners who are co-authors of the published papers that form chapters of this
thesis. I would therefore like to take this opportunity to express my sincere gratitude to
all who have helped me in one way or another.

Firstly, Prof Cees M. Karssen who accepted me under his supervision despite
his full agenda as rector magnificus of the WU. Prof Linus van der Plas, head of the
Laboratory of Plant Physiology and acting promotor is acknowledged for his wise
advice.

My cordial and special thanks go to Dr Folkert A Hoekstra, my main
supervisor, for his personal commitment and interest in my research which dates back
to his assistance with my MSc research. His close supervision and generous help in
technical discussions took the research to a different level and greatly improved the
standard of this thesis. First of all T got used to, and now I miss the smell of Havana
cigars during long hours behind the computer, working with him on the scientific
papers that came from the research project. Apart from his immense contribution to my
scientific development I also thank him for ensuring the financial support for my stay



in his laboratory. I sincerely thank you Folkert and your family for making my
problems yours.

The Department of Reproduction Technology at CPRO kindly hosted me for
my practical studies. Dr Raoul Bino’s interest in my research and his encouragement
resulted in the setting up of this project in 1995, The co-operation between the CNSF
and the CPRO, which began a few years earlier with visits from Dr Lieke H. Kraak,
has been strengthened through these studies. Later, in 1996, no effort was spared to
invite the Director of CNSF to the CPRO to discuss possibilities for further technical
collaboration. Dr Kraak helped broaden my views about seed research when 1 joined
the Seed Physiology Section at CPRO. Her successor, Dr Ric De Vos contributed to
my work from the formulation of the research proposal through to the laboratory work.
I very much appreciated his collaboration and supervision. To Dr Steven PC Groot,
who recently took over the section I also express my sincere thanks for his efforts. I
appreciated working with Jaap van Pijlen who assisted with many of the germination
experiments.

The technical and scientific discussions of the Seed Group at the Plant
Physiology Department of Wageningen University, were the medium that nurtured my
scientific growth. Working with Julia Buitink was a real pleasure for me and I greatly
appreciated the initiation to DSC. To Dr Olivier Leprince, ‘toute ma reconnaissance
pour ton aide et tes commentaires qui ont souvent amélioré mes analyses’. I thank
Mark Alberda for his trouble-shooting on computers and for the FTIR experiments, Dr
Elena Golovina for generating and interpreting EPR data, Adriaan van Aelst for
helping with electron microscopy. My special thanks go to Dr Valerie Curtis, for her
support and help with my English,

The collaborative nature of the project and the interest it has generated brought
me into contact with international institutes and universities. T wish especially to mark
the contribution of the late Dr Abdou Salam Ouédraogo of IPGRI (may he rest in
peace), who died recently in a plane crash in Ivory Coast. I benefited from his advice
as a ‘koro’ and as a model of the success that determination and faith in oneself can
bring. I wish to thank Drs. Jan Engels and Florent Engelmann (IPGRI, Rome) for their
interest and financial support for some of the studies; Profs. Daniel Céme, Francoise
Corbineau (Université Pierre et Marie Curie, Paris), Patricia Berjak (University of
Natal, Durban) and HPM Gunasena (University of Agriculture, Peradenia, Sri Lanka)
for the opportunity ta work in their laboratories.

The work was conceived as collaborative research project, which was part of
the programmes of the CNSF and managed by the CNSF administration. I wish to
thank the team from CNSF and especially Soumaila Bancé, Martinus de Kam, Albert
Nikiema, Sibidou Sina, Lambert Quédraogo, Raymond Balima, Joséphine Yaméogo
Mathurin Sanou, Ms. Haoua Ouédraogo, Sylvie Yaméogo, Asséto Ouédraogo,
Juliennne Botoni, Cecile Kaboré, Lucie Foro, and Mamadou Tou, Mamadou Sidibé,
Moumouni Zida, Hamado Derra.

I could not have completed this work without the assistance of my family and
friends at large. My mother Hj. Asseta Sakandé/Nikiema has been a great support. To
my brothers Hj. Adama Sakandé and Dr Souleymane Sakandé many thanks for your
moral support and permanent encouragement. Your help with my many duties in



Burkina during my absence was greatly appreciated. The Curtises, my beloved family,

are gratefully acknowledged for their help and contributions. To the Damibas, Bayalas,
Sedogos and Toés, many thanks for all the arrangements you have helped with for my

family and your real friendship and support.

I gratefully acknowledge the financial support of the Government of Burkina
Faso, the Netherlands Foundation for the Advancement of Tropical Research
{WOTRO), the International Plant Genetic Resources Institute (IPGRI) and DANIDA,
and for the use of facilities at CPRO, at the Wageningen University and at the CNSF,
which made my studies possible.
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General introduction

Moctar Sﬁcandé

Centre National de Semences Forestiéres (CNSF), B.P. 2682, Ouagadougou, Burkina
Faso; Dept. of Plant Sciences, Lab. of Plant Physiology, Wageningen University,
Arboretumlaan 4, 6703 BD Wageningen; Dept. of Repreduction Technology, CPRO,
P.O. Box 16, 6700 AA Wageningen, The Netherlands

1. The challenge of cdnserving tropical tree seeds

All cultivated plants arose from wild plant species. The problem of how best to store their
seeds has been an important issue since man first began to domesticate plants, somewhere
between 10,000 and 5,000 years ago (Diamond, 1997; Tudge, 1998). Selecting seeds
from the best plants — from the tiniest of herbs to the tallest tree — and storing them till the
next growing season was the process that gave us the crop plants we use today. Because
seeds are often produced in abundance, particularly when they serve as a food source
(crops, cereals), it was an easy step for mankind to exploit plants. However, as early
farmers soon discovered, seed storage was not always straightforward. Some seeds were
easy to store for long periods of time, whereas others remained viable only for short
periods. The latter species were probably not perpetuated through their seeds.

Today many plant species, both wild and cultivated, are under threat. The
conjunction of environmental degradation due to drought and human pressures, for
example, overexploitation, pollution, and intensive animal husbandry in several regions
of the world is greatly contributing to the reduction of plant gene-pools and subsequently
of the number of species (Brundtland, 1987},

Genetic resources and threatened species in particular can be safeguarded by
conservation in-situ in the natural environment and ex-siti in gene banks. Ex-situ
conservation requires that large numbers of seeds of many species be stored over long
periods of time. Research into seed physiology and storage behaviour is an essential
component of ex situ conservation activities for national and regional genebanks. Until
recently, priority was given to food and crop species of economic importance. However,
tropical tree seeds are an increasing focus of attention in the face of threats to sensitive
tropical environments, and awareness of the need to conserve biodiversity (Brundtland,
1987; UNCED, 1992). Knowledge of the storage behaviour of tropical seeds is a
prerequisite for their preservation (Hong et al., 1996).
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Many conservation programmes are hampered both by a lack of understanding of
the biology of tropical tree seeds and by practical problems with their storage. In seed
science and technology, seeds are usually characterised with reference to their storage
behaviour. Seeds that are shed in a partially dehydrated condition can generally be further
dried to low water contents (5%) and stored for many years at low, or even subzero
termnperatures. These seeds are from plants that include many crops, both perennials and
annuals. They are easy to handle and store in a predictable manner, and have been
designated as having orthodox storage behaviour (Ellis and Roberts, 1980). In contrast,
seeds with recalcitrant storage behaviour are those that get damaged early during
dehydration and cannot be stored for long pertods of time (Roberts, 1973). A large
number of tree seeds from the humid tropics display such recalcitrant storage behaviour,
presumably because they are adapted to warm humid conditions. Examples are the seeds
of economically important tropical species such as cacao, coconut, hevea, avocado and
mango. Seeds that have a lethal limit of dehydration falling between these two categories
are referred to as intermediate, and can generally be stored for periods of intermediate
length (Ellis ef al., 1990, and references therein). They are often chilling sensitive, as are
recalcitrant seeds. In general, all seeds can be described as exhibiting storage hehaviour
that falls on a continuum somewhere between orthodox and recalcitrant (see review by
Berjak and Pammenter, 1997). Comprehensive data classifying seeds into orthodox,
recalcitrant or intermediate categories are available for only about 7000 plant species (see
review by Hong ef al., 1996), which comprises 2-3% of all the plant species of the world.

The practical significance of these behaviours pertains to seed longevity. Due to
their sensitivity to desiccation and/or low temperatures, recalcitrant or intermediate seeds
often do not survive storage for a whole year, or even from harvest till the next sowing
season. For recalcitrant seeds, the prospect of manipulating storage conditions without
damage is very limited (King and Roberts, 1979). For intermediate seeds, however,
relatively long storage periods can be achieved in carefully defined and controlled
environments {Hong and Ellis, 1998, and references therein).

It is believed that the seeds of most tropical forest trees display recalcitrant or
intermediate storage behaviour. If such seeds are to be conserved for the sake of
biodiversity and for use in planting programmes, then more needs to be known about
their physiology. A first step may be to screen priority tropical tree seed species for
survival when they are dried (IPGRI/DFSC project, 1996). Further research is also
needed into the mechanisms underlying the sensitivity to desiccation of tropical seeds.

We have chosen to investigate the longevity of neem (dzadirachta indica) seeds
as a model of complex storage behaviour for several reasons. These include (i) the
importance of neem as a priority species in planting programmes in Aftica and its uses in
agroforestry systems in many developing countries; (i) the fact that the neem tree is
propagated mainly via seeds, despite there being many difficulties with their storage and
very little data on their physiology: the seeds are reputedly classified as recalcitrant or
intermediate; (i) the possibility of collecting seeds from several distinct accessions, and
(iv) the fact that the seeds lack dormancy and germinate without delay or specific
pretreatment. The objective of the work reported in this thesis is to provide insights into
the mechanisms associated with the short life span of tropical tree seeds and thus help
improve their storability.
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2. Azadirachta indica A.Juss., the Neem tree

Azadirachta indica is a member of the Meliaceae family, the mahogonies, and is native to
the dry forest zones of the Asian sub-continent including India, Sri Lanka, Pakistan,
Bangladesh, Malaysia, Myanmar and Thailand. The tree is found both cultivated and
growing in its natural habitat in these zones, The botanical nomenclature of neem,
Azadirachta indica A.Juss., was established by the French botanist Antoine Laurent de
Jussieu (Tewari, 1992), The genus Azadirachta A.Juss. described in 1830 comprises at
least three species of Indo-Malaysian origin including Azadirachta excelsa (Jack) Jacobs,
mostly thriving in Malaysia, and Azadirachta siamensis Valeton, mainly growing in
Thailand (Suthi and Pirom, 1989; Schmutterer and Doll, 1993). The one that concemns us
here, Azadirachta indica A Juss., has three synonyms including Antelaea azadirachta (L.)
Adelbert, Melia azadirachta L. (often confused with Melia azedarach 1..) and Melia
indica (A.Juss.) Brandis (von Maydell, 1986). There are many common names for the
neem tree in countries where it has been introduced in Africa, South America, and
Australasia.

Neem has become widely distributed by introduction into the dry, arid and semi-
arid tropical and subtropical zones. The expansion was {and still is) driven by the tree’s
intrinsic value, its easy adaptation, and its many uses. In Africa, different routes of spread
have been documented. Between 1919 and 1927, Brigadier-general Sir Frederick G.
Guggisberg, governor of Gold Coast (now Ghana), introduced seedlings (or seeds) from
India, and the first seedlings were planted in the northern territories (National Research
Council USA, 1992). Today, neem is found throughout Ghana and the Sahelian region
including Burkina Faso. Countries such as Sudan, Nigeria and Senegal had neem
plantations before the 1950s (Schmutterer, 1995). In the last decades, the tree has also
been introduced into Latin America. The biggest plantation of neem is in the Arafat plain
near Mecca in Saudi Arabia where it provides shade for pilgrims (Ahmed et al., 1989).
The neem tree thrives in adverse environments because of its low demand for water and
nutrients. Under favourable conditions it grows rapidly and may even become an
"invasive" plant under conditions of high precipitation, as birds and bats spread the seeds.

Neem is an evergreen, small to medium-sized (5 to 20 m high), fast growing tree.
Two thirds of the height may be reached after 3 to 5 years. The first fruits can be
harvested after 5 years and the first timber crop after 5 to 7 years. Neem has no particular
site requirements and is very resistant to drought since it is able to grow with only 150
mm of annual rainfall, and heat, but it is sensitive to cold. The species is highly suitable
for the improvement of degraded and nutrient-poor soils (Von Maydell 1986) and is
therefore considered important in reforestation programmes to combat desertification.
The tree provides heavy wood which is resistant to termites and other wood-destroying
insects, and is used for timber and for fuel. Neem is hence a priority species for
reforestation and for multiple forestry products.
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The use of neem has beneficial ecological consequences, including the
improvement of the soil micro-climate and the saving of indigenous woody species,
which would, in its absence, have been felled for fuel. The cultivation and utilisation of
neem have a long tradition in India where nearly every part of the tree is used. These
numerous uses have been reviewed in the report on neem of the National Research
Council (1992) of the USA. One key practical use of neem is in the control of farm and
household pests (Schmutterer, 1995). Extracts from seeds and leaves make highly
effective insecticides: they attack many pestiferous species, are biodegradable, appear
unlikely to quickly lose their potency due to a buildup of genetic resistance in the pests,
seem to leave people, vertebrates and beneficial insects unharmed, and their effectiveness
equals that of DDT, Dieldrin and other synthetic pesticides. According to the National
Research Council (1992), neem is likely to provide non-toxic (for human) and long-lived
replacements for some of today’s most suspect synthetic pesticides (fmmaraju, 1998). Tn
addition, neem extracts have fungicidal and nematocidal effects, and kill snails. Neem is
renowned for its healing properties. Neerm extracts used in human and veterinary
medicine are mostly based on its merits as a general antiseptic: neem preparations are
effective as fungicides, antibacterial, antimalarial and antiviral agents. Moreover, the
seeds contain up to 50% oil.

The tree is generally propagated via seeds in nurseries. However, the seeds are
reputed to have a short viability, which is the main problem in using neem in agroforestry
and reforestation programmes. Although much has been written about neem, only a few
publications concern the physiology of the seeds.

3. Anhydrobiosis (life without water)

Survival in the dry state to bridge periods of unfavourable conditions is widespread in
both the animal and plant kingdoms. Nematodes, rotifers, tardigrades, Artemia cysts,
bacteria, fungal spores, algae, yeast cells, mosses, ferns, pollens and seeds of higher
plants and even whole Angiosperm plants can exhibit phases of anhydrobiosis (reviewed
by Crowe et @l., 1997a, and references therein). This term was introduced by A. Giard in
1895 {quoted by Keilin, 1959) and is generally used for organisms and organs that are
desiccation tolerant. Although such organ{ism)s seem to be dead, life and metabolism are
only suspended. Periods of suspended life may last for several years without much
reduction of viability. Metabolism and vital functions are resumed when the organ(ism)s
experience favourable environmental conditions. Many scientists have worked on
anhydrobiosis and its underlying mechanisms since it was first noticed by Antonie van
Leeuwenhoek in 1702 (cited by Keilin, 1959). When Van Leeuwenhoek put some dry
sediment from the gutter of his roof into water, he saw hundreds of microscopic
"animalcules” swimming around. The observation led to the idea that life could come
forth from dead organic material. )
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Dehydration-induced damage

‘While desiccation-tolerant organ(ism)s are able to survive almost complete dehydration,
desiccation-sensitive specimens lose considerable amounts of cellular solutes during
dehydration and rehydration. Their cellular organisation is severely damaged, leading to
the death of the organ(ism). This indicates that low water contents may affect the ability
of the plasma membrane to function as a semipermeable barrier. Because membrane
stability has been associated with desiccation tolerance, a considerable research effort has
been devoted to membrane behaviour, which is discussed in the next section.

When organ(ism)s experience water loss, the chance of molecular interactions in
the cytoplasm increases as a resuft of increased solute concentration and a closer
proximity of cellular structures. This may lead to membrane fusion and denaturation of
proteins, which is incompatible with life (Figure 1.1). Tt has also been demonstrated that
drying interferes with normal cetlular processes resulting in an increased production of
reactive oxygen species, such as hydrogen peroxide and superoxide (Leprince et al.,
1990, 1994). If the production of reactive oxygen species cannot be appropriately
controlled by the cellular antioxidant systems, these reactive species are able to damage
cellular constituents such as proteins, DNA and membranes (oxidative damage). Loss of
cellular vigour and, finally, cell death may occur.

It has been suggested that the stage of cell cycle activity at seed desiccation is one
of the key factors related to desiccation tolerance and storage longevity (Bino et al,, 1992;
Saracco ef al., 1995; Liu et al., 1996; Van Pijlen et al., 1996). Arrest of the cell cycle
activity at the stage where the DNA content per nucleus is at its lowest is thought to
predispose embryos to better resistance to stress conditions (Deltour, 1985). At this stage,
the DNA is probably the Jeast vulnerable to mutation-inducing factors.

Understanding how seeds tolerate water loss is therefore important for developing
strategies that can improve the survival of seeds under conditions of decreasing water
availability.
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Figure 1.1. Diagram summarising causes and mechanisms of sced death. In
desiccation intolerant seeds a comhination of factors may explain the loss of
viability below certain critical water content during dehydration.

Mechanisms of desiccation tolerance

Orthodox seeds and, to a certain extent, intermediate seeds have the competence to
prepare themselves to withstand desiccation through biochemical, biophysical and
physiological adaptations during drying. The hormone abscisic acid (ABA) appears to
regulate the induction of desiccation tolerance in orthodox seeds (Koomneef ef al., 1989).
Absence of and/or insensitivity to ABA renders seeds recalcitrant (Qoms ef al., 1993a,
1993b). The lack of ABA action in developing mutant seeds of Arabidopsis can be
compensated for by slow drying at the appropriate stage of seed development, which
renders the seeds desiccation tolerant (Ooms et al., 1994). Slow drying also appears to
confer desiccation tolerance on ABA-treated somatic embryos of carrot (Tefteroo et al.,
1994, 1995). By contrast, recalcitrant seeds from, e.g., Landoiphia kirkii appear to survive
some level of dehydration only when they are fast-dried (Pammenter ef al,, 1991). It is
thought that in systems which are not responsive to slow drying, rapid drying at least
limits the extent of desiccation injury. The rate of dehydration obviously is an important
factor determining the level of desiccation tolerance of seeds.



General introduction

Dehydration to low water contents: hydrogen-bonding interactions

Biological membranes are particularly sensitive to dehydration. They generally consist of
about 50% phospholipids, 40% proteins, and 10% steroids (¢.g., in Robertson, 1983).
Their biophysical behaviour is determined principally by phospholipids. Because of their
amphipathic character, phospholipids in water tend to aggregate in ordered lamellar
bilayer structures. This bilayer structure, iflustrated in Figure 1.2 (modified from Crowe
et al., 1989h), is hydrophobic (non-polar) in the acyl chain region and hydrophilic at the
{polar) phosphate headgroup region, and forms an integral part of biological membranes.
The polar headgroup lines the aqueous medium on both sides of a membrane.
Phospholipid bilayers mainly exist in two forms: a rigid gel phase and a fluid liquid-
crystalline phase. At the transition temperature (T,,) the bilayer changes from the liquid
crystalline phase to the gel phase, or vice versa, depending on whether cooling or heating
is applied (see Figure 1.2).

Much information concerning the effect of dehydration on membranes has come
from studies on model membranes composed of pure phospholipids. With the loss during
drying, of the water molecules which are hydrogen-bonded to each polar headgroup
{generally below 0.25-0.30 g H;O/g dry weight) the lateral spacing between the
phospholipids is reduced (Chapman ef al., 1967). This leads to increased opportunities for
van der Waals interactions between the acyl chains of the phospholipid molecules and,
consequently, to the formation of the gel phase (reviewed in Crowe and Crowe, 1988).
Thus, the Ty, may increase by as much as 70°C during dehydration. Liposomes that pass
through a phase transition leach all entrapped solutes, at least when there is water
available for the transport of these solutes (Crowe ef al., 1989a). Apparently it is the
phase transition, i.e. the occurrence of the two phases at the same time, which renders the
liposomes transiently leaky. Defects at the boundary between gel phase domains and the
liquid crystalline phase are held responsible for the increased permeability (Hammoudah
et al., 1981).

Adaptation in the phospholipid composition of the membranes by insertion of
acyl chains with a higher degree of unsaturation would make membranes in the
organ(ism) more liquid and reduce T,,. An increased ordering during dehydration would
thus be avoided. However, phospholipid compositions have not been observed to change
much with imminent desiccation (Hoekstra and van Roekel, 1988). Research efforts have
mainly focused on the effects of extramembrane compounds, such as sugars, on the phase
behaviour of the dry membrane.

Di- and oligo-saccharides, which are abundant in desiccation-tolerant organisms,
are particularly effective at suppressing the dehydration-induced increase in Ty, by
hydrogen bonding to the polar headgroups (Crowe et al., 1986). Thus, the individual
phospholipids remain spaced, with reduced opportunities for interactions between the
acyl chains. This hydrogen bonding of sugars with the phosphate of the headgroups is
known as the "water replacement theory" (Crowe et al., 1984; Clegg, 1986). Moreover,
the sugars prevent membrane fusion by the timely formation of a glassy matrix (Crowe et
al., 1997b). Both properties are crucial in the protection of liposomes from dehydration
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stress. These findings have resulted in important pharmaceutical applications
(drug application via stabilised, dry liposomes).

/ Imbibition
Heating (n injury)

N | A
Al I~ P

Humid air Imbibition
(no injury)

Hydrated bilayer Dry bilayer 8 Hydrated bilayer
(1.iquid crystalline) {Gel) (Liguid crystalline)
"buu o&"

Figure 1.2, Diagram depicting the phospholipid bilayer structure and possible
changes with dehydration. As a hydrated bilayer (water molecules are represented
by small open circles) in the liquid crystalline phase is dehydrated, it may enter the
gel phase, depending on the temperature. If this dry bilayer is heated above T,
(upper pathway}) or partially hydrated by exposure to water vapour {(lower pathway),
it can pass through the phase transition in the absence of bulk water, Under such
conditions it will not undergo a phase transition when it is placed in water and it will
not leak. In contrast, if the dry bilayer is not heated to above its Tm before it is
returned to water {middle pathway), it will undergo a phase transition during
rehydration and can be expected to leak (redrawn from Crowe ef al., 1989b).

Membranes in dry desiccation-tolerant organ{ism)s usually have a slightly
increased melting temperature, but above 20°C they usually occur in the liquid crystalline
phase (Hoekstra e al., 1997). It is not certain whether endogenous sugars are the sole
compounds involved in the suppression of Ty, in these organ(ism)s. Partitioning of
cytoplasmic amphiphilic compounds into membranes during dehydration may also
contribute to this suppressicn (Golovina et al., 1998). Besides the fluidisation of
membranes, these amphiphiles often have effective antioxidant properties. However, the
current opinion has it that sugars play a pivotal role in desiccation-tolerant systems.

Sugars may not only be involved in the protection of membranes as earlier
mentioned, but also in hydrogen bonding to proteins {Carpenter and Crowe, 1988,
Prestrelski et al.,, 1993; Wolkers ef al., 1998b) and in the formation of glasses (reviewed
in Slade and Levine, 1994). In protein model systems, protein secondary structure is
retained in the native aqueous conformation during drying by interaction with sugars,
whereas without sugars the proteins denature. In dry seeds, the native aqueous secondary
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structure is maintained during dehydration and storage (Golovina et al,, 1997, Wolkers et
al, 1998a). A plassy cytoplasm is considered important in relation to the long-term

stability of desiccation-tolerant organisms (Leopold ef af, 1994; Buitink ef al,, 1998). A
glass is a liquid with very high viscosity, having solid-like properties, the occurrence of
which has been established in seeds and pollen below water contents of 0.1 g HO/g dry
weight at 20°C (Williams and Leopold, 1989; Buitink ef al., 1996).

Besides the prevention of protein denaturation by hydrogen bonding with sugars,
proteins may be protected by sorne specific dehydration-induced, heat-soluble,
hydrophilic proteins [= Late embryogenesis abundant (Lea) and small heat shock
proteins] (Dure 111 et al., 1989; Close, 1996). These specific proteins have been suggested
to exert chaperone-like activities and may act during the early stages of dehydration.
These hydrophilic proteins may also be involved in the protection of cells against
dehydration stress through other mechanisms, among them ion sequestration and
replacement of the hydrogen bonding function of water. Some of these hydrophilic
proteins have been localised in close proximity to membranes (Helm et af., 1993). A Lea
(dehydrin)-like HSP-12 protein could reduce dehydration-induced leakage of solutes
from liposomes, but success depended on the charge of both the liposome and the protein
(Sales, 1999).

Although the above-described mechanisms prevent or postpone formation of the
gel phase during drying, it has nevertheless been established that membranes in dry
desiccation-tolerant systems can exist in a rigid gel phase-like condition without leading
to loss of life in the organ(ism) (Hoekstra et al., 1991, 1992; reviewed by Crowe et al.,
1992). Deep-freeze storage (-18°C) certainly provides the conditions under which such
highly ordered membranes can be expected to occur. Dry seeds and pollen survive deep
freezing, but careful rehydration after thawing may be necessary (see section on
rehydration). However, the formation of the gel phase domains in membranes entails the
risk of lateral phase separation of membrane proteins. Because these membrane proteins
cannot properly accommodate in a membrane in gel phase, they tend to aggregate (Platt-
Aloia and Thomson, 1987). Lateral phase separation is considered fatal for the survival of
cells, because phase-separated components cannot easily resume their original position in
the membrane. In desiccation-tolerant dry cells this phenomenon has never been
observed, even when membranes exist in gel phase (Hoekstra et al., 1999; Leprince,
personal communication). It is possible that the mobility of membrane proteins under
these conditions is so stow that phase separation becomes extremely unlikely, at least on a
realistic time scale.

Dehydration to intermediate water contents

As mentioned above, reduced membrane integrity is among the first noticeable signs of
injury for desiccation-sensitive organ(ism)s. However, it occurs in recalcitrant seeds at
already elevated moisture contents, usually above 0.4 g H;O/g dry weight, which is much
higher than the moisture contents at which membranes pass into the gel phase and also
much higher than the moisture contents at which glasses are formed during dehydration
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(approximately 0.1 g HyO/g dry weight). It is therefore likely that hydrogen
bonding interactions with sugars and immobilisation in the glassy state, as discussed
above, are

more important for long term storage stability in the dry state than for desiccation
tolerance per se.

Cells are more than just membranes filled with a sugar and protein solution, They
are metabolically active entities that carry out reactions involving electron transfer.
Hence, there are problems when water is removed because free radicals are generated by
a partially repressed respiratory system (Leprince ef al., 1994), Insufficient control of
metabolism (Leprince ef al., 1999, 2000) may lead indirectly to peroxidized lipids, free
fatty acid accumulation, and loss of phospholipids, with increased Tp, reduced membrane
integrity, and, probably, lateral phase separation as the results (Senaratna and McKersie,
1986; Hoekstra and Golovina, 1999). It might therefore be expected that desiccation
tolerance be associated with an effective defence mechanism against free radicals. A
controlled partitioning of amphiphilic antioxidants into membranes during dehydration
may be part of just such a defence mechanism. For this to occur, the level of antioxidants
and free radical scavenging or processing systems has 1o be sufficient. In general, seeds
contain several systems that help to prevent oxidative damage. These mechanisms include
enzymes such as superoxide dismutase, ascorbate peroxidase and glutathione reductase,
and several antioxidant compounds including glutathione, tocopherols and ascorbic acid
(Leprince ef al., 1993).

A further source of dehydration damage is the possible fusion between
membranes, when insufficient carbohydrates are available, In liposomes, fusion
commences in the absence of carbohydrates when the moisture content falls below 1.5 g
H,0/g dry weight (Hoekstra et al., 1997). The effect of such fusion on cells is dramatic,
because compartmentalisation is lost at relatively high water contents, leading to
self-digestion of the tissue. Lateral phase separation and further loss of membrane
integrity may result. Fusion can be prevented by compatible solutes, such as soluble
sugars, glycine betaine, and proline (Rudolph and Crowe, 1985; Anchordoguy ef al.,
1987), which are often encountered in drought-tolerant plants and desiccation-tolerant
organisms {Zhang et al., 1982; Navari-Izzo et al., 1992; Kets et al., 1996). These
compounds seem to act by their preferential exclusion from the immediate vicinity of
macromolecular surfaces (membranes and proteins), which amplifies the
macromolecule-water interaction {Arakawa and Timasheff, 1985). When the hydration
shell of these macro-molecules is gradually lost below 0.2 - 0.3 g H,O/g dry weight,
proline is not an effective protectant, but sucrose, for example, is (Crowe et al., 1990).

Rehydration of the dry organ(ism) (imbibition)

Successful imbibition without loss of viability can be considered as apart of the
mechanism of desiccation tolerance. During imbibition, most initially dry desiccation-
tolerant seeds leak intracellular solutes into the surrounding medium. This leakage
generally declines soon after imbibition is complete and does not lead to severe
damage (Senaratna and McKersie, 1983; Hoekstra and Van Roekel, 1988). This
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leakage has recently been attributed to transiently increased membrane permeability
associated with amphiphiles that are still residing in the membranes (Golovina ef al.,
1998). Permeability is reduced to the low predrying levels when amphiphiles have

repartitioned from the membranes back into the cytoplasm. However, irreversible
membrane damage and complete loss of viability can occur when dry anhydrobiotic
organ{ism)s are plunged into cold medium. Prehydration from the vapour phase and
preheating prevent this type of permanent damage. It has been shown that the damage
occurs when the membranes are in gel phase before imbibition (Crowe ef al., 1989b;
Hoekstra ef al., 1992). Humid air pretreatment and preheating also lead to melting of
the membranes, from which it has been deduced that a membrane phase transition
during imbibition is involved. It was recently suggested that it is the rigidity of
membranes in gel phase which causes the inability of cells to withstand contact with
water (Hoekstra et al., 1999). The permanent leakage and death that occur when seeds
are imbibed at low temperatures and low initial water contents are therefore believed to
have a mechanical cause. A number of seeds, mostly of tropical origin are sensitive to
imbibitional stress. Examples of such seeds are those of maize, sorghum, cotton,
soybean and mungbean. In other anhydrobiotic systems, such as pollen, yeast and
nematodes similar problems have been encountered (Van Steveninck and Ledeboer,
1974; Crowe and Madin, 1975; Hoekstra and Golovina, 1999),

Ageing of dehydrated anhydrobiotic organ{ism)s

If organs such as recalcitrant seeds and intermediate seeds (o a lesser extent, cannot be
dried to the air-dry state without losing viability, they can be stored in a (partially)
hydrated state at low, above zero °C temperatures to reduce their metabolic activity as
much as possible. Alternatively these organ(ism)s may be cryopreserved. We do not
discuss this approach further because cryopreservation is not in the scope of this thesis.
For tropical recalcitrant seeds, low above-zero temperature storage is often not a good
option. This is because of their chilling sensitivity, which may be caused by the elevated
T, of the membranes (Crowe et al., 1989c). However, the longevity of organ(ism)s stored
at elevated water contents is generally short. In a partially repressed metabolic system,
oxidative damage is common, particularly if the cellular antioxidant systemns fail to
conirol oxidative injury (Benson, 1990; De Vos ef al., 1994),

If organisms survive dehydration to the air-dry state, their longevity is
considerably extended, particularly at subzero temperatures. The formation of ice is
excluded under those conditions because only nonfrozen water is present. Orthodox seeds
can thus survive for periods up to 20 years in ambient conditions, with the average
somewhere around 5 years. However, dry organ(ism)s nevertheless age under dry
conditions. Metabolic reactions proceed in dry seeds, albeit at a very low rate, and
honenzymatic reactions can occur, both adding to deterioration with time (Hendry, 1993).
Oxidative damage may also occur during storage (Benson, 1990, Hendry et al,, 1992; De
Vos et al., 1994) and rehydration (Puntarulo et al., 1991, Simontacchi et al., 1993). Sceds
are endowed with several antioxidant systems that may help to prevent oxidative
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damage, as previously discussed. The tripeptide glutathione (GSH), for
exarnple, can be oxidised during oxidative stress, forming GSSG that, in turn, is recycled
vsing the NADPH-dependent enzyme GSH reductase (Benson, 1990). The extent of the

decrease of GSH

and the increase of GSSG reflects the level of oxidative stress in dry seeds. In the case of
deteriorating seeds, the GSSG is not properly reduced upon rehydration.

A reduced ability to retain solutes upon rehydration in aged organ(ism)s is one of
the first manifestations of reduced integrity of the plasma membranes. In contrast, protein
secondary structure is very stable, even long after death (Golovina et al,, 1997). During
ageing there is a slow accumulation of free fatty acids and a loss of phospholipids, which
is thought to be caused by the activity of free radicals (Van Bilsen and Hoekstra, 1993).
Enzymes such as phospholipases may also be active in the dry state (Oliver et al., 1997).
In the course of ageing, the organ(ism)s gradually become more sensitive to imbibitional
damage, which possibly reflects the increase in Ty, of the membranes (Van Bilsen ef al,
1994). Ageing rates vary between different species and even within one species
originating from different locations. The developmental stage of seeds at harvest and the
length of the afterripening period (slow or fast drying) influence post-harvest storage
longevity (Hong and Ellis, 1992; Sanhewe and Ellis, 1996). Extended periods of slow
drying are thought to promote the production of antioxidant systems and protectants of
macromolecular structures and thus to contribute to the extension of life span.

It has been shown that molecular mobility in the cytoplasmic glass also
determines the rate of ageing (Buitink et al., 1999). If molecular mobility is increased by
heating or the addition of water as a plasticizer of the glass, the ageing rate is
considerably increased. Ageing of organ(ism)s proceeds faster when their cytoplasm is
out of the glassy state than when it is in it (Buitink et al,, 1998).

4. Aim and outline of the research

Neem is an important multipurpose tree species in many developing countries, including
Burkina Faso. Because of its many uses, the tree is in high demand from farmers. The tree
is usually propagated via seeds in local nurseries. However, the seeds are thought to have
a short storage life: seed viability is generally lost within 3 to 4 months after harvest. This
rapid loss of viability reduces the avalaibility of neem seeds for tree planting
programmes. The National Research Council (1992) of the USA, stated that "research is
particularly needed to develop methods to extend the period of viability of neem seeds".
This project was therefore aimed at increasing the life span of neem tree seeds in storage,
in order to facilitate and increase the use of neem in agroforestry and reforestation
programmes in Burkina Faso and other Sahelian countries.

The storage behaviour of neem seed is controversial. It has variously been
described as recalcitrant, intermediate, and orthodox (see overview by Poulsen, 1996;
Hong et al., 1996; and references therein). Some studies (Ouédraogo et al., 1985,
Ezumah, 1986) suggest that neem sceds have recalcitrant storage behaviour: viability
was lost within a few months of storage and, according to Ezumah (1986), storage at
ambient temperatures (about 28°C) was better than at 6°C. However, studies of the

Kenya Forestry Seed Centre (1992) in cooperation with the Royal Botanic Garden at
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Kew, England, and of CIRAD-Forét, France (Bellefontaine and Audinet, 1993)
indicate that neem should be regarded as orthodox, because seeds from some lots were
still able to germinate after storage for up to 10 years at low moisture contents (5%)
and temperatures (+4 and -20°C). However, recent studies carried out independently at

the University of Reading, England (Dr. R.H. Ellis, personal communication) and at
CPRO-DLO, Wageningen, The Netherlands (Gaméné ef al., 1994) suggest that storage
behaviour is intermediate. These conflicting results may indicate that there is
considerabie variation in the extent of desiccation tolerance (and low temperature
tolerance) between lots of neem seeds from Africa. The acquisition and extent of
desiccation tolerance of neem seeds are probably determined by several factors
including the maturation stage of fruit/seed at harvesting, and the temperature and rate
of drying. Which of these factors it is that determines the level of desiccation tolerance
is as yet unknown. In practice the life span of neem seeds appears variable and difficult
to control. At CNSF (1993) for example, seed viability is frequently lost within a few
months after harvest. However, the fact that seeds from some lots have been
successfully stored for more than one year indicates that seed behaviour may
potentially be orthodox and, consequently, that long-term storage may be possible.
More detailed research into the intrinsic and environmental factors that determine the
level of desiccation tolerance and life span of neem seed is essential to be able to
develop the methods for extending the longevity of neem seeds.

In this project, the major mechanisms involved in desiccation tolerance and
storage longevity were explored in an attempt to understand the loss of viability during
handling and storage of neem seeds. Developing seeds and seeds from different sources
were used as experimental materials for this purpose. Different combinations of water
content and storage temperature were employed to identify optimum storage conditions.
Further physiological, biochemical and biophysical experiments were carried out to study
the causes of loss of viability upon dehydration, rehydration, and during storage.

During the entire period of seed development, the morphological and
physiclogical characteristics of seeds were examined in relation to the germination
capacity and storage capability (Chapter 2). The hypothesis that cell cycle events at
harvest and storability are related was also tested on seeds of different maturity.

Storage experiments were undertaken using conditions that were expected to
mfluence storage longevity (Chapter 3). This study used seeds from different sources in
Burkina Faso (African Sahel) and from Sri Lanka (Asia) in a multifactorial approach.
Seed survival was evaluated over periods of time. Because dried neem seeds became
extremely sensitive to imbibition stress, particularly at low temperatures, experiments
were carried out to characterise the damage with respect to conditions of rehydration
preceding seed germination. The involvement of oxidative injury and changes in lipids
and sugars in the loss of viability was investigated during dehydration and subsequent
storage of the seeds (Chapter 4).

A study of seed-water relations was undertaken to understand the role and
properties of water in neem seeds using differential scanning calorimetry and by
constructing water sorption isotherms of different seed tissues (Chapter 5). The amounts
of non-frozen water in neem embryonic axes and cotyledons were specified. This
information is essential with respect to the potential for cryo-preservation of seeds.
Therma! transitions were studied in the same tissues. State-phase diagrams were
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Y constructed for neem seeds based on thermtodynamic principles, which allow us
to speculate about seed storage longevity. This study, together with the storage data from
Chapter 3, offered new insights in the storability of neem seeds. These diagrams
highlighted options for short-term or long-term storability.

The ofien-encountered chilling sensitivity led us to study the properties of neem
seed membranes. In Chapter 6, particular emphasis was placed on the integrity of '
(plasma) membranes during dehydration, storage at different (also subzero) temperatures,
and rehydration. Attempts were made to measure in-sity phase transitions and lateral
phase separation of membranes. Electron microscopy techniques helped to visualise the
nature and sites of the damage to membranes and provided evidence of [ateral phase
separation.

Finally we attempted to build a model for the storage longevity of neem seeds.
This may be used to develop protocols to extend the longevity of tropical seeds that
behave similarly. The general discussion (Chapter 7) describes recommendations for the
handling and storage of neem seeds to improve their storage longevity.

This thesis describes a systematic attempt to understand the peculiar behaviour of
neem seeds in storage and to gain insight into the causes of their rapid loss of viability.
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Summary

Seeds of neem (Azadirachta indica A. Juss.), a multipurpose tropical tree, have limited
desiccation tolerance. Whether their intermediate storage behaviour might be caused
by an elevated level of 4C nuclei in the embryo at maturity was investigated.
Morphological development of neem seeds was monitored on selected trees in
Ouagadougou, Burkina Faso. Developing seeds were tested for genminability, and cell
cycle events were determined by using flow cytometry and analysing the level of B-
tubulin. Germination could occur after 8 weeks of seed development, but normal
seedlings resulted only after 10 weeks or more. The change in fruit colour from green
to yellow began after approximately 12 weeks of seed development. Immature, 4-week
old embryos about 2 mm in length had 15% of their cells in G, phase and 6§0% in the
G, phase of the cell cycle, respectively, as indicated by 4C and 2C nuclear DNA
levels. During maturation, the proportion of G; cells declined to 3% at full maturity
and slightly further after drying, and the proportion of G cells increased to
approximately 90%. A strong B-tubulin signal was observed in tips of young
embryonic radicles and cotyledons, but a weak or non-detectable signal was found in
9-week-old ones and in those from green-mature and yellow fruits. Because DNA
replication and B-tubulin levels were almost negligible at seed maturity, as in orthodox
tomato seeds, it is suggested that these factors are not involved in the intermediate
storage behaviour of neem seeds.



Chapter 2
Introduction

The developmental stage of seeds at harvest plays an important role in postharvest
storage longevity (Hong and Ellis, 1992; Sanhewe and Ellis, 1596). Furthermore, this
longevity depends on plant species and external factors such as moisture content,
temperature and the compositicn of the gaseous atmosphere during storage. Seeds
eventually deteriorate, even under optimal storage conditions (Chin and Roberts,
1980). Three main categories of seed storage behaviour are currently recognised.
Roberts (1973) defined orthodox and recalcitrant seeds, as those that survive long term
dry storage and those that cannot withstand dehydration, respectively. Recently, a
third, intermediate category was identified comprising seeds that can withstand
dehydration to a certain extent but have reduced longevity (Ellis et af,, 1990).

One factor that may be related to desiccation tolerance and storage longevity is
the stage of cell cycle activity at seed desiccation (Bino et al., 1992; Saracco et al.,
1995; Liu ef al., 1996; Van Pijlen ef al., 1996). Arrest of the cell cycle activity at the
stage where the DNA content per nucleus is lowest has been suggested to render
embryos more resistant to stress conditions (Deltour, 1985). During the cell cycle four
different phases can be distinguished. In the S (synthesis) phase, DNA replication
occurs. The S phase succeeds the G, (first gap) phase and precedes the G (second gap)
phase during which the amount of DNA per cell completely doubles. G; is normally
followed by a cell division or mitosis. In diploid somatic cells at the G, phase, the
nuclei contain 2C DNA, whereas the nuclei in the G, phase have 4C DNA. The 'C'
stands for the ‘constant' representing the DNA content of haploid tissue. After mitosis,
the divided cells re-enter the G, phase.

It was observed that in desiccation-tolerant (orthodox) seeds from several plant
species, in the mature stage (Bino et al., 1992), or earlier during seed maturation {Bino
et al., 1993), most nuclei contain 2C DNA. This indicates that the cell cycle activity of
the seed is arrested predominantly in the G, phase and marks the end of active growth
and acquisition of desiccation tolerance (Liu ef al., 1996). As most metabolic activity
in seeds is regulated by the availability of water (Roberts and Ellis, 1989), it can be
expected that in orthodox seeds, cell cycle activity will subside along with the decline
in water content during maturation. Under natural conditions, the moisture content in
desiccation-intolerant (recalcitrant) seeds declines relatively littfe compared to that in
orthodox seeds. If the cell cycle is regulated through water content, as suggested by
Brunori (1967), the amounts of nuclear DNA in mature orthodox and recalcitrant seeds
are expected to differ. Indeed, for recalcitrant Avicennia marina seeds, cell cycle
activity is not or is hardly arrested upon shedding (D.J. Osborne, P. Berjak, pers.
comm.) and this also holds for the recalcitrant sycamore (4dcer pseudoplatanus) seeds
(Finch-Savage et al., 1998). Moreover, desiccation-tolerant Daucus carota somatic
embryos that are produced by slow drying, have a reduced proportion of 4C DNA
nuclei when compared with non-dried or rapidly dried somatic embryos (Tetteroo et
al., 1993). Rapid drying leads to loss of viability in these somatic embryos.

Another way to estimate cell cycle activity is by analysing the accumulation of
B-tubulin (De Castro et al., 1995). During seed imbibition, the structural protein, B-
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tubulin, which is a major component of microtubules, accumulates prior to DNA
replication.

Neem, (Azadirachta indica A. Juss.) seeds have been described as desiccation-
tolerant (Roederer and Bellefontaine, 1989; Tompsett, 1994), moderately desiccation-
tolerant but chilling-sensitive (Sacandé ef al., 1997), and desiccation-sensitive
(Ezumah, 1986; Maithani ef a/., 1989). These discrepant findings may be due to
differences in developmental stage between the seed lots analysed, because it is
difficult to estimate the developmental stage accurately on the basis of shape, size and
colour of the fruits, More detailed information is thus required on the physiological
maturity of the embryos. Furthermore, it is of interest to study whether the poor
storability of neem seeds is related to an arrest in the G; phase of the cell cycle.

In the present paper we investigated the morphological characteristics, the
germinability and the cell cycle activity of neem seeds during development and at
maturity, The data on DNA levels and the kinetics of B-tubulin accumulation at seed
maturity are discussed in relation to the intermediate storage behaviour of neem seeds.

Materials and methods

Plant material

Neem seed development was monitored on selected trees during the production period
from February 1o June 1996 at Ouagadougou Protestant College in Burkina Faso. Hand
pollination and labelling of individual flowers are difficult in neem trees due to their
panicle structure and the small flower size. Hence, a different method was used to
estimate pollination dates. As pollination results in corolla disintegration (Gilissen and
Hoekstra, 1984), this recognisable event was chosen as a marker of zero time of fruit
and embryo development. Because the period of seed development is relatively long
(13 to 15 weeks), small errors in the determination of the exact number of days after
pollination are not overly important. Small branches bearing fruits at different stages of
development were harvested and investigated at Wageningen {Netherlands) within two
days of picking.

Germination tests and moisture content determination
The germinability of isolated embryos at various stages of development was tested
using the fresh fruit samples. Directly after excision, embryos were placed on wet filter
paper and incubated under photoperiodic conditions of 6 h in the light at 30°C and 18 h
in the dark at 20°C. Fruit and embryo sizes were measured with a Vernier calliper.
Germination tests (replicate of 50 seeds each) and moisture content
determinations were carried out according to the conditions recommended by the
International Sced Testing Association (ISTA, 1993). Seedling quality was scored as
normal when primary leaves had developed and secondary roots were visible. Data
were analysed statistically using ANOVA,
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Determination of the amount of nuclear DNA

Quantities of nuclear DNA were analysed in the course of seed development using
radicle and cotyledon tips. The tips (1 mm) from 5-6 embryos were chopped with razor
blades into 1 m] of nuclear isolation buffer (0.2 M mannitol, 10 mM Mes, 10 mM
NaCl, 10 mM KCl, 10 mM spermine tetrahydrochloride, 2.5 mM Na,-EDTA, 2.5 mM
dithiothreitol (DTT), 0.05% v/v Triton X~100, pH 5.8). The mixture was sieved
through 88 pM nylon mesh, and the filtrate was collected in test tubes. Then 0.04 ml of
1 mg ml” propidium iodide (Molecular Probes, Eugene, OR, USA) solution was
added. Propidium iodide binds to DNA to give fluorescence, thus enabling
measurement of the nuclear DNA quantities. The DNA content of isolated nuclei was
measured 10 min after sample staining using a flow cytometer (Coulter Corp, Miami
FL, USA, model Epics XL-MCL). Excitation of DNA-bound propidium iodide was
performed by a 488-nm Argon Ion Laser and fluorescence was detected over the range
605-635 nm. MultiCycle for Windows Cell Cycle Analysis software version 3.0
(Phoenix, Flow Systems, Inc., San Diego, CA, USA) was used for curve fitting of the
fluorescence frequency distributions.

Detection of B-tubulin

Western blots were used to detect the presence of B-tubulin in extracts of 1 mm tips of
radicles and cotyledons from seeds at different stages of development. After excision,
30 fresh radicle or cotyledon tips were transferred into Eppendorf tubes, frozen in
liquid nitrogen and subsequently ground to a powder using an Ultraturrax (Janke &
Kunkel, Staufen, Germany). Protein extraction, analysis and electrophoresis (PAGE)
were performed according to the method of De Castro et al. (1995). Briefly, 100 pl of
modified Laemmli buffer (SDS-PAGE), consisting of 1 mM Tris-HCL, 12.5% (v/v)
glycerol, 1.5 mg ml! DTT and 2% (w/v) SDS, pH 6.8, were added directly to the
frozen powder. After mixing, the samples were boiled for 10 min and centrifuged for 7
min at 17,000 g,

The protein concentration of the supernatant was measured following
microprotein assay procedures (Bio-Rad, Miinchen, Germany, cat. no. 500-0006)
modified according to De Castro et al, (1995), using bovine serum albumin as the
standard.

Samples containing 30 pg of protein were loaded onto a precast 7.5% SDS
homogenous ExcelGel (Pharmacia, Uppsala, Sweden, cat. no. 18-1016-86) for PAGE
and separated (80 minutes at 600 V, 50 mA, as recommended by the manufacturer).
Three different concentrations (1, 10 and 30 ng) of pure bovine brain tubulin
{Molecular Probes, Eugene, OR, USA) were used as reference samples. After PAGE,
proteins were electrotransferred overnight from the gel to a Hybond-polyvinylidene
difluoride membrane (0.45 pm, Amersham Intemational, Amersham, UK) using 2
Novablot electrophoretic transfer unit (Pharmacia, Uppsala, Sweden) operating at 0.8
mA/cm? and 30 V at 4°C. The transfer buffer consisted of 25 mM Tris, 192 mM
glycine and 10% (v/v) methanol (pH 8.7).

All steps of the immunodetection procedure were performed at room temperature

with gentle agitation on a roller incubator. After blotting and subsequent washing in
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Tris-buffered saline (TBS, pH = 7.5), the membranes were blocked in 1% (w/v)
blocking solution (Boehringer, Mannheim, Germany, cat. no. 10-96-176) for 1 h and
probed with 1 pg mI"' mouse monoclonal anti-B-tubulin antibody (Boehringer,
Mannheim, Germany, clone KMX-1 cat. no. 1111876). The membranes were washed
three times in large volumes of TBS and subsequently with blocking solution.
Thereafter, the membranes were incubated with 50 mU ml™ peroxidase-conjugate
secondary antibody, diluted in 0.5% (w/v) blocking solution for 1 h. For detection of
peroxidase activity, the immunoblot was incubated with a premixed detection solution
consisting of a 100:1 mixture of prewarmed substrate solution A and starting solution
B (Boehringer Mannheim, Germany, cat. no. 1-500-694), for 1 min, and fitted into a
film cassette between two pieces of overhead sheets. Then several sheets of
photographic films (Hyperfilm-ECL, Amersham International, Amersham, UK) were
exposed for periods of 20 s to 30 min under safelight in a dark room, and developed
according to the manufacturer's protocol.

Results

Characterisation of seed development

Neem seed development was monitored weekly on selected branches of three different
trees during the flowering period. The flowers withered in the second week after
opening, after which fruits started to develop (Fig. 2.1). All fruits present during the
observation period were counted. The transient decrease in average number of fruits
per branch is due to the abscission of some of the young fruits and the development of
new fruits thereafter. Figure 2.1 shows that the minimum developmental period to
yellowing of the initially green fruils was approximately 12-13 weeks. From 13-14
weeks onwards, brown fiuits were also observed, so that all stages of fruit
development were occurring on the same branch by then,

Number of fruits

0 2 4 6 8 10 12 14 16 18

Weeks aftar pollination

Figure 2.1. Phenology of neem seed growth. Fruit formation starts with
flower wilting in the second week after bud opening, which is referred to

19






