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Abstract

The cultivation of cocoa (Theobroma cacao L.) occurs in aimost fifty countries
across the humid tropics of the world, dominating the domestic economies of some
of its producing countries. The inherent heterozygosity of the species and the
presence of self-incompatibility in genotypes conferring disease resistance have
hampered the devel opment of homozygous breeding lines and repress yields of self-
incompatible clones.  Investigations were performed into the genetic and
physiological basis of the recognition and rejection reactions in the late-acting self-
incompatibility mechanism. Three sites of possible physiological interaction were
investigated: pollen-stigma recognition; sperm-egg delivery and fusion; and floral
abscission. A series of pollination experiments to study pollen-stigma interaction
suggests that recognition does not occur at the stigmatic surface. In addition, no
homologues of genes implicated in Brassica pollen-stigma recognition were
conclusively identified. Observations within the ovule using confocal laser
scanning microscopy revealed a slower rate of sperm cell delivery to the egg
nucleus and polar nuclei following sperm cell release in incompatibly pollinated
ovules. In addition, semi-quantitative fluorescent staining suggests that DNA
replication may be occurring within the egg nucleus following incompatible
pollination. Recognition may occur within the embryo sac between the male and
female cytoplasm or between gamete-specific gene products on the nuclear
membranes, and may function through the failure of nuclear membrane coal escence
or aloss of phase synchrony between gametes preventing karyogamy. Exogenous
hormone applications suggest that the repression of abscission of compatibly
pollinated flowers is regulated through endogenous auxin, although increased levels
of auxin do not lead to fusion of incompatible gametes. Thus, it appears likely that
the male gametophyte is recognised by the female sporophyte after pollen
germination, causing an uncharacterised cascade that inhibits gamete delivery,
synchrony and fusion, and this in turn fails to cause a secondary increase in auxin

concentration to repress floral abscission.
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Introduction

Chapter 1

| ntroduction

The tree Theobroma cacao L., also known as cocoa or cacao, is grown
commercialy throughout the humid tropics for the seeds in its fruit. From its
origins in South America, cultivation of the crop has spread mostly via colonial
links through the Caribbean, across the Atlantic to West Africa and beyond to Asia
and Australia. After harvest, the dried and fermented seed are used to make cocoa
mass and cocoa butter for manufacture into chocolate and chocolate related
products. Collectively, cocoa farmers currently produce around 2,800 thousand
tonnes (ICCO, 2002) of beans annually and these are traded on the world's
commodity markets with an estimated value of £1.6-3.1 million, depending on
market price (ICCO, 2003).

1.1 Chocolate

Chocolate was first introduced into Europe in the sixteenth century as a beverage.
The original drink was discovered when Hernan Cortes and the Spanish arrived in
Mexico City in 1519. Here, Montezuma and his Aztec court favoured a drink




Introduction

known as chocolatl (Knapp, 1923; Wood, 1985). The drink was prepared with
beans from the cacao tree, which were roasted, ground and whisked into water with
maize meal, vanilla and chilli. Most Spaniards found this concoction unpalatable
but the addition of sugar and sweeter spices such as cinnamon made the drink much
more acceptable to the European palate. From its introduction in Spain the
popularity of this chocolate beverage spread to Italy, Flanders, France and England.
Spread of consumption may partially be attributed to the incredible healing
properties the drink was believed to possess, allegedly curing plagues of the
stomach and lungs, and even consumption (Wadsworth, 1652). Some also believed
that chocolate should be avoided by gentlewomen, as it was said to ‘inflame the
passion’ (Wood, 1985).

The consumption of a chocolate drink made from the grindings of roasted beans
mixed with sugar remained largely unchanged up until the early nineteenth century.
The high fat content of the beans meant that starch or flour was routinely added to
improve palatability, despite such additives thinning the chocolate flavour. The
technological and mechanical advances of the age led Van Houten to develop a
press in 1828 that separated the fat from the bean (Wood, 1985). The resultant
powder produced a much-improved cocoa drink that no longer required the addition
of starch to absorb the fat.

The separation of cocoa butter from the cocoa bean led the way to the development
of chocolate in a solid block. The combination of cocoa powder, sugar and an
excess of cocoa butter produced solid chocolate in a bar that melted in the mouth.
The inventor of the chocolate bar is unknown, but the first commercially available
chocolate was Fry’s ‘chocolat délicieux & manger’ in 1847. In England Cadbury
Brothers had developed a similar chocolate bar by 1849 (Wood, 1985). The
addition of milk to chocolate occurred a little later in 1876 in Switzerland, with the
arrival of Cadbury’s Dairy Milk occurring subsequently in 1904 (Wood, 1985).

There was a great expansion of the chocolate industry during the twentieth century.
From an expensive drink available only to the affluent classes, chocolate has
become the modern affordable luxury of the western world. The universal
popularity of chocolate has generated a global industry valued at $42.2bn in 2002,
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with Europe accounting for 45% of tota global revenue (Datamonitor, 2003).
Within Europe, Switzerland has the greatest per capita consumption of chocolate
confectionery at around 9.7 Kg of chocolate per person per year (P6lhmann, 1999).
Norway, Germany and Ireland al come equal second in the chocolate consumption
league table with 8.5 Kg per person per year followed by the UK at 7.8 Kg. The
UK industry alone produces 1,619 thousand tonnes of chocolate confectionery per
year. Some 30% (486 thousand tonnes) of these products are bars of chocolate,
with the remainder mostly used to cover other confectionery and biscuits. The vast
magjority of this chocolate confectionery (1,483 thousand tonnes, 92%) is consumed
by the domestic market (Polhmann, 1999).

1.2 Cocoa, Theobroma cacao L.

The cocoa tree belongs the genus Theobroma and was first named as such by
Linnaeusin 1737. The species itself appears much earlier in the botanical literature
under the name ‘cacao’. The first known citation of * Cacao fructus' is accredited to
Charles de I’ Ecluse in 1605 (Cuatrecasas, 1964). The tree is named Amygdalus and
Amydalae in other early botanical works (Bauhin, 1623; Ray, 1688) and is also
referred to by Mexican common names such as cacahoaquhuitl in reference to its
use by native peoples (Hernandez, 1630). Sloan€'s illustrations of Jamaican plants
(1696, 1725) aso include entries under the name cacao.

In his ‘Genera Plantarum’, Linnaeus (1737) rejected the name cacao and instead
applied the name Theobroma; meaning ‘food of the Gods. In his seminal
publication * Species Plantarum’, Linnaeus (1753) applied the binomia Theobroma
cacao to the species and added T. guazuma to the genus. As exploration into South
America continued throughout the eighteenth century, more species related to the
crop became known to science. Taxonomists disagreed over the generic affiliations
of these new species and began to question the broader relationships of the group,
comparing them in particular to Tilia and the Mavaceae (Lamark, 1785). Jussieu
(1789) placed Theobroma into Ordo XIV (Malvaceae) based on the presence of
mixed fertile and sterile stamens within the same structure of the flower
(Cuatrecasas, 1964).
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After considerable debate, Bentham and Hooker (1862) finally settled the familial
alliances of Theobroma as belonging to tribe Buettnerieae in the family
Sterculiaceae of order Mavales. Until recently, these definitions remained largely
unchanged despite the relative familial status of the Sterculiaceae and Malvaceae
remaining questionable to some.

Contemporary botanical research has made extensive use of variation at the DNA
level in the reconstructions of phylogenies. Such methodologies have often proved
invaluable in providing a more robust measure of the relatedness of taxa. Chase et
al., (1993) used data on the rbcL gene to assess the phylogeny of the whole of the
angiosperms and concluded that the core families of the Malvales (Sterculiaceae,
Bombacaceae, Tiliaceae and Malvaceae) are monophyletic and so share recent
common origins. This assertion has lead to the adoption of the broader family
concept of the Malvaceae to include taxa previoudly attributed to the Bombacaceae,
Tiliaceae and Sterculiaceae (Bayer et al., 1999; Judd & Manchester, 1997). Further
research into the internal relations of the Malvaceae using additional DNA markers
(e.g. ndhF, atpB and vicilin) in combination with morphological and
biogeographical data has allowed progress in identifying some of the larger-scale
phylogenetic structure of sub-familial and tribal boundaries (Alverson et al., 1999;
Bayer et al., 1999; Whitlock & Baum, 1999).

Classification within the genus Theobroma and its closer allies has aso proved
problematic. Cuatrecasas (1964) completed the most recent monograph of the
genus and recognised twenty-two species in six sections based on morphol ogical
characters. His section Theobroma contains a solitary species, T. cacao, which is
differentiated by the flower, fruit, leaf, and habit characteristics of the tree. The two
other sections delimited in the genus, Rhytidocarpus and Andropetalum, also
contain single species, T. bicolor and T. mammosum respectively. A more recent
anaysis (Whitlock & Baum, 1999) uses DNA sequences for the vicilin gene to
reconstruct the phylogeny of Theobroma and its sister genus Herrania. The data
supported five of the six sections of Cuatrecasas, but sank the single species section
Andropetalum (T. mammosum) into section Glossopetalum. All the specific

definitions of Cuatrecasas (1964) however are supported by the data. These data
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also show that Theobroma is very closely related to Herrania as the division of the
two generais only weakly supported.

The genus Theobroma is distributed throughout the rainforests of the South
America where speciation was triggered by the rise of the Andes in the early
Tertiary period. T. subincanum is one of the more ancient species with a wide
distribution across the Amazon and Orinoco basins (Cuatrecasas, 1964). The
isolation of areas through the rise of the Andes led to differentiation and the
evolution of new species with more restricted and isolated distribution patterns. For
example, T. microcarpum is restricted to the eastern side of the Andes and ranges
across Brazil, Colombia and Peru, whereas T. hylaeum and T. gileri are only found

in north-western Colombia and Panama (Cuatrecasas, 1964).

All species of Theobroma are trees that inhabit the understorey of the rainforest. As
such, they do not exceed 30m in height, with T. cacao typically reaching no higher
than 20m (Cuatrecasas, 1964). All require shade from direct sunlight, a high
constant temperature (20°C to 30°C) and humidity, and annual rainfall between
2000mm and 8000mm. Many species, including T. cacao, prefer to inhabit river
margins and inundated areas. Comparatively few species of the genus prefer better-
drained soils further away from the river. These requirements limit distribution of
the genus to between 18°N and 15°S, which equates to the land from Mexico to the
southern Amazon basin (Cuatrecasas, 1964; Toxopeus, 1985).

The genus is characterised by bisexual flowers that have an unusual petal form that
is ‘strangulated’ in the centre. Figure 1.1 contains a photograph of a flower of T.
cacao with a diagrammatical representation of the petal and male organs in Figure
1.2. The flower has conspicuous dark red staminodes that surround the ovary like a
crown. The fertile stamens are much less obvious, and are positioned lower down
inside the flower with the anthers hooked inside the pouches of the petal hood
(Figure 1.2).
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Figure 1.1 Flowers of Theobroma cacao.

Clonally propagated genotype PA 88 [PER] (RUQ 34) collected from Parinari on the River
Marafién, Peru in 1938 by F.J. Pound. University of Reading/BCCCA Intermediate Cocoa
Quarantine Facility, December 1999.
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Figure 1.2 Flower partsof Theobroma cacao.
a = staminode, b = stamen, ¢ = petal hood or pouch, d = petal ribbon, e = petal ligule, f = sepal.
Drawing made by the author for the International Cocoa Germplasm Database.

Figure 1.3 Variation in pod morphology in Theobroma cacao.

a = subsp. sphaerocarpum, cultivar ‘amelonado’; b = cultivar *angoleta’; ¢ = subsp. sphaerocarpum,
cultivar ‘callabacillo’; d = subsp. cacao, cultivar ‘criollo’; e = cultivar ‘cundeamor’; f = subsp. cacao,
forma pentagonum. Drawings made by the author from Cuatrecasas (1964) for the International
Cocoa Germplasm Database.
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The five petals each continue beyond the hood in an extended ribbon and terminate
at a yellowish ligule. Related petal forms that also include an extended ribbon
beyond the petal hood are shared by genera allied to Theobroma including
Guazuma, Byttneria, Abroma, and Herrania. Disagreement over the evolutionary
importance of the similarity in petal form between these genera has led to
considerable debate over their familial and tribal alignments.

T. cacao is itself quite variable and occupies a wide geographic range extending
from Mexico in the north down to the southern Amazon basin. Several phenotypes
can be identified within this distribution (Figure 1.3). The majority of trees,
however, can be broadly categorised into three groups. the ‘criollo’ group are
currently found in Central America and produce pointed, angular pods with whitish
seeds; the ‘forestero’ group from South America possess more rounded pods with
purple seeds, and; the ‘trinitario’ group are intermediate hybrids between the two
originating from cultivation in Trinidad. Foresteros are high yielding and cultivated
commercialy for bulk cocoa, whereas criollo types have lower yields yet produce
beans with a finer cocoa flavour. Although previously considered by some as
distinct species (Pittier et al., 1926), Cuatrecasas (1964) treats the two ‘naturally
occurring’ groups (criollo and forestero) as distinct subspecies. Subspecies cacao
includes four forms of the more pointed, angular pod shapes from the north, and
sphaerocarpum includes the more rounded pod shapes from the south (Figure 1.3).
However, the extent to which this variation is due to natural speciation or to
thousands of years of cultivation by indigenous tribes is the subject of debate.
Isolated populations of cocoa found in remote areas may easily be regarded as

indigenous whereas in reality they may be abandoned areas of cultivation.

The inherent variety and juxtaposition of indigenous and introduced populations
within the natural environment of the species has led to opposing theories of its
origin. The occurrence of distinct types found in Central America and South
America are thought by some to suggest two separate centres of origin (Cuatrecasas,
1964; Laurent et al., 1994; Pittier et al., 1926; Whitkus et al., 1998). Alternative
theories suggest that cocoa was introduced into Central America where it became
divergent through selection during extensive cultivation (Cheesman, 1944; Schultes,
1984; van Hall, 1914). A recent study by Motamayor et al. (2002) attempted to




Introduction

address this problem by examining the genetic diversity of eight groups of criollo
and forestero varieties using RFLP and microsatellite markers. Focusing on ancient
criollo types, samples were collected from areas of the Mexican rainforest that the
authors believed to have been cultivated by the Mayas. The results revealed very
low levels of genetic diversity within the ancient criollo when compared to samples
from Colombia, Ecuador and Peru. The uniformity of the ancient criollo population
suggests that they are not indigenous to the Mexican rainforest. The results also
show that forestero types from Colombia and Ecuador are more closely related to
the ancient criollos than to other foresteros from French Guiana and the lower
Amazon (Motamayor et al., 2002). These data therefore suggest the historic
introduction of varieties by man from Colombia-Ecuador into Central America for

cultivation.

1.3 Cultivation of cocoa

1.3.1 History of cultivation

Mexican mythology states that cocoa was ‘ consumed by the Gods in Paradise’ and
that its seed was given to man as a ‘ special blessing by the God of the Air’ (Knapp,
1923). The centre of diversity of T. cacao is recognised to be at the headwaters of
the Amazon in the region currently occupied by the modern Peru-Ecuador-
Colombia borders (Wood, 1985). Modern genetic evidence (Motamayor et al.,
2002) suggests that movement of cocoa by tribes of indigenous peoples have
extended its natural range from the Amazon up into Colombia and through Central

Americaup in to Mexico.

The Aztecs in Mexico were not cultivating their own cocoa when Cortes arrived
there in the sixteenth century. Cocoa was produced for them by subject Mayan
peoples who were planting areas of cocoa in the forest and selecting elite types for
cultivation (Cuatrecasas, 1964; Wood, 1985). The quantities and quality of cocoa
consumed coupled with the precise cultivation and complex product preparation
used, led Cortes to conclude that the crop had been in cultivation for generations

(Cuatrecasas, 1964; Knapp, 1923). Indeed, cultivation of cocoa by the Mayans and
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their ancestors is currently believed to date back more that 2000 years (Whitkus et
al., 1998).

The tree was considered sacred by the Mayans, who would hold festivals in honour
of their Gods before planting seed. The seed and soil were anointed with the blood
of sacrificed dogs or fowl prior to planting and the beans themselves were so highly
prized that they were also used as currency (Head, ca. 1916). Beans were prepared
for consumption in ornately carved bowls and jugs, and the drink mixed with a
specialy made whisk, a molinet or molinillo (Figure 1.4). The sound made by the
whisk against the side of the bowl while chocolatl was being prepared is believed to
have formed the words of the name: ‘choco, choco, choco’ as the drink is mixed

and ‘atle’ meaning water (Historicus, 1892).

Figure 1.4 A molinet or molinillo whisk used in the preparation of chocolat! (Historicus, 1892)

Cocoa was cultivated in many places across Central America at the time of the
Spanish conquest. Production and commerce were well established with centres of
cultivation in Tabasco and Soconusco in Mexico and in parts of Nicaragua, Costa
Ricaand Honduras. Y et there is no evidence of cultivation in South Americaat this
time, despite consumption and use in ritual practices in parts of Venezuela The
beansin this case would have been collected from wild trees (Wood, 1985).

Colonia settlers established cocoa cultivation in other areas of tropica America,
with the Spanish responsible for its introduction into Trinidad as early as 1525.
After the conquest of Curacao in 1634, the Dutch established the island as a port for
passage between the Americas and Europe. This action stimulated the Spanish to

initiate large-scale cocoa production in Venezuela. Further plantations governed by




Introduction

the Spanish also appeared in the Caribbean islands of Jamaica and Dominica
(Wood, 1985).

The Spanish are likewise responsible for more long distance movement of
cultivation of the crop, with introductions to Sulawesi (1560), Java and the
Philippines (1600), and from there to Sri Lanka and India (Knapp, 1923; Wood,
1985).

Most of these movements are believed to be of criollo cocoa (Wood, 1985), which,
although producing finer flavour cocoa, is highly susceptible to diseases caused by
Ceratocystis. There are many reports of plantations being destroyed by ‘blasts’,
originally thought to refer to tropical storms, but now understood to refer to
Ceratocystis wilt (Wood, 1985).

The susceptibility of criollo varieties to such infection may have led to the greater
increase in planting of forestero types in the eighteenth century. Plantations of
forestero cocoa were established in Brazil with seed from cocoa growing wild along
the banks of the Amazon, known as ‘cacao bravo’. French settlers took seed from
these plantations into the state of Bahia in 1746, establishing areas of cultivation
that would eventually become the most important in Brazil. The narrow genetic
base of the seed from which these areas were established has generated a uniform
type of amelonado cocoa typical of Bahia, known as ‘comum’ or ‘comun’ (Wood,
1985).

In Ecuador, local wild types were also taken into cultivation and a variety typical of
the country has been established in the same way. This variety is known as the
‘nacional” cocoa type and its high quality flavour allowed Ecuador to become the
world’s greatest producer of cocoafor most of the nineteenth century (Wood, 1985).
The spread of cocoa cultivation to West Africa occurred in the mid-nineteenth
century. Seed of the amelonado type was taken from Bahia to the island of S&o
Tomé in the Gulf of Guineain 1822. From S8 Tomé, seed was taken to the island
of Fernando Po off the coast of Cameroon in 1855 and then on to Ghana and
Nigeria in the 1870s (Wood, 1985). Again, the narrow genetic base of the
introduced material has generated a uniform type typical of the area, known as West

10
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Production (thousand tonnes)
Country 1850 1900 1940 1980 2000
Brazil 35 18 131 349 1235
Colombia 3 12 39 375
Ecuador 55 | 23 | 14 | 81 | 95.0
Mexico 1 2 30 36.4
Venezuela 54 9 17 14 14.0
Peru 23.8
Dominican Republic 7 20 32 37.1
Grenada 5 3 3 1.2
Trinidad 17 | 12 | 8 | 2 | 18
Cameroon 1 23 120 115.0
Equatorial Guinea | 1] 13 | 8 | 4.9
Ghana 1 241 258 436.9
Cote d'lvaire 43 403 | 1,403.6
Nigeria 17 103 155 165.0
Séo Tomé 5 8 3.0
Malaysia 43 45.0
Papua New Guinea 28 46.8
Indonesia 422.0
Others 1.9 17 37 91 65.1
Total 18.0 | 115 | 672 1664 | 3,077.6

Table 1.1 Growth of cocoa production from 1850 to 2000.
Data sources: Wood, 1985 (Gordian, 1936; ICCO, 1981, 1983); |CCO 2002, 2003..
African amelonado. This cocoa forms the current basis of European chocolate

confectionery industry.

There has been a substantial expansion in cocoa cultivation over the last 150 years
(Table 1.1), with the most dramatic expansion occurring in Coéte d’lvoire that now
generates over 40% of the world' s cocoa. There has been asimilar risein new areas
of Asia, although poor returns for cocoa in relation to oil palm in these areas have

recently curbed its expansion (Table 1.1).

The relative importance of the major cocoa producing areas has shifted from the
Americas to West Africa over the same period (Table 1.1). Thisis partially due to
the increasing market demands of Europe but aso due to the problems of disease
encountered in the areas to which cocoa is native. Fungal diseases such as
Crinipellis perniciosa, Phytophthora palmivora and Moniliophthora roreri can be
fatal to cocoa trees and frequently devastate entire plantations. The narrow genetic

11
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base of cocoa plantations in West Africa and elsewhere represents a serious cause
for concern in the event that such damaging pathogens could establish and lead to
the collapse of cocoa production in the region. For this reason, legislation
governing the movement of germplasm requires a two-year intermediate quarantine
period prior to introduction to prevent accidental invasion of the pathogen.
Indigenous pathogens and viruses in areas where cocoa has been introduced are also
problematic. For example, cocoa swollen shoot virus is a significant problem in
West Africa and the cocoa pod borer moth (Acrocercops cramerella) depresses
yields and profit in Asia. Routine quarantining of germplasm attempts to prevent
the spread of these problemsinto the American producing areas.

1.3.2 Current agricultural practice

Cocoa is currently grown in amost 50 countries worldwide. The crop is of
substantial economic importance on the world commodity markets and it dominates
the domestic economies of many producing countries. In Ghana and Céte d’Ivoire,
for example, cocoa accounts for 45% and 37% of national commodity exports
respectively (CIA, 2000) and in 2000, 82% of global production originated from
just five countries: Cote d'lvoire (44%), Ghana (15%), Indonesia (13%), Nigeria
(6%), and Brazil (4%) (ED & F Man Cocoa Ltd., 2000).

The global price for cocoa fluctuates widely over a 7-10 year cycle (ED & F Man
Cocoa Ltd., 2000) and as such, the crop rarely provides a reliable income for its
farmers over the long term. As aresult, it is commonly grown as a secondary crop
to supply a supplementary source of income. As much as 85% of world cocoa
production comes from this type of ‘smallholder cultivation’, where yield per

hectareistypically low (Lass, 1998).

Cultivation of the crop is labour-intensive, as harvesting, bean extraction,
fermentation and drying are generaly performed by hand (Sauer, 1994). This can
limit the area under cultivation and the scale of production in many areas of the
world. These problems are compounded by problems associated with the crop

itself. Many of the genotypes under cultivation generate unpredictable yields that
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may be further depressed following infection by fungal pathogens and viruses, and
by damage from insects and rodents.

The lack of capital expenditure required for cocoa production means that cultivation
could be viable on virtually any scale (Wood, 1985). As such, seeds are commonly
passed between smallholders and small areas of forest cleared for cultivation.

Cocoais grown on smallholdings across South America but is also on plantations of
more than of 20 hectares, with the larger plantations (120 — 160ha) generally being
owned by wealthy individuals or families. This is in contrast with the situation in
Central America and the West Indies, where companies have usually own the larger
plantations. In Costa Rica, for example, the United Fruit Company assigned large
areas of land to cocoa when banana crops failed due to disease. Many of these
plantations have since been broken up into individual farms however, and the

operation of company-based plantations remains small (Wood, 1985).

Within West Africa, cocoa production is amost entirely carried out on
smallholdings. The size and nature of farms can vary greatly and detailed
information is difficult to obtain from countries such as Cameroon and Cote
d lvoire. Within Nigeria, however, the mgjority of cocoa production comes from
farms of around 2.5ha and within West Africa as a whole, there are thought to be
few farms exceeding 8ha (Wood, 1985).

Cocoa was introduced into Malaysia and the Far East on to colonially controlled
plantations and many of these plantations still exist under the management of
private companies. Oil palm and rubber, however, have replaced cocoa in some
areas of Malaysia, where the return on the land is greater and more reliable. The
cultivation of oil palm, for example, is better suited than cocoa to large plantation
operations as much of the processing can be mechanised and economies of scale
operate more efficiently. The labour-intensive nature of cocoa cultivation means
that large plantations require a large labour input and as such, are not always
economically viable. In Indonesia, however, low labour costs make plantation
cocoa a more profitable option and the country has become the third largest

producer of cocoa in the world (Table 1.1). Not al the cocoa in Asia comes from
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large plantations and smallholder cultivation also operates in Maaysia and Papua
New Guinea (Wood, 1985).

Given the global oversupply of cocoa and falling world prices, there are increasing
concerns about the socio-economic and environmental impact of perpetually
increasing the area of land under cocoa cultivation. The long-term future of the
smallholders rests largely on their ability to produce cocoa in a sustainable manner.
Smallholders are better able than commercia plantations to produce ‘organic’ cocoa
without the application of chemicals to protect the crop against pests and diseases.
On smaller areas of land, farmers have an intimate knowledge of their trees and are
able to physically remove any diseased branches to prevent the spread of infection.
The land is also more readily kept clear of detritus to reduce infection from pests
such asrats. The trees produce considerable leaf litter and provide good soil cover
and as cocoa requires shade, it can be grown under other tree crops such as banana
or rubber, or even under the canopy of the rainforest. Thus, smallholder cocoa is
already a sustainable and organically produced commodity, although the unreliable
yields experienced by cocoa farmers can make it arisky option. New cultivars need
to be developed that will provide farmers with higher and more reliable yields and
that posses increased internal resistance to pests and disease.

1.3.3 Cocoa breeding and self-incompatibility

Compared with other crops, modern breeding techniques have had little influence
on the improvement of cocoa germplasm and the varieties under cultivation are
often closely related to those found growing in the wild. In order to produce cocoa
in a sustainable manner and provide farmers with reliable incomes, there is a real

need for the development of new, high-yielding and disease-resistant genotypes.

Several obstacles are inherent to tree crop-breeding programmes. For example,
trials of new cultivars take a long time to complete and individual researchers have
often moved on to different projects or places of employment before such trials are
concluded. Equally, the minimum generation time (seed to seed) is extended by the
protracted juvenility phase in tree species (typicaly at least two years for cocoa).
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The self-incompatibility mechanism that exists in the ‘wild’ cocoa types can further
complicate breeding efforts. This can inhibit or prevent the production of inbred
lines and can render some closely related trees to be cross-incompatible. Many of
the traits desirable in new varieties of cocoa, such as disease resistance, are found in
the Upper Amazon wild types that are mostly self-incompatible and often cross-
incompatible with each other.

Self-incompatibility not only affects breeding programmes but also farmers
planting strategies. Plots are often planted out using seed from the same pod or
pods from the same tree. If the original tree is self-incompatible or those from

different pods are cross-incompatible, then yields from these plots will be poor.

The self-incompatibility mechanism can be manipulated to some extent. Angja et
al. (1994) found that stimulation of the stigmatic surface with CO, can overcome
the barriers to self pollen and Glendinning (1960) found that in mixing compatible
and incompatible pollen types can result in the production of some selfed seedlings.
It is also widely known that mixing incompatible pollen with pollen of Herrania
can also result in the production of some ‘selfed’ seedlings.

These techniques are of some value in breeding programmes but have limited
applications on a field scale. There is therefore a need for the development of a
technique to alow the large-scale manipulation of self-incompatible types to
become self-compatible. Equally, the reversible ability to induce self-
incompatibility in a normally self-compatible line would be of value to the breeder
seeking to use that clone as a female parent in a cross. The first stage in becoming
able to manipulate self-incompatibility is to develop a fuller understanding of the
mechanisms involved and the genetic controls determining its action.
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1.4 Plant breeding systems and self-

Incompatibility

Unlike animal species, plants are unable to make decisions to effect mate choice.
As such, plants could be considered * passive maters' (Richards, 1997) exercising no
value judgment on the relative fitness of sexual partners. Instead, several
mechanisms have evolved within the plant kingdom to counter this situation and to
assigt in the selection of gametes for the future generations of some species. By
increasing the distance between the male and female organs plants can increase the
likelihood of outcrossing (Figure 1.5). Some plants opt for the separation of the
sexes into different individuals, where the flowers of one individual plant contains
only female organs and the flowers of another individual plant only male organs
(dioecy). This guarantees that all progeny are the result of cross-pollination
between two individuals. Monoecious plants maintain a physical separation
between male and female organs having discrete male flowers and discrete female
flowers on the same individual. Where both sexes are present in the same flower
(hermaphrodites) plants can try to reduce the incidence of self-pollination by
introducing a temporal separation of the male and female organs. Protandry is a
temporal separation strategy where the anthers develop and mature ahead of the
female organs and pollen release is initiated whilst the stigma is immature and
unreceptive. The reverse strategy can also be adopted, protogyny, whereby the
stigma becomes receptive and exposed to pollen from other individuals prior to
anther dehiscence within the same flower. Both these strategies create outcrossing
opportunities in the first instance, with the secure option of selfing should ovules
remain unfertilised. Where plants with hermaphrodite flowers make no separation
between the sexual organs, i.e. both stamens and ovary together in the same flower
and a stigma receptive at anther dehiscence, self-incompatibility can operate to

prevent self-fertilisation following self-pollination events.
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pollen donation

same flower different flower
\ autogamy allogamy
\ selfing

same ramete different ramete

* geitonogamy
* seifing

same genet different genet
geitonogamy xenogamy

selfing outcrossing *

Figure 1.5 Patternsof pollen transfer within hermaphrodite flowers and plants.
Adapted from Richards, 1997.

Along with all of these strategies, self-incompatibility evolved in plants to reduce
inbreeding depression by promoting outcrossing in order to and increase genetic
variability and heterozygosity. Populations with greater genetic variability are more
assured in their persistence as a species as they are less vulnerable to
epidemiological change in pests or disease. Furthermore, species with greater
genetic diversity are better placed to withstand dramatic and stochastic changes to

the growing environment.

Self-incompatibility can function in many different ways and the term is generally
used to refer to events that occur at some time between the initial contact of the
pollen grain on the stigmatic surface and the fusion of the male and female gametes
in the ovule. Processes that occur between these two events are therefore pre-

zygotic and may operate to promote the success of ‘non-self’ male gametes or to

17



Introduction

inhibit the progress of ‘selfs’. The result is the maintenance of heterozygosity and
increased genetic diversity within the population.

1.4.1 Classification of self-incompatibility
systems

The evolutionary advantages conferred by the possession of self-incompatibility
means that the phenomenon has manifest itself in different ways throughout the
plant kingdom. The variety of strategies adopted by different plant groups suggests
that these mechanisms have evolved independently on many occasions. Genetic
control of the reaction is controlled usually by one, but up to as many as four loci
within the genome. This or these sites are known as the self-incompatibility locus,

or Slocus (Sloci).

Types of self-incompatibility mechanisms show variety in the site and the timing of
the action of the S gene products. Once the flower is open so that the pistil is
exposed and receptive to pollen, the time of gene action of the S locus is defined as
the point at which the incompatibility phenotype of the male is determined (de
Nettancourt, 1977, 2001). There are two common ways in which this recognition of
‘self’ occurs. as the pollen grain lands on the stigmatic surface; or later, as the
pollen tube progresses through the style en route to the ovary. The discrimination
between these two points in time not only represents a different stage in the process

of pollination and fertilisation, but also differentiates between what equates to ‘self’.

In the first system, the recognition of a pollen grain on the stigmatic surface assesses
the genotype of the pollen producing plant as a suitable parent. The reaction utilises
recognition substances (polypeptides) on the surface of the pollen grain that are laid
down during pollen development within the anther. These pollen coat polypeptides
vary alelically in sequence between individuals and within heterozygotes. The
identity of polypeptides deposited on the developing grains by a pollen-bearing
plant determines their incompatibility genotype. Thus, the sporophyte genotype is
the unit that is assessed by the incompatibility reaction. Thistype of incompatibility
system is therefore known as sporophytic self-incompatibility (Figure 1.6, B).
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Figure1.6 Theorigin of geneticinformation in gametophytic and sporophytic systems.

A: the genotype of the haploid gametophyte determines the S-genotype in gametophytic self-
incompatibility. B: the genotype of the diploid sporophyte determines S-genotype in sporophytic
self-incompatibility (based on de Nettancourt, 1977, 2001).

In the second system, both compatible and incompatible pollen grains germinate
and the recognition event occurs around the pollen tube as it grows within the stylar
tissue. In contrast to the sporophytic system, the recognition reaction assesses the
genotype of the pollen tube itself rather than that of the pollen-bearing sporophyte.
Although the external parts of pollen grains are diploid and composed of genetically
sporophytic tissue, the cellular contents of the pollen tube are haploid and possess
the same genotype as the male gametes being delivered to the ovule. Thus, in this
case, the haploid gametophyte is the genetic unit that is assessed and rejected if it is
found to be similar to self. This type of self-incompatibility is therefore known as
gametophytic self-incompatibility (Figure 1.6, A).

The various strategies of self-incompatibility can be divided into two main types. In
heteromorphic self-incompatibility, species use variations in flower morphology to
separate the stigma and the anthers thereby reducing the incidence of self-
pollination and promoting outcrossing. In  homomorphic systems, flower
morphology is uniform and self-pollination may occur as readily as cross-
pollination. Therefore, avariety of physiological barriers can be employed to block
either self pollen or self gametes.
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Extrapolations made by some workers (Brewbaker, 1959; Darlington & Mather,
1949) estimate that about half of angiosperm species may have some mechanism of
self-incompatibility. In general there appears to be only one system operating
within a family, for example the Solanaceae and Rosaceae have gametophytic self-
incompatibility systems, the Brassicaceae and Asteraceae have sporophytic systems
(de Nettancourt, 2001).

1.4.2 Heter omor phic self-incompatibility

Species with heteromorphic self-incompatibility display two or three different floral
morphs within a population (heterostyly). Plants displaying the same floral morphs
tend to be incompatible with one another, but compatible with individuals
displaying a different floral morph (Richards, 1997). This presence of self- and
cross-incompatibility of individuals of the same morph indicates that the mechanism
is aso under genetic regulation and control.

The most common example of heterostyly is that of Primula where two floral
morphs can be identified. In the first morph, denoted thrum, a short style is present
in combination with long anthers such that pollen is presented higher up the corolla
than the receptive surface of the stigma. Consequently, self-pollination is unlikely
to occur without insect visitation. The complimentary floral morph, pin, contains a
long style with short anthers, again spatially separating the stigma from the self
pollen. Variations on this mechanism can be seen in terms of the occurrence of
additional floral morphs (trystyly, e.g. Lythrum) and the occurrence variation in
different parts of the flower (e.g. shape and pubescence of the style, Oxalis; size and
shape of the stigma, Jepsonia; shape, size and sculpture of the pollen,
Lithospermum) (Richards, 1997).

The pin-thrum model of distyly in Primula is regulated by a complex of six genes.
Each of these genes have two allelic states that are usually homozygous recessive in
pin individuals and heterozygous in thrum individuals, however recombination of
alleles at meiosis can lead to the generation of homomorphic variants (de
Nettancourt, 2001, Richards, 1997).
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The alele specific recognition reaction of these genes take place between the gene
products of the pollen receiving plant and those of the pollen producing plant. As
such, pollen originating from the heterozygote (thrum) will be either all accepted as
compatible, or all rgected as incompatible following pollination of another
individual. Thistype of either 100% acceptance or 100% rejection isindicative of a
recognition reaction under the diploid control of sporophytic tissues (see sections
1.4.1.2 and 1.4.3 for additional detail).

1.4.3 Homomor phic gametophytic self-

incompatibility

In plants with gametophytic self-incompatibility, the genotype of the pollen tube is
recognised and ‘self’ types rgjected as they grow through the stylar tissue. The

genetic character of self is determined by allelic variationsin the S locus.
14.3.1 Genetic control of gametophytic self-incompatibility

In gametophytic self-incompatibility where the reaction is controlled by a single
locus, the heterozygote S;S, will produce pollen with gametes expressing the S; and
the S; haplotypes. Both these individual pollen haplotypes would be rejected as self
by the parent plant. If both types of pollen were to pollinate a plant with S,S3
aleles, the S; gamete would be accepted and the S, gamete would be falsely
identified as ‘self’ and rgjected. However, if these same two pollen haplotypes were
to pollinate plant with $3S, alleles, neither pollen type would be recognised and so
both would be accepted. In each case where pollen is accepted, the resultant
offspring will be heterozygous and allelic diversity is maintained. Any reduction in
the number of alleles in a population would generate high numbers of inter-

incompatible individuals leading to reduced seed set and a declining population.

Two-locus or bi-factorial incompatibility systems have most notably been described
in the grasses. The two genes in this system, S and Z (Lundgvist, 1956), are

unlinked and multi-allelic and rejection occurs when the alleles at the S and Z loci
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of the haploid pollen tube match both the S and Z allelesin the style. If only one of
the male S or Z dleles match those in the style, the pollen tube is accepted as
compatible and fertilisation will occur. The duplication of genes in the reaction
makes the system very efficient at maintaining high levels of diversity. The
majority of grass species that have been investigated are self-incompatible and all,
with the possible exception of Lolium, have been shown to have the SZ system of
incompatibility (Richards, 1997).

As many as four incompatibility loci have been identified in severa species,
including Eruca (Brassicaceae, Verma et al., 1977), Beta, Ranunculus
(Chenopodiaceae, Ranunculaceae, Lundqvist et al., 1973), and Lilium (Liliaceae,
Lundqvist, 1991). Such systems are thought to have arisen through duplication of
the S locus, where the increased efficiency inferred by the resultant systems has
maintained the mutation in the genome (Richards, 1997).

Two different mechanisms of single locus gametophytic control have been
recognised and studied in detail in the Solanaceae and the Papaveraceae. The
mechanisms operating in these two families are dissimilar, utilising different
physiological pathways in order to effect the recognition and rejection reactions.

The recognition and rejection of self in the Solanaceae

In the Solanaceae, both compatible and incompatible pollen grains adhere to the
stigma, rehydrate and germinate in the same way. The recognition and rejection of
self occurs when the pollen tubes have grown to one third the length of the style. At
this point glycoproteins within the stylar tissue begin to affect self-tubes, and arrest
growth (Wheeler et al., 2001) These glycoproteins are S allele specific and function
as cytotoxic ribonucleases similar to those of fungi (McClure et al., 1989). The
exact pathways of the recognition reaction have not been identified and pollen S
component also remains unknown. However, two models of the reaction have been
proposed, suggesting the nature of the pollen S protein. The first model proposes
that the pollen S protein is a receptor that assimilates any allelically similar (self)
stylar S RNases into the pollen tube where they degrade pollen rRNA and arrest the
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growth of self-types (Wheeler et al., 2001). The second model suggests that the
pollen S protein is an alele specific inhibitor of stylar RNases that disarms allelic
variants (non-self) of the S-RNase preventing any damage to the pollen tube RNA
of non-self types (Wheeler et al., 2001).

Similar gametophytic mechanisms utilisng S RNases have been found in the
Rosaceae in Japanese pears (Hiratsuka, 1992a, b; Sassa et al., 1992), ailmonds (Tao
et al., 1997) and apricots (Burgos et al., 1998) and also in the Scrophulariaceae, in
Antirrhinum (Xue et al., 1996).

The recognition and rejection of self in Papaver

In Papaver rhoeas, the field poppy, the incompatibility mechanism is mediated
through a complex signal cascade initiated by S proteins on the stigmatic surface.
These S proteins are small extracellular signalling molecules that interact with the
pollen S gene product, thought to be a plasma membrane receptor but also
unidentified as yet (Wheeler et al., 2001). Once pollen is recognised as self on the
surface of the stigma the rejection cascade is initiated with an increase in cytosolic
free Ca®* within seconds of pollination (Franklin-Tong et al., 1997). The cascade
continues with the phosphorylation of proteins and the rearrangement of the actin
cytoskeleton of the pollen tube, seen to alter significantly after 1-2 minutes of
pollination (Geitmann et al., 2000). Ultimately, the cascade leads to S specific
nuclear DNA fragmentation after 4-12 hours resulting in programmed cell death
(Jordan et al., 2000).

Although the rejection cascade in Papaver is complex it is very efficient and reacts
more quickly than that of Nicotiana or Petunia in the Solanaceae. In al of these
models, however, al ovules remain intact and viable to fertilisation by compatible
pollen tubes.
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1.4.4 Homomor phic sporophytic self-

incompatibility

In species exhibiting sporophytic self-incompatibility, the inhibition event occurs on
the stigmatic surface and the pollen grain is prevented from germinating or from
penetrating the stigmatic surface. The pollen grain is identified by the recognition
substances on the exine of the pollen grain by receptors of cells on the stigmatic
surface. The pollen recognition substances are produced by tapetal cells inside the
anther during microspore development and transferred to the exine during the later
stages of pollen maturation (Heslop-Harrison, 1968; Heslop-Harrison et al., 1973).

1441 Genetic control of sporophytic self-incompatibility

In sporophytic systems where the incompatibility reaction is controlled by a single
locus, a heterozygous plant, $;S, will only produce pollen grains with $;S,
recognition substances on their surface. Thus, all pollen grains from this individual
will either al be accepted as compatible or al be rejected as incompatible on any
other individual. As the incompatibility phenotype is diploid, dominance between
alleleswill usualy be expressed (Richards, 1997). Consequently, if ;> S,, then the
pollen grain with S, gametes could have self-incompatibility genotype $,S, and
express the phenotype S; since the recessive S, alele is masked. In this case, the
incompatibility phenotype of the pollen is different from that of the gamete it
carries. As aresult, a pollen grain carrying S, gametes, but expressing S; on its
surface will be accepted as compatible by a S;Sg plant and will be able to produce
homozygous $,;S, offspring.

This situation could represent an inherent weakness in a mechanism that has
evolved to reduce homozygote formation except for the evolution of compensatory
mechanisms. The relationship between expressed alleles at the S-locus is more
complex than a simple dominance hierarchy however, and within the same
individual plant, different alelic relationships may be adopted on the stigma from

those in the anther. In this way, aleles dominant in the pollen coat may not be
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dominant on the stigma and so a self pollen grain can <till be rgected as
incompatible (de Nettancourt, 2001; Richards, 1997).

Other species showing sporophytic self-incompatibility have been reported to be
controlled by two multi-allelic loci (e.g. Capsella, [Riley, 1932] and Cardamine
[Correns, 1912] in the Brassicaceae). As two unlinked loci are involved in control
the mechanism, segregation between loci means that there are much higher numbers
of incompatibility specificities within a population, resulting in much greater
efficiency in discriminating true self from a pollen grain sharing the same S
genotype. The early recording of these mechanisms however are now considered
dubious (Richards, 1997).

Species with sporophytic incompatibility systems typically recognize self and
inhibit pollen tube growth at the stigmatic surface and, those with gametophytic
systems more usually inhibit pollen tube growth in the style. Stigmatic inhibition is
known however, in some species with gametophytic incompatibility (de
Nettancourt, 2001). At least two distinct processes of stigmatic inhibition have been
identified in the angiosperms. The most completely described of the sporophytic
systems is that of Brassica. Investigations of the sporophytic incompatibility
mechanisms operating in other SSI plant families (Convolvulaceae and Asteraceae)
are less advanced and little is known of these mechanisms other than they differ to
that of Brassica (Hiscock & Mclnnis, 2003).

The recognition and rejection of self in Brassica

The process of enforcing self-incompatibility in Brassica comprises three phases:
recognition (signal perception); signal transduction; and rejection (Nasrallah, 1997).
The first of these phases starts with the activation of kinase receptors in the
epidermal cells of the stigmatic papillae by pollen-borne ligands, leading to the
phosphorylation of proteins within the papillar cells. Three genes have been
identified within the S haplotype that play key roles in this recognition process: the
S-locus receptor kinase (SRK), S-locus glycoprotein (SLG) gene products are
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secreted in the stigma and, S-locus cysteine rich protein (SCR) gene product acting
in the pollen coat.

Both SLG and SRK are polymorphic genes believed to determine S haplotype
specificity in the stigma. SRK is the primary female determinant of self-
incompatibility and initiates the signal transduction cascade in the stigmatic papillae
(Goring et al., 1993; Nasrallah et al., 1985). It is a membrane-associated protein
consisting of an extracelluar domain, a transmembrane domain and a cytoplasmic
kinase domain (Brugiére et al., 2000). .G shares some sequence homology with
the extracellular domain of SRK but its true function remains unclear. It is thought
to stabilise and enhance the function of SRK but is not required for recognition of
the pollen haplotype (Takasaki et al., 2000).

R or SP11 isthe single male determinant of S haplotype. Expression of the gene
in the tapetum vyields polypeptides that are deposited on the pollen-surface
(Schopfer et al., 1999; Suzuki et al., 1999; Takayama et al., 2000).

The selective binding of SCR and the extracellular domain of SRK induces a signal
transduction cascade in the stigma to prevent germination of incompatible pollen.
One downstream element in this signal cascade has been identified as ARC1. This
is an arm repeat protein that is phosphorylated after binding to the intracellular
domain of SRK after it has been activated by an incompatible pollination.
Phosphorylation of ARC1 is thought to influence the downstream components of the
cascade, ultimately resulting in the blockage of incompatible pollinations (Gu et al.,
1998). Further research into the function of ARC1 has shown that knocking out
ARC1 expression does not lead to a fully self-compatible plant, but one with
reduced seed set. This suggests that, although involved in the reaction, ARC1 is not
the only element functioning at this point in the cascade (Wheeler et al., 2001).
Processes further down the cascade have been thought to involve an aguaporin-like
gene that regulates the supply of water to the pollen grains re-hydrating on the
stigma (lkeda et al., 1997). This would suggest that the rejection response in
Brassica functions via this aguaporin-like gene and prevents incompatible pollen
germination by restricting the water supply. More recent studies have shown that

the phosphorylation of ARC1 leads to the ubiquitination of the proteins within the
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stigma that function during pollen germination and pollen tube growth (Hiscock &
Mclnnis, 2003; Stone et al., 2003). This ubiquitination may result in the

degradation and loss of function of proteins acting to support pollen germination.

The recognition and rejection of self outside the Brassicaceae

The wedth of data available for the Brassica model of sporophytic self-
incompatibility has initiated molecular investigations in other species and families
based on SRK, and other species within the Brassicaceae (Arabidopsis lyrata,
Raphanus sativus) have been shown to have very similar mechanisms (Hiscock &
Mclnnis, 2003).

The genetic control of self-incompatibility in Ipomoea (Convolvulaceae) is similar
to that of Brassica in that a single, multi-alelic locus governs the reaction.
Attempts to find SRK gene homologues in Ipomoea have identified some related
genes, athough the position of these genes is not linked to the S locus, and so they
are assumed not to control the reaction (Kowyama et al., 1996). Further attempts to
identify stigmatic proteins involved in the reaction have not identified any definite
candidate S genes and the molecular basis of the reaction remains unknown
(Kowyamaet al., 2000).

Similarly, in Senecio squalidus (Asteraceae) putative SRK homologues have been
identified, but further investigations have shown a lack of polymorphism between
different SI genotypes and the expression of the gene products in tissues other than
the stigma (Hiscock et al., 2003). This implies that SRK does not provide the basis

of self-pollen recognition in Senecio.

Research into the mechanisms operating in these and other sporophytically self-
incompatible groups is on going and consequently the discovery of new models of
self-recognition and rejection appears likely. The relation of these models to the
Brassica model will provide insights into the evolution of sporophytic self-

incompatibility in the angiosperms.

27



Introduction

1.4.5 Late-acting or ovarian self-incompatibility

Self-incompatibility mechanisms have been observed to operate at stages
subsequent to pollination or pollen tube growth as occurs in the sporophytic or
gametophytic reactions. In ovarian or late-acting self-incompatibility, ‘self’ pollen
tubes are able grow successfully to the ovary without inhibition. The eventual arrest
of the incompatible gamete can occurs at different points in different taxa, with
Indeed,
syngamy and the initiation of embryogenesis do occur in some systems with the

rejection occurring at any point between the placenta and syngamy.

eventual rejection of the entire ovary manifest through floral abscission. Such late-
acting mechanisms operate in a variety of groups throughout the angiosperms
(Seavey & Bawa, 1986) (Table 1.2).

Species Family Reference

Pseudowintera colorata Winteraceae Godley & Smith, 1981
Lloyd & Wells, 1992

Pseudowintera axillaris Winteraceae Sage & Sampson, 2003
Anchusa officinalis Boraginaceae Schou & Philipp, 1983
Capparis pitteri Capparidaceae Bawaet al., 1985
Warsewiczia coccinea Rubiaceae Bawaet al., 1985
Serculia chicha Sterculiaceae Taroda & Gibbs, 1982
Ipomopsis aggregata | Polemoniaceae | Waser & Price, 1991
Eriotheca gracilipes Bombacaceae Oliveira et al., 1992
Nar cissus tazetta Amaryllidaceae Dulberger , 1964
Theobroma cacao Sterculiaceae Cope, 1962
Foathodea campanulata Bignoniaceae Bittencourt et al., 2003
Asclepias exaltata Asclepiadaceae Lipow & Wyatt, 2000
Apocynum cannabinum Apocynaceae Lipow & Wyatt 1999

Table 1.2 Angiosper m species with late-acting self-incompatibility.
Adapted from Sage et al., 1994.

Although often named ‘ovarian’ incompatibility it should not be assumed that the
ovary is necessarily the female organ functioning in the rejection reaction in late-
acting systems. Detailed analyses are required to identify the true operation of late-
acting self-incompatibility and to establish that they are not merely ‘leaky’
gametophytic self-incompatibility (Sage et al., 1994).
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Studies of the site of pollen tube or male gamete arrest have been conducted on
several species where no difference in the growth rates of compatible and
incompatible pollen tubes had been noted. Some species block the pollen tube in
the placenta adjacent to or within the micropyle, for example Thryptomene calycina
(Myrtaceae; Beardsell, 1991). In contrast, observations of Castanea mollissma
(Fagaceae; McKay, 1942) and Theobroma cacao (Cope, 1958) revealed that
incompatible sperm cells are delivered to the embryo sac but sperm nuclei
apparently fail to fuse with both the egg nucleus and polar nuclei. In each case, the
sperm nuclei were observed to occupy positions adjacent to the egg nucleus and

polar nucle.

The rejection reaction appears to occur later still in several groups including
Chorisia spp. (Bombacaceae; Gibbs & Bianchi, 1993), Tabebuia spp.
(Bignoniaceae; Gibbs & Bianchi, 1993), Gasteria verrucosa (Liliaceae; Sears,
1937, Rhododendron spp. (Ericaceae; Williams et al., 1984) and Asclepias exaltata
(Asclepiadaceae; Sage & Williams, 1991). In these instances, incompatible sperm
cells are delivered to the embryo sac and fusion of gametes appears to take place.
Endosperm development is initiated, suggesting that a sperm nucleus and the polar
nuclei have fused. Syngamy also appears to occur, but the zygote never undergoes
any further division, although zygote divisions do not aways immediately occur
after syngamy in many species, including cocoa. Sage & Sampson (2003) reported
that in Pseudowintera axillaris, double fertilisation occurs but endosperm

development is not initiated, despite zygote formation.

In al of these examples, where sperm cells are successfully delivered to the embryo
sac, the evidence seems to suggest that some elements of the recognition or
rejection response may operate at the level of the gamete plasma membranes (Knox
et al., 1986) or of the egg and/or polar nuclei (Sage et al., 1994).

Observations of integument growth after the entry of an incompatible pollen tube
may offer further suggestions. In Gasteria verrucosa, integumentary growth does
not proceed normally, failing within the first 2-2.5 days after pollination (Sears,
1937). Similar observations were made in Asclepias exaltata (Sage & Williams,
1991) and in Theobroma cacao (Cope, 1962) where failure occurs after 3-4 days. It
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IS possible that recognition reactions may be operating on the placenta adjacent to
the ovule or the integument but the consequences of the resultant cascade are not
manifest until after the sperm cells have been released (Sage et al., 1994).
Alternatively, Sears (1937) suggested that interactions between pollen tube and
integument might be important for the stimulation of normal integumentary growth

and self-incompatibility reactions.

The failure of normal zygotic divisions and endosperm development following
successful double fertilisation may be indicative of the operation of early acting
inbreeding depression rather than a late acting post-zygotic rejection reaction. Sage
et al. (1994) argues that for species where sperm delivery is successfully achieved,
such as Theobroma cacao, the failure of embryo and endosperm development may

in fact be due to the presence of deleterious recessive alleles.

New evidence from Narcissus triandrus (Amaryllidaceae) has shown the evolution
of another different mechanism. Sage et al. (1999) demonstrated that, although N.
triandrus possesses late-acting self-incompatibility, both the recognition and
rejection of self-incompatible types occurred pre-zygotically. Self-pollination was
seen to lead to a reduction in the availability of fertile ovules manifest through the
degradation of the embryo sac before the pollen tube reached the ovary when
compared to cross-pollination. Double fertilisation was observed in ovules
following self- and cross- pollination indicating that the mechanism in operation
could not prevent selfing from occurring and selfed progeny were observed. These
observations of the responses of ovules following compatible and incompatible
pollinations suggest the operation of some ‘long distance signalling events' between
the pollen tube/stigmatic or stylar tissue and the ovary (Sage et al., 1999).

145.1 L ate-acting self-incompatibility in the M alvaceae

Within the wider Malvaceae, self-incompatibility has been recorded in the
Malvaceae s.s. and within the old families of the Bombacaceae and Sterculiaceae.

Gibbs & Bianchi (1999) surveyed the occurrence of late-acting self-incompatibility
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to determine whether there is evidence of family clustering, and list several species
showing the trait from both Bombacaceae and Sterculiaceae (Table 1.3)

Family Species Author

Bombacaceae Adansonia gibbosa Baum, 1995
Bombacopsis quinata Sandiford, 1998
Ceiba pentandra Gribel et al., 1999
Chorisia chodatii Gibbs & Bianchi, 1993
Chorisia speciosa Gibbs & Bianchi, 1993
Eriotheca candolleana Gomes da Silva, 1997
Eriotheca gracilipes Oliveira et al., 1992
Pseudobombax munguba Gribel & Gibbs, 2002

Sterculiaceae Cola nitida Jacob, 1973
Serculia chicha Taroda & Gibbs, 1982
Theobroma cacao Cope, 1958; 1962
Theobroma grandiflorum Venturieri, 1994
Dombeya acutangula Gigord et al., 1998

Table 1.3 Late-acting self-incompatibility in the Malvaceaes.l.
Based on Gibbs & Bianchi, 1999.

Within the Sterculiaceae, Sterculia chicha, Dombeya acutangula and Cola nitida all
have mechanisms that are reportedly similar to Theobroma. With the phylogeny of
the whole of the Malvales unresolved, it is difficult to draw broader conclusions,
although the similarities of the mechanisms in operation are very interesting and
warrant further investigation.

Taroda & Gibbs (1982) cross and self pollinated trees of Serculia chicha and
showed that fruit set in could only be induced following cross-pollination.
Observations of pollen tube growth indicated that both self- and cross- pollen tubes
were able to grow unhindered to the base of the style and both reached the ovule
24h after pollination. This evidence was taken to suggest that a similar kind of
genetic self-incompatibility mechanism may be in operation in Serculia as that
described in Theobroma (see section 1.6) (Taroda & Gibbs, 1982).

Gigord et al. (1998) investigated the breeding mechanism of the threatened
Dombeya acutangula spp. acutangula on the island of La Réunion. Two study
populations were identified and subjected to self-pollination by hand. Within each
population a variety of entirely self-incompatible, partially self-incompatible and
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self-compatible trees were identified. In addition, outcrossing within populations
generated significantly higher levels of fruit set and seed number per fruit, than self-
pollination. The variable nature of self-incompatibility seen in different individuals
was taken to infer that neither a ‘classical’ gametophytic or sporophytic self-
incompatibility mechanism was in operation in Dombeya acutangula spp.
acutangula. Alternatively, variable seed production and the high proportion of ‘flat’
seeds generated by some individuals following self pollination, could be the result
of early acting inbreeding depression. The generation of homozygotes following
self-fertilisation could have expressed deleterious recessive aleles that proved fatal
(Gigord et al., 1998).

1.5 Fertilisation and embryogenesis of

Angiosper ms

Following a compatible pollination, pollen grains germinate normally and the male
germ unit travels in the distal end of the growing pollen tube as it extends from the
pollen grain on the stigmatic surface, through the stylar tissue and into the ovary.
Each individua pollen tube will progress through the placental tissue to find a
single ovule. The pollen tube enters the ovule via the micropyle and proceeds to
grow through one of the synergid cells. At this point, the male gametes burst
through the end of the pollen tube and the end of the synergid cell, and are propelled
to the inside of the embryo sac.

The embryo sac typically contains two synergid cells at the micropylar end, an egg
cell, a central cell consisting of two polar nuclei, and up to as many as eleven
antipodal cells at the chalazal end (Figure 1.7). The synergid cells are believed to
have a high metabolic state and function to absorb and translocate metabolites from
the surrounding cells. Crucialy, a gradient of Ca®* concentrations within the
synergid is thought to direct pollen tube growth towards the embryo sac (Raghavan,
1997). The presence and number of antipoda cells in the embryo sac varies
between groups of angiosperms but appear to have a nutritive function, transporting

metabolites to the central cell. Storage products such as starch, lipids and proteins
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may accumulate in and around the central cell prior to fertilisation to provide energy
and nutrients for fertilisation and cell development.

The male germ unit consists of one vegetative cell and two sperm cells. The two
sperm cells separate from the vegetative cell as they are released into the embryo
sac from the delivery synergid. As the synergidae extend well inside the embryo

sac, the sperm cells arrive almost directly at the egg and central cell.

Recent research in Nicotiana tabacum and Plumbago zeylandica has shown that
sperm cells are transported to the egg and central cell via actomyosin-mediated
movement. Two filaments of actin or ‘actin coronas develop in the intercellular
space of the embryo sac from near the chalazal end of the synergid cells, one
towards the egg cell and one to the central cell (Huang & Russell, 1994). Myosin
acquired on the surface of the sperm cells interacts with the actin to transport the
two cells in their separate directions (Zhang et al., 1999; Zhang & Russell, 1999).
Double fertilisation is achieved as the first sperm cell fuses with the egg nucleus and

the second fuses with the polar nuclel.

The fusion of the egg cell and primary sperm cell forms the diploid zygote, which
will develop into the embryo and eventually give rise to a new individual. The
fusion of the two polar nuclei and the second sperm cell forms the (usualy) triploid
endosperm, which functions as a nutritive source for the embryo. Thus, endosperm
cells divide ahead of the zygote in order to establish areserve of nutrients for zygote
division and subsequent embryo development. Endosperm cells synthesise and
store proteins, lipids and starch reserves to supply either cotyledonary development
or seedling growth during and post germination. The endosperm of
monocotyledonous species, such as rice and the cereals, synthesise mostly starch to
be used by the developing seedling during germination. The greater part of the seed
of such species is therefore endosperm. In the dicotyledonous species, the
endosperm is relatively small as most nutrients are transferred to the cotyledons
during seed development. The seeds of these plants are therefore mostly comprised
of cotyledon rather than endosperm.
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Figure 1.7 Organisation of a typical, mature embryo sac.

The eight-celled embryo sac contains three antipodal cells (a), two polar nuclei in the central cell (b),
one egg cell (c) and two syngergid cells (d). The ovule wall is made up of the nucellus (€) which
extends into an inner integument (f) and an outer integument (h) with the micropyle (g) the site of
pollen tube entry. The ovuleis attached to the placenta viathe funiculus (i).

Zygotic divisions are initiated after some of the endosperm reserves are established.
Repeated divisions of the zygote and subsequent morphogenesis of cells gives rise
to the embryo. In the early stages of embryo development all cells are involved in
cell division; as development continues, cell division focuses on the formation of
specific organs and tissues, such as cotyledons and the creation of meristems.

1.6 L ate-acting self-incompatibility in
Theobroma cacao
Pound (1932) is acknowledged as the first author to describe the mode of operation

for self-incompatibility in Theobroma cacao (Cope, 1962). He carried out a series

of experiments to determine whether cherelle wilt (a condition in cocoa where
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immature pods stop growing and wilt) could be ascribed to incomplete pollination.
Crosses and self-pollinations were carried out on eight trees and the number of
flowers that subsequently set fruit (determined as those that had not wilted and
abscised six days after pollination) was recorded. The experiment was repeated
three times and yielded variable results. Observations of the ovary six days after
pollination showed that some ovules had grown and by implication, fertilisation had
been successful. Some ovules within the same ovary had not grown, however, and
had reduced in size, suggesting that fertilisation had either failed or that the zygote
had died. No positive correlation was found between self- and cross-pollination,
and the number of ovules that had fertilised successfully or unsuccessfully. It was
noted, however, that some types were cross-incompatible, requiring pollen from

certain trees before they would set fruit.

Further experimentation led Pound (1933) to describe how seedling trees could be
arbitrarily classified as self-incompatible or self-compatible, where self-
incompatible trees failed to set more than ten percent of flowers selfed by hand
pollination. It was also noted how pollen from a self-compatible type was more
effectual and would set fruit on any other type of tree but that pollen from a self-
incompatible type would only set fruit on a self-compatible type tree. These
discoveries were confirmed by Marshall (1934) and led to the conclusion that self-

incompatibility was inherent in T. cacao and was under genetic control.

The true condition of the incompatibility mechanism remained an enigma as Pound
(1935) went on to describe T. cacao as being ‘conditionally self-incompatible’, in
that fundamental basis of the reaction was genetic, but relied on other factors for its
expression. This hypothesis was used to explain why trees showed variability in

their fruit setting from year to year.

Voelcker (1936, 1937) carried out pollination experiments and found no evidence of
‘conditional’ self-incompatibility, and did not believe T. cacao could change from
an incompatible state to a compatible one. He believed that counts of flower set at
six days after pollination were giving a false impression of incompatibility in that
some rejection reactions (flower drop) could occur after this time. Accordingly, he

suggested counts of retained flowers should be made after fourteen days.
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Cope (1939) compared the growth rates of pollen tubes in compatible and
incompatible pollinations and found that there was no difference between the two.
Thus Cope (1940) examined sections of ovaries from compatible and incompatible
pollinated flowers. Pollen tubes of both types were seen to penetrate the ovule
through the micropyle and male gametes released. Fertilisation of ovules was also
documented in both types but in incompatible pollinations it was seen to be slower,
some nuclel failed to fuse and synergidae degenerate. Embryo sacs of compatible
pollinations showed normal initiation of endosperm development but primary
endosperm divisions were not observed in incompatible pollinations. This was
related back to flower abscission and flowers from incompatible pollinations had all
fallen from the tree 96 hours after pollination, many abscising before that point. In
conclusion, Cope (1940) believed that incompatibility operated via a post-
fertilisation process leading to abscission and identified cocoa as possessing a

markedly different mechanism to those previously documented.

As knowledge of the mechanisms of incompatibility in cocoa increased, the focus
moved towards the genetic control of the system and the implications of self-
incompatibility for breeding. Knight & Rogers (1953; 1955) used crosses of three
self-incompatible Upper Amazon types, NA 32, PA 7 [PER] and PA 35 [PER], to
examine the relationship of incompatibility alleles. These three genotypes were
crossed to generate three pods, T 60 (PA 7 [PER] x NA 32), T 63 (PA 35 [PER] x
NA 32 and T 86 (PA 35 [PER] x PA 7 [PER]). The seed were germinated and the
siblings groups of the resultant trees were cross-pollinated. The results of these
crosses separated the plants from pods T 60 and 86 into three intra-incompatible and
inter-compatible groups. The progeny of T 63 separated into four groups based on
their ability to cross with each other. Several of the 10 groups of trees identified
were also cross-incompatible, where others were not. These results enabled Knight
& Rogers (1953;1955) to conclude that self-incompatibility of T. cacao to be under
sporophytic control. This control is mediated by a series of five alleles a a single
locus, designated W, with a dominance relationship:

W1>2=3>4>5.
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Thus, if PA 7 [PER] carries the aleles $S and NA 32 S;S,, the S aleles of the
resultant progeny of this cross will constitute $iS;, S, $S and $Ss. The
dominance of S; over S, and S; will render the S;S; and $;S; genotypes
indistinguishable from each other and result in individuals in this group being twice
as numerous as the remaining two groups. The three groups identified from the
progeny of T 60 contained 16, 7 and 5 individuals. Equally, the progeny from the
cross PA 35 [PER] $:Ss x PA 7 [PER] SiSs (T 86) will be $S3, SiSs, $:Ss and S5S.
The dominance of S1 will again render the $;S; and $;Ss groups indistinguishable
and most numerous. Thisis seen in the progeny via the numbers in the three cross-
compatibility groupings of 13, 9 and 5 individuals in each group. The progeny from
the final cross of PA 35 [PER] S3Ss x NA 32 S;S, will produce alele combinations
of $S4, $S3, S and $4Ss. Based on the dominance relationship of these aleles,
these four groups will be identifiable by their cross-compatibility relationships with
each other. Thisagain is borne out by the results (Knight & Rogers, 1955).

Additional observations of the ovary after pollination (Knight & Rogers, 1955) did
not reveal any fusion between the male gamete and the egg cell. They stated that,
since division of the zygote does not normally occur until at least forty-five days
after pollination and that flowers of incompatible pollinations have abscised after
ten days (usually only four to five days), fusion of the male and female gametes
should not be assumed. They inferred that the incompatibility reaction seemed to
occur after the release of the male gametes from the pollen tube to prevent syngamy,
and was thus pre-zygotic (Knight & Rogers, 1955).

Cope (1958; 1959) continued to examine ovaries after compatible and incompatible
pollinations and determined T. cacao to be the first species documented to adopt
non-fusion of gametes as its rgection method in the operation of self-
incompatibility. In an incompatible pollination, there were always a number of
ovules in the ovary where the male gamete and the egg nucleus failed to fuse, with
the remainder demonstrating normal fusion. The number of ‘non-fusion’ ovules
divided self-incompatible types into three categories. 25% non-fusion ovules, 50%
non-fusion ovules, and + 100% non-fusion ovules. Results from further pollinations
also suggested the existence of another recessive allele, bringing the total to six.

Cope (1958) concluded that ‘the fusion or non-fusion behaviour of gametes is
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determined by the S-allele they carry interacting with the diploid tissues (for
example, S, gametes fuse in S;, tissues, but not in Sy tissues), so that
incompatibility or compatibility is ultimately determined by the diploid genotype
and hence is sporophytically controlled’.

Bennett & Cope (1959) noted that in non-fusion ovules the egg and the male gamete
always appear to be in contact with each other, whilst maintaining their shape; and
that the two polar nuclei may separate. The cytoplasm of the male gamete is
suggested to carry a specific substance that acts to prevent fusion by means of
stabilising the nuclear membrane of the cells so that adsorption cannot take place.

The result being that cells cannot fuse and the polar nuclei cells separate.

Cope (1962) reviewed previous research into the operation of self-incompatibility in
T. cacao by means of non-fusion ovules and described how the cells of the
integument of non-fusion ovules can be seen to degrade. It is also suggested that
the single locus multiple alele system of Knight & Rogers (1953; 1955) is
insufficient to explain the incompatibility reactions seen in various crosses. These
results were better explained by the action of three loci, the S locus, Aa and Bb.
Bartley & Cope (1974) continued this research and carried out an exhaustive
examination of the genetic relationships of the incompatibility aleles in T. cacao.
A list of the gene combinations possible from the action of three loci in the
incompatibility mechanism, arranged in order of the expected number of non-fusion
ovulesisincluded in the analysis.

It was further suggested that in determining specificity of gametes, the S locus may
act both before and after meiosis (Bartley & Cope, 1974). The implication being
that T. cacao adopts mechanisms that are partially sporophytic and partially
gametophytic: pre-meiosis action being required in sporophytic systems and post- in
gametophytic. For example, intype $;S; (S:>S;) partial specificity of the dominant
alele is applied to the cytoplasm of the microspore and megaspore mother cells
before meiosis. With meiosis, the two S-alleles separate and the specificity of the
dominant alele becomes full in those gametes, but only remains partial in those
gametes carrying the recessive allele. The result being that the S; gametes are

activated against syngamy whereas the S, gametes are not. A sSituation said to
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explan why 25%, 50% and 100% non-fusion ovules are all observed in
incompatible pollinations (Bartley & Cope, 1974). This was suggested to have
evolutionary advantages in that, where a low number of non-fusion ovules were
expected, the incompatibility mechanism was more likely to be overcome. This

may allow the occasional selfing of an isolated self-incompatible tree.

Various methods of overcoming the barriers to incompatible pollen have been
investigated; most of these are based on mentor pollination techniques. Self-
seedlings of self-incompatible types can be produced by applying both self-pollen
and compatible pollen to the stigma at the same time. Glendinning (1960) used
pollen from a genotype homozygous for a spot on the leaf axil as the compatible
mentor pollen so that the selfs could be identified from the resultant seedlings by the
lack of the spot on the leaf axil. Similar methods of identifying forced selfs in
mentor pollinations have been suggested. Pollen from Herrania spp. can be used to
overcome self-incompatibility when mixed with self-pollen (Bartley, 1966). The
occasional generic crosses are easily recognisable and can be discarded. The use of
a salf-incompatible type that is homozygous for white cotyledons as the female
parent, and a compatible type with homozygous alleles for purple cotyledons as the
mentor pollen, alows any white selfed seed to be recognisable in the pod (Posnette,
1940).

Lanaud et al., (1987) investigated the possible natural occurrence of mentor
pollination mediated by insects in bi-clonal seed gardens. The authors believed that
pollinating insects might deposit mixtures of pollen types on a stigmatic surface,
effecting mentor pollination and so cause selfing of self-incompatible types.
Observations were made using isozyme markers to identify the parentage of seed in
pods harvested from flowers pollinated naturally and from controlled pollinations.
Results from natural pollinations were varied, where different pods contained
between 0% to 89% of selfed seed, and up to 100% selfed seed in another. Similar
ranges were seen in controlled pollinations with fruit set ranging from 5% to 82%.
Variations in the ability to overcome self-incompatibility in this way occur between
types and between seasons. The seasonal variation may be due to environmental or
physiological factors affecting the tree, but differences between genotypes in their

response to these factors suggests that there may be some plasticity in the

39



Introduction

expression of incompatibility (Lanaud et al., 1987). It was aso noted that the
amount of self-pollen mixed with the mentor pollen affected the speed of the
incompatibility reaction, and in this case, flower abscission. The use of more self-
pollen seemed to advance flower abscission; with flower drop occurring inside three
days when 100% self-pollen was used and requiring between three to fifteen days if
only 50% self pollen was used. In cases where very little self-pollen is applied,
rejection may not occur until seven weeks after pollination. It was inferred that this
suggests that the incompatibility mechanism may aso be linked to the abortion of
cherelles and is not only manifested through flower abscission. Observations of
cherelle wilt in some clones suggest selective abortion of selfed pods may occur in

favour of out-crossed pods (Warren, pers. com.)

Adu-Ampomah (1988) experimented with the use of irradiated pollen as a means of
overcoming self-incompatibility. Exposure of pollen from a self-incompatible type
to gamma radiation before applying it to the stigma resulted in the breakdown of
self-incompatibility, although the subsequent seed were not viable. By the use of a
mixture of irradiated compatible and unirradiated self-pollen, it was possible to get
viable seed, all of which were presumed, but not shown, to be selfs. This effect was
also noted by Falque (1994).

More recently, several authors have shown that the incompatibility reaction can be
overcome by increasing the level of carbon dioxide around the flower for six hours
after pollination. Anegja et al., (1994) were able to obtain 50% fruit set by self-
pollinating a self-incompatible flower and enclosing it in aglass via so that ambient
CO; concentrations increased. Examination of the ovary showed that syngamy had
taken place normally although non-fusion ovules were seen in some cases, as
described by Cope (1958). The research also noted that without the increased levels
of CO, around the flower, pollen did not germinate on the stigma of the self-
incompatible clone after self-pollination, contrary to Cope's (1958) observations.
Increased CO, concentrations around the flower of a self-compatible type after self-
pollination led to 100% fruit set, on a clone that normally set 50% after self-
pollination (Anga et al., 1992). Ethylene was not detected during any of these
experiments. Angjaet al. (1994) suggested that the incompatibility mechanism may

be operating in two stages. firstly, pollen germination and secondly, gamete fusion.
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Pollen germination is affected by the concentration of CO, around the stigma but
the barriers to fusion of incompatible gametes remain. This would account for the
higher levels of CO, increasing fruit set from 50% to 100% in self-compatible
types, and from 0% to 50% in self-incompatible types.

Research into hormonal changes occurring after a compatible and an incompatible
pollination also suggests that the incompatibility mechanism in Theobroma cacao
functions in two stages. Baker et al. (1997) monitored the levels of three hormones
associated with flower abscission over five time periods following a compatible and
an incompatible pollination, and compared these with an unpollinated flower. Two
responses were observed: one occurred soon after pollination, with the second
coinciding with ovule contact. Eight hours after pollination, the levels of ABA
(abscisic acid) were seen to rise in incompatibly pollinated flowers, remained stable
in unpollinated flowers and decreased in compatibly pollinated flowers. Levels of
ABA were seen to rise in unpollinated flowers after 24 hours, along with a sharp
increase in the presence of ethylene in unpollinated and incompatibly pollinated
flowers at around the same time. Twenty-four hours after the compatible
pollination, levels of IAA (auxin) increased. The data suggests that ABA is
involved in the recognition reaction on the stigma, with high levels being required
for flower abscission. 1AA and ethylene may interact after the male gametes enter
the ovule, IAA inhibiting abscission, ethylene inducing it. This could explain why
increased levels of CO, around the flower can overcome the incompatibility
mechanism. Levels of ethylene are suppressed by CO, and abscission does not take
place (Baker et al., 1997).

Further research into the abscission of flowers (Angja et al., 1999) has shown that,
in unpollinated flowers, the suppression of ethylene is not sufficient to prevent
abscission. Flowers will abscise with the action of ABA aone, athough it is
delayed. This suggests that, although increased levels of CO, are seen to overcome
incompatibility, this does not wholly occur through the suppression of ethylene to

prevent flower abscission.

More recently, Hasenstein & Zavada (2001) applied spray solutions of various
growth regulators associated with auxin and ethylene synthesis, to compatibly and
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incompatibly pollinated flowers in order to assess the effect of modified
phytohormone content on the incompatibility reaction. Their results showed under
normal conditions unpollinated flowers abscise within 48 hours and that
incompatible pollination delays abscission for up to a further 48 hours; indicating
that the act of pollination supplies aflower retaining signal. The data also show that
the abscission of unpollinated flowers can be delayed by the application of NAA
(synthetic auxin) or ABA. Applications of NAA prevented flower abscission but in
many cases fruit development did not follow and flowers withered and died, but
remained attached to the tree. In a small number of cases, however, the application
of NAA to an incompatibly pollinated flower did lead to fruit set and incompatibly
pollinated flowers developed into pods. The viability of the resultant seed,
however, was not confirmed, as the pods were not taken to maturity. The authors
suggested that as flowers age, their natural auxin content declines with the eventual
abscission of the flower when levels fall below a critical level. The application of
pollen to the flower generates an additiona supply of auxin and so delays abscission
for ashort time. If sufficient ‘number and/or quality’ of pollen arrives on the stigma
then auxin levels rise sufficiently to alow fruit development to be initiated
(Hasenstein & Zavada, 2001).

1.7 Embryogenesis and seed development

in Theobroma cacao

Cheesman (1927;1932) published the first survey of embryogenesis and fruit
development in cocoa. He noted that the embryo sac develops normally (as in
Figure 1.7) but that the antipodal cells degenerate very rapidly. The mature embryo
sac thus contains two large synergidae, both of which have a tendency to be
vacuolate at the antipodal end, one large egg cell and two smaller polar nuclei,

surrounded by numerous starch grains (Cheesman, 1927).

Bouharmont (1960) observed fertilisation and ovule development for up to six days
after pollination and made detailed descriptions of the egg apparatus following

pollination and fertilisation and the initial development of the endosperm and the
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embryo.

After pollination, Cheesman (1927) observed both rapid pollen germination and
tube growth. The pollen tubes grow through the hollow style along the epidermal
layer of the internal stylar wall. The stylar canal opensinto a cavity inside the ovary
and the slender pollen tubes pass through the placental tissue and micropyle and into
the synergid, reaching the ovules within about four hours of pollination. Cheesman
(1927) was unable to identify the male gametes within the synergid but was able to
note their position prior to fertilisation, one next to the egg cell and one next to the
polar nuclei. Double fertilisation is normally complete in 6 hours, athough
syngamy itself was not observed (Cheesman, 1927; 1932). In contrast, Bouharmont
(1960) observed a much slower chain of events with fertilisation of the egg cell not
occurring until 24 hours after pollination, and described a more protracted
development of the primary endosperm nucleus continuing over a number of days.

Bouharmont (1960) was also unable to identify the male gametes whilst they were
within the degrading synergid and was only able to see them once they had emerged
into the embryo sac. Fusion between the egg cell and one of the sperm cells
occurred low in the micropylar end of the embryo sac between 24 and 48 hours after
pollination (Bouharmont, 1960). In the central cell the two polar nuclel are still
distinct, but in contact with each other. The second sperm cell moves towards the
polar nuclei and makes contact with both cells by arriving at the point of union
between the two. Fusion of the sperm cell occurs with only one of the polar nuclel
in thefirst instance. The remaining haploid polar nucleus fuses with the diploid cell
to form the triploid primary endosperm nucleus. In this way, the formation of the
primary endosperm nucleus may take up to three days. Only once the both fusions
have taken place in the central cell, can double fertilisation be deemed complete
(Bouharmont, 1960).

Although the zygote and endosperm nucleus do not divide immediately, the embryo
sac and ovule were seen to enlarge following fusion (Cheesman, 1927; Bouharmont,
1960). Endosperm development is initiated three or four days after fusion.
Divisions continue in a free-nuclear manner without the formation of cells walls to

form athin layer lining the embryo sac. Within the ovule wall, the nucellus divides
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and initiates perisperm formation (Cheesman, 1927). At 50 days after fusion, the
endosperm begins to develop cell walls at the micropylar end and at 80 days,
endosperm divisions increase more rapidly and the perisperm begins to reduce in

size.

The zygote remains unicellular for 40-50 days after fusion, by which point the ovary
has grown from 1.5mm to 50mm in length. The increasing size of the ovule
complicates the process of fixing and staining the material. In consequence, the
exact timing of the initiation of zygotic divisionsis difficult to define. Observations
of ovules from a pod of 40mm in length (43 days after fusion) showed an undivided
zygote, whereas some ovules from a 46mm pod appeared to show a bi-nucleate
zygote. Ovules from a 51mm pod (50 days after fusion) contained a developing
embryo of nine cells, inside the origina zygote cell wall (Cheesman, 1927).

Subsequent embryo development is slow, reaching only 0.2mm in length by 87 days
after fusion (from a pod 100mm in length). Embryo development was recorded as
0.5mm to 0.66mm at 90 days and as 3.5mm by 120 days (Figure 1.8). A period of
rapid embryo development follows: at 130-150 days after fusion the embryo is
amost completely developed, and with only remnants of jelly-like endosperm
around the cotyledons. This rapid growth coincides with a slowing and cessation of
pod growth as it reaches maturity (Cheesman, 1927).

o .41y

Figure 1.8 Developing cocoa embryos.
Embryos removed from ovules 90 days after fertilisation (aand b, x 22), 120 days after fertilisation
(c, x 8). (Cheesman, 1927)

A mature cocoa pod contains 30-40 seeds embedded in a sweet pulp derived from
the placenta and ovary wall. The seeds themselves have a tough testa derived from

the outer integument of the ovule (Cheesman, 1932).
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1.8 Aims of the study

The primary aim of this study is to develop a broader understanding of the
mechanism and control of self-incompatibility in Theobroma. Thiswill be achieved
by a combination of direct observational comparisons using confocal microscopy,
experimental manipulations, and by the search for candidate genes based on
information from model plant systems. It is hoped that a detailed description of the
mechanism from recognition and downstream cascade to rejection will ultimately
enable the development of reliable techniques to overcome incompatibility with

field scale applications.

45



Materials and methods

Chapter 2

General materials and methods

2.1 Plant material

Selected Theobroma cacao trees held in the BCCCA/University of Reading
Intermediate Cocoa Quarantine Facility, Cutbush Lane, Shinfield, Reading were
used in this study (Table 2.1). Trees were chosen to include representative self-
compatible and self-incompatible genotypes from a variety of origins on the basis of
data provided in the International Cocoa Germplasm Database (Wadsworth et al.,
1997).

Plants in the quarantine facility are grown as clonal cuttings grafted onto rootstock
of West African amelonado varieties. These are planted in a mixture of 1:2:2 sand,
gravel, and vermiculite, and grown in double skinned polythene tunnels between 20-
30°C. Water and nutrients are supplied hourly via a drip-fed hydroponic system
(see Appendix 1 for nutrient details).
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Clone name wild/ Origin Compatibility
Cultivated
AM 1/39 [POU] wild type Hacienda Amalia, Ecuador s
AM 1/8 [POU] wild type Hacienda Amalia, Ecuador S
AM 2/43 [POU] wild type Hacienda Amalia, Ecuador S
BE 2 wild type Abasetetuba, R. Guama, Para, Brazil s
CBO 177 [VEN] selection Hacienda Cumbo, Barlovento, Miranda, sc
Venezuela
cc1ul selection Cacao Centre, LaLola(CATIE), CostaRica no data
EQX J[CHA] wild type R. San Miguel, Oriente, Ecuador no data
ICS43 selection Imperial College of Tropical Agriculture, s
Trinidad
LCT EEN 31 wild type R. Indillama, nr. Limoncocha Napo, Ecuador no data
LCT EEN 37/A wild type R. Anangu, nr. Limoncocha Napo, Ecuador no data
LCT EEN 37/F wild type R. Anangu, nr. Limoncocha Napo, Ecuador no data
LCT EEN 37/G wild type R. Anangu, nr. Limoncocha Napo, Ecuador no data
LCT EEN 37/I wild type R. Anangu, nr. Limoncocha Napo, Ecuador no data
LCT EEN 241 wild type R. Villano, nr. Villano, Para, Ecuador no data
MXC 67 selection Chiapas, Mexico sc
P10 [MEX] selection Soconusco, Mexico S
PA 56 [PER] wild type Parinari, Peru s
PA 88 [PER] wild type Parinari, Peru s
PA 184 [PER] wild type Parinari, Peru s
PLAYA ALTA 2 wild type Caserio Playa Alta, Delta Amacuro, R. sC
[VEN] QOrinoco, Venezuela
REDAMEL 1/27 selection Seedling grown from red amelonado pods sent sc
from Belem, Brazil to Trinidad
RIM 21 [MEX] selection Hacienda La Rioja, Tuxclachico, Chiapas, no data
Mexico
RIM 39 [MEX] selection Hacienda La Rioja, Tuxclachico, Chiapas, no data
Mexico
RIM 189 [MEX] selection CATIE, CostaRica sc
SC1[7 | mis-labelled material of unknown origin -~ | nodata
SC3[7 mis-labelled material of unknown origin no data
SCA 6 wild type Rio Ucayali, Peru S
SCA 19 wild type Rio Ucayali, Peru s
SCA 24 wild type Rio Ucayali, Peru S
UF 676 selection Limon, CostaRica no data
UF 677 selection Limon Costa Rica no data

Table 2.1 Genotypesused in experimental work.
Self-compatibility data based on Wadsworth et al. (1997).

2.2 Pollination based experiments

Pollination experiments were performed on flowers that had opened on the same
day. To achieve this, al fully opened flowers were removed from the trees on the
preceding day.
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2.2.1 Pollination techniques

Pollinations were performed between 0800 and 1030, shortly after anther
dehiscence. Staminodes were removed to improve access to the stigma but flowers
were not emasculated. The complex form of the flower is such that the removal of
stamens is extremely likely to result in self-pollination. Conversely, the petal hood
forms a physical barrier between the gynoecium and the anther so that without
disturbance or insect visitation, pollen from within the same flower is unlikely to
cause accidental self-pollination. Pollinated flowers were initially protected from
further pollination by insect activity using small muslin bags attached to a piece of
plastic tubing. This practice was discontinued, however, as it proved excessively
time-consuming, and often damaged the flower buds and cushions sufficiently to
cause premature abscission or prevent further flower formation. Less then 1% of
flowers produced on cocoa trees actually set fruit in the presence of natural
pollinators (Cope, 1939). Thus, the absence of natural pollinators from the
quarantine facility meant that there was only a negligible likelihood of accidental
self-pollination in un-emasculated flowers. For this reason, the omission of flower
protection was considered justified. As a precautionary measure, unpollinated
controls were included in all experiments to monitor the occurrence of any

‘spontaneous’ fruit set.

Flowers were always pollinated using a stamen removed from a separate flower.
The isolated anther was gently rubbed against the stigma to deposit the pollen. The
pollen of 2-3 stamens was applied to each stigma until pollen was visible on the

stigma with the naked eye.

2.2.2 Assessment of self- and cross-compatibility

All trees were initially screened to confirm self-compatibility status.  Self-
compatibility was assessed from fruit set following self-pollination of twenty
flowers. ‘Fruit set’ was determined to have taken place if flowers remained on the
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tree fourteen days after pollination. *Self’ pollen was always taken from a separate

flower of the same tree.

Those trees that failled to set any fruit following self-pollination were thus
considered self-incompatible for the purposes of this project. The percentage pod
set was calculated to provide a crude measure of the degree of self-compatibility.

The presence of immature fruit (cherelles) was seen to inhibit production of new
flowers. Unless required for further work, al cherelles produced following hand
pollination were therefore removed to encourage continued flower production.

Whereas self-compatibility was assessed on the results of twenty repeated
pollinations, cross-pollinations generaly yielded a far higher proportion of fruit set
so that just five cross-pollinations were sufficient to produce fruit in cross-

compatible parental combinations.
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Chapter 3

Mechanisms of fertilisation

3.1 | ntr oduction

Cytological events associated with the delivery and fusion of male gametes in cocoa
have been described by many workers over a period covering nearly 80 years
(Anglaet al, 1994; 1997; Baker et al, 1997; Bartley & Cope, 1974; Bennett & Cope,
1959; Bouharmont, 1960; Cheeseman, 1927, 1932; Cope, 1939; 1940; 1958; 1959;
1962; Hasenstein & Zavada, 2001; Knight & Rogers, 1955; Pound, 1932). Some of
these studies show that, following pollination with a compatible genotype under
field conditions, pollen tubes grow quite rapidly and reach the ovule within four
hours, with double fertilisation taking place after a further two hours (Cheesman,
1927; 1932). Other studies suggest that fertilisation does not occur until 24 hours
after pollination, with the complete development of the primary endosperm nucleus
taking an additional 2-3 days (Bouharmont, 1960). Following the completion of
double fertilisation, the ovule enlarges in the subsequent couple of days, and
endosperm development initiates some 3-4 days after pollination. Forty days after
pollination, the zygote divides for the first time and starts to form the embryo. The
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embryo reaches maturity after a further four to five months, with the fruit ripening
six months after pollination (Cheeseman, 1927; 1932).

In the case of an incompatible pollination, pollen tubes also grow rapidly and reach
the ovule at roughly the same time as compatible pollen tubes (Cope, 1939;
Posnette, 1940). The sperm cells are released into the embryo sac, as in a
compatible pollination, but double fertilisation fails to take place in a proportion of
ovules, as the sperm nuclel fail to fuse with the egg or the polar nuclei (Cope, 1958;
1959; 1962). Incompatibly pollinated flowers then abscise from the tree up to 96
hours after pollination (Cope, 1940).

The observations of ovules and non-fusion of incompatible gametes made by
Cheeseman (1927), Cope (1939; 1958; 1959; 1962), Knight & Rogers (1955) were
based on 5-15um sections variously stained (crystal violet, iron haematoxylin,
gentian violet, safranin) and viewed under a light microscope. More recent
investigations made by Anegja et al, (1994) also adopted light microscopy based
techniques to assess the effect of increased levels of carbon dioxide on the
incompatibility reaction. However, the increased visual resolution made possible by
confocal microscopy could provide new insight into the cytological circumstances
surrounding the failure of sperm-egg fusion. In this study, therefore, confocal
microscopy has been utilised to observe intact ovules of unpollinated, compatibly

pollinated and incompatibly pollinated flowers.

3.2 M aterials and methods

3.2.1 Confocal observation of ovules

Visual observations of the events surrounding fertilisation and/or non-fertilisation
within the embryo sac were made using confoca laser scanning microscopy.
Recently opened flowers of the self-incompatible clone SCA 24 were subjected to
one of three pollination treatments 3-6 hours after opening: no treatment
(unpollinated); compatibly pollinated (using pollen from the cross-compatible clone
PA 88 [PER]) and incompatibly pollinated (self-pollination). Fertilisation and
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ovule development were allowed to continue for 0-96 hours, after which time
flowers were removed from the tree and fixed in 3:1 (v/v) ethanol:glacial acetic acid
for at least 24 hours and stored, if necessary in 70% ethanol at 4°C. The ovary was
isolated from each flower and subjected to Feulgen staining before being embedded
in LR white resin (soft) as follows (adapted from Brasselton et al., 1996):

1. Rinse fixed ovaries three times in RO water, 15 min each, ensure the
specimen sinks;

2. hydrolyse ovariesin 5M HCI for 1 hour at room temperature, with the cap of
the vial removed;

3. rinse samplesthreetimesin RO water, 5 min each;

4. stain samples in Periodic Schiff’'s Reagent for 2-3 hours at room
temperature, with the cap of the vial sealed;

5. rinse samplesthree timesin cold RO water, 10 min each;

6. dehydrate samples in 70% ethanol for 10 min, then transfer through 3-5
changes of 100% ethanol, 10 min each;

7. replace 100% ethanol with 1:1 (v/v) mixture of ethanol:LR white and
incubate for 1 hour;

8. replace ethanol:LR white with 100% LR white and incubate for 1 hour;

9. transfer samplesinto fresh 100% LR white and incubate overnight;

10. dissect ovules out of the ovary, place onto a microscope slide and mount in
LR white, keep ovules in centre of the coverslip as the resin contracts while
polymerising;

11. incubate slide at 60°C for 24 hour to polymerise the LR white resin.

Mounted ovules were observed using a Leica TCS-NT confocal laser scanning
microscope with an argon laser at a wavelength of 568nm using a x40 oil immersion
lens. Images were analysed using the Leica Confocal Software package, version
2.5, build 1104.

For the quantification of DNA in nuclei, unpollinated, compatibly pollinated and
incompatibly pollinated flowers of SCA 24 stained with the DNA specific stains,
propidium iodide or 4',6-diamidino-2-phenyindole (DAPI). Flowers were fixed 48
hours after pollination and taken through the fixing, embedding protocol as listed
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above, with the substitution of step 4 as follows (adapted from Clark et al., 1993,
Leitch et al., 1994):

4. stain samples in 5pg ml™ agueous propidium iodide for 2-3 hours at room
temperature or, 2ug mi™ DAPI in Mcllvaine' s buffer (0.1M citric acid, 0.2M
NaHPO,, pH 7) at 4°C overnight.

Ovules stained with propidium iodide were visualised using the same conditions as
those described for Periodic Schiff’s Reagent. Ovules stained with DAPI were
visualised using a Leica DMIRE2 confocal laser scanning microscope with an argon
laser at a wavelength of 458nm, with Leica Confocal Software package version 2.5,
build 1227.

The ‘Quantify’ tool built into the Leica confocal software package was used to
determine the relative fluorescence of nuclei within the embryo sac. Quantification
of DNA was carried out on between 5-12 ovules of unpollinated, compatibly
pollinated and incompatibly pollinated ovules of SCA 24. The outline of each
nucleus was defined in each section through the egg apparatus as a ‘region of
interest’ and the sum of the fluorescence of the area calculated by the software. The
value for each section through the nucleus was then added together to give a value
of total fluorescence and thus DNA quantity. These values could be compared to
other nuclei within the same ovule only, to estimate whether fusion of nucleli had or
had not occurred. Included in the analysis were the egg nucleus, both polar nuclel
and remnant sperm cells with the persistent synergid nucleus (x) and five wall cell

nuclel (2x) for comparison of ploidy.

Images are presented with the false colour mask ‘glow’ as applied by the Leica
confocal software and prepared for publication using Adobe Photoshop 7.0.
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3.3 Results

3.3.1 Theunpollinated ovule

Ovules of unpollinated flowers of cocoa clone SCA 24 were observed 24, 36 and 48
hours after flower opening. Observations of unpollinated ovules provided data
regarding the ageing of the ovule and of the arrangement of the egg apparatus
within the embryo sac.

3311 Developmental chronology

The following account describes the features common to approximately 200

unpollinated ovules observed during this study.

The egg apparatus of an unpollinated ovule at 24 hours after flower opening is
contained within an oval embryo sac that is approximately 30um in diameter in
transverse section and 50um longitudinally (Figure 3.1i). The synergid cells extend
approximately 18um into the embryo sac and are commonly vacuolate at the
central section of the cell (Figure 3.1 ii, iii). The egg cell sits alongside or
underneath the synergid cells, depending on the orientation of the ovule, with the
nucleus always positioned close to the synergid cells (Figure 3.1 ii, iv). The polar
nuclei are positioned near the antipodal end of the synergid cells within the central
area of the embryo sac (Figure 3.1 iii). Starch grains are usually clearly visible and

tend to cluster around the polar nuclei, and may surround them completely (Figure

As the flower and the ovules age, the vacuoles of the synergid cells become
enlarged and the synergidae extend further out into the embryo sac and so that by 48
hours after flower opening, they are approximately 32um in length (Figure 3.2 1, iv).
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Figure 3.1 Unpollinated ovules at 24 hours after flower opening

The arrangement of the ovule and egg apparatus within the embryo sac. i: section through an entire
ovule showing the micropyle (m), outer integument (i), inner integuments (ii), nucellus (n), and the
embryo sac (es) containing the egg apparatus (ea). Bar = 40um. ii: synergid cell (s) with nucleus
(sn) and vacuole (v) visible; egg cell positioned along side the synergid cell with the nucleus (en) in
close proximity to the end of the synergid; polar nuclei (pn) positioned towards the centre of the
embryo sac, with surrounding starch deposits (st). Bar = 16um. iii: synergid cells (s); synergid
nucleus (sn) visible in the left hand synergid along with a large vacuole (v); polar nuclei (pn)
positioned near the end of the synergid cells with starch grains (st) present. Bar = 8um. iv: egg cell
from the same ovule as iii with nucleus (en) clearly visible (the egg is positioned beneath the
synergid cellsshown iniii). Bar = 8um.
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Figure 3.2 Unpollinated ovules at 36 and 48 hours after flower opening

i and ii: sections taken from an ovule 36 hours after flower opening; iii and iv from an ovule 48
hours after flower opening. i: synergid cells (s) with vacuoles (v) and polar nuclei (pn). ii: egg cell
and nucleus (en) from the same ovule asii. iii: synergid cell (s) and egg nucleus (en) are in close
proximity, polar nuclei (pn) with surrounding starch grains (st). iv: Vacuolation (v) of the synergid
cell (s) inthe same ovule asiii. Bar = 16um.
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The egg cell becomes distended and irregular in shape and the nucleus moves above
nuclei show no visible symptoms of aging and apparently remain relatively

unchanged throughout this period (Figure 3.21, iii).

Ovules from unpollinated flowers older than 72 hours after flower opening were
difficult to observe as the flowers often abscised from the tree before this point. In
cases where flowers were recovered and prepared for examination with the confocal
microscope, the DNA of al the cells appeared to have significantly degraded and
the egg apparatus could not be distinguished.

3.3.1.2 Discussion

Unpollinated ovules of cocoa illustrate the undisturbed arrangement of the embryo
sac and the changes occurring with the natural aging of the flower. In the absence
of antipodal cells, starch grains provide the same nutritive function and are a

common occurrence within the embryo sac.

Vacuolation of the synergid and egg cells increases as the flower ages. This
illustrates the need for pollination on the same day and flower anthesis to ensure
fruit set. A flower older than 24 hoursislikely to contain a degrading egg cell, unfit

for fusion.
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3.3.2 The compatible ovule

Compatibly pollinated flowers were observed 8, 24, 36, 48 and 72 hours after
pollination in order to monitor the arrival and delivery of the sperm cells into the

embryo sac.
3321 Developmental chronology

There was little variation noted between ovules following compatible pollinations.
The following account describes the features shared by approximately 300 ovules

during the developmental sequence following pollination.

Eight hours after a compatible pollination, the pollen tubes have not yet breached
the embryo sac or the ovule (Figure 3.3 i). Both synergid cells remain intact and

pollen tubes are not observed within the integumentary tissues of the ovule.

Twenty-four hours after pollination however, there was clear evidence of pollen
tube penetration and gamete release (Figure 3.3 i-iv). The pollen tube had
penetrated the integumentary tissues and progressed into the conducting synergid
cell (Figure 3.3 1). The component parts of the male germ unit, the two sperm cells
and accompanying vegetative nucleus, are released from the pollen tube into the
conducting synergid cell. The two sperm cells progress through the end of the
conducting synergid cell and advance towards the female gametes (Figure 3.3 i-iv).
The central cell still contains two distinct polar nuclel, at this stage, each with a
separate nucleolus. The vegetative nucleus remains within the body of the
conducting synergid cell and is clearly visible along with the degrading synergid

nucleus (Figure 3.3 iii and iv).

Thirty-six hours after pollination sperm cells can no longer be seen within the
embryo sac. The only remaining signs of pollen tube entry are the disrupted

conducting synergid cell and the brightly stained vegetative nucleus remaining
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Figure 3.3 Compatible ovules at 8 and 24 hours after pollination.
i: 8 hours after pollination; no visible signs of pollen tube entry to the embryo sac or ovule,
synergidae (s) remain intact, polar nuclei (pn) visible with some starch grains present. Bar = 20um.

pollen tube and release of the male gametes. Bar = 12um. ii: the pollen tube (pt) has grown through
the micropyle and integumentary tissues into the synergid cell; a sperm cell (sc) can be seen
emerging from the end of the synergid; numerous starch grains (st) are present. iii: asecond sperm
cell (sc) has emerged from the synergid and is progressing towards the egg nucleus (en) in a stream
of cytoplasm; degrading synergid nucleus (sn) visible within the synergid; starch grains (st)
numerous. iv: showing the position of one of the two polar nuclei (pn) within the starch grains (st);
vegetative nucleus (vn) visible within the synergid.
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Figure 3.4 Compatible ovules at 36 and 48 hours after pollination.

i and ii: 36 hours after pollination. iii andiv: 48 hours after pollination. i: the zygote nucleus (zn)
remainsin asimilar position within the embryo sac post-syngamy and polar nuclei/endosperm nuclei
(pn) start to move towards the embryo sac wall. ii: the vegetative nucleus (vn) present within the
conducting synergid (cs) is now the only visible x-body, the nucleus and vacuole of the persistent
synergid (ps) are still visible. iii: polar nucleus/endosperm nucleus (pn) containing a single, large
nucleolus. iv: zygote nucleus (zn); polar nucleus’endosperm nucleus (pn) containing a single
nucleolus, smaller in size than that iniii. Bar = 8um.
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within it (Figure 3.4 ii). Thus, it can be reasoned that karyogamy has occurred. The
newly formed zygote nucleus appears larger and has usualy changed position,
sitting dightly lower, below the chalazal end of the synergidae, towards the
micropylar end of the embryo sac (Figure 3.4 i). The central cell till contains two
distinct polar nuclel and in most cases, is positioned towards or against the wall of
the embryo sac (Figure 3.41).

Very little further change can be detected at 48 hours after pollination. The newly
formed zygote nucleus and nuclel of the central cell remain in similar positions to
those previously described, with the zygote nucleus sinking low in the embryo sac
and the central cell more frequently observed against the embryo sac wall (Figure
3.4iii and iv). The central cell still contains two visible nuclei, but these now each
contain nucleoli that are considerably different in size (Figure 3.4 iii and iv). The
primary nucleolus is approximately 2um in diameter (Figure 3.4 iii), and the second
isroughly half the size, with a diameter of 1um. Some ovules can be observed with

three nucleoli in the central cell.

At 72 hours after pollination, the central cell still contains of two distinct nuclel but
in some ovules the nucleolus of one may be considerably larger than that of the
other (Figure 3.51 and ii). The size difference again approximates to one nucleolus
being half the size of the other. Two nucleoli of equal size can sometimes be
observed in the central cell of ovules of the same age from the same ovary (Figure
3.51ii). There are no visible signs of the male sperm nucleus at this point.

At 96 hours after pollination, the synergid cells have almost completely degraded
and the zygote nucleus sits alone at the micropylar end of the embryo sac (Figure
3.6ii). The central cell is against the wall of the embryo sac and still contains two
visible nucleoli, but the nuclear membranes separating the two are less distinct
(Figure3.6i and ii).

Observations of the whole ovule at 48 hours after pollination suggest that ovule wall

growth has often been initiated. A comparison of an unpollinated ovule at 48 hours
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Figure 3.5 Compatible ovulesat 72 hours after pollination

i and ii from the same ovule. i: endosperm nucleus or polar nucleus (en/pn) containing a single,
large nucleolus. ii: endosperm nucleus or polar nucleus (en/pn) containing a single, small nucleolus.
iii: two endosperm nuclei, each containing a single nucleolus of equal size (en/pn). Bar = 20um.
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Figure 3.6 Compatible ovulesat 96 hoursafter pollination
i, ii and iii from the same ovule, stained with propidium iodide. i: endosperm nucleus or polar
nucleus (en/pn) containing a single nucleolus. ii: endosperm nucleus or polar nucleus (en/pn)
containing asingle nucleolus. iii: zygote nucleus (zn). Bar = 20um.
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after flower opening (Figure 3.7 i and ii) and a compatibly pollinated ovule at 48
hours after pollination (Figure 3.7 iii and iv) reveal significant numbers of additional
cells have developed in the ovule wall, particularly at the micropylar end. The
tissues of the inner integuments have extended towards the micropylar end of the
ovule and reduced the size of the micropylar opening. The outer integuments now
extend beyond the micropylar opening, concealing it completely (Figure 3.7 iii and
iv). Overall, the ovules appear more rounded in shape (measuring 195um across the
transverse diameter, and 215um longitudinally) compared to unpollinated ovules

(170pum by 205um) which are more obovate.

3.3.2.2 Discussion

The images of sperm cell delivery and fertilisation in compatible ovules show that
the reaction in Reading is much slower than that described by Cheeseman (1927;
1932) and more analogous with the description of fertilisation observed by
Bouharmont (1960). Pollen tubes do not reach the ovule until 24 hours after
pollination, with double fertilisation taking place soon afterwards.

At 24 hours after pollination, the images indicate that the first sperm cell to emerge
from the conducting synergid will consistently fuse with the egg nucleus. The path
that the sperm cell will take is seen by the streams of cytoplasm apparently carrying
it towards and around the egg nucleus (Figure 3.3 iii). Transit of the sperm nucleus
through the wall of the egg cell was not observed, but the frequent appearance of
sperm cells in close proximity to the egg nucleus suggests that the passage of the
sperm cell through the egg cell wall is not hindered. Sperm cells are seen to travel
the circumference of the egg prior to alignment with the nucleus in cotton (Jensen,
1964; Jensen & Fisher, 1967), with fusion between the sperm and egg nucleus
occurring in the region of the distal end of the synergid. This is similar to the
situation observed here in cocoa, where the sperm cell will travel the circumference
of the egg nucleus with membranes coalescence between the sperm and the egg
nuclei occurring on the side of the egg furthest from the point of sperm cell arrival.

At this point the egg cell is located low in the micropylar end of the
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Figure 3.7 Whole ovules at 48 hour s after flower opening.

i and ii: confocal image with a line drawing representation of an unpollinated ovule 48 hours after
flower opening; embryo sac (es), nucellus (n), inner integuments, outer integuments (oi), micropyle
(m), chalazal end (ce). iii andiv: confocal image with aline drawing representation of a compatible
ovule a 48 hours after pollination; embryo sac (es), nucellus (n), inner integuments, outer
integuments (oi), micropyle (m), chalazal end (ce). Evidence of the growth of the ovule wall seen
most markedly at the micropylar end as the inner integuments have extended to reduce the size of
micropylar opening and the outer integuments have grown round to cover and conceal the micropyle
(m). Growth isalso apparent at the external surface of the ovulewall. Bar = 40um.
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embryo sac.

The second sperm cell to emerge from the conducting synergid is presumed to be
travelling towards the polar nuclei (Figure 3.3 ii and iv). The processes leading to
endosperm formation are unclear from these data, as the formation of a single
triploid, primary endosperm nucleus has not been seen during these investigations.
At the point of sperm cell delivery, 24 hours after pollination, the central cell till
contains two polar nuclei, each with a single nucleolus (Figure 3.3 iv). This concurs
with the observations of Bouharmont (1960) that the formation of a single diploid,
secondary endosperm nucleus from the fusion of the two polar nuclei does not take

place prior to sperm cell release in cocoa.

At 36 hours after pollination, sperm cells can no longer be seen within the embryo
sac and karyogamy is therefore assumed to have taken place (Figure 3.4 i and ii).
The central cell still contains two distinct nuclei (Figure 3.4 1 and ii). Based on the
observations of Bouharmont (1960) the larger nucleus is assumed to be diploid
following the fusion of one polar nucleus with one sperm cell. The second, smaller
nucleus is assumed the remaining haploid polar nucleus.

At 48, 72 and 96 hours after pollination, two nuclei can still be observed within the
central cell, thus there is no evidence of further development (Figure 3.4 iii and iv,
Figure 3.5 i and ii, Figure 3.6 i and ii). On occasions, however, two nuclel
containing nucleoli of equal size can also be seen at 72 hours after pollination
(Figure 3.5iii). This could be indicative of the completion of primary endosperm

formation and of one mitotic division.

Observations of pollen tube growth and fertilisation in cotton revealed that the
degradation of one of the synergid cells occurs 6-8 hours after pollination or 6-8
hours prior to the arrival of the pollen tube at the ovule (Jensen & Fisher, 1968).
This phenomenon was not observed in ovules of cocoa. Ovules from flowers that
had been compatibly pollinated were observed with two intact synergid cells. These
ovules were presumed to be unfertilised as no evidence of pollen tube entry could
be detected. Degradation of one of the synergid cells following pollination has been
thought to play an active role in controlling the direction of pollen tube growth
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(Jensen, 1965; Jensen & Fisher, 1968). The accumulation of calcium ions within
the vacuole of the synergid cells is thought to set up a calcium gradient within the
synergid that is unfavourable for pollen tube growth. The initiation of synergid
degradation and the diffusion of calcium from the vacuole back into the cell will
reverse the gradient and generate conditions more favourable to pollen tube growth
(Jensen, 1965). As ovules were observed from compatibly pollinated flowers with
both intact synergid cells this would imply that this is not the case in cocoa
Changes in the synergid cell were not observed in sufficient detail during this study
to observe the behaviour of the vacuole in the period between pollination and pollen
tube entry. Although pre-emptive degradation of the synergid was not observed, a
reversal in the permeability of the vacuolar membrane within the synergid cell may
be sufficient to reverse the Ca gradient within the cell and direct the pollen tube in

the right direction.
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3.3.3 Theincompatible ovule

Ovules from incompatibly pollinated flowers were observed 24, 36, and 48 hours

after pollination.
3331 Developmental chronology

There was substantial variation between ovules following incompatible pollinations.
The following account attempts to describe the main developmental features whilst
accommodating for the variability noted amongst the approximately 300 ovules

observed.

At 24 hours after pollination, sperm cells from incompatible pollen grains are
present in the ovule and are in close proximity to the female gametes. The
conducting synergid usually shows clear signs of disruption and pollen tube entry
(Figure 3.8 i and ii), and the degrading vegetative nucleus from the pollen tube can
be seen within the body of the synergid cell (Figure 3.8 ii). The sperm cells have
been released from within the synergid cells and lie within the egg or central cell, in
close proximity to the female gametes. The primary sperm cell has therefore passed
through the wall of the egg cell and often appears to be in extremely close proximity
to the membrane of the egg nucleus (Figure 3.8 i and iii). The second sperm cell
has moved into a position of extremely close proximity to the nuclear membranes of

the two polar nuclei in the central cell (Figure 3.8 ii and iii).

After afurther 12 hours at 36 hours after pollination, very little change has occurred
and the sperm cells are still visible within the embryo sac. The sperm cells are still
in very similar positions close to, or adjacent to the nuclear membrane of the egg
cell (Figure 3.91 and iii) and with either, one or both of the polar nuclei (Figure 3.9
i and iv).
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Figure 3.8 Incompatible ovules 24 hour s after pollination

i andii: from the same ovule; bar = 16um. i: sperm cell (sc) has been released from the synergid
cell (s) and is sitting next to the egg nucleus (en); polar nuclei (pn) surrounded by starch grains (st).
ii: sperm cell (sc) sitting next to one of the polar nuclei (pn); vegetative nucleus (vn) can be seen
within the synergid cell (s). iii and iv: from the same ovule; bar = 13um. iii: two sperm cells (sc)
are clearly visible. iv: showing the position of the egg nucleus (en) and the polar nuclel (pn) relative
to the sperm cellsiniiii, placing the male and female gametes in close proximity.
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Figure 3.9 Incompatible ovules at 36 hours after pollination.

i andii: fromthesameovule. i: sperm cell (sc) has penetrated the wall of the egg cell and is next to
the egg nucleus. ii: centra cell from the same ovule as i, with sperm cell (sc) positioned between
the two polar nuclel, vegetative nucleus (vn) visible within the degenerating conducting synergid
cell. iii and iv: from the same ovule. iii: sperm cell (sc) positioned next to the egg cell nucleus
(en). iv: central cell from the same ovule as iii, with sperm cell (sc) positioned amongst starch
grains (st) next to the polar nuclei, vegetative nucleus (vn) visible within the degenerating
conducting synergid cell. Bar = 16um.
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In some incompatible ovules between 24-48 hours after pollination, there was
visible evidence of pollen tube entry, but un-fused sperm cells could not be detected

within the embryo sac, thus, fusion was assumed to have occurred.

At 72 hours after pollination, a similar situation is observed with the male gametes
sitting adjacent to the female gametes without fusion having occurred (Figure 3.10
iii). In some ovules, the central cell becomes disorganised with starch grains
becoming smaller, making the differentiation between starch grains, the nucleoli of

the central cell and the sperm cell, more difficult (Figure 3.10 iv).

3.3.3.2 Discussion

These images of the egg apparatus of ovules following incompatible pollination
broadly comply with the observations of Cope (1958; 1962) and Bennett & Cope
(1959) in that following an incompatible pollination, the non-fusion of incompatible
gametes with the female gametes can be observed within the embryo sac. Ovules
from the same ovary can aso be observed where double fertilisation has been
successfully achieved following an incompatible pollination with the same
genotype. The pollen tubes of compatible and incompatible genotypes arrive in the
ovule at the same time, and the incompatible male gametes are uninhibited up to the
point of release within the embryo sac.

Inhibition of the incompatible male gametes appears to occur at some point between
the sperm cell entry into the embryo sac, and its arrival at the nuclear membrane of
the egg or polar nuclei.

The fact that double fertilisation did occur in some ovules however, suggests that if
the mechanism inhibiting gametic fusion is sporophytically controlled (Bennett &
Cope, 1959; Cope, 1958; Knight & Rogers, 1955), it is somewhat leaky.
Alternatively, if the mechanism is under gametophytic control, the presence of
fuson and non-fusion ovules within the same ovary should be expected
(Bouharmont, 1960).
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Figure3.10 Incompatible ovulesat 48 and 72 hour s after pollination.

i and ii: from the same ovule, 48 hours after pollination, stained with propidium iodide. i: sperm
cell (sc) positioned against the egg nucleus (en). ii: sperm cell (sc) positioned between the polar
nuclei (pn). iii and iv: from the same ovule, 72 hours after pollination. iii: sperm cell (sc)
positioned against egg nucleus (en). iv: polar nuclei (pn) disorganised and fragmented. Bar =
16pm.
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3.3.4 Observed differences during fertilisation

The Leica confocal software was used to quantify the relative rates of sperm cell
delivery to nuclei of female gametes between compatibly and incompatibly
pollinated ovules, to detect any hindrance to the delivery of incompatible gametes
following their entry into the egg and central cells. The software was also used to
examine the nuclei of al gametes within the ovule during the fertilisation process to

detect any changes as the male gametes approach.
3.34.1 M easur ements of sperm progression

The arrival and progression of sperm cells was measured in ovules 24, 36 and 48
hours after compatible and incompatible pollination. The distance separating the
sperm cells from the egg and polar nuclei was measured in two ways in each case.
Measurements were first taken from the centre of the egg nucleus to the centre of
the nearest sperm cell. Similarly, for the central cell, the measurement was taken
between the centres of the nearest polar nucleus and sperm cell. Secondly, the
distance between the same two pairs of nuclel was taken from nuclear membrane to
nuclear membrane. These two measurements enable differentiation between nuclel
that are fusing or have fused, and those sperm nuclei that have been delivered to the
female nuclel, but have not fused. Such measurements were only possible in a
small minority of ovules where sperm cells were persistent and where both egg and
sperm nuclel were present in the same section of the egg apparatus and could be
clearly defined.

The measurements of sperm cell progression towards the egg nucleus and polar
nuclei show that the majority of compatible gametes arrive in the embryo sac 24
hours after pollination (Table 3.1). Following a compatible pollination, double
fertilisation occurs in 70% of ovules between 24 and 36 hours after pollination
(Table 3.2, Figure 3.11) and in 100% of ovules by 48 hours after pollination (Table
3.3, Figure 3.11). These data demonstrate that fusion between the sperm cell and
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sperm cell to egg nucleus sperm cell to polar nucleus
ovuletype membrane to membrane to
membrane centre to centre membrane centre to centre
compatible 24h 1.63 4.45 6.59 9.24
3.06 6.94 17.02 19.15
5.20 9.22 25.15 26.06
4.08 7.10 12.62 14.05
8.79 11.27 17.24 18.97
5.04 | 8.05 | 20.48 | 21.38
16.93 18.81 20.21 21.77
7.02 | 10.93 | 10.38 | 12.13
0.00 2.10 0.72 2.93
1551 18.97 22.02 26.94
mean 6.73 9.78 15.24 17.26
standard deviation 5.60 5.53 7.60 7.61
incompatible 24h 0.00 348 0.00 477
6.29 | 9.28 | 10.33 | 11.89
10.10 13.50 23.96 24.97
7.68 | 12.21 | 22.80 | 23.39
8.56 12.55 17.21 18.87
0.00 3.88 0.60 211
311 7.08 13.67 15.38
4.25 6.33 14.48 16.59
1.02 3.79 1211 13.75
20.53 27.89 20.94 21.48
mean 6.15 10.00 13.61 15.32
standard deviation 6.19 | 7.34 | 8.34 | 7.53

Table 3.1 Progression of sperm cells towards the egg nucleus and nearest polar nucleus, 24
hours after pollination.
Measurementsin pum.

the egg nucleus, and between the sperm cell and the first polar nucleus, occurs at

approximately the same time.

Following an incompatible pollination, sperm cells are delivered to the embryo sac
at the same time as in compatible pollinations, up to 24 hours after pollination
(Table 3.1, Figure 3.11, 3.12). Statistical analyses of these data with a t-test
algorithm (two tailed test, assuming equal variance) indicate that by 36 hours after
pollination, adifference is evident between the progression of sperm cells to the egg
cells between compatible and incompatible ovules (Table 3.4). The mean distance
between the centres of gametes in compatible ovules is 2.61um, compared to a

distance of 6.03um in incompatible ovules. In incompatible ovules, only 30% of
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Sperm cell to egg nucleus Sperm cell to polar nucleus
Ovuletype membrane to centre to centre membrane to centre to centre
membrane membrane
Compatible 36h 0.00 0.00 1.32 3.04
0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00
1.05 4.70 3.06 571
0.00 | 0.00 | 0.00 | 0.00
3.86 7.52 19.08 24.97
7.21 | 13.83 | 24.78 | 30.58
0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00
mean 121 2.61 4.82 6.43
standard deviation 243 4.74 9.17 11.48
Incompatible 36h 5.56 9.22 10.67 13.17
1.85 | 5.95 | 7.27 | 9.44
0.00 351 3.22 6.04
1.92 | 5.26 | 10.61 | 13.00
0.00 3.73 0.00 2.57
2.94 6.61 3.53 4.75
0.00 3.36 0.00 2.36
3.86 8.16 11.36 12.10
3.62 7.30 16.98 17.50
2.83 7.15 15.29 16.51
mean 2.26 6.03 7.89 9.74
standard deviation 1.88 | 2.04 | 6.06 | 5.56

Table 3.2 Progression of sperm cells towards the egg nucleus and nearest polar nucleus, 36
hours after pollination.

sperm cells have reached the egg nucleus, and 20% have reached the polar nuclei
(Table 3.2). Moreover, whereas double fertilisation is observed in 70% of
‘compatible ovules', double fertilisation is not observed in any of the ‘incompatible
ovules (Table, 3.2, Figure 3.11, 3.12). At 48 hours after pollination, the difference
in the progression of sperm cells towards the female gametes becomes more
apparent (Table 3.4). At this point, 56% of sperm cells in the ‘incompatible ovules
are adjacent to the egg nucleus, and 38% of sperm cells are in contact with the polar
nuclei, with the remaining sperm cells up to 22um from the female gametes. Fusion
of male and female gametes is not observed in incompatible ovules, whereas double
fertilisation occursin 100% of compatible ovules (Table 3.3, Figure 3.11, 3.12).
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Sperm cell to egg nucleus

Sperm cell to polar nucleus

Ovuletype membrane to membrane to
membrane centre to centre membrane centre to centre

Compatible 48h 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00

mean 0.00 0.00 0.00 0.00
standard deviation 0.00 0.00 0.00 0.00
Incompatible 48h 0.00 1.99 2.99 4,99
152 6.09 2.08 4.67

0.00 3.69 231 5.28

0.00 3.94 0.00 2.05

0.00 3.01 0.00 1.44

11.52 15.22 11.62 14.40

7.20 10.85 11.68 14.27

2.80 6.39 11.98 13.27

6.11 18.96 19.89 21.96

0.00 4,95 2.39 8.71

1.83 4.20 7.65 10.89

0.00 1.78 0.00 3.39

0.00 2.22 0.00 3.78

0.56 3.95 1.13 5.54

0.00 2.50 0.00 2.00

0.00 3.71 0.00 154

mean 2.92 7.51 4.61 7.39
standard deviation 4.04 5.67 6.08 5.97

Table 3.3 Progression of sperm cells towards the egg nucleus and nearest polar nucleus, 48

hour s after pollination.
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Frequency of ovules
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Figure3.11 The progression of sperm cellstowardsthe egg nucleus

Graphs showing the movement of sperm cells towards the egg in compatible and incompatible
ovules. The distances between the nuclear membranes of the sperm nucleus and egg nucleus are
shown in blue and the distances between the centres of the sperm nucleus and egg nucleus are shown
in maroon. The purpose of these two separate measurements is to differentiate between fusion of
gametes in compatible ovules and contact but non-fusion of gametes in incompatible ovules.
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Figure3.12 The progression of sperm cellstowardsthe polar nuclei

Graphs showing the movement of sperm cells towards the polar nuclei in compatible and
incompatible ovules. The distances between the nuclear membranes of the sperm nucleus and
nearest polar nucleus are shown in blue and the distances between the centres of the sperm nucleus
and nearest polar nucleus are shown in maroon. The purpose of these two separate measurements is
to differentiate between fusion of gametes in compatible ovules and contact but non-fusion of

gametes in incompatible ovules.
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Measurement from 24 hours 36 hours 48 hours
nucle centreto Egg Polar egg Polar Egg Polar
centre nucleus nucleus nucleus nucleus nucleus nucleus
tug= -0.074
Egg P=00942
24 nucleus ns
hours Polar tay= 0.574
P=0573
nucleus ns
tag= -2.097
Egg P=0.050
36 nucleus x
hours Polar tag= -0.821
P=0422
nucleus ns
t(ag): -5.457
Egg P=3.16¢
48 nucleus
hours Polar t@g= -5.640
pP=1.78%¢
nucleus
Measurement from
nuclei membrane
to membrane
t(lg): 0.217
Egg P=0.831
24 nucleus ns
hours Polar tag= 0.457
P=0.653
nucleus ns
tug= -1.076
Egg P=0.29
36 nucleus ns
hours Polar tas= -0.883
P=0.389
nucleus ns
t= -2.479
Egg P=0018
48 nucleus x
hours Polar te= -2.965
P=0.005
nucleus o

Table 3.4 t-dtatistics and probability scores of the progression of sperm cells towards female
gametesin theovule.

Confidence limits: ns = no significant difference, * = 95% confidence of a significant difference, **
= 99% confidence, *** = >99% confidence.

3.34.2 M easur ement of relative fluor escence of nuclei

The status of nuclei at 48 hours after pollination (i.e. fused or un-fused, haploid,
diploid or triploid) was not always clear. The ‘Quantify’ tool, built into the Leica
Confocal Software package, was used to determine the amount of DNA present

based on the relative fluorescence of nuclei within the same ovule (section 2.2.5).

Results of these analyses for unpollinated ovules should indicate that the egg, polar
and synergid nuclel all contain half as much DNA was in the wall cell nuclei. The
results show, however, that the egg nucleus may be slightly over-represented, as the

sum of fluorescence is often greater than that of the polar and synergid nuclei. The
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level of fluorescence of ‘unpollinated ovule 1' appears more comparable with the
diploid wall cell nuclei of the same ovule (Table 3.5). Equally, thereisahigh level
of variation between the amounts of DNA within the wall cell nuclei, which should

be stable at this point in unpollinated ovules.

In compatible ovules, the observed levels of DNA should indicate that fusion has
occurred as the egg, or more correctly, the zygote nucleus should now be diploid.
The status of the polar nuclei at this point is unclear as the order of fusion has not
been made apparent by the earlier observational investigations carried out here. The
synergid nucleus will remain haploid, and the nuclei in the cells of the ovule wall

arediploid.

The relative amounts of DNA observed in compatible ovules are again erratic,
however, with high levels of variation observed between wall cell nuclei. The
amount of observed DNA within the two polar nuclel is also quite variable, with
frequent large variation seen between the two (Table 3.5). This may be indicative
of the action of fusion between one polar nucleus and the sperm cell, with one polar
nucleus remaining haploid. The sum of both cells however, should equate to the
level of atriploid cell at this point. The sum of fluorescence between the two polar
nuclei and that of the egg nucleus relates well in some ovules, but in othersis not as
expected. For example ‘compatible ovule 1' has a sum of fluorescence for the
‘zygote nucleus’ (2x) of ~600, ~900 for the combined ‘ endosperm nucleus' (3x) and
~300 for the synergid nucleus (x) (Table 3.5). The relative amounts of DNA appear
balanced within this ovule, discounting the wall cell nuclei. In ‘compatible ovule
2", however, the ‘diploid zygote nucleus has a value of ~850, yet the combined
‘triploid endosperm nucleus' is only ~800 (Table 3.5). This variation in the results

may imply some problem with the analysis.

The incompatible ovules are dightly easier to interpret as the presence of remnant
sperm cells determines that the female gametes that are still haploid. The data for
‘incompatible ovule 1’ show consistent levels of ~250-300 for the five (two male
and three female) haploid gametes, and ~500-600 for the diploid wall cell nuclei. In

contrast, data for ‘incompatible ovule 3 imply that fusion between one of the
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sperm cells and the egg nucleus has taken place, and one remnant sperm cell
remains with the two haploid polar nuclei (Table 3.5). In ovules where al five
separate gametes can be accounted for (ovules 5, 6 and 7) the variation in DNA
quantity varies from 300-700, again implying that analysis of DNA quantity in this
way may not be sufficiently accurate to assess processes occurring within the ovule
(Table 3.5).

Periodic Schiff’s reagent is a highly effective stain, binding to carbohydrates and
nucleic acids, and some problems were experienced during the data collection
associated with the accurate definition of the ‘regions of interest’” around the
perimeter of the nuclei. Intensely stained starch grains around the polar nuclei, and
remnant sperm cells often blurred the outlines and overlapped the perimeters of the
cells. Cytoplasm around the egg nucleus and the synergid nucleus were also stained
by Schiff’s reagent, and made the accurate definition of nuclei problematic.

Additional stains were selected that would more specifically stain DNA only and
could be visualised under a confocal microscope that did not have UV capability.
Investigations carried out by Matsuzaki et al. (1997) and Suzuki et al. (1997)
identified propidium iodide and DAPI as effective cell nuclear DNA specific stains
that remained relatively stable under laser scanning procedures without excessive
fading. Both stains were adapted to the staining protocol established for this
material and the experiment repeated.

Ovules stained with propidium iodide and DAPI could be visualised using the
confocal microscope, but the resolution of the images was not as high as that
observed with Periodic Schiff’'s Reagent. DAPI is best visualised using UV
excitation, but this capability was not available at the University of Reading. The
University had recently obtained, however, a confocal microscope fitted with a low
wavelength emission, argon laser with the capability of visualising some stains
within the UV spectrum. Excitation of DAPI with argon laser emissions at 458nm,
at 50% power output was able to visualise the samples. During the collection of
images, the number of scans per image (averages) had to be increased for both
stains; from 1-2 with Schiff’s, to 4-6 with propidium iodide, and 6-10 with DAPI.
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The greater number of scans per image, and the increased laser output required, led
to bleaching of the samples, particularly those stained with DAPI.

The analysis of the images collected, however, was simplified by the absence of
much of the starch from the image. Cytoplasm around the polar nuclei and egg cell
was still visible however, and the nuclel of the wall cells were often not well-
defined (Figure 3.13).

The fluorescence data collected for DAPI stained ovules reflects the problems
experienced with image collection, as five wall cell nucle for each ovule could not
always be assessed, particularly with the unpollinated samples. Data collected for
the wall cell nuclel was thus considered relatively unreliable. The penetration of
both the stain and the light emissions will be affected by the more robust nature of
the ovule wall cells, compared to the cells of the egg apparatus. The anaysisisthus
focused on the relative fluorescence of the nuclei of the male and female gametes
and the persistent synergid. Using these cells only, the relative amounts of DNA
inferred to be present with the unpollinated samples appears to be in accordance to
expectations, as al five ovules show relatively similar amounts of fluorescence
between the egg nucleus, both polar nuclei and the synergid nucleus (Table 3.6).

A more satisfactory pattern of fluorescence is also observed in most of the
compatible ovules stained with DAPI. In ‘ovule 1" the ‘zygote nucleus and
‘endosperm nucleus 1’ have a similar level of fluorescence at just over 400, whilst
“endosperm nucleus 2' has a much lower level of fluorescence at 250. This implies
that the zygote nucleus and one endosperm nucleus are diploid, and that the
remaining endosperm/polar nucleus remains haploid. A similar pattern of
fluorescence is observed in compatible ovules 4, 7, 8, 9 and 10 (Table 3.6). Thus,
this stain was deemed to be a more reliable reflection of DNA content of gametic

nuclei.

In the incompatible samples, remnant sperm cells are observed in ovules 4-10. In
ovules 1-3, the fluorescence data may suggest that fusion has occurred between the
sperm cells and the egg nuclei and one of the two polar nuclel. Similar levels of

fluorescence are observed across al gametes that remained haploid and the haploid
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Figure 3.13 Ovules stained with DAPI and propidium iodide.

i and ii: incompatible ovules stained with DAPI; en = egg nucleus, s = synergid, pn = polar nucleus,
st = starch grains identified only by the staining of the surrounding cytoplasm. Bar = 16pm. iii and
iv: incompatible ovules stained with propidium iodide; en = egg nucleus, sc = sperm cell, st = starch
grains. Bar = 16um.
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synergid nucleusin ovules 4, 6 and 7. In ovules 5, 8 and 9, however, some of the
gametes appear over represented. In ovule 5, the egg nucleus and one of the
remnant sperm nuclel apparently fluoresce more than the other haploid gametes, in
ovules 5 and 8, only the egg nucleus appears larger. In al three of these examples,
the egg nucleus cannot have fused with a sperm nucleus and both sperm cells can be
accounted for within the embryo sac.

Samples stained with propidium iodide gave better resolution for image collection
than DAPI, but staining of starch was observed in some ovules. This may have
skewed the results somewhat, as assessment of fluorescence in unpollinated ovules
gives some varied results across the female gametes. Only ovules 3 and 5 appear to
have any level of consistency across the egg and polar nuclei compared to the
synergid nuclei. Over representation of the egg nucleus can be seen in ovules 2 and
4 (Table 3.7).

Patterns of fusion are less clear within the compatible ovules with assumed fusion of
the egg nucleus and one of the polar nuclel with sperm cells only clear in ovules 1
and 5. The pattern of fluorescence in ovules 2-4 implies that the egg nucleus isin
fact now diploid and thus a zygote, but both polar nuclei appear to remain haploid,
yet no remnant sperm or sperm cells en route to the central cell were detected within
the embryo sac (Table 3.7).

Within the incompatible ovules, the patterns of fluorescence are again somewhat
erratic. The datafor ovule 1 impliesthe formation of a diploid zygote nucleus, with
failure of fusion between the polar nuclei and the one remnant sperm. In ovule 2,
only one remnant sperm can be detected again, but levels of fluorescence across the
female gametes provide no evidence as to the location of the second sperm nucleus,
as all appear to fluoresce to the same degree. In ovule 3, one sperm cell is aso
unaccounted for with an apparently diploid zygote nucleus, two haploid polar nuclei
and no remnant sperm cells detected. Ovule 4 shows an unbalanced level of
fluorescence across the three female and one male gametes present. The egg
nucleus appears fused and diploid, compared to the polar nuclei, yet the single
sperm cell is fluorescing to twice the level of that expected. This may be due to the

presence of starch obscuring the outline of the sperm cell, artificially enhancing the
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level of fluorescence detected. Incompatible ovules 5-7 all contain both remnant
sperm thus all gametes are haploid (Table 3.7). Levels of fluorescence across all
gametes are not well balanced with over-representation of either sperm cells or the
egg nucleus. As propidium iodide was also observed to stain starch deposits in
some ovules, the over-representation of the sperm cells, often sited within areas of
starch occurrence around the central cell, may be due to the imprecise definition of
the region of interest around sperm cells during analysis. The over-representation of
the egg nucleus (ovule 7) cannot be explained in this way, and this phenomenon was
only observed in incompatible ovules stained with DAPI (Table 3.6).

Asthe uptake of each stain is different in each ovule, data across samples and across
stains are not easily compared. However, by averaging the fluorescence of all
incompatible ovules where both sperm cells can be seen, the pattern of over-
representation of the egg nucleus remains apparent (Table 3.8). The calculations for
standard deviation show that the variation is great and the apparently higher

fluorescence of the egg nucleusis not discrete from the other gametes.

Variation can be seen in the levels of fluorescence across all gametes, but levels
within the egg nucleus are always the greatest. In all cases, the egg nucleus must
till be haploid as all sperm cells can be accounted for, and in all cases, the egg

nucleus represents the greatest level of fluorescence (Table 3.8).

stain egy polar polar spermcell | sperm cell
(ovules) nucleus nucleus 1 nucleus 2 1 2

Schiff’s 572.81 315.21 404.97 483.72 323.80
(ovules1,57) +182.52 +109.53 +236.95 +166.27 +66.18
propidium iodide 606.02 305.81 397.63 541.96 509.18
(ovules 5-7) +206.04 +66.79 +130.94 +119.07 +127.11
DAPI 337.34 236.01 172.92 235.86 164.24
(ovules 5-9) +167.04 +105.57 +28.32 +199.21 +45.81

Table 3.8 Mean fluorescence for all incompatible ovules where both sperm cells are present
with standard deviation between ovules.

3.34.3 Discussion

The measurements of sperm cell progression towards the female gametes following

compatible and incompatible pollinations indicate that sperm cells arrive in the
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embryo sac at approximately the same rate. This indicates a lack of impediment to
the passage of incompatible gametes up to and following sperm release prior to
fusion with the recipient female cells. Following release from the synergid, sperm
cells in incompatible ovules make slower progress towards the female gametes than
in compatible ovules. This suggests that some mechanism is in operation to impede
the movement of incompatible gametes within both the egg and central cells.

The movement of sperm cells inside the embryo sac is thought to occur via
actomyosin-mediated transport (Zhang et al., 1999; Zhang & Russell, 1999). For
this process to be affected by the alelic specificity of the sperm cell/pollen tube
cytoplasm, the recognition reaction must occur prior to or at sperm cell delivery.
The result appears to be the reduced efficiency of the actomyosin reaction, slowing
the progress of the incompatible sperm cell. As some incompatible gametes are
observed to make contact with the egg and central cell, however, a second

mechanism must be in operation to prevent fusion.

The assessment of DNA quantity within the gametes of unpollinated, compatibly
pollinated and incompatibly pollinated ovules is less than satisfactory. An optimal
staining and visualisation protocol was not devised by this work, as each stain used

was problematic in different ways.

The results obtained, however, did exhibit a consistent theme and may indicate
some processes in operation during the fertilisation and non-fertilisation of
compatibly and incompatibly pollinated ovules. Observations of the relative
fluorescence of nuclei within compatibly pollinated ovules are not easily interpreted
as assumptions have to be made regarding the fate of sperm cells and these
assumptions do not always appear to be borne out by the data. The data do suggest,
though, that the formation of the primary endosperm nuclel in the central cell takes
place via the fusion of one individual polar nucleus and the sperm nucleus in the
first instance. This concurs with Bouharmont (1960) who observed ovules for up to
five days after pollination and noted that the sperm cell fuses initially with one polar
nucleus 48 hours after pollination. The remaining haploid polar nucleus fuses with

the larger diploid nucleus some time during the next 24 hours to complete the
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formation of the triploid primary endosperm nucleus and process of double
fertilisation (Bouharmont, 1960).

Observations of the egg nucleus of incompatibly pollinated ovules appear to
indicate the presence of dlightly more DNA than that expected. The quantity of
DNA within the egg and sperm nuclei needs to remain constant for fusion to take
place. Gamete fusion in plants can occur between nuclei in the G;, G, or S phase of
interphase, depending on species (Friedman, 1999). The synchronicity between the
phase of interphase and the relative amounts of DNA in the male and female
gametes must remain to allow fusion to take place. Any replication of DNA within
the egg cell that is not matched by the sperm cell will result in the failure of gametic

fusion.

The delayed arrival of sperm cells at the egg cell may result in a loss of phase
synchronicity of DNA replication. As the sperm cells may not reach the egg
nucleus at a point at which the relative amounts of DNA present in the two nuclei
are the same, the nuclei are unable to fuse and zygote formation fails. Equally, a
downstream signal of the recognition reaction could induce DNA replication within
the egg nucleus, also preventing fusion from occurring, similar to that seen in
Narcissus (Sage et al., 1999)

Further investigations are required to elucidate upon these data and determine
whether the egg cell nucleus is actively replicating DNA. Previous investigations
into the action of the cell cycle during fertilisation in plants have successfully used
mi crospectrophotometers to assess relative fluorescence and DNA quantity in sperm
cells and the egg apparatus. In addition, the use of a confocal microscope with UV
capability would enable the visualisation of DNA specific stains such as DAPI and
ethidium bromide with a greater resolution than that carried out here. Observations
made by transmission electron microscopy may reveal the nature of processes, such
as cytoplasmic streaming, operating within the egg nucleus in incompatibly
pollinated ovules. Such information may provide a valuable insight into the action

of nuclear fusion during the self-incompatibility reaction in cocoa.

90



Recognition of self

Chapter 4

Recognition of self

4.1 | ntr oduction

Many advances have been made to our broad understanding of pollen-stigma
interactions and in the field of pollen recognition in model species. In the
Brassicaceae in particular, the genetic and physiological cascade that follows
pollination has been reasonably well described (Nasrallah et al., 1985; Goring et al.,
1993; Gu et al., 1998; Schopfer et al., 1999; Suzuki et al., 1999; Brugiéere et al.,
2000; Takasaki et al., 2000; Takayama et al., 2000; Wheeler et al., 2001; Stone et
al., 2003). However, relatively little is known about interactions in other, non-
model species. The uncharacterised plants include cocoa, which lacks specifically

differentiated stigmatic cells at the apex of the style.

The regjection reaction in cocoa is unigue to the Sterculiaceae, in that ‘self’ gametes
are regjected through the non-fusion of nuclei within the embryo sac and ‘selfed’
flowers are then separated from the tree via floral abscission. This mechanism is
thought by some to be based on a sporophytic recognition reaction (Cope, 1958). In
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contrast, other workers believe there may be a gametophytic element involved at
recognition (Bouharmont, 1960). The use of mixed pollinations of compatible and
incompatible pollen has been used in other species with late-acting self-
incompatibility to generate selfed progeny (Bertin & Sullivan, 1988; Gribel &
Gibbs, 2002). In these experiments, both compatible and incompatible pollen and
pollen tubes were present at all stages from pollination to fertilisation. If the events
at the stigma could be separated from those that occurred inside the style and ovule,
this may provide some insight into the nature and site of the recognition reaction. In
addition, the results obtained may elucidate upon the signal that initiates abscission,
from either pollination, relative numbers of fusion and non-fusion ovules or
elsewhere. If sporophytic self-incompatibility is indeed operating in cocoa, the
rejection reaction will be initiated after recognition occurs on the stigma following
pollination. Physiological experiments have been undertaken to investigate the
recognition-rejection cascade in cocoa by manipulating pollination techniques using

‘killed’ pollen and other adaptations of classical mentor pollination approaches.

4.2 Materials and methods

4.2.1 Assessment of self- and cross- compatibility

A diallel comprising eleven selected genotypes was performed to select appropriate
individuals to act as elite female and male parents in subsequent crossing
experiments. The genotypes included in the diallel where chosen on the basis that
they were believed to be self-incompatible, i.e. Upper Amazon types (Table 4.1).
These included three sets of related clones to investigate cross-compatibility
reactions between members of the same founder population. In addition,
REDAMEL 1/27 was included as a potential mentor pollinator as the whole plant
has very dark colouration in the flush leaves, flowers and pods and is homozygous
for the dominant allele of a single gene that confers purple cotyledons. REDAMEL
1/27 is believed to be self-compatible although its compatibility as a pollen donor
needed to be assessed in the dialdl.
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Clone name Compatibility
AM 1/39 [POU] '
AM 1/8 [POU]
AM 2/43 [POU]

ICS43

PA 184 [PER]

PA 56 [PER]

PA 88 [PER]
REDAMEL 1/27

SCA 19
SCA 24 |
SCA 6

Table4.1 List of clonesincluded in pollination dialldl.

0.0 0.8V 0 0 v 0 K’

All of these trees were screened for self-compatibility and cross-compatibility using
the methods described in section 2.2 (2.2.1 and 2.2.2).

4.2.2 Pollination manipulation

Pollination was manipulated in various ways to test for the existence and timing of
any recognition of incompatible pollen by the maternal stigma, and to evaluate the

strength and timing of the associated rejection response.
4221 Pollen inactivation

Several experiments required the use of inviable pollen to act as an inductive trigger
for maternal recognition and rejection responses. The validity of this approach
depends largely on the similarity of the metabolic profile of inactivated (killed)
pollen to that of the untreated (viable) counterpart. Different strategies to inactivate
pollen will inevitably have differential effects on their metabolic profiles and so it
was necessary to assess several alternative methods of pollen inactivation. The aim
was to identify the procedure that was effective in rendering the pollen incapable of
germinating and yet unlikely to significantly change the chemical composition of
the grain. In this way, it was hoped that the pollen recognition substances would

largely remain intact and therefore retain functionality.
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In al of these experiments, SCA 24 and SCA 6 were used as maternal parents, with
SCA 24, SCA 6, and ICS 43 as pollen donors. Strategies used for pollen

inactivation are described below.

Chemical inactivation

Flowers to be used as pollen sources were taken from the tree, and sepals and petals
were removed. The remaining organs (stamens and gynoecium still attached to the
pedicel) were submerged in 500l of either 100% ethanol or cyclohexane for 1 min
before being transferred to a watch glass and placed on a slide warmer to dry. Once
dry, the stamens were removed and pollinations effected in the norma manner
(section 2.2.1).

Freeze inactivation

Three methods were employed to freeze inactivate pollen in dry ice. Flowers used

as pollen sources were removed from the tree and either:

1. placed indirect contact with the dry ice for 5 min;

2. petas and sepals removed, and remaining organs (stamens and
gynoecium attached to pedicel) placed inside a 1.5ml eppendorf tube and
covered in dry ice for 5-10 min; or,

3. placed inside a 15ml falcon tube and the tube covered in dry ice for 20

min.

After treatment, flowers thawed naturally to ambient temperature (~15°C). Stamens

were then removed and pollinations performed in the normal manner (section 2.2.1).

Freeze-thaw inactivation

Flowers were placed in a 15ml falcon tube and subjected to 5 cycles of freezing in

dry ice for 5 min, followed by thawing naturally to ambient temperature (~15°C) for
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5 min. Stamens were then removed and pollinations performed in the normal
manner (section 2.2.1).

Freeze-heat inactivation

Entire flowers were placed in a 15ml falcon tube and subjected to either 1, 3 or 5
cycles of freezing in dry ice for 5 min and heating in a water bath at 70°C for 5 min.
After treatment, flowers were removed and allowed to dry for 2-3 min. Stamens
were then removed and used for pollination (section 2.2.1).

Heat inactivation

Flowers were placed in a 15ml falcon tube and subjected to either:

1. 1,3 or5cyclesof heating in awater bath at 70°C for 5 min, and cooling
naturally to ambient temperature (~15°C) for 5 min;
2. 1 cycle of heating in a water bath at 70°C, 60°C, 50°C, 40°C, or 30°C

for 5 min and cooling naturally to ambient temperature (~15°C).

After treatment, flowers were removed and alowed to dry for 2-3 min. Stamens

were then removed and used for pollination (section 2.2.1).

42272 Pollen-kitt removal

Several experiments required the use of viable pollen from which any potential
signal from the pollen-kitt had been removed. The following protocol to remove the
pollen-kitt from around the pollen was adapted from that described by Doughty et
al., (1993).

SCA 24 and SCA 6 were used as maternal parents and SCA 24, CC 11, ICS 43, PA
88 [PER], AM 3/9 [POU], SCA 6, as pollen donorsin al pollinations.
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Between one and 10 flowers were taken from each pollen donor tree (numbers were
subject to availability on the day). All stamens were removed and placed inside a
1.5ml eppendorf tube. 500ul of cyclohexane was added and the tube agitated
gently. The cyclohexane-pollen mixture was subsequently removed from the tube
with a pipette and aiquoted into a Whatman VectaSpin Micro 0.45um
polypropylene filter column. The column was subjected to centrifugation at
13,000rpm for 2 min. Pollen was recovered from the filter by removing the top
section of the column using a razor blade to isolate the filter. Pollinations were
carried out with cyclohexane-washed pollen either by direct application of the filter
to the stigma; or by application of any stamens adhering to the surface of the filter
to the stigmatic surface. Pollen was thereby applied to the stigma until it could be

seen on the surface with the naked eye.

4.2.2.3 Crudeisolation of putative pollen coat signal

proteins/polypeptides

If the pollen-kitt indeed contains signal molecules that trigger a recognition cascade,
it was hoped that exogenous application of crude of pollen-kitt extracts may ‘ mask’
any incompatibility signal originating from viable pollen grains during pollination.
Crude pollen extracts were therefore isolated in a similar manner to that described
above (section 4.2.2.2), as adapted from Doughty et al., (1993).

Pollinations were performed using clones SCA 24 and SCA 6 as maternal parents
and SCA 24, CC 11, ICS 43, AND PA 88 [PER] as pollen donors.

Subject to availability on the day, between 20 and 40 flowers were removed from
the selected pollen donor tree. Stamens were detached and placed inside a 1.5ml
eppendorf tube. To this, 500ul of cyclohexane was added and the sample was
gently agitated for 2 min. The cyclohexane was decanted and dispensed into a
Whatman VectaSpin Micro 0.45um or 10um polypropylene filter column. The
column was centrifuged at maximum speed (13,000rpm) for 2 min. The
cyclohexane was then evaporated from the pollen coat extract by gradually dropping

the mixture onto a warm watch glass or cavity slide placed on a slide warmer. The
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residue remaining on the surface of the watch glass or cavity slide was re-suspended
in 100ul nanopure water by repeatedly flooding the surface using a pipette. Isolated

pollen coat proteins were stored at 4°C until use (maximum 3-4 d).

The staminodes were removed from all recipient flowers prior to the application of
coat extract to the stigmatic surface. Small aliquots of crude pollen extract (1ul)

were then carefully expelled over the surface of the stigma and style.

If subsequent pollinations were being carried out after this ‘pre-treatment’ with
pollen coat proteins, the stigma was allowed to dry at little (1-2 min) prior to the
application of viable pollen.

4224 Combined treatments

Pollinations using the above treatments were combined in some experiments. The
order in which pollen was applied to the stigma was the same in al replications.
Where combinations of cyclohexane-washed and intact, unwashed pollen were
applied to the same stigma, intact pollen was applied in the first instance and
washed pollen was applied subsequently. Where washed and inactivated pollen
were combined, killed pollen would be applied initially. Where pollination was
preceded by a pollen-coat pre-treatment, the crude pollen coat extract would be
applied and pollen deposited onto the stigma after 1-2 min in order to alow the

extract to dry.

4.2.2.5 Observations of pollen tube growth

Direct observations were made of pollen tube growth to assess the efficacy of
methods employed to inactivate pollen and to determine the effects of cyclohexane
washing on pollen viability. Various techniques of growing pollen in vitro were
attempted along with observations of pollen tube growth through the style of the

flower.
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|n vitro germination of pollen

Cocoa pollen has been reported to germinate in vitro in the standard culture medium
of Brewbaker & Kwack (1963) (10% sucrose, 100mg/l boric acid, 300mg/l calcium
nitrate, 200mg/l magnesium sulphate, 100mg/l potassium nitrate) (Anga et al.,
1992). Attempts were therefore made to apply this procedure using fresh pollen
from ICS 43 incubated in standard Brewbaker & Kwack (1963) medium at 20-25°C
whilst agitating gently at 50-80 oscillations/min for up to 4 hours. Composition of
the standard medium was varied by adjusting the sucrose concentration between 5-
12% (w/v). Fowers were also collected and enclosed in vials for 6 hours after
removal from the tree (Angja et al., 1992). These pollen samples were incubated
overnight in the medium of Brewbaker & Kwack (1963) (between 9-12% wiv

SuCrose).

Drop culture methods were also employed to assess pollen germinability. Here,
pollen was dispensed in Brewbaker & Kwack (1963) culture medium containing 9-

12% (w/v) sucrose in the following ways:

1. hanging drop — 50ul drop suspended from the lid of a nunc dish
containing moist filter paper and sealed with either Vaseline or 3M
micropore tape;

2. sitting drop - 50ul sitting in a cavity dide, inside a large Petri dish

containing moist filter paper.

Cultures were incubated overnight at 25°C and examined on a Leica MZ6 light

microscope at a magnification of x40.

Cheesman (1927) described successful germination of cocoa pollen when cultured
on agar (1.5% water agar with 5% cane sugar). A similar method was therefore
assesed in this study. In this case, the culture medium comprised 1% (w/v) water
agar with 5% sucrose + 100ppm boric acid. Pollen was carefully applied to the
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surface of the medium directly from the anthers. Plates were then incubated for 1-4
hours at 25°C.

Observations of pollen tube growth within the style

Pollinated flowers were fixed (see below) and then stained with aniline blue to

detect pollen tube growth within the style using the following protocol:

1. The gynoecium was dissected from the flower and fixed overnight in 3:1
ethanol: glacial acetic acid (v/v);

2. The gynoecium was removed from fixative and washed in 70% ethanol;

3. Tissue was softened in either 5% (w/v) sodium sulphite solution or 2M
sodium hydroxide overnight at room temperature;

4. Softening solution was rinsed from the tissue three times in Reverse
Osmosis-purified water (RO water), each time for 10 min;

5. The gynoecium was stained in decolourised aniline blue solution (0.1%
w/v aniline bluein 0.1M K3PO, potassium phosphate buffer) for 10 min;

6. Tissuewas briefly rinsed in RO water;

7. The style was dissected from ovary, mounted on a microscope slide in
35-40u Vectashield mounting medium (Vector Laboratories) and
squashed gently under a coverdlip;

8. Slides were viewed using a Reichert Polyvar 2 microscope under UV

incident light.

It was noted that the above treatment sometimes resulted in un-germinated pollen
grains being displaced from the stigmatic surface. In order to assess the proportion
of ungerminated grains, it was consequently necessary to immobilize ungerminated
grains to the stigmatic surface. This was achieved by applying a small drop of 1%
(w/v) water agar to the stigmatic surface prior to the fixing procedure to prevent

loose grains being washed away.
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4.2.3 Pater nity exclusion analysis by SSR-PCR

In order to assess the paternity of progeny generated during pollination experiments,

DNA was extracted from developing ovules and subjected to SSR-PCR.
4.2.3.1 DNA extraction

DNA was isolated using the DNeasy Plant Minikit or the DNeasy 96 Plant Kit
(Qiagen). Developing ovules were dissected out of the cherelles, placed into 1.5ml
eppendorf tubes and disrupted in lysis buffer (supplied as part of the kit) with a
3mm tungsten carbide bead (Qiagen) using a Retsch Mixer Mill MM 300 (Qiagen)
at 25Hz for 90s. This procedure was then repeated with the re-alignment of samples
in the mill to ensure even disruption of samples. Following disruption, the samples
were then taken through the rest of the DNA extraction protocol as given in the

manufacturers handbook (Appendix 2).
4.2.3.2 SSR-PCR

As part of extensive genetic mapping projects, a group of cocoa researchers in
CIRAD, France have developed a comprehensive set of SSR microsatellite markers
for Theobroma cacao (Lanaud et al., 1999, unpublished; Risterucci et al., 2000).
Microsatellite SSR (simple sequence repeat) markers are based on tandem repeats of
short motifs comprising of up five base pairs. They predominantly occur in non-
coding regions of the genome. The length of the SSR at a particular locus varies
between individuals, or even between homologues of the same individual in terms
of the number of repeats contained. The variable nature of SSRs between
individuals within the same species provides an ideal marker system for germplasm
management, genetic relatedness and for the comparison of like with like. Alleles
are inherited in a co-dominant fashion such that heterozygotes can be distinguished
from both alternative homozygous states. This feature makes the technique ideal for
the assignation of paternity.
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In SSR-PCR, polymorphisms are based on the production of amplicons (alleles) of
dightly different size. Primer pairs generate a single amplification product in
homozygotes (AA), and two products of differing size in heterozygotes (AB). The
costs associated with each analysis can be reduced by combining several SSR-PCRs
in a single multiplex reaction and fractionation. This requires that there is no
interference between primers, that primer annealing temperatures are compatible,
and that each primer pair yield products that can be differentiated either on the basis
of size range or by the use of different fluorescent labels. If these constraints to not
apply, primer pairs can be combined within a single multiplex PCR reaction
enabling faster and more economic processing. In this way, it was possible to

combine 14 different SSR primer pairsin two PCR reactions (Table 4.2).

Primer Primer Sequence Repeat Sequence Annealling = Flourescent

pair and allele sizes °C Label

mTcCIR6 | TTCCCTCTAAACTACCCTAAAT (TG)#(GA)13 46 NED
TAAAGCAAAGCAATCTAACATA 225-255

mTcCIR7 | ATGCGAATGACAACTGGT (GA)s 51 NED
GCTTTCAGTCCTTTGCTT 145-170

mTcCIR8 | CTAGTTTCCCATTTACCA (TC)sTT(TC), TTT(CT)s 46 HEX
TCCTCAGCATTTTCTTTC 275-315

mMTcCIR11 | TTTGGTGATTATTAGCAG (TO)ws 46 NED
GATTCGATTTGATGTGAG 280-325

mTcCIR12 | TCTGACCCCAAACCTGTA (CATA)N(TG)s 46 FAM
ATTCCAGTTAAAGCACAT 160-265

mTcCIR15 | CAGCCGCCTCTTGTTAG (TC)1o 46 HEX
TATTTGGGATTCTTGATG 225-268

mMTcCIR17 | AAGGATGAAGGATGTAAGAGAG (GT):N4(GA)1 51 EAM
CCCATACGAGCTGTGAGT 256-296

mTcCIR18 | GATAGCTAAGGGGATTGAGGA (GA)2 51 EAM
GGTAATTCAATCATTTGAGGATA 330-375

mMTcCIR24 | TTTGGGGTGATTTCTTCTGA (AG)s 46 NED
TCTGTCTCGTCTTTTGGTGA 170-215

mTcCIR25 | CTTCGTAGTGAATGTAGGAG (CDa 46 HEX
TTAGGTAGGTAGGGTTATCT 124-170

mTcCIR26 | GCATTCATCAATACATTC (TC)eC(CT)aTT(CTw 46 EAM
GCACTCAAAGTTCATACTAC 275-315

mMTcCIR33 | TGGGTTGAAGATTTGGT (TG)sTN(TG)s 51 NED
CAACAATGAAAATAGGCA 268-349

mTcCIR40 | AATCCGACAGTCTTTAATC (CA)2 51 HEX
CTTAAATGTTATGTGTATGC 247-287

mTcCIR60 | CGCTACTAACAAACATCAAA (TC)s(CA)1sCC(CA)s 51 NED
AGAGCAACCATCACTAATCA 188-214

Table4.2 SSR markersused in this project
From Lanaud et al.,1999, unpublished; Risterucci et al., 2000.

Multiplex PCR reactions were carried out using Qiagen Multiplex PCR Kit
according to the manufacturer’s instructions (see Appendix 3) with the addition of
Q solution. Reactions were carried out in 10ul volumes as follows:
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2ul  fresh nanopure water;

5ul  Qiagen mastermix;

1y primer mix (from 2 UM concentration);
1y Qsolution;

1yl DNA.

PCR reactions were performed using either an MJ Research PTC-100 Peltier
Thermal Cycler, or an Applied Biosystems Geneamp PCR System 2700. Both were
programmed to the following conditions: 15 min at 94°C, 35 cycles of (30 s at 94°C,
90 s at 46°C or 51°C, 2 min 15 sat 72°C), with 5 minfinal extension at 72°C.

Samples were diluted by between 1:10-1:20, depending on the strength of the
amplification product (assessed visualy following agarose gel electrophoresis,
section 5.2.4.1) and 1l aliquots of diluted product was transferred into a fresh tube
and submitted for fragment analysis to revea the size of the SSR products
generated.

4.2.3.3 Fragment analysis of SSR-PCR products

Samples were subjected to fragment analysis using anh ABI PRISM 3100 automated
sequencer (Applied Biosystems) operated as a research service by the School of
Animal and Microbial Sciences, University of Reading. Output trace data were
analysed using ABI PRISM Genotyper software version 3.7 NT (Applied
Biosystems).
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4.3 Results

4.3.1 Assessment of self- and cross-compatibility

The assessments of self- and cross-compatibility were carried out between March
1999 and February 2000, with the majority of pollinations being carried out during
the summer months of 1999. During this period, the tree AM 3.9 [POU] produced a
limited numbers of flowers and consequently the assessments of self-incompatibility
and of the cross-compatibility of this tree as a female parent, were not completed.
Problems were also experienced with the use of genotype REDAMEL 1/27, as the
flowers of this tree readily abscise after minimal disturbance. As a result, the
assessments of self-incompatibility and of cross-compatibility as a female parent on
this tree are also incomplete. The results of the self- and cross-incompatibility

screen of the remainder of the 11 selected genotypes are presented in Table 4.3.

The majority of types selected in the diallel as self-incompatible proved to be 100%
self-incompatible, with the exception of PA 184 [PER] where two out of 20
repeated self-pollinations had set fruit 14 days after pollination. Genotype pairings
ranged from 100% cross-compatible (e.g. PA 184 [PER] x SCA 24) to 100% cross-
incompatible (e.g. SCA 24 x AM 243 [POU]). Although the vast majority yielded
fruit in at least one of the reciprocal crosses, intriguingly there were notable
differences in some genotypes between the performance as a male and female
parent. Genotype AM 1.8 [POU] for example, failed to set any fruit when crossed
with all the other genotypes with the exception of AM 3.9 [POU] and yet as a male
parent, produced fruit in all crosses except with SCA 19. A similar pattern can be
observed more specifically between pairs of genotypes, for example, complete
cross-incompatibility operates between PA 88 [POU] x AM 1.8 [POU], and yet AM
1.8 [POU] x PA 88 [POU] is 80% cross-compatible. In addition, ICS 43 and AM
1.8 [POU] show 100% cross-incompatibility in one direction and 60% cross-
compatibility in the reverse. This is not observed in all crosses, however, as SCA
24 x AM 243 [POU] and SCA 19 x AM 1.8 [POU] are 100% cross-incompatible in
both directions (Table 4.3).
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Complete cross-incompatibility (100% failure to set fruit) was observed in a
relatively large number of crosses, as follows: AM 243 [POU] x ICS 43, AM 243
[POU] x PA 56 [PER], AM 243 [POU] x SCA 6, AM 243 [POU] x SCA 24, PA 56
[PER] x PA 88 [PER], PA 88 [PER] x AM 3.9 [POU], PA 88 [PER] x PA 56
[PER], SCA 19 x AM 1.8 [POU], SCA 19 x SCA 6, SCA 19 x SCA 24 and SCA 24
X AM 243 [POU] (Table 4.3). The high proportion of cross-incompatibility may be
due to the selection of self-incompatible types selected for this work.

The observation of incomplete self-incompatibility in PA 184 [PER] (10% fruit set,
Table 4.3) questions the extent to which the self-incompatibility system in cocoa
prevents rather than represses the production of ‘selfed’” progeny. Variability in the
strength of self-incompatibility was therefore surveyed across a wide range of 20
cocoa genotypes that had been reported as being self-incompatible (Wadsworth et
al., 1997). Whilst 11 of the 20 trees examined set no selfed seed, the remaining
nine trees produced 1-10 pods from 20 pollinations (Table 4.4). Interestingly, the
LCT EEN 37 group included two clones that set no fruit and two clones that set
only one out of 20. Genotype RIM 189 [MEX] showed the weakest self-
incompatibility reaction, with half of the self-pollinated flowers yielding fruits

Genotype Self-compatibility
BE 2 100% Sl
CBO 177 [VEN] 10% SC
cc11 | 100% Sl
EQX J[CHA] 100% Sl
LCT EEN 31 | 10% SC
LCT EEN 37/A 5% SC
LCT EEN 37/F 100% Sl
LCT EEN 37/G 5% SC
LCT EEN 37/I 100% Sl
LCT EEN 241 100% Sl
MXC 67 20% SC
P 10 [MEX] 100% Sl
PLAYA ALTA 2[VEN] 20% SC
RIM 21 [MEX] 100% Sl
RIM 39 [MEX] 100% Sl
RIM 189 [MEX] | 50% SC
SC1[7] 5% SC
SC3[7] | 100% Sl
UF 676 100% Sl
UF 677 20% SC

Table 4.4 Sdf-compatibility screening of 20 additional genotypes
Sl = self-incompatible, SC = self-compatible.
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(Table 4.4).

4.3.2 Pollen inactivation

A wide range of in vitro pollen germination procedures were applied to viable
pollen grains in order to identify suitable methods for assessing the success of the
pollen inactivation treatments (for a list of in vitro pollen germination techniques
evaluated see section 4.2.2.5). Despite many attempts, cocoa pollen consistently
failed to germinate in vitro in the media described by Brewbaker & Kwack (1963).
Limited success was achieved by culturing pollen on 1% w/v water agar containing
5% sucrose, although percentage germination was too variable between replicate
attempts to serve as areliable indicator of pollen inactivation. The most consistent
assessment of cocoa pollen germination was achieved by direct observation of
pollen tube growth through the stylar tissues (Figure 4.1 i and ii). For this reason,
efficacy of inactivation techniques were evaluated through pollination based
assessment, direct observation of tube growth after staining the stylar tissues with

aniline blue (section 4.2.2.5) or else by fruit set.

4321 Chemical inactivation

Excessive losses of pollen grains during the various washing steps rendered all
chemical protocols for pollen inactivation as unsatisfactory. Indeed, there was
always insufficient pollen remaining in the anther following treatment with both
ethanol and cyclohexane based methods, to effect a successful pollination on any

flower.

4.3.2.2 Freezeinactivation

The quantity of recoverable pollen was greatly improved when pollen was freeze
inactivated by direct contact with dry ice. Flowers placed in contact with the dry ice
were very difficult to manipulate once defrosted however, and pollen was therefore

often lost in the subsequent process of stamen removal. The greatest quantity of
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Figure4.1 Pollen tube growth through stylar tissues.

i andii: live, untreated pollen grains germinating normally. Bar = 150um (i), 60 pm (ii). iii and iv:
freeze-thaw inactivated pollen. Bar = 60um (iii), 24um (iv). v and vi: freeze-heat inactivated
pollen. Bar = 60um.
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recoverable pollen was achieved by placing intact flowers inside a 15ml falcon tube
that was then encased in dry ice for five minutes. This treatment provided the least
disturbance to the flower and the levels of pollen recovery were sufficient to
perform pollinations. Both compatible and incompatible pollen were treated in this
way and applied to flowers. Ten replications of each treatment were carried out
using SCA 24 as both the female parent and incompatible pollen source, and ICS 43

as the compatible pollen source.

As expected, no fruit was set in unpollinated flowers, or in the treated or untreated
incompatible pollen (Table 4.5). However, there was no reduction in fruit set
observed following compatible pollination with pollen had been freeze-treated in
dry ice (Table 4.5).

Treatment Fruit set %
unpollinated 0
compatible 60
incompatible 0
compatible inactivated 80
incompatible inactivated 0

Table4.5 Resultsof freeze inactivation of pollen.
Percentage fruit set from ten replications.

4.3.2.3 Freeze-thaw inactivation

Five cycles of rapid freezing and thawing for 5 min duration each, were applied to
pollen of ICS 43. This pollen was then used to pollinate flowers of SCA 24 and
SCA 6. Twenty-four hours after pollination, flowers were removed and fixed, and
the style subsequently stained with aniline blue to observe pollen germination and
pollen tube growth (section 4.2.2.5).

Observations made under UV excitation show the germination of some pollen
grains and progression of the pollen tubes through the stylar tissue (Figure 4.1 iii
and iv). This was taken to indicate that cycles of rapid freezing and thawing are

insufficient to inactivate pollen of Theobroma cacao.
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4324 Freeze-heat inactivation

Pollen of ICS 43 was subjected to 5, 3 or 1 cycle(s) of rapid freezing in dry ice and
heating to 70°C for 5 min duration each. This pollen was then used to pollinate
flowers of SCA 24 and SCA 6. Twenty-four hours after pollination, flowers were
removed and fixed, and the style subsequently stained with aniline blue to observe

pollen germination and pollen tube growth (section 4.2.2.5).

Observations made under UV indicated the presence of ungerminated pollen grains
only on the stigma and style (Figure 4.1 v and vi) across all replicates,
demonstrating that the addition of heat treatment had inhibited pollen germination
(Table 4.6).

No. of cycles Female genotype Pollen germination
5 SCA 6 none
5 SCA 24 none
3 SCAG6 none
3 SCA24 none
1 SCAG6 none
1 SCA 24 none

Table 4.6 Results of cycles of freeze-heat inactivation of pollen.

4.3.25 Heat inactivation

Given the apparent success of the freeze-heat inactivation techniques, and the
failure of freeze-only treatments to inactivate pollen germination in Theobroma
cacao, investigations were made into the effect of various heating regimes to

identify the least severe treatment required to prevent germination.

Various heating regimes were applied to pollen of ICS 43, which was then used to
pollinate SCA 24 or SCA 6 flowers on the tree, or else detached flowers supported
in 1% w/v water agar. Twenty-four hours after pollination the flowers were fixed
and stained with aniline blue to assess rates of pollen germination.

109



Recognition of self

Visualisation of pollen tube growth under UV excitation showed the presence of
pollen tubes in all treatments below 70°C (Figure 4.2 i and ii) but that one heat
treatment of 5 min duration at 70°C is sufficient to prevent germination in 100% of
pollen grains (Table 4.7, Figure 4.2 iii and iv). This method of pollen inactivation
was therefore taken forward for use in further experiments investigating the

signalling effects of pollination and pollen tube growth.

Treatment Female genotype Pollen germination
5 cycles: heat 70°C, 5 min, cool, 5 min SCA 24 none
5 cycles: heat 70°C, 5 min, cool, 5 min SCA 6 none
3 cycles: heat 70°C, 5 min, cool, 5 min SCA 24 none
3 cycles: heat 70°C, 5 min, cool, 5 min SCA 6 none
1 cycle: heat 70°C, 5 min, cool, 5 min SCA 24 none
1 cycle: heat 70°C, 5 min, cool, 5 min SCA 6 none
1 cycle: heat 60°C, 5 min, cool, 5 min SCA 24 | < 10%
1 cycle: heat 60°C, 5 min, cool, 5 min SCA 6 < 10%
1 cycle: heat 50°C, 5 min, cool, 5 min SCA 24 | + 30%
1 cycle: heat 50°C, 5 min, cool, 5 min SCA 6 + 30%
1 cycle: heat 40°C, 5 min, cool, 5 min SCA 24 + 100%
1 cycle: heat 40°C, 5 min, cool, 5 min SCA 6 + 100%
1 cycle: heat 30°C, 5 min, cool, 5 min SCA 24 + 100%
1 cycle: heat 30°C, 5 min, cool, 5 min SCA 6 + 100%

Table 4.7 Resultsof cyclesof heat inactivation of pollen

4.3.3 Pollination manipulation experiments

The results from these preliminary experiments (section 4.3.1 and 4.3.2) were used
as the basis for more detailed investigations into the recognition reaction of self-
incompatibility in cocoa. A series of experiments were carried out to investigate the
effects of the presence of pollen on the stigmatic surface without the growth of
pollen tubes through the stylar tissue. The aim here was to screen for evidence of a
pollen recognition-reaction cascade arising from the point of contact between pollen
and maternal tissue. In addition, attempts were made to remove the recognition
substances from the surface of pollen grains to investigate whether such a cascade
could be manipulated by the removal of the most likely source of potential signal
(i.e. the pollen-kitt). Attempts were also made to remove the possible recognition

substances of the pollen of one genotype and replace it with that of another.
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Figure 4.2 Pollen tube growth through stylar tissues.
i: 30°C heat treated pollen. ii: 50°C heat treatment. iii and iv: 70°C heat treated pollen. v and vi:
cyclohexane washed pollen. Bar = 60um .
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4.3.3.1 Pollination with inactivated pollen

Twenty replicate flowers of SCA 24 and SCA 19 were pollinated with heat
inactivated (70°C for 5 min) compatible (ICS 43, PA 88 [PER] and PA 56 [PER])
and incompatible (self) pollen during April and May 2002. Separate flowers were
pollinated with untreated compatible and incompatible (self) pollen as positive
controls. Abscission of flowers following pollination (indicating an incompatible
response) was recorded every 12 hours.

Abscission occurring (hours after pollination)
Treatment SCA 24 SCA 19
unpollinated 73.8 (£ 39.8) 52.5 (£ 17.9)
compatible no abscission no abscission
incompatible 117 (£ 38.9) 90 (£ 55.6)
compatible inactivated 69.6 (+ 28.5) 48 (£ 37.4)
incompatible inactivated 64.8 (= 14.8) 36 (+ 24)

Table 4.8 Results of pollinations with inactivated pollen
Time to abscission recorded as a mean of 20 replicates for SCA 24 and amean of 8 replicates for
SCA 19, with the standard deviation.

As expected, flowers pollinated with compatible pollen did not abscise and fruit
development was initiated. Flowers pollinated with incompatible pollen abscised
considerably later (5 days after pollination with SCA 24) than unpollinated flowers
(3 days, Table 4.8). Flowers pollinated with inactivated pollen were seen to abscise
over a timescale that is more similar that seen in unpollinated flowers than in
flowers pollinated with untreated pollen (Table 4.8). Indeed, statistical analysis of
the data for SCA 24 (using a t-test algorithm) show no significant difference
between the abscission times of unpollinated flowers and those pollinated with
either inactivated compatible or inactivated incompatible pollen (Table 4.9). The
difference in time to abscisson between flowers pollinated with untreated
incompatible pollen, and with both unpollinated flowers and those pollinated with
inactivated pollen is highly significant (Table 4.9). In contrast, the dataset for SCA
19 contains too few replicates to show the same correlation, with most results
showing no significant difference (Table 4.9). Nevertheless, the inactivated
incompatible pollen aso abscised noticeably more quickly than the untreated

incompatible pollen of this genotype.
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t-statistic and probability score
SCA 24 incompatible compatible incompatible
inactivated inactivated
unpollinated t(38): -3.473 t(38): 0.384 t(33) = 0.949
P=0.001 P=0.703 P=0.348
* ns ns
incompatible t(3g): 4.395 t(gg): -5.609
P=8.61""° P=196"°
*k %k *k %k
compatible tzg= 0.669
inactivated P=0.507
ns
SCA 19
unpollinated t(14): -1.697 t(14): 0.287 t(14): 1.457
P=0.111 P=0.778 P=0.167
ns ns ns
incompatible taa= 1.657 taa= 2.358
P=0.199 P=0.033
ns *
compatible tae= 0.714
inactivated P=0.487
ns

Table 4.9 t-statistics and probability scores of abscission time following pollination with
inactivated pollen.

Confidence limits: ns = no significant difference, * = 95% confidence of a significant difference, **
= 99% confidence, *** = >99% confidence.

4.3.3.2 Pollination with cyclohexane ‘washed’ pollen

Twenty replicate flowers of SCA 24 were pollinated with compatible (PA 88
[PER]) and incompatible (self) pollen ‘washed’ with cyclohexane to remove the
pollen-kitt and putative recognition substances from the exine (section 4.2.2.2).
Additional flowers were pollinated with untreated compatible and incompatible
pollen as positive controls. These experiments were carried out during May, June
and July 2002. The abscission of flowers following pollination was monitored

every 12 hours.

Treatment Abscission occurring
(hour s after pollination)
unpollinated 63.6 (£ 17.8)
compatible | no abscission
incompatible 925 (+ 46.4)
compatible washed 61.8 (+ 32.2)
incompatible washed 58.2 (£ 19.9)

Table 4.10 Results of pollinationswith cyclohexane ‘washed’ pollen on SCA 24.
Time to abscission recorded as a mean of 20 replicates with the standard deviation.
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Flowers pollinated with washed pollen appear to abscise according to a timescale
more similar to that of unpollinated flowers rather than that of flowers pollinated
with untreated pollen (Table 4.10).

confirm that pollination with cyclohexane ‘washed’ compatible and incompatible

Statistical analyses using a t-test algorithm

pollen induces abscission over a timescale that is indistinguishable from that of
unpollinated flowers (Table 4.11).
pollinated flowers is significantly different to the other three treatments (Table
4.11).

Conversely, the abscission of incompatibly

As part of this experiment, abscised flowers were retained and fixed, and subjected
to aniline blue staining (section 4.2.2.5). Observations under UV excitation
revealed that pollen ‘washed” with cyclohexane was not germinating on the

stigmatic surface (Figure 4.2 v and vi).

The lack of pollen tube growth through the stylar tissue throws light on the
“unpollinated’ response seen in the flowers pollinated with washed pollen, similar to

that seen in flowers pollinated with heat-inactivated pollen.

t-statistic and probability score
SCA 24 incompatible compatible incompatible
washed washed
unpollinated t(3g)= -2.599 t(38): 0.219 t(38): 0.901
P=0.013 P=0.828 P=0.373
* ns ns
incompatible tag= 2.432 tzs= 3.037
P=0.019 P=0.004
* * %
compatible tg= 0.425
washed P=0.673
ns

Table 4.11 t-statistics and probability scores of abscission time following pollination with
cyclohexane ‘washed’ pollen.

Confidence limits: ns = no significant difference, * = 95% confidence of a significant difference, **
= 99% confidence, *** = >99% confidence.

4.3.3.3 Combined treatments

The possibility that germination failure following heat treatment may be different
from that caused by pollen washing means that there may be scope for mutual

compensation. For this reason, combinations of pollination treatments described
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above were applied to flowers of the self-incompatible clones SCA 24 and SCA 6.
In addition, the procedure for the removal of pollen coat proteins from the surface of
pollen grains using cyclohexane was extended to enable the recovery of crude
isolations of pollen coat proteins. In some experiments, these isolated coat proteins
were applied to the stigmatic surface prior to pollination with the intention of
‘masking’ the signal from the pollen and atering the outcome of the pollination

event.

Heat-inactivated and cyclohexane-washed pollinations

In the first series of combined treatments, flowers of SCA 24 were removed from
the tree and supported in vitro in 1% water agar. These flowers were pollinated
with combinations of compatible (PA 88 [PER]) and/or incompatible (self) pollen
that had been either cyclohexane washed or heat inactivated. Twenty-four hours
after pollination, the flowers were fixed and stained with aniline blue to observe

pollen germination and pollen tube growth.

Cyclohexane-washed and heat-inactivated pollen consistently failed to germinate on
the stigma when applied separately. The combination of the two types of treated
pollen on the same stigma, however, resulted in pollen germination (Table 4.12).
The proportion of germination seen (35-50%) appears indicative of only one pollen
type germinating on the stigma, i.e. either heat inactivated or cyclohexane washed,
or else of the combination of pollen providing only a partial capacity to restore

pollen function.

Treatment Pollen germination

compatible washed and

compatible inactivated + 40%
compatible washed and
incompatible inactivated + 35%
incompatible washed and

compatible inactivated + 40%
incompatible washed and

incompatible inactivated + 50%

Table4.12 Resultsof combined pollination with inactivated and washed pollen in vitro
Six replicates of each treatment carried out on SCA 24.

115



Recognition of self

This combination of treatments was repeated in planta to determine whether only
one type of pollen is germinating, and by reference to offspring to identify, which
pollen treatment(s) has restored viability. Heat-inactivated and cyclohexane-washed
compatible (PA 88 [PER]) and incompatible (self) pollen were applied to the same
stigma of flowers of SCA 24 during September 2002. A reduced set of treatments
were repeated on SCA 6 during February 2003.

Abscission occurring (hours after pollination)
Treatment SCA 24 SCA 6
unpollinated 61.3 (£ 20.5)
compatible no abscission
incompatible 116 ( 49.6) 106.4 (£ 43.5)
compatible inactivated 70.7 (= 31.3)
compatible washed 4.5% fruit set
compatible inactivated 64.4 (£ 40.0) 54.3 (£ 33.8)
incompatible washed 4.5% fruit set 36% fruit set
incompatible inactivated
compatible washed 72 (£ 42.3)
incompatible inactivated
incompatible washed 63.6 (£ 23.7)

Table 4.13 Results of combined pollination treatments of heat inactivated and cyclohexane
washed pollen.

Time to abscission recorded as a mean of 20 replicates for SCA 24, 22 replicates for SCA 6 controls
(incompatible) and 30 replicates for the SCA 6 combined treatment, with standard deviation.

Fruit was set on both trees following combined pollinations of compatible heat-
inactivated pollen with compatible and incompatible ‘washed’ pollen (Table 4.13).
The combination of compatible heat-inactivated and compatible ‘washed’ pollen
succeeded in setting fruit (Table 4.13), as would be expected since the in vitro
experiment above predicted compatible pollen grains of at least one type would be
germinating on the stigma. The production of fruit following pollination with
compatible heat-inactivated and incompatible ‘washed’ pollen indicates that one of
two processes is occurring. Either, the heat-inactivated compatible pollen is able to
germinate on the stigma in the presence of other pollen grains or, the presence of
intact pollen coat proteins on the compatible heat-inactivated pollen are allowing the
incompatible ‘washed’ grains to germinate. If the latter is true, then it follows that
the pollen coat proteins of the compatible pollen must also be providing a
compatible signal to the flower to prevent abscission and to activate zygote and

endosperm formation. The combination heat inactivated and cyclohexane washed
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t-statistic and probability score
SCA 24 compatible compatible incompatible | incompatible
incompatible inactivated inactivated inactivated inactivated
compatible incompatible compatible compatible
washed washed washed washed
t(3s)= -3.752 t(33)= -1.164 t(39)= -0.057 t(gg)z -0.948 t(4o)= -0.478
unpollinated P =0.0005 P=0.251 P=0.955 P=0.349 P=0.635
*x ns ns ns ns
tze)= 2.815 tz9= 3.244 tz9= 2.596 o= 3.603
incompatible P=0.007 P =0.002 P=0.013 P =0.0008
* %k * % * * %k
Compatible t(3g)= 0.815 t(gg)z -0.010 t(4o)= 0.772
inactivated P=0.419 P=0.991 P=0.445
compatible ns ns ns
washed
compatible tuo= -0.734 tuy= -0.274
inactivated P=0.467 P=0.785
incompatible ns ns
washed
incompatible tuy= 0.683
inactivated P=0.524
compatible ns
washed
SCA 6
incompatible tun= 4.432
P =556
*k*k

Table 4.14 t-statistics and probability scores of abscission time following pollination with
combinations of compatible and incompatible heat inactivated and cyclohexane washed pollen.
Confidence limits: ns = no significant difference, * = 95% confidence of a significant difference, **
= 99% confidence, *** = >99% confidence.

incompatible pollen failed to yield fruit (Table 4.13), therefore suggesting that
incompatible pollen is not germinating, or that the processes involved in flower

abscission is uncoupled from that |eading to restored pollen germination.

Statistical analyses of the abscission data from this set of combined treatments do
not provide any information on the source of the germinating pollen. Flowers that
abscised following pollination with those combinations that did set fruit showed no
delay in abscission comparable to that seen following an incompatible pollination as
no significant differences are seen in abscission in the treated flowers from the
unpollinated flowers (Table 4.14).

The identity of the pollen type with restored germinability was tested by paternity
analysis of the seed produced in the mixed treatments, after the cherelles had been
allowed to develop for three months. However, the presence of numerous fruit on
SCA 6 (11 intotal) resulted in the physiological wilt of some cherelles prior to three

months duration (Table 4.16). These cherelles were removed from the tree at the
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Mater nal genotypes Paternal genotype |
Marker SCA 6 SCA 24 PA 88 [PER]
mTcCIR 6 225 229 229
229 237
mTcCIR 7 158 158 158
mTcCIR 8 288 289
304
mTcCIR 11 300 300 308
314
mTcCIR12 209 209 199
213
mTcCIR 17 272 272 273
mTcCIR 18 342 342 344
346
mTcCIR 24 185 192 185
193
mTcCIR 25 133 135 129
153 152
mTcCIR 26 281 293 302
293
mTcCIR 33 271 271 273
281 285
mTcCIR 40 258 258 278
281
mTcCIR 60 194 203 190
211

Table4.15 SSR markersused and allele sizes (bp) for parental genotypes used in the paternity
analysis.

first signs of necrosis and the ovules were dissected from the pod and stored at -
20°C. DNA was extracted from all the resultant ovules (section 4.2.3.1) and these
samples were then subjected to paternity analysis by SSR-PCR (section 4.2.3.2).

Of the 13 SSR markers applied to parental and ovule DNA during the assessment of
paternity, 11 were polymorphic between the maternal and paternal genotype, and 10
were polymorphic to more than one base pair between maternal and paternal
genotypes (Table 4.15). Visualisation of the resultant PCR products following
fragment analysis on an ABI PRISM 3100 automated sequencer enabled the
polymorphisms between the parental genotypes to be examined. Detection of
alleles within the ovule DNA that are the same size as those seen only in the
potential paternal parent PA 88 [PER] indicates that out-crossing has occurred. For
example, trace data for ‘Pod 5 18Sept02’ indicate that alleles of 198bp can be
detected in the traces of Ovules 1-4 from the SSR marker mTcCIR 12. This pesk is
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absent in the trace data for the maternal genotype SCA 24, but present in the
compatible pollen genotype PA 88 [PER] (Figure 4.3). Similarly, the data for SSR
marker mTcCIR 26 indicates an allele of 302bp present in Ovule 2. This aleleis
also unique to the compatible pollen genotype PA 88 [PER] (Figure 4.3). The
paternal parent of ovules 1-4 is thus assumed to be PA 88 [PER]. Where no PA 88
[PER] alleles can be detected, ovules may be assumed to be the result of selfing.
Trace data indicate that out-crossed alleles can be detected within the DNA of some

of the ovules generated from these combined pollination treatments (Figure 4.3)

Tree Cherélle Age (days after No. of No. of ovuleswhere out-
pollination) ovules crossed alleles detected
SCA 24 Pod 5 18Sept02 90 24 24 (100%)
SCA 6 Pod 2 18Feb03 43 30 2 (6%)
SCA 6 Pod 2a 19Feb03 71 6 0
SCA 6 Pod 2b 19Feb03 83 14 11 (78%)
SCA 6 Pod 2a 21Feb03 62 53 0
SCA6 | Pod2b21Feb03 | 81 | 56 | 37 (66%)
SCA 6 Pod 2c 21Feb03 81 62 50 (80%)
SCA6 | Pod2a26Feb03 | 44 | 16 | 7 (44%)
SCA 6 Pod 2b 26Feb03 49 37 0
SCA 6 Pod 2c 26Feb03 56 51 1 (2%)
SCA 6 Pod 2d 26Feb03 64 68 0
SCA 6 Pod 2e 26Feb03 76 42 18 (43%)

Table4.16 Paternity analysis of ovules using SSR-PCR

The results of the paternity analysis of the ovules generated during this experiment
indicate that the majority of cherelles show some degree of out-crossing. The
number of ovules where out-crossing can be detected appears to be correlated to the
number of days after pollination the cherelle was removed from the tree, as only
ovules more than 80 days old show more than 50% out-crossing. In addition, all the
ovules that appear to be ‘selfs as no out-crossing is detected, are less than 65 days
old (Table 4.16).

It is important to determine whether these apparent trends arise from an inability to
detect endosperm or zygotic tissue by SSR-PCR or from a biological propensity to
arrest the development of ‘selfed’ pods. For this reason a series of out-crossed pods
of the compatible genotype pairing SCA 6 x PA 88 [PER] were generated and
allowed to develop for 20, 30, 40, 50, 60 and 70 days after pollination. Cherelles

were removed from the tree, ovules dissected out and DNA extracted (section
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4.2.3.1). Paternity analysis of these ovules was carried out as previously described
(section 4.2.3.2).

The detection of out-crossing in developing ovules appears to be directly related to
the age of the ovule. Up to 40 days after pollination, the zygote will remain
unicellular. Thus the developing endosperm, containing a 2:1 ratio of maternal to
paternal DNA, will be the only tissue growing at this stage in ovule development
containing paternaly inherited alleles. As DNA was extracted from the entire
ovule, any paternal DNA will be largely outnumbered by materna DNA from
within the ovule and from the sporophytic tissues of the ovule wall. It is not until
embryo development has been underway for 30-40 days that out-crossed paternal
DNA can bereliably detected by PCR in cocoa ovules.

These results (Table 4.17) therefore imply that all the pods generated from the
combined pollination of heat inactivated compatible pollen and cyclohexane washed
incompatible pollen (Table 4.16) derive from out-crossed pollination and therefore
that heat inactivated pollen is germinating in the presence of ‘washed’ pollen grains.

Following these results, the efficacy of heat inactivation of pollen was further tested
using compatible (PA 88 [PER]) pollen, heat inactivated at 60°C and 70°C for 5min,

Age (days after No. of ovuleswhere out-
pollination) crossed alleles detected
20 0
30 0
40 0
50 | 0
60 10%
70 | 60%
80 85%

Table4.17 Paternity analysis of out-crossed ovules of variable age

applied to the stigma of flowers of SCA 6 and SCA 24. Thirty replicates of each
treatment were carried out in April and May 2003 and no fruit setting was observed.
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Pollen ‘masking’ pollinations

Further combinations of pollination treatments were carried out using crude
isolations of pollen-coat proteins, and cyclohexane-washed pollen with the intention

of “masking’ the pollination signal of one type of pollen with that of another.

In the first series of pollen ‘masking’ experiments, stigmas in flowers of SCA 24
were pre-treated with either compatible (PA 88 [PER]) or incompatible (self)
pollen-coat protein extracts, and pollinated with cyclohexane washed compatible or

incompatible pollen during September 2001.

Treatment Abscission occurring
(hour s after pollination)
unpollinated 57.6 (£ 22.9)
compatible no abscission
incompatible 129.6 (+ 43.9)
compatible PCP with 67.7 (£ 28.2)
washed incompatible and 6% fruit set
incompatible PCP with 66.9 (£ 32.9)
compatible washed and 6% fruit set
compatible PCP only 60 (£ 13.9)
incompatible PCP only 72 (£ 24.0)
water only | 72 ( 31.3)

Table 4.18 Results of combined pollination treatments of pollen-coat pre-treatment (PCP) and
cyclohexane washed pollen on SCA 24.
Time to abscission recorded as a mean of 15 replicates with the standard deviation.

Rather surprisingly, fruit was set in both combined treatments (compatible PCP with
incompatible washed and incompatible PCP with compatible washed) (Table 4.18).
This led to a closer examination of the pollen-coat protein isolation procedure. The
use of 10um mesh filter columns to separate the pollen coat extract and pollen
grains was found to be insufficiently fine to completely prevent pollen grain
transmission into the extract. The experiment was therefore terminated after only

15 replicates were completed.

Interestingly, however, flower abscission times in all pollen-coat protein treatments
were indistinguishable from unpollinated flowers and significantly faster than
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t-statistic and probability score
SCA 24 compatible incompatible
incompatible PCP + PCP + compatible incompatible water only
washed washed PCP PCP
incompatible compatible
t(zg): -5.447 t(gn: -1.027 t(27): -0.853 t(gg): -0.336 t(zg): -1.626 t(lg): -1.049
unpollinated P=2816""° P=0.313 P=0.401 P=0.739 P=0.115 P=0.308
el ns ns ns ns ns
t(27): 4.328 t(27): 4.180 t(zg): 5.662 t(gg): 4.311 t(15): 2.576
incompatible P =0.0002 P =0.0003 P=457"¢ P =0.0002 P=0.019
*k*k * k% *k*k * k% * %
compatlble t(za): 0.071 t(27): 0.912 t(27): -0.426 t(17): -0.268
PCP + washed P=0.944 P=0.370 P=0.673 P=0.792
incompatible ns ns ns ns
incompatible t(27): 0.713 t(27): -0.466 t(17): -0.287
PCP + washed P=0.482 P=0.64 P=0.778
compatible ns ns ns
t(zg): -1.620 t(lg): -1.118
compatible P=0.116 P=0.278
PCP ns ns
t(lg): 0.000
incompatible P=1
PCP ns

Table 4.19 t-statistics and probability scores of abscission time following pollen-coat protein
pre-treatment and pollination with cyclohexane ‘washed’ pollen.

Confidence limits: ns = no significant difference, * = 95% confidence of a significant difference, **
= 99% confidence, *** = >99% confidence.

incompatibly pollinated flowers (Table 4.19). Consequently, a reduced set of
treatments were repeated using 0.45um mesh filters to prepare the pollen-coat
extract. These treatments were carried out on SCA 6 using PA 88 [PER] as the
compatible pollen donor, during August 2003 (Table 4.20).

Flowers pre-treated with compatible pollen-coat proteins and pollinated with
washed incompatible pollen abscise over a time period similar to that of
unpollinated flowers (Table 4.21, t-test p < 0.1). The analyses of both sets of data
identify incompatibly pollinated flowers producing significantly lengthened

Treatment Abscission occurring
(hour s after pollination)
unpollinated 46.2 (£ 21.4h)
compatible no abscission
incompatible 96 (£ 45.4h)
compatible PCP with
washed incompatible 53.3 (£ 30.8h)

Table 4.20 Results of combined pollination treatments of pollen-coat pre-treatment (PCP) and
cyclohexane washed pollen on SCA 6.

Time to abscission recorded as a mean of 20 replicates for controls (unpollinated, compatible and
incompatible) and 50 replicates for the combined treatment (compatible PCP with washed
incompatible) with the standard deviation.
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t-statistic and probability score
SCA 6 incompatible compatible PCP with
washed incompatible
unpollinated tze= -4.436 teg= 0.939
P =7.59'0° *** P=0.350ns
incompatible tg= 4.551
P=2.26"°***

Table 4.21 t-statistics and probability scores of abscission time following pollen-coat protein
pre-treatment and pollination with cyclohexane ‘washed’ pollen.

Confidence limits: ns = no significant difference, * = 95% confidence of a significant difference, **
= 99% confidence, *** = >99% confidence.

abscission times compared to unpollinated flowers or washed incompatible pollen
with compatible pollen-coat protein extract (Table 4.19, 4.21). Thus, there was no
evidence of a signal to delay or to prevent abscission arising from the pollen-coat
protein extract.
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4.4 Discussion

Investigations into the sporophytic nature of the self-incompatibility reaction in
cocoa presented here have produced some interesting results. The pollination diallel
carried out to assess self- and cross-incompatibility in selected genotypes (Table
4.3) demonstrates that cross-compatibility relationships are affected by the direction
of the cross. For example, complete cross-incompatibility operates between PA 88
[PER] x AM 1.8 [POU], whereas AM 1.8 [POU] x PA 88 [PER] is 80% cross-
compatible. A similar relationship can be seen between ICS 43 and AM 1.8 [POU],
showing 100% cross-incompatibility in one direction and 60% cross-compatibility
in the reverse. This pattern is not seen in all crosses, although instances such as
SCA 24 x AM 243 [POU] and SCA 19 x AM 1.8 [POU] where 100% cross-
incompatibility occurs in both directions, appears to be the exception rather than the
rule. The presence of such variation in cross-compatibility between genotypes may
be indicative of different allelic genetic hierarchies operating in the femae
determinant (e.g. stigma) and male determinant (e.g. pollen-coat proteins).
Certainly, similar relationships have been noted in other sporophytic systems, most
notably in the Brassicas (Hatakeyama et al., 1998). In such instances, the
expression and recognition of self differs depending on the direction of the cross
because the order of allelic dominance in the stigma is different from that in the

pollen.

The operation of alelic hierarchies can only occur in diploid structures and thus can
only operate between the tissues of the sporophyte or those of sporophytic origin.
The appearance of these hierarchy relationships between genotypes of cocoa would

imply that the self-incompatibility reaction isindeed sporophytically expressed.

Investigations into methods for the inactivation of pollen in this study have
demonstrated a resistance of cocoa pollen to ultralow temperatures. Rather
surprisingly, pollen treated using dry ice (-78.5°C) germinates normally when
applied to the stigma. Pollinated flowers were not allowed to develop into fruit,
however, and so the efficacy of the male gametes within the pollen grains is
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untested. With further investigation however, these results do suggest that there are
opportunities for the safe movement of disease-free germplasm as cryopreserved
pollen, and may even enable the treatment of pollen with ultra-low temperature to

remove the presence of fungal spores from the viable plant tissues.

The pollination experiments carried out here have clearly indicated that
incompatibly pollinated flowers delay floral abscission when compared to
unpollinated flowers. Both unpollinated flowers and flowers pollinated with
inactivated pollen that does not germinate, abscise from the tree on average, up to
74 hours (3 days) after pollination. Incompatibly pollinated flowers remain on the
tree for up to a further 43 hours (~2 days) and abscise on average up to 117 hours
(~5 days) after pollination. These results are consistent with asignal at or soon after
pollination to delay floral abscission. This hypothesis is supported by the work of
Baker et al., (1997) who identified the presence of two hormonal fluctuation in the
flowers following pollination: one approximately 8 hours after pollination, and

another at 24 hours after pollination.

The signal to delay abscission immediately following pollination could be derived
from a number of processes or actions. Pollen grains require the uptake of water
from the stigma in order to re-hydrate and germinate. As both compatible and
incompatible pollen grains successfully germinate in cocoa there does not appear to
be an allele specific reaction associated with re-hydration as is thought to occur in
the Brassica system (Ikeda et al., 1997; Stone et al, 2003). Nevertheless, an initial
interaction of this kind could start a signal cascade that eventually leads to a delay
floral abscission and allow both compatible and incompatible grains to germinate
and enter the ovary. Equally, the signal to delay may equally be initiated by the
penetration of pollen tubes through the stigmatic cells or as they enter the stylar
canal. If thissignal is allele specific and sporophytic then the protein that mediates
the signal, or the mRNA giving rise to it, must persist from the paternal sporophyte.
Such a signal could equally be a physiological one based on the presence of pollen
tubes alone and may not indeed be related to self-incompatibility. Evidence from
Baker, et al., (1997), however, indicates differential responses in endogenous levels
of ethylene, auxin and abscisic acid following compatible and incompatible

pollinations, implying the existence of allele specific reaction at this point.
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The presence of ungerminated grains on the stigma of flowers following pollination
with both heat-inactivated and cyclohexane-washed pollen (Table 4.8-4.11) show
that the presence of pollen aone is insufficient in initiate the cascade to delay
abscission as all flowers abscised as though unpollinated. This therefore implies
that the signal to delay abscission is triggered by pollen tube germination or the
penetration of pollen tubes through the stigmatic or stylar tissues. The cyclohexane
washing treatment was applied to remove pollen-coat proteins from the surface of
the pollen. It could be speculated that the absence of the pollen-coat proteins may
have directly or indirectly, prevented pollen germination through the lack of a
required signal between the pollen and stigmatic cells to initiate re-hydration. The
heat treatment to inactivate pollen was intended to ‘kill’ the contents of the pollen
grain, but leave the surface proteins intact. The heat treatment may have in fact
altered the structure or function of the recognition proteins on the surface of the
pollen grain, and again directly or indirectly, prevented germination through the
absence of arequired signal. As such, both cyclohexane washing and heat treatment
may have disrupted this signal pathway and flowers pollinated with treated pollen
grains receive no signal to delay abscission or to allow pollen re-hydration and
germination. Thus, these experiments alone are insufficient to determine the nature
of the reaction at the stigmatic surface. Further investigations are required to assess
the effect of heat treatment on pollen coat proteins and the effect of cyclohexane
treatment on the viability of cocoa pollen. A reliable in vitro method of pollen
germination of cocoawould prove valuable in evaluating these issues.

The combination of cyclohexane-washed incompatible pollen and heat-inactivated
compatible pollen in pollination treatments led to consistent fruit set. Paternity
analyses using SSR-PCR of the ovules generated from this experiment and from
out-crossed ovules that have been allowed to develop for time periods of between
20 and 70 days, indicate that the majority, if not al, of the ovules generated from
the combined pollen treatment were out-crossed with PA 88 [PER]. These results
indicate that heat inactivated pollen was not, in fact killed but disabled, and
remained competent to successfully generate pollen tubes that contained viable
gametes. One possible explanation of these data is that heat-inactivation may

indeed have altered the structure or function of the pollen coat proteins and thus

127



Recognition of self

prevented germination when heat inactivated pollen is applied to stigmas in
isolation.

Repeated sets of pollinations with heat-inactivated pollen demonstrate the robust
nature of the inactivation reaction by heating as no fruit was seen to set from an
overall total of 100 repeated pollinations. The signal stimulating germination of the
heat-inactivated compatible pollen when pollinated in combination with
cyclohexane washed incompatible pollen must therefore originate from the latter.
The implication of these results is that cyclohexane treatment renders the
incompatible pollen inviable and unable to germinate. Furthermore, the data also
infer that sufficient intact recognition substances remain within or on the washed
incompatible pollen to allow the germination of the still viable heat-treated
compatible pollen. As the cyclohexane washed pollen in this combination was
incompatible, it demonstrates that the signal allowing germination is not that
implicated in the discrimination of self-pollen, since a signal from an incompatible
source did not prevent the male gametes from the heat-inactivated compatible pollen
from being able to fuse with egg cells and set fruit. This hypothesis is to some
extent supported by the results from the reverse cross combination of treatments in
which heat-inactivated incompatible pollen and cyclohexane washed compatible
pollen were used for pollination and fruit development was not initiated. In this
case, it can be reasoned that the only the incompatible pollen would have been
viable and able to germinate in the presence of remnant compatible recognition

substances, and therefore no fruit was seen to set.

Data from this set of combined treatments do not provide any information on the
source of the signa to delay abscisson in incompatible pollinations as no
significant differences are seen in abscission in the treated flowers from the
unpollinated flowers (Table 4.14). The inference of a second, gametophytic-based
signal within the gynoecium again concurs with the physiological results of Baker et
al. (1997) who identified the presence of a second signal approximately 24 hours
after pollination.

If the hypothesis of a second gametophytic signal is correct, then the experiments

carried out using a combination of pollen coat pre-treatment of stigmas with
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pollination using cyclohexane pollen are flawed. The cyclohexane treatment would
appear to render pollen inviable and, if the recognition reaction is based on a post-
germination gametophytic signal, self-incompatibility cannot be overcome on the
stigmatic surface. If thisis so, then a careful re-evaluation of the evidence for the

system being under sporophytic control is warranted.

Many of the pollination experiments carried out in this chapter have produced some
unexpected results. Pollen of cocoa appears to be, not only highly tolerant of ultra-
low temperatures, but also resilient to some relatively high temperatures. The
sporophytic or gametophytic nature of the reaction remains enigmatic and further
assessments of the recognition reaction need to be undertaken to reveal whether the
reaction is entirely gametophytic or is more complex and contains aspects of both

types of reaction.
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Chapter 5

Genetics of recognition

51 | ntr oduction

The genetic and physiological cascades leading to the sporophytic recognition and
rejection of ‘self’ pollen in Brassica are well-studied (Goring et al., 1993; Ikeda et
al., 1997; Gu et al., 1998; Schopfer et al., 1999; Suzuki et al., 1999; Takayama et
al., 2000; Stone et al., 2003). The discrimination of ‘self’ from ‘non-self’ pollenin
Brassica is based on the interaction between the SCR/SP11 gene product present in
the pollenkitt and the SRK transmembrane receptor kinase that straddles the surface
of the stigmatic papillar cells. Ligation of SCR to the extracellular domain of SRK
triggers its phosphorylation and then activates the gene product of the ARC1 gene.
In turn, the activated ARC1 product initiates a cascade event that culminates in the
inhibition of germination of incompatible pollen (see section 1.4.3.1).

The nature of the genetic control of the salf-incompatibility mechanism in cocoaisa
subject of speculation and debate. The reaction is thought by some to be determined
sporophytically (Knight & Rogers, 1955; Lewis, 1954a; Cope, 1958). This
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hypothesis is questioned in later works (Bouharmont, 1960; Cope, 1962) and
remains somewhat unresolved. Given that both the Brassicaceae and Malvaceae s.l.
belong to the Rosid Il group of the angiosperms (Chase et al., 1993), it seems
reasonable to expect that similar sporophytic mechanisms may be operating in both
plants. If so, it follows that homologues of the Brassica SRK and SCR genes may
exist within in the genome of cocoa. Discovery of such genes could be indicative of

asimilar kind of mechanism and would form the basis for further characterisation.

Whilst similarities may exist in terms of the underlying genetics determining pollen
recognition, there are nevertheless clear differences between the two systems in
terms of the subsequent rejection responses. In Brassica, incompatible pollen grains
are prevented from germinating on the stigmatic surface, whereas in cocoa the
germination of incompatible pollen grains on the surface of the style are not
inhibited and pollen tubes are alowed to grow unhindered to the ovule. The
downstream elements of recognition in cocoa apparently occur within the ovule and
are associated with nuclear fusion and the subsequent signalling of flower

abscission.

In this section, candidate gene approaches have been employed to investigate the
possible presence of genes known to be implicated in the recognition reaction of
Brassica self-incompatibility The candidate genes targeted include SRK, SCR, and
ARCL.

5.2 M aterials and methods

5.2.1 Extraction of DNA

Genomic DNA was extracted from leaf material of three self-incompatible and three
self-compatible genotypes identified in the University of Reading collection (Table
5.1) using the either the DNeasy Plant Minikit or the DNeasy 96 Plant Kit (Qiagen).
Leaf material was disrupted with a pestle and mortar using liquid nitrogen prior to

DNA extraction. The ground tissue was then taken through the DNA extraction
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Clone name Compatibility
CBO 177 [VEN]
MXC 67
PA 88 [PER]
RIM 189 [MEX]
SCA 6
SCA 19

Table5.1 Genotypes selected for candidate gene PCR experiments

w0 g lv gl

procedure as described in the manufacturers' protocol (Appendix 2). DNA samples
were eluted in 2 x 100ul TE buffer (see Appendix 4) and stored at -20°C.

Samples from model species were acquired for control purposes. DNA from
Brassica rapa material, collected from wild populations beside the River Thames, at
Hambledon Lock, Oxfordshire (grid reference SU853782), was supplied by Mr.
Mark Paget.

5.2.2 Candidate genes

Genes from model species involved in self-incompatibility reactions were sought in
Theobroma cacao. Three genes have been characterised from Brassica that control
the sporophytic recognition process: two are expressed in stigmatic tissue (SRK and
S.G) and the products of the third is deposited in the pollen-coat (SCR). Genes
implicated in the rejection cascade have aso been identified (ARC1).

Specific primers were designed to isolate potential gene homologues of Brassica
self-incompatibility genes in cocoa. Primers were designed from nucleotide
sequences obtained from the NCBI Database (www.nchi.nlm.nih.gov) based on the

following principles:

primers should be approximately 20 basesin length;
primer pairs should have compatible annealing temperatures;

primer sequences have a 50% CG content if possible;

A w0 DdE

primers should have a C or G nucleotide at the 3' end;
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5221

5. primersand primer pairs should not contain regions of sequence

complementarity.

SRK and SLG

Primers were designed from aligned nucleotide sequences of Brassica rapa (B.

campestris), B. napus and B. oleracea SLG and SRK acquired from the NCBI

database (www.ncbhi.nim.nih.gov) (Figure 5.1). The extra-cellular domain of SRK

shares sequence homology with SLG and a set of primers were designed along with

whole length of SRK to include the extra-cellular domain, the transmembrane

domain, the kinase domain and .G (Figure 5.2).

1 B.napus SLG mRNA_ TTGTCTTCTGAAGAA TCTCTTACAATATCA AGCAACAGAACACTT GTATCTCGGGGTGAT 115
2 B.napus SLG WS1 mRNA TTGTCTTCTGAAGAA TCTCTTACAATATCA AGCAACAGAACACTT GTATCTCGGGGTGAT 104
3 B.oleracea mRNA SLG TTGTCGTCTACAGAA TCTCTTAGAATCTCA AGCAACAGAACACTT GTATCTCCAGGTAAT 104
4 B.campestris SLG MRNA ~  ————————om— GAA TCTCTTAGAATCTCA AGCAACAGAACACTT GTATCTCCAGGTAAT 48
5 B.oleracea mRNA SLG23 TTGTCGTCTATAGAA TCTCTTACAATCTCA AACAGCAGAACACTT GTATCTCCCGGTAAT 104
6 B.oleracea mRNA SLGBS29-2 TTGTCGTCTATAGAA TCTCTTAAAATCTCA AACAGCAGAACACTT GTATCTCCCGGTAAT 99
7 B.campestris mRNA SLG8  TTGTCCTCTACAGAA TCTCTTACAATTTCA AACAACCGAACACTT GTATCTCCCGGTGAT 105
8 B.campestris mRNA SRK8  TTGTCCTCTACAGAA TCTCTTACAATCTCA AACAACAGAACACTT GTATCTCCCGGTGAT 165
9 B.campestris mRNA SRK12 TTGTTGTCTACAGAA TCTCTTACCATCTCA GGCAACAGAACACTT GTATCTCCCGGTCAT 110
10 B.rapa mRNA SRK45 TTGTCGCCTACAGAA TCTCTTACAATCTCA AGTAACAGAACACTT GTATCTCCAGGTGAT 146
11 B.rapa Turnip mRNA SRK9 TTGTCGTCTACAGAA TCTCTTACAATCTCA AGCAACAGAACACTT GTATCTCCCGGTAAT 92
12 B.rapa mRNA SRK29 ATGTCGTCTTCAGAG TCTCTTACAATCTCA AGCAATAGAACACTT GTATCTCCCGGTGGA 121
Figure5.1 Samplealignment of Brassica SRK and SLG gene sequences.
Sequences shown for priming site of SLG1 forward primer.
Extra-cellular Transmembrane Cytoplasmic kinase
domain domain domain
A — A —
-~ B

SRK

SLG

—> —> —> —> —> —>

SRK2  SRK4
—> —> —> < <— <— <
<— SRK1 SRK3 SRK4 SRK5 SRK7  SRKS8
<«— < SLG3 <«— <—
SLG1  SLG2 SRK3 SRK6
0 700 1400 2100 2800bp

Figure5.2 Position of primersalong the Brassica SRK and SLG genes.
Red arrows represent forward primers, blue arrows represent reverse primers.
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Pairs of forward and reverse SRK and S_G primers were applied to DNA of SCA
19, SCA 6, PA 88 [PER], CBO 177 [VEN], MXC 67 and RIM 189 [MEX] cocoa

clones with the inclusion of Brassica rapa DNA as a positive control.

5.2.2.2 SCR

Primers were designed for putative SCR gene homologues from Brassica gene
sequence data obtained from the NCBI Database. The SCR gene is much smaller
and more variable than either SRK or S.G and primer binding sites were restricted
tothe5 half of the gene (Figure 5.3).

1 15 16 30 31 45 46 60
B.oleracea S13 SCR ---—----—-—- CTGC TGTTTATGCTTTATT ATGTTTCATATTCAT CGTTTCAGGTCATAT
B.rapa S8 SCR ~ - -——==—————-—-—— TGTTTATGCTTTATT ATGTTTCATATTCAT CGTTTCAGGCCATAT
B.oleracea S6 SCR AATGATGAAATCTGC TATTTATGCTTTATT ATGTTTCATATTCCT CGTTTCAAGTCATGG

SCR5 SCR6 SCR1
61 75 76 90 91 105 106 120
B.oleracea S13 SCR TCAAGAGGTGGAAGC TAATCTGATGATGCC TTG------ TGGCTC TTTTATGTTTGGAAA
B.rapa S8 SCR TCAAGAACTGGAAGC TAATCTGATGAAGCG GTGCACCCGTGGCTT TCGTAAGCTTGGAAA
B.oleracea S6 SCR TCAAGAAGTGGAAGC TAATCTGAAGAAAAA TTGTGTTGGTAAGAC ACGATTGCCGGGACC
—_—

SCR2

121 135 136 150 151 165 166 180
B.oleracea S13 SCR CTGTCGCAATATAGG AGCCAGGGAATGCGA AAAATTAAATTCGCC GGGTAAGCGCAAGCC
B.rapa S8 SCR ATGTACCACTTTAGA AGAAGAGAAATGCAA AACATTATATCCGCG GGGT----——-----

B.oleracea S6 SCR ATGTGGCGATTCAGG AGCATCGTCCTGCAG AGATTTATATAATCA AACTGAG---AAG—

181 195 196 < 210 211 225 226 240

B.oleracea S13 SCR TTCACATTGCAAATG TACAGATACTCAAAT GGGTACTTATTCT-- --- TGTGATTGTAAA
B.rapa S8 SCR --—-CAATGCACATG TTCAGATAGTAAAAT GAATACTCATTCT-- --- TGTGACTGTAAA
B.oleracea S6 SCR ---ACGATGCC--TG TT-AGTTGC--AGAT GTGTAC-CAACCGGA CGCTGTTTTTGTTCT
—_————

241 255 256 270 271 285 286 300

B.oleracea S13 SCR TTGTGTTAGTAAATG CTAGGTTATATA--- -——-—- CTAGCTTTAT TATCACAACAACTCT
B.rapa S8 SCR TCGTGTTAGCAAATG CTATCTTATATATAT TATTACTAGCTTTAT TATCACAACAACTCT
B.oleracea S6 SCR TTGTGCAAGTAAA-- ATATTTCAAATA--- T--——-—-- T-TTGAT TATCT----- ATTTT

SCR4

Figure 5.3 Position of primer binding sitesfor SCR primers.
Sequencesin red represent forward primers, sequences in blue represent reverse primers.

Pairs of forward and reverse primers were applied to DNA of SCA 19, SCA 6, PA
88 [PER], CBO 177 [VEN], MXC 67 and RIM 189 [MEX] cocoa clones with the
inclusion of Brassica rapa DNA as a positive control. PCR treatments and

conditions are as described in section 5.2.3.
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5.2.2.3

ARC1

Primers were designed for putative ARC1 gene homologues from Brassica sequence

obtained from the NCBI Database, using the same approach as described for SRK

and SLG. Only one sequence was available for ARC1 from B. napus (Figure 5.4).

Pairs of forward and reverse primers were applied to DNA of SCA 19, SCA 6, PA
88 [PER], CBO 177 [VEN], MCX 67 and RIM 189 [MEX] cocoa clones with the

inclusion of Brassica rapa DNA as a positive control.

conditions are as described in section 5.2.3.

B.napus ARC1
tcactccaat acaatcactc ttgttcattg

agctaactgt
tccgtegett

agatcgtctc
ttcgecgtct
cctcctccac
tttcaagctt
aacgacgacg

cttttgtttc
gaggcgtttc

atttcgttgt
tatcacccgt

atgttctacc caaacacaca tcttaacgtg
cacatggcca ctgattcagc aatgttcgca
tgatctctcec gacgtcccte tcctccaaac

ARC1

ctgcttcagce
tactccaaca
cactccaagt
cttccatgat
ttagagagca

ARC2
cagactctat

aactcgctat
ttagacccta
tggtaacgag
atttcatctg
atcgctaggt

ctaaggtgtt
tcagagttgg
gatcccgtat
ctatagacga

cttacgatga
taacgctgat
ctttgcatag

ttgggggaag
agggagagag
cgactctgtt
acgcgtaagc

CCagaacaca
aagtcttcaa

tcgtttctag

taaagatcca
cgaggtcagt
attaagaaac
ctccatctct

tcaaacaaga
ctgcaggaga
ctgcgtagtc
agcaaacagg

gagccaagga
ggatgcatcg
cttatggctg

aggctgtggce
gaaacggttg
acaactctgc
ttttgctaac

cagagataaa
taagagagtt

aacgcacgtt
cctcgecaccc
tcctectecg
ctgagtaaag
agtccagctc

acgagttcga

acaagttaca
gatcaacggg
aaaggaaacg
ctcaacctca

tgacaacgct

gcttcgacgg
gatccgtgtt
ttctcaaatc
agtctgatcg

gattgcagca
aggcgcttgce
catccggata

tctccttecca acgtagaaac acccgttccc
gagtcaagct tggatcccac ggcggtgctc
ctactgcgct cactcctcca agctatggct
actattccac cctcttagat gtcttcctcc
ttgcacatgc agcactacgt tgacgataac

gaacgggagt gtaccaaact ctgaagagct

ARC3
gagaagagat cgagtttctt gaagagcaga
tttatagata tcacacggta cgttatgttt
tttgatctct gaggagattg agaacacgtt
tgaacgatcc tgtgatcatc tccaccggac
tctacttgtc ccaaaacagg acagaagctc

ttggtgcgaa gtcactggtc tgtctcatga

aagcaaacaa agcaacgtta tcgattcttg
ctcactagaa cagtaacgga aacgcgtacg
ccaaaacgct gttgcgcaag agaatgctgt
tggaggaaca cgactgtctc gagccgataa

gaaaaaaaag
tcctcacgtc
actatcttcc

tgatacgtaa
tgcttcaagg
cttgcttcaa
ctgttgatag
aacgacgaga

acgcttcttc
>

tcaaaagcca
ctcttattca
tacaacaacg
agacttacga
gtggacttga

ctcgcctaaa

tacagaacct
ttgatcgtgg
tgcatcaatc
tgagcgttct

gctacgttgt acactctttc aagtgtacat
actggtgctg cgaaacggaa ccgtgagagg
actgcagctt gatggtaaaa aggggaggag

ggagaaagtt
tgacggggct
acagcaggtg
gggtacagac

cggtcttatg
aagtga

ARC7
gcgtgggtyt tgggtgtgat ggctactgag
catggagctg atgagatgtg gaagacctag
gagcggttgt gacggagaag gttgtgaaaa
cgagctaaga_ggaaagcggt ttcactctct
ARC8

atagagaacg gagttataga accgatcttg

Figure5.4 Primer sitesand sequencesfor ARC1
Sequences in red represent forward primers, sequences in purple represent primers used in both
forward and reverse directions, sequencesin blue represent reverse primers.

ARC6
gattacaaga
gaagaaagat
tgtctgctct

tctctaggag
aggcaaagaa
caccggctct
aaggtatgta

tgatctttat

actcagacaa
ggaggcaatc
atctcatcag

agtccaagtc
agctctatct
agcccctctce
tctctgecta
cgctgcgtaa

ttctttgaga

cgggtgtgac
agattgaaga
cttccaaagg
tagaacctcc
gtttcgttt

gagtctctcc

agcacacggc
aaacaggtgc
tttaacttgt
cgtctctggt

aagcgatagc
gctgtctacg
cgttggagct

ctgagagtat
aaagctattg
tgcggtcttg
aggggtgcga

atctatgcat

80
160
240

320
400
480
560
640

720

800
880
960
1040
1120

1200

1280
1360
1440
1520

1600
1680
1760

1840
1920
2000
2080

2160
2186

PCR treatments and
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5.2.3 PCR amplification of DNA

PCR reactions were carried out in 50pl volumes containing the following reagents:

36.5 ul fresh nanopure water;

5ul reaction buffer (supplied with Taq polymerase);

1l dNTP mix (x10 stock of 2uM concentration, Roche
Diagnostics);

1l forward primer (154M concentration);

ul reverse primer (15uM concentration);

0.5ul Taq polymerase (Roche Diagnostics);

5ul template DNA (10ng pl™).

PCR reactions were performed in an Applied Biosystems Geneamp PCR System
2700 or a Helena Biosystems Phoenix model thermocycler, using the following
program: 35 cycles of (1 min at 94°C; 2 min at calculated annealing temperature; 30
- 90 s a 72°C, depending on the expected size of the amplification product)
following by afinal extension stage at 72°C for 5 min.

Primer melting temperatures were calculated using the following formula: Tm°C =
(4x GC) + (2x AT). PCR annealing temperature was performed at 2°C - 5°C above
the calculated Tm.

5.23.1 Nested PCR

Given the significant taxonomic separation of the two species, a nested primer
approach was used to improve the probability of amplification from cocoa DNA.
This approach applies a pair of primers that should amplify a large fragment of the
target sequence to the sample DNA in aninitial PCR reaction. The diluted products
of thisfirst reaction are then used as template DNA in a second round of PCR using
a second pair of primers that target sites located within the amplicon (Figure 5.5).

This strategy allows compensation for inefficient amplification occurring in either
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primer pair and so increases the likelihood of generating detectable products. Thus,
the intention is to improve the quantity of the amplification, although the size of the

amplicon is somewhat reduced.

forward reverse
primer 1 forward reverse primer 1
> primer 2 primer 2 <
_> 4_
Target sequence

Figure5.5 Location of primer annealing positionsin a nested PCR.

5.2.4 Electrophoresis of DNA

524.1 Agarose gel electrophoresis

Amplification products were assessed using agarose gel electrophoresis and
ethidium bromide staining, prior to any further analysis. Gels were prepared with
1.5% (w/v) agarose (Bioline, UK) in 1 x TAE buffer (see Appendix 4) with the
addition of 1.5% (v/v) ethidium bromide stain (Sigma). Aliquots of PCR product
(4l from SSR-PCR, 12ul from candidate gene PCR) were prepared for loading into
the gel by the addition of 1-3ul bromophenol blue loading buffer (see Appendix 4).
The prepared gels were placed into a gel-rig containing 1 x TAE buffer and the
prepared products loaded into the wells with the inclusion of a standard marker 100
base pair ladder (Roche Diagnostics) in the outer lanes if required. The loaded gel
was subjected to electrophoresis at 90-120V for 40 — 60 min.

Fractionated products were visualised using a UV transilluminator. Images were
captured with a UVP Ge Documentation System (UVP Inc., USA) and used to
generate either digital or hard copy images.
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5.2.5 Direct sequencing of DNA

Amplification products considered to be of interest following agarose gel
electrophoresis were taken forward for further investigation. Products amplified
from cocoa that were of the expected size, (when compared to the product generated
from the positive control) were purified and subjected to direct sequencing in order

to obtain the nucleotide sequence of the product.

If the amplification product yielded only a single discreet band as seen in the
agarose gel, the remaining PCR product was purified to remove remnant template
DNA, primer and dNTPs, and used for direct DNA sequencing. If the amplification
product contained multiple bands when fractionated in agarose, the band of interest
was first excised from the gel and the product recovered from the agarose.
Amplification products were purified from agarose and from PCR using QIAquick
PCR Purification Kit (Qiagen) or NucleoTrap Nucleic Acid Purification Kit (BD

Biosciences) according to the manufacturers' protocols (see Appendix 5).

Purified products were subjected to a PCR-based sequencing reaction in order to
label each nucleotide to enable sequence analysis. Sequencing reactions occur in
one direction along the fragment and require the inclusion of one of the primers
used in the PCR reaction. The sequencing reaction can thus be carried out in either
direction, depending on the primer included. In general, sequencing reactions were
carried out in both directions (two reactions, forward and reverse) to provide
sequence information from both ends of the fragment. The sequencing reactions
were carried out using the DNA Sequencing Kit ‘Big Dye Terminator Cycle
Sequencing Ready Reaction (PE Applied Biosystems) as follows:

5.6ul purified PCR product DNA;
4ul - ‘Big Dye kit mix;
0.4l primer (from 4uM concentration).
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The reagents were the subjected to the following thermocycling conditions: 25
cycles of (10 s at 96°C; 5 s at 50°C; 4 min at 60°C). Sequencing reactions were
purified using AGCT Gel Filtration Cartridges (Edge Biosystems) according to the
manufacturer’s protocol (Appendix 5) to remove any remaining ‘Big Dye' and
primer. Once purified, samples were dried at 60°C for 10-15 min prior to
sequencing on an ABI 373 automated sequencer. Sequencer output files were

analysed using Chromas software, version 2.23.
5.2.6 Cloning of DNA fragments

Amplification products generated from cocoa DNA were also cloned into vectors
and transformed in to E. coli for rapid multiplication prior to sequencing to assess

for multiple copy products.

Cloning protocols are most efficient where ‘fresh’ products are used and so specific
PCR reactions were carried out on the same day as cloning was due to take place.
The PCR conditions are as optimised for individua markers with a final extension
at 72°C for 15 min to allow the Taq polymerase to add additional ‘A’ nucleotide
overhangs to the end of the product. These ‘A’ nucleotide overhangs are utilised in
the cloning protocol to insert the product into the vector (Figure 5.6).

Single band PCR products were used directly in the cloning protocol, once purified
using QIAquick PCR Purification Kit (Qiagen) or NucleoTrap Nucleic Acid
Purification Kit (BD Biosciences) according to the manufacturers' instructions (see
Appendix 5). Specific bands from multiple band PCR products were fractionated in
agarose gels, excised, and purified using the QIAquick PCR Purification Kit
(Qiagen) or the NucleoTrap Nucleic Acid Purification Kit (BD Biosciences)
according to the manufacturers' protocols (Appendix 5). The purified product was
then incubated for 15 min at 72°C in the following reaction mixture to ensure the

addition of the ‘A’ nucleotide overhangs:

1.5ul buffer (supplied with Taq polymerase);
13.075ul purified single band amplification product;
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0.3ul dATP (from 1uM concentration);
0.125ul Taq polymerase (Roche Diagnostics).

Products were re-purified using the kits mentioned above, and sub-aliquots (5ul) run
briefly on agarose to check the presence of a single band before proceeding to the

cloning reaction.

Two plates of LB agar containing 50pg mi™ ampicillin sodium salt (Sigma) were
prepared for each sample. Plates were pre-warmed to 37°C and the surface smeared
with 40yl X-Gal solution (40mg X-Gal [5-bromo-4-chloro-3-indolyl-f-D-
galactoside, Melford Labs, Ipswich UK] in Iml DMF [N,N-Dimethylformamide,

Sigma)) and left to absorb for 30 min prior to the transformation reactions.

The cloning reaction was carried out using the TOPO TA Cloning Kit for
Sequencing (Invitrogen) and products inserted into the pCR4-TOPO vector and the
vector transformed into chemically competent E. coli according to the
manufacturer’ s instructions (Appendix 6). E. coli cells were applied to the prepared
agar plates (two plates per reaction) and incubated at 37°C overnight.

The DNA fragment inserts into the pCR4-TOPO vector in a position that will
interrupt the Lac promoter gene (Figure 5.6). The Lac promoter will normally turn

the E. coli colony blue in the presence of X-Gal; thus, colonies generated from

LacZa initiation codon
M 13 Reverse priming site

CACACAGGAA ACAGCTATGA CCATGATTAC GCCAAGCTCA GAATTAACCC TCACTAAAGG
GTGTGTCCTT TGTCGATACT GGTACTAATG CGGTTCGAGT CTTAATTGGG AGTGATTTCC

GACTAGTCCT GCAGGTTTAA ACGAATTCGC CCT PCR AAGGGA ATTCGCGG
CTGATCAGGA CGTCCAAATT TGCTTAAGCG GGALYNsIgels[l[galTTCCCG CTTAAGCGCC
M13 Forward priming site

CCGCTAAATT CAATTCGCCC TATAGTGAGT CGTATTACAA TTCACTGGCC GTAGTTTTAC
GGCGATTTAA GTTAAGCGGG ATATCACTCA GCATTATGTT AAGTGACCGG CAGCAAAATG

Figure5.6 Sequence of the pCR4-TOPO vector, surrounding the cloning site.

180 of 3957 bp shown, adapted from the TOPO TA Cloning Kit for Sequencing User’s Manual
(Invitrogen). Red text refersto M 13 priming site; green text refersto restriction sites labelled to
indicate the actual cleavage site
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vectors with no insert will develop normally and turn blue. In contrast, colonies
generated from vectors that contain DNA inserts of the PCR product will have an

interrupted Lac promoter and so appear white.

Colonies containing inserts were isolated and cultured in 5ml LB broth containing
50ug mi™ ampicillin.  Cultures were placed in an incubator-shaker at 37°C, 200-
220rpm and left overnight. Cultures were then stored at 4°C.

Plasmids were purified from E. coli cultures using the Nucleo-spin Plasmid
QuickPure Kit (BD Biosciences) according to the manufacturer’s instructions with
the inclusion of all optional steps (Appendix 5). The resultant miniprep DNA was
stored at -20°C.

To test for the presence of inserts of the expected size, inserts were isolated from the
plasmid minipreps utilising the restriction sites built into the pCR4-TOPO vector
either side of the insert (Figure 5.6) using an EcoRL1 restriction reaction. The

reaction was carried out as follows;

11yl sterile nanopure water;

2.5ul  10x buffer (supplied with restriction enzyme);
1.5ul EcoR1 restriction enzyme;

10pl  miniprep DNA.

Samples were incubated at 37°C for one hour and stopped with a 15 min incubation
at 70°C. Products were fractionated in an agarose gel to test for the presence of an
insert of the expected size or internally restricted insert fragments, by comparison to
the original PCR product.

Miniprep DNA known to contain inserts of the correct size was then sequenced
utilising the M 13 priming sites located either side of the insert in the vector (Figure
5.6). The sequencing reactions were carried out using the DNA Sequencing Kit
‘Big Dye’ Terminator Cycle Sequencing Ready Reaction (PE Applied Biosystems)

as follows:
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0.4ul  sterile nanopure water;

4ul - ‘Big Dye kit mix;

1.6yl primer (from 4uM concentration);
4ul miniprep DNA.

The reagents were subjected to the following thermocycling conditions: 25 cycles of
(10 sat 96°C; 5 s at 50°C; 4 min at 60°C). Sequencing reactions were purified using
AGCT Gel Filtration Cartridges (Edge Biosystems) according to the manufacturer’s
protocol (Appendix 5) to remove any remaining ‘Big Dye' and primer. Once
purified, samples were dried at 60°C for 10-15 min prior to sequencing on an ABI
373 automated sequencer. Sequencer output files were analysed using Chromas

software, version 2.23.
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5.3 Results

5.3.1 SRKand SLG

Most primer pair combinations designed to target shared SRK-SLG gene sequence
(Figure 5.2) failed to generate amplicons when cocoa DNA was used as template.
Primer pairs S.G1-SRK5, SRK2-SRK8 and SRK4-SRK5 yielded positive results,
however, with amplification products being generated from cocoa of a comparable

sizeto that amplified from Brassica rapa (Figures 5.7-5.9).

Amplification products generated from cocoa clones SCA 19, SCA 6, MXC 67 and
RIM 189 [MEX] from primer pair SLG1-SRK5 were purified and sequenced
directly. Products from SCA19 and RIM 189 were apparently insufficiently strong
to generate interpretable sequence traces and so reliable sequence data were
obtained only from SCA 6 and MXC 67 (Figure 5.10). The two sequences obtained
exhibited good internal homology between cocoa clones in the first three hundred
bases, indicating the amplification probably occurred from the same section of the
genome in each genotype. The sequences did not align to Brassica SRK and S.G
sequences, however, and BLAST searches of nucleotide databases

(www.nchi.nlm.nih.gov/blast using blastn) failed to indicate any sequence

homology with Brassica self-incompatibility genes. Indeed, only short 20bp
sections showed any homology to known gene sequences held in the NCBI database
(analysis carried out April 2004).

Trandation of the nucleotide sequences into corresponding protein sequences
(www.ca.expasy.org) indicated the presence of a large number of stop codons

within each sequence across all six possible reading frames (Figure 5.11). The
presence of such large numbers of stop codons within the sequence is strongly
suggestive that these products ailmost certainly derived from non-coding sections of
the genome and therefore cannot function during self-incompatibility, or any other

activity of the organism.
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Figure5.7 PCR products generated from primer pair SLG1-SRKS5, fractionated using agar ose
gel electrophoresis.
Agarose gel image inverted using Photoshop.

100 bp

SCA 6

SCA 19

PA 88 [PER]
CBO 177 [VEN]
MXC 67

100 bp

100 bp

RIM 189
Brassica rapa
-ve control
100 bp

Figure5.8 PCR products generated from primer pair SRK2-SRKS, fractionated using agar ose
gel electrophoresis.
Agarose gel image inverted using Photoshop.

100 bp

SCA 6

SCA 19

PA 88 [PER]
CBO 177 [VEN]
MXC 67

RIM 189

-ve control
Brassica rapa
100 bp

Figure5.9 PCR products generated from primer pair SRK4-SRKS5, fractionated using agar ose
gel electrophoresis.
Agarose gel image inverted using Photoshop.
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mxc67 @ ————————= GTGGAATTTTGCTTTATCTTTAGGATCAATGATCTCTGCCTTTCACCCTCG 51
sca6b NTGATANATGTNGAATTNNGCTTTATCTTTAGGATCAATGATCTCTGCCTTTCACCCTCA 60
mxc67 TCACATCTTCCTAGCGCATCTCATTTCAAATCGGATCATGTTTGGAAAGTCATCGTCCAG 111
sca6 TCACATCTTCCTAGCTCATCTCATTTCAAATCGGATCATGTTTGGAAAGTCATCGTCCAG 120
mxc67 GCTTAAGGTAGCTTGGTGCGTGAACGTAAGGCCGAGTTAGAATCAAGTTATGAGATCAGG 171
scab GCTTAAGGTAGCTTGGTGCGTGAACGTAAAGCCGAGTTAGAATCAAGTTATGAGATCAGG 180
mxc67 CCCACGTATTTTAGGAATCTGATCACATTCAGTTTTAGCCTTTATCACTAAATTCTGATA 231
scab CCCACGTATTTTAGGAATCTGATCAGATTCAGTTTTAGCCTTTATCACTAAATTCTGATA 240
mxc67 ATGTTTATCAAATGACATGTAGGTCTAATCCTTGCTTGGGAACATTTGGGCATTATGTAA 291
scab ATGTTTATCAAATGACATGTAGGTCTAATCCTTGCTTGGGAACATTTGGGC-TTCTGTAA 299
mxc67 TCTAATTTATACT-CCACCTCCACGTAGTCATTGCTTCATTTCTTCCGACNCANCTTGAT 350
sca6 TGAACTAGATATTACTAGTATTATGAAGAAAACCACTTATGATGTTCAAGGGTTTCAAAC 359
mxc67 TCTGTTTTCAT----CTCTGATGAG---AGACTTCCNAATCCCCACTTGCGGGTTCAATG 403
sca6 ATAGNTTTCATGAAACCCTAATNNACACCAGCNTTTNTCTGCCCACCTNTCACGTAGNTC 419
mxc67 CCCT---TTCACCATCTATTGNCCCTAAACCTTTGA--CNGGGGACAACTT-———-- GGA 452
scab CATTG-CTTCATTCTCTTTCCTACCNCCANCTTTGATTCTGCTTTCATCTCCTGATGAGA 478
mxc67 CNGTATTTCAATTCC--GGATTNN-———- TCANNGACCANCC--ANATTNCCNGCCATGC 503
sca6 GGACTTTCCAATCCC--ACTTTGTGGGGTTCAATGGTCTGTT--CNCCATTCTATTGGGC 534

Figure5.10 Aligned sequence data generated from MXC 67 and SCA 6 from primer SLGL1.
Sequences aligned using Clustal W (1.82) (www.ebi.ac.uk/clustalw) with sequence homology shown
inred.

Primer pair SRK2-SRK8 generated amplification products from SCA 19, SCA 6, PA
88 [PER], CBO 177 [VEN] and MXC 67 (Figure 5.8). PCR from PA 88 [PER]
yielded the strongest products and these bore greatest resemblance to those of
Brassica in terms of size. These products were therefore examined more closely.
The two products detected included a large amplicon (~800bp) and a smaller
product (~600bp). These were excised from an agarose gel, transformed into a
plasmid vector and cloned into E. coli. Ten colonies thought to contain the small
product insert, and seven colonies from the large product were isolated and cultured
in LB broth. Five plasmid preparations from each culture were purified to isolate
the vector in preparation for subsequent sequencing. The insert was isolated from
the plasmid by restriction using EcoR1; thereby testing each plasmid for the
presence of an insert (see Figure 5.6). After restriction, products were fractionated
and visualised to identify those vectors that contained complete inserts of the

expected size (Figure 5.12). Inserts of the expected size for the large product were
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SCA 6

53 Framel
XXXXIXXEXXFIFRINDLCLSPSSHLPSSSHFKSDHVWKVIVQASOpGSLVRERKAELESSYEIRPTYFRNLIRFSFS
LYHStoplLIMetFIKStopHVGLILAWEHLGFCNELDITSIMeEKKTTYDVQGFQTStopXSStopNPNXHQXXSAHXSRXSI
ASFSFLXPXLILLSSPDERTFQSHFVGFNGLFXILLGPKTXXQGXXWXXHSNSXXXGNXXXXHARXXQXXXPXX
FXISIFPLXXISXLXXXXFLXISSFXLFEXXXXXXKXXFLLSOpPXXStopX SXXTANXXXPVPSIopPXXHLXXXXTIX
Stop Stop X IRTXLELXXXXXLXSPX XX

5'3 Frame?2

XXXStopXMet XNXALSLGSMetISAFHPHHIFLAHLISNRIMeeFGKSSSRLKVAWCVNVKPSStopNQV MetRSGPRILG
IStop SDSVLAFITKFStop StopCLSNDMet StopV Stop SLLGNIWASVMetNStopl LLVLStopRKPLMet MetFKGFKHXFHETL
XXTSXXLPTXHVXPLLHSLSYXXLStopFCFHLLMeRGLSNPTLWGSMetVCXPFYWALKPXDRGXXGXVIQIXXX
RATXXPXMeaPAXSNXXNRXXFXFLFSPLXKFXXYXXXPFXSIopFHHFXYFXXXXXXKXSSFEFNXXNXXXFXLQX
XXFRSLNLXXTXXYXXLFXNKXSGPXWNSopXXXXFFXPPXXX

53 Frame3

XXXDXCXIXLYLSopDQStopSLPFTLITSSStopL ISFQIGSCLESHRPGLRStopL GA Stop TStop SRV RIKL StopDQAHV F
StopESDQIQFStopPLSLNSDNVYQMe TCRSNPCLGTFGLL StopStopTRY Y StopY YEENHL StopCSRV SN I X FMet K P Stop
XTPXFXCPPXTStopXHCFILFPTXXFDSAFISStop StopEDFPIPLCGVQWSVXHSIGPStopNXXTGDXXXXSFKFXXX
GQXXXRXCPLXPXXXTXAXFXFYFPPStOpXNFXFIXXXLEXNFIITSXIXRXXXXXXXLPSLTXXIXXXXNCKXXXS
GPLTCXALXXTXHYXLIKXPDLXGINXXXXSFXPRXXX

35 Framel
XXXPGXKRXXXXINSXKVRXFYStopXIVXGXXKCXTGCGSOpGTGXXXFAVXXXXYXXGSopRRKXXXXXXXPXNX
StopNDEIXKKXXXNKXEIXSRGKIEXEXSXGXXXWXKRAXPXXXLPXXXEFESIopXXXXVPCXXVLGPNRMetXN
RPLNPTKWDWKVLSSGDESRIKXXGRKENEAMeaXLRXRWAXKXWCXLGFHEXYV StopNPStopTSStopVVFFIILVI
SSSLQKPKCSQARIRPTCHLINIIRIStopStop Stop RLKLNLIRFLKYVGLISStopLDSNSALRSRTKLPStopAWTMetTFQ
TStopSDLKStopDELGRCDEGERQRSLILKIKXNXTXIXXXX

3’5 Frame?2
XXXRGXKEXXXXLIPXRSGXFIXEStopXXVXXSXXQVKGPEXXXLQXKXXXIXXVKEGRXFXXXXXXKIXEMet
Met KLXKRXXXIXXKFXQGGKSIopKXKXXSVXXVGXSGHXRXXGCPXXXNLNDXPXXSPVXRFStopGPIEWXTDH
Stop TPQSGIGKSSHQEMe KAESKXXVGKRMetKQWXYVXGGQXXAGXXStopGFMetKXMet FETLEHHKWFSSStop Y
Stop Stop Y LVHY RSPNVPKQGLDLHVIStopStop TLSEFSDK G Stop N Stop | Stop SDSStopNTWA Stop SHNLILTRLYVHAPS
YLKPGRStopLSKHDPIStopNEMet SStop EDV Met RVK GRDH Stop SStop RStop SX I XHX SX X X X

3’5 Frame3
XXXGGXKXXXXXStopFQXGPDXLLXNSXXXXStopVXXRLRDRXXXICSXXGXLXXGLKKEXXFXXXXXXK Stop X
K Stop StopNX QK X XX X Stop X GNXXKGENRNXKXXRXXXLXXAGMeaXXXXVAXXXRIStopMete X XPXXPLXXGFRAQ
StopNXEQTIEPHKVGLESPLIRRStopKQNQXW X Stop EREStop SNGX TStop XVGRXXLVXIRVSStop XLCLKPLNIISGF
LHNTSNIStopFITEAQMetFPSKDStopTY Met SFDKHYQNLVIKAKTESDQIPKIRGPDLITStopFStopLGFTFTHQATLS
LDDDFPNMetIRFEMet RStop A RK Met Stop Stop GStop KAEIIDPKDK X XFXXY XXX X

MXC 67

53 Framel
XXXVEFCFIFRINDLCLSPSSHLPSASHFKSDHVWKVIVQAStopGSLVRERKAELESSYEIRPTYFRNLITFSFSLYH
StopILIMet FIKStopHVGLILAWEHLGIMet StopSNLY STSTStopSLLHFFRXXLILFSSLMetRDFXIPTCGFNALSPSIXP
KPLXGDNLDXISIPDXSXTXXIXXHAXXFENFLNXGISNXXTSXFXXTXXXXPXXLFCHXTLXHLXXXXKXXXXX
PYFPSXYPFXXXTXRFAXXLLXLXPXPVXXXFXXPTIXXXXXFGXXSXXXXXEXLXXLXXKSXXPXXPXXXLXF
LXXXXXXPXXXXXXXXXSXXSXXTXXLXXP

53 Frame 2
XXXWNFALSLGSMetlSAFHPRHIFLAHLISNRIMetFGKSSSRLKVAWCVNVRPSStopNQVMetRSGPRILGIStopSHS
VLAFITKFStop Stop CLSNDMet StopV Stop SLLGNIWALCNLIYTPPPRSHCFISSDXX Stop FCFHL Stop StopETSXSPLAGS
MetPFHHLLXLNLStopXGTTWXVFQFRIXXXPXXXXAMetPXXSTFSIopTXVFPTXSLXXFXXXXVXXXXXFSVXXL
SOp XTY X X XXX SIOp X XNXLTSLXXTPXXXXLXDLXXXFXXXFLXPSXXYFXXPPXIXXXXLAXIRXXXXXKXFXX
XPXNPXSLXXPXXAXXSXXXXXSXXXXXXXXXHXPXXRXXXXXXSXP

53 Frame3
XXXGILLYLStopDQStopSLPFTLVTSSStopRISFQIGSCLESHRPGLRStopLGA Stop TStopGRV RIKL StopDQAHV FStopE
SDHIQFStopPLSLNSDNVYQMe TCRSNPCLGTFGHYVIStopFILHLHVVIASFLPXXLDSVFISDERLXNPHLRVQC
PFTIYXPStopTFDXGQLGXYFNSGXXXDXPXXXPCXXVQLFEXRYFQXXHFXLXXNXXXXXXXPFLSXXFNXFIX
XXXXEXXXTLLPEFXLPLXXXHXPICXXSSXLXSXPRXXXILXXHHXSXXXXWHXFXNXXXXXSXFXXXEIXXPF
XPLXXPXXPXXXXXXPXXXXXXXXXLXLXXLXXXPXXP

3’5 Framel

RXSIOPX X XXX XAXXRXVXXXXXXXXXSIOPXXXXXGXXGXXRXXKGXGIXRXXXEXLXXXXXPNXCQXXXXDX
WWXXKIXXGRXSIOPEXXXEXXXQIXKXXXXRGXXKGSKXVXXSXXXXXINXLKXXDRKXXXXXDXXXXKXXK
Stop X RWKYXGSKSSIopX XGHGXXXXWXXXNPELKYXPSCPXSKV StopXQStopMetVKGHSIopTRKWGX GSL SSEMet
KTESXXVGRNEAMeaTTWRWSINStop! TStopCPNVPKQGLDLHVIStopStop TLSEFSDK G Stop N Stop Met Stop SD SStop N T
WAStopSHNLILTRPYVHAPSYLKPGRStopLSKHDPIStopNEMetRStopEDV TRV KGRD H Stop SStop RStop SKIPX X X X

3’5 Frame?2
GXXEXXCXXRXXGXXXXXXXXXGXXXXXXQEXEXXXGXXRXXGFXXSOpXXKXFXXXXXRXXAKXXXXXDG
GXXKXXXDGXRXQXQKXXGKSXSXXXEGVXGREVRXXXXXFXXXXStopMet X Stop SXMetTEKXXGXXXXGX XK
XStopSXXVGNTXVQKVEXXGMet X XNXXGXStopX IRNStopNXVQVVPXQRFRXNRWSIopKGIEPASGDXEVSHQR
Stop KQNQX X SEEMet K QStopLRGGGV Stop IRLHNA QMet FPSKD Stop TY Met SFDKHY QNLVIKAKTECDQIPKIRGPDL
I TStop FStopLGLTFTHQATLSLDDDFPNMetIRFEMetRCARKMet StopRGStopKAEIIDPKDKAKFHXXX

3'5'Frame 3
GXXRXXXSIPXXKXEXXXXXXXXXGXXXXXXRXXRXXEGXKGXXDFXXXEXRXXXXXIXEXVPXXXXRXMetV
XXQNXXXTGXGXKXRRXXANRXVXXXKGSIopXEGKSIOpGX X XFXXXXXYKXIKXXSopQKRXXXXXXXVXXKX
EVXXLEIPXFKKLNXXAWXXXWXVXXXSGIEIXSKLSXVKGLGXIDGERALNPQVGIXKSLIRDENRIKXXRKK
StopSNDYVEVEYKLDYIMeaPKCSQARIRPTCHLINIIRI Stop Stop StopRLKLNVIRFLKYVGLISStopLDSNSALRSRTK
LPStop AWTMet TFQT Stop SDLK Stop DALGRCDEGERQRSLILKIKQNSX X X X

Figure5.11 Protein sequencestranslated from nucleotide sequence SCA 6 and MXC 67 SLG1.
DNA sequence trandlation carried out using EXPA Sy (www.ca.expasy.org).
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original PCR product
small band colony 1
small band colony 2
small band colony 3
small band colony 4
small band colony 5
large band colony 1
large band colony 2
large band colony 3
large band colony 4
large band colony 5

100 bp

plasmid DNA
fragments

\_Y_)

insert DNA
fragments

Figure 5.12 Products of EcoR1 restriction reaction, indicating the size of fragment inserts
successfully cloned into E. coli vectors, fractionated using agar ose gel electrophoresis.
Agarose gel image inverted using Photoshop.

detected in only two vectors (colony 3 and colony 5) but none of the colonies for the
smaller products contained inserts of the expected size. The remaining five plasmid
preparations for the small band were purified and restricted with ECoR1 to test for
the presence of inserts of the correct size in the same way. The restriction products
identified the presence of an insert of the predicted size in only one vector (gel
image not shown).

The three vectors containing inserts of the appropriate size were sequenced using
the M13 priming sites present in the DNA sequence of the vector (Figure 5.6).
Sequence data was obtained for both the small and large products (Figure 5.13) and
analyses of these data using sequence aignment show that the two
sequences share approximately 40% homology with each other. The two sequences
do not share sequence homology with any known Brassica sequence however, and
BLAST searches (using blastn) failed to identify any homology between these
sequences and those of any known gene.

Trandation of the nucleotide sequence into proteins across all six reading frames

indicated the presence of numerous stop codons within the sequence, agan
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Large band GAAGCTGTTGTCAAGGNCACTCCACTAACATGTNGGGCAGACGCCATAGTTAAGTTGCAAAGGTTTCGTA
Small band @ -

Large band GTTTGAATGCAGGTTTATGCTGAGATCCGAGCAGCGATTCACTTTGACAAATATTGGGGGTGCAGCCTAT
Small band  ——--—mmmm e e

Large band GGTGCACTATGCAGTTCTGGCCTCCAACATAGCGACAAAAGGGAAGAAGGCTTGCTACTGTCACAACTGG
Small band  -——-——-————

Large band CAGGTCCACTGCCACTGTATTGCACGGAGTAGTCGTTTAGATTAGAATAAATGTCTTAGATAGCTGTTTA
Small band  --————---——

Large band AAGTTATATTAGAAACATGCTATCAAACACTGAATCC-TGATACTTAACCAAACAACGAAATAAATCCTG
Small band ----AGAAAGAGCAACGGGGNAATGGAGCTAGAGCGCGTGACAGTTAACAGGCACTCGAGCGGAGCTCAG

Large band ATATATATTCATCCAGAGAGCTTCAAAATTTTGAGTCCGAGGAATTTGATGAAAAATACTTGTTGCCAGT
Small band AGCTGCCTGCATCAAGATTTTTCCTACAAATGGAATCCAGTTACATTCAGTGAGCATATCCATATCTTTA

Large band GTGGCTAACCCTTCGATTTGTGCAAACCATGGGAAGAGNANGAGGAATATGGTATATTCAGATGTTCATG
Small band ATGACGG---CTATAACCTGTTCAATTGCTCAAGTGTTTACCACGAA-ATA--AAAGTGAATCCTTTGTG

Large band TTN--TACTATAACATAATTCCTTTGAAGGCTATGGTGTGGCAATGTAATATTNTATTTTCACGTATATA
Small band CTAAGTAGCAGAAGGGAATGGTTATCAAAAGGGAAGTTTCTCTCTG-GGTATTCGAATTTT-CGTTATTC

Large band TATATAACAAGAACTANGAAAAGGNTTCATACNTTAAGAGACTGGATAAGGGAATAGTCTAATGAGAGCT
Small band TCTGAAGTTAAAA--ATAAAAAGTTTTTGT-TGTTAA-——————- ACAAGATAAATTTCCTTTG----CC

Large band TTNGGNNCGGCCCATCNTTACTATTGGTNCNGCTTCANT-TTCCTAAGTAATAAGTGACGAATTCTAATG
Small band TAGGTACCAAAGCAAGCTTTTTACTTTTGTAATTTTATCATTGGAAAACGAAAACCAAAGAAAGCTTCTT

Large band NTAACTGCCAACTNGNNGTTAAGCTGCCATTTNCCACCNNTGTGTCCCACGATNCCNAATTCTTGTATGG
Small band CTTTTCAGTGNCCTCCCATTTGATTTCCTCCTATCAACTGNCCTTTCTTTGA---CGAGCCCAC---TCG

Large band NAAACCNAATCCCTCTNTNAGGTTCTNTTAAAAGGAAANT
Small band GAAACTC--TTCGTCTCTCCTTTTTCA-—===————————

Figure 5.13 Aligned sequences of the large band and small band product amplified using
primer pair SRK2-SRK8 from PA 88 [PER].
Sequence homology is shown in red.

implying that this sequence data had been amplified from non-coding regions of the
genome (Figure 5.14).

A nested PCR approach applying primer pair SRK4-SRK5 to a 1:10 dilution of the
product of the PCR reaction of SRK2-SRK8, generated amplification products from
SCA 19, SCA 6, PA 88 [PER], CBO 177 [VEN], RIM 189 [MEX] and MXC 67
(Figure 5.9). The products were present in abundance in all six cocoa samples and
the positive control sample, Brassica rapa. However, amplification products were
also apparent in the negative control sample (Figure 5.9). The PCR products of the
cocoa samples were nevertheless purified and subjected to direct sequencing.
Sequence data for 300bp was obtained for samples SCA 19, SCA 6, PA 88 [PER],
CBO 177 [VEN] and MXC 67 (Figure 5.15). These data show good homology
between cocoa sequences and aligned to Brassica rapa SRK sequence data from the
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PA 88 [PER] large band (800bp)

53 Frame 1

XXXXXXXXXKLLSRXLHStopHXGQTPStopLSCKGFVV StopMetQVYAEIRAAIHFDKYWGCSLWCTMeaQFWPPT
StopRQKGRRLATVTTGRSTATVLHGVVVSoplRINVLDSCLKLY StopKHAIKHSopILILNQTTKStoplLIYIHPESFKI
LSPRNLMeKNTCCQCGStopPFDLCKPWEEXEEYGIFRCSCXTITStopFLStopRLWCGNVIXYFHVYIYNKNXEKXSY
XKRLDKGIV StopStopELXXRPIXTIGXASXSStopVISDEFStop X StopLPTX X StopAAIXHXCVPRXXILVWXTXSLXXV
XLKGX

53 Frame 2
XXXXXXXXXSCCQXHSTNMet XGRRHSStopVAKV SStop FECRFMet LRSEQRFTLTNIGGAAYGALCSSGLQHSDKR
EEGLLLSQLAGPLPLYCTESopSFRLEStopMetSStopl AV StopSY IRNMetLSNTESStopY LTKQRNKSStopY IFIQRASKF
StopVRGIStop Stop K ILVASVANPSICANHGKXXRNMetVYSDVHV XLSIopHNSFEGYGVAMetStopY XIFTYIYITRTXK
RXHXLRDWIRESIopSNESFXXGPXLLLXXLXFPKSopStopVTNSNXNCQXXVKLPFXTXVSHDXXFLYXKXNPSXR
FX Stop K EX

53 Frame 3
XXXXXXXXEAVVKXTPLTCXADAIVKLQRFRSLNAGLCStopDPSSDSLStopQILGVQPMeeVHYAVLASNIATKGK
KACYCHNWQVHCHCIARSSRLDStopNKCLRStopLFKVILETCYQTLNPDTStopPNNEINPDIYSSRELQNFESEEFD
EKYLLPVWLTLRFVQTMeGRXXGIWYIQMetFMetXYYNIIPLKAMeeVWQCNIXFSRIYIStopQELXKXFIXStopETG
Stop GNSLMet RAXXXAHXYYWXXFXFLSNKStopRILMeEXTANXXLSCHXPXXCPTXXNSCMeXNXIPXXGSXKRK
X

35 Frame 1l
XFLLXEPXRGIXFXIQEXXIVGHXGXKWQLNXXLAVXIRIRHLLLRKXKXXQStopStopXWAXXKALIRLFPYPVS
Stop X Met XPFXSSCYIYIRENXILHCHTIAFKGIMetL Stop X NMetNIStopl YHIPXXLPMeeVCTNRRVSHTGNKYFSSNS
SDSKFStop SSLDEYISGFISLFGStopV SGFSV Stop StopHV SNITLNSYLRHLFStopSKRLLRAITQWQWTCQL Stop QStop Q
AFFPFVAMeLEARTASIOpCTIGCTPNICQSESLLGSQHKPAFKLRNLCNLTMedASAXHVSGVXLTTAXXXXXXXS
XX

35 Frame 2
XSFStopXNXXEGXGXPYKNXXSWDTXVXNGSLXXSWQLXLEFVTYYLGXStopSXTNSXDGPXXKLSLDYSLIQSL
XVSopXLFXVLVIYIYVKIXYYIATPSIopPSKELCYSXTSIopTSEYTIFLXLFPWFAQIEGLATLATSIFHQIPRTQNF
EALWMeNIYQDLFRCLVKYQDSVFDSMetFLISopLStopTAIStopDIYSNLNDYSVQYSGSGPASCDSSKPSSLLSLC
WRPELHSAPStopAAPPIFVKVNRCSDLSINLHSNYETFATStopLWRLPXMetLVEXPSIopQQLXXXXXXXXX

35 Frame 3
FPFXRTXXRDXVXHTRIXXRGTXXWXMetAASIopXXVGSXHSIopNSSLITStopEXEXXPIVXMetGXXXSSHStopTIPL
SSLLXYEXFXSopFLLYIYTStopKXNITLPHHSLQRNYVIVXHEHLNIPYSXXSSHGLHKSKGStopPHWQQVFFIKFL
GLKILKLSGStopl YIRIYFVVWLSIRIQCLIACFStopY NFKQLSKTFILIStopTTTPCNTVAVDLPVVTVASLLPFCRY
VGGQNCIVHHRLHPQYLSKSIoplAARISASIopTCIQTTKPLQLNYGVCXTCStopWSXLDNSEFXXXXXXXXX

PA 88 [PER] small band (600bp)

53 Frame 1
XXXXXXXXXERATGXWSStopSAStopQLTGTRAELRAACIKIFPTNGIQLHSVSISISLMeteTAITCSIAQVFTTK StopK
StopILCAKStopQKGMetVIKREVSLWVFEFSLFSEVKNKKFLLLNKINFLCLGTKASFLLLStopFYHWKTKTKESFFF
SVXSHLISSYQLXFLStopRAHSETLRLSFF

53 Frame2
XXXXXXXXXKEQRXNGARARDSSIo(pQALERSSELPASRFFLQMeESSY I QStopAYPY L StopStopRL StopPVQLLKCL
PRNKSESFVLSSRREWLSKGKFLSGYSNFRYSLKLKIKSFCCStopTRStopl SFAStopVPKQAFYFCNFIIGKRKPKKA
SSFQXPPIStopFPPINXPFFDEPTRKLFVSPFS

53 Frame 3
XXXXXXXXRKSNGXMeELERVTVNRHSSGAQSCLHQDFSYKWNPVTFSEHIHIFNDGYNLFNCSSVYHEIKVNP
LCStopVAEGNGYQKGSFSLGIRIFVILStopSStopK StopKVFVVKQDKFPLPRYQSKLFTFVILSLENENQRKLLLFSX
LPFDFLLSTXLSLTSPLGNSSSLLF

35 Framel

Stop KRRDEEFPSGLVKERXVDRRKSNGRXLKRRSFLWFSFSNDKITKVKSLLWYLGKGNLSCLTTKTFYFStopLQR
ITKIRIPREKLPFStop StopPFPSATStopHKGFTFISWStop TLEQLNRL StopPSLKIWICSLNVTGFHL Stop EK SStop CRQL
StopAPLECLLTVTRSSSIXPLLFXXXXXXPXXX

35 Frame 2
EKGETKSFRVGSSKKXQLIGGNQMetGXHStopKEEAFFGFRFPMet IKLQK StopKACFGTStopAKEIY LV StopQQKLFI
FNFREStopRKFEYPERNFPFDNHSLLLLSTKDSLLFRGKHLSNStopTGY SRHStopRY GY AH StopMet StopLDSICRKNL
DAGSSELRSSACSIOpLSRALAPXPRCSFXXXXXXXXX

35 Frame 3

KKERRRVSEWARQRKXSStop StopEEIKWEXTEKKKLSLVFVFQStopStopNYKSKKLALVPRQRKFILFNNKNFLFLT
SENNENSNTQRETSLLITIPFCYLAQRIHFYFVVNTSIopAIEQVIAVIKDMetDMetLTECNWIPFVGKILMeteQAALSS
ARVPVNCHALSIOpLHXPVALSXXXXXXXXX

Figureb5.14 Protein sequence trandated from nucleotide sequence PA 88 [PER] SRK2-SRKS.
DNA sequence trandlation carried out using EXPA Sy (www.ca.expasy.org).

position of the SRK4 primer. Modest homology (30%) was noted between the
300bp sequence obtained from the cocoa samples and Brassica SRK sequence.

BLAST searches of the cocoa sequence data against nucleotide sequence databases
(blastn search) however, identifies significant similarities (e-121 - e-109) between
large segments of the fragment and SRK of both Brassica oleracea and B. rapa,
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CBO177 NGGATGTTGCA
MXC67 GGGATGTTGCA
PA88 GGGATGTTGCA
SCA19 NGGNTGTTGCA
SCA6 TGGCTGTTGCA
B.rapa45 AAGCCACCGATAATT TCTCCAACTGTAACA AACTCGGACAAGGTG GTTTTGGTATTGTTT ACAAGGGAAGATTAC
* *k * *
CBO177 TTGAAGCGGNCGAGA AGATGCTGATATATG AGTATTTGGAA---- AATTNAAGC--CTG- -GATTATTATCTCTT
MXC67 TTGAAGCGGNCGAGA AGATGCTGATATATG AGTATTTGGAA---- AATTNAAGC--CTG- -GATTATTATCTCTT
PA88 TTGACGCAGATGAGA AGATGCTCATATATG AGTATTTGGAA---- AATTTAAGC--CTN- -GATTCTTATCTCTT
SCA19 TTGAAGCGGNCGAGA AGATTCTGATATATG AGTATTTGGAA---- AATTCAAGC--CTG- -GATTATTATCTCTT
SCA6 TTGAAGCGGACGAGA AGATTCTGATATATG AGTATTTGGAA---- AATTCAAGC--CTG- -GATTATTTTCTCTT
B.rapa45 TTGA--CGGGCAAGA AATCGCTGTAAAAAG GCTATCAGAGACGTC AGTTCAAGGGACTGA TGAGT-TTATGAATG
E Fkk Khkk x *x * K *x Kk Kk * * EE = *%k E * * *
CBO177 NGGTTAGAG-ACTCG TT---CTT----- TN AAAAGCTCAATANAA CANANGAATGNNG-A
MXC67 TGGTTAGAG-ACTCN TT---CTT----—- TT AAAAGCTCAATNGAA NANANGAATGNNN-A
PA88 TGGTTAGAG-CCTCA TT---CTT---—- TT AATAGCT--====== ———- CGAAGGTCT-A
SCA19 TGGTTAGAG-ACTCG TT---CTT---—- TN AAAAGCTCAATANAA CAGNTGAATGTTG-A
SCA6 TGGTTAGAG-ACTCG TT---CTT---—- TC AAAAGCTCAATACAA CAGTTGAATGTTG-A
B.rapa45 AGGTGACATTAATCG CTAGGCTTCAGCATA TAAACCTTGTCCAAA TTCTTGGCTGTTGCA TTGAAGCAGATGAGA
Hhk Kk K Kk * Fkk * EE *> * * k) *
CBO177 AGNTA-NG----- TG A---TTNGGN---TG TGA---NNAATNCTT AACGAANCTTTAACT
MXC67 AGGNA-TG----- TG A---TTGGGC---TG TGA---GNAANNCTT AACGAANNTTNNACT
PA88 AGATAATC----- TG A---TTTGGC---TT TGA---TCGATTTGT CCCGANGCTCTAAGC
SCA19 AGNTA-AG----- TG A--=TTTGGN---TG TGA---TCAATTCTT AACGAAGCTNTAACT
SCA6 AGCTA-AC----- TG A--=TTTGGT---TG TGA---TCAATTCTT AACGAAGCTCTAACT
B.rapa45 AGATGCTGATATATG AGTATTTGGAAAATT TAAGCCTCGATTCTT ATCTCTTCGGAAAAA CCCAAAGGTCTAAGC
Kk *k Kk E ECE * * X E * x * *
CBO177 NAAANTGGAAGGACA GATTNGGNATTACAA ATGGGGNTGCTNGAG GGCTTTTATATCACC NG-CCCNNGCNCCTT
MXC67 GAAAGAGGAAGGACA GANNNNGNATTACAA ATGGGGNTGCTNGAG GGCTTTTATATCANC NGGCCCNNGNTCNCA
PA88 TAAATTGGAAGGAGA GATTCGANATTACCA ATGGTGTTGCTCGNG GGCTTTTATATGNCT NTTATANNACNNNGN
SCA19 TAAATTGGAAGGACA GATTCGNCATTACAA ATGGGGTTGCTNGAG GGCTTTTATATCAGN CG---CNCGGTTCNN
SCA6 TAAATTGGAAGGACA GATTCGCCATTACAA ATGGTGTTGCTCGAG GGCTTTTATATCACG NGG--CANGGTTNNT
B.rapa45 TAAATTGGAAGGAGA GATTCGACATTACCA ATGGTGTTGCTCGAG GGCTTTTATATCTTC AT---CAAGACTCAC
E Khkhkkhkkkhk Kk Kk Khkkhhkhk Kk khkkkh h Khhkkhk Kk Kk dhkhkhhkkhkkhkk
CBO177 CNAT--CCCCNCCCC CC----CCCTCCCCT NCCCCNCCCNC-CCC TCCCCCTNCCCCNCC CNCCCCCCTNCCCCC
MXC67 NGCNGACNCCTNNAC NNTNGNNCCTCCCCN TNACCCCCCCNTCCC TCNCCCCNCTNCCCN CTCCCCTCNNNCTCC
PA88 CCCNGACCCCCNNAC CNN--CNNCNNTNCC TNTNCTNCCCCNNCN NCCCCTNCNCCCCCT CCCCNCCCCNCCNCN
SCA19 CNCT--CNCGNCNNN NC----CNCNNNTCC NNCNCNCCCNCTCNN CNNTCNNNNNNCCCN CNNNCNNCCTNNNCN
SCA6 NNCN---NCNNNCCC NN----NNNCCNNCN TCNNCCNNNCNNNNC NCNCNNNCNNNCCNN NCCNNCNNNCCCNNN
B.rapa45 GGTTTAGGATAATCC ACAGAGATTTAAAAG TAAGTAACATTTTGC TTGATAAAAATATGA TCCCAAAGATCTCGG

Figure5.15 Nucleotide sequences generated from SRK4 aligned with Brassica rapa sequence
from the same region.

Brassica rapa sequence data for SRK45 obtained from the NCBI database (www.nchi.nih.gov),
accession number AB012106. Sequences aigned using Clustal W (1.82) (www.ebi.ac.uk/clustalw)
with homology between cocoa sequences shown in red and between cocoa and Brassica sequences
identified *.

with 96-94% homology for 240bp segments. Less significant similarities (1e-94 —
5e-04) are identified between the cocoa fragments and other SRK sequences from B.
oleracea and B. rapa SRK and SRK sequences from B. napus and Raphanus sativus
with between 84-92% homology between regions the cocoa sequence of more than
80bp. On the other hand, trandation of the cocoa sequence data into proteins
sequences across all six reading frames reveals the presence of stop codons within
the cocoa sequence (Figure 5.16). Furthermore, such stop codons are absent from
the equivalent regions of the Brassica SRK sequence. NCBI database software
(www.nchi.nih.gov) was then used to carry additiona analyses of the cocoa

fragment sequences. A series of blastx searches (trandating the nucleotide

sequence into amino acids across all six reading frames and comparing the result to
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SCA 6

53 Frame 1
XXXXXXXXXXXXXXDSWLLHStopSGREDSDIStopVFGKFKPGLFSLWLETRSFKSSIQQLNVDRNKLTDLVVINS
StopEKNEALTStopl GRTDSPLQMetVLLEGFYITX

53 Frame 2
XXXXXXXXXXXXXXILGCCIEADEKILIYEYLENSSLDYFLFGStopRLVLSKAQYNSStopMetLIEISStopLIWL StopSI
LRKKTKLStopLKLEGQIRHYKWCCSRAFISXG

53 Frame 3
XXXXXXXXXXXXXXFLAVALKRTRRFStopY Met SIWKIQAWIIFSLVRDSFFQKLNTTV EC Stop Stop K Stop AN Stop FG

CDQFLGKKRSSNLNWKDRFAITNGVARGLLYHX

35 Frame 1

AXStopY KSPRATPFVMetANLSFQFKLELRFFPKNStopSQPNQLAYFYQHSTVVLSFStopKNESLTKEKIIQAStopl FQI
LIYOQNLLVRFENATAKNXXXXXXXXXXXXXXX

35' Frame 2

XRDIKALEQHHL StopWRICPSNLSStopSFVFFLRIDHNQISStopLISINIQLLY StopAFERTSL Stop PKRK Stop SRLEFSK
YSYIRIFSSASMetQQPRIXXXXXXXXXXXXXX

35 Frame 3
XVIStopKPSSNTICNGESVLPIStopVRASFFSStopELITTKSVSLFLSTFNCCIELLKERVSNQRENNPGLNFPNTHISE
SSRPLQCNSQEXXXXXXXXXXXXXXX

Figure5.16 Protein sequencetrandated from nucleotide sequence SCA 6 SRK4-SRK5
DNA sequence trandlation carried out using EXPA Sy (www.ca.expasy.org).

known sequences in the protein database) identified homology between the cocoa
data and Brassica SRK protein sequences, revealing 90-100% homology between
various Brassica sequences to segments of up to 30 amino acids of the cocoa
sequences. Analyses using tblastx searches were also performed (comparing the
cocoa nucleotide sequence trandated into amino acids across all reading frames
against the nucleotide sequence database translated across all six reading frames).
The results of these analyses identified segments of the cocoa trandated sequence
containing 190 amino acids with up to 98% homology to SRK sequences in several
members of the Brassicaceae, including Brassica oleracea, B. rapa, B. napus,
Raphanus sativus and Arabidopsis thaliana (Figure 5.17).

5.3.2 SCR

Various combinations of pairs of primers designed from Brassica SCR sequence
data (Figure 5.3) were applied to DNA from the six cocoa genotypes (Table 5.1) in
standard PCR and nested PCR techniques. These PCRs failed to generate
amplification products from any of the cocoa samples but significantly, also failed

to yield amplicons from the Brassica rapa positive control sample.
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>gii | 5821292 | dbj | AB024420. 1] AB024419S2

Brassica oleracea SRK13 gene, exon 2, 3, 4, 5, 6, 7 and complete cds
Length = 1764

Score = 191 bits (411), Expect = 5e-47
Identities = 82/83 (98%), Positives = 82/83 (98%)
Frame = +3 / +2

Query: 3 FLAVALKRTRRF*YMS IWKTQAWI IFSLVRDSFFQKLNTTVEC**K*AN*FGCDQFLGKK 182
FLAVALKRTRRF*YMSIWKIQAWIIFS VRDSFFQKLNTTVEC**K*AN*FGCDQFLGKK
Sbjct: 677 FLAVALKRTRRF*YMSIWKIQAWI IFSSVRDSFFQKLNTTVEC**K*AN*FGCDQFLGKK 856

Query: 183 RSSNLNWKDRFAITNGVARGLLY 251
RSSNLNWKDRFAITNGVARGLLY
Sbjct: 857 RSSNLNWKDRFAITNGVARGLLY 925

Score = 189 bits (407), Expect = 2e-46
Identities = 81/83 (97%), Positives = 82/83 (98%)
Frame = -3 /7 -3

Query: 251 I*KPSSNTICNGESVLPI*VRASFFS*ELITTKSVSLFLSTFNCCIELLKERVSNQRENN 72
I1*KPSSNTICNGESVLP I*VRASFFS*ELIT KSVSLFLSTFNCCIELLKERVSN+RENN
Sbjct: 925 I*KPSSNTICNGESVLPI*VRASFFS*EL ITAKSVSLFLSTFNCCIELLKERVSNRRENN 746

Query: 71 PGLNFPNTHISESSRPLQCNSQE 3
PGLNFPNTHISESSRPLQCNSQE
Sbhjct: 745 PGLNFPNTHISESSRPLQCNSQE 677

Score = 188 bits (404), Expect = 5e-46
Identities = 82/83 (98%), Positives = 83/83 (100%)
Frame = -1 /7 -1

Query: 250 YKSPRATPFVMANLSFQFKLELRFFPKN*SQPNQLAYFYQHSTVVLSF*KNESLTKEKII1 71
YKSPRATPFVMANLSFQFKLELRFFPKN*SQPNQLAYFYQHSTVVLSF*KNESLT+EKI 1
Sbjct: 924 YKSPRATPFVMANLSFQFKLELRFFPKN*SQPNQLAYFYQHSTVVLSF*KNESLTEEKII 745

Query: 70 QA*IFQILIYQNLLVRFNATAKN 2
QA*IFQILIYQNLLVRFNATAKN
Shjct: 744 QA*IFQILIYQNLLVRFNATAKN 676

Score = 181 bits (390), Expect = 4e-44
Identities = 81/84 (96%), Positives = 82/84 (97%)
Frame = +1 / +3

Query: 1 DSWLLH*SGREDSD 1 *VFGKFKPGLFSLWLETRSFKSS 1QQLNVDRNKLTDLVVINS*EK 180
+SWLLH*SGREDSD I *VFGKFKPGLFSL LETRSFKSSIQQLNVDRNKLTDL VINS*EK
Sbjct: 675 NSWLLH*SGREDSDI*VFGKFKPGLFSLRLETRSFKSSIQQLNVDRNKLTDLAVINS*EK 854

Query: 181 NEALT*IGRTDSPLQMVLLEGFYI 252
NEALT*1GRTDSPLQMVLLEGFYI
Sbjct: 855 NEALT*IGRTDSPLQMVLLEGFYIl 926

Figure5.17 Results of atblastx search of the NCBI Database (www.ncbi.nih.org) of nucleotide
sequence from SCA 6 SRK4-SRK5.
Search carried out using all default settings.

5.3.3 ARC1

Combinations of primer pairs designed from Brassica ARC1 sequence data (Figure
5.4) were applied to DNA of six cocoa genotypes (Table 5.1) in standard PCR
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Figure5.18 PCR products generated from primer pair ARC5F-ARCS, fractionated using
agarose gel electrophoresis.
Agarose gel image inverted using Photoshop.

Z

o =, g _

- O

a - o)} S
g © 8950 8 g

< < S

8 <@ X =L 8
=~ 8%0.020:!3)? =

Figure5.19 PCR products generated from primer pair ARC3-ARCS, fractionated using
agarose gel electrophoresis.
Agarose gel image inverted using electrophoresis.
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Figure5.20 PCR products generated from primer pair ARC4F-ARCSR, fractionated using
agarose gel electrophoresis.

1.5% agarose gel, |eft; 4% metaphor agarose gel, right. Agarose gel image inverted using
Photoshop.
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reactions. Products of a comparable size to that generated from the positive control
Brassica rapa were generated by primer pairs ARC5F-ARC8, ARC3-ARC and
ARCA4F-ARCSR (Figures 5.18-5.20).

The mgjority of products amplified weakly, with the sole exception of that produced
from CBO 177 [VEN] by ARCAF-ARCSR (Figure 5.20). This product was purified
and subjected to direct sequencing. The resultant sequence data obtained aligns
with ARC1 sequence and displays 37% homology to the corresponding sequence of
ARC1l in Brassica (Figure 5.21)

A nucleotide based BLAST search (blastn) of the NCBI database reveals significant
sequence similarity (7e-11 — 1e-06) of large sections (up to 75bp) of the cocoa
ARC1 sequence with a virus resistance gene from Poncirus trifoliata (hardy orange,

Rutaceae), uncharacterised sequence from Cucumis melo (muskmelon,

AGACTTACGATAGAA CCTCCATCGCTAGGT GGATTCATCAAGAAG GTCGCTCTACTTGTC

Bnapus
cbol77

Bnapus
cbol77

Bnapus
cbol77

Bnapus
cbol77

Bnapus
cbol77

Bnapus
cbol77

Bnapus
cbol77

Bnapus
cbol77

Bnapus
cbol77

Bnapus
chol77

Bnapus
cbol77

TTGACAAC----GCT
TGGACCCCAAGAGAT

TCTCCCTAAGGTGTT
-CTGCTAAAGACGAT

TTCTTGTAC-AGAAC
TTCCCGGATGATAGT

ACTAGAACAGTAACG
CTTTG--CCTCAAAT

TGCGTAGTCTTCTCA

TTAACTTGTCTATAG

TT-=-TT--—-A---

AGCCGATAATGAGCG
GTAGGGTAATTTGC-

CTACGTTGTACACTC
CCACA-————- ACTT

GATGCATCGAGGCGC
NACACANNNCNCCCC

AGCTCGTGGACTTGA
---NCTTTG-CTCCN

TTGGTGCGAAGTCAC
TTCATCTCTATT-AA

TCAAACAAGAGCTTC
Gemmm- AAGACTTAC

CTAGCACACGGCTCA
CTATCAC-CAAGTCA

GAAACGCGTACGTTG
TAAGCTCCTT--TTG

AATCCCAAAACGCTG
TATCCGACAATGCT -

ACGAAGCAAACAGGA
---AAGCAAACACCA

TTCTCGTCTCTGGTC
TTCATGCCTCT----

TTTCAAGTGTACATG
TTTCATCC-TGCATC

TTGCACTGGTGCTGC
NCNCCCNCCCNNTCC

GTTTCGTTTCCAACC
TTTAAGGCTCCATCC

TGGTCTGTCTCATGA
TG--CTGGAAAATAA

GACGGAAGCAAACAA
GACTTAAGGCATCAG

GAGTTGGCTGCAGGA
TAAT---CTTTTATC

ATCGTGGAAACAGGT
GGTGAGCAAATATTT

TTGCGCAAGAGAATG
---CACCATACAAG-

GTCTGATCGTGGAGG
-—CTG---CTGCT--

TTACGATGAGAGCCA
TTA-GCTGT----CT

ATTACAAGAAAGCGA
AATAC--GCACCCCA

GAA-ACGGAACCGTG
NCNCNCCNNCCCCCC

T-AGCTTTGAGACAC
TCACCATTTCTCAAC

CTCGCCTAAAGAGTC
CAACTCTGAAGTG—

AG-CAACGTTATCGA
CTACAACGTTCGCCT

GAGATCCGTGTTCTC
AACTCCAACCATCGC

GCGA-TCCCGT-ATC
TAAACTCTTGTGATC

CTGTTGCATCAATCT
-TAATGCCTCCAGAT

AACACGACTGTCTCG
AACTCTAAATCATGG

AGGAGATTGCAGCAG
AGAAG----CATAAG

TAGCTAACGCTGATG
-ACCTAGCTTTGA-G

AGAGGGAAGAAAGAT
CCCNNCCCCNCCNCN

Figure 5.21 Nucleotide sequences generated from CBO 177 [VEN] ARC4F aligned with
Brassica napus sequence from the sameregion.

Brassica napus sequence data for arm repeat containing protein (ARC1) obtained from the NCBI
database (www.nchi.nih.gov), accession number AF024625. Sequences aligned using Clustal W
(1.82) (www.ebi.ac.uk/clustalw) with homology between cocoa and Brassica sequences shown in
red.
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Cucurbitaceae), and many segments of the Oryza sativa (rice, Oryzeae) genome.
Homology between the cocoa sequence and these, mainly uncharacterised
sequences ranged from 81-95%. Significant sequence similarity, however, was not

seen between this cocoa sequence data and sequences from Brassica.

Trandation of the cocoa sequence into protein sequence indicates the presence of
stop codons in al but one of the six reading frames (Figure 5.22). Reading frame
3’5" Frame 2 contains no stop codons perhaps implying that this sequence data

originates from an active coding region within the cocoa genome.

53 Frame 1
XXXFAXFKAPSSPFLNWTPRDFISINAGK StopQL StopSAAKDDEDLRLKASATTFAFPGStop Stop SITK SStop SFINSN
HRLCLKLSSFWVSKYFKLLStopSVNIRQCSPYKStopCLQIFKANTTAANSKSWVGStopFASCLFSCLEASIopATTFSS
CINTHPNLALX

53 Frame 2
XXXLLXLRLHPHHFSTGPQEISSLLMetLENNNSEVLLKTMeaKTYDLRHQLQRSPFPDDSLSPSHNLLSTPTIAFAS
N StopAPFGStopANILNSCDPStop| SDNAHHTSNASRFLKQTPLLLTLNHGStopGNLLHASLAV StopKHKPQLFHPASI
RTPT Stop L Stop X

53 Frame 3

XXLCSXStopGSILTISQLDPKRFHLY StopCWKITTLKCCStopRRStopRLTTStopGISYNVRLSRMetlVYHQVIIFYQLQ

PSPLPQIKLLLGEQIFStopTLVIRKYPTMetLTIQV MetPPDFStopSKHHCCStopL Stopl MeteGRV ICFMetPL StopL SRSISH
NFFILHQYAPQPSFEX

35 Framel
XQSStopVGVRIDAGStopKSCGLCFStopTAKEAStop SKLPYPStopFRV SSSGVCFKNLEALLVWStopALSDIYGSQEFKI
FAHPKGASIopFEAKAMeVGVDKRLSIopLGDRLSSGKGERCSStopCLKSStopVFIVFSSTSELLFSSINRDEISWGPVE
KW StopGWSLK X SKX XX

35 Frame 2
LKARLGCVLMetQDEKVVAYASRQLKRHEANYPTHDLELAAVVFALKIWRHYLYGEHCRIFTDHKSLKYLLTQK
ELNLRQRRWLELIKDYDLVIDYHPGKANVVADALSRKSSSSLAALQSCYFPALIEMaaKSLGVQLRNGEDGALXG
AKXXX

35 Frame 3

SKLGWGAY StopCRMet KKLWLMetLLDSStopRGMetKQITLPMet|Stop SStopQQWCLL StopKSGGITCMetVSIVGYLRIT
RV StopNICSPKRSLIStopGKGDGW SStop Stop K IMet TW Stop Stop TITRERRTL StopL MetPStopVVSLHRL StopQHFRV VIF

Figure5.22 Protein sequence trandated from nucleotide sequence CBO 177 [VEN] ARCAF.
DNA sequence trandlation carried out using EXPA Sy (www.ca.expasy.org).
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5.4 Discussion

The candidate gene approach has produced some intriguing results in the
investigation of the possible presence within the genome of cocoa of homol ogues of
genes that are implicated in the self-incompatibility mechanisms in Brassica. The
majority of PCR reactions yielded negative results with either no amplification, or
the amplification of sequence data that is apparently unrelated to corresponding
genes from Brassica or else apparently derived from non-coding parts of the cocoa

genome.

Results obtained from the nested PCR of primer pairs SRK2-SRK8 and SRK4-SRK5
however, generated sequence data from cocoa that does exhibit significant sequence
homology to known Brassica SRK sequences; implying the presence of Brassica-
like self-incompatibility gene sequences within the cocoa genome. It should be
noted, however, that the nested PCR reaction carried out to generate this sequence
data aso generated amplification products in the negative control sample,
containing only water instead of DNA in the first round PCR of SRK2-SRK8 (Figure
5.9). The amplification products generated from the cocoa DNA must therefore, be
viewed with caution. Sequence data generated from cloned and sequenced
amplification products of SRK2-SRKS, the first primer pair in the nested reaction,
indicated that these products were not related to Brassica SRK sequences, and
instead probably originate from non-coding parts of the cocoa genome. The cloning
and sequencing of these large amplification products from PCR reactions carried out
with primer pair SRK2-SRK8 (600bp and 800bp) did not yield a high success rate
however, and at the end of the process only a single vector for each product was
identified as containing an insert of the complete product. The sequence data

resulting from these reactions are therefore also open to some question.

In contrast, the sequence data obtained from the nested PCR of primer pairs SRK2-
SRK8 and SRK4-SRK5 appears to be quite robust in nature, and stand up to analysis
using tranglation tools and comparison to known protein and nucleotide sequences

in the NCBI Database. These analyses continually suggest homology between the
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generated cocoa sequences and described Brassica SRK sequences. The occurrence
of a product in the negative control means that it is possible that these results derive
from contamination of the PCR reagents with Brassica DNA. The nested PCR
reactions were repeated a number of times however, with fresh PCR reagents, and

the same results were obtained each time.

The presence of SRK-like genes within the genome of cocoa cannot be confirmed
with any certainty from the results presented here. Sequence data from the negative
control amplification product from the nested PCR reactions and from the Brassica
positive control samples would have be valuable in al experiments carried out.
Sequence data from the negative control amplification product may have provided
some information on the origin of the product as an artefact of the primers, or from
contamination. Sequence data from the Brassica positive control samples would
have confirmed the success of the primer pair combinations in amplifying the

correct areas of the Brassica genome.

DNA hybridisation experiments were planned as part of this investigation, but
problems have been encountered in the extraction of good quality DNA in sufficient
quantities for blotting protocols in other areas of this research. During the course of
the study, however, a BAC (bacteria artificial chromosome) library generated from
cocoa clone SCA 6 by workersin CIRAD, Montpellier, France was promised to the
University of Reading cocoa research group. Probing this library with SRK from
Brassica would more accurately determine its presence within the cocoa genome.
The arrival of the library from France was delayed beyond the timescale of this
project, however, and consequently, the work has not been carried out. Such an
experiment would determine the presence of SRK-like sequences within the cocoa

genome.

The failure to amplify the male determinant of self-incompatibility in Brassica from
cocoa is aso inconclusive. Primer design from known SCR sequences was
problematic as the gene is relatively small and carries the allelic variation required
for the gene to perform its function. Primer pairs designed from the available

sequence data were unable to amplify SCR from Brassica controls in any of the
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PCR reactions carried out. The application of these primers to cocoa in order to

amplify SCRis, therefore, not valid.

Research into the structure of the S-locus in Brassica has identified a large intron
(4.1Kb) within the SCR gene in genomic DNA of Brassica (Schopfer et al., 1999).
The PCR reactions were not set up to take account of the large size of the expected
product amplified from genomic DNA as primer design was based on cDNA
sequence data. The size of the products expected from the application of these
primers to Brassica (4.5Kb) is beyond the range of normal Tag polymerase. PCR
reactions were attempted with ‘long-range’ Taq polymerase (Stratagene TagPlus
Long PCR System, 600203), but these were also unsuccessful.

The variable nature of SCRis therefore, considered too great for the candidate gene
approach. Probing the BAC library of the cocoa genome may provide some useful

information on the presence of this gene.

DNA fragments were successfully amplified from cocoa DNA with primer pairs
designed from Brassica ARC1 sequence. The magjority of the fragments amplified
poorly, perhaps suggesting a lack of homology between primer and template DNA.
Sequence data obtained from CBO 177 [VEN] does appear to be from a coding area
of the cocoa genome, but is unrelated to Brassica ARC1 sequence data. This may
indicate that a protein of similar function to that of ARC1 has been amplified from
cocoa. The function of this gene may be unrelated to the operation of self-
incompatibility, and may perform some other role within the organism. Further

work isrequired to resolve thisissue.
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Chapter 6

Rejection of self through abscission

6.1 | ntr oduction

Previous physiological investigations into the nature of the self-incompatibility
response in cocoa have revealed that phytohormone levels within the flower
fluctuate over the period between pollen germination and the point of fusion of

between gametes in the embryo sac and the abscission of the flower.

Angja et al. (1992; 1994) manipulated pollen germination and self-incompatibility
by increasing the levels of carbon dioxide around the flower following pollination.
Higher levels of pollen germination, fruit set and the development of viable seed
following the self-pollination of a self-incompatible tree were observed. Fruit set
following self-pollination was increased to 45%. However, further investigation
revealed the presence of some non-fusion of ovules observed within the embryo sac

in many of the self-pollinated flowers.
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Baker et al. (1997) investigated hormonal responses of flowers for 48 hours after
pollination and identified differences following both compatible and incompatible
pollinations at two specific points in time. One reaction occurred as a rapid
response following pollination, and a second slow response occurred just prior to
pollen tube-ovule contact. Levels of abscisic acid (ABA) increased rapidly in
incompatibly pollinated flowers following pollination and continued to increase up
to 32 hours after pollination. In compatibly pollinated and unpollinated flowers,
levels of ABA remained constant, with a sharp increase in unpollinated flowers at
between 24-32 hours. In contrast, levels of ethylene and indole-3-acetic acid (1AA,
auxin) were seen to increase after 24 hours in these flowers. At this point, levels of
ethylene increased rapidly in incompatibly pollinated and unpollinated flowers, and
levels of IAA peaked in compatibly pollinated flowers.

Following on from the work of Baker et al. (1997), further investigations by Anegja
et al. (1999) and Hasenstein & Zavada (2001) used applications of both hormonal
promoters and hormonal inhibitors to cocoa flowers and observed the responses.
These experiments demonstrated that ABA regulates the abscission of flowers,
accelerated by increased levels of ethylene, and that the application of synthetic
auxin (NAA) prevents flower abscission and can produce ‘selfed’ fruit on a self-

incompatible tree.

During this study, results have implied that the downstream elements of pollination
in cocoa include a signal to either prevent or allow nuclear fusion of gametes in the
embryo sac (Chapter 3) and a signal to delay or prevent abscission of the flower
following pollination and the germination and growth of pollen tubes (Chapter 4).
It may be assumed therefore, that the self-incompatibility reaction operates at two
points between pollination and fertilisation: once at, or shortly after pollination and
again within or near the embryo sac with additiona signals controlling the
abscission response. Both of these ‘barriers’ appear to be leaky and subject to

physiological manipulation to allow selfing.

The relationship between the pollination response at the stigma, the non-fusion
response within the embryo sac and the abscission response at the pedice were

investigated by the application of auxin and ethylene promoters and inhibitors to
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flowers on the tree following pollination. In vitro methods were aso applied to
deliver a constant treatment to pollinated flowers over 48 hours, with responses

within the ovule observed using confocal microscopy.

Expression studies were attempted to isolate RNASs functioning during the self-
incompatibility reaction. Attempts were made to isolate auxin response SAUR
genes from cocoa using candidate gene approaches. The identification of the
presence of SAUR genes within cocoa would alow the generation of auxin-specific
probes. Such probes could be applied to cut sections of the gynoecium in in situ
hybridisation based experiments to determine the point of auxin activation both
physically and temporally within the flower. Such data could identify the exact
trigger to the reaction and provide information on the nature of the self-

incompatibility response.

In addition, RNA from pedicels of incompatible, compatible and unpollinated
flowers was isolated in an attempt to generate subtractive cDNA libraries. Such
libraries would isolate differentially expressed cDNAs from pedicels of the three
types of flower. Thus, the generation of subtractive cDNA libraries would isolate
the genes involved in the self-incompatibility reaction and would be invaluable in

discovering exact operation of abscission.

6.2 M aterials and methods

6.2.1 Pollination physiology

Experiments were carried out to further examine the involvement of auxin and
ethylene in the self-incompatibility recognition and rejection reaction as suggested
previoudly in earlier studies (Angja et al., 1999; Baker et al., 1997; Hasenstein &
Zavada, 2001).
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6.2.1.1 Therole of auxin

Spray applications of various concentrations (see below) of 1-naphthaleneacetic
acid (NAA, synthetic auxin, Sigma) were made to incompatibly pollinated (selfed)
flowers of SCA 6. Fowers were given two sprays from a 50ml spray bottle
(Superdrug) equivalent to ~175ul. A 90mm diameter filter paper (Whatman No 1)
was cut along its radius and folded to form a cone around the flower. This cone
helped to focus the spray and to protect the surrounding flowers and leaves from

accidental spray drift. The treatments applied were as follows:

negative control 1. incompatible pollination (self);

negative control 2: RO water spray and incompatible pollination (self);
negative control 3: 0.01% Tween 20 and incompatible pollination (self);
10°M NAA, 0.01% Tween 20 and incompatible pollination (self);
10*M NAA, 0.01% Tween 20 and incompatible pollination (self);
10°M NAA, 0.01% Tween 20 and incompatible pollination (self).

o g~ WD PE

Five replicates of six cohort flowers (1 per treatment) were performed. Flowers
were subsequently monitored at 24 hour intervals and the approximate timing of

flower abscission was recorded.

In a separate set of experiments, a range of concentrations of NAA was applied
directly onto the pedicel of flowers of SCA 6. In each case, the inoculum was
applied using an artist’s paintbrush between the flower base and the abscission zone

of the pedicel. The treatments applied were as follows:

negative control 1: unpollinated flower;

negative control 2: incompatible pollination (self);

negative control 3: RO water and incompatible pollination (self);
negative control 4: 0.01% Tween 20 and incompatible pollination (self);
10°M NAA and 0.01% Tween 20 and incompatible pollination (self);
10°M NAA and 0.01% Tween 20 and incompatible pollination (self);

o g~ w D PRE
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7. 10" M NAA and 0.01% Tween 20 and incompatible pollination (self);
8. 10°M NAA and 0.01% Tween 20 and incompatible pollination (self).

Six full replicates of these treatments were performed using cohort flowers. All
flowers were monitored at 24 hour intervals and the approximate timing of flower
abscission was recorded. During this set of treatments, it was noted that the
inclusion of Tween 20 was apparently stimulating abscission. Treatments were,
therefore altered to remove Tween 20 from the applications. Twenty full replicates
of treatments (using cohort flowers) excluding Tween 20 were thereby carried out
on flowers from cocoa clones SCA 6 and SCA 19.

Direct applications of NAA were also made to the gynoecium using a pipette. 1yl
of NAA solution was taken up into the pipette tip, the end of the pipette tip placed
over the stigma and style, enclosing both inside the tip. The NAA solution was
expelled from the pipette, washing the solution out over the stigma, style and ovary.
Applications were made to the flower following the removal of staminodes;
pollination was carried out 1-2 min following treatment. Treatments were applied
to flowers of SCA 6 and SCA 19 asfollows:

negative control 1: unpollinated flower;

negative control 2: incompatible pollination (self);

negative control 3: RO water and incompatible pollination (self);
10°M NAA and incompatible pollination (self);

10°M NAA and incompatible pollination (self);

10*M NAA and incompatible pollination (self);

10*M NAA and incompatible pollination (self).

N o a k~ wDdE

Twenty full replicates of these treatments were carried out using seven cohort
flowers on each occasion (1 per treatment). Flowers were monitored at 24 hour
intervals and the approximate timing of abscission was noted. A partial set of
treatments was also carried out on SCA 24 including 10°M and 10°M solutions

only, with twenty replications of each.
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A solution of 10°M NAA was applied to unpollinated flowers of SCA 6 and SCA
24 after removal of their staminodes using both the paintbrush and pipette
application methods. Affects on flower abscission were again recorded at 24 hour

intervals.

6.2.1.2 Therole of ethylene: manipulation of ACC

1-aminocyclopropane-1-carboxylic acid (ACC) is a known metabolic precursor of
ethylene. Experiments to test indirectly the effect of increasing ethylene activity in
the flower were therefore performed through the application of exogenous ACC.
ACC (Sigma) treatments were made to both unpollinated (with staminodes
removed) and compatibly pollinated (x PA 88 [PER]) flowers of SCA 6 and SCA
24. Flowers were treated using the pipette direct application method described in
section 6.2.1.1 above. In each case, 1ul of the following reaction mixtures were
applied to each flower following the removal of staminodes. Flowers were then left

either unpollinated, or were pollinated 1-2 min following treatment.

negative control 1: unpollinated or compatible pollination;

negative control 2: RO water and unpollinated or compatible pollination;
10*M ACC and unpollinated or compatible pollination;

10“M ACC and unpollinated or compatible pollination;

10°M ACC and unpollinated or compatible pollination;

10°M ACC and unpollinated or compatible pollination.

o gk~ WD PF

Twenty full replicates of each of these trestments were carried out. Flowers were

monitored at 24 hour intervals and the timing of abscission noted.

6.2.1.3 Therole of ethylene: manipulation of AVG

(S)-trans-2-amino-4-(2-aminoethoxy)-3-butenoic acid or aminoethoxyvinyl glycine
(AVG) is a known metabolic inhibitor of ethylene synthesis. Experiments were
designed to examine the effect of reducing ethylene activity using the exogenous
application of AVG. AVG (Sigma) treatments were applied to unpollinated
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(staminodes removed) and incompatibly pollinated (self) flowers of SCA 6 and
SCA 24. Flowers were treated using the pipette direct application method described
in section 6.2.1.1 above. In each case, 1ul of the following treatment solutions were
applied to each flower following the removal of staminodes. Flowers were then
either left unpollinated, or were pollinated 1-2 min following application of the
treatment solution.

Lo

negative control 1: unpollinated or incompatible pollination;

N

negative control 2. RO water and unpollinated or incompatible
pollination;

10*M AV G and unpollinated or incompatible pollination;

10*M AV G and unpollinated or incompatible pollination;

10°M AV G and unpollinated or incompatible pollination;

10°M AV G and unpollinated or incompatible pollination.

o g~ Ww

Twenty full replicates of each of these treatments were carried out using cohort
flowers from the respective cocoa clones. Flowers were monitored at 24 hour
intervals and the approximate timing of abscission was noted.

6.2.1.4 In vitro application of ACC and AVG

Newly opened flowers were removed from the self-incompatible tree (clone SCA
24) and transferred (pedicel basipetaly) into supporting water agar that contained
either ACC or AVG. In this way, it was hoped that the supporting media would
effect sustained production or repression of endogenous ethylene levels over time.
Media was prepared (1% water agar with 1uM, 10uM, 100puM AVG or ACC) in a
150ml volume and decanted into Plantcon plant tissue culture containers (ICN
Biomedicals). Flowers of SCA 24 were removed from the tree and the end of the
pedicel cut at 45° using a sterile scalpel blade. The pedicel was then inserted into
the media to such a depth that the flower supported itself and was secure. Flowers
were pollinated according to the following scheme whilst supported in the media:
4x replicates unpollinated, 4x replicates compatibly pollinated (x PA 88 [PER]) and
4x replicates incompatibly pollinated (x self). The samples were placed in a plant
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growth room (16 hoursin light at 22°C; 8 hoursin darkness at 18°C) and allowed to
develop for 48 hours. Flowers were then fixed in 3:1 (v/v) ethanol:glacial acetic
acid and taken through the Feulgen staining protocol for examination by confocal

microscopy as described in section 3.2.1.

6.2.2 Expression of auxin up-regulated genes

Hasenstein & Zavada (2001) identified auxin to be key phytohormone in the
incompatibility response in cocoa. A family of plant mMRNASs have been identified
that accumulate rapidly following the application or natural synthesis of auxin
(Theologis, 1986). Small auxin up RNA (SAUR) genes have been identified and
used as to monitor auxin response in several plant species (soybean, Gee et al.,
1991; Arabodiposis thaliana, Gil et al., 1994; apple, Watillon et al., 1998; tobacco,
Roux et al., 1998; radish, Anai et al., 1998; maize, Knauss, 2003). SAUR gene
homol ogues were sought in cocoa for use as a probe to detect auxin involvement in

the incompatibility reaction.

For control purposes, leaf material of Gossypium hirsutum breeding line MacNair
312 was supplied by Syngenta, Jealotts Hill, Berkshire.

6.2.2.1 Candidate gene PCR

Primers were designed to test for the presence of putative SAUR genes in cocoa
from sequences isolated from Gossypium hirsutum (cotton) EST data. These data
were obtained from the NCBI Database. Attempts were made to align the SAUR
gene sequences of cotton and Arabidopsis to enable the identification of
homologous regions for use priming sites. This was unsuccessful as the sequence
data for the two were insufficiently similar to aid primer design. Therefore, primers

were designed directly from the cotton sequence (Figure 6.1).

Pairs of forward and reverse primers were applied to DNA of SCA 19, SCA 6, PA
88 [PER], CBO 177 [VEN], MXC 67 and RIM 189 [MEX] cocoa clones with the

166



Rejection of self through abscission

Gossypium hirsutum cDNA putative auxin-regulated protein
ataaatattg aacttcccaa agttccgttt ggtacgagtt tacatgttgg tgtggattat caaccatgag taacgtggct

> GSAURIF

aagtttctca gatactcttc actcactatc ttcgaacaac ccattgcaaa ggacccttgg ccatcctcta cttcctcttt
ctagcttctt cttctagggt tcttgccttt gggtaatctt tgttgttttt ttttttttga agaaaatatg agtagtggag
agaaaagttt gaggaacttc caattacacc taccacacct tcatcatcat tgtcatcatc atcatcaagg gaagaaacaa
acgagggatg taccaaaagg gtatttggca atcatggtgg gatcacaagg agaggagcga cagagatttg tggtgcctgt

GSAURZF

tatgtacttc aatcacccct tgttcatgcg g aagggaacca
-

GSAURSF
tcacaatccc ctgtcatgtg gaagaattca ggaatatacg gggcttgatt gataaggaaa agtattttca tcatcatcat

GSAURSR GSAUR4R
catcaccatc atcatgtggg ttgttttagg gtttgaataa tttattgtta tttacttcaa tgg

GSAURSR

Figure 6.1 Position and sequences of Gossypium SAUR geneprimers.
Sequences in red represent forward primers, sequences in purple represent primers used in both
forward and reverse directions, sequences in blue represent reverse primers.

inclusion of Gossypium hirsutum DNA as a positive control. PCR treatments and
conditions are as described for SRK and SLG above.

6.2.2.2 Southern analysis

Along with candidate gene PCR, the presence of SAUR gene homologues with the
genome of cocoa was assessed by DNA-DNA hybridisation using Southern analysis
(Southern, 1975).

DNA preparation

Southern analysis requires around 5 pg of high quality DNA, which is restricted and
fractionated by electrophoresis to provide good separation of restriction fragments.
The DNA is then denatured (to form single stranded DNA) and transferred from an
agarose gel to a nylon membrane for DNA-DNA hybridization with a specifically
designed probe, generally labelled with *P.

DNA was extracted from leaves of cocoa clone, SCA 24 and cotton (Gossypium
hirsutum breeding line MacNair 312) using the Qiagen DNeasy Plant Minikit,
according to the manufacturer’s instructions (appendix 2). Repeated extractions
were performed and samples were pooled to obtain a total of 5ug. The amount of
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DNA extracted was quantified using a spectrophotometer using the following

formulae:

g mi™ = adsorbance @ 260nm® x 50° x 70°

where: a = spectrophotometer reading, b = calculation for ds DNA, ¢ = dilution
factor (1:70, in a 70l cuvette).

Problems experienced with the incomplete restriction of the DNA samples were
deemed to be due to the contamination of DNA samples with proteins that remained
after the extraction procedure. In these cases, proteins were removed from DNA

samples using a phenol: chloroform extraction.

Phenol: chloroform extraction. An equal volume of phenol was added to each DNA
sample in a 1.5ml eppendorf tube. The sample was mixed by repeated inversion of
the tube until an emulsion was formed. Samples were then centrifuged at
13,000rpm for 15 min. Following centrifugation, the DNA sample and phenol
separated into two distinct layers. Denatured proteins can be observed as
precipitates in the form of a white residue at the interface of the two liquid phases.
The DNA sample was removed and transferred into a fresh tube, ensuring that no

proteins or phenol are carried over.

Trace phenol is removed by the addition of an equal volume of 24:1 chloroform:
isoamyl-alcohol. The liquid mix were emulsified by repeated inversion and
separated by centrifugation at 13,000rpm for 5 min. The sample again formed two
distinct layers, with the uppermost DNA phase being transferred to afresh tube. To
improve DNA recovery, 150yl TE buffer (Appendix 4) was added to the DNA

sample prior to removal from the chloroform.

The DNA samples were sometimes concentrated by ethanol precipitation. Here, a
2.5x volume of 3:1 100% ethanol: 3M sodium acetate was added to each sample.
The sample was mixed by vortexing and placed at -20°C overnight. They were then
centrifuged at 13,000rpm for 30 min to precipitate the DNA. The supernatant was
discarded and the pellet washed with the addition of 70% ethanol. Samples were
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again centrifuged at 13,000rpm for 10 min and the ethanol removed. The DNA
pellet was finally re-suspended in sterile water.

Additional contaminants were removed via heat shock of the DNA. For this, DNA
samples were heated to 70°C in a water bath for 3 min to degrade proteins and
polysaccharides still attached to the DNA.

DNA restriction

The restriction enzymes used for Southern analysis were selected to generate
predicted banding patterns based on sequence information of the target SAUR gene
in Gossypium. The probe was to be generated from PCR reaction of SAUR gene
primers GRAURILF and GSAURS3R (Figure 6.1) based on results from PCR reactions
using these primers in the candidate gene analysis. Restriction enzymes were
selected to either:

1. Restrict the DNA at two positions between the two primer binding sites (to
produce a diagnostic band of known size);
2. Redtrict the DNA at positions outside the two primer binding sites (to

determine presence of multiple copies of the gene);

Flanking region, no Region of gene amplified Flanking region, no
nucleotide sequence by SAUR gene primers, of nucleotide sequence
data available. known nucleotide data available.
sequence.

Figure 6.2 Pattern of restriction sites selected for digestion of DNA for Southern Blot.
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3. Restrict the DNA at one position between the two primer binding sites and
at one position outside the primer binding sites (again, to determine the

presence of multiple copies of the gene) (Figure 6.2).

Sequence data for the putative auxin regulated SAUR gene in cotton was used for
the selection of restriction sites (NCBI Database accession Al731637). Based on
the nucleotide sequence data available, the restriction enzymes Sspl, EcoR1 and
Haelll were selected for use in this experiment. These enzymes were also selected
on the basis that they could be combined as they function in the same incubation
buffers and at the same temperature. Enzymes Sspl and EcoR1 would be combined
to create the scenario described in 1. above, and used individually to create scenario

2. Haelll would be used in isolation to create scenario 3 (Figure 6.3).

Gossypium hirsutum cDNA putative auxin-regulated protein

ataaatlattg aacttcccaa agttccgttt ggtacgagtt tacatgttgg tgtggattat caaccatgag taacgtggct
aagtttctca gatactcttc actcactatc ttcgaacaac ccattgcaaa ggacccttgg ccatcctcta cttcctcttt
ctagcttctt cttctagggt tcttgccttt gggtaatctt tgttgttttt ttttttttga agaaaatatg agtagtggag
agaaaagttt gaggaacttc caattacacc taccacacct tcatcatcat tgtcatcatc atcatcaagg gaagaaacaa
acgagggatg taccaaaagg gtatttggca atcatggtgg gatcacaagg agaggagcga cagagatttg tggtgcctgt
tatgtacttc aatcacccct tgttcatgcg actgttgaaa gaggcagagg aggagtacgg gttcgaccan aagggaacca

tcacaatccc ctgtcatgtg gaaglaattca ggaatatacg gggcttgatt gataaggaaa agtattttca tcatcatcat
catcaccatc atcatgtggg ttgttttagg gtttgaataa tttattgtta tttacttcaa tgg

Figure 6.3 Position of Sspl and EcoR1 restriction siteswithin the cotton SAUR gene sequence.
Primer binding site for forward primer used in the generation of the SAUR gene probe shown in red;
primer binding site for the reverse primer shown in blue. Restriction site of the enzyme Sspl
indicated by the red arrow, EcoR1 indicated by the blue arrow.

Restriction reactions were made up in 200ul reaction volumes comprising: 5ug of
DNA , 1 unit of enzyme per pug of DNA and 10% total volume of 10x incubation
buffer, made up to 200l with sterile water. Reactions were performed at 37°C
overnight. After overnight incubation, an additional 0.5 units of enzyme was added

to each sample and incubated for another hour.
Membrane preparation
Digested DNA samples were removed from the freezer and centrifuged at

14,000rpm at 4°C for 30 min. The supernatant was removed and discarded, and the
DNA pellet washed twice in cold 70% ethanol. The samples were centrifuged again
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for 10 min and the pellets air-dried in a vacuum-centrifuge to remove all traces of
ethanol. The DNA pellet was re-suspended in 25l sterile water.

Samples were then mixed with 5ul of agarose gel loading buffer (Appendix 4) to
create a final volume of 30ul and loaded into a 150ml 0.8% agarose gel containing
3% ethidium bromide. Samples of unrestricted DNA of both cocoa and cotton were
also loaded along with a positive control sample of 10pg the probe DNA. The
outermost lanes of the gel were loaded with 1Kb ladder (Roche Diagnotistics).

The gel placed inside a gel rig and subjected to 100V for 5-10 min until the samples
had been drawn from the wells into the body of the gel. The voltage was then
reduced to 30V and the samples fractionated for 16 hours.

Once fractionation was deemed complete, the gel was removed from the gel tank,
and visualised under UV to check the presence and digestion of all DNA samples.
Any excess agarose was removed from the edges of the gel and the top-right corner

removed to aid orientation.

The gel was then prepared for the transfer of samples from within the gel onto the
nylon membrane. The gel was fixed in depurination buffer (Appendix 4) on a
shaker table at room temperature and agitated gently for 30 min. The gel was then
transferred into denaturation buffer to separate the DNA strands (Appendix 4) and
agitated gently for a further 30 min at room temperature. Following the DNA
denaturation, the pH of the gel was neutralised in neutralisation buffer (pH < 8.5,
Appendix 4) for at least 15 min, on aslow shaker at room temperature.

DNA was transferred from the gel onto a nylon membrane by capillary blotting. A
glass plate was supported above the surface of a shallow dish with a small, upturned
plastic box. A wick of Whatman 3mm paper was placed across the plate, with each
end reaching the bottom of the dish. The transfer buffer (Appendix 4) was then
added to the shallow dish and the wick moistened. Any air bubbles between the
wick and the glass plate were removed by rolling the surface of the wick with a 5ml
pipette tip. The neutralised gel was placed upside down (so that the flattest surface
IS uppermost) onto the wick. Any air bubbles were removed in a similar manner.
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Rolled-up sections of cling-film were placed at the edges of the gel to prevent any
capillary forces occurring around the boundary of the gel. A Hybond N nylon
membrane was cut to the exact dimensions of the gel, with the same top-right corner
removed and pre-soaked for 1 min in transfer buffer. The membrane was carefully
was lowered on top of the gel, without sideways movement between the membrane
and the gel surface. Air bubbles were again removed. One sheet of Whatman 3mm
paper, cut to the exact dimensions of the membrane and pre-soaked in transfer
buffer was placed on top of the membrane, followed by one dry sheet of Whatman
3mm paper, cut to the same dimensions. A stack of paper towels, cut to the size of
the membrane, was placed on top of the filter paper, and a glass plate placed on top
of that. A weight of ~500g was placed on top of the glass plate to ensure good
contact between all layers (Figure 6.4). The capillary blot was left overnight to
transfer the DNA from the agarose gel onto the Hybond N membrane.

The stack was dismantled and the DNA cross-linked to the nylon membrane using a
UV Stratalinker. The remainder of the agarose gel was checked under UV to ensure
that no DNA could still be detected within it and thus that all DNA from the gel had
been successfully transferred onto the membrane.

Preparation of the probe

The probe DNA was prepared by PCR using primer pair GSAURIF-GSAUR3R
applied to genomic DNA of cotton (Gossypium hisrsutum). The PCR product
generated was quantified using a spectrophotometer as described above, and
adjusted by dilution to 25ng in 24pl. The probe DNA was then labelled with ¥P
using the ‘Prime-IT" Random Primer Labelling Kit (Stratagene) according to the

manufacturer’s protocol (Appendix 7).
Probe hybridisation and stringency washing
The membrane containing the DNA samples was pre-treated in 125pl per cm? of

Rapid-hyb buffer (Amersham Pharmacia) at 42°C for 15 min in a rotating bottle

inside a hybridising oven.
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The 3?P |abelled probe was denatured in a 100°C water bath for 5 min and placed on
ice to prevent re-annealling. Once the membrane pre-treatment was complete, the
probe was added into the Rapid-hyb buffer with the membrane. The probe and
membrane were incubated at 42°C for 2h inside a rotating hybridising bottle.

Following incubation, the membrane was subjected to a series of washes of
increasing stringency to remove excess, background and non-specifically bound
probe DNA. The following washes were carried out in sequence, at 42°C for
15min, inside arotating hybridising bottle:

Wash 1. 3xSSC
Wash 2. 1x SSC
Wash 3. 1xSSC
Wash 4. 0.5x SSC

Following each wash, the membrane was removed from the hybridising bottle and
the presence of probe DNA assessed using a Geiger-Muller counter. Levels of
background and non-specifically bound probe DNA were assessed by comparison to
the region of the membrane thought to contain the positive control probe DNA
sample. Once the levels of radiation detected were considered satisfactory, the
location of the specifically bound probe DNA was visualised.

Visualisation

Following probe hybridisation, the membrane was visualised against autorad
photographic film. The membrane was wrapped in Saran Wrap, with the minimum
of wrinkles, to prevent any wash buffer leakage. The membrane was then fastened
with tape to a piece of Whatman 3mm paper, cut to fit exactly inside an autorad
cassette. In the dark room, a piece of X-ray photographic film was cut to fit against
the membrane, with the top-right corner removed. The film was placed inside the
autorad cassette with the membrane, and the cassette sealed. The cassette was then
stored overnight at -70°C.
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Following exposure to the membrane, the cassette was returned to room temperature
and allowed to defrost. The film was developed in the dark by agitating gently in
developing solution (GBX Developer and Replenisher, Kodak) for 4 min, 5% acetic
acid for 30s and fixative solution (GBX Fixer and Replenisher, Kodak) for 8 min.
The film was given afinal rinsein RO water and left to dry.

6.2.3 Gene expression during abscission

Expression based work was attempted with the construction of subtractive libraries
between unpollinated, compatibly pollinated and incompatibly pollinated flowers.
The construction of subtractive libraries isolates differentially expressed RNAs
(cDNA) in each case. Subtractive libraries are constructed between two different
samples using one sample to ‘soak up’ the common elements between the two,
leaving the uncommon elements of one behind. For example, alibrary constructed
using an incompatibly pollinated flower against a compatibly pollinated flower
would isolate RNAs expressed specificaly in the incompatibility reaction.
Likewise, a library constructed using a compatibly pollinated flower against an
incompatibly pollinated flower would isolate the RNAs expressed specifically in the
compatibility reaction.

6.2.3.1 Generation of subtractivelibraries

Generation of subtractive libraries was to be carried out using Clontech PCR-Select
cDNA Subtraction Kit (BD Biosciences). This requires the extraction and
purification of polyA mRNA and its synthesis into ds cDNA from the two samples
under consideration (i.e. compatible and incompatible). The cDNA from one
sample, in this case incompatible, is divided into two and each is ligated with
different adapters (Figure 6.5: incompatible 1; incompatible 2). The cDNA from
the second sample (compatible) is hybridised in excess with the two incompatible
samples during which process the cDNAS are heat denatured, and then cooled to
allow the first cDNA-cDNA hybridisation. The cDNAs in common will anneal

with each other and the uncommon cDNASs remain single-stranded (Figure 6.5: a).
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Figure 6.5 Molecular basisof cDNA subtraction.
Adapted from Clontech PCR-Select cDNA Subtraction Kit User Manual, [Clontech Laboratories,
Inc., Palo Alto, USA, part of BD Biosciences).
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The two samples are combined in the second hybridisation, without denaturing
(incompatible 1 + compatible with incompatible 2 + compatible) alowing the
uncommon incompatible single stranded cDNASs two anneal with each other (Figure
6.5: €). These double stranded cDNAs will now have a different adapter on each
end. These represent the differentially expressed cDNASs and, after the ends are
filled with additional adapters using DNA polymerase, the priming sites in the
adapters allow their exponential amplification using PCR (Figure 6.5).

A secondary PCR can be performed to reduce the relative abundance of any
background PCR products and to enrich the differentially expressed sequences.

These may then be cloned into vectors to generate a cDNA library.

Extraction of RNA

Flowers of SCA 24 were incompatibly pollinated (x self), compatibly pollinated (x
PA 88 [PER]) and left unpollinated and collected after 24 hours. Flowers were snap
frozen by immersion in ethanol and dry ice directly after removal from the tree.
These frozen samples were then transferred into liquid nitrogen in the lab and,
stored at -70°C until required.

The strong possibility of extensive secondary products within the organs of the
flower made working with the whole flower very difficult and so work focused on
the pedicel only in the first instance. Thus, emphasis was placed on floral

abscission.

Pedicels were disrupted with a pestle and mortar under liquid nitrogen and total
RNA extracted from 30ug of material using the RNeasy Plant Mini Kit (Qiagen, see
Appendix 8 for protocol). Larger volumes were extracted using a protocol from
Jones et al. (2002) asfollows:

1. grind 1g of tissue under ligquid nitrogen and re-suspended in 10ml of
extraction buffer (Appendix 10);
2. incubate samples at 65°C for 15 min with occasional vortexing;
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3. centrifuge at 5,000g for 10 min at 20°C to pellet solids;

4. transfer the supernatant into a fresh tube;

5. add 0.2 x volume potassium acetate buffer (Appendix 10) and incubate for
30minonice;

6. centrifuge at 5,000g for 10 min at 4°C;

7. transfer the supernatant into a fresh tube;

8. precipitate RNA with the addition of 2.5 x volume 100% ethanol and
incubate for 1-2 hours at -20°C;

9. centrifuge at 5,000g for 15 min at 4°C;

10. wash pelletsin 25ml 70% ethanol;

11. vacuum dry pellet for 5 min to remove ethanol;

12. re-suspend pellet in Iml DEPC water;

13. remove insoluble material via centrifugation at 15,000g, 5 min at 4°C;

14. purify samples further using RNeasy Plant Mini Kit columns (Qiagen)

according to the manufacturer’ s protocol (Appendix 8).

Products were visualised on a 1% (w/v) agarose gel before proceeding (section
5.2.4.1). The gel-rig was thoroughly cleaned beforehand and the comb and gel plate
wiped with SDS before pouring the gel, to prevent unnecessary degradation of the
sample. Products were loaded with agarose gel loading buffer for RNA (see
Appendix 10) and fractionated at 95V for 50 min.

Purification of polyA mRNA from total RNA was carried out using Clontech
Nucleospin mRNA Purification Kit according to the manufacturer’s protocol (see

Appendix 9).

Concentration and purity of mMRNA was calculated using a spectrophotometer

according to following formulae:

Asgo = 1 = 40pg mRNA ml™
Azeo/Azgo = 1.8-2.0 = sample uncontaminated by proteins

Azso/A2zp = >1 = sample uncontaminated by polysaccharides
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The cDNA subtraction kit requires 2ug of mRNA in 4ul. Samples of mMRNA were
concentrated and purified by precipitation and re-suspension of the nucleic acids.
Precipitation was carried out with the addition of 1 x volume of 1:10 v/v 100%
ethanol and 3M sodium acetate (NaAc). Samples were frozen overnight at -20°C
and spun at maximum speed (13,000rmp) in a centrifuge for 10 minutes at 15°C.
The supernatant was then removed and the pellet washed with 70% ethanol.
Samples were centrifuged at 13,000rpm for 10 min, the supernatant removed and
pellet air-dried. Pellets were re-suspended in DEPC water and adjusted by dilution
to the required concentration.

Synthesis of cDNA

Samples of mMRNA were synthesised into cDNA using the reagents and protocol
supplied with the Clontech PCR-Select cDNA Subtraction Kit (BD Biosciences)
and with SMART PCR cDNA Synthesis Kit (BD Biosciences) according to the
manufacturer’ sinstructions (see Appendix 11).

The success of cDNA synthesis was assessed by agarose gel electrophoresis (section
5.2.4.1), and by the ability to generate products by PCR (see below). As
recommended in the protocols of the cDNA synthesis kits used, 2.5ul of double
stranded cDNA and 5ul of Rsal digested double stranded cDNA were run in a 1%
(w/v) agarose gel prepared with 1.5% (v/v) ethidium bromide and fractionated at
95V for 90 min. Products were visualised under UV as described in section 5.2.4.1.

Samples were tested for the ability to amplify by PCR using with degenerate
primers designed to target actin gene sequences. These primers, provided by Dr.
Matt Ordidge (School of Plant Sciences, University of Reading), were designed
from known sequence data of soybean (ACT6, ACT7), tobacco (ACT9), rice (ACT1)
and Arabidopsis (ACT2) obtaned from the NCBI Database
(www.nchi.nlm.nih.gov). These sequences were aligned and forward and reverse
primer binding sites identified in exon 2 and exon 3. Primer sequences are as

follows:
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Exon 2 F1. TCATGG TYG GGA TGR RCC AGA AG
R1: AACATGATY TGRGTCATCTTCTC

Exon 3 F2: GTGATGGTGTVW SYCACA CTG
R2: CCRATCCAGACACTGTAY TTC

where R=A+G, Y=C+T, S=G+C, W=A+T, V=G+A+C.

Based on nucleotide sequence information from Arabidopsis, the pairing of primers
F1-R1 should amplify 250bp from exon 2, F2-R2 should amplify 650bp from exon
3. The combination of primers F2-R1 should not amplify anything, and the
application of primers F1-R2 should produce a band of ~900bp from cDNA and
~1Kb from genomic DNA (Figure 6.6).

F1 R1 F2 R2
—> -~ —_— -—
— e
exon 2 intron exon 3
~1Kb

Figure 6.6 Relative position of the actin degenerate primers.
Based on sequence and coding region information from Arabidopsis. Data provided by Dr. Matt
Ordidge (School of Plant Sciences, University of Reading).

The four combinations of primer pairs were applied to samples of cDNA and
genomic DNA of cocoain 20ul volume PCR reactions:

14.0ul fresh nanopure water;

2.0ul reaction buffer (supplied with Taq polymerase);

0.6ul MgCl; (supplied with Taq polymerase);

0.4ul dNTP mix (x10 stock of 2uM concentration, Roche
Diagnostics);

0.4ul forward primer (10uM concentration);

0.4ul reverse primer (10uM concentration);
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0.2ul Taq polymerase (Bioline);
2.0ul template DNA.

PCR conditions were as follows: 35 cycles of (1Imin at 94°C, 2 min at 54°C, 2 min at
72°C), with 5 minfinal extension at 72°C. The PCR products were fractionated and
visualised using agarose gel electrophoresis (section 5.2.4.1).

The cDNA samples were then subjected to adapter ligation as the next step in the
cDNA Subtraction procedure. Each sample was divided into two, and each ligated
with a different adapter (incompatible 1, incompatible 2, Figure 6.5). Ligation
reactions were carried out in accordance with the manufacturer’s instructions
(Appendix 11).

The success and efficiency of the adapter ligation were assessed by PCR, using
combinations of cDNA specific and adapter specific primers. The cDNA specific
primers selected for use with the cocoa samples were the actin degenerate primers
described above. Adapter specific and control cDNA specific primers were
provided as part of the kit. PCR reactions were carried out according to the protocol
listed in the cDNA Subtraction kit, using the reagents provided and the Clontech
Advantage cDNA Polymerase Mix (BD Biosciences). The PCR products were
fractionated and visualised using agarose gel electrophoresis as described in the
cDNA Subtraction kit users’ manual (Appendix 11).
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6.3 Results

6.3.1 Pollination physiology

Pollination physiology experiments involving the exogenous application of NAA

and ethylene promoters and inhibitors to unpollinated, compatibly pollinated and

incompatibly pollinated flowers, were completed between May and September 2002

and March and June 2003.

6.3.11 Auxin

Applications of exogenous auxin via both spray and paintbrush delivery methods

included the use of 0.01% Tween 20 as a wetting agent in al treatments. The

results show that after only 5-6 replicates of each treatment, that the inclusion of

Tween 20 was conferring a negative effect on flower retention when compared to
the untreated and water treated control pollinations (Table 6.1).

Treatment Abscission occurring (hours after pollination)
Spray application Paintbrush application
unpollinated n/a 48 (£ 10.7)
incompatible pollination 192 (+ 162.7) 164 (£ 121.1)
water treatment and 142 (+ 96.8) 180 (= 87.2)
incompatible pollination
0.01% Tween 20 and 38 (+17.8) 34 (+ 25.6)
incompatible pollination
10°M NAA, 0.01% Tween 20 and n/a 114 (£ 70.7)
incompatible pollination
10°M NAA, 0.01% Tween 20 and 127 (£ 111.8) 180 (+ 104.1)
incompatible pollination
10“M NAA, 0.01% Tween 20 and 110 (+ 157.6) 224 (£ 129.2)
incompatible pollination
10°M NAA, 0.01% Tween 20 and 77 (£112.1) 108 (+ 130.1)
incompatible pollination

Table 6.1 Flower abscission following spray and paintbrush applications of exogenous NAA.
Mean results of 6 replications of each treatment on incompatibly pollinated (selfed) flowers of SCA

6.

182



Rejection of self through abscission

SCA 6 t-statistic and probability score
spray water and 0.01% 10°M NAA, 10°M NAA, 10“M NAA, 10°M NAA,
lication incompatible | incompatible Tween 20 0.01% 0.01% 0.01% 0.01%
app pollination pallination and Tween 20 Tween 20 Tween 20 Tween 20
incompatible and and and and
incompatible | incompatible | incompatible | incompatible
unpollinated tao= -2.336 tao= -3.680 tao= 1.234 tao= -2.261 tao= -3.091 tao= -3.326 tao= -1.125
P=0.042 P=0.004 P=0.245 P=0.047 P=0.011 P=0.007 P=0.287
* * % ns * * * % ns
incor_npat_ible t(lo)z -0.263 t(lo): 2.572 t(lO): 0.873 t(lo)z -0.245 t(lO): -0.830 t(m): 0.772
pollination P=0.798 P=0.028 P=0.403 P=0.811 P=0.426 P=0.458
ns * ns ns ns ns
) water and t(lo): 3.935 t(lo): 1.440 t(lO): 0 t(lO): -0.692 t(m): 1.126
incompatible P=0.003 P=0.180 P=1 P =0.505 P=0.287
pollination x% ns ns ns ns
0.01% Tween t<1o)= -2.606 t(lo)z -3.337 t(lO): -3.534 t(lO): -1.366
~ 20and P=0.026 P=0.007 P =0.005 P=0.202
incompatible * x% *% ns
10°m NAA, t<1o)= -1.285 t(lo): -1.830 t(m): 0.099
0-0120{;7 Tv(\j/een P=0.228 P=0.097 P=0.923
an
incompatible ns ns ns
10°M NAA, tag= -0.650 | tag= 1.058
0-012"(/; Tv(\j/een P=10.530 P=0.315
an
incompatible ns ns
10"M NAA, tao= 1.550
0.01203) Tv(\j/een P=0.152
an
incompatible ns
paintbrush
application
inmmpat_ible te= 0.595 te= 2.097 te= 0.734 tg= 0.847 tg= 1.303
pollination P=0.568 P=10.069 P=0.484 P=0.419 P=0.229
ns ns ns ns ns
. water and te= 2.342 te= 0.218 te= 0.389 te= 0.978
|nc0mpat}b|e P=0.047 P=0.833 P=0.706 P=0.357
pollination * ns ns ns
0.01% Tween t(g)z -1.754 t(g): -1.001 t(g): -0.756
2 a“?. b P=0117 | P=0342  P=0471
incompatible ns ns ns
10°M NAA, t(g)z 0.204 t(g)z 0.712
0-012"87 T\glem P=0.842 P=0.496
an
incompatible ns ns
10*M NAA, t(8)= 0.393
0.0]%1 Tv(\j/een P=0.702
an
incompatible ns

Table 6.2 t-statistics and probability scores of abscission time following the application of
auxin treatmentsto incompatibly pollinated flowers of SCA 6.

Confidence limits: ns = no significant difference, * = 95% confidence of a significant difference, **
= 99% confidence, *** = >99% confidence.

Statistical analyses of these data show that the only significant differences in flower
abscission occurred between the pollinated and the unpollinated flowers, and
between the Tween 20 control treatment and both the untreated controls and the
NAA treatments (Table 6.2). A full set of 20 replicates of each of 7 treatments (3
control treatments, 4 auxin treatments) were therefore carried out with the exclusion

of Tween 20 from the experimental solutions.
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Treatment Abscission occurring (hours after pollination)
SCA 6 SCA 19 SCA 24
unpollinated 46 (+ 21.4) 48 (+ 34.9) 64 (£ 17.8)
incompatible pollination 176 (£ 122.0) 49 (£ 33.6) 103 (£ 31.2)
water treatment and 218 (= 121.7) 47 (£ 33.9) n/a
incompatible pollination
10°M NAA and 202 (+ 109.6) 52 (+ 35.5) 72 (+ 15.6)
incompatible pollination
10°M NAA and 183 (+ 114.8) 79 (£79.2) n/a
incompatible pollination
10"M NAA and 177 (£ 184.1) 219 (+ 206.3) n/a
incompatible pollination
10°M NAA and 496 (+ 204.3) 227 (£ 253.9) 371 (+ 361.3)
incompatible pollination

Table 6.3 Flower abscission following paintbrush applications of exogenous NAA.
Mean results of 20 replications of each treatment on unpollinated or incompatibly pollinated (selfed)
flowers.

In addition, the spray delivery method was found to be problematic as the volume
delivered each time was difficult to control and so variable. The action of shielding
other flowers from treatment using a filter paper cone often damaged the flower
cushions. Thus, the new set of NAA treatments was applied using the paintbrush
delivery method only to flowers of SCA 6 and SCA 19. A reduced set of treatments
were applied to flowers of SCA 24.

The removal of Tween 20 from the treatments generated a more robust set of results
from the control samples providing a greater level of confidence in the true effects
of auxin applications on flower abscission. The application of exogenous auxin to
the pedicels of incompatibly pollinated flowers leads to a significant delay in
abscission between the control pollinations. The application of 103M NAA resulted
in arepression of abscission of up to 496 hours (~20 days) in flowers of SCA 6, 227
hours (~9 days) for SCA 19 and 371 hours (~15 days) for SCA 24 (Table 6.3). The
results also indicate that the difference in the timing of flower abscission from SCA
19 is less variable between unpollinated and incompatibly pollinated flowers. In
addition, the rate of flower abscission from SCA 19 was significantly lengthened by
lower concentrations (10“M) of NAA compared to SCA 6 (10°3M) (Table 6.4).
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t-statistic and probability score
SCA 6 water and 10°M NAA | 10°M NAA | 10°M NAA | 10°M NAA
incompatible | incompatible and and and and
pollination pollination incompatible | incompatible | incompatible | incompatible
unpollinated t(38): -4.700 t(gg): -6.210 t(gg): -6.241 t(gs): -5.238 t(38): -3.168 t(38): -10.334
P=3.37° P=2.94'"7 P=2.66"" P=6.31%° P=0.003 P=1.36""
*k*k * k% * k% *kk ** * k%
incompatible t(gg): -1.074 t(gg): -0.698 t(gs): -0.176 t(38): -0.022 t(gg): -6.474
pollination P=0.289 P=0.489 P=0.861 P=0.982 P=1.28"7
ns ns ns ns xHx
water and t(38): 0.431 t(gg): 0.930 t(gg): 0.817 t(gg): -5.699
incompatible P=0.669 P=0.358 P=0.419 P=1.47¢
pollination ns ns ns *okk
10°M NAA and tag= 0.535 teg= 0.512 tag= -6.151
incompatible P=0.595 P=0.612 P =353
ns ns xHx
10°M NAA and teg= 0.113 | t@eg= -6.447
incompatible P=0.910 P=1.39"7
nS * k%
10”M NAA and teg= -5.584
incompatible pP=212'°
* k%
SCA 19
unpollinated t(3g)= 0.000 t(38)= 0.165 t(3g)= -0.323 t(38)= -1.551 t(38): -3.642 t(38): -3.464
P=1.000 P=0.870 P=0.748 P=0.129 P=0.001 P=0.001
ns ns ns ns ** **
incompatible t(38)= 0.168 t(3g)= -0.329 t(38)= -1.560 t(38): -3.646 t(38): -3.467
pollination P=0.867 P=0.744 P=0.127 P=0.001 P=0.001
ns ns ns ** **
water and t(3g)= -0.492 t(38)= -1.651 t(38): -3.683 t(38): -3.498
incompatible P=0.626 P=0.107 P=0.001 P=0.001
pollination ns ns *x *x
lO’GM NAA and t(38)= -1.361 t(38): -3.563 t(38): -3.401
incompatible P=0.181 P=0.001 P=0.001
ns ** * %
10°M NAA and teg= -2.841 | teg=-2.834
incompatible P =0.007 P=0.007
** * %
10”M NAA and t(a= -0.385
incompatible P=0.702
ns
SCA 24
unpoIIinaIed t(38)= -4.919 t(3g)= -1.584 t(33)= -3.798
P=171"° P=0.121 P=5.11"*
*oxk ns ns
incompatible t(38): 3.997 t(38): -3.300
pollination P=2.82'"* P=0.002
* %% * %
10°M NAA and tg= -3.695
incompatible P=6.89""*
* k%

Table 6.4 t-statistics and probability scores of rates of flower abscission following the
application of auxin treatmentsvia paintbrush to incompatibly pollinated (selfed) flowers.
Confidence limits: ns = no significant difference, * = 95% confidence of a significant difference, **
= 99% confidence, *** = >99% confidence.

Despite the significant delays observed in flower abscission, no fruit set was
observed following any of the treatments. Flowers of SCA 6, SCA 19 and SCA 24
al began to wilt and show signs of necrotic decay 3-4 days after treatment, usually
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Figure 6.7 Retention of decaying flowerson SCA 19 following the application of auxin.

Figure 6.8 Flowersseparated from treewith abscission layer intact

i: SCA 19 flower incompatibly pollinated (selfed) and pedicel treated with 10°M NAA; detached
from the tree 456-480 hours (19 - 20 days) after treatment; bar = 3.2mm. ii: SCA 19 flower
incompatibly pollinated (selfed) and pedicel treated with 10°M NAA; detached from the tree 432-
456 hours (18 - 19 days) after treatment; bar = 3.125mm. iii: SCA 19 flower incompatibly
pollinated and pedicel treated with 10°M NAA; detached from the tree 768-792 hours (32 - 33 days)
after treatment; bar = 2.6mm. iv: SCA 6 flower incompatibly pollinated and pedicel treated with 10
3M NAA; detached from the tree 480-504 hours (20 - 21 days) after treatment; bar = 2.7mm. Intact
abscission layer indicated.
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Flower s separating from the tree below the abscission layer (%)
Treatment SCA 6 SCA 19 SCA 24
10°M NAA 45% 0 0
10°M NAA 25% 10% n/a
10“M NAA 30% 50% n/a
10°M NAA 85% 50% 50%

Table 6.5 Percentage of flowers not separating from thetree at the abscission layer
Incompatibly pollinated flowers treated with exogenous applications of NAA with a paintbrush to
the pedicel.

before abscission occurred (Figure 6.7). In many cases, when the detachment of
flowers finally took place, the separation of the pedicel from the tree did not occur
at the abscission layer. Moreover, although flowers had persisted on the tree, most
had wilted and degraded, and the pedicel deteriorated to such an extent that the base
of the pedicel ‘rotted off’ the tree at the point of emergence (Figure 6.8). Flower
fall in this way was observed in up to 85% of flowers treated with 10°M NAA
(Table 6.5). These results imply that the application of exogenous auxin is actually
preventing the normal development and function of the abscission layer, rather than

simply delaying its action.

To assess the efficiency of auxin transport within the flower and pedicel and to
determine the role of auxins in the incompatibility reaction, the above pollination
treatments (as listed in Table 6.3) were repeated with exogenous NAA applied to

Treatment Abscission occurring (hours after pollination)
SCA 6 SCA 19 SCA 24
unpollinated 73 (£ 36.9) 62 (+ 28.5) n/a
incompatible pollination 149 (= 55.9) 92 (+ 36.8) 103 (+ 31.4)
water treatment and 88 (+ 84.0) 85 (+40.1) n/a
incompatible pollination
10°M NAA and 158 (+ 110.8) 104 (£ 55.4) 85 (+25.2)
incompatible pollination
10°M NAA and 131 (£ 56.9) 59 (£ 42.3) n/a
incompatible pollination
10“M NAA and 132 (£ 96.8) 116 (£ 109.5) n/a
incompatible pollination
10°M NAA and 143 (£ 109.8) 130 (£ 136.7) 100 (£ 31.4)
incompatible pollination

Table 6.6 Flower abscission following pipette applications of exogenous NAA.
Mean results of 20 replications of each treatment on unpollinated or incompatibly pollinated (selfed)
flowers.
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t-statistic and probability score
SCA 6 water and 10°M NAA | 10°M NAA | 10°M NAA | 10°M NAA
incompatible | incompatible and and and and
pollination pollination incompatible | incompatible | incompatible | incompatible
unpollinated t(38): -5.045 t(gg): -0.702 t(gg): -3.263 t(gs): -3.796 t(38): -2.539 t(gg): -3.634
P=1.15"% P=0.487 P=0.002 P=5.15"% P=0.015 P=8.22%*
* k% ns *k *kk * *kk
incompatible t(gs): 2.713 t(gg): -0.346 t(gg): 1.009 t(gg): 0.672 t(gg): -0.582
pollination P =0.009 P=0.731 P=0.320 P =0.506 P=0.563
** ns ns ns ns
water and t(gg): -2.278 t(gs): -1.904 t(38): -1.550 t(gg): -2.540
incompatible P=0.028 P=0.064 P=0.130 P=0.015
pollination * ns ns *
10°M NAA and teg= 0.991 tag= 0.803 teg= -0.175
incompatible P=0.328 P=0.427 P=0.862
ns ns ns
10°M NAA and teg= -0.048 | tg=-1.249
incompatible P=0.962 P=0.219
ns ns
10”M NAA and t(ag= -1.686
incompatible P=0.319
ns
SCA 19
unpollinated t(38): -2.885 t(38): -2.074 t(3g)= -3.047 t(38): 0.316 t(38): -2.125 t(38): -2.152
P =0.006 P=0.045 P=0.004 P=0.754 P=0.040 P=0.038
* % * *k ns * *
incompatible t(38)= 0.592 t(3g)= -0.815 t(38): 2.683 t(38): -0.920 t(38): -1.175
pollination P=0.557 P=0.420 P=0.011 P=0.363 P=0.247
ns ns * ns ns
water and t(3g)= -1.267 t(38): 2.027 t(38): -1.187 t(38): -1.394
incompatible P=0.213 P =0.497 P=0.243 P=0.172
pollination ns ns ns ns
10°M NAA and teg= 2951 | t@y=-0430 | tey=-0.765
incompatible P =0.005 P=0.669 P=0.449
** ns ns
10°M NAA and teg= -2.181 teg= -2.212
incompatible P =0.036 P=0.033
* *
10”M NAA and t(a= -0.336
incompatible P=0.738
ns
SCA 24
incompaIibIe t(38)= 2.005 t(33)= 0.363
pollination P=0.0521 P=0.718
ns ns
10°M NAA and tag= -1.599
incompatible P=0.118
ns
Table 6.7 t-statistics and probability scores of rates of flower abscission following the

application of auxin treatments via pipette to incompatibly pollinated (selfed) flowers.
Confidence limits: ns = no significant difference, * = 95% confidence of a significant difference, **
= 99% confidence, *** = >99% confidence.

the gynoecium using a pipette. Twenty replications of each treatment were carried
out on SCA 6 and SCA 19 between September and October 2002, with 20
replications of a reduced set of treatments carried out on SCA 24 during March

2003.
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The application of NAA to the gynoecium had a less markedly profound effect on
abscission than application directly to the pedicel (Table 6.6). The delay in
abscission exhibited by flowers following gynoecium application is up to 158 hours
(~6 days) after treatment for SCA 6, 130 hours (~5 days) for SCA 19 and 100 hours
(~4 days) for SCA 24, with SCA 19 again demonstrating the greatest sensitivity to
NAA applications. Statistical analyses of these results using a t-test algorithm
demonstrates the reduced impact of NAA application to the gynoecium compared to
untreated flowers, with very few treatments demonstrating any significant
difference in abscission from control pollinations. With the exception of the
differences observed between the unpollinated and pollinated controls, the greatest
effect of NAA application to the gynoecium on flower abscission is observed
between the different concentrations of NAA treatments of 10°M and 10°M NAA
applied to SCA 19 (Table 6.7).

Some unexpected effects on abscisson were observed between incompatibly
pollinated controls and incompatibly pollinated controls treated with water (Table
6.6, 6.7). Thismay indicate that the application procedure itself is having an impact
on flower abscission. The water control treatment applied with the paintbrush had
little or no impact on flower abscission compared to the control incompatible
pollination (Table 6.4). The same treatment applied to SCA 6 with the pipette
demonstrated a significant reduction in the period to abscission by the application of
water, compared to the control incompatible pollination (Table 6.7). These results
could imply that damage to the flower parts is incurred during the pipette
application procedure. Any damage may induce ethylene synthesis and accelerate
the abscission process in some flowers. A dstatistical comparison of the results
obtained between the two application methods from SCA 6 again identifies the large
difference in the time to abscission between the two water control treatments and
also between the two 10°M NAA treatments (Table 6.8). The application of the
NAA treatment of the highest concentration directly on the pedicel had a much
greater impact on lengthening the period to abscission than the application of the
same treatment to the gynoecium. This difference could be indicative of the
damage caused during the pipette application procedure, or may imply that the
concentration of NAA recelved at the abscission layer is lower following

application at the gynoecium compared to proximal application at the pedicel.
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t-statistic and probability score
water and 10°M NAA | 10°M NAA | 10°M NAA | 10°M NAA
incompatible | incompatible and and and and
pollination pollination incompatible | incompatible | incompatible | incompatible
incompatible tee= -0.920
pollination P=0.364
ns
water and tze= -3.938
incompatible P=3.39""*
pollination *xx
10°M NAA and tag= -1.252
incompatible P=0.218
ns
10°M NAA and tes= -1.821
incompatible P=0.076
ns
10”M NAA and t(zs= -0.978
incompatible P=0.334
ns
10°M NAA and t(ag= -6.926
incompatible P=3.09'"®
*kk

Table 6.8 t-statistics and probability scores of flower abscission following the exogenous
application of NAA via paintbrush and pipette on SCA 6.

Confidence limits: ns = no significant difference, * = 95% confidence of a significant difference, **
= 99% confidence, *** = >99% confidence.

The detachment of flowers from the tree following NAA treatment to the
gynoecium also occurred as previously observed, via the deterioration and decay of
the very base of the pedicel and not via the abscission layer. The frequency of the
failure of normal abscission layer function following NAA treatment of the
gynoecium is much lower than was observed following NAA treatment of the
pedicel. A maximum of only 30% of flowers failed to detach from the tree at the
abscission layer following gynoecium treatment on SCA 6 and SCA 19, with the
abscission layer functioning normally in SCA 24 (Table 6.9). Thisisin contrast to
the failure of abscission layer function observed in 85% of flowers of SCA 6
following pedicel treatment and 50% of flowers of SCA 19 and SCA 24 (Table 6.5).

Flower s separating from the tree below the abscission layer (%)
Treatment SCA 6 SCA 19 SCA 24
10°M NAA 30% 0 0
10°M NAA 0 0 n/a
10"M NAA 10% 15% | n/a
10°M NAA 30% 30% 0

Table 6.9 Percentage of flowers not separating from thetree at the abscission layer
Incompatibly pollinated flowers treated with exogenous applications of NAA with a pipette to the

gynoecium.
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6.3.1.2 Ethylene

The exogenous application of ACC to flowers to induce the endogenous synthesis
of ethylene was carried out on compatibly (x PA 88 [PER]) pollinated flowers of
SCA 24 and SCA 6 during May and September 2003 respectively. Applications of
1ul were made to the gynoecium using the pipette delivery method.

The results indicate that increased levels of ethylene within the flower induced
abscission following compatible pollinations of SCA 6 with a complete absence of
fruit set following the application of 10* and 10°M ACC. The application of 10°M
ACC consistently induced floral abscission within 24 hours of treatment. The
results for SCA 24 are less marked, with an increase in fruit set with applications of
10° and 10°M ACC, and a reduction of fruit set with 103°M ACC applications
coupled with rapid floral abscission (Table 6.10).

Fruit set % / Abscission occurring
Treatment (hour s after pollination)
SCA 6 SCA 24
unpollinated 0 0
73 (£ 36.9) 64 (£ 17.8)
50% 65%
compatible pollination 41 (£ 16.2) 81 (+43.2)
water treatment and 35% 40%
compatible pollination 30 (£ 10.5) 58 (+ 29.8)
10°M ACC and 35% 75%
compatible pollination 28 (x9.0) 48 (x 16.9)
10°M ACC and 30% 90%
compatible pollination 38 (£ 36.1) 96 (+ 0.0)
10"M ACC and 0 65%
compatible pollination 28 (£ 16.1) 48 (+ 19.6)
10°M ACC and 0 10%
compatible pollination 0-24(£0.0) 28 (£ 12.3)

Table 6.10 Fruit set and flower abscission following pipette applications of exogenous ACC.
Mean results of 20 replications of each treatment on unpollinated or compatibly pollinated (x PA 88
[PER]) flowers.

Statistical analyses of these data using a x* contingency table demonstrate a
significant effect of the application of ACC on fruit set on both genotypes (Table
6.11). The data show the variable contribution of each treatment to the total ¥
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y° valuesfor each individual treatment
Treatment SCA 6 SCA 24
compatible pollination 6.666 0.4603
water treatment and 1.066 2.5064
compatible pollination
10°M ACC and 1.066 2.5064
compatible pollination
10°M ACC and 0.266 8.6445
compatible pollination
10"M ACC and 6.666 0.4603
compatible pollination
10°M ACC and 6.666 18.4654
compatible pollination
Total y° valueand *a = 22.396 = 33.04
probability score P = 0.0004*** P = 2,581+

Table6.11 y?analysis of fruit set following pipette applications of exogenous ACC.
Results of contingency table analysis with (observed-expected)?/expected results, where expected =
(row total x column total)/overall total, for each treatment displayed individually.

value. For SCA 6, 10°M and 10*M ACC (along with the control treatment of
compatible pollination only) account for more than half of the of the y* statistic,
indicating the proportionally greater effect of these treatments on fruit set. The
pattern of fruit set is more complicated for SCA 24, but again the x* score for the 10
3M ACC treatment contributes towards more than half of the total y* value (Table
6.11).

Statistical analyses of the effects of ACC treatments on abscission using a t-test
algorithm indicates that the application of 10°M ACC treatments led to a
significantly accelerated rate of flower abscission in SCA 24, compared to all
treatments, and in SCA 6 when compared to the control pollination (Table 6.12).
The variation seen between genotypes may indicate differences in the sensitivity of
some trees to increased levels of ethylene, or indeed to variation in the uptake of
ACC and subsequent ethylene synthesis. The effect of the pipette application
procedure appears not to induce more rapid flower abscission following the water
control treatment, when compared to the control pollination during this set of
experiments (Table 6.12).

The exogenous application of AV G to reduce the levels of endogenous ethylene was
carried out on incompatibly (selfed) pollinated flowers of SCA 24 and SCA 6. The
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t-statistic and probability score
SCA 6 water and 10°M ACCand | 10°M ACCand | 10*°M ACCand | 10°M ACC and
compatible compatible compatible compatible compatible
pollination pollination pollination pollination pollination
compatible t(21): 2.020 t(21): 2.472 t(zz): 0.252 t(zg): 2.113 t(zg): 4.723
pollination P =0.0564 P=0.022 P=0.804 P=0.044 P=5.91""°
ns * ns * * %k
water and t(24): 0.480 t(gs): -0.785 t(gl): 0.383 t(gl): 2.374
compatible P=0.635 P =0.440 P=0.704 P=0.024
pollination ns ns ns *
106M ACC t(25): 0.972 t(gl): -0.019 t(gl): -1.848
and compatible P=0.341 P=0.985 P=0.074
pollination ns ns ns
10°M ACC t@y= -1.110 ty= -1.710
and compatible P=0.275 P=0.097
pollination ns ns
10*M ACC t(z= -1.000
and compatible P=0.324
pollination ns
SCA 24
Compatible t(17): 1.373 t(lO): 1.624 t(7): -0.495 t(lz): 1.860 t(23): 4,933
pollination P=0.188 P=0.135 P=0.635 P=0.088 P=551""°
ns ns ns ns el
water and t(15): 0.697 t(lz): -1.746 t(17): 0.790 t(zg): 3.835
compatible P=0.496 P=0.106 P=0.441 P=6.53"*
pollination ns ns ns *rx
106M ACC t(5)= 3.780 t(lO): 0.000 t(21): -2.963
and compatible P=0.013 P =1.000 P=0.007
pollination * ns *x
105M ACC t(7): -3.300 t(lg): -7.603
and compatible P=0.013 P=5.02'"7
pollination * *rx
10“M ACC tey= -3.077
and compatible P=0.005
pollination *x
Table 6.12 t-statistics and probability scores of rates of flower abscission following the

application of ACC treatmentsvia pipetteto compatibly pollinated (x PA 88 [PER]) flowers.

Confidence limits: ns = no significant difference, * = 95% confidence of a significant difference, **
= 99% confidence, *** = >99% confidence.

treatments were carried out using the pipette delivery method to the gynoecium

during April and September 2003 respectively.

The results from this experiment indicate a reduction in time to abscission following
the water control treatment for SCA 6 but not for SCA 24. The application of the
AVG treatments had little overall effect on abscission for SCA 6, but delayed
abscission of flowers of SCA 24 by up to 89 hours (~3 days) following the
application of 10°M AV G (Table 6.13).

The difference in the effect between SCA 6 and SCA 24 is more evident in the

statistical analyses of timing of abscission following AVG application. The
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Abscission occurring (hours after
Treatment pollination)
SCA 6 SCA 24
incompatible pollination 96 (£ 45.0) 66 (£ 10.6)
water treatment and
incompatible pollination 43 (£ 28.7) 77 (£ 18.4)
10°M AVG and
incompatible pollination 82 (£ 41.5) 67 (£ 9.8)
10*M AVG and
incompatible pollination 71 (x34.4) 67 (£ 9.8
10°M AVG and
incompatible pollination 70 (£ 34.7) 89 (£ 17.6)

Table 6.13 Flower abscission following pipette applications of exogenous AVG.
Mean results of 20 replications of each treatment on unpollinated or incompatibly pollinated (selfed])
flowers.

application of water to an incompatible pollination of flower of SCA 6 show the
greatest effect on abscission time compared to the control pollination, with
significant reductions in abscission time also noted for the two most concentrate
solutions. Flowers of SCA 24 were less affected by the application procedure and
the application of 10°M AVG led to significant delays in time to abscission (Table
6.14).

The application of ethylene inhibitors to incompatibly pollinated flowers did not
induce fruit set in any treatments. In contrast to exogenous auxin application,
treated flowers abscised from the tree normally with detachment occurring via the

abscission layer in the pedicel.

6.3.1.3 In vitro assessment of therole of ethylene

Confocal observation of flowers supported in ACC and AVG containing media
investigated the impact of the sustained regulation of ethylene levels within the
embryo over 48 hours, between pollination and the point where fertilisation should

OcCcur,

The observation of water control treatments of unpollinated, compatibly pollinated
(x PA 88 [PER]) and incompatibly pollinated (selfed) flowers of SCA 24 reveaed
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t-statistic and probability score
SCA 6 water and 10°M AVG and | 10°M AVGand | 10°M AVG and
incompatible incompatible incompatible incompatible
pollination pollination pollination pollination
incompatible t(gg): 4.395 t(gg): -0.369 t(gg): 2.756 t(38): 2.065
pollination P=859'"% P=0.713 P=0.009 P=0.046
* %% ns * % *
water and t(gg): -3.103 t(3g): -2.756 t(3g): -2.619
incompatible P=0.002 P=0.009 P=0.013
pollination *x *x *
10°M AVG t(s= -0.896 tzg= -0.992
and incompatible P=0.375 P=0.328
pollination ns ns
10"M AVG t= -0.110
and incompatible P=0.913
pollination ns
SCA 24
incompatible t(38): -2.269 t(gg)z -0.369 t(38): -0.369 t(38): -4.958
pollination P=0.029 P=0.713 P=0.713 P=151°
* ns ns *k*k
water and t(38): 2.055 t(3g): 2.055 t(38): -2.107
incompatible P=0.047 P=0.047 P=0.042
pollination * * *
10°M AVG tz= 0.000 tag= 4.793
and incompatible P =1.000 P=2531°
pollination ns il
10"M AVG tag= 4.793
and incompatible P=253'%°
pollination *xx
Table 6.14 t-statistics and probability scores of rates of flower abscission following the

application of AVG via pipetteto incompatibly pollinated (selfed) flowers.
Confidence limits: ns = no significant difference, * = 95% confidence of a significant difference, **
= 99% confidence, *** = >99% confidence.

that the function of the egg apparatus remained normal under in vitro conditions.
Double fertilisation appeared to take place following a compatible pollination and
incompatible male gametes were seen to rest at the side of the egg nucleus and polar

nuclel as observed previoudly in planta.

No variation was seen in the behaviour of the egg apparatus following pollination
between the various concentrations of ACC and AV G added to the supporting
media. In compatibly pollinated flowers treated with ACC and with AV G, pollen
tubes penetrated the embryo sac and successfully delivered the male gametes to the
egg nucleus and polar nuclei. Double fertilisation was assumed to have taken place
as no remnant sperm cells could be discerned (Figure 6.9i). Following incompatible
pollination, sperm cells were again successfully delivered to the embryo sac but
fusion failed to take place between the ‘ self’ gametes. Sperm cells could be
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Figure6.9 Ovulesfrom flowersof SCA 24 supported in vitro with ACC and AVG.

i: ovule from a compatibly pollinated flower treated with 100uM ACC; zn = zygote nucleus, pn =
polar nuclei. Bar = 12um. ii: ovule from an incompatibly pollinated flower treated with 100uM
ACC; pn = polar nuclel, en = egg nucleus, s = sperm cell. Maximum transmission image of all
confocal sections through the egg apparatus. Bar = 8um. iii and iv: ovule from an incompatibly
pollinated flower treated with 100uM AV G; en = egg nucleus, s = sperm cell, st = starch, pn = polar
nuclei. Bar = 16um.
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observed positioned against both the egg nucleus and polar nuclei in ovules of
flowers treated with ACC and with AV G (Figure 6.9ii —iv).

The absence of variation between the fusion of compatible gametes and the non-
fusion of incompatible gametes following in vitro treatment with both ACC and
AV G indicates that the outcome of the reaction could not be altered by the sustained

augmentation and inhibition of endogenous ethylene within the flower.

6.3.2 Signalling and expression

DNA and RNA based techniques were employed to investigate the action of auxin
and ethylene during the rejection reaction and to isolate and characterise some of the

genesinvolved.
6.3.2.1 SAUR genes

Pairs of primers designed from Gossypium and Arabidopsis SAUR gene sequences
were applied to genomic DNA of SCA 6, SCA 19, PA 88 [PER], CBO 177 [VEN],
MXC 67 and RIM 189 in candidate PCR reactions. Amplification products were

not generated from cocoa samples from any combination of primer pairs.

Further attempts to isolate SAUR gene homologues employed DNA-DNA
hybridisation techniques using Southern analysis. However, problems were
experienced with the complete digestion of cocoa DNA with restriction enzymes,
particularly EcoR1, prior to blotting (Figure 6.10). The cause of these problems
was assumed to be the continued presence of proteins within the DNA samples
following extraction. The presence of proteins will affect the efficiency of enzymes
to digest DNA and attempts were made to remove the contamination. DNA
samples were purified using phenol:chloroform extraction procedures and
contaminating proteins deactivated by heat shock of samples at 70°C. Improved

digestion of DNA was achieved with all enzymes once both of these purification
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cotton: EcoR1 and Sspl

cotton: Haelll
cocoa:EcoR1 and Sspl

cocoa: Haelll
unrestricted cotton

unrestricted cocoa

cotton: EcoR1
100bp ladder

cotton: Sspl
cocoa: EcoR1
cocoa: Sspl

100bp ladder

Figure6.10 Incomplete digestion of cotton and cocoa DNA.
Agarose gel image inverted using Photoshop.

measures had been completed (Figure 6.11). Digested samples were purified,
fractionated in agarose and transferred onto a Hybond N membrane for probing.
The SAUR gene probe, of approximately 350bp, was prepared from PCR products
amplified from Gossypium hirsutum with the primer pair SAURLIF — SAUR3R
during the candidate gene reactions (section 6.2.2.1).

Following hybridisation of the Hybond N membrane with the *?P labelled SAUR
gene probe, the membrane was washed with increasingly stringent washes (3x, 1x,
0.5x SSC) for 15min at 42°C to remove unspecifically bound probe DNA. The
presence of **P on the membrane was assessed between each wash with a Geiger-
Mdller counter to monitor the removal of the probe DNA. Following the 0.5x SSC
wash, only background levels of radiation could be detected across the greater part
of the membrane with higher levels detected only in specific locations, most notably
where the positive control sample was assumed to be. The sections of the
membrane where *P could still be detected were thus presumed to be areas of
specific DNA-DNA binding.
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Figure6.11 Digestion of cocoa and cotton DNA samples.
Resctricted cocoa and cotton DNA samples loaded into agarose gel and fractionated in preparation
for transfer onto Hybond N membrane for Southern Blotting.

The areas of specific binding of the probe to the cotton and cocoa DNA were
visualised using autorad film. The exposure of the film revealed the hybridisation
of the probe DNA across all of the cotton samples, both specifically restricted and
unrestricted, but showed no hybridisation to any of the cocoa samples (Figure 6.12)

suggesting that no region of the cocoa genome is homologous to the cotton SAUR
gene seguence.

In an attempt to identify areas of the cocoa genome to which to probe may have
bound less specifically, the membrane was exposed to an autorad film for a longer

period (54 hours) in the hope of detecting areas emitting less radiation. These
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Figure6.12 Southern Blot of cocoa and cotton DNA with a cotton SAUR gene praobe.

Autorad film developed at -70°C for 16 hours.
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results were again unsuccessful and identified no regions of specific binding of the
cotton SAUR gene probe to cocoa DNA.

6.3.2.2 cDNA subtractivelibrary

The failure of DNA based methodologies to identify any gene homologues led to
the employment of RNA based experiments to isolate genes functioning at specific
points in the incompatibility reaction. The construction of subtractive libraries from
unpollinated, compatibly pollinated and incompatibly pollinated flowers will isolate

genes functioning specifically during pollination, recognition and rejection.

Total RNA was successfully isolated from pedicels of unpollinated, compatibly
pollinated (x PA 88 [PER]) and incompatibly pollinated (selfed) flowers of SCA 24
harvested 48 hours after pollination (Figure 6.13). These samples were further
purified to isolate mMRNA and the amount and purity of the resultant mMRNA

measured using a spectrophotometer.

The results of the spectrophotometer readings indicate that very little mRNA was
recovered from the flower pedicels, less then 0.2ug in each case. The absorbance
values at different wavelengths indicate contamination of all samples with proteins
and some polysaccharides in the unpollinated sample (Table 6.15). These results
identify a significant shortfall in the amount of mMRNA isolated and the amount

)
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Figure6.13 Total RNA extracted from the pedicels of flowers of SCA 24
Agarose gel image inverted using Photoshop.
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required for the cDNA subtraction procedure. The manufacturers of the cDNA
subtraction kit recommend the use of 2ug mRNA with high levels of purity.

To overcome the contamination problems, anew RNA extraction protocol for cocoa
devised by Jones et al (2002) was used to isolate RNA from flower pedicels. This
protocol uses larger quantities of starting material (1g) and an extraction buffer
containing polyvinylpyrrolidone (PVP) and DL-dithiothreitol (DTT) to reduce the

protein content of the resultant RNA (section 6.2.3.1).

Despite numerous attempts, RNA was not successfully extracted using the protocol
of Jones et al. (2002). The reaction between the PVP and phenolics within the plant
tissue made the supernatant very viscous. Centrifugation steps to separate
precipitants from the supernatant were made very difficult by the extreme viscosity
and consequently some steps in the protocol very slow. Visuaisation of the
resultant samples using an agarose gel electrophoresis indicated that no nucleic
acids had been isolated.

Absorbanceat | proteins | polysaccharides
Az Ao Azgo Hg Azo/Azs0 | Ags/Azz

unpollinated 0.153 0.056 0.070 0.18 0.8 0.3
0.153 0.057 0.070

compatible 0.102 0.040 0.008 0.128 4.7 0.3
0.107 0.040 0.009

incompatible 0.070 0.044 0.013 0.142 34 0.6
0.071 0.045 0.013

Table 6.15 Quantification of MRNA samples using a spectrophotometer.

As aresult of the failure of the new extraction protocol, repeated extractions were
carried out using the Qiagen RNeasy Plant Minikit to bulk up the amounts of
MRNA for each sample. Messenger RNA was isolated from the total RNA
preparations in the same manner as previously described and the samples were
pooled to achieve atotal of 5.12ug of mRNA from pedicels of unpollinated flowers,
0.71pg from compatibly pollinated flowers, and 2.53ug from incompatibly
pollinated flowers. Attempts were made to remove protein contamination using a

phenol:chloroform extraction.
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The generation of first and second strand cDNA using the Clontech PCR select
cDNA Subtraction kit was carried out using 2ug of the unpollinated and
incompatible samples and the entire amount of the compatible sample. The
resultant ds cDNA was restricted with Rsal restriction enzyme for the next stage in
the cDNA subtraction protocol. At this point, the products of the cDNA generation
and the Rsal restriction reactions were size-fractionated and visualised using

agarose gel electrophoresisto check the progress of the samples.

There was no detectable ds cDNA recovered from any of the cocoa samples
compared to the control mMRNA sample provided with the cDNA Subtraction Kit
(Figure 6.14). Problems associated with cDNA generation were assumed to be due
to the contamination of the cocoa MRNA samples with proteins and
polysaccharides.

To further test the presence of cDNA within the cocoa samples, pairs of degenerate

primers based on sequence data for the actin gene were applied to the three cDNA
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Figure6.14 Visualisation of ds cDNA samplesand Rsal restricted cDNA samples.
Agarose gel image inverted using Photoshop.
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samples, and two samples of cocoa genomic DNA. These primer pairs used in
combination should amplify products of different sizes from cDNA compared to

genomic DNA due to the absence of introns (see section 6.2.3.2, Figure 6.6).

Fractionation and visualisation of the products from these PCR reactions in an
agarose gel indicates that bands of the same size have been amplified from both
genomic and cDNA samples using primer pair F1-R1 and F1-R2 and possibly F2-
R2 (Figure 6.15). The band sizes generated are not equivalent to those expected,
based on knowledge of the Arabidopsis sequence data from which these primers
were designed. Primer pair F1-R1 should amplify approximately 250bp from exon
2; F2-R2 650bp from exon 3. Pairing primer F1 (exon 2) and R2 (exon 3) should
amplify a product of approximately 900bp (exon 2 + exon 3) from cDNA and 1Kb
(exon 2 + exon 3 + intron) from genomic DNA (see Figure 6.6).
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Figure 6.15 Degenerate actin primer pairsapplied to genomic and cDNA of cocoa.
Agarose gel image inverted using Photoshop.
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The application of these primers to cocoa cODNA and genomic DNA generated a
band of approximately 250bp from the primer pair F1-R1 (Figure 6.15), which
concurs well with the band size expected for those primers. The primer pair F2-R2
amplified a product of approximately 500bp, which is clearly visible in the samples
of genomic DNA. Faint bands of this size are also visible in the lanes of the
unpollinated and compatible cONA samples (Figure 6.15). The size of this product

isaso in line with that expected for this primer pair.

The products amplified from the pairing of primers F1-R2 are approximately 120bp
in size across all samples of cDNA and genomic DNA (Figure 6.15). This does not
agree with that expected from this primer pairing, which should amplify products of
a variable size between the two types of sample. Severa different copies of the
actin gene are likely to be present within the cocoa genome, some of which may
lack introns. The amplification product from the primer pair F1-R2, however,
should at least be the size of exon 2 and exon 3 added together, due to the position
of the primers. The size of the products amplified from exon 2 and exon 3 in this
reaction indicate that the product amplified from the pairing of primers F1-R2
should be 750bp from the cDNA samples, with the addition of the size of the intron
from the genomic samples. The combination of primers F1-R2 has thus not been
successful in this case, and the presence of cDNA cannot be confirmed or denied
from this set of PCR reactions. The presence of amplification products from the
application of primer pairs F1-R1 and F2-R2 indicates the presence of nucleic acids
of some description within the cocoa ‘cDNA’ samples. This may only be the
contamination of genomic DNA remaining from the RNA extraction procedure,
however, the isolation of MRNA from the total RNA sample should have removed
any genomic DNA contamination. Based on these results, the cocoa cDNA samples

were taken forward to the next step of the cDNA subtraction procedure.

At this point in the subtraction protocol, each sample of cDNA is divided into two.
Each one of the two has a different adapter ligated onto the end of the Rsal
restricted fragment, i.e. unpollinated cDNA ligated with adapter 1, unpollinated
cDNA ligated with adapter 2 (see Figure 6.5).
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Figure6.16 PCR assessment of efficiency of ligation of adaptersto Rsal restricted cDNA.

Agarose gel image inverted using Photoshop.

206



Rejection of self through abscission

Following adapter ligation, the progress of the samples could be assessed again.
The efficiency of the ligation reaction was assessed by PCR, comparing the
intensity of a band amplified from a pair of cDNA-specific primers, to a band
amplified from a primer pair consisting of one cDNA specific primer and one
adapter specific primer. The actin degenerate primers F1-R1 were selected for use
as the DNA specific primers applied to the cocoa samples. Adapter specific and
control DNA specific primers were supplied with the cDNA Subtraction Kit.

The resultant products of these PCR reactions were fractionated and visualised in an
agarose gel. The gel image reveals that no amplification was achieved from the
cocoa samples with both the DNA specific actin primers and the combination of the
3’ actin R1 primer with the adapter specific primer (Figure 6.16). Positive results
were achieved with the control sample, with a high level of ligation of both adapter
1 and adapter 2 (Figure 6.16).

At this point in the cDNA subtraction protocol, the failure of the cocoa samples was
finaly determined and the pursuit of a subtractive library for incompatibility in

cocoawas terminated.
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6.4 Discussion

Experiments carried out to investigate the rejection of self through the abscission of
flowers have provided some insight into the role of auxin and ethylene in the

abscission reaction.

The application of endogenous auxin to incompatibly pollinated flowers of SCA 6,
SCA 19 and SCA 24 led to the prevention of abscission at the pedicel. Flowers
remained on the tree, despite the failure of pod development, for more than 20 days
after treatment. Once the detachment of the flower did occur, the point of
separation was often not the abscission zone of the pedicel, and flowers instead
were seen to rot away from the tree. This result indicates that an increase in auxin

levels can prevent normal abscission function in incompatibly pollinated flowers.

The process of abscission in cocoa is discrete as flowers abscise when either
unpollinated or incompatibly pollinated. Once fruit development has been initiated,
abscission does not occur. Fruit that wilt and do not reach maturity fail to abscise
from the tree; instead, the pods remain until necrosis is so extensive that they begin
to disintegrate and eventually fall from the tree. The fact that retention to the point
of necrosis can be induced in flowers by the application of auxin, when fruit
development has not been initiated would imply that auxins are involved in the
signalling reaction to retain flowers following compatible pollination. This
hypothesis concurs with the results of Baker et al. (1997) who noted a large and
rapid increase in the levels of endogenous auxins following compatible pollination.

Fruit development was not initiated following an incompatible pollination by the
application of auxin. Thisis contrary to the results of Hasenstein & Zavada (2001)
who induced selfed fruit set on a self-incompatible genotype following the
application of exogenous auxin. The selfed fruit produced was not taken through to
maturity however, and the true paternity of the resultant seed not assessed. Thus,
confirmation that the induced fruit was indeed selfed was not provided (Hasenstein
& Zavada, 2001).
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Moving the point of auxin application further from the pedicel to the gynoecium
reduced the impact on abscission. The rate of the failure of the abscission zone to
remove the flower from the tree was reduced in all three genotypes, with abscission
zone failure not occurring in SCA 24 following the application of auxin to the
gynoecium. The effect of auxin application to the gynoecium also reduced delaysin
the timing of flower abscission, compared to application at the pedicel. Rates of
delay were reduced from a maximum of 20 days after treatment to 5 days after
treatment on SCA 6.

The reduced impact of auxin application at the gynoecium compared to the pedicel
may be assumed to be due to the assimilation of auxins within the flower parts
following application. The results of the control water applications to the
gynoecium infer, however, that the application procedure may have incurred
damage to the flower. Damaged cells will produce endogenous ethylene to induce
abscission. Thus, the applied auxin and induced ethylene will be working in
opposition to each other. This may reduce the effect of the application of
exogenous auxin with a pipette on flower abscission compared to less invasive
application procedures.

Neither of the application techniques used in the auxin experiment induced fruit set
following the self-pollination of a self-incompatible genotype. Thus, the results
obtained from the research presented in this chapter do not link auxins with fruit
development and the initiation of fusion between incompatible gametes in the

ovary.

The application of ethylene promoters and inhibitors equally, did not initiate the
development of selfed fruit on a self-incompatible genotype. The application of
ethylene inhibitors led to a delay in floral abscission, but abscission continued to
function in the normal manner. The application of ethylene promoters induced
more rapid flower abscission, and prevented fruit development following
compatible pollination. These results imply that ethylene is used to regulate the
abscission of unpollinated and incompatibly pollinated flowers. Ethylene levelsrise

naturally in unpollinated flowers, unhindered by any increase in auxins as levels
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remain constant (Baker et al., 1997). Unpollinated flowers then abscise normally,
24-60 hours after flower opening. Following an incompatible pollination, a small
rise in auxin reduces the levels of endogenous ethylene in the first 24 hours after
pollination. As auxin levels begin to decrease, ethylene levels rise and abscission
occurs between 48-120 hours after flower opening and pollination (Baker et al.,
1997).

The sustained impact of ethylene promotion and inhibition within the floral organs
had to be assessed ex planta, due to the quarantine function and general nature of
the germplasm collection to which the trees used in this study form a part. Thus,
flowers were removed from the tree and supported in water agar containing either
ACC or AVG for 48 hours. As fruit set could not be monitored, the effect of
ethylene suppression and promotion on the fusion or non-fusion of compatible and

incompatible gametes was assessed via confocal microscopy.

The results of this work indicated that increased or reduced levels ethylene had no
visible effect on the fusion or non-fusion of gametes. Nuclei within compatibly
pollinated flowers appeared to fuse, within the normal timeframe of that expected.
In addition, sperm cellsin incompatibly pollinated flowers were positioned adjacent

to egg nuclei and polar nuclei following the failure of nuclear fusion.

The three genotypes used in these physiological investigations into the effects of
auxin and ethylene on flower abscission and gamete fusion have shown different
levels of sensitivity to the various treatments. SCA 19 in particular, demonstrated
greater resistance to auxin treatment as flower abscission was only delayed up to 9
days after treatment, compared with 20 days and 15 days on SCA 6 and SCA 24
respectively. Equally, the failure of the abscission layer following auxin treatment
occurred less frequently in SCA 19 (50%) than in SCA 6 (85%). This variation may
due to the differences in the efficiency of the different genotypes to absorb and
assmilate NAA, ACC or AVG, or may more simply be due to morphology. The
pedicel of flowers of SCA 19 is much thinner in diameter than that of both SCA 6
and SCA 24. Consequently, there are fewer cells within the abscission zone, and
abscission will induced by the presence of less ethylene or abscisic acid.
Unfortunately, SCA 19 was not included in the experiments examining the effect of
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ethylene on flower abscission, as the tree was not flowering during the period of
these trials. The inclusion of SCA 19 in these investigations would have proved

useful in determining the nature of the variation seen between genotypes.

Attempts to investigate the action of auxin within the flower using RNA-RNA
hybridisation techniques were hindered by the fact that an auxin-based probe could
not be located within the cocoa genome. The quality and quantity of both RNA and
DNA isolated from cocoa material, using both standard and new protocols, was
insufficient to alow the pursuit of expression based analyses. Consultation with
cocoa researchers at the University of Nottingham, CIRAD (France) and USDA was
unable to provide any useful information on the preparation of RNA from cocoa
material. Successful protocols have been devised by some of these groups, but

these have not been published or made generally available to other workers.

The difficulty of the working material is not easily overcome and pursuit of a
reliable working protocol for RNA as part of this study was considered too costly
and time-consuming, with no guarantee of success. Based on these facts, the
expression work was not continued beyond those points described.

The genetic distance between cocoa and the current model species can work as a
handicap. The abundance of information available for species such as Arabidopsis,
rice, and tobacco is of limited direct application to cocoa. At the time of this study,
large EST data sets existed for cotton, the most closely related model species, but
these data were largely uncharacterised and mostly associated with fibre
development. The failure of the cotton SAUR gene probe to hybridise with cocoa
could be due to many factors. The nucleotide data from which the SAUR gene
primers were designed were putatively related to other SAUR gene sequences based
on sequence similarity. The true function of the EST had not been characterised
however, and the specificity of the primers to amplify SAUR genes in cotton was not
tested as part of this study. The hybridisation results of the Southern analyses were
not as anticipated for the cotton control samples. The restriction enzymes used in
the blot were selected to produce a specific pattern of hybridisation in cotton and
this was not observed in the results. This would imply that the PCR amplification
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product used as the probe was not the intended target of the primer pair and was
most probably not an auxin up-regulated gene.

Despite the problems experienced with investigations into the assessment of genes
expressed during the rejection reaction, these results have shown the involvement of
auxin and ethylene in the regulation of flower retention and flower abscission.
These results, coupled with those of Angja et al., (1992; 1994; 1999), Baker et al.
(1997), and Hasenstein & Zavada (2001) reveal some of the complex hormonal
balances functioning during one aspect of the rejection reaction. The regulation of
rejection within the ovule and the chemical balances that control the fusion of nuclel

remains unknown.
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Chapter 7

General discussion

The tree Theobroma cacao has been under cultivation by man for thousands of
years. The crop has developed from a locally important commodity of South and
Central American indigenous tribes through European colonisation to al the humid
tropics of the world. Consumption of the end product, chocolate, has similarly
spread to become one of the most ubiquitous and passionately consumed foods
available today.

The world’s cocoa germplasm, however, remains relatively undevel oped, with trees
under cultivation showing little or no divergence from trees growing wild in the
Amazon Basin. The lack of €lite, true-breeding lines of cocoa have hampered
breeding efforts and make the crop an unreliable commodity for farmers, as the
trees cultivated can often be susceptible to disease and/or produce variable yields.
Harvesting and processing the cocoa fruit is labour-intensive and due to the
unreliable returns received, the crop does not always provide a sustainable income
for its farmers. These issues have led farmers in some regions to abandon the

cultivation of cocoafor more profitable commodities such as palm oil or rubber.
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The generation of elite, true-breeding lines of cocoa has been impaired by the
breeding system and life history of the crop (e.g. extended generation times seed to
seed and the length of field trials required to assess performance). Specifically, the
self-incompatibility mechanism that exists in some cocoa genotypes promotes out-
crossing and therefore heterozygosity, but is not ubiquitous in the species (many
self-compatible clones exist) and is prone to leakiness. Self-compatible genotypes
originating from the Lower Amazon are typically high yielding but susceptible to
disease. The Upper Amazon, self-incompatible genotypes from Peru and Ecuador
are typically disease resistant but lower yielding. The development of a greater
understanding of the self-incompatibility mechanism may ultimately allow its
manipulation as part of a sophisticated breeding effort.

Over the past 70 years, successive workers have attempted to characterise the self-
incompatibility reaction and devise methods to overcome it. Determining the exact
molecular and physiological cascade mediating the Sl response in cocoa is complex,
as the recognition reaction and the rejection reaction are both spatialy and
temporally uncoupled. In addition, the presence of both fusion and non-fusion
ovules in the ovary following an incompatible pollination and the occurrence of
both self-compatible and self-incompatible genotypes within the species as a whole
implies that the reaction is either leaky, or functions through a complex set of

physiological cascades.

Work presented in this thesis and by others elsawhere indicates that the alele
specific recognition reaction seems to occur at some point between pollination and
just before gametic fusion 24-48 hours later, with the rgection reaction occurring
within the embryo sac prior to gametic fusion, and at the abscission layer in the
pedicel 72-96 hours after initial pollen grain contact.

Research carried out by Baker et al. (1997) has shown the complex nature of the
phytohormone balance that differentially regulates floral retention and abscission
following compatible and incompatible pollinations, and the abscission of
unpollinated flowers. These data show that phytohormone levels are different in
each case, with the differential reaction apparent vary soon after pollination,

implying that, athough abscission could be considered the ‘default’ for all flowers,
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the pathway to abscission following in incompatible pollination is different from
that of an unpollinated flower. The early detection of these differential responses
implies the presence of a stigmatic or upper style alele specific recognition
reaction. In addition, research, carried out by Hasenstein & Zavada (2001) links
increased levels of auxin with both floral retention and gamete fusion by
overcoming the self-incompatibility reaction and inducing fruit development

following self-pollination of a self-incompatible tree.

The very nature and site of the recognition reaction, and the numbers of genes
controlling the reaction has been the subject of debate since 1940. Cope (1940) was
the first to note that incompatible pollen grains germinate and that their pollen tubes
grow unhindered through the stylar tissue reaching the ovary at the same time as
compatible pollen tubes. This observation was taken to indicate that gametic fusion
probably takes place following an incompatible pollination and that the
incompatibility reaction functioned post-zygotically. Late or delayed primary
divisions of the polar nuclel were taken to infer low levels of nuclear activity in the
endosperm of incompatibility pollinated ovules, leading to abscission of the flower
at the pedicel (Cope, 1940).

Knight & Rogers (1955) crossed three genotypes of self-incompatible Upper
Amazon cocoa, and described differences in the incompatibility reactions between
the reciprocals crosses, based on the abscission and retention of flowers. Their
resultant genetic hypothesis stated that the recognition reaction in cocoa was
dependent on the genotype of the sporophyte of the male and female parents
(Knight & Rogers, 1955). Sections through the ovary 36 hours after pollination
revealed unfused male gametes against the polar nuclel and thus, in the light of no
evidence to the contrary, fusion between the sperm and egg nuclel was assumed not
to occur and the incompatibility relationship was deemed to be sporophytic and pre-
zygotic (Knight & Rogers, 1955).

The results of Knight & Rogers, although not wholly published until 1955, were
discussed in 1954 at the 8" International Botanical Congress in Paris. Lewis
(19544a; 1954b) and Bateman (1954) described the incompatibility reaction in cocoa
as “homomorphic sporophytic as alelic dominance could be detected from
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reciprocal crosses. Crowe (1954) identified similarities with the mechanism
operating in Cosmos bipinnatus and Freesia, where reciprocal differences in
compatibility could be detected. The recognition reaction was therefore inferred to
occur between the cytoplasm of both the embryo sac and the pollen tube, resulting
in the inhibition of normal development of the embryo and endosperm (Crowe,
1954). It was reasoned that the specificity of the pollen cytoplasm must therefore be
laid down before meiosis in the pollen mother cell and persist despite the presence

of the gamete nucleus conferring a different specificity (Lewis, 1954c).

Using a different approach, Brewbaker (1957) correlated the cytology of the pollen
grain at anthesis with the method of incompatibility in 31 species of plants across
ten flowering plant families. He noted that all species exhibiting sporophytic self-
incompatibility mechanism also have tri-nucleate pollen at anthesis, whereas species
with gametophytic self-incompatibility all have bi-nucleate pollen. At the time of
Brewbaker’s paper, the cytology of cocoa pollen had not been determined and the
bi-nucleate pollen of a related species in the Sterculiaceae, Hermannia distichia,
(Schnarf, 1937) was taken to represent the family. Thus, the only exception to
Brewbaker’s hypothesis appeared to be Theobroma, with bi-nucleate pollen and
sporophyticaly controlled self-incompatibility thus raising some questions

regarding the true nature of the reaction in cocoa.

Brewbaker (1957) considered one of the most basic differences between
sporophytic and gametophytic reactions to be the timing of gene action during
microsporogenesis. Similarly, the difference between bi-nucleate and tri-nucleate
pollen is the timing of the division of the generative cell. This argument was
expanded by Pandey (1958), stating that the timing of expression of the S dlele
during microsporogenesis in gametophytic systems occurs after the separation of the
microspores and prior to microspore separation in sporophytic systems.
Furthermore, the change from bi-nucleate to tri-nucleate pollen, and the higher
levels of nuclear activity in tri-nucleate pollen could lead from the change from
gametophytic to sporophytic self-incompatibility (Pandey, 1958) inferring that the
time of gene action and pollen cytology are closely related, if not dependent upon

each other.
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Cope (1958) presented new observations of both non-fusion and normal gametic
fusion between the egg and sperm nuclei in ovules of incompatibility pollinated
flowers, suggesting the site of the rejection reaction resides within the ovule and not
the pedicel. Despite these new data and the then current hypotheses (Brewbaker,
1957; Pandey, 1958), Cope (1958) still considered the reaction in cocoa to be under
sporophytic control. He proposed a new hypothesis based on two loci: the S locus
and the pre-cursor P locus, controlling the incompatibility reaction sporophytically,
through unknown substances in the male cytoplasm (Cope, 1958; Bennett & Cope,
1959).

Bouharmont (1960) proposed a different hypothesis and believed that the
occurrence of both fusion and non-fusion between the egg and sperm nuclei within
the same ovary, demonstrates that nuclear fusion is gametophytically controlled.
Indeed, it was argued that the pre-cursor P locus of Cope (1958) could act
gametophytically to control the fusion of gametes, in combination with another
factor such as the sporophytic S locus, perhaps controlling abscission (Bouharmont,
1960).

The work of Cope (1962) later confirmed that Theobroma cacao pollen is bi-
nucleate, and if cocoa Sl is under sporophytic control, re-affirmed the species as the
only exception to Brewbaker’s (1957) theory. Cope (1962) accepted the possibility
that some part of the self-incompatibility reaction in cocoa could be under
gametophytic control. He noted that if nuclear fusion of the egg and sperm cells
were under haploid control, and if this, in turn regulated abscission of the flower,

the net effect would be indistinguishable from conventional sporophytic control.

Bartley & Cope (1974) further explored the possibility of a two-tier recognition
reaction operating in cocoa, proposing that the S locus acts both before meiosis
(sporophytically) and after meiosis (gametophytically) during micro- and mega-
sporogenesis. More recent physiological investigations concur with the two-tier
theory, identifying two temporally separate hormonal reactions in the flower; one

soon after pollination, and a second occurring eight hours later (Baker al et., 1997).
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Reciprocal differences in cross-pollination can be seen in species under
gametophytic control. In the grasses, where the recognition reaction is under the
control of two genes, S and Z, cross-compatibility and cross-incompatibility can be
seen between the same two individuals depending on the direction of the cross. The
historical assumption that self-incompatibility in cocoais under sporophytic control
based on the reciprocal crosses of Knight & Rogers (1953; 1955) may not stand if
two genes, or indeed one gene functioning at two points between pollination and

fertilisation is controlling the reaction.

Additional exceptions to Brewbaker's (1957) rule have since been identified in
other plant species. Self-incompatibility in Schlumbergera (Cactaceae) has been
demonstrated to function under gametophytic control whilst possessing ‘typically’
sporophytic characters such as tri-nucleate pollen and a dry stigma (Boyle, 1997).
In addition, the sef-incompatibility mechanism in Corylus demonstrates
sporophytic self-incompatibility coupled with bi-nucleate pollen (Heslop-Harrison,
et al., 1986).

The theories of Brewbaker (1957) and Pandey (1958) can be further questioned by
research into the origins of pollen coat proteins and thus the timing of gene action
during microsporogenesis of systems under ‘classical’ sporophytic control. Heslop-
Harrison et al. (1973) demonstrated that pollen coat proteins are composed of
gametophytic and sporophytic fractions within the cavities of the intine and exine
respectively. The sporophytic fractions are derived from the tapetal cells and the
exine held fractions are involved in the incompatibility response (Heslop-Harrison
et al., 1973; Heslop-Harrison et al., 1974). Thus, the male S gene products are not
controlled by the division of the microspore.

The investigations carried out in this thesis appear to support the two-tier theory of
self-incompatibility in cocoa. However, the difficultly of isolating good quality
RNA and DNA have hindered the molecular characterisation of the reaction. The
observations of gametic fusion using confocal microscopy concur with those
previously observed and provide additional details of the hormonal control of flower

abscission, and the genetic control of gametic fusion.
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In addition, confocal observations of ovules following compatible and incompatible
pollination and of unpollinated flowers provide new data on the signalling cascade
within cocoa flowers following pollination. It was observed in this study that the
egg apparatus degrades rapidly if the ovary remains unpollinated. The rate of
degeneration is such that it can be assumed that flowers pollinated 24 hours after
opening are unlikely to set fruit (Chapter 3). This rapid degradation is perhaps not
surprising considering the relatively short life of each flower (up to two days after
anthesis), the large numbers of flowers produced by each tree and the low flower to
fruit set ratio observed (less than 1%). Cocoa flowers are known to lack a vascular
connection to the tree; this only developing once the flower has been fertilised, with
the pedicel seen to thicken within 2-4 days of pollination. Thus, flowers are only
supported via the apoplast where the flow of water will become less with the

progressive development of the abscission layer within the pedicel.

Observations presented here of individual ovules from within the ovaries of
compatibility pollinated and incompatibly pollinated flowers at 24 and 48 hours
after pollination, revealed the presence of two intact synergidae in ovules that had
not been visited by a pollen tube. Evidence from cotton (Jensen, 1968) suggests
that the degradation of one synergid cell is initiated soon after pollination. This
degradation has been traditionally thought to guide the pollen tube towards the
micropyle and to successfully breach the ovary (Lord & Russell, 2002). As
synergid degradation can only be seen in cocoa in ovules where a pollen tube is
already present, it seems likely that the degradation cascade is not signalled in all
ovules by pollination itself, but by some subsequent event relating to individual
ovules only. Observations in other species have shown that the receptive synergid
can degrade before pollination (e.g. Beta vulgaris, Chenopodiaceae; Bruun, 1987),
as a response to pollination (e.g. Gossypium hirsutum, Malvaceae; Jensen & Fisher,
1968), or upon entry of the pollen tube into the ovule (e.g. Lycopersicon
esculentumn, Solanaceae; Kadg) & Kadgj, 1985). If synergid degradation in cocoais
signalled by the entry of the pollen tube into the ovule then synergid degradation is
clearly not contributing to pollen tube guidance. If this is the case, then the late
degeneration of synergidae may perform an alternative function to that of pollen
tube guidance and provide a favourable environment for pollen tube eruption and/or
gamete release (Weterings & Russell, 2004). Alternatively, if synergid degradation
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in cocoa is activated by pollination as in cotton, the presence of ovules with intact
pairs of synergidae in the ovaries of pollinated flowers may be due to the failure of
the degradation reaction at some point in the cascade. The lack of a degrading
synergid therefore failing to attract a pollen tube and so the ovule remains
unfertilised. Unfertilised ovules within pollinated flowers were relatively infrequent
and were not quantified in this study. Nevertheless, it was clear from casual
observations that ovules both compatibly pollinated and incompatibly pollinated
ovaries frequently contained intact synergidae. If the failure of the synergid
degradation resulted in concomitant breakdown in the ability of the pollen tube to
find and enter the ovule, then this could result in a reduction in seed potential per
ovary and so may account for the low seed returns seen in some genotypes. Clearly,
further work is needed to establish the strength of any association between synergid

persistence and pollen tube entry in cocoa.

One event apparently common to both compatibly and incompatibly pollinated
flowers is a signa to the pedicel to delay or prevent abscission following
pollination. The effect can clearly be seen in the varying times to flower abscission
seen between incompatibly pollinated and unpollinated flowers with a mean
difference of 6 days in the abscission rate, depending on the genotype (Chapter 6).
Physiological experiments described here imply that this pollination-induced signal
can be manipulated through exogenous application of differential levels of auxin,
with strongest effect being induced by application on the pedicel distal to the
abscission layer. These findings implicate auxin in the signal to retain flowers, a
theory supported by the observations by Baker et al., (1997) who noted hat levels of
endogenous auxins increase in pollinated flowers and yet remain constant in
unpollinated flowers that tend to abscise rapidly. The series of events leading to the
auxin-mediated signal to prevent floral drop must start with some sort of recognition

reaction within the femal e sporophyte of the pollen, pollen tube or gametophyte.

It appears most likely that the self-incompatibility recognition reaction takes place
at some point between pollination and just prior to gametic fusion. As observed by
Knight & Rogers (1955) and confirmed by this study, reciprocal crosses
demonstrate variable cross-compatibility, based on the retention and abscission of

flowers (Chapter 4). The presence of reciproca variation infers an allele specific
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reaction between diploid tissues and thus a sporophytic reaction, or indeed may
infer the action of a single gene at two points in the cascade or the interaction two or
more genes. More detailed investigations into the recognition reaction however,
using combinations of heat inactivated and cyclohexane washed pollen in single
pollinations provided some interesting clues into the nature and timing of the alele-
specific reaction. Severa out-crossed fruit developed following pollination with
cyclohexane-washed incompatible pollen and heat-inactivated compatible pollen.
Previous experiments demonstrated the absolute inability of heat-inactivated pollen
to germinate on the stigma, and yet, when applied in combination with cyclohexane
washed ‘self’ pollen, heat inactivated compatible pollen was able to successfully set
fruit. Thiswould appear to suggest that the heat treatment did not in effect ‘kill’ the
pollen, but merely prevented germination, possibly through the degradation of the
pollen-kitt. Thus, one plausible explanation is that remnant pollen-kitt on the
surface of cyclohexane-washed pollen enabled the germination of the heat-
inactivated pollen. Curiously, since the washed pollen was incompatible it should
provide an incompatible signal to the stigma and yet despite this, fruit devel opment
was successfully initiated, with both floral retention and ovule development
occurring normally. This therefore implies that whilst the pollen-kitt or other
exudates from the gametophyte may be important in facilitating germination it
probably does not induce an allele-specific recognition reaction at the stigma. It
consequently seems likely that any recognition event (or events) probably occurs at
some point below the stigma following pollen germination unless there is an
interaction between de novo exudates from the gametophyte and the stigmatic

surface.

Mixed pollination techniques have been successfully used in other species to
overcome late-acting self-incompatibility. In species of the Malvaceae sl.
(Bombacaceae) mixtures of compatible and incompatible pollen applied to the same
stigma have resulted in the formation of selfed progeny from self-incompatible
species (Pseudobombax munguba, Gribel & Gibbs, 2002). In addition, numbers of
selfed progeny were seen to increase following mixed pollinations in Asclepias
incarnata (Asclepiadaceae) (Lipow & Wyatt, 2000). Although the mechanisms that

allow the success of mixed and mentor pollination techniques to overcome self-
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incompatibility are poorly understood, the outcome can provide useful information
in terms of locating the site of the allele specific reaction.

The experiments performed in this study do not resolve the
gametophytic/sporophytic argument in Theobroma cacao, as the theory of
sporophytic specificity conferred through the male cytoplasm (Bennett & Cope,
1959; Cope, 1958; Crowe, 1954; Lewis, 1954c) could explain the results seen from
the pollinations carried out here. Certainly, transmission of male cytoplasm has
been detected within the embryo sac of some species, and, the genetic constitution
of the offspring may be altered as aresult. In Plumbago zeylandica, a species that
lacks any synergidae, small amounts of pollen-derived cytoplasm can be detected
between the egg and central cell following pollen tube discharge. Indeed, male
cytoplasmic organelles can be detected within the resultant zygote and endosperm
nucleus following fusion (Russell, 1983). Equally, in Nicotiana, both male plastids
and mitochondria have been observed within the embryo sac following pollen tube
discharge and are considered likely to be incorporated into the fertilisation reaction
(Yu & Russell, 1994). Thus, the cytoplasm of the pollen tube can become involved
in the fertilisation process and, may conceivably even perform a function in
effecting a self-incompatibility response in cocoa. Whether or not the cytoplasm
and the cytoplasmic organelles of the pollen tube confer sporophytic or

gametophytic specificity remains unanswered and warrants further investigation.

It would appear a reasonable assumption that the nuclear-derived components in the
mal e cytoplasmic organelles mainly originate from the gametophyte. This assertion
would easily accommodate for the presence of both fusion and non-fusion ovules
within the ovary of an incompatibly pollinated cocoa flower. If, on the other hand,
the molecular components conferring specificity in these organelles or in the
cytoplasm derive from the male sporophyte, the presence of both fusion and non-
fusion ovules in an incompatible crossing is not so easily explained. Numbers of
cytoplasmic organelles inside the pollen grain and pollen tube are diminished over
time as the pollen grain matures and the pollen tube extends into the embryo sac,
with plastids being more susceptible to degradation than mitochondria (Yu &
Russell, 1994). It is tempting to hypothesise that variable numbers of cytoplasmic

organelles or varying amounts of any sporophytically-derived recognition
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substances within the cytoplasm would thus be released into the embryo sac of each
ovule. Inthisway quantitative variation in elicitors may account for the presence of
both fusion and non-fusion ovules, with non-fusion only occurring where there are

sufficient sporophytic signal prevent the fusion reaction.

As the evidence suggests that in cocoa an alele specific recognition reaction is
unlikely to be mediated through a pollen-kitt to stigmatic surface interaction, the
presence of homologues of stigmatic related self-incompatibility genes should
perhaps not be expected. Screening for known sporophytic self-incompatibility
genes provided inconclusive results. S-locus receptor kinase (SRK) gene
homol ogues could not be amplified from cocoa DNA using standard PCR protocols,
but when two sets of primer pairs were combined in a nested PCR amplification
some products were successfully generated that when sequenced, showed high
levels of similarity to published Brassica SRK gene sequences (Chapter 5).
Nevertheless, the amplification products were of questionable origin since repeated
water control PCR reactions with the exclusion of DNA from the reaction generated
an apparently identical amplification product. Further work is needed to perform
additional sequencing reaction controls to determine the specificity of the primer
pairs to Brassica SRK, thereby reducing some of the ambiguity from these results.
In addition, DNA-DNA hybridisation techniques such as, either Southern blots or
screening a BAC library using SRK from Brassica as a probe, would have provided
greater confidence in the evidence supporting the presence or absence of SRK

within the cocoa genome.

The arrival of self-incompatible pollen tubes inside the ovule following pollination
is relatively well-documented (Bennett & Cope, 1959; Bouharmont, 1960; Cope,
1939, 1940, 1958, 1959, 1962; Knight & Rogers, 1955) and the presence of both
fuson and non-fusion ovules in the ovary has been equally well-described
(Bouharmont, 1960; Cope, 1958, 1959, 1962). The use of confocal microscopy in
this study has provided detailed photographic images of the fusion and non-fusion
of gametes in the ovule, and has provided an opportunity to assess the rates of
sperm cell delivery in compatible compared to incompatible pollinations. Using the
confocal software to measure of the distance between the sperm and the egg nuclei

revealed that incompatible sperm nuclei are much slower to arrive at the egg nuclei
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than compatible sperm nuclel, despite pollen tube delivery occurring at the same
rate (Chapter 3). The slowed progression of the sperm cell following pollen tube
release perhaps implies that the specificity of the sperm cell is determined prior to
or at release into the embryo sac. That is, there is a differential capacity of the
receiving embryo sac to deliver the sperm nuclei. The alternative possibility is that
the sperm nuclel have differential capacity for movement within the recipient cells.

Until recently, little was known about the mechanism propelling the sperm cell
towards the egg nucleus. Contemporary works have described the formation of
filaments of actin or ‘actin coronas, extending from the chalazal end of the
degenerating synergid to the egg cell and to the central cell within the embryo sac of
tobacco (Huang & Russell, 1994) and maize (Huang & Sheridan, 1998). These
coronas mark the pathway of the sperm cells and form as the sperm cells arrive in
the embryos sac, and disappear once fertilisation is complete. The actin is
understood to react with myosin acquired on the surface of the sperm cell resulting
in the movement of the sperm cells to their separate destinations (Weterings &
Russell, 2004). Recent research conducted using the naked embryo sacs of Torenia
fornierel (Scrophulariaceae) has also indicated that actin is also involved in the
migration of the central cell and primary endosperm during and shortly following
fertilisation (Yuan et al., 2002). These data imply that actin mediated transport is
largely responsible for the movement of gametes, zygotes and endosperm cell inside

the embryo sac.

As incompatible gametes are clearly delivered successfully to the egg nucleus and
polar nuclei in cocoa, the sperm cell transport mechanism must be functioning,
albeit at a reduced rate. The slower progression of incompatible gametes may in
itself be sufficient to cause non-fusion, as the egg cell may have passed the point of
receptivity by the time the delayed sperm cell arrives. The observed variation in the
rate of progression would therefore lead to the successful fusion of those sperm cells
that arrive in good time and non-fusion for those that are delayed. Conversely, the
slowed progression of sperm cells may only be a secondary reaction caused by the
arrival of incompatible gametes inside the embryo sac. Data collected during this
study relating to the amount of DNA within the egg cell nucleus did imply that
anomalies were occurring. Comparison of the relative amounts of DNA present in
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the cells of the embryo sac indicated that following an incompatible pollination in
some ovules, the egg cell nucleus may pass from the G; phase of interphase into the
S phase and so be replicating DNA. Replication of DNA within the nucleus could
reduce the rate of cytoplasmic streaming and may in turn lead to the relatively slow

progression of the sperm nucleus and the failure of gametic fusion.

Gamete nuclei of different plant species are capable of fusing at al three phases of
interphase. Indeed, sperm cells in Arabidopsis are known to enter the S phase very
soon after the division of the generative nucleus within the pollen grain and
continue to replicate DNA throughout pollination and the period of pollen tube
growth. The S phase is completed once the sperm cell is inside the embryo sac
shortly before fusion, with double fertilisation occurring between nuclei in the G
phase (Friedman, 1999).

Freidman (1999) proposes five models of sperm cell development and cell cycle
expression in seed plants based on pollen cytology at anthesis and the phase of the
sperm cells at fertilisation. The models are based on the timing of generative cell
division and replication of DNA within gamete or zygote nuclei. In all cases, phase
synchrony between the male and female gametes is assumed, otherwise fusion

would fail and no zygote or endosperm nucleus would form.

The quantification of DNA within nuclei during fertilisation of ovules of cocoa
using the confocal microscope in this work produced variable results (Chapter 3).
Problems were experienced with the precocious staining of propidium iodide and
particularly Periodic Schiff’s reagent, fluorescing starch and other carbohydrates in
the embryo sac often obscuring nuclei. DAPI fluorescence was only partially
detectable by the low wavelength emission, argon laser.

Unlike the studies of Friedman (1999), constraints on time and plant material meant
that the quantification of DNA in the male and female nuclei within the embryo sac
described in this study was invariably performed on ovules of the same age; 48
hours after pollination. Therefore, these analyses do not provide detailed
information on the phase position of gametes of cocoa during the period leading up

to fertilisation. The results obtained do nevertheless suggest an increase in
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fluorescence, and thusin DNA content in the egg nucleus following an incompatible
pollination that is not matched by a corresponding increase in the sperm nucleus. If
this were the case, the loss of phase synchrony between the male and female gamete
could be implicated in preventing fusion of the two. This loss of synchrony could
be due to the delayed arrival of incompatible sperm cells at the egg nucleus
following release from the pollen tube. Equally, the loss of synchrony may be due
to the failure or disruption of any mechanism that may be in place to ensure
synchrony is maintained at the time of fusion, or indeed, DNA replication within the
egg nucleus may be the result of an external stimulus initiated from the recognition

reaction.

In the absence of absolute evidence of DNA replication in the egg nucleus following
an incompatible pollination, there is no strong support for theories on the failure of
fusion based on the loss of phase synchrony. Additional research into the processes
involved in gametic fusion in plants has identified male-female gamete recognition
and male gamete-specific genes acting on the nuclear membrane. Faure et al.
(1994) formulated an in vitro method for the fusion of isolated gametes of maize.
The development of this method enabled the specificity of the fusion reaction to be
examined. The resultant observations showed that fusion occurred between male-
female gamete pairs in the majority (80%) of cases. Fusion between male-male
gamete pairs only occurred rarely (16%) and never occurred between female-female
gamete pairs. In addition, polyspermy did not occur, despite observations of male
gametes and fertilised egg cells in contact with each other. These results suggest
that cell recognition occurs between male and female gametes prior to fertilisation
and that specific and complimentary fusogenic gene products are present on the
surface of male and female gametes. In addition, these gene products are rapidly
deactivated once fusion is complete to prevent multiple fusions leading to

polyspermy (Faure et al., 1994).

More recently, Xu et al. (1999) constructed and screened a cDNA library of
generative cells from lily, and isolated a male gamete-specific gene LGC1. In situ
hybridisation of this gene to pollen at different stages of development revealed that
it is specific to the generative cell and the resultant sperm cells. Localisation of the

gene product of LGC1 identified the polypeptide on the surface of the generative
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cell membrane. The unique cell specificity of LGC1 and its presence on the
membrane surface may infer a role in sperm-egg recognition and/or fusion (Xu et
al., 1999).

The results presented by Faure et al. (1994) and Xu et al. (1999) identify gamete
specific processes and genes that act on the surface membrane of gametes, and
identify processes regulating the specificity of fusion between gametes. That the
LGCL1 gene of Xu et al. (1999) is involved in the specific recognition reaction
described by Faure et al. (1994) has not been established. The identification of
male-specific gene products and gamete-gamete recognition processes presents the
possibility of an allele-specific reaction between the membrane surfaces of gametes
controlling the fusion event. The genetic origin of such gamete specific recognition
substances would most likely be gametophytic. Such a recognition reaction would
lead to both fusion and non-fusion of gametes following pollination with a single
genotype and would thus account for the appearance of both within ovules from the

Ssame ovary, as seen in cocoa.

In addition to the advances made in our understanding of fertilisation specificaly,
our understanding of membrane fusion in general has greatly advanced in recent
years. Membrane fusion between cells is a fundamental process that occurs in all
organisms and on awide range of scales. Jahn et al. (2003) identifies three different
types of membrane fusion: extra- and intra-cellular fusion of pathogens and host
cells, extracellular fusion of eukaryotic cells such as the fusion of sperm and egg
cells during fertilisation; and, intracellular fusion of organelles. Within these three
types of membrane fusion, the least is currently known about the extracellular
fusion of eukaryotic cells (Jahn et al., 2003) with the largest body of research
currently focusing on the processes of exocytosis. Despite the diversity and types of
fusion reactions that occur, the process remains fundamentally the same, with the
initial contact and coalescence of membranes leading to the opening of afusion pore
enabling the cell contents to merge. The current rapid advancement of knowledge
in this area of research may provide additional information on the recognition
reactions occurring between membranes that may be applied to extracellular fusion

processes and possibly to the fusion and non-fusion of nuclei in cocoa ovules.
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Some of the same membrane fusion proteins identified to function during exocytosis
have been noted to function during plant defence responses through the failure of
pathogens to penetrate the plant cell wall (Collins et al., 2003). Links between
disease resistance and self-incompatibility has previously been observed in other
areas. Pastuglia et al. (1997) characterised a gene of the Brassica S locus that
functioned in reaction to wounding and to infection by bacteria, and Elleman &
Dickinson (1999) noted the accumulation of calcium in the stigmatic cells at the
point of pollen tube penetration, similar to that observed in epidermal plant cells
following penetration of fungal pathogens. More recently, Brugiere et al. (2001)
identified a gene product similar to plant defence related proteins that is specifically
expressed in the stigmas of self-incompatible lines of Brassica napus. Indeed,
genotypes of cocoa conferring inherent resistance to infection by fungal pathogens
are predominantly self-incompatible. Distinct similarities between the processes of
pollen tube growth and that of fungal hyphae growth, and the manner in which both
penetrate plant tissues could well have evolved to evoke similar reactions in plant
cells.

In addition to the failure of fusion in the ovule, self-incompatibility in cocoais also
manifest through the abscission of flowers at the pedicel. Results of physiological
investigations carried out in this study implicate endogenous auxin as a signal to
retain flowers following a compatible pollination (Chapter 6). Compatible
pollination leads to an irreversible prevention of abscission at the pedicel; areaction
also induced by exogenous auxin application to the pedicels of unpollinated or
incompatibly pollinated flowers. Contrary to the evidence of Hasenstein & Zavada
(2001), the application of auxin to incompatibly pollinated flowers described in this
thesis did not overcome the incompatibility reaction, despite numerous replications,
indicating that the process of floral abscission is uncoupled from that of gametic

fusion.

As the reaction to prevent abscission appears to be auxin based, the signal to delay
abscission following the initial pollination must be regulated in another manner.
The application of the ethylene precursor ACC led to a more rapid abscission
reaction of unpollinated and in some cases, 100% abscission of compatibly

pollinated flowers. In contrast, application of the ethylene inhibitor AVG led to the
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delay, but not the prevention of abscission of unpollinated and incompatibly
pollinated flowers (Chapter 6). These data, coupled with those of Baker et al.
(1997) implies that the initial signal to delay abscission following pollination is
regulated via endogenous levels of ethylene. It is possible that this delay could
allow time for the specificity of the male gametes/sporophyte to be determined as
either compatible or incompatible. The need for such a delay infers that the
recognition reaction occurs later rather than sooner after pollination. Once the
specificity has been determined, compatibly pollinated flowers are retained and

abscission irreversibly prevented by an increase in endogenous auxin.

The results presented here do not provide any clear information on the presence of
interdependency of the action of ethylene and auxin. The two phytohormones may
react at different points in the same cascade initiated by one signalling event or may
act independently as part of two separate cascades initiated by two different signals.

The research presented in this thesis appears to have raised more questions than it
has answered. It seems amost certain that the recognition reaction in cocoa occurs
below the stigma, but the potential sites for the reaction appear to increase as our
understanding of fertilisation and membrane fusion grows. Certainly, the recent
discoveries of gamete-specific genes and gamete-gamete recognition offer some
promising areas for future investigations into the site of the recognition reaction. In
addition, a new protocol for the extraction of RNA from cocoa has very recently
been published (Verica et al., 2004) offering new opportunities for investigations

into expression of genes during pollination and fertilisation.

In conclusion, it seems that self-incompatibility in cocoa remains an enigma with
the nature of the reaction (sporophytic or gametophytic) and the site of the reaction
(somewhere below the stigma) remaining undetermined. New data presented in this
thesis on the delayed delivery of incompatible sperm cells and the possibility of the
loss of phase synchrony between gametes do provide new information on some of
the processes taking place within the embryo sac. These results may form a basis
for additional research into the genetic and physiological control of self-

incompatibility in Theobroma cacao L.
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Appendix 1

Cocoa nutrient solutions

Tank A

Magnesium sulphate 16569
Potassium phosphate 10569
Potassium sulphate 840g

Iron chelate (EDTA/Fe) 240g

Micro-nutrients

Boric acid 60g
Manganous sulphate 689
Zinc sulphate 1629
Ammonium molybdate 5.29
Cupic sulphate 4.89

500 ml of Nitric or hydrochloric acid

Make up to 240 litres with water

Tank B
Potassium nitrate 30249
Ammonium nitrate 1800g

Make up to 240 litres with water
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Appendix 2

DNA extraction protocols

Qiagen DNeasy Plant Minikit

Protocol: Isolation of Total DNA from Plant Tissue Using = ;"d B e """":" L ':' LIS
s nr is step precipitates gent, proteins, and poly ides,

the DNeasy Plant Mini Kit Opticnal: Centrifuge the lysate for 5 min at 20,000 x g {14,000 rpm].

Imporiant paints before starting o o . . Some plont moterials can generate very viscous lysates and large amounts of

W [f using the DNeasy Plant Mini Kit for the first time please read “Impartant Notes precipitates during this step resuliing in shearing of the DNA in the nex! slep [see
Ipage 11]. “Lysate filration with GlAshredder”, poge 12). In this case, oplimal results are

W Buffer AP1 may develop o yellow color upon starage. This does not offect the abtained i the majority of these are remaved by ifugation for 5 min

y develop @ ye pos ty
procedure. 1 20,000 x g {14,000 . Afer conirik apgly sup GlAshredd

W Allcentrifugation steps are carried out af room temperature |15-25°C] in a micro- Mini Spin Column and conlinue with step 5.
centrifuge. 5. Apply the lysate to the QlAshredder Mini Spin Column flikec] ploced in o 2 m

Things ta do before starfing collection tube and centrifuge for 2 min ot 20,000 x g (14,000 rpm).

W Buffers AP1 and AP3/E concentrate may form precipilates upon storoge. If It may be necessary to cut the end off the pipet fip 1o apply the lysate 1o the
necessary, warm to 65°C 1o redissohe [before adding ethancl 1o Buffer AP3/E) Om?h_mddw Mini C.0Iu_mn. The Ql.ﬁshr:dder. Mini Column remaves most
Do not heat Buffer AP3/E ofter ethanol has been added _pﬂ.*c-pl!cl'cs Flnd cell debris, but o small .olrmn!tm“ pclu.lhrnugh and form a pellet

W Bufiers AW and AP3/E are supplied os concenirates. Bafore using for the firstfime, in the collection tube. Be careful not to disturb this pellet in step &. )
oadd the appropricte amount of ethancl [$6-100%] as indicated on the botfle o 6. Transfer flow-through fraction from step 5 to @ new tube (not supplied] without
obloin a working sclution disturbing the cell-debris pellet.

B FPreheat o woter bath or heating block 1o 65°C. Typically 450 pl of yscte is d. For some plant species less lysate i ]

B Frehoot Buffer AE o 65°C, In this cose determine volume for the next step,

. 7. Add 1.5 volumes of Buffer AP3/E to the cleared lysate and mix by pipetting.

I GﬂLﬂdP‘ﬂ“: ':SKW under liquid m afine P““:“ vsing o morkr Example: To 450 l lysate add 675 l Buffer AP3/E. Reduce the amount of Buffer
and pestle. Tro fissue powder nilragen to on AP3/E accordingly if less lysate is recovered. A precipitae may form after the addition
sized tube and ‘?Ib" h Bq”'d,"m to evaparate. Do not allow the somple to of ethanel but this will not affect the DMeasy procedure.

m. :nir;ne mod:bl; with akp I? e Note: Ensure ethancl has been added to Buffer AP3/E (see “Things to do before
- See “Disruption ant material” (poge 12). starling”).

2. Add 400 pl of Buffer AP1 and 4 pl of RNase A stock solution (100 mg/ml] to o Note: It is im g "

A N ' - portant to pipet Buffer AP3/E directly onte the cleared lysate and 1o
l!l!ﬂlm:: of 100 mg of ground [wet weight] or 20 mg (dried) plant or fungal mix imenediatsly,
it o ) 8. Apply 650 pl of the mixture from step 7, including any precipilate which may have
Mo fissue clumps should be visible. Vortex or pipet further to remove oy clumps formed, 1o the DNeasy Mini Spin Column sifiing in a 2 ml callection ube (supplied).
Clumped fissue will not lyse properly and will therefare resull in a lower yield of Centrifuge for 1 min at 8000 x g leorresponds to =800 rpm for most micro-
DA, In the rare case where elumps connot be removed by pipetting ond vorexing, contrifuges) and discard flow-through.*
o disposable micropestle may be used. X .

Reuse the collaction ube in step 9.

Note: Do not mix Buffer AP1 and RMase A before use. - e °°°a°;h" i ,_':’ P T I

3. Incubate the mixture for 10 min af 65°C. Mix 2-3 fimes during incubation by - Repeat step 8 with remaining sample. flov oogh o Sl e
verfing tube. 10. Place DMeasy Mini Spin Column in o new 2 ml collection ube (supplied), odd 500 pl

X B Buffer AW 1o the DMeasy Mini Spin Column and centrifuge for 1 min ot 26000 x g
This step yses the calls 18000 rpem). Discord fow-through and reuse the collection tube in step 11.
Note: Ensure ethanol is edded to Buffer AW,
* Flowthrough boxcions contain Bulfer AP3/E, and are therskors net compolible wih blsack. See page & for
Further informanon

146 Dieasy Flant Mini Kit and DiMeasy Plant Maxi Hondbook  07/2000 Dideasy Flant Mini Kit ond DiNeasy Plont Maxi Handbook 07 /2003 7

11, Add 500 pl Buffer AW to the DNeasy Mini Spin Column and centrifuge for 2 min
at 20,000 x g (14,000 rpm| to dry the membrane.

I is impertant 1o dry the membrane of the DMNeasy Mini Spin Column since residual
athanol may interfere with subsequent reactions. This spin ensures that no residual
ethanal will be carried over during elution. Discard flowshrough and collection
tube.

Abter washing with Buffer AW, the DMNeasy Mini Spin Column membrane is usually
only slightty colored. In the rore cose that the membrane remains significantly
colored aber washing with BuFfer AW, refer to “Darkly colored membrane” in the
Troubleshooting Guide on page 22.

Note: Following the spin, remave the DiNeasy Mini Spin Column from the collection
tube carsfully so the column does not come into contact with the Aowhrough, as
this will result in carryover of ethanol

12, Transfer the DNeasy Mini Spin Column to o 1.5 ml or 2 ml microcentrifuge tube

Inot supplied| and pipet 100 pl of preheated (65°C) Buffer AE directly onto the
DNeasy membrane. Incubate for 5 min ot room temperature [15-25°C) and then
centrifuge for 1 min ot =6000 x g (=B000 rpm| to elute,
Elution with 50 pl {instead of 100 pl) increases the final DMA concentration in the
eluate significantly, but also reduces overall DMA yield. Hlarger amounts of DMA
[>20 pg) ore loaded, eluting with 200 yl {instead of 100 pl) increases yield. See
“Elution” on pege 12

13. Repeat step 12 once.

A new microcentrifuge fube con be used for the second elulion step to prevent
dilution of the first eluate. Allernatively, the microcentrifuge tube can be reused for
the second elution step fo combine the eluates

Naote: Mare than 200 yl should not be eluted intc a 1.5 ml microcentrifuge ube
because the DMeasy Mini Spin Column will come inte cantact with the eluate.

8 Dioosy Flant Mini and Dieasy Flast Maxi Handbook  07/2003
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Qiagen DNeasy 96 Plant Kit

DNeasy 96 Plant Protocol for Isolation of DNA from Plant Leaf Tissue

(See poges 18 and 22 for protocals for using the Retsch MM300 Mixer Mill for disruption of fresh or frozen

samples.)

Important notes before starting

« Take fime to familiarize yourself with the Centrifuge 4-15C before starting this protocel.

« The DNeasy 96 Plant procedure is optimized for up to 50 mg [wet weight) or 10 mg (dry weight) of
starfing material.

» Buffers AP3/E and AW are supplied os concentrates, Before using them for the first fime, add the
appropriate amounts of ethancl (96-100%) os indicated en the botfles to obtain working solufions.

Preheat Buffer AP1 to 65°C or to BOPC if liquid nitrogen is used for disruption,
All centrifugation steps should be carried out of room lemperature.
Wear safety glosses throughout the procedure.

.

Protacel
1. Disrupt plant jal in a rack of collecti i bes or a suitable 96-well block.

If possible, use the provided rocks of collecfion micratubes for disrupting somples. The contents of
collection micratubes can be seen more easily than these of standard 96-well blacks, making it easier
during step 7 fo avoid carryover of cell debris, which could dog the DMeasy 96 plate.

Do not use more than 50 mg (wet weight] or 10 mg (dry weight) of each sample initiclly (see “Somple
size” on page 11).

Ensure thot all samples ere ground fo a fine powder, and that disrupfion is uniform ocross all 96
samples.

Use a plate register card (provided) fo record the pesition of each somple in the block.

2. Combine nuﬁar API RMase A, and Reagent DX according to the table below in order to
make a stien for lysing the ples. Use o plpal to add 400 pl of rhls working
solution to each sample. Ensure the les are prog ded in the sol
It is impartant te prepare a fresh working solufion,

Somples can be suspended by pipetfing each up and down several fimes or by sealing the 96-well
block with the appropriate caps and shaking manuclly. Do not use tape er a flat surface 1o seal the
wells of the black since these are often @ seurce of eross-contamination.

Note: When using dried leaf material, incubafing the leaf tissue with warking sclufien for

10-20 min at 65°C may increase DNA yield, Ensure thot the wells remain sealed during the incubation.

Ameunt per  Mix for 2 x 96 racked

sample (ul) collection microtubes®
Preheated Buffer AP1 (see “Important 400 90 ml
notes before starting”)
RMase A (100 mg/ml) 1 225l
Reagent DX 1 225l

* 15% excess mixture is included in these calculations to ollow for pipetting errors.

DMeasy 96 Plant Kit Handbaok 01/2000 15

3. Optional: remove cell debris by centrifugation.
This step might be required to ensure that no cell debris is transferred in step 7, and can be omitted if
there is litle cell debris in the samples. This step is not usually necessary if collection microtubes have
been used for sample disruption, since the contents of collection microtubes con be more easily seen
than those standard 96 well blocks. This makes it easier during transfer steps fo avoid carnyover of cell
debris, which could dog the DNeasy 94 plote.
If wery little cell debris is present in the samples, proceed directly fo step 4.

a)  Centrifuge the samples for 5 min at 5600 x g to pellet cell debris.
Note: If o 96-well block from another monufocturer is used, ensure thot it con withstand fhe
forces generated during cenfrifugation.

To centrifuge, load the rack of collecfion microtubes onfo the carrier, then plece the carrier and
collection micratube rack together info the rofor bucket. Ensure all cell debris is pelleted by
centrifuging for longer, if necessary.

b) Transfer supernatants to o new set of racked collecti i bes (provided|

4. Remove and discard caps. Add 130 pl Buffer AP2 to each lysate and close the lub.s carefully
with new caps (provided). Place the clear cover over the rack of collection microtubes, and
manually shake the rack or block vigorously for 15 sec.

Mote: To ensure optimal DMA yields, it is important to shake the samples vigorously for the full 15 sec.
5. Centrifuge the rack of collecti i bes or 96-well block for 10 sec at 1500 x g to collect
drops from the caps. Incubate for 10 min ot -20°C.
This centrifugation step stops precipitates from sficking to the caps, which would be difficult to remove
after incubation ot -20°C.
6. Centrifuge for 5 min ot full speed (5600 x g).

A compact pellet will ferm but some parfices may fleat, Be careful not to transfer any of these particles
in the following step.

7. Transfer 400 pl of each supernatant to a new set of racked collecti I ),
ensuring that the new microtubes are in the correct orientation.
More than 400 ul supernatant cannot be used as otherwise the copacity of the #6-well plote and the
square-well blocks used for flow-through collecfion in subsequent steps will be exceeded.

If less than 400 ul of supernatant is recovered, adjust the amount of Buffer AP3/E in the following step
accordingly.

Callection microtubes are connected in strips of B, To avaid tronsferring particulate matter, it is helpful
to remove the strips from the rack so that the contents of the microtubes are visible, ond use o
multichannel pipettor on its lowes! speed seffing.

8. Add 1.5 vol (typically 600 pl) Buffer AP3/E. Close the collection microtubes with new caps
(provided). Place the clear cover over the rack of collection microtubes and shake the rack
vigorously for 15 sec.

Mote: Ensure that ethancl has been added to Buffer AP3/E prior 1o use.
A white precipitate moy form upon addition of Buffer AP3/E. This precipitate does not interfere with the
DMeasy procedure or any subsequent opplicafion.

16 DMeasy 96 Plant Kit Handbook 01/2000
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9. C if the rack of collecti i bes for 10 sec at 1500 x g to collect drops from the
caps. Remove and discard caps.

Do not centrifuge for more than 10 sec or at more than 1500 x g.

10. Place a DMNeasy 96 plate on top of a square-well block (provided). Mark the DMeasy 96 plate
for later sample identification.

11. Carefully apply 1 ml of each sample to the DNeasy 96 plate.

Take core not to wet the rims of the wells, in order 1o avoid aerosol formation during centrifugation in
the following step. Do not apply more than 1 ml.

Mote: Due to the sample velume in the collection microtubes, immediately lowering pipet fips to the
betam of the tubes may cause overflow and cross-confaminatfion. Te aveid this, it is helpful to
gradually lower the pipet fips os the somples are drown up and to remaove only one set of cops al o
time, Repeat until all samples hove been applied to the DNeasy 96 plate.

12. Seal the plate with o tape sheet [provided). Centrifuge for 4 min at full speed (5600 x g).
After centrifugation, check that all of the lysate has passed through the membrane in each of the
DMeasy 94 plate wells, Otherwise, centrifuge for a further 4 min.

13. Remove the tape sheet. Carefully add 800 pl Buffer AW to each well.

Note: Ensure that ethancl has been added to Buffer AW prior fo use.

14. Seal the DNeasy 96 plate with a new tape sheet (provided). Centrifuge for 15 min at full
speed (5600 x g) to dry the DNeasy membranes.
It is important to dry the membranes of the DMNeasy 96 plate since residual ethanol may interfere with
suk i This centrif ion step ensures that no residual ethancl will be carried over
during elufion.

After washing with Buffer AW, the membranes of the DNeasy 96 plate are somefimes slightly colored.
In the rare case that the membrane remains significantly colored after washing with Buffer AW, refer fo
“Darkly colored membrane ....” in the Troubleshoofing Guide on page 27.

15. To elute the DNA, place the DNeasy 96 plate in the correct orientation on a new rack of
collection microtubes, add 100 pl Buffer AE to each well, and seal the DNeasy 96 plate with o
new tape sheet (provided). Incubate for 1 min at room temperature. Centrifuge at full speed
(5600 x g) for 2 min.

Elufion in 2 x 50 pl (instead of 2 x 100 p) increases DMA concentration, but decreases overall DNA
yield. See “Elution” on poge 11.

16. Repeat step 15 with a further 100 pl Buffer AE,
Use new cops (provided) to seal the collection tubes for storage. DMA is stoble for several days when
stored at 4°C in Buffer AE. For longer term steroge, freezing of =20°C is recommended.

DiMeasy 96 Plant Kit Handbook 01,2000 17
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Appendix 3

Multiplex PCR protocol

Qiagen Multiplex PCR Kit

Important notes before starting

-

Ahways start with the cycling condifions specified in this profocol.
When using Q-Solution for the first ime in a parficular mulfiplex PCR assay, it is
lel amplification Solution.

impartant to perform paral reactions with and without Q-

Use Q-Solution at a final of 0.5x.

3 usmg an already esd:hshed mulnpla'x PCR syslem, use the previously established
P in with the cycling condifions specified in this

protocol.

Annealing fime must be 90 5.

Use equal concentrafions (0.2 M) of all primers.

PCR must start with an adtivation step of 15 min at 95°C io acivate HotStarTog DNA
Polymerase [see siep 7 of this protocel).

Optional: if o thermal cyder with o femperature gradient function con be used, determine
the optimal annealing lemperaiure by performing a gradient PCR.

Protocol

Thaw the 2x QIAGEN Mulfiplex PCR Master Mix (if stored ot -20°C), template DMNA,
5x Q-Solufion, distilled water, and primer mix. Mix the solutions completely before
use,

It is important fo mix the solufions completely before use to ovoid localized
concentrations of salts. Preparing o mixure of ol primers avoids pipetting of
individual primers for each experiment, reducing pipetting fime and increasing
reproducibility of results (for preparation of primer mix see Table 1, page B8]
Prepare a reaction mix occording to Table 6.

The reaction mix typically contains all the components required for mubiiplex PCR
except the template DMNA. Prepare o volume of reaction mix 10% greater than that
required for the total number of reactions to be performed. For reaction volumes less
than 50 pl, the 1:1 rafio of GIAGEN Muliiplex PCR Master Mix to primer mix,
template, and G-Solution should be maintained as shown in Table 6.

Nete: We sirongly recommend starting with on initial Mg™ concentration of 3 mM
as provided by the 2x Multiplex PCR Master Mix.

GHAGEN Muliiplex PCR Hondbook  09/2002

Table 6. Multiplex PCR components [reaction mix and template DNA)

Component Volume/reaction  Final concentration
Reaction mix
2x GIAGEN Mulfiplex 254 Ix
PCR Master Mix*
10x primer mix, S5 0.2 pWt

| 2 uM sach primer jsee Table 1)
Q-Solution, Sx 5¢ 0.5x
Distilled water Variable -
Template DNA
Template DNA, added of step 4 Variable =1 pg DMASS0 pl
Total volume 50 pl'

* Prowides o final concentration of 3 mb MgCls

* A final primer of 0.2 M I for maat dois sysiems. Monweves, in some coses

uning cthes puime concerrations (0. 1013 ] may huther improve ompilfcation performance.
! For vokmas boss than 50 44, the 11 rofic of GUAGEN Mubiplex Master Mix fo primer mix, lemplate, and
Q-Sokion sheowid be monksined
Mix the reacfion mix th
or plates.
Mix gently, for example by pipetting the reaction mix up and down o few fimes
Due to the hot start, it is not necessary to keep somples on ice during reccfion setup.
Add template DNA (=1 pg/50 l reaction] to the individual PCR tubes containing the
reachion mix.
For mulliplex RT-PCR, the volume of cDMNA odded (from the RT reaction] as templote
should not exceed 10% of the final PCR velume.
When using @ thermal cycler with o heated lid, do not use mineral oil. Proceed
directly to step 6. Otherwise, mduymlhq)pmmmﬂy&ﬂﬂ mineral oil.
Program the thermal cycler g to the fe o' i
Opllmol If @ thermal cycler with o temperature grodient function can be used,
the optimal ling temp by perf a gradient PCR.
Place the PCR tubes in the thermal cycler and start the cycling program as outlined
in Table 7 [page 18).
Each PCR program must start with an initial heatactivation step ot 95°C for 15 min
to octivate HotStarTag DNA Polymerase.
Alter amplification, somples can be stored overight ot 2-8°C or ot -20°C for
longer storage.

hly and dispense appropriate volumes into PCR tubes

GIAGEN Mubiplox PCR Hondbook  09/2002 17
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Appendix 4

Buffers and solutions used in DNA experiments

TE Buffer (for DNA)

TrissHCl pH 8 10mM
EDTA 1mM

TAE Buffer

Tris-acetate 40mM
EDTA 1mM

Bromophenol blue agar ose gel loading buffer
Bromophenol blue  0.23% (w/v)

EDTA 60mM
Sucrose 40% (wi/v)

Depurination Buffer

HCI 250mM

Denatur ation Buffer

NaOH 0.5M
NaCl 1.5M

Neutralisation Buffer
TrissHCl pH7.2 500mM

NaCl 1.5M
EDTA 1ImM

Transfer Buffer

SSC 20x
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Appendix 5

PCR product and plasmid purification protocols

QIAquick PCR Purification Kit (Qiagen)

QlAquick PCR Purification Kit Protocol

0 s
This prosocol is designed 1o purify single or doublesranded DA fragments from PCR
and other enzymalic reactions (see poge 7). Fragments ranging from 100 bp to 10 kb

are purified from primers, nuclectides, polymerases, ond solls wsing GlAquick spin
columng in a microcentrifuge.

[LELTLAN]

Motes: = Add ethonol [96-100%] to Buffer PE before use (see bottle lobel for volume).
» All contrifuge seps are ot 210,000 x g |~13,000 rpm) in a conventional
tabletop microcentrifuge.

1. Add 5 volumes of Buffer PB to 1 volume of the PCR reacfion and mix. It is not
necessary bo remove minerol o or kerosene.
For example, odd 500 pl of Bufler PB to 100 pl PCR reaction |not including i)

2. Place o GlAguick spin column in o provided 2-ml collection tube.

3. Tobind DNA, opply the sample to the GlAquick cok d Fuge for 30-60 s

4. mwmuwmmmunmm
Callection tubes are re-used 1o reduce plastic consumplion.

5. rummnrsﬂmn»nmmwmhwm

& Discord Aow-through and ploce the Gllgquick cohmn bock in the some wbe,
Centrifuge the column for on oddilional 1 min ot maximum speed.
IMPORTANT: Residual ethanal fram Bufer PE will not be completely removed unless
the o theough is discarded before this addifional centrifugation.

7. Place Qlaquick columa in o dean 1.5-ml microfuge tube.

B. ‘I'admuDNl\.uddNﬂWEIIIBMTmﬁWWHDthJh @}_ﬂ
QilAquick membrone and centrifuge the column for 1 min. increased M0

m:ﬂdnﬂmhﬂvnhmihwm <

let the colume stond for 1 min, and then centrifuge.
IMPORTANT: Ensure that the elution buffer is dispensed directly anio the GlAgquick
membrane for complete elution of bound DNA, The average eluate volume is 48 pl
from 50 4l elution bufier volume, and 28 pl from 30 pl ehtion buffer
Elusion efficiency b deperdent cn pH. The maximum elution efficiency is achieved
between pH 7.0 and 8.5. When using waker, make s that the pH volue is within this
range, and store DA af 20°C as DA may degrode in the absence of o
ogent. The puified DA con o be skted in TE (10 mM Tris-Cl, | mM EDTA, pH 8.0},
but the EDTA may inhibit subsequent enzymatic reoctions.

Claquick Spim Hondbook  01,/9% 19

QIAquick Gel Extraction Kit (Qiagen)

QIAquick Gel Extraction Kit Protocol
using @ microcenirifuge
This protocel is designed 1o extract and purify DMA of 70 b to 10 kb frem senderd or
lowemelt agaress gels in TAE or TBE buffer. Up to 400 mg agarose con ba processed per spin
column. This kit can also be used for DNA deanup from enzymaic reactions [see page 7).
Motes: * NEW The yellow color of Buller GG indicates a pH <7.5.
* Add ethanol [96-100%) 1o Buffer PE bofore use (s bottle label for volume).
* lopropanol [100%) and a heating block or water bath ol 50°C are requined
« All cenifugation sheps are carried ol of 210,000 x g (=13,000 rpr] in &
comventional iebletop microcentrifuge.
* 3 M sodium ocetale, pH 5.0, may ba necessary,
= For DMA cleanup from solutions using this protecel, odd 3 volumes of
Buffer GG to the reodiion, mix, and proceed with step & of the protocal,

1. Excise the DNA frogment from the agorose gel with o dean, sharp scolpel.
Minimize the size of the gel dlics by removing exire ogonose.

2. Weigh the gel slice in o colorless tube. Add 3 volumes of Bulfer ©G 1o 1 vohume of
gel (100 mg ~ 100 .
Far example, add 300 pl of Buffer GG 1o each 100 mg of gel. For »2% ogarose
gels, odd & volumes of BuBier QG. The maximum amount of gel slice per Glquick
calumn is 400 mg; for gel slices >400 mg use more than ane QlAquick column

3. Incubate at 50°C for 10 min jor unil the gel slice has completely dissobved), To help
dissolbve gel, mix by vortexing the tube every 2-3 min during the incubakion.
IMPORTANT: Solubilize agorase completely, For »2% gels, increase incubotion fime.

4. After the gel slice has dissobred completely, check that the color of the mixure is
yellow [similar bo Buffer GG without dissolved ogorose).
If the color of the mixture is crange or viclet, add 10 ¢ of 3 M sodivm acetate,
pH 5.0, and mix. The calor of the mixure will fum to yellow,
The adsorpicn of DMA o the QlAquick membrane is efficient only of pH <7.5.
Buffer GG contains a pH indicator which is yellow ot pH <7.5 and crange or vioket at
higher pH, olowing easy determination of the optimal pH for DNA binding

24 o GlAguick Spin Handbock 01/99
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Ackd 1 gel volume of isopropanl to the sample and mix.

For axample, if the agarose gel skoe is 100 mg, add 100 yl isopropanal. This step
incroases the yiskd of DNA fragments <500 bp and >4 kb, For DNA ragments
betwean 500 bp and 4 kb, oddition of sopropancl has no effect on yield.
Do not centrifuge the sample of this sage.

Place o GlAquick spin column in a pravided 2-ml colleckon tube.

To bind DNA, apply the sample 1o the ClAquick column, and centrifuge for 1 min,
The maximum volume of the column reservoir is B0 pl. For sample volumes of mere
than BOO , simply lood and spin ogain.

Discard flow-through and place lAguick eshurnn badk in the same collction fube.,
Collection tubes are reused 1o reduce plastic consumgption,
[Opkanall: Add 0.5 ml of Bulfer 6 to lAquick couma and cenbrifuge for 1 min.
This sheg will remave oll troces of ogarose. It is anly required when he DINA will
subsequently be used for direct sequencing, in vitro ranscription or microinjection.

. To wash, add 0.75 mi of Buffer PE to GlAquick column and cenrifuge for 1 min.

Note: If the DA will be used for salt sensifive applications, such as bluntend ligation
and direct sequencing, ket the column stand 2-5 min aber oddition of Buffer PE,
bafors centrifuging

Discord the Row-throuah and centriuae fhe Clhauick colsmn f el

Aqui itional 1 min
ot 210,000 x g [~13,000 rpm).

IMPORTANT: Residual sthanal from Buffer PE wil not be complesely remaved unless
the fowthrough is discarded before this addianal centifugation.

Place GlAquick column infa a dean 1.5-ml microfuge tube.

To ehuie DAA, odd 50 pl of Buffer E8 (10 mM Tris-C), pH 8.5} or H,0 o the center of the
GilAquick membrone and contrifuge the column for 1 min of maximum spoed,
Alermatively, for increased DNA conceniration, add 30 pl ehution buffer to the center
of the GlAquick membrane, let the column stand for 1 min, and then centrifuge for
1 min.,

IMPORTAMT: Ensure that the ehsion bufler is dispersed directly onla the GlAquick
mambrone for complate elution of beund DMNA. The average eluate volume is 48 pl
from 50 il ehution bubier volume, and 28 l from 30 pl.

Eluticn efficiency is dependent on pH. The maximum elution efficiency is achieved
betwoen pH 7.0 ond 8.5, When using water, make sure that the pH value is within
this range, and store DA of ~20°C as DNA may degrode in the obsence of o
buffering ogent. The purified DMA con also bo ehied in TE [10 mM Tris-Cl, 1 mM
EDTA, pH B.0), but the EDTA may inhibit subsequent enzymatic reacions.

ClAguick Spin Handbook 01,/99 25
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NucleoTrap Nucleic Acid Purification Kit, PCR Purification
Protocol (BD Biosciences)

NucleoTrag® User Massal NuchesTrap® User Manual

VI. NucleoTrap PCR Purification Protocol i i

VI. NucleoTrap PCR Purification Protocol

This protocol is designed for nunfvlng amplified PCR products from PCR reaction 10. Centrifuge the pellet again at 10,000 x g for 30 sec al room temperature.

mixtures. Use PCR Kits and/or ONLY for this protocal; do Al diry the pallet for 15 min at room temperature (o al 37°C to speed
not use the NucleoTrap Gel Extraction Kit of Suspension. See Figure 1 for a evaporation), — f b
the P pratocel. To purify DNA from aqueous e T
solutions, see Section VI leacis 1o lower raccvary raise.
The MucleoTrap PCR matrix, unlike the NucleoTrap matrix, binds DNA frag- 11. Add 20-50 pl of TE buffer (pH 8.0) or another appropriate low-salt buffer
menis larger than 120 bp, Therefore, primer and primer-dimer molecules stay in to the pellet. Resuspend the pellat by vortexing.
luti ing i dcan b th ifi Mote: Expeciad recovery rates range from 0% (shiing with 20 ul of TE] to 80% (eluting
product. The DNA can be eluted in TE buffer (pH 8) or another low-salt buffer with 50 il of TE).
(e.g., H,O). 12, Elute the DNA by incubating the sample at 50°C for 5 min, of al room
DMA purified with NucleoTrap PCR can be used for cloning, ligations, labeling, for 10/min, Vortex t
sequancing, or further PCR. slap.
. 13. Centrifuge the sample at 10,000 x g for 30 sec at room temperature.
BW"-:: ’°"'..:‘%"ir:dﬂ$§ mi of 95% ethanal to Buffer NT3. This volume Is also Transfer the supematant, containing the pure DNA fragment, 1o a clean
prinked on the Buter NTS hottia 1.5-ml microcentrifuge tube,
1. After the PCR is complete, remove tube(s) from the thermal cycler. Nate: Repeating Steps 11-13 can increass yields appecaimately 10-15%.
Transfer the aqueous phase to a new microcenirifuge tube. (Residual
mineral oil transferred with the aqueous layer will net inhibit the purifica-
tion process.)
2. Adjust the volume of the reaction mixture 1o 100 ul with TE buffer (pH 8.0).
3. Vortex the NucleoTrap PCR Suspension thoroughly until the beads are
complataly ras:
4, Add 400 pl of Butfer NT2 am 10l of NucleoTrap PCR Suspension to the
reaction mixture.
Nate: 1 e mmd“mgmmerﬂs>‘ﬂou’.mmmw‘wwd
Bufters NT2 and the For example, a 15041
PCA reaction needs Buth eramlspal PCR
5. Incubate the sample at reom temparature for 10 min, Vortex briefly every
2=3 min during the incubation period.
6. Centrifuge the sample at 10,000 x g for 30 sec at room temperature,
Discard the supematant.
7. Add 400 pl of Buffer NT2 to the pellet. Vortex briefty. Centrifuge at
10,000 x g for 30 sec at room temperature. Remove the supematant
completely.
8. Add 400 pl of Buffer NT3 1o the sample. Vortex briefly. Centrifuge the
sample al 10,000 x g for 30 sec al room lemperature. Remove the
supematant completely.
mixiur was >100 1l See the nots in Step 4 for an axample.
9. Repeat Step 8,
Protocal § PTAIGHT INTERNET. CLONTECH s, Inc.
Version 8 PR3SH 4 CLONTECH Laborasaries, Inc. INTERNET: weerw choatech.com Protecal § FT3IG3-1
i Veesion § PRIIEE

NucleoTrap Nucleic Acid Purification Kit, Gel Extraction Protocol
(BD Biosciences)

WeclesTrag® User Manual MucheaTrag® User Mangal
V. NucleoTrap Gel Extraction Protocol tinued V. NucleoTrap Gel Extraction Protocol inued
The NucleoTrap Gel Kit allows the rapid ion of DNA 10. Centrifuge at 10,000 x g for 30 sac at room temperature. Remove the
me I This i inelud: P )
the pratocol lor pullfylng DNA from agnnns gels only. Figure 1 shows a sche- 11. [Standard Protocel Only] Repeat Steps 9-10.
wUﬁm i bl Tor pusly DN fromn acgascus 12, Add 500 i of Buffer NT3 to the sample. Vorex briefly,
13, Centrifuge the sample al 10,000 x g for 30 sec al room temparature.
The NucleoTrap Gel Extraction protocol includes *standard” and *high-speed" Remaove the supematant completely.
. The specially designed for the pi 14, Repeat Sleps 12-13,
of fragments that are 0.4-5 kb in length. It can reduce procedure fime by .
50 parcent, while only Iaaamg to a 10 parcent lower recovery rate. Usa the 15. Ei“';"'"";? '"ﬁlp’}'m"g_"‘l‘“ 10,000 x g for 30 sec at room temperature.
standard pi f you wish to purify than 400 bp or larger r dry the pallel for in,
than 5 kb, or wiy asmuchof af 1 as possible. In this Hate: D ¥ the palla ¥ , which
manual, the standard and high-speed procedures are consofidated into one S R TR Vo e
protocol, Differences between the two procedures are listed as Notes for the 16. Add 20-50 ul of TE buffer (pH 8.0}, or ancther appropriate low-salt buffer,
appropriate steps. 1o the pellet. Resuspend the pellat by vortexing.
Note: Expected recovery rates range from S0% (eluting in 20 ul of TE) to 80% (eluting
Before you start: Add 80 mi of 5% ethanol to Bullar NT3. This volume is also saplol e, oy R e
printed on the Buffer NT3 botile. 17. Elute DNA by incubating the sample at room temperature for 10 min.
1. Run your DNA sample on an agarose/EtBr gel. We recommend running Vortex the mixture 2-3 times during the Incubalion step. .
aither a TAE gel (40 mM Tris-acetate [pH 8], 1 mM EDTA) or a TBE gel Hotes: = L 557 for N 25 k.
{45 mM Tris-borate [pH 8], 1 mM EDTA). S AR S Pn::olcg.gm DNA tagmenis batween 400 bp and 5 4,
o the samplo a o 5 min.
2. Locate the position of your fragment under UV Bghl. Use a clean scalpel .
or razor blade 1o excise tha DNA fragment of interest. Cut as close to the 1. ?:?r:::ge tha sampla et 10,000 x g for :N‘? ie;;;;;;rx\;fﬂmpemlum.
fragment as possible, minimizing excess agarose surrounding the frag- d
ment. Estimate the amount of DNA prasent in the gel slice. :‘:;‘" m'm"‘""“g"“::m - -
3, Measure the weight of the gel slice and transfer it 1o a clean 1.5-ml RGH BDEED EROTEEOL e DR S SRR o
- Skb,
microcentrifuge tube or a 15-mi conical tube, repeaiing steps 16.18 can Pxesase vl vp 16 18%. T
4. Foravery 100 mg of agarose, add 300l of Buffer NT1. For gels containing

=2% agarose, add 600 ul NT1 for every 100 mg of agarose,

5. Vortex the NuclooTran Suspension thoroughly until the beads are com-
pletaly resuspand)

6. For each pg of DNA Io be purified, add 4 ul of NucleoTrap Suspension.
Mote: A mink 10l of roaced 1 arsure & high binding
afficiency.

7. Incubate the sample at 50°C for 10 min. Vorex briefly every 2-3 min

during the incubation period.
Note: HIGH SPEED 1 For DNA . Incubate
the sampla at S0°C for § min. Vorlex bristly every 2 min.

8. Centrifuge the sample al 10,000 x g for 30 sec at room lemperature.
Discard the supamatant.

9. Add 500 i of Bulfer NT2 to the pellet, Vortex brigfly.

Protocel # PTIIES-1 INTERNET: www.clontech com CLONTECH Laborataries, Inc. CLONTECH Labsratorias, Inc. INTERNET: www clostochcom Pratocel # PTHES-1
Version # PRIGSS. 7 ] Wersion # PRIISE
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Nucleo-spin Plasmid QuickPure Kit (BD Biosciences)

NucleeSpin Plastmid

4 Protocols
4.1 Standard protocol: Isolation of plasmid DNA from E. coli

1 Using 1 =5 ml of a saturated E. colil LB culture, pellat
colls in a standard microcentrifuge for 30 s at full T
speed. Discard the supematant |

Remave as much of the supematant as possible. f preparing I|

plasmic ONA for aufomated fuorescant sequencing. do ot

use more than 3 ml of satwated culture. The binding capacity

of the siica membrane for plasmid DNA (40 ug) aliows

processing of even larper culture volumes of up lo 8 mi.
v, depending on the cells used, the membrane may

clog when using volurmes » 5 mi, —
2 Add 250 Wl Al. Resuspend the cell pellet by vigorous | +250pl Al
vorexing. 5
No cell clumps should remain in the suspension before
proceeding ko the naxt step. resuspend
3 Add 250 pl A2. Mix gantly by inverting the tubo 6 - 8
times. Do not vortex. Incubate al room temperature for |
a maimum of § min, \ 20 A2

The coll suspansion - af least when using less than 3 mi of

Bacterial culture - showld become clear as cell lysis occurs.

Do not vortex: chromosomal DNA might be released by mix
mechanical shearing.

4  Add 300 Wl A3. Mix gently by inverting the lube 6 — 8
times. Do not vorex Centrifuge for 10 min at full
speed at room temperature or al +4°C. )

Procipitation of SDS and el debris wil be Sightly mors mix
alfective when centrifuging at +4°C.

S 10min

NuclaoSpin Plasmid

5 Place a NucleoSpin Plasmid column in a 2 mi
collecting tube and load the supernatant on the colurmn,
Cantrifuge for 1 min at full speed. Discard the
Rawthrough
If plasrmid DNA is prepared from host strains confaining high
levels of nucisases fe.g. HB101 or sirains of the JM senes),
we strongly recommend to porform an additonal washing
Sop with 500 pl, AW (50°C) and gation {1
min; full speed) before proceeding fo the nex! step.
Agditional washing with AW will also increase the reading
length of DNA sequencing reactions and improve the
performance of chtical Bnzymatic reactions

Place the NucleoSpin Plasmid column back info the 2
mi collecting tube and add 600 I A4 (with ethanol, see
p. 5). Cenfrifuge for 1 min at full speed, Discard the
Powthrough.

7 To dry the silica membrane complately, reinsen the
NucleoSpin Plasmid column into tha 2 ml collacting
tube. Centrifuge for 2 min at full speed.

Rasidusl ethanolic washing buffer, which might it
enzymatic reactions is removed by this confrifugation siep.

8 Place the NucleoSpin Plasmid column in a 1.5 mi
microcentrituge tube and add 50 pl AE. Incubate 1 min
at room temperature. Centrifuge for 1 min at full
speed.

By rapealing tis sfep, the overall yield will increase by 15 -
20 %. Elubon can be done with TE buffer or waler as weil,
Howevar, we recommend the use of @ weakly buffered,
sightly alkaline buffer containing no EDTA, especially if the
plasmid DNA is intended for sequencing reactions. i waler is
used, the pH should be chocked and adusted o pH § - 8.5
absovplion of CO, Ieads fo @ decrease in pH of unbutfered
solutions,

AGTC Gel Filtration Cartridges (Edge Biosystems)

Product Cat#  Purifications
AGTC® 42453 108

Gel Filtration Cartridges

Recommended Protocol Ver. 10

1. Centrifuge the AGTC® Gel Filtration Cartridge as
‘supplied for 2 minutes at 750 x g.

W The time and speed of centrifugation are important. The
drier the packing ffonger cenirifugation times and/for higher
g forces), the longer it takes to recover product and the lower
the overall recovery. Conversely, shorler spin times and
lower speeds resull in elution volumes higher than the input
sample valume.

2. Transfer the cartridge to a clean microcentrifuge tube
provided with the kit and add the sample to the
packed column. Be sure the fluid runs into the gel.

L using a microcentrifuge or other centrifuge which yses 2
fixed angle rotor, place the sample in the center of the
slanted gef bed surface (0 obtain aplimal performance,

3. Close the cap and centrifuge for 2 minutes at
750 x g. Retain eluate.

L4 Up to 4 uf may be lost during sample processing.
However, if the volume l05s is greater than 4y, this is an
indication of an overly dry gel. To oplimize recovery of
sample, repeat cenlrifugation.

toad
supernatant

1 min
5 + GO0 i A4
A=
1 min
_t'l
]
|
-
2 min
E;f!. +50 pl AE
19}
N
k 4 1 min
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Appendix 6

Cloning protocol

TOPO TA Cloning Kit for Sequencing (I nvitrogen)

TOPO® Cloning and Transformation, continued

Materials Supplied In addition to general microbiological supplies (i.e. plates, spreaders), you will need the
by the User following reagents and equipment.

® 42°C water bath or electroporator and 0.1 cm cuvettes

¢ LB plates containing 50-100 pg/ml ampicillin or 50 pg/ml kanamycin (two per
transformation)

* 37°C shaking and non-shaking incubator

Preparation for For each transformation, you will need one vial of competent cells and two selective plates.

Transformation o Equilibrate a water bath to 42°C (for chemical transformation) or set up your
electroporator if you are using electrocompetent E. coli.

+ For electroporation, dilute a small portion of the Salt Solution 4-fold to prepare Dilute
Salt Solution (e.g. add 5 pl of the Salt Solution to 15 pl sterile water)

* Warm the vial of SOC medium from Box 2 to room temperature.
* Warm selective plates at 37°C for 30 minutes.

e Thaw on ice 1 vial of One Shot” cells for each transformation.

Setting Up the The table below describes how to set up your TOPO® Cloning reaction (6 pl) for
TOPO™ Cloning eventual transformation into either chemically competent or electrocompetent TOP10
Reaction E. coli. Additional information on optimizing the TOPO® Cloning reaction for your

needs can be found on page 9.

Note: The red or yellow color of the TOPO® vector solution is normal and is used to
visualize the solution.

Reagent* | Chemically Competent E. coli | Electrommpeteht.ﬁ._t.'a}i. ],
I]_Tresh PC}i-Er.'.od.uc-l .! 0504 ulu o 0.5t04ul —-—----!
| Salt Solution g = '
Dilute Salt Solution = a 1ul

Sterile Water _[.:;dd.lo a final volume ofi.lll add 10 a final volume Dfﬁ_pil_"}
| TOPO® vector | 1pl W |

*Store all reagents > when finished. Salt solutions and water can be stored at room temperature or +4°C,

Performing the 1. Mix reaction gently and incubate for 5 minutes at room temperature (22-23°C).
TOPO® Cloning Note: For most applications, 5 minutes will yield plenty of colonies for analysis.
Reaction Depending on your needs, the length of the TOPO® Cloning reaction can be varied

from 30 seconds to 30 minutes. For routine subcloning of PCR products, 30 seconds
may be sufficient. For large PCR products (= 1 kb) or if you are TOPO® Cloning a
pool of PCR products, increasing the reaction time will yield more colonies.

[

Place the reaction on ice and proceed to either the One Shot® Chemical
Transformation or One Shot® Electroporation (next page). Note: You may store

the TOPO® Cloning reaction at -20°C overnight.

continued on next page
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TOPO® Cloning and Transformation, continued

One Shot® I.  Add 2 ul of the TOPO® Cloning reaction from Step 2 above into a vial of TOP10
Chemical One Shot” Chemically Competent E. coli and mix gently. Do not mix by pipetting
Transformation up and down.

(]

Incubate on ice for 5 to 30 minutes.

Note: Longer incubations on ice do not seem to have any affect on transformation
efficiency. The length of the incubation is at the user’s discretion (see page 9).

w

Heat-shock the cells for 30 seconds at 42°C without shaking.

4. Immediately transfer the tubes to ice.

5. Add 250 pl of room temperature SOC medium.

6. Cap the tube tightly and shake the tbe horizontally (200 rpm) at 37°C for | hour.
7. Spread 10-50 pl from each transformation on a prewarmed selective plate and

incubate overnight at 37°C. To ensure even spreading of small volumes, add 20 pl
of SOC. We recommend that you plate two different volumes to ensure that at least
one plate will have well-spaced colonies.

8. Anefficient TOPO® Cloning reaction will produce hundreds of colonies. Pick
~10 colonies for analysis (see Analysis of Positive Clones, next page).

One Shot® 1. Add 2 ul of the TOPO® Cloning reaction to 50 pul TOP10 One Shot™ Electrocomp™
Electroporation E. coli ina 0.1 ¢m cuvette and mix gently. Do not mix by pipetting up and down.
Electroporate your samples using your own protocol and your electroporator. Note:
If you have problems with arcing. see below.

2

3. Add 250 pl of room temperature SOC medium.

4. Transfer the solution to a 15 ml snap-cap tube (i.e. Falcon) and shake for at least
1 hour at 37°C to allow expression of the antibiotic resistance genes.

w

Spread 10-50 pl from each transformation on a prewarmed selective plate and
incubate overnight at 37°C. To ensure even spreading of small volumes, add 20 ul of
SOC. We recommend that you plate two different volumes to ensure that at least one
plate will have well-spaced colonies.

6. An efficient TOPO” Cloning reaction will produce hundreds of colonies. Pick

~10 colonies for analysis (see Analysis of Positive Clones, below).

Addition of the Dilute Salt Solution in the TOPO® Cloning Reaction brings the final

concentration of NaCl and MgCl, in the TOPO® Cloning reaction to 50 mM and 2.5 mM.

respectively. To prevent arcing of your samples during electroporation, the volume of cells
Note should be between 50 and 80 pl (0.1 cm cuvettes) or 100 to 200 ul (0.2 cm cuvettes).

If you experience arcing during transformation, try one of the following suggestions:

¢ Reduce the voltage normally used to charge your electroporator by 10%

+  Reduce the pulse length by reducing the load resistance to 100 chms

o Precipitate the TOPO® Cloning reaction and resuspend in water prior to

electroporation

continned on next page
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TOPO® Cloning and Transformation, continued

Analysis of 1. Take the 10 colonies and culture them overnight in LB or SOB medium containing

Positive Clones 50-100 pg/ml ampicillin or 50 pg/ml kanamycin.

Isolate plasmid DNA using your method of choice. If you need ultra-pure plasmid

DNA for automated or manual sequencing, we recommend the S.N.A.P.™ MiniPrep

Kit (Catalog no. K1900-01).

3. Analyze the plasmids for inserts by restriction analysis (digest with EcoR 1 or refer
to the vector map on page 10) or by PCR screening (below). You may also proceed
directly to sequencing (next page).

(=]

Alternative Method You may wish to use PCR to directly analyze positive transformants. You may use one of
of Analysis the four primers in the kit (M13 Forward (-20), M 13 Reverse, T3, or T7) in combination
with a unique primer for your insert. If this is the first time you have used this technique,
we recommend that you perform restriction analysis in parallel to confirm that PCR gives
you the correct result. False negative results can be obtained because of mispriming or
contaminating template.
The following protocol is provided for your convenience. Other protocols are suitable.

1. Prepare a PCR cocktail consisting of PCR buffer, dNTPs, primers, and Tag
polymerase. Use a 20 pl reaction volume. Multiply by the number of colonies to be
analyzed (e.g. 10).

(]

Pick 10 colonies and resuspend them individually in 20 pl of the PCR cocktail.
Remember to patch your colony to preserve it for future experiments.

3. Incubate the reaction for 10 minutes at 94°C to lyse the cells and inactivate
nucleases.

4. Amplify for 20 to 30 cycles (94°C for 1 minute, 55°C for 1 minute, and 72°C for
1 minute).

For the final extension, incubate at 72°C for 10 minutes. Hold at +4°C.
6. Visualize by agarose gel electrophoresis.

Long-Term Once you have identified the correct clone, be sure to purify the colony and make a
Storage glycerol stock for long term storage. It is also a good idea to store a stock of purified
: DNA at -20°C in case the glycerol stock is lost.
. Streak the original colony out for single colony on LB plates containing 50-
100 pg/ml ampicillin.
2. Isolate a single colony and inoculate into 1-2 ml of LB containing 50-100 pg/ml
ampicillin.

3. Grow overnight until culture is saturated.
4. Mix 0.85 ml of culture with 0.15 ml of sterile glycerol and transfer to a cryovial.
5. Store at -80°C.

continued on next page

TOPO® Cloning and Transformation, continued

Sequencing Once you have identified the correct clone, you are ready to sequence your insert. Four
primers (M13 Forward (-20), M 13 Reverse, T3, and T7) have been included to help you
sequence your insert. If you need more primer, please see page v for ordering
information. Please refer to the map on page 10 for the sequence surrounding the TOPO®
Cloning site. For the full sequence of the vector, please visit our Web site or contact
Technical Service (page 23).

If you discover that the primers included in the kit do not allow you to completely
sequence your insert, you may try one or both of the following methods:

*  Synthesize additional primers to sequence into the insert
*  Prepare a set of nested deletions (please refer to the protocol on page 17)

If you need help with sequencing. please refer 1o general texts (Ausubel er al., 1994;
Sambrook er al., 1989)or the manufacturer of your sequencing enzyme.
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Appendix 7

Southern blot: probe labelling protocol

‘Prime-I T’ Random Primer Labelling Kit (Stratagene)

PrROTOCOL

This protocol is designed to label a DNA probe, at a fixed timepoint, with

[a—32P]dATP (3000 Ci/mmol) or [o=*?P]dCTP (3000 Ci/mmol), resulting in

maximum specific activity.

Note  If using [a-32P]dCTP (6000 Ci/mmol) to generate probes with
specific activities 22 x 10° dpm/ug, the amount of label per
reaction should be 10 ul (or 100 pCi), and the volume of water
should be reduced by 5 pil.

To determine the optimal labeling time for a specific DNA template, see

Appendix II: Measurement of Probe Specific Activity.

1. Add the following components to the bottom of a clean microcentrifuge

tube:
Sample:

+  25ng (1-23 ul) of DNA template to be labeled. See
Appendix I: Preparation of Template DNA by LMT Agarose
Gel Electrophoresis for guidelines on the preparation of
template DNA. If the DNA template concentration is
25 pg/ml, then 1 pl of template will give the required 25 ng.

+  0-23 pl of high quality H,O. For a DNA restriction fragment
isolated by LMT agarose gel electrophoresis, as much as
23 pl of sample can be added to the microcentrifuge tube to
achieve the required 25 ng of template DNA. The H,0 is not
required under these circumstances.

+ 10 pl random oligonucleotide primers.

The total reaction volume should be 34 pl at this point
Proceed to step 2.
Control:

+ 25 ng (1 pl) of control DNA template.

+ 23 pl of high quality H,O. (If preparing probes of specific
activity 22 x 107 dpm/pg, add 18 pl of high-quality water, as
described in the note above).

+ 10 pl random oligonucleotide primers.

Total reaction volume is 34 pl at this point. Proceed to step 2.
Prime-It® [l Random Primer Labeling Kit 5
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2. Heat the reaction tubes in a boiling water bath for 5 minutes and then
centrifuge briefly at room temperature to collect the liquid, which may
have condensed on the cap of the tubes. If the DNA sample is in LMT
agarose, after removal from the boiling water bath and centrifugation,
place the reaction tube at 37°C and then proceed to step 3. If the DNA
sample is in aqueous solution, leave the reaction tube at room
temperature and then proceed to step 3.

3. Add the following reagents to the reaction tubes:

+ 10 pl of 5% primer buffer: Two vials of 5x primer buffer
(5% PB) have been supplied.

+  The 5x *dCTP primer buffer contains dATP, dGTP and
dTTP, and it should be used when [c—**P]dCTP or a dCTP
analog is to be incorporated. The 5x *dATP primer buffer
contains dCTP, dGTP and dTTP and it should be used when
[a—?P]dATP or a dATP analog is to be incorporated.

+ 5l of labeled nucleotide: Use either [o—**P]dCTP at 3000
Ci/mmol or [a—?P]dATP at 3000 Ci/mmol. For probes with
specific activity >2 x 10° dpm/ug, add 10 pl of [a-**P]dCTP
at 6000 Ci/mmol. Mix the contents of the tube thoroughly
with your pipet tip.

+ 1 pl Exo(=) Klenow enzyme (5 U/ul).
Mix the reaction components thoroughly with your pipet tip.
4. Incubate the reactions at 37-40°C for 2-10 minutes. See Figure 1.

LMT agarose reactions: Incubate for at least 10 minutes to ensure high
specific activity.

Note  When the 3-kb control template DNA is used, a specific
activity of 1 x 10° dpm/ug is achieved within 2 minutes of
incubation at 37°C. At the 10 minute timepoint, the specific
activity is approximately 1.6 x 10° dpm/ug.

5. Following the incubation period, stop the reaction by adding
2 pl of stop mix.

Note  Purified probes generate higher signal-to-background ratios
on Southern and Northern blots, compared to probes which
have not been purified before use. Stratagene’s NucTrap®
probe purification columns* are ideal for this purpose,
removing unincorporated nucleotides in less than 2 minutes
with 99% efficiency.

* Available from Stratagene, catalog #400701 and #400702.

Prime-It® [l Random Primer Labeling Kit
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Appendix 8

RNA extraction protocol

RNeasy Plant Mini Kit (Qiagen)

RNeasy Mini Protocol for Isolation of Total RNA from

Plant Cells and Tissues and Filamentous Fungi

Tatal BMNA isclation from plant material and filamestous fungl requires the RNeasy Plant

Mini Kitand eannct be performed with the RMNeasy Mini Kit or the RMeasy Probect Mni Kit.

Determining the correct amount of starfing material

s essontial 1o bagin with the comect amaunt of plant materil in arder i cbioin opimal RMNA

yield and purity with RNeasy columns, A maximum of 100 mg plont material or 1 x 107

colls can generally be processed with RNeasy méni columns. For most plant material, the

binding copacity of the columa (100 pg RNA) and the hysing capocity of Bulfer BLT will
nat be sceeded by these amounts. Average RMA yields from verious sources ore given in

Table 2 (page 17].

If you have no information about the nature of your starfing material, we recommend

strfing with no mare than 50 mg of plant materiol or 3-4 x 10° cells. Depending on the

Mwwmnmbwﬁohmhmdwmdh

100 mg or ko i ber b 1 x 107 in sub

mmmhmmﬂwmwmm

Impartant noes before storting

+  Fusing the RMoasy Kits for the first ime, read “Importart Paints bafore Using RMeasy
Kits* [page 14).

+ i working with RNA for the fiest ime, read Appendix A [page 85).

+  Frosh or frozen fissue can be used. To freeze tisswe for long-term storoge, flash-reeze
in liquid niwegen, and immediciely ransfer 1o ~70°C. Tissue con be siored for
svoral months ot ~70°C, To process, do not allow tissve to thaw during weighing
o handing peior %o disruption in Bulfer RLT, Homogenized lysates fin Buffer RLT, step 4]
con also be sored ot =70°C for several months. To process fozen lysales, thaw somples.
and incubate for 15-20 min at 37°C in o woiler both o dissobve solts. Confirue with
stop 5.

»  The RMoasy Plant Mini Kt provides two different bysis buffers, Buffer RLT and Bulfer
RLC, which contain guanidine isathiccyanate [GITC) and guanidine hydrochloride,

ively. In most coses, Buffer RLT is the hysis buffer of choice due fo the greater
cell disruption and denaturation properties of GITC. However, depending on the
umwrundwulmdurymhbdha mmmemunslm osmulyqndmpum
of maize of myesko of gil, GITC Hif £ the sample,
making extraction of RMA umponua In these coses, Bufer RLC shoukd be used

+  [-Mercopioothancl [-ME) must be odded to Buffer RLT or Bubfer-RIE-bafore use.
[-ME is toxic; dispense in a fume hood ond wear appropricte protective clothing.
Add 10 pl [-ME per 1 ml Buffer RLT. Buffer RLT is sioble for 1 month ofter oddifion
of [ME.

Fheary Mini Hondbook  04,/2001 75
4. Pipetthe I Ashrodder spin cobsmn o placed in 2 ml colloction
1 centrifuge for 2 mi M __4, Fully P

wbe,
unmmnommmmwm
disturbing the cell-debeis pellet in the collection hube, Use only this supernatant in
subsequent

steps.
nmuyh-noceswyluanwwendolfmppgtu.pmocd«bpnpthymwu
the GlAshredder spi heedder spin column

mmm,umumwwuwhw While mast of the
eall debris is retoined on the GlAshredder spin column, a very small amount of coll
debris will pass through and form o pallet in the collection hube. Be carebul not 1o
distuebs this pellet when transerring the lyzate 1o @ new microcentrifuge tube [not
supplied].

5. Add 0.5 volume [usually 225 ) ethanol [96-100%) to the deared lysate, and mix
immediately by pipetting. Do not centrifuge. Continue without delay with step &.
If some lysate is lost during step 4, adjust volume of athancd accardingly.

A precipiate may form afier the addifion of ethanal, but this will not affect e RMNecsy
procedure.

6. Apply sample [usually 850 pl, including any precipitate that may heve formed, o
an RMeasy mini eolumn (pink] ploced in o 2 ml collection tube [supphied). Close the
tbe gently, and centrifuge for 15 5 at 28000 x g (10,000 rpm). Discard the
Aow-through.”

Reuse the collection tube in siep 7.
IF thee volume exceeds 700 p, koad aliquots successively onio the RMeasy ealumn,
and centrifuge as above. Discard the Row-through after each centrifugation step. *
Optional: QIAGEM offers the RMose-Free DiNose Set (cof, no. 79254] for convenient
on-eolumn Diaso digestion during RMA purification. Generally, DMNase digestion is
ot required since the RiNeasy silica-membrane technology efficiently remaves mast
of the DA withcut DMNase treatment. However, futher DMNA remaval may be
necessary for certain RMA epplications thot are sensifive 1o very small emounts of
DA 0.9, Taghan RTPCR analysis with o kow-abundant sarget). I using the RMase-
Froe DiNase Se, fallow the steps shown on pages 99-100 ofter performing this step.
7. Add 700 pl Buffer RW1 to the RNeasy column. Close the tube gently, and cenbrifuge
for 15 5 ot 28000 x g (210,000 rpm] to wash the column. Discard the flow-through
‘and collection hube.*
Skips this step if parforming the opfional ancolumn Dhase digestion [poge 95).

* Flowshvongh contoing Bullar BT, Bfler RLC, or Buffer RW) ond is herelre not comporible with bisach.
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Buffer RPE is supplied Before using for the first time, odd 4 volumes
ddudM!WuMmthoh«uwhqm
Generelly, DMNase digestion is not required since the RMNeasy silicomembrane
techaclogy efficiently remaves most of the DMA withcut DiNase reatment. However,
Turthes DA remaval may be necessary for cengin RA applications that are sensifive
o very small omoumsd DNA [ g quMnn RTPCR anchysis with o bw(ﬂxmdnnl
targef]. In th of DA ini

using the RMNase-Free DNu;e Set foat, no. 79254 for the opfional ancclumn Diase
digestion [0 page 79) or by o Diase digestion after RMA isclation. For oncolumn
Dhlase digession with the Rhlase Free Diase Sel, prapare fhe Diase | siock sohution
a3 deseribed on page 9% before Beginning the procedure.

Budfor BLT may form o precipitaie upon storoge. If necessary, redissoh by warming,
and then place af room lemparahe,

Buffer RLT, Buffer RIC, and Buffer RW1 conlain o guanidine salt and cre therefore
not compatible with disinfecting reagents containing bleach, Guanidine is an irritant.
Take appropriate sabety measures and wear gloves when handling.

Al stops of the RMeasy protocol should be performed of room temparature. During
the procedure, work quickly.

All eentrifugosion steps are performed of 20-25°C in o stlandard microcentrifuge.
Ensure that the centrifuge does not cool below 20°C.

Determine the emount of plant maerial. Do not use more than 100 mg.

Waighing fissue is the most accurate way to determine the omount. See poge 75 for
guidelines to determine the amount of siarling material.
Immedictely place the weighed sample in liquid ritrogen, and grind tharcughly with
a mortor and pestle, Decant powder and liquid nitrogen info an RNase-free, liquid-
nitrogen—cooled, 2 ml micracontrifuge tubs inot supplied). Allow the liquid nitregen
o evaporate, but do not allow the issue to thaw. Continue immediatehy with step 3.
RMA in plant material is nol protected after harvesting undil the samgle is flash frazen
in liquid navogen, Frozan fissue should not be ollowed o thaw during handling. The
relovant procedures should be carried out as quickly es possible

Add 450 pl Buffer RLT or Buffer RLC [see “Important notes before starfing”) to o
maximum of 100 mg fissue powder. Vortex vigorously.

A thort [1-3 min] incubation ot 56°C may help o disrupt the fissue. However, for
somples with @ high starch content, incubation ot elevated temperatures should be
omitted in order to prevent swelling of the starfing malericl,

INebe: Ersure thet [-ME is odded to Buffer RLT befors use [see “Imporant notes before
sharting”].

8. Transher the RNeasy coluenn into o new 2 ml collecion tube (suppled). Pipet 500 1l

Buffer RPE oo the RNeasy cobumn. Clase the tube gently, and centrifuge for 15 5 ot
=B000 x g (210,000 rpm) to wash the column. Discord the Aow-through.

Reuse the collection tube in siep 9.

Note: Buffer RPE is supplied a3 o concenirate. Ensure that ethancl is odded to Buffer
RPE before use (see “Enporiant notes bebore ssarting”).

Add another 500 pl Buffer RPE 1o the RMeasy column. Close the tube gently, and

Continue dirsctly with step 10, or, ko eliminale ony chonce of possible Buffer RPE
carryover, confinue first with step 9o

¥isimporce b iy he Necsy el mabrans snc resicol sl moy kedere
ith reachions. Thi ih that no ethanal is carried over
during ehaicn,

Nede: Fellowing i the RMNsasy mini columa from the coll
tube :um[nlly 0 vh- cobmin dots 1ot conkoct e Rowthrough as this will result in
comyaver of ethanal.

%a. Ophional: Place the RMeasy cohamn in a new 2 ml collection tube |nat supplied], and

discard the okd collection hube with the flow-through. Cenfrifuge in  microcentrifuge
athul speed for 1 min.

10. To ehate, bransfer the Rileasy column to a new 1.5 ml collection tube [supplied). Pipet

30-50 pl RMase-free woter directly onto the RMeasy silico-gel membrane. Close the
tube gently, and centrifuge for 1 min ot ~8000 x g (210,000 rpm| 1o elute.

n lummws,mwwl—mwwmww

with  second volume of RMase-free water. Elute into the same collection tube.

To obigin o higher total RMA concentration, this second elufion step may be
performed by using the first eluate (from ssep 10}, The yield will be 1 5-30% less than
the yield cbiained wsing o second volume of BNasefree water, but the final
concentration will be higher,

78 Reasy Mini Hondbook  04,/2001
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RNA purification protocol using RNeasy Plant Mini Kit (Qiagen)

Protocol
RNA Cleanup

Adjust sample to a volume of 100 p with RMase-free water, Add 350 pl Buffer RLT,
«and mix tharoughly.

INote: Ensure that BRME is odded to Buffer RLT before use (s “Impariant notes befare
sharfing ).
w:m¢mw1mamdiwmwmwbym
whwmm»nnmmmwnuumm

(10,000 rpm].
nmdhﬁaw-w ‘and colection tube."
Optional: GLAGEM offars the Rhase Free Diase Set [cot. no. 79254) for convenient
oncolumn DMNase digestion during RNA purification. Generally, DMNase digesfion is
ot required since the RiNeasy sticamembrane techaology efficienty remaves most
of the DMA without DNase eatment. However, further DINA removal may be
necessary for cerain RNA opplicafions that are sensifive 1o very small amounts of
DHA [e.g., Taghan RT.PCR analysis with o low-abundant target), If using he RNase-
Free Diase Set, follow the steps shown on pages $9-100 ohter perfceming this step.
Transher the RMeasy cokumn it @ new 2 ml collection tibe (supplied). Pipet 500
Buffer RPE onto the RiNeasy column. Close the tubs gently, and centrifuge for 15 5 at
28000 x g (210,000 rpm bo wash the colum, Discard the Row-through.
Ruause the collection tube in step 5.
Note: Buffer RPE is supplied o3 o concenirate. Ensure thot athanal is added 1o Buffer
RPE before use [see “Important notes before sarting”]
Add ancther 500 i Buffer RPE to the Rieasy column. Close the tube gently, and

irifucs For 2 min of ~B000 J10dryih T ool ek

Conlinue direcly with step 6, o, to eliminole any chance of possible Buffer RPE

canryover, continue first with step Sa.

Wis |mpmumo¢yh!!r~hmyalnogd membrone sinc residol obanal ey nefore
that no ethanal is

d..,mg alution.

Nate: Following the centrifugation, remave the RMNeasy mini column from the collec.
tion Wube corefully 1o the column doss not consact the flowshrough as this will result
in camyover of ethancl

Opfional: Place the RMeasy column in a new 2 ml collection tube [not supplied), and
discard the old collection hube with the flow-through. Centrifuge in o microcentrifuge
at full speed for 1 min,

S—— Bulfor 017 anc i =

RMeary Mini Handbook  06,/2001

To whote, transfer the RNeasy cobumn o a new 1.5 ml collection tube (supplied]. Pipet
30-50 pl RMase-free water directly onto the RNeasy silica-gel membrane. Close the
mwwmhlmmmubwmwum

¥ the expected RNA yield is >30 g, repeat th ] ibed with
a second volume of RMase-free waler, ﬂnmhmmm

To obtain o higher totel RMA concertration, this second elusion slep may be
parformed by using the first shucte (irom step &, The yield will be 1 5-307% less than
the yiokd cbioined using o second volume of RNosshes water, but the final
concesralion will be higher.
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Appendices

Appendix 9

MRNA isolation protocol

Clontech Nucleospin mRNA Purification Kit (BD Biosciences

NuclesTrap ® Usar Masus|
IX. NucleoTrap® mRNA Purification Protocol continued

RINA Purificati bl i Mini -
Nos. 636022 and 636023, respechvor,-] ‘With the Mini Kit, you can start with as
little a5 100 pg of total RNA. A starting sample of 200-250 ug of total RMA will
yield as much as 10 pg of mRNA per prep. For the Midi Kit, 40 ug of mRNA per
prep can ba purified from 1 mg of total RNA.

General considerations:
* Store the NucleoTrap mRNA Kit at 4°C; however, this may cause salt
precipitation in the buffers. If buffers are exposed to low temperatures,
preheat buffers at 37°C before use.

- We ind RNA I
Kits of NucleoBond® RNN‘DNA Kll‘s Sew Relabed Products for ordering
information.

*+ Unless noted i i | i atroom
For this the i speed for & mi ifuge should be
12,000-14,000 rpem.

Before you start:
= Prepare your elution buffer, and preheat to 68°C before use. We recom-
mend using an EDTA Schsion (2.5 mM, pH 7.5), RNase-free water, or TE
Buffer (pH 7.5) for eluting,

CAUTION: Buffers contain Lithium Chioride and detergents. Wear aapropriate
safety equipment to avoid contact with skin and ayes,

1. Use precipitated total RNA pellets or solutions:

a. Total RNA pellet: Add 500 ul of RM1 Buffer to resuspend a
100-500 g peliet of total RNA (increase to 1000 wl of RM1 Buffer
for a 5001000 pg peliet of total RNA). Pipet up and down and voriex
to fully resuspend the pellet.

b. Total RNA solution: Add an equal volume of RMO Buffer to
200-500 W of total RMA solution.

. Resuspend the NucleaTrap mRNA dT-particle Suspension by voriexing.
Add 15 pl of suspension per 100 ug of total RMA, from Step 1. For
example, add 40 pl of suspension for 250 pg total RNA (Mini Kitj or 150
ul of suspension for 1 mg of total RNA (Midi Kit). Mix well.

3. Heat al 68°C for 5 min. Incubate at room temperature for 10 min, inverting
he tube once every 2 min,

4. Microcentrifuge at 5,000 rpm for 15 sec. Then, microcentrifuge at max-
mum speed for 5 min. Discard the supernatant,

e

5. Digsolve the pellet as follows:
+ For the Mini Kit (100-500 pg of total RNA), dissolve the paliet with
800 l of Buffer RM2 (washing buffer),

Pratocel No. PT3163-1
Version No. PREEMT

wwwew bdbloscieszes.com BO Bisscivaces Clantech
n

NucleqTrap ® Usat Manusl
VIIl. Related Products

« For the Midi Kit (500-1,000 ug of total RNA), dissolve the pellet with
900 i of Buffer RM2 (wash buffer).

6, Transfer the ion o the i (provided), and
microcantrifuge at 5,000 rpm for 15 sec. Then, microcentrifuge at maxi-
mum speed for 2 min. Discard the flowthrough, (The beads will remain in
the filter insert.)

7. Add 500 ul of Buffer RMS to the microfiter, and rEsuspmd the beads

he filter by directly
the membrane. (Make sure Io completely resuspend ma beads for
maximum yield.)

=

. Microcentrifuge at maximum speed for 2 min, Discard the flowthrough.

o

Repeat Steps 7-8.

. Centrifuge at maximum speed for an additional minute to completely
remaove the wash buffer.

- Transfer the spin-column insert fo a new, 1.5-ml microcentrifuge tube
(provided). To elute the RNA, add 20 ul of prewarmed eluting solution (TE
buffer [pH 7.5, 2 mM EIJTﬁ solution [pH 7.5], or RNase-free water) per
10l of latex bead the beads D y. Close
the iid and incubate at 68°C for 7 min.

12. Microcentrifuge at maximum speed for 1 min and then collect the eluate.
Your purified mRNA Is ready for immediale use, or store the purified
mRNA at -T0°C.

Note: For highar yieids, repeat slution (Step 11), and combire the sluates intg a new,
1.5-ml milcrocantrifuge tube. Keap the sluates on ice. A sacond sluion step will typically
ghve B 10-20% higher yield,

2
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Appendix 10

Buffers and solutions used in RNA experiments

DEPC water

Treat nanopure water with 0.1% DEPC (diethtyl pyrocarbonate, Sigma)
Shake to mix and |eave to steep overnight.

Autoclave to remove DEPC.

Extraction buffer

NaCl 500mM
EDTA 50mM
SDS 1.4% (w/v)

Polyvinylpyrrolidone 2% (w.v)

p.—Dithio-L-threitol  5mM

Buffer treated with 0.1% DEPC (diethtyl pyrocarbonate, Sigma), shake to mix and
allow to steep overnight. Autoclave to remove DEPC.

Potassium acetate buffer

Potassium acetate ~ 3M

(CH3COOK)

Buffer treated with 0.1% DEPC (diethtyl pyrocarbonate, Sigma), shake to mix and
allow to steep overnight. Autoclave to remove DEPC.

Formaldehyde agar ose gel loading buffer

Glycerol 50% (V/v)
EDTA 1ImM
Bromophenol blue  0.25% (w/v)
Xylenecyanol FF 0.25%

TE Buffer (for RNA)

TrissHCl pH 7.6 10mM
EDTA 1mM
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Appendix 11

cDNA synthesis and cDNA subtraction protocols

Clontech PCR-Select cDNA Subtraction Kit (BD Biosciences)

Closbech PCR-Salect™ cONA S i Manusl

IV. Clontech PCR-Select cDNA Subtraction continued

IV. Clontech PCR-Select cDNA Subtraction continued

C. First-Strand cDNA Synthesis D. Second-Strand cDNA Synthesis

Perform this procedure with each experimental tester and driver poly A Perf i i hfirst

RMA, and with the Conirol Poly A* RMA (from human skeletal muscla)
pmvided\w!h the kit You will use the skeletal muscle cONA you make in
inlater steps. In Section F, youwill make
mock tester cONA by adding a small amount of the Control DNA (Hae Il1-
digested X 174) 1o an aliquot of the skeletal muscle ds cDNA. You should
then perform a complete control sublraction with thess skeletal muscle
tester and driver cDNAS in parallel with your experimental subtraction. The
control sublraction will allow you to estimate the yield and size distribution
of ds cDMA synthesized. It is also the bast way 1o b that the multistep
procedure works in your hands.
1. For each Issber dnver. and Iha Conlrul Poly A* RNA (from human
ina sterile 0.5-ml
microcentrifuge fuhe [Dn not use a potyslgrmns tube).
Poly A* RNA (2 pg) 241
cONA Symhesis Primer (10 pM) LT
* For the conrol synthesis, add 2 jil of the skelelal muscle control pely A* RNA.
Ifneeded, add sterile H,O 5 pl. M
the tubes briefly in a microcentrifuge.
2. Incubate the tubes at 70°C in a thermal cycler for 2 min.
3. Cool the tubes on ice for 2 min.
4, Briefly centrifuge the tubes.
5. Add the following to each reaction tube:

5¥ First-Strand Buffer 2u
dNTP Mix (10 mM each) Tpl
Sterila Hy 1yl
AMV Rauarse Transcriptase (20 units/ul) 1l

* To moritr the progress of cONA symihess, diute 1l of |n-‘7PjoC'[P {10 mCiei

6. Gently vortex and briefly centrifuge m tubes.
7. Incubate the tubas at 42°C for 1.5 hr in an air incubator,

Hote: Do not use a water bath of
ixture volume, reducing the reaction efficiency.

B. Place the tubes on ice to terminate first-strand cDNA synthesis and
immediately proceed to Section D.

com Protocel # PTI117-1
Wersion § PRI

Protocel & PTI17-1
Version § PRZ2GG

F gp driver, andthe

control skeletal muscle cONA.

1. Add the following components to the first-strand synthesis reaction
tubes {containing 10 pl):

Sterile H,0 48.4 pl
5X Second-Strand Buffer 16.0 pl
dNTP Mix (10 mM) 16p
20X Second-Strand Enzyme Cocktail 40p

2. Mix contents and briefly spin tubes. The final volume should be 80 pl,
3. Incubate tubas at 16°C (water bath or thermal cycler) for 2 hr.
4. Add 2 pl (6 units) of T4 DNA Polymerase. Mix contents well.
5. Incubate the tube at 16°C for 30 min in a water bath or thermal cycler.
6. Add 4 pl of 20X EDTA/Glycogen Mix to termi d-strand
synthesis.
7. Add 100 pl of phenol.chloroform:isoamyl alcohol (25:24:1).
8. Vortex thoroughly, and centrifuge the tubes at 14,000 rpem for 10 min
at room temperature.
4. Carefully remove the top aqueous layer and place in a clean (sterila)
0.5-ml microcentrifuge tube. Discard the interphase and lower phase.
10, Add 100 pl of chloroform:isoamyl aleohol (24:1) to the aqueous layer,
11. Repeat steps 8 and 9.
12, Md-i-ﬁplaHMNH Oicandmmo{gs%eﬂlanal

1 -20°C. Prolonged
enpowa Iy this bempeeahiee can precipitate unwanied salts.

13. Vortex thoroughly and centrifuge the tube at 14,000 rpm for 20 min at
room lemperature,

14. Remove the supematant carefully.

15. If you used [a-*PJdCTP, check for the pellet using a Geiger counter.

16. Overay the pellet with 500 ul of 80% ethanol.

17. Centrifuge the tube at 14,000 rpm for 10 min,

18. Remowe the supematant. If you used [e-2P|dCTP, check for the pellet
using a Geiger counter.

19. Air dry the pellet for about 10 min to evaporale residual ethanol,

20. DlssotvnpmpMalnSUplofH?O

21. TransterBpltoa i Store th at-20°C
until after Asa | digestion for agarcse gel eleclropheresis to estimate
yield and size range of ds cDNA products synthesized (see Saction V. A).

22. Proceed lo Section E.

www.clostech com BO Biescieaces McI:
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Clontech PCR-Select™ cONA Kit User Manual

IV. Clontech PCR-Select cDNA Subtraction continued

Clontech PCR-Select™ cONA Subtraction Kit User Masual
IV. Clontech PCR-Select cDNA Subtraction continued

E. AsxlDiguation 22. Check your Rsal-digested cDNA from Step IV.E.4 using agarose/EtBr

Perform the i dure with each i ds tester and gel electrophoresis, as described in Section V.B. Then, proceed to
driver cDNA, and with the control skeletal muscle cDMA, This step gener- Section IV F to finish preparing your experimental and control skeletal
ates shorter, blunt-ended ds cDNA fragments which are optimal for sub- muscle tester cDMAs,

traction and necessary for adaptor ligation in Section F.
1. Add the following reagents into the tube:

ds cDNA 435 ul
10X Asa | Restriction Buffer S5.0ul
Asal (10 unitgful) 1.5ul

(&

. Mix by vortexing and centrifuging briefly.

Incubate at 37°C for 1.5 hr.

Set aside 5 l of the digest mixture to analyze the efficiency of Rsa |
digestion as described in Section V.B,

Add 2.5 pl of 20X EDTA/Glycogen Mix 1o terminate the reaction.
Add 50 pl of phenol:chlorcform:isoamyl alcohol (25:24:1).

Vortex thoroughly,

Centrifuge the tubes at 14,000 rpm for 10 min to separate phases.
Remove the top aqueous layer and place in a clean 0.5-ml tube,

10. Add 50 pl of chioroform:isoamyl alcohol (24:1) and vortex thoroughly.
11. Centrifuge the tubes at 14,000 rpm for 10 min to separate phases.
12. Remove the top aqueous layer and place in a clean 0.5-ml fube.

13. Add 25 pl of 4 M NH,OAc and 187.5 pl of 95% ethanol.

Note: Proceed immediately with precipitation. Do not store tubes at -20°C, Prolonged
mxposure 1o this temperature can precipitate unwanted salts.

14. Vortex the mixture thoroughly,

15. Centrifuge the tubes for 20 min at 14,000 rpm at room temperature.

16. Remove the supematant carefully.

17. Gently overlay the pellets with 200 i of 80% ethanol.

18. Centrifuge at 14,000 rpm for 5 min,

19. Carefully remove the supernatant. If you used [a-2P] dCTP, check for
the pellet using a Geiger counter.

20. Alr dry the pellets for 5-10 min.

21. Dissolve the pellet in 5.5 pl of H,O and store at =20°C.
These 5.5-u samples of Asa | digested cONA will serve as your
experimental driver cDNA and your control skeletal muscle driver
cDNA. In the next section, these samples will be ligated with adaptors

to create your tester cDMAs for forward, control, and reverse (if
applicable) subtractions.

oW

Ll

o

BD Blosci Ci . . —
s sciences Clontech ‘www.clonstech.com Protocol # PT1117-1 Frowcol # FTITA weww.clontech.com BD Biasciences Clantech
Version # PR2292E 17

Clat
IV. Clontech PCR-Select cDNA Subtraction continued

PCR-Select™ cDNA Subtraction Kit User Masual

Clontech PCR-Select™ cONA Subtraction Kit User Manual

IV. Clontech PCR-Select cDNA Subtraction continued

F. Adaptor Ligation

Figure 3 shows the experimental plan for preparing adaptor-ligated tester
cDMA. If you plan to perform diffarential screening of the subtracted library
(discussed in detail in Section V1), you must parform subtractions in both
directions for each fdriver cDNA pair. The for
ment shown in Figure 3A is designed to enrich for differentially sxpressed
sequences present in poly A* ANA sample 1 (cDNA 1, tester) but not poly
A* RNA sample 2 (cDNA 2, driver). Figura 3B shows Ihe reverse subtrac-
tion, in which cDNA 2 serves as tester and cDNA 1 serves as driver. The
result is two sub cDNA p ions: the forward-sub d cDNA
oonlams sequences thal are apeca‘hc to sample 1, and the reverse-
cDNA that are specific to sample 2. Even
if you are only interested in sequences specific to sample 1, the reverse-
sublracted cDNA can be used for differential screening tSecﬁnn V).

To perform subtractions in both directions, you will need to prepare lester
cDNA corresponding to each of your poly A* RNA samples. You should also
perform a control subtraction (Panel C). In step 2 (below), you will prepare
tester cDNA for this control subtraction by mixing the control skeletal
muscle cDNA with ¢X174/Hae 1Il DNA.

As illustrated in Figure 3, three adaptor ligations must be performed for
each experimental tester cDNA, as well as the control skeletal muscle
tester cDMNA. Each cDNA is aliquotted into two separate tubes: one aliquot
is ligated with Adaptor 1 (Tester 1-1,2-1, and 3-1), and the second is ligated
with Adaptor 2R (Tester 1-2, 2-2, and 3-2) Aﬂsr the ligation reactions are
setup, pocﬁonsofeamtes‘hsrmw are dsothatthe cDNA:

with both adaptors (Unsubtracted tester control 1-c, 2-¢, and 3-c). ‘Each
Unsubtracted tester control cDNA serves as a positive control for ligation,
and later serves as a negative control for subtraction,

Note: Through the rest of the procedurs, be sure 1o label tubes wsing the nomenclature
described in this User Manual. Labaling the fubos of intarmadiate products with the step

|

d PCR. Each tester cONA each ditferent exparimental cONA

v

CONA Las drver}

First hybridization
i

——

Add skaletal muscle cOMA |as drivar)

[

CONTROL SUBTRACTION
ONA +
¥

Sacond hybridiration
v
PLR

(Prapared in Step [V.F2)

A
Tewer

pal
Ligate to

[Add skobetal musche  Add sisletal musche

CONA a8 driver)

A ] dipast hestor}

above. Panel A. The forward subtraction

¥ (Section Vi), y

Ugaten
P
P
Frst brybricization

o ]

v

]
s
g
Baspemn
Vom0

¥
o
-2
v

fas driver]

rone
First hybridiaation
— —
—
Acd[EBRAT fas driver]
Secand Fyteidization
¥
PCR

APrepared in Stop IV.F.1 from fisa | digass)

B reverse sustRaction
Exparmants|

driver, driver as tester). Panel C. Control subiraction.

tester cONA) must ba lig

Panel B.F

subtraction in reverss (ie., tester

will assist you in keeping track of the difterent samples.
Adaptors will not be ligated to the driver cDONA.
1. Dilute 1 pl of each Asa l-digested experimental cDNA (Step IV.E.21)
with 5 pl of sterile H,0.
Ifyou have usad the Super SMART PCR cDNA Synthesis Kitto prepare

your cDNA, use the purified, Asa |-digested cDNAs from the Super
SMART procedure for this dilution.

2. Prepare your control skeletal muscle tester cDNA:

a. Briefly centrifuge the tube containing Control DNA (Hae |l1-digest of
$X174 DNA [3 ng/ul]).
b. Dilute 2 ul of the Control DNA with 38 yl of sterile H,0 (to 150 ng/ml).

iga

I

-
[ ¥]
BO Biesciences Clostech www.clontech.com Protecol # PT1117-1
18 Version # PRZ2S

srnlqwl'!l’mll-I woww.clostech.com B0 Bigscieaces Unnil:;
"
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Cloatech PCR-Select™ cONA
IV. Clontech PCR-Select cDNA Subtraction continued

Kit User Manual

Clomtech PCR-Select™ cONA Subtraction Kit User Mansal

. Mix 1 pl of control skeletal muscle cDNA (Step IV.E.21) with 5 pl of
the diluted ¢X174/Hae Ill Control DNA (150 ng/mi).

This is your control skeletal muscle tester cDNA. It contains 0.2%
Hae lll-digested $X174 DNA; each fragment corresponds to about
0.02% of the total cDMA. After subtraction of the skeletal muscle tester
¢DNA against the skeletal muscle driver cDNA, the primary bands
produced in the final PCR should pond to these control
If you have used the Super SMART PCR cDNA Synthesis Kit to prepare
your cDNA, you should repeat Step 2 above using the human placenta
cDMA from the Super SMART procedure (as described in the Super
SMART Kit User Manual). For the rest of the PCR-Select protocol, you
should analyze the control human placenta cDMNA in paraliel with the
control skeletal muscle cDNA

Prepare your adaptor-ligated tester cDNA:

3. Prepare a ligation Master Mix by bining the followi ina
0.5-ml microcentrifuge tube. To ensure lhatyuu havasuﬂ'mm Mastar
Mix, prepare enough for all ligations plus one additional reaction.

IV. Clontech PCR-Select cDNA Subtraction continued

Dontral 1-¢ (see Figure 3). Do Ih,s same for sach additional
testercDNA and thy cDNA,

After ligation, approximately 1/3 of ﬂ18 cDNA molecules in each

Unsubtracted tester control tube will bear two different adaptors.

Cenfrifuge tubes briefly, and incubate at 16°C ovemnight.

Stop ligation reaction by adding 1 pl of EDTA/Glycogen Mix.

Heat samples at 72°C for 5 min to inactivate the ligase.

Briefly il the tubes. ficn of your experi and

control skeletal muscle Adamnr Ligated Tester cDNAs and your

Unsubtracted tester controls is now complate.

10. Remove 1 pl from each Unsubtracted tester control (1-¢, 2-¢, 3-¢) and
dilute into 1 ml of HyO. These samples will be used for PCR (Section V1),

11. Store samples at -=20°C.

Perform the ligation effici lysis, which is d

Then, return and proceed with Section IV.G.

©@N®

ibed in Section V.C.

per rxn G. First Hybridization
Sterile H,0 3l Impon.an: note: F'erform the ligation efficiency analysis (Sechon V.C;
5X Ligation Buffer 2 fResults & ) before p with the
T4 DNA Ligase (400 units/ul) 1l hybrl’dizaﬂms d‘ss:rmd below. If your Ibganon did not work well, you

Note: The ATP required for ligation is in the T4 DNA Ligase (3 mM initial, 300 M final).

4. For each experimental tester cONA and for the control skeletal muscle
tester cDNA, combine the reagents in Table | in the order shown in 0.5-
d down to mix th ,

mil mic ifuge tubes. Pipet

should repeat the ligation before pedorming the hybridizations.

Inthe following procedure, an excess of driver cDNA is added to each tester
cDNA, and the samples are heat denatured and allowed to anneal. The
remaining ss cONAs (available for the second hybridization) are dramati-
cally enriched for differentially expressed sequences, as non-target cDMAs
present in the tester and driver cDNA form hybrids.

Important: Before you begin the hybridization, make sure the 4X Hybrid-
ization buffer has been allowed to warm to room temperature for at
least 15-20 min. Be sure there is no visible pellet or precipitate before

1 2
Tester 1-1* Tester 1-2* using the buffer. lf necessary, heatthe buffer at 37°C for ~10 min to dissolve
Component [(T] [T} any precipitate.,
E::g‘::ﬂ:’ém* g E 1. For each of the experimental and skeletal muscle subtractions, com-
‘Adaptor 2R (10 M) < 2 bine the reagents in Table Il (below) in 0.5-ml tubes in the order shown.
Master Mix -] -] 2. Overlay samples with one drop of mineral oil and centrifuge briefly.
Final volume - 10 o 3. Incubate samples in a thermal cycler at 88°C for 1.5 min.

* Use the same setup for Tester 21 and 22, 31 and 3.2

5. In a fresh microcentrifuge tube, mix 2 pl of Tester 1-1 and 2 ul of Tester
1-2. After ligation is complete, this will be your Unsubtracted tester

BO Biosciences Cla
0

b www.clontech.com

Clontech PCR-Select™ cONA Subtraction Kit User Manual

IV. Clontech PCR-Select cDNA Subtraction continued

4. Incubate samples at 68°C for 8 hr," then proceed immediately to
Section H.

* Bamples may hybridize for as fittle as 8 he, or as much as 12 br, Do not let the
Incubation exceed 12 hours.

Protocol # PTI117-1
Versi,

www.chontech com BD Biosciences Cloatech
n
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IV. Clontech PCR-Select cDNA Subtraction continued

@. Repeat steps b—d with the tube containing the freshly denatured
driver. The pipetie tip should now contain both samples separated
by a small pocket of air.

- Hybridization  Hybridization f. Transfer the entire mixture to the tube containing hybridization
E Sum& [T} samglo 2 () sample 1
FAsa l-digested driver cDNA (IV.E.21) 1.5 Mi ipetti
Adaptor 1-ligated Tester 1-1* (IV.F.9) 15 - 9. Mix by pipetting up and down.
Adaptor 2R-ligated Tester 1-2 (IV.F.9) = 15 5. Briefty the tube if Y-
4X Hybri er 1.0 1.0 6. Incubate reaction at 68°C ovemight.
Final volume 4.0 40 7. Add 200 pl of dilution buffer to the tube and mix by pipetting.
* Use the same setup for Tester 2.1 and 2.2, 3-1 and 3-2, 8. Heat in a thermal cycler at 68°C for 7 min.
H. Second Hybridization e
The two from the first hybridi are mixed together, and fresh I. PCR Amplification
denatured driver DNA is added to Iunhel enrich forduﬂ'eranlaally expressed Ditferentially expressed cDNAs are selectively amplified during the reac-
saquances. New h formed whic of diff y tions described in this section. Prior to thermal cycling, you will fill in the

expressed cDNAs mlh different adaptors on each end.
Important: Do not denature the primary hybridization samples at this

missing strands of the adaptors by a brief incubation at 75°C (Step IV.1.6);
this ueai?a the binding site for PCR anar 1 (see Figure 2). In the first

stage. Also, do not remove the hybridization samples from the thermal only ds cONAs with diff e sachend
cycler for longer than is necessary 1o add fresh driver. ﬁ:m“ﬂmrgﬂgf:srn?mﬁd nemed PCA s taed i Mither
¥

Repeal the following steps for each experimental tester cDMA and for the
control skeletal muscle cDNA,

1. Add the following reagents into a sterile tube:

i are as ¢

A minimum of seven PCR i
| cDNA, (2) H‘Is

Figure 3: (1) your forward P
unsubtracted tester control (1-c), (3) your revers:
cDNA, (4) the unsubtracted tester control for the reverse subtraction (2-c),

Driver cDMA (Step IV.E.21) 1l
4X Hybridization far 1l (5) your subtracted control skeletal muscle cDMA, () the unsubtracted
Sterile HO 2ul tester control for the control subtraction (3-c), and (7) the PCR control

2. Place 1yl of this mixture in a 0.5-ml microcentrifuge tube and overlay
it with 1 drop of mineral il,

3. Incubate in a thermal cycler at 98°C for 1.5 min.
4. Remove the tube of freshly denatured driver from the thermal cycler.

subtracted cDNA (provided in the kit). The PCR control subtracted (:DN.\\
provides a positive PCR control and ins a

mixture of Hae lll-digested ¢X174 DNA. We recommend Inal you also
perform a standard PCR control (such as the positive control templale in the
Advantage cDNA PCR Kif) to ensure that your enzyme is performing

Use the following pm:sdure to simultaneously mix the driver with efficiently.

1and2p d in Section IV.G; see Table 1), Nolez
This that the t ples mixtogether onlyin the S " Ing a Peridn- Elmar DHAT 480and
presence of Ireslhly denatured driver, Perki 7 Systom . Ha different type of themal cycler is
a. Sela micropipetior at 15 pl. used, the cycling parameters mlbeapbmn!ad for that machine.
b. Gently touch the pipette tip to the mi i ple interdface of the O et tage cONA Polymerase TagDhL on

tube containing hybridization sample 2

. Carefully draw the entire sample partway into the pipette tip. Don't
worry if a small amount of mineral oil is transferred with the sample.

d. Remove the pipette tip from the tube, and draw a small amount of

o

& hot start (lor more . SwmanA)Oersqﬁlm
Antibody (£5400-1, -2; mmhmmmgammuummm you can

:ammﬁmmmmmmbwcu1 min, :mmwmm
T5°C for 5 min, (5) Per

airinto the tip, creating a slight air space below the droplet of sample. Lo UL L L
BD Biosciences Cl
L Cloatech www.clontech.com P'::‘l;:l. FT1117-1 Protocol & PTITIT1 www.clontech.com BO Biosciences Clostech
Version § PRZZ92S b4
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IV. Clontech PCR-Select cDNA Subtraction continued

1. Prepare the PCR templates:

a. Aliquot 1 pl of each diluted cDNA (i.e., each subtracted sample from
Step IV.H.9 and the ding diluted L tester

control from Step IV.F.10) into an aipmprlalery labeled tube.
b. Aliquot 1 plof the PCR control subtracted cDNA (provided in the kit)
into an appropriately labeled tube.

2, Prepare a Master Mix for all of the primary PCR tubes plus one

9. Dilute 3 pl of each primary PCR mixture in 27 pl of H,0. This diluted
primary PCR product will be used in the PCR Select Differential
Screening procedure (if applicable).

10. Aliquot 1 pl of each diluted primary PCR product mixture from Step 9
into an appropriately labeled tube.

11. Prepare Master Mix for the secondary PCRs plus one additional reaction
by combining the reagents in Table IV in the order shown:

additional tube. For each reaction planned, combine the reagents in
Table Il in the order shown:

Reagent reaction (ul) Experiment (ul)*
Sterile H;O 185 148.0
Reagent reaction (ul) Experiment (ul)* 10X PCR reaction buffer 25 20.0
Sterile H,0 185 156.0 Nested PCR primer 1 (10 jiM) 1.0 8.0
10X PCR reaction buffer 25 200 Nested PCR primer 2R (10 pM) 1.0 8.0
dNTP Mix (10 mM) 05 4.0 dNTP Mix (10 mM) 05 4.0
PCR Primer 1 (10 uM) 1.0 8.0 0X ge cDNA Polymerase Mix 0.5 4.0
50X cONA Polymerase Mix 05 4.0 Total volume 24.0 - 192.0
Total voluma 240 192.0 * For each additional experimental cDNA, propare Master Mix for one additional reaction,
* For each additional experimental cDNA, prepare Master Mix for one additional reaction,
) ) ) . 12. Mix well by vortexing, and briefly centrifuge the tube.
- :"'_" well by "‘IU briefly the tube. ) 13. Aliquot 24 ul of Master Mix into each reaction tube from step 10.
4. SIlg‘u::l 24 pl of Master Mix into each of the reaction tubes prepared in 14. Overlay with 1 drop of mineral oil.
5. Overlay with 50 l of mineral o, 15. Immediately commence thermal cycling:
6. Incubate the reaction mix in a thermal cycler at 75°C for § min to extend Perkin-Elmer DNA Perkin-Elmer GeneAmp
the adaptors. (Do not remove the samples from the thermal cycler.) Thermal Cycler 480: 4
Note: This step “fills in” the missing strand of the adaplors (gee Figure 2 in the 10-12 cycles: 10-12 cycles:
Introduction) and thus creates binding sites for the PCR primars. =94°C 30 sec =04°C 10 sec
7. Immediately commence thermal cycling: *68°C  30sec *68°C 30 sec
°C 1.5 mi o 5 mi
Perkin-Elmer DNA Perkin-Elmer GeneAmp S el g il
Thermal Cycler 480: PCH Systems 2400 or 9600: 16. Analyze 8 pl from each reaction on a 2.0% agarose/EtBr gel run in
27 cycles: «94°C 25 sec 1X TAE buffer. (See Section V.D for expected results.)
+894°C 30 sec 27 cycles: 17. Store reaction products at —20°C.
+66°C 30 sec *94°C 10 sec . 5 "
«72°C 1.5 min “B6°C 30 sec Ttl?_ II’CFI T[mlwe' is now enriched for gillerannggri:;?;sssed cDN»?s. In
*72°C  1.5min PR Asample st be inroughly equal prop i
8. Analyze 8 pl from each tube on a 2.0% agarose/E1Br gel run in 1% TAE Referto ions V.0 and V.E for Analysis of Results: Figure 6 shows the
buffer, (See Section V.D for expected results.) Altemnatively, you can results of a | control i peri with cONA made
set these 8-ul aliquots aside and run them on the same gel used to from the skeletal muscle poly A* BNA. Figures 7 and 8 show the simple test
analyze the secondary PCR products (step 16). of sublraction efficiency. We strongly recommend that you perform this
subtraction efficiency test,
BD Biosciences Clontech www.clomtech.com Protocol # PT1117-1 Pratocol # PT1117-1 www.clomech.com BD Biosciences Clontech
El Version § PRZ2OE Version # B -1
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IV. Clontech PCR-Select cDNA Subtraction continued

The uncloned mixture i i ybri probe for screen-
ing libraries of genomic DNA, full-length cDNA, YAC, BAC, or cosmid clones
(Diatchenko ef al., 1996). For all other applications, you should clone the
products to make a subtracted cDNA library. The cDNAs can be direcily
inserted into a T/A cloning vector. Altematively, use the Not | (Sma |,
Xma |) site on Adaptor | and the Eag | site on Adaptor 2R for site-specific
cloning, or use the Asa | site at the adaptor/cDNA junction for blunt-end
cloning.

Forfurtheranalysis of your subtracted library, | opti ilabl

+ Differential screening
Our PCR-Select Differential Screening Kit (#K1808-1) contains the
necessary reagents for differential screening, along with controls and a
complete User Manual. For more information about ditferential screen-
ing, see Section V1.

* Northern analysis

‘You may confirm the exp ion pattern of ir 1 by Northermn
blot analysis. In our experi the p ge of clones in the sub-
tracted library that P to diff ially d mRNAs

varies considerably: as high as 95% (Diatchenko et al., 1996), a mid-
range of 40-60% (Gurskaya ef al.,, 1996; von Stain ef al., 1997), and as
low as 5% (Diatchenko et al., 1998). We recommend that you randomly
pick 10-20 clones from the subtracted library for use as probes on
Morthem blots. If fewer than two clones are confirmed as differentially
expressed genes, you should perform the differential screening proce-
dure to eliminate false positives.

Virtual Northerns

If youlack sufficient poly A* RNA for Morthern blot analysis, you
can create “Virual® Morthern blots, which yield similar information
(Endege et al,, 1999). To make a Virtual Morthern blot, use the Super
SMART PCR cDNA Synthesis Kit (#K1054-1) to generate SMART cDNA
from your total or poly A* RNA sample. Then, electrophorese the SMART
cDNA on an agarose/EtBr gel, denature it in sifu, and transfer it onto a
nylon b For more inft i Super SMART cDMA synthe-
sis technology and Virtual Northem blots, please see Chenchik et al.,
1998 and visit our web site at www.clontech.com.

Analysis of ds cDNA Synthesis Product
1. General recommendations
a. Tomenitor the progress and yield of cDNA synthesis, perform first-
and second-strand cDNA synthesis with your experimental sample
and the control skeletal muscle poly A* BNA provided. We recom-
mend that you monitor the cDNA synthesis and purification by
including [c-*2PJdCTP in the first-strand reaction mixture.

. Use high-quality poly A* RNA. The yield of ds cDNA depends on the
RMA quality. 2 pg of the Control poly A* RNA from skeletal muscle
will typically produce about 2 pug of ds ¢cDNA. Similar amounts
(1-2 ug) are typically obtained from high-quality experimental
poly A* RNAs. You should analyze the efficiency of cDNA synthesis
and Rsal digestion by agarose gel as shownin Figure 4 (next page).

2. T ing of ds cDNA synth

a. Ifagarose gel analysis indicates that the yield of your experimental
ds cDNA is low in comparison with the ds cDNA produced from the
skeletal muscle poly A* RNA, but the size distribution is similar, you
may still use your cDNA. However, you may have lost some low-

diff e Al "

o

P ly, you
may repeat the synthes]is using a higher concentration of poly A*
RMNA for first-strand cDNA synthesis,

b. Ifyourexperi dscDNAapp anag gelasasmear
<1-2kb, the RNA may have been impure or degi ina the
RMA used as a starting rial on a d

1% ag 1Br gel. Intact i A* RNA should be a
smear (usually 0.5-9 kb) with faint 285 and 185 RNA bands at 4.5
and 1.9 kb, respectively. The size distribution may be smaller
(0.5-3 kb) for nonmammalian species. If your experimental poly A*
RANA appears significantly smaller than expected (e.g., no larger
than 1-2 kb), or if the intensity of 285 RNA to 185 RNA is less than
1:1inyourinitial preparation of total RNA, test your RNA purification
reagents for RNase and other impurities, and then prepare RNA
again using fresh reagents if necessary. If problems persist, you
may need to find another source of poly A* RNA, such as our Poly
A* RNAs,

¢. The optimal concentration of poly A* RNA for first-strand cDNA
synthesis is 50200 pg/ml. If you use a lower concentration of RMA,
the siza distribution of & Yo

the size NA pre y imay b

Pratocol # PT1117-1
Version # PREZSS

wwrw.clamach oam www.clentech.com BD Bisscionces Chnlu;;
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V. Analysis of Results & Troubleshooting Guide tinued

V. Analysis of Results & Troubleshooting Guide continued

B. Analysis of Rsa Digestion

Electrophorese 2.5 pl of undigested, ds cONA (from Section IV.D) and 5 pl
of Asal-digested cONA (from Section IV.E) on a 1% agarose/E1Br gel in 1X
TAE buffer. Compare the results side-by-side. cONA derived from poly A*
RANA appears as a smear from 0.5-10 kb. Bright bands correspond to
abundant mRMNAs or rRNAs. (Size distribution may be only 0.5-3 kb for
some RNA samples from nonmammalian species.) After Asa | digestion,
the average cDNA size is smaller (0.1-2 kb compared 10 0.5-10 kb). If the
size distribution of your sample andfor control cDNA is not reduced after

C. Analysis of Ligation

We recommend that you perform the following PCR experiment to verity
that at least 25% of the ¢cDNAs have adaptors on both ends. This experi-
ment is designed to amplify fragments that span the adaptor/cDNA junc-
tions of Testers 1-1 and 1-2. {See Section IV.F.) You should also perform
this analysis on your adaptor-ligated control skeletal muscle cDMA (3-1 and
3-2) and, if doing the reverse subtraction, with your second experimental
tester cOMNA (2-1 and 2-2). The G3PDH primers in this control experiment
will work for human, mouse, and rat. For other species, you will need to
design suitable primers.

Hsj‘ljf o i repeat pf justhencl y Note: We recommend that you also include a standard PCR controd (such as the positive
— gestion. control template in the Advantage cONA PCR Kit) to ensure that your enzyma Is performing
Op T if a sample is completely dig remove a small efficiantly.

sample of DNA at 1 hr and 1 hr, 20 min and compare the samples on an 1. Dilute 1l of each ligated cDNA from Sec. IV.F (e.g., the Testers 1-1
agarose gel. If the DNA size distribution for both samples is the same, the a;:'f‘zﬁm > 500 N%f 1,0, (eg

digeston ls complets. 2. Combine the reagents in Table V in four separate tubes:

TABLE V! SETTING UP THE LIG

s DA &

Component Tube:
Tester 1-1* {ligated to Adaptor 1)
Tester 1-2* (ligated to Adaptor 2R)
G3PDH ' Primer (10 uM)

G3PDH 5' Primer (10 M)

PCR Primer 1 (10 uM)

Taotal volume :
* Use the same sef-up for Tester 2-1 and 2.2, 3-1 and 3-2.

7Y PP R N
Wl == =]
s ==
==

3. Prepare a Master Mix for all of the reaction tubes plus one additional
tube. For each i combine the reagents in Table VI in
the order shown:

coo o
RaR &

TABLE Vi: PREPARATION OF THE LIGA

Amount per  Amount for

Reagent reaction tube (1) 4 rxns
Sterile HO 18.5 925
10X PCR reaction buffer 25 125
dNTP Mix (10 mM) 0.5 25
Figure 4. Typlcal result of positive control skeletal muscle ds cDNA synthesis before (Lane 50X Advantage cONA Polymerase Mix 0.5 25
1) and after (Lane 2) Asal cOMA i described inthe protocol fromthe. = _ SUR Advaniage CUNA Fonmarass W &5
human skeletal muscle control poly A* RNA included in the kit. Lane M: DNA size markers, Total volume i 220 110.0
Pratocol # PTI117-1 www.clontech.com BD Biosciences Clontech
BD Biesciences Clostech www.clontech.com Protocol # PTI117-1 jon # PRI2926 k]
E ] Version ¥ PRZZSE
Clantech PCR-Select™ cONA Subtraction Kit User Manual Clontech PCR-Select™ cONA iom Kit User Manual
V. Analysis of Results & Troubleshooting Guide inued V. Analysis of Results & Troubleshooting Guide continued

4. Mix well by vortexing and briefly centrifuging the tube.

5. Aliquot 22 pl of Master Mix into each of the reaction tubes from step 2,
6. Mix well by vortexing and briefly ifuging the tube.
T
8.

Overlay with 50 pl of mineral oil.
Incubate the reaction mix in a thermal cycler at 75°C for 5 min to extend
the adaptors. (Do not remove the samples from the thermal cycler.)

MNote: This step fills in” the missing strand of the adaplors (see Figure 2 in the
Intre<duction) and thus creates binding sites for the PCR primers.

9. Immediately commence thermal cycling:
Perkin-Elmer DNA Perkin-Elmer GeneAmp
20 cycles: ' *94°C 30 sec
*94°C  30sec 20 cycles:
*65°C  30sec +84°C 10 sec
*68°C  2.5min *B65°C 30 sec
*B8°C 2.5 min

10. Analyze 5 pl from each reaction on a 2.0% agarose/EtBr gel run in 1X
TAE buffer.

Typical results are shown in Figure 5. If you cannot see a product after 20
cycles, parform five more cycles, and again analyze the product by gel
electrop is. Additi PCReycl yb G3PDH
expression varies among tissues (G3PDH abundance in skeletal muscle is
relatively high). As shown in Figure 5, the PCR product using cne gene-
specific pimer (G3PDH 3' Primer) and PCR Primer 1 should be about the
same intensity as the PCR product amplified using two gene-specific
primers (G3PDH 3' and 5' Primers). If the band intensity for these PCR
products differs by more than four-fold, your ligation was less than 25%
complete. In this case subtraction efficiency will be significantly reduced.
Ifyou are working with mouse or rat cDMA, the PCR product amplified using
the G3PDH 3' Primer and PCR Primer 1 will be ~1.2 kb instead of 0.75 kb
for human cDMA (because rat and mouse G3PDH cDNAs lack an Rsa |
restriction site). However, if you are working with human cDNA (which does
contain the Asa site), and you observe this 1.2-kb band along with a band
of the expected size, your cDMA is not fully digested. If there is a significant
armount of this undigested product, you should repeat the Rsa | digestion.
Ifthe above analysis shows that your ligation was not satistactory, itislikely
that either your cDMA has become contaminated by salts during one of the
ipil teps or d-strand sy was not efficient. Therefore,
we recommend that you repeat the PCR-Selact procedure starting with
First-Strand cDNA Synthesis (Section IV.C).
Altematively, if you have an insufficient quantity of RNA to resynthesize
cDMA, you can reprecipitate the remaining aliquots of each Asa l-digested

BD Biosciences Cloatech www.clostech com Protocol # PT1117-1
3 Version # PREZUS

w M 1 2 3 4
Figure 5. Typical results of the ligation efficiency
analysls. The results shown hare are for human
samples; if you are working with mouse or rat samples,
the PCR product amplified using the GAPDH 3' Primer
and PCA Primer 1 (Lane 3) will be ~1.2 kb instoad of
0.75 kb. Lane 1: PCR products using Tester 1-1 (Adap-
tor 1-ligatad) as the template and the G3POH 3 Primer 13
and PCR Primer 1. Lane 2: PCR products using Tester 1.1 ==
1-1 (Adaptor1-li oH 08
¥ and 5 Primers. Lane 3: PCR products using Tester 0.8
1-2 (Adaplor 2R-igated) as the template, and the
G3IPDH ¥ Primer and PCR Primer 1. Lane 4: PCR
products using Tester 1-2 (Adaptor 2R-ligated) as the 03
template, and the GIPDH 3' and 5' Primars. 2% agar-
ose/EIBr gel Lane M: $X174 DNA/Hae |1l digest size
markers.

experimental and control cDNA (you should have 4.5 I remaining from
Step IV.E.21). Add 2.5 pl of 4 M NH,OAc and 20 pl of 95% ethanal o each
cDNA sample and follow the procedure of Section IV.E from Steps 14-21.
Then repeat the adaptor ligation procedure. We do not recommend
reprecipitation as a primary troubleshooting solution for adaptor ligation
failure because the recovery of cDMA may ba inefficient, resulting in a low
subtraction efficiency.

D. Analysis of PCR Products
1. Agi fE1Br gel electrop is of primary PCR

Perform your primary PCR side-by-side with the PCR control sub-

tracted cDNA (provided in the kit). With the PCR control subtracted

cDMNA, the major bands appearing after 27 cycles should correspond
to the ¢X174/Hae Ill fragments. This result should lock similar 1o the
skeletal muscle ion you perf d; h the comect ¢X174/

Hae |ll bands may appear only after dary PCR. The

primary PCR subtraction products usually appear as a smear from

0.2-2 kb, with or without some distinct bands.

a. If you cannot see any products after 27 cycles, use three more
cycles, and again analyze by gel electrophoresis.

b. If you cannot see PCR prod in the subt d or L d
(Unsubtracted tester control 1-¢) samples nor PCR control sub-
tracted mixture, ke sure your poly is working.
If the problem is not with your polymerase mix, Iry optimizing the
PCR cyclingp in steps V1.7 byd ing the ing
and extension temperature in small increments—each degree
lower can d i i the g d. Initially try

Protecel # PTI117-1 www_clontech.com BO Bioscieaces Clontech
Version # n
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SMART PCR cDNA SynthesisKit (BD Biosciences)

SMART ™ PCR cDNA Synthesis Kit User Manual SMART™ PCR cDNA Synthesis Kit User Manual
VIl. SMART cDNA Synthesi i 1 VIl. SMART cDNA Synthesis tinued
Important: If you are planning to proceed with CLONTECH's PCR-Select cDNA 9. Heat tubes at 72°C for 7 min.

Subtraction protocel, we recommend reading the User Manual for cDNA Sub-

10. Sampl ba stored at ~20°C for up to th ths.
traction befare first sirand cDNA synthesis using the SMART mathod. A different Aot AL L]

RNA control is supplied with CLONTECH's PCR-Select cDNA Subtraction Kit B. cDNA Amplification by LD PCR

that should be used to synthesize cDNA according to the PCR-Select User Table || provid idelines for optimizing your PCR, ds ding on the

Manual (a non-SMART method). In addition, use the control provided in this kit amount of total or poly A* RNA used in the first-strand synthesis. These

to troubleshoot any problems using the SMART protocol. For more information guidelines were determined using the control human placental total RMA

about using these controls, see Section VIILD of this User Manual. and Perkin-Elmer Thermal Cyclers (PE 480 & PE 9600); optimal param-
A. First-Strand cDNA Synthesis eters may vary with different templates and thermal cyclers. To determine

the optimal number of cycles for your sample and conditions, we strongly

1. For each sample and Contrel Human Placental RNA, combine the d that i fcycles: 15 18, 21 24
following reagents in a sterile 0.5-ml reaction tube: ;:?;::Bmg]r_‘ Eyou perionn s mngs B cycles: IS 18 Sl and 24 cyclan

1-3ul  RNA sample”
(0.025-1 ug of poly A* or 0.05-1 g of total RNA)
1yl 3 SMART CDS Primer Il A (10 uM)

Tl SMART Il A Oligonuclaotide (10 M) /
% pl  Deionized H.O )

Sul  Total volume
*For the contral synthesis, add 1 4 (1 g/} of contrel human placental total RNA,
2. Mix contents and spin the tube briefly in a microcentrifuge.
3. Incubate the tube at 70°C in a thermal cycler for 2 min. ‘o tubes for PCR-Saluct samplas “extra” tbe
4. Spin the tube briefly in a mi i to collect at the
bottomn, Keep tube at room Iempera1ure l 15 PCA eyeles l
5. Add the following to each reaction tube: e 4T e syt
2 ul  5X First-Strand Buffer
1w DTT (20 mM) IPCR cycles
1l 50X dNTP (10 mM) remaove aliquet
Tl F ipt Reverse T il
b . IPCR eyeles
6. Gently vortex and spin the tubes briefly in a microcentrifuge. s
7. Incubate the tubes at 42°C for 1 hr in an air incubator, remove aliquet
Note: If you use a water bath or thermal cycler for this incubation, cover the reaction IPCR cycles
mixiuri with one drop of minaral oil bafore you closa the tube. This will prevent loss of
volume due to evaporation. ramova aliquot
8. Dilute the first-strand reaction product by adding the appropriate X
volume of TE buffer (10 mM Tris [pH 7.6], 1 mM EDTA): ‘;:n.lluplhun a
« Add 40 ul of TE buffer if you used total RNA as starting material. . . K X -
+ Add 450 ul of TE buffer if you used more than 0.2 g of poly A* RNA et el O i b
as starting material. [Section VI, Figura 71
+ Add 90 pl of TE buffer if you used less than 0.2 pg of poly A* RNA
a5 sarig vl e b
b vl o ‘e B0, -
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VIl. SMART cDNA Synthesis continued Vil. SMART cDNA Synthesi inued
Fnr_each sample and control, set up an extra reaction tube to determine the 3. Prepare a Master Mix for all reaction tubes, plus one additional tuba.
optimal number of PCR cycles. If you plan to use your SMART cDNA for Combine the following components in the order shown:
PCR-Select cDNA subtraction, you should set up a total of three tubes for
each tester and driver sample (Figure ). In our experience, each 100-pl et S
reaction typically yields 1-3 pg of ds cDNA after the PCR and purification T4 Deionized HO
steps (Section VIII). Subtraction usually requires 2 pg of driver cDNA, so 10 10X Advantage 2 PCR Bufier
two tubes of SMART cDNA should be sufficient; two tubes will also be 2 50X dNTP (10 mM)
ample for the tester. To ensure that you have sufficient cDNA, you should ' PCR Primer Il A (10
estimate the yield of SMART cDNA by UV spectrophotometry, 2u 3 rimer (10 M) "
2 50X ge 2 Pol Mix

12_ :rshaa;\tm ::_:Ft rahfmalll:ycler ] 9.‘_.;10. Jume (s60 Table I botow) 90yl Total volume

. For each reaction, aliquot the appropriate volume (see Table |1, below] ) N ; .

of each diluted cONA into a labeled 0.5-ml reaction tube. If necessary, 4, Mix well by vortexing and spin the tube briefly in a microcentrifuge.
add deionized H,O to adjust the volume to 10 pl. 5. Aliquot 90 pl of the PCR Master Mix into each tube from Step 2.

6. Capthe tube, and place itinth heated th Icycler. If ¥
overlay the reaction mixture wath two drops of mineral il

Total RNA Volume of diluted  Typical optimal 7. Gommencs thermal cycling using the following:
(ug) ss cDNA* for PCR (1)  # of PCR cycles PE 480 PE 9600
*95°C 1 min *95°C 1 min
-1, —
N ) L) *x cycles": =x cycles":
el 2u 1719 95°C 15 sec 95°C  5sec
~0.25 4u 17-18 B5°C 30 sec 65°C  S5sec
~0.1 10l 17-18 68°C  6min 68°C 6 min
*Congult Table Il for guidelines. Subject ail tubes to 15 cycles. Than, usa the extra
~0.05 foul 19-21 tube for each reaction to determine the optimal number of PCR cycles, as described in
Poly A* RNA Vcl £ dil Typical optimal Step B (below). Store the other tubes at 4°C.

y A* ume of diluted cal optimal . hextra PCR 1 ine the optimal numbar of PCR cycl
(ug) ss cDNA* for PCR (ul)  # of PCR cycles 8 (F:a'a ey CR tube, of PCRcycles
~1.0 1l 16-18 a. Transfer 15 pl from the 15-cycle PCR to a clean microcentrifuge
-05 e ol b ::be {:" agadr:::t"E rsular gal:a:r::wmi& I of 18) with th ini

. Run three additional cyc r a total o with the remaining
~0.1-0.25 ap 16-18 85 il of the PCR mixture.

~0.05 ap 16-18 ¢. Transfer 15 pl from the 18-cycle PCR to a clean microcentrituge

~0.025 10 pl 17-19 tube (for agarose/EtBr gel analysis).

e d. Run three additional cycles (for a total of 21) with the remaining

From Step VILA10, 70 pl of PCR mixture.
@, Transfer 15 pl from the 21-cycle PCR to a clean microcentrifuge

tube (for agarose/EtBr gel analysis).

. Run three additicnal cycles (for a total of 24) with the remaining

55 pl of PCR mixture,
CLONTECH Labaratories, lnc. www.clontech.com Protocol # PT3041-1 Pretocel § PTI041-1 www.clontach.com CLONTECH Laboratories, Inc.
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VIl. SMART cDNA Synthesis continued

SMART™ PCR cDNA Synthosis Kit User Manual

9. Electrophorese 5 pl of each ahquol M each PCR reaction alongside
0.1 pg of 1-kb DNA size marl 1.2% gelin 1IXTAE
buffer. Determine the optimal numbsr of c:yr.-las required for each
experimental and control sample (see Figure 7, Section 1X).

10. Retrieve the 15-cycle PCR tubes from 4°C, return them to the thermal
cycler, and subject them to additional cycles, if necessary, until you
reach the optimal number,

11. When the cycling is completed, analyze a 5-ul sample of sach PCR
pmductalungsudal) 1 pgof 1-kb DNA size markers ona 1.2%

EtBr gel in 1X TAE buffer. Compare your results to Figure 7 to confirm
that your reactions were successful,

12. Add 2 pl of 0.5 M EDTA to each tube to terminate the reaction.

13. Transfer 7 pl of your raw PCR product to a clean microcentrifuge tube
and labal this tube “Sample A". Store at—20°C. You will use Sample A
for analysis of column ch 1y, as described in Section 1X.B,

You now have SMART ds ¢DNA ready-to-use for applications, such as

Virtual Northern blotting or generation of cDNA probes. For PCR-Select

cDNA subtraction, proceed with the following protocol (Step VIILA, beluwl

Ilo'III Protocol for PCR-Select cDNA subtraction

A. Column Chromatography (PCR-Select Users only!)

1. For every experimental sample and control, combine the two reaction
tubes of PCR product (from Section VII.B) into a 1.5-ml microcentrifuge

tube.
2. Add an equal volume of phenc (25:24:1).
Vortex thoroughly.

3. Centrifuge the tubes at 14,000 rpm for 10 min to separate the phases.
4. Remove the top (aqueous) layer and place it in a clean 1.5-ml tube.
5.Add 700 pl of n-butanol and vortex the mix thoroughly. Butanol

allows you to your PCR product to a volume of
40-70 pl.

Note: Addition of too much n-butanel may remove all the water and precipitate the
mdalc::a W this happens, add water to the tube and vortex until an aqueous phase

6. Centrifuge the solution at room temperature at 14,000 rpm for 1 min.
7. Remove and discard the upper (n-butanol organic) phase.

8. It you do not end up with a volume of 40-70 pl, repeat steps 6-7 with
the same volume of n-butanol.

m;ﬁnlmmumszww.addHommommphanelomiwhmw
W
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VIIl. Protocol for PCR-Select cDNA subtraction

1. Add the following reagents to the purified cDNA fraction collected from
the CHROMA-SPIN column (Step VIILA.21):
10X Asa | restriction buffer 38w
Asal (10 units) 1.5

2. Mix by vortexing and spin briefly in a microcentrifuge.

3. Incubate at 37°C for 3 hr.

4. Toconfirm that Asal digestion was f h 10ulof
mculdscDNA{Sample D) and 10 pl of Asa |-digested cDNAona1.2%
agarose/EtBr gel in 1X TAE buffer (see Section IX.C in this User
Manual and Section V.B in the PCR-Select User Manual).

. Add 8 pl of 0.5 M EDTA to terminate the reaction.

. Transfer 10 pl of the digested cDNA to a clean microcentrifuge tube,
label this tube "Sample E”, and store at —20°C. You will compare this
sample to the PCR product after final purification, as described in
Section 1X.0.

C. Purification of Digested cDNA (FCR-Select Users only!)

You may purily your digested cDNA using any silica matrix-based PCR
purification system, such as those offered by CLONTECH (see Relatad
Products, Section XII). y, a phenal.

ber ,this may d ffici ..,, ofthe | PCR«SaleCI

@ o

Th ing
SMART ds cDNA and CLONTEGH's NunﬂeoTrap° PGFI Klt (#K3071- 1 nol
included with PCR-Select Kit).

Before you start: Add 64 ml of 85% ethanol to the Bulfer NT3 for a final
of 85%. The appropriate volume is also listed

on the Buffer NT3 bottle.

1. Aliquot the Rsa l-digested cDNA (Section VIIILB.6, above) into two clean,
1.5-ml (app 170 W in each tube),

. Vortex the NuclsoTrap Suspension thoroughly until the beads are
completely resuspended.

. Add 680 pl of Buffer NT2 and 17 pl of NucleoTrap Suspension to each
tube of digestion mixture.

. Incubate the sample at room temperature for 10 min, Mix gently every
2-3 min during the incubation period.

. Centrifuge the sample at 10,000 x g for 1 min at room temperature.

Discard the supematant.

Add 680 pl of Buffer NT2 to the pellet. Mix gently to resuspend.

Centrifuge at 10,000 x g for 1 min at room temperature. Remove the

supernatant completely and discard.

]

(%]

=

wm

-

CLONTECH L Ine. ] h.eom Protocol # PT3041-1
] Wersion # PR14534

VIIL. Protocol for PCR-Select cDNA subtraction

9. Invert a CHROMA, SPIN-1000 column several times to completaly
resuspend the gel matrix,
Mote: Check for air bubbles in the column matrix. i hnbblasm\dalble resuspend the
matrix in the column bufier by Inwverting the column again,

10. Remove the top cap from the column, and then remove the bottom cap.

11. Place the column into a 1.5-ml centrifuge tube or a 17 x 100 mm tube.

12. Discard any column buffer thatimmediately collects in the tube and add
1.5 ml of 1X TNE butfer.

13. Letthe butfer drain through the eolumn by gra\ﬂlyflow unﬂlycu cansee
the surface of the gel beads in th The top of the column
maltrix should be at the 0.75-ml mark on the wall of the column. If your
column contains much less matrix, discard it and use another column.

14, Discard the collected buffer and proceed with purification.

15, Carefully and slowly apply the sample to tha center of the gel bed's flat
surface. Do not allow any sample to flow along the inner wall of the
column.

16. Apply 25 pl of 1X TNE buffer and allow the butfer to completely drain
out of the column,

17. Apply 150 pl of 1% TNE buffer and allow the buffer to completely drain
out of the column.

18. Transfer column to a clean 1.5-ml microcentrifuge tube.

19. Apply 320 ul of 1X TNE buffer and collect the eluate as your purified ds
cDNA fraction. Transfer 10 pl of this fraction to a clean microcentrifuge
tube and label this tube “Sample B". Store at-20°C. Use this aliquot for
agarose/EtBr gel analysis (Step 21, below).

20. Apply 75 pl of 1X TNE buffer and collect the eluate in a clean
microcentrifuge tube. Label this tube “Sample C™ and store at -20°C,
Save this fraction until after you perform agarose/EtBr gel analy-
sis (Step 21, below).

21. To confirm that your PCR pmclucl is present in the purified ds cDNA
fraction, perfi the aga EtBr gel
Section IX.B.

RAsa | Digestion (FCR-Select Users onlyl)

This step generates shorter, blunt-ended ds cDNA fragments, which are

necessary for both adaptor ligation and subtraction.

Before p ding with H'sﬂ | digestion, set aside another 10 ul of purified
ds cDNA for fEtBr gel analysis t the size range of the ds
cDNA prnducts (Step 4, below). Label this tube “Sample D"

Protocel § PT3041-1 www.clontech.com CLONTECH Laboratories. Inc.
Version # PR14S34 -1
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VIIl. Protocol for PCR-Select cDNA subtraction

7. Add 680 ul of Buffer NT3 to the pellet. Mix gently 10 resuspend.
Centrifuge the sample at 10,000 x g for 1 min at room temperature.
Remove the supernatant completely and discard.

Repeat Step 7.

. Centrifuge the pellet again at 10,000 x g for 1 min at room temperature.
Air dry the pellet for 15 min at room temperature (or at 37°C to speed
up evaporation).

Note: Do not use a speed vac 1o dry the pellet; speed vacs tend 1o overdry the beads,
which leads 10 lower recovery rates.

10. Add 50 pl of TE buffer (pH 8.0) to the pellet. Resuspend the pellet by
mixing gently. Combine the resuspended pellets into one tube. Mix
gently.

. Elute the DNA by incubating the sample at 50°C for 5 min. Gently mix
the suspension 2-3 times during the incubation step.

12. Centrifuge the sample at 10, 000 x g for 30 sec at room temperature.
Transfer the the pure DNA toaclean
1.5-ml mncrucentril'uge tube.

Note: Repeating Steps 10-12 can increasa yiekds approximately 10-15%.

13. Apply the supemaltant to a microfiliration column that has been inserted
into a 1.5-ml tube. Centrifuge for 5 min and discard the column.

14. Transfer 6 pl of the filtered DNA solution to a clean 1.5-ml microcentri-
fuge tube containing 14 ul of deionized H,O. Label this tube
“Sample F~ and store at —20°C. You will use this sample to analyze the
SMART cDNA after purification, as described in Section IX.D.

15. To precipitate the DNA, add 50 pl of 4 M ammonium acelate and
375 pl of 95% ethanol to the remaining sample from Step 14,

16. Vortex the mix thoroughly and centrifuge the tubes at 14,000 rpm for
20 min at room temperature.

17. Carefully remove and discard the supematant.

18. Overlay the pellet with 500 ul of 80% ethanol.

19. Centrifuge the tube at 14,000 rpm for 10 min. Carefully remove the
supernatant and discard.

20. Air dry the pellets for 5-10 min.

21. Dissolve the pellet in 6.7 pl of 1X TNE buffer.

©

1
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