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Introduction 

The life of a higher plant starts with the formation of a diploid zygote after the fusion 

of a male sperm cell nucleus and the haploid nucleus of a female egg cell, a process 

called fertilisation. Both types of gametes are formed within heteromorphic 

gametophytes: the (male) pollen and the (female) embryo sac. Heterospory, the 

phenomenon of gamete formation in heteromorphic gametophytes, is universal among 

higher plants. Under favourable conditions, the zygote develops into a mature plant, 

capable again of producing both types of gametes. So, a higher plant's life cycle 

consists of alternating diploid sporophytic, and haploid gametophytic generations. 

Reduction of the genome to a haploid level allows new combinations of genetic 

material, due to meiotic recombination, to be taken into the next generation, thereby 

increasing the chance for a population to survive. Diploidy, on the other hand, limits the 

impact of detrimental effects due to mutational events by allelic complementation, 

increasing the chance for a single individual to survive (Dickinson, 1994). 

The male gamete is the mobile part in the reproduction system. The transport of 

the male genetic contribution to the female egg cells comprises two separate processes. 

First, it needs to be transferred from the male anthers to the female stigma. This occurs 

within the pollen grain as a vehicle. Pollen grains contain either two sperm cells 

(tricellular pollen) or one generative cell (bicellular pollen), which divides soon after the 

start of pollen tube growth, to give rise to two sperm cells. Depending on the 

fertilisation system, self-fertilisation or cross-fertilisation, pollen grains need to be 

carried over shorter or longer distances. Second, after pollen germination, the sperm 

cells move within the protruding pollen tubes towards the female embryosac. 

To assure male gamete delivery on the stigma, a set of special adaptations 

regarding pollen development have been evolved (Knox, 1984). First, pollen grains are 

produced in large amounts. This increases the chance of a plant's genetic materia] to be 

carried to the next generation. Second, pollen grains are strongly desiccated upon 
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Chapter 1 

dispersal. Dormation, as also described for seeds, may be the underlying physiological 

explanation. The low water content allows the grains to survive in a resting state 

between dispersal and hydration on the stigma. Third, the pollen grain is surrounded by 

a wall. This wall protects the gametes during their transfer to the stigma. Furthermore, 

through special structures, it is designed to enable dispersal. Pollen grains dispersed by 

insects or animals usually have surface ornamentations which assist adherence to their 

vectors, unlike pollen dispersed by air currents, which are extremely light with minor 

ornamentation (Knox, 1984). The features described above are common to the mobile 

gametes of most higher plants. 

Formation of the protective pollen wall starts early during pollen development 

with the initiation of the exine, and is soon followed by the formation of the inner intine 

wall layer. Finally, at shedding, exines of most species are covered by the remaining 

contents of the tapetal cells after their breakdown, which form a lipidie coating 

(Dickinson, 1973). During pollen development, molecules such as proteins become 

encapsidated within the various layers surrounding the pollen protoplast. Some of these 

proteins may be involved in pollination and pollen tube growth. 

This introduction aims to describe the ontogeny of the pollen wall and its 

coating, and the relation between these layers, and their components, and the different 

aspects of pollination. 

Pollen grain development 

Pollen grains are produced within the anthers. Microsporogenesis starts when part of the 

cells in an undifferentiated population of sporophytic, archesporial cells in a stamen 

primordium divide to give rise to sporogenous initial cells, whereas others differentiate 
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Introduction 

to parietal initial cells (Goldberg et al., 1993). The sporogenous initials further develop 

into pollen mother cells. Meiosis in these cells leads to the formation of tetrads. After 

release from the tetrads, each of the microspores, after one or two mitotic divisions, 

gives rise to bicellular and tricellular pollen grains, respectively (McCormick, 1993), 

containing either one or two sperm cells. 

Parietal initials develop into the tissues surrounding the developing pollen grains, 

including the tapetum, the endothecium and the middle layer(s). These anther tissues 

have no direct reproductive functions, but enable proper pollen formation by being 

involved in support, nutrition and dehiscence (Goldberg et al., 1993). The special 

importance of the tapetum in pollen development is emphasised by the fact that natu

rally occurring and artificially created irregularities in tapetal development often result 

in male sterility (Izhar and Frankel, 1971; Mariani et al., 1990; Worrall et al., 1992). 

Pollen wall formation 

Pollen wall formation takes place during pollen development and starts as early as in 

the tetrad stage. The pollen wall of most species is composed of two layers, the inner 

intine and the outer exine. The intine is pectocellulosic and is of gametophytic origin. 

The exine is composed of sporopollenin (Zetsche, 1932), which is produced by the 

sporophytic tapetum (Godwin, 1968a; Heslop-Harrison, 1968a). Both the exine and the 

intine surround the pollen grain, except for the apertures, where the exine is mostly 

absent. 

The deposition of a primexine between the plasma membrane and the callose 

layer surrounding the microspore tetrads precedes exine development (Heslop-Harrison, 

1968b, Takahashi, 1993). The primexine consists of gametophytically synthesised 

13 



Chapter 1 

polysaccharides and proteins (Fitzgerald and Knox, 1995) and functions as a mould for 

exine deposition. The presence of the callose layer is a prerequisite for exine 

development, as microspore tetrads devoid of a surrounding callose layer do not produce 

primexines and develop into pollen grains without an exine layer (Ducker et al., 1978; 

Pettitt, 1981; Takahashi, 1987). Cells that are released prematurely from the tetrads do 

not form proper exines (Worrall et al., 1992). Also, uneven callose deposition around 

tetrads of the Arabidopsis thaliana qrt2 mutant may be the cause of the fusion of all 

four microspores within a tertad (Preuss et al., 1994). This all indicates that the callose 

wall functions as a framework for exine development through the deposition of the 

primexine. 

The primexine is a mould for exine formation. Soon after primexine deposition, 

radially traversing rods can be distinguished within the primexine (Heslop-Harrison, 

1968b). These rods eventually become the bacula, and, at this stage, are called 

probacula. Later, material similar to that of the probacula is deposited over the whole 

surface of the pollen grain, forming the foot layer. Primexine material is absent from the 

apertures, eventually resulting in the absence of any exine at these sites (Heslop-

Harrison, 1968b; Hess and Frosch, 1994). After the release from the tetrads, both the 

probacula and the foot layer become impregnated with sporopollenin synthesised in the 

tapetum (Heslop-Harrison, 1963; 1968b), thereby finishing exine development. 

Exines of most pollen have a species-specific pattern (Erdtman, 1952) of radially 

oriented structures (bacula) on an exinic foot layer, either organised into reticulate 

patterns, when covered with a tectum, or forming pilatc type exines, when the exinic 

surface is open without a covering tectum (Knox, 1984). Lumina are spaces in between 

the radially oriented structures and result from the degradation of the primexine at these 

sites after the release of the microspores from the tetrads. Specific organisation of the 

structures of the exine make the pollen suitable for certain ways of transport, such as by 
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wind, water, insects or animals (reviewed by Knox, 1984). 

The primexine is the key organiser of the ultimate exine patterning (Southworth 

and Jernstedt, 1995). Cytoplasmic projections within the microspores, such as those of 

the microtubule cytoskeleton and the plasma membrane, are thought to be involved in 

exine patterning, marking the future positions of apertures, bacula and lumina 

(Dickinson and Potter, 1976; Dickinson and Sheldon, 1986; Fitzgerald and Knox, 1995; 

Heslop-Harrison, 1963; 1975; Jordaan and Kruger, 1993; Munoz et al., 1995; Skvarla 

and Larson, 1966; Takahashi, 1989; 1993; Takahashi and Skvarla, 1991). However, 

Southworth and Jemstedt (1995) think that the microtubule pattern does not prefigure 

the exine pattern, but rather is the result of exine formation, and suggest the pattern to 

evolve from the balance between the turgor pressure and cytoskeletal properties within 

the microspores, and the pressure of the callose wall and the newly secreted primexine 

matrix outside the microspores. 

In many species, exine patterning has been shown to be sporophytically 

determined (Ford, 1971; Godwin, 1968b; Heslop-Harrison, 1971; Knox, 1979; Pandey 

and Throughton, 1974; Quiros, 1975; Rogers and Harris, 1969), although gametophytic 

control has also been suggested. 

The sporopollenin in the exine is a hydrocarbon material (Southworth, 1990), in 

which long chain aliphatic components form the basic skeleton (Meuter-Gerhards et al., 

1995; Wilmesmeier and Wiermann, 1995). Sporopollenin is highly resistant towards 

non-oxidative chemical, physical and biological degradation. This resistance is even 

such, that grains that are shed many thousands of years ago have been preserved, under 

exceptional conditions, in a way that they can still be attributed to a species or a genus 

on the basis of their exine pattern (Erdtman, 1952). The highly resistant nature of 

sporopollenin makes the exine ideal to protect the male gametes against unfavourable 

environmental conditions, including the damaging effects of UV light. 
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It can be concluded that the final exine of mature pollen grains is determined by 

the combined efforts of both the gametophytic microspores, forming the primexine, and 

the sporophytic tapetum, which finishes and preserves the exine initiated during the 

tetrad stage. 

The intine is the inner layer of the pollen wall. It forms the pollen grain surface 

at the apertures. Intine formation takes place underneath the newly formed exine. It 

fully results from gametophytic synthetic activities. Its formation does not start until the 

release of the young microspores from the tetrads (Heslop-Harrison, 1968b; 1975). 

Proteins of gametophytic origin are incorporated within this layer, especially beneath the 

apertures (Heslop-Harrison, 1975), and are assumed to play a role in pollen tube growth. 

The pollen coat 

The exine of pollen grains of many species is coated with the lipidie remaining material 

after tapetal breakdown, called pollenkitt or tryphine (Dickinson, 1973; Dickinson and 

Lewis, 1973a). The lipids that end up in the pollen coat are first accumulated in oil 

bodies and plastids in the tapetum, well before this layer degenerates (Dickinson, 1973; 

Evans et al., 1992; Murgia et al., 1991; Reznickova and Willemse, 1980). At tapetal 

rupture, lysis of these organelles occurs and lipids aggregate (Dickinson, 1973). This 

mass is released into the locule where it surrounds and coats the developing pollen 

grains (Dickinson, 1973; Dickinson and Lewis, 1973a; Murgia et al., 1991). 

Microscopical studies suggest deposition of materials on the exine also prior to tapetum 

degeneration (Dickinson and Lewis, 1973a; Murgia et al., 1991). 

The lipidie coating is well-suited to protect the pollen protoplast, and its 

stickiness is helpful in pollen transport. The pollen coat is also designed to play a role 
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in pollen-stigma interactions, such as adhesion to the stigma, hydration and recognition 

of the pollen, and early pollen tube growth (Dickinson, 1993; Dickinson and Elleman, 

1994; Dickinson and Lewis, 1973a; Doughty et al., 1993; Elleman and Dickinson, 1990; 

Elleman et al., 1992; Heslop-Harrison et al., 1975; Kandasamy et al., 1995; Knox et al., 

1972a; 1972b; Knox, 1984; Preuss et al., 1993; Stead et al., 1979). 

The role of the Brassica pollen coat in relation to pollen-stigma interactions has 

been studied for many years. As Brassica species have dry stigmas, the sticky coat 

might help the grains to adhere to the stigma (Dickinson, 1993; Stead et al., 1979). 

Hydration and germination require stigmatic water to flow into the pollen grains 

(Dumas and Gaude, 1982), for mature pollen grains at shedding are very dry 

(Dickinson, 1995). The establishment of hydraulic continuity between the stigma and 

the pollen grains results from the conversion of pollen coat material at the site of 

stigmatic contact (Dickinson and Lewis, 1973b; Elleman and Dickinson, 1986; 1990; 

Kandasamy et al., 1995). Converted coat material forms an appressorium-like structure 

that facilitates water transport. The development of a pollen coat, which enables the 

establishment of hydraulic continuity between pollen and stigma, probably co-evolved 

with the change of the stigma from wet to the more efficient dry types (Dickinson, 

1995). Pollen coat conversion and subsequent pollen hydration only occur in case of 

compatible pollen-stigma combinations (Dickinson and Elleman, 1985; 1994; Dumas 

and Gaude, 1982; Elleman and Dickinson, 1986; Hülskamp et al., 1995; Roberts et al., 

1980; Stead et al., 1979), and only on the stigma. In vitro hydrated pollen grains show 

no coat conversion and do not germinate on the stigma (Elleman and Dickinson, 1990). 

Dabbing of the stigma with coat material from compatible pollen causes incompatible 

pollen to germinate and to grow into the style (Dickinson and Elleman, 1994). So, the 

pollen coat seems to carry specific components, which, after interaction with 

complementing components on the stigma, lead to the conversion of the pollen coat and 
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the formation of an appressorium-like structure. One of these factors probably is the 

hypothetical 'pollen SI component'. The sporophytic origin of the pollen coat and the 

sporophytic determination of self-incompatibility in the Brassicaceae make it likely that 

the pollen coat carries this component. 

The important role of the Brassica pollen coat in pollen hydration is further 

emphasised by the fact that conditional Arabidopsis thaliana mutants with altered pollen 

coats are unable to hydrate on the stigma (Hülskamp et al., 1995; Preuss et al., 1993). 

Extracellular pollen proteins 

Extracellular pollen proteins, i.e. proteins in the intine, the exine and the pollen coating, 

have been investigated to reveal their role in pollen germination, nutrition of the 

emerging pollen tube, and recognition (in interspecific and intraspecific incompatibility) 

(Green, 1894; Heslop-Harrison, 1975; Knox et al., 1975). An important role for these 

proteins, enabling growing pollen tubes to enter the wall of the stigmatic papillae and to 

further grow within the papillär wall has also been envisaged. 

Proteins in the intine are of gametophytic origin and among them are enzymes, 

such as acid phosphatases, ribonucleases, esterases, amylases and proteases (Knox and 

Heslop-Harrison, 1970). Cutinases in the intine are probably involved in the enzymatic 

breakdown of the stigmatic cutícula, necessary for the pollen tube to enter (Hiscock et 

al., 1994; Lavithis and Bhalla, 1995; Linskens and Heinen, 1962; Shivanna et al., 1978). 

Proteins with enzymatic functions have also been observed in the pollen coat. 

Among these proteins synthesised by the sporophytic tapetum are enzymes such as non

specific esterases and acid phosphatases (Doughty et al., 1993; Knox et al., 1975; 

Lavithis and Bhalla, 1995; Vithanage and Knox, 1976). 
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Proteins from the exine-held sporophytic fraction and the gametophytic intine 

fraction are rapidly released upon pollen hydration (Dulberger, 1990; Howlett et al., 

1973; Heslop-Harrison et al., 1975). Apart from the intinic cutinase, no functions for 

these enzymes are known. 

S-locus specified proteins involved in incompatibility have also been shown to 

be present in the pollen wall of many species, in case of gametophytic incompatibility 

in the intine, and in the exine-held pollenkitt or tryphine in case of sporophytically 

determined incompatibility (Dickinson, 1995; Dickinson and Lewis, 1973b; Heslop-

Harrison, 1968b; 1975; Heslop-Harrison et al., 1974; Knox and Heslop-Harrison, 1971; 

Knox et al., 1972a; 1972b; Lewis et al., 1967; Makinen and Lewis, 1962). Recently, 

proteins in the pollen coating tryphine of Brassica species were shown to interact with 

stigmatic S-locus products (Doughty et al., 1993; Hiscock et al., 1995), which further 

suggests that the coating of the pollen grain is involved in the sporophytic 

incompatibility reaction. 

Among the extracellular pollen proteins is at least one of the pollen proteins that 

cause seasonal asthma and hay fever, whereas other allergens originate from the pollen 

cytoplasm (Howlett et al., 1973; Knox, 1979). These proteins are released from the 

pollen in the upper respiratory tract of man, regarding pollen dispersed by air currents 

as the most allergenic. The coding sequences for many pollen allergens have been 

cloned, using IgE antibodies from people allergic to pollen for the screening of cDNA 

expression libraries. 
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In conclusion 

The ultimate pollen grain as the producer, the holder and the vehicle of the male 

gamete, is the result of the concerted biosynthetic efforts of the developing pollen grain 

itself and of the nourishing and shaping tapetum. Both cell types are necessary to shape 

a structure designed to make the chance of gamete delivery in the embryosac as large as 

possible. The pollen wall and the pollen coat that surround the gametes are largely 

involved in protection, but also pollen-stigma interaction preceding pollen tube growth. 

Knowledge about the various components of these layers and their mode of action 

during pollination is limited. 

Aim of this thesis 

The pollen grain coating of Brassica species has been suggested to be important in the 

various aspects of pollination and pollen germination (described above). Most striking is 

the role of this lipidie layer in the establishment of hydraulic continuity between the dry 

stigma and the desiccated pollen grains, and the inextricable relation between this 

process and the control of sporophytic self-incompatibility. Hydraulic continuity is an 

absolute prerequisite for pollen hydration and germination. The establishment of 

hydraulic continuity by, and the transport of water through the lipidie pollen coat, 

implies special adaptations to enable transport of water in a lipidie environment. It also 

implies the evolution of a system that preserves the water passing capacity of the pollen 

coat under conditions of strong desiccation in the time interval between pollen shedding 

and pollen hydration on the stigma. Both the capacity to conduct water through the 

lipidie coating, and the preservation of this capacity during pollen desiccation, point to 
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the possible involvement of proteins. 

The aim of this thesis was to study what types of proteins are present in the 

lipidie pollen coat of Brassica olerácea (kale), and to reveal their possible functions in 

sexual reproduction, especially in pollination and pollen tube growth. 

The proteins actually present in the pollen coat were used as the starting point 

for the isolation of their corresponding cDNA sequences. A procedure to selectively 

isolate pollen coat proteins (Doughty et al., 1993) was used to isolate these proteins 

from B. olerácea pollen (Chapter 2). An antiserum raised against these proteins was 

used to show the specificity of these proteins for the pollen coat The antiserum was 

further used to screen an anther cDNA expression library. Various types of cDNA 

clones were isolated. These included drought-induced sequences, encoding proteins 

suggested to protect cellular structures during drought stress (Chapter 3) Other cDNA 

clones encoded proteins highly identical to water channel proteins (Chapter 4). A large 

group of cDNA clones encoded a number of pollen coat specific oleosins (Chapter 5). 

Gene expression in stamens was studied for all four types of sequences and turned out 

to be strongly related to water availability in this organ, in which dehydration events 

play such an important role during development 
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Chapter 2 
Proteins of the pollen coat of Brassica olerácea 

René К. Ruiter, Thomas Mettenmeyer, Diny M.C. van Laarhoven, Gerben J. van Eldik, 

James Doughty, Marinus M.A. van Herpen, Jan A.M. Schrauwen, Hugh G. Dickinson 

and George J. Wullems 

In higher plants, proteins in the coat of the pollen grain are assumed to play an 

important role in the interaction between pollen and stigma upon pollination. A 

polyclonal antiserum was raised against a mixture of these proteins. The antiserum 

strongly reacted with proteins extracted from the pollen coat and from whole 

stamens, whereas there was only a faint cross-reactivity to proteins from other 

tissues. Western blot analysis and immunolocalisation on pollen before and after 

rinsing with cyclohexane, a treatment that selectively removes the coat layer, 

showed that the proteins were exclusively located in the pollen coat. The same 

proved to hold for pollen coat proteins from other Brassica species. The availablity 

of an antiserum creates the opportunity to identify coat protein encoding sequences 

in a cDNA library of anthers. 





Pollen coat proteins 

Introduction 

During pollen development, the functional properties of the pollen grains arise by the 

interaction between the developing pollen and the surrounding anther tissues in such a 

way that the pollen becomes competent for pollination and pollen tube growth, and, in 

many species, exhibit self-incompatibility (Heslop-Harrison, 1968; Heslop-Harrison et 

al., 1973; 1974). The nature of this interaction has never been analysed in great detail. 

The research carried out so far at the ultrastructural and biochemical level has been 

restricted to whole anther development (Vasil, 1967), and these investigations have been 

extended to the molecular level (Goldberg et al., 1993; Koltunow et al., 1990; Scott et 

al., 1991). 

Male gametogenesis starts when part of the cells in the undifferentiated 

population of sporophytic, archesporial cells in an anther primordium divide to give rise 

to sporogenous initial cells, and others to parietal initial cells (McCormick, 1993). The 

sporogenous cells further develop through meisosis and microsporogenesis to mature 

pollen grains. Parietal initials give rise to the anther wall tissues surrounding the pollen 

grains, such as the tapetum, the middle layer and the endothecium (Goldberg et al., 

1993). At least from the tetrad stage on, the tapetum plays an essential role in pollen 

development (Knox, 1984). This layer secretes the enzyme callase, which degrades the 

callose layer surrounding the young microspores in the tetrad (Stieglitz, 1977), it 

functions as a feeding layer by secreting nutrients that are taken up by the developing 

pollen (Bhandari, 1984; Pacini et al., 1985), and it provides precursors for the synthesis 

of the exine (Heslop-Harrison, 1962; Vithanage and Knox, 1980). Moreover, by the 

deposition on the exine of its remainings after degeneration (tryphine) (Bhandari, 1984; 

Dickinson and Lewis, 1973a; Heslop-Harrison, 1968; Murgia et al., 1991; Staiger et al., 

1994), it provides the pollen with a coat wich is of essential importance in pollen-stigma 
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interactions (Dickinson, 1993). This coat is assumed to play an important role in all 

aspects of pollination, dispersal, adhesion to the stigma, hydration and recognition of the 

pollen, and early pollen tube growth (Dickinson, 1993; Dickinson and Elleman, 1994; 

Dickinson and Lewis, 1973a; Elleman and Dickinson, 1990; Heslop-Harrison et al., 

1975; Kandasamy et al., 1995; Knox, 1984; Knox et al., 1972; Preuss et al., 1993; Stead 

et al., 1979). The fact that naturally occurring and artificially created irregularities in 

tapetal development often result in male sterility, further emphasises the importance of 

the tapetum in pollen development (Izhar and Frankel, 1971; Mariani et al., 1990; 

Wonall et al., 1992). 

The pollen coat plays an essential role in pollen hydration, especially in species 

with dry stigmas (Dickinson, 1995). After landing on the stigma, the coat of 

Brassicaceae converts to form an appressorium-like structure (Dickinson and Lewis, 

1973b; Elleman and Dickinson, 1986; 1990; Kandasamy et al., 1994), establishing 

hydraulic continuity between the pollen and the stigma (Heslop-Harrison, 1979). As a 

consequence, stigmatic water flows towards the pollen, enabling it to hydrate. The 

involvement of the pollen coat in pollen hydration, and the importance of its proper 

constitution, is seen in conditional male-sterile mutants of Arabidopsis thaliana. The 

pollen of these mutants lack long-chain lipids in the tapetum-derived tryphine and is 

unable to hydrate and germinate on the stigma (Hülskamp et al., 1995; Preuss et al., 

1993). Addition of wild-type pollen coatings restores fertility (Hülskamp et al., 1995; 

Preuss, 1995). In case of sporophytic self-incompatibility or interspecific incompatibility 

of Brassicaceae, the hydraulic continuity between pollen and stigma is not established 

(Dickinson and Elleman, 1994; Dumas and Gaude, 1982; Hülskamp et al., 1995; 

Kandasamy et al., 1995). This, in combination with the sporophytic determination of 

self-incompatibility in these plants, suggests the pollen coat to contain the male S-gene 

product (Dickinson, 1993, 1995; Dickinson and Elleman, 1994). 
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The coat consists of lipids, carbohydrates and proteins (Dickinson, 1993; Evans 

et al., 1992). Proteins seem the most relevant in relation to transport of water from the 

stigma to the pollen. Moreover, as incompatibility is specified by one single locus with 

many alleles, proteins may be assumed to mediate this aspect of pollen-stigma 

interaction. Isolation of pollen coat proteins would be the crucial step in the production 

of an antiserum against these proteins. If sucessful, these antibodies could be used to 

identify and isolate DNA sequences coding for coat proteins from an anther cDNA 

expression library. Analysis of these coding sequences would constitute a primary 

characterisation of the proteins. Moreover, the antiserum can be used to study the exact 

localisation of these proteins on the pollen surface. 

Brassica olerácea pollen is suited to isolate and study the proteins in the pollen 

coat. The grains have a well-developed coating layer. This layer establishes hydraulic 

continuity by its convertion into an appressorium-like structure when a grain lands on 

the dry stigma. A method for selective extraction of the coat proteins has been 

published for this species (Doughty et al., 1993). 

Pollen coat material was rinsed from the exine with cyclohexane that frees the 

proteins by solubilising the lipidie substances in which they are trapped. Proteins were 

separated from the lipids and used to raise a polyclonal antiserum. Western blot analysis 

and immunolocalisation showed that the extraction procedure results in the isolation of a 

distinct set of proteins, localised in the pollen coat. 

35 



Chapter 2 

Results 

Isolation of pollen coat proteins 

The coat of the Brassica olerácea pollen was found to be present on top of the exine, 

and in almost all exine cavities (Figure 1A, C, E). The lipophilic coat (Dickinson, 1993; 

Evans et al., 1992) was removed with cyclohexane (Doughty et al., 1993). Rinsing as 

shortly as 10 seconds resulted in the removal of almost all coating material (Figure IB, 

D, F). After rinsing, the exine structures were clearly visible (Figure IB, D). 

Three μg of pollen coat protein was isolated per mg pollen by sonication after 

evaporation of the cyclohexane. Protein gel analysis revealed the presence of 12 to 15 

proteins with molecular masses between 25 and 47 kDa, and some proteins of about 18 

kDa (Figure 2A). Proteins with molecular masses of 30, 35, 39 and 42 kDa were the 

most abundant. 

Figure 1. Electron micrographs of untreated Brassica olerácea pollen and cyclohexane-nnsed pollen. 

A, scanning electron micrograph of a dehydrated B. olerácea pollen grain (2000X) B, same as A, but of 

pollen nnsed with cyclohexane. С and D, same as A and В respectively, at higher magnification (6000x), 

exine structures are clearly visible after removing the pollen coating with cyclohexane E and F, 

transmission electron micrograph of ultrathin sections of an untreated pollen grain and a grain rinsed with 

cyclohexane respectively (350OOx), c, cytoplasm, ι', intine, e, exine, pc, pollen coal. 
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Western blot analysis 

The mixture of pollen coat proteins was used for immunisation, and the resulting 

polyclonal antiserum was used for western blot analysis. The pollen coat protein extract 

may be expected to contain several glycoproteins (Doughty et al., 1993). Therefore, 

prior to incubation with the antiserum, glycan groups on the blot were blocked 

(Woodward et al., 1985) to prevent aspecific cross-reactivity. In a 1:1000 dilution, the 

antiserum reacted to all pollen coat proteins visible on Coomassie stained gels (Figure 

2B). Pre-immune serum did not react to any protein on the blots (data not shown). The 

specificity of the antiserum for proteins deposited in the pollen coat was determined by 

comparing the antigenecity of proteins from the pollen coat with that of proteins from 

whole stamens, carpels, sepals, petals, and leaves. Proteins from the pollen coat and 

from complete stamens reacted vigorously, whereas only slight cross-reaction with 

Figure 2. Western blots of Brassica pollen coat proteins. 

A, Polyacrylamide gel electrophoresis of B. olerácea pollen coat proteins. Ten μg of pollen coat proteins 

were separated on a 10% SDS Polyacrylamide gel and stained with Coomassie Brilliant Blue. Molecular 

weight markers (kDa) are shown at the left. B, western blot of B. olerácea proteins from the pollen coat 

(2 pg), stamens (10 Mg), carpels (10 Mg), sepals (10 Mg), petals (10 Mg) and leaves (10 Mg). Proteins were 

separated on a 10% SDS Polyacrylamide gel and the blot was probed with a 1:1000 dilution of antiserum. 

C, western blot of B. olerácea proteins (50 Mg) isolated from untreated pollen and pollen nnsed with 

cyclohexane. Proteins were separated on a 10% SDS Polyacrylamide gel and the blot was probed with a 

1:1000 dilution of antiserum. Molecular weights (kDa) are shown at the left. D, Coomassie stained 12% 

Polyacrylamide gel of 10 Mg of pollen coat proteins isolated from B. olerácea, В. albogtabra, and B. 

napus. Molecular weights (kDa) are shown at the left. E, western blot of gel shown in D, probed with a 

1:1000 dilution of antiserum. 
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proteins from other tissues was observed (Figure 2B). The major bands on the coat 

protein blot were also observed on blots with proteins from mature pollen (Figure 2C). 

Extracts from pollen that had been rinsed with cyclohexane, did not contain any reacting 

protein (Figure 2C). Rinsing mature B. olerácea pollen grains with cyclohexane 

removes the lipidie coat, including a specific set of proteins not present at any other site 

in the plant. 

The method for the isolation of pollen coat proteins from B. olerácea also 

worked well for Brassica alboglabra and Brassica napus. The antiserum detected pollen 

coat proteins from both species (Figure 2E), which indicates that similar proteins are 

present in coats of various Brassica species. These proteins were also comparable in 

molecular weight. 

Immunolocalisation of Brassica olerácea pollen coat proteins 

To determine whether proteins detected by the antiserum are exclusively located in the 

pollen coat, ultrathin sections of cyclohexane-washed and unwashed pollen were 

incubated with the antiserum (Figure 3). In untreated pollen, abundant colloidal gold 

labelling was observed in the pollen coat (Figure ЗА), whereas the structures of the 

exine wall were not labelled. Within the pollen cytoplasm, gold particles were only 

detected at background levels. Cyclohexane-rinsed pollen grains were not labelled at all 

(Figure 3B). Incubation of untreated pollen with pre-immune serum did not lead to any 

labelling (Figure 3C). The combined data confirm the exclusive location of the antigenic 

proteins at the outside of the pollen grains. 
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Figure 3. Immunolocalisation of 

Brassica olerácea pollen coat 

proteins. 

A, transmission electron micrograph 

of an ultrathin section of an 

untreated pollen grain probed with 

antiserum (35000x); abundant 

colloidal gold labelling was 

observed in the pollen coat. 

B, same as A, but of pollen rinsed 

with cyclohexane (35000x); 

labelling is restricted to traces of 

pollen coat material left in the exine 

(arrowhead). 

C, transmission electron micrograph 

of an ultrathin section of an 

untreated pollen grain probed with 

pre-immune serum (35000x). c, 

cytoplasm; ι, intine; e, exine; pc, 

pollen coat. 
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Discussion 

A polyclonal antiserum raised against Brassica olerácea pollen coat proteins reacted to 

a group of 12-15 proteins. These proteins are not immunodetectable in any tissue except 

stamen and pollen. The antigenic proteins are exclusively located at the pollen surface. 

The pollen coat proteins were set free by a short treatment with cyclohexane that 

removes the lipidie coating material from the exine. This indicates that the proteins are 

embedded in the matrix of lipophilic material that surrounds the pollen grain. Their 

exclusive presence in this layer was confirmed by immunolocalisation on ultrathin 

sections. 

Pollen coat preparations from different Brassica species have similar protein 

profiles. The small number of these proteins and their well-defined molecular weights 

make it unlikely that they are protein breakdown intermediates deposited after tapetum 

degeneration. The inclusion of these proteins in the coat points to an important function 

in pollen physiology. 

Proteins entrapped in the pollen coat may play a role in any of the assumed 

functions of the coat in pollination (Dickinson, 1995; Hülskamp et al., 1995; Preuss et 

al., 1993). Such a role in pollination is suggested by the observation that the pollen coat 

proteins are not constituents of other parts of the flower or any vegetative organ. A 

serious possibility is a function in pollen hydration. At shedding, pollen grains are 

strongly dehydrated. After landing on the stigma, water necessarily flows through the 

lipophilic environment of the coat into the pollen grains. During the phase of strong 

dehydration, coat proteins might well be involved in establishing and maintaining 

hydrophilic connections that facilitate water transport from the stigma papillae to the 

pollen cytoplasm after landing. 
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In Brassicaceae, hydraulic continuity between the pollen and the stigma only 

occurs in compatible interactions (Dickinson and Elleman, 1994; Dickinson and Lewis, 

1973b; Dumas and Gaude, 1982; Elleman and Dickinson, 1986; 1990; Kandasamy et al., 

1994). The sporophytic nature of incompatibility in these plants implies that the 

phenotype of the pollen grain in this respect is determined by the gene products from 

the parent plant, rather than those from the haploid grain. Dabbing the stigma with coat 

material, which is of sporophytic origin (Dickinson and Lewis, 1973a; Heslop-Harrison 

et al., 1975; Knox et al., 1972), from compatible pollen caused incompatible pollen to 

germinate and to grow into the style (Dickinson and Elleman, 1994). So, the pollen S-

allele product might well be among the pollen coat proteins. 

The availability of an antiserum that detects proteins present at the pollen surface 

made it possible to isolate DNA sequences coding for coat proteins from an anther 

cDNA expression library. Results of this successful approach will be published 

elsewhere. The pollen coat contains several proteins, some of which are present in 

substantial quantities. These proteins may be expected to be involved in pollen 

hydration, stabilisation of the coat during dehydration and rehydration, or self-

incompatibility. 

Materials and Methods 

Plant material 

Rapid cycling Brassica olerácea plants (obtained from Nickerson Zwaan, Tuitjehom, The Netherlands) 

were grown in a controlled environment at a constant temperature of 20°C, 65% relative humidity and 16 

hours light. 
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Protein isolation 

Proteins in the pollen coat were isolated according to the method of Doughty et al (1993) with slight 

modifications Seventy-five mg pollen was nnsed for 10 seconds with 400 μΐ cyclohexane and the 

suspension was sieved through a glass-fiber filter by centnfuging for 45 seconds at 10,000 g After 

evaporation of the cyclohexane, 100 μΐ of PBS pH 7 6 (150 mM NaCl, 10 mM NaHjPO,) was added to 

the lipidie material Proteins were solubiliscd mechanically by somcation for 10 seconds (MSE Soniprep 

150) Lipids were removed by repeated centnfugation for 20 minutes at 10,000 g The protein-containing 

solution was stored at -20°C 

Proteins from other plant material than the exine were extracted after grinding of the tissue in 

liquid nitrogen The powder was resuspended in one volume of PBS pH 7 6, and sonicated on ice After 

centnfugation (20 minutes, 10,000 g), the clear supernatant containing the soluble proteins was stored at -

20°C. 

Protein concentrations were determined by a Bio-Rad micro-assay according to manufacturer's 

instruction, with bovine serum albumin as a standard 

Preparation of the rabbit polyclonal antiserum 

Polyclonal antisera were raised m rabbits against the extract of pollen coat proteins Three rabbits were 

immunised with 100 ul of a 1 pg/pl solution of heat-denatured (5 minutes, 100°C) proteins, mixed with an 

equal volume of complete Freund's adjuvant After 14 and 28 days, the rabbits were injected with the 

same amount of protein, mixed with an equal volume of half-strength Freund's adjuvant One week after 

the last boost, the rabbits were bled and serum was isolated (Harlow and Lane, 1988) 

Western blot analysis 

Proteins were denatured by boiling in SDS sample buffer (12 5 mM Tns-HCl pH 6 8, 2% lv/v] glycerol, 

0 4% [w/v] SDS , 1 % [v/v] B-mercaptoethanol, 0 02 mg/ml bromophenol blue) for 3 minutes prior to 

running The proteins were separated on 10 or 12% SDS Polyacrylamide gels made up in running buffer 

(0 1% [w/v] SDS, 0 192 M glycine, 25 mM Tns-HCl pH 8 8) for 45 minutes at 200 V using the Bio-Rad 
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Mini Protean II system The gels were stained in an aqueous solution containing 0 2% [w/v] Coomassie 

Brilliant Blue, 10% [v/v] methanol and 10% [v/v] acetic acid, and destained in 10% [v/v] acetic acid 

Separated proteins were transferred to nitrocellulose filters (BA-S85, Schleicher and Schuell) at 

100 V for one hour in transfer buffer (25 mM Tns-HCl pH 8 8, 0 192 M glycine, 20% [v/v] methanol) 

using the Bio-Rad Mini Protean Trans Blot Cell 

When the specificity of the pollen coat protein antiserum was tested, carbohydrate epitopes were 

blocked before immunodetection (Woodward et al , 1985) After this, filters were blocked for 1 hour in 

TBST 150 (20 mM Tns-HCl pH 7 5, 150 mM NaCl, 0 05% [v/v] Tween-20) containing 3% [w/v] bovine 

serum albumin and 1% [v/v] goat serum prior to an overnight incubation with a 1 1000 dilution of the 

antiserum in the same mixture The filters were then washed 4 times in TBST 150 containing 1% [w/v] 

bovine serum albumin, and incubated for one hour in a 1 7500 dilution of goat-anti-rabbit antibodies 

conjugated with alkaline phosphatase (Promega) in TBST 150 containing 3% [w/v] bovine serum albumin 

After incubation, the filters were washed 4 times in TBST 150 containing 3% [w/v] bovine serum 

albumin and stained in AP-buffer (100 mM Tns-HCl pH 9 5, 100 mM NaCl, 5 mM MgCl2) containing 

0 33 mg/ml NBT and 0 165 mg/ml BCIP at room temperature in the dark until sufficient colouring 

Scanning and transmission electron microscopy 

For scanning electron microscopy, grains were covered by a coating of gold, and studied with the use of 

the JSM-T300 Scanning Microspcope (JEOL LTD , Japan) 

For transmission electron microscopy, pollen grains were fixed for 4 hours in PBS pH 7 4, 

containing 4% formaldehyde and 0 25% glutaraldehyde, and dehydrated in a graded senes (30, 50 and 

70%, 15-30 minutes each) of ethanol The grains were left overnight in 70% ethanol at 4°C Next day, the 

grains were incubated in a fresh solution of 70% ethanol for 15-30 minutes, followed by a dehydration 

senes using 80, 90, 96, and two times 100% ethanol, 15-30 minutes each, with gently shaking at room 

temperature The grains were infiltrated with L R White resin (The London Resin Co L td ) for 2 hours 

m a l l mixture with 100% ethanol, pnor to an overnight incubation in a 1 2 mixture of both components 

Incubation in 100% L R White took place for 2 days The L R White resin was polymensed at 50°C for 

another 2 days 
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Ultrathin sections were cut with a glass knife, collected on formvar-coated grids, and blocked for 

1 hour in blocking buffer (PBS pH 7 4 containing 0 5% BSA and 1% Tween-20), prior lo a 1-hour 

incubation with 1 500 diluted antiserum in blocking buffer Non-reacting antibodies were removed by 

washing 4 times for 10 minutes with blocking buffer, before sections were incubated for 1 hour at room 

temperature in a 1 100 dilution of goat-anti-rabbit antibodies conjugated with colloidal gold (EM GAR 

IgG 10 nm gold, British Biocell International) m blocking buffer After washing 2 times for 10 minutes in 

stenle water, sections were stained for 20 minutes in 2% uranylacetate in stenle water, washed 2 times 10 

minutes with stenle water, and dried Sections were studied with a Philips EM 201 transmission electron 

microscope 
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Chapter 3 
Expression patterns in anthers of two Brassica olerácea 

genes encoding water stress-inducible proteins 

René К. Ruiter, Diny M.C. van Laarhoven, Harold Meyer, Gerben J. van Eldik, Marinus 

M.A. van Herpen, Jan A.M. Schrauwen and George J. Wullems 

cDNA clones were isolated using an antiserum raised against proteins isolated from 

the surface of Brassica olerácea pollen grains. Sequence analysis of two of these 

clones, bopclS and bopc34, revealed sequence similarity with water stress-inducible 

genes. BopclS transcript was present in pollen, but the mRNA of bopc34 was only 

found in other tissues. The expression of the corresponding genes preceded the 

dehydration of the pollen prior to maturation. In anthers, the levels of both 

transcripts increased upon premature dehydration induced by imposed drought 

stress at an extent dependent on developmental stage and duration of treatment 

The inducible part of the expression of both genes was reversible by rehydration. 

The combined results show that drought-inducible genes encode proteins located at 

the surface of the pollen grains and suggest that these proteins might function in 

the cycle of dehydration and rehydration of pollen. 





Water stress-inducible proteins 

Introduction 

Mature pollen grains are the end products of microsporogenesis, a process starting from 

young microspores after their release from the tetrads and ending with tricellular pollen 

at maturity (for review, Dumas et al., 1994). The grains strongly dehydrate prior to 

anther dehiscence and contain only 18-20% water at maturity (Dumas et al., 1983). 

Pollen dehydration may be envisaged as a mechanism to survive water stress, which 

endangers viability during the period of pollen transfer (Kerhoas and Dumas, 1986). 

Moreover, loss of weight by dehydration makes pollen suitable for transport by insects 

(Dumas et al., 1994). Also the pollen coat, the remnants of the tapetum deposited into 

the exine cavities, is dehydrated at pollen shedding (Dickinson and Elleman, 1994; 

Elleman and Dickinson, 1990). Furthermore, during pollen development, water 

displacement and subsequent local dehydration take place within the anther wall 

(Bonner and Dickinson, 1989; 1990; Erickson, 1948; Keijzer, 1983; 1987; Zhang, 1983), 

all processes that are related to anther dehiscence. As dehydration is part of anther and 

pollen development, at least partially occurring independently of ambient humidity 

(Bonner and Dickinson, 1989; 1990), the process is an example of programmed 

dehydration. An analogous programmed dehydration occurs at the end of seed 

development. 

Dehydration to a much more variable extent occurs during water stress, an 

environmental condition to which plants may react by changes in cellular metabolism 

(Skriver and Mundy, 1990). These include the accumulation of proteins rapidly induced 

upon water stress. The proteins may protect cellular structures such as membranes 

(Dure, 1993; Van Herpen et al., 1989), or may play a role in osmotic adjustment. The 

latter proteins may act as ion or water channels (Chrispeels and Maurel, 1994), or as 

enzymes in the synthesis of osmoprotectants such as proline (Ostrem et al., 1987) and 
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glycine betaine (Grumet and Hanson, 1986). Several genes coding for water stress-

induced proteins have already been cloned and they often show higher expression levels 

upon imposed water stress. In addition, many of these genes are expressed during seed 

maturation, specifically during the phase of desiccation (Skriver and Mundy, 1990). The 

encoded proteins are called LEA (late embryogenesis-abundant) proteins. Most, but not 

all, water stress-inducible genes, as well as LEA protein encoding genes are expressed 

upon treatment with ABA, but only part of them absolutely require ABA for expression 

(Bray, 1993; Gosti et al., 1995; Leonardi et al., 1995; Van Zee et al., 1995). 

We propose that proteins similar to those accumulated during seed desiccation or 

water stress also accumulate during programmed pollen dehydration. Expression of the 

corresponding genes might be induced by dehydration. In that case, the mRNA levels 

would rise concomitantly with or somewhat later than the onset of water loss. 

Alternatively, induction of water stress-related genes could be part of the preparation of 

the cells for the developmentally programmed water stress. If so, gene expression would 

precede dehydration. These proteins may be accumulated in the cytoplasm or at the 

outside of the grain. To test these possibilities, we developed a method to isolate cDNA 

clones encoding proteins present at the surface of Brassica olerácea pollen grains 

(Chapter 2). By this method we isolated two cDNA clones which encode hydrophilic 

proteins, that were homologous to proteins known to accumulate during seed desiccation 

and to be inducible by water stress. Expression of the corresponding genes in the 

anthers preceded pollen dehydration and was enhanced by imposed water stress. A role 

for the encoded proteins in the protection of the pollen during the phase of strong 

dehydration is proposed. 
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Results 

BopclS and bopc34 encode proteins homologous to water stress induced proteins 

In chapter 2 we described the isolation of B. olerácea pollen coat proteins, and the 

generation of an antiserum specific for these proteins. The antiserum was used to screen 

an anther cDNA expression library, as a method to isolate sequences coding for proteins 

localised in the pollen coat of B. olerácea. Two of the isolated cDNA clones were 

bopclS and bopc34 {Brassica olerácea pollen coat). Sequence analysis revealed 

homology with water stress-induced genes. 

BopclS has an insert of 526 bp (Figure 1A). The sequence contains three 

translational start sites in frame with each other, the first of which is surrounded by the 

described consensus sequence (Joshi, 1987b; Liitcke et al., 1987). BopclS has a long 3' 

untranslated region of 296 bp, with two polyadenylation signals (Joshi, 1987a) at 19 and 

63 nucleotides upstream from the poly(A) site. The deduced ВОРС 15 protein is 67 

amino acids long (Figure 1A) and has a calculated molecular mass of 7 kDa. The 

BOPC15 polypeptide shares 51%, 41% and 44% amino acid identity with the Brassica 

napus KIN1 protein (unpublished) and the deduced protein sequences of two tightly 

linked, nearly-identical cold-induced genes of Arabidopsis thaliana, KIN1 and 

KIN2/COR6.6 respectively (Figure IB) (Gilmour et al., 1992; Hajela et al., 1990; 

Kurkela and Borg-Franck, 1992; Kurkela and Franck, 1990; Wang et al., 1994). All four 

proteins are hydrophilic and rich in alanine and lysine. The genes homologous to 

bopclS are expressed in seedlings upon cold, drought and treatment with ABA, 

The insert of bopc34 is 882 bp long (Figure 2). The bopc34 sequence contains a 

translational start site at position 68. There was no consensus polyadenylation signal 
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1 aacaattattcaaagagaagataagagaatgtctaacaatagtcagagcatgagcttcaa 60 

1 M S N N S Q S M S F N 11 

61 cgctggccaagctaaaggccaaacccaggaaaaagcaagcaacctgatggacaaggcctc 120 

12 A G Q A K G Q T Q E K A S N L M D K A S 31 

121 aaatgctgctcaatctgctaaggaatctctccaagagggtggacagcagctgaagcagaa 180 

32 N A A Q S A K E S L Q E G G Q Q L K Q K 51 

181 ggcacagggtgcgagtgaggccattaaggaaaagaccgggctgaacaaatgagaagcacg 240 

5 2 A Q G A S E A I K E K T G L N K 67 

241 ttccgaataacaatttatgttttattttactctcataataataataataataataattag 300 
301 atagagttgactatctaaagctaagatcaaagccatttaggcattttgttttgctttgct 360 
361 aagtttattcaatatctacccaagagttgttgactcttgtctcttgattattttgtagct 420 
421 ttgcagttattttaatatgtaataaacgtatgaaatacatgaaactatgtccttattttt 480 
481 atttaataaacaaggattqtgtgaaaaaaaaaaaaaaaaaaaaaaa 526 

В 

ВО BOPC15 MSNNSQSMSF NAGQAKGQTQ EKASNLMDKA SNAAQSAKES LQEGGQQLKQ 
BN KIN1 MADNKQSF QAGQASGRAE EKGNVLMDKV KDAATAAGAS AQTAGQKITE 
AT COR66 MSETNKNAF QAGQAAGKAE EKSNVLLDKA KDAAAAAGAS AQQAGKSISD 
AT KIN1 .MSETNKNAF QAGQTAGKAE EKSNVLLDKA KDAAAGAGAG AQQAGKSVSD 
Consensus * -*** — * ** *_**_ — * * — * _*__* 

ВО BOPC15 KAQGASEAIK EKTGLNK 67 
BN KIN1 AAGGAVNLVK EKTGMNK 65 
AT COR66 AAVGGVNFVK DKTGLNK 66 
AT KIN1 AAAGGVNFVK DKTGLNK 66 
Consensus -*-* * _***_** 

Figure 1. Sequence analysis of Brassica olerácea bopclS (accession number X92955) A, Nucleotide and 

deduced amino acid sequence Two possible polyadenylation signals at 19 and 63 nucleotides upstream of 

the poly(A) tail are underlined B, Amino acid sequence comparison of the deduced Brassica olerácea 

(BO) BOPC15 sequence and three sequences from other Brassicaceae, Brassica napus (BN) KIN1 

(accession number M81224, unpublished), Arabidopsis thaliana (AT) KIN1 (accession number PI 8612, 

Kurkela and Franck, 1990), and A thaliana (AT) COR66 (accession number X55051, Gilmour et al , 

1992) In the consensus line, asterisks indicate residues conserved in all four sequences The lengths of 

the sequences are indicated at the end 
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1 cttaagtatactttgatcgtttcgtattctctcatcgacagagcaaatcaaactcttttt 60 
61 aataaccatggcagaagaaaccaagaacgttcacgagcatgaggcacctaaggtagccac 120 
1 M A E E T K N V H E H E A P K V A T 1Θ 

121 cgaggaatcatcaacggccaccggcgaggttacagaccgtggactgttcgatttcttggg 180 

19 E E S S T A T G E V T D R G L F D F L G 38 

181 gaagaagaaagatgaaacgaaaccagaagagaccatcgactctgagttcgagcaaaaggt 240 

39 К К К D E T K P E E T I D S E F E Q K V 58 

241 tcacatctcagagccggtgcctgaggttaaacacgaggaagaaaaagaagagaagaagca 300 

59 H I S E P V P E V K H E E E K E E K K H 78 

301 tagteteetcgagaagcttcaccgcagcgacagctcttctagctcctcaagcgaggaaga 360 

79 S L L E K L H R S D S S S S S S S E E E 98 

361 gggtgaagatggtgtgaagaggaagaagaagaaggacaagaagaaggtaactgctactga 420 

99 G E D G V K R K K K K D K K K V T A T E 118 

421 aggagaggtgaagacagaggaggagaagaaagggtttatggataagctgaaggagaagct 480 

119 G E V K T E E E K K G F M D К L Κ E К L 138 

481 tccaggacacgggaagaagcctgaagagaagcctgaagacgcttcacccgcaccggttgt 540 

139 Ρ G H G K K P E E K P E D A S P A P V V 158 

541 tgctcctccggtggaggaagcgcatccggcggagaagaaggggatcttggagaagattaa 600 

159 A P P V E E A H P A E K K G I L E K I K 178 

601 ggagaagcttccagggtaccattccaagaccgtagaggaggagaagaaggataaggatga 660 

179 E К L Ρ G Y H S K T V E E E K K D K D D 198 

661 tcattaagatatgaatgatgatgatgatgtgttcttttgtgttgaatgatatgatcatct 720 

199 H 199 

721 tttgcttttgtgttgttgaagtttgttggcttttttaatttctttgttgtgtttcttttg 780 
781 ttatgtttgtatatggttttcaaggtgttttaatggtatgattatttgatttaaaaaaaa 840 
841 aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa 882 

Figure 2. Sequence analysis of Brassica olerácea bopc34 (accession number X94979) Nucleotide and 

deduced amino acid sequence Amino acid stretches characteristic for dehydnns, ι e the senne-nch 

domain (amino acids 87-95), two lysine-nch domains (amino acids 133-140 and 176-183), as well as the 

acid domain characteristic for this group of dehydnns (amino acids 30-42), are underlined 
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ВО ВОРС34 
AT ERD14 
AT ERDIO 
AT COR47 
PS B61 
LC LC-3015 
ST CI7 
Consensus 

MAEETKN.VH 
MAEEIKN.VP 
MAEEYKNTVP 
MAEEYKNNVP 
MAEENQNKYE 
MADQY 
MADQY 

EHEAPKVATE 
EQEVPKVATE 
EQETPKVATE 
EHETPTVATE 
E TT 
. . EQKKASVE 
. . EQNKPSVE 

ESSTATGEVT 
ESS...AEVT 
ESSA..PEIK 
ESPATTTEVT 
SATNSETEIK 
ETVGTNVEST 
ETVGANVEAS 

DRGLFDFLGK 
DRGLFDFLGK 
ERGMFDFLKK 
DRGLFDFLGK 
DRGVFDFLGG 
DRGLFDFIGK 
DRGVFDFIVS 

KKDET..KPE 
KKDET..KPE 
KEEV...KPQ 
KEEEV..KPQ 
KKKDEEHKPA 
KEEEKPNHAH 
KREEKPSHAH 

BO BOPC34 E.T.IDSEFE QKVHISEPVP EV.KHE EEKEEKK 
AT ERD14 E.TPIASEFE QKVHISEPEP EV.KHE 
AT ERDIO ETTTLASEFE HKTQISEPES FVAKHEE.ЕЕ HKPTLLEQLH QKHEEEEENK 
AT COR47 ETTTLESEFD HKAQISEPE. LAAEHEEVKE NKITLLEELQ EKTEEDEENK 
PS B61 QDEAIAHEFG HKVTLYEAPS ETKVEE EGEKKH 
LC LC-3015 EEEAISSELS EKVNVSE EVEHKE. 
ST CI7 EEEAISSEFC EKVKVSE EEEHKEE 
Consensus * — -* * 

ВО ВОРС34 
AT ERD14 
AT ERDIO 
AT COR47 
PS B61 
LC LC-3015 
ST CI7 
Consensus 

HSLLEKLHRS 
.SLLEKLHRS 
PSLLDKLHRS 
PSVIEKLHRS 
TSLLEKLHRS 
. . EEKKLHRS 
KKEEKKLHRS 

DSSSSSSSEE E...GEDGVK RKKKKDKK 
DSSSSSSSEE E...GSDGEK RKKKKEKK 
NSSSSSSSDE E...GEDGEK KKKEKKKKIV EGDHVKTVEE 
NSSSSSSSDE E...GEE.. . .KKEKKKKIV EG ЕЕ 
DSSSSSSSEE E...GEDGEK RKKKKEKK 
NSSSSSSSDE EEEIGEDGQK IKKKKKKGLK DKIKEKISGD 
SSSSSSSSDE EEEIGEDGQI TKKKKKKGLK EKIKEKISGD 
_*******_* * * _**_*_* 

ВО BOPC34 
AT ERD14 
AT ERDIO 
AT COR47 
PS B61 
LC LC-3015 
ST CI7 
Consensus 

KV TATEGEVKT EEEKK 
KP T.TEVEVK EEEKK 

ENQGVMDRIK EKFPLG. EKP GGDDVPWTT MPAP. . HSVE DHKPEEEEKK 
DKKGLVEKIK EKLPGHHDKT AEDDVPVSTT IPVPVSESW EHDHPEEEKK 

KK EDTSVPVEKV E W EGTTGTEEEK 
HKEES KA EDTSVPVEKY EETEEKK 
HKEEV. . KT EDTSVPVEKY EETEEKK 

BO BOPC34 GFMDKLKEKL PG.HGKKPEE KPEDASPAPV VAPPVEE AHPAEK 
AT ERD14 GFMEKLKEKL PG.H.KKPED GSAVAAAPW VPPPVEE AHPVEK 
AT ERDIO GFMDKIKEKL PG.HSKKPED SQWNTTPLV ETATPIA DIPEEK 
AT COR47 GLVEKIKEKL PGHHDEKAED SPAVTSTPLV VTEHPVEPTT ELPVEHPEEK 
PS B 6 1 GFLDKIKEKL PGGHKKTEE. . . .VTTPPPV VAAHVPTETT ATTTIHEGEK 
LC L C - 3 0 1 5 GFLDKIKEKL PGGGHKKTEE VAAPPPPPPA AVEHEAE GKEK 
ST C I 7 GFLEKIKEKL PGGGHKKTEE VAAPPPPPPA AVEHEAE GKEK 

Consensus * *_**** ** *_ ** 

ВО BOPC34 KGILEKIKEK LPGYHSK.TV EEEKKDKDDH 199 
AT ERD14 KGILEKIKEK LPGYHPKTTV EEEKKDKE 185 
AT ERDIO KGFMDKIKEK LPGYHAKTTG EEEKKEKVSD 2 60 
AT COR47 KGILEKIKEK LPGYHAKTTE EEVKKEKESD D. . . . 266 
PS B61 KGILEKIKEK LPGYHAKTAT DGEDKDHHKD ETTSH 217 
LC LC-3015 KGFLDKIKEK LPGYHSKA. . . EEEKEKEKA 206 
ST CI7 KGFLDKIKEK LPGYHSKT. . .EEEKEKEKD 209 
Consensus ** ***** *****_* * 
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sequence (Joshi, 1987a). Bopc34 encodes a hydrophilic protein of 199 amino acids 

(Figure 2) with a calculated molecular weight of 22.4 kDa and pi 5.3, which is neh in 

glutamic acid (21%) and lysine (19%). Database searches revealed amino acid sequence 

identity with a group of proteins called dehydrins (Figure 3) (Chen et al., 1993; Gilmour 

et al., 1992; Kiyosue et al., 1994; Robertson and Chandler, 1994; Van Berkel et al., 

1994; Wehn et al., 1995). Like most dehydrins, BOPC34 contains a serine stretch 

(ammo acids 87-95) and two characteristic lysine-nch amino acid repeats (amino acids 

133-140 and 176-183). Moreover, BOPC34 belongs to a specific group of dehydrins that 

has an acidic N-terminal domain (Wehn et al., 1995) (amino acids 30-42). Among 

known dehydrins are proteins differing in length from 117 up to 575 amino acids, 

harbouring 1 to 11 lysine-nch blocks. Dehydrins are induced upon dehydration stress, 

whether this is caused by water stress, cold, high salt conditions, or seed desiccation 

(Close et al., 1993; Gilmour et al., 1992). 

Figure 3. Sequence analysis of Brassica olerácea bopc34 (accession number X94979) Amino acid 

sequence comparison of the deduced Brassica olerácea (ВО) BOPC34 sequence and dehydnn sequences 

from Arabidopsis thaliana (AT), ERD14 (accession number P42759, Kiyosue et al, 1994), ERDIO 

(accesion number P42763, Kiyosue el al, 1994) and COR47 (accession number P31168, Gilmour et al, 

1992), Pisum sativum (PS) B61 (accession number Z14145, Robertson and Chandler, 1994), Lycopersicon 

chilense (LC) LC-3015 (accession number M97211, Chen et al, 1993) and Solanum tuberosum (ST) CI7 

(accession number S70185, Van Berkel et al, 1994) Gaps added for alignment are denoted by periods ( ) 

The consensus line shows asterisks where residues are conserved in all four sequences The lengths of the 

sequences are indicated at the end Amino acid stretches characteristic for dehydrins as described in the 

text are shaded 
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Spatial expression of bopclS and bopc34 

The expression of the genes corresponding to bopcl5 and bopc34 in various tissues was 

analysed by probing RNA with both cDNA clones (Figure 4A). BopclS hybridised to a 

transcript in stamens and pollen of approximately 600 nt, comparable to the insert 

length of the clone (Figure 4A). The 3' untranslated region of bopclS detected the same 

600 nt transcript in the same tissues, which is additional evidence that the cDNA clone 

represents a stamen-specific gene (Figure 4C). The transcript was also present in RNA 

isolated from bicellular pollen and stamens at the same developmental stage (Figure 

4B). A second, more ubiquitous, transcript of 1050 nt hybridised to the complete clone, 

but not the 3' untranslated region. This mRNA thus is a transcript of a different gene. 

Bopc34 hybridised to a transcript of about 900 nt present in all tissues tested, 

except mature pollen and seeds (Figure 4A). The length of this transcript is 

approximately that of the insert of bopc34. In leaves, a signal was only observed after a 

very long exposure time (data not shown). Transcripts accumulated to much higher 

levels in sepals, petals, stamens and roots than in carpels. No transcript was present in 

RNA extracted from bicellular grains, indicating that the mRNA hybridising to bopc34 

probably originated from the anther wall. The 3' untranslated region of bopc34 used as 

probe gave similar expression patterns in the same tissues as did the entire bopc34 

probe (data not shown). Just as in case of bopclS, the complete probe reacted to a 

second transcript (1500 nt), which was not detected by the 3' untranslated region and 

thus is not a transcript of bopc34. 
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/////S f f 
1050— 
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bopc15 

^^^" ^ИИР ^^» Я р ЩЩ/ß 

1 5 0 0 -

9 0 0 -

Figure 4. Spatial expression patterns of bopcl5 and bopc34. A, Northern blot analysis of 10 μg total RNA 

isolated from several Brassica olerácea tissues as shown at the top, hybridised with full-length cDNA 

clones as probe. B, Northern blot analysis of 10 μg total RNA isolated from bicellular pollen grains and 

stamen at the bicellular pollen stage, hybridised with full-length cDNA clones as probe. C, Northern blot 

analysis of the same blots as shown in panel B, hybridised with the 3' untranslated region of both cDNA 

clones. The upper part of all three panels shows the results of hybridisation with bopclS, and the bottom 

part the results of hybridisation with bopc34. Lengths of detected transcripts (in nucleotides) are shown at 

the left. 

Genome organisation 

Southern blot analysis was used to determine whether the genome contains more 

sequences homologous to bopcl5 and bopc34. Both the whole inserts of the cDNA 

clones and their 3' untranslated regions were used as probes (Figure 5). Southern blot 

analysis with the whole sequence of bopclS detected 3 hybridising bands. However, the 

3' untranslated region showed one hybridisation signal (Figure 5A), indicating that the 
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latter can be used as a sequence-specific probe. The whole insert of bopc34 detected a 

strongly hybridising band (Figure 5B), and, in addition, some weaker bands. The 3' 

untranslated region of bopc34 can also be used as sequence-specific probe, as 

hybridisation resulted in the detection of only the strong band (data not shown). 
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bopc15 _ bopc34 

bopc15 

Figure 5. Southern blot analysis of Brassica olerácea genomic DNA. A, Southern blot analysis using the 

full-length bopcIS cDNA clone as probe (bopcl5) or the 3' untranslated region of this cDNA clone (3' 

UTR bopcIS). B, Southern blot analysis using the full-length bopc34 cDNA clone as probe (bopc34). 

Restriction enzymes used for digestions are shown at the top. A DNA molecular weight marker (in kb) is 

shown at the left of both panels. 
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Analysis of anther dehydration in Brassica olerácea 

Programmed dehydration is essential during anther development (Bonner and Dickinson, 

1989; 1990; Keijzer, 1983; 1987). Brassica pollen strongly dehydrates, and finally 

contains only 18-20% water at pollen shedding (Dumas et al., 1983). To determine the 

time course of the loss of water from Brassica olerácea anthers, fresh and dry weights 

of developing anthers were measured from the early unicellular stage up to anthesis 

(Figure 6). Flower bud length was taken as a measure of the progress of development. 

Unicellular microspores are found in anthers from 3-5 mm buds, bicellular grains in 5-8 

mm buds and tricellular grains in buds from 8 mm on. At anthesis, flower buds are 11 

mm in length (data not shown). Anther fresh weight was maximal in flower buds of 8 

mm length when the pollen grains are at the second pollen mitosis, and decreased from 

the 9 mm flower bud stage. In contrast, the dry weight of the anthers steadily increased 

up to anthesis, resulting in increasing dry weight percentages. Similar changes in dry 

and fresh weight during anther development have been reported in Petunia (Zhang, 

1983), Lycopersicon (Bonner and Dickinson, 1990) and Lilium (Erickson, 1948). 

Changes in transcript levels are dependent on the duration of drought 

The sequence homology of bopcl5 and bopc34 to genes expressed under conditions of 

water stress (Chen et al., 1993; Gilmour et al., 1992), raises the question of whether the 

expression of the bopc genes is drought-inducible. Inflorescences were cut and placed on 

the bench allowing to dry out for various periods of time. The effect of increasing 

duration of drought on anther fresh weight is presented in Figure 7. The results on the 

transcript level are shown in Figure 8. For bopcl5 results of the experiment performed 
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Figure 6. Fresh weight (O) and dry weight ( · ) of anthers (in mg/flower bud) of Brassica olerácea during 

anther development. Anthers were harvested from flower buds of different lengths, from the unicellular 

microspore stage up to anthesis. Means of three replicates are shown. For each determination, 36-72 

anthers were pooled. Vertical bars represent standard errors. 

on anthers from 5-6 mm flower buds were shown, for bopc34 on anthers from 7-8 mm 

flower buds. There was no visible change in fresh weights of anthers from 5-6 mm 

flower buds subjected to drought (Figure 7), however, the level of the bopclS transcript 

increased (Figure 8). Rehydration for six hours, after 18 hours of drought, restored 

transcript levels to about normal levels. In anthers from 7-8 mm flower buds increased 

transcript levels could not be detected, probably due to the high basic level of gene 

expression (data not shown). In contrast to anthers from 5-6 mm flower buds, anthers 

from 7-8 mm flower buds lost 22% fresh weight over a period of 24 hours of drought 
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5-6 mm 

6 12 18 24 18/3 18/6 (h) 

7-8 mm 

12 18 24 18/3 18/6 (h) 

Figure 7. Anther fresh weights as a result of drought and subsequent rehydration. Brassica olerácea 

anthers were harvested from flower buds of 5-6 mm or 7-8 mm after drought periods up to 24 hours, and 

rehydration for 3 or 6 hours after 18 hours of drought (18/3 and 18/6). Vertical bars represent means of 

three replicates. Fresh weights (in mg/flower bud) were determined of pools of 36-72 anthers. Vertical 

lines represent standard errors. 

65 



Chapter 3 

(Figure 7), concomitant with an increase of the bopc34 transcript (Figure 8). 

Rehydration restored both the fresh weight and the transcript level in the direction of 

the control values. Similar results were obtained for anthers from 5-6 mm flower buds 

(data not shown). 

18 18 

+ -Ι

Ο 6 12 18 24 3 6 

bopc15 

bopc34 ^шЁШШЛ Шк^л 

Figure 8. Gene expression as a result of drought and subsequent rehydration. Northern blot analysis of 10 

pg total RNA isolated from Brassica olerácea anthers after drought periods up to 24 hours, and 

rehydration for 3 or 6 hours after 18 hours of drought (18+3 and 18+6). RNA of anthers harvested from 

5-6 mm flower buds was hybridised with the full-length bopclS cDNA clone as probe. RNA of anthers 

harvested from 7-8 mm flower buds was hybridised with the full-length bopc34 cDNA clone as probe. 

The extent of the changes in transcript levels of bopcl5 and bopc34 as a result 

of drought were quantified in RNA extracted from anthers from 5-6 mm buds (Figure 

9). Drought resulted in an increase of the bopclS transcript, doubling the amount after 
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18 hours. Rehydration for 3 or 6 hours inverted the effect, resulting in a decrease in the 

level of transcript. The amount of bopc34 transcript had doubled as a result of drought, 

already after 12 hours. Remarkably, rehydration for 3 hours after 18 hours of drought 

resulted in a fourfold increase of the bopc34 transcript as compared to the control 

situation. This increase was reduced to half after another 3 hours of rehydration. 

Many hydration-responsive genes also respond to exogenously applied ABA 

and/or cold (4°C) (Bray, 1993; Vemon et al., 1993). However, bopcl5 nor bopc34 

transcript levels in anthers changed upon treatment with ABA or cold (data not shown). 

Hydration-dependent gene expression during anther development 

Bopcl5 and bopc34 were both found to be drought-inducible. To determine whether 

mRNA levels rise concomitantly with the onset of loss of fresh weight during natural 

anther development, or whether gene expression is preceding anther dehydration, RNA 

was isolated from anthers at different developmental stages (Figure 6) and probed with 

both cDNA clones (Figure 10). The bopclS transcript was present from the bicellular 

pollen stage on and increased towards anthesis. In contrast, the bopc34 transcript was 

already present from the unicellular pollen stage, and remained present up to anthesis. 

Thus, for both genes, expression clearly preceded anther dehydration. 
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Figure 9. Quantification of bopcl5 and bopc34 transcript levels after drought and subsequent rehydration. 

Signals on northern blots were quantified by counting the radioactive spots in a liquid scintillation 

counter. Brassica olerácea anthers were harvested from flower buds of 5-6 mm after drought periods up 

to 18 hours, and rehydration for 3 or 6 hours after 18 hours of drought (18/3 and 18/6). Vertical bars 

represent means (in becquerel) of three replicates. Vertical lines represent standard errors. 
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Figure 10. Temporal expression patterns of bopcl5 and bopc34. Northern blot analysis of 10 pg total 

RNA isolated from anthers at different developmental stages and hybridised with the full-length bopcl5 

(upper panel) and bopc34 (bottom panel) cDNA clones as probe. Lengths of detected transcripts (in 

nucleotides) are shown at the left. 

Gene expression corresponding to bopc34 is also hydration-dependent in other tissues 

The experiments described above showed the water stress-inducible expression in 

anthers of the genes corresponding to bopcl5 and bopc34. As the corresponding genes 

are also expressed in other tissues (Figure 4A), the effect of dehydration and rehydration 

was measured for sepals, petals, carpels and leaves, and compared with stamens (Figure 

11). In these experiments the A. thaliana drought-inducible cDNA clone cor47, the 

coding sequence of which is 75% identical to bopc34, was used as an example of a 

reported water stress-inducible gene (Gilmour et al., 1992). The bopclS transcript was 
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not inducible in any other tissue than the stamens, where it is also present in the 

absence of a drought treatment. The bopc34 transcript accumulated hydration-

dependently in all tissues. Cor47 detected a transcript of 1000 nt in all tissues 

examined, where it accumulated dehydration-induced. Like for bopclS and bopc34, this 

effect could be reverted by rehydration. 

The level of homology between cor47 and bopc34, together with a similar 

transcript length, indicate that the drought-induced accumulation of 900 nt bopc34 

transcripts could be the result of expression of a second gene, cor47. The difference 

between 900 and 1000 nt is too small to give a double band on the blots. Hybridisation 

with the 3' untranslated region of bopc34, which did not cross-hybridize to cor47 (data 

not shown), showed that bopc34 really accumulated drought-induced (Figure 11). 

However, we can not exclude that the signal obtained with the whole bopc34 sequence, 

is a mixture of bopc34 and a cor47 transcripts. 

Figure 11. Hydration-dependent expression in other tissues Northern blot analysis of 10 pg total RNA 

isolated from sepals, petals, stamen, carpels and leaves Flower tissues were harvested under physiological 

conditions (time point 0), or after 18 hours of drought or 18 hours of drought followed by 6 hours of 

rehydration (time point 18+6) Leaves were harvested under physiological conditions (time point 0), or 

after 4 or 7 days of drought, or 7 days of drought followed by 1 day of rehydration (time point 7+1) 

Northern blots were hybridised with the full length bopcl5 and bopc34 cDNA clone as probe, the full 

length cor47 cDNA clone, the 3' untranslated region of bopc34 (3' UTR bopc34), or the Nicotiana 

tabacum 25S nbosomal RNA cDNA control probe. 
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Discussion 

In this paper we describe the relation between anther dehydration and the expression of 

two Brassica olerácea genes, coding for proteins on the surface of the pollen grains. 

Two cDNA clones, bopclS and bopc34, isolated from an anther cDNA library, 

correspond to genes which were upregulated by imposed drought stress and 

downregulated by excess water supply. The relation between these genes and water loss 

is further strengthened by their homology to known water stress inducible genes. During 

microsporogenesis, the expression of these genes is linked to the developmental process 

in such a way that an increase in transcript level precedes pollen and anther 

dehydration. 

Northern blot analysis revealed that bopclS detected a 600 nt transcript 

exclusively present in stamens, whereas bopc34 hybridised to a 900 nt transcript also 

present in other tissues. Like in anthers, bopc34 transcript levels also increased in 

response to imposed drought stress in other tissues. Both cDNA clones hybridised to an 

additional transcript present in anthers, probably representing homologous genes also 

detected by Southern blot analysis. 

The expression of the genes corresponding to bopclS and bopc34 seem to be 

regulated in three different ways. First, bopclS and bopc34 gene expression in anthers 

from 7-8 mm flower buds as a result of drought stress was found to coincide with a 

change in water content. At this stage, expression was clearly water stress-induced. 

Second, expression in anthers from 5-6 mm flower buds altered as a result of drought, 

without any visible change in the water content in these anthers. This could indicate that 

small, unmeasurable changes in the amount of water within the anther caused clear 

changes in gene expression. In seedlings a similar effect was observed. Dehydration for 
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one hour resulted in a 2% loss of fresh weight and a twofold increase in the 

accumulation of bopc34 transcript, and further dehydration till 92% of the original fresh 

weight resulted in a threefold increase (data not shown). Alternatively, changes in the 

amount of water may be restricted to specific tissues within the anther. As a result, gene 

expression may increase in the absence of a drop in the overall fresh weight of the 

whole anthers. Also, water loss from other flower organs may activate a signal 

transduction pathway towards the anthers, inducing gene expression without anther 

dehydration. The experiment in which whole inflorescences were dehydrated does not 

exclude this possiblity. Third, expression is also developmentally regulated. The genes 

are already expressed early during anther development, before anther dehydration, and 

expression did not detectably change after the onset of pollen and anther dehydration. 

So, the expression preceded the developmentally programmed process of dehydration. 

The rationale may be that, for the corresponding proteins to be protective, expression 

should precede the moment in which these proteins should function. However, the idea 

that changes in expression are the result of local, small changes in anther fresh weight, 

undetectable at the level of anther fresh weight, may indicate that the expression 

preceding anther dehydration during anther development was also the result of 

dehydration of a specific tissue. In that case, local dehydration leading to gene 

expression of bopclS and bopc34 would be the general concept unifying all phenomena 

observed. The fact that promoters of water stress-induced genes are also active during 

programmed dehydration in seeds and pollen has been described for many water stress-

inducible genes (Baker et al., 1994; Kononowiecz et al., 1992; Michel et al., 1993; 

Wang et al., 1995; Wang and Cutler, 1995). 

Bopcl5 and bopc34 both encode proteins similar to water stress-inducible 

proteins and proteins accumulating during seed desiccation (Chen et al., 1993; Gilmour 

et al., 1992; Kurkela and Borg-Franck, 1992; Kurkela and Franck, 1990; Lang and 
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Palva, 1992). The majority of these proteins are hydrophilic, randomly coiled proteins, 

which are assumed to have a protective function against water stress by establishing 

hydrophilic interactions that hold water very firmly (Baker et al., 1988; Dure, 1993). As 

bopclS and bopc34 have been isolated as cDNA clones encoding pollen coat proteins, 

the ВОРС 15 and BOPC34 proteins may have this function within the pollen coat The 

pollen coat is the material that remains after tapetum degeneration and is deposited in 

the exine cavities (Dickinson and Lewis, 1973; Heslop-Harnson, 1968) at the time of 

pollen dehydration (Dumas et al, 1983, Kerhoas and Dumas, 1986). During the phase 

of pollen desiccation, cellular structures have to be protected. As bopclS is highly 

expressed in stamens and in pollen itself, BOPC15 is also likely to function within the 

pollen cytoplasm during the phase of strong dehydration BOPC34, on the contrary, may 

play a role during dehydration at the surface of the pollen grain. 

In situ localisation of transcripts and translation products during anther 

development, but also after drought stress, might help to localize the processes during 

anther and pollen development in which the encoded proteins are involved Moreover, 

promoter dissection analysis might give the definite answer about the number of 

induction mechanisms operative during pollen development and water stress. 

Materials and methods 

Plant material 

Rapid cycling Brassica olerácea plants, homozygous for the S, allele (obtained from Nickerson Zwaan, 

Tuitjehom, The Netherlands), were grown in a controlled environment at a constant temperature of 20°C, 

65% relative humidity and under a light/dark regime of 16/8 hours Bicellular microgametophytes were 
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isolated as desenbed by Schrauwen et al (1990) 

Drought stress treatments 

Dehydration and rehydration treatments were performed for different lengths of time at 20°C Whole 

inflorescences were cut from the plant and left on the bench to dehydrate At different time points, flower 

organs were collected from the buds Dehydrated inflorescences were allowed to rehydrate in tubes with 

tap water, after removal of the dned-up cut end Anther fresh weights were measured directly, whereas 

dry weights were measured after drying for 18 hours at 80°C 

Construction and screening of an anther cDNA library 

Total RNA was isolated from whole anthers from the early uninucleate stage up to anthesis (post-tetrad 

anthers) Poly A* RNA was isolated using the PolyATract mRNA Isolation System of Promega Five μg 

poly A* RNA was used to construct a cDNA library in the cloning vector lambda ZAPII using a 

Stratagene cDNA clomng kit according to the manufacturer's instructions The resulting cDNA library 

contained 95% recombinant clones cDNA clones were plated with E coli XLl Blue cells as described by 

the manufacturer (Stratagene) When plaques were just visible, cDNA expression was induced by placing 

nitrocellulose filters saturated with 10 mM IPTG on top of the plates The plaques were allowed to grow 

for another 4 hours After cooling the plates to 4°C, the filters were lifted and nnsed in TBST 150 

Immunoscreemng of the library occurred as described for the western blots Cloned inserts of 

positive clones were circularized to form phagermds following the manufacturer's in vivo excision proto

col using the Exassist/SOLR system (Stratagene) 

RNA and DNA extraction 

RNA and DNA extractions were performed as described by Van Eldik et al (1995) 

75 



Chapter 3 

Northern blot analysis 

Equal amounts of total RNA were separated on formaldehyde denaturing 1% (in case of bopc¡5) or 1 5% 

(in case of bopc34) agarose gels Northern blots were prepared on Hybond N (Amersham) using 20X SSC 

(3 M NaCl, 0 3 M sodium citrate) as the transfer buffer (Sambrook et al, 1989) The filters were air dried 

and subsequently UV cross-linked for 2 minutes and baked at 80°C for 2 hours 

Northern blots were prehybndised for 4 hours at 58°C in 6X SETS (0 9 M NaCI, 0 12 M TRIS-

HC1 pH 7 8, 6 mM EDTA), 5X Denhardfs (0 1% BS A, 0 1% Ficoll, 0 1% PVP), 0 1% SDS and 50 

pg/ml denatured herring sperm DNA Hybridisation was performed overnight at 58°C in the same 

solution, containing 32P randomly labelled cDNA (Sambrook et al, 1989) The filters were successively 

washed with 2X SSC, IX SSC and 0 5X SSC, each containing 0 1% SDS at 58°C After washing, the 

blots were exposed to Valca HPX44 X-ray films with intensifying screens at -80°C 

Signals on blots were quantified by counting the radioactive spots in a liquid scintillation counter 

Pieces of the filters were cut out and counted, immersed m 4 ml Lipo Luma (Lumac LSC) for 5 minutes 

Values were corrected for the background obtained from a piece of filter outside the radioactive lanes 

The signals were standardised by measuring the amount of hybridising Nicotiana tabacum 2SS rRNA 

cDNA probe The mean of three independent measurements was used 

Southern blot analysis 

Genomic DNA was digested with EcoRI, BamHI or Hindin, separated on 0 8% agarose gels, and 

transferred to Hybond N using 20X SSC as the transfer buffer (Sambrook et al, 1989) The filters were 

then air dried, UV cross-linked for 2 minutes, and baked at 80°C for 2 hours 

Prehybndisation and hybridisation of the Southern blots were performed as for the northern blots 

Sequence analysis 

DNA sequences were determined according to the method of Sanger et al (1977) Single-stranded DNA 

was isolated from SK Bluescnpt plasmid vectors using helper phage R408 (Stratagene) Template DNA 

was sequenced with the T7 DNA polymerase system of Pharmacia Nucleotide and deduced amino acid 
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sequences were analysed using the University of Wisconsin Computer Group programmes (Devereux et 

al, 1984) 
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Chapter 4 
Hydration-dependent expression in anthers of two 

genes encoding Brassica olerácea transmembrane 

channel proteins 

René К. Ruiter, Gerben J. van Eldik, Marinus M.A. van Herpen, Jan A.M. Schrauwen 

and George J. Wullems 

To study proteins present in the pollen coat, cDNA clones were isolated using an 

antiserum raised against Brassica olerácea pollen coat proteins. The partial 

nucleotide sequence of one of the clones (bopc39) was used to rescreen the anther 

cDNA library, which resulted in the isolation of two almost identical cDNA clones, 

termed mipA and mipB, showing homology with sequences encoding 

transmembrane channel proteins from the MIP-family. Both clones were expressed 

in several tissues, but mipA was preferentially expressed in stamens. Within the 

anthers, mipA and mipB were not expressed in pollen, but in the anther wall. 

Anthers subjected to drought were induced to accumulate even more mip 

transcripts, which was entirely due to higher mipA gene expression. On basis of 

sequence homology and drought-inducibility we conclude that the deduced proteins 

probably are plasma membrane-associated aquaporins. For these proteins, we 

propose a role in water relocation processes during pollen dehydration and 

rehydration. 





Transmembrane channel proteins 

Introduction 

During early pollen development, a flow of water occurs from the tapetum to the 

growing pollen grains. This water is supplied via the vascular system in the filament, 

and, within the anther, transported, apoplastically or symplastically, towards the various 

tissues. At shedding, pollen is strongly dehydrated, which may be seen as a condition 

essential to survive water stress during the period of pollen transfer (Kerhoas and 

Dumas, 1986). Water is lost from the grains, but also from the locular space, prior to 

shedding, at the end of pollen development (Heslop-Harrison, 1979). Moreover, specific 

water relocation in endothecial and epidermal cells is a prerequisite to anther dehiscence 

(Bonner and Dickinson, 1989; 1990; Keijzer, 1983; 1987). After landing of the pollen 

grains on the stigma, pollen hydrates by absorption of stigmatic water, and then 

germinates (Dickinson, 1995; Kandasamy et al., 1995). So, transport of water is an 

essential element for successful anther and pollen development, anther dehiscence and 

pollen hydration. 

Plasma membranes are barriers to water flow (Chrispeels and Agre, 1994), which 

can be overcome by aquaporins, that form water-selective transmembrane channels 

(Agre et al., 1993a; Maurel et al., 1993). Aquaporins occur in both the plasma 

membrane (Daniels et al., 1994; Kammerloher et al., 1994) and the tonoplast (Maurel et 

al., 1993). These proteins are assumed to be involved in symplastic and transcellular 

transport of water, in which tonoplast aquaporins increase the effective cellular cross-

section through which water flows freely once it has passed through the plasma 

membrane (Chrispeels and Maurel, 1994). Similar proteins may also function during 

anther and pollen development. 

Aquaporins are members of the MIP-family of passive transmembrane 

transporters, a family named after the major integral membrane protein (MIP) of the 
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bovine lens fiber cell membrane (Gorin et al., 1984). In plants, a large set of integral 

membrane proteins has been described. These MIPs are specific for a single type of 

membrane, such as the plasma membrane (PIP), the tonoplast (TIP) or the peribacteroid 

membrane of root nodules (Daniels et al., 1994; Fortin et al., 1987; Höfte et al., 1992; 

Johnson et al., 1990; Kaldenhoff et al., 1995; Kammerloher et al., 1994). Moreover, the 

occurrence of individual MIP proteins is often restricted to single cell types. Expression 

of the corresponding genes is tissue-specific, such as described for genes encoding a-

TIPs in seeds, proteins located in the tonoplast of protein storage vacuoles (Höfte et al., 

1992; Inoue et al., 1995; Johnson et al., 1989; 1990), and the root-specific mip genes 

(Opperman et al., 1994; Yamada et al., 1995; Yamamoto et al., 1990). 

Some mip genes are expressed to higher levels under conditions of water stress 

(Fray et al., 1994; Guerrero and Crossland, 1993; Guerrero et al., 1990; Jones and 

Mullet, 1995; Liu et al., 1994; Yamada et al., 1995; Yamaguchi-Shinozaki et al., 1992). 

The encoded proteins are assumed to be involved in permitting enhanced water flow 

under conditions of water stress (Chrispeels and Maurel, 1994). The relation between 

water stress and the expression of mip genes implies that such genes may also be 

expressed during natural pollen and anther dehydration (Chrispeels and Maurel, 1994). 

Untili now there is no evidence for the presence and functioning of aquaporins 

in pollen. We developed a method to isolate the coding sequences for proteins present at 

the surface of Brassica olerácea pollen from an anther cDNA expression library 

(Chapter 3). In this chapter we describe the expression of two Brassica olerácea genes 

encoding transmembrane channel proteins. The genes have a very high homology to 

known aquaporin genes, but are not expressed in the pollen itself. The proteins must be 

synthesised in the anther wall and be deposited on the developing pollen grains. The 

expression patterns of these genes were studied both in respect to anther physiology, 
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wherein water transport plays an important role, and in response to water stress. 

Results 

Isolation of mip homologs and amino acid sequence comparison 

In chapter 3 we described overall dehydration during Brassica olerácea anther 

development. This process was termed programmed dehydration as it is part of anther 

development. It is developmentally controlled and leads to the shedding of strongly 

dehydrated pollen grains, thereby resembling seed desiccation. Proteins involved in 

dehydration might be present at the surface of the pollen grains. To test this possibility, 

an anther cDNA expression library was screened with antibodies raised against a 

mixture of surface proteins (Chapter 2). A 400 bp long, partial cDNA clone was 

isolated, which was termed bopc39 (Brassica olerácea £ollen coat). Sequence analysis 

revealed similarity with sequences encoding transmembrane channel proteins. 

Rescreening of the anther cDNA library with this cDNA clone resulted in the isolation 

of two cDNA clones strongly hybridising with ЬорсЗЯ. Because of the homology with 

other mip transcripts, we named these two cDNA clones mipA and mipB. MipA and 

mipB have an insert of 1104 and 1114 bp respectively, and both encode a protein of 286 

amino acids (Figure 1). At the nucleotide level, the mipA and mipB coding sequences 

are 94% identical, being different at 51 positions (Figure 1). The deduced MIPA and 

MIPB protein sequences are more than 98% identical. In MIPB only four amino acids 

have changed as compared to MIPA (Ser7, —» Ala, Met,29 —» Leu, His170 —» Pro, Leu246 —» 

Phe). In the 3' untranslated region, the two sequences are more divergent (80% 
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M E G K E E D V R V G A N K F 
nupA ctagagagagagagagagagtaaaagagacatcggagatggaaggcaaAgaagaagatgttagagtcggagctaacaagt 
mipB gagagaaaggacttggagatggaaggcaaQgaagaagatgttagagtcggagctaacaagt 

P E R Q P I G T S A Q S D K D Y K E P P P A P L F E 
mipA ttccggagagacaeccGatcggaacatcQgctcagagcgacaaggactacaaggagccacctcctgctcccttgttcgag 
mipB ttccggagagacaAccCatcggaacatcAgctcagagcgacaaggactacaaggagccacctcctgctcccttgttcgag 

P G E L A S W S F W R A G I A E F I A T F L F L Y I T 
mipA ccCggcgagc t tgc ttcatggtccttctggagagcAggAatcgccgagt tea tcgccacgtttctgt tec tt taca tcac 
mipB ccAggcgagcttgcttcCtggtecttctggagagcCggTatcgccgagttcatcgccacgtttctgttectttacatcac 

V L T V M G V K R S P N M C A S V G I Q G I A W A F G 
mipA tgttTtgaccgtcatgggtgtgaagaggTcOccgaacatgtgtgcttctgtcggaatccaaggCatcgcttgggcTttcg 
mipB tgttCtgaccgtcatgggtgtgaagaggacAccgaacatgtgtgcttctgtcggaatccaaggaatcgcttgggcCttcg 

G M I F A L V Y C T A G I S G G H I N P A V T F G L 
mipA gtggtatgatAttcgctctCgtctactgcaccgcTggtatctcCggtggacaCatcaacccTgcCgtcacgttcggtcte 
mipB gtggtatgatCttcgctctagtctactgcaccgcCggtatctcOggtggacaTatcaacccAgcTgtcacgttcggtctT 

F L A R K L S M T R A V Y Y I V M Q C L G A I C G A G 
mipA ttcttggcOCggaagctttcgAtQacacgagctgtgtactacatagtgatgcagtgcttaggagcTatctgtggagctgg 
mipB ttcttggcCAggaagctttcgCtTacacgagctgtgtactacatagtgatgcagtgcttaggagcQatctgtggagctgg 

V V K G F Q P K Q Y Q A L G G G A N T V A H G Y T K G 
mipA tgtggtcaaggggttccaaccAaagcaQtaccaagctctTggaggtggagccaacactgtagctcAtggttacaccaaag 
mipB tgtggtcaaggggttccaaccTaagcaAtaccaagctctAggaggtggagccaacactgtagctcCtggttacaccaaag 

S G L G A E I I G T F V L V Y T V F S A T D A K R N 
mipA gAagtggtctcggagctgagatCattggaacctttgtectCgtttacaccgtettetccgcTactgaTgcTaagagaaac 
mipB gOagtggtctcggagctgagatTattggaacctttgtcctTgtttacaccgtAttTtccgcCactgaCgcCaagagaaac 

A R D S H V P I L A P L P I G F A V F L V H L A T I P 
mipA gctcgtgactctcatgttccOattcttgcacctctCcctatTggattcgctgtgttcttggtccacttegcaaccatccc 
mipB gctcgtgactctcatgttccCattcttgcacctctAcctatCggattcgctgtgttcttggtccacttAgcaaccatccc 

I T G T G I N P A R S L G A A I I L N K D N A W D D H 
mipA catCactggaactggaatcaacccagcaagAagtcttggTgctgccatcatcttGaacaaggacaacgcttgggatgacc 
mipB catTactggaactggaatcaacccagcaagOagtcttggAgctgccatcatcttCaacaaggacaacgcttgggatgacc 

W V F W V G P F I G A A L A A L Y H V I V I R A I P 
mipA attgggtcttCtgggtTggaccattcatcggtgctgcActtgctgctctetaccacgtgatCgtcatcagagccatccca 
mipB attgggtcttTtgggtCggaccattcatcggtgctgcGcttgctgctctTtaccacgtgatAgtcatcagagccatccca 

F К S R S 

mipA ttcaagtccagaagctgattgagccactctttataaacttggctttttgttctattagtttggttttccttttgtgaatg 
mipB ttcaagtccagaagctgattgaatcactcttgaaaagctagctttatgctattattagtttgctttcttttgtgaattgt 

mipA tactatactagtacttgtgtgaaacatcgtgtgtatgtgttggttcctcttcttttgcctaatgcagactctatttataa 
mipB gtgaagcatcgtgtgtgtatttgctgttcctcttctttgcctaatgcaagactacatgtaaaacaaaacattcccttgaa 

mipA aacagagteggagataaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa 1104 

mipB aagttgtaatctctettetataattggaacattctgggcagacaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa 

mipB aaaaaaaaaaaaa 1114 

Figure 1. Nucleotide and deduced amino acid sequences of Brassica olerácea mipA and mipB The 

nucleotide sequences of mipA and mipB are shown in an alignment with each other Nucleotide 

differences within the coding region are shown as bold type capitals The protein sequence deduced from 

the mipA nucleotide sequence is shown at the top The lengths of the sequences are shown at the end 
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nucleotide sequence identity). In this region, the identity is especially prominent in a 

number of large blocks. 

MipA and mipB both encode a protein with a predicted molecular weight of 31 

kDa. Amino acid sequence comparison confirmed the strong resemblence with the MIP-

family of transmembrane channel proteins (Figure 2). Most homologous to MIPA and 

MIPB (94-99% identity) is a set of Arabidopsis thaliana aquaporins present in the 

plasma membrane (Kaldenhoff et al., 1993; Kammerloher et al., 1994), PIPla, PIPlb 

and PIPlc. Amino acid identity with other plant MIPs was 90% (with two 

Mesembryanthemum crystallinum sequences, Yamada et al., 1995), or less (data not 

shown). Even in case the overall homology is low, there is identity in the six membrane 

spanning domains, as well as in the hydrophilic regions between spanner 2 and 3, and 

spanner 5 and 6 (Reizer et al., 1993). A set of 22 amino acids present in almost all 

members of the MlP-family (Reizer et al., 1993) is also present in the deduced MIPA 

and MIPB protein sequences (Figure 2). 

Analysis of spatial expression patterns 

The spatial expression patterns of mipA and mipB were studied by Northern blot 

analysis of RNA isolated from several tissues (Figure 3). When we used the whole 

cDNA sequences as probe, no differences between mipA and mipB expression patterns 

were found (data not shown), probably due to high sequence identity. In all experiments 

described below, probing with the entire cDNA clones mipA and mipB gave the same 

results, and is refered to as mipA/B. To avoid this problem, we used the 3' untranslated 

region (3' UTR) of the two cDNA clones. The mipB expression profile was similar to 
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ι 
MI PA MEGKEEDVRVGANKFPERQP IGTSAQSDKDYKEPPPAPLF EPGELASWSFWRAGIAEFIA 
MI PB MEGKEEDVRVGANKFPERQP IGTSAQSDKDYKEPPPAPLF EPGELASWSFWRAGIAEFIA 
PIPlb MEGKEEDVRVGANKFPERQP IGTSAQSDKDYKEPPPAPLF EPGELASWSFWRAGIAEFIA 
PIPla MEGKEEDVRVGANKFPERQP IGTSAQSDKDYKEPPPAPFF EPGELSSWSFWRAGIAEFIA 
PIPlc MEGKEEDVRVGANKFPERQP IGTSAQTDKDYKEPPPAPFF EPGELSSWSFYRAGIAEFIA 

Cons MEGKEEDVRVGANKFPERQP IGTSAQ-DKDYKEPPPAP-F EPGEL-SWSF-RAGIAEFIA 

Bl 
MIPA MCASVGIQGIAWAFGGMIFA LVYCTAGISGGHINPAVTFG LFLARKLSMTRAVYYIVMQC 
MIPB MCASVGIQGIAWAFGGMIFA LVYCTAGISGGHINPAVTFG LFLARKLSLTRAVYYrVMQC 
PIPlb MCASVGIQGIAWAFGGMIFA LVYCTAGISGGHINPAVTFG LFLARKLSLTRAVYYrVMQC 
PIPla MCASVGIQGIAWAFGGMIFA LVYCTAGISGGHINPAVTFG LFLARKLSLTRALYYIVMQC 
PIPlc MCASVGIQGIAWAFGGMIFA LVYCTAGISGGHINPAVTFG LFLARKLSLTRAVFYIVMQC 

Cons MCASVGIQGIAWAFGGMIFA LVYCTAGISOGHII1PAVTFG LFLARKLS-TRA--YIVMflC 

161 
MIPA LGGGANTVAHGYTKGSGLGA EIIGTFVLVYTVFSATDAKR NARDSHVPILAPLPIGFAVF 
MIPB LGGGANTVAPGYTKGSGLGA EIIGTFVLVYTVFSATDAKR NARDSHVPILAPLPIGFAVF 
PIPlb LGGGANTIAHGYTKGSGLGA EIIGTFVLVYTVFSATDAKR NARDSHVPILAPLPIGFAVF 
PIPla LGGGANTVAHGYTKGSGLGA EIIGTFVLVYTVFSATDAKR NARDSHVPILAPLPIGFAVF 
PIPlc LGGGANTVAHGYTKGSGLGA EIIGTFVLVYTVFSATDAKR SARDSHVPILAPLPIGFAVF 

Cons LGGGANT-A-GYTKGSGLGA EIIGTFVLVYTVFSATDAKR -ARDSHVPILAPLPIOFAVF 

241 286 
MIPA GAAIILNKDN AWDDHWVFWV GPFIGAALAA LYHVIVIRAI PFKSRS 
MIPB GAAIIFNKDN AWDDHWVFWV GPFIGAALAA LYHVIVIRAI PFKSRS 
PIPlb GAAIIFNKDN AWDDHWVFWV GPFIGAALAA LYHVIVIRAI PFKSRS 
PIPla GAAIIYNKDH SWDDHWVFWV GPFIGAALAA LYHVWIRAI PFKSRS 
PIPlc GAAIIYNKDH AWDDHWIFWV GPFIGAALAA LYHQLVIRAI PFKSRS 

Cons GAAII-NKD- -WDDHW-FWV GPFIOAALAA LYH--VIRAI PFKSRS 

Figure 2. Alignment of the deduced amino acid sequences of the Brassica olerácea cDNA clones mipA 

and mipB, and three Arabidopsis thaliana aquaporin encoding sequences. The consensus line (cons) shows 

residues conserved in all 5 sequences. Underlined, bold type letters in the consensus line represent 22 

amino acids conserved among most transmembrane channel proteins (Reizer et al., 1993) Amino acid 

stretches forming transmembrane domains are shaded. The lengths of the sequences are indicated at the 

top. Sequences used in the alignment with the B. olerácea sequences MIPA and MIPB are the 

Arabidopsis thaliana sequences PIPla, PIPlb, PIPlc (accession numbers X75881, X68293 and X75882, 

Kammerloher et al., 1994). 

that obtained with the whole mipA or mipB sequence. Transcripts were present in 

stamens, sepals, petals, carpels and roots, but not in mature pollen or in seeds. In leaves, 

a clear signal could only be observed after longer exposure times (data not shown). 

TFLFLYITVLTVMGVKRSPN 
TFLFLYITVLTVMGVKRAPN 
TFLFLYITVLTVMGVKRSPN 
TFLFLYITVLTVMGVKRSPN 
TFLFLYITVLTVMGVKRAPN 

TFLFLYITVLTVMGVKR-PN 

160 
LGAICGAGWKGFQPKQYQA 
LGAICGAGWKGFQPKQYQA 
LGAICGAGWKGFQPKQYQA 
LGAICGAGWKGFQPKQYQA 
LGAICGAGWKGFQPNPYQT 

LOAICGAGWKGFQP- - YQ-

240 
LVHLATIPITGTGINPARSL 
LVHLATIPITGTGINPARSL 
LVHLATIPITGTGINPARSL 
LVHLATIPITATGINPARSL 
LVHLATIPITGTGINPARSL 

LVHLATIPIT-TOIHPARSL 
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Figure 3. Spatial expression of mipA and mipB. Northern blot analysis of total RNA isolated from several 

Brassica olerácea tissues. Each lane contained 10 μg RNA. Blots were hybridised with the full-length 

mipA or mipB cDNA clones as probe (indicated as mipA/B), or with the 3' UTRs of these two cDNA 

clones (indicated as 3' UTR mipA and 3' UTR mipB). In the right panel total RNA isolated from bicellular 

pollen was compared with total RNA isolated from anthers at the bicellular pollen stage, in respect to 

mipA/B gene expression. The lengths of the detected transcripts (in nucleotides) are shown at the left. 
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MipA was expressed in the same tissues, but preferentially in stamens. Whether mipA 

transcripts are exclusively present in stamens, and the weaker signals in other tissues 

result from cross-hybridisation, could not be established. 

To determine whether the genes are expressed in pollen at earlier stages during 

development, RNA was isolated from bicellular pollen grains, and compared with RNA 

from whole anthers at the same developmental stage. No mip transcripts could be 

detected in bicellular pollen grains (Figure 3), in contrast to in anthers, which strongly 

indicates that the genes are expressed in the anther wall. The 3' UTR probes both 

detected a 1200 nt transcript only in anthers at the bicellular pollen stage (data not 

shown). 

The entire cDNA hybridised to a second 1400 nt mRNA only present in 

immature anthers, which was not detected by the 3' UTR probes (data not shown), 

indicating that it is a transcript of another gene. 

Multiplicity of transmembrane channel protein encoding genes in the Brassica olerácea 

genome 

Hybridisation of genomic DNA digested with EcoRI or Hindm with both mip sequences 

revealed at least three strongly hybridising bands, and additional, weaker hybridising 

bands (Figure 4). Both 3' UTR probes only detected the strongly hybridising bands, 

however, with different intensities (data not shown). The results demonstrate the 

existence of a set of mip-like sequences within the B. olerácea genome. 
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Figure 4. Southern blot analysis of Brassica olerácea genomic DNA. Genomic DNA was digested with 

EcoRI, BamHI and Hindlll as shown at the top. The Southern blot was probed with the full-length mipA 

or mipB cDNA clones. A DNA molecular weight marker (in kb) is shown at the right. 
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Drought-induced mip gene expression in anthers 

The deduced mipA and mipB amino acid sequences are highly homologous to a set of A. 

thaliana aquaporins (Figure 2), proteins involved in transmembrane water transport. 

This similarity led to the question of whether these genes are inducible by drought. 

Therefore, we quantified mip transcript levels in anthers from 5-6 mm flower buds 

(anthers at the bicellular pollen stage) exposed to drought (Figure 5). Drought clearly 

increased mip transcripts above the level in untreated anthers. Rehydration partially 

inverted this effect. MipA and mipB did not equally contribute to this increase (Figure 

5). Hybridisation with the two mipA and mipB 3' UTR probes revealed that the drought-

induced increase of mip transcripts is the result of increased expression of mipA, rather 

than mipB. 

0 6 12 18 18/3 18/6 
Time of drought (h) 
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Mip gene expression during anther development is partly dehydration-induced 

During anther development, a programmed process of dehydration starts in 9-mm flower 

buds (Chapter 3). RNA isolated from anthers at different developmental stages was used 

to determine the mip expression profile during anther development. Mip transcripts were 

detected from the unicellular microspore stage up to anthesis, with increased transcript 

levels in anthers at the tricellular stage (Figure 6). So, mip gene expression precedes 

anther dehydration, but is further increased upon dehydration itself. Similar results were 

obtained with both the whole sequences, and with the 3' UTR probes (data not shown). 

Figure 5. Quantification of mipA and mipB transcript levels after artificial drought and subsequent 

rehydration. Brassica olerácea anthers were harvested from flower buds of 5-6 mm after drought periods 

of up to 18 hours, and rehydration for 3 or 6 hours after 18 hours of drought (indicated as 18/3 and 18/6). 

Northern blots with 10 μg total RNA isolated from these anthers were probed with the full-length mipA or 

mipB cDNA clones (indicated as mipA/B), or the 3' UTRs of both cDNA clones (indicated as 3' UTR 

mipA and 3' UTR mipB). Signals on northern blots were quantified by counting the radioactive spots in a 

liquid scintillation counter. The amounts of radio-activity measured in Ihe spots (in becquerel) are 

represented by the vertical bars. 
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Figure 6. Mip gene expression during Brassica olerácea anther development. Northern blot analysis of 10 

μg total RNA isolated from anthers at different developmental stages and probed with the full-length mipA 

or mipB cDNA clones (indicated as mipA/B). The lengths of the detected transcripts (in nucleotides) are 

shown at the left. The relation between flower bud length (in mm) and pollen developmental stage is 

shown below the Northern blot (uni= unicellular microspore stage, bi= bicellular pollen stage, tri= 

tricellular pollen stage). 

Drought-induced mip gene expression in seedlings 

The mip genes are also expressed in other tissues (Figure 3). To determine whether this 

expression is also drought-inducible, we determined the effect of drought in B. olerácea 

seedlings (Figure 7). As an example of previously established drought-induced transcript 

accumulation, we used the B. olerácea dehydrin-like gene bopc34 (Chapter 3) for 

comparison. Drought for 24 hours resulted in a loss up to 45% of the original fresh 

weight of the seedlings (data not shown). The total mip transcript level did not increase 
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upon drought, and, in addition, no effect of drought on mip gene expression in petals, 

sepals and carpels was observed (data not shown). Results obtained with the 3' UTR 

probes did not differ from the results described above (data not shown). In contrast to 

mip, bopc34 transcript levels increased as a result of drought. So, drought-inducibility of 

mip gene expression is only observed in anthers. 

time of dehydrat ion (h) 

8 24 

mipA/B 

bopc34 

25S rRNA 

Figure 7. Drought-induced mip gene expression in Brassica olerácea seedlings. Northern blot analysis of 

10 μg total RNA isolated from seedlings subjected to up to 24 hours of water stress. Blots were probed 

with the full-length mipA or mipB cDNA clones (indicated as mipA/B), the water stress-inducible cDNA 

clone bopc34 (Chapter 3), and the Nicotiana tabacum 25S rRNA probe as a control. 
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Discussion 

Two Brassica olerácea cDNA clones, mipA and mipB, encoding transmembrane channel 

proteins of the MIP-family, were isolated and characterised with respect to expression 

profile. On basis of the screening procedure, the corresponding proteins are putatively 

located at the pollen surface, but originate from gene expression in the anther wall. In 

anthers from 5-6 mm flower buds, it was the mipA gene which mainly contributed to 

the increased expression as a result of imposed drought. Rehydration led to a decrease 

of the overall mip transcript level. The induction of the two genes in anthers from the 

microspore stage on precedes anther dehydration. A second rise in expression occurs 

during this final developmental stage. 

MipA and mipB both detect a transcript of 1200 nt in several tissues, except in 

pollen and mature seeds. MipA was preferentially expressed in stamens, whereas the 

distribution of mipB expression over the various organs was more uniform. A set of 

homologous sequences is present in the genome. A second, cross-hybridising transcript 

was detected in anthers. 

The coding regions of mipA and mipB are highly homologous, with only 4 

amino acid differences in the deduced proteins. The MIPA and MIPB proteins are 

almost identical to a set of A. thaliana aquaporins (Kaldenhoff et al., 1993; 

Kammerloher et al., 1994). The high homology with aquaporins, in combination with 

our screening procedure for pollen surface proteins, provides strong evidence that 

aquaporins are present at the surface of pollen. 

From our results it can be concluded that mip expression in anthers is regulated 

in different ways. First, expression is drought-inducible. The drought-induced increase in 

expression is especially pronounced in anthers from 5-6 mm flower buds. Earlier 
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described results show that drought treatment does not lead to overall loss of water from 

anthers of 5-6 mm buds (Chapter 3). Undetectably small, local changes in water content, 

or signal transduction from other flower organs may induce the observed increase in 

expression. Drought-inducibility has also been found for many other mip genes (Fray et 

al., 1994; Guerrero and Crossland, 1993; Guerrero et al., 1990; Jones and Mullet, 1995; 

Liu et al., 1994; Yamada et al., 1995; Yamaguchi-Shinozaki et al., 1992). Second, mipA 

and mipB expression is linked to anther development, as transcripts accumulate from the 

unicellular microspore stage on. So, expression precedes anther dehydration, enabling 

the plant to organise the water transporting machinery before dehydration is occurring. 

Whether local dehydration, undetectable at the level of anther fresh weight, induces mip 

expression early during anther development, is unclear (Chapter 3). Third, expression 

increases during dehydration in anthers from flower buds of 9 mm and larger. As mip 

gene expression increases upon imposed drought stress, also programmed dehydration 

may have resulted in increased expression in anthers. Remarkebly, water stress 

inducibility was restricted to the anther. 

Mip gene expression complies to a more general pattern as it is similar to the 

earlier described expression of bopclS and bopc34 (Chapter 3). The latter two genes are 

also expressed in anthers prior to dehydration, and by artificially imposed drought. 

However, the increased expression of bopc34 as a result of drought in other tissues than 

the anthers (Chapter 3), was not found for the mip genes. 

MIPs are located in membranes, forming transmembrane channels. B. olerácea 

mipA and mipB were isolated as sequences encoding pollen surface proteins. The 

corresponding proteins could be located in the membranous coating superficial layer 

(CSL) (Dickinson and Elleman, 1985), or the exinic outer layer (EOL) (Gaude and 

Dumas, 1984), or, at the apertures, in the plasma membrane. MIPs are known to be 
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involved in specific transport of ions, glycerol, sugars or water (Aelst et al., 1991; 

Maurel et al., 1993; 1994; Weaver et al., 1994). It may be assumed from the high 

protein sequence identity with the A. thaliana PIPI sequences, that MIPA and MIPB are 

plasma membrane-located aquaporins, proteins specifically involved in transmembrane 

water transport (Agre et al., 1993b). Such a function is further indicated by the anther-

specific inducibility of the corresponding genes by drought stress, and by the elevated 

expression in anthers from the onset of anther dehydration. Increased mip gene 

expression may serve to increase the amount of MIP protein in the membranes, thereby 

accelerating transmembrane water transport (Chrispeels and Maurel, 1994). 

Future injection of mipA and mipB transcripts into Xenopus oocytes may 

elucidate whether these sequences encode functional aquaporins (Preston et al., 1992). 

Materials and methods 

Plant material 

Rapid cycling Brassica olerácea plants, homozygous for the S, allele (obtained from Nickerson Zwaan, 

Tuitjehom, The Netherlands), were grown in a controlled environment at a constant temperature of 20°C, 

65% relative humidity and 16 hours light Bicellular microgametophytes were isolated according to 

Schrauwen et al (1990) 

Drought stress treatments 

Dehydration and rehydration treatments were performed for different periods of time at 20°C Whole 

inflorescences were cut from the plant and left on the bench to dehydrate At different Urne points, flower 

organs were collected from the buds Dehydrated inflorescences were allowed to réhydrate in tubes with 
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tap water, after removing the dned-up cut end 

Isolation of total RNA and genomic DNA 

RNA and genomic DNA isolation were performed as described by Van Eldik et al (1995) 

Northern blot analysis 

Equal amounts of total RNA were separated on formaldehyde denaturing 1% agarose gels Northern blots 

were prepared on Hybond N (Amersham) using 20X SSC (3 M NaCl, 0 3 M sodium citrate) as the 

transfer buffer (Sambrook et al, 1989) The filters were air-dned, UV cross-linked for 2 minutes, and 

baked at 80°C for 2 hours 

Northern blots were prehybndised for 4 hours at 58°C m 6X SETS (0 9 M NaCl, 0 12 M TRIS-

HC1 pH 7 8, 6 mM EDTA), 5X Denhardfs (0 1% BSA, 0 1% Ficoll, 0 1% PVP), 0 1% SDS and 50 

pg/ml denatured herring sperm DNA Hybridisation was performed overnight at 58°C in the same 

solution, containing 32P randomly labelled cDNA (Sambrook et al, 1989) The filters were successively 

washed with 2X SSC, IX SSC and 0 5X SSC, each containing 0 1% SDS at 58°C After washing the 

blots were exposed to Valca HPX44 X-ray films with intensifying screens at -80°C 

Signals on blots were quantified by counting the radioactive spots in a liquid scintillation counter 

Pieces of the filters were cut out and counted, immersed in 4 ml Lipo Luma (Lumac LSC) for 5 minutes 

Values were corrected for the background obtained from a piece of filter outside the radioactive lanes 

The signals were standardised by measuring the amount of hybridising Nicotiana tabacum 25S rRNA 

cDNA probe 

Southern blot analysis 

Genomic DNA was digested with EcoRI, BamHI or Hindlll, separated on 0 8% agarose gels, and 

transferred to Hybond N using 20X SSC as the transfer buffer (Sambrook et al, 1989) The filters were 

air-dned, UV cross-linked for 2 minutes, and baked at 80°C for 2 hours Prehybndisation and 

hybridisation of the Southern blots were performed as described above 
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DNA sequencing 

DNA was sequenced according to the method described by Sanger et al. (1977). Single-stranded DNA 

was isolated from SK Bluescnpt plasmid vectors using helper phage R408 (Stratagene). Template DNA 

was sequenced with the T7 DNA polymerase system of Pharmacia. Nucleotide and deduced amino acid 

sequences were analysed according to the protocols of the University of Wisconsin Computer Group 

(Devereux et al., 1984). 

References 

Aelst, L.V.S., Hohmann, FK, Zimmermann, F.K., Jans, AWH. and Thevelein, J.M. (1991) A yeast 

homoloque of the bovine lens fibre MIP gene family complements the growth defect of a Saccharomyces 

cerevisiae mutant on fermentable sugars but not its defect in glucose-induced RAS-mediated cAMP 

signalling. EMBO J. 10: 2095-2104. 

Agre, P., Preston, G.M., Smith, B.L., Jung, J.S., Raina, S , Moon, C, Guggino, W.B. and Nielsen, S 

(1993b) Aquaporm CHIP: the archetypal molecular water channel Am. J. Physiol. 265: 463-476. 

Agre, P., Sasaki, S. and Chnspeels, M.J. (1993a) Aquaponns - a family of water channel proteins. Am. J. 

Physiol. 265: F461. 

Bonner, L.L. and Dickinson, H.G. (1989) Anther dehiscence in Lycopersicon esculentum. I Structural 

aspects. New Phytol. 113: 97-115. 

Bonner, L.J. and Dickinson, H.G. (1990) Anther dehiscence in Lycopersicon esculentum. II. Water 

relations New Phytol. 115: 367-375 

104 



Transmembrane channel proteins 

Chrispeels, M.J. and Agre, P. (1994a) Aquaporins: water channel proteins of plant and animal cells. 

Trends Biochem. Sci. 19: 421-425. 

Chrispeels, M.J. and Maurel, С (1994b) Aquaporins: the molecular basis of facilitated water movement 

through living plant cells. Plant Physiol. 105: 9-13. 

Daniels, M.J., Mirkov, Т.Е. and Chrispeels, M.J. (1994) The plasma membrane of Arabidopsis thaliana 

contains a mercury-insensitive aquaporin that is a homolog of the tonoplast water channel protein ΉΡ. 

Plant Physiol. 106: 1325-1333. 

Devereux, J., Haeberli, P. and Smithies, 0. (1984) A comprehensive set of sequence analysis programs for 

the VAX. Nucl. Acids Res. 12: 387-395. 

Dickinson, H.G. (1995) Dry stigmas, water and self-incompatibility in Brassica. Sex. Plant Reprod. 8: 1-

10. 

Dickinson, H.G. and Elleman, C.J. (1985) Structural changes in the pollen grain of Brassica olerácea 

during dehydration in the anther and development on the stigma as revealed by anhydrous fixation 

techniques. Micron Microsc. Acta 16: 255-270. 

Fortin, M.G., Morrison, N.A. and Verma, D.P.S. (1987) Nodulin-26, a peribacteroid membrane nodulin, is 

expressed independently of the development of the peribacteroid compartment. Nucl. Acids Res. 15: 813-

824. 

Fray, R.G., Wallace, Α., Grierson, D. and Lycett, G.W. (1994) Nucleotide sequence and expression of a 

ripening and water stress-related cDNA from tomato with homology to the MIP class of membrane 

channel proteins. Plant Mol. Biol. 24: 539-543. 

Gaude, T. and Dumas, С (1984) A membrane-like structure on the pollen wall surface in Brassica. Ann. 

Bot. 54: 821-825. 

105 



Chapter 4 

Guerrero, FD and Crossland, L (1993) Tissue-specific expression of a turgor-responsive gene with 

amino acid sequence homology to transport-facilitating proteins Plant Mol Biol 21 929-935 

Guerrero, F D , Jones, Τ J and Mullet, JE (1990) Turgor-responsive gene transcription and RNA levels 

increase rapidly when pea shoots are wilted Sequence and expression of three inducible genes Plant Mol 

Biol 15 11-26 

Gonn, Μ В , Yancey, S В , Cline, J , Revel, J -Ρ and Horwitz, J (1984) The major intrinsic protein (MIP) 

of the bovine lens fiber membrane characterization and structure based on cDNA cloning Cell 39 49-59 

Heslop-Hamson, J (1979) An interpretation of the hydrodynamics of pollen Am J Bot 66 737-745 

Hofte, Η, Hubbard, L, Reizer, J, Ludevid, D , Herman, Ε M and Chrispeels, M J (1992) Vegetative and 

seed-specific forms of tonoplast intrinsic protein in the vacuolar membrane of Arabidopsis thaluma Plant 

Physiol 99 561-570 

Inoue, К, Takeuchi, Y, Nishimura, M and Hara-Nishimura, I (1995) Characterization of two integral 

membrane proteins located in the protein bodies of pumpkin seeds Plant Mol Biol 28 1089-1101 

Johnson, K D , Herman, EM and Chrispeels, M J (1989) An abundant, highly conserved tonoplast 

protein in seeds Plant Physiol 91 1006-1013 

Johnson, K D , Hoñe, H and Chrispeels, M J (1990) An intrinsic tonoplast protein of protein storage 

vacuoles in seeds is structurally related to a bacterial solute transporter (GLpF) Plant Cell 2 525-532 

Jones, J Τ and Mullet, JE (1995) Developmental expression of a turgor-responsive gene that encodes an 

intrinsic membrane protein Plant Mol Biol 28 983-996 

106 



Transmembrane channel proteins 

Kaldenhoff, R, Rolling, A , Meyers, J , Karmann, U, Ruppel, G and Richter, G (1995) The blue light-

responsive AthH2 gene of ArabuJopsis thaliana is primarily expressed in expanding as well as in 

differentiating cells and encodes a putative channel protein of the plasmalemma Plant J 7 87-95 

Kaldenhoff, R, Rolling, A and Richter G (1993) A novel blue light- and abscisic acid-inducible gene of 

Arabidopsis thaliana encoding an intrinsic membrane protein Plant Mol Biol 23 1187-1198 

Kammerloher, W, Fisher, U, Piechottka, G Ρ and Schaffner, AR (1994) Water channels from the 

plasma membrane cloned by immunoselection from a mammalian expression system Plant J 6 187-199 

Kandasamy, Μ К, Nasrallah, J В and Nasrallah, Μ E (1995) Pollen-pistil interactions and developmental 

regulation of pollen tube growth in Arabidopsis Development 120 3405-3418 

Keijzer, С J (1983) Hydration changes during anther development In Pollen Biology and implications 

for plant breeding Mulcahy, D L and Ottaviano, E (eds), Elsevier Science Publishing Co, pp 197-202 

Keijzer, С J (1987) The process of anther dehiscence and pollen dispersal I The opening mechanism of 

longitudinally dehiscing anthers New Phytol 105 487-498 

Kerhoas, С and Dumas, С (1986) Nuclear Magnetic Resonance and pollen quality In Nuclear Magnetic 

Resonance Modern methods of plant analysis Linskens, H F and Jackson, J F (eds), Volume 2, 

Springer Verlag, New York, pp 169-190 

Liu, Q, Umeda, M and Uchimiya, H (1994) Isolation and expression of two nee genes encoding the 

major intrinsic protein Plant Mol Biol 26 2003 2007 

Maurel, С, Reizer, J, Schroeder, JI and Chnspeels, M J (1993) The vacuolar membrane protein γ-ΤΓΡ 

creates water specific channels in Xenopus oocytes EMBO J 12 2241-2247 

107 



Chapter 4 

Maurel, С , Reizer, J, Schroeder, JI, Chnspeels, M J and Saier, H S (1994) Functional characterization 

of the Escherichia coli glycerol facilitator, GLpF, in Xenopus oocytes J Biol Chem 269 11869-11872 

Opperman, C H , Taylor, CG and Conkhng, MA (1994) Root-knot nematode-directed expression of a 

plant root-specific gene Science 263 221-223 

Preston, G M , Carroll, T P , Guggino, WB and Agre, Ρ (1992) Appearance of water channels in 

Xenopus oocytes expressing red cell CHIP28 protein Science 256 385-387 

Reizer, J, Reizer, A and Saier, M H (1993) The MIP family of integral membrane proteins sequence 

comparisons, evolutionary relationships, reconstructed pathway of evolution, and proposed functional 

differentiation of the two repeated halves of the protein Cnt Rev Biochem Mol Biol 28 235-257 

Ruiter, R К, Van Laarhoven, D M С , Meyer, H, Van Eldik, G J , Van Herpen, M M A , Schrauwen, 

JAM and Wullems, G J (1996b) Expression patterns in anthers of two Brassica olerácea genes 

encoding water stress-inducible proteins Chapter 3 

Sambrook, J, Fntsch, E F and Mamaus, Τ (1989) Molecular cloning- a laboratory manual, 2nd edn, 

Cold Spring Harbor Laboratory Press, Cold Spring Harbor, New York 

Sanger, F, Nicklen, S and Coulsen, A R (1977) DNA sequencing with chain terminating inhibitors Proc 

Natl Acad Sci USA 74 5463-5467 

Schrauwen, J A M , De Groot, Ρ F M , Van Herpen, M M A , Van der Lee, Τ , Reijnen, W Η , Wetenngs, 

К А Р and Wullems, G J (1990) Stage-related expression of mRNAs during pollen development in lily 

and tobacco Planta 182 298-304 

Van Eldik, G J , Vnezen, W H , Wingens, M , Ruiter, R К , Van Herpen, M M A , Schrauwen, JAM and 

Wullems, G J (1995) A pistil-specific gene of Solanum tuberosum is predominantly expressed in the 

stylar cortex Sex Plant Reprod 8 173-179 

108 



Transmembrane channel proteins 

Weaver, CD., Shomers, N H., Louis, С F and Roberts, DM. (1994) Nodulin 26, a nodule-specific 

symbiosome membrane protein from soybean, is an ion channel J. Biol. Chem. 269: 17858-17862 

Yamada, S, Katsuhara, M., Kelly, WB., Michalowski, С В and Bohnert, H.J (1995) A family of 

transcripts encoding water channel proteins: tissue-specific expression in the common ice plant. Plant Cell 

7 1129-1142 

Yamaguchi-Shinozaki, K., Koizumi, M., Urao, S. and Shmozaki, К (1992) Molecular cloning and 

characterization of 9 cDNAs for genes that are responsive to desiccation in Arabidopsis lhaliana. 

sequence analysis of one cDNA clone that encodes a putative transmembrane channel protein Plant Cell 

Physiol. 33: 217-224. 

Yamamoto, Y T , Cheng, C-L and Conkhng, MA (1990) Root-specific genes from tobacco and 

Arabidopsis homologous to an evolutionary conserved gene family of membrane channel proteins. Nucl. 

Acids Res 18 7449 

Acknowledgements 

The authors are very grateful to Dr AF. Croes for critical and helpful discussion when preparing this 

manuscript. We are grateful to G. van der Weerden and W van den Brink for growing our plant material. 

This research was supported by funds of the BRIDGE programme of the Commission of the European 

Communities (Contract BIOT 900172) 

109 





Chapter 5 
Characterisation of oleosins in the pollen coat of 

Brassica olerácea 

René К. Ruiter, Annemieke van Wamel, Diny M.C. van Laarhoven, Jeroen van de 

Bovenkamp, Erik Gordebeke, Harry M.P. Kengen, Gerben J. van Eldik, Rinus M.A. van 

Herpen, Jan A.M. Schrauwen and George J. Wullems 

Mature Brassica olerácea pollen grains are covered with a lipophilic pollen coat 

containing a variety of proteins. Screening of an anther cDNA expression library 

for the coding sequences of such proteins resulted in the isolation of a number of 

cDNA clones encoding gl j cine-rich oleosins. The proteins were shown to be 

attached to the lipophilic coat material only and to be absent elsewhere in the 

plant. Within the coat, several forms of the pollen coat oleosin with different 

molecular weights were detected. The forms are encoded by different transcripts 

that originate from a single gene. Expression of this gene is restricted to the 

tapetum and is quantitatively regulated by the water content of the anther. 

Sequence similarity to seed oleosins suggests an analogous function for the pollen 

coat proteins, which could indicate that they confer to the lipidie pollen coat its 

capability to take up water on the stigma. The high occurrence of glycine residues 

within the protein sequence may endow the protein with the ability to bind large 

amounts of stigmatic water, that is passed to the pollen grains. Similar oleosins 

were found in the pollen coat of Brassica alboglabra and Brassica napus. 





Pollen coat oleosins 

Introduction 

In flowering plants, the pollen grain at maturity is a separate, two- or three-celled 

system carrying the genetic information of a haploid genome (Knox, 1984). A safe 

carriage of this information from the anther to a receptive stigma is ascertained by a 

thick wall around the pollen grain. In many species, the outermost layer of this wall is a 

lipidie coating, containing proteins and carbohydrates, which is well-suited to protect the 

pollen protoplast and to mediate pollen transport, but also equipped to play a role in 

pollen-stigma interactions (Dickinson, 1993; Doughty et al., 1993; Elleman and 

Dickinson, 1990; Elleman et al., 1992; Heslop-Harrison, 1979; Knox, 1984). 

The lipidie pollen coating is the remaining material after tapetal breakdown, 

which sticks to the sculptured exine (Dickinson, 1973; Dickinson and Lewis, 1973a; 

Evans et al., 1992; Heslop-Harrison, 1968). At anther dehiscence, the coating material is 

retracted into the exine cavities due to drying. In case the stigma is dry, the sticky coat 

helps the grains to adhere to it (Dickinson, 1993; Heslop-Harrison and Shivanna, 1977; 

Stead et al., 1980). 

Mature pollen grains at shedding are very dry (Dickinson, 1995). For successful 

pollen tube growth and fertilisation, grains must rehydrate on the stigma which requires 

stigmatic water to flow from the papillae through the pollen coat into the grains (Dumas 

and Gaude, 1982). In the Brassicaceae, the connection between the pollen and the 

stigma is established by the formation of an appressorium-like structure from pollen 

coat material (Dickinson and Lewis, 1973b; Elleman and Dickinson, 1986; 1990; 

Kandasamy et al., 1995). Water flows into the grains via this connection. In this way, 

the pollen-sealing coat establishes hydraulic continuity between the pollen and the 

stigma, thus facilitating transport of water (Heslop-Harrison, 1979). Proteins present in 

the lipidie coating, rather than lipids, may fulfil this water-guiding function. After 
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germination, pollen coat material also surrounds the emerging pollen tube. Conversion 

of the coat requires the presence of the stigma and is a prerequisite for successful 

pollen tube growth: in vitro hydrated pollen grains show no coat conversion and do not 

germinate on the stigma (Elleman and Dickinson, 1990). Arabidopsis thaliana mutants 

with altered pollen coats are unable to hydrate on the stigma (Hülskamp et al., 1995; 

Preuss et al., 1993). Hydration can be restored by adding hydrated mentor-pollen or 

isolated coat material from wild-type pollen (Hülskamp et al., 1995; Preuss, 1995; 

Preuss et al., 1993). This further emphasises the importance of the pollen coat in 

establishing hydraulic continuity. 

In case of sporophytic self-incompatibility or interspecific incompatibility in 

Brassicaceae, the hydraulic continuity between pollen and stigma is not established 

(Dickinson and Elleman, 1994; Dumas and Gaude, 1982; Hülskamp et al., 1995). After 

incompatible pollinations, no appressorium-like foot forms, the pollen coating flows out 

over the stigmatic papillae, and the pollen never fully hydrates (Dickinson and Elleman, 

1985; Elleman and Dickinson, 1986; Hülskamp et al., 1995; Roberts et al., 1980; Stead 

et al., 1979). The fact that high environmental humidity leads to incompatibility escapes, 

further suggests that incompatibility acts by interfering with pollen hydration (Carter 

and McNeilly, 1975). 

A process similar to dehydration and rehydration of pollen and the pollen coat 

occurs in oil seeds. Water is withdrawn from the seeds at the end of development. Prior 

to germination, water is transported into the seeds during imbibition. Oil in seeds is 

present in oil bodies. Oleosins are proteins located in the oil body membranes (Huang, 

1992; Murphy, 1993). Oil bodies that contain such proteins are able to maintain their 

structure during seed desiccation, and to réhydrate during imbibition, whereas oleosin-

free oil bodies do not and coalesce upon desiccation (Cummins et al., 1993). 

Accumulation of oleosins in seed oil body membranes is developmentally controlled and 
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starts upon seed desiccation. Sequences encoding oleosin-like proteins have been 

isolated from Brassica napus pollen (Roberts et al., 1995) and A. thaliana stamens 

(d'Oliveira et al., 1993). 

Brassica pollen is an ideal model system to study whether proteins similar to 

oleosins in seeds are involved in dehydration and rehydration of the coat. The first step 

in this study is the analysis of the pollen coat for the presence of oleosin-like proteins. 

The extracellular location of the coat, in combination with its lipidie nature, allows for 

its selective removal from the exine by rinsing with cyclohexane (Doughty et al., 1993; 

Ross and Murphy, 1996; Chapter 2). Proteins can be easily separated from the lipids, 

and obtained in sufficient quantity for the production of an antiserum. The 

corresponding cDNA clones may be isolated from an anther cDNA library (Chapter 3 

and 4). Sequence analysis of these cDNA clones is expected to make clear whether 

oleosin-like proteins are present in the pollen coat. Northern blot analysis may reveal 

any relation between gene expression and the developmentally controlled loss of water 

from the anthers at the end of their development. 

We screened an anther cDNA expression library with an antiserum raised against 

Brassica olerácea pollen coat proteins (Chapter 2) to clone the coding sequences. In this 

chapter we describe the characterisation of oleosins, specific for the pollen coat. A 

function during dehydration and rehydration of the pollen coat, and a role in water 

transport during pollen hydration on the stigma are proposed for these proteins. 
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Results 

Isolation of sequences encoding glycine-rich oleosins 

Screening of a Brassica olerácea anther-specific cDNA expression library with an 

antiserum raised against a pollen coat protein extract (Chapter 2), resulted in the 

isolation of a group of 32 independent clones, all harbouring a homologous insert. 

Restriction analysis placed these clones in three classes, of which 26 were of type 

ЬорсЗ, 5 of type bopc5, and bopc4 was unique. ВорсЗ, bopc4 and bopc5, as 

representatives of each class, were sequenced, and turned out to be 1371, 1441 and 

1144 bp long, respectively. Bopc4 had an open reading frame encoding a 380 amino 

acids long protein. ВорсЗ and bopc5 were not full-length, missing a starting methionine. 

Figure 1 shows an alignment of the presumed amino acid sequences deduced from the 

coding regions of the three B. olerácea cDNA clones. On basis of amino acid sequence 

comparison with the protein encoded by bopc4, ЬорсЗ and bopcS were inferred to miss 

the coding region for 3 and 11 amino acids, respectively, at the N-terminal end. The 

alignment also shows protein sequences deduced from a Brassica alboglabra genomic 

sequence, gbopc4, and two described, nearly identical cDNA clones from Brassica 

napus, Sta 41-2 and Sta 41-9 (Robert et al., 1994). The greater part of the protein 

sequence consists of three arrays of tandem repeats (amino acids 110-149, 203-327 and 

348-376 in BOPC4). The largest array (amino acids 203-327) is glycine-rich. The 

differences in nucleotide sequence length of the coding regions between the three B. 

olerácea cDNA clones originate from gaps in this domain (Figure 1). The clones 

differed from sequences of the other Brassica species also in the other two repeating 

domains (Figure 1). Apart from the gaps and the N-terminal amino acids, ВОРСЗ, 
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PSNIIPESIKPSNIIPEGIK 

DTTTDEDKPGSG GKHGKGE 
DTTTDEDKPGSG GKHGKGE 
DTTTDEDKPGSG GKHGKGE 
DTTTDEDKPGSG GKHGKGE 
DTTTDEDKHGKGESKHGKGE 
DTTTDEDKHGSG AKHGKGE 

80 
VALAVSTPLFIIFSPILLPA 
VALAVSTPLFIIFSPILLPA 
VALAVSTPLFIIFSPILLPA 
VALAVSTPLFIIFSPILLPA 
VALAVSTPLFIIFSPILLPA 
VALAVSTPLFIIFSPILLPA 

156 
PSNIIPESVKPSNIKDKIKD 
PSNIIPESVKPSNIKDKIKD 
PSNIIPESVKPSNIKDKIKD 
PSNIIPESVKPSNIKDKIKD 
PSNIIPVSIKPSNIKDKIKD 
PSN IKDKIKD 

229 
SKHGKGESTHGKGGKHGSEG 
SKHGKGESTHGKGGKHGSEG 
SKHGKGESTHGKGGKHGSEG 
SKHGKGESTHGKGGKHGSEG 
SKHGKGESTHGKGGKHGSEG 
SKHGKGESTHGKGGKHGSEG 

267 
BOPC4 SSMDEGKHGGKHGSGGSPMG VGKHGSGGKHESGGSPMG 
ВОРСЗ SSMDEGKHGGKHGSGGSPMG GGKHGSGGKHESGGSPMGGG KHGSGGKHESGGASMGGGKH ESVGKHGSGGKHESGGSPMS 
BOPCS SSMD 
GBOPC4 SSMDEGKHGGKHGSGGSPMG 
41-2 SSMDEGKHGGKHGSGGSPMG GGKHGSGGKHESGGSPMGGG KHGSGGKHESGGASMGGGKH ESVGKHGSGGKHESGGSPMG 
41-9 KHGSGGSSMG GGKHGSGGKHETG GKHGSGGKHESGGSPMG 

BOPC4 
ВОРСЗ 
BOPCS 
GBOPC4 
41-2 
41-9 

B0PC4 
B0PC3 
B0PC5 
GB0PC4 
41-2 
41-9 

GGKHGSGGKHESGGASMGGG 
GGKHGSGGKHESGGASMGGG 
EGKHGSGGKHESGGASMGGG 
GGKHGSGGKHESGGSPMGGG 
GGKHGSGGKHESGGASMGGG 
GGKHGSEGKHGSGGASMGGG 

SSTSESSDG SSDGSSSDGS 
SSTSESSDG SSDGSSSDGS 
SSTSESSDG SSDGSSSDGS 
SSTSESSDG SSDG SSDGS 
SSTSESSDGSSSDGSSSDGS 
SSTSESSDG SSDGS 

KHGSGGRHEGGGSAMGGGKH 
KHGSGGRHEGGGSAMGGGKH 
KHGSGGRHEGGGSAMGGGKH 
KHGSGGKHESGGASMGGGKH 
KHGSGGRHEGGGSAMGGGKH 
KHGSGGKHESGGSAMGGGKH 

3B0 
SSDGSSHGSGGKHI 380 
SSDGSSHGSGGKHI 419 
SSDGSSHGSGGKHI 335 
SSDGSSHGSGGKHI 361 
SSDGSSHGSGGKHI 424 
SSDGSSHGSGGKHI 377 

GSGGKHGSEGKHGGEGSSMG 
GSGGKHGSEGKHGGEGSSMG 
GSGGKHGSEGKHGGEGSSMG 
GSGGKHGSEGKHGGEGSSMG 
GSGGKHGSEGKHGGEGSSMG 
GSGGKHGSEGKHGGEGSSMG 

347 
KNSLSKNKKEFHYRDQAMDA 
KNSLSKNKKEFHYRDQAMDA 
KNSLSKNKKEFHYRDQAMDA 
KNSQSKNKKEFHYRGQAMDA 
KNSLSKNKKEFHYRGQAMDA 
KNSLSKKKKEFHYRGQAMDA 

Figure 1. Sequence alignment of Brassica oleosin-like proteins 

An alignment of the deduced oleosin-like protein sequences of three Brassica olerácea cDNA clones, 

bopc4, ЬорсЗ and bopcS, the Brassica alboglabra genomic sequence gbopc4, and two Brassica napus 

cDNA clones, sta4l-2 and sta4l-9 (41-2 and 41-9) Numbers shown at the top of BOPC4 correspond to 

amino acid positions in the BOPC4 protein The lengths of the other sequences are shown at the end 
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38 109 

* * * * * * * * 
BOPC4 MWASVASW YLGFAGVTLS GSAVALAVST PLFIIFSPIL LPAIAATTVL AAGLGSKKVA AAPAASPSLS LL 
ATGRP6 WIAAVASW FLVFAGITFG ASIVGLTIAT PLPV1FSPIL· VFATIATTFL VGGATAAVAL GVTAFALILW LF 
ATGRP7 IIIASVASVI FVGFACVTLA GSAAALWST PVFIIFSPVL VPATIATWL ATGFTAGGSF GATALGLIMW LV 
ATGRP8 WIATWSIV FLVFAGLTLV GSATALTITT PLFIIPSPIL VPATIATAVI TTGFTTGGAL GAMAVALI 
13 SILATQAATF LLLISGVSLA GTAAAFIATM PLFWFSPIL VPAGITTGLL TTGLAAAGGA GATAVTIILW LY 
POL3 AILATHAATF LLLIAGVSLA GTAAAFIATM PLFWFSPIL VPAGITTGLL TTGLAAAGGA GATAVTIILW LY 
C98 LIIASVTSLV CLAFSCVALG GSAVALIVST PLFD4FSPIL VPATIATTLL ASGLMAGTTL GLTGIGLI 
Bnlll AVTAVTAGGS LLVLSSLTLV GTVIALTVAT PLLVIFSPIL VPALITVAML ITGFLSSGGF GIAAITVFSW IY 
BnV ATTAVTAGDS LLVLSSLTLV GTVIALIVAT PLLVIFSPIL VPALITVALL ITGFLSSGAF GIAAITVFSW IY 
Atl AATAVTAGGS LLVLSSLTLV GTVIALTVAT PLLVIFSPIL VPALITVALL ITGFLSSGGF GIAAITVFSW IY 

Figure 2. Sequence alignment of Brassica oleosin-like proteins. 

An alignment of the hydrophobic domain of the Brassica olerácea deduced protein sequence BOPC4, 

three Arabidopsis thaliana anther-specific sequences, ATGRP-6, ATGRP-7, and ATGRP-8 (d'Ohveira et 

al., 1993), three Brassica napus pollen oleosins termed 13, POL3 and C98 (Roberts et al., 1995), and two 

В napus and one A thaliana seed oleosin, termed Bnlll, BnV and Atl (Keddie et al., 1992a, 1992b, Van 

Rooijen et al, 1992). The size of the hydrophobic domain used for comparison was 72 amino acids. 

Numbers above the sequence refer to the position of this domain in BOPC4 Leucine residues, or 

conservatively substituted residues, occurring on the average after every seventh residue, are indicated by 

asterisks The most conserved part of the hydrophobic domain, harbouring the three proline residues that 

are conserved in all oleosins and oleosin-like proteins (Murphy, 1993), is shaded. 

BOPC4 and BOPC5 are identical. The minimal identity between any two deduced 

proteins is 96%. In all six proteins, lysine, glycine and serine account for at least 45% 

of the amino acid residues. No signal peptide cleavage sites were detected. 

Assuming identical positions for the translational start sites in ЬорсЗ and bopcS, 

the deduced proteins have predicted molecular weights of 42.5 Ша (BOPC3), 38 kDa 

(BOPC4) and 34 kDa (BOPC5). The B. alboglabra GBOPC4 protein has a predicted 

molecular weight of 36.3 kDa. All four proteins have a basic pi of 10.1. 

Database searching revealed sequence similarity to a large hydrophobic domain 

in oleosins (Figure 2) (Huang, 1992; Murphy, 1993). This domain, nearly identical in 
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the six Brassica proteins, contains a leucine zipper motif and three conserved proline 

residues (Figure 2). 

Gene expression in stamens 

RNA from various tissues was used to determine where the genes corresponding to the 

cDNA clones are expressed. Northern blot analysis indicated that this expression was 

restricted to stamens (Figure ЗА). Despite the different lengths of the cDNA clones, a 

single transcript of approximately 1600 nt was detected. Neither in mature pollen, nor in 

immature bicellular pollen (Figure ЗА), gene expression was detected, which locates 

accumulation of the mRNA in the anther wall. 

Figure 3B shows that during anther development, expression started as early as 

the unicellular microspore stage (3-4 mm flower buds), reached a maximum at the 

bicellular pollen stage (5-8 mm flower buds), and decreased after the second pollen 

mitosis (in 8-9 mm flower buds), when anther dehydration starts (Chapter 3) and the 

tapetum degenerates (Murgia et al., 1991). 

Whether the decrease in gene expression towards the end of anther development 

is a result of water loss, was studied in a time course analysis of flower buds subjected 

to drought (Figure 3C) in the stage before anther dehydration (7-8 mm). Drought 

resulted in a rapid decrease in transcript amount to a hardly detectable level after 18 

hours. Rehydration inverted this effect. Such a decrease was observed in anthers of all 

post-tetrad developmental stages subjected to drought (Figure 3D). So, both loss of 

water from the anther during dehydration towards the end of anther development 

(Figure 3B), as well as resulting from artificially imposed drought stress (Figure 3C and 

D), lead to a decrease in expression of the oleosin-like genes. 
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Figure 3. Northern blot analysis of 

the expression pattern of the gene 

encoding the Brassica olerácea 

oleosin-like pollen coat protein. 

Northern blots contained 10 μg per 

lane and were hybridised with the 

full-length cDNA clone bopc4 as a 

probe. The lengths of the detected 

transcripts are shown at the left. 

(A) Spatial gene expression pattern. 

Northern blot analysis of RNA 

isolated from various tissues (left 

panel) and stamens and pollen at the 

bicellular pollen developmental 

stage (right panel). 

(B) Temporal expression pattern. 

Northern blot analysis of RNA from 

anthers at the unicellular microspore 

stage (3-4 mm flower buds), the 

bicellular pollen stage (5-8 mm 

flower buds) and the tricellular 

pollen stage (flower buds of 9 mm 

and larger). Flower bud lengths are 

shown at the top of each lane. 
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Transcription of ЬорсЗ, bopc4 and bopcS from a single gene 

Genomic DNA, digested with EcoRI, BamHI or Hincffll, was hybridised with a probe 

corresponding to the region encoding the glycine-rich domain of bopc4. This probe 

allows for the detection of genes corresponding to all three cDNA clones. Hybridisation 

with this probe revealed the presence of only one strongly hybridising band (Figure 4A). 

This observation, in combination with the detection of only a single signal on Northern 

blot, raised the question of whether the cDNA clones do represent different transcripts 

in the anther mRNA pool. Therefore, we designed two PCR primers bordering the 

coding region for the glycine-rich domain, in which the differences occur between the 

three cDNA clones. With anyone of the cDNA clones as a template, a single bar.d was 

amplified. The size of these fragments was 678 bp (ЬорсЗ), 552 bp (bopc4) or 450 bp 

(bopcS) (Figure 4B). With anther cDNA as a template, the same three fragments were 

amplified. From genomic DNA, only one band of 678 bp was amplified, indicating that 

there is indeed one gene present in the genome of B. olerácea, but three different 

transcripts in the mRNA pool. The signal detected on Northern blots was often present 

as an extended band (Figure 3), suggesting that it might be a mixture of transcripts with 

small differences in length. The lengths of the twoshorter fragments amplified from 

(C) Gene expression as a result of drought. Northern blot analysis of RNA from anthers of 7-8 mm 

flower buds imposed to drought for up to 24 hours, and of RNA from anthers that had been rehydrated 

for 3 or 6 hours after 12 or 18 hours of drought (indicated as 12+3, 12+6, 18+3 and 18+6). 

(D) Gene expression as a result of 18 hours of drought subjected to anthers from different developmental 

stages. Flower bud lengths are shown at the top of each lane and correspond to developmental stages as 

described for (B). 
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anther cDNA suggest that they miss the same parts of the sequence which are absent 

from bopc4 and bopcS. The presence of one hybridising band on genomic Southern 

blots, in combination with the exact nucleotide sequence conservation between the three 

cDNA clones apart from the gaps in the glycine-rich region, indicates that the cDNA 

clones presumably represent transcripts from a single gene. Whether the different 

transcripts originate from aberrant transcription, or rather as a result of post-

transcriptional modifications, is unclear. Sequence analysis of the 678 bp fragment 

amplified from genomic DNA revealed complete identity to the corresponding part of 

ЬорсЗ (data not shown), indicating that this cDNA clone represents the unmodified 

transcript. Rescreening of the anther cDNA library indicated that more than 90% of the 

cDNA clones is of type ЬорсЗ. 

Detection of oleosins in pollen coat protein extracts 

The region of bopc4 encoding the glycine-rich domain was subcloned into the 

expression vector pGEX3X (Pharmacia) and expressed in E. coli. The recombinant 

protein was used to raise antibodies to study the accumulation of the glycine-rich 

oleosin. This antiserum detected 5 proteins in pollen coat protein extracts from B. 

olerácea. The protein produced in E. coli was also used to purify antibodies from a 

polyclonal antiserum raised against a mixture of pollen coat proteins (Chapter 2). The 

purified antiserum (termed anti-oleosin) detected the same proteins, but reacted much 

stronger than the antiserum against the recombinant protein. Western blots shown in the 

following figures were all incubated with the purified anti-oleosin serum. 

The five proteins in pollen coat protein extracts, detected by the anti-oleosin 
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Figure 4. Determination of gene copy 

number in Brassica olerácea. 

(A) Southern blot analysis of 10 μg genomic 

DNA digested with EcoRI, BamHI or 

Hindlll. The blot was hybridised with a 

probe consisting of the coding region of the 

glycine-rich domain of bopc4. A molecular 

weight marker (kbp) is shown at the left. 

(B) Southern blot analysis of PCR-amplified 

fragments from total anther RNA with (+) or 

without (-) reverse transcriptase, and 

fragments amplified from genomic DNA and 

the cDNA clones ЬорсЗ, bopc4 and bopcS. 

The blot was hybridised with the encoding 

region of the glycine-rich domain of bopc4. 

The lengths of the amplified fragments are 

shown at the left. 

serum, ranged in molecular weight from 34 to 42 kDa (Figure 5A). The 42 kDa protein 

was the most abundant. Its molecular weight was as predicted for BOPC3. The 

molecular weights of two less abundant proteins corresponded to the predicted values 

for BOPC4 and BOPC5. This suggests that all three transcripts are translatable and give 

rise to proteins in the pollen coat. 
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During optimalisation of the pollen coat protein extraction procedure, it was 

found that all five pollen coat proteins detected by the anti-oleosin serum were present 

in the supernatant after boiling of the protein extract (Figure 5B, lanes 1 and 2). Figure 

4B also shows that the glycine-rich domain, produced as a recombinant protein, is 

boiling-resistant (lanes 5 and 6). The boiling-resistant nature of the oleosins allowed for 

the selective purification of these proteins and has been used during Western blot 

analysis. 

Figure S. Detection of oleosin-hke proteins in pollen coat protein extracts 

(A) Western blot analysis of Brassica olerácea pollen coat proteins, probed with an antiserum raised 

against a pollen coat protein extract (anU-pcpSS, left hand lane), or with antibodies purified from this 

serum with a recombinant protein corresponding to the glycine-rich domain of BOPC4 (anti-oleosin, nght 

hand lane). Molecular weights (kDa) are shown at the left 

(B) Analysis of the boiling-resistance of the glycine-nch oleosin-hke proteins. Protein gel (top panel) and 

western blot (bottom panel) analysis of pollen coat proteins (lane 1, 2) and recombinant protein 

corresponding to the glycine-nch domain of BOPC4 fused to glutathione S-reductase (lane 3, 4) or after 

cleavage with Factor Xa (lane S, 6) Lanes 2, 4 and 6 show proteins present in the supernatant after 

boiling of the extracts shown in the lanes 1, 3 and S. The western blot is probed with anti-oleosin 

Proteins detected by anu-oleosin are clearly boiling-resistant Molecular weights (kDa) are shown at the 

left 
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Localisation of oleosins in stamens 

Western blot analysis indicated that the oleosins are present in extracts from the pollen 

coat, the pollen and whole stamens (Figure 6A). No such proteins were detected in 

extracts from sepals, petals, carpels and seeds (Figure 6A). In pollen and developing 

stamens, only proteins with molecular weights corresponding to BOPC3 and BOPC5 

were detected. The other three oleosin-like proteins detected in the pollen coat protein 

extract were probably below the detection limit in extracts from pollen and stamens. 

During stamen development, the proteins were detected in stamens from flower buds of 

7-8 mm or greater (Figure 6B), which are about 4 days older than buds wherein the 

coding transcripts first appear. An additional antigenic protein of 55 kDa was detected 

in stamens in flower buds of 5 mm (Figure 6B), but was no longer present in 10 mm 

buds (Figure 6A). This protein was not detectable in protein extracts from the pollen 

coat or from whole pollen grains (Figure 6A). 

The amino acid sequence identity between the glycine-rich domains of these 

oleosins from different Brassica species allowed for the detection of the encoded 

proteins in species other than B. olerácea. The anti-oleosin serum detected a minimum 

of two proteins in pollen coat protein extracts from other B. olerácea lines and other 

Brassica species (Figure 6C). Southern blot analysis (data not shown) of the various 

lines and species indicated that the gene encoding the oleosin-like protein is a single 

copy gene, except for Brassica napus, which has two genes, probably originating from 

the B. olerácea and the Brassica rapa genomes (Robert et al., 1994). So, the synthesis 

of different molecular weight forms of the protein from a single gene may be more 

general among brassicas. 
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Figure 6. Oleosin-like protein accumulation 

л . profiles in Brassica olerácea. 
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from various tissues, probed with anti-

oleosin. Flower organs were isolated from 

flower buds just before opening (10+ mm 

flower buds). Molecular weights (kDa) are 

shown at the left. 

(B) Western blot analysis of stamen protein 

extracts during the bicellular (5-8 mm flower 

buds) and the tricellular pollen 

developmental stage (9+ mm flower buds). 

Flower bud lengths are shown at the top. 

34— Molecular weights (kDa) are shown at the 

left. 

-, (C) Western blot analysis of pollen coat 

protein extracts from four different B. 

olerácea lines (indicated as I, II, III and IV), 

Brassica alboglabra and Brassica napus. 

Molecular weights (kDa) are shown at the 

left. 

(D) Western blot analysis of lipid-associated 

proteins from stamens at the bicellular pollen 

stage, mature pollen, mature pollen rinsed 

rj with cyclohexane, and seeds. Molecular 

л weights (kDa) are shown at the left. 

127 



Chapter 5 

Detection of glycìne-rich proteins as pollen coat oleosins 

Oil body associated proteins were isolated from pollen and stamens (Batchelder et al., 

1994) to determine whether proteins corresponding to our oleosins are present in the 

lipidie fraction (Figure 6D). Western blot analysis of lipid-associated proteins of pollen 

and stamens showed the presence of a 42 kDa and a 34 kDa protein reacting with the 

antiserum. The 55 kDa stamen protein turned also out to be associated with the lipidie 

fraction. Pollen rinsed with cyclohexane did not contain the cross-hybridising proteins, 

which indicates that they are present in the pollen coat. Oil body associated proteins 

from Brassica seeds did not cross-react with the anti-oleosin antiserum. 

The exclusive location of the oleosin-like proteins in the coat of Brassica pollen 

was confirmed by immuno-gold labelling of transmission electron micrographs of pollen 

grains (Figure 7). Anti-oleosin antibodies only reacted to proteins in the pollen coat. No 

collodial gold labelling was observed in the pollen wall exine and intine, nor in the 

pollen cytoplasm (Figure 7A). Pre-immune serum did not detect any pollen coat proteins 

(Figure 7B). 
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Figure 7. Immunocytochemical localisation of the glycine-rich oleosins. 

(A) Ultrathin section of a mature pollen grain, probed with anti-oleosin. Collodial gold labelling was only 

observed in the pollen coating (arrowhead). 

(B) As (A), probed with pre-immune serum. 

pc, pollen coat; e, exine; i, intine; c, cytoplasm. 
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Discussion 

In this chapter we described the characterisation of proteins in the pollen coat of 

Brassica, which are most likely oleosins. An antiserum raised against pollen coat 

proteins was used to isolate the corresponding coding sequences from an anther cDNA 

expression library. Three types of cDNA clones, harbouring homologous inserts, were 

isolated. Sequence analysis revealed the coding sequences for glycine-rich proteins with 

a large hydrophobic domain, similar to such a domain in seed oleosins. Selective 

isolation of proteins associated with lipids liberated the glycine-rich proteins from the 

pollen. The selective isolation and the presence of the hydrophobic domain suggests that 

these proteins are bound to lipids in the same way as seed oleosins. Western blot 

analysis and electron microscopy, using a purified antiserum specific for the glycine-rich 

domain, showed exclusive localisation of the proteins in the Brassica pollen coat. 

Southern blot and RT-PCR analyses showed that the cDNA clones represent 

different transcripts from a single gene. Expression of the gene was restricted to the 

anther wall. The gene is expressed as early as the unicellular microspore stage, with 

increasing transcript levels during the bicellular pollen stage, and a decrease after the 

second pollen mitosis. Availability of water strongly regulates gene expression, since 

both developmentally controlled anther dehydration and imposed drought stress 

decreased gene expression. Drought-induced decrease of expression was opposite to the 

increased expression of seed oleosin genes upon seed desiccation (Holbrook et al., 1991; 

Van Rooijen et al., 1991). 

Absence of gene expression in the developing pollen grains indicates that the 

pollen coat oleosins are synthesised in the pollen surrounding tissues, probably in the 

tapetum (Robert et al., 1994; Ross and Murphy, 1996). The absence of a signal peptide 

sequence makes it unlikely that the oleosins are released into the locule by transport 
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over the membrane. More likely, at tapetal rupture, they are released, though together 

with the lipidie remainings of the tapetum into the locule, where they coat the 

developing pollen grains (Dickinson, 1973; Dickinson and Lewis, 1973a; Heslop-

Harrison, 1968; Murgia et al., 1991). The hydrophobic domain of the proteins might 

bind them to oil bodies in the tapetum. Similar hydrophobic domains are present in 

oleosins from pollen and anthers of other Brassica species, and in seeds (d'Oliveira et 

al., 1993; Roberts et al., 1991; 1993; 1995). They have been shown to be essential for 

correct targeting to, and anchoring in the membrane of oil bodies (Batchelder et al., 

1994; Lee et al., 1991; Van Rooijen and Moloney, 1995). 

The gene encoding the pollen coat oleosins is present as a single gene in the B. 

olerácea genome. Transcription or mRNA processing results in the accumulation of 

transcripts of different length. Bopc4 and bopc5 correspond to transcripts identical to 

ЬорсЗ, but missing part of the coding region for the glycine-rich domain. In the coding 

region for the glycine-rich domain, ЬорсЗ is identical to the gene sequence, indicating 

that ЬорсЗ corresponds to the unmodified transcript. The shorter transcripts also seem to 

give rise to proteins, as of the five proteins detected in the pollen coat with the anti-

oleosin serum, two have molecular weights corresponding to the predicted molecular 

weights of BOPC4 and BOPC5. The nucleic acid sequences bordering the domain in 

ЬорсЗ, that is missing from bopcS, resemble the splice junction sequences defined by 

Mount (1982), suggesting splicing as a possible mechanism. However, the sequences 

bordering the domain missing in bopc4 do not resemble these sites. The presence of a 

55 kDa cross-reacting protein in extracts from immature stamens could not be explained 

from the identified sequences. Ross and Murphy (1996), using protein sequencing, 

showed that oleosin-like proteins in the pollen coat of B. napus occur as post-

translationally modified proteins, missing the N-terminal part including the hydrophobic 
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domain. The 55 kDa protein in immature stamens could therefore be an unmodified full-

length precursor of such a protein. 

The genes encoding the pollen coat oleosin in B. olerácea, В. napus and B. 

alboglabra differ slightly in nucleotide sequence. These differences occur as 

modifications in the number of repeating units. Sequence length variations of this type 

may be the result of insertions or deletions, caused by DNA slippage mutations. They 

result from DNA mispairing between two adjacent short, direct repeat sequences 

(Levinson and Gutman, 1987; Tautz et al., 1986). Similar sequence length variations 

have also been observed in protein kinases (Park et al., 1995) and proline-rich cell wall 

proteins (Schmidt et al., 1994). 

The question is what the function might be of a highly glycine-rich pollen coat 

oleosin. The hydraulic continuity between the pollen grain and the stigmatic papilla is 

established by the conversion of pollen coat material into a substance allowing water 

passage, and is a prerequisite for pollen hydration (Dickinson, 1995; Dickinson and 

Elleman, 1994; Hülskamp et al., 1995; Kandasamy et al., 1995; Preuss, 1995; Preuss et 

al., 1993). The secondary structure of the glycine-rich domain of the pollen coat 

oleosins is predicted to be a randomly coiled structure. The combination of a randomly 

coiled secondary structure and the high occurrence of glycine residues, makes the 

proteins apt to bind large amounts of water (Bray, 1993), a feature that may explain 

their boiling-resistance. Such proteins may be functional in attracting water from the 

stigmatic papilla. 

A second function of pollen oleosins might be the stabilisation of lipids during 

dehydration and rehydration. Such a structural role in the stabilisation of seed oil 

bodies, the small (0.5-2 μιη) organelles in which the oil in seeds is stored, has been 

proposed for seed oleosins (Murphy, 1993, Ross et al., 1993). Oleosin-coated oil bodies 

remain intact during seed desiccation and imbibition, whereas oil bodies devoid of 
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oleosins coalesce (Cummins et al., 1993). Maintainance of the structure of the pollen 

coat may enable it to convert upon landing on the stigma and to establish hydraulic 

continuity to allow the pollen to hydrate. 

It is clear that the various compartments in which oils accumulate, i.e. seeds, 

pollen cytoplasm and pollen coat, have their own type of oleosins. Recently, a set of 

cDNA clones encoding different oleosin-like pollen coat proteins different from ours has 

been analysed in B. napus (Ross and Murphy, 1996). All these proteins contained the 

hydrophobic domain characteristic for oleosins, but differed in their C-terminal amino 

acid sequences. Whether all of these proteins have similar functions, or whether they 

only share the oleosin-like hydrophobic domain important for association with the 

lipidie coating, needs to be established. The elucidation of the function of the pollen 

coat oleosins, especially in relation to pollen hydration, will be the aim of future 

experiments. 

Materials and methods 

Plant material 

Plants of Brassica olerácea (Nickerson Zwaan, Tuitjehom, The Netherlands) were grown in a controlled 

environment at a constant temperature of 20°C, 65% relative humidity and 16 hours light Bicellular 

microgametophytes were isolated according to Schrauwen et al (1990) 

Drought stress treatments 

Plant material was subjected to drought stress for various periods of time at 20°C Whole inflorescences 

were cut from the plant and left on the bench to dry. At several time points, stamens were collected from 
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the buds Dehydrated inflorescences were allowed to rehydrate in tubes with tap water, after removal of 

the dned-up cut end 

Screening of libraries 

The described cDNA clones resulted from the screening of an anther-specific cDNA expression library for 

clones encoding pollen coat proteins (Chapter 2 and 3) The В alboglabra genomic sequence resulted 

from the screening of a genomic library (supplied by Dr Martin Trick), using bopc4 as a probe 

DNA sequencing 

DNA was sequenced according to the method described by Sanger et al (1977) Single-stranded DNA 

was isolated from SK Bluescnpt plasmid vectors using helper phage R408 (Stratagene) Template DNA 

was sequenced with the T7 DNA polymerase system of Pharmacia Nucleotide and deduced amino acid 

sequences were analysed using the University of Wisconsin Computer Group programmes (Devereux et 

al 1984) 

Northern and Southern blot analysis 

RNA and genomic DNA were isolated as described by Van Eldik et al (1995) Northern and Southern 

blot analysis were performed as described earlier (Chapter 4) 

PCR analysis 

Two PCR primers were designed around the region in which the differences occur between ЬорсЗ, bopc4 

and bopc5 We used the sequences CTACGGATGAAGATAAACCC, corresponding to amino acids 192-

199 of BOPC4, and CCACCACTCCCATGTGAAC, corresponding to amino acids 371 377 in BOPC4 

For a PCR reaction, we used 4 ul reverse transcription reaction mixture, 25 ng genomic DNA or 2 ng 

plasmid DNA First-strand cDNA was synthesised according to Kawasaki (1990) The PCR programme 

consisted of 10 mm 94°C, prior to 50 cycles of 1 mm 94°C, 1 mm 57°C and 2 mm 72°C After the final 
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cycle, extension at 72°C was prolonged for another 10 nun 

Expression and purification of the glycine-rich domain ofBOPC4 

The coding region for the glycine-nch domain of the ВОРС4 protein, ranging from amino 157 to amino 

acid 337, was subcloned into pGEX3X (Pharmacia), giving rise to a fusion protein with glutathione S-

transferase E coli XLl Blue cells (Stratagene), containing this recombinant plasmid, were grown in LB 

medium containing 2% glucose and 200 pg/ml ampicillin at 30°C with shaking at 300 rpm When OD^,, 

reached 0 5-1 0, protein expression was induced by adding IPTG to a final concentration of 0 1 mM Cells 

were grown for another 3 hours at 30°C After pelleting and resuspension in PBS, pH 7 6 (150 mM NaCl, 

10 mM NaH2P04), the cells were sonicated while kept on ice Tnton X-100 was added to a final 

concentration of 1% and gently shaking was used to solubilise the fusion protein Cell debns was pelleted 

(10 minutes, 10,000 g) and the supernatant was used to purify the fusion protein The fusion protein was 

purified using a 50% slurry of glutathione sepharose 4B (Pharmacia) and cleaved using factor Xa 

(Promega), according to supplier's description 

Protein isolation 

Proteins from the pollen coat were isolated according to the method of Doughty el al (1993) with slight 

modifications (Chapter 2) Proteins from other plant material than the pollen coat were extracted after 

grinding the tissue in liquid nitrogen The ground tissue was suspended in one volume of PBS pH 7 6, and 

sonicated while kept on ice After centnfugation (20 minutes, 10,000 g), the clear supernatant containing 

the proteins was stored at -20°C Boiling-resistant proteins were isolated by boiling total protein extracts 

for 10 minutes After keeping the extracts on ice for 5 minutes, denatured proteins were pelleted and the 

supernatant was transferred to fresh tubes Oil-body associated proteins were isolated as described by 

Batchelder et al (1994) 

Protein concentrations were determined by a Bio-Rad standard micro-assay according to the 

manufacturer's product information, using bovine serum albumin as a standard 
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Western blot analysis 

Proteins were denatured by boiling in SDS sample buffer (12 5 mM Tns-HCl, pH б 8, 2% [v/v] glycerol, 

0 4% [w/v] SDS, 1% [v/v] ß-mercaptoethanol, 0 02 mg/ml bromophenol blue) for 3 minutes prior to 

running The proteins were separated on 12 5% SDS Polyacrylamide gels made up in running buffer 

(0 1% [w/v] SDS, 0 192 M glycine, 25 mM Tns-HCl, pH 8 8) for 45 minutes at 200 V using the Bio-Rad 

Mini Protean II system The gels were stained in an aqueous solution containing 0 2% [w/v] Coomassie 

Brilliant Blue, 10% [v/v] methanol and 10% [v/v] aceUc acid, and destained in 10% [v/v] acetic acid 

Separated proteins were transferred to nitrocellulose filters (BA-S85, Schleicher and Schuell) at 

75 V for one hour in transfer buffer (25 mM Tns-HCl, pH 8 8, 0 192 M glycine, 10% [v/v] methanol) 

using the Bio-Rad Mini Protean Trans Blot Cell 

When the antiserum raised against the pollen coat protein extract (anti-pcpS5) was used, 

carbohydrate epitopes were blocked before immunodetection as described by Woodward et al (1985) 

Filters were blocked for 4 hours in blocking buffer (PBS pH 7 6, containing 3% [w/v] non-fat dry milk 

and 0 1% [v/v] Tween 20), prior to an overnight incubation with a 1 500 dilution of the antiserum in 

blocking buffer The filters were washed 3 times for 10 minutes in blocking buffer This was followed by 

a one-hour incubation in a 1 7500 dilution of goat-anti-rabbit antibodies conjugated with alkaline 

phosphatase (Promega) in blocking buffer Prior to colour development, the filters were washed 2 limes in 

PBS pH 7 6 and once in carbonate buffer (100 mM NaHC03, 1 mM MgCl2, pH 9 5) Colour development 

was earned out by incubating the filters in carbonate buffer, containing 0 33 mg/ml NBT and 0 165 mg/ml 

BCIP at room temperature in the dark until sufficient colouring 

The glycine-nch domain of the pollen coat oleosin, produced as a recombinant protein in E coli, 

was used to purify antibodies specific for this protein sequence from a polyclonal antiserum raised against 

a mixture of pollen coal proteins Western blots with the recombinant protein were blocked and incubated 

with anü-pcpS5 as described above One lane was further processed to detect the cross-reacting protein 

band The rest of the blot (9 lanes) was washed 4 times for 5 minutes in PBS pH 7 6 A slice was cut 

from the blot, corresponding to the place of the recombinant protein The cross-reacting antibodies were 

eluted from this slice with 1 M glycine pH 2 5 for 10 minutes This solution was then neutralised by 

adding 0 1 volume 0 1 M Tns-HCl pH 8 0 Antibodies which were purified using 0 5 pg of recombinant 

protein, ended up in 1 ml of Tns-glycine solution This solution was termed anti-oleosin The anti-oleosin 
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antiserum was used in a 1 10 dilution in blocking buffer Western blots were processed as described for 

anti-pcpS5 

Transmission electron microscopy 

Pollen grains were fixed for 4 hours in PBS pH 7 4, containing 4% formaldehyde and 0 25% 

glutaraldehyde, and dehydrated in a graded senes of ethanol (30, SO and 70%, 15 minutes each) The 

grains were left overnight in 70% ethanol Next day, the grains were incubated in a fresh solution of 70% 

ethanol for 30 minutes, followed by a 30-minute incubation in 100% ethanol The pollen was infiltrated 

with a l l mixture of L R White (The London Resin Co Ltd ) resin and 100% ethanol for 2 hours, prior 

to an overnight incubation in a 1 2 mixture of the same components Incubation in 100% L R White took 

place over the weekend The L R White resin was polymerised at 50°C for 2 days 

Ultrathin sections were cut with a glass knife, collected on formvar-coated grids, and blocked for 

1 hour in blocking buffer (PBS pH 7 4 containing 0 5% BSA and 1% Tween-20), prior to a 1-hour 

incubation with 1 1 diluted anti-oleosin serum in blocking buffer, all at room temperature Non-reacting 

antibodies were removed by washing 4 times for 10 minutes with blocking buffer, before sections were 

incubated for 1 hour at room temperature in a 1 100 dilution of goat-anti-rabbit antibodies conjugated with 

colloidal gold (EM GAR IgG 10 nm gold, British Biocell International) in blocking buffer After washing 

2 times for 10 minutes in stenle water, sections were stained for 20 minutes in 2% uranylacetale in stenle 

water, washed 2 times for 10 minutes with sterile water, and dned Sections were studied with a Philips 

EM 201 transmission electron microscope 
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Summary and conclusions 

This thesis describes the characterisation of a number of proteins that are assumed to be 

deposited on the surface of Brassica olerácea pollen grains prior to anthesis. The 

function of mature pollen grains is the transfer of male gametes from the anthers to the 

female reproductive organ. The fact that the formation and the function of the male 

gametes are separated in time and place means that the carrying pollen grain needs 

properties concerning transport, storage and protection. Transport of pollen to the stigma 

occurs in a strongly but not fully dehydrated state. This condition endows the pollen 

with the capacity to survive in dry air the period from shedding to landing on the 

stigma. Sealing of the pollen grains by a lipidie coat is thought to maintain the state of 

hydration. Upon landing on the stigma, the pollen coat swells and converts into a 

structure that allows the passage of water from the stigma into the pollen grains. The 

ability of the pollen coat to convert from a strongly dehydrated substance, retracted in 

the exine cavities, into a bridging structure after landing on the stigma, implies the need 

for pollen coat stabilisation during dispersal. Moreover, the pollen coat is assumed to 

allow the pollen to be transferred from the dehiscing anthers to the stigma and their 

hydration on this stigma, and to support the growth of the pollen tubes into the papillae. 

These functions attributed to the pollen coat necessitate the presence of proteins 

involved in protection and stabilisation of coat material during osmotic stress during 

dispersal, in coat conversion, in transport of water from the stigma to the pollen, and in 

weakening the wall of the papillae which allows the pollen tubes to enter. 

A molecular analysis of pollen coat proteins through the novel approach of using 

the proteins actually present in the coat as the starting point for the isolation of their 

corresponding cDNA sequences, has been proven to be particularly powerful. Pollen 

coat proteins of B. olerácea were selectively isolated and used for the generation of an 

antiserum which demonstrated the exclusive location of the proteins in the pollen coat 

(Chapter 2). Corresponding cDNA sequences of some of these proteins were isolated 
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and characterised (Chapter 3, 4 and 5). The availability of antibodies as well as nucleic 

acid sequences enabled us to study spatially and temporally, pollen coat protein 

accumulation and corresponding gene expression. Through homology to genes encoding 

proteins with known functions, sequence analysis of the isolated cDNA clones provided 

us with a clue to what process the pollen coat proteins would be involved. The analysis 

revealed the presence of proteins related to specific functions of the pollen coat during 

pollination. Among these are proteins assumed to play a role in protection against 

osmotic stress during dispersal (Chapter 3). Transmembrane channel proteins in the coat 

(Chapter 4) may be involved in pollen hydration on the stigma. Finally, glycine-rich 

oleosins (Chapter 5) may confer to the lipidie coating its ability to take up water from 

the stigma, passing it to the pollen. 

Each of the genes corresponding to the various pollen coat proteins has its 

specific expression pattern during anther development. During this process, water is 

relocated between the different anther tissues, which leads to pollen desiccation and 

anther dehiscence. This leads to a form of local dehydration. Genes encoding proteins 

homologous to the ones in the coat are often induced to express, or are expressed at 

higher levels as a result of osmotic stress due to the loss of water. This occurs both 

during environmentally caused water stress and during developmentally controlled 

desiccation of seeds, and can be mimiced by artificially subjected drought. During 

anther development this pattern was not universal. The coat protein encoding genes 

were already expressed prior to the onset of anther dehydration (Chapter 3, 4 and 5). 

Only a mip homologue showed increased expression from anther dehydration on 

(Chapter 4), whereas bopclS and bopc34 reached their maximum expression prior to 

anther dehydration (Chapter 3). Oleosin gene expression even decreased from the onset 

of dehydration (Chapter 5), which was in strong contrast with the analogous process in 

seeds. Artificially imposed drought stress led to increased expression in anthers for the 
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bopcl5, bopc34 and mipA genes during anther development (Chapter 3 and 4). The 

treatment led to decreased expression of the oleosin gene (Chapter 5). So, the effect of 

artificially imposed drought on gene expression was similar to the expression upon 

natural anther dehydration for both mipA and the oleosin gene. Expression leading to the 

formation of proteins deposited in the pollen coat is thus programmed by development 

for the main part, but there is an apparent influence of environmental factors. 

Proteins in the pollen coat are most likely synthesised in the tapetum, prior to 

their transfer to the exines of the developing pollen grains. Their presence in the pollen 

coat may be considered as to be the result of tapetal degeneration and deposition of the 

remainings on the exines. Alternatively, they may be produced to have a specific 

function in the pollen coat during pollination. Transport of water plays a key role in 

anther physiology. This includes water transport to the locular space during pollen 

development, and from this space during anther dehydration and pollen desiccation. 

Moreover, water relocation within the anther wall is a prerequisite for anther 

dehiscence. The various processes of water transport may lead to local, suboptimal 

hydration conditions, causing osmotic stress and the induction of protective systems. 

The specific function of the pollen coat in the establishment of hydraulic continuity 

between the pollen and the stigma implies the necessity of both proteins that stabilise 

the coat in its strongly dehydrated form during pollen dispersal, and water guiding 

proteins. Proteins described in this thesis could well be amongst those conferring these 

features to the coat. 
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Samenvatting en conclusies 

Dit proefschrift beschrijft de karakterisatie van eiwitten waarvan verondersteld wordt dat 

ze gedeponeerd worden op Brassica olerácea pollenkorrels voorafgaand aan anthesis. 

De functie van volwassen pollenkorrels is het transport van de mannelijke gameten van 

de antheren naar het vrouwelijke voortplantingsorgaan. Het feit dat de vorming en de 

functie van de mannelijke gameten gescheiden zijn in zowel tijd als plaats, betekent dat 

de pollenkorrel moet beschikken over eigenschappen betreffende transport, opslag en 

bescherming. Transport van pollen naar de stigma vindt plaats in een sterk 

gedehydrateerde vorm. Deze hoedanigheid veschaft het pollen de eigenschap om te 

overleven in droge lucht gedurende de periode tussen het vrijkomen op de antheren en 

het landen op de stigma. De vetachtige coating rond de pollenkorrels wordt 

verondersteld deze toestand van hydratatie in stand te houden. De pollen coat hydrateert 

na het landen op de stigma en vormt een structuur waar doorheen water transport 

plaatsvindt van de stigma naar de pollenkorrels. De pollen coat heeft dus het vermogen 

om te veranderen van een sterk gedehydrateerde substantie (teruggetrokken in de holtes 

van de exine), in een overbruggende structuur met de stigma, nadat het pollen op de 

stigma geland is. Dit impliceert de noodzakelijkheid van pollen coat stabiliserende 

factoren gedurende pollen transport. Verder wordt de pollen coat verondersteld 

betrokken te zijn bij het mogelijk maken van pollen transport van de antheren naar de 

stigma, de hydratatie van het pollen op de stigma, en de ingroei van pollenbuizen in de 

papillae. Deze aan de pollen coat toegeschreven functies maken de aanwezigheid van 

eiwitten noodzakelijk, die betrokken zijn bij de bescherming en stabilisatie van de 

pollen coat gedurende osmotische stress tijdens pollen verspreiding, bij pollen coat 

omvorming op de stigma, bij transport van water van de stigma naar het pollen, en bij 

het aantasten van de celwand van de papillae voorafgaand aan pollenbuis penetratie. 

Een moleculaire analyse van de pollen coat eiwitten met behulp van een aanpak 

waarbij de pollen coat eiwitten werden gebruikt als uitgangspunt voor de isolatie van de 
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corresponderende cDNA sequenties, bleek zeer krachtig. Pollen coat eiwitten van B. 

olerácea werden selectief geïsoleerd en gebruikt voor het opwekken van een antiserum. 

Met behulp van dit antiserum werd de exclusieve localisatie van de eiwitten in de pollen 

coat aangetoond (Chapter 2). De corresponderende cDNA sequenties werden geïsoleerd 

en gekarakteriseerd (Chapter 3, 4 en 5). De beschikbaarheid van zowel antilichamen als 

DNA sequenties verschafte de mogelijkheid om zowel eiwit accumulatie als de 

corresponderende genexpressie te bestuderen in zowel tijd als plaats. Sequentie 

homologie met genen die coderen voor eiwitten met een bekende functie leidde tot 

aanwijzingen voor de mogelijke functies van de pollen coat eiwitten in het proces van 

bestuiving. Genen coderend voor eiwitten met een veronderstelde rol in bescherming 

tijdens osmotische stress werden geïsoleerd (Chapter 3). Waterkanaal vormende 

transmembraan eiwitten (Chapter 4) zijn mogelijk betrokken bij pollen hydratatie op de 

stigma. Glycine-rijke oleosines (Chapter 5) voorzien de pollen coat mogelijkerwijs van 

het vermogen om water op te nemen van de stigma en te transporteren naar de 

pollenkorrels. 

De genen die corresponderen met de eiwitten in de pollen coat hebben ieder hun 

specifieke expressiepatroon gedurende anthère ontwikkeling. Water wordt verplaatst 

tussen verschillende anthère weefsels gedurende dit proces, uiteindelijk leidend tot 

anthère opening. Dit leidt tot dehydratatie op een lokaal niveau. Genen die eiwitten 

coderen die homoloog zijn met de pollen coat eiwitten, worden vaak geïnduceerd tot 

expressie, of komen tot expressie op een hoger niveau als gevolg van osmotische stress 

door waterverlies. Dit gebeurt zowel gedurende osmotische stress veroorzaakt door 

omgevingsfactoren, als gedurende ontwikkelingsgereguleerde uitdroging van zaden. Het 

effect kan nagebootst worden door middel van artificiële uitdroging. Dit patroon van 

genexpressie was niet universeel gedurende anthère ontwikkeling. De pollen coat eiwit 

coderende genen kwamen reeds tot expressie voor de aanvang van anthère dehydratatie 
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Samenvatting en conclusies 

(Chapter 3, 4 en 5). Alleen een van de mip homologen vertoonde een toename in 

expressie gedurende anthère dehydratatie (Chapter 4), terwijl bopclS en bopc34 het 

maximale expressieniveau reeds bereikten voor de aanvang van anthère dehydratatie 

(Chapter 3). Oleosine genexpressie nam zelfs af als gevolg van anthère dehydratatie 

(Chapter 5), hetgeen in sterk contrast staat met de toename in genexpressie van oleosine 

genen gedurende het analoge proces van uitdroging in zaden. Artificiële uitdroging 

leidde tot een toename in expressie in antheren van de bopclS, bopc34 en mipA genen 

(Chapter 3 en 4), terwijl het leidde tot een afname in de expressie van het oleosine gen 

(Chapter 5). Het effect van artificiële uitdroging op de genexpressie in antheren was dus 

gelijk aan het effect van ontwikkelingsgereguleerde anthère uitdroging voor zowel mipA 

als het oleosine gen. Genexpressie leidend tot de vorming van eiwitten die terecht 

komen in de pollen coat, is dus geprogrammeerd gedurende anthère ontwikkeling, 

waarbij er een invloed is van omgevingsfactoren. 

Eiwitten in de pollen coat worden waarschijnlijk gesynthetiseerd in het tapetum, 

voorafgaand aan de depositie op de exines van de ontwikkelende pollenkorrels. De 

aanwezigheid van deze eiwitten in de pollen coat zou beschouwd kunnen worden als het 

gevolg van de degeneratie van het tapetum, met de daaropvolgende depositie van de 

overblijfselen op de exines. Echter, de eiwitten zouden ook geproduceerd kunnen 

worden om een specifieke functie in de pollen coat uit te voeren gedurende het 

bestuivingsproces. Watertransport speelt een sleutelrol gedurende anthère fysiologie. Dit 

omvat het transport van water naar de loculus gedurende pollen ontwikkeling, en uit 

deze ruimte gedurende dehydratatie van de antheren en uitdroging van de pollenkorrels. 

Verder is het verplaatsen van water in de anthère wand een vereiste voor anthère 

opening. De verschillende processen van watertransport kunnen leiden tot lokale, 

suboptimale hydratatie condities, met osmotische stress en de inductie van 

beschermende mechanismen als gevolg. De specifieke functie van de pollen coat in het 

155 



Chapter 7 

totstandbrengen van een hydrologische eenheid tussen de pollenkorrels en de stigma, 

impliceert de noodzaak van de aanwezigheid van zowel eiwitten die de coat stabiliseren 

in de sterk gedehydrateerde toestand gedurende pollen verspreiding, als water geleidende 

eiwitten. De eiwitten beschreven in dit proefschrift zouden deze functies aan de pollen 

coat kunnen verlenen. 
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Gerben, jij was mijn steun en toeverlaat op het lab. Onze samenwerking, waarbij 

ook de studenten betrokken waren, heeft er toe geleid dat we samen heel wat werk 

hebben kunnen verzetten. De discussies met betrekking tot eikaars onderzoeksplannen 

hebben ons "scherp gehouden". De in dit proefschrift gepresenteerde resultaten zouden 

niet mogelijk geweest zijn zonder jou hulp en die van een groep enthousiaste studenten. 

Thomas, Harold, Jamal, Annemieke, Diny, Jeroen en Erik, bedankt. Peter, Wim, Наггіе, 

Bart en Huub, bedankt voor de assitentie bij het werk en de begeleiding van studenten. 

George, bedankt voor de mogelijkheid tot het uitvoeren van een promotie 

onderzoek binnen jouw groep. Jan en Rinus, bedankt voor de dagelijkse begeleiding 

daarbij gedurende de afgelopen 5 jaar. Jullie soms vaderlijke ondersteuning heeft me 

door de moeilijke momenten heengeholpen. Ton, heel hartelijk bedankt voor de vele 

uren werk die je gestoken hebt in het corrigeren van mijn manuscripten. De 

besprekingen waren erg leerzaam. Theo en José, bedankt voor al die rotklusjes die jullie 

voor mij opgeknapt hebben, ook toen ik al in Norwich zat. Titti, bedankt voor je werk 

als manuscriptcommissie lid. Ik zal je borrels en barbeques missen. Twan, Randy, Ton, 

Harrie, John, Margryt, Koen, Anneke, Floyd, Leon, Marc, Koen, Wim, Barend en Jaap, 

bedankt voor jullie steun als (ex-) collega AIO's. 
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Onderzoek aan levende objecten vraagt om een goed team van verzorgers. Ik wil 

daarom Gerard, Wim en Theo van harte bedanken voor de constante verstrekking en 

instandhouding van een populatie broccoli planten. 

I would like to thank Professor Hugh Dickinson and James Doughty for sharing 

with me their pollen coat protein isolation technique, which has been the basis of all the 

results presented in this thesis. I also thank Professor Dickinson for being part of the 

thesis committee. 

Leony, thanks for the possiblity to stay with you during the first months in 

Norwich. I hope I will never take over your house again to finish a thesis. 

Gelukkig was er nog een leven naast de wetenschap. Marco en Erwin, jullie 

waren daarin belangrijk. Bedankt voor de interesse die jullie toonden voor mijn werk, 

maar vooral ook voor al die ontspannende dingen daaromheen, waarbij zeilen onze 
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zeilvakanties waren echte ontspanning. 
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