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ABSTRACT

Developmental and molecular aspects of pollen allergen cognates were defined in

an economically important cereal, barley (Hordeum vulgare). Barley anther development

was classified into four stages as follows: stage I anthers contained unicellular pollen,

stage 2 anthers contained bicellular pollen, stage 3 anthers contained tricellular pollen,

and stage M were dehiscing anthers shedding mature pollen. Anther dry matter, RNA

and protein accumulated as unicellular microspores developed into tricellular mature

pollen. High molecular weight, high pI proteins became numerous and abundant late in

development (stage 3). An in vitro splkelet culture method was shown to be a suitable

model for anther development in planta. In vitro developing barley spikelets produced

viable fertile pollen; and were amenable to experimental manipulation. In vitro, protein

synthesis rate was greatest during anther stage 2. Barley pollen was found to express

group I, group IV and group IX allergen cognate proteins. Allergen cognate mRNAs

were also detected in barley pollen using Kentucky bluegrass cDNA probes. Allergen

cognate proteins and transcripts were found to be expressed almost exclusively in mature

pollen. One exception was that a 37 kDa group I allergen, Poa p Ia, was expressed

throughout barley anther development. Barley cDNA allergen homologues were

identified using Poa pratensis allergen oDNA probes. The barley pollen allergen

cognate, Hor v IX, contained an ORF encoding a mature polypeptide of 30.3 kDa and pI

at pH 9.96, was homologous to members of the Poa p IX isoallergen gene family, and

contained a conserved allergenic site common to allergens found in other species. Hor v

IX mRNA was detected in stage 2, and was most abundant at maturity (stage 3 and stage

M). Southems probed vnth Hor v IX, and sequencing of other barley cDNAs, suggested

that Hor v IX was one member of a small multigene family. Recombinant Hor v lX
protein \¡/as expressed in E. coli, purified, and used to produce antisera in mice. Anti-

Hor v IX antibodies detected a 30 kDa protein in stage 3 and stage M. Immunodetection

of whole pollen grains suggested that Hor v IX is an extracellular surface protein.

Western, northern and Southern blots showed that Hor v IX homologues are found in

other agriculturally important species. It is further suggested that the extent to which

agricultural species may contribute to the population aero-allergenic proteins has been

previously underestimated.
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INTRODUCTION

Overview

It will be demonstrated that in spite of renewed interest in the physiology and

molecular biology of pollen development, the processes governing both the genetic and

ontogenetic program remain obscure. It is important, therefore, to devise new approaches

to elucidate key components. Then, surveying the scene, a more complete image of male

gametogenesis may be accessible.

Pollen development in cereals is especially susceptible to environmental insult. It

is well established that stresses such as high temperature and deprivation of water at

critical times in Gramineae male gametogenesis can block fertilization. Thus, poor cereal

crop grain yieldl under stressful environmental conditions may be due to arrested pollen

development. It is important to consider developmental processes as they occur in this

important economic group of plant species. Only then will it be possible to contemplate

molecular or other strategies to confer tolerance of stressful conditions.

The perspective taken by this thesis is that by understanding the temporal and

spatial regulation of important genes, something may be learned of the factors governing

the developing male gametophyte. It is assumed that both environmental and

developmental conditions will have an impact on gene action.

For all the above reasons, this thesis seeks to extend the current description of

male gametophyte development in an important cereal crop, namely barley (Hordezun

vulgare). Furthermore, pollen-expressed proteins and the genes encoding them will be

' The monetary value of all Canadian wheat and barley cereal grain sold was 3.5 billion
dollars in 1992 (from The Canadian Wheat Board Financial Statement, 1992).



identified. Effects of developmental conditions on the expression of these genes will be

examined. It is anticipatedthat this strategy will provide the foundations upon which

additional regulatory factors may be identified and understood.

Objectives

The developmental program of barley pollen will be classified into stages

amenable to biochemical analyses. Dry matter, RNA and protein accumulation will be

examined to serve as global reference points for the expression of specific genes. In

addition, the suitability of a method to examine biochemical events in viÍro will be

determined; and, where appropriate, will be used to define translation activity for each

stage.

Antibody and nucleic acid probes for a group of pollen specific genes , the pollen

allergens, have been characterized in Kentucky bluegrass (Poa pratensis). While

considerable physico-chemical data exist for these proteins, practical limitations such as

the availability of staged tissues and the small inflorescences of Kentucky bluegrass have

prevented an examination of the developmental regulation of the genes encoding them.

Since barley does not share the experimental limitations of Kentucky bluegrass, the

expression pattern of pollen allergen cognate proteins, mRNAs and genes will be

examined in barley.

Whe¡e pollen allergen cognates are found to be developmentally regulated in

barley, bona.fide barley cDNA homologues will be cloned and sequenced. Where

possible, molecular characterization will specifically define the developmental pafferns of

allergen cognates in barley, providing the foundation upon which future experiments can

be developed to address additional regulatory factors such as the environment.



To establish whether an opportunity to examine allergen cognates in other

economically important crop species exists, the ubiquity of allergen cognates will be

surveyed. Thus, protein, mRNA, and gene homologues will be sought in a variety of

species, including wheat (Trilicunt aestivum), rye (Secale cereale), Triticale, oats (Avena

saÍiva), maize (Zea mays), canola (Brassica napus), sunflower (Helianthus annus) and

flax (Lirutm usitassimum). In addition, the survey will assess the potential contribution of

pollen from these species to the overall population of aero-allergenic proteins.



LITERATURE REVIEW

lntroduction

In this review, the biology of pollen development will be described, emphasizing

biochemical, physiological, and genetic events as they are known to occur in cereals

generally, and barley (Hordeum vulgare) specifically. Inasmuch as it is ultimately

impossible to separate these phenomena, attention to their discrete consequences will

prove to be instructive. It will be noted that pollen mother cells undergo reductional

divisions, and further divide twice to become mature tricellular haploid gametes in a

process that can last several weeks and even years in some gymnosperms. Throughout

this program, enzyme activity, translation, transcription and DNA replication all proceed

in a differential but scheduled manner. That schedule is fatally tied to environmental

conditions, hormonal conditions and expression of specific genes in the reproductive

phase plant.

As agriculturalists seek to control fertility in important cash crops like cereals, a

renewed interest in pollen and male sporophyte-specific gene expression has evolved.

Thus, several approaches to identifying the cast of genetic characters necessary for

successful reproduction have been attempted. Initially, sporophytically expressed genes

were examined in the hope that pollen-specific variants could explain the unique

processes of cellular differentiation which give rise to the three-celled free-living haploid

pollen organism. Recently, pollen-specific and anther-specific genes have been identified

by a technique known as differential screening. Finally, the role of a class of pollen-

specific proteins knov¿n as pollen allergens, proteins for which considerable physico-

chemical data are available, is being examined in the context of the developmental

program. These approaches have extended our unde¡standing to the point where it may

now be possible to envisage and implement direct genetic engineering of the fertilisation

process.



Microsporogenesis and pollen development

Generøl biology (ønøtovny).

A general discussion of the development of the inflorescence in gramineae is

beyond the scope of this ¡eview. However, the following conceptual landmarks of

developmental morphology will be useful in defining biochemical and genetic events as

they occur. In the first instance, a distinction is made between vegetative and floral

development of the angiosperm plant. Floral development is said to have been initiated

when manifest signs of floral evocation (the irreversible commitment of the plant

meristems to organ development) are observable. Environmental stimuli such as

photoperiod, vernalization, temperature, hormone balance, nutritional status, and age are

all known effectors of floral evocation (Bernier, 1988). Once vegetative meristems are

now committed to floral meristem development. Floral morphogenesis proceeds by

differentiating male (stamens) and female (pistils) organs; as well as supporting structures

which resemble leaves - petals and sepals. Organs undergo a final transition by

differentiating tissue types and cells which support gamete production (Gasser, 1991).

The gramineae inflorescence is composed of spikelets carried on a raceme, each

containing one (eg. barley) or more (eg. wheat) flowers or florets attached to the spike-

shaped panicle by a rachilla. The floret itself is subtended by two bracts (leaf-like

structures) known as the lemma and palea (Williams, 1966). In barley, there is one whorl

of three stamens surrounding a monocarpelate pistil with two styles (Cass and Jensen,

1970). Each stamen is composed of an elongated anther having two locules (giving the

appearance of four lobes) and a filament to which the anther is attached. "Six-row"

cultivars of barley have three fully developed spikelets arising from a common branch-

point of the spike, whereas "two-row" cultivars develop only one mature spikelet (Briggs,

1978), apparently aborting the growth of two branches (sterile glumes often occur).

Within the cereal anther, rnicnosponogernesis is said to have begun when pollen



mother cells (PMCs) arise from archesporium cells via 5 to 10 rounds of mitosis (Bennet

et al, 1973). This pre-meiotic phase of cell division continues until all pollen mother

cells (also known as microsporocytes) become arrested at the G, phase of the somatic cell

cycle and contain 2C DNA. Thus, all PMCs become synchronized for

microsporogenesis by meiosis. While PMCs are synchronizing, nuclei of the nutritive

tapetal cell layer (found on the inside wall of the locules) undergo synchronous DNA

synthesis, increasing their DNA content from 2C to 4C. Also, a callose (8, ,-glucan) cell

wall on the surface of the now separated PMCs becomes apparent. Upon

synchronization, all FMCs enter a phase of DNA synthesis (S, phase) increasing their

DNA content to 4C.

Follen tetrads are formed by PMC meiosis, reducing them to haploíd (1N) cells

containing 1C DNA. Strangely, during PMC meiosis the nuclei of the tapetal cells

undergo one round of mitosis, producing a binucleate tapetal cell layer (most eukaryotic

cells have only one nucleus2). Folle¡r developrmemú is said to have begun when callose-

bound tetrads begin to lose the callose wall and become spherical microspores. After a

time microspores become vacuolated, so that the nucleus appears pressed against the

pollen cell wall, and are referred to as "unicellular" stage pollen. The germinal pore is

usually visible on the surface of unicellular pollen. Unicellular pollen undergo two

rounds of mitosis. The two cells produced during pollen grain mitosis I initially have a

similar appearance, but soon differentiate into the vegetative cell and the generative cell.

The nucleus of the vegetative cell appears larger, but is more diffusely stained by aceto-

carmine than the generative cell nucleus. Two-celled pollen are referred to as bicellular

(older literature refers to these grains as "binucleate" because pollen appeared

coenocytic). In all grarnineae species, the generative cells undergo a second round of

mitosis, yielding a tricellular pollen grain. The two generative cells eventually become

2 Exceptions in the plant kingdom include multinuclate green algae (Siphonales), some fungi
(Phycomycetes), and the ceonocytic endosperm of angiosperms.



elongated and are subsequently referred to as the sperm cells. Throughout pollen mitosis,

starch granules become abundant and readily visible, eventually swelling the pollen grain

and obscuring the view of the sperm cells (Bennet et al, 1973).

In barley it is impossible to distinguish the appearance of the two sperm cells

(Cass, 1973). However, in many species sperm dimorphism is observable and is thought

to reflect the differing functional roles of the sperm cells within the so-called "male germ

unit" (reviewed by Mogensen, 1992) It has been suggested that heterospermy is due to

the fact that one sperm cell fertilizes the ovum (egg) and the other fertilizes one polar

nucleus (Russell et al, 1990). Recent studies of sperm cell mobility have emphasized the

notion that the sperm cells act cooperatively during pollen germination (Heslop-Harrison

et al, 1988). Perhaps heterospermy is due to the expression of different genes by each

sperm cell.

tsiochepnistry - trønscription, trønskttion ønd storøge yeserves.

Early biochemical studies of microsporogenesis and pollen development were

concerned mainly with bulk accumulation of RNA, protein and storage reserves like

starch. To assess "gene activiqr", ribosomal RNA (rRNA), transfer RNA (IRNA) and

messenger RNA synthesis were measured for each definable stage of development. 32P

pulse-labelling total RNA in l1ly (Lilium longiflorum) showed that most rRNA was

synthesised after DNA synthesis by PMCs, but prior to pollen mitosis (Steffensen, 1966).

Transcription of RNA classes has been further defined in Tradescantia paludosa

(Mascarenhas, 1975) to reveal that 45 tRNAs as well as the 55, 16S and 25S rRNAs are

synthesized prior to mitosis, and RNA synthesis declines sharply thereafter. Interestingly,

studies of transcription inhibitors such as actinomycin D have shown that no new RNA

synthesis occurs during initial phases of pollen germination, and only resumes after tube

elongation is well underway (Mascarenhas, 1975). Apparently, pollen contain all of the

tra¡rslational machinery necessary for germination at maturity, and rely on that apparatus



to kick-start tube elongation.

However, messenger RNA transcription does not stop at pollen grain mitosis.

Tupy (1982) showed by hybridisation with tritiated poly-uridylic acid that poly(A-)RNA

accumulated through pollen development up to maturity. In tobacco, the proportion of

poly(A.)RNA increased nine fold to 2.7%o of total RNA, which is reported to be similar

to that for stored mRNAs in seed. By examining RNA sedimentation profiles at different

stages, Tupy (1982) further showed that the average message size increased from 700 to

2100 nucleotides. By exhaustively cataloguing 3tS labelled proteins prepared by in vitro

translation of mRNAs extracted from staged developing pollen, Schrauwen et al (1990)

was able to define three groups of mRNAs: those present at a constant level throughout,

those increasing quantitatively until anthesis, and those expressed transiently. Transiently

expressed mRNAs were found before mitosis, after mitosis, and occasionally overlapping

more than one stage. It appears that transcribed message could be performing stage-

specific tasks, and that the accumulated mRNAs prime pollen for germination.

Changes in nR.NA populations are reflected in subsequent patterns of protein

synthesis as revealed by SDS-PAGE of extracts from different developmental stages

(Zarsky et al, 1985). Total protein also seemed to increase up to maturity, declining

somewhat during maturation when starch accumulation was evident. Vergne and Dumas

(1988) also showed that stage-specific proteins from developing wheat pollen (Triticum

aestivum) could be discriminated by isoelectric focusing and by SDS-PAGE. Clearly

distinguishable proteins were evident prior to pollen mitosis I and pollen mitosis II.

Storage reserve accumulation begins during PMC differentiation and is found in

all species (Baker and Baker, 1979). Starch is found primarily in the vegetative cell

plastids, which also increase in number; while lipid bodies form in the cytoplasm (Wetzel

and Jensen,1992). Dictyosome vesicles (containing polysaccharide) are also evident, and

are first used in the formation of the intine cell wall, and later increase in number and

remain in the cytoplasm as storage reserves (Wetzel and Jensen,1992).



Gøwøetophyte vs Sporophyte (ìeraes

Two questions arise out of the knowledge that transcription and translation are

occurring during male gametophyte development: How many genes are expressed by the

haploid genome, and are they unique to the male gametophyte? Estimates show that

pollen express fewer genes than the sporophyte, but they are expressed more abundantly

and many of them are gametophyte specific.

To estimate the diversity (number) of genes expressed in pollen, Willing and

Mascarenhas (1984) have analyzed the hybridization kinetics of radiolabelled

Trødescantla pollen cDNAs with mRNA populations f¡om pollen and shoots. In both

Tradescantia and Zea mays (Willing et al, i988), three abundant classes of mRNAs were

observed in the hybridization Cot curve. Approximately I5Yo of the mRNAs were

present in low copy number, but represented more than 17,000 discrete sequences, while

245 discrete sequences accounted for another 35o/o of the mRNA population (table I).

Tab[e I -rnR.N,A. Fopulatiora ir¡ Maize

mRNA Class Copies / Cell Number (diversity) of
Unique Sequences

Fraction of total
mRNA Population

Abundant 32"000 245 35 o/o

Semi-Ab. r,700 6,260 50 Yo

Rare l9s 17,250 15 Yo

It is interesting to note that the total number of genes expressed by pollen

estimated by this technique is approximately two-thirds of the number expressed in shoots

(taken as representative of the sporophyte). However, the fraction of abundant, semi-

abundant and rare messages, and the number of unique sequences, is roughly equivalent

for shoots and pollen. The biggest difference appears to be that for all three classes, the

copy number per cell is 100 fold greater in the pollen grain than in the shoot. It has been

pointed out (Mascarenhas, i989) that there may be a requirement for protein synthesis



during the final stages of maturation and/or germination and early pollen tube elongation,

and this requirement is reflected in the message copy number. One caveat is that only

mRNAs from mature pollen were examined, so generalizations about all haploid gene

expression (ie. during other stages of development) may not be valid.

The extent to which the genes expressed by pollen are unique has been assessed

by comparing enzyme iso4rmes expressed in shoots and pollen. To do this, isozyme

patterns found in pollen have been compared to shoots or other tissues. In tomato

(Lycopersicon esculentum) isozymes for nine dimeric en4rmes representing 28 genes

were examined (Tanksley et al, 1981). Two conclusions were drawn from the tomato

data. First, that haploid gene expression occurs without influence from the sporophyte.

This was supported by the finding that for plants heterozygous for single locus genes,

only one isozyme is found in the pollen (heterodimers would form if sporophytic gene

expression contributed to the population of proteins). Second, that the haploid genome

expresses unique genes as evidenced by the discovery of new pollen-specific isozymes

(eg. esterase-A). Subsequent studies in maize (Zea mays) (Gorla et al, 7986) and barley

(Federsen et al, 1987) confirmed that new iso4zmes are present in pollen; and further

showed that approximately 600/o of all isozymes are expressed in both the sporophyte and

the gametophyte, 30Yo are expressed only by the sporophyte, and only 10% are pollen

specific. It is comforting to note that the total expression found in the gametophyte

(10% plus 60%)by isozryme analysis is in good agreement with estimates of total gene

expression found by Cot hybridization analysis (66%) described above.

Environmental and Hormonal Factors

Owing to the influence pollen can have on the reproductive success of plants and

ultimate grain yield of cereal species, interest in the physiological ontogeny of pollen

has resulted in a wide variety of agronomic studies. Studies have shown that gramineae

10



pollen development is especially susceptible to environmental insult, and usually results

in disruption of the developmental program. Male sterility in cereals is induced by water

stress (Saini and Aspinall, 19Bl), heat stress (Saini and Aspinall, I9B2a), modified

photoperiod (Batch and Morgan, I974), micronutrient deficiency (Graham , 1975), unusual

plant hormone balances (Morgan, 1980), and even air pollution (Wolters and Martens,

1987). The exact basis of these environmental effects remains elusive, but some or all

are likely to result in modified gene expression. Several lines of evidence support this

general hypothesis. Levels of endogenous growth regulators alone can influence the

developmental program. In addition to ABA effects (Morgan, l9B0; Saini and Aspinall,

I982b), naturally occurring "white pollen" mutants (Coe et al, 198l) and genetically

engineered chalcone synthase mutants (Taylor and Jorgensen, 1992) lack flavonoids.

These mutants produce functionally male sterile plants but apparently normal mature

pollen that fail to germinate. Because these influences are deleterious to the development

program, it may turn out that these effects are due to the inability of immature

microspores and immature pollen to respond to them. Ability to respond may be stage

(time) specific.

Tiwae af stress deterymínes pollen yesponse.

Water stress in cereals appears to affect only male fertility, not female fertility

(Bingham 1966). Why this should be so is unclear, but Saini and Aspinall (1981)

subsequently showed that water stress sensitivity correlated with post-meiotic events -

during microspore release from tet¡ads. Morgan (1980) showed that exogenous

application of ABA (a stress related plant growth regulator (Zeevaart and Creelman,

1988) alone could induce male sterility in wheat and that it mimicked water stress effects

Heat stress too (Saini and Aspinall, 1982a) caused abnormal development. The critical

period in which the most damage to the program occurs, in all three cases, is near

completion of meiosis. When the stress is removed, recovery does not occur. Typically,
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pollen development proceeds but is characteúzed by incomplete pollen grain mitosis I

and rarely do pollen complete mitosis II. Cytologically, mature pollen are devoid of

starch granules and viability is nil. The physiological and molecular basis of this effect

is not known, but apparently something irreversible happens to stressed unicellular pollen

Temperatwre ønd Meßt Shock Froteíws.

Temperatures five or more degrees above optimal growing temperatures arrest

synthesis of most proteins and mRNAs, except for a small group of proteins which are

induced: the heat-shock proteins. Heat shock proteins in plants (Vierling, 1991) have

structural and sequence similarities with heat shock proteins found in other eukaryotes

and some prokaryotes, and appear to be ubiquitous. Otherwise lethal doses of high

temperature are survivable if pre-treatment with sub-lethal temperatures occurs, giving

rise to acquired thermotolerance. Conditions which lead to thermotolerance are the same

conditions which induce heat-shock proteins, which explains why it is widely believed

that heat-shock proteins are the agents of thermotolerance (Veirling, i99i).

It was observed that heat stress can inhibit pollen germination, and that mature

germinating Tradescantia pollen do not seem to synthesize heat shock proteins when

challenged (Mascarenhas and Altshuler, 1983). Subsequent studies (Schrauwen et al,

1986) of two other species, lily and petunia (Petunia hybrida), confirmed this

observation. Paradoxically, maize plants, when pretreated during pollen development

with sub-lethal elevated temperatures, develop thermotolerant mature pollen capable of

germination apparently in the absence of HSP synthesis (Xiao and Mascarenhas, 1985)

In an effort to sort out this phenomenon, Ftova et al, (1989) initiated an elegant series of

experiments in which pollen taken at unicellular, bicellular, tricellular and mature stages

of development were assayed for the capacity to synthesis HSFs. 3sS- methionine was

incorporated into newly synthesized pollen proteins by excising anthers from immature

maize tassels and incubating them at the desired temperature in a liquid medium. Follen
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were separated from the sporophytic anther tissue by agitation and filtration through

cheese cloth. With this method, it was discovered that as pollen mature, their capacity to

express HSFs declines, and is wiped out by maturity. Unicellular, pre-mitosis

microspores were found to have the greatest capacity for HSP synthesis, both in terms of

quantity of individual proteins, and number of individual proteins. Unicellular

microspores synthesiszed the typical I02,84,72 and 18 kDa HSFs in addition to three

other previously undescribed HSPs, whereas tricellular pollen produce two "faint"

polypeptides of 72 and 64 kDa only. No other tissue in plants displays incompetence for

HSP synthesis except pre-torpedo stage somatic embryos, which are also thermosensitive

(Pitto et al, 1983). Whether the in vitro anther culture method adequately simulates

conditions in planta is uncertain. Nevertheless, the fact remains that germinating pollen

do not seem to synthesize HSPs, which is consistent with a hypothesis that during

development, a genetic switch is thrown, turning off HSP synthesis and conferring

thermo-susceptibility on the haploid organism.

Chølcone synthøse ønd fløvonoids itø developrnent.

The chalcone synthase (CHS) deficient maize mutants (Coe et al, 1981), referred

to as "white pollen" (Whp) because of pollen colour, lack flavonoids and are male sterile

- the pollen fail to germinate. Flavonoid compounds are responsible for the characteristic

yellow colour of pollen and can account for 2-4o/o of the dry weight at maturity (Zerback

et al, 1989). Chalcone synthase is the key regulatory enzyme in the flavonoid

biosynthesis pathway, which gives rise to flavonols, isoflavonoids, flavanones, and

anthocyanins (Heller and Forkmann, 1988). Flavonoids are responsible for floral and

fruit pigments in many plant species, including petal colour in petunia and snapdragon

(Antirrhinum majus), testa colour in maize, and aleurone colour in barley (Harborne,

1986). Other roles for flavonoid compounds include pathogen defences (phytoalexins)

(Dixon, 1986), Rhizobium nodulation signals in legumes (Redmond et al, 1986) and
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protection from UV light (Chappel and Hahlbrock, 1984). Interestingly, flavonoids from

pollen can be inducers of the Ti plasmid vir regron (virulence genes) of Agrohacterium

tumafaciens (Zerback et al, l9B9). Ferhaps flavonoid-packed pollen can serve as suitable

targets for AgrobacÍerium-mediated gene transfer in recalcitrant crops.3

In pollen, the requirement for flavonols in germination, and the lack thereof in

CHS mutants, causes conditional male fertility (CMF) (Taylor and Jorgenson, 1992).

White pollen mutants in maize are fully germinable in vitro and on wild-type stigmas if

flavonols are present. Biochemical complementation of this sort implicates flavonols as

an important class of regulatory molecules (plant growth regulators). CHS co-suppression

mutants (Napoli et al, 1990) and antisense-RNA CHS constructs (van der Meer, 1992) in

petunia also behave as CMF plants, and can be rescued by addition of flavonols. Mo et

al, (T992) have shown that the active flavonol found in mature pollen of petunia and

maize is kaempferol. Kaempferol is also found in small quantities in wild-type stigmas,

which explains why stigmas have the capacity to rescue pollen germination (stigma

fertility is unaffected by flavonols).

Since CHS is implicated in the developmental program of pollen, Follack et al,

(i993) examined the relationship between CHS levels and flavonol accumulation. CHS

protein appears after mitosis I in developing petunia pollen (ie. bicellular stage), reaches a

maximum of 0.2%o of the total protein, and rapidly declines as pollen mature. CHS

activity is not present in mature pollen. However, developing pollen contain no free

flavonols, instead they occur as flavonol glycosides - mainly kaempferol 3-glucosyl-

galactoside. The carbohydrate moiety of this compound is unusual in that it is a B-,_,

t Many cereal and other monocotyledonous species are resistanÍ.to Agrobacterium mediated
transformation. One theory (Potrykus, 1991) suggests that this recalcitrance to transformation is
due to the physiological state of the plant. Ag-transformation requires wounding in compatible
species (so that ihe bacteria can get inside the plant). He suggests that only the "appropriate"
wound-response physiology will allow successful transformation and integration of the Ti plasmid.
Chalcone synthase induction is considered a classic wound-response mechanism, which
therefore implicates flavonoids as contributors to this "appropriate" physiological state.
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linked glucosyl-galactoside. During imbibition and germination the aglycone form of

kaempferol-glycoside is released, presumably by a specific B-glycosidase. It will be

interesting to see if mutants deficient in this glycosidase can be found in which

germination is prevented by permanently sequestering flavanols in the carbohydrate bound

form.

In any case, kaempferol is the first example of a pollen-specific, and apparently

ubiquitous (present in maize and petunia), growth regulator directly involved in the

developmental program. Its importance to the understanding of basic mechanisms of

pollen gene regulation and practical applications such as transformation of recalcitrant

crops can not be overstated.

Genetic Factors

It has already been seen that there are some genetic factors which can affect the

pollen development program (i.e. whp, CHS). In maize, there are at least a dozen genes,

all of which have been mapped to specific chromosomes, and in some cases regions of

chromosomes, which affect pollen development or function (Maize Genetics Cooperation

Newsletter 65, 1991). The phenotype in most cases is male sterility and sometimes

female sterility. Presumably, female gametogenesis shares many genetic components with

male gametogenesis, especially those which regulate meiosis. Ameiotic (amI) is one

example of a gene which adversely affects meiosis by disrupting the normal chromosomal

movements choreographed by the cytoskeleton (Staiger and Cande, lgg12).

Recently, Zhao and Weber (1989) examined the effects of maize nullisomic

chromosome deletion lines on male fertility. With this approach, some chromosome arms

were found to be important to the developmental program (ie their absence disrupted

pollen development), whereas others had no effect. There are many genes required to

make a viable mature pollen. Perhaps these genes cluster on specific chromosomes, and
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genes which have the misfortune of falling outside the male gametogenesis regions are

repressed - genes responsible for heat shock proteins for example. Unfortunately, there

are relatively few pollen-specific genes identified for any given species, so that mapping

them would not yet be informative. The test of this hypothesis will come when many

pollen genes are known and many genes of all types are mapped in one species.

Programmed Genes

If it is true that the haploid genome expresses its own unique set of genes, then it

is important to identifli them, and to define roles for them, in an attempt to understand

why they should be necessary to the gametophyte life cycle. The genesis of the gamete

itself is a unique phenomenon, so that genes which are directly involved in meiosis play a

crucial role, but what distinguishes pollen-ness from egg-ness? What are the genes that

invoke and control the developmental process, and when do they turn on? Finally, what

are the genes that control if, when and where a pollen will germinate? Some of these

questions are beginning to be answered as developmentally regulated pollen genes and

their promoters have been characterized. 'When this project began only one pollen-

specific gene (a cDNA) had been reported (Stinson et al, 1987); and it was not until two

years later that its sequence had been determined (Hanson et al, 1989). Since that time

dozens of programmed genes have been identified. Meanwhile, the answers to other

questions remain elusive: What are the functions of these genes; and what are the genes

and processes which govern self-incompatibility and recognition during germination?

Three tactics used to identifu programmed genes have been successful components of the

overall strategy to understand and control microsporogenesis and pollen development; and

they are outlined below.
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.4pproøcir n- Ewzynees ira developnraeret.

EarIy attempts to dissect the developmental

temporal expression of enzymes which could easily

program in pollen looked at the

be assayed (see table II).

T'abEe ãE {sozymre anaaEysis ire deve[opirag poålere

The first enzyme to be examined for stage specific expression was alcohol

dehydrogenase (ADH) in maize (Stinson and Mascarenhas, 1985). ADH was a good

choice for study at the time: ADH was one of the best-studied enzrymes, its genetic locus

was known, it had been cloned and sequenced (Dennis et al, 1984), and it was known to

be under control of the haploid genome. ADH occurs at two unlinked loci, adh-I and

adh-2; and adh-I occurs in many allelic iso4ymic forms. Microspores were harvested at

the tetrad, unicellular, bicellular, tricellular and mature stages of development and

quantitatively assayed for ADH activity. ADH was not found in microsporocytes, FMCs,

and post-meiotic tetrads. However, once the callose wall of the tetrads began to degrade,

ADH became detectable, increasing progressively to maturity. From this protein data, it

was concluded that transcription of adh-I from the haploid genome must occur very soon

after meiosis is completed. Northem analysis of adh-I transcripts in developing maize

pollen has never been reported, although in petunia (Gregerson et al, 1991), adh-l

transcripts are found only in the later stages of development. Unfortunately, these

authors do not state precisely what stage the pollen have progressed to when transcription

Isozyme Stage(s) of Expression References

Alcohol dehydrogenase (ADH-1) Post-meiosis to uraturity Stinson et al, 1985

B-galactosidase (B-GAL) Post-r¡reiosis, decline at maturit¡r Singh et al, 1985.

Catalase -1 (CAT-1) Post-nitosis I to maturity Frova,1990.

Catalase-3 (CAT-3) Tetrad stage to mitosis I, transient Frova, 1990.

Glutam ate-o xalacetate-
transaminase (GOT-1)

Post-mitosis I to rnaturity. Frova,1990.

17



occurs. Since petunia pollen are bicellular at maturity, and pollen grain mitosis occurs

much closer to maturity, onset oî adh-l transcription in petunia and maize may occur at

equivalent functional times - just before mitosis I. In addition, no adh-l mRNA is found

in mature pollen of either species.

A variety of other enzyme isorymes have been examined, and are summarised in

table II. Two classes of gene activity are apparent from this analysis: genes expressed

"early" ( ADH-1, P-GAL, CAT-3) and genes expressed "late" (CAT-1, GOT, B-Tubulin).

Whether this fact reveals anything about the function of these enzymes remains to be

seen.

.Lpproach 2 - Ðifferentiølly Expressed cÐN,As

Differential screening has frequently been used to gain insights into the

development of the independent male gametophyte. This tactic assumes that knowing

where and when specific genes are expressed will lead to information on how

developmnetal processes are regulated. The essence of the tactic is to clone the genes

(usually cDNAs) that are expressed at a given point in development (or in a specific

tissue) by eliminating all the genes in a library which are also expressed in a reference

time point (or tissue).

Typically, pollen-specific genes have been identified by differentially screening

pollen clone libraries with leaf mRNA or cDNA. This method has been used

successfully, and yielded some of the first identified pollen-specific genes, notably ZmI3

from maize (Stinson et al, 1987),LAT52, LAT56 and LAT59 from tomato (Twell et al,

i9B9) andP2 from Oenotherø organensis (Brown and Crouch, 1990). A key attribute of

these genes is that their expression is maximal in pollen grains. However, in situ

hybridisation studies of the LAT series of genes in Tomato (Ursin et al, i9B9) revealed

that some (see table III) begin to be expressed as early as tetrad formation (post-meiosis).

One curiosity is that in mature anthers, expression of LAT genes also occurs in the
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endothecium, (which marks maturity in the anther). Apparently, the LAT genes are

expressed by sporophytic as well as gametophytic tissues.

In an effort to identifu pollen-specific, early expressed genes, Albani et al (1990)

isolated microspores from Brassica napL,s immature anthers (tetrad stage). Differential

screening of a genomic DNA library was performed using t'p-labelled poly (,4.) RNA

extracted from the microspores and "P-labelled leaf, stem and siliqua poly(A.) RNA.

Three clones were identified by this technique: all showing expression exclusively in

developing microspores, and all decline at maturity (see table III) Only one, 8p10, was

found to be expressed in mature pollen.

To identifu genes which might be expressed, even transiently, throughout the

developmental program, Scott et al (1991) prepared two cDNA libraries from immature

Brassica napus anthers: one called the "sporogenesis" (S) library because immature

anthers contained pre- and post-meiosis phase microspores (PMCs and tetrads); and a

second called "microspore development" (MD) because immature anthers contained

mitotically active pollen (uni-, bi- and tri-cellular pollen). This approach led to the

identification of clones expressed at various times throughout the entire developmental

period (see table III). In situ hybridisation experiments showed that all of the clones

selected from the S library were in fact expressed only in the anther tissue - in tapetal

cells (clones 43,46 and A8). In contrast, all the clones from the MD library were

microspore specific, some being expressed earlier and others later (82, F2S and I3).

Frior to tetrad formation, transcription in the tapetum appears to dominate transcription in

FMCs. Once microspores are formed, transcription in developing pollen dominates.

Smith et al, (1990) also prepared a tetrad stage cDNA library in tomato and were able to

define several tapetum specific genes. Other tapetum, anther, and microspore specific

genes have been identified and are listed in table III.

19



T'ab[e [[å Expression Patterns of Pollen and Anther Specific Genes

Gene PMC Tetrad [..! r¡ i E¡ Tri Pollen Germ References

7m13 + + Hanson et a|,1989

Zm3O -l+ + Stinson et al, 1987

Tp44fiA + na. + +1- Stinson et al, 1987

P2 -l+ + + + Brown et al, 1990

Bcpl 1 -l+ + +l+ Theerakulpisut et al,1 991

Bp4 -l+ + + +l- Albani et al, 1990

Bp 10 -l+ + +l+ +l- Albani et al, 1992

Bp1 9 -lï + + +l- Albani et al, 1991

NPT -/+ na. + +/+ Weterings et al, 1992

A g2 + + Scott et al, 1991

A 62 -l+ +

A 32 -l+ + +l-

E2 -l+ +l-

F2S -/+ +l+ +l-

t3 -l+ +l-

PG1 lt + Niogret et al, 1991

108 -l+ + + na. +l- Smith et al, 1990.

TA-29 2 -l+ +l- Koltunow , 1990

LAT52 -/+ + + na. + Twell et al, 1989

LAT56 -l+ na. + + Wing et al, 1989

LAT59 -l+ na. + Ursin et af , 1989

sF2/18 3
-l+ +l- Evrard et al, 1991

SF3 + Blatz et a|,1992a

osc44 + Tsuchiya ,1992

osc6 4 +l+ + +/-

3C12 -l+ -/+ + + +l+ +l+ Allen et al, 1993

MFSl + + + + + Wright et al, 1993

MFS14 2 + + +l-

MFS18 5 + + + +l-
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Notes to Table III

1: expressed in anther
2: expressed in anther (tapetum)
3: expressed in anther (epidermis)
4: expressed in both anthers and pollen
5: expressed in anthers, pollen and glumes

Abbreviations in Table III

na. : not applicable
- : not expressed
+ : expressed
-l+ : expressed and increasing
+/+ : expressed maximally
+l- : expressed but declining
blank : not tested
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,Approøclz 3- Claøracteriaúion of Allergews

For reasons of interest peculiar to the bio-medical community (Scheiner, 7992),

proteins from pollen have been isolated, purified, and in some cases cloned (See appendix

I). Immunologists think of allergens as being "major" if they are dominant constituents

that react with human IgE, and "minor" if the reactions are weak. Pollen allergens are

further subdivided into "groups", mostly on the basis of approximate molecular weight

and polypeptide isoelectric point. As a result, a rational nomenclature for allergens has

been developed (Marsh et al, i9B8).

Although many allergens have been characterized from a physico-chemical point

of view, their role in the biology of pollen has been ignored until recently. In the

majority of cases, even for pollen allergens which have been cloned, the spatial and

temporal regulation of the protein and mRNA, and its gene, remain unknown.

Recently, the major group IX pollen iso-allergens from kentucky bluegrass (Poa

praÍensis) (Mohapatra et al, 1990; Silvanovich et al, I99I), major group I and group II

allergens from ryegrass (Lolium perenne) (Griffith et al, l99I; Singh et al, 1991, Ansari

et al, 1989a) and the major group I and group II allergens from birch (Betula verrucosa)

(Breiteneder et al,1989, Valenta et al, 1991), have been shown to be exclusively

expressed in pollen. In addition, many allergen clones from different species share

regions of sequence similarity, particularly in domains thought to be highly immunogenic

(Silvanovich et al, 1991).

Thus, a recent tactic is to define the role allergens in the biology of pollen. Some

allergens share sequence similarity with better characterized proteins - Bet v II, for

example, is similar to profilin (Valente et al, 1991); but the function of these remains

unconfirmed. Also, the temporal regulation of these genes has not been examined.

Molecwlør control: Froynoters ønd Tyørascriptiorø Factoys

To understand developmental regulation of gene expression it has been necessary
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to examine the structure of the genes and their controlling elements - especially pollen

and anther specific transcription promoters. Since it is known that a majority of the

genes expressed in the male gametophyte are also expressed in the sporophyte, while

others are expressed only in the gametophyte, it might be anticip ated that there are at

least two fypes of controlling elements. For genes expressed in both places, tissue-

specific promoters may be aligned to the same gene (or two copies of the same ORF

exist, under the control of different promoters). Alternatively, only one promoter may

exist, but it may be under the control of two (or more) phase-specific transcription

factors. For gametophyte-expressed-only genes, unique pollen-specific promoters may

exist. There is evidence for both types of genetic control.

Wnar MAKES A STAMEN Nor A PISTIL? From the point of view of the entire

flower, it is already well established that unique sets of transcription factors control the

fate of whorl primordia. This control is exerted to cause some primordial whorls to

become anthers, and others to become pistils, leaves and petals. This revelation was due

to the molecular genetic characterization of floral homeotic mutants - mutants which fail

to express some organs, or which express them at the inappropriate time or place (for a

review, see Coen, 1991). Homeotic mutants, llke apetela, ovulata, deficiens, sepaloidea,

and super-man (its easy to guess the phenotype of these) turn out to be deficient in

whorl-specific transcription factors, usually of the leucine zipper type (Yanofsky et al ,

1990; Sommer et al, 1990), which implies that they act in dimeric, cooperative ways.

Based on this, and the fact that most of the homeotic genes contain the MADs-box DNA

binding domain found in other known transcription factors (like serum response factor

(SRF) which regulates c-fos, a human proto-oncogene; and sarcomeric C-binding factor

(CtsF) regulating c¿-tubulin in human muscle) (Schwarz-Sommer, 1992), genetic models

have been proposed in which as few as three dimeric transcription factors can determine

the fate of all four organ whorls (Schwarz-Sommer et al, 1990). It turns out that floral

evocation and phyllotaxis, which occur prior to the establishment of whorl identity, are
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also controlled by specific homeotic genes that have been likenedto Drosophila

nzelanogaster embryo segmentation genes which are also expressed early and transiently

(Coen et al, 1990; Weigel et a7, 1992).

Wlnr DIFFEIìENI'IATES poLLEN wI'TFIIN TIrE ANTIJER? As noted earlier, chalcone

synthase and chalcone flavanone isomerase are key regulatory enzymes in flavonoid

biosynthesis. These enzymes are encoded by gene families, with chalcone flavanone

isomerase family having only two members: CHI-A and CHI-B. The CHI-B gene is

expressed exclusively in immature anthers (van Tunen et al, 1988). An odd observation

from initial characterizations by northern analysis was that a third, anomalously large CHI

transcript was found in mature pollen. Structural analysis of the CHI genes showed that

chi-A actually has two promoters, Po, and F¡, , and that Po, produced the 0.4 kb longer

transcript. The chi-I] gene has only one promoter, Fu. While all three promoters share

two consensus regions, it was possible to define an anther-specific region, called the

"anther-box" in P". (van Tunen et al, 1989). The chalcone synthase gene family members

chs-A and chs-J also maintain the anther-box in their promoters (van der Meer et al,

i990). It turns out that one other anther-only expressed gene contains the same anther

box, namely Bp19 of Brassica naplts (Albani et al, 1991). Two seemingly unrelated

tapetum-specific promoters have been identified, but not fully defined, for TA-29 (Block

and Debrouwer, 1993) and A9 (Faul et al,1992).

In addition to promoter Por, several other pollen-specific promoters have been

identified for genes which are expressed in both the sporophyte and the gametophyte.

Notable, adh-l, seems to have a cis element in the TATA box region which causes a 5'

elongated transcript to be expressed in pollen only, much the same way as Po, does

(Kloeckener-Gruissem et aL,7992). Using transgenic osmotin (OSM) promoter::GUS

constructs, Kononowicz ef al, (1992) found that OSM promoter driven gus expression is

found in mature pollen, especially at dehiscence when the pollen grains are undergoing

desiccation. Osmotin is a salt-stress, water-stress and ABA inducible gene (Singh et al,
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1989). One "house-keeping " gene that also shows expression of one of its family

members in a pollen-specific manner is c¿-tubulin I (TUAI). TUAI transcripts

accumulate in post-mitotic pollen and germinating pollen tubes (Carpenter et al, 1992).

Microtubules are not found in mature pollen, but are intimately involved in the

germinating pollen tube and in sperm cell mobility during fertilization (Feirson and

Cresti, 1992). Other pollen-specific gene promoters are known, including those for

LAT52 ( Twell, 1992) and Zm13 (Hamilton et al, 1992).

If there are pollen-specific promoters, might there also be pollen-specific

transcription factors? One pollen gene SF3 (table III) turns out to be a zinc finger protein

that contains the LIM motif common to many developmental regulators, such as rat

insulin gene enhancer binding protein (ISL-2), Drosophila APTER.OUS protein, and

mammalian onco-proteins (TTG) (Blatz et al,1992b).

From a regulatory point of view, pollen seem to have promoters in various

combinations, and even unique transcription factors. Moreover, these elements are

different than those driving anther-specific genes. How these components come together

to build the mature, functioning, pollen grain will take some time to sort out, but it is

comforting to note that the same molecular genetic tool-kit is used in the development of

many other organisms like Drosophila and man.

Function of Antlzer and Follen {ìenes (Seqwence Sírníløríties}

So far, liule direct evidence of the actual function of pollen specific genes is

available. \À/hile the function of known enzymes like ADH and B-GAL and CHS are

clear, the precise role of these enzymes in pollen is open to speculation. As for pollen-

only expressed genes like LAT52 and SF3, their function can only be inferred on the

basis of sequence similarity with other well characterized proteins, and from the

knowledge of their tissue specificity determined by locahzation of the protein and/or

transcript. In general, it might be expected that early expressed anther-specific genes are



important in the development and maintenance of anther tissue while pollen are

developing within; while genes expressed transiently at specific points in the

developmental program perform unique functions required for that stage. At maturity, we

already know that many transcripts are poised for translation at germination, so many of

these probably perform germination-specific functions such as tube growth and pollen-

pistil recognition. However, to date, no clear evidence for any of these processes is

available for any gene, so that only educated guesses are possible. These hypotheses are

outlined in table IV and discussed below.

MR¡¡v PoLLEN pIìorEtNS AppEAR To BE pECTINASES. Pectin is found in the cell

walls of all plants. Degradation of pectin results from the action of pectinases including

polygalacturonase (FG), pectin lyase (PL) and pectin esterase (PE).

The F2 gene family members (Brown and Crouch, 1990) are very similar (54%o

identity) to polygalacturonase found in fruits. Polygalacturonase in fruits is responsible

for digestion of the middle lamellar cell walls (composed mainly of homo- and poly-

galacturonans), causing the entire fruit to soften (ripen). P2 protein is found in mature

pollen and germinating pollen tubes, which suggests that it may digest cell wall pectins

of the pistils during germination. Alternatively, softening of the pollen cell walls may be

required for germination and/or tube elongation. A similar polygalacturonase gene family

(PG) has also been found in maize pollen (Niogret et al, I99I; Allen and Lonsdale,

I ee3).

Wing et al (i989), in characterizing the tomato anther genes LAT56 and LAT59,

discovered that the deduced proteins show some similarity to pectate lyase (FL) isozymes

PLe and PLb. The homologous regions of LAT56, LAT59, PLe and FLb coincide with

two regions that are thought to be important to the function of the protein, and which are

conserved in 7 other pectate lyases of the fungal plant pathogens Enuinia carotovora wtd

Erwinia chrysanthemi. The maize pollen clone Zm58 (Mascarenhas, i990) also shows

similarity to FL. Pectate lyases, like PGs, could be required in the germination process..
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The early expressed gene, Bp19 (Albani et al, 1991) is similar to pectin esterases

found in tomato fruit and Emuinia. Fectin esterases remove methoxyl groups from pectin,

which is a requirement for subsequent FG and PL activity. Bp19 expression occurs

earlier in the developmental program than the PG and PL genes discussed above.

Experiments have not determined whether the protein persists into latter stages by

incorporation into the cell wall, or is active early and is degraded. In either çase, a

de-esterified pectin substrate required by pollen PGs and PLs might be available for cell

wall reorganization during germination.

Follen cell walls have a unique lipid constituent, known as sporopollenin (for

review, see Wiermann and Gabatz, 1992), which is laid down soon after tetrads are

formed. The tapetum-specific and unicellular pollen-specific gene E2 (Foster et al, 1992)

shows high (50-60%) similarity to phospholipid transfer proteins (FLTPs), including all

conserved structural features. PLTFs are capable of transferring lipids between

Table IV Inferred Function of Pollen genes based on Sequence Similarity

Gene Name(s) Similarity Tissue Localization

P2; PGI,2,3 fruit polygalacturonase pollen and pollen tubes

LAT56/59; Zm58 fungal pectate lyases anthers, pollen and pollen tubes

Bp19 pectrn esterase immature pollen

Bpi0; NPT303 ascorbate oxidase pollen and pollen tubes.

E2 phospholipid transferase tapetum and unicellular pollen

A9 ct-amylase inhibitor tapetum

Lat 52; Zml3 kunitz trypsin inhibitor immature pollen and tubes

SF3 transcription factor mature pollen

BetvI disease resistance (Pr) mature pollen and leaves

Bet v II profilin mature pollen

PCP self-recognition of stigmas mature pollen
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membranes in vitro, however their function in vivo may be Iimited to the extracellular

milieux because of the presence of signal peptide leader sequences that may target them

for secretion. Thus, PLTFs may be responsible for cuticle formation. In this context, a

homologous function for PLTFs in sporopollenin assembly may be considered.

Two genes, one expressed maximally in bicellular microspores (BplO, Albani et

al, 7992) and the other expressed during microsporogenesis and germination (NTF303,

Wetering et al, 1992), have sequence similarity to the metabolic copper-containing

enryme ascorbate oxidase (AAO). However, neither gene conserves important copper-

binding histidine residues, which makes them unlikely to have bona.fide AAO activity.

Instead, it could be argued that AAO and these pollen genes have a common ancestry.

PorLsN PROTEINS AS sroRAGE PROTEINS? Both LAT52 (Twell et al, 1989) and

Zm73 (Hanson et al, 1989) have sequence similarity to the kunitz trypsin inhibiter (Kti)

family of seed storage proteins. Another tapetum-specific gene, 49, (Paul et al, 1992),

expressed only at the tetrad stage, appears to be a member of the seed-storage protein /cr-

amylase/trypsin inhibitor super-familya (Kreis et al, 1985). Since the A9 protein shares

certain structural feature with the a-amylase/trypsin inhibitor sub-family, Paul et al,

(1992) suggest that A9 protects the anther and pollen from insect or microbial damage.

However, the protein for A9 has not been traced directly, so that the persistence of the

protein is unknown. A9,LAT52, and ZmI3 may only function as amino acid reserves

required latter in development or during germination when catabolism is more active.

ArlBRcgtrts AS DISEASE RESISTANCE GENES. The Bet v I pollen allergen has a very

strong sequence homology (70%) with a pea (Pisum sativum) disease resistance (I49)

a Members of the superfamily include seed storage proteins like prolamines from cereals and
25 globulins from dicots, and cc-amylase and trypsin inhibitors from cereals. Three important regions
A,B,C) are common to allfamily members, and one (B) is especially conserved and contains multiple
Cys-Cys motifs. Members that have long distances between the A and B regions are usually seed
storage proteins, while those with short distances are usually rx-amylase/trypsin inhibitors. The seed
storage members also have unusual amino acid content - either high in methionine (sulphur-rich) or
glutamine (nitrogen-rich). The function of the inhibitors is elusive, but they may involve protection
from animal or insect attack.
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gene (Brieteneder et al, 1989). I49 is one member of a small gene family that is induced

when peas are challenged by liusarium solani or Pseudomonas ssp. (Fristensky et al,

1988). Low levels of Bet v I mRNA has been detected in leaves, which Brieteneder et al,

(1989) construe to mean thatit is involved in general disease defence. In addition, the

fact of such high homology between proteins from birch trees (Betulaceae) and peas

(Leguminosae) suggests that Bet v I has a significant, albeit unknown role.

ALLeRcSNS AS cYI'oSKELETAL REGULATORS. Profilin (for a review, see Pollard

and Cooper, i986) is a small (15 kDa) protein found in platelet cells of vertebrates and

sperm cells of invertebrates. The importance of profilin is that it regulates the

polymerization of actin. Profilactin is formed when profilin binds actin monomers -

effectively stopping the growth of microfilaments; and is reversibie by high pH or by

binding of phosphatidylinositol 4,5 bisphosphate found in membranes. During the

fertilization process of invertebrates, the acrosomal reaction of sperm is invoked by a

sudden polymerization of actin microfilaments. Platelet formation in mammals is similar

in this respect.

In birch pollen, a 74.7 kDa allergen, called Bet v II, shows significant sequence

similarity to slime mould (Myxomycetes),yeast (Saccharomyces cerevisiae), and human

profilins (Valenta et al, 1991). Bet v II was also found in a wide variety of other plant

species, including Gramineae. While no experiments have been reported which confirm

profilin activity of Bet v II, it is intriguing to specul ate that Bet v II is involved in the

fertilization process in plants in the same way that profilin is in invertebrates. Regulation

of profilin may prove to be a key switch controlling pollen germination in plants. The

role of actin in germination is well documented (Heslop-Harrison and Heslop-Harrison,

1989; Heslop-Harrison et al, I988).

FoLLeN "coATINc-BoRNE pEprIDES" IN cELL coMMLrNtcATIoN. Self-

incompatibility (SI) is a common form of genetic control over fertili zation. Large

numbers of alleles exist, many of which have been cloned and characterized, and all



appear to be expressed solely in pistils. One way in which S-alleles (S-linked

glycoproteins (SLG), S-linked receptors (SLR) and S-linked kinases (SLK) ) may operare

is by a phosphorylation cascade, involving protein kinases and transmembrane protein

kinase receptors (for a recent review, see Nasrallah et al, 1991) Other S-alleles have

homology with RNAses, and are thought to function by preferentially degrading pollen

germination-specifîc RNAs during incompatible reactions (Haring et al, i990). In either

case, no protein counter-parts to the SI genes have been found in pollen, even though

pollen phenotype determines compatibility.

In a startling analysis of an S-allele-Promoter::GUS construct expression in

transgenic Brassica, GUS activity was found in tapetal cells when pollen were tetrads, as

well as in mature stigmas (where S-allele expression is expected) (Toriyama et aL,1991).

Brassica displays "sporophytic" self-incompatibility, which means that the genotype of the

diploid sporophytic tissue (anthers) determines the genetic phenotype of the pollen.

Somehow the determinants of phenotype are laid down on the pollen grains, presumably

at the tetrad stage as indicated by the GUS experiment. Even so, no actual S-allele

proteins (SLGs) have been detected in anthers or pollen. Perhaps the same promoter

drives a different protein in the tapetum, one that defines the male SI determinant

(Thorsness et al, 1991).

In an effort to identifu pollen compounds that might interact with S-alleles, (which

are heavily glycosylated), Doughty et al, 1993, discovered 7 kDa polypeptide resident on

the surface of mature pollen (so-called coating-borne peptides) which bind SLGs. The

interaction product (IP) formed when the 7 kDA eptide binds the SLG shows a protein

isolectric point increase of 2.0 pH units. Now, regulation of the germination process

might be thought of in terms of the physiological consequences of the interaction product.

IPs might be expected to operate through an SLK kinase activity on the pollen or

stigmatic membranes. Ferhaps the 7 kDa polypeptides are fragments of another fype of

coat-borne protein, the pollen allergens.
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It is intriguing to note that some pollen allergens share these properties: they are

glycosylated and are found on the surface of the pollen grain (for a review see Howlett

and Knox, 79BZ), they have high isoelectric points, and they have low (approximately 4-

10 kDa) molecular weights (see appendix I). Glycosylation does not seem to be

important to allergenicity of these antigens (Nilsen et al, i991).

Genetically Engineered Fertility Control

As key regulatory elements of pollen and anther specific genes have come to be

identified, new opportunities to genetically engineer fertility have arisen. Control of

fertility, usually in the form of male sterilify, is a convenient way to produce hybrid seed.

One way to create male sterility is to transform plants with a construct containing a toxic

gene driven by a pollen or anther specific promoters. To do this, the anther tapetum-

specific TA-29 gene promoter (Koltunow, 1990) of tobacco was built into a const¡uct

containing abacterial RNAse, called Barnase. Tobacco plants transformed with the TA-

29'.:Barnase construct proved to be male sterile - Barnase degraded all mRNA produced

by the tapetum (Mariani et al, 1990). Generating male sterility has been done before -

there are many chemicals and physiological conditions which induce male sterility.

However, Bamase was different because there is also an inhibitor of Barnase, called

Barstar. The Barstar RNAse inhibitor could be engineered into a similar construct, again

using theTA-29 promoter, and when transformed back into the transgenic Barnase male-

sterile tobacco, the Barstar construct completely restored fertility. \ilhen the TA-

29::Barstar construct was transformed into a wild-type strain, the wild-typeÆarstar

transgenic plant could be used to restore fertility when crossed with the Barnase male-

5 ln fact, genetic ablation of reproductive tissues in transgenic plants has been used primarily
as a toolto dissect promoter specificities, typically using the diphtheria toxin A gene (DT-A) to
knock-out pistils or anthers (Nasrallah et al, 1991; Thorsness et al, 1gg1).
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sterile line (Mariani et al, 1992). The result of all this magic was the development of

genetically engineered male sterility complete with genetically engineered male fertility

restorer lines. This approach has been extended to Brassica napus (Block and

Debrouwer,1993) and a variety of other crops including maize (R. Goldberg,

unpublished). Other male-sterile lines have been developed by similar methods (van der

Meer et al, 1992; Napoli et al, 1990), but none has achieved the elegance of the

BarnaseÆarstar system.
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MATERIALS AND METHODS

F[ßrøt møÍeríøl

Pollen

Mature pollen of barley (Hordeum vulgare)" wheat (Tñticum aestivunt\, and

Kentucky bluegrass (Poa pratersls) were initially obtained from Hollister-Stier

Laboratory, (Mississauga, Ontario, Canada).

Additional supplies of mature pollen of barley (Hordeum vulgare L. cv.

Bonanza), wheat (Tñticum aestivum L. cv. Katepwa; and cv. Norstar), durum wheat

(Triticum durum), oats (Avena sativa L. cv. Rodney), rye (Secale cereale L. cv. Fuma),

and Triticale (4290), were harvested from plants maintained under growth room

conditions (18"C Day,75"C Night, 16 hour day, 50% RH)

Mature pollen samples of sunflower (Helianthus annus), maize (Zea mays),

Canola (Brassica nopus L. cv. westar) and flax (Linum usitatissimum L. cv.

McGregor) were harvested from plants growTr in the field.

Other Tissues

Anthers and pistils were harvested from barley plants maintained under growth

chamber conditions beginning 45 days after sowing. Leaves were harvested from

seedlings 3 weeks after sowing. Roots and whole germinated seeds were harvested

from mature seed imbibed 6 days in filter paper lined Petri dishes.
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nlet elopyneratøl støgíwg of øntkers

Developing inflorescences were removed from infact plants in the boot stage,

Feekes stage 10 (Large, 1954), when the internode length between the flag leaf and the

first leaf was 1-2 cm. Anthers were harvested from the middle spikelet of each row of

the inflorescence. Spikelets were harvested from the six central rachis nodes of the

spike. Lateral spikelets of each rachis node were excluded from analysis because of

developmental asynchrony with centr al spikelets.

Initially, inflorescence height, anther length and pistil stage (Waddington et al,

i9B3) were determined. Pollen stage was observed by phase-contrast microscopy and

the number of nuclei per pollen was determined by aceto-carmine staining (O' Brien

and McCulley,l981). For each morphological character recorded, the number of nuclei

per pollen grain was tabulated. For subsequent staging, a value for each

morphological character was selected in which the proportion of pollen grains at a

particular stage was I00%. Aceto-carmine staining of nuclei was used to verifiy

pollen nuclei number in all samples.

Protein extrøctiow

Froteins were extracted from developing anthers and mature pollen as follows:

100 staged anthers were harvested, frozen on a dry-ice/ethanol bath, freeze-dried,

weighed and macerated with a glass/Teflon homogenizer in deionized distilled water

until pollen grains were visibly disrupted, centrifuged for 15 minutes @ 8,000 g, and

the supernatant was recovered. Root, leaf pistil and other tissues were extracted

likewise. Protein content was determined by a micro-titre assay (Bradford, Tg76).
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ExÍrøctiorø af RNA.frowa rø'eøts¿re pollenø, developireg øwthers ør¿cÍ otløer tisswes

Five grams of pollen were hand ground in a dry-ice-chilled mortar and pestle.

Fulverised pollen was placed in guanidinium iso-thiocyanate buffer (Chirgwin et al,

1979) and macerated with a FolytronN tissue homogenizer for 30 seconds at 4' C.

Cell debris was pelleted by centrifugation @ 12,000 g for 20 minutes and the resulting

supernatant subjected to cesium chloride buoyant density ultra-centrifugation (Chirgwin

et al, 1979). Barley pollen poly(A). RNA was affinity purified from total RNA by

oligo(dT)-cellulose (Collaborative Research) chromatography (Aviv and Leder, Ig72)

Anthers, pistils, leaves and roots were harvested and immediately frozen in

Iiquid Nr. The tissue was placed in guanidinium iso-thiocyanate buffer, and was

ground in a glass/Teflon homogenizer until cells were visibly disrupted (5-10 min )

The mixture was then macerated with a Polytron for 60 seconds at 4' C and processed

as above.

Íyø vítro cwtrt¿¿re of børley spikelets

Inflorescence height, anther stage, pistil stage and pollen nuclei number were

determined as above. Inflorescences containing stage 1 anthers were selected for ln

vitro culture. Under aseptic conditions, twelve central spikelets were cut from the

spike at the base of each rachis node and placed upright into 24-well sterile culture

plates containing 1 ml/well of wheat spikelet media (WSM) (Trione and Stockwell,

1989). The culture plates were incubated in growth cabinets at 18o C during a 16 hour

day, and at 74o C during the night. Spikelets showing observable signs of seed

development were transferred into embryo development media (Trione and Stockwell,

198e).
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Flworociarornøtic (FCR) test of ¡tollen vi.røhílity

Follen was harvested by dissection of staged anthers placed on a microscope

slide. After removing anther debris, pollen were tested for viability by staining with

fluorescein diacetate(Heslop-Harrrison and Heslop-Harrison, 1970; Heslop-Harrison et

al, l9B4). Briefly, fluorescein diacetate (2 mglml dissolved in acetone) was added (in

a drop-wise fashion until a faint white precipitate could be seen) to sucrose solutions

isotonic for staged pollen (2.27,1.5, and 1.0 molar for tricellular, bicellular and

unicellular pollen respectively). Pollen grains were evaluated for fluorescence at 520

nm after excitation by 480 nm light using a Zeiss photomicroscope III fitted with epi-

fluorescence optics.

X)eterwaination af pollen viability in ,yítro ar¿d in ptanta

At regular intervals, 24 anthers were taken from 8 primary spikelets of two

different spikes; and 100 to 200 pollen grains from each anther were evaluated by

FCR for viability. Viability of a minimum of 2400 pollen grains was determined for

each stage in vitro and in planra. The viability counts were recorded and treated to

statistical analysis by two methods: chi square analysis was performed by considering

the data as frequency type; and analysis of variance (ANOVA) was performed by

considering the data as score type. The level of significance for both tests was tested

at p < 0.05.

Araølysis af Ðe raovo proteíre syrztlaesis by cwltwred spikeiets

Spikelets were cultured in viÍro as described above, except that spikelets were

transferred to WSM containing 5 prCi/ml of 3sS-methionine for one of five 22 hour
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intervals (followed by a 2 hour chase in regular media); and immediately harvested.

Two replicates of B spikelets for each time interval were harvested. After washing

spikelets in distilled water, anthers were removed and proteins were extracted as

above. Incorporation of 35S-methionine was determined by trichloroacetic acid (TCA)

precipitation and liquid scintillation counting of proteins (Mans and Novelli, 196i).

Incorporation was expressed as cpm /anther.

2 - Ð írnens ion øl E lectrople oy esís

Two-dimensional electrophoresis was performed as described by O'Farrell,

(L975). 100 mg (fresh weight) of anthers were homogenized in a glass/Teflon

homogenizer in I mM dithiothreitol (DTT) until pollen were visibly disrupted. Five

mls of precipitation buffer (10% TCA, wlv,l mMDTT, in acetone) was addedto

homogenized anthers, mixed, and chilled at -70'C for 2 hours. Proteins were

precipitated by centrifugation @ 8,000 g for 30 minutes. The pellet was washed with

I mM DTT in acetone three times and dried by vacuum. Dry pellets were weighed,

and 50 ¡rl of isoelectric focusing (fEF) loading buffer (O'Farrell, 1975) was added per

milligram of protein. Twelve ¡rl were loaded per IEF tube gel. Tube gels contained

0.4Yo ampholines @h a-Q 1.2%o ampholines (pH 6-8) and 0.4%o ampholines (pH 3.5-

10). Prior to loading IEF tube gels for second dimension SDS-PAGE, tube gels were

equilibrated wrth iodoacetamide buffer according to Beis and Lazou (i990).

Electronic images of silver-stained (Merril et al, 1981) gels were captured on

an Image-Analyzer using IMAGEX software designed by Dr. L. Lamari of the

Department of Plant Science, University of Manitoba. Twenty-four-bit full-colour

images were imported into standard graphics software for rendering with text.
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Sð)S-PÁGE, Western h\ottíng øyad in¿wøwreotletectíora

Frotein extracts were loaded onto 15% SDS-PAGE gels according to Laemmli

(1970). Froteins were either stained (by Coomassie-blue or by silver (Merril et al,

i9B1) or electroblotted onto nitrocellulose according Towbin et al, (1979). Prior to

immunodetection, western blots were placed in blocking solution for 30 minutes.

Blocking solution was 3Yo gelatin (w/v) in TBS (20 mM Tris, 500 mM NaCl, pH 7.5).

For immunodetection, primary antibodies (see Table V for explanation of antibody

nomenclature) were diluted in TTBS (TBS plus 0.05%o tween-2O, v/v) containing lYo

gelatin (w/v) Western blots were rinsed three times with TTBS prior to addition of

secondary antibody. Antigen-antibody conjugates were visualized by reaction to

alkaline phosphatase-linked goat anti-mouse IgG, goat anti-rabbit IgG, or goat anti-

human IgE secondary antibody (depending on the primary antibody used) diluted

1:7500 in TTBS containing |o/o gelatin (w/v) Colour reaction of alkaline phosphatase

was according to the manufacturers instructions (Bio-Rad Laboratories).

Fixøtioze of rnøtwre pollen grøires und írnmwnodetection in swspemsion

Mature pollen grains were placed directly into fixative containin g 2%

paraformaldehyde, 0.5%o glutaraldehyde, 30 mM PIPES/pH 7.5, ro mM CaCl, (Pogson

et al, 1989) for 8 hours at room temperature. Fixed pollen grains were washed three

times in TTBS and suspended in a blocking solution (3%o geletin w/v in TTBS) for 30

minutes. Pollen were washed again 3 times in TTBS and suspended in a solution of

antibody overnight. Follen were washed three times with TTBS and suspended in

secondary antibody (anti-mouse IgG) for 2 hours. Pollen were pelleted and washed

three times in TTBS, and one time in TBS prior to alkaline phosphatase colour

development. As controls, fixed pollen was incubated in no antibody, primary
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antibody only,and secondary antibody only. All controls were subjected to alkaline

phosphatase colour development as above. Pollen grains were observed by standard

light microscopy throughout the various treatments.

Tah[e V ,4mti-polnen-a[Eengere amúibody raormernclatune

Antibody Allergen Size pI Species Reference

Mab 60 Poa p Ia 37 6.4 Poa pratensis Lin et al, 1988

Poa p Ib JJ 9.1

}iIab 27 Ag 27 30,1

7

Poa pratensis Ekramadoullah et al, L986a

};.4.ab 12 Poa p IY 57 Poa pratensis Ekramadoullah et al, 1986b.

Mab I Lol p IY 57 Lolium perenne Jaggi et al,1989

anti-r8.3 Poa p IX

KBG 31 35 10.1

Poa pratensis Silvanovich et al, 7991

il KBG 41 30 9.7 I

lt KBG 60 28 99 il
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Norllaern blot ømølysis

Total and poly(A)"RNA were electrophoresed in L5o/o agarcse gels under de-

naturing conditions (Alwine et al, 1977) and blotted onto Hybon¿-¡¡:Iùl (Amersham

Ltd) nylon membranes. Radiolabelled probes were prepared by nick translation (Rigby

et al, 1977) or random hexanucleotide priming (Sambrook et al, 1989) of purified

cDNA inserts. Hybridization between probe and RNA was allowed to procee d far 12

hours at 60-65" C (see individual blots for exact conditions) in 6 X SSC (900 mM

NaCl, 90 mM sodium citrate, pH 7.5), 5x Denhardt's solution (0.1% wlv each BSA,

Ficoll, polyvinylpyrrolidone), I 00 pg lml heat-denatured, sheared Escherichia coli

chromosomal DNA, and 0.1% (w/v) SDS. Fost-hybridization washes were with 2X

SSC,0.l% SDS for 15 minutes followed by final washes (see individual blots for

exact conditions). Autoradiographs of radio-active blots were made using Kodak X-

OMAT AR film

Extraction o.f Genornic nlNA

Genomic DNA was prepared from leaves essentially as described by Murray

and Thompson, (1980). Five grams (fresh weight) of leaf tissue were frozen under

liquid nitrogen and stored at -70" C. Frozen leaves were ground in a mortar and

pestle containing liquid nitrogen. Ten millilitres of l% CTAB buffer (w/v), pre-

warmed to 60o C, was added to the ground tissue and incubated 30 minutes at 60' C.

Ten ml of chloroform (24:1 chloroform;isoamyl alcohol) were added, and the mixture

was centrifuged @1000 g for ten minutes. The aqueous phase was recovered. A 0.4

volume of 5 N{ ammonium acetate was added, followed by 2 volumes of isopropanol.

Frecipitating DNA was centrifuged, recovered, and re-suspended in TE buffer. RNA
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was removed by treatment with RNase followed by repeated phenol-chloroform

extractions to remove protein (Maniatis et al, 1982).

Sowtleery¿ Ltlol øraølysís

Blots were analyzed essentially according to Southern,I975. Genomic DNA

was digested with suitable restriction endonucleases and electrophoresed in 0.8 %

agarose gels. DNA was denatured and capillary blotted onto nylon (Hybond N-Plus,

Amersham) membranes according to Sambrook et al, (i989). Hybridization between

probe and RNA was allowed to proceedfor 12 hours at 60-65"C (see individual blots

for exact conditions) in 6 X SSC, 5X Denhardt's solution, 100 pg /ml heat-denatured,

sheared Escherichia coli chromosomal DNA, and 0.5 % (w/v) SDS Fost-

hybridization washes were with 2X SSC, 05 % SDS for 15 minutes followed by final

washes (see individual blots for exact conditions). Autoradiographs of radioactive

blots were made using Kodak X-OMAT AR film.

tsørley pollen IÐIVA líbrøry ønd screenimg

cDNA was synthesized from mature barley pollen poly (A)' RNA in the

presence of ttS-dCTP using reagents and enzymes supplied by and according to

Fharmacia LKB Biotechnology Inc. cDNA synthesis products were monitored by

polyacrylamide gel electrophoresis of small aliquots of the reaction mixture, followed

by autoradiaography. An Eco Rl/i/or I adaptor (also from Pharmacia) 14 nucleotides

in length was blunt-end ligated to the cDNA. Excess linker was removed by

puri$ring the ligation product on a Sephadex G-100 spun column (Fharmacia). The

oDNA was ligated to Eco RI pre-digested and phosphatased Lambda Zap II arms

41



provided by Stratagene Cloning Systems. The ligated cDNA-Lambda Zap II was

packaged using Gigapack II Plus (stratagene) yielding approximately i00,000

recombinant plaques. The cDNA library was amplified by pooling bacteriophage

suspensions from i0 plates having 10,000 pfu per plate. Final titre of the amplified

cDNA library was 7.6 X l0e pfu/ml.

The CDNA library was screened by plaque lift DNA hybridization procedures

(Maniatis et al, 1982). Briefly, the library was plated at a density of 2000 plaques per

85 mm Fetri dish. Flaques were blotted onto Hybond-N (Amersham Ltd), and probed

with purified cr4.4 and c7.2 Kentucky bluegrass allergen "p-cDNA. Labelled cDNA

was prepared by nick-translation. Hybridization was at 65o c, in 6 X ssc, 5x Den-

hardt's solution, 100 ¡rg /ml heat-denatured, sheared Escherichia coli chromosomal

DNA, and 0.5 % (w/v) SDS. Final wash was at 65o C, 0 2 X SSC.

Hybridizing plaques were cored from agar plates and stored by standard

procedures (Maniatis et al, l9B2). In ttivo excision of phagemids (pBluescript) was

performed according to Stratagene and plasmids were analy zed by restriction fragment

mapping and Southern blotting to determine authenticity and size of insert cDNAs.

nlN,A S eqwewce Ð eterynínøtiorø

Nucleotide sequences were determined by dideoxy-nucleotide termination

(Sanger et al, 1977) of DNA synthesized during Taq polymerase based cycle

sequencing (Murray, t9S9) of plasmids (reagents and en4rmes were supplied by 6¡bco

BRL) sequencing was initiated from the pBruescriptTT, T3, sK, KS, and Ml3-

reverse priming sites found on both sides of the multiple cloning site of pBluescript.
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Expressiotø øwd paari;fîct¿tíora of recombinørat MtsF-974 f,wsiorø proteiw

To express and purifu the protein encoded by oDNA 974, clone 974 was

subcloned into an E. coli expression vector (pMAL-c2, New England Biolabs) which

was modified in the multiple cloning site. The modification of pMAL was designed

so that the ORF of 974 would be in frame with the translation initiation site of

maltose binding protein (lvIBP) encoded by pMAL (see appendix III).

pMal was cut with Eco F.I, to give a linear plasmid. The 3' (TTAA) sticky

ends of the Eco RI cleavage site were removed by mung bean nuclease according to

Sambrook et al, (1989). The last base of the resulting blunt-ended vector DNA

represented the first base of the codon reading frame of MBP. pMal was further

digested with Psr I, to give a sticky end suitable for directional cloning of inserts.

Barley pollen clone 974 insert DNA was cut out of pBluescript using Eco RV, which

yielded a blunt-end beginning at the second base of the codon reading frame of 974

protein.; and with PstI, to give a974 insert with a sticky-end after the stop codon of

the 974 ORF. The Eco RV/Ps¡ I insert DNA of clone 974 was ligated into the

modified pMAL vector (blunt-ended Eco RIÆst I sticky-end). The DNA sequence of

the 5' joint region of the recombinant pMAL::974 construct was determined to ensure

that the 974 ORF was in frame with the translation start codon of MBP. The

pMAL::974 construct was transformed into E. coli (XLl-Blue, MRF' supplied by

Stratagene) and analyzed for the expression of recombinant protein.

To purify the MBP::974 fusion protein, crude E. coli (expressing the MBF::974

fusion) protein extracts were loaded onto 2 cm diameter column packed with 30 mls of

amylose-resin (New England Biolabs). All other E.coli proteins were eluted from the
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column, while MBF::974 was retained. Purified MBP::974 protein was recovered

from the column by addition of 20 mM maltose.

Frepørøtion of anti-974 polycloreøtr Antibody

Mice were immunized with MBF::974 protein according to Harlow and Lane

(1988). Frimary intraperitoneal immunizations of 50 pg of purified MBP::974 protein

in 250 ¡rl of Freund's adjuvant were performed on six eight-week-old female BALB/c

mice housed in the Department of Animal Science. At intervals, mice were boosted

intraperitonealy with 25 pg of purified }'dBP :974 protein alone. Tail bleeds were

performed ten days following each boost, from which 200-400 ¡rl of serum were

obtained and pooled. Serum was titred by dilution in TTBS, and stored at -200C.

Sequence Anølysis

All sequence analysis was performed using the Fristensky Sequence Analysis

Package, and miscellaneous other analysis programs including FASTA ver 1.5b,

TFASTA, LFATSA (Pearson and Lipman, i988), and DNAFRAG (courtesy of J.

Nash, as adapted from Schaffer and Sedoroff, i981). Sequence comparisons were

made using data from Genbank rel. 75.0 and the Protein Information Resource (PIR)

rel.35
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RESULTS

lntroduction

This section deals with experiments describing relevant portions of the

developmental program in barley, and the identification and expression paftern of

Kentucky bluegrass allergen cognates in barley using Kentucky bluegrass antibody and

nucleic acid probes. It also includes an account of the identification and

characteúzation of abarley cDNA allergen homologue, and the extent to which other

economically important crops may express allergen cognates.

Pollen Development in Barley

Ðeveloprnentøl støging of ønthers.

Freliminary comparisons of 50 inflorescences showed that the morphological

features of inflorescence height, anther length and pistil stage were reliable predictors

of pollen nuclei number. While not all pollen in an anther were found to be at the

same point of morphological development (ie. early and late bicellular pollen were

often found in the same anther), the number of nuclei per pollen was found to be

identical for each size class of anther, inflorescence height and pistil stage. Thus,

anther stage was defined by pollen nuclei number as follows: anther stage I contained

unicellular pollen, anther stage 2 contained bicellular pollen, anther stage 3 contained

tricellular pollen, and anther stage M consisted of dehisced anthers from which mature

tricellular pollen was harvested. Anther stage was easily determined prior to

subsequent biochemical analyses (Table VI). Follen nuclei number was verified by

aceto-carmine staining.
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T'ahåe \¡l Developmental staging of barley anthers. Anther stage was defined
by the number of nuclei per pollen grain revealed by aceto-carmine staining.
Inflorescence height, anther length, and pistil stage predicted nuclei number per pollen

Anther Stage

MorphologicalFeature I 2 3 M

Follen stage ' unicellular Bicellular Tricellular Mature

Nuclei per pollen grain I 2 3 3

Inflorescence height (m*) 75 100 120 I20

Anther length (mm) 2.5 3.1 4.2 4 O

Pistil Stage t S-B S-9 S-9.5 S-10

I Aceto-carmine staining.
2 Pistil stage according to Waddington et al. 1983

Ðry møtter, Froteín c¿nd RlY,4 øccwynwlatiore iye det elopireg anthers.

Dry matter and protein extracted from developing anthers were found to

accumulate to a maximum at stage 3 whereas RNA content continued to increase until

maturity (Figun'e l). A greater than two-fold increase in dry matter and total

extractable protein content (from 22to 54 mg, and from 4.5 to 12 mg, per 100 anthers

respectively) was observed as anthers developed from stage I to stage M. In the same

time, total RNA increased more than 30 fold (from 5 to 166 pg per 100 anthers).

FoWen detelopneent in vitro.

To evaluate a system in which biochemical events throughout development can

be accurately assayed, an in vilro spikelet culture technique was examined. Excised
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Figtlre l. Accumulation of Dry matter, Protein and RNA in developing barley

anthers. The amount of total dry matter (ø), protein (Ð a"d RNA(a¡ extracted per

100 anthers are presented as a function of anther stage.
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immature spikelets containing stage 1 anthers were cultured in wheat spikelet media

(WSM) and assayed for viability of maturing pollen grains, similarity of protein

synthesis patterns, and fertility; relative to in planta spikelet development.

POII-ENT VIABITIY WAS SIMILAR IN PLANTA AND 1N VITR7. Viability of

developing pollen grains in vitro andin planta was compared by FCR assay (Figure

2). Over the developmental period beginning at stage 1 (0 hours) and ending at stage

M (138 hours), viability of grains ranged between 42 and 60 percent. Although

differences in vitro and in planta were statistically significant (P < 0.05) throughout

the developmental period, it was doubtful that differences were meaningful.

Exceptions were at 72hours, when viability in vitro actually exceededviability in

plantaby 9 percentage points (55 % vs 46 %o), and at 138 hours, when viability in

planta declined to 17 percent while viability in vitro was 27 percent. Figure 2 also

indicates the stage to which anthers in vitro and in planta have developed at each time

point. By 36 hours, anthers in planta reached stage 2, whereas anthers in vitro

reached stage 2 by 48 hours. Likewise anthers in planta reached stage 3 by 72 hours,

whereas anthers in vilro reached stage 3 by 90 hours. Maturity was achieved in planta

in only 108 hours, whereas maturity in vitro occurred by l3s hours. Delayed

development in vitro is reflected in the fact that I38 hour pollen in vitro had a greater

viability score than did pollen in planta, which had matured 30 hours before.

DBvpl-opr¡.tc ANTHERS EXpRESSED sINffLAR pRoTEINS IN zLANTA AND 1N vlrRo.

Froteins were extracted from stage 2 and 3 anthers developing in vitro and compared

by SDS-PAGE to anther proteins expressed in plantø (F'igune 3). In most instances,
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Figun'e 2 ,4,8" Viability of pollen developing in vitro.

,& Viability of pollen in planta and in vitro over 138 hours of development as

assayed by FCR. Open bars represent viability in planta, and filled bars

represent pollen viability in vitro. Anther stage is indicated for each sample

(1 : stage 1,2: stage 2,3 : stage 3, and M : stage M);

B Comparison of the same pollen observed by standard optics (on the left) and

by epi-fluorescent optics (on the right). Viable pollen are fluorescent (green).
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Figure 3" Comparison of anther proteins in planta and in vitro. 25 Vg protein

samples from stage I (lane 1), stage 2 (lane 2), and stage 3 (lane 3) anthers

developing in planta; and from stage 2 (lane 2') and stage 3 (lane 3) anthers

developing in vitro were separated by SDS-PAGE and silver stained.
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the patterns of proteins expressed by anthers developing in planta and in vitro were

the same. Exceptions were that very high molecular weight proteins (those greater

than 90 kDa) and proteins just larger than 67 kDa were absent from the protein

population expressed by anthers in vitro. In addition, the expression of several other

proteins appeared enhanced in vilro" including proteins at 59 andT2kDa (immediately

below and above the 67 kDa marker respectively).

SplrpI-Brs DEVEI.oPINc IN vlrRo wItRE FERTTLE. Reported inconsistencies

between viability and vigor (Shivanna et al, 1991) suggested that pollen viability ought

to be confirmed by directly observing germination or fertilization. To assess whether

pollen were indeed functional, in vitro spikelets were cultured for an additional week

beyond pollen maturity. Spikelets showing observable signs of seed development were

transferred into embryo development media. Three weeks post anthesis, immature

seeds were harvested and germinated. For reference, wheat spikelets were also

assayed.

Spikelet fertility was estimated by assesing the vigor of seeds set, where vigor

was considered to be a correction factor accounting for partially fertilized ovaries

(which can be embryo-less, developing endosperm tissue that can appear seed-like).

Thus, the proportion of spikelets that set seed which germinated was taken to be a

measure of in vitro spikelet fertility (Table VII). Barley spikelets cultured in vitro

were found to be Z2Yofertile, while wheat spikelets were found to be 39o/ofertile.

Spikelet fertility in vitro suggested that while the developmental program was indeed

perturbed by conditions in culture, fertility was high enough to justify further

examination of the experimental systern.

54



T'ahle VI{ F''enúiliúy of Spike[ets irø vítro

THp nars oF PRoTEIN syNTI-tESIs wAS cREATESI DURINc s'rAcc 2. Incorporation of

3sS-methionine into proteins synthesized by anthers developing in ttitro was taken to

indicate relative rates of protein synthesis at different stages of development. 35S-

methionine incorporation was analyzed by TCA precipitation and liquid scintillation

counting of labelled proteins. Translation occurred in all defined stages, and was

maximal while anthers were in stage 2, and declined during stage 3 and M (Figune 4)

Wigla pl proteíres hecøwae nwvreeyoxts ørad øbwndønt løte ín developwøent.

To assess whether barley anthers express unique stage-specific proteins, anther

proteins at stage 1,2, and 3 were subjected to 2-dimensional SDS-PAGE. (Figune 5).

Stage 3 anthers, in comparison to stage 1 and stage 2, appeared to express more

numerous and abundant high isoelectric point (pI) proteins. Eighteen stage 3 specific

proteins between 30 and 90 kDa and having pls between pH 8.5 and i0 were observed

(Figerre 6). (Full-size pictures of the gels are found in Appendix II ).

Number of
Spikelets

Seeds Set Germination Ferrility (%)r

Trial Wheat Barley Wheat Barley Wheat Barley Wheat Barley

I 48 166 19 45 14 .)t 29 22

II 60 60 20 22 t6 21 27 35

m 96 96 45 2l 38 15 40 t6

ry 59 96 21 LJ 21 1B 36 19

1 Fertili¡, was defined as the proportion of vigorous seeds set Mean
by all spikelets cultured.

34 'ra
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Figure 4. Protein synthesis by developing anthers in vitro. Total 35S methionine

incorporation was assayed for 24 hour periods in vityo by measuring TCA precipitable

counts (cpm) of harvested anthers. The stage to which developing anthers have

progressed for each 24 hour period is indicated above each bar. Error bars indicate

standard error for 3 replicates.
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Figure 5" Proteins expressed by developing anthers anaryzed, by 2-D sDS

PAGE. 25 pg protein samples from stage 1, stage 2 and,stage 3 anthers were

separated by 2-D SDS-PAGE and silver stained. Direction of isoelectric focusing

(pH)and SDS-PAGE (Mr) are indicated. Proteins were visualized by silver stain

(development time - 10 minutes)
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Figure 6. comparison of high molecular weight, basic (high pI) proteins

expressed by stage 2 and stage 3 anthers. Only the high molecular weight, high pI

regions of the gels are shown. Molecular weight markers are indicated on the right.

IEF pH markers are indicated above.
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Allergen Cognates in Barley

Clar¿rrccterízatùor¿ of ønfi-n d p arød øntí-Fr¡ø p øntíbotlies.

Antibodies specific lor Lolium perenne and Poa pratensis allergens were titred

for optimum specificity in Poa pratensis. when allergen proteins were

immunodetected on western blots with antibody titre at20 ¡tglml, Mab l, }y'lab 72,

and Mab 60 identified proteins at 57, 37, 33 kDa (faint bands were also observed at

30 and 17 kDa); and Mab 27 identified proteins at 57,37,33,30 and 17 kDa (Figune

7). In addition, when all four antibodies were mixed, identification of these antigens

was enhanced. When individual antibodies were presented at atitre of 0.5 ¡tglml,

individual allergens were discriminated: Mab 60 identified group I allergens at 37 and

33 kDa; }d.ab 12 identified group IV allergen at 57 kDa (also known as "high

molecular weight basic allergen"- HMBA), as well as the 37 kDa group I protein; Mab

1 identified HMBA alone; and Mab 27 identilied proteins at 30 and 17 kDa

(Figure E).

ü/hile titration of anti-allergen antibodies served the practical purpose of

defining optimal conditions for specific protein immunodetection, the extensive cross-

reactivity of the antibodies to more than one antigen suggested that the prospects of

identifying similar antigens in other species were good.
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Figune 7. Cross-reactivity of anti-Lol p and anti-Poa p antibodies. Mab I

(lane l), Mab 12 (lane l2),Mab 27 (lane 27) and Mab 60 (lane 60) and a mixture of

all four (5 pglml each) (lane c) were used to immunodetect Poa pratensis pollen

allergens by western blofting. 10 pg of protein was loaded per lane. Relative

molecular weight is indicated on the left of each blot. Antibodies were presented at

20 ¡tglml.
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Figune E. Characterization of anti-Lol p and anti-Poa p antibodies. Mab 1

(lane 1), Mab 12 (lane I2),}d.ab 27 (lane 2T) and Mab 60 (tane 60) were used to

immunodetect Poa pratensis pollen allergens by western blotting. Relative molecular

weight is indicated on the left of each blot. 10 pg of protein was loaded per lane. Fat

arrows indicate the 30 and 17 kDa Ag27 allergens. Antibodies were presented at 0.5

¡rg/ml.
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Í w¿waw w o d eÍ e ct i o rø af b øv I ey p o I I e n p r ot eíre s .

Western blots of proteins from mature barley and Poa pratensis, Triticunt

aestivum and Triticum duntm pollen were immunodetected with Mab 60, Mab I and

anti-Poa p IX (anti-r8.3) antibodies. HMBA (57 kDa) was detected in barley pollen

(F.igune 9). Using anti-r8.3, a single 30 kDa protein was detected in barley pollen

(Figure 104) whereas Poa p IX proteins were observed at28,30, and 35 kDa in Poa

praÍensis pollen extracts. Human allergic serum (HAS) known to contain IgE reactive

to Poa pratensis pollen allergen proteins was also tested for reactivity to barley pollen

proteins. HAS IgE reacted with many pollen proteins, including one at 30 kDa

(FÍgure 10ts) in barley, and the dominant Poa p IX allergens at 35 and2SkDain Poa

pratensis. Mab 60 detected 37 and 33 kDa proteins in both barley and Poa pratensis

pollen (see below). A faint band (approximately 57 kDa in Poa pratensis, and 69 kDa

in barley) was also observed in mature pollen extracts. }y'rab 27 failed to detect any

proteins in barley pollen extracts. In addition, proteins detected in barley were more

apparent than proteins in both wheat species tested (figure 9 is representative of anti-

allergen antibody immunodetection of wheat pollen proteins).

Mybridization of øllergen cnlNAs witle pollen ÆNãs.

Mature barley pollen RNA was tested for the presence of group I and group IX

RNA transcripts. Northern blots of both total and poly(A)' barley pollen RNA probed

with Poa pratensis group rx (c7.2) (Figun'e xx,4) and group r @ra.$ (Figune lnB)

cDNA clones revealed hybridizing bands of 1.5 and r.2 kb respectively. RNAs

identified in barley pollen were identical in size to those of Poa prøÍensls pollen.
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Figun'e 9. Lol p IV allergen cognate in barley. Western blot of Poa pratensis

(lane l), barley (lane 2), TriÍicum aestivum (lane 3), andTriticum dutam (lane 4)

pollen proteins were tested for the presence of the Lolium perenne group IV allergen

(HMBA) by using anti-Lol p IV antibody Mab i. The 57 kDa allergen is indicated on

the left of the blot. Antibody was presented at 0.5 pglml.
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Figune 1t ArB. Immunodetection of allergen cognates in barley. Western blots of

Poa praÍensls pollen (lane I) and barley pollen (lane 2) protein:

A Immunodetected with anti-r8.3. Poa p IX (35, 30 and 28 kDa) and barley

cognate (30 kDa) allergens are indicated on the sides of the blot. Antibody

was presented at a titre of l:5000.

B Immunodetected with human allergic serum IgE. HAS reactive 35, 30 and 28

kDa proteins are indicated on the sides of the blot. Antibody was presented at

a titre of 1:10.
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Figun'e 11 .&,8" Northern blot analysis of pollen RNAs. 10 pg of Poa pratensis

pollen total RNA (lane l),01 pg Kentucky bluegrass pollen poly(A')RNA(lane 2),

10 pg barley pollen total RNA (lane 3) and 0.1 ¡rg barley pollen poly(A')RNA(lane

4) probed 32P-cDNA labelled by nick-translation.

.'{ Probed with c7.2 (Group IX).

B Probed with cI4.4 (Group I).

Hybridization was at 65'C, 6 X SSC. Final wash was at 65" C, 0.2 X SSC.

Autoradiography was for 12 hours. Transcript sizes in kb are indicated on the right.
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Expressiore palÉerrøs af øtrlergew cogtøøte proteíres

Proteins from developing barley anthers, root, leaf and pistil tissues were tested

for the expression of allergen cognate proteins by immunoblotting with Mab 1, Mab

60, anti-r8.3, and HAS. Only Mab 60 detected proteins (group I) at times earlier than

stage M. The 33 kDa protein (Poa p Ib) was present in stage 3 and stage M anthers,

whereas the 37 kDa (Poa p Ia) protein was detected at all stages (Figure tr2). Group

IX and group IV cognates were detected in mature pollen extracts only (data not

shown). The 37 and 33 kDa group I proteins appeared to accumulate from time of

first expression to a maximum at maturity.

Expression ¡tøtterns af allergen nnRN,4 traornologues

Northern blot analysis of developing anther RNA indicated that ci4.4 (group I)

was expressed in mature pollen (M) and stage 3 anthers, but not at other

developmental stages, and not in other floral (pistils) or meristem (leaf) tissues (FÍgune

n3) No detectable hybridization was observed between c7.2 DNA (group IX) and

transcripts in tissues or times other than those from mature pollen (not shown). Both

cI4.4 and c7.2 appear to be transcribed late in the developmental program (stage 3 and

stage M), with the onset of c74.4 expression preceding c7.Zby one stage.

Swrwrnary

Barley pollen expressed a wide variety of allergen cognate proteins and

transcripts. This, combined with the fact that the allergen cognates were

developmentally regulated in barley, suggested that it was feasible and desirable to

isolate barley pollen cDNA homologues of the Poa pratensrs allergens.
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Figure tr2" Expression of allergen cognate proteins during development. Western

blots of barley leaf (lane ff), pistil (lane p\, stage 1 anthers (lane I), stage 2 anthers

(lane 2), stage 3 anthers (lane 3), stage M anthers (lane M) and Poa pratensis pollen

(lane k) proteins were probed with Mab 60. Ten prg of protein was loaded per lane.

Antibody was presented at 5 pglml. The 37 and 33 kDa proteins are indicated on the

right.
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Figun'e 13. Expression of group I allergen cognate mRNA þ1a.$ during

development. Northern blot of 10 pg of total RNA extracted from barley leaves (lane

i/), pistils (lane p), stage I anthers (lane I), stage 2 anthers (lane 2), stage 3 anthers

(lane 3), and stage M anthers (lane d4), was probed with 32P-oDNA labelled by nick-

translation. Hybridization was at 60o C, 6 X SSC. Final wash was at 60o C, 0.2 X

SSC, Autoradiography was for 8 hours RNA size markers are indicated on the left,

and transcript size is indicated on the right.
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Cloning and Sequencing Allergen Cognates in Barley

Foø p nX homologues ír¿ ø børley pollera cÍ)NA líhrøry.

To identifiz cDNA homologues of the Poa p I and Poa p IX allergens in barley,

a mature barley pollen cDNA library was prepared and screened with c74.4 (a possible

Poa p I clone) md c7.2 DNA (a partial clone of the Poa p IX isoallergen KBG 41).

Screening with c14.4 yielded no hybridizing plaques. Screening with c7.2 yielded 25

positively hybridizing plaques.

On the basis of signal strength (strongly hybridizing bands were preferred to

weak ones) and size (larger ones were preferred to smaller ones) in Southern analysis

of purified cDNA inserts; several clones were selected for further study (Table VII!.

Insert size and nucleotide sequencing showed that none of these clones were long

enough to be full-length (containing a complete ORF). Clone 9.7 was selected to re-

screen the library because it showed considerable nucleotide sequence identity with

KBG41 (55%o overall, including 85%o in the potential ORF) An additional 69 clones

were identified. The two cDNA clones that hybridized most intensely with clone 9.7

were clones 9.7.1 (8al bp) and 9.7.4 (89a bp). To obtain a full-length cDNA, the

mature barley pollen cDNA library was re-screened with clone 9.7.4, yielding the

potential full-length cDNA 9.7.4.2 (1339 bp).

ÐN,4 ser¡raence af børley pollem øllergera izonøotrogwes.

Based on the sequence of the 9.7 selected cDNAs, a compiled nucleotide

sequence for a barley allergen homologue, Hor v IX, was determined. The nucleotide

sequences of the three shorter independent clones 97,97I, and 974 (Figure n4) were



Tahle VII{ SelecÉed ban'ley
po[lem cÐN.As

Sequence similarityr of barley pollen
cDNAs to compiled Hor v IX (%)

Clone No.2 Insert (nt) mRNA (nt) Nucleotide Amino Acid

97 42 1339 I 450 100 (938-1339)3

9 7.4 894 I 450 100 (44s-133e) 100

971 841 1450 r00 (348-1189) 100

9.7 62s 1450 100 (6e4-i314) 100

9.6 350 1200 Not similar

9.5 574 I 900 82 (76s-t33e) 93

9.4 601 I 600 Not similar

9.3 800 t200 6e (6s-270) 45

1 The region of similarity to compiled Hor v IX is indicated in brackets.

' The formal naming of the each clone contains a decimal point between each digit
(see Materils and Methods), but the decimal points will not be used in sections
which follow.

3 See figure 14 for explanation of overlaps of 9742.
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Figune trA. Sequencing Strategy of Hor v IX The extent of nucleotide sequence

determination of cDNA fragments 97, 971,974, and the potential full length cDNA

9742 is shown. Arrows represent the direction and extent of sequencing of each

cDNA fragment. A partial restriction map (enzrymes Eco R[, ,Sal I and Sac I) is also

indicated.
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each determined on both strands using at least two primers. The largest of these,

clone 974, was digested with the restriction enzyme Sac I to generate two smaller

fragments which were sub-cloned. The two 974 subclones were also sequenced on

both strands. The potential full-length clone 9742 was sequenced on opposite strands

from both ends using two primers. The extent of sequence determination of clone

9742 was 425 bases from the 5' end and 401 bases from the 3' end. Intotal, 826

nucleotides of clone 9742 itself have been determined. For the four independently

selected clones, 97,97I,974, and 9742, IOO yo sequence identity was observed in all

overlapping regions. The existence of four independent clones having l}}yo sequence

identity over all regions of the clones sequenced ensured that the compiled sequence

did not contain cloning artifacts, re-arrangements induced by host E. coli, or

sequencing errors. The minimum region of nucleotide sequence overlap of the four

independent clones was 401 nucleotides.

The nucleotide sequences of clones 93,94,95, and 96 were also determined.

The nucleotide sequence and deduced amino acid sequence of clones 93, and 95 were

found to be similar to clone 974, and clones 94 and 96 were completely unique (Table

vm).

The compiled sequence of Hor v IX revealed an open reading frame (ORF)

with a start codon at nucleotide 102 and a stop codon at nucleotide 1041 (Figune XS)

The predicted protein product of the ORF was 313 amino acid residues long with a

predicted molecular mass of 33.1 kDa and isoelectric point (pI) at pH l0 31 The first

26 residues encoded a putative signal peptide, having features common to most

eukaryotic signal peptides (von Heijne, l9B5) including a carboxyl-terminal

hydrophilic region, a short amino-terminal hydrophilic region, a central hydrophobic
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Figun'e trS. Compiled nucleotide sequence and ORF of Hor v IX. The putative

open reading frame is indicated by capitalized nucleotides grouped in codon triplets.

The amino acid residues coded are indicated below the nucleotides sequence and are

italicized. Nucleotide and amino acid sequences are numbered on the left; and the

numbering of amino acid residues at position -26 to indicate the possible signal

peptide. The first amino acid of the mature polypeptide is underlined. A possible

polyadenylation signal sequence in the 3' untranslated region is underlined.
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L cqgcatcLgccca cccatt Lqgaggaqggaaggcaacgtaacc
44 tcggcgcat.tcgatagccaacacacattaacaccgttãcãqaqããcaãtagcacaagaa

1,02 ATG GCC AAC AGC GGC AGA GAA CAC AGC GCA GTT CCA CGT CGC CGT
-26 MET AJa Asn Ser Gly Arg GLu His Ser ALa Vaf Pro Arg Arg Arg

I41 AÀC CTT GTT GCT CTG GTG CCG CGC CAT GGT TGT TAT GCA GAG TTT
-11 Asn Leu Vaf Afa Leu VaL Pro Arg His GJy Cys Tyr AJ_a Gl_u Phe

792 AGT CTG TAT GTA TGT GTT GGC AAC ATT A,\T GCA CCG TTC CCT GTA
5 Ser Leu Tyr Va7 Cys VaJ GJy Asn Ife Asn Ala Pro Phe Pro VaL

231 TTC ÄÀC AGG ACA ACA. TTT ATC GCA AAT GCA GGG ATA GAG GCC GAG
20 Phe Asn Arg Thr Thr Phe ILe ALa Asn Afa GJy I7e Gfu ALa Gl_u

282 TTG GAÀ CCC CAT TTT CTT CTT CTT CTT TTT ACA TTT TCT TCT TCT
35 Leu GLu Pro His Phe Leu Leu Leu Leu Phe Thr Phe Ser Ser ,Ser

321 TCT TCA TTT TTT ACA TTA TTG AAG ACC ATG ATT CAC TTC ACG GAC
50 Ser .Ser Phe Phe Thr Leu Leu Lys Thr Met Ile His Phe Thr Asp

312 CGA TCA GAT AAT AÀA AAT A¡U\ GCA ATG ATG AGG GGC CGC GAÀ TTC
65 Arg Ser Asp Asn Lys Asn Lys AJa Met Met Arg Gty Arg G)u phe

4T1 CGC AAG GCT TTC GCG GAG GTC CTC AAG GGC GCC GCC ACC GGC CAG
80 Arg Lys ALa Phe ALa Gfu Vaf Leu Lys GJy ALa ALa Thr Gly GJn

462 ATC GCC GGC CAG TCC AGC TCC ATG GCC AAA CTC TCC AGC AGC CTC
95 Il-e ALa GJy GJn Ser Ser Ser Met AJa Lys Leu Ser ,Ser ^Ser _Leu

507 GÄA CTC TCC TAC AAG CTC GCC TAC GAC AÄA. GCC CAG GGC GCC ACC
110 GLu Leu Ser Tyr Lys Leu Ala Tyr Asp Lys AJa GJn GJy AIa Thr

552 CCC GAG GCC A]\G TAC GAC GCC TAC GTC GCC ACC CTC ACC GAG TCG
125 Pro Gfu AJ-a Lys Tyr Asp AJa Tyr VaJ AJ-a Thr Leu Thr GLu Ser

591 CTC CGC GTC ATC TCC GGC ACC CTC GAG GTC CAC TCC GTC AAG CCC
140 Leu Arg VaJ Ife Ser GJy Thr Leu GJ-u Vaf His Ser Vaf Lys Pro

642 GCC GCC GAG GAG GTT AAG GGC GTC CCC GCC GGC GAG CTG AÀG GCC
155 ALa ALa GLu Gfu VaJ Lys GJy VaJ Pro ALa GJy GJu Leu Lys AJa

681 ATT GAC CAG GTC GAC GCC GCC TTC AGG ACC GCC GCC ACC GCC GCT
770 ILe Asp Gln Vaf Asp AJa Ala Phe Arg Thr Ala Al_a Thr Al_a ALa

132 GAC GCT GCC CCG GCC AÄC GAC,AAG TTC ACC GTC TTC GAG TCG CTT
785 Asp Ala Afa Pro Ala Asn Asp Lys Phe Thr Val- Phe Gl-u Ser Leu

111 CAA CAA GGT CCA TCA AGG AÀA CCA CGG GGC GGC GCG TAC GAG AGT
200 Gl-n GLn GJy Pro Ser Arg Lys Pro Arg Gly GJy Ala Tyr GJu Ser

822 TAC AAG TTC ATC CCC GCC CTC GAG GCC GCC GTC AÀG CAG GCC TAC
215 Tyr Lys Phe ILe Pro Afa Leu Gl-u Afa ALa Vaf Lys GJn AJa Tyr

861 GCC GCC ACG GTC GCC GCC GCG CCG GAG GTA ÀAA TTC ACC GTC TTT
230 Afa ALa Thr VaL ALa Afa ALa Pro Gfu Vaf Lys Phe Thr Val_ Phe

913 CAG ACC GCG CTG AGC AAG GCC ATC AÀT GCC ATG ACT CAA GCC GGG
245 GJ-n Thr ALa Leu Ser Lys Afa lfe Asn Afa Met Thr GJn AJa GJy

951 AAG GTT GCC AAG CCC GCC GCC GCA GCC ACC GCC ACC GCC ACC GTT
260 Lys VaJ Ala Lys Pro Afa ALa AJ-a Afa Thr ALa Thr ALa Thr VaL

TOO2 GCC GCG GGG GCC GCC GCC ACT GCC GGT AÄC TAC AAA GTC TGA GCT
275 Afa Afa GJy AJa Afa Afa Thr AJ-a GJy Asn Tyr Lys VaJ *

+9 tl^ ccgccaacaci:acacttgacgagcacgcacacatactatgctgtatgtaagtgggtggc
+\99 cLcqgcggggcqaqcgat Ltccttttg't gaatcaat gagóttgttgãtcaãaqÉtttga
1165 ttacaatcLtgccttaaagaatcggta aqqqaaaqqggaatgtaaLtaagccãaaggca
l??t tataqgcctt gactcgctcg'gatgcttccttctttgttttcgtttcatgcagcc qcqaa
L2B3 ccggccqcgtgttcatgcacctgLaacqgqSqeetátttgtãatcctcátgáaaát
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region, the helix-breaker proline at the -5 position, a small neutral residue at -6

(valine), and glycine and arginine residues at positions -2 and -4. The mature

polypeptide was 287 residues long, yielding a predicted molecular mass of 30.3 kDa

and pI af p}J9.96 An asparagine glycosylation sequon (Hunt and Dayhoff, 1970) was

predicted at position +22 of the ORF. The nucleotide sequence also contained a

polyadenylation signal in the 3' end at nucleotide position 1310.

Foø p lX hornologwes il)eye pollen specffic.

Northern blot analysis of selected barley pollen cDNAs showed that clones 93,

94, 95, 96 and 9"/ were abundantly expressed in pollen. No hybridizing bands were

observed in RNA from sporophytic tissue (leaves) nor in RNA from the female

gametophyte (pistils); whereas bands were readily apparent in RNA from mature

pollen (Figure 16).

Seqwence cowepørisora of Mor v nX vtìtk otlaer genes ømd proteins

Sequence comparisons of Hor v IX showed that it is similar to all three Poa p

IX allergens at both the nucleotide and amino acid sequence level, having extensive

homology overlaps of more than 600 nucleotides and 207 amino acids in the

carboxyl-terminal region of the ORF (Table lX). Both 5' and 3' untranslated

sequences were dissimilar. In addition, the nucleotide sequence database Genbank

release 76.0 and the protein sequence database PIR rel. 31 were searched. The

deduced amino acid sequence of Hor v IX indicated strong similarity to l.ol pIb, a

group I allergen of Lolium perenne. No additional similarities were found.
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Figune 16. Northern blots of barley pollen cDNAs. 10 pg of total RNA

extracted from leaves (lane |fl, mature pollen (lane P), and pistils (lane s) was probed

with 32P-cDNA labelled by random hexanucleotide primming. Barley pollen clones 94

(lane set 4), 95 (lane set 5), 96 (lane set 6), and 97 (lane set 7\ are shown.

Hybridizations were at 65" C, 6 X SSC. Final washes were at 65" C, 0.1 X SSC.

Autoradiography was for 12 hours.
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T'able lX Sequence cormpanison øf Mor y EH

Nucleotide Sequence

úo ot[eer ,Al[et'geras

Amino Acid Sequence

cLoNE (%)
Overlapl
(HorvIX)/(other)

Overlap
(HorvIX)/(other)(%)

KBG3 i

KBG4l

KBG6O

Lol p Ib

783

80.7

77.4

72.0

(406-r061) /

(420-1028) /

(407-1126) I

(420-1 151) /

(481-1 146)

(4s4-10ss)

(363-10e2)

(28e-102s)

(106-3ro) I (160-364)

(104-30e) / (102-307)

(107-30e) / (e8-300)

(i1s-310) t (e4-29e)

675

67.r

69.s

447

I Overlaps may not
introduced to create

be the same lengths for compared sequences because of gaps
optimal alignments.
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The putative amino acid sequence of Hor v IX was aligned with the ORFs of

KEG41 (chosen to be representative of the Poa p IX isoallergen family because it

contains the longest overlap with Hor v IX and because it encodes a polypeptide

approximately the same size as predictedby Hor v IX) and with Lol p Ib (Figure X7)

In addition, the carboxyl-terminal allergenic epitope is conserved in Hor v IX.

The hydropathy profile of the deduced amino acid sequen ce of Hor r¡ IX was

calculated using a window of 7 residues (Kyte and Doolittle, 1982) and is shown in

Fignrne 18. The hydropathy plot of Hor v IX (Figure i8B) shows a strong

resemblance to that of all Foa p IX isoallergens, and is shown aligned with KBG3I

(Figure l8A). ln addition, the hydrophilic-hydrophobic-hydrophilic putative signal

peptides of both KBG3 i and Hor v IX were apparent.

To determine whether more than one copy of Hor v IX existed in the barley

genome, Southern blots were probed with clone 97 (comprising 3'nucleotides of

9742). Barley genomic DNA digested with the restriction en4lmes Eco FI, Bam lFlI,

andHind III showed two hybridizing bands (10.5 and 3.8 kb,7.B and 4.zkb, and 5.8

and 4.1 kb respectively). Psl I showed only one strongly hybridizing 4.3 kb band

(F.igure X9) The presence of two hybridizing bands in the Eco F{l, Bam t[I and Hind

III digest suggested that there could be two copies of Hor v IX in the barley genome.

In addition, a qtalitative estimate of the Ps¿ I band indicated that hybridization to this

fragment was approximately twice that the other restriction fragments identified. The

Psl I fragment may have contained two copies of Hor v IX.
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Figarre tr7. Sequence similarities between Hor v IX and other proteins. The
amino acid sequence of Hor v IX was aligned with Poa p IX clone KBG41 and Lol p
Ib clone 12R. The name of the protein sequence is indicated on the left. The Amino
acid residue number is indicated on the right. Signal peptides are in lower case; and
the mature polypeptides are in upper case. Dots (.) indicate residue identity; and
dashes (-) indicate gaps required to achieve optimal alignment of the sequences. The
carboxyl-terminal allergen antigenic is underlined. Three letter and single letter codes
for the amino acids are given below:

Alanine

Arginine

Asparagine

Aspartic Acid

Cysteine

Glutamine

Glutarnic Acid

Glycine

Histidine

Isoleucine

Leucine

Lysine

Methionine

Phenylalanine

Proline

Serine

Threonine

Tryptophan

Tyrosine

Valine

Ala

Arg

Asn

Asp

cys

Gln

Glu

Glv

His

Ile

Leu

Lys

Met

Phe

Pro

Ser

Thr

Trp

Tyt

Val V
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ErcryÍlÉ mansgrehsavprrrnlvalv-pThgcYAEFSLYVCVGNINAPFPVFNRT 49
KBG41 ..----v.qytvalfJ-a. ...agpaas. .ADVG.GAPATLAT.ATPAAPA 46
LoTpIb . .----vqkytvalflrrgprggpgrs. .ADAG.TPNUU\TPATPAAIPA 46

HoZwfX TFTANAGIE-AELEPHFLLLLFTFSSSSSFETLLKTM]HFTDRSDNKNKA 9B
KBG41 AGYTP . APAG. APKATTDEQKLIEK]NAG. K,UWÆUU\GVPAVDKY . TFV 96
LoTPTb GGWREGDDRR..AAGGRQR.ASRQPWPPLPTPLRRTSSRSSRPPSPSPPR 96

HaTvÍX MMRGREFRKATFAEVLKGAAGQ]AGQSSSMAKLSSS],ELSYKLÀYDKAQG 148
KBG41 ATF.TASN A.STEPK.AA..AS.NAV-_.T.K.DAA.....KS.E. I44
LoTpIb AS------ ------SPTSAAKAPG.IPK.DTA.CV..-..4E 725

TToTvTX. ATPEAKYDAYVATLTESLRVISGTLEVHSVKPAAEEVKG--VPAGELKAI I96
KBG41 ....S.A..I.A......A....G....A--I.....QV. I92
LoJpIb .H.RGQVRRLRHCPHR 4.Ä'....4....T. ".PAAKI.T...QIV 175

TToTwfX DQVDAAFRTAATAADAAPANDKFTVFESLQQGPSRKPRGGAYESYKFIPA 246
KBG41 .K.....KV.....N ..AAFNDAIKAST....A 242
LolpTb .KI....KI.....N...T. ...AFNKALNECT...NRPTSSS.P 225

EToTvI'y" LEAAVKQAYAÀTVAAAPEVKFTVFQTALSKA]N.AMTQAGKVAKPAÄ,AATA 296
KBG41 ..S..... "T..A..y...E...K...T..S..Q.A......V. . 292
LoJpTb SRPRSSRPTPPPSP .YA..EA-.T...T.--..O.AG......4T 215

IIorvtX TATVAAGAÀATAGNYKV 313
KBG4 1 . . . G . V. . . TG . VGAATGAATAÄAGGYKTGAAT PTAGNYKV 3 3 3
LoJpTb A.ATV. T. . . . .AA. LPPPLLWQSLTSLLIYY 308
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Figure 184,ts. Hydropathy plot of clone Hor v IX oRF Hydropathy plots of poa p

IX clone KBG31(,{) and barley Horv IX (B) were anchored at the carboxyl-termini of

the ORFs to emphasize similar patterns. The possible signal peptides of each protein

are bounded by a dofted line (at residue number 26 and 23 respectively).
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Figun'e tr9. Southern blot analysis of barley genomic DNA probed with clone 9.7

Barley genomic DNA was digested with Eco RI (lane E), Bam III (tane B), Hind III
(lane Ir) and Pst | (lane P) and probed with clone 97. "P-cDNA was labelled by

random hexanucleotide priming. Hybridization was at 65" C, 6 X SSC. Final wash

was at 65o C, I X SSC. Autoradiography was for 2 weeks. DNA size markers are

indicated on the left. Note that Eco F.I, Bam Ir].I, Hind III and Psr I restriction sites

fall outside clone 97.
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Spatial and Temporal Regulation of Hor v lX.

Expressíoze of recorwbinørøt 974 proteírø

Clone 974 was sub-cloned into a modified protein expression vector (pMAL)

which contains malE gene (encoding maltose binding protein) fusion at the 5' end of

the multiple cloning site (see appendix III). E. coli cells containing the p}i4AL :974

construct, when induced with IPTG, produced a 65 kDa MBP::974 fusion protein

(Figure 20). Since clone 974 contained the carboxyl-terminal 219 residues (23 kDa)

of the Hor v IX ORF, and maltose binding protein (MBP) alone is 42 kDa, a

MBP::9742 fusion would be expected to be approximately 65 kDa (42 + 23). The

identity of the 65 kDa protein as a MBP fusion was further verified by western

blotting and immunodetection with anti-MBF monoclonal antibody (Figure 21 ,A).

Approximately 10 milligrams of purified MBF::974 fusion protein was recovered on

an amylose resin column.

To produce anti-sera against MBP::974 fusion protein, mice were immunized

with the purified product. Resulting anti-MBP::974 polyclonal antibody could

identifu the MBF::974 fusion protein in crude E.coli extracts at atitre of 1:5000

(F'igun'e 21 ts). Anti-MBF::974 antlbody also identified purified }r.4.BP :974 protein;

and a 30 kDa protein in mature barley pollen extracts (Figune 2n C). Western blots

of pollen, leaf, root, seed, germinated seed, and pistil proteins, when immunodetected

with anti-MBP, indicated that MBF was not expressed by barley (not shown).

Therefore, anti-MBF::974 was considered suitable to assay 974 protein expression in

developing barley tissues. For simplicity, this antibody was referred to as anri-974.
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F'igure 20. Expression and purification of MBF::974 fusion protein. SDS-PAGE

of MBP::974 fusion protein before and after purification on amylose resin was

visualized by Coomassie-blue stain. 50 pg of expressed proteins from E.coli (XLl-

Blue MRF') cells containing uninduced pMAL vector (lane l) and induced with IPTG

(lane 2); or containing uninduced modified pMAL::974 vector (lane 3); and induced

with IPTG (tane 4) were loaded per lane. The 57 kDa MBF::B-GAL and the 65 kDa

MBF::974 fusion proteins are indicated on the right(lanes 2 and 4). Purification of

MBP::974 fusion protein on amylose resin: IPTG induced proteins (lane 5) wete

loaded onto the amylose resin column and unbound proteins were eluted (lanes 6 and

7). Bound MBF::974 fusion protein was eluted with maltose (lane B). The purified

65 kDA MBP::974 fusion protein is indicated on the right (løne 8)-
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Fignrre Ztr A,W,C" Characterization of anti-MBF::974 fusion protein antibody.

A Western blot of expressed proteins from E.coli (XLl-Blue MRF') cells

containing pMAL vector induced with IFTG (lane 1), uninduced modified

pM.AL :974 vector, (lane 2) pMAL.:974 vector induced with IPTG (lane 3);

was immunodetected with anti-MBP monoclonal antibody at atitre of 1:3500.

The 57 kDa MBP::B-GAL and the 65 kDa MBP::974 fusion proteins are

indicated on the left and right respectively (lanes I and 3).

E Western blot of expressed proteins from E.coli (XLl-Blu. p1¡¡t') cells

containing pMAL::974 vector induced with IPTG (lane 1) and uninduced (lane

2), was immunodetected with anti MBF:.974 mouse polyclonal antibody at a

titre of 1:5000.

C Western blot of 100 ng of purified MBP::974 fusion protein (lane 1) and l0

pg of mature barley pollen proteins (lane 2) was immunodetected with anti-

MBP::974 antibody at atitre of I:5000. Protein size markers are indicated on

the right.
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Expressíorø pølterm of Wor v lX proteira øwd wøR.lY,A irz devetro¡tnraepøt.

To assess the expression paffern of the protein encoded by clone 974, anti-974

antibody was used to immunodetect 974 protein in vegetative (seed, root and leaf) and

reproductive (pistils, anthers and pollen) tissues. Anti-974 antibody identified a 30

kDa protein accumulating from stage 3 through late stage 3 to stage M anthers, but in

no other tissues (Figun'e 22) A second protein of 28 kDa and a third protein of 57

kDa were also detected in stage M.

To assess the expression pattern of the mRNA for the Hor v IX gene,

poly(A')RNA was prepared from leaf, pistil, stage l, stage 2 and stage 3 anthers, and

mature pollen. Northern blots of the barley RNAs probed with clone 9742 showed

that 9742 was abundantly expressed in stage 3 (Figun'e 23,4) and stage M (not shown)

Hybridization could also be detected in stage 2 anther RNA, but at approximately

1/50ü of the intensity of stage 3 (F'ígune 238). 9742 mR.NA began to accumulate in

stage 2 anthers, was abundantly expressed late in development, but was not expressed

by any other tissues.

To determine whether 974 protein was deposited extracellularly, as was

suggested by the possible signal peptide, whole mature pollen grains were fixed and

immunodetected with anti-974 antibody. Follen grains treated with alkaline

phosphatase-linked anti-IgG, when observed by standard light microscopy, were

optically transparent and white in colour. Grains treated with both anfí-974 antibody

and alkaline-linked anti-IgG antibody, when observed by standard light microscopy,

were light opaque (Figune za.e) and purple in colour (F.igune 24W). This result

suggested that the protein encoded by 974 was deposited on the surface of mature

pollen grains.
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Figune 22 Expression of 974 protein in development. Westem blot of barley

proteins expressed by different tissues and at different times in anther development.

l0 pg of seed (lane s), root (lane r),leaf (lane lfl,pistll (lane p) stage I anthers (lane

/), stage 2 anthers (lane 2), stage 3 anthers (lane 3),late stage 3 anthers (lane L) and

mature pollen (tane lt4) proteins were immunodetected with anti-974 antibody.

Antibody was presented at atitre of 1:5000. Frotein size markers are indicated on the

right.
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Figune 23 Expression of 9742 mRNA in development. Norfhern blot of barley

poly(A') RNAs expressed by different tissues and different times in development. 100

ng of leaf (lane \fl, prstll (lane p), stage i anther (lane l), stage 2 anther (lane 2), and

stage 3 anther (lane 3) poly(A')RNA was probed with 32P-cDNA labelled by random

hexanucleotide priming. Hybridization was at 65n C, 6 X SSC. Washes were at 65o

C, 0.1 X SSC

A Autoradiography for 6 hours.

B Autoradiography for 30 hours.

are tndicated on the left and transcript size (kb) is indicated onRNA size markers (kb)

the right.
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Figure 24 Immunodetection of 974 protein on whole pollen grains.

Glutaraldehyde/paraformaldehyde fixed pollen grains suspended in TTBS were

immunodetected with anti-974 anttbody and visualized with anti-mouse alkaline-

phosphatase linked second antibody.

A. Immunodetected with pre-immune serum. Serum was presented at a titre of

1:5000.

B Immunodetected with anti-974. Antibody was presented at a titre of 1:5000.
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Swrzernøry

Northern blots indicated that the transcript for clone 9742 (Hor v IX) was first

detected in stage 2 anthers, and was expressed maximally in stage 3 anthers and

mature pollen. Western blots showed that the protein for clone 974 (Hor v IX) was

expressed in stage 3 anthers, late stage 3 anthers, and mature pollen. In addition, Hor

v IX protein accumulated to a maximum in stage M. Taken together, the evidence

indicates that the Hor v IX transcript is first synthesized in stage 2, with the

appearance of the protein soon after in stage 3. In addition, antibody reactions with

fixed pollen grains observed in solution by standard light microscopy suggested that

the 974 protein was found on the surface of the grains.
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Allergen cognates in other crop species.

lrnwu¿yaorðelectiay¿ of allergeru cogmates ín crap species.

A survey of agriculturally important species was intended to determine the

ubiquity of pollen allergen cognates. Western blots of pollen proteins from various

species were immunodetected with Mab 60, Mab 1, anti-r8.3, HAS IgE, and anti-974.

The results were summarized in Table X. Generally, non-gramineae üop species

possessed few proteins capable of cross-reacting with the antibodies tested. However,

all species reacted with at least one antibody, and all but wheat, Brassica napus, md

Linum usitatissimum reacted with human allergic serum (HAS) IgE. Figun'e 25 shows

representative western blots probed with Mab 60 (Figure 25 A) and anti-974 (Figure

2s B).

Transcrípts for clone 9742 cognøtes in t'øriows crop specíes

To test for the presence of mRNA transcripts of clone 9742 (Hor v IX) cognate

genes in various crop species, total RNA of Brassica napus, Linum usilatissimum,

Avena satitta, Triticale, Zea mays, Secale cereale, and Triticum aestivum pollen was

blotted and probed with barley pollen clone 9742. RNA from Poa pratensis, Triticum

aestivum, and Secale cereale contained one hybridizing band of approximately I .4 kb,

which was the same size of transcript identified by 9742 in barley pollen (Figure 26)

No hybridizafion signal was detected in the other species.
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Figun'e 25 Allergen cognate proteins in other crop species. Western blot of

pollen proteins expressed by Triticum aestivum (lane Ta), Zea mays (lane Zm), Secale

cereale (lane Sc), Triticale (lane Te), Avena sativa (lane As), Linum usitatissimum

(lane Lu), Brossica napus, (lane Bn) and Helianthus annus (Ha).

A Immunodetected with anti-Poa p I (Mab 60) vnth Poa pratensis (lane Pp) as

positive control. Antibody was presented at a titre of 5.0 Vglml

Immunodetected with anti-974 with barley (lane Hv) as positive control.

Antibody was presented at a titre of 1:5000.
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T'abåe X A[åengen Cogmate Pnoteims in Va¡'io¡.¡s Cnop SpecEes

Proteins from pollen of species listed were probed on western blots wíth anit-allergen antibodies listed in the column headings. Proteins

are identified by molecular size. Proteins indicated in brackets are minor (faint) compared to others listed. Antibodies were presented

at titres optimal for identification in Poa pratensrs (Mab 1, Mab 60, HAS lgE, and anti-r8.3) orin Hordeum vulgare (anti-974).

Species

Poa Pratensis

Hordeum vulgare

Zea mays

Seca/e cereale

Triticale

Triticum aestivum

Avena sat¡va

Brassrba napus

Helianthus annus

Linum usitassimum

lVlah 60

33, 37 (57)

33, 37

17,20, 24, 33

33, 37

37

(3e)

(24),33, 57

46, 60, 69

Mah {

57

57

(24), 57, 69

(24), 57, 69

(24), 57, 69

55, 65

24

46

HAS lgE

17,28,35, 59

30,42,59, g5

35

35, 59, 85

35

35, 85

17, 42, g5

ar'¡t!-u'8.3

28, 30, 35

30

33,46, 55

30, 46, 69

30,33,46, 69

24, 46, (55, 69)

55, 65

30

amti-974

30

30, 28, (57)

(57)

28

28, 30

33

(33)

CÐ

28

57



Fignen'e 26 Hor v IX cognate mRNAs in other crop species. Northern blot of 10

pg of total RNA from Brassica napus, Linum usitatissimum, Avena sativa, Triticale,

Zea ntays, Secale cereale, Triticum aestittunt and Poa pratensis was probed with 32P-

cDNA (clone 974) labelled by random hexanucleotide priming. Hybridization was at

65" C, 6 X SSC. Washes were at 60o C, 0 2 X SSC. Autoradiography was for 24

hours. RNA size markers are indicated on the left.
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9742 cograøte geraes ít'e vavíor¿s crop species.

To test for the presence of the Hor v IX gene in other crop species, genomrc

DNA was prepared from Avena sativa, Tñlicum aestivum, Triticale, Lirum

usilaÍissimum, Secale cereale, Zea mays, and Brassica napus. Southern blots of ðco

RI digested genomic DNA were probed with clone 974 (Figurre 27). Triticum

aestittLtm, Secale cereale, and Zea mays all contained one hybridizingband at

approximately 10 kb, indicating that these species contained at least one cognate gene

for barley clone 974.

Swrnwøry

A survey of agriculturally important species revealed that allergen cognate

proteins could be identified in all. When northem blots of RNA extracted from some

of these species were probed with clone 974, hybridizing bands were observed in

Secale cereale and Triticum aestivum (as well as Poa pratensis). When Southern blots

of DNA extracted from some of these species were probed with clone 974, hybridizing

bands were also observed in Secale cereale and Triticum aestivum. It should be

feasible to examine Hor v IX homologues in these other Gramineae species.
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Figun'e 27 Hor v IX cognate genes in other crop species. Southem blot of 20

pg of Eco R[ digested genomic DNA from Avena saÍiva, T'riticum aestivunt, Triticale,

Linum usitatissimum, Secale cereale, Zea mays, and Brassica napus was probed

with32P-cDNA (clone 974) labelled by random hexanucleotide priming. Hybridization

was at 60o C, 6 X SSC. Washes were at 60o C, 2 X SSC. Autoradiography was for 3

weeks.
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DISCUSSION

Pollen development in barley

,$r¿tlser owtogeny ønd pollezø vewcleí nwwøber

It has been known for some time that cytological and growth correlations occur

in flowering, especially in anthers (Erickson, 1948). The developmental program of

pollen in barley was easily defined and predicted by exploiting the relative

synchronization of anther length, pistil stage, and inflorescence height; with pollen

nuclei number. Many successful examples of this approach exist, including that of

Koltunow et al (1990) who defined an additional eight "flower stages" in Nicotiana

tobacum over the same developmental period examined in this thesis. The non-

destructive method of assessing anther stage by the morphological development of

other tissues ensured rapid stage identification during harvest of tissues for

biochemical studies like Northern analysis. By tying biochemical events to clearly

defined ontological markers like nuclei number, observations can be given a firm

developmental context, which is not possible using the alternative method which

defines biochemical, physiological, and genetic events as they occur according to a

simple time scale alone.

R.NA in develaprnent

RNA accumulated throughout the developmental period examined in barley

anthers. While it has been established that mRNA synthesis occurs right up to

maturity (Tupy, 1982), synthesis of ribosomal RNA (which is the majority of RNA in
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all organisms) is thought to decline prior to mitosis (Peddada and Mascarenhas, 7972;

Mascarenhas, 1975). If rRNA synthesis declines prior to pollen mitosis in barley, then

RNA accumulation should plateau during stage 2 (mRNA synthesis alone would not

be expected to contribute more than 1 or 2 Yo of the total). However, the plants used

in the rRNA studies (Lilium longiflorum and Tradescantia paludosa) are bicellular at

maturity, whereas barley is tricellular (Brewbacker, 1967). Unlike barley, declining

rRNA synthesis observed in these species may be related to the fact that pollen

development is suspended (Tradescanlia and Lilium resume mitosis during

germination). In any case, observations in this study did not address transcription per

se, only absolute quantity of RNA. What is clear is that RNA accumulation in mature

barley pollen is consistent with the notion that mature pollen are poised for

germination, and may initially require little or no new RNA synthesis. Thus,

accumulated mRNA may be translated into proteins required during germination and

the accumulated rRNA could be available for ribosomes required in that translation.

Anlker developrnent in vitro

In vitro development of spikelets in Gramineae has only recently been achieved

(Trione and Stockwell, 1989), whereas culture of detached whole inflorescences of

wheat (Donovan and Lee, 1977) and maize (Pareddy et al, 1989) is well established.

Likewise, individual organ culture of many other angiosperm species has been

successful (Rastogi and Sawhney, 1989). Trione and Stockwell (i989) reported that

for Triticum aesliwm L.,cv. Red Bobs, 45o/o of the spikelets cultured were fertile, and

that pollen viability throughout development ranged between 18 and 42 percent.
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While pistil stage and anther lengths were determined, other parameters were not.

In this thesis, the wheat spikelet culture technique has been extended to barley.

Overall fertllity of barley spikelets was 24Yo. In addition, pollen viability was found

to be as high as 55Yo at some stages. While the utility of organ culture has never been

in doubt , it has been used mainly as an experimental tool examining the effects of

plant growth regulators or surgical grafts on flower morphogenesis (Rastogi and

Sawhney, 1989). However, the spikelet culture method has been applied to other

questions such as floret response to fungal infection ( Trione et al, 1989); and now the

data presented herein directly address a biochemical parameter, namely protein

synthesis during anther development. In addition to demonstrating the usefulness of

spikelet culture, it can serve as an experimental system amenable to manipulation. It

is anticipated that the barley spikelet culture system will be used to examine the

effects of temperature stress on the anther developmental program, for example.

Froteíw íre developrnenl

Unlike RNA synthesis, that of protein has been shown to continue until anthers

reached near dehiscence when pollen water content declined to 260/o by weight (Zarsky

et al, 1985). This made sense because new mRNA is still being produced late in

development (Tupy, 1982). In barley, it was observed that protein accumulated until

stage 3 (prior to dehiscence), and no additional protein was found in stage M (fully

dehiscent anthers). This was roughly the same pattern observed by Zarsky et al,

(1985). In spite of minor differences in the pattern of proteins expressed by anthers

developing in vitro and in planta, pollen viability and function indicated that spikelet

culture from stage 1 to maturity was a reliable model of in planta development. This
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model system was used to assess de novo synthesis of proteins by anthers. Total

protein synthesis was greatest during stage 2 and prior to the onset of stage 3, which

was in total agreement with the observation above that proteins accumulated in stage 2

and 3, but not in stage M.

On the basis of one dimensional SDS-PAGE and IEF of proteins from

developing pollen in wheat (Vergne and Dumas, 1988) and of 2-D PAGE of proteins

derived by in vifro translation of mRNA extracted from developing pollen in Lilium

(Schrauwen et al, 1989), it has previously been concluded that discrete developmental

stages of anthers express unique proteins. In barley, it has been shown that, when

compared to stage 2 anthers, stage 3 anthers express high pI proteins numerously and

abundantly. While the half-lives of these proteins have not been determined, the onset

of translation occurs no sooner than stage 2. It is possible that the high pI proteins

found in stage 3 were the result of the burst of translation in stage 2 identified above.

The apparent synthesis of new proteins during stage 2 together with the overall

accumulation of protein by stage 3 implies that these proteins may be involved in the

germination process. A possible function of these proteins may be in pollen-pistil

recognition. In gametophytic self-incompatibili¡z for example (Knox and Clarke,

1984), incompatibility can be bypassed by fertilizing immature self-stigmas with

pollen. Since the determinants of the self-incompatible response in stigmas are

expressed late in pistil development, the equivelent pollen determinants may be

expressed in the flush of new proteins synthesizedlate in pollen development.
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Allergen Cognates in Barley

l) evelopysøeyaløl Regwløtio n af cograøles

Frotein homologues of the Poa pratensls group I allergens were identified in

barley. Two barley pollen cognates were found, at37 and 33 kDa, which likely

correspond to Poa p Ia and Poa ¡t Ib respectively. Expression of group I allergen

cognates was differentially regulated: the 37 kDa protein was expressed from stage I

through to maturity, but the 33 kDa protein first appeared in stage 3. While the main

distinguishing feature of the group I allergens is molecular size, they are distinguished

in Poa pratensis pollen on the basis of pI (Lin et al, 1988). The isoelectric point of

Poa p Ia is 6.4, whereas the pI of Poa p Ib is 9.1. It appears that the Poa prb 33

kDa homologue in barley may be one of the high pI proteins expressed during stage 2

and early stage 3 translation. In addition, the differential regulation of Poa p Ia and

Poa p Ib can be described as a third distinguishing feature of these proteins. The

possible group I allergen cDNA c14.4 also identified a homologous barley transcript

which was expressed in stage 3 and stage M only. It is possible that the RNA

identified by c14.4 was the transcript for the 33 kDa allergen cognate in barley pollen.

It should be noted that clone c14.4 was originally identified in Poa pratensis on the

basis of c14.4 derived fusion-protein reactivity with anti-Poa ¡tI antibody (Mab 60);

and has already been suggested to be a group I allergen clone (Hafton et al, 1988).

Unlike group I allergens, both the group IV and group IX proteins were found

to be expressed exclusively in mature pollen. Similarly, group IX allergen cDNA

(c7.2) expression in barley pollen was restricted to stage M. In the context of overall

development, c7.2 is one of the mRNAs expressed late, perhaps of the type described
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by Tupy (1982), thereby implicating it and other late-expressed mR.NAs as factors in

germination (i.e. during pollen-stigma interactions or other germination-specific

activities). On the other hand, the 37 kDa group I protein found early in anther

development would be expected to have a different but related role. If allergen

proteins are extracellular matrix proteins, as suggested by the anti-974 antibody

experiment showing that Hor v IX protein is likely to be a surface protein, then the

early-expressed 37 kDa protein (which was also found late in development) may have

a role in cell-cell communication either with the host sporophytic tissues (e.g. the

anther tapetum), between cells within individual bicellular pollen grains, or between

proximal developing pollen. Now, there may be an opportunity to consider cell

communication events within and between pollen grains, events which have not

previously been accessible with molecular tools (Mogensen, l99Z).

Immunolocalization of the 37 kDa protein in stage I and stage 2 anthers may prove

instructive - asking the question: is the protein found on the pollen surface, or is it

associated with vegetative and/or generative cell membranes? Alternatively, immature

generative cells could be isolated from whole pollen and examined for the presence of

the 37 kDa protein.

SigniJicarace of øllergen cognates ín barley

The importance of the existence and differential regulation of allergen cognates

in barley is threefold. First, pollen allergen proteins and the genes encoding them are

programmed by male gametophyte development. Although there have been numerous

anther-expressed and pollen-specific genes identified (see table III), none have been

characterized in more than one species; and the pattern of expression of the protein (in
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addition to the transcript) has been determined in only one other case, P2 of

Oenothera organensis (Brown and Crouch, 1990). Because the patterns of RNA and

protein synthesis in development are different, assessment of gene expression at both

levels is important; and has not been overlooked in this thesis. In addition, cross-

reactivity of allergen antibodies to barley antigens, and the availability of heterologous

probes suggested that it was feasible to obtain bona fide cDNA homologues from

barley, an experimentaly accessible and economically important species..

Second, until now, male gametophyte expressed genes, transcripts, or proteins

have been identified in one Gramineae species only, zea mays. To extend the

investigation to a second species will validate generalizations made from one species

alone, and can only enrich the understanding of male gametophyte development in

Gramineae. The fact that barley is economically important certaínly provides

incentive.

Third, defining the developmental conditions which control the expression of

allergen cognates provides the foundation upon which additional regulatory factors,

such as the environment, may be examined.

Cloning ønd seqwewce síwtílørity of potrlew øllergera løotøologwes

Allergen cognate cDNAs were identified in a cDNA library constructed from

barley pollen. The sequences of four independently selected clones were used to

compile a probable complete sequence and ORF of the barley cognate, designated Hor

v IX. It is well established that for even rare transcripts, pollen express at least 100

fold more copies per cell than do sporophytic tissues (Willing et al, 1988). Even the
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rarest message in pollen is likely to be 100 times more abundant than the rarest

message in leaves. Selection of many 100o/o homologous Hor v IX clones does not in

itself imply that the gene was expressed abundantly, but it may reflect the fact that

pollen are good organisms from which rare transcripts may be easily cloned.

Nevertheless, northern blot analysis suggested that the Hor v IX transcripts were

abundantly expressed in mature pollen.

It should be emphasized that clone 97 was selected on the basis of DNA

hybridization with c7.2, which is a fragment of Poa p rx allergen clone KBG4I

(Mohapatra et al, 1990, Silvanovich et al, 1991). Not only does Hor v IX share

considerable DNA and protein sequence identity with KBG41, but the putative open

reading frames encode polypeptides of almost exactly the same length and isoelectric

points. Yet, the expression pattern of Hor v IX transcripts was not identical to that of

c7.2 (I(BG4I) when assayed in barley. Hor v IX was detected in stage 2 inbarley,

but c7.2 was not detected until stage M in barley. However, it cannot be concluded

that the expression pattern of the barley gene is different from the Poa ¡tratensls gene

because differences could be due to hybridization conditions: c7.2 was a heterologous

probe for barley but Hor v IX was a homologous probe for barley. This observation

emphasizes that it was essential to obtain bona fide barley clones for confident

assessment of gene expression in barley.

Hor v IX shares extensive amino acid and nucleotide sequence identity with

Poa pratensls group IX isoallergens KBG31, KBG40, KBG60 and with the Lolium

perenne group I. The regions of sequence conservation shared by these highly

diverged Graminese species (Lolium and Poa belong to the trlbe Poaceae, whereas
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barley is classified into TriÍiceae) are probably important to the function of these

proteins. In addition, the most dissimalar domain of these proteins, in all five cases, is

the amino-terminal 100 amino acid residues. This variable region may represent

functional specialization for each protein. It is possible that the variable domains

reside on different exons of allergen genes, and that during the course of evolution

these disparate DNA sequences were brought together into the same gene to perform

special tasks (Gilbert, 1978; Gilbert, 1985) Thus, isoallergen gene families may have

evolved specialized and different tasks for each family member. It is interesting to

note that within a single species, the amino-terminal variable region is also found

(Silvanovich et al, i991). It must be emphasizedthat the sequence data for these and

other allergens are derived from cDNA. It is possible that all three members of the

Poa pratensls iso-allergern family actually represent alternatively spliced transcripts of

one gene, thereby generating specialization of function for each (Andreadis et al,

1987). Alternative mRNA splicing is known to ocur in plants (Werneke et al, 1989).

The resolution of this question will come when genomic clones are obtained for

allergens. In addition, as more clones of the group IX type are found in other species,

the important conserved structural regions of these molecules may become apparent.

Ubiquity and allergenic¡ty of cognates

Northern, western, and Southern blotting experiments showed that cognates for

Hor v IX exist in a variety of species, including wheat and rye. From this it can be

safely concluded that an opportunity to examine allergen cognates in other

economically important species does exist. Moreover, the apparent ubiquity in
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Grarnineae of group IX; and other allergen groups indicated by western blotting,

implies that allergen cognates have an important role in the biology of pollen. It was

observed that allergen cognates were abundantly expressed late in development, when

Grsminae pollen were tricellular. In this context it is not surprsing that northern and

western analyses of the non-Gramineae species were negative since maturity in these

species occurs when pollen are bicellular. Based on the allergen cognate expression

patterns observed in barley, bicellular-type pollen might be expected to express

allergen cognates when the transition to a tricellular state occurs in these species -

during germination. On the other hand, allergen cognate homologues in these species

may be too diverged from Gramineae genes to yeild positive results by western,

northern or Southern analysis.

Whether Hor v IX and other allergen cognate proteins are in fact clinically

important allergens is irrelevant to their role in pollen biology. Nevertheless, Hor v IX

shares significant sequence identity with the main antigenic determinants of Poa p IX

(Silvanovich et al, I99I;Zhangetal, 1992) andLol p Ib (Singh et al, 1991). From a

comparison of the hydropathy plots of Poa p IX and Hor v IX it can certainly be

predicted that these two proteins have a similar tertiary structure. It was noted that

human allergic serum identified a 30 kDa barley protein. It is possible that Hor v IX,

also a 30 kDa protein, and the HAS reactive proteins are the same. Further studies

will be necessary to confirm this hypothesis. In addition, the presence of HAS

reactive, and anti-allergen reactive, proteins in many of the agricultural species

surveyed, suggests that the contribution of these crops to the general population of

aero-allergenic proteins may deserve further attention. The clonin g of Hor v 1X is the
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first example of a pollen allergen homologue identified in a commercial crop.

Nomenclature of allergen cognates

Since Hor v IX and the Poa pratensis group IX allergen (KBG41) share

physico-chemical properties in addition to strong sequence similarity, it is proposed

that they are in fact homologues. The nomenclature used throughout this thesis has

been that of an immunological perspective (Marsh et al, 1988). Although it is highly

probable that Hor v IX is an allergen, it has not been proven so. Therefore, Hor v IX

may not fit the immunological naming criteria. In addition, the immunological

nomenclature convention is confusing because there is no requirement that antigens

within a given group in one species have any correspondence to antigens of the same

group name in another species. To illustrate, Bet v I (Betula verucosa group I

allergen) shares no sequence identity with Lol p I or Amb a I (Lolium and Artemesia

group I allergens), attd is only half the size (17 vs 35 kDa). To adopt a more genetic

nomenclature, it is proposed that the Horv IX gene be named GIX-1, after "group IX

allergen gene # 1", which would make the protein name GIX-I. If, as Southern

blotting suggests, other similar copies of GIX-1 exist in barley, then each can be

named GIX-L and GIX-2, and so on. Alleles of a single locus would be identified by

an additional suffex such as GIX-(.1 and GIX-L.2. This nomenclature could be applied

to any species. The GIX-I homologue in Poa pratensis, KBG4l would be also be

referred to as GIX-L. Since KBG3I and KBG60 are other members of the GIX multi-
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gene family, but not the same size and therefore probably not allelic, they would be

called GIX-2 and GIX-3 respectively. Alternatively, the GIX multi-gene family could

be called HIX in Hordeum, PIX in Poa and LIX in Lolium, to emphasize different

species, although such an emphasis would be unacceptable to the International Society

of Plant Molecular Biology (Price, 1993).

The role of Hor v lX protein (GlX-1)

The function of allergen cognate proteins has not been determined.

Notwithstanding that fact, several observations can be drawn together to propose some

possibilities. First, Hor v IX was expressed late in development and maximally at

maturity. As mentioned above, mature pollen appear primed with dormant transcripts

which will be translated during germination. Hor v IX transcripts may belong to this

class of messages, implying that Hor v IX protein is involved in pollen germination.

Presumably, any role in germination would be in addition to its role in stage 3 and

mature anthers, where Hor v IX protein is also found. Other examples of genes

expressed late in development which continue to be expressed during germination

include zmcl3 of maize (Hanson et al, 1989) andp2 of Oenothera (Brown et al,

1990) The expression pattern of P2 is similar to Hor v IX in that the transcript is

first detected in stage 2, and peaks in stage M. In addition, P2 transcripts are found

in germinating pollen. It has been proposed that PZ is a polygalacturonase (Brown et

al, 1990) required to digest pistil cell walls, or to soften pollen cell walls during

germination and tube elongation. Hor v IX shows no sequence similarity fo P2.
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Second, The Hor v IX amino acid sequence contained a signal peptide and an

asparagine sequon, which suggests that it may be secreted. The observation that the

protein was found on the surface of pollen grains implies that the predicted signal

sequence is functional. If Hor v IX has a function in the extracellular milieux of

germinating pollen, then the presence of a signal peptide would be anticipated.

Since the Hor v IX cDNA is now known- it is feasible to isolate the actual

gene responsible for the Hor v IX transcript in barley. Isolation of the gene, complete

with its 5' regulatory elements and intervening sequences, will make it possible to

consider genetic approaches to the function of the GIX gene family. For example, as

mentioned above, the origin of the amino-terminal variable region of the polypeptides

in this family can be resolved by searchingfor GIX family members with 5'oDNA

fragments. If the variable region is due to alternative splicing, then only one gene will

be found, but if many are found, each producing different transcripts, then the family

arose by gene duplication and exon shuffling. Further, identification of an allergen

promoter will allow questions of transcriptional regulation to be addressed. In

addition, reporter-gene fusions to the putative promoter could be used to further

characterize the cellular and sub-cellular location of the protein. Finally, what would

be the effect on pollen development and/or germination if a one or more GIX family

member null mutants were genetically engineered? Where hypotheses about the

function of the polypeptide domains are elaborated, genetically engineered exon

shuffling could reveal a role for the variable domain of GIX family members, as well

as define structure/function relationships.
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Conclusions

The results and interpretation herein have shown that allergen cognates are

present, developmentally regulated, and are potentially useful molecular tools for

examining barley pollen development. The main ingredients required for the study of

molecular events controlling male gametogenesis in a Gramineae species have been

prepared: barley anthers are proven to be experimentally accessible, an in vitro

experimental system is available in which the developmental program can be

perturbed, and a set of genes have been cloned and characterized.

The temporal regulation and spatial localization of GIX genes in barley pollen

revealed by this thesis has placed these molecules squarely at the forefront of

molecular biology of pollen development. Several candidate functions for GIX genes

have been proposed and are highly testable.

The data also support the conclusion that pollen allergen cognates are

distributed widely in commercially important cereal crop species, and the potential

allergenicity of Hor u IX expressed by barley pollen has been discussed. It is

therefore desirable to further assess the potential contribution to the population of aero-

allergenic substances of pollen from agricultural species.
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AppendãN I

Ltst of Fo[ães'¡ Aååergens

Allergen Name (Species) MW (kDa) lp Seo References

Alngl Alnus glutinosa 17 + Breitneder et al, 1992

Ambal Ambrosia artemisiifloia 3B 5.2 + Rafnari et al, 1991

Amb a ll + Rogers et al, 1991

Amb a lll 10 + Klapper et al, 1980

Amb a lV Griffiths et al, 1971

AmbaV 4.4 + Mole et al, 1975

AmbtV Ambrosia trifida 4.4 + Ghosh et al, 1991

Artvl Artemimisia vulgaris 47 de la Hoz et al, 1990

Art v ll 35 (20) 4.5 Nilsen et al, 1990

Art v
Minor

12,17,29,39,
42,61

3-7 Nilsen et al, 1991

Betvl Betula verrucosa 17.4 5-6 + Breiteneder et al, 1989

Bet v ll 14 + Valenta et al, 1991

Bet v
Minor

13,18,27,29,3
2,39,44,57,68

Jarolim et al, 1989

Carbl Carpinus betulus 17.3 + Larsen et al, 1992

Cora I Croylus avellana 17.3 +

cry jl Cryptomeria japonica 47 ïakahashi et al, 1989

Cry j ll 37 Sakagushi et al, 1990

Cyndl Cynodon dactylon 60 9.7 Su et al, 1991

Dacgl Dactylis glomerata Mecheri et al, 1985

Dac g ll 10 + Walsh et al, 1989

Dac g lll 37 (28) Walsh et al, 1990

Lol p l-54 Lolium perenne 27 + Perez et al, 1990

Lol p la 2e.1 (26.6) 5.5 + Griffith et al, 1991

Lol p lb 31 9.1 + Singh et al, 1991

Lol p ll 10.8 5.1 + Ansari et al, 1989a

Lol p lll 10.9 9.0 Ansari et al, 1989b
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[-ist of Foñflen Al[enEeuts

Allergen Name (Species) MW (kDa) lp Seq References

Lol p lV HMBA, 56 Ekramoddoullah , 1983

LolpX cytochrome c Ekramoddoullah , 1981

Lol p Pro 12 4.7 van Ree et al, 1992

Oleel Loea europa 19 5.2 Villalba et al, 1990

Ole e ll I 3.9 Lauzurica et al, 1988a

Parj I Parietaria judaica 11 (8 5) 5.0 Polo et al, 1991

Paro I Parietaria officinalis 14 4.6 Oreste et al, 1991

Ole e 42 Lauzurica et al, 1988b

Poa p la Poa pratensis 37 6.4 Lin et al, 1988

Poa p lb .t.f 9.1 il

Poa p lX 35, 30,28 9.9 + Silvanovich et al, 1991

PoapX 12 oo Ekramoddoulah, 1982

PhlpV Pleum pratense 38 (33), 32
(2e)

+ Mathiessen et al, 1991
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Appemdix Eß

2-D Gel Electrophoresis of Stage 2 and Stage 3 Anther Proteins.

Froteins expressed by developing anthers analyzedby 2-D SDS PAGE 25 Vg protein

samples from stage 2 and stage 3 were separated by 2-D SDS FAGE and silver

stained. Direction of isoelectric focusing (pH) and SDS-PAGE (Mr) are indicated.

Molecular size and IEF pH markers are indicated. The high molecular wieght, basic

(high pI) region of each gel is boxed.
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ApperndEx 888

Stnategy to produce an in-frame E. coli expression construet with the veator

pMAL and the barley pollen clone 974.
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