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Abstract

Callose is a (l-+3)-B-o-glucan that is widely distributed in higher plants. During

normal plant growth and development, callose is found as a transitory component of

the cell plate in dividing cells, it is a major component of pollen mother cell walls and

pollen tubes, and is found as a structural component of plasmodesmatal canals.

Callose is also observed in abscission zones and in the phloem of dormant tissues. In

addition to its role in normal growth and development, callose is deposited between

the plasma membrane and the cell wall following exposure of plants to a range of

abiotic and biotic stresses, including wounding, desiccation, metal toxicity and

microbial attack. The involvement of the plant glucan synthase-like or G,SZ genes in

the formation of callose at these various locations is investigated in this thesis.

Techniques including database screening, bioinformatics, various cloning protocols,

heterologous expression, analysis of protein-protein interactions, gain-of-function

systems and loss-of-function systems have been used in this project. Gene isolation

was conducted in ryegrass where good biochemical data existed for GSLs but

subsequent functional analyses were conducted in barley, where better genetic

information was available. Ultimately proof of function of a single G^SI gene was

achieved in the plant model Arabidopsis'

A full length cDNA of a (l-+3)-B-o-glucan synthase termed LwGSLI, encoding 1907

amino acid residues, was isolated from Lolium multiflorum using molecular

techniques. The deduced LmGSLI protein is predicted to contain 14 transmembrane

spanning domains with the NHz-terminus and a large central loop, thought to contain

the catalytic site, located in the cytoplasm. A homologue of this gene was isolated

from barley , HvGSLl, for the purpose of functional analyses. cDNA fragments of the

barley G^!I gene were expressed in E. coli and mammalian cells, and (1-+3)-B-o-

glucan synthase activity assays were undertaken on purified fractions' No (1-+3)-B-

o-glucan synthase activity could be attributed to either of the expressed polypeptides,

alone or when combined.

The involvement of the barley GSt gene in the formation of papillae that result from

fungal challenge was investigated in single cells of barley leaf blades using a transient

x1



gene-silencing assay. Double-stranded RNA interference (dsRNAi) constructs with

homology to HvGSLI were produced and introduced into the epidermal cells of barley

leaves using a biolistic approach. The callose deposits found in transformed leaves at

papillae were indistinguishable from those found in control leaves, suggesting that

HvGSLI is unlikely to be involved in papillae formation. Regions of the barley GSL

protein were further assessed for interactions with other proteins using the yeast two-

hybrid system and interactions between the NHz-terminal region of HvGSLI and

proteins expressed from several plant oDNA libraries were detected.

Deposition of callosic plugs, or papillae, at sites of fungal penetration is a widely

recognised early response of host plants to microbial attack and is thought to

physically impede entry of the fungus. Arabidopis was transformed with dsRNAi

constructs designed to silence three putative callose synthase genes (A|GSLï, 6 and

/1). Both papillary callose and wound callose were absent in lines transformed with

AIGSLS dsRNAi constructs, and in a corïesponding sequence-indexed A|GSLî T-

DNA insertion line, but were unaffected ]n AIGSLí and AtGSLll dsRNAi lines.

Depletion of callose from papillae in gs/5 mutants only slightly enhanced penetration

of the grass powdery mildew fungus Blumeria graminis. Upon infection of wild type

G,SI5 plants with biotrophic powdery mildew fungi or the oomycete Peronospora

pørasitica, callose also encased haustorial complexes, which are intracellular fungal

feeding structures that are vital for nutrient uptake. Most importantly, the absence of

callose in papillae or at haustorial complexes correlated with effective growth

cessation of several normally virulent powdery mildew species and of P. parasitica.

The enhanced disease resistance phenotype of the previously described Arabidopsis

mutant pmr4 to powdery mildew is probably the result of a mutation in AIGSL5. It is

proposed that biotrophic fungal pathogens exploit wound-inducible GSL5 callose for

the maintenance of a biotrophic lifestyle.
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Chapter I - General Introduction

I.1 INTRODUCTION

The overall aim of the work described in this thesis was to isolate and characterise

genes and cDNAs encoding (1+3)-B-o-glucan synthases in higher plants. In plants,

(l-+3)-B-o-glucan is commonly referred to as callose and its presence has been notcd

and studied for over 100 years (Mangin, 1890). Holever, the chemical structure of

the (1-+3)-B-o-glucan polymer was not determined until Kessler (1958) isolated and

characterised the callose pads found at sieve plates of the phloem in grapevine' To

date there have been no reports on the successful isolation, in a pure form, of the

enzyme responsible for the deposition of callose in plants. A number of groups have

reported enrichment of callose synthase activity but there has been much debate

regarding the polypeptides that might be actively involved.

Deposits of (1+3)-p-D-glucans have been found in various cellular locations and cell

types at different stages of development and following various environmental

influences. These observations suggest there is a number of callose synthases in

plants, given the range of locations where callose is found and the different cues that

stimulate its production. The work presented in this thesis is centred on the study of

the biosynthesis of (1+3)-B-o-glucans in plants, especially with respect to linking the

putative (1+3)-B-o-glucan synthase genes to specific functions within the plant'

(l+3)-B-o-glucan synthase genes will be refered to here using the widely accepted

nomenclature of GSI for glucan synthase-like genes (http://cellwall.stanford.edu/).

To address the complex nature of this polysaccharide synthase and its regulation,

which affect some of the more fundamental aspects of plant growth and development'

the research described here was conducted using various molecular based techniques

and model systems.

The search for a GSI cDNA was initially conducted in tissues of ryegrass because the

biochemical properties of ryegrass (l-+3)-B-o-glucan synthases had been well

documented (Henry and Stone, 1982; Meikle et a\.,1991;Bulone et a\.,1995; Bulone

et al., 1999). The study of GSI function was subsequently conducted in barley where

more genetic information was available and finally in Arabidops¿s where the complete

genome sequence, well defined mutant populations and a highly efficient

2



Chapter I - General Introduction

transformation system could be utilised. The first chapter of the thesis introduces the

properties, locations and presumed functions of (1-+3)-B-o-glucans in plants, along

with an introduction to some of the techniques utilised in functional studies of

putative GSZ genes.
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Chapter I - General Introduction

1.2 (r-+3)-B->GLUCAN

Structurøl properties of (1 +3)-þo-glucans1.2.1

(l-+3)-B-o-Glucans of plants are essentially linear, unbranched molecules of (1-+3)-

linked B-o-glucosyl residues (Figure 1.1). The (1-+3)-B-linkage causes the polymer

to adopt a helical conformation, which enables the formation of a gel-like structure

under certain circumstances. (1-+3)-B-o-Glucan molecules often form both double

and triple helices and these conformational variations alter the solubility, strength and

rigidity of the (l-+3)-B-o-glucan molecule. Triple helices of (l-+3)-p-D-glucan are

known to form fibrillar microfrbrils in the cell walls of specialised cell types, such as

pollen tubes (Anderson e/ al., 1987; Stone and clarke, 1992). (1-+3)-p-o-Glucans

bind tightly to the fluorochrome of the aniline blue dye and this property has proven

useful for the detection of callose deposits in various plant tissues, using microscopes

equipped with epifluorescent illumination (Eschrich, 1954; Waterkeyn, 1981).

1.2.2 Cellular locationssndøssociøîedfunclions

1.2.2.1 Cell plate

Many of the molecular mechanisms involved in the process of cell division in plants

remain largely unknown. However, it has long been known that callose is deposited

transiently at the cell plate or "phragmoplast" during cell division (Eschrich, 1954;

Stone and Clarke, lgg}). The callose begins to accumulate in vesicles that are

derived from the Golgi apparatus. The vesicles align along the plane of cell division

during the early anaphase stage of meiosis (Otegui et al., 2001). Phragmoplastin, a

dynamin-like protein, appears at this point and associates with the cell plate vesicles

(Verma, 2001). In Arabidopsis, phragmoplastin has been shown to interact with both

a protein encoded by a putative GSL gene, AIGSL6, and a protein encoded by a UDP-

glucose transferase (UGTI; Hong et al., 2001a,2001b).

The vesicles aligned at the phragmoplast form the earliest part of the new cell wall,

and create a fenestrated sheet that extends in a centrifugal manner and ultimately fuses

with the existing primary wall of the dividing cell. The rapid increase in the volume

4



Chapter | - General Introduction

OH OH OH

H

n

Figure 1.1 Structure of (1-+3)-B-o-glucan. n represents the number of B-o glucosyl

residues in the (1-+3)-B-o-glucan polymer.

o o
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Chapter | - General Introduction

of the developing fenestrated sheet during the later stages of cell plate formation is

believed to be largely due to the deposition of callose (Otegui et aL.,2001). The bulk

of this substantial deposition of callose is ultimately degraded as the mature anticlinal

wall forms and cell division is completed.

1.2.2.2 Plasmodesmata and sieve plates

As the cell plate forms, some of the numerous microtubules that guide the Golgi-

derived vesicles to the cell plate become permanently fixed within the newly formed

anticlinal cell wall. These entrapped microtubules preserve cytoplasmic connections

between the daughter cells and later become plasmodesmata (Brett and Waldron,

1996). The plasmodesmata of cells that ultimately differentiate into the phloem are

termed sieve pores and together they form the sieve plate. In plant species that

overwinter in a dormant state, such as grapevine, thick pads of "dormancy" callose are

deposited at the sieve plates at the end of the growing season and this callose is

degraded at the beginning of the new growing season. Monoclonal antibodies have

been used to demonstrate that plasmodesmatal canals contain callose deposits in the

neck region of the canal and that the callose deposits are most prominent in the sieve

plates of phloem cells (Northcote, 1989). Histochemical staining with aniline blue

has also been used to locate callose deposits at the plasmodesmata (Waterkeyn, 1981).

Early studies of the deposition of callose in growing tissues prepared for microscopy

by sectioning long confused scientists, because callose was routinely found blocking

the neck of plasmodesmata and it seemed illogical for intercellular transport routes to

be obstructed. It was later realised that the preparation of the tissue for microscopy

was causing the formation of the observed callose deposits. Subsequent experiments

in which tissues were prepared in the presence of 2-deoxy-D-glucose, an inhibitor of

callose formation, led to substantial reductions of callose deposits observed in the

neck regions of plasmodesmata (Radford et al., 1998)' Radford et al. (1998) also

demonstrated that the upper size limit for transport through plasmodesmata is

generally around 700-900 Da, but that increases in the concentration of cytosolic Caz*

lead to a reversible reduction in the permeability of the plasmodesmata due to the

deposition of callose in the neck of the plasmodesmata. Thus, the deposition of
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callose in plasmodesmata involves a Caz* signal and is often a response to wounding.

The involvement of a Caz* signal as a cue for callose deposition is discussed further in

section 1.2.3.1.

Mutant tobacco plants that are deficient for a class I (1-+3)-Þ-glucanase (GLUÐ,

which is an enzyme that hydrolyses (1-+3)-p-glucosyl linkages, deposit more callose

in the neck region of plasmodesmata when compared with wild type plants that have

been heat-shocked al 32"C, treated with fungal elicitors or xylanase, or following

wounding (Iglesias and Meins, 2000). A noticeable delay in the spread of both

tobacco mosaic virus and a recombinant potato virus X was associated with enhanced

callose deposition in gtul knockout plants (Shimomora, 1982; Iglesias and Meins,

2000). The observed decrease in infection severity in glul knockout plants is believed

to result from a reduction in the size exclusion limit of plasmodesmata due to callose

deposition. Accordingly, reductions in callose deposits at the plasmodesmata ate

thought to contribute to the more severe infection phenotype detected in GLUI ovet-

expression lines. Tobacco plants over-expressing the GLUI gene exhibit more severe

symptoms of tobacco mosaic virus infection compared with wild type (Bucher et al.,

2001). Together, these observations illustrate the importance of callose as the

structural compound responsible for the size exclusion limit of the plasmodesmatal

pore and concomitantly for cell-to-cell trafficking.

1.2.2.3 Reproductive tissues

Callose is known to form a protective barrier around sporocytes prior to meiosis and

around degenerating megaspores (pollen mother cells) following meiosis (Fincher and

Stone, 1931). The deposits, like those at the phragmoplast, are only transitory and the

deposition of callose in embryogenic tissues can therefore be used as a marker for the

onset of megasporogenesis (Tucker et al., 2001). During the course of pollen

development, the callose deposits of the megaspore are progressively dissolved, along

with any remaining primary cell wall polysaccharides (Stone and Clarke, 1992). The

developing pollen grains are ultimately released as a result of this degradation of the

7
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(1-+3)-p-o-Glucan is found in the cell walls of other specialised tissues, including

pollen tubes. Monoclonal antibodies directed against (1-+3)-p-o-glucan, together

with aniline blue fluorochrome, have shown that callose is present in the inner wall

layer of pollen tubes of Nicotiana (Meilke et al., 1997). Later studies suggested that

the cell walls of pollen tubes of Nicotiana may contain as much as 75-88Yo (w/w)

callose as a total of cell wall carbohydrates (Schlüpmann et al., 1994). When the

pollen grain germinates, the pollen tube grows down through the transmission tissue

of the style to the embryo sac. One of the unique features of this process is that the

growing pollen tube extends from the tip, analogous to the way in which fungal

hyphae grow. Most other growth in higher plants occurs via extension of the

longitudinal cell walls (Cosgrove, 1997). Callose is deposited sub-apically and

transversely at regular intervals across the pollen tube (Steer and Steer, 1989). It is

believed that the transverse depositions provide the growing pollen tube with a means

to retain the cytoplasmic contents of the cell at the growing tip. Another feature of the

callose found in the walls of pollen tubes is that the enzyme responsible for its

deposition has biochemical properties that appear quite distinct from the properties of

other (l-+3)-B-o-glucan synthase enzymes (Schlüpmann et al., 1993, 1994). These

differences will be discussed further in section 1.2.3.1.

1.2.2.4 Abiotic stress-associated callose deposits

Callose is synthesized at wound sites whether they are caused by mechanical

disruption (Waterkyn and Bienfeit, 1979; Riehl and Jaffe, 1984), chemical stress

(Jorns et al., l99l; Wissemeier and Horst, 1987) or are temperature-related (Thomas

and Hall, 1979;Dinar et al., 1983). In wounded cells callose is deposited between the

plasma membrane and the cell wall, in close proximity to the site of wounding, and

appears to emanate from the plasma membrane. The deposition of callose occurs

within minutes of damage to the cell and is clearly visible after staining with the

aniline blue fluorochrome (Stone and Clarke, 1992). Rapid shaking or DMSO

treatment will also induce callose formation in liquid cultured carrot cells (Shea et al.,

r 989).
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Plants exposed to high concentrations of metal ions suffer growth retardation and

callose is deposited in the tips of roots exposed to the ions. Callose is detectable in

roots of Norway spruce within three hours following exposure to Al3* ions (Jorns e/

al., l99l). In soybean, Al3* ions inhibit root elongation and callose can be detected in

root tips two hours following treatment (Horst et el., 1992). Exposure to Mn2* ions

also leads to the formation of callose in the root tips of soybean (Wissemeiet et al.,

1993) and cowpea (Wissemeier and Horst, 1987). Callose deposits in root tips of

soybean exposed to Al3* ions begin to degrade 22 hours after return to Al3* free

media. There is a demonstrated Ca2* dependence for callose formation in response to

metal ion exposure (Wisserneier and Horst, 1995) and callose deposition in root tips

has also been used as a marker for Al3* ion sensitivity inmaize (Horst et el., 1997).

1.2.2.5 Biotic stress-associated callose deposits

In leaves, callose deposits are often located at sites of failed penetration attempts by

fungal hyphae (Heitefuss and Ebrahim-Nesbat, 1986; Stone and Clarke,1992) and

deposits are induced in plants following infection by other biological agents,

including many viruses and bacteria (Beffa et al.,1996; Wenzl and Wodicka, 1981)'

The callose deposits that are associated with penetrating fungal structures are

commonly referred to as papillae. Particular attention has been focused on callose

formation in plant-microbe interactions, during which plant host cells respond to

microbial attack by rapidly synthesising and depositing callose as plugs, drops or

plates in close proximity to the invading pathogen (Ryals et a|.,1996; Donofrio and

Delaney, 2001). These callosic deposits may contain, in addition to (1-+3)-B-o-

glucan, minor amounts of protein, phenolic compounds or other polysaccharides

(Smart et a\.,1986a, 1986b; Bolwell, 1993). While the precise function of callosic

papillae during microbial attack has not been demonstrated unequivocally, it is

generally believed that the papillae act as a physical barrier to impede microbial

penetration and might also serve to slow or immobilize invading micro-organisms so

that the host plant can focus upon them a number of anti-microbial compounds, such

as wall-degrading enzymes, phytoalexins and active oxygen species (Brown et al.,

1998).
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It has been postulated that the timing and frequency of papillae formation following

attempted infection in a plant may be crucial in determining whether or not a plant

ultimately becomes infected. An example of where the speed of callose deposition

would appear to affect the outcome of fungal attack is neatly illustrated in

observations of the barley mlo mutant (Gold et ql., 1986). In mlo mutants, broad-

spectrum resistance to the powdery mildew fungus, Blumeria graminis, is the result of

the absence of a single, 60 kDa, wild type MLO protein (Jørgensen,1992). The MLO

protein appears to be a negative regulator of a basic plant defence response, which

amongst other things has downstream effects on the speed at which a plant cell senses

or responds to infection, and acts by forming papillae at sites of attempted cellular

penetration. As a consequenc e, mlo mutants synthesize callose earlier, faster and in

greater abundance than their wild type relatives, which might contribute to the

observed increase in resistance (Gold et al., 1986).

1.2.3 Biosynthesis

1.2.3.1 Biochemistry

Attempts over the last 50 years to purify the enzyme responsible for the synthesis of

(1-+3)-B-o-glucans have been largely unsuccessful. The methods employed have

mostly been biochemical in nature but they have failed in their ultimate goal of

purifying this protein to homogeneity. The major impediment to the purification of

callose synthase would appear to be that the enzyme is membrane bound. The

enzyme catalyses the following reaction, where G is a glycosyl residue and n is the

degree of polymerisation of the (l-+3)-B-o-glucan chain:

(G)"+UDPGlc = (G)n*r +UDP

The new glycosidic linkage of the extending glucan chain is formed at the O-3

position of the terminal glucosyl residue at the non-reducing end of the polymer

(Henry and Stone, 1982a, 1982b).

Various biochemical methods aimed at isolating the synthase complex have been

employed, including detergent solubilisation, rate zonal centrifugation (Lawson et al.,
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1989; Delmer et al., lggl), native gel electrophoresis (Thelen and Delmer, 1986),

isoelectric focussing, substrate affinity labelling assays (Dhugga and Ray, 1994) and

immunoaffinity procedures with polyclonal antibodies (Fink et al., 1990) and

monoclonal antibodies (Delmer et at., l99l; Meikle et al., l99l). All have led to the

co-purification of a number of polypeptides or, alternatively, to the purification of a

polypeptide lacking callose synthase activity'

Product entrapment techniques have been used to enrich callose synthase activity

from membrane extracts (Bulone et al., 1995; Inoue et al., 1995). Bulone et al.

(1995) reported a 400-fold purification of (l+3)-þ-D-glucan synthase activity from

membrane preparations of Lolium multiflorum endosperm suspension-cultured cells.

The product entrapped enzyme preparation contained six major polypeptides of which

the authors suggested the abundant polypeptides of 29-32 kDa and 55 kDa were the

most likely candidates for participation in (1-+3)-Þ-o-glucan synthesis. There have

been other reports of partially purified polypeptides having callose synthase activity,

but there has been some discrepancy in the size reported for the peptides putatively

responsible for the activity. Dhugga and Ray (1994) reported the presence of 55 kDa

and 70 kDa polypeptides in purihed pea membranes and a 65 kDa polypeptide was

found to co-localise with callose in the papillae of infected cells of French bean

(Brown et al., 1998). A 65 kDa protein was also detected in immunoprecipitated

callose synthase active fractions extracted from mung bean, pumpkin and cucumber

(Hayashi et a1.,1987; Delmer et al., 1993) and found in elicitor-induced suspension

cultures of French bean (McCormack et al., 1997). A polypeptide of 190 kDa was

enriched in product-entrapped pellets from pollen tube extracß of Nicotiana alata

(Turner et al., 1998). Three polypeptides of 27,29 and 31 kDa identified in plasma

membrane fractions of Beta vulgaris were implicated in the synthesis of callose based

upon topology-related protease sensitivity assays (Wu and Wasserman,1993).

One explanation for the multiple polypeptides found in preparations capable of

producing callose may be that the callose synthase enzyme forms a complex with a

group of proteins and that the multiple polypeptides observed in gels merely

correspond to these ancillary or regulatory proteins. Indeed, the concept of a (1-+3)-
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p-o-glucan synthase complex has gained significant support over recent years (Bulone

et al., 1995; Cui et al., 2001;Hong et al., 2001a,2001b; Verma, 2001)

In some of the partially purified (l+3)-B-o-glucan synthase preparations mentioned

above, it was noted that a higher concentration of the substrate, UDP-glucose (l mM),

preferentially favoured the production of (1-+3)-B-o-glucan, as opposed to cellulose

or (l-+3, 1-+4)-p-o-glucan, which predominated under lower concentrations of UDP-

glucose (10 pM; Henry and Stone, 1982a). These observations have fuelled the long-

running debate surrounding the possibility that cellulose synthase and callose synthase

may indeed be the same enzyme. This theory was first proposed as a result of studies

on partially purified preparations of cellulose synthase that contained (1+3)-B-o-

glucan synthase activity (Delmer, 1987). The identification of separate cellulose

synthase genes (Pear et al., 1996; Delmer, 1999; Burton et a1.,2000) and callose

synthase genes (Cui et a1.,2001; Doblin et a1.,2001; Hong et a1.,2001a,2001b;

Østergaard et a1.,2002) from various plant species would seem to have resolved this

issue, but in many cases there is no good evidence that callose synthase activity is

directly associated with the putative callose synthase gene product, and the possibility

that cellulose and callose are synthesizedby the same enzyme can not yet be fully

discounted. The identification of a large number of putative p-o-glucan synthase-like

(G.t¿) genes that encode -200 kDa proteins (http://cellwall.stanford.edu/), indicates

that the smaller polypepticles observed in the early purification studies are only apart

of the callose synthase enzyme or are components of a larger callose synthase

complex.

Other factors that may explain the observed lack of callose synthase enzyme activity

in many of the purified preparations could relate to the loss of critical co-factors

during the purification process. Indeed, it has been shown in yeast that the RHO|P

and RHO2P gene products must be present, and in a GTP-bound state, for active

synthesis of (1-+3)-B-o-glucan to occur (Qadota et al., 1996), and that this activity is

also likely to be mediated via two protein kinase C homologues PCKIP and PCK2P

(Arellano et al., 1999). In Arabidopsrs, two plant homologues of the RHO yeast

genes have been identifi ed (AIROP4 and AtROPd) and the proteins have been located

at the cross-wall of root meristems and also at the cell plate (Molendljk et al., 2001)
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both are known sites of callose deposition. Furthermore, a Rop GTPase-dependent

pathway was found to control the deposition of callose during pollen tube growth in

Arabidopsis (Li et al., 1999).

There is an increasing body of evidence that suggests the existence of two types of

(l-+3)-B-o-glucan synthase activity in plants. One is found in somatic cells and

appears to bind the substrate, UDP-glucose, in a Ca2*-dependent manner (Amor et al',

1995; Cui et a1.,2001; Goubet and Morvan, 1995)' The second is found in pollen

tubes and is not Ca2*-responsive (Schlüpmannet al., 1993;Li et al., 1997; Doblin er

al., 2001). These observations, and results from the sequencing of the rice and

Arabidopsis genomes, give credence to the idea that a family of (1-+3)-Þ-o-glucan

synthases may exist in higher plants. Individual members of the family presumably

have specific cellular functions, for the deposition of callose in all its different forms

and locations, and in response to different extemal stimuli.

1.2.3.2 Yeast (1 ->3)-fto-glucan synthase genes

some success in linking putative (1+3)-B-o-glucan genes to specific functions has

been achieved over the last ten years using genetic approaches. Douglas et al' (1994)

reported the cloning of a gene, FKSI, from Saccharomyces cerevisiae by

complementation of yeast mutant containing a lower a (1+3)-9-o-glucan content'

Disruption of the FrKSl gene in the mutant resulted in very slow growth'

hypersensitivity to immunosuppressants, a slight increase in sensitivity to

echinocandin [a (1-+3)-B-o-glucan synthase inhibitor] and, most importantly, a

significant reduction in (l+3)-B-o-glucan synthase activity in vitro' The FrKSl

nucleotide sequence encodes a 215 kDa polypeptide predicted to be an integral

membrane protein with 16 transmembrane helices. A second gene, FKS2' has also

been cloned from S. cerevisiae and encodes a217 kDa polypeptide that shares 88%

peptide sequence identity with Fr(S1 (Mazur et al., 1995). The presence of the FKS2

gene may account for the lack of lethality and slow growth of the /ks1 knockout

mutants. Three genes sharing high levels of homology to the yeast FrKS/ gene were

subsequently cloned from other microorganisms, including Aspergillus nidulans
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(Kelly et al., 1996), Candida albicans (Douglas et at., 7997; Mio et al., 1997) and

Cryptococcus neoformans (Thompson et al., 1999)'

1.2.3.3 Plant GSL genes

At the commencement of this project in 1999 there was no reported or publicly listed

gene that was predicted to encode a plant (1-+3)-B-o-glucan synthase enzyme.

However, in the past two years there have been four publications reporting the

characterisation of various plant (l-+3)-B-o-glucan synthases (Cui et al', 2001;

Doblin et at., 200¡ Hong et al., 2001a; Østetgaatd et al., 2002). If one now conducts

a search for plant GSI genes in any of the publicly accessible databases a latge

number of putative DNA sequences are found. All of these putative plant callose

synthase genes have been identif,red on the basis of their nucleotide sequence

similarity to the yeast FrKS genes, discussed in the previous section, which are

believed to encode catalytically active (1+3)-B-o-glucan synthases. Analyses of the

Arabidopsis and rice genomes have revealed the presence of 12 and 13 putative G^SZ

genes, respectively (http://cellwall.stanford.edu/). Two recently published papers

have made use of the publicly available DNA sequence of putative (1+3)-B-o-glucan

synthases to clone and characterise two of the genes from Arabidopsis, termed

AIGSLí and AIGSL6, as described below.

Thus, Hong et al. (2001a) cloned an Arabidopsrs gene they termed CalSI, which will

be referred to here as AIGSL6, based on the recommendations of Richmond and

Somerville (2000). The AIGSL| gene has an open reading frame of 1950 bp that

encodes a deduced polypeptide of 226 kDa with 16 transmembrane helices and an

NHz-terminal and large central loop that are both predicted to be cytoplasmic' A

recombinant AtGSL6:GFP fusion protein was found at the cell plate in transgenic

tobacco BY-z cells and the AtGSL6 protein rwas found to interact with

phragmoplastin and a UDP-glucose transferase (Hong et al', 2001a). The transgenic

tobacco BY-2 cells were also found to have elevated levels of callose synthase

activity when compared with wild type cells. As a result of these f,rndings Honget al.

(2001a) concluded that the AIGSLî gene encodes the catalytic subunit of the
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Arabidopsis (1-+3)-B-o-glucan synthase enzyme that is involved in cell plate

formation.

In the other recent paper on an Arabidopsis callose synthase gene, the product of'a

AtGSL5:GFP fusion construct that was transcriptionally regulated by the constitutive

CaMV 35S promoter was located at the plasma membrane of particle bombarded

onion cells (Øslergaard et al., 2002). Northern analyses of the AIGSLS transcript

revealed that transcription could be induced by salicylic acid treatment and that a

floral organ pattern of gene activation existed, leading the authors to speculate that in

addition to a role in callose production in pollen, AIGSLS is a likely targeT of systemic

acquired resistance during pathogen attack. Like the AIGSLí gene, the deduced

peptide sequence was predicted to have 16 transmembrane helices, with an NHz-

terminal and central loop that are probably cytoplasmic. Another feature of the

A1GSL¡ sequence is a predicted cytoplasmic UDP-binding motif in a 76 amino acid

loop that was located further towards the COOH-terminus than the large central loop.

Østergaard et at. (2002) also presented data to suggest that the A\GSLS oDNA could

partially complement the yeast/ks1 mutant.

The GSI genes from other plant species have also been characterised. Using RT-

pCR, Doblin et al. (2001) showed that two genes, designated NIGSLI and NaGSL2,

were expressed in the floral organs of Nicotiana alata. NaGSLI was expressed

abundantly in developing and mature pollen, and in growing pollen tubes, whilst

NaGSL2 was expressed at low levels in immature floral organs. The NaGSLI

enzymewas predicted to have 16 transmembrane helices with alatge central loop of

745 amino acid residues and a smaller NHz-terminal region of 496 amino acid

residues, both of which were predicted to be cytoplasmic. The authors suggested that

NaGSLI is the gene encoding the (1+3)-p-o-glucan synthase eîzyme that deposits

callose in the cell walls of pollen tubes (Doblin et a\.,2001)'

A cDNA designated CFLI, encoding a 279 kDa protein with 13 deduced

transmembrane helices, was cloned from cotton fibres (Cui et a\.,2001). The protein

has two large hydrophilic regions predicted to be cytoplasmic, namely an NHz-

terminal region of 557 amino acid residues and a large central loop of 729 amino acid
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residues. The full-length cotton cDNA has limited (41%) homology to the yeast

FKSI gene but the hydrophilic central loop has a higher level of similarity (52%) than

the rest of the protein. A calmodulin-binding domain was identified in the NHz-

terminal domain of the protein and Northern hybridisation analyses of CFLI gene

transcription revealed that it was expressed most strongly in cotton fibres during

primary wall development. The authors also demonstrated that an in vitro-

synthesized callose pellet could be labelled with an anti-CFLI antibody (Cui et al.,

2001).

One of the common features of all the plant genes or cDNAs mentioned in the studies

above is the predicted presence of two substantial cytoplasmic domains at the NHz-

terminal and central regions of the deduced proteins, where the central loop appears to

share the greatest degree of sequence homology in the genes examined. It is tempting

to speculate that the catalytic site of the (1-+3)-B-o-glucan synthase enzyme may be

contained in one of these regions. It is important to note, however, that to date only

Hong et at. (2001a) were able to demonstrate, albeit circumstantially by detection of a

fusion protein at a site of known (1-+3)-B-o-glucan synthase activity, that any kind of

(1-+3)-Ê-o-glucan synthase activity was associated with the gene studied. No other

group have yet been able to demonstrate unequivocally that (1+3)-B-o-glucan

synthase activity is specifically associated with a single gene.
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1.3 FUNCTIONAL ANALYSIS OF UNKNOWN GENES

As outlined in the sections above, two difficulties were identif,red when we embarked

on this project to clone and characterise plant genes encoding callose synthases.

Firstly, the isolation of putative callose synthase cDNAs and genes had been based

upon their homology with the yeast Fr(.S genes, which have been implicated in the

synthesis of (1-+3)- and (1+3, l-+6)-B-o-glucans in yeast cell walls (Douglas et al.,

1994; Castro et al., 1995;ly'razur et al., 1995). However, the evidence for FK^S gene

function in the synthesis of these polysaccharides has been indirect, and is not

universally accepted (Cabib et a1.,2001; Dijkgraaf et a1.,2002). Thus, there was

some doubt as to whether the higher plant FKS homologues were actually (1-+3)-B-o-

glucan synthases. The second difficulty related to the common occuffence of multi-

gene families in higher plants. Indeed, the putative GSL gene families from

Arabidopsis and rice contain at least 12 and l3 genes, respectively

(http://cellwall.stanford.edu/). While it might be reasonably expected that the

members of the multi-gene family will be expressed in different tissues at different

times or under different environmental conditions, it is also possible that some

members have slightly different activities. For example, would all the enzymes

encoded by the putative GSI genes actually synthesize (1-+3)-B-n-glucan, or could

some be involved in the synthesis of closely related polysaccharides, such as (1+6)-

B-n-glucans?

With these possibilities in mind, it was clear that considerable effort would need to be

directed to conf,rrming the function(s) of the putative G,SI genes being targeted in the

current project. In the sections below some of the functional analysis procedures

commonly used to define plant gene function are summarised in general terms, as

background information for much of the work described in this thesis. More specific

methods for functional analysis of the putative GSI genes will be introduced in

greater detail in later chapters, where the experimental data are presented.
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1.3.1 Introduction

The completion of the Arabidops¿s Genome Initiative Sequencing Project in 2000

(Arabidopsis Genome Initiative, 2000), the release of a substantial part of the rice

genome sequence from the International Rice Genome Sequencing Project in 2002

(Goff et a\.,2002;Yu et at.,2002), coupled with the vast number of cDNA and EST

sequences that are publicly available, provide an important resource for studies of

plant genes. For example, there are currently more than 800,000 EST sequences

available for wheat and barley (Matthews et al., 2003). Thus, it is often possible to

retrieve the DNA sequence of a gene of interest, or a close relative, from a database

rather than by undertaking laborious protein purification or gene isolation

experiments. The DNA sequences generated from these programs will ultimately lead

to the identification of almost all Arabidopsis and rice genes. In the future, the

genomes of other important plant species will be added to the DNA sequence

databases. Most of the genes identified as a result of these sequencing programs are

likely to have homologues in other plant species. The DNA sequence databases

provide a starting point for understanding the function and interrelationships of an

estimated 25,000 genes for Arabidopsis alone (Chory et al., 2000). The immediate

challenge now facing plant biologists is how we might identify a function for each of

these genes.

The analysis of gene function is often a more difficult task than the process of gene

identification and isolation. Some of the factors that need to be considered before

undertaking the functional analysis of a gene include when and where the gene is

expressed, whether the gene encodes a product that is essential for plant development

or cellular integrity, and the likelihood that other genes may have the same or a

similar function. Generally speaking there are three strategies that can be used for the

identification of an unknown gene's function. Firstly, the isolated gene can be

expressed in a heterologous system and the function of the expressed, purified protein

can be measured directly. This is particularly useful where the gene product is an

enzyme for which a specihc activity assay is available. Secondly, there are a number

of "loss-of-function" systems, including transient gene silencing or mutant analysis,

through which a phenotype can be reasonably linked to the function of the silenced or

mutated gene. Thirdly, "gain-of-function" systems allow gene function to be linked
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with a phenotype or activity when the particular candidate gene is over-expressed or

expressed in a location that does not normally contain that gene product. More

information regarding these three strategies for functional analysis of candidate genes

is given in the sections below.

1.3.2 Candidategeneidentificølion

As mentioned above, database screening is commonly undertaken prior to gene

isolation experiments and the DNA sequence or deduced peptide sequence of a known

gene from one species can often be used as a tool to guide the isolation of the

homologous gene of interest in another species. Ultimately the gene or part thereof

needs to be cloned and gene isolation has historically been achieved using phage

library screening (Sambrook et at., 1987) and/or PCR based techniques (Siebert et al.,

1995; Frohman et al., 1998). A successful outcome for these approaches to gene

isolation depends upon the homology between the gene of interest and the homologue

identified in the database or literature, if one is not trying to isolate a gene that has

previously been sequenced. The analysis of homologous genes from different species

has led to the observation that within a single gene there are regions of DNA that are

quite highly conserved and other regions that are more variable, and the use of

restriction mapping (Nass et al., 1981) and direct DNA sequencing of

immunoglobulin genes (Hackett and Lis, 1981) has highlighted this' Thus, by

targeting conserved regions for PCR primer design, DNA probes with a high

probability ofsuccess can be generated for the isolation ofa gene ofinterest.

The data from genome-wide analyses of gene expression are becoming increasingly

useful for identifying genes of interest and the results of a number of microarray

experiments are available in the public domain (www.arabidopsis.org/links/

microarrays.html). A search for callose synthase on the Stanford microarray database

(http://genome-www5.stanford.edu/MicroArray/SMD/) revealed six sequences of

interest (4.K. Jacobs, unpublished data). Of the six, one sequence had been placed on

a microarray and its expression profile following abiotic stress and hormonal/drug

treatment was retrieved. The sequence on the array corresponds to the Arabidopsis

A1GSLl0 gene that encodes a putative (l-+3)-F-o-glucan synthase. Expression of this

gene appears to be induced following treatment with abscisic acid and cordycepin
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(transcription chain terminator), and by exposure to Al3*, Fe2* and K*' Treatment

with auxin, cytokinin and gibberellin has no effect on expression levels of the

AIGSLl0 gene. The information gleaned from this straightforward search would take

a substantial amount of time to generate in experimental terms. These databases are

in the early stages of development but ultimately all the genes from Arabidopsis and

rice will be arrayed and their expression profiles made publicly available

(http ://genome-www5 . stanford. edu/MicroAnay).

1.3.3 Heterologous expression

Proteins are frequently present in plant cells in low abundance or associated with

other proteins or complexes, and their extraction can be hindered by secondary

metabolites in the cell (Tsugita and Kamo, 1999). Heterologous expression systems

can be used as a means to produce recombinant proteins in relatively large amounts

and in high purity. In this process, a full-length or near full-length cDNA is inserted

into an appropriate plasmid vector designed specifically for expression in a particular

heterologous system. The plasmid vector containing the cDNA of interest is

transferred to a cell in which the expression of the plasmid can be induced. Following

proliferation of the transformed cell and induction of the expression plasmid

containing the inserted cDNA, the translated protein product can be recovered for

analysis of its biological function. In many cases the expressed protein can be

modified slightly to assist in its purification. For example, expressed proteins can be

modif,red to camy a short NHz- or COOH-terminal poly-histidine segment. This

enables the expressed protein to be easily purified, using Ni-NTA affinity

chromatography, from the large number of other proteins that will be present in the

cell homogenate (Janknecht and Nordheim, 1991). Heterologous expression can be

undertaken in several different systems, most notably in E. coli, Pichia pastoris,

insect cells and a range of mammalian cell lines.

Thus, a glutathione-dependent formaldehyde dehydrogenase of Arabidopsis was

recently identihed as an S-nitrosoglutathione reductase by studying the kinetics of a

recombinant enzyme expressed and purified from E. coli (Sakamoto et al., 2002).

The yeast Pichia pastoris system has been used for expression of a number of plant

enzymes including a xyloglucan endotransglycosylase of tomato (Catala et a\.,2001),
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an arginine decarboxyla se of Arabidopsis (Hanfrey et al., 2001), a DELTAí-fatty acid

desaturase of Borago fficinalis (Sayanova et al., 2001) and a lipid phosphate

phosphatase of Arabidop.sls (Pienugues e/ al., 2001). The baculovirus/insect cell

expression system has been used for the expression of an inwardly rectifying

potassium channel from potato (Zimmermann et al., 1998), a two-pore potassium

channel of Arabidopsls (Czempinski e/ at., 1997) and a stachyose synthase of adzuki

bean (peterbater et at., 1999). Expressing the KDC1 protein of carrot in Chinese

hamster ovary cells identified it as a voltage and pH-dependent inwardly rectif,ing

potassium channel (Downey et al., 2000). Immortalised mammalian cell lines and

Xenopus laevis oocytes have also been used as expression systems but rarely for plant

proteins. The HKTl gene of Arabidopsis is one of the few plant genes to be expressed

in Xenopus laevis oocytes and was found to encode a selective Na* uptake transporter

(Uozumi et a1.,2000).

1.3.4 Loss-of-function sYstems

Loss-of-function analyses require a specific gene of interest to be silenced, either

transiently or in stably transformed plants or cell lines, so that the function of the gene

can be defined by reference to the phenotype produced. For example, if a putative

callose synthase gene were silenced its putative function could be confirmed if the

plant was subsequently incapable of synthesising callose.

Silencing can be effected in a number of ways, but most commonly through antisense

or RNA interference technology, both of which operate post-transcriptionally.

Antisense technology relies upon the binding of a reverse complementary or antisense

RNA fragment, which is generally transcribed at high levels from an introduced

transgene or plasmid, to the mRNA of the target gene following its transcription'

Hybridisation of the antisense fragment to the target mRNA induces sequence-

specific degradation of the double stranded RNA (dsRNA) molecules, resulting in

reduced expression of the encoded protein (Baulcombe, 1996)' RNA interference

operates via the same dsRNA degradative mechanism (Fire et al,, 1998)' The

presence of a dsRNA molecule with homology to the target gene is achieved by

introducing a plasmid or transgene containing an inverted repeat of the target gene'

Following transcription of the DNA construct, the mRNA forms a region of dsRNA
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by virtue of the inverted repeat. Again the dsRNA is subjected to sequence-specific

degradation in a process that also degrades single stranded mRNA with the same

sequence (Hamilton and Baulcombe, 1999). Thus, a DNA construct encoding a

dsRNA in which the inverted repeat contains callose synthase sequence would induce

degradation of endogenous callose synthase mRNA and thereby "silence" the callose

synthase gene.

The cDNA construct that encodes the dsRNA molecule is generally introduced into

the plant by common transformation procedures. Transgenic plants can now be

produced for a huge number of plant species, usually by particle bombardment or by

Agrobacterium infection (Chen et al., 1986; Czemilofsky et al., 1986; Wallroth et al.,

1986). Particle bombardment can be used for stable or transient gene silencing assays

in many plant species. In this technique gold particles are coated with a plasmid

engineered for silencing a specif,rc gene and the DNA-coated particles are shot into

the cells of the host plant using helium gas. The plasmid is transcribed directly or is

integrated into the host's genome where it is subsequently transcribed and silences

target gene expression as outlined above. Agrobacterium tumafaciens is a natural soil

borne pathogen of plants causing crown gall disease. Part of the pathogenic strategy

of these bacteria is the integration of DNA encoding virulence factors into the host's

genome. This facet of the bacteria's life cycle has been exploited and engineered

plasmids can be used to transfer foreign DNA into the plant genome (Leemans et al.,

l98l). For some plant species, such as Arabidopsrs, transformation simply requires

submersion of leaves in an Agrobacteriumldetergent solution'

In addition to targeted gene silencing techniques of the type discussed above,

naturally occurring mutants and mutagenised plant populations can be used to define

gene function, provided the phenotypes of the mutant can be reliably linked with a

lesion in a specific gene. Mutant plant populations can be ploduced by chemical

mutagenesis or by random transposon and T-DNA insertions. Latge mutant

populations exist for important plant species including Arabidopsi,s, rice, barley and

maize, many of which are publicly available. Mutants generated using random

insertion of transposons or T-DNA are particularly useful because the inserted

sequence can be used as a base for PCR analysis of flanking sequences in the genome

and this speeds up the identification of the disrupted gene'
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1.3.5 Gain-of-functionsYstems

Gain-of-function experiments are achieved by the expression of a gene in a location

where, or at a time when, that gene would not normally be expressed' Thus, a new

function or phenotype at that location can be directly athibuted to the expression of

the new gene. As an example, most mammalian cells do not produce (1-+3)-p-o-

glucan and the expression of a putative (l+3)-B-o-glucan gene in these cells and the

subsequent detection of callose with the aniline blue fluorochrome would represent a

gain-of-function and provide strong evidence that that gene did, indeed, encode a

(1-+3)-B-o-glucan synthase. Gain-of-function experiments generally require the

expression of a full-length coding sequence and often utilise the techniques of

transformation described in the previous section'

Over-expression of an introduced DNA has been used to elucidate gene function in

plants (Mccormac et al., I99l; Deng et at., 1992; Oonu et al., 1993;Totmeut et al"

lgg3). As examples, constitutive over expression of the Arabidopsis gene ATGSKI

results in enhanced NaCl tolerance in Arabidopsrs (Piao et ql., 2001) and seed-

specific over-expression of an Arabidopsis oDNA encoding a diacylglycerol

acyltransferase enhances seed oil content and weight (Jako et al', 2001)' However'

the presence of endogenous versions of the gene proposed for expression or up-

regulation can make interpretation of the result difficult, because it might not be

obvious whether the over-expression is due to the indirect up-regulation of the

endogenous gene, or to expression of the introduced gene that is being analysed'

Thus, the gain of an entirely new function in a system where the gene or similar genes

are not normally expressed precludes many of these interpretative issues'

In an altemative gain-of-function approach, a mutant phenotype can be complemented

by the expression of a gene suspected to be responsible for the mutant phenotype'

Complementation has been used extensively to assign gene function in yeast but has

rarely been used in plants. However, it has been used to identify genes involved in

(1+3)-B-o-glucan synthesis (Douglas et al., 1994) and in cell cycling (Nasmyth and

Reed, 1980).
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I,4 AIMS OF THE PRESENT STUDY

The overall aim of this project was to isolate and characterise callose synthase genes

of higher plants and to undertake the functional analysis of these putative callose

synthase genes. Initially, the callose synthase genes of Lolium multiflorum werc

targeted because there was considerable biochemical information available on the

corresponding enzymes (Bulone et al., 1995; Henry and Stone, 1982; Meikle et al',

1991). However, as the project progressed the emphasis was shifted to callose

synthases in plant species where more extensive genetic and EST information was

available, namely in barley and Arabidopsis.

within the overall objective of this project the more specific aims were:

1) To clone a full-length 0DNA encoding a GSL gene and characterise its expression

pattems in Lolium multiflorum, with a view to linking transcriptional activity of

the gene with known sites of callose synthesis (Chapter 2)'

2) To investigate the function of putative plant (1-+3)-B-o-glucan synthases by

heterologous expression studies in E. coli and mammalian cells (Chapter 3), and

by altering gene expression levels in living plants utilising RNA interference

technology in transiently transformed cells (Chapter 5) and transgenic plants

(Chapter 6).

3) To identify and characterise other proteins that may be interacting with the GSI

gene product as part of a multi-subunit complex by studying the interaction of

selected regions of the barley GSL protein using a yeast two-hybrid approach

(Chapter 4).
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CHAPTER 2

ISOLATION OF A (1+3)-B-n-GLUCAN
SYNTHASE CDNA FROM
LOLI(TM MULTIFLOR(IM
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2.I INTRODUCTION

The main thrust of the research project presented in this thesis was to provide some

concrete evidence linking the function of G,SI genes to the production of callose in

plants. By definition therefore the starting point of the project required the isolation

of a plant G.!I gene. It is worth repeating that the plant GSZ genes referred to here

were identified based upon their sequence homology to the yeast FrK,S1 gene and that

no plant GSI gene had been directly linked vvith (1-+3)-B-o-glucan synthase activity'

Thus, all the plant genes are "putative" (1-+3)-B-o-glucan synthase genes' The

discovery and subsequent characterisation of the FKSI gene of yeast (Douglas et al',

lgg4), was an important development for scientists investigating callose formation in

plants. In higher plants, homologues of the yeast FKS protein are associated with the

cell plate (Hong et al.,200la), with product-entrapped callosic material genetated in

vitro (Cui et al., 2001) and an Arabidopsis FrKS gene homologue is reputed to

partially complement a yeast/ks1 mutant (Østergaard et al',2002)'

prior to the start of this research project, the late Nick Paech and his supervisor Dr-

Anna Koltunow (CSIRO, Plant Industry, Adelaide) isolated a cDNA from Hieracium

piloselloide.ç whilst screening for genes that were expressed early in embryo

development. One of the cDNAs isolated during this screen shared limited sequence

identity with the yeast FK^91 gene (24o/o identity). The cDNA was kindly donated to

the Fincher laboratory at the University of Adelaide. It should be emphasised that at

this time no plant DNA sequence that shared homology with the FrK.S/ gene was

present in any of the public DNA sequence databases. Ms' Jing Li, a fellow PhD

student in the Fincher laboratory, used the cDNA as a probe and isolated an FKSI

homologue from a barley oDNA library. The barley cDNA was subsequently used as

a probe to isolate a Lolium multiflorum (ryegrass) GSI cDNA, as described below' In

this chapter the various molecular biological techniques and methodologies employed

to isolate the predicted full length cDNA are described. The cDNA was used as the

basis for the functional analyses described in subsequent chapters.
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2.2 MATERIALS AND METHODS

2.2.1 Materiøls

The ì,ZAPII oDNA synthesis kit, ExAssist helper phage, pBluescript (sK*), E. coli

strains XLl-Blue MRF', XLI-Blue, DH5a and SOLR were purchased from

Stratagene (La Jolla, CA, USA). The Superscript II cDNA synthesis kit,

Thermoscript gDNA synthesis kit, Trizol reagent, 5' RACE kit and Elongase reagents

were purchased from Invitrogen Corporation (Carlsbad, CA, USA). The Nucleospin

Extract kit was supplied by Macherey-Nagel (Düren, Germany). Rockwool was from

Rockwool International A/S (Hedehusene, Denmark). The Ultraclean DNA

purification kit was supplied by Mo-Bio (Solana Beach, CA, USA). MicroSpin 5-200

HR columns, Hybond N+ nylon membrane, ¡o-3zP1-dCtP and Megaprime DNA

labelling kit were from Amersham Life Sciences (Buckinghamshire, UK). Custom

oligonucleotides and NitroPure nitrocellulose filters were purchased from Geneworks

(Adelaide, SA, Australia). Casein hydrolysate, yeast extract, agarose' agar and

tryptone were purchased from Becton Dickinson (Sparks, MD, USA). Restriction

enzymes and BSA were from New England Biolabs (Beverly, MA, USA).

Ampicillin, ethidium bromide, Ficoll, PVP, glycerol, salmon sperTn DNA, DTT,

EDTA and reagents for both liquid nutrient and White's media were from Sigma-

Aldrich (St. Louis, MD, USA). Gene-Pulser electroporation cuvettes were from Bio-

Rad (Hercules, CA, USA). Plasmid pGEM T-Easy, dNTPs andTaq DNA polymerase

were supplied by Promega (Madison, WI, USA). The RX X-tay film was from Fuji

Photo Film Co, (Tokyo, Japan). The T4 RNA ligase and glycogen (molecular biology

grade) were obtained from Boehringer Mannheim (Mannheim, Germany). Big-Dye2,

Big-Dye 3 reagents, SYBR Green PCR master mix and SYBR Green I dye were from

Applied Biosystems (Foster City, cA, usA). The 3MM Chr chromatography paper

was from Whatman International (Maidstone, UK). The Zotbax Eclipse dsDNA

column was supplied by Agilent Technologies (Palo Alto, CA, USA). HPLC was

performed using a series II 1090 liquid chromatograph purchased from Hewlett-

Packard (Palo Alto, CA, USA).
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2.2.2 Cultivøtiono/Loliummultiflorum

Lolium multiflorum plants were grown in a growth room at 23'C with a 16 h light and

an 8 h dark cycle, in aerated liquid hydroponic media (Appendix A) in baskets

containing rock\r/ool (Gibeaut et al., 1997). Tissue samples of interest were harvested

and immediately frozen in liquid nitrogen before being transferred to -80'C for

longer-term storage.

Suspension cultures of Lolium multiflorum endosperm were obtained from Professor

Bruce Stone, Department of Biochemistry, La Trobe University, Victoria, Australia.

The suspension cultures were grown in modified White's media (Appendix Q in the

dark at 23"C onan orbital shaker set to 1000 rpm. Subculturing was performed every

three weeks by the transfer of 20 ml culture to 100 ml of fresh White's medium. Cells

used for RNA extractions were pelleted by centrifugation for 5 min at 2300 g, the

supematant was discarded and RNA was either extracted immediately, or pellets were

snap frozen in liquid Nz and stored at -80"C until required'

2.2.3 DNA extraction

Genomic DNA was extracted from young leaf tissue of Lolium multiflorum using a

hot CTAB method as described by Lassner et at. (1989). Leaf tissue, typically 50-500

mg, was crushed in 500 ¡rl CTAB extraction buffer (0.22l{ Tris-HCl buffer, pH 8'0,

containing 0.14 M Sorbitol, 0.02 M EDTA, 0.8 M NaCl, 0'8%o wlv CTAB and lYo

w/v N-laurylsarcosine) pre-warmed to 65'C. Chloroform/ isoamyl alcohol (24:L vlv)

(300 pl) was added and a final volume of 1 ml was obtained by the addition of further

extraction buffer. Samples were mixed by inversion and incubated for 30 min in a

water bath at 65"C with lids open. Samples were briefly mixed by inversion and

cellular debris was pelleted by centrifugation at 16,000 g for 5 min' The aqueous

phase was gently mixed with 600 pl isopropanol and the DNA was pelleted by

centrifugation for 5 min at 16,000 g. Supernatant was discarded and the pellet was

washed withT0o/o ethanol and dried under vacuum. DNA was resuspended in 50 ¡rl

sterile water and the DNA concentration was determined by Azoo measurement in a

UV spectrophotometer (Varian, Walnut Creek, CA, USA) before samples were stored

at -80"C.
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2.2.4 RNA extraction

Frozen tissues were ground to a powder under liquid N2 using a sterilised mortar and

pestle. Ground tissue (approx. 100 mg) was mixed with 200 ¡rl Trizol reagent

(http://www.invitrogen.com/content/sfs/manuals/15596026.pdfl and further homo-

genised using a sterile, hand held plastic homogeniser. An additional 800 ¡rl Trizol

reagent was added and the sample was mixed vigorously. Cellular debris was pelleted

by centrifugation at 12,000 g for 15 min at 4oc and the liquid layer was retained.

Samples were left at room temperature for 5 min before 200 ¡rl chloroform was added

and the samples were shaken gently by hand for 15 sec. After incubation at room

temperature for 3 min the samples were centrifuged at 12'000 g for l5 min at 4oC, the

aqueous phase being retained. Isopropanol (500 pl) was added, the sample was mixed

gently and left at room temperature for l0 min. Further centrifugation at 12,000 g for

l0 min aT 4"C pelleted the RNA and the supernatant was carefully removed' The

RNA pellet was washed once with I ml75%o ethanol and left to air dry' RNA was

redissolved in 50 pl sterile water and stored at -80'C.

Tissues containing high levels of polysaccharide were further processed by heating

the redissolved RNA sample to 65"C for 5 min. After the samples had cooled to room

temperature they were centrifuged at 16,000 g for 15 sec. The supernatant was

collected and placed at -20'C for 5 min before the sample was again centrifuged at

16,000 g for 15 sec. The supernatant containing the RNA was retained and stored at -

80'C. RNA levels ,were determined by Azøo measurements in a UV

spectrophotometer (Varian, Walnut Creek, CA, USA) and checked to ensure that no

degradation had occurred, using agarose gels containing ethidium bromide'

2.2.5 First strund cDNA sYnthesis

Total RNA (5 pg) was combined with 5 pmol of oligo(dT)¡7 adaptor or gene-specific

oligonucleotide and the volume was adjusted to 10 ptl using sterile Milli-Q water. The

mixture was incubated at 65'C for 5 min in a water bath and immediately placed on

ice. First strand reactions were undertaken using a superscript II cDNA synthesis kit

(http://www.invitrogen.com/content/sfs/manuals/superscriptllpps.pdf), or a Thermo-

script gDNA synthesis kit according to the manufacturer's recommended protocol.
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gDNA synthesis reactions were perfoûned for up to 60 min at 42oC fot Superscript II

or at 55oC for Thermoscript based reactions, after which 30 pl sterile Milli-Q water

was added. The reaction was terminated by the addition of 1 ¡rl 0.5 M EDTA, pH 8.0'

The reaction mixture was gently mixed and pulse centrifuged, aîd 2 U RNase H was

added before the mixture was heated at 37"C for 20 min to degrade the RNA. cDNA

was purified from the reaction mix using an UltraClean kit and the purified cDNA

was redissolved in 30 ¡rl sterile Milli-Q water. oDNA was stored at -20oC or used

directly in PCR.

2.2.6 Preparøtion of [32PJ-rartiotsbetled DNA probes

DNA probes were radiolabelled with ¡cr-32t1-dCTP, using a Megaprime DNA

labelling kit (http://www4.amershambiosciences.com/aptrix/uppOO9l9.nsf/(FileDown

load)?OpenAgent&docid:047 8 CB 5 8DCE620A 6C 125 6C9 4000DD3 26&filrRPN I 6

Oa.pdf). Template DNA (20-50 ng) was mixed with 5 pl of random nonamers

(supplied) and sterile Milli-Q water was added to a f,rnal volume of 33 ¡rl. The DNA-

primer mixture was boiled for 5 min and allowed to cool slowly to room temperature.

After cooling, 10 ¡-rl labelling buffer (supplied), 5 pl [o-32P]-dCTP and2 ¡t"l Klenow

DNA polymerase were added and the reaction mixture was incubated at 37'C for 30

min. Radiolabelled probes \ilere separated from unincorporated radionucleotides

using MicroSpin 5-200 HR columns. The Sephacryl resin in the spin column was

resuspended by briefly vortexing and the column was pre-spun at 830 g for 1 min'

The entire 50 pl of the labelling reaction was loaded onto the centre of the resin and

the column was centrifuged for 2 min at 830 g. Labelled probe was collected, whilst

unincorporated label remained in the column. The purihed probe was denatured by

boiling for 5 min and was added directly to the hybridisation solution.

2.2.7 Screening ø Lolium multiflorum cDNA library

A Lolium multiflorum endosperm suspension-cultured cell oDNA library constructed

using a },ZAPIÍçDNA synthesis kit (http://www.stratagene.com/manuals/2O0450.pdf)

was kindly provided by Dr. Wojciech Grzemski (Department of Plant Science,

University of Adelaide, SA, Australia). E. coli XLI-Blue MRF' cells were prepared

in LB media (lo/o wlv NaCl, l%o wlv tryptone and 0.5% w/v yeast extract, pH 7'0)
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containing 10 mM MgSO+ and0.2yo (w/v) maltose, to an Aooo of 0.5. The cells were

centrifuged at 1000 g for 15 min and resuspended in 10 mM MgSO+ at an Aooo of 0'5'

The cells were competent after 20 min incubation aT'37"C.

The cDNA library was plated onto lawns of competent E. coli XLl-Blue MRF' cells

in 0.7Yo (w/v) agar in NZY-me dia (l% w/v casein hydrolysate , 0.syo wiv NaCl, 0'5%

w/v yeast extract and 0.zyo w/v MgSOa 3HzO, pH 7.0) ovet l.syo (w/v) agar in NZY

media, pH 7.5. Plates were incubated at 37"C for 8-12 h until plaques were clearly

visible on the bacterial lawn. The plates were transferred to 4oC for approx' 4 h'

Duplicate NitroPure nitrocellulose filters were overlaid on the bacterial lawn for 3

min. The DNA on the filters was denatured for 3 min in 0.5 M NaOH containing 1.5

M NaCl and neutralised for 3 min in 0.5 M Tris-HCl buffer, pH 7.5 containing l'5 M

NaCl. The DNA was fixed to the membranes by baking for 2 h under vacuum at

80"C. Filters were incubated at65"C in 6x SSC (lx SSC is 150 mMNaCl, 15 mM

sodium citrate, pH 7.0) containing 5x Denhardt's solution (0.1% w/v BSA, 0'lo/o wlv

Ficoll and}.l%oPVP), 0.5% (w/v) SDS and 100 ¡rg'ml-r salmon sperrn DNA' for 2h'

The prehybridisation mix was discarded and replaced with 50 ml hybridisation

solution, which had the same composition as the prehybridisation solution, except that

3x SSC replaced the 6x SSC.

A oDNA of approx. 2.1 kb encoding a barley GSI cDNA fragment was kindly

donated in pBluescript (SK+) by Ms. Jing Li (Department of Plant Science,

University of Adelaide, SA, Australia). A 2134 bp EcoRU XhoI DNA fragment was

excised from the pBluescript (SK+¡ cloning vector and purified as described in

section 2.2.5. This barley GS¿ DNA restriction fragment was randomly labelled with

g-¡3211-dctP as described in section 2.2.6. The labelled DNA probe was added

directly to the hybridisation solution and the filters were incubated for 16 h at 65"C

with gentle rocking. The filters were washed sequentially for 20 min at 65"C in 2x

SSC containing0.lo/o (w/v) SDS, in lx SSC/O.1% (wlv) SDS, in 0.5x SSC/0 'l% (wlv)

SDS and f,rnally in O.lx SSC/0.1% (w/v) SDS. The filters were blotted dry and

overlayed with RX X-ray film at -80"C for approx. 24 h, using an intensifying screen.

Autoradiographs were developed in an automated Curix system (Agfa, Greenville,
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SC, USA). Positive clones were selected and were subjected to three rounds of

plaque purif,rcation using the detection methods described above'

Following the identification of a L. multiflorum GSL gene fragment, another round of

library screening was undertaken as described above using the newly identified 1206

bp ryegrass fragment as a probe.

2.2.8 Rescue of clones from )ZAPII into pBluescript

purified clones from the suspension-cultured endosperm library cloned into )'ZAPII

v/ere rescued directly into pBluescript (SK+) using the manufacturer's recommended

protocol. Positive plaques were excised from 137 mm agar plates into 500 pl SM

buffer (50 mM Tris-HCl buffer, pH 7.5 containing 10 mM NaCl, 8 mM MgCl2 and

0.01% w/v gelatin) and 20 pl chloroform, and the samples were vortexed thoroughly

before being stored ovemight at 4"C. A 50 ¡rl portion of the bacteriophage mixture

was added to 200 ¡rl competent E. coli XLI-Blue MRF' cells along with 1pl ExAssist

helper phage, and the mixture was incubated for 15 min at37"C. A volume of 3 ml

LB media (l% wlv NaCl, l%o wlv tryptone and 0.5%o w/v yeast extract, pH 7'0) was

added and the mixture was incubated for a further 3 h at 37"C with shaking. The

mixture was heated to 70'c for 20 min and centrifuged at 1000 g for 15 min andthe

supernatant recovered. The lysed bacteriophage mixture (10 pl) was addedto 200 pl

SOLR cells suspended in 10 mM MgSO+ so that the Aooo was 1.0, and incubated at

37"C for 15 min. The mixture v/as subsequently plated on LB agar plates (lYowlv

NaCl, l%, wlv tryptone and 0.5% w/v yeast extract, pH 7.0 with I '5%o wlv Agar)

containing 100 ¡rg.ml-r ampicillin, and incubated for 16 h at 37'C. Colonies that grew

after overnight incubation contained pBluescript (SK+) phagemids' The colonies

were analysed for inserts by restriction digestion and clones of interest were

sequenced as described in section 2.2'15.

2.2.9 Anchor-liguted RACE

For anchor-ligated RACE experiments, 3 pg total RNA was combined with l0 pmol

of a gene-specific oligonucleotide and the volume was adjusted to 10 pl using sterile
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Milli-Q water. The mixture'was incubated at 65'C for 5 min and placed on ice. First

strand reactions were undertaken using a Superscript II cDNA synthesis kit according

to the manufacturer's recommended protocol. oDNA synthesis reactions were

allowed to continue for 60 min at 42oC after which 30 ¡rl sterile Milli-Q water was

added. The reverse transcription reaction was terminated by the addition of 1 pl 0.5

M EDTA, pH 8.0. The cDNA was gently mixed and collected by centrifugation.

RNA was destroyed by the addition of 2 ¡i 6 M NaOH and incubation at 65'C for 30

min. The reaction mixture was neutralised with 2 ¡i 6 M acetic acid' oDNA was

purified using a Gene-Clean kit and the purif,red oDNA was eluted in approx' 30 ¡rl

sterile Milli-Q water. cDNA was precipitated by the addition of 20 pg glycogen

(molecular biology grade), 4 p,l 3 M sodium acetate and 100 pl cold 95o/o elhanol'

The sample was gently inverted several times and placed at -20"C for 30 min before

centrifugation at 16,000 g for l0 min at 4'C. The supernatant was carefully discarded

and the remaining cDNA pellet was washed once with 40 ¡.ú 80% ethanol and left to

air dry. çDNA was resuspended in 6 pl sterile Milli-Q water and stored at -20oC or

used directly in an anchor ligation reaction.

Anchor sequences were ligated to cDNAs as follows. cDNA (1.5 ¡rl) was mixed with

1.0 pl 10x T+ RNA ligase buffer and 1.0 pl anchor oligonucleotide (6 pmol'pl-r), and

the reaction volume was brought to l0 pl by the addition of sterile Milli-Q water

before 1.0 pl Tq RNA ligase (20 U.pl-r; Boehringer Mannheim) was added' Tubes

were gently mixed, pulse centrifuged and incubated at 37'C for a minimum of 6 h.

The anchor-ligated oDNA pool was stored at -80oc or used directly in PCR as

described in section 2.2.10. 5'-End oligonucleotides, complementary to the ligated

anchor were used in combination with the gene-specific primers lmcasyn2R and

lmcasyn3R (Appendix.B) in a two-round, nested PCR approach aimed at amplifliing

the missing 5' cDNA sequence of the Z. multiflorum GSZ cDNA'

2,2.10 PCR using degenerøte oligonucleotides

putative GSI gene sequences were retrieved from the Genbank DNA database and

compared for similarity and regions of sequence conservation in multiple peptide

alignments (Figure 2.4). DNA sequence that corresponded to the most highly
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conserved peptide sequence was used as the basis for the design of a degenerate

primer for PCR. At sites where nucleotide sequence was not 1000/o conserved

between the aligned sequences, alternative nucleotides were incorporated to maximise

chances of amplification of G,SI genes. PCR was performed in 25 ¡rl reaction

volumes using I pl cDNA as template, 300 nM primers, 200 pM each dNTP, I U Taq

DNA polymerase, 1.5 mM MgClz in a 10 mM Tris-HCl buffer, pH 8.3, containing 50

mM KCl. Cycling conditions were altered to suit oligonucleotide melting

temperatures and the extension time was varied according to the length of desired

product, but typically cycling \ilas as follows: 94"C,30 sec; 35 cycles of 94"C,30 sec;

50-55"C, 30 sec; 72"C, 30 sec-2 min with a final extension step at 72"C for 3 min'

pCR products were separated on agarose gels containing ethidium bromide. PCR

bands were cut from the gel and the DNA was purified from the agarose using a

Gene-Clean kit. Purified PCR fragments were cloned into the modified (T-tailed)

EcoRV site of the pGEM T-Easy cloning vector using the manufacturer's

recommended protocol.

2.2.il 5',RACE

5' RACE was typically performed using 4 pg total RNA extracted as described in

section 2.2.4, employing a 5' RACE kit and following the manufacturer's directions.

Briefly, total RNA was combined with 20 ng gene specific primer in a f,rnal volume of

15.5 pl, which was incubated for 10 min at70"C to denature the RNA. The RNA

mixture was cooled on ice for several minutes and collected at the bottom of the tube

by a brief pulse spin in a bench top centrifuge. The sample \üas warlnedto 42'C aîd

PCR reagents were directly added to the tube giving the following final

concentrations: 20 mM Tris-HCl buffer, pH 8.4, containing 50 mM KCl, l'5 mM

MgCl2, 10 mM DTT, 100 nM lmcasynTR primer (Appendix B)' 4 pg total RNA, 400

pM each dNTP and 200 U Superscript II reverse transcriptase. The reaction mix was

incubated at 50"C for I h and terminated by heating to 70'C for 15 min. The reaction

was cooled on ice and reagents were again collected by brief centrifugation and were

warmed to 37"C. RNase H (1 prl) was added and the reaction was incubated at 37'C

for 30 min to destroy RNA. cDNAs were purified and washed using a Nucleospin

Extract kit according to the manufacturer's protocol. The entire cDNA pool was used
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in a TdT tailing reaction in a final volume of 25 pl with l0 mM Tris-HCl buffer, pH

8.4, containing25 mM KCl, 1.5 mM MgCl2, cDNA and2.5 pl 2 mM dCTP. The

mixture was heated for 3 min at 94"C, cooled and collected by pulse centrifugation

before 1 ¡rl terminal transferase (TdT) was added and the tailing reaction carried out

for l0 min at 37"C. Heating to 65"C for l0 min terminated the tailing reaction. The

tailed cDNAs \¡/ere used directly in 25 ¡rl PCRs under the following conditions: 20

mM Tris-HCl buffer, pH 8.4, containing 50 mM KCl, 1.5 mM MgCl2, with a final

concentration of 400 nM lmcasynSR primer (Appendix B), 400 nM Abridged Anchor

Primer, 200 ¡rM each dNTP and 2.5 IJ Taq DNA polymerase. Cycling conditions

were selected to suit oligonucleotide melting temperatures and the extension time was

varied according to the length of desired product, but typical cycling was as follows:

94oC,30 sec; 35 cycles of 94"C,30 sec; 50-55'C,30 sec; '72"C,30 sec-2 minwith a

final extension step aT72"C for 3 min.

A single round of PCR was often insufficient to amplify sufficient DNA from low

abundance cDNAs and in these instances a second round of nested PCR was

undertaken. First round PCR products \¡/ere diluted S0-fold with sterile water and 2 ¡'rl

of the diluted reaction was used in a 25 ¡rl second round reaction with the same

reagent concentrations described above. Primer lmcasyngR and universal anchor

primer (UAP; Appendix B) aT a final concentration of 400 nM were used in the second

round PCR reactions.

2.2.12 PCR-based genomic wølking

This technique was based on an article by Siebert et al. (1995). Adaptor mrx

consisting of 5 pmol adaptor l- s'cTA ATA CGA CTC ACT ATA GGG CTC GAG

CGG CCG CCC GGG CAG cT3, and 5 pmol adaptor 2-s' HN-CCC GTC CA-P:, in

a total volume of 50 pl was heated at 90'C for 10 min and left to hybridise for 16 h at

room temperature in 30 mM Tris-HCl buffer, pH 7.8, containing 10 mM MgCl2, l0

mM DTT and 1 mM ATP.

Adaptor-ligated DNA was prepared from 2.5 Vg L. multiflorum genomic DNA

extracted as described in section 2.2.3. Genomic DNA was restriction digested in a
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100 pl reaction volume with 80 U of the selected 6 bp blunt-end cutting restriction

enzymes. The following restriction enzymes were used in conjunction with the

recommended buffer supplied by the manufacturer; DraI, EcoRY, Mscl, NaeI, NruI,

PmlI, PvuIl, SmaI, S.ryI and SrzL Digests proceeded for 16 h at 37"C except that

SmaI digestion was carried out at 25"C. The DNA was extracted once with

phenol/chloroform/isoamyl alcohol (25:24:l v/v), once with chloroform/isoamyl

alcohol (24:l vlv) and was precipitated by the addition of 0.1 vol 3 M NaOAc,20 ¡t"g

glycogen (molecular biology grade) and 2.5 vol95%o ethanol. Samples were mixed

and centrifuged at 13,000 rpm in a bench top microcentrifuge aT 4'C. DNA pellets

were washed with 75Yo ethanol and dried in a Speed-Vac (Savant, Farmingdale NY,

USA) under vacuum before being redissolved in 20 ¡l l0 mM Tris-HCl buffer, pH

7.5, containing 0.1 mM EDTA. Half of the purified DNA (10 pl) was ligated to an

excess of adaptor mix for 16 h at l6"C under the following reaction conditions: 30

mM Tris-HCl buffer, pH 7.8, containing l0 mM MgCl2, l0 mM DTT, 1 mM ATP, 5

¡rM adaptor mix and 6 U T4 DNA ligase in a total volume of 20 pl' The ligation

reaction was terminated by heating aI70"C for 5 min and reactions were diluted by

the addition of 180 ¡rl l0 mM Tris-HCl buffer, pH 7.5, containing 1 mM EDTA and

were stored at -20"C.

Primary PCR amplification was performed in a volume of 50 pl using Elongase

reagents. The ligated, diluted DNA (1 pl) was used as a template in PCR mixtures

containing a final concentration of 200 ¡rM each dNTP and I U (1 ¡rl) Elongase

enzyme mix in a mix of buffer A and B, which was combined to an optimal Mg2*

concentration of 1.6 mM in reaction buffer containing 20 mM Tris-HCl buffer, pH

8.4, with 50 mM KCl. Adaptor primer I (APl; Appendix B), 10 pmol, was used in

conjunction with various 3' gene-specifrc primers. Thermal cycling conditions for the

primary PCR amplification were as follows: initial denaturation at94oC,45 sec; 35

cycles of 94"c,45 sec; 50.C, 45 sec; 68oC, 4 min; final extension 68oc, 7 min 4"c

hold (the melting temperature was dependent on the gene specific primer used in the

reaction). Primary PCR products were diluted 25-fold in sterile water for use in a

second round of PCR.
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Second round PCR was conducted in 25 ¡rl reaction volumes using 1.5 ¡rl diluted

primary PCR product as template in a reaction mix containing 300 ¡rM each dNTP, I

IJ Taq DNA polymerase, 1.5 mM MgClz in a 10 mM Tris-HCl buffer, pH 8.3,

containing 50 mM KCl. Adaptor primer 2 (APZ; Appendix B), 10 pmol' was used in

conjunction with various 3' gene-specif,rc primers. Cycling conditions were altered

slightly by reducing the extension time from 4 min to 3.5 min and only 30 cycles were

conducted in the second round. The entire second round reaction mixture was

separated in a L3Yo (w/v) agarose gel containing ethidium bromide. Bands of interest

were excised from gels and DNA was purif,red from gel slices using an Ultra-Clean

DNA purification kit, according to the manufacturers protocol.

2.2.13 Cloning PCRfrøgments into pGEM T-Easy

Purified PCR fragments were routinely cloned into the T-tailed cloning vector pGEM

T-Easy for further manipulation and identification. Ligation reactions were set up in

l0 pl volumes incorporating l0 ng pGEM T-Easy vector, 5 ¡i 2x rapid ligation

buffer, 2-3.5 p,lpurified PCR product, 1.5 Weiss U T4 DNA ligase and sterile Milli-Q

water to l0 ¡rl when needed. Reactions were incubated for 16 h at 16oC and ligated

DNA was purified by butan-l-ol extraction. A volume of 40 pl water was added to

the ligation reaction along with 500 pl butan-l-ol. The sample was mixed vigorously

and centrifuged at 16,000 g for 30 min. The supernatant was discarded and the pellet

was dried under vacuum before being resuspended in 3 prl sterile Milli-Q water.

Ligations were stored at -20"C or were used in transformation reactions forthwith.

2.2.14 Transþrmøtion ofE. coli by electroporalion

A 500 ml culture of E. coli (strains DH5cr, or XLl Blue) in LB media (lo/owlv NaCl,

lo/o wlv tryptone and 0.5o/o w/v yeast extract, pH 7.0) was grown at37oC with shaking

until an A66e of 0.6 was reached. The cells were pelletedby centrifugation at2300 g

for 10 min. Supernatant was discarded and the cells \ryere resuspended in 200 ml ice-

cold sterile Milli-Q water, Centrifugation was repeated and the cells were

resuspended in 40 ml ice-cold sterile Milli-Q water. The centrifugation step was

repeated and the cells were resuspended in 10 ml of ice-cold sterile Milli-Q water'
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Following another repeat of the centrifugation step the cells were resuspended in 10

ml ice-cold sterile l0% (vlv) glycerol. Finally the cells were resuspended in 4 ml ice-

cold sterile l0% (vlv) glycerol and 40 pl aliquots were frozen in liquid Nz.

Electrocompetent cells were stored at -80'C until required'

At least t h prior to transformation, Gene-Pulser electroporation cuvettes (1.0 mm)

were placed on ice. Electrocompetent cells and ligation mixes (if frozen) were

thawed on ice for l0 min. An aliquot of 1 pl of the cleaned ligation mix (section

2.2.14) was added to 40 pl electrocompetent cells and the mixture was transferred

immediately to the chilled cuvette that was placed in the Gene pulser (Bio-Rad

Hercules, cA, usA) set to 1.8 V,25 pFD and 200 o. Transformed cells were

resuspended in 300 pl of LB media (l% wlv Nacl, lo/o wlv tryptone and 0.5o/o wlv

yeast extract, pH 7.0) and were incubated at 37oC for t h. Cells were plated out on

LB agar plates (l%wlv NaCl, lYowlv tryptone and0.5o/o w/v yeast extract, pH 7'0

with 1 .5%o wlv Agar) with the appropriate selective media, routinely 100 ¡'rg'ml-'

ampicillin, and were incubated for l6 hat37"C.

2.2.15 Plasmid DNA mini-preparølions

Plasmids containing cDNAs and gene fragments of (l-+3)-Þ-o-glucan synthases were

grown for 16 h with shaking in 3 ml LB media containing 10 ¡'rg'ml-r ampicillin at

37"C. DNA was extracted from overnight cultures using an alkaline lysis protocol.

The culture (2 ml) was centrifuged for 2 min at 16,000 g and the supernatant was

discarded. The pellet was resuspended in 100 ¡rl GTE buffer (25 mM Tris-HCl

buffer, pH 8.0, containing 50 mM glucose and 10 mM EDTA) and placed on ice for 5

min. A freshly prepared mixture of lo/o (w/v) SDS and 0.2 M NaOH (200 pl) was

added and the sample was inverted several times. A volume of 3 M potassium

acetate, pH 4.8 (150 prl), was added and the tubes were inverled several more times

before being place d at -20oC for 20 min. Samples were centrifuged at 16,000 g for 15

min to pellet cellular debris and DNA was precipitated from the supernatant by the

addition of I ml 100% ethanol for l0 min at-20"C. Plasmid DNA was pelleted by

centrifugation at 16,000 g for 20 min and the pellet was washed once in 300 ¡175%

38



Chapter 2 - Isolation of a (1 -+3)-þo-glucan synthase cDNA from Lolium multiflorum

ethanol and dried. Plasmid DNA was redissolved in 30 pl sterile 25 mM Tris-HCl

buffer, pHT.5,containing 10 mM EDTA and 1 ¡rl RNase H(20 mg'ml-r)'

2.2.16 Nucleotide sequence anølysis

The Department of Molecular Pathology at the Institute of Medical and Veterinary

Sciences, SA, Australia, performed nucleotide sequence analysis using an ABI 373

sequencer and 3700 capillary sequencer. Sequencing reactions were performed in 20

pl reaction volumes using Big-Dye2 or Big-Dye 3 reagents' Template DNA (0'2-0'5

pg) was added with 3.2 pmol sequencing primer to 4 pl Big-Dye 3 reaction mix'

Sterile Milli-Q water was used to bring the final reaction volume to 20 ¡rl' PCR

cycling conditions \ilere as follows: an initial denaturation step at 96o for 30 sec was

followed by 25 cycles of 96'C for l0 sec, 50oC for 5 sec and 60'C for 4 min. Freshly

prepared 75% isopropanol (80 prl) was added and the sample was thoroughly mixed

before being left at room temperature for 15 min. DNA was pelleted by

centrifugation at 16,000 g for 20 min. The supernatant was discarded and DNA

pellets were washed once in 150 pl75% isopropanol. DNA pellets were dried under

vacuum and submitted for sequencing.

2.2.17 Southern ønalysis

Genomic DNA (10 pg) extracted from leaf tissue of L. multiflorum as described in

section 2.2.4 was digested for 6 h at 37'C with 100 rJ BamHI, HindIII, EcoRI or

Xbal. Digested DNA was separated on 1% (w/v) agarose gels at 25 Y for approx' l6

h and the DNA fragments were transferred to a nylon membrane using the rnethod of

Southern (1975). A wick consisting of two layers of chromatography paper was

draped over a sheet of glass and soaked with 0.4 M NaOH transfer buffer. Agarose

gels were placed wells down on the wick and air bubbles were excluded before a

Hybond N* nylon membrane, moistened and cut to gel size, was placed over the gel.

Three moistened pieces of chromatography paper and one dry piece of

chromatography paper cut to gel size were overlaid on the nylon membrane'

Interleaved paper towel was placed on top of the chromatography paper and the DNA

was left to transfer to the membrane for at least 16 h at room temperature. The nylon
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membrane was removed and neutralised in a solution of 2x SSC. Membranes were

blotted dry and dried under vacuum at 80'C prior to probing. Prehybridisation of the

membranes was conducted in a20ml solution of 6x SSC, lx Denhardt's III solution

(2% wlv BSA, 20 w/v Ficoll 400 and 20Á PVP), l% (wlv) SDS and 2.5 mg denatured

salmon sperïn DNA for a minimum of 4 h at 65'C. Hybridisation mixture (10 ml)

containing 3x SSC, lx Denhardt's III solution, l% (wlv) SDS and 2.5 mg denatured

salmon sperrn DNA was used to replace the discarded prehybridisation mixture.

Denatured, radiolabelled probe manufactured as described in section 2'2.6 was added

directly to the hybridisation mixture and the probe was allowed to hybridise to the

membranes for l6 h at 65'C. The membranes were washed sequentially for 20 min at

65'C in 2x SSC containing 0.1% (w/v) SDS, with lx SSC/0.1% (wlv) SDS and with

0.5x SSC/6.1% (w/v) SDS. The membranes were blotted dry, sealed in plastic and

RX X-ray film was exposed to the membrane at -80'C for approx. 24 h, using an

intensifying screen.

2.2.18 RT.PCR

RT-pCR was conducted on cDNAs, produced as described in section 2.2.9 that wete

synthesised from various tissues of L. multiflorum. RT-PCR was used as an

altemative to Northem analysis for semi-quantitative measures of gene expression

where low levels of L6GSLI expression were observed. Following the synthesis of

the cDNA, RNA was degraded by the addition of 2lJ of RNase H to the reaction

mixture and the mixture was incubated at 37'C for 20 min. The reaction mixture was

diluted by the addition of 30 pl sterile milli-Q water and I pl cDNA was used directly

in PCR. PCR was performed in 25 pl with a final concentration of 200 pM each

dNTP, I tJ Taq DNA polymerase, 1.5 mM MgCl2 in 10 mM Tris-HCl buffer, pH 8'3,

containing 50 mM KCl, and 20 pmol of the gene-specific oligonucleotide

combinations of lmcasynl/lmcasynlR or lmgapdhF/lmgapdhR (Appendix B)'

Cycling conditions were as follows: g4"C,30 sec; 30 cycles of 94C,30 sec; 50oC, 30

sec; 72"C,30 sec. PCR products were separated on 1.5%o (w/v) agarose gels

containing ethidium bromide and images of the gel illuminated with UV light were

captured.
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2.2.19 Quøntitative (real-time) PCR

Quantitative (real-time) PCR experiments were performed using a Rotorgene 2000

Real-Time cycler, FtG2072, followed by analysis with DNA sample analysis system

v4.2 software from Corbett Research (Mortlake, NSW, Australia) in consultation with

Dr. Neil Shirley (Department of Plant Science, University of Adelaide, SA,

Australia). To prepare standards, three 25 pl PCRs were conducted for both of the

primer combinations lmcasynl/lmcasynlR and lmgapdhF/lmgapdhR (Appendix B).

PCR was performed with a dNTP concentration of 200 pM, 1 U laq DNA

polymerase, 1.5 mM MgCl2 in l0 mM Tris-HCl buffer, pH 8.3, containing 50 mM

KCI with 20 pmol of each oligonucleotide. Thermal cycling conditions were as

follows: 94"c, 30 sec followed by 35 cycles of 94"c,30 sec; 55'c, 30 sec; 72"C, 30

sec. PCR products were separated in 2o/o (w/v) agarose gels containing ethidium

bromide and bands of the expected size were excised from the gel. DNA was purified

from the agarose using a Nucleospin column. The PCR products were further purified

by HPLC onaZorbax Eclipse dsDNA column, 2.1mm x 150 mm x 3.5 ¡.rM' The two

elution solutions were 0.1 M TEAA, 0.1 M EDTA, pH 7.0 (solution A) and 0.1 M

TEAA, 0.1 M EDTA, 25% MeCN, pH 7.0 (solution B). The gradient was set from

35%o to 70Yo over a 30 min period and separation was conducted at 40"C. The flow

rate was 0.2 ml.min-r, and the column was equilibrated in solution A for at least 10

min prior to the purification on a Hewlett-Packard series II 1090 liquid

chromatograph. Purified PCR products were sequenced as described in section 2.2.15

to conf,rrm the identity of the product. A dilution series of the HPLC purifred PCR

products of LruGSLI and LnGAPDH were prepared, ranging from I x 101 to 1 x 107

molecules.pl-l and were used to generate standard curves of fluorescence levels for

the given concentration of PCR product.

Total RNA was extracted from leaves of L. multiflorum at three stages of

development, namely young, middle and mature aged, and at three time points from

endosperm suspension-cultured cells, namely 4, 8 and 12 d post subculture, according

to the protocol described in section 2.2.4. Two separate cDNA synthesis reactions

were performed for each RNA sample (section 2.2.5) and the two cDNA populations

of 50 ¡,rl were pooled. Quantitative PCR was conducted in 20 ¡rl reaction volumes

using l0 prl 2x SYBR Green PCR master mix, 0.3 pM of both the forward and reverse
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oligonucleotides (lmcasynl/lmcasynlR and lmgapdhF/ lmgapdhR), I pl of the pooled

cDNA population and 0.6 pl of a 100-fold dilution of SYBR Green I dye. Cycling

parameters were as follows: 95'C, 600 sec followed by 55 cycles of 95oC, 20 sec;

55"C, 30 sec; 72"C, 30 sec. The presence of PCR products was confirmed by

electrophoresis in agarose gels.

2.2.20 Genetic mapping o/LmGSLl

A 4lg bp PCR product generated from L. multiflorum oDNA using the

oligonucleotides lmcasynl/lmcasynlR was cloned into pGEM T-Easy as described

above (section 2.2.13). A 459 bp fragment was cut from the pGEM T-Easy vector

using the restriction enzyme NotL Restriction fragments were separated by

electrophoresis on 2% (wlv) agarose gels and the 459 bp fragment was excised from

the gel. The probe was purif,red from the agarose using a Nucleospin kit.

This DNA probe was sent to Dr. John Forster at the Cooperative Research Centre for

Molecular Plant Breeding, La Trobe University, Victoria, Australia to be tested

against a Lolium perenne mapping population. The probe was radiolabelled and

initially hybridised to a filter with Z. perenne DNA from a North Africane x Aurorao

Fl two-way pseudo-testcross mapping population, restriction digested with DraI,

EcoRI, EcoRV or HindIIl. A filter with 56 North Africano x Aurora6 Fl accessions,

all digested with .ÐcoRV, was used to generate statistically meaningful mapping

datapoints.

2.2.21 DNA sequence analysis ønd manipulation

Data from automated DNA sequencing were analysed using the Chromas program

(Technelysium Pty Ltd, Helensvale, Queensland) and further alignment analyses and

manipulations were performed using the University of Wisconsin, Genetics Computer

Group software (Devereaux et al., 1984) in the ANGIS suite of programs at the

Australian National Genomic Information Service (http://www.angis.org'au)'

Deduced amino acid sequences were also analysed for motifs and other elements

using this suite of programs. Database searches were performed using BLAST

software (Altschul et al., 1990) accessed via the National Centre for Biotechnology
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Information's suite of programs (http://www.ncbi.nlm.nih.gov/BLAST/). PCR

primers were chosen with the aid of Primer 3 software (Rozen and Skaletsky, 1996) in

the BioManager suite of programs at the Australian National Genomic Information

Service (http://www.angis.org.au) and were further analysed using NetPrimer

software (htþ://www.premierbiosoft.com/netprimer/netprlaunch/netprlaunch.html) in

the MolBiol.net suite of programs (http://www.molbiol.net/). Sequences for

phylogenetic analysis were aligned using the ClustalW program (Thompson et al.,

1994) accessed via the ANGIS website (htç://www.angis.org.au) and phylogenetic

trees were generated using Treeview (http://taxonomy.zoology.gla.ac.uk/rod/rod.

html). Genomic DNA sequence was scanned for intron/exon boundaries using

GenSCAN software (Burge and Karlin, 1997) accessed via the Massachusetts Institute

of Technology's website (http ://genes.mit.edu/GENSCAN.html).
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2.3 RESULTS AND DISCUSSION

2.3.1 Isolation of a GSL cDNAfragmentÍrom ø Lolium multiflorum eDNA

library

The isolation of a cDNA encoding a putative G^SZ from a Lolium multiÍlorum oDNA

library required an appropriate probe. A 2134 bp EcoRI/ XhoI restriction fragment of

a putative barley G^!Z was obtained from a plasmid donated by Ms. Jing Li

(University of Adelaide) for this purpose (Figure 2.1). The randomly labelled probe

was used to screen an amplified cDNA library generated from the RNA of

suspension-cultured cells of L. multiflorum endosperm. Approximately 6 x lOs

plaques were screened with the barley GSZ cDNA probe. Five positive clones were

purified to homogeneity through three rounds of screening and the cDNA inserts of

the clones were rescued into pBluescript for characterisation. The plasmid DNA was

purified and cDNAs were digested with XhoI and EcoRI, which indicated that four of

the cDNAs had unique restriction patterns, whilst the fifth cDNA appeared to be a

duplicate of one of the others (Figure 2.2).

To confirm these findings all fìve cDNAs were sequenced using T3 and T7 primers.

The two cDNAs that shared similar restriction patterns, lmcasyn2 and lmcasyn4, also

shared sequence similarity and were identified as fragments of a putative GSZ cDNA

based upon their sequence similarity to the yeast FKSI gene. The 1224 bp L.

multiflorum oDNA fragment included a putative stop codon, a 381 bp 3' untranslated

region and an 18 bp polyA tail. The other cDNAs shared sequence similarity to a

predicted outer membrane protein and to a cysteine proteinase inhibitor, while one

could not be identif,red.

Having identified a putative L. multiflorum specifrc GSL gene fragment of 1224 bp, a

second screen of the cDNA library was undertaken, using the 1224 bp cDNA

fragment to prepare a probe. It was hoped that a longer oDNA or, ideally the full-

length cDNA, might be isolated from the library using the L. multiflorum probe.
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-2kb

-1kb

- 0.s kb

Figure 2.1 Isolation of the HvGSLI probe. 1 pBluescript plasmid DNA digested

with EcoRI and Xhol. Restriction fragments of HvGSLI indicated with arrows were

purified as probes. M DNA molecular size marker.
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-1 kb

-0.s kb

Figure 2.2 Restriction analyses of clones from ryegrass suspension culture CDNA

library. pBluescript plasmid DNA containing putative (1-+3)-B-o-glucan synthase

cDNAs wãre digesled with EcoRI and XhoI in duplicate. oDNA in lanes 2 and 4

(lmcasyn2 and lmcasyn4) were identified as putative (1+3)-p-o-glucan synthases

following sequencing with T3 andTT primers. M DNA molecular size marker'

.2
.
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Four çDNA clones were purified as described previously and restriction analysis of

the purified plasmid DNA revealed two unique banding patterns. The corresponding

plasmid DNAs rwere sequenced and lmcasynT, a 530 bp fragment, showed 1000%

sequence identity with the previously identified 1224 bp L. multiflorum GSL gene

fragment and did not extend the sequence at the 5' end. The other cDNA, lmcasyn6,

was slightly larger in size at around 850 bp but had sequence identity to a prohibitin-

like protein. Having exhausted the possibility of extracting a larger portion of the I.

multiflorum G,SZ cDNA from the existing library, alternative methods for obtaining

the full-length cDNA were sought.

2,3.2 GSL cDNA sequence exîension using PCR

The first PCR method undertaken to extend the existing 1224 bp oDNA of the newly

identified L. multiflorum GSL gene toward the 5' end was anchor-ligated PCR'

Anchor sequences were ligated onto the 5' ends of a cDNA population and PCR was

conducted using primers that were specific for the anchor sequence at the 5' end and

for the L. multiflorum GSL gene at the 3' end. The L. multiflorum G^SZ nested

primers, lmcasyn2R and lmcasyn3R (Appendix B), were positioned towards the 5' end

of the 1224 bp fragment obtained from the library to maximise the chance of

obtaining novel 5' end oDNA sequence. Thirty separate PCR reactions were set up

from three 10 ¡rl anchor ligation reactions and after two rounds of semi-nested PCR,

two weak bands of approx. 380 bp and two of approx. 450 bp could be viewed on

agarose gels (Figure 2.3).

These bands were purified and ligated into the pGEM T-Easy vector and the DNA

was sequenced using T7 and SP6 primers. Sequencing results combined with

nucleotide homology-based searches failed to identifl' the inserts as GSI gene

fragments.

The deduced peptide sequence from the Hieracium piloselloides GSL cDNA

(HpGSLt; donated by Nick Paech, CSIRO, Plant Industry) was aligned with four

fungal FKSI genes found in the Genbank database. A small region of sequence

conservation was identified in the alignm ent (Figure 2.4) and the coding bias for these
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amino acids was examined in DNA sequence from L multiflorum. A degenerate

oligonucleotide, lmcasyn2 (Appendix -B), was designed to this region and semi-nested

pCR was undertaken with the gene-specific nested reverse primers lmcasynlR and

lmcasyn3R (Appendix B) on cDNA from L. multiflorum suspension-cultured

endosperm cells harvested four days post-subculture. A strong band of approx. 3 kb

could be viewed in an agarose gel following electrophoresis (Figure 2.5).

The approx. 3 kb band was ligated into pGEM T-Easy and the insert was sequenced

from both ends with T7 and SP6 sequencing primers. Comparison of the DNA

sequence obtained from the cDNA with DNA sequences present in the NCBI database

using the BLAST local alignment program suggested the sequence may be that of a

GSL. The full 3 kb of the cDNA was subsequently sequenced in a stepwise manner

using gene specific oligonucleotides. An identical overlap of 250 bp between the 3'

end of the new 3 kb oDNA and the 5' end of the cDNA obtained from the I.

multiflorum gDNA library provided evidence that the PCR fragment was indeed part

of the same cDNA.

No sites of DNA sequence conservation rwere identified in multiple sequence

alignments in a position more towards the 5' end of the cDNA than the existing

primers (data not shown), limiting the possibility of further ampliffing the 5' end of

the gene using techniques based on degenerate primers. Anchor-ligated RACE and

5,-RACE experiments failed to produce any GSL DNA sequence that extended the

existing gDNA (data not shown), so an alternate method for obtaining the sequence of

the GSZ 5' end was pursued.

Genomic walking, a PCR based method for obtaining 5' sequence from genomic

DNA, was employed. Adaptor 2, that is ligated onto the end of restriction digested

genomic DNA has an amino group at the 5' end and is phosphorylated at the 3' end to

limit the same adaptor being ligated onto fragments in both the forward and reverse

orientation. The presence of restriction fragments having the same adaptor sequence

48



Chapter 2 - Isolation of a (1 -+3)-þD-glucon synlhose cDNA front Lolium multiflorum

-2 kb

-1 kb

-0.s kb

-2 kb

-1 kb

-0.5 kb

Figure 2.3 Agarose gel analysis of PCR products amplified from anchor-ligated
coñns. Lanes 14 (380 bp), t5 (380 bp), 20 (450 bp) and 22 (450 bp), contain

products generated by PCR. Cl and C2 no template PCR controls. M DNA

molecular size tnarker.
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-3 kb

-1.6s kb

-1 kb

-0.s kb

Figure 2.5 Agarose gel analysis of semi-nested PCR products âmplified from

ryegrass endosperm cDNA employing a degenerate 5'primer. Lanes 1-5 oligo dT

primea cDNAs, lanes 6-9 lmcasynlR primed cDNAs. Lane I contains the approx. 3

kb PCR product that was identified as a putative (1-+3)-B-o-glucan synthase

following õloning into pGEM T-Easy and DNA sequencing. The primers lmcasyn2

and lmcasynlR were used in the first round of PCR and lmcasyn2 and lmcasyn3R

were empl,oyed in the second round. M DNA molecular size marker. C No template

PCR control.
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ligated at either end could lead to the amplification of non-specific products during

pcR, when using primers designed to the adaptor sequence' However, the

amplification of non-specific products is further reduced because the adaptor

sequences have a tendency to preferentially bind to one another due to their

complementary nature, and this leads to the formation of "panhandle" structures'

These do not ampliff and so suppress replication during subsequent rounds of PCR'

This further reduces the occurrence of PCR products that are primed at each end with

adaptor primers alone, such that products primed with a combination of a gene-

specific primer and an adaptor primer are enriched. Two rounds of nested PCR were

also employed to limit the number of false positives'

The results of the genomic walking experiments, in which a total of more than 5 kb of

nucleotide sequence was obtained, are summarised in Table 2'1. Not all walks

resulted in the identification of coding sequence and care was taken to ensure that

sufficient overlap in sequence from different walks (usually about 100 bp) existed to

enable a continuous DNA sequence (contig) to be generated'

Because the genomic DNA might be expected to include introns, computer software

programs such as GenScan were used to predict intron-exon boundaries in the DNA

sequences, but routinely failed to identiff splice sites in the ryegrass genomic DNA

sequences. During the course of the genomic walking experiments a cDNA predicted

to encode a GSL gene from cotton was deposited in the Genbank database' This

0DNA sequence (accession number 4F085717), designated GhGSLl, along with the

Hieracium and barley cDNAs, were used as a guide to identiff the ryegrass coding

regions present in the genomic DNA sequence that resulted from genomic walking

experiments. A schematic diagram of the 5' end of the genomic sequence of LwGSLI

gene obtained from the genomic walking experiments is presented in Figure 2'6' This

region of approx. 5 kb was dominated by introns, and contained only 1.3 kb of coding

sequence, corresponding to 436 amino acid residues. Genomic walking experiments

were halted after a putative start methionine was identified, in a position of agreement

with other putative plant GSZ genes fecently deposited in the databases, at the 5' end

of the predicted cDNA sequence.
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'DNAfrom 

Lolium multiflorum

Genomic
walk no.

1

2
6

7

8

11

I't round gene
specifrc primer

lmcasynSR
lmcasynl0R
lmcasyn22R
lmcasyn26R
lmcasyn30R
lmcasyn38R

2"d round gene
speciJic primer

lmcasyn9R
lmcasynl lR
lmcasyn23R
lmcasyn2TR
lmcasyn3lR
lmcasyn39R

Number of
coding boses (bp)

246
93
258
183

276
252

Approx. amino
øcid position

3s5-436
324-3s4
238-323
r77-237
85-176

l-84

Table 2.1 Summary of genomic watking experiments. DNA sequence from

preceding walk was uied as the basis for the design of primers used to walk further

into unknown 5' end DNA sequence. Primer sequences are located in Appendix B'
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1kb 3kb

Figure 2.6 Schematic diagram of the 5' end of the LnGSLI gene. Blue boxes

represent predicted coding DNA sequence (exons).
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Following the identification of the putative start methionine, a set of nested gene-

specific primers, lmgsll5'-1 and lmgsll5'-2 (Appendix,B), were designed to the 5' end

of the putative ryegrass GSZ gene so that the sequence might be confirmed by the

amplification and characterisation of a single cDNA sequence, hence negating the

concems about prediction of intron/exon boundaries. The nested PCR approach

yielded a 1.3 kb fragment after two rounds of nested PCF. (Figure 2.D which, when

ligated into pGEM T-Easy and sequenced with T7 and SP6, confirmed the results of

the genomic walking experiments. The predicted full-length oDNA and deduced

protein sequences of the L. multiflorum GSL gene, LnGSL./, compiled from three

overlapping oDNA clones, are presented in Figure 2.8.

2.3.3 GSL gene structure

Analysis of the genomic structure of Arabidops¡s and rice GSI genes has revealed the

presence of two quite distinct groups of G,SZ genes, one possessing between none and

two introns, and a second type that may possess as many as 48 introns (Figure 2.9).

The presence of these multiple intron sequences makes the G,SZ genes some of the

largest plant genes known, extending ovet 22 kb. Given that the LwGSLI gene

contains nine introns in the predicted 1308 bp of coding sequence at the 5' end it

appears likely That LnGSLI falls into the second, multiple intron class of G,SZ genes

identified by Richmond and Somerville (2000; http://cellwall.stanford.edu/)'

The sequence of the LnGSLI oDNA is 6118 bp in length and contains an open

reading frame of 5718 bp. There is a 3'untranslated region of 379 bp and an 18 bp

poly(A) tract but no obvious polyadenylation signal sequence (AATAAA) was

identified in the 3' sequence. Overall the nucleotide composition of the mature

L6GSLI cDNA is slightly AT biased, with a GC content of 43%. Closer analysis of

the sequence reveals that there is a preference for A or T in the wobble base position,

with 56%o of the codons ending in A or T overall. However, the 200 bp region at the

5' end of the LnGSLI cDNA is very GC rich (74%). In yeast, highly expressed genes

are biased towards G or C in the wobble base position (Konarska et al., 1985) and in

barley a (1-+3; 1-+4)-B-glucan endohydrolase (Slakeski et al., 1990) and thaumatin-
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-3 kb

-1 kb
-0.5 kb

Figure 2.7 Agarose gel analysis of 2nd round PCR products resulting from
amplification of the LwGSLI 5' end. Various cDNAs: I young leaf,2 mid leat 3 old
baf, 4 suspension cultured cells (SCC) 4 days post-subculture, 5 SCC 8 days post-

subculture, 6 SCC 12 days post-subculture were used as templates. M DNA molecular
size marker. C No template PCR control.
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AT GG CGAGGGCGGAGG CCA,ACT GG GAG C GCCT GG T G CGGGCGG C G CT CCGCG GGGAGCGGAT GG GC GG C G GCTACG GGGT CCC CG CCAG C

MARAEAN WERLVRAALRGERMGG G YGV PAS

GGCATCGCCGGGAACGTGCCCACCTCGCTCGGCAACAACACCCACATCGACGAGGTGCTGCGCGCCGCCGACGAGATCCAGGACGAGGAC
G IAG NV PT S LGNNTH I DEVLRAADE I QDE D

CCCACCGTCGCCAGAATCCTGTGTGAGCATGCATATGCGCTAGCCCAAAATCTGGATCCCAATAGCGAAGGGAGAGGCGTCCTGCAGTTC

PTVAR I LCEHAYALAQNLDPN S EGRGVLOF

AA'U\CCGGTTTAI\TGTCAGTAATCAGGCAAAÀACTAGCAÄAGAGGGAAGGCGGTGCTATAGACCGGAGTCAGGATATTGCTAÄACTGCAG
KTGLMSV I RQKLAKREGGAI DRS QD I AKLQ

GAGTTTTATAAGCTATACAGAGAÀÄAGCATAAÄGTTGATGAGTTGTGTGAAGATGAAATGAAGCTTAGGGAATCTGCTGTGTTTAGTGGT
E FYKLYREKHKV DELCEDEMKLRE SAVFSG

AACCTTGGAGAGCTGGAACGCAAAACTCTGAAGCGCAAAÀAAGTACTTGCCACTCTCAAGGTCTTATGGTCAGTAATAGAGGATATAACA
N f, G E ], E R K T L KR KKV L AT L KV LW S V I E D 1 T

AÄGGAAATTTCCCCTGAGGATGCAGATAAÀTTGATTTCTGAACAGATGAI\'\i\iU\GTCATGCAAAAGGATGCGGCAAGGACAGAGGATGTT
KEISPETJADKL]SEQMKKVMQKDAARTEDV

GTGGCGTATAATATCATTCCTCTAGATGCCGTGTCTACAACTAATGCAATTGTCACTTTTCCAGAGGTGAGGGCAGCAATATCAGCTTTG
VAYN I ] PL DAV STTNA] VT FPEVRAAT S AL

CAGTACCATAGGGATCTGCCCAGGCTTCCTGGAACCATTTCAGTTCCTGATGCTAGGAATTCAGATATGCTGGACTTGTTGCACTGCGTG

QYHRDL PRL PGT I SVP DARN S DM L DLLHCV

TTTGGTTTTCAGAAAGGCAATGTGAGCAATCAÂCGGGAGCACATTGTTCACCTGTTGGCA'AATGAGCAGTCTCGATTAGGCAAACTATCA
EGFQKGNVSNQREH I VHLLANEQS RLGKL S

GGGAATGAACCGAÄAATTGACGAAGGTGCAGTACATGTCGTGTTCTCCAAGTCTCTAGATAACTACATGAÀATGGTGCAGCTATTTGCCA
GNE PKI DEGAVHVVFS KSI DNYMKWC SYLP

CTACGTCCTGTCTGGCTTAGCGCTGAATCGTTGACCAÄAGAGAAÀAAGTTGCTATATGTGTGTTTATACTACCTGATCTGGGGAGAGGCT
L R P VW L S AE S L T KE K KL L YV C L Y Y L I V'] G E A

GGCA-ACATACGATTTCTTCCAGAATGCTTATGCTACATTTTTCATCATCTGGCAAGGGAÀCCAGAGGAÄACTATGCGGAAACAGATTGCA
GN I RFL PECLCY I FH HLARE PEETMRKQ IA

TACCCAGCTGA.AAGTTGTATTTCTAACGATGGTGTATCATTTCTTGACCAÄGlCATTTCCCCTCTATATGAAATCACCGCAGCTGAAGCA
YPAE S C I SN DGVS FL DQVI S PLYE I TAAEA

GGCAACAÃTGACAATGGGCGGGCAGCACATTCTGCATGGAGAAACTACGATGACTTTAACGAGTTTTTTTGGTCTT 
TGA'AATGTTTTCAG

G N N D N G RAA H S A I¡'Ì R N Y D D FN E F F V'1 S L K C F O

TTGGGTTGGCCACGGAÀACTGAGCATTCCACTTTTCTCGAAGCCTACTACGAAGGAGGGTTCGCTCCATCGGCCGCATCATTATGGAAAG
LG W P RK L S T P L F S K P T T KE G S I' H R P H H Y G K

ACAT CTTTTGTGGAÀCACAGAACTTTTCTCCATCTTTACCACAGCTTTCACCGCTTTTGGATGTTCCTAÀTTATGATGTTTCAGGGACTT
TS FVEHRT FLHLYHS EHRFWMFL ] MMFQGL

ACTATCATTGCTTTCAACAA.AGGTAGTTTTAAAGACAAGACTGTATTGGAACTTCTTAGCTTGGGCCCAACTTATGTCGTAATGAAATTC
T I IAFNKGS FKDKTVLELLS LG PT YVVMKF

ATTGAGAGTGTATTGGACATTCTGATGATGTATGGTGCATATTCA.ACATCTCGTCGATCTGCCATTACTAGAGTGATCTGGCGATTCTGT
I E S V ], D I L MM Y GAY S T S RR S A I T RV T W R FC

TGGTTTACCATGGCTTCAl''IGGTCATCTGTTACCTATATATCAAAGCACTTCAAGATGGAGCGCAGTCTGCACCTT 
TCAAGATATATGTT

WFTMASLVIcYLYIKALQDGAQSAPFKIYV

GTTGTAÀTCAGTGCATATGCGGGTTTCAAGATAAlCGTCAGCCTTCTCATGAGTGTTCCTTGTTGCCGTGGTGTTACCAATGCTTGCTAC
VVISAYAGFKIIVSLLMSVPCCRGVTNACY

AGCTGGTCTTTTATACGCCTTATTCAGTGGATGCATCAGGAGCACAATTACGTTGGAAGAGGCATGCATGAÄAGGCCTCTAGACTATATC
S 14 S F 1 R L I QW¡4 H QE H N YVG RGM H E R P L D Y I

CAATATGTGGCTTTCTGGC'TTGTTATTCTTGCAGCAAAATTTTCGTTTACCTATTTTCTCCAGATTAAACCTCTTGTAGAACCAACACAA

Q YVA FVù LV I LAA K F S FT Y FL Q I K P LV E P T Q

CTGATCATCAGTTTCAGAGACTTGCAGTATCAATGGCATGACTTTTTTTCAAAGAATAACCATAATGCCTTCACAATTCTTTCTTTATGG
L I I S ERDLQYQW H D F FS KNN HNA FT I L S I'W

G CT C CAGT GGT C T CAAT T TAT CT T T TGGACAT CC AT GT AT TT TACACCAT CATGT C T G C TAT T GT CG G AT T C CTT CT T GGT GCACG TGAA

APVVS I YLLD]HVFYT IMSAlVGFLLGARE
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cGACTGGGAGAGATTAGGTCTGTTGAAGcAGTTcAccGATTcTTTGAGAAGTTCccTGAAGcATTcATGGATAAACTTcATGTTccTGTT
RLGE I R S VEAVH R F FEKEPEAFM DKL HV PV

CCAÄÀÀAGGAAACAACTGCTATCATCTGGTCAGCTTCCAGAGTTAAATAAGTTTGACGCATCTAGATT 
CGCTCCTTTCTGGAATGAÀATT

PKRKQLL S SGQL PELNKFDASR FAP FWNE I

GTGAÀGAATTTGCGGGAAGAAGATTACATTAACAÄCACCGAACTGGAGTTACTCTTGATGCCCAAGAATAÀAGGTGGTCTTCCAÀTTGTG
VKNLREE DY I NN TELELLLMPKNKGGL P IV

CAGTGGCCTCTT TTCTTGCTTGCTAGCAAGGTTTTCTTGGCGAAAGATATTGCAGTTGATTGCAÀAGACTCGCAAGACTCACAAGATGAA

QW PL FLLASKVFLAKD ]AVDCKDSQD SQDE

CTCTGGCTAAGGATTTCAAAGGACGAÀTACATGCAATATGCTGTCGAGGAGTGCTTTCATACCATTTATCATATCCTGACCTCTATACTA
LtiI L R I S K DE YMQYAVE EC EH T T Y H I L T S Ì L

GATAÀAGAAGGCCATCTCTGGGTGCAÀAGGATTTATGGTGGTATTCAAGAA.AGCATTGCAAAGAAGAATATCCAGAGTGATATCCATTTC
DKEG HLü] VQR I YG G I QE S I AKKN T Q S D I H F

AGCAAATTGCCTAATGTCAT 'GCCAÀGCTCGTTGCTGTAGCAGGAATACTGAAAGAAGCAGAGTCTGCTGATATGAÀGAAGGGGGCAGTT

S KL PNV I AKL VAVAG I LKEAE S A DMKKGAV

AÀTGCGATTCAGGACCTATA'I'GAAGTTGTTCATCACGAAGTGCTATCTGTTGATATGAGTGGCAACATTGATGATTGGAGTCAGATAAAT
NA T Q D L Y EVV H H E VI' S V DM S G N I D DI,Ù S Q I N

AGAGCAAGAGccGAAGGccGccTCTTcAGTAATcTCAAGTGGccAAATGATccTGGATTGAAGGACcTcATcAAAcGATTGcATTc.cTT
RARAEGRL ES NLKW PN D PG LKDL I KRL HXL

CTGACCATCAAGGAATCAGCTGCGAÃTGTTCCTAA.AÀACCTGGAAGCCTGTCGGAGACTGGAGTTCTTCACGAACTCTCTGTTCATGCGA
LT IKE SAANVPKNLEACRRLE FFTN S L FMR

ATGCCTCTCGCAAGGCCTGTTTCAGAÀATGCTTTCCTTTAGCGTGTTCACTCCATATTACTCGGAGACTGTGCTTTATAGTATCGCTGAA
MPLARPVSEMIS FSVFT PYYS ETVLYS IAE

CTCCAGA,AÀAGAÀATGAAGA'IGGTATAAGTACACTATTTTATCTTCAGAAGATATATCCAGATGAATGGAAGAACTTCCTTACTCGCATC
LQKR N E D G I S T L F Y L QK I Y P D E t/I KN F L T R I

AAcAGGGATGA'AAATGCAGcAGAGTcTGAACTTTTTAGcAGTGcAAATGAcATACTAGAACTGCGccTTTGGGcATcTTACcGTGGGcAG
N R DE NAAE S E L F S S AN D I L E L R L 14 A S Y RG Q

AccTTAGcGcGAACAGTTcGTGGGATGATGTATTAccGGAAGGcccTTATGTTGCAÀAGTTATcTGGAGAGAATGcATTcTGAAGACcTT
TLARTVRGMMYY RKALMLQ S YLE RM H S E DL

GAATCTGCATTTGATATGGCTGGTCTGGCTGACACACATTTTGAGTACTCCCCTGAAGCACGCGCACAGGCTGATTTGAÄGTTTACATAC
ESAF DMAGLADT H FEYS PEARAQADLKFTY

GTGGTAACCTGCCAÀATTTATGGATTACAGAÃAGGAGAÀGGGAÄÀCAAGAAGCTGCCGATATAGCCCTTCTAATGC 
Ai\i\G A'\i\CGAI\GCT

VVTCQ I YGLQKGEGKQEAAD IALLMQRNEA

CTCAGAATTGCTTACATTGATGTTGTCGAGAGCATTAAGAATGGAAAGCCTAGCACTGAGTATTACTCGAAGCTTGTTAAAGCTGACATC
LR I AY I IJV VE S I KNG KP S T E Y Y S KLV KAD T

CATGGAÄ,qAGACAì\GGfu\\TTTATTCAGTlAAGTTGCCTGGCAATCCAAAGCTTGGGGAGGGTAAACCTGAÀAACCAAAÃTCATGCCGTA
HGKDKE T YSVKL PGN PKLGEGKPEN QNHAV

ATATTCACTCGTGGAÀATGCTGTACAGACTATTGATATGAATCAGGACA'ACTATTTCGAGGAGGCACTCAAGATGAGAAACCTGCTTGAG
I FT RG N AV Q T I DMN Q DN Y F E E AL KM RN L T' E

GAGT TCTCTCAAGATCATGGCAAGTTCAAGCCTTCAATTCTTGGTGTTAGGGAACATGTCTTCACAGGA'AGTGTTTCCTCCCTGGCCTCA
EESQDHGKFKPS ILGVREHVFTGSVS SLAS

TTTATGTCGAGTCAGGAÄACTAGCTTTGTAACATCAGGACAGCGTGTTCTTTCTAATCCACTAÄAAGTGAGAATGCATTATGGTCACCCA
FM S S QE T S EVT S GQRVL S N PLKVRM H YGH P

GATGTTTTTGATAGAATTTTTCATATTACGAGGGGGGGCATCAGTAÃGGCATCCCGTATCATCAATATCAGTGAGGAÎATATTCGCAGGG
DV FDR I ¡'H T T RGG I S KAS R T T N I S E D I FAG

TTCAACTCGACGTTGCGTCAAGGGAACATAACTCATCATGAGTATATTCAGGTTGGGAAAGGAACAGATGTTGGGCTTAACCAGATTGCA
FN STLRQGN ] TH HEY TQVGKGT DVGLNQ T A

cTATTTGAÄGGAAAAGT.I,GcTGGAGGA.AACGGTGAACAAGTGCTTAGTCGAGATATATACCGACTTGGACAGCTCTTTGACTgTTTCAGG
LFEGKVAGGNGEQVLSRD I YRLGQL FDC FR

ATGCTATCTTCTACTGTGACCACTATTGGATTCTATTTCTGTACTATGCTAÀCTGTACTGACTGTGTACATATTTCTATATGGAGAÀACC
M L S S T V'I' T I G FY F C T M L T V L T V Y I F L YG E T
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TATCTGGCTTTATCTGGTGTTGGAGAATCAÀTTCAA.AATAGAGCGGATATTATGCAGAATATAGCCCTGACCGTGTTTCTGAACACACAA
YLALSGVGE S I QNRAD IMQN TALTVFLNTQ

T T T C TT T T C CAGAAT GG T GT G T T TACT GCT AT TCCCATGAT T GTAGGT CT CAT CCTGGAAGCT GG T GT C TTGACGG CT T T TG T CAACT TC

EL FQNGV FTA I PMIVGL I LEAGVLTAFVN F

ATTACAATGCAGTTCCAGCTATGTTCTGTGTTTTTCACTTTCTCTCTTGGAACAAGGACTCACTACTTCGGTCGCACAATACTACATGGG
ITMQFQLCSVEFTFS LGTRTHY FGRT I LHG

GGCGCAÀAGTATAGGGCAACTGGTAGGGGTTTCGTGGTGCGGCATATTAAGTTTGCTGAGAÀTTACCGTCTTTATTCCAGAAGCCATTTC
GAKYRATGRG FVVRH I KFAENY RLY S RS H F

GTGA.AAGGGTTGGAGGTTGCACTCTTGTTGGTGATCTTTCTAGCTTATGGGT TTAÀTGATGGTGGTGCGATTGGCTATATTTTACTATCC

VKGLEVALLLVI FLAYGEN DGGAI GY I LLS

ATAAGTAGCTGGTTTATGGCGCTTTCGTGGCTTTTTGCTCCGTATGTTTTCAACCCATCTGGATTTGAATGGCAGA.AGGTTGTTGAGGAT
I S S W E M A L S Vi L FA P Y V F N P S G F E Í'I Q K VV E D

GGACATATCCA,CACTTTTCGTGGGAGGATACTGGAGACTATACTTAGTTTAAGATTTTTCATTTTCCAGTATGGAGTTGTTTACCATATG
GHIQT FRGRI LET ILSLRFFI FQYGVVYHM

GATGCAÀGCGAACCAAGTACAGCATTATTGGTATATTGGGTATCCTGGGCTGTGCTTGGAGGGCTTTTTGTCCTCCTCATGGTATTCAGT
DAS E P S T AL L V Y Í¡] V S WAV I G G L FV], L MV F S

LN PKAMVH FQLLLRLVKS lALLVVLAGL IV

GCA-ATTGTGTCAACACGCCTTAGTTTTACAGATGTACTTGCTTCCATTCTGGCATATGTGCCTACTGGATGGGGAATTCTTTCGATTGCT
A I V S T RL S FT DVLAS I LAYV PT GVI G T L S TA

GTGGCATGGAAACCCATAGTGAÄ.AAGGCTAGGTTTGTGGAAAACAGTGCGCTCTCTTGGTCGACTGTATGATGCCGGCATGGGAATGATC

VAW K P I V K R L G L!{ KTV R S LG RL Y DAG M GM T

ATCTTTGTACCCATAGCCATTTGCTCGTGGTTTCCCTTCATTTCCACCTTCCAGACGCGACTATTGTTTAACCAGGCTTTTAGCAGAGGT
I FVP IAI CSW FP FI S T FQTRLL FNQAFS RG

TTGGAGATTTCTCTCATCCTTGCTGGCCAGGATCAGAATACAGGTGCATGATGGCAGCCTTACAGAACTTTTGAÀTCTTCAGCCAGATCA
IEISLI],AGQDQNTGA*

TGCTTCTCTGTGGCTCGATCGATCCTGGGTTCTCAGTTTAGCTGTAAÄTGTGTATATCTTGATGTTGAGAAGCAGTTATCTGCTATGGTT

4590
1530

4680
1560

411 0
1590

4860
r620

4 950
1650

5040
168 0

F R D W T N W L F Y R G G F G V KG E E S W E AW Í'] D E E ]'
513 0
17 10

5220
L1 40

5 310
71't 0

5400
1800

5490
1830

5580
1B 60

5670
18 90

5760
1906

5850

GTAGCCTGTAGGTGGTGGTGTACACTAAGGACTGGGTACTGATTCATTGTAÄAAAGAACTTGTCGAGTGTTTATGTTAATTTAGACATTG 5 9 4 O

TAGATTTTGGATCTGGTAG'I'GAGAAGTTTGATATTGAGAAATTGATGAGCTAAGTTACTAAGAGAACACCATGGCCTTGGAAATGGAACG 6O 3 O

AATTCATGTAATTAGCCACTTGATGTAGATTGAATAGCAGTACTGATTTATGGATAACCAGGATAGCCTGAAÄÄAAAAAÀÀAAA.AÀÄA 6 1 1 8

Figure 2.8 L7GSLI nucleotide and deduced amino acid sequence (Accession number 4Y286332).
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Chapter 2 - Isolation of a (1 -+3)-fto-glucan synthase cDNA from Lolium multiflorum

like protein (Osmond, 2000) that are both highly expressed also possess a marked

preference for G or C in the wobble base position'

Although introns are ubiquitous and share a high degree of structural and sequence

similarity across species, the signals that specifically define splice sites are not

completely understood, especially in plants. Some conserved short terminal

sequences within introns function in intron splicing and virtually all introns begin

with the dinucleotide GT and end with AG (Green et al., 1991; Moore and Sharp,

1993;Lal et al., 1999). This is true in the case of I. multiflorum where all 10 intron

sequences began with GT and ended with AG. All 10 introns were AT rich and

therefore no evidence for GC rich introns that are often evident in monocot species

(Goodall and Filipowícz, 1989, 1991) was found.

2.3.4 Amino acid sequence ønalysis

The deduced LmGSLI mature protein of 1906 amino acid residues has a predicted

molecular weight of 217,097 Da and a pl of 7 .7. No obvious ER targeting signal

peptide sequence was detected in the LmGSLI sequence and it is unclear where the

NHz-terminal amino acid residue for the mature enzyme is located.

The amino acid sequence of the putative LmGSLI protein was analysed fbr

transmembrane helices using TopPredII software (von Heijne, 1992) and the mature

protein was predicted to contain l4 transmembrane spanning domains (Figure 2.10)

with several other notable features. Firstly, there are two larger regions that are

predicted to be cytoplasmic, one at the NHz-terminal end and the other a large loop

more centrally located. Secondly, comparisons of peptide sequences predicted from

recently identified plant GSZ genes with the LmGSLI sequence reveals a region of

amino acid sequence between the 1300-1530 residues that appears to be highly

conserved across all species examined. This region of sequence conservation lies

within the large centrally located, predicted cytoplasmic loop and it is tempting to

speculate that this region of the protein may contain the catalytic site of the (l-+3)-Þ-

o-glucan synthase enzyme. As a result of this finding some of the proof-of-function

experiments described in later chapters have focussed specihcally on this region of

conserved sequence.
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Extracellular-matrix
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putat¡ve catalytic
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functionalanalyses Cytoplasm

Figure 2.10 Predicted topological profile of LmGSLl. Predicted cytoplasmic

domains indicated with amino acid residue numbers were used in later studies of
function. Putative catalytic region indicated in red. Topology prediction made using

TopPredII software. * Denotes site of RXTG motif, putative UDP-glucose binding site.

750-1476
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Chapter 2 - Isolation of a (l -+3)-fto-glucan synthase cDNA from Lolium multiflorum

An RXTG motif, which has been implicated in UDP-glucose binding (Inoue et al.,

1996), is found in a small loop between transmembrane helices 8 and 9 (Figure 2.10).

A similar motif is found in other higher plant callose synthases (Øshetgaatd et al.,

2002). Comparisons of amino acid sequence from higher plant (l-+3)-B-o-glucan

synthases in the area corresponding to the large centrally located loop revealed a

number of absolutely conserved motifs. These included SET, DEW, PGxPxxGxGKP,

IDxNQDxxxEE and SED, motifs that are positioned on loop, helix, loop,

helix/loop/helix, and loop structural elements, respectively, which were recently

identified by Li et al. (2003) and proposed as residues involved in catalysis. The

LmGSLI protein does not contain the D,D,D,Q,xx,R,'W motif found in the processive

B-glycosyl transferases ofbacteria (Saxena et al., 1990) and the cellulose synthases of

Arabidopsis and barley (Arioli et al., 1998; Burton et al., 2001). Motif searches

conducted on the deduced LmGSLI amino acid sequence using the ScanProsite

program at the Prosite web site (http://www.expasy.chlcgi-bin/scanprosite) revealed

the presence of seven possible N-glycosylation sites, three tyrosine sulphation sites, a

single oAMP or cGMP-dependent protein kinase phosphorylation site and multiple

protein kinase C, Casein kinase II and tyrosine kinase phosphorylation sites (data not

shown), Multiple N-myristoylation sites and a possible leucine zipper were also

detected in the deduced peptide sequence. It should be noted however that all of these

motifs have a high probability of occurrence and may not necessarily mean that

phosphorylation, myristoylation, etc. occurs at these sites

The deduced amino acid sequence of LmGSLI was aligned with other predicted full

length GSL proteins from Arabidopsis, rice, barley, cotton, tobacco and yeast to

establish the phylogenetic relationships between various GSL proteins (Figure 2.11).

The ryegrass GSL1 protein is grouped closely with the barley HvGSLI protein, the

rice OsGSLS protein, the cotton GhGSLI protein and the AtGSL1O protein of

Arabidopsis. The GSI genes, AIGSLI, AIGSLS, OsGSL2 and OsGSL3, which are

predicted to have two or less introns in their genomic sequence, group together on a

separate branch of the phylogenetic tree when the deduced amino acid sequences for

these genes are compared. The yeast FKS I protein is only distantly related to the

plant GSLs as evidenced by its isolated position on the unrooted phylogenetic tree

(Figure 2.1 1).
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AtGSL4

ScFKS 1

AIGSLl

AtGSL5

OSGSL2

OsGSL3

AIGSL 1O

GhGSLI

OSGSLS

HvGSLI

LnrGSLl

AIGSLS

OSGSLl

OsGSL4

AIGSLl l

AtGSLT

AIGSLl2

AIGSL9

AtGSL3

AIGSL6

OSGSL5

AIGSL2

NaGSL 1

01

PHYLIP 1

Figure 2.11 Unrooted phylogenetic tree of deduced peptide sequences of putative (l-+3)-p-n-glucan
ryñthur.r. Deduced peptide sequences used in alignment are ScFKSI Saccharomyces cerevisiae FKSI
(Accession number U12893), OsGSLI Oryza sativa GSLI (Accession number 4P001389)' Oryza sativa

GSL2 (Accession number 
^P003223), 

Oryza sativa GSL3 (Accession number 4P003268)' Oryza sativa

GSL4 (Accession number AP003447), Oryza sativa GSL5 (Accession number 4P003454), Oryza sativa

GSLS (Accession number 88040137), Arabidopsis thaliana GSLI (Accession number ÃF162444)'

Arabidopsis thaliana GSL2 (Accession number 4C006436), Arabidopsis thaliana GSL3 (Accession

number AC006223), Arabidopsis thaliana GSL4 (Accession number 48023038), Arabidopsis thaliana

GSL5 (Accession number 4C005 142), Arabidopsis thaliana GSL6 (Accession number ÃF237733),

Arabidopsis thaliana GSLT (Accession number 4C007592), Arabidopsis thaliana GSL8 (Accession

number AC006922), Arabidopsis thaliana GSLS (Accession number 48025605), Arabidopsis thaliana

GSLI0 (Accession number 4C012395), Arabidopsis thaliana GSLII (Accession number 
^L163527),Arabidopsis thaliana GSLI2 (Accession nurnber 4L353013), Nicotiana alata GSLI (Accession number

AF304372), Gossypiunt hirsutum GSLI (Accession number 4F0857 l7), Hordeum vulgare GSLI
(Accession number AY177665) and Lolium multiflorum GSLI (Accession number AY286332).
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2.3.5 The GSL geneÍømily

Southern analyses of L. multiflorum genomic DNA probed with the LnGSLI cDNA

suggests the GSZ gene, LmGSLl, is a single gene or part of a small gene family, based

upon the number of hybridising bands detected on the probed blot (Figure 2.12).

However, the presence of 12 and l3 G,SZ genes in Arabidops¿s and rice, respectively,

would indicate plants contain a moderately sized family of GSZ genes. Alignment of

the LnGSLI oDNA sequence with sequences in barley EST libraries has revealed that

there are at least seven individual genes in the barley genome homologous to the

putative callose synthase gene. The Southern blot(Figure 2.12) was washed at high

stringency (0.Ix SSC at 65'C) and the probe used has homology with the 3' end of the

ryegrass oDNA where there is often sequence divergence in homologous genes. This

may explain the low number of bands observed on the Southern blot. Other Z.

multiflorum G,SI genes might not be detected under these conditions and it can be

concluded that the Southern analysis (Figure 2.12)has probably underestimated the

number of GSI genes in ryegrass.

2.3.6 Expression of the LmGSLI gene in Lolium multiflorum

Given the likelihood that multiple G^lZ genes exist in the L. multiflorum genome,

LnGSLI gene-specifrc primers were designed for the analysis of mRNA levels of the

LnGSLI gene, utilising two PCR based techniques. Quantitative (real-time) PCR was

used in a comparative study of LnGSLI mRNA levels in young leaf, mid leaf, old

leaf, and in endosperm suspension cultures four, eight and twelve days post-

subculture. LwGSLI mRNA was detected in all the leaf tissues examined but

expression was greatest in the young leaf tissue, lowest in the mid leaf tissue and was

elevated slightly in the older leaf tissue. The younger suspension cultures had

maximal LwGSLI mRNA levels, which declined with age (Figure 2.13). Younger

plant tissues would be expected to contain more cells that are undergoing division and

rapid cell growth per gram of fresh weight than their more mature counterparts and if
the LwGSLI gene were involved in the formation of callose at the cell plate or in
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Figure 2.13 LmGSLl mRNA levels in ryegrass tissues. LwGSLI mRNA levels decline
with age in leaf tissue and are higher in suspension cultured endosperm cells 4 days post-

subculture compared with older cultures when normalised as a ratio of LwGAPDH
expression,
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other specialised cell types, one might expect LnGSLI expression to be greater in

these tissues

RT-PCR was used to measure LmGsLl transcription in a semi-quantitative fashion in

various tissues of L. multiflorltm. Two control genes, LwGAPDH and LnSSRNA,

were also amplified in these experiments for comparison of expression levels of

housekeeping genes that are reported to be relatively uniform in most tissues

(Edwards and Denhardt, 1985; Vandesompele et al., 2002). LnGSLI mRNA was

detectable at low levels in nearly all the tissues examined (Figure 2.14). The RNA

from older leaves and roots appears to be present at a lower level than the other

tissues examined, based upon the intensity of bands observed in the two control

panels. This may be related, in paft, to the fact that high quality RNA was routinely

more difficult to extract from these tissues.

2.3.7 Mapping a/LmGSLl

L multiflorum and L. perenne are very closely related in evolutionary terms and both

possess l4 chromosomes. Mapping experiments were undertaken by Dr. John Forster

at the Cooperative Research Centre for Molecular Plant Breeding, La Trobe

University, Victoria, Australia using a L. perenne population, as access to a L'

multiflorum mapping population could not be obtained. Initial results obtained from

mapping experiments in perennial ryegrass failed to map the L%GSLI gene to a

specific chromosomal location in the Lolium genome even though a clear segregation

pattern of a restriction length polymorphism (RFLP) was observed in the EcoRV

digested DNA of the heterozygous North Africano x Aurora6 mapping lines (Figure

2.15) and the North Africane x Aurora6 Fl two-way pseudo-testcross mapping

populations (Figure 2.16). Although at least two polymorphisms were detected in the

Aurorao parental line a lack of RFLP markers located in a position more distal to

where the LnGSLI probe hybridised meant that a final position could not be

accurately determined. Latet, as more markers were placed on the genetic map, the

L6GSLI RFLP locus could be integrated, and was located on the long arm of

chromosome LG4. This is in agreement with findings in barley, where The HvGSLI

gene is located in a syntenous position on the long arm of the homeologous

chromosome 4H (Ms. Jing Li, University of Adelaide, personal communication)'
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Figure 2.14 Semi-quantitative analysis of LmGSLt mRNA levels. RT-PCR products

weie subject to agarose gel electrophoresis after 30 cycles of PCR. Panel A LnGSLI
mRNA lêvels, B LnGAPDH mRNA levels, C LnSSRNA mRNA levels. Note that

relative intensities of bands provide only a semi-quantitative indication of relative

mRNA levels.
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Figure 2.15 Perennial ryegrass mapping lines hybridised with the LwGSLI
prón.. DNA from North Africano x Aurora6 mapping lines was digested with the

iestriction enzymes DraI, EcoRI, EcoRV and HindIlI. A clear polymorphism rvas

detectable in EcoRV digested DNA, as indicated with arrows. Image courtesy of Dr.

John Forster.
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Figure 2.16 North Africano x Aurora6 Fl two-way pseudo-testcross mapping

pJpulations hybridised to the LmGSLl probe. Genomic DNA from 57 Fl progeny of a

Ño.ttr Africano x Aurorao cross were digested with EcoRV electrophoresed and blotted onto

nylon membrane. The [oJ2P]dCTP labelled LnGSLI probe was hybridised to the

membranes which were washed to high stringency. Image courtesy of Dr. John Forster.

7l



Chapter 2 - Isolation of a (l -+3)-þD-glucan synthase cDNA from Lolium multifl orum

2.4 SUMMARY AND CONCLUSIONS

A near full-length çDNA sequence, designated LmGSLl, was determined from three

overlapping cDNA clones after the 5' end of the L%GSLI gene rù/as located by

walking stepwise through genomic DNA. The oDNA, found in a wide range of z'

multiflorum tissues, was identified as a putative GSL gene based upon DNA sequence

homology to the yeast FrKSl gene and other recently identified plant GSI genes' The

L^GSLI cDNA has an AT bias although the 5' end is quite GC rich. The genomic

sequence contains a large number of introns. The cDNA encodes a latge, 217 l<Da,

integral membrane protein that possesses two comparatively large, predicted

cytoplasmic domains. L^GSLI appears to be part of a medium sized gene family

based on genome sequencing results from Arabidopsis and rice, which contain 12 and

13 GSL genes respectively. Genome sequencing of L. muttiflorum wottld provide a

definitive answer to the question of gene copy number. The L%GSLI gene lies on the

long arm of chromosome LG4, which is consistent with the finding that the

homologous HvGSLI gene of barley lays in a syntenous position on the long arm of

the barley homeologous chromosome 4H. The sequencing of genomic DNA from the

5, end of the LmGSLl gene revealed the presence of multiple introns in this region of

the gene and indicates that the gene, like many of the GSZ genes identified in

Arabidopsis and rice, may contain as many as 48 introns. The L%GSLI gene is

transcribed at low levels in all tissues examined, but expression appears to be slightly

greater in tissues such as young leaf and recently subcultured endosperm cells' where

cells are rapidly dividing.

The mature LmGSLI protein of 1906 amino acid residues does not contain the

D,D,D,QxxR,W motif found in the processive p-glycosyl transferases of bacteria

(Saxena et ol., 1990) and the cellulose synthases of Arabidops¿s and barley (Arioli e/

al., 1998; Burton et a1.,2001). Like the FKS1 and AtGSL5 proteins, the LmGSLI

protein encodes a putative uDP-glucose binding site that is located in the f,rfth

cytoplasmic domain of the deduced protein (amino acid residues 1595-1598, RXTG;

Inoue et al., 1996; Cui et at., 2001). No evidence of a calmodulin-binding domain

reported to be present in the cotton GhGSLI protein (Cui et al', 2001) could be

detected in the LmGSLI protein. LmGSLI shares a number of absolutely conserved
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motifs with the barley HvGSLI sequence; these have been proposed as catalytic

residues. These include sET, DEW, PGxPxxGxGKP, IDxNQDxxxEE and sED,

motifs that are positioned on loop, helix, loop, helix/loop/helix, and loop structural

elements, respectively (Li et at., 2003). Other frequently occurring motifs were also

identified in the LmGSLI protein. In evolutionary terms the ryegrass GSL1 protein

appears to be most closely related to the barley HvGSLI protein and the rice OsGSL8

protein when compared with peptide sequences cuffently available in public

databases. The LmGSLI deduced protein shares 91% identity with the barley

HvGSLI deduced protein but there are regions including amino acid residues 1300-

1530 where there is 100% identity and accordingly other regions where the sequence

is less conserved. Two large cytoplasmic domains were predicted at the amino

terminal and at the centre of the LmGSLI protein and tracts of sequence conservation

were found to coincide with the more centrally located cytoplasmic domain'

Consequently, these domains were the focus of further study into the function of the

GSI genes in plants by attempts to demonstrate callose synthase activity when these

two large cytoplasmic domains were expressed in heterologous expression systems'

The GSI cDNA described here was isolated from Z. multiflorum but the availability

of systems for the analysis of gene function are poor in this species when compared

with barley and Arabidop.sis so functional analyses were conducted in these species

where greater resources for this type of work were available. Experiments in which

the two large cytoplasmic domains of the homologous barley HvGSLI gene were

studied using heterologous expression systems are described in the next chapter.
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CHAPTER 3

HETEROLOGOUS EXPRESSION OF A
BARLEY (1+3)-B-I-GLUCAN SYNTHASE

74



Chapter 3 - Heterologous expression of a barley (1->3)-þo-glucan synthase

3.1 INTRODUCTION

Heterologous explession systems can be used as a means to produce recombinant

proteins in relatively high abundance and purity, provided a cDNA encoding the

protein has been isolated. Thus, heterologous expression may negate the need for

lengthy purification processes when an enzyme of interest is extracted from the tissue

in which it normally resides. Various expression systems have been developed,

including systems based upon bacterial, yeast, insect, plant and animal cells (Frommer

and Ninnemann, 1995; Dreyet et al., 1999). E. coli based systems offer the

advantages that they are relatively rapid and straightforward to culture and that they

often express recombinant proteins at a high level. The disadvantages of this system

are that the expressed protein may be misfolded, resulting in the loss of or an

alteration in its activity. Furthermore, essential amino acid modifications may not be

effected in the heterologous host cell, and this could also lead to reduced activity or

incorrect folding. Misfolded proteins often aggregate and precipitate from solution as

,,inclusion bodies". Despite the availability of procedures for the dissolution of

insoluble proteins in inclusion bodies, including the use of powerful chaotropic

agents, activity is seldom recovered. Membrane bound plant proteins have been

expressed successfully in E. coli but they have generally been small in size, possess

only a single transmembrane helix and have mostly been transporter proteins (Dreyer

et al., 1999; Sauer et al., 1990). Mammalian systems, whilst not expressing

recombinant proteins to the same level and being technically more demanding in

terms of culture, do offer the advantage that expressed proteins are subjected to post-

translational modifications typical of eukaryotic systems (Barnes et al', 1994;

Rossmann et al., 1996; Kammerloher et al., 1994; Geisse et al., 1996; Daniel and

Carling, 2002) and this increases the chance of producing a functional plant

recombinant protein.

The (1-+3)-B-o-glucan synthase of the human pathogenic mold Aspergillus

fumigatus, AfFKSlp, has been the focus of heterologous expression experiments'

However, the recombinant proteins were not assayed for activity but rather were used

for antibody production (Beauvais et al., 2001). Attempts to produce the entire l'

fumigotus FKSIp protein using the baculovirus expression system failed because
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transcription in the insect cell resulted in the production of a truncated mRNA

(Beauvais et al., 2001). The conserved hydrophilic internal fragment (amino acid

residues 841 to 1265) of the A. fttmigatus FKSIp amino acid sequence was expressed

in E. coli. A GST fusion protein with a molecular size of 74 kDa was produced, this

released a polypeptide of 48 kDa after human thrombin digestion, corresponding to

the expected molecular size of the AffKS lp fragment (Beauvais et al., 2001). The

NHz-terminal fragment of AfFKSlp (amino acid residues I to 387) was also be

expressed in E. coli, but in contrast, expression of the COOH-terminus was

unsuccessful (amino acid residues 1441 to 1904; Beauvais et a1.,2001).

The generation of a tagged protein in which a protein of interest is synthesised with a

short affinity tag attached at either the NHz- or COOH-terminus provides a convenient

method for the purification of heterologously expressed proteins. For example, poly-

histidine tags allow efficient purif,rcation of an expressed protein via immobilized

metal afhnity chromatography (Janknecht and Nordheim, 1991). The fusion of the

protein of interest to another protein, often permits the synthesis of otherwise poorly

translated polypeptides. Fusions that increase the solubility of a protein have also

been used with some success in heterologous expression systems (Guan et al., 1998;

Maina et al., 1988). The main disadvantages of tagged or fusion-protein technologies

are that liberation of the passenger proteins following purification, if attempted, often

requires protease treatment (e.g. Factor Xa or enterokinase). Cleavage is rarely

complete, yields are therefore reduced and additional steps may be required to obtain

an active product.

In the previous chapter, analysis of aligned multiple peptide sequences of putative

(1-+3)-B-o-glucan synthases revealed regions that were highly conserved. One might

speculate that these regions form part of the catalytic site in these large membrane-

bound proteins, although it must be remembered that no group has yet demonstrated

that purified callose synthase enzyme can actually synthesise (1-+3)-B-o-gb,rcan in

vitro. Li et at. (2003) identified a number of absolutely conserved motifs in the barley

HvGSLI protein including SET, DEW, PGxPxxGxGKP' IDxNQDxxxEE and SED'

All are positioned on a large centrally located loop, which Li et al. (2003) propose as

the catalytic site of the barley (1+3)-Þ-o-glucan synthase. To assess the hypothesis
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that the catalytic site of the (l-+3)-B-o-glucan synthase eîzyme is located in this

region, peptides from the two larger predicted cytoplasmic regions of the barley

HvGSLI protein (Figure 3.3) were expressed in E. coli and in the human embryonic

kidney cell line, 293T, and (1-+3)-B-o-glucan synthase activity was subsequently

measured in cell homogenates. The expression of the fuIl-length barley HvGSLI

protein, which is 1906 amino acid residues long, could not be undertaken because the

cDNA encoding the HvGSLI protein was not available as a single molecule but rather

as six, separate overlapping clones. The results of the heterologous expression of

barley HvGSLI oDNA fragments are described below.
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3.2 MATERIALS AND MBTHODS

3.2.1 Mulerials

plasmids containing fragments of the barley HvGSLI oDNA were kindly provided by

Ms. Jing Li (Department of Plant Science, University of Adelaide, Australia). Dr.

Tim Adams (CSIRO, Division of Health Sciences and Nutrition, Parkville, Australia)

generously donated the mammalian cell expression vector pME18S and performed the

transient transfection and subsequent expression experiments in the human embryonic

kidney cell line, 2g3T. Mr, Michael Schober (Department of Plant science,

University of Adelaide, Australia) kindly donated a microsomal membrane

preparation extracted from endosperm cultures of Lolium multiflorum.

Restriction enzymes and BSA were from New England Biolabs (Beverly, MA, USA)'

NucleoSpin Extract kit was purchased from Macherey-Nagel (Duran, Germany)'

Expand DNA polymerase and Complete protease inhibitor was supplied by Roche-

Diagnostics (Basel, Switzerland). Plasmids pDONR2O1, pDESTl7, custom

oligonucleotides, mouse Anti-His-HRP Antibody, Novex precast 4-20% Tris-glycine

gradient gels, SeeBlue Plus 2 molecular weight standard, Gateway clonase enzymes'

Dulbecco's Modified Eagle Medium, Nutrient Mixture F-12 (DMEM/F-12) and

Lipofectamine 2000 were from Invitrogen (Carlsbad, CA' USA). E' coli strains

DH5o andBL-Z|were from Stratagene (La Jolla, CA, USA). DEAE Sepharose CL-

68 resin was from Pharmacia (Peapack, NJ, USA). Tryptone and yeast extract were

obtained from Becton-Dickinson (Sparks, MD, USA). RNase H, glucose, EGTA,

SDS, kanamycin, ampicillin, chloramphenicol, Trizma-base, IPTG' imidazole,

mercaptoethanol, bromophenol blue, polyacrylamide, Coomassie Brilliant Blue R,

urea, BSA, cellobiose, NaPoa, KHzPOq, KzHPO¿ and UDP-glucose were from

sigma-Aldrich (St. Louis, MD, USA). Glycerol, glycine, Tween 20, Triton x-100,

CaClz and NaCl were obtained from Merck (Whitehouse Station, NJ, USA). LMW

SDS Marker kit and UDP-D-¡U-lac1-glucose were purchased from Amersham

Biosciences (Piscataway, NJ, USA). Ni-NTA affinity columns were from Qiagen

(Valencia, CA, USA). NitroBind nitrocellulose membranes were purchased from

Osmonics Inc. (Minnetonka, MN, USA). Goat Anti-Mouse IgG-HRP conjugate'

luminol and p-coumaric acid was purchased from Biorad (Hercules, CA' USA)' RX
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X-ray film was from Fuji Photo Film co. (Tokyo, Japan). Plasmid pGEM T-Easy

was obtained from Promega (Madison, WI, USA). Ecolume scintillation fluid was

from ICN (Costa Mesa, CA, USA). Foetal calf serum was from JRH Biosciences

(Lennexa, KS, USA). Six-well tissue culture plates were from Nunclon (Rochester,

NY, USA). Enhanced green fluorescent protein expression plasmid pCMS-EGFP was

from Clontech (Palo Alto, CA, USA).

3.2.2 Restriction enzyme digestion of plasmid DNA

Plasmid DNA (5 pg) containing HvGSLI oDNA fragments was digested in 20 ¡rl

containing 0.5 prl restriction enzyme and lx reaction buffer (supplied) at 37"C (unless

specified otherwise) for 2-4 h. Where double digests were performed,0.5 pl of each

enzyme was added and the manufacturer's buffer recommendation was followed.

Restriction enzyme combinations that could not be used in double digests due to

incompatible buffer conditions were digested sequentially and purified in between

using a NucleoSpin Extract kit. Restriction fragments were routinely isolated by

1.2% (wlv) agarose gel electrophoresis, gel excision and purification using a

NucleoSpin Extract kit.

3.2.3 PCR ampli!ícøtion of HvGSLI cDNA frøgments incorporating
reco mbinsl io n sig nal s eq uences

Two PCR primer sets were designed, incorporating overhanging "Gateway"

recombination signal sequences and HvGSLl oDNA sequence' Primers, YlF and

YIR(Appendix B), were used to amplifo an approx. 1 kb portion of the HvGSLI

cDNA (nucleotide position 54-1003 bp; Region A, Figure 3.3) from two overlapping

HvGSLI restriction fragments, employing an end-fill PCR approach. Similarly,

primers Y2F and Y2P. (Appendix B) were used to amplify an approx. 2 kb fragment of

the HvGSLI oDNA (nucleotide position 2253-4396 bp; Region B, Figure 3'3) from a

plasmid containing a larger HvGSLI cDNA.

HvGSLI DNA restriction fragments or plasmid DNA (0.5 pg) were used as PCR

templates in 25 ¡rl reaction volumes using a final concentration of 300 nM primers,

200 pM each dNTP, 0.1 U Expand DNA polymerase and lx Expand buffer with 1.5
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mM MgClz (supplied). Reactions were conducted in a DNA Engine Tetrad thermal

cycler (MJ Research, Reno, MV, USA) under the following conditions: 94oC for 30

sec followed by 35 cycles of 94'C for 30 sec, an annealing temperature of 65oC for 30

sec and an extension time of I or 2 min at 72"C (depending upon length of expected

product). For end-f,rlling reactions five cycles of PCR were conducted in the absence

of primers. Primers were added to the reaction mix and the cycling conditions

described above were followed. PCR products were isolated by 1.2% (w/v) agarose

gel electrophoresis, gel excision and purification using a NucleoSpin Extract kit'

3.2.4 Donor vector recombinøtion reactions

Purified PCR products (100-200 ng) incorporating "Gateway" recombination signal

sequences were recombined into the pDONR2O1 vector (100-200 ng; Figure 3' l) via

the Gateway cloning BP reaction in a 10 ¡rl reaction volume with 2 ¡rl BP reaction

buffer (supplied) and 1 ¡rl BP clonase enzyme mix' The recombination reaction was

left for 16 h at 25"C andwas stopped by heating to 94'C for 5 min'

3.2.5 Trønsþrmation ofV. coli óy electroporation

E. coli were prepared and transformed as described in section 2'2'14, except that

cultures contained kanamycin at a concentration of 50 ¡rg.ml-r instead of ampicillin'

3.2.6 PlssmidDNAmini-preparations

plasmid DNA was extracted from ovemight cultures as described in section 2'2.15.

3.2.7 DNA sequencing øntl sequence analysis

DNA sequences were determined by the Max-Planck-Institut fi.ir Züchtungsforschung

(MPIZ) DNA core facility on Applied Biosystems (Weiterstadt, Germany) ABI Prism

377 and 3700 sequencers using BigDye-terminator chemistry. Premixed reagents
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ccdB

pDO N R'*

Comments for:

rrnB T2 transcription lermination sequence (c):

rrnB T I transcription terminat¡on sequence (c):

Recommended forward Priming site:

attPl:
ccdB gene (c):

Chloramphenicol resistance gene (c):

anP2 (c):

Recommended reverse Pr¡m¡ng site:

Kanamycin resis tance gene:

Gentamicin resis tânce gene (c):

pUC origin:

(c) = complementary strand

pDONR r"2ol

4470 nucleotides

73-l 00

232-275
300-324
332-563
959-1764
1606-2265
2s13-77 44
2769-2792
2868-3677

3794-4467

lnvitrogen

Figure 3.1 pDONR201 cloning vector. The HvGSLI oDNA fragments with their

inãorporated recombination signal sequences replace the ccdB gene and the

chlorämphenicol resistance gene, CmR between the attPl and attP2 sequences during

the BP recombination reaction.
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were from Applied Biosystems. Oligonucleotides were purchased from Invitrogen'

cloned inserts in pDoNR20l were sequenced with ENT5 and ENT3 primers

(AppendixB). Data from automated sequencing was analysed as described in section

2.2.21.

3.2.8 Generation ofv, coli expression conslructs by recombination

Both HvGSL.l cDNA fragments were transferred from the pDONR201 cloning vector

into the E. coli expression vector, pDEST1T (Figure 3.2). Purified pDoNR201

plasmid DNA containing the HvGSLI cDNA fragments (100-200 ng) was recombined

into the pDESTIT destination vector (100-200 ng) via the gateway cloning LR

reaction in a 10 pl reaction volume with 2 pl LR reaction buffer (supplied) and 1 pl

LR clonase enzyme mix. The recombination reaction was left for 16 h at 25'C and

was stopped by heating to 94"C for 5 min. The newly recombined expression

construct (l ptl) was used to transform E. coli DH5cr, electrocompetent cells as

described in section 2.2.14 and DNA was purified as described in section 2'2'15'

Restriction mapping was used to confirm that recombination reactions were

successful.

3.2.9 Expression of barley peptides in E' coli

Purified plasmid DNA (l pg) verihed by restriction mapping was used to transform E'

coli BL-21electrocompetent cells as described in section 2.2.14. Isolated colonies

were cultured for 16 h in 3 ml Terrific broth (100 ml0.l7 M KHzPOq, 0.72}d K2HPO+

was added to 900 ml base broth; 1.33% w/v tryptone,2'66%o w/v yeast extract, 0'44%

v/v glycerol) containing 100 pg.ml-r of ampicillin and 50 prg.ml-rchloramphenicol at

37'C with shaking. Overnight culture (1 ml) was used to seed a larger 40 ml culture

for expression of the recombinant proteins. The culture media and selection

parameters were as described above. Cultures were grown at37oC with shaking until

an A6se of 0.6 was reached, at which point, a glycerol stock of the culture was

prepared and 750 ¡rl of the culture was stored as a control. Cultures were placed on a

platform shaker at 24"C and 6 ¡rl 1 M IPTG was added to induce expression
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Ð

Comments for pDEST'rl7
6354 nucleotides

T7 promoter: bases 2140
Ribosome binding site (RBS): bases 86-92
lnitiation ATG, bases 101-103
6xHis tag: bases 113-130
affRl: bases 140-264
Chloramphenicol resistance gene (CmR). bases 373-1032
ccdEì gene: bases'1374-1679
altR2: bases 1720-1844
T7 transcripbon termination region: bases 1855-1S83

b/a promoter: bases 2471-2569
Ampicillin (b/a) resistance gene: bases 2570-3430
pBR322 origin. bases 35754248
ROP ORF. bases 4619-4810 (C) lnvitrogen

Figure 3.2 pDESTlT E. cotí expression vector. The HvGSLI cDNA fragments

from ttre pDO\R2O1 vector replace The ccdB gene and the chloramphenicol resistance

gene, CmR between the atlRl and attR2 sequences during the LR recombination

ieaction. The recombination reaction creates a construct that when expressed contains

an ATG start codon, an NHz-terminal 6xHis tag and an in frame HvGSLI peptide with

the T7 terminator sequence.

T7 termattR 2attR 1 c cdBCm"

pDEST',"17
6354 bp

ATG 6xH is
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of the recombinant proteins. cultures were incubated at 24"C fot 4 h and 500 ¡rl

culture was stored at -20"C. E coli were pelleted by brief centrifugation and the

supernatant was discarded.

3.2.10 Purification of His-tagged barley peptides

All purihcation steps were carried out at 4oC and the recombinant His-tagged proteins

were purifred using Ni-NTA affinity columns. IPTG induced culture (15 ml) was

briefly centrifuged in a bench top centrifuge to separate the soluble fraction from the

pellet containing the insoluble fraction. The pellet was resuspended in I ml sodium

phosphate buffer, 50 mM Na2HPO4/50 mM NaHzPO+, pH 7.0, containing 300 mM

NaCl and was kept on ice. Buffer containing imidazole at 10 mM, 5 mM and 1 mM

,was prepared. Resuspended pellets were sonicated twice for 20 sec to lyse the cells'

Cellular debris was pelleted by centrifugation at 16,000 g for 30 min and supernatant

was transferred to a chilled eppendorf tube. Ni-NTA columns were equilibrated by

the addition of 600 pl 50mM sodium phosphate buffer, pH 7'0, containing 300 mM

NaCl and imidazole, and the column was centrifuged for 1 min at 800 g according to

the manufacturer's instructions. Cell lysate (600 pl) was added to the column and the

column was centrifuged for I min at 800 g' The column was washed three times by

the addition of 600 prl 50mM sodium phosphate buffer, pH 7.0, containing 300 mM

NaCl and imidazole, and washes were kept on ice. Protein was eluted from the

column with 2x 200 ¡rl 50mM sodium phosphate buffer, pH 7.0, containing 300 mM

NaCl and 250 mM imidazole. To check protein solubility and recovery from

columns, the pellet of cellular debris was resuspended in 500 pl 8 M urea' After

centrifugation for 15 min at 16,000 g the supernatant containing the solubilized

protein fraction was removed.

3.2.11 Polyøcrylamide gel electrophoresis

Proteins were prepared for electrophoresis by boiling for 10 min in 3 mM Tris-HCl

buffer, pH 6.8, containing 20% (v/v) glycerol, 4% (w/v) SDS, 5% (v/v)

mercaptoethanol and 0.0005% (w/v) bromophenol blue. Expression of the

recombinant proteins was assessed by polyacrylamide gel electrophoresis (Laemmli,
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1970) with a 5o/o (wlv) polyacrylamide stacking gel and 12.5% (w/v) polyacrylamide

resolving gel. Proteins were separated at 30-60 rhA in 25 mM Tris-HCl buffer, pH

8.3, containing250 mM glycine and 0.1% (w/v) SDS in a Hoefer SE 250 protein

electrophoresis system (Hoefer Scientific Instruments, San Francisco, CA, USA). In

some instances proteins were separated in Novex 4-20o/o Tris-glycine precast gradient

gels using the same current and buffer conditions described above in a Novex XCell II

minicell electrophoresis system (Novex Electrophoresis, Tokyo, Japan). Gels were

stained for 16 h in Coomassie BrilliantBlue P.in25Yo (v/v) methanol and 7%(vlv)

acetic acid and destained in the same methanol/acetic acid solvent. A LMW SDS

Marker kit containing the proteins phosphorylase (M, 97000), albumin (M. 66000),

ovalbumin (M,45000), carbonic anhydrase (M, 30000), trypsin inhibitor (M, 20100)

and cr-lactalbumin (M' 14400) was used to estimate protein molecular weights'

Alternatively, a SeeBlue Plus 2 pre-stained protein standard was used to estimate

protein molecular weights and contained the following proteins; myosin (M' 250000),

phosphorylase B (M,- 148000), BSA (M,98000), glutamic dehydrogenase (M,64000),

alcohol dehydrogenase (M, 50000), carbonic anhydrase (M, 36000), myoglobin red

(M,22000), lysozyme (M, 16000), aprotinin (M.6000) and insulin B chain (M' 4000)'

3.2.12 Vl/estern ønalysis of tøgged harley peptides

Tagged proteins were transferred from polyacrylamide gels (section 3.2.11) to

NitroBind nitrocellulose membranes and were detected with a monoclonal antibody

raised against a His-tag or c-Myc tag. Proteins were transferred from polyacrylamide

gels using a semi-dry blotting system (CBS Scientific, Del Mar, CA, USA) under a

constant voltage (100 V) for I h. Filters carrying the proteins were blocked with lx

TBS, (0.05 M Tris-HCl buffer, pH7.4, containing 0.15 M NaCl) containing 4% (wlv)

BSA and 2% (vlv) Tween 20. The filters were incubated with mouse Anti-His-HRP

Antibody or Anti-c-Myc-HRP Antibody gBll diluted l:10000 in lx TBS containing

0.05% (v/v) Tween 20 and l% (wlv) BSA for l6 h at 4'C with gentle rocking. Filters

were rinsed three times in lx TBS for 3 min. The filters were incubated with Goat

Anti-Mouse IgG-HRP conjugate diluted 1:2000 in lx TBS containing 0.05% (v/v)

Tween 20 and, l% (wlv) BSA for 2 h at room temperature with gentle rocking'

Finally, the filters were washed 3x in lx TBS for 3 mins and blotted dry. Filters were

incubated with approx. 15 ml of luminol stockmix (0.1 M Tris-HCl buffer, pH 8.6'
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containing 22.5% ilv luminol and 7 mmol p-coumaric acid) for I min. The filters

were blotted dry and overlayed with RX X-ray film at room temperature for approx.

30 sec using an intensiffing screen. Autoradiographs were developed using an

automated Curix system (Agfa, Greenville, SC, USA)'

3.2.13 Activity of barley peptides expressed in E. coli

Crude cellular extracts containing partially purified proteins were assayed in duplicate

for callose synthase activity using a radiolabelled substrate assay (Bulone et al.,

1995). Radiolabelled substrate, 0.5 pCi UDP-D-[U-roC1-gl.rcose was dried under N2

and a master mix of reaction buffer was used to resolvate the pellet. Purihed proteins

(10 or 100 pl) along with an extract purified from untransformed BL-21 cells were

assayed in 1 ml of reaction buffer containing 5.2 mM CaCIz,2O mM cellobiose and l0

mM UDP-glucose. Reactions were incubated at room temperature for I h on a

rotating incubator before 3 ml 100% ethanol was added and samples were heated to

95.C for 5 min, terminating the reaction. The samples were left to cool to room

temperature and were centrifuged at 5000 rpm for 5 min. Supernatant was discarded

and another 3 ml 100% ethanol was added. This process of washing rù/as repeated

twice more and the pellets were resuspended in 4 ml scintillation fluid. Incorporated

radioactivity was quantified by liquid scintillation counting and activity expressed as

pmol glucose incorporated into ethanol-insoluble material per ¡rl of extract per min.

3.2.14 PCR ømpliJicøtion ofHvGSLl cDNAfragments

A second set of PCR primers were designed to amplify and introduce several unique

restriction enzyme sites for cloning, a Kozac's consensus start sequence, a translation

stop codon and a c-Myc tag into the two predicted cytoplasmic domains of the

HIGSLI cDNA described in section 3.2.3. The primers, hvgsllxhol and

hvgsllReagl (Appendix.B), were used to ampliff the approx. I kb portion of the

HvGSLI oDNA (nucleotide position 54-1003 bp; Region A, Figure 3.3) from the

pDONR2O1 vector described in section 3.2.4. The primers, hvgsl2xhol and

hvgs2Rleagl (Appendix.B), were used to amplify an approx.2 kb fragment of the

HvGSLI cDNA (nucleotide position 2253-4396 bp; Region B, Figure 3.3) from a

plasmid containing this region of the HvGSLI oDNA.
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pCR was conducted as described in section 3.2.3 except the annealing temperature

was reduced to 55'C. Purified PCR products were initially ligated into pGEM T-Easy

as described in section 2.2.13 and inserts were sequenced as described in section

2.2.16 using SP6 andTT sequencing primers (Appendix B)'

3.2.15 Construction of mømmaliun cell expression conslructs

HvGSLI cDNA fragments were excised from pGEM T-Easy with Xhol and EagI

restriction endonucleases under the conditions described in section 3.2.2. The 423 bp

stuffer fragment of the pME18S expression vector was removed with xhol and EagI

restriction endonucleases and the corresponding HvGSLI cDNA fragments from the

pGEM T-Easy vector were ligated into these sites using the ligation conditions

described in section 2.2.13. Both expression constructs were checked by restriction

mapping experiments to conf,trm the presence of the inserts and the plasmids were

used to transform DH5a electrocompetent cells as described in section 2.2'14-

Plasmid DNA was purified as described section 2.2.15 and the DNA was sent to Dr.

Tim Adams at CSIRO, Division of Health Sciences and Nutrition.

3.2,16 Expression of bartey pepîides in mammulian cells

Transient transfection experiments in the human embryonic kidney cell line, 293T,

were conducted by Dr. Tim Adams (CSIRO, Division of Health Sciences and

Nutrition). Briefly, the human embryonic kidney cell line, 293T, was maintained in

Dulbecco's Modified Eagle Medium: Nutrient Mixture F-12 (DMEM/F-12)

supplemented with l0% (vlv) foetal calf serum at37"C under COz'

The day prior to transfection, adherent cells were detached using trypsin-versene, and

were seeded out at 8 x 10s cells per well in 6-well tissue culture plates in a final

volume of 2 ml medium per well. Plasmid DNA (4 pg) in 200 pl serum-free

DMEM/F-12 was mixed with 12 ¡tl Lipofectamine 2000 in 200 pl serum-free

DMEM/F-I2 and was left for 20 min at room temperature. The DNA:lipid mixture

(a00 pl) was added drop wise to a single well of a 6-well plate and left for 4-6 h at

37oC under COz. The supernatant was aspirated and replaced with complete growth

medium (2 ml). Transfection efficiency was monitored by transfecting a plasmid
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expression vector encoding an enhanced green fluorescent protein (EGFP) and

examining cell cultures 24-48 h later by fluorescent microscopy

Culture supernatants were aspirated 48-72 h post-transfection, the cells washed once

with phosphate-buffered saline (l mM KH2POa, 0.15 M NaCl and 3 mM NazHPO¿,

pH7.2),and cell lysates prepared by solubilizing the cell monolayer with I ml of lysis

buffer supplemented with protease inhibitors (20mM HEPES, pH 7.5, containing 150

mM NaCl, |% (vlv) Triton X-100, 1'5 mM MgCl2, 1.0 mM EGTA, Complete

protease inhibitor and 10% (v/v) glycerol). After 30 min incubation on ice, the lysate

was collected, centrifuged for 10 min at 16,000 g to pellet nuclear debris, and frozen

at -7\oC prior to analYsis.

3.2.17 Activity of børtey peptides expressed in mammalian cells

protein levels from crude mammalian cell lysates were assessed by polyacrylamide

gel electrophoresis as described in section 3.2.11. Aliquots of 100 ¡rl of the crude cell

lysates from both expression constructs and an empty vector control were assayed for

callose synthase activity as described in section 3'2'13'
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3.3 RESULTS AND DISCUSSION

Expression of barley peptides in E. coli3.3.1

The larger cytoplasmic region of the barley HvGSLI protein indicated as region B tn

Figure 3.3 contained an area of sequence conservation when compared with other

plant (l-+3)-B-o-glucan synthases and might therefore contain the catalytic site of the

(1-+3)-p-o-glucan synthase enzyme. Fragments of the cDNA from this region and

the other large cytoplasmic region at the NHz-terminus, indicated as region A in

Figure 3.3, were amplified by PCR and recombined into an E. coli expression vector

to determine whether the expression of these fragments could lead to the production

of callose.

For the f,rrst fragment, which corresponded to a large part of the NHz-terminal coding

region of HIGSLI (nucleotide position 54-1003, Region A, Figure 3.3), two

overlapping cDNA fragments were combined as a template in end-fill PCR because a

single clone that covered this region was not available. The two overlapping HvGSLI

çDNA fragments (overlap by approx. 100 bp) were excised from their respective

cloning vectors with restriction endonucleases. An approx. 500 bp HvGSLI fragment

was liberated from pGEM T-Easy with NolI and an approx. 600 bp HVGSLI fragment

was excised from pGEM T-Easy with No¡I (Figure 3.4). The fragments were purified

and combined. End-fill PCR yielded a single HvGSLI cDNA fragment of 1006 bp

(Figure 3.5), which included the recombination signal sequences required for later

experiments and was engineered for expression of the HvGSLI fragment in E. coli.

For the second fragment, which corresponded to a large part of the centrally located

cytoplasmic loop of HvGSLI (nucleotide position 2253-4396, Region B, Figure 3'3),

a pBluescript plasmid containing an approx. 2.6kb HvGSLI cDNA insert was used as

a template in PCR. PCR produced a 2197 bp fragment (Figure 3'6) that also

possessed the recombination signal sequences and was engineered for expression in E.

coli.

The two pCR ampli fied HvGSLI oDNA fragments were separately recombined into

the pDONR201 cloning vector (BP reaction) and vector DNA was sequenced'
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Extracellular-matrix

NHz
1-1497

A B
putative catalytic
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cooH

\ regions used in
functionalanalyses Cytoplasm

Figure 3.3 Topologicat profile of the barley HvGSLI protein. Parts of the
predicted cytoplasmic regions designated A and B were expressed in E. coli and in
mammalian cells. The nucleotide positions encoding the major cytoplasmic regions
are indicated on the diagram and the putative catalytic region is indicated in red. The
topology prediction was made using TopPredII software.

2565-4419
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M12

l kb-

s00 bp -

Figure 3.4 Agarose gel containing HvGSLI restriction fragments purilied for
use as templates in PCR. Faint bands in Lane 1, 500 bp fragment and Lane 2,600
bp fragment indicated by ellipses were purified.
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-2kb

-1 kb

Figure 3.5 Agarose get containing PCR amplifÏed HvGSLI fragments
incorporating recombination signal sequences. Primers incorporating recombination

signal sequences and HvGSLI specific sequence were used to amplifu an approx. 1 kb

fragment from two HvGsLl restriction fragments for expression in E. coli using end-fill
PCR.
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-2 kb
-1 kb

Figure 3.6 PCR amplification of ^ HvGSLI fragment incorporating

reõombination signal sequences. Primers incorporating recombination signal

sequences and HvGSLI spècific sequences were used to amplify an approx' 2 kb

fragment from a HvGsLl restriction fragment for expression in E. coli.
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Sequencing results indicated that the recombination reactions were successful,

introducing the HvGSLI oDNA fragments into the pDONR2Ol vector in the expected

orientation and that both fragments were in the correct frame for expression.

Both of the HvGSLI fragments were transferred from the pDONR201 cloning vector

to the E. coli expression vector, pDESTlT, in a second recombination (LR) reaction.

Recombination into the pDESTlT vector produced two HvGSLI expression plasmids,

pAJl I and pAJl2. Transcription of these plasmids produced HvGSLI peptides with

NHz-terminal histidine tags. Plasmid pAJl l encodes the approx. lkb NHz-terminal

cytoplasmic domain of HvGSLI (Region A, Figure 3.3) whilst pAJl2 encodes the

approx. 2kb central cytoplasmic loop of HvGSLI (Region B, Figure 3.3). The

presence of the HvGSLI fragments in the expression vector was confirmed following

the second recombination reaction by restriction mapping'

Expression of the recombinant proteins was induced in E. coli cultures by the addition

of IPTG, a lactose analogue, which leads to expression of the highly processive T7

RNA polymerase and subsequent high-level expression of the downstream, tagged

protein.

Proteins from the expression cultures were viewed on polyacrylamide gels, which

confirmed that both fhe HvGSLI cDNA fragments in the pDEST1T vector were

expressed (Figure 3.7). Aband of approx. 4l kDa, corresponding to pAJl l, the 1006

bp HvGSLt fragment and attached pDESTlT vector sequence (an additional 52 amino

acid residues), was visible in the induced sample on the polyacrylamide gel (red

ellipse, lane 2). The pAJl2 construct containing the 2197 bp HvGSLI fragment and

attached pDEST1T vector sequence was detected as an approx. 84 kDa band, in the

induced sample on the same polyacrylamide gel (red ellipse, lane 4). Thus, in both

cases the sizes of the major IPTG-induced, expressed peptides were approximately as

expected based upon estimations from the sizes of the cDNA fragments used to create

the expression vectors. The next requirement was to purify the expressed His-tagged

proteins from the E. coli homogenate by affinity chromatography so that assays for

callose synthase could be undertaken on the purified proteins'
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Figure 3.7 Polyacrylamide gel analysis of HvGSLI peptides expressed in E. coli.
Two IlvG^921 oDNA fragments predicted to be cytoplasmic, goresponding to nucleotide
position. 54-1003 bp and nucleotide position. 2253-4396 bp were expressed in pDEST17.

Lane 1; proteins from uninduced culture of AJ11 (54-1003 bp) and Lane 2; proteins from
induced culture of pAJl l (5a-1003 bp). Lane 3; proteins from uninduced culture of
pAJl2 (2253-4396 bp) and Lane 4; proteins from induced culture of pAJ12 (2253-4396
bp). M molecular weight size standards. In lanes 2 & 4 prominent bands of the expected

size for the recombinant HvGSLI peptides are evident, red ellipses.
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3.3.2 PuriJication of børley peptides expressed in F,-coli

Purification of the histidine-tagged HvGSLI proteins was attempted using affinity

columns in which the six histidine residues present in the recombinant fusion protein

are bound to a chelating nickel resin (Janknecht and Nordheim, 1991). The soluble

fractions in which the recombinant proteins were detected (section 3.3.1) were applied

to Ni-NTA columns with low concentrations of imidazole (10 mM, 5 mM and I mM).

The binding strength of the proteins to the affrnity column is reduced with the higher

concentrations of imidazole. A balance between the level of protein purity and

protein recovery can be achieved using the different concentrations of imidazole.

Unbound proteins were washed through the column and the bound histidine-tagged

recombinant protein was eluted from the column by applying a high concentration of

imidazole (250 mM). Proteins eluted from the column were separated on

polyacrylamide gels. A number of weak protein bands were visible in the gel (lanes 3

& 6; Figure 3.8) but the expected HvGSLI polypeptides of 41 and 84 kDa were not

visibly enriched. Following this poor purification result, a sample from the insoluble

protein fraction was dissolved in 8 M urea so that the insoluble proteins might be

analysed by SDS-PAGE. Proteins in retained washes from the purification process

and urea-solubilized proteins were separated on a polyacrylamide gel, which revealed

that most of the His-tagged HvGSLI proteins were present in the insoluble fraction

(data not shown). The aggregation of recombinant proteins into insoluble inclusion

bodies has been well documented in E. coli (Wingfrelcl et ctl., 1999; Dreyer et al ,

1999; Zhang et al., 1998). In attempts to overcome this problem, the expression

experiments were repeated with the induction temperature lowered from 24C to

16oC, because this has been reported to aid in solubilization of expressed proteins in

E. coli (Hanet at., 1999; Huang et al., 1998; Weickert et al., 1997). Holever, no

difference was observed using this modification of the procedure.

The detection of bands of the expected size, corresponding to the HvGSLI fragments,

in the purified fiactions would provide evidence that purification enriched the

expressed proteins even though the HvGSLI proteins were largely insoluble. 
^

western blot of the fractions from the purification procedure rù/as therefore prepared

and an Anti-His tag monoclonal antibody was used to probe the blot for proteins

containing multiple histidine residues (data not shown). Faint bands of 41 and 84 kDa
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were detected in the purified fractions but much of the antibody signal was detected in

the soluble and unbound fractions, probably as a result of the greater abundance of

proteins that were present in these fractions. Antibody also bound to the marker track,

which suggested that the antibody was binding non-specifically. Western analyses

did not clearly indicate that purification procedures were successful but the non-

specific binding of the Anti-His monoclonal antibody may have masked any

purification by obscuring detection of the anticipated HvGSLI peptides on the blot.

As a result, activity assays were performed on the partially purified extracts'

3.3.3 Activity of børley pepticles expressed in E. coli

Partially purified proteins from the pAJll and pAJl2 induced cultures were eluted

from NiNTA columns and assayed for callose synthase activity using a radiolabelled

substrate assay. In this assay radiolabelled toc-glu"ose is incorporated into newly

synthesised (1-+3)-B-o-glucan, which is ethanol-insoluble, from the radiolabelled

substrate, UDP-[U-l4c]-O-glucose. The reaction can be summarised as follows:

(G)^+UDPGlc = (G)n*r +UDP

where G is a glycosyl residue and n in the degree of polymerisation of the (1-+3)-B-o-

glucan chain. A Lolium multiflorum microsomal membrane preparation was obtained

for use as a positive control in the assays (Mr. Michael Schober, Department of Plant

Science, University of Adelaide) and an aliquot of this preparation was boiled as a

negative control. The results of the assays are presented graphically in Figure 3.9.

No significant callose synthase activity was detected in either of the purified extracts

containing the HvGSLI recombinant peptides. The unboiled positive control

exhibited activity typical of L. multiflorum microsomal preparations (Mr. Michael

Schober, personal communication).

The catalytic region of plant callose synthase enzymes has not yet been identified.

Some predictions regarding the catalytic residues in the barley callose synthase

enzyme have been made using computer aided modelling and from amino acid

sequence comparisons to other glycosyl transferases (Li et al., 2003)' The models

suggest that the barley callose synthase enzyme is more closely related to the family
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Figure 3.9 Callose synthase enzyme assays conducted on partially purified IIvGSLI
reõombinant peptides expressed in E, coti. The positive control is a microsomal

membrane preparation extracted from Hordeum vulgare endosperm suspension cultures.

Plasmid pAJll corresponds to approx. 1 kb NHz-terminal region of HvGSLI and pAJ12

corresponds to approx. 2 kb, more centrally located, predicted cytoplasmic region.
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GT2 enzymes than the family GT28 enzymes. The family GT2 enzymes contatn

highly conserved MDDN, TDDN, IDH and GDA motifs that are positioned on sheet,

sheet, loop and helix structural elements, respectively and are predicted to form a GT-

A fold (charnock and Davies, 1999). The experimental work presented here suggests

that more than a single region is required for activity if one assumes that the expressed

barley peptides have adopted the correct fold. It may be that a number of regions of

the plant callose synthase protein are required for (1-+3)-B-o-glucan biosynthesis or

that ancillary proteins participate in activity.

In summary, purification of the expressed HvGSLI peptides was not successful and

the data obtained from activity assays on the barley peptides expressed in E' coli

indicated that the peptides had no callose synthase activity. However, it is possible

that the expressed peptides lacked an essential amino acid modification. To address

this issue the same HvGSLI peptides were expressed in mammalian cells, which are

capable of most of the amino acid modifications that are found in plant proteins'

3,3.4 Expression of barley peptides in mummalian cells

Transient transfection of mammalian cells has been used for vadous cloning and

structure-function studies of plant transporter proteins (Kammerloher et al', 1994:'

Kristoffersen et a1.,1996; Chang and Bush, lg97). The approx. 1 kb HvGSLI cDNA

fragment corresponding to the NHz-terminal cytoplasmic region or nucleotide position

54-1003 bp (Region A, Figure 3.3) was ligated into the expression plasmid pMEl8S'

to form the pAJl5 expression construct and the approx. 2 kb more centrally located

cytoplasmic region of the HIGSLI cDNA corresponding to nucleotide position2253-

4396 bp (Region B, Figure 3.3) was ligated into pME18S to form the pAJl6

expression construct.

The pAJl5 and pAJl6 plasmids were transiently expressed in transfected human

embryonic kidney cells, line 2g3T, by Dr. Tim Adams (cslRo, Division of Health

Sciences and Nutrition). Transfection efficiency was measured by detection of EGFP

fluorescence in cells transfected with an EGFP expression plasmid. Routinely, more

than 50% of cells were positive for EGFP (data not shown). Protein levels in crude

cell lysates were assessed in polyacrylamide gels (Figure 3.10). No differences were
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detected between the protein composition of culture in which the HvGSLI peptides

were expressed and those containing the empty expression vector alone (Figure 3.10).

Expression of the pAJl5 construct should yield a protein of approx.36 kDa whilst

expression of pAJl6 is expected to yield a protein of approx. 80 kDa. These bands

could not be detected, so more sensitive Western analyses employing an antibody

raised against the c-Myc protein present in the pME18S vector were used to confirm

that the HvGSLI/c-Myc proteins were expressed in the mammalian cell cultures

(Figure 3.f D. The presence of a discrete band of the expected size for the NHz-

terminal region (Region A, Figure 3.3) of HvGSLI (37 kDa) in the Western blot

confirmed the expression of HvGSLl/c-Myc tagged protein, so (1-+3)-B-o-glucan

synthase activity assays were undertaken. The central cytoplasmic loop of HvGSLI

(Region B, Figure 3.3) should produce an 80 kDa protein when expressed in

mammalian cells but no 80 kDa band was detected in Western blots probed with the

c-Myc antibody (data not shown). It may be that this recombinant protein is not

present in the detergent solubilized fraction that was used in the Western blot. The

absence of this protein might also be explained by an error during transcription of the

expression plasmid such that a truncated protein is produced or that an error was made

during the construction of the expression plasmid. DNA sequencing of the plasmid

was conducted prior to expression experiments so plasmid error is probably unlikely.

Immunoprecipitating the protein from lysates might enable the detection of this

recalcitrant protein.

3.3.5 Aclivity of bartey peptides expressed in mømmalian cells

Crude mammalian cell extracts from cultures expressing the pAJl5 and pAJ16

constructs were assayed for callose synthase activity, alone and combined, and the

results of these experiments are presented graphically in Figure 3.12. Ethanol-

insoluble radiolabelled product was detected at similar levels after assays of all the

mammalian cell lysates, including the sample from the empty pMEl8S expression

vector. Mammalian cells do not normally synthesise callose (Stone and Clarke, 1992)

so the detection of activity would represent a gain-of-function. However, the UDP-

glucose substrate can be incorporated into other glucose-based polymers, such as

glycogen, in mammalian cells (Stone and Clarke, 1992). It seems likely that the

incorporation of the radiolabel measured in this assay, specifically the levels
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Figure 3.10 SDS-PAGE of crude mammalian cell extracts from expression
cultures. C control, proteins from untransformed cell cultures. Lane 1; proteins from

cultures expressing pAJl5 construct. Lane2;proteins from cultures expressing pAJl6
construct. M molecular weight markers. The HvGSLI recombinant peptides of 37

and 80 kDa were not prominent in extracts from cultures expressing pAJl5 or pAJ16,

lanes I &.2.
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Figure 3.11 Western analyses of c-Myc /HvGSLl proteins expressed in
mammalian cells using c-Myc monoclonal antibody. Lane 1; proteins from cultures

expressing empty pMEl8S expression vector. Lane2;proteins from cultures expressing

pAJl5. A 37 kDa band corresponding to the HvGSLI NH2-terminal domain was

evident in lane 2. lmage courtesy of Dr. Tim Adams.
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Figure 3.12 Results of callose synthase enzyme assays conducted on crude cell
extracts of mammalian cell cultures expressing HvGSLI recombinant peptides.
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detected in the extracts from cells expressing the empty pMEl8S vector alone, must

be due to the formation of polymers other than (l-+3)-B-o-glucan. Crude extracts

from both of the HvGSLI expression cultures were combined to determine if there

was any cooperative interaction between the two HvGSLI predicted cytoplasmic

peptides but no change in the levels of callose synthase activity was found. From

these results it was concluded that the selected HvGSLI peptides alone were not able

to synthesise (l-+3)-B-o-glucan in mammalian cell systems. Again, this assumption

is based on the premise that the HvGSLI peptides were expressed in a correctly

folded form and possessed post-translational modifications necessary for activity in

the native GSL protein.
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3.4 SUMMARY AND CONCLUSIONS

The two largest cytoplasmic regions of the barley HvGSLI cDNA were expressed in

E. coli and in the human embryonic kidney cell line, 293T. Crude cellular extracts

and partially purified proteins from the expression cultures were assayed for callose

synthase activity. The expressed regions were not capable of synthesizing (1-+3)-p-

o-glucan alone or when combined. The centrally located region contained a number

of conserved amino acid residues when compared with other callose synthase peptide

sequences and this region has been proposed as the site of catalysis (Li et al., 2003)'

However, data presented here indicates that whilst the site of catalysis may be

contained within this region, other regions or ancillary proteins are required for

( 1 -+3 )-B-o-glucan synthesis.

Recombinant proteins were clearly evident in protein extracts from bacterial cultures

expressing the HvGSLI peptides and although the proteins included a His-tag,

purification on Ni-NTA columns was not achieved. The purification procedures

employed here were conducted on the assumption that the expressed proteins were

soluble. Later it was noted that the bulk of the recombinant proteins were in the

insoluble fraction when 8 M urea was used to denature cellular proteins. In this

instance it may have been better to puriff the HvGSLI peptides in a denatured form

using Ni-NTA resin rather than a column and then attempt to refold the peptide before

assaying for activity. With the power of hindsight and the luxury of more time, the

purification of the fusion proteins from the E. coli system might be achievable'

Alternatively, one might address the issue of solubility. Various techniques for

increasing the solubility of heterologously expressed proteins have been reported

(Maina et at., 1988; Guan et al., 1988) often by creating a fusion protein that contains

a highly soluble protein, such as maltose binding protein. This approach would

require a new expression construct to be produced and would ideally contain a

cleavage site so that the solubility enhancing protein and His-tag could be removed

prior to activity studies. This approach might maximise the chance of purifying

soluble, native HvGSLI peptides from the E. coli expression system.
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Extracts from the mammalian cell cultures contained no detectable recombinant

HvGSLI proteins on Coomassie stained gels, but Western analysis employing a

monoclonal antibody raised against a c-Myc tag enabled a protein of 37 kDa,

corresponding to the NHz-terminal region of HvGSLl to be detected on protein blots'

Expression of the central loop region of HvGSLI would produce a polypeptide of 80

kDa but this protein was not detected in protein blots. The NHz-terminal HvGSLI

peptide was expressed at a low level and enzyme activity in the culture was

comparable to levels in culture expressing the empty vector alone, indicating that r4C-

glucose was incorporated into polymers other than (1-+3)-B-o-glucan. The presence

of the c-Myc tag in the HvGSLl expression constructs could be used to purifo the

recombinant proteins by immunoaffinity approaches. A culture of human embryonic

kidney cells stably transformed with the expression constructs could be produced and

used for the expression of the HvGSLI peptides in large-scale cultures to increase the

abundance of HvGSLI peptides for purification.

During the course of the expression studies described in this chapter, evidence that

multiple proteins might be required for (1+3)-B-o-glucan synthesis was published

(Hong et a1.,2001a. 2001b). The possibility that proteins other than HvGSLI protein

are required for the synthesis of (l-+3)-p-o-glucan clearly diminished our chances of

detecting activity in expressed fragments of the HvGSLI gene. Thus, heterologous

expression of HvGSLI peptides was abandoned at this stage in favour of the gene

silencing experiments described in Chapter 5. However, possible interactions of the

barley HvGSLI protein with ancillary proteins necessary for activity were first

investigated using the yeast two-hybrid system. These experiments are described in

the next chapter.
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4.I INTRODUCTION

The failure to detect any catalytic activity associated with the HvGSLI polypeptides

expressed in the heterologous systems, as discussed in the previous chapter, may well

relate to the absence of ancillary or regulatory proteins. The presence of multiple

polypeptides found in preparations capable of producing callose supports this

hypothesis and it may be that the active callose synthase enzyme forms a complex

with a group of proteins. The concept of a (1-+3)-B-o-glucan synthase complex has

gained significant support over recent years (Bulone et al', 1995; Cui et al., 2007:

Hong e/ a1.,2001a,2001b; Verma, 2001).

previous studies of (l+3)-B-o-glucan synthesis have implicated a range of proteins in

the production of callose. In yeast, (1-+3)-B-o-glucan synthesis is dependent upon a

guanosine triphosphate (GTP) binding protein, Rholp (Mol e/ ql-, 1994: Qadota et al"

1996; Drgonoya et at., 1996;Mazur and Baginsky, 1996). Plants contain a unique

subfamily of Rho GTPases that include the Rop and Rac gene families, which are vital

components of cellular signalling networks. One might therefore anticipate that the

barley HvGSLI protein could interact with a Rho GTPase, given the observations in

yeast and the coincident detection of the various Rop and Rac proteins at the sites of

known (l-+3)-p-o-glucan synthesis in plants. In Arabidopsrs, the Rop4 and Rop6

proteins have been located in root meristems at the cross walls and cell plate

(Molendijk et al., 2001). Furthermore, Arabidopsis Ropl and Rac2 mRNA is

specifically expressed in pollen (Delmer et al., 1995;Li et al., 1999). The interaction

of the plant (l-+3)-B-o-glucan synthase and the Rho GTPase may however be

mediated via another protein, UDP-glucose transferase (UGT), as highlighted by the

work of Hong et at. (2001b) in which UGT1 was found to interact with Ropl. Hong

et at. (2001a) also demonstrated that the Arabidops¿s AIGSL6 protein interacts with

phragmoplastin and the UDP-glucose transferase, both in a yeast two-hybrid system

and in vitro.

A calmodulin-binding domain has been identif,red in the deduced peptide sequence of

a putative cotton (l-+3)-p-o-glucan synthase gene (CFLI) and calmodulin binding

was confirmed using a calmodulin gel overlay assay (Cui et al., 2001). A possible
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calmodulin-binding domain was also identified in the HvGSLI protein in a similar

position, between amino acid residues 232-248, and also in the AtGSL5 protein

(unpublished data). A purified plasma membrane fraction from cotton fibres, in

which polypeptides of annexins were detected, bound to and inhibited the activity of a

partially purified cotton (l+3)-B-o-glucan synthase (Andrawis et al., 1993) and

immunolocalisation studies have shown that sucrose synthase co-localises at sites of

callose synthesis in cotton fibres (Amor et a\.,1995). These collective data add to the

concept of a (l+3)-B-o-glucan synthase multi-protein complex.

The putative barley callose synthase protein HvGSLI has a predicted topological

prof,rle with a large centrally located cytoplasmic loop and an NHz-terminal region

that is also predicted to be cytoplasmic (Li et al., 2003). These large predicted

cytoplasmic regions of HvGSLI were chosen to assess any protein-protein

interactions that may occur between the barley callose synthase protein and other

proteins, using a yeast two-hybrid approach to screen several plant oDNA libraries.

Selected regions rather than the full length HvGSLI protein were chosen to analyse

protein-protein interactions because of the increased likelihood of errors occurring

during the transcription of a large 6 kb oDNA, the fact that the HvGSLI cDNA was

comprised of a number of overlapping cDNA clones and concerns about the correct

folding of a membrane bound protein with up to 14 transmembrane spanning

domains.

The development of the yeast two-hybrid system over the last 10 years has provided a

convenient tool to study protein-protein interactions and allows the rapid

identification of the corresponding cDNAs (Fields and Song, 1989). In this technique,

a gDNA encoding a protein of interest can be screened directly against another

expressed cDNA or against a library of expressed cDNAs for an interaction that is

detected by the transcriptional activation of a reporter gene. The reporter gene

becomes active when the repofter activation domain (AD) of the yeast Gal4 gene

fused to one protein is bought into close proximity of the reporter-binding domain

(BD) of the yeast Gal4 gene by the interacting protein (Figure 4.1). This technology

can also be used to study interactions between DNA and protein in a one-hybrid

system (Bush et al., 1996) or between RNA and protein in a three-hybrid system (Sen
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Figure 4.1 Schematic representation of the yeast two-hybrid system. In panel A a
gene fusion is generated that encodes the protein ofinterest (bait protein) as a hybrid
with the DNA binding domain (DNA-BD) of the yeast Gal4 gene. This domain
enables the hybrid protein to localise to the nucleus and bind DNA in a site-specific
fashion. A second gene or library ofsequences is expressed (prey protein) as a hybrid
with the DNA activation domain (DNA-AD) of the yeast Gal4 gene. This hybrid
protein also enters the nucleus. The bait and prey proteins do not interact and binding
of the bait hybrid protein to the Gal4 upstream activation sequence (GAL-UAS) fails
to activate transcription of the reporter gene that is under the control of the minimal
promoter. In panel B the bait and prey proteins interact which brings the two domains
of the Gal4 promoter into close proximity reconstituting the transcriptional activation
of the promoter and leading to transcription of the reporter gene.
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Gupta et al., 1996). An automated yeast two-hybrid system has been developed

(Walhout and Vidal, 2001) and when used to screen 96 different cDNAs thought to be

involved in Huntington's disease in a pair wise manner, revealed nearly 2000 protein-

protein interactions (http://www.molgen.mpg.de/-agwanker/). In plants the yeast

two-hybrid system has been used to study a number of different protein groups for

interactions with other proteins including phytochromes, cryptochromes and auxin

regulated transcription factors (Quail,2000; Jarillo et a\.,2001; Ouellet et a|.,2001;

Immink et a1.,2002). One of the Three Arabidopsis genes that are the focus of gene

silencing assays in the following chapter has been analysed using the two-hybrid

system. The Arabidops¿s callose synthase oDNA, A\GSL6, was shown to interact

with phragmoplastin and a UDP-glucose transferase (UGf-1) when expressed in yeast

(Hong et o1.,2001a). Furthermore, UGTI was shown to interact with Ropl, a Rho-

like protein in another yeast two-hybrid screen conducted by Hong et al. (2001b).

Here, two fragments of the barley HvGSLI gene are used to investigate potential

protein-protein interactions between callose synthase and other proteins, through yeast

two-hybrid screening of an Arabidopsis whole plant cDNA library, a barley

inflorescence cDNA library and a developing wheat endosperm oDNA library.
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4.2 MATERIALS AND METHODS

4.2.1 Muteriøls

A modified pAS2-l shuttle vector was obtained from Dr. Joachim Uhrig and Dr. Tim

Soellick (Max Planck Institute for Plant Breeding Research, Cologne, Germany). A

wheat early developing endosperm oDNA library in pGADTT-Rec, a Gal4 activation

domain (AD) vector, was generously donated by Dr. Sergei Lopato (Department of

Plant Science, University of Adelaide, Australia).

The Saccharomyces cerevisiae yeast strains 4H109 [MATa, trpl-901, leu2-3, ll2,
ura3-52, his3-200, gal4,A' gal80À, LYS2::GALluns-GALlrnre,-HIS3, GAL2uns-

GAL2rnrn-ADE2, URA3::MELluns-MELhxrx-lacZ) and Y187 [MATct, tra3-52,

his3-200, ade2-101, trpl-901, leu2-3, ll2, gal4\, met-, gal80À, URA3::GALluns-

GALIr¡rn-lacZf, Herring testes DNA, pGBKTT, pGADTT-Rec, X-cr,-Gal and

synthetic drop out media (-2 {-leu, trp} and 4 {-ade, -his, -leu, -trp}) were from

Clontech (Palo Alto, CA, USA). Custom oligonucleotides were from Invitrogen

Corporation (Carlsbad, CA, USA) or Geneworks (Adelaide, SA, Australia). Agar,

yeast extract and peptone were from Becton-Dickinson (Sparks, MD, USA). Trizma

base, EDTA, kanamycin, yeast nitrogen base, glucose, LiAc, PEG 3500, DMSO,

adenine hemi-sulphate, NaCl, glass beads (212-300 ¡rM) and SDS were from Sigma-

Aldrich (St. Louis, MD, USA). Restriction enzymes were from New England Biolabs

(Beverly, MA, USA). NucleoSpin Extract kit was from Macherey-Nagel (Düren,

Germany). Plasmid pGEM T-Easy was from Promega (Madison, WI' USA).

4.2.2 Generulion o/HvGSLl huit construcls by recombinøtion

The two HvGSLI PCR fragments recombined into the pDONR2O1 cloning vector

described in Chapter 3 were passed on to Dr. Joachim Uhrig and Dr. Tim Soellick at

the Max Planck lnstitute for Plant Breeding Research, Cologne, who undertook

screening for protein-protein interactions against this group's existing oDNA libraries

using their established protocols (Soellick et al., 2000). Briefly, the pAS2-l vector

was modified by the addition of "Gateway" recombination signal sequences and the

HvGSLI fragments were recombined into the modified pAS2-l vector as described in
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section 3.2.8. The recombination reactions created two HvGSLI:Gal4 binding-

domain (BD) fusion constructs or bait constructs, designated pAJ3 (nucleotide

position 58-1110 bp in HvGSLl, region A; Figure 4.2) and pAJ4 (nucleotide position

2253-4396 bp in HvGSLI, region B; Figure 4.2). The two bait constructs were used

to transform DH5cr electrocompeTent E. coli as described in section 2.2.14, except that

50 pg.ml-r kanamycin replaced the ampicillin, and DNA was extracted from clones as

described in section 2.2.15. DNA sequencing of the expression constructs was

conducted using ENT5 and ENT3 primers (Appendix B) as described in section 2'2.16

to check that inserts were in the correct frame for expression. The resultant bait

constructs were used to transform the yeast strain Y187 and were screened against a

barley flower cDNA library and an Arabidopsis whole plant cDNA library both of

which were ligated to Gal4 activation domain vectors. Transformation and screening

protocols for these constructs were essentially conducted as described below.

4.2.3 Yeast transþrmation

Saccharomyces cerevisiae strains Y187 and 4H109 were streaked from frozen

glycerol stocks onto SD 0.6% (wlv) agar plates (0.6% w/v yeast nitrogen base,2Yo

w/v glucose,0.083yo w/v drop out media {supplied}, pH 5.6) and were incubated at

30'C for 3-5 days. Isolated colonies (2-3) were used to inoculate I ml SD media

(0.6% w/v yeast nitrogen base, 2o/o w/v glucose, 0.083% w/v drop out media

{supplied}, pH 5.6) and clumps were dispersed by vortexing. The yeast mixture was

transferred to 50 ml SD media in a flask and incubated at 30'C for l6 h with shaking

or until an A6ss greater than 1.5 was reached. Overnight culture (50 ml) was

transferred into 300 ml SD media and incubated at 30'C for 3 h with shaking. Cells

were pelleted by centrifugation at 1000 g for 5 min at room temperature. Supernatant

was discarded and cells were resuspended in 50 ml l0 mM Tris-HCl buffer, pH 8.0,

containing 1 mM EDTA. Cells were pelleted by centrifugation at 1000 g for 5 min at

room temperature. Cells were resuspended in 1.5 ml of 10 mM Tris-HCl buffer, pH

8.0, containing 1 mM EDTA and 100 mM LiAc, and 100 pl was added to

HvGSLI:Gal4 binding domain (BD) bait constructs (l-2 VÐ along with 0.1 mg

Herring testes carrier DNA in a frnal volume of 0.6 ml. The mixture was vortexed

vigorously. Sterile 100 mM LiAc containing 66o/o (w/v) PEG 3500 (0.6 ml) was
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Figure 4.2 Topological profîle of the barley HvGSLI protein. Predicted

cytoplasmic regions designated A and B were expressed in yeast for analysis of possible
protein-protein interactions. Nucleotide positions of the major cytoplasmic regions are

indicated. The putative catalytic region is indicated in red. The topology prediction
was made using TopPredII software.
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added and the mixture was again vortexed vigorously. Cells were incubated at 30oC

for 30 min with gentle shaking and 70 ¡-rl of DMSO was added. cells were mixed

gently by swirling and ,were placed at 42"C for 15 min with occasional swirling' The

mixture was chillecl on ice for l-2 min and transformed cells were collected by

centrifugation at 1000 g for 5 min. Cells were resuspended in 0'5 ml l0 mM Tris-HCl

buffer, pH 8.0, containing 1 mM EDTA and were plated onto SD 0-60/o (wlv) agat

plates with appropriate selection.

4.2.4 pCR amptijicationolHvGSLl cDNAfragments incorporaling restriction

enzyme sites

Four PCR primer sets were used to ampliff predicted cytoplasmic regions of the

HvGSLI protein and to incorporate unique restriction enzyme sites for cloning into

the pGBKTT Gal4 binding-domain (BD) vector (Figure 4.3). The primers, hvgsll

and hvgsllR (Appendix B), were used to amplifl' a cDNA fragment corresponding to

amino acid residu es 20-370 in the HvGSLI protein (Region A; Figure 4'2) and

incorporated an NcoI site at the 5' end and an Xmal site at the 3' end' The primers'

hvgsl2 and hvgsl2L (Appendix B), were used to amplify a cDNA fragment

cor.responding to amino acid residues 751-1465 in HvGSLI (Region B; Figure 4'2)

and incorporated an NdeI site at the 5' end and a BamHI site at the 3' end' Similarly,

hvgsl3 and hvgsl2L (Appendix B) were used to amplify a oDNA fragment

corresponding to amino acid residues 992-1465 in HvGSLI (Region B; Figure 4'2)

and incorporated an NdeI site at the 5' end and a BamHI site at the 3' end' Finally'

hvgsl2 and hvgsl3L (Appendix B) were used to amplif, a oDNA fragment

corresponding to amino acid residues 751-1108 in HvGSLI (Region B; Figure 4'2)

and incorporated an NdeI site at the 5' end and a BamHl site at the 3' end.

Plasmids containing HvGSLI çDNA fragments described in Chapter 3 were used as

templates and PCR was conducted using Elongase reagents as previously described in

section 2.2.l2,except that the Mg2* concentration was reduced from l'6 mM to 1'5

mM and reactions were conducted in a total volume of 25 pl. Cycling parameters

were adjusted according to the length of expected products and the T' of the primers

used, but typically conditions were; 94oC for 30 sec followed by 35 cycles of 94'C for

30 sec, an annealing temperature of 50oC for 30 sec and an extension time of 1 min at
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Figure 4.3 Gal4 binding domain (BD) plasmid, pGBKT?. The pGBKTT plasmid

ex[resses ploteins fused ìo amino acids 1-147 of the GAL4 DNA binding domain

6b;. fn yeast, fusion proteins are expressed at high levels from the constitutive ADHl

proÁote. 
-(PnoHr); 

transcription is tèrminated by the T7 and ADH1 transcription

iermination signals (Trz ¿ ADHI). Plasmid pGBKTT also contains the T7 promoter' a c-

Myc epitop e 7ag, and a multiple cloning site (MCS). Plasmid pGBKTT replicates

autonomously in both E. coli and S. cerevisiae from the pUC and 2 ¡toti, respectively'

The plasmid tarries the Kan' for selection in E. coli and the TRPl nutritional marker for

selection in yeast. The barley HvGSLI oDNA fragments were ligated into the multiple

cloning site of the plasmid.
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72C. PCR products were isolated by 1.2% (w/v) agarose gel electrophoresis, gel

excision and purifrcation using a NucleoSpin Extract kit. Purified PCR products were

initially ligated into pGEM T-Easy as described in section 2.2.13 and inserts were

sequenced as described in section 2.2.16 using SP6 and T7 sequencing primers

(Appendix B).

4.2.5 Generation a/HvGSLl bait constructs by ligation

The four HvGSLI PCR fragments were individually excised from the pGEM T-Easy

cloning vector using the restriction enzyme sites engineered into the primers as

described in section 3.2.2. Restriction fragments were isolated by 1 .2% (wlv) agarose

gel electrophoresis, gel excision and purification using a NucleoSpin Extract kit, and

ligated into the corresponding sites of the pGBKTT vector as described in section

2.2.13. These four ligations created HvGSLI:Gal4 binding-domain (BD) fusion

constructs or the bait constructs, pAJl1 (amino acid residues 20-335), pAJl2 (amino

acid residues 1000-1465), pAJ13 (amino acid residues 753-1117) and pAJl4 (amino

acid residues 753-1465). The four bait constructs were used to transform

electrocompetent E. coli, strain DH5o, as described in section 2.2.14, except that25

pg.ml-r kanamycin replaced the 100 pg.mll ampicillin, and DNA was extracted from

clones as described in section 2.2.15. DNA sequencing of the bait constructs was

conducted as described in section 2.2.16 to check that inserts were in the correct

frame for expression. The bait constructs along with the empty activation domain

(AD) vector, pGADTT-Rec (Figure 4.4), were used to co-transform the yeast strain

AHl09 as described in section 4.2.3 so that any self-activation and non-specific

protein binding properties could be identified.

4.2.6 Investigølionofhybridproteininteractions

Self-activation and non-specific protein binding properties were tested by plating the

yeast strain AHl09 co-transformed with HvGSLI:Ga14 (BD) bait constructs and the

empty pGADTT-Rec (AD) vector on selective SD 0.6% (w/v) agar plates (0.6 o/o wlv

yeast nitrogen base, 2Yo wlv glucose, 0.083% w/v drop out media, pH 5.6), lacking

tryptophan and leucine, and plates were incubated up side down for 3-5 days at 30'C'

Individual colonies were streaked on SD 0.6% (w/v) agar plates containing X-cr-Gal
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Figure 4.4 Gal4 activation domain (AD) plasmid, pGADTT-Rec. In yeast,

pC4OfZ-nec expresses a protein of interest as a GAL4 activation domain (AD) fusion.

iranscription starts with the constitutive ADHI promoter (P,qoHr) and ends with the

ADHI têrmination signal (TnoHr). The GAL4 AD sequence includes the SV40 nuclear

localization signal (SV40 NLS) so that fusions translocate to the yeast nucleus. GAL4

AD fusions also contain a hemagglutinin (HA) epitope tag. The T7 promoter in

pGADTT-Rec is for in vitro transqiption and translation of the hemagglutinin (HA)-

iagg"d fusion protein. In its circulai form, pGADTT-Rec replicates autonomously in

both ð. coli and S. cerevisiae from the pUC aîd 2 p ori, respectively. The plasmid

carries Amp'for selection in E. coli andthe LEU} nutritional marker for selection in

yeast. cOÑe fragments were recombined into the linearised vector between the

SMARTIII and CDSIII primer sequences'
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(20 mg.L-r) and lacking adenine, histidine, tryptophan and leucine for 18 h at 30'C.

Bait constructs that \ /ere not self-activating, as determined by assaying for cr,-

galactosidase activity, were subsequently screened against a wheat early endosperm

oDNA library that was generously donated by Dr. Sergei Lopato (University of

Adelaide, Department of Plant Science). The expression of the bait proteins could not

be confirmed due to the lack of an appropriate antibody.

Bait constructs were used to transform the Y187 yeast strain as described in section

4.2.3 and cells were plated onto SD 0.6% (wlv) agar plates lacking tryptophan and

were incubated for 3 days at 30'C. An individual colony was transferred to 50 ml SD

liquid media lacking tryptophan and the cells were cultured for 16 h at 30'C with

shaking. Cells were pelleted by centrifugation at 800 g for 5 min and were

resuspended in 50 ml YPD media (l% wlv yeast extract,2o/o wlv peptone, 2o/o wlv

glucose) containing filter sterilised 0.01% (w/v) adenine hemi-sulphate and

kanamycin (25 ¡rg.ml-'). The cells were transferred to a 50 ml culture vessel. A

stored aliquot of wheat early endosperm cDNA library:Gal4 (AD) prey construct in

strain 4H109 (approx. lx 107 cells) was thawed and added directly to the culture

vessel. The strains were left to mate for 16 h at 30'C with very gentle swirling. Cells

were pelleted by centrifugation at 800 g for 5 min and were washed twice in 0.5x

YPD media containing filter sterilised O.0l% (w/v) adenine hemi-sulphate and

kanamycin (25 pg.ml-l). Cells were pelleted in between washes and after the second

wash by centrifugation at 800 g for 5 min. Cells were resuspended in 7.5 ml of YPD

media containing filter sterilised 0.01% (w/v) adenine hemi-sulphate and kanamycin

(25 pg.ml-r) by vortexing and 200 pl aliquots were plated onto 150 mm diameter SD

0.6% (w/v) agar plates lacking adenine, histidine, tryptophan and leucine and plates

were sealed and incubated upside down for 5-10 days at 30'C. Isolated, large

colonies were streaked onto SD 0.6% (w/v) agar plates containing X-o-Gal (20 mg.

L-r) and lacking adenine, histidine, tryptophan and leucine and plates were incubated

for l-2 days at 30'C to screen forputative protein-protein interactions. Blue colonies

were transferred to 5 ml YPD media and were incubated for 16 h at 30"C with

shaking. Background levels of cr-galactosidase activity were assessed in controls co-

transformed with the empty prey construct.
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4.2.7 Yeast DNA extrsction

Cells from overnight cultures (2 ml) were pelleted by centrifugation at 16,000 g for 15

sec and supematant was discarded. Extraction buffer (200 pl), 50 mM Tris-HCl

buffer containing 130 mM NaCl, 5 mM EDTA and 5o/o (w/v) SDS, pH7.4, was added

along with approx. 30 glass beads (212-300 pM) and 200 pl phenol/chloroform (1:l;

v/v). The cells were resuspended by three 2 min mixes in a platform shaker set to

3,000 rpm and tubes were placed on ice. Cellular debris was pelleted by

centrifugation at 16,000 g for l5 min at 4oC and supernatant was transferred to a clean

eppendorf tube. Ethanol (l ml) was added along with 100 ¡,rl 3 M sodium acetate, pH

5.0, and the samples were mixed by inversion and left at -20"C for I h. DNA was

pelleted by centrifugation at 13,000 rpm in a desktop centrifuge for 15 min at 4oC and

supernatant was discarded before the pellet was washed twice with 300 ¡rl of 70%

ethanol. DNA was dried under vacuum and resuspended in 20 ¡rl sterile water.

4.2.8 PCR amplffication of inserls from interscting prey construcls

Inserts from putative interacting prey constructs were amplified by PCR to ensure

inserts were present and that duplicates were not further characterised. DNA (1 pl)

extracted as described in section 4.2.7 was used as a template in PCR using the

primers T7 and2HRev (Appendix ^B) and the conditions described in section 2.2.10.

Cycling conditions were 94oC for 30 sec followed by 35 cycles of 94oC for 30 sec,

50'C for 30 sec and 72"C for 2.5 min. Half of the total volume of the PCR products

was separat edby 1.2% (w/v) agarose gel electrophoresis. PCR products that appeared

to be duplicates, as determined by the size of products in agarose gels, were digested

with the restriction enzyme HaeIII to identiff duplicates, as described in section 3.2.2

and the restriction fragments were separated by 1.2% (w/v) agarose gel

electrophoresis.

4.2.9 Co-transþrmation of bait ønd prey construcls lo conftrm inleractions

DNA from a single interacting prey construct identified as described in section 4'2.8

was used to transform electrocompetent E. coli, strain DH5cr, as described in section
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2.2.14 and DNA was prepared as described in sectioî2.2.15. The yeast strain 4H109

was co-transformed with bait and prey constructs to confirm the interactions, and with

the empty pGBKTT (BD) vector and prey constructs to check for false positives, as

described in section 4.2.3. Transformed cells were plated on SD 0.60/o (wlv) agar

plates lacking tryptophan and leucine and were incubated at 30oC for 3 days'

Individual colonies were streaked onto the same media and were incubated for 16 h at

30.C. Lifts were prepared from the streaks and were replica plated onto SD 0.6%

(w/v) agar plates lacking tryptophan and leucine and onto SD 0.6% (w/v) agar plates

containing X-cr,-Gal (20 mg.L-r) and lacking adenine, histidine, tryptophan and

leucine. The plates were incubated at 30'C for l-2 days. Streaks that grew on the SD

0.6% (w/v) agar plates lacking adenine, histidine, tryptophan and leucine

corresponding to bait and prey co-transformations that appeared blue, due to c¿-

galactosidase activity, were identified as positive interactors only if the streaks co-

transformed with the empty pGBKTT (BD) vector and prey construct failed to grow

on the same media.

4.2.10 ldenli/icølion of cDNAsfrom interacting proteins

The cDNAs from interacting prey constructs were identified by DNA sequencing the

pGADTT-Rec based cDNA:Gal4 (AD) prey constructs with T7 and 2HRev primers as

described in section 2.2.16. DNA sequences \ryere analysed and identified as

described in section 2.2.21.
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4.3 RESULTS AND DISCUSSION

4.3.1 Generation and screening ofHvGSLl bait construcls in barley and
Arabidopsis

Some of the early problems associated with false positives and false negatives in the

yeast two-hybrid system (Fashena et al., 2000) have been overcome by the use of

vectors and yeast strains that allow for stringent selection of interactions by

simultaneous and coordinated activation of several growth and activity reporter genes.

However, there are a number of factors to be considered when using the yeast two-

hybrid system. Firstly, in some instances hybrid proteins may not be stably expressed

in yeast or located at the yeast nucleus where these protein-protein interactions are

detected. Secondly, the DNA-BD or AD fusion moiety may occlude the normal site

of interaction, or may impair the proper folding of the hybrid protein, and thus

interfere with the ability of the two hybrid proteins to interact. Thirdly, conditions in

yeast cells may not allow the proper folding or post-translational modifications (such

as glycosylation) required for interaction of some plant proteins. Finally, it is possible

that the expressed polypeptides are in some way toxic to the cell in which they are

translated. Conversely, the detection of a specific interaction between plant proteins

in a yeast system does not necessarily indicate that there is a coresponding interaction

in the proteins' native environment, a point noted in work on expressed mammalian

proteins (Fields and Sterngl anz, 1994).

With these factors in mind the two barley HvGSLI cDNA fragments corresponding to

the larger predicted cytoplasmic regions of the HvGSLI protein (A & B' Figure 4'2)

rù/ere recombined from the pDONR201 cloning vector, described in Chapter 3, into a

modified pAS2-1 shuttle vector with high efficiency. Recombination created two

HvGSLI:Gal4 binding domain (BD) fusions or baits, designated pAJ3 and pAJ4, that

correspond to the NHz-terminal cytoplasmic region and the larger more centrally

located cytoplasmic region of the HvGSLI protein, respectively. The bait constructs

were initially used to transform E. coli and plasmid recombinations were confirmed

by DNA sequencing. The yield and quality of DNA extracted from yeast was often

lower than that from bacteria, and the extraction protocols and culture of yeast is more

time consuming and complicated, so E. coli was used as a tool for DNA plasmid

manipulations prior to their use in yeast'
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Dr. Tim Soellick and Dr. Joachim Uhrig at the Max Planck Institute for Plant

Breeding Research, Cologne, Germany conducted the library screening work,

including testing for selÊactivation for the pAJ3 and pAJ4 constructs. Tests for non-

specific DNA binding and transcriptional activation were negative so the bait

constructs were screened against two existing cDNA libraries from which protein

interactions had been previously identified and protein expression had been verified

by Western analysis. The cDNA libraries screened by Dr. Tim Soellick and Dr.

Joachim Uhlrig were from barley inflorescences and Arabidopsis whole plants.

No protein interactions were detected when screening the pAJ3 or pAJ4 bait

constructs against yeast expressing the oDNA library generated from barley

inflorescences nor were any interactions evident when the pAJ4 bait was screened

against yeast expressing the oDNA library from Arqbidopsis. Histidine autotrophy

and B-galactosidase activity were detected in five instances when the pAJ3 bait

construct was screened against the Arabidopsrs library. PCR was performed on the

interacting clones identified in the screen to determine the number of unique clones

based on the size of their inserts. Two unique clones were identified during this

process (Figure 4.5) and the inserts of these plasmids were sequenced and compared

to DNA sequence databases, which identified one clone as a ribosomal protein and the

other clone as a tryptophan synthase cr-subunit-like protein. The cDNA insert from

the interacting prey construct had 97% identity over 850 bases to the Arabidopsis

tryptophan synthase cr,-subunit-like protein and therefore was unlikely to represent an

error in sequencing or gene identification. Ribosomal proteins are common false

positives in yeast two-hybrid screens (Dr. Joachim Uhrig; personal communication)

and are unlikely to represent a true protein interaction attributable to the barley

HvGSLI sequence. The identification of an interaction between the barley HvGSLI

NHz-terminus and an Arabidopsis tryptophan synthase cr-subunit-like protein

(Accession number U13993) was unexpected and has not been reported previously.

Callose synthase has not been implicated in amino acid biosynthesis in plants and it is

hard to imagine that the production of callose and amino acids are linked, it seems

likely therefore that this result represents a false positive interaction. However, in

plants, the tryptophan synthase cr-subunit catalyses the conversion of indole-3-

glycerol phosphate to indole and glyceraldehyde-3-phosphate whilst the B-subunit
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Figure 4.5 Agarose gel analysis of PCR amplified lnserts from prey constructs of
Arabidopsís whole plant cDNA library that interacted with the pAJ3 bait
consfuuõt. Lanes 3,4 and 5 contain an approx. faint 1.8 kb product, indicated by

ellipse, identified as a ribosomal protein. Lanes 7, 10 and 11 contain an approx faint

1.9 kb product, indicated by ellipse, identified as a tryptophan synthase cr-subunit-like

protein. M DNA molecular size marker. Image courtesy of Dr. Tim Soellick-

2kb
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catalyses the conversion of indole and L-serine to t--tryptophan and water (Radwanski

et al., 1996). Indole is a precursor of the auxin, indoleacetic acid (IAA), which is a

plant growth regulator (Meir et at., 1984) and IAA treatment induces the deposition of

callose at the cell plate (Kapoor and Bhatla, 1998), probably as a result of an increase

cell divisions as part of the growth response. It may be that there is an interaction or

signalling between IAA, tryptophan synthase and (1-+3)-B-n-glucan synthase'

Further experimentation will be required to explain this finding. Domain swapping

experiments would also be useful for the validation of this result.

4.3.2 Generølion snd screening ofIdÑGSLl bsit constructs in wheø|

Having screened a barley inflorescence library and conducted a heterologous screen

against an Arabidops¿s whole plant library with limited success, the possibility that

the HvGSLI protein was involved in early endosperm development (Stone and

Clarke, 1992) was investigated by screening a cDNA library generated from early

developing endosperm from grains of wheat. In barley, mRNA of the HvGSLI gene

is detected in early developing grains at relatively high levels in comparison with

most other barley tissues (Ms. Jing Li, personal communication).

Four HvGSLI cDNA fragments corresponding to the two largest predicted

cytoplasmic regions were again amplified by PCR' The NHz-terminal cytoplasmic

region was amplified as a single, approx. 950 bp fragment. The larger more centrally

located cytoplasmic domain was amplified as an approx.2'1 kb fragment and also as

two smaller overlapping fragments of approx. I kb and approx. 1.4 kb. The

overlapping fragments were produced to address concerns over the possibility of

effors occurring during the translation of the larger 2.1 kb fragment (Dr' Sergei

Lopato, personal communication).

Bands of the expected size were generated by PCR using the four primer sets targeted

to the H4GSLI çDNA sequence (Figure 4.6). The four indicated oDNA fragments

were successfully ligated into the pGEM T-Easy vector. Inserts were sequenced and

corresponded to the expected HvGSLI cDNA sequences, with the engineered

restriction enzyme sites. The HvGSLI 0DNA fragments were excised from pGEM T-

Easy by cutting at the primer encoded restriction enzyme sites (Figure 4.D and the
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Figure 4.6 Agarose gel analysis of PCR amplified HvGSLI cDNA fragments'

Lane 1 contains a 985 bp HvGSLt fragment amplihed using the primers, hvgsll and

hvgsllR. Lane 2 contains a 2142 bp HvGSLt fragment amplif,red using the primers,

hvgsl2 and hvgsl2R. Lane 3 contains a lO7 | bp HvGSL I fragment amplified using ,the
priio..r, hvgsl3 and hvgsl2R. Lane 4 contains a 1420 bp HvGSLI fragment amplified

using the pii*.r., hvgsl2 and hvgsl3R. M molecular size markers. C no template

PCR control.

r27



Chapter 4 - Yeast two-hybrid analysis of possible protein-protein interactions of a barley (1 -+3)-þo-
glucan synthase

1 2 M 3 4
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Figure 4.7 Agarose gel analysis of IIvG^SII restriction fragments used to
construct bait vectors. Lane 1 985 bp HvGSLI fragment ligated into pGBKTT to

create pAJll. Lane 2 2142bp HvGSLI fragment ligated into pGBKTT to create

pAJ14. M molecular size markers. Lane 3 1071 bp HvGSLI fragment ligated into

pCnffZ to create pAJ13. Lane 41420bp HvGsLl fragment ligated into pGBKTT to

create pAJl2. Bands used in the ligations are circled.
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purified fragments were ligated into the corresponding sites of the pGBKTT (BD)

vector. The integrity of the bait vectors \¡/as confirned by sequencing the inserts.

Three of the bait constructs, namely pAJl2, pAJl3 and pAJ14, failed to identify any

protein-protein interactions from the wheat early developing endosperm cDNA library

following three rounds of selection. All three of these bait constructs express

polypeptides from the larger more centrally located cytoplasmic region of HvGSLI

that has been proposed as the catalytic site of the barley (1-+3)-B-o-glucan synthase

(Li et al., 2003). If this region of the HvGSLI protein is indeed involved in the

catalysis of (l-+3)-B-o-glucan in barley then one might expect that other proteins

would be unlikely to interact with this region. The results of the yeast two-hybrid

screens with these three bait constructs would support this hypothesis'

The pAJl I bait construct expresses a polypeptide from the NHz-terminal cytoplasmrc

region of the HvGSLI protein and this region was previously found to interact with an

Arabidopsis tryptophan synthase cr-subunit-like protein, as discussed in the previous

section, The pAJ11 bait construct was initially found to interact at the protein level in

l9 instances with proteins from the wheat early developing endosperm oDNA library.

Only five of 19 interacting clones were found to contain unique inserts, based on the

size of PCR amplifred inserts, (Figure 4.8) and these five clones along with the pAJll

bait construct were used to co-transform the AHl09 yeast strain to check for false

positive interactions. Three of the five clones were found to be false positives due to

their capacity for tryptophan autotrophy in the presence of the empty pGBKTT (BD)

vector (Figure 4.9). The other two clones appeared to represent true protein-protein

interactions because no tryptophan autotrophy or o-galactosidase activity in the

presence of the empty pGBKTT (BD) vector were observed. The clones were

analysed by restriction digestion of the inserts (Figure 4.10)before the two pGADTT-

Rec (AD) prey constructs, each expressing a unique cDNA from the wheat early

developing endosperm library, were sequenced. The sequence of clone 7 shared weak

identity (41%) with an Arabidopsis putative protein (Accession number AL391222)

whilst the sequence of clone 17 shared 87%o identity with an unknown rice protein

(Accession number 4L607005).
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The identification of the interaction between the NHz-terminal cytoplasmic domain of

the HvGSLI polypeptides and the wheat cDNA that shares sequence identity with the

unknown rice protein was an interesting but frustrating finding in the sense that little

can be inferred from the interaction without knowledge or clues as to the function of

the interacting partner.

130



Chapter 4 - Yeast two-hybrid analysis of possible protein-proîein interaclions of a barley (I -+3)-þo-
glucan synlhase
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- 1.0 kb
- 0.s kb
- 0.2 kb

Figure 4.8 Agarose gel analysis of PCR amptified inserts from prey constructs of

\ilheat early developing endosperm cDNA library that interacted with the pAJll
bait construct. Clones conesponding to PCR products from lanes 3, 7r 9r 14 and 17

were chosen as representatives of unique products and were characterised further. M
molecular size markers.
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Figure 4.9 Replica plated yeast colonies from the wheat early developing
endosperm cDNA library that interacted with the pAJll bait construct. Yeast

strain 4H109 was co-transformed with pAJl 1 and the various prey constructs or as a

control (C) with empty pGBKTT BD vector and the various prey constructs. Colonies

were plated onto SD-2, media lacking tryptophan and leucine, onto SD-4 media

lacking adenine, histidine, tryptophan and leucine and onto nitrocellulose on SD-4

media containing X-c-Gal to assay for cr-galactosidase activity. Two of the clones, 7

and l7 , showed a positive interaction because they were capable of adenine, histidine,

tryptophan and leucine autotrophy and o-galactosidase activity in the presence of the

pAJ1l bait construct but not in the presence of the empty pGBKTT BD vector. The

other clones were identified as false positives due to o-galactosidase activity and

tryptophan autotrophy in the absence of an insert in the pGBKTT vector.
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12 M 3

-2kb
-1kb

Figure 4.10 Agarose gel analysis of restriction fragments from prey construct
that interacted with the pAJll bait construct. DNA was exhacted from yeast

cultures and insert integrity and size of the prey constructs were checked by restriction
analysis prior to DNA sequencing. Lane I contains restriction fragments
corresponding to insert and plasmid from clone 7. Lane 2 contains restriction
fragments corresponding to insert and plasmid from clone 17. M molecular size

markers. Lane 3 contains linearised empty pGADTT-Rec AD plasmid.
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4.4 SUMMARY AND CONCLUSIONS

The NHz-terminal region of the HvGSLI protein was found to interact with an

Arabidopsis tryptophan synthase ü-subunit-like protein in a heterologous yeast two-

hybrid screen and with an unknown protein from a wheat early developing endosperm

gDNA library. This indicates that this region of the protein is probably involved in

protein interactions. A putative calmodulin-binding domain was identified in the

HvGSLI protein (unpublished data) and is present in the pAJl l bait construct but no

HvGSLI-calmodulin interactions were detected in any of the screens conducted.

Similarly, interactions with Rho-like GTPases, phragmoplastin or UGT that have been

identified previously (Mol e/ al., 1994;Hong et a\.,2001a,2001b) were not found for

the HvGSLI polypeptides used in this study. Nor was there any interaction between

HvGSLI and other proteins that have been found to co-locate with (1+3)-p-o-glucan

synthesis, such as sucrose synthase (Amor et al., 1995) or annexins (Andrawis et al.,

1993). These findings can be interpreted in several ways. Firstly, it may be that the

domains selected for the construction of the bait vectors in this study are not

specifically involved in these anticipated protein-protein interactions. Secondly' only

a small portion of the entire HvGSLI protein has been expressed in the bait constructs

and it may be that other domains are required for the correct folding of the HvGSLI

protein or that the other domains are crucial in positioning or supporting an interacting

protein. However, the general lack of proteins interacting with the central

cytoplasmic region of HvGSLI might also be taken as evidence that other proteins are

not required for callose synthase activity.

Bait constructs that interact with proteins encoded by unknown cDNAs in the yeast

two-hybrid system represent a major limitation with the type of investigative screen

described here. However, many of the proteins that were anticipated to be involved in

callose synthesis have been previously identified in yeast and many homologues have

been found in plants. This would have enabled their identif,rcation using homology-

based searches. Further investigation of protein interactions with HvGSLI

polypeptides from regions other than those selected in this study are likely to uncover

some of the possible interactions described above.
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The gain of function experiments involving heterologous expression systems,

described in Chapter 3, did not provide any evidence that the barley HvGSLI gene

was involved in the production of callose and the data presented in this chapter

involving regions of the HvGSLI protein did not highlight any interactions with

proteins that have been previously linked with callose synthesis. In the following

chapter the function of the barley GSL| gene is further investigated, this time in loss-

of-function experiments utilising transient gene silencing assays in single cells of the

barley leaf.
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CHAPTER 5

TRAI{SIENT GENE SILENCING OF
(1+3)-B-u-GLUCAN SYNTHASES IN

BARLEY AND AR.ABIDOPSIS THALIANA
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5.1 INTRODUCTION

Callose is deposited between the plasma membrane and the cell wall following

cxposure of plants to a range of abiotic and biotic stresses, including wounding,

desiccation, metal toxicity and microbial attack (Stone and Clarke, 1992). Particular

attention has been focused on callose formation in plant-microbe interactions, during

which plant host cells respond to microbial attack by rapidly synthesising and

depositing callose as plugs, drops or plates in close proximity to the invading

pathogen (Ryals et al., 1996; Donofrio and Delaney, 2001). These callosic deposits

are commonly referred to as papillae and may contain, in addition to (1+3)-P-D-

glucan, minor amounts of other polysaccharides, proteins or phenolic compounds

(Smart et al., 1986a, 1986b; Bolwell, 1993). While the precise function of callosic

papillae during microbial attack has not been demonstrated unequivocally, it is

generally believed that the papillae act as a physical barrier to impede microbial

penetration (Cahill and Weste, 1983; Stone and Clarke, 1992). By slowing or

immobilizing the invading microorganisms, the host plant could focus upon them a

number of anti-microbial compounds, such as wall-degrading enzymes, phytoalexins

and active oxygen species, or initiate cascade responses involving specihc resistance

genes (Brown et al., 1998).

In this chapter, experiments aimed at analysing functions of putative callose synthase

genes through transient gene silencing in barley and Arabidopsls are described.

Biolistic transient expression, where micro particles of gold are coated with DNA and

projected at high speed into single cells, is a convenient and relatively straightforward

way to study the effects a gene may have in vivo. This technique can be used to

express a novel protein in a cell or to silence an endogenous gene by inducing the

mechanisms of post-transcriptional gene silencing. Biolistic transient expression has

been used in barley to complement mlo mutants (Shirasu et al., 1999), to interfere

with co-bombarded GUS and GFP constructs and to silence the dihydroflavanol-4-

reductase gene, Antl8 (Schweizer et al., 2000), to complement ararl mutant (Zhou et

a1.,2001) and to silence rhe MLo and Ga genes of barley (Kim e/ a1.,2002). The

technique of transient gene silencing by bombardment has become routine in barley
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and is applicable to other species, provided the appropriate promoter and other

transcriptional elements are used in silencing vectors.

Twelve G.SZ genes have been identified in Arabidopsis thaliana (Richmond and

Somerville, 2000; Verma and Hong, 2001; http://cellwall.stanford'edu/), where

individual members of the family presumably mediate the synthesis of callose in

different tissues or under different environmental conditions. One or more of these

genes are probably involved in the formation of papillae in Arabidopsis' Access to

DNA sequence for these 12 genes facilitates the design of gene-specific primers,

which might enable the mRNA levels of the 12 genes to be examined in leaves before

and after powdery mildew infection. GSZ genes that are upregulated in response to

fungal challenge might then be targeted for silencing by engineering double stranded

RNA interference (dsRNAi) vectors (Wesley et al',2001) that encode gene-specific

inverted repeats.

Less DNA sequence information is available for barley, but currently one can

discriminate at least six or seven independent EST sequences in the public databases'

It is apparent that within all plant GSZ genes some regions of sequence are conserved

and other regions are quite divergent (Figures 5.6 and 5.7). By targeting the sequence

from a conserved region of the barley HvGSLI gene for the construction of a gene-

silencing vector one might be able to interfere with the expression of multiple barley

GSI genes. The individual H\GSLI gene alone could be targeted by incorporating

the sequence from a divergent region ofthe gene into a second construct'

If the barley HvGSLI gene or selected Arabidopsis G,SZ genes are involved in the

formation of papillae that result from fungal challenge, silencing the genes through

transient gene silencing might abolish the formation of papillae and this could be

detected by histochemical staining for callose. This loss-of-function would link the

GSI gene to papillae formation by reference to the phenotype produced' Plasmids

encoding double stranded RNA (dsRNAi) molecules with homology to GSZ genes

could be introduced using the biolistic approach (Shirasu et al',1999), which would

result in the degradation of endogenous GSI mRNA by induction of sequence-

specific degradation (Baulcombe, 1996).
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The data presented in this chapter detail investigations into the possibility that the

barley HvGSL genes and the Arabidopsis ATGSL genes are involved in the formation

of callose that is easily detected in leaves at the sites of attempted fungal penetration

(Stone et al., 1985). This hypothesis was investigated by use of single cell transient

gene-silencing assays in barley and Arabidopsis (Shirasu et at', 1999)' I conducted

the work in Prof. Paul Schulze-Lefert's laboratory in the Department of Plant Microbe

Interactions at the Max-Planck-Institute for Plant Breeding Research, Cologne'

Germany.
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5.2 MATERIALS AND METHODS

5.2.1 Materials

Plasmids pubi-Nos and pubi-GLIS-Nos were kindly donated by Dr. Ralph Panstruga

(Max-Planck-Institute for Plant Breeding Research, Cologne, Germany). Plasmid

pampAT-3sSxGUS was donated by Dr. Judith Mueller (Max-Planck-Institute for

Plant Breeding Research, Cologne, Germany). Plasmid pJawohl3 was generously

donated by Dr. Bekir Uelker (Max-Planck-Institute for Plant Breeding Research,

Cologne, Germany). Plasmids containing fragments of the barley HvGSLI gene were

kindly provided by Ms. Jing Li (Department of Plant Science, University of Adelaide'

Australia).

Trizol reagent, EDTA, IÇ[Fe(CN)o], K3[Fe(CN)6], X-Glu, Triton x-100, MS media,

ampicillin and benzimidazole was obtained from Sigma-Aldrich (Taufkirchen,

Germany). NucleoSpin Extract kit was from Macherey-Nagel (Düren, Germany).

Restriction enzymes, BSA, T¿ DNA ligase and lOx ligase buffer were supplied by

New England Biolabs (Frankfurt, Germany). Coomassie brilliant blue R-250 was

obtained from serva Fine Biochemicals (Heidelberg, Germany). Aniline blue

fluorochrome was from Biosupplies (Parkville, Australia)' Expand DNA polymerase,

10x Expand buffer with MgCl2 and spermidine were from Roche Diagnostics GmbH

(Mannheim, Germany). Gold microcarriers (1¡rm) and macrocarrier rupture discs

were from Bio-Rad (München, Germany). Custom oligonucleotides and Superscript

II cDNA synthesis kit were from Invitrogen Corporation (Karlsruhe, Germany)' E'

coli strain DH5cr, was from Stratagene (Jolla, cA, usA). pGEM T-Easy was from

Promega (Mannhein, Germany). Agar, tryptone, yeast extract and agarose were from

Becton-Dickinson (Heidelberg, Germany).

5.2.2 Plønt ønd fungøl møterisl

Hordeum vulgare cvs. Ingrid and Ingrid mlo-3 used in transient knockout experiments

were grown in growth chambers under 16 h light and 8 h darkness in soil at 18oC.

primary leaves from 6-8 d old seedlings were cut into 50 mm sections and incubated
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on 80 mm Petri dishes containing fresh 1.5% (w/v) agar and l\yo (w/v) sucrose media

in a growth chamber for 4 h prior to bombardment.

Arabidopsis thaliana glA (glaborous) plants used in transient knockout experiments

were grown under sterile conditions in a growth chamber cycling between 16 h light

and 8 h darkness in glass culture vessels containing 0.5x MS media, pH 5.7, with lo/"

(w/v) agarose at22"C. Each culture vessel contained seven A. thaliana glA plants

evenly arranged in a hexagonal shape with a single plant at the centre. A. thaliana

plants cultivated for RNA extraction were gro\iln in growth rooms under 16 h light

and 8 h darkness in soil aI22oC.

Blumeria graminis f. sp. hordel strain Kl was cultivated on H. vulgare cv.Ingrid at

22.C (16 h light, 8 h darkness). Spores from host plants 7-9 days post-inoculation

were used to heavily inoculate plants and detached leaves via a 65 cm tall infection

tower (Schweizer et al., 2000). Heavily infected barley plants were shaken over the

tower. After 5 min. inoculated plant material was returned to a growth room at 22"C

(16 h light, 8 h darkness) for 48 h.

5.2.3 RNA extruction

RNA was extracted from various tissues with Trizol reagent using the protocol

described in section 2.2.4.

5.2.4 First strsnd cDNA synthesis

cDNA was synthesised from totalRNA as described in section 2.2'5

5.2.5 PCR ampli/icstion o/GSL cDNAs

Plasmid DNA (approx. 0.5 pg) or cDN A (I-2 pg) was used as a template in 25 pl

reaction volumes using a ltnal concentration of 300 nM primers,200 pM each dNTP,

0.1 u Expand DNA polymerase and lx Expand buffer with 1.5 mM MgCl2

(supplied). Reactions were conducted in a DNA Engine Tetrad thermal cycler (MJ

Research, Reno, MV, USA) under the following conditions: 94"C for 30 sec followed
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by 35 cycles of 94'C for 30 sec, an annealing temperature of 50-65'C for 30 sec

(dependent upon primer T,n) and an extension time of l5-60 sec at 72oC (dependent

upon length of expected product). PCR products were routinely isolated by 1.2%

(w/v) agarose gel electrophoresis, gel excision and purification using a NucleoSpin

Extract kit.

5,2.6 Cloning of cDNAs und restriclion fragmenls

Plasmid DNA and PCR fragments or restriction fragments were ligated together as

described in section 2.2.13. E. coli cells were transformed with plasmid constructs as

described in section 2.2.14 and DNA was extracted from overnight cultures of

selected clones as described in section 2.2.15.

5.2.7 Restriction enzJme digestion of PCR amplitíed cDNAs and plasmid DNA

Purified PCR products and plasmid DNAs were restriction digested as described in

section 3.2.2.

5.2.8 DNA sequencing ønd sequence analysis

DNA sequences were determined as described in section 3.2.7

5.2.9 Construction of p(lbi-Mlø13[-Nos; A dsRNAí vector for trønsient gene

silencing in Hordeum vulgare

A barley dsRNAi vector was constructed based on the backbone of an existing

plasmid containing the barley ubiquitin promoter and nopaline synthase terminator,

pUbi-Nos, that was kindly donated by Dr. Ralph Panstruga (Max-Planck-Institute for

Plant Breeding Research). Two complementary oligonucleotides, pUbi-Nos MCSF

and pUbi-Nos MCSR (Appendix B), were designed to incorporate a larger multiple

cloning site into the HindlII/EcoRY cut pUbi-Nos vector. The oligonucleotides (l

¡rmol of each) were heated to 95'C for 2 min in a 10 ¡rl volume and cooled slowly to

room temperature. This synthetic dsDNA fragment was ligated into the

HindIIVEcoRV cut pUbi-Nos vector to form pUbi-MCS-NOS' pUbi-MCS-NOS

plasmid DNA was restriction mapped to check for the presence of the unique
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restriction sites located in the newly added multiple cloning site. DNA sequencing

was also conducted to confrrm the new multiple cloning site (MCS) was in the correct

orientation and location.

Two primers, mlalF and mlalR, (Appendix B) incorporating the same terminal

restriction sites as those of the newly introduced MCS of pUbi-MCS-NOS as well as

sequence homology to the barley Mlol third intron were synthesised. A plasmid

containing the barley Mtal third, intron, generously provided by Dr. Ralph Panstruga

(Max-Planck-Institute for Plant Breeding Research), was used as a template in PCR.

The purified PCR product was digested with PstllMlu| and was ligated into the

PstllMlu\ sites of the pUbi-MCS-NOS plasmid to generate pUbi-Mla13I-NOS'

Plasmid DNA was submitted for sequencing to ensure vector integrity.

5.2.10 Conslructio'n HvGSL dsRNAi silencing construcls

plasmid pAJ2 was constructed by introducing 148 bp of HvGSLI DNA sequence on

either side of the Mlal third intron as an inverted repeat in the pUbi-Mlal3I-NOS

vector. The primer pair dsRNAil and dsRNAilR (Appendix B) and the alternate

primer combination of dsRNAi2 and dsRNAi2R (Appendix B) were used in PCR with

DNA from a pBluescript plasmid containing 2560 bp of the HvGSLI oDNA (donated

by Ms. Jing Li, University of Adelaide) as a template. The resultant PCR fragments

were separately ligated into pGEM T-Easy. Ligations were confirmed by DNA

sequencing and HvGSLI fragments were cut from the vector with PstVAscI for the

dsRNAil-lR product and BamHI/EcoRY for the dsRNAi2-2R product' These

fragments were separately ligated into the corresponding sites of the digested pUbi-

Mlal3I-NOS vector. The PstI/AscI, dsRNAil-lR product was ligated into pUbi-

Mlal3I-NOS in the antisense orientation and the BamHUEcoRV, dsRNAi2-2P.

product was ligated into pUbi-Mlal3I-NOS in the sense orientation' The pUbi-

Mlal3I-NOS vectors containing HvGSLI fragments were sequenced and both were

digested with lscl and .EcoRV. The Mtol third intron/dsRN{i2-2R fragment was

ligated into the AscVEcoRY sites of the pUbi-Mlal3I-NOS vector containing the

HvGSLl dsRNAil-lR fragment to produce the pAJ2 dsRNAi plasmid (summarised in

Figure 5.1).
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-,4T HvGSLI purif¡ed PCR fragment
with restriction enzYme sites.

Ligate HvGS¿ I fragment into
pGEM T-Easy. DNA sequence
to check integrity.

I

Cut vector with Pstl/Ascl

and purify HvGSLI fragment.

Cut vector with EomHllEcoRV

and purify HvGSLI fragment.

8a RV

II

II

Ligate Hv65U fragments into
corresponding sites of pUbi-MLAl-Nos.

DNA sequence to confìrm integrity.

lsolate HvGs¿ I and
intron fragment

HvGSLI MLAl3rd
intron

Ligate Hv65ll and intron fragment
into vector lacking intron to create

dsRNAi vector for gene silencing.

Puu¡ I lZÐvH T¡,¡o,

lsolate vector lacking
intron

Figure 5.1 Schematic representation of the steps involved in creating dsRlrlAi

silõncing vectors. Plasmid pUbi-Mlal-Nos contains the barley ubiquitin promoter for

.*p."r.iãn in barley, the 1 kb 3'd intron from the MlaI gene and the barley nopaline

sy;thase terminator. The HvGSLI fragment is inserted as shown.

HvGSLI

I Tto,

MLAI3rd
intron

Pu6¡ HvGSU tuul
MLAI3rd
intron

IJ?ÐvH TNo,

Pep¡ HvGSLT llZÐvH TNo,
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pAJ4 was constructed in the same manner. The primers, dsRNAi3 and dsRNAi3R2

(AppendixB)andasecondprimercombinationofdsRNAi4anddsRNAi4R

(AppendixB)wereusedinPCRalongwithDNAfromapBluescriptplasmid

containing approx. 1000 bp of the HvGSLI oDNA (donated by Ms' Jing Li'

University of Adelaide) as a template. The fragments wefe ligated into pGEM T-Easy

for the purpose of identification and were then introduced into the corresponding

restriction sites of pubi-Mla13I-NOS in the same manner described above' leading to

the formation of the pAJ4 dsRNAi plasmid'

5.2.1 1 RT-PCR ønølysiso/GSL expression following powdery mildew infection

iø ArabidoPsis thaliana

Four-week- old A. thaliana gtA (glaborous) mutants were inoculated with Blumeria

graminis spores as described in section 5.2.2 and inoculated leaves were harvested

and frozen in liquid Nz after 24 h. RNA was extracted from the leaves as described in

section5'2.3andlOpgoftotalRNAwasusedinoDNAsynthesisreactionsas

described in section 5.2.4. Duplicate cDNA reactions were performed for the control

and infected leaf samples and the duplicate populations were pooled prior to PCR'

The DNA sequences of the 12 Arabidop.sis putative G.sI genes were retrieved from

the Genbank database and gene specific primers were designed to each of the genes

(Tabte 5.1; Appendix B). semi-quantitative RT-PCR was performed using the

conditions described in section 5.2.5 atan annealing temperature of 50"C and using

an extension time of 1 min. PCR was performed in triplicate and stopped aftet 20'25

and 30 cycles respectively for semi-quantitative comparisons based on the relative

abundance of PCR products in l.2o/o (w/v) agarose gels. Polymerase chain reactions

wererepeatedtoassessthereproducibilityofinitialexperiments.

5.2.12 Construction of ATGSL ctsRNAi silencing constructs

The dsRNAi vectors designed to alter ATGSL expression contained gene-specihc

inverted repeats separated by an intron and were based on the pJawohl3 DNA plasmid

generously donated by Dr. Bekir Uelker (Max-Planck-Institute for Plant Breeding

Research). Primers used in RT-PCR were modif,ted to include unique restriction

enzyme sites for directional cloning. PCR primer combinations and restriction
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fragment details used to produce the 2AJ5(A\GSL6), pAJí(AtGSLl1) and

,AJT(A\GSL,) dsRNAi plasmids are summarised in Table 5'2'

The six ATGSL PCR fragments were ligated into pGEM T-Easy' ligations were

confirmed by DNA sequencing and the ATGSL cDNA fragments were cut from the

pGEM T-Easy vector using the restriction enzyme combinations listed in Table 5'2'

The purified fragments were ligated into the corresponding sites in pJawohl3 (Figure

5.2). The nRKY33 intron and sense ATGSL fragments were cut from pJawohl3 with

EcoRI/XhoI and were ligated into the corresponding sites of the pJawohl3 plasmid

containing the complementary sense ItGSZ fragment to create the pAJ5, pAJ6 and

pAJT dsRNAi plasmids (process summarised in Figure 5'l)'

5.2.13PørticlebombardmentofleaveswithdsRNAiconstructs

Gold microcarriers (1 pm) were weighed out (30 mg) and were coated with plasmid

DNA after repeated washing. Gold microcarriers were initially resuspended in I ml

70o/o ethanol and placed in a platform vortexer for 5 min' Microcarriefs were left to

soak at room temperature for 15 min and were pelleted by a 5 sec pulse in a bench top

centrifuge. Supematant was discarded and the microcarriers were resuspended in 1

ml sterile Milli-Q water by vortexing vigorously for 1 min' The microcarriers were

left to settle for I min and were pelleted by centrifugation as before' This washing

process was repeated a further two times. The supernatant was discarded and the

microcarriers were resuspended in 500 pl sterile glycerol:water 1:1 (v/v) to a frnal

concentration of 60 mg.ml-r. Microcarriers were resuspended by vortexing for 5 min

in a platform vortexer prior to coating with plasmid DNA. Whilst maintaining the

vortexing 50 pl of resuspended microcarrier was removed to a clean 1'5 ml eppendorf

tube placed in the vortexer and 5 pl DNA plasmid (1 t g.pl-') or plasmid combinations

of the dsRNAi constructs and marker constructs were added along with 20 pl 0'1 M

spermidine and 50 ¡l 2.5 M CaClz. The mixture was vortexed for 3 min and the

microcarriers were allowed to settle for I min and were pelleted by a 5 sec pulse in a

bench top centrifuge. Supernatant was discarded and the microcarriers were washed

once in 140 ¡rl 70% ethanol, the microcarriers were resuspended by gentle
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Targel gene 3'Primer 5'Primer Expected size (bp)

AtGSLl

AIGSL2

AtGSL3

AIGSL4

AIGSL5

AIGSL6

AtGSLT

AIGSLS

AIGSL9

AIGSLIO

ATGSL] ]
AIGSLI2

ATGAPDH

RiCS I I

RiCS5

RiCS2

RiCSS

RiCS I2

AtdsRNAil

RiCST

RiCS I O

RiCS4

RiCS9

RiCS6

RiCS3

GAPF

RiCSI IR

RiCS5R

RiCSR

RiCSSR

RiCSI2R

AtdsRNAilR

RiCSTR

RiCSIOR

RiCS4R

RiCS9R

RiCS6R

RiCS3R

GAPR

300

253

262

260

276

644

282

299

293

255

298

25',l

I 000

Table 5.1 Primer combinations used in semi-quantitative RT-PCR experiments

for analysis of ATGSL expression. For nucleotide sequence of the primers employed

see Appendix B.

Gene
ømplffied

Primers usedfor
anlisense
fragment

plawohl3 sites
usedfor cloning

Primers usedfor
sense fragment

pJøwoh13
siles used

.for cloning

Size of
PCR

Droducl

AtGSL5

AIGSL6

AIGSLI l

230bp

640bp

280bp

ricsl2r/ricsl2

ricslr/ricslb

cs6hind/cs6rbam

BamHllHindlll

BamHllNcol

BamHllHindIIl

cs l2xma./cs l2rspe

ricslb/calslrb

rics6/rics6r

XmallSpel

XmallSpel

EcoRllSpel

Tabte 5.2 PCR Primers and restriction enzyme combinations used to create

ATGSL dsRNAi constructs. For nucleotide sequence of the primers employed see

Appendix B.
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Figure 5.2 Map of pJawohl3 Arabidopsis dsRNAi silencing vector. The pJawohl3

plasmid used to carry the ATGSL dsRNAi inserts contained tandem CaMV 35S

promoters for strong constitutive expression of the dsRNAi inverted repeat, the small

Arabidopsis WRKY33 intron, the Bar gene, and the nopaline synthase terminator.
ATGSL fragments were ligated into the multiple cloning sites on either side of the

WfuKY33 intron in the sense and antisense direction.
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vortexing and pelleted as described above. Supernatant was discarded and the

microcarriers were gently washed as previously described in 140 ¡rl 100% ethanol.

The DNA coated microcarriers were finally resuspended in 48 pl 100% ethanol and

kept on ice until bombardment.

Plasmid pUbi-GUS-NOS (donated by Dr. Ralph Panstruga, Max-Planck-Institute for

Plant Breeding Research) was used as a reporter construct in barley bombardments.

In Arabidop,srs bombardments the pamPAT-35SxGUS reporter construct (Figure 5.3;

donated by Dr. Judith Mueller, Max-Planck-Institute for Plant Breeding Research)

was employed. The empty dsRNAi vectors pUbi-Mlal3I-NOS (for barley) and

pJawohl3 (for Arabidopsrs) were used as controls.

A Biolistic PD-1000/He particle delivery gun (Biorad, München, Germany) with a

Hepta adapter, which provided the use of seven macrocarrier discs per bombardment,

was used to deliver the microcarriers and the dsRNAi plasmids and marker plasmid to

the leaves, The seven macrocarriers were placed in the Hepta adapter and were

evenly coated with the voftexed, DNA-coated, microcarriers and left to dry. The

loaded adapter was placed in the bombardment chamber with a Petri dish of barley

leaf blades or tissue cultured Arabidopsis plants (section 5.2.2.). A 900 psi rupture

disc was utilised and pressurised helium was used to shoot the DNA-coated

microcarriers into the leaf epidermal cells. Bombarded barley leaf blades were

transferred to l.5o/o (w/v) agar plates containing 85 ¡rM benzimidazole after 24hto

inhibit senescence. The plates were returned to the growth cabinet for a furthet 72 h

before being heavily inoculated with fresh spores of the barley powdery mildew

fungus Blumeria graminis strain Kl as described in section 5.2.2. Arabidopsis plants

remained in the growth cabinet for 120 h post bombardment prior to inoculation with

the barley powdery mildew fungus.

5.2.14 Staining and microscopic analysis of bombarded plant muteriul

Arabidopsis leaves were removed from inoculated plants. The inoculated barley leaf

blades or Arabidopsis leaves were placed into a GUS staining solution, which was

vacuum infiltrated for I h at 25 mm Hg. The GUS staining solution was based on a
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Sca

Psil
Sfyl

Munl

Xcml

SgrAl
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I

36
I

A
Sna B
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Figure 5.3 Map of pamPAT-3SSxGUS marker construct. The pamPAT-3SSxGUS

reporter construct used as a marker in transient gene silencing assays contained tandem

CaMV 35S promoters for strong constitutive expression of the bacterial B-glucuronidase
(GUÐ gene and the CaMV 35S terminator. Other elements of the vector were not used

in transient gene silencing assays.
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0.1 M Na2HPO4/0.1 M NaHzPO+ buffer, pH 7.0, containing 10 mM EDTA' 5 mM

IÇ[Fe(CN)o], 5 mM K:[Fe(CN)e], I mg.ml-' X-Glrr, 0.1% Triton X-100 and 20o/o

methanol. Leaves were incubated in the GUS staining solution for 16 h at 37"C and

were destained in a solution of 2:l (v/v) ethanol: (1 lactic acid: 2 glycerol: I water).

Leaves were destained for a minimum of 48 h at room temperature, individual leaves

were removed from the destaining solution and fungal structures were stained in a

solution of 0.6%o Coomassie brilliant blue R-250 in methanol for about 30 sec'

Leaves were rinsed in water and in l0 mM NazHPO+/I0 mM NaHzPO+ buffer, pH 9.0.

Excess phosphate buffer was drained from the leaves before overlaying with 0.02%

aniline blue fluorochrome in 10 mM Na2HPO4/10 mM NaHzPOq buffer, pH 9.0, for

20 min at room temperature. Leaves were rinsed in water and mounted on glass slides

in sterile l:1 (v/v) glycerol: water under glass cover slips.

Leaf material stained as described above was analysed using aZeiss Axiovert 135TV

microscope (Carl Zeiss, Oberkochen, Germany) equipped with a Super Pressure HBO

100 W mercury vapour lamp for fluorescence studies. Epi-illumination was used with

an excitation filter having a cut off limit at 365 nm, a chromatic beam splitter FT395

and a barrier filter LP42O. Images were captured with a DXM1200 digital camera

(Nikon, Tokyo, Japan) that was connected to an IBM compatible PC (programmes:

ACT-I v1.00 (Nikon, Tokyo, Japan) and Image Tool v2.00 (UTHSCSA, San

Antonio, USA). Digital images of GUS stained and mildew infected epidermal cells

were captured using identical exposure and lighting settings for each bombardment.

Images were converted to greyscale and a histogram of the fungal associated callose

deposits were taken and the data recorded using the software described above. In

barley a minimum of 50 papillae from individual GUS stained and mildew infected

cells were examined using this technique'
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5.3 RESULTS AND DISCUSSION

Co nstr uctio n of pUbi-MLA I 3 I-Nos5.3.1

Hybridisation of the complementary oligonucleotides, pUbi-Nos MCSF and pUbi-

Nos MCSR, led to the formation of a new dsDNA molecule containing multiple

restriction enzyme sites and HindIII/EcoRV compatible ends (Figure 5.4). This

dsDNA fragment was ligated into the HindIIUEcoRV-cut pUbi-Nos vector, to create

the pUbi-MCS-Nos vector. DNA sequencing and restriction mapping of the new

pUbi-MCS-Nos vector confirmed the presence of the multiple cloning site. The

incorporation of the new multiple cloning sites greatly extended the cloning options of

the pUbi-Nos vector.

The barley MLAI third intron was amplihed by PCR. This I kb PCR fragment was

initially ligated into pGEM T-Easy and DNA sequencing confirmed its identity. The

barley MLAI third intron was cut from pGEM T-Easy with PstUMløI restriction

enzymes and ligated into the corresponding sites of the pUbi-MCS-Nos plasmid to

generate pUbi-Mla13I-Nos (Figøre 5.5). DNA sequencing and restriction mapping of

the pUbi-Mlal3l-Nos confirmed vector integrity. The MLAI third intron was

introduced into the vector such that the two HvGSLI cDNA fragments that would be

introduced later as an inverted repeat would be physically separated. However,

following transcription the intron is spliced out, leaving the inverted repeat. There is

evidence to suggest that vectors of this nature are more efficient at inducing the

mechanisms of post-transcriptional gene silencing than those lacking an intron (Smith

et a1.,2000; Wesley et a1.,2001).

5.3.2 Conslruction of barley GSL dsltNl i constructs

Comparisons of putative plant GSI genes with the barley HvGSLI gene revealed a

region of DNA sequence that appeared to be highly conserved (4700-4900 bp in the

HvGSLI cDNA sequence; Figure 5.6). Other regions that shared little to no DNA

sequence homology (e.g. 520-750 bp region of HvGSLI) were also identified in the

comparisons (Figure 5.7). These observations guided the design of two dsRNAi

constructs, one that would be specific for the HvGSLI gene, pAJ2, and the second a
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H

i
nBE
d P S A Sa M c
I s a s mm l- o

I t c c aH u R

I T T ] IT T V

AGCTTCTGCAGAGCTCGGCGCGCCCGGGATCCACGCGTGGAT
1 +---------+---------+---------+---------+- 42

AGACGTCTCGAGCCGCGCGGGCCCTAGGTGCGCACCTA

Figure 5.4 Multiple cloning site introduced into pUbi-Nos. The dsDNA molecule

wai produced from the hybridisation of two oligonucleotides and was ligated into the

H¡ndllllflcoRV sites of the pUbi-Nos plasmid, greatly extending the cloning options

of the vector.
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Figure 5.5 Map of pUbi-Mlal3l-Nos dsRNAi silencing vector. The pUbi-Mlal3l-
Nos plasmid used to carry the dsRNAi inserts contained the barley ubiquitin promoter

for constitutive expression of the dsRNAi inverted repeat, the barley MLAI 3'o intron
and the barley nopaline synthase terminator (NOS). HvGSL fragments.were ligated
into the multiple cloning sites of the vector on either side of the MLAI 3'o intron in the

sense and antisense direction, forming an inverted repeat.
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dsRNAi construct, pAJ4, that could potentially interfere with the expression of

multiple barley G,SZ genes, based upon regions of DNA sequence homology in plant

G.SI genes in the databases. A PCR fragment corresponding to a poorly conserved

region of plant G,SI genes was amplified from HvGSLI using two separate primer

combinations. Separate primer combinations allowed the introduction of unique

restriction enzyme sites that could be used for the directional cloning of the resultant

PCR products into pUbi-Mlal3l-Nos, as described in section 5.2'10. The DNA

sequence of the HvGSLI fragments used to create pAJ2 is presented in Figure 5.8.

The two HvGSL1201 bp PCR fragments amplified from the poorly conserved region

of the HvGSLI gene were initially ligated into pGEM T-Easy. This provided a means

to characterise the PCR produ cts via DNA sequencing and ensured that the restriction

enzymes used to generate the fragments for subsequent cloning steps had a sufficient

stretch of DNA to bind, thus enhancing digestion eff,rciency of endonuclease enzymes

that cut poorly or do not cut close to an end. Clones could also be stored for the

longer term as glycerol stocks. Both PCR fragments were subsequently cut from

pGEM T-Easy and separately ligated into pUbi-Mlal3l-Nos. DNA sequencing

confirmed that ligations were successful. The antisense HvGSLI fragment and Mlal

third intron were cut from the pUbi-Mlal3l-Nos vector as one and were ligated into

the pUbi-Mlal3I-Nos vector containing the sense HvGSLt fragment, thereby forming

the pAJ2 plasmid (summarised in Figure 5.1). This somewhat convoluted cloning

approach was undertaken because of the inherently difficult task of working with

inverted repeat structures, which interfere with DNA sequencing reactions and other

techniques by the formation of hairpin loop structures.

The second barley dsRNAi construct, pAJ4, was produced in an identical manner.

Briefly, a 195 bp fragment of the HvGSLI gene(Figure 5.9) was amplifiedby PCR

using two separate primer combinations, the resultant PCR products were ligated into

pGEM T-Easy and the inserts were characterised by DNA sequencing, which

identified them as HvGSLl fragments. The HvGSLI fragments were cut from pGEM

T-Easy and ligated into the pUbi-Mlal3l-Nos vector" DNA sequencing was

conducted to confirm the presence of the HvGSLt fragments in the vector. The

antisense HvGSLI fragment and Mlal third intron were cut from one vector and
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Figure 5.6 Multiple DNA sequence alignment of putative plant GSI genes highlighting conserved
nature ofsequence from the cytoplasmic region thought to contain the catalytic site. Sequence from this

region was engineered into dsRNAi vectors. DNA sequences were aligned using the EclustalW program and

are graphically presented using the Prettybox program from the ANGIS suite of programs. Numbers on the

right correspond to nucleotide positions. Sequences aligned are Oryza sativa GSLI (Accession number

4P001389), Oryza sativa GSZ2 (Accession number AP003223), Oryza sativa GSI3 (Accession number

4P003268), Oryza sativa GSI4 (Accession number 4P003447), Oryza sativa GSLLO (Accession number

AC104427), Arabidopsis thaliana GSZI (Accession number AF162444), Arabidopsis thaliana GSL2

(Accession number 4C006436), Arabidopsis thaliana GSZ3 (Accession number 
^C006223), 

Arabidopsis
thaliana GS/4 (Accession number 48023038), Arabidopsis lhaliana GSZ5 (Accession number 4C005142),
Arabidopsis thaliana GSZó (Accession number AF237733), Arabidopsis thaliana GSIT (Accession number

AC001592), Arabidopsis thaliana GSIS (Accession number AC006922), Arabidopsis thaliana GSL9

(Accession number 48025605), Arabidopsis thaliana GSLL0 (Accession number 4C012395), Arabidopsis

thaliana GSLI I (Accession number 4L163527), Arabidopsis thaliana GSLl2 (Accession number 4L353013)'
Nicotiana alata GSLI (Accession number AF304312), Gossypium hirsutunt G.SZI (Accession number

4F085717), Hordeum vulgare GStl (Accession number 1xY117665) and Lolium muhiJlorum GSL|
(Accession number 

^Y 
286332).
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Figure 5.7 Multiple DNA sequence alignment of putative plant GStr genes highlighting divergent nature
of sequence from the NH2-terminal cytoplasmic region. Sequence from this region was engineered into

dsRNAi vectors. DNA sequences were aligned using the EclustalW program and are graphically presented

using the Prettybox program from the ANGIS suite of programs. Numbers on the right conespond to

nucleotide positions. Sequences aligned arc Oryza saliva GSLI (Accession number 4P001389), Oryza sativa
GSZ2 (Accession number AP003223), Oryza saliva G.SI3 (Accession number 4P003268), Oryza saliva GSL4

(Accession number 4P003447), Oryza sativa GSLL| (Accession number AC104421), Arabidopsß lhaliana

GSLI (Accession number AF162444), Arabidopsis thaliana GSL2 (Accessiou number 4C006436),
Arabidopsis thaliana GSI3 (Accession number AC006223), Arabidopsis thaliana GSZ4 (Accession number

48023038), Arabidopsis thaliana GSI5 (Accession number 4C005142), Arabidopsis thaliana GSL6

(Accession number AF237733), Arabidopsís thaliana GSIT (Accession number AC007592), Arabidopsis
thaliana GSIS (Accession number AC006922), Arabidopsis thaliana GSIS (Accession number 48025605),
Arabidopsis thaliana GSLI0 (Accession number AC012395), Arabidopsis thaliana GSLl I (Accession number

AL163521), Arabidopsis thaliana GSLI2 (Accession number AL353013), Nicotiana alata GSLI (Accession

number AF304312), Gossypium hirsutum GSII (Accession number 4F085717), Hordeum vulgare GSLI
(Ac cess ion number AY 11 7 66 5) ard L o I iu m mu I t ifl o ru m GStl (Acces sion number AY 28 6332).
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Figure 5.8 DNA sequence and deduced peptide sequence of the gene-specific

re[ion of HvGSLl amplified by PCR and used in the dsRNAi silencing construct

p,i.lz. Sequences highlighted in green were used as the basis for primer design.

EKDAAR

AGGNG

TAAGGCGT CCCGTATCATCAATATCAGTGAGGAT

FHITRGGISKASRIINISED

ATATTTGCAGGGTTTAATTCTACTCTGCGTCAAGGGAACATAACTCACCATGAGTATATC
IFAGFNSTLRQGNITHHEYT

.O"E" EE'ÅOO"GA]\GAGATGTTGGGCTTAATCAGATCGCACTATTTCEAECAEE
OVGKGRDVGLNQIALFEGKV

20

t20
40

180
60

195
65

Figure 5.9 DNA sequence and deduced peptide sequence of the more conserved

..!ion of HvGsLl amplified by PCR and used in the dsRNAi silencing construct

pÄ¡¿. Sequences highlìghted in green were used as the basis for primer design'
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ligated into the other pUbi-Mlal3I-Nos vector containing the sense 'ÉIvG'SI1

fragment, thereby forming the pAJ4 plasmid.

5.3.3 Bombardmenl of barley leaf blules with dsRNAi constructs

The barley dsRNAi silencing constructs, pAJ2 and pAJ4, were co-bombarded into

barley leaf epidermal cells with a marker plasmid expressing the bacterial B-

glucuronidase (GU^$) gene. The dsRNAi constructs and the marker plasmid were

carried on the same microcariers so that staining for GUS activity could be used as a

marker for cells that had potentially altered levels of G^S¿ expression' Heavy

inoculations of powdery mildew spores were required to maximise the chances of

finding GUS stained cells that had also been challenged by the fungus. A staining

technique \¡/as developed whereby GUS expression, fungal structures and callose

deposits could be analysed in a single freld of view. Initial observations of GUS

stained and mildew infected epidermal cells suggested that the dsRNAi constructs'

pAJ2 and pAJ4, used together, failed to completely abolish callose deposits in

papillae (Figure 5. I 0).

To determine whether a more subtle alteration in callose deposition had resulted from

expression of the dsRNAi constructs images of visibly infected, GUS stained cells

were analysed more closely using a CCD camera. The camera was connected to the

analytical microscope, set at conserved illumination and exposure levels, and around

60 images per bombardment experiment corresponding to a minimum of 50 individual

transformed and infected cells were captured.. Captured images wefe converted to

grey scale before papillae area and papillae fluorescence were measured using

ImageTool software (http://ddsdx.uthscsa .edu/dig/). Data from two separate

bombardment experiments are presented graphically in Figures 5.1I A and B.

These data suggest that the silencing constructs pAJ2 and pAJ4, which contain two

lg0 bp pieces of the HvGSLl gene, fail to alter the formation of papillae that result

from fungal challenge. Experiments in which the dsRNAi constructs were used alone

also failed to effect papillae formation (data not shown). It is evident, based on the

enor bars produced from measurements of the papillae area (Figure 5' I I A), that there
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Figure 5.10 Two images of GUS stained epidermal cells of barley infected with
pÑ¿..y mildew. nrig-trt field images (40x) (1) control and (3) dsRNAi bombarded

*ifa-ryp. Ingrid barley leaves. Arrows denote papillae, purple structures are fungal

.po.". ä"0 nypnae stained with Coomassie blue, green coloration due to GUS activity.
panels (2) u"d- (4) are UV illuminated images of bright field, callose deposits fluoresce

white oná., UV Íigtrt after staining with aniline blue fluorochrome showing control (2)

and dsRNAi (4) rnaterial, respectively. Leaf blades were bombarded with both ptlbi-

Mlal3l-Nos and pUbi-GUS-Nos in controls and the dsRNAi silencing constructs, pAJ2,

pAJ4 and the marker plasmid pubi-GUS-Nos for silencing assays.
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was a large variation in the size of papillae and it may therefore be a poor measure of

changes in callose deposition. The large variation in papillae area is likely to relate to

the biological variation in timing of fungal spore gennination and hyphal infection'

Fungal spores of a similar developmental stage were used to inoculate detached barley

leaf blades but there is undoubtedly some variation in the time before spores

germinate on the leaf surface and secondly, there will also be some variation in the

time a hyphae grov/s before attempting to penetrate the epidermal cell layer (Skou el

al., 1984; Heitefuss and Ebrahim-Nesbat, 1986). The development of secondary

hyphae also adds to the variation in the size of observed papillae as they develop at a

later stage. Measurements of papillae fluorescence levels appeared to be uniform in

all infected cells examined and failed to highlight any differences in leaves

bombarded with control or dsRNAi vectors (Figure 5.11 B). No alteration in the

frequency of papillae formation was evident in tissues bombarded with the pAJ2 and

pAJ4 dsRNAi silencing constructs, which suggested that the HvGSLI gene does not

have a direct role in the formation of callose at sites of fungal penetration. However,

it may be that post-transcriptional silencing of the HvGSLI gene through the dsRNAi

constructs has little effect on HvGSLI activity, particularly if the HvGSLI protein is

very stable. This possibility is further addressed in transgenic plants stably

transformed with dsRNAi constructs (Chapter 6).

5.3.4 Arabidopsis thaliana GSL expressionfollowing fungøl challenge.

Twelve GSI genes have been identified in Arabidopsis thaliana (Richmond and

Somerville, 2000; Verma and Hong, 2001; http://cellwall.stanford.edu/). The

availability of DNA sequence for these 12 genes enabled gene specific primers to be

designed for the comparison of GSI mRNA levels in leaf tissue before and after

powdery mildew infection utilising a semi-quantitative RT-PCR approach.

Six week old Arabidopsis thaliana plants were heavily inoculated with the powdery

mildew fungus Blumeria graminis and leaves were harvested after 24 hours. RNA

was extracted from control and inoculated leaves and two cDNA populations were

synthesised from each of the RNA samples. Duplicate oDNA populations were

pooled and RT-PCR was conducted to detetmine if any of the 12 GSL genes of

Arabidopsis were upregulated in response to fungal challenge. Primers were designed
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Papillae area

Bombardment 25th September 2001 Bombardment 7th August 2001

Papillae fluorescence

Bombardment 25th September 2001 Bombardment 7th August 2001

Figure 5.L1 Results of single cell transient silencing assays in barley. A) The atea of
pupitta. and B) the average fluorescence intensity of callose deposits induced by fungal

ðþàtt.ng. were measured in a minimum of 50 independent GUS stained epidermal cells of

barley using image analysis software and the data is presented graphically for two

individual experiments. Wild type, Ingrid and mlo3 mutant barley leaf blades were

bombarded with pUbi-GUS-Nos and pUbi-Mlal3I-Nos in the controls and with pUbi-GUS-

Nos, pAJ2 and pAJ4 in ds Ai silencing assays. Error bars indicate standard deviations'
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to amplify portions of all 12 Arabidopsis GSZ genes (Table 5.1). Results of the RT-

pCR experiment after 30 cycles indicated that mRNA levels of A\GSLï, AIGSLí and

A1GSLII were slightly elevated 24hafter fungal challenge (Figure 5.12). Transcript

levels were also analysed after 25 and 35 cycles of PCR but the intensity of bands on

agarose gels at these stages suggested amplification was outside the linear range and a

comparison of levels at these stages would therefore not be truly representative. None

of the l2 genes assayed were strongly upregulated, using the semi-quantitative RT-

pCR method, and this suggested that proteins involved in the production of callose

deposits might well be present prior to fungal attack. If this were the case then

lowering mRNA levels by transient post-transcriptional gene silencing may not

greatly affect the actual synthesis of callose, as postulated in section 5.3.3. The RT-

PCR was repeated to ensure the results were not merely due to PCR conditions. The

three genes that appeared to be upregulated (AIGSLS,6 and 1l) were then targeted for

silencing, using the single cell transient silencing assay that had been modif,red to suit

Arabidopsis plants.

5.3.5 Construction of Arøbiclopsis G^SI dsRNAi constructs'

The pJawohl3 binary plasmid used in the transient silencing assays in Arabidopsis

contains tandem CaMV 35S promoters for constitutive strong expression of the

dsRNAi inverted repeat, the small Arabidopsis WRKY33 intron and the nopaline

synthase terminator (Figure 5.2). Other important features of the pJawohl3 plasmid

are the presence of left and right borders that allow the plasmid to insert in the

Arabidopsis genome following Agrobacterium infection and a gene conferring

resistance to the herbicide bialaphos (Thompson et al., 1987). These features are

redundant in transient silencing assays but very useful for stable transgenic studies

that are explored in detail in Chapter 6.

The PCR primers listed in Table 5.2 were used to amplify fragments of the A|GSLS' 6

and I I genes and the sequences of these cDNA fragments are provided in Figure 5.13

(AtGSL5),Figure 5.14 (AIGSL6) and Figure 5.15 (A\GSL11). The six PCR fragments

were cloned into pGEM T-Easy and plasmid DNA was sequenced to confirm the

identity of the PCR products. The ATGSL PCR fragments were cut from the pGEM T-

Easy plasmid using the restriction endonucleases listed in Table 5.2 and ligated into
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Figure 5.12 Semi-quantitative RT-PCR analysis of Arabídopsl's G^SZ mRÀ[A levels.

Gene specihc primers were used in 30 cycles of PCR to analyse the expression of 12

ATGSL genes in oDNA from infected and non-infected leaf tissue. GAPDH was used as

a positive PCR control to ensure oDNA levels were comparable in both control and

infected populations. Transcripts which appared to increase slightly in abundance

following infection werc AIGSLí, AIGSLí andAtGSLl L

GATATCAATGTTTGAGGCTAAGGTAGCCAGTG

K G R DV G LN Q ] S M F' EAK VA S G

GGAACGGAGAGCAGGTTCTCAGCCGAGATGTGTACCGGCTCGGGCACAGGCTTGATTTCT
NGEQVLSRDVYRLGHRLDFF

TCAGAATGTTATCATTTTTCTACACAACTGTAGGGTTTTTCTTCAACACAATGATGGTCÀ
RMLSFEYTTVGEFFNTMMVI

TTCTTACTGTTTACGCTTTCCTCTGGGGACGGGTTTATCTGGCTCTCAGCGGGGTTGAGA
LTVYAFLWGRVYLALSGVEK
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AGTCCGCTCTAGC 276
SALADSTDTNA92

Figure 5.13 DNA sequence and deduced peptide sequence of the ATGSLS gene

amplified by PCR and used in the dsRNAi silencing construct pAJ7. Sequences

highlighted in green were used as the basis for primer design.
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AT GCTATCATAT T TAC CCGT GGAGAAG GGT T GCAGACGATAGACAT GAAT CAG GACAACT

A]IFTRGEGLQT]DMNODNY

ACATGGAGGAAGCTTTCAJU\ì\TGAGGAACTTGCTGCAAGAGTTTCTTGAJ\i\i\GCATGGAG
MEEAFKMRNLLQEFLEKHGG

GCGTAAGATGTCCTACGATTCTTGGTCTTAGAGAGCATATTTTCACTGGAÀGTGTGTCTT
VRCPTTLGLREHIFTGSVSS

CTCTTGCATGGTTTATGTCAAATCAAGAGAACAGTT TTGTAACGATTGGGCA.AAGAGTGC
L AV,] F M S N Q E N S F V T I G O R V L

TAGCTAGTCCCTTGAAAGTACGATTCCATTACGGACATCCAGATATTTTTGATCGTCTGT
ASPLKVRFHYGHPDIFDRLF

TTCACCTTACCAGAGGTTTTAATTCTACTCTGCGTGAAGGA.AATGTGACT CAlCATGAAT
HLTRGFNSTLREGNVTHHEY

ATATACAAGTT GGTA.AÀG G GAGAGATGT GGGCCT CAACCAGAT CT CAATGT TT GAGG CAA

IQVGKGRDVGLNQTSMFEAK

AAAT CGCCAAT GGA.AÀT GG CGAGCA.AACT TT GAGT C GCGACCT TTATAGGCTAGGACACC

IANGNGEQTLSRDLYRLGHR

GATTTGATTTCTTCCGGATGCTGTCTTGTTATTTCACCACAATTGGGTTCTACTTCAGTA
FDFFRMLSCYFTTIGEYFST

RIKLPGPA
ATACTAGGAGAGGGA.AAGCCGG\¡U\'\TCAGzu\CC
ILGEGKPENQNH
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CCATGTTAACCGT
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Figure 5.14 DNA sequence and deduced peptide sequence of the A|GSL6 gene

amplified by PCR and used in the dsRNAi silencing construct pAJ5. Sequences

highlighted in green were used as the basis for primer design.

GCAAGAACACC T CAAÀCATACAAGTAT TAGAGGGAGG

W E S W!{ N VE O E H L K H T S I R G R

ATTCTGGAAATCACACTTGCTCTCCGCTTTTTCATTTATCAGTACGGAATTGTTTACCAG
ILEITLALRFFIYQYGTVYO

CTCAATATCTCTCAGCGCAGCAAGAGCTTTTTGGTTTATGGACTCTCTTGGGTGGTCTTG
LN]SQRSKSFLVYGLSWVVL

CTCACATCATTACTTGTTCTAAAGATGGTATCTATGGGCAGACGAAGATTTGGAACAGAT
LTSLLVLKMVSMGRRRFGTD

TT T CAGCTA.AT GT T CAGGAT T CT T

FQLMFRIL KALLFLGFLSV
298
99

Figure 5.15 DNA sequence and deduced peptide sequence of the AtGSLll gene

amplified by PCR and used in the dsRllAi silencing construct pAJ6. Sequences

highlighted in green were used as the basis for primer design.
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the corresponding sites of pJawohl3. The six pJawohl3 based plasmids were

sequenced to verify that ligation experiments were successful. The Arabidopsis

dsRNAi vectors were produced in the same manner as the barley dsRNAi vectors

(summarisedin Figure 5.1). The antisense strand and intron were cut from one vector

and ligated into the vector containing no intron and the sense strand of the same gene

to produce the three dsRNAi silencing constructs, pAJ5, pAJ6 and pAJ7.

5.3.6 Bombardment of Arabidopsis thaliana with dsRNAi constructs.

A. thaliana glA (glaborous) mutants were cultured in glass tissue culture vessels in an

organised manner such that the seven plants within the culture vessel were directly

aligned with the macrocarrier discs present in the Hepta Adapter of the bombardment

chamber. A. thaliana glA muTants were used in this study for two reasons. Firstly,

they lack trichomes, which limit the number of spores that reach the leaf surface, and,

secondly, trichomes fluoresce under UV light and complicate the interpretation of

results. A. thaliqna glA mutanfs respond to fungal challenge in the same manner as

wild-type Arabidopsis (Dr. Volker Lipka, personal communication).

Each of the ATGSL silencing constructs were used individually and the three

constructs were also co-bombarded, along with the pamPAT-35SxGUS reporter

construct (Figure 5.2), so that transiently transformed epidermal cells could be

identified after staining for GUS, The staining protocol used for the analysis of

callose deposits in bombarded barley leaf blades was adopted for the analysis of

callose deposits in Arabidopsls, but the incubation time post-bombardment was

extended to maximis e the ATGSL silencing effect. This time extension was possible

because the Arabidop.sls plants were intact and were able to obtain water and nutrients

from the tissue culture media as opposed to the detached leaf blades of barley, which

deteriorated quite rapidly after 96 hours on agar plates.

Arabidopsis thqliana epidermal cells are smaller in size than those of barley. They

also exhibit a more random shape than the rectangular shape of barley epidermal cells

and are analogous to pieces of a jigsaw puzzle. As a result of these factors, the

occurrence of GUS-stained cells that were challenged by the powdery mildew fungus

was less frequent when compared with barley. Gold particles used as the carrier for
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the marker and silencing constructs could be identified in GUS stained cells of

Arabidopsis, thus providing an alternative means of identifying transiently

transformed cells (Figure 5.16 Q.

Results from transient silencing assays in Arabidopsls plants confirmed that the

staining techniques employed enabled the detection of fungal structures, callose

deposits and GUS activity, although GUS staining was often less intense than in

barley cells. Papillae were detectable in the bulk of images captured from leaves

bombarded with the empty pJawohl3 vector and many leaves bombarded with the

dsRNAi silencing constructs (Figure 5.15). In some instances fungal hyphae that

appeared to penetrate the epidermal layer of the Arabidopsis leaves were not

associated with the presence of papillae. This was observed in both control and

dsRNAi bombarded tissues and may merely be an issue of timing, because callose

formation may not be instantaneous and the deposits may not be abundant enough to

detect immediately following the breach of the cell wall. However, it may be that the

dsRNAi constructs do effect the formation of callose in transformed cells.

Due to time constraints a large data set relating to the presence or absence of callose

deposits in transiently transformed and infected cells of Arabidopsis could not be

obtained and hence statistically based data will not be presented for this section of

work. A more comprehensive analysis of the effects of these silencing constructs has

been conducted in stably transformed plants of Arabidops¿s and the results from this

work are presented in Chapter 6.
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Fig¡re 5.16 Brig¡t field and fluorcsccnee micrographs of transielrt silencing rìssays in leaves of
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Figure 5.16 Bright fÌeld and fluorescence micrographs of transient silencing

aslays in leaves if Arabidopsis thsliana (40x). Bombarded plants were inoculated

with spores of powdery mildew f,rve days post bombardment. After 48 hours leaves

were ¿leared and stained for l) GUS activity which appears dark blue-green in

transformed cells under bright field illumination 2) Fungal structures which appear

purple under bright field illumination and 3) Callose deposits which fluoresce light

Utuê-*hit. under UV illumination. Arrows denote sites of hyphal penetration and

resultant papillae. A/B Bright flreld and fluorescence image respectively, of leaf

bombardeã with empty pJawohl3 vector and marker plasmid. C/D Bright field and

fluorescence image ìespectively, of leaf bombarded with pAJT (targeting AIGSLS),

red ellipse encapìulatei a gold particle used as the carrier in bombardments. E/F

Bright field and fluorescence image respectively, of leaf bombarded with pAJ5

(targeting AIGSL6) vector and marker plasmid. G/H Bright field and fluorescence

irnug. re.-spectively, of leaf bombarded with pAJ6 (targeting AtGSLl l) vector and

marker plasmid.
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5.4 SUMMARY AND CONCLUSIONS

An existing vector was improved by the addition of a multiple cloning site and was

further modified by the introduction of the third intron from the barley MLAI gene.

This vector is functional and has been used to silence CesA genes of barley (Dr.

Rachel Burton, personal communication).

Fragments of a barley GSI gene, designated HvGSLI, were ligated into the pUbi-

MLAl3I-Nos vector as an inverted repeat, the two HvGSLI fragments being

physically separated by the intron. The vector was introduced into the epidermal cells

of detached barley leaves via particle bombardment. The barley dsRNAi constructs

had no discernable impact upon the development or appearance of papillae that form

as a result of the perturbation of the cell wall by fungal hyphae. No wounding was

evident as a result of the bombardment protocol employed. Staining techniques were

developed such that GUS activity, fungal architecture and callose deposits could be

viewed in a single field of view. Results suggest that the barley gene, HvGSLl, is not

involved in the formation of papillae at sites of attempted fungal penetration, although

the possibility that HvGSLI is a stable protein and that post-transcription silencing of

the corresponding gene has little to no effect on HvGSLI protein levels in the cell can

not be discounted. It may be that a GSL gene other than HvGSLI plays a role in the

formation of papillae and this will require further examination as ne\ry G.SI genes are

identif,red in barley. Atternpts to disrupt the function of HvGSLI in tissues other than

leaf using the existing dsRNAi constructs could not be undertaken because most other

tissues are not easily amenable to microprojectile bombardment.

The expression of 12 Arabidops¿s GSZ genes were surveyed following challenge with

the powdery mildew fungus Blumeria graminis and mRNA levels for three of the

genes AIGSLS, AIGSLî and AIGSLll appeared to be mildly upregulated according to

results obtained from semi-quantitative RT-PCR experiments. These genes were

therefore targeted for silencing by engineering three dsRNAi vectors that would each

potentially shut down the expression of one gene by inducing the mechanisms of post-

transcriptional gene silencing (Chuang and Meyerowitz, 2000). Arabidopsis thaliana

g/l mutants were cultured in a manner that allowed intact plants to be bombarded and
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extended the time tissues could be left after bombardment to maximise the potential

for gene silencing. Results from bombardment experiments were inconclusive and

large numbers of transiently transformed cells coincident with fungal challenge were

not obtained, in part because of the small size of Arabidopsls epidermal cells but also

because of the potential stability of the proteins.

Although the transient gene silencing experiments described in this chapter provided

no conclusive evidence for the participation of G,SZ genes in papillae formation in

either barley or Arabidopsrs, one interpretation of the observations would be that the

callose synthase enzyme itself is already present in the cell and is sufficiently stable to

ensure that post-transcriptional degradation of newly transcribed callose synthase

pRNA does not greatly diminish levels of active enzyme in the short term, transient

assays. Balanced against this apparently negative result was the observation that three

of the 12 Arabidopsis GSI genes were slightly up regulated following fungal

infection. To investigate the effects of silencing these three genes (AIGSLS,6 and 11)

on papillae formation in the longer term, where the effects of low enzyme turnover

rates would be reduced or abolished, the dsRNAi gene silencing constructs were

introduced into Arabidop.srs by the floral dip method. The formation of callosic

papillae could thereby be examined in segregating populations of transgenic

Arabidopsis plants. The results of these experiments are described in the next

Chapter.
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6.1 INTRODUCTION

The work described here follows on from the transient gene silencing assays outlined

in the previous chapter and was initiated in an attempt to identiff members of the

Arabidopsis GSZ family that might be involved in the formation of callosic papillae

that forrn in plant cells at sites of fungal penetration. Individual members of the

family were presumed to mediate the synthesis of callose in different tissues and/or

under different environmental conditions, but very limited information was available

on biological functions of individual ATGSL family members. The GSL6 protein is

located at the growing cell plate and interacts with two cell plate-associated proteins,

phragmoplastin and a UDP-glucose transferase (Hong et al., 2001a, 2001b). The

three proteins are likely to form part of a larger complex that assembles at the cell

plate (Hong et al., 2001b). Transgenic tobacco lines over-expressing a GFP-AIGSL6

gene construct showed increased callose deposition at the cell plate but this gene

failed to complement ayeasTJks/ mutant (Hong et al.,200la). The A|GSLí gene has

been shown to partially complement the yeast/ks1 mutant and is inducible by salicylic

acid (Østergaard et a1.,2002). Despite these obseruations, direct genetic evidence

linking GSI genes to callose biosynthesis in plants generally, or genetic evidence

linking individual ATGSL family members to specific sites of callose deposition in

Arabidopsis, has yet to be found. Semi-quantitative RT-PCR indicated that, of the 12

Arabidopsis G,SZ genes, mRNA transcript levels for AIGSLS, A|GSLí and AIGSLI I

increased slightly following powdery mildew challenge (Figure 5.11), and on this

basis were chosen for further examination.

Transient gene silencing assays with double-stranded RNA interference (dsRNAi)

constructs failed to provide convincing evidence that the three ATGSL genes 'were

involved in the formation of papillae during fungal attack (Chapter 5). However, if

the turnover rate of the callose synthase enzyme were low, lowering mRNA levels by

transient post-transcriptional gene silencing might not have greatly affected the actual

amount of enzyme activity in the cell, or the synthesis of callose. Stable transgenic

lines of Arabidopsi.s were therefore generated, using the same dsRNAi constructs, in

an alternative "loss-of-function" approach aimed at linking G^SI gene expression and

callose deposition. Analysis of gene silencing experiments was expected to be
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simpler in stable transgenic plants because all cells in the transgenic plant should

show lower expression of the targeted GSI gene and consequently any infected cells

could be screened for the presence or absence of callosic papillae. Furthermore,

silencing should be effective from the earliest stages of the transgenic plant's

development and the G,SI mRNAs targeted by dsRNAi constructs should remain very

low throughout, so that active GSL proteins should not accumulate'

Deposition of callosic plugs, or papillae, at sites of fungal penetration is a widely

recognised early response of host plants to microbial attack. It has been proposed that

the papillae physically block fungal growth (Aist e/ al., 1980; Inoue e/ al., 1994;

lsrael et at., 1980) and thereby provide valuable time for the host plant to mount its

defensive strategies, although this is not universally accepted (reviewed in Stone and

Clarke, lgg2). Here, stable transgenic lines of Arabidops¿s were generated using

dsRNAi constructs specific for the AIGSLS, A\GSLí and ATGSLI -1 genes' Transgenic

lines were challenged with the fungal pathogen Sphaerotheca fusca and the resultant

papillae were examined. Callose deposits found in germinating pollen and at the cell

plate of dividing cells were also examined in the transgenic lines. A mutant line

carrying a T-DNA insertion in the AIGSLí gene and the powdery mildew resistant

line pmr4-l previously described by Vogel and Somerville (2000) were compared

with the l¡GSZ5-dsRNAi line in assays with various plant pathogens, and following

wounding.

It should be re-stated that no data from colleagues at the Max Planck Institute of Plant

Breeding Research, Cologne are presented in this Chapter without due

acknowledgement. Collaborative data from Dr. Volker Lipka, which are presented to

support the findings described here are limited to Figure 6.8. In addition, the

published manuscript, in which data from both groups are included, is presented as

Appendix D.
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6.2 MATERIALS AND METHODS

6.2.1 Materisls

Quanti-Tect SYBR Green PCR mix was from Qiagen (Valencia, CA, USA). Sodium

hypochlorite, NaOH, NaCl, rifampacin, carbenicillin, gentamycin, kanamycin,

sucrose, dNTPs, Tween 20, TEAA, EDTA, MeCN, NazHPO+, NaHzPO+, MgCl2,

Trizma base, KCl, MS media and reagents for liquid hydroponic media were from

Sigma-Aldrich (St. Louis, MD, USA). Rockwool was from Rockwool International

A/S (Hedehusene, Denmark). Gene-Pulser 1 mm electroporation cuvettes were

supplied by Promega (Madison, WI, USA). Tryptone, yeast extract, agar and agarose

was from Becton-Dickinson (Sparks, MD, USA). Superscript II cDNA synthesis kit

was from Invitrogen Corporation (Carlsbad, CA, USA). Zaq DNA polymerase,

restriction enzymes and BSA were from New England Biolabs (Beverly, MA, USA).

SYBR Green I dye was from Applied Biosystems (Foster city, cA, usA).

Coomassie brilliant blue R-250 was from Serva Fine Biochemicals (Heidelberg,

Germany). Aniline blue fluorochrome was from Biosupplies (Parkville, Australia).

DNA-free kit was from Ambion (Austin, TX, USA). The Zorbax Eclipse dsDNA

column was supplied by Agilent Technologies (Palo Alto, CA, USA). HPLC was

performed using a series II 1090 liquid chromatograph purchased from Hewlett-

Packard (Palo Alto, CA, USA).

6.2.2 Cultivstion of planl and fungøl material

The sequence-tagged Arabidopsis thaliana (Columbia) T-DNA insertion line GABI-

KAT 0S9H05 segregating for T-DNA insertion in AIGSLS (http://www.mpiz-

koeln.mpg.de/-GABI-Kat/GABI-Kat homepage.html) was from the Max-Planck-

Institute for Plant Breeeding Research (Cologne, Germany)' The powdery mildew

resistant Arabidopsi.ç line pmr4-l was obtained from John Vogel and Shauna

Somerville (Carnegie Institution of Washington, Stanford, CA, USA).

Arabidopsis thaliana plants used in stable transformation experiments and transgenic

plants used for RNA isolation were grown in soil in growth rooms under 16 h light

and 8 h dark in soil at 22"C. The majority of plants were cultivated in aerated liquid
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hydroponic media (Appendix A) in baskets containing rockwool under the same

conditions. Plants for transformation were grown for 5-6 weeks until floral shoots

and many immature flowers were beginning to appear. In some cases the initial

flowering stems were cut off to encourag e a greater proliferation of flowers for

transformation. Leaf tissue taken for RNA isolation was placed in liquid Nz

immediately following harvest and was stored at -80'C until needed.

In some instances Arabidopsis thaliana (Col-O) seed was germinated on 1% (w/v)

agar plates containing MS media. Seed was surface-sterilised for I min in a solution

containing 4.2Yo sodium hypochlorite,0.go/o sodium hydroxide and 0.lo/o Tween 20

and was rinsed 4x in sterile water before being placed onto the surface of the MS agar.

Plates were incubated on an incline at 22"C with a 14 h photoperiod in a growth

cabinet. Seedlings were transferred to rockwool cubes after 3-4 weeks and grown

under the conditions described below.

The Arabidop.srs powdery mildew fungus, Sphaerotheca fusca, was cultivated on

zucchini vines in a glasshouse at approx. 24C. Uninfected zucchini plants were

introduced into the glasshouse every 4 weeks and an infected leaf was used to

inoculate uninfected plants to maintain a stock of fresh spores.

6.2.3 Agrobacterium mediuted transformaîion of Ãrabidopsis thaliana

The dsRNAi silencing constructs pAJ5, pAJ6 and pAJT described in section 5.2'12

were used for the stable transformation of Arabidopsis. Arabidopsis plants were

grown as described in section 6.2.2 for approx. 6 weeks or until there were many

immature inflorescence clusters and limited fertilised siliques. Plants at this stage of

development were transformed using a floral dip method (Clough and Bent, 1998).

Agrobacterium tumafaciens slrain GV3l0l carrying the helper plasmid pMP9ORK

were transformed separately with the binary vectors pAJ5, pAJ6 and pAJT by

electroporation in a I mm cuvette under the following conditions; 2.5 V, 25 ¡rF, 400

O. Transformed A. tumafaciens colonies were selected on LB agar plates (lo/owlv

NaCl, lo/o wlv tryptone and 0.5%o w/v yeast extract, pH 7.0 with 1% wlv agat)

containing the antibiotics rifampacin 100 pg.mll, carbenicillin 50 pg.ml-r,
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gentamycin 50 pg.ml-r and kanamycin 25 pg.ml-l for 3 days at 28oC. Isolated

colonies were used to inoculate 10 ml LB media containing carbenicillin 50 ¡rg.ml-r

and kanamy cin 25 pg.ml-r, and were cultured for 2 days at 28"C with shaking' These

starter cultures were used to seed 300 ml LB cultures that were grown under the same

conditions and selection criteria as described above for 24 h. Bacteria were pelleted

by centrifugation at 5000 rpm for 10 min and resuspended in 300 ml 5% (wlv)

sucrose. Silwet L-77 (Lehle seeds, Round Rock, USA) was added to a final

concentration of 0.05% (v/v) and Arabidopsis plants were inverted in the solution for

approx. l0 sec whilst being gently agitated. Plants were covered with plastic for 24 h

following dipping to maintain high humidity and were returned to the growth room.

When seeds became mature the plant was no longer watered and a seed collection bag

was placed over the plant. Dry seed was harvested and planted out in soil. Seed trays

were placed at 4"C for two days to encourage even germination of the seeds before

they were placed in a growth chamber as described in section 6.2.2. Transformants

were selected after 6-8 d by three applications of the herbicide Basta 100 mg.L-r

(AgrEvo, Düsseldorf, Germany) every second day in one week.

6.2.4 DNA extrøclion

Genomic DNA was extracted from young leaves of Arabidops¿s as described rn

section 2.2.3.

6.2.5 RNA extruction

Total RNA was extracted from Arabidopsis young leaves and inflorescences as

described in section 2.2,4.

6.2.6 First strønd cDNA synîhesis reaclions

The RNA preparations destined for use in oDNA synthesis reactions was treated with

DNase I, using a DNA-free kit according to the manufacturer's directions to remove

any DNA that might act as a template in PCR reactions. Total RNA (2 pg) was

combined with 1 ptl of a 50 pmol stock oligo (dT)zr adaptor primer, 1 pl dNTPs

(10mM) and the volume was adjusted to 10 prl using sterile Milli-Q water' The
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mixture was incubated at 65'C for 5 min in a water bath and immediately placed on

ice. First strand reactions were undertaken using a Superscript II cDNA synthesis kit

as described in section 2.2.5. The oDNA synthesis reactions were continued for 60

min at 42"C. Heating to 70"C for 15 min terminated the reactions and the cDNAs

were diluted by the addition of 30 pl sterile Milli-Q water. The cDNAs were stored at

-20"C or used directly in PCR.

6.2.7 Prepøration ol [ 
3'P]- rødioløbelled DNA probes

Radiolabelled DNA probes for Southem analyses were prepared as described in

section2.2.6.

6"2.8 Southern analysis

Genomic DNA was extracted from young leaves of Arabidopsis Ts transgenic lines as

described in section 2.2.3. DNA (5 pg) was digested with PvulÍ and separately with

BamHI in 50 pl reaction volumes containing lx reaction buffer (supplied).

Restriction digests continued for at least 6 h at 37"C. Fragmented DNA was

separated on agarose gels and transferred to nylon membranes as described in section

2.2.17 "

6.2.9 Quantitative PCR analysis o/AtGSL %RNA levels in transgenic

Arabidopsis

Quantitative (real-time) PCR experiments were performed using a Rotorgene 2000

Real-Time cycler, RG2072, followed by analysis with DNA sample analysis system

v4.2 software from Corbett Research (Mortlake, NSW, Australia) in consultation with

Dr. Neil Shirley (Department of Plant Science, University of Adelaide, SA,

Australia). To prepare the standards, three 25 pl PCR was conducted for all of the

primer combinations; atcycloF/ atcycloR, atgapdhF/ atgapdhR, atgsl5F/ atgsl5R,

atgsl6F/ atgsl6R and atgslllF/ atgslllF. (Appendix B). PCR was performed with

dNTP concentrations of 200 pM, I IJ Taq DNA polymerase, 1.5 mM MgClz in a l0

mM Tris-HCl buffer, pH 8.3, containing 50 mM KCI with 3 pl primer stock (4 pM)

and I ¡rl çDNA. Thermal cycling conditions were as follows: 94C,30 sec followed
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by 35 cycles of 94oC, 30 sec; 55'C, 30 sec;72oC,20 sec. PCR products were purified

by HPLC onaZorbaxEclipse dsDNA column, 2.1mm x 150 mm x 3.5 pM. The two

elution solutions were 0.1 M TEAA, 0.1 M EDTA, pH 7.0 (solution A) and 0'1 M

TEAA, 0.1 M EDTA, 25% MeCN, pH 7.0 (solution B). The gradient was set from

35o/o To 70%o over a 30 min time period and separation was conducted at 40oC. The

flow rate was 0.2 ml.min-|, and the column was equilibrated in solution A for at least

l0 min prior to purification using a Hewlett-Packard series II 1090 liquid

chromatograph. Purified PCR products were sequenced as described in section 2.2.16

to confirm the identity of the products. Dilution series' of the HPLC purified PCR

products were prepared ranging from 1 x l0r to 1 x 107 molecules.pl-r and were used

to generate standard curves offluorescence levels for the given concentration ofPCR

product.

Quantitative PCR was conducted on cDNAs produced as described in section 6.2.6 tn

20 pl reaction volumes using 10 ¡rl 2x Quanti-Tect PCR master mix, 0.3 pM gene

specific primers and 0.6 pl of a 100-fold dilution of SYBR Green I dye. Cycling

parameters were as follows: 95oC, 10 min followed by 55 cycles of 95"C, 20 sec;

55'C, 30 sec; 72C, 30 sec. PCR products were checked by electrophoresis in

agarose gels.

6.2.10 Staining snd microscopic analysis of plant materiøl

Arabidopsis tissues and infected leaves were removed from plants and cleared in 95Y,

ethanol for 48 h. The solution was replaced wlth75Yo ethanol and the tissues were

left for a minimum of 24 h. Infected leaf material was transferred to a solution of

0.6% Coomassie brilliant blue R-250 in methanol for 10-20 sec to stain fungal

structures. Tissues were rinsed in water and in 10 mM sodium phosphate buffer, pH

9.0. Excess phosphate buffer was drained from the tissues before staining with 0.02Vo

aniline blue fluorochrome in 10 mM sodium phosphate buffer, pH 9.0 for 20 min at

room temperature. Tissues were rinsed in water and mounted on glass slides in sterile

1:l (v/v) glycerol:water for bright field microscopic analyses and in sterile water

under glass cover slips for confocal studies.
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Tissues were analysed using a Zeiss Axioplan 20 fluorescence microscope (Carl

Zeiss, Oberkochen, Germany) equipped with a HBO 50 W mercury vapour lamp for

fluorescence studies. Epi-illumination was used with an excitation filter of 365 nm

and a KP620 emission filter. Images were captured with a DC300F digital camera

(Leica Microsystems AG, Heerbrugg, Switzerland) that ìwas connected to an IBM

compatible PC (program: IMl000 Image Manager vl.10; Leica Microsystems AG,

Heerbrugg, Switzerland).

Various tissues were analysed using a MRC-1000UV Confocal Laser Scanning

Microscope (Bio-Rad, Hercules, CA, USA). The microscope was equipped with a

Diaphot 300 inverted microscope (Nikon Instech Co., Ltd., Kanagawa, Japan) and

two lasers, Krypton/Argon and UV-Argon with excitation f,rlters of 351 and 363 nm

and an epi-detection 460 LP emission filter. Captured images were analysed and

collated using Confocal Assistantv 4.02 software (Todd Clark Brelje).

6.2.11 Pøthogenicity øssays

In initial experiments on the transgenic AIGSLÍlines carrying the dsRNAi construct,

the formation of callosic plugs was examined in four to six week old plants 48 h after

inoculating leaves with spores from the powdery mildew fungus Sphaerotheca fusca.

Subsequently, infection severity was quantitated using several other fungal pathogens.

Seed collected from Arabidopsis T3 plants that were shown to be transgenic by

Southern analysis were sent to Professor Paul Schulze-Lefert's laboratory at the Max-

Planck-Institute for Plant Breeding Research, Cologne, Germany to be assayed for

resistance/susceptibility against a range of fungal pathogens including Blumeria

graminis, Golovinomyces orontii and Peronospora parasitica. The T-DNA insertion

mutant GABI-KAT 089H05 and the pmr4-l mutant were also challenged in parallel

with the same pathogens. Dr, Volker Lipka conducted the assays with these

pathogens.

Spores from the fungi, Blumeria graminis and Golovinomyces orontii were applied to

gsl5 mutants via a 65 cm infection tower by gently shaking heavily infected host

plants over the tower. After 5 min the inoculated plants were returned to the growth
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chamber at 22"C (16 h light, 8 h darkness). Sphaerotheca fusca infections were

established by the transfer of fresh spores fo Arabidops¿s leaves using a small

paintbrush. Infected leaf material was harvested from inoculated Arabidopsis plants

after 48 h and was prepared for microscopic analysis as described in section 4.2.9.

Infection phenotypes were monitored macroscopically by visible mycelial growth or

microscopically where the frequency of sporulating bodies and degree of hyphal

growth and infection were determined. Peronospora parasitica pv Cala2 infections

were established by applying aqueous suspensions of conidiosporangia at an approx.

concentration of lxl0s ml-r. Plant material was harvested 3 days post inoculation.

6.2.12 úl'ounding

The leaves of 4-6 week old plants were mechanically wounded by pushing a small

pipette through the leaf. After 24 h, the leaves \ryere detached, cleared and stained for

callose deposits as described in section 6.2.10.

6.2.13 Sequence analysis of pmr4-l mutunt

Dr. Volker Lipka isolated genomic DNA from the powdery mildew resistant

Arabidopsis line pmr4-1. The three exons of G.SI5 (1S70 bp,2022bp,1448 bp) were

PCR amplified under the following conditions; 40 cycles of 94"C 30 sec, 55oC 30 sec,

l2"C 5 min using the following flanking oligonucleotide primers, atgl5el/atgsl5elr,

atgsl5e2latgsl5e2r and. atgsl5e3/atgsle3r (Appendix B) respectively. PCR products

were purified using a Nucleospin extract kit and directly sequenced as described in

section 3.2.7 using the additional primers atgsl5els/atgsl5elrs for exon I and

atgsl5e2s/atgsl5e2rs for exon 2 (Appendix B).

6.2.14 Segregøtion of cøllose deftciency ín T-DNA insertion lines

Segregation analyses were performed on 95 independent Tz generation GABI-KAT

089H05 T-DNA insertion lines by Dr. Volker Lipka. The presence of T-DNA was

monitored through the resistance of seedlings to sulfadiazine (www.mpiz-

koeln.mpg.de/GABI-KAT/). Callose formation was examined in 18 lines 48 h after

inoculation of four to six week old seedlings with Blumeria graminis, and genomic
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DNA was isolated from the same l8 lines for PCR analysis of T-DNA insertions

specifically within the AIGSLS gene. The AtGSL5-specific primers were AIGSLS-

ex2F and AtGSL5-ex2R (Appendix.B), and the primer for the left border region of the

T-DNA insert was GABI T-DNA LB (Appendix B). The precise position of the T-

DNA insertion was determined by PCR-based sequencing from the left border of the

T-DNA into exon 2 of the AIGSLS gene.
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6.3 RESULTS

Plønt growth ønd development6.3.1

Three plants were used for each floral dip transformation, and the groups of three

were transformed with the empty pJawohl3 vector and the three dsRNAi silencing

constructs pAJ5 (AIGSL6), pAI6 (AIGSLI 1) and pAJT (AIGSLï). The bulk of the To

seed from lhe 12 transformed plants was planted out to produce a green lawn of Tr

Arabidopsis seedlings covering the planter trays. The application of a glyphosinate-

based herbicide enabled the identif,rcation of putative transgenics (Thompson et al.,

lg87), which in turn were left to mature and set seed. This process of planting and

selection was repeated until the seed from Tz plants had been isolated. Four lines for

each of the transformation constructs were chosen on the basis of their herbicide

resistance segregation pattern being close to 3:1, and these lines were further

characterised. Four lines were pursued for reasons of manageability and it was

predicted that there would be a high probability of finding any plants possessing an

altered callose phenotype from this number.

Transgenic plants carrying the AIGSLS-dsRNAi construct had mildly epinastic leaves,

were slower to grow and consequently remained smaller in size when setting seed

compared with wild type plants and plants transformed with the empty pJawohl3

vector, the AtGSLí-dsRNAi or the AtGSLll-dsRNAi constructs (Figure 6.1). The

A1GSL6-, ATGSLI I-dsRNAi lines and empty vector control lines exhibited normal

phenotypes and no obvious morphological abnormalities were detected in leaves,

stems, flowers, siliques or roots of T3 plants.

6.3.2 Southern ønalysis a/AtGSL dsRNAi transgenics

Genomic DNA was extracted from putative transgenic plants used in microscopic

analyses for callose, and was analysed for the presence of multiple copies of the

ATGSL gene fragment used in the respective dsRNAitransformation constructs. Thus,

transgenic lines transformed with the AtGSLS-dsRNAi construct were probed with the

A\GSL| fragment used to create the construct (Figure 5.13). The pattern of

hybridising bands on the Southern blot indicated that both the independent lines, 7.11
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Figure 6.1 Phenofypes of ATGSL-dsRNAi transgenic lines of Arabidopsß. In Panel

A, the reduced height and root development of the AIGSLï lines (7.11 &7.13) arc
compared with the AIGSLí (5.2), ATGSLI/ (6.10) and empty vector control (C) plants.

In Panel B, the AIGSLï line (7.11) is compared with two independent ATGSLó lines

6.2 e, 5.17), two independent ATGSLI/ lines (6.10 & 6.18) and with an empty vector

control plant at an earlier stage of development. No alterations in phenotype were

detected in either of the AIGSLí or AIGSLI I dsRNAi lines. In Panel C, the slower
growth of the AIGSLí line (7.1 l) is again evident. In Panel D, empty vector control,
wildtype and three AIGSLS plants are compared, note epinastic leaves on AIGSLS
(7.11) lines.
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and7.l3, contained extra copies of the AIGSLï gene when compared with wild type

and transgenics transformed with the empty transformation vector alone (Figure

6.2a). Duplicate plants from the same independent lines contained the silencing

construct at the same site within the genome, as expected, and the site of insertion was

different between different lines.

Similarly, transgenic lines transformed with the AtGSLí-dsRNAi construct were

probed with the AIGSLí fragment used to create the vector (Figure 5.14) andthe

Southem blot probed with this fragment is presented in Figure 6.2b. The pattem of

hybridising bands on this blot indicated that the independent lines 5.16,5.17 and 5.20

contained extra copies of the AIGSLí gene when compared with wild type and

transgenics transformed with the empty transformation vector. Furthermore, lines 5.2

and 5.16 appear to have the AtGSLí-dsRNAi construct inserted at the same site within

the genome and are unlikely to represent true independent lines. Line 5.17 appears to

have the IrGSIó-dsRNAi construct inserted at multiple sites within the genome as

indicated by the number of hybridising bands.

Transgenic lines transformed with the AIGSLll-dsRNAi construct were probed with

the AIGSLll fragment used in the dsRNAi vector (Figure 5.14) and the Southern blot

probed with this fragment is presented in Figure 6.2b. The pattern of hybridising

bands on this blot indicated that the independent lines 6.10, 6.13 and 6.18 contained

extra copies of the AIGSLî gene when compared with wild type and transgenics

transformed with the empty transformation vector. Furthermore, lines 6.13 and 6'18

appear to have the AtGSLí-dsRNAi construct inserted at the same site within the

genome and are unlikely to represent true independent lines. Lines 6.13 and 6.1 8 may

also have the AtGSLí-dsRNAi construct inserted at multiple sites within the genome

as indicated by the number of hybridising bands.

6.3.3 Quøntitative PCR analysis a/AtGSL nRNA levels

To determine whether the dsRNAi vectors in transgenic plants had altered

endogenous GSL mRNA levels, total RNA was extracted from leaves and

inflorescences of transgenic dsRNAi lines. The mRNA levels of the ATGSL genes

were measured using quantitative PCR (Heid et al., 1996) and data was normalised
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Figure 6.2a Southern analysis of ArøbidopsÍs plants transformed with tlne A|GSLS-
dsRNAi construct. Genomic DNA was separated by electrophoresis and a gel blot was
probedwitharadiolabelledAtGsLS fragment of 260bp(Figure5.13). Line7.13 and
7.ll are independent lines carrying extra copies of AIGSLS in comparison to wild type
and plants transformed with empty vector, as shown by the number of hybridising bands
on the blot.
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Figure 6.2b Southern analysis of Arabidopsis plants transformed with the A|GSL6-
dsRNAi construct. Genomic DNA was separated by elechophoresis and a gel blot was
probed with a radiolabelled AIGSLí fragment of 620bp (Figure 5.14). Lines 5.2, 5.16,
5.17 and 5.20 are independent lines carrying extra copies of AIGSLí in comparison to
wild type and plants transformed with empty vector (faint bands), as shown by the
number of hybridising bands on the blot.
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Figure 6.2c Southern analysis of Arabidopsis plants transformed with the
AtGSLll-dsRÀ[Ai construct. Genomic DNA was separated by electrophoresis and a
gel blot was probed with a radiolabelledAtGSLll fragment of 280 bp (Figure 5.13).
Lines 6.10, 6.13 and 6.18 are independent lines carrying extra copies of AtGSLll in
comparison to wild type and plants transformed with empty vector, as shown by the
number of hybridising bands on the blot.
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against the mRNA levels of two internal control genes, glyceraldehyde phosphate

dehydrogenase (GAPDII) and cyclophilin (cyclo), because these genes are reported to

have relatively uniform, cellular mRNA levels (Vandesompele et al.,2002).

Quantitative PCR experiments indicated that mRNA levels for the three target ATGSL

genes were generally 3- to lO-fold less abundant in dsRNAi lines than in the empty

vector controls and wild type lines (Figure 6.3). In transgenic plants carrying the

lrGSI5-dsRNAi construct, AIGSLï mRNA levels were found to be as much as 800/o

lower than the level in wild type and transgenics carrying the empty transformation

vector. The mRNA levels for the AIGSLí and ATGSL11 genes were also significantly

less abundant in dsRNAi transgenic plants in which these genes were targeted, than

the empty vector controls and wild type lines (Figure ó.3). The mRNA levels of the

two ATGSL genes not targeted by the dsRNAi vectors were also assayed in all

transgenics to determine whether there was any compensatory upregulation of these

GSI genes in response to the reduced mRNA levels of target genes, but no evidence

for this was found (data not shown). The transcript levels of the ATGSL genes most

closely related to the ATGSL genes targeted in the dsRNAi constructs, namely

A1GSLI, AIGSL3 and AIGSLT were also examined by quantitative PCR, which

indicated there may be some down-regulation of these genes (data not shown). The

other six members of the Arabidopsis GSZ gene family were not examined.

6.3.4 Microscopic anølysis of cøllose deposits in lransgenic dsRNAi lines

The formation of callosic papillae was examined in transgenic ATGSL lines carrying

the dsRNAi constructs after inoculating leaves with spores from the virulent powdery

mildew fungus, Sphaerotheca fusca. Hyphal growth was observed on leaves in all

cases, and the rate of hyphal growth did not differ substantially between the lines after

48 h. Callosic papillae that stained brightly with the aniline blue fluorochrome were

clearly evident in all AIGSL6, AIGSLI I and control lines (Figure 6.4a). In contrast, in

all AIGSLS transgenic lines, callosic papillae were completely absent, despite the fact

that hyphal growth was occurring (Figure 6.4a G&H and 6.4b). Papillary callose was

completely absent in all leaves from both of the AIGSLS independent dsRNAi lines

for which at least 15 plants were examined for each line. Further, careful examination

of the infection zones revealed no indication that the callosic papillae were
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Figure 6.3 ATGSL mRl\lA transcript levels in dsRNAi transgenic lines. Quantitative
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empty vector control plants. (A) Reduced AIGSLS mRNA levels in two independent
transgenic AIGSLS lines. (B) Reduced AIGSLí mRNA levels in two independent
transgenic AIGSLí lines. (C) Reduced AIGSLII mRNA levels in two independent
transgenic AIGSLI I lines.
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Figure 6.4a Microscopic analysis of leaves of ATGSL-dsRNAi transgenic lines of
Arøbìdopsis infected with the normally compatible fungus Sphaerotheca fuscø. Paired
images in the left and right hand columns show bright field, Coomassie blue-stained leaf
surfaces in parallel with fluorescence images of exactly the same regions of the leaves

after staining with the aniline blue fluorochrome, respectively. (AiB) Empty vector
control. (CiD) An ATGSLó-dsRNAi transgenic line. (E/F) AtGSLll-dsRNAi
transgenic line. (G/H) An AtGSLS-dsRNAi transgenic line. Brightly fluorescing callose
deposits can be seen in the empty vector control and the AIGSL6- and AtGSLll-dsRNAi
lines. but is absent in the AtGSLs-dsRNAi line.
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Figure 6.4b Microscopic analysis of leaves of AtGSLS-dsRNAi transgenic lines of
Arahídopsìs infected with the normally compatible fungus Sphøerothecafuscø. Paired

images in the left and right hand columns show bright field, Coomassie blue-stained leaf
surfaces in parallel with fluorescence images of exactly the same regions of the leaves

after staining with the aniline blue fluorochtome, respectively. (A/8, C[DrF'lß, G/H)

empty vector control and the AIGSL6- and AtGSLll-dsRNAi lines (Figure 6.4a) are

absent in the AtGSLS-dsRNAi line.
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present in a less compact forïn. Although papillary callose was not detectable in

AIGSLS dsRNAi lines, the typical round wall appositions that form beneath fungal

appressoria \ryere present. Microscopic examination of the appositions revealed they

were indistinguishable from those in wild type plants, except that they contained no

callose (Appendix D).

The formation of wound callose in AtGSLS-dsRNAi lines was also greatly reduced or

absent when compared with levels in the AIGSL6-, AtGSLl l-dsRNAi and control

lines (Figøre 6.5a and 6.5b). Leaves from both the AIGSLS independent dsRNAi

lines failed to produce callose at wound sites at a level comparable to that seen in wild

type plants in all cases. Thus, gene silencing experiments clearly demonstrate a role

for the AIGSLS gene in the deposition of wound and papillary callose. More

generally, the data provide strong genetic evidence that the products of glucan

synthase-like (GSI) genes are essential for callose formation in higher plants.

When pollen grains germinating on the style of the three dsRNAi transgenic lines

were examined with the aniline blue fluorochrome, callose deposits in all lines

appeared normal (Figure 6.6). In addition, no differences were observed in any of the

ATGSL dsRNAi lines for callose deposits found at the cell plate, although background

fluorescence in these images was high (Figure 6.7).

6.3.5 Microscopic analysis of callose deposits in mutant lines

To conf,rrm that the effects in the GSI5-dsRNAi lines were specific to the lack of the

GSL5 callose synthase isoform, a T-DNA insertion line (GABI-KAT 089H05)

containing an insertion in the second exon of GSIS was examined. The GSZ5

insertion line did not exhibit the slow growth phenotype or show the epinastic leaves

of the dsRNAi lines, which suggests there is some vector effect. The AIGSLS-

dsRNAi vector was shown to alter the mRNA levels of the other most closely related

ATGSL genes by quantitative PCR reinforcing the need to assess the callose deposits in

other AIGSL5 mutants. Dr. Volker Lipka (Max-Planck-Institute for Plant Breeeding

Research, Cologne, Germany) analysed eighteen independent lines segregating for a

T-DNA insertion in AIGSLS and inoculatied them with conidiospores of the grass

powdery mildew Blumeria graminis. Blumeria graminis failed to produce
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'I il.

Figure 6.5a Microscopic analyses of wounded leaves Trom ATGSL-dsRNAi
transgenic lines of ,,4røbìdopsìs. Paired images in the left and right hand columns show
bright field, Coomassie blue-stained leaf surfaces in parallel with fluorescence images of
exactþ the same regions of the leaves after staining with the aniline blue fluorochrome,
respectively. (A/B) Empty vector control. (C/D) An AtGSLí-dsRNAi transgenic line.
(E/F) AnAtGSLll-dsRNAi transgenic line. (G/H) AnAtGSL5-dsRNAi transgenic line.
Brightly fluorescing callose deposits can be seen in the empty vector control and the
AIGSL6- and AtGSLll-dsRNAi lines, but is absent in the AIGSLS -dsRNAi line. The
dark regions of the sections coffespond to the holes punched in the leaves during
wounding.
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Figure 6.5b Microscopic analyses of wounded leaves from AtGSLS-dsRNAi
transgenic lines of Arabìdopsís. Paired images in the left and right hand columns show
bright field, Coomassie blue-stained leaf surfaces in parallel with fluorescence images of
exactly the same regions of the leaves after staining with the aniline blue fluorochrome,

callose deposits seen in the empty vector control and the AIGSL6- andAtGSLll-dsRNAi
lines (Figure 6.5a) are absent in the AtGSLS-dsRNAi lines.
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Figure 6.6 Confocal analyses of pollen tubes growing on the style of ATGSL-

¿sn¡l.li transgenic lines of Arøbidopsis. No obvious aberrations in callose deposits

found in pollen tubes were detectable in any of the ATGSL dsRNAi transgenic lines'

Control ,
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Figure 6.7 Microscopic analyses of root meristems from Arabidopsis

trãnsgenic plants. Paired images in the left and right hand columns show bright

field illuminated root meristems in parallel with fluorescence images of a higher

magnification of areas indicated by rectangles after staining with the aniline blue

fluðrochrome, respectively. (A/B) Empty vector control. (C/D) An AIGSL6-

AtGSLS-dsRNAi transgenic line. The bright regions in the fluorescence images

indicated with arrows Corr.rpotrd to newly formed crosswalls and the cell plates of

dividing cells.
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disease on non-host wildtype Arabidopsis leaves. Microscopic examination revealed

nonnal conidiospore germination with production of primary and differentiated

appressorial germ tubes in contact with the leaf surface (Dr. Volker Lipka, personal

communication). However, the germ tubes typically failed to enter the non-host

epidermal cells (92o/o of interaction sites) and were accompanied by the formation of

callosic papillae (Dr. Volker Lipka, personal communication). This infection

phenotype is similar to other reported non-host interactions between plants and fungal

pathogens (Kobayashi et al., 1997; Heath, 2002). Dr. Lipka used PCR procedures to

determine whether each line was homozygous or hemizygous with respect to the

insertion of T-DNA into the AIGSL| gene (Figure 6.8). Independent line l0 appeared

to carry a T-DNA insert outside the AIGSL5 gene (Figure ó.8), but the absence of

callosic papillae in five of the remaining 17 lines was close to the expected ratio of

1:3, bearing in mind that the insertion lines had been pre-selected for sulfadiazine

resistance (http://www.mpizkoeln.mpg. de/-GABI-Kat/ GABl-Kat-homepage.html).

Thus, callosic papillae defrciency co-segregated with homozygous T-DNA insertion

in the AIGSLS gene. B. graminis penetration indices were only slightly higher in gs/5

mutant plants than in wild type plants (Dr. Volker Lipka, personal communication),

suggesting that callose plays a minor role in resistance to wall penetration.

A cell death response was observed in epidermal cells that were penetrated by -8.

graminis sporelings approx. 48 h after spore inoculation (-15% of interaction sites;

Dr. Volker Lipka, personal communication). Cell death was accompanied by an

intense aniline blue fluorochrome staining pattern along the entire cell margin in wild

type plants, whereas dead epidermal cells in AIGSLS insertion lines showed only a

punctate callose staining pattern at the cell periphery (Dr. Volker Lipka, personal

communication). Thus, GSL5 callose synthase activity not only deposits callose at

the papillae and haustoria early in the infection process, but also deposits callose

around cell margins during epidermal cell death as the infection proceeds. This

implies that signifìcant changes in GSL5 callose synthase levels, activity and/or

subcellular location occur during the infection process.
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Papillary callose

GABI-KAT O89H05 (T2)

+-++--++
123456789

+-+++++++
101112131415161718

R+F+ -2.2kb

FR++
T-DNA - 0.6 kb

Figure 6.8 Segregation of callose defïciency in independent GABI-KAT 089H05 T-
DNA insertion lines. The formation of papillary callose (+ or -) \Mas compared with
PCR products generated from genomic DNA preparations. In the top panel, the forward
(F) and reverse (R) primers were positioned as shown in the diagram, such that the
absence of a T-DNA insert in the AIGSLS gene would result in an amplified product of
about2.2 kb. No PCR product is obtained if the approx. 6 kb T-DNA is inserted in the
gene. In the lower panel, PCR primers were as shown, with the reverse primer (R)

sequence located near the left border of the T-DNA. Thus, PCR products of 0.6 kb
would be produced if the T-DNA insert in located the AIGSLS gene. Lines homozygous
for the T-DNA insert in the AIGSLS gene therefore will show no PCR produot in the top
panel and a positive PCR product in the bottom panel, while hemizygous lines would
show PCR products in both panels. Line 10 produces callosic papillae and its G^lZ5

gene appears to lack a T-DNA insertion, but the fact that it survived kanamycin
selection suggests it has a T-DNA insert outsidethe AIGSL5 gene. Image coutesy of Dr.
Volker Lipka.
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The Arabidopsis pmr4-1 mutant was previously shown to be resistant against

Erysiphe cichoracearum andto lack callose at fungal penetration sites. Leaves of the

Arabidopsis mutant pmr4-l were compared to leaves from the lrGSZ5-dsRNAi line

and the A1GSLí T-DNA insertion line following inoculation with Blumeria graminis

and showed similar, dramatic reductions in papillary callose (Appendix D).

Furthermore, no callose deposits were detected in the leaves of either the T-DNA

insertion line or the pmr4-l mutant after wounding (,4ppendix D). The phenotypes

were exactly the same as those observed in the AtGSLS-dsRNAi lines. Together,

these data suggest that AtGSL5 is involved in the formation of callose at wound sites

and in papillae, and that the genetic basis for the lack of callose in the pmr4-l mutant

is likely to be a mutation in the AIGSLS gene. To investigate this hypothesis, the

AIGSLï gene of the p mr4- I mutant was sequenced.

6.3.6 Sequence analysis o/AtGSLS in the pmr4-1 mutant line

Phenotypic symptoms similar to those observed here for the AtGSLS-dsRNAi lines

and the T-DNA line were reported by Vogel and Somerville (2000) in an Arabidopsis

powdery mildew resistant mutant pmr4-1. The pmr4-1 mutant was originally

generated by chemical mutagenesis with methanesulphonic acid ethyl ester and did

not form callosic plugs when challenged with several fungal pathogens. Furthermore,

the pmr4-t gene mapped to chromosome 4 (Vogel and Somerville, 2000) in a position

close to the AIGSLS gene. To investigate the possibility that PMR4 was in fact

AIGSL|, the AIGSLS gene in the pmr4-l line was sequenced by PCR-based methods.

The AIGSLS gene in the Arabidopsrs mutantpmr4-l was identical to the AIGSLS gene

in the databases, except for a single base substitution (G-+A) at nucleotide 2060,

where numbering started at the ATG translation start codon (Dr. Volker Lipka,

personal communication). This would result in the conversion of the TGG codon for

Trp687 in AIGSL5 to a TAG stop codon, and the formation of a truncated primary

translation polypeptide of 686 amino acid residues.

The position of the lesion inthe AIGSL5 gene of the pmr4-l mutant is compared with

the position of T-DNA insertion in the GABI-KAT 089H05 line and the target site for

the AtGSLS-dsRNAi construct in Figure 6.9a. The intemal stop codon in the AIGSLS

gene of the pmr4-l mutant and the T-DNA insertion in the GABI-KAT 089H05 line
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A
GABI-KAT O89HO5

( VT-DNA inscrtion)

5.68 kb

GSts

B

Extracellular-matrix

NHz cooH

Cytoplasm
putat¡ve catalytic

reglon

Figure 6.9 Positions of lesions in the A|GSLS gene. (A) The pmr4-1 mutant line has

a GlA substitution at nucleotide 2060 in the AIGSLï gene, and this results in a stop

codon in the position marked with an asterisk (t). The T-DNA in the GABI-KAT
089H05 insertion line is located between nucleotides 2170 and2I7l, as indicated by
the arrowhead (V). The nucleotide substitution and the T-DNA insertion therefore
occur close together in the second exon of theAIGSLS gene. The region of the gene

targeted by the dsRNAi construct (A) is located closer to the 3'-end of the second

exon. (B) Predicted topology of the protein product of the A|GSLí gene, showing the
NH2-terminal non-membrane region, six transmembrane helices, the large central non-
membrane domain that is presumed to contain the catalytic site, and the multiple
transmembrane helices towards the COOH-terminus. The program TopPredII was

used to generate this topology diagram and predicts the extracellular and cytoplasmic
orientations of the membrane. Again the positions of the pmr4-l stop codon (*), the
T-DNA insertion (V) and the dsRNAitarget site (A) are shown.
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are located in a similar position in exon 2 of the gene (Figure. 6.9a). Based on a

number of topology prediction programs, the lesions would disrupt the protein

sequence close to the last transmembrane helix before the large, non-membrane and

presumably cytoplasmic region of the protein that is widely assumed to contain the

catalytic site (Figure. 6.9b; Cui et al., 20011' Hong et al., 2001; Doblin et al., 2001;

Østergaard et al., 2002;Li et a\.,2003). It is highly unlikely that the truncated protein

would have any callose synthase activity, although the large, non-membrane NHz-

terminal region could still be active; the role of this region in callose synthase activity

has not been defined.

6.3.7 Pathogenicity assøys

The AtGSLS-dsRNAi lines and the GABI-KAT 089H05 T-DNA insertion line,

collectively referred to here as gs/5 mutants, were inoculated with the fungal

pathogens Sphaerotheca fusca, Blumeria graminis, Erisyphe cichoraceum,

Golovinomyces orontii and the oomycete Peronospora parasitica pv Cala2 to

ascertain whether these gsl5 mutants, like The pmr4-l mttant, exhibited any enhanced

disease resistance phenotype. Pathogenicity assays were conducted by Dr Volker

Lipka at the Max Planck Institute for Plant Breeding Research in Cologne.

In contrast to the susceptible AIGSLí wild type plants, leaves of both the gslî mutants

showed no obvious symptoms of fungal colonization (Appendix D), consistent with

resistant phenotypes that were previously reported for pmr4-l mutants (Vogel and

Somerville, 2000). In addition, when pmr4-1 plants were inoculated with B, graminis

spores, the infection phenotype was indistinguishable from that observed in gs/5

plants, and callosic papillae could not be detected. Enhanced disease resistance

phenotypes were also found on pmr4-l and gs/5 mutants 10 days after challenge with

the powdery mildew species S. fusca and G. orontii (Dr. Volker Lipka, personal

communication). Microscopic inspection of either mutant revealed greatly reduced

hyphal growth and sporangiophore formation, in comparison to wild type leaves

(Appendix D). This indicates that pathogen growth on gsl5 mutant plants is much

slower than on wild type plants, but is not completely inhibited. A striking

encapsulation of haustorial complexes with callose was found in wild type but not in

gs/5 mutant leaves, suggesting that AIGSLS participates in callose synthesis both in
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papillae and at haustoria, before and after fungal entry into epidermal cells (Dr.

Volker Lipka, personal communication). In time course experiments, differential

infection phenotypes on mutant and wild type leaves became recognizable at the

commencement of callose encasement of haustorial complexes, about 72 h aftet

inoculation. This corroborates the earlier observations that dynamic changes in

AtGSL5 activity or location occur as the infection process progresses.

The data collected from these experiments indicate that AIGSL5 may play a crucial

role in the maintenance of fungal biotrophy but the mechanism for this is unclear. In

gsi5 mutants callose is absent from papillae, which still form in response to fungal

penetration, but the plants are more resistant to a range of fungal pathogens.

203



Chapter 6 - Silencing of (l -->3)-þo-glucan synthases genes in transgenic Arabidopsis thaliana

6.4 DISCUSSION

The mRNA levels for the specific ATGSL genes \ryere lower in each of the

coffesponding dsRNAi transgenic lines but they were not completely abolished

presumably because dsRNAi silencing occurs post-transcriptionally (Fire et al., 1998)

or because of potential cell type-specific differences in the activity of the 35S

promoter, which was driving the expression of the dsRNAi constructs (Sunilkumar er

at., 2002). The regulation of the CaMV 35S promoter may also be affected by

infection or wounding leading to an alteration in the level of silencing in cells at

different time points. Because dsRNAi plants are expressing this construct

constitutively and plants are assayed 24-48 hours post inoculation it seems unlikely

that there would be a dramatic change in the level of active GSL protein resulting

from minor alterations in expression of the dsRNAi silencing construct.

The AIGSLí gene has been implicated in the development of the cell plate during the

process of cell division (Hong et a\,,2001a). A recombinant AIGSL6:GFP fusion

protein was located at the cell plate in transgenic tobacco BY-2 cells and the cells

were also found to have elevated levels of callose synthase activity when compared

with wild type cells. The AIGSL6 protein also interacts with two cell plate associated

proteins, phragmoplastin and a UDP-glucose transferase, and the three proteins are

likely to form part of a larger complex that assembles at the cell plate (Hong et al.,

2OOla,2001b). However, the AIGSLí gene failed to complement a yeastJks-l mutant

(Hong et al., 2001a). Given the apparent involvement of AtGSL6 in the process of

cell division, one might reasonably expect that silencing this gene would be lethal,

because the process of cell division may be disrupted. Four independent dsRNAi

lines targeting AIGSLî were followed through to the T4 stage. None of these lines

showed any phenotypic abnormalities or detectable alterations in the process of cell

division when dividing cells in root meristems of transgenic plants were analysed

after staining with the aniline blue fluorochrome, even though mRNA levels for the

AIGSLî gene were reduced substantially in the transgenic lines. These data indicate

that AtGSL6 may not be the only GSL protein involved in the formation of callose

deposits at the cell plate. The plant might be able to compensate for low levels of

AtGSL6 in these tissues through the upregulation of othet GSL genes.
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Papillae in gs/5 mutants were indistinguishable from those in wild type plants, except

that they contained no callose. It therefore seems unlikely that callose serves as an

essential structural scaffold in papillae (cf. Smart et al., 1986; Bolwell, 1993). The

formation of non-callosic papillae in gs/5 plants indicates that the accumulation of

papillae components other than callose continues. Since papillae appear multilayered

at the ultrastructural level (Hippe-Sanwald et al., 1992), it is possible that the absence

of AtGSL5 activity eliminates only one of the wall apposition layers or components.

In other studies on the Arabidopsis AIGSLï gene, Østergaard et al. (2002) showed

AIGSL| partially complements a yeast/ks1 mutant, is likely to be a target of salicylic

acid-dependent systemic acquired resistance and that transcriptional activity of the

gene was relatively high in flowering tissues. Here, pollen tube callose depositions

appear unaffected in plants where AIGSLï mRNA levels are substantially reduced.

However, the callose deposits in the specialised tissues of flowers that are involved in

microsporogenesis or macrosporogenesis were not examined.

The punctate staining pattern in the AIGSLS insertion line was reminiscent of

plasmodesmata that are known to contain callose (Itaya et al., 1998; Northcote e/ a/.,

1989) and it would appear that the absence of heavy GSL5 callose deposition at cell

margins exposes the underlying plasmodesmatal callose. This indicates that massive

GSL5 callose accumulation normally occurs along the cell margin during pathogen-

triggered cellular suicide and that the GSL5 cell margin callose and the

plasmodesmata callose are synthesized by different callose synthase isoforms of the

same cell.

The different spatial and temporal accumulation pattern of AtGSL5 callose at

different subcellular sites in single cells, namely at papillae and haustorial complexes,

as well as along the entire cellular periphery following pathogen-provoked cell death,

might reflect local stimulation of the activity of pre-existing callose synthase eîzym%

or the specific targeting of newly synthesized enzyme to cellular'stress sites'. Each

of the three pathogen-triggered AtGSL5 callose accumulation patterns is consistent

with a plasma membrane location for the callose synthase, given that the extra-

haustorial membrane is thought to be continuous with the plasma membrane (Giese er

al., 1997; Mendgen and Hahn, 2002). The presence of AIGSL5 callose at different
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subcellular sites combined with data from transient gene silencing assays in

Arabidopsis suggests the existence of a mechanism that mediates tight subcellular

control of the activity of pre-existing callose synthase.

Wounding of the cell wall is a feature of pathogenesis by biotrophic microorganisns

that must enter plant cells for nutrient supply. A rapid rise in cytoplasmic ftee Ca2*

levels ([Ca2*]cyt) is a common response of plant cells to wounding (Leon et al., 1998,

2001) and pathogen challenge (Blume et al., 2000; Grant et al., 2000), and it is

therefore conceivable that local increases in Caz* concentrations at wound sites and

beneath fungal appressoria contribute to local AtGSL5 stimulation.

There are several possible explanations for the observed increase in fungal resistance

if papillary callose is not deposited following the tissue wounding caused by fungal

penetration. Wounding is an inherent feature of fungal infection and biotrophic fungi

like Peronospora, Sphaerotheca and Golovinomyces might have exploited

components of the wound response for the establishment of compatible interactions.

Firstly, callose might be needed as a physical support for fungal development, either

as a structural scaffold to accommodate haustoria or to allow optimal nutrient uptake

via haustoria (cf. Smart et al., 1986; Bolwell, 1993). The presence of round wall

appositions beneath fungal appressoria in gs/5 mutants that are much like those in

wild type plants does not support this theory. Secondly, signalling oligosaccharides

released from the linear (1+3)-p-o-glucan of callosic plugs by (l-+3)-p-o-glucanases

or other components of callosic plugs, such as phenolic compounds, might be needed

for fungal development, or as effectors of the host's defense responses. Because

fungal penetration is not enhanced or inhibited in the absence of callosic plugs, one

might conclude that these structural and chemical possibilities are not important for

initial penetration and for the formation of haustoria. They might still be important

for nutrient uptake by haustoria after successful penetration.

Perhaps a more likely explanation is that the absence of papillary callose that

normally encases invading fungal pathogens would lead to the unmasking of fungal

cell wall polysaccharides. Unmasking hyphal walls would presumably expose the

(l-+3, 1-+6)-B-o-glucans, chitin and chitosan polysaccharides that are structural
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components of walls of many fungi (Bartnicki-Garcia, 1968) to the action of

pathogenesis-related hydrolases such as (1-+3)-Ê-p-glucanases and chitinases that are

induced via jasmonic acid defence pathways following wounding (Rakwal et al.,

2001; Sano et al., 1996). Certain branched (l-+3, 1+6)-p-o-oligoglucosides and

chitin/chitosan oligosaccharides released from these polysaccharides by partial

endohydrolysis are highly active elicitors of phytoalexin accumulation in plants, even

at concentrations as low as 10 nM (Côté and Hahn, 1994) and stimulate salicylic acid

defence pathways which may lead to resistance (Hunt et al., 1996; Ryals et al., 1996;

van Wees and Glazebrook, 2003). Linear (l-+3)-p-o-oligoglucosides of the type that

would be released from callose itself by the (l-+3)-B-o-glucanases are not active in

eliciting phytoalexin accumulation (Côté and Hahn, 1994). Thus, unmasking the

hyphal walls could facilitate the release of oligosaccharides that would enhance or

accelerate the plant's defensive responses to fungal attack'

The evolution of (1+3)-p-o-glucanase inhibitors by pathogenic fungi implies that

inhibiting the release of (1-+3, 1-+6)-B-o-oligoglucosides is important for the

establishment of fungal infection (Rose et al., 2002). Similarly, when the promoter of

the AIGSLS gene was examined for pathogen-inducible crs-acting elements, a W box

sequence of TTGACC was found about 1.4 kb upstream from the ATG translation

start point of the gene (data not shown). This is believed to be a binding site for the

WRKY family of transcription factors (Rushton et al., 2002). A related promoter

element GGTCAGTAAGTC, located about I kb upstream from the ATG codon of the

AIGSLS gene (data not shown), coffesponds closely with other plant gene elements

that are inducible by elicitor oligosaccharides from fungal cell walls (Fukuda, 1997).

The latter element is not present in any of the othet ATGSL genes'

If unmasking fungal wall polysaccharides were the mechanism of increased resistance

observed in the dsRNAi AIGSLï silenced plants here and in the pmr4-1 mutant, one

would not expect to see enhanced resistance to bacterial pathogens, which have no

(l-+3, l+6)-p-o-glucan or chitin in their cell envelopes. This would explain why

Vogel and Somerville (2000) could find no increase in resistance against the Gram

negative bacterial pathogen Pseudomonas syringae inthe Arabidopsis pmr4-l mtÍant.

However, some pathogenesis-related chitinases produced by plants in response to
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pathogen attack can hydrolyse murein, a polysaccharide homomorphous with chitin

that constitutes the backbone of bacterial cell wall peptidoglycans (Stone and

Svensson, 2001). If the peptidoglycan r,¡/ere exposed to the action of the plant

chitinase, as might be expected in Gram positive pathogens, partial endo-hydrolysis of

murein could release oligosaccharides that might elicit an incompatible response

(Côté and Hahn, 1994; Felix and Boller, 2003).

Finally, it is possible that the enhanced resistance to fungal pathogens seen here with

mutants of the AIGSL| callose synthase gene could result from disruption of a cell

wall integrity pathway in the plant host. In Saccharomyces cerevisiae therc appears to

be a complex system that monitors cell wall integrity and is thought to involve the

(l-+3)-Ê-o-glucan synthase FKS genes, cell surface proteins that act as

mechanosensors of changes in wall shape, and a signalling cascade (Philip and Levin,

2001). In contrast to the abundance of (1-+3)- and (1+3, 1+6)-p-o-glucans in yeast

cell walls, plant cell walls generally contain no (1+3)-p-o-glucan. It is nevertheless

possible that a related cell wall or callose integrity pathway exists in plants and might

have been corrupted during evolution by biotrophic fungi for invasive growth. The

absence of callose might prevent the fungus from using this pathway for pathogenesis.
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6.5 SUMMARY AND CONCLUSIONS

Levels of individual mRNA transcripts were reduced in all transgenic lines in which

specific ATGSL genes were silenced with dsRNAi constructs. Both papillary callose

and wound callose were absent in lines transformed with the l¡GSZ5-dsRNAi

construct but were unaffected in AIGSL6- and ATGSLI1-dsRNAi lines. Callose at the

cell plate in dividing cells and in germinating pollen tubes appeared normal in all

dsRNAi lines.

The role of AIGSLS in papillae and wound callose formation was confirmed in T-

DNA insertional mutants of the AIGSLï gene and it was further shown that the callose

deficiency co-segregated with homozygous AIGSLS T-DNA insertion (Appendix D)'

Phenotypic symptoms similar to those observed here for the AtGSLS-dsRNAi lines

and the T-DNA lines were reported by Vogel and Somerville (2000) in an

Arabidopsis powdery mildew resistant muTant pmr4-l. Furthermore, the pmr4-l gene

mapped to chromosome 4 (Vogel and Somerville, 2000) in a position close to the

AIGSLí gene. To investigate the possibility that the pmr4-l gene was in fact A|GSLî,

the AIGSLS gene in the pmr4-t line was sequenced. A nucleotide substitution that

would introduce an internal stop codon and shorten the protein from 1,780 amino acid

residues to 686 amino acid residues was detected in the AIGSLS gene of pmr4-l . It is

highly likely therefore lhat pmr4-l and AIGSLS are the same gene. Gene silencing

experiments and the mutant data clearly demonstrate a role for the AIGSLS gene in the

deposition of wound and papillary callose. More generally, the data provide strong

genetic evidence that the products of glucan synthase-like (GSI) genes are essential

for callose formation in higher plants.

Perhaps the most surprising observation with the lrGSIS-dsRNAi lines, the pmr4-l

mutant and related T-DNA insertion line is their enhanced resistance to attack by

various fungal pathogens (Appendix D). A longstanding and well-documented belief

that the callosic papillae physically inhibit fungal penetration and the establishment of

a compatible interaction (Stone and Clarke, 1992), is not supported by these results,

because the removal of callose would be expected to facilitate fungal penetration and

infection.
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7.I SUMMARY OF EXPBRIMENTAL RESULTS

Callose is a (1-+3)-B-o-glucan that is widely distributed in higher plants and is readily

recognizable in tissue sections through the formation of an intense yellow, UV-

induced fluorescence with the aniline blue fluorochrome (Stone et al., 1985). During

normal plant growth and development, callose is found as a transitory component of

the cell plate in dividing cells, it is a major component of pollen mother cell walls and

pollen tubes, and is found as a structural component of plasmodesmatal canals.

Callose is also observed in abscission zones and in the phloem of dormant tissues

(Stone and Clarke, 1992). In addition to its role in normal growth and development,

callose is deposited between the plasma membrane and the cell wall following

exposure of plants to a range of abiotic and biotic stresses, including wounding,

desiccation, metal toxicity and microbial attack (Stone and Clarke, 1992).

The central importance of callose deposition in several key plant processes, both

under normal growth conditions and following abiotic or biotic stress, has prompted

many attempts to puriff and characterize callose synthases from plants. So far, no

highly purifred callose synthase preparations have been reported, but there is

accumulating evidence that they are encoded by a family of glucan synthase-like

genes (GSI) (Cui et al., 2001; Hong et at., 2001; Doblin et al., 2001; Østetgaatd et

a|.,2002), based on the homology of these plant genes with yeast FrKS genes that are

also believed to be involved in (1-+3)-B-o-glucan biosynthesis (Douglas et al., 1994;

Coutinho and Henrissat, 1999). It is important to note that to date only Hong et al.

(2001a) have demonstrated, albeit circumstantially by detection of elevated callose

synthase activity of a fusion protein in a heterologous plant and the location of the

fusion protein at a site of known (l-+3)-B-n-glucan synthase activity, that any kind of

(1+3)-B-o-glucan synthase activity is associated with GSI genes. No group has

provided unequivocal genetic evidence that (1-+3)-B-o-glucan synthase activity is

specifically associated with a single gene. However, the gene silencing experiments

and mutant data presented here clearly demonstrate a role for the A|GSLï gene in the

deposition of wound and papillary callose. More generally, the data provide strong

genetic evidence that the products of glucan synthase-like (GS¿) genes are essential

for callose formation in higher plants.

2ll



Chapter 7 - Summary and Future Work

The isolation and functional analysis of G^S¿ genes r,¡/as pursued in three different

plant species, namely Lolium multiflorum, Hordeum vulgare and Arabidopsis

thaliana. A GSL gene was initially isolated from Z. multiflorum because the

biochemical properties of (l-+3)-B-o-glucan synthases ftom L. multiflorum were well

characterised. The functional analyses were subsequently focussed on H. vulgare, fot

a number of reasons. Firstly, a homologue of the LwGSLI gene had been isolated

from barley by a colleague (Li et a1.,2003). Secondly, more genetic information in

terms of EST data, G,SI gene numbers and chromosomal locations was available for

barley when compared with L. multiflorum. Thirdly, there was an existing barley

çDNA library that could be screened for protein-protein interactions and finally, a

transient gene silencing system was available in barley. The reasons for then shifting

the functional analyse s to Arabidopsis were three-fold. Firstly, the full genome

sequence for Arabidopsis was publicly available and this meant that the expression of

the twelve putative ATGSL genes could be analysed and secondly, because of the ease

and speed at which transgenic plants could be generated for functional analysis of the

G^SI genes through gene silencing experiments. Finally, superior genetic resources

are available for Arabidopsis, including gene mapping data, microarray expression

data and access to defined mutants.

A, GSL gene, designated LnG,SI1, encoding 1906 amino acid residues was isolated

from Lolium multiflorum. The function of a homologous gene, HvGSLI, identified in

barley was studied in an attempt to directly demonstrate (l-+3)-B-o-glucan synthase

activity in two heterologous expression systems. Two polypeptides corresponding to

the larger predicted cytoplasmic domains of the barley HvGSLI protein were

expressed in E. coli and in the human embryonic kidney cell line, 293T. No (1-+3)-

B-o-glucan synthase activity could be attributed to the expressed polypeptides when

enzyme assays on partially purified and crude cellular extracts were conducted. The

HvGSLI protein was further investigated using the yeast two-hybrid system. The two

HvGSLI polypeptides corresponding to the larger predicted cytoplasmic domains of

the barley HvGSLI protein were used as baits to screen an Arabidopsis whole plant

cDNA library, a barley inflorescence cDNA library and a wheat early developing

endosperm cDNA library. The NHz-terminal cytoplasmic domain of the HvGSLI

protein was found to interact with an Arabidopsis protein that shared homology to an
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unknown rice protein and to a barley protein that shared homology to a tryptophan

synthase c{,-subunit-like protein.

The barley HvGSLI gene was targeted for silencing in a loss-of-function approach,

using dsRNAi constructs in transient assays. No differences between wild type and

transformed barley cells were found when the callose deposits resulting from fungal

challenge were examined. Phylogenetic analyses of the barley HvGSLI gene shows

that this gene is most closely related to the Arabidopsis A|GSLI0 gene that contains

multiple introns whereas AIGSLí contains only two introns. If the genomic structure

of the G.9I genes is related to their function then it would be unlikely that HvGSLI is

involved in the formation of papillary or wound callose. The transient gene silencing

experiments were therefore unlikely to have an effect on the formation of wound or

papillary callose. Transient dsRNAi silencing assays using a newly developed

technique for the bombardment of intact Arabidopsis plants targeted three

Arabidopsis genes, namely AIGSLï, AIGSLí and AtGSLl l. Results of these assays

were inconclusive and further experimentation into the function of these genes was

performed in stably transformed Arabidopsis plants.

The Arabidopsis AIGSLS, AIGSLí and AtGSLll genes were silenced in transgentc

plants expressing dsRNAi vectors. The AIGSLS gene was found to be involved in the

formation of callose at wound sites and in papillae that form as a result of fungal

challenge. A T-DNA insertion line in which AIGSLS was disrupted and a previously

identified powdery mildew resistant mutant line of Arabídopsis that had reduced

callose deposits was also found to have a lesion in the AIGSLS gene. Both these

mutants exhibited the same phenotype as the dsRNAi lines. Counter-intuitively, the

abolition of papillae enhanced the resistance of gsl5 mutants to fungal infection,

suggesting that callose deposits at the sites of fungal penetration may mask the

presence of fungal hyphae and may be a hindrance to plant defences. Perhaps by

limiting access of plant hydrolytic enzymes, such as glucanases and chitinases, to it's

cell wall, fungi have exploited the wound response to circumvent plant defence

responses.
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7.2 FUTURE WORK

The identification of specifrc functions for the LmGSLl, HvGSLl, AIGSLí and

A1GSLl l genes have been assessed to some extent here, but present opportunities for

further studies. Insights into the function of the LwGSLI and HvGSLl genes of

ryegrass and barley, respectively, might be best achieved by the production of

transgenic plants that over-express or no longer express the G.SZ genes. Transgenic

Arabidopsis plants in which the AIGSLí and AIGSLll genes have been silenced were

produced for this study but no function for these genes was immediately evident in the

transgenic plants. Over-expression of these genes in transgenic plants might therefore

be useful in assigning a biological function to the genes. The generation of GFP

fusions to both the promoters and intact proteins of the four genes may also aid in the

identification of a function by providing information about when and where the genes

are transcribed, and their subcellular locations.

Results presented from the heterologous expression of polypeptides from the barley

HvGSLI protein and from the analysis of the protein interactions did not link

HvGSLI to the production of callose and the role of this protein in barley is not yet

understood. Having clearly demonstrated that the AtGSL5 protein is involved in the

formation of wound and papillary callose in Arabidopsls, it would be useful to

conduct expression and protein-protein interaction experiments like those conducted

on the HvGSLI gene. The information gained from these studies would further our

understanding of the process of callose deposition at wound sites and in response to

fungal challenge, possibly by enabling the kinetics and 3D structure of the enzyme to

be studied and by the identification of interacting proteins that may play a role in

callose deposition. The AIGSL5 gene would be particularly conducive to these

studies, because of the limited number of introns that are contained in the genomic

sequence of this gene and because the sequence is accessible viq DNA databases. A

full-length oDNA could be produced with relative ease'

Finally, Arabidopsis transgenic plants, in which the expression of the AIGSLS gene

has been disrupted, are more resistant to fungal challenge. The identihcation of

A1GSL; homologues in economically important crop species and the subsequent

determination of whether the dìsruption of this gene has an effect upon pathogen
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susceptibility might prove to be a major contribution to crop science, particularly if
G^SI5 knockout lines showed broad spectrum resistance to a range of fungal

pathogens.

7.3 CONCLUDING REMARKS

Molecular techniques that alter the expression of a single gene within a complex

biological system can be used to elucidate gene function through detection of an

altered phenotype. The biological function of a plant (l-+3)-p-o-glucan synthase,

namely AIGSLj, has been demonstrated in transgenic plants utilising a post-

transcriptional gene silencing approach and the results were confirmed by comparison

to a T-DNA insertional mutant and another mutant that was also found to contain a

lesion in the AIGSL| gene. AIGSL5 is one of twelve genes in Arabidopsis that have

been identified on the basis of sequence homology to the yeast FrK^!1 gene and

appears to have a distinct and limited biological role within the plant. The functions

ofthe other GSI genes oflrabidopsis have yet to be discovered but the approach for

assigning gene function described here might be employed equally well to uncover

functions of the other genes. The availability of genome sequence data and other

tools such as mutant lines for the model plant Arabidopsis has enabled the rapid

identification of the function of the AIGSLS gene and provides a starting point for

isolating homologous genes in other economically important plant species.
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Appendices

Appendix A. Liquid hydroponic media

Used in the cultivation of various plant species. Concentrations represent those in the

complete final media.

Macro nlrfrients mM
KNOr
Ca(NO:)z

t.25
1.50

MgSOq.TH2O
KHzPO+

Micronufrìenfs

0.75
0.50

uM
KCI
H¡BO:
MnSO+.H2O
ZnSO+.7H2O
CuSO¿.5H2O
(NHa)6Mo7O2a

Na2O3Si.5H2O

CroHrzONzFeNa.H2O

50
50
10

2

1.5

0.075

0.1mM

72 ¡ti|l4
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Primer

Appendix B. Otigonucleotides used in PCR

Sequence 5'-) 3'

dsRNAi 1

dsRNAilR
dsRNAi2
dsRNAi2R
dsRNAi3
dsRNAi3R2
dsRNAi 4

dsRNAr4R
pUBI-NOS MCSF

pUBI-NOS MCSR

Y1F

GAGCTCATATTACGAGGCGCGCCGGCATCAG

GCCGTTTCCTGCAGCAAGCTTT

TTTCATATTACCCGGGGTGGGATCCG

GCCGATATCCTACGCGTCAACTTT
TGAGAGCTCAGGGAATCTGGCGCGCCTTC

TCCCTGCAGCAAGCTTTTCCA
TGAAGC TGAGGGGATCCCGGGTGTGTTC

TCCTTGCCGATATCACGCGTTCCA
AGCTTCTGCAGAGCTCGGCGCGCCCGGGATCCACGCGTGGAT

ATCCACGCGTGGATCCCGGGCGCGCCGAGCTCTGCAGA

GGGGACAAGT TTGTACAAAAAAGCAGGCTACCGGAT GGGCGGCGTCTACG

GG

GGGGAC CAC T TTGTACAAGAAAGC TGGGT TCCAGACAGGACGCAGTGGTA

A
GGGGACAAGTTTGTACAAAAAAGCAGGCTGC CT GGGAGAGATTAGGTCT G

TT
GGGGAC CAC TT TGTACAAGAAAGCTGGGTAGTCAAAAAGTT GCCCAAGTC

T
GGCCAGAGCTGCAGCTGGAT

CTCGGGCCCCAAATAATGAT

CUACUACUACUAGGCCACGCGTCGACTAGTACGGG I I GGG I I GGG I I
CUACUACUACUAG GCCACGCGTC GAC TAGTAC

AGCCCTGCCTTCATACGCTATTT
ATAATCAT C GCAAGACCGGCAAC

ATCGGATTAAGCTTCC GGGACCA

CCGT CCATAAAGAAACACATACAC C GTAA

TTCATGGCGGCGCAGAATACAGA

TGCCACTCGAAACCAGAGGGATTG

TGGCTTTTTGCTCCCTTCCTCTTCA
ATCTCCGCCTTCCAAC CGAAACA

AGGGAGAGAT GTG GGAC TCAACCAA

CGAACGACTGC GAAGCAAGGATAA

TGG GTT T GAGCAGCACC GAAAGA

GCT GACATTTCCAGCCAAGAGACCA

TGGGAATCGT GGTGGAACGTAGA

T GAC T GACAAAAAG C C GAGGAAGAGA

TGTGGTTCCTGGTGACTTCTTGGTTGT
GGCGAGCGATGTTGAGGTGGTAG

CGGGAGGGGTCAGGAGAAGACAC

CGTACTTTCGGAGCATCGGGCATA

AAGGGAAGGT TGCTGGTGGGAATG

T CAAGGCGGCGCTAAGTGCAGTA

GTC GTGGTGGGAGGAAGAACAGG

CGGTCGGGATAAAACCAAGGACAC

CAC GAGGAGATGC GAT T CAGACCA

CAC CCCGAGGCACAAACCAAAAC

GGAAGGGACGGGATGTTGGATTG

CGGCGTTGGTGTCCGTACTGTCT

Y1R

Y2E

Y2R

Ent3
Ent5
UAP

AAP
UBI3'seq1
NOS5'seq1R
AtdsRNAi 1

ATdsRNAiIR
RiCS2 F

RiCS2R
RiCS 3 F

RiCS3R
R1CS 4 F

RiCS 4R

RiCS 5F
RiCS 5R

RiCS 6F
RiCS 6R

RiCST F

RiCSTR
RiCS 8F
RiCS 8R

RiCS 9F
RiCS 9R

RiCSIOF
RiCS 1 OR

RiCS 1 1F
RiCS 1 1R

RiCSl2F
RiCS 12R
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RiCS 1R

RiCS 1b
2HRev
MlaF

MÌaR
HvGSLI
HvGSLIR
HvGSL2
HvGSL2R
HvGSL3
HvGSL3R
HvGSLIXhoI
HvGSL2XhoI
HvGSLIREagI

HvGSL2REagI

CCATCGATAAAGGATCCCATACACCGTAA
CATCCATGGGATTAAGCTTCCCGGGCCA

AGATGGTGCACGATGCACAG

CCCAAG CTTC TGCAGAGC TCGGCGCGCCGTAT GCAT CAATTTAGAAAAAA
LiI

GGATATCCACGCGTGGATCCCGGGCTACATTAGTTCAGAGTGTCAGTGTA
GACCCCATGGGCGGCGTCTACG

TCCAGACAGGACCCCGGGGTAAA

GCCTGGGAGAGCATATGTCTGTT

AGTCAAAAGGATCCCCAAG TCT G

CCGAAGGC C GC CATATGAGTAATC
TGTCTGCTGCATTTGGATCCCTGTlG
CTCGAGCCACCATGGACCGGATGGGCGGCGTCTACGGG

CTCGAGCCACCATGGGCCTGGGAGAGATTAGGTCTGTT

CGGCCGTCACAGATCCTCTTCAGAGATGAGTTTCTGCTCCCAGACAGGAC
GCAGTGGTAA
C GG C C G T CACAGAT C C T C T T CAGAGAT GAG T T T C T GC T C G T CAAAAAGT T

GCCCAAGTCT
AATTAACCC TCAC TAAAGGGAA

G TAATACGAC TCACTATAGGGC

ATTTAGGTGACACTATAG
GGATCC TAATACGAC TCAC TATAGGG

AATAGGGCTCGAGCGGC

CTGGTTCGGCCCACCTCTGAAGGTTCCAGAATCGATAG

T T GCAAT TC TATATAATCCACACGA
TCCGCTTATTGATATGCTÎAAATTC
CCACCGGTGTCTTCACTGACAAGG

GCC T TAGGATCAAAGAT GCTGG

TGGGAAGCTTGGT GGAACGTAGA

TGACTGACAAGGATCCGAGGAAGAG

GGAAGGCCCGGGATGTTGGATlG

CGGCGTTGGTGTCCGTACTAGT

CCGTCCATAAAGGATC CCATACACTAGT

CGCAGATGCTGCATATAA

CAG TATAGT TAGTTAGAAATAATCC

GGAT TATTTCTAACTAACTATAC TG

CCCATTTGGACGT GAATGTAGACAC

TGGTTGATCTCGTTGTGCAGGTCTC

GTCAGC CAAGTCAACAACT CTCTG

TGGCGAACGCTGGTCC TAATACA

CAAAAAC TCC TCT GCCCCAATCAA

TCTGGAATGCTGTTGTCTCTGTTG
TCGCCTTTTGATTTCTTCCCAGT
GTGAAGGGTTTGGGCGTTGGAAG

CAATGAGAAGCAT TCCCCAT C CAGT T

TTTAGG GGT TTGGGAC TCGGTGAAA
TGT CT T TC C GACCAGCGAGAATCA
CCCCGTCGAGTGAGATG

ATGGCGAGGGCGGAGGCCAA

CAAGCGAACCAAGTACAGCA

TAYGATGATTTYAAYGARTTYTTYTGG
ATAGTCGCGTCTGGAAGGTG

T3
T1
SP6
AP1
AP2
Anchor prj-mer
LM5.8sF
LM5.8sR
lmgapdhF
lmgapdhR
CS 6Hind
CS 6RBam

CS 1 2Xma
CS 12RSpe
Cal S 1Rb
AtGSL5-ex2 F

AtGSL5-ex2R
AtGSL5-ex3F
GAB] T-DNA LB
ATGAPDHF
AIGAPDHR
AtCycloF
AtCycloR
AIGSL5F
AtGSL5R
AtGSL6F
AtGSL6R
AIGSLl 1 F

AIGSLl 1R
J-mgs 115' - 1

J-mgsl15'-2
lmcasynl
lmcasyn2
lmcasynlR
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lmcasyn2R
lmcasyn3R
ImcasynTR
ImcasynSR
lmcasyn9R
lmcasynl 0R
Imcasynl 1R
lmcasyn2 2R
lmcas yn2 3R
lmcasyn2 6R

lmcas yn2 7 R

lmcasyn3 0R
Imcasyn3 1R
Imcasyn3 8R
lmcasyn3 9R

atgs 1 5e 1

atgsl5elr
atgs I 5e2
atgs J-5e2r
atgsl5e3
atgs I 5e3 r
atgs15e1s
atgsl5elrs
atgsI5e2s
atgs I 5e2 rs
AIGSLlF
AtGSLlR
ATGSL3F
ATGSL3R
AtGSLT F

AIGSLTR

TGCTGTACTTGGTTCGCTTG
CCAGTATCCTCCCACGAAAA

TC TTT GT C T TAAAAC TACCT TTGT TGAA

GT GGTAAAGAT GGAGAAAAG T T C T G T

C CAAAAAAAC T C GT TAAAAT GCAT C GTA

CAGCCTCTCCCCAGATCA

CACACATATAGCAACTTTTTCTC
GCGTTAAGATCC CTAAAAGGTTG

T GGCTAACAGATACAGTGAAAACA

GCAT TAGTTGTAGACACGGCAT C

CC C TATGGTACTGCAAAGC TGAT

TT TAT CT GCATCCTCAGGGGAAA

GCTTCAGAGTTTTGCGCTCCAG

GC CAGAG C GAAAAGTAGTAACACACA
CGAAAATCAGAATCAAGCCGTGTA

ATTGGT T TCTTCAGTGAAGC T

TCAAGTCAAGCGTTGTAC

CGCAGATGCTGCATATAA

CAGTATAGTTAGTTAGAAATAATCC
GGATTATT T C TAAC TAACTATAC TG

GAACAAGGAGCTTTACCGT

GTAAGTGGAGGAACTACGA

AGCCAGGATTTAGGGCACC

GATTCTCACCTCTAGGGAC

CTCACGGAACTACTTGCTC

CAC GAGGAGATGCGAT TCAGACCA

CACCCC GAGGCACAAACCAAAAC

TT CATGGC GGCGCAGAATACAGA

TGCCACTCGAAACCAGAGGGATT G

TGTGGTTCCTGGTGACTTCTTGGTTGT
GGCGAGCGATGT TGAGGTGGTAG

2t9



Appendix C. White's media (modi{ied)

Used in the cultivation of Lolium multiflorum endosperm suspension cultures.

Concentrations represent those in the complete final media.

Macro nutrients mM
MgSO+
NazSO+

Ca(NO:)z.4H2O
KCI
NaHzPO¿
KNOs

Micronutrients

2.96
t.42
r.23
0.94
11.6
0.79

il.M

MnSO¿.4H2O
ZtSQq.TH2O
H3B03
CuSO¿.5H2O
CoCl.6H2O
Ferric citrate

Vitamins

17.75
r.74
8.08
0.10
0.11
40.70

uM
Nicotinic acid
Thiamaine hydrochloride
Calcium pantothenate
Pyridoxine

0.01
0.71
0.53
l.2r

Sucrose

Indole acetic acid

Yeast Extract

llTmM
5.70 pM

0.5% (w/v)

pH 5.5

Sugar and
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RESEARCH ARTICLES

An Arabidopsis Gallose Synthase, GSL5, ls Required for Wound
and Papillary Gallose Formation

Andrew K. Jacobs,"'b,1 Volker Lipka,u,t Rachel A. BuÉon," Ralph Panstruga,b Nicolai Strizhov," Paul Schulze-Lefelt,b'2

and Geoffrey B. Finchera

"Australian Centre for Plant Functional Genomics, University of Adelaide, Waite Campus, Glen Osmond, South Australia 5064'

Australia
bDepartment of Plant Microbe lnteractions, Max-Planck-lnstitute for Plant Breeding Research, D-50892 Cologne, Germany

"Max-Planck-Unit for Structural Molecular Biology, 22607 Hamburg, Germany

Arabidopsis was transformed with double-stranded RNA interference (dsRNAi) constructs designed to silence three puta-

tive callose synthase genes: GLUCATV SINIHASE-¿IKE5 (GSts), GSL6, and GSLít. Both wound callose and papillary cal-

lose were absent in l¡nes transformed with GSLS dsRNAi and in a corresponding sequence-indexed GSLS T-DNA insertion

line but were unaffected in GSL6 and GSLf I dsRNAi lines. These data provide strong genet¡c evidence that the GSL genes

of higher plants encode proteins that are essential for callose formation, Deposition of callosic plugs, or papillae' at s¡tes of

fungal penetration ¡s a widely recognized early response of host plants to microbial attack and has been implicated in im-

peding entry of the fungus, Depletion of callose from papillae in gstS plants marginally enhanced the penetration of the

grass powdery mildew fungus Blumeria graminis on the nonhost Arabidopsis. Paradoxically, the absence of callose in pa-

pillae or haustorial complexes correlated with the effective growth cessation of several normally virulent powdery mildew

species and ol Peronospora parasit¡ca.

INTRODUCTION

Callose is a (1-+3)-p-o-glucan that is widely distributed in higher
plants and is readily recognizable in tissue sections through the
formation of an intense yellow, UV light-induced fluorescence

with the aniline blue fluorochrome (Stone et al., 1985). During nor-

mal plant grovrth and development, callose is found as a transi-

tory component of the cell plate in dividing cells, is a major com-
ponent of pollen mother cell walls and pollen tubes, and is found

as a structural component of plasmodesmatal canals. Callose also

has been observed in abscission zones and on sieve plates in dor-

mant phloem (Stone and Clarke, 1992).

ln addition to its role in normal growth and development,
callose is deposited between the plasma membrane and the
cell wall after exposure of plants to a range of abiotic and bi-
otic stresses, including wounding, desiccation, metal toxicity,
and microbial attack (Stone and Clarke, 1992). Particular at-
tention has been focused on callose formation in plant-
microbe interactions, during which plant host cells respond to
microbial attack by rapidly synthesizing and depositing cal-
lose as plugs, drops, or plates in close proximity to the invad-
ing pathogen (Ryals et al., 1996; Donofrio and Delaney, 2001).

These callosic deposits are commonly referred to as papillae

rThese authors contributed equally to this report.
2To whom corespondence should be addressed. E-mail schlef@mpiz-

koeln.mpg.de; lax 49-221 -5062313.
Adicle, publication date, and citation information can be found at
www.plantcell.orglcgi/doi/1 0. 1 1 05/tpc.01 6097.

and are thought to contain, in addit¡on to (1 -+3)-p-o-glucan,

minor amounts of other polysaccharides, phenolic com-
pounds, reactive oxygen intermediates, and proteins (Smad

et al., 1986; Bolwell, 1993; Bestwick et al., 1997; Thordal-

Christensen et al., 1997; Heath, 2002). Although the precise

function of callosic papillae during microbial attack has not

been demonstrated unequivocally, it has been postulated that

the papillae act as a physical barrier to impede microbial pen-

etration (reviewed by Stone and Clarke, 1992). By slowing or

immobilizing the invading microorganisms, the host plant

could focus upon them a number of antimicrobial com-
pounds, such as wall-degrading enzymes, phytoalexins, and

active oxygen species, or initiate cascade responses involving

race-specific resistance genes (Brown et al', 1998).

The central impodance of callose deposition in several key

plant processes, both under normal growth conditions and af-

ter abiotic or biotic stress, has prompted many attempts to
purify and characterize callose synthases from plants. To

date, no highly purified callose synthase preparations have

been reported; therefore, it has not been possible to demon-

strate a direct link between callose synthase activity and

amino acid or nucleotide sequence. Neverlheless, evidence is

accumulating that callose synthases are encoded by a family

of glucan synthase-like (GSt) genes (Cui et al., 2001; Doblin

et a1.,2001 ; Hong et a1.,20014; Østergaard et al.' 2002)'

based on the homology of these plant genes w¡th yeast

FK506 hypersensitivity (FKS) genes, which also are believed
to be involved in (1 -+3)-p-o-glucan biosynthesis (Douglas et

al., 1994; Cabib et al., 2001; Dijkgraaf et al', 2002).

The Plant Cel/ Preview, www aspb org @ 2003 American Society of Plant Biologists 1of 11
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Twelve GSL genes have been identified in Arabidopsis
(Richmond and Somerville, 2000; Verma and Hong, 2OO1; http://
cellwall.stanford.edu/), in which individual members of the fam-
ily presumably mediate the synthesis of callose in different tis-
sues and/or under different environmental conditions. Very lim-
ited information is available about the biological functions of
individual ATGSL family members. GSL6 (CalS1) is located at the

growing cell plate and interacts w¡th two cell plate-associated

proteins, phragmoplastin and a UDP-glucose transferase (Hong

et al., 2001a, 2001b). The three proteins likely form pad of a larger

complex that assembles at the cell plate (Hong et a1.,200'lb).

Transgenic tobacco lines overexpressing a GFEEN FLUORES-

CENT PROTEIN (GFPFAtGSL6 construct showed increased cal-

lose deposition at the cell plate, but this gene failed to comple-
ment the yeast mutant fksT (Hong et a1.,2001a)' AtGSLS has

been shown to partially complement fksl and is inducible by

salicylic acid (Østergaard et al., 2002). Despite these observa-

tions, direct genetic evidence linking GSL genes to callose bio-
synthesis in plants generally, or genetic evidence linking indi-
vidual ATGSL family members to specific sites of callose

deposition in Arabidopsis, has yet to be found.

The work described here was initiated in an attempt to iden-
tìfy members of the Arabidopsis GSL gene family that might
be upregulated after wounding and when Arabidopsis leaves

are exposed to the powdery mildew fungus Blumeria grami-

nls. This ascomycete is a common fungal pathogen of grasses

but fails to produce disease in nonhost interactions with Ara-
bidopsis or other dicot plants (Braun et al.,2OO2l. Semiquanti-
tative reverse transcriptase-mediated PCR indicated that, of
the 12 Arabidopsis GSL genes, transcript levels for GSL5,

GSL6, and GSL77 increased slightly after inoculation of
leaves with B. graminis spores; on this basis, these genes

were chosen for further examination (our unpublished data).

Here, we assign the GSLS isoform (referred to as CalS12 by

Hong et al. [2001a]) a crucial role in inducible callose accumu-
lation upon wounding and during biotic stress. Contrary to the

common belief that callose accumulation contributes to plant

defenses against pathogen attack, our data indicate that cal-
lose synthesized by the wound-responsive GSLS might pro-

tect the fungus during pathogenesis,

RESULTS

GSI- Transcript Levels Are Reduced in Double-Stranded
RNA lnteÉerence Lines

Fedile transgenic T3 Arabidopsis lines were obtained for each

of the three double-stranded RNA interference (dsRNAi) con-
structs, which targeted GSLS, GSL6, and GSL7l. The GSLS,

GSL6, GSL77, and empty vector control lines exhibited no ob-
vious morphological abnormalities. DNA gel blot hybridization

analyses confirmed the presence of the dsRNAi construct in

each line, most of which carried single copies of the transgene
(data not shown). When total RNA was extracted from young

leaves and inflorescences of dsRNAi lines for quantitative real-

time PCR analysis, mRNA for the three GSL genes was gener-

ally 3- to 1O-fold less abundant than in the empty vector con-
trols and wild{ype lines (Figure 1).

Wound and Papillary Gallose Are Reduced in GSf-5 dsRNAi

Transgenic Lines

The formation of wound callose in GSIS dsRNAi lines was

greatly reduced or absent compared with that in the GSL6'

GSLl7, and control lines (Figure 2). When germinated pollen
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Figure 1. Transcript Accumulation of GSL Genes ls Beduced in Trans-

gen¡c dsRNAi Lines.

Ouantitative analysis of mRNA steady state levels showed a sign¡ficant

reduction of GSL transcr¡pt accumulation in transgenic lines harboring

dsRNAi constructs directed against GSLS [lines 7.13(1)' 7.11(1), 7,11(2)'

7.1'l(4), and 7.11(5)l (A), GSL6 [lines 5.2(1), 5 20(1), and 5.20(2)] (Bl' or

GSLl7 [¡nes 6.10(1)and 6.18(1)] (Cl.
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Figure 2. Reduced Callose Accumulation at Wound Sites in GSLS dsRNAi Lines.

Leaves of wild-type (WI) plants and GSLS, GSL6, and GSL I I dsRNAi lines were wounded by cutting with a razor. Aniline blue fluorochrome staining
of leaves revealed reduced callose accumulation at wound sites alter 24 h. Bars : 200 Fm.

grains in the three dsRNAi transgenic lines were examined with
the aniline blue fluorochrome, callosic deposits in the GSLS line
appeared normal (data not shown). No differences were ob-
serued in any of the GSL dsRNAi lines for cell plate or plas-
modesmata callose (data not shown).

Given that fungal penetration is likely to cause wounding of
plant cells, the formation of callosic plugs was examined in
transgenic GSt dsRNAi lines after inoculating leaves with
spores from the virulent powdery mildew fungus Sphaerotheca
fusca. Elongating fungal hyphae were observed in all cases,
and the rate of hyphal growth on the leaf surface did not differ
substantially between the lines for at least 48 h after inocula-
tion. Callosic papillae that stained brightly with the aniline blue
fluorochrome were clearly evident in all independent GSL6,
GSLtl, and control lines (Figure 3). By contrast, in all indepen-
dent GSIS transgenic lines, callosic plugs were completely ab-
sent, despite the fact that hyphal growth occurred (Figure 3).

Wound and Papillary Gallose Also Are Reduced in a GSI-5
T-DNA lnsertion Line

To confirm that the effects in the GSLS dsRNAi lines were spe-
cific to the lack of the GSL5 callose synthase isoform, we ex-
amined a T-DNA insedion line (GABI-KAT 089H05) containing
an insertion in the second exon of GSL5. When leaves of ho-
mozygous T-DNA insertion siblings (referred to as gs/5-7) were
wounded or inoculated with S. fusca, they showed similar, dra-
matic reductions in wound callose and papillary callose forma-
tion (data not shown).

lnoculation with conidiospores of lhe B. graminis powdery
mildew failed to produce disease on wild-type Arabidopsis
leaves. Microscopic examination revealed normal conidiospore
germination, with production of primary and differentiated ap-
pressorial germ tubes in contact with the leaf sufface. How-
ever, the germ tubes typically failed to enter the nonhost epi-
dermal cells (92% of interaction sites) and were accompanied
by the formation of callosic papillae (Figures 4A to 4C). This in-
fection phenotype is similar to other repoñed nonhost interac-
tions between plants and fungal pathogens (Kobayashi et al.,

1997; Heath, 2OO2\. By contrast, callosic plugs were virtually
undetectable in both the homozygous GSL5 T-DNA insertion
line þs/5-l) and the GSLS dsRNAi lines (Figures 48 and 4C). B.
gnminis penetration indices were only slightly higher in gs/S-7

than in wild-type plants (Figure 4A), suggesting that callose
plays a minor role in resistance to wall penetration. ln T2 prog-
eny obtained after selfing of the GABI-KAT 089H05 T1 line,

which was hemizygous for the T-DNA insertion, siblings ho-
mozygous or hemizygous for the T-DNA insertion in GSL5 co-
segregated with the absence or presence of callosic plugs, re-
spectively, beneath B. graminis appressoria (Figure 5). Despite
the absence of callosic plugs in gs/5-l mutant plants, round
papillae still were clearly recognizable beneath fungal appres-
soria (Figure 4C), indicating that components other than callose
were present in these subcellular structures.

A cell death response was observed in epidermal cells that
were penetrated by B. graminis sporelings at -48 h after spore
inoculation e15% of interaction sites; Figure 4A). ln contrast to
epidermal cells that were not penetrated by the fungus, com-

GStS-RNA¡

GSt6.RNAi

a

ô
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ñ

0)

4 of 11 The Plant Cell

plete collapse and browning of cytoplasm was observed in epi-
dermal cells containing haustoria in wild-type and gs/5-l geno-
types. Cytoplasmic collapse and browning is considered a
reliable indicator of cell death (Heath, 1998). Trypan blue stain-
ing was used to confirm these obseruations (data not shown).
Cell death was accompanied by an intense aniline blue fluoro-
chrome staining pattern along the entire cell margin in wild-type

plants, whereas dead epidermal cells in gs/5-l mutants showed
only a punctate callose staining pattern at the cell periphery
(Figure 4D). The punctate staining pattern in gs/5-l plants was
reminiscent of plasmodesmata that are known to contain cal-
lose (Northcote et al., 1989; ltaya et al., 1998); therefore, we
conclude that the absence of heavy GSLS callose deposition at
cell margins in gs/5-l plants reveals the underlying plasmodes-

Figure 3. Absence of Callose Accumulation upon Powdery Mildew lnfection in GSLS dsRNAi Lines.

Leaves of wild-type (WT) plants and GSL5, GSL6, and GSLI I dsRNAi lines were challenged with the virulent powdery mildew fungus S. fusca. Forty-
eight hours after inoculation, fungal structures (left column) and calfose deposits in papillae (right column; marked by arrowheads) were stained with
Coomassie blue and the aniline blue fluorochrome, respectively. sh, secondary hyphae; sp, conidiospore. Bars : 100 pm.
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Figure 4. GSLS Callose Accumulation Patterns upon Challenge with the Grass Powdery Mildew Fungus B. graminis.

Wild-type (VW) and T-DNA insertion (gs/5-l) plants were inoculated with B. graminis f. sp. hordel conidiospores.
(A) Quantitative analysis of B. graminis,penetration rate. At least 300 interaction sites between B. gnminis sporelings and leaf epidermal cells were

scored for the presence or absence of fungal haustoria at the times indicated.
(B) Callose depositions at sites of attempted B. graminis cell wall penetration (arrowheads) are visible by fluorescence microscopy on wild-type but

not gs,5-t plants 24 h after inoculation. Bars : 200 pm.
(C) Higher magnification views of papillae (arrowheads) beneath fungal appressoria in wild-type (top row) and gs/5-7 (bottom row) plants. Light mi-

croscopy images are shown at left, and conesponding fluorescence images after aniline blue fluorochrome staining are shown at right. Bars : 10 pm.

(D) lnvasive growth of 8. graminis (successful haustorium d¡fferentiation) in single epidermal cells of wild-type leaves leads to cell death and callose

deposition along the entire cell margin. Fluorescence images were taken 48 h after inoculation, and leaves were stained with the aniline blue fluoro-

chrome. Note the relatively low-intensity punctate fluorochrome staining pattern at the cell periphery in gs/5-l plants. agt, appressorial germ tube; ha,

haustorium; ps, punctate staining; sp, conidiospore; st, stomata. Bars : 50 pm.
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mata callose. This finding indicates that mass¡ve GSLS callose
accumulation normally occurs along the cell margin during
pathogen{riggered cellular suicide and that the GSLS cell mar-
gin callose and the plasmodesmata callose are synthesized by
different callose synthase isoforms of the same cell.

The Mutant powdery mitdrew resistant4-l Gontains a
Defective GSL5 Gene

The Arabidopsis mutant powdery mildrew resistant4-l þmr4-l)
was shown previously to be resistant against E4zsþhe cichora-
cearum and to lack callose at fungal penetration sites; the re-
cessive mutation was mapped to the long arm of chromosome
4 (Vogel and Somerville, 2000). We noticed that GSLS is lo-
cated ¡n the same chromosomal region and tested whether
pmr4-1 might contain a mutation in GSL5. Direct DNA se-
quencing revealed a single base substitution (G-+A) in genomic
DNA of pmr4-1 corresponding to position 2060 in the deduced
coding sequence, whereas the sequence derived from wild-
type plants was identical to the GSL5 gene in the databases.
The base substitution would result in the conversion of the TGG
codon for Trp-687 in GSL5 to a TAG stop codon and the for-
mation of a severely truncated primary translation polypeptide
of 686 amino acid residues. The position of the lesion in GSLS
of the pmr4-1 mutant line is compared with the position of the
T-DNA inserlion in the GABI-KAT 089HOS line in Figure 6.

GSLS and PMR4 Are the Same Gene

Mutant pmr4-1 plants were reported previously to exhibit resis-
tance against E. cichoracearum and the oomycete perono-

)

B Apoplast

Pt\4

Cyloplasm
cooHputative

catalytic region

Figure 6. Scheme of GSLS Gene Structure and Deduced GSLS protein
Topology.

(A) GSIS gene structure. Black boxes represent exons, and lines indi-
cate ¡ntrons. The asterisk ¡ndicates the mutat¡on site in pmr4-1 that gen-
erates a stop codon. The gray triangle represents the T-DNA insertion
site in the GABI-KAT 089H05 linê (qs/5-7). Thê dotted line above exon 3
shows the target sequence used to generate the GSLS dsRNAi con-
struct.
(B) GSLS is predicted to be a polytopic integral membrane protein with

-14 transmembrane helices. Both the NH2 and COOH termini are pre-
dicted to be or¡entated toward the cytoplasm, as is the putative catalytic
domain, which is located in an extended loop between predicted trans-
membrane helices 6 and 7. Mutation sites in pmr4- 7 and gs/5- 1 are indi-
cated as described in (Al. PM, plasma membrane.

spora parasitica (Vogel and Somerville, 2000). We challenged
pmr4-1 , gs/S-7, and the GSLS dsRNAi lines with another viru-
lent powdery mildew species, Golovinomyces orontl. ln con-
trast to susceptible wild-type Arabidopsis, comparable en-
hanced disease resistance was observed (Figure 7A), indicating
that the absence of PMR4 or GSLS confers similar broad-spec-
trum resistance. When pmr4-1 plants were inoculated with B.
graminis spores, the infection phenotype was indistinguishable
from that observed in the AÍGSLS dsRNAi and gs/S-l plants,
and callosic papillae were not detected (see above). To deter-
mine whether PMR4 and GSLS might be the same gene, we
crossed the homozygous T-DNA insedion line (9s/5-l) with the
pmr4-1 mutant. lnspection of 15 F1 plants after fungal spore in-
oculation with the virulent G. orontii powdery mildew showed
enhanced disease resistance and lack of callose accumulation
at attempted infection sites. The observed infection pheno-
types of the F1 plants were indistinguishable from the pmr4-1
and gs/5-7 parental lines (data not shown), strongly indicating
lhat PMR4 and GSLS are the same gene.

GSLS ls Required for Callose Encasement of
Haustorial Gomplexes

We examined the enhanced disease resistance phenotype to
G. orontii (Figure 7A) in greater detail at the microscopic level
(Figures 78 to 7D). This revealed indistinguishable hyphal growth
on wild-type and gs/s-7 leaves at 72 h atter spore inoculation
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Figure 5. Lack of Callose Deposition Cosegregates with T-DNA lnser-
tion in GSL5.

Absence of aniline blue fluorochrome staining after inoculat¡on with B.
graminis correlates with a homozygous T-DNA insertion (ins.) in GSL5.
Segregaling progeny (18 T2 siblings) of a selfed hemizygous T-DNA
GSLS insertion line were genotyped molecularly and tested for callose
depos¡tion upon challenge with B. gram¡n¡s. Gel electrophoretic separa-
tion of PCR products obtained with a GSLS- and T-DNA-specific oligo-
nucleotide primer indicated the presence of the T-DNA ¡nsertion in all
ind¡viduals except sibling 10 (bottom gel). The absence of a pCR ampli-
fication product using oligonucleotide primers designed to bind on
e¡ther s¡de of the T-DNA insedion site in GSLS exon 2 demonstrated
that siblings 2, 5, 6, 9, and 1 1 are homozygous for the T-DNA insertion
(top gel).
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Figure 7. GSls-Dependent lnfection Phenotypes upon challenge with the Powdery Mildew Fungus G' orontii'

oronÛÏ conidiosPores.
eoftheleaffromthewild-typeplantiscoveredbymacroscopicallyvisible
mPtoms.
asementofhaustorialcomplexesinwild-typeandgs/5-lplantsatT2haf.

fluorescenceimageaftercallosestainingisshownatright.gs/S-lplants
sition at haustorial complexes' sh, secondary hyphae' Bars : 200 pm'

conidial chains as well as numerous local callosic deposits are visible on

gfluorescenceimageaftercallosestainingisshownatright.gsls-Tplants
. Bars : 200 pm.

GSLScallosefromwild{ypeandgs/S-Tplants.Abright{ieldimageis
r callose staining is shown at right' Bars : 10 pm'
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(Figure 78, bright field). However, reduced hyphal growth and

severely diminished conidiophore formation became detect-
able on gs/5-l leaves at 5 and 10 days after pathogen chal-

lenge (Figure 7C, bright field). This finding indicates that patho-
gen growth on the mutant plants is impaired significantly but is

not inhibited completely. A striking encapsulation of hauslorial

complexes with callose was found in wild-type but not in gs/s-l
leaves, suggesting that GSLS parlicipates in callose synthesis

both in papillae and at haustoria before and after fungal entry

into epidermal cells (Figure 7D). This encasement of haustorial

complexes was recognizable as early as 72 h after spore inocu-

lation (Figures 78 and 7C, epifluorescence). This finding cor-

roborates our earlier observations of dynamic changes of GSLS

activity or location as the infection process progresses and

might indicate a critical role for callose in the function of haus-

torial complexes.

DISCUSSION

To define potential roles of GSL genes in callose biosynthesis

in plants, dsRNAi constructs that specifically target 3 of the

12 putative GSL genes in Arabidopsis-Gsts, GSL6' and

GSL 7 7 - were used to generate stable transformants. Quantita-

tive PCR showed that transcript levels of the three genes were

reduced specifically in the dsRNAi transgenic lines. No evi-

dence for compensatory upregulation of other GSL genes was

detected. For example, in the GSLS lines, GSL6 and GSLIT
mRNA remained at approximately the same levels as observed

in the control and wild-type plants (data not shown). During the

initial design of the dsRNAi constructs, regions in which se-

quences of >21 nucleotides were identical in any two different

ATGSL genes were avoided (Hamilton and Baulcombe, 1999)'

but quantitative PCR showed some downregulation of ATGSL

genes most closely related to the target genes (AfGSL7,

AtGSt3, and,AtGSL7, respectively; data not shown). Therefore,

it was clear that the dsRNAi results would require independent

confirmation through T-DNA insertion lines or other mutants in

which a single gene had been disrupted. Although mRNA

abundance for the specific GSL genes was lower in each of the

corresponding dsRNAi transgenic lines, it was not abolished

completely (Figure 1), presumably because dsRNAi silencing

occurs post-transcriptionally (Fire et al., 1998) or because of
potential cell type-specific differences in the activity of the 35S

promoter, which drove the expression of the dsRNAi con-

structs (Sunilkumar et al., 2002).

ln seeking a link between GSL expression and callose depo-
sition, it was noticed initially that wound callose was reduced
greatly, specifically in the GSL5 dsRNAi plants (Figure 2).

Wounding is an inherent consequence of fungal penetration of
plant cells, so the effects of fungal challenge on the dsRNAi

lines were examined. When the transgenic plants were chal-

lenged with several fungal species, the response of the dsRNAi

GSLS lines differed markedly from that of the dsRNAi GSL6,

dsRNAi GSL77, and control plants. ln particular, papillary cal-
lose was absent in the dsRNAi GSLS line after inoculation of
leaves with the fungal pathogens S. fusca, G. orontii, and B.

graminis, Similar results were observed with the T-DNA inser-

tion line GABI-KAT 089H05, in which the GSLS callose syn-

thase gene is disrupted (Figure 6)' As mentioned above, our fo-

cus was shifted from the dsRNAi lines to the homozygous

GABI-KAT 089H05 T-DNA insertion line (gs/5-l)' Although pap-

illary callose was not detectable in gs/S plants, the typical round

wall appositions that form beneath fungal appressoria, at least

at the light microscopic level, were indistinguishable from those

in wild-type plants except that they contained no callose (Fig-

ure 4C). Therefore, it seems unlikely that callose serves as an

essential structural scaffold in papillae (cf. Smart et al.' 1986;

Bolwell, 1993). The formation of noncallosic papillae in gs/5

plants indicates that the accumulation of papillary components

other than callose continues.
The phenotypic characteristics of the 9s/5 lines were similar

to those described for the powdery mildew-resislant pmr4-1

mutant of Arabidopsis (Vogel and Somerville, 2000)' We have

shown here that the pmr4-1 line has an internal stop codon in

GSLS that is located in a similar position to the T-DNA insertion

in the GABI-KAT OB9HOS line in exon 2 of the gene (Figure 6)'

Based on a number of topology prediction programs, the le-

sions will disrupt the prote¡n sequence close to the last trans-

membrane helix before the large, nonmembrane, and presum-

ably cytoplasmic region of the protein that is widely assumed to

contain the catalytic site (Figure 6) (Cui et a|.,2001 ; Doblin et

al., 2001 ; Hong et a',,2001a; Østergaard et al.' 2002). lt is

highly unlikely that the truncated protein would have any cal-

lose synthase activity. Thus, our gene-silencing experiments

and the mutant data clearly demonstrate a role for AIGSLS in

the deposition of wound and papillary callose. More generally,

the data provide strong genetic evidence that the products of

GSL genes are essent¡al for callose formation in higher plants.

It has long been believed that callosic papillae physically im-

pede pathogen entry into plant cells, although this is not ac-

cepted universally (reviewed by Stone and Clarke, 1992)' To

test this hypothesis, we took advantage of a nonhost interac-

tion phenotype between Arabidopsis and the grass powdery

mildew fungus B. graminis, which is characterized by the failure

of the pathogen to penetrate leaf epidermal cells on wild-type
plants at most interaction sites (Figure 4A)' Penetration inci-

dence was only slightly higher in 9s/5 mutants, and infection

did not occur. ln other work, Arabidopsis mutants have been

identified in which B. graminis penetration through the cell wall

was increased dramatically, but none of these showed reduced

callose formation at papillae (V, Lipka and P' Schulze-LefeÉ,

unpublished data). Together, these observations indicate that

resistance to wall penetration by the grass powdery mildew

fungus is a plant-controlled process to which papillary callose

does not contribute to any great extent. However, nonhost in-

teractions with other fungal pathogens need to be tested on

gs/5 plants before we can generalize our observations with the

B. graminis pathogen.

A striking finding in the present work was the different spatial

and temporal accumulation patterns of GSLS callose at differ-

ent subcellular sites in single cells, namely at papillae and

haustorial complexes, as well as along the entire cellular pe-

riphery after pathogen-provoked cell death (Figures 4 and 71.

These changing patterns might reflect local stimulation of the

activity of preexisting callose synthase enzyme or the specific

targeting of newly synthesized enzyme to cellular "stress sites."
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Each of the three pathogen-triggered GSLS callose accumula-

tion patterns is consistent with a plasma membrane location for
the callose synthase, given that the extrahaustorial membrane

is thought to be continuous with the plasma membrane (Giese

et al., 1997; Mendgen and Hahn, 2002). At this stage, we favor

the existence of a mechanism that mediates tighi subcellular

control of the activity of preexisting enzyme. The activity of
plasma membrane-bound plant callose synthases often is de-
pendent on Ca2+, whereas in yeast, the Rhol GTPase regulates

the activity of the callose synthase homologs FKSI and FKS2

by altering their phosphorylation status (Qadota et al., 1996;

Calonge et al., 2003). A rapid increase in cytoplasmic free Ca2+

levels is a common response of plant cells to pathogen chal-

lenge (Blume et al., 2000; Grant et al., 2000) and wounding

(Leon et al., 1998, 2001); therefore, it is conceivable that local

increases in Ca2+ concentrations beneath fungal appressoria

and at haustorial complexes contribute to local GSLS stimula-

tion. Subsequent increases in whole-cell cytoplasmic free Ca2+

levels after more widespread plasma membrane disintegration

as the cell dies might contribute to GSLS activation along the
entire cell periphery.

Perhaps the most surprising observation with the gs/S lines is

their enhanced resistance to attack by different biotrophic
pathogens (Figure 7A). lt was shown previously that the loss of
PMR4 funclion does not result in the constitutive expression of
salicylic acid- or ethylene- and jasmonic acid-dependent de-

fense pathways (Vogel and Somerville, 2000). Although Øster-
gaard et al.(2002) showed salicylic acid-dependent GSLS gene

expression, we have shown a link between GSLS activity and

wounding (Figure 2). Wounding of the cell wall is a feature of
pathogenesis by biotrophic microorganisms that must enter
plant cells for nutrient supply. Biotrophic pathogens such as P.

paras¡tica and E. cichoracearum might have exploited compo-
nents of the wound response for successful pathogenesis. lt is
conceivable that callose might be needed as a physical support
for fungal development, either as a structural scaffold to ac-
commodate haustorial complexes or to allow optimal nutrient

uptake via this specialized feeding structure. Because cell wall
penetrat¡on resistance was not altered substantially in the ab-
sence of callosic plugs and because haustorium differentiation

was not impaired in any detectable manner upon challenge

with the tested virulent pathogens in gs/S leaves (Figure 7D), a

structural role of GSLS callose for "intracellular" accommoda-
tion of fungal infection structures seems unlikely.

However, GSLS callose might either facilitate nutrient uptake

by haustoria or serve as a pathogen-induced protection barrier

that prevents the recognition of pathogen-derived molecules

by the host. For example, lack of callose might unmask fun-
gal wall polysaccharides and/or secreted proteins. Ceñain

branched (1 -+3,1 -+6)-ß-o-oligoglucosides and chitin/chitosan
oligosaccharides released from these fungal wall polysaccha-

rides (Bartnicki-Garcia, 1968) by partial endohydrolysis are

highly active elicitors of plant defense responses, even at con-
centrations as low as 10 nM (Côté and Hahn,1994). By con-
trast, linear (1 -+3)-p-o-oligoglucosides of the type that would

be released from callose itself by the (1 +3)-B-o-glucanases are

not active in eliciting plant defense (Côté and Hahn, 1994). The

evolution of (1-+3)-p-o-glucanase inhibitors by pathogenic
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fungi implies that inhibiting the release of (1 -+3,1+6)-9-D-oli-

goglucosides could be impodant for the establishment of fun-
gal infection (Rose et a1.,2002).

METHODS

Plant L¡nes and Growth Conditions

Ìhre Arabidopsis thaliana GSLS T-DNA insertion line GABI-KAT 089H05

was provided by Bernd Weisshaar (Max-Planck-lnstitute for Plant

Breeding Research) and had been generated in the GABI-KaI program

(http://www.mpiz-koeln.mpg.de/GABI-Kat/GABI-Kat-homepage.html).
Oligonucleotide sequences used for T-DNA insertion detection were 5'-

CGCAGATGCTGCATATM-3' and 5'-CAGTATAGTTAGTTAGAAATA-

ATCC-3' (GSL5 specific and T-DNA left border specific' respectively).

The powdery mildew-resistant line pmr4-1 was obtained from John

Vogel and Shauna Somerville (Carnegie lnstitut¡on of Washington, Stan-

ford, CA). Plants were transformed by the floral-dip method (Clough

and Bent, 1998) using Agrobacterium tumefaciens strain GV3101::

pMP9O(RK) with the binary vectors pAJS, pAJ6, and pAJ7. T3 plants

used in infection exper¡ments were grown in a glasshouse at 22"C,

Seedlings (10 days old) transformed with double-stranded RNA interfer-

ence (dsRNAi) constructs were selected by spraying every second day

for 1 week with 'lOO mg/L Basta (AgrEvo, Düsseldorf, Germany).

dsRNA¡ Constructs

Gene-specific invefted repeats separated by an intron were inserted into

plasmid pJawohl3 (4F404854) to create pAJS (GSL6;4t1905570)' pAJ6

(GSLll; At3g5910O), and pAJT (GSL5;4t4g03550) dsRNAi constructs.

Primer combinations used to produce the gene-specific sense and anti-

sense GSL dsRNAi fragments were as follows: for AIGSLS, S'-CAT-

CGATGGGATCCGTACTGTCT- 3'l5' .GGAAGGGACGGAAGCTTGAATTC-

3' and 5' -GGMGGCCCGGGATGTTGGATTG-3'/5' -CGGCGTTGGTGT-

ooGTACTAGT-3' (230-bp product); for AfGSL6, 5'-CAToGATAAAGG-

ATCCCATACACCGTAA- 3'l5' CATCCATGGGATTMGCTTCCCGGGCCA-

3' and 5'-CATCCATGGGATTAAGCTTCCCGGGCCA-3'/5'-CCGTCC-
ATAAAGGATCCCATACACTAGT-3' (640-bp product); and for AIGSLl I'
5' -TGGGAAGCTTGGTGGAACGTAGA-3'/5'-TGACTGACAAGGATCCGA-

GGMGAG-3' and 5' -TGGGATCCGTGGTGGAATTCAGA-3'/5' -TGACTA-

GTAAAAACTCGAGGAAGAGA-3' (280-bp product).

DNA and RNA Extractions

Genomic DNA was extracted from young leaves of Arabidopsis using the

hot cetyl-trimethyl-ammonium bromide method (Lassner et al.' 1989).

Total RNA was extracted from young leaves and inflorescences of

dsRNAi lines using the Trizol reagent (lnv¡trogen' Carlsbad' CA) accord-

ing to the manufacturer's instructions.

Quantitative PCR Analysis of GSL mRNA

Total RNA (5 pg) was used in CDNA reactions using the Superscript ll

CDNA synthesis kit (lnvitrogen). The cDNA was diluted 2 5-fold' and 1 pL

was taken for quantitative real-time PCR in 20-pL reaction volumes us-

ing 10 ¡rL of 2x Quanti-Tect PCR master mix (Qiagen, Valencia' CA), 0.3

pM gene-specific primers, and 0.6 pL of a 1O0-fold dilution of SYBR

Green I dye (Applied Biosystems, Foster City, CA). PCR cycling and fluo-

rescence measurements were performed with a RotorgenÊ 2000 Real-

Time Cycler RG2072 (Corbett, Sydney, Australia)' and data were normal-

ized against glyceraldehyde phosphate dehydrogenase (GAPDFI)' actin

(Actrnl), and cyclophilin (Cyclo) mRNA levels (Vandesompele et al.'
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2002). Primers used in the quantitative PCR were as follows: for ATGAPDH

(At3g26650), 5'-TGGTTGATCTcGTTGTGCAGGTCTC-3'/5'-GTCAGC-
CAAGTCAqCMCTCTCTG-3' ; for AtAclinl (4t2937620), 5'-TGCGAC-

MTGGAACTGGMTG-3'/5' -GGATAGCATGTGGMGTGCATAC.3' ; fOT

AtOyclo (At29361 30), 5'-TGGCGAACGCTGGTCCTMTACA-3'/5'-CAA-
AAACTCCTCTGCCCCAATCAA-3'; for AIGSLS (4t4s03s50), 5'-CTG-

GAATGCTGTTGTCTCTGTTG-3'/5' -TCGCCTTTTGATTTCTTCCCAGT-3' ;

for AtGSL6 (At1 905570), 5'-GMGGGTTTGGGCGTTGGAAG-3'/5'-CAA-
TGAGAAGCATTCCCCATCCAGTT-3'; and for AtGSLl 1 (At3959100)'

5'-TTTAGGGGTTTGGGACTCGGTGAAA-3'/5' -TGTCTTTCCGACCAG-

CGAGAATCA-3'.

Sequence Analysis oÍ PMB4-1

The three exons of GSLS (1870, 2022, añd 1448 bp, respectively) were

amplified by PCR using flanking oligonucleot¡de primers. Purified PCR

products (NucleoSpin extraction kitt Macherey-Nagel, Duren, Germany)

were subjected to direct DNA sequencing. DNA sequences were de-

termined by the MPIZ DNA core facil¡ty on Applied Biosystems (Wei-

terstadt, Germany) ABI Prism 377 and 3700 sequencers using BigDye-

terminator chem¡stry. Forward/reverse primers used for GSL5 exon

ampl¡f¡cation and sequencing from pmr4'1 and gs/5-l plants were as

follows: Exon1, 5'-ATTGTTTCTTCAGTGAAGCT-3'/5'-TCAAGTCAA-

GCGTTGTAC-3' ; Exon2, 5'-CGCAGATGCTGCATATAA-3'/5'-CAGTAT-
AGTTAGTTAGAAATMTCC-3' ; and Exon3, 5'-GGATTATTTCTMCT-
MCTATACTG-3'/5'-GAACAAGGAGCTTTACCGT-3'. Additional sequencing

primers were as follows: Exonl b-F, 5' -GTAAGTGGAGGAACTACGA-3' ;

Exonl b-R, 5'-AGCCAGGATTTCGGGCACC-3'; and Exon2b-F, 5'-GAT-

TCTCACCTCTAGGGAC-3',

Wound¡ng

Four- to 6-week-old plants were wounded by cutting leaves with a razor.

After 24 h, the leaves were detached, cleared, and stained for callose ac-

cumulation.

Pathogenic¡ty Assays

The formation of callosìc plugs was examined in 4- to 6-week-old plants

48 h after inoculating leaves with spores from the powdery mildew fun-
gus Sphaerotheca fusca. Four- to 6-week-old Arabidopsis plants were

inoculated with spores of Golovinomyces oront¡¡ a d Blumeria graminis

as described previously (Peterhänsel et al., 1997; Vogel and Somerville,

2000).

Microscop¡c Analyses

Tissue fixal¡on and staining of fungal structures and callose were per-

formed as descr¡bed previously (Peterhänsel et al., 1997; Vogel and

Somerville, 2000). Tissues were examined with a Zeiss Axioplan 20 fluo-

rescence microscope (Carl Zeiss, Oberkochen, Germany). Epi-illum¡na-

tion was used at an excitation cutoff limit of 365 nm with barrier filter

KP620.
Upon request, materials integral to the findings presented in this pub-

lication will be made available in a timely manner to all investigators on

similar terms for noncommercial research purposes. To obtain materials,

please contact Paul Schulze-Lefert, schlef@mpiz-koeln mpg.de
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