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ABSTRACT

Chondrostereum purpureum is a white-rot basidiomycete fungus which is being
developed as a biocontrol agent of hardwoods for use in reforestation sites and hydroelectric
rights-of-ways. It produces several plant cell wall-degrading enzymes that are suspected
virulence factors, including endopolygalacturonase (endoPG). To search for new endoPG
genes in C. purpureum, degenerate oligonucleotide primers were designed based on conserved
regions of seventeen ascomycete endoPG genes and two published endoPG sequences from C.
purpureum. These primers were used to amplify endoPG gene fragments from C. purpureum
2128u genomic DNA. Fifty-six of the amplification products were analyzed by sequence
determination or restriction digestion to reveal segments of three previously uncharacterized
endoPG genes, as well as epgA, an endoPG gene sequenced from C. purpureum 2128u. The
three new genes were named epgB, epgC, and epgD, and the full length sequences of two
copies of epgB (epgB1 and epgB2) were retrieved from a genomic library of C. purpureum
2128u. The identities between the deduced polypeptide sequences for epgd, epgB1, epgC and
epgD ranged from 61.8% to 80.0%. The two epgB genes shared 97.6% nucleotide identity
and 97.1% amino acid identity, with the majority of differences between them near the 3’ ends
of the genes. Phylogenetic analysis of these five basidiomycete endoPGs, seventeen
ascomycete endoPGs, four ascomycete exoPGs, two bacterial endoPGs, and two bacterial
exoPGs separated the C. purpureum endoPGs into their own monophyletic clade; whereas the
endoPGs from ascomycete species having multiple endoPGs were divided between different
monophyletic groups within the ascomycete endoPG clade. This split between the ascomycete
and basidiomycete endoPGs suggests the two fungal phyla diverged before the duplication of

existing endoPG genes. Mechanisms regulating the expression of the endoPG genes in C.
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purpureum were examined by northern analyses using mycelia grown in media with different
carbohydrate sources. The epgd gene was expressed at high levels when glucose, sucrose or
pectin was used as the carbon source; whereas both epgB genes, epgC, and epgD) were
expressed at low or non-detectable levels on all media types. The expression of epgA appeared
to be constitutive and not repressed by simple sugars, suggesting EPGA may be the most

important of the five endoPGs in the plant cell wall degradation caused by C. purpureum.
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INTRODUCTION

1.1 Vegetation management

Fast-growing hardwoods, such as alder (A/nus spp.), black cottonwood (Populus
nigra), trembling aspen (Populus tremuloides), birch (Betula sp.), and maple (Acer spp.), often
outcompete industrially valuable conifers for light, nutrients, water and space (Wall et al.,
1992). These hardwoods are considered to be weeds in the context of conifer reforestation,
and are also problematic to utility companies. Traditionally, growth of these deciduous species
has been controlled by manual cutting followed by application of chemical herbicides to
prevent resprouting from cut stumps. This is generally effective for suppression of unwanted
vegetation, but chemical agents often affect non-target species, and may accumulate in the soil
and water table with long term use. Increasing public opposition to the use of chemical
herbicides has helped to drive research on alternative approaches to vegetation management,

including the development of biological control agents (Dorworth, 1990; Wall et al., 1992).

1.2 Biological control

Biological control is defined as the deliberate use of natural enemies to suppress the
growth or reduce the population of a weed species (Watson, 1989). This involves the direct
application of living agents or their metabolites to the target species to reduce its population.
The classical or inoculative approach of biological control requires the release of a pathogen
into a small portion of the total weed infestation. If conditions are favorable, the pathogen
spreads to establish a weed-suppressing epidemic (Charudattan, 1988). Both the weed and

pathogen are often from a foreign locale where they have co-evolved. This method is



particularly useful for controlling foreign pests (Templeton et al., 1979; Charudattan, 1988). A
more recent innovation is the inundative approach, whereby large quantities of a local endemic
pathogen are applied to the unwanted species, in the same general manner as a chemical agent.
The endemic pathogen is applied in massive inoculations in order to temporarily overcome
constraints to its epidemic development in nature (Templeton et al., 1979). The inundative
method has a lower risk to the environment than the classical method of biocontrol, because
the native pathogen generally does not survive over time in sufficient numbers to initiate a
fresh epidemic on new weed infestations (Charudattan, 1988). Thus, there is usually a need for
repeated application of the inundative agent to control weed populations (Charudattan, 1988).
Inundative control has been applied to agricultural weeds with considerable success, and is
now being developed as a strategy for use in forest vegetation management (Markin and

Gardner, 1993).

Several criteria must be met in order for an organism to be considered a candidate for
development as a biocontrol agent. It must grow rapidly on culture media, readily infect its
target host under a variety of environmental conditions, and suppress growth or induce
mortality of the target weed species in a relatively short time (Wall et al., 1992). Since many
diseases of forest weeds are caused by fungal pathogens, fungi which naturally infect unwanted
hardwoods were investigated as potential bioherbicides for use on conifer plantations and

hydroelectric rights-of-ways.



1.3 Chondrostereum purpureum as a biological control agent
1.3.1 Chondrostereum purpureum as a phytopathogen

The phytopathogenic fungus Chondrostereum purpureum (Pers. ex. Fr.) Pouzar was
first recognized as a candidate biocontrol agent in Holland (Scheepens, 1980) for the control
of the American black cherry (Prunus serotina). These trees were introduced from North
America around 1920 to improve understory and litter in planted pine stands, but soon became
forest weeds, colonizing cleared areas and suppressing the growth of native species.
Chondrostereum purpureum is currently marketed as a “wood decay promoter” (BioChon™)
in the Netherlands (de Jong, 2000).

The potential of using C. purpureum to control Canadian hardwood weeds was first
recognized by Dr. R. E. Wall of the Canadian Forest Service (Pacific Division). This
basidiomycete is able to colonize many deciduous species, but does not affect conifers, making
it an attractive candidate for control of woody species in reforestation sites and rights-of-ways
(Wall, 1986). Chondrostereum purpureum is widespread throughout North America, and
collections have also been made in Europe, Japan and New Zealand. It may potentially be used
as a native bioherbicide in many areas of the world.

Chondrostereum purpureum is more commonly recognized as the causal agent of
silver-leaf disease, which affects a wide range of fruit trees in New Zealand, South Africa,
Europe, Canada, the United States (Brooks and Moore, 1926) and Japan (Miyairi et al., 1977).
The silvering of the foliage in response to fungal infection is caused by the partial physical
separation of palisade cells from the epidermal layer, as well as separation of the cuticle from
the epidermis (Brooks and Moore, 1926). The resulting air pockets reflect incident light and

give the leaves a silvery sheen.



Generally, C. purpureum invades its hosts though fresh pruning wounds, cut stumps or
stem lesions. It can debilitate target plants relatively quickly by disrupting the vascular tissues,
severing the physical connection between foliage and roots. If the fungus invades the cambium
of the lower stem or the root crown, it effectively prevents growth of adventitious shoots
(Brooks and Moore, 1926; Miyairi, 1988; Wall 1990). Because C. purpureum is wound
invasive, it does not generally spread quickly, and inundation of a wounded host is necessary
for it to be effective as a biological control agent (de Jong et al., 1990; Wall, 1991). This
characteristic is highly favorable because it allows application to target trees with little danger
of infecting adjacent trees. Nonetheless, concerns have been raised that use of C. purpureum
as a biocontrol agent for forestry may increase the incidence of silver-leaf disease in orchard
crops near areas of application. Risk analysis studies addressing these concerns indicate that
the relatively short lived basidiospores produced by the fungus are unlikely to pose a hazard to
non-target trees. Simulated basidiospore dispersal with a Gaussian plume model estimated 160
basidiospores/m” at a distance of 5000 meters (de Jong et al., 1990). A 500 meter buffer zone
between treated sites and orchards was recommended, since this would imply a risk of the
same magnitude as naturally occurring spores. Field trials in which two different isolates of C.
purpureum were applied to Sitka alder (4/nus sinuata) and trembling aspen suggested that the
risk to nontarget trees was very low, as isolate-specific genetic markers showed that biocontrol
isolates were recovered only from stumps to which they were applied, and were absent from
control stumps (Becker et al., 1999a). Of 220 stumps cut adjacent to experimental sites in
Quebec where two native strains of C. purpureum were deployed, 15% became infected with
C. purpureum, but at least 85% of the infections were not attributable to deployed strains of

the fungus (Gosselin et al., 1999b). Naturally occurring spores were thus the main sources of



inoculum, implying minimal risk associated with use of C. purpureum as a biological control

agent in the forest (Gosselin et al., 1999b).

1.3.2 Efficacy of Chondrostereum purpureum in infecting and suppressing target species
New Brunswick and Ontario field trials testing the frequency of successful stump

infection by C. purpureum four months post-treatment found an average of 84% speckled
alder (A/nus rugosa) stems and 54% trembling aspen stems infected by the applied fungus
(Becker et al., 1999b). In British Columbia, 90% of biocontrol-treated Sitka alder (4/nus
viridis) stems and 40% of treated aspen stumps were infected with C. purpureum four months
after application (Becker et al., 1999a). Field efficacy was tested two years following
treatment in British Columbia, at which point close to a 90% Sitka alder clump mortality was
observed. This mortality level was not significantly different from that using triclopyr herbicide
(Harper et al., 1999). For trembling aspen, C. purpureum treatment significantly increased
stem mortality and reduced stump sprout activity; however, neither C. purpureum nor triclopyr
herbicide were considered successful in control of aspen due to high densities of stump sprouts

and root suckers (Harper et al., 1999).

1.3.3 Evaluation of the genetic structure of Chondrostereum purpureum populations
Several studies have been done to assess the population structure of C. purpureum in
order to evaluate the extent of the risks associated with deploying a single isolate of the fungus
across large geographical distances. The extent of genetic variability was estimated by
variation in protein profiles (Ekramoddoullah et al., 1993), isozymes (Shamoun and Wall,

1996), the internal transcribed spacer (Shamoun et al., 1991) and the large non-transcribed




spacer (Ramsfield et al., 1996) regions of the ribosomal DNA (rDNA), random amplified
polymorphic DNA (RAPDs) (Gosselin et al., 1995; 1999a; Spiers et al., 2000), sequence-
characterized amplified regions (SCARs) in mitochondrial DNA (Ramsfield et al., 1999), and
restriction polymorphisms in total mitochondrial DNA (Ramsfield et al., 1999). None of these
studies identified any host or geographical specializations. Mitochondria-specific SCAR
analysis (Ramsfield et al., 1999) and RAPD analysis (Gosselin et al., 1999a) indicated that
variation within Canadian subpopulations was greater than variation among subpopulations,
providing evidence that extensive gene flow has historically tended to homogenize the
populations. This suggested very little risk in using a single natural isolate as a biological

control agent across the whole of Canada (Ramsfield et al., 1996; Gosselin et al., 1999a).

1.4 Plant cell wall structure and cell wall-degrading enzymes

The plant cell wall can be considered to be a polymeric mesh consisting primarily of
cellulose, hemicellulose, pectic substances, and proteins (McNeil et al., 1984). Cellulose and
hemicellulose are integral components of the cell wall, and the pectin matrix helps provide
structural organization to these and other cell wall components (Carpita and Gibeaut, 1993).
Pectin is one of the primary constituents of outer wall regions within the middle lamella, and
constitutes a substantial proportion (~35%) of primary walls of dicots (Darvill et al., 1980).
Because pectic substances are more exposed than other cell wall components, they are
especially susceptible to enzymatic degradation (Collmer and Keen, 1986) and the action of
pectin-degrading enzymes may expose underlying structures to other cell wall-degrading

enzymes (Bateman and Basham, 1976, Talmadge et al., 1973). When the pathogens



Colletotrichum lindemuthianum (English et al., 1971), Fusarium oxysporum f. sp. lycopersici
(Jones et al., 1972), Fusarium roseum (Mullen and Bateman, 1976), and Verticillium albo-
atrum (Cooper, 1977) were grown on isolated plant cell walls, pectic enzymes were the first
cell-wall degrading enzymes to be synthesized, while cellulose-degrading enzymes were among
the last to be induced.

The pectin matrix of plant cell walls is composed primarily of rhamnogalacturonan,
comprised of chains of a-1,4- linked galacturonic acid residues interspersed with 1,2-linked
rhamnose (Cooper et al., 1978) (Fig. 1). The carboxyl groups of the galacturonate residues
may be methoxylated (McNeil et al., 1984), or may be cross-linked by calcium, which confers
rigidity to cell walls (Cooper, 1984). The neutral sugar polymers arabinan, xylan and/or
arabinogalactan are attached as side chains covalently linked to rhamnogalacturonan (McNeil
et al., 1984), and may serve as a bridge between the rhamnogalacturonan and the
hemicellulosic wall components (Talmadge et al., 1973).

To breach the first line of plant defense, most plant pathogens have evolved enzymes
capable of degrading the various constituents of plant cell walls. Rhamnogalacturonan, the
main component of the pectin matrix, is degraded by hydrolytic polygalacturonases (PG) or by
pectin or pectate lyases (PNL, PL) which attack the a-1,4- bonds linking the galacturonic acid
residues in the pectic molecule (Fig. 2). These enzymes may attack the chain internally
(endo-), releasing oligomers, or terminally (exo-), releasing monomeric products, although
some enzymes combine the two modes of action (Cooper et al., 1978). Certain lyases and
polygalacturonases preferentially attack partially methylated pectin, while others prefer the
non-esterified pectate. The methoxy groups on pectinic acids are removed by pectin

methylesterase (PME), which can thereby decrease steric hindrance and facilitate the action of



FIGURE 1. Possible structure of pectic polymers, composed of rhamnogalacturonan and
covalently linked neutral polysaccharides. GalA, galacturonic acid; Rha, rhamnose; Gal,

galactose; Ara, arabinose (Albersheim, 1976; Darvill et al., 1980)
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FIGURE 2. Cleavage of an a-1,4-linked polygalacturonide chain by endopolygalacturonase
(PG) and endopolygalacturonide lyase (PGL), and demethoxylation by pectin methylesterase
(PME). Note the numbering of carbons on the galacturonosyl units, the o configuration of

the glycosyl bond, and the methylated or free carboxyls (Cooper, 1983).
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depolymerases specific for non-esterified substrate (Keon et al., 1987; Rexova-Benkova and
Markovic, 1976). Rhamnogalacturonase (RHG) cleaves the bond between the alternating
galactose and rhamnose residues in rhamnogalacturonan (Suykerbuyk et al., 1995). The
neutral polysaccharides linked to rhamnogalacturonan and other cell wall polymers may be
cleaved by endo- and exo- glycanases and glycosidases (Cooper et al., 1978), xylanases,
arabinases and arabinogalactanases, which may act in concert to increase access to the main
polymers (Annis and Goodwin, 1997).

The plant cell wall presents both a barrier to infection and a source of metabolizable
substrates to plant pathogens. Furthermore, the oligogalacturonates released from the plant
cell wall by endopolygalacturonase can provide nourishment for the pathogen, but may also act
as an elicitor of the plant defense response. As a result endopolygalacturonase may function in
host-pathogen interactions as both a pathogenicity factor and a potential avirulence factor
(Cervone et al., 1989). The oligogalacturonates found to most strongly induce host defense
reactions were those with a degree of polymerization between 10 and 13; whereas smaller
fragments were less markedly biologically active (Hahn et al., 1981; Nothnagel et al., 1983; Jin
and West, 1984, Davis et al., 1986a; 1986b; Cervone et al., 1987; McNeil et al., 1984). It has
been suggested that the accumulation of elicitor-active oligogalacturonides may be facilitated
by plant polygalacturonase-inhibiting proteins (PGIPs), which bind to endoPGs and retard
polygalacturonase-mediated hydrolysis of polypectate (Cervone et al., 1989). Plant PGIPs are
constitutively produced at low levels and quickly induced by fungal infection (Bergmann et al.,
1994; Cervone et al., 1993), suggesting they play a role in resistance when they are
overexpressed. A high level of PGIP in bark tissue of Chinese chestnut was suggested to

explain the resistance of this host to the chestnut blight fungus Cryphonectria parasitica,
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which readily infects American chestnut (Gao and Shain, 1995). Some PGIPs interact with a
broad spectrum of fungal PGs (Cervone et al., 1990), while others have limited specificity
(Desiderio et al., 1997). Multiple PGIPs produced by the same plant may also have differing
specificities (Desiderio et al., 1997).

The ability of host plants to recognize pathogenicity factors or their degradation
products may have played an important role in the progression of fungi from saprophytes to
facultative pathogens and finally to biotrophic pathogens. In living plants, it may be sufficient
or even desirable for the pathogen to secrete low levels of pectinolytic enzymes, to avoid the
cytotoxic effects associated with these enzymes (Davis et al., 1984). An endoPG purified from
the saprophytic fungus Aspergillus niger exhibited a specific activity significantly higher than
those of purified polygalacturonases from phytopathogenic fungi (Cervone et al., 1987). In the
obligate biotrophic rust fungus Uromyces viciae-fabae, pectinase and cellulase production is
strictly controlled by the differentiation of infection structures (Frittrang et al, 1992; Heiler et
al., 1993), whereas in necrotrophs (e.g. Botrytis allii, Rhizoctonia solani, Sclerotinia
sclerotiorum, etc.), production of pectic enzymes is not related to their differentiation and may
precede infection (Alghisi and Favaron, 1995). Low PG activity levels were detected in planta
and in axenic culture of the largely biotrophic fungus Claviceps purpurea (Tenberge et al.,
1996), and mychorrhizal fungi also seem to produce smaller quantities of PG than saprophytic

fungi (Peretto et al., 1993).
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1.5 Evidence for the role of endopolygalacturonase as a pathogenicity factor
1.5.1 Physiological correlations between endoPG and virulence

Several factors are important to the establishment of fungal pathogens during the
infection process. These include recognition and attachment to the plant surface, formation of
infection structures, penetration of the host, and colonization of the host tissue (Schafer,
1994). For C. purpureum, penetration of the host and colonization of the host tissue may be
especially important to establishment of disease because this fungus requires a pre-existing
wound surface on the tree for its entry. Cell wall-degrading enzymes, in particular
polygalacturonases (PGs), have been implicated as virulence factors in numerous
phytopathogens. For example, studies with purified endoPGs and PLs from many plant
pathogenic bacteria and fungi clearly demonstrated their unique ability to cause cell maceration
and separation, while exo-acting PGs and other cell wall-degrading enzymes were relatively
ineffective (Bateman and Basham, 1976). Polygalacturonase was the first detectable enzyme
secreted by Fusarium oxysporum (Jones et al., 1972) and Colletrotrichum lindemuthianum
(English et al., 1971) when grown in vitro on plant cell walls. PG activity was detected in
sunflower plants inoculated with virulent isolates of Sclerotium bataticola, whereas no PG
activity was detected in plants inoculated with avirulent isolates (Chan and Sackston, 1970).
High concentrations of endoPGs were visualized around pectin-rich areas of bean tissue being
degraded by the fungus C. lindemuthianum (Benhamou et al., 1991) and in areas where
extensive pectin breakdown was occurring in soybean tissue treated with an endoPG of
Sclerotinia sclerotiorum (Favaron et al., 1993). Considerably more polygalacturonase activity
was detected in tissues of American chestnut (Castanea dentata) susceptible to Cryphonectria

parasitica than in tissues of resistant Chinese chestnut (Castanea mollissima) (Gao and Shain,
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1995). A strain of Aspergillus flavus that constitutively produced an endoPG caused more
severe disease symptoms in developing cotton bolls than low-virulence strains that lacked a
major endoPG (Brown et al., 1992; Cleveland and Cotty, 1991). EndoPG purified from
Aspergillus niger and applied to cowpea (Vigna unguiculata) pods elicited a necrotic response
(Cervone et al., 1987), while endoPG purified from Chondrostereum purpureum and injected

into apple seedlings induced silver-leaf disease symptoms (Miyairi, 1988).

1.5.2 Genetic manipulations to definitively establish the role of endoP(G in pathogenicity
Recombinant DNA technology offers the most refined approach to determine whether

endopolygalacturonase is required for the pathogenicity of a fungal species. If the genes
encoding endoPGs important in the pathogenic process were to be disabled, the transformed
fungus would be expected to be significantly less virulent. Genetic modifications of endoPG
genes in phytopathogens have so far yielded conflicting results. The PG of Agrobacterium
tumefaciens biovar 3 was disrupted and found to be necessary to the development of root
decay in grape seedlings (Rodriquez-Palenzuela et al., 1991). Disruption of the endoPG gene
in the bacterium Pseudomonas solanacearum resulted in greatly reduced disease symptoms on
tomato (Lycopersicon esculentum) (Schell et al., 1988) and on eggplants (Solanum
melongena) (Huang and Allen, 1997). Disruption of one of two exoPGs led to a lesser yet still
significant drop in virulence. Double disruptants, lacking both the endoPG and exoPG, were
the least virulent of all (Huang and Allen, 1997). Disruption of one of the six identified
endoPG genes in the fungus Botrytis cinerea significantly reduced the aggressiveness of the
fungus on all three host plant tissues tested (ten Have et al., 1998). Similarly, disruption of an

endoPG gene in aggressive isolates of Aspergillus flavus caused a significant drop in the ability
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of the fungus to damage and spread within its host. When this same gene was introduced into
isolates of A. flavus lacking the gene, the transformants became significantly more aggressive

(Shieh et al., 1997).

There is not always such a clear correlation between endoPG disruption and reduction
in pathogenicity. For example, the virulence of the chestnut blight fungus Cryphonectria
parasitica did not change with disruption of the enpg-1 gene. It should, however, be
considered that while this endoPG was the major form produced in vitro, it was found to
contribute less than 5% of the total PG activity in canker tissue. As two new endoPGs were
identified that predominated in vivo, this particular disruption did not allow the role of endoPG
in this pathogen to be resolved (Gao et al., 1996). Three isolates of the tomato vascular wilt
fungus Fusarium oxysporum deficient in the major in vitro endoPG (PG-1) were transformed
with a vector containing the pg/ gene and promoter, but no difference was detected between
the virulence level of the transformants and their wild-type counterparts. Although this study
provided strong evidence that PG-1 was not essential for virulence of F. oxysporum (Di Pietro
and Roncero, 1998), the importance of other endoPGs in this species was not examined.
Disruption of both the endo- and exoPG genes in the fungal maize pathogen Cochliobolus

carbonum did not result in a reduction in pathogenicity (Scott-Craig et al., 1990; 1998).

1.6 Significance of multiplicity in genes encoding endopolygalacturonase

There appears to be a great deal of variation in the number of endopolygalacturonase
genes within the fungi. Multigene families of seven endoPG genes were identified in both
Aspergillus niger (Parenicova et al., 1998) and Sclerotinia sclerotiorum (Reymond et al.,

1994). Six endoPG genes were sequence characterized in Botrytis cinerea (Wubben et al.,
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1999). Three endoPGs were identified in Cryphonectria parasitica (Gao et al., 1996) and
Aspergillus flavus (Whitehead et al., 1995), and two endoPG genes were sequenced in each of
Colletotrichum lindemuthianum (Centis et al., 1996; 1997), Claviceps purpurea (Tenberge et
al., 1996), and Fusarium oxysporum (Di Pietro and Roncero, 1998; Accession No.
AF078156). It appears only one endoPG gene is present in each of Cochliobolus carbonum

(Scott-Craig et al., 1990) and Fusarium moniliforme (Caprari et al., 1993).

There are advantages to having multiple endoPG genes. For pathogens, multiplicity of
cell wall-degrading enzymes may confer a greater adaptive capacity and flexibility (Keon et al.,
1987). For example, in the phytopathogenic fungus S. sclerotiorum, the large range in the net
charges of multiple endoPG forms may allow them to react differentially according to various
pectic substrates and environments (Martel et al., 1996). Successive replacement of isoforms
by new enzymes may allow endoPGs essential in the early stages of cell wall degradation to be
produced first, and then replaced by enzymes successively better able to degrade smaller
oligomers. Two isoforms present after two days of culturing S. sclerotiorum in media
containing polygalacturonic acid were not detected after 10 days, and the activity of another
isoform dropped from 45% of the total activity of all purified isoforms in 4-day old cultures to
only 2% in 10-day old cultures. Another PG, not detected after 2 days and representing 0.5%
of the PG activity after 4 days, was the main fraction after 10 days of culture, accounting for
67% of the activity of the purified enzymes (Martel et al., 1998). In B. cinerea, expression of
a constitutively produced endoPG appeared to induce the expression of several other endoPG
genes (Leone and van den Heuvel, 1987). The constitutively produced endoPG was the only
isozyme secreted in the outer region of plant lesions (Kamoen and van der Cruyssen, 1996),

and disruption of the gene showed that the enzyme was required for full virulence of the
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fungus (ten Have et al., 1998). Further support for a coordinated degradation of pectin by
multiple endoPGs was provided by the finding that the seven characterized endoPG enzymes in
Aspergillus niger differed in regulation of expression and in processive behaviour on
polygalacturonate and a series of oligogalacturonates of various lengths (Benen et al., 1999;

Parenicova et al., 1998; 2000a; 2000b).

It has been suggested that multigene families of cell wall-degrading enzymes may allow
pathogens to infect a wide range of host species (Beaulieu and van Gijsegem, 1992; Fraissinet-
Tachet et al., 1995). The finding that full virulence of the bacterium Erwinia chrysanthemi
depended on different pectate lyases to infect various hosts provided support for this theory
(Beaulieu and van Gijsegem, 1992), however, in considering the endopolygalacturonase gene
families in fungi, as many examples contradict this theory as those which support it. For
instance, B. cinerea infects over 200 different plant species (Jarvis, 1977) and has a multigene
family of six identified endoPG genes; but Southern hybridization analyses indicated that
homologs of these six genes were also present in four other Bofrytis species, each of which
only infects a single host species (Wubben et al., 1999). PG forms with differences in both pl
values and in capacity to macerate fruit tissues were extracted from different plant species
infected by Monilinia fructigena (Byrde, 1979), whereas the PG isozymes produced by S.
sclerotiorum on apple fruits and sunflower stems had similar properties (Marciano et al.,
1982). The single-host chestnut pathogen C. parasitica produces at least three endoPG
isozymes (Gao et al., 1996), whereas the cereal pathogen F. moniliforme has only one

endoPG gene but infects a wide variety of plants (Caprari et al., 1993).
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1.7 Regulation of endoPG expression

Gene disruption could well be the most powerful tool for studying the role of putative
virulence factors in phytopathogenic fungi, but the success of any study also depends on
understanding how expression of the gene of interest is regulated. Before beginning gene
disruption studies, all of the genes encoding the enzyme of interest should be characterized,
and factors which affect their expression levels in vitro and in planta should be determined.
Disruption of a gene which is weakly or not expressed during infection would provide little
insight into the role of its corresponding enzyme in pathogenicity.

The mechanisms involved in regulating fungal cell wall-degrading enzymes have not
been well studied. Most cell wall-degrading enzymes are primarily regulated at the level of
transcription, with production induced by specific substrate components and repressed by
readily metabolised carbohydrates such as glucose (Cooper, 1983). Many CWDE enzymes are
subject to self-catabolite repression, whereby gene expression is halted when products are
released from the substrate at a rate exceeding the utilization ability of the cell. Some inducible
enzymes may be synthesized at a basal level, and a minority of CWDE are constitutively
produced (Cooper, 1983).

The major in vitro extracellular endopolygalacturonase of Fusarium oxysporum
showed the most common in vitro regulation pattern for fungal endoPGs, being induced by
citrus pectin, polygalacturonic acid, host plant vascular tissue, and 0.1% galacturonic acid, and
repressed by 1% galacturonic acid and glucose (Di Pietro and Roncero, 1998). Similarly, the
endo- and exoPGs in Cochliobolus carbonum were induced by the presence of pectin and
suppressed by 2% sucrose (Scott-Craig et al., 1998). In contrast, a medium containing potato

extracts and 2% glucose was highly favorable for endoPG production in Chondrostereum
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purpureum (Miyairi et al., 1977). In Colletotrichum lindemuthianum, CLPG1 and CLPG2
were both transiently induced on pectin, with CLPG2 only briefly detected. CLPG/ was highly
expressed in planta during the necrotrophic phase of parasitism of the fungus, while at this
stage CLPG2 was not expressed. Two of the seven recently characterized endoPGs from the
saprophytic fungus Aspergillus niger, encoded by pgad and pgaB, were unusual in that they
preferred partially methylated substrates and were constitutively produced. These properties
along with their different pH optima led to the speculation that they may act as ‘scouting’
enzymes which allow rapid adaptation of the fungus to pectic substrates (Parenicova et al.,
2000a). In Botrytis cinerea, the six endoPGs were differentially expressed over time both in
glucose and in polygalacturonic acid media (Wubben et al., 1999), and one of the enzymes was
constitutively produced (Leone and van den Heuvel, 1987; van der Cruyssen et al., 1994). In
Aspergillus flavus one member of a multigene family of endoPGs appeared to be constitutively
produced, and disruption of this gene revealed it was an important pathogenicity factor (Shieh
et al., 1997). Likewise, disruption of the distinct constitutively produced endoPG in B. cinerea
demonstrated that its expression was essential for full virulence of the fungus (ten Have et al.,
1998). The ability of some organisms to produce endoPG in the absence of an inducer may be

thus be a key element in their pathogenicity.

1.8 Research objectives

The objectives of this study were to clone and characterize the endopolygalacturonase
genes in Chondrostereum purpureum and to determine factors controlling the regulation of
their expression. This information will allow the genetic manipulation of these genes in order

to definitively determine the role endoPG enzymes play in the pathogenicity of this species.
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The C. purpureum endoPGs characterized in this study are the first sequenced
polygalacturonase genes in a basidiomycete fungus. The presence of multiple endoPGs in this
species and in most ascomycete fungi raised the question of whether the multigene families of
endoPG were present in ancestral fungi prior to the divergence of the ascomycetes and
basidiomycetes, or whether the endoPG gene duplications occurred independently in the two
lineages. The evolution of fungal endoPG genes was examined using phylogenetic analysis of

endoPGs from C. purpureum and several ascomycete species.
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MATERIALS AND METHODS

2.1 Chondrostereum purpureum culture conditions and DNA extraction

The C. purpureum homokaryotic isolate 2128u was derived from a germinated
basidiospore of the heterokaryotic isolate 2128 isolated from bigleaf maple (Acer
macrophyllum) at Mesachie Lake, British Columbia, Canada. Mycelium for DNA extraction
was grown at 23°C in liquid culture of 1.5 % malt extract (Difco) for 2 weeks prior to
harvesting by filtration. Total genomic DNA was extracted from freeze-dried mycelium using

the method of Ramsfield et al. (1996).

2.2 Design of degenerate PCR primers for detection of new endoPG genes

To search for endoPG genes in Chondrostereum purpureum, degenerate
oligonucleotide primers were designed according to conserved regions of 17 endoPG gene
sequences from 8 species of ascomycete fungi, epg4 from C. purpureum 2128u (Tang, 1996),
and a newly published cDNA sequence for a second endoPG from C. purpureum isolate ASP-
4B (Miyairi ef al., 1997). These sequences were aligned using the ClustalW 1.8 algorithm
(Thompson et al., 1994), and the two regions of the aligned nucleotide sequences having the
highest degree of sequence conservation were selected for primer design. The forward primer
(Cpepgs-For) ST A/GT/GICTGGGAT/CCGGA/C A/IT A/IT/G G G A/T/G/IC AIT/G
G/C A/T/C A A C corresponded to nucleotide positions 553 through 576 of epgA. The
reverse primer (Cpepgs-Rev) 5’A/G G A A/GAT/G/C AITCCA/GT G A/G/CCCA/T/G
C C A/T/G G A A/G C A corresponded to the reverse complement of nucleotide positions 989

through 1012 of epgA. The amplification product was expected to be approximately 460 bp
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long. PCR amplifications were performed using ~30 ng total genomic DNA from C.
purpureum 2128u as template, 2.5 uM each of primers Cpepgs-For and Cpepgs-Rev, 2 ul 10X
Tag DNA polymerase buffer (Pharmacia), 200 uM dNTPs, and 1 unit 7ag DNA polymerase
(Pharmacia) in a final volume of 20 pl. The first 5 cycles of PCR amplification were 94°C, 60
s; 53°C, 90 s; 72°C, 120 s. The annealing temperature was increased to 58°C for the next 25
cycles. The program was followed by an extension at 72°C for 10 min. The PCR products
were size separated on 1% low melting temperature agarose gels (Sigma) and visualized by
staining in ethidium bromide. DNA fragments of the expected size were excised, purified by
the Wizard PCR DNA purification system (Promega), and cloned into the pGEM-T vector
(Promega). The nucleotide sequences of the cloned PCR products were identified by
sequencing or by restriction analysis. The sequenced inserts were checked for similarity to
other endoPGs using the National Center for Biotechnology information BLAST WWW

SErver.

2.3 DNA sequencing

All DNA sequences in this study were obtained by automated fluorescence sequencing
performed on a ABI 373 A automated sequencer (Applied Biosystems, Foster CA) using the
protocol specified in the ABI PRISM dye primer cycle sequencing ready reaction manual. For
each sample, four reactions were set up (A,C,G,T) for PCR amplification, each containing
deoxynucleoside triphosphates (AINTP), fluorescent linked universal M13 primer,
pyrophosphatase, AmpliTaq DNA polymerase FS, one of four "termination"

dideoxynucleoside triphosphates (ddNTP), and 250 ng of plasmid DNA. Thermal cycle
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sequencing was performed using the suggested parameters (ABI protocol manual). On
completion, the A, C, G and T sequencing mixtures were pooled, phenol/chloroform treated,
precipitated, and resuspended in 4.1 pul formamide. The samples were denatured at 90°C for
two minutes and loaded onto a 5% acrylamide-urea sequencing gel. The samples were run on
the automated sequencer overnight and primary sequence data was produced by the ABI-

373A.

2.4 Genomic library construction, screening and lambda DNA purification

Total genomic DNA was digested with Mbol such that the average fragment size was
between 10 to 20 kilobase pairs as determined by agarose gel electrophoresis. The partially
digested DNA was ligated to BamHI-predigested EMBL-3 A DNA replacement vector
(Promega Scientific, Mississauga, Ont.) and the ligated DNA was packaged in vitro using
commercial Lambda phage particle extracts (Gigapack, Stratagene, San Diego, CA). The
recombinant phage DNA library of C. purpureum was plated using the host £. coli LE392 and
plaques were lifted onto nylon membranes (Genescreen, Dupont) for library screening. Radio-
labelled endoPG gene probes were synthesized by the incorporation of **P-dCTP during PCR
amplification using the newly cloned endoPG gene fragments as target DNA. Plaque
hybridization was done overnight according to Sambrook ez al. (1989), and the blots were
washed 4 times at room temperature in 2X SSC, 0.1% (w/v) SDS and twice at 55° C in 0.1X
SSC, 0.1% SDS. Following 12 to 48 hours exposure to Kodak X-OMATAR film, positive
recombinant A phage were identified, picked, eluted, replated, and rescreened using plaque
hybridization until well-isolated, positively hybridizing phage clones were obtained. Lambda

phage were picked and eluted into 100 ml LB (10 g NaCl, 10 g tryptone, 5 g yeast extract in 1
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L dH,0, pH 7.0 with NaOH) + 10 mM MgSO, and grown for 15 hours at 37°C on a rotary
shaker at 150 rpm. The cell debris was pelleted at 10,000 rpm for 15 min and 1 pg/ml each of
DNase and RNase were added to the supernatant. Following a 2 hour incubation at 37° C, an
equal volume of PEG solution (50% w/v PEG 4000, 0.01 M Tris-HCI pH 7.5, 2 M NaCl, 0.10
M MgSO,7H,0) was added, and the mixture was chilled for 2 hours on ice. Phage particles
were pelleted at 8000 rpm for 20 minutes, resuspended in 2 ml phage dilution buffer (5.8 g
NaCl, 2.0 g MgSO,7H,0, 50 ml 1 M Tris-HCI pH 7.5, 5.0 ml 2% w/v gelatin, in 1 L dH,0),
and extracted with an equal volume of chloroform until no white interface remained.
Following addition of 25 pl 10 % SDS and 25 pl 500 mM EDTA pH 8.0, the solution was
incubated for 15 minutes at 65°C, extracted once with phenol and twice with chloroform, and
precipitated with an equal volume of isopropanol. The A DNA pellet was washed with 70 %

cold ethanol, dried, and resuspended in 50 pl TE (10 mM Tris-Cl, 1 mM EDTA, pH 7.6).

2.5 Subcloning endoPG genes and compiling their sequences

Purified recombinant A phage clones were digested with various restriction
endonucleases having a 6-bp specificity and the digestion products were size separated on a
0.8 % agarose gel. The digested DNA were Southern blotted as described below and probed
with the appropriate **P-dCTP-labeled PCR endoPG fragment. Fragments large enough to
contain the entire gene and flanking DNA, but small enough to be easily cloned into plasmid
vector (4 to 8 kb), were subcloned into one of the bacterial plasmids Bluescript IT K/S + or
pUC18 using the following shotgun cloning strategy: A DNA digested with the appropriate
enzyme was ligated into plasmid DNA digested with the same enzyme, and the ligation mix

was used to transform E. coli aDH10 competent cells (GibcoBRL). Several ampicillin-
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resistant colonies were picked for plasmid DNA extraction using Wizard minipreps (Promega),
and the plasmids were digested with the chosen enzyme to identify a plasmid containing the
appropriate DNA fragment from the A clone. A detailed restriction map was constructed for
each plasmid to facilitate subcloning and resectioning. Subsectioned plasmids were prepared
for automated sequencing using the QIAprep spin miniprep kit (Qiagen). Multiple alignments
of the sequences were created using the Generunner program (Hastings Software) and used to
compile the full length gene sequences. The five gene and deduced polypeptide sequences
were aligned using ClustalW 1.8 (Thompson et al., 1994) and adjusted manually to correct

minor flaws in the alignment near the 5’ ends of the genes.

2.6 Determination of gene copy number

Total genomic DNA from isolate 2128u was digested with Bg/II and EcoRI
(Pharmacia), separated on four identical 0.8% 1 X TAE (50X: 242 g Tris base, 57.1 ml glacial
acetic acid, 100 ml 0.5 M EDTA) agarose gels, and transferred to Genescreen Plus (NEN Life
Science Products) according to the methods of Sambrook et al. (1989). The blots were
hybridized with one of each **P-dCTP-labeled PCR fragment of epgA, epgB, epgC, or epgD,
derived from amplification of the appropriate ~460 bp endoPG PCR fragment. These
fragments were obtained by gel purification following PCR amplification of the A EMBL-3
clone containing the appropriate endoPG gene with the Cpepgs-For and Cpepgs-Rev primers.
The same procedure was used for washing and exposing the blots as for recombinant lambda
DNA hybridization. To confirm the copy number of the epgB genes, an additional 2128u Sacl

(Pharmacia) digest was blotted and probed with epgB.
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2.7 Design of PCR primers for the amplification of epgB gene fragments

To determine whether the cppg! gene (Accession number AB043873) from isolate
ASP-4B highly similar to the 2128u epgB/ gene corresponded to the second epgB gene in
isolate 2128u, a primer pair was developed to specifically amplify a ~670 bp product from
within the epgB genes. The sequences of epgA, epgB1, and cppgl were aligned and two
segments well conserved between epgB I and cppg! but significantly different from epgd were
chosen as templates for primer design. The forward primer, B-For, corresponded to positions
652 through 677 in epgB 1, and the reverse primer, B-Rev, corresponded to the reverse
complement of positions 1287 through 1320 in epgB/. Differences between the BamHI, Bcll,
Sall, Hinfl, and Haelll restriction patterns of these fragments in cppg! and epgB1 were
identified using the Generunner program, and these enzymes (Pharmacia) were used to digest
gel-purified (Wizard PCR preps, Promega) PCR products amplified from 2128u genomic

DNA.

2.8 Phylogenetic, nucleotide, and polypeptide sequence analyses

A database search using the deduced peptide sequence for C. purpureum epgA was
performed using the National Center for Biotechnology information BLAST WWW server.
The polypeptide sequences of the five C. purpureum endoPGs, all of the endoPGs from
ascomycete species having more than two sequenced endoPGs (Aspergillus niger, Botrytis
cinerea, and Sclerotinia sclerotiorum), the four published fungal exoPG sequences, an endoPG
from each of the phytopathogenic bacteria Erwinia carotovora and Pseudomonas

solanacearum, and an exoPG from P. solanacearum were included in the phylogenetic
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analysis. (See Figure 7 caption for sequence references.) As the N- and C- termini of the PGs
were not well conserved in length or sequence composition, they were omitted and a
conservative core of the protein sequences was used in order to obtain an unequivocal
alignment for the phylogenetic analysis. The portion used in the analysis of the PGs extended
from the relatively conservative sequence GXDITV (X = any amino acid) roughly 100 residues
from the N-termini through the conservative sequence CSXWTW near the 3’ end of the
polypeptides. These sequences were aligned using the Multiple Alignment Program (Huang,
1994), using the BLOSUMS50 weight matrix, a gap opening penalty of 12, gap extension
penalty of 1, and constant gap penalty of 20. For each insertion/deletion, a single gap
character was introduced (irrespective of the length of the gap) and positioned to uniquely
identify different gaps. Maximum parsimony phylogenetic trees were created using a heuristic
search in PAUP 4.0b4a (Swofford, 2000) with simple, step-wise sequence addition and tree
bisection reconnection branch swapping (TBR), and saving all optimal trees for subsequent
branch swapping steps (MULPARS). The number of changes was determined as the minimum
number of nucleotide changes required to convert one amino acid sequence to another. No

outgroup taxa were specified, and clade stability was assessed by 1000 bootstrap replications.

Percent nucleotide and amino acid identities between the C. purpureum endoPGs were
calculated as the percentage of nucleotides or amino acids shared between sequence pairs,
based on the alignment in Fig. 3. Percent identities between all other polygalacturonase
sequences were obtained from pairwise alignments created in the ClustalW multiple alignment
program provided by the EMBL European Bioinformatics Institute website

(http://www.ebi.ac.uk/clustalw/).
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Sequence motifs were identified and isoelectric points were predicted using the
program Generunner (Hastings Software Inc.). Signal peptidase sites were predicted using
PSORT II for animal and yeast sequences (http://psort.nibb.ac.jp:8800/). Codon usage of the
endoPG sequences was determined using the Virtual Genome Center DNA sequence

translation website (http://alces.med.umn.edu/webtrans.html).

2.9 RNA extraction

Mycelia for RNA extraction were grown for 2 weeks as for DNA extraction, filtered
using miracloth (Calbiotech), rinsed several times with sterile water, fragmented in a sterile
Waring blender for 10 seconds, and transferred into one of six different media. All six media
were prepared using 3.0 g D-L malic acid, 2.1 g NaNOs, 1 g KH,PO,, 0.5 g yeast extract, and
0.1 g MgSO, 7H,0 in 1 L dH,0, and were supplemented with one of: 1) no carbon source
(minimal media), 2) 2% glucose, 3) 2% sucrose 4) 1% citric pectin (Sigma), 5) 1% citric pectin
plus 2% glucose, or 6) 1% citric pectin plus 2% sucrose, and adjusted to pH 5.0 with 5 M
NaOH. These cultures were grown at 23°C and harvested for RNA extraction after 2 days, 4
days and 8 days. The mycelia were filtered using miracloth, rinsed with dH,O, thoroughly

blotted on miracloth and absorbent paper towels, and the fresh weights determined.

Approximately equal weights of blotted mycelia from the six media types were
homogenized in 2 ml TRIZOL reagent (GibcoBRL) for 30 seconds. 500 pl chloroform was
added, thoroughly mixed and allowed to incubate at room temperature with the homogenized
mycelia for 5 minutes. The mixture was centrifuged at 10,000g for 10 minutes, and the

supernatant added to 1 ml isopropanol. After a 5 minute incubation, the RNA was pelleted at
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10,000g for 3 minutes. The pellet was washed twice with 75% ethanol in DEP-C treated
H,0, dried at room temperature, suspended in 50 pl DEP-C treated dH,O, and dissolved at

65°C for 10 minutes.

2.10 Northern hybridization

Total RNA isolated from cultures of C. purpureum was mixed with 50 ul of freshly
prepared loading buffer (0.75 ml deionized formamide, 0.15 ml 10X MOPS [0.2 M 3-(N-
morpholino) propanesulfonic acid, SOmN sodium acetate, 10 mM EDTA, pH 7.0 and
autoclaved], 0.24 ml formaldehyde, 0.1 ml RNase-free water, 0.5 ml glycerol, 0.08 ml 10%
bromophenol blue) and 1 pl ethidium bromide, and divided equally between four wells to
create four identical Northern blots. The gels were composed of 1% agarose, 1X MOPS
buffer dissolved in DEP-C treated water, and were supplemented with 5% v/v 37%
formaldehyde. Electrophoresis was in 1X MOPS buffer at S0V. Approximately equal loading
of the RNA in each lane was determined by ethidium bromide staining. Gels were
photographed and soaked 5 minutes in 0.05% NaOH made up in 1X SSC, soaked in 10X SSC
for 40 minutes, and blotted to nylon membrane (GeneScreen Plus, DuPont) for 12 hours.
Northern blots were prehybridized 2 hours and hybridized 12 hours at 42° C in 50% (v/v)
deionized formamide, 0.47X Denhardt’s solution, 4.7X SSPE, 0.1% (w/v) SDS, 10% dextran
sulfate, then washed 3 times at room temperature in 1X SSC, 0.1% (w/v) SDS and twice at
55°Cin 0.1X SSC, 0.1% SDS. The epgA, epgB, epgC and epgD probes were prepared as
described for DNA blotting. The size of the hybridizing RNA bands were estimated based

upon the position of the small and large ribosomal RNA bands in the photographs taken of the
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gels. Small ribosomal RNA subunit sequences were available on GenBank for twenty-four
basidiomycete species, and all were well conserved in sequence and length (1734 to 1806
bases). It is likely that the C. purpureum small RNA subunit is also in this size range. The C.
purpureum endoPG mRNAs were estimated to be between 1300 and 1450 bases in length,
based on the cDNA sequence (1434bp) of the epgB homologue in isolate ASP-4B (Miyairi et
al., 1997). Single hybridizing bands slightly smaller than the small ribosomal RNA band were

assumed to correspond to mRNA of the C. purpureum endoPG under investigation.
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RESULTS AND DISCUSSION

3.1 Identification of a multigene family of endoPGs in C. purpureum
3.1.1 Discovery of new endoPG genes in C. purpureum

To detect new endopolygalacturonase genes in C. purpureum, the degenerate
oligonucleotide primers Cpepgs-For/Cpepgs-Rev were designed based on two highly
conserved regions of several ascomycete and two C. purpureum endoPGs. Amplification
using this primer pair resulted in a major band of the expected size (~460 bp). Of twenty-six
sequenced amplification products, ten aligned perfectly with epgA4, two aligned closely with the
Miyairi EndoPG I cDNA, five corresponded to a new, third endoPG, and two corresponded to
another new, fourth endoPG. The remaining six clones did not show homology to any known
endoPGs. The gene corresponding to the fragment aligning with EndoPG I cDNA was named
epgB, the first new endoPG gene was named epgC, and the second new endoPG gene was
named epgD. To further confirm that all the members of this gene family were uncovered, the
identity of thirty additional amplification products were subjected to restriction analysis.
Twenty-four of these matched the restriction pattern of one of the four endoPG fragments, and

the remaining six corresponded to sequenced fragments which were not endoPGs.
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3.1.2 Copy number of C. purpureum endoPG genes

Genomic Southern blots of C. purpureum 2128u DNA digested with Bg/II showed one
hybridizing band when probed with PCR amplified fragments of epgs 4, C, or D, and two
hybridizing bands when probed with a PCR amplified fragment of epgB (Fig. 3). This
suggested the presence of one copy each of epgA, epgC and epgD, and two copies of epgB.
To confirm the presence of two copies of epgB, Southern blots of 2128u DNA were digested
with EcoRI and probed with the epgB PCR fragment. These blots also showed one
hybridizing band for epgs A, C, and D, and two hybridizing bands for epgB, at approximately
6.4 kb and 6.2 kb. The Sacl digest showed two epgB-hybridizing bands at 10 kb and 5.5 kb.
Since the epgB probe DNA did not contain Bg/I1, Sacl, or EcoRI restriction sites, it was

concluded that each hybridizing band corresponded to a unique epgB gene locus.
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FIGURE 3. Southern analysis of endoPG copy number in Chondrostereum purpureum. Total
genomic DNA from isolate 2128u digested with Bg/II and probed with the **P-dCTP-labeled
PCR fragment of epgA (lane 1), epgB (lane 2), epgC (lane 3), and epgD (lane 4). The epgB
probe sequence was more than 99% identical between epgB/ and epgB2, so this probe did not

distinguish between the two epgB genes.
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3.1.2 Sequencing the epgBl and epgB2 genes

A recombinant A clone hybridizing to the epgB probe was subcloned into plasmid
vectors and sequenced. The DNA sequence of approximately 1300 bp of upstream promoter,
1722 bp epgB1 coding region (Fig. 4), and 492 bp of terminator sequence were obtained.
Since the epgB1 sequence was similar (91.5% nucleotide identity) to the cDNA sequence of an
endoPG (EndoPG I) identified in C. purpureum isolate ASP-4B (Miyairi et al., 1997), it was
uncertain whether the differences between the epgB/ and ASP-4B sequences were due to
inter-strain differences or whether the two genomic fragments which hybridized to the epgB
probe corresponded to the ASP-4B EndoPG I and epgB/ gene. Recent deposition of the full
length sequence of the ASP-4B gene encoding EndoPG I (named cppg/) into GenBank
(Accession number AB043873) allowed comparison of the full length sequences of epgB/ and
cppgl, and several restriction sites which differed between the two genes were identified. A
primer pair, B-For and B-Reyv, specific to both epgB and cppg! but not the other three endoPG
genes, was used to amplify a ~670 bp internal segment of 2128u genomic DNA, and numerous
restriction enzymes were unable to segregate the two epgB gene copies in the PCR products.
All of the restriction digest patterns corresponded to that expected for epgB/ from the known
sequence data. There were no sequences amplified that were more similar to the digest pattern
espected for ASP-4B cppg!. This suggested the two epgB genes were very similar to each
other, and indicated that the divergence between the ASP-4B cppg/ and 2128u epgB genes
was due to inter-strain differences.

Another tactic to uncover the second epgB gene was to return to the genomic library
and select more clones. A second recombinant A clone hybridizing to the epgB probe was

DNA-purified and subcloned into plasmid vectors, and 105 bp of promoter sequence, 1737 bp
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of epgB2 coding region (Fig. 4), and 570 bp of terminator sequence were obtained for this
gene. In the first 1527 bp of epgB1 and epgB2, only four single synonymous changes were
noted between the two genes, but from positions 1528 through to the 3” ends of the genes,
there were marked differences between them. Within this ~200 bp region there were 22
nucleotide and 7 amino acid changes. In addition, two small insertions 3 and 2 amino acids in
length were found in epgB2, at residues 359 and 368, respectively (Fig. 4).

In the 105 bp immediately upstream of the epgB/ and epgB?2 start codons, four
nucleotides differed between the sequences and one nucleotide was deleted in epgB/. All five
changes were upstream of position -66 (Fig. 5a). The first 190 bp of terminator sequence was
well conserved between epgB/ and epgB2, with 15 single nucleotide differences between the
two 3’ regions. A 25 bp insertion in epgB2 relative to epgB1 190 bp downstream of the 3’
ends of the two genes was followed by a well conserved segment 92 bp long. Downstream of

this conserved segment no similarities were evident between the two sequences (Fig. 5b).

3.1.3 Subcloning and sequencing the epgC and epgD genes
A total of 3.5 kb sequence information was obtained for epgC, which consisted of 1500
bp of promoter sequence, the 1602 bp coding region (Fig. 4), and 559 bp of terminator
sequence. For epgD, 3.5 kb of sequence information was also obtained, consisting of 1500 bp
of promoter sequence, the 1611 bp coding region (Fig. 4), and 421 bp of the 3’ flanking

region.
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3.2 Sequence identity between the C. purpureum endoPGs

The alignment of the five endoPG DNA sequences isolated from C. purpureum 2128u
and their deduced polypeptides are shown in Fig. 4. Among the polypeptide sequences, 200 of
the 362 to 408 amino acids were conserved in all five isozymes. The polypeptides encoded by
epgB1 and epgB?2 differed by 12 amino acids, and shared 97.1 % identity. Pairwise sequence
identity between the deduced epgA, epgB1 or epgB2, epgC, and epgD polypeptides varied
between 61.8 and 80.0 % (Table 1). This is similar to the range of amino acid identity between
members of ascomycete endoPG multigene families (Parenicova et al., 1998; Wubben et al.,
1999). The endoPG genes of C. purpureum shared from 25 to 41% amino acid identity with

ascomycete endoPG sequences.
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TABLE 1. Percent amino acid (aa) identity between the five C. purpureum endoPGs. Values

were obtained from pairwise alignments based on the alignment shown in Fig. 4. The first

value is the percent identity calculated when 3’ extensions were included and treated as

mismatched amino acids, and the value in brackets is the percent identity calculated when 3’

extensions were omitted.

endoPG EPGBI EPGB2 EPGC EPGD

EPGA 62.5 (69.6) 618 (69.6) 65.6 (65.8) 658 (67.4)
EPGBI 97.1 62.8 (69.8) 66.8 (73.3)
EPGB2 62.5 (69.6) 66.8 (73.3)
EPGC 80.0 (81.8)




40

FIG. 4. Sequence alignment of the C. purpureum endoPG genes epgA, epgB1, epgB2, epgC,
and epgD and their deduced peptides. Introns are indicated by lower case letters. The
conserved fungal polygalacturonase motif containing the active site histidine residue is
boldfaced, as is the conserved R[I/V]K motif. Potential N-glycosylation sites are underlined.
The differences between epgB/ and epgB2 are double underlined in both the gene and
polypeptide sequences. Gene, upstream and downstream sequences for epgA, epgB1, epgB2,
epgC and epgD are available in GenBank under accession numbers AF237653, AF237654,

AF348967, AF237655, and AF237656, respectively.
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----- AGACCCTTGTGTTGAACgtgcgttcttactctccacgaacacagatttcagtctattgaacatttccacag---C
----- AGACCCTTGTGTTGAACgtgcgttcttactctccacgaacacagatttcagtctattgaacatttccacag---C
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CCGACAAGGGCGCTACTGTCACCATGGCCGGCGACATTACATTCGCAAAGACCACCTgtgagtgttcctagaatagatcet
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ctatgagcagctcatgactctgagcttctcccagTGGATGGCCCTCTCTTTACTATCCAGGGGACCGATATCAAATTTGA
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GGAAATGGCGCAAAGTATTGGGATGGGCAGGGGACTAACGGTGGCGTTACCAAACCCCATCCTTTCCTCAAATTCAAAGG
GGAAATGGCGCTTTGTATTGGGATGGACTGGGAACCAACAATGGCACTCACAAGCCGCACCCGTTCCTCAAGATCAAAGG
GGAAATGGCGCTTTGTATTGGGATGGACTGGGAACCAACAATGGCACTCACAAGCCGCACCCGTTCCTCAAGATCAAAGG
GGAAATGGTACAGTGTACTGGGATGGCTTAGGAGGCAACGGTGGAACCCATAAGCCACATCCTTTCCTCAAATTCAAAGG
GGAAATGGTGCTATGTACTGGGACGGCTTGGGAACTAACAATGGAACTCACAAGCCGCATCCGTTCCTCAAGTTCAAGGG
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CCTTCGATGGGATCACTGTCGACGACTTCGCGGGAGACACCAAGAATCTAGGCCACAACACTGATIgtaggtttttatcte
TTTTTGATACTGTCACTATAGACAACAGTGCAGGAGATGTCGACAGTCTAGGTCACAATACTGACgtgcgcttectacte
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ttcttgtccgcaactcatccacgactggettettattgececttgecag-TTTCCARAACAATCAGTGCTCTGGAGGGCACG
tctectgttcatgtgectggaatggtggectgatatgtgtttgtccacagTTTCGAGAACAACCAGTGCTCTGGAGGACACG
tctcctgttcatgtgetggaatggtggectgatatgtgtttgtccacagTTTCGAGAACAACCAGTGCTCTGGAGGACACG
cctaactctttttcgegectggacgacaccgactgacttegetgecag--GTTCTTGAACAATCAGTGCTCAGGGGGCCATG
ccgctcatttaaaactgcaaggcgttgacctatcatcttccaccatagGTTCTTGAACAACCAATGCTCAGGAGGGCATG
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GAATTTCCATTGGCTCAATTGCCACTGGCAAGCACGTCTCCAACGTTGTCATCAAGGGTAACACGGTCACCCGCAGTATG
GAATTTCCATTGGCTCAATTGCCACTGGCAAGCACGTCTCCAACGTTGTCATCAAGGGTAACACGGTCACCCGCAGTATG
GAATCTCTGTTGGATCGATTGGGACTGGAAAGCACGTCTCTTCCGTTACTATCAAAGGCAACACGGTCACCAATAGTACA
GAATCTCTGTCGGGTCGATCGCGACAGGAAAACATGTCTCTTCCGTCACTATCAAAGGCAACACGGTCACCAATAGCATG
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TATGGCATGCGTGTCAAGGTCAAGGCTGCTGCAACCTCTGCTTCAGTCTCTGCTGTGACTTACAGTGGCAACACCATTTC
TACGGTATCCGCATCAAAGCCCAGCGCAAGGCTACCTCTGCCTCTGTGTCCGGCGTGACCTACGACGGAAACACGATCTC
TACGGTATCCGCATCAAAGCCCAGCGCAAGGCTACCTCTGCCTCTGTGTCCGGCGTGACCTACGACGGAAACACGATCTC
AACGGCCTCCGTGTTAAAGTTCAAGCCTCTGCCACCAATGCTTCTGTTTCCGGTGTGACTTACGATAACAATACTCTTTC
TACGGCCTCCGTGTGAAAGTTCAAGCCTCCGCTACCAATGCCTCTGTATCCGGCGTTACTTACGATGGAAACACCTTATC
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TGCGATTGCCAAGTATGGCTTCCTCGTCTCGCAGTCTTACCCAGATGATGgtgcgtaacagagtcatattgaagagttat
TGGAATTGCTAAATACGGTCTCCTCATTTCGCAATCTTACCCTGATGATGgtgtgttgecgactcatcegtgtttteccact
TGGAATTGCTAAATACGGTCTCCTCATTTCGCAATCTTACCCTGATGATGgtgtgttgecgactcatecegtgttttccact
CGGAATCACCAAGTATGGTCTTTTGATTACACAGTCATATCCGGCAAATGgtgtgtgccacattgaaaggttttgtgtag
TGGGATCACCAAATTCGGTCTTCTGGTCTCGCAATCTTACCCTGCCGATGgtacgcattgacttcgatgacttggttgtyg
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tctgatttggcattatatgggcag--CTTCAACTCCCGGAACTGGCGCCCCCATCTCGGGGATCAACTTCAGTGGTGATA
cgactgaccaccgagcttatcatcagTTGGAACTCCTGGGACTGGAGCCCCCTTTTCTGATGTCAACTTTACTGGAGGTG
cgactgaccaccgagcttatcatcagTTGGAACTCCTGGGACTGGAGCCCCCTTTTCTGATGTCAACTTTACTGGAGGTG
gaaagactgacccaatcatcag----AGGGAGAAGCGGGGACTGGTGGTCCTATCTCTGACATCAACTTCACTGGAGGCG
gttgctcaacttctcatttag----- AGGGAAAGGCTGGAACCGGCGGCCCCATCTCTGGTATCGACTTCACAGGAGGTG
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CTACCAATATCAAgtacgtcttccttcggtagtggatcgaatctcecctttctcaatcttattttttattattttacttagA
CCACAACGATCAAgtaagccgctctgtaaatcactctggcatttcagctcecctcaatagtattectttctetgtatag==-G
CCACAACGATCAAgtaagccgctctgtaaatcactctggcatttcagctecctcaatagtattectttctectgtatag=-G
CCACAAACATCAAgtacaacattttgtcacttctctgtgcaccatgatactcacaatgtactaatcttgtag------- C
CCACAAACATCAAgtaagtgttcctcgectgtagecgtgtcatcataggtagtaatatctgectag-=-=-=========-- G
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FIGURE 5A. Alignment of 105 bp of promoter sequences for epgB1 and epgB2. Differences

are indicated by double underlining. The start codons of the genes are indicated in boldface.

FIGURE 5B. Alignment of terminator sequences of epgB/ and epgB2. Differences are

indicated by double underlining. The stop codons of the genes (TGA) are shown in boldface.
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3.3 Coding region characteristics

The consensus fungal polygalacturonase active site, CXGGHGXSIGSVG, was found
in all five C. purpureum endoPGs, with a slight modification to CSGGHGIS[ V/I]GSI[A/G]
(Fig. 4). The active site histidine corresponded to that identified in biochemical studies of
Aspergillus niger polygalacturonases as essential for activity (Cooke et al., 1976; Rexova-
Benkova and Mrackova, 1978). The RIK motif conserved in prokaryote, fungal and plant
polygalacturonases was modified to RVK in three of the C. purpureum proteins (Fig. 4). The
same modification was also found in a Lycopersicon esculentum (tomato plant) endoPG (Hong
and Tucker, 1998), a Botrytis cinerea endoPG (Accession No. U68716), and an Ophiostoma
novo-ulmi endoPG (Accession No. AF052061). This positively charged motif may be involved
in ionic interactions with the carboxylate groups of the substrate (Bussink et al., 1991a).

Analysis of the codon usage of the endoPG sequences showed that 52 to 58 codons
were used by each of the genes, and all four together used 60 of the possible 61 sense codons.

Codons ending in a pyrimidine were preferred, with 37% ending in C and 31% ending in T.

Based on comparison of the derived C. purpureum amino acid sequences to those of
other fungal endoPGs, the five C. purpureum endoPGs are likely synthesized as pre-
propectinases. A two-step maturation has been suggested for the majority of endoPG proteins,
with cleavage at the von Heijne (1986) peptidase cleavage site followed by monobasic or
dibasic endopeptidase processing. In EPGA, the signal peptidase site was predicted to follow
amino acid position 25, and in EPGB1, EPGB2, EPGC, and EPGD, this site was predicted to
follow amino acid position 19. The pro-sequences are likely cleaved by a dibasic peptidase
similar to the yeast KEX2 endoprotease (Calmels et al., 1991) after the Lys-Arg residues at

positions 29, 24, 24, 27 and 24, in EPGs A, B1, B2, C, and D, respectively. N-terminal

L
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sequencing of the mature protein of the EPGB homolog in isolate ASP-4B, EndoPG I,
confirmed the cleavage point of the signal peptide (Miyairi et al., 1997) for this enzyme. The
mature proteins were thus predicted to be 333, 379, 384, 335, and 343 amino acids long,
respectively. Predicted isoelectric points varied considerably for the five mature polypeptides,
being pH 7.97 for epgA, 4.71 for EPGBI, 4.49 for EPGB2, 5.19 for EPGC, and 4.87 for

EPGD.

Relative to EPGD, the C-terminal ends of EPGB1 and EPGB?2 included extensions of
39 and 41 amino acids, respectively. EPGD was slightly longer than EPGA and EPGC (Fig.
4). Aside from the C-terminal extensions, there were only three gaps in the alignment of the
amino acid sequences: a deletion of one amino acid following position 158 in EPGA, and

insertions at positions 359 and 366 in EPGB2.

Potential N-glycosylation sites were identified within the polypeptide sequences by
searching with the motif (N-X{#P}-[S/T]). Four potential sites were identified for EPGA,
seven were identified for both EPGB1 and EPGB2, and three were identifed for both EPGC

and EPGD (Fig. 4). These sites were not well conserved among the endoPG genes.

3.4 Intron position and splicing sequences

The introns of epgB 1, epgB2, epgC, and epgD were identified based upon established
intron positions for epgA4, the cDNA sequence of EndoPG I (Miyairi et al., 1997), and
alignments with endoPG protein sequences from other species. Intron positions were well
conserved for all of the C. purpureum endoPGs, although the nucleotide sequences of the

introns were only conserved in the two epgB genes (Fig. 4). The presence of nine introns in
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the five C. purpureum endoPG genes was unusual, as the number ranged from zero to four for
all previously characterized fungal PG genes. As the C. purpureum genes are the first
endoPGs characterized from a basidiomycete, the difference in intron number may simply
reflect a difference in gene organization between the ascomycetes and basidiomycetes. The
introns ranged from 50 to 66 bp in length. The 5’ consensus sequence, GTANGT, proposed
for the introns of filamentous fungi (Ballance, 1986) was reduced to GY for the C. purpureum
endoPG introns. The general consensus lariat sequence proposed for filamentous fungi
[T/CIGCTAAC (Gurr et al., 1987) was not evident in the C. purpureum endoPG introns. The
consensus 3’ splice sequence, YAG, was consistent for all but two of the forty-five C.

purpureum endoPG introns, where the Y was replaced by an A.

3.5 Promoter and terminator motifs

Several sequence motifs of possible functional significance were found in the 5’
promoter and 3’ terminator regions of each of the five endoPGs (Table 2). At least one
putative TATA box was identified between 75 and 103 bp 5’ of the start codon for each gene.
One or two putative CAAT motifs were also identified between 63 and 300 bp 5’ of the start
codon of all five genes, and the sequence GGGCGG was found in the epgA promoter adjacent
to the putative CAAT motif. CAAT motifs and GC boxes may play a role in determining the
efficiency of the promoter, and can function in either orientation at distances that vary
considerably from the startpoint (Lewin, 1997). A 32 bp pyrimidine segment interrupted by
one adenine was found in the epgA promoter at positions -63 to -32. Such CT-rich regions are
commonly found in the promoters of highly expressed genes (Ballance, 1986, Gurr et al.,

1987). Additionally, a segment was identified in the promoter of epgA at positions -605 to
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-584 with respect to the translation initiation codon which shared significant similarity to the
upstream activating sequence UAS2 in Saccharomyces cerevisiae (Guarente et al., 1984). A
similar motif was identified in several Aspergillus niger endoPG promoters (Bussink et al.,
1992), and promoter deletions in the 4. niger pgall gene demonstrated the region containing
this UAS2-like segment was necessary for high level expression of the gene (Bussink et al.,
1992). The alignment of this segment in the C. purpureum epgA promoter with the yeast
UAS2 and A. niger pgall, pgal and pgaC promoter segments is shown in Fig. 6. 14 of 23 bp
were shared between the epgA and S. cerevisiae segments, although a single base pair insertion

was necessary in the epgA segment to attain this level of identity.

The sequence flanking the start codon of the the C. purpureum endoPGs was
T[T/AJACNATGNC. The consensus site proposed by Ballance (1986) for filamentous fungi
was (TCA[C/A][A/C]JATG[G/T]C). The adenine at position -3 was identified as a key
consensus site by Kozak (1984), who found a purine (79% adenine) at position -3 in 205 of
211 eukaryotic genes. For each endoPG there was an AATAAT or AATATA sequence 74 to
105 bps downstream from the TAG stop codon in the 3’ nontranslated region. This is similar
to the polyadenylation signal AATAAA found in the mRNA of higher eukaryotes (Ballance,

1986).
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TABLE 2. Sequence motifs of possible functional significance in the promoters and

terminators of the four Chondrostereum purpureum endoPG genes.

endoPG

Putative TATA Putative CAAT

box(es) and bp

5’ of coding

region

GGGCGG
box(es): bp 5°  motif(s): bp

5’ of coding 5’ of coding

Putative
polyadenylation
signal and bp 3’

of coding region

epgA

epgB1

epgB2

epgC

epgD

TATAA 103

TAAAT

TATAA

TATAA

TATAA

TATAA

79

88

89

75

79

AATAAT 75

AATATA 85

AATATA 85

AATATA 102

AATATA 105

? CAAT or GGGCGG motif is in reverse orientation relative to the gene coding region, and position 5° of the

coding region is from the C of CAAT or first G of GGGCGG to the translation start site of the gene.



FIGURE 6. Aligned putative upstream activating sequences from the C. purpureum epgA
promoter, the Saccharomyces cerevisiae CYC1 promoter, and the Aspergillus niger pgall,
pgal and pgaC promoters. The positions of the 5° start and the 3” end of the sequences are
given with respect to the translation-initiation codon and also indicate the orientation of the
sequences (Bussink et al., 1992). The most well conserved portion of this sequence is

indicated by asterisks above the aligned sequences.
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3.6 Evolution of C. purpureum endoPGs and PGs from other species

The single most parsimonious phylogenetic tree created using the amino acid sequences
of 29 polygalacturonases clearly separated the bacterial and fungal PGs, and resolved the endo-
and exo- specific enzymes into distinct groups. The five C. purpureum endoPGs formed their
own monophyletic group; whereas the ascomycete endoPGs from multigene families were split
between more than one monophyletic group. All of the ascomycete endoPGs were contained
in one clade separate from the C. purpureum clade (Fig. 7). This suggested that (1)
divergence of the basidiomycetes and ascomycetes occurred before the gene duplications
leading to existing multigene families of endoPGs, and (2) the ancestral genes of certain

ascomycete endoPGs were duplicated prior to ascomycete speciation events.

The bacterial PGs were the least similar to all other sequences and formed the root of
the tree. With the exception of two nodes within the ascomycete endoPG clade, bootstrap
support for the nodes ranged from 61 to 100%, with the majority of groups having at least

80% support (Fig. 7).

The high sequence similarity between epgB1 and epgB2 (97.6% nucleotide identity)
suggests the two genes represent a recent duplication event. These two genes are much more
similar to each other than to their homolog in isolate ASP-4B, cppg!, suggesting that epgB
was duplicated in 2128u after the diverence of 2128u and ASP-4B. 1t is likely that epgB/
more closely represents the ancestral gene, and the difference in length between epgB/ and
epgB?2 is due to insertions in the epgB2 gene rather than deletions in the epgB/ gene. This was
deduced from a comparison of epgB 1, epgB2, and the homologous gene in isolate ASP-4B,

cppgl. The epgBl1 and cppgl genes share open reading frames identical in length and a
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nucleotide identity of 91.5 %, with the differences between the genes fairly evenly dispersed
throughout the gene sequences. In contrast, epgB/ and epgB2 are nearly identical in the first
1527 bp of the genes (99.7% nucleotide identity), but relatively more divergent in the
remaining ~200 nucleotides of the genes (82.4% nucleotide identity). It is more plausible that
after isolates 2128u and ASP-4B diverged, the existing epgB/ gene was duplicated and
insertions occurred in one of the duplicate copies, than that epgB2 was duplicated and epgB/

and cppg! independently lost the same segments of DNA.

It is possible that the 3’ ends of the epgB genes are relatively widely divergent due to
chance mutations, but it also may be that features near the 3’ end of the epgB2 gene make it
more susceptible to mutation than the rest of the gene. Alternatively, purifying selection may
have conserved the majority of the epgB gene sequence, but the 3’ end may be relatively less
important to the function of the enzyme and thus not subject to strong negative selection.
However, the first eight of the nine exons are completely conserved between epgB/ and
epgB2, and it is unlikely these introns are subject to intense purifying selection. It is more
plausible that the gene duplication occurred relatively recently and the 3’end of epgB?2 is

relatively less stable than the rest of the gene.
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FIGURE 7. Phylogram of the maximum parsimony tree showing the relatedness the five C.
purpureum endoPGs to 17 ascomycete endoPGs, four ascomycete exoPGs, two bacterial
endoPGs, and a bacterial exoPG. Abbreviated species names and publication sources of
protein sequences are as follows: An, Aspergillus niger, PGI (Bussink et al., 1991b; Accession
No. X58892), PGII (Bussink et al., 1990; X58893), PGA and PGB (Parenicova et al., 2000a;
Y 18804 and Y18805), PGC (Bussink et al., 1992; X64356), PGD (Parenicova et al., 2000b;
Y18806), PGE (Parenicova et al., 1998; Y14386); At, Aspergillus tubingensis, PGAX (Kester
et al., 1996; X99795); Bc, Botrytis cinerea, PG1 (ten Have et al., 1998; U68715), PG2, PG3,
PG4, PGS, and PG6 (Wubben et al., 1999; U68716, U68717, U68719, U68721, and U68722),
PGX (AF145229); Cc, Cochliobolus carbonum PGX1 (Scott-Craig et al., 1998; L48982); Cp,
Chondrostereum purpureum, EPGA, EPGB1, EPGB2, EPGC, EPGD (AF237653, AF237654,
not yet available, AF237655, AF237656); Ec, Erwinia carotovora, PEHA (Saarilahti et al.,
1990; X51701); Fo, Fusarium oxysporum, PG1 (AF136444), Ps, Pseudomonas
solanacearum, PGA (Huang and Schell, 1990; M33692), PEHB (Huang and Allen, 1997,
U60106); Sc, Sclerotinium sclerotiorum, PG1 (Reymond et al., 1994; L12023), PGA and PGB
(Fraissinet-Tachet et al., 1995; L.29040 and L.29041), PG5 (Y13669). Bootstrap values
indicate the percent of times the node appeared in 1000 random samples of the data. The two
nodes within the ascomycete endoPG clade lacking bootstrap values were supported in less

than 50% of the bootstrap trees.
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3.7 Influence of carbon source on endoPG expression

The expression of the endoPG gene family was analyzed in media supplemented with a
variety of carbon sources: glucose, sucrose, pectin, a combination of pectin and glucose or
pectin and sucrose, and no carbon source. RNA blot analysis revealed that epgA is much more
highly expressed than the other three endoPG genes, on all six media and at all three time
intervals examined (Fig. 8). The transcript level of epg4 was similar in all six media after 2
days, greater in the three pectin-containing cultures than in the minimal and simple sugar media
after 4 days, and reduced in all media types after 8 days. At all three time periods tested, the
epgB (1 and 2), epgC, and epgD genes were expressed at significantly lower levels than epgA
or were not detected at all. The reasons for this are not clear, although these genes may be
transiently expressed either earlier or later than the time points at which RNA was extracted
from these cultures. In Colletotrichum lindemuthianum, expression of the CLPG2 gene of
was not detected in planta and only briefly detected in culture, whereas the CLPG 1 gene was
detected in planta and over a longer time span in culture (Centis et al., 1997). Some endoPGs
(Gao et al., 1996; Fraissinet-Tachet et al., 1995) have been identified which only appear to be
induced in host plant tissues, and this may also be the case for some of the endoPG genes in C.
purpureum. The differing isoelectric points of the four enzymes may be significant; epgs B,
B2, C, and D have acidic pls, while the estimated pl for epgA is slightly basic (7.97). EPGA
would thus be the only one of the four enzymes with a positive charge at physiological pH
values. This charge and the higher number of basic residues in EPGA might affect the binding
of the enzyme to the pectic substrate (Keon et al., 1987). Promoter analysis also revealed
attributes unique to epg4; the promoter of this gene contained three identified elements

associated with high level gene expression (Ballance, 1986, Gurr et al., 1987; Lewin, 1997;
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Bussink et al., 1992) which were absent in the promoters of epgB1, epgC, and epgD. The
promoter of epgB2 was not fully compared to those of the other endoPGs because only 105 bp
immediately 5’ to epgB2 was sequenced. The finding that epgA was strongly expressed and
not catabolite-repressed by simple sugars suggests it may be one of the relatively uncommon
constitutively produced endoPGs. It was suggested that constitutively expressed endoPGs
may provide degradation products which induce expression of a battery of other pectin
degrading enzymes (Shieh et al., 1997), including other members of a multigene family (Martel
et al., 1998; Wubben et al., 1999). Gene disruption of the constitutively produced fungal
endoPG in Aspergillus flavus (Shieh et al., 1997) and in Botrytis cinerea (ten Have et al.,
1998) significantly reduced the ability of these pathogens to spread within host tissues. If
constitutively produced endoPGs act as the ‘leaders’ of pectin degradation in multigene
families of endoPGs, it would be expected that disruption of constitutively expressed genes
might have the greatest effect on the virulence of the pathogen. Thus evidence from this study
suggests epgA should be the first target of gene disruption studies to determine the role of
endoPG in this pathogen; however, expression of the five endoPG genes needs to be studied in

more detail, both in culture and in host plants.
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FIGURE 8. Expression of the C. purpureum endoPG genes 2, 4 and 8 days post-inoculation
on minimal (lane 1), glucose (lane 2), sucrose (lane 3), pectin (lane 4), pectin plus glucose
(lane 5) and pectin plus sucrose (lane 6) media. The variation in level of hybridizing bands at
different time intervals is due to variation in the length of time gels were run. The epgB probe

would be expected to bind to both epgB/ and epgB2 transcripts if they were present.
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3.10 Summary and Conclusions

Endopolygalacturonase activity has been correlated with the virulence of numerous
plant pathogens (reviewed in Alghisi and Favaron, 1997). Recently, molecular genetic
techniques were used to confirm a role of endoPG in the virulence of a bacterial pathogen
(Huang and Schell, 1990; Huang and Allen, 1997) and two fungal pathogens (Shieh et al.,
1997, ten Have et al., 1998). Other endoPG gene disruptions (Scott-Craig et al., 1990; Gao et
al., 1996) and introduction of an endoPG into isolates lacking the gene (Di Pietro and

Roncero, 1998) did not have any apparent effect on the virulence of the transformed fungi.

Purified PG (both endo- and exo-), pectate lyase, pectin lyase, and pectinesterase from
Chondrostereum purpureum were injected alone and in combination into apple trees. EndoPG
was the only pectinase able to induce silver-leaf symptoms (Miyairi, 1988). Four endoPG
enzymes were initially identified in this species based on differences in isoelectric points and
size (Miyairi, 1988). Four types of endoPG genes have now been cloned and characterized
from isolate 2128u, although it is unknown whether these correspond to the four enzymes
described by Miyairi (1988). One of these genes appears to have recently undergone a gene
duplication and is present in two nearly identical copies. Chondrostereum purpureum is the
first basidiomycete fungus for which endoPG genes have been cloned and characterized.
Phylogenetic analysis indicated that the five C. purpureum endoPGs are more closely related to
each other than to any of the ascomycete endoPGs, whereas many ascomycete endoPGs were
more closely grouped with endoPGs from other ascomycetes than with other members of their
own multigene family. This suggests the basidiomycetes and ascomycetes diverged prior to the
duplication of existing endoPG genes, whereas many ascomycete speciation events occurred

after the duplication of ascomycete endoPGs. A study comparing the expression of the four C.
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purpureum endoPGs indicated that EPGA was the major endoPG expressed in vitro, and was
not repressed by simple sugars. Further expression studies are needed to establish whether
epgA is constitutively expressed in planta. Disruption of a constitutively expressed endoPG
gene has significantly reduced the virulence of two fungal pathogens, despite the presence of
other endoPG genes (Shieh et al., 1997; ten Have et al., 1998). A similar disruption strategy

may allow the role of endoPGs in C. purpureum to be elucidated.
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FUTURE STUDIES

4.1 Development of a transformation system for C. purpureum

Much remains to be learned about the endopolygalacturonase family of
Chondrostereum purpureum, including its importance in the pathogenicity of the fungus.
Definitive proof of the role of endoPG can only be gained by comparison of the virulence
levels of strains with disrupted or overexpressed endoPG genes with those of wild-type strains.

However, a transformation system for C. purpureum remains to be developed.

Attempts to transform Chondrostereum purpureum to phleomycin resistance using a
vector, pGft, containing a phleomycin resistance gene, Sh ble (Streptoalloteichus hindustanus
ble), regulated by the promoter and terminator of the constitutively expressed glyceraldehyde-
3-phosphate dehydrogenase GPD (GPD) gene were unsuccessful. Two similar vectors with
the S. commune GPD promoter or terminator replaced with the like regulatory sequence from
Agaricus bisporus also failed to transform C. purpureum. (All three vectors were kindly
provided by Dr. F. Schuren, University of Groningen, The Netherlands.) Although these
regulatory sequences were from basidiomycete fungi and all three vectors were used to
transform Schizophyllum commune (Schuren et al., 1994), it is possible that these sequences
were not recognized by the transcriptional machinery of C. purpureum. The S. commune GPD
promoter was replaced with the C. purpureum epgA promoter, but this vector was also
unsuccessful in transforming the C. purpureum genome to phleomycin resistance.

Numerous variations of one basic method were used in most of the C. purpureum
transformation experiments. This method is the one most commonly used to transform fungi,

and involves protoplasting the fungus and then introducing foreign DNA in the presence of
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polyethylene glycol (PEG) and calcium ions (Fincham, 1989). The concentrations of PEG,
calcium, and other chemicals reported to affect efficiency in other fungal transformation
systems were variously adjusted, and transformation methods using linearized plasmids and
restriction enzyme-mediated integration (REMI) were tested. Several attempts were made to
electroporate the Sh ble-containing vectors into either protoplasts or mycelial fragments.

Having tried to transform C. purpureum using numerous variations of a few methods, I
would suggest any future attempts to transform this species should use an entirely new
approach. Many of my transformation experiments were rendered useless due to growth of the
negative controls on phyleomycin concentrations well above previously established inhibitory
concentrations. The same problem was also encountered by Tang (1996) in her attempts to
transform C. purpureum to phleomycin resistance. It may be worthwhile to create an
auxotrophic mutant of C. purpureum which would allow unequivocal determination of
transformation back to the autotrophic state.

Recently, a new method has been developed to transform filamentous fungi.
Agrobacterium-mediated transformation was used to transform Aspergillus awamori,
Aspergillus niger, Fusarium venenatum, Trichoderma reesei, Colletotrichum gloeosporioides,
Neurospora crassa, and the basidiomycete Agaricus bisporus (De Groot et al., 1998). This
method has been used to transform a wide range of plant species, by exploiting the natural
ability of Agrobacterium to insert a portion of its plasmid DNA into plant chromosomes. It is
interesting that A. fumefaciens can also transfer DNA into fungi. Indeed, Agrobacterium-
mediated transformation increased the transformation efficiency 600-fold as compared with
conventional techniques for transformation of A. awamori protoplasts (De Groot et al., 1998).

Gouka et al. (1999) showed that when Ti DNA shares homology with the A. awamori genome,



integration can occur by homologous recombination. Thus Agrobacterium-mediated

transformation may be a possibility for gene-disruption of the C. purpureum endoPG genes.
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